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ABSTRACT
Multiple sclerosis (MS) is a chronic, progressive neurological disease in which death of
myelin-producing oligodendrocytes and axonal damage are prominent pathological
features. The cause of MS is unknown but genetic and environmental factors have been
proposed to be important. There is a paradigm shift in our understanding that
demyelination may be the primary insult with secondary influx of inflammatory cells into
the central nervous system (CNS) in MS.
The function of B cells can be categorized into one of the four: antibody-production,
antigen-presentation, cytokine production, and regulation of other immune cells. Except
for antibody-production, none of the other functions are exclusive to B cells. Therefore,
whether B cells are of any relevance in the pathogenesis of MS has been questioned. By
contrast, the pathogenic potential of anti-acetylcholine receptors (AChR) antibodies is
well understood in myasthenia gravis (MG). Binding of anti-AChR antibodies to AChR
receptors present at the neuromuscular end-plate result in muscle weakness.
The aim of this thesis was to understand whether B cells contribute to tissue healing or
tissue injury, or do both in MS. Two molecules indispensable for B-cell survival—a
proliferation-inducing ligand (APRIL) and B-cell activating factor (BAFF)—were
studied. BAFF also rescues self-reactive B cells from apoptosis. APRIL and BAFF are
secreted by monocytes and macrophages; they share two receptors, B-cell maturation
antigen (BCMA) and transmembrane activator and calcium modulating and cyclophilin
ligand interactor (TACI) whereas BAFF exclusively binds BAFF-receptor (BAFF-R). All
three receptors are expressed by B cells.
APRIL and BAFF mRNA were quantified in monocytes and T cells of MS patients and
healthy controls (HC) using real-time PCR. BAFF-R, TACI, and BCMA mRNA in B
cells were also quantified. The mRNA levels of all the molecules studied were increased
in patients compared to levels in HC. In a second dataset of MS patients and age- and
gender-matched headache controls (HEC), APRIL and BAFF protein, measured in
plasma and cerebrospinal fluid (CSF) by ELISA, were comparable between patients and
HEC. The surface expression of BAFF-R, TACI, and BCMA on B cells of HC, MS, and
MG patients was studied using flow cytometry. The intensity of expression of these
molecules was comparable between the three groups. Although mRNA levels of B-cellsurvival factors and the receptors that bind them are increased in patients than levels in
controls, whether B cells do survive longer is unknown.
Sensitization of AChR expressed by myoid cells in the thymus may underlie MG
pathogenesis. The novel finding of APRIL and BAFF expression in the thymus—a T-cell
organ—may explain that autoreactive B cells may use the thymus as a survival niche.
Antibodies in the CSF can be used as a biomarker to predict disease outcome. Analysis of
CSF and plasma of MS patients and controls revealed that lipid-reactive immunoglobulin
(Ig) M in CSF was detectable in one-third of MS patients. Lipid-specific IgM predicted an
adverse outcome, as defined by conversion to secondary progressive disease phase.
B cells as agents of tissue injury or tissue healing is still not resolved. But antibodies are
useful as biomarkers to predict disease outcome. In the course of this thesis work, it
became evident that APRIL and BAFF are also expressed by astrocytes and is increased
in MS plaques. The expression of B-cell-survival factors by CNS resident cells and their
functional relevance in disease promises to be an exciting area of research.
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LIST OF ABBREVIATIONS
AChR

Acetylcholine receptor

APRIL

A proliferation-inducing ligand

BAFF

B-cell activating factor

BAFF-R

BAFF-receptor

BBB

Blood-brain-barrier

BCMA

B-cell maturation antigen

C’

Complement

CLL

Chronic lymphoid leukaemia

CNS

Central nervous system

CSF

Cerebrospinal fluid

EAE

Experimental autoimmune encephalomyelitis

FDC

Follicular dendritic cells

HC

Healthy controls

HEC

Headache controls

Ig

Immunoglobulin

LFB

Luxol fast blue

MG

Myasthenia gravis

MS

Multiple sclerosis

NMO

Neuromyelitis optica

OCB

Oligoclonal bands

PB

Peripheral blood

PBMNC

Peripheral-blood mononuclear cells

PC

Phosphatidylcholine

PP-MS

Primary progressive MS

RA

Rheumatoid arthritis

RR-MS

Relapsing-remitting MS

SLE

Systemic lupus erythematosus

SP-MS

Secondary progressive MS

SS

Sjögren’s syndrome

TACI

Transmembrane activator and calicum modulating and cyclophilin ligand
interactor

TNF

Tumor necrosis factor
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INTRODUCTION
Multiple sclerosis (MS) is a chronic, progressive disease of the central nervous system
(CNS) characterized by immune-mediated damage to oligodendrocytes resulting in
myelin loss. Additionally, axonal injury is now a well-recognized feature in MS and is
the cause of significant disability in patients (Trapp et al. 1998). MS is usually
diagnosed during young adulthood; women are twice more commonly affected than
men. The cause of MS is not known, but two different factors—genetic and
environmental—are important. Clinically, MS can be divided into three courses:
relapsing-remitting (RR), secondary progressive (SP), and primary progressive (PP).
In RR-MS, symptomatic periods alternate with periods of remission. In SP-MS, the
disease progresses between attacks and is distinguished by increasing disability over
time. A progressive disease course from the onset of symptoms is typical for PP-MS
(Noseworthy et al. 2000). Currently approved treatment for RR-MS include type 1
beta interferons and glatiramer acetate (Keegan et al. 2002).
Myasthenia gravis (MG) is a disease of the neuromuscular junction. Autoantibodies
are directed against the nicotinic acetylcholine receptors (AChR) located at the motor
end-plates of skeletal muscle (Vincent 2002). Pathologically, complement (C’)
binding to AChR receptors can be detected in MG. The clinical presentation of MG is
muscle weakness, which is aggravated by exercise. Plasmapheresis is beneficial in
many patients, and although not well understood thymectomy offeres symptomatic
relief. Anticholinesterase agents such as neostigmine and pyridostigmine are used to
enhance neuromuscular transmission and improve muscle strength.

