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INTRODUCTION AND AIMS

Based on: B cells are multifunctional players in multiple sclerosis pathogenesis:
insights from therapeutic interventions
Nele Claes; Judith Fraussen; Piet Stinissen; Raymond Hupperts and Veerle
Somers
Front Immunol. 2015 Dec 21;6:642

CHAPTER 1

1.1

Multiple sclerosis

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous
system (CNS), characterized by demyelination in white and grey matter regions,
axonal degeneration and gliosis [1]. MS is the most common chronic
neurological disease in young adults affecting more women than men (3 to 1)
with an incidence of 7/100,000 and a prevalence of 120/100,000 in Northern
Europe [1]. The diagnosis of MS is mostly preceded by a clinically isolated
syndrome (CIS), which is the first clinical manifestation of a demyelinating
disease that has not met the criteria of MS yet [2]. Different clinical subtypes of
MS are described. About 80% of the patients present with relapsing-remitting
(RR) MS, which is characterized by disease exacerbations with periods of
functional improvement [3]. Over time, about 60% of the RRMS patients
develop secondary progressive (SP) MS [4]. About 10 to 20% of MS patients
show progressive accumulation of disability from onset, referred to as primary
progressive (PP) MS [2]. According to the revised definitions of MS, above
mentioned MS subtypes can present themselves in an inactive and active form
[2]. The underlying process of disease progression is not completely understood
[5]. Most MS therapies are primarily designed as treatment for RRMS patients,
where there is marked inflammation.
Current data support the conceptual idea of MS as a complex heterogeneous
disease caused by interactions between the environment, genetic susceptibility
and a dysbalanced immune system [6-8]. Traditionally, T cells were considered
as critical immune components required for the induction of MS pathogenesis.
Recently, compelling evidence is present highlighting B cells as central
components of the disease as well [9, 10]. Autoreactive T cells are activated in
the periphery most likely via molecular mimicry or bystander activation and
home through a disrupted blood-brain barrier (BBB) to the CNS, where they are
reactivated by antigen-presenting cells. This triggers the production of different
mediators, such as chemokines and cytokines, by T cells, microglia and other
cells of the CNS. This will in turn initiate the recruitment of other inflammatory
cells, including B cells and macrophages. B cells have the ability to cross the
BBB and undergo stimulation, antigen-driven affinity maturation and clonal
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expansion [11]. The inflammatory reaction of T, B and other immune cells leads
to demyelinated lesions throughout the CNS [3].
As B cell involvement in MS has become more evident in recent years, more
data have been collected concerning the effects of B cells in MS pathogenesis.
Proof of B cell involvement in MS is described thoroughly further on in the
review. Both B cell subtype distribution and B cell effector functions are
important contributors to the disease. These processes are first described in
more detail in order to fully understand how these processes are affected in MS
patients and modulated by different MS treatments.
1.2

B cell subtype distribution in MS

B cell development starts in the bone marrow where a hematopoietic stem cell
evolves into an immature CD19+ B cell (Figure 1.1) [12]. Transitional B cells
(defined as CD19+CD38++CD24++ or CD19+CD27-IgD+CD38+ since no agreement
is present on the gating strategy up till now) enter the circulation and mature
into naive B cells (CD19+IgD+CD27-). Upon antigen recognition, naive B cells
proliferate
+

into
+

CD19 CD27 CD38

short-lived
++

plasma

blasts
+

(CD19+CD138++

or

+

) or plasma cells (CD38 CD138 ) that produce low-affinity

antibodies for a few days or further mature into memory B cells (CD19 +CD27+)
in a germinal center (GC) reaction. A proportion of memory B cells remain non
class-switched
immunoglobulin

memory cells (CD19+IgD+CD27+), while
(Ig)D

expression

following

isotype

others lose

switching

their
+

(CD19 IgD-

CD27+). This classically results in the surface expression of IgG, IgA or IgE,
although a small proportion of memory B cells preserve IgM surface expression,
namely IgM only memory B cells

(CD19+IgD-CD27+IgM++) [13-17]. A

proportion of the memory B cells further matures into plasma blasts and longlived plasma cells.
T cell subtypes important for providing help in the GC reactions are follicular
helper T cells (TFH), follicular regulatory T cells (TFR), but also T helper (Th)17
cells that can all induce or regulate GC formation and isotype switching [18-21].
Regulatory B cells (Bregs) have been identified more recently by their function in
immune regulation via the production of interleukin (IL)-10 [22, 23]. Bregs
could be enriched from transitional B cells, CD27 + memory B cells and plasma

3

CHAPTER 1

cells. Surface markers to characterize Bregs are still not clearly defined,
although in humans CD24, CD38, CD5 and CD1d are mostly used [24-26].
Compositional changes of B cell subtypes in the peripheral blood (PB) are
evidenced, shifting the balance towards more pro-inflammatory responses and
less regulation. It is thought that memory B cells, plasma blasts and plasma
cells preferentially cross the disrupted BBB and migrate into the CNS of MS
patients, where they dominate the B cell pool and exert different effector
functions [11, 27-35]. During MS relapses, the percentage of PB memory B cells
is increased [36]. As TFH and TFR cells contribute to a normal GC response
wherein potential autoreactive B cells are eliminated, the altered TFH and TFR
function observed in MS patients can result in an inadequate GC response and
presence of autoreactive B cells in the peripheral blood which can produce
autoantibodies for example in the CNS [18, 19].
In contrast to an increased percentage of memory B cells in PB, the proportion
of Bregs was decreased in MS patients, while unchanged compared to healthy
donors in other studies [37-40]. Breg function was shown to be preserved as no
differences were observed between MS patients and healthy donors in the ability
of Bregs to inhibit proliferation of CD4 +CD25- T responder cells [40].

4

indicated with the dotted lines.

5

characterized within the transitional, naive, memory and plasma blast or plasma cell population. Potential developmental routes are

independent of a GC. A proportion of the memory B cells further develops into plasma blasts and/or plasma cells. Regulatory B cells are

switched or non class-switched memory B cells in a GC response. However, non class-switched memory B cells can also be formed

until they encounter an antigen after which they differentiate into plasma blasts, short-lived plasma cells or further mature into class-

Figure 1.1. B cell development. B cells develop in the bone marrow and enter the circulation as transitional B cells. B cells remain naive
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1.3

B cell effector functions

B cells exert multiple effector functions, which are relevant to the pathogenesis
and therapy of MS [9]. Firstly, B cells differentiate into antibody-secreting
plasma blasts and plasma cells and produce antibodies specific for a certain
antigen (Figure 1.2). IgG from MS patients caused demyelination and axonal
damage in a complement dependent manner when using both in vivo and in
vitro models [41, 42]. Plasmapheresis and immunoadsorption in order to
remove antibodies and complement factors already showed promising results as
treatment for MS patients with steroid-resistant relapses [43, 44]. In MS,
different antibody targets have been described, including myelin basic protein
(MBP), myelin oligodendrocyte glycoprotein (MOG), neurofilament, spermassociated antigen 16 (SPAG16), coronin-1a, heat shock proteins and other
components of the CNS, emphasizing the diversity and complexity of the
antibody response [45-54]. An extensive review on different antibody targets is
found in [45] and antibody targets are summarized in chapter 6.
Secondly, B cells form GC-like structures, ectopic lymphoid follicles, outside of
secondary lymphoid organs at sites of inflammation (Figure 1.2). These follicles
harbor a local source of class-switched Igs that contribute to the immune
response and are detected as oligoclonal bands (OCB) in the cerebrospinal fluid
(CSF) of MS patients [55-57]. These OCB in the CSF of MS patients were one of
the first findings for B cell involvement in MS [58, 59]. Intrathecal B cells are the
local source for these OCB in the CSF, contributing to inflammation and the
destruction of the myelin sheet in the CNS [60]. B cells migrate to the CNS
using surface markers such as C-X-C motif receptor (CXCR)3, CXCR5 and CC
chemokine receptor (CCR)5. The CNS has a fostering environment in which the
production of CXCL10 and CXCL13 attracts B cells [61]. In the meninges of MS
patients, these migrated B cells form ectopic GC structures [57].
Thirdly, B cells serve as highly effective and selective antigen-presenting cells
leading to optimal antigen-specific T cell expansion, memory formation and
cytokine production (Figure 1.2) [62-64]. After antigen binding by the B cell
receptor (BCR), the antigen is internalized, processed and expressed on the
surface of the B cells as a complex with major histocompatibility complex
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(MHC)-I

or

II

molecules.

Additional

to

antigen

presentation

molecules,

costimulatory molecules, such as CD80, CD86 and CD40, are expressed on B
cells and contribute to optimal T cell activation [65]. Myelin reactive peripheral B
cells can induce CD4+ T cell responses in a proportion of MS patients [66].
Additionally, B cell expression of the costimulatory molecules CD80 and CD86 is
higher in MS patients than healthy controls [67, 68].
Finally, B cells support or regulate effector immune functions via the secretion of
different cytokines (Figure

1.2). B cell activation factor (BAFF) and A

Proliferation-Inducing Ligand (APRIL) are important survival factors for B cells
and plasma cells, thereby maintaining the B cell pool [69]. BAFF expression is
upregulated in active and inactive MS lesions [70, 71]. Maintaining BAFF
expression within certain limits in order to balance pro-inflammatory and
regulatory B cell subtypes can be an important feature for MS therapies. B cells
support pro-inflammatory functions through secretion of tumor necrosis factor
alpha (TNF-α), IL-6 and lymphotoxin alpha (LT-α) and exert regulatory functions
via the production of IL-10 and IL-35 [22, 23, 72-75]. In healthy individuals,
transitional B cells perform regulatory functions by producing IL-10, thereby
suppressing antigen-mediated T cell activity [26]. Within the CD27+ memory B
cell and plasma cell population, IL-10 and IL-35 producing Bregs can be
enriched, showing that more mature B cells can also have regulatory functions
next to antibody production and T cell activation [23, 25, 76-78]. B cells from
MS patients showed an increased production of IL-6, an increased LT-α/IL-10
ratio and increased LT-α and TNF-α production after stimulation in vitro [70]. In
addition, B cells from untreated MS patients secreted more pro-inflammatory IL6 and less regulatory IL-10 than those from healthy controls [37, 79, 80].
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Figure 1.2. B cell effector functions. B cells exert different effector functions. B cells
evolve into plasma blasts or plasma cells and produce antibodies (1). B cells produce
different pro-inflammatory cytokines (lymphotoxin (LT)-α, tumor necrosis factor (TNF)-α,
interleukin (IL)-6) or regulatory cytokines (IL-10, IL-35) that influence other immune cells
(2). B cells present antigens to T cells and provide costimulatory signals in order to induce
appropriate T cell responses (3). B cells form ectopic lymphoid follicles that support the
inflammatory responses (4). CD: cluster of differentiation, CD40L: CD40 ligand, APRIL: a
proliferation-inducing ligand, BAFF: B-cell activating factor, TCR: T cell receptor, BCR: B
cell receptor.

1.4

Additional B cell involvement in MS

Additional proof of B cell involvement in MS came from analysis of BCR
sequences and genetic and animal studies. Analysis of Ig heavy chain variable
sequences (VH) of intrathecal B cells from MS patients showed a restricted
usage of Ig VH gene segments, pointing to a chronic antigen-driven B cell
response in MS patients [81-83]. Genetic studies in MS identified susceptibility
genes that show a strong association with B cell function, such as HLADRB1*1501, HLA-DRB5*0101 and HLA-DQB1*0602 [84]. Also observations from
clinical trials of the B cell depleting anti-CD20 monoclonal antibody rituximab
indicated the importance of antibody-independent B cell functions in the
pathogenesis of MS. These clinical studies showed an unchanged level of total Ig
and a decrease in CSF T cell numbers, providing additional proof that B cells
highly interact with T cells in MS [85-87].
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Other information about the involvement of B cells in the pathogenesis of MS is
available from experimental autoimmune encephalomyelitis (EAE), the animal
model of MS. The role of B cells in EAE has long-time been neglected as B cells
are not essential contributors to EAE models based on peptide immunization.
More recent studies using recombinant MOG protein immunization have
highlighted the role of B cells in EAE induction and pathology [88]. The dual role
of B cells in EAE was indicated by the use of anti-CD20 treatment, as disease
exacerbation was evident when depleting Bregs before EAE induction while
disease severity decreased when depleting memory B cells after EAE induction
[22, 89, 90]. B cells were essential for the generation of optimal pathogenic
CD4+ T cell responses and differentiation of MOG specific Th1 and Th17 cells
[91]. In B cell deficient mice, EAE induction by adoptive transfer of activated T
cells was reduced and reactivation of infiltrated T cells was impaired [92].
Further, B cell specific MHC class II-deficient mice were resistant to EAE
induction and exhibited diminished Th1 and Th17 responses [93]. Hence, B cells
can promote EAE induction by acting as antigen presenting cells. Moreover, B
cell antigen presentation was proven to be crucial for maximal disease in EAE,
further emphasizing the importance of B cells in MS pathogenesis [94].
Recently, a direct link between peripheral and intrathecal B cells was
demonstrated. Clonally expanded autoreactive B cells with signs of affinity
maturation were, next to the CSF, found in the peripheral blood (PB) of MS
patients [82, 95]. Further, expanded B cell clones were found both in the
PB/draining cervical lymph nodes and the CSF, indicating a complex crosstalk
between the periphery and the CNS in MS pathogenesis [27, 96]. Exchange of B
cells between the CSF and the PB may suggest that B cells carry antigen from
the CNS to peripheral secondary lymphoid organs [11]. Primed T cells then
migrate to the CNS where residing B cells may further promote T cell activation.
These data underline the importance of using therapeutics based on the
inhibition of B cell transmigration into the CNS or that induce peripheral B cell
depletion [11, 27, 96, 97]. Additionally, autoreactive B cells can be removed
from the B cell pool via both a central and a peripheral checkpoint. It seems that
especially the peripheral tolerance checkpoint is defective, as shown by the
equal proportion of polyreactive and anti-nuclear transitional B cells in MS
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patients and healthy donors (normal central B cell tolerance) and the increased
proportion of mature naive B cells from MS patients reactive towards peripheral
and CNS self antigens (defective peripheral B cell tolerance) [98]. This defect is
probably due to impaired Treg function that leads to the accumulation of
autoreactive B cells [99]. All these observations strengthen the idea that PB B
cells contribute to the pathogenic B cell pool present in the CNS of MS patients
and are involved in MS pathogenesis both by antibody-dependent and independent B cell functions. Thus, investigating PB B cells and the effects of
treatment on peripheral B cell functions may contribute to our understanding of
the pathogenesis of MS [80, 85-87].
1.5

MS treatments

At the moment, numerous FDA approved MS treatments or drugs in clinical trials
can be subdivided in first-, second- and third-line therapies (Table 1.1-1.3).
Generally established first-line therapies include interferon-beta (IFN-β) and
glatiramer acetate (GA), while fingolimod and natalizumab are considered to be
second-line treatments. The recently approved oral drugs teriflunomide and
dimethyl fumarate (DMF) are oral treatments used as first-line treatment for MS
[100-105].

Second

and

third-line

antibody

treatments

are

rituximab,

alemtuzumab, ocrelizumab, ofatumumab and antibodies that target BAFF and
APRIL. Modulating B cell functions is an important tool for treating MS patients,
although information on the effects of therapy on B cell functions is limited.
Investigating the effects of treatment on B cell functions is of potential relevance
to the efficacy of such treatments and it will help to increase our insight into the
involvement of B cells in MS pathogenesis.
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Dihydroorotatedehydrogenase
/

Teriflunomide
Aubagio®

Dimethylfumarate,
BG-12
Tecfidera®

/

Glatiramer
acetate
Copaxone®

Target

/

IFN-β1a
Avonex®,
IFN-β1a
Rebif®,
IFN-β1b
Betaferon®

Name

-

-

-

-

-

Inhibits de novo pyrimidine
synthesis by blocking the
enzyme dihydroorotate
dehydrogenase.
Interferes in the citric acid
cycle.
Activates the nuclear factor
(erythroid-derived 2)-like 2
(Nrf2) pathway.

Increases the expression of
anti-inflammatory agents while
downregulating proinflammatory cytokines.
Shifts the immune response
from a T-helper (Th) 1
phenotype to Th2.
Reduces trafficking of
inflammatory cells towards the
BBB.
Induces tolerogenic T cell
immune responses and CD4+
and CD8+ regulatory T cells due
to mimicry of MBP.

Primary mode of action

Table 1.1 Overview of first-line MS treatments
MS type

RRMS

RRMS

RRMS

RRMS

-

-

-

-

-

Important clinical observations

Reduction in annual relapse rate.
Reduction in disability progression.

Reduction
in
exacerbation
rate,
annualized relapse rate, risk of
sustained accumulation of disability.

Reduction in relapse rate.
Improvement of disability measured
using Expanded Disability Status Scale
(EDSS).

Reduction in relapse rate, magnetic
resonance
imaging
(MRI)
lesion
activity,
brain
atrophy,
risk
of
sustained disability progression.
Increase in time to reach clinically
definite MS after the onset of
neurological symptoms.

[102, 123125]

[118-123]

[79, 105,
113-117]

[100, 106112]

References
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VLA-4
(α4integrin)

Sphingosine- 1phosphate
receptor
(S1PR)

Natalizumab
Tysabri®

FTY720
Fingolimod®

12

Target

Name

-

-

Downregulates S1PR on
lymphocytes.
Inhibits egression from
lymphoid organs into the
circulation.

Inhibits migration of
lymphocytes to the CNS.

Primary mode of action

Table 1.2 Overview of second-line MS treatments
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RRMS

RRMS

MS type

-

Reduction in relapse rate, disability
progression and total number of
gadolinium-enhancing lesions.

Reduction in exacerbation rate, annual
relapse rate and disability rate.

Important clinical observations
-

[129-137]

[126-128]

References

RRMS

Depletes CD52+ B and T cells.

CD52

Anti-BAFF;
anti-APRIL
atacicept®,
belimumab
benlysta®,
tabalumab,
blisibimod

RRMS

/

Depletes CD20+ B cells.

CD20

Blocks activation of B cells via
inhibition of BAFF and APRIL
or the BAFF receptor.

RRMS
PPMS

Depletes CD20+ B cells.

CD20

BAFF
and/or
APRIL

RRMS
PPMS
SPMS

Depletes CD20+ B cells.

CD20

Monoclonal
antiCD20
antibody
rituximab
rituxan®,
mabThera®,
zytux®
Monoclonal
antiCD20
antibody
ocrelizumab®

Monoclonal
antiCD20
antibody
ofatumumab®
Alemtuzumab
campath®,
lemtrada®

MS type

Primary mode of action

Target

Name

Table 1.3 Overview of third-line and experimental MS treatments

-

-

-

-

-

Reduction
in rate
of sustained
accumulation of disability, disability
progression and the annualized rate of
relapse.
Improvement of disability scores.
Increase in inflammatory disease
activity and annualized relapse rate
(atacicept®).

Reduction in gadolinium-enhancing
(Gd) T1 lesions, in total number of
new and persisting Gd-enhancing
lesions and in annualized relapse rate.
Improved efficacy compared with
rituximab with lesser infusion related
reactions.
Reduction in cumulative number of
new Gd-enhancing lesions and new
and enlarging T2 lesions.

Reduction of new brain lesions and
clinical relapses.

Important clinical observations
-

[70, 153157]
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[149-152]

[145-148]

[138, 143,
144]

[85, 87,
138-142]

References

CHAPTER 1

CHAPTER 1

1.6

Effects of treatment on total B cell numbers

Total B cell numbers and percentages in the PB were changed during treatment,
both in cross-sectional and longitudinal studies, with an increase in the
frequency of CD19+ B cells in IFN-β treated MS patients and a decrease in GA
and DMF treated MS patients (Figure 1.3) [79, 112, 124, 125, 158, 159].
Different studies indicated that the percentage of B cells was increased in the PB
and decreased in the CSF of natalizumab treated MS patients, due to the
inhibition of lymphocyte migration into the CNS [158, 160-167]. This increase in
PB B cells was observed up to 30 months after start of the treatment [161].
Opposite effects were observed in fingolimod treated MS patients where total B
cell numbers in the PB were diminished because of the lymphocyte entrapment
within secondary lymphoid organs. No changes were observed in CSF B cell
numbers under fingolimod treatment [168, 169]. In a study with 69 RRMS
patients treated with rituximab, a decrease of 95% in the percentage of CD20 +
B cells was evidenced from 2 weeks after treatment until 24 weeks [87]. By
week 48, B cells returned to 31% of baseline values. Alemtuzumab treatment
caused a general depletion of both T and B cells in the PB of treated patients
[152].
1.7

Effects of treatment on B cell subtype distribution

Different effects on B cell subtype distribution were demonstrated using different
MS

treatments

(Figure

1.3).

An

increased

frequency

of

immature

and

transitional B cells was generally evidenced under different treatments, including
IFN-β, natalizumab, fingolimod and during repopulation following rituximab or
alemtuzumab treatment [112, 152, 158, 160, 162, 170-173]. These reports all
point towards an increased output of B cells from the bone marrow under
immunomodulatory treatment. In this regard, an increased release of lymphoid
committed progenitor cells was shown during natalizumab therapy in MS [161].
However, in a cross sectional study with 8 natalizumab treated RRMS patients, a
significant decrease in the percentage of transitional B cells was evidenced
[158]. Also in fingolimod treated MS patients, the output of newly produced B
cells or immature B cells from the bone marrow, was decreased [170].
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Therapeutic effects on frequencies of Bregs have only been described in relation
to the use of fingolimod, rituximab and alemtuzumab therapy. In 48 fingolimod
treated MS patients, a proportional increase of Bregs was recently described
compared to 74 untreated MS patients and 70 healthy controls [174]. During
repopulation after B cell depletion by rituximab or alemtuzumab, naive B cells
with an increased expression of CD38 and CD5, which are described as Bregs,
were predominantly present, both in MS and other autoimmune diseases [171,
175, 176].
PB naive B cells were increased in IFN-β, GA, natalizumab and fingolimod
treated MS patients in comparison with treatment-naive MS patients in different
cross-sectional and longitudinal studies [79, 158, 164, 169, 177]. This indicates
that the B cell population shifts towards a less disease promoting B cell pool
after different MS treatments. For GA and natalizumab, this could not be
reproduced in other studies where a decreased frequency of naive B cells was
observed or no change in B cell subtype distribution at all [112, 158, 177].
However, no information was available about the treatment duration, which
makes it difficult to compare the studies.
Also contributing to a less disease promoting B cell phenotype is the significant
decrease in the frequency of non class-switched, class-switched memory B cells
and plasma blasts in both cross-sectional and longitudinal studies of IFN-β, GA
and fingolimod treated MS patients, even when using different B cell
classifications [36, 79, 112, 158, 169, 174, 177-179]. Although a decrease in
the proportion of plasma blasts was observed in natalizumab treated MS
patients, a higher percentage of memory and marginal zone B cells was reported
[161, 163, 164, 177, 180]. This memory B cell increase is probably due to the
reduced retention of memory B cells in the spleen [161]. In the CSF,
natalizumab treatment particularly depleted CD5+ B cells and plasma blasts
[181].
Data on B cell subtype distribution are missing for DMF and teriflunomide
treated MS patients. In vitro studies have shown that teriflunomide induces cell
cycle arrest in B cells without inducing apoptotic cell death [101, 182, 183].
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Moreover, the effects of different third-line treatments on B cell subtype
distribution is poorly investigated in MS as not all treatments are FDA approved
and clinical trials are ongoing. To our knowledge, no data are available on the
repopulation of B cells after discontinuation of the B cell depleting therapies
ocrelizumab and ofatumumab. Further research is warranted to increase the
understanding of the exact mechanism of action and to investigate restoration of
the immune balance following depletion therapies.
From this overview, we can conclude that immunomodulatory treatment of MS
patients induces a shift in the distribution of B cell subtypes towards a more
regulatory or anti-inflammatory phenotype. This is of high clinical importance as
a disturbed balance between the different B cell subtypes is observed in MS. For
different MS treatments the effects on B cell subtype distribution have already
been investigated to some extent, still conflicting data are present. This is
probably due to variation in measurement time points and B cell characterization
strategies. Furthermore, as each treatment requires a different time to reach a
steady state of immunological parameters and treatment efficiency, it is difficult
to compare study results. Therefore, it is essential to use a longitudinal design of
the study and take into account the pharmacodynamical properties of the
treatment, since some treatment effects could get lost when only measuring in a
cross-sectional manner. B cell subtype analysis can also be highly relevant in the
search for new markers for progressive multifocal leukoencephalopathy (PML) in
natalizumab treated patients, as B cells were described as potential carriers of
the John Cunningham (JC) virus into the CNS [184]. Other research is focused
on finding risk factors for the development of PML during natalizumab treatment
[161, 180, 185, 186].
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Figure 1.3. Effects of immunomodulatory therapy on B cell subtype distribution
and function. B cell development in the bone marrow and periphery (A), antigen
presentation and costimulatory molecules expressed on the B cell surface (B) and B cell
cytokine production (C) are shown together with the effects of treatment on the different B
cell subtypes and functions. CD: cluster of differentiation; IFN-β: interferon-β; FTY:
fingolimod; GA; glatiramer acetate; NA: natalizumab; DMF: dimethyl fumarate; TFL:
teriflunomide; RTX: rituximab; IL: interleukin; TGF: transforming growth factor; TNF:
tumor necrosis factor; Th: T helper.
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1.8

Effects of treatment on B cell effector function

Here we present the available data on the effect of immunomodulatory
treatment on antibody- dependent and –independent B cell functions. These
include antibody production, antigen presentation, costimulation, migration and
cytokine production (Figure 1.3).
1.8.1

Effects of treatment on antibody production

GA treatment did not change serum levels of total IgG and IgM in MS patients,
but in vitro levels of IgG and IgM antibodies were increased after stimulation of
PB B cells from these patients [79]. Natalizumab treated MS patients showed
lower levels of IgM in both serum and CSF and lower anti-neurofilament light
antibodies in the serum than non-natalizumab treated MS patients [165, 187].
Longitudinal data of 24 MS patients confirmed these results with a decrease in
neurofilament light antibody levels, a decline in total IgG levels in the PB and
CSF and a decline in total IgM in the PB [165, 187]. Further, the IgG index,
which reflects intrathecal IgG production, was decreased during natalizumab
treatment, resulting in the disappearance of OCB in some of the treated MS
patients [188]. Whether a decline in the anti-neurofilament light antibodies is a
consequence of a decrease in total antibody levels is not stated. Additionally,
vaccination studies in fingolimod treated healthy volunteers have demonstrated
a mild to moderate decrease in IgG and IgM antibody levels towards some
antigens, suggesting that fingolimod could reduce autoantibody production in MS
as well [189]. Teriflunomide, in contrast, did not influence immune responses
towards influenza vaccines, indicating that the protective immune responses are
preserved in these patients [190].
The anti-BAFF antibody atacicept® did not show beneficial results in clinical trials
for MS and even led to worsening of the disease. More patients with optic
neuritis who received atacicept® progressed to clinical definite MS [191]. The
efficacy of this therapy was proven in a clinical trial for rheumatoid arthritis (RA)
wherein circulating IgG and IgA rheumatoid factor (RF) and total IgM, IgA and
IgG levels were reduced [192, 193]. These observations indicate that, although
MS and RA are both autoimmune diseases in which B cells are involved, different
effector mechanisms of B cells are involved in both diseases. Since atacicept ®
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affects antibody-producing plasma cells and clinical efficacy of atacicept ® is
shown in RA, one can speculate that in RA pathogenesis autoantibody production
is more important than in MS pathogenesis. This underlines the multifactorial
functions of B cells in autoimmunity.
1.8.2

Effects

of

treatment

on

B

cell

antigen

presentation,

costimulation, migration
Most information on effects of treatment on B cell antigen presentation,
costimulation and migration is available for IFN-β. Ex vivo analysis of PB B cells
from 15 IFN-β treated MS patients showed a decreased percentage of CD80,
CD86 and CCR5 positive total and CD27- naive B cells compared to untreated MS
patients [36]. This pointed towards a less migratory and costimulatory
phenotype of these B cells in the PB under treatment, which was confirmed in
vitro [36, 194, 195]. Furthermore, the increase in CD80 positive cells during
relapses in MS patients was shown to be counteracted by IFN-β treatment [68].
Since CD80 expression is associated with a Th1 phenotype and CD86 expression
is associated with a Th2 response, these findings could indicate a shift from Th1
to Th2 in IFN-β treated MS patients [196]. Within the CD27+ memory B cell
compartment, the percentage of CD86 positive B cells was increased while the
percentage of CXCR3 positive cells was decreased in the IFN-β group compared
to healthy controls, indicating that memory B cells were less able to migrate to
the CNS [36]. IFN-β pretreated B cells were less able to induce proliferation of
anti-CD3 and anti-CD28 stimulated CD4+ T cells than untreated B cells, further
proving the immunomodulatory capacity of IFN-β therapy [194].
In a longitudinal study, B cell expression of the adhesion marker intracellular
adhesion molecule (ICAM)-3 was reduced during GA treatment, indicating a
potential role for GA in controlling the migration of B cells towards the CNS
[197]. Other longitudinal data showed a decrease in B cell expression of the
antigen presentation molecule human leukocyte antigen (HLA)-DR/DP/DQ and
an increase in CD80 and CD86 costimulatory molecules on PB B cells in
fingolimod treated MS patients [169]. In contrast, a decreased expression of
CD80 and stable CD86 expression was evidenced on B cells from fingolimod
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treated MS patients when compared to untreated MS patients in another study
[178].
No data are present, to our knowledge, concerning the effects of DMF,
teriflunomide, natalizumab and the CD20 depleting antibodies like rituximab,
ocrelizumab

and

ofatumumab

on

B

cell

surface

expression

of

antigen

presentation, costimulation and migration markers. Natalizumab treatment could
indirectly have an effect on these B cell functions due to the observed B cell
subtype redistribution and general immune modulation. Because DMF and
teriflunomide are recent FDA approved drugs, more research is warranted to
investigate the effects of these treatments on B cell functions. Still, it can be
concluded that different MS therapies can influence the interaction of B cells with
T cells or other immune cells. As a consequence, inflammatory responses that
are detrimental for the CNS are tempered which is reflected in the clinical
outcome of the treated MS patients.
1.8.3

