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Abstract

Chronic fatigue syndrome (CFS) remains an incompletely characterized illness, in part due to
controversy regarding its definition, biological basis and diagnosis. Biomarkers are objective
measures that may lead to improvements in our understanding of CFS by providing a more
coherent and consistent approach to study, diagnosis and treatment of the illness. Such metrics
may allow us to distinguish between CFS subtypes — each defined by characteristic biomarkers —
currently conflated under the single, heterogeneous condition of CFS. These delineations, in turn,
may guide more granular, focused, and targeted treatment strategies based on more precise
characterizations of the illness. Here, we review potential CFS biomarkers related to neurological
and immunological components of the illness, and discuss how these biomarkers may be used to
move the field of CFS forward, emphasizing clinical utility and potential routes of future research.

Biomarkers for CFS — A Review of the Challenges

Chronic fatigue syndrome (CFS) is a debilitating complex disorder characterized by
profound fatigue that is not relieved by rest, neurocognitive dysfunction and profound post-
exertional malaise. Symptoms affect several different body systems and include cognitive
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problems, muscle pains, and sleep problems. The illness is characteristically worsened by
physical or mental activity. Currently the diagnosis requires excluding other conditions that
could be causing the symptoms. Several different case definitions are currently in use.l 2
Despite increasing attention among the medical community, CFS remains a poorly
understood and controversial condition.3 4 Studies of the pathophysiology of CFS 5" have
offered hope for improvements in understanding the illness and its diagnosis and treatment.
However, inconsistencies amongst research studies have slowed progress in the study of
CFS.3 Discovery and validation of biomarkers in CFS®: 8 9 could advance the field by
identifying phenotypic subtypes as well as by providing more objective support for
diagnosis 2 10 and choice of therapy.11: 12

Lessons learned from the field of chronic prostatitis/chronic pelvic pain syndrome (CP/
CPPS), another chronic condition that is poorly understood and without optimal treatment
options, could be used to advance our understanding of CFS. In the 1990s, impressive
efforts were made within the field to coordinate research on CP/CPPS, which included the
establishment of a multi-center patient cohort through the National Institute of Health/
National Institute of Diabetes and Digestive and Kidney Diseases (NIH/NIDDK). The NIH
Chronic Prostatitis Collaborative Research Network (NIH CPCRN) performed several large
multicenter trials and collected longitudinal data on patients with CP/CPPS. As a result of
this network of researchers and clinicians, clinical and research definitions were more
broadly accepted resulting in greater consistency between studies, and larger more
generalizable clinical trials. Furthermore, phenotyping systems utilizing clinical biomarkers
to identify subphenotypes within the CP/CPPS population emerged. One such example is
DABBEC - a biomarker-based pathophysiologic phenotyping system (named after those
who designed the system); applying a similar system of phenotype classification to CFS
could help in classifying the heterogeneity of the illness and guiding a more nuanced
approach to treatment.11

The NIH CPCRN is an example of how data can be integrated over time to provide feedback
between basic research and clinical trials, with the ultimate end of improving management.
Recently, a guideline for minimal data elements to be included in the research description of
patients with CFS was published.3 These guidelines could function much like the NIH
Chronic Prostatitis Symptom Index (NIH-CPSI) in the context of CP/CPPS, with similar
potential to improve CFS research and clinical management if widely used. The NIH
CPCRN provided infrastructure for the organization and coordination of studies of CP/
CPPS, while maintaining a healthy degree of active discussion and revision of definitions
and guidelines. A similar organizational approach would benefit CFS researchers and
clinicians.

There is currently little agreement on how to identify, quantify and reproducibly verify
biomarkers of CFS, due in part to ambiguity in how biomarkers are defined and used. A
biomarker that is only positive in a subset of patients with CFS, for example, may not
necessarily be useful for a universal diagnosis, but could have a variety of other
applications. It may help to define a subtype of CFS characterized by a unique set of
pathophysiological processes. This may be used to improve current case definitions which,
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due to limitations from an incomplete characterization of CFS, unavoidably conflate distinct
etiologies.

Biomarkers may also help to identify therapeutic strategies that are most effective for a
given patient, as a CFS subtype characterized by a particular pathophysiology will respond
best to a treatment that targets that pathophysiology; indeed, an improvement in the
effectiveness of a therapy targeted to a particular biomarker-defined subgroup would be a
strong validation of the biological importance of that marker. Like cancer, CFS is likely not
a single illness with a single etiology; rather, given the vast heterogeneity of the illness,
developing targeted treatments will require distinctions between subtypes, and a customized
approach to each. ldentifying biomarkers present in particular subsets of patients with CFS
may be the first step in shedding light upon the complex entity of CFS.

Lack of “sharp etiological margins” for CFS has resulted in many different theories of
pathophysiological origin. Dysfunctions of the neurological and/or immune systems have
arguably received the most attention — as evidenced by recent reviews on the topicl2 13 and
proposed case definitions! — and therefore we decided to summarize the status of the most
promising neurologic and immune biomarkers.

It should be noted that this report is not a formal systematic review of the above areas, as the
research on CFS biomarkers is still relatively immature, definitions of biomarkers remain
ambiguous, and ultimately the existent literature is too varied to allow for systematic
inclusion criteria. Moreover, we have not included biomarkers related to other potential
etiologies, such as mitochondrial dysfunction. However, in an attempt to minimize selection
bias, we have nonetheless attempted to provide a broad overview of well-referenced
literature pertaining to potential neurologic and immune biomarkers in CFS, with the
objective of identifying promising biomarkers that demarcate distinct CFS subgroups and
therapeutic targets, and which may warrant future research. In addition, while the
neurological and immunological biomarkers and subgroups are considered separately
(Tables 1 and 2), overlaps and interactions between these systems and others are likely; the
two are by no means mutually exclusive.

