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Abstract
Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a heterogeneous
condition characterized by multiple systemic symptoms including fatigue, postexertional malaise and cognitive impairment, lasting for at least 6 months. Immune
system dysfunction triggered by infection or other insult is generally assumed to be a
major causal factor that contributes to changes in energy metabolism leading to the
pathophysiology of ME/CFS. B cells became of interest after reported clinical
improvement following B cell depletion-therapy with rituximab (anti-CD20). A possible
but undefined role for B cells was, therefore, proposed. The initial aim of this thesis
was to explore subtle alterations in B cell subsets in ME/CFS patients which could be
used as a diagnostic and prognostic marker for the disease. Further, the dynamic
nature of B cells was utilised as a model to observe changes in energy demand and
for performing comprehensive metabolomic profiling of activated and maturating B
cells under culture conditions. Results for HC and ME/CFS patients could, therefore,
be compared under similar conditions of stress. Flow-cytometric analysis of CD19+B
cells revealed increased frequencies and expression of the heat-stable antigen CD24
in ME/CFS patients, as well as an increased memory B cell subset (CD21+CD38-).
Retention of CD24 was linked to unresponsiveness to proliferative and pro-apoptotic
signals and phosphorylation of AMPK (pAMPK). PAMPK was found to be largely
confined to IgD+IgM+ memory B cells. Metabolic analysis of cell culture supernatant
using 1H-NMR spectroscopy revealed significant correlations between CD24+B cell
frequencies and the usage of glucose and the production of lactate. Novel findings
described in this thesis, therefore, established a link between CD24 positivity of B cells
and energy metabolism. Immunophenotype and metabolite profiles of cultured B cells
from HC and ME/CFS patients were also revealed to respond with different dynamics
to interventions, thereby providing a potential platform for more focused research and
diagnosis.
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Impact statement
This thesis describes the finding of a significant phenotypic marker, CD24, on B cells
of ME/CFS patients in comparison to HC. This marker was found through an extended
B cell phenotype study, which thus led to the further exploration of functional properties
of CD24 both in HC and ME/CFS patients. The functional assays developed to
understand the mechanism of CD24 as well as the metabolomic studies performed on
cultured B cells were designed through novel methodology by combining different
research methods in the fields of immunology and metabolomics (immunemetabolomics). The novel findings and functional properties of CD24 have been
published in Frontiers Immunology and reached “most article views of the year” in
Frontiers Immunology B cell biology, within 2 months. Some of the functional
properties found in CD24 and changes in usage of metabolites in ME/CFS patients
have also been described by other ME/CFS researchers in different publications. The
unique approach, techniques and methods used in this project can be further explored
in different areas of biomedical research in ME/CFS, but also in potential other fields.
This research will have an impact in better understanding the metabolic condition on
a (immune) cellular level. Due to the growing interest of ‘frontiers readers’ in our
research article, we have been asked to expand on this by bringing together related
developments from other researchers and publish a collection of articles (research
topics) on ME/CFS in Frontiers Immunology. This is an amazing breakthrough for the
field, which will attract more researchers and insights for ME/CFS.
Throughout my PhD I was able to communicate my scientific project with patients and
caretakers, clinicians, policy makers and professionals in the medical field. I have also
had the opportunity to get involved in advocacy and science communication to support
and promote medical research and the education of the general populations on
ME/CFS. I have joined several panel discussions (UK and Australia) – written blogs
and given interviews for different organizations (UK, US, Australia, Sweden and the
Netherlands) – and attended meetings with the NHMRC, Chief Medical Officers,
parliament representatives and ministers both in the UK and Australia. The
parliamentary meetings in Australia have shown to be very successful, as it opened
an agenda for additional research funds to support biomedical research in ME/CFS,
which was eventually granted in early 2019. These actions all involved different ways
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and channels of communicating my research project and sharing the knowledge and
recent developments in the field of ME/CFS with a variety of audiences. This
eventually received national and international awareness and recognition. For
example, I was featured as one of the “Top-6 immunologists and science
communicators in the world to follow on Twitter” by StemcellTM and nominated for the
Sparrho International Early Career Researcher Prize. My work also motivated other
students and scientists to start communicating their science through social media.
Overall, my research has had impact in the field at different levels, but most importantly
it gave patients and caretakers hope and hopefully inspired young researchers to enter
the field of ME/CFS.
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1.1 Myalgic Encephalomyelitis/Chronic Fatigue Syndrome
Myalgic Encephalomyelitis and Chronic Fatigue Syndrome (ME/CFS) are debilitating
conditions characterised by multiple symptoms including post exertional malaise,
fatigue, headaches, and cognitive impairment (1, 2). Because of the similar symptoms
and unknown aetiology, the term ME/CFS is used to cover both conditions, although
clinicians and researchers tried to develop a separate case definition over the years.
In the world Health organization’s international classification of diseases, both ME and
CFS are coded identically as neuro-immune disorders characterized by specific
symptom profiles and a neuro-immune pathophysiology (3).

1.1.1. Myalgic Encephalomyelitis
Beginning in 1934 a series of outbreaks of a previous unknown disease were recorded
around the world. One of these was in the town of Akureyri, Iceland where an
extensive epidemic involving the central nervous system was reported during the
winter of 1948-1949 (4). Just like many of these outbreaks during this period, the
disease was initially thought to resemble poliomyelitis. During a 3-month period a total
of 488 cases were reported in the medical district with symptoms such as pains in the
neck, back and limbs, fever and fatigue. Occasionally the condition was accompanied
by paraesthesia, numbness, tiredness and tenderness of the muscles. In some severe
cases the symptoms occurred with sever muscle weakness (paresis) especially after
exertion and or exposure to cold. Whereas poliomyelitis was largely restricted to
children, this outbreak recorded a low incidence in children. Also, the incidence was
significantly higher among females in comparison to males.
A number of epidemics in Adelaide (Australia) in 1949-1951, New York (United states)
in 1950 and Durban (South Africa) in 1955 were closely related to the outbreak in
Iceland (5).
Similar symptoms were recorded in the UK during the late spring of 1955, this outbreak
was also better known as the Royal Free Outbreak (6). During this outbreak 255
members of the hospital were admitted with unusual symptoms, which included severe
headache, malaise, myalgia and swollen lymph nodes. Dr. Melvin Ramsay of the
hospital’s Infectious Disease department labelled the condition as “benign Myalgic
Enchephalomyelitis” referring to the effects namely on the muscles, brain and nerves.
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There have subsequently been numerous clusters and epidemics of these mystery
illnesses around the world, although the details of each outbreak vary. In general
symptoms included malaise, tender lymph nodes, sore throat, pain and occasionally
signs of encephalomyelitis (6). Although the cause of the condition was unknown, it
appeared to be infectious in origin and the term ‘benign’ Myalgic Encephalomyelitis
(ME) was chosen to reflect the fact that patients did not die (7). However, overtime it
was recognised that the disease was often severely debilitating, therefore, the prefix
‘benign’ was subsequently dropped (8, 9). In 1988 Dr. Melvin Ramsay published a
letter where he described the diagnostic characteristics of ME (8). He described ME
as “a condition characterized by muscle fatigue even after a minor degree of physical
activity whereby it may take 3 or more days until full muscle function is recovered;
extraordinary variability or fluctuation of symptoms even in the course of one day along
with alarming chronicity”. This was the first documented description of ME symptoms.

1.1.2. Chronic Fatigue Syndrome
In 1984, a large outbreak in Nevada resembling mononucleosis, which initially was
thought to be Epstein-Barr virus (EBV) related, attracted national attention in the US.
During this outbreak at Incline Village Nevada, an estimated 160 residents became ill
with a flu-like illness which was characterized by chronic or recurrent debilitating
fatigue along with other symptoms including lymph node pain and tenderness, sore
throat, headache, arthralgia and myalgia (10). The illness was initially linked to EBV
and was therefore labelled as “Chronic Epstein-Barr Virus Syndrome”, but since not
all patients were serologically positive for EBV, the name may not have been
appropriate.
In 1987, the Centre of Disease Control (CDC) set up a working force of researchers
lead by Dr. Gary Holmes in order to reach consensus on the clinical and diagnostic
criteria of the Nevada outbreak. The group recognized that the symptoms observed
were not new, and that the illness had been known by many different names
throughout the history, all reflecting a particular concept of the syndrome’s aetiology
and epidemiology.
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In 1988, the term “Chronic Fatigue Syndrome” was coined by the CDC scientists as a
more neutral and inclusive name, while ME was the name most accepted in other
parts of the world (10).

1.1.3. Myalgic Encephalomyelitis/ Chronic Fatigue Syndrome terminology
A variety of names have been proposed for the illness such as Post Viral Fatigue
Syndrome, Yuppie flu and Chronic Infectious Mononucleosis, but ME/CFS has been
the most used terminology. However, the name “Chronic Fatigue Syndrome” has been
a big point of criticism, because the illness includes symptoms in multiple systems that
occur for a substantial period of time and “fatigue” is not always seen as the defining
characteristic of the illness. Therefore, over the last 2 decades patients, clinicians and
researchers have debated about changing the name, but due to the unknown aetiology
and pathogenesis this remains challenging.
A recent literature based review study carried out by the Institute of Medicine (IOM,
US), a non-profit organization that provides guidance on issues related to biomedical
science, medicine and health, concluded that the name ME does not accurately
describe the illness and that the term CFS can result in trivialization and stigmatization
for patients affected by the illness (11). They therefore proposed novel diagnostic
clinical criteria and a new term for the illness - Systemic Exertion Intolerance Disease
(SEID).
The most important conclusion from the report stated that a thorough medical history,
physical examination, and targeted diagnostic examination were necessary and
sufficient for diagnosis. Although, the report made its impact in the field, the term
ME/CFS still remains.

1.1.4. ME/CFS diagnosis and criteria
Due to the absence of biomarkers for diagnosis, ME/CFS is defined by a combination
of symptoms and exclusions, most of which are non-specific and common to other
diseases and conditions. In Table 1.1 the 4 most known and used criteria are listed,
along with corresponding symptoms and inclusion or exclusion criteria.
Over 20 case definitions have been proposed, leading to large variations in sensitivity
and specificity of diagnosis which can lead to under or over-estimation and therefore
misclassification of ME/CFS (12). Overly inclusive criteria may therefore lead to
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considerable selection bias, which has been the case for the Oxford criteria (13). The
Oxford criteria, which were published in 1991, identified fatigue (broad case definition)
lasting for more than 6 months as a principal symptom, along with other symptoms
such as myalgia, mood swings and sleep disturbances (Table 1.1). These criteria
would for example exclude ME patients with neurological signs, which could explain
some symptoms. In 1994 the Fukuda/CDC criteria were published to address the
complexities of CFS and the methodologic problems associated with study design for
research purposes (14). In comparison to the Oxford criteria, utilization of the
Fukuda/CDC criteria would allow to subgroup fatigued individuals based on distinct
symptoms (Table 1.1). However, more current definitions for ME and CFS such as the
International Consensus Criteria (ICC) and the Institute of Medicine (IOM) criteria,
tightened the ME/CFS criteria for more restrictive case definitions. In addition to the
presence of fatigue these definitions included a combination of specific symptoms for
diagnosis. The ICC are a revision of the Canadian Consensus Criteria (CCC), which
included significant changes to advance the understanding of ME by health
practitioners and benefit both physician and patients as well as clinical researchers
(15). The CCC consisted of symptoms that indicated impairments in neurological and
immune systems; such as, impaired concentration and short-term memory loss
(neurocognitive impairment) and susceptibility to viral infections with prolonged
recovery periods and recurrent or chronic flu-like symptoms. Important changes of the
ICC in comparison to the CCC included, withdrawal of the 6-month waiting period
before diagnosis and the usage of fatigue as a name of the disease.
Fatigue in “Chronic Fatigue Syndrome” has shown to be very confusing, especially
because fatigue can be part of a variety of diseases including cancers and multiple
sclerosis (MS). As shown in Table 1.1 the ICC requires a number of symptoms related
to impairments in various proposed body systems, such as the immune and
neurological systems. Other symptoms that have been included by both IOM and the
ICC, are those related to post-exertional malaise (PEM). PEM describes a delayed
and significant exacerbation of ME/CFS symptoms following mental or physical
exertion. This can be severe and can last for a prolonged period of time. PEM has
shown to be very significant for ME/CFS and has therefore been used as a clinical and
diagnostic feature of ME/CFS (16).
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Using numerous specific case definitions to address this complexity and heterogeneity
of ME/CFS does not restrict the disease to one single group of patients. But in the
absence of a strong and validated case definition the use of combined criteria can help
to avoid significant selection bias, and advance the discovery of biomarker for
diagnosis, sub-grouping and personalised treatments (12).
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Table 1.1: Case definitions and diagnostic criteria associated with ME/CFS
Oxford Criteria (13)

Fukuda/CDC criteria (14)

International

Consensus

Criteria

IOM criteria (11)

(15)
Fatigue for a minimum of 6

Fatigue for a minimum of 6 months.

months as principal symptom.

Post

exertional

neuroimmune

exhaustion.

Inability to engage in occupational, educational,
social or personal activities that persists for
more than 6 months accompanied by fatigue.

Syndrome of definite onset that

At least 4 of the following designated

At least one symptom from three

is not lifelong.

symptoms: Prolonged PEM, Unrefreshing neurological impairments; e.g. Pain,

PEM (Frequency and severity should be
assessed).

sleep, Impaired memory & concentration, sleep disturbances or neurocognitive
muscle pain, headaches, sore throat and impairment.
tender lymph nodes.
Other symptoms like myalgia,

Exclusion:

Organ

mood and sleep disturbance

infections,

rheumatic

may be present.

failure,

chronic At least one symptom from the

Unrefreshing sleep (Frequency and severity

chronic

following: immune, gastro-intestinal

should be assessed).

inflammatory disease, Major neurologic

and or genitourinary impairments e.g.;

and endocrine diseases, disease with

Flu-like symptoms, gastro-intestinal

and

systemic treatment and primary sleep tract, susceptibility to viral infections
disorders.
Exclusion:

At least one symptom from energy

At least one of the following manifestations is

established medical conditions

metabolism

and

or

also required: cognitive impairment and or

known

impairments;

e.g.

cardiovascular,

fatigue

to

Patients
produce

and

with

and genitourinary.

chronic

patients

psychiatric disorders.

with

respiratory,

Loss

of

transport

orthostatic intolerance.

thermostatic

stability and intolerance of extremes of
temperature.
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1.1.5. ME/CFS prevalence, incidence and patients’ characteristics
The lack of consensus on the defining features of ME/CFS led to the usage of
different criteria for diagnosis. The most common scenario, which also relates
to the main problem for patients with ME/CFS, is compounded by the fact that
diagnosing the condition is primarily based on the exclusion of other diseases.
Even comparing subjects with acute onset of ME/CFS with those whose
symptoms had a gradual onset confirms significant differences in premorbid
personality, prognosis and response to treatment (17).
Due to the usage of different criteria, prevalence and incidence are highly
variable across studies geographically. In 2002 an independent working group
was assembled by the Chief Medical Officer for England to have an
understanding of ME/CFS sufferers in the UK. In this report it was estimated
that ME/CFS has a prevalence of 0.2–0.4% in the UK, with the commonest age
of onset from early twenties to mid-forties. ME/CFS was also found to be twice
as common in women as it is in men and, affecting all social classes (to a similar
extent) and ethnic groups (18). Another study from 2011 by Nacul et al.,
estimated a minimum prevalence of 0.2% (19). Similar numbers were found in
other studies, but these numbers vary from 0.1% to 2.5% depending on the
criteria applied (20). Although, these numbers were based on studies that were
outdated, often not reporting the incidence and/or not including children and
adolescents. For these reasons a systematic review by EUROMENE, a
collaborative network of ME/CFS research groups in Europe, is being carried
out to reveal the up to date prevalence and incidence in ME/CFS (21).
To gain a better understanding of the different age groups in ME/CFS a
Norwegian study published in 2014 by Bakken et al. noted distinct peaks in the
age incidence of ME/CFS patients. As such, a first peak was found between 10
to 19 years’ age and a second peak in the age group between 30 to 39 years
(Figure 1.1) with a higher incidence in women than in men, which was
consistent with previous studies (22).
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Figure 1.1: Observed number of ME/CFS cases by sex and one-year age
group from the Norwegian patient register 2008-2012.
Graphic was taken from Bakken et al., 2014 (22).
In the absence of a specific laboratory test, the diagnosis of ME/CFS presently
rests on the classification of specific case definitions, guided by a variety of
symptoms. This addresses the complexities and the heterogeneous nature of
ME/CFS. The wide range of physical, neurocognitive and autonomic symptoms
reported have seriously hampered attempts to understand pathophysiological
pathways in ME/CFS.
There is at present no proven effective therapy for patients and the chronicity
of the condition has a significant and often long-term adverse effect on the
normal functioning and well-being of patients (23, 24).
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1.2 Immunology and ME/CFS
Many patients with ME/CFS describe a history of viral infections prior to the
onset of their illness (25, 26). This has also been suggested to underlie some
of the immunological abnormalities described in patients with ME/CFS (27-30).
However, strong evidence for persistent or chronic infection is presently lacking
in the majority of patients. ME/CFS has long been thought as having a
significant immunological component. However, it is still not clear whether
changes in immunological parameters in patients with ME/CFS are the cause
or the result of the condition.

1.2.1 Cellular cytotoxicity and ME/CFS
The most consistent findings of changes in immune system components in
ME/CFS patients have come from studies of Natural Killer (NK) cells. NK cells
play a key role in the earliest stages of recognizing virally infected cells and in
host rejection of virus transformed cells. NK cells also secrete cytokines which
can influence the function and fate of other immune cells, including those from
the adaptive immune system.
As the onset of many ME/CFS cases have been linked to infections, in
particular, those caused by EBV, cytomegalovirus (CMV) and human
herpesviruses type 6 and 7 (27, 29-31), reductions in NK cell numbers and
alterations in function have been suggested as predisposing ME/CFS
‘signatures’. Reduced numbers and diminished in vitro cytotoxic activity of NK
cells (CD16+CD56+) have been reported in ME/CFS patients by several groups
(32-34). In addition, two other studies have described reduced levels of the
activation marker CD69 on both T cells and NK cells in ME/CFS patients (35,
36). Tirelli et al. found that the albeit reduced NK cell population expressed an
increased number of adhesion (CD11b, CD11c and CD54) and activation
(CD38) markers, this was also confirmed in a publication by Brenu et al. when
a significant decrease in CD56bright NK cells was found (37, 38). They also found
significantly increased levels of perforin (cytolytic protein of cytolytic granules)
in NK cells from ME/CFS patients, but a decrease in granzyme A and granzyme
K (inducers of programmed cell death) expression compared to NK cell
populations in healthy controls (HC).
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The molecular basis of diminished NK cell cytotoxicity (NKCC) was also tested
in vitro by Maher et al. where a reduction in NK cell associated perforin levels
was observed in whole blood samples of ME/CFS patients, compared to HC
(39). Interestingly, reduction of granzyme or perforin levels in cells is also
commonly associated with herpes virus infections (40). Previous work in
ME/CFS has focused on the molecular basis of NK cell dysfunction. As such,
Fletcher et al. evaluated the natural killer function and the expression of the
activation marker dipeptidyl peptidase-4 (DPP4)/CD26. DPP4/CD26 is a
transmembrane glycoprotein expressed on the surface of lymphocytes that
plays a role as an activation marker and which was shown to be increased in
ME/CFS patients (41). NKCC levels were found to be lower in ME/CFS cases
than in controls, while abnormalities in samples assayed for NKCC showed
increased cell surface expression, decreased number of molecules on NK cells
intracellularly, and decreased levels of serum DPP4/C26 (42). The authors in
this publication therefore suggested that these abnormalities could have
particular relevance to the possible role of infection in the initiation and/or
persistence of ME/CFS.
Curriu et al. observed higher expression of the killer activation receptor NKp46,
a natural cytotoxicity receptor on NK-cells, and lymphocyte activation marker
CD69. But lower expression of the IL-2 receptor CD25 on NK-cells, identifying
a possibly specific signature of NK cell phenotype in ME/CFS patients (43).
Genomic polymorphisms of killer cell immunoglobulin-like receptors (KIR) have
also been described with an excess of KIR3DS1 combined with increased
levels of ligand-free KIRDL1, which may hamper the recognition of target
structures of pathogens by NK-cells (44). Studies by Marshall-Gradisnik et al.
focused on NK cytotoxicity, single nucleotide polymorphisms (SNPs) and
genotypes in transient receptors potential (TRP) ion channels and acetylcholine
receptors (AchRs) in ME/CFS patients. They observed a significant reduction
in NK cell mediated lysis of target cells compared with a non-fatigue control
group, particular SNPs and genotypes localised to TRP ion channels and
AchRs were present with increased frequencies in isolated NK cells from
patients with ME/CFS (45). They suggested that these SNPs and genotypes
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may be involved in changes in NK cell function and the development of ME/CFS
pathology through dysregulation of calcium metabolism in AchRs and TRP ion
channel signalling
In summary, there appears to be some evidence for skewing towards particular
NK cell genotypes but many of the changes in NK function could also reflect
environmental stressors which may differ between patients. Serial studies of
NK cell function, as with other immunological studies are clearly needed.

1.2.2 Cytokines and ME/CFS
Cytokines are a broad category of small proteins that are important in cell
signalling, predominantly as communicators between cells of the immune
system, and primarily important in modulating the balance between humoral
and direct cell mediated immune responses. However, cytokines can become
dysregulated during and/or after immune responses, especially those
associated with inflammation. While pro-inflammatory cytokines such as IL-1α,
TNF and type 1 interferons promote systemic inflammation, anti-inflammatory
cytokines such as IL-4, IL-10 and TGFb can inhibit the synthesis of proinflammatory cytokines. The finding of raised cytokine levels has been linked to
different diseases, for example high levels of TNFα have been found in
rheumatoid arthritis (RA) and inflammatory bowel disease (46, 47). Also,
cytokine profiles can indicate the source of cytokine production which may
indicate anomalies in different compartments of the immune system (e.g. B
cells, T cells and NK cells) which may be involved in disease expression or
progression.
Several research groups have been focusing on cytokine levels in serum and
cerebrospinal fluid of ME/CFS patients, compared with those in HC. Not
surprisingly perhaps, a majority of these findings have not shown to be
consistent with one another (48-53). This is probably due to differences in
laboratory methodologies, patient and control group selection, phase of illness
as well as the timing of sampling. Some groups however have redesigned their
approach.
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Rather than comparing to HC, Hickie et al. for example prospectively evaluated
cytokine serum levels (post infection) in patients with proven EBV infection who
had developed ME/CFS compared with those who did not develop ME/CFS, but
no significant differences were found (31). Interestingly, a study by Brodrick et
al.

of

adolescent

patients

developing

ME/CFS

following

infectious

mononucleosis compared with controls who recovered normally, showed an
increase in IL-8 and a decrease in IL-5 and IL-23 cytokines (54). The most
significant difference in this study was the level of IL-23, which was lower in
ME/CFS patients. IL-23 is essential for the full and sustained differentiation of
the inflammatory Th17 T cell subset, but as most cytokines are usually
delivered in the context of immune micro-environments, it is doubtful that a
lower serum level of this cytokine would impact specific T follicular helper cell
generation (55). In vitro studies using patient lymphocytes and specific stimuli
could however be used to explore these findings. Another approach by Russell
et al. was aimed at exploring the shift in discriminatory cytokines across
ME/CFS subjects in relation to duration of illness. In this study cytokine,
expression was observed in samplings stratified on the basis of age for female
ME/CFS subjects; (1) 18 years or younger, ill for 2 years or less (n = 18), (2)
18–50 years of age, ill for 7 years (n = 22), and (3) age 50 years or older (n =
28), ill for 11 years, on average. Control subjects were matched for age and
body mass index. A co-expression pattern of increased IL-1α and IL-8 in the
context of decreased IL-6 was shown to be characteristic for early course illness
compared to age and BMI-matched controls. In contrast, elevated IL-1α and IL6 co-expressed in the context of lower than average IL-8 was a more abundant
pattern in mid and late course ME/CFS subjects. A combination of IL-1α, IL-6
and IL8 in accordance to illness duration could be set as a triple screen, as
these sub-groups produced ME/CFS classification accuracies of 75–88 % (56).
The authors suggest that these cytokines may serve as a robust biomarker
independent of age in screening of ME/CFS patients.
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Hornig et al. used multivariate analysis of data from two large, multicentre
cohort studies of ME/CFS to assess the relationship between immune
signatures and diagnosis, illness duration, and other clinical variables.
Importantly, controls were frequently matched on key variables known to affect
immune status, including geographic site and season of sampling in addition to
age and sex. Their findings unveiled a plasma signature of cytokines in patients’
serum with a decrease in CD40L and increase in IFNa levels in patients with a
disease duration of 3 years or less compared to those with >3 years history and
HC (52).

These findings were suggested to be the consequences of immune triggering
following an infection. A stronger correlation of cytokine alterations with illness
duration than with measures of illness severity was found, suggesting that the
underlying immunopathology/ dysregulation of ME/CFS is chronic and
progressive but may not explain all the symptoms. In another study, Houghton
et al. measured the plasma levels of cytokines, chemokines and growth factors
in ME/CFS patients of long duration compared with age and sex matched HC.
Highly significant reductions in the levels of circulating IL-16, IL-7 and Vascular
Endothelial Growth Factor A (VEGF-A) were observed in ME/CFS patients (57).
Although a decrease in IL-7 was also found in a publication by Lombardi et al.
in 2011, this publication was based on Xenotropic murine leukaemia virusassociated (XMRV) positive ME/CFS patients, an association which has later
been retracted (58). XMRV is retrovirus which was first described in 2006 and
initially linked to prostate cancer and later CFS, however subsequent research
found that XMRV in fact was laboratory contamination instead of a novel
pathogen linked to multiple medical conditions (59, 60).
In conclusion, consistency in cytokine data has been lacking so far, and
therefore it is difficult to attribute their role to either the cause or chronicity of
the disease. Although different approaches have led to more robust data in big
cohorts, it is even more important that future studies encompass repeated
analysis in similar and different cohorts at appropriate time-points.
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1.2.3 B cell depletion therapy and ME/CFS
More recently, the possibility that therapies removing B cells (lymphocytes
responsible for antibody production) can result in clinical improvement was
raised.
Norwegian oncologists from the Haukeland University in Bergen have
conducted clinical trials of the B cell depleting agent rituximab in ME/CFS
patients. Rituximab is a chimeric monoclonal antibody directed towards CD20;
a surface marker widely expressed on B cells from early to late differentiation
but absent on plasma cells. After their observation of a patient showing
unexpected and markedly improved ME/CFS symptoms lasting for 5 months
after being treated with immunosuppression for non-Hodgkin’s lymphoma.
Fluge and Mella therefore reasoned that the mechanism(s) inducing the
symptoms of ME/CFS may have involved B cells. In 2009 they followed up their
hypothesis with an open label treatment of a further two ME/CFS patients with
rituximab, after which all three patients remarkably showed improvement of all
ME/CFS symptoms (61). These improvements were found 6 weeks after
intervention and lasted for respectively, 16, 18 and 44 weeks after rituximab
infusion. At relapse the three patients were retreated again with rituximab,
resulting in improved symptoms similar to that after their first initial response.
Depleting B cells might not only decrease the number of harmful (auto)
antibodies produced by daughter plasmablasts or plasma cells, but also may
act by depleting virus infected B cells in a direct manner. Depletion of B cells
infected with EBV, the virus known to cause infectious mononucleosis, could
be considered as an effective mechanism as EBV infected B cells have been
described as a possible predisposing factor in patients with ME/CFS (62).
Interestingly, EBV has also been suggested to play a role in other autoimmune
diseases like RA and Sjögren’s syndrome but given the ubiquitous presence of
EBV within human B cells, it is difficult to assign definitive cause and effect to
the virus (63, 64).
Encouraged by these promising results, Fluge and Mella conducted a doubleblind and placebo-controlled study of B cell depletion therapy with a single cycle
of treatment with rituximab (two infusions two weeks apart). The primary
endpoint was defined as the effect on the self-reported fatigue score 3 months
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after intervention. In this follow-up trial they found lasting improvement in
operator and self-reported fatigue scores, as well as other symptoms, in 10 out
of 15 patients (67%) in the rituximab group and two out of 15 (13%) in the
placebo group (65). The response was found to be ‘delayed’ with clinical
improvement starting from 2-7 months after rituximab treatment, but in most
cases beyond the primary endpoint of 3 months. Due to this delay in response,
the primary endpoint was not met. Such a pattern of discordance between the
actual removal of peripheral B cells, which occurs quickly and clinical response
is well described in RA after rituximab treatment (66). It is thought to reflect the
time needed to reduce the levels of pathogenic autoantibodies (half-life of
IgG~24 days). In the placebo-controlled trial of ME/CFS patients treated with
rituximab, the even longer delay to clinical response may also have been
contributed to by study design, in which ‘improvement’ in fatigue scores had to
be maintained for >6 weeks to score ‘positive’ which would extend over the
primary endpoint in some cases.
To investigate whether a prolonged effect of rituximab in ME/CFS patients
could be achieved, an open-label phase II study maintenance treatment was
conducted. In this single-centre study, 29 patients were included for treatment
with rituximab (500 mg/m2) two infusions two weeks apart, followed by
maintenance rituximab infusions at 3, 6, 10 and 15 months, and with follow-up
up to 36 months. The primary endpoint here was again the effect on selfreported ME/CFS symptoms during follow up. Due to the outcomes of the
previous clinical trials, a clinical response period was defined as Fatigue score
³4.5 for at least six consecutive weeks which must include at least one
recording of Fatigue score >5 during the response period. Eighteen out of 28
patients (64%) receiving rituximab maintenance showed clinically significant
responses with a mean response of 24 months after first rituximab infusion (67).
From these studies it was suggested that in a subset of ME/CFS patients
prolonged B cell depletion with rituximab maintenance treatment was
associated with sustained clinical response, but further research was needed
to understand the mechanism.
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In 2015 a multi-centre double-blinded placebo-controlled rituximab trial was
conducted in 5 hospitals throughout Norway involving 151 ME/CFS patients.
During this trial half of the patients involved received rituximab infusions and
the other half received placebo with saline (two infusions two weeks apart) and
maintenance infusions at 3, 6, 9 and 12 months. The primary endpoint was a
self-reported questionnaire based on repeated measures of fatigue scores,
which assessed fatigue, post-exertional exhaustion, need for rest, and daily
functioning by patients every two weeks. At 24 months however, the primary
endpoint had not been achieved (personal communication, Prof O. Fluge). The
full results are expected to be published. Although this trial was found to be
‘negative’ detailed analysis will be important as the rituximab studies should not
be dismissed as some patients clearly responded positively in the previous
publications and therefore more focussed trials with patients selected by
biomarker(s) may identify patients likely to respond.

1.2.4 Possible role of B cells in ME/CFS
Although, rituximab seemed to be effective in a subset of patients the question
remains why and who will respond? Response to rituximab-based therapy in
autoimmunity is usually associated with the presence of pathogenic
autoantibodies produced by short-lived plasmablasts generated from either
naive B cells constantly entering the circulation, or from the rapid differentiation
to autoantibody production from memory B cells. Protective humoral immunity
is largely retained as long-term memory resides in long-lived plasma cells,
which are not depleted by rituximab. The delay in improvement following
induction of depletion suggests the involvement of antibodies and their parent
B cells in patients with some autoimmune diseases and perhaps also in some
ME/CFS patients.
1.2.4.1

Autoantibodies and ME/CFS

In ME/CFS, there are a number of reports describing the presence of
autoantibodies to neuroendocrine receptors (68-71). Anti-muscarinic and antiadrenergic antibodies have been described in two studies in a proportion of
ME/CFS patients (71, 72). Autoantibodies against b1 and b2 adrenergic
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receptors were described in postural orthostatic tachycardia (POTS), which is
of relevance for ME/CFS as a small subgroup concurrently suffers from POTS
(73). A study by Loebel et al. in collaboration with Fluge et al. showed significant
decline in elevated b2 and M4 receptor autoantibodies in clinically responding
patients receiving rituximab maintenance treatment and thus prolonged B cell
depletion (72). This is a potentially exciting discovery as b2 adrenergic
receptors are involved in the maintenance of blood vessel tone in a number of
different tissues and therefore uncontrolled blockade or stimulation could
potentially result in a number of diverse clinical consequences. Whether the
autoantibodies described have any functional consequences on b2 adrenergic
signalling cascades is not yet known. From the study of other clinical conditions
where antibodies were directed to microbial agents or autoantigens, possible
targets for autoantibodies in ME/CFS patients could include molecules involved
in cellular metabolism or perhaps interacting with other immune cells resulting
in inappropriate or chronic cytokine production.
1.2.4.2

B cell Phenotype in ME/CFS

Most studies of B cells in ME/CFS patients have predominately focused on
phenotype analysis, and functional studies have rarely been described. B cell
phenotypes focused on antiviral host responses have sometimes shown
differences from HC in a few cases (74-76). For example, Klimas et al.
described an elevated proportion of CD20 and CD21 positive B cells, confirmed
by Tirelli et al. in 1994 and also an increase in absolute numbers of CD19 and
CD5 positive B cells (37, 41). More recently, Bradley et al. showed significant
increases in the percentage of transitional and naive B cell subsets compared
with HC, but in contrast, percentage of naive B cells were reportedly decreased,
and memory B cells increased in another study by Brenu et al. (77, 78).
One of the few functional B cell studies that focussed on responses to viruses
showed a diminished specific memory B cell (MB) response to EBV or an
absent number of EBV nuclear antigen (EBNA)- and Viral Capsid Antigen
(VCA)-antibody secreting cells in up to 76% of the ME/CFS patients. When
looking at EBV load in blood immune cells, EBV-encoded small nuclear RNAs
(EBER) were found more frequently in ME/CFS patients compared to HC (27).
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EBER is an immediate-early viral gene of EBV, homologous to other
intermediate/early genes in other Herpes viruses, which suggests a more
frequent latent persistence. They concluded that there was a deficient EBVspecific B cell memory response in ME/CFS patients and an impaired ability to
control early steps of EBV reactivation (79). The initial response to EBV
infection relies on innate mechanisms such as natural IgM antibodies and the
rapid deployment of NK cells (80). Defects at both this early stage and later
could also have contributed to reportedly aberrant memory B cell responses in
at least a proportion of ME/CFS patients.

1.3 B cell immunology
B cells are one of the most important immune cells in the defence mechanism
against pathogens. As part of protective humoral immunity through the adaptive
immune system, B cells function by secreting antibodies. B cells also act as key
role players in autoimmune and inflammatory disease, where their function
contributes to immune responses towards the host own healthy cells and
tissues. Additional functions of B cells in the process of an immune response
include antigen presentation and cytokine secretion. In humans B cells mature
in the bone marrow, but this is not where the name comes from. The “B” from
B cells derives from Bursa of Fabricius, a lymphoid organ in birds where B cells
were first discovered (81).

1.3.1 B cell history
B cells express clonally diverse cell surface immunoglobulin (Ig) receptors
recognizing specific antigenic epitopes, also known as B cell receptor (BCR).
The first functional role of B cells was not found through the identification of the
cell, but through the discovery of a protein, the antibody.
In 1890 the importance of circulating antitoxins in immunity to diphtheria and
tetanus was discovered by Emil von Behring and Shibasaburo Kitasato (82).
They showed that injections of serum from an animal with tetanus could benefit
immunity to the disease in other animals, which was also true for diphtheria.
These findings led to the development of a diphtheria antitoxin (antibody)
treatment, which resulted in a dramatic fall in diphtheria mortality. The
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identification of the cellular source of antibodies came in 1948, when plasma
cell development was found to be correlated with antibody responses after
immunization (83). What followed was a cascade of novel experimental skills
and techniques throughout the years that lead to the understanding of the
development and function of B cells and their antibody products. In Figure 1.2
several historic findings are shown using experimental animal models, clinical
evaluation

of

patients

with

immunodeficiencies

and

cell

surface

characterization (84).