THE UNSUNG HEROES: B-CELL BIOLOGY IN MS
B cells are important in both innate and adaptive immune responses. They have at
least four important functions, namely (1) secretion of antibodies when they
differentiate to plasma cells, (2) antigen-presentation, (3) secretion of cytokines, and
(4) as regulator of other immune cells. Except for antibody-secretion, the other
functions are not exclusive to B cells. Thus, the importance of B-cell biology in MS—
be it as an antigen-presenting cell or as an immune regulator—has not been fully
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appreciated. Furthermore, although antibodies are detected in the cerebrospinal fluid
(CSF) of MS patients, their limited specificity has resulted in the notion that they are
due to bystander activation, rather than a primary response.
There are also other possible reasons to explain why B cells have been undermined in
MS. First, our understanding of the immunological events in MS are heavily inferred
from the animal model, experimental autoimmune encephalomyelitis (EAE), which
can readily be induced by immunizing animals with myelin antigens, or by transfer of
myelin-reactive T cells. Second, passive transfer of autoantibodies does not result in
EAE. Third, observations of B cells in EAE are disparate (Hjelmstrom et al. 1998;
Lyons et al. 1999). Collectively, these findings have meant that B cells were promptly
considered negligible in MS pathogenesis. The current dogma therefore is that MS is
primarily a T-cell-mediated disease in which myelin-reactive T cells enter the CNS
and initiate a cascade of immunological events that result in injury to
oligodendrocytes.
Why is it interesting to study B cells in MS? First, one of the consistent and early
laboratory finding in CSF of MS patients is oligoclonal bands (OCB), signifying
intrathecal production of immunoglobulin (Ig). Second, studies on MS brains have
shown that B cells and plasma cells are present in active demyelinating lesions, and in
late stages of disease, respectively. B cells may amplify immune responses by
cytokine secretion, and antigen-presentation. They may aid in opsonization of myelin
and thus help in clearing myelin debris. These functions would suggest that B cells
may be important in MS pathogenesis.
Furthermore, B cells and antibodies may be a legitimate way to define patients with
demyelinating diseases. Such an example has been shown in neuromyelitis optica
(NMO), in which antibodies are directed against aquaporin water channels on
astrocytes (Lennon et al. 2005).
A brief overview of research areas that have demonstrated the importance of B cells
in MS is given below.
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B CELLS IN MS PLAQUES
The war-zone in MS is considered to be at the interface of “macrophage and myelin”
(Cuzner et al. 1988) but the relative contribution of B cells and plasma cells to this
war-zone activity is still unknown. In MS brains, there is “global” inflammation in the
sense that inflammatory cells are found not only in perivascular spaces, but also
infiltrate the gray matter and normal-appearing white matter. There are however
spatial differences in the composition of immune cells within the CNS. B cells and
plasma cells rarely enter the parenchyma compared to CD8+ T cells (Woodroofe et al.
1986). The availability of survival factors may explain the differential distribution of
B cells and T cells within the CNS. For example, one can speculate that astrocytes
and endothelial cells secrete factors important for B-cell survival, which may result in
the accumulation of B cells in the perivascular space.
Plaques also contain higher numbers of Ig+ cells than non-plaques. Differences exist
in the composition of isotypes of Ig+ cells between plaques and normal myelinated
tissue. Up to 90% of plasma cells located in plaques express IgG, followed by 8.7% of
IgA+ cells, and a meager 1.3% of IgM+ cells. On the other hand, normal myelinated
tissue had no detectable IgM+ cells but had 95% of IgG+ cells and 5% of IgA+ cells
(Esiri 1977). This finding of differential distribution of IgM+ cells versus IgG+ cells
within the CNS raises the question that diseased myelin or another antigen acts as a
trigger to initiate a primary immune response. If this scenario is true, the transient
nature of a primary immune response may explain the low percentage of IgM+ cells in
plaques.
The numbers of B cells in the CNS depends on early or late duration of disease. In
early disease, the ratio of CD3+ T cells to Ig+ B cells is 190:1 whereas the ratio is
6.6:1 in late disease (Ozawa et al. 1994). Although intrathecal synthesis of Ig is
increased in MS and can be detected early in disease, it is unlikely that B cells are
involved in the very early immunological events in MS. Two published papers
support this contention.
A total of five lesion types have been identified based on the duration of MS (Gay et
al. 1997). Type I lesions were present in patients who died less than 5 weeks after
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disease onset; Type II lesions in patients who died between 6 and 20 weeks of
disease; and Type III lesions in patients who had the disease for more than 20 weeks.
Type IV and V lesions were present in patients with long-standing MS.
Using two variables, namely Luxol fast blue (LFB) inclusions in microglia and
C3d/IgG for an initial cluster analysis, Type I lesions were characterized by LFB+ in
microglial cells and by C3d/IgG complexes on microglial cell membranes. The latter
finding was absent on both Type II and III lesions. Additionally, type II lesions were
characterized by high cellularity. Thus, it appears that in type I lesions the earliest
events in the CNS are activation of microglial cells, C’ deposition, and myelin
phagocytosis. These events are probably initiated by factors that diffuse across the
pial membrane and glial limitans from CSF and Virchow-Robin spaces.
Barnett and Prineas identified seven patients who died early in MS (Barnett et al. 2004).
The conspicuous features of these “very early” MS lesions were microglial activation,
massive apoptosis of oligodendrocytes, and intact myelin. Infiltrates of immune cells
were noticeably absent. Diffuse IgG staining was detected, perhaps as a consequence of
leaky blood-brain-barrier (BBB); C9 neo and C3d were detected in macrophages. The
authors argue that overwhelming apoptosis of oligodendrocytes initiates an
inflammatory cascade in MS with secondary demyelination; therefore influx of
inflammatory cells into the CNS is a consequence rather than the cause in MS.
By analyzing biopsy and autopsy tissues, and using the following parameters, namely
(1) distribution of myelin protein loss, (2) plaque geography and extension, (3) pattern
of oligodendrocyte destruction, and (4) Ig and C’, four distinct patterns of lesions have
been described (Lucchinetti et al. 2000). Although T cell and macrophage-mediated
inflammation were common to all four patterns, pattern II was characterized by IgG and
C9neo deposition, a feature not observed in the other three patterns. No single specimen
examined showed an overlap between patterns. This finding of different patterns has
prompted the hypothesis that proximal events in MS are heterogeneous.
Although a direct comparison is not possible, given the disparity in illness duration, it is
interesting to speculate whether Type I lesions described by Gay et al. are similar to
Pattern II as described by Lucchinetti and colleagues.
12

Lymphoid-like structures have been described in MS brains (Prineas 1979).
Furthermore, CD35+ follicular dendritic cells (FDC) were detected within the meninges
in two patients with SP-MS; also B cells and plasma cells were absent in primary
progressive PP-MS (Serafini et al. 2004). CD35+ FDC within the meninges were
always associated with B-cell aggregates. Conversely, FDC networks were absent when
there were no B-cell aggregates. It is well known that FDC retain immune complexes
for very long time, and this study argues that the antigen-presenting function of B cells
may be an important feature in MS pathology.
In summary, the studies described above suggest that B cells may be important in MS
pathology.

B CELLS IN THE CSF
The CNS has traditionally been considered an immunologically-privileged organ, a
concept that has been challenged and proven incorrect (Knopf et al. 1998). At least
three parameters appear to be crucial determinants of immune-cells trafficking into
the CNS, and include activation status of cells, endothelial integrity, and meningeal or
choroid-plexus macrophages. Thus, the CNS is under constant surveillance and
includes the trafficking of B cells (Hickey 1999).
Changes in CSF reflect the events occurring in the CNS, and therefore makes the CSF
a unique biological material. What is the phenotype of B cells in the CSF of MS
patients? A preferential enrichment of memory B-cells (CD19+CD27+) was detected
in CSF of patients compared to controls. These memory B-cells also expressed high
levels of co-stimulatory molecules, CD80 and CD86 (Corcione et al. 2004). Memory
B-cells can further be divided into four subsets depending on the surface expression
of IgM and IgD, namely (1) IgM─IgD─, (2) IgM+IgD─, (3) IgM+IgD+, and (4)
IgM─IgD+. In CSF of MS patients, the numbers of IgM─IgD─ memory B-cells were
higher than the numbers in controls (Cepok et al. 2006). CD19+CD38highCD77+
centroblasts and plasma cells were significantly higher in CSF of MS patients
compared to numbers in controls (Corcione et al. 2004).
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Whether the increased intrathecal Ig synthesis in MS patients is because of memory Bcells differentiating into plasma cells locally, or the result of an increase in the
trafficking of precursors of plasma cells into the CNS is debatable (Martin Mdel et al.
2007). Clonotypic analyses of B cells and plasma cells have shown that there is an
overlap in the repertoires, suggesting that differentiation of plasma cells occurs in the
CNS (Colombo et al. 2000). On the other hand, plasmablasts are also increased in CSF
of patients. Thus, there is evidence to suggest that both of these scenarios may co-exist.
The presence of memory B-cells in the CSF signifies that B cells that encountered
antigens have undergone Darwinian selection in the CNS. The exquisite specificity of
memory B-cells argues that B cells in the CNS are not a mere epiphenomenon.
Because memory B-cells have lower activation thresholds, it is likely that they may
function as antigen-presenting cells under pathological conditions.