Neurological biomarkers of CFS (Table 1)

Neuroanatomical characteristics

Many researchers have found neuroanatomical differences in some individuals with CFS
compared to controls. For example, magnetic resonance imaging (MRI) scans have revealed
punctate white matter hyperintensities in the frontal lobes,* upper centrum semiovale and
the high parasagittal convolutional tracts, gray matter reduction both globally and in the
bilateral prefrontal cortex'> and white matter volume reduction.1® These anatomical
differences could potentially play a role in the etiology of CFS in some patients. Gray and
white matter reduction has been correlated with symptom severity in the subset of patients
with these change.1® 16 Cortical volume was found to normalize with successful treatment,
suggesting it could be used in tracking the disease status and response to therapy in this
group of patients.16: 17
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However, it is difficult to find a unifying explanation for the diversity of neuroanatomical
findings and the diffuse array of reported neuroanatomical differences makes it difficult to
identify single sets of measures for use in characterizing patients with CFS. Comorbid
diseases, such as depression, exhibit similar neuroanatomical changes,® 19 indicating that
these particular biomarkers are not specific for CFS. In addition, the MRI methodology
currently required for neuroanatomical assessment is costly, making it difficult to apply
routinely.

Neural perfusion characteristics

Interestingly, evidence indicates that some individuals with CFS may exhibit impairments in
blood perfusion, particular of brain tissue.29 Positron emission tomography (PET) has
shown decreased brainstem perfusion?! and hypometabolism in the right mediofrontal
cortex and brainstem,22 while arterial spin labeling has revealed a global reduction in
cerebral blood flow.20 One study showed a correlation between brainstem grey matter
volume and pulse pressure.1® While these perfusion deficits are either absent or different in
comorbid illnesses such as depression,2 22 not all studies have identified neural perfusion
abnormalities in CFS.23 Also, like the MRI methodologies, the detection of these
abnormalities may be expensive and difficult to implement. Continued research into the
presence of perfusion abnormalities in a subset of patients with CFS may be useful in
characterizing a neurological subtype of the illness, and in developing treatment strategies
(e.g., increasing blood volume to restore cerebral perfusion).

Neurofunctional characteristics

Several lines of research have effectively utilized blood-oxygen-level-dependent functional
MRI (BOLD fMRI) to detect functional differences in neural activity in a subset of
individuals with CFS. For example, some patients exhibit heightened activity in several
cortical and subcortical brain regions (parietal, cingulate, inferior frontal, and superior
temporal cortices, as well as cerebellum and cerebellar vermis) during mentally challenging
cognitive tasks,2* as well as in the frontal and parietal brain regions during an auditory
information processing task and a motor imagery task.2%: 26 Moreover, these functional
differences appear to co-vary with fatigue severity,24 suggesting that they may have direct
relevance to the core symptomatology of CFS in this subset of patients.

Electroencephalogram (EEG) methodologies have also revealed functional differences in
some individuals with CFS, such as disrupted brain waves during sleep and increased
activity in the left frontal-temporal-parietal cortical regions during a linguistic cognitive
task.2”: 28 In the latter study, findings were used to distinguish patients with CFS from
healthy controls with 80% accuracy.28 Given the strong links of neurofunctional measures to
CFS symptomatology, these measures are a promising means of characterizing a subset of
patients with CFS whose pathophysiology may relate to neurological dysfunction. Although
the tests may prove prohibitively expensive and require expertise of those operating the
equipment, when conducted they may lend valuable insight into the nature of this potential
CFS subtype.
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Neurocognitive characteristics

A substantial body of literature has investigated the neurocognitive changes that are
characteristic of CFS.29 Indeed, these cognitive deficits appear to play an important role in
the undesirable effects on the quality of life of those afflicted with the condition: 50-85% of
patients with CFS report that such cognitive problems hinder their social and occupational
lives. Furthermore, evidence suggests that patients with CFS tend to exhibit poorer
concentration, memory for recent events, and word-finding ability, slowed information
processing, slowed reaction times and shortened attention spans.30

The prevalence of these neurocognitive deficits among patients with CFS suggests that they
could be useful markers for the illness. Moreover, many of these cognitive findings appear
to be absent in comorbid psychiatric diseases such as depression and anxiety, and one study
reliably distinguished between patients with CFS and those with depression based, in part,
on memory and concentration performance;3! such measures could therefore be
diagnostically useful in differentiating CFS from confounding co-morbidities.

However, these neurocognitive markers have drawbacks as well. Many of these findings
have been subject to mixed results in subsequent studies,39 and some neurocognitive
measures do not correlate with fatigue severity3C or do not differ from findings in
depression.32 These discrepancies may be attributable to inconsistency in approaches to
cognitive testing,33 or may reflect variability inherent to behavioral data. Nonetheless, these
neurocognitive biomarkers may be a useful way of classifying CFS subtypes (particularly
given that they are relatively simple and inexpensive to administer). Adopting a constant
testing paradigm across multiples sites may allow consistent findings to emerge, helping to
determine if the spectrum of cognitive impairments identifies subgroups of CFS.

Neurochemical/endocrine characteristics

Some individuals with CFS have been found to differ from healthy controls in several
neurochemical measures. For one, a subset of patients with CFS have been found to exhibit
dysregulation of their hypothalamic-pituitary-adrenal (HPA) axis: patients with CFS may
exhibit low basal cortisol levels,34 3° attenuated diurnal cortisol fluctuations,36-40 elevated
adrenocorticotropic (ACTH) hormone,34 38 and blunted HPA axis responsiveness.36: 41
Patients with CFS have also been shown to exhibit increased serotonin function*? but
reduced serotonin receptor binding,*3 as well as increased levels of plasma neuropeptide Y.
Although these findings are varied, neuroendocrine biomarkers have several strengths. They
are relatively simple to assay, and a subset of these findings (e.g., plasma neuropeptide Y)
have been linked to symptom severity.? Genetic differences in genes associated with the
HPA axis such as POMC and NR3C1 are being explored in patients with CFS, although
much larger studies are still needed to verify which genetic differences are most important
and consistent with the illness. Given the diurnal variation of these findings, future research
and clinical applications will need to be mindful of the times and methods by which these
biomarkers are sought.
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Immunological biomarkers of CFS

Immunological abnormalities have been widely implicated in many patients with CFS, and
could serve a role in delineating subtypes of this illness. Unfortunately, many findings have
been varied and inconsistent among CFS patient populations. With further evaluation, many
of these markers may serve to refine our definition of CFS, improve our understanding of
individual patients with CFS and guide our treatment strategies for them. A summary of
these immunological biomarkers can be found in table 2.