1890: Antibodies were
shown to mediate
humoral immunity.

1965: Separate B and
T cell lineages were
defined.

1948: Plasma cells
were shown to make
antibodies.

1942: Contact
sensitivity was
transferred by cells and
not serum (antibodies).

1964: Antibody affinity

bursectomy
compromised antibody
production in birds.

1959: Clonal selection

maturation was defined.

theory of antibody
production.

1963-1964:
Circulating lymphocytes
give rise to plasma
cells.

1959: Antibody heavy
and light chains were
explained.

1974: Hematopoietic

1966 and 1968: B
and T cells cooperate in
antibody response.

1956: Early

lineages in bone
marrow cells.

1970: Somatic
hypermutation and
antibody class switching
were defined.

1970: Identification of

1976: Discovery of
somatic rearrangement
in antibody light chain V
and C region genes.

pre-B cells.

Figure 1.2: Timeline of developments in the early history of B cells.
The timeline shows key findings and discoveries that contributed to the
recognition of B cells as a functional and developmental distinct lymphocyte
lineage. The timeline is self-made, but adapted from Cooper et al., 2015.

1.3.2 B cell development
The early steps of human B cell development after birth are initiated in the bone
marrow, where hematopoietic precursor cells develop in guided maturation and
selection processes. During fetal development, the liver has been found to be
an important site for Pre B cell formation which will eventually seed in the bone
marrow (85). Development from precursor stem cells into mature naive B cells
is dependent on the acquisition of properties that are essential for B cell
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function, which are gradually acquired along with the loss of properties that are
characteristic of immature cells. The specialized microenvironment of the bone
marrow provides signals for the development of lymphocyte progenitors as well
as subsequent B cell differentiation. Through developmental differentiation
paths, multipotent progenitor cells give rise to early lymphocyte progenitor cells
which then differentiate into common lymphoid progenitor cells that give rise to
pro-B cells (86). During this pro-B cell stage immunoglobulin gene
rearrangement of the BCR begins and then continues in the pre-B cell stage.
These gene segments are also known as the variable (V), diversity (D) and
joining (J) regions. VH, DH and JH, rearrangements of the heavy chain (H-chain)
along with the VL and JL rearrangements of the light chain (L-chain) gene
segments generate the BCR repertoire (87). The rearrangement of the gene
segments generates a B cell repertoire expressing antibodies capable of
recognizing more than 5x1013 different antigens (88, 89). Rearrangement of the
segments is initiated by a specific complex that includes RAG1 and RAG2
(recombination activation genes) proteins (90). The RAG1/2 complex
recognizes the recombination signal sequence (RSS) that flank the V, D and J
regions, where it cuts the DNA, which results in the removal of RSS and the
binding of V, D and J sequences (91, 92). Rearrangement of the H-chain and
L-chain gene segments occurs in three different developmental stages. First
pro-B cells rearrange the D (27 functional gene segments) and J (6 functional
gene segments) segments of the heavy chain, followed by a second
rearrangement joining the rearranged DJ segment with an upstream V (65
functional gene segments) region. Next, in the Pre-B cell stage the k (V;40 and
J;5 functional gene segments) or l (V;30 and J;4 functional gene segments)
are formed by rearranging the V and J segments of the light chains. Combined
with the µ heavy chain a light chain k or l form the IgM molecule which is
expressed on the surface of a B cell.
Another important process that enhances the diversity of a BCR during VDJ
recombination is via junctional diversity initiated through the enzyme terminal
deoxynucleotidyl transferase (TdT). TdT is a DNA polymerase that adds Nnucleotides at the joints between rearranged V (D) J of the heavy chain gene
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segments (93, 94). In human adults, TdT is expressed in pro-B cells, but its
expression declines at the pre-B cells stage during light chain rearrangement,
which explains its specific role in heavy chain gene segments (93). The TdT
gene is also increasingly expressed in a variety of human leukaemia’s, where
it contributes to the clonal expansion of malignant cells (95). Unlike in other
DNA polymerases, TdT performs DNA synthesis using only single-stranded
DNA as the nucleic acid substrate (96). The process starts after the Artemis
complex, a protein complex that functions in V(D)J recombination, opens
hairpins which have been left by RAG enzymes. TdT then randomly adds
nucleotides to each 3’ end generated after the Artemis complex which is then
followed by a template dependent polymerase that fills the gaps, creating a new
coding joint. By deliberately generating tenuous randomizations of genetic
material, during rearrangement, TdT plays a very important role in generating
a B cell repertoire expressing antibodies capable of recognizing more than
5x1013 different antigens. These diverse variety of B cells will then leave the
bone marrow as transitional B cells and then further differentiate into mature
naive B cells.

1.3.3 B cell checkpoints: negative and positive selection
Due to the enormous diversity of antibody repertoire, a balance between
variable specificities against pathogens and autoreactivity needs to be found.
Therefore, during development B cells are screened at several checkpoints for
autoreactivity. The first checkpoint takes place during VDJ recombination,
where a surrogate light chain tests the fitness of IgH (heavy chain) to pair with
IgL (light chain) by forming a pre-BCR. Positive signalling through the pre-BCR
stimulates cell proliferation, induces differentiation to post-mitotic pre-B cells
that further undergo rearrangement of IgL genes to form the BCR (97). During
the second checkpoint the BCR is tested for autoreactivity of the IgH chain with
antigens recirculating through the bone marrow. BCRs that recognize bone
marrow antigens with high affinity, trigger an intracellular signal that either
results in cell death or promotes the B cell to rearrange an alternative light chain
(l k) to generate a new BCR. Failure to generate a non-autoreactive BCR will
eventually result in cell death (98). Next, newly formed immature B cells enter
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a third checkpoint where they are exposed to autoantigens. Immature B cells
that express high-affinity autoreactive BCRs are deleted, while low-affinity
autoreactive BCRs (up to 15% of newly formed immature B cells) are positively
selected to exit the bone marrow and enter the peripheral pools (99).

1.3.4 B cell activation and antibody production
Through the peripheral pools newly produced mature naive B cells migrate
through secondary lymphoid organs (SLO) in search for compatible antigens.
These B cells can then be activated through different types of antigens, mainly
characterized as T cell-independent (TI) and T cell-dependent (TD) antigens,
to initiate an adaptive immune response.
1.3.4.1

T cell-independent B cell activation

T cell-independent antigens are able to initiate proliferation, differentiation and
clonal expansion of B cells independent of T cell help. Upon activation, TI
antigens are able to induce a fast antibody response within a couple days,
predominantly IgM antibodies. Antibodies generated through TI activation are
usually of low affinity, are short lasting and generate very little or no memory
(for secondary responses). TI antigens can be divided into two distinct
subgroups, which are able to activate B cells through a different mechanism.
TI-1 antigens can be characterized as mitogenic multivalent components such
as lipopolysaccharides (LPS) and bacterial DNA (CpG) or polyinosinic:
polycytidylic acid (poly-IC). They directly activate B cells by binding through
pathogen associated membrane proteins (PAMP) such as Toll-like and NODlike receptors, which induce intrinsic B cell activation through downstream
signalling via adaptor molecules such as MyD88. The second group of TI
antigens (TI-2) consist mainly of highly repetitive surface structure (epitopes)
such as polysaccharides, which unlike TI-1 antigens, do not have an intrinsic B
cell activation pathway. Activation is initiated through the cross-linking of a large
number of BCRs, which leads to cross activation. TI-2 antigens thus induce
antigen-specific B cell proliferation and differentiation of B cells and antibody
production. Although the response is not dependent on cognate antigen
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recognition by T cells some cytokines such as IL-2 and IL-3 which are mainly
produced by T cells, are necessary to elicit TI-2 reactions.
An important B cell population that can be rapidly recruited into early adaptive
immune response through TI activation are marginal zone B cells. Marginal
zone B cells are non-circulating B cells in mice but are thought to be able to
recirculate in humans. They reside within the marginal zone of the spleen and
express high levels of IgM (100). In humans, there is evidence that marginal
zone B cells have undergone somatic hypermutation (SHM) in their
immunoglobulin genes indicating that they may have gone through germinal
center (GC) reaction, as well as being positive for the B cell memory marker,
CD27 (101, 102). Marginal zone B cells are therefore being considered a
memory B cell subset, which reacts strongly upon TI activation.
1.3.4.2

T cell-dependent B cell activation

T cell-dependent antigens are processed and presented on MHC class II
molecules for the recognition of associated helper T cells. TD immune
responses are initiated when B and T cells specific for an antigen engage in
cognate interactions, at the boundary between B cell follicles and T cell zones
(103). Unlike TI antigens, B cell activation through TD antigens can take up to
7-10 days to generate plasma cells and memory B cell subsets that are able to
produce high affinity antibodies. T cell help for B cell activation is vital in
providing B cells with the signals that help induce SHM and antibody classswitch recombination (CSR). As shown in Figure 1.3, TD B cell activation is
initiated through 3 important signals (104).
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Figure 1.3: Schematic overview of the pathways involved in T celldependent B cell activation, adapted from Charles A. Janeway jr.
Immunologie 5.
First signals start through the recognition of protein antigens by the BCR.
Through several pathways including endocytosis, phagocytosis and autophagy
these antigens are degraded in the cytosol, transported into late endosomes
where they meet MHC class II molecules derived from the endoplasmic
reticulum (105). Here the peptide fragments are bound to and then expressed
on the cell surface within the antigen binding site of MHC class II molecules.
MHC class II bound antigens are then presented to helper T cells, through its
T cell receptor (TCR). As a result of helper T cell recognition, the T cell becomes
activated and in return activates B cells. The next signal of TD B cell activation
requires cell contact via the co-stimulatory molecules where CD80/CD86 on B
cells binds to CD28 on T cells and more importantly CD40 (B cells) to CD40L
(T cells). The final signal involves T cell cytokine production of IL-2, IL-4 and IL5 which act as growth and differentiation factors for activated B cells. These
key interactions between B and T cells take place in specially designed
compartments known as follicles in secondary lymphoid organs where
activated B cells continue to mature in the GC.
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1.3.4.3

Germinal center B cell reactions

During the course of an immune response, important antibody affinity
maturation takes place in the GC. This is the main site in which high affinity
antibody-secreting plasma cells and memory B cells are generated. Germinal
centers are sites within secondary lymphoid organs where mature B cells that
have recognized a specific antigen proliferate, differentiate and undergo
secondary antibody diversification (SHM and CSR). Germinal centers contain
B cells clustered around a dense network of follicular dendritic cells (FDCs),
which are surrounded by T cells. Follicular dendritic cells attract both naive and
activated B cells into the follicles by secreting the chemokine CXCL13, which
is recognized by CXCR5 receptors on B cells and specialized T cells known as
T follicular helper cells (TFH) (106, 107).
Germinal centers are composed mainly of proliferating B cells, but antigen
specific TFH make up about 10% of GC lymphocytes. Newly formed GCs grow
in size as the immune response proceeds, before shrinking and finally
disappearing when the infection is cleared after about 3-4 weeks (108).
Germinal centers are organized into two major zones: the dark zone and the
light zone (Figure 1.4), each with distinct function and outcomes. In the dark
zone antigen-activated GC precursor B cells differentiate into so called
centroblasts and undergo clonal expansion (proliferation) and SHM to enhance
and modify their BCR. Centroblasts eventually decrease their proliferation rate
and start producing higher levels of surface immunoglobulins, in which they are
then termed as centrocytes. Centrocytes move from the dark zone to the light
zone where B cells with modified BCRs are selected for improved binding to
the immunising antigens. In the light zone, TFH and FDCs play a very important
role during positive selection by presenting different antigens to B cells with
modified BCRs, providing them with signals to survive, mature and differentiate.
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Figure 1.4: Germinal centers in lymph nodes with various interactions and
reactions within the dark and light zone, adapted from Klein et al, 2015.
As a result of SHM, higher BCR affinity results in greater antigen capture and
therefore leads to a higher density of peptide-MHC complex binding on the
surface of B and T cells. This in return drives positive selection through greater
share of T cell help. Newly developed B cells from the light zone that produce
unfavourable BCRs are unable to capture sufficient antigens and will therefore
undergo apoptosis. Following positive selection in the light zone, a subset of B
cells will recirculate to the dark zone where they undergo further proliferation
and SHM, thus generating new antibody mutants with an improved affinity
(109). Recirculation between dark and light zone facilitates several rounds of
mutation and selection. Antigen-selected light zone B cells eventually
differentiate into high-affinity memory B cells capable of inducing rapid antibody
production upon a second antigen encounter (memory) and plasma cells that
produce long-lived antibodies which are able to circulate back and reside in the
bone marrow for long-lived memory.
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1.3.5 Secondary antibody diversification: Class switch recombination
and somatic hypermutation
To allow a rapid humoral immune response to a wide range of pathogenic
challenges, B cells need to adapt and diversify their BCRs. Changes to the
constant region through CSR and variable region through SHM are examples
of distinct immunoglobulin diversification processes, also known as secondary
antibody diversification.

1.3.5.1

Class switch recombination

After B cell activation, which induces proliferation, B cells can encounter
specific costimulatory signals via T cell help to induce these secondary
diversifications. Class switch recombination also known as isotype switching is
a biological mechanism that changes the heavy chain constant (CH) region of
the main subtype IgM, to classes IgG, IgA or IgE which can then be secreted
as immunoglobulins.
During CSR portions of double-stranded breaks are generated in DNA at
conserved nucleotide motifs, called switch (S) regions, which are present
upstream from gene segments that encode the constant regions of antibody
heavy chains. By the activity of a series of enzymes, including: activationinduced

deaminase

(AID),

uracil

DNA

glycosylase

and

apyrimidic-

endonucleases, DNA is cut and broken at two selected S-regions. The DNA in
between the S regions is subsequently deleted from the chromosome,
removing µ and d heavy chain constant region exons and replacing them with
g, a or e constant region segments. CSR is then completed by joining the
variable domain exon and the desired downstream constant domain exon of
the antibody heavy chain by a process called non-homologous end joining
(NHEJ). Because a variable region can be associated with any constant region
through CSR, descendants from a single B cell can produce antibodies specific
for the same antigen, but from different classes, which allows a protective
effector function suited for each body compartment.
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1.3.5.2

Antibody classes

Different isotypes (or classes) of secreted antibodies are distinguished by class
switching of the antibody constant region; of the heavy chain fragment
crystallizable (FC) region which contains mu (µ), delta (d), gamma (g), alpha (a)
or epsilon (e) respectively. The fate of a developed antibody that has bound a
specific antigen is highly dependent on cell-surface FC receptors found on
many different cell types. Fragment crystallizable receptors are key immune
regulatory receptors connecting immune complexes, the antigen-antibody
bonds, to cellular effector functions. Different antibody classes have different
affinities for FC receptors, thus profoundly influencing further antibody
functions. Fragment crystallizable receptors determine whether immune
complexes will activate cells such as macrophages, NK cells or mast cells that
help to eliminate pathogens. The CH region also determines whether an
antibody can be transcytosed through epithelial membranes at mucosal
surfaces, can diffuse into tissues, or is able to polymerize which leads to greater
avidity. To encounter a variety of antigens, antibodies are adapted to function
in different compartments of the body, with each class having their distinct
features and mechanism of action.

1.3.5.2.1 IgM
During early stages of B cell mediated (humoral) immunity in response to
microbial infection or antigen invasion, IgM is the first antibody class produced.
These early low-affinity IgM antibodies account for about 10% of total human
immunoglobulins (110). IgM antibodies are able to form pentamers in the
secreted form using a 15kDa polypeptide joining chain (J-chain) with very high
avidity, which compensates for the low affinity towards antigens. Due to the
large size of the pentamers, IgM is mainly found in the blood (and to a lesser
extend in the lymph nodes). The rapid production of IgM is very important for
combating infections of the bloodstream, in which the pentameric structure has
been very efficient and effective in activating the complement system. The
complement system, which is part of the innate immune system, is then able to
enhance the ability of antibodies and phagocytic cells to clear microbes and
damaged cells, activate inflammation and attack the pathogen’s cell
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membrane. Although IgM is mainly produced as a primary immune response,
in some cases it can also be produced during subsequent responses after
secondary modifications (111).

1.3.5.2.2 IgG
IgG is the principal antibody class found in blood and extracellular fluid
accounting for 70-75% of circulating human immunoglobulins (112). The
monomeric IgG antibody is the major antibody of the secondary immune
response with the longest half-life (20-24 days) and the highest opsonizations
and neutralization activities. IgG is also the only antibody which is capable of
crossing the placenta to provide immunity to the foetus until it has its own
functioning immune system. IgG antibodies consists of four human subclasses,
respectively IgG1, IgG2, IgG3 and IgG4 each with a different gamma heavy
chain. The differences between the subclasses are mainly found in their hinges
and upper CH2 domains (Figure 1.5) which are involved in binding both IgG
FC receptors and the complement protein C1q.
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Figure 1.5: Schematic picture of a basic IgG antibody structure with
associated nomenclature.
The antibody consists of 2 heavy chains (light grey) and 2 light chains (dark
grey). While the light chain consists of a variable (VL) and a constant (CL)
domain, the heavy chain consists of a variable domain (VH) and three constant
domains, CH1, CH2 and CH3 respectively. The figure is self-made but adapted
from Irani et al., 2015 (113).
Other unique profiles between the subclasses can be found in respect to
immune complex formation, half-life, placental transport and antigen binding
(114). For example, IgG1 and IgG3 subclasses are rich in antibodies against
bacterial and viral proteins, while IgG2 antibodies are predominantly against
complex sugars.
1.3.5.2.3 IgA
IgA is the main antibody class found in mucus secretions (e.g. saliva, tears, gut
secretion, sweat and breast milk), but can also be found in small amounts in
serum. It accounts for 10-15% of total human immunoglobulins existing either
as a monomer or dimer after secretion (115). IgA most importantly acts in the
mucus epithelium of the intestinal and respiratory tracts as a first line defence
by limiting invasion of pathogens. Unlike IgG, IgA is a less potent opsonin and
a weak complement activator. IgA predominantly operates on epithelial
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surfaces where phagocytosis and complement do not normally occur, and
therefore mainly functions as a neutralizing antibody. Serum IgA immune
complexes on the other hand, interact with FC receptors on a variety of immune
effector cells to initiate antibody-dependent cell-mediated cytotoxicity (ADCC),
degranulation of granulocytes (eosinophils and basophils), phagocytosis by
monocytes, macrophages and neutrophils and triggering of respiratory burst
activity (116-118).

1.3.5.2.4 IgE
The final antibody class IgE is found at very low levels in blood and extracellular
fluid but is bound avidly by FC receptors on basophils and mast cells which are
found just underneath the skin and mucosa, and along blood vessels in
connective tissues. Although IgE accounts for 0.05% of human circulating
immunoglobulins, it is capable of triggering a very powerful inflammatory
reaction (119). IgE is located predominantly in tissues where it is tightly bound
to FceRI receptors on effector cells. Its initial role is to protect against parasites,
but in regions where parasite infections are very rare, like in the western world,
IgE is mainly involved in type 1 hypersensitivity reactions such as allergies.
During allergies an IgE immune response is initiated against non-infectious
antigens such as pollen and peanuts. These IgE antibodies trigger basophils
and mast cells to release powerful chemical mediators which induce reactions,
such as coughing, sneezing, rashes and vomiting. Each type of IgE is specific
for a type of allergen, which makes it possible for an individual to be allergic to
1 specific allergen, while others have allergic reactions towards multiple
allergens due to their formation of many types of IgE antibodies.
1.3.5.2.5 IgD
IgD is the major antigen receptor isotype on the surface of mature B cells,
where it is co-expressed alongside IgM. IgD is also produced in secreted form
in very small amounts, 0.20-0.25% of serum immunoglobulins (120). Secreted
IgD is produced as a monomer just like IgG and IgE with two heavy chains of
the d class and two light chains. Interestingly, the concentration of serum IgD
is age dependent but varies a lot between individuals, even from the same age
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(121, 122). Unlike the other secreted antibodies, the function of serum IgD is
not fully understood. Although, it is thought that it might play a role in mucosal
immunity and has a role in the surveillance system between immunity and
inflammation in cooperation with basophils and other innate immune cells
(123).
1.3.5.3

Somatic hypermutation

While CSR is responsible for modifications of the constant region and therefore
producing different classes (and subclasses) of immunoglobulin, SHM is
responsible for secondary diversifications of the variable region. SHM is a
programmed process of mutations on the variable regions of the
immunoglobulin

genes

modifying

antigen

specificity.

Unlike

germline

mutations, SHM only mutates individual immune cells. The main regulator of
SHM is AID, which is also used during CSR.
During SHM deamination of cytosine to uracil in DNA is orchestrated by AID,
this creates a single nucleotide polymorphism in the DNA strand by mutating a
cytosine-guanine pair to an uracil-guanine mismatch. Because uracil residues
are not normally found in DNA most of these mutations must be repaired by
high fidelity base excision pairs to maintain the integrity of the genome. Uracil
bases are removed by uracil-DNA glycosylase, after which mutations are then
formed by recruiting error prone DNA polymerase to fill in the gap.
During B cell proliferation, in the GC dark zone, AID-generated mutations are
transcribed and translated into thousands of slightly different immunoglobulins.
B cells that express BCRs with the best affinity to encountered antigens
differentiate into plasma cells, that are able to produce affinity-specified
antibodies.

1.4

Energy metabolism and ME/CFS

The prolonged exacerbation of symptoms in patients with ME/CFS, usually
induced by mental or physical activity or other stressors such as immunisation
or infection, is characterised by extreme fatigue, exhaustion, brain fog,
heaviness in the limbs and drained energy (23). The biochemistry of ME/CFS,
which is suggested to underlay symptoms such as fatigue and post exertional
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malaise, are thought to be related to the formation of Adenosine triphosphate
(ATP) throughout the human body. The chemical energy released from the
conversion of ATP to Adenosine diphosphate (ADP) and the reversible
conversion of ADP to ATP involve pathways such as glycolysis in the cytosol
and the tricarboxylic acid (TCA) cycle, also known as the Krebs cycle, and the
electron transport chain within mitochondria of cells. Mitochondria empower
most of the biochemical reactions involved in energy production, making them
the main sides for ATP synthesis. Therefore, processes involving this organelle
have become of key interest for ME/CFS studies.
Investigations of the mitochondrial ATP profile in neutrophils from ME/CFS
patients have found strong correlations between the degree of mitochondrial
dysfunction and disease severity in ME/CFS (124). In line with these findings,
impaired oxidative phosphorylation and mitochondrial damage, which may lead
to oxidative and nitrosative stress (O&NS), have also been observed in
ME/CFS patients (125). In the field of metabolomics, where levels of
metabolites (minerals, vitamins and fatty acids) which are utilised by
mitochondria are identified in serum and urine, investigation have also been
performed in ME/CFS patients. The general consensus of these metabolomic
studies suggests an oxidative environment but with the minimal utilisation of
mitochondria for efficient energy production with the preferred use of other
pathways such as aerobic glycolysis. A study by Naviaux et al. showed
abnormalities in 20 metabolic pathways in patients’ plasma compared with HC,
of which eighty percent of these metabolites were decreased, which was
consistent with a hypometabolic state (126). Yamano et al. found significant
differences in intermediate plasma metabolite concentrations in the
tricarboxylic acid (TCA) and urea cycles (127). Similar to these, specific
reductions of serum amino acids that fuel oxidative metabolism through the
TCA cycle were found in plasma of ME/CFS patients by Fluge et al. (128).
These studies all point towards an inadequate or less efficient ATP generation,
particularly in cells which are highly metabolically active and therefore
dependent on ATP, such as muscle cells, neutrophils and immune cells such
as NK cells, T cells and B cells.
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1.5

Energy metabolism: Cellular respiration

To maintain basic cellular functions, ATP production in cells is vital. Since
immune cells lack significant stores of nutrients basic cellular functions can only
be sustained through the uptake of glucose, amino acids, and fatty acids from
their environment to provide substrates for cellular respiration through
glycolysis, pyruvate oxidation, the TCA cycle and oxidative phosphorylation
(129).

1.5.1 Fuel molecules for the generation of ATP
For the immune system to work as an efficient defence mechanism the desired
functions to do so are bioenergetically expensive and require precise control of
metabolic pathways. Through extracellular signals, such as the TLR and costimulatory molecules the uptake and catabolism of a variety of nutrients are
controlled in activated immune cells. These nutrients or fuel molecules can be
categorized in three key groups for the different metabolic pathways;
carbohydrates, fatty acids and amino acids (130). Within these groups a wide
range of metabolites participate in the cellular energy exchanges that take part
during the generation of ATP.
1.5.1.1

Carbohydrates

Carbohydrates are biomolecules that consist of carbon, hydrogen and oxygen
atoms. carbohydrates are divided into four chemical groups: monosaccharides,
disaccharides,

oligosaccharides

and

polysaccharides.

The

smallest

carbohydrates, monosaccharides and disaccharides, are also known as sugars
of which glucose is the most well-known. Carbohydrates play various roles in
living organisms, polysaccharides such as starch and glycogen for example
serve as energy storage, while ribose acts as the backbone of RNA and the
related deoxyribose is a component of DNA. Starch and sugars are the most
important carbohydrates in the human diet, mainly as a fuel for ATP generation.
The breakdown of these sugars, producing energy, takes place during
glycolysis and the TCA cycle.
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1.5.1.2

Fatty acids

Fatty acids are carboxylic acids with a long aliphatic chain which can be
saturated or unsaturated. Fatty acids are an important source of fuel for
metabolism but also act as structural components for cells, like phospholipids
for example in cell membranes.
Not all fatty acids can be produced in the human body, therefore specific fatty
acids known as “essential fatty acids” need to be acquired through a diet. Just
like glucose, fatty acids are an important source for the generation of ATP, as
fatty acids yield large quantities of ATP.
1.5.1.3

Amino acids

Amino acids are organic substances well known for their role as building blocks
of polypeptides and proteins, but some amino acids also play important roles
in the regulation of key metabolic pathways that are necessary for growth,
reproduction and immunity (131, 132). The characteristic key elements of
amino acids are hydrogen (H), nitrogen (N), oxygen (O) and carbon (C).
Together these chemical elements form functional groups which contain a basic
amino (NH2), an acidic carboxyl group (COOH), and a side chain (R group)
which is specific for each amino acid. There are around 500 naturally occurring
amino acids known, but only 20 can be found in the genetic code (133). These
20 amino acids were traditionally classified as essential, conditionally essential
and non-essential amino acids (Table 1.2). Essential amino acids cannot be
synthesized by the human body, and must therefore be taken in as food (134).
Examples of essential amino acids are methionine, isoleucine and
phenylalanine which can all be found in for example meat and fish. Six other
amino acids are considered to be conditionally essential amino acids, which
means that their synthesis can be limited under special conditions of sickness
and stress such as severe catabolic distress and prematurity. Finally, there are
five non-essential amino acids which can be synthesized by the body. Amino
acids are the most used sources of fuel during metabolism.
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Table 1.2: Amino acid classification

Essential

Conditionally

amino acids

essential

Non-

amino essential

acids

amino acids

Isoleucine

Arginine

Alanine

Leucine

Glutamine

Aspartic acid

Lysine

Glycine

Asparagine

Methionine

Proline

Serine

Phenylalanine Tyrosine

Glutamic
acid

Threonine

Cysteine

Tryptophan
Valine
Histidine

1.5.2 Metabolites
Sugars (carbohydrates), fatty acids and amino acids are all examples of
metabolites, that act as important sources/fuel for ATP generation. Metabolites
are small molecules that participates in metabolic reactions as an intermediate
and/or product. Metabolites can be involved in a variety of metabolic reactions,
for example in the maintenance, growth and normal functions of cells, they are
also involved in cell signaling, have stimulatory and inhibitory effects on
enzymes, but are best known as fuel for energy metabolism (135). Metabolites
belong to a diverse set of classes e.g. carbohydrates, fatty acids, amino acids,
steroids vitamins and more. Glucose for example, is an important metabolite in
the metabolism of sugars, while metabolites such as citrate and Acetyl CoA are
also involved in mitochondrial signaling (136).

1.5.3 Metabolomics
Metabolomics is a field of study that aims to identify and quantify the
composition of metabolites of an organism, biological fluid, tissue or medium.
Metabolomics has theoretical advantages over genomics, transcriptomics and
proteomics, because the metabolic network is downstream from gene
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expression and protein synthesis and, therefore, more closely describes cell
activity at a functional level (137). There are various ways of measuring
metabolites in different fluids, of which nuclear magnetic resonance
spectroscopy (NMR) and mass spectrometry are the most common techniques
used (138). The big advantage of NMR is that the technique is nondestructive,
and it has the ability to cover a wide range of metabolites with minimal sample
preparation

in

comparison

to

mass

spectrometry.

However,

mass

spectrometry-based metabolomics is more sensitive and selective but needs
different chromatography techniques to measure a variety of metabolites. This
affects the ability to reproduce experiments. Studying metabolite concentration
in body fluids or in vitro settings can provide information about distinct
biochemical pathways. The assessment of metabolites can be used to either
create an overview of the biochemical pathway to generate a hypothesis or
more specifically for the validation of a hypothesis. These two approaches are
known as metabolic fingerprinting and metabolic profiling. Metabolic
fingerprinting is a wide screening approach that is used to classify metabolites
based on metabolite patterns or “fingerprint”, this allows the analysis of their
changes as an effect of the disease, environment or genetic perturbations
(139). Metabolomic profiling on the other hand, is the analysis of metabolite
concentrations from the tissues and biofluids of a living system under different
conditions as a result of environmental or genetic factors (140). Metabolic
profiling is a more focused approach that examines a group of metabolites
involved in a certain pathway, such as glycolysis, or who belong to a certain
class of compounds.

1.5.4 Glycolysis
Glycolysis is the metabolic process that acts as the foundation for both aerobic
(with oxygen) and anaerobic (without oxygen) cellular respiration. This
metabolic pathway is common to both prokaryotic and eukaryotic cells. Glucose
is the most important source of energy for glycolysis. Glucose enters the cell
via glucose transport proteins GLUT1 and GLUT2. Once entered glucose is
assisted and guided by enzymes and regulators before it is broken down into
pyruvate and energy in the cytosol of a cell. As shown in Figure 1.6, a total of
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ten enzyme-catalysed reactions are involved in the process of glycolysis. This
process can be divided in two phases, the investment phase and the pay-off
phase. Per molecule of glucose, 2 ATP is used (investment phase), and 4 ATP,
2 NADH (Nicotinamide adenine dinucleotide), and 2 pyruvates (pay-off phase)
are produced.
During the investment phase, which includes the first 5 steps of glycolysis,
energy is used to convert 1 molecule of glucose into 2 three-carbon sugar
phosphates, dihydroxyacetone phosphate (DHAP) and glyceraldehyde 3phosphate (GAP) respectively (Figure 1.6, upper part).

Figure 1.6: Schematic pathway of the molecules and enzymes involved in
the glycolysis of glucose, adapted from Biology (glycolysis) by Jean
DeSaix et al.

Following the formation of DHAP and GAP from one glucose molecule in the
investment phase, each reaction in the pay-off phase occurs twice per glucose
molecule. The second phase of glycolysis, the pay-off phase, is characterized
by a net gain of NADH and ATP (Figure 1.6, lower part). This is a unique
example of a reaction where ATP can be produced at substrate level without
participating in the electron transport chain, also known as substrate level
phosphorylation. The final enzyme-catalysed reaction during glycolysis
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generates pyruvate by dephosphorylating phosphoenolpyruvate through
pyruvate kinase. This reaction also generates one mole of ATP through
substrate level phosphorylation. Overall, the catalytic reactions involved in the
breakdown of 1 glucose molecule are able to generate 4 ATP, 2 NADH and 2
pyruvate molecules from glycolysis, which can then be used as substrate for
the TCA cycle.

1.5.5 The tricarboxylic acid cycle
The TCA cycle, also known as the Kreb’s cycle, is a series of chemical reactions
in an oxygen rich environment that releases stored energy through the
oxidation of acetyl-CoA into carbon dioxide and ATP. The name is derived from
the citric acid, a type of tricarboxylic acid (citrate), that is consumed and then
generated to complete the cycle. It is also the final common pathway for the
oxidation of fuel molecules -namely amino acids, fatty acids and carbohydrates
- of which most enter the cycle as acetyl-CoA. The main purpose of the TCA
cycle is to collect high-energy electrons from these fuel metabolites through
oxidation. The TCA cycle is also an important source of precursors for the
building blocks of many other molecules such as amino acids, nucleotide
bases, cholesterol, and porphyrin. Therefore, the TCA cycle is involved in both
anabolic and catabolic pathways. Unlike glycolysis which takes place in the
cytosol, the TCA cycle process takes place within the mitochondria of cells
(Figure 1.7).
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Figure 1.7: Schematic overview of the molecules and enzymes involved
in the TCA cycle, adapted from Narayanese (Wikipedia).
As shown in Figure 1.7, Pyruvate molecules produced through glycolysis are
actively transported across the inner mitochondrial membrane into the matrix.
At this stage the TCA cycle is initiated through a series of chemical reactions
which are carried out by 8 important enzymes. Pyruvate is first oxidized and
combined with coenzyme A through pyruvate dehydrogenase to form acetylCoA, NADH and CO2. Acetyl-CoA condensates with oxaloacetate to form
citrate, which is catalysed by citrate synthase. Oxaloacetate is an intermediate
produced at the end of the TCA cycle, which is used in the first step, creating a
continues loop of the TCA cycle. Once oxaloacetate is joined with acetyl-CoA,
a water molecule attacks the acetyl leading to the release of coenzyme A.
Coenzyme A can then be used again to form acetyl-CoA in the presence of
pyruvate. The second reaction in the TCA cycle is dedicated to the
rearrangement of citrate through aconitase to create the isomeric form,
isocitrate. During this reaction a water molecule is rearranged by moving the OH group from 3’ to 4’ position on the molecule. Isocitrate dehydrogenase then
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catalyses isocitrate to form a-ketoglutarate allowing NAD to generate NADH by
picking up an H molecule, which also removes a carbon dioxide molecule.
Alpha-ketoglutarate

is

oxidized

by

the

enzyme

alpha-ketoglutarate

dehydrogenase, to form succinyl-CoA in the presence of coenzyme A. During
this reaction carbon dioxide is removed and NAD+ is reduced to NADH and H+.
Coenzyme A is removed from succinyl-CoA to form succinate by the enzyme
succinyl-CoA synthase. The released energy is used to make guanosine
triphosphate (GTP) from guanosine diphosphate (GDP) and phosphate (Pi).
GTP, which is highly involved in energy transfer, is then converted into ATP by
nucleoside-diphosphate kinase (NDK). The enzyme succinate dehydrogenase
catalyses the removal of two hydrogens from succinate to form fumarate.
During this oxidation FAD is reduced to FADH2. The hydration of fumarate to
malate is catalysed by fumarase by adding hydrogen and oxygen (from water)
back into the substrate. The final step of the TCA cycle involves the oxidation
of malate via malate dehydrogenase to form oxaloacetate, the starting
compound of the TCA cycle. During this final reaction, NAD+ is reduced to
NADH and H+. In total the TCA cycle generates a net of 12 ATP molecules; 3
NAD+ (9 ATP), 1 FAD (2 ATP) and 1 ATP.