B-1 B CELLS AND IMMUNOGLOBULIN M IN CSF
A unique B-cell population expressing the T cell marker CD5 called B-1 B cells was
first described in mice, and later also confirmed to be present in humans (Berland et
al. 2002). B-1 B cells, henceforth referred to as CD5+ B cells, possess several
distinguishing features. They are thought to be derived from a separate lineage and are
found in high numbers in pleural and peritoneal cavities. They are also the primary
source of “natural” IgM antibodies, which are polyclonal, weakly self-reactive, and
most importantly have no immunological memory.
CD5+ B cells have been reported to be present in CSF of MS patients (Mix et al.
1990). CD19+CD5+ cells were twice more common in CSF compared to peripheral
blood (PB) of MS patients, whereas they were comparable in CSF and PB of controls.
More recently, when CSF of MS patients with lipid-specific oligoclonal IgM bands
were analyzed, higher numbers of CD5+ B cells were detected in patients with bands
than in those without (Villar et al. 2005).
Because both IgM and CD5+ B cells are phylogenetically older, it is likely that they
interact with pattern-recognition molecules present on bacteria and viruses.
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OCB IN CSF
OCB can be detected in CSF when Ig are subjected to isoelectric focusing. Each band
represents one B-cell clone and oligoclonality signifies the representation of few clones
of antibody-secreting cells. Thus, OCB in CSF but not in serum signifies an intrathecal
humoral response. OCB are not specific to MS; they can be detected in infectious
diseases of the nervous system and can also persist in adequately treated neurosyphilis
and neuroborreliosis. Nevertheless, presence of OCB is used as a paraclinical marker to
diagnose MS, and their absence should alert the physician to consider an alternative
diagnosis. The consensus report on CSF analyses describes five types of isoelectric
focusing patterns of IgG (Andersson et al. 1994) and is depicted in Figure 1.
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Figure 1 shows five patterns of CSF and serum isoelectric focusing. Each pattern represents a
unique physiological or disease state. Type 1 is normal; type 2 is characteristic for multiple
sclerosis (MS); type 3 is seen in MS and sarcoidosis; type 4 is found in Guillain-Barré
syndrome; type 5 is seen in myeloma. C stands for cerebrospinal fluid and S stands for serum;
Mono is monoclonal, oligo is oligoclonal, and poly is polyclonal. Modified from Andersson et
al. Journal of Neurology, Neurosurgery and Psychiatry1994.

The patterns of CSF OCB in MS can be interpreted in temporal and spatial contexts.
The persistence of OCB in CSF could be due to “past” immunological events (either
related or unrelated), or due to a “present” demyelinating event, or a combination of
both. The latter might partially explain the difficulty in ascertaining the antigenic
specificity of OCB. The unanswered question though is what insights do the spatial
distribution of CSF OCB offer us about antigenic specificity in MS?

B-CELL DEPLETION IN MS
Another potential clue to the importance of B cells in MS comes from studies where
MS patients have been treated with B-cell depletion or plasmapheresis.
Plasmapheresis was highly effective in patients with pattern II lesions compared to
patients with pattern III lesions, which highlights the pathogenic nature of circulating
antibodies in this subset of patients (Keegan et al. 2005).
Recent experimental studies have reported the use of rituximab—an anti-CD20
monoclonal antibody that depletes CD20+ B cells—in MS patients. A 90% decrease
in CSF CD19+ B-cell count, and a 50% reduction in CD3+ cells without any dramatic
improvement in clinical status of patients were reported after rituximab use in RR-MS
patients (Cross et al. 2006). The depletion of CSF CD19+ B cells was transient in PPMS patients treated with rituximab (Monson et al. 2005). This finding has been
attributed to the fact that most CSF B cells are of memory phenotype, whereas
rituximab depletes naïve B cells expressing high levels of CD20.
A patient with dramatic clinical improvement and decline in the number of relapses
after rituximab treatment has also been reported (Stuve et al. 2005).
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Taken together, these studies demonstrate that targeted B-cell depletion and
plasmapheresis are beneficial in some MS patients. Whether such a treatment protocol
should become routine practice would involve large, multi-center clinical trials
following consensus on patient selection.

ANTIBODIES AS DISEASE BIOMARKERS
A biomarker is defined as “a characteristic that is objectively measured and evaluated
as an indicator of normal biologic processes, pathogenic processes, pharmacologic
response to a therapeutic intervention” (Bielekova et al. 2004). The easily accessible
CSF has made it an attractive biological source to screen for biomarkers in
neurological diseases including MS. CSF biomarkers in neurological diseases can be
used to help in diagnosis, understand pathogenesis, and monitor disease progression
(Reindl et al. 2006). In MS, CSF IgG is an important diagnostic feature. Although an
initial report that serum anti-myelin antibodies predict progression from clinically
isolated syndrome to MS was reported (Berger et al. 2003), subsequent studies has
failed to reproduce the previous finding (Lim et al. 2005; Kuhle et al. 2007).
Antibodies in the CSF of MS patients are increasingly becoming important as
predictors of long-term disability (Villar et al. 2005; Rinker et al. 2006)

MYASTHENIA GRAVIS
MG is a prototypical autoimmune disease characterized by skeletal muscle weakness.
In MG, autoantibodies are directed most commonly against nicotinic AChR located at
the neuromuscular junction. In addition to anti-AChR, antibodies against musclespecific kinase (Hoch et al. 2001), and muscle proteins titin and ryanodine receptor
have been described in MG (Romi et al. 2005).
For still unknown reasons, the thymus appears to play an important role in MG
pathogenesis. The thymus consists of the cortex and medulla, with the former being
more densely packed with lymphocytes than the latter. In the medulla are located
Hassall’s corpuscles that are unique to the thymus. Although the functions of
Hassall’s corpuscles are not known, they are considered active, secretory structures.
Myoid cells, expressing AChR, are also present in the medulla.
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Several theories have been put forward to explain the role of the thymus in MG
(Roxanis et al. 2002; Shiono et al. 2003; Levinson et al. 2004). They include (1)
sensitization to antigens expressed on myoid cells; (2) failure of central tolerance
resulting in escape of autoreactive T cells; and (3) intrathymic inflammation with
reactivation of autoreactive T cells.
Thymic hyperplasia and thymoma are pathological changes identified in MG patients.
Germinal centers—networks of CD35+ FDC—are present in the medulla of
hyperplastic thymus but not in thymoma. The latter are non-aggressive epithelial
tumors. The perivascular space in the thymus, which may also contain germinal
centers, is considered by some researchers to be a separate compartment, and can be
considered to be a “peripheral lymphoid organ” within a central lymphoid organ.

Figure 2 shows CD35+ follicular dendritic cell networks and CD138+ plasma cells in the
thymus of a patient with myasthenia gravis in the upper and lower panels, respectively.

18

BIOLOGY OF APRIL AND BAFF
APRIL (a proliferation-inducing ligand) and BAFF (B-cell activating factor) are
members of the tumor necrosis factor (TNF) superfamily that share a significant
homology in their amino-acid sequences (Mackay et al. 2003; Medema et al. 2003;
Dillon et al. 2006). APRIL is secreted as a soluble protein after being processed in the
Golgi apparatus (Lopez-Fraga et al. 2001). Unlike APRIL, BAFF exists both as a
trans-membrane protein and is cleaved by furin convertase to a soluble, biologically
active molecule (Mackay et al. 2003).

Figure 3 shows astrocytes in multiple sclerosis plaque expressing APRIL in the upper panel.
Double staining of APRIL (orange) and HLA-DP, DQ, and DR (purple) in the left panel show
two different cell populations, with APRIL-positive astrocytes and microglia. In the right
panel, double staining of APRIL and GFAP shows cytoplasmic staining of APRIL and
membraneous staining of GFAP.
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APRIL and BAFF are secreted by monocytes and macrophages, dendritic cells and T
cells. Recently, however, it has become clear that BAFF is also secreted by airway
epithelial cells (Kato et al. 2006), nurse-like cells (Nishio et al. 2005), and astrocytes
(Krumbholz et al. 2005); pro-inflammatory cytokines like interferon-gamma and TNF
can upregulate BAFF expression in fibroblast-like synoviocytes (Ohata et al. 2005).
APRIL is also secreted by platelets (Bonci et al. 2004) and astrocytes (Deshayes et al.
2004; Thangarajh et al. 2007). APRIL-positive astrocytes are shown in Figure 3.

BAFF

BAFF-R

APRIL

BCMA

TACI

APRIL-R

CD138

Figure 4 shows a proliferation-inducing ligand (APRIL) and B-cell activating factor of the
tumor necrosis family (BAFF) and the receptors they interact with. APRIL and BAFF share B
cell maturation activation (BCMA) and transmembrane activator and calcium modulator and
cyclophilin ligand interactor (TACI). A putative receptor that exclusively binds APRIL
(APRIL-R) is thought to exist. Proteoglycans on CD138 are binding partners of APRIL. BAFF
exclusively BAFF-receptor (BAFF-R). The interaction of APRIL is shown as broken lines, and
that of BAFF is shown as solid lines.