Cytokine profile characteristics

The majority of immunological studies focus on cytokine profiles from peripheral blood
samples of CFS patients. Earlier studies focused on inflammation, hypothesizing that CFS
could result from an aberrant immune response with a pro-inflammatory cytokine profile.10
Supporting this, where multiple studies revealing high levels of TNF-a, IL-1, PMN-elastase,
lysozyme, and serum neopterin, a cellular activation marker secreted by activated
macrophages in patients with CFS.44 45 Increased levels of inflammatory mediators could
help explain underlying symptoms including fatigue, flu-like malaise, and autonomic
symptoms.*® Other studies drew correlations between the levels of pro-inflammatory
cytokines and the severity of CFS symptoms,? 46 but results have been variable, where both
pro- and anti-inflammatory proteins appear elevated.

A well-studied and characteristic finding is an attenuated Ty1 response.4’-4° Some
adolescents with CFS exhibit increased levels of IL-10 and a decreased IFN-y/IL-10 ratio,
indicating a T2 shift.50 When peripheral blood mononuclear cells from CFS patients are
stimulated in culture, increased IL-4 levels accompany a high T2/T1 ratio.5! Studies
revealing decreases in Tyl and Ty17 inflammatory mediators may begin to provide links to
the declining neurocognitive function and depressed psychosocial and motor skills observed
in some patients.47: 49

Several groups have investigated this biased shift towards a T2 response.10: 47.52 Some
have suggested that CFS could be a chronic allergic reaction, with some trigger resulting in
mast cell degranulation and increased IgE levels.>3 However, the majority of these studies
concluded that this IgE, mast cell hypothesis may not actually contribute significantly to
CFS pathophysiology.47: 53 Other studies concluded that the observed increases in T2
cytokines, most distinctly 1L-10, may be suppressing T and NK cell activation, dampening
the cytotoxic lymphoid responses.48: 54-56

One group, observing this skewed T2 profile, suggested that a particular vasoactive
neuropeptide receptor, the vasoactive intestinal peptide receptor 2 (VPACR2), could be
inducing an anti-inflammatory IL-10 response and suppressing cell-mediated cellular
cytotoxicity.>” This G-protein coupled receptor has been shown to modulate the expression
of IL-10 and other anti-inflammatory cytokines. VPACR?2 is highly expressed on the surface
of T cells in patients with CFS when compared to matched controls, likely reflecting the
observed T2 shift.46 This receptor binds Vasoactive Intestinal peptide (VIP), a
hypophysiotropic hormone that has modulatory effects in the intestines, CNSand in T
lymphocytes. In immune cells, binding inhibits the expression of pro-inflammatory
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cytokines and acts to increase secretion of anti-inflammatory factors.®8 In considering the
molecular heterogeneity of CFS immunological findings, chronic elevation in VPACR2 and
TH2 cytokines may provide reasonable support for detecting common immune pathways in
CFS subtypes.

In conclusion, several studies suggest that an elevated T2/T1 profile might reflect disease
activity in patients with CFS.46. 47. 49 Cytokines may not differentiate between cause and
effect, but may provide important diagnostic information to delineate phenotypic
subcategories of patients with CFS. Furthermore, such markers may elucidate a connection
between CFS and co-morbid conditions like depression.5® Some research has pointed to the
role inflammation may play in the pathophysiology of co-occurring depression and CFS.
One group noted the potential significance of neopterin, a pro-inflammatory marker secreted
by macrophages, as a potential lead to shared pathways in comorbid CFS and depression.
Such information, in turn, could help identify particular CFS subtypes and target specific
therapeutic interventions.

Cell-mediated immune response characteristics

A common finding in the CFS literature is the reduction of NK cell numbers and function in
some patients with CFS.60-62 CD11b/c and ICAM-1, surface molecules necessary for NK
adhesion and cellular cytotoxicity, are also reduced in patients with CFS.52: 63 |ikewise,
patients with CFS exhibit a loss of the marker CD38, a human signal transduction molecule
that has been shown to induce cytolytic functions and play an important role in activating
NK cells.3 CD38 is a human signal transduction molecule whose signaling induces release
of IFN-y and GM-CSF. It has been shown to induce cytolytic functions, and plays an
important activation role in NK cells.54 Studies have also revealed decreases in granzyme A
and K (serine proteases released from cytoplasmic granules of cytotoxic T cell lymphocytes
and NK cells during cell lysis)*®¢ expression in patients with CFS, and suppressed NK
cytotoxic activity and CD56P"19Mt cells.46. 48 |n a 2010 study, Brenu and colleagues
concluded that these abnormalities suggest immune dysregulation that could contribute to
the flu-like symptoms of chronic fatigue.#® Indeed NK cell assays accompanied by surface
marker expressions on NK cells appear to be a forthcoming contender for sensitive immune
biomarkers.

The findings of impaired NK cell function — which are important in the normal immune
defense against viruses — suggest that viral infections may be a root cause of CFS in some
patients. Two leukocyte surface markers were found highly expressed on the surface of T
cells from CFS patients: CD26 (DPPIV) (an extracellular enzyme implicated in tumor
immunology) and CD69 (an early lymphoid activation marker).62 However, in another
study, CD69 was found reduced on CD4+ and CD8+ T cells and NK cells in patients with
CFS compared to healthy subjects.®® Both may provide explanations for immune
dysregulation in patients with CFS potentially related to viral infections, although the search
for viral etiologies of CFS is ongoing.52

The controversy surrounding viral infections in patients with CFS has focused on the clinical
manifestation of fatigue.56 Another hypothesis attempted to associate the increased T2
response as underlying the universal presenting symptoms of CFS similar to those of a viral
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infection.#”- 67 Epstein-Barr Virus (EBV) and other viruses are known to cause long
episodes of fatigue lasting on average from eight to sixteen weeks.®8 Stress and impaired
cellular mediated cytotoxicity can exacerbate symptoms and in cases of latent infection,
cause viral reactivation.5% One group found increased active rates of infection by Human
Herpesvirus 6, (HHV-6), Human Herpesvirus 7 (HHV-7), and parvovirus B19 in patients
with CFS when compared to controls.”? One study found that 94% of patients with CFS had
decreased circulating B-cells with a depletion of peripheral blood CD19+IgM+ mature B-
lymphocytes, noting another possible connection between EBV and abnormal immune
responses. While etiology is not yet well established, there remains potential for virus-
specific antibodies to help delineate possible subtypes of CFS in the future.