1.5.6 Electron transport chain
Oxidative phosphorylation, the final stage of cellular respiration, takes part in
the electron transport chain. The electron transport chain is a series of
embedded proteins and other organic molecules found in the inner membrane
of mitochondria, which drives the synthesis of ATP via the movement of ions
across a semipermeable membrane down their electrochemical gradient
(chemiosmosis). The embedded proteins and organic molecules are organised
into four large complexes labelled as I to IV, also known as proton pumps
(Figure 1.8). The principle behind oxidative phosphorylation, relies on NADH
and FADH2 which give away their high energy electrons to the electron
transport chain. All of the electrons come from these two coenzymes produced
during earlier stages of cellular respiration: glycolysis, pyruvate oxidation and
TCA cycle.
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After the first two complexes (I and II), electrons from NADH and FADH2 go
through the exact same routes. Both complex I (NADH) and complex II (FADH2)
pass their electrons through the mobile electron carrier ubiquinone (Q), which
is reduced to QH2 and travels through the membrane, delivering the electrons
to complex III. As electrons move through complex III, more H+ ions are pumped
across the membrane. Eventually electrons are delivered to another mobile
carrier called cytochrome C (Cyt C). Cyt C carries the electrons to complex IV,
after which the final batch of H+ molecules are pumped across the membrane.
Complex IV passes the electrons to O2, which splits into two oxygen atoms and
binds H+ from the matrix to form H2O. In the process four electrons are required
to reduce each molecule of O2, and two water molecules are formed.
The proton pumping activity of complexes I, II and IV forms an electrochemical
gradient across the inner mitochondrial membrane, also known as protonmotive force. Due to the hydrophobic core of the membrane, protons are not
able to directly pass through the membrane. Therefore, H+ ions can only move
down the concentration gradient with the help of channel proteins that form
hydrophilic tunnels across the membrane. The membrane-spanning protein
ATP synthase is able to do exactly that. Instead of being turned by water, ATP
synthase is turned by the flow of H+ ions moving down their electrochemical
gradient. As ATP synthase turns it catalysis the addition of a phosphate to ADP,
capturing energy from the proton gradient as ATP. The process in which energy
from a proton gradient is used to make ATP, is called chemiosmosis.
This final stage of cellular respiration generates about 34 ATP molecules from
1 glucose molecule, yielding by far the most ATP molecules during the process
of energy generation.
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Figure 1.8: A graphic depicting the membrane proteins and organic
molecules involved in the electron transport chain, adapted from lumen
learning.

1.5.7 Immune cell metabolism: homeostasis of immune cell functioning
As described earlier, a cell can use different pathways to produce ATP. A strong
bias towards aerobic glycolysis over mitochondrial metabolism (Warburg effect)
has been observed in T cells, macrophages and neutrophils (141). This is in
contrast to differentiated somatic cells which mainly rely on mitochondrial
oxidative phosphorylation to generate energy (142). Although glycolysis is a
relatively inefficient way to generate ATP (1 glucose molecule è 2 ATP
molecules), it is a rapid way to generate energy for growth, division and cellular
function. This therefore justifies it being the preferred route for immune cells.
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Metabolism in the immune system is not just linked to the activation state of the
various cell components, it is also involved in various other functions such as
homeostasis and signalling of immune cells (141). For example, mitochondrial
DNA (mtDNA) can be used as a signalling pathway for inflammation, as when
released it is capable of activating major innate immune signalling pathways via
their circular loop that contains a number of CpG islands. This can then be
sensed by TLR9 (CpG DNA receptor) within cells, which will lead to activation
of the NF-kB signalling pathway inducing pro-inflammatory genes important for
proliferation and activation of immune cells (143). Also, long-lived plasma cells
that reside in the bone marrow are highly dependent on the usage of cellular
glucose, not just to generate ATP or use metabolites as building blocks, but for
glycosylation of proteins, particularly antibodies (144). The glycosylation of
antibodies is very important for antibody recognition by other immune cells.
The existence of metabolic checkpoints in human B cell development is as yet
poorly characterised. An interesting study by Jang et al. revealed that CSR in
activated B cells was associated with increased mitochondrial mass, whereas
plasma cell differentiation occurred in cells with decreased mitochondrial mass
(145). This observation highlights an important role for mitochondria in B cell
maturation and fate.
Research in Systemic Lupus Erythematosus (SLE) for example has shown
important

interaction

between

energy

metabolism

(mitochondria

and

autophagy) and B cell maturation and fate, in disease progression. For
example, in an SLE murine model high levels of BAFF were shown to induce
autoantibody production, with B cells exposed to high BAFF levels shown to be
more glycolytic than those from control mice (146). It has also been shown that
class-switching and plasma cell formation in B cells is dependent on autophagy
(147). During this process, autophagy allows cells to degrade damaged
cytoplasmic organelles (by ROS and O&NS) so that products can then be
reutilized for different cellular functions, including B cell class switching.
Another study by Perl et al. found mitochondrial dysfunction in T cells of SLE
patients which included: persistent mitochondrial hyperpolarization (MHP),
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cytoplasmic alkalinisation, increased reactive oxygen intermediate (ROI)
production and diminished levels of glutathione and ATP (148).
Optimal B cell functioning relies on complex interactions between signalling and
metabolic pathways as well as mitochondrial integrity and autophagy. The
focus of this thesis is the analysis of B cell subsets and the metabolic functions
related to certain distinct phenotypes or B cell subsets. These findings could
aid towards understanding the interlink between B cell growth, metabolism and
possible pathologic involvement in ME/CFS and potential other diseases.
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Thesis hypothesis and aims
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Hypothesis
I hypothesis that the systemic features of ME/CFS are due to altered metabolic
thresholds in immune and somatic cells. By exploiting the dynamic nature of B
cell differentiation and maturation, it is proposed that changes in metabolic
thresholds will therefore be detectable in B cells exposed to stressors in vitro.

Experimental plan and approach
Blood samples from ME/CFS patients and HC were examined:
In order to provide a platform for studies of B cell function in patients with
ME/CFS an extensive panel of phenotypic markers will be used to define B cell
subsets and the expression of additional phenotypic markers associated with B
cell maturation, differentiation and activation:
Experimental aims
•

To perform extended B cell phenotyping and to measure soluble factors
associated with B cell survival, differentiation and antibody production in
vitro: Fresh blood samples of ME/CFS patients and age and sex
matched HC will be compared to determine if there are any significant
differences in B cell immunophenotype and soluble factors produced.

•

To develop an in vitro system for B cell maturation in response to T celldependent and T cell-independent stimulation: The aim is to develop a
system to simultaneously analyse B cell immunophenotype, proliferation
(using CFSE), differentiation (using soluble CD23 release), antibody
production (IgM and IgG) and to measure key metabolites in cultures of
B cells from HC and ME/CFS patients.

•

To follow changing energy requirements of B cells following exposure to
stressors in vitro: B cell maturation and the relationship with energy
requirements will be studied by focusing on mitochondrial mass,
autophagy, and alternative metabolic pathways in response to T celldependent and T cell-independent stimulation in vitro.
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Collaborative research projects
Royal London Hospital of Integrated medicine (RLHIM) and St Helier
Hospital, London
Both Dr. Saul Berkovitz (RLHIM) and Dr. Amolak Bansal (St Helier hospital)
provided me with thoroughly characterized ME/CFS patients. The department
of Immunology at St Helier Hospital also contributed £50,000 towards my PhD
project. As part of this collaboration I have spent 3 months at their Immunology
department optimizing their glucocorticoid receptor project, which was mainly
PCR based. Throughout my PhD we have had several update meetings in
which we discussed the progressions of our study as well as potential new
insights and developments in the field.

Haukeland University Hospital, Bergen (Norway)
From 2015 until 2017 I have been part of the RituxME meetings where updates
on the different rituximab trials were discussed, ideas and experiences were
exchanged, and new date has been presented in closed meetings. As part of
this collaboration with Haukeland University I have also performed serological
studies (serum BAFF and soluble CD23) on samples from two rituximab clinical
trials. With our expertise in analysing serum samples before and after B cell
depletion therapy with rituximab at UCL, we also acted as advisory role to the
research group. The main researchers Dr. Oystein Fluge and Professor Olav
Mella also provided me with a recommendation for the application of my PhD
project.

Melbourne University, Melbourne (Australia)
As part of an international collaboration with the Bio Institute 21 (Melbourne
University, Australia), I had the amazing opportunity to spend 5 weeks in the
research group of Professor Paul Gooley and Dr. Christopher Armstrong. The
group has an expertise in metabolism, where they have been developing
metabolomic methods for studying different conditions and diseases, with a
focus on ME/CFS. We have been awarded with the Solve ME/CFS Initiative,
Los Angeles (USA) Ramsay award in 2016 to conduct a collaborative research
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project. The aim of our joined project was to analyse the chemical processes
that occur during B cell maturation upon in vitro stimulation by studying the
conversion of building blocks (metabolites) in culture medium to energy to run
cellular processes, along with the production of waste products. As an
immunologist, this was a great chance for me to work interdisciplinary
combining the fields of metabolism and immunology. Both fields have been at
the center of attention in understanding the aetiology and pathogenesis of
ME/CFS.
The main purpose of my stay was to analyse and discuss the data we have
produced during our collaboration and gain further knowledge about B cell
metabolism. During my time in Melbourne, I learnt how to determine metabolite
concentrations from raw nuclear magnetic resonance (NMR) spectra and how
to use the analytical workflows to interpret data. Along with changes in immune
cell surface markers, we would be able to correlate changes in metabolites with
B cell maturation in vitro.
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Chapter 2 Materials & Methods
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2.1

Patients and healthy control selection

Patients diagnosed with ME/CFS fulfilling consensus classification criteria
(Canadian, CDC and Fukuda) were selected for the study by Dr Berkovitz
(Royal London Hospital of Integrated Medicine, UCLH NHS Foundation Trust)
and Dr Bansal (St. Helier Hospital NHS Trust). Clinical assessments were then
performed to assess patient’s eligibility for study inclusion. Patients were
informed verbally about the study and additionally given information sheets with
written informed consent. Medical history (disease duration, symptoms and comorbidities) was recorded for the purpose of the study. At visit, after study
inclusion, data from the Health Assessment and Depression Score (HADS)
were collected. Patients with confirmed autoimmune disease or receiving
immunosuppression were excluded from the study, as well as those who had a
history of depression (HADS>21), which was not linked to ME/CFS. The
severity of chronic fatigue symptoms was assessed by combining both Bell
(“The Doctor’s Guide to Chronic Fatigue Syndrome”; 1995) and Cox and
Findley (“Severe and very Severe Patients with Chronic Fatigue Syndrome:
Perceived Outcome Following and Inpatient Programme”; 2000) scales at visit.
Healthy controls were age and sex matched individuals recruited from hospital
and academic staff, and volunteers amongst family and friends of patients
without evidence of ME/CFS on the basis of completed symptom
questionnaires.
This study has been approved by the NRES Committee London-City Road &
Hampstead Research Ethics Committee (REC reference: 14/LO/0388).

2.2

Clinical data patients

During first visits symptoms scores over the last three months were collected,
the form used for this analysis can be found in the appendix, along with the
collected clinical data for the symptom scores. Main symptoms were separated
over four groups namely, fatigue, pain, cognitive impairment and other
symptoms, patients were able to score their symptoms on a scale of 1-10
(Figure 2.1A). In addition, an online questionnaire for consented patients was
constructed to follow their symptoms for period of time to get a better
understanding of the disease course (Figure 2.1B).
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Figure 2.1: Main symptoms for patients suffering from ME/CFS.
Fatigue scores, cognitive scores, pain scores and other symptoms are shown
for all ME/CFS patients (N=38) included at baseline (A). Symptoms scores
were followed over a period of time to gain a better understanding of the course
of the disease, as is shown in a representative plot of a patient (B).

2.3

Peripheral blood mononuclear cells and B cell isolation from

whole blood
At first visit, whole blood from ME/CFS patients and healthy individuals (27 mL)
was taken by venepuncture, collected in VACUETTE® LH Lithium Heparin
tubes (Greiner Bio-one, Kremsmünster, Austria) and processed on the same
day. Whole blood was then diluted in an equal volume of 2% Fetal calve serum
(FCS; heat inactivated, Labtech, East Sussex, UK) in Phosphate buffered
saline (PBS; Sigma Aldrich, St. Louis, MO). After density gradient medium
(Lymphoprep, StemcellTM Technologies, Vancouver BC) was pipetted into 50
mL Sepmate (StemcellTM Technologies, Vancouver BC), diluted whole blood
was carefully layered upon the density gradient and centrifuged for 10 minutes,
1200x g at room temperature (RT) with brakes on. Supernatant was then
poured into a new 50 mL tube and mixed with 2%FCS in PBS and centrifuged
for 8 min, 300x g at RT. After aspirating off the supernatant, the remaining pellet
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was resuspended with 2%FCS in PBS. In the majority of cases the peripheral
blood mononuclear cells (PBMC) were directly used for experiments or immune
phenotypic staining, if not PBMC were centrifuged and frozen down, as will be
described in section 2.5.

2.4

Whole blood staining

Three mL of whole blood was washed twice (5 min 300g) with PBS, after which
the supernatant was discarded. Cells were then stained for 20 minutes with
fluorescent labelled antibodies directed to surface CD markers (e.g. CD19,
CD27, IgD and IgM). After incubation stained cells were washed with PBS.
Next, erythrocytes were lysed with PharmLyseTM (BD, Biosciences, San Jose,
CA) lysing solution, washed twice in PBS and resuspended in 2%
paraformaldehyde for the fixation of cells. Finally, cells were washed and
resuspended in PBS and acquired within 24 hours on the flow cytometer.

2.5

Automatic cell counter

After isolation, cells were counted and assessed for viability using the
automated cell counter ADAM-MCTM (NanoEnTek, Seoul, Korea), which
technique is based on nucleus staining. The device is accompanied by
AccuChips (NanoEnTek, Seoul, Korea) and AccuStain solutions (NanoEnTek,
Seoul, Korea): T (cell viability) and N (total cell count).
Briefly, 10µl of T solution and 10µL of N solution were added in separate
Eppendorf tubes or wells (96-well plate). 10µL of cell suspension was then
added to each solution and thoroughly mixed by pipetting up and down, before
transferring 10µL of the mixture into slide N (for N mixture) and slide T (for T
mixture). The ADAM slide was injected into the ADAM-MC, which then
determined the number of cells/mL along with percentage viable cells.
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2.6

Freezing cells

A suspension of freshly isolated cells was centrifuged for 8 min at 300g,
freezing medium which consisted of 10% FCS and 90% DMSO (Sigma Aldrich,
St. Louis, MO) was then carefully dripped onto the cell pellet (range 10-50*106
cells/mL). 1 mL aliquots were transferred into Nunc® CryoTubes ® (Sigma
Aldrich, St. Louis, MO) and stored in freezing boxes at -80°C.

2.7

B cell isolation

For the isolation of B cells from freshly isolated PBMCs, B cells were negatively
selected using a Human B Cell Enrichment Cocktail (StemcellTM Technologies,
Vancouver BC) consisting of monoclonal antibodies directed against cell
surface antigens on human blood cells (CD2, CD3, CD14, CD16, CD36, CD43,
CD56, CD66B, glycophorin A) and dextran. Prior to isolation, EasySepTM
magnets (StemcellTM Technologies, Vancouver BC) were placed in the fridge
to improve adherence of magnetic beads to the cell suspension. In a 5mL
polystyrene tube, PBMC were washed (5 minutes 300g at room temperature)
in RoboSepTM Buffer (StemcellTM Technologies, Vancouver BC) and prepared
at a cell concentration 50x106 cells/mL in RoboSepTM Buffer. Human B cell
enrichment cocktail was then added (50µL/mL), vortexed and incubated for 10
minutes at room temperature. In the meantime, magnetic particles were
vortexed for 30 seconds to ensure a uniform suspension with no visible
aggregates. After 10 minutes, magnetic particles (75µL/mL) were added to the
mixture of cells and enrichment cocktail, vortexed and incubated for 5 minutes
at room temperature. After incubation the suspension was brought up to
2500µL with RoboSepTM Buffer, mixed gently by pipetting up and down, and
placed in the EasySep magnet without lid for 5 minutes. After 5 minutes the
magnet (along with the inserted tube) was picked up and inverted in one
continuous motion, pouring off the desired fraction of untouched isolated B cells
into a new 5mL polystyrene tube. Finally, isolated B cells were washed twice,
counted and brought on concentration in complete medium and used for in vitro
experiments or B cell staining.
In Figure 2.2 a representative figure of B cell isolation is shown. PBMC prior to
isolation (Figure 2.2A) and B cells after isolation (Figure 2.2B) were stained
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with CD19 for B cells and CD3 for T cells. While three populations were found
prior to isolation, respectively, CD3+ T cells, CD19+ B cells and CD3- CD19lymphocytes (which were mainly NK cells) after isolation the population solely
consisted of negatively isolated B cells with up to 96% purity.

B

Post B cell isolation

CD3

Pre B cell isolation

CD3

A

CD19

CD19

Figure 2.2: Flowcytometric analysis of immune cells before and after B
cell isolation.
Representative show dot-plots of PBMCs prior to isolation (A) and B cells after
negative selection (B), cells were plotted for the expression of CD3 (T cells)
and CD19 (B cells).

2.8

B cell in vitro cultures: B cell proliferation and stimulation

Isolated B cells (or PBMC) were stained with the fluorescent dye
Carboxyfluorescein succinimidyl ester (CFSE; Biolegend San Diego, CA) to
follow proliferation. CFSE is a fluorescent cell staining dye that corporates in
the DNA of cells, the dye then dilutes out on every division cycle leading to loss
of expression intensity.
Briefly, cells were incubated with CFSE (5µM in PBS) for 10 min at 370C,
quenched with cold complete medium and washed for 5 min at 300g. CFSE
stained cells were cultured in the presence of complete medium and TLR9
dependent stimulation (TLR9D) as an example of TI stimulation with - anti-IgM
(AffiniPure F(ab')2 Fragment Goat Anti-Human IgM, Fc5μ fragment specific,
81

West grove, PA), CpG (ODN 2006, Invivogen, San Diego, CA) and IL-2
(Human, PrepoTech EC Ltd, Rocky Hill, NJ), TD - anti-IgM, anti-CD40 (LEAF™
Purified anti-human, Biolegend San Diego, CA) and IL-2 - or in the presence of
BAFF, a B cell survival cytokine (Figure 2.3) or complete medium solely. After
culture, parameters such as B cell phenotyping, characteristic changes of B
cells during in vitro culturing such as measurement of proliferation, changes in
metabolic parameters and measurement of soluble factors associated with B
cell survival and differentiation were assessed.

Anti-IgM

Anti-CD40

IL 2

CD40

BAFF-R

BCR

BCR

IL-2R
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LYN
SYK
TRAF3
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MKKs
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IKK

CpG

JAK3

MyD88

BTK

NF-kB2

STAT5

NF-kB

ERK 1/2

P
STAT5

IRF-7

Nucleus

P

B cell

STAT5

Proliferation Activation Differentiation Survival

Figure 2.3: Signalling pathway for B cell activation of all agonists and their
receptor used, this figure is self-made.

2.9

Immunophenotyping

Isolated PBMC or purified B cells were stained for 20 min with fluorescent
conjugates directed against surface CD markers for B cell immunophenotyping,
washed twice with PBS and taken up in PBS to acquire cells. Compensation
beads (BD, Biosciences, San Jose, CA) were used to optimise fluorescence
compensation settings for multicolour flow cytometric analysis. For baseline
phenotyping a minimum of 100,000 events in the lymphocyte gate were
acquired. Number of events acquired after in vitro cultures did vary depending
on the number of cells used for culture, but representative events were acquired
for comparisons in different experiments.
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2.10 Mitotracker Red FM staining
To stain for total mitochondrial mass in B cells, MitotrackerTM Red FM (MTR)
was used. MTR is a fluorescent dye which stains mitochondria within live cells,
where its accumulation is dependent upon intact cell membrane potential. The
cell-permeant probe contains a mildly thiol-reactive chloromethyl moiety that
first enters the cell into the mitochondria and then binds to sulphur amino acids.
Briefly, after testing different concentration for toxicity, cells were stained with
20 nM MTR (ThermoFisher scientific, Waltham, MA) in warm RPMI-1640
medium for 30 minutes at 370C. Next, cells were washed with RPMI-1640
medium for 5 minutes at 300g, after which the pellet of cells was then taken up
in PBS and stained with additional surface markers for phenotypic flow
cytometric analysis as shown in section 2.9.

2.11 Autophagic influx with Cyto-ID Green staining
During the process of autophagy, a double membrane, also known as an
autophagosome, is generated around the cytoplasmic components to be
recycled. Concomitantly, microtubule-associated protein light chain 3B (LC3),
is recruited to the autophagosomal membranes. Autophagosomes then fuse
with lysosomes, where components including LC3 are degraded by lysosomal
hydrolases. Therefore, lysosomal turnover of LC3 reflects autophagic activity
which can be detected with immunofluorescence.
For the analysis of the autophagic influx in cultured B cells Cyto-ID Green
staining was used. Briefly, 24 hours prior to staining, cultured cells were
resuspended in complete medium and washed (5 minutes, 300g). Supernatant
was then aspirated off and cells resuspended in 1 mL complete medium. Cells
were transferred back into culture wells and incubated for a minimum of 24
hours at 370C. After 24 hours cells were resuspended carefully by swirling and
pipetting up and down before being taken up in FACS tubes and washed again.
Next, the supernatant was discarded, and the cell pellet was resuspended and
incubated for 30 minutes at 370C in the dark with 1mL PBS+ 5% FCS and 1µL
Cyto-ID Green Detection Reagent (Enzo life Sciences, Farmingdale, NY). After
30 minutes cells were washed, supernatant was discarded, and the cell pellet
resuspended in 1 mL PBS. A final wash step was carried out, after which cells
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were taken up in 200uL PBS and stained with fluorescent labelled antibodies
(section 2.9).

2.12 Phospho-Flow: phosphorylated AMPK (pAMPK) in naive
and memory B cells
Purified B cells were stained for 20 min with a combination of fluorescently
labelled antibodies as indicated in section 2.9. In round bottom 96-wells plates,
stained cells were then fixed with Cytofix fixation buffer (BD Biosciences, San
Jose, CA) for 10 min at 370C, and after a wash step (4 min 1800 rpm at 40C),
B cells were permeabilized with Phosphoflow Perm buffer (BD Biosciences,
San Jose, CA) for 30 min at 40C. After another wash step, cells were stained
with Phospho-AMPK Alpha Rabbit mAb (Cell Signalling Technology, Danvers,
Massachusetts) for 30 min at RT. Cells were then washed and stained for 30
min with a fluorochrome-conjugated secondary antibody, Goat anti-Rabbit FITC
(Vector

Laboratories,

Burlingame,

CA),

washed,

fixed

with

2%

paraformaldehyde (PFA) and acquired on the flow cytometer within 24 hours.

2.13 Measurement of soluble factors associated with B cell
survival and differentiation
Commercial ELISA kits were used to measure serum sCD23 and BAFF levels
(R & D systems Europe Ltd; Abingdon, UK); normal range and the upper limit
of a normal range given by manufacturers being 1235-5024 pg/mL and <1.8
ng/mL, respectively. Serum total immunoglobulins IgA (normal range, 0.9-5.0
g/L), IgG (6.1-16.2 g/L) and IgM (0.4-2.4 g/L) were measured by Binding Site
(Birmingham, UK) using their in-house methods and reference values. Human
IgG and IgM total ELISA Ready-SET-Go! ® (eBioscience, San Diego, CA) were
used to measure antibody production in culture supernatants.
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2.14

1

H nuclear magnetic resonance spectroscopy sample

preparation: Metabolite purification from serum and culture
supernatants
To limit protein and lipid concentrations and to maximize and retain metabolites
in culture supernatant, methanol-d4 (Sigma Aldrich, St. Louis, MO) and
chloroform-d (Sigma Aldrich, St. Louis, MO) were used (Figure 2.4).
Briefly, 200 µL supernatant and 200ul of Methanol-d4 were transferred into an
Eppendorf tube (Eppendorf, Hamburg, DE) and vortexed for 10 seconds and
placed in the freezer for 3 minutes. Next, 200 µL of Chloroform-d was added
and vortexed for 10 seconds and frozen down again for 3 minutes. After 3
minutes, the Eppendorf was placed in a bench top centrifuge and spun down
(5 minutes 13,000 rpm) at 4°C, 300 mL of supernatant was then transferred
into a new Eppendorf tube, and 300 µL of DSS standard was added to the
metabolites as a calibration standard in proton and carbon related nuclear
magnetic resonance spectroscopy (1H NMR) experiments. DSS standard was
prepared by combining 78.6 mL deuterium oxide (Sigma Aldrich, St. Louis,
MO), 34.3 mg 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS), 1115.2 mg
disodium phosphate and 15.7 mg sodium azide. The 600uL solution consisting
of metabolites (300uL) and DSS standard (300uL) was then spun down (2
minutes 13,000 rpm) at 4°C. Finally, 550uL was transferred into 7” NMR tubes
(GPE Scientific Ltd, Bedfordshire, UK), ready to be analysed on the NMR 800
MHz (Bruker, Billerica MA).
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Metabolites
and water
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Figure 2.4: Diagram of metabolite purification from serum or culture
supernatants.

2.15

Optimization

and

analysis

of

1

H

nuclear

magnetic

resonance spectroscopy metabolomic data
1

H NMR spectroscopy, also known as proton NMR, is the application of NMR

spectroscopy whereby the hydrogen-1 nuclei within the molecules of a
substance is used to determine the structure of molecules, in this case
metabolites. Each chemically distinct hydrogen nucleus in each metabolite
present in a sample will exhibit a nuclear magnetic resonance at a characteristic
resonance frequency, which is measured as a chemical shift relative to a
standard compound. For these experiments 34.3 mg 4,4-dimethyl-4silapentane-1-sulfonic acid (DSS) was used as a standard compound, which
can be found at a chemical shift of 0 (Figure 2.5). A chemical shift is measured
in parts per million (ppm). For example, a peak found at 3.0 of the x-axes on an
NMR spectrum means that the hydrogen atoms which caused the peak to need
a magnetic field three millionths less than the field needed by DSS to produce
resonance. The exact chemical shift of the NMR signal of a hydrogen nucleus
in a metabolite is independent of the applied field strength, is highly
reproducible and precisely characteristic of that nucleus, in that specific
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metabolite, in the particular matrix conditions. In Table 2.1, the exact
metabolites that were identified, along with their chemical shifts are shown in
ppm.
Prior to running the samples on a machine, there are many stages involved in
designing a metabolomic experiment, including sample collection, storage and
sample preparation. Once acquired the analysis of metabolomic data consists
of very complex stages which are necessary to determine metabolite
concentrations found in samples. These stages include, data acquisition, data
quality control, spectroscopic data pre-processing which includes, phasing
baseline correction, referencing and statistical data pre-processing (peak
alignment, scaling and normalisation). Chenomix v8.3 was used for
optimization analysis and a metabolite reference library was used to both
identify and measure metabolite concentrations.

Figure 2.5: Representative plot of an NMR spectrum culture supernatant
with DSS at 0 and peaks of 1H molecules in the nucleus of specific
metabolites using Chenomix v8.3 software.
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Table 2.1: Chemical shifts of metabolites measured using a metabolite
reference library.

Number Chemical

Metabolite

Chemical

shift (ppm)
1

0

Metabolite

shift (ppm)
DSS

15

3.03

Creatinine

(control)
2

0.96

Leucine

16

3.56

Glycerol

3

0.99

Isoleucine

17

3.57

Glycine

4

1.02

Valine

18

4.03

Myo-inositol

5

1.27

Threonine

19

4.11

Proline

6

1.32

Lactate

20

4.14

Pyroglutamate

7

1.44

Alanine

21

4.2

Hydroxyproline

8

1.79

Arginine

22

5.2

Glucose

9

1.9

Acetate

23

6.98

Histidine

10

2.12

Methionine 24

7.14

Tyrosine

11

2.31

Glutamate

25

7.28

Tryptophan

12

2.61

Aspartate

26

7.39

Phenylalanine

13

2.99

Lysine

27

8.44

Formate

14

3.02

Creatine
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Chapter 3 Results
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3.1

Soluble factors and B cell phenotype (HC vs. ME/CFS

patients)
3.1.0 Experimental design: Soluble factors and B cell phenotype
The first aim was to perform an extended B cell phenotype analysis and
measure soluble factors associated with B cell survival, differentiation and
antibody production, found in serum. The purpose of this approach was to
observe potential differences between B cells and their soluble factors in HC
and ME/CFS patients and to examine the possibility of stratifying ME/CFS
patients on the basis of these findings.
Levels of soluble factors including BAFF, soluble CD23 (sCD23), serum free
light chains (sFLC; as a measure of plasmablast activity) and serum
immunoglobulins (IgA, IgG and IgM) were measured in a total of 38 ME/CFS
patients and 32 HC. Patients with respiratory or other infections at visit were
excluded from the study. The majority of patients were of moderate severity, as
assessed by their referring clinician (Dr Saul Berkovitz and Dr Amolak Bansal).
Whole blood and isolated PBMCs were used for extended B cell phenotyping
using flow cytometry as described in methods section 2.4 and 2.9.
For this study, the relative expression of IgD and CD27 (Figure 3.1.1) was used
to classify naive, IgD+ (pre-switched), class-switched and double negative
memory B cell subsets (149). In addition, the mature B cell (Bm) 1-5
classification, using the relative expression of IgD and CD38 (Figure 3.1.1),
was used to include the earliest B cells that exit the bone marrow, transitional
B cells, as well as the precursors of antibody-producing cells, plasmablasts and
plasma cells (150). IgD/CD38 classification also included the phenotypes of
naive and memory B cell subsets. Additional markers such as B cell activating
factor- receptor (BAFF-R), CD5, CD21, CD24 and C-X-C chemokine receptor
5 (CXCR5) were also included to further classify the subsets.
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Figure 3.1.1: B cell subsets characterized by IgD/CD27 and IgD/CD38.
IgD, CD27 and CD38 positivity or negativity in the various subsets are shown
by the coloured dots on the subsets.

3.1.1 Patient demographics and serology
In Table 3.1.1 the demographics of 38 ME/CFS patients and 32 HC are shown.
As women are two to four times more likely to be diagnosed with ME/CFS than
men, HC (59.4%) and ME/CFS (64.9%) samples were age and sex-matched.
In the current cohort enzyme-linked immunosorbent assays (ELISA) was used
to measure and compare soluble factors involved in B cell survival (BAFF),
differentiation (sCD23) and immunoglobulin light chain secretion (sFLC) as well
as antibody classes (IgA, IgG and IgM) in HC and ME/CFS patients.
Concentrations of these soluble factors are shown in Table 3.1.1 and results
are discussed below for each individual measurement.
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Table 3.1.1 Patient demographics and serology: HC vs. ME/CFS patients.

Mean age in

HC

ME/CFS patients

p value

(N=32)

(N=38)

39 (16-74)

40 (18-71)

59.4

64.9

0.56¨

Median (range)

p value

0.79

years
(range)
Percentage
Female
Serology
BAFF (ng/mL)

0.3 (0.2-1.7)

0.3 (0.2-0.9)

0.39

sCD23 (pg/mL)

2479 (927.2-6679)

1946 (740.7-5663)

0.48

κ sFLC (mg/L)

12.6 (6.0-39.3)

12.5 (6.4-28.2)

0.85

λ sFLC (mg/L)

9.9 (5.9-25.2)

9.4 (2.0-107.7)

0.86

κ/λ sFLC ratio

1.2 (0.7-2.9)

1.3 (0.1-2.2)

0.73

IgA (g/L)

2.5 (0.8-5.1)

2.6 (0.8-5.9)

0.54

IgG (g/L)

10.8 (6.8-18.7)

12.8 (7.5-22.4)

0.02*

IgM (g/L)

0.9 (0.4-2.0)

1.2 (0.3-4.9)

0.07

a) Normal reference ranges: BAFF (<1.8ng/mL); sCD23 (1235-5024pg/mL); κ
sFLC (3.3-19.4mg/L); λ sFLC (5.7-26.3mg/L);
κ/λ sFLC (0.3-1.7); IgA (0.9-5-0g/L); IgG (6.1-16.2g/L); IgM (0.4-2.4g/L).
b)

Mann-Whitney U-test was used to determine differences between HC and

ME/CFS patients; *p< 0.05).
c) ¨Chi-square (and Fisher’s exact) test was used to compare the percentage
females in HC and ME/CFS patients.
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3.1.1.1

Serum levels of BAFF in HC and ME/CFS patients

B cell activating factor, also known as BAFF, is a cytokine that belongs to the
TNF family. The BAFF cytokine is a ligand for BAFF-R, BCMA and TACI
receptors, where it plays an important role in the survival of mostly naive B cells
in human (151). Median concentrations and range (ng/mL) of serum BAFF
levels, in HC (0.3;0.2-1.7) and ME/CFS patients (0.3;0.2-0.9) were both found
to be in the normal range (<1.8 ng/mL), with no significant differences between
the two groups (Table 3.1.1).
3.1.1.2

Serum levels of soluble CD23 in HC and ME/CFS patients

Following B cell activation, surface expression of CD27 induces cleavage of
CD23, which is measurable as soluble CD23 (sCD23) in serum. Soluble CD23
can, therefore, be used as a measurement of B cell turnover from naive to
memory B cells (152, 153). As well as it is involved in B cell growth regulation,
CD23 is a multifunctional molecule that also acts as a low-affinity receptor for
IgE, FcεR (154). As is shown in Table 3.1.1 levels of sCD23 were found to be
in the normal range (235-5024 pg/mL) and there was no significant difference
between HC (2479; 927.2-6679 pg/mL) and ME/CFS patients (1946; 740.75663 pg/mL).
3.1.1.3

Serum free light chains (sFLC) in HC and ME/CFS patients

Excess immunoglobulin light chain production is associated with abnormal
plasma cell formation in conditions such as myeloma, amyloidosis and chronic
lymphocytic leukaemia (155). To test for potential abnormal plasma cell
formation in the ME/CFS cohort, immunoglobulin light chains, κ and λ were
measured in the serum of HC and ME/CFS patients. Analysis of κ and λ sFLC
ratios against reference ranges were performed to exclude abnormal clonal
plasma cell activation. Both κ and λ levels were found to be in the normal range
in HC and ME/CFS patients with no significant differences found between the
two groups. Ratio comparisons between HC (1.2; 0.7-2.9) and ME/CFS
patients (1.3; 0.1-2.2) were also found to be within the normal range with no
significant differences between the patient and control group (Table 3.1.1).
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3.1.1.4

Serum immunoglobulins (IgA, IgG and IgM) levels in HC and

ME/CFS patients
Concentrations of antibody classes IgA, IgG and IgM were measured in serum
(Table 3.1.1). Levels of total serum IgA in Figure 3.1.2A (2.5; 0.8-5.1 vs. 2.6;
0.8-5.9) and IgM in Figure 3.1.2C (0.9; 0.4-2.0 vs. 1.2; 0.3-4.9) did not show
significant differences between HC and ME/CFS patients. However, IgM
concentrations tended to be higher in ME/CFS patients in comparison with HC
which nearly approached significance (p= 0.07). As shown in Figure 3.1.2B,
IgG levels in ME/CFS patients were significantly raised when compared with
HC (p= 0.02). It was also found that 7 out of 38 (18%) ME/CFS patients showed
levels above the upper limit of normal range compared to 3 out of 26 (12%) in
HC.
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Figure 3.1.2: Serum total immunoglobulin levels in age-sex matched HC
and ME/CFS patients.
Concentrations (g/L) of serum Immunoglobulins are shown for IgA (A), IgG (B)
and IgM (C). Each symbol represents one individual: solid line represents the
median; shaded areas show normal reference ranges given by Binding site
(UK) and p values are shown (Mann Whitney U test; ns= not significant). N=32
HCs and N=38 ME/CFS patients.
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3.1.1.5

Summary patient demographics and serology

Analysis and comparisons of the soluble factors associated with B cell survival,
differentiation and antibody production (BAFF, sCD23, and sFLC, κ/λ ratios) in
HC and ME/CFS patients did not show any significant differences between the
two groups. No abnormal levels or patterns were observed which could help
exclude any abnormalities or subgroup stratification of ME/CFS patients from
HC. However, analysis of antibody classes showed significant increased IgG
levels in ME/CFS patients when compared with HC, as well as an increased
number of ME/CFS patients that were found above the upper reference limit.
Increased IgM levels in ME/CFS patients nearly reached significance.
Increased IgG, levels could potentially be the cause of a previous or ongoing
immune response. However, this needs to be further investigated by analysing
the subclasses of IgG as well as antibodies directed to specific antigens that
could be linked to an infection or other cause of an immune response.