APRIL and BAFF share two receptors, namely B-cell maturation antigen (BCMA)
expressed by B cells and plasma cells (Thompson et al. 2000), and transmembrane
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activator and calcium modulator and cyclophilin ligand interactor (TACI) expressed
by B cells and activated T cells (von Bulow et al. 1997). In addition, BAFF
exclusively binds BAFF-R expressed by B cells (Thompson et al. 2001). APRIL
binds sulfated glycosaminoglycans present on syndecan-positive plasma cells and in
extracellular matrix (Hendriks et al. 2005; Ingold et al. 2005). A receptor that
exclusively binds APRIL, called APRIL-R, has been suggested (Rennert et al. 2000).
The receptors that APRIL and BAFF bind are depicted in Figure 4.
The BAFF-BAFF-R axis appears to be vital to B-cell development in the bone
marrow (Schneider et al. 1999), the survival of mature peripheral B cells (Batten et al.
2000; Thompson, Schneider et al. 2000). The pro-survival function of BAFF is
mediated by the upregulation of the anti-apoptotic molecule Bcl-2 (Do et al. 2000).
Furthermore, BAFF promotes survival of long-lived bone-marrow plasma cells and
plasmablasts via interaction with BCMA (Avery et al. 2003; O'Connor et al. 2004).
APRIL is also likely to be important in plasma cell survival, as APRIL binds to
BCMA with higher affinity than BAFF.
Most members of the TNF family including APRIL and BAFF are involved in several
biological processes such as cell survival, cell proliferation, and cell differentiation.
The importance of APRIL and BAFF is further highlighted by their alteration in
various disease conditions, such as systemic lupus erythematosus (SLE) (Cheema et
al. 2001; Zhang et al. 2001; Roschke et al. 2002), rheumatoid arthritis (RA) (Tan et al.
2003), Sjögren’s syndrome (SS) (Groom et al. 2002; Mariette et al. 2003; Szodoray et
al. 2003; Jonsson et al. 2005), and chronic lymphoid leukemia (CLL) (Kern et al.
2004; Planelles et al. 2004).
Our interest in APRIL and BAFF arose as a consequence of the importance of these
molecules in B-cell biology. Also, relatively little was known of their alteration, if
any, in neurological diseases when work on this thesis began.
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AIMS OF THE THESIS
The aim of this thesis was to understand whether B cells facilitate tissue healing or
contribute to tissue injury. To evaluate this hypothesis, two factors important for Bcell survival and known to regulate B-cell tolerance were studied.
The specific aims of this thesis were as follows:
1. To investigate whether alterations in BAFF and BAFF-binding receptors were
detectable in peripheral-blood mononuclear cells (PBMNC) in MS patients and
healthy controls (HC); to quantify soluble BAFF in plasma and CSF of MS patients
and headache controls (HEC).
2. To quantify APRIL mRNA and protein levels in MS patients and controls.
3. To identify whether APRIL and BAFF are detectable in MG thymi which may
promote an environment conducive to B-cell survival.
4. To characterize the expression of BAFF-binding receptors in MS and MG patients
compared to HC.
5. To study the association between lipid-specific oligoclonal IgM bands in CSF and
MS disease course.
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MATERIALS AND METHODS
PATIENTS AND CONTROLS
All the studies included in this thesis were carried out in accordance to guidelines
established by the ethics committee at Karolinska Institutet. Participating patients and
HC received detailed information about the research protocol and gave informed
consent. MG patients who underwent thymectomy gave written consent for material
to be used in research activities. All samples were treated anonymously and handled
as recommended by the Swedish Medical Research Council on biological materials
for clinical research.
This thesis utilized samples from MS patients collected both prospectively and
retrospectively. Prospectively collected material included PBMNC and plasma that
were used for mRNA and protein quantification, respectively. Archived plasma and
CSF were used for protein and lipid analyses.
The total number of MS patients included in this thesis was 269. Of these, 86 patients
were recruited prospectively (Paper I, II, IV). Archived samples were used from 183
MS patients (Paper I, II, V). All prospective MS patients had clinically definite MS as
defined by Poser’s criteria (Poser et al. 1983). MS patients from whom archived
samples were used fulfilled MacDonald’s criteria. Very few MS patients were
experiencing clinical relapse at the time of study enrolment.
HC were blood donors or employees at the Karolinska University Hospital in
Huddinge. At the time of blood sampling, they reported no symptoms and were not on
any medication.
In paper I, 38 MS patients and 21 HC were included in the prospective part of the
study. The retrospective part had 40 MS patients and 40 HEC.
Thirty-six MS patients and 27 HC were recruited prospectively (paper II). Of the 36
MS patients, PBMNC were used for APRIL mRNA quantification from 28 MS and
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20 HC. For Western blot analyses, cell lysates were obtained from 8 MS patients and
7 HC. The retrospective part of paper II had 50 MS patients and 50 HEC.
All MG patients were evaluated by Dr. Ritva Pirskanen at the Karolinska University
Hospital in Solna. MG patients were diagnosed based on the following criteria: (1)
abnormal muscular fatigability, (2) positive response to cholinesterase inhibitors, and
(3) neurophysiological assessments including repetitive nerve stimulation and singlefiber electromyography. Most MG patients in our cohort had detectable anti-AChR
antibodies. A total of 49 MG patients and 40 HC were included in paper III.
Approximately 20 of the HC included in paper III were the same as in paper II.
The surface expression of BAFF-binding receptors on PB B cells and T cells were
studied on 12 MS patients, 9 MG patients, and 10 HC (paper IV). Six of the 12 MS
patients were on interferon-beta 1a and five patients were not receiving any drugs.
Eight of the 9 MG patients were not on immunosuppressive drugs; 5 of the 9 MG
patients had undergone thymectomy. Most of the MG patients had moderately
generalized disease.
Archived plasma and CSF collected from April 1998 to December 2001 from 93 MS
patients and 22 HEC were included in Paper V. The samples had been stored at minus
70 degree Celsius since collection. The following analyses were performed on these
samples: IgG and IgM quantifications, and lipid-specific oligoclonal IgM in CSF.

OVERVIEW OF METHODS
A brief overview of methods is summarized here. For further details, please refer to
the individual papers. Real-time PCR and ELISA were used for mRNA and protein
quantification, respectively. Tissue expression of various molecules was studied using
immunofluorescence and immunohistochemistry. The expression of BAFF-binding
receptors on PB B cells and T cells was studied by flow cytometry. IgG and IgM
proteins were separated by isoelectric focusing and subsequently transferred to
nitrocellulose membranes by immunoblotting.
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ISOLATION OF CELLS
Magnetic beads coated with specific antibodies against CD14 and CD19 (DYNAL®,
Dynabeads®) were used to positively isolate monocytes (papers I-II) and B cells
(paper I), respectively. The purity of cells was evaluated by assessing the percentage
of contaminating cells by flow cytometry. In the case of CD14+ monocytes, the
percentage of contaminating B cells, T cells, and NK cells was less than 3%.
Positively isolated B cells were incubated with DETACHaBEAD® CD19 reagent
(DYNAL®) to remove the magnetic beads before assessing purity. The purity was
greater than 98%.
T cells were negatively isolated by using an antibody mix against CD14, CD16,
CD56, and HLA-class II that depletes monocytes, NK cells, B cells, activated T cells,
and granulocytes (DYNAL®) (paper I-II). The purity of T cells was comparable
between positive and negative isolation. The choice to negatively isolate T cells was
made to minimize activation. Also, we were interested in pan-T-cell population rather
than specific T cell subsets.
Positive isolation of cells may cause inadvertent cell activation but the short
incubation period (20 minutes) of the procedure argues that it may not be a major
concern.

EXTRACTION OF TOTAL RNA AND COMPLEMENTARY DNA SYNTHESIS
Total RNA was extracted from frozen cell pellets using Qiagen RNeasy minikit
(Qiagen, Hilden, Germany). In paper II but not in paper I, the columns were treated
with DNase to remove genomic DNA. RNA was reverse-transcribed using random
hexamers and MultiScribe reverse transcriptase (Applied Biosystems, Foster City,
California, USA).

QUANTITATIVE REAL-TIME PCR ANALYSIS
Pre-designed primers for BAFF, BCMA, and TACI were obtained from Applied
Biosystems. The primer sequences for BAFF-R were as follows: forward primer 5´
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GGA AGA CCC AGG AAC CAC 3´ and reverse primer 3´ AAG GCAAGC ACA
CCAAA 5´ (Novak et al. 2002). The APRIL primer-probe pair was custom-designed
by Applied Biosystems and the forward and reverse APRIL primers spanned the exon
boundaries 4 and 5. As internal controls, primers for 18 S ribosomal RNA (paper I)
and GAPDH (paper II) were used.
Gene-specific PCR products were measured using an ABI PRISM 7700 Sequence
Detection System according to the manufacturer’s instruction. A standard curve with
known quantities of cDNA was included in each plate. Cycle-threshold values (CT)—
the cycle at which the PCR amplification entered the exponential phase—were used to
determine the corresponding mRNA quantity. The relative levels of molecules studied
were reported after normalization for 18S or GAPDH.

QUANTIFICATION OF APRIL, BAFF, AND CD138 LEVELS BY ELISA
APRIL protein levels were quantified using a commercial ELISA kit from Bender
MedSystems in Vienna, Austria in papers II and III. BAFF levels were quantified
using an in-house ELISA in paper I; by a commercial kit from R&D Systems in
Abingdon, UK in paper III; and using reagents from ZymoGenetics, Inc. in Seattle,
USA in paper IV. CD138 levels were quantified with a commercial kit from Diaclone
in Täby, Sweden.
The use of several different ELISA kits reflects how the field of APRIL and BAFF
biology has progressed rapidly in the past few years. In late 2002, when work on this
thesis began, APRIL and BAFF ELISA kits were not commercially available. We
were therefore forced to establish an in-house ELISA to quantify BAFF in paper I.
Additionally several pharmaceutical companies had competing interests in APRIL
and BAFF, resulting in patent issues. BAFF ELISA reagents used in paper IV was
made possible by a material transfer agreement between Karolinska Institutet and
ZymoGenetics.
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IMMUNOBLOT ANALYSES
Cell lysates were prepared from PB leucocytes and B cells. Lysates were first
separated on SDS-PAGE before immunoblotting. The membrane was incubated
overnight with mouse anti-human APRIL antibody (Axxora®, Lausen, Switzerland).
As secondary antibody, peroxidase-conjugated rabbit anti-mouse antibody was used
(DAKO, Glostrup, Denmark). Diaminobenzidine was used to detect APRIL. As
controls, 293T cells transfected with full-length, untagged human APRIL and human
BAFF were used. These were a gift from Dr. Pascal Schneider from the University of
Lausanne at Epalinges in Switzerland.

THYMIC TISSUE
Thymic tissues were obtained from 20 MG patients undergoing thymectomy
(paper III). We were unable to study APRIL and BAFF expression in age-matched,
healthy thymic tissue because of two compelling reasons. First, thymic tissue
undergoes involution with age. Second, it is technically challenging to section
atrophic thymus. It is possible to use thymus from adults undergoing cardiac surgery.
Because such patients are typically older than MG patients, meaningful comparisons
would be difficult. We had access to thymus from aborted fetuses, which were used to
standardize antibody concentrations.

IMMUNOHISTOCHEMISTRY AND IMMUNOFLUORESCENCE IMAGING
The protein expression of APRIL, BAFF, BAFF-R, BCMA, and CD138 were studied
on 20 formalin-fixed, paraffin-embedded thymi from MG patients by
immunohistochemistry (paper III). APRIL, BAFF-R, and CD138 were detected with
anti-human mouse monoclonal antibodies of IgG subclass (Axxora, Lausen,
Switzerland; DAKO); BAFF was detected with anti-human rat IgM antibody
(Axxora), and BCMA with anti-human polyclonal rabbit IgG (Abcam, Cambridge,
UK). Tonsil tissue was used as a positive control.
Two-color immunofluorescence was performed on frozen thymic tissue from 12
patients to identify BAFF-expressing cells. Antibodies against CD68 and CD3
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(DAKO) were used to identify macrophages and T cells, respectively. As
fluorochromes, goat anti-rat AlexaFluor 594 (Molecular probes, Leiden, Netherlands)
and goat anti-mouse FITC (Sigma, St. Louis, USA) antibodies were used. To detect
whether B cells and FDC expressed BAFF, dual staining of BAFF with either antiCD19 (DAKO) or anti-CD35 (DAKO) were performed.

FLOW CYTOMETRY
Monoclonal antibodies for flow cytometric analyses of BAFF-R, BCMA, and TACI
were obtained from ZymoGenetics. FITC-conjugated anti-human CD19, CD4, CD8,
and isotype controls IgG1 and IgG2b were from BD Pharmingen (San Diego,
California, USA); anti-human CD27-PC5 and isotype IgG1-PC5 were from Beckman
Coulter (Fullerton, California, USA). Streptavidin-PE was from DAKO.
PBMNC isolated from patients and controls were first incubated with biotinylated
anti-human BAFF-R, BCMA, or TACI antibodies for 30 minutes. After washing
twice, the cells were resuspended in FACS buffer and incubated with streptavidin-PE
for 20 minutes. Next, cells were washed and incubated with CD27, CD19, CD4, or
CD8. Cells were fixed with paraformaldehyde before being analyzed on a BD FACS
scan.
Percentages of B cells and T cells expressing BAFF-R, BCMA, and TACI were first
identified. Because nearly all CD19+ B cells expressed BAFF-R, we used the mean
fluorescence intensity to compare BAFF-R expression between patients and controls.
BCMA-positive B cells, BAFF-R-positive T cells, TACI-positive B cells and T cells
were also quantified.

DETECTION OF LIPID-SPECIFIC IMMUNOGLOBULIN M BANDS IN THE
CSF
Archived plasma and CSF samples that had been stored at minus 70 degree Celsius
were freshly thawed. Serum IgG and IgM levels were quantified by nephelometry,
and CSF IgM levels by ELISA. IgG and IgM OCB were detected by isoelectric
focusing. When IgM bands were detected in the CSF, a second aliquot of CSF was
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subsequently used to identify reactivity against myelin lipids. To do so, nitrocellulose
membranes were first immunoblotted with one of the following lipids:
phosphatidylcholine (PC), phosphatidylethanolamine, phosphatidylinositol,
phosphatidylserine, sphinomyelin, gangliosides, or sulphatides. The IgM proteins
were incubated with the lipid-blotted membranes. As the last step, an alkalinephosphatase conjugated anti-human IgM antibody was used for detection.

STATISTICAL ANALYSES
Statistical analyses were performed using STATISTICA (StatSoft, Uppsala, Sweden)
and GraphPad Prism (GraphPad Software, San Diego, USA). Data was analyzed
using a linear mixed-effects model in paper I. Wilcoxon rank pair test was used to
compare BAFF and APRIL levels between patients and controls in papers I and II.
The Mann-Whitney test was used to compare the following: APRIL levels between
MS subgroups in paper II; APRIL, BAFF, and CD138 levels between MG patients
and controls in paper III. Kruskal-Wallis test was used to compare expression of
BAFF-binding receptors between MS, MG, and controls in paper IV. Kaplan-Meier
analysis was used to assess conversion to secondary progressive phase in paper V. All
tests of significance were two-sided and probability values of less than 0.05 were
considered significant.
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RESULTS
PAPER I
Although several B-cell-survival molecules have earlier been reported, none of them
appear to be as critically important to B cells as BAFF. The collapse of the B-cell
compartment when BAFF is neutralized; the remarkable similarity between BAFF
knock-out mice and BAFF-R mutant strain A/WySnJ highlights that BAFF-BAFF-R
axis is most crucial to B-cell survival.
BAFF mRNA levels were increased in monocytes and T cells of patients compared to
levels in controls. The mRNA levels of all the three receptors that BAFF binds were
also found to be increased in patients compared to levels in controls. No differences in
BAFF mRNA levels were observed between MS subgroups.
Soluble BAFF levels were comparable between MS patients and HEC. The
detectability of BAFF was unaffected by evidence of BBB disruption, as detected by
magnetic resonance imaging.

PAPER II
APRIL was first reported as a ligand that promotes growth of tumors (Hahne et al.
1998). Because APRIL knock-out mice were phenotypically normal, APRIL was
considered unlikely to be important for B-cell development (Varfolomeev et al. 2004).
This notion however changed when aging APRIL-transgenic mice were detected to
have increased numbers of CD5+ B cells (Planelles, Carvalho-Pinto et al. 2004). Plasma
levels of APRIL are also increased in patients with CLL, a condition in which there is
abnormal proliferation of CD5+ B cells.
APRIL mRNA levels were found to be increased in monocytes and T cells in patients
compared to levels in controls. No statistically significant difference was detected in
plasma and CSF APRIL levels between patients and controls.
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B cells from lymphoma patients were shown to express APRIL and BAFF, thereby
escaping apoptosis (He et al. 2004). To assess whether such a pathway existed in B
cells of MS patients, Western blot analyses were performed to detect APRIL and BAFF
protein on PB leucocytes and B cells. APRIL and BAFF proteins were detected in PB
leucocytes, but not in B cells of MS patients. Hence it is unlikely that in MS patients, B
cells aberrantly express APRIL or BAFF.

PAPER III
Because MG patients have thymic changes, we hypothesized that the expression of
APRIL and BAFF in the thymus may support the survival of autoreactive B cells.
Also, the association between increases in BAFF levels and other antibody-mediated
diseases prompted us to assess whether such an increase would also be detectable in
MG.
Plasma levels of APRIL, BAFF, and CD138 were comparable between patients and
controls. Using immunohistochemistry and immunofluorescence, APRIL and BAFF
were detected in MG thymi. APRIL was expressed by macrophages and by
endothelial cells. BAFF was expressed by macrophages and T cells. B cells and
plasma cells were positive for BAFF-R and BCMA, respectively. APRIL’s binding
partner CD138 was detected on plasma cells and in extracellular matrix. Despite
repeated attempts, a protocol to study TACI expression in the thymus was not
successful.
The finding that APRIL and BAFF, factors primarily important for B cells, are
expressed in a T-cell organ is provocative. The proof-of-principle experiment though
would be to show that thymic B-cells are dependent on APRIL and BAFF.

PAPER IV
In addition to cells of the myeloid lineage, T cells also express BAFF. T cells
activated ex vivo with anti-CD3 have been shown to express BAFF-R, giving rise to
the notion that BAFF may also be a survival factor for T cells, and the principal
receptor mediating such survival being BAFF-R (Ng et al. 2004). Such a finding
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would argue for an autocrine survival pathway wherein T cells express both BAFF
and BAFF-R.
Using flow cytometry, we studied the expression of BAFF-R and TACI on B cells and
T cells, and BCMA expression on B cells. Whereas nearly all mature B cells and
memory B cells expressed BAFF-R, very few T cells expressed this receptor. Thus, it
appears that BAFF-R expression is marginal on T cells, and may not be physiologically
important as a T-cell-survival molecule.

PAPER V
There has been considerable interest to develop surrogate markers to predict longterm disability in MS, and one marker identified recently to be a predictor of adverse
outcome in MS is lipid-reactive oligoclonal IgM in CSF. To validate these findings in
a second, independent dataset, we assessed the frequency of lipid-reactive CSF IgM in
patients and controls. Total IgM bands are shown in the upper panel of Figure 5 and
the lower panel demonstrates IgM reactive to phosphatidylcholine (PC).
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Figure 5 shows immunoglobulin (Ig) M bands in paired plasma and CSF samples in multiple
sclerosis patients in the upper panel, and IgM bands reactive to different lipids in the lower
panel. P stands for present, N for negative. T means total IgM, PC phosphatidylcholine, PE
phosphatidylethanolamine, PI phosphatidylinositol, PS phosphatidylserine, SP sphingomyelin,
SU sulphatides, GA gangliosides, and Neg Negative. Boxes highlight some of the positive
bands.

About 30% of MS patients had lipid-reactive CSF IgM bands; the IgM bands in other
MS patients did not react to lipids. Kaplan-Meier analysis showed that patients with
lipid-reactive CSF IgM converted from RR course to secondary progression earlier
than those without bands.

Figure 6 shows anti-lipid immunoglobulin (Ig) G detected in the cerebrospinal fluid of a patient
who had lipid-reactive oligoclonal IgM. T stands for total, PC represents phosphatidylcholine
and NC is negative control. Courtesy of Dr Luisa Villar in Madrid, Spain.

During B-cell maturation, IgM+ cells undergo class-switch to IgG+ cells without a
change in specificity. We hypothesized that in patients with lipid-reactive IgM bands,
lipid-reactive IgG bands would also be detectable. A small number of CSF samples
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were analyzed; some patients with IgM bands also had detectable IgG bands against
lipids. Lipid-reactive IgG bands in the CSF of a MS patient are shown in Figure 6.
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CONCLUSIONS
•

APRIL and BAFF protein levels are comparable in plasma and CSF of MS
patients and controls.

•

APRIL is expressed by thymic macrophages and by endothelial cells in the
thymus of MG patients.

•

Thymic macrophages and immature T cells express BAFF.

•

APRIL and BAFF levels are comparable in plasma of MG patients and
controls and do not correlate to levels of anti-AChR antibodies.

•

BAFF is unlikely to be as critical a survival factor for T cells, as it is for B
cells.

•

Lipid-reactive IgM OCB were detected in 30% of MS patients, and are
associated with an adverse disease outcome.

B-cell survival due to APRIL and BAFF is not enhanced in MS or MG. The
association between lipid-reactive antibodies in CSF and adverse disease outcome
suggests that B cells may contribute to tissue injury in MS.
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DISCUSSION
The studies presented in this thesis were begun with the purpose of trying to understand
B-cell function in MS patients using APRIL and BAFF as molecular tools. Such a
motivation was based on findings in SLE and SS, diseases in which a substantial
number of patients have increased levels of APRIL and BAFF. Arguably, both the
above-mentioned diseases are systemic, whereas MS and MG are organ-specific. Our
findings that APRIL and BAFF are not increased in MS or MG has made it clear that
these molecules are not universal “signatures” of autoimmune diseases and their
relevance as disease markers may be restricted only to certain diseases.

MESSENGER RNA VERSUS PROTEIN
Our choice to quantify mRNA was determined by the lack of reagents to examine
surface expression of protein. The increase in mRNA levels not reflected by a parallel
increase in protein levels was a major limitation in drawing relevant conclusions. On
the other hand, one could argue that mRNA and protein were quantified in two
different compartments, namely in PB and in the CNS, and not from the same
patients. There are several possible reasons that may explain the increases in APRIL
and BAFF mRNA levels without a concomitant increase in protein levels; they
include poor efficiency in protein translation, or post-translation instability, or
neutralization by shed receptor like TACI. None of these reasons is to say that protein
quantification does not come without its limitations; rather it invites a dialogue on the
relevance of whether what we measure indeed reflects the actual biological process.
Also, studying PBMNC is an inappropriate source to study the “pathology” of the CNS.
Such attempts are futile, not only because we are studying a different compartment, but
also these attempts are further confounded by the fact that we are unable to draw
meaningful, biological conclusions.

36

BAFF AND T-CELL SURVIVAL
An area of controversy in the field of BAFF biology is whether BAFF is also a T-cellsurvival factor with BAFF-R being the principal receptor mediating survival. Although
we detected BAFF-R mRNA in T cells in paper I, using flow cytometry, we found that
very few CD4+ T cells or CD8+ T cells express BAFF-R. On the other hand, BAFF is
expressed by T cells (Lavie et al. 2004); our findings from thymic tissue also support
this idea. Therefore, the expression of both BAFF and BAFF-R by T cells would argue
that BAFF may also aid T-cell survival in an autocrine manner. Although such a
mechanism is known to exist in leukemic cells, the extent to which it is relevant in
physiological conditions is not known.

DUAL FUNCTIONS OF B CELLS
Yet another interesting area of research is the tissue-healing properties of B cells and
antibodies. Antibody-induced remyelination has been shown in experimental systems;
antibodies that contributed to tissue healing, in a viral animal model of MS, had
properties of naturally occurring IgM (Asakura et al. 1998). Soluble Ig binding to
oligodendrocytes results in remyelination and binding to neurons results in neurite
extension and neuronal growth (Warrington et al. 2000). Also, B-cell derived IL-10 has
been shown to be important for recovery in EAE (Fillatreau et al. 2002).
That PP-MS may be due to the persistence of antibodies that facilitate demyelination
and prevent remyelination has been proposed (Pender 2004). Our findings that soluble
APRIL levels were higher in patients with chronic progressive MS compared to levels
in RR-MS would be in line with such a hypothesis.
What makes an antibody beneficial or pathogenic? First, it is the clinical condition. In
an infectious setting, one of the beneficial functions of antibodies is opsonization, a
process that enhances phagocyte binding to the microorganism. On the other hand, in
diseases like RA and SLE, antibodies are pathogenic. Second, it is the antibody
structure. IgM, by virtue of its pentameric structure, fixes C’ efficiently, and can
therefore be pathogenic in MS. Third, it is the sugar moiety of the antibody
(Rademacher et al. 1994). Under steady-state conditions, the anti-inflammatory
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property of Ig is due to sialylation of the Fc portion of the immunoglobulin, and
desialylation renders Ig pro-inflammatory (Burton et al. 2006; Kaneko et al. 2006). A
well-characterized example where glycosylation status of Ab is known to be
pathogenic is in RA (Parekh et al. 1985). Hence it is also tenable that other
glycoproteins of B cells such as MHC class I and II molecules may have altered
glycosylation in other diseases, including MS. Whether genetic polymorphism
contributes to such differential glycosylation is also worthy of consideration.
Oligodendrocyte activity is also substantially influenced by microglial activation
(Howe et al. 2006). In a mixed glial culture, it was observed that Fc portion of human
IgM induced microglial activation via IL-1beta. In response to microglial activation,
oligodendrocytes upregulate several immediate early genes. This study is one
example of how oligodendrocyte activity can be regulated by neighbouring cells.
Extrapolating these findings, it is likely that interactions between cell types are
dynamic and is likely to affect the CNS microenvironment.

ASTROCYTES AS SOURCES OF B-CELL-SURVIVAL FACTORS
An exciting discovery was that APRIL is secreted by reactive astrocytes in MS
(Thangarajh et al. 2007). Macrophages have been described to be the predominant
source of APRIL. Extending this observation, one would expect that microglia, the
resident macrophages of CNS, would be the source of APRIL. Surprisingly,
astrocytes that are derived from neuroepithelial cells were found to secrete APRIL.
This finding highlights that APRIL expression is more promiscuous than originally
thought.
Because foot-processes of astrocytes are part of the BBB, it is interesting to speculate
whether local availability of APRIL may partly determine the accumulation of B cells
and plasma cells in perivascular and Virchow-Robin spaces in MS. Conversely, T
cells being less dependent on APRIL and BAFF for survival may penetrate CNS
parenchyma. Although the chemoattractant property of APRIL is not known, it is
interesting to envisage the following scenario: competition for survival factors might
result in selection of B cells with high affinity to antigens, including antigens like
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aquaporin channels on foot-processes of astrocytes. Thus, in addition to antibodyproduction, antigen-presentation by B cells in diseased state may be important.
Aging APRIL transgenic mice show increased accumulation of peritoneal CD5+ B
cells and are used as an experimental model to study CLL. Because CD5+ B cells are
known to secrete IgM, it is relevant to consider whether astrocyte-derived APRIL
enhances survival of CD5+ B cells. Although CD5+ B cells are normal in BAFF
transgenic mice, the finding that CD5+ B cells express BAFF-R and TACI suggests
that BAFF may also be important for these cells (Ng et al. 2006).

LIPID BIOLOGY IN MS
CSF lipid-reactive IgM is predictive of an adverse outcome in MS. Although by itself
an interesting finding, what are the insights into MS pathogenesis that we can gain
from the observation of CSF IgM in MS patients? The presence of IgM signifies an
acute serological response to an immunogen, which can either be an infectious agent
or a tumor antigen. Because CSF IgM in MS patients was lipid-reactive, we can infer
that the immunogen is possibly CNS myelin.
CNS myelin is immunologically and ontogenetically distinct compared to myelin of the
peripheral nervous system. CSF IgM in MS patients was predominantly reactive against
PC (Villar et al. 2005). PC is a ubiquitous molecule and what determines the specificity
of reactivity against CNS myelin is unknown. CNS crush injury models have shown
that phospholipase A breaks down PC into lysophosphatidylcholine and arachidonic
acid. The former contributes to myelin damage and the latter can trigger inflammatory
responses via eicosanoids (De et al. 2003). Crush models also show that Wallerian
degeneration in CNS does not occur until three weeks after injury, which may explain
the normal-appearing myelin despite massive oligodendrocyte death, as described in
Barnett and Prineas.
As much as it is interesting that one-third of MS patients have lipid-reactive
oligoclonal IgM in the CSF, it is also thought provoking that in a majority of patients
CSF IgM did not react to lipids. In other words, there appears to be a distinct
difference in “distal” pathology, which is lipid-reactivity between patients. Does distal
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pathology reflect accurately “proximal” triggers? We understand that molecular
mimicry, genetic determinants, and innate triggers contribute to disease, in which case
either one or combinations of these determinants may also explain the differences in
lipid-reactivity between patients. On the other hand, there is also a major overlap in
responses to tissue injury. Inflammation, autoimmunity, or degeneration can all result
in demyelination and in a complex disease such as MS it is likely that these different
processes overlap.
Antibodies against non-myelin antigen—aquaporin channels located on astrocytes—
are seen in NMO. In NMO, there is predilection for the disease to affect optic nerves
and spinal cord with relative sparing of the brain, features distinct compared to MS.
Therefore, in NMO, death of oligodendrocytes and myelin loss appears to be a
consequence rather than the cause of disease, with antibodies and C’ appearing to be
early events. Furthermore, the reactivity against several lipids in MS patients as
shown by Villar and us suggests that MS is a disease involving several antigens.
Autoantigen arrays are increasingly popular in determining the antigenic profile of
patients (Kanter et al. 2006). One method to study the differences in lipid-reactivity
between patients is to design “neurolipidome” arrays. These arrays would highlight the
“lipidophilic” autoantibody profile in patients. Adding to the expanding mosaic of
“omics”, neurolipidomics is likely to become an important research area in future MS
research. With rapid developments in this field, we will not only understand how to
detect early lipid-membrane changes in diseases, but will also help us to develop
therapeutic strategies to limit myelin injury.

MYASTHENIA GRAVIS: MORE QUESTIONS THAN ANSWERS
Despite several checkpoints, the failure of the immune system to prevent the
emergence of autoimmune diseases is intriguing. A two-step process of thymic
epithelial cells that express AChR priming AChR-specific T cells, and thymic myoid
cells provoking germinal-center formation has been put forth. Thymomas generate
large numbers of T cells, many of which egress to the periphery. Whether such T cells
are self-reactive, and if so, why central tolerance had failed is unknown. One possible
explanation could be the altered expression of cathepsin V in the thymus of MG
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patients compared to controls (Tolosa et al. 2003) and it is known that Cathepsin V is
important for positive selection of T cells.
It is possible that BAFF can augment the threshold of signalling of the B-cell receptor
via the co-receptor CD19. Such alteration would rescue autoreactive B cells that
otherwise would have undergone apoptosis (Gorelik et al. 2004; Hase et al. 2004).
Experimental evidence also suggests that over-expression of BAFF may lead to B
cells entering forbidden “niches” (Thien et al. 2004). Whether such a phenomenon
exists in the thymus of MG patients is unknown.
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FUTURE PERSPECTIVES
The “landscape” of MS research, to quote Elliot Frohman, is extremely complex and
consists of a tapestry of several disciplines like immunology, microbiology,
neurobiology, genetics, pathology, radiology, therapeutics, and rehabilitation.
Therefore, insights into MS etiology are likely to arise collectively from all or most of
these disciplines. Importantly, interdisciplinary research will be necessary to
understand MS.
A potentially interesting area that is likely to answer some important questions
regarding environmental influences in early childhood and subsequent autoimmune
disease is pediatric MS. About 5% of MS patients are diagnosed in childhood and the
initiative of the National MS Society of the United States to create five centers of
excellence for pediatric MS would additionally boost interest to study this unique
population. These children not only require medical treatment but also need extensive
social and rehabilitative support to cope with a life-long illness.
It is difficult to foresee what is going to fuel the future debate on MS research, just as
it is arduous to predict what the next breakthrough in science is going to be. A big
player is likely to be immunomodulatory treatment, irrespective of what the MS
community has learnt (or not learnt) after experiences with anti-TNF treatment and
natalizumab. Although we know that the disease onset begins well in advance of
symptom onset, why are we slow to initiate treatment efforts early in the illness?
Next, efforts to restore neural function will have a huge impact on MS research.
Neurobiologists working on spinal cord injury models have proposed “the pathway
hypothesis” to facilitate growth of severed axons using astrocytes (Li et al. 2005).
Using olfactory-ensheathing cells, severed corticospinal tracts of rats have been
shown to be restored (Li et al. 1997). Such an approach if successful on patients with
spinal cord injuries will open up the avenue for a similar solution in MS patients.
Some of the questions that are going to dominate the area of B-cell biology in MS are
likely to be related to the antigenic specificity of OCB, the pathogenicity of
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antibodies, regulatory B cells, and the molecular triggers in patients in whom humoral
immunity appears to be dominant. The latter will consequently prompt individualized
treatment plans for these patients.
I think we can be cautiously optimistic about developments in areas of MS research,
bearing in mind that the map appears to be more complicated than the terrain.
Though most physicians-scientists consider medicine to be the ultimate challenge, we
will in the future need to address and be pro-active in our responses to social
challenges. This challenge includes investing in the public understanding of science,
especially those that pertain to religion, and how science is taught in school. Science
is a two-way street. We cannot continue our research activities without enjoying the
support of the public, especially if our research efforts are to be seen as constructive.
This privilege places upon us to conduct research with scientific rigor and honesty.
The recent example of cloning experiments conducted unethically will undermine the
confidence the public has in scientists.
As scientists, we will not only be called upon to teach but also to inspire.*
*As quoted by Nobel laureate Gerald Edelman, during one of his lectures in
Stockholm.
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EPILOGUE: WHAT I BELIEVE IN BUT CANNOT PROVE
Scientists would argue that they would not believe in a phenomenon until it is proven,
although science itself is based on the belief that all phenomena can be studied,
understood, and categorized.
Much has been said and written about B cells in MS and no one can dispute the
circumstantial evidence that B cells are involved in MS.
I believe that B cells are important in MS but I cannot prove it.
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POPULAR SCIENCE VERSION
The focus of this thesis is to understand the functions of B cells—a subset of white
blood cells—in multiple sclerosis (MS), a neurological disease that is relatively
common in Scandinavia. B cells are important to combat infections but their presence
in the brain of MS patients is mysterious. Why do B cells enter the brain, and what are
their functions? Do B cells help in repairing damaged tissue or do they cause more
damage? These questions are at the core of the controversies surrounding B-cell
research in MS.
The human nervous system is home to several, specialized cell types and includes the
neurons, astrocytes, oligodendrocytes, and microglia. Neurons are involved in the
processing and transmission of information. Astrocytes not only provide support to
neurons, but also function to regulate entry of immune cells into the brain and remove
“left-over” neurotransmitters. Microglia are the “watch dogs” of the brain and look
out for any intruders such as bacteria or viruses, and become activated upon any
imminent threat. Oligodendrocytes produce myelin—sheets of lipid or fat—that wraps
around the axon, the outgrowth of neurons. The speed with which impulses are
conducted between neurons is determined by myelination. Therefore, myelinated
axons conduct impulses at a much faster rate than unmyelinated axons. Myelination is
also influenced by developmental stage with newborn babies and children having a
higher proportion of unmyelinated axons compared to adults.
In MS, for reasons not yet fully understood, there is death of oligodendrocytes
resulting in myelin disruption. Several areas of myelin disruption cause multiple
scars, and hence the name “multiple sclerosis”. Myelin disruption has two
consequences. First, transmission of nerve impulses becomes slower. Second, without
the protective myelin, axons become vulnerable to damage. The death of
oligodendrocytes and disruption of myelin attracts immune cells—T cells, B cells,
and macrophages—into the brain. Macrophages remove dead myelin, thereby helping
in tissue repair. T cells and B cells secrete cytokines—hormones of the immune
system—that cause tissue injury. This dual function of immune cells necessary not
only for repair but also paradoxically causing more injury is one of the most intensely
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debated areas of MS research.
As the first approach to understand what B cells do in the brain, we wanted to know
whether B cells of MS patients survive longer compared to B cells of healthy
individuals. We therefore studied two cytokines, namely APRIL and BAFF that are
essential proteins for B-cell survival. APRIL and BAFF are to B cells what oxygen is
to humans. APRIL and BAFF are secreted mostly by macrophages, and act on
specific receptors on B cells to promote B-cell survival.
Because it is difficult to obtain B cells from the brain, most researchers instead study
B cells from the blood. APRIL and BAFF levels were both increased in the blood of
MS patients compared to healthy individuals. Although we detected increased APRIL
and BAFF, we still do not know whether B cells survive longer in MS patients. The
next question that arises is whether we can boldly extrapolate our findings having
studied B cells from blood samples of MS patients to understand the immunological
events occuring in the brain. Would it be credible to visit the North Pole and claim
that a journey to the South Pole would be similar? Perhaps not. The inability to access
appropriate tissue is one of the biggest hurdles in neurobiological research, including
MS.
We next wanted to know whether APRIL and BAFF can be detected in the brain.
Brain tissue donated to research after death by MS patients, and by individuals who
died of non-neurological causes was stained for B cells, APRIL, and BAFF. Few B
cells were detected in MS brains and none in control tissue. Surprisingly, in MS
brains, astrocytes were found to secrete APRIL and BAFF. This finding implies that
proteins, which enhance B-cell survival are also secreted by resident cells of the
nervous system. Extending this finding, we can conclude that the diseased nervous
system can be a haven for B cells.
It is often not easy to diagnose MS. Neurologists are faced not only with the challenge
of accurately diagnosing MS, but also in predicting disability in an individual with
MS. B cells secrete antibodies when they meet their target. Antibodies can be
separated based on their charge to different bands, which are called “oligoclonal
bands” (OCB). Each band represents antibodies derived from one B cell. In a patient
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presenting with neurological symptoms, physicians rely on detecting OCB in
cerebrospinal fluid (CSF), which are present in more than 90% of MS patients. OCB
are absent in healthy individuals.
Would it be possible to predict disability in MS patients by studying OCB? To do so,
we studied CSF from MS patients and controls. About 30% of MS patients, but none of
the controls had lipid-reactive OCB. In other words, the specific target of antibodies
was myelin lipid. We also found that MS patients with lipid-reactive OCB were more
disabled compared to patients without.
In summary, the present thesis has identified astrocytes as a novel source of B-cellsurvival protein APRIL in the brain. This finding can potentially be used to identify
new drugs, which target specific cytokines as a possible cure for MS. Second, screening
MS patients for lipid-specific OCB can help in creating an individualized treatment plan
to minimize disability.
Although remarkable progress has been made in areas of imaging and treatment of
MS, there is much more to be done before we can categorically state that the cause of
MS has been understood. There has never been a more exciting time to be engaged in
neurobiological research and it is this excitement that propels us to the future with the
hope that one day we can cure MS and relieve the suffering of all those affected by
this disease.
We greatly appreciate the participation of patients and healthy volunteers who
support our research activities and the funding agencies that have made this
work possible.
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