Humoral immune response (B-cells) characteristics

While we have arbitrarily separated abnormalities in T-cell and B-cell function in patients
with CFS, the two arms of the immune system are in constant crosstalk. For example, T2
cells secrete cytokines important for antibody-mediated immunity, including class switching
and B cell proliferation.>* Likewise, antibody-dependent cellular cytotoxicity (ADCC) is
mediated by NK cells binding to the Fc region of target cell antigen-specific antibodies,
typically I1gG.

Based on the physiologic role of CD-20 and its potential importance as a clinical biomarker,
Fluge and Mella conducted a double blind, placebo-controlled phase Il study administering
the anti-CD20 antibody Rituximab, and found that Rituximab depleted B cells and led to
symptom improvements in 30 patients with CFS.%° The association between the depletion of
B cells and lasting improvements in self-reported fatigue scores may suggest an antibody
response to non-specific self-antigens.®® Indeed, Fluge and Mella suggested that
autoimmunity might be implicated in a subset of patients with CFS.5® Patients with CFS
recorded a 2—7 month delay before reporting clinical improvement when treated with
Rituximab.5® Fluge and Mella suggested this time delay is due to the elimination of
circulating autoantibodies that naturally precedes observed improvements in CFS
symptoms.>5: 56

Finally, histone deacetylases (HDACS) are a group of enzymes that inhibit the process of
DNA unwinding.”* Among an elderly sample with CFS, Jason and others recently found
increased histone deacetylase activity and lower total antioxidant power in the context of
decreased plasma cortisol and increased plasma dehydroepiandrosterone, concomitant with
decreased expression of the encoding gene for the glucocorticoid receptor. Therefore, it is
possible that increased HDAC activity may in turn contribute to a chronic pro-inflammatory
state in some patients that may result in the expression of fatigue, through the inhibition of
gene expression.

A Critical Review of Biomarkers for CFS: Limitations and Future Directions

The majority of CFS studies are limited by the numbers of patients that are included, and as
previously noted, the heterogeneity of the illness. Variables such as duration of illness,
medications, and co-morbid conditions make interpretation difficult. Many of the
biomarkers reviewed here are imperfect in one or several respects, as reviewed in Tables 1
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and 2. In the neurological domain, many of these biomarkers lack specificity for CFS, are
highly varied between patients with CFS, or require technological methods whose expense
and complexity limit practical clinical application (e.g., fMRI).23 In the immunological
domain, diurnal variations in inflammatory markers make it difficult to draw cause-effect
conclusions and create quantitative parameters for prognostic evaluation.39 Differences in
results may be, at least in some reports, attributed to total or partial differences in
methodologies.

Also, mild stress in patients may elicit disease-specific changes that are enhanced by the
stress response, leading to greater inconsistencies in biomarker findings.”2 In order to
account for prior stressors that might affect plasma protein concentrations, some studies
induce mild stress by challenging participants with a psychosocial stress test (Trier social
stress test) or light exercise.” One group found increased sensitivity of CFS immune cells to
glucocorticoids, implying that neuroendocrine stressors may strongly interact with many of
these biomarkers. Thus, the methodology of inducing mild stress prior to testing for
biomarkers may exacerbate the pathophysiological processes that underlie CFS subtypes
(which give rise to the post exertional malaise that is characteristic of many patients with
CFS), and enhance the detectability of biomarkers.

Future research may also go beyond conventional analytic methods that focus on the
expression of individual markers to assess network-based approaches, which have found
promising differences in regulatory processes.’ For example, using a network-based
analysis, Broderick, Klimas and others found differences in genetic expression among
patients with CFS during exertion; several such genes were linked to immune metabolism.>*
Sorenson, Jason and others (in preparation) used a similar network analysis to identify
inflammatory markers that might be active in CFS. Thus, these forms of analysis may be
useful in identifying future biomarkers for the disease.

This paper offers an overview of the biomarkers that may be useful in delineating distinct
subtypes of CFS. Rather than selecting one or several biomarkers to define CFS, we suggest,
given the vast heterogeneity of the disease (as currently defined), the application of
biomarkers for the use of subtyping patients with CFS, for the purpose of future tailored
treatments. This raises the question of how to validate the clinical and biological
significance of these biomarker-defined subsets. We believe that large multisite longitudinal
studies of CFS patients and appropriate healthy and ill controls are required. Standardized
detailed phenotyping combined with systematic biologic measures need to be correlated
with measures of disease course and response to therapy to generate hypotheses for testing
in biomarker directed clinical trials and to identify the pathophysiology of the neurological
underpinnings and immune response in order to refine a delineation of subtypes.
Furthermore, repeated measurements of the same biomarker over time in observational
cohorts can also provide important insights about the dynamics of these biomarkers in CFS.

Conclusion

Recent research efforts have resulted in recommendations for minimal elements in research
papers on CFS.3 Research and clinical management of CFS will benefit from a more
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objective system of characterization, just as the CP/CPPS benefited from the DABBEC
phenotyping method.1! Based on the current state of research on the topic, biomarkers offer
a strong potential for characterizing CFS subgroups in terms of clinical phenotypes,
endophenotypes, prognosis and response to therapy. We have categorized reliable but
disparate markers of the disease into distinct categories that can be used to delineate
etiologically distinct subtypes of CFS, which can, in turn, be used to develop a more
nuanced definition of the disease and more customized approaches to treatment.