3.1.2 Classical B cell subsets as defined using IgD, CD27 and CD38
In the following subsection an extended and comprehensive B cell phenotype
analysis of classical B cell subsets was performed with additional surface
markers. These phenotype studies could help justifying the increased IgM and
IgG antibody classes in ME/CFS patients found in the above serology studies.
3.1.2.0

Experimental Design: B cell subsets defined by IgD/CD27 and

IgD/CD38
In order to provide a platform for studies of B cell function in patients with
ME/CFS, an extended panel of phenotypic markers associated with B cell
maturation, differentiation and activation was used to aid define B cell subsets.
By using flow cytometry at least 100.000 lymphocytes were acquired to analyse
CD19+ B cells stained with fluorescently labelled monoclonal antibodies
directed to surface markers related to B cell maturation.
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3.1.2.1

B cell gating strategy for classical B cell subsets defined by

IgD/CD27 and IgD/CD38
In Figure 3.1.3 a representative plot for the gating strategy of CD19+ B cells
and their subsets are shown. By using side scatter (SSC) and forward scatter
(FSC)

parameters,

different

cell

populations

can

be

distinguished.

Respectively, SSC measures diffraction from the granularity of cells, while the
FSC is a measure of cell size and volume. Based on the combination of these
two parameters, dead cells, debris, lymphocytes and monocytes can be
distinguished (Figure 3.1.3A). The relative expression of the specific B cell
marker CD19, distinguishes B cells from other lymphocytes, including T
lymphocytes and NK lymphocytes (Figure 3.1.3B). B cells were then gated and
expressed in a separate plot using either IgD/CD27 or IgD/CD38 relative
expression, which allowed the classification of different B cell subsets within
the selected CD19+ B cell population.
The BCR IgD, which is often co-expressed with IgM, is one of the early antigen
receptors present on the surface of mature naive B cells. In memory B cell
subsets IgD can be present on IgM+ memory B cells that give rise to IgM
producing plasmablasts/cells which have not gone through CSR. IgD is
therefore a marker which is very often used to distinguish non-class switched
from class switched B cells. CD27 is a member of the tumour necrosis factor
receptor family, where its expression by B cells has been considered to be a
hallmark for SHM and memory B cells (156, 157).
With the relative expression of IgD and CD27, naive and memory B cell subsets
can be distinguished. Naive B cells are positive for IgD and negative for CD27,
therefore named IgD+CD27- B cells, based on these combinations, IgD+ (preswitch) memory (IgD+CD27+), class-switched memory (IgD-CD27+) and
double negative memory (IgD-CD27-) B cells can be identified (Figure 3.1.3C).
Double negative memory B cells, which consists of resting memory B cells that
have lost their CD27 memory marker, can derive from both pre-switch or classswitched memory B cells (158, 159).
Using the IgD and CD38 classification, additional subsets such as transitional
B cells (earliest subset) and plasmablasts/cells can also be distinguished
(Figure 3.1.3D). CD38 is an activation marker and in combination with IgD, it
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has been used in classifying B cell developmental stages. The first B cells that
exit the bone marrow are named transitional B cells (IgD+CD38++), which
mature into naive B cells (IgD+CD38+). The three memory populations; IgD+
memory (IgD+CD38-), post-GC/switched memory (IgD-CD38+) and resting
memory (IgD-CD38-), along with plasmablasts/cells (IgD-CD38++) show high
percentage CD27+ cells as sign of memory formation (Figure 3.1.4A).
When classical B cell subsets defined by both IgD/CD27 and IgD/CD38 were
compared between HC and ME/CFS patients no significant differences were
found. As shown in Table 3.1.2 the percentage of total B cells (CD19+) were
similarly distributed between HC and ME/CFS patients, as well as the previous
defined B cell subsets. The frequency of post GC memory B cells tended to be
lower in ME/CFS patients, but there was no significant difference (p= 0.08).
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Figure 3.1.3: Representative plots of B cell gating strategy.
Representative plots from a whole blood HC samples showing lymphocytes
selected based on SSC vs. FSC (A) B cells expressing CD19 (B) and B cell
subsets characterized by IgD/CD27 (C) and IgD/CD38 (D).
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Table 3.1.2. Percentage (%) of B cells (CD19+) in total lymphocytes and B cell subsets defined by IgD/CD27 and IgD/CD38
in HC and ME/CFS patients.

Total B cells (CD19+)

HC (N= 32)

ME/CFS (N= 38)

p-value

4.6 (1.6-13.6)

4.7 (1.0-13.6)

0.80•

B cell subsets using IgD and CD27 (% CD19+ B cells)
Naive (IgD+CD27-)

58.6 (32.2-89.9)

57.1 (21.0-86.3)

0.90

IgD+ Memory (IgD+CD27+)

16.6 (3.6-31.1)

19.1 (1.2-32.8)

0.46

Switched memory (IgD-CD27+)

18.0 (1.6-39.0)

17.4 (1.2-47.0)

0.40

Double negatives (IgD-CD27-)

4.6 (1.8-20.1)

4.8 (1.4-14.0)

0.99

B cell subsets using IgD and CD38 (% CD19+ B cells)

a)

Transitional (IgD+CD38++)

6.7 (1.8-15.0)

6.0 (0.7-6.7)

0.71

Naive (IgD+CD38+)

56.2 (34.3-80.20

54.5 (21.8-77.7)

0.69

IgD+ memory (IgD+CD38-)

11.6 (2.7-22.0)

13.9 (4.8-30.1)

0.12

Post GC memory (IgD-CD38+)

12.1 (3.7-32.2)

9.5 (2.3-26.0)

0.08

Resting memory (IgD-CD38-)

7.6 (1.7-20.2)

7.6 (1.6-22.9)

0.63

Plasmablasts/cells (IgD-CD38+++)

1.8 (0.3-4.8)

1.2 (0.3-6.8)

0.60

Median and (range); •Mann-Whitney-U test was used to compare values of B cells and their subsets in HC and ME/CFS

patients.
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3.1.2.2

Summary B cell gating strategy for classical B cell subsets

defined by IgD/CD27 and IgD/CD38
Classifying B cell subsets by IgD/CD27 and IgD/CD38, did not reveal any
stratification and or differences between the control group and ME/CFS
patients. Although, it did provide a platform for the analysis of additional surface
markers to extend B cell phenotyping. This would allow a more detailed insight
into the classical B cell subsets, which will not only further verify B cells, but will
also allow the observation of potential alterations or differences in ME/CFS
patients or a subset of the group.

3.1.3 Frequency of additional markers within IgD/CD38 defined B cell
subsets: Extended B cell phenotype
B cells are characterized by dynamic changes throughout maturation, which
can be followed by analysing changes in additional CD surface markers.
Increased or decreased expression of these markers can, therefore, distinguish
B cell subsets. For example, the addition of CD27 confirmed the memory B cell
subsets classified by IgD/CD38 relative expression (Figure 3.1.4A). In the
following subsections, the frequencies of additional B cell markers; CD5, IgM,
BAFF-R, CD23, CD21, CXCR5 and CD24 were defined and analysed within
each subset and compared between HC and ME/CFS patients.
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Figure 3.1.4: Percentage positive B cells for additional markers in subsets defined by IgD/CD38.
Frequency (% positive) of CD27 (A), CD5 (B), IgM (C), BAFF-R (D), CD23 (E) and CD21 (F) on CD19+ B cell subsets in HC (N= 27, filled squares) and ME/CFS
patients (N= 32, open circles) as defined by relative expression of IgD/CD38. Each symbol represents one individual: Bars represent median value.
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3.1.3.1

%CD5+ cells within B cell subsets defined by IgD/CD38

CD5 positive B cells have been associated with early stages of peripheral B cell
development (160). The function of B cell subsets characterized by CD5
expression have thought to be involved in important signal transductions, IL-10
production and the promotion of B cell survival and transformation (161). It is
also known that B cells of most chronic lymphoid leukaemia’s express CD5
(162). In autoimmunity CD5 positive B cells are thought to be involved in
autoantibody production in RA, primary Sjogren’s syndrome and systemic lupus
erythematosus (163-165). For their role in B cell survival and link with
autoimmune antibodies, CD5 was included as an additional marker for
extended B cell phenotype analysis.
%CD5+ B cells were found to be the highest in transitional B cells (±60%) and
CD5 was found in lower percentages on the remaining B cell subsets being the
lowest in resting memory B cells (Figure 3.1.4B). No significant differences
were found between HC and ME/CFS patients.
3.1.3.2

%IgM+ cells within B cell subsets defined by IgD/CD38

IgM is the first immunoglobulin present on the surface of early immature B cells
and is often expressed together with IgD on newly exited naive B cells
(transitional B cells). As shown in Figure 3.1.4C IgM was confined to
transitional, naive and IgD+ memory B cells, with highest percentage on
transitional and IgD+ memory B cells. Low percentages were found in post GC
and resting memory B cells in comparison with for example IgD+ B cell subsets,
while slightly higher percentages were found in plasmablasts/cells in
comparison to post GC memory B cells. No differences were found in
percentages IgM positive cells in any subsets between HC and ME/CFS
patients.

3.1.3.3

%BAFF-R+ cells within B cell subsets (defined by IgD/CD38)

BAFF receptor (BAFF-R) is one of the receptors for BAFF. As shown in Figure
3.1.4D all B cell subsets show high percentages of BAFF-R on their B cell
surface (± 100%), with a slight (but not significant) decrease in percentage
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positive found in post GC B cells compared to the other subsets.
Plasmablasts/cells, however expressed very low levels of BAFF-R on their
surfaces. No significant differences were found between HC and patients with
ME/CFS in the 5 B cell subsets, but %BAFF-R in plasmablasts/cells of ME/CFS
patients was shown to be significantly higher in comparison to HC (p< 0.01),
although frequencies of plasmablasts/cells were low in both groups.
3.1.3.4

%CD23+ and %CD21+ cells within B cell subsets (defined by

IgD/CD38)
CD23 and CD21 also known as complement receptor (CR2) are both important
in B cell antigen presentation (166, 167). CD23 was present in ±50% of naive
B cells and decreased rapidly with differentiation to a memory or
plasmablast/cell phenotype (Figure 3.1.4E). CD21 was found on all naive and
memory

B

cell

subsets

but

decreased

with

differentiation

towards

plasmablasts/cells (Figure 3.1.4F). No differences were found between HC and
ME/CFS patients for the %CD21+ and %CD23+ B cells.
3.1.3.5

%CXCR5+ cells within B cell subsets (defined by IgD/CD38)

CXCR5 is an important molecule that guides recirculating B cells towards the
follicles of lymphoid tissues such as the spleen and lymph nodes (106). By
binding the chemokine ligand 13 (CXCL13) CXCR5 positive B and T cells
(follicular T helper cells) are guided to follicles where they are important in
forming GCs. CXCR5 and CXCL13 also control the organization of B and T
cells in GCs within their respective light and dark zones. Figure 3.1.4G shows
how CXCR5 is expressed on all peripheral B cell subsets with high percentages
of CXCR5+ cells. As shown for BAFF-R, %CXCR5+ cells were very low in
plasmablasts/cells compared to B cell subsets. Although there were no
significant differences found in the %CXCR5+ B cells between HC and ME/CFS
patients, there was more variation in the patient group especially in the memory
B cells. This will be further discussed later in the chapter.
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3.1.3.6

%CD24+ cells within B cell subsets (defined by IgD/CD38)

CD24 is a glycoprotein adhesion molecule expressed on the surface of most B
cells (168). As shown in Figure 3.1.5, the percentage of B cells positive for
CD24 was highest in transitional B cells and has therefore been used as a
marker to phenotype and separate B cell subsets, and characterize transitional
B cells (169). Compared to transitional B cells, CD24 is expressed to a lesser
extent in naive B cells (p< 0.0001), terminally differentiated B cells: unswitched
memory, post GC and resting memory B cells (p< 0.0001 One-way ANOVA)
and antibody-producing plasmablasts/cells (p< 0.0001).
When HC and ME/CFS patients were compared, CD24 was the only additional
marker that showed significant differences with an increased frequency in
transitional, naive and IgD+ memory B cell subsets of ME/CFS patients Figure
3.1.4H.
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Figure 3.1.5: Percentages CD24+ cells throughout B cell maturation.
Box and whiskers plots show the %CD24+cells in B cell subsets classified using
the relative expression of IgD and CD38. Box and whiskers plots show median
and 10th to 90th percentile in (HC; N=32). ****p<0.0001 (Mann-Whitney test and
One-way ANOVA).
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3.1.3.7

Summary of additional markers within IgD/CD38 defined B cell

subsets
The study of additional CD markers was initially undertaken in order to further
characterize B cell subsets and to observe any changes of these markers
between HC and ME/CFS patients. In these findings significantly increased %
CD24+ cells, confined to IgD+ B cell subsets were found in ME/CFS patients.
A difference in distribution of %CXCR5+ B cells in ME/CFS patients in
comparison to HC was also observed. These extended B cell phenotypes thus
provided a platform for further investigations and functional studies to analyse
differences found in the ME/CFS patient group when compared with HC. The
findings regarding differences in CXCR5 and CD24 expression will therefore be
further explored in the following sections of this chapter.

3.1.4 CXCR5 distribution on T and B cells
In addition to B cells, CXCR5 can also be found on a subset of CD4+ T cells
better known as T follicular helper cells (TFH). More than 80% of tonsillar
memory T cells are considered to be CXCR5 positive (TFH), they play an
important role in the induction of B cell differentiation into plasma cells and
memory B cells through IL-21 (170). Because of the important role of TFH during
B cell activation and differentiation, the relationship between CXCR5
expression on the surface of B and T cells was examined in HC and ME/CFS
patients. Surface CXCR5 expression could provide more information about the
ability of T and B cells to move towards lymphoid follicles where initial GC
reactions can take place for further B cell activation.
3.1.4.1

Percentages CXCR5+ cells on CD19+ B cells and CD4+ T cells

Figure 3.1.6 shows a representative plot for the expression of CXCR5 on B
cells (CD19+) and T cells (CD4+) within the lymphocyte gate (Figure 3.1.6A).
After separating B cells from non-B cells (Figure 3.1.6B), as was shown
previously for B cell subsets (Figure 3.1.4F) the majority of B cells are CXCR5
positive (Figure 3.1.6C), while only a subset of circulating CD4+ is positive for
CXCR5 (Figure 3.1.6D).
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Figure 3.1.6: B cell gating strategy CXCR5 on CD4+ and CD19+
lymphocytes.
Representative plots (isolated PBMC from an HC) showing lymphocytes
selected based on side-scatter vs. forward-scatter (A) CD19+ B cells and
lymphocytes not expressing CD19 (Non-B cells) were then divided based on
CD19 expression (B). Next CXCR5 expression was plotted against CD4 (C)
and for CD19+ B cells (D).

As shown in Figure 3.1.7A the %CD19+CXCR5+ B cells in HC (Median:
96.9%) were similar to those of ME/CFS patients (median: 96.7%) with no
significant differences between the two groups (p= 0.37). However, a difference
in distribution was found in the ME/CFS group where some patients showed
abnormal low %CXCR5+ B cells which was not found in the HC group.
Although, this difference was found in a lesser extend in %CXCR5+ T cells, as
shown in Figure 3.1.7B. The decreased %CXCR5+ T cells in ME/CFS patients
compared to HC (median: 3.4% vs. 4.6%) nearly approached significance (p=
0.08).
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Figure 3.1.7: Percentages CXCR5+ B cells (CD19+) and T cells (CD4+).
Comparison between HC and ME/CFS patients for the percentage CXCR5+
CD19+ B cells (A) and CXCR5+ CD4+ T cells (B). Figures show scatter dot
plots, of which each symbol represents one individual: Bars represent median
values.
3.1.4.2

Linear regression analysis on CXCR5 expression on CD4+ T cells

and CD19+ B cells
To examine the potential relationship between CXCR5 on CD19+ B cells and
CD4+ T cells in each individual, a linear regression analysis of the degree of
expression (Mean fluorescence intensity; MFI) was performed. The analysis of
CXCR5 on CD4+ T cells and CD19+ B cells showed a positive correlation (R2=
0.611; p< 0.001) in ME/CFS patients, while there was no significant correlation
(R2= 0.040; p= 0.37) in HC (Figure 3.1.8). As shown in Table 3.1.3, the positive
correlation between CXCR5 on T and B cells was found throughout all B cell
subsets from transitional B cells to plasmablasts/cells in ME/CFS patients.
While in HC, an albeit weak significant correlation between CXCR5 on T and B
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cells was only found in B cell subsets that went through GC reactions,
respectively switched memory (IgD-CD38+) B cells (R2= 0.201; p= 0.03;) and
double negative memory (IgD-CD38-) B cells (R2= 0.184; p= 0.04;).

A

B
HC
R2= 0.036
p= 0.37

5000
4000
3000
2000
1000
0
0

50
100 150 200
MFI CXCR5 CD4+ T cells

R2= 0.611
p= <0.001

6000
MFI CXCR5 CD19+ B cells

6000
MFI CXCR5 CD19+ B cells

ME/CFS

250

5000
4000
3000
2000
1000
0
0

50
100 150 200
MFI CXCR5 CD4+ T cells

250

Figure 3.1.8: Relationship between CXCR5 on T and B cells: Linear
regression.
The expression (MFI) of CXCR5 on B cells were plotted against the expression
of CXCR5 on T cells of HC (A) and ME/CFS patients (B). Each symbol
represents one individual. Statistical significance was calculated using linear
regression and Pearson’s correlation coefficient is shown.
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Table 3.1.3: Correlation analysis between CXCR5 expression on B cell
subsets and T cells in HC and ME/CFS patients.

B cell subsets

HC

ME/CFS patients

(R2; p)

(R2; p)

Transitional B cells

R2= 0.043; p= 0.33

R2= 0.389; p< 0.001

Naive B cells

R2= 0.026; p= 0.46

R2= 0.597; p< 0.001

IgD memory B cells

R2= 0.077; p= 0.19

R2= 0.666; p< 0.001

Switched memory B cells

R2= 0.201; p= 0.03 R2= 0.613; p< 0.001

Double negative memory B cells R2= 0.184; p= 0.04 R2= 0.669; p< 0.001
Plasmablasts/cells

3.1.4.3

R2= 0.011; p= 0.61

R2= 0.443; p< 0.001

Summary CXCR5 on T and B cells

Although no significant differences were found between HC and ME/CFS
patients a variety in distribution of both CXCR5+CD19+ B cells and
CXCR5+CD4+ T cells were found in lymphocytes of ME/CFS patients, with
lower frequencies of these subsets found in some ME/CFS patients and not in
HC. Interestingly, linear regression analysis showed strong correlations
between CXCR5 expression on B cells and CXCR5 on T cells in all B cell
subsets of ME/CFS patients, but not in HC.

3.1.5 CD24 Phenotype: Frequency and expression of CD24 in total B
cells and subsets
In subsection 3.1.4.6 a significant increase in %CD24+ B cells was found in B
cell subsets of ME/CFS patients in comparison to HC. Based on these findings
further phenotypic analysis on the expression of CD24 on B cells was
performed and analysed in the following section.

3.1.5.1

Increased frequency and expression of CD24 in ME/CFS patients

The gating strategy for CD24+ B cells is shown in Figure 3.1.9A-C. In addition,
CD24 was used to characterize transitional B cells in combination with CD38
(CD24++CD38++) in Figure 3.1.9D. In total CD19+ B cells both the frequency
(%) and expression (MFI) of CD24 were found to be significantly higher in
ME/CFS patients in comparison to HC, respectively p< 0.01 and p= 0.03
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(Figures 3.1.9E i) and ii)). Also, the expression of CD24 in the transitional B
cell population was found to be significantly higher in ME/CFS patients
compared to HC (Figure 3.1.9F; p= 0.03).
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Figure 3.1.9: Frequency and expression of CD24 on B cells in patients
with ME/CFS and age and sex-matched HC.
Representative plots (using whole blood from an HC) show lymphocytes
selected (A) based on SSC vs. FSC B cells expressing CD19 were then
selected (B), next CD24 expressing CD19+ B cells were selected (C) and in
CD19+ B cells were then plotted for CD24 and CD38 to identify CD24++
CD38++ transitional B cells (D). Frequency (%) E i) and expression (MFI) E ii)
of CD24+ B cells on CD19+ B cell are shown. Finally, expression (MFI) of CD24
on CD24++CD38++ transitional B cells is shown (F) each symbol represents
one individual: Bar represents median and p values are shown (Mann-Whitney
U test). N=36 ME/CFS patients and N=32 HCs.
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Since both the frequency and expression of CD24 were found to be significantly
increased in total CD19+ B cells of ME/CFS patients, CD24 expression was
also analysed in the B cell subsets defined by IgD and CD38 (Table 3.1.4). In
addition to increased %CD24+ B cells in IgD+ B cell subsets, these results
revealed significant increased expression of CD24 within subsets coexpressing IgD: namely transitional B cells, naive B cells and IgD+ memory B
cells.
Table 3.1.4: Significant difference in CD24 frequency and expression on
B cell subsets in patients with ME/CFS (N= 36) and age and sex matched
HC (N= 32).

B cell subsets

CD24 Frequency (p) CD24 expression (p)

Transitional B cells

p= 0.04

p= 0.02

Naive B cells

p< 0.01

p= 0.02

IgD memory B cells

p= 0.03

p= 0.03

Switched memory B cells

NS

NS

Double negative memory B NS

NS

cells
Plasmablasts/cells

3.1.5.2

NS

NS

Summary increased frequency and expression of CD24 in

ME/CFS patients
Although CD24 is mainly used for characterizing transitional B cells, these
findings prompted the further investigation of the role CD24 plays throughout B
cell maturation and why increased %CD24+ B cells were confined to IgD+ B
cell subsets.
As IgD+ subsets co-express IgM BCR (Figure 3.1.4), the increased
%CD2414+ B cells in ME/CFS patients could be related to non-class switched
(IgM+) B cells. The functional properties of CD24 throughout B cell maturation
and their potential role in the regulation of B cell class switching, distinguishing
IgM+ from IgM- B cells, will be examined in the following section.
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3.1.6 Heterogeneity in IgM memory B cells
As is shown in Figure 3.1.4C, IgD+CD38- (IgD+ memory) B cells contain the
majority of memory B cells expressing IgM, although IgM producing B cells are
not restricted to these subsets. In the following section three memory B cell
subsets are analysed on the expression and lack of expression of IgM.

3.1.6.1

IgM memory B cells in classical memory B cell subsets of HC and

ME/CFS patients
In Figure 3.1.10 the heterogeneity in surface IgM expressing cells across
memory B cell subsets is shown for 11 individuals of which 4 are HC (Figure
3.1.10A) and 7 are ME/CFS patients (Figure 3.1.10B). As an example, B cells
from HC and ME/CFS patients were used to show the diversity of IgM
expressing B cells in a variety of individuals.
High expression of IgM is shown in IgD+CD38- B cells for all individuals in both
HC and ME/CFS patients (Figure 3.1.10A i) and 3.1.10B i)). In IgD-CD38+
(Post GC) B cells, which normally contain the main source of class-switched
memory B cells, most HCs (except for one) have low or no IgM expression
(Figure 3.1.10A ii)). While in ME/CFS patients, several individuals show IgM
expressing cells in this particular B cell subset (Figure 3.1.10B ii)). Similar
findings are also observed for IgD-CD38- (resting memory) B cells in HC
(Figure 3.1.10A iii)) and ME/CFS patients (Figure 3.1.10B iii)). In the literature
it is known that these IgM expressing B cells in CD38+IgD- and CD38- IgD- B
cell subsets have gone through GC reactions and carry mutations in the Bcl6
gene as a genetic trait of GC experience, just like class-switched B cells (111).
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Figure 3.1.10: Heterogeneity in surface IgM expression on memory B cell
subsets.
Representative histograms from N= 4 HC (Ai-iii)) and N=7 ME/CFS patients
(Bi-iii)) show the expression of IgM in IgD+CD38- (IgD+ memory; i)) IgDCD38+ Post GC; ii)) and IgD-CD38- (Resting memory B cells; iii)).

3.1.6.2

Summary heterogeneity in IgM memory B cells

The dynamic pattern shown in the different subsets reveal how IgM+ memory
B cells not only reside within the IgD memory B cell subset, but that post GC B
cells and resting memory B cells could also be a source for IgM-only memory
B cells. In the case of ME/CFS, it could well be an alternative source for
continuous IgM production from B cells that have gone through GC reactions.
Post GC memory B cells may serve as a flexible memory B cell pool, able to
recirculate into the GC reaction (through CXCR5-CXCL13) and undergo
additional affinity maturation. This prompted the investigation of additional B
cell phenotypes in the next subsection that could act as a source of IgM
expressing memory B cells.
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3.1.7 CD21+CD38- B cells of ME/CFS patients show a relationship with
disease duration
To potentially identify B cell subsets in ME/CFS patients that were different from
HC, classical B cell subsets and different expression levels of CD38 and CD27
were analysed in relation to demographics such as age, sex and disease
duration. In these analyses, a weak negative correlation was found between
percentage CD38 negative B cells and disease duration (Figure 3.1.11, R2=
0.15; p= 0.02). As CD21+CD38- B cells were considered to be precursors of
IgM plasmablast/cells (171, 172), the expression of CD21 was added to this
CD38-B cell population (CD21+CD38- B cells) to further analyse the weak
negative correlation between the B cell population and disease duration.
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Figure 3.1.11: Disease duration and %CD38- B cells in ME/CFS patients.
Each symbol represents one individual. Statistical significance was calculated
using linear regression and Pearson’s correlation coefficient is shown.
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3.1.7.1

Phenotypic analysis of CD21+CD38- B cells in HC and ME/CFS

patients
Comparison between the percentage of CD21+CD38- B cells in HC and
ME/CFS patients revealed a difference in distribution in ME/CFS patients
compared with HC (Figure 3.1.12A). Although the difference was not significant
(p= 0.12), the distribution suggested two apparent subsets in the ME/CFS
cohort which was not found in the healthy control group. Further analysis of
these ‘HIGH’ and ‘LOW’ CD21+CD38- B cell populations in ME/CFS patients,
revealed that the CD21+CD38- HIGH population included high percentages of
CD27+ memory B cells of which the majority also expressed IgD (Figure
3.1.12B). This was found in a much lesser extend in the CD21+CD38- LOW
population (Figure 3.1.12C) and in HC.
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Figure 3.1.12: Phenotypic analysis of low and high f%CD21+CD38- B cells.
Comparison of percentage CD21+CD38- B cells in HC (square symbols) and
ME/CFS patients (round symbols), the solid black line shows median levels (A).
Within ME/CFS patients two subsets were observed, namely CD21+CD38HIGH (light grey) and LOW (dark grey) population in ME/CFS. Representative
plots from the lowest and highest %CD21+CD38- B cells in ME/CFS patients
are shown with their relative expression of IgD and CD27 (B and C).
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3.1.7.2

Tertiles for subgroups in CD21+CD38- B cells

To further analyse the distribution in CD21-CD38+ B cells in ME/CFS patients,
tertiles and odds ratios were calculated for the particular populations. These
analyses identified 3 tertile ranges respectively; <14.8%, 14.8-20.3% and
20.3%> CD21+CD38- B cells. In Table 3.1.5, tertiles of the percentage
CD21+CD38- B cell distribution in HC and ME/CFS patients are shown along
with odds ratios (95% Confidence interval; CI) and p-values. This was done to
quantify how much more common patients with high percentage of
CD21+CD38- B cells were in the ME/CFS group when compared with HC.
Comparing the groups by tertiles, there was no difference between the first and
second tertile, but a 3.5-fold increase in the odds of ME/CFS patients having
>20.3% CD21+CD38- B cells (p= 0.05). When the top tertile was compared to
the bottom two tertiles combined (<20% CD21+CD38-) the odds ratio was 3.47
(1.15-10.46; p= 0.03).
Table 3.1.5: Comparison of %CD21+CD38- B cells in HC and ME/CFS
patients.

Tertile

HC

ME/CFS

Odds ratio

p

(N= 32;

(N= 38;

(95 CI)

value*

%)

%)

1 (<14.8)

40.6

27.8

1.00

-

2 (14.8-20.3)

40.6

27.8

1.00 (0.31-

1.00

3.21)
3 (>20.3)

18.8

44.4

3.47 (0.99-

0.05

12.09)
(1+2) vs. 3 (≤20.3 vs.
>20.3)

3.47 (1.15-

0.03

10.46)

* Fisher’s exact test

115

3.1.7.3

Cumulative distribution function and association with disease

duration of CD21+CD38- B cells
%CD21+CD38- B cells between HC and ME/CFS patients were also analysed
based on a cumulative distribution function (CDF) which was performed by
comparing the normal (predicted frequencies) of HC with the actual frequencies
of HC and ME/CFS patients. In addition, calculated CDF were divided by tertiles
as shown in Table 3.1.5. The cumulative distribution function analysis showed
how the actual frequencies of ME/CFS patients deviated from the normal and
actual frequencies of HC in the final tertile (>20.3%). Where only 19 percent of
the HC had >20.3%CD21+CD38- B cells, 45 percent of the ME/CFS patients
had >20.3% of CD21+CD38- B cells, as shown in dark grey (Figure 3.1.13A).
When the disease duration of ME/CFS patients was correlated with
%CD21+CD38- B cells separated over the three tertiles a weak negative
correlation (R2= 0.14; p= 0.02) was found with higher frequencies in patients
with short disease duration (Figure 3.1.13B).
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Figure 3.1.13: Cumulative distribution function and association with
disease duration of CD21+CD38- B cells.
The calculated (normal) frequency of %CD21+CD38- B cells in HC and the
actual frequencies of %CD21+CD38- B cells in HC and ME/CFS patients were
plotted in a cumulative distribution function graph (A). Distribution is divided into
three tertiles as shown by the same shading in each graph. The percentage of
CD21+CD38- B cells in ME/CFS patients were plotted against disease duration
(B). Each symbol represents one individual: Dashed lines represent cut-offs for
tertiles. Statistical significance was calculated using linear regression and
Pearson’s correlation coefficient is shown.
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3.1.7.4

Serum Ig levels stratified on basis of %CD21+CD38- B cells

As CD21+CD38- B cells were suggested to represent a subset that identifies
IgM memory B cells, serum immunoglobulin levels (as shown in Figure 3.1.2)
were analyzed in relation to the calculated frequency of LOW vs HIGH (≤20.3
vs. >20.3) %CD21+CD38-B cells in ME/CFS patients and HC (Figure 3.1.14).
IgA immunoglobulins did not show any significant differences between the three
groups (Figure 3.1.14A), but significant changes were found in both IgG
(Figure 3.1.14B) and IgM (Figure 3.1.14C) serum immunoglobulins. For both
classes higher antibody levels were found in individuals with >20.3%
CD21+CD38- B cells compared to HC, but not in individuals with ≤20.3%
CD21+CD38- B cells.
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Figure 3.1.14: Serum levels of different antibody classes in HC compared
to ME/CFS patients separated based on %CD21+CD38- B cells.
Concentrations (g/L) of serum Immunoglobulins are shown for IgA (A), IgG (B)
and IgM (C) for HC and ME/CFS patients with CD21+CD38- frequency ≤20.3
(LOW) and those with a CD21+CD38- frequency >20.3 (HIGH). Each symbol
represents one individual: solid line represents the median; dotted lines show
reference ranges given by Binding site (UK) and p values are shown (Mann
Whitney U test; ns= not significant).
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3.1.7.5

Summary CD21+CD38- B cells in ME/CFS patients

CD21+CD38- B cells were shown to be an interesting B cell population, as a
subgroup of patients with ME/CFS had higher frequencies of these cells and a
weak association was found with disease duration. Separation based on
CD21+CD38- HIGH vs LOW also self-selected individuals with high IgG and
IgM immunoglobulin levels. As the high %CD21+CD38- B cell phenotype was
linked to ME/CFS patients of short disease duration, this could represent a
current or previous immune response in the course of time.
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3.2

Development and optimization of in vitro B cell cultures

The extended B cell phenotype findings of increased frequency and expression
of CD24 in B cells of ME/CFS patients led to the intent to further understand
the functional role of CD24 through B cell maturation, activation and
differentiation. Therefore, in vitro experiments were designed in which different
parameters involved in B cell maturation could be measured. This could then
be analysed in relation to the frequency and expression of CD24 in B cells. To
do so, B cell proliferation and differentiation, cell viability, antibody production,
autophagic influx, mitochondrial mass and expression of ectonucleotidases
were measured after in vitro culturing. The possibility to combine different tests
such as proliferation and mitochondrial mass or differentiation and antibody
production were also assessed to use samples efficiently. Experiments were
performed in isolated PBMC first and later in isolated B cells of HC.

3.2.0 Experimental design: Development and optimization of in vitro B
cell cultures
In the following experiments, the cytokines IL-2 and IL-4 were used to induce
proliferation and or differentiation of PBMC and B cells. IL-2 has been shown
to promote proliferation of pre-activated human B cells, whilst IL-4 functions as
a B cell growth factor inducing proliferation and differentiation into plasma cells
(173, 174). In addition, different (manufactured) antibodies that bind receptors
and or proteins involved in the initiation of B cell activation were used for
stimulation.
As depicted in Figure 2.3 in methods section 2.8, B cell activation via the BCR
can be mimicked by cross-linking the surface immunoglobulin (Ig) using anti-Ig
antibodies. Another signal for B cell activation can be attained through
engagement of the co-stimulatory molecule CD40, through T cell help by
binding CD40 ligand (CD40L) also known as CD154, anti-CD40 antibodies, or
transfected cell lines expressing CD40L.
B cells also have pattern recognition receptors (PRR) such as nucleotidebinding oligomerization domain (NOD)-like or Toll-like receptors, of which many
are found intracellularly. These PRR detect molecules of pathogens and
bacteria such as lipopolysaccharide (LPS), double-stranded RNA, nucleic acid,
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unmethylated CpG oligodeoxynucleotide DNA (CpG ODN) and recycled
breakdown products from autophagy which are also known as pathogenassociated molecular patterns (PAMP). As an alternative for in vitro stimulation
and activation of B cells, antigen components of bacterial cell walls or genomic
bacterial DNA such as LPS or CpG motifs were considered. LPS is an important
component of the cell wall of gram-negative bacteria, known to be highly
immunogenic and a strong activator of immune cells expressing TLR4 in vitro.
B cells, however, are unresponsive to LPS activation as they present very little
or no TLR4 expression (175). Therefore, CpG ODN that binds to TLR9 which
is highly expressed on B cells ,especially memory B cells, has been thought to
be a better alternative to induce B cell activation (176). CpG ODN are short
synthetic single-stranded DNA molecules containing cytosine triphosphate
deoxynucleotide (C) followed by a guanine triphosphate deoxynucleotide (G),
where the “p” in between stands for phosphodiester. When unmethylated, these
CpG motifs act as immune cell stimulators where they activate PBMC, in
particular, B cells and plasmacytoid dendritic cells (176).
The following combinations were therefore first tested on freshly isolated
PBMC, to find the best way to stimulate B cells, in a TD and TLR9D manner;
anti-CD40 + IL-4 (TD), anti-CD40 + anti-IgM + IL-2 (TD), CpG + IL-2 (TLR9D)
and CpG + anti-IgM + IL-2 (TLR9D). PBMC were also cultured solely in the
presence of complete culture medium and in the presence of BAFF, to control
for spontaneous proliferation. Proliferation was measured by CFSE expression
in B cells and their daughter cells. By using flow cytometry, the loss of intensity
can be visualized to follow the division of cells during in vitro cell culture
stimulation.
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3.2.1 B cell stimulation and activation
3.2.1.1

B cell proliferation induced by different types of stimulation

To assess B cell proliferation, a representative histogram of sequential
proliferation cycles induced after positive stimulation is shown in Figure 3.2.1.
At least five different peaks can be identified for sequential cycles of
proliferation namely; cycle 0, cycle 1, cycle 2, cycle 3 and cycle 4, separated
by different CFSE expression (MFI). Cycle 0 includes cells that did not induce
proliferation, which is also shown in green at the same MFI as the negative
control, while proliferation of B cells resulted in peaks 1, 2, 3 and 4 (Figure
3.2.1A). Each peak represents a group of cells which have gone through a cycle
of proliferation. Proliferation induced by different stimuli was assessed by
determining the percentage of cells present in each sequential cycle (1-4) and
combining these peaks (Figure 3.2.1B). This would allow the comparison of
different stimulation combinations and B cell subsets.