Effects of treatment on cytokine production by B cells

In a cross-sectional study of IFN-β treated RRMS patients, increased serum
levels of BAFF were observed compared to healthy controls, untreated and GAtreated RRMS patients [112, 198]. Twelve months after discontinuation of
alemtuzumab treatment, increased serum BAFF levels were also observed [171].
The BAFF depleting antibody atacicept® exacerbated MS, which could be due to
the decreased functionality of Bregs, as BAFF and APRIL signaling is highly
implicated in the survival of Bregs. Still, the exact reason for the observed
increased disease activity needs to be elucidated [153, 156, 157].
In terms of changes in cytokine production, IFN-β treatment caused induction of
IL-10 production by B cells in vitro [194]. Although GA did not directly modulate
B cell proliferation or cytokine secretion in vitro [9], ex vivo analysis showed an
increased secretion of IL-10 by B cells of 22 RRMS patients treated with GA
[79]. Intracellular flow cytometric analysis of B cells isolated from GA treated MS
patients showed no increased frequency of IL-10 positive B cells in the PB of MS
patients, indicating that GA does not influence the number of cytokine producing
cells but rather the secretion of the cytokines [79]. Further, a decreased
capacity to secrete LT-α and IL-6 was indicated after B cell stimulation via CD40
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and CD40L interaction or via Toll-like receptor triggering [79]. An elevated IL-10
production was also evidenced for PB B cells from fingolimod treated MS patients
and repopulated B cells after rituximab treatment [31, 80, 174, 178]. In
fingolimod treated MS patients, the increased IL10 production was accompanied
by a decreased TNF-α production, while B cells following rituximab treatment
secreted less pro-inflammatory cytokines IL-6, LT-α and TNF-α [31, 80, 174,
178]. Limited data is present of the effects of DMF and teriflunomide on the
immune function in MS patients. In psoriasis patients, it was shown that DMF
altered the immune and T cell cytokine profile [102, 159]. Teriflunomide limits
the secretion of pro-inflammatory molecules by immune cells, including IL-6 and
IL-8 [101].
Thus, similar effects have been observed for all studied treatments on the
cytokine production by B cells, correcting the imbalance between regulatory and
disease promoting B cell functions in MS. We have to keep in mind that since
different B cell subtypes produce different cytokines, by changing B cell subtype
distribution, cytokine balances are changed as a secondary effect of the
treatment. Data are missing on the effects of treatment on cytokine production
by B cells for some FDA approved treatments such as natalizumab and for some
treatments in clinical trials such as anti-CD20 monoclonal antibodies. It can be
speculated that a potential mode of action by which these treatments contribute
to the improvement of MS pathogenesis can be by influencing B cell cytokine
production from a pro-inflammatory phenotype towards a more regulatory
phenotype, still this needs to be further investigated.
1.9

Immune aging and age-associated B cells

Aging is accompanied by shifts in many immune functions, including diminished
memory immune responses, reduced vaccine efficacy and increases in the
prevalence of inflammatory and autoimmune pathologies [199-201]. During
aging, thymic involution occurs, resulting in decreased thymic output of novel T
cells and peripheral homeostatic T cell proliferation, which is characterized by
shortened telomeres, reduced T cell receptor (TCR) diversity and cytotoxic and
autoreactive functional T cell properties [202-207]. Humoral immunity is
affected by aging as well. The PB B cell repertoire changes during aging,
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although this is not solely attributed to a reduced output of newly produced B
cells from the bone marrow. The total number of B cells remains constant
throughout most of life [208, 209]. In aged healthy individuals, a decline in the
production of new B cells will cause a gradual shift towards B cell populations
with an antigen-experienced memory phenotype. This will in the end lead to
reduced

protective

antibody

responses

and

an

increased

autoantibody

generation [210, 211]. During a normal GC response, B cells proliferate and
their Ig genes are hypermutated after which a selection takes place in which B
cells with the highest affinity antibodies will survive. During aging, BCR
mutations accumulate and lead to alterations in this selection of antigen-specific
memory B cells, which is dependent on the GC location [212]. Selection of
specific B cells increases with age in the spleen, while in contrast decreases with
age in the Peyer’s patch [212]. Moreover, during aging, BCR diversity is
decreased while clonal B cell expansion occurs, also contributing to a restricted B
cell repertoire [212-214].
Age-associated changes in PB B cell composition were reported with an
increased percentage of naive B cells and total CD27 + memory B cells in the PB
of the elderly in one study, but a reduced percentage of naive B cells in other
study [215-217]. Additionally, a general decrease of CD27+ CD38- memory B
cells and CD27+ CD38+ plasma cells, was observed in another study [218].
It is speculated that age-related changes in B cell subtypes are attributed to
alterations in T-helper cell functions, which are necessary to acquire appropriate
B cell responses. Still, the IgM+IgD+CD27+ B cells are decreased with increasing
age [219, 220]. As it is reported that these cells can originate outside a GC
reaction, this might suggest that the B cell repertoire, available to respond to Tindependent challenge, is compromised as well in aged individuals [221].
Specific B cell populations which are described in relation to immune aging are
double

negative

(DN)

CD19+IgD-CD27-

B

cells

and

CD19+CD21-CD11c+

(CD21low) B cells [222]. These cells are furthermore described in different
autoimmune and immune deficiency conditions. DN B cells are proportionally
increased in aged human individuals and an increased frequency of DN B cells,
that produced autoantibodies and were associated with a higher disease activity
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index, were identified in systemic lupus erythematosus (SLE) patients [217,
223]. Although DN B cells do not express the memory marker CD27, the
majority of the cells are IgG+ and display a significant level of BCR
hypermutation which suggests their selection in an antigen-driven process
[223]. Several hypotheses on the origin of DN B cells exist. First, they are
thought to be senescent memory B cells that downregulate CD27 following
chronic antigen stimulation [217]. Second, as DN B cells are found in CD40
ligand (CD40L)- deficient patients, it is hypothesized that these cells develop
independent of T cell help outside the GC [224]. Alternatively, DN B cells might
represent activated cells that initiate a GC reaction but fail to progress to CD27+
memory B cells or they downregulate their activation markers as part of a
peripheral tolerance mechanism [219, 221]. DN B cells have the ability to
produce the pro-inflammatory cytokine TNF-α and the cytotoxic molecule
granzyme-B in healthy donors [225, 226].
An increase in CD11b+CD11c+CD21- age-associated B cells (ABCs) was already
demonstrated in aged mice and cells with a similar phenotype (CD11c+CD21-;
CD21low) were found in elderly female RA patients [227]. Furthermore, CD21low
B cells are already described in SLE, common variable immunodeficiency disease
(CVID) and human immunodeficiency virus (HIV)-infected subjects [227, 228].
The majority of the cells exhibit a memory phenotype, pointing to their
association with immune aging where chronic antigen stimulation is prominent
[228]. In contrast, CD21low B cells, found in RA and CVID patients, were mainly
naive [228]. Further, CD21low B cells display polyreactivity and autoreactivity
with up to 22% of cells producing antinuclear antibodies [228]. CD21low B cells
potentially originate due to downregulation of the Epstein-Barr virus (EBV)
receptor CD21 as a consequence of chronic stimulation by EBV or by activation
via toll-like receptor (TLR)-7 [227]. TLR-7 signalling is essential for the
development of ABCs in mice, as TLR-7-/- aged mice did not present with an
increased percentage of these cells in the PB [227]. In contrast, Hao et al., who
idenfitied CD21low B cells with both CD11c+ and CD11C- expression, showed
more extensive proliferation to TLR-9 agonists rather than TLR-7 signaling
[229]. CD21low B cells from mice showed expression of genes involved in
cytotoxicity such as perforin and granzyme-A [228].
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Premature aging of the immune system is evidenced in a proportion of MS
patients and is thought to contribute to MS pathogenesis and progression.
Furthermore, a proportion of MS patients display characteristics of an aged T cell
repertoire [230, 231]. Age-associated CD4+CD28- T cells were already described
in relation to MS pathology by our research group. Up till now, no data are
available about the prevalence and role of CD21low and DN B cells in MS
pathology. Additionally, a recent study analyzing the Ig heavy chain variable
region (VH) repertoires of different B cell subpopulations from MS patients
demonstrated peripheral Ig class-switched DN B cells that were clonally related
to intrathecal Ig repertoires, pointing to the involvement of DN B cells in MS
pathology [27].
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1.10

Aims of the study

It is eminent that B cells are major players in MS pathogenesis and contribute to
the

disease

via

both

antibody-dependent

and

antibody-independent

mechanisms. B cells are essential for antigen presentation and costimulation of
T cells, for the production of cytokines and antibodies that will target
components of the CNS. Analysis of B cell functions in MS pathogenesis and the
effects of treatment on these functions is important in order to increase insight
into the role of B cells in the disease process of MS and it could help in
predicting treatment responses. Although initially not designed for that purpose,
many MS modifying treatments influence both antibody-dependent and independent B cell functions. Research on effects of therapy on B cell phenotype
and function has already demonstrated a shift from pro-inflammatory B cell
functions towards more anti-inflammatory and regulatory functions. Still, each
treatment influences this balance in its own manner. More research is needed
since inconsistencies between studies are present due to differences in B cell
subtype definition and time point of measurement. Additionally, for some new
emerging treatments, as for example fingolimod (Gilenya ®) treatment, limited
data are available concerning the effects on B cell biology. Analysis of treatment
effects on B cell subtype distribution and function can alternatively lead to
prognostic knowledge for determining therapy efficiency.
We aim to investigate the effects of different approved immunomodulatory
therapies on different B cell functions in MS. We focus more on following
treatments: fingolimod and interferon-β and to some extent on the newer
treatments on the market, like dimethylfumerate and teriflunomide. We opted
for these treatment as little is known about the effects of these therapies on
different B cell functions. By further focussing on the effects of these treatments
on B cells, we could provide additional information about the role of B cells in MS
and the mechanisms of action of these treatments. We hypothesize that
immunomodulatory therapies can change the pro-inflammatory B cell profile,
observed in MS patients, to a more anti-inflammatory or regulatory profile that
contributes to disease improvement.
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The peripheral blood B cell population is very diverse and heterogeneous, partly
due to the developmental process of the BCR which is highly specific for a target
antigen. B cells can be further subdivided by phenotype, of which memory B
cells contribute to the pro-inflammatory profile of B cells and naive B cells have
a more regulatory role. Therefore, disturbances in the distribution of these
subtypes in the peripheral blood could tip the balance to a more proinflammatory B cell profile that contributes to the pathogenesis of MS.
Next to missing data on the effects of treatment on B cell functions in MS, the
involvement of age-associated B cells in MS development and progression is not
understood. As expansions of age-associated DN and CD21low B cells were
already associated with disease progression in other autoimmune conditions and
in some MS patients, evidence is found of an aged immune system. We
postulate that expansions of these cells can be detected in the peripheral blood
of a proportion of MS patients. Additionally, via the production of proinflammatory and cytotoxic molecules, CD21low and DN B cells could potentially
contribute to MS pathology.
Aim 1: To determine the effects of treatment on B cell subtype
distribution and expression of costimulatory and antigen presentation
markers
Fingolimod is the first oral drug, used as treatment for MS, which came on the
market in 2010. Clinical studies already showed the efficacy of the treatment in
improving clinical outcome. Although the primary working mechanism of
fingolimod is known, the longitudinal effects on B cell subtype distribution and
expression of antigen presentation and costimulation markers on B cells is
understudied. In Chapter 2, we describe the longitudinal effects of fingolimod
treatment on B cell biology during a 12 month follow-up study. Redistribution of
different B cell subtypes is assessed together with changes in the peripheral
blood T cell repertoire, as a complex interplay between both lymphocyte
subtypes is present in MS pathogenesis. Additionally, expression of surface
molecules involved in antigen presentation, costimulation and migration on B
and T cells is assessed during fingolimod treatment in order to provide additional
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information on how fingolimod treatment can change functional capacities of B
and T cells.
Results from this aim contribute to our understanding about the working
mechanism of fingolimod therapy and how a MS treatment can change B cell
characteristics in the peripheral blood of MS patients.
Aim 2: To assess the involvement of age-associated B cells in the
pathogenesis of MS
Immune aging is a widely occurring phenomenon which is accompanied by shifts
in immune system development and function, including reduced lymphopoiesis,
the appearance of autoantibodies and an increased frequency of autoimmune
and autoinflammatory conditions. Not only a proportion of aged healthy
individuals, but also patients with an autoimmune disease, presented with
expansions of age-associated B cells, namely double negative (DN) IgD-CD27and CD21-CD11c+ (CD21low) B cells. The involvement of these age-associated B
cells in the pathogenesis of MS is poorly investigated. In Chapter 3, we
investigate DN and CD21low B cells in the PB of MS patients and healthy controls.
First, we describe the frequency of DN and CD21low B cells in healthy donors
younger and older than 60 years and correlate the frequency of these cells with
age. Furthermore, we investigate whether MS patients present with expansions
of these cells in the PB, as observed in other autoimmune conditions. As
conflicting data are present on the phenotype of these cells, we further focus on
clarifying whether these cells have a naive or memory phenotype and we
describe the cytokine production by DN B cells after ex vivo polyclonal
stimulation.
Aim 3: To assess the effects of treatment on different B cell functions in
MS patients
B cells have the ability to exhibit different functions. First, they are highly
effective antigen presenting cells for receptor specific antigens and provide
costimulation to T cells in order to elicit the desired immune response. Second,
B cells produce different cytokines that contribute to the immune response.
Third, B cells can form ectopic follicles that contribute to the local inflammation.
Finally, B cells can mature into plasma blasts and plasma cells and produce
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antibodies which are important for an effective humoral immune response.
Investigating dysregulation of these functions and how an MS treatment can
influence these functions could be of added value, first to elucidate disease
pathology and second to investigate the working mechanism of a specific
treatment.
The antigen presentation potential of B cells will be studied in Chapter 4. First,
we analyse the expression of antigen presentation and costimulation molecules
on B cells. Next, we investigate the effect of the upregulation of these markers
after antigen-specific stimulation on B cell proliferation. Finally, the potential of
B cells to present MS related antigens and cytomegalovirus (CMV) will be studied
and we will evaluate which T cell response is elicited. CMV was included as it
shares a mimicry motif with MOG and induce MOG reactive T cells, as shown in
an EAE rhesus monkey model [301].
Furthermore, we will investigate how treatment (Interferon-β, teriflunomide and
dimethylfumerate) can change the antigen presentation potential of B cells.
In chapter 5, we evaluate the effect of interferon-β treatment on the
proliferation (the number of cell divisions) of different B cell subtypes
(transitional, naive, memory and DN B cells) using kappa recombinant excision
circles (KREC) measurements. Measuring KREC dilutions in the PB of untreated
and treated MS patients could be used to monitor treatment efficacy in MS
patients as it provides information about the proliferation status of different B
cell subtypes. This can eventually lead to a more tailored and personalized
medicine approach.
Different autoantibody targets are already described that potentially can be used
as diagnostic and prognostic tool in clinical practice. Our lab previously identified
a new autoantibody target for MS, namely sperm-associated antigen-16
(SPAG16). In chapter 6, we evaluate whether autoantibody reactivity against
SPAG16 changes during fingolimod treatment in a longitudinal study as only
limited information is present about the effects of fingolimod treatment on
autoantibody responses.
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This part of the study will identify how an MS-approved treatment can influence
different B cell functions, e.g. antigen presentation, cell proliferation and
antibody production. These data can contribute to the better understanding of
the working mechanism of a specific treatment or help differentiating between
patients in order to improve treatment efficacy.
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2.1 Abstract
Background: The long term effects of fingolimod, an oral treatment for
relapsing-remitting (RR) multiple sclerosis (MS), on blood circulating B and T cell
subtypes in MS patients are not completely understood. This study describes for
the first time the longitudinal effects of fingolimod treatment on B and T cell
subtypes. Furthermore, expression of surface molecules involved in antigen
presentation and costimulation during fingolimod treatment are assessed in MS
patients in a 12 month follow-up study.
Methods: Using flow cytometry, B and T cell subtypes, and their expression of
antigen presentation, costimulation and migration markers were measured
during a 12 month follow-up in the peripheral blood of MS patients. Data of
fingolimod-treated MS patients (n=49) were compared to those from treatmentnaive (n=47) and interferon-treated (n=27) MS patients.
Results: In the B cell population, we observed a decrease in the proportion of
non class-switched and class-switched memory B cells (p<0.001), both
implicated in MS pathogenesis, while the proportion of naive B cells was
increased during fingolimod treatment in the peripheral blood (PB) of MS
patients (p<0.05). The remaining T cell population, in contrast, showed elevated
proportions of memory conventional and regulatory T cells (p<0.01) and
declined proportions of naive conventional and regulatory cells (p<0.05). These
naive T cell subtypes are main drivers of MS pathogenesis. B cell expression of
CD80 and CD86 and programmed death (PD)-1 expression on circulating
follicular helper T cells was increased during fingolimod follow-up (p<0.05)
pointing to a potentially compensatory mechanism of the remaining circulating
lymphocyte subtypes that could provide additional help during normal immune
responses.
Conclusion: MS patients treated with fingolimod showed a change in PB
lymphocyte subtype proportions and expression of functional molecules on T and
B cells, suggesting an association with the therapeutic efficacy of fingolimod.
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2.2 Introduction
A complex interplay between T and B cells drives the disease course of multiple
sclerosis (MS). Thereby, non class-switched (CD19+IgD+CD27+) and classswitched (CD19+IgD-CD27+) memory B cells are generally considered to be the
main pathogenic B cell subtypes, whereas, conventional (autoreactive) T cells
(CD4+CD25-CD127+)
+

hi

can

drive

the

disease

and

regulatory

T

cells

lo

(CD4 CD25 CD127 ) control immune homeostasis [10, 27, 232]. Both within
the conventional and regulatory T cell populations, naive (CD45RA+CD45RO-)
and memory (CD45RA-CD45RO+) subtypes can be discriminated. The role of
other peripheral blood (PB) immune cells in MS pathogenesis, such as naive B
cells (CD19+IgD+CD27-), double negative B cells (CD19+IgD-CD27-) and follicular
helper T cells (TFH; CD4+CD25-CD127+CXCR5+PD-1+), is still unclear. B and T
cells interact via surface molecules e.g. human leukocyte antigen (HLA)DR/DP/DQ, CD80 and CD86 on B cells and programmed death (PD) -1 on T
cells. Furthermore, migration of B and T cells is partly mediated via chemokine
(C-X-C motif) receptor 5 (CXCR5)[233].
Fingolimod is the FDA approved oral treatment for MS and has shown efficacy in
relapsing remitting (RR) MS [130-132, 234]. Fingolimod is an immunomodulator
that interferes with the signaling of the sphingosine-1-phospate receptor 1
(S1PR1),

present

on

lymphocytes,

and

causes

the

internalization

and

degradation of this receptor [235]. Consequently lymphocytes cannot exit the
lymph nodes into the circulation, leading to the entrapment of lymphocytes in
lymphatic systems, causing lymphopenia in peripheral blood (PB) of treated
patients, thereby reducing the number of inflammatory cells migrating to the
central nervous system (CNS) [137, 168, 235, 236].
Limited information is available concerning the effects of fingolimod on different
T and B cell subtypes and on the interplay between these lymphocyte
populations in the PB of MS patients [179, 237, 238]. To understand the
longitudinal immunological effects of fingolimod treatment, we investigated the
effect of this treatment on B and T cell subtypes and antigen presentation,
costimulation and migration molecules expressed on these cells in PB of MS
patients in a 12 months follow-up study.
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2.3 Materials and methods
2.3.1 Study population
PB was collected from MS patients in both the Orbis Medical Center (Sittard, the
Netherlands) and Rehabilitation and MS-center (Overpelt, Belgium). For PB
collection in the Orbis Medical Center, written informed consent was obtained
from all participants after approval by the Medical ethical Committee AtriumOrbis-Zuyd (12-N-56). Furthermore, PB was collected by the Rehabilitation and
MS-center in Overpelt after written informed consent from all participants and
approval by the UZ Leuven and Hasselt University Commissions of Medical Ethics
(S54362 and S54363). A total of 123 MS patients were involved in the study,
including 47 treatment-naive MS patients, 27 MS patients on interferon-β (IFNβ) treatment (together referred to as controls) and 49 MS patients on fingolimod
treatment (0.5mg/day). All MS patients were diagnosed according to the revised
McDonald criteria [239]. Treatment-naive MS patients never received any MS
related treatment. PB of the fingolimod-treated group was collected after washout of the previous treatment (minimally 2 months) and before the first dose of
fingolimod (baseline). MS patients were then followed over time: PB was
collected after 1 month (1m), 3 months (3m) and every 3 consecutive months of
treatment for a period of up to 12 months (6m, 9m, 12m). Clinical nonresponders to fingolimod treatment were characterized by an increase in EDSS
score, a relapse or a new magnetic resonance imaging (MRI) lesion after a
minimum of 3 months of fingolimod treatment and were excluded from the
study.
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Table 2.1 Study population

Agea (range)

Gender

Classificationb

F/M

RR

CP

EDSSc (range)

Total (n=123)

44 (17-79)

90/33

92

23

2.5 (0.0-7.0)

Treatment naive (n=47)

48 (17-79)

33/14

29

12

2.5 (0.0-7.0)

Interferon (n=27)

42 (17-66)

19/8

22

5

2.5 (1.0-6.5)

Fingolimod (n=49 )

44 (18-69)

38/11

43

6

2.5 (0.0-6.5)

Non-responders (n=7 )

49 (34-54)

5/2

4

3

4.0 (1.0-6.5)

Drop outs (n=5 )

41 (32-56)

5/0

5

0

2.0 (1.5-6.0)

0 m (n=28)

43 (18-67)

21/7

25

3

2.5 (0.0-6.0)

1 m (n=24)

41 (18-67)

18/6

22

2

2.5 (0.0-6.0)

3 m (n=29)

43 (18-67)

22/7

26

3

2.5 (0.0-6.0)

6 m (n=26)

43 (18-69)

20/6

24

2

2.5 (0.0-6.0)

9 m (n=27)

45 (18-69)

23/4

24

3

2.5 (0.0-6.0)

12 m (n=13)

45 (29-69)

11/2

12

1

2.5 (0.0-5.0)

a. Mean age in years
b. For 6 treatment-naive patients, MS type was not specified
c. Median EDSS score; this information was not available for 7 treatment-naive patients and 6 IFNβ-treated patients
Abbreviations: F = female; M = male; RR = relapsing-remitting MS; CP = chronic progressive MS;
EDSS = expanded disability status scale, m = month

2.3.2 Flow cytometry
PB was collected in heparin-coated tubes (Venosafe plastic tubes, Terumo
Europe N.V., Leuven, Belgium) and PB mononuclear cells (PBMC) were isolated
using high density centrifugation (Lympholyte®; Cedarlane® Laboratories,
SanBio B.V., Uden, the Netherlands). PBMC (0.5 x 106 cells) were stained using
anti-human CD19 PerCP-Cy5.5 and CD4 APC to discriminate between B and T
cells,

respectively

(BD

Biosciences,

Erembodegem,

Belgium).

B

cell

subpopulations and surface molecules were defined using following anti-human
antibodies:

IgD

APC-Cy7,

CD27

PE-Cy7,

HLA-DR/DP/DQ

(major

histocompatibility complex (MHC)-II) FITC, CD80 PE and CD86 PE-CF594 (all
from

BD

Biosciences,

Erembodegem,

Belgium).

Following

anti-human

monoclonal antibodies were used for T cell analysis: CD45RA APC-H7, CD45RO
PE-CF594, CXCR5 Alexa Fluor 488 and PD-1 PE-Cy7 (all from BD Biosciences,
Erembodegem, Belgium), CD25 PerCP-Cy5.5 and CD127 PE (eBioscience, San
Diego, USA). Following isotype controls were used: mouse IgG1 PerCP-Cy5.5,
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IgG1 PE, IgG1 Pe-Cy7, IgG2aκ PE-CF594, IgG2bκ APC-H7, IgG1 APC, IgG2aκ
FITC, IgG1κ PE-CF594, IgG1 Pe-Cy7, IgG2aκ APC-H7 and rat IgG2b Alexa Fluor
488 (all from BD Biosciences, Erembodegem, Belgium). All flow cytometric
analyses were performed on a FACSAriaII flow cytometer and analyzed with
FACS Diva software (BD Biosciences).
2.3.3 Statistical analysis
Data analysis was performed using Prism software version 5.01 (graphpad) and
SAS 9.3 software. Appropriate One-way ANOVA analysis was used with Dunn’s
multiple comparison post-hoc test for comparison of treatment controls and
baseline

fingolimod-treated

patients

after

normality

check

(Kolmogorov-

Smirnov). A mixed model was used for data analysis of treatment follow-up
compared to baseline fingolimod. A p-value of < 0.05 was considered
statistically significant.
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2.4 Results
2.4.1 Reduction of total PB lymphocyte, B and T cell counts after
fingolimod treatment
In total, PB of 49 fingolimod-treated MS patients was collected at different time
points up to 12 months of treatment. The cohort of fingolimod-treated MS
patients was compared at baseline with 47 treatment-naive and 27 IFN-β
treated MS patients (together referred to as controls). Fingolimod-treated MS
patients at baseline and controls were comparable in terms of age, gender
distribution and median EDSS score (Table 2.1). Furthermore, no significant
difference was observed in numbers of total lymphocytes, B cells or T cells
(Figure 2.1A) between baseline fingolimod treatment and controls. For the MS
patients receiving fingolimod treatment, pretreatment (baseline) values were
used as reference to assess the effects of treatment. Five of 49 fingolimodtreated MS patients did not finish the study due to side effects caused by the
treatment. Seven MS patients were excluded from the study as clinical nonresponders, although no differences in T and B cell subtype proportions between
non-responders and responders were found (data not shown).
Total lymphocyte numbers were decreased after 1 month (1m) of fingolimod
treatment compared with baseline and controls for the total duration of the
study (12m) (p<0.001; Figure 2.1A). Furthermore, total CD19+ B cell and CD4+
T cell numbers were decreased at 1m and reached a steady state at 3m
(p<0.001; Figure 2.1A). Similar results were observed for the percentage of
CD19+ and CD4+ cells within the lymphocyte population (p<0.001; Figure 2.1B;
Table 2.2A and 2.2B).
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Figure 2.1. Total number and percentage of lymphocytes, CD4+ T cells and CD19+
B cells in the PB. (A) Total number (x103 cells/µl blood) of lymphocytes, T cells and B
cells in treatment-naive, IFN-β treated MS patients at baseline and fingolimod-treated MS
patients during 12 months follow-up. (B) Percentage CD4+ T cells and CD19+ B cells in
treatment-naive, IFN-β treated MS patients at baseline and fingolimod-treated MS patients
during 12 months follow-up. Mean and standard error of the mean are presented.
● lymphocytes; ■ CD4+ T cells; ▲ CD19+ B cells

2.4.2 Fingolimod affects B cell subtype distribution in the PB of MS
patients
During immune responses, B cells produce antibodies after maturation into
plasma cells, function as antigen presenting cells, provide costimulation for T
cells and play a role in immune memory. In MS, memory B cells and plasma
cells may contribute to the pathogenesis by production of autoantibodies and
cytokines [31].
Although B cell numbers were reduced in the PB after fingolimod treatment, we
investigated the effects of fingolimod treatment on the remaining B cell
population
+

in
+

the
+

PB

of

treated

patients.

Both

non

class-switched

+

(CD19 IgD CD27 ) and class-switched memory B cells (CD19 IgD-CD27+) were
significantly decreased in the peripheral B cell population from 3m until end of
follow-up (p<0.001; Figure 2.2, Table 2.2B). In contrast, the percentage of
CD19+IgD-CD27- cells (double negative B cells) was significantly increased
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within the B cell population at 1m up to 12m (p<0.05 at 1m; p<0.001 at 312m; Figure 2.2, Table 2.2B). Naive B cells (CD19+IgD+CD27-) made up about
50% of the remaining peripheral B cells and the proportion of these cells was
increased after 3m fingolimod until end of follow-up (p<0.03; Figure 2.2; Table
2.2B).
Distribution of B cell subtypes at start of fingolimod treatment was the same as
in treatment-naive and IFN-β-treated MS patients (Table 2.2A). In general,
fingolimod treatment caused a decline in memory B cell subpopulations while
naïve and double negative B cell proportions were increased in the PB of MS
patients.

Figure 2.2. Proportional B cell subtype changes in MS patients during fingolimod
treatment. CD19+ B cell subtype proportion within the PB of treatment-naive, IFN-β and
fingolimod-treated MS patients. Results are presented as relative values within the CD19 +
B cell population. Subtype proportions were calculated as follows: (% subtype/100) x %
CD19+ within the

total

lymphocyte

population. Statistically

significant differences

compared to 0m are shown in bold. NCSM B cells = non class-switched memory B cells;
CSM B cells = class-switched memory B cells and DN B cells = double negative B cells.
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2.4.3 Change in surface expression of molecules involved in B cell
antigen presentation and costimulation under fingolimod treatment
B cells are potent antigen presenting cells via the surface molecule HLADR/DP/DQ (MHC-II) and are important to provide costimulation to T cells via the
surface molecules CD80 and CD86 [240].
During fingolimod treatment, both the percentage of HLA-DR/DP/DQ, CD80 and
CD86 positive cells and the expression of these surface markers on CD19 + B
cells was assessed using flow cytometric analysis. The percentage of HLADR/DP/DQ+ B cells and the expression of HLA-DR/DP/DQ (MFI) on B cells was
significantly decreased after 3m and 1m of fingolimod treatment, respectively, in
comparison with baseline (p<0.05; Figure 2.3A; Table 2.3B). Fingolimod
treatment resulted in an increased expression of both CD86 (after 1m) and
CD80 (after 3m and 12m) on B cells (MFI) compared with baseline (p<0.05;
Figure 2.3B and C; Table 2.3B). The percentages of CD80+ and CD86+ B cells
remained stable during the follow-up period (Table 2.3B). Expression of antigen
presentation and costimulation markers on B cells was comparable between
baseline fingolimod and controls (Table 2.3A). Thus, the expression of HLADR/DP/DQ on PB B cells was decreased (both percentage of positive cells and
MFI), while the expression of the costimulation molecules CD80 and CD86 (MFI)
was increased during fingolimod treatment in MS patients.
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Figure 2.3. B cell expression levels of antigen presentation and costimulation
molecules during fingolimod treatment. Mean fluorescence intensity (MFI) of (A) HLADR/DP/DQ, (B) CD80 and (C) CD86 expression within the B cell population from
fingolimod-treated MS patients during follow-up.

2.4.4 Fingolimod affects conventional and regulatory T cell subtype
distribution in the PB of MS patients
Conventional T cells (Tconv, CD4+CD25-CD127+) are considered to be main
players in maintaining a normal immune response and exert autoreactivity in
autoimmune
+

hi

diseases

like

MS

[10].

Regulatory

T

cells

(Treg,

lo

CD4 CD25 CD127 ) are essential for immune homeostasis and were shown to
be functionally impaired in MS pathogenesis [10].
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The longitudinal effects of fingolimod treatment on different CD4 + T cell
subtypes including naive (CD45RA+CD45RO-), memory (CD45RA-CD45RO+) and
transitional (CD45RA+CD45RO+) cells within both Tconv and Treg populations
were assessed using flow cytometry. For the Tconv population, the proportion of
naive cells was decreased in fingolimod-treated patients at all timepoints
measured, when compared with baseline (p<0.001; Figure 2.4; Table 2.2B). In
contrast, a significant increase in the percentage of memory Tconv was
observed after 1m until 12m in comparison with baseline (p<0.001; Figure 2.4;
Table 2.2B).
The percentage of naive cells within the Treg subtypes displayed a significant
decrease after 1m, 3m and 6m (p<0.05; Figure 2.4; Table 2.2B) while a
significant increase was observed in the proportion of memory Tregs after 1m
until 9m (p<0.001), as observed for the Tconv population.
Interestingly, the transitional T cells (CD45RA+CD45RO+), both in the regulatory
and conventional T cell population, remained stable throughout the 12 month
follow-up period. Of note, baseline levels of the fingolimod-treated groups
differed significantly compared with treatment-naive patients for Tconv and Treg
(p<0.05; Table 2.2A). Similar changes were observed when comparing IFN-βtreated MS patients to the treatment-naive group. Together, these results show
that fingolimod treatment caused a decrease in the proportions of naïve Tconv
and Treg cells in the PB, together with an increase in the proportion of memory
Tconv and Treg cells.
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Figure 2.4. Proportional T cell subtype changes in MS patients during fingolimod
treatment. CD4+ T cell subtype proportion within the PB of treatment-naive, IFN-β and
fingolimod-treated MS patients. Results are presented as relative values within the CD4 + T
cell population. Subtype proportions were calculated as follows: (% subtype/100) x %
CD4+ within the total lymphocyte population. Statistically significant differences compared
to 0m are shown in bold. nTreg = naive Treg; mTreg = memory Treg; TransTreg =
transitional Treg; nTconv = naive Tconv; mTconv = memory Tconv; TransTconv =
transitional Tconv.