Of course, this proposed framework cannot be utilized effectively without remaining
amenable to future research developments. First, the criteria for using these biomarkers in
diagnosis must be defined, along with the phenotypes that they accompany. Then, the
reliability and effectiveness of these biomarkers must be tested for diagnostic and/or
prognostic capacity, to propel our understanding and treatment of disease forward.
Moreover, if biomarkers are going to be practically useful to assist in diagnosis, CFS
patients with other comorbidities such as multiple sclerosis, lupus, depression, and other
comorbid disorders with CFS must be included in these studies (“ill controls” or comparison
groups) to allow evaluation of the specificity of the proposed biomarkers for CFS.

Second, as novel biomarkers are discovered and the biological underpinnings of CFS are
elucidated, these contributions to the existing body of knowledge must be incorporated into
the proposed framework. Only by continuously evolving with the research on which it
depends can this proposed model accurately reflect the true nature of the disease. Hopefully,
as future studies are performed and validated, the current model will retain its flexibility and
will allow incorporation of new knowledge into the working framework of CFS. It is only
by developing a more nuanced and granular framework for CFS — one that can be shared by
researchers and clinicians alike — that our knowledge of the disease, and of potential
treatments, can progress.

Abbreviations

CFS Chronic fatigue syndrome
CP/CPPS chronic prostatitis/chronic pelvic pain syndrome
CPCRN Chronic prostatitis collaborative research network
PET Positron emission tomography
MRI magnetic resonance imagine
EEG Electroencephalogram
HPA Hypothalamic-pituitary-adrenal
HDAC Histone deacetylase
References

1. Carruthers BM, van de Sande MI, De Meirleir KL, et al. Myalgic encephalomyelitis: International
Consensus Criteria. J Intern Med. Oct; 2011 270(4):327-338. [PubMed: 21777306]

Fatigue. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fischer et al.

11.

12.

13.

15.

Page 11

. Fukuda K, Straus SE, Hickie I, Sharpe MC, Dobbins JG, Komaroff A. The chronic fatigue

syndrome: a comprehensive approach to its definition and study. International Chronic Fatigue
Syndrome Study Group. Ann Intern Med. Dec; 1994 121(12):953-959. [PubMed: 7978722]

.Jason LA, Unger ER, Dimitrakoff JD, et al. Minimum data elements for research reports on CFS.

Brain Behav Immun. Mar; 2012 26(3):401-406. [PubMed: 22306456]

. Anderson VR, Jason LA, Hlavaty LE, Porter N, Cudia J. A review and meta-synthesis of qualitative

studies on myalgic encephalomyelitis/chronic fatigue syndrome. Patient Educ Couns. Feb; 2012
86(2):147-155. [PubMed: 21571484]

. White AT, Light AR, Hughen RW, Vanhaitsma TA, Light KC. Differences in metabolite-detecting,

adrenergic, and immune gene expression after moderate exercise in patients with chronic fatigue
syndrome, patients with multiple sclerosis, and healthy controls. Psychosom Med. Jan; 2012 74(1):
46-54. [PubMed: 22210239]

. Rajeevan MS, Smith AK, Dimulescu I, et al. Glucocorticoid receptor polymorphisms and

haplotypes associated with chronic fatigue syndrome. Genes Brain Behav. Mar; 2007 6(2):167-176.
[PubMed: 16740143]

. Smith AK, Fang H, Whistler T, Unger ER, Rajeevan MS. Convergent genomic studies identify

association of GRIK2 and NPAS2 with chronic fatigue syndrome. Neuropsychobiology. 2011;
64(4):183-194. [PubMed: 21912186]

. Brenu EW, van Driel ML, Staines DR, et al. Longitudinal investigation of natural killer cells and

cytokines in chronic fatigue syndrome/myalgic encephalomyelitis. J Transl Med. May.2012 10(1):
88. [PubMed: 22571715]

. Fletcher MA, Rosenthal M, Antoni M, et al. Plasma neuropeptide Y: a biomarker for symptom

severity in chronic fatigue syndrome. Behav Brain Funct. 2010; 6:76. [PubMed: 21190576]

10. Fletcher MA, Zeng XR, Barnes Z, Levis S, Klimas NG. Plasma cytokines in women with chronic

fatigue syndrome. J Transl Med. 2009; 7:96. [PubMed: 19909538]

Allsop SA, Erstad DJ, Brook K, Bhai SF, Cohen JM, Dimitrakoff JD. The DABBEC phenotyping
system: towards a mechanistic understanding of CP/CPPS. Nat Rev Urol. Feb; 2011 8(2):107-113.
[PubMed: 21243018]

Komaroff AL, Cho TA. Role of infection and neurologic dysfunction in chronic fatigue syndrome.
Semin Neurol. Jul; 2011 31(3):325-337. [PubMed: 21964849]

Carlo-Stella N, Lorusso L, Candura SM, Cuccia M. Chronic fatigue syndrome: a review. Recenti
Prog Med. Nov; 2004 95(11):546-552. quiz 560. [PubMed: 15598093]

14. Lange G, DeLuca J, Maldjian JA, Lee H, Tiersky LA, Natelson BH. Brain MRI abnormalities exist

in a subset of patients with chronic fatigue syndrome. J Neurol Sci. Dec; 1999 171(1):3-7.
[PubMed: 10567042]

Okada T, Tanaka M, Kuratsune H, Watanabe Y, Sadato N. Mechanisms underlying fatigue: a
voxel-based morphometric study of chronic fatigue syndrome. BMC Neurol. Oct.2004 4(1):14.
[PubMed: 15461817]

16. Barnden LR, Crouch B, Kwiatek R, et al. A brain MRI study of chronic fatigue syndrome:

evidence of brainstem dysfunction and altered homeostasis. NMR Biomed. Dec; 2011 24(10):
1302-1312. [PubMed: 21560176]

17. Sumii T, Moriyama H, Fujii M, et al. Clinical studies on prostatitis and the therapeutic effects of

NFLX. Nishinihon Journal of Urology. 1988; 50(5):1741-1746.

18. Cope H, David AS. Neuroimaging in chronic fatigue syndrome. J Neurol Neurosurg Psychiatry.

May; 1996 60(5):471-473. [PubMed: 8778248]

19. Greco A, Tannock C, Brostoff J, Costa DC. Brain MR in chronic fatigue syndrome. AINR Am J

Neuroradiol. Aug; 1997 18(7):1265-1269. [PubMed: 9282853]

20. Biswal B, Kunwar P, Natelson BH. Cerebral blood flow is reduced in chronic fatigue syndrome as

assessed by arterial spin labeling. J Neurol Sci. Feb; 2011 301(1-2):9-11. [PubMed: 21167506]

21. Costa DC, Tannock C, Brostoff J. Brainstem perfusion is impaired in chronic fatigue syndrome.

QJM. Nov; 1995 88(11):767-773. [PubMed: 8542261]

22. Tirelli U, Chierichetti F, Tavio M, et al. Brain positron emission tomography (PET) in chronic

fatigue syndrome: preliminary data. Am J Med. Sep; 1998 105(3A):54S-58S. [PubMed: 9790483]

Fatigue. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fischer et al.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 12

Razumovsky AY, DeBusk K, Calkins H, et al. Cerebral and systemic hemodynamics changes
during upright tilt in chronic fatigue syndrome. J Neuroimaging. Jan; 2003 13(1):57-67. [PubMed:
12593133]

Cook DB, O’Connor PJ, Lange G, Steffener J. Functional neuroimaging correlates of mental
fatigue induced by cognition among chronic fatigue syndrome patients and controls. Neuroimage.
May; 2007 36(1):108-122. [PubMed: 17408973]

Lange G, Steffener J, Cook DB, et al. Objective evidence of cognitive complaints in Chronic
Fatigue Syndrome: a BOLD fMRI study of verbal working memory. Neuroimage. Jun; 2005
26(2):513-524. [PubMed: 15907308]

de Lange FP, Kalkman JS, Bleijenberg G, et al. Neural correlates of the chronic fatigue syndrome--
an fMRI study. Brain. Sep; 2004 127(Pt 9):1948-1957. [PubMed: 15240435]

Decker MJ, Tabassum H, Lin JM, Reeves WC. Electroencephalographic correlates of Chronic
Fatigue Syndrome. Behav Brain Funct. 2009; 5:43. [PubMed: 19807920]

Flor-Henry P, Lind JC, Koles ZJ. EEG source analysis of chronic fatigue syndrome. Psychiatry
Res. Feb; 2010 181(2):155-164. [PubMed: 20006474]

Cockshell SJ, Mathias JL. Cognitive functioning in chronic fatigue syndrome: a meta-analysis.
Psychol Med. Aug; 2010 40(8):1253-1267. [PubMed: 20047703]

Michiels V, Cluydts R. Neuropsychological functioning in chronic fatigue syndrome: a review.
Acta Psychiatr Scand. Feb; 2001 103(2):84-93. [PubMed: 11167310]

Hawk C, Jason LA, Torres-Harding S. Differential diagnosis of chronic fatigue syndrome and
major depressive disorder. Int J Behav Med. 2006; 13(3):244-251. [PubMed: 17078775]
Deluca J, Johnson SK, Beldowicz D, Natelson BH. Neuropsychological impairments in chronic
fatigue syndrome, multiple sclerosis, and depression. J Neurol Neurosurg Psychiatry. Jan; 1995
58(1):38-43. [PubMed: 7823065]

Michiels V, de Gucht V, Cluydts R, Fischler B. Attention and information processing efficiency in
patients with Chronic Fatigue Syndrome. J Clin Exp Neuropsychol. Oct; 1999 21(5):709-729.
[PubMed: 10572289]

Demitrack MA, Dale JK, Straus SE, et al. Evidence for impaired activation of the hypothalamic-
pituitary-adrenal axis in patients with chronic fatigue syndrome. J Clin Endocrinol Metab. Dec;
1991 73(6):1224-1234. [PubMed: 1659582]

Wood B, Wessely S, Papadopoulos A, Poon L, Checkley S. Salivary cortisol profiles in chronic
fatigue syndrome. Neuropsychobiology. 1998; 37(1):1-4. [PubMed: 9438265]

Papadopoulos AS, Cleare AJ. Hypothalamic-pituitary-adrenal axis dysfunction in chronic fatigue
syndrome. Nat Rev Endocrinol. Jan; 2012 8(1):22-32. [PubMed: 21946893]

Roberts AD, Wessely S, Chalder T, Papadopoulos A, Cleare AJ. Salivary cortisol response to
awakening in chronic fatigue syndrome. Br J Psychiatry. Feb.2004 184:136-141. [PubMed:
14754825]

MacHale SM, Cavanagh JT, Bennie J, Carroll S, Goodwin GM, Lawrie SM. Diurnal variation of
adrenocortical activity in chronic fatigue syndrome. Neuropsychobiology. Nov; 1998 38(4):213—
217. [PubMed: 9813459]

Nater UM, Youngblood LS, Jones JF, et al. Alterations in diurnal salivary cortisol rhythm in a
population-based sample of cases with chronic fatigue syndrome. Psychosom Med. Apr; 2008
70(3):298-305. [PubMed: 18378875]

Nater UM, Maloney E, Boneva RS, et al. Attenuated morning salivary cortisol concentrations in a
population-based study of persons with chronic fatigue syndrome and well controls. J Clin
Endocrinol Metab. Mar; 2008 93(3):703-709. [PubMed: 18160468]

Fomicheva EE, Filatenkova TA, Rybakina EG. Activity in the hypothalamo-hypophyseal-
adrenocortical system on experimental induction of chronic fatigue syndrome. Neurosci Behav
Physiol. Mar; 2010 40(3):245-250. [PubMed: 20146018]

Sharpe M, Hawton K, Clements A, Cowen PJ. Increased brain serotonin function in men with
chronic fatigue syndrome. BMJ. Jul; 1997 315(7101):164-165. [PubMed: 9251547]

Cleare AJ, Messa C, Rabiner EA, Grasby PM. Brain 5-HT1A receptor binding in chronic fatigue
syndrome measured using positron emission tomography and [11C]WAY-100635. Biol
Psychiatry. Feb; 2005 57(3):239-246. [PubMed: 15691524]