A

Cycle 0

Cycle 3

Count

Cycle 2

B

Cycle 1-4:
96% Proliferation
Cycle 4 (21.8%)

Cycle 4

Cycle 1

Cycle 3 (32.1%)

Cycle 2 (26.4%)

CFSE

Cycle 1 (15.7%)

Figure 3.2.1: Flow cytometric analysis of human B cells stained with CFSE
after 5 days of proliferation induced by positive B cell stimulation.
A representative plot of proliferation cycles from isolated B cells when
incubated with a negative (solid line; green) and positive control (dotted line;
blue) after 5 days of culture is shown (A). Bar represents successive
proliferation of live B cells respectively shown as percentages in cycles, 1, 2, 3
and 4 (B).
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Freshly isolated PBMCs were stained with CFSE and cultured for 5 days in
complete medium (RPMI+ 10% FCS) in a TD manner: anti-CD40 + IL-4 and
anti-CD40 + anti-IgM + IL-2 and TLR9D manner; CpG + IL-2 and CpG + antiIgM + IL-2) manner. As a control, cells were cultured solely in complete medium
and in the presence of the pro-survival B cell cytokine BAFF. After 5 days cells
were harvested and stained with a viability stain (LIVE/DEAD® Fixable Aqua
Dead Cell Stain), along with CD19, IgD and CD27 fluorescent-conjugated
monoclonal antibodies to distinguish naive and memory B cell subsets
respectively; IgD+CD27- (naive), IgD+CD27+ (IgD memory), IgD-CD27+
(switched memory) and IgD-CD27- (double negative memory) B cells.
To ensure the exclusion of dead cells, B cells were gated based on the intensity
of LIVE/DEAD® Fixable Aqua Dead Cell Stain. In dead cells the dye reacts with
free amines both in the cell interior and surface, while in viable cells the dye’s
reactivity is restricted to the cell surface, resulting in less intense fluorescence.
A representative plot of the gating strategy used for isolated B cells is shown in
Figure 3.2.2.
Negative control

A i)

B i)

Non-viable
cells

Lymphocytes

Lymphocytes

LIVE/DEAD® Fixable

SSC

B ii)
Aqua Dead Cell Stain

Positive control

A ii)

Viable cells

FSC
Figure 3.2.2: Gating strategy for B cell viability after in vitro culture.
Representative plots of a negative and positive control of cultured B cells from
HC showing lymphocytes selected based on side-scatter vs. forward-scatter in
A i) and B i). Lymphocytes were then gated based on LIVE/DEAD® Fixable
Aqua Dead Cell Stain expression in A ii) and B ii).
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Total proliferation (combined percentages of B cells in proliferation cycles 1-4)
of different B cell subsets were combined and shown in Figure 3.2.3. In the
presence of BAFF, very little proliferation (<10% median level) was found in all
B cell subsets, with the majority of live B cells remaining in cycle 0 (Figure
3.2.3A). Stimulation with TD (Figure 3.2.3B and 3.2.3C) or TLR9D (Figure
3.2.3D and 3.2.3E) agonists showed induced proliferation at different levels for
all B cell subsets. TD stimulation with anti-CD40+IL-4 (Figure 3.2.3B) did not
reach more than 30% (median level) proliferation in each subset. While TD
stimulation with anti-CD40 + anti-IgM + IL-2 revealed slightly higher levels of
proliferation in the B cell subsets (Figure 3.2.3C), especially in IgD-CD27+ B
cells (57.6% median level). IgD+CD27- and IgD-CD27- B cells also showed
higher levels of proliferation in anti-CD40 + anti-IgM + IL-2 compared to antiCD40 + IL-4 stimulated B cells. TLR9D stimulation with CpG + IL-2 (Figure
3.2.3D), revealed similar patterns of proliferation with anti-CD40 + anti-IgM +
IL-2. In the presence of anti-IgM, stimulation with CpG + IL-2 appeared to be
the best inducer of proliferation in all B cell subsets (Figure 3.2.3E). Unlike the
other combinations of stimuli, CpG + anti-IgM + IL-2 showed median levels of
³ 80% proliferation in all B cell subsets.
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Figure 3.2.3: B cell proliferation in CD19+ B cell subsets defined by IgD
and CD27 after TD and TLR9D stimulation.
Combined %B cells present in sequential cycles of proliferation (1-4) are shown
in bars, after in vitro culture of PBMC for 5 days in the presence of BAFF (A),
anti-CD40 + IL-4 (B), anti-CD40 + anti-IgM + IL-2 (C), CpG + IL-2 (D) and CpG
+ anti-IgM + IL-2 (E). Bars show median with interquartile range, N=8.

3.2.1.2

B cell survival and growth

In addition to comparing different types of in vitro stimulators for the induction
of proliferation, the viability and survival of B cells were also examined.
Freshly isolated B cells (2x105) were cultured in the presence of BAFF, TD
stimulation with anti-CD40 + anti-IgM + IL-2 and TLR9D stimulation with CpG
+ anti-IgM + IL-2 in complete medium for a total of 7 days. Cells were also
plated in culture medium alone, as a control. Each stimulation was performed
in triplicate so that samples could be taken at different time points respectively;
2, 5 and 7 days of culture.
As depicted in Figure 3.2.4A, isolated B cells in the presence of culture medium
alone resulted in the gradual decrease of B cell viability over time. Median levels
of 72% (Day 2), 37% (Day 5) and 32% (Day 7) showed a rapid decrease in
viability between Day 2 and 5 with little differences between Day 5 and Day 7.
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This coincides with the period when B cells initiate growth and proliferation after
activation (days 2-5). In comparison with culture medium alone, B cell viability
was maintained throughout the 7 days of culture in the presence of BAFF with
median levels of 65% (Day 2), 57% (Day 5) and 57% (Day 7). TD and TLR9D
stimulation, which both have shown to induce B cell proliferation (Figure 3.2.3),
showed higher percentages of viable B cells at Day 2, 5 and 7 compared to
medium and to BAFF cultured B cells. TD (anti-CD40 + anti-IgM + IL-2)
stimulated B cells expressed median viability percentages of 81% (Day 2), 71%
(Day 5) and 72% (Day 7), while TLR9D (CpG + anti-IgM + IL-2) stimulated B
cells, showed median percentages of 86% (Day 2), 81% (Day 5) and 64% (Day
7).
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Figure 3.2.4: B cell survival and growth over 7 days of culture after TD and
TLR9D stimulation in vitro.
At different time points (2, 5 and 7 days) cells were harvested and the viability
and cell numbers were measured using an automated cell counter (ADAM).
The connected dot plot shows the median percentage of viable cells (A) and
median B cells numbers (B) of N=6 performed experiments. The different
stimulation methods are shown in; black (medium alone), green (BAFF), red
(anti-CD40 + anti-IgM + IL-2) and purple (CpG + anti-IgM + IL-2).
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Next, B cell numbers were measured at days 2, 5 and 7 after B cell culture in
the presence of the same conditions as described earlier (medium alone,
BAFF, TD and TLR9D). Partial cell death was observed at Day 2, where the
cell count had dropped to ±1*105 cells in all culture conditions, (Figure 3.2.4B).
Similar to the experimental results shown for viability, B cells cultured only in
the presence of culture medium rapidly declined in numbers at each time point
respectively; -38% from Day 2 to Day 5 and -48% from Day 5 to Day 7. While
BAFF kept the B cell numbers relatively stable, -3% from Day 2 to Day 5 and
+0.3% from Day 5 to Day 7. B cell growth was best observed after TLR9D
stimulation, +105% from Day 2 to Day 5 and +33% from Day 5 to Day 7 while
TD stimulation also showed increased cell numbers, but to a lesser extent over
time, +26% (Day 2 to Day 5) and +18% (Day 5 to Day 7).
3.2.1.3

Soluble factors in B cell cultures; sCD23 release and antibody

secretion
As a result of activation and proliferation, B cell differentiation and antibody
production were also measured after TD and TLR9D stimulation through the
measurement of sCD23, IgM and IgG antibodies in culture supernatants.
Figure 3.2.5 shows the induction of clear sCD23 release in culture
supernatants after TD and TLR9D stimulation, in comparison to cultures with
low levels in both culture medium solely and BAFF (Figure 3.2.5A). This was
due to lack of in vitro differentiation in the absence of subsequent stimulation.
IgM and IgG concentrations in the same culture supernatants are shown in
Figure 4.2.5B, confirming differentiation and Ig production by activated naive
and memory B cells especially after TLR9D stimulation, but in a lesser extent
after TD stimulation. It has previously been shown that TD stimulation
through CD40L (or anti-CD40) induced proliferation of both naive and
memory B cells, but not differentiation into plasma cells, whereas stimulation
with CpG induced memory B cell differentiation and plasma cell formation
which resulted in immunoglobulin production (177). There was, however, a
significant increase of IgM production in TD stimulated cells in comparison
to B cells cultured in the presence of medium alone.
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Figure 3.2.5: sCD23 release and antibody production after in vitro B cell
stimulation with BAFF, TD and TLR9D.
Levels of sCD23 (A), IgG and IgM antibody (B) in the supernatant of cultures are
shown as a measure of differentiation after B cell stimulation in the presence of
BAFF, anti-CD40 + anti-IgM + IL-2; TD and CpG + anti-IgM + IL-2; TLR9D. Bars
show median with interquartile range of N=9 performed experiments, * p< 0.05,
** p< 0.01, *** p< 0.001 (Mann-Whitney U test).
3.2.1.4 Summary B cell stimulation and activation
Sufficient B cell activation was observed after TD and TLR9D stimulation, both
manners of stimulation showing increased cycles of proliferation, sustained B
cell survival and active differentiation in comparison to (negative) controls.
Antibody production was mainly observed after TLR9D stimulation. Overall
TLR9D stimulation with CpG + anti-IgM + IL-2 showed to the best inducer of B
cell proliferation and differentiation. When observing the viability and number of
B cells throughout culture, cell death was also observed at an early stage of
culture (first 2 days). This is probably due to environmental stress, which can
result from nutrient depletion, by-product accumulation and or stimulatory
agents such as for example anti-IgM as signalling cascades can promote cell
death (178). The in vitro cultures showed robust and consistent results that
were suitable for further analysis of functional proportions of B cell proliferation
and differentiation in relation to for example CD24.
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3.2.2 Energy usage of B cell subsets
3.2.2.0

Experimental design: Energy usage of B cell subsets

Increased energy requirement and thus usage of ATP is necessary for B cells
to differentiate from naive to memory B cells and antibody-producing cells.
Especially in the case of memory B cells, they need to be able to respond to
secondary signals and to react with increased energy demand. In the following
subsections different pathways involved in the energy production and
consumption of naive and memory B cell subsets were examined. With the
previous observations that CD24 expression changes from naive to memory B
cells, in vitro B cell systems were used to analyse parameters that are involved
in energy generation and distribution such as mitochondrial mass, autophagic
influx and the expression of ectonucleotidases in naive and memory B cells.

3.2.2.1

Mitochondrial mass during in vitro culture

Mitochondria have an important role in producing energy (ATP) for somatic
cells, particularly immune cells. Increased mitochondrial mass is indicative of
increased ATP production as a response to greater energy demand. Measuring
mitochondrial mass in B cell subsets was therefore undertaken by staining total
mitochondrial mass in B cells using MTR. MitotrackerTM Red FM is a fluorescent
dye which stains mitochondria within live cells, where its accumulation is
dependent upon intact cell membrane potential. The cell-permeant probe
contains a mildly thiol-reactive chloromethyl moiety that first enters the cell into
the mitochondria and then binds to sulphur amino acids.
To observe baseline mitochondrial mass in B cell subsets, freshly isolated
PBMC were stained with MTR, CD19, IgD and CD27. Figures 3.2.6A shows
differences in the mitochondrial mass of different B cell subsets. Class-switched
memory B cells showed the greatest mitochondrial mass compared to naive,
pre-switched and double negative memory B cells, whereas naive B cells
showed the lowest mitochondrial mass of all B cell subsets (Figure 3.2.6B).
Mitochondrial mass was also shown in B cells that have been stimulated and
visualized using confocal imaging. Figure 3.2.6C shows visuals of B cells
clumped together during a 5-day culture in the presence of in vitro stimulation
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with anti-CD40 + anti-IgM + IL-2. This work was done under the supervision
and with help of Professor Michael Duchen. Calcein staining (Figure 3.2.6C i))
was used to stain the cytoplasm in B cells while MTR visualized mitochondrial
staining (Figure 3.2.6C ii)).
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Figure 3.2.6: Mitochondrial mass stained with MTR on B cell subsets in
PBMC of HC.
The histogram shows a representative plot of mitochondrial mass stained with
MTR on B cell subsets defined by IgD and CD27 (A). Mitochondrial mass in
these subsets was indicated with mean fluorescence intensity (MFI), bars show
median with interquartile range of N=11 performed experiments, ** p< 0.01, ***
p< 0.001 (Mann-Whitney U test). (B). Representative confocal images of
cultured B cells stimulated in a TD manner shows a clump of B cells stained
with calcein (C i)) and with MTR (C i)).
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To further understand how environmental factors in cell culture, such as stress,
would be able to affect the mitochondrial mass in B cells, serum starvation was
used as a model for environmental stress in a pilot study. Freshly isolated
PBMC were cultured in the presence of different concentrations of FCS, for 5
days. PBMC were then harvested and stained with a viability stain, CD19 and
MTR. As shown in Figure 3.2.7 a dose-dependent effect on the mitochondrial
mass was observed when PBMC were cultured in the presence of 5%, 10%
and 20% FCS. Culture in the presence of 5% FCS resulted in the highest
mitochondrial mass in PBMC (including CD19+ B cells), while culture in the
presence of 20% FCS revealed the lowest mitochondrial mass in PBMC.
Mitochondrial mass of cells cultured in the presence of 10%FCS, which is the
concentration normally used for in vitro cell culture, was found between the
mitochondrial mass of 5 % and 20% FCS cultured PBMC.

20% FCS
………...
10% FCS
- - - - - 5% FCS

MitotrackerTM Red FM (MTR)
Figure 3.2.7: Mitochondrial mass stained with MTR on PBMC cultured in
the presence of different serum concentrations after 5 days of culture.
The effect of different concentrations (5%, 10% and 20%) of FCS was
measured in CD19+ B cells after 5 days of culture in the absence of any type
of stimulation. The figure shows representative flow cytometric histogram plots
of mitochondrial mass expression measured.
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3.2.2.2

Mitochondrial mass and proliferation following in vitro culture of B

cells
As stress was shown to affect the mitochondrial mass in PBMC, next
experiments were performed to examine how induced proliferation would affect
mitochondrial mass after TD and TLR9D stimulation. B cells were negatively
isolated from fresh PBMC, stained with CFSE and cultured for 5 days with either
TD: anti-CD40 + anti-IgM + IL-2 or TLR9D; CpG + anti-IgM + IL-2 stimulation.
After 5 days of culture, B cells were harvested and stained with a viability stain
(LIVE/DEAD® Fixable Aqua Dead Cell Stain), CD19, CD27 and MTR, to solely
distinguish naive (CD27-) from memory (CD27+) B cells. This would allow the
observation of mitochondrial mass over sequential cycles of proliferation. As
described in subsection 3.2.1, TLR9D stimulation has shown to be a better
stimulus for B cell proliferation than TD stimulation (Figure 3.2.8A). These
differences were also observed in mitochondrial mass when TD and TLR9D
stimulated B cells and B cells cultured in the presence of BAFF were compared
with each other (Figure 3.2.8B).
BAFF

Stimulation Conditions
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Figure 3.2.8: Mitochondrial mass stained with MTR in sequential cycles of
B cells after TD and TLR9D stimulation.
Histograms show representative flow cytometric histograms of proliferation
cycles (A) and mitochondrial mass (B) of total B cells in HC after 5 days of
culture in the presence of BAFF, anti-CD40 + anti-IgM + IL-2; TD stimulation
and CpG + anti-IgM + IL-2; TLR9D stimulation.
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When the mitochondrial mass in each proliferating cycle was observed after
CpG + anti-IgM + IL-2 stimulation (TLR9D), no differences were found
throughout all 5 proliferation cycles (Figure 3.2.9). However, CD27+ B cells
were shown to have higher mitochondrial mass in each sequential cycle of
proliferation in comparison with CD27- B cells.
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Figure 3.2.9: The effect of CpG + anti-IgM + IL-2 -induced proliferation on
mitochondrial mass using MTR of B cells from HC.
MTR expression in CD27- (naive) and CD27+ (memory) B cells of HC (N=8)
over sequential cycles of proliferation. Whiskers show 10th to 90th percentile
and the boxes show the interquartile range with median.
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3.2.2.3

Autophagic influx in B cell subsets (defined by IgD and CD27)

The greater mitochondrial mass in memory B cells in comparison with naive B
cells could be due to a metabolic difference between the two subsets. The
increased mitochondrial mass found in memory B cells does not only relate to
their function during secondary responses, but is also key in maintaining longterm survival via autophagy (179). As a result of high energy demands
continuous generation of reactive oxygen species (ROS) and free radicals
contribute to dysfunctional proteins and damage within (immune) cells (180,
181). Autophagy plays an important role as a cellular degradation system, by
breaking down cell components via lysosomes, which can then be used to
generate energy to fuel maintenance and survival. It is known that memory B
cells express increased levels of autophagy genes compared to naive B cells
(182). Therefore, autophagic influx in naive and memory B cell subsets was
tested after TD and TLR9D stimulation of isolated B cells.
For the following experiments, Cyto-ID® green was used to detect LC3,
enabling detection and quantification of autophagic vacuoles which directly
correlated with the induction of autophagy (183). Isolated B cells were cultured
in the presence of BAFF, anti-CD40 + anti-IgM + IL-2; TD stimulation, and CpG
+ anti-IgM + IL-2; TLR9D stimulation, for 5 days. Twenty-four hours prior to
harvesting the cells, samples were prepared and stained with Cyto-ID as
described in the methods (section 2.11). The following day Cyto-ID stained
cells were incubated with fluorescent antibodies against CD19 and CD27, for
flow cytometric analysis of autophagic influx in B cell subsets. The utilization of
solely CD27, instead of CD27 and IgD, was chosen to follow autophagic influx
in relation to the memory marker CD27 upon TD and TLR9D stimulation.
As shown in Figure 3.2.10 TD and TLR9D stimulation induced an increase in
autophagic influx compared to BAFF in both CD27- and CD27+ B cells. Taking
into account that CD27- B cells will include memory B cells that have lost their
CD27 marker, this only accounts for a very small population in the absence of
IgD. When comparing CD27- and CD27+ B cells after TD and TLR9D
stimulation, CD27+ B cells showed increased autophagic influx in comparison
with CD27- B cells. This difference was found to be significant (p< 0.05) after
TLR9D stimulation but not after TD stimulation.
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Figure 3.2.10: Autophagic influx measured in B cell subsets after in vitro
B cell stimulation with BAFF TD and TLR9D.
MFI of Cyto-ID was measured in CD27- (red) and CD27+ (blue) B cells after 5
days of in vitro culture in the presence of BAFF, anti-CD40 + anti-IgM + IL-2
and CpG + anti-IgM + IL-2. Figure shows dot plots and median levels with
interquartile range of N=5 performed experiments, * p< 0.05 (Mann-Whitney U
test).
3.2.2.4

Summary of Energy usage of B cell subsets

Differences in mitochondrial mass between CD27- and CD27+ B cells were
observed at baseline and after in vitro culture stimulations. Mitochondrial mass
was also shown to be affected by environmental stress via culture medium
starvation. Indicating differences in the mitochondria of CD27- and CD27+ B
cells and demonstrating that mitochondrial mass can be influenced by
environmental culture conditions. Similar to mitochondrial mass, analysis of
autophagic influx in B cells upon in vitro stimulation, showed an increased influx
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in CD27+ (memory) B cells compared to CD27- (naive) B cells. CD27+ B cells
reflect a more robust mechanism to sustain survival and their metabolic activity
following stimulation and or stress. Mitochondria and the process of autophagy
play important roles in B cell development, activation and differentiation to
accommodate phenotypic and environmental changes throughout B cell
maturation (184).

3.2.3 Ectonucleotidases and B cell subsets
Changes in pathways for energy production are important to maintain B cell
functioning and match their dynamic nature. Compared to naive B cells,
memory B cells have longer lifespans with a rapid recall response to antigen
stimulation. As shown in the previous section, naive and memory B cells also
have different responses to TD and TLR9D stimulation in terms of their
mitochondrial mass and autophagic influx. The relative contributions of
metabolic strategies such as oxidative phosphorylation, glycolysis and
adenosine production by ectonucleotidases (CD39 and CD73) on different B
cell subsets have not been extensively studied yet.
The enzymatic activities of CD39 and CD73 play strategic roles in guiding and
delivering purinergic signals to immune cells through the conversion of ATP to
adenosine (185). As shown in Figure 3.2.11, ATP is generated and transported
into the extracellular environment via panx-1 after receiving activation signals
via pathogen-associated membrane proteins like CpG (Toll-like receptor 9
agonists) or BCR stimulation through anti-IgM. Extracellular ATP is then broken
down into ADP and AMP via CD39, followed by the breakdown of AMP to
adenosine through CD73. Changes in expression of CD39 and CD73 on B cells
have been associated with their fate in immunoglobulin class switching, as it
has been shown that extracellular adenosine (via CD73 AMP breakdown)
critically contributes to CSR (186). Therefore, CD39 and CD73 expression was
followed on different B cell subsets, including class-switched and non-classswitched, at baseline and after in vitro stimulation.
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Figure 3.2.11: Ectonucleotidases cascade from ATP to adenosine, picture
is taken from Hamidzadeh et al.
3.2.3.1

CD39 and CD73 expression at baseline in B cell subsets defined

by IgD/CD27
Freshly isolated PBMC were examined for the expression of CD39 and CD73
ectonucleotidases on CD19+ B cell subsets, defined by IgD and CD27.
CD39 was shown to be expressed at similar levels in IgD+CD27-, IgD+CD27+
and IgD-CD27- B cells but was found significantly higher in IgD-CD27+ (Figure
3.2.12A). A decreased expression of CD73 was found in IgD+CD27+ B cells in
comparison with the other three B cell subsets, in which CD73 was expressed
at similar levels (Figure 3.2.12B).
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Figure 3.2.12: CD39 and CD73 surface expression on B cell subsets
defined by IgD/CD27.
CD39 (A) and CD73 (B) expression (MFI), in IgD+CD27-, IgD+CD27+, IgDCD27+ and IgD-CD27- B cells. Dot plots show median levels with interquartile
range of N=5 performed experiments, ** p< 0.01 (Mann-Whitney U test).

3.2.3.2

CD39 and CD73 expression on B cells after in vitro culturing

To further investigate the effect of B cell stimulation and activation (proliferation
and differentiation) on CD39 and CD73 surface expression (MFI), in vitro
cultures were performed. B cells from HC were negatively isolated from fresh
PBMC and cultured for 1, 3- and 6-days following stimulation with TLR9D
agonists as described in previous experiments. Flow cytometry was used to
examine changes in CD39 and CD73 expression after stimulation in CD27- and
CD27+ B cells (CD19+) at different time points during in vitro culture (Figures
3.2.13).
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Figure 3.2.13: Expression of Ectonucleotidases CD39 and CD73 on B cell
subsets after in vitro culture.
Representative histogram plots of changes of CD39 (A) and C73 (B)
expression on CD27- and CD27+ B cells throughout maturation measured at
baseline, Day 1, 3 and 6 after TLR9D stimulation with CpG + anti-IgM + IL-2.
At baseline, CD27- and CD27+ B cells show similar levels of positive CD39
expression in comparison to the negative compensation control (Figure
3.2.13A). After 24 hours of TLR9D stimulation, CD39 expression in both CD27and CD27+ B cells increased compared to baseline expression. Although, the
increased expression of CD39 was found to be higher in CD27+ (memory) B
cells than in CD27- (naive) B cells. After 3 days of culture the expression of
CD39 increased in comparison with Day 1 in both CD27- and CD27+ B cells.
At Day 6 no clear difference in expression was found in comparison with Day
3, as a maximum level of expression was reached after 3 days of in vitro
culturing.
Compared to CD39 expression at baseline, CD73 expression was found to be
much highly expressed than CD39 (peak at 104 vs. peak at 103). When CD27B cells were compared to CD27+ B cells at baseline, CD27- B cells showed
one positive peak for their expression of CD73, while CD27+ B cells revealed
an additional peak which showed a subpopulation negative for CD73 (Figure
3.2.13B). After 24 hours, CD27+ B cells had rapidly decreased their CD73
139

expression, which was not seen in CD27- B cells. At Day 3, a lower CD73
expression in CD27+ B cells was observed in comparison with CD27- B cells
and after 6 days, CD73 expression in both CD27- and CD27+ B cells decreased
even more.
3.2.3.3

The effect of CpG, anti-IgM or IL-2 on CD39 and CD73

expression
Although the expression of both CD39 and CD73 ectonucleotidases was
affected by the stimulation with CpG + anti-IgM + IL-2, it was unclear what
consequence each single stimulus had on CD39 and CD73 expression.
Therefore, isolated B cells were incubated in complete culture medium alone
(control) and with either CpG, IL-2 or anti-IgM for 1, 3 and 6 hours in order to
examine how stimulation affects CD39 and in particular CD73 surface
expression on B cells. After incubation, cells were harvested and stained with
CD19, CD27, CD39 and CD73 for flow cytometric analysis.
No differences were found in CD39 expression in total B cells in the absence
or presence of single stimuli after 1, 3 or 6 hours (Figure 3.2.14 A-D). CD73
expression did not show changes at different time points when cultured with
CpG or IL-2 (Figure 3.2.15 A-C), but when cells were cultured in the presence
of anti-IgM subtle changes in CD73 expression were observed after 6 hours of
culture (Figure 3.2.15D). This was more shown when total B cells were
separated by the expression of CD27, where a trend was observed in the
expression of CD73 on CD27+ B cells (Figure 3.2.16). Comparing 1 hour of
incubation with 3 and 6 hours, a gradual decrease in CD73 expression upon
anti-IgM stimulation over the different time-points was observed (Figure
3.2.16B ii).
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Figure 3.2.14: The effect of single stimulation with CpG, IL-2 and anti-IgM
on the CD39 expression of B cells.
Histograms show the expression of CD39 on CD19+ B cells after 1, 3 and 6
hours of incubation with complete medium solely (A) and complete medium
with CpG (B), IL-2 (C) or anti-IgM (D).
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Figure 3.2.15: The effect of single stimulation with CpG, IL-2 and anti-IgM
on the CD73 expression of B cells.
Histograms show the expression of CD73 on CD19+ B cells after in1, 3 and 6
hours of incubation with complete medium solely (A) and complete medium
with CpG (B), IL-2 (C) or anti-IgM (D).
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Figure 3.2.16: The effect of single stimulation with CpG, IL-2 and anti-IgM
on the CD73 expression of CD27- and CD27+ B cells.
Histograms show the expression of CD73 on CD19+ B cells (A) and the
expression of CD73 in CD27- (B i)) and CD27+ B cells (B ii)) after 1, 3 and 6
hours of incubation with anti-IgM.
3.2.3.4

Relationship between CD73 and IgD/IgM surface expression on

B cell subsets
The aim of this subsection was to understand the relationship between CD73
and class switching in CD27+ memory B cells at baseline and after in vitro
TLR9D stimulation. Figure 3.2.17 shows CD27- (Figure 3.2.17A i)) and CD27+
(Figure 3.2.17A ii)) B cells at baseline and CD27+ B cells after in vitro
stimulation (Figure 3.2.17B).
At baseline, the majority of CD27- (naive) B cells were found to be IgD+ and
IgM+ with both CD73- and CD73+ B cells found in the top right quadrant
(Figure 3.2.17A i)). The very small population of CD27- B cells that were IgDIgM- (lower left quadrant) can be identified as post-GC memory B cells which
have lost CD27 expression over time. Within CD27- B cells the distribution of
IgD and IgM surface expression describes the baseline phenotypes of naive B
cells irrespective of CD73+ or CD73- populations. Interestingly, for CD27+ B
cells at baseline IgD+ and IgM+ cells (unswitched memory) consisted mainly of
CD73- B cells (Figure 3.2.17A ii)). Also, in comparison to CD27- B cells, a
second population seemed to appear (IgD+ IgM+) next to the main IgD++IgM++
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population. In contrast, CD73+ B cells were only found in the class switched
(IgD-IgM-CD27+) memory subset (bottom left quadrant).
After 6 days of in vitro culture in the presence of TLRD9 stimuli, the CD27+ B
cells generated through proliferation and differentiation clearly showed an
IgD+IgM+ population of CD73- B cells and IgD++IgM++ consisting of CD73and CD73+ B cells (Figure 3.2.17C).
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Figure 3.2.17: IgD and IgM expression of CD73- and CD73+ B cells in
CD27- and CD27+ B cells.
Representative plots of the distribution of CD73+ (green) and CD73- (purple) B
cells in subpopulations of naive (A i)) and memory subsets at Day 0 (A ii)) and
after 6 days of culture (B). Plots show the relative expression of IgD and IgM.
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3.2.3.5

Summary Ectonucleotidases and B cell subsets

The dynamic changes in expression of CD39 and CD73 differed between B cell
subsets defined by IgD/CD27. As CD39 expression was shown to be
significantly higher in IgD-CD27+ B cells and CD73 expression significantly
lower in IgD+CD27+ B cells, in comparison with the other subsets. Previous
studies have shown a potential relationship between the expression of these
ectonucleotidases and B cell class switching, especially with CD73. Here these
findings have been confirmed, as CD73 was found to be lost on B cells that
were driven toward non-class switched memory B cells, at baseline and after
stimulation, while CD73 was continuously expressed on class-switched
memory B cells. These findings have shown that CD27+CD73- B cells were
within IgD+IgM+ non-class switched B cell population. While CD73+ B cells
were mainly found in CD27- naive B cells and CD27+ class-switched memory
B cells.
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3.3

CD24 expression and function throughout B cell maturation

CD24 is one of the earliest expressed proteins during human B cell maturation,
being present at the late pro-B cell stages alongside surface markers such as
CD21 and cytoplasmic µ heavy chains (187, 188). As shown in Figure 3.3.1
CD24 is a highly glycosylated glycosyl-phosphatidylinositol-anchored (GPA)
linked protein, localized on the plasma membrane of B cells (189). Its role was
first described following the finding that cross-linking CD24 on pro- and pre-B
cells could block B cell development in a murine model by inducing apoptosis
(190, 191). The dynamic regulation of CD24 on immature bone marrow B cell
precursors and its role in apoptosis has been confirmed in in vitro cell cultures
of mouse and human cell lines and was thus suggested to be involved in
determining the fate of B lymphoid progenitor cells (192-194).

Figure 3.3.1: CD24 molecule showing their GPI linked protein structure,
different binding sites and downstream signalling pathway.
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The selection process that results in apoptosis of many autoreactive B cells in
the bone marrow is complex but involves both the specificity of the BCR and
other signalling molecules, including CD24 (187, 195, 196). For example,
transgenic mice overexpressing CD24 exhibit a loss of late pre- and immature
B cells due to increased apoptosis (197). Cross-linking or engagement of CD24
is therefore likely to be involved in BCR-mediated B cell selection in the bone
marrow which results in the generation, and exit, of transitional B cells to the
periphery.
In the peripheral lymphoid system of humans, CD24 expression undergoes
continuous fluctuations throughout the lifespan of mature B cells until being lost
when B cells differentiate into antibody-producing cells (198-200). Although the
functional consequences of the changes in CD24 expression on mature naive
and memory B cells have been poorly studied in human, Sanz and colleagues
have described high expression patterns of CD24 in the majority of CD27+ B
cells while the majority of CD27- B cells showed low expression (201). BCR
isotype analysis within the CD27+ and CD27- B cell subsets revealed that IgMonly cells in both subsets are a distinctive population of CD24+ CD45- cells. On
the contrary, IgG switched memory B cells were heterogeneous in the
expression of CD24 and CD45. In the following subsection further analysis of
CD24 throughout B cell maturation were performed.

3.3.0 Experimental design: CD24 expression and functioning throughout
B cell maturation
Following the novel finding of increased CD24 expression and frequency
confined to IgD+ naive and memory B cell populations in ME/CFS patients
compared with age-matched HC, investigations of the relationship between
CD24 expression and function during B cell maturation were performed. To do
so, in vitro culture and stimulation of isolated PBMC and B cells in response to
TD and TLR9D agonists were used to follow the dynamics of CD24 positivity
during B cell maturation. The relationship between CD24 expression, cycles of
proliferation and metabolism in purified B cells from HC was also investigated
using

phospho-flow

(phosphorylation

of

AMPK-pAMPK)

and

MTR

(Mitochondrial mass).
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3.3.1 CD24 expression during B cell maturation
In HC an increased percentage of CD24 expressing un-switched-memory B
cells (IgD+CD38-) compared to that of naive B cells (IgD+CD38+) and
subsequent decrease in CD24+ cells in post-GC (IgD-CD38+), resting
memory (IgD-CD38-) and plasmablasts/cells (IgD-CD38++) have previously
been described in subsection 3.1.4.6.
In Figure 3.3.2A and 3.3.2B, the distribution of CD24+ B cells within total
lymphocytes and CD19+ B cell populations are shown. The majority of B
cells expressed CD24, while non-B cells (CD19- cells), which were mainly T
cells, did not express CD24 (bottom left quadrant in Figure 3.3.2A). As
shown in Figure 3.3.2C, CD24 expression in CD27+ B cells was significantly
higher than in CD27-B cells (p< 0.0001). In addition, levels of CD24
expression (MFI) on B cell subsets defined using the relative expression of
IgD and CD38 were also determined. The expression of CD24 on transitional
B cells, newly exited from the bone marrow, all the way up through to
antibody-producing plasmablasts/cells is shown for HCs in Figure 3.3.2D.
CD24 expression was found to be highest on transitional B cells
(IgD+CD38++), declined in mature naive B cells (p< 0.0001), after which the
expression significantly increased in all 3 memory B cell populations
(unswitched memory, post GC and resting memory B cells respectively)
compared to naive B cells (p< 0.0001 One-way ANOVA). Plasmablasts/cells
showed the lowest expression of CD24 with a significant difference from
naive mature (p< 0.0001) and memory B cell subsets (p< 0.0001).
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Figure 3.3.2: Dynamics of CD24 expression throughout B cell maturation.
Representative flow cytometric dot plot showing the gating strategy for
CD24+CD19+ B cells (A) and a histogram of CD24 expression on total CD19+
B cells (B) from freshly isolated PBMC of a healthy control. Box and whiskers
plots show the expression of CD24 in CD27- and CD27+ B cells (C) and B cell
subsets distinguished using the relative expression of IgD and CD38 (MannWhitney test) (D). Boxes show interquartile range with median and whiskers
show 10th to 90th percentile in (HC; N=32). ****p< 0.0001 One-way ANOVA.
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3.3.2 The effect of stimulation on %CD24+ B cells in PBMC from HC
and ME/CFS patients
Next, changes in %CD24+ B cells in PBMC after in vitro stimulation with
either anti-CD40 + anti-IgM + IL-2 (TD) or CpG + anti-IgM + IL-2 (TLR9D)
was followed. PBMC were also cultured in medium alone or in the presence
of the pro-survival B cell cytokine BAFF as controls. After 5 days of culture,
cells were harvested and stained with a viability stain, along with CD19 and
CD24 fluorescent-conjugated monoclonal antibodies. Culture supernatants
were retained for measurements of sCD23 and antibody production. The
%CD24+ B cells (CD19+) in cultures incubated with different stimuli was
compared between HC and ME/CFS patients (Figure 3.3.3).

*

% CD24+ B cells

100

HC
ME/CFS

80
60
40
20

+

IL
2

IL
2
+

tiIg
M

tiIg
M

an
+
pG
C

an

tiC

D

40

+

U

an

ns

tim
ul

at
ed

BA
FF

0

Figure 3.3.3: %CD24+ B cells following 5 days culture of PBMC with
different stimuli.
The %CD24+ B cells in HC (N=6) and ME/CFS patients (N=9), after in vitro
culture of PBMC for 5 days is shown. Boxes show interquartile range with
median and whiskers show 10th to 90th percentiles *p< 0.05 (Mann-Whitney
test).
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Unstimulated and BAFF containing cultures maintained high %CD24+ B cells
after 5 days of culture. The %CD24+ B cells steeply decreased after both TD
and TLR9D stimulation. A significantly higher %CD24+ B cells compared
with HC was found in PBMC from ME/CFS patients (p< 0.05) in unstimulated
cultures, confirming previous findings in immunophenotyped B cells from
whole blood (Figure 3.1.8). A decrease in %CD24+ B cells after stimulation
coincides with an increase of sCD23 in culture supernatants (Figure 3.2.5).
While unstimulated and PBMC cultured with BAFF maintained high %CD24
positivity and release less or lower concentrations of CD23, confirming lack
of in vitro differentiation. No differences were found between ME/CFS
patients and HC in sCD23 levels. Previous investigations of IgM and IgG
levels in culture supernatants (Figure 3.2.4B), confirmed differentiation to Ig
production by naive and memory B cells in CpG stimulated cultures, but not
those stimulated under TD (anti-CD40) conditions.

3.3.3 %CD24+ naive and memory B cells over sequential proliferation
cycles following TLR9D stimulation of isolated B cells
To investigate the effect of proliferation on %CD24+ B cells, negatively selected
B cells from freshly isolated PBMC were stained with CFSE and cultured for 5
days in the presence of CpG + anti-IgM + IL-2 stimulation. CpG stimulation is
known to induce multiple proliferation cycles of human B cells (202). It was
previously confirmed that stimulation with CpG (TLR9D) induced more B cells
in sequential proliferation cycles and significantly higher IgM and IgG antibody
production over 5 days compared to anti-CD40 (TD) stimulation (subsection
3.2), therefore results for CpG stimulation were used.
After culture, B cells were stained with a viability stain and fluorescent
conjugates against CD19, CD27 and CD24. The %B cells (Figure 3.3.4B) and
%CD24+ B cells (Figure 3.3.4C) within CD27- and CD27+ subsets are shown
over each sequential cycle of proliferation. While both B cell subsets
proliferated in response to TLR9D stimulus, the percentage of CD24+ B cells
decreased with each proliferation cycle in both CD27- and CD27+ B cells.
Although there was a higher percentage of CD24+ B cells in CD27+ versus
CD27- B cells at baseline, the rate of decrease was similar in both subsets.
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Figure 3.3.4: Percentage CD24+ B cells over sequential proliferation
cycles in CD27- and CD27+ B cells after 5 days of TLR9D stimulation.
The median ± interquartile range of percentage CD27- and CD27+ B cells in
total B cells (A) and CD24+ B cells (B) over 5 sequential proliferation cycles
are shown in median bars with interquartile range (HC; N=8). *p< 0.05 and **p<
0.005 (Mann-Whitney U test).
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3.3.4 Relationship between age and %CD24+CD27+ B cells throughout
sequential cycles of proliferation
When the percentage of CD24+CD27+ B cells within each cycle was analysed
in relation to baseline parameters in HC, there was a significant positive
correlation between age and %CD24+CD27+ B cells in Cycle 0, which was lost
over sequential proliferation cycles (Figure 3.3.5).
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Figure 3.3.5: Relationship between %CD24+CD27+ B cells and age over
sequential cycles of proliferation.
%CD24+CD27+ B cells in cycle 0-4 (A-E) in relationship with age (years) after
CpG + anti-IgM + IL-2 stimulation scatter plot with regression line is shown (HC;
N=8). Pearson correlation (R2) for Linear regression and p values are shown.
NS=not significant at 5% level.

3.3.5 Relationship between %CD24+CD27+ B cells and Mitochondrial
mass in proliferation cycles following TLR9D stimulation
As energy demand changes during B cell differentiation, as described and
discussed in previous sections, CD27+ memory B cells had higher
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mitochondrial mass and CD24 expression in comparison to CD27- B cells.
Therefore, the correlations between %CD24+CD27+ memory B cells and
mitochondrial mass were measured next with MTR, within sequential
proliferation cycles after TLR9D stimulation in HC (Figure 3.3.6). CD24+CD27+
B cells in Cycle 0 (Figure 3.3.6A) had a strong negative correlation with
mitochondrial mass. Over subsequent cycles, this correlation was gradually lost
with proliferation and increased percentages of CD24- compared with CD24+
memory B cells (Figure 3.3.6B-E).
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3.3.6 Phosphorylated AMPK and CD24 in naive and memory B cells
Overexpression of CD24 has been described on a number of human tumour
cells, including acute myeloid leukaemia (203-205). Microarray analyses of
prostate cancer cells suggested that CD24 had a role as a growth-promoting
factor, which was downregulated when the enzyme adenosine monophosphate
kinase (AMPK) was inactivated (206). The kinase is activated (phosphorylated
-pAMPK) in response to stresses that depletes cellular ATP supplies such as
low glucose, hypoxia and exercise and positively regulates signalling pathways
that replenish ATP, including fatty acid oxidation, autophagy and mitochondrial
biogenesis.
In normal human B cells, it has been reported that only memory B cells,
especially late memory B cells (IgD-CD27-), express senescence-associated
secretory phenotypes (SASP), which are associated with spontaneous
activation of AMPK (207). The potential relationship between CD24 on B cells,
separated on the basis of CD27 expression, and phosphorylation of AMPK, was
therefore examined using Phospho-Flow. In Figure 3.3.7A a representative
plot of pAMPK expression on CD27- and CD27+ B cells in comparison with a
negative control (pAMPK stain without secondary antibody) is shown. The
median level of expression (MFI) of pAMPK on CD27- B cells was used as a
cut-off for high pAMPK expression (referred to as pAMPK-HIGH) as is shown
in Figure 3.3.7B i) and 3.3.7C i). Approximately 20% of naive B cells showed
a ‘pAMPK-HIGH’ expression, which was equally distributed between CD24and CD24+ B cells (Figure 3.3.7B ii)). In CD27+ memory B cells, pAMPK-HIGH
expression was shown to be at a much higher frequency than in naive B cells,
particularly in the CD24+ population. Thus, this indicating a difference in AMPK
signalling in memory B cells compared to CD27- B cells, which was significant
for CD24+ in comparison with CD24- B cells (Figure 3.3.7C ii)).
Additional surface markers were then included in order to identify the B cell
subpopulation associated with pAMPK-HIGH CD24+CD27+ memory B cells
more precisely. As shown in Figure 3.3.7D, CD24+CD27+ memory B cells in
pAMPK-HIGH B cells were predominantly within the IgD++IgM++ (MFI)
population. The memory (CD27+) B cell subset co-expressing IgD and IgM
represent a marginal zone or pre-switch memory B cell phenotype.
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Figure 3.3.7: Expression of pAMPK and CD24 in CD27- and CD27+ B cells.
Flow cytometric histogram shows a representative plot of pAMPK expression
in CD27- (blue) and CD27+ (red) B cells and a negative control without
secondary antibody (grey) (A). CD24 expression in relation to pAMPK in naive
(B i)) and memory (C i)) B cell subsets are shown in a contour plot. Percentage
B cells in CD24+ (dark grey symbols) and CD24- B cells (light grey symbols)
show pAMPK high population in HC for CD27- (B ii)) and CD27+ (C ii)) B cells
are shown for HC (N=6). Flow cytometric dot plot shows the expression of IgD
and IgM on CD24+ pAMPKHIGH CD27+ memory B cells in red (D).
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3.3.7 Effect of BCR ligation on cell viability and CD24 expression on
CD27- and CD27+ B cells.
In pre-B cells, CD24 co-localizes with and modifies the function of other
receptors, most notably the BCR (208), but its role in B cell activation,
proliferation and differentiation outside the bone marrow has not been
extensively explored in man. The effect of BCR stimulation with anti-IgM, antiIgD and anti-IgG antibodies (Goat anti-human antibodies) on B cell viability of
CD27- (naive) and CD27+ (memory) CD24+ B cells was thus observed next.
Freshly isolated B cells from healthy donors were cultured for 3 hours at 37°C
in the absence or presence of isotype-specific BCR cross-linking. After
incubation, B cells were harvested and stained for viability, and with fluorescent
conjugates against CD19, CD27 and CD24. Figure 3.3.8 shows a
representative plot of B cells divided on the basis of CD24 expression in naive
(Figure 3.3.8A) and memory B cells (Figure 3.3.8B). Within the CD24+ B cells,
subpopulations were identified in relation to changes in viability. After crosslinking the BCR in both naive and memory B cells, there was a marked
decrease in viable B cells cultured with anti-IgM. The percentage of viable B
cells was significantly less in both naive and memory B cells anti-IgM incubated
cultures compared with those incubated with anti-IgD or anti-IgG (p< 0.05 for
all comparisons). This may reflect the higher number (as shown by MFI) of IgM
receptors present on the surface of B cells, compared to IgD and IgG.
Nevertheless, following notably IgM cross-linking CD24+ B cells were
prominent in having reducing viability.
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Figure 3.3.8: Effect of short-term (3 hours) crosslinking of the BCR on the
viability of CD24+ B cells.
Representative Flow cytometric density plots with outliers of CD27- (A) and
CD27+ (B) B cells of HC in the absence and presence of BCR stimulation with
anti-IgM, anti-IgD and anti-IgG cultured for three hours, from N=4 experiments.
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3.3.8 Summary CD24 expression and function throughout B cell
maturation
In vitro, in the absence of stimulation, there was an increased percentage of
CD24+ viable B cells in ME/CFS patients compared to HC (p< 0.05) following
5 days culture. Following stimulation with B cell agonists, percentage of
CD24+B cells in both naive and memory B cell populations decreased. p<
0.01). There was a negative relationship between the percentage of CD24+B
cells with mitochondrial mass (R2=0.76; p< 0.01), which was subsequently lost
over sequential cycles of proliferation. Short term ligation of the BCR with antiIgM antibody significantly reduced the viability of CD24+ memory B cells
compared to those cross-linked by anti-IgD or anti-IgG antibody. A clear
difference was found between naive and memory B cells with respect to CD24
expression and pAMPK, most notably a strong positive association in IgD+IgM+
memory B cells. In vitro findings confirmed dysregulation of CD24-expressing
B cells from ME/CFS patients previously suggested by immunophenotype
studies of B cells from peripheral blood. CD24-negative B cells underwent
productive proliferation whereas CD24+ B cells were either unresponsive or
susceptible to cell death upon BCR-engagement alone.
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3.4

Measurement of metabolites during in vitro B cell cultures

In the previous section CD24 expression was shown to have a novel link with
phosphorylation of AMPK at different stages of B cell maturation. This finding
could potentially link a phenotypic marker with metabolic impairments in
ME/CFS, as an increase in %CD24+ B cells has been shown in IgD+ confined
B cell subsets (section 3.1.6).
Previous metabolomic studies by Armstrong et al and others have shown clear
‘footprints’ of anomalies in energy metabolism and oxidative stress in the blood
and urine of ME/CFS patients (126-128, 209, 210). The general consensus of
these metabolomic studies suggests an oxidative environment with the minimal
utilisation of mitochondria for efficient energy production, but preferred usage
of other pathways for energy (ATP) production such as aerobic glycolysis or
through the breakdown of a variety of amino acids. Metabolomic studies, in
which the levels of metabolites (minerals, vitamins and fatty acids) present in
serum and urine are associated with mitochondrial function, have recently
become of great interest in the field of ME/CFS patients. These studies have
highlighted an inadequate or less efficient ATP generation, particularly in cells
which are highly metabolically active and therefore dependent on ATP, such as
muscle cells, neutrophils and lymphocytes such as NK cells, T cells and B cells.
As part of an international collaboration set up with Christopher Armstrong from
the Bio21 Institute at the University of Melbourne in Australia, I had the
opportunity to work interdisciplinary between the fields of metabolism and
immunology. The group has its expertise in metabolism, where they have been
developing metabolomic methods for studying different conditions and
diseases, with a focus on ME/CFS. Combined with my expertise in developing
assays for the in vitro culture of human B cells, the aim of our joint project was
to study the metabolic processes that occur during B cell maturation upon in
vitro stimulation by measuring the relative levels of different metabolites present
in culture medium. Supported by the Solve ME/CFS Initiative (SMCI; USA),
which granted us the Ramsay award, we were able to visit each other’s’
laboratories to learn more about both our expertise.
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In the following section the relative contributions of metabolic strategies in the
usage of metabolite substrates were tested during B cell maturation and
compared between HC and ME/CFS patients. There are as yet no published
studies in ME/CFS that have performed investigations of in vitro B cell
maturation, or any other immune cell maturation, with detailed metabolomic
profiling under culture conditions.

3.4.0 Experimental design: Measurement of metabolites within in vitro B
cell cultures
The aim was to develop an in vitro B cell culture system in which metabolites
consumed and produced during B cell proliferation and differentiation can be
measured in a separate compartment. This was established by using transwell
inserts with a 3.0 µm pore polyester membrane, small enough to keep B cells
in the well, but big enough to allow metabolite exchange through the membrane
(Figure 3.4.1).

Isolated
B cells

TD or TLR9D
stimulation

Transwell

Day 1, 3 and 6 CD
markers measured
on B cells
(Flowcytometry)

Supernatant collection
at Day 1, 3 and 6
(NMR Metabolomics)
Figure 3.4.1: Transwell experiment set up.
Representative figure of a culture well (48-wells plate) with transwell inserts
which contains isolated B cells and TD or TLR9D stimulation. Metabolites were
captured in the medium found in the well.
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The usage and uptake of metabolite substrates can then be analysed in culture
supernatants, to examine any differences during culture between B cells from
HC and ME/CFS patients. In vitro culture of B cells through transwell inserts
will, therefore, allow measurement of both the kinetics of B cells (growth and
cell death) sequentially over a 6-day time period as well as changes in culture
metabolites and changes of CD markers on B cells.
Metabolites were selected based on previous studies and the involvement of
ATP generating pathways (glycolysis and TCA cycle). The metabolites studied
consisted of essential and non-essential amino acids such as hydroxyproline,
glucose and lactate which act as fuel for the TCA cycle as well as building
blocks and products involved in energy metabolism pathways (Table 3.4.1).
For this pilot study, B cells from HC (N=6) and ME/CFS patients (N=7) were
negatively selected from freshly isolated PBMCs and cultured within transwell
inserts in the presence of complete medium (RPMI-1640 supplemented with
10% FCS) plus TD (anti-CD40 + anti-IgM + IL-2) or TLR9D (CpG + anti-IgM +
IL-2) stimulation. Triplicate samples were performed for three time points,
respectively: Day 1, Day 3 and Day 6. Due to insufficient numbers of isolated B
cells in some HC and ME/CFS samples, TLR9D stimulation (HC N=6 and
ME/CFS patients N=7) was used for all individuals, while negative controls (HC
N=3 and ME/CFS patients N=3) and B cells stimulated in a TD manner (HC
N=5 and ME/CFS patients N=6) were performed when cell numbers were
adequate. In total 42 HC and 48 ME/CFS samples were acquired for 1H NMR
spectroscopy and flow cytometric analysis.
Flow cytometry was used to follow changes in B cell phenotype markers: CD19,
CD27, IgD and IgM, as well as surface markers involved in energy pathways
such as, CD24, CD73, CD39 and CD38 throughout the maturation of B cells in
vitro. Debris, viable B cells and non-viable B cells were also analyzed through
the usage of a viability stain. In relation to changes in B cells, 1H NMR was used
to determine differences in metabolite profiles in the subjects over the course
of time in culture supernatants.
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Table 3.4.1: Metabolites tested in culture supernatants using 1H NMR.

Essential

Conditional/non-

amino acids

essential

Others

amino

acids
Histidine

Alanine

Acetate•

Iso-leucine

Arginine

Creatine•

Leucine

Aspartate

Creatinine•

Lysine

Glutamate

Formate•

Methionine

Glycine

Glucose

Phenylalanine Proline

Glycerol

Threonine

Hydroxyproline

Lactate•

Tryptophan

Tyrosine

Myo-Inositol

Valine

Pyroglutamate•

•Non-constituent amino acids in culture medium (RPMI-1640 +10%FCS).

3.4.1 CD markers at baseline and after in vitro TD and TLR9D
stimulation
Baseline percentage positive (frequencies) and MFI (expression) of CD24,
ectonucleotidases CD39 and CD73, cyclic ADP Ribose hydrolase (CD38),
CD27 and IgM were analysed in B cells from HC and ME/CFS patients prior to
culture (Figure 3.4.2).
In Figure 3.4.2A only %CD24+ was shown to be significantly higher (p< 0.01)
on B cells from ME/CFS patients in comparison to HC. These differences
confirm previous findings in a non-overlapping cohort as shown in sections 3.1
and 3.3. There was also an increase in %IgM+ in B cells from ME/CFS patients
(p= 0.056), which approached significance. Other surface markers were found
in similar frequencies in both HC and ME/CFS patients. No differences were
found in the expression (MFI) in any of the CD markers found on B cells from
ME/CFS patients compared to HC (Figure 3.4.2B). While it was previously
shown that there was a significant difference between CD24 expression
between HC and ME/CFS patients (Table 3.1.4) no difference was found here,
this could be due to the small sample size.
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Figure 3.4.2: Baseline immunophenotype of surface CD markers in HC
and ME/CFS patients.
Frequency (A) and expression (B) are shown for selected CD19+ B cells.
Boxes show interquartile range with median and whiskers show minimum to
maximum with all points shown for N=6 HC and N=7 ME/CFS patients, ** p<
0.01 (Mann-Whitney U test).
3.4.1.1

CD24 at Day 1, Day 3 and Day 6 after TD and TLR9D stimulation

The kinetics of change in frequency and expression of these surface markers
were also measured for up to 6 days following TD and TLR9D in vitro
stimulation. After 6 days of culture with either TD or TLR9D stimulation, the
%CD24+ B cells in HC and ME/CFS patients declined with no significant
difference between the two groups, however at the earlier time points (Day 1
and Day 3) there was a highly significant persistence of CD24+ expressing B
cells from ME/CFS patients compared to HC, most evident in TD stimulated
cultures (Figure 3.4.3A). For B cells stimulated in a TLR9D manner (Figure
3.4.3B), %CD24+B cells from ME/CFS patients was also significantly higher
compared to B cells from HC at 3 days of culture. For B cells stimulated in a
TLR9D manner (Figure 3.4.3B) the decline in CD24 frequency showed to be
more prominent after Day 1 of culture in both HC and ME/CFS patients in
comparison to TD stimulated B cells.
No differences were found in CD24 expression in both TD and TLR9D
stimulated B cells throughout B cell maturation.
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Figure 3.4.3: Percentage B cells positive for CD24 throughout in vitro
culture.
Percentage B cells positive for CD24 are shown at baseline, Day 1, Day 3 and
Day 6 after TD (A) and TLR9D (B) stimulation. Boxes show interquartile range
with median and whiskers show minimum to maximum with all points shown for
N=6 HC and N=7 ME/CFS patients, * p< 0.05, ** p< 0.01 (Mann-Whitney U
test).

3.4.1.2

CD38 at Day 1, Day 3 and Day 6 after TD and TLR9D stimulation

Although no significant differences were found with respect to CD38+ B cells at
baseline between B cells from HC and ME/CFS patients, differences in both
frequency and expression were found during in vitro culturing. The %CD38+ B
cells gradually increased during culture in both HC and ME/CFS patients after
TD (Figure 3.4.4A i)) and TLR9D (Figure 3.4.4B i)) stimulation, but the
percentage of CD38+B cells was found to be significantly higher in ME/CFS
patients compared to HC at Day 3.
Although CD38 expression (MFI) declined under in vitro culture conditions at
Day 1, the expression then gradually increased. Significant differences (i.e.
higher expression) were found in ME/CFS patients at Day 3 after TD (Figure
3.4.4A ii)) stimulation and at Day 1 after TLR9D (Figure 3.4.4B ii)) stimulation
compared with HC. No significant differences were found in the previous
markers analysed at baseline (CD39, CD73, CD27, IgD and IgM).
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Figure 3.4.4: Frequency and expression of CD38 at baseline and
throughout culture.
Percentage B cells positive for CD38 (i)) and expression (ii)) are shown at
baseline, Day 1, Day 3 and Day 6 after TD (A) or TLR9D (B) stimulation. Boxes
show interquartile range with median and whiskers show minimum to maximum
with all points shown for N=6 HC and N=7 ME/CFS patients, * p< 0.05, ** p<
0.01 (Mann-Whitney U test).

3.4.2 Changes in Metabolites surrounding cell growth in B cells of HC
and ME/CFS patients
Immunophenotype of in vitro cultured CD19+B cells has been assessed within
the lymphocyte gate which was based on side scatter (SSC) and forward
scatter (FSC) parameters and by gating out non-viable cells as described in
Figure 3.2.2. However, the relationship between changes in B cell growth,
viability and apoptotic/necrotic cell debris during culture of up to 6 days has not
yet been assessed.
In Figure 3.4.5 a representative flow cytometric contour plot shows B cell
growth through changes in cell size (FSC) and granularity (SSC) following
TLR9D stimulation over time.
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From the resting state at baseline through to Day 1, B cells decrease in size
(FSC), but increase in granularity, which precedes the active growth and
division phase shown at Day 3. During the growth phase, in which increase in
FSC is seen at Day 3, proliferating B cells have increased in a relatively uniform
size before differentiation into immunoglobulin secreting cells as shown by an
increase in granularity (SSC) of a portion of B cells by Day 6.
The increase in cell size between Day 1 and Day 3 coincides with an increase
in B cell numbers as shown in subsection 3.2.1.2 indicating a critical timepoint
for B cell growth following stimulation. In the next subsection metabolite
changes were analysed in respect to live B cells and overall cell growth within
the culture milieu.

SSC

B cells at Baseline
B cells at Day 1
B cells at Day 3
B cells at Day 6

FSC
Figure 3.4.5: B cell growth after TLR9D stimulation during 6 days of in
vitro culture.
Representative contour plot showing B cell growth through changes in FSC and
SSC, at baseline, Day 1, Day 3 and Day 6 of in vitro culture stimulation.
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3.4.2.1

Glucose and lactate concentrations throughout B cell maturation

From 1H NMR analysis 26 metabolites were quantitated and identified in the
culture supernatants (Table 3.4.1). To explore the relationship between B cell
maturation in vitro and energy usage, two key metabolites namely glucose
(substrate) and lactate (product) were measured as a proxy for glycolysis.
Glucose and lactate are important components in ATP generation through
(anaerobic) glycolysis, a key feature in generating energy for immune cell
growth and proliferation. Changes in concentrations of these metabolites will
reflect the usage of glucose, which during the process is converted into lactate
through pyruvate.
Lactate and glucose concentrations measured at Day 1, Day 3 and Day 6
indicated a graduate decrease of glucose (substrate) and a graduate increase
of lactate (product) during B cell maturation after TLR9D stimulation (Figure
3.4.6A). As shown in subsection 3.2.1 TLR9D stimulation of B cells resulted
in cell growth and proliferation, which reflects the exaggerated use of glucose
and production of lactate. These two metabolites showed a strong negative
correlation with one another in B cells cultured from HC (Figure 3.4.6B) and
ME/CFS patients (Figure 3.4.6C).
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Figure 3.4.6: Glucose and lactate concentrations measured in B cell
cultures over time.
Glucose and lactate concentrations (mM) in HC measured at Day 1 (N=6), Day
3 (N=6) and Day 6 (N=6) in the supernatant of B cell cultures stimulated in a
TLR9D manner, bars show median with interquartile range (A). Glucose
concentration were plotted against lactate concentration in HC (B) and ME/CFS
patients (C). Each symbol represents glucose and lactate levels measured in
culture supernatants of B cells stimulated in a TD, TLR9D manner or in medium
alone at Day 1, Day 3 and Day 6 (HC; N=42 and ME/CFS; N=48). Statistical
significance was calculated using linear regression and Pearson’s correlation
coefficient.
3.4.2.2

Relationship between glucose-lactate concentrations and surface

CD markers
The relationship between concentrations of glucose and lactate throughout B
cell maturation were also tested against changes in the B cell phenotypic
markers which were measured at baseline. It was found that fractions of viable
CD24+ B cells correlated strongly with glucose (positive correlation, Figure
3.4.7A) and lactate (negative correlation, Figure 3.4.7B) concentrations in both
HC and ME/CFS patients irrespective of growth, even if the groups were
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analysed separately. No relationship was found between glucose or lactate and
any of the other CD markers measured at baseline.
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concentrations after in vitro B cell culturing in HC and ME/CFS patients.
Fractions of viable CD24+ B cells were plotted against glucose (A) and lactate
(B) concentrations. Each symbol represents matching CD24+ B cells fractions
with glucose or lactate concentrations measured in culture supernatants of B
cells stimulated in a TD, TLR9D manner or in medium alone at Day 1, Day 3
and Day 6 of N=42 HC and N=48 ME/CFS. Statistical significance was
calculated using linear regression and Pearson’s correlation coefficient is
shown.
Next, relationships between changes in CD markers and glucose or lactate
concentrations were observed during the growth phase between Day 1 and Day
3. Figure 3.4.8 (glucose) and Figure 3.4.9 (lactate) show fold changes in
percentages of CD24 (A), CD27 (B), CD39 (C), CD73 (D), CD38 (E) and IgM
(F) on CD19+B cells in relation to fold changes in proportion of glucose and
lactate between Day 1 and Day 3. The direction of fold changes in both
%glucose (positive; Figure 3.4.8A) and %lactate (negative; Figure 3.4.9A) in
culture supernatants correlated with CD24 (p< 0.01 and p< 0.001, respectively)
but not with those of other phenotypic markers, except a weaker positive
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association between CD73 and lactate production in Figure 3.4.9D (p< 0.05).
Therefore, in terms of both concentration and fold changes, the only consistent
relationship was between CD24, glucose and lactate.
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Figure 3.4.8: Relationship between Fold % changes in glucose
concentration and B cell membrane molecules following in vitro culture
in the presence of anti-CD40 + anti-IgM + Il-2 and CpG + anti-IgM + IL-2.
Fold % changes in glucose measured in the supernatant of B cell cultures
versus the expression of CD24 (A), CD27 (B), CD39 (C), CD73 (D), CD38 (E)
and IgM (F) in live B cells are shown. Pearson correlation (R2) for Linear
regression and exact p values are shown (N=6). NS=not significant at 5% level.
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Figure 3.4.9: Relationship between Fold % changes in lactate
concentration and B cell membrane molecules following in vitro culture
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3.4.2.3

Total B cell growth in cultures (debris, viable and non-viable cells)

When immunophenotyping cultured B cells, flow cytometry enables the
possibility to positively gate the population of interest and to gate out non-viable
cells and debris. For metabolomics however, it is necessary to take in account
the whole culture milieu in order to compare patient and control cultures, as
differences in the relative proportions of live/dead/debris may bias the results.
Therefore, the fold change from different time-points and total growth of B cell
cultures from HC and ME/CFS patients were compared. Growth was defined
by “total mass” irrespective of TD or TLR9D stimulation, but solely based on
increase of number and size of cells. This was calculated as followed; “Total
live mass” = the mean FSC of live B cells x number of live B cells, the same
calculation was applied for non-viable B cells (mean FSC of non-viable B cells
x number of non-viable B cells) and debris (mean FSC of debris x number of
debris). By subtracting total mass of Day 3 from Day 1 and Day 6 from Day 3
positive growth was reached if an increase was found in either time-frames.
This approach has not been used before, but in our setting, it gave us the
opportunity to follow growth in different subsets of cells or cell derivatives
(debris).
For the following analysis, only cultures with positive growth were included.
Changes in metabolites of HC and ME/CFS patients were measured with
respect to B cell growth. A representative plot for the gating strategy for debris,
live and dead B cells is shown in Figure 3.4.10A and 3.4.10B. B cell growth in
live and dead cells, as well as in debris was observed in fold change growth
between Day 1 and Day 3 (Figure 3.4.10C) or between Day 3 and Day 6
(Figure 3.4.10D) in HC and ME/CFS patients. Fold change in total growth (live
B cells, dead B cells and debris) is shown in Figure 3.4.10E. No significant
differences in growth was found between HC and ME/CFS patients at either
stage Day 1-3 or Day 3-6.
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Figure 3.4.10: Cell growth measured in live B cells, non-viable B cells and
debris between Day 1-3 and Day 3-6 of in vitro culture.
Representative dot plots show the gating strategy for debris, live and non-viable
B cells after 6 days of culture with TLR9D stimulation (A and B). Fold change
differences in growth is shown for live B cells, non-viable B cells and debris
between Day 1-3 (C) and Day 3-6 (D). The three populations were also
combined and shown as fold change of total growth between Day 1-3 and Day
3-6 (E). Boxes show interquartile range with median and whiskers show
minimum to maximum with all points shown for a total of N=8 HC and N=8
ME/CFS patients, from TD and TLR9D stimulated cultures.

3.4.2.4

Cell growth and changes in culture metabolites

Based on cell growth and total mass, metabolite concentrations were analysed
and compared between HC and ME/CFS patients. Metabolites were
categorized in three groups; essential amino acids, conditional/non-essential
amino acids and others (Table 3.4.1). In Figure 3.4.11 raw metabolite
concentrations were compared between HC and ME/CFS patients prior to
growth (Day 1). No significant differences were found within essential amino
acids, although valine concentrations were somewhat higher in ME/CFS
patients, nearly reaching significance at p= 0.054 (Figure 3.4.11A i)).
Interestingly, from the conditional/non-essential amino acids 4 out of 8 were
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found to be higher in ME/CFS supernatants in comparison to HC, being
respectively; Arginine, Aspartate, Glycine and Tyrosine (Figure 3.4.11A ii)).
Hydroxyproline, an important amino acid that acts as a building block for
collagen in the formation of cellular cytoskeleton during growth, approached
significance (p= 0.06). In the other metabolites, an increase in concentration
was found in Creatine and Formate concentration of supernatants from
ME/CFS patients compared to HC (Figure 3.4.11A iii)).
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3.4.2.5

Changes in metabolite concentrations during cell growth phases

Next, changes in metabolite concentrations during growth were compared
between HC and ME/CFS patients. In Figure 3.4.12A fold changes in
metabolite concentrations are shown during growth between Day 1 and Day 3.
Although no differences were found in the essential amino acids (Figure
3.4.12A

i)),

the

conditional/non-essential

amino

acids

Arginine

and

Hydroxyproline, both were found increased prior to growth, were found to be
consumed more by the cell cultures of ME/CFS patients compared with HC
during the first phase of growth (Figure 3.4.12A ii)). No differences in fold
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change were found in the other metabolites (Figure 3.4.12A iii)). Fold changes
in metabolite concentrations at Day 6 compared to Day 3 are shown in Figure
3.4.12B. During this late stage of B cell maturation, only the essential amino
acids Leucine and Valine were more consumed by B cell cultures from ME/CFS
patients in comparison to HC (Figure 3.4.12B i)). No differences between fold
changes in cultures from HC compared to ME/CFS patients were found in either
conditional/non-essential amino acids (Figure 3.4.12B ii)) or other metabolites
measured (Figure 3.4.12B iii)).
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during growth in B cell cultures.
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3.4.3 Summary Changes in CD Markers and metabolites upon growth
By exposing purified B cells from ME/CFS patients and HCs to agonists in vitro
(TD and TLR9D) in a transwell setting, changes in CD surface markers (on B
cells) and metabolites (in culture supernatants) were evaluated at different
timepoints over a 6-day culture period. The results showed that CD24
expression remained increased during the active growth phase of cultured B
cells in the ME/CFS compared to HCs. There was also an increase in %CD38+
cells in ME/CFS patients after 3 days of culture. Metabolomic analysis of culture
supernatants further showed a) a clear correlation between CD24 and glucose
consumption and lactate production in vitro in both HC and ME/CFS patients
and b) differences in uptake of metabolites between HCs and ME/CFS patients.
The increased uptake of non-essential amino acids in the ME/CFS cultures
during the period of maximum cell growth, insinuated an increased usage of
nitrogen-containing sources for energy production. This was not due to
significant changes in expression of the ectonucleotidases CD39 and CD73.
The particular changes in the metabolites in B cell culture supernatants were
remarkably similar to what is published from metabolomic analysis of serum
and urine samples from these patients (211).
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Chapter 4 Discussion
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B cells are key players in a wide range of immunological diseases, ranging from
diminished B cell function (primary and secondary immunodeficiencies), B cell
transformation (leukaemia and lymphoma) and production of autoantibodies
(RA and Myasthenia Gravis). In ME/CFS evidence for possible B cell
dysfunction has been inconclusive, however, an increased incidence of B cell
lymphoma (mainly marginal zone stage) has been associated with a previous
history of ME/CFS (212). The involvement of B cells in ME/CFS was also
suggested by Norwegian researchers, but after initial positive outcomes in two
small clinical trials of B cell depletion therapy with rituximab (65, 67), a phase
III randomized double-blinded multicentral trial did not reach primary nor
secondary clinical outcomes (213).
The hypothesis underlying this thesis was that in ME/CFS, chronic changes to
metabolic thresholds are induced following stressors in B cells. The dynamic
nature of B cell differentiation involved in the process of B cell activation was
therefore used as a model to test abnormalities in energy metabolism
underlying symptoms in ME/CFS patients such as post exertional malaise and
fatigue. It was further proposed that the systemic features found in ME/CFS
could reflect altered metabolic thresholds in somatic cells as well as immune
cells. The implications for alterations in B cell function caused by metabolic
disturbances such as in antibody repertoire, cytokine production, cognate
interactions with T cells and accessory cells may also affect the pathogenesis
of ME/CFS in subtle ways.

4.1

Fatigue and other areas of research into ME/CFS

ME/CFS is characterized by many symptoms involving several biological
systems, with post exertional malaise and severe disabling fatigue being the
most significant. As shown in Table 1.1, other symptoms include, but are not
limited to gastrointestinal issues, chronic pain and cognitive impairment. As a
symptom, fatigue is non-specific and highly subjective and is therefore very
difficult to characterize.
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Fatigue is a subjective feeling of tiredness which can have a physical or mental
cause but can very often be alleviated by periods of rest, however for ME/CFS
patients’ periods of rest have not shown to improve their fatigue.
Fatigue has many possible causes, which include lack of rest, physical activity
or emotional wellbeing. In the medical field fatigue can have organic causes
like for example deficiencies in iron, folic acid or Vitamin B12 or be related to
diseases such as cancer, diabetes, infections and a variety of autoimmune
diseases. The organic cause of fatigue is a common manifestation of
inflammation mediated by cytokines such as IL-1, IL-6 and TNF-alpha during
an infection or associated with autoimmune disorders (214). Besides their role
as signalling molecules for immune cells, cytokines also have the ability to act
on the CNS, inducing behavioural alterations such as severe disabling fatigue
(215, 216). This is related to sickness behaviour which also includes symptoms
such as malaise, inability to concentrate and loss of interest (217). Many
patients suffering from neuroinflammatory or autoimmune diseases, such as
Parkinson’s disease, MS and SLE thus commonly suffer from severe disabling
fatigue. However, neither frank inflammation nor a persistent viral infection such
as with EBV, HHV6-8 or CMV has been related to the disabling fatigue in
patients with ME/CFS (218-220). Predominantly, it is characterised by postexertional malaise after mental or physical activities, which leads to fatigue and
many other symptoms that have previously been described (16). Therefore,
underlying a different cause for fatigue in ME/CFS.
Nevertheless, several studies have been conducted involving research into
cytokine profiles to characterize or subdivide ME/CFS patients, but this data
has not been consistent.
Besides fatigue, ME/CFS patients also have a number of other neuroimmune
manifestations, such as cognitive impairment and postural hypotension.
Interestingly, these characteristics share remarkable similarities with MS, an
autoimmune disorder which affects the nervous system (221). The immune
system and the nervous system can be closely related throughout the course
of a disease or condition, such as in MS and possibly ME/CFS. For example,
cytokines and other immune cell products such as TGFb and IL6 can modulate
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the action, differentiation and survival of neuronal cells (222, 223), while
neurotransmitters like acetylcholine, serotonin and dopamine are well known
for regulating and modifying immune responses (224-226). Shared receptors
on neuronal cells and lymphocytes play a pivotal role in the strong
communication between the immune system and the neuroendocrine system
(227). During the course of a disease or during the process of stress both
systems can be regulated through cytokines and other soluble factors (228).
For example, activation of the hypothalamic pituitary adrenal (HPA) axis by
cytokines during viral infections have immunomodulatory effects on
inflammation through the release of glucocorticoids, while numerous
autoantibodies against for example acetylcholine receptors (AchRs), N-methyl
D-aspartate receptors (NMDAR) in the brain and voltage-gated potassium
channels (VGKC) have been described for diseases of the nervous system
(229-231). The involvement of autoantibodies against targets of the nervous
system have been suggested in ME/CFS, after antibodies to b adrenergic and
muscarinic cholinergic receptors were found (72). Strong evidence for autoantibodies to those receptors in patients with predominantly postural
hypotension suggest that stratification may be possible in the future. Further
investigations will need to be performed to understand a possible role for
autoantibodies in the pathogenesis of ME/CFS. But for now, this thesis will
focus on the experimental findings and features of B cells throughout
differentiation in HC and ME/CFS patients.

4.2

Extended B cell phenotype throughout B cell maturation

The first experimental aim of this thesis was to perform an extended B cell
phenotype study and to measure soluble factors in serum associated with B
cell survival, differentiation and antibody production.
Classical characterization of B cell subsets in HC and ME/CFS patients
revealed no differences in the frequencies of B cell subsets nor in the
measurement of soluble factors. However, differences were found between
ME/CFS patients and age-sex matched HCs in the frequency and expression
of CD24 and CXCR5 on B cell subsets. Furthermore, a difference was found
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from HCs in the percentages of CD38-CD21+ memory B cells (most likely
marginal zone B cells).

4.2.1 Expression of CD24 in B cell subsets of HC and ME/CFS
patients
The increased frequency and expression of CD24 on total B cells (CD19+) in
ME/CFS patients were confined to classical B cell subsets positive for IgD
which were associated with naive and IgD+ memory B cell subsets.
CD24 is highly polymorphic in humans with some polymorphisms associated
with increased risk of autoimmune diseases including MS, RA, and SLE (232).
So far, no SNPs or polymorphisms in CD24 have been related to ME/CFS. The
CD24 surface molecule was first described for its role in the earliest stage of B
cell maturation and is therefore most extensively used as a marker for early
stage transitional B cells (197, 233). Crosslinking of CD24 and BCR in pro-B
Burkitt lymphoma cells, precursor-B acute lymphoblastic leukaemia and MCF7 cell lines, or over-expression of CD24 in transgenic mice was shown to induce
apoptosis, predominantly in maturing B cells (193, 194, 197, 234). In this thesis
it has also been shown how in vitro BCR crosslinking with anti-IgM resulted in
an increase of non-viable B cells in CD24+ B cells coinciding with subsequent
loss of the receptor. It has therefore been suggested to reflect an important
mechanism in assisting the elimination of autoreactive B cell precursors in early
B cell development. As a GPI-anchored protein with no specific intracellular
signalling domains, association of CD24 into different lipid rafts is highly reliant
on connections with other cell surface molecules, but also depends on the cell
type and the differentiation status of a cell (189).
CD24 carries both N-Glycosylation and O-Glycosylation sites and can bind
through these peptide sequences to many different ligands including, Pselectin, serine/threonine residues and Siglec 10/G sites which in different
contexts lead to a variety of functional consequences and different downstream
signalling pathways involved in activation, proliferation, apoptosis and energy
metabolism (208, 235-237). A number of different signal transduction proteins
have been associated with CD24 cross linking on different cell lines including,
Burkitt’s Lymphoma, monocytic ESb-MP cells and SW480CD24 cells. For
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example, the association with downstream Src-family PTKs such as Lyn and
Lck (194, 238-240). These PTKs carry out key covalent modifications via
phosphorylation which modulates enzymatic activity and creates binding sites
for the recruitment of additional downstream signalling proteins (241).
CD24 is expressed at higher levels on a subset of metabolically active B cells,
such as B cell lymphomas and possibly on a subpopulation of memory B cells
(168). As CD24 was highly expressed in a large variety of human cancers,
where its function is related to proliferation and adhesion, it has thus also been
described as an oncogene (203-205). Although, CD24 has been described to
play a role in apoptosis in the early stages of B cell maturation, has a role in
downstream signalling and has been associated with cancers, during in vitro
activation and B cell differentiation, CD24 has previously not been explored. In
addition to the roles described above, CD24 may be an important molecule
regulating B cell fate and function during later stages of differentiation. As
phenotypic findings have shown increased frequencies and expression in a
subset of B cells, CD24 may also act as a biomarker for ME/CFS patients.

4.2.2 Additional phenotypic findings: CXCR5 on B cell subsets
and CD21+CD38- B cells
The following additional phenotypic findings were discovered, but not further
explored in this thesis. Nevertheless, these could be potential targets for future
studies.
Baseline phenotype analysis revealed strong correlations between CXCR5
expression on CD4+ T cells and CD19+ B cells in ME/CFS patients, which was
not found in HC. CXCR5 on CD19+ B cells plays an important role in B cell
homing to lymphoid tissues by binding CXCL13, after antigen triggered B cell
activation (242). Unlike in T cells, where previous findings have shown that
CXCR5 expression on a specific subset of CD4+ T cells is induced during
contact with antigen presenting cells (107). Although dendritic cells and
macrophages are generally known as classical antigen presenting cells, B cells
also function as professional antigen-presenting cells, especially for T cells
(243). This novel finding could be of potential interest in understanding the
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cognate interaction between B and T cells in the course of an infection. This is
particularly

relevant,

as

patients

with

ME/CFS

often

report

higher

susceptibilities to infections, related to links between the pathogenesis of
ME/CFS and several infectious agents (244).
CD21+CD38- B cells, which comprises a subset of CD27+ memory B cells,
were shown to be negatively associated with disease duration in ME/CFS
patients. A higher percentage of this population was found in ME/CFS patients
compared to HCs, along with a significantly increased relative risk.
A study in macaque monkeys, showed that CD21+CD27+ memory B cells give
rise to antibody producing cells by polyclonal activation (PWM, protein A and
CpG2006), in the absence of T-cell help (171). This memory B cell population
was also able to proliferate at a higher rate than other B cell subpopulations.
Interestingly, higher IgG and IgM antibody levels were found in ME/CFS
patients with high percentages of CD21+CD38- B cells compared to HC, but
not in individuals with lower percentages CD21+CD38- B cells in ME/CFS. This
could perhaps indicate that this population may have been expanded following
a possible initial infection and then decrease with disease progression.

4.3

Functional studies throughout B cell maturation

4.3.1 CD24 expression throughout B cell maturation
After performing the extended phenotype study, functional studies were
conducted based on the phenotypic findings of increased CD24 frequency and
expression on B cells of ME/CFS patients, particularly to follow and understand
the role of CD24 after B cell activation and its potential role in metabolism
throughout differentiation. First, experiments were performed to investigate if
the phenotypic findings of CD24 persisted under in vitro culture conditions.
Similar to whole blood phenotype analysis increased %CD24+ B cells of
ME/CFS patients compared to HCs, were also found in viable B cells cultured
in the absence of stimulation and up to 3 days of in vitro culture. This difference
was then lost after 3 days of stimulation induced proliferation and differentiation
with TD and TLR9D stimulus. This confirmed that the increased %CD24+ B
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cells found at baseline in ME/CFS patients was maintained during in vitro
culture but lost after strong activation signals.
When the process of CD24 decrease was further analysed in vitro, these
experiments showed a decline in %CD24+ B cells after each sequential cycle
of proliferation in both naive and memory B cells. Interestingly, CD24 retention
in non-proliferating (cycle 0) memory B cells was related to age in HCs but not
in ME/CFS patients. As %CD24+ B cells was lower in individuals £40 years
compared to >40 years, it could therefore well be that loss of CD24 is related
to senescence and the responsiveness, or lack of response of B cells to
stimulus with increasing age. Age related senescence in lymphocytes can be
described as progressive decline in the ability of the effector cells and memory
cells to react with foreign antigens, associated with an increase reactivity to
autoantigens (245). Factors such as apoptosis, oxidative stress, the imbalance
of pro and anti-inflammatory mechanisms and exhaustion play an important
role in senescence (246). A study in human B cells by Frasca et al for example,
showed that only memory B cells, and especially late memory B cells (CD27IgD-), which increase with age, express senescence-associated secretory
phenotypes (SASP) which show spontaneous activation of AMPK (207). The
association with age and CD24 retention on memory B cells, could possible
underline a role in immune senescence.
However, the mechanism behind the decrease and/or loss of CD24 after in vitro
stimulation has not yet been thoroughly examined. Has CD24 been released or
internalized through endocytosis or exocytosis as is known for similar surface
CD markers such as CD48 and CD56, or is there a potential other mechanism
involved (247, 248)? A study by Ayre et al looked into this subject and
suggested that the CD24 bearing plasma membrane was involved in the
movement of extracellular micro vesicles (EMV) upon CD24 engagement, and
not through endocytosis or exocytosis (192). EMV play an important role in
Intercellular communication as they can participate in a wide range of cell
processes including the regulation of lymphocyte activation, cellular
proliferation, the transfer of signaling molecules, epigenetic modification of cells
and the delivery of active second messengers or microRNAs into cells (249184

252). Loss of CD24 on the surface of proliferating and differentiating B cells
could therefore reflect the exchange of intercellular communication through
EMV, which allows CD24 to transport information between cells. After B cell
activation and during growth the cargo inside EMV have shown to contain
selected cell membrane receptors and cytoplasmic contents such as damaged
mitochondria (253, 254). Therefore, in addition to their role in B cell apoptosis
during early stages of development, CD24 can be of real importance in
delivering signals to B cells or remove damaged substances from the cytoplasm
after B cell activation and during B cell differentiation through EMV. It is
particularly of interest that CD24 is retained in ME/CFS patients, and therefore
damaged mitochondrial and or other organelles are not being transported out
of a cell. This could perhaps hamper B cell proliferation and differentiation.
Nevertheless, avoiding signals that could initiate apoptotic signals or lack of cell
adhesion could also be a mechanism in which decrease and loss of CD24 is
involved in the process of B cell proliferation and differentiation after B cell
activation.

4.3.2 CD24 and phosphorylated AMPK expression on naive and
memory B cells
In this thesis CD24 expression was followed throughout B cell differentiation,
which revealed an increased differentiation-dependent expression of CD24 in
memory B cells compared to mature naive B cells. Recent studies have
indicated additional roles for metabolic pathways in immune cell differentiation
and function such as AMPK activation, increased surface expression of the
glucose transporter Glut1 or increased rate of oxidative phosphorylation
throughout differentiation (146, 255). Therefore, a potential link between CD24
and these metabolic pathways were studied.
In vivo the majority of memory B cells involved in long-term immunity, are
generated in GC reactions with the help of T cells. These memory B cells have
been associated with the expression of somatically mutated and affinity
matured immunoglobulin genes (256). They also have an increased lifespan
and a stronger response to re-stimulation, in comparison to the initial immune
response. To fulfil and maintain these functions there are corresponding
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changes in metabolism that match the dynamic nature of memory B cells.
Studies on the metabolic strategies of B cell subsets have only recently been
studied, with pathways such as oxidative phosphorylation, glycolysis and
potentially other pathways involved at distinct stages of differentiation.
Spontaneous activation of AMPK has been shown to be one of the features to
be specific for a subset of memory B cells, as has been discussed earlier (207).
Stressors such as, hypoxia, low glucose levels and exercise activate the
phosphorylation of AMPK. Through its roles in lipid, glucose and protein
metabolism, AMPK functions between the barriers of energy metabolism and
basic cellular processes including proliferation and cell growth. Phosphorylation
of AMPK therefore activates signalling pathways that replenish cellular ATP
supplies. Studies in (transformed) cells showed that CD24 mediates signal
transduction, including intracellular calcium mobilisation and phosphorylation of
intracellular proteins, which both are known to activate phosphorylation of
AMPK but so far this has not been tested in naive and memory B cell subsets
(189, 257-259). In the experiments performed in this thesis a strong link was
found between CD24 expression and pAMPK in IgD++ IgM++ CD27+ memory
B cells in comparison to mature CD27- naive B cells. The signalling pathway of
CD24 in IgD++ IgM++ CD27+ memory B cells, may be co-linking with the BCRs
(IgD and IgM) which were highly expressed. Other cell surface molecules which
recruit Src family protein tyrosine kinases (PTKs) via membrane rafts, might
therefore be involved in maintaining this mechanism. It was therefore proposed
that increase or retention of CD24 in memory B cells (in vivo and in vitro) would
suggest a possibly similar usage or change in alternative energy supply through
AMPK.
The increased frequencies and expression of CD24 in ME/CFS patients, along
with its decrease in surface expression after induced proliferation and
differentiation indicated a potential mechanism of action for CD24 in metabolic
active (memory) B cells. These findings need to be repeated and tested on
ME/CFS subjects to confirm the potential link of pAMPK and CD24 in relation
to phenotypic findings on B cells of ME/CFS patients. CD24 could potentially
be used as a functional biomarker to test active energy metabolism in B cells
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of ME/CFS patients. A schematic graphic of this potential pathway is depicted
in Figure 4.2.1.

have strong links to
pAMPK HIGH expression
(IgD and IgM confined).

3a. Survival,
proliferation and
differentiation of CD24/low B cells in response to
stimuli.

Initial insult or ME/CFS triggers
(e.g. viral/bacterial infection,
stress).

In vitro

2. CD24+CD27+ B cells

expression on IgD confined B cell
subset of ME/CFS patients.

In
vit
ro

1. Increased CD24 frequency and

3b. Apoptosis and lack of
proliferation after stimulation
in CD24+/ high B cells.
BCR engagement with antiIgM increase less viable CD24+
B cells.

Figure 4.2.1: Summary diagram CD24 expression on B cells.
Increased CD24 expression on B cells of ME/CFS (1) could have a similar link
to pAMPK as shown for memory B cells positive for CD24 (2). Stimulation of
these cells could lead to a response e.g. survival, proliferation and
differentiation with loss of CD24 (3a) or unresponsiveness with CD24 retention
with lack of proliferation and apoptosis as a result (3b). Response to stimuli
lead to a new pool of healthy B cells (metabolic active memory B cells), which
can then possible be affected again through any type of insult or stress. This
could then eventually lead to an increase in CD24 expression and frequency.
By performing metabolomic assays it is very important to take in account
various parameters that could influence your samples and thus metabolomic
assays, such as sex, diet, patient mobility and sleeping pattern. For example,
the

immobility

of

various

ME/CFS

patients

could

influence

certain

concentrations of important metabolites, like lactate and glucose. Although
these experiments were performed in freshly isolated cells and metabolic
studies are normally performed in serum, plasma or urine samples data of these
various parameters should be documented in future studies.
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4.4

Metabolism and metabolomics in B cells of HC and ME/CFS
patients

Mitochondrial biogenesis is one of the downstream effects of AMPK
phosphorylation, and increased mitochondrial mass has been shown to be
indicative of greater glucose uptake and therefore increased ATP production
as a response to higher energy demands (260, 261).
Therefore, mitochondrial mass has been studied in HC B cells at baseline, after
in vitro stimulation and in comparison, with B cells from ME/CFS patients.
Mitochondrial mass at baseline was shown to vary between B cell phenotypes,
with increased mitochondrial mass in memory B cells in comparison to naive B
cells. Upon in vitro stimulation, the lack of changes (increase or decrease in
mitochondrial mass) over sequential cycles of proliferation confirmed the usage
of aerobic glycolysis over oxidative phosphorylation and electron transport
within the mitochondria of B cells. This has been described as a hallmark for
proliferating immune cells, known as the Warburg effect (141, 262, 263). Unlike
with the Warburg effect, where there is a preferred pathway to produce energy
rapidly, previous observations in metabolomic studies suggested an aerobic
condition but with the minimal utilisation of mitochondria for efficient energy
production in patients with ME/CFS (124, 126). Observations comparing B cells
from HCs and ME/CFS during active proliferation, as shown for CD27- and
CD27+ B cells, could thus perhaps reveal the minimal utilisation of mitochondria
in ME/CFS samples in comparison with HCs.
In vitro phenotype studies revealed no new findings except for an increase
frequency of the activation marker CD38 in B cells of ME/CFS patients in
comparison to HCs in relation to growth and differentiation. This might relate to
changes occurring during the active growth phase in the B cells of ME/CFS
patients, possibly suggesting a differential role during growth.
As CD38 is expressed on many immune cells, including T cells, B cells and NK
cells, it is involved in different functions. CD38 is generally used as a marker of
activation, but in B cells it can be used as a marker of differentiation with for
example high expressions on transitional B cells, low in naïve B cells and
negative for a subset of memory B cells. CD38, also known as ADP-ribose
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cyclase, functions as a cell adhesion molecule where it is involved in signal
transduction and as a nucleotide metabolising enzyme (ectonucleotidases)
during calcium signalling (264). CD38 is able to recycle extracellular
nucleotides as well as generating cyclic ADP-ribose, a potent Ca2+ mobilising
second messenger (265). Upon B cell activation, through the BCR, increased
intracellular Ca2+ levels control for the effector functions of development and
fate of a B cell immune response (266, 267). The increase in CD38 frequency
and expression during in vitro stimulation can therefore play an important role
in generating sufficient, or additional calcium. As calcium is one of the key
regulators of mitochondrial functioning, it can act at several levels around the
mitochondria to stimulate ATP synthesis for proliferation, differentiation and
growth of cells (268). This could be the case for B cells, and possibly other cells
from ME/CFS patients to maintain their function. On the other hand,
mitochondrial matrix Ca2+ overload can lead to the generation of ROS,
cytochrome C release which eventually could lead to apoptosis of a cell (269).
Interestingly, some studies in chronic fatigue and ME/CFS have already started
looking into mitochondrial damage through ROS (270, 271).
The catabolism of glucose and synthesis of macromolecules through anabolism
are key for the majority of ATP production through the mitochondria. Sources
to fuel these processes such as carbohydrates, fatty acids and amino acids
also known as metabolites can therefore be followed through metabolomic
analysis.
Metabolite concentrations were thus measured and used to follow distinct
biochemical pathways after induced in vitro culture stimulation of B cells. Here,
concentrations in glucose uptake and lactate production were shown to be good
indicators of healthy cell growth during in vitro culture stimulation. Increased
glucose uptake and induction of glycolysis after activation in immune cells has
also been described by Doughy et al and Dufort et al (255, 272). Both glucose
and lactate also strongly correlated with percentage CD24 positive B cells in
the cultures. This does strengthen the importance or an association of CD24 in
B cell metabolism which was suggested earlier. In other studies CD24 gene
expression was found to be associated with vesicle trafficking genes during B
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cell development where CD24 was strongly correlated with biogenesis and
mitochondrial morphogenesis (192). In this thesis these processes have been
described with strong links to CD24 throughout B cell maturation.
Concentrations and fold changes of a select group of metabolites including
essential, conditional/non-essential amino acids and other metabolites were
measured in respect to B cell growth. Differences between HC and ME/CFS
patients were observed. Prior to growth, the conditional/non-essential amino
acids arginine, aspartate, glycine and tyrosine were all elevated in ME/CFS
patients in comparison to HCs at Day 1. As shown in Figure 4.3.1 these 4
metabolites all act as a point of entry in the major catabolic pathway of amino
acids at different sites in the TCA cycle. This might suggest less uptake or
accumulation of these metabolites for cell growth in B cells of ME/CFS patients.
Interestingly, it has been suggested by others that the function of pyruvate
dehydrogenase is decreased in these patients, thus reducing the ability of such
products after glycolysis to enter the TCA cycle (128).
Alanine
Glycine
Threonine
Tryptophan

Glucose

Pyruvate

Iso-leucine
Leucine
Tryptophan

Tryptophan
Leucine
Lysine
Phenylalanine
Tyrosine

Acetyl CoAçè Acetoacetyl CoA
Phosphoenol-pyruvate

Aspartate
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Aspartate
Tyrosine
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Fumarate
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Methionine
Threonine
Iso-leucine

Citrate

⍺-Ketoglutarate

Arginine
Glutamate
Proline
Histidine

Succinyl CoA

Figure 4.3.1: Points of entry of essential and conditional/non-essential
amino acids in the TCA-cycle.
190

Metabolites enter the TCA cycle at different points, the essential amino acids
are shown in red and the conditional/non-essential amino acids in blue. The
boxes around the metabolites point towards the entry point of particular amino
acid catabolic pathways. Metabolites found in increased concentrations at
baseline in ME/CFS patients in comparison with HC are underlined.
As amino acids mainly contribute to protein synthesis during cell growth, the
usage of these metabolites for the generation of ATP can be very costly. Unlike
the essential amino acids, conditional/non-essential amino acids were used
more during cell growth in B cell cultures from ME/CFS patients in comparison
to HC.
Differences in usage of metabolites between HC and ME/CFS patients were
lost during growth between Day 3 and Day 6, except for the essential amino
acids’ leucine and valine, which both showed lower fold changes in ME/CFS
patients in comparison to HC. Leucine and valine both act as sources for
coenzyme A, respectively succinyl and acetyl (Figure 4.3.1). Although no
differences were found during cell growth between HC and ME/CFS patients at
Day 1-3 and Day 3-6, changes in metabolite concentrations and usage during
periods did reveal significant differences between HC and ME/CFS patients.
By performing metabolomic assays it is very important to take in account
various parameters that could influence your samples and thus metabolomic
assays, such as sex, diet, patient mobility and sleeping pattern. For example,
the

immobility

of

various

ME/CFS

patients

could

influence

certain

concentrations of important metabolites, like lactate and glucose. Although
these experiments were performed in freshly isolated cells and metabolic
studies are normally performed in serum, plasma or urine samples data of these
various parameters should be documented in future studies.
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Chapter 5 Conclusions, experimental limitations and future
work
ME/CFS is a complex condition of unknown etiology and pathogenesis with no
proven effective treatment. So far, there is little consistent data supporting the
pathogenesis of the disease, which let to difficulties in diagnosing patients with
confidence. This has thus contributed to a subset of ME/CFS patients being
misdiagnosed with alternative medical/psychiatric diagnoses in adults,
adolescents and children (273, 274). The main problems in diagnosis is the lack
of a specific test for ME/CFS. Biomedical research into ME/CFS has therefore
been of great importance to not only find the underlying cause of the condition,
but also to find biomarkers that could help with diagnosis and also to stratify the
diverse group of patients. This will also support scientist and or clinicians to
characterize patients for trials in the development of interventions or new
treatments. So far, most studies have focused on screening patient samples
(cells, serum cytokines, metabolites etc.) ex vivo in an inactive state, but due to
debilitating symptoms that follow after mental or physical activity (post
exertional malaise) more researchers have now started focusing on challenging
cells and monitoring their active behavior to stressors. This has already let to
promising new insights in the pathogenesis of ME/CFS by research performed
by for example Davis et al (275). Studies performed in this thesis and those
performed by others therefore indicate a disturbance/dysregulation in amino
acid usage and metabolism pathways which could be exploited for the
development of potential biomarkers for ME/CFS.
The now consensus opinion regarding abnormalities in energy usage of
ME/CFS patients that underlie the fundamentals for the main symptoms (post
exertional malaise and fatigue), may broadly reflect a hypometabolic state. This
could possibly be due to decreased sensitivity to ligand-receptor triggering, thus
decreasing the ability to release intracellular calcium stores when needed
following a variety of stressors, including those driving proliferation and
differentiation. The reduced ability of releasing intracellular calcium stores or
other mechanisms related to driving cell activity could thus lead to constant
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depletion of cellular ATP supplies which may therefore lead to the persistence
of a ‘Dauer-like’ hypo metabolic state in patients with ME/CFS (126).
A number of different studies of energy metabolism, using a variety of
techniques such as the measurement of mitochondrial respiration (seahorse
experiments), metabolomics (NMR and MS) all seem to conclude that there
is an inadequate or less efficient ATP generation. Along with possible increased
degradation of nucleotides to AMP which may underlie shifts in energy
homeostasis in ME/CFS patients.
This thesis describes novel changes in B cell phenotype in ME/CFS patients
compared to HCs in the frequency and expression of CD24, which are
provisionally related to changes in energy metabolism, in particular with
phosphorylation of AMPK and age in HCs. The thesis also described pathways
which were explored by carrying out experiments that have helped to
investigate how cells behave under stressed or active conditions. Based on the
novel findings of CD24, links with metabolism have been revealed and
discussed. Along with the possibility of using B cell-based assays to develop
an in vitro model to further explore specific pathways of energy metabolism.
Therefore, studies performed in this thesis could provide a potential platform
for more focused research and diagnosis. As it is unclear whether the difference
found in B cells of ME/CFS patients are a feature of B cell dysfunction or if the
findings highlight dysfunctions in ME/CFS patients that have been modelled in
B cells but could also perhaps been shown in other (immune) cells. This is
something that has to be further investigated in the future plans.
In order to study active immune metabolism in other cells, the in vitro
culture/metabolomics model needs to be further optimized. The model still has
limitations, for example the assessment of growth needs to be generalized for
HC and ME/CFS patients. Although no significant differences were found
between HC and ME/CFS patients in growth, a better assessment for this
should be considered. The usage of for example cell lines could be an option,
however this would not allow the comparisons between different ME/CFS
patients and HCs.
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One of the future plans is to expand the phenotype study to a different and
larger cohort with an additional control group. In collaboration with the London
School of Hygiene and Tropical medicine, who run the biggest ME/CFS biobank
in the UK, we have already started initial experiments to screen a larger cohort
of ME/CFS patients (moderate an severe) along with an MS control group and
HCs for CD24, but also CD38, CD39 and CD73 (ectonucleotidases) alterations
after short term TLR9D stimulation with CpG. An experimental limitation of
stimulating B cells with TLR9D stimulation (anti-IgM, CpG and IL2), was the
usage of anti-IgM in stimulating a very diverse pool of B cell populations. The
more B cells mature, the more class switched B cells will be formed that will not
respond to anti-IgM. Therefore, anti-Ig, or a cocktail of anti-IgG, anti-IgM etc.
should be opted for future in vitro culture stimulations. In addition, the approach
of looking at changes in single surface markers after in vitro stimulation will
allow us to get a better insight into changes affected by stimulus in a variety of
sample groups.
Another part of our future plans is to understand how induced proliferation and
thus decreased CD24 surface expression is related to CD24 bearing EMV after
B cell activation, proliferation and differentiation. What is the potential pathway
behind this and how is this regulated? This could be tested by performing
signaling experiments in conjunction with the in vitro stimulation of B cells as
shown throughout the thesis. For example, the metabolomics experiment can
be performed by stimulating different types of immune cells for activation to
reveal similar patterns or distinct patterns specific for the immune cell subtype.
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Baseline self-reported symptom questionnaire

221

Collected clinical data from the self-reported symptom questionnaire (on
a scale of 1-10) at baseline of N=38 ME/CFS patients (Median, min-max).
Fatigue
Fatigue
Post-exertional malaise
Need for rest
Lack of daily functioning
Pain
Muscle pain
Headache
Joint pain
Cutaneous pain
Cognitive
Memory problems
Ability to concentrate
Mental tiredness
Mood instability
Ability to read
Ability to watch television
or data
Other symptoms
Sleep disturbances
Nausea
Diarrhoea
Constipation
Urinary bladder
dysfunction
Dizziness
Intolerance to light
Intolerance to noise
Visual disturbances
Sweating
Palpitations
Mouth dryness
Rash
Tender lymph nodes
Temperature regulation
disturbance

Median
7
8
8
7

Min-max
3-10
2-10
4-10
2-10

4.5
6
4
1

1-10
1-10
1-9
1-10

5.5
6
7
4
4
4

1-10
1-10
1-10
1-9
1-9
1-9

6
2
1
1.5
1

1-10
1-9
1-10
1-8
1-8

3
3.5
4
2
3.5
3
1
1
6
8

1-10
1-9
1-9
1-8
1-9
1-10
1-8
1-6
1-8
1-10

How has the disease
affected your quality of
life the last 3 months
How do you interpret the
“overall CFS” status the
last 3 months

8

2-10

7

2-10

222

ME/CFS symptom questionnaire

Study subject ID:

Initials:

Date of Birth:
Principal Investigator:

Version: 1

Questionnaire assessing CFS symptoms and additional
medical conditions

Please complete the following questions by circling the right answer
(Y - yes, N - no)

1. Have you previously been diagnosed with Chronic Fatigue Syndrome (also
known as Myalgic Encephalomyelitis)?

Y

N

2. Have you experienced severe chronic fatigue of 6 months or longer that is not
explained by any medical or psychiatric diagnosis?

Y

N

Questionnaire for CFS symptoms, version 1, 26.03.2014
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3. Do you have at present any of the following symptoms?

•

post-exertional malaise lasting more than 24 hours

Y

N

•

unrefreshing sleep

Y

N

•

significant impairment in short term memory or concentration

Y

N

•

muscle pain

Y

N

•

multi-joint pain without swelling or redness

Y

N

•

sore throat

Y

N

•

tender lymph nodes

Y

N

•

headaches of a new type, pattern, or severity

Y

N

4. Have you ever been diagnosed with any of the following conditions: sleep
disorders, depression, alcohol/substance abuse, diabetes, hypothyroidism,
mononucleosis (mono), lupus, multiple sclerosis (MS), chronic hepatitis and or
malignancy?
Y

N

Thanks you for completing the questionnaire.

Questionnaire for CFS symptoms, version 1, 26.03.2014
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Hospital anxiety and depression (HAD) questionnaire
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CD24 expression on pro-B cells plays a role in B cell selection and development in the
bone marrow. We previously detected higher CD24 expression and frequency within
IgD+ naïve and memory B cells in patients with Myalgic Encephalomyelitis/Chronic
Fatigue Syndrome (ME/CFS) compared with age-matched healthy controls (HC). Here,
we investigated the relationship between CD24 expression and B cell maturation. In vitro
stimulation of isolated B cells in response to conventional agonists were used to follow
the dynamics of CD24 positivity during proliferation and differentiation (or maturation).
The relationship between CD24 expression to cycles of proliferation and metabolism
in purified B cells from HC was also investigated using phospho-flow (phosphorylation
of AMPK-pAMPK), 1proton nuclear magnetic resonance and Mitotracker Far-red
(Mitochondrial mass-MM). In vitro, in the absence of stimulation, there was an increased
percentage of CD24+ viable B cells in ME/CFS patients compared to HC (p < 0.05)
following 5 days culture. Following stimulation with B cell agonists, percentage of
CD24+B cells in both naïve and memory B cell populations decreased. P < 0.01).
There was a negative relationship between percentage of CD24+B cells with MM (R2
= 0.76; p < 0.01), which was subsequently lost over sequential cycles of proliferation.
There was a significant correlation between CD24 expression on B cells and the usage
of glucose and secretion of lactate in vitro. Short term ligation of the B cell receptor
with anti-IgM antibody significantly reduced the viability of CD24+ memory B cells
compared to those cross-linked by anti-IgD or anti-IgG antibody. A clear difference
was found between naïve and memory B cells with respect to CD24 expression and
pAMPK, most notably a strong positive association in IgD+IgM+ memory B cells. In
vitro findings confirmed dysregulation of CD24-expressing B cells from ME/CFS patients
previously suggested by immunophenotype studies of B cells from peripheral blood.
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CD24-negative B cells underwent productive proliferation whereas CD24+ B cells were
either unresponsive or susceptible to cell death upon BCR-engagement alone. We
suggest that CD24 expression may reflect variations in energy metabolism on different
B cell subsets.
Keywords: B cells, CD24, metabolism, ME/CFS, memory B cells, pAMPK

INTRODUCTION

impairment (17, 18). Although CD24 plays a well-described role
in early B cell development in the bone marrow in mice and man,
our novel finding of increased CD24 on B cells as a potential
biomarker for ME/CFS patients prompted the investigation of its
possible function throughout B cell maturation in the periphery.
Here we investigated the in vitro behavior of CD24 following B
cell-directed stimulation. We describe a potential role for CD24
in the generation and maintenance of B cell fate in IgM+ memory
B cells likely mediated through a metabolic pathway involving
phosphorylation of AMPK.

CD24 is one of the earliest expressed proteins during human
B cell maturation, being present at the late pro-B cell stages
alongside surface markers such as CD21 and cytoplasmic µ
heavy chains (1, 2). CD24 is a highly glycosylated protein
which is glycosyl-phosphatidylinositol-anchored (GPA) but can
be localized to lipid rafts on the plasma membrane of B cells (3).
Its role was first described following the finding that cross-linking
CD24 on immature pro- and pre-B cells B cells could block B
cell development in a murine model by inducing apoptosis (4, 5).
The dynamic regulation of CD24 on immature bone marrow B
cells and its role in apoptosis has been confirmed in in vitro cell
cultures of mouse and human cell lines and was thus suggested
to be involved in determining the fate of B lymphoid progenitor
cells (6–8). The selection process that results in apoptosis of many
autoreactive B cells in the bone marrow is complex but involves
both the specificity of the B cell receptor (BCR) and other
signaling molecules, including CD24 (1, 9, 10). For example,
transgenic mice overexpressing CD24 exhibit a loss of late preand immature B cells due to increased apoptosis (11). Crosslinking or engagement of CD24 may regulate BCR-mediated B
cell selection in the bone marrow, consequently, the generation
and emigration of transitional B cells to the periphery.
In the peripheral lymphoid system of humans, CD24
expression undergoes continuous fluctuations in expression
throughout the lifespan of mature B cells until CD24 is lost
when B cells diﬀerentiate into antibody-producing cells (12–
14). Although the functional consequences of the changes in
CD24 expression on mature naïve and memory B cells have been
poorly studied in the human, Sanz and colleagues have described
high expression patterns of CD24 in the majority of CD27+ B
cells while the majority of CD27− B cells had low expression
in healthy subjects. Isotype analysis within the CD27+ and
CD27− B cell subsets revealed that IgM-only cells in both subsets
are a distinctive population of CD24+B220-(CD45R) cells. On
the contrary, IgG switched memory B cells were heterogeneous
in the expression of CD24 and B220 (15). While previous
studies focused on experiments crosslinking (or engaging) and
overexpression of CD24 molecules in murine models, the
functional consequences of the changes in CD24 expression on
mature peripheral blood-derived naïve and memory B cells has
been poorly studied in human health and disease.
We recently described significantly increased frequency
and expression of CD24 on subsets of IgD+IgM+ B cells
from patients suﬀering from Myalgic Encephalomyelitis/Chronic
Fatigue Syndrome (ME/CFS) (16), a multisystem disorder
characterized by fatigue, post-exertional malaise and cognitive
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MATERIALS AND METHODS
Patients and Healthy Controls
Patients diagnosed with ME/CFS fulfilling the revised Canadian
Consensus Criteria (CCC 2010; incorporating Canadian, CDC
and Fukuda criteria) were selected for the study at 2 ME/CFS
referral centers, namely the Royal London Hospital of Integrated
Medicine, UCLH NHS Foundation Trust (under the care of Dr.
S. Berkovitz) and St. Helier Hospital NHS Trust (under the care
of Dr. A. Bansal). Nine ME/CFS patients (6F, 3M; median age 33;
range 22-52) and 8 healthy controls (HC) (5F, 3M; median age
33; range 23–63) were included. Length of history ranged from
4 to 21 years. All were Caucasian, time of blood taking, where
0 is no symptoms and 10 most severe) were 7.3 for fatigue, 4.3
for cognitive impairment and 4 for pain. Subjects were sourced
from the same cohort of patients and controls described in detail
previously (16). Informed consent was obtained and medical
history (disease duration, the severity of symptoms and comorbidities) was recorded for the purpose of the study. Patients
with a confirmed history of autoimmune disease or receiving
immunosuppression were excluded, as well as those who had
a history of depression (HADS >17). Exclusion criteria for
the control group was if a first or second degree relative of a
ME/CFS patient. Healthy controls were recruited from hospital
and academic staﬀ and volunteers amongst friends of patients
without evidence of ME/CFS on the basis of completed symptom
questionnaires. This study has been approved by the NRES
Committee London-City Road & Hampstead Research Ethics
Committee (REC reference: 14/LO/0388).

Cell Cultures and Stimulations
Whole blood from ME/CFS patients and healthy controls were
used to isolate peripheral blood mononuclear cells (PBMCs)
by centrifugation over Lymphoprep (StemcellTM Technologies,
Vancouver BC). B cells were enriched by negative selection
using the EasySepTM Human B cell isolation kit (StemcellTM
Technologies, Vancouver BC). B cells were then stained with
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inserts (Corning, New York, NY). 500 uL of culture supernatants
were sampled at days 1 and 3 of which 200 uL was combined
with 200 uL of ice-cold methanol-d4 (Sigma-Aldrich, St Louis
MO), allowed to rest for 3 min, then 200 µL ice-cold deuterated
chloroform-d (Sigma-Aldrich, St Louis MO) was added and
mixed by vortexing. Samples were then centrifuged (13,000 rpm)
at 4◦ C for 5 min to produce a biphasic mixture with a hydrophilic
phase of water/deuterated methanol and lipophilic phase of
deuterated chloroform. A 300 µL sample of the top hydrophilic
layer was added to 300 uL of 200 mM sodium phosphate in D2O
(pH 7) containing 2 mM DSS and 0.2% (w/v) sodium azide.
550 µL of supernatant was transferred to a 7-inch 5-mm 507grade NMR tube and run on 700 MHz (Bruker Avance Neo
700) for NMR analysis. Metabolites in samples from cultures
were analyzed as previously described by one of us (21). Flow
cytometry was used to measure percentages of live B cells and
changes in B cell phenotype markers (CD19, CD27, IgD, IgM,
and CD24) and additional surface markers involved in energy
pathways namely CD73, CD39, and CD38 at the same time
points.

the fluorescent dye Carboxyfluorescein succinimidyl ester (CFSE;
Biolegend, San Diego CA) to follow proliferation. PBMCs or
CFSE stained B cells (5 × 104 per well in 96 well flat bottom
plates) were cultured in the presence of T-dependent (TD)—
anti-CD40 (LEAFTM Purified anti-human, Biolegend San Diego
CA) anti-IgM [AﬃniPure F(ab’)2 Fragment Goat Anti-Human
IgM, Fc5µ fragment specific, West Grove PA] and IL2 (Human,
PeproTech EC Ltd, Rocky Hill NJ), or additional stimulation
through Toll-like receptor 9 with CpG oligodeoxynucleotides
(ODN 2006, Invivogen, San Diego CA) + anti-IgM and IL2) or
with B cell activating factor (BAFF; R&D systems, Minneapolis
MN), a B cell survival cytokine (19). After 5 days of culture in
RPMI-1640 (Sigma-Aldrich, St Louis MO) supplemented with
10% fetal bovine serum (FBS; Labtech International, Heathfield
UK), B cells were harvested for flow cytometry analysis and
supernatants from cultures were collected and analyzed for
immunoglobulins and sCD23 production.

Flow Cytometry
PBMCs or B cells were stained for 20 min with fluorescent
conjugates of CD19-Alexa Fluor 700, CD38-PerCP.Cy5.5, CD39FITC and CD73-PE (Biolegend, San Diego, CA) IgD-BV421,
IgM-BV605 (BD Biosciences, San Jose, CA) CD27−APC and
CD24-APC eFluor780 (eBioscience, San Diego, CA), and a
viability marker (LIVE/DEADTM Fixable aqua dead cell stain,
ThermoFisher Scientific, Waltham, MA). Cells were washed
(centrifuged for 5 min 300× g at room temperature) and
resuspended in PBS and acquired within 24 h on a BD LSR
FortessaTM X-20. Compensation beads (BD, Biosciences, San
Jose, CA) were used to optimize fluorescence compensation
settings for multicolour flow cytometric analysis. A minimum
of 100,000 events in the lymphocyte gate was collected. Naïve
and Memory B cell subsets were defined as in our previous
publication (16) based on the classification described in Ref
(20). Representative plots of the classical B-cell subsets defined
by IgD/CD27 and IgD/CD38 using this system are shown in
Supplementary Figure 1.

Detection of Phosphorylated Adenosine
Monophosphate Kinase (pAMPK) in B Cells
Purified B cells were stained for 20 min with CD19-Alexa Fluor
700, CD27−APC and CD24-APC eFluor780 as indicated above.
Stained cells were then fixed with Cytofix fixation buﬀer (BD
Biosciences, San Jose, CA) for 10 min at 37◦ C, followed by a
wash step (4 min 1,800 rpm at 4◦ C) cells were permeabilized
with Phosphoflow Perm buﬀer (BD Biosciences, San Jose,
CA) for 30 min at 4◦ C. After washing, cells were stained
with Phospho-AMPK Alpha rabbit monoclonal antibody (Cell
Signaling Technology, Danvers, Massachusetts) for 30 min at
RT. Cells were then washed and stained with a fluorochromeconjugated secondary antibody, Goat anti-Rabbit FITC (Vector
Laboratories, Burlingame, CA) for 30 min. After the final wash
step cells were fixed with 2% PFA and acquired on the flow
cytometer directly.

Staining of Mitochondrial Mass in B Cells
With MitotrackerTM Red FM

Measurement of Soluble Factors
Associated With B Cells Survival and
Differentiation

Freshly isolated PBMCs or cultured B cells were incubated
with 22 nM MitotrackerTM Red FM (ThermoFisher Scientific,
Waltham, MA) in preheated (37◦ C) RPMI medium 1,640
without serum for 30 min at 37◦ C. Cells were then washed (5 min
300× g at RT) with RPMI, the pellet resuspended in PBS and
stained for 20 min with CD19-Alexa Fluor 700, CD27−APC,
CD24-APC eFluor780 and IgD-BV421 as indicated above.

Commercial ELISA kit was used to measure serum soluble CD23
(sCD23) production (R & D systems Europe Ltd; Abingdon,
UK). Following B cell activation, surface expression of CD27
induces cleavage of CD23 and can for that reason be used as
a measurement of B cell turnover from naïve to memory B
cells (22, 23). Relative sCD23 levels were used to confirm the
diﬀerentiation of stimulated B cells from naïve to memory status.
R
Human IgM and IgG total ELISA Ready-SET-Go!⃝
(eBioscience,
San Diego, CA) kits were used to measure antibody production
in culture supernatants.

Relationship Between B Cell Membrane
Molecules and Glycolysis During in vitro
Stimulation: 1 Proton Nuclear Magnetic
Resonance (1 H NMR)
Briefly, 5 × 105 B cells/well from 6 Healthy donors were cultured
in the presence of BAFF, anti-CD40 + (anti-IgM+IL2) and CpG
+ (anti-IgM+IL2) stimulation (as above) in 1.5 ml complete
medium for up to 6 days in 24 wells culture plates with transwell
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Statistical Analysis
Comparisons of levels of serum factors and B cell phenotype
parameters between patients with ME/CFS patients and healthy
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controls and between B cell subsets were made using nonparametric tests (Mann-Whitney U-test), non-parametric
multiple comparisons (One-way ANOVA) and linear regression
(Pearson correlation coeﬃcient) using Graph Pad Prism 6
(GraphPad, San Diego, USA) with significance level of 5%
(p < 0.05 ∗ ).

was found to be highest on transitional B cells (IgD+CD38++),
declined in mature naïve B cells (p < 0.0001) with expression
significantly increased in all 3 memory B cell populations
(Unswitched memory, Post GC and Resting memory B cells
respectively) compared to naïve B cells (p < 0.0001 One-way
ANOVA). Plasmablasts showed the lowest expression of CD24
with a significant diﬀerence from naïve mature (p < 0.0001) and
memory B cell subsets (p < 0.0001). Expression of CD24 thus
changed significantly throughout B cell maturation.

RESULTS
CD24 Expression During B Cell Maturation

The Effect of Stimulation on %CD24+ B
Cells in PBMCs From Healthy Controls and
ME/CFS Patients

In healthy controls (HC) we have previously described an
increased frequency (%) of CD24 expressing un-switchedmemory B cells (IgD+CD38-) compared to that of naïve B
cells (IgD+CD38+), and that the percentage positive for CD24
subsequently decreased in post-germinal center (IgD-CD38+)
resting memory (IgD-CD38-) and plasmablasts (IgD-CD38++)
(16). In Figures 1A,B, the distribution of CD24+ B cells within
total lymphocytes and CD19+ B cell populations are shown.
The majority of B cells expressed CD24; non-B cells (CD19cells) which were mainly T cells did not express CD24. As
shown in Figure 1C, CD24 expression in CD27+ B cells was
significantly higher than in CD27−B cells (p < 0.0001). We also
determined levels of CD24 expression (MFI) on B cell subsets
defined using the relative expression of IgD and CD38. CD24
expression of transitional B cells newly exited from the bone
marrow through to antibody-producing plasmablasts is shown
for CD19 gated B cells (Figure 1D) in HC. CD24 expression

The changes in %CD24+ B cells in PBMCs after in vitro
stimulation with either anti-CD40 + (anti-IgM+IL2) or CpG
+ (anti-IgM+IL2) induced stimulation was followed. CpG
stimulation utilized a synthetic oligonucleotide (CpG ODN2006) that binds Toll-Like receptor 9, whereas stimulation
with anti-CD40 antibody mimics T cell dependent (TD)
stimulation. Both culture conditions were combined with the T
cell proliferation cytokine IL2 and anti-IgM which cross-links the
B cell receptor, and thus predominantly targets naïve and IgM
memory B cells. PBMCs were also cultured in medium alone or
in the presence of the pro-survival B cell cytokine BAFF. After 5
days of culture, cells were harvested and stained with a viability
stain, along with CD19 and CD24 fluorescent-conjugated
monoclonal antibodies. Culture supernatants were retained for

FIGURE 1 | Dynamics of CD24 expression throughout B cell maturation. Representative flow cytometric dot plot showing the gating strategy for CD24+CD19+ B
cells (A) and a histogram of CD24 expression within total B cells (B) from freshly isolated PBMCs of a healthy control. Box and whiskers plots show the expression of
CD24 in CD27− and CD27+ B cells (C) and B cell subsets distinguished using the relative expression of IgD and CD38 (D). Box and whiskers plots show median and
10th to 90th percentile in (HC; N = 32). ****p < 0.0001 (Mann-Whitney U-test).
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FIGURE 2 | CD24+ B cells, soluble CD23 release and antibody production following 5 days culture of PBMCs with different stimuli. The frequency of CD24+ B cells
in HC (N = 6) and ME/CFS patients (N = 9), after in vitro culture for 5 days is shown (A). Box and whiskers show medians and 10th to 90th percentiles. Levels of
sCD23 (B), IgG and IgM antibody production (C) in the supernatants of cultures are shown as a measure of differentiation. Bars show median with interquartile range
*p < 0.05, **p < 0.01, ***p < 0.001 (Mann-Whitney U-test).

FIGURE 3 | Percentage CD24+ B cells over sequential proliferation cycles in CD27− and CD27+ B cells. A representative plot of proliferation cycles from isolated B
cells when incubated with BAFF (solid line; green) and CpG + (anti-IgM+IL2) stimulation (dotted line; blue) after 5 days of culture is shown (A). The median ±
interquartile range of percentage CD27− and CD27+ B cells in total B cells (B) and CD24+ B cells (C) over 5 sequential proliferation cycles are shown in median bars
with interquartile range (HC; N = 8). *p < 0.05 and **p < 0.005 (Mann-Whitney U-test).
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FIGURE 4 | Relationship between %CD24+CD27+ B cells and age over sequential cycles of proliferation. %CD24+CD27+ B cells in cycle 0–4 (A–E) in relationship
with age (years) after CpG + (anti-IgM+IL2) stimulation scatter plot with regression line is shown (HC; N = 8). Pearson correlation (R2 ) for Linear regression and
p-values are shown. NS, not significant at 5% level.

in Figure 2C, confirming diﬀerentiation to Ig production by
naïve and memory B cells in CpG stimulated cultures, but
not those stimulated under TD (anti-CD40) conditions. It has
previously been shown that TD stimulation through CD40L
induced proliferation of both naïve and memory B cells, but not
diﬀerentiation to plasma cells, whereas CpG induced memory
B cell diﬀerentiation resulted in immunoglobulin production
following proliferation and diﬀerentiation to plasma cells (24).

measurements of sCD23. After 5 days, the frequency of CD24+
B cells (CD19+) in cultures incubated with diﬀerent stimuli
was compared between HC and ME/CFS patients (Figure 2A).
Unstimulated and BAFF containing cultures maintained higher
frequencies (%) of CD24+ B cells after 5 days of culture. The
%CD24+ B cells steeply decreased after both anti-CD40 and
CpG stimulation. A significant increase in the %CD24+B cells
compared with HC was found in PBMCs from ME/CFS patients
(p < 0.05) in unstimulated cultures. Following B cell activation,
surface expression of CD27 is associated with cleavage of CD23
from the B cell. As shown in Figure 2B, a decrease in CD24
expression after stimulation was associated with an increase of
sCD23 in culture supernatants, while unstimulated and PBMCs
cultured with BAFF did not release CD23, confirming lack of
in vitro diﬀerentiation. Post-germinal center and other memory
B cells are negative for CD23 and the relative level of the
soluble factor (sCD23) cleaved from the B cell surface during
diﬀerentiation to memory status has been used by us and others
as a surrogate measure of B cell activation/diﬀerentiation from
the naïve (20, 22, 23). No diﬀerences were found between
ME/CFS patients and HC in sCD23 levels (data not shown).
IgM and IgG levels in the same culture supernatants are shown

Frontiers in Immunology | www.frontiersin.org

Frequency of CD24+ Naïve and Memory B
Cells Over Sequential Proliferation Cycles
Following TI Stimulation
In order to investigate the eﬀect of proliferation on %CD24+
B cells, negatively isolated B cells from freshly isolated PBMCs
were stained with CFSE and cultured for 5 days in the presence
of CpG + (anti-IgM+IL2) stimulation. CpG stimulation is
known to induce multiple proliferation cycles of human B
cells (25). We confirmed that stimulation with CpG induced
more proliferation cycles and significantly higher IgM and IgG
antibody production over 5 days compared to anti-CD40 (TD)
stimulation (Supplementary Figure 2) and therefore results for
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IgD/CD27, are shown. Compared to naïve B cells (IgD+CD27−),
memory B cells showed increased MM, with class-switched
memory B cells (IgD-CD27+), pre-switched memory B cells
(IgD+CD27+), which predominantly secrete IgM and late
resting or double negative memory cells (26) (IgD-CD27−) also
showing a significant increase in MM.
MM was also measured over each proliferation cycle in
naïve and memory B cells from HC after 5 days of culture. As
shown in Figure 5B there was no diﬀerence in MM between
each proliferation cycle, although the higher MM of memory
B cells compared with naïve B cells was maintained over
sequential cycles. The correlation between %CD24+CD27+
memory B cells and MM over sequential proliferation cycles after
CpG stimulation in HC was also investigated within individual
proliferation cycles (Figure 6). CD24+CD27+ B cells in Cycle 0
(Figure 6A) had a strong negative correlation with mitochondrial
mass. Over subsequent cycles, this correlation was gradually lost
with proliferation and increased percentages of CD24- compared
with CD24+memory B cells (Figures 6B–E).

FIGURE 5 | Baseline levels and effect of CpG + (anti-IgM+IL2) -induced
proliferation on mitochondrial mass using MitotrackerTM Red FM (MTR) of B
cells from HC. MTR expression (MFI) in baseline B cell subsets (HC; N = 11)
distinguished using the relative expression of IgD and CD27 is shown (A). Bars
show median with interquartile range. ** p < 0.01 and *** p < 0.001 (MannWhitney test). MTR expression in CD27− (naïve) and CD27+ (memory) B cells
of HC (N=8) over sequential cycles of proliferation are shown in box and
whiskers plots with median and 10th to 90th percentile in (B).

Phosphorylated AMPK and CD24 in Naïve
and Memory B Cells
Overexpression of CD24 has been described on a number of
human tumor cells, including acute myeloid leukemia (27–
29). Microarray analyses of prostate cancer cells suggested that
CD24 had a role as a growth-promoting factor, which was
downregulated when the enzyme adenosine monophosphate
kinase (AMPK) was inactivated (30). The kinase is activated
(phosphorylated -pAMPK) in response to stresses that deplete
cellular ATP supplies such as low glucose, hypoxia and exercise
positively regulates signaling pathways that replenish ATP,
including fatty acid oxidation, autophagy and mitochondrial
biogenesis. In normal human B cells, it has been reported that
only memory B cells, and especially late memory B cells (IgDCD27−), express senescence-associated secretory phenotypes
(SASP), which are associated with spontaneous activation of
AMPK (31). We therefore examined the potential relationship
between CD24 on B cells, separated on the basis of CD27
expression, and phosphorylation of AMPK, using Phospho-Flow.
In Figure 7A a representative plot of pAMPK expression on
CD27− and memory CD27+ B cells in comparison with a
negative control (pAMPK stain without secondary antibody)
are shown. The median expression (MFI) of pAMPK on
CD27−B cells were used as a cut-oﬀ for high pAMPK
expression (referred to as pAMPK-HIGH) in comparison with
memory B cells (Figures 7Bi, 7Ci). Approximately 20% of
naïve B cells showed a “pAMPK-HIGH” expression, which
was equally distributed between CD24- and CD24+ B cells
(Figure 7Bii). In CD27+ memory B cells pAMPK-HIGH
expression was shown to be at a much higher frequency
than in naïve B cells, particularly in the CD24+ population.
Thus, this indicated a clear-cut diﬀerence in AMPK signaling
in memory B cells compared to CD27−B cells, which was
significant for CD24+ compared with CD24- memory B cells
(Figure 7Cii).

CpG stimulation are shown. After culture B cells were stained
with a viability stain and fluorescent conjugates against CD19,
CD27, and CD24. Figure 3A shows a representative plot of
sequential cycles during B cell proliferation of healthy controls
after a 5-day culture with CpG stimulation. The frequency of
B cells (Figure 3B) and CD24+ B cells (Figure 3C) within
CD27− and CD27+ subsets are shown over each cycle. Both B
cell subsets proliferated in response to CpG stimulus, but the
percentage of CD24+ B cells decreased with each proliferation
cycle in both CD27− and CD27+ B cells. Although there was
a higher relative frequency of %CD24+ B cells in CD27+ vs.
CD27− B cells at baseline, the rate of decrease was similar
in both subsets. Anti-CD40 (TD) stimulated B cells showed
similar patterns as CpG stimulation, although with fewer
proliferation cycles reached within 5 days culture (data not
shown and Supplementary Figure 2). When the percentage of
CD24+CD27+ B cells within each cycle was analyzed in relation
to baseline parameters in healthy controls, there was a significant
positive correlation between age and %CD24+CD27+ B cells
in Cycle 0, which was lost over sequential proliferation cycles
(Figure 4).

Changes in Mitochondrial Mass Over
Sequential Proliferation Cycles Following
TI Stimulation in naïve and Memory B Cells
As energy demand changes during B cell diﬀerentiation, we
measured mitochondrial mass (MM) in relation to CD24
expression on B cell subsets and cultured B cells with
MitotrackerTM Red FM (MTR). MTR is a fluorescent dye which
stains mitochondria within live cells, where its accumulation is
dependent upon intact cell membrane potential. In Figure 5A
MM of B cells from freshly isolated PBMCs, defined by
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FIGURE 6 | Relationship between %CD24+CD27+ B cells and Mitochondrial mass over sequential cycles of proliferation. %CD24+CD27+ B cells in cycle 0–4
(A–E) in relation to Mitochondrial mass (MTR) after CpG + (anti-IgM+IL2) stimulation scatter plot with regression line is shown (HC; N = 8). Pearson correlation (R2 )
for Linear regression and p-values are shown. NS, not significant at 5% level.

Identity of pAMPK-HIGH Population With
CD24+CD27+ Memory B Cells

key metabolites namely glucose (substrate) and lactate (product)
during in vitro stimulation of B cells as a proxy for glycolysis,
and B cell immunophenotype markers including CD24 and
those associated with ATP metabolism. Additional markers were
the Ectonucleotidases CD39 and CD73 and cyclic ADP Ribose
hydrolase (CD38) and CD27 (a diﬀerentiation marker expressed
on most Memory B cells) and the B cell receptor, IgM. Figure 8
(glucose) and Figure 9 (lactate) show fold changes in percentages
of CD24 (A), CD27 (B), CD39 (C), CD73 (D), CD38 (E), and
IgM (F) in relation to fold changes in proportion of glucose and
lactate between days 1 and 3. We found that the direction of
fold changes in both %glucose (negative) and %lactate (positive)
in culture supernatants correlated with %live CD24+ B cells
(p < 0.01 and p < 0.001, respectively) but not with those of
other phenotypic markers, except a weaker (positive) association
between CD73 and lactate production (p < 0.05).

Additional surface markers were then included in order to
identify the B cell subpopulation associated with pAMPK-HIGH
CD24+CD27+ memory B cells more precisely. As shown in
Figure 7D, CD24+CD27+ memory B cells in the pAMPKHIGH group were predominantly within the IgD++IgM++
(MFI) population. The remainder of CD24+CD27+ memory
B cells which were not pAMPK-HIGH, were mostly IgD-IgM(switched memory B cell phenotype) although there was also a
significant population of IgD++IgM++ B cells. The memory
(CD27+) B cell subset co-expressing IgD and IgM represent
a marginal zone or pre-switch memory B cell phenotype
(IgD+CD38-).

B Cells Expressing CD24 and Other Cell
Surface Molecules in Relation to Glucose
Consumption and Lactate Production

Effect of B Cell Receptor Ligation on Cell
Viability and CD24 Expression on CD27−
and CD27+ B Cells

We had thus shown a tentative association between
CD24 expression and energy metabolism in the form of
phosphorylation of AMPK. We extended our analysis to cultured
B cells to explore the relationship between a direct measure of 2
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In early naïve pro-B cells, CD24 co-localizes with and modifies
the function of other receptors, most notably the B cell receptor
(BCR) (32), but its role in the normal B cell development
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FIGURE 7 | Expression of pAMPK and CD24 in CD27− and CD27+ B cells. Flow cytometric histogram shows a representative plot of pAMPK expression in CD27−
(blue) and CD27+ (red) B cells and a negative control without secondary antibody (gray; A). CD24 expression in relation to pAMPK in naïve (Bi) and memory (Ci) B
cell subsets are shown in a contour plot. Percentage B cells in CD24+ (dark gray symbols) and CD24- B cells (light gray symbols) populations positive for pAMPK in
healthy controls for CD27− (Bii) and CD27+ (Cii) B cells are shown for HC (N = 6). Flow cytometric dot plot shows how IgD and IgM is expressed on CD24+
pAMPKHIGH CD27+ memory B cells (red) vs. the rest of the population in CD27+ memory B cells (D). **p <0.01; Wilcoxon signed rank test.

DISCUSSION

outside the bone marrow has not been extensively explored
in man. We and others have earlier showed that CD24 has
a higher expression (MFI) in memory compared to mature
naïve B cells. We thus tested the eﬀect of BCR stimulation
with anti-IgM, anti-IgD and anti-IgG antibodies (Goat antihuman polyclonal antibodies) on B cell viability in CD27−
(naive) and CD27+ (memory) CD24+ B cells. Freshly isolated
B cells from healthy donors were cultured for 3 h at 37◦ C in
the absence or presence of isotype-specific BCR cross-linking.
After incubation, B cells were harvested and stained for viability,
and with fluorescent conjugates against CD19, CD27, and CD24.
Figure 10 shows a representative plot of B cells divided on the
basis of CD24 expression in naïve (Figure 10A) and memory B
cells (Figure 10B). Within the CD24+ B cells, subpopulations
were identified in relation to decreasing viability. After cross
linking the BCR in both naïve and memory B cells, there was a
marked decrease in viable B cells cultured with anti-IgM. The
percentage of viable B cells was significantly less in both naïve
and memory B cells anti-IgM incubated cultures compared with
those incubated with anti-IgD or anti-IgG (data not shown; p <
0.05 for all comparisons). This may reflect the higher number (as
shown by MFI) of IgM receptors present on the surface of B cells,
compared to IgD and IgG. Nevertheless, following notably IgM
cross-linking CD24+ B cells were prominent in having reducing
viability.
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Although CD24 plays a well-described role in early B cell
development in the bone marrow in mice and man, the role
of an increased frequency and expression of CD24 in human
memory B cells compared with mature naïve B cells has
not been thoroughly explored. Our novel finding of increased
CD24 expression and frequency within IgD+ memory B
cell populations, as well as IgD+ naïve B cells in ME/CFS
patients compared with healthy controls therefore prompted
the investigation of CD24 throughout B cell maturation.
CD24 is a cell adhesion molecule known to mediate signal
transduction including intracellular calcium mobilization and
phosphorylation of intracellular proteins (33–35). We found
that CD24 has a diﬀerent role within naïve and memory B cell
populations related to AMPK phosphorylation, and which was
mainly confined to un-switched memory B cells with dual IgD
and IgM surface expression.
We used in vitro culture and stimulation of isolated B cells
to follow—CD24 positivity during diﬀerentiation. In the absence
of stimulation, an increased frequency of viable CD24+ B cells
was found in cultures from ME/CFS patients compared to
healthy controls. This in vitro finding was in line with what we
have reported in our previous ex vivo whole blood phenotype
study (16). Over sequential cycles of proliferation in response
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FIGURE 8 | Relationship between Fold % changes in Glucose concentration and B cell membrane molecules following in vitro culture in the presence of anti-CD40 +
(anti-IgM+Il2) an CpG + (anti-IgM+IL2). Fold % changes in Glucose measured in the supernatant of B cell cultures vs. the expression of CD24 (A), CD27 (B), CD39
(C), CD73 (D), CD38 (E) and IgM (F) in live B cells are shown. Pearson correlation (R2 ) for Linear regression and exact p-values are shown (N = 6). NS, not significant
at 5% level.

to T-independent stimulation of B cells from healthy donors,
there was an incremental decrease in frequency of CD24+ B
cells in both naïve and memory B cells, as defined by CD27, in
parallel with naïve B cell diﬀerentiation. CD27 is a marker for
memory B cells, both unswitched (IgD+CD27+) and switched
(IgD-CD27+). However, a small population of memory B cells
which has lost CD27, has been identified and is thought to
represent a late or exhausted memory B cell sub-population
(26, 36). Interestingly, CD24 retention after stimulation in nonproliferating (cycle 0) memory B cells was related to age in
healthy controls, suggesting that continued expression of CD24
might act as an unresponsiveness/senescence-associated marker
on memory B cells.
CD24 expression on human B cells has been largely utilized
as an immune-phenotype marker for early stage B cells where
it is highest on newly exited (from bone marrow) transitional
B cells. Expression then sharply decreases in mature naïve
B cells. We confirmed a diﬀerentiation-dependent expression
(MFI) of CD24 which was significantly higher in memory B
cells compared to mature naïve B cells. As a cell-adhesion
molecule, CD24 can ligate diﬀerent specific signaling partners
on target cells in a B cell subset dependent manner. The ability
of CD24 to associate with other cell surface receptors such as
L-Selectin, L-1 cell adhesion molecules (L1CAM) and Siglec-G
also has consequences for downstream signaling‘ potential (37–
39). For example, its synergism with the BCR in normal human

Frontiers in Immunology | www.frontiersin.org

B cells was demonstrated in relation to apoptosis (8). These
findings prompted us to investigate how BCR engagement
aﬀects CD24+ B cell viability in naïve compared with memory
B cell subsets from peripheral blood. We tested this by
short-term cultures with isotype specific BCR engagement. A
decrease in viability of CD24+ B cells was found to be most
marked following ligation with anti-IgM compared with antiIgD or anti-IgG in both naïve and memory B cell populations,
suggesting a possible preferential co-localization with IgM-class
BCR.
Signaling pathways triggered following antigen and costimulus encounter in B cells regulate cell cycle entry, eﬀector
function and also the type of metabolic pathways used for energy
production. Naïve B cells, post-GC memory B cells and plasma
cells have diﬀerent metabolic
Requirements and it is also likely that their responses to
metabolic stress may diﬀer at diﬀerent stages of diﬀerentiation.
Naïve B cells for example, depend largely on oxidative
phosphorylation associated with metabolites of the TCA cycle
rather than those of glycolysis, whereas post germinal center B
cells, as we confirmed in human peripheral blood memory B cells,
have both increased glucose consumption and mitochondrial
mass (40). In activated B cells (and germinal center reactions)
it is thus a balance between allowing rapid proliferation and
diﬀerentiation whilst managing the generation of damaging
reactive oxygen species, and, in vivo, perhaps limitations of
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FIGURE 9 | Relationship between Fold % changes in Lactate concentration and B cell membrane molecules following in vitro culture in the presence of anti-CD40 +
(anti-IgM+Il2) an CpG + (anti-IgM+IL2). Fold % changes in Lactate measured in the supernatant of B cell cultures vs. the expression of CD24 (A), CD27 (B), CD39
(C), CD73 (D), CD38 (E) and IgM (F) in live B cells are shown. Pearson correlation (R2 ) for Linear regression and exact p-values are shown (N = 6). NS, not significant
at 5% level.

nutrient provision. We showed a clear diﬀerence between naïve
and memory B cells with respect to CD24 and energy metabolism,
namely phosphorylation of AMPK in CD24+ and not CD24
negative memory B cells from peripheral blood. There was no
such association with phosphorylation of AMPK and CD24
in naïve B cells. It is possible that the use of pro-catabolic
pathways of energy production (such as AMPK) in response
to cell stress may be necessary to aid cell survival at this
stage, with a resultant downstream triggering of autophagy
and other regulators of cellular metabolism to limit excessive
activation. CD24 could thus be involved in diﬀerent downstream
metabolic actions associated with AMPK. Further phenotype
analysis showed that pAMPK-HIGH and CD24+ memory B
cells were present in the CD27+ subset expressing high IgD
and IgM surface markers. This confirmed earlier findings by
Sanz et al describing a link between CD24 and un-switched
memory B cells (15). Phosphorylation of AMPK has also
been shown to be one of the signals throughout metabolic
pathways which is associated with senescence and low/absent
responsiveness in memory B cells (31). As senescent B cells
increase with age this may be reflected by the increased
retention of CD24 on memory B cells which failed to proliferate
following in vitro stimulation and which we also found to
have a positive correlation with age in healthy individuals.
Mitochondrial mass was also found to be lowest in CD24+
B cells remaining in cycle 0 after in vitro stimulation, which
may also indicate usage of a preferred energy source for these
possibly senescent B cells, and possibly in B cells from ME/CFS
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patients with higher CD24 expression. There was also confirmed
by the finding of a strong negative correlation between CD24
positivity and surrogate measures of glycolysis (glucose/lactate
ratios).
Abnormalities in energy pathway usage has already been
described as an important feature in understanding the
pathophysiology and etiology in ME/CFS (21, 41). The metabolic
anomalies described in sera from patients with ME/CFS
have been proposed to be regulated by increased AMPK
phosphorylation (42). This would thus appear to be confirmed
by the finding of increased expression of CD24 on B cells from
ME/CFS patients and its relationship to AMPK and surrogate
measures of glycolysis, namely glucose consumption and lactate
production as observed in this study. Increased expression of
CD24 which we have described on IgD+ B cells in peripheral
blood of ME/CFS patients could thus reflect abnormalities
in maintaining appropriate ATP generation perhaps mediated
through inappropriate activation of AMPK.

CONCLUSION
Previous studies have focused on the engagement of CD24 early
in B cell development and when expressed in transformed cancer
cells, where it plays an important role as an adhesion molecule
regulating survival and allowing spread throughout tissues
and lymphatics respectively. We investigated the relationship
between CD24 expression and B cell diﬀerentiation. In memory
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FIGURE 10 | Effect of short-term (3 h) crosslinking of the B cell receptor on the viability of CD24+ B cells. Representative Flow cytometric density plots with outliers of
CD27− (A) and CD27+ (B) B cells of HC in the absence and presence of BCR stimulation with anti-IgM, anti-IgD and anti-IgG cultured for 3 h. Plots show the
expression of CD24; CD24- and CD24+ B cells on the x-axis and viability stain on the y-axis.

B cells, we found that CD24 seems to have another role as shown
by an association with phosphorylation of AMPK particularly
in B cells co-expressing high IgM and IgD surface markers, but
not in naïve or switched memory B cells. According to our in
vitro findings, it is more likely that CD24-negative B cells had
undergone productive proliferation, and that CD24+ B cells were
more prone to unresponsiveness or cell death upon stimulation
and/or BCR engagement alone. We therefore conclude that
CD24 expression on B cells is related to energy metabolism
throughout diﬀerentiation and that its role diﬀers between B cell
subsets.
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