2.4.5 PD-1 expression increases on circulating follicular helper T cells
during fingolimod treatment
Circulating CXCR5+ PD-1+ follicular helper T cells (TFH) have the capacity to
recirculate in secondary lymphoid organs where they can interact with B cells
and influence the germinal center response [241].
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The percentage of TFH (CD4+CD25-CD127+CXCR5+PD-1+) remained stable
within the CD4+ population during fingolimod treatment (Figure 2.5, Table
2.2B).
To assess the effect of fingolimod on the expression of molecules involved in cell
migration

towards

the

germinal

center

and

molecules

involved

in

the

functionality of the germinal center response, CXCR5 and PD-1 expression levels
were determined on TFH cells [241-244]. While the expression of CXCR5 on TFH
did not change in fingolimod-treated MS patients (Figure 2.5; Table 2.3B), a
significant increase of the expression of PD-1 on PB TFH cells was observed
during follow-up (p<0.05; Figure 2.5; Table 2.3B). These results show that the
frequency of circulating TFH cells that egress from the lymph nodes was not
affected by treatment with fingolimod while expression of PD-1 on these TFH
cells in the PB of MS patients was increased.
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Figure 2.5. Percentage of TFH and expression of CXCR5 and PD-1 during
fingolimod treatment in MS patients. (A.) Percentage of PB follicular helper T cells
(TFH) in MS patients treated with fingolimod. Data are presented as percentage within the
CD4+ T cell population. (B.) Expression of CXCR5 and (C.) expression of PD-1 within TFH
cell population.
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n

13.78

18.16

11.24

56.86

8.30

1.4

0.78*

0.42*

0.32*

0.40*

1.61

2.79

2.22

25.79

34.39

36.77

96.9*

48.60

Mean

2.32

2.37

1.23

3.39

0.59

0.35

0.16

0.09

0.05

0.07

0.19

0.27

0.34

2.56

2.57

2.64

0.30

2.02

Sem
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27

27

27

27

20

21

21
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20
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n
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* p < 0.05 versus treatment naive; Baseline fingolimod treatment was compared to treatment-naive and IFN-β-treated patients using appropriate one-way
ANOVA (SAS 9.3). Interaction between treatment and sex was assessed and only observed for nTreg cells. Baseline differences were subdivided for males (M)
and females (F). A mixed model was used for comparison of follow-up data with baseline. Tconv = conventional T cells; mTconv = memory conventional T
cells; nTconv = naive conventional T cells; Trans Tconv = transitional conventional T cells; T FH = follicular helper Tcells; Treg = regulatory T cells; mTreg =
memory regulatory T cells; nTreg = naive regulatory T cells; trans Treg = transitional regulatory T cells; SEM = standard error of the mean; n = number of
samples; NCS = non class-switched; CS = class-switched; M = male; F = female
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* p < 0.05 versus treatment naive; # p < 0.05 versus interferon; $ p < 0.05 versus 0 months; £ p < 0.01 versus 0 months; ¥ p < 0.001 versus 0
months.Abbreviations: PD-1 = programmed cell death 1; MFI = mean fluorescence intensity; CXCR5 = CXC motif receptor 5; TFH = follicular helper cells; MHC
II = major histocompatibility II = HLA-DR/DP/DQ; CD = cluster of differentiation; Sem = standard error of the mean; n = number of samples
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2.5 Discussion
In this study, we elucidate the effects of fingolimod, approved as therapy for RRMS, on different B and T cell subtypes and expression of surface molecules
involved in antigen presentation, costimulation and migration during a 12 month
follow-up study. Under fingolimod treatment, the B cell subtype distribution
changed, resulting in a decreased proportion of memory B cells and an increased
proportion of naive and double negative B cells in the PB. In contrast, the
proportions of T cell subtypes changed towards less naive Tconv and naive Treg
in the PB, while the proportions of memory Tconv and memory Treg increased.
Finally, expression of CD86 and CD80 costimulatory molecules on B cells as well
as the expression of PD-1 on circulating TFH were changed during fingolimod
treatment.
We confirmed, as shown by others, that fingolimod reduced total lymphocyte, B
and T cell numbers in the PB of MS patients [168, 245, 246]. For a
comprehensive overview of the effects of fingolimod treatment on different cell
types, we refer to the review of Brinkmann et al. [235].
The beneficial effects of fingolimod as MS treatment with minimal side effects
could be attributed to different mechanisms of action. Fingolimod could entrap
lymphocyte subtypes involved in MS pathogenesis in the lymph nodes by directly
influencing migration of these lymphocytes from the lymph nodes into the
circulation. As already reported by others, we show a decrease in peripheral
memory B cells (both non class-switched and class-switched) while the naive B
cell proportion increases [179, 238]. Although we do not report functional data,
this finding could contribute to the beneficial effect of fingolimod treatment in
MS patients. Memory B cells are largely implicated in MS pathogenesis as they
are able to produce specific (auto)antibodies and are able to migrate to the CNS
to enhance the ongoing immune response [27, 31, 34]. Entrapment of memory
B cells in the lymph nodes could be a direct consequence of fingolimods’ agonist
activity on S1PR1 since egression of these cells could be mediated by S1PR1
signaling [179]. Additional proof of memory B cell entrapment in the lymph
nodes comes from mice studies that showed a decrease in high-affinity classswitched antibodies by fingolimod, produced by memory B cells in the serum
[247]. Furthermore, vaccination studies in fingolimod-treated healthy volunteers
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have demonstrated a mild to moderate decrease in immunoglobulin (Ig)G and
IgM antibody levels towards some antigens [189].
B cells are important antigen presenting cells and recent evidence from mice
studies has indicated that fingolimod can influence antigen handling [248-250].
In our study, B cell expression of the antigen presentation marker HLADR/DP/DQ and the percentage of HLA-DR/DP/DQ+ B cells was decreased in the
PB during fingolimod treatment, which could be beneficial for MS pathogenesis
since less antigen presentation occurs. However, this effect could also be
attributed to a change in B cell subtype proportions in the PB.
Next to changes in B cells proportions, fingolimod treatment led to a decrease in
the proportion of peripheral naive Tconv and an increase in the memory Tconv.
Our results are in agreement with previous studies showing that effector
memory T cells (TEM), lacking expression of C-C chemokine receptor type 7
(CCR7), were increased in the PB of fingolimod-treated MS patients [251]. It is
thought that these circulating TEM have a suppressor function and downregulate
the autoimmune response [236].
Furthermore, the homeostasis and function of Treg is disturbed in MS [252,
253]. In addition to the previously described increase in percentage of Tregs in
the PB under fingolimod treatment, we show that the increase in Tregs is mostly
attributed to an expansion in the memory population while a decrease in naive
Treg cells was observed [237, 254]. Of note, an increase in memory Tregs could
be responsible for recovery of Treg suppressive activity under fingolimod
treatment as previously illustrated by our group for patients with SPMS [253]. It
was

already

speculated

that

treatment

with

fingolimod

works

by

both

sequestering autoreactive B and T cells in the secondary lymphoid organs and
by enhancing the functionality and frequency of circulating Treg [255].
As circulating TFH are important for a normal germinal center response [256],
we investigated whether these cells are affected by fingolimod treatment in the
PB of MS patients and found that fingolimod treatment did not change the
percentage of circulating TFH cells. Recent evidence indicated that circulating
TFH cells consist of a CCR7loPD-1hi subpopulation with an effector phenotype.
Therefore these cells could be less responsive to fingolimod as observed for
memory Treg and Tconv cells [257].
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Although fingolimod causes entrapment of lymphocytes in the lymph nodes,
expression of surface molecules involved in costimulation was increased, which
could point to a gain of functionality of the remaining circulating lymphocyte
subtypes, although functional assessment is needed using both in vitro and
animal studies to confirm this argument. During fingolimod treatment expression
of CD86 and CD80 costimulatory molecules on B cells was increased and
furthermore, an increase in PD-1 expression on TFH cells was observed. The
percentage of CD86+ B cells was increased as well during fingolimod treatment,
which could be attributed to a change in B cell subtype distribution. Expression
of CXCR5 on TFH cells was unchanged during treatment, indicative of normal
migration of these cells from the marginal zone to the follicles in the lymph
nodes. Considering the beneficial clinical effects of fingolimod, we hypothesize
that this increase in B and T cell costimulation and no change in migration
capacity is a rescue mechanism to augment functionality of the remaining B and
T cells, thereby warranting normal immunity. An additional proof of normal
immune function is that vaccine specific production of IgM and IgG towards
influenza A and B in fingolimod-treated individuals was not impaired when
compared to levels in healthy controls [258].
Due to technical limitations and low cell numbers available for analysis, CD8 +
and natural killer (NK) cells were not assessed. Further limitations of the study
are the lack of functional data, although we provide evidence that during
fingolimod treatment expression of functionally relevant markers on the
remaining B and T cell subtypes in the peripheral blood of MS patients can
change.
To conclude, this study shows that fingolimod induces compositional changes of
B and T cell subtypes that are potentially implicated in MS pathogenesis and
may explain the therapeutic efficacy of the treatment.While altered surface
expression of functional molecules on B and T cells during fingolimod treatment
suggests that normal immune function may prevail, functional evidence for this
has still to be provided during future research. With this descriptive study we
provide additional longitudinal immunological proof for the diverse mechanisms
of action of fingolimod in MS patients.
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3.1 Abstract
Background: Immune aging occurs in the elderly and in chronic autoimmune
diseases.

Recently,

2

populations

of

age-associated
-

B

cells

with

pro-

-

inflammatory characteristics were described, namely IgD CD27 (DN) and CD21CD11c+ (CD21low) B cells. This study investigated the prevalence and functional
characteristics of DN and CD21low B cells in multiple sclerosis (MS) patients.
Methods and results: Using flow cytometry, we demonstrated a significantly
higher proportion of MS patients younger than 60 years with peripheral
expansions of DN and CD21low B cells (8/41 and 9/41, respectively) compared to
age-matched healthy donors (1/33 and 2/33), which indicates an increase in
age-associated B cells in MS patients younger than 60 years. Although DN B
cells were CD27-, the majority had an IgG+ memory phenotype. The CD21low B
cell population consisted of a mixed population of both CD27 - naive and CD27+
memory cells and an equal frequency of IgG+ and IgM+ cells. Furthermore, a
positive correlation between DN/CD21low B cells and age-associated CD4+CD28T cells with pathological characteristics in MS, was observed together with a
lower CD21 expression on DN B cells in MS patients compared with healthy
donors. DN B cells produced the pro-inflammatory and cytotoxic cytokines TNFα, lymphotoxin-α and granzyme-B following ex vivo stimulation, measured by
intracellular flow cytometry.
Conclusion: In conclusion, a proportion of MS patients showed premature
expansions of age-associated B cell populations by the presence of increased
frequencies of DN and CD21low B cells. DN B cells exhibited a pathological profile
and produced pro-inflammatory cytokines that could contribute to inflammatory
processes in MS.
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3.2 Introduction
Multiple sclerosis (MS) is an inflammatory disease of the CNS that is
characterized by loss of myelin and neurodegeneration, leading to increased
disability [1]. B cells are clearly implicated in the pathogenesis of MS by
autoantibody production, antigen presentation, costimulation and cytokine
production such as lymphotoxin (LT)-α and TNF-α [45, 72, 176, 259]. Premature
aging of the immune system is evidenced in a proportion of MS patients and is
thought to contribute to MS pathogenesis and progression [230]. Furthermore, a
proportion of MS patients display characteristics of an aged T cell repertoire
[230, 231].
During aging, the immune system undergoes changes that lead to immune
dysregulation or remodeling. In aged individuals, bacterial and viral infections
increase while vaccine efficacy declines. Furthermore, modifications of immune
cell repertoires and functions are observed [207]. During immune aging, thymic
involution causes a reduced T cell output which leads to a reduction in naive T
cells and homeostatic memory T cell proliferation. Further, expansion of
CD4+CD28- and CD8+CD28- T cells has been noted, which is characterized by
shortened telomeres, reduced TCR diversity and cytotoxic and autoreactive
functional properties [202-205, 260]. Humoral immunity is affected by aging as
well. In aged healthy individuals, a decline in the production of B cells leads to
reduced

protective

antibody

responses

and

an

increased

autoantibody

generation [210, 211]. BCR mutations accumulate during aging and lead to an
alteration in the selection of memory B cells. Moreover, BCR diversity is
decreased while clonal B cell expansion occurs, contributing to a restricted B cell
repertoire [212-214]. Different populations of B cells are already described in
relation to immune aging, namely double negative (DN) CD19 +IgD-CD27- B cells
and CD19+CD21-CD11c+ (CD21low) B cells [222].
DN B cells are proportionally increased in aged human individuals [217].
Additionally, in systemic lupus erythematosus (SLE) patients, an increased
frequency of DN B cells that produced autoantibodies was identified [223].
Although DN B cells do not express the memory marker CD27, the majority of
the cells are IgG+ and they display a significant level of BCR hypermutation
55

CHAPTER 3

which suggests their selection in an antigen-driven process [223]. Several
hypotheses on the origin of DN B cells exist. First, they are thought to be
senescent memory B cells that downregulate CD27 following chronic antigen
stimulation [217]. Secondly, as DN B cells are CD27-, it is hypothesized that
these cells develop independent of T cell help outside the germinal center [224].
Alternatively, DN B cells might represent activated cells that initiate a germinal
center reaction but fail to progress to CD27+ memory B cells.
An increase in CD21low B cells was already demonstrated in aged mice [227]. In
humans,

CD21low

B

cells

were

described

in

SLE,

common

variable

immunodeficiency disease (CVID), human immunodeficiency virus (HIV) and in
rheumatoid arthritis (RA) patients [227, 228]. The majority of CD21low B cells in
aged healthy individuals exhibit a memory phenotype, pointing to their
association with immune aging where chronic antigen stimulation is prominent
[228]. In contrast, CD21low B cells were mainly naive in RA and CVID patients
[228]. Further, CD21low B cells display polyreactivity and autoreactivity with up
to 22% of CD21low B cells producing antinuclear antibodies [228]. Finally,
decreased levels of soluble CD21 were observed in RA and SLE [261, 262].
CD21low B cells potentially originate due to downregulation of the Epstein-Barr
virus (EBV) receptor CD21 as a consequence of chronic stimulation by EBV.
Alternatively, it was stated that CD21low B cells could develop after activation via
Toll-like receptor (TLR)-7 [227].
The involvement of DN and CD21low B cells in MS remains unclear. A recent
study analyzing the Ig heavy chain variable region (VH) repertoires of different B
cell subpopulations from MS patients demonstrated peripheral immunoglobulin
(Ig) class-switched DN B cells that were clonally related to intrathecal Ig
repertoires, pointing to the involvement of DN B cells in MS pathology [27].
In this study, we phenotypically characterize DN and CD21 low B cells in the
peripheral blood of MS patients and healthy donors and functionally characterize
the cells ex vivo. Further characterization of these cells provides better insights
into the pathogenesis of MS and can contribute to finding new therapeutic
possibilities or screening tools related to age-associated B cells for MS.
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3.3 Materials and methods
3.3.1 Study subjects
This study was approved by the institute’s Medical Ethical Committee and
informed consent was obtained from all participants. Peripheral blood samples
were collected from 64 MS patients and 85 healthy donors. All MS patients were
diagnosed according to the revised McDonald criteria [263]. Clinical information
of patients and healthy donors is summarized in Table 3.1. Of the 85 healthy
donors and 64 MS patients, respectively 11 and 13 donors were used for
functional assays (Table 3.2).
Table 3.1 Characteristics of MS patients and healthy donors used for flow cytometric
analysis
Age

Female/
a

(range)

male (%F)

Untreated/
treated

b

MS type

EDSS
(range)c

CIS

PP

RR

SP

34 / 27

3

1

37

23

22 / 18

3

-

30

8

12 / 9

-

1

7

15

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

MS patients
Total

52

49 / 16

(n = 64)

(19 - 76)

(77%)

< 60 years

43

31 / 10

(n = 41 )

(19 - 59)

(75%)

> 60 years

68

18 / 6

(n = 23)

(60 - 76)

(71%)

Total

58

49 / 36

(n = 85)

(21 - 87)

(57%)

< 60 years

40

19 / 14

(n = 33)

(21 - 59)

(58%)

> 60 years

69

30 / 22

(n = 52)

(60 - 87)

(58%)

3.5
(0-8.0)
2.5
(0-7.5)
6
(0-8.0)

Healthy donors

a. Mean age in years
b. Data are missing for 1 MS patient < 60 years and 3 MS patients > 60 years
c. Median EDSS score; data are missing for 1 MS patient < 60 years and 1 MS patients
> 60 years
Abbreviations: < 60 years = younger than 60 years; > 60 years = older than 60 years;
CIS = clinically isolated syndrome; PP = primary progressive MS; RR = relapsing
remitting MS; SP = secondary progressive MS; EDSS = expanded disability status scale
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Table 3.2 Characteristics of MS patients and healthy donors used for functional analysis
Age

Female/

Untreated/

(range)a

male (%F)

treated

RR

MS type
SP

(range)b

EDSS

Total

51

11 / 2

7/6

5

6

5

(n = 13)

(29-70)

(85%)

MS patients

< 60 years

42

6/2

(n = 8)

(29-59)

(75%)

> 60 years

67

5/0

(n = 5)

(64-70)

(100%)

Total

50

9/2

(0 – 7.5)
5/3

3

5

5
(0 - 7.5)

2/3

2

3

5
(2 – 7.5)

Healthy donors

(n = 11)

(26-78)

(82%)

< 60 years

36

4/2

(n = 6)

(26-39)

(67%)

> 60 years

70

5/0

(n = 5)

(66-78)

(100%)

-

-

-

-

-

-

-

-

-

-

-

-

a. Mean age in years
b. Median EDSS score
Abbreviations: < 60 years = younger than 60 years; > 60 years = older than 60 years;
CIS = clinically isolated syndrome; PP = primary progressive MS; RR = relapsing
remitting MS; SP = secondary progressive MS; EDSS = expanded disability status scale

3.3.2 Cell isolation
PBMC were isolated by Ficoll density gradient centrifugation (Lympholyte;
Cedarlane Laboratories, SanBio B.V., Uden, The Netherlands) and used for flow
cytometric analysis or for further B cell isolation. CD19 + B cells were isolated
from PBMC using negative magnetic selection (STEMCELL Technologies SARL,
Grenoble, France) according to the manufacturer’s instructions. Purity of the
isolated B cells was confirmed by flow cytometry using FACSDiva software (BD
Biosciences, Erembodegem, Belgium).
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3.3.3 Flow cytometry
Following anti-human antibodies were used for flow cytometric analysis of PBMC
for B cell subtypes: CD19 PE-Cy7, CD27 APC, IgD PE-CF594, IgM PerCP-Cy5.5,
IgG FITC, CD21 PE (all from BD Biosciences) and CD11c APC-Cy7 (from
Biolegend; ImTec Diagnostics N.V., Antwerp, Belgium). To distinguish CD4+
CD28- T cells, PBMC were stained with anti-human CD4 APC and CD28 PE
antibodies. Appropriate isotype controls were used to establish the gating
strategy. All flow cytometric analyses were performed on a FACSAriaII flow
cytometer and analysed with FACSDiva software (BD Biosciences) or FlowJo V10
software. As a cut-off to identify donors with an expansion of DN or CD21low B
cells, we used the mean percentage of DN or CD21low B cells within the CD19+ B
cell population from healthy donors < 60 years plus two times the standard
deviation (7% and 3%, respectively).
3.3.4 B cell activation and intracellular FACS analysis
For in vitro cultures, purified B cells were seeded in 48-well flat-bottom plates
(Nunc, Roskilde, Denmark) at 375 x 103 cells/well in RPMI1640 medium (Lonza,
Basel, Switserland) supplemented with 10% heat-inactivated FBS (Gibco, Life
Technologies Europe B.V, Ghent, Belgium), 1% nonessential amino acids, 1%
sodium pyruvate (both from Sigma-Aldrich BVBA, Diegem, Belgium), 50U/ml
penicillin and 50µg/ml streptomycin (both Invitrogen, Carlsbad, CA).
IL-10, TNF-α and LT-α were measured following different B cell stimulations.
Stimulation with CD40L (referred to as CD40L) was achieved using a preadhered
irradiated monolayer of CD40L cells (kind gift from prof. Dr. B. ‘t Hart;
University Medical Center Groningen, The Netherlands) at a B cell to CD40L ratio
of 15/1 in combination with IL-4 (R&D Systems Inc., Minneapolis, USA;
10ng/ml). Triple stimulation of B cells was performed with goat anti-human
IgM/IgG (1µg/ml; Jackson ImmunoResearch Europe Ltd., Suffolk, UK) for 24
hours after which the cells were transferred to a preadherent monolayer of
CD40L (ratio B/CD40L: 15/1) and CpG oligonucleotide (1µM; ODN 2006,
Invivogen, Toulouse, France) was added for an additional 48 hours. Granzyme-B
production was measured after stimulation of the B cells with IL-21 (50ng/ml;
Life Technologies Europe B.V, Ghent, Belgium) and anti-IgM/IgG (6.5µg/ml) in
AIM-V medium (Life Technologies Europe B.V, Ghent, Belgium). Cells were
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restimulated after 72 hours in culture with PMA (25ng/ml) and calcium
ionomycin (1µg/ml, both Sigma-Aldrich BVBA, Diegem, Belgium) in the presence
of GolgiPlug (BD Biosciences) for an additional 4 hours.
Cells were collected and 1 x 105 cells were stained for CD19 PE-Cy7, IgD PECF594, CD27 APC, CD86 FITC and CD25 PerCP-Cy5.5 (all from BD Biosciences)
to assure appropriate activation of the cells. Additionally, the remaining cells
were surface stained with anti-human CD19 PE-CF594, CD27 APC and IgD APCCy7

(all

from

BD

Biosciences,

Erembodegem,

Belgium)

and

stained

intracellularly with the anti-human antibodies IL-10 PE-Cy7, TNF-α PerCP-Cy5.5,
LT-α PE and granzyme-B FITC (all from BD Biosciences, Erembodegem,
Belgium). Cells were fixed and permeabilized using the Cytofix/Cytoperm kit (BD
Biosciences) and analyzed by flow cytometry using FACSAria II and Diva
software (both BD Biosciences) and FlowJo V10. Appropriate isotype controls
were used to establish the gating strategy.
3.3.5 Statistical analysis
Statistical analyses were performed using GraphPad Prism version 6.01.
Graphics were made using GraphPad Prism version 6.01 and FlowJo V10. Data
sets were checked for normality. Analysis of multiple groups was performed
using nonparametric ANOVA (Kruskal-Wallis) with Tukey multiple comparison
post-hoc testing. A Mann-Whitney U test was used for nonparametric unpaired
data. Nonparametric Spearman correlation was used to assess correlations
between two data sets. To assess differences in proportions, a Chi-square test
was used. A p value <0.05 was considered significant. Results are expressed as
mean value ± SEM.
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3.4 Results
3.4.1 DN and CD21low B cells are increased in aged individuals
DN and CD21low B cells were described as age-associated B cell subtypes, as an
increased frequency of these B cells was found in elderly healthy donors or aged
mice [217, 224, 227, 228]. To confirm this finding in our healthy donor cohort,
we determined the frequency of DN and CD21low B cells in the peripheral blood
of healthy donors younger (n = 33) and older (n = 52) than 60 years old (Figure
3.1A). The percentage of DN and CD21low B cells in peripheral blood was
significantly increased in healthy donors older than 60 years compared to
healthy donors younger than 60 years (p = 0.014 and 0.027, respectively;
Figure 3.1A, B). A mean percentage of 3.6% (± 0.28) of DN B cells and 1.45%
(± 0.15) of CD21low B cells was found in healthy donors younger than 60 years,
whereas healthy donors older than 60 years showed a mean percentage of 4.9%
(± 0.34) DN B cells and 2.24 % (± 0.22) CD21low B cells.
Furthermore, in healthy donors, the percentage of DN and CD21low B cells was
positively correlated with age (p = 0.0216 and p = 0.0301, respectively; Figure
3.1C). A positive correlation between the percentage of DN B cells and CD21 low B
cells was furthermore observed (p < 0.0001; Figure 3.1D). These results
indicate that DN and CD21low B cells are associated with aging in our healthy
donor cohort and that these age-associated B cells could already be found in
increased frequencies from the age of 60 years.
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Figure 3.1. DN and CD21low B cells are increased in healthy donors older than 60
years. (A) Representative gating strategy to identify DN and CD21low B cells in the
peripheral blood of healthy donors. B cells were identified from the lymphocyte population
as CD19+. DN and CD21low B cells were further characterized within the CD19+ B cell
population. (B) Percentage of DN B cells and CD21low B cells in healthy donors older than
60 years (> 60 years; n = 52) compared with healthy donors younger than 60 years (< 60
years n = 33). (C) Correlation between the percentage of DN/CD21 low B cells and age in
healthy donors (n = 85). (D) Correlation between the percentage of DN B cells and the
percentage of CD21low B cells. Mean levels ± SEM are shown. Mann-Whitney U test was
used for statistical analysis to compare 2 groups and the Spearman rank correlation
coefficient was used for correlations. * p < 0.05

3.4.2 Premature expansion of DN and CD21low B cells in a proportion of
MS patients
As DN and CD21low B cells were described to be expanded in different
(auto)immune diseases, like CVID, RA and SLE, we aimed to investigate whether
these cells were expanded in MS patients as well [223, 227, 261, 264]. The
proportion of MS patients younger than 60 years who presented with increased
frequencies (> 7% of CD19+ B cells) of DN B cells (8/41; 20%) in the peripheral
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blood was significantly elevated when compared with healthy donors of the
same age (1/33; 3%, p = 0.031; Figure 3.2A, B). The same trend was observed
for MS patients younger than 60 years with increased frequencies of CD21low B
cells (> 3% of CD19+ B cells, p = 0.056; Figure 3.2A, C). These results indicate
premature expansion of DN and CD21low B cells in a proportion of MS patients.
Although there was a gender bias in the MS population, similar frequencies of
DN and CD21low B cells were observed in male and female donors, as well as in
different clinical MS subtypes. Further, the proportion of healthy donors
presenting with peripheral expansions of DN B cells (9/52; 17%) or CD21low B
cells (15/52; 29%) was significantly increased in donors older than 60 years
compared with younger healthy donors (p = 0.046 and p = 0.01 respectively;
Figure 3.2B-C), which again confirmed the association of DN and CD21 low B cells
with aging. A trend towards an increased proportion of healthy donors older than
60 years with peripheral expansions of CD21 low B cells was observed in
comparison with MS patients older than 60 years (p = 0.05; Figure 3.2C).
However, since only 23 MS patients older than 60 years were included compared
to 52 healthy donors older than 60 years, this trend was probably due to the
difference in the number of included individuals.
Interestingly, in contrast to the healthy donor cohort (Figure 3.1C), no
correlation was present between the percentage of DN or CD21 low B cells and
age in the MS cohort (p = 0.63 and p = 0.14; Figure 3.2D). This observation
further provides evidence of the premature expansion of age-associated B cells
in MS. The finding of a positive correlation between the percentage of DN and
CD21low B cells in MS patients (p < 0.0001 Figure 3.2E) potentially demonstrates
that both cell types are important contributors to the premature aging in MS
patients, although we need to confirm further the contribution of the cells to
premature aging. Finally, increased percentages of DN and CD21low B cells were
demonstrated in the CSF of MS patients compared with the PB of the same MS
patients (Figure 3.2 F and G).
Together, these data indicate premature expansion of age-associated B cells in a
proportion of MS patients, which was most pronounced for DN B cells.
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Figure 3.2. An increased proportion of MS patients younger than 60 years
presents with expansions of DN and CD21 low B cells. (A) Representative flow
cytometry plots of MS patients younger than 60 years (< 60 years) indicating the gating
strategy. (B-C) Percentage of DN (B) and CD21low (C) B cells within the CD19+ B cell
population. Black dotted line represents the cut-off (DN B cells: 7% and CD21low B cells:
3%). Data were compared between healthy donors younger (n = 33) and older (n = 52)
than 60 years and MS patients younger (n = 41) and older (n = 23) than 60 years. (D)
Correlation between the percentage of DN or CD21low B cells and age in MS patients (n =
64). (E) Correlation between the percentage of DN B cells and the percentage of CD21low B
cells in MS patients. Comparison of the percentage DN (F) and CD21low (G) B cells between
paired PBMC and CSF samples. Statistics were done by Chi-square test for contingency
tables. The Spearman rank correlation coefficient was used as statistical analysis for
correlations. * p < 0.05; ** p < 0.01; § p = 0.05 and £ p = 0.056

3.4.3 DN and CD21low B cells are positively correlated with CD4+CD28- T
cells
CD4+CD28- T cells were previously described as expanded (>2% of total CD4 + T
cells) in the peripheral blood of a proportion of MS patients (and healthy donors)
[265]. Further, CD4+CD28- T cells were indicated to accumulate in brain lesions
of a subgroup of MS patients and exhibited functional properties that could
contribute to MS pathology, including cytotoxic activity [204, 265, 266]. We now
compared the frequency of DN and CD21low B cells and the frequency of
CD4+CD28- T cells in the peripheral blood of 72 included healthy donors and MS
patients.
The percentages of DN and CD21low B cells were positively correlated with the
percentage of CD4+CD28- T cells (p = 0.0044 and p = 0.0032, respectively;
Figure 3.3A, B). Further, the percentage of DN B cells was significantly higher in
MS patients with an expanded CD4+CD28- T cell population (n = 25) when
compared to MS patients without a CD4 +CD28- T cell expansion (n = 48;
5.54%±0.52 vs 4.23%±0.38; p = 0.0078). These data indicate that donors
presenting with an aged T cell compartment potentially present with ageassociated changes in their B cell repertoire as well.
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Figure 3.3. DN and CD21low B cells are positively correlated with CD4+CD28- T
cells in healthy donors and MS patients. Correlation between the percentage of DN B
cells (A) or percentage of CD21low B cells (B) and the percentage of CD4+CD28- T cells (n =
72 HC and MS together) in the peripheral blood. CD28 - T cells were gated within the CD4+
PBMC population. The Spearman rank correlation coefficient was used as statistical
analysis for correlations.

3.4.4 DN B cells exhibit a memory B cell profile, while CD21low B cells
include both naive and memory cells
Since there is no agreement on the phenotype of CD21low B cells [228] and both
CD21low and DN B cells have not been phenotypically analyzed in MS patients,
we next determined the memory or naive status of DN and CD21 low B cells by
measuring surface expression of IgG, IgM and CD27. The gating strategy for the
detection of surface IgM and IgG by flow cytometry is depicted in Figure 3.4A.
Although DN B cells do not express the memory marker CD27, the majority of
DN B cells were IgG+, while only 10% were IgM+ (Figure 3.4B). These results
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demonstrated that DN B cells exhibited a memory B cell profile, both in healthy
donors and MS patients.
Healthy donors and MS patients had similar frequencies of IgG + and IgM+
CD21low B cells in the peripheral blood (32%; Figure 3.4D). Furthermore,
CD21low B cells made up a mixed population of about 60% CD27 - B cells and
about 40% CD27+ B cells (Figure 3.4E). No differences were found between
donors younger than 60 years and older than 60 years. From these data, we can
speculate that DN B cells exhibit a memory phenotype with a higher IgG+
profile, while CD21low B cells consist of a mixed population of naive and memory
B cells. Still, additional comfirmation is needed by measuring IgD expression and
for example kappa recombinant excision circle (KREC) measurements.
As 20% CD21low B cells were present within the DN B cell population, we
analyzed CD21 expression on DN B cells in MS patients and healthy donors. A
significantly lower expression (mean fluorescence intensity, MFI) of CD21 on DN
B cells was observed in MS patients compared with healthy donors (3277 ± 163
versus 3785 ± 106; p = 0.0002; Figure 3.4C). Notably, decreased CD21
expression was also observed on total B cells in MS patients compared with
healthy donors (4425 ± 181 and 5277 ± 158; p<0.0001) and on other B cell
subtypes like naive B cells (CD19+IgD+CD27-; 4432 ± 183 and 5302 ± 159;
p<0.0001),
+

+

non

class-switched

memory

B

cells

(NCSM

B

cells,

+

CD19 IgD CD27 ; 5039 ± 236 and 5773 ± 191; p<0.0001) and class-switched
memory B cells (CSM B cells, CD19+IgD-CD27+; 4251 ± 205 and 4950 ± 152;
p<0.0001). As low CD21 expression on B cells has previously been associated
with the occurrence of autoreactivity and unresponsiveness, these data could
suggest the increased autoreactive nature of DN B cells and B cells in general in
MS [228].
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Figure 3.4. DN B cells exhibit a memory B cell profile while CD21low B cells include
both naive and memory B cells. (A) Gating strategy to identify the percentage of IgM+
and IgG+ cells based on isotype controls (dashed lines). (B) Percentage of IgG + and IgM+
DN B cells in the peripheral blood of healthy donors (n = 85) and MS patients (n = 64).
(C) CD21 expression (MFI) was measured using flow cytometry on DN B cells. (D)
Percentage of IgG+ and IgM+ CD21low B cells in the peripheral blood. (E) Percentage of
CD21low B cells which are CD27+ or CD27-, both for healthy donors (n = 85) and MS
patients (n = 64). One-way ANOVA (Kruskal-Wallis) with Tukey’s post-test was used to
compare the different groups. Mann-Whitney U test was used to compare the two
populations. Mean levels ± SEM are depicted. **** p < 0.0001

3.4.5 DN B cells have pro-inflammatory functional capacities
DN B cells have the ability to produce the pro-inflammatory cytokine TNF-α and
the cytotoxic molecule granzyme-B in healthy donors [225, 226]. We now aimed
to perform a detailed cytokine profile analysis of DN B cells in MS patients and
healthy donors and to study their pathologic potential in comparison with CSM B
cells. These CSM B cells are highly implicated in MS pathology via the production
of cytokines [31] and showed a close relationship with DN B cells in clonal
analysis [267]. Therefore, we measured the frequency of LT-α, TNF-α and IL-10
positive DN B cells from healthy donors (n = 11) and MS patients (n = 13)
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following ex vivo stimulation using CD40L and triple (CD40L + BCR crosslinking
+ CpG) stimulation (Table 3.3). Granzyme-B production was measured after
stimulation of the cells with IL-21 and BCR crosslinking (Table 3.3).
Table 3.3 Percentage cytokine positive cells within DN B cell population
CD40L + IL-4

Triple

IL-21 + anti
IgM/IgG

Healthy donors
younger than 60
years
Healthy donors
older than 60
years
MS patients
younger than 60
years
MS patients
older than 60
years

TNF-α

LT-α

TNF-α

LT-α

17.36±

15.13±

28.56±

32.75±

5.69

9.89

10.07

5.96

23.10±

8.90±

40.80±

18.98±

1.19

2.67

2.80

5.33

19.36±

22.46±

31.00±

25.70±

3.98

8.06

5.62

4.04

20.56±

18.85±

23.31±

18.50±

2.93

10.99

4.40

6.83

Granzyme-B

3.13± 1.43

0.13± 0.09

1.91± 1.15

1.19± 0.63

Percentages are corrected for background (culture medium).
Values are shown as mean ± SEM

Compared with CSM B cells, the percentage of TNF-α+ DN B cells was increased
after CD40L stimulation in MS patients, and a trend is observed in healthy
donors (p = 0.0006; Figure 3.5B). An equal percentage of TNF-α+ cells was
obsesrved after triple stimulation in both healthy donors and MS patients (Figure
3.5B). Further, although the percentage of LT-α+ cells was lower in DN B cells
compared to total B cells in MS patients after triple activation, similar
frequencies of LT-α+ cells were demonstrated between DN B cells and CSM B
cells after CD40L and triple stimulation (Figure 3.5B). DN B cells were also able
to produce granzyme-B after stimulation with IL-21 and BCR crosslinking (Figure
3.5A, B). The percentage of granzyme-B positive DN B cells was significantly
higher compared with CSM B cells in healthy donors (p = 0.036; Figure 3.5A).
IL-10 production was absent in our culture system, both after CD40L and triple
activation (data not shown). No significant differences in cytokine production by
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DN B cells were observed between donors younger and older than 60 years,
independent whether the donors were healthy donors or MS patients.
Following ex vivo stimulation reflecting bystander activation of B cells by T cells,
the percentage of CD86+ cells was significantly decreased in the DN B cell
population of healthy donors and MS patients compared to total B cells (45.7%
versus 66.2 and 26.1% versus 64.4% for DN and total B cells after CD40L and
triple stimulation, respectively). Thus, DN B cells were less responsive to
stimulation than total B cells. Interestingly, after CD40L stimulation, the
percentage of CD86+ DN B cells was significantly higher in MS patients (53.8%)
than healthy donors (33.4%; p = 0.0095).
Together, these results indicate the pro-inflammatory profile of DN B cells, which
was comparable to or even more pronounced than that of CSM B cells in MS
patients. Further, DN B cells of MS patients showed an increased ability to
become activated by bystander activation than those of healthy donors, which
could again contribute to their involvement in MS pathology.
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Figure 3.5. DN B cells have pro-inflammatory capacities. (A) The percentage of LT-α
and TNF-α positive DN B cells after stimulation of CD19+ B cells with CD40L + IL-4
(CD40L) or CD40L + anti-human IgM/IgG + CpG2006 (triple stimulation) for 72 hours.
Granzyme-B was measured after B cell stimulation with IL-21 + anti-human IgM/IgG. The
percentage of cytokine-producing total B cells, DN B cells and class-switched memory
(CSM) B cells is shown for LT-α, TNF-α and granzyme-B in healthy controls (A) and MS
patients (B). Data are presented as the mean of experiments in 10 healthy donors and 12
MS patients. Kruskal-Wallis test of one-way ANOVA was used for statistics.
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3.5 Discussion
Immune aging was observed in healthy aged individuals and characteristics of
an aged immune system were observed in a proportion of patients with different
(auto)immune diseases. Two main B cell subtypes related to an aged immune
system are CD19+IgD-CD27- (DN) B cells and CD19+CD21-CD11c+ (CD21low) B
cells. In this study, we confirmed that peripheral blood DN B cells and CD21low B
cells were increased in aged healthy donors and demonstrated that an increased
proportion of MS patients younger than 60 years showed peripheral expansion of
these cells, indicating premature accumulation of age-associated B cells in these
MS patients. Furthermore, DN B cells demonstrated a pro-inflammatory cytokine
profile and an increased ability to become activated in MS patients that could
contribute to MS pathology.
The decline of total B cell numbers with age, a restricted B cell repertoire and
the generation of autoantibodies in the elderly has indicated B cell aging [210,
214]. An increased percentage of DN and CD21low B cells was previously
described in the elderly [217, 224, 227]. We confirmed this finding in our
healthy donor population and showed a positive correlation between the
frequency of these age-associated B cells and age. Of note, the percentage of
DN B cells was also significantly increased in healthy donors older than 75 years,
which is an established age category to investigate immune aging (data not
shown) [217, 268]. The increased percentage of age-associated B cells in the
elderly is potentially related to the typical inflammatory micro-environment,
characterized by a general increase in pro-inflammatory cytokines and other
inflammatory mediators, called inflamm-aging [200, 269-271].
The presence of age-associated B cells, including DN and CD21low B cells, has
further been described in different (auto)immune diseases like SLE, CVID and
RA [223, 227, 261, 264, 272, 273]. We demonstrated for the first time that an
increased proportion of MS patients younger than 60 years presented with an
expanded population of DN or CD21low B cells when compared to age-matched
healthy donors. Thus, premature aging occurs in the B cell repertoire of a
proportion of MS patients. A possible cause could be the repeated antigen
challenges that result in exhaustion of the humoral immune response [274].
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Additionally, as observed with aged healthy individuals, the pro-inflammatory
milieu caused by chronic inflammation in MS patients can contribute to the
development of these DN and CD21low B cells [275].
CD4+CD28- T cells were already described in relation to immune aging, and a
proportion of MS patients and healthy donors showed expansions of these cells
in the peripheral blood [204, 231, 265, 266]. These CD4+CD28- T cells have
cytotoxic properties that contribute to the pathologic damaging of tissue, and
therefore could be involved directly or indirectly in the destruction of the myelin
sheet around axons in the CNS [204, 265, 266]. Here, the percentages of DN
and CD21low B cells were positively correlated with the percentage of CD4 +CD28T cells, indicating an interaction between age-associated T and B cells that can
contribute to MS pathology.
Phenotypical characterization of DN and CD21low B cells has been performed in
aged individuals but not in MS patients and many contradictory data are
present. We showed that DN B cells in our cohort were mainly IgG +, indicating
that these cells are phenotypically more related to memory B cells, which are
the main B cell players in the pathogenesis of MS [31, 36, 217, 225]. In
contrast, in SLE patients, comparable percentages of IgG+ DN B cells and IgM+
DN B cells were present. The cells were further characterized as memory B cells
based on the expression of different surface molecules, their proliferative
response to stimulation by CpG in the absence of BCR crosslinking and the
presence of somatic hypermutation in a pattern consistent with antigen-driven
selection [223]. Additionally, we showed similar percentages of IgG + and IgM+
CD21low B cells together with a mixed population of both CD27- and CD27+
CD21low B cells. This is in contrast with a study by Rubtsov et al. where CD21CD11c+ in the peripheral blood of aged humans were characterized as IgD -,
IgM-, IgG+ and CD27high [227]. On the other hand, a varied expression of IgM
and IgG on CD21low B cells from SLE patients was described by Wehr et al.,
which is in agreement with our results, although an intermediate level of CD27
expression was observed on these cells as well [261]. Conclusive evidence of the
memory or naïve phenotype of CD21low B cells can be obtained by deep
sequencing of Ig BCR genes.
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Next, we indicated a decreased CD21 expression on DN B cells of MS patients
compared with healthy donors. As CD21low B cells have been shown to contain
mostly autoreactive unresponsive clones, a lower expression of CD21 could
suggest the autoreactive nature of the DN B cells which could contribute to MS
pathology [228]. Additional research is necessary to directly link the lower CD21
expression on DN B cells with a more autoreactive profile.
Cytokine production by B cells is an important function that contributes to the
pathogenesis of MS [31]. DN B cells are able to produce LT-α and TNF-α after
stimulation with CD40L or a combination of CD40L, BCR crosslinking and CpG
(triple stimulation). In comparison with CSM B cells, the percentage of TNF-α+
and LT-α+ DN B cells was equal or even increased, pointing to the proinflammatory nature of these cells by which DN B cells can contribute to MS
pathology. Although we did not observe differences in the percentage of LT-α
and TNF-α producing DN B cells between MS patients and healthy donors, the
increased percentage of CD86+ DN B cells following bystander stimulation and
the decreased CD21 expression on DN B cells of MS patients indicates distinct
activation and/or functional mechanisms of DN B cells in MS. Finally, granzymeB positive (cytotoxic) DN B cells were evidenced both in MS patients and healthy
donors, the latter presenting with an increased percentage of granzyme-B
positive DN B cells compared with CSM B cells [226, 276, 277]. Granzyme-B
production by B cells was described by others in the context of viral antigen
recognition or BCR crosslinking and in the presence of IL-21 [226, 278]. B cells
producing granzyme-B also upregulated costimulatory molecules, MHC-II and
cell adhesion molecules [278]. These results indicate that, although we have not
measured costimulation and antigen presentation markers, DN B cells can be
activated in MS patients by encountering antigen and a pro-inflammatory milieu
with IL-21 and produce granzyme-B while upregulating surface molecules to
interact with autoreactive T cells. CD21low B cells from mice showed expression
of genes involved in cytotoxicity such as perforin and granzyme-A [228].
Although we did not measure cytokine production by CD21 low B cells, we could
speculate that these cells could contribute to the pathology of MS by the
production of cytotoxic molecules.
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In order to contribute to MS pathology, age-associated B cells should be able to
migrate into the CNS. A recent report showed peripheral Ig class-switched DN B
cells in 4/8 MS patients that were clonally related to intrathecal Ig repertoires
[27]. Furthermore, DN B cells have been shown to express different migratory
molecules like CCR7, CCR6 and CXCR3, whereas CD21low B cells exhibited
increased levels of CXCR6, suggesting their capacity to migrate to inflammatory
sites [226, 261]. Additionally, B cells are highly effective antigen presenting cells
using MHC molecules and assure appropriate costimulation to T cells via
expression of CD80 and CD86 [279, 280]. CD21low B cells expressed high levels
of CD80, CD86 and MHC-II molecules, underlining their potential to provide
costimulation

to

autoreactive

T

cells

and

contribute

to

the

pathologic

autoimmune process in MS [227, 261].
In conclusion, this study provides proof of the premature expansion of ageassociated B cell populations in a proportion of MS patients. These ageassociated B cells have a pro-inflammatory profile that can contribute to the
pathology of MS. Research focusing on the role of DN and CD21 low B cells in the
development and progression of MS could have added value in understanding
the etiology of the disease and in finding new therapeutic strategies.
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4.1 Abstract
Background:

Recent

evidence

points

to

the

importance

of

antibody-

independent B cell functions in MS pathogenesis. We studied B cell antigen
presentation in MS by measuring B cell expression of costimulatory and MHC
molecules and characterizing the B cell induced T cell response towards myelin
and viral antigens.
Results: Peripheral blood B cells of MS patients (n = 74) showed increased
expression of the costimulatory molecules CD86 and CD80 compared with
healthy controls (HC, n = 52). B cells in the cerebrospinal fluid (CSF) of MS
patients (n = 20) demonstrated even higher costimulation potential than
peripheral B cells with 12-fold and 2-fold increases in CD86+ and CD80+ B cells,
respectively. Most B cells infiltrating MS brain expressed HLA-DR and CD80. B
cells from untreated (2/9) MS patients induced myelin basic protein (MBP)specific Th1 and Th17 cells, in contrast to B cells of HC (0/10). Interestingly,
immunomodulatory treatment restored B cell costimulatory molecule expression
(n = 33) and caused significantly reduced B cell induced T cell responses (n =
10).
Conclusion: These results demonstrate the potential of B cells from MS patients
to induce autoreactive pro-inflammatory T cell responses. Immunomodulatory
therapy abrogated this effect, emphasizing the importance of B cell antigen
presentation and costimulation in MS pathology.
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4.2 Introduction
Multiple sclerosis (MS) is an inflammatory demyelinating disease of the CNS.
Different clinical subtypes exist, including relapsing-remitting MS (RRMS) in
which

clinical

relapses

alternate

with

remission

(80-85%),

secondary

progressive MS (SPMS) with progressive neurological disease developing in 90%
of RRMS patients within 25 years and primary progressive MS (PPMS) with a
progressive course from the onset (10-15%) [281, 282]. Research into the role
of B cells in MS pathogenesis has mainly focused on the production of
autoantibodies. Oligoclonal immunoglobulin bands (OCB) in the cerebrospinal
fluid (CSF) are used for diagnostic confirmation [283, 284]. Several CNS
autoantigens that are targeted by the humoral immune response in MS have
been described, although disease specificity and pathologic potential of most of
the reported autoantibodies is debatable [285]. Antibody-independent B cell
functions have gained interest in regard to MS pathology due to the clinical
benefit of the B cell depleting anti-CD20 monoclonal antibody rituximab in RRMS
and more recently ocrelizumab in RRMS and even PPMS patients [286, 287]. As
rituximab does not target antibody-secreting plasma cells, the observed
decrease in gadolinium-enhancing lesions on magnetic resonance imaging (MRI)
was not due to reduced serum and CSF antibody titers or altered oligoclonal
antibodies [86, 288]. Instead, the decrease in CSF T cell numbers and peripheral
Th1 and Th17 cell responses following B cell depletion indicated the importance
of B cells in T cell regulation in MS pathology [86, 289].
Antigen presentation and costimulation are important B cell functions in B-T cell
interactions. B cells are professional APCs that are highly efficient in the
activation of antigen-specific CD4+ T cells [290]. After B cell receptor (BCR)
recognition and processing, antigens are presented on the surface of the B cells
by MHC molecules. Moreover, B cells express costimulatory molecules, such as
CD86 and CD80, that are necessary to obtain full APC potency [279]. Several in
vitro studies have shown that human B cells can induce effective T cell
responses towards both foreign and self antigens [291-293]. In MS patients,
peripheral B cells showed increased expression of costimulatory CD80 molecules
and MHCII during active disease [294]. Memory B cells from the peripheral
blood of some RRMS patients induced autoreactive T cell proliferation and IFN-
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production [295]. More information is available from studies using the
experimental autoimmune encephalomyelitis (EAE) model, in which B cells
promoted the differentiation of myelin oligodendrocyte glycoprotein (MOG)specific Th1 and Th17 cells [296]. Interestingly, mice selectively deficient in
MHCII molecules on B cells were resistant to EAE induction and exhibited
diminished Th1 and Th17 responses [93]. Moreover, B cell antigen presentation
was proven to be crucial for maximal disease in EAE, further emphasizing the
importance of B cells as APCs in driving CD4+ T cell autoreactivity [94].
In this study, we measured B cell expression of costimulatory and MHC
molecules in the peripheral blood, CSF and brain lesions of MS patients and
controls and characterized the T cell response (Th1, Th2, Th17, regulatory)
induced by B cells presenting myelin and viral antigens. As the importance of B
cell involvement in MS pathogenesis also supports therapeutic B cell targeting,
we compared the B cell antigen presentation potential between untreated MS
patients and MS patients receiving immunomodulatory treatment. Our findings
provide novel insight into the role of B-T cell interactions in MS pathology and
elucidate whether current therapies for MS also act on the antigen presentation
potential of B cells.
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4.3 Materials and methods
4.3.1 Human samples
MS patients, diagnosed according to the McDonald criteria [297], and healthy
controls (HC) were recruited at the Revalidation & MS Center (Overpelt,
Belgium), Zuyderland Medical Center (Sittard, The Netherlands) and Biomedical
Research Institute (Diepenbeek, Belgium) after informed consent and the
institutes’ ethics committees’ approval. Clinical data are provided in Table 4.1.
Flow cytometric analysis was done using 52 HC and 74 MS patients, 41
untreated and 33 receiving immunomodulatory treatment, including IFN-β (n =
13), glatiramer acetate (n = 5), fingolimod (n = 7), natalizumab (n = 4) and
others (n = 4). Paired CSF samples were collected from 20 out of 74 MS
patients. B cell proliferation assays were done using peripheral blood of 5 MS
patients and 6 age- and gender-matched HC. B:T coculture assays were
performed using peripheral blood of treated (n = 10) and untreated (n = 9) MS
patients and age- and gender matched HC (n = 10). Treatment included IFN-β
(n = 4), dimethylfumerate (n = 3) and teriflunomide (n = 3).
4.3.2 Cell isolation
PBMC were isolated from whole blood by density gradient centrifugation
(Lympholyte, Cedarlane Laboratories, Sanbio B.V., Uden, The Netherlands). CSF
was put immediately on ice and handled within 1 hr. Cells were collected by
centrifugation of the CSF for 12 min at 250 g. CSF samples contaminated with
red blood cells were excluded from analyses.
B

cells

were

purified

from

PBMC

using

magnetic

negative

(STEMCELL

Technologies SARL, Grenoble, France) or positive (Miltenyi Biotec B.V., Leiden,
The Netherlands) selection. T cells were enriched by magnetic negative selection
(STEMCELL Technologies SARL). Purity was confirmed on a FACSAria II flow
cytometer (BD Biosciences, Erembodegem, Belgium).
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Table 4.1 Characteristics of MS patients and HC used in this study
Agea

Number

Gender F:M
(%F)

EDSSb

MS type
RR

SP

PP

Flow cytometric analysis
HC

52

35.7±13.0

34:18 65%)

MS total

74

45.6±12.0

56:17 77%)

53

14

7

3.4±1.9

MS untreated

41

47.6±8.5

31:10 76%)

27

7

7

3.4±1.6

33

42.2±14.6

25:7 (78%)

26

7

0

3.3±2.2

MS treated

c

N.A.

N.A.

B cell proliferation assay
HC

6

32.2±9.9

6:0 (100%)

N.A.

MS untreated

5

42.8±21.5

3:2 (60%)

10

43.2±14.4

5:5 (50%)

9

47.7±16.3

5:4 (55%)

5

10

42.9±11.6

8:2 (80%)

10

4

1

N.A.
0

3±3.3

4

0

3.8±2.2

0

0

2.1±1.7

B:T coculture assay
HC
MS untreated
MS treatedd
a

In years, data are presented as mean±SD;

b

N.A.

N.A.

Data are presented as mean±SD;

c

IFN- β

(n = 13), copaxone (n = 5), fingolimod (n = 7), natalizumab (n = 4), other (n = 4) DMF:
dimethylfumarate,

TF:

teriflunomide,

other:

cortisol,

DMF;

d

IFN-β

(n

=

4),

dimethylfumarate (n = 3), teriflunomide (n = 3)
Abbreviations: F, female; M, male; RR, relapsing-remitting; SP, secondary progressive;
PP, primary progressive; EDSS, expanded disability status scale; N.A., not applicable

4.3.3 Flow cytometric analysis
PBMC or CSF cells were stained using the following anti-human FITC-, PE- or
PerCP-labelled monoclonal antibodies: CD19, HLA-DR/DP/DQ, HLA-A/B/C, CD86,
CD80 or CD40 (all from BD Biosciences). Appropriate isotype controls were used
to establish proper gating strategies (BD Biosciences). Samples were analysed
on a FACSCalibur flow cytometer (BD Biosciences) using CellQuest software (BD
Biosciences).
4.3.4 Immunohistochemistry
Formalin-fixed paraffin-embedded sections from MS brain tissue (n = 4,
Netherlands Brain Bank) were deparaffinized and rehydrated. Following antigen
retrieval in citrate buffer pH 6.0, sections were stained overnight at 4°C with
anti-CD20 (1:100, Dako, Heverlee, Belgium) and 1h at room temperature with
anti-HLA-DR/DP/DQ (1:100, Dako) or anti-CD80 (1:100, Abcam, Cambridge,
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UK). After washing, sections were incubated with appropriate secondary
antibodies (Life Technologies, Gent, Belgium) for 1h at room temperature.
Antibodies were diluted in PBS/1% BSA. Cell nuclei were labelled with DAPI and
autofluorescence was blocked by 0.1% Sudan Black in 70% ethanol. Stained
sections were evaluated on a Nikon Eclipse 80i microscope using standard
objectives and NIS Elements BR 3.10 software (Nikon).
4.3.5 B cell proliferation assay
CFSE-labelled (1µM, Life Technologies) B cells were seeded in round-bottom 96well plates (Nunc, Roskilde, Denmark) at 1 x 105 cells/well with 1 x 105
autologous irradiated (8275 Rad) PBMC in triplicate. CM was RPMI-1640 (Lonza,
Verviers,

Belgium)

supplemented

with

10%

heat-inactivated

FBS

(Life

Technologies), 1% sodium pyruvate, 1% nonessential amino acids, 50 U/ml
penicillin and 50 μg/ml streptomycin (all from Sigma-Aldrich, Diegem, Belgium).
For stimulation, 2,5 limit of flocculation (Lf)/ml tetanus toxoid (TT, RIVM,
Bilthoven, The Netherlands), 1 µg/ml cytomegalovirus (CMV, BD Biosciences),
40 µg/ml myelin basic protein (MBP, purified as described [298]) or 10 µg/ml
MOG peptides 1-22, 34-56, 64-86, 74-96 (Severn Biotech Ltd., Worchester, UK)
were added. Unstimulated B cells or 1 µg/ml CpG2006 (Invivogen, Toulouse,
France) together with 50 U/ml IL-2 (Roche, Sigma-Aldrich) were used as a
negative or positive control, respectively. After 13 days, B cell proliferation was
assessed by flow cytometric dilution of the CFSE signal and the following antihuman

antibodies:

aminoactinomycin

D

HLA-A/B/C
(7-AAD),

PerCP

HLA-DR

(Biolegend,
PE

and

CD80

London,
PE

(all

UK),

7-

from

BD

Biosciences). The Δ proliferating fraction (ΔPF, %) was calculated by subtracting
the mean background proliferating fraction (CM) from the mean proliferating
fraction in response to antigen and was positive when > 2%. Analysis was done
on a FACSAria II cytometer and FACSDiva software (BD Biosciences).
4.3.6 B:T coculture assay
Purified B cells were loaded with 20 Lf/ml TT, 100 µg/ml MBP, 30 µg/ml MOG
peptide 34-56 or 10 µg/ml CMV (Microbix, Ontario, Canada). Loaded or nonloaded irradiated (1500 Rad) B cells were cocultured 2:1 in round-bottom 96well plates with autologous CFSE-labelled T cells. T or B cells were cultured
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separately to analyse non-specific proliferation, which was absent in all tested
samples. PHA (Sigma-Aldrich) was included as a polyclonal positive control.
MHCII:TCR interactions were blocked using 5 µg/ml azide-free anti-HLA-DR (BD
Biosciences), anti-HLA-A/B/C or isotype control antibody (Biolegend). After 9
days, supernatants were frozen for cytokine analysis and cells were harvested. T
cell proliferation was measured by flow cytometry using anti-human CD3 APCCy7 (Biolegend), CD19 PE-Cy7, CD4 PE-CF594, CD8 PE, CD25 APC and 7-AAD
(all from BD Biosciences). Analysis was done on a FACSAria II flow cytometer
using FACSDiva software (both from BD Biosciences). The ΔPF (%) was
calculated as described above. The stimulation index (SI) was calculated by
dividing the mean proliferation in response to antigen by the mean background
proliferation (CM). An antigenic T cell response was significant when ΔPF > 2%
and SI > 1.5.
4.3.7 Cytokine ELISA
Production of IFN-, IL-4, IL-10 and IL-17A in the B:T coculture assays was
quantified using commercial ELISA (eBioscience, Vienna, Austria), following
instructions of the manufacturer. Supernatants were diluted 1:10 for IFN-, 1:2
for IL-4 and 1:5 for IL-10 and IL-17A. OD was measured using a microplate
reader (Bio-Rad, Temse, Belgium). Background OD (CM conditions) were
subtracted from OD measured in the antigen-stimulated conditions.
4.3.8 Statistics
All statistical analyses were performed using Prism software version 6
(Graphpad). Comparison of multiple groups was done using ANOVA (Kruskal–
Wallis) or Chi-square analysis of contingency tables. When comparing 2 groups,
Mann–Whitney U test or Fisher’s Exact test were used. The Spearman rank
correlation coefficient was used to evaluate the relation between B cell
expression of antigen presentation markers and age. A p value < 0.05 was
considered statistically significant.
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4.4 Results
4.4.1

B

cells

of

MS

patients

show

an

increased

expression

of

costimulatory molecules
The ability of B cells to present (auto)antigens to T cells in MS patients was first
studied by analysing the expression of antigen presentation (HLA) and
costimulatory molecules on B cells from the peripheral blood, CSF and brain
tissue of MS patients and controls. CD80, CD86, CD40 and HLA molecules are
classical markers of B cell activation that work together to obtain full APC
potency [279].
Nearly all peripheral B cells (> 90%) showed expression of HLA-DR/DP/DQ,
HLA-A/B/C and CD40, while CD86+ (~4%) and CD80+ (~19.5%) cells were less
frequent in the peripheral B cell pool (Figure 4.1A). The percentage of CD86+
and CD80+ B cells was significantly increased in the peripheral blood of MS
patients (4.46±0.39% and 21.15±1.30%, respectively) when compared to HC
(3.51±0.45% and 17.11±1.14%, respectively, p < 0.05, Figure 4.1B). Also the
expression levels (mean fluorescence intensity, MFI) of CD80 and CD40 were
significantly elevated on peripheral B cells of MS patients (24.87±0.41 and
43.38±1.21, respectively) in comparison with HC (23.81±0.54 and 39.21±0.84,
respectively, p < 0.05, Figure 4.1C). Interestingly, when dividing the MS
population into untreated and treated MS patients, significantly increased
costimulatory molecule expression was only present on peripheral B cells of
untreated MS patients. Thus, the use of immunomodulatory treatment restored
B cell expression of costimulatory molecules. Although the MS population was
older than the HC population, none of the observed effects was correlated with
age (data not shown).
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Figure 4.1. B cell expression of costimulatory and HLA molecules in the PB. (A)
CD19+ B cells were gated from PBMC, followed by analysis of HLA-DR/DP/DQ, HLA-A/B/C,
CD86, CD80 and CD40 expression based on isotype controls. (B-C) The percentage (B)
and mean fluorescence intensity (MFI) (C) of HLA-DR/DP/DQ+, HLA-A/B/C+, CD86+, CD80+
and CD40+ peripheral blood B cells is depicted for HC (n = 52) and MS patients (n = 74),
including untreated (n = 41) and treated (n = 33) MS patients. Mean levels ± SEM are
shown. Mann-Whitney test and Kruskal-Wallis test of one-way ANOVA were used for
statistics. *p < 0.05
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The observed increase in costimulatory molecule expression was even more
pronounced on CSF B cells. The frequencies of CD86 + (61.95±4.68%) and
CD80+ (54.84±4.61%) B cells in MS CSF were increased 20-fold and 3-fold,
respectively, compared to paired PBMC (p < 0.001, Figure 4.2A-B). Moreover,
we observed a 2-fold increase in the expression levels (MFI) of CD86
(66.81±4.93, p < 0.001) and HLA-A/B/C (501.60±91.34, p < 0.01) on CSF B
cells, while CD80 expression (35.57±3.52, p < 0.05) was elevated 1.5 times
compared to PBMC (Figure 4.2C). Using immunohistochemistry on MS brain
lesions, we found that the majority of infiltrating B cells demonstrated
expression of HLA-DR (Figure 4.2D) and CD80 (Figure 4.2E).
These results indicate an increased costimulatory molecule expression on B cells
from the peripheral blood of MS patients, which was even further enhanced on B
cells infiltrating the CNS. Thus, B cells of MS patients might be more efficient in
the presentation of (auto)antigens to T cells.
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Figure 4.2. Expression of costimulatory and HLA molecules on B cells in the CNS.
(A) Histograms of CD86 and CD80 expression in the CD19+ gate from paired PBMC and
CSF cells. Results of 1 representative MS patient are shown. (B-C) The percentage (B) and
MFI (C) of HLA-DR/DP/DQ+, HLA-A/B/C+, CD86+, CD80+ and CD40+ B cells in paired
PBMC and CSF cells was measured in 20 MS patients. (D-E) MS brain tissue was stained
for CD20 and HLA-DR (D) or CD80 (E). A representative image of 1 out of 4 patients is
shown. Images are 400x magnified. Mann-Whitney or Student’s t-test were used for
statistics. * p < 0.05, ** p < 0.01, *** p < 0.001
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4.4.2 B cells upregulate CD80 expression following antigen-specific
stimulation
B cells were previously shown to increase CD80 and HLA-DR expression
following polyclonal or CD40L stimulation [299, 300]. We now investigated B cell
expression of costimulatory and HLA molecules following antigen-specific
stimulation by TT (control antigen), CMV, myelin basic protein (MBP) and MOG
using a B cell proliferation assay that additionally indicated the frequency of
CMV- and autoreactive B cells. CMV was included as it shares a mimicry motif
with MOG and induces MOG reactive T cells, as shown in an EAE rhesus monkey
model [301].
An example of the output data highlighting the variance in responses between
culture medium (CM), TT and polyclonal stimulation is given in Figure 4.3A.
Antigen-specific proliferation (ΔPF ≥ 2) caused a significant upregulation of
CD80 expression on the responding B cells (p < 0.05, Figure 4.3B). This
suggests an increased potential of B cells to stimulate and amplify B:T cell
interactions. Levels of HLA-DR and HLA-A/B/C expression remained unchanged
following antigen-specific B cell stimulation. Similar B cell proliferation (ΔPF)
against TT, CMV, MBP and MOG was present in HC and MS patients (Figure
4.3C).
The above results indicate that viral and autoantigen-specific B cells are present
at equal frequencies in the peripheral blood of MS patients and HC. Following
antigen-specific stimulation, these B cells can upregulate CD80 expression,
thereby further increasing their antigen presentation capacity.
4.4.3 B cells of untreated MS patients induce MBP-specific and Th17
proliferation
The next step was to functionally validate the antigen presentation potential of
peripheral blood B cells. Using a B:T coculture assay, we studied the capacity of
B cells to induce

T cell

proliferation

following

antigen processing

and

presentation of the CNS-specific autoantigens MBP and MOG and the viral
autoantigen CMV. Examples of the output data from 2 representative MS
patients and 1 HC are shown in Figure 4.4, while results from all performed
assays are shown in Figure 4.5. We first excluded differences in T cell
responsiveness in the 3 study groups by showing similar T cell proliferation
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(PF) towards PHA (Figure 4.5A). B cells from HC, untreated and treated MS
patients also elicited similar T cell proliferation against TT, CMV and MOG (Figure
4.5B, Table 4.2). For MBP, B cell induced T cell proliferation was only observed
in MS patients (2/9 untreated and 1/10 treated MS patients) and not in HC
(Figure 4.5B-C, Table 4.2). Moreover, the percentage of donors with positive B
cell induced T cell proliferation towards TT and CMV was significantly decreased
in the treated MS group compared with HC and untreated MS patients (p < 0.05,
Figure 4.5C). Of the treated MS patients reacting towards TT and CMV, the
majority (50%) were treated with IFN-β, although B cells of MS patients treated
with dimethylfumerate and teriflunomide also showed a trend to decreased
CD80 and CD86 expression at day 0 of the coculture (data not shown).
The necessity of MHC-I/II in the observed T cell responses was indicated, by
efficient blocking of MHC-I (HLA-A/B/C, PF, p < 0.05) and MHC-II (HLA-DR,
PF and SI, p < 0.001) interactions with T cells in cocultures with TT, while an
isotype control antibody had no effect (n = 10, Figure 4.5D-E).
Table 4.2 B cell induced T cell proliferation in B:T coculture assay

TT

CMV

MBP

HC

MS untreated

MS treated

19.52±14.6

12.08±15.2

11.42±17.5

SI

4.32±3.2

6.12±5.2

2.88±2.9

+

8/10

8/9

4/10*

13.96±15.7

10.06±13.34

4.21±10.3

SI

3.63±3.9

3.98±3.0

1.38±1.1

+

6/10

6/9

2/10*

ΔPF

0.17±0.5

2.05±4.0

1.57±3.7

SI

0.70±0.4

1.46±1.2

0.93±0.7

ΔPF

ΔPF

+
MOG

*

#

0/10

2/9

ΔPF

1.20±1.3

1.19±1.5

3.38±6.7

SI

1.14±0.5

1.51±0.6

1.08±0.9

+

2/10

3/9

2/10

p < 0.05 when compared to HC and MS untreated;

compared to HC
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1/10

#

p = 0.06 when

be

included

for

all

donors.

Statistical

analysis

was

performed

using

Mann-Whitney

test.
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*p<0.05.

donors with positive antigen-specific proliferation are shown below the graphs. Due to insufficient B cell numbers, not all conditions could

comparison to the negative control (CM). The cut-off for positive antigen-specific proliferation is indicated by the dashed line. Numbers of

against TT, CMV, MBP and MOG stimulation after correction for background proliferation (ΔPF). Gating was done on living cells in

at day 13:day 0 is shown of 7 positive conditions (ΔPF > 2). Data are shown as mean + SEM. (C) The percentage of proliferating B cells

CD80, HLA-DR and HLA-A/B/C following antigen-specific stimulation of combined HC and MS patients. The mean ratio of expression (MFI)

proliferation in CM, under TT and CpG2006 stimulation. Results of 1 representative MS patient are shown. (B) Relative B cell expression of

Figure 4.3. B cell proliferation towards viral and autoantigens in HC (n = 6) and MS (n = 5). (A) CFSE histograms of B cell
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both CD4+ and CD8+ T cells. Percentages of CFSE- proliferating T cells are indicated.

autologous purified B cells with the antigens or stimulus as indicated above the columns. CFSE- cells were gated within all T cells to include

from 2 MS patients (A-B) and 1 HC (C) are given of total T cell proliferation (CD3 +) in cocultures of purified CFSE-labelled T cells and

Figure 4.4. T cell proliferation following B cell presentation of viral or CNS-specific antigens. Examples of proliferation histograms
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Kruskal-Wallis test of one-way ANOVA, Chi-square test for contingency tables or Mann-Whitney test. * p < 0.05, *** p < 0.001
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presentation of TT and blocking of the response by an anti-HLA-DR, anti-HLA-A/B/C or isotype control antibody. Statistics was done by

isotype control antibody. Data are presented as mean + SEM. (E) Histograms showing the CFSE proliferation signal following B cell

CMV. (D) T cell proliferation (ΔPF) following B cell presentation of TT and blocking of this response using an anti-HLA-DR, anti-HLA-A/B/C or

The cut-off is indicated by the dashed line. (C) The percentage of donors that was positive for T cell proliferation against TT, MBP, MOG or

and treated MS patients (n = 10) induced by B cell presentation of TT, CMV, MBP and MOG. Individual data and mean ± SEM are plotted.

stimulation could not be included for all donors in the B:T coculture assay. (B) T cell proliferation (ΔPF) of HC (n = 10), untreated (n = 9)

Towards PHA was measured for HC (n = 5), untreated (n = 3) and treated (n = 5) MS patients. Due to insufficient cell numbers, PHA

Figure 4.5. B cells from MS patients induce MBP-specific T cell proliferation by antigen presentation. (A) T cell proliferation (ΔPF)
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Next, we characterized the B cell induced T cell responses. Although the majority
of proliferating T cells were CD4+, CD8+ T cell proliferation was evidenced
against all tested antigens in both HC and MS patients (Figure 4.6A). The B cell
induced CD4+ Th cell phenotype was analysed by measuring the production of
IFN-, IL-4, IL-10 and IL-17A in the proliferating conditions of the B:T coculture
using ELISA (Figure 6B). In PHA-stimulated conditions, all tested cytokines were
present while B or T cells cultured alone did not produce cytokines (data not
shown). B cells of HC and MS patients (untreated and treated) mainly induced
IFN- producing Th1 cells towards all tested antigens. In untreated MS patients,
T cell IFN- production in response to MBP was 904±451.6 pg/ml, while it was
only 34±19.7 pg/ml for treated MS patients, suggesting that immunomodulatory
treatment decreased B cell induced pro-inflammatory anti-MBP T cell responses.
Moreover, B cells were able to induce IL-17A production by T cells against MBP
in an untreated MS patient, which corresponds with a Th17 response. Again, this
effect was absent in treated MS patients. No Th2 cells were induced, as
evidenced by the lack of IL-4 production. The finding of IL-10 in the supernatant
of B cell induced T cells reactive to all antigens points towards a role of B cells in
eliciting regulatory T cell (Treg) responses, probably dependent on the state and
subtype of the B cells.
These results indicate that B cells of HC, untreated and treated MS patients can
induce T cell responses towards TT, CMV and MOG. MBP specific B cell induced T
cell proliferation was only evidenced in MS patients. B cell induced responses
consisted mainly of pro-inflammatory Th1 cells (memory B cells), although IL-10
production pointed to Treg responses (naïve B cells). Interestingly, IL-17A
producing,

highly

pathogenic

Th17

cells

were

induced

following

B

cell

presentation of MBP in an untreated MS patient. Immunomodulatory treatment
reduced both B cell induced T cell proliferation against TT and CMV and the
production of pro-inflammatory Th1 and Th17 cytokines elicited by B cell antigen
presentation.
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Figure 4.6. Characterization of the B cell induced T cell response towards viral
and CNS-specfic antigens. (A) CD4+ and CD8+ T cell proliferation following B cell
presentation of TT, CMV, MBP or MOG. Data are presented as mean + SEM. (B) Production
of IFN-, IL-17A, IL-4 and IL-10 was measured in the supernatant of all conditions from
the B:T coculture assay with positive T cell proliferation. Mean concentrations + SEM are
depicted. None of the HC demonstrated B cell induced T cell proliferation towards MBP,
hence the absence of cytokine production results (N.A.). Kruskal-Wallis test of one-way
ANOVA was used for statistics.
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4.5 Discussion
The success of rituximab and recently ocrelizumab in the treatment of RRMS and
even PPMS has renewed interest into antibody-independent B cell functions in
MS pathogenesis [86, 286, 287, 289]. B cells are highly efficient in the
activation of antigen-specific CD4+ T cells [290]. In this study, we demonstrated
an increased expression of costimulatory molecules on PB B cells of MS patients,
which was even more pronounced on CNS infiltrating B cells. Further, B cells
from MS patients showed an increased potential to induce MBP-specific Th1 and
highly pathogenic Th17 responses. Interestingly, immunomodulatory treatment
reduced the antigen presentation potential of MS B cells.
We observed a significant increase in the percentage of CD86 + and CD80+ B
cells and the expression level of CD80 and CD40 on B cells from the peripheral
blood of MS patients compared to HC. These observations are novel, as the
increase in costimulatory molecules on B cells occurred irrespective of disease
activity, which contrasts Genç et al. who found increased percentages of CD80+
B cells exclusively during MS exacerbation [294]. Increased CD40 expression on
peripheral B cells has not yet been observed in MS patients. CD80 is known to
induce Th1 responses, leading to production of IFN- and IL-2, while CD86
stimulates Th2 cells and results in IL-4 secretion and promotes humoral
immunity [196, 302]. Thus, our results point towards the involvement of both
pro-inflammatory Th1 responses and autoantibodies in MS. CD80 and CD86
have further been implicated in the suppressive function of regulatory B cells
(Bregs) together with IL-10 production. Alternatively, Niino et al. showed that
CD86+ naïve B cells were increased in untreated MS patients when compared to
HC, which suggests increased activation of resting T cells [303]. Thus, the
increase in CD86+ B cells in our study could also be restricted to naïve B cells,
pointing to the activation of resting T cells, possibly by epitope spreading or the
release of antigens from the CNS.
The elevated B cell expression of costimulatory molecules was only evident in
untreated MS patients, indicating that immunomodulatory treatment can reduce
the expression of costimulatory molecules on B cells to levels seen in HC. This
probably is an indirect effect by the induction of a shift towards a more antiinflammatory profile [112, 169, 174, 304]. MS patients treated with IFN-β were
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already shown to present with a decreased percentage of CD80 + and CD86+ B
cells [294, 303]. We now demonstrated that this decrease in B cell expression of
costimulatory molecules is not specific for IFN-β treatment but is a more general
finding in treated MS patients.
When analysing B cells infiltrating the CNS, we evidenced an even more
pronounced increase in the frequency of CD80+ and CD86+ B cells in MS CSF
compared to peripheral blood. Moreover, the expression level of CD80, CD86
and HLA-A/B/C was increased on CSF cells, which suggests that B cells
infiltrating the CNS are highly potent APCs. This was further underlined by the
expression of CD80 and HLA-DR on the majority of B cells in perivascular
infiltrates in MS brain lesions. Previously, a higher percentage of CSF B cells
from MS patients were indicated to express CD80 in comparison with
neurological controls [305]. Further, our results were in agreement with
Windhagen et al. who evidenced an increased CD80 expression on lymphocytes
within perivascular infiltrates in acute MS lesions [306].
We next showed that B cells upregulate CD80 expression not only following
polyclonal or CD40L stimulation [299, 300], but also following antigen-specific
stimulation.

Thus,

B

cells

of

MS

patients

express

increased

levels

of

costimulatory molecules that can be further elevated by autoantigen recognition,
rendering them highly potent activators of autoreactive T cells. As expected,
similar B cell proliferation against TT was shown in HC and MS patients. Myelinspecific B cells were present both in HC and MS patients, which is in agreement
with a study by Harp et al. [295]. Also the frequency of MBP reactive B cells is
similar between both studies.
The antigen presentation potential of B cells from MS patients was then
functionally evaluated using a B:T coculture assay. Interestingly, B cell induced
T cell proliferation towards MBP was evidenced in a proportion of MS patients
and not in HC, although MBP-specific B cells were equally present in MS patients
and HC. Previously, the frequency of MBP-reactive T cells was also indicated to
be equal in the peripheral blood of HC and MS patients [307, 308]. Thus,
although the number of included patients was limited, our results suggest that
MBP-reactive T cells can only be stimulated by B cells in MS patients. This could
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be due to the increased expression of costimulatory molecules on B cells of MS
patients. No difference was found in the T cell responses to the other tested
antigens between HC and MS patients, which points to the importance of MBP in
MS pathogenesis, at least in a proportion of patients. The efficient blocking of B
cell induced T cell proliferation by anti-HLA-DR and anti-HLA-A/B/C antibodies
emphasized the dependency on B cell antigen presentation. Further, the absence
of differences in anti-MOG T cell responses induced by B cells between HC and
MS patients could be explained by the use of MOG peptide, which bypasses the
need of antigenic processing.
T cells proliferating in response to MBP presented by B cells were mainly IFN-
producing Th1 cells, which is in agreement with a previous report [295].
However, we also measured IL17-A in the supernatant of MBP-specific
proliferating T cells from an untreated MS patient. This proves that B cells of
untreated MS patients can induce MBP-specific Th1 and Th17 responses. Th17
cells are a highly pathogenic CD4+ subtype that can induce and exacerbate
disease in MS and EAE [309, 310]. Moreover, our findings correlate with the
decreased Th1 and Th17 responses that were observed following B cell depletion
with rituximab [86, 289]. IL-10 production was evidenced in the B:T coculture
supernatants as well, pointing to the induction of Treg probably by naive B cells
[311]. T cell responses induced towards CMV and TT consisted mainly of IFN-,
as expected [312-314].
An interesting finding was the decrease in the number of treated MS patients
positive for B cell induced T cell proliferation towards TT and CMV. Further, the
induction of IFN- and IL-17A T cell responses towards MBP was lower in treated
MS patients. These results are in agreement with the normal expression levels of
costimulatory molecules on B cells from treated MS patients in this study.
Together, these results demonstrate that immunomodulatory treatment leads to
a reduction in B cell induced pro-inflammatory T cell responses. As this effect is
most pronouncedly seen for TT and CMV, it is probably due to a general
reduction in B cell functionality.
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Our results further underline the importance of B cells as regulators of T cell
responses in the pathogenesis of MS. The role of B cells in the activation of proinflammatory T cells in MS pathogenesis has long-time been neglected, as B
cells were not required for the generation of T cell responses to specific antigens
in mice and were not essential contributors to EAE models based on peptide
immunization [315-317]. Recent studies have highlighted the role of B cells as
APCs in EAE induction and pathology [93, 94, 296, 318]. Further, clinical studies
of rituximab in RRMS and ocrelizumab in both RRMS and PPMS have increased
the importance of antigen presentation by B cells in MS. The subtype of the B
cells that play a role in MS by means of antigen presentation has to be further
determined. In this regard, both memory B cells and CD11c + B cells were shown
to possess high antigen presentation potential in autoimmunity [295, 319].
In conclusion, we have demonstrated an increased antigen presentation
potential of B cells from MS patients to induce pro-inflammatory Th1 and Th17
responses towards MBP. These effects were reduced in MS patients under
immunomodulatory treatment. Analysis of the B cell antigen presentation
potential could lead to novel therapeutic opportunities for MS.
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5.1 Abstract
Background and methods: B cells are potent antigen presenting cells and
exhibit costimulatory properties that can activate pathogenic T cells in multiple
sclerosis (MS). The ability of B cells to clonally expand, allows them to stimulate
numerous T cell responses. In the present study, we investigate whether
treatment influences the number of cell divisions of different B cell subtypes in
peripheral blood of MS patients. The number of cell divisions is determined by
measuring κ-deleting recombinant excision circles (KREC) using a quantitative
PCR approach.
Results: We showed a decreased number of cell divisions of CD27 + IgG+
memory B cells isolated from the peripheral blood of IFN-β-treated MS patients
when compared to untreated MS patients. Furthermore, IgG + DN B cells from
treated MS patients showed a similar number of cell divisions compared with
IgG+ memory B cells from untreated MS patients, pointing to the memory
phenotype of DN B cells. Additionally, no differences were found in the number
of cell divisions between IgG+ DN B cells isolated from untreated and treated MS
patients.
Conclusion: Thus, IFN-β treatment could reduce pathogenic memory B cell
expansion, leading to a lower availability of costimulatory signals that can
activate autoreactive T cells. This could eventually affect MS pathology. The
measurement of KREC could be a useful screening tool to identify the origin and
nature of different B cell subtypes. Additionally, KREC measurements can be
used to evaluate treatment efficacy in MS patients in order to develop a more
tailored and patient specific treatment strategy.
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5.2 Introduction
The generation of an immunocompetent B cell repertoire that recognizes and
targets a broad spectrum of foreign antigens is essential for an accurate immune
response. During B cell development, a unique B cell receptor (BCR) is
developed which is necessary for antigen recognition and subsequent B cell
activation [12, 320]. B cell development is subdivided in two major parts: i)
antigen-independent B cell differentiation in the bone marrow and ii) antigendependent

development

in

the

periphery.

Antigen-independent

B

cell

development involves the functional rearrangements of the immunoglobulin
gene segments from the heavy (H) chain and the light (L) chain [12]. The H
chain rearranges first in which the diversity (D) and joining (J) segments are
paired, followed by the rearrangement of the variable (V) segments to obtain a
V(D)J region. In the L chain, V and J rearrangements occur [12].
After antigen-independent B cell development, B cells pass through a transitional
stage (transitional B cells) and appear in the peripheral blood and secondary
lymphoid organs with a unique and highly specific B cell antigen receptor that is
generated by these V(D)J rearrangements of the Ig H and L chain loci [321,
322]. At that moment, these cells are naive B cells that have not encountered
an antigen yet. Peripheral maturation of B cells requires antigen recognition,
with subsequent B cell activation. Activated B cells then undergo somatic
hypermutations in the Ig V(D)J region, mostly via a germinal center (GC)
response, in order to increase BCR affinity for the antigen [12, 320, 323, 324].
Activated B cells will furthermore change their Ig isotype to IgG, IgA or IgE,
mature to memory B cells and eventually terminally differentiate into plasma
blasts and plasma cells.
A manner to evaluate B cell proliferation is by calculating the number of cell
divisions using κ-deleting recombination excision circles (KREC) analysis by
means of quantitative polymerase chain reaction (PCR). KREC are generated
during B cell development as a result of L chain rearrangements (Fig. 5.1 part 1)
[325, 326]. V(D)J recombination of the immunoglobulin kappa (IGK) locus,
wherein the V and J regions rearrange, results in a Vκ-Jκ coding joint (Fig. 5.1
part 2). Further rearrangements between the intron recombination signal
sequence (RSS) and the kappa-deleting (Kde) elements result in the formation
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of a functional VJ rearrangement containing a coding joint and an excision circle
(KREC) which contains a signal joint and is non-functional (Fig. 5.1 part 3).
These rearrangements occur in about 30% of Igκ+ and in almost all Igλ+ mature
human B lymphocytes [326]. When a B cell divides, only one daughter cell
inherits the KREC, therefore an exponential dilution of these KREC is observed in
the B cell population (Fig. 5.2). Thus, the number of cell divisions is defined as
the difference of the number of genomic coding joints and the number of signal
joints on KREC of the IGK-deleting rearrangement [326].

Figure 5.1. Detection of coding joints and KREC (signal joints) in man. KREC are
generated during B cell development as a result of L-chain rearrangements (part 1). V(D)J
recombination of the IGK locus results in a Vκ-Jκ coding joint (part 2). Subsequent
rearrangements between the intronRSS and the Kde elements can make the IGK allele
nonfunctional. Consequently, the coding joint excludes any further rearrangements in the
IGK locus and therefore remains present in the genome (part 3). The KREC with the
corresponding signal joint is a stable double-stranded circular DNA structure. Adapted
from and reprinted with permission; ©2007 Van Zelm et al. Journal of Experimental
Medicine. 204:645-655. doi:10.1084/jem.20060964 [326].
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Figure 5.2. Quantification of the replication history of B cells using KREC. When a
B cell with an intronRSS-Kde rearrangement divides, both daughter cells inherit the
intronRSS-Kde coding joint in the genome. However, the signal joint, which is on the
episomal KREC, will be inherited by only one of the two daughter cells. Crucially, the
difference in threshold cycle (Ct) of the PCR reaction detecting the coding and signal joint
represents the number of cell divisions of a B cell. Adapted from and reprinted with
permission; ©2007 Van Zelm et al. Journal of Experimental Medicine. 204:645-655.
doi:10.1084/jem.20060964 [326].

Research has already indicated that transitional B cells show a replication history
of less than 1 cell division, while naive B cells have undergone 2 cell divisions on
average [326, 327]. As memory B cells have encountered antigen and
undergone additional maturation, on average 10 cell divisions were observed in
CD27+IgG+ B cells [326, 327]. The ability of B cells to clonally expand, makes
them widely available to activate T cells that can have potential harmful effects
contributing to MS pathogenesis [328].
The output of newly produced B cells from the bone marrow and how a
treatment influences the number of cell divisions of newly produced B cells or
more experienced memory B cells is poorly investigated in MS patients. Firstly,
KREC numbers of isolated peripheral blood mononuclear cells (PBMC) were lower
in MS patients compared with healthy donors [329]. Additionally, in a
longitudinal study, it was shown that fingolimod treatment caused a reduction in
the number of newly produced B lymphocytes in the peripheral blood [170]. In
contrast, during natalizumab treatment, the number of KREC in the peripheral
blood was increased, indicating an increased output of newly produced B cells
105

CHAPTER 5

from the bone marrow [330]. Measuring KREC dilutions in the peripheral blood
of untreated and treated MS patients could be used to monitor treatment
efficacy in MS patients. This can eventually lead to a more tailored and patient
specific approach of treating MS patients.
IFN-β is a worldwide approved immunomodulatory drug, approved as a
treatment for relapsing-remitting (RR) MS [100, 329]. The mechanism of action
of IFN-β is multifactorial and complex, involving effects at multiple levels of
cellular

functions.

IFN-β

can

directly

increase

the

expression

of

anti-

inflammatory agents while downregulating the expression of pro-inflammatory
cytokines. Trafficking of inflammatory cells towards the blood-brain barrier
(BBB) is also reduced during IFN-β treatment [111]. When analyzing the
immature B cell stages, an increased frequency of transitional B cells was shown
in IFN-β treated MS patients compared to treatment-naive and glatiramer
acetate treated RRMS patients [112, 158].
We hypothesize that under treatment, the number of cell divisions of the
transitional and naive B cells remain unchanged, while the number of cell
divisions is decreased in the memory B cells. This would imply that treatment
diminishes the expansion of pathologic B cells in MS patients and therefore less
B cells are available to stimulate pathogenic T cells. KREC analysis of DN B cells
can contribute to identify the phenotype of this novel B cell subtype in MS, by
confirming their memory phenotype using the number of cell divisions.
In this study, we evaluated the number of cell divisions in 4 different B cell
subtypes, namely transitional B cells (CD19+CD21+CD27-CD38high), naive B cells
(CD19+CD21+CD27-IgD+IgM+), IgG+ memory B cells (CD19+CD21+CD27+IgG+)
and double negative (DN) IgG+ B cells (CD19+CD21+CD27-IgD-IgG+). KREC were
measured in each B cell subpopulation separately to improve accuracy of the
test, as peripheral blood B cells of both healthy donors and MS patients are
composed of a heterogeneous population of different B cell subtypes and each
subtype contains different amounts of KREC. Memory and DN B cells were
chosen based on their involvement in the pathogenesis of MS, where CD27 +IgG+
memory B cells were described as main drivers of the disease and we showed
the potential involvement of DN B cells in MS pathology in chapter 3 [176].
Transitional and naive B cells were included as control B cell populations since
consistent data on the number of cell divisions have been reported for these
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subtypes. Data were collected from untreated MS patients and interferon-β (IFNβ) treated MS patients.
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5.3 Materials and methods
5.3.1 Patient sampling and cell isolation
Peripheral blood samples were collected from MS patients who received no
treatment (n=9) or interferon-β (IFN-β) treatment (n=8). Clinical data of
patients are summarized in table 5.1. This study was approved by the institute’s
Medical Ethical Committee and informed consent was obtained from all study
subjects. Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll
density gradient centrifugation (Lympholyte; Cedarlane Laboratories, SanBio
B.V., Uden, The Netherlands) and used for further B cell isolation. B cells were
isolated from PBMC using negative magnetic selection (STEMCELL Technologies
SARL, Grenoble, France) according to the manufacturer’s instructions.
5.3.2 B cell subtype sort
B cell subtypes were sorted using following anti-human antibodies: CD19 PECy7, CD21 PE, IgD PE-CF594, IgG FITC, CD27 APC, CD38 APC-Cy7 (all BD
Biosciences, Erembodegem, Belgium) and IgM PerCP-Cy5.5 (eBioscience, San
Diego, USA). CD19+ B cells were stained for 30 minutes in phosphate buffered
saline (PBS) with 2% fetal bovine serum (FBS) at a concentration of 50 x 10 6
cells/ml. After washing, cells were sorted on a FACSAria II flow cytometer (BD
Biosciences) and analysed with FACS Diva software (BD Biosciences). Purity of
the sorted B cell subtypes was assessed after sorting. A diverse yield of the
sorted B cell subtypes was present with the lowest number of sorted cells in the
transitional and IgG+ DN B cells and the highest number of cells for the naive
and IgG+ memory B cells.
5.3.3 Genomic DNA isolation
Of each B cell subtype, sorted B cells from different patients were pooled to
obtain at least 3 x 104 cells in each pool. In total, 6 pools were formed that each
consisted of B cells from 3 MS patients, except for pool 6 that contained B cells
from 2 MS patients (table 5.1). 3 pools included untreated MS patients, while
the other 3 pools included IFN-β treated MS patients. MS patient pools were
furthermore matched for age, gender and MS type. Pellets were resuspended in
resuspension buffer and genomic (g)DNA was isolated according to the
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manufacturer’s protocol (GenEluteTM Mammalian Genomic DNA miniprep kit,
Sigma-Aldrich BVBA, Diegem, Belgium). gDNA concentration was determined
using nanodrop 2000 UV-Vis spectrophotometer (Thermo Scientific; Aalst;
Belgium).
Table 5.1 Study subjects used for B cell subtype sort and gDNA isolation
Patient ID

Agea

Gender

Treatment

MS type

1

19

F

-

RRMS

2

56

M

-

SPMS

3

71

F

-

SPMS

4

35

M

-

SPMS

5

45

F

-

RRMS

6

47

F

-

RRMS

7

35

F

-

RRMS

8

53

M

-

RRMS

9

57

F

-

SPMS

10

37

M

IFN-β

RRMS

11

40

F

IFN-β

SPMS

12

41

F

IFN-β

RRMS

13

37

F

IFN-β

RRMS

14

40

F

IFN-β

RRMS

15

58

M

IFN-β

RPMS

16

35

M

IFN-β

RRMS

17

59

F

IFN-β

SPMS

POOL 1:

POOL 2:

POOL 3:

POOL 4:

POOL 5:

POOL 6:

a. in years
Abbreviations: F: female, M: male, RRMS: relapsing-remitting MS, SPMS: secondary
progressive MS, RPMS: relapsing progressive MS
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5.3.4 KREC analysis
For the detection of KREC copy numbers, a Real-time Taqman PCR assay
described by Van Zelm et al [326] was performed on a Step One Plus Real-time
PCR

system

(Applied

Biosystems,

Life

Technologies

Europe

BV,

The

Netherlands). Accordingly, the following primers and probes were used for
detecting

the

coding

rearrangements:

forward

primer

(5’

CCCGATTAATGCTGCCGTAG 3’), reverse primer (5’ CCTAGGGAGCAGGGAGGCTT
3’) and the Taqman probe (5’ FAM-AGCTGCATTTTTGCCATATCCACTATTTGGAGTTAMRA 3’). For the detection of the signal code on the KREC, the forward primer
(5’ TCAGCGCCCATTACGTTTCT 3’), reverse primer (5’ GTGAGGGACACGCAGCC
3’) and the Taqman probe (5’ FAM-CCAGCTCTTACCCTAGAGTTTCTGCACGGTAMRA 3’) were used. Data were corrected for the housekeeping gene albumin
using following primers: forward primer (5’ TGAACAGGCGACCATGCTT 3’),
reverse primer (5’ CTCTCCTTCTCAGAAAGTGTGCATAT 3’) and the Taqman probe
(5’

FAM-TGCTGAAACATTCACCTTCCATGCAGA-TAMRA

3’).

All

primers

were

purchased from Eurogentec (Seraing, Belgium). PCR reactions were developed in
MicroAmp® Optical 96-well reaction plates (Applied Biosystems) in a final
volume of 25µl consisting of 10µl (range 20ng-112ng) gDNA, 12.5µl 2xTaqMan
Universal PCR master mix containing Taqman buffer A, MgCl2, Amplitaq Gold,
UNG, dATP, dCTP, dGTP, dUTP, glycerol and stabilizers and 0.04%w/v bovine
serum albumin (BSA). Primers and probes were added at a final concentration of
900nM and 100nM, respectively. The PCR setup was as follows: 1 x 2 min 50°C;
1 x 10 min 95°C; 50 x 15 sec 95°C and 1 min 60°C. As a positive control, DNA
of a control cell line that contains one copy of the intronRSS-Kde coding and
signal joints (DB01) was used (kind gift from Dr. M Van Zelm, VUMC,
Rotterdam). The number of cell divisions is directly related to the differences in
Ct between the coding joint and the KREC. The Ct values of the control cell line
are used to correct for differences between the PCR efficiencies. Following
formula was used:
Number of cell divisions = Ct sample (Ct signal joint KREC – Ct coding joint) Ct control (Ct KREC – Ct coding).
Undetected values in the qPCR were manually put on 38 Ct in order to calculate
the number of cell divisions.
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5.3.5 Statistics
Statistical analyses were performed using GraphPad Prism version 6.01.
Graphics were made using GraphPad Prism version 6.01 and FlowJo V10. A onetailed Mann-Whitney U test was used for non-parametric unpaired data. A p
value < 0.05 was considered significant. Results are expressed as mean value ±
SEM.
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5.4 Results
5.4.1 Isolation of B cell subtypes
To study the number of cell divisions in different B cell subtypes, we purified 4 B
cell subtypes using cell sorting (figure 5.3). Within the CD19 +CD21+ B cells, we
defined CD38highCD27- transitional B cells and a CD27- and CD27+ B cell
population. Within the CD27- population, naive B cells were sorted as IgM+IgD+
and DN B cells were identified based on IgG expression and the lack of IgD.
Within the CD27+ population, IgG+ memory B cells were sorted.

Figure 5.3. Gating strategy that was used for the isolation of B cell subtypes.
Within the CD19+CD21+ gate, transitional B cells were defined as CD38high CD27- (1), naive
B cells (2) as CD27- IgD+IgM+, DN B cells as CD27-IgD-IgG+ (3) and memory B cells as
CD27+IgG+ (4).
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5.4.2 Memory B cells of IFN-β treated MS patients show a diminished
number of cell divisions
We aimed to investigate whether IFN-β treatment could influence the number of
cell divisions within the different B cell subtypes. The number of cell divisions
was calculated using the Ct values of the coding and signal joint and corrected
for the positive control which contained 1 coding and 1 signal joint. In total, 3
pools of untreated and 3 pools of IFN-β treated MS patients, matched for age,
gender and MS type, were compared to each other. Preliminary results are
reported in Figure 5.4. Ct values which were undetected due to the detection
limit where manually put on 38 Ct. This will approximately the maximal value
that can be measured for this assay, although this needs to be comfirmed by
means of a dilution serie of the positive control.

Figure 5.4. The number of cell divisions within transitional (A), naive (B),
CD27+IgG+ (C) and DN IgG+ B cells (D). Pools (n=3) of untreated MS patients were
compared to pools (n=3) of IFN-β treated MS patients. A one-tailed Mann-Whitney U test
was used for statistical analysis.
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Within the transitional B cell population, untreated MS patients showed 1 or 2
cell divisions, while no cell divisions were observed for the treated MS patients
(mean: 1.37; p = 0.05). Naive B cells exhibited more cell divisions than
transitional B cells, where untreated MS patients presented with 3 cell divisions
and treated MS patients showed 1 or 2 cell divisions. The number of cell
divisions of naive B cells from treated MS patients was lower than those from
untreated MS patients (mean: 1.40; p = 0.05). As expected, CD27+IgG+ B cells
showed more cell divisions relative to transitional and naive B cells. The
untreated MS patients showed a high number of CD27 +IgG+ cell divisions with
about 10 replication cycles, while treated MS patients presented with a mean of
7 cell divisions. Thus, CD27+IgG+ memory B cells isolated from treated MS
patients showed a decreased number of cell divisions as compared with
CD27+IgG+ B cells isolated from untreated MS patients (mean: 3.43; p =
0.05).
Both untreated and treated MS patients had around 9 cell divisions within the
DN IgG+ B cells. Furthermore, the number of cell divisions of IgG+ DN B cells
was similar to the number of cell divisions of IgG+ memory B cells isolated from
untreated MS patients. Of note, within 2 of the 3 pools of untreated MS patients,
donors with an expansion of DN B cells were present, while no donors with DN B
cell expansions were present in the pools of IFN-β treated donors. These data
strengthen the hypothesis that DN B cells have a memory phenotype.
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5.5 Discussion
B cells are involved in the pathogenesis of MS via the production of antibodies
and different cytokines and via their involvement in T cell activation. Different
treatments for MS are already described that modulate these B cell functions.
Thus, B cells are useful therapeutic targets for the treatment of MS. We studied
the replication history of different B cell subtypes in order to investigate whether
therapy can influence the number of cell divisions. This can eventually contribute
to understanding the working mechanism of a treatment or can be used as a
screening tool to assess treatment efficacy. In this study, we measured KREC in
different B cell subtypes in order to evaluate how many times these B cell
subtypes had divided and whether IFN-β treatment could influence the number
of cell divisions. We showed a decreased number of cell divisions of transitional,
naive and memory B cells isolated from treated MS patients compared with
untreated MS patients, although an increased number of patients pools is
needed to increase the power of the statistical test as the p-value was 0.05
exactly. The number of cell divisions of treated MS patients resembles what was
already observed for healthy donors [326]. Additionally, the decrease in the
number of cell divisions is the most prominent for memory B cells. This indicates
that potentially IFN-β preferentially targets memory B cells to proliferate less,
which could lead to a shift in the peripheral blood B cell composition with less
disease promoting memory B cells in the peripheral blood. Alternatively, Zanotti
et al already showed a higher total KREC numbers per ml blood after 6 and 12
months IFN-β treatment, which was related to the IFN-β dose [329]. We
observed a decrease in the number of cell divisions of transitional and naive B
cells isolated from IFN-β treated MS patients. This could point to an increased
bone marrow output of newly produced antigen naive B cells. KREC data from
Nijmegen breakage syndrome (NBS) patients, who suffer from a DNA repair
defect that causes inefficient V(D)J recombination, indicated an increased
proliferation of naive B cells [331, 332]. The authors postulated that this
increased proliferation resulted from decreased bone marrow output of new B
cell emigrants and increased homeostatic proliferation to compensate the total
peripheral blood B cell number [331, 332]. In our study, IFN-β treatment could
influence homeostatic B cell proliferation with a decrease in the proliferation of
memory B cells and an increased bone marrow output of new B cell emigrants.
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This hypothesis is supported by data demonstrating a low percentage of CD27 +
memory B cells in IFN-β treated patients in comparison to untreated patients
and controls and by a differential effect of IFN-β on naive and memory B cell
subsets [36].
We further investigated IgG+ DN B cells, which showed similar numbers of cell
divisions as IgG+ memory B cells from untreated MS patients, indicating that
these DN B cells exhibit a memory phenotype. Furthermore, IFN-β treatment did
not influence the number of cell divisions of DN B cells, which suggests that IFNβ treatment cannot change the expansion of DN B cells.
Previous research has already provided evidence of changes in bone marrow
output of newly produced B cells using KREC measurements. Accordingly, KREC
numbers were lower in MS patients compared with healthy controls, pointing to
higher proliferation of B cells in MS patients than in healthy controls or to a
decreased bone marrow output of newly produced B cells [329]. In a
longitudinal study, it was already shown that fingolimod treatment caused a
reduction in the number of newly produced B lymphocytes in the peripheral
blood [170]. Blood samples were compared before treatment initiation, after 6
and after 12 months of treatment. In contrast, during natalizumab treatment,
the number of KREC in the peripheral blood was increased, indicating an
increased output of newly produced B cells from the bone marrow [330]. In
parallel, an increase in CD19+CD21- immature and CD19+CD21+IgD+CD27- naive
B cells was observed, which contain the highest amount of KREC [330].
In the abovementioned studies, KREC were measured in PBMC samples, which
gives a general indication of bone marrow output, but is limited. Many studies
investigated KREC in total blood B cells without considering their heterogeneity.
In blood, B cells can be divided into transitional B cells, naive B cells and
different memory B cell subtypes [326]. This study gives a more correct
representation of B cell proliferation in the peripheral blood, since each B cell
subtype is studied separately. Furthermore, the use of KREC measurement to
quantify replication history of B cell subtypes is of added value, in combination
with additional molecular and phenotypic analysis, to identify the origin and
maturation pathways of these specific subtypes.
Recently, many research is focused on finding good and reliable screening tools
to monitor treatment efficacy in MS patients. For example, the measurement of
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KREC can be a reliable manner to monitor natalizumab therapy safety, especially
when

taking

into

account

the

possible

progressive

multifocal

leukoencephalopathy (PML) risk during natalizumab treatment. A good bone
marrow output assures the continuous renewal of the immune compartment and
the subsequent integrity of the immune response. The measurement of KREC
could be a very useful tool to estimate the activity of natalizumab and possibly
identify patients that have an altered bone marrow output and hence are at risk
for developing PML [330].
Alternatively, the use of KREC (possibly together with T-cell receptor excision
circles (TREC)) in combination with B cell subtype quantification has already
been proven useful for routine clinical monitoring to optimize personalized
treatment strategies after allogenic hematopoietic stem cell transplantation
[333].
In general, the number of cell divisions of transitional, naive and memory B cells
is decreased in IFN-β treated MS patients pointing to a decrease in the number
of available B cells that can provide costimulation to potential pathogenic T cells.
DN B cells showed a similar number of cell divisions as memory B cells from
treated MS patients, indicating their memory phenotype. KREC measurement
together with B cell subtype characterization could be a reliable and useful
strategy to determine therapy efficacy and safety in MS patients, since many
recent

MS

treatments

cause

a

general

lymphopenia

and

subsequent

redistribution of lymphocyte subpopulations in treated MS patient.
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Autoantibody reactivity towards spermassociated antigen 16 in fingolimodtreated MS patients

Based on: Targets of the humoral autoimmune response in multiple sclerosis.
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6.1 Abstract
Background: In multiple sclerosis (MS), autoantibody targets have been
described that could be used as biomarkers for MS. One of these autoantibody
targets, sperm-associated antigen 16 (SPAG16), was identified by our research
group. No data are available on changes of this biomarker in patients on
treatment and during treatment follow-up. Fingolimod is the first oral treatment
for MS and data are missing how this treatment can affect autoantibody
production. The aim of this study was to investigate changes in plasma levels of
anti-SPAG16 antibodies in MS patients during treatment with fingolimod.
Methods: Plasma anti-SPAG16 antibody levels were tested in 117 MS patients,
including treatment-naive patients (n = 48) and patients treated with interferonβ (IFN-β; n = 25) or fingolimod (n = 44). Additionally, plasma antibody
reactivity against SPAG16 was evaluated longitudinally up to 12 months in
fingolimod-treated MS patients. We focused on changes in antibody reactivity
from positive to negative (seroreversion) and from negative to positive
(seroconversion).
Results: In total, 15% (7/48) of treatment-naive MS patients, 20% (5/25) of
IFN-β- and 24% (8/34) of fingolimod-treated MS patients (at 3 months of
treatment) were seropositive for anti-SPAG16 antibodies. In the longitudinal
fingolimod study, 11 patients were seropositive for anti-SPAG16 antibodies and
26 patients were seronegative at the first collected timepoint of that patient.
During fingolimod follow-up, changes in seroconversion and reversion of antiSPAG16 antibodies were barely observed. Seroconversion occurred in only 2
fingolimod-treated MS patients and seroreversion was furthermore observed in 2
other fingolimod-treated MS patients.
Conclusion: To conclude, these results indicate that anti-SPAG16 antibody
levels in the plasma are mostly unaffected by fingolimod treatment. The
effectiveness of the treatment is probably achieved by other mechanisms than
affecting anti-SPAG16 antibody levels in MS patients.
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6.2 Introduction
Multiple sclerosis (MS) is an immune-mediated disorder of the central nervous
system (CNS) that results in disabling neurological deficits in most patients [3,
334]. Disease typically starts as a clinically isolated syndrome (CIS) that
progresses into clinically definite MS in 63% of cases [335]. The majority of MS
patients (85-90%) develop relapsing-remitting MS (RRMS), in which relapses of
clinical symptoms alternate with periods of remission [336, 337]. Eventually,
about 90% of RRMS patients develop secondary progressive MS (SPMS), which
is characterized by progressive neurological disease and a decrease in the
number of brain lesions. In 10-20% of patients, MS manifests as primary
progressive MS (PPMS) with a progressive course and gradual clinical decline
from the onset [337]. Heterogeneity in symptoms and a patient specific disease
course make it challenging not only to diagnose the disease, but also to treat
the patients effectively.
Autoantibodies play an important role in MS pathogenesis, as indicated by the
diagnostic

use

of

oligoclonal

immunoglobulin

(Ig)

bands

(OCB)

in

the

cerebrospinal fluid (CSF) of most MS patients [58, 59]. During the last decade,
much effort has been made to identify the targets of the antibody response in
MS patients in order to find early predictors for diagnosis and disease
progression [232, 338]. Additionally, finding specific biomarkers could help to
subdivide specific MS patients or to predict therapy response [339, 340].
Different antibody targets were already reported, of which components of myelin
were considered for a longtime as the primary target of the humoral
autoimmune response. Recent studies have challenged this concept and
identified other autoantibody responses targeting components of neurons,
oligodendrocytes, astrocytes and microglia. A general overview of different
autoantibody targets is presented in table 6.1.
In a previous study, we identified sperm-associated antigen 16 (SPAG16) as a
novel autoantibody target in MS, using an immunomics-based approach to
analyze the autoantibody reactivity in the CSF of MS patients [46, 341, 342].
Increased antibody reactivity towards SPAG16, measured by enzyme linked
immunosorbent assay (ELISA), was indicated in plasma of about 20% of MS
patients [46, 342]. Furthermore, SPAG16 was upregulated in reactive astrocytes
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in MS brain [46]. Whether anti-SPAG16 antibodies could be used for the
prediction of treatment effects is not investigated up till now.
At the moment, several FDA-approved therapies are available for the treatment
of RRMS patients, including interferon-β and fingolimod (Chapter 1) [343, 344].
Fingolimod inhibits the egression of lymphocytes from secondary lymphoid
organs by binding to and subsequent downregulation of the sphingosine-1phosphate receptor 1. Next to the immunomodulatory effects on peripheral
blood lymphocytes, fingolimod exerts direct effects in the CNS by targeting
astrocytes, oligodendrocytes, neurons and microglia [345].
In a previous longitudinal study we assessed the effects of fingolimod treatment
on different B cell subtypes and showed, among other effects, a proportional
decrease of memory B cells (Chapter 2) [346]. Memory B cells can evolve into
antibody secreting cells, hence a decreased proportion of memory B cells during
fingolimod treatment could point to a decreased (auto)antibody production.
Here, we investigated whether the plasma anti-SPAG16 antibody levels, more
specifically seroconversion (change from negative to positive) and seroreversion
(change from positive to negative) based on a cut-off, could be affected by
fingolimod treatment in order to assess if changes in autoantibody response
would predict the treatment response.

Table 6.1 Autoantibody targets in MS
Target

Techniques

Serum/ CSF

IgG/IgM

Source

RIA, ELISA

CSF, serum

IgG

[49, 347-349]

Serum

IgG

[54, 350-353]

Serum

IgG

[49]

Myelin antigens
MBP
MOG
MOG15-40
MOG 1-60

Cell-based FACS,
Tetramer RIA
ELISA
ELISA

Serum

IgG

[354]

RIA, Cell-based FACS

CSF, serum

IgG

[347, 355]

MAG

RIA

CSF

IgG

[356-358]

Lipids

Lipid array, OCB blot

CSF

IgG, IgM

[359, 360]

PLP

Sulfatide
GalC
Phospholipid

ELISA

CSF

IgG, IgM

[361]

RIA, ELISA

CSF; serum

IgG

[362, 363]

ELISA

Serum

IgM

[364]

CSF; serum

IgG, IgM

[50, 365-367]

Neuronal & axonal antigens
NFL
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ELISA

CSF; serum

IgG

[368, 369]

GM1/GM2/GM4

Liposome lysis

Serum

-

[370]

aGM1

Liposome lysis

Serum

-

[371]

Serum, CSF

IgG

[371-374]

Gangliosides

GM1

Liposome lysis,
ELISA

aGM1/GM1/GD1a

ELISA

Serum

IgG, IgM

[375]

GD1a

ELISA

Serum, CSF

Ig, IgG

[372, 374]

GD1b

ELISA

Serum, CSF

Ig, IgG

[372, 374]

GD2

ELISA

Serum

IgM

[376]

GM3

ELISA

Serum

Ig

[374]

GD3

ELISA

Serum

Ig

[374]

GM4

RIA

CSF

IgG

[362]

BPAG1

IB

CSF

IgG

[377]

CSF, serum

IgG

[378, 379]

Contactin-2

ELISA, Cell-based
FACS

Nogo receptor
Glycosylated

WB

Serum

IgG, IgM

[380]

non-glycosylated

WB

Serum

IgG, IgM

[380]

IgG, IgM,

TPI

ELISA

CSF; serum

GAPDH

ELISA

CSF; serum

Neurofascin

ELISA

Serum

IgG

[382]

AEF

ELISA

CSF; serum

IgG

[383]

GAD

RIA

Serum

-

[384]

CNPase

IB

Serum, CSF

IgM, IgG

[385, 386]

Transaldolase

WB

CSF; serum

Ig

[387, 388]

IgA
IgG, IgM,
IgA

[381]
[381]

Oligodendrocyte antigens

Transketolase
Nogo-A
Alu repeats
AN-2
(NG-2)
OSP

IB

CSF; serum

IgG

[386]

WB, ELISA

Serum

IgG, IgM

[380, 389]

ELISA

Serum

IgG

[390]

WB

CSF; serum

IgG

[391]

ELISA

CSF

IgG

[392]

IB, ELISA

Serum

IgG, IgM

[393]

Crystallin
α-crystallin
αB-crystallin

WB, ELISA

Serum

IIF

Serum

IgG, IgM,
IgA

[394]

Astrocyte antigens
Aquaporin-4

IgG

[395]
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ELISA

CSF; serum

IgG

[396]

SPAG16

ELISA

CSF, plasma

IgG

[46, 341]

Coronin-1a

ELISA

Serum, CSF

IgG

[47, 48]

SWAP70

ELISA

Serum

IgG

[397]

Lymphocyte antigens

Ubiquitous antigens
HSP
HSP90β

WB

CSF

IgG

[52, 398]

HSP60, HSP70

MA

Serum

IgG + IgM

[399]

CSF

IgG

[400, 401]

IgG

[364, 402]

HSP70

ELISA

DNA

CSF/MS brain,

ELISA, IF

hnRNP B1

serum

WB

CSF

IgG

[403]

WB, ELISA

Serum; CSF

IgG, IgM

[404-406]

glycan array, ELISA

Serum

IgM

[407, 408]

α-glucose glycan

ELISA

Serum

IgM

[409]

gMS-Classifier1

ELISA

Serum

IgM

[410]

gMS-Classifier2

ELISA

Serum

IgM

[411]

Proteasome
Glycans
GAGA4

Abbreviations. CSF: cerebrospinal fluid; ECG: essential cryoglobulinemia; ELISA: enzyme-linked
immunosorbent

assay;

FACS:

flow

cytometry,

HC:

healthy

control;

IB:

immunoblot;

IF:

immunofluorescence; IgG: immunoglobulin G; IgM: immunoglobulin M; IgA: immunoglobulin A; IIF:
indirect immunofluorescence; MA: microarray; OCB: oligoclonal band; RIA: radioimmunoassay; WB:
Western blot; -: not available
Antigens: MBP: myelin basic protein; MOG: myelin oligodendrocyte glycoprotein; PLP: proteolipid
protein; MAG: myelin associated glycoprotein; GalC: galactocerebroside; NFL: neurofilament light;
BPAG: Bullous pemphigoid antigen 1; TPI: Triosephosphate isomerase; GAPDH: glyceraldehyde-3phosphate dehydrogenase; AEF: Axolemma-enriched fractions; GAD: Glutamate decarboxylase;
CNPase: 2′,3′-Cyclic nucleotide 3′-phosphodiesterase; OSP: Oligodendrocyte-specific protein; SWAP:
Switch-associated

protein;

HSP:

heat

shock

protein;

DNA:

deoxyribonucleic

heterogeneous nuclear ribonucleoprotein; GAGA4: Glc(alpha1,4)Glc(alpha)
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6.3 Materials and methods
6.3.1 Study population
Peripheral blood (PB) was collected from MS patients in the Orbis Medical Center
(Sittard, the Netherlands) and Rehabilitation and MS-center (Overpelt, Belgium).
For PB collection in the Orbis Medical Center, written informed consent was
obtained from all participants after approval by the Medical ethical Committee
Atrium-Orbis-Zuyd

(12-N-56).

Furthermore,

PB

was

collected

by

the

Rehabilitation and MS-center in Overpelt after written informed consent from all
participants and approval by the UZ Leuven and Hasselt University Commissions
of Medical Ethics (S54362 and S54363). For detailed information about the
study population, we refer to chapter 2 (Table 2.1). A short overview of the
number of donors that were included is reported in Table 6.2.
Table 6.2 Summary of the study population
Total

N = 117

Treatment- naive

N = 48

Interferon-β

N = 25

Fingolimod

N = 44
0m

1m

3m

6m

9m

12 m

N = 27

N = 31

N = 34

N = 33

N = 28

N = 12

Number of MS patients (N) in the total group and in each treatment group.
Plasma of fingolimod-treated MS patients was collected before start of the
treatment (0 m), after 1 month of treatment (1 m) and then every 3 months
after start of treatment (3 m – 12 m).

6.3.2 ELISA
96-well ELISA plates (Greiner Bio-One, Wemmel, Belgium) were coated
overnight at 4°C with 1 µg/ml purified recombinant SPAG16 protein or THIO
protein (produced in E. coli) in 0.1 M bicarbonate buffer (pH 9.6). Plates were
washed with 0.05% PBS–Tween 20 (PBS-T) between the different steps. Wells
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were blocked with 2% not-fat dry milk-PBS (M-PBS) for 2 h at 37°C and then
incubated with 100 µl plasma samples diluted 1:100 in M-PBS for 2 h at room
temperature.

HRP-conjugated

anti-human

IgG

(1:2000

in

M-PBS;

DakoCytomation, Heverlee, Belgium) was added for antibody detection, followed
by

color

development

with

3,3’,5,5’-tetramethylbenzidine

(Sigma-Aldrich,

Diegem, Belgium). The reaction was stopped with 2 M H2SO4 and read at 450
nm. All samples were measured in duplicate. The coefficient of variation from
duplicate measurements had to be <20% in order to include the sample. A
serially diluted positive sample was included to test for interassay variability and
to calculate arbitrary units (AU). AU were corrected for background reactivity by
measuring signals for recombinant THIO protein. A cut-off for seropositivity of
70 AU was determined by ROC analysis based on the anti-SPAG16 reactivity of
healthy donors [342].
6.3.3 Statistical analysis
Data analysis was performed using SAS JMP Pro 11.2.0. A mixed model was
used for data analysis of treatment follow-up compared to baseline fingolimod.
Differences in the proportion of positive donors was evaluated using a Chisquare test. A p-value of < 0.05 was considered statistically significant.
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6.4 Results
In this study, we investigated whether treatment can change the plasma
antibody levels against SPAG16. First, the number of donors that were
seropositive or seronegative for anti-SPAG16 antibodies were compared between
treatment-naive MS patients and treated MS patients (interferon-β (IFN-β) or
fingolimod treatment for 3 months) (Figure 6.1).
In total, 7/48 (15%) treatment-naive MS patients were positive for plasma antiSPAG16 antibodies. In IFN-β treated MS patients, 5/25 (20%) were positive for
plasma anti-SPAG16 antibodies. Finally, 8/34 (24%) of fingolimod-treated MS
patients were seropositive for anti-SPAG16 antibodies. No differences were
found in the proportion of positive donors between the different treatment
groups. As we studied proportional changes of different B cell subtypes during
fingolimod treatment in chapter 2, we were able to compare these data with the
anti-SPAG16 AU levels. Although we found proportionally decreases of memory
B cells during fingolimod treatment, no correlation was observed between the
percentage memory B cells and the anti-SPAG16 AU levels (data not shown).

Figure 6.1. Anti-SPAG-16 antibody reacticity. Antibody reactivity against SPAG16 in
the plasma of treatment-naive MS patients (n = 48), IFN-β treated MS patients (n = 25)
and fingolimod treated MS patients at 3 months of treatment (n = 34). Arbitrary units
(AU) were calculated using a standard curve of a positive sample. AU of SPAG were
corrected for background (AU THIO). A Chi-square test was used to assess statistical
significant differences.
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To use antibody reactivity as a clinically accepted tool for measuring treatment
efficacy, a longitudinal assay design is necessary. Therefore, we evaluated antiSPAG16 antibody reactivity in our fingolimod cohort in which plasma of MS
patients was collected before the start of fingolimod treatment, at 1 month of
treatment and then every 3 months after start of the treatment. Antibody levels
towards SPAG16 were assessed for every donor at the different time points
(Figure 6.2).
Of the 37 fingolimod-treated MS patients, for which follow-up data were present,
11 patients were seropositive and 26 patients were seronegative for antiSPAG16 antibodies at baseline. During fingolimod follow-up, changes in
seropositivity

and

seronegativity

of

anti-SPAG16

antibodies

were

barely

observed.

Figure 6.2. Antibody reactivity against SPAG16 in fingolimod-treated MS patients.
Anti-SPAG16 arbitrary units (AU) were compared for each MS patient at different time
points: before the start of the treatment, after 1 month of treatment and then every 3
months after start of treatment. The cut-off is indicated by the dotted line. The mean AU
for each measured timepoint is indicated by the grey line.

For the fingolimod-treated MS patients who were serepositive at baseline,
seroreversion only occurred in 2 of the 11 (18%) patients. Seroconversion was
furthermore observed in 2 of the 26 (8%) fingolimod-treated MS patients who
were seronegative at baseline when comparing for each patient before start of
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treatment and under treatment (Figure 6.3). All of the fingolimod-treated MS
patients that had seroconversion or –reversion were treatment responders (no
change in EDSS and no increase in the number of MRI lesions during the
treatment period) and no link between serostatus and clinical parameters such
as MS type and EDSS score could be made. Furthermore, no correlation was
observed between the SPAG16 AU and the percentage of non class-switched or
class-switched memory B cells or plasmablasts.

Figure 6.3. Seroreversion and seroconversion of fingolimod-treated MS patients
for anti-SPAG16 antibodies. Seroreversion (A) and seroconversion (B) of anti-SPAG16
antibody levels in fingolimod-treated MS patients. Anti-SPAG16 antibody levels were
compared between the first (Untreated) and last available timepoint (Treated). The dotted
line represents the cut-off of 70 AU.
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6.5 Discussion
Many autoantibodies with different sensitivities and specificities are present in
relation with MS pathogenesis, of which the targets could be used as biomarkers
for diagnosis, prognosis or analysis of therapy effects. SPAG16 is a new antibody
target in MS and anti-SPAG16 antibodies are associated with an increased
progression index in PPMS patients [342]. Furthermore, seropositive donors for
anti SPAG-16 antibodies show an increased EDSS score in the total MS
population [342]. No data were available concerning seroconversion and
seroreversion in MS patients on treatment and during treatment follow-up.
We showed, as reported previously, that about 20% of MS patients presented
with increased plasma antibody reactivity against SPAG16 [46], independent
whether the patients were untreated or IFN-β- or fingolimod-treated. In chapter
2, we observed proportional decreases of both non class-switched and classswitched memory B cells in the PB of fingolimod-treated MS patients in followup. These memory B cells are known to mature into antibody producing cells.
We aimed to investigate whether fingolimod treatment of MS patients can
change plasma antibody reactivity against SPAG16 in a longitudinal study. For
the majority of patients under fingolimod treatment, no changes in antibody
serostatus were observed, except for 2 patients who showed seroreversion and,
unexpectedly, in 2 patients seroconversion occurred. As we did not include a
follow-up of untreated MS patients and IFN-β-treated MS patients, we could not
conclude that potential fluctuations in anti-SPAG16 antibody reactivity were due
to the fingolimod treatment.
Recently, other reports indicated that biomarkers could be used as a tool to
assess therapy efficacy in MS patients. For natalizumab treatment, antibody
reactivity towards neurofilament light could be used as a predictive marker for
treatment response [187]. Antibody levels against neurofilament light declined
in function of the time during natalizumab treatment. In order to use antibody
reactivity as a clinically accepted tool for measuring treatment efficacy,
extensive longitudinal screenings are necessary.
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We could not observe changes in the serostatus of the majority of our
fingolimod-treated MS patients. Still, it was already described that fingolimod
treatment caused an increased proportion of activated CD138 + plasma blasts,
which are known to produce antibodies [179]. Additonally, no correlation was
observed between the anti-SPAG16 AU and the percentage of memory B cells in
the PB in our patient cohort.
In contrast to the hypothesis that fingolimod treatment could influence the antiSPAG16 antibody levels in treated MS patients, fingolimod treatment could affect
SPAG16 expression directly, as observed for neurofilament light chain levels
where after 12 months of fingolimod treatment neurofilament light chain levels
were decreased in the plasma of treated MS patients [412].
In conclusion, we showed anti-SPAG16 antibody reactivity in about 20% of our
MS patient cohort, independent of the treatment status of the patients. In a
longitudinal follow-up study of fingolimod-treated MS patients, the anti-SPAG16
antibody status remained unchanged during treatment in the majority of MS
patients. The use of anti-SPAG16 antibodies as a tool to assess fingolimod
treatment in RRMS patients seems not suitable, although further research is
necessary.
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7.1 Summary and general discussion
The involvement of B cells in the pathogenesis of MS has long been
underestimated. Initially the contribution of B cells to the pathogenesis of MS
was solely attributed to the production of autoantibodies. But next to antibody
production, B cells are able to exert multiple other effects that can contribute to
the disease pathology of MS (figure 1.2). Analysis of B cell functions in MS
pathogenesis and the effects of treatment on these functions is important in
order to increase insight into the role of B cells in the disease process of MS and
it could help in predicting treatment responses. In this thesis, we investigated
how treatment can influence B cell biology in MS patients. For this purpose, we
assessed the effects of treatment on different levels: (1) how the PB B cell
compartment is composed and affected by disease modifying treatments, (2)
whether antigen presentation capacity of B cells is changed during treatment
and (3) whether autoantibody levels change under treatment. Additionally, we
investigated the frequency and phenotypic characteristics of age-associated B
cells in MS patients.
Part 1: B cell subtype redistribution during fingolimod treatment
Different disease modifying treatments are on the market of which interferon-β
(IFN-β), glatiramer acetate (GA), teriflunomide and dimethylfumarate are
considered as first-line treatments, while natalizumab and fingolimod are
regarded as second-line treatments. For most treatments the primary working
mechanism is known and adds up to the rationale why the treatment is used to
modify disease course of MS. The longitudinal effects of fingolimod treatment on
B cell biology were understudied. Chapter 2 describes the longitudinal effects of
fingolimod treatment on B cell subtype distribution.
What is the effect of fingolimod treatment on B cell subtype distribution
and how does this contribute to improvement of disease in MS patients?
Using a longitudinal assay design, we showed decreased numbers of total
lymphocytes, B cells and T cells in the PB of MS patients treated with fingolimod.
This is in agreement with other studies and the initial concept of the mechanism
of action of fingolimod which is the sequestration of B and T cells in the
secondary lymphoid organs [168, 179].
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Within the peripheral B cell population, we indicated proportional increases of
naive and DN B cells, while the proportion of both non class-switched and classswitched memory B cells was decreased. Memory B cells have been indicated as
important contributors to MS pathology. Identical or similar clones of classswitched memory B cells were identified in the PB and CSF of MS patients using
deep BCR sequencing and of non class-switched memory B cells during active
disease [27, 413]. Further, the occurrence of lipid specific oligoclonal IgM bands
in the CSF, potentially produced by non class-switched memory B cells, is
associated with highly inflammatory MS, a higher relapse rate and higher lesion
volumes [360, 414]. Thus, the decrease in peripheral memory B cells could
contribute to the improvement of disease in fingolimod-treated MS patients.
Further, the simultaneous increase in naive B cells during fingolimod treatment
could implicate a transition from a pro-inflammatory to an anti-inflammatory B
cell profile. It was already shown that the regulatory cytokine IL-10 is produced
mostly by naive B cells while the pro-inflammatory cytokines LT-α and TNF-α are
largely produced by memory B cells [31]. Still, memory B cells are, next to
naive B cells, able to produce IL-10 in a context dependent manner: naive B
cells produce IL-10 upon CD40L stimulation, which is deficient in B cells of MS
patients, and IL-10+ B10 cells were induced within the memory population by
stimulation with TLR4 and TLR9 [415]. The increase in the proportion of naive B
cells during fingolimod treatment seems to reflect a compensation of the
immune system to achieve an adequate immune response against pathogens.
This was also evidenced by the increased B cell expression of costimulatory
molecules during follow-up of fingolimod-treated MS patients.
Although we have not measured regulatory B cell frequencies and function
fingolimod treatment could improve the regulatory B cell function. Others have
demonstrated that the proportion of regulatory B cells was increased in
fingolimod-treated MS patients and that these cells were able to produce higher
amounts of IL-10 than cells isolated from treatment-naive MS patients [174].
Furthermore, an elevated proportion of regulatory B cells was correlated with
clinical disease stability in fingolimod-treated MS patients.
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A shift in the inflammatory profile of B cells may be paralleled by an antiinflammatory T cell profile. We demonstrated proportional changes in T cell
subtype distribution that could contribute to an anti-inflammatory T cell profile.
Other studies have demonstrated the potential of fingolimod to contribute to an
anti-inflammatory T cell profile by decreased percentages of IFN-γ and IL-17
producing effector CD4+ and CD8+ T cells and increased frequencies of
regulatory T cells [254]. Furthermore, an increased percentage of effector
memory T cells was related to a relapse in fingolimod-treated MS patients, thus
PB T cell dynamics could predict the clinical effectiveness of fingolimod
treatment [416]. Whether B cell dynamics have predictive value needs to be
further investigated in extensive longitudinal assays. Still, we did not observe an
association between changes in B cell subtype distribution and clinical (non)responders. Further characterization of circulating memory B cells before, during
and after treatment to elucidate which memory B cells are affected by the
treatment, may lead to the identification of the specific B cell subtypes involved
in MS pathogenesis
Part 2: Age-related B cells that exhibit pathologic features are increased
in a proportion of MS patients
Advancing age is accompanied by shifts in immune system development and
function, including reduced lymphopoiesis, the appearance of autoantibodies and
a decreased ability to respond to vaccines and infections. Proportional increases
of both age-associated B cells (IgD-CD27- double negative (DN) and CD21CD11c+ (CD21low)) and T cells (CD4+CD28- and CD8+CD28-) were described in
aged individuals. Characteristics of an aged immune system, measured by the
presence of TRECs and CD4+CD28null T cells, were already demonstrated in MS
patients [231, 417]. The involvement of age-associated B cells in the pathology
of MS has not been studied up till now, although these cells were already linked
to other (auto)immune diseases. In Chapter 3, we investigated the frequencies
of DN and CD21low B cells in the peripheral blood of MS patients compared with
age-matched healthy donors. The phenotype of these age-associated B cells was
further assessed both in Chapter 3 and Chapter 5, as conflicting reports were
present. Finally, we investigated whether DN B cells exhibited a proinflammatory profile comparable with class-switched memory B cells, indicating
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their potential role in the pathogenesis of MS. This research contributes to the
understanding of the role of DN and CD21low B cells in MS pathology and in
finding new therapeutic strategies.
Do MS patients exhibit characteristics of an aged B cell immune system?
At the moment, no data are present showing expansions of age-associated B
cells in MS patients. We first confirmed the presence of increased percentages of
both DN and CD21low B cells in the PB of healthy donors older than 60 years
compared to younger donors and found a positive correlation between the
percentage of these cells and age (Chapter 3). Thus, DN and CD21low B cells
can be described as age-associated B cells in our study population An increased
percentage of DN B cells was already shown in centenarian healthy donors
[224].
Premature expansions of PB DN and CD21low B cells were indicated in a
proportion of MS patients younger than 60 years when compared to agematched healthy donors (Chapter 3). Further proof of an aged B cell immune
system in MS patients is the positive correlation between age-associated B cells
and CD4+CD28null T cells, of which the involvement in immune aging is
established [202-205, 260]. In SLE, high frequencies of DN B cells were already
associated with a higher frequency of nephritis, a higher disease activity index
and increased autoantibody titers [223]. Increased percentages of DN B cells
were also described in healthy subjects challenged with Respiratory Syncytial
virus (RSV), known to cause colds, and this feature may confirm the important
role of consecutive antigen stimulation to cause expansions of DN B cells [273].
These data all point to the presence of an aged B cell compartment in a
proportion (20%) of MS patients, which is probably due to the pro-inflammatory
milieu at which the B cells react and resembles inflamm-aging as observed in
the elderly.
Can age-associated DN B cells contribute to the pathogenesis of MS?
We showed expansions of DN B cells in a proportion of MS patients (Chapter 3).
Further, we found an increased percentage of DN B cells in the CSF of MS
patients compared with paired PB samples. DN B cell clones were already found
in the CSF of MS patients and the same clones could be detected in the PB as
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well, indicating that DN B cells indeed migrate from the CNS to the periphery
and vice versa [11]. DN B cells isolated from aged healthy donors have been
shown to express different migratory molecules like CCR7, CCR6 and CXCR3
which enables them to migrate to inflammatory sites [226]. Whether DN B cells
originate in the periphery and migrate to the CNS or the other way around is
inconclusive. Since there is an overlap between peripheral lymphoid and CNS DN
B cells, trafficking of these cells could contribute to MS pathology.
Using different effector functions, DN B cells can contribute to MS pathogenesis.
We showed that DN B cells were TNF-α+ and LT-α+ upon in vitro stimulation with
CD40L or triple stimulation. Additionally, DN B cells were granzyme-B+, a
cytotoxic molecule, which was already described previously [226]. Interestingly,
DN cells were IL-10-, which is a regulatory molecule, reflecting the proinflammatory nature of the cells. Associations between the frequency of DN B
cells and autoantibody titers were not investigated up till now in MS patients,
although this could be of added value since different autoantibody targets were
described for MS (Chapter 6). In SLE, a higher frequency of DN B cells was
already associated with increased autoantibody titers.
An increased proportion of DN B cells in the PB of MS patients can be a result of
a compensatory mechanism to maintain the peripheral B cell pool, as during
aging, the total CD27+ memory pool declines (which results in a decreased
percentage of both non class-switched and class-switched memory B cells) and a
decreased output of newly produced B cells from the bone marrow is observed
[216]. Still, we did not observe an increased percentage of DN B cells in all MS
patients, potentially reflecting the heterogeneity of MS pathology or the
presence of risk factors that potentially trigger the expansion of these cells.
Which risk factors lead to these expansions is not clear up till now. Our data
have indicated that CMV infection, which is the driver of CD4+CD28null T cell
development, is not the trigger for DN B cell development since we could not
find differences in the percentages of DN B cells between CMV positive and
negative donors (data not shown).
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What is the origin of DN B cells?
The precise process by which DN B cell develop needs to be elucidated, but it is
believed that chronic immune stimulation leads to the exhaustion of B cells after
which the cells lose their IgD and CD27 surface expression. Still, it is debatable
whether these cells are completely exhausted, as we were able to activate them
in vitro after which they could produce different pro-inflammatory cytokines
(Chapter 3). Hence it is plausible that these cells have experienced repeated
antigenic challenges after which they lost their IgD and CD27 expression, but
not their ability to respond to cues from the inflammatory milieu. The majority of
DN B cells are IgG+, further contributing to the evidence of their memory
phenotype. Still, DN B cells may have other active functional pathways than
memory B cells, as longitudinal data from Chapter 2 indicated a proportional
increase of DN B cells during fingolimod treatment, suggesting that these cells
do not respond to fingolimod treatment as well as memory B cell subtypes do.
Furthermore, as described in Chapter 5, the number of cell divisions of DN B
cells was similar between the untreated and IFN-β-treated MS patient pools,
whereas the number of cell divisions of memory B cells was decreased in the
IFN-β-treated MS patient pools further underlining that DN B cells do not
respond to treatment while memory B cells do. Thus, DN B cells resemble
memory B cells but they have other functional characteristics and hence,
potential other functions both in normal immunity and autoimmunity.
Signals derived from local inflammatory sites, both in the CNS and in the
periphery, can cause the maturation of precursor cells into DN B cells. But what
are the precursor cells? As we found that DN B cells have a similar number of
cell divisions as untreated IgG+ memory B cells, we assume that DN B cells
exhibit a memory phenotype and thus originate after antigen recognition.
Because the cells are described to be exhausted cells that have encountered
multiple antigen challenges, they presumably pass the memory stage before
they become DN B cells rather than that they form directly from naive B cells.
Still, the hypothesis that DN B cells mature outside a GC response and thus
directly originate from naive B cells cannot be excluded at the moment. Thus
further research is warranted whether DN B cells are formed during a germinal
center or are independent from a GC response.
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Investigating the origin of DN B cells would help to understand where these cells
fit in the process of autoimmunity observed in MS patients. Using KREC
measurements, we already provided additional evidence of the memory
phenotype of the cells but additional deep sequencing analysis of heavy chain of
BCRs is essential to find how DN B cells originate and which signals are
necessary for their development.
What is the phenotype and role of CD21low B cells in the pathogenesis of
MS?
We found expansions of CD21low B cells in the PB of a proportion of MS patients
(Chapter 3). Accordingly, CD21low B cells were enriched in relation to the total B
cell population in a number of diseases in which chronic immune stimulation is
present. CD21low B cells were first identified in mice, where they were
characterized as CD11b+CD11c+CD21- age-associated B cells (ABCs) [227, 229].
Mounting evidence from animal studies indicates that ABCs and their effector
functions are crucial for effective humoral immunity to certain classes of
infectious agents, like viruses [418].
Whether the CD21low B cells have exactly the same function in every disease is
not sure. For example, we found a mixture of memory and naive CD21 low B cells,
based on equal percentages of CD27+/CD27- and IgG+/IgM+ CD21low B cells, in
the PB of MS patients, as observed in healthy donors [228, 419]. This is in
contrast to Rubtsov et al. where CD21-CD11C+ cells were phenotyped as IgD-,
IgM-, IgG+ and CD27high. Hence, are these CD21- B cells other cells than the
CD21low B cells from our analysis? Additional research is warranted. In CVID an
unmutated IgM+ CD21low B cell population is described together with an
exhausted memory B cell population. This could also be the case for MS, where
chronic stimulation could cause exhaustion (and a switch to IgG +) in a subgroup
of CD21low B cells, while other CD21low B cells remain IgM+. It is plausible that
within the CD21low B cell population, there is a slow accumulation of the memory
CD21low B cell subset and hence both CD27- and CD27+ CD21low B cells are
present in the PB. A greater incidence of the CD27- or CD27+ CD21low B cell
population may also reflect the great heterogeneity of the MS population: some
MS patients may present with more IgM+ CD21low B cells, while other patients
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have more IgG+ CD21low B cells. Further research is necessary to evaluate
whether the presence of specific subtypes of CD21low B cells is related to a worse
disease outcome and how the presence of these cells has an influence on
treatment response. Thus, further characterization of CD21low B cells in the PB of
MS patients could lead to important insights into MS pathology and treatment
responses.
CD21low B cells can attribute to MS pathology via different B cell effector
functions, including antigen presentation, cytokine secretion, plasma cell
differentiation and autoantibody production. All proof of different effector
functions come from mice studies and are described in more detail below.
CD21low B cells express the activation markers CD69, CD80 and CD86. In vitro,
the cells showed poor proliferative capacity to BCR stimulation but cells were
able to differentiate into IgM-secreting plasmablasts upon stimulation with IL-2,
IL-10 and CD40L, suggesting that CD21low B cells may be refractory to
stimulation by T cell mediated signals in the context of BCR engagement [419,
420]. Additionally, CD21low B cells express different surface migratory markers
such as CCR1, CCR5 and CCR6 in order to home to inflammatory sites where
they can secrete IL-4 and IL-10 upon stimulation. When acting as antigen
presenting cells, they were able to enhance the secretion of IL-17 by activated T
cells [229]. As the involvement of IL-17 producing T cells is established in the
pathogenesis of MS, CD21low B cells could be important antigen presenting cells
that assist in T helper differentiation towards Th17 cells, by which they could
contribute to MS pathology.
In our study, because of the low number of CD21low B cells present in the PB, we
were not able to investigate whether these cells when isolated from MS patients
could be activated in vitro and whether they could produce antibodies and
cytokines. Alternatively, CD21low B cells isolated from HIV, RA or CVID patients
secreted auto- and polyreactive antibodies in response to extensive polyclonal
activation [419]. Additional experiments are necessary to fully elucidate how
CD21low effector functions are reflected in MS pathology. Furthermore, KREC
measurements to determine the number of cell divisions of CD21low B cells and
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deep sequencing of BCRs will help us to identify the nature of CD21 low B cells in
MS.
Assessing surface CD21 expression on B cells rather than the prevalence of
CD21low B cells in MS patients could have added value as potential marker for
MS progression. Chronic lymphocytic leukemia (CLL) patients showed a
decreased CD21 expression on B cells compared to control samples which was
linked with disease progression and prognosis in these patients [421].
Furthermore, lower CD21 expression was associated with increased BCR
signaling and an increased risk to develop an autoimmune disease, as the CD21
expression level is directly linked to self-tolerance [422]. In RA patients,
autoantibodies to CD21 were observed and it was speculated that these
antibodies could provide survival signals for autoreactive B cells and potentiate
disease [423-425]. It could be useful to assess anti-CD21 antibody responses in
MS patients.
What is the origin of CD21low B cells?
In literature, it is generally stated that CD21low B cells are antigen experienced
cells. The cells were already described as a novel CD27 - memory B cell subtype,
found in tonsils of healthy donors, based on the findings that these cells were
switched to IgG, IgA or IgE and their BCR contained somatic hypermutations
[419]. In HIV and CVID, the CD21low B cells were shown to have undergone cell
division supporting that chronic activation by disease-specific antigens may lead
to an expanded CD21low B cell population. This could also be the case for MS, in
which different potential autoantigens are already described. Still, further
research is warranted to investigate whether autoantigens play a role in the
expansions of CD21low B cells in MS.
Rubtsov et al. found that signaling through TLR-7 is crucial for the development
of CD21low B cells as TLR7-/- knock-out mice and the knock-out mice of the
intracellular downstream component of TLR7, MyD88, failed to accumulate ageassociated B cells, which is the equivalent of CD21low B cells in mice [227]. Thus,
signaling via TLRs can potentially contribute to the expansions of CD21low B cells
in MS patients.
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Part 3: Effect of treatment on different B cell functions in MS patients
We next investigated the effects of treatment on different B cell functions. First,
we discuss the importance of antigen presentation and costimulation functions of
B cells and how treatment can positively or negatively influence these functions.
Next, we assessed the changes in autoantibody reactivity during treatment.
1. Modulation of antigen presentation and costimulation functions of B
cells by immunomodulatory treatments
The success of B cell depletion therapies rituximab and recently ocrelizumab in
MS has underlined the importance of antibody-independent B cell functions in
MS pathology. In Chapter 2, we assessed the influence of longitudinal
fingolimod treatment on the expression of antigen presentation molecule HLADR/DP/DQ and costimulation molecules CD80 and CD86. Chapter 4 focusses on
the expression of antigen presentation and costimulation molecules on the
surface of B cells in both healthy donors and MS patients and the ability of B
cells to present MS associated and viral antigens to T cells in order to elicit a T
cell response. Both the longitudinal and cross sectional data indicate that
antigen presentation and costimulation molecules on the surface of B cells can
be affected by treatment and hence can contribute to MS pathology.
What is the importance of antigen presentation and costimulation by B
cells in the pathogenesis of MS?
In Chapter 4, we showed increased expression of costimulatory molecules on B
cells from the PB of MS patients compared with healthy donors, pointing to a
potential increased capacity of these B cells to stimulate T cells. The expression
of these molecules was even further increased on B cells from the CSF of MS
patients, indicating that CSF B cells have an even higher APC capacity than PB B
cells. Thus, B cells may play a significant role as antigen presenting cells,
especially for reactivating the autoreactive T cells in the CNS. We further
demonstrated that B cells from MS patients could recognize MS related antigens
and viral antigens and, upon recognition, the B cells upregulated the
costimulatory marker CD80. Using a coculture system, we were able to show
that B cells presenting MBP elicited Th1 and Th17 responses in a proportion of
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MS patients. B cells presenting TT, MOG and CMV were furthermore able to elicit
T cell proliferation in our coculture system.
In animal studies, it was already shown that EAE could not be induced using
recombinant MOG in B cell deficient mice [88]. Furthermore, rituximab
treatment, which diminished the number of CD20 + B cells and not the number of
plasma cells, showed beneficial effects in MS patients, implicating antibodyindependent B cell functions in MS pathology [85, 87].
In general, the data indicate that B cells that have encountered a MS associated
antigen acquire the potential to elicit a pro-inflammatory T cell response that
can contribute to the inflammatory respons which is evident in MS patients. How
treatment causes decreases in the proliferation of T cells needs to be further
investigated, although surface expression of costimulatory molecules on B cells
was lower on B cells isolated from treated MS patients compared to B cells
isolated

from

untreated

MS

patients.

Together

with

our

data,

it

is

straightforward that antigen presentation and costimulatory properties of B cells
are highly important in MS pathology.
Can specific treatments that change the antigen presentation and
costimulation function of B cells be useful as therapy in MS?
In a cross sectional study, we indicated comparable levels of surface expression
of costimulatory molecules on B cells isolated from treated MS patients (IFN-β,
copaxone, fingolimod and natalizumab) and healthy donors. Thus treatment
abrogates the increased expression of costimulatory molecules observed in
untreated MS patients. Other studies have already indicated that IFN-β
treatment caused the downregulation of the costimulatory molecules CD40 and
CD80 [426]. Further, T cell proliferation after presenting the antigens TT, MBP,
MOG and CMV was lower when cells were isolated from treated MS patients
compared to untreated MS patients.
In a longitudinal study of fingolimod-treated MS patients, the expression of HLADR/DP/DQ on B cells was decreased during fingolimod treatment, pointing to
less available antigen presentation molecules in fingolimod-treated MS patients
(Chapter 2). Thus, potentially less potential pathogenic T cells can get activated
by B cells from treated MS patients, which contributes to the shift to a more
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anti-inflammatory profile of B cells. In contrast, the expression of costimulatory
molecules on B cells was increased during fingolimod treatment, pointing to a
rescue mechanism of the immune system to prevail normal immune responses
(Chapter 2). Luessi et al. investigated the direct effects of fingolimod treatment
on antigen presenting cells in general. They showed that fingolimod did not
reduce the absolute numbers of dendritic cells and monocytes and CD86 surface
expression was increased on these dendritic cells, indicating that fingolimod
treatment did not influence the migration of these cells from secondary lymphoid
organs but did increase the activation of the cells by enhancing the expression of
costimulatory molecules on these cells [427]. Thus, not every treatment affects
expression of surface markers in the same manner and results are dependent on
study design (cross sectional versus longitudinal).
Further experiments need to focus on whether the changes in surface expression
of antigen presentation and costimulation markers during treatment reflect a
positive clinical outcome, as up till now no direct link is investigated.
Furthermore, we should also keep in mind that a change in B cell subtype
distribution could reflect a change in the percentage of positive cells. Thus,
investigating surface molecules in combination with proportional changes in B
cell subtype distribution during treatment could have added value.
In summary, therapy does influence the antigen presentation and costimulation
potential of B cells and pathogenic T cell responses to some extent. Therefore,
targeting antigen presentation and costimulation, which are essential for eliciting
pro-inflammatory B and T cell responses in MS, could have added value to stop
MS disease progression. Still, as MS is a multifactorial disease, just targeting the
antigen presentation and costimulation capacity of B cells would not be sufficient
to abrogate disease progression. Probably, a complete shift from a proinflammatory to an anti-inflammatory profile is necessary, which includes a
change in the antigen presentation and costimulation potential of B cells but also
the cytokine profile of these cells.
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2. No effects of immunomodulatory treatments on antibody reactivity
In Chapter 6, we investigated antibody reactivity against SPAG16, an
autoantibody target that was identified by our research group, cross-sectionally
between

different

patient

groups

(treatment

naive,

IFN-β-treated

and

fingolimod-treated) and longitudinally in fingolimod-treated MS patients.
This study had a dual goal: First, we wanted to assess whether treatment could
change the antibody response towards SPAG16, as no data were available up till
now to support this concept. Second, we wanted to investigate whether changes
in B cell subtype distribution, observed in Chapter 2 in fingolimod-treated MS
patients, were reflected in the autoantibody titers for SPAG16 in the PB of the
MS patients.
Does fingolimod treatment have an effect on anti-SPAG16 antibody
reactivity in MS patients?
In Chapter 2, we showed in a longitudinal assay that fingolimod treatment
decreased the proportion of non class-switched and class-switched memory B
cells. As it is described that these cells can evolve into antibody secreting cells
and Miyazaki et al. demonstrated a decreased total count of plasmablasts in the
PB of fingolimod-treated MS patients [238], we might assume that antibody
titers decrease as well in the PB of fingolimod-treated patients. When analyzing
plasma anti-SPAG16 antibodies, we did not observe seroconversion or reversion
in the majority of patients, indicating that fingolimod treatment does not
influence anti-SPAG16 antibody serostatus of MS patients. Still, proof from mice
studies indicate that entrapment of memory B cells in the lymph nodes can
cause a decrease in high-affinity class-switched antibodies in the serum [247].
Furthermore, vaccination studies in fingolimod-treated healthy volunteers have
demonstrated a mild to moderate decrease in immunoglobulin (Ig)G and IgM
antibody levels towards some antigens [189].
It is also possible that fingolimod treatment does not affect the level of
antibodies directed against SPAG16 but rather changes that levels of SPAG16
protein itself, as observed for neurofilament light [412].
Further research needs to focus on changes in antibody titers directed against a
panel

of

multiple

targets,

since

fingolimod

treatment

affects

different

components of the CNS, e.g. astrocytes and neurons [345, 428]. Also, up till
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now, no specific panel of autoantibody targets is available that predicts
treatment outcome in specific MS patients. Although, it could be of added value
to have such a prediction tool as treatment responses are diverse between MS
patients. A panel of biomarkers that predict treatment response will not only
benefit the patient but also would reduce costs supporting an effective and
efficient health care system. As antibody levels may fluctuate in the PB and are
associated with the presence of antibody secreting cells, it could be of added
value to evaluate both antibody titers and B cell subtype distribution
longitudinally.

7.2 Concluding remarks
Based on all data gathered in this thesis, combined with findings from other
groups, it is evident that B cells are essential contributors to MS pathology. B
cells can adopt a variety of distinct effector functions that are guided by BCR
signaling coupled with additional cues that foster their maturation. After
maturation, B cells are able to execute following effector functions: antibody
production, antigen presentation and costimulatory interactions with CD4 + T
cells and cytokine secretion. We showed that all these effector functions are to
some extent important in MS pathology and that treatment efficacy is reflected
in changes of some of these effector functions. B cell responses are highly tissue
specific and are dependent on the type of antigen they encounter. Different B
cell subtypes can become targets for therapy and analysis of their levels in the
peripheral blood can be used to monitor the treatment efficacy. The frequency of
age-associated B cells is increased in the PB of MS patients and additional
research is warranted to fully elucidate their contribution to MS pathogenesis.
Further unraveling functional characteristics of B cells in MS patients will help to
develop more effective treatments.
All together, the results of this thesis contribute to the knowledge about the
involvement of B cells in MS pathology and how specific MS treatments influence
B cell effector functions.
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Multiple sclerose (MS) is een chronische en complexe ziekte die bij 3 keer meer
vrouwen dan mannen wordt teruggevonden. Het aantal nieuwe patiënten met
MS bedraagt 7 patiënten per 100 000 inwoners en de prevalentie bedraagt 120
patiënten per 100 000 personen in noord Europa. Tot nu toe is er geen
geneesmiddel op de markt dat de ziekte kan genezen. Enkel de ziekteprogressie
kan geremd worden met de geneesmiddelen die momenteel beschikbaar zijn.
8.1 Wat is MS?
MS is een aandoening van het centrale zenuwstelsel waarbij het myeline rond de
zenuwen beschadigd wordt. Het myeline is belangrijk voor de bescherming van
de zenuwbanen en na beschadiging kunnen de zenuwprikkels niet goed
doorgegeven worden. Dit kan leiden tot verschillende symptomen zoals
problemen met zicht, vermoeidheid, verminderd gevoel in de armen en benen
en verlamming. De grote meerderheid van MS-patiënten vertoont periodes van
opstoten van de ziekte, gevolgd door een relatief herstel. Deze vorm noemen we
relapsing-remitting MS (RRMS). Een deel van de RRMS-patiënten zal na verloop
van tijd minder goed herstellen na een opstoot en overgaan naar een
progressief verloop van de ziekte, secundair progressieve MS (SPMS). Sommige
patiënten vertonen een progressief verloop vanaf de diagnose, wat primair
progressieve MS (PPMS) genoemd wordt. Alhoewel de exacte oorzaak van MS
nog steeds niet gekend is, is het duidelijk dat de ziekte een auto-immune aard
heeft. Dit wil zeggen dat immuuncellen, die normaal instaan voor de
bescherming van het lichaam tegen lichaamsvreemde virussen en bacteriën,
componenten van het centrale zenuwstelsel, waaronder het myeline, zullen
aanvallen (autoreactief). Deze immuuncellen zijn onder andere autoreactieve Tcellen en B-cellen.
8.2 Welke functies hebben B-cellen en welk bewijs is er voor de rol van
B-cellen in MS?
B-cellen zijn een onderdeel van het verworven immuunsysteem. Ze hebben
verschillende functies die bijdragen aan een optimale immuunrespons (Figuur
1.2). Zo kunnen de cellen uitgroeien tot antilichaam producerende cellen
(antilichaam-afhankelijke respons), antigenen presenteren aan T-cellen, zorgen
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voor costimulatie van T-cellen en verschillende pro-inflammatoire en antiinflammatoire

cytokines

produceren

(allen

antilichaam-onafhankelijke

responsen). Door middel van deze verschillende functies kunnen B-cellen
bijdragen aan het ziekteproces van MS.
B-cellen kunnen opgedeeld worden in verschillende subtypes op basis van hun
oppervlaktemarkers en de samenstelling van de B-cel receptor. Na de
ontwikkeling in het beenmerg komen de B-cellen in de periferie terecht als
transitionele B-cellen. Deze ontwikkelen zich tot naïeve B-cellen tot ze hun
specifieke antigeen tegenkomen. Nadat naïeve B-cellen een antigeen zijn
tegenkomen en geactiveerd worden, zullen de B-cel receptoren somatische
hypermutaties ondergaan en een gedeelte van de cellen zal van isotype klasse
wisselen. De cellen worden dan non class-switched geheugen B-cellen of classswitched geheugen B-cellen genoemd. Deze verschillende types geheugen Bcellen kunnen verschillende soorten immunoglobulines (Ig; IgM, IgG, IgA, IgE)
produceren, afhankelijk van de soort immuunrespons. De geheugen B-cellen
kunnen

verder

groeien

tot

antilichaam

producerende

plasmablasten

en

plasmacellen. Als laatste zijn er ook nog dubbel negatieve (DN) B-cellen, die
negatief zijn voor de oppervlaktemerkers IgD en CD27. Tot nu toe is vooral
geweten dat geheugen B-cellen pathogene eigenschappen hebben en belangrijk
zijn voor het ziekteproces van MS. De DN B-cellen zijn al beschreven in relatie
tot immuunveroudering samen met CD21low B cellen. Dit stuk wordt verder
beschreven in deel 2.
Voor lange tijd werden T-cellen beschouwd als de belangrijkste immuuncellen in
het ziekteproces van MS. Recent zijn er meerdere bewijzen dat B-cellen
betrokken zijn in MS. Het meest gekende bewijs voor een rol van B-cellen in MS
is het voorkomen van oligoklonale banden die gevormd worden door verhoogde
productie van immunoglobuline G (IgG) antilichamen in het ruggenmergvocht
van MS-patiënten. Klonale expansie van B-cellen in het ruggenmergvocht en de
hersenlesies, antilichaam en complement afzetting in lesies en het voorkomen
van ectopische germinal centers in de hersenen wijzen op een belangrijke
bijdrage van B-cellen in MS. De betrokkenheid van B-cellen uit het perifere bloed
in het ziekteproces van MS is ook recent aangetoond: in de hersenen zijn B151
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cellen aangetoond met dezelfde somatische hypermutaties in hun B-cel receptor
als sommige B-cellen uit de periferie. Ook heeft onderzoek naar de behandeling
rituximab aangetoond dat verschillende antilichaam-onafhankelijke functies,
zoals antigen presentatie en costimulatie, van B-cellen belangrijk zijn in de
pathologie van MS. Rituximab zorgt er namelijk voor dat alle CD20 positieve Bcellen, en niet de CD20 negatieve antilichaam-producerende plasmacellen,
weggevangen worden uit het perifere bloed en men zag een verbetering van de
symptomen van MS tijdens deze behandeling.
8.3 Welke behandelingen zijn er voor MS?
Er zijn momenteel heel wat behandelingen op de markt voor MS en enkele
nieuwe behandelingen zijn in de pipeline. De huidige behandelingen zijn gericht
op het verbeteren van de symptomen en het verminderen en uitstellen van
opstoten. Verder zijn de meeste therapieën gemaakt ter behandeling van RRMS.
De behandelingen worden opgedeeld in eerstelijns-, tweedelijns- en derdelijnsbehandelingen.

Onder

de

eerstelijns

behandelingen

horen

interferon-β,

glatirameer acetaat, teriflunomide en dimethylfumaraat. Eerst wordt een
eerstelijnsbehandeling
tweedelijnsbehandeling

geprobeerd

alvorens

zoals

over

natalizumab

te

schakelen
of

naar

een

fingolimod.

Derdelijnsbehandelingen zijn vaak experimentele behandelingen en omvatten
verschillende monoklonale antilichamen gericht tegen B-cellen en/of T-cellen.
8.4 Wat is het doel van de studie?
Tot nu toe zijn er al data beschikbaar over de effecten van behandelingen op Bcel functies in MS, maar deze zijn niet volledig en van sommige behandelingen
zijn tot nu toe geen effecten bestudeerd. Naast ontbrekende data over de
effecten van behandelingen op B-cellen in MS, is de rol van B-cel subtypes die
geassocieerd worden met het verouderen van het immuunsysteem niet
onderzocht in het ziekteproces van MS.
In deze studie werd er gefocust op 2 belangrijke doelstellingen: allereerst
onderzochten we wat de invloed was van MS behandelingen op verschillende
functies van B cellen in MS patiënten. Verder werd er bestudeerd wat de rol is
van B-cellen die betrokken zijn in immuunveroudering in het ziektebeeld van
MS.
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Deel 1: Hoe wijzigen de B-cel subtype verdeling en de expressie van
oppervlakte merkers voor antigeen presentatie en costimulatie tijdens
behandeling?
Fingolimod is de eerste orale behandeling voor MS en is op de markt sinds 2010.
De behandeling zorgt ervoor dat pathogene cellen gevangen zitten in de
secundaire lymfoide organen, zoals de lymfeknopen. De effecten van fingolimod
op T-cellen werden reeds bestudeerd, maar hoe fingolimod de B-cel functies
beïnvloedt was tot nu toe niet uitvoerig onderzocht.
In Hoofdstuk 2 werd onderzocht hoe fingolimod de B-cel subtype distributie
beïnvloedt in het perifere bloed. Verder werd bestudeerd hoe fingolimod de
expressie van de oppervlakte receptoren die belangrijk zijn voor antigen
presentatie en costimulatie van B-cellen beïnvloedt. In een longitudinaal
onderzoek waren zowel de non class-switched en class-switched geheugen Bcellen proportioneel verlaagd in het perifere bloed van fingolimod-behandelde
MS-patiënten. Daarnaast waren de naïeve en dubbel negatieve B-cellen
proportioneel verhoogd in het bloed. Deze data wijzen op een verandering in de
balans van de B-cel subtypes onder fingolimod behandeling: pathogene
geheugen B-cellen zijn verlaagd en naïeve B-cellen zijn proportioneel verhoogd
in het bloed, wat positief kan zijn voor het ziekteproces van MS.
Naast veranderingen in B-cel subtype distributie werd er ook een daling in de
expressie van HLA-DR/DP/DQ op perifere B-cellen van behandelde MS-patiënten
geobserveerd. Dit betekent dat er minder receptoren beschikbaar zijn die
instaan voor antigeen presentatie op de B-cellen. De expressie van de
costimulatoire moleculen CD80 en CD86 was verhoogd tijdens fingolimod
behandeling. Dit wijst erop dat het immuunsysteem compenseert voor een
daling in het totale aantal B-cellen zodat een normale immuunrespons kan
plaatsvinden als dit nodig is.
Al deze resultaten wijzen erop dat fingolimod zorgt voor een verschuiving van
een pro-inflammatoir naar een anti-inflammatoir B-cel profiel, wat voordelig is
voor het ziekteproces van MS.
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Deel 2: Hoe dragen B-cellen die geassocieerd zijn met het verouderen
van het immuunsysteem bij aan de ontwikkeling van MS?
Immuunveroudering komt voor tijdens het normale ouder worden. De leeftijd
heeft een invloed op het normaal functioneren van het immuunsysteem. Er is
een hogere gevoeligheid voor infectieziekten, kanker en auto-immuniteit en een
mindere respons op vaccinaties. Veroudering heeft effect op alle cellen van het
afweersysteem, maar leidt vooral tot veranderingen in samenstelling, omvang
en functie van T-cellen en B-cellen. Enkele B-cel subtypes werden al gelinkt aan
immuunveroudering en aan verschillende (auto)immune aandoeningen. Deze
cellen zijn: IgD-CD27- dubbel negatieve (DN) B-cellen en CD21-CD11c+
(CD21low) B-cellen. In Hoofdstuk 3 werd de rol van verouderde DN en CD21low
B-cellen in het ziekteproces van MS verder onderzocht. Eerst werd een verhoogd
percentage van deze cellen aangetoond in het perifere bloed van gezonde
donoren ouder dan 60 jaar. Deze resultaten geven weer dat DN en CD21low Bcellen geassocieerd zijn met veroudering in onze studiepopulatie. De frequentie
DN en CD21low B-cellen werd dan verder onderzocht in het perifere bloed van
zowel MS-patiënten als gezonde donoren jonger en ouder dan 60 jaar. Een
grotere proportie van MS patiënten jonger dan 60 jaar vertoonden expansies
van zowel DN als CD21low B-cellen (meer dan 7% en 3% B-cellen in het perifere
bloed respectievelijk), wat wijst op premature expansies van verouderde B-cel
populaties bij een proportie van MS-patiënten. Omdat er verder geen eenduidige
data beschikbaar zijn over het fenotype van deze cellen, werd dit dan verder
bestudeerd. DN B-cellen vertoonden vooral een geheugen fenotype aangezien
de meerderheid van de cellen IgG+ waren. Verder werd er in Hoofdstuk 5
aangetoond dat IgG+ DN B-cellen geïsoleerd uit onbehandelde MS patiënten over
hetzelfde aantal celdelingen beschikten als CD27 +IgG+ geheugen B-cellen, wat
een extra bewijs is dat DN B-cellen een geheugen fenotype omvatten.
In onze studiepopulatie werden zowel CD21low B-cellen met een naïef en
geheugen fenotype geïdentificeerd. Zowel CD27 - als CD27+ en IgM+ als IgG+
cellen werden gevonden. Verder onderzoek is dus nodig om het fenotype van de
CD21low B-cellen te bepalen. Dit kan bijvoorbeeld door het aantal celdelingen te
bekijken (door middel van kappa recombinant excisie cirkels (KREC) bepalingen)
om na te gaan of CD21low B-cellen reeds geprolifereerd hebben in respons op

154

Nederlandse samenvatting

een antigen. Verder kan door middel van deep repertoire DNA sequencing
nagegaan worden wat de mutatiestatus van de B-cel receptoren is.
Zowel DN als CD21low B-cellen werden reeds beschreven als cellen die cytokines
en cytotoxische moleculen kunnen produceren. Wij onderzochten het cytokine
profiel van DN B-cellen in MS-patiënten. DN B-cellen produceerden na stimulatie
de pro-inflammatoire cytokines Tumor Necrosis Factor (TNF)-α en lymfotoxine
(LT)-α en het cytotoxische molecule granzyme-B. Het regulatoire cytokine
interleukine (IL)-10 werd niet geproduceerd door de DN B-cellen. Al deze
gegevens wijzen erop dat in een proportie van MS-patiënten DN B-cellen kunnen
bijdragen aan het pro-inflammatoire profiel dat aanwezig is. Verder onderzoek is
nodig om na te gaan hoe deze cellen nu juist bijdragen aan het ziekteproces van
MS.
Deel 3: Hoe veranderen verschillende B-cel functies in MS-patiënten
onder invloed van een behandeling?
B-cellen kunnen verschillende effector functies uitoefenen die bijdragen aan het
ziekteproces van MS. De rol van deze effector functies in MS is nog niet volledig
onderzocht. Enkele effector functies, zoals antigeen presentatie, costimulatie en
antilichaam productie, werden verder besproken in hoofdstukken 4, 5 en 6.
In Hoofdstuk 4 werd gefocust op de capaciteit van B-cellen om antigenen te
presenteren aan T-cellen en costimulatoire signalen te voorzien voor T-cellen.
Allereerst werd de expressie van verschillende moleculen die betrokken zijn in
antigeen presentatie en costimulatie verder onderzocht op perifere B-cellen van
MS-patiënten. B-cellen van onbehandelde MS-patiënten vertoonden een hogere
expressie van costimulatoire moleculen dan B-cellen van gezonde donoren en
deze expressie was verder verhoogd in het cerebrospinale vocht van de
patiënten in vergelijking met cellen uit het perifere bloed. Behandelde MSpatiënten hadden geen hogere oppervlakte expressie van costimulatie markers
op de B-cellen. Verder konden B-cellen prolifereren en het aantal costimulatoire
moleculen aan het celoppervlak verhogen na toevoeging van verschillende MSgerelateerde antigenen in in vitro culturen. Als laatste werd in hoofdstuk 4 de Tcel respons gekarakteriseerd na antigeen presentatie (vooral virale antigenen en
antigenen van het centrale zenuwstelsel) en costimulatie door B-cellen,
uitgevoerd in cocultuur experimenten. Na presentatie van myelin basic protein
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(MBP), een gekend autoantigeen voor MS, vertoonden de T-cellen een proinflammatoire respons met de productie van interferon (IFN)-γ en IL-17. De IL17 respons draagt bij aan het pro-inflammatoire proces van MS. Verder was er
een lagere T-cel respons aanwezig na stimulatie met cytomegalovirus (CMV) en
tetanus toxoid (TT) in de behandelde MS-patiënten. Al deze data wijzen erop dat
antigeen presentatie en costimulatie van T-cellen door B-cellen belangrijk is voor
het ziekteproces van MS en dat behandeling deze effector functies beïnvloedt.
Zoals aangetoond in hoofdstuk 4 is costimulatie van T-cellen belangrijk in de
pathogenese van MS. We zouden kunnen stellen dat als er minder B-cellen
aanwezig zijn in het perifere bloed, er dus ook minder kans is om pathogene Tcellen te activeren. In

Hoofdstuk 5

werd het aantal celdelingen van

verschillende B-cel subtypes (transitionele, naïeve, geheugen en DN B-cellen)
onderzocht in IFN-β behandelde en onbehandelde MS-patiënten. Het aantal
celdelingen is verlaagd in de behandelde MS-patiënten in vergelijking met de
onbehandelde MS-patiënten voor de transitionele, naïeve en geheugen B-cellen.
De DN B-cellen vertoonden hetzelfde aantal celdelingen voor de onbehandelde
en behandelde MS-patiënten. Uit deze resultaten kunnen 2 conclusies getrokken
worden: allereerst zorgt IFN-β behandeling ervoor dat het aantal celdelingen
afneemt van verschillende B-cel subtypes in het perifere bloed zodat er minder
B-cellen beschikbaar zijn om mogelijke pathogene T-cellen te stimuleren. Ten
tweede is er geen daling van het aantal celdelingen van de DN B-cellen in de
IFN-β behandelde MS-patiënten, wat erop wijst dat deze behandeling geen
effect heeft op het aantal celdelingen van DN B-cellen.
Verschillende antilichaam targets zijn reeds beschreven die gerelateerd werden
met

MS.

Eén

van

deze

autoantilichaam

responsen

zijn

anti-SPAG16

antilichamen. Tot nu toe waren er geen data beschikbaar over de effecten van
behandeling op anti-SPAG16 antilichaam levels in het perifere bloed van MS
patiënten. In hoofdstuk 2 werden de effecten van longitudinale fingolimod
behandeling op B-cel subtype distributie bestudeerd. Een proportionele daling
van de geheugen B-cellen werd geobserveerd. Deze geheugen B-cellen kunnen
uitgroeien tot antilichaam producerende cellen. In Hoofdstuk 6 werden de antiSPAG16 antilichaam levels in het plasma longitudinaal bestudeerd in fingolimod
behandelde MS-patiënten. In het algemeen werden er geen veranderingen
gevonden in de anti-SPAG16 antilichaam serostatus in het perifere bloed van
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behandelde MS-patiënten. In 2/26 patiënten vond seroconversie plaats, wat
betekent dat de anti-SPAG16 antilichaam levels veranderden van negatief naar
positief. In 2 andere patiënten veranderden de anti-SPAG16 antilichaam titers
van positief naar negatief onder behandeling. In het algemeen blijkt dat de antiSPAG16

antilichaam

serostatus

niet

verandert

gedurende

fingolimod

behandeling. Verder onderzoek zal nodig zijn om na te gaan of fingolimod een
invloed heeft op andere autoantilichaam titers in MS-patiënten.
8.5 Conclusie
De resultaten die in dit doctoraat behaald werden, bewijzen dat verschillende MS
behandelingen een effect kunnen hebben op de distributie van verschillende Bcel subtypes en B-cel effector functies. In het algemeen kan gesteld worden dat
een behandeling het pro-inflammatoire fenotype van de B-cellen zal wijzigen
naar een meer anti-inflammatoir fenotype. Toch zijn er nog ontbrekende data
over de effecten van behandelingen op B-cel functies en verschillende studies
spreken elkaar vaak tegen. Dit komt omdat er geen uniformiteit is in de manier
van B-cel subtype fenotypering en vaak worden de effecten van behandeling
cross-sectioneel onderzocht, terwijl een longitudinaal onderzoek vaak beter is
zodat er rekening gehouden kan worden met de farmacodynamica van het
geneesmiddel.
Verder onderzoek is essentieel om de effecten van behandeling op verschillende
B-cel functies te bestuderen. Dit zal zorgen voor meer inzicht in het ziekteproces
van MS en het werkingsmechanisme van de behandeling.
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Valorisation addendum
This thesis adds up to the exponentially increasing number of studies on the
involvement of B cells in the pathology of MS and how treatment influences B
cell functions. Increasing interest is present on how B cells are implicated in the
pathology of MS.
The importance of investigating MS pathology
MS is a common chronic neurological disease affecting about 2.5 million people
worldwide [429]. The prevalence and incidence of MS are gradually increasing
over the years and 3 times more women than men are affected. Still, disease
severity is often worse in men than women.
MS is often diagnosed at a relatively young age, between 20-40 years and
requires formal demonstration of dissemination in space and time, both taking
into account clinical findings and magnetic resonance imaging (MRI). Still, in
practice, MS is often diagnosed by exclusion of other (neuro)inflammatory
diseases, as MS symptoms are very general. The disease is very debilitating and
contains a number of symptoms like numbness or weakness in one or more
limbs, vision problems, pain, tremor and fatigue which have a major impact on
the quality of life. Disease severity is reflected by the expanded disability status
scale (EDSS) that grades the symptoms from no symptoms at all to problems
with walking and performing daily routines, bound to a wheelchair and
eventually death.
MS has a significant socio-economic burden. In general, the symptoms of MS
can restrict the patient’s physical activity and his/her ability to exercise a
profession, resulting in a major financial burden on the patient, the patient’s
family, healthcare and society [430]. Furthermore, when patients present with
an increased disease progression and EDSS score, the costs associated with the
care are increasing as well. Relapses may result in hospitalization and are
associated with a level of disability that disrupts work, social and family life
[431, 432]. Finally, even in the early stage, MS disease can undermine patients’
confidence

and

restrict

professional

and

personal

activities.

Thus,

pharmaceutical or non-pharmaceutical interventions aimed at delaying the
progression of disease may help to reduce the economic burden of MS [430].
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At the moment, although different biomarkers are described, no lab tests are
available to diagnose MS, hence causing a potential delay in the start of
treatment of MS patients. Diagnosis is up till now performed using medical
history, clinical examination of symptoms and MRI. The detection of OCB in the
CSF of MS patients further supports the diagnosis of MS but is not specific for
the disease. Additionally, these techniques cannot diagnose 100% of MS
patients and often a ‘wait and see’ atmosphere is present to observe how the
disease is evolving over time and space. Early diagnosis of MS will allow a better
treatment strategy of the patients in order to reduce CNS damage and early
progression. Therefore, further research on the development and progression of
MS is essential in order to propose new therapeutic strategies or markers to
diagnose MS patients effectively and in an early stage. This thesis provides
additional proof of the involvement of B cells in the pathology of MS by
investigating different B cell functions, e.g. antigen presentation, costimulation
and cytokine production. Furthermore, by investigating the effects of therapy on
the B cell functions, more information is gathered about the role of B cells in MS
pathology and the effectivity of the immunomodulatory treatments.
The importance of B cells in MS pathology
Although underestimated for a long time, B cells are highly important players in
the pathogenesis of MS. Using their different effector functions in order to
stimulate other immune cells like T cells, B cells perpetuate the CNS targeted
inflammation observed in MS patients. As already described in chapter 1, B cells
are effective antigen presenting cells and provide costimulation for T cells. B
cells produce both anti- and pro-inflammatory cytokines that contribute to the
inflammatory environment of MS. We further demonstrated that B cell antigen
presentation can lead to the induction of pro-inflammatory T cell responses in
MS patients in chapter 4. In addition, in chapter 4, we showed that B cells
isolated from IFN-β-, teriflunomide- and dimethylfumarate-treated MS patients
did not induce inflammatory Th17 cell responses. This leads us to the hypothesis
that immunomodulatory therapies abate inflammatory responses in MS patients
by targeting B cells and B cell responses. Additional research should focus on
expanding the number of treated MS patients in our study population and
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comparing different treatment strategies in terms of the B cell antigen
presentation capacity and determining which T cell responses are elicited. This
will contribute to the better understanding of the role of B cells in the pathology
of MS and perhaps can lead to better treatment options for MS.
Alternatively, research on the role of B cells in the pathogenesis of MS has
already given rise to promising therapeutic approaches for MS. Research on the
B cell depleting therapy rituximab provided us with the information that
elimination of B cells ameliorates MS disease activity [85]. Additionally, results
from chapter 2 showed that the second-line therapy, fingolimod (Gilenya®),
changes the B cell population leading to a decreased proportion of potentially
pathological memory B cells and an increased proportion of naive B cells. Still,
much remains to be understood about the role of B cells in MS and how different
treatments influence these B cells. Besides the study of the effects of
immunomodulatory therapy on total B cells, further emphasis on the effects on
different B cell subtypes is mandatory, as different B cell subtypes have different
functions, hence also contribute to the anti-inflammatory response necessary to
repress MS pathology. Currently, pharmaceutical companies are focusing on
developing specific B cell targeted therapies for MS patients. Promising
therapeutic agents include anti-CD20-antibodies, CD19 and BAFF-receptor
targeting agents wherein the common feature for each of these therapeutic
approaches is the depletion/affection of the B cell compartment.
Targeting the peripheral B cell population
Using deep sequencing, Von Büdingen et al. found similar B cell repertoires on
both sides of the BBB, suggesting that disease-driving immunological stimuli are
active both in the CNS and in the periphery [11]. This observation underlines the
importance of peripheral therapies to affect the peripheral B cell compartment in
order to improve MS disease. As already mentioned above, we showed in
chapter 2 that fingolimod treatment changes the balance in the proportions of
memory and naive B cells in the peripheral blood. Additional research addressing
whether changes in B cell subtype distribution can be reflected in an improved
clinical outcome of the MS patients is necessary.
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In chapter 3, we described that an increased proportion of MS patients
presented with peripheral expansions of age-associated (DN and CD21low) B cells
compared to healthy donors. We also showed that these cells were detected in
increased percentages in the CSF of MS patients and were able to produce proinflammatory and cytotoxic molecules. These cells were already described in
other autoimmune diseases and data from our study help in understanding the
role of these cells not only in MS, but also in other diseases. Furthermore, we
found a proportional increase of DN B cells during fingolimod treatment (Chapter
2), which temps us to hypothesize that DN B cells are insensitive to fingolimod
treatment. As we did not assess the effects of other treatments on these ageassociated

B

cells,

further

research

is

needed

to

investigate

whether

immunomodulatory treatments affects these cells and how these data contribute
to our general understanding of the role of these cells in (auto)immunity. One
way to address this research question is by comparing age-associated B cell
expansions

between

different

treatment

groups.

Additionally,

in

vitro

experiments can be performed to investigate whether therapy can diminish the
production of pro-inflammatory and cytotoxic cytokines, produced by activated
DN and CD21low B cells.
Research focusing on age-associated B cells could be of added value not only to
unravel the pathology of MS, but also other conditions associated with immune
aging. Even so, aging of the immune system is observed in the elderly and
contributes to a general decline in the responses to for example vaccines and
the increased susceptibility to infections. Hence, by investigating the cells
related with immune aging more information can be gathered how to adapt and
modulate these cells, which can contribute to the improvement of general
healthcare.
In general, research on B cell effector functions and B cell subtype distribution is
of added value to develop and optimize future anti-B cell therapies that
contribute to MS disease recovery. Additional work adds up to further delineate
the features of pathologically relevant B cells and their target antigens in MS.
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Why are new treatment strategies for MS necessary?
Currently there is still no cure for MS. The present medication is able to slow
down disease progression and reduce inflammation and thereby exacerbations.
Unfortunately, not all patients respond well to the medication. They are either
not responsive, develop antibodies against the therapies or suffer from severe
side effects. Therefore, there is a need for new, more effective medication with a
better safety profile. To achieve this, more research is necessary unraveling the
pathogenesis of MS. As already described above, targeting B cells looks to be a
good alternative, taking into account the recently approved and developmental
therapies.
Disease modifying treatments are designed to reduce the frequency and severity
of MS attacks and to minimize the neurological damage caused by these attacks.
The treatments that are approved by the FDA since the early 1990s are effective
at helping to manage RR-MS, which affects 85% of people diagnosed with MS.
After 10 to 20 years, most cases of RR-MS convert to a gradually progressive
form of the disease (SP-MS). Currently available treatments have little to no
impact on SP-MS, so treatment during the earlier RR-phase is recommended.
Furthermore, at the moment, no FDA approved therapies that significantly slow
the worsening of the PP-MS stage are available. However, recent studies suggest
that ocrelizumab can be an effective therapy for PP-MS patients. Essential
conclusions which are drawn when overviewing current treatment strategies for
MS point to additional research focusing on therapies that are effective for the
progressive forms of MS. Additionally, by investigating how existing disease
modifying treatments work, we will learn more about the mechanism how
relapses occur, how to reduce MS related lesions in the brain and which
mechanisms are responsible for the disease initiation and progression.
In general, this thesis contributes to the understanding of the pathology of MS
and how different treatments work on B cell functions. This will contribute to the
improvement of the treatment options for MS patients which could be important
at many social levels.
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En nu komen we aan het einde van dit verhaal…
Er zijn heel wat mensen die ik graag zou willen bedanken… hoog
tijd om dat te doen!
Horizontaal
2.

Fonds ter ondersteuning van wetenschappelijk onderzoek omtrent MS

5.

Naast jurylid ook een goede vriendin waar ik heel veel bewondering en respect
voor heb en waar ik altijd terecht kon met vragen. En niet te vergeten: mijn
partner in crime op de vele BIOMED feestjes. Dank u wel voor alles!

7.

Naast voorzitter van de jury ook Hoogleraar Functional and Cellular Neuroscience
en directeur van de School for Mental Mealth and Neuroscience

8.

Jury member with an impressive knowledge on B cells. She is a professor of
Immunobiology and a chair in the ‘Mechanisms of Ageing section’ of Ageing
Research At King's College in London

9.

International number 1 company for the development of different therapeutic
strategies and financial supporter of my fingolimod research.

10.

Promotor die me 4 jaar lang op de voet gevolgd heeft en me met raad en daad
heeft bijgestaan bij alle aspecten van mijn doctoraat

11.

Promotor die gedurende 4 jaar mij ondersteund heeft met medische kennis en
altijd

klaarstond

om

op

al

mijn

vragen

te

ook

Clusterhoofd

Celdiagnostiek

klaarstond

met

antwoorden
12.

Naast

jurylid

en Celtherapie

Verticaal
1.

Copromotor die altijd

wijze

opmerkingen
3.

Naast jurylid ook Hoofd van MS Centrum ErasMS en de Neuroimmunology Brain
(NIB) Research Group

4.

Copromotor die gedurende 4 jaar mij het nauwste ondersteund heeft in
schrijfwerk en labwerk en waarvan ik veel geleerd heb. Je hebt me ondersteund
in de zwaarste momente. Dank je wel voor alles!

6.

Next to being a member of the jury, VIB groups leader Laboratory of Translational
Immunomodulation
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Horizontaal
3.

Bureaugenootje dat me vooral doet terugdenken aan glitter en bling bling, aan
leuke momenten op de after work feestjes, aan thee-tjes en lekkere zelfgemaakte
gebakjes

6.

De koningin van de patiënten. Een grote hulp met alles wat te maken had met het
collecteren van patiënten stalen en –informatie. Dank u wel voor alles!

9.

De alleskenner op gebied van de doctoral school en alles wat te maken heeft met
de regelgevingen van het doctoraat. Dank u wel voor alle hulp met de laatste
loodjes

11.

Naast een toppertje in het labo, de expert in het verslinden van boeken gaande
van pride and prejudice via harry Potter naar game of thrones. Dank u voor de
vele leuke momenten in het lab en daarbuiten ;-). Ik mis je aan het koffie
machine!

13.

Mijn klasgenootje in de avondschool. Het was leuk om verschillende opdrachten
samen te maken en samen de avonden door te komen.

15.

Bureaugenootje die van de ‘personal bubble’ een begrip maakte, als de beste
orchideeën in leven kan houden, grappige dansjes uit haar hoge hoed kan toveren
en verzot is op ‘kabab-kes’

17.

18.

Bureaugenootje

dat

verzekert,

gepassioneerd in het labo en

het leven staat en

een

tegemoet

Keep latino dancing babe!

gaat.

de

B-cel
mooie

opvolging
toekomst

Greek

guy that exists . You were

a great support for

me during the last 1,5 year

of my PhD. I will

never forget your fabulous

The

best

frapochino’s.
19.

De meest ‘happy’

en

eeuwig

optimistische

persoon die ik ken. Ik vergeet nooit onze leuke dansjes... je bent de meest
perfecte tutor/leerkracht die er bestaat. Dank je voor alle mooie momenten en
vergeet nooit: we’re gonna live our lives... “like the ceiling can't hold us”
20.

De meest relaxe persoon van de groep. Dank je om gewoon kalm te zijn in al het
‘vrouwendrama’

21.

De RA babe en ELISA queen van de groep. Dank je wel om steeds mijn gezaag en
geklaag aan te horen, vooral in de laatste stressvolle maanden en dank je wel
voor alle steun en hulp!

23.

De hulp in nood op het gebied van de qPCR. Dank u wel voor alle goede raad!
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Verticaal
1.

‘la mama’ van het lab. De steun en toeverlaat voor al mijn labowerk

2.

De queen van de vlinders, van de laboboeken en van de ‘to do’ lijstjes. Dank je
voor de leuke babbels en te luisteren op de momenten dat ik dat nodig had.

4.

De contactpersoon voor de humane celkweek en de FACS. We hebben heel wat
vragen gehad voor jou de voorbije jaren!

5.

De allesweter van BIOMED. Een grote steun bij grote en kleine problemen en bij
wie ik altijd terecht kon voor vragen en het vertellen van verhalen

6.

Het ‘manusje van alles’ van BIOMED die de beste feestjes kon organiseren en
waar ik altijd terecht kon om vragen stellen

7.

Bureaugenootje die alles altijd gepland en uitgedokterd heeft, die af en toe heeft
afgezien met ‘de vrouwen op de bureau’ maar ook altijd klaarstond om te helpen
als dat nodig was

8.

Ex bureaugenootje die de start van mijn doctoraat heeft meegemaakt, super
gepassioneerd is in haar werk, die samen met mij in de avondschool heeft
‘afgezien’ en een prachtige leerkracht/ lector is

10.

Onze SCI expert waar ik altijd een hele goede babbel mee kon maken aan het
koffie machine, en een leuk danske kon mee placeren . Dank je voor ieder leuk
moment! En we zien elkaar nog in regio Antwerpen

12.

Een mega grote hulp met zowel administratieve en niet administratieve
problemen

14.

Mijn buddy in het labo en in de klimzaal, mijn partner in crime in het weekend,
mijn luisterend oor als ik daar nood aan heb en een vriend voor het leven. Dank
je om altijd naar mijn ‘gezaag en geklaag’ te luisteren en voor alle raad.

16.

De kenner van immunohistochemie en dierenproeven. Dank u wel voor alle input!

22.

Mijn nederlands maatje waarmee ik altijd leuke labo en thee momentjes had. Ik
bewonder je voor je nauwkeurigheid in alles wat je doet. Dank je voor alle leuke
momenten!

Een dikke dank je wel ook voor alle studenten die geholpen hebben om al deze resultaten
in het boekje te verkrijgen. Ook een dikke dank je wel voor de werknemers van het MS
centrum in Overpelt en de afdeling Neurologie in Sittard voor al het harde werk en de vele
bloedstalen die jullie voor mij verzameld hebben.
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Horizontaal
3.

De persoon die me in het begin van mijn
labo ervaringen veel geleerd heeft en me
heel goed begeleid heeft. Je hebt de
basis stukjes gelegd voor de rest van
mijn labo-activiteiten

5.

My little sissy. De meest gepassioneerde
meid die er bestaat en waar ik super fier
op ben! Je bent de beste zus van de hele
wereld!

7.

De oorzaak dat ik verkocht ben aan
festivals :p en ik hoop daar nog vele
mooie momenten met jou te beleven! Mijn Vlaams maatje in Maastricht en nu
mijn Limburgs maatje op Janssen. Thanks for everything!

9.

Mijn mad-core sport buddy en vriendin voor het leven. Dank je voor alle steun,
alle leuke knutselmomenten, al het lekkere eten en alle tijd die je voor me
vrijmaakt om naar heel veel van mijn gezaag te luisteren!

11.

Een kleine aap dat er altijd voor kan zorgen dat ik lach, mijn zorgen doet
vergeten en die mij knuffels geeft als ik het nodig hebt. Me love you

13.

Een beste vriendin voor het leven. Dank je wel voor alle goede raad, de leuke
tripjes, de vele avonden met leuke en minder leuke gespreksonderwerpen. Ik kijk
al uit naar alles wat nog gaat komen!

17.

Als ik terugtel... dan kennen we elkaar al 9 jaar! Amai! Jullie hebben een groot
stuk meegemaakt van alles wat er in mijn leven gebeurd is. En als ik terugdenk
hebben we heel wat mooie momenten samen al beleefd. Op naar de volgende
Clairette-de-Die fles en de volgende 9 jaar!

18.

Het liefste en koppigste konijn ter wereld dat altijd even enthousiast klaarstaat als
ik thuiskom en blij is mij te zien

19.

Een familie met een beetje een hoekje af waar ik altijd op kan steunen als dat
nodig is.

21.

De allerbeste oma die altijd interesse heeft in wat ik doe en mij altijd steunt en
klaar staat met massa’s eten en drinken (ook al heb je geen honger meer).

22.

Een persoon die me alle kneepjes van het vak geleerd heeft in het labo, waar ik
zotte momenten mee beleefd heb en die me koffie heeft leren drinken 

23.

My person. En meer woorden zijn niet nodig om te omschrijven wat wij hebben:
hoe je me steunt, me doet lachen en naast me staat in de diepste dalen en
hoogste toppen. Dank je wel mops, gewoon om je geweldige zelf te zijn!
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Verticaal
1.

De grootste schat ter wereld die mooie tekeningen voor me maakt en zich altijd
laat vangen door mijn grapjes

2.

Een ex-kazoumaatje voor het leven. Dank je voor alle leuke babbels en inzichten!

4.

Mijn maatje al sinds de bachelor, daarna master en op biomed. Dank je voor alle
leuke momenten, alle winkel uitstapjes, alle feestjes waar ik je mee naartoe heb
gesleurd, te luisteren naar al mijn gezaag en geklaag en mee te stressen als ik
aan het stressen was. Ik kijk al uit naar de volgende stress-rijke momenten en
ben blij dat we ze samen kunnen beleven 

6.

We go way back... tot het mooie schwarzsee waar je al aan mijn zijde stond en
me steunde door dik en dun. Daarmee ben je nooit gestopt. Dank je om altijd
kalm te zijn en jezelf te zijn. Voor alle leuke babbels en leuke eet-momenten!

8.

Mijn super collega’s waar ik mijn nieuwe werk avontuur mee ben begonnen. Ze
hebben al heel wat ‘thesis stress’ van me gezien en luisterden hier met veel
geduld naar.

10.

De allerbeste, meest zorgzame, maar ook bezorgde mammie ter wereld. Dank je
wel voor er altijd te staan voor mij, mij te steunen door dik en dun en heel vaak
al vooruit te denken zodat ik dat niet meer moest doen . Dank je voor alles!

12.

Een zotte bende vrienden waar ik ieder jaar een schitterende werkvakantie mee
heb en hopelijk nog vele mooie momenten mee samen ga beleven!

14.

Mijn allerbeste peter waar ik altijd terecht en me steunt in alles wat ik doe.

15.

Mijn ginmaatje en drinke-broeder. Dank je wel voor alles: de grappige momenten,
de goede frietjes die je bakt en alle goede raad en steun die je geeft

16.

De kalme rots van ons groepje. Je bent altijd een luisterend oor en geeft goede
raad als ik weer eens ontvlambaar ben ;-). Dank je voor alle topjaren en ik kijk al
uit naar alle jaren die nog gaan komen!

18.

De beste pappie ter wereld. Degene die int geniep mijn auto zou wassen (omdat
ik dat niet graag doe) en altijd klaarstaat om mij te helpen en mij te steunen.
Dank je voor alles!

20.

De beste broer ter wereld die altijd voor me klaarstaat, me steunt en me laat
relativeren als ik ‘alweer eens’ me teveel opjaag. Ik ben enorm fier op je!
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‘Change is constant… How we experience change
is up to us…’
218