Fatigue. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fischer et al.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 13

Moss RB, Mercandetti A, Vojdani A. TNF-alpha and chronic fatigue syndrome. J Clin Immunol.
Sep; 1999 19(5):314-316. [PubMed: 10535608]

Maes M, Twisk FN, Kubera M, Ringel K. Evidence for inflammation and activation of cell-
mediated immunity in Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS):
increased interleukin-1, tumor necrosis factor-a, PMN-elastase, lysozyme and neopterin. J Affect
Disord. Feb; 2012 136(3):933-939. [PubMed: 21975140]

Brenu EW, van Driel ML, Staines DR, et al. Immunological abnormalities as potential biomarkers
in Chronic Fatigue Syndrome/Myalgic Encephalomyelitis. J Transl Med. 2011; 9:81. [PubMed:
21619669]

Broderick G, Fuite J, Kreitz A, Vernon SD, Klimas N, Fletcher MA. A formal analysis of cytokine
networks in chronic fatigue syndrome. Brain Behav Immun. Oct; 2010 24(7):1209-1217.
[PubMed: 20447453]

Brenu EW, Staines DR, Baskurt OK, et al. Immune and hemorheological changes in chronic
fatigue syndrome. J Transl Med. 2010; 8:1. [PubMed: 20064266]

Torres-Harding S, Sorenson M, Jason LA, Maher K, Fletcher MA. Evidence for T-helper 2 shift
and association with illness parameters in chronic fatigue syndrome (CFS). Bull IACFS ME. 2008;
16(3):19-33. [PubMed: 21234277]

ter Wolbeek M, van Doornen LJ, Kavelaars A, van de Putte EM, Schedlowski M, Heijnen CJ.
Longitudinal analysis of pro- and anti-inflammatory cytokine production in severely fatigued
adolescents. Brain Behav Immun. Nov; 2007 21(8):1063-1074. [PubMed: 17544255]

Skowera A, Cleare A, Blair D, Bevis L, Wessely SC, Peakman M. High levels of type 2 cytokine-
producing cells in chronic fatigue syndrome. Clin Exp Immunol. Feb; 2004 135(2):294-302.
[PubMed: 14738459]

Klimas NG, Salvato FR, Morgan R, Fletcher MA. Immunologic abnormalities in chronic fatigue
syndrome. J Clin Microbiol. Jun; 1990 28(6):1403-1410. [PubMed: 2166084]

Repka-Ramirez MS, Naranch K, Park YJ, Velarde A, Clauw D, Baraniuk JN. IgE levels are the
same in chronic fatigue syndrome (CFS) and control subjects when stratified by allergy skin test
results and rhinitis types. Ann Allergy Asthma Immunol. Sep; 2001 87(3):218-221. [PubMed:
11570618]

Klimas NG, Broderick G, Fletcher MA. Biomarkers for chronic fatigue. Brain Behav Immun. Jun.
2012

Fluge &, Bruland O, Risa K, et al. Benefit from B-lymphocyte depletion using the anti-CD20
antibody rituximab in chronic fatigue syndrome. A double-blind and placebo-controlled study.
PLo0S One. 2011; 6(10):e26358. [PubMed: 22039471]

Fluge @, Mella O. Clinical impact of B-cell depletion with the anti-CD20 antibody rituximab in
chronic fatigue syndrome: a preliminary case series. BMC Neurol. 2009; 9:28. [PubMed:
19566965]

Fletcher MA, Zeng XR, Maher K, et al. Biomarkers in chronic fatigue syndrome: evaluation of
natural killer cell function and dipeptidyl peptidase 1V/CD26. PLoS One. 2010; 5(5):e10817.
[PubMed: 20520837]

Gomariz RP, Juarranz Y, Abad C, Arranz A, Leceta J, Martinez C. VIP-PACAP system in
immunity: new insights for multitarget therapy. Ann N 'Y Acad Sci. Jul.2006 1070:51-74.
[PubMed: 16888149]

Maes M, Twisk FN, Ringel K. Inflammatory and cell-mediated immune biomarkers in myalgic
encephalomyelitis/chronic fatigue syndrome and depression: inflammatory markers are higher in
myalgic encephalomyelitis/chronic fatigue syndrome than in depression. Psychother Psychosom.
2012; 81(5):286-295. [PubMed: 22832503]

Masuda A, Nozoe SI, Matsuyama T, Tanaka H. Psychobehavioral and immunological
characteristics of adult people with chronic fatigue and patients with chronic fatigue syndrome.
Psychosom Med. Nov-Dec;1994 56(6):512-518. [PubMed: 7871106]

Barker E, Fujimura SF, Fadem MB, Landay AL, Levy JA. Immunologic abnormalities associated
with chronic fatigue syndrome. Clin Infect Dis. Jan; 1994 18 (Suppl 1):S136-141. [PubMed:
8148441]

Fatigue. Author manuscript; available in PMC 2015 June 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fischer et al.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Page 14

Mihaylova |, DeRuyter M, Rummens JL, Bosmans E, Maes M. Decreased expression of CD69 in
chronic fatigue syndrome in relation to inflammatory markers: evidence for a severe disorder in
the early activation of T lymphocytes and natural killer cells. Neuro Endocrinol Lett. Aug; 2007
28(4):477-483. [PubMed: 17693977]

Tirelli U, Marotta G, Improta S, Pinto A. Immunological abnormalities in patients with chronic
fatigue syndrome. Scand J Immunol. Dec; 1994 40(6):601-608. [PubMed: 7997849]

Mallone R, Funaro A, Zubiaur M, et al. Signaling through CD38 induces NK cell activation. Int
Immunol. Apr; 2001 13(4):397-409. [PubMed: 11282979]

Marzio R, Mauél J, Betz-Corradin S. CD69 and regulation of the immune function.
Immunopharmacol Immunotoxicol. Aug; 1999 21(3):565-582. [PubMed: 10466080]
Rosenblum H, Shoenfeld Y, Amital H. The common immunogenic etiology of chronic fatigue
syndrome: from infections to vaccines via adjuvants to the ASIA syndrome. Infect Dis Clin North
Am. Dec; 2011 25(4):851-863. [PubMed: 22054760]

Maher KJ, Klimas NG, Fletcher MA. Chronic fatigue syndrome is associated with diminished
intracellular perforin. Clin Exp Immunol. Dec; 2005 142(3):505-511. [PubMed: 16297163]
Klimas NG, Koneru AO. Chronic fatigue syndrome: inflammation, immune function, and
neuroendocrine interactions. Curr Rheumatol Rep. Dec; 2007 9(6):482-487. [PubMed: 18177602]
Glaser R, Kiecolt-Glaser JK. Stress-associated immune modulation: relevance to viral infections
and chronic fatigue syndrome. Am J Med. Sep; 1998 105(3A):35S5-42S. [PubMed: 9790480]
Chapenko S, Krumina A, Logina I, et al. Association of active human herpesvirus-6, -7 and
parvovirus b19 infection with clinical outcomes in patients with myalgic encephalomyelitis/
chronic fatigue syndrome. Adv Virol. 2012; 2012:205085. [PubMed: 22927850]

Yuan J, Pu M, Zhang Z, Lou Z. Histone H3-K56 acetylation is important for genomic stability in
mammals. Cell Cycle. Jun; 2009 8(11):1747-1753. [PubMed: 19411844]

Broderick G, Hamo RB, Vashishtha S, et al. Altered Immune Pathway Activity under Exercise
Challenge in Gulf War IlIness: An Exploratory Analysis. Brain Behav Immun. Nov.2012

Gaab J, Rohleder N, Heitz V, et al. Stress-induced changes in LPS-induced pro-inflammatory
cytokine production in chronic fatigue syndrome. Psychoneuroendocrinology. Feb; 2005 30(2):
188-198. [PubMed: 15471616]

Fatigue. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Fischer et al.

Page 15

Table 1
Neurological Biomarkers
Biomarker Findings Strengths Weaknesses Future Directions
Neuroanatomical characteristics | White matter . Some . Overlap with comorbid . Research into
hyperintensities correlated psychiatric disease more
Gray and white with i o consistent
matter volume symptom +  Variety of findings findings that
reduction severity . MRI i costly and ?g? ép;scmc
. Some requires expertise
normalize . Development
with of cheaper
treatment methods
Neural perfusion characteristics | Decreased . Relatively . Some conflicting findings
brainstem and specific for
global cerebral CFS
perfusion
Neurofunctional characteristics Increased brain . Some . MRI and BOLD fMRI . Development
metabolism correlated methodology is costly of cheaper
during with and requires expertise methods
mentally symptom
challenging severity
tasks .
Disrupted *  Relatively
waveforms in specific for
EEG CFS
Neurocognitive characteristics Deficits in . Inexpensive . Overlap with comorbid . Research into
concentration, and easy to psychiatric disease more
memory, word- administer consistent
finding, *  Somedo not correlate findings that
information with symptom severity are specific
processing, . . T~ for CFS
attention Variety of findings
Neurochemical characteristics HPA axis . Plasma . Some rely upon . Research into
dysregulation tests are fluctuating rhythms more
Deranged inexpensive i L consistent
serotonin and easy to *  \Variety of findings findings
function administer i
Increased . Research into
neuropeptide Y . Some neurochemical
correlated biomarkers
with with rhythmic
symptom fluctuations
severity
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Table 2
Immunological Biomarkers
Biomarker Findings Strengths Weaknesses Future Directions
Cytokine markers High levels of TNF-a, . Consistent . Nonspecific . Cohort
IL-1, PMN-elastase, findings of findings of studies that
lysozyme, and serum increased inflammatory control for
neopterin TH2 cytokine state. No prior
Increased levels of profiles causal stressors, and
IL-10. evidence establish
Decreased IFN-y/IL-10 +  Cohort ) variations
ratio studies reveal . Diurnal from
Ty2 shift increased inconsistencies baseline
inflammatory in bloodworks levels in
levels in patients
patients with
CFS . Indicating
parameters
for
sensitivity
and
diagnostic
capacity

NK surface markers

CD26 and CD69
reduced on CD8+ T
cells and NK cells

Across-the-
board
abnormalities
in NK
function.

In vivo and in

vitro cell
dysfunction

. Expensive
cytometer
studies

. Patients reveal
different
abnormalities:
surface
markers vs.
granzyme
levels

. Development
of high-
affinity Abs
for more
sensitive and
accurate
readings to
surface
markers

. Development
of cheaper
clinical tests
to assess NK
state.
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Humoral immunity Rituximab led to . Strong links . Rituximab . Development
symptom improvement between TH2 study not of cheaper
in patients with CFS biased applicable methods

response and across the

humoral board . Asses_s EBV

immunity infections

. Cause and and B cells

. Antibody Effect not in patients

abnormalities established

may provide

clues to

ADCC

dysfunction

Inflammatory characteristics | Increased histone . Inexpensive . Rely on . Research
deacetylase activity and tests diurnal into more
lower total antioxidant i i fluctuations consistent
power. +  Easily studied findings that
Decreased plasma among large +  Dependent on are specific
cortisol. cohorts exposure to for CFS
Increased plasma . stressors
dehydroeprijandrosterone. : May provide which are * Need to

both difficult to establish

prognostic control parameters

and for

diagnostic . Variety of fluctuations
findings

. Difficult to
assess
sensitivity/
specificity
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Biomarker

Findings

Strengths

Weaknesses

Future Directions

for blood
markers

Cellular cytotoxic findings

VPACR2 highly
expressed on T cells

Abnormalities
consistently
observed

Cytometer
and in-vitro
assays show
cross board
abnormalities

. Various cell
types show
varying
degrees of
abnormal
function

. Difficult to
create a
standard
quantitative
test for
prognosis

. Research
into more
consistent
findings

. Identifying
relationships
between this
arm and
other arms of
immune
dysfunction
in CFS
fluctuations

. CD8+ vs.
NK tests
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