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ABSTRACT 

 
Biomarkers for disease activity and prognosis in multiple sclerosis (MS) are lacking. 

We established a MS biobank consisting of paired cerebrospinal fluid samples (CSF) 
and peripheral blood samples from MS patients and controls. A standardized procedure 
for sampling and data collection was developed when forming the European network 
for MS biomarker research (BioMS) and applied when processing samples and data. 
The MS biobank was then used for the following studies: 

In paper I, we analyzed the basal viral load of JC virus (JCV) DNA in untreated MS 
patients and controls in aspects of PML risk. In our system, a low JCV DNA replication 
could occasionally be found in CSF or plasma in MS patients and controls without 
clinical signs of PML. We concluded that JCV analysis, in untreated MS patients, is not 
useful for identification of patients with higher risk of PML. 

In paper II a comparison of N-acetylaspartate (NAA) and neurofilament subunits in 
CSF as biomarkers for axonal damage in MS was performed. We observed that CSF-
NAA might serve as a biomarker for axonal damage during later stages of disease. 
Increased levels of CSF neurofilament light chain (NfL) correlated to acute axonal 
damage associated with inflammation whereas a high level of CSF neurofilament 
heavy chain (NfH) was indicative of irreversible axonal damage. The combined 
analysis of all biomarkers identified a higher number of MS patients with an abnormal 
biomarker panel compared to analysis of a single biomarker. 

In paper III we used a new assay for detection of anti-myelin antibodies in CSF and 
report that approximately 50% of the MS patients had increased anti-myelin antibody 
reactivity in CSF and that their levels correlated to the number of MRI lesions in MS 
patients. 

In paper IV, we analyzed the levels of vascular endothelial growth factor A (VEGF-
A) in CSF cells and peripheral blood mononuclear cells (PBMCs) from MS patients 
and controls and demonstrated that both relapsing-remitting MS patients (RRMS) and 
secondary progressive MS patients (SPMS) had decreased levels of VEGF-A in CSF. 
In addition, SPMS also displayed a significant decrease of VEGF-A in PBMCs which 
was associated with an altered peripheral blood monocyte phenotype. We conclude that 
decreased PBMCs VEGF-A may be a new biomarker for SPMS.  

In paper V we performed a large genetic association study in MS patients and 
controls and demonstrated that IL7R gene variants influence the risk of MS. Functional 
analysis showed that MS patients had an increase of IL7R and IL7 mRNA expression 
in CSF cells compared to controls. These findings suggest that IL7-IL7R signalling 
might be involved in the dysregulated immune response in MS. 

 In summary, we present an example of a genetic biomarker for risk of disease. We 
related different markers for neurodegeneration to disease stage, explored two possible 
immune related markers, and analyzed a treatment related complication in MS.  

The papers included in this thesis are examples of the value of quality biobanking for 
clinical research.  
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INTRODUCTION 

 
 
 
This thesis is on the establishment and application of a Multiple Sclerosis (MS) 

biobank and corresponding database. Our MS biobank contains cerebrospinal fluid 

(CSF) and blood samples collected mainly from patients visiting the neurology clinic, 

Karolinska Hospital between 2001 and 2009. The procedure and work performed 

during sample handling and data collection will be discussed and I will present 

examples of how the biobank and database was used in my research projects. 
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1 MULTIPLE SCLEROSIS 

 
MS is a disease characterized by chronic inflammation in the central nervous 

system (CNS), demyelination and axonal damage. It is the most common, non-

traumatic, cause of neurological disability in young adults of the Caucasian 

population (1) and associated with a considerably reduced quality of life compared 

to the general population (2). Most patients develop the disease between 20 and 40 

years and it affects women twice as often as men (3).   

 

1.1 EPIDEMIOLOGY 

 
The worldwide incidence of MS has a clear geographic heterogeneity which 

roughly can be divided in three frequency zones. The area with highest frequency 

are (prevalence of more than 30/100 000) most of Europe, Israel, Canada, northern 

US, southeastern Australia and New Zealand. The medium frequency areas 

(prevalence of 10-30/100 000) comprise southern US, most of Australia, South 

Africa and Russia while the lowest frequency areas (prevalence rates under 

5/100 000) are found in northern South America, Africa and most of Asia (4). 

Observations from two large studies estimated the incidence of MS in Sweden to be 

approximately 4-5/100 000/year (5, 6). Recent data from the Swedish MS registry 

suggest that the prevalence of MS is increasing, and is at the moment close to  

140/100 000 in Sweden (7).  

 

1.2 THE DIAGNOSIS OF MS 

 
No single test or clinical sign is sufficient for the diagnosis of MS why the 

diagnostic criteria of MS include a combination of disease history, clinical and 

paraclinical features first defined by Poser et al. in 1983 (8) and rewritten in 2001 by 

McDonald et al. (9). The hallmarks are that evidence of two clinical episodes 

suggestive of MS, separated in space and time, must be present in order to diagnose 

relapsing-remitting MS (RRMS) (9). In addition, differential diagnoses should have 

been ruled out. This definition mean that individuals presenting with only one 

clinical episode indicative of MS, can not obtain the diagnosis RRMS, if another 

clinical episode is not recalled. This group should rather be diagnosed as patients 

with a “clinically isolated syndrome suggestive of MS”, CIS (10). The CIS patients 
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are usually considered as a subgroup of MS since the majority of them will convert 

to RRMS within an average of 1, 7 years, and initiation of MS disease-modifying 

treatments is highly recommended in this group (10-12).  In order to facilitate the 

diagnosis of RRMS, a revision of the McDonald criteria was carried out in 2005 

which put forward that magnetic resonance imaging, (MRI) findings of a new lesion 

can contribute to demonstration of dissemination in time or space and substitute for 

a clinical exacerbation (13). The presence of CSF oligoclonal bands, (OB) and/or 

elevated IgG index and delayed visual evoked potentials, (VEP) supports the 

diagnosis but is not specific for MS. In summary, the revised criteria have met the 

need for early, accurate diagnosis of MS (14-17). 

According to Lublin and Reingold the subdiagnosis secondary progressive MS 

(SPMS) can be ascertained when there has been at least six months of steadily 

increasing neurological impairment, with or without superimposed relapses, 

following an initial relapsing-remitting phase (18). 

The criterion for establishing the diagnosis primary progressive MS, (PPMS), is 

at least one year of progressive neurological dysfunction from onset and evidence 

for dissemination in space determined by MRI, presence of OB/increased IgG index 

in CSF and VEP (13).   

Recently a new subgroup of MS has been defined namely individuals with 

incidentally discovered MRI lesions fulfilling criteria for MS but reporting absence 

of objective clinical symptoms suggestive of the disease. This group is now referred 

to as “radiological isolated syndrome suggestive of MS” (RIS) and have an 

increased risk for conversion to RRMS compared to controls (19). 

 

1.3 DISEASE COURSE AND NEUROPATHOBIOLOGY 

 

1.3.1 Relapsing – remitting MS   

Approximately 85% of all MS patients initially present with a relapsing- 

remitting MS disease course characterized by recurrent episodes of neurological 

symptoms followed by a varying degree of recovery and a stable course between the 

attacks (20). Early in the disease, most patients have an average of one to two 

relapses yearly while the number of attacks decrease over time (21). Dependent on 

the anatomical localization of the MS lesions, a large variety of symptoms can 

appear during a relapse, but the most common symptoms are sensory loss, optic 

neuritis, muscle weakness, ataxia and balance disturbance (22). 
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The RRMS phase appears to be largely driven by inflammation. A relapse is 

primarily a consequence of disturbed conduction block due to inflammatory 

mediators (23, 24) and demyelination (25). The pathological hallmarks of MS 

lesions are multifocal inflammation, including T-cells, B-cells, plasma-cells, 

macrophages and monocytes, demyelination, oligodendrocyte loss, reactive gliosis 

and axonal degeneration (26-28) and remyelination to a varying degree (29).  

Clinical exacerbations are frequently visualized on MR imaging as new or 

enlarging T2 lesions and occasionally as gadolinium-enhancing (Gd) T1 lesions 

which is a reflection of a profound inflammation and breakdown of the blood-brain-

barrier (BBB)(30). However conventional MRI does not detect all new 

inflammatory activity, cortical plaques are also common and not easily detected with 

this technique.  

Remission is considered to occur when the inflammation ceases and the 

conduction is restored as a consequence of resolved inflammation, axolemmal 

plasticity, adaptive synaptic changes and remyelination (31). Even though a 

remission is clinically evident, it has been demonstrated that axonal loss occurs 

already at early stages in MS (32, 33). The absence of symptoms is most likely due 

to the plasticity of the CNS, compensating for axonal loss until a threshold level is 

reached. Functional MRI studies have shown evidence for compensatory activity in 

the cerebral cortex in MS patients with axonal damage (34). 

 

1.3.2 Progressive MS 

With time, the relapsing-remitting disease course eventually converts into a 

phase with stable progression of neurological deficits; SPMS (18). There are large 

inter-individual differences but on a group level approximately half of all RRMS 

patients have entered the SPMS phase 10 years after disease onset (21). Absence of 

remission reflects a failed recovery process usually due to repeated attacks of 

inflammatory demyelination of the same nerve, failed remyelination and irreversible 

axonal damage (33, 35).  

In 15% of the MS patients, the disease is progressive from onset with a steady 

accumulation of neurological impairment without recovery; PPMS (36). It is 

characterized by absence of clinically evident relapses, less prominent inflammation 

by MRI and often spinal cord symptoms (22, 37). Older age of onset and lack of 

female preponderance also distinguish PPMS from RRMS (38). Studies on the 

natural history of all MS subgroups demonstrate that PPMS has the worst prognosis 
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although the clinical course of PPMS is found to be similar to that of SPMS when 

only the progressive phases are compared (39).  

Histopathologically, lesions in progressive phases of MS are sharply defined, 

display a lesser amount of cellular infiltrates, extensive myelin loss, prominent 

fibrillary gliosis and oligodendrocyte and axonal loss (26). A comparative study of 

MS lesions in PPMS and SPMS demonstrated that presence of less inflammatory 

cells, more pronounced oligodendrocyte loss and axonal reduction differentiate 

PPMS patients from SPMS patients (40, 41).  

The axonal degeneration can be detected as chronic hypointense so called T1 

“black holes” and brain atrophy on MRI (42-45). 

 

Axonal loss has been accepted as the major cause of irreversible disability in 

MS patients (33, 46) and transition from RRMS to SPMS occurs when the CNS can 

no longer compensate for the neuronal loss (33). The mechanism behind 

neurodegeneration is not yet clarified but several mechanisms have been proposed; 

Axonal transection has been demonstrated to correlate with macrophages and 

microglia suggesting that these cells together with inflammatory mediators such as 

cytokines, proteolytic enzymes and nitric oxide can mediate both myelin and axonal 

damage (33) (47). Axonal injury might also be secondary to demyelination, CD8+ 

mediated cytotoxicity and/or excitotoxic mechanisms (48, 49). Other suggested 

hypotheses for the basis of axonal damage are mitochondrial failure or a failed 

energy supply due to an increased energy demand when restoring impulse 

conduction in damaged axons (50).   

CNS damage in all MS phases is not only restricted to the white matter, 

demyelinating lesions in the grey matter and diffuse inflammation, gliosis, and 

axonal loss is a common feature in both the “normal appearing white matter” 

(NAWM) and the grey matter which might be visualized as generalized atrophy on 

conventional MRI (51, 52).  

 

1.4 WHAT CAUSES MS? 

 

1.4.1 Environmental factors 

It has long been proposed that various environmental factors might play a role 

in MS causation. Migration studies have shown that persons migrating from a low 

prevalence area to a high prevalence area after adolescence will retain their low risk 
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of MS, whereas persons migrating before adolescence seem to acquire the higher 

risk of MS in the new area which support the role of the environment in MS (53, 

54). 

The involvement of common childhood infections in the development of MS 

has been suggested. Infection with morbilli, rubella and Epstein-Barr virus (EBV) at 

a later age than at early childhood (55) was observed to associate with an increased 

risk of MS. On the other hand, a Swedish cohort demonstrated that the introduction 

of vaccination against measles, morbilli and rubella not changed the incidence of 

MS in Sweden (56). From Umeå, Sundström et al. performed a prospective study 

and reported that the individuals who developed MS displayed an altered immune 

response against an EBV-antigen (57).  

Low sunlight exposure or vitamin D deficiency (58, 59) and cigarette smoking 

(60, 61) are other compelling environmental risk factors for MS. 

 

1.4.2 Genetics 

The observation of the uneven distribution of MS and that some races are more 

susceptible to MS support a genetic etiology of MS. Twin studies report a 

concordance rate of 25-30% in monozygotic twins and 2-5% in dizygotic twins 

which clearly demonstrate that genetic sharing are related to the incidence of MS 

(62, 63). A positive family history is found in approximately 15-20% of all MS 

patients (64). It has been questioned whether the familial aggregation of MS is due 

to joint environmental factors rather than genetic factors. However, studies report 

that the increased MS risk in family members of an affected individual is correlated 

to the degree of genetic sharing, and the children of parents both suffering from MS, 

have a higher risk for MS compared to children with only one affected parent (63, 

64). 

The first gene region that was reported to influence MS was the human 

leukocyte antigen (HLA) gene complex located on chromosome 6p21 (65). A large 

number of studies have thereafter confirmed and specified the HLA class II 

haplotype DR15-DQ6 as the strongest genetic risk factor, conferring a three fold 

increased risk of MS (66). In Northern Europe, 60% of the MS population carries 

this risk haplotype compared to 30% of the controls (67). More recently, haplotypes 

of the HLA class I was also confirmed to associate with MS (68). In 2007 our group 

and the group of Gregory were able to present data on the IL7R gene as the first 

non-HLA gene affecting MS risk (Paper V) (69). Several later studies have now 



 

  7 

confirmed our finding including the first published MS Genome Wide Association 

Scan (GWAS) performed by the International MS Genetics Consortium (IMSGC) 

(70-72). The development of the GWAS technique has allowed a major change in 

the ability to discover MS risk genes and today several non-HLA MS susceptible 

genes, most of them coding for immunoregulatory proteins, have been discovered 

(71, 73, 74). In addition, a large GWA study across several human diseases revealed 

that some of the MS risk genes where shared by other autoimmune diseases which 

supports that MS has an autoimmune origin (74). At the moment, a “second 

generation GWA study” is ongoing which includes genotyping of up to one million 

SNP markers in 20 000 MS patients and controls and is expected to uncover the 

complete list of MS genes.  

The non-MS genes discovered so far have only a modest effect on susceptibility 

to MS with odds ratio ranging from 1.1-1.2 (75, 76) which however commonly is 

the case in complex diseases where both genetic and environmental factors are 

required for development of disease. 

Taken together, a large body of evidence suggests that MS triggering factors 

include interactions between several genes, epigenetic factors and interactions 

between environmental agents and genes. Therefore, all these factors should be 

included when performing reliable models for prediction of MS disease (77). 

 

1.4.3 Immunopathogenesis 

MS is usually referred to as an autoimmune disease because of the abnormal 

presence of immune cells and immune mediators at the sites of injury within the 

CNS. However, this observation does not necessarily declare that the immune 

system is responsible for triggering MS onset (78). On the other hand, several 

observations in MS are indeed consistent with autoimmune mechanisms:  

1) The genetic association with the HLA complex, which is known to regulate 

immunity (66) 2) the association of CNS myelin destruction and infiltration of T-

cells, B-cells and macrophages (33, 79) 3) the increased T-cell and B-cell response 

to several myelin proteins in CSF and peripheral blood of MS compared to controls 

(80-82),  4) the existence of increased levels of myelin-specific autoantibodies in 

CSF (83, 84) and 5) that the animal model for MS, experimental autoimmune 

encephalomyelitis (EAE) can be induced either by immunization with myelin-

antigens or by transfer of myelin- reactive T-cells (85).  
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The most common hypothesis is that MS is initiated by a peripheral 

dysregulated immune response; autoreactive myelin-specific T-cells gets activated 

and thereby up-regulate their expression of adhesion molecules which enable them 

transit through the BBB. (86). Within the CNS, the autoreactive T-cells becomes 

reactivated upon recognition of their antigen and resident microglia (87, 88) 

followed by secretion of cytokines and chemokines and further recruitment of T-

cells, monocytes/macrophages, B-cells and plasma cells. In addition, autoreactive 

antibodies and inflammatory mediators, released by macrophages and microglia, 

such as nitric oxide, glutamate and proteolytic enzymes contribute to a profound 

inflammation, demyelination and axonal damage. 

 

The traditional view has been that axonal damage is a consequence of chronic 

inflammation and demyelination. However, the neurological decline in absence of 

relapses, the radiological signs of a lesser amount of inflammation, and the lack of 

response to traditional treatment during progressive MS phases, suggest that also 

other non-inflammatory disease mechanisms might be operative (89-91).  

 

An alternative view of MS immunopathogenesis is that MS rather is a primary 

CNS degenerative disease with secondary inflammatory demyelination (91). Failure 

to regulate such immune response could result in superimposed CNS-directed 

inflammatory injury with increased neurodegeneration. A quantitative 

neuropathologic study investigated axonal injury in the NAWM from different MS 

subgroups and revealed evidence for ongoing acute axonal damage in sites remote 

from active demyelination which supports this theory (92). Moreover, extensive 

axonal loss in areas not affected by demyelination or inflammation have been found 

(93) and the development of brain atrophy independent of focal lesions is also in 

accordance with this hypothesis (94) In addition, histopathologic findings, suggest 

that an oligodendrogliopathy may be an early event in the MS disease process and 

apoptosis of oligodendrocytes has been described as an event preceding macrophage 

invasion in acute MS lesions (95). 

Interestingly, the common stated relationship between inflammation and 

neurodegeneration in MS, as occurring in series, has recently been challenged by 

findings of common molecular pathways being able to bring inflammation and 

neurodegeneration together. These results suggests that the two processes might be 

parallel events rather than occurring one after the other (96) . 
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2 CEREBROSPINAL FLUID 

 

CSF surrounds, permeates, flows and forms an integral component of the brain 

and spinal cord. It is produced from arterial blood by the plexus choroideus, in the 

lateral, third and fourth ventricles and to a minor degree by the ependyma and in the 

perivascular spaces and involves a regulated process of diffusion, pinocytosis and 

active transfer (97, 98). The total volume of CSF in the adult is about 140 ml located 

in the ventricular system, subarachnoid space, brain parenchyma and spinal canal 

and is turned over 3-4 times /day (99, 100).  The major functions of CSF is, besides 

mechanical protection, to provide circulation of metabolites, toxins, nutrients and 

signaling substances and to compensate for changes in the intracranial pressure 

(101). In addition, CSF circulation can be regarded as the functional equivalent of 

the lymphatic system since there are no lymphatic vessels in the CNS (102). 

Consensus on CSF circulation and absorption has recently been revised. 

According to the old model, “the bulk flow model” there is a consistent net flow of 

CSF from the production site i.e. plexus choroideus to the absorption site which here 

refers to the arachnoids villi that extend into the cerebral venous sinuses (103-105). 

Greitz et al. more recently presented a new theory;  “the hydrodynamic flow model” 

which proposed that the main absorption of CSF occurs through the brain capillaries 

in the subarachnoidal space and that circulation is maintained by intracranial arterial 

pulsations (106). 

 
 

2.1 CSF ANALYSIS IN HEALTHY PERSONS 

The performance of lumbar puncture and CSF analysis was introduced by 

Cotugno who already in the early eighteen century removed CSF from dead human 

bodies (107). In 1891, Quinke was the first to develop a technique of spinal 

puncture, which has changed only little since then,  and introduced the procedure 

into clinical practice (101). 

Normal CSF mainly consists of water, glucose and protein (primarily albumin), 

immunoglobulins and a very low number of mononuclear cells. CSF proteins 

originates to 80% from serum proteins and to 20% from proteins synthesized in the 

plexus choroideus by the leptomeningeal cells (108). The concentration of these 

proteins gradually increases from the ventricular spaces to the lumbar CSF due to 
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the gradual influx of proteins during its way from the plexus choroideus to the 

lumbar spine. In addition, CSF also contains a low level (less than 1%) of brain 

specific proteins such as S100b and neurofilaments and in contrast to the other 

proteins, their concentration are equal or decreased in the lumbar region compared to 

the ventricular spaces (109). Under normal conditions, there is no intrathecal 

production of immunoglobulins and all CSF immunoglobulins are derived from the 

blood (110). 

 

2.1.1 The cellular compartment of healthy CSF  

Normal CSF contains a very low number of mononuclear cells, (reference: 1-5 

cell/ mm3) which mainly represent lymphocytes apart from a few monocytes. Most 

of the lymphocytes correspond to memory CD4+ cells or, to a lesser amount, 

memory CD8+ cells which both have a high expression of several adhesion 

molecules (111, 112).  B-cells are rarely found in healthy persons (113).  

The leukocytes derive from the peripheral blood and enter the CSF via the 

choroid plexus or via extravasation in Virchow-Robin perivascular spaces (114). 

 

2.2 BARRIERS BETWEEN THE BRAIN, BLOOD VESSELS AND CSF 

Many large molecules are unable to pass from the blood into the CSF or into the 

interstitial fluids of the brain even though the same molecules pass easily into the 

usual interstitial fluids of the body (115).  

The BBB is an endothelial barrier between cerebral capillaries and neuronal 

tissue (115). The endothelial cells here, lack fenestration and are connected by 

unique tight junctions which inhibits any unspecific passage or paracellular diffusion 

across it, maintaining the homeostasis within the CNS (115). The BBB is also 

composed of the capillary basement membrane, astrocyte end-feet ensheating the 

blood vessels and pericytes embedded within the base membrane (116). Specific 

transport systems mediate the directed transport between the blood and CNS which 

therefore also disable the transfer of many drugs into the CNS (117).  

The blood-CSF-barrier is the epithelial layer of the plexus choroideus in which 

the blood is filtered and secreted to form the CSF (97, 98). Disintegration of this 

barrier can be detected as an increased level of albumin and immunoglobulin 

concentration in the CSF (118). Reiber was the first to describe that the CSF-

albumin/serum-albumin quotidian can be used as a measure of blood-CSF barrier 

dysfunction since albumin is only synthesized in the liver (118) and not in the brain.  
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The barriers limit immune cell trafficking into the brain, under normal 

conditions leukocytes enter the brain across the choroid plexus or via extravasation 

of meningeal vessels into the subarachnoid space and the Virchow-Robin 

perivascular spaces. During neuroinflammation as in MS, the properties of the BBB 

are changed and the upregulation of adhesion molecules on leukocytes make it 

possible for them to transit directly cross the BBB (116, 119, 120). 

 

2.3 CSF ANALYSIS IN MS PATIENTS   

Lumbar puncture and CSF analysis of MS patients has been recommended as 

standard analysis in the diagnosis of MS (121) although the information thereby 

provided, is only supportive and not itself diagnostic. MS patients have a normal or 

slightly elevated CSF albumin level although large spinal cord lesions might result 

in an extreme elevation (> 2, 5 mg/l). Further, a modest mononuclear pleocytosis is 

usually found (rarely more than 50 cells/mm3
), especially if the sample is obtained 

during a relapse. The cells represent mainly CD4+ lymphocytes. An increased ratio 

of CD4+/CD8+ compared to peripheral blood and to healthy CSF has been 

demonstrated. In addition, MS-CSF also contain a small number of  monocytes, 

macrophages, B-cells and plasma cells (122). Similar to healthy persons, the 

majority of CD4+cells are memory cells. Increased expression of activation and 

adhesion molecules as well as secretion of pro-inflammatory cytokines and an 

increased number of myelin-antigen reactive T-cells have been detected in the CSF 

from MS patients (123-125). Since healthy CSF also comprises T-cells with 

upregulated expression of adhesion molecules (although not as extensive as in MS-

CSF), it has been suggested that these cells are selectively recruited to the CNS 

compartment under both pathological and healthy conditions (112). 

 

2.3.1 CSF oligoclonal bands 

Intrathecal production of immunoglobulins, visualized as OB or raised IgG 

index in CSF is a diagnostic hallmark of MS and OB can be found in 90-95% of all 

MS patients while a raised IgG index usually is found in approximately 70% of MS 

patients (126). The oligoclonal bands represents antibodies produced by clonally 

expanded memory B-cells and plasma blasts/cells which antigen specificity, 

however, still is largely unknown (127). Detection of OB is considered as a more 

sensitive test for the diagnosis of MS, compared to a raised IgG index (128) though 
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the specificity for MS is low and presence of OB can be seen in a wide variety of 

inflammatory and non-inflammatory disorders (129). 
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3 BIOMARKERS IN MS 
 

3.1 WHAT IS A BIOMARKER? 

A biological marker or biomarker, is “a characteristic that is objectively 

measured and evaluated as an indicator of normal biologic processes, pathogenic 

processes, or pharmacologic responses to a therapeutic intervention” (130). A 

clinical end-point is a “characteristic or variable that reflects how a patient feels, 

functions or survives” and a surrogate end-point is “a biomarker intended to 

substitute for a clinical end-point and expected to predict clinical benefit (or harm, or 

lack of benefit) based on epidemiologic, therapeutic, pathophysiologic or other 

scientific evidence” (130). The ideal biomarker should be reproducible, reliable, 

simple to use and non-invasive (131). Biomarkers can be used for several purposes 

including diagnosis, screening, evaluation of risk/predisposition of a disease, 

prediction of prognosis and for monitoring disease and response to treatment. 

 

3.2 WHY IS IT IMPORTANT TO FIND BIOMARKERS IN MS? 

The most important goal in MS research and treatment is to avoid future 

disability in each patient or even better, to be able to predict who is at risk for severe 

disease and in the long run be able to completely prevent disease. MS patients have 

a highly heterogeneous clinical and neuropathologic picture and therapeutic 

response. Since MS is usually diagnosed in young persons, the uncertainty of 

disease progression might influence personal and professional decisions of the 

patients why prognosis prediction is important. At present we have only limited 

methods to measure disease activity and to foresee the prognosis. It is therefore of 

outmost importance to find biomarkers for monitoring of the clinical course and 

response to disease-modifying therapies and to better predict and prevent 

development of exacerbations and disability. In addition, biomarkers reflecting 

ongoing pathological processes within the CNS are needed for a better 

understanding of the pathological mechanism behind the disease. Also, reliable 

surrogate end-point markers could provide information in a shorter time than would 

be needed by following the clinical course of the disease (130) which is important in 

clinical trials where determination of the therapeutic response requires a relatively 

long clinical follow up.  
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3.3 CURRENT CLINICAL AND PARACLINICAL MEASURES OF 

DISEASE ACTIVITY 

Today common measures of disease activity in MS are a) clinical evaluation 

including number of relapses/ patient year, clinical scales i.e. the Kurtzke Expanded 

Disability Status Scale, (EDSS) (132),  the MS Functional Composite Scale (MSFC) 

(133), and the MS Severity Scale (MSSS) or disease progression index (134) and  

b) paraclinical indicators including number of MRI lesions and measurements of 

brain atrophy (135). However none of these measures have proven optimal as 

clinical endpoints (136,137). Measuring the frequency of relapses/ year is merely a 

partial reflection of disease activity since only lesions occurring in articulate areas of 

the brain give rise to clinical symptoms. MRI studies have reported that for each 

clinical episode, approximately ten new clinically silent MS lesions had been 

developed. (138,139).   

The non-linear EDSS scale has several disadvantages (140) functioning as an 

impairment scale in the lower end while the upper end rather represents a disability 

scale or ambulation index. In addition, EDSS has only limited assessment of upper 

limb function and cognitive deficits (140). Other limitations with clinical scoring 

scales are that they claim follow up during longer periods to identify changes, that 

they are based on the subjective assessment by the physician, and that they are labor 

intensive.  

Measurements of  brain atrophy and the number of T1 lesions on MR imaging 

can be used as a rough surrogate marker for neurodegeneration (42, 94, 141) 

although smaller axonal damages are not visible and MRI activity do not necessarily 

correlate with disability (142, 143).  

 

3.4 PROGNOSTIC FACTORS OBTAINED FROM CLINICAL 

OBSERVATIONS 

The clinical course of MS is highly variable and difficult or impossible to 

predict for an individual patient.  However, several factors have been established to 

predict a shorter time to reach more advanced levels of impairment (EDSS 6) such 

as male gender, older age at onset (>40 years), motor, cerebellar or sphincter 

symptoms at initial presentation, poly-symptomatic disease at onset, frequent 

relapses within the first five year, short time to reach an EDSS level of 4 and a 

progressive course (144-147). Runmarker et al. followed a large cohort of Swedish 

CIS and MS patients for 25 years and observed that presence of efferent tract lesions 
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and incomplete recovery after relapses early in the disease course where early 

predictors of an increased risk for development of secondary progressive course and 

a high degree of  disability (148). All factors that predict progression or disability 

over time appear to be operative only until the EDSS score 4 is achieved. Thereafter 

the course is independent of baseline predictive factors in the majority of patients 

(149). 

 

3.5 BODYFLUID BIOMARKERS IN MS 

 
3.5.1 Cerebrospinal fluid 

CSF is considered the most adequate body fluid for biomarker studies in MS 

because of its close proximity to the CNS which yields an accurate reflection of 

ongoing pathology of the brain, spinal cord and meninges. MS lesions are typically 

located in the periventricular white matter of the brain and in superficial areas of the 

spinal cord with close relationship to the CSF space.  

A limitation with CSF collection is the invasiveness of lumbar puncture which 

makes longitudinal studies with selection of samples at several time-points difficult. 

Many inflammatory and neurodegenerative biomarkers in MS are only released 

intermittently (150) and the optimal strategy would therefore be repeated CSF 

sampling and analysis. The sensitivity to detect CSF biomarkers derived from MS 

lesions depends on the topographical distance between the lesions and the CSF 

compartment (151). Moreover, CSF is not produced at a constant rate, the maximum 

production rate occurs at midnight and falls until noon (152). The volume of 

sampled CSF and a rostrocaudal concentration gradient might also influence the 

concentration of CSF proteins (153). Brain derived CSF proteins are however not 

influenced by changes of blood-CSF permeability, which is in contrast to proteins 

synthesized also outside the CNS, for which changes from normal blood-CSF 

permeability must be taken into account during analysis (118). If measuring proteins 

that potentially originate from both blood and brain compartments, both CSF and 

peripheral blood should be analyzed. 

 

3.5.2 Peripheral blood 

Sampling of peripheral blood is less invasive compared to CSF and facilitates 

longitudinally studies and frequent sampling with short intervals. It is also much 

easier and more ethically correct to collect blood from healthy individuals for 
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control samples. In addition such a control group is much more homogenous than 

current used control groups in biomarkers studies, which usually consists of patients 

with other non-inflammatory neurological disease. Another advantage of using 

peripheral blood is that sampling (in most countries) can be performed by both 

nurses and physicians of all sub-specialties while lumbar puncture is usually only 

performed by a subgroup of physicians. However the major disadvantage with 

peripheral blood analysis in MS is that the disease pathology is restricted to the CNS 

which is separated from the periphery by the BBB. In addition immunological 

markers in the peripheral blood may lack specificity since they might be altered by 

systemic events. 

 

3.6 CLASSIFICATION OF BIOMARKERS 

There are several ways to classify biomarkers and one common approach is to 

characterize them according to their pathophysiological mechanisms (135) which 

usually separates them into markers for 1) immune system alterations 2) blood-

brain-barrier disruption 3) demyelination 4) oxidative stress and excitotoxicity 5) 

axonal/ neuronal  damage 6) gliosis and 7) remyelination and repair.  

Other researchers (137) have a more clinical approach and subgroup them into 

1) disease predictive biomarkers, 2) diagnostic biomarkers, 3) biomarkers associated 

with disease activity and 4) biomarkers for therapeutic efficacy. The latter is the 

classification that will be used in the discussion below. 

 

3.6.1 Disease predictive biomarkers 

Genetic markers, i.e. certain variants of a specific gene or gene region, that 

associates to increased risk of MS can be regarded as disease predictive biomarkers 

although they are not biomarkers in the strict definition of the term (137). The 

strongest MS risk loci is at present, the HLA class II haplotype DR15-DRQ6 

followed by the HLA class I haplotype HLA-A (154). Some of the most convincing 

MS risk genes outside the HLA-complex are alleles for the IL7R, IL2RA, CD58, 

CLEC16A, KIF1B, CD6, IRF8 and TNFRSF1A genes (71, 73, 155-157).  

It is essential to explore what biological effects these genes have and if the 

allelic risk variant causes any biological difference of the protein it encodes and if 

this has any consequence for disease mechanisms in MS. An example is the risk 

IL7R allele associated to MS which produces a difference in the proportion of 

soluble/non soluble IL7R protein (further discussed in the “Results and discussion” 
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part). Several attempts to find an association between the HLA risk variant and 

different clinical MS phenotypes have mostly been unsuccessful. Both HLA-

DR1*B15 and HLA-A*02 have similar frequency in benign or severe MS and in 

PPMS versus RRMS (68, 76, 158). In contrast, it has been reported that MS patients 

carrying the DRB1*15 allele had earlier age at disease onset compared to non-

carriers (76, 158). 

Risk evaluations based on genetic variants should also take environmental 

factors into account and possibly also include paraclinical data such as MRI 

findings,  presence of OB in CSF and the immunological phenotype in order to 

increase the power of prognosis prediction in MS (159). 

Numerous studies show that early initiation of disease-modifying therapeutics 

in CIS patients delay conversion to MS (160, 161).  Therefore, if well characterized 

disease predictive risk markers can be defined we could possibly provide a better 

clinical outcome for the patients. Such markers would be specifically useful in 

patients with a higher risk to develop MS. Studies on CIS patients have shown that 

presence of OB in their CSF, doubles the risk for development of definite MS, 

independently of MRI findings at onset (162). 

Proteomic analysis of MS-CSF is a relatively new approach to discover new 

candidate biomarkers in MS using mass-spectrometry methods.  Several proteins 

have been identified exclusively in MS-CSF compared to normal CSF but these 

finding must be validated with other methods in order to estimate their value as 

biomarkers for MS disease activity. Tumani et al. reported up-regulation of a protein 

(serinpeptidase inhibitor) and downregulation of nine proteins (i.e. Fetuin-A, 

apolipoprotein A4 and haptoglobin) in CSF from CIS patients converting to 

clinically definite MS within two years compared to nonconverters (163). 

 

3.6.2 Diagnostic biomarkers 

There is currently no diagnostic marker for MS although presence of 

oligoclonal bands in CSF is highly characteristic for MS (126, 164). Lennon et al. 

recently identified an autoantibody, (NMO-IgG) binding to aquaporin 4 (AQP4), in 

sera and CSF of patients with neuromyelitis optica (NMO) (165). Detection of this 

antibody can be used to distinguish this rare diagnosis from MS and might be 

considered the first biomarker defining a previous subgroup of MS-like patients as a 

separate entity (165).  
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Elevated levels of kappa free light chains (KFLCs) in MS-CSF has been 

observed and  Presslauer et al. have reported  that presence of KFLCs in CSF has a 

sensitivity of 96% and specificity of 86% for the diagnosis of MS (166, 167).  

Neuropathological classifications of different subtypes of MS patients indicates 

that antibodies play a more important role in a subset of MS patients (29). This 

group of patients might be distinguished by a presence of a higher level of anti-

myelin antibodies in their CSF (Paper III) and is important to recognize since they 

might have a better response to therapeutics targeting B cells. 

Differences in microRNAs (miRNAs) profiles in peripheral blood cells was 

recently found to differentiate RRMS patients from healthy persons with high 

accuracy suggesting that such analysis might be a potential diagnostic biomarker for 

RRMS (168). 

 

3.6.3 Biomarkers associated with disease activity 

3.6.3.1 Inflammation 

Inflammatory mediators such as interleukins, adhesion molecules, chemokines, 

selectins, nitric oxide metabolites and antibodies have all been investigated for its 

potential as biomarkers for disease activity in MS (169). Up-regulation of the pro-

inflammatory cytokines IL-12 and IL-6 and down-regulation of the anti-

inflammatory cytokines IL-4 and IL-10 and the chemokines CCL5 and CCL2 (137) 

have been found in CSF and plasma during relapses. Recently, Sellebjerg et al. 

demonstrated that the B-cell chemochine CXCL13 was increased in CSF in MS 

patients and CIS patients compared to controls (170). Osteopontin is a 

proinflammatory cytokine highly expressed in MS lesions and involved in 

recruitment of proinflammatory cytokines to the CNS and induction of relapses 

(171). Plasma and CSF levels of osteopontin were found to be increased in active 

MS but did not correlate with disability in MS patients (172-174).  

Nitric oxide (NO) is a free radical which is recognized as part of the innate 

immune system. Excessive NO production has been discovered in numerous 

inflammatory conditions (175-177). Inducible nitric oxide synthase converts 

arginine to citrulline and nitric oxide (178) and this enzyme is upregulated in MS 

lesions (47, 179). In fluids, NO is rapidly oxidized to nitrite and nitrate and in the 

absence of heme, such as in CSF where the oxidation is slower, the nitrite/nitrate 

levels can serve as indicator of ongoing inflammation. Svenningsson et al. and 

Brundin et al. analyzed nitric oxide metabolites in MS patients and found increased 
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nitrite levels which correlated to clinical disease activity (180, 181). Measurements 

of nitric oxidation products as a biomarker for inflammation, is of clinical interest, 

the limiting step today is however, the fast oxidation which calls for extremely fast 

handling of the samples. 

Expanded CD8+ cell clones have been observed in CSF and blood of MS 

patients and are frequent cells in active demyelinating MS lesions. CD8+ cells 

mediate cytotoxicity partially by granzyme release and it has been shown that levels 

of granzyme-A and B are elevated in the CSF of RRMS patients and correlates to 

neurofilament light chain levels during relapse, which indicates their value as 

inflammatory biomarkers (182). 

A number of studies have investigated the presence of different myelin protein-

specific antibodies in serum and CSF and their correlation to disease activity. The 

group of Berger(183) demonstrated that detectable serum antibodies against myelin 

oligodendrocyte glycoprotein (MOG) and myelin basic protein (MBP) in CIS 

patients predicted a rapid conversion to clinically definite MS. However repeated 

analysis failed to replicate these findings(184) (185).  

 Potential biomarkers for an increased permeability of the endothelial BBB are 

the muscle protein dysferlin and the matrix-metalloproteinase MMP-9. Both 

markers have been shown to correlate with disease activity (186, 187). Up-

regulation of the soluble intercellular adhesion molecule ICAM-1 in MS-CSF have 

been found in MS patients sampled during relapses and correlated with MRI activity 

and dysfunction of the BBB (188). 

Vascular endothelial growth factor A (VEGF-A) is an important regulator of 

vascular permeability and increased levels in peripheral blood in MS patients during 

relapse has been reported (189, 190). VEGF-A also exerts important neuroprotective 

and neurotrophic effects and, as discussed in Paper IV, we have observed decreased 

levels of VEGF-A in secondary progressive MS in both CSF and peripheral blood, 

and suggest that decreased levels of VEGF-A is a new peripheral blood biomarker 

for SPMS(191).(See Paper IV for further discussion). 

Glia cells are activated early during inflammation in MS, Glial Fibrillary Acidic 

Protein, (GFAP) is an astrocyte-specific structural protein and the main protein 

constituent of chronic MS plaques. Analysis of CSF GFAP demonstrated an 

increased level of GFAP in MS-CSF and a correlation to clinical deficits and disease 

progression (192, 193). The calcium binding protein S100b is another glia cell 
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specific protein, found in astrocytes and schwann cells, which have been found to be 

elevated in MS-CSF particularly during relapses(194). 

 

3.6.3.2 Demyelination 

The myelin basic protein is found in the inner layer of myelin and during 

demyelination, MBP is released into the CSF. Its concentration has been shown to 

correlate with the degree of active demyelination (195) and CSF-MBP levels was 

found to increase during relapses (196). Barkhof et al. demonstrated that MBP levels 

correlated with MRI Gd-lesions and that corticosteroid therapy reduced MBP levels 

(197). Presence of anti-MOG antibodies in serum in CIS and MS patients have been 

found and was suggested to serve as markers for detection of early inflammation 

and/or CNS autoimmune demyelination (198). 

 

3.6.3.3 Neurodegeneration 

Biomarkers for axonal damage in MS would be useful as indicators of overall 

disease burden and could potentially predict future disability. Well studied candidate 

CSF markers for neurodegeneration are the cytoskeleton protein neurofilaments and 

tau protein. Neurofilaments are intermediate filaments and form an important 

component of the axoskeleton and compose three subunits: a light (NfL), 

intermediate (NfM) and heavy chain (NfH). Trapp et al. performed pathological 

studies on MS lesions and demonstrated different stages of axonal damage, with the 

use of antibodies directed against neurofilaments (33) (Fig 1). Several studies have 

demonstrated increased NfL and NfH levels in MS-CSF. (Paper II), (199-202). 

Increased levels of NfL have been found to correlate with relapse rate and the degree 

of disability (192, 199). Interestingly, Norgren et al.  investigated the prognostic 

value of CSF NfL levels and observed that high NfL levels correlated with clinical 

progression (203). CSF studies on the neurofilament heavy chain have given 

evidence for it as a marker for permanent disability and neuroaxonal loss (204) 

(Paper II). In addition elevated levels of antibodies against neurofilament proteins in 

CSF have been detected in MS patients (205). Other important components of the 

axonal cytoskeleton are the microtubule proteins. Tau protein is a microtubule-

associated protein and increased levels in both RRMS and progressive MS has been 

found (206) One research group reported correlation of tau protein and poor 

outcome in RRMS patients (207) while other studies report similar levels in MS 

patients and controls. Other microtubule associated proteins are the actin and tubulin 
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proteins which were reported to be increased in SPMS compared to RRMS and to 

correlate with EDSS (202). These markers might therefore be used as indicators of 

disease progression. The neuron-specific amino acid N-acetylaspartate (NAA) has 

been widely used in Magnetic Resonance Spectroscopy (MRS) as a marker for 

axonal damage (208) and recently it was shown that SPMS have decreased levels of 

CSF-NAA compared to RRMS and controls and that the decrease of CSF-NAA 

correlated to clinical disability and MRI measures of disease (209).  

Cholesterol is the main lipid in cellular membranes including the axonal 

membranes. The metabolite 24S-hydroxycholesterol is specifically produced in the 

brain by a neuron-specific enzyme. Neurodegeneration with a significant loss of 

neurons and thereby loss of this enzyme, are associated with a decrease of 24S-

hydroxycholesterol in the plasma since the vast majority of this metabolite is 

excreted through the BBB into the circulation. Consequently, decreased levels of 

plasma 24S-hydroxycholesterol has been observed and associated with 

neurodegeneration in MS (210). By contrast, in parallel, CSF levels of 24S-

hydroxycholesterol are increased since a minor level of it is secreted into the CSF 

and appears to reflect neuronal damage rather than total number of metabolically 

active neuronal cells (210). Interestingly, increased CSF levels of 24S-

hydroxycholesterol has been proposed as a highly sensitive marker for cognitive 

impairment in MS (210).  

Figure 1 Confocal microscopic image of the pathology in an active MS lesion. 
Biomarker research in MS attempts to measure these events in CSF or plasma. 

 
 
 

 
 
 
 
 
 
 
 

 
The image shows three large axons undergoing MS pathology; both active 
demyelination and axonal damage. Staining of nonphosphorylated neurofilaments 
(green) demonstrates demyelinated axons, one axon ending in a large terminal ovoid 
indicating its transsection. The red stain indicates myelin (Trapp B. NEJM 1998). 
This picture was reprinted with kind permission of B. Trapp and NEJM. 
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3.6.3.4 Remyelination and repair 

Immune cells in inflammatory lesions release neurotrophic factors which can 

stimulate regeneration and promote repair in MS lesions. Promising markers for 

remyelination are the neuronal cell adhesion molecule (N-CAM), growth factor 

ciliary neurotrophic factor (CNTF) and brain-derived neurotrophic factor (BDNF). 

CNTF is a factor that promotes oligodendrocyte survival and was together with  

N-CAM found to be increased in MS-CSF following a relapse with a positive 

correlation to clinical improvement (188, 211). On the other hand, BDNF seem to be 

a marker for secondary progression since reduced levels have been reported in 

SPMS patients compared to RRMS and controls (212). Mattsson et al. recently 

demonstrated that MS patients had decreased activity of the β-site APP-cleaving 

enzyme 1 (BACE1) in CSF (213). BACE1 is a gene coding for an integral 

membrane protease involved in myelination (213). It was observed that the activity 

of BACE1 also decreased over ten years in the RRMS group while the SPMS group 

displayed constantly low BACE1 activity (213).  

 

3.6.4 Biomarkers for therapeutic efficacy 

The increasing number of available therapies for MS, their associated risk of 

side-effects and/ or severe adverse reactions and the risk of treatment failure in 

certain patients has increased the importance of more individualized treatment 

strategies. 

Established biomarkers for treatment efficacy are today the neutralizing 

antibodies (Nabs) to Interferon-beta (IFN-β) and natalizumab which have been 

reported to associate with reduced clinical effects (214, 215). Repeated analysis of 

Nabs during IFN-β and natalizumab-treatment is consensus in clinical practice 

(216). Expression analysis of the myxovirus-resistance protein A (MxA) is also a 

sensitive measure of the biologic response to IFN-β. It has been observed that IFN-β 

Nab-positive MS patients have undetectable levels of MxA expression and 

associates with reduced biologic effect of IFN-β (217). Recently it was also reported 

that absence of MxA expression in Nab-positive MS patients predict the risk of new 

relapses (218) and the authors of this study, recommended measurements of MxA 

mRNA prior to Nab-analysis for monitoriation of IFN-β treatment due to its slightly 

stronger prognostic significance and easier method for analysis (218).  
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Khademi et al. reported increased levels of proinflammatory cytokines in the 

peripheral blood in MS patients treated with natalizumab suggesting their role as 

biomarkers for natalizumab treatment response (219). Natalizumab treatment is 

associated with reactivation of JC virus and development of PML (220). Further 

discussion on risk markers for PML development is discussed below (Paper I, 

Results and discussion). 

Individual genetic and molecular profiling with the aim to predict the response 

or toxicity to a drug, i.e. pharmocogenomics, is a growing field with the goal to 

facilitate individualized drug therapy regimens. Recent results from a genome-wide 

pharmocogenomic study demonstrated that a certain polymorphism in a gene coding 

for the glutamate receptor (GRIA3) was associated with the response to IFN-β 

treatment (221). 

 

At last, it is important to point out that it seems unlikely that a single biomarker 

will be identified that fulfills all of a surrogate endpoint in MS. In the future, 

individual MS patients might be screened for a panel of biomarkers, which together 

can give information on the ongoing grade of inflammation, neurodegeneration and 

repair, in that specific patient (Table 1). Such information could hopefully optimize 

individual treatment choice and prevent disability 

 

Table 1 Selected potential biomarkers in MS are summarized below.  

 
MS risk 

 
Inflammation 

 
Neurodegeneration 

 
Repair 

 
Demyelination 

Genes:  IL-12, IL-6 Neurofilaments N-CAM MBP protein 
  HLA class II  IL-4, IL-10 NAA BDNF 
  HLA class I CCL5, CCL2 Anti-neurofilament ab C-NTF 
  IL7R CXCL13 Actin BACE1 
  IL2R Osteopontin Tubulin  

Anti-myelin ab: 
    MOG, MBP  
    whole myelin 

  CLEC16A NO Tau   
  CD58 MMP-9 24S-hydroxycholesterol   
  KIF1B Dysferlin VEGF-A   
  CD6 Granzyme A, B    
  IRF8 
  TNFRSF1A 
 
 

Anti-myelin ab: 
       MOG, MBP  
       whole myelin 
ICAM-1 

   

 GFAP    
 S100b    
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4 NATALIZUMAB, JC-VIRUS AND PML IN MS  

 

One of the new MS treatments, natalizumab, is a monoclonal antibody that 

binds to integrinmolecules (α4β1 and α4β7) on lymphocytes and plasma cells which 

prevents their extravasation into the brain or other tissues with a consequent reduced 

inflammatory response (222). It has proven to be more potent compared to 

traditional MS drugs (223). Follow-up studies on the efficacy and safety of 

natalizumab have demonstrated  a reduced  annualized relapse rate of 68%, a 

reduction of brain lesions of 83% and also a modest effect on disability progression 

(224) Even so, shortly after the first introduction of natalizumab, the optimism 

concerning this drug was dampened when it appeared that 3 out of 3000 patients 

treated with natalizumab had developed the fatal disease progressive multifocal 

leukoencephalopathy, (PML) (225-227). 

PML, is a demyelinating disease of the CNS first identified by Åström et al. 

(228) and it is caused by the polyomavirus, John Cunningham virus (JCV) (229). 

Infection with JC virus usually occurs asymptomatically in childhood, in the 

majority of the normal population (230). After infection the virus establish latency in 

the kidneys, bone marrow and lymphoid tissues (231-233) and can be found in the 

urine in approximately one third of both healthy and immunosuppressed adults 

(234). Some studies have reported that healthy individuals can have low levels of 

JCV in their peripheral blood while other studies report contrasting findings with 

absence of JCV DNA in healthy persons (235-238) Under conditions of 

immunosuppression, the virus can reactivate and enter the brain, where it infects 

oligodendrocytes establishing a demyelinating disease known as PML (239). 

Studies on the reactivated neurotrophic JC viral strain, isolated from PML 

brains, demonstrate, that this strain has remarkable rearrangements in the regulatory 

regions compared to the archetypal strain, found latently in the kidney and urine 

(240). It is therefore assumed that the archetypal strain is altered during reactivation 

forming a neurotrophic rearranged strain (240, 241). 

The most common clinical presentations of PML are visual disturbances, limb 

weakness and cognitive impairments (242). The onset is usually insidious with 

slower progression of clinical symptoms compared to relapses in MS where 

symptoms develop over a shorter time period. Conclusions from a study on clinical 

and MRI features distinguishing PML from RRMS patients demonstrate that mono-
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symptomatic presentations were more common in MS than PML while PML 

patients more often developed hemiparesis and altered mentation. Spinal cord and 

optic neuritis were not seen in PML patients in contrast to RRMS patients. Brain 

MRI scans revealed that PML lesions were localized at the border of the grey and 

white matter and more frequently in the deep gray matter in PML patients. In 

addition, gadolinium-enhancement is less common in PML lesions, (Fig. 2) (243).  

 

Throughout history, PML was an extremely rare disease until the HIV-era 

appeared with concomitant increased incidence of PML (229, 244). AIDS is still the 

most common PML associated immunosuppressive disease. Other common diseases 

associated with PML are lymphoproliferative malignancies, immunosuppressive 

conditions after transplantation, solid tumors and rheumatologic diseases (244-246). 

Lately it was also reported that PML can develop in patients with minimal or occult 

immunosuppression (247) which is in sharp contrast to the general notion that PML 

always is associated with profound immunosuppression. 

PML is a fatal disease with a mean survival time of 3-6 months (229). No 

specific antiviral therapy is today available. In natalizumab treated patients with 

PML, plasma exchange has been partly successful in treating these patients. Also, 

Mefloquine, a drug approved for malaria therapy, has recently been shown to have 

an effect on PML although other researchers doubts its efficacy (248). 

The common diagnostic test for PML is detection of JCV DNA in CSF but 

diagnosis based on brain biopsy material provides higher specificity and sensitivity 

(249). Routine CSF analysis is usually normal with absence of pleocytosis (250). 

Until the appearance of PML in natalizumab treated MS patients, the disease 

had never before been reported in MS (251). However JCV has been suggested to 

possibly be involved in MS pathogenesis, due to its latency, persistence and tropism 

for oligodendrocytes although no such association has  been verified (242, 252). 

Prescription of natalizumab for MS is increasing, and at present approximately 

64 000 patients are on natalizumab (personal communication, Biogen Idec) which 

however also have led to an increase of PML cases. At present, January 2010, 31 

MS patients (personal communication, Biogen Idec) have so far developed PML 

after 12-35 infusions of natalizumab which corresponds to an incidence of 

approximately 1/2000. At our clinic, PML has occurred in one out of 150 MS 

patients treated with natalizumab. However the worldwide incidence seems to 

stabilize and it has been estimated that the final incidence will be around 1/1000.  
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PML development has also been associated to other new biological 

immunomodulatory treatments including the monoclonal antibodies rituximab, 

efalizumab and infliximam (229, 253-255). These findings suggest that the total 

incidence of PML will increase.  

The mechanism behind natalizumab mediated reactivation of JCV is not known. 

Stuve et al have demonstrated that natalizumab causes a significant decreased 

immunosurveillance of the brain which can result in a defect control of JCV 

replication (256). Interestingly, some studies have reported presence of JCV even in 

the CNS of healthy immunocompetent individuals (236, 238) which would support 

this hypothesis. Natalizumab has also effects on the bone-marrow which as well is a 

major reservoir for latent JC virus. It has been suggested that natalizumab, by 

inhibiting vascular-cell binding, stimulates the release of hematopoietic stem cells 

and immature B-cells from the bone-marrow (257, 258). Indeed it was reported that 

natalizumab treated patients have increased levels of CD34+ stem cells in the 

peripheral blood (259). Moreover, it has been discovered that immature B-cells 

contains transcription factors intervening with the regulatory region of JC virus with 

subsequent transactivation of the virus. These findings have led to the hypothesis 

that the increased immature B-cell population could increase the amount of 

reactivated JC virus which might be brought to the CNS and lead to PML(258). 

Another important observation was that a conserved part of the JC viral strain 

contains an NFk-binding site to which intracellular cytokines can bind which results 

in viral replication. Since many cytokines are up-regulated in MS brains, this might 

also be part of the process leading to PML development (241). 

 

Figure 2 

 

 

 
 
 
 
 
 

Brain MR imaging of typical PML lesions in a MS patient developing  
PML during natalizumab treatment. 
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5 AIMS 

 
The major aims of this thesis were: 

 

1 To establish a multiple sclerosis biobank and corresponding database. 

 

2 To characterize the MS patients and controls according to clinical and 

paraclinical parameters and to continuously validate the data.  

 

3 To use the biobank and database for studies on different biomarkers in MS. 

 

4 To use the biobank and database for investigations of treatment complications 

in MS. 
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6 METHODOLOGICAL CONSIDERATIONS 

 
The methodological part of my thesis can be divided in two major parts: First, 

 I have during the years continuously been working with the biobank for updating of 

the database. Secondly I have performed laboratory work, as part of the biomarker 

studies. Selected methodological principles and considerations will be discussed.  

 

6.1 ESTABLISHMENT OF A BIOBANK AND DATABASE 

A biobank is a well-organized stored collection of biological samples with 

associated clinical and paraclinical data. The samples can include any kind of tissue, 

fluid or other material that can be obtained from an individual and should be 

acquired by informed consent. The collection of data for the biobank is conducted as 

a parallel process to the sample collection. The value of banked biomaterial is much 

dependent on the quality of the clinical data. Biobanks are essential for research 

aiming at characterizing diseases from epidemiological, diagnostic and prognostic 

views.  

 

6.1.1 Collection of body fluid samples 

We started in 2001 to collect CSF and peripheral blood samples from patients 

with suspicion of MS, definite MS and patients with signs of, or definite diagnosis 

of other neurological disease. Most samples were obtained when the persons 

underwent lumbar puncture and blood sampling as part of routine neurological 

diagnostic assessment at the neurological clinic, Karolinska University Hospital, 

Solna. A few samples have also been collected from patients at the neurological 

clinics at Huddinge and Danderyds Hospital. Informed consent was achieved from 

all patients and the biobanking was approved by the local ethical committee.  

As standard procedure we collected 20 ml of peripheral blood and 20 ml of CSF 

obtained by lumbar puncture between the L4/L5 or L3/L4 intervertebral space. The 

samples were processed within one hour, with a few exceptions of two hours. We 

prepared peripheral blood mononuclear cells (PBMCs), plasma, CSF cells and cell-

free CSF samples in coded tubes which where stored at -80o C until use.  
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6.1.2 Characterization of patients - creation of a database 

The creation of a database started at year 2001 but was intensively updated in 

details from spring 2006. All patients were characterized according to the data listed 

in table 2. The clinical and paraclinical data were obtained from paper and 

computerized medical reports. Laboratory data was collected via the medical reports 

or directly from the laboratory of clinical chemistry at Karolinska Hospital or 

Danderyds Hospital. MRI data was obtained mainly from written interpretations of 

Neuroradiologists or by my interpretation of MRI scans. The work with the biobank 

and database is continuously proceeding. We collect CSF and blood samples from 4-

8 new patients every week. 

 

Table 2 Parameters registered for each patient in the database 

Diagnosis/subdiagnosis at sampling and follow up 
Age at sampling 
Gender  
CSF analysis: cells, albumin, OB and IgG index  
EDSS at sampling and follow up  
Relapse/remission at sampling 
MR imaging, preferable at sampling 
Treatment, ongoing and previous 
Ethnicity  
Heredity 
HLA class II genotype 

 
 

 

6.1.3 Standardization of CSF biomarker research 

Several reviews on CSF biomarker research in MS show that this field lacks 

adequate power mainly due to insufficient numbers of CSF samples obtained in 

single-centre studies (135). Therefore, collaboration between research groups is 

important for establishing larger biobanks of well defined samples. Standardization 

of collection protocols is crucial to set up such a uniform biobank in order to be able 

to compare the samples from different locations within one study. Our research 

group is a member of the European network for Biomarkers in MS (BioMS, 

www.bioMS.eu). This is an association of 14 research groups in Europe aiming for 

standardization of sample and data collection and provides collaboration between 

members.  



 

30 

We have together developed a consensus protocol (128) regarding CSF 

procedures and data processing which points out that: 

-  At least 12 mL CSF should be obtained and the location (lumbar or 

ventricles) should be documented since both factors can influence the concentration 

of the biomarker. 

-  CSF samples with an erythrocyte count of more than 500 /mL should not be 

used for biomarkers studies since the content of peripheral blood can lead to false 

results. 

-  The time delay between CSF withdrawal and freezing should be maximum 

1,5 hours although CSF processing is not as sensitive as blood. By contrast, samples 

of CSF cells should be processed as soon as possible since the cell numbers decrease 

quickly.   

- The CSF samples should be stored at -80o C in small aliquots since repeated 

freeze/thaw cycles can influence the biomarker concentration.   

-  The protocol must allow for exchange of samples and relevant patient 

information and consent. 

Our consensus protocol is expected to facilitate large biomarker studies and 

collaborations between research groups. Inappropriate sampling, transport, handling, 

and storage of samples as well as errors in data entry, recording, and withdrawal may 

all cause results that are irreproducible and, more importantly, unreliable. Through 

this network we established collaboration with the group of Dijkstra/Teunissen in 

Amsterdam which resulted in a study about CSF- NAA and cytoskeleton biomarkers 

(Paper II) and another study on CSF anti-myelin antibodies (Paper III). 

 

 

6.2 LABORATORY PROCEDURES 

 
6.2.1 Real-time RT-PCR 

Real-time RT-PCR is an established method used for quantification of a total 

gene product (DNA or RNA) in tissues or cell extracts using the PCR method. It is 

highly sensitive and allows high-quality reproduction and quantification even of 

genes with low mRNA expression. In this thesis, real-time RT-PCR was used for 

quantification of JC virus DNA (Paper I) and expression analysis of VEGF-A and 

monocytemarker mRNA levels (Paper IV) and IL7/ IL7R mRNA levels (Paper V) in 

MS patients and controls. 
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RT-PCR is quantitative and measures the amount of fluorescent PCR product 

continuously throughout the reaction, i.e. “in real time”. For analysis of mRNA, the 

RNA is first transcribed into the more stable cDNA. The cDNA is amplified with 

PCR, with specific primers and the fluorescent dye SYBR Green or fluorescently 

labeled sequence specific probes e.g. TaqMan probe. 

SYBR Green is a general dye that binds to double–stranded DNA and easy to 

optimize and use for different genes at lower cost. However contamination of DNA 

must be avoided and high PCR specificity is required since nonspecific PCR 

products and primer-dimers can contribute to the fluorescent signal. Also the 

primers must be designed to be highly specific.  

The TaqMan probes are sequence specific oligonucleotide probes that carry a 

fluorophore (reporter) and a quencher dye. The fluorophore is attached at the 5’end 

of the probe and the quencher dye is located at the 3’ end. When the probe binds to 

the target the reporter is cleaved off by the Taq DNA polymerase and emits its 

fluorescent signal. The specificity of the TaqMan probe is higher compared to 

SYBR Green as three different unique sequences need to bind to the target in order 

for fluorescence to be detected (primers and probe). A drawback of this method is 

that specific probes have to be designed and produced for every target to be 

detected. 

During the PCR reaction, every time the template is copied, the fluorescence 

signal doubles. Each sample has a specific threshold value which is equal to the 

PCR cycle where the cDNA has been amplified in enough amounts to yield 

detectable fluorescence above a defined background of fluorescence. The PCR cycle 

number at the threshold level (CT value) of each sample is determined and then 

translated into amount of starting cDNA with absolute or relative quantification. The 

fluorescence signal is detected by a camera detector within the PCR machine (ABI 

sequencing system, Applied Biosystems). 

 

6.2.1.1 Absolute quantification 

Absolute quantification was used in Paper I. A standard curve was produced 

using serial dilutions of a JCV viral-plasmid positive control with a known 

concentration of JC virus DNA. The serial dilutions of the JCV standard were run on 

the same PCR plate as the patient samples. A standard curve was then generated by 

plotting the CT values, of the different dilution series, against log of the amount of 

the standard which gives a linear curve. The CT values of the samples with 
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unknown JCV DNA where then plotted onto the standard curve and the absolute 

copy number of JCV DNA in each sample was determined.  

 

The validated TaqMan RT-PCR analysis used for JCV detection was performed 

at the National Institute of Health (NIH), Maryland, USA, and has a sensitivity of 

95% and a specificity of nearly 100% (260). Two sets of primer pairs and probes 

were used, specific for the reactivated neurotrophic JCV Mad-1 strain, earlier found 

in PML brains (260, 261). Our detection limit of 25 copies/mL can be considered as 

sufficient compared to other studies using 1-1000 copies/mL as threshold (249, 262-

265). Until 2008, our national lab for JCV analysis, Swedish Institute for Infectious 

Disease Control (SMI) utilized a detection threshold of 200 copies/mL, this limit has 

now been lowered to 50 copies/mL. A sample was only defined as positive if JCV 

copies were found in duplicates. Studies from the near past on patients with PML 

have reported on a false-negative detection rate for JC virus of 15-25% but virtually 

no false-positive results (265).  

Failure to detect JCV DNA in CSF can depend on laboratory procedures such 

as selection of primer pairs, the method for DNA extraction which both can differ 

between different laboratories. It has also been reported that a false negative result 

can be due to inhibitory factors in CSF which however can be avoided by the use of 

a JCV DNA positive control in each test, which also was applied in our experiments 

(266). JCV analysis in CSF performed at early stages of PML disease can also 

provide false negative results (267). False positive results might appear if there is 

contamination of peripheral blood in the CSF 

 

6.2.1.2 Relative quantification 

Relative quantification (used in Paper IV and Paper V) was based on the 

standard curve method which means that the ratio between the amount of the target 

gene and an endogenous reference/ housekeeping gene is determined in each 

sample. We used GAPDH as endogenous control which is expressed and degraded 

in constant levels in samples from MS patients and controls. Relating the amount of 

target cDNA to a housekeeping gene will compensate for variations in sample size, 

the efficiency of cDNA synthesis and the degradation of cDNA. In Paper V, relative 

quantification of IL7 and IL7R was also calculated with the comparative delta CT 

method which relies on direct comparison of CT values and not by a standard curve. 
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6.2.2 ELISA 

The analysis of the relative mRNA expression level has limitations since the 

mRNA level not always correlate to the protein level why it is valuable to perform 

complementary protein analysis so as to confirm mRNA results. Enzyme-Linked 

Immunosorbent Assay (ELISA) was used for protein quantification of neurofilament 

subunits and tau protein in CSF (Paper II) and VEGF-A protein in peripheral blood 

(Paper IV) from MS patients and controls. In these assays a monoclonal antibody, 

for the protein of interest, was pre-coated onto a 96-well plate. Samples of CSF/ 

plasma and a serial dilution of a standard with known concentration of the protein 

were added into the wells. The protein will then bind to the monoclonal antibody 

and any unbound substances are washed away. Next, an enzyme-linked polyclonal 

antibody specific for the protein is added to the wells. Following a wash to remove 

any unbound antibody-enzyme reagent, a substrate solution is added to the wells and 

color develops in proportion to the amount of protein bound in the initial step. The 

color development is stopped and the intensity of the color is measured.  

 

6.2.3 Genetic association studies 

Complex diseases are difficult to study since the genetic and environmental 

factors do not act equally or independently on the induction of the disease in 

different cases. 

One of the most common methods for genetic studies on complex diseases are 

case-control association studies which also was employed in the genetic studies in 

this thesis (268). Association studies aims at unravel gene variants with a higher 

frequency in cases (persons with the disease) compared to controls, and thereby 

associated with the disease (268). These studies were until recently mostly 

performed on specific candidate genes. However lately a new approach was 

developed, “the genome wide association approach” (GWA). In the GWAs, 

hundreds of thousands of single nucleotide polymorphisms (SNPs) spread across the 

entire genome are genotyped in order to screen for risk genes associated with disease 

(269). A SNP is a DNA sequence variation occurring when a single nucleotide in the 

sequence differs. SNPs can be obtained from a SNP map of the human genome, 

performed as part of the “International HapMap Project” providing informaton of 

allele frequencies in different ethnic groups. In this thesis several SNPs covering the 

VEGF-A gene (Paper IV) and the IL7R gene (Paper V) respectively was genotyped 

in a large group of MS patients and matced controls. 
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Genotyping was performed with two different methods; TaqMan SNP 

genotyping assay (Paper IV) in which two differentially fluorescence labelled probes 

are used for discrimination of the two alleles in the PCR reaction.  In Paper V, 

genotyping was performed by the Mutation Analysis Facility (MAF) at Karolinska 

Institutet using MALDI-TOF mass-spectrometry.  

A disadvantage with case-control studies is that genotype and haplotype 

frequencies vary between ethnic or geographic populations. It is crucial to match the 

cases and controls in order to get reliable results. Another issue, when performing 

genetic studies, is the importance of sufficient sample size and power. It has been 

recommended that genetic studies of 1000 cases and 1000 controls might be a 

“threshold” for a minimium sample size in order to achieve reasonable power to 

detect associations in both MS and several other disease (269). 

 
 

6.2.4 Myelin Flow Cytometry Assay 

Detection of anti-myelin antibodies in CSF was performed with a relatively new 

myelin flow cytometry assay developed by the group of Dijkstra (270) (Paper III). 

Human CNS myelin solved in an aqueous solution and CSF from MS/CIS patients 

and controls were incubated in 96-well plates. Unbound CSF proteins were removed 

by washing. The myelin particles where then incubated with a biotinylated goat-anti-

human IgG antibody. After washing the samples were incubated with Alexa 

488/594-conjugated streptavidin and subsequently washed again and taken up in 

FACS tubes. Myelin immunoreactivity in each sample was measured by FACS 

Calibur (B&D Biosciences, Franklin Lakes NJ, US).  

Anti-myelin antibody levels were expressed as the mean fluorescence intensity 

(MFI).This method enables detection of native posttranslationally modified antigens 

i.e. with non-linear epitopes and also lipid antigens. It has therefore advantages over 

previous assays for detection of myelin antibodies that uses peptides or recombinant 

myelin proteins which all have different post-translational processing compared to in 

vivo systems.  
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6.2.5 Statistical analysis 

Differences in relative mRNA, protein levels and antibody levels were tested 

for significance with the nonparametric Kruskal-Wallis and Dunn’s post test. For 

two group comparisons, the Mann Whitney U test was used. Correlations between 

biomarkers and quantitative measures were analyzed with Spearman’s rank test and 

non-linear regression for curve fit. Correlations between biomarkers and qualitative 

data were performed with the Mann-Whitney test. (GraphPad Prism 3.0, San Diego, 

CA).  In Paper IV, the genetic association was analyzed using the package SNPassoc 

and Haplowiev 4.0. In Paper V, genetic association was analyzed by single point 

analysis based on a X2 test and then logistic regression was performed for single 

SNPs. Power calculation for detecting association was performed for detecting an 

OR at least 1.5 (Paper IV) 1.3 (Paper V). Haploview software was used for 

haplotype analysis (Paper IV, V). 
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7 RESULTS AND DISCUSSION 

 

7.1 THE BIOBANK 

There are nearly 13 000 patients diagnosed with MS in Sweden today and 

approximately 11 000 of them are registered in the Swedish MS registry. According 

to the registry, the neurology clinic, Karolinska University Hospital, Solna, is 

caregivers of 1400 of these patients which represents 44% of all MS patients in 

Stockholm. The biobank and corresponding database is based on these patients and 

at present, January 2010, it comprises samples and data from approximately 500 MS 

patients which roughly represents 16% of all persons diagnosed with MS in 

Stockholm. In addition we have approximately 200 CIS patients and 700 controls 

(exact numbers can not be given since some of the diagnosis from 2009 have not 

been validated yet). 

 

 

Table 3 No of patients sampled every year. 

  

 

Total 

 

RRMS 

 

SPMS 

 

PPMS 

 

CIS 

 

OND 

 

OND.INF 

2001 16 1 11 1 0 3 0 

2002 124 42 1 0 26 50 5 

2003 126 56 5 1 25 35 4 

2004 147 47 2 3 22 19 54 

2005 186 32 35 3 30 26 60 

2006 171 64 1 0 24 36 46 

2007 167 80 2 4 14 34 33 

2008 115 34 4 0 18 21 37 

2009 150                      Not completely validated yet 
 

All patients sampled from 2001 until today are listed according to their diagnosis. 

 

In Table 3 all patients sampled from 2001 until today are listed according to their 

diagnosis. In 2001 only 16 patients were sampled since that was the year this project 

started. We have sampled 115-186 samples every year and 40-50% of them are MS or 

CIS patients. The CIS patients have been followed and until today, 85% of them have 

converted to MS within a median of 3 years.  83 % of the MS patients were diagnosed 

as RRMS, 14% as SPMS and 3% as PPMS, (table 4). The majority of RRMS and 

PPMS represent newly diagnosed MS patients since the samples were collected during 
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diagnostic work-up. In rare cases, we have CSF or blood samples from several time 

points, mainly from CIS or MS patients. The reason for re-sampling CSF has mostly 

been due to diagnostic difficulties or when the patients were included in a clinical trial 

requiring repeated CSF sampling.  

The majority of the samples were collected in an early stage when the classification of 

disease was not definite but has later, during time, been clarified. It has therefore been 

important to continuously update all the parameters of the database. Gender, age, 

disease activity at sampling (relapse/remission) and EDSS score for the patients is 

given in the table below.  

 

Table 4 Characteristics of the patients sampled for the biobank, Jan. 2010. 
   

CIS 

 

RRMS 

 

SPMS 

 

PPMS 

 

OND 

 

OND.INF 

 

Female/male 

 

120/39 

 

217/139 

 

38/20 

 

4/8 

 

146/75 

 

162/77 

 

Mean age* 

 

28 

 

33 

 

55 

 

51 

 

41 

 

37 

 

Relapse/remission 

 

32/127 

 

73/283 

 

- 

 

- 

 

- 

 

- 

 

EDSS*  

 

1.5 

 

2.5 

 

5.5 

 

3.9 

 

- 

 

- 

* Median, at sampling 

 

 It was important to scrutinize medical reports thoroughly especially when looking 

for time of symptom onset. In several cases the patients did not announce or remember 

the first episode of neurological symptoms when asked. Eventually, when the question 

was repeated, the patient had had time to think about this and could recall earlier 

episodes of symptoms. Other difficulties with the data collection have been to define 

whether and when a MS patient has entered secondary progression. It seems that we 

sometimes delay or forget to state in the medical reports that the patient actually is in 

secondary progression. Moreover, if it exceeds more than one year between the visits, it 

can be difficult to determine the correct year for conversion to SPMS. 

 The purpose of the biobank was originally to use the samples for laboratory analysis 

including studies on biomarkers and genetic analysis and was not intended for 

epidemiological research. The samples can however not be used without the clinical 

data and the work with the database is and has been very important for phenotyping of 

the patients. A descriptive study of the MS patients in the database today would not 

give any new information since there are several studies published on this.   
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However, we have planned to analyze the data on all newly diagnosed MS patients and 

CIS patients and to compare them to clinical follow-up data after 10 years. It could 

also be interesting to compare these data to other patient-cohorts from neurological 

clinics elsewhere. 

 

7.1.1. The control patients 

The control patients are patients that presented at our clinic with suspicion of 

neurological disease, mostly due to their symptoms but also sometimes because of 

abnormal MRI findings. In our studies we have divided the control patients in two 

groups. The largest subgroup was patients “non inflammatory” disease or symptoms. 

These patients either presented symptoms such as sensory disturbances, headache, 

vertigo or pain suggestive of neurological disease or were diagnosed with a disease 

which not involved extensive immune-activation such as normal pressure 

hydrocephalus, cerebrovascular disease or ALS. In Paper I, IV and V this group is 

referred to as OND, whereas in Paper II this group was subdivided into NIND (non 

inflammatory neurological disease) and ND (here patients without neurological 

disease) i.e. patients with suspicion of neurological disease but appeared normal after 

diagnostic work-up.  

The other control group was patients with inflammatory diseases (OND. INF in 

Paper I, IND in Paper II and III) in which the most common diagnoses where Systemic 

Lupus Erythematosus (SLE), postpolio syndrome and herpes encephalitis. We also had 

access to a small group of healthy controls. The work of following these patients to 

determine and validate their diagnosis and fate was as extensive as following the MS 

group. 

 

 

7.2 APPLICATIONS OF THE BIOBANK 

 
7.2.1 Analysis of CSF and CSF cells from patients with MS for 

detection of JC virus DNA (Paper I) 

 

This study was undertaken in 2004, just after the first announcement that three 

out of 3000 MS patients treated with natalizumab had developed PML. The report 

illustrates an example of how the biobank can be used for the analysis of treatment-

related side effects.  
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The objective of this study was to analyze the basal viral load of JCV in CSF 

and peripheral blood in treatment naïve MS patients and controls. We speculated 

that the aberrant immune system in MS could lead to higher levels of reactivated JC 

virus in MS patients compared to controls. We also wanted to investigate if some 

individuals with MS had an increased JC virus replication and therefore would be at 

risk for PML if natalizumab treatment was initiated.  

CSF and plasma samples from 217 MS patients, 86 CIS patients and 212 

controls were analyzed for presence of JCV DNA. In addition, CSF cells and 

peripheral blood mononuclear cells were analyzed in a subgroup of MS patients and 

controls. None of the MS patients included in the study had at that time received 

natalizumab and the majority of patients where treatment naïve. 

We found two MS patients with positive JCV in their CSF. One RRMS patient 

had 25 JCV copies/ mL in CSF cells and one SPMS patient had 103 JCV copies/ mL 

in cell-free CSF but none of them had detectable virus in their blood. In addition two 

of the control patients, diagnosed with SLE, had low detectable level of JCV DNA 

in their plasma. Previous studies on detection of JCV DNA in MS-CSF are 

discordant, Ferrante et al. found 11 / 121 MS patients with detectable JC virus in 

their CSF but no quantitative analysis was performed (271). Another research group 

reported positive JCV DNA in  2/42 MS with a mean viral load of  2.1 and 6.7 

copies/mL in their CSF (264). By contrast others have failed to detect JCV DNA in 

CSF from treatment naïve MS patients (262, 272). There are also contrasting results 

regarding detection of JCV in peripheral blood from MS patients. Some studies 

report detection of JCV in comparable levels to controls (273, 274) while other 

researchers have failed to detect JC virus  in both MS patients and controls (272). In 

our study both the JCV positive MS patients and the control patients have been 

followed clinically without any signs of PML development. 

The findings of JCV DNA in two untreated MS patients were surprising but we 

believe it as less likely that it represents viral persistence in the CNS. We rather 

suggest that the JCV DNA originates from blood-borne lymphocytes carrying JCV 

when trafficking the CNS as part of normal physiology. However, if starting the 

RRMS patient on natalizumab, repeated sampling and JCV analysis should be 

performed. 

Our results suggest that a low copy number of JCV can be found in patients 

without PML. Consequently, screening of JCV in CSF in untreated MS patients as a 

measurable risk for PML is not useful. Our conclusion was also based on the 
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numbers of detectable JCV copies which was considered to be very low compared to 

levels of viral load in earlier confirmed PML cases (275, 276). However, more 

recently, analysis on PML cases associated with natalizumab treatment, have 

demonstrated much lower JCV copy numbers in CSF compared to levels in 

confirmed PML cases described in older studies (267). One reason for this could be 

that the earlier patient group, associated with PML, was more immunocompromised 

compared to MS patients, which allowed the virus to replicate much faster.  

Moreover, our two Swedish MS patients developing PML during natalizumab 

treatment, had early in the disease, a negative CSF JCV analysis despite typical 

clinical and radiological findings of PML (267). In addition, Landry et al.  have 

reported on a case with repeatedly false negative JCV detection in CSF despite 

confirmed PML and a high viral load in CSF (277). This alarming finding was due 

to JCV genome variability’s escaping detection by standard JCV PCR analysis 

(277).  

Repeated analysis of JCV DNA in CSF as a measurable risk for PML, in 

natalizumab treated MS patients, has been suggested which however not yet has 

been taken into clinical praxis (278). Chen et al. recently suggested that analysis of 

JCV in the urine could be a screening method for PML risk in these patients (279). 

They reported that increased levels of JCV DNA in urine was correlated to increased 

levels in the peripheral blood and decreased activity of the specific immune response 

against JC virus which thereby could indicate an increased risk for PML 

development (279). However several other studies on large material of natalizumab 

treated patients have all reported constant low levels of JCV in the urine and 

peripheral blood (280). Also it is known that up to 40% of the normal population 

excrete JC virus DNA in the urine which indicates that JC viruria is not a reliable 

predictive marker for PML (251).  

Major et al. have suggested that examination of plasma for elevated levels of 

CD34+ stem cells (since they may harbour JCV) and viral JCV DNA might be a 

better way to identify patients with high risk of PML (281).  

In summary, in the future, cclinicians will not only have to balance between the 

more effective but potentially very riskful treatments (natalizumab or other 

upcoming potent immunosuppressive therapies) and the older safer but less effective 

agents, in addition we will have to search for adequate methods for treatment 

monitoration. At present, this monitoration includes frequent clinical and 

radiological evaluation and repeated CSF JCV analysis if the slightest clinical or 
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radiological suspicion of JCV infection appears. However, in the future, repeated 

CSF/ plasma analysis of JCV (perhaps with different sets of primers), peripheral 

blood analysis of the specific JCV immune response, levels of immature B-

cells/CD34+ stem cells in blood and analysis of JCV transcription factors might be 

part of a safer  risk evaluation panel for  PML development ( Paper I) (220). 

At last, one should not forget that the performance of brain biopsies for JCV 

analysis might in some difficult cases be the fastest way to detect PML.  

Further knowledge on the reactivation of JCV and PML development is of great 

concern. We are currently performing a descriptive study on the characteristics of 

Swedish PML cases. We have used the national patient registry and identified 133 

cases of PML since 1987. This new study might possibly increase the knowledge 

about how patients on immunosuppressive treatment should be monitored in order to 

avoid development of PML.  

 

7.2.2 Combination of CSF N-acetylaspartate and neurofilaments in 

MS (Paper II) 

 

As mentioned previously N-acetylaspartate (NAA) is a neuron specific amino 

acid and decreased levels of NAA in MRS analysis has been used as a marker for 

axonal damage in MS (208). The group of Dijkstra/Teunissen, which is co-authors 

of Paper II, has previously reported that SPMS was associated with decreased levels 

of CSF NAA compared to RRMS. The group demonstrated a correlation between 

CSF NAA levels and clinical functioning and MRI measures of disease (209). The 

present study was a continuation of that work.  

We aimed at analyzing if measures of CSF NAA can be used as a biomarker for 

early axonal injury in MS. In addition we explored the value of CSF NAA as a 

neurodegenerative biomarker compared to other well characterized markers for 

axonal damage including neurofilament subunits and tau protein.  

CSF samples from the biobank, including 38 CIS, 42 RRMS, 28 SPMS and 6 

PPMS were obtained for this study. The controls consisted of three groups: 18 

patients with neurological diseases without intrathecal inflammation (NIND), 40 

patients with inflammatory neurological diseases (IND), defined as presence of 

intrathecally or systemic inflammation. The third group included 28 patients without 

neurological disease (ND) which were persons who presented with symptoms 
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suggestive of neurological disease but appeared to be normal after diagnostic 

workup. 

We observed decreased levels of CSF NAA in SPMS patients compared to 

RRMS and a positive correlation between CSF NAA levels and EDSS which 

confirmed previous published results (209). Since the levels of CSF NAA were 

comparable in RRMS, CIS and ND patients we conclude that CSF NAA is not a 

useful marker for axonal damage early in the disease course of MS. This result 

contrast from some MRS studies demonstrating decreased levels early in the disease 

course of MS (282). However, MRS measures a local region in the brain while CSF 

analysis may reflect the pathology of larger CNS areas. In addition, our control 

group included patients classified as “no neurological disease” (ND) which 

comprised a very heterogeneous group. All of the ND had been sent to us, for 

neurological examination, from their family doctors, which indicates that their 

complaints sustained for a longer period and might have been a reflection of some 

diffuse structural brain injury, not visualized by MRI.  

The decrease of CSF NAA and its correlation with EDSS and the MRS findings 

(209) (46) may suggest evidence for its value as a biomarker for later stages of 

axonal damage. In contrast, we found that a few RRMS patients had increased levels 

of CSF NAA. Since CSF-NAA is produced in neuronal mitochondria, we believe 

that this finding reflects an augmented mitochondrial activity associated with an 

increased demand of energy supply in damaged axons during earlier stages of 

neurodegeneration (33, 208). This is also supported by our observation of an 

extreme high level of CSF NAA in acute meningitis. It would be of valuable to 

perform a similar study as this but with healthy persons as controls. Moreover, a 

follow-up study correlating present CSF NAA levels with EDSS scores after 5-10 

years might add information on the prognostic value of CSF NAA. 

The most important finding of the CSF neurofilament analysis was that NfL 

levels were increased in CIS patients compared to ND and that NfL levels were 

highest in CIS patients who converted to RRMS within 3 years compared to non-

converters. This suggest that NfL may be a early and prognostic marker which is in 

agreement with a previous study by Norgren et al. (201). We also confirmed that 

NfL is higher in RRMS during relapses and in patients with OB as earlier shown 

(192, 199, 203). The levels of NfH were, in contrast to NfL, highest in SPMS 

patients and correlated with EDSS indicating its value as biomarkers for irreversible 

axonal damage, consistent with earlier studies (283).  
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All biomarkers displayed its specific pattern during MS disease progression 

with absence of correlation between neurofilament and NAA levels. When 

combining analysis of all biomarkers in individual patients, a higher number of MS 

patients with an abnormal axonal damage biomarker level were found, compared to 

analysis of each biomarker on its own. Sixty six percent of the RRMS patients had 

an abnormal combined axonal biomarker value compared to 27 % with abnormal 

levels of NAA and 51 % with abnormal levels of neurofilaments. In the SPMS 

group, 71% had an abnormal combined axonal biomarker value compared to 43 % 

with abnormal NAA levels and 50% of abnormal neurofilament levels. These results 

emphasize the use of combined analysis of these markers in order to better define 

ongoing axonal damage in individual MS patients.   

 
 

7.2.3 CSF anti-myelin-antibodies are related to MR measures of 

disease activity in MS (Paper III) 

 

Earlier studies on the presence of anti-myelin protein antibodies in MS and their 

relation to disease activity have demonstrated conflicting results. The objective of 

this study was to take advantage of a newly developed cytometry based assay for 

determination of myelin specific antibodies in CSF from MS patients and controls. 

The work was performed in collaboration with the research group in Amsterdam. 

They had earlier demonstrated that approximately 50% of MS patients had enhanced 

anti-myelin antibodies in their sera (270).  

CSF samples from our biobank were obtained from 37 CIS, 36 RRMS and 29 

SPMS patients. The control groups were subdivided in patients with other 

neurological diseases (OND, n= 17), patients with inflammatory neurological 

diseases (IND, n= 33) and 22 healthy subjects (HC). 

We detected anti-myelin antibodies in CSF from all patients except in the OND 

group and only 5% of the healthy subjects had detectable anti-myelin antibodies. We 

defined the threshold for increased anti-myelin antibody reactivity as all values 

exceeding the average of HC +3 SD which revealed that 46% of CIS, 56% of 

RRMS, 55% of SPMS and 21% of the IND patients had increased levels. 

The findings of an approximately 50% frequency of CSF anti-myelin antibodies 

in MS patients can be considered as a low value and thereby diminish its value as a 

biomarker for MS. These levels are however, higher than levels for single myelin 
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protein analysis reported in several earlier studies (284-286). MOG-specific 

antibodies have been detected in MS patients in variable frequencies from nearly 

undetectable to 38% of the patients (284-287). By contrast, using mass-spectroscopy 

analysis, the presence of serum anti-MBP antibodies was found in 88 % of RRMS 

patients compared to  

9 % in neurological controls (288). However, we believe that our method probably 

might be more favorable when investigating anti-myelin antibodies in early stages of 

disease compared to antibodies targeting proteins located deeper in the myelin sheet, 

such as MBP, since it requires a substantial part of myelin destruction to expose the 

epitopes to the immune system. 

A correlation between anti-myelin antibodies and clinical measures of MS was 

negative which was not surprising since EDSS is a reflection of axonal damage 

rather than demyelination. A significant higher number of CIS patients had 

increased anti-myelin antibodies in comparison to all control groups which suggest 

that they distinguish CIS from other neurological disease and/or that demyelination 

occurs early.  Both MS and CIS patients with presence of CSF oligoclonal bands 

had higher levels of anti-myelin antibody reactivity compared to patients without 

OB.  

Interestingly we found that the three patients with herpes simplex encephalitis, 

in the IND group, had highly increased anti-myelin IgG levels. We do not consider 

this as a MS diagnostic problem since herpes encephalitis is no major differential 

diagnosis of MS and the finding may just reflect the general lyses of myelin in this 

serious infection. One can however hypothesize about its biological significance. 

Previous studies have reported presence of HSV-1 DNA and mRNA in peripheral 

blood from MS patients in relapse (289) and herpes virus has been implicated in MS 

pathogenesis (290-292). Our finding may support the hypothesis that infection with 

herpes virus might trigger an immunological response targeting myelin which might 

trigger onset of MS in persons with a MS susceptible genotype.  

A positive correlation between number of T2 lesions and gadolinium-enhancing 

T1 lesions, on MRI scans and anti-myelin antibodies was found which suggests that 

measures of CSF anti-myelin antibodies can be used as biomarkers for ongoing 

inflammatory activity. Only a few earlier studies have investigated the relation 

between MRI lesion burden and anti-myelin antibodies. Lim et al. reported no 

association between levels of anti-MOG and anti-MBP antibodies and MRI findings 

in CIS and MS patients (185). Another study has reported that CIS patients with 
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MOG and MBP antibodies had a higher lesion load in the white matter compared to 

patients without these antibodies (293) although most patients with ≤ 9 lesions 

where antibody negative while the majority of patients with comparable lesion 

number in our study were antibody positive which also further concludes that our 

method may detect myelin autoantibodies early in the disease course. A weakness of 

this study is that MR imaging was performed up to 2 months before or after CSF 

sampling since the lesions load could have changed during this time. 

 

 

7.2.4 Altered monocyte phenotype with decreased VEGF-A in 

progressive MS (Paper IV) 

 

Vascular endothelial growth factor A (VEGF-A) is a central regulator of 

vascular permeability and angiogenesis (294, 295) and has important 

neuroprotective and neurotrophic effects (191). In addition it can function as a pro-

inflammatory factor recruiting inflammatory cells and upregulating adhesion 

molecules (296, 297). All together it is clearly proven that VEGF-A have multiple 

important effects within the CNS.  

Since our group earlier reported a downregulation of VEGF-A mRNA 

expression in the spinal cord of an animal model of MS, (EAE), and reduced levels 

of VEGF-A in CSF from MS patients (298), we sought to confirm these results in a 

larger group of RRMS (n=65), SPMS (n=35) and controls with other neurological 

disease (n=68). Further we explored the biological significance behind changes in 

VEGF-A expression in MS patients with different clinical courses.  

We confirmed our previous findings and report a three- and eight-fold decrease 

of CSF VEGF-A in RRMS and SPMS, respectively, compared to controls. SPMS 

displayed a significant reduction of VEGF-A also in peripheral blood mononuclear 

cells (PBMCs) while RRMS patients had similar levels as controls. Analysis of 

VEGF-A protein in plasma revealed comparable levels as VEGF-A mRNA 

expression in PBMCs. In order to explore if VEGF-A production where subjected to 

genetic regulation we performed a large genetic association study on 1114 MS 

patients and 1234 controls analyzing six different SNPs in the VEGF-A gene, 

located on the chromosome 6p12. However we could not observe any association 

between VEGF-A gene variants and MS or VEGF-A mRNA expression. These 

results contrast to studies on the neurodegenerative diseases Amyloid Lateral 
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Sclerosis (ALS) and Alzheimers disease to which association in the VEGF-A gene 

has been found which also correlated to decreased levels of VEGF-A mRNA 

expression (299-301).  

Since the MS patients included in the genetic study only consisted of 6,8 % PPMS 

we were not able to perform meaningful statistical analysis in order to clarify if 

VEGF-A gene polymorphisms were associated with different subgroups of MS.      

 

FACS sorting on PBMCs from MS patients, followed by expression analysis of 

VEGF-A in the sorted cell populations revealed that the major source of VEGF-A 

mRNA was monocytes and to a minor level B-cells and CD8+ cells. The reduced 

level of PBMCs VEGF-A in SPMS was not a consequence of changes in the 

peripheral cellular composition, instead we observed that SPMS had an altered 

peripheral blood monocyte phenotype characterized by decreased expression of the 

monocytemarkers CD14, CD11b and CD163 which also correlated to VEGF-A 

expression. Measures of disease severity as EDSS, MSSS, disease duration and 

number of MRI lesions did not correlate to VEGF-A mRNA levels in PBMCs or 

CSF accordingly to another study (190).  

Two studies have earlier reported upregulation of VEGF-A in peripheral blood 

sampled from MS patients during relapse (190, 302) which also has been found in 

other autoimmune diseases during active disease phases (303). These results are in 

line with our results finding a trend of increased PBMCs VEGF-A in relapse 

compared to remission. This finding might reflect the well-known proinflammatory 

effect of VEGF-A, being able to activate proinflammatory cells and increase the 

permeability of the blood-brain barrier and hypothetically, increased levels of 

PBMCs VEGF-A might be part of the initiation of a clinical exacerbation (189, 296, 

297). In contrast, the observation of a prominent reduction in SPMS suggests that 

reduced levels of VEGF-A in PBMCs may serve as a biomarker for progressive MS. 

Regarding the CSF analysis, both RRMS and SPMS had decreased levels of 

VEGF-A in their CSF compared to controls which contrast to Proeshold et al. who 

reported upregulated VEGF-A mRNA expression in MS lesions from post-mortem 

brain (304). However that study only included ten plaques and since it is known that 

there is a large heterogeneity of MS plaques (305), VEGF-A expression might be 

different in plaques with different pattern. Also, since CSF measures represent a 

larger area of the brain and the fact that we repeatedly have found decreased levels 

of CSF VEGF-A in MS patients support our results.  
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Based on the evidence for VEGF-A as a neuroprotective and neurotrophic 

factor, it might be speculated that reduced levels of CSF VEGF-A may, as part of 

MS pathogenesis, slow down the restoration of injured neurons or contribute to the 

failed remyelination process (191, 306). Since SPMS is characterized by a 

prominent neurodegeneration and decreased levels of VEGF-A also has been found 

in the neurodegenerative diseases ALS and Alzheimer (299, 307) we suggest that 

this reflects neurodegeneration and not inflammation which also was supported by 

our observation that VEGF-A did not correlate to the expression of the pro-

inflammatory cytokines IFN-γ or IL-23.  

In summary, our study suggests that the involvement of VEGF-A in MS is 

complex. However reduced VEGF-A in PBMCs could serve as a biomarker for 

SPMS. In addition our findings indicate that monocytes or other mediators of the 

innate immune system may be investigated as targets for future therapeutics in 

progressive MS. In order to better elucidate the role of monocytes and innate 

immune mechanisms in MS we are planning to perform a more detailed 

characterization on sorted monocyte cell populations from different subgroups of 

MS patients.  

 

7.2.5 Variation in the IL7R α chain (IL7R) influences risk of MS  

(Paper V) 

 

This study was performed in collaboration with the group of Hillert. They had 

earlier reported an association of the IL7R gene, located on chromosome 5p13, and 

MS susceptibility in a smaller association study which was interesting since the 

IL7R gene also was identified as one of the candidate genes in the first whole-

genome scan in a mouse model of MS, experimental autoimmune encephalitis 

(EAE)(308). The IL7R gene codes for IL7Rα (CD127) which is a subunit of two 

different receptor complexes, the IL7R and the thymic stromal lymphopoietin 

receptor (TSLPR). The IL7R is expressed on T and B-cells and IL7-IL7R signaling 

is crucial for survival and proliferation of T-cells (309). TSLPR is expressed on 

thymic stromal cells to which TSLP binds with subsequent effects on the maturation 

and activation of dendritic cells (310). This knowledge warranted us to further 

analyze the potential of IL7R as a candidate gene in MS and assessed an 

independent case-control association study on a large material of MS patients and 

controls. 
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The IL7R gene was first genotyped with the three SNPs, that earlier had been 

associated with MS, in a Nordic material consisting of 1820 MS patients and 2634 

healthy controls and confirmed their association with MS. Subsequently the whole 

gene was fine mapped with 15 SNPs in 1210 MS patients and 1234 controls of 

Swedish origin. We found three SNPs with significant association with MS but only 

one SNP, located in exon 6 (rs6897932), survived statistical analysis on its 

independent association with MS. We estimated an etiologic fraction of 12% for 

IL7R in MS, based on the risk genotype of this SNP (rs6897932). 

Next we used the biobank for functional studies and performed mRNA 

expression analysis of the IL7R and its ligand IL7 in CSF and PBMCs from 75 MS 

patients and 48 controls consisting of patients with other neurological disease 

(OND). In addition 20 healthy controls were analyzed for IL7R and IL7 mRNA 

expression in PBMCs. We found a significant increase in expression of both IL7R 

and IL7 mRNA in CSF of MS patients compared to controls. The levels of IL7R and 

IL7 mRNA expression in PBMCs were comparable in both groups. No correlation 

between mRNA expression levels and the risk genotype of IL7R was observed 

which was in agreement with another study (311). The result from the expression 

analysis is important since it reflects a functional difference between MS patients 

and controls and thereby increases the validity of the IL7R gene as a true MS gene.  

 

 When this paper was published in 2007 our findings were confirmed by an 

accompanying paper of Gregory et al. and was at that time the first discovered 

convincing non-HLA gene associated with MS (69). These results have been 

confirmed in additional studies including a recent meta-analysis which demonstrated 

that the marker rs6987932 is one of the top marker for the IL7R gene and was 

estimated to confer a relative risk for MS of 1.20 ( p= 10-17) (73).  

 

Gregory et al. found that the risk IL7R genotype causes an alternative splicing 

which lead to increased production of the soluble form of IL7R in relation to the 

membrane bound IL7R (69). The soluble form of IL7R can bind IL7 but lacks the 

transmembrane domain and the biological function of this complex is not known. It 

can however be speculated to cause an impaired survival and proliferation of T-cells 

which might lead to a disturbed T-cell population and accumulation of autoreactive 

T-cells (312-314). In addition, the IL7R is important for development of regulatory 

T-cells (Tregs) which are important in suppression of autoimmune diseases (315). 
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Since it has been shown that peripheral Tregs are impaired in MS it might be 

hypothesized that this is a consequence of an impaired IL7-IL7R signaling (316). By 

contrast other researchers have reported that the soluble form of IL7R was over- 

expressed in progressive MS compared to RRMS irrespective of the genotype (311, 

317). These results might be supported by another study reporting that Treg 

functioning is more affected in RRMS compared to SPMS (318). Nonetheless, 

additional expression studies in different subgroups of MS patients are warranted in 

order to better elucidate this matter.  

 

 The association of IL7R gene variants and changed expression levels of IL7R 

and IL7 in MS supports that MS is an autoimmune disease and targeting the 

IL7/IL7R signaling pathway has recently been suggested as a potential therapeutic 

for transplantation which perhaps could be considered for MS (319). 
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8 CONCLUDING REMARKS  

 

We have established a validated MS biobank with clinical and paraclinical data 

of approximately 500 MS patients, 200 CIS patients and 700 controls. The sampling 

and data processing was performed according to a standardized procedure which 

was developed together with members of the European network for Biomarkers in 

MS, BioMS. This consistency will facilitate reliable results and collaborations 

between different MS labs.  

I applied the biobank for investigation of treatment complications in MS and for 

studies on biomarkers. 

The prescription of natalizumab is expected to increase in coming years, and the 

parallel introduction of other potent new up-coming MS treatments might anticipate 

an increase of PML cases to occur.  The identification of screening methods for 

PML development before, or during potent immunomodulatory treatment is of great 

concern and was attempted in Paper I. This study demonstrated that CSF analysis of 

JCV in treatment naive MS patients is not sufficient as a method for identifying risk 

patients, however, repeated analysis might be valuable during natalizumab treatment 

as a screening process. 

There is an urgent need to get trustworthy MS biomarkers in order to determine 

disease activity and predict neurological disability with the intention of optimizing 

and individualize treatment. Large well-characterized MS biobanks are essential for 

biomarker studies. 

Our results from Paper II suggests that decreased CSF NAA can be used as a 

measure of late neurodegeneration, i.e. burnt-out stages in MS but is less efficient 

for detection of axonal damage during early stages of disease. We also propose that 

NfL is a marker for early neurodegeneration correlated to inflammation and that 

NfH reflects late irreversible axonal injuries. Additionally, we conclude that panels 

of biomarkers increase the possibility to find abnormal levels in MS patients. This 

result emphasizes the use of multiple biomarker analysis in MS patients for more 

information on disease activity compared to single biomarker analysis. 

In Paper III we demonstrated that detection of anti-myelin antibodies in MS 

patients can be facilitated by using methods that detects native myelin antibodies 

which has advantages particularly early in disease when the myelin is less affected. 

We observed that MS patients had increased anti-myelin antibody reactivity in CSF 
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and that the levels correlated to MRI measures of MS. These findings suggest that 

increased CSF anti-myelin antibodies reflect inflammatory demyelinating activity 

and might assist identification of MS patients more prone to respond to therapeutics 

targeting B-cells. 

In Paper IV we put forward that VEGF-A may serve as a potential new 

biomarker for SPMS. Decreased levels of VEGF-A, distinguished SPMS from 

RRMS and controls in peripheral blood mononuclear cells. The downregulation of 

VEGF-A was found to be a consequence of an altered monocyte phenotype which 

supports the hypothesis that progressive MS is dominated by innate immune 

mechanisms and indicates a new target area for future MS treatments. In addition, in 

relation to the multiple properties that VEGF-A display in the CNS,  our findings of 

robust changes in VEGF-A levels in both peripheral blood and CSF in MS patients, 

support that VEGF-A might be involved in the pathogenesis of MS and  merits 

further investigations. 

Identification of genetic markers, i.e. genes associated with the risk of MS can 

add knowledge on important pathophysiological mechanisms in MS. In Paper V, we 

discovered a new MS gene, the IL7R gene which can be considered as a 

breakthrough in the search for MS genes since it was the first convincing non-HLA 

MS gene identified. Together with our functional studies, showing increased levels 

of IL7 and IL7R mRNA expression in CSF in MS patients, and the knowledge that 

IL7-IL7R signaling has crucial effects on T-cells maintenance, this study also 

present evidence that MS is an autoimmune disease. 

 

In summary, the outcome of my research work is a large source of body fluid 

samples and data from MS patients and controls which opens up for a vast number 

of research studies in a wide range of aspects of MS. Besides this, we contributed to 

knowledge about the JCV risk and PML in MS patients. Furthermore, several MS 

biomarkers have been characterized which may increase understanding of disease 

mechanisms in MS. For clinical praxis, this type of studies may provide information 

on disease activity and prediction of disability and may facilitate treatment decisions 

and monitoration in individual MS patients. 

 

 

 

 



 

52 

9 ACKNOWLEDGEMENTS 

 
I would like to thank 

 
My main supervisor, prof. Lou Brundin for accepting me as a PhD student. I am so 
happy and grateful that YOU became my supervisor!  You have a completely 
outstanding way to perform science, clinical practice and live your life which has 
taught me a lot. Your enthusiasm for research and your humour, kindness, 
intelligence and care for other people is inspiring and admirable. The way you have 
demonstrated research to me have made me understand that this is actually a field 
that I very much like and intend to spend a lot more time on – which I am very 
thankful and happy about.  

 
My co-supervisor Mohsen Khademi for teaching me excellent laboratory work and 
scientific thinking! Also, thank you so much for all help with labwork and for your 
patience during the experiments and for always making time for me - regarding both 
practical matters and for answering my questions (again). It has been true fun and 
educational to work with you!    

 
Prof. Tomas Olsson, for accepting me as a PhD student (twice) in your lab and for 
making the Neuroimmunology Unit to such a creative, inspiring and dynamic area to 
work at. 

 
Prof. Fredrik Piehl for all work and for giving me brilliant advice and help 
regarding both scientific and clinical matters. 

 
Doc. Lars-Olof Ronnevi, head of the Neurology Clinic, KS, Solna. Thank you for 
giving me the opportunity to do residency at this clinic, and that you have formed 
the clinic to a great workplace that provides high quality neurological care. 

 
Doc. Magnus Andersson, div. head of Neurology Clinic, Solna for your relaxed, 
friendly personality and for contributing to make our clinic to a great working place. 
All other nice colleagues at the Neurology Clinic, especially my dear room mates 
Nina W, Maria B and Karin W and also Cecilia, Jennie, Mathias, Katja, Liisa 
H, Olafur, for being my friends and Snorlaug and Ritva for always supporting us 
younger doctors and also Anne Z. for great clinical teaching and for being a lovely 
caring person and our secretary Åsa for great help regarding all kinds of practical 
issues. 

 
Emma Tham, thank you for all fantastic work, fun and great discussions! Hope to 
work with you also in the future. 

 
All nice and helpful members and former members at the Neuroimmunology lab 
and the Stemcell lab, especially Rux, and Cynthia (for friendship and support), 
Mikael Ström, Ingrid K, Maja J (in particular for all support during my EAE rat 



 

  53 

genetic time….), Ann-Marie for help with the biobank, Bob Harris, lab manager - 
for creating a relaxed and productive work area, Jonathan, Faiez, Rickard L,  
Erik W and prof. M Svensson for scientific advice and Britt x 2 for help with 
practical matters. 

 
Lisa Arvidsson – most of all for being a special friend but also for sharing the PhD 
life with me 

 
The MS team on floor 4, Neurology Clinic (RosMarie, Agneta, Sussie, Anna-
Maria, Conny, Åke, Inga)– you are fantastic! I am so happy and proud to be a part of 
our MS team. 

 
All members of the Rheumatology Unit, especially Petra A, Vivi and Nånnis. 

 
My co-authors Charlotte Teunissen, Mario Vogt, prof. J Hillert, prof. E Major for 
great collaborations. 

 
Doc. Johanna Adami, for being an inspiring mentor and friend, and for giving 
valuable advice. 

 
All my friends! In particular I would like to thank: Maggie, Laima, Silje, Karin H 
and Patrik D for long lasting true friendship! Karin I, Sara G, Patrik N, for 
making Medical school to a never forgetable time, for being wonderful friends, for 
lots of joy and for fantastic night clubbing. Also; Karin, thank you for being Zoës 
god mother and for being a unique friend. 

 
Arvids family:  Britt and Folke, Peter and my dear “sister in law” Leoine, Alida 
and Lea – thank you for being such wonderful “family-in law”. 

 
My sister Lotta, you are truly the best sister one can ever wish! I want to thank you 
for your enormous love, and for your brilliant, amusing and very intelligent way to 
discuss and support me regarding all important or not important issues in my life, 
both during happy and less happy times. I would also like to thank my dear “brother-
in-law” Pontus and your children Leo and Ludvig for the large happiness you bring 
in to my life. 

 
My parents, Ritha and Ulf. Thank you for all your endless love, support, interest 
and commitment in my life. For believing in me and showing me that everything is 
possible. Also, thank you for at all times putting me and my sister (and our children) 
in first line.  

 
Arvid, my love, thank you for your love, for believe in me, and for making our life 
together extraordinary. Thank you for being you, for always forcing me to see things 
in a different perspective, for teaching me to recognize “small” things in life and for 
lots of, lots of fun!! 

 
Zoë – my daughter, the world is so much better with you in it. Thank you for always 
making me very lucky, happy and greatful! 



 

54 

 
 

 
Studies included in this thesis were supported by Torsten and Ragnar Söderberg 

Foundation, the Swedish medical research council (2009-6240) and the Swedish 

Society for Neurologically Disabled. The Stockholm City Council (ALF), Biogen 

Idec and Sanofi Aventis enabled my research through salary grants. 

 



 

  55 

10 REFERENCES 

 
1. Rodriguez, M., A. Siva, J. Ward, K. Stolp-Smith, P. O'Brien, and L. Kurland. 1994. 

Impairment, disability, and handicap in multiple sclerosis: a population-based study in 
Olmsted County, Minnesota. Neurology 44:28-33. 

2. Berg, J., P. Lindgren, S. Fredrikson, and G. Kobelt. 2006. Costs and quality of life of 
multiple sclerosis in Sweden. Eur J Health Econ 7 Suppl 2:S75-85. 

3. Koch-Henriksen, N. 1995. Multiple sclerosis in Scandinavia and Finland. Acta Neurol 

Scand Suppl 161:55-59. 
4. Kurtzke, J. F. 1977. Geography in multiple sclerosis. J Neurol 215:1-26. 
5. Sundstrom, P., L. Nystrom, and L. Forsgren. 2001. Prevalence of multiple sclerosis in 

Vasterbotten County in northern Sweden. Acta Neurol Scand 103:214-218. 
6. Svenningsson, A., B. Runmarker, J. Lycke, and O. Andersen. 1990. Incidence of MS 

during two fifteen-year periods in the Gothenburg region of Sweden. Acta Neurol 

Scand 82:161-168. 
7. http://www.mssallskapet.se/. 
8. Poser, C. M., D. W. Paty, L. Scheinberg, W. I. McDonald, F. A. Davis, G. C. Ebers, K. 

P. Johnson, W. A. Sibley, D. H. Silberberg, and W. W. Tourtellotte. 1983. New 
diagnostic criteria for multiple sclerosis: guidelines for research protocols. Ann Neurol 

13:227-231. 
9. McDonald, W. I., A. Compston, G. Edan, D. Goodkin, H. P. Hartung, F. D. Lublin, H. 

F. McFarland, D. W. Paty, C. H. Polman, S. C. Reingold, M. Sandberg-Wollheim, W. 
Sibley, A. Thompson, S. van den Noort, B. Y. Weinshenker, and J. S. Wolinsky. 2001. 
Recommended diagnostic criteria for multiple sclerosis: guidelines from the 
International Panel on the diagnosis of multiple sclerosis. Ann Neurol 50:121-127. 

10. Miller, D., F. Barkhof, X. Montalban, A. Thompson, and M. Filippi. 2005. Clinically 
isolated syndromes suggestive of multiple sclerosis, part I: natural history, 
pathogenesis, diagnosis, and prognosis. Lancet Neurol 4:281-288. 

11. Confavreux, C., and S. Vukusic. 2006. Natural history of multiple sclerosis: a unifying 
concept. Brain 129:606-616. 

12. Comi, G. 2009. Shifting the paradigm toward earlier treatment of multiple sclerosis 
with interferon beta. Clin Ther 31:1142-1157. 

13. Polman, C. H., S. C. Reingold, G. Edan, M. Filippi, H. P. Hartung, L. Kappos, F. D. 
Lublin, L. M. Metz, H. F. McFarland, P. W. O'Connor, M. Sandberg-Wollheim, A. J. 
Thompson, B. G. Weinshenker, and J. S. Wolinsky. 2005. Diagnostic criteria for 
multiple sclerosis: 2005 revisions to the "McDonald Criteria". Ann Neurol 58:840-846. 

14. Jacobs, L. D., D. L. Cookfair, R. A. Rudick, R. M. Herndon, J. R. Richert, A. M. 
Salazar, J. S. Fischer, D. E. Goodkin, C. V. Granger, J. H. Simon, and et al. 1995. A 
phase III trial of intramuscular recombinant interferon beta as treatment for 
exacerbating-remitting multiple sclerosis: design and conduct of study and baseline 
characteristics of patients. Multiple Sclerosis Collaborative Research Group (MSCRG). 
Mult Scler 1:118-135. 

15. 1993. Interferon beta-1b is effective in relapsing-remitting multiple sclerosis. I. Clinical 
results of a multicenter, randomized, double-blind, placebo-controlled trial. The IFNB 
Multiple Sclerosis Study Group. Neurology 43:655-661. 

16. 1998. Randomised double-blind placebo-controlled study of interferon beta-1a in 
relapsing/remitting multiple sclerosis. PRISMS (Prevention of Relapses and Disability 
by Interferon beta-1a Subcutaneously in Multiple Sclerosis) Study Group. Lancet 

352:1498-1504. 
17. Martinelli Boneschi, F., M. Rovaris, K. P. Johnson, A. Miller, J. S. Wolinsky, D. 

Ladkani, G. Shifroni, G. Comi, and M. Filippi. 2003. Effects of glatiramer acetate on 
relapse rate and accumulated disability in multiple sclerosis: meta-analysis of three 
double-blind, randomized, placebo-controlled clinical trials. Mult Scler 9:349-355. 



 

56 

18. Lublin, F. D., and S. C. Reingold. 1996. Defining the clinical course of multiple 
sclerosis: results of an international survey. National Multiple Sclerosis Society (USA) 
Advisory Committee on Clinical Trials of New Agents in Multiple Sclerosis. 
Neurology 46:907-911. 

19. Okuda, D. T., E. M. Mowry, A. Beheshtian, E. Waubant, S. E. Baranzini, D. S. 
Goodin, S. L. Hauser, and D. Pelletier. 2009. Incidental MRI anomalies suggestive of 
multiple sclerosis: the radiologically isolated syndrome. Neurology 72:800-805. 

20. Noseworthy, J. H., C. Lucchinetti, M. Rodriguez, and B. G. Weinshenker. 2000. 
Multiple sclerosis. N Engl J Med 343:938-952. 

21. Weinshenker, B. G., B. Bass, G. P. Rice, J. Noseworthy, W. Carriere, J. Baskerville, 
and G. C. Ebers. 1989. The natural history of multiple sclerosis: a geographically based 
study. I. Clinical course and disability. Brain 112 ( Pt 1):133-146. 

22. Lublin, F. D. 2005. Clinical features and diagnosis of multiple sclerosis. Neurol Clin 

23:1-15, v. 
23. Youl, B. D., G. Turano, D. H. Miller, A. D. Towell, D. G. MacManus, S. G. Moore, S. 

J. Jones, G. Barrett, B. E. Kendall, I. F. Moseley, and et al. 1991. The pathophysiology 
of acute optic neuritis. An association of gadolinium leakage with clinical and 
electrophysiological deficits. Brain 114 ( Pt 6):2437-2450. 

24. Moreau, T., A. Coles, M. Wing, J. Isaacs, G. Hale, H. Waldmann, and A. Compston. 
1996. Transient increase in symptoms associated with cytokine release in patients with 
multiple sclerosis. Brain 119 ( Pt 1):225-237. 

25. McDonald, W. I., and T. A. Sears. 1969. Effect of demyelination on conduction in the 
central nervous system. Nature 221:182-183. 

26. Prineas, J. W., and R. G. Wright. 1978. Macrophages, lymphocytes, and plasma cells in 
the perivascular compartment in chronic multiple sclerosis. Lab Invest 38:409-421. 

27. Traugott, U., E. L. Reinherz, and C. S. Raine. 1983. Multiple sclerosis: distribution of 
T cell subsets within active chronic lesions. Science 219:308-310. 

28. Lucchinetti, C. F., J. Parisi, and W. Bruck. 2005. The pathology of multiple sclerosis. 
Neurol Clin 23:77-105, vi. 

29. Lucchinetti, C., W. Bruck, J. Parisi, B. Scheithauer, M. Rodriguez, and H. Lassmann. 
2000. Heterogeneity of multiple sclerosis lesions: implications for the pathogenesis of 
demyelination. Ann Neurol 47:707-717. 

30. Nesbit, G. M., G. S. Forbes, B. W. Scheithauer, H. Okazaki, and M. Rodriguez. 1991. 
Multiple sclerosis: histopathologic and MR and/or CT correlation in 37 cases at biopsy 
and three cases at autopsy. Radiology 180:467-474. 

31. McDonald, W. I. 2000. Relapse, remission, and progression in multiple sclerosis. N 

Engl J Med 343:1486-1487. 
32. Kuhlmann, T., G. Lingfeld, A. Bitsch, J. Schuchardt, and W. Bruck. 2002. Acute 

axonal damage in multiple sclerosis is most extensive in early disease stages and 
decreases over time. Brain 125:2202-2212. 

33. Trapp, B. D., J. Peterson, R. M. Ransohoff, R. Rudick, S. Mork, and L. Bo. 1998. 
Axonal transection in the lesions of multiple sclerosis. N Engl J Med 338:278-285. 

34. Reddy, H., S. Narayanan, R. Arnoutelis, M. Jenkinson, J. Antel, P. M. Matthews, and 
D. L. Arnold. 2000. Evidence for adaptive functional changes in the cerebral cortex 
with axonal injury from multiple sclerosis. Brain 123 ( Pt 11):2314-2320. 

35. Prineas, J. W., R. O. Barnard, T. Revesz, E. E. Kwon, L. Sharer, and E. S. Cho. 1993. 
Multiple sclerosis. Pathology of recurrent lesions. Brain 116 ( Pt 3):681-693. 

36. Miller, D. H., and S. M. Leary. 2007. Primary-progressive multiple sclerosis. Lancet 

Neurol 6:903-912. 
37. Montalban, X., J. Sastre-Garriga, M. Filippi, Z. Khaleeli, N. Tellez, M. M. Vellinga, C. 

Tur, B. Brochet, F. Barkhof, M. Rovaris, D. H. Miller, C. H. Polman, A. Rovira, and A. 
J. Thompson. 2009. Primary progressive multiple sclerosis diagnostic criteria: a 
reappraisal. Mult Scler. 

38. McDonnell, G. V., and S. A. Hawkins. 2002. Primary progressive multiple sclerosis: 
increasing clarity but many unanswered questions. J Neurol Sci 199:1-15. 

39. Cottrell, D. A., M. Kremenchutzky, G. P. Rice, W. Hader, J. Baskerville, and G. C. 
Ebers. 1999. The natural history of multiple sclerosis: a geographically based study. 6. 



 

  57 

Applications to planning and interpretation of clinical therapeutic trials in primary 
progressive multiple sclerosis. Brain 122 ( Pt 4):641-647. 

40. Lucchinetti, C. F., W. Bruck, and H. Lassmann. 2004. Evidence for pathogenic 
heterogeneity in multiple sclerosis. Ann Neurol 56:308. 

41. Lucchinetti, C., and W. Bruck. 2004. The pathology of primary progressive multiple 
sclerosis. Mult Scler 10 Suppl 1:S23-30. 

42. van Walderveen, M. A., W. Kamphorst, P. Scheltens, J. H. van Waesberghe, R. Ravid, 
J. Valk, C. H. Polman, and F. Barkhof. 1998. Histopathologic correlate of hypointense 
lesions on T1-weighted spin-echo MRI in multiple sclerosis. Neurology 50:1282-1288. 

43. van Waesberghe, J. H., W. Kamphorst, C. J. De Groot, M. A. van Walderveen, J. A. 
Castelijns, R. Ravid, G. J. Lycklama a Nijeholt, P. van der Valk, C. H. Polman, A. J. 
Thompson, and F. Barkhof. 1999. Axonal loss in multiple sclerosis lesions: magnetic 
resonance imaging insights into substrates of disability. Ann Neurol 46:747-754. 

44. Martola, J., J. Bergstrom, S. Fredrikson, L. Stawiarz, J. Hillert, Y. Zhang, O. Flodmark, 
A. Lilja, A. Ekbom, P. Aspelin, and M. K. Wiberg. 2009. A longitudinal observational 
study of brain atrophy rate reflecting four decades of multiple sclerosis: a comparison 
of serial 1D, 2D, and volumetric measurements from MRI images. Neuroradiology. 

45. Fisher, E., R. A. Rudick, J. H. Simon, G. Cutter, M. Baier, J. C. Lee, D. Miller, B. 
Weinstock-Guttman, M. K. Mass, D. S. Dougherty, and N. A. Simonian. 2002. Eight-
year follow-up study of brain atrophy in patients with MS. Neurology 59:1412-1420. 

46. Bjartmar, C., G. Kidd, S. Mork, R. Rudick, and B. D. Trapp. 2000. Neurological 
disability correlates with spinal cord axonal loss and reduced N-acetyl aspartate in 
chronic multiple sclerosis patients. Ann Neurol 48:893-901. 

47. Bo, L., T. M. Dawson, S. Wesselingh, S. Mork, S. Choi, P. A. Kong, D. Hanley, and B. 
D. Trapp. 1994. Induction of nitric oxide synthase in demyelinating regions of multiple 
sclerosis brains. Ann Neurol 36:778-786. 

48. Davie, C. A., N. C. Silver, G. J. Barker, P. S. Tofts, A. J. Thompson, W. I. McDonald, 
and D. H. Miller. 1999. Does the extent of axonal loss and demyelination from chronic 
lesions in multiple sclerosis correlate with the clinical subgroup? J Neurol Neurosurg 

Psychiatry 67:710-715. 
49. Babbe, H., A. Roers, A. Waisman, H. Lassmann, N. Goebels, R. Hohlfeld, M. Friese, 

R. Schroder, M. Deckert, S. Schmidt, R. Ravid, and K. Rajewsky. 2000. Clonal 
expansions of CD8(+) T cells dominate the T cell infiltrate in active multiple sclerosis 
lesions as shown by micromanipulation and single cell polymerase chain reaction. J 

Exp Med 192:393-404. 
50. Lu, F., M. Selak, J. O'Connor, S. Croul, C. Lorenzana, C. Butunoi, and B. Kalman. 

2000. Oxidative damage to mitochondrial DNA and activity of mitochondrial enzymes 
in chronic active lesions of multiple sclerosis. J Neurol Sci 177:95-103. 

51. Ge, Y., R. I. Grossman, J. K. Udupa, J. S. Babb, L. J. Mannon, and J. C. McGowan. 
2002. Magnetization transfer ratio histogram analysis of normal-appearing gray matter 
and normal-appearing white matter in multiple sclerosis. J Comput Assist Tomogr 

26:62-68. 
52. Bo, L., C. A. Vedeler, H. I. Nyland, B. D. Trapp, and S. J. Mork. 2003. Subpial 

demyelination in the cerebral cortex of multiple sclerosis patients. J Neuropathol Exp 

Neurol 62:723-732. 
53. Alter, M., E. Kahana, and R. Loewenson. 1978. Migration and risk of multiple 

sclerosis. Neurology 28:1089-1093. 
54. Dean, G., and J. F. Kurtzke. 1971. On the risk of multiple sclerosis according to age at 

immigration to South Africa. Br Med J 3:725-729. 
55. Compston, D. A., B. N. Vakarelis, E. Paul, W. I. McDonald, J. R. Batchelor, and C. A. 

Mims. 1986. Viral infection in patients with multiple sclerosis and HLA-DR matched 
controls. Brain 109 ( Pt 2):325-344. 

56. Ahlgren, C., J. Taranger, L. Johansson, and O. Andersen. 2002. Elimination of 
childhood diseases: possible influence on the incidence of multiple sclerosis soon 
detectable. Neuroepidemiology 21:306-309. 



 

58 

57. Sundstrom, P., P. Juto, G. Wadell, G. Hallmans, A. Svenningsson, L. Nystrom, J. 
Dillner, and L. Forsgren. 2004. An altered immune response to Epstein-Barr virus in 
multiple sclerosis: a prospective study. Neurology 62:2277-2282. 

58. Pierrot-Deseilligny, C. 2009. Clinical implications of a possible role of vitamin D in 
multiple sclerosis. J Neurol 256:1468-1479. 

59. Acheson, E. D., C. A. Bachrach, and F. M. Wright. 1960. Some comments on the 
relationship of the distribution of multiple sclerosis to latitude, solar radiation, and 
other variables. Acta Psychiatr Scand Suppl 35:132-147. 

60. Hedstrom, A. K., M. Baarnhielm, T. Olsson, and L. Alfredsson. 2009. Tobacco 
smoking, but not Swedish snuff use, increases the risk of multiple sclerosis. Neurology 

73:696-701. 
61. Ascherio, A., and K. L. Munger. 2007. Environmental risk factors for multiple 

sclerosis. Part II: Noninfectious factors. Ann Neurol 61:504-513. 
62. Sadovnick, A. D., H. Armstrong, G. P. Rice, D. Bulman, L. Hashimoto, D. W. Paty, S. 

A. Hashimoto, S. Warren, W. Hader, T. J. Murray, and et al. 1993. A population-based 
study of multiple sclerosis in twins: update. Ann Neurol 33:281-285. 

63. Sadovnick, A. D., P. A. Baird, and R. H. Ward. 1988. Multiple sclerosis: updated risks 
for relatives. Am J Med Genet 29:533-541. 

64. Ebers, G. C., I. M. Yee, A. D. Sadovnick, and P. Duquette. 2000. Conjugal multiple 
sclerosis: population-based prevalence and recurrence risks in offspring. Canadian 
Collaborative Study Group. Ann Neurol 48:927-931. 

65. Jersild, C., A. Svejgaard, and T. Fog. 1972. HL-A antigens and multiple sclerosis. 
Lancet 1:1240-1241. 

66. Hillert, J., and O. Olerup. 1993. Multiple sclerosis is associated with genes within or 
close to the HLA-DR-DQ subregion on a normal DR15,DQ6,Dw2 haplotype. 
Neurology 43:163-168. 

67. Hillert, J. 1994. Human leukocyte antigen studies in multiple sclerosis. Ann Neurol 36 
Suppl:S15-17. 

68. Brynedal, B., K. Duvefelt, G. Jonasdottir, I. M. Roos, E. Akesson, J. Palmgren, and J. 
Hillert. 2007. HLA-A confers an HLA-DRB1 independent influence on the risk of 
multiple sclerosis. PLoS One 2:e664. 

69. Gregory, S. G., S. Schmidt, P. Seth, J. R. Oksenberg, J. Hart, A. Prokop, S. J. Caillier, 
M. Ban, A. Goris, L. F. Barcellos, R. Lincoln, J. L. McCauley, S. J. Sawcer, D. A. 
Compston, B. Dubois, S. L. Hauser, M. A. Garcia-Blanco, M. A. Pericak-Vance, and J. 
L. Haines. 2007. Interleukin 7 receptor alpha chain (IL7R) shows allelic and functional 
association with multiple sclerosis. Nat Genet 39:1083-1091. 

70. Weber, F., B. Fontaine, I. Cournu-Rebeix, A. Kroner, M. Knop, S. Lutz, F. Muller-
Sarnowski, M. Uhr, T. Bettecken, M. Kohli, S. Ripke, M. Ising, P. Rieckmann, D. 
Brassat, G. Semana, M. C. Babron, S. Mrejen, C. Gout, O. Lyon-Caen, J. Yaouanq, G. 
Edan, M. Clanet, F. Holsboer, F. Clerget-Darpoux, and B. Muller-Myhsok. 2008. 
IL2RA and IL7RA genes confer susceptibility for multiple sclerosis in two 
independent European populations. Genes Immun 9:259-263. 

71. Hafler, D. A., A. Compston, S. Sawcer, E. S. Lander, M. J. Daly, P. L. De Jager, P. I. 
de Bakker, S. B. Gabriel, D. B. Mirel, A. J. Ivinson, M. A. Pericak-Vance, S. G. 
Gregory, J. D. Rioux, J. L. McCauley, J. L. Haines, L. F. Barcellos, B. Cree, J. R. 
Oksenberg, and S. L. Hauser. 2007. Risk alleles for multiple sclerosis identified by a 
genomewide study. N Engl J Med 357:851-862. 

72. Harley, J. B. 2007. IL-7Ralpha and multiple sclerosis risk. Nat Genet 39:1053-1054. 
73. De Jager, P. L., X. Jia, J. Wang, P. I. de Bakker, L. Ottoboni, N. T. Aggarwal, L. 

Piccio, S. Raychaudhuri, D. Tran, C. Aubin, R. Briskin, S. Romano, S. E. Baranzini, J. 
L. McCauley, M. A. Pericak-Vance, J. L. Haines, R. A. Gibson, Y. Naeglin, B. 
Uitdehaag, P. M. Matthews, L. Kappos, C. Polman, W. L. McArdle, D. P. Strachan, D. 
Evans, A. H. Cross, M. J. Daly, A. Compston, S. J. Sawcer, H. L. Weiner, S. L. Hauser, 
D. A. Hafler, and J. R. Oksenberg. 2009. Meta-analysis of genome scans and 
replication identify CD6, IRF8 and TNFRSF1A as new multiple sclerosis susceptibility 
loci. Nat Genet 41:776-782. 



 

  59 

74. 2009. Comprehensive follow-up of the first genome-wide association study of multiple 
sclerosis identifies KIF21B and TMEM39A as susceptibility loci. Hum Mol Genet. 

75. Amirzargar, A. A., A. Tabasi, F. Khosravi, A. Kheradvar, N. Rezaei, M. Naroueynejad, 
B. Ansaripour, B. Moradi, and B. Nikbin. 2005. Optic neuritis, multiple sclerosis and 
human leukocyte antigen: results of a 4-year follow-up study. Eur J Neurol 12:25-30. 

76. Smestad, C., B. Brynedal, G. Jonasdottir, A. R. Lorentzen, T. Masterman, E. Akesson, 
A. Spurkland, B. A. Lie, J. Palmgren, E. G. Celius, J. Hillert, and H. F. Harbo. 2007. 
The impact of HLA-A and -DRB1 on age at onset, disease course and severity in 
Scandinavian multiple sclerosis patients. Eur J Neurol 14:835-840. 

77. De Jager, P. L., L. B. Chibnik, J. Cui, J. Reischl, S. Lehr, K. C. Simon, C. Aubin, D. 
Bauer, J. F. Heubach, R. Sandbrink, M. Tyblova, P. Lelkova, E. Havrdova, C. Pohl, D. 
Horakova, A. Ascherio, D. A. Hafler, and E. W. Karlson. 2009. Integration of genetic 
risk factors into a clinical algorithm for multiple sclerosis susceptibility: a weighted 
genetic risk score. Lancet Neurol 8:1111-1119. 

78. Gardler, R. 2005. Neurologic Clinics. In Mutliple Sclerosis, February 2005 ed. 
Saunders, Elevier Inc. 149-175. 

79. Davidson, A., and B. Diamond. 2001. Autoimmune diseases. N Engl J Med 345:340-
350. 

80. Olsson, T., W. W. Zhi, B. Hojeberg, V. Kostulas, Y. P. Jiang, G. Anderson, H. P. Ekre, 
and H. Link. 1990. Autoreactive T lymphocytes in multiple sclerosis determined by 
antigen-induced secretion of interferon-gamma. J Clin Invest 86:981-985. 

81. Olsson, T., S. Baig, B. Hojeberg, and H. Link. 1990. Antimyelin basic protein and 
antimyelin antibody-producing cells in multiple sclerosis. Ann Neurol 27:132-136. 

82. Sun, J. B., T. Olsson, W. Z. Wang, B. G. Xiao, V. Kostulas, S. Fredrikson, H. P. Ekre, 
and H. Link. 1991. Autoreactive T and B cells responding to myelin proteolipid protein 
in multiple sclerosis and controls. Eur J Immunol 21:1461-1468. 

83. Vogt, M. H., C. E. Teunissen, E. Iacobaeus, D. A. Heijnen, E. C. Breij, T. Olsson, L. 
Brundin, J. Killestein, and C. D. Dijkstra. 2009. Cerebrospinal fluid anti-myelin 
antibodies are related to magnetic resonance measures of disease activity in multiple 
sclerosis. J Neurol Neurosurg Psychiatry 80:1110-1115. 

84. Link, H., S. Baig, O. Olsson, Y. P. Jiang, B. Hojeberg, and T. Olsson. 1990. Persistent 
anti-myelin basic protein IgG antibody response in multiple sclerosis cerebrospinal 
fluid. J Neuroimmunol 28:237-248. 

85. Krishnamoorthy, G., A. Holz, and H. Wekerle. 2007. Experimental models of 
spontaneous autoimmune disease in the central nervous system. J Mol Med 85:1161-
1173. 

86. Baron, J. L., J. A. Madri, N. H. Ruddle, G. Hashim, and C. A. Janeway, Jr. 1993. 
Surface expression of alpha 4 integrin by CD4 T cells is required for their entry into 
brain parenchyma. J Exp Med 177:57-68. 

87. Fehervari, Z., and S. Sakaguchi. 2004. CD4+ Tregs and immune control. J Clin Invest 

114:1209-1217. 
88. Piccirillo, C. A., E. d'Hennezel, E. Sgouroudis, and E. Yurchenko. 2008. CD4+Foxp3+ 

regulatory T cells in the control of autoimmunity: in vivo veritas. Curr Opin Immunol 

20:655-662. 
89. Rovaris, M., C. Confavreux, R. Furlan, L. Kappos, G. Comi, and M. Filippi. 2006. 

Secondary progressive multiple sclerosis: current knowledge and future challenges. 
Lancet Neurol 5:343-354. 

90. Lopez-Diego, R. S., and H. L. Weiner. 2008. Novel therapeutic strategies for multiple 
sclerosis--a multifaceted adversary. Nat Rev Drug Discov 7:909-925. 

91. Trapp, B. D., and K. A. Nave. 2008. Multiple sclerosis: an immune or 
neurodegenerative disorder? Annu Rev Neurosci 31:247-269. 

92. Kornek, B., M. K. Storch, R. Weissert, E. Wallstroem, A. Stefferl, T. Olsson, C. 
Linington, M. Schmidbauer, and H. Lassmann. 2000. Multiple sclerosis and chronic 
autoimmune encephalomyelitis: a comparative quantitative study of axonal injury in 
active, inactive, and remyelinated lesions. Am J Pathol 157:267-276. 

93. Bjartmar, C., R. P. Kinkel, G. Kidd, R. A. Rudick, and B. D. Trapp. 2001. Axonal loss 
in normal-appearing white matter in a patient with acute MS. Neurology 57:1248-1252. 



 

60 

94. Miller, D. H., F. Barkhof, J. A. Frank, G. J. Parker, and A. J. Thompson. 2002. 
Measurement of atrophy in multiple sclerosis: pathological basis, methodological 
aspects and clinical relevance. Brain 125:1676-1695. 

95. Barnett, M. H., and J. W. Prineas. 2004. Relapsing and remitting multiple sclerosis: 
pathology of the newly forming lesion. Ann Neurol 55:458-468. 

96. Zipp, F., and O. Aktas. 2006. The brain as a target of inflammation: common pathways 
link inflammatory and neurodegenerative diseases. Trends Neurosci 29:518-527. 

97. Gideon, P., C. Thomsen, F. Gjerris, P. S. Sorensen, and O. Henriksen. 1994. Increased 
self-diffusion of brain water in hydrocephalus measured by MR imaging. Acta Radiol 

35:514-519. 
98. Brown, P. D., S. L. Davies, T. Speake, and I. D. Millar. 2004. Molecular mechanisms 

of cerebrospinal fluid production. Neuroscience 129:957-970. 
99. May, C., J. A. Kaye, J. R. Atack, M. B. Schapiro, R. P. Friedland, and S. I. Rapoport. 

1990. Cerebrospinal fluid production is reduced in healthy aging. Neurology 40:500-
503. 

100. Strik, C., U. Klose, M. Erb, H. Strik, and W. Grodd. 2002. Intracranial oscillations of 
cerebrospinal fluid and blood flows: analysis with magnetic resonance imaging. J 

Magn Reson Imaging 15:251-258. 
101. Goetz, C. G. 2003. Textbook of Clinical Neurology. Elsevier Science Saunders, 

Philadelphia, Pennsylvania. 
102. Weller, R. O., E. Djuanda, H. Y. Yow, and R. O. Carare. 2009. Lymphatic drainage of 

the brain and the pathophysiology of neurological disease. Acta Neuropathol 117:1-14. 
103. Weed, L. H. 1938. Meninges and Cerebrospinal Fluid. J Anat 72:181-215. 
104. Di Chiro, G. 1966. Observations on the circulation of the cerebrospinal fluid. Acta 

Radiol Diagn (Stockh) 5:988-1002. 
105. Welch, K., and V. Friedman. 1960. The cerebrospinal fluid valves. Brain 83:454-469. 
106. Greitz, D., and J. Hannerz. 1996. A proposed model of cerebrospinal fluid circulation: 

observations with radionuclide cisternography. AJNR Am J Neuroradiol 17:431-438. 
107. Manni, E., and L. Petrosini. 1997. Domenico Cotugno, a pioneer in neurosciences. J 

Hist Neurosci 6:124-132. 
108. Reiber, H. 2003. Proteins in cerebrospinal fluid and blood: barriers, CSF flow rate and 

source-related dynamics. Restor Neurol Neurosci 21:79-96. 
109. Thomson, E. 2005. Analysis & interpretation in the diagnosis and treatment of 

neurological disease. Elsevier, Amsterdam. 
110. Reiber, H., and J. B. Peter. 2001. Cerebrospinal fluid analysis: disease-related data 

patterns and evaluation programs. J Neurol Sci 184:101-122. 
111. Svenningsson, A., O. Andersen, M. Edsbagge, and S. Stemme. 1995. Lymphocyte 

phenotype and subset distribution in normal cerebrospinal fluid. J Neuroimmunol 

63:39-46. 
112. Svenningsson, A., G. K. Hansson, O. Andersen, R. Andersson, M. Patarroyo, and S. 

Stemme. 1993. Adhesion molecule expression on cerebrospinal fluid T lymphocytes: 
evidence for common recruitment mechanisms in multiple sclerosis, aseptic meningitis, 
and normal controls. Ann Neurol 34:155-161. 

113. Meinl, E., M. Krumbholz, and R. Hohlfeld. 2006. B lineage cells in the inflammatory 
central nervous system environment: migration, maintenance, local antibody 
production, and therapeutic modulation. Ann Neurol 59:880-892. 

114. Kivisakk, P., D. J. Mahad, M. K. Callahan, C. Trebst, B. Tucky, T. Wei, L. Wu, E. S. 
Baekkevold, H. Lassmann, S. M. Staugaitis, J. J. Campbell, and R. M. Ransohoff. 
2003. Human cerebrospinal fluid central memory CD4+ T cells: evidence for 
trafficking through choroid plexus and meninges via P-selectin. Proc Natl Acad Sci U S 

A 100:8389-8394. 
115. Engelhardt, B., and L. Sorokin. 2009. The blood-brain and the blood-cerebrospinal 

fluid barriers: function and dysfunction. Semin Immunopathol. 
116. Ransohoff, R. M., P. Kivisakk, and G. Kidd. 2003. Three or more routes for leukocyte 

migration into the central nervous system. Nat Rev Immunol 3:569-581. 
117. Pardridge, W. M. 2007. Brain drug development and brain drug targeting. Pharm Res 

24:1729-1732. 



 

  61 

118. Reiber, H. 2001. Dynamics of brain-derived proteins in cerebrospinal fluid. Clin Chim 

Acta 310:173-186. 
119. Engelhardt, B. 2008. The blood-central nervous system barriers actively control 

immune cell entry into the central nervous system. Curr Pharm Des 14:1555-1565. 
120. Woodfin, A., M. B. Voisin, B. A. Imhof, E. Dejana, B. Engelhardt, and S. Nourshargh. 

2009. Endothelial cell activation leads to neutrophil transmigration as supported by the 
sequential roles of ICAM-2, JAM-A, and PECAM-1. Blood 113:6246-6257. 

121. Freedman, M. S., E. J. Thompson, F. Deisenhammer, G. Giovannoni, G. Grimsley, G. 
Keir, S. Ohman, M. K. Racke, M. Sharief, C. J. Sindic, F. Sellebjerg, and W. W. 
Tourtellotte. 2005. Recommended standard of cerebrospinal fluid analysis in the 
diagnosis of multiple sclerosis: a consensus statement. Arch Neurol 62:865-870. 

122. Cepok, S., M. Jacobsen, S. Schock, B. Omer, S. Jaekel, I. Boddeker, W. H. Oertel, N. 
Sommer, and B. Hemmer. 2001. Patterns of cerebrospinal fluid pathology correlate 
with disease progression in multiple sclerosis. Brain 124:2169-2176. 

123. Olsson, T. 1995. Cytokine-producing cells in experimental autoimmune 
encephalomyelitis and multiple sclerosis. Neurology 45:S11-15. 

124. Oreja-Guevara, C., E. Sindern, M. Raulf-Heimsoth, and J. P. Malin. 1998. Analysis of 
lymphocyte subpopulations in cerebrospinal fluid and peripheral blood in patients with 
multiple sclerosis and inflammatory diseases of the nervous system. Acta Neurol Scand 

98:310-313. 
125. Wallstrom, E., M. Khademi, M. Andersson, and T. Olsson. 2000. Increased numbers of 

mononuclear cells from blood and CSF expressing interferon-gamma mRNA in 
multiple sclerosis are from both the CD4+ and the CD8+ subsets. Eur J Neurol 7:71-
76. 

126. Andersson, M., J. Alvarez-Cermeno, G. Bernardi, I. Cogato, P. Fredman, J. 
Frederiksen, S. Fredrikson, P. Gallo, L. M. Grimaldi, M. Gronning, and et al. 1994. 
Cerebrospinal fluid in the diagnosis of multiple sclerosis: a consensus report. J Neurol 

Neurosurg Psychiatry 57:897-902. 
127. Franciotta, D., M. Salvetti, F. Lolli, B. Serafini, and F. Aloisi. 2008. B cells and 

multiple sclerosis. Lancet Neurol 7:852-858. 
128. Teunissen, C. E., A. Petzold, J. L. Bennett, F. S. Berven, L. Brundin, M. Comabella, D. 

Franciotta, J. L. Frederiksen, J. O. Fleming, R. Furlan, R. Q. Hintzen, S. G. Hughes, M. 
H. Johnson, E. Krasulova, J. Kuhle, M. C. Magnone, C. Rajda, K. Rejdak, H. K. 
Schmidt, V. van Pesch, E. Waubant, C. Wolf, G. Giovannoni, B. Hemmer, H. Tumani, 
and F. Deisenhammer. 2009. A consensus protocol for the standardization of 
cerebrospinal fluid collection and biobanking. Neurology 73:1914-1922. 

129. Awad, A., B. Hemmer, H. P. Hartung, B. Kieseier, J. L. Bennett, and O. Stuve. 2009. 
Analyses of cerebrospinal fluid in the diagnosis and monitoring of multiple sclerosis. J 

Neuroimmunol. 
130. Martin, R., B. Bielekova, R. Hohlfeld, and U. Utz. 2006. Biomarkers in multiple 

sclerosis. Dis Markers 22:183-185. 
131. Teunissen, C. E., C. Dijkstra, and C. Polman. 2005. Biological markers in CSF and 

blood for axonal degeneration in multiple sclerosis. Lancet Neurol 4:32-41. 
132. Kurtzke, J. F. 1983. Rating neurologic impairment in multiple sclerosis: an expanded 

disability status scale (EDSS). Neurology 33:1444-1452. 
133. Cutter, G. R., M. L. Baier, R. A. Rudick, D. L. Cookfair, J. S. Fischer, J. Petkau, K. 

Syndulko, B. G. Weinshenker, J. P. Antel, C. Confavreux, G. W. Ellison, F. Lublin, A. 
E. Miller, S. M. Rao, