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Chapter 1: General introduction and outline of the thesis

Q fever
Human infection usually occurs during at-risk activities, exposing humans to 
infected animals, or animal products and waste, but can also occur in outbreaks 
[14, 15]. Due to a vast increase in goat farming in the proximity of urban areas, the 
world’s largest Q fever outbreak ever reported took place in the Southern provinces 
of the Netherlands between 2007 and 2011 [15]. An estimated 44.000 people were 
infected, of whom over 4.000 reported to have a symptomatic infection, i.e., acute  
Q fever. These numbers are probably an underestimation as human infection with  
C. burnetii is thought to remain asymptomatic in approximately 60% of patients [16]. 

Acute Q fever often presents as a flu-like illness, which is sometimes accompanied 
by pneumonia or hepatitis [6, 7]. The incubation period of acute Q fever is 
around two to three weeks and the disease is often self-limiting. Treatment with 
doxycycline is effective in symptomatic cases [7]. Of all those who become infected, 
both symptomatic and asymptomatic, around 1 – 5% will develop a persistent 
infection with C. burnetii, i.e., chronic Q fever or persistent focalised infection, 
usually manifesting as endocarditis or infection of pre-existing aneurysms or 
vascular prostheses [17]. Chronic Q fever is a potentially lethal disease that is hard 
to eradicate, and therefore requires intensive and long-lasting antibiotic treatment, 
often in addition to surgical interventions [18-20].

An often underestimated, poorly understood, but frequently occurring long-term 
consequence following symptomatic infection with C. burnetii is Q fever fatigue 
syndrome (QFS), seen following around 20% of acute Q fever infections [21]. QFS is 
characterised by a state of chronic fatigue that lasts at least six months and often 
coincides with several other complaints, leading to substantial disabilities [21]. 
Due to the vastness of the outbreak between 2007 and 2011, dealing with QFS 
became a substantial query for Dutch healthcare professionals [22].

Chronic fatigue
Although there are many illnesses that coincide with complaints of fatigue, e.g., 
inflammatory disorders, autoimmune disorders, cancer, metabolic disorders, and 
infectious diseases, sometimes fatigue persists without a known cause, as seen 
in the chronic fatigue syndrome (CFS) [23]. The exact aetiology and pathogenesis 
of CFS remain unclear but are believed to be multifactorial and constitute both 
biological and psychological substrates. In order to better understand the 
pathogenesis of CFS, the 4P model was introduced in 2006, distinguishing 
between categories of predisposing (personality, lifestyle, and genetics), 
precipitating (physical and psychological stress such as infection, surgery, grief, 
or stress at work), perpetuating (psychological processes like ideas or cognitions 

GENERAL INTRODUCTION

Coxiella burnetii
Q fever is a zoonosis caused by Coxiella burnetii, an obligate intracellular Gram-
negative coccobacillus. The disease was first described in 1937 by Dr. Edward 
Derrick who documented the outbreak of a feverish illness amongst abattoir 
workers in Queensland, Australia [1]. As the causative agent had yet to be 
identified, the disease was, for the time being, dubbed as Q (for query) fever. Not 
long thereafter, the responsible organism was almost simultaneously isolated 
through culture by Dr. H.R. Cox in the USA and Dr. F.M. Burnet in Australia [2, 3]. 
The name Q fever however stuck around and the disease has since been described 
around the world, with the exception of New Zealand, Antarctica, and the 
Australian island Tasmania [4, 5].

The bacterium is known to infect a broad range of vertebrate and invertebrate 
hosts, but mainly resides in animal reservoirs, such as goats, sheep, and cattle [6, 7]. 
When infected, such ruminants often remain asymptomatic or portray symptoms 
such as abortion, stillbirth, foetal membrane retention, endometritis, infertility, 
and pneumonia [8]. Transmission to humans primarily occurs through inhalation 
of contaminated aerosols spread by bodily fluids, e.g., milk, urine, feces, and most 
importantly, parturient fluids [6]. 

C. burnetii  has a biphasic developmental cycle and therefore has the ability to 
occur as a small-cell variant (SCV) and large-cell variant (LCV) [9]. The SCV is a small 
rod that is unable to replicate but has the ability to withstand harsh environmental 
stressors. As a SCV, C. burnetii is able to survive outside human and animal hosts for 
many months [10]. The LCV on the other hand has no such capabilities, but is able 
to replicate exponentially inside eukaryotic cells. Humans usually become infected 
through inhalation of aerosols infected with the SCV of C. burnetii. The bacterium 
primarily infects alveolar macrophages [11]. Macrophages and their precursor 
cells, monocytes, can be readily infected in the laboratory. By subverting host cell 
functions such as TLR recognition, apoptosis, and vesicular trafficking, the LCV of 
C. burnetii is able to survive and replicate inside the phagolysosome of monocytes 
and macrophages [7]. Once inside the phagolysosome, or Coxiella Containing 
Vacuole (CCV), C. burnetii employs a Dot/Icm type IV secretion system through 
which it manipulates host cell processes [12, 13].
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its pathophysiology still remains unclear. As is the case with CFS, it is thought 
that QFS pathogenesis has both a psychological and biological component that 
contributes to the long-lasting complaints in these patients. 

Psychology of QFS
Like in CFS, it is plausible that QFS is partly regulated on a psychological level. 
Studies have shown that QFS patients have a higher tendency for somatisation, 
hypochondriac beliefs, psychosocial complaints, and ultimately have a reduced 
quality of life [34]. Furthermore, the fact that CBT, and not doxycycline, proved 
effective in reducing fatigue severity in QFS strengthens this theory [32]. Although 
similarities can be observed on a psychological level between CFS and QFS, there 
appear to be differences as well. Looking at perpetuating factors, it appears that 
QFS patients exhibit a stronger somatic attribution to their complaints than CFS 
patients, and show a less strong relation between fatigue-related beliefs and 
fatigue [35]. Interestingly, the protocol for CBT in the Qure study was based on 
perpetuating factors for fatigue in CFS. As the Qure study showed a beneficial 
effect for CBT in reducing fatigue severity in QFS, there is likely to be an overlap in 
perpetuating factors for fatigue with CFS.

Immunology of QFS
Concomitant complaints to fatigue such as musculoskeletal pain, headache, 
night sweats, and recurrent upper respiratory tract infections suggest that 
an inflammatory component might contribute to the pathogenesis of QFS. 
Active infection has however not been convincingly shown in these patients. 
In accordance with this, the Qure study found a beneficial effect for CBT, and 
not doxycycline, in reducing fatigue severity in QFS [32]. In 1998, Pentilla et 
al. reported that peripheral blood mononuclear cells (PBMCs) of QFS patients 
produced significantly more interleukin (IL)-6 than cells of various control groups 
when exposed to Q fever antigen [36]. It was also shown that among QFS patients 
there were fewer IL-2 responders and an increased number of interferon (IFN)γ 
responders. Furthermore, an increased production of IL-6 and IL-10, together with 
a decreased production of IL-2, was found in QFS patients. It has been suggested 
that QFS patients experience chronic immune stimulation through persisting 
non-viable C. burnetii antigens following the acute Q fever infection [26, 36-
40]. However, results on these persisting non-viable antigens are contradictory. 
Although the evidence is scarce, these studies all suggest that an inflammatory 
component is at play in QFS. Given these findings and the fact that C. burnetii has 
a known influence on the innate immune system during human infection [6], the 
monocyte is likely to play a crucial part in this component. Recently, it was found 
that monocytes, and likely also myeloid progenitor cells, are able to protract long-

about complaints and behavioural factors that impede recovery), and prognostic 
factors (lower recovery rates are found in those who attribute their complaints 
to a somatic cause and those who have psychiatric comorbidity) [24]. One could 
postulate that QFS can be classified as a form of chronic fatigue syndrome that is 
precipitated by an acute Q fever infection.

QFS
QFS was first described in 1993 by Shannon et al., who stated that around 23% of 
acute Q fever patients developed what they called ‘post Q fever fatigue syndrome’ 
within 12 months following the infection [25]. Since then, QFS has frequently been 
described and appears to occur worldwide [26]. QFS differs from other Q fever-
related entities such as acute and chronic Q fever in that QFS patients show no 
signs of clinical infection and no viable bacterium has ever been isolated from 
these patients. The pathophysiology of QFS however remains elusive, making the 
disease notoriously difficult to diagnose and treat. It is of interest that QFS shows a 
striking overlap in symptoms with CFS. During the Dutch Q fever outbreak between 
2007 and 2011, QFS became such a problem that guidelines on its diagnosis were 
developed, which were mostly based on what we know from CFS diagnosis: i. 
fatigue has to last ≥ 6 months; ii. there has to be a sudden onset of severe fatigue 
(defined as a score ≥ 35 on the subscale fatigue severity of the Checklist Individual 
Strength (CIS) questionnaire), or a significant increase in fatigue, both related to 
a symptomatic acute Q fever infection; iii. chronic Q fever and other somatic or 
psychiatric causes of fatigue have to be excluded; and iv. fatigue has to result in 
significant functional impairment (defined as a total score ≥ 450 on the Sickness 
Impact Profile-8 (SIP-8) questionnaire) [22]. These guidelines enabled us to better 
objectively diagnose QFS but still left room for improvement. 

Looking at treatment strategies for QFS, little is known. A handful of studies have 
tried to assess the effectiveness of antibiotic treatment with tetracyclines [27-29]. 
However, these studies showed conflicting results and lacked a valid trial design. 
Cognitive behavioural therapy (CBT) is an effective treatment modality for CFS and 
was thought to be effective as treatment for QFS as well [24, 30, 31]. In order to 
adequately address this hypothesis, the Qure study was conducted and published 
in 2017, comparing CBT and doxycycline treatment with placebo treatment in the 
first and only randomized placebo-controlled trial for QFS treatment [32, 33]. This 
trial demonstrated a beneficial effect in reducing fatigue severity for CBT, but not 
doxycycline, compared to placebo treatment. Even though we now have a more 
objective way to diagnose QFS and have a viable option for treating these patients, 
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OUTLINE OF THE THESIS

Both the psychological and biological aspects of QFS have been investigated but 
still leave a lot of questions to be answered. In this thesis we try to answer some 
of these questions and try to combine the answers in order to bring these aspects 
together.

The Qure study compared CBT and doxycycline treatment with placebo treatment 
for QFS [32]. This trial demonstrated a beneficial effect in reducing fatigue severity 
for CBT, but not doxycycline, compared to placebo treatment. In CFS it has been 
shown that the beneficial effects of CBT last for at least 18 months following 
completion of therapy, although significant relapse does occur after this period in 
about half of the patients who had a favourable response directly following CBT 
[31]. As QFS and CFS patients do show some differences in perpetuating factors 
for fatigue, and the CFS model for CBT was used in the Qure study [33, 35], we 
asked ourselves the question whether this beneficial effect is sustained over time, 
in chapter 2. 

Given the surprising results of chapter 2, we investigated which cognitive 
and behavioural factors mediated the beneficial effect of CBT in QFS at end of 
therapy, but also the relapse in complaints of fatigue at one year follow-up, in 
chapter 3. Information from this study may help therapists to better understand 
the effectiveness of their treatment and also give insight in how to optimise this 
treatment modality specifically for QFS.

As QFS is thought to arise from both a psychological and biological origin, we 
investigated a common denominator through which both aspects might become 
plausible, i.e., low-grade neuroinflammation. In 2014, Nakatomi et al. found that 
CFS patients show signs of neuroinflammation on PET neuroimaging by using the 
TSPO ligand ([11C]PK11195) as a tracer and indicator for microglia activation in the 
brain, reflecting neuroinflammation [47]. In chapter 4, we asked ourselves the 
question if these results could be reproduced in our CFS cohort and whether QFS 
patients show similar signs of neuroinflammation.

Recently, a C. burnetii-specific whole-blood IFNγ production assay was developed, 
which is a promising diagnostic tool for C. burnetii infection, with similar 
performance and practical advantages over serology [48-53]. A high IFNγ/IL-2 
ratio appeared to be indicative of chronic Q fever, and may be a useful diagnostic 

lasting immunologic memory (also termed ‘trained immunity’) following certain 
challenges such as infectious agents and vaccines [41-44]. The concept of trained 
immunity changed the dogmatic view that only the adaptive immune system 
is able to protract memory and opened up new revenues for understanding 
inflammatory diseases [45]. In this thesis we try to identify the psychological and 
biological components of QFS, emphasising on the role the immune system and 
novel views like trained immunity, in these components [36, 46].
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In chapter 12, we summarise and discuss the results of our studies and further 
elaborate on future prospects, based on these results.

marker for chronic Q fever and treatment monitoring [52, 53]. In chapter 5, we 
asked ourselves the question whether this assay was able to distinguish QFS 
patients from chronic Q fever patients and Q fever seropositive controls.

Given the results of chapter 5, we investigated whether we could distinguish QFS 
patients with persistent complaints from QFS patients with resolved complaints 
and Q fever seropositive controls, by adding CXCL9, CXCL10, and CXCL11 to the 
IFNγ and IL-2 production assay, in chapter 6.

The results by Pentilla et al. in 1998 suggest that cytokine dysregulation might play 
a role in the pathophysiology of QFS, with a key role for the monocyte-derived 
cytokine IL-6 [36]. In chapter 7, we investigated whether we could replicate these 
findings and further investigate cytokine and chemokine profiles in QFS patients.

Given the results of chapter 7, indicating a chronic low-grade inflammatory state 
in QFS with a key role for monocyte-derived cytokines like IL-6, and the apparent 
effect of C. burnetii on circulating monocytes during an acute Q fever infection, we 
wondered whether an acute Q fever infection results in long-lasting transcriptional 
changes of circulating monocytes, in chapter 8.

Given the interesting findings when investigating monocyte transcriptional patterns 
in chapter 8, we asked ourselves the question whether these changes can still  
be seen in QFS patients several years following their acute Q fever infection, in 
chapter 9.

At the outpatient clinic of the Radboud Expertise Center for Q fever, it was found 
that many QFS patients appear to experience complaints of frequently recurring 
and severe upper respiratory tract infections since their acute Q fever infection [21]. 
In chapter 10, we therefore asked ourselves the question whether this could be 
explained by a differential immune response to virus-associated molecular patterns.

As the previous studies revealed altered psychological, (neuro)inflammatory, 
but also metabolic states in QFS patients, a further investigation into the latter 
appeared warranted. Previous studies on the plasma metabolome and gut 
microbiome in CFS patients show promising but conflicting results [54-58]. So far, 
such studies have not been conducted in QFS patients. In chapter 11, we therefore 
asked ourselves the question whether QFS patients show an altered metabolic 
state and gut microbiome composition compared to CFS patients and healthy 
controls. 
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Table 1. Important nomenclature of the chronic fatigue syndrome (CFS) over time. 

Definition Year Author

Febricula 1750 Manningham

Neurasthenia Early 1800’s Flint

DaCosta’s (Effort) Syndrome 1871 DaCosta

Chronic Brucellosis 1934 Evans

Poliomyelitis-like Illness 1938 Gilliam

Iceland Disease 1954 White & Burtch

Akureyri Disease 1956 Sigurdsson & 
Gudmundsson

Benign Myalgic Encefalomyelitis 1956 Acheson

Royal Free Disease 1957 Royal Free Hospital 

Epidemic Neuromyasthenia 1967 Miller

Postviral Fatigue Syndrome 1967 WHO

Total Allergy Syndrome / Environmental Hypersensitivity Disorder / 20th Century 
Disease / Yuppie Flu / Shirker Syndrome / Raggedy Ann Syndrome 1960-1980 Regular media *

Chronic Candidiasis 1981-1983 Truss & Crook

Chronic Epstein-Barr Virus Infection / Chronic Mononucleosis 1985 NIAID

Chronic Fatigue Syndrome 1988 Holmes

Chronic Fatigue and Immune Dysfunction Syndrome 1990 - 2000 Regular media **

Systemic Exertion Intolerance Disease 2015 IOM

Table 1. Nomenclature of the chronic fatigue syndrome (CFS) in chronological order.
Abbreviations: WHO = World Health Organisation, NIAID = National Institute of Allergy and 
Infectious Diseases, IOM = Institute of Medicine.
* Nomenclature of the chronic fatigue syndrome (CFS) in regular media, based on presentation 
of symptoms between 1960 and 1980. 
** Nomenclature of the chronic fatigue syndrome in media, based immunological findings 
between 1990 and 2000. 

CONTROVERSY IN CASE DEFINITION

In 1988, Holmes and his group formed a definition of the chronic fatigue syndrome 
[1]. They used key symptoms as a basis for subjective criteria that were mainly 
intended for research purposes. At around the same time, similar case definitions 
were formed [2]. In order to gain international consensus and acceptance, the 
American Centers for Disease Control (CDC) held an international conference in 1992 
where they further specified the diagnostic criteria by Holmes. These CDC criteria 
(also known as the Fukuda criteria) were further attuned in 1994 [3]. Various patient 
associations objected against the term CFS and the notion that CFS has an underlying 
psychological component, and pleaded for the term Myalgic Encephalomyelitis 
(ME), suggesting an underlying inflammatory component. Evidence for the latter is 
still scarce however. The Fukuda criteria state that CFS is characterised by disabling 

ABSTRACT

Chronic fatigue syndrome (CFS) remains a controversial medical disorder. A 
combination of poorly executed studies using variable case definitions and 
diagnostic criteria have led to controversial results. These controversies cloud our 
vision on CFS, and lead to scepticism and frustration among patients, doctors and 
researchers. For future perspective, interdisciplinary studies of high quality with 
large well-defined patient groups and adequate controls are needed.

INTRODUCTION

The chronic fatigue syndrome (CFS) is an enigmatic and controversial disease 
that is characterised by severe and persistent fatigue with various concomitant 
complaints. CFS has not only driven patients, but also doctors and researchers, to 
the edge of despair. Patients often feel disregarded and do not only suffer from 
the complaints, but also the stigma and incomprehension by medical professionals 
that come with CFS. Doctors often feel helpless or sceptic and tend to end lengthy 
consultations in an unsatisfactory manner. Finally, researchers enter a world full 
of controversies and hostilities where glorious career prospects seem improbable.

The first description of a disease that resembles CFS dates from 1750 and was 
made by Sir Richard Manningham. He dubbed this disease Febricula. Since 
then, resembling disease states have known many names (Table 1). The term 
CFS has been around for over 30 years and is often the subject of discussion 
and controversy. These discussions and controversies are driven by a growing 
ambiguity that surrounds CFS.
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CONTROVERSY IN RESEARCH

It should be clear by now that CFS is a difficult disease to define and that poor 
and ambiguous case definitions lead to contradictory research outcomes. More 
than often, CFS research is of poor quality as it uses careless measurements and 
inadequate control groups. Furthermore, replication research in independent 
cohorts is hardly ever conducted. The result of such poor-quality research is a 
lacking consensus on diagnostics and a loss of faith in medical research and 
treatments (Panel). The ongoing search for cytokine dysregulation in CFS probably 
best depicts the effect of poor-quality research in CFS [7]. Time and again, 
differences in cytokine production and circulating cytokine levels were found 
between CFS patients and healthy controls. However, every research group seems 
to find different cytokines to be in- or decreased. A systematic review confirmed 
this problem but also gave us some perspective: multiple studies showed an 
increase in plasma TGF-β levels [7]. Later it was found that circulating TGF-β was 
likely to be increased due to intracellular release from contaminating thrombocytes 
[8]. This was not the first time that an artefact got our hopes up. In 2009 Science 
published a study showing that CFS patients carry the ‘xenotropic murine 
leukaemia virus-related virus’ (XMRV), a mice retrovirus. CFS has been linked to a 
viral aetiology for decades. Now it was stated that the responsible virus had finally 
been found. Two years later, however, the virus appeared to have been caused by 
a laboratory contamination and the paper was retracted. The fact that the XMRV 
genome was exclusively found in CFS patients appeared to have been caused by 
the fact that the control groups were added at a later stage [9]. Given the large 
variety in possibilities for CFS aetiology and pathophysiology, it is likely that CFS 
is a heterogeneous disease. Therefore, the 4P model by Prins et al. is a helpful tool 
to better understanding CFS (Figure 1) [10]. This model takes predisposing factors 
(e.g., lifestyle, genetics, and personality), precipitating factors (e.g., infectious 
diseases, surgery, chemotherapy, hormones, physical or psychological stress, and 
grief ), perpetuating factors (e.g., somatic and psychological factors such as ideas 
and cognitions on complaints and behaviour that limit recovery), and prognostic 
factors (e.g., recovery is limited if complaints are attributed to a somatic cause, and 
psychiatric comorbidity). All these factors are ultimately likely to contribute to the 
disease state of CFS.

fatigue that last for at least six months and is accompanied by a minimum of four 
out of eight concomitant complaints (Table 2). CFS is a diagnosis by exclusion, which 
means that underlying psychiatric disease should be excluded.

In 2003, Carruthers and his group formed a new set of criteria that were more in 
line with activist views on CFS. These criteria later formed the basis for the 2011 
International Consensus Criteria [4]. This name, however, is somewhat deceiving 
as the consensus that was achieved originated from a group that was already in 
consensus on their views on CFS. They chose terms like ME instead of CFS and used 
criteria such as ‘neurological impairments’ and ‘energy production/transportation 
impairments’ for subjective complaints, suggesting their substrate is known 
(which it is not). A systematic review of case criteria investigated which are best 
and should therefore be used for research purposes [2]. It was concluded that the 
1994 Fukuda criteria are preferred and researchers should stop proposing new 
sets of criteria based on inconclusive studies. Unfortunately, this did not stop the 
American Institute of Medicine (IOM) from proposing a new set of criteria in 2015. 
These criteria were heavily criticised for their lack of evidence by using measures 
like ‘orthostatic intolerance’ [5]. The IOM also stopped using the term CFS and 
switched to the suggestive term ‘systemic exertion intolerance disease’ (SEID). In 
2018 the Dutch health council (Gezondheidsraad) followed up on the IOM report by 
introducing a report of their own, stating that CFS is a severe multisystem disease. 
Again, this claim lacks evidence and was followed by heavy criticism [6]. Therefore, 
as long as adequate evidence, acquired through separate and well-defined groups, 
for an objective explanation of complaints is missing, we suggest sticking to the 
descriptive, and less suggestive, term ‘chronic fatigue syndrome’.

Table 2. Fukuda criteria for defining and diagnosing the chronic fatigue syndrome (CFS).

Complaints of restraining fatigue that last for at least 6 months and coincide with at least 4 out of 8 of the 
following symptoms:
A substantial limitation in short-term memory or concentration

Sore throat

Tender lymph nodes

Muscle ache

Joint ache in multiple joints without swelling or redness

A new type of headache or severity of headache

Unrefreshing sleep

Post-exertional malaise that lasts for at least 24 hours

CFS is a diagnosis per exclusion. Psychiatric illness such as melancholic or psychotic depression, substance abuse, bipolar 
disorder, eating disorders, schizophrenia, dementia, and delusional disorders should be excluded

Table 2. A schematic description of the Fukuda criteria for defining the chronic fatigue 
syndrome (CFS) [3].
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‘Royal Free disease’, ‘lake Tahoe disease’, and ‘epidemic neuromyasthenia’ [12]. Even 
though such outbreaks are suggestive for an infectious or even toxic aetiology, 
even after extensive research, such an aetiology is hardly ever found. It could 
therefore be stated that such outbreaks can be labelled as hypes.

FINALLY

CFS is characterised by continuous ambiguity. This is partly caused by contradictory 
research outcomes, ultimately resulting in conflicting opinions and emotions. An 
important question to be asked is how to step away from controversy. The only 
way this has a chance of succeeding, is when we keep an open mind. In that, we 
have to let go of dated Cartesian views on separation of body and psyche. Also, 
we will have to uphold our research methodology to the highest standards. This 
means only using well-defined patient groups and adequate control groups. 
International collaborations are increasingly emerging and CFS biobanks are 
currently being constructed. There are strong leads that suggest the substrate 
of CFS lies in the central nervous system. All the more reason to collaborate with 
advanced neuroscientific research. An interesting theory that emerges from this 
research is that of perception of illness, stating that central sensitisation might 
play a part in CFS (Figure 2). According to this theory, normal perception of fatigue 
is increased on its way to the brain through functional changes in the peripheral 
nervous system, spinal cord, or the brain itself [13]. Furthermore, the recent 
covid-19 pandemic opens up avenues for longitudinal studies of (post-infectious) 
patients that are at risk of developing chronic fatigue. New techniques like ‘multi-
omics’, together with neuroscientific and psychological research, could help clarify 
CFS pathophysiology. Hopefully, such research will give insight in underlying 
molecular mechanisms that drive CFS complaints. Such mechanisms can in turn be 
used in well-defined clinical studies aimed at finding an objective diagnostic test 
and effective treatment strategy for CFS.

Figure 1. The 4P model by Prins et al.

Figure from The Lancet, 2006. J.B. Prins, J.W.M. van der Meer, G. Bleijenberg.

Abbreviations: CFS = Chronic fatigue syndrome.

CONTROVERSY IN DIAGNOSTICS

Until this day there is no reproducible diagnostic test or biomarker to objectively 
diagnose CFS. Time and again, papers are published stating they have found a 
new test to objectively diagnose CFS without using adequate control groups or 
implementing a replication of their results in an independent cohort. A recent 
example is the complicated impedance technique [11]. Again, we are waiting 
for confirmation of results in an independent cohort. Until an objective test is 
finally found, we will have to stick to descriptive criteria like those by Fukuda et 
al. When using such criteria, it is important to keep their goal in mind [2]. Are we 
aiming for high specificity, e.g., for investigating a specific subgroup of CFS such 
as post-infectious fatigue syndrome, high sensitivity, e.g., for investigating burden 
of disease on a population level, or a mix of both, e.g., for diagnosing individual 
patients? This is a common dilemma for syndromes that are characterised by 
unexplained complaints, e.g., fibromyalgia. Another similarity between CFS and 
other syndromes that are characterised by unexplained complaints, is an often 
epidemiological spread of disease (in terms of time and place). For CFS, this has 
led to descriptions such as ‘Iceland disease’, ‘benign myalgic encephalomyelitis’, 
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PANEL

CONTROVERSY DRIVES ACTIVISM

The ongoing controversy surrounding the chronic fatigue syndrome (CFS) has 
proven to be an excellent breeding ground for activism amongst not only patients, 
but also treating physicians and researchers. This activism reached its peak with, 
the still ongoing, discussion around the PACE-trial [14]. In this extensive British 
trial, it was shown that cognitive behavioural therapy (CBT) and graded exercise 
therapy (GET), combined with specialist medical care (SMC), were more effective 
in reducing complaints of fatigue than SMC by itself. Patient associations and 
some activist researchers found this outcome undesirable. What followed was 
a lengthy legal battle which resulted in the patient associations and activist 
researchers being handed the source data [15]. These data were again analysed, 
using the initial plan for analysis and not the amended, approved and ultimately 
published plan, for analysis. After this analysis, differences between groups were 
no longer significant. It did not end there however [16]. The biased editor in chief 
of the Journal of Health Psychology gave opposers of the PACE-trial more than 100 
pages to further attack the initial results. Still, papers are being published that 
either confirm or disprove the initial results of the PACE-trial [17]. Thus far, an 
independent analysis of the source data has not yet been performed. Fortunately, 
since then, several other studies have shown a beneficial effect for CBT and GET 
in reducing complaints of fatigue in CFS [18]. The fight surrounding the PACE-trial 
has caused scepticism amongst patients, treating physicians, and researchers. 
A persistent and detrimental view on this matter is that CFS is a solely somatic 
disease for which psychological interventions like CBT and GET are not effective. 
Discussions on this matter often forgo academic courtesy and more than often 
result in actual threats. Many treating physicians and researchers have dealt with 
this and it has led to gifted and devoted researchers leaving the field altogether. 
Psychological aspects are present in every disease and it seems negligent to think 
this would not be the case for CFS. Furthermore, patients who deny psychological 
aspects of CFS often pursue drastic somatic therapies for which scientific evidence 
is lacking. Examples for such therapies are treatment with rituximab and the so-
called autovaccination therapy [19].

Figure 2. Perception of illness in the chronic fatigue syndrome (CFS).

Figure from Nederlands Tijdschrift voor Geneeskunde, 2020. Ruud P.H. Raijmakers & Jos W.M. 
van der Meer.

The chronic fatigue syndrome (CFS) is an illness of perception. The upper panel depicts the 
normal situation in which muscle activity, as seen in exercise, is perceived as physical fatigue. 
The lower panel depicts the situation in CFS in which muscle activity, as seen in exercise, is 
perceived as severe fatigue due to amplification of the signal at several spots in the nervous 
system  (peripheral nervous system, dorsal horn of the spinal cord, and the brain itself ) due to 
functional changes [13].

Translation within figure: inspanning = exercise; moe = fatigue.
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ABSTRACT

Background: Previously, we reported a randomized placebo-controlled trial, 
the Qure study, showing that cognitive behavioural therapy (CBT), and not 
doxycycline, was significantly more effective than placebo in reducing fatigue 
severity in Q fever fatigue syndrome (QFS) patients. This follow-up study evaluates 
the long-term effect of these treatment regimens, 1 year after completion of the 
original trial.  

Methods: All patients who completed the Qure study, CBT (n = 50), doxycycline  
(n = 52), and placebo (n = 52), were included in this follow-up study. Between 
twelve and fifteen months after end of treatment (EOT), patients filled out web-
based questionnaires including the main outcome measure fatigue severity, 
assessed with the Checklist Individual Strength (CIS), subscale on fatigue severity. 

Results: Fatigue severity in the CBT, but not doxycycline or placebo, group was 
significantly increased at follow-up compared to EOT (respective means 39.5 
[95% CI, 36.2-42.9] and 31.3 [95% CI, 27.5-35.1], mean difference 8.2 [95% CI, 4.9-
11.6]; P < 0.001). Fatigue severity scores of CBT (adjusted mean 39.8 [95% CI, 36.1-
43.4]) and doxycycline (adjusted mean 41.0 [95% CI, 37.5-44.6]) groups did not 
significantly differ from the placebo group (adjusted mean 37.1 [95% CI, 33.6-40.7]; 
P = 0.92 and P = 0.38, respectively). 

Conclusion: The beneficial effect of CBT on fatigue severity at EOT was not 
maintained 1 year thereafter. Due to its initial beneficial effect and side effects 
of long-term doxycycline use, we still recommend CBT as treatment of QFS. We 
suggest further investigation on tailoring CBT more to QFS, possibly followed by 
booster sessions.

INTRODUCTION

Q fever is a zoonosis caused by the intracellular Gram-negative bacterium 
Coxiella burnetii. Transmission to humans occurs primarily through inhalation of 
contaminated aerosols spread by bodily fluids, e.g., milk, urine, feces, and most 
importantly parturient fluids of infected animals such as goats and sheep [1-4]. 
Due to a vast increase in goat farming between 1983 and 2009, the Netherlands 
experienced the largest Q fever outbreak ever reported between 2007 and 2011 
[5, 6]. It is estimated that at least 44.000 people became infected, of whom over 
4.000 were notified as having a symptomatic infection [7, 8], i.e., acute Q fever. 
This number is probably an underestimation as the infection is thought to remain 
asymptomatic in approximately 60% of patients [5, 7, 9, 10]. 

Patients with acute Q fever have a variety of symptoms, many of which are non-
specific. Most common are flu-like symptoms, pneumonia, or hepatitis [1, 3, 
10]. Following infection with C. burnetii, both symptomatic and asymptomatic, 
around 1-5% of patients eventually develop chronic Q fever or persistent 
focalized infection, usually manifesting as endocarditis or infection of pre-existing 
aneurysms or vascular prostheses [1, 3, 10, 11]. A more common long-term 
sequela following infection with C. burnetii is Q fever fatigue syndrome (QFS). 
Although most patients recover from their acute Q fever infection within the first 
6 months, around 20% remain chronically fatigued [12]. This fatigue is frequently 
accompanied by other symptoms [12]. QFS leads to impairment in daily functioning 
and general health status, contributing to the high Q fever-related economic costs 
of the Dutch outbreak and emphasizing the necessity for an adequate treatment of 
this debilitating syndrome [12-17].

A treatment strategy with proven efficacy for QFS has long remained elusive [12]. 
A handful of studies have tried to assess the effectiveness of antibiotic treatment 
with tetracyclines [18-20]. However, these studies showed conflicting results 
and lack a valid trial design. Cognitive behavioural therapy (CBT) is an effective 
treatment for chronic fatigue syndrome (CFS) [21] and was, because of its striking 
overlap in symptoms, also thought to be effective as treatment for QFS [22, 23]. 

We previously published the results of the first and until now only randomized 
placebo-controlled trial for QFS treatment, the Qure study [24, 25], comparing CBT 
and doxycycline treatment with placebo treatment [12]. This trial demonstrated 
a beneficial effect in reducing fatigue severity for CBT, but not doxycycline, 
compared to placebo treatment. For the present study we asked the question 
whether this beneficial effect is sustained over time. In CFS it has been shown that 
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the beneficial effects of CBT lasted for at least 18 months following completion of 
therapy [26, 27], although significant relapse did occur after this period in about 
half of the patients who had a favourable response directly following CBT [28]. 
Thus, we evaluated whether the beneficial effect of CBT in QFS patients persisted 
1 year after completion of therapy and compared the outcomes of CBT and 
doxycycline at follow-up with those of patients from the placebo group.

METHODS

Patients
In this study, patients who participated in the Qure study (Clinical Trials 
Registration: NCT01318356 [25]) were contacted one year after completion 
of the study. In the original trial, 156 men and non-lactating women aged ≥ 18 
years who were diagnosed with QFS [29], were included and equally randomized 
with a 1:2 ratio between two treatment groups; CBT (n = 51) and medication (n 
= 105). In the medication group, a second double-blinded randomization was 
performed between doxycycline and placebo treatment with a 1:1 ratio [24], which 
was refused by one patient leaving a total of 155 patients who started with the 
interventions. A total of 154 participants were included in the intention-to-treat 
(ITT) analysis of the Qure study; CBT (n = 50; 1 patient refused any further contact 
after withdrawing consent during CBT), doxycycline (n = 52), and placebo (n = 52); 
all 154 patients were contacted for follow-up assessment. 

Procedures
At least twelve months (with extension to a maximum of fifteen months) after 
completing end of treatment (EOT) assessments in the original trial, patients were 
sent an e-mail by a research assistant with an invitation to participate in the follow-
up assessment. In this email, the purpose of the follow-up was explained, and a link 
to web-based questionnaires was provided. If patients did not respond within 1 to 
2 weeks, they were contacted again by e-mail. In case the web-based follow-up 
was not completed after the reminder and patients had not indicated that they did 
not want to participate, they were contacted by phone by the research assistant to 
establish the reason for not responding and were asked again for their cooperation. 
In case the patient indicated that he or she would fill in the questionnaire but did 
not do so, the primary investigator contacted the patient personally. If this was not 
successful, the patient was regarded as having dropped out.

Ethics
All participants provided written informed consent for participation in the Qure 
study, which also included a follow-up measurement. The Qure study was approved 
by the Medical Ethics Review Committee Region Arnhem-Nijmegen (registration 
number 2011/069, NL35755.091.11).

Outcome variables
Fatigue severity was the primary outcome of the Qure study, measured with the 
subscale on fatigue severity of the Checklist Individual Strength (CIS, Cronbach’s 
alpha 0.83-0.93) [30]. Patients with a cut-off score ≥ 35 were classified as severely 
fatigued [31, 32]. Clinical meaningful improvement, taking into account whether the 
magnitude of change on the CIS subscale on fatigue severity is clinically relevant, 
was defined as a reliable change index (RCI) × 1.96 plus a CIS subscale on fatigue 
severity score of < 35 [33]. The RCI was calculated based on the standard deviation of 
the baseline CIS subscale on fatigue severity score (4.87) of the original Qure study 
with 0.88 as reliability factor (= 4.28) [30]. The RCI score is then multiplied with 1.96 
(= 8.40), and signifies a minimal drop of nine points on the CIS subscale on fatigue 
severity. Clinical meaningful improvement was calculated at EOT and follow-up. 
Functional impairment was a secondary outcome and was measured with the total 
score on the Sickness Impact Profile-8 (SIP8, Cronbach’s alpha 0.91) [34]. Patients 
with a cut-off score of ≥ 450 were classified as functionally impaired [35]. 

Statistical analysis
Statistical analysis was performed using SPSS 22.0.01 (SPSS Inc, Chicago, IL) and 
significance was assumed at a P value of < 0.05. Analyses were primarily based 
on an ITT analysis. In case of significant differences in the primary analysis, a 
sensitivity analysis would be performed on the basis of worst case imputation, 
i.e., maximal values on the outcome measures for missing data. In addition, a 
per-protocol analysis was conducted, excluding those patients who did not fully 
complete their allocated treatment (n = 12; CBT n = 7, doxycycline n= 3, and 
placebo n = 2), or followed additional treatment, i.e., CBT, (n = 15; doxycycline n 
= 8 and placebo n = 7) during follow-up. Between-group differences in baseline 
characteristics and duration of follow-up period were analysed with analysis of 
variance. Within-group comparisons between EOT and follow-up scores were done 
with pairwise t-tests. ANCOVA was used for between-group comparisons, adjusted 
for baseline scores. The CBT and doxycycline group were compared to the placebo 
group. In these analyses, follow-up scores on outcome measures were used as 
the dependent, treatment strategy as the fixed factor, and scores at baseline of 
the Qure study as the covariate. A Bonferroni correction was applied to adjust for 
multiple comparisons. 
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RESULTS

Figure 1 shows the trial profile. All 154 patients who participated in the study 
completed EOT and follow-up assessments, and were included in the ITT analysis; 
CBT (n = 50), doxycycline (n = 52), and placebo (n = 52). Eight patients with 
doxycycline and 7 patients with placebo as allocated treatment, received CBT 
during their follow-up period. Twelve patients stopped their treatment before 
EOT (CBT n = 7, doxycycline n = 3, and placebo n = 2) but did complete both EOT 
and follow-up assessments. There were no missing data, therefore, no imputation 
strategy was required. The total patient group consisted of 80 men and 74 
women with a mean age of 43.8 (SD ± 12.1) at baseline. There were no significant 
differences in patient characteristics between treatment groups at baseline 
assessment of the Qure study (Table 1) [25]. The mean follow-up period from EOT 
assessment was 13.2 months (SD ± 1.3). No significant difference in follow-up 
period was found between groups (P = 0.10).

Primary endpoint
In the CBT group, mean fatigue severity had significantly increased at follow-up 
compared to EOT assessment (39.5 [95% CI, 36.2-42.9] and 31.3 [95% CI, 27.5-
35.1] respectively), mean difference 8.2 [95% CI, 4.9-11.6]) (P < 0.001). There were 
no significant differences in mean fatigue severity between EOT and follow-up 
assessment in the doxycycline (41.1 [95% CI, 37.7-44.5] and 41.3 [95% CI, 37.6-45.1] 
respectively, P = 0.91) and placebo group (37.7 [95% CI, 34.2-41.3] and 37.1 [95% 
CI, 33.4-40.8] respectively, P = 0.70) (Table 2, Figure 2). 

No significant differences in fatigue severity at follow-up were found between the 
CBT (adjusted mean 39.8 [95% CI, 36.1-43.4]) and placebo group (adjusted mean 
37.1 [95% CI, 33.6-40.7]) (P = 0.92), or doxycycline (adjusted mean 41.0 [95% CI, 
37.5-44.6]) and placebo group (P = 0.38) (Table 3, Figure 2).

Figure 1. Trial profile of the Qure study.

Analyses were based on an intention-to-treat method and included the data of all 154 
patients who completed follow-up assessment. 

Abbreviations: QFS, Q fever fatigue syndrome; CBT, cognitive behavioural therapy; EOT, end of 
treatment; EOS, end of study.
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Table 1. Characteristics at baseline assessment [25] of all patients who completed 
follow-up assessment.

Characteristics Doxycycline (n = 52) Placebo (n = 52) CBT (n = 50)

Female sex, No. (%) 29 (56) 20 (38) 25 (50)

Age, y, mean ± SD 43.6 ± 10.2 44.6 ± 12.3 43.1 ± 13.7

Duration of symptoms, mo

Median 36.00 37.50 39.50

Interquartile range 24.50–57.00 25.50–50.75 22.00–58.25

CIS subscale fatigue severity score, mean ± SD 51.4 ± 4.7 50.2 ± 4.8 49.5 ± 4.7

SIP8 total score, mean ± SD 1304.9 ± 537.7 1295.1 ± 593.7 1369.8 ± 653.3

Questionnaires on fatigue, i.e., CIS subscale on fatigue severity, and functional impairment, 
i.e., SIP8, were used. Patients with a CIS subscale on fatigue severity cut-off score of ≥ 35 were 
classified as severely fatigued. Patients with a SIP8 total cut-off score of ≥ 450 were classified 
as functionally impaired.

Abbreviations: CBT, cognitive behavioural therapy; SD, standard deviation; CIS, Checklist 
Individual Strength; SIP8, Sickness Impact Profile8.

Table 2. Mean scores on fatigue severity and functional impairment by treatment group 
at baseline, EOT, and follow-upa.

Mean (95% CI) Change scoreb 

(95% CI)
P value

Baseline EOT Follow-up

Fatigue severity (CIS subscale fatigue severity)

CBT 49.5 (48.2–50.9) 31.3 (27.5–35.1) 39.5 (36.2–42.9) 8.2 (4.9–11.6) < 0.001

Doxycycline 51.4 (50.1–52.7) 41.1 (37.7–44.5) 41.3 (37.6–45.1) 0.2 (−3.2–3.5) 0.91

Placebo 50.2 (48.9–51.5) 37.7 (34.2–41.3) 37.1 (33.4–40.8) −0.6 (−4.0–2.7) 0.70

Functional impairment (SIP8 total score)

CBT 1369.8 (1184.1–1555.5) 811.8 (607.5–1016.1) 880.6 (662.8–1098.5) 68.8 (−93.5–231.1) 0.40

Doxycycline 1304.9 (1155.2–1454.6) 1092.1 (890.3–1294.0) 1057.9 (843.7–1272.2) −34.2 (−184.7–116.4) 0.65

Placebo 1295.1 (1129.8–1460.4) 949.3 (778.1–1120.4) 853.0 (661.3–1044.7) −96.2 (−242.8–50.3) 0.19

Questionnaires on fatigue, i.e., CIS subscale on fatigue severity, and functional impairment, 
i.e., SIP8, were used. Patients with a CIS subscale on fatigue severity cut-off score of ≥ 35 were 
classified as severely fatigued. Patients with a SIP8 total cut-off score of ≥ 450 were classified 
as functionally impaired.

Abbreviations: SD, standard deviation; EOT, end of treatment; CIS, Checklist Individual 
Strength; CBT, cognitive behavioural therapy; SIP8, Sickness Impact Profile8.

a   P values were based on paired t-test comparisons.
b   Change score: follow-up scores compared to EOT scores.

Figure 2. Mean scores of fatigue severity by treatment group at baseline, EOT, and follow-
up.
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The CIS subscale on fatigue severity questionnaire was used. Patients with a CIS subscale 
o n  fatigue severity cut-off score of ≥ 35 were classified as severely fatigued. Values are 
means and error bars with standard deviations. 

Abbreviations: CBT, cognitive behavioural therapy; CIS, checklist individual strength; EOT, end 
of treatment.

Secondary endpoints
No significant differences in mean functional impairment score were found 
between EOT and follow-up assessment in the CBT (811.8 [95% CI, 607.5-1016.1] 
and 880.6 [95% CI, 662.8-1098.5] respectively, P = 0.40), doxycycline (1092.1 
[95% CI, 890.3-1294.0] and 1057.9 [95% CI, 843.7-1272.2] respectively, P = 0.65), 
or placebo group (949.3 [95% CI, 778.1-1120.4] and 853.0 [95% CI, 661.3-1044.7] 
respectively, P = 0.19) (Table 2, Figure 2).

No significant differences in functional impairment at follow-up were found 
between the CBT (adjusted mean 858.1 [95% CI, 665.7-1050.5]) and placebo group 
(adjusted mean 866.2 [95% CI, 677.6-1054.7]) (P = 1.00), or doxycycline (adjusted 
mean 1066.4 [95% CI, 877.9-1254.9]) and placebo group (P = 0.42) (Table 3, Figure 
2). Clinical meaningful improvement, defined as a 9-point reduction on the CIS 
subscale fatigue severity together with a score < 35 at EOT and FU respectively, 
was reached by: 31% and 29% of patients in the doxycycline; 46% and 40% of 
patients in the placebo; and 56% and 24% of patients in the CBT group, showing 
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a significant relapse in the latter (P = 0.01). While a significant difference between 
groups was seen at EOT (P = 0.03), this was no longer the case at follow-up  
(P = 0.18) (Supplementary table 1). 

Additional per-protocol analysis 
Performing a per-protocol analysis yielded no difference in results. No significant 
differences in fatigue severity were found between the CBT (adjusted mean 39.2 
[95% CI, 35.3-43.1]) and placebo group (adjusted mean 36.8 [95% CI, 32.9-40.7])  
(P > 0.99), or doxycycline (adjusted mean 41.1 [95% CI, 37.1-45.1]) and placebo 
group (P = 0.41).

In the CBT group, mean fatigue severity significantly increased at follow-up 
compared to EOT assessment (39.1 [95% CI, 35.5-42.6] and 30.4 [95% CI, 26.6-34.4] 
respectively, mean difference 8.6 [95% CI, 4.8-12.4]) (P < 0.001). There were no 
significant changes in fatigue severity between EOT and follow-up assessments in 
the doxycycline (39.1 [95% CI, 35.2-43.1] and 41.4 [95% CI, 37.1-45.7] respectively, 
P = 0.22) and placebo group (36.5 [95% CI, 32.6-40.5] and 36.7 [95% CI, 32.6-40.9] 
respectively, P = 0.90). 

DISCUSSION 

In this follow-up investigation of the Qure study, we found that the beneficial effect 
of CBT was not sustained at 1-year follow-up. Fatigue severity had significantly 
increased in the CBT group and there was no longer a significant difference 
in fatigue severity between CBT and placebo at follow-up. Patients who had 
received doxycycline or placebo reported no significant change in fatigue severity 
between EOT and follow-up. Directly following treatment there were no significant 
differences in levels of functional impairment for CBT or doxycycline compared to 
placebo. At follow-up, levels of functional impairment did not significantly differ 
from EOT in all treatment groups. 

It was previously shown that the positive effects of CBT for CFS, a similar condition, 
are sustained for at least 18 months following EOT [28]. A possible explanation for 
the discrepancy with our findings could lie in the fact that CBT was not sufficiently 
effective in reducing functional impairment at EOT in QFS patients, an observation 
that persists in the long-term (Table 3, Supplementary Figure 1). CBT for CFS often 
has a positive effect on both fatigue severity and functional impairment [36, 37]. 
Throughout this study, all patients were functionally impaired. It is conceivable 
that persisting functional impairment leads to a constant confrontation with 
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limitations caused by an impaired health status which could eventually lead to an 
increase in fatigue severity [38]. In addition, it can be noted that patients received 
a median of 9 CBT sessions in the original trial, which, although effective for 
fatigue severity, might be insufficient to address perceived functional impairment. 
As noted in the original trial, there was a trend towards a beneficial effect of CBT 
on functional impairment.  

An alternative explanation could be the recurrent negative media attention in 
the Netherlands for Q fever since the outbreak of 2007, frequently reminding 
patients of their complaints and possible unfavourable long-term outcome of 
QFS. Moreover, a large lawsuit, in which patients collectively sued the Dutch 
government for negligence during the Q fever outbreak, was still pending during 
the follow-up period. This encouraged patients to supply attorneys with proof of 
diagnosis and constantly reminded them of their often dire financial situation and 
perceived lack of social support. It was previously shown that such lawsuits and 
perceived lack of social support are associated with poor treatment outcome of 
CBT or maintenance of symptoms [39, 40]. It may be that negative media attention, 
perceived lack of support and pending lawsuits had a negative effect on the course 
of fatigue following CBT. 

Perhaps the contrast in effect of CBT for QFS and CFS can also be explained by 
the fact that CBT for QFS was based on the treatment protocol of CBT for CFS [24], 
aimed at changing cognitive-behavioural factors that perpetuate fatigue in CFS 
[41]. This protocol is based on a model of perpetuating factors in CFS [41]. However, 
this CFS model does not fully apply to QFS, as, for example, it was previously 
shown that QFS patients exhibit stronger somatic attributions than CFS patients 
and show a less strong relation between fatigue-related beliefs and fatigue [22]. It 
is likely that not all relevant perpetuating factors for QFS have yet been identified 
and were therefore not addressed during CBT. It could be postulated that such 
inappropriately addressed perpetuating factors contributed to the relapse in 
fatigue severity at 1-year follow-up. The fact that there was a positive effect of 
CBT directly following CBT, however, speaks against this hypothesis. One could, 
however, also assume that the unknown and unaddressed perpetuating factors in 
QFS are responsible for the relapse.

A mediation analysis is currently being conducted with data of the present study, 
investigating which changes in cognitive-behavioural variables mediated the 
initial beneficial effect of CBT at EOT, but also the subsequent relapse in fatigue 
severity at follow-up [42]. This information can be used to design booster sessions 
aimed at mediators relevant for improving long-term outcome after CBT. Booster 

sessions have shown to be effective in maintaining the beneficial effects of CBT 
for other disorders, like depression, and could also be tailored specifically for QFS, 
based on the results of the mediation analysis [43]. 

As a limitation for this study, it should be noted that follow-up questionnaires were 
filled out at home. Thus, patients could not be interviewed at follow-up to clarify 
other possible causes of an increase in fatigue severity, e.g., co-morbidities, dire 
financial situations, work-related issues, and relational problems. 

In conclusion, the majority of QFS patients who initially benefited from CBT did 
not maintain this effect in the long-term. Several mechanisms may underlie this 
observation. Due to its initial positive effect, CBT is still advised as therapy of 
choice for QFS patients. At present, it is still the only well-investigated treatment 
modality for QFS patients with a positive effect. Further research is necessary to 
elucidate the aetiology of relapse that occurs following CBT for QFS. We suggest 
further investigation on tailoring CBT more to QFS, possibly followed by booster 
sessions which may help to maintain the initial beneficial effect of CBT.
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Supplementary Table 1. Proportions of patients with CIS subscale fatigue severity scores 
< 35 and clinical meaningful improvement at EOT and follow-up.

Doxycycline
(n=52)

Placebo
(n=52)

CBT
(n=50)

P value*

CIS subscale fatigue severity < 35 at EOT 16 (31%) 24 (46%) 29 (58%) 0.02

CIS subscale fatigue severity < 35 and a minimal drop of nine 
points at EOT†

16 (31%) 24 (46%) 28 (56%) 0.03

CIS subscale fatigue severity < 35 at FU 15 (29%) 22 (42%) 13 (26%) 0.17

CIS subscale fatigue severity < 35 and a minimal drop of nine 
points at FU†

15 (29%) 21 (40%) 12 (24%) 0.18

Abbreviations: EOT, end of treatment; CBT, cognitive behavioural therapy; CIS, Checklist 
Individual Strength questionnaire; FU, follow-up; RCI, reliable change index. 

* P values are based on the Chi-square test for comparison of the three groups. 

† Taking into account whether the magnitude of change is clinically relevant, defined as: 
reliable change index (RCI) * 1.96 surplus a CIS fatigue severity score of < 35 [33]. The mean SD 
baseline CIS fatigue was 4.87, and with 0.88 reliability factor [30], the RCI was 4.28. This score 
is multiplied with 1.96 (=8.40), and means a minimal drop of nine points on the CIS subscale 
fatigue severity.

Supplementary Figure 1. Mean scores of functional impairment by treatment group at 
baseline, EOT and follow-up.
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ABSTRACT

Background: Q fever fatigue syndrome (QFS) is characterized by chronic fatigue 
following acute Q fever. Previously, it was shown that cognitive behavioural 
therapy (CBT), and not doxycycline, was significantly more effective than 
placebo in reducing fatigue severity in QFS patients. However, this effect was not 
maintained after one year. The aim of this study is to elucidate the cognitive and 
behavioural variables which mediate the positive effect of CBT on fatigue during 
treatment, and the relapse of fatigue after completion of CBT, by using multiple 
mediation analysis. 

Methods: Additional analyses were performed on data of a randomized controlled 
trial that investigated the efficacy of CBT and antibiotics compared to placebo, 
for QFS [1]. Only those patients in the CBT group who completed the allocated 
CBT treatment, and those patients in the medication group who did not follow 
additional CBT during follow-up, were included in this study. Two mediation 
models were tested, using respective assessments at baseline and end-of-
treatment (EOT), and EOT and follow-up, comparing the CBT group (n = 43) with 
the medication group (n = 89). 

Results: During treatment, the decrease in fatigue brought on by CBT was 
completely mediated by an increase in self-efficacy with respect to fatigue. A 
reduction in self-efficacy partly mediated the increase in fatigue at follow-up in the 
CBT group. 

Conclusions: Given the decline in self efficacy, booster sessions focussing on 
restoration and maintenance of self-efficacy with respect to fatigue, may lead to 
elongation of the initial positive effects of CBT for QFS.

INTRODUCTION

Q fever, a zoonosis that occurs worldwide, is caused by the bacterium Coxiella 
burnetii [2, 3]. From 2007 until 2011, the Netherlands faced the largest Q fever 
outbreak described to date, with over 4000 reported cases of symptomatic 
acute Q fever [4]. Persistent fatigue following acute Q fever, known as Q fever 
fatigue syndrome (QFS), is the most common sequela of a symptomatic Q fever 
infection [5]. Although most patients recover from fatigue in the first 6 to 12 
months following an acute Q fever infection, around 20% of patients develop 
QFS in which symptoms may persist for up to 20 years or even longer [5]. Many 
QFS patients meet the criteria for case definitions of chronic fatigue syndrome/
myalgic encephalomyelitis (ME/CFS), as symptoms partly overlap [6]. According 
to the Dutch consensus guideline on QFS [7], QFS is defined as severe fatigue 
after an acute Q fever infection, persisting for at least six months, and causing 
significant disabilities in daily life. Furthermore, fatigue should be absent before 
the acute Q fever infection or be significantly increased ever since, and other 
somatic or psychiatric causes of fatigue need to be excluded [7]. This debilitating 
fatigue syndrome has detrimental effects on daily functioning [5, 8-12]. Following 
the Dutch Q fever outbreak, QFS accounted for the majority of Q fever-related 
economic consequences due to a loss in quality of life and health-related 
absenteeism at work [13, 14]. A recent study showed that the reduced quality of 
life and social functioning of QFS patients was mediated by fatigue severity [15]. 

Cognitive behavioural therapy (CBT), aimed at changing fatigue-related cognitions 
and behaviours, has proven effective in reducing fatigue in ME/CFS [16] [17, 18], 
and other chronic medical conditions [19-21]. The cognitive-behavioural model on 
which CBT is based assumes that beliefs about the chronic condition and fatigue, 
and behaviours like the sleep-wake pattern or changes in the level of activity can 
maintain fatigue. Although different treatment protocols have been developed for 
chronic fatigue in different medical conditions there is considerable overlap in the 
fatigue maintaining factors as a recent study in various chronic medical conditions 
showed [22]. Additionally, a comparison of patients with CFS/ME and QFS showed, 
despite stronger somatic attributions and a less strong relation between fatigue-
related beliefs and fatigue in QFS patients [23], a striking overlap in symptoms 
and cognitive-behavioural variables known to perpetuate fatigue. Therefore, CBT 
based on the cognitive-behavioural model of chronic fatigue was introduced as 
a possible treatment modality for QFS. The efficacy was subsequently evaluated 
in a randomised controlled clinical trial (RCT), comparing the efficacy of CBT 
and long-term doxycycline treatment with a placebo on fatigue severity in QFS 
patients [24]. CBT led to a larger decrease of fatigue severity following treatment. 
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The effects of long-term doxycycline use did not differ significantly from placebo. 
But, in contrast to the long-term results of CBT in ME/CFS, showing maintenance of 
treatment effects up to at least one and a half year post treatment with substantial 
maintenance of effect in the period thereafter [25, 26], the initial positive effect 
of CBT for fatigue was not sustained at one year follow-up in QFS patients [27]. 
However, as antibiotics proved ineffective and no other treatment modalities have 
been investigated, the current treatment standard in the Netherlands is to still 
consider CBT as treatment for patients with QFS [28]. 

Mediation analysis can help to elucidate the mechanisms behind the initial 
positive effect of CBT in reducing fatigue severity, and the relapse after completion 
of treatment. Previous mediation analyses of treatment studies testing the efficacy 
of CBT and the effect of graded exercise therapy (GET) for ME/CFS, showed 
that increased sense of control over fatigue [29], less focus on fatigue [29-31], 
increased perceived activity and physical functioning [29, 32], a reduction of fear 
avoidance beliefs [33], and a decreased tendency to catastrophize in response to 
fatigue [33, 34], were mediators of the treatment response. There has been one 
mediation analysis studying possible mechanisms behind relapse following CBT 
for fatigue. A randomized controlled trial testing the efficacy for CBT for fatigue 
in multiple sclerosis (MS) showed that after an initial improvement in fatigue, 
patients relapsed. The increase in fatigue severity following CBT was mediated by 
reduced self-reported level physical activity, reduced concentration, and increased 
sleep problems [35]. At present, the mechanisms of change for CBT in QFS and the 
processes underlying the relapse in fatigue severity at long-term follow-up are 
unknown. In this study we investigated the mediators of the initial positive effect 
of CBT on fatigue severity in QFS and the mediators of the relapse in fatigue at 
follow-up. Based on the aforementioned studies and the variables addressed in 
our CBT program for ME/CFS, we included the following cognitive-behavioural 
variables as possible mediators [29-33, 36-38]: catastrophizing beliefs in response 
to fatigue, focusing on bodily symptoms, self-efficacy with respect to fatigue 
and to performing activities, damaging beliefs, fear avoidance beliefs, resting/
avoidance, all-or-nothing behaviour, problems with sleeping/resting, and the 
objective physical activity level. This study assesses whether cognitive-behavioural 
variables mediate the initial treatment response of CBT in QFS patients and the 
relapse of fatigue after completion of treatment. 

METHODS

Study design and participants
Data collected in a randomized controlled trial, the Qure study [24], were used in 
the present study. The Qure study protocol was published previously [39]. In the 
original trial, 156 adults, diagnosed with QFS according to the Dutch consensus 
guideline [1, 7], were recruited from the Radboud Expertise Centre for Q fever of 
the Radboud university medical center (Radboudumc), and randomized with a 2:1 
ratio between oral study medication and CBT for 24 weeks. Patients allocated to the 
medication arm were randomised again with a 1:1 ratio to doxycycline or placebo 
medication. A total of 154 patients (98.7% of all included patients) completed 
the baseline, end-of-treatment (EOT), and follow-up (FU) assessments and were 
therefore included in the final analysis of the RCT; CBT (n = 50), doxycycline (n = 
52), placebo (n = 52). 

According to the Qure study, doxycycline was not more effective in reducing 
fatigue severity compared to placebo [27]. Therefore, to increase power while 
studying the mediation of the CBT effect, the doxycycline and placebo group 
were combined as control group (n = 89), henceforth referred to as ‘medication 
group’. Based on a per-protocol method, only those patients in the CBT group who 
completed the allocated CBT treatment, and those patients in the medication 
group who did not follow additional CBT during follow-up, were included in this 
study. 

In the original trial, questionnaires were filled out before randomization (baseline 
assessment), at 8 weeks, 26 weeks (EOT assessment), and 52 weeks (FU assessment). 
Assessments of the level of physical activity were only done at baseline and EOT. In 
this study, two mediation models were tested. The first mediation model described 
mediation during treatment, including data at baseline and at EOT assessment. 
The second mediation model uses data at EOT assessment and FU assessment, 
describing mediation of the relapse of fatigue after completion of CBT treatment. 
Baseline characteristics of patients can be found in Table 1.
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Table 1. Characteristics at baseline assessment [24] of all patients included in the per-
protocol analysis. 

Characteristics 
CBT

(n = 43)
Medication

(n = 89)

Female sex, No. (%) 21 (49) 42 (46)

Age, y, mean ± SD 43.7 ± 14.2 44.5 ± 10.9

Duration of symptoms, months, mean ± SD 41.8 ± 20.5 39.3 ± 18.4

CIS ‘subscale fatigue severity’ score at baseline, mean ± SD 49.7 ± 4.5 50.7 ± 4.9

Sex is depicted as percentage of female participants. Age, duration of symptoms, and CIS, 
subscale on fatigue severity’ scores are depicted as mean ± SD.

Abbreviations: CBT, cognitive behavioural therapy; SD, standard deviation; CIS, Checklist 
Individual Strength. 

Intervention
CBT consisted of individual sessions [1, 40]. These face-to-face sessions, spread 
over a period of 24 weeks, were delivered by trained and supervised cognitive 
behavioural therapists. First, the model of perpetuation of fatigue was explained, 
describing the way through which thoughts and behaviours can lead to the 
persistence of fatigue. Second, at start of treatment, patients formulated their 
goals in behavioural terms (i.e. resumption of work or hobbies). Sessions focused 
on the development of healthy sleep-wake patterns, regulation of activity and a 
graded activity program, and challenging dysfunctional beliefs with respect to 
fatigue [1]. 

Outcome measures
Primary outcome. Fatigue severity, the primary outcome measure, was assessed 
with the subscale on fatigue severity of the Checklist Individual Strength (CIS). This 
subscale, consisting of eight items, measures the level of fatigue experienced in 
the previous two weeks. All items are measured on a 7-point Likert-scale ranging 
from ‘Yes, that is true’ to ‘No, that is not true’. The sum score ranges between 8 and 
56, with higher scores indicating a higher level of fatigue severity. Patients with  
a cut-off score ≥ 35 are classified as severely fatigued. Cronbach’s alpha ranges 
from .83 to .92 [41-43].

Potential mediators
At the design stage of the original trial, a mediation analysis of the expected 
treatment effect was incorporated and described in the protocol paper [1]. Possible 
mediators were assessed at baseline, 8 weeks after the start of treatment, and at 
EOT. After the start of the study it was decided to also perform a mediation analysis 

of the course of fatigue from EOT up to follow-up. A small set of questionnaires 
was selected in order to limit patient burden and improve response rates. 
Consequently, some of the cognitive-behavioural variables were not measured 
at follow-up and could not be used in our mediation analysis. Potential mediators 
were fatigue-related cognitions and behaviours, except from objective physical 
activity, all measured with questionnaires (Table 2). The cognitive variables were 
catastrophizing beliefs in response to fatigue, focusing on bodily symptoms, self-
efficacy with respect to fatigue, self-efficacy with respect to performing activities, 
damaging beliefs, and fear avoidance beliefs. The behavioural variables are resting/
avoidance, all-or-nothing behaviour, sleeping/resting, and physical activity level. 

Abbreviations: CBT, cognitive behavioural therapy; CI, confidence interval; CBSQ, Cognitive and 
Behavioural Responses to Symptoms Questionnaire; IMQ, Illness Management Questionnaire; 
SES28, Self-Efficacy Scale; PARS, Physical Activity Rating Scale; SIP, Sickness Impact Profile.

a P values were based on analysis of covariance between CBT and medication group. End-of-
treatment scores of variable (dependent factor) are adjusted for baseline scores of variable 
(covariate). Treatment strategy was used as fixed factor. 

b Variable significantly differs between CBT and medication groups (P ≤ 0.05), and is therefore 
included in mediation analysis. 

c Calculated as the mean difference between CBT and medication at the end-of-treatment 
adjusted for the baseline measurement and divided by the pooled standard deviation at 
baseline.

Table 2. Differences between the CBT and medication groups in changes in cognitive-
behavioural variables from baseline to end of treatment

Difference between CBT and 
medication group (mean 95% CI)

P value a

CBT vs medication 
Effect sizec

COGNITIVE VARIABLES

IMQ focusing on bodily symptoms -1.96 (-4.83 to -0.92) 0.18 0.19

CBSQ catastrophizing beliefs in response 
to fatigue

-1.13 (-2.08 to -0.17) 0.02 b 0.34

CBSQ damaging beliefs -1.28 (-2.58 to 0.014 0.05 0.30

CBSQ fear avoidance beliefs -1.55 (-3.20 to 0.10) 0.07 0.29

SES28 self-efficacy with respect to fatigue 2.01 (0.84 to 3.18) < 0.001 b 0.52

PARS self-efficacy with respect to 
performing activities

2.62 (-1.77 to 7.01) 0.24 0.18

BEHAVIOURAL VARIABLES

Physical activity level (actometer) 0.77 (-4.01 to 5.55) 0.75 0.04

CBSQ resting/avoidance -1.43 (-2.85 to 0.00)   0.05 b 0.32

CBSQ all-or-nothing  behaviour -1.05 (-2.32 to 0.21) 0.11 0.27

SIP sleeping/resting    -25.12 (-48.52 to -1.71)   0.04 b 0.38
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Instruments
Cognitive and Behavioural responses to Symptoms Questionnaire (CBSQ). The 
CBSQ measures different aspects of the response to symptoms. In this study two 
behavioural subscales and three cognitive subscales are used. The behavioural 
subscales are resting/avoidance (eight items) and all-or-nothing (five items). The 
cognitive subscales assessed catastrophizing beliefs (four items), damaging beliefs 
(five items), and fear avoidance beliefs (six items). All items are scored on a 5-point 
frequency scale ranging from never to all the time. Higher scores indicate more 
unhelpful responses. The Cronbach’s alpha ranges between .72 and .88 [44].

Illness Management Questionnaire (IMQ). Focusing on symptoms was assessed with 
the subscale focusing on symptoms of the IMQ. The subscale consists of nine items, 
which are all scored on a 6-point Likert-scale ranging from never to always. The 
sum score ranges from 9 to 54. Higher scores indicate more focus on symptoms. 
The Cronbach’s alpha is .88 [29, 45]. 

Self-Efficacy Scale (SES28). Sense of control over fatigue was measured with the 
SES28, consisting of seven items. All items are scored on a 4-point Likert scale. Item 
scores are added from each subscale to obtain a total score, ranging between 7 
and 28. Higher scores indicate more sense of control over fatigue. The Cronbach’s 
alpha ranges from .68 to .77 [29, 42].

Sickness Impact Profile (SIP). Sleeping/resting behaviour was measured with the 
subscale sleeping/resting of the SIP questionnaire. This questionnaire, consisting 
of seven items, measures the level of functional impairment of a patient due to 
health problems. The scores on the items are weighed and the total score ranges 
from 0 to 499. Higher scores indicate more limitations in sleeping/resting. It is a 
reliable instrument with a Cronbach’s alpha of .91 [46].

Physical Activity Rating Scale (PARS). Level of self-efficacy with respect to performing 
activities was measured with the subscale trust of the PARS questionnaire, 
consisting of sixteen specified daily activities (e.g., walking or cycling for 30 
minutes, watching television for 1 hour). All items are rated on a 5-point Likert-
scale. Higher scores indicate a higher level of confidence in their ability to perform 
certain activities. The Cronbach’s alpha is .94.

Physical activity. The level of physical activity was measured using an actometer, a 
small motion-sensing device worn at the ankle day and night during a period of 
twelve consecutive days [47]. A general activity score was calculated over these 12 
days. Higher scores indicate a higher level of physical activity. The actometer is a 
reliable and valid instrument for the assessment of physical activity [48].

Mediation analysis
Mediation analysis explores the mechanisms by which an independent variable, in 
this case CBT, influences a dependent variable, i.e., fatigue severity, via intermediate 
variables called mediators. Possible mediators are the cognitive-behavioural 
variables that perpetuate fatigue and are addressed in CBT. As is the case here, the 
mediators of interest are often the general aspects that the treatment is targeting. 
Fig 1A and B illustrate the parallel multiple mediation model of interest. The total 
effect of CBT on fatigue severity (path c) can be divided into a direct effect (path 
c’) and an indirect effect mediated by a change in one (or more) mediator(s) (path 
ab), as depicted in Fig 1B. Path c depicts the total effect of the causal variable, i.e, 
CBT, on the outcome variable, i.e., fatigue severity. Path a depicts the association 
between the causal variable, i.e., CBT, and the possible mediator(s), i.e., the 
cognitive behavioural variables. Path b depicts the association between the 
possible mediator(s) and the outcome, i.e., fatigue severity, when controlling for 
the causal variable, i.e., CBT. Path c’ depicts the direct effect of the causal variable, 
i.e. CBT, on the outcome variable, i.e., fatigue severity, when controlling for the 
possible mediator(s), i.e., the cognitive behavioural variables [49]. To identify which 
cognitive and behavioural variables mediate the positive effect of CBT on fatigue 
severity in QFS during treatment and relapse after completion of treatment, 
we constructed two parallel multiple mediation models [49]. The first model 
describes mediation of the reduction of fatigue during treatment, while the second 
model describes mediation of the increase in fatigue severity after completion  
of treatment.
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Figure 1. 

(A) The total effect of CBT on fatigue severity (path c). (B) The direct effect of CBT on fatigue 
severity (path c’) and the indirect effect, mediated by a change in cognitive-behavioural 
variables (path ab).

Abbreviations: CBT, cognitive behavioural therapy.

depicts the association between the causal variable, i.e., CBT, and the possible mediator(s), i.e., the 
cognitive behavioural variables. Path b depicts the association between the possible mediator(s) and 
the outcome, i.e., fatigue severity, when controlling for the causal variable, i.e., CBT. Path c’ depicts 
the direct effect of the causal variable, i.e. CBT, on the outcome variable, i.e., fatigue severity, when 
controlling for the possible mediator(s), i.e., the cognitive behavioural variables [49]. To identify 
which cognitive and behavioural variables mediate the positive effect of CBT on fatigue severity in 
QFS during treatment and relapse after completion of treatment, we constructed two parallel 
multiple mediation models [49]. The first model describes mediation of the reduction of fatigue 
during treatment, while the second model describes mediation of the increase in fatigue severity 
after completion of treatment. 
 
Figure 1.  

 
 
 
 
 
 
 

  
(A) The total effect of CBT on fatigue severity (path c). (B) The direct effect of CBT on fatigue severity (path c’) 
and the indirect effect, mediated by a change in cognitive-behavioural variables (path ab). 
Abbreviations: CBT, cognitive behavioural therapy. 
 
Statistical analysis 

CBT ∆ Fatigue c 
A 

Statistical analysis
Statistical analyses based on a per-protocol method, were performed using SPSS 
version 22.0.01 (SPSS Inc, Chicago, IL).

Preliminary analysis
To limit the number of potential mediators, which was necessary due to the limited 
sample size, we only included those cognitive-behavioural variables which showed 
a significant difference in change between the CBT and medication group at week 
8. This was investigated with analyses of covariance with the 8-week score of the 
variable as dependent variable, baseline score of the variable included as co-
variate and treatment group included as fixed factor. Significance was assumed at 
a P value of ≤ 0.05. We assessed the impact of potential mediators that yielded P 
values < 0.10 in a sensitivity analysis. If no significant differences were found when 
using the 8-week scores, analyses of covariance using the 26-week scores (EOT 
assessment) were used to assess potential mediators. Eight-week measurements 
were not available for ‘physical activity level’ and ‘sleeping/resting’. Therefore, these 
variables were only included in the statistical analysis when 26-week scores were 
used for the preliminary analysis. We expressed the magnitude of the difference 
in the potential mediators between the two groups in effect sizes by dividing the 
mean difference between the CBT and medication group at week 8 or week 26, 
adjusted for the baseline score by the pooled standard deviation.

Multiple mediation analysis 
The first parallel mediation model described mediation of the reduction of 
fatigue during treatment, while the second parallel mediation model described 
mediation of the increase in fatigue severity after completion of treatment. In 
the first mediation model, scores on the primary outcome measure at 8 or 26 
weeks (depending on results of the preliminary analysis) adjusted for the baseline 
measurement were used for the potential mediators. For fatigue severity, the 26 
weeks measurement was used, adjusted for the baseline measurement. In the 
second mediation model, change scores from 26 weeks to follow-up were used for 
the potential mediators as well as fatigue severity. We used change scores for this 
second mediation model because after completion of treatment the two groups 
were no longer comparable and change scores are more appropriate for assessing 
change in non-equivalent groups [50]. Mediation analyses were performed using a 
macro expansion for SPSS introduced by Preacher & Hayes [51]. 

We investigated whether a possible relationship between CBT and fatigue reduction 
(model 1) or relapse in fatigue (model 2) was mediated by the cognitive-behavioural 
variables. We therefore established the association between: (Figure 1A) CBT and 
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fatigue reduction (model 1), or fatigue relapse (model 2) (c path) and the indirect 
path of CBT and fatigue reduction via the cognitive-behavioural variables (path 
a*b; Figure 1B, model 1), or the indirect path of CBT and fatigue relapse (a*b path, 
model 2). In the third step, we established if the association between CBT and fatigue 
reduction (model 1), and fatigue relapse (model 2) was attenuated, indicating partial 
mediation, or disappeared, indicating complete mediation, after controlling for 
the cognitive and behavioural mediators (c’ path). We investigated the statistical 
significance of the mediation effect using bootstrapping to calculate the 95% 
confidence intervals of this effect using the macro expansion for SPSS introduced 
by Preacher & Hayes [51]. If the 95% confidence interval did not include zero, the 
mediation effect was statistically significant at P ≤ 0.05.

Ethical approval
The Medical Ethical Review Committee region Arnhem-Nijmegen (2011/069, 
NL35755.091.11) approved the study protocol of the Qure study, which included 
the mediation analysis [1].

RESULTS 

Study population and baseline characteristics
The flowchart in Figure 2 depicts the selection process of study participants. Eight 
patients allocated to CBT who did not fully complete treatment were excluded. 
Of these, one patient withdrew informed consent, the other seven patients 
discontinued treatment because they could not adhere to the therapy for various 
reasons. The mean number of CBT sessions for these excluded patients was 3.88 
(SD 3.0). Fifteen patients from the medication group who received additional CBT 
during follow-up (doxycycline n = 8 and placebo n = 7) were also excluded, leaving 
132 included patients (CBT n = 43; medication n = 89, with doxycycline n = 44 and 
placebo n = 45). 

The proportion of females was 49% in the CBT group and 46% in the medication 
group. The mean age of participants was 43.7 (SD 14.2) years in the CBT group and 
44.5 (SD 10.9) years in the medication group. Mean symptom duration was 41.8 
months (SD 20.5) in de CBT group versus 39.3 months (SD 18.4) in the medication 
group. There were no significant differences in these baseline characteristics 
between the groups (Table 1). Also, no significant differences were found 
between baseline scores of included (n = 132) and excluded subjects (n = 22) 
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(Supplementary table 1), except for ‘focusing on symptoms’ which was significantly 
lower among the included patients (mean difference -5.58 [95%CI, -9.97 to -1.18]; 
P = 0.01).

Selection of possible mediators
At 8 weeks after start of treatment, none of the potential variables showed a 
significant difference between the CBT and the medication group (Supplementary 
table 2). Hence, the scores on the potential mediator variables at EOT (26 weeks) 
were used. ANCOVA with scores at 26 weeks adjusted for the baseline scores 
showed that the change in the CBT group compared to the medication group, was 
significantly greater for the following variables: ‘catastrophizing beliefs in response 
to fatigue’ (P = 0.02), ‘self-efficacy with respect to fatigue’ (P < 0.001), ‘resting/
avoidance’ (P = 0.05), and ‘sleeping/resting’ (P = 0.04) (Table 2). These potential 
mediators were entered in the mediation analysis. Damaging beliefs and fear 
avoidance beliefs were additionally included as potential mediators in a sensitivity 
analysis, as their P-values were < 0.10. 

Mediation analyses
The results of the parallel multiple mediation analyses, including the mediation 
during treatment (model 1) and mediation after completion of treatment (model 
2), are given in Table 3. An increase in ‘self-efficacy with respect to fatigue’ mediated 
the decrease in fatigue severity at EOT, mediation effect -2.17 [95% CI -4.51 to 
-0.55] (Table 3 and Figure 3A). The confidence interval of the direct effect of CBT 
on fatigue severity included zero, indicating non-significance when correcting for 
these mediators (path c’), which represents complete mediation (Table 3). Only a 
decrease in ‘self-efficacy with respect to fatigue’ significantly mediated the increase 
in fatigue severity at EOT, mediation effect 1.47 [95% CI 0.06 to 3.26] (Table 3 
and Figure 3B). This was partial mediation, as the increase in fatigue severity in 
the CBT group at follow-up did not include zero, and thus remained statistically 
significant after correcting for the increase in fatigue mediated by changes in 
‘self-efficacy with respect to fatigue’ (path c’) (Table 3). The sensitivity analyses 
revealed that neither damaging beliefs (mediation effect 0.55, 95% CI: -0.08 to 
1.17) nor fear avoidance beliefs (mediation effect 0.45, 95% CI: -0.07 to 0.98) were 
significant mediators of reduction of fatigue during treatment. Sensitivity analysis 
also revealed that neither damaging beliefs (mediation effect 0.20 95% CI: -0.87 to 
1.29) nor fear avoidance beliefs (mediation effect 0.05 95% CI: -0.92 to 1.25) were 
significant mediators of relapse in fatigue after treatment.

Table 3. Total-, direct- and mediated effects of CBT on fatigue using the bootstrap 
approach.

Mediation during treatment
(baseline – EOT)

Mediation after completion of 
treatment (EOT – follow-up)

Mediator  Mediation
effect (ab path)

95% CI Mediation
effect (ab path)

95% CI

Catastrophizing beliefs (CBSQ) -1.40 -3.26 to 0.14   0.89 -0.21 to 2.60

Self-efficacy (SES28) -2.17 a -4.51 to -0.55 1.47 a 0.08 to 3.34

Resting/avoidance (CBSQ) - 0.18 -1.03 to 0.40 0.05 -0.86 to 0.79

Sleeping/resting (SIP) - 1.04 -2.43 to 0.09  0.72 -0.20 to 2.03

Total effect of CBT on fatigue c path c path

(path c in Fig. 1A) -7.29 -11.74 to -2.84 7.62 3.32 to 11.93

Direct effect of CBT on fatigue c’ path c’ path

(path c’ in Fig. 1B) -2.49 -5.74 to 0.76 4.49 0.83 to 8.16

Proportion of the effect of CBT on fatigue 
mediated by self-efficacy 

ab/c
30%

ab/c
19%

Number of bootstrap samples = 5.000. 

Abbreviations: EOT, end-of-treatment; CI, confidence interval; CBSQ, Cognitive and Behavioural 
Responses to Symptoms Questionnaire; SES28, Self-Efficacy Scale; SIP, Sickness Impact Profile. 

a The mediation effect is statistically significant at the 95% CI, when the CI does not include 0.
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Figure 3. The indirect effect of CBT on fatigue severity with mediators, (A) during 
treatment (B) after completion of treatment.

(A) Mediation model 1 results in complete mediation: Mediation effect ‘self-efficacy with 
respect to fatigue’ -2.17 [95% CI -4.51 to -0.55]. (B) Mediation model 2 results in partial 
mediation: Mediation effect ‘self-efficacy with respect to fatigue’ 1.47 [95% CI 0.08 to 3.34].

Abbreviations: CBT, cognitive behavioural therapy. 

DISCUSSION

This study set out to elucidate the cognitive-behavioural variables mediating the 
decrease in fatigue severity during CBT for QFS, and the subsequent relapse in 
fatigue following completion of treatment. We found that the decrease in fatigue 
severity in QFS brought on by CBT was mediated by an increase in self-efficacy 
with respect to fatigue. Although catastrophizing in response to fatigue, resting-
avoidance and sleep problems significantly decreased during CBT, these changes 
did not significantly contribute to the mediation of the decrease in fatigue severity 
during CBT. The decrease in self-efficacy following end of treatment partially 
mediated the relapse in fatigue severity after cessation of CBT.

cc

An increase in self-efficacy, has also been found to play an important role in the 
reduction of fatigue brought on by CBT in ME/CFS, although significant relapse-
rates in CFS are not seen so shortly after end of CBT as is the case for QFS [29, 32, 
52]. An increase in self-efficacy during CBT also mediated the reduction of fatigue 
associated with chronic disease like MS and diabetes [52, 53]. 

All these findings strengthen the recently proposed transdiagnostic approach for 
the management of chronic fatigue in chronic conditions a suggested by Menting 
et al., [22]. They found that over conditions the same factors are associated with 
fatigue and assumed that the same intervention addressing the factors, like a low 
self-efficacy, can reduce fatigue in different medical conditions. 

There are indeed many similarities, when looking at the mediators of CBT for 
chronic fatigue in several diseases (i.e., diabetes, MS, ME/CFS, cancer, and QFS). 
However, differences also exist between mediators encountered in these diseases. 
In contrast to our study, several studies found that fewer or a lessening of fear-
avoidance beliefs in CFS [33, 36], diabetes [53], and MS [35, 52], mediated a 
reduction in fatigue severity. Previous studies also showed that a decrease in 
catastrophizing beliefs in CFS mediated a reduced level of fatigue [33, 34], whereas 
in our study catastrophizing was not found to be a mediator. These dissimilarities 
may be due to differences in the instruments used to assess the mediators, 
the use of small sample sizes, but may also point to differences or variations in 
perpetuating factors among medical conditions which are relevant for the 
development of interventions for specific subgroups.

A decrease in self-efficacy with respect to fatigue was found to be the only 
mediator of the relapse of fatigue after completion of treatment for QFS. CBT 
aims at improving self-efficacy with respect to fatigue. This goal is reached 
during treatment, but following CBT, a period in which there is no longer active 
support from the therapist, patients seem to fall back in their old beliefs of not 
having control over their fatigue. The mediating effect of self-efficacy was partial, 
indicating that other mediators, not assessed in our model, also contributed 
to the relapse of fatigue severity during follow-up. The relapse in lack of self-
efficacy might partly be due to the repetitive media attention to Q fever in the 
Netherlands, in which patients are frequently reminded of fatigue being caused by 
Q fever, and of the chronicity of their symptoms. For example, a lawsuit in which 
the Dutch government was sued for negligence during the Dutch Q fever outbreak 
in 2007, was still pending during follow-up of the original trial. Patients were asked 
to supply attorneys with proof of the presence, persistence and debilitating nature 
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of the fatigue due to QFS. It could well be that the emphasis on fatigue as a long-
term sequela of Q fever also strengthens pre-existing somatic attributions, and 
consequently lowers the sense of control over the fatigue. 

A potential approach to improve the long-term effectiveness of CBT in patients 
with QFS, would be to provide additional booster sessions after completion of 
treatment, aimed at sustaining the positive effects of CBT by strengthening the 
self-efficacy of patients. Booster sessions have shown to be effective in mood 
disorders that are known for their high relapse rate [54]. Our findings suggest 
that these additional CBT sessions should focus on long-term improvement of 
self-efficacy with respect to fatigue. As we found evidence of partial mediation, 
other mediators not assessed in our model are likely to contribute to the relapse 
in fatigue severity during follow-up, e.g., somatic attributions [23], depression, 
changes in illness cognitions, or changes in coping styles [35]. Further research 
is needed to elucidate these additional mediators in order to further refine and 
improve CBT for fatigue in QFS.

The main strength of this study is the analysis of the mediators of relapse after an 
initial positive effect during CBT, which can aid in the development of treatment 
strategies that enable patients to sustain the positive effects of CBT following 
treatment, e.g., booster sessions [54]. Moreover, this is the first study analysing 
mediation of the effect of CBT on fatigue, using an inactive medication group 
(i.e. doxycycline and placebo group) as comparison, instead of a waiting-list [19] 
or active comparators like specialist medical care, adaptive pacing therapy, and 
graded exercise therapy [33]. The original study showed that patients already 
reported a substantial reduction of fatigue following placebo medication [24]. By 
comparing the additional effect of CBT to the placebo effect of receiving treatment, 
our mediation model assesses the specific contribution of CBT to the reduction of 
fatigue. 

One limitation of this study is the fact that the cognitive-behavioural variables 
and fatigue severity were measured at the same time. Since changes in potential 
mediators between baseline and 8-week assessments were not significantly 
different between the CBT and medication group, changes between baseline 
and 26-week assessment were used. Therefore, both the primary outcome 
measure (fatigue severity) and possible mediators were assessed at the same 
time point (baseline to EOT assessment). Including assessments of mediators 
during treatment, prior to the assessment of the primary outcome measure, would 
strengthen insights on a possible cause-and-effect relationship between the 

change in mediators and the change in fatigue severity. The relationship between 
mediating cognitive-behavioural variables and fatigue severity is more likely to be 
a complex feedback process, than a simple cause-effect relationship [29, 52, 55]. 

Another limitation is that patients in the CBT group were non-blinded as masking 
for CBT is not possible. Concerning the major burden for QFS patients and the 
limited number of eligible patients at the time, using another comparison arm 
than placebo, e.g., waiting-list, was not an option. We therefore chose to compare 
CBT to placebo plus usual care. By comparing the additional effect of CBT to the 
placebo effect of receiving treatment, our mediation model assesses the specific 
contribution of CBT to the reduction of fatigue.

It should be noted that a difference in dropout rate was observed between CBT, 
doxycycline, and placebo groups of respectively 15%, 6% and 4%. In the CBT group, 
a total of 8 patients discontinued treatment prematurely. One patient withdrew 
informed consent while the other 7 patients discontinued treatment because they 
could not adhere to the therapy for various reasons [1]. 

Although catastrophizing beliefs about fatigue, sleep problems, and resting-
avoidance of activity significantly decreased during CBT, these changes did not 
contribute to the mediation of the decrease in fatigue severity during CBT as 
the effects of these potential mediators on the difference in fatigue severity 
were not significant. This remarkable finding could possibly be explained by the 
limited power of this study. However, given the fact that the Q fever outbreak 
in the Netherlands has come to an end, the possibility to include a substantially 
larger number of patients did not exist. Moreover, the exclusion of subjects due 
to the per-protocol analysis could theoretically have introduced bias. However, 
comparison of baseline characteristics of included and excluded subjects did not 
indicate selection bias to be likely (Supplementary table 1). 

In order to limit patient burden and to improve response rate, only a small set of 
questionnaires was selected and could therefore be used as potential mediators. 
Because of this, not all relevant variables could be measured that might mediate 
the effect of CBT. An example of a possible mediator we did not assess is somatic 
attributions with respect to fatigue [56], which was only assessed at baseline  
and EOT. As QFS patients have strong somatic attributions [23], it would be 
interesting to determine if a change in attributions contributed to the treatment 
response or relapse. 
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In conclusion, an increased sense of control over fatigue is a key mechanism of 
the decrease in fatigue severity in QFS brought on by CBT. Failure of maintenance 
of the initial improvement of self-efficacy, plays an important role in the relapse 
in fatigue severity after cessation of CBT. An approach to improve the long-term 
effectiveness of CBT in patients with QFS, could be providing booster sessions 
after completion of treatment aimed at a durable change of dysfunctional fatigue 
beliefs. Further research is needed to identify additional mediators that may 
contribute to a relapse in fatigue severity after completion of CBT.
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Supplementary table 1. Comparison of mean baseline scores (SD) between in- and exclude 
subjects. 

All subjects 
(CBT + medication group) 

Included
(n = 132)

Excluded
(n = 22)

P value a

CIS fatigue 50.3 (4.8) 50.8 (4.8) 0.67

IMQ focusing on symptoms 28.7 (9.4) 34.3 (11.0) 0.01

CBSQ catastrophizing beliefs in response to fatigue 5.2 (3.2) 6.6 (4.1) 0.08

CBSQ damaging beliefs 9.9 (3.4) 10.7 (4.0) 0.31

CBSQ fear avoidance beliefs 12.5 (4.3) 13.0 (5.6) 0.70

SES28 self-efficacy with respect to fatigue 17.5 (3.3) 16.4 (3.1) 0.17

PARS self-efficacy with respect to performing activities   56.2 (13.9) 50.0 (14.4) 0.06

Physical activity (actometer) 75.5 (17.6) 68.5 (20.9) 0.10

CBSQ resting/avoidance 11.1 (4.7) 11.9 (5.3) 0.45

CBSQ all-or-nothing behaviour 9.2 (4.3) 8.0 (3.7) 0.23

SIP sleeping/resting 118.0 (75.7) 152.3 (78.7) 0.05

Abbreviations: SD, standard deviation; CBT, Cognitive al Therapy; CIS; Checklist Individual 
Strength; CBSQ, Cognitive and Behavioural Responses to Symptoms Questionnaire; IMQ, Illness 
Management Questionnaire; SES28, Self-Efficacy Scale; PARS, Physical Activity Rating Scale; SIP, 
Sickness Impact Profile.

a P values were calculated with a student’s t-test
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Supplementary table 2. Differences between the CBT and medication groups in changes 
in cognitive-behavioural variables from baseline to 8 weeks.

Mean difference
(95% CI)

P value a

CBT vs medication 

COGNITIVE VARIABLES

IMQ focusing on bodily symptoms -0.46 (-2.77 – 1.85) 0.70

CBSQ catastrophizing beliefs in response to fatigue 0.42 (-0.35 – 1.19) 0.28

CBSQ damaging beliefs 0.20 (-0.78 – 1.18) 0.69

CBSQ fear avoidance beliefs 0.20 (-1.10 – 1.49) 0.76

SES28 self-efficacy with respect to fatigue -0.88 (-1.85 – 0.10) 0.08

PARS self-efficacy with respect to performing activities    2.53 (-0.79 – 5.85) 0.13

BEHAVIOURAL VARIABLES

Physical activity level (actometer) b

CBSQ resting/avoidance 0.51 (-0.89 – 1.91) 0.47

CBSQ all-or-nothing -0.02 (-1.19 – 1.16) 0.98

SIP sleeping/resting b

Abbreviations: CBT, cognitive al therapy; CI, confidence interval; CBSQ, Cognitive and al 
Responses to Symptoms Questionnaire; IMQ, Illness Management Questionnaire; SES28, Self-
Efficacy Scale; PARS, Physical Activity Rating Scale; SIP, Sickness Impact Profile.

a P values were based on analysis of covariance between CBT and medication group. 8-week 
scores of variable (dependent factor) are adjusted for baseline scores of variable (covariate). 
Treatment strategy was used as fixed factor.

b 8-week measurements are not available for this variable.
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ABSTRACT

Background: The pathophysiology of chronic fatigue syndrome (CFS) and 
Q fever fatigue syndrome (QFS) remains elusive. Recent data suggest a role 
for neuroinflammation as defined by increased expression of translocator 
protein (TSPO). In the present study we investigated whether there are signs of 
neuroinflammation in female CFS and QFS patients compared with healthy women, 
using Positron Emission Tomography (PET) with the TSPO ligand [11C]-PK11195.

Methods: The study population consisted of CFS patients (n = 9), QFS patients  
(n =10), and healthy controls (n = 9). All subjects were women, matched for age 
(± 5 years) and neighbourhood, between 18 and 59 years of age, who did not 
use any medication other than paracetamol or oral contraceptives, and were not 
vaccinated in the last six months. None of the subjects reported substance abuse in 
the past 3 months or reported signs of underlying psychiatric disease on the Mini-
International Neuropsychiatric Interview (MINI). All subjects underwent a [11C]-
PK11195 PET scan and the [11C]-PK11195 binding potential (BPND) was calculated.

Results: No statistically significant differences in BPND were found for CFS patients 
or QFS patients when compared to healthy controls. BPND of [11C]-PK11195 
positively correlated with symptom severity scores in QFS patients, but a negative 
correlation was found in CFS patients.

Conclusion: In contrast to what was previously reported for CFS, we found no 
significant difference in BPND of [11C]-PK11195 when comparing CFS or QFS patients 
to healthy neighbourhood controls. In this small series we were unable to find 
signs of neuroinflammation in patients with CFS and QFS.

INTRODUCTION

Chronic fatigue syndrome (CFS) is characterised by a debilitating fatigue without a 
known somatic cause that lasts for at least six months, and is often accompanied by 
headache, sore throat, musculoskeletal pain, and  neuropsychological symptoms, 
mainly impairments in memory, and concentration (1). There is a strong female 
preponderance in CFS (~ 75%). Previous research on CFS investigating metabolism, 
hormones, microbes, the immune system and neuropsychology, failed to discover 
a unifying pathogenesis (2-6). Many patients with CFS suffered from a previous 
infectious disease and are considered as post-infectious fatigue syndromes (7, 8). 
Q fever fatigue syndrome (QFS) is such a post-infectious fatigue syndrome that 
is characterised by a state of prolonged fatigue following approximately 20% of 
acute Q fever infections (9, 10). The fatigue lasts for at least six months and usually 
coincides with musculoskeletal complaints, neurocognitive problems, sleeping 
problems, headache, respiratory tract symptoms and mood disorders (9). In many 
ways, complaints of QFS are similar as to those reported by CFS patients, and, like 
in CFS, the pathophysiology of QFS is still unclear (11). 

Given the complaints that CFS patients and QFS patients have, it is conceivable 
that both an inflammatory and neurologic component contribute to their 
pathophysiology (5, 12, 13). A hypothesis that connects these pathophysiological 
components is that of chronic low-grade neuroinflammation (5). Within the 
context of this hypothesis, a peripheral inflammatory response, e.g., initiated by 
Q fever, ultimately extends to resident tissue macrophages, i.e., microglia, of the 
brain (14). Trained immunity of microglia occurs following an inflammatory or 
noxious stimulus. This initial stimulus elicits long-term changes that enables these 
cells to produce an enhanced inflammatory response upon a second, non-specific, 
stimulus. In this way, chronic low-grade neuroinflammation may persist following 
a transient single infectious insult (15). Microglia may be indirectly primed through 
active and passive transport of cytokines across the blood-brain-barrier (BBB) and 
stimulation of peripheral chemoreceptors of the vagal nerve (16).

Through investigation of inflammatory markers in cerebral spinal fluid (CSF), 
magnetic resonance spectroscopy (MRS), and positron emission tomography (PET), 
several studies point towards neuroinflammation occurring in CFS (5, 17-19). As 
microglial activation is its trademark characteristic, visualising neuroinflammation 
is best done by PET neuroimaging, using a radioligand that binds to the, 
increased expression of, 18kD translocator protein (TSPO) in activated microglia 
and astrocytes (16). In recent years, Nakatomi et al. showed that, compared to 
healthy controls, CFS patients exhibit an increased PET signal, especially at the 
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thalamus, showing positive correlation with pain scores, when using the 11C-(R)-(2-
chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinoline-carbox-amide ([11C]-
PK11195) ligand for TSPO (5). These and other findings (20, 21) suggest that CFS 
patients exhibit neuroinflammation and that this phenomenon warrants further 
investigation in the pathophysiology of chronic fatigue syndromes. Given the 
overlap in symptoms with CFS patients and apparent inflammatory aetiology, we 
expect QFS patients to exhibit similar or more signs of neuroinflammation than 
CFS patients.

This study aimed to confirm and further investigate a neuroinflammatory 
substrate in CFS and QFS patients by using the TSPO ligand [11C]-PK11195 for 
PET neuroimaging. Through analysis of questionnaires we intended to correlate 
findings of neuroinflammation with psychiatric and physical wellbeing.

METHODS

Study population
The study population consisted of CFS patients (n = 9), QFS patients (n =10), and 
healthy controls (n = 9). For reasons of homogeneity, all subjects were women and 
matched for age (± 5 years) and neighbourhood. All subjects were between 18 and 
59 years of age and did not use any medication, other than paracetamol or oral 
contraceptives, and were not vaccinated, in the last six months. None of the subjects 
reported substance abuse in the past 3 months or showed signs of underlying 
psychiatric disease, i.e., depression, bipolar disorders, anxiety, schizophrenia, 
psychosis, or eating disorders on Mini-International Neuropsychiatric Interview 
(MINI). 

All CFS patients were diagnosed with CFS at the Department of Internal Medicine 
and Expert Center for Chronic Fatigue (ECCF) of the Radboud university medical 
center, Nijmegen, the Netherlands, after a uniform work-up according to the 
Fukuda 1994 criteria for CFS (1, 22). They all had a score ≥ 40 on the subscale 
fatigue severity of the Checklist Individual Strength (CIS) questionnaire (23) and 
a score ≥ 700 on the Sickness Impact Profile-8 (SIP-8) questionnaire (24). None of 
them experienced an acute Q fever infection or were vaccinated against Q fever 
in the past. Coxiella PCR and IgG were not tested and no data was collected on 
whether or not an infection preceded CFS complaints.

All QFS patients were diagnosed at the Radboud Expert Center for Q fever, 
Nijmegen, the Netherlands, after a uniform work-up according to the Dutch 
guideline on QFS diagnosis (25). All QFS patients met the following diagnostic 
criteria: i. fatigue lasted ≥ 6 months; ii. sudden onset of severe fatigue (defined as 
a score ≥ 40 on the subscale fatigue severity of the CIS), or significant increase in 
fatigue, both related to a symptomatic acute Q fever infection; iii. chronic Q fever 
and other somatic or psychiatric causes of fatigue were excluded; and iv. fatigue 
resulted in significant functional impairment (defined as a total score ≥ 700 on 
the SIP-8 questionnaire). All QFS patients tested negative on Coxiella PCR and had 
IgG phase I or phase II titres ≥ 1:16, but IgG phase I ≤ 1:512, and none of them 
showed serological signs of an acute or recent Q-fever infection, reflected by IgM 
antibodies in absence of IgG antibodies.

Healthy controls were recruited based on age, gender, and neighbourhood 
that matched with both QFS and CFS patients and had a score ≤ 35 on the 
subscale fatigue severity of the CIS questionnaire and a score ≤ 450 on the SIP-
8 questionnaire. Similar to patients, healthy controls did not use any medication, 
other than paracetamol or contraceptives, and were screened for psychiatric 
disease. None of healthy controls had experienced acute Q fever infection or were 
vaccinated for Q fever. Coxiella PCR and IgG were not tested.

The sample size needed was estimated using the effect size (Cohen’s D) as 
calculated from a previous [11C]-PK11195 study by Nakatomi et al. in 9 CFS patients 
versus 10 healthy controls, and the [11C]-PK11195 BPND in healthy controls from a 
previous study performed by our group (26). Effect sizes of the BPND for the different 
brain regions included by Nakatomi et al., ranged from 1.4 (hippocampus) to 2.4 
(midbrain) (5). Using these effect sizes, the BPND in CFS patients was estimated from 
the BPND in healthy controls. For example, the BPND of the hippocampus in healthy 
controls was 1.37 ± 0.30, leading to an estimated BPND of 1.79 (effect size of 1.4) or 
2.84 (effect size of 2.4) in CFS patients. Based on these estimations, and using an 
alpha of 0.05 and a power of 0.80, it was estimated that a group size of 9 (effect 
size of 1.4) to 3 (effect size of 2.4) was sufficient for finding significant differences 
in the BPND. Based on these calculations and the study by Nakatomi et al. we have 
chosen a group size with a minimum of n = 9.

Questionnaires
All subjects were asked to fill out questionnaires, used in our expert centers (23), 
on CFS aspects previously associated with neuroinflammation, i.e., depression, 
concomitant CFS complaints, and fatigue (5, 27). These are: 
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CIS Checklist of Individual Strength, subscale on fatigue severity, assesses the 
severity of fatigue, which is part of the inclusion criteria (23). 

SIP-8 Sickness Impact Profile-8 assesses the influence of disease and/or health 
complaints on functioning in daily life, which is part of the inclusion criteria (24). 

BDI-II-NL-PC Beck Depression Inventory for Primary Care (BDI-PC, shortened) 
assesses depressive symptoms (28). 

CDC Centers for Disease Control CFS Symptom Inventory Questionnaire, subscale 
on active complaints, assesses concomitant CFS symptoms (29). 

PET imaging
Following testing for collateral blood flow and the injection of 1% lidocaine, a 
cannula was inserted in the radial artery to allow for arterial blood sampling. In 
the other arm, a cannula was placed in the antebrachial vein for the injection of 
[11C]-PK11195. The PET scans were performed using the Biograph mCT (Siemens 
Healthineers, Germany). Head movement was minimized by using a head-
restraining adhesive band. After positioning in the camera, a low dose CT scan 
was made for attenuation and scatter correction. Hereafter, [11C]-PK11195, 
produced under Good Manufacturing Practice conditions as described earlier 
(26), was injected intravenously at a speed of 0.5 mL/s (total volume 8.3 mL). 
The injected dose of [11C]-PK11195 was 367±50 MBq (healthy controls, 370±53 
MBq; CFS, 375±37 MBq, QFS, 356±55 MBq) with a molar activity of >12,000 GBq/
mmol. Simultaneously with the start of the injection, a 60-min emission scan was 
started during which arterial blood radioactivity was continuously measured with 
an automated blood sampling system (COMECER Netherlands, The Netherlands). 
Five manual blood samples were collected at 10, 20, 30, 45 and 60 min after [11C]-
PK11195 injection to determine the amount of radioactivity in blood and plasma, 
for calibration of the automated sampling system. The manual blood samples 
taken at 20, 45 and 60 min were additionally used for analysis of the percentage 
of intact [11C]-PK11195 in plasma, according to the procedure described previously 
(26). 

On the same day as the PET scan a T1-weighted Magnetic Resonance Imaging (MRI) 
scan, using a MAGNETOM Prisma (Siemens Healthineers, Germany), was made for 
anatomical reference.

PET data analysis
The list-mode data from the PET scans were reconstructed using the 3D OSEM 
algorithm (3 iterations and 24 subsets) into 24 successive frames (7*10, 2*30, 
2*120, 2*180, 5*300, 2*600 seconds). Image processing and pharmacokinetic 
analysis was performed with PMOD software v4.1 (PMOD Technologies Ltd., 
Switzerland). The summed PET image (frame 1 – 24) was used for rigid registration 
of the individual PET image to the individual MRI image. The six-tissue probability 
maps normalization of the individual MRI into the Montreal Neurological Institute 
(MNI) standard space was then performed and applied to the corresponding PET 
image. Predefined volumes of interest (VOIs), based on the Hammers atlas (30), 
were transformed back into individual PET space and time-activity curves were 
generated. 

The two-tissue compartment model was used to obtain the non-displaceable 
binding potential (BPND) of [11C]-PK11195, using the metabolite-corrected plasma 
curve as the input function. The delay and the blood volume were individually 
fitted. It was assumed that the distribution volume of the non-displaceable 
compartment (K1/k2) and the dissociation rate (k4) from the specific binding site 
was equal for all regions. A coupled fitting was performed for cortical regions that 
calculated a common K1/k2 and k4, which were then used to calculate an individual 
K1 and k3 for all regions. The BPND was defined as k3/k4.

Statistical analysis
Patient data were analysed using Graphpad Prism (Graphpad Software Inc., version 
5.03). An ANOVA was used to determine differences between groups. A Pearson 
correlation was used to determine correlations between BPND of [11C]-PK11195 
in various brain regions and symptom severity scores in CFS and QFS patients. 
Statistical significance was attained if P < 0.05.

Ethics approval and consent to participate
All participants provided written informed consent and the study was approved by 
the Medical Ethical Review Committee of the University Medical Center Groningen 
(UMCG NL51194.042.15).

Availability of data and material
The datasets used and/or analysed during the current study are available from the 
corresponding author on reasonable request.
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RESULTS

Patients and controls
At the time of PET imaging, CFS patients had a significantly longer median duration 
of illness than QFS patients (240 months versus 84 months, P = 0.01). The median 
age of CFS patients, QFS patients, and healthy controls did not differ significantly 
(Table 1). Other than the fact that CFS patients were significantly more functionally 
impaired than QFS patients (P = 0.02), no significant differences in other scores 
were found between CFS and QFS patients (Table 1).

BPND of [11C]-PK11195 in various brain regions
The BPND of [11C]-PK11195 in various brain regions for CFS and QFS patients 
compared to healthy controls were not significantly different (Figure 1 and Table 
2). No differences were found in BPND values comparing means of CFS and QFS 
patients to healthy controls for the cingulate (rostral anterior: mean difference 
-0.33 [95% CI, -0.82 – 0.17] and -0.30 [95% CI, -0.77 – 0.17] with P = 0.30 and 0.33, 
respectively, caudal anterior: mean difference -0.33 [95% CI, -0.83 – 0.16] and 
-0.20 [95% CI, -0.67 – 0.27] with P = 0.29 and 0.83, respectively, posterior: mean 
difference -0.32 [95% CI, -0.85 – 0.22] and -0.18 [95% CI, -0.69 – 0.33] with P = 0.43 
and 1.00, respectively), hippocampus (mean difference -0.37 [95% CI, -0.90 – 0.16] 
and -0.23 [95% CI, -0.73 – 0.27] with P = 0.25 and 0.73, respectively), thalamus 
(mean difference -0.32 [95% CI, -0.94 – 0.31] and -0.20 [95% CI, -0.80 – 0.39] with 
P = 0.61 and 1.00, respectively), midbrain (mean difference -0.40 [95% CI, -1.06 – 
0.25] and -0.33 [95% CI, -0.95 – 0.29] with P = 0.38 and 0.54, respectively), or pons 
(mean difference -0.44 [95% CI, -1.23 – 0.36] and -0.30 [95% CI, -1.05 – 0.45] with  
P = 0.51 and 0.95, respectively). In fact, as seen by the mean difference, BPND values 
tended to be lower rather than higher for both CFS and QFS patients compared to 
healthy controls.

Table 1. Characteristics of female QFS patients, CFS patients, and HC

Characteristics QFS
(n = 10)

CFS
(n = 9)

Healthy controls
(n = 9)

Age, years
Median (IQR)

43 (32 – 48) 43 (30 – 52) 41 (27 – 47)

Duration of symptoms, months a

Median (IQR)
84 (74 – 93) 240 (84 – 390) -

CIS subscale fatigue severity score
mean ± SD

50 ± 4.7 49 ± 5.0 12 ± 5.1

SIP-8 total score,
mean ± SD

1432 ± 362 1890 ± 395 0 ± 0

BDI-II-NL-PC score,
mean ± SD

2.1 ± 1.5 3.8 ± 2.7 0.0 ± 0.0

CDC subscale on complaints score, 
mean ± SD

16 ± 4.1 17 ± 4.5 1 ± 1.7

Abbreviations: QFS = Q fever fatigue syndrome; CFS = chronic fatigue syndrome; HC = healthy 
controls; IQR = interquartile range; CIS = Checklist Individual Strength; SD = standard deviation; 
SIP-8 = Sickness Impact Profile-8, BDI-II-NL-PC = Beck Depression Inventory for Primary Care; 
CDC = Centers for Disease Control.

a Symptom duration: time onset of symptoms until blood sampling.

Figure 1. BPND of [11C]-PK11195 for various brain regions in QFS patients, CFS patients, 
and HC

Graph showing BPND of [11C]-PK11195 per brain region for QFS patients, CFS patients, and 
healthy controls (HC). Data are depicted as mean ± SD.

Abbreviations: BPND = non-displaceable binding potential; QFS = Q fever fatigue syndrome;  
CFS = chronic fatigue syndrome; HC = healthy controls; SD = standard deviation.
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Table 2. BPND of [11C]-PK11195 for various brain regions in QFS and CFS patients compared 
with HC

Brain region QFS
Mean 

(95% CI)

CFS
Mean 

(95% CI)

HC
Mean 

(95% CI)

QFS vs. HC
Mean difference

(95% CI), P value a

CFS vs. HC
Mean difference

(95% CI), P value a

Brainstem 1.49
(1.00-1.98)

1.42
(1.06-1.78)

1.79 
(1.34-2.24)

-0.30
(-1.00-0.40), 0.84

-0.37
(-1.11-0.37), 0.63

Orbitofrontal cortex 1.04
(0.77-1.31)

0.89
(0.60-1.18)

1.20
(0.93-1.48)

-0.16
(-0.60-0.28), 1.00

-0.31
(-0.77-0.15), 0.28

Middle frontal gyrus 0.99
(0.66-1.32)

0.76
(0.48-1.04)

1.02
(0.69-1.35)

-0.04
(-0.53-0.46), 1.00

-0.27
(-0.79-0.26), 0.61

Straight frontal gyrus 0.89
(0.66-1.12)

0.81
(0.54-1.09)

1.07
(0.82-1.32)

-0.18
(-0.57-0.20), 0.70

-0.26
(-0.67-0.15), 0.35

Inferior frontal gyrus 1.05
(0.72-1.38)

0.81
(0.54-1.08)

1.09
(0.82-1.37)

-0.44
(-0.51-0.42), 1.00

-0.29
(-0.78-0.21), 0.44

Superior frontal gyrus 0.88
(0.66-1.10)

0.71
(0.42-0.99)

1.02
(0.70-1.33)

-0.14
(-0.56-0.28), 1.00

-0.31
(-0.75-0.14), 0.26

Primary motor cortex 0.92
(0.66-1.18)

0.70
(0.42-0.97)

0.99
(0.68-1.31)

-0.08
(-0.51-0.36), 1.00

-0.30
(-0.76-0.16), 0.33

Rostral anterior cingulate 0.84
(0.59-1.09)

0.81
(0.55-1.07)

1.14
(0.75-1.53)

-0.30
(-0.77-0.17), 0.33

-0.33
(-0.82-0.17), 0.30

Caudal anterior cingulate 1.04
(0.76-1.31)

0.91
(0.60-1.22)

1.24
(0.91-1.57)

-0.20
(-0.67-0.27), 0.83

-0.33
(-0.83-0.16), 0.29

Posterior cingulate 1.14
(0.81-1.46)

1.00
(0.68-1.32)

1.32
(1.00-1.65)

-0.18
(-0.69-0.33), 1.00

-0.32
(-0.85-0.22), 0.43

Insula 1.02
(0.74-1.30)

0.96
(0.69-1.23)

1.26
(0.93-1.58)

-0.23
(-0.69-0.22), 0.60

-0.29
(-0.77-0.19), 0.39

Hippocampus 1.04
(0.71-1.37)

0.90
(0.62-1.19)

1.27
(0.95-1.60)

-0.23
(-0.73-0.27), 0.73

-0.37
(-0.90-0.16), 0.25

Amygdala 1.01
(0.68-1.35)

0.98
(0.67-1.29)

1.28
(0.96-1.60)

-0.26
(-0.77-0.25), 0.60

-0.30
(-0.83-0.24), 0.50

Temporal lobe 0.92
(0.67-1.16)

0.83
(0.58-1.09)

1.08
(0.76-1.39)

-0.16
(-0.58-0.26), 1.00

-0.24
(-0.69-0.20), 0.52

Primary somatosensory 
cortex

0.87
(0.59-1.15)

0.65
(0.41-0.90)

0.95
(0.60-1.29)

-0.08
(-0.53-0.38), 1.00

-0.30
(-0.77-0.18), 0.37

Parietal lobe 0.84
(0.62-1.10)

0.75
(0.51-0.99)

0.97
(0.63-1.32)

-0.13
(-0.54-0.28), 1.00

-0.23
(-0.66-0.21), 0.58

Occipital lobe 0.95
(0.73-1.18)

0.94
(0.70-1.18)

1.15
(0.79-1.52)

-0.20
(-0.63-0.23), 0.73

-0.21
(-0.66-0.24), 0.71

Caudate nucleus 0.47
(0.27-0.66)

0.42
(0.14-0.70)

0.61
(0.38-0.84)

-0.14
(-0.50-0.22), 0.98

-0.19
(-0.57-0.19), 0.61

Nucleus accumbens 1.39
(0.96-1.81)

1.23
(0.87-1.58)

1.53
(1.19-1.88)

-0.15
(-0.76-0.46), 1.00

-0.31
(-0.95-0.34), 0.69

Lentiform nucleus 1.17
(0.84-1.50)

1.09
(0.77-1.40)

1.44
(1.04-1.83)

-0.26
(-0.80-0.27), 0.64

-0.35
(-0.91-0.22), 0.38

Thalamus 1.43
(1.01-1.84)

1.31
(1.02-1.61)

1.63
(1.24-2.02)

-0.20
(-0.80-0.39), 1.00

-0.32
(-0.94-0.31), 0.61

Cerebellum 1.08
(0.78-1.38)

0.98
(0.68-1.28)

1.26
(0.92-1.59)

-0.18
(-0.66-0.31), 1.00

-0.28
(-0.79-0.23), 0.52

Midbrain 1.45
(1.03-1.86)

1.38
(1.02-1.73)

1.78
(1.37-2.18)

-0.33
(-0.95-0.29), 0.54

-0.40
(-1.06-0.25), 0.38

Pons 1.58
(1.04-2.11)

1.44
(1.05-1.83)

1.88
(1.41-2.34)

-0.30
(-1.05-0.45), 0.95

-0.44
(-1.23-0.36), 0.51

Table showing BPND of [11C]-PK11195 for various brain regions in QFS patients, CFS patients, 
and healthy controls. Data are depicted as mean (difference) with 95% CI. A one-way ANOVA 
with post-hoc Bonferroni (a) was used for comparing QFS and CFS with HC.

Abbreviations: BPND = non-displaceable binding potential; QFS = Q fever fatigue syndrome;  
CFS = chronic fatigue syndrome; HC = healthy controls; CI = confidence interval.

Correlation between symptom severity scores and BPND of [11C]-
PK11195
Significant correlations between symptom severity scores and BPND of [11C]-
PK11195 in various brain regions of both CFS patients and QFS patients are shown 
in Supplementary table 1. For CFS patients; the CDC questionnaire, subscale on 
complaints, and the CIS questionnaire, subscale fatigue severity, negatively 
correlated with BPND in the caudate nucleus (-0.73, P < 0.05 and -0.78, P < 0.05, 
respectively) (Supplementary table 1) (Figure 2 and 3). For QFS patients; the CDC 
questionnaire, subscale on complaints, positively correlated with BPND in the 
brainstem (0.66, P < 0.05), caudal anterior cingulate (0.64, P < 0.05), insula (0.65, P < 
0.05), amygdala (0.71, P < 0.05), and pons (0.69, P < 0.05), and the CIS questionnaire, 
subscale on fatigue severity, positively correlated with BPND in the orbitofrontal 
cortex (0.70, P < 0.05), middle frontal gyrus (0.83, P < 0.01), inferior frontal gyrus 
(0.78, P < 0.01), superior frontal gyrus (0.64, P < 0.05), primary motor cortex (0.74, 
P < 0.05), temporal lobe (0.78, P < 0.01), primary somatosensory cortex (0.83, P < 
0.01), and parietal lobe (0.77, P < 0.01) (Supplementary table 1) (Figure 2 and 3). In 
healthy controls, no significant correlations were found between symptom severity 
scores and BPND of [11C]-PK11195 (Supplementary table 1).

Table 2. C ontinued
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DISCUSSION

In this study, we aimed to investigate neuroinflammation in CFS and QFS 
patients by using the TSPO ligand [11C]-PK11195 for PET neuroimaging. No signs 
of neuroinflammation were seen in either CFS or QFS patients. Our findings 
contradict previous findings in CFS patients by Nakatomi et al. who found 
significantly increased BPND values in the cingulate, hippocampus, thalamus, 
midbrain, and pons (5). Even though no signs of neuroinflammation were found, 
similar correlations between BPND of [11C]-PK11195 and scores on questionnaires 
were found in the amygdala of QFS patients, but not CFS patients.

Although the set-up of this study was similar to that of Nakatomi et al., using 
the same TSPO ligand ([11C]-PK11195) (5), a number of important differences can 
be discerned. First of all, for reasons of homogeneity, our study only included 
women. Around 75% of CFS patients are female and, although the percentage 
of women in QFS is lower (52%) (11, 31), we felt that we should avoid a gender 
effect in a study with such a small sample size. Nakatomi et al. included 30 – 
40% males without presenting separate data for men and women (31). This is 
important as inflammatory responses are generally higher in males (32). Also, in 
experimental mouse studies of traumatic brain injury, male mice are more likely 
to exhibit neuroinflammation compared to female mice (33). One could argue 
that neuroinflammation is more likely to occur, and perhaps even persist, in males 
compared to females. However, if neuroinflammation is indeed present, the high 
percentage of female CFS patients contradicts with this hypothesis. A second 
difference between our study and that of Nakatomi et al. is that we distinguished 
CFS patients, with often heterogenic aetiologies (31), from post-infectious fatigue 
syndrome patients, i.e., QFS patients. Thirdly, we used a neighbourhood control 
group with healthy women that were matched with CFS and QFS patients in 
terms of age and geographical area in order to accomplish optimal matching 
and avoid bias due to confounding. Also, patients, especially those with CFS, that 
were included in our study had a longer duration of illness than those included 
in the study by Nakatomi et al (reported mean of 62.4 months). When using small 
numbers of included patients, as is the case in both studies, subtle differences like 
these might contribute to the different outcomes that are seen. This brings us to 
a fifth and final difference, i.e., the method used for determining the binding of 
[11C]-PK11195. We used pharmacokinetic binding with an arterial input function 
whereas Nakatomi et al. used the cerebellum as a reference region in reference 
tissue modelling. We feel that the latter is methodologically less sound as no 
brain region is devoid of TSPO, meaning that the cerebellum is not an objective 

reference region, and the cerebellum may actually be involved in the disease 
process. Whether binding of the [11C]-PK11195 ligand is considered enhanced, 
normal or even lowered, may be explained by this difference in methodology.

Regarding the effect of disease duration, Hornig et al. previously reported that 
the inflammatory response, determined by cytokine measurements, is lower in 
CFS patients with a long duration, i.e., > 39 months, of illness than in those with 
a short duration, i.e., < 39 months, of illness (34). In a previous study however, 
we were unable to confirm these findings (13). We found that CFS patients, who 
had fatigue for a median of 240 months, show less signs of neuroinflammation 
than QFS patients, who were fatigued for a median of 84 months. Given previous 
findings by Hornig et al. and our observation that healthy controls generally 
showed a stronger signal of TSPO binding than patients, one could speculate that 
neuroinflammation wanes off over time and is followed by a refractory period with 
decreased expression of TSPO. Furthermore, studies on peripheral inflammatory 
cell metabolism in CFS and QFS patients have repeatedly shown that mitochondria 
of these cells are likely to be affected (35-37). As TSPO is expressed in the outer 
mitochondrial membrane, it could be conceived that its expression is similarly 
affected in chronically fatigued patients. It would be interesting to longitudinally 
investigate TSPO expression in the mitochondrial membrane of chronically 
fatigued patients and relate findings to symptom severity scores. 

An inherent problem in CFS research is the presumed heterogeneity of the disorder. 
We addressed this problem in several ways. As mentioned above, we only enrolled 
adult women. Secondly, we used a validated test panel of instruments to assess 
fatigue and disability. Thirdly, we included a group of patients with post-infectious 
fatigue related to antecedent Q fever (QFS). As in the latter group an infectious, 
and therefore inflammatory, aetiology was the precipitating factor, we would have 
expected this group in particular to exhibit signs of neuroinflammation. However, 
even though BPND of [11C]-PK11195 was generally higher than in CFS patients, even 
in this well-defined group we could not detect neuroinflammation. For future 
perspective, we should avoid previous mistakes in CFS research and continue 
investigating neuroinflammation in chronic fatigue by using strict and uniform in- 
and exclusion criteria, together with well-defined control groups (4, 38).

Our study has some limitations. We chose to use the [11C]-PK11195 ligand as this 
was the ligand used by the only neuroinflammation PET imaging study in CFS by 
Nakatomi et al. Nowadays, a new generation of more sensitive ligands such as [11C]-
PBR28 and [18F]-DPA-714 are available, and perhaps even preferable, when taking 
allelic dependence of affinity into account (16). Using [11C]-PBR28 for example, 
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signs of neuroinflammation have been found in functional somatic syndromes 
such as fibromyalgia and Gulf War Illness (27, 39). The former study included mostly 
women while the latter included mostly men, but with complaints for up to 30 
years. Another limitation is the large amount of correlations that were conducted, 
which increases the risk of a type 1 error (while post-hoc analyses increase the risk 
of a type 2 error). A final limitation is the small number of subjects included in both 
our study and the study by Nakatomi et al. One could argue that a more sensitive 
new generation ligand would be better suited when using such small numbers 
(40). Other than imploring a larger study or using more sensitive TSPO ligands, we 
should keep an eye on current investigations on other targets than TSPO for PET 
neuroimaging (41).

CONCLUSION

In contrast to what was previously reported, our well-controlled study shows 
no significant difference in BPND of [11C]-PK11195 when comparing both CFS 
and QFS patients to healthy controls. A larger study, including both men and 
women together with well-matched controls, is needed to confirm whether or 
not chronically fatigued patients exhibit neuroinflammation. For this study, we 
propose using a new generation ligand with kinetic modelling via an arterial input 
function.
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ABSTRACT

Background: Whether immunological mechanisms underlie Q fever fatigue 
syndrome (QFS) remains unclear. For acute Q fever, the antigen-specific interferon-y 
(IFNy) response may be a useful tool for diagnosis, and the IFNy/interleukin (IL)-2 
production ratio may be a marker for chronic Q fever and treatment monitoring. 
Here we explored the specific IFNy production and IFNy/IL-2 ratio in QFS patients.

Methods: IFNy and IL-2 production were tested in ex-vivo stimulated whole 
blood of QFS patients (n = 20), and compared to those previously determined in 
seropositive controls (n = 135), and chronic Q fever patients (n = 28). Also, the 
correlation between patient characteristics and IFNy, IL-2, and IFNy/IL-2 ratio was 
determined.

Results: QFS patients were younger (P < 0.001), but gender distribution was similar 
to seropositive controls and chronic Q fever patients. Coxiella burnetii Nine Mile 
stimulation revealed a higher IFNy production in QFS (median 319.5 pg/ml) than 
in seropositive controls (120 pg/ml, P < 0.01), but comparable to chronic Q fever 
(2846 pg/ml). The IFNy/IL-2 ratio was similar to that in seropositive controls, but 
lower than in chronic Q fever patients (P < 0.01). Symptom duration was positively 
correlated with IL-2 production, and negatively correlated with the IFNy/IL-2 ratio.

Conclusion: These results point to an altered cell-mediated immunity in QFS, and 
suggest a different immune response than in chronic Q fever.

Highlights
• We explored the specific IFNy production, and the IFNy/IL-2 ratio in QFS 

patients.
• QFS patients have a significant higher IFNy production than seropositive 

controls.
• The IFNy/IL-2 ratio is significantly lower in QFS than in chronic Q fever patients.
• These results point to an altered cell-mediated immunity in QFS.

INTRODUCTION

At present, the Netherlands is faced with the aftermath of the largest Q fever 
outbreak worldwide lasting from 2007 to 2011 [1]. During this period, over 4000 
patients with symptomatic acute Q fever were reported, and it was estimated 
that over 40,000 individuals experienced a latent infection [2, 3]. Although 
most patients with symptomatic acute Q fever recover completely with only a 
serological scar left, infection with Coxiella burnetii is notorious for causing long-
term sequelae, i.e., chronic Q fever and Q fever fatigue syndrome (QFS). Chronic 
Q fever, characterized by the persistence of viable C. burnetii, may develop in 
1 - 5% of both symptomatic and asymptomatic cases of acute Q fever. Chronic Q 
fever presents mainly as vascular infection [4], including mycotic aneurysms and 
infections of vascular prosthesis, and endocarditis [5]. QFS, a debilitating fatigue 
syndrome following acute Q fever, may become manifest in approximately 20% of 
patients [6-10]. Lasting up to 10 years after the acute illness [11], QFS is considered 
to be the major cause of the Q fever-related economic burden following the Dutch 
outbreak [12]. 

The pathophysiological mechanisms underlying QFS remain to be elucidated. 
Interpretations range from compensation-driven and psychogenic perpetuation 
of the original symptoms [7], to attribution of the syndrome to cytokine 
dysregulation due to chronic immune stimulation [7]. The latter might be caused 
by persisting C. burnetii, or by persisting non-infectious C. burnetii antigens [13-
18]. White blood cells from QFS patients exposed to Q fever antigens were found 
to exhibit a marked interleukin-6 (IL-6) production [13], and the IL-6 production 
was similar in both chronic Q fever patients and seropositive controls, which was 
significantly higher than in seronegative controls [19]. In addition, the group of 
QFS patients contained significantly more interferon-y (IFNy) responders than a 
group of controls, whilst the proportion of IL-2 responders was lower among QFS 
patients [13]. IFNy is a cytokine that plays an important role in the host defence 
against intracellular bacteria such as C. burnetii [20-23]. To date, no diagnostic test 
is available to diagnose QFS directly and diagnosis partly relies on measurement 
of C. burnetii-specific antibodies, e.g. serology, reflecting humoral immunity. 
Recently our group developed a C. burnetii-specific whole–blood IFNy production 
assay, which is a promising diagnostic tool for C. burnetii infection [24], with 
similar performance and practical advantages over serology [25]. In addition, 
a high IFNy/IL-2 ratio appeared to be indicative of chronic Q fever, and may be a 
useful diagnostic marker for chronic Q fever and treatment monitoring [19, 26]. In 
addition, as suggested in animal experiments, antigen-specific IFNy production 
could also be a useful tool for diagnosis of acute Q fever [27].
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In the present study, we addressed the question whether there is an aberrant 
antigen-specific IFNy production and IFNy/IL-2 ratio in QFS patients. If so, this 
might provide additional insight in the potential pathophysiological mechanisms 
underlying this debilitating long-term complication and might contribute, as 
immunological markers, to the diagnostic workup of QFS.

METHODS

Study population
The study population consisted of QFS patients (n = 20), Q fever seropositive 
controls (n = 135), and patients with proven chronic Q fever (n = 28). All QFS 
patients were diagnosed with QFS at the Radboud Expertise Centre for Q fever, 
Nijmegen, the Netherlands, after a uniform work-up according to the Dutch 
guideline on QFS [28]. All QFS patients met the following diagnostic criteria: i. 
fatigue lasted ≥ 6 months; ii. sudden onset of severe fatigue (defined as a score ≥ 
35 on the subscale on fatigue severity of the Checklist Individual Strength (CIS)), or 
significant increase in fatigue related to a symptomatic acute Q fever infection; iii. 
chronic Q fever and other causes of fatigue, somatic or psychiatric, were excluded; 
and iv. fatigue resulted in significant functional impairment (defined as a total 
score ≥ 450 on the Sickness Impact Profile (SIP)). Blood samples were collected 
during regular patient care between May 2011 and February 2012. The seropositive 
controls were anonymously derived from the Dutch Q fever vaccination campaign, 
which was organized from January to April 2011 [29]; data on their antigen-specific 
IFNy production has been published previously [25]. All controls had pre-existing 
risk factors for development of Q fever endocarditis or vascular infection, and were 
Q fever seropositive ≥ 1 year after the Q fever epidemic (IgG phase I or II ≥ 1:32, 
but IgG phase I ≤ 1:512), without clues for persistent Q fever infection. Chronic Q 
fever patients were diagnosed at participating hospitals [19], and blood samples 
were collected between December 2010 and March 2012. At the time of sampling, 
all patients were diagnosed with either Q fever endocarditis (n = 9) or vascular 
(prosthesis) infection (n = 18), according to the Dutch guideline on chronic Q fever 
[30]; patient characteristics and data on the cytokine production of these patients 
also have been published before [19, 25].

Serological measurements and detection of C. burnetii DNA
IgM and IgG antibodies against C. burnetii phase I and phase II antigens were 
measured by a commercially available immunofluorescence assay (IFA; Focus 
Diagnostics, Cypress, CA, USA). The PCR assay used to detect DNA of C. burnetii 
in serum was an in-house real time PCR directed against the insertion sequence 
IS1111a.

In-vitro whole blood stimulation
Whole blood stimulation, followed by measurement of IFNy and IL-2 production, 
was done as previously described [25]. In brief, venous blood was drawn into 5mL 
endotoxin-free lithium-heparin tubes (Vacutainer, BD Bioscience) and samples 
were processed within 12 hours. Incubation of samples was done as previously 
described [25]. C. burnetii Nine Mile (NM) RSA 493 phase I, heat-inactivated, was 
used [25, 31], and the mitogen phytohemagglutinin (PHA) (Sigma–Aldrich, St 
Louis, MO, USA) as a positive control. As a negative control, incubation with only 
Roswell Park Memorial Institute medium (RPMI, 1640 Dutch modification, Life 
Technologies/Invitrogen, Breda, the Netherlands) was performed. After incubation, 
blood samples were centrifuged at 4656 g for 10 minutes and supernatants were 
stored at -20⁰C until cytokine measurement.

Cytokine measurements
The IFNy production was measured by enzyme-linked immunosorbent assay 
(ELISA; Pelikine compact, Sanquin, Amsterdam, the Netherlands), in undiluted 
whole blood incubated for 24 hours either with PHA, or C. burnetii–NM in all 
patients, as described [24, 25]. IL-2 was measured using a multiplex beads assay 
(Merck Millipore, Billerica, MA, USA) according to the manufacturer’s instructions.

Ethical statement
This study was exempt from ethical approval by the local ethics committee, as 
there was no additional burden for patients. Samples were obtained during regular 
patient care after obtaining oral and written informed consent, and, in case of 
individuals from the Dutch Q fever vaccination campaign, individuals signed 
written informed consent to use drawn blood for research purposes.

Statistical analysis
Data were analysed using Graphpad Prism (Graphpad Software Inc., version 
5.03) and SPSS (Version 22.0, SPSS, Inc). The Kruskall–Wallis test was used as 
non-parametric ANOVA to determine differences between groups. Statistical 
significance was attained if P < 0.05. In case of significance, by post-hoc 
analysis using Dunn’s multiple comparison test was performed to look at pair 
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wise comparisons between the groups, taking into account the number of 
comparisons made. The correlation between patient characteristics and IFNy and 
IL-2 production, and the IFNy/IL-2 ratio was determined with the non-parametric 
Spearman’s rank correlation coefficient.

RESULTS

Patients and controls
At the time of blood collection, QFS was already diagnosed but treatment had yet 
to be started (Table 1). The symptom duration of QFS patients, defined as the time 
of symptom onset until blood sampling, varied between 12 and 51 months (Table 
1). All seropositive controls had IgG phase I or phase II titres ≥ 1:32, but IgG phase 
I ≤ 1:512, and none of them showed serological signs of an acute or recent Q fever 
infection, reflected by IgM antibodies in absence of IgG antibodies. The mean age 
of QFS patients was 50.2 years (SD 9.3), which was significantly younger (P < 0.001) 
than 60.8 years (SD 15.1) and 66.2 years (SD 11.8) for the seropositive controls and 
chronic Q fever group, respectively. There was no correlation between age and 
IFNy production (Spearman’s rank correlation coefficient -0.71, P = 0.341), between 
age and IL-2 production (Spearman’s rank correlation coefficient -0.002, P = 0.978), 
and between age and IFNy/IL-2 ratio (Spearman’s rank correlation coefficient 0.060 
(P = 0.466)). All groups had a predominant male distribution, with 70% being male 
in the QFS group, 78% in the seropositive control group, and 79% in the chronic Q 
fever group (not significant).

IFNy and IL-2 production and IFNy/IL-2 ratio
Nonspecific PHA-induced IFNy production was similar in QFS patients, seropositive 
controls, and chronic Q fever patients (Table 2, Figure 1A). Specific stimulation 
with C. burnetii NM for 24 hours in QFS patients showed a median IFNy production 
of 319.5 pg/ml, which was significantly higher (P < 0.01) than in seropositive 
controls (median 120 pg/ml), but not significantly different from chronic Q fever 
patients (median 2846 pg/ml) (P = 0.110) (Figure 1B). No significant difference 
was observed in IL-2 production between QFS patients (median 104.5 pg/ml), 
seropositive controls (median 81 pg/ml), and chronic Q fever patients (median 82.5 
pg/ml) (Figure 1C). The IFNy/IL-2 ratio was calculated for each individual. The IFNy/
IL-2 ratio in QFS patients was not significantly different from seropositive controls, 
but significantly lower than the ratio found in chronic Q fever patients (P < 0.01) 
(Figure 1D).

Table 1. Baseline characteristics of 20 patients with Q fever fatigue syndrome (QFS).

Gender & 
age (yr)

Symptom 
durationa 
(months)

CIS 
fatigue

SIP total 
score

PCR 
serum

IFA IgM 
phase I

IFA IgM 
phase II

IFA IgG 
phase I

IFA IgG 
phase 

II

ELISA CFA

W, 45 32 54 587 Negative Negative Negative 1:64 1:128 Negative Negative

M, 55 35 51 1726 Negative 1:32 1:256 1:512 1:512 Positive 40

M, 57 18 49 1037 Negative Negative Negative 1:128 1:128 Negative Negative

M, 64 37 47 2376 Negative Negative 1:128 1:128 1:512 Dubious 40

M, 58 35 56 1583 Negative 1:64 Negative 1:32 1:128 Negative Negative

W, 58 36 56 1205 Negative Negative 1:128 Negative 1:32 Positive Negative

M, 44 49 55 888 Negative 1:256 1:256 1:128 1:1024 Positive 80

M, 49 20 55 1374 Negative 1:16 1:32 Negative 1:16 Negative Negative

M, 57 24 49 1792 Negative Negative Negative 1:128 1:128 Negative Negative

M, 47 12 41 641 Negative Negative Negative 1:32 1:32 Negative Negative

W, 48 16 41 1115 Negative 1:128 1:512 1:256 1:512 Positive 40

M, 46 17 50 546 Negative Negative Negative 1:256 1:512 Negative 10

M, 56 30 54 1408 Negative 1:64 1:128 1:512 1:512 Positive 40

M, 42 27 56 578 Negative 1:128 1:32 1:128 1:256 Negative Negative

M, 59 28 45 1801 Negative Negative 1:32 1:512 1:512 Dubious 40

M, 38 30 56 634 Negative 1:16 Negative 1:512 1:1024 Negative 80

W, 49 21 45 953 Negative 1:32 1:64 1:64 1:256 Dubious 20

W, 51 29 44 527 Negative Negative Negative 1:128 1:256 Dubious 20

M, 57 51 46 1389 Negative 1:16 Negative 1:128 1:256 Negative 80

W, 23 23 56 1194 Negative 1:16 Negative Negative 1:16 Positive Negative

Abbreviations: QFS = Q fever fatigue syndrome; CIS = Checklist Individual Strength, subscale fatigue; 
SIP = Sickness Impact Profile; PCR = Polymerase chain reaction, in-house real time PCR directed against 
the insertion sequence IS1111a; IFA = Immunofluorescence assay (Focus Diagnostics, California, 
U.S.A), detecting IgM and IgG antibodies against phase I- and phase II-antigens; ELISA = Enzyme-
linked immunosorbent assay (Panbio®, Australia, Coxiella burnetii (Q Fever) IgM ELISA, a screenings 
test directed against IgM phase II; CFA = Complement fixation assay (CFA) (Virion-Serion, Würzburg, 
Germany) directed against C. burnetii phase II antigens; M = Man; W = Woman.
a Symptom duration: time onset of symptoms until blood sampling.
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Table 2. IFNy and IL-2 production in 20 patients with Q fever fatigue syndrome (QFS).

Patients IFNy production (pg/ml) IL-2 production 
(pg/ml)

Ratio IFNy/IL-2

Gender & 
age

RPMI PHA 
[10µg/ml]

C. burnetii NM 
[10^7/ml]

C. burnetiiNM 
[10^7/ml] - RPMI

C. burnetii NM 
[10^7/ml]

C. burnetii NM 
[10^7/ml]

W, 45 8 551 231 223 103 2.2

M, 55 22 477 356 334 107 3.1

M, 57 8 933 5347 5339 170 31.4

M, 64 10 935 5142 5132 820 6.3

M, 58 17 80 234 217 299 0.7

W, 58 29 5600 915 886 141 6.3

M, 44 8 5000 389 381 287 1.3

M, 49 8 236 266 258 59 4.4

M, 57 8 148 192 184 96 1.9

M, 47 8 125 500 492 16 30.8

W, 48 8 248 270 262 114 2.3

M, 46 12 953 4545 4533 78 58.1

M, 56 21 538 1754 1733 47 36.9

M, 42 39 311 2683 2644 106 24.9

M, 59 8 83 135 127 39 3.3

M, 38 8 146 643 635 362 1.8

W, 49 20 23 25 5 22 0.2

W, 51 19 2320 146 127 245 0.5

M, 57 20 81 325 305 16 19.1

W, 23 23 956 102 79 100 0.8

Net IFNy production is shown after 24 hours incubation of whole blood with PHA or C. burnetii 
NM. Furthermore, net IL-2 production is shown after 24 hours incubation of whole blood with 
C. burnetii NM.

Abbreviations: IFNy = Interferon-gamma; IL = Interleukin; QFS = Q fever fatigue syndrome; PHA 
= Phytohemagglutinin; C. burnetii = Coxiella burnetii; NM = Nine Mile strain; RPMI = Roswell Park 
Memorial Institute medium, (1640 Dutch modification, Life Technologies/Invitrogen, Breda, 
the Netherlands); M = Man; W = Woman.

Figure 1. IFNy and IL-2 production in Q fever fatigue syndrome (QFS) patients, chronic Q 
fever patients and Q fever seropositive controls.

(A) Comparable nonspecific PHA-induced IFNy production between QFS patients, seropositive 
controls and chronic Q fever patients after 24 hours incubation of whole blood. There is no 
significant difference in specific CbNM-induced IFNy production between QFS and chronic Q 
fever patients. (B) CbNM-induced IFNy production (stimulated minus unstimulated) after 24 
hours incubation of whole blood, showing a significant difference in IFNy production between 
seropositive controls and QFS and chronic Q fever patients, with an increasing trend of IFNy 
production towards chronic Q fever patients. (C) CbNM-induced IL-2 production (stimulated) 
between seropositive controls, QFS patients and chronic Q fever patients after 24 hours 
incubation of whole blood. (D) IFNy/IL-2 ratio, showing a significant difference between 
chronic Q fever patients and both seropositive controls and QFS patients. A trend towards a 
higher IFNy/IL-2 ratio is observed towards chronic Q fever patients. Median ± IQR are shown. 
The Kruskall–Wallis test was used, and, in case of significance, post-hoc analysis using the 
Dunn’s multiple comparison test was performed to look at pair wise comparisons between the 
groups, taking into account the number of comparisons made.
Abbreviations: IFNy = Interferon-gamma; IL = Interleukin; QFS = Q fever fatigue syndrome; 
PHA = Phytohemagglutinin; CbNM = Coxiella burnetii Nine Mile; ns = not significant;  
IQR = Interquartile range; controls = seropositive controls.

** P-value < 0.01.

*** P-value < 0.001.
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Correlations between patient characteristics and cytokine 
measurements
Correlations between the most important characteristics of QFS patients (Table 1) 
and the measured cytokine productions were assessed (Table 3). The duration of 
symptoms did not significantly correlate with IFNy production, but did so with IL-2 
production (P = 0.032); it negatively correlated with the IFNy/IL-2 ratio (P  = 0.025). 
No correlation was found between the level of fatigue and IFNy or IL-2 production, 
as well as the IFNy/IL-2 ratio. A positive correlation was found between the level 
of perceived disabilities, reflected by the SIP total score, and IL-2 production  
(P = 0.047), but no correlation was found with either IFNy production or the IFNy/
IL-2 ratio. Finally, no correlation was found between the IgG phase I titres and 
either IFNy or IL-2 production, or the IFNy/IL-2 ratio.

Table 3. Correlations between patient characteristics and IFNy and IL-2 production in Q 
fever fatigue syndrome (QFS) patients.

Patient 
characteristics

Duration of symptoms 
(months)a

CIS fatigue score SIP score IFA IgG phase 1 titres

Cytokine production Correlation (ρ)b p-value Correlation (ρ)b p-value Correlation (ρ)b p-value Correlation (ρ)b p-value

IFNy (pg/ml) -0.235 0.320 -0.077 0.748 0.028 0.907 0.600 0.242

IL-2 (pg/ml) 0.480 0.032c -0.106 0.657 0.449 0.047c -0.086 0.919

IFNy/IL-2 ratio -0.498 0.025c 0.112 0.637 -0.147 0.535 0.314 0.564

Abbreviations: IFNy = Interferon-gamma; IL = Interleukin; QFS = Q fever fatigue syndrome; 
CIS = Checklist Individual Strength, subscale fatigue; SIP = Sickness Impact Profile;  
IFA = Immunofluorescence assay (Focus Diagnostics, California, U.S.A), detecting IgM and IgG 
antibodies against phase I- and phase II-antigens.

a Symptom duration: time onset of symptoms until blood sampling.
b Calculated using Spearman’s rank correlation coefficient (ρ).
c Significant correlation of P ≤ 0.05.

DISCUSSION

In this study we assessed the antigen-specific IFNy production and IFNy/IL-2 ratio 
in C. burnetii-stimulated whole blood of QFS patients. We found that the IFNy 
production of QFS and chronic Q fever patients was not significantly different, but 
for both significantly increased compared to seropositive controls. In addition, the 
IFNy/IL-2 ratio in QFS patients was similar to that in seropositive controls, but lower 
than in chronic Q fever patients. Of note, no differences in IL-2 production between 

the three groups were found. These results suggest that C. burnetii-induced IFNy 
production and IFNy/IL-2 ratio may discriminate seropositive controls from QFS and 
chronic Q fever patients.

At present, the measurement of the specific humoral immune response, i.e. serology, 
has a central position in the diagnosis of Q fever, but it is increasingly accepted that 
cell-mediate immune responses are also relevant to describe the anti-C. burnetii host 
response. However, the precise relationship between T-cell function and protective 
immunity remains unknown. Memory T lymphocytes can be broadly divided in 
central memory T-cells, which lack immediate effector function and mainly secrete 
IL-2, and effector memory T-cells, displaying immediate effector function, e.g. IFNy 
and IL-2 secretion [32]. IFNy plays a pivotal role in protective immunity against many 
intracellular bacteria, but is also a marker of infection, immunity, and the extent of 
immune-mediated pathology [20].

It has been proposed that full activation of the macrophage by IFNy is required to 
eliminate C. burnetii, and that the phase 1 antigen can promote downregulation of 
IFNy by lymphocytes, perhaps by modulating IL-2 production [33]. This is however 
difficult to reconcile with the finding that chronic Q fever patients exhibit a very high 
specific IFNy production. It has been postulated that distinct IFNy/IL-2 functional 
profiles correlate with different models of infection [20]. This concept is supported by 
previous findings, showing a high IL-2 production in seropositive controls, assumed 
to have cleared the infection successfully, and high IFNy and low IL-2 production in 
chronic Q fever patients [19]. Interestingly, our study revealed that QFS patients had 
a markedly higher C. burnetii-specific IFNy production than seropositive controls. 
In addition, the IFNy production in QFS patients and chronic Q fever patients did 
not significantly differ, although there was a trend that QFS patients had lower IFNy 
production than chronic Q fever patients, and it can be expected that with larger 
numbers of patients these differences would become significant. In that case, it is 
tempting to hypothesize that QFS represents an altered cell-mediated immunity 
in the spectrum of Q fever related syndromes, i.e. an inactive state without viable 
C. burnetii in contrast to chronic Q fever. The combined use of IFNy production 
and IL-2 production allows a better distinction between QFS patients, seropositive 
controls, and chronic Q fever patients [19]. Also, a positive correlation between 
IL-2 production and both symptom duration and level of perceived disabilities was 
found, suggesting that QFS patients slowly attain an inactive state of infection, 
with a subsequent negative correlation between symptom duration and IFNy/IL-2 
ratio. Similarly, resolution of fatigue in the acute sickness response appeared to be 
associated with improvement of cell-mediated immunity [34]. The IFNy/IL-2 ratio 
was proposed as an additional diagnostic marker for chronic Q fever [19], and our 
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results indicate that the IFNy/IL-2 ratio also discriminates between QFS and chronic 
Q fever patients, but not between QFS patients and seropositive controls. Our data 
are supported by another study in the literature, showing IFNy upregulation and IL-2 
downregulation in QFS patients compared to control groups [13]. All these results 
point to an altered cell-mediated immune response in those who do not recover 
completely, implicating that both antigen-specific IFNy production and IFNy/IL-2 
ratio might be used as immunological marker in the diagnostic workup of QFS. 
Although the results are strikingly similar, both our study and that of Penttila et al 
[13] deal with low numbers of patients. Thus further confirmation is needed.

Other limitations of our study are that the cytokine studies in the seropositive 
controls and chronic Q fever patients were performed earlier and derived from 
published studies of our group [19, 25]. Ideally, these studies should have been done 
completely in parallel to avoid laboratory artefacts. However, the determination of 
IFNy production is a standard procedure and therefore inter- and intra-individual 
variation is limited. In addition, the best control group for comparison with QFS 
patients would be patients with a previous Q fever infection with asymptomatic 
recovery, i.e., without QFS or other co-morbidity. In contrast, the seropositive 
controls were anonymously derived from a vaccination campaign; these subjects 
had an indication for vaccination but were not vaccinated because of positive Q 
fever serology. We cannot exclude that some of these patients suffered from fatigue. 
Finally, IL-6 production was not measured though it has been found that the IL-6 
production was accentuated in QFS patients, with a significant correlation with total 
symptom scores [13], and also higher in chronic Q fever patients and seropositive 
controls compared to seronegative controls [19].

Thus, it is too early to advice the usage of the immunological assays described 
here in a routine clinical setting. To overcome the mentioned limitations, and to 
investigate whether the IFNy production assay or IFNy/IL-2 ratio, and other cytokines 
such as IL-6, would be useful in clinical practice for diagnosing QFS, i.e. regardless of 
the time-point of sampling, a case–control study with comparison of QFS patients, 
CFS patients, seropositive controls without co-morbidity, and healthy controls will 
be performed in the near future.

CONCLUSION

In conclusion, the IFNy production in QFS patients is significantly higher than in 
seropositive controls, and the IFNy/IL-2 ratio is significantly lower than in chronic Q 
fever patients. Further investigation in larger cohorts of QFS patients is warranted, 

as these results point to an altered cell-mediated immunity in QFS, and hence 
opens up avenues for better understanding the pathogenesis of this enigmatic 
complication of Q fever and of other fatigue syndromes.
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ABSTRACT

Background: Approximately 20% of patients with acute Q fever develop Q fever 
fatigue syndrome (QFS), a debilitating fatigue syndrome. This study further 
investigates the role of C. burnetii-specific interferon (IFN)γ, but also that of IL-2, 
CXCL9, CXCL10, and CXLC11 production in QFS patients.

Methods: C. burnetii-specific IFNy, IL-2, CXCL9, CXCL10, and CXCL11 production 
was tested in ex-vivo stimulated whole blood of QFS patients who recovered from 
their complaints (n = 8), QFS patients with persisting complaints (n = 27), and 
asymptomatic Q fever seropositive controls (n = 10).

Results: With the exclusion of one outlier, stimulation with C. burnetii revealed 
significantly higher IFNy and CXCL10 production in QFS patients with persisting 
complaints (medians 288.0 pg/mL and 176.0 pg/mL, respectively) than in QFS 
patients who recovered from their complaints (medians 93.0 pg/mL and 85.5 pg/
mL, respectively) (P = 0.041 and 0.045 respectively). No significant differences 
between groups were found for C. burnetii-specific IL-2, CXCL9, and CXCL11 
production.

Conclusion: These findings point towards a difference in cell-mediated immunity 
in QFS patients with persisting complaints compared to those who recovered 
from their complaints. Such a difference may aid to eventually more objectively 
diagnose QFS and might serve as an indicator of its underlying aetiology.

INTRODUCTION

Q fever is a zoonotic disease caused by the Gram-negative intracellular bacterium 
Coxiella burnetii that occurs worldwide [1]. Human primary infection is thought to 
remain asymptomatic in approximately 60% of cases with the other 40% resulting 
in symptomatic infection. Symptomatic primary infection with C. burnetii is called 
acute Q fever and usually presents as a self-limiting flu-like illness, pneumonia or 
hepatitis [1]. Approximately 20% of acute Q fever patients develop a prolonged 
state of debilitating post-infectious fatigue, called Q fever fatigue syndrome (QFS) 
[2-4]. Contrary to chronic Q fever, a persistent and life-threatening infection of 
pre-existing vascular and/or valvular lesions or prostheses [5], no signs of active 
infection are found in QFS. During the Q fever outbreak in the Netherlands 
between 2007 and 2011, over 4.000 acute Q fever cases were notified, and it is 
estimated that at least 32.200 people were infected [6]. Ever since, hundreds of 
patients have been diagnosed with QFS [6, 7].

Diagnosing QFS is challenging and requires careful clinical evaluation and exclusion 
of chronic Q fever and otherwise causative somatic and psychiatric diseases [Dutch 
guideline on Q fever fatigue syndrome, National Institute for Public Health and the 
Environment]. Testing for C. burnetii-specific antibodies has an important role in 
diagnosing QFS. Not only for excluding chronic Q fever but also to confirm a past 
Q fever infection. Unfortunately, C. burnetii-specific antibody titers are not related 
to perceived complaints during QFS and are therefore unable to differentiate 
QFS from a past Q fever infection. A recent study by our group however, showed 
altered cell-mediated immunity in QFS patients that might help diagnose them in a 
more objective manner [8]. The C. burnetii-specific whole-blood  interferon-γ (IFNγ) 
production assay showed promising results in differentiating QFS patients from Q 
fever seropositive controls and further implementation of an IFNγ/Interleukin (IL)-2 
ratio helped differentiate QFS patients from chronic Q fever patients [8]. Furthermore, 
a recent study has shown a promising role for chemokines CXCL9, CXCL10, and 
CXCL11 as potential new biomarkers for persistent infection with C. burnetii [9].

This study further investigates the role of the C. burnetii-specific whole-blood 
IFNγ and IL-2 production assay, and adds CXCL9, CXCL10, and CXCL11, as 
possible biomarkers for perceived complaints in QFS. We start by comparing 
antigen-specific whole-blood IFNγ and IL-2 production in QFS patients that have 
recovered from their complaints, QFS patients that have persisting complaints, and 
asymptomatic Q fever seropositive controls. Finally, by adding antigen-specific 
whole-blood CXCL9, CXCL10, and CXCL11 production to this assay, we examine 
whether we can enhance biologic differentiation between these groups.
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METHODS

Study population
The study population consisted of QFS patients (n = 35) and a group of asymptomatic 
Q fever seropositive controls (n = 10). All QFS patients were diagnosed at the 
Radboud Expertise Center for Q fever, Nijmegen, the Netherlands, after a uniform 
work-up according to the Dutch guideline on QFS. At diagnosis, all QFS patients met 
the following criteria: i. fatigue lasting ≥ 6 months; ii. sudden onset of severe fatigue, 
defined as a score ≥ 35 on the subscale fatigue severity of the Checklist Individual 
Strength (CIS), or significant increase in fatigue related to a symptomatic acute Q fever 
infection; iii. chronic Q fever and other causes of fatigue, somatic or psychiatric, were 
excluded; and iv. fatigue resulted in significant functional impairment, defined as a 
total score ≥ 450 on the Sickness Impact Profile (SIP). All patients who were recruited 
for this study primarily participated in the Qure study [10]. In the Qure study, 155 
men and non-lactating women with QFS aged ≥ 18 years were equally randomized 
with a 1:2 ratio between two treatment groups: cognitive behavioural therapy (CBT)  
(n = 51) and medication (n = 104). In the medication group, a second double-blinded 
randomization was performed between doxycycline and placebo treatment [10]. 
One year after completion of the Qure study, patients who were allocated to the CBT 
and placebo treatment groups were asked to donate blood (5 mL) at a local health 
centre and fill-out CIS questionnaires for this study. A cut-off score of 35 on the 
CIS subscale Fatigue Severity was used to differentiate recovered QFS patients (CIS 
subscale Fatigue Severity score < 35) from QFS patients with persistent complaints 
(CIS subscale Fatigue Severity score ≥ 35). Asymptomatic Q fever seropositive controls 
who previously participated in the ‘Q-Herpen-II’ study were contacted by mail and 
asked to donate blood (5 mL) at a local health centre [11].

In-vitro whole blood stimulation
The cellular immune response to C. burnetii was measured using a commercially 
available whole blood Q fever IFNγ release assay, Q-detect (Innatoss, Oss, the 
Netherlands), according to the instructions of the manufacturer. 

Q-detect utilizes a heat-killed C. burnetii antigen prepared at Wageningen 
Bioveterinary Research (WBR) in Lelystad (the Netherlands). The antigen is based 
on a proprietary strain, C. burnetii 2009-02629, which was isolated at the WBR from 
a goat placenta during the Dutch Q fever outbreak in 2009. The strain was cultured 
in axenic medium. Culture methods were based on Omsland et al. [12], bacteria 
were collected by centrifugation, washed in PBS and heat-killed for 30 min at 99 
°C. The antigen preparation was calibrated against a similar preparation of the 
reference Nine Mile strain [13]. 

For Q-detect, whole blood is collected in lithium heparin coated tubes (Vacutainer, 
Becton Dickinson). Within 12 hours after blood collection, 180 μL whole blood is 
mixed with 20 μL heat-killed C. burnetii in a polypropylene 96-well plate (Greiner). 
As respectively negative and positive controls, RPMI medium (ThermoScientific) 
and phytohemagglutinin (ThermoScientific, 1.5% final concentration) were used. 
Plates were sealed and incubated for 22-24 hours at 37 °C, after which plates were 
kept at 2 - 8 °C. After incubation supernatants were collected and stored at -20⁰C 
until cytokine measurement.

Cytokine measurements
IFNγ production was measured by enzyme-linked immunosorbent assay (ELISA; 
Pelikine compact, Sanquin, Amsterdam, the Netherlands), according to the 
manufacturer’s instructions. IL-2, CXCL9, CXCL10, and CXCL11 were measured 
using a multiplex beads assay (Bio-Rad, CA, USA) according to the manufacturer’s 
instructions. 

Ethical statement
All participants provided written informed consent and the study was approved by 
the Medical Ethical Review Committee of the Arnhem-Nijmegen region.

Statistical analysis
Data were analysed using Graphpad Prism (Graphpad Software Inc., version 5.03) 
and SPSS (Version 22.0, SPSS, Inc). Either the Mann-Whitney U test or Kruskal-Wallis 
test were used as non-parametric tests to determine differences between groups. 
The correlation between patient characteristics and IFNγ, IL-2, CXCL9, CXCL10, and 
CXCL11 production was determined with the non-parametric Spearman’s rank 
correlation coefficient. Statistical significance was attained if P < 0.05.

RESULTS

Patients and controls
At the time of blood collection, QFS patients had either recovered from their 
complaints (n = 8) or had persisting complaints (n = 27), depending on their score 
on the CIS subscale on fatigue severity. Asymptomatic Q fever seropositive controls 
(n = 10) had IgG phase I or II titers of ≥ 1:64 in 2014 but did not fulfil the Dutch 
Consensus Guidelines for chronic Q fever [14]. At the time of blood collection all 
asymptomatic Q fever seropositive controls scored < 35 on the CIS subscale on 
fatigue severity. The mean age of QFS patients with persisting complaints was 50.7 
years (standard deviation (SD) 11.9), which did not significantly differ from 52.8 
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(SD 12.8) and 53.4 (SD 10.6) for QFS patients who recovered from their complaints 
and asymptomatic Q fever seropositive controls (P = 0.794), respectively. Gender 
distribution also did not differ significantly between groups (P = 0.841) (Table 1).

IFNγ and IL-2 production
Stimulation with C. burnetii for 24 hours yielded a median IFNγ production of 288 
pg/mL for QFS patients with persisting complaints, 107 pg/mL for QFS patients 
who recovered from their complaints, and 267 pg/mL for asymptomatic Q fever 
seropositive controls, but showed no significant difference between groups. 
No significant difference was observed in median IL-2 production between 
QFS patients with persisting complaints (median 147 pg/mL), QFS patients who 
recovered from their complaints (median 114 pg/mL), and asymptomatic Q fever 
seropositive controls (median 289 pg/mL). Converting IFNγ and IL-2 production to 
an IFNγ/IL-2 ratio for each subject also did not significantly differentiate between 
groups (Table 2 and Figure 1A, B, and C).  

As can be seen in Figure 1A, there is one patient with an C. burnetii-specific IFNγ 
production of 533 pg/mL who is clearly an outlier and continues to behave like this 
in the other measurements (Figure 1B - F). Retesting these results produced similar 
concentrations. Clinically the patient did not differ in any way from the others 
within the group of recovered QFS patients. 

With the exclusion of this patients, a significantly higher IFNy production was 
found in QFS patients with persistent complaints (median 288 pg/mL) compared 
to QFS patients who recovered from their complaints (median 93 pg/mL) (P = 
0.041). No significant difference between groups was found for C. burnetii-specific 
IL-2 production or IFNγ/IL-2 ratio.

CXCL9, CXCL10, and CXCL11 production
Stimulation with C. burnetii for 24 hours yielded no significant difference in 
median CXCL10 production between QFS patients with persisting complaints and 
QFS patients who recovered from their complaints (medians 176 and 97 pg/mL, 
respectively). No significant differences were found comparing CXCL9 and CXCL11 
production between QFS patients with persisting complaints (medians 803 and 
18 pg/mL, respectively) and QFS patients who recovered from their complaints 
(medians 436 and 19 pg/mL, respectively) (Table 2 and Figure 1D, E, and F).

Table 1. Baseline characteristics of patients with Q fever fatigue syndrome (QFS) and 
asymptomatic Q fever seropositive controls.

QFS – Recovered
(n = 8)

QFS - Persisting 
complaints (n = 27)

Q fever seropositive 
controls (n = 10)

Female gender (%) 5 (62.5) 16 (59.3) 5 (50.0)

Mean age, years (± SD) 52.8 (± 12.8) 50.7 (11.9) 53.4 (10.6)

Mean CIS subscale Fatigue Severity (± SD) 22.0 (14.3 – 29.0) 49.0 (43.0 – 53.0) 17.5 (15.0 – 35.0)

Median symptom duration, months (IQR)a 29.5 (23.8 – 52.0) 92.0 (84.0 – 104.0) -

Placebo (%)b 4 (50.0)c 14 (51.9)d -

CBT (%)b 4 (50.0) 13 (48.1) -

Abbreviations: QFS = Q fever fatigue syndrome; SD = standard deviation; CIS = Checklist 
Individual Strength; IQR = interquartile range; CBT = cognitive behavioural therapy.

a Symptom duration: time onset of symptoms until blood sampling
b Allocated treatment during the Qure study
c One out of four followed additional CBT treatment
d Two out of fourteen followed additional CBT treatment

Table 2. Median C. burnetii-specific production of IFNγ and IL-2 in patients with Q fever 
fatigue syndrome (QFS) and asymptomatic Q fever seropositive controls, together with 
production of CXCL9, CXCL10, and CXCL11 in QFS patients.

QFS – Recovered 
(n = 8)

QFS - persistent complaints
(n = 27)

Q fever seropositive controls
(n = 10)

IFNγ production, pg/ml (IQR) 107 (69 – 271) 288 (98 – 574) 267 (100 – 395)

Nil, pg/ml (IQR) 5 (2 – 7) 5 (3 – 7) 4 (3 – 12)

IL-2 production, pg/ml (IQR) 81 (40 – 252) 147 (66 – 614) 289 (127 – 543)

Nil, pg/ml (IQR) 0 (0 – 1) 0 (0 – 0) 68 (5 – 117)

Ratio IFNγ/IL-2 (IQR) 1 (1 – 3) 1 (1 – 2) 1 (1 – 2)

CXCL9 production, pg/ml (IQR) 409 (377 – 747) 803 (558 – 1572) -

Nil, pg/ml (IQR) 217 (142 – 718) 171 (131 – 292) -

CXCL10 production, pg/ml (IQR) 86 (65 – 113) 267 (176 – 701) -

Nil, pg/ml (IQR) 57 (47 – 69) 63 (37 – 102) -

CXCL11 production, pg/ml (IQR) 19 (14 – 22) 18 (14 – 22) -

Nil, pg/ml (IQR) 12 (10 – 22) 9 (7 – 12) -

Median IFNγ, IL-2, CXCL9, CXCL10, and CXCL11 production and IFNγ/IL-2 ratio after 24h 
incubation of whole blood with C. burnetii 2009-02629 or RPMI (Nil).

Abbreviations: IFNγ = Interferon-gamma; IL = Interleukin; CXCL = C-X-C Ligand; QFS = Q fever 
fatigue syndrome; IQR = interquartile range; Nil = negative control, i.e. Roswell Park Memorial 
Institute medium.
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Figure 1. IFNγ, IL-2, CXCL9, CXCL10, and CXCL11 production in Q fever fatigue syndrome 
(QFS) patients and asymptomatic Q fever seropositive controls.

(A) C.b. 2009-02629-induced net IFNγ production after 24 hours incubation of whole blood, 
showing no significant difference in IFNγ production between QFS patients with persisting 
complaints, QFS patients who recovered from their complaints, and asymptomatic Q 
fever seropositive controls. (B) C.b. 2009-02629-induced net IL-2 production after 24 hours 
incubation of whole blood, showing no significant difference in IL-2 production between 
QFS patients with persisting complaints, QFS patients who recovered from their complaints, 
and asymptomatic Q fever seropositive controls. (C) IFNγ/IL-2 ratio, showing no significant 
difference between QFS patients with persisting complaints, QFS patients who recovered from 
their complaints, and asymptomatic Q fever seropositive controls. (D) C.b. 2009-02629-induced 
net CXCL9 production after 24 hours incubation of whole blood, showing no significant 
difference in CXCL9 production between QFS patients with persisting complaints and QFS 
patients who recovered from their complaints. (E) C.b. 2009-02629-induced net CXCL10 
production after 24 hours incubation of whole blood, showing no significant difference in 
CXCL10 production between QFS patients with persisting complaints and QFS patients who 
recovered from their complaints. (F) C.b. 2009-02629-induced net CXCL11 production after 
24 hours incubation of whole blood, showing no significant difference in CXCL11 production 
between QFS patients with persisting complaints and QFS patients who recovered from their 
complaints.  Median ± IQR are shown. The Mann Whitney and Kruskall-Wallis test were used. 
Figure was made in Gaphpad Prism.
Abbreviations: IFNγ = Interferon-gamma; IL = Interleukin; CXCL = C-X-C Ligand; QFS = Q 
fever fatigue syndrome; C.b. = Coxiella burnetii; Recovered QFS = QFS patients who recovered 
from their complaints; Persistent QFS = QFS patients with persisting complaints; No QFS = 
asymptomatic Q fever seropositive controls; IQR = interquartile range.

When excluding the same patient as for the analysis above, stimulation with C. 
burnetii for 24 hours revealed significantly higher CXCL10 production in QFS 
patients with persisting complaints (median 176 pg/mL) than in QFS patients who 
recovered from their complaints (median 86 pg/mL) (P = 0.045). No significant 
difference between groups was found for C. burnetii-specific CXCL9 and CXCL11 
production.

Correlations between patient characteristics and cytokine and 
chemokine measurements
Correlations between several patient characteristics and cytokine and chemokine 
measurements were investigated. No correlation was found between IFNγ, IL-2, 
CXCL9, CXCL10, or CXCL11 production and level of fatigue or symptom duration, 
regardless of the one outlier.

DISCUSSION

In this study we investigated the relation of antigen-specific biomarkers IFNγ, IL-2, 
CXCL9, CXCL10, and CXCL11 to perceived complaints in QFS. Except for one outlier, 
both antigen-specific IFNγ and CXCL10 production were higher in QFS patients 
with persisting complaints, than in those who recovered from their complaints. 
No significant difference in antigen-specific IFNγ and IL-2 production, and IFNγ/
IL-2 ratio, was found between QFS patients and asymptomatic Q fever seropositive 
controls, or in antigen-specific IL-2, CXCL9, and CXCL11 production between QFS 
patients with persisting complaints and QFS patients who recovered from their 
complaints. These results point towards an altered cell-mediated immunity in 
between these groups and indicate that both antigen-specific IFNγ and CXCL10 
production could serve as potential biomarkers for perceived complaints in QFS.

Antigen-specific production of IFNγ and IL-2 mainly originates from sensitised 
effector and memory T-cells [15], whereas CXCL9, CXCL10, and CXCL11 are 
chemokines, inducible by IFNγ, produced by various cell types, e.g., lymphocytes 
and macrophages, but also endothelial cells and fibroblasts [16]. Previously, our 
group showed that antigen-specific IFNγ production was significantly higher 
in QFS patients (n = 28; 319.4 pg/mL) than in Q fever seropositive controls  
(n = 135; 120 pg/mL) [8]. It was also shown that antigen-specific IFNγ production is 
a useful tool for diagnosing a previous Q fever infection [13], and adding antigen-
specific IL-2 production helped discriminate chronic Q fever patients from Q fever 
seropositive controls and QFS patients [8, 17]. In this study, antigen-specific IFNγ 
production was not significantly higher in QFS patients than in asymptomatic Q 
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fever seropositive controls. We did show that it may be possible to discriminate QFS 
patients with persistent complaints from recovered QFS patients, with the latter 
showing lower antigen-specific IFNγ production than the former, even surpassing 
asymptomatic Q fever seropositive controls. Even though a non-significant 
difference is seen, it was expected that antigen-specific IL-2 production and IFNγ/
IL-2 ratio would not be able to discriminate between QFS patients with persisting 
complaints, QFS patients who recovered from their complaints, and asymptomatic 
Q fever seropositive controls [8].

An interesting difference between the present cohort of asymptomatic Q fever 
seropositive controls and the cohort that was published by Keijmel et al. [8], is 
that the present cohort reported a symptomatic acute Q fever infection during the 
outbreak, while the group of Keijmel et al. was found seropositive by screening 
and hence contained a large number of individuals who did not experience a 
symptomatic acute Q fever infection. Keeping in mind that high IFNγ, and low IL-10, 
production phenotypes have been associated with a more severe and long-lasting 
acute illness, it is conceivable that the individuals of the cohort of Keijmel et al. 
have a lower IFNγ response in the long term, compared to those who experienced 
a symptomatic acute Q fever infection [18]. It should also be noted that the present 
cohort of asymptomatic Q fever seropositive controls was recruited from Herpen, a 
small town in the Netherlands where the outbreak hit hardest. Therefore, although 
IFNγ responses appear similar between patients with persistent complaints and 
asymptomatic Q fever seropositive controls in our study, there are several factors 
that are likely to influence this observation. In order to better understand the 
kinetics of antigen specific IFNγ production in QFS patients and asymptomatic Q 
fever seropositive controls, we suggest measuring IFNγ production longitudinally, 
starting at the time of infection. Unfortunately, given the current low incidence 
rates of acute Q fever infections [RIVM – Q fever], such a study is hard to conduct 
in the Netherlands. As we did not measure longitudinally, we do not know 
whether the slope of immune reactivity differs between patients who become 
asymptomatic following their symptomatic acute Q fever infection and those who 
protract persistent complaints. It is of interest though that we do see somewhat 
higher IL-2 responses and a lower IFNγ/IL-2 ratio in the asymptomatic Q fever 
seropositive control group of our study. This is an argument indeed that patients 
with persistent complaints might differ from those who recover from their acute Q 
fever infection.

A recent study showed that antigen-specific production of CXCL9 and CXCL11, 
but not CXCL10, could further help differentiate chronic Q fever patients from Q 
fever seropositive controls [9]. Our results show that QFS patients who recovered 

from their complaints have less antigen-specific CXCL10 production than those 
with persistent complaints. This was to a lesser extent also the case for CXCL9, 
but not for CXCL11. Unfortunately, we were unable to test antigen-specific CXCL9, 
CXCL10, and CXCL11 production in asymptomatic Q fever seropositive controls. 
Nonetheless, as is the case for IFNγ, these results do point towards an altered cell-
mediated immunity in between QFS patients with persisting complaints and those 
who recovered from their complaints, and show potential for antigen-specific 
CXCL10 production to serve as a biomarker for perceived complaints in QFS.

An interesting question that remains is whether recovering from QFS results in 
a tempered antigen-specific immune response, or complaints persist because 
of a perpetuating immunologic aetiology. The pathophysiology of QFS remains 
unclear and theories range from chronic immune stimulation to perpetuating 
compensation-driven and psychogenic factors [19]. It has long been postulated 
that the aetiology of chronic fatigue syndromes might very well be multi-factorial 
and could differ per patient. If this is the case for QFS, antigen-specific IFNγ and 
CXCL10 production might help clinicians differentiate in underlying aetiology 
and subsequently better specify therapeutic decision making, i.e., shifting focus 
towards a more somatic or psychological perpetuation of complaints, for cognitive 
behavioural therapists [10]. 

Although this study points towards an altered cell-medicated immunity in QFS 
patients with persistent complaints compared to those who recovered from their 
complaints, and shows possible roles for antigen-specific IFNγ and CXCL10 to 
serve as biomarkers for perceived complaints in QFS, there are several limitations. 
One limitation is the small group size of QFS patients who recovered from their 
complaints and missing CXCL9, CXCL10, and CXCL11 data for asymptomatic Q fever 
seropositive controls. For studies like this, in which sensitive biomarkers are tested 
in difficult-to-define patient populations, it is paramount to have adequate and 
ample control groups. Unfortunately, we were unable to draft more QFS patients 
who recovered from their complaints and asymptomatic Q fever seropositive 
controls. Additionally, due to an interassay coefficient of variability well above 15%, 
we had to exclude data for antigen-specific CXCL9, CXCL10, and CXCL11 production 
in asymptomatic Q fever seropositive controls. As the negative control samples of 
the asymptomatic Q fever seropositive controls were unusually high, we decided 
this run to be faulty and proceeded with excluding these data from our manuscript. 
However, even with these limitations, the results of this study give us additional 
insight in the underlying cell-mediated immunity of perceived complaints in QFS. It 
also exposes an interesting potential for antigen-specific biomarkers, e.g., IFNγ and 
CXCL10, to help clinicians more objectively diagnose QFS.
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CONCLUSION

QFS patients with persisting complaints might exhibit a different cell-mediated 
immunity compared to those who recovered from their complaints. Furthermore, 
antigen-specific IFNγ and CXCL10 production could serve as potential biomarkers 
for perceived complaints in QFS and possibly also as indicators of underlying 
aetiology. We recommend further investigation into the role of these biomarkers in 
the pathophysiology of, and diagnostic use for, QFS patients with adequately sized 
control groups.
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ABSTRACT

Background: Q fever fatigue syndrome (QFS) is a state of prolonged fatigue 
following around 20% of acute Q fever cases. It is thought that chronic 
inflammation plays a role in its aetiology. To test this hypothesis, we measured 
circulating cytokines and the ex-vivo cytokine production in patients with QFS and 
compared to various control groups.

Methods: Peripheral blood mononuclear cells (PBMCs), whole blood, and serum 
were collected from 20 QFS patients, 19 chronic fatigue syndrome (CFS) patients, 
19 Q fever seropositive controls, and 25 age- and sex-matched healthy controls. 
Coxiella-specific ex-vivo production of tumour necrosis factor (TNF)α, interleukin 
(IL)-1β, IL-6, and interferon (IFN)γ was measured, together with a total of 92 
circulating inflammatory proteins.

Results: PBMCs of QFS patients produced more IL-6 (P = 0.0001), TNFα (P = 0.0002), 
and IL-1β (P = 0.0005) than the various control groups when stimulated with 
Coxiella antigen. QFS patients had distinct differences in circulating inflammatory 
markers compared to the other groups, including higher concentrations of 
circulating IL-6 and IFNγ.

Conclusion: QFS patients showed signs of chronic inflammation compared to 
asymptomatic Q fever seropositive controls, CFS patients, and healthy controls, of 
which the monocyte-derived cytokines TNFα, IL-1β, and especially IL-6, are likely 
crucial components.

INTRODUCTION

Between 2007 and 2011, the Netherlands experienced the largest Q fever outbreak 
ever reported which led to at least 32.200 infected individuals and over 4000 
notified cases of symptomatic disease, i.e., acute Q fever [1, 2]. Taking into account 
that around 60% of initial infections with C. burnetii remain asymptomatic [3], 
these numbers are probably an underestimation of the actual magnitude of this 
outbreak. 

Q fever fatigue syndrome, or QFS, is a debilitating postinfectious fatigue syndrome 
that occurs in around 20% of acute Q fever patients. QFS is characterised by a state 
of prolonged fatigue that lasts for at least six months and often coincides with 
various other complaints [4]. Contrary to the less common, but more notorious, 
other long-term sequala following infection with C. burnetii, i.e., chronic Q fever, or 
persistent focalized infection [5-7], no indications of active or persistent infection 
were convincingly found in QFS [8, 9].

Although the pathophysiology of QFS remains unknown, complaints such as 
fatigue, musculoskeletal pain, headache, night sweating, and recurrent upper 
respiratory tract infections suggest that an inflammatory component might be 
at play. In 1998, Pentilla et al. reported that peripheral blood mononuclear cells 
(PBMCs) of QFS patients produced significantly more interleukin (IL)-6 than cells 
of various control groups when exposed to Q fever antigens [10]. Our group has 
demonstrated that QFS patients exhibit Coxiella-specific enhanced interferon (IFN)
γ-production compared to Q fever seropositive controls [11, 12]. These findings 
urged us to further explore inflammation in QFS.

In this study, we investigated signs of a long-lasting inflammatory component in 
QFS by conducting stimulation experiments of both PBMCs and whole blood, and 
collecting serum of: QFS patients, CFS patients, asymptomatic Q fever seropositive 
controls, and healthy controls, all matched for age and sex. By measuring the 
production of key cytokines, e.g. IFNγ and IL-6, and concentrations of a total of 92 
circulating inflammatory markers, we explore and validate previous immunologic 
findings and further broaden our scope on possible chronic inflammatory 
processes in QFS.
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METHODS

Study population
The study population consisted of QFS patients (n = 20), CFS patients (n = 19), 
asymptomatic Q fever seropositive controls (n = 19), and healthy controls (n = 25), 
matched for age (± 10 years) and sex. 

All QFS patients were diagnosed at the Radboud Expertise Center for Q fever, 
Nijmegen, the Netherlands, after a uniform work-up according to the Dutch 
guideline on QFS [13]. All QFS patients met the following diagnostic criteria: i. 
fatigue lasting ≥ 6 months; ii. sudden onset of severe fatigue (defined as a score 
≥ 35 on the subscale on fatigue severity of the Checklist Individual Strength (CIS) 
questionnaire), or significant increase in fatigue, both related to a symptomatic 
acute Q fever infection; iii. chronic Q fever, or persistent focalized infection, and 
other causes of fatigue, somatic or psychiatric, being excluded; and iv. fatigue 
resulted in significant functional impairment (defined as a total score ≥ 450 on the 
Sickness Impact Profile-8 (SIP-8) questionnaire) [14]. 

All CFS patients were diagnosed with CFS at the Department of Internal Medicine 
and Expert Center for Chronic Fatigue (ECCF) of the Radboud university medical 
center, Nijmegen, the Netherlands, after a uniform work-up according to the 
Centers for Disease Control (CDC) criteria for CFS. All CFS patients tested negative 
on Q fever serology (Immunofluorescence assay, or IFA; Focus Diagnostics, Cypress, 
CA, USA) and, additionally, had a score ≥ 35 on the subscale fatigue severity of the 
CIS questionnaire and a score ≥ 450 on the SIP-8 questionnaire. 

Asymptomatic Q fever seropositive controls consisted of known former acute 
Q fever patients and Q fever seropositives who were asked to participate by the 
primary investigator. These individuals tested positive on Q fever serology ≥ 5 
years after the Q fever outbreak (IgG phase I or II ≥ 1:16, but IgG phase I < 512 on 
IFA), and reported no complaints of fatigue or functional impairment. 

Colleagues from the department of Internal Medicine at the Radboud university 
medical center, Nijmegen, who lived in areas previously endemic for Q fever 
during the Dutch outbreak between 2007 and 2011, were asked to participate by 
the primary investigator as healthy controls. They all tested negative on Q fever 
serology (IFA), and reported no complaints of fatigue or functional impairment.

PBMC stimulation
PBMC isolation was performed by dilution of blood in PBS (1:1) and fractions 
were separated by density centrifugation over Ficoll-Paque (Ficoll-Paque Plus; 
GE healthcare, Zeist, The Netherlands). Cells were washed three times with cold 
PBS and resuspended in RPMI 1640 Dutch modification culture medium (Life 
Technologies/ Invitrogen, Breda, The Netherlands) supplemented with 50 mg/mL 
gentamicin, 2 mM GlutamaxTM, and 1 mM pyruvate (Life Technologies). PBMCs were 
then plated in 96-well round-bottom plates (Corning) at a concentration of 5 × 
105/mL in a total volume of 200 µL. The samples were exposed to heat-inactivated 
C. burnetii Nine Mile (NM) RSA 493 phase I (1 × 107/mL) for 24 hours at 37°C with 
5% CO2. After stimulation, supernatants were collected and stored at -20°C until 
cytokine assays were performed.

In-vitro whole blood stimulation
Whole blood stimulation and subsequent measurement of IFNγ production was 
done as previously described [15]. In brief, venous blood was drawn into 5mL 
endotoxin-free lithium-heparin tubes (Vacutainer, BD Bioscience). Incubation of 
samples was done as previously described [15]. Heat-inactivated C. burnetii Nine 
Mile (NM) RSA 493 phase I was used as a stimulus at a concentration of 1 x 107/mL 
[16]. After incubation, supernatants were collected and stored at -20⁰C until the 
cytokine assay was performed.

Cytokine assays
By determining C. burnetii-specific production of cytokines TNFα, IL-1β, and IL-6, 
but also of IFNγ, we aimed to validate previous results from our group and revisit 
the theory that QFS patients exhibit a long-lasting altered immune response. 
We compared them to asymptomatic Q fever seropositive controls, but also CFS 
patients and healthy controls [10-12]. Tumour necrosis factor (TNF)α, Il-1β, IL-
6, and IFNγ were measured using enzyme-linked immune sorbent assay (ELISA) 
according to the manufacturer’s protocol (IL6 and IFNγ: Sanquin, Amsterdam, the 
Netherlands; and TNFα, IL1β: R&D Systems, Minneapolis, USA). 

Proximity Extension Assay (PEA)
To further substantiate differences in inflammatory profiles between the groups, 
circulating inflammatory proteins were determined. Inflammation biomarker 
profiles were analysed by the analysis service of Olink Proteomics AB (Uppsala, 
Sweden), using their PEA based Proseek© Multiplex Inflammation panel96 x 96 [17]. 
This analysis simultaneously measures 92 selected inflammatory proteins using 
1  μL of serum. For each protein, there are two separate antibodies connected to 
one oligonucleotide each. After binding by the antibody pair to its target, the 3’ 
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ends of the oligonucleotides hybridize, priming a DNA polymerization reaction 
that forms a protein-specific reporter DNA sequence for each detected protein 
molecule. The reporter DNA strands are then quantified using qPCR. Four internal 
controls and two external controls were included in each assay. 

Statistical analysis
Patient characteristics
Data were analysed using Graphpad Prism (Graphpad Software Inc., version 5.03) 
and SPSS (Version 22.0, SPSS, Inc). ANOVA was used to determine differences 
between groups. 

Cytokine assays
For cytokine production analysis, the differences between groups was analysed 
using the Kruskal-Wallis test in GraphPad Prism (Graphpad Software Inc., version 
5.03). The level of significance was defined as a P value ≤ 0.05.

PEA analysis
The raw Cq values were normalized for variation between and within runs and 
converted into Normalized Protein Expression Units (NPX). The NPX values are 
expressed on a Log2 scale where one-unit higher NPX values represent a doubling 
of the measured protein concentrations. This arbitrary unit can be used for relative 
quantification of proteins and comparing the fold changes between groups. 
Inflammatory markers showing ≥ 35% of values under the detection limit in all 
groups were excluded from analysis. Excluded markers had an even distribution 
between groups. Protein values under the detection threshold were replaced with 
the proteins’ lower limit of detection. All computational analyses were performed 
in R 3.3.3. Global proteins signatures were analysed using Spearman’s Rank-
Order correlations and clustered using average hierarchical clustering, visualized 
using the R package ‘corrplot’. Then, individual protein levels were compared 
between subgroups using Kruskal-Wallis tests, and post hoc Mann-Whitney U 
tests. Additional packages used for the analysis included ‘ggplot2’, ‘devtools’, and 
‘ggbiplot’.  Statistical significance was attained if P < 0.05.

Ethical statement
All participants provided written informed consent and the study was approved 
by the Medical Ethical Review Committee of the Arnhem-Nijmegen region 
(NL52893.091.15).

RESULTS

Patients and controls
At the time of blood collection, the median symptom duration of QFS and 
CFS did not differ significantly (P = 0.10), nor did the median age of all groups  
(P = 0.42) (Table 1). As there is a female preponderance in CFS, the proportion of 
females in the CFS group was higher than in the other groups. All QFS patients and 
asymptomatic Q fever seropositive controls had IgG phase I or phase II titres ≥ 1:16, 
but IgG phase I ≤ 1:512, and none of them showed serological signs of an acute or 
recent Q-fever infection, reflected by IgM antibodies in absence of IgG antibodies.

Table 1. Characteristics of healthy controls, chronic fatigue syndrome (CFS) patients, Q 
fever fatigue syndrome (QFS) patients, and asymptomatic Q fever seropositive controls.

Characteristics Healthy controls
(n = 25)

CFS
(n = 19)

QFS
(n = 20)

Q fever seropositives
(n = 19)

Male sex, number (%) 11 (44) 6 (32) 10 (50) 11 (58)

Age, years Median (IQR) 40 (26 – 60) 46 (38 – 52) 47 (41 – 60) 57 (28 – 60)

Duration of symptoms, months a Median (IQR) - 108 (39 - 240) 83 (69 – 86) -

CIS subscale fatigue severity score, mean ± SD - 51 ± 4.1 52 ± 3.7 -

SIP-8 total score, mean ± SD - 1398 ± 631.8 1416 ± 505.6 -

Abbreviations: QFS = Q fever fatigue syndrome; CFS = chronic fatigue syndrome; IQR = 
interquartile range; CIS = Checklist Individual Strength; SD = standard deviation; SIP-8 = 
Sickness Impact Profile-8.

a Symptom duration: time onset of symptoms until blood sampling.

Production of TNFα, IL-1β, IL-6, and IFNγ
Stimulation of PBMCs with C. burnetii NM phase I antigen for 24 hours resulted 
in a significantly higher median TNFα production in the QFS group (2178 pg/mL; 
interquartile range, or IQR, 1288 – 3474), than the CFS group (485 pg/mL; IQR 351 – 
964) and healthy controls (723 pg/mL; IQR 397 – 1140) (P = 0.0002). No significant 
difference was found with the asymptomatic Q fever seropositive control group 
(1457 pg/mL; IQR 513 – 2073) (Figure 1A). Median IL-1β production was slightly, 
albeit significantly, higher in the QFS group (283 pg/mL; IQR 196 – 525) than in 
the CFS group (195 pg/mL; IQR 195 – 195) and asymptomatic Q fever seropositive 
control group (195 pg/mL; IQR 195 – 216) (P = 0.0005), but not the healthy control 
group (195 pg/mL; IQR 195 – 305) (Figure 1B). The median IL-6 production was 
significantly higher in the QFS group (4062 pg/mL; IQR 2984 – 5999), than in the 
CFS group (2216 pg/mL; IQR 1729 – 2820), asymptomatic Q fever seropositive 
control group (2162 pg/mL; IQR 1383 – 2696), and healthy control group (2320 pg/
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mL; IQR 1644 – 2990) (P = 0.0001) (Figure 1C). Stimulation of whole blood with 
C. burnetii NM phase I antigen for 24 hours revealed no significant difference in 
median IFNy production between the QFS group (116 pg/mL; IQR 46 – 186) and 
CFS (53 pg/mL; IQR 34 – 93), asymptomatic Q fever seropositive control (115 pg/
mL; IQR 45 – 171), and healthy control group (33 pg/mL; IQR 19 – 55) (P = 0.392) 
(Figure 2). 

Figure 1. Production of IL-6, TNFα, and IL-1β after 24 hours incubation of PBMCs with C. 
burnetii Nine Mile. 

C. burnetii NM-induced median cytokine production after 24 hours incubation of PBMCs of 
healthy controls (n = 25), CFS patients (n = 19), QFS patients (n = 20), and asymptomatic Q 
fever seropositive controls (n = 19). (A) Median TNFα production, (B) median IL-1β production, 
and (C) median IL-6 production. Data are depicted as median with IQR.

Abbreviations: IL = Interleukin; TNF = Tumour Necrosis Factor; CFS = chronic fatigue syndrome; 
QFS = Q fever fatigue syndrome; Q fever seropositives = Q fever seropositive controls; C. burnetii 
NM = Coxiella burnetii Nine Mile 493 phase I strain; PBMC = Peripheral Blood Mononuclear Cell; 
IQR = interquartile range.

*** P ≤ 0.001

** P ≤ 0.01

Figure 2. Production of IFNγ after 24 hours incubation of whole blood with C. burnetii 
Nine Mile. 

C. burnetii NM-induced median IFNγ production after 24 hours incubation of whole blood of 
healthy controls (n = 25), CFS patients (n = 19), QFS patients (n = 20), and asymptomatic Q fever 
seropositive controls (n = 19), showing no significant difference between QFS patients (116 
pg/mL; IQR 46 – 186), CFS patients (53 pg/mL; IQR 34 – 93), asymptomatic Q fever seropositive 
controls (115 pg/mL; IQR 45 – 171), and healthy controls (33 pg/mL; IQR 19 – 55)  (P = 0.392).

Abbreviations IFN = interferon; CFS = chronic fatigue syndrome; QFS = Q fever fatigue 
syndrome; Q fever seropositives = Q fever seropositive controls; C. burnetii NM = Coxiella burnetii 
Nine Mile 493 phase I strain; IQR = interquartile range.

Circulating inflammatory markers
After employing a cut-off of ≥ 35% of inflammatory marker values under the 
detection limit, a total of 81 inflammatory markers were analysed. Global 
correlation patterns by means of average clustering were analysed for each group 
(Figure 3), after which we used the healthy control group clustering pattern as a 
reference for the other groups, exposing a differential correlation in inflammatory 
proteins for QFS patients, CFS patients, and asymptomatic Q fever seropositive 
controls, compared to healthy controls (Figure 4). A similar analysis was performed, 
using asymptomatic Q fever seropositive controls and QFS patients as a respective 
reference for QFS and CFS patients (Figure 5A and B, respectively). Inflammatory 
proteins with concentrations that were significantly different compared to 
healthy controls were identified in CFS patients (CXCL9 (P = 0.001), Caspase 8 (P = 
0.001), HGF (P = 0.001), TGFα (P = 0.002), CST5 (P = 0.005), OSM (P = 0.007), AXIN1  
(P = 0.022), ST1A1 (P = 0.026), TNFRSF9 (P = 0.028), CXCL10 (P = 0.042), and CX3CL1 
(P = 0.048)), QFS patients (CDCP1 (P = 0.005), ARTN (P = 0.012), IL-6 (P = 0.026), 
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and IL-20 (P = 0.028)), and asymptomatic Q fever seropositive controls (ST1A1  
(P = 0.002), IL-7 (P = 0.003), Flt3L (P = 0.006), AXIN1 (P = 0.010), STAMPB (P = 0.013), 
FGF 21 (P = 0.017), SIRT2 (P = 0.017), CXCL5 (P = 0.023), IFNγ (P = 0.041), CSF1  
(P = 0.045), and CXCL9 (P = 0.050)) (Figure 6A, B, and C). Additionally, inflammatory 
proteins were identified that differed significantly in CFS patients (Caspase 8  
(P = 4.070-7), CCL28 (P = 0.001), CXCL9 (P = 0.003), TNFRSF9 (P = 0.007), IL-17C  
(P = 0.009), CCL20 (P = 0.013), CST5 (P = 0.018), CCL23 (P = 0.026), OPG (P = 0.028), 
CDCP1 (P = 0.046), and TNFSF14 (P = 0.020)) and asymptomatic Q fever seropositive 
controls (CCL28 (P = 0.002), TGF21 (P = 0.003), IL-7 (P = 0.005), IFNγ (P = 0.008), 
CCL19 (P = 0.011), OPG (P = 0.011), ARTN (P = 0.016), Flt3L (P = 0.018), CCL20  
(P = 0.018), IL-20 (P = 0.020), AXIN1 (P = 0.023), and ST1A1 (P = 0.041)), compared  
to QFS patients (Figure 6D and E, respectively).

Figure 3. Global correlation structures of healthy controls, chronic fatigue syndrome 
(CFS) patients, Q fever fatigue syndrome (QFS) patients, and asymptomatic Q fever 
seropositive controls.

Global correlation structures of healthy controls (n = 25), CFS patients (n = 19), QFS patients 
(n = 20), and asymptomatic Q fever seropositive controls (n = 19). Pearson’s correlation 
coefficients in 81 serum proteins of each group. 

Abbreviations: CFS = chronic fatigue syndrome; QFS = Q fever fatigue syndrome; Q fever 
seropositives = asymptomatic Q fever seropositive controls.
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Figure 4. Global correlation structures of chronic fatigue syndrome (CFS) patients, Q 
fever fatigue syndrome (QFS) patients, and asymptomatic Q fever seropositive controls, 
compared to healthy controls. 

Global correlation structures of CFS patients (n = 19), QFS patients (n = 20), and asymptomatic 
Q fever seropositive controls (n = 19), compared to healthy controls (n = 25). Pearson’s 
correlation coefficients in 81 serum proteins, the healthy control group is used as a reference 
and the proteins in the CFS, QFS, and asymptomatic Q fever seropositive controls groups are 
ordered accordingly. 

Abbreviations: CFS = chronic fatigue syndrome; QFS = Q fever fatigue syndrome; Q fever 
seropositives = asymptomatic Q fever seropositive controls.

Figure 5. Global correlation structures of asymptomatic Q fever seropositive controls 
and Q fever fatigue syndrome (QFS) patients, respectively compared to QFS patients and 
chronic fatigue syndrome (CFS) patients.

Global correlation structures of asymptomatic Q fever seropositive controls (n = 19) and CFS 
patients (n = 19), compared to QFS patients (n = 20). Pearson’s correlation coefficients in 81 
serum proteins, the (A) asymptomatic Q fever seropositive control and (B) QFS patient groups 
are used as a respective references and the proteins in the QFS and CFS patient groups are 
ordered accordingly.

Abbreviations: CFS = chronic fatigue syndrome; QFS = Q fever fatigue syndrome; Q fever 
seropositives = asymptomatic Q fever seropositive controls.
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Figure 6. Volcano plots showing differential expression of inflammatory proteins in 
chronic fatigue syndrome (CFS) patients, Q fever fatigue syndrome (QFS) patients, and 
asymptomatic Q fever seropositive controls, compared to healthy controls, together with 
differential expression in CFS patients and Q fever seropositive controls, compared to 
QFS patients.

Volcano plots showing differential expression of various circulating inflammatory proteins in 
(A) CFS patients (n = 19), (B) QFS patients (n = 20), and (C) asymptomatic Q fever seropositive 
controls (n = 19), compared to healthy controls (n = 25). Volcano plots showing differential 
expression of de- and increased expression of various circulating inflammatory proteins in CFS 
patients (D) and asymptomatic Q fever seropositive controls (E), compared to QFS patients.

Abbreviations: CFS = chronic fatigue syndrome; QFS = Q fever fatigue syndrome; CXCL = (C-X-C 
motif ) ligand; Casp = Caspase; HGF = Hepatocyte growth factor; TNFSF = Tumour necrosis 
factor superfamily; TGF = Transforming growth factor; CST = Cystatin-D; OSM = Oncostatin 
M; TNFRSF = Tumour necrosis factor receptor superfamily; ST1A1 = Sulfotransferase 1A1; 
CX3CL = (C-X3-C motif ) ligand; CDCP = CUB domain-containing protein 1; ARTN = Artemin;  
IL = Interleukin; Flt3L = FMS-like tyrosine kinase 3 ligand; STAMPB = STAM-binding protein;  
FGF = Fibroblast growth factor; SIRT = Sirtuin; IFN = Interferon; CSF = Colony stimulating factor; 
CCL = (C-C motif ) ligand; OPG = Osteoprotegerin.

DISCUSSION

This study set out to investigate the question whether there is chronic inflammation 
in QFS. We found that PBMCs from QFS patients produced higher amounts of 
monocyte-derived cytokine IL-6, TNFα and IL-1β, when stimulated with Q fever 
antigen, compared to various control groups. Especially the higher production 
of IL-6 and IL-1β in QFS patients compared to asymptomatic Q fever seropositive 
controls is of great interest and suggestive for a more persistent immune 
response to Coxiella antigens in QFS. Additionally, different profiles of circulating 
inflammatory proteins were found in QFS patients, CFS patients, and asymptomatic 
Q fever seropositive controls, compared to healthy controls. QFS patients also 
exhibited a profile that differed from asymptomatic Q fever seropositive controls 
and CFS patients. These results suggest that chronic inflammation is a standing 
characteristic of QFS, most likely acting through monocyte-derived derived 
cytokines TNFα, IL-1β, and especially IL-6, together with the IFNγ-axis.

Our findings of enhanced IL-6 production by PBMCs of QFS patients after in-vitro 
exposure to Coxiella corroborate those of Pentilla et al. [10]. It is of interest that 
circulating IL-6 concentrations were also significantly increased in QFS patients 
compared to healthy controls (Supplementary Figure 1A). It has been suggested 
that QFS patients experience chronic immune stimulation through persisting non-
viable C. burnetii antigens [8]. If such antigens indeed persist, this could in turn 
lead to increased concentrations of circulating IL-6 through chronic stimulation of 
cytokine-producing cells. Additionally, it should be noted that high concentrations 
of IL-6, and subsequently CRP, were found to correlate with disease severity during 
an acute Q fever infection [18]. Unfortunately, no correlation has been found 
between acute phase IL-6 concentrations and development of fatigue. It would be 
interesting to investigate the longitudinal IL-6 concentration in these patients to 
try and predict who will develop QFS and which patients recover normally from 
their acute Q fever infection.

Recent studies have shown that QFS patients show a higher Coxiella-specific 
IFNγ response compared to Q fever seropositive controls [11, 12]. This response 
is, however, lower than in patients with chronic Q fever, or persistent focalized 
infection. These studies underscore that there is a degree of Coxiella-specific 
immune activation in QFS. The question, however, remained whether this response 
could be a diagnostic marker of QFS in individual patients. In the present study no 
difference in Coxiella-specific whole blood IFNγ production was observed between 
QFS patients and asymptomatic Q fever seropositive controls, although levels of 
circulating IFNγ tended to be higher in QFS patients (Supplementary Figure 1B). It is 
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of interest that asymptomatic Q fever seropositive controls showed lower levels of 
circulating IFNγ than healthy controls. It is possible that this is part of the recovery 
process of acute Q fever. The fact that we did not find differences in Coxiella-
specific whole blood IFNγ production between QFS patients and asymptomatic Q 
fever seropositive controls in the present study, as compared with previous studies 
[11], is still puzzling. A possible explanation is that patients with more severe and 
longer-lasting acute Q fever produce more IFNγ [19]. In the current study, 13 out 
of 19 asymptomatic Q fever seropositive controls suffered from a symptomatic 
initial infection, i.e., acute Q fever, whereas the Q fever seropositive controls of the 
previous study had had an asymptomatic initial infection.

Mege et al. recently published a group of Q fever patients who developed B-cell 
non-Hodgkin lymphomas. The investigators stimulated PBMCs of acute Q fever 
patients, patients with persistent focal infection, and Q fever seropositives with 
concomitant lymphoma, and found that the latter group produced less TNFα but 
not IL-10. Interestingly, unstimulated PBMC’s of this group produced significantly 
more IL-10 but not TNFα. Unfortunately, the groups that were used are not 
comparable to the ones used in this study as patients with lymphoma are by 
definition not asymptomatic and often experience complaints of fatigue.

With regard to the chronic immune stimulation hypothesis in QFS [8], persisting 
non-viable C. burnetii antigens could activate effector and memory T-cells, 
resulting in increased production of IFNγ, which also appears in the circulation. 
An important question is whether the enhanced immune response could also 
be due to epigenetic reprogramming, a phenomenon called trained immunity 
[20, 21]. The observation that monocyte-derived cytokines IL-6, TNFα, and IL-1β 
are produced in significantly higher amounts than in control groups would be 
compatible with such a mechanism. Recent non-specific stimulation experiments 
by our group however showed a lower production of these cytokines in QFS 
patients who experience longer lasting and more severe upper respiratory tract 
infections compared to healthy controls. This observation could be explained 
by the counterpart of trained immunity, i.e., tolerance, suggesting a diminished 
immune response due to epigenetic reprogramming [22]. The fact that we did 
find an altered epigenetic profile on the promoter regions of various cytokines 
in these patients, suggests that such a mechanism might indeed play part in the 
altered immune activation found in QFS. This altered activation could for instance  
result from the acute Q fever infection itself or the persistence of non-viable  
Q fever antigens.

When we scrutinize the profiles of circulating inflammatory proteins in QFS 
patients, CFS patients, and asymptomatic Q fever seropositive controls and 
compared to healthy controls, there are clear differences. In QFS, both Artemin 
(ARTN) and IL-20 appear to be increased compared to both asymptomatic Q 
fever seropositive controls and healthy controls. In CFS patients, a differential 
expression of several inflammatory proteins is found compared to healthy controls. 
Although previous studies have shown similar expression of CXCL9, Caspase 8, 
TGFα, and CX3CL1 [23-25], the decreased expression of CXCL10 is in conflict with 
existing literature, indicating towards an increased expression of this chemokine, 
compared to healthy controls [24, 25]. As CXCL9 and CXCL10 are closely related, 
one would expect to see a similar trend in these chemokines. In our cohort, we 
find a decreased expression of both CXCL9 and CXCL10 in CFS patients compared 
to healthy controls. No increased concentrations of TNFα were found and, while 
circulating IL-1β is notoriously difficult to measure, it was excluded from this 
PEA [26]. With regard to CFS, measurements of circulating IL-6 show conflicting 
results [25]. Like in the present investigation, a recent study of our group in 50 
CFS patients and neighbourhood controls, matched for age and sex, did not find 
significant differences in IL-6 concentrations using PEA [27]. This study by Roerink 
et al. used the same PEA and further investigated a set of markers predictive for 
CFS. Possible explanations for the different results in both studies could lie in 
differences in gender (Roerink et al. only included female participants), age, group 
size, and matching to controls. These differences in results again highlight the 
importance of developing universal and adequate inclusion criteria and use of 
comparable control groups.

Looking at comparisons between QFS patients and both asymptomatic Q fever 
seropositive controls and CFS patients, interesting observations can be made. For 
one, several inflammatory markers appear to be less expressed in CFS patients 
compared to QFS patients. It was previously described that, despite a striking 
overlap in symptoms, QFS and CFS are not the same entity and show differences 
in perpetuating factors for fatigue [28]. This can now be supplemented by a 
concomitant difference in inflammatory profiles with QFS patients exhibiting 
more of an inflammatory profile than CFS patients. One could speculate that the 
infectious trigger that initiated complaints in QFS plays part in this difference. 
The observation that asymptomatic Q fever seropositive controls exhibit less of 
an inflammatory profile than QFS patients strengthens the theory that QFS might 
partly be driven by an inflammatory component that would normally wane off 
following an acute Q fever infection.
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Although the exact pathophysiology remains elusive and is probably multifactorial, 
these results show that QFS patients have an altered inflammatory profile 
compared to various control groups, arguing for a role of chronic inflammation in 
this clinical condition. This altered status is seen both after stimulation of PBMCs, 
and in profiles of circulating inflammatory proteins. More insight in the regulation 
of these responses may aid to find interventions for treating QFS patients. Given 
these results, hypotheses such as chronic immune stimulation and epigenetic 
reprogramming of innate immune cells are of particular interest for further 
investigation. 

Possible limitations of this study include the fact that this an exploratory study 
which did not correct for multiple testing. We would therefore like to point out 
that type 1 errors might have occurred and urge that these results are interpreted 
with care and validated in different cohorts. Furthermore, it would be preferred 
to solely use subjects who experienced a symptomatic acute Q fever infection 
as asymptomatic Q fever seropositive controls. For this study, a more adequate 
control group, i.e., 19 instead of 13 asymptomatic Q fever seropositive controls 
who reported having had an acute Q fever infection, could unfortunately not be 
found. We do however feel that with at least 13 out of 19 subjects having had a 
symptomatic acute Q fever infection, the group is sufficiently adequate for analysis.

CONCLUSION

QFS patients show signs of altered immunity compared to asymptomatic Q fever 
seropositive controls, CFS patients, and healthy controls. As was previously shown, 
monocyte-derived cytokines TNFα, IL-1β, and especially IL-6, together with the 
IFNγ-axis, are likely components of this altered inflammatory reaction and warrant 
further investigation. It is of interest to further investigate underlying processes 
of these observations as they could show potential for intervention. Based on 
these results, we recommend focusing on the possible epigenetic reprogramming 
of innate immune cells and chronic immune stimulation through persisting non-
viable Q fever antigens.
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Supplementary Figure 1. Boxplots showing expression of circulating IL-6 and IFNγ  in 
chronic fatigue syndrome (CFS) patients, Q fever fatigue syndrome (QFS) patients, 
asymptomatic Q fever seropositive controls, and healthy controls.

Boxplots showing expression of IL-6 (A) and IFNγ (B) in CFS patients (n = 19), QFS patients (n = 
20), asymptomatic Q fever seropositive controls (n = 19), and healthy controls (n = 25).

Abbreviations: CFS = chronic fatigue syndrome; QFS = Q fever fatigue syndrome; QS = 
asymptomatic Q fever seropositive controls; IL = Interleukin; IFN = Interferon.

Results are depicted as Normalized Protein Expression Units (NPX).
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ABSTRACT

Background: Although most patients recover from acute Q fever, around 20% 
develop Q fever fatigue syndrome (QFS), a debilitating fatigue syndrome that lasts 
at least six months. This study investigated transcriptional profiles of circulating 
monocytes and circulating cytokines as a subsequent mirror of myeloid cell 
function, one and six months after an acute Q fever infection.

Methods: Total RNA of circulating monocytes was collected from 11 acute Q fever 
patients and 15 healthy controls, matched for age (± 5 years) and sex. Samples 
were collected at a median of 27 days (baseline, interquartile range: IQR, 15 – 35 
days) after the infection and again six months thereafter. Transcriptome analysis 
was performed using RNA sequencing. Additionally, concentrations of circulating 
IL-10, IL-1β, IL-1Ra, and IL-6 were measured in serum.

Results: At baseline, acute Q fever patients clearly show a differential 
transcriptional program compared to healthy controls.  This is still the case at 
follow-up, albeit to a lesser extent. At baseline, a significant difference in levels of 
circulating IL-10 (P = 0.0019), IL-1β (P = 0.0067), IL-1Ra (P = 0.0008), and IL-6 (P = 
0.0003) was seen. At follow-up, this difference had decreased for IL-10 (P = 0.0136) 
and IL-1Ra (P = 0.0017), and had become nonsignificant for IL-1β (P = 0.1139) and 
IL-6 (P = 0.2792). 

Conclusion: We show that an acute Q fever infection has a long-term effect on 
the transcriptional program of circulating monocytes, and therefore likely their 
myeloid progenitor cells, and concentrations of circulating IL-10, IL-1β, IL-1Ra, and 
IL-6.

SUMMARY

This study shows that an acute Q fever infection has a long-lasting effect on the 
transcriptional program of circulating monocytes, and therefore likely their 
myeloid progenitor cells, and concentrations of circulating IL-10, IL-1β, IL-1Ra, and 
IL-6.

INTRODUCTION

Q fever is a zoonosis caused by the obligate intracellular Gram-negative bacterium 
Coxiella burnetii [1]. The bacterium mainly resides in animal reservoirs such as 
cattle, goats, and sheep. The bacterium is shed in high numbers via birth products, 
urine, faeces, and milk. Human infection usually occurs in outbreaks, or endemic 
areas through inhalation of infected aerosols spread by the wind, or during at-
risk veterinary or farming procedures [2]. Upon inhalation, it is thought that 
around 40% of patients develop a symptomatic infection, i.e. acute Q fever, often 
presenting as a flu-like illness with fever and sometimes pneumonia or hepatitis 
[1]. Acute Q fever has an incubation period of 2 to 3 weeks and is usually treated 
with doxycycline 200mg BID for 14 days despite it being an often self-limiting 
disease [1, 3]. During the infection, C. burnetii survives and replicates inside the 
phagolysosome of monocytes and macrophages it infects [1]. It has a pronounced 
effect on these cells as it is able to alter cellular processes e.g., vesicular trafficking, 
apoptosis, autophagy, and reactive oxygen species (ROS) and reactive nitrogen 
species (RNS) production by implementing a Dot/Icm type IV secretion system 
once inside the modified phagolysosome [4, 5].

Despite clearing the initial infection, approximately 20% of acute Q fever patients 
develop Q fever fatigue syndrome (QFS), a debilitating post-infective fatigue 
syndrome that lasts for at least six months and often years after the infection 
[6]. QFS should be differentiated from chronic Q fever, or C. burnetii persistent 
focalised infection, a deadly disease characterised by the persistence of C. burnetii 
in the human host, usually manifesting as endocarditis or infection of pre-existing 
aneurysms or vascular prostheses [7]. QFS often coincides with concomitant 
musculoskeletal complaints, neurocognitive problems, sleeping problems, 
headache, (night) sweating, frequently recurring upper respiratory tract infections, 
and mood disorders [6]. Like other post-infective fatigue syndromes, the exact 
aetiology of QFS remains unclear. However, complaints such as night sweats, 
musculoskeletal pain, and frequently recurring upper respiratory tract infections 
suggest an active role for the immune system. Furthermore, previous studies have 
shown signs of altered cell-mediated immunity through the interferon (IFN)γ and 
interleukin (IL)-6 axis in these patients, even years after their initial infection [8-10]. 
Recently, it was found that monocytes and likely also myeloid progenitor cells are 
able to protract long-lasting immunologic memory (also termed ‘trained immunity’) 
following certain challenges such as infectious agents and vaccines [11-13]. 
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In order to increase our understanding of the long-term changes in the 
transcriptional and functional programming of myeloid cells during and after 
an acute Q fever infection, we investigated the transcriptomes of circulating 
monocytes in 11 acute Q fever patients at the time of infection and after six 
months. Complaints suggestive of QFS were monitored and circulating cytokine 
profiles were also determined. The results were compared to 15 age- and sex-
matched healthy controls.

METHODS

Study population
The study population consisted of 11 acute Q fever patients and 15 healthy 
controls that were matched for age (± 5 years) and gender. At baseline, acute Q 
fever patients were diagnosed at the Australian Rickettsial Reference Laboratory 
(ARRL) based on their in-house serology (Immunofluorescence assay, or IFA). 
Serum samples of cases suspected for having an acute Q fever infection were send 
in by physicians in Victoria (VIC) and New South Wales (NSW). If a sample showed 
positive IgM antibody titers in the absence or with low IgG antibody titers, the 
treating physician of that patient was contacted, informed of the study, and asked 
for the patient’s contact information. The patient was then contacted by telephone 
by the primary investigator, informed of the study, and asked to participate. If the 
patient gave oral informed consent, the primary investigator visited the patient, 
acquired written informed consent, collected blood, and asked the patient to 
fill out the Checklist Individual Strength (CIS) questionnaire, subscale on fatigue 
severity, and Sickness Impact Profile-8 (SIP-8) questionnaire. Finally, a follow-up 
visit six months afterwards was planned at which the above described procedure 
was repeated and patients were determined to have acquired QFS or not according 
to the Dutch guideline on QFS, minus an extensive clinical evaluation of underlying 
somatic or psychiatric comorbidity [14]. Healthy controls, i.e. colleagues who lived 
in the Geelong (VIC) or Launceston (Tasmania) area, were asked to participate by 
the primary investigator (RR) during the same time as the patients if they tested 
negative on Q fever serology, and had a score < 35 on the subscale fatigue severity 
of the CIS questionnaire and a score < 450 on the SIP-8 questionnaire both at 
baseline and at follow-up. 

Monocyte isolation
A total of 40ml EDTA blood was collected from each patient for PBMC isolation, 
which was performed by dilution of blood in PBS (1:1) and fractions were separated 
by density centrifugation over Ficoll-Paque (Ficoll-Paque Plus; GE healthcare, Zeist, 

The Netherlands). Cells were washed three times with cold PBS and resuspended 
in RPMI 1640 Dutch modification culture medium (Life Technologies/ Invitrogen, 
Breda, The Netherlands) supplemented with 50 mg/mL gentamicin, 2 mM 
Glutamax, and 1 mM pyruvate (Life Technologies). Mean PBMC count following 
Ficoll-Paque isolation was 32.6 x 106 (standard error of mean, SEM, ± 5.6) and 22.4 
x 106 (SEM ± 1.7) at baseline, and 30.4 x 106  (SEM ± 3.7) and 22.3 x 106 (SEM ± 3.2) 
at follow-up, for patients and controls, respectively. Percoll isolation of monocytes 
was performed as previously described [15]. Briefly, around 20-30 x 106 PBMCs 
were layered on top of a hyper-osmotic Percoll solution (48,5% Percoll, 41,5% 
sterile H2O, 0.16 M filter sterilized NaCl), adjusted for PBMC count, and centrifuged 
for 15 minutes at 580 g. The interphase layer was isolated and cells were washed 
once with cold PBS. Cells were resuspended in culture medium as described above.

RNA Isolation and quantification
RNA was isolated from the monocyte-enriched suspension using the mirVana™ 
miRNA Isolation Kit (Ambion, Austin, TX, USA) according to the manufacturer’s 
instructions. The purity and quantity of RNA were assessed using  NanoDrop 
software (Thermo Fisher Scientific, Waltham, Massachusetts, United States), after 
which samples were immediately stored at −80 °C for future use.

RNA sequencing alignment and expression analysis
RNA sequencing was performed on 11 acute Q fever patients and 15 healthy 
controls. RNA sequencing library data were initially subjected to a quality control 
step, where, based on read distribution over the annotated genome, libraries that 
are outliers were identified and discarded from further analysis. For expression 
analyses reads were aligned to the Ensembl v68 human transcriptome using 
Bowtie (John Hopkins University, Baltimore, United States). Quantification of gene 
expression was performed using MMSEQ (GitHub, San Fransisco, California, United 
States).

Differential expression
Analysis was performed using DESeq2, using as input the MMSEQ counts 
(Unique_hits) (Bioconductor, Fred Hutchinson Cancer Research Center, Seattle, 
Washington, United States). Only genes with average counts (all samples ) above 
1 were fed into the DESeq2 software. DESeq2 internally performs another round 
of independent filtering (usually the filter threshold of average number of reads 
would be ~5). To check for the main source of variation, PCA was performed on 
the top 500 varying genes.
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Differential expression of MT-RNR1 and MT-RNR2
Based on recent findings by our group [17], identifying a significantly decreased 
expression of mitochondrial derived peptide (MDP)-coding genes MT-RNR1 
and MT-RNR2 in QFS patients compared to healthy controls, we investigated the 
expression of these genes in acute Q fever patients compared to healthy controls, 
both at the time of infection and follow-up.

Pathway enrichment analysis
For the analysis of over- and underrepresented biological pathways, comparing the 
various groups (n = 10), ClueGo V2.1.7 was used in the integrative bioinformatic 
software environment of Cytoscape V3.2 (Institute of Systems Biology, Seattle, 
Washington, United States). Pathways were significantly overly expressed if they 
showed a P value ≤ 0.05 and only differentially expressed genes with a P value 
< 0.01 were selected for pathway analysis. Various analysis pathways like Kyoto 
Encyclopedia of Genes and Genomes pathway (KEGG), Reactome pathway, and 
Wikipathway were used on the differentially expressed gene lists, followed by 
Benjamini-Hochberg adjustment for terms and groups. Enriched pathways are 
depicted as gene ontology (GO) Terms.

Cytokine assays
the Ella microfluidic analyzer (ProteinSimple, San Jose, USA) was used to assess 
circulating concentrations of IL-1β, TNFα, IL-6, IL-10, and IL-1Ra in serum. Due 
to sample loss, cytokines could only be determined in 9 out of 11 acute Q fever 
patients at baseline and 10 out of 11 acute Q fever patients at follow-up.

Determination of altered cytokine responses of naïve 
monocytes following stimulation with C. burnetii
By determining production of IL-6 and TNFα in monocytes of healthy Q fever 
seronegative controls, isolated from buffy coats obtained from healthy volunteers 
(Sanquin Bloodbank, Nijmegen, the Netherlands), that had either previously been 
stimulated with Q fever antigen or a negative control, we investigated whether C. 
burnetii is able to inflict long-lasting changes in monocyte cytokine responses. For 
this experiment we employed the model of trained immunity [13]. 

Statistical analysis
Data were analysed using Graphpad Prism (Graphpad Software Inc., version 5.03) 
and SPSS (Version 22.0, SPSS, Inc, IBM Business Analytics, New York, United States). 
The Mann Whitney test was used as non-parametric t-test to determine differences 
between groups. Statistical significance was attained if P < 0.05.

Ethical statement
All participants provided written informed consent and the study was approved by 
the Barwon Health Human Research Ethics Committee (#16/156).

RESULTS

Patients and controls
Blood of acute Q fever patients was drawn at a median of 27 days (interquartile 
range, IQR, 15 – 35 days) after their last sick day (hereon after referred to as 
‘baseline’), and again six months thereafter (hereon after referred to as ‘follow-up’). 
Healthy controls were matched for age (P = 0.95) and gender (Table 1). All acute 
Q fever patients showed signs of an acute or recent infection, reflected by phase 
2 IgM antibodies in the absence of phase 1 IgG antibodies. All healthy controls 
had negative IgM phase I and II, and IgG phase I and II titres, both at baseline and 
follow-up, showing no signs of a past or active Q fever infection. At follow-up, 
QFS was diagnosed in 2 patients from the acute Q fever group according to the 
Dutch guideline on QFS [14] (Table 1). No patients showed signs of chronic Q fever 
reflected by IgG phase I antibody titres ≥ 1:800.

Table 1. Characteristics of acute Q fever patients and healthy controls at baseline and 
follow-up.

Baseline Follow-up

Characteristics Acute Q fever
(n = 11)

Healthy controls 
(n = 15)

Acute Q fever
(n = 11)

Healthy controls 
(n = 15)

Male sex, number (%) 9 (82) 13 (87) - -

Age, years
Median (IQR)

46 (31 – 55) 47 (23 – 60) - -

Last sick day, days a

Median (IQR)
27 (15 – 35) - - -

CIS subscale fatigue severity score, mean ± SD 41* ± 14 22 ± 8 20 ± 13 17 ± 6

SIP-8 total score,
mean ± SD

721* ± 856 170 ± 214 277 ± 418 58 ± 134

QFS [RIVM guideline], number (%) - - 2 (18%) -

Abbreviations: IQR = interquartile range; CIS = Checklist Individual Strength; SD = standard 
deviation; SIP-8 = Sickness Impact Profile-8; QFS = Q fever fatigue syndrome.

a Last sick day: time last sick day prior
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Circulating cytokines
Circulating concentrations of IL-10, IL-1β, IL-1Ra, and IL-6 were measured at 
baseline and follow-up. Compared to the healthy controls, acute Q fever patients 
had significantly higher concentrations of circulating IL-10 (median 5.81 pg/
ml versus 2.77 pg/ml, P = 0.0019), IL-1β (median 13.05 pg/ml versus 0.69 pg/ml, 
P = 0.0067), IL-1Ra (median 2132 pg/ml versus 512.4 pg/ml, P = 0.0008), and IL-6 
(median 14.17 pg/ml versus 1.81 pg/ml, P = 0.0003) at baseline (Figure 1A). At 
follow-up this difference had decreased for IL-10 (median 3.37 pg/ml versus 2.55 
pg/ml, P = 0.0136) and IL-1Ra (median 1121 pg/ml versus 413 pg/ml, P = 0.0017), 
and had become non-significant for IL-1β (median 2.15 pg/ml versus 0.65 pg/ml, 
P = 0.1139) and IL-6 (median 2.57 pg/ml versus 2.42 pg/ml, P = 0.2792) (Figure 1B).

Principal-component analysis (PCA)
A PCA analysis was performed on the top 500 varying genes at baseline and follow-
up. At baseline, the PCA plot clearly identifies the acute Q fever patients from 
the healthy controls, suggesting that monocytes of acute Q fever patients retain 
a strongly different transcriptional program for several weeks after the infection 
(Fig.2A). In contrast, the differences between patients and healthy volunteers 
were less strong at follow-up, although differences remained in an important 
percentage of patients (Figure 2B).
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Figure 2. Principal-component analysis (PCA) of top 500 varying genes.

Principal component analysis of RNA sequencing data obtained from the top 500 varying 
genes in unstimulated, circulating, monocytes of acute Q fever patients and healthy controls at 
baseline (A) and six-month follow-up (B). 

Abbreviations: controls = healthy controls; patients = acute Q fever patients; PC = principal 
component.

Heatmaps of differentially expressed genes and pathway 
enrichment analysis
A heatmap was made of genes that are differentially expressed in acute Q fever 
patients compared to healthy controls at baseline, using a cut-off P value ≤ 10 x 
10-10, and follow-up, using a cut-off P value ≤ 10 x 10-5 (Figure 3A), and in acute 
Q fever patients who recovered from their complaints (n = 9), compared to acute 
Q fever patients who developed QFS (n = 2), at baseline and follow-up, using a 
cut-off P value < 0.005 (Figure 3B). Subsequent pathway enrichment analysis 
on differentially expressed genes in acute Q fever patients at baseline, using 
a cut-off P value < 0.001, and follow-up, using a cut-off P value < 0.05, primarily 
exposed a downregulation of pathways involved in energy metabolism and 
general epigenetic and transcriptional processes, together with an upregulation 
of pathways involved in apoptosis and necrosis, at baseline (Supplementary Table 
1A). At follow-up, these differences were less pronounced and mainly consisted of 

Figure 3. Differential gene expression in acute Q fever patients and healthy controls at 
baseline and follow-up. 

Heatmaps showing differential expression of down- and upregulated genes in circulating 
monocytes from acute Q fever patients compared to healthy controls at baseline and follow-
up. (A) Down- and upregulated genes in 9 acute Q fever patients who recovered from their 
complaints, compared to 2 who developed QFS, using a cut-off P value < 0.005. (B) Down- and 
upregulated genes in 11 acute Q fever patients compared to 15 healthy controls at baseline, 
using a cut-off P value ≤ 10 x 10-10, and follow-up, using a cut-off P value ≤ 10 x 10-5. Heatmaps 
are based on level of differential expression, measured with log 2 fold change.
Abbreviations: QFS = Q fever fatigue syndrome.
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an upregulation of pathways involved in energy metabolism (Supplementary Table 
1B). A table containing less prominently enriched pathways (P > 0.05 ≤ 0.001) at 
baseline is added as supplementary data (Supplementary Table 2). 

Altered cytokine responses of naïve monocytes following 
stimulation with C. burnetii
The production of IL-6 and TNFα was significantly increased in monocytes that 
were initially stimulated with C. burnetii upon stimulation with LPS after 6 days 
compared to RPMI (P = 0.02 and P = 0.03, respectively, Figure 4).

Figure 4. C. burnetii primes production of pro-inflammatory cytokines by monocytes.

For this experiment we employed the model of trained immunity [13]. In short, we stimulated 
naïve monocytes of healthy controls with C. burnetii or RPMI culture medium as a negative 
control for 24 hours, washed away the stimulus and let the cells rest for 6 days. After 6 days, 
cells were again stimulated for 24 hours, this time with either RPMI culture medium as a 
negative control or LPS as a non-specific stimulus, ultimately investigating whether C. burnetii 
is indeed able to inflict long-lasting changes in monocyte cytokine responses. (A) Monocytes 
previously exposed to C. burnetii (1x107/mL) produced significantly more IL-6 (P = 0.02) upon 
restimulation with LPS than naïve monocytes. (B) Monocytes previously exposed to C. burnetii 
(1x107/mL) produced significantly more TNFα (P = 0.03) upon restimulation with LPS than 
naïve monocytes. Results are depicted as mean ± SEM. Experimental setup based on the 
in-vitro model of ‘trained immunity’ [13] and includes monocytes of 3 healthy controls in 2 
independent experiments.

Abbreviations: IL = interleukin; TNF = tumour necrosis factor; RPMI = Roswell Park Memorial 
Institute culture medium; LPS = Lipopolysaccharide; C.b. = Coxiella burnetii; SEM = standard 
error of mean.

Differential expression of MT-RNR1 and MT-RNR2
At baseline, both MT-RNR1 and Mt-RNR2 were less expressed in acute Q fever 
patients, compared to healthy controls (-0.7 log 2 fold change; P = 0.0111, and -0.9 
log 2 fold change; P = 0.0002, respectively) (Figure 5). At follow-up, this difference 
was no longer observed. Furthermore, a non-significantly decreased expression 
at baseline and follow-up of MT-RNR1 (-0.1 log 2 fold change; P = 0.2868 and -0.1 
log 2 fold change; P = 0.5143, respectively) and MT-RNR2 (-0.3 log 2 fold change; 
P = 0.6707 and -0.1 log 2 fold change; P = 0.5209, respectively) was observed in 
the two acute Q fever patients who developed QFS compared to the nine who 
recovered from their complaints. 

Figure 5. Boxplots showing differential expression of MT-RNR1 (A) and MT-RNR2 (B) in 
acute Q fever patients compared to healthy controls at baseline.

Boxplots showing normalised counts of MT-RNR1 (A) and MT-RNR2 (B) in circulating monocytes 
in of acute Q fever patients and healthy controls. Results are depicted as median ± IQR.

Abbreviations: Controls = healthy controls; Patients = acute Q fever patients; IQR = interquartile 
range.
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DISCUSSION

This study investigated transcriptional profiles of circulating monocytes and 
cytokines as a mirror of myeloid cell function, a median of 27 days and six 
months after an acute Q fever infection. Previous studies have documented long-
term reprogramming of myeloid cells by vaccinations, but no studies to date 
have demonstrated that similar effects may happen after human infections. It is 
hypothesised that due to long-term complications of acute Q fever such as QFS, in 
which monocyte/macrophage products such as pro-inflammatory cytokines may 
play an important role, infection with C. burnetii may induce a long-term functional 
reprogramming of myeloid cells. Indeed, we have observed important long-
term effects of the Q fever infection on the monocyte transcriptome, an effect 
resembling trained immunity reprogramming reported after vaccination with live 
vaccines [18]. The concept of changed myeloid cell function is further reinforced 
by the higher concentrations of circulating IL-10, IL-1β, IL-1Ra, and IL-6 in patients 
one month after the infection, with residual effects on IL-10 and IL-1Ra six months 
thereafter. 

At a median of 27 days after the infection, an apparent downregulation 
of pathways involved in energy metabolism and general epigenetic and 
transcriptional processes, together with an upregulation of pathways involved 
in apoptosis and necrosis, was seen in acute Q fever patients compared to 
healthy controls. At follow-up, these differences had diminished and mainly 
consisted of an upregulation of energy metabolism. These results indicate that 
circulating monocytes can retain long-term alterations in their transcriptional 
program following an acute Q fever infection. It is likely that this transcriptional 
reprogramming occurs at the level of progenitor cells in the bone marrow [19]. 
Similar findings in myeloid cells were made following exposure to live vaccines [20]. 
The live-attenuated Bacillus Calmette-Guérin vaccine for instance is able to induce 
epigenetic reprogramming together with a metabolic shift that alters myeloid cell 
functionality and responsiveness to subsequent non-specific infectious insults 
[11, 18, 20]. The group of Marmion et al. hypothesised that QFS patients undergo 
chronic immune stimulation through persisting non-viable C. burnetii antigens 
following the acute Q fever infection [21-23]. Such a process could very well 
explain long-term reprogramming of myeloid progenitor cells following an acute 
Q fever infection, especially if such antigens persist in the bone marrow [24]. It is 
of great interest to see that an infectious insult such as acute Q fever infection is 
also able to induce long-lasting reprogramming of myeloid cells. Together with the 
observations that in -vitro production of IL-6 and TNFα is increased in monocytes 

that were primed with C. burnetii and later stimulated with a non-specific stimulus, 
these results suggest that an acute Q fever infection is able to induce long-lasting 
functional reprogramming of myeloid cells. 

Looking at circulating cytokines in acute Q fever patients compared to healthy 
controls, we found concentrations of IL-10, IL-1β, IL-1Ra, and IL-6 to be increased 
at baseline and to a lesser extent still at follow-up. This is an interesting finding 
as one would expect the concentrations of these cytokines to have normalised 
within a few weeks after the infection. It could be argued that the altered 
transcriptional programming of myeloid cells contributes to these long-lasting 
differences in circulating cytokine concentrations. The downregulation in energy 
metabolism, epigenetic and transcriptional processes, and the more specific 
repressive H3K9me2 on the promoter regions of both IL-6 and IL-8 at baseline, 
together with the downregulation of interleukin signalling and upregulation 
of energy metabolism at follow-up, are likely to contribute to these findings. A 
general but less prominent activation of Toll-like receptor (TLR) and cytokine 
signalling pathways at baseline, but no longer at follow-up, possibly also play a 
role (Supplementary Table 2).

It has long been thought that an inflammatory component contributes to the 
pathophysiology of QFS [8-10]. Previous studies found signs of altered immunity 
through the IFNγ and IL-6 axis in these patients. Furthermore, a recent study 
found that PBMC’s of QFS patients produce higher amounts of TNFa, IL-1b, and 
IL-6 when stimulated with Q fever antigen. It was also shown that QFS patients 
had higher levels of circulating IL-6 compared to healthy controls and higher 
levels of IFNg compared to asymptomatic Q fever seropositive controls [25]. 
Looking at less prominently enriched pathways in our study (Supplementary 
Table 2), both TNFα and IFNγ signalling pathways are enriched at baseline, but 
no longer at follow-up. Given our findings on long-lasting changes in monocyte 
transcriptomes and circulating cytokine concentrations in acute Q fever patients, 
it could be argued that the pro-inflammatory responses necessary for clearing 
the acute Q fever infection can linger, become detrimental, and take part in the 
pathophysiology of QFS [10]. Possible alterations in these processes are likely 
regulated through epigenetic remodelling of promoter regions of these cytokines 
genes in myeloid progenitor cells, tissue macrophages, and, to a lesser extent, 
circulating monocytes [11, 13]. It would be interesting to further investigate 
monocyte transcriptomes and specific epigenetic markers at the promoter regions 
of these cytokines during the development of QFS, starting at the acute Q fever 
infection. Moreover, reprogramming of resident tissue macrophages like microglia 
is of particular interest when investigating QFS and chronic fatigue syndrome 
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(CFS) pathophysiology as this can drive low-grade neuroinflammation [26, 27]. It 
is plausible that an acute Q fever infection translates to similar reprogramming 
of microglia in the brain, either through mirroring of peripheral inflammation 
during the infection or long-lasting transcriptional changes in myeloid progenitor 
cells [28, 29]. As recovery in acute Q fever patients was associated with a long-
lasting anti-inflammatory cytokine profile, i.e. IL-10 and IL-1Ra, and decreasing 
pro-inflammatory cytokine profile, i.e. IL-6 and IL-1β, it would be of interest to 
investigate the dynamics of these and other cytokine profiles in the development 
of QFS. 

At follow-up, 9 out of 11 patients had fully recovered while 2 had developed 
QFS. At this time, both the transcriptional reprogramming and difference in 
concentrations of circulating cytokines had diminished, indicating normalisation 
of myeloid programming and functioning. This most likely reflects the normal 
recovery of most, i.e. 9 out of 11, acute Q fever patients in this study. Although 
it should be noted that these numbers are insufficient for conducting reliable 
analyses, some differences in differentially expressed genes were found between 
these groups, both around the time of infection and six months thereafter. As was 
previously described, no apparent difference in PCA is observed when comparing 
QFS patients with healthy controls [17]. A previous study, investigating longitudinal 
peripheral blood gene expression in postinfective fatigue syndrome following 
Epstein-Barr virus, Ross River virus, and acute Q fever infections, concluded that no 
genes were consistently correlated with the illness itself [30]. In this study, several 
genes were selected that were associated with chronic fatigue syndrome in the 
past. No comparable results were found when looking at differential expression 
in patients who developed QFS compared to patients who adequately recovered 
from their infection, likely due to insufficiently small numbers. 

Finally, another interesting observation was the significantly decreased expression 
of MDP-coding genes MT-RNR1 (MOTS-c) and MT-RNR2 (humanin) one month 
after infection, but no longer after six months. Both MT-RNR1 and MT-RNR2 were 
previously found to be significantly less expressed in circulating monocytes of QFS 
patients compared to healthy controls [17]. Interestingly, when comparing those 
who developed QFS with those who recovered from their acute Q fever infection, a 
general decreased expression, albeit not significant, of both MT-RNR1 and MT-RNR2 
was observed both at baseline and follow-up. It could therefore be postulated 
that incentives such as an acute Q fever infection are able to negatively influence 
the expression of these MDP-coding genes in monocytes. Given the functions of 
MOTS-c and humanin [31-35], it is definitely worthwhile to further investigate the 
role of these MDP-coding genes in the pathophysiology of QFS and CFS.

Although this study makes an interesting observation that an acute Q fever 
infection can induce long-lasting reprogramming of circulating monocytes, it 
should be noted that small numbers were used and due to logistical challenges, 
monocyte purity was not checked prior to transcriptome analysis. Further studies 
in larger groups are warranted in order to validate these interesting results. Using 
larger groups would additionally enable a better longitudinal comparison of acute 
Q fever patients who develop QFS with acute Q fever patients who recover from 
their complaints.

CONCLUSION

This study shows that an acute Q fever infection has a long-lasting effect on the 
transcriptional program of circulating monocytes and concentrations of circulating 
IL-10, IL-1β, IL-1Ra, and IL-6. It is postulated that the long-lasting effects on the 
transcriptional program of monocytes, and their myeloid progenitor cells, and 
concentrations of circulating cytokines become detrimental and play a part in the 
pathophysiology of QFS. Additionally, it was shown that an acute Q fever infection 
can result in a decreased expression of MDP-coding genes MT-RNR1 (MOTS-c) and 
MT-RNR2 (humanin), previously linked with QFS and CFS.
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ABSTRACT

Background: Q fever fatigue syndrome (QFS) is a well-documented state of 
prolonged fatigue following around 20% of acute Q fever infections. It has been 
hypothesized that low grade inflammation plays a role in its aetiology. In this study, 
we aimed to identify transcriptome profiles that could aid to better understand the 
pathophysiology of QFS.

Methods: RNA of monocytes was collected from QFS patients (n = 10), chronic 
fatigue syndrome patients (CFS, n = 10), Q fever seropositive controls (n = 10), 
and healthy controls (n = 10) who were matched for age (± 5 years) and sex. 
Transcriptome analysis was performed using RNA sequencing. 

Results: Mitochondrial-derived peptide (MDP)-coding genes MT-RNR2 (humanin) 
and MT-RNR1 (MOTS-c) were differentially expressed when comparing QFS (-4.8 
log2-fold-change P = 2.19 x 10-9 and -4.9 log2-fold-change P = 4.69 x 10-8), CFS 
(-5.2 log2-fold-change, P = 3.49 x 10-11 -4.4 log2-fold-change, P = 2.71 x 10-9), and 
Q fever seropositive control (-3.7 log2-fold-change P = 1.78 x 10-6 and -3.2 log2-
fold-change P = 1.12 x 10-5) groups with healthy controls, resulting in a decreased 
median production of humanin in QFS patients (371 pg/mL; Interquartile range, 
IQR, 325 – 384), CFS patients (364 pg/mL; IQR 316 – 387), and asymptomatic Q 
fever seropositive controls (354 pg/mL; 292 – 393). 

Conclusion: Expression of MDP-coding genes MT-RNR1 (MOTS-c) and MT-RNR2 
(humanin) is decreased in CFS, QFS, and, to a lesser extent, in Q fever seropositive 
controls, resulting in a decreased production of humanin. These novel peptides 
might indeed be important in the pathophysiology of both QFS and CFS.

INTRODUCTION

Q fever is a zoonotic disease caused by the intracellular Gram-negative bacterium 
Coxiella burnetii. Humans usually become infected through inhalation of infected 
aerosols that arise from small ruminants, of which parturient fluids are most 
notorious [1]. The bacterium primarily infects alveolar macrophages [1, 2]. 
By subverting host cell functions such as Toll-like receptor (TLR) recognition, 
apoptosis, and vesicular trafficking, C. burnetii is able to survive and replicate 
inside the phagolysosome of monocytes and macrophages [2]. Once inside the 
phagolysosome, the Coxiella Containing Vacuole (CCV), C. burnetii employs a Dot/
Icm type IV secretion system through which it manipulates host cell processes [3, 
4]. It is assumed that immune competent individuals are able to clear the infection 
eventually, making Q fever a self-limiting disease. 

Initial infection with C. burnetii leads to symptomatic disease, i.e., acute Q fever, in 
around 40% of cases. This often presents as a flu-like illness, which is sometimes 
accompanied by pneumonia or hepatitis [2]. Of all those who become infected, 
around 1 – 5% develop persistent infection with C. burnetii, i.e., chronic Q fever or 
persistent focalised infection, usually manifesting as endocarditis or infection of 
pre-existing aneurysms or vascular prostheses [1, 5]. Q fever fatigue syndrome (QFS) 
occurs in around 20% of symptomatic acute Q fever infections. QFS is characterised 
by a state of prolonged fatigue that lasts at least six months and often coincides with 
several other complaints, leading to substantial disabilities [6]. 

Complaints such as fatigue, musculoskeletal pain, headache, night sweating and 
recurrent upper respiratory tract infections suggest an inflammatory component 
in QFS. Active infection has however not been convincingly shown in these 
patients. In accordance with this, the first randomized placebo-controlled trial for 
QFS treatment was recently published, comparing cognitive behavioural therapy 
(CBT) and doxycycline with placebo treatment, demonstrating a beneficial effect 
for CBT, but not doxycycline, in reducing fatigue severity at end of treatment [7]. 
In 1998, Pentilla et al. published that peripheral blood mononuclear cells (PBMCs) 
of QFS patients produce significantly more interleukin (IL)-6 than cells of various 
control groups when exposed to Q fever antigens [8]. Our group has demonstrated 
that QFS patients show signs of altered immunity through monocyte-derived 
cytokines TNFα, interleukin (IL)-1β, and especially IL-6, together with the interferon 
(IFN)γ- axis [9-11]. 
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Chronic fatigue syndrome (CFS) is a disease with a striking overlap in symptoms 
with QFS that shows a subtle difference in psychological perpetuating factors 
and inflammatory profile [11, 12]. As in QFS, the aetiology of CFS remains unclear 
and is thought to involve the immune system [11, 13, 14], possibly through, or 
in combination with, mitochondrial dysfunction [15-17]. Complaints such as 
fatigue and exercise intolerance in CFS, but also QFS, strengthen the theory that 
mitochondrial dysfunction is involved in its pathogenesis.

To further elucidate the pathophysiology of chronic fatigue syndromes such as 
QFS, we used next-generation sequencing to investigated the transcriptomes of 
unstimulated circulating monocytes of QFS patients, CFS patients, asymptomatic Q 
fever seropositive controls, and healthy controls, matched for age and sex.

METHODS

Study population
The study population consisted of QFS patients (n = 10), CFS patients (n = 11), 
asymptomatic Q fever seropositive controls (n = 10), and healthy controls (n = 10), 
matched for age (± 5 years) and sex. 

All QFS patients were diagnosed at the Radboud Expert Center for Q fever, 
Nijmegen, the Netherlands, after a uniform work-up according to the Dutch 
guideline on QFS [18]. All QFS patients met the following diagnostic criteria: i. 
fatigue lasted ≥ 6 months; ii. sudden onset of severe fatigue (defined as a score 
≥ 35 on the subscale fatigue severity of the Checklist Individual Strength (CIS) 
questionnaire) [19] (Supplementary Table 1), or significant increase in fatigue, both 
related to a symptomatic acute Q fever infection; iii. chronic Q fever and other 
somatic or psychiatric causes of fatigue were excluded; and iv. fatigue resulted in 
significant functional impairment (defined as a total score ≥ 450 on the Sickness 
Impact Profile-8 (SIP-8) questionnaire) [20] (Supplementary Table 2). 

All CFS patients were diagnosed with CFS at the Department of Internal Medicine 
and Expert Center for Chronic Fatigue (ECCF) of the Radboud university medical 
center, Nijmegen, the Netherlands, after a uniform work-up according to the 
Centers for Disease Control (CDC) criteria for CFS [21], strengthened with scores on 
SIP-8 and CIS, subscale on fatigue severity, questionnaires. All CFS patients tested 
negative on Q fever serology (Immunofluorescence assay, or IFA; Focus Diagnostics, 
Cypress, CA, USA) and, additionally, had a score ≥ 35 on the subscale fatigue 
severity of the CIS questionnaire and a score ≥ 450 on the SIP-8 questionnaire. 

Asymptomatic Q fever seropositive controls were asked to participate by the 
primary investigator; all of them tested positive on Q fever serology ≥ 5 years after 
the Q fever outbreak (IgG phase I or II ≥ 1:16, but IgG phase I < 512), and reported 
no complaints of fatigue or functional impairment.

Colleagues from the department of Internal Medicine at the Radboud university 
medical center, Nijmegen, who lived in areas previously endemic for Q fever during 
the Dutch outbreak between 2007 and 2011, tested negative on Q fever serology 
(IFA), and reported no complaints of fatigue or functional impairment, were asked 
to participate by the primary investigator as healthy controls. 

PBMC and monocyte isolation
PBMCs were isolated by dilution of blood in PBS (1:1) and fractions were separated 
by density centrifugation over Ficoll-Paque (Ficoll-Paque Plus; GE healthcare, Zeist, 
The Netherlands). Cells were washed three times with cold PBS and resuspended 
in RPMI 1640 Dutch modification culture medium (Life Technologies/ Invitrogen, 
Breda, The Netherlands) supplemented with 50 mg/mL gentamicin, 2 mM 
Glutamax, and 1 mM pyruvate (Life Technologies). Percoll isolation of monocytes 
was performed as previously described [22]. Briefly, 150-200 x 106 PBMCs were 
layered on top of a hyper-osmotic Percoll solution (48,5% Percoll, 41,5% sterile 
H2O, 0.16 M filter sterilized NaCl) and centrifuged for 15  minutes at 580g. The 
interphase layer was isolated and cells were washed once with cold PBS. Cells were 
resuspended in culture medium as described above.

PBMC stimulation and peptide assays
PBMCs were plated in 96-well round-bottom plates (Corning) at a concentration of 
5 × 105/mL in a total volume of 200 µL. The samples were stimulated with 10 ng/
mL lipopolysaccharide (LPS) (Sigma-Aldrich, St. Louis, MO; from E. coli) for 24 hours 
at 37°C with 5% CO2. After stimulation, supernatants were collected and stored at 
-20°C until peptide assays were performed. Humanin and MOTS-c were measured 
using enzyme-linked immune sorbent assay (ELISA) according to the manufacturer 
protocol (MyBioSource, San Diego, CA, USA). 

RNA Isolation and quantification
RNA was isolated from the monocyte-enriched suspension using the mirVana™ 
miRNA Isolation Kit (Ambion, Austin, TX, USA) according to the manufacturer’s 
instructions. The purity and quantity of RNA were assessed using NanoDrop 
software, after which samples were immediately stored at −80°C for future use.
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RNA sequencing alignment and expression analysis
RNA sequencing was performed on monocytes from all patients. Transcriptome 
data is available at Gene Expression Omnibus (GSE130353) [23]. Reads were aligned 
using GSNAP [24], using non-default parameters -m 1 -N 1 -n 1 -Q -s Ensembl_
splice_68. RNA sequencing library data were initially subjected to a quality control 
step, where, based on read distribution over the annotated genome, libraries that 
are outliers were identified and discarded from further analysis. For expression 
analyses reads were aligned to the Ensembl v68 human transcriptome using 
Bowtie. Quantification of gene expression was performed using MMSEQ.

Differential expression
Analysis was performed using DESeq2, using as input the MMSEQ counts (Unique 
hits). Only genes with average counts above 1 were fed into the DESeq2 software. 
DESeq2 internally performs another round of independent filtering (usually the 
filter threshold of average number of reads would be ~5). To check for the main 
source of variation, principal component analysis (PCA) was performed on the top 
500 varying genes (Supplementary Table 3).

Pathway enrichment analysis
For the analysis of over- and underrepresented biological pathways, comparing 
the various groups (n = 10), the ClueGo V2.1.7 appliance was used in the 
integrative bio-informatic software environment of Cytoscape V3.2. Pathways were 
significantly overexpressed if they showed a P value ≤ 0.05 and only differentially 
expressed genes with a P value < 0.01 were selected for pathway analysis. Various 
analysis pathways like Kyoto Encyclopedia of Genes and Genomes pathway (KEGG), 
Reactome pathway, and Wikipathway were used on the differentially expressed 
gene lists, followed by Benjamini-Hochberg adjustment for terms and groups.

Statistical analysis
Patient characteristics data were analysed using Graphpad Prism (Graphpad 
Software Inc., version 5.03) and SPSS (Version 22.0, SPSS, Inc). The Mann Whitney 
and Kruskall-Wallis test were used as non-parametric t-test and ANOVA to 
determine differences between groups. Statistical significance was attained if P < 
0.05.

Ethical statement
All participants provided written informed consent and the study was approved by 
the Medical Ethical Review Committee of the Arnhem-Nijmegen region. 

RESULTS

Patients and controls
At the time of blood collection, the median symptom duration of QFS and CFS did 
not differ significantly (P = 0.27), nor did the median age (P = 0.95) and gender 
of all groups (Table 1). All QFS patients and asymptomatic Q fever seropositive 
controls had IgG phase I or phase II titres ≥ 1:16, but IgG phase I ≤ 1:512, and none 
of them showed serological signs of an acute or recent Q fever infection, reflected 
by IgM antibodies in absence of IgG antibodies. 

Table 1. Characteristics of healthy controls, chronic fatigue syndrome (CFS) patients, Q 
fever fatigue syndrome (QFS) patients, and asymptomatic Q fever seropositive controls.

Characteristics Healthy controls
(n = 10)

CFS
(n = 10)

QFS
(n = 10)

Q fever 
seropositives
(n = 10)

Male sex, number (%) 5 (50) 5 (50) 5 (50) 5 (50)

Age, years
Median (IQR)

54 (37 – 61) 48 (41 – 52) 43 (40 – 58) 50 (43 – 57)

Duration of symptoms, months a

Median (IQR)
- 110 (31 - 253) 78 (62 – 87) -

CIS subscale fatigue severity score, mean ± SD - 51 ± 5.1 52 ± 4.1 -

SIP-8 total score,
mean ± SD

- 1600 ± 735.0 1474 ± 483.7 -

Abbreviations: QFS = Q fever fatigue syndrome; CFS = chronic fatigue syndrome; IQR = 
interquartile range; CIS = Checklist Individual Strength; SD = standard deviation; SIP-8 = 
Sickness Impact Profile-8.

a Symptom duration: time onset of symptoms until blood sampling.

PCA and pathway enrichment analysis
A PCA analysis was performed on the top 500 varying genes and found no 
difference between groups (Figure 1A), except for sex [25] (Figure 1B). Pathway 
enrichment analysis was performed, using a cut-off P value ≤ 10 x 10-5, yielding 
no results. Pathway enrichment analysis was then repeated, using a cut-off P value 
≤ 0.01 on differentially expressed genes. Although no apparent immunologic 
activation or inhibition was seen when comparing various groups, some 
mitochondrial alterations were observed (Supplementary Table 4A, B, C, D, and E).
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Figure 1. Principal-component analysis of top 500 varying genes.

Principal component analysis of RNA sequencing data obtained from the top 500 varying 
genes in unstimulated, circulating monocytes of healthy controls (n = 10), CFS patients (n = 
10), QFS patients (n = 10), and asymptomatic Q fever seropositive controls (n = 10), finding 
no variation between groups (A). The variation that is seen is based on sex (B). Principal 
Component (PC)1 (x-axis) represents 21% and PC2 (y-axis) represents 17% of total variation in 
data.

Abbreviations: PC = Principal component; CFS = chronic fatigue syndrome; QFS = Q fever 
fatigue syndrome; Q fever seropositives = asymptomatic Q fever seropositive controls.

Genes of interest
Using a cut-off differential expression value > and < 2-fold change, together with a 
cut-off P value ≤ 10 x 10-5, on both up- and downregulated genes, several appear to 
be of interest (Figure 2). When comparing CFS to healthy controls, those are MT-RNR2 
(-5.2 log 2 fold change; P = 3.49 x 10-11), MT-RNR1(-4.4 log 2 fold change; P = 2.71 x 
10-9) and AC010970.2 (-3.8 log 2 fold change; P = 1.28 x 10-5) for the down- regulated 
genes and NEBL (4.8 log 2 fold change; P = 2.79 x 10-5), PDX1 (3.9 log 2 fold change; 
P = 1.71 x 10-5), AC093865.1 (3.4 log 2 fold change; P = 1.07 x 10-5), MGAT4D (3.4 log 2 
fold change; P = 5.33 x 10-5), AC099506.1 (3.1 log 2 fold change; P = 1.52 x 10-5), RORB 
(2.5 log 2 fold change; P = 2.93 x 10-5), KIAA0319 (2.4 log 2 fold change; P = 4.02 x 10-

6), and BEST3 (2.2 log 2 fold change; P = 9.93 x 10-5) for the upregulated genes. When 
comparing QFS to healthy controls, those are MT-RNR2 (-4.8 log 2 fold change; P = 
2.19 x 10-9), MT-RNR1 (-4.9 log 2 fold change; P = 4.69 x 10-8), and MTRNR2L1 (-5.9 log 
2 fold change; P = 2.88 x 10-5) for the downregulated genes and AC093865.1 (4.8 log 2 
fold change; P = 6.73 x 10-8), ALAS2 (4.1 log 2 fold change; P = 4.64 x 10-5), SRGAP1 (3.5 
log 2 fold change; P = 8.09 x 10-7), AC099506.1 (3.5 log 2 fold change; P = 1.47 x 10-6), 
FOXP2 (3.4 log 2 fold change; P = 1.51 x 10-5), SENP3 (3.1 log 2 fold change; P = 9.69 

Figure 2. Differential gene expression in chronic fatigue syndrome (CFS) patients, Q fever 
fatigue syndrome (QFS) patients, and asymptomatic Q fever seropositive controls, compared to 
healthy controls, and QFS patients compared to CFS patients and Q fever seropositive controls.

Heatmaps showing differential expression of down- and upregulated genes in circulating monocytes 
with a cut-off P value ≤ 10 x 10-5. Down- and upregulated genes in CFS patients (n = 10), QFS patients 
(n = 10), and asymptomatic Q fever seropositive controls (n = 10), compared to healthy controls  
(n = 10), down- and upregulated genes in QFS patients (n = 10) compared to CFS patients (n = 10), 
and down- and upregulated genes in QFS patients (n = 10) compared to asymptomatic Q fever 
seropositive controls (n = 10). Heatmaps are based on level of differential expression, measured with 
log 2 fold change and depicted next to each gene, compared to various control groups.
Abbreviations: CFS = chronic fatigue syndrome; QFS = Q fever fatigue syndrome; QS = asymptomatic 
Q fever seropositive controls.
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x 10-6), and MUC4 (2.0 log 2 fold change; P = 6.16 x 10-7) for the upregulated genes. 
When comparing asymptomatic Q fever seropositive controls to healthy controls, 
those are SNORD66 (-4.0 log 2 fold change; P = 8.71 x 10-7), MT-RNR2 (-3.7 log 2 fold 
change; P = 1.78 x 10-6), MT-RNR1 (-3.2 log 2 fold change; P = 1.12 x 10-5), SNORD38A 
(-3.1 log 2 fold change; P = 4.51 x 10-5), MT-TH (-2.1 log 2 fold change; P = 1.92 x 
10-5), and SNORD105 (-2.0 log 2 fold change; P = 6.94 x 10-5) for the downregulated 
genes and AC093865.1 (4.9 log 2 fold change; P = 2.19 x 10-10), AC016597.1 (4.6 log 
2 fold change; P = 9.16 x 10-7), FOXP2 (4.2 log 2 fold change; P = 5.30 x 10-8), SENP3 
(4.1 log 2 fold change; P = 4.1 x 10-9), SRGAP1 (4.1 log 2 fold change; P = 6.42 x 10-

9), AC099506.1 (3.8 log 2 fold change; P = 5.69 x 10-8), PDX1 (3.8 log 2 fold change; 
P = 4.38 x 10-5), PRTG (3.7 log 2 fold change; P = 6.04 x 10-7), PAQR9 (3.7 log 2 fold 
change; P = 9.17 x 10-5), LINC01140 (3.2 log 2 fold change; P = 2.46 x 10-5), LRRC63 
(2.7 log 2 fold change; P = 2.34 x 10-5), ADH1B (2.7 log 2 fold change; P = 9.47 x 10-5), 
and CTC-455F18.1 (2.0 log 2 fold change; P = 9.38 x 10-5) for the upregulated genes. 
When comparing QFS to asymptomatic Q fever seropositive controls, this is ALAS2 
(4.4 log 2 fold change; P = 1.81 x 10-5) for the upregulated genes. 

Expression of MT-RNR1 and MT-RNR2
Heatmaps comparing various groups were made depicting genes that are 
differentially expressed, using a cut-off P value ≤ 10 x 10-5 (Figure 2). If we consider 
down regulated genes in patients compared to healthy controls, two genes, 
namely MT-RNR1 and MT-RNR2, were consistently less expressed in CFS patients 
(-4.4 log 2 fold change; P = 2.71 x 10-9, and -5.2 log 2 fold change; P = 3.49 x 10-11, 
respectively), QFS patients (-4.9 log 2 fold change; P = 4.69 x 10-8, and -4.8 log 2 
fold change; P = 2.19 x 10-9, respectively), and asymptomatic Q fever seropositive 
controls (-3.2 log 2 fold change; P = 1.12 x 10-5, and -3.7 log 2 fold change; P = 
1.78 x 10-6, respectively) (Figure 2 and Figure 3). Expression of MT-RNR1 and MT-
RNR2 in individual patients and controls shows that there is a natural variation of 
expression in healthy controls, whilst patient groups all show low expression. The 
median expression is slightly higher in asymptomatic Q fever seropositive controls 
group compared to QFS and CFS (Figure 3B). 

Production of MOTS-c and humanin
Mitochondrial-derived peptide (MDP)s MOTS-c and humanin, respectively encoded 
by MT-RNR1 and Mt-RNR2, were measured after stimulation with LPS for 24 hours. 
Stimulation of PBMCs with LPS resulted in a decreased median production of 
humanin in QFS patients (371 pg/mL; IQR 325 – 384), CFS patients (364 pg/mL; 
IQR 316 – 387), and asymptomatic Q fever seropositive controls (354 pg/mL; 292 
– 393), compared to healthy controls (395 pg/mL; 372 – 409) (P = 0.05) (Figure 
4A). No difference between groups was found for MOTS-c production (Figure 4B).  

Figure 3. Volcano and boxplots showing differential expression of MT-RNR1 and MT-RNR2 
in chronic fatigue syndrome (CFS) patients, Q fever fatigue syndrome (QFS) patients, and 
asymptomatic Q fever seropositive controls, compared to healthy controls.

Volcano plots showing differential expression of MT-RNR1 and MT-RNR2 in circulating 
monocytes of CFS patients (n = 10), QFS patients (n = 10), and asymptomatic Q fever 
seropositive controls (n = 10), compared to healthy controls (A) (n = 10) and boxplots showing 
normalised counts of MT-RNR1 and MT-RNR2 in circulating monocytes of CFS patients (n = 
10), QFS patients (n = 10), asymptomatic Q fever seropositive controls (n = 10), and healthy 
controls (B) (n = 10)

Abbreviations: CFS = chronic fatigue syndrome; QFS = Q fever fatigue syndrome; Q fever 
seropositives = asymptomatic Q fever seropositive controls.
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Figure 4. Production of mitochondrial-derived peptides (MDP) humanin and MOTS-c 
after 24 hours stimulation of PBMCs with LPS.

LPS-induced median MDP production after 24 hours incubation of PBMCs of healthy controls 
(n = 10), CFS patients (n = 10), QFS patients (n = 10), and asymptomatic Q fever seropositive 
controls (n = 10). (A) LPS-induced median humanin production after 24 hours incubation of 
PBMCs, showing a significant difference in humanin production between healthy controls (395 
pg/mL; 372 – 409) and CFS patients (364 pg/mL; IQR 316 – 387), QFS patients (371 pg/mL; IQR 
325 – 384), and asymptomatic Q fever seropositive controls (354 pg/mL; 292 – 393) (P = 0.05). 
(B) LPS-induced median MOTS-c production after 24 hours incubation of PBMCs, showing no 
significant difference in MOTS-c production between healthy controls and CFS patients, QFS, 
and asymptomatic Q fever seropositive controls. Data are depicted as median with IQR.

Abbreviations: QFS = Q fever fatigue syndrome; CFS = chronic fatigue syndrome; Q fever 
seropositives = Q fever seropositive controls; LPS = Lipopolysaccharide; MDP = Mitochondrial–
derived peptide; PBMC = Peripheral Blood Mononuclear Cell; IQR = interquartile range.

** P ≤ 0.01

* P ≤ 0.05

DISCUSSION

When looking at disease, we found that the transcriptomes of circulating monocytes 
in QFS patients are not grossly different from those of healthy controls, asymptomatic 
Q fever seropositive controls, and CFS patients. Among the limited differences 
observed, MDP-coding genes MT-RNR1 (MOTS-c) and MT-RNR2 (humanin) [26, 27] 
were significantly less expressed (P < 1 x 10-5) in all groups of patients as compared to 
control subjects. To further substantiate this finding, we stimulated PBMCs of these 
patients with LPS for 24 hours and found that this resulted in lower production of 
humanin, but not MOTS-c, in CFS patients, QFS patients, and asymptomatic Q fever 
seropositive controls, compared to healthy controls.

Humanin and MOTS-c are MDPs and as such may act through retrograde signalling, 
but can also serve in an intracellular and endocrine manner [28]. Humanin was 
the first described MDP and, since then, studies have shown that it mainly acts in 
an anti-apoptotic and cytoprotective manner. It has also been implicated in the 
regulation of metabolism and inflammation [29]. Humanin binds to the receptor 
complex CNTFR/WSX-1/gp130, of which gp130 is a common subunit of receptors 
belonging to the IL-6 receptor family [30]. Subsequent activation of JAK/STAT, AKT 
and ERK pathways are thought to play a role in its cytoprotective effects [26, 30]. 
Zao et al. have shown that LPS stimulation of astrocytes isolated from rats, pre-
incubated with humanin for 24 hours, resulted in a decreased production of IL-6, 
tumour necrosis factor (TNF)α, and IL-1β [31]. In our hands, previous stimulation 
experiments of PBMCs with LPS for 24 hours did not result in a difference in IL-
6, TNFα, or IL-1β production between CFS patients, QFS patients, asymptomatic Q 
fever seropositive controls, and healthy controls. However, this does not to mean 
that a role for humanin in IL-6, TNFα, and IL-1β production has to be discarded. 
Zao et al. pre-incubated astrocytes with extracellular humanin for 24 hours before 
stimulating with LPS. This is an experimental setting completely different from 
ours. As we did not find a difference in concentrations of circulating humanin 
between CFS patients, QFS patients, asymptomatic Q fever seropositive controls, 
and healthy controls, it is unlikely that isolated PBMCs were exposed to different 
concentrations of humanin before LPS stimulation. Furthermore, we do not have 
any insight in the kinetics of humanin production by stimulated PBMCs and 
monocytes. Further research on the kinetics and effects of humanin release by 
PBMCs, and especially monocytes, on cytokine production is needed.

MOTS-c is the second MDP that was discovered and has since then been implicated 
in the regulation of insulin resistance and metabolic homeostasis, mainly through 
activation of AMPK [27, 29]. Despite the downregulated transcription for this MDP, 
we did not find a difference in MOTS-c production between the groups. In fact, 
we found very low extracellular production (2.47 pg/mL), which is the lower limit 
of the detection range. Although no previous studies have measured MOTS-c 
production following LPS stimulation, high levels of circulating MOTS-c have been 
found in blood plasma [32, 33], indicating constitutive extracellular production. 
It could be argued that MOTS-c production is regulated through mechanisms 
different to those tested in our experimental setup.

As was previously shown, PBMCs of QFS patients produce significantly more 
IL-6 than healthy controls, CFS patients, and asymptomatic Q fever seropositive 
controls, when stimulated with Q fever antigen [8]. This was also the case for IL-
1β when comparing QFS patients with CFS patients and asymptomatic Q fever 
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seropositive controls, and TNFα when comparing QFS patients with CFS patients 
and healthy controls. Interestingly, circulating IL-6 was also significantly increased in 
QFS patients compared to healthy controls, an observation that was made before in 
CFS patients [13, 34]. Looking at the transcriptomes of circulating monocytes in QFS 
and CFS patients, compared to healthy controls, no genes associated with the IL-6 
production pathway seem to be overly expressed. 

Not much is known on the exact mechanisms through which humanin and MOTS-c 
exert their effects in various diseases. Looking at known mechanisms, it could be 
argued that these peptides are important in the pathophysiology of both CFS and 
QFS [26, 27, 29]. Their role in cell metabolism supports the hypothesis that chronic 
fatigue might result from a hypometabolic state [35-37]. It has long been thought 
that mitochondrial pathology underlies chronic fatigue, as one of the key features of 
mitochondrial disease is severe fatigue [36, 38-41]. Recent studies showed that PBMCs 
of CFS patients show signs of impaired mitochondrial functioning compared to 
PBMCs of healthy controls when stressed [15, 16]. It was also found that CFS patients 
show mitochondrial genetic differences compared to healthy controls [17]. It would 
therefore be of great interest to further investigate the role of MT-RNR1 and MT-RNR2 
in these discrepancies and mitochondrial dysfunction in chronic fatigue as a whole. 
Other than its role in regulating metabolism, humanin also serves as a neuroprotective 
factor that could potentially influence neuroinflammation by downplaying activation 
of microglia. This would fit with the PET-CT study by Nakatomi et al. in which CFS 
patients show signs of neuroinflammation [42]. A decreased expression of humanin 
might very well lead to the neuroinflammatory processes that were seen in these 
patients. These processes might explain the neurocognitive problems, e.g., memory 
loss, impaired concentration, etc., these patients often concomitantly experience [6]. 
Levels of circulating humanin and MOTS-c have been described to decline with age, 
an interesting observation as chronically fatigued patients often describe themselves 
as suddenly having aged significantly [27, 43]. MOTS-c is also known to regulate 
muscle metabolism and has been implicated in the regulation of exercise [27]. A 
deficiency of this peptide might therefore be involved in common complaints of 
muscle ache and exercise intolerance in CFS and QFS. 

It is intriguing that MT-RNR1 and MT-RNR2 were less expressed in asymptomatic Q 
fever seropositive controls, albeit to a lesser extent. It is conceivable that an acute 
Q fever infection leads to a decreased expression of these genes, Raijmakers, 2018 
(unpublished data), which is then maintained in the long term, possibly through 
epigenetic changes [44]. The fact that some acute Q fever patients remain fatigued 
following their infection could suggest that a concomitant, perhaps psychological, 
incentive is needed to induce the clinical syndrome of chronic fatigue.

In addition to the differential expression of MT-RNR1 and MT-RNR2, upregulated 
genes AC093865.1 and AC099506.1 are of particular interest as they show potential 
to differentiate chronically fatigued patients as a whole from healthy controls. 
Another gene of interest is ALAS2, which is upregulated in QFS patients compared 
to both healthy controls and asymptomatic Q fever seropositive controls, making 
it potentially specific for QFS. Expression of ALAS2 regulates haem synthesis and 
is upregulated by haem and iron [45]. Loss-of-function mutations in this gene 
are associated with sideroblastic anaemias, while gain-of-function mutations are 
associated with porphyria [46, 47]. Interestingly, QFS patients often exhibit increased 
levels of ferritin [12]. It would be worthwhile to further investigate the role of ALAS2 
in the pathogenesis of QFS. A particularly crucial question would be whether 
upregulation of this gene results in increased levels of ferritin or vice versa.

Other than the differential expression of MT-RNR1 and MT-RNR2, no clear alterations 
were detected in the transcriptomes of circulating monocytes when comparing 
between various groups. This was however a scenario we accounted for as previous 
studies on chronic fatigue have only found subtle immunologic differences, which are 
then often contradicted by subsequent studies [13]. If there is indeed an immunologic 
component at play, it is likely to a subtle one. As previous stimulation experiments did 
result in differences in cytokine production and patients often experience setbacks 
following incentives such as infections and excessive exercise, it might be worthwhile 
to investigate the transcriptomes of stimulated, instead of circulating, monocytes.

CONCLUSION

QFS patients, CFS patients, and, to a lesser extent, asymptomatic Q fever 
seropositive controls showed a decreased expression of MDP-coding genes MT-
RNR1 and MT-RNR2, resulting in a decreased production of humanin (MT-RNR2), 
compared to healthy controls. Whether or not these MDP-coding genes play a 
role in chronic fatigue syndromes such as CFS and QFS remains unclear. The fact 
that we find a decreased expression of these genes in asymptomatic Q fever 
seropositive controls as well is interesting. It could mean that these findings simply 
are not specific for chronic fatigue, or it could tell us that acute Q fever is not the 
only incentive needed to induce the clinical syndrome of chronic fatigue. Given the 
functions of MOTS-c and humanin, it is definitely worthwhile to further investigate 
the role of these MDP-coding genes in chronic fatigue.  
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ABSTRACT

Besides fatigue, many Q fever fatigue syndrome (QFS) patients also complain of 
frequently recurring upper respiratory tract infections with severe symptoms. We 
investigated whether immunologic dysregulation contributes to these complaints. 
Cytokine and chemokine production was measured after stimulating monocytes of 
QFS patients and sex-matched healthy controls with LPS and several viral ligands. 
The H3K4me3 mark of open chromatin was measured at the promoter regions 
of cytokines and chemokines that differed significantly from healthy controls. 
Monocytes of QFS patients produced significantly less TNFα (P = 0.032), IL-1β 
(0.004, 0.024, and 0.008), IL-6 (0.043), RANTES (0.033), IP-10 (0.049), MCP-1 (0.022), 
IL- 13 (0.029), and IL-10 (0.026) than healthy controls when stimulated with various 
ligands. H3K4me3 expression was significantly lower in QFS patients than in 
healthy controls on the promoter regions of IL-1β (P = 0.004), MCP-1 (< 0.001 and 
< 0.001), IP-10 (< 0.001), IL-10 (0.041), and IL-13 (< 0.001, < 0.001, and 0.001). QFS 
patients showed diminished cytokine responses to various stimuli compared to 
age- and sex-matched healthy controls, likely due to epigenetic remodelling and 
long-term memory as a result from the acute Q fever infection. This might explain 
the upper respiratory tract ailments in QFS. 

GRAPHICAL ABSTRACT

Circulating monocytes of Q fever fatigue syndrome (QFS) patients with recurrent upper 
respiratory tract infections produce less cytokines compared to those of healthy controls when 
stimulated with viral ligands, possibly due to epigenetic remodelling following the acute Q 
fever infection.

INTRODUCTION

Q fever is a zoonosis caused by the intracellular Gram-negative bacterium Coxiella 
burnetii [1]. Initial infection with C. burnetii remains asymptomatic in around 60% 
of cases, but can also manifest as symptomatic disease, i.e., acute Q fever, usually 
manifesting as a flu-like illness that is sometimes accompanied by hepatitis or 
pneumonia [1, 2]. The Netherlands experienced the largest Q fever outbreak ever 
reported between 2007 and 2011. It is estimated that at least 32.200 individuals 
were infected, and around 4.000 patients notified having a symptomatic acute 
Q fever infection [3]. During an acute Q fever infection, the C. burnetii bacterium 
resides inside the phagolysosomes of monocytes and macrophages [1, 2]. In order 
to survive and replicate in the phagolysosome, or Coxiella Containing Vacuole 
(CCV), of these cells, C. burnetii is known to alter and subvert various host cell 
processes [4, 5].

Q fever fatigue syndrome (QFS) is a debilitating postinfectious fatigue syndrome 
developing in approximately 20% of patients with an acute Q fever infection [6]. 
It is characterised by complaints of fatigue that last for at least 6 months, often 
coinciding with concomitant complaints of musculoskeletal pain, neurocognitive 
problems, sleeping problems, headache, (night) sweating, and mood disorders [7]. 
Many patients with QFS also complain of frequently recurring and severe upper 
respiratory tracts infections. Although the exact pathophysiology of QFS remains 
unclear, results from previous studies and the nature of concomitant complaints 
are compatible with an inflammatory component [8, 9].

Recently, the dogma that innate immune cells, e.g., monocytes and macrophages, 
are unable to acquire immunologic memory, was challenged [10]. It was shown 
that monocytes and likely also myeloid progenitor cells are able to acquire long-
lasting immunologic memory (also termed trained immunity) through epigenetic 
remodelling at the promoter regions of various cytokines [11, 12]. Depending on 
their initial challenge, these cells show altered (decreased or increased) responses 
to secondary challenges such as infections [13, 14]. Given these findings, it could be 
hypothesised that QFS patients who experience more frequent and severe upper 
respiratory tract infections since their acute Q fever infection, exhibit epigenetic 
remodelling of chromatin at the level of immune genes involved in host defence 
against viral upper respiratory tract infections. This remodelling could then 
result in altered cytokine responses to such infections. We test this hypothesis by 
conducting in-vitro stimulation experiments on monocyte responsiveness of QFS 
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patients with frequently recurring and severe upper respiratory tracts infections, 
together with an investigation of epigenetic changes at various cytokine promoter 
regions of these monocytes.

METHODS

Study population
The study population consisted of 15 QFS patients who reported having more (≥ 3/
year), more severe, and longer-lasting upper respiratory tract infections since their 
acute Q fever infection. Upper respiratory tract infections were not documented. 
QFS patients were matched for age and sex (± 10 years) with 16 healthy controls. 

All QFS patients protracted QFS during the Dutch Q fever outbreak between 2007 
and 2011 and were diagnosed at the Radboud Expert Center for Q fever, Nijmegen, 
the Netherlands, after a uniform work-up according to the Dutch guideline on 
QFS [15]. All QFS patients met the following diagnostic criteria: i. fatigue lasted 
≥ 6 months; ii. sudden onset of severe fatigue (defined as a score ≥ 35 on the 
subscale fatigue severity of the Checklist Individual Strength (CIS) questionnaire), or 
significant increase in fatigue, both related to a symptomatic acute Q fever infection; 
iii. chronic Q fever and other causes of fatigue, somatic or psychiatric, were excluded; 
and iv. fatigue resulted in significant functional impairment (defined as a total score 
≥ 450 on the Sickness Impact Profile-8 (SIP-8) questionnaire). 

All healthy controls, i.e., colleagues from the department of Internal Medicine at 
the Radboud university medical center, Nijmegen, who lived in areas previously 
endemic for Q fever during the Dutch outbreak between 2007 and 2011, tested 
negative on Q fever serology (Immunofluorescence assay, or IFA; Focus Diagnostics, 
Cypress, CA, USA), and had a score < 35 on the subscale fatigue severity of the CIS 
questionnaire and a score < 450 on the SIP-8 questionnaire. 

Monocyte isolation and stimulation
PBMC isolation was performed by dilution of blood in PBS (1:1) and fractions 
were separated by density centrifugation over Ficoll-Paque (Ficoll-Paque Plus; 
GE healthcare, Zeist, The Netherlands). Cells were washed three times with cold 
PBS and resuspended in RPMI 1640 Dutch modification culture medium (Life 
Technologies/ Invitrogen, Breda, The Netherlands) supplemented with 50 mg/
mL gentamicin, 2 mM Glutamax, and 1 mM pyruvate (Life Technologies). Percoll 
isolation of monocytes was performed as previously described [16]. Briefly, 
150 - 200 x 106 PBMCs were layered on top of a hyper-osmotic Percoll solution 

(48,5% Percoll, 41,5% sterile H2O, 0.16 M filter sterilized NaCl) and centrifuged for 
15 minutes at 580g. The interphase layer was isolated and cells were washed once 
with cold PBS. Cells were resuspended in culture medium as described above. A 
total of 1  ×  105 monocytes were seeded per well on flat-bottom 96-well plates 
(Corning, New York, USA) and stimulated for 24 hours with RPMI only as a negative 
control, Lipopolysaccharide (LPS) (Sigma-Aldrich, St. Louis, MO; from E.  coli), or 
various viral ligands. After 24  hours, plates were centrifuged and supernatants 
were stored at −20 °C until cytokine assessment.

Viral ligands
The following viral ligands were used in the experiments: 10 µg/ml Poly I:C 
(Polyinosinic:polycytidylic acid. Invivogen, Toulouse, France), signalling through 
Toll-like receptor (TLR)3, 10 µg/ml R848 (Resiquimod. Invivogen, Toulouse, France) 
signalling through TLR7 and TLR8, and 1 µg/ml 5’ppp ds-RNA (A ligand for the 
cytoplasmic retinoic acid-inducible protein (RIG) receptor that senses viral RNA. 
Invivogen, Toulouse, France).

qPCR
RNA was isolated using TRIzol reagent (Invitrogen) according to the protocol 
supplied by the manufacturer, and RNA was converted into cDNA using iScript 
cDNA synthesis kit (Biorad, Hercules Ca). Quantitative real-time PCR (qPCR) was 
performed using power SYBR Green PCR master mix (Applied Biosystems, Carlsbad, 
CA) and the following primers: TNFα FWD-5’-AACGGAGCTGAACAATAGGC-3’, REV-
5’-TCTCGCCACTGAATAGTAGGG-3’, IL-1β FWD-5’-GCCCTAAACAGATGAAGTGCTC-3’, 
REV-5’-GAACCAGCATCTTCCTCAG-3’. PCR was performed using an Applied Biosystem 
StepOne PCR system using PCR conditions 2 min 50 °C, 10 min 95 °C, followed by 
40 cycles at 95 °C for 15 sec, and 60 °C for 1 min. RNA expression was corrected for 
differences in loading concentration using the signal of housekeeping protein 
GAPDH.

Chromatin immunoprecipitation
For the assessment of histone methylation, chromatin immunoprecipitation (ChIP) 
was performed as described previously [17]. In short, monocytes were cross-
linked in methanol free 1% formaldehyde (28908, Thermo Scientific), followed 
by sonication to shear-DNA and immunoprecipitation using antibodies against 
histone 3 lysine 4 trimethylation (H3K4me3) (Diagenode, Seraing, Belgium). ChIPed 
DNA was processed further for qPCR analysis. Primers used in the reaction are 
listed in Supplementary Table 1. Samples were analysed following a comparative 
Ct method, myoglobin was used as a negative control and H2B as a positive control 
for H3K4me3, according to the manufacturer’s instructions. 
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Determination of altered cytokine responses of QFS patients 
compared to healthy controls
By determining production of monocyte-derived cytokines IL-6, TNFα, and IL-1β 
in monocytes of QFS patients compared to healthy controls upon stimulation with 
LPS and various viral ligands, we investigated whether a difference in monocyte 
reactivity could be observed between QFS patients with frequently recurring and 
severe upper respiratory tracts infections, and healthy controls.

Cytokine and chemokine assays
Cytokine and chemokine production were determined in supernatants using 
commercial ELISA kits for Interleukin (IL)-1 β, Tumour necrosis factor α (TNFα) 
(R&D systems, MN, USA), and IL-6 (Sanquin, Amsterdam, The Netherlands), and 
by using Luminex technology (Thermo Fisher Scientific, Waltham, USA; Cytokine 
25-plex Human Panel), following the manufacturer’s instructions. Cytokines and 
chemokines determined by Luminex assay are listed in Supplementary Table 2.

Histone modifications at cytokine promoter regions of QFS 
patients compared to healthy controls
We investigated whether epigenetic markers on cytokine promoter regions 
were different between patients and controls. Histone modifications at cytokine 
promoter regions have been associated with trained immunity [11], especially 
H3K4me3.

Statistical analysis
Data were analysed using Graphpad Prism (Graphpad Software Inc., version 5.03). 
The Mann Whitney test was used to determine differences between groups. 
Statistical significance was attained if P < 0.05.

Ethical statement
All participants provided written informed consent, and the study was approved 
by the Medical Ethical Review Committee of the Arnhem-Nijmegen region.

RESULTS

Patients and controls
QFS patients had a median age of 47 (interquartile range, IQR, 41 – 54) and 
predominantly female distribution (66.67%). All QFS patients had IgG phase I or 
phase II titres ≥ 1:16, but IgG phase I ≤ 1:512, and none of them showed serological 

signs of an acute or recent Q-fever infection, reflected by IgM antibodies in 
absence of IgG antibodies. All healthy controls had negative IgM phase I and II, and 
IgG phase I and II titres.

Lower cytokine responses of QFS patients compared to healthy 
controls
Monocytes of QFS patients produced significantly less TNFα when stimulated 
with 5’ppp-dsRNA (P = 0.032) than those of healthy controls (Figure 1A). This was 
also the case for IL-1β when stimulated with R848 (P = 0.004), 5’ppp-dsRNA (P = 
0.024), and LPS (P = 0.008) (Figure 1B). No significant differences were found for 
IL-6 (Figure 1C).  

By measuring expression of TNFα and IL-1β mRNA, we investigated whether the 
changes in cytokine levels were regulated pre-transcriptionally, transcriptionally, 
or post-transcriptionally. A similar trend for IL-1β and TNFα was observed in qPCR 
data (Figure 2A and B), showing significantly decreased IL-1β mRNA expression 
in monocytes of QFS patients compared to those of healthy controls, when 
stimulated with 5’ppp-dsRNA (P = 0.036).

After this initial observation, a Luminex assay was performed for broader 
exploration of involved cytokines and chemokines. A significantly decreased 
production of IL-6 (P = 0.043), RANTES (P = 0.033), and IP-10 (P = 0.049) was 
found by monocytes of QFS patients compared to those of healthy controls 
when stimulated with 5’ppp-dsRNA, together with a near significantly decreased 
production of IL-10 (P = 0.056) (Figure 3B and D, E, and F). This was also the case 
for MCP-1 (P = 0.022) when stimulated with R848, and IL-10 (P = 0.026) when 
stimulated with LPS (Figure 3C and F). Monocytes of QFS patients produced more 
IL-13 (P = 0.029) than those of healthy controls when stimulated with R848 (Figure 
3G). Contrary to ELISA, no significant differences in IL-1β production were found 
with the Luminex assay (Figure 3A).
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Figure 1. Production of TNFα, IL-1β, and IL-6 in Q fever fatigue syndrome (QFS) patients 
compared to healthy controls.

Monocytes were stimulated with RPMI, LPS, Poly I:C, R848, or 5’ppp-dsRNA for 24 hours. (A) 
Monocytes of QFS patients, stimulated with 5’ppp-dsRNA, produced significantly less TNFα 
(P = 0.032) than those of healthy controls. (B) Monocytes of QFS patients, stimulated with 
LPS, R848, and 5’ppp-dsRNA, produced significantly less IL-1β (P = 0.008, P = 0.004, and P = 
0.024, respectively) than those of healthy controls. (C) Monocytes of QFS patients, stimulated 
with LPS, Poly I:C, R848, and 5’ppp-dsRNA, show no significant difference in IL-6 production 
compared to those of healthy controls. Cytokines were measured with ELISA. Data were 
analysed with the Mann-Whitney test and are depicted as mean ± SEM. Data are derived from 
one single experiment that consisted of 15 patients and 11 healthy controls.

Abbreviations: TNF = tumour necrosis factor; IL = interleukin; QFS = Q fever fatigue syndrome; 
RPMI = Roswell Park Memorial Institute culture medium; LPS = Lipopolysaccharide; PolyI:C, 
R848, and 5’ppp-dsRNA = various viral ligands; ELISA = Enzyme-Linked Immuno Assay; SEM = 
standard error of mean. 

* P ≤ 0.05

** P ≤ 0.01

Figure 2. mRNA expression of IL-β and TNFα in Q fever fatigue syndrome (QFS) patients 
compared to healthy controls.

Monocytes were stimulated with LPS, Poly I:C, R848, or 5’ppp-dsRNA for 24 hours. (A) 
Monocytes of QFS patients showed significantly decreased mRNA expression of IL-1β 
compared to healthy controls when stimulated with 5’ppp-dsRNA (P = 0.036). (B) Monocytes 
of QFS patients show no significantly difference in mRNA expression of TNFα compared to 
healthy controls. mRNA expression was measured with qPCR. The following primers were used: 
TNFα FWD-5’-AACGGAGCTGAACAATAGGC-3’, REV-5’-TCTCGCCACTGAATAGTAGGG-3’, IL-1β 
FWD-5’-GCCCTAAACAGATGAAGTGCTC-3’, REV-5’-GAACCAGCATCTTCCTCAG-3’. RNA expression 
was corrected for differences in loading concentration using the signal of housekeeping 
protein GAPDH. Data were analysed with the Mann-Whitney test and are depicted as mean ± 
SEM. Data are derived from one single experiment that consisted of 13 patients and 7 healthy 
controls.

Abbreviations: IL = interleukin; TNF = tumour necrosis factor; QFS = Q fever fatigue syndrome; 
LPS = Lipopolysaccharide; Poly I:C, R848, and 5’ppp-dsRNA = various viral ligands; RPMI = 
Roswell Park Memorial Institute culture medium; qPCR = quantitative real-time PCR; SEM = 
standard error of mean.

* P ≤ 0.05, ** P ≤ 0.01

Histone modifications at cytokine promoter regions of QFS 
patients compared to healthy controls
We investigated whether epigenetic markers on cytokine promoter regions 
were different between patients and controls. Histone modifications at cytokine 
promoter regions have been associated with trained immunity [11], especially 
H3K4me3. At the promoter regions of IL-1β, MCP-1, IP-10, IL-10, and IL-13, a 
decreased expression of H3K4me3 was found in QFS patients compared to healthy 
controls, for; IL-1β (P = 0.004, primer 5), MCP-1 (P < 0.001, primer 1 and P < 0.001, 
primer 2), IP-10 (P < 0.001, primer 1), IL-10 (P = 0.041, primer 2), and IL-13 (P < 0.001, 
primer 1, P < 0.001, primer 2, and P = 0.001, primer 3) (Figure 4A–E). Negative and 
positive controls for H3K4me3 are depicted in Supplementary Figure 1.  
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Figure 3. Production of IL-1β, IL-6, MCP-1, RANTES, IP-10, IL-10, and IL-13 in Q fever 
fatigue syndrome (QFS) patients compared to healthy controls.

Monocytes were exposed to RPMI, LPS, Poly I:C, R848, or 5’ppp-dsRNA for 24 hours. (A) 
Monocytes of QFS patients, stimulated with LPS, Poly I:C, R848, and 5’ppp-dsRNA, showed 
no significant difference in IL-1β production compared to those of healthy controls. (B) 
Monocytes of QFS patients, stimulated with 5’ppp-dsRNA, produced significantly less IL-6 (P 
= 0.043) than those of healthy controls. (C) Monocytes of QFS patients, stimulated with R848, 
produced significantly less MCP-1 (P = 0.022) than those of healthy controls. (D) Monocytes 
of QFS patients, stimulated with 5’ppp-dsRNA, produced significantly less RANTES (P = 0.033) 
than those of healthy controls. (E) Monocytes of QFS patients, stimulated with 5’ppp-dsRNA, 
produced significantly less IP-10 (P = 0.049) than those of healthy controls. (F) Monocytes 
of QFS patients, stimulated with LPS, produced significantly less IL-10 (P = 0.026) than 
those of healthy controls. (G) Monocytes of QFS patients, stimulated with R848, produced 
significantly more IL-13 (P = 0.029) than those of healthy controls. Cytokines and chemokines 
were measured with luminex assay. Data were analysed with the Mann-Whitney test and are 
depicted as mean ± SEM. Data are derived from one single experiment that consisted of 15 
patients and 11 healthy controls.

Abbreviations: IL = interleukin; MCP = monocyte chemoattractant protein; RANTES = Regulated 
on Activation, Normal T Cell Expressed and Secreted; RPMI = Roswell Park Memorial Institute 
culture medium; IP = Interferon Gamma-Induced Protein; QFS = Q fever fatigue syndrome;  
LPS = Lipopolysaccharide; Poly I:C, R848, and 5’ppp-dsRNA = various viral ligands;  
SEM = standard error of mean. 

* P ≤ 0.05

Figure 4. Expression of H3K4me3 in monocytes of Q fever fatigue syndrome (QFS) 
patients compared to healthy controls.

Expression of H3K4me3 in monocytes of QFS patients was compared to healthy controls, using 
various primers. (A) Decreased expression of H3K4me3 on the IL-1β promoter region, using 
primer 5 (P = 0.004). (B) Decreased expression of H3K4me3 on MCP-1 promoter region, using 
primer 1 and 2 (P < 0.001 and P < 0.00,1 respectively). (C) Decreased expression of H3K4me3 on 
the IP-10 promoter region, using primer 1 (P < 0.001). (D) Decreased expression of H3K4me3 
on the IL-10 promoter region, using primer 2 (P = 0.041), not primer 1 (P = 0.078). (E) Decreased 
expression of H3K4me3 on the IL-13 promoter region, using primer 1, 2, and 3 (P < 0.001, P 
< 0.001 and P = 0.001, respectively). H3K4me3 expression was measured with qPCR. Primers 
used in the reaction are listed in Supplementary Table 1. Samples were analysed following 
a comparative Ct method, myoglobin was used as a negative control and H2B as a positive 
control for H3K4me3. Data were analysed with the Mann-Whitney test and are depicted as 
mean ± SEM. Data are derived from one single experiment that consisted of 15 patients and 
16 healthy controls.

Abbreviations: H3K4me3 = histone 3 lysine 4 trimethylation; IL = interleukin; MCP = monocyte 
chemoattractant protein; IP = Interferon Gamma-Induced Protein; QFS = Q fever fatigue 
syndrome; qPCR = quantitative real-time PCR; SEM = standard error of mean. 

* P ≤ 0.05

** P ≤ 0.01

*** P ≤ 0.001
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DISCUSSION

In this study, we discovered that monocytes of QFS patients who experience more 
frequent and severe upper respiratory tract infections since their acute Q fever 
infection, had in general a decreased cytokine response to viral ligands and LPS. This 
decreased response was most likely regulated on a (pre-)transcriptional level given 
the linked mRNA expression data for IL-1β and, to a lesser extent, TNFα. In addition, 
we demonstrated that there was a decreased expression of the open chromatin mark 
H3K4me3 on the promoter regions of these cytokines. It is conceivable that these 
low responses lead to greater susceptibility to viral infection in the upper airways.

The most common pathogens to induce upper respiratory tract infections are 
Rhinoviruses, Coronaviruses and Influenza viruses [18]. Most research on the role 
of antiviral cytokine and chemokine responses was done on Influenza. When 
looking at disease severity, human studies show consensus and indicate towards 
an association with increased cytokine and chemokine responses [19, 20]. Studies 
on disease susceptibility are however scarce, mainly consist of mouse models, and 
show conflicting results. Both positive and negative associations are found when 
looking at disease severity, morbidity, and mortality in mice deficient for IL-6 [21] 
and L-1 [22, 23], MCP-1 [24], and IP-10 [24] receptors. Nonetheless, it is conceivable 
that the decreased cytokine responses in our cohort of QFS patients contribute to an 
increased susceptibility to viral upper respiratory tract infections. Previous studies 
on cytokine responses in QFS found that white blood cells of QFS patients produce 
higher amounts of IL-6 and IFNγ when exposed to Coxiella antigen [8, 9]. One could 
therefore argue that immune regulation in QFS is ligand dependent which makes 
it challenging to decipher its exact underlying immunopathologic mechanisms. It 
should be noted that this study solely included QFS patients who experience more 
frequent and severe upper respiratory tract infections since their acute Q fever while 
the above-mentioned studies made no such distinction. 

The finding that stimulation of primary monocytes from QFS patients results in 
altered inflammatory responses in the long term, supports the concept that an 
acute Q fever infection might be able to induce long-term changes in monocytes, 
and therefore possibly also macrophages. The concept of trained immunity is based 
on metabolic and epigenetic remodelling of monocytes, macrophages, and their 
progenitor cells, following insults such as infection, vaccination, or inflammatory 
diseases (e.g. atherosclerosis) [10-14]. Epigenetic remodelling on promoter regions 
of pro-inflammatory cytokines, e.g., TNFα and IL-6, can result in transcriptionally 
active chromatin, often accompanied by higher expression of open chromatin marks 
such as H3K4me3 [11, 25]. Such remodelling can result in an increased inflammatory 

response upon a second, non-specific, infectious stimulus. As a counterbalance of 
trained immunity, certain incentives are known to inflict long lasting decreased 
inflammatory responses, i.e., tolerance [25-28]. Such a process, inflicted by a strong 
initial incentive, e.g., acute Q fever infection, could perhaps explain the altered 
cytokine responses in these QFS patients and arises from similar metabolic and 
epigenetic remodelling. 

We found that monocytes of QFS patients produced less cytokines than those of 
age- and sex-matched healthy controls upon stimulation with various ligands. It 
could therefore be postulated that, in these patients, the acute Coxiella infection 
resulted in altered monocyte responsiveness through long-lasting epigenetic, and 
metabolic, remodelling of monocytes at the time of infection. Given the differing 
results in monocyte responsiveness when using various ligands, such remodelling 
is likely to be complex and vary per cytokine and chemokine promoter region. If 
monocytes of QFS patients are indeed transcriptionally altered upon encountering 
infections, e.g., upper respiratory tract viruses, it could be conceived that this leads 
to greater susceptibility to viral upper respiratory tract infections. 

Since mRNA expression of IL-1β and TNFα show a similar trend as cytokine production 
when comparing QFS patients to healthy controls, it is suggestive that the origin of 
the differences seen between these groups is regulated (pre-)transcriptionally, e.g., 
through epigenetic remodelling. 

Investigation of H3K4me3 on the promoter regions of IL-1β, MCP-1, IP-10, IL-10, and 
IL-13 showed a decreased expression, suggestive for less transcriptionally active 
chromatin. This could in part explain the decreased mRNA expression and cytokine 
production in these QFS patients compared to their age- and sex-matched healthy 
controls. However, it should be noted that this is an investigation of a very specific 
part and alteration on these promoter regions. Many more modifications are known 
to occur at these regions, which could all influence activation, inhibition, but also 
each other [26, 29]. Perhaps these results could best serve as an indication that 
the immunologic alterations seen in QFS could in part be explained by epigenetic 
remodelling in myeloid cells. This epigenetic remodelling could very well be induced 
by acute infection with C. burnetii, and result in long-lasting changes in monocytes, 
macrophages, and their progenitor cells. Future investigations on Coxiella-induced 
epigenetic remodelling in these cells are of great interest but should employ 
a broader scope, for example by means of ChIP-sequencing. We also suggest a 
comparison with myeloid cells of asymptomatic Q fever seropositive controls  
and objectifying the severity and frequency of upper respiratory tract infections in 
QFS patients.
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As the results of this study merely serve as an indication that epigenetic remodelling 
might contribute to the diminished immune response in QFS patients, who report 
having more frequent and severe upper respiratory tract infections since their acute 
Q fever infection, a larger confirmatory study is warranted. We suggest employing 
ChIP-sequencing and investigation of methylated DNA in a prospective longitudinal 
study in which QFS patients with more frequent and severe upper respiratory tract 
infections are compared with: 1) QFS patients without such complaints, 2) patients 
who recovered from the acute Q fever infection without persistent complaints, and 
3) healthy controls, all matched for age and gender. In order to avoid recall bias, it 
would be of interest to objectify the amount and severity of upper respiratory tract 
infections in these patients.

CONCLUSION

In conclusion, QFS patients who report having more frequent and severe upper 
respiratory tract infections since their acute Q fever infection, showed diminished 
immune responses to various stimuli compared to age- and sex-matched healthy 
controls, possibly due to epigenetic remodelling as a result from the acute Q fever 
infection. Future research on the role of Coxiella-induced epigenetic changes in 
the innate immune cells of these patients and their role in the complaints they 
exhibit is warranted. 
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Supplementary Table 1. Primers used for various cytokines and chemokines.

Cytokine/chemokine Primer Forward Reverse
IL-1β

MCP-1

IP-10
IL-10

IL-13

1
2
3
4
5
1
2
1
1
2
1
2
3

AATCCCAGAGCAGCCTGTTG AACAGCGAGGGAGAAACTGG

CATGGCTGCTTCAGACACCT ACACATGAACGTAGCCGTCA
TGAGTGACTTCCCCATGACG TCTGCTCCAGCTCTCCTAGC

CTGGCGAGCTCAGGTACTTC ACACATGAACGTAGCCGTCA

TCAGATGAGGTCCAAAGCGG TTTGCTACCTGGGGTGAAGC

CCGAGAGGCTGAGACTAACC CTATGAGCAGCAGGCACAGA

CCCAGAAACATCCAATTCTCA GGAATGAAGGTGGCTGCTAT

ATGCAGGTACAGCGTACAGTT GAACACTGTGCTAACCTTCTCTG

ATGCGGTCTTTTTGATGCCC GGTCCCATCACTGTTGAATCCT

TCCAGCTGATCCTTCATTTGCT AAAGGGCATCAAAAAGACCGC

CATTGCTCTCACTTGCCTTGG CCGACACTCACCTTCTGGTT

GGTCAACATCACCCAGAACCA TCATCTTGGGAATCACCCACC

TGGTCAACATCACCCAGAACC GCTCATGACCTCATCTTGGGA

Abbreviations: IL = interleukin; MCP = monocyte chemoattractant protein; IP = Interferon 
Gamma-Induced Protein.

Supplementary Table 2. Luminex assay determining 25 different cytokines and 
chemokines.

Luminex Cytokines Chemokines

25-plex assay panel GM-CSF
IFNα
IFNγ
IL-1β
IL-1RA
IL-2
IL-2R
IL-4
IL-5
IL-6
IL-7
IL-8
IL-10
IL-12 (p40/p70)
IL-13
IL-15
IL-17
TNFα

Eotaxin
IP-10
MCP-1
MIG
MIP-1α
MIP-1β
RANTES

Abbreviations: GM-CSF = granulocyte-macrophage colony–stimulating factor; IFN = interferon; 
IL = interleukin; TNF = tumour necrosis factor; IP = Interferon Gamma-Induced Protein;  
MCP = monocyte chemoattractant protein; MIG = monokine induced by gamma interferon; 
MIP = macrophage inflammatory protein; RANTES = regulated on activation, normal T cell 
expressed and secreted.
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Supplementary Figure 1. Negative and positive control for H3K4me3.

Expression of H3K4me3 in monocytes of QFS patients compared to healthy controls, using 
myoglobin as a negative and H2B as a positive control. Results are depicted as mean ± SEM. 
Data are derived from one single experiment that consisted of 15 patients and 16 healthy 
controls.

Abbreviations: H3K4me3 = histone 3 lysine 4 trimethylation; QFS = Q fever fatigue syndrome; 
SEM = standard error of mean.

* P ≤ 0.05
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ABSTRACT

Background: Q fever fatigue syndrome (QFS) is characterised by a state of 
prolonged fatigue that is seen in 20% of acute Q fever infections and has major 
health-related consequences. The molecular mechanisms underlying QFS are 
largely unclear. In order to better understand its pathogenesis, we applied a multi-
omics approach to study the patterns of the gut microbiome, blood metabolome, 
and inflammatory proteome of QFS patients, and compared these with those of 
chronic fatigue syndrome (CFS) patients and healthy controls (HC).

Methods: The study population consisted of 31 QFS patients, 50 CFS patients, 
and 72 HC. All subjects were matched for age, gender, and general geographical 
region (South-East part of the Netherlands). The gut microbiome composition was 
assessed by Metagenomic sequencing using the Illumina HiSeq platform. A total 
of 92 circulating inflammatory markers were measured using Proximity Extension 
Essay and 1607 metabolic features were assessed with a high-throughput non-
targeted metabolomics approach. 

Results: Inflammatory markers, including 4E-BP1 (P = 9.60-16 and 1.41-7), MMP-1 (P 
= 7.09-9 and 3.51-9), and AXIN1 (P = 5.51-05 and 0.0005) are significantly differentially 
expressed in both QFS and CFS patients compared to HC. Blood metabolite profiles 
show significant differences when comparing QFS (319 metabolites) and CFS 
(441 metabolites) patients to HC, and are significantly enriched in pathways like 
sphingolipid (P = 0.0256 and 0.0033) metabolism. When comparing QFS to CFS 
patients, almost no significant differences in metabolome were found. Comparison 
of microbiome taxonomy of QFS and CFS patients with that of HC, shows both in- 
and decreases in abundancies in Bacteroidetes (with emphasis on Bacteroides and 
Alistiples spp.), and Firmicutes and Actinobacteria (with emphasis on Ruminococcus 
and Bifidobacterium spp.). When we compare QFS patients to CFS patients, there 
is a striking resemblance and hardly any significant differences in microbiome 
taxonomy are found.

Conclusion: We show that QFS and CFS patients are similar across three different 
omics layers and 4E-BP1, MMP-1, and AXIN1 have the potential to distinguish QFS 
and CFS patients from HC. 

INTRODUCTION

Q fever fatigue syndrome (QFS) is characterised as a state of prolonged fatigue 
following acute Q fever infection [1]. The fatigue lasts for at least six months and 
is usually associated with musculoskeletal complaints, neurocognitive problems, 
sleeping problems, headache, respiratory tract problems and mood disorders [1]. 
QFS was first described by Shannon et al. in 1993 and occurs worldwide [2, 3]. In 
many ways, complaints of QFS are similar to those of chronic fatigue syndrome 
(CFS) [4, 5], and the pathogenesis of these syndromes remains largely unclear. 
An important distinction between QFS and CFS is the fact that QFS has a known 
aetiology, being precipitated by an acute Q fever infection, and is therefore 
considered a postinfectious fatigue syndrome.

Symptomatic infection with Coxiella burnetii is called acute Q fever and constitutes 
around 40% of human primary Coxiella infections: the other 60% remain 
asymptomatic [6-8]. Acute Q fever often is a self-limiting disease that usually 
presents as a flu-like illness that may be accompanied by pneumonia or hepatitis 
[7]. Of all those who become infected with C. burnetii, both symptomatic and 
asymptomatic, around 1-5% develop a persistent infection with the bacterium, 
called chronic Q fever or persistent focalised infection [9]. Of all those who develop 
acute Q fever, i.e., symptomatic, infection, around 20% will develop QFS [1].

Like CFS [10], some studies of QFS suggest that there is a low-grade inflammatory 
component. First reports supporting this notion came from Pentilla et al. in 1998, 
who showed that peripheral blood mononuclear cells (PBMCs) of QFS patients 
produce more IL-6 when stimulated with Q fever antigen than controls [11]. 
During the Dutch Q fever outbreak (2007 – 2011), our group demonstrated that 
QFS patients exhibit signs of altered immunity through the monocyte-derived 
cytokines tumor necrosis factor (TNF)α, interleukin (IL)-1β, and especially IL-
6, together with the interferon-(IFN)γ- axis [12-14]. In addition, we found that 
monocytes of both QFS patients and CFS patients show decreased expression 
of mitochondrial derived peptide (MDP)-coding genes MT-RNR1 and MT-RNR2, 
resulting in a decreased production of humanin (MT-RNR2) [15].

Investigations of the metabolome [16-20] and (gut) microbiome [21-25] in CFS, 
both aspects that are inadvertently linked with inflammation [16, 26], showed 
interesting, albeit inconsistent, results [23, 25]. Up until this moment, no such 
studies were conducted in QFS. 
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To better understand the various molecular aspects of QFS pathophysiology 
and its place in the chronic fatigue syndrome spectrum, we applied a multi-
omics approach and investigated the inflammatory proteome, metabolome, and 
composition of gut microbiome of QFS patients, CFS patients, and healthy controls 
(HC), matched for age, gender, use of medication, and general geographic region. 

METHODS

Study population
The study population consisted of QFS patients (n = 31), CFS patients (n =50), and 
HC (n = 72). All subjects were matched for age (± 10 years), gender (non-pregnant 
females), and general geographical region (South-Eastern part of the Netherlands). 
QFS patients were actively recruited for this study while CFS patients and HC 
participated in previous studies. As all CFS patients included in this study are non-
pregnant females, so were recruited QFS patients and selected HC. All subjects 
were between 18 and 59 years of age and did not use medication, other than 
paracetamol or oral contraceptives, and were not vaccinated, in the last 6 months. 
Both QFS and CFS patients were diagnosed according to similar guidelines as 
described previously [27, 28] with the only difference on whether complaints were 
precipitated by an acute Q fever infection or not.

All QFS patients were diagnosed at the Radboud Expert Center for Q fever, 
Nijmegen, the Netherlands, after a uniform work-up according to the Dutch 
guideline on QFS diagnosis [29]. All QFS patients met the following diagnostic 
criteria: i. fatigue that lasted ≥ 6 months; ii. sudden onset of severe fatigue 
(defined as a score ≥ 35 on the subscale fatigue severity of the Checklist Individual 
Strength (CIS) questionnaire), or significant increase in fatigue, both related to 
a symptomatic acute Q fever infection; iii. chronic Q fever and other somatic or 
psychiatric causes of fatigue were excluded; and iv. fatigue resulted in significant 
functional impairment (defined as a total score ≥ 450 on the Sickness Impact 
Profile-8 (SIP-8) questionnaire). All QFS patients were fatigued for less than 10 
years.

All CFS patients were diagnosed with CFS at the Department of Internal Medicine 
and Expert Center for Chronic Fatigue (ECCF) of the Radboud University Medical 
Center, Nijmegen, the Netherlands, after a uniform work-up according to the 
Centers for Disease Control (CDC) criteria for CFS. All CFS patients participated in 
a randomized trial on cytokine inhibition in CFS and samples were collected at 

baseline, prior to the intervention [30]. All CFS patients had a score ≥ 35 on the 
subscale fatigue severity of the CIS questionnaire and a score ≥ 450 on the SIP-8 
questionnaire. All CFS patients were fatigued for less than 10 years.

All HC reported having no complaints of fatigue and participated in the Human 
Functional Genomics Project (www.humanfunctionalgenomics.org) [31]. 
Samples were collected at the Radboud University Medical Center, Nijmegen, the 
Netherlands. All HC were selected based on age, gender and general geographical 
region that matched with both QFS and CFS patient groups. For proteomics 
and metagenomics, a larger HC group (n = 50) was used than for metabolomics 
data (n = 22). For evaluating the correlation patterns between metabolome and 
inflammatory proteome, an independent population-based cohort from the same 
general geographical region (n = 318) was used for comparison.

Sample handling and omics measurements
Faecal and plasma samples were collected in 2016 and 2017 as previously 
described [30, 32]. Venous blood was collected in EDTA tubes, and kept on ice 
until centrifugation, which was performed within 2 – 3 hours. Next, samples were 
centrifuged at 2960 x G for 10  min at 4  °C. Plasma aliquots were then frozen at 
−80 °C for a maximal duration of 2 years. Metabolome and inflammatory proteome 
analyses for all patients and controls were run at the same time. Protein levels were 
measured in 131 participants and determined using Olink inflammation panel, 
including 92 inflammation-related protein biomarkers (https://www.olink.com/). 
During the quality control step, inflammatory markers with > 20% of measurements 
below the detection limit were excluded for further analysis, leaving 65 proteins in 
total. Serum metabolite levels were measured in General Metabolomics platforms 
(https://generalmetabolics.com) for all 103 individuals. Metabolome was measured 
and annotated by General Metabolomics (Boston, MA) using flow injection-time-
of-flight mass (flow-injection TOF-M) spectrometry. Faecal samples were collected 
within 24 hours before processing and cooled at 4 °C before processing. Samples 
were aliquoted and then frozen at −80  °C for a maximal duration of 2  years. The 
gut metagenomic sequencing was performed at Novogene, China, using the 
Illumina HiSeq platform. The metagenome profiling was measured according to 
a previously described protocol [33]. KneadData tools (v0.5.1) [34] were used to 
remove the adapters, trim the sequencing reads to PHRED quality 30, and remove 
reads aligned to human genome (GRCh37/hg19). 

Taxonomy of metagenomes was profiled using MetaPhlAn2 (v2.7.2) [35], and 
the microbial biochemical pathways were profiled using HUMAnN2 pipeline 
(v0.11.1) [36] integrated with DIAMOND alignment tool (v0.8.22) [37], ChocoPhlAn 
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database (v0.1.1) and Uniref90 database (v0.1.1) [38]. After filtering for quality, 
131 measurements of gut metagenomes were used in the subsequent analyses. 
HC DNA was stored longer, i.e., approximately 2 years, than QFS and CFS DNA. All 
samples were processed according to the same protocols and sequencing was 
performed at the same time based on a randomised experimental design.

PBMC stimulation and cytokine assay
PBMC isolation was performed by dilution of blood in PBS (1:1) and fractions 
were separated by density centrifugation over Ficoll-Paque (Ficoll-Paque Plus; 
GE healthcare). Cells were washed three times with cold PBS and resuspended in 
Roswell Park Memorial Institute (RPMI) 1640 Dutch modification culture medium 
(Life Technologies/ Invitrogen) supplemented with 50 mg/mL gentamicin, 2 mM 
GlutamaxTM, and 1 mM pyruvate (Life Technologies). PBMCs were then plated 
in 96-well round-bottom plates (Corning) at a concentration of 5 × 105/mL in 
a total volume of 200 µL. Cells were exposed to RPMI, as a negative control, 
0.5mM l-cysteine, and 25mM l-cysteinylglycine for 24 hours at 37°C with 5% 
CO2. After stimulation, supernatants were collected and MCP-1 and TGF-β were 
measured using enzyme-linked immune sorbent assay (ELISA) according to the 
manufacturer’s protocol (R&D Systems).

Statistical analysis
Patient characteristics data were analysed using Graphpad Prism (Graphpad 
Software Inc., version 5.03). ANOVA was used to determine differences between 
groups. For the correlation analyses, Spearman’s Rank-Order correlation 
coefficients were used followed by hierarchical clustering. R package ‘corrplot’ was 
used for visualization. Cytokine production data were analysed using the Mann-
Whitney U test in GraphPad Prism (Graphpad Software Inc., version 5.03). The 
differential proteome and metabolome analyses were conducted using robust 
linear regression [39] with age effect corrected. For the prediction model, Least 
Absolute Shrinkage and Selection Operator (LASSO) model [40] was utilized. 
Repeated Cross validation (CV) approach was used for building prediction models: 
2/3 of samples were randomly selected for training while the rest of samples 
were used for prediction. The procedure was repeated 1000 times, and the Area 
under the curve (AUC) was calculated to evaluate the predictive power of the 
model (Supplementary Figure 1). The metabolic pathway enrichment analysis was 
performed online by using MetaboAnalyst 4.0 [41]. A principal coordinates analysis 
(PCoA) was performed on gut microbiome taxonomy. All statistical analyses 
were performed using the computing environment R (version 3.5.3). Statistical 
significance was obtained if P ≤ 0.05. To account for multiple testing, we assessed 
significance using Benjamini-Hochberg false discovery rate (FDR < 0.05). 

Ethical statement
All participants provided written informed consent and the study, including 
studies from which CFS patients and HC were protracted [30, 32], was approved by 
the Medical Ethical Review Committee of the Arnhem-Nijmegen region.

RESULTS

Subject characteristics
All QFS and CFS patients were severely fatigued and functionally impaired at the 
time of sample collection. Mean fatigue severity scores were significantly higher for 
CFS patients compared to QFS patients (student’s t test, P = 0.0034). No significant 
differences in mean functional impairment scores were observed when comparing 
QFS patients with CFS patients (student’s t test, P = 0.3055) (Table 1).

Table 1. Characteristics of QFS patients, CFS patients, and HC.

Characteristics QFS (n = 31) CFS (n = 50) HC (n = 72)

Female sex, number (%) 31 (100) 50 (100) 72 (100)

Age, years
Mean ± SD

44.2 ± 10.5 31.0 ± 10.1 37.5 ± 13.3

BMI, mean ± SD 25.4 ± 4.6 24.8 ± 4.3 23.2 ± 3.0

Sickness duration, months
Mean ± SD 

94.2 ± 15.9 46.6 ± 31.2 -

CIS subscale fatigue severity score, mean ± SD 48.3 ± 5.6 51.5 ± 4.1 -

SIP-8 total score,
mean ± SD

1518 ± 711.1 1677 ± 650.1 -

Characteristics of QFS patients, CFS patients, and HC. Other than the percentage of participants 
of female sex, results are depicted as mean ± SD.

Abbreviations: QFS = Q fever fatigue syndrome; HC = healthy controls; CFS = chronic fatigue 
syndrome; CIS = Checklist Individual Strength; SD = standard deviation; SIP-8 = Sickness Impact 
Profile-8.

QFS and CFS show expression profiles of inflammatory proteins 
distinct from HC
Differential expression of circulating inflammatory proteins is shown in Table 2. In 
total, there are 5, 27, and 0 proteins identified to be differentially expressed (FDR < 
0.05) when comparing QFS to HC, CFS to HC, and QFS to CFS, respectively (Figure 1 
and Supplementary Figure 5).
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Table 2. Differential expression of in- and decreased circulating inflammatory proteins 
when comparing QFS HC, CFS to HC, and QFS to CFS.

A.

QFS versus HC

Increased

Protein Coefficient Std. Error P value FDR

4E.BP1 1.4844 0.1848 9.60E-16 6.24E-14

CD40 0.5412 0.1025 1.30E-07 4.22E-06

AXIN1 0.9512 0.2358 5.51E-05 8.95E-04

Decreased

Protein Coefficient Std. Error P value FDR

MMP.1 -1.1973 0.2414 7.09E-07 1.54E-05

ST1A1 -0.9150 0.2387 1.26E-04 1.64E-03

B.

CFS versus HC

Increased

Protein Coefficient Std. Error P value FDR

X4E.BP1 1.3171 0.2502 1.41E-07 4.54E-06

AXIN1 1.0072 0.2904 0.0005 0.0038

Decreased

Protein Coefficient Std. Error P value FDR

MMP.1 -1.3036 0.2207 3.51E-09 2.28E-07

LIF.R -0.3294 0.0635 2.10E-07 4.54E-06

MCP.1 -0.3929 0.0896 1.17E-05 0.0002

CCL25 -0.5710 0.1401 4.58E-05 0.0006

Flt3L -0.3485 0.0877 7.03E-05 0.0008

MCP.4 -0.5425 0.1408 0.0001 0.0011

SCF -0.3889 0.1029 0.0002 0.0013

FGF.19 -0.6764 0.2009 0.0008 0.0047

CCL11 -0.3501 0.1044 0.0008 0.0047

CXCL11 -0.5295 0.1625 0.0011 0.0061

DNER -0.2270 0.0704 0.0013 0.0063

CXCL9 -0.5179 0.1622 0.0014 0.0065

LAP.TGF.beta.1 -0.2959 0.1003 0.0032 0.0138

TRANCE -0.4552 0.1557 0.0035 0.0141

CXCL1 -0.6282 0.2218 0.0046 0.0177

TWEAK -0.2665 0.0992 0.0072 0.0256

CX3CL1 -0.2371 0.0890 0.0077 0.0256

CXCL5 -0.8374 0.3152 0.0079 0.0256

ST1A1 -0.5975 0.2266 0.0084 0.0256

MCP.2 -0.3425 0.1304 0.0086 0.0256

HGF -0.2286 0.0882 0.0096 0.0267

OSM -0.4414 0.1710 0.0098 0.0267

IL7 -0.3355 0.1389 0.0157 0.0392

CXCL6 -0.4310 0.1784 0.0157 0.0392

CST5 -0.2759 0.1176 0.0190 0.0456

C.

QFS versus CFS

Increased

Protein Coefficient Std. Error P value FDR

IL8 0.3432 0.1319 0.0093 0.1945

CD244 0.2973 0.1112 0.0075 0.1945

CXCL11 0.5682 0.2261 0.0120 0.1945

CCL11 0.3821 0.1330 0.0041 0.1945

LIF.R 0.1770 0.0787 0.0245 0.2355

CD40 0.3009 0.1378 0.0290 0.2355

CCL25 0.3994 0.1819 0.0281 0.2355

CD8A 0.3177 0.1501 0.0343 0.2477

IL.10RB 0.2368 0.1191 0.0467 0.2683

Decreased

Protein Coefficient Std. Error P value FDR

ST1A1 -0.6707 0.2828 0.0177 0.2303

In- and decreased inflammatory proteins when comparing (A) QFS (n = 31) to HC (n = 50), (B) 
CFS (n = 50) to HC (n = 50), and (C) QFS (n = 31) to CFS (n = 50). Results are depicted as a 
coefficient with Std. Error and FDR. Only proteins that are significantly in- or decreased are 
depicted and statistical significance was attained if FDR ≤ 0.05. 

Abbreviations: QFS = Q fever fatigue syndrome; HC = healthy controls; CFS = chronic fatigue 
syndrome; Std. Error = standard error; FDR = False Discovery Rate.
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Figure 1. Differential expression of in- and decreased circulating inflammatory proteins 
when comparing QFS to HC, CFS to HC, and QFS to CFS.

Volcano plots showing differential expression of in- and decreased circulating inflammatory 
proteins when comparing (A) QFS (n = 31) to HC (n = 50), (B) CFS (n = 50) to HC (n = 50), 
and (C) QFS (n = 31) to CFS (n = 50). A total of 92 circulating inflammatory markers were 
measured using Proximity Extension Essay. Significantly in- and decreased proteins are 
shown in red and statistical significance was attained if FDR ≤ 0.05.

Coefficients of in- and decreased circulating inflammatory proteins are shown in Table 2.

Abbreviations: QFS = Q fever fatigue syndrome; HC = healthy controls; CFS = chronic fatigue 

syndrome.

Inflammatory proteomics-based models can discriminate QFS, 
CFS, and HC
Supplementary Figure 1 depicts the varying prediction performance of the model 
with different partition of data by cross validation. The median of training and 
prediction performance in QFS versus HC and CFS versus HC is close to 1, while 
the median of training and prediction performance in QFS versus CFS is lower. 
Based on the large difference of protein expression levels, it is relatively easier to 
discriminate QFS and CFS from HC. The following variables proved most important 
in prediction when comparing QFS with HC; 4E-BP1, CD40, AXIN1, CCL11, CD244, 
IL-8, OPG, CCL4, TRAIL, and CD8A, CFS with HC; 4E-BP1, CDCP1, AXIN1, MMP-10, 

CSF-1, TNFB, NT-3, FGF-23, IL-12B, and IL-8, and QFS and CFS with HC; 4E-BP1, 
AXIN1, CD40, CDCP1, CSF-1, IL-8, FGF-23, CCL4, ADA, and MMP-10 (Supplementary 
Figure 2).

Differential association patterns between inflammatory protein 
and metabolites in disease and health
There are 319, 441, and 12 significantly in- and decreased metabolites when 
comparing QFS patients to HC, CFS patients to HC, and QFS patients to CFS patients, 
respectively (FDR < 0.05, Figure 2, Supplementary Figure 5, and Supplementary 
Table 1). When comparing QFS to HC, the identified metabolites are enriched in 
primary bile acid biosynthesis (P = 0.0116), sphingolipid metabolism (P = 0.0256), 
nitrogen metabolism (P = 0.0394), and D-glutamine and D-glutamate metabolism 
(P = 0.0394) pathways. When comparing CFS to HC, the sphingolipid metabolism 
(P = 0.0033) pathway is enriched. When comparing QFS patients to CFS patients, 
the nitrogen (P = 0.0154), D-Glutamine and D-Glutamate metabolism (P = 0.0154), 
arginine (P = 0.0357), butanoate (P = 0.387), and histidine metabolism (P = 0.0407) 
are enriched. 

Next, we investigated in which way the inflammatory proteins are associated with 
the metabolites in patients and healthy individuals, respectively. We illustrate the 
correlation between the differentially expressed proteins (FDR < 0.05) and the top 
20 differentially expressed metabolites (with similar number of proteins) in QFS + 
CFS patients, versus HC. This clustering pattern was then used as a reference for 
the same type of data from a population-based cohort of 318 individuals (www.
humanfunctionalgenomics.org) (Figure 3). As shown in Figure 3, metabolites 
acetohexamide, sphingosine 1-phosphate, l-cysteinylglycine, l-cysteine, and 
2-(2,4-dihydroxy-5-m are of particular interest as they positively correlate with 
inflammatory proteins. Validation experiments with PBMCs of HC showed that 
stimulation with 25 mM l-cysteinylglycine resulted in a significantly higher MCP-
1 production compared to RPMI as a negative control (Mann-Whitney U test, 
P = 0.0238). No significant differences were observed for TGF-β, or MCP-1 when 
stimulating with lower concentrations, i.e., 0.5 mM and 5 mM, of l-cysteinylglycine, 
l-cysteine, or acetohexamide (Figure 4). 
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Figure 2. Significantly in- and decreased circulating metabolites when comparing QFS to 
HC, CFS to HC, and QFS to CFS.

Volcanoplots showing in- and decreased circulating metabolites when comparing (A) QFS (n = 
31) to HC (n = 22), (B) CFS (n = 50) to HC (n = 22), and (C) QFS (n = 31) tot CFS (n = 50). A total 
of 1607 metabolic features were assessed with a high-throughput non-targeted metabolomics 
approach. Significantly in- and decreased metabolites are shown in red and statistical 
significance was attained if FDR ≤ 0.05.

Coefficients of in- and decreased circulating metabolites are shown in Supplementary Table 1.

Abbreviations: QFS = Q fever fatigue syndrome; HC = healthy controls; CFS = chronic fatigue 
syndrome.

Figure 3. Global correlation pattern of chronically fatigued patients compared HC.

Global correlation pattern by means of average clustering, using the most significantly 
different proteins and metabolites (FDR ≤ 0.05) in both QFS and CFS, used as a reference 
for a large HC group of 318 individuals (www.humanfunctionalgenomics.org). The global 
correlation pattern exposes acetohexamide, sphingosine 1-phosphate, l-cysteinylglycine, 
l-cysteine, and 2-(2,4-dihydroxy-5-m as metabolites of particular interest as they positively 
correlate with inflammatory proteins.

Abbreviations: HC = healthy controls; QFS = Q fever fatigue syndrome;  
CFS = chronic fatigue syndrome.
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Figure 4. Production of MCP-1 and TGF-β after 24 hours incubation of peripheral blood 
mononuclear cells (PBMCs) of HC with L-cysteine, L-cysteinylglycine, and Acetohexamide.

PBMCs were stimulated with various concentrations of L-Cysteine (A, D), L-Cysteinylglycine 
(B, E), and Acetohexamide (C,F), together with a negative control, i.e., RPMI and DMSO, for 
24 hours, after which concentrations of MCP-1 (A-C) and TGF-β (D-F) were measured in the 
supernatants with ELISA. Figure 4B shows that stimulation with 25 mM l-cysteinylglycine 
resulted in a significantly higher MCP-1 production compared to RPMI as a negative control  
(P = 0.0238). No significant differences were when stimulating with l-cysteinylglycine, 
l-cysteine, or acetohexamide (Figure 4A, C, D, E, and F). Data were analysed with the Mann-
Whitney test and are depicted as mean ± SEM. Statistical significance was attained if P ≤ 0.05.

Abbreviations: HC = healthy controls; MCP = Monocyte Chemoattractant Protein;  
TGF = Tumour Growth Factor; RPMI = Roswell Park Memorial Institute culture medium;  
DMSO = Dimethylsulfoxide; ELISA = Enzyme-Linked Immuno Assay; SEM = standard error of 
mean.

* P ≤ 0.05.

Figure 5. Principal coordinates analysis (PCoA) of gut microbiome taxonomy of QFS 
patients, CFS patients, and HC.

A PCoA analysis of gut microbiome taxonomy, assessed by Metagenomic sequencing using the 
Illumina HiSeq platform, of QFS (n = 31), CFS (n = 50), and HC (n = 50), shows a clear distinction 
of both QFS patients and CFS patients from HC.

Abbreviations: PCoA = Principal coordinates analysis; CFS = chronic fatigue syndrome; QFS = Q 
fever fatigue syndrome; HC = healthy controls.
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QFS and CFS show a microbiome composition distinct from HC
A PCoA on gut microbiome taxonomy of QFS, CFS, and HC was performed, showing 
a clear-cut difference between QFS and CFS, and HC (Figure 5). There are 36, 44, 
and 2 features showing significant differences in gut microbiome taxonomy when 
comparing QFS to HC, CFS to HC, and QFS to CFS, respectively (Supplementary 
Figure 3, Supplementary Figure 5, and Supplementary Table 2). When comparing 
QFS patients to HC there is an increase in abundance of Bacteroidetes with 
Bacteroides and Alistiples spp., and a decrease in abundance of Firmicutes and 
Actinobacteria with Ruminococcus and Bifidobacterium spp., respectively. When 
comparing CFS patients to HC, we find an increase in abundance of Firmicutes 
and Actinobacteria with Ruminococcus and Bifidobacterium spp., respectively, 
and a decrease in abundance of Bacteroidetes with Alistiples and Bacteroides 
spp. When comparing QFS patients to CFS patients, we find a slight increase in 
abundance of Firmicutes with Eubacterium and Faecalibacterium spp. in the former. 
Supplementary Table 3 depicts significantly in- and decreased gut microbiome 
functional pathways when comparing QFS to HC, CFS to HC, and QFS to CFS.

Next, we investigated in which way the gut microbiome is associated with 
metabolites in fatigued patients, i.e., QFS and CFS, as HC hardly show any overlap. 
Only two significant correlations were found; Bifidobacterium_adolescentis and 
N-Docosahexaenoyl GABA, and Subdoligranulum_unclassified and Arbekacin 
(Supplementary Figure 4). 

DISCUSSION

This study showed that inflammatory and metabolomic profiles, together with gut 
microbiome taxonomy, of QFS patients and CFS patients are quite similar, and both 
groups clearly differ from HC (with CFS patients showing a larger difference than 
QFS patients). These findings are important, as they indicate that QFS patients and 
CFS patients show a common denominator in the long term, i.e., alterations in 
inflammatory and metabolomic profiles, together with gut microbiome taxonomy, 
regardless of the precipitating event that started the complaints.

Although important characteristics such as blood inflammatory profile, gut 
microbiome and blood metabolome are very similar in QFS and CFS, subtle 
differences are still observed. It was previously shown that QFS patients tend to 
exhibit more of an inflammatory profile than CFS patients [5, 12]. A similar trend is 
observed in our study. One could speculate that the microbial origin of QFS plays 
a role in this subtle persistent inflammation. Together with previous findings on 

differences in fatigue-perpetuating factors and response to cognitive behavioural 
therapy (CBT) [42-44], one could advocate that QFS should be seen as a separate, 
more inflammatory, fatigue syndrome entity that requires a different diagnostic 
[27, 28] and therapeutic [44, 45] approach. These findings argue for a ‘splitting’ 
rather than a ‘lumping’ approach to chronic fatigue [46].

Inflammatory markers 4E-BP1, MMP-1, and AXIN1 showed the potential to 
differentiate both QFS and CFS patients from HC and might therefore be 
associated with fatigue in general as this is the common denominator between 
these groups. We further elaborate on these findings by using a machine-learning 
approach showing that both 4E-BP1 and AXIN1 are good candidate biomarkers for 
predicting/diagnosing chronic fatigue. The eukaryotic translation initiation factor 
4E binding protein 1 (4E-BP1) represses mRNA translation downstream of the 
mammalian target of rapamycin (mTOR). The latter is known to phosphorylate and 
inactivate 4E-BP1 [47]. Several upstream stimuli, e.g., growth factors and cytokines, 
can regulate downstream processes, e.g., cell growth, cell proliferation, and cell 
plasticity, through mTOR [47]. Dennis et al. showed that the 4E-BP1 phosphorylation 
was inhibited when intracellular adenosine triphosphate (ATP) levels were lowered 
[48]. Interestingly, chronic fatigue has previously been associated with a decrease 
in cell metabolism [15, 18, 49, 50], and PBMCs of CFS patients showed a decrease 
in mitochondrial function compared to PBMCs of HC when stressed [51-53]. Axis 
inhibition protein (AXIN1), negatively regulates the Wnt signalling pathway by 
downregulation of β-catenin [54], but has also been identified as a scaffold protein 
that activates TGF-β signalling [55]. Especially the latter finding is of interest as 
elevated levels of TGF-β have frequently been associated with CFS [10]. However, 
it should be noted that results on TGF-β levels must be interpreted with great 
caution as measuring TGF-β in plasma has some noteworthy, pre-analytic, pitfalls 
[56]. Matrix metalloproteinase 1 (MMP-1) is a collagen cleaving protease that has 
been associated with inflammation in infections such as HIV [57, 58], but has also 
shown to have a negative association with the risk of being a CFS patient [59]. 
Exactly how, and how strong, 4E-BP1, MMP-1, and AXIN1 relate to chronic fatigue 
warrants further investigation in independent cohorts.

Comparing CFS patients to HC, studies on metabolomic profiles consistently found 
differences between these groups [17-20]. Armstrong et al. found that CFS patients 
show lower levels of glutamine and ornithine compared to HC [20]. Germain et al. 
found pathway abnormalities in taurine, glycerophospholipid, primary bile acid, 
glyoxylate, dicarboxylate, and fatty acid metabolism [19]. Naviaux et al. suggested 
that CFS patients exhibit a hypometabolic state and found pathway abnormalities 
in sphingolipid, phospholipid, purine, cholesterol, microbiome, pyrroline-5-
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carboxylate, riboflavin, branch chain amino acid, peroxisomal, and mitochondrial 
metabolism [18]. Our study shows enrichment similarities in sphingolipid and 
primary bile acid biosynthesis pathways. As the sphingolipid pathway is altered in 
both QFS and CFS, these pathway alterations might be specific for chronic fatigue 
in general, whereas the primary bile acid biosynthesis pathway might be more 
specific for QFS. 

Additionally, several of these metabolites, e.g., l-cysteine and l-cysteinylglycine, 
appear to positively correlate with various inflammatory proteins, e.g., MCP-1, 
but also 4E-BP1 and MMP-1. PBMCs stimulated with l-cysteinylglycine produced 
significantly more MCP-1 compared to PBMCs that are stimulated with the negative 
control RPMI. A similar trend was observed for l-cysteine. This shows us that some of 
these metabolites might have the potential to initiate a more (anti-)inflammatory 
environment. One could speculate that such a mechanism contributes to 
changes in inflammation in QFS patients and CFS patients, and that the observed 
inflammation is secondary to metabolic alterations. Further investigation and 
validation of these results is warranted, with additional cytokines and chemokines, 
e.g., 4E-BP1, MMP-1, and AXIN1, in which the metabolite sphingosine 1‐phosphate 
is of particular interest as it is part of the sphingolipid pathway. Furthermore, as our 
group recently showed that monocytes of QFS patients and CFS patients exhibit a 
decreased expression of MDP-coding genes MT-RNR1 and MT-RNR2 compared to 
HC [15], it would also be interesting to investigate the role of these MDP-coding 
peptides in these metabolic and inflammatory alterations.

Previous studies on gut microbiome composition compared CFS patients to HC and 
found differences between these groups. Unfortunately, many of the differences are 
inconsistent. Giloteaux et al., showed that the gut microbiome of CFS patients has 
less bacterial diversity with the balance shifting towards more pro-inflammatory 
species [22]. Sheedy et al., showed that CFS patients have more aerobic microbial 
flora, with more Gram-positives, and an abundance of E. faecalis and S. sanguinis 
compared to HC [60]. Armstrong et al., found an increase in Clostridium spp. and 
a decrease in total bacteria, total anaerobic bacteria, and Bacteroides spp. In 
CFS patients compared to HC [61].  Fremont et al., found that both Belgian and 
Norwegian CFS patients had an increase in Lactinofacter compared to HC [62]. 
Shukla  et al., found a decreased mean relative abundance of Actinobacteria in CFS 
patients compared to HC [63]. Our study found a similar decrease in Bacteroides 
spp. when comparing CFS patients to HC. Interestingly, this genus appears to be 
increased when comparing QFS patients to HC. Furthermore, we conflictingly find 
an increase in Actinobacteria when comparing CFS patients, but a decrease when 
comparing QFS patients, to HC. Our most important observation, however, is that 

the taxonomy of QFS patients and CFS patients is quite similar, while both groups 
appear to differ quite profoundly from HC (with CFS patients showing a larger 
difference than QFS patients). This is similar to our findings in inflammatory and 
metabolomic profiles and functionally reflected by highly significant upregulation 
of pathways, like urate biosynthesis/inosine 5’-phosphate degradation and CMP-
3-deoxy-D-manno-octulosonate biosynthesis, when comparing QFS and CFS 
patients to HC. When one compares QFS patients to CFS patients, less significant 
upregulation of pathways, like L-lysine biosynthesis III and VI, are found. Exactly 
how gut microbiome dysbiosis plays part in the pathophysiology of chronic fatigue 
remains unclear but likely involves the microbiome-brain-axis, and/or subsequent 
systemic low-grade inflammation. A recent systematic review confirmed that 
even though independent studies do report differences, these differences are 
inconsistent [23]. Such inconsistencies are likely to occur if control groups are not 
representative and/or in- and exclusion criteria for patients are not strictly adhered 
to. Further investigation of the gut microbiome, using strict in- and exclusion 
criteria together with adequate and representative control groups [64], in patients 
with chronic fatigue is definitely of interest. 

Although our study lacks a replication cohort, the observed differential patterns 
among QFS, CFS and HC are consistent across three omics layers. A batch effect 
across different (control) groups is unlikely but should be kept in mind when 
interpreting these data. Because systematic assessment of multi-omics data is 
still limited, our detailed datasets are an important reference for improving our 
understanding of the molecular processes leading to a state of chronic fatigue. 

CONCLUSION

In conclusion, this study shows that QFS and CFS patients are similar based on their 
inflammatory and metabolomic profiles, together with gut microbiome taxonomy, 
while both QFS and CFS patients differ from HC (with CFS patients showing a larger 
difference than QFS patients). These data suggest that QFS and CFS are similar 
across three omics layers, indicating cross validation. Furthermore, correlation 
between metabolomic and proteomic data was validated with laboratory 
experiments, and a prediction analysis was performed on proteomic data, 
exposing 4E-BP1, MMP-1, and AXIN1 as potential biomarkers for chronic fatigue. 
However, while similarities between QFS and CFS are seen and could be associated 
with chronic fatigue in general, subtle differences, e.g., in inflammatory profiles, 
should be considered when further investigating its pathogenic mechanisms. 
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Chapter 12: Summary

SUMMARY

This thesis focusses on investigating the psychological and immunological aspects 
of Q fever fatigue syndrome (QFS). Earlier studies pointed towards possible 
contributions of both these aspects to the pathophysiology of the disorder. In this 
thesis we demonstrate that this is indeed the case and continue to narrow down 
which psychological and immunological factors are worth investigating in the near 
future.  

In chapter 2, we investigated whether the beneficial effect of cognitive behavioural 
therapy (CBT) compared to placebo as treatment for QFS, was sustained over time [1]. 
Surprisingly, we discovered that the majority of QFS patients who initially benefitted 
from CBT did not show a sustained effect in the long-term. Several mechanisms, 
e.g., CBT not being sufficiently effective in reducing functional impairment in QFS, 
recurrent negative media attention for Q fever during the follow-up period, or CBT 
not being specifically tailored to QFS, may explain this observation. Due to its initial 
positive effect, CBT remains the therapy of choice for QFS. At present, CBT is still the 
only well-investigated treatment modality for QFS patients that is able to reduce 
fatigue severity. Further research is necessary to elucidate the mechanisms of relapse 
that occur following CBT for QFS. We suggest further investigation of tailoring CBT 
more to QFS, possibly followed by booster sessions, which may help to maintain the 
initial beneficial effect of CBT in the long term.

In order to try and understand the results found in chapter 2, and tailoring CBT 
more to QFS, we investigated which factors mediated the initial beneficial effects 
of CBT and what determined the relapse in complaints of fatigue in the long term, 
in chapter 3. We showed that an increased sense of control over fatigue, i.e., 
self-efficacy, is a key mechanism for the initial beneficial effect of CBT. Failure of 
maintenance of the initial improvement in self-efficacy plays an important role in 
the relapse in fatigue severity after cessation of CBT. Although further research is 
needed to elucidate additional mediators for the respective beneficial effect and 
relapse in fatigue severity during and following CBT, these results are useful to 
tailor CBT more to QFS and to design booster sessions following CBT for QFS [2].

An interesting theory that could potentially connect the psychological 
and immunological aspects of QFS pathophysiology, is that of low-grade 
neuroinflammation [3]. In chapter 4, we investigated whether QFS and chronic 
fatigue syndrome (CFS) patients show signs of neuroinflammation compared to 
healthy controls. Unfortunately, we were unable to replicate findings of an earlier 
study by a Japanese group [3]. Like the Japanese study, ours encompassed a limited 

number of patients. Although there are a series of explanations for the discrepant 
results in the two studies, larger studies are needed to further investigate the 
promising theory of neuroinflammation in QFS and CFS.

In chapter 5, we investigated whether QFS patients showed signs of altered 
immunity compared to Q fever seropositive controls and chronic Q fever patients. 
Using the C. burnetii-specific whole-blood interferon (IFN)γ production assay [4-
9], we found that IFNγ production is significantly higher in QFS patients than in 
Q fever seropositive controls and the IFNγ/IL-2 ratio is significantly lower than in 
chronic Q fever patients. These results corroborated those of Pentilla et al. (1998), 
who additionally found higher IL-6 production by peripheral blood mononuclear 
cells (PBMCs) of QFS patients compared to various control groups, when 
stimulated with Q fever antigen [10]. Taken together, these data point towards an 
altered cell-mediated immunity in QFS and prompted us to further investigate the 
immunological aspects of QFS.

In chapter 6, we explored if we could distinguish QFS patients with persistent 
complaints from QFS patients with resolved complaints and Q fever seropositive 
controls, by adding CXCL9, CXCL10, and CXCL11 to the C. burnetii-specific whole-
blood IFNγ and IL-2 production assay. By doing so, we further dissected the role of 
IFNγ, IL-2, and IFNγ-related chemokines in the pathophysiology of QFS. We showed 
that QFS patients with persisting complaints exhibit a different cell-mediated 
immune response compared to those who recovered from their complaints. 
Furthermore, antigen-specific IFNγ and CXCL10 production may serve as 
biomarkers for complaints in QFS and possibly also as indicators of its underlying 
pathophysiology. The results further confirm that the IFNγ-axis is likely to play an 
important role in QFS pathophysiology.

As previous results by Pentilla et al. indicate that other cytokines than IFNγ might 
contribute to the altered immune responses in QFS [10], we further investigated 
cytokine profiles in QFS, in chapter 7. We found that QFS patients show signs of 
altered immune responses compared to Q fever seropositive controls, CFS patients, 
and healthy controls. As was previously shown by Pentilla et al., and in chapter 5 
and 6, monocyte-derived cytokines TNFα, IL-1β, and especially IL-6, together with 
cytokines of the IFNγ-axis, are likely components of this altered immune response 
and warrant further investigation.

As many of the altered cytokines in QFS, found by Pentilla et al. and in chapter 7, 
are monocyte derived, we investigated long-lasting transcriptional changes of 
circulating monocytes following an acute Q fever infection, in chapter 8. This 
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study showed that an acute Q fever infection has a long-lasting effect on the 
transcriptional program of circulating monocytes and concentrations of circulating 
IL-10, IL-1β, IL-1Ra, and IL-6. It could be postulated that the long-lasting effects 
on the transcriptional program of monocytes, and their myeloid progenitor cells, 
together with altered concentrations of circulating cytokines, become detrimental 
and play a part in the pathophysiology of QFS. 

Given the findings in chapter 8, we wanted to further investigate transcriptional 
changes in circulating monocytes of QFS patients, CFS patients, asymptomatic Q 
fever seropositive controls, and healthy controls, in chapter 9. We showed that QFS 
patients, CFS patients, and, to a lesser extent, asymptomatic Q fever seropositive 
controls exhibit a decreased expression of mitochondrial-derived peptide (MDP)-
coding genes MT-RNR1 and MT-RNR2, resulting in a decreased production of 
humanin (MT-RNR2), compared to healthy controls. Whether or not these MDP-
coding genes play a role in chronic fatigue syndromes such as CFS and QFS remains 
unclear. In chapter 8, we found that acute Q fever is indeed associated with a 
decreased expression of MT-RNR1 and MT-RNR2. Given the functions of MOTS-c 
(MT-RNR1) and humanin [11-17], it is definitely worthwhile to further investigate 
the role of these MDP-coding genes in chronic fatigue.

At the outpatient clinic of the Radboud Expertise Center for Q fever, it was found 
that many QFS patients appear to experience complaints of frequently recurring 
and severe upper respiratory tract infections since their acute Q fever infection. 
In chapter 10, we showed that QFS patients who report having more frequent 
and severe upper respiratory tract infections since their acute Q fever infection, 
have diminished immune responses to various stimuli compared to age- and sex-
matched healthy controls, possibly due to epigenetic remodelling as a result from 
acute Q fever. It would be of interest to further investigate the role of epigenetic 
remodelling in the pathophysiology of altered immune responses in QFS, possibly 
through chromatin immunoprecipitation (ChIP) sequencing.

Finally, we conducted a multi-omics investigation of QFS patients, CFS patients, 
and healthy controls, in chapter 11, in order to try and determine the place of QFS 
on the chronic fatigue spectrum [18]. We showed that that QFS and CFS patients 
are quite similar based on their inflammatory and metabolomic profiles, together 
with gut microbiome taxonomy, while both QFS and CFS patients apparently differ 
from healthy controls (with an emphasis on inflammatory markers 4E-BP1, MMP-1, 
and AXIN1, the metabolic ‘sphingolipid’ pathway, and the Bacteroidetes, Firmicutes 
en Actinobacteria of the gut microbiome). This shows us that QFS is quite similar to 
CFS across three ‘omics’ layers. However, given previous findings on inflammation 

and response to CBT in more detailed studies, it would be a mistake to lump QFS 
and CFS together [19], especially when investigating the pathophysiology of 
chronic fatigue as a whole.

Figure 1. Graphical abstract of thesis. 
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GENERAL DISCUSSION

This thesis investigates the role of psychological and immunological factors in 
the pathophysiology of QFS and shows that both contribute. It is quite likely that 
these factors are intertwined as science over the past decades has taught us that 
the Cartesian dualism of separating body (soma) and soul (psyche) is no longer 
tenable. With this in mind and to better understand the pathogenesis of QFS, as in 
CFS, the 4P model is quite helpful and can be supplemented by previous findings 
in literature and findings within this thesis (Figure 2) [20].

Figure 2. The 4P model by Prins et al.

Figure from The Lancet, 2006. J.B. Prins, J.W.M. van der Meer, G. Bleijenberg.

Abbreviations: CFS = Chronic fatigue syndrome.

Predisposing factors
Regarding predisposing factors, we can distinguish between personality, lifestyle, 
and genetics. Looking at personality and lifestyle, no such predisposing factors 
were investigated in QFS. For the precipitating factor acute Q fever (see below), 
there is however an increased occupational risk, e.g., veterinarians, abattoir 

workers, and farmers [21]. Furthermore, in case of an outbreak, those who 
live, work, or dwell in the vicinity of an infected herd or farm are also at risk of 
contracting an acute Q fever infection [22]. Some research was conducted on 
predisposing genetic factors for QFS but showed conflicting results [23-25]. 
Genetic variances have been reported for the genes encoding human leukocyte 
antigen-group DR (HLA-DR)-11, NRAMP1, and IFNγ [26-28].

Precipitating factors
In contrast to CFS, there is a clear-cut precipitating factor for QFS, as stated in the 
Dutch guidelines on QFS diagnosis, namely: acute Q fever [29]. It remains however 
unclear whether asymptomatic infection with C. burnetii can also result in QFS. 
Future studies should address this issue.

Perpetuating factors
The literature on QFS roughly indicates a possibility of three major perpetuating 
factors in QFS: i. a persistent infection with C. burnetii that drives the complaints of 
QFS [30, 31]; ii. psychological factors like cognitive and behavioural variables that 
impede the recovery from QFS [18]; and iii. immunological factors that maintain 
the complaints of QFS [10]. 

As no QFS patient ever tested positive for Coxiella-specific polymerase chain 
reaction (PCR) and long-term doxycycline use did not result in a reduction in fatigue 
severity in the Qure study [1], we find the theory of a persistent infection driving 
complaints in QFS unlikely. Recently, persistence of disputable L-forms of C. burnetii 
in white blood cells of QFS and chronic Q fever patients was claimed by fluorescent 
in-situ hybridization technique (FISH) [32]. This paper however, is not scientifically 
sound. This did not stop the first author from taking these questionable findings 
and proceeding with so-called autovaccination, a potentially harmful therapy that 
lacks scientific evidence [33]. Medical professionals who publicly advised against 
this therapy were even taken to court by the first author on claims of slander and 
defamation. Thankfully, the claims did not hold up in court.

Looking at psychological perpetuating factors, it was previously shown that QFS 
patients have a strong somatic attribution to their complaints [18]. CBT directed 
towards this perpetuating factor was demonstrated to have a beneficial effect in 
reducing fatigue severity in QFS [1]. As this model of CBT was designed specifically 
for known perpetuating cognitive and behavioural factors for CFS, it is likely that 
similar factors perpetuate fatigue in QFS. Surprisingly however, relapse in complaints 
of fatigue emerged at one-year follow-up in QFS patients, a phenomenon that is not 
seen in CFS patients for at least two years [34]. This indicates that the perpetuating 
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factors in QFS and CFS are most likely not identical or differ in strength. We identified 
that an increased sense of control over fatigue, i.e., self-efficacy, is a key mechanism 
of the decrease in fatigue severity in QFS brought on by CBT. Failure to maintain the 
initial improvement in self-efficacy plays an important role in the relapse in fatigue 
severity after cessation of CBT. These findings are useful to construct a model of 
CBT that is tailored more to QFS and can be used for the implementation of booster 
session in order to maintain the beneficial effect of CBT in the long term [2].

Based on our findings, it is not unlikely that immunological factors perpetuate 
complaints of fatigue in QFS as well. First reports were made by Pentilla et al. in 1998 
who showed that white blood cells of QFS patients produce more IL-6 compared 
to various control groups when stimulated with Q fever antigen [10]. Our findings 
corroborate, and elaborate on, those by Pentilla et al., showing that QFS patients 
exhibit signs of altered immune responses and chronic inflammation through the 
IFNγ-axis and monocyte-derived cytokines such as TNFα, IL-1β, and especially IL-6. 
We further demonstrated that inflammatory profiles of both QFS and CFS patients 
apparently differ from those of healthy controls. Inflammatory proteins 4E-BP1, 
MMP1, and AXIN1 show potential to distinguish QFS and CFS patients from healthy 
controls. Furthermore, circulating monocytes of acute Q fever patients show long-
lasting transcriptional changes, while circulating monocytes of QFS patients, CFS 
patients, and, to a lesser extent, asymptomatic Q fever seropositive controls, show 
a decreased expression of MDP-coding genes MT-RNR1 and MT-RNR2, resulting in 
a decreased production of humanin (MT-RNR2), compared to healthy controls. This 
decreased expression of MT-RNR1 and MT-RNR2 can also be seen following an acute 
Q fever infection. Although we have not yet been able to demonstrate causality, it is 
likely that altered (cell-mediated) immune responses contribute to the complaints of 
QFS as complaints such as fatigue, musculoskeletal pain, headache, night sweating, 
and recurrent upper respiratory tract infections suggest that an inflammatory 
component is at play. Successful interventions are needed to show that these 
immunological findings are perpetuating factors in QFS. Such interventions would 
open up avenues for treatment strategies. 

It could be argued that these perpetuating factors are actually intertwined through 
common denominators such as neuroinflammation and dysregulation of the blood 
metabolome/gut microbiome, all interesting takes on CFS pathophysiology [3, 35, 
36]. We found similar inflammatory, metabolome and gut microbiome profiles in 
QFS and CFS patients. These profiles were also apparently different from those  
of healthy controls, and should therefore be considered as underlying  
perpetuating factors in QFS. Here again, it concerns associations and causality has 
not yet been investigated. 

Chapter 12: General discussion

Despite finding similarities between QFS and CFS across 3 omics layers, we are 
reluctant to lump QFS and CFS perpetuation together. Differences in inflammatory 
profile and response to CBT that are found in more detailed studies argue against 
this. For example, QFS has more of an inflammatory signature than CFS [18]. 

Neuroinflammation as a substrate for QFS
Unfortunately, we were unable to find signs of neuroinflammation in QFS patients 
or confirm its presence in CFS patients. However, the theory of neuroinflammation 
should not yet be discarded as studies thus far, including ours, have only included 
small amounts of subjects. Its role in the pathophysiology and perpetuation of 
chronic fatigue should be further investigated in larger studies. Signs do point 
towards a neurological substrate in CFS and the concept of neuroinflammation 
shows promise as a common denominator between various proposed fatigue-
perpetuating factors.

Prognostic factors
Looking at prognostic factors for CFS, it was found that those who attribute their 
complaints to a somatic cause are less likely to benefit from CBT [20]. In QFS this 
also seems to be the case as it was found that these patients show strong somatic 
attributions [18]. Furthermore, we show that implementing a model of CBT for 
CFS as treatment for QFS shows only a transient improvement in fatigue severity. 
As mentioned above, we suggest tailoring CBT more to QFS and include the 
implementation of booster sessions. Furthermore, one could imagine that if there 
is a concomitant somatic perpetuation, e.g., exerted by immunologic factors, the 
therapeutic effect would gain with an intervention for this aspect as well.

As this model helps us to better understand the various aspects of QFS 
pathogenesis, much remains unclear. Further research is warranted and should 
focus on possible common denominators of psychology and immunology, 
e.g., neuroinflammation, metabolomic dysregulation, and gut microbiome 
dysregulation. Ultimately, the perpetuating factors in QFS need to be further 
distilled in order to better understand its pathophysiology, identify an objective 
diagnostic test, but also implement a treatment strategy that either tackles all 
involved aspects in one, or consists of multiple aspects itself, e.g., CBT combined 
with anti-inflammatory and immunomodulatory agents.
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FUTURE PROSPECTS

Defining QFS
First things first: future QFS research should avoid making similar mistakes as in 
CFS research. QFS can only be properly studied if uniform case definitions and 
adequate control groups are used. We recommend using the fairly specific Dutch 
RIVM guidelines on diagnosing QFS [29]. If uniform case definitions and adequate 
control groups are not used, as stated in addendum 1, QFS research runs the 
risk of following CFS research where large amounts of contradictory data have 
been produced due to the use of conflicting case definitions and ill-defined, and 
therefore inadequate, control groups.

QFS pathophysiology
It has become clear that both psychological (chapter 2 and 3), and immunological 
(chapter 5, 6, 7, 8, 9, 10, and 11) mechanisms probably perpetuate fatigue in 
QFS. What is still lacking are studies that confirm these results in independent, 
international, cohorts, additional studies that could tie these results together, 
and studies that proof causality. In chapter 4 and 11, we further investigated 
modalities such as neuroinflammation and dysregulation of the blood 
metabolome/gut microbiome in QFS and CFS. Our results so far indicate that 
alterations in metabolome and gut microbiome show promise and should be 
further investigated in independent, international cohorts. Although we were 
unable to confirm previous results on neuroinflammation in CFS, but also QFS, in 
chapter 4, we implore further investigation of this promising theory in a larger, 
possibly longitudinal, study with new generation tracers and arterial blood as a 
reference. In chapter 8 and 9, we found a decreased expression of MDP-coding 
genes MT-RNR1 (MOTS-c) and MT-RNR2 (humanin) in CFS patients, QFS patients, 
and, to a lesser extent, asymptomatic Q fever seropositive controls, compared 
to healthy controls. Given the functions of MOTS-c and humanin [11-17], it is 
definitely worthwhile to further investigate the role of these MDP-coding genes 
in chronic fatigue, and ask the question whether there is indeed pathology at the 
level of mitochondria [37]. A first step would be to investigate and validate these 
results in independent, international cohorts. As stated in chapter 10, it would also 
be of interest to investigate epigenetic remodelling in monocytes of QFS patients, 
preferably through ChIP sequencing.

QFS diagnosis
As of yet, QFS is diagnosed by means of guidelines and lacks a more objective 
diagnostic strategy [29]. In chapter 5 and 6, we investigated the role of IFNγ, IL-2 
and IFNγ-related chemokines in the pathophysiology of QFS. Unfortunately, these 

assays are unable to discriminate individual QFS patients from asymptomatic Q 
fever seropositive controls. It would be of interest to see if further fine-tuning of 
this assay could lead to an objective means of diagnosing QFS as it shows great 
potential in diagnosing chronic Q fever. In chapter 11, we used a LASSO approach 
to identify 4E-BP1 and AXIN1 as potential biomarkers for chronic fatigue as a 
whole. A similar strategy was previously implemented by Roerink  et al. and should 
be further investigated in larger cohorts [38].

QFS treatment
In chapter 2, we showed that the majority of QFS patients who initially benefited 
from CBT did not maintain this effect in the long-term. In chapter 3, we proceeded 
to identify mediators for both the beneficial effect of CBT at end of treatment and 
subsequent relapse regarding complaints of fatigue. Likely, other mediators exist 
for the findings made in the Qure study and chapter 2. Such additional mediators 
should be further identified. Given the initial beneficial effect of CBT for QFS, we 
still recommend CBT as therapy of choice for QFS. We also suggest tailoring CBT 
more to QFS based on these findings, and implementing booster sessions [2]. The 
results of such implementations should be further investigated in QFS patients. An 
elegant way to investigate this is to construct an RCT that compares CBT tailored 
for CFS, as was used in the Qure study, with CBT tailored for QFS. Follow-up could 
consist of subgroups that either receive standard medical care or standard medical 
care with booster sessions.

In chapter 5, 6, and 7, we show that QFS patients exhibit signs of chronic 
inflammation and altered immune responses compared to various control groups. 
It would be of interest to investigate treatment modalities that could dampen 
inflammation in these patients. If further studies indicate QFS and CFS patients 
do exhibit signs of neuroinflammation, as an ongoing Japanese trial is currently 
suggesting, further investigation of treatment modalities for neuroinflammation, 
e.g., vagal nerve stimulation, brain cooling, and small molecule targeted anti-
inflammatory drugs such as the selective NOD-like receptor protein 3 (NLRP3) 
inflammasome inhibitor dapansutrile or the innate repair receptor (IRR) activator 
cibinetide, is of interest. In this field, treatment strategies such as tetracycline 
therapy (which is also considered to modulate inflammation at the level of the 
microglial cells [39]) and tryptophane depletion unfortunately already proved 
ineffective [1, 40]. 

In chapter 11, we not only confirm that QFS and CFS patients exhibit an 
inflammatory component, but also show that both groups show alterations in 
blood metabolome and gut microbiome composition. Further investigation of 
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treatment modalities that could alter gut microbiome composition, e.g., probiotics, 
and/or metabolism might be of interest, especially given the findings in chapter 
8 and 9, and previous findings in CFS [36]. Furthermore, if humanin and MOTS-c 
are indeed crucial in the pathogenesis of both QFS and CFS, it would be worth 
investigating treatment strategies that involve (correcting) these peptides as was 
previously done for Coenzyme (Co)Q10 [41, 42]. 

Finally, in chapter 10, we show that epigenetic remodelling of monocytes might 
contribute to specific complaints, i.e., frequently recurring and severe upper 
respiratory tract infections, in QFS. If this is indeed the case and current data are 
supplemented with ChIP sequencing results, it would be of interest to investigate 
the use chromatin remodelling drugs, e.g., histone deacetylase (HDAC) inhibitors, 
preferably by using a valid RCT design. An elegant way to initiate investigation 
of experimental treatment modalities such as HDAC inhibitors, but also small 
molecule targeted anti-inflammatory drugs and mitochondrial peptide correction, 
would be by N = 1 design [43]. 

Many of these treatment strategies warrant further investigation in clinical 
trials. In order to narrow down which treatment strategies, and for that matter 
which biomarkers, are worth investigating most, promising findings on chronic 
fatigue pathophysiology should first be replicated and validated in independent, 
international, cohorts by use of uniform in- and exclusion criteria with well-defined 
and representative control groups. 

Chapter 12: Future prospects
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In dit proefschrift hebben we zowel psychologische als immunologische 
aspecten van het Q-koortsvermoeidheidssyndroom (QVS) onderzocht. Eerdere 
onderzoekingen suggereerden dat deze aspecten een bijdrage leveren aan het 
ontstaan van QVS. Wij laten zien dat dit inderdaad zo is en bovendien verduidelijken 
we om welke psychologische en immunologische aspecten het gaat. 

In hoofdstuk 2 onderzochten wij of de gunstige effecten van cognitieve 
gedragstherapie (CGT; een psychologische behandeling die zich richt op 
het blootleggen en aanpakken van foutieve gedachten en gedragingen die 
vermoeidheidsklachten in stand houden) op vermoeidheid bij QVS in de loop 
der tijd blijven bestaan [1]. Tot onze verassing bleek dit niet het geval. Hiervoor 
zijn verschillende verklaringen mogelijk. Zo kan het zijn dat CGT de functionele 
beperkingen bij QVS-patiënten onvoldoende vermindert. Ook kan het zijn dat de 
aanhoudende media-aandacht voor Q-koorts gedurende de follow-up een blijvend 
herstel in de weg zat of dat CGT niet specifiek genoeg was voor QVS. Omdat CGT 
initieel een gunstig effect heeft en het tot dusver de enige behandeling is die 
goed is onderzocht, raden wij CGT nog steeds aan als behandeling voor QVS. De 
reden waarom QVS-patiënten op den duur terugvallen in vermoeidheid moet nog 
verder worden onderzocht. Om de gunstige effecten van CGT op de lange termijn 
te behouden, zou CGT specifieker op QVS moeten worden gericht. Het gunstige 
effect is bovendien mogelijk te behouden met onderhoudssessies.

Om de resultaten uit hoofdstuk 2 beter te begrijpen, en CGT specifieker op QVS 
te richten, hebben wij in hoofdstuk 3 onderzocht waarom CGT in het begin wel 
effectief is maar in de loop der tijd niet meer. Wij vonden dat een toename in 
gevoel van controle over vermoeidheid bijdroeg aan het gunstige effect van CGT. 
Het niet behouden van de eerder behaalde gunstige effecten in zelfredzaamheid 
leverde een belangrijke bijdrage aan de terugval in vermoeidheid in de loop der 
tijd. Hoewel verder onderzoek nodig is, kunnen de resultaten in dit hoofdstuk 
worden gebruikt om CGT specifieker op QVS te richten. Ook kunnen de resultaten 
worden gebruikt om onderhoudssessies in te voeren [2].

De psychologische en immunologische aspecten van de pathofysiologie van 
QVS zouden verklaard kunnen worden door het concept van ontsteking van het 
centrale zenuwstelsel (neuroinflammatie) [3]. Bij dit fenomeen wordt een milde 
ontsteking in de hersenen gevonden. Bepaalde cellen in de hersenen, de microglia 
cellen en in mindere mate de astrocyten, zouden hierbij betrokken kunnen 
zijn. In hoofdstuk 4 onderzochten wij of patiënten met QVS en het chronisch 

vermoeidheidssyndroom (CVS) tekenen van neuroinflammatie lieten zien ten 
opzichte van gezonde controles. Dit deden wij met behulp van een positron 
emissie tomografie (PET) scan en een marker voor geactiveerde ontstekingscellen 
in de hersenen ((R)-[11C]PK11195). Helaas konden wij neuroinflammatie, zoals 
eerder gevonden door een Japanse groep, niet bevestigen. Net als de Japanners 
onderzochten wij slechts een klein aantal patiënten. De verschillen tussen beide 
studies zijn op meerdere manieren te verklaren. Grotere en zorgvuldig uitgevoerde 
studies zijn nodig om te zien of er inderdaad ontsteking in de hersenen aanwezig 
is bij patiënten met chronische vermoeidheid.

In hoofdstuk 5 onderzochten wij of QVS-patiënten zich immunologisch 
onderscheiden van mensen die Q-koorts hebben doorgemaakt en zijn genezen 
(seropositieven) en chronische Q-koorts patiënten. Wij deden dit door middel van 
de C. burnetii-specifieke Interferon-gamma Release Assay (IGRA) en lieten zien 
dat de interferon-(IFN)γ productie in QVS-patiënten significant hoger is dan die 
in Q-koorts seropositieven [4-9]. Daarnaast lieten wij zien dat de IFN-γ/IL-2 ratio 
in QVS-patiënten significant lager is dan in chronische Q-koorts patiënten. Deze 
resultaten sluiten nauw aan bij eerdere bevindingen van Pentilla et al., die liet 
zien dat afweercellen van QVS-patiënten meer IL-6 produceren wanneer ze met 
Q-koorts antigeen werden gestimuleerd [10]. Tezamen wijzen deze gegevens op 
een verhoogde activiteit van afweercellen in QVS-patiënten. Dit heeft ons ertoe 
gezet om de immunologische achtergronden van QVS verder te onderzoeken.

Als eerste stap in het onderzoek naar de immunologische aspecten van QVS, 
onderzochten wij in hoofdstuk 6 of QVS-patiënten met aanhoudende klachten 
zich onderscheiden van QVS-patiënten die hersteld zijn van hun klachten en 
Q-koorts seropositieven. Dit deden wij door CXCL9, CXCL10 en CXCL11 aan de C. 
burnetii-specifieke IGRA toe te voegen. Op deze manier kregen we meer inzicht 
in de rol van IFNγ, IL-2 en aan IFNγ gerelateerde chemokinen bij patiënten met 
QVS. Bij QVS-patiënten met aanhoudende klachten spelen mogelijk andere 
immunologische mechanismen dan bij diegenen die wel zijn hersteld van hun 
klachten. Verder lieten wij zien dat antigeen-specifieke productie van IFNγ en 
CXCL10 mogelijk kan dienen als een objectief kenmerk (biomarker) van QVS. 
Verder benadrukken deze resultaten het belang van de IFNγ-as bij QVS.

Omdat eerder onderzoek door Pentilla et al. liet zien dat ook andere 
ontstekingsstoffen (cytokinen) dan IFNγ kunnen bijdragen aan de immunologische 
aspecten van QVS, onderzochten wij een reeks verschillende cytokinen in 
hoofdstuk 7. Wij lieten zien dat QVS-patiënten zich immunologisch onderscheiden 
van Q-koorts seropositieven, CVS-patiënten en gezonde controles. Zoals eerder 
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bevonden door Pentilla et al. (en onze groep in hoofdstuk 5 en 6), dragen 
de cytokinen TNFα, IL-1β, IL-6, tezamen met de IFNγ-as, bij aan de afwijkende 
immuniteit in QVS. De exacte rol van deze cytokinen in de pathofysiologie van QVS 
zal nog verder moeten worden uitgezocht.

Vrijwel alle afwijkende cytokinen die door Pentilla et al., en onze groep in  
hoofdstuk 7, werden gevonden, worden door bepaalde cellen van het 
afweersysteem, monocyten, geproduceerd. Daarom onderzochten wij in 
hoofdstuk 8 of monocyten van acute Q-koorts patiënten aanhoudende 
veranderingen in het boodschapper-RNA (transcriptionele veranderingen) 
laten zien. In deze studie lieten wij zien dat een acute Q-koorts infectie 
inderdaad aanhoudende transcriptionele veranderingen kan teweegbrengen in 
bloedmonocyten. Ook de concentraties van cytokinen IL-10, IL-1β, IL-1Ra en IL-6 
in het bloed bleken langdurig veranderd als gevolg van de acute Q-koorts. Het is 
denkbaar dat deze, door acute Q-koorts ontstane, aanhoudende veranderingen 
uiteindelijk bijdragen aan de pathofysiologie van QVS.

Gezien de bevindingen in hoofdstuk 8, verrichtten wij in hoofdstuk 9 nader 
onderzoek naar de transcriptionele veranderingen van monocyten in QVS-
patiënten, CVS-patiënten, Q-koorts seropositieven en gezonde controles. Wij 
lieten zien dat QVS-patiënten, CVS-patiënten en, in mindere mate, Q-koorts 
seropositieven, allen een verminderde hoeveelheid boodschapper-RNA van de 
mitochondriële genen MT-RNR1 en MT-RNR2 hadden. Dit vertaalde zich bovendien 
in een verminderde productie van het eiwit humanin (het eiwit dat door MT-RNR2 
wordt gecodeerd). De vraag rees of deze mitochondriële eiwitten daadwerkelijk 
een rol spelen in CVS en QVS. In hoofdstuk 8 lieten wij zien dat acute Q-koorts 
inderdaad een verminderde hoeveelheid boodschapper-RNA van MT-RNR1 en MT-
RNR2 teweegbrengt. Gezien de functies van MOTS-c (het eiwit dat door MT-RNR1 
wordt gecodeerd) en humanin betrokken zijn bij processen als het beschermen 
van cellen, remmen van ontsteking, aansturen van de stofwisseling en herstel 
na inspanning, is het de moeite waard om de rol van deze genen in chronische 
vermoeidheid verder te onderzoeken [11-17].

Op de polikliniek van het Radboud Q-koorts Expertise Centrum viel het op dat 
veel QVS-patiënten aangaven dat zij, sinds de acute Q-koorts, last hadden van 
terugkerende en hevige bovenste luchtweginfecties. In hoofdstuk 10 lieten 
wij zien dat QVS-patiënten die aangaven last te hebben van deze bovenste 
luchtweginfecties, een verminderde immuunrespons hebben op verscheidende 
stimuli ten opzichte van gezonde controles. Deze bevinding is mogelijk te 
verklaren door zogeheten epigenetische veranderingen in de monocyten ten 

gevolge van de acute Q-koorts. Epigenetische veranderingen zijn bewerkelijke 
veranderingen rondom het DNA die er voor zorgen dat het DNA makkelijker of 
moeilijker leesbaar wordt. Wij lieten zien dat DNA in de afweercellen van QVS-
patiënten, verantwoordelijk voor de productie van bepaalde ontstekingsstoffen, 
moeilijker leesbaar was geworden. Dit zou een verminderde immuunrespons op 
virale verwekkers kunnen verklaren. Een volgende stap zou zijn om de rol van deze 
epigenetische veranderingen bij QVS verder te onderzoeken, bijvoorbeeld met 
‘chromatin immunoprecipitation’ (ChIP) sequencing.

Tot slot verrichtten wij in hoofdstuk 11 onderzoek naar het ontstekingsprofiel, 
stofwisselingsprofiel en microbioom (de samenstelling van de darmflora) van 
QVS-patiënten, CVS-patiënten en gezonde controles, om te zien of QVS- en CVS-
patiënten wat dit betreft verschillen en of zij anders zijn dan gezonde controles 
[18]. Wij lieten zien dat QVS- en CVS-patiënten vergelijkbaar zijn op basis van deze 
aspecten terwijl ze duidelijk verschilden van gezonde controles (met name op het 
gebied van ontstekingsmarkers 4E-BP1 en MMP-1, het metabole ‘sphingolipid’ 
pathway en de Bacteroidetes, Firmicutes en Actinobacteria van het microbioom). 
Ondanks deze overeenkomsten adviseren wij, gezien eerder gevonden verschillen 
in ontstekingsprofielen en respons op CGT in meer gedetailleerde studies, QVS en 
CVS als verschillende entiteiten te beschouwen [19]. Dit geldt met name wanneer 
onderzoek wordt uitgevoerd naar chronische vermoeidheid in het algemeen.

In dit proefschrift leggen wij mechanismen bloot die kunnen bijdragen aan de 
pathofysiologie van QVS en CVS. Bovendien laten we zien welke mechanismen 
verdere aandacht verdienen in de zoektocht naar een betere diagnosestelling 
en behandeling van deze beperkende ziektebeelden. Een volgende stap is het 
bevestigen van bovengenoemde, en andere veelbelovende, bevindingen in 
grote en onafhankelijke groepen QVS- en CVS-patiënten. Zoals beschreven in 
addendum 1, is het hierbij van essentieel belang om gebruik te maken van een 
uniforme studieopzet met goed beschreven controlegroepen.
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Stellingen

1. Het cartesiaans dualisme van lichaam en geest moet worden vermeden 
wanneer men onderzoek doet naar chronisch vermoeidheidssyndroom en 
Q-koortsvermoeidheidssyndroom.

2. Het Q-koortsvermoeidheidssyndroom lijkt in vele opzichten op het chronisch 
vermoeidheidssyndroom. Toch mogen deze entiteiten niet als een geheel worden 
beschouwd.

3. De verhoogde cytokinenproductie bij patiënten met het Q-koortsvermoeid-
heidsyndroom is eerder een gevolg van reprogrammering van het afweersysteem dan 
van persistentie van Coxiella burnetii.

4. Ernstige chronische vermoeidheid is een klacht die hoge eisen stelt aan de 
communicatieve vaardigheden van de dokter. 

5. Daar waar patiënten met ernstige chronische vermoeidheid antwoorden en 
duidelijkheid verlangen, zorgen onderzoekers voor meer vragen en onduidelijkheden.

6. Onderzoek naar chronisch vermoeidheidssyndroom is alleen van waarde 
wanneer gebruik wordt gemaakt van strenge in- en exclusiecriteria, tezamen met 
representatieve en goed gedefinieerde controlegroepen. 

7. De specifieke in-vitro interferon-gamma productie na stimulatie met Coxiella antigenen 
heeft nog geen plaats in de diagnostiek van het Q-koortsvermoeidheidsyndroom.

8. Cognitieve gedragstherapie is nog steeds de meest werkzame therapie voor chronisch 
vermoeidheidssyndroom en zelfs voor het Q-koortsvermoeidheidsyndroom.

9. Het is aan te bevelen om N = 1 interventies te doen met nieuwe anti-inflammatoire 
geneesmiddelen die goed in het centrale zenuwstelsel doordringen bij patiënten met 
chronisch vermoeidheidssyndroom en het Q-koortsvermoeidheidsyndroom.

10. Gezien de kwaliteit van de Nederlandse research en de specifieke expertise moet 
investering in een nationaal vaccininstituut hoge prioriteit hebben.

11. De onkritische benadering in het gebruik van hydroxychloroquine voor SARS-CoV-2 
door een Franse onderzoeksgroep wekt wantrouwen over eerder onderzoek naar 
Q-koorts door diezelfde groep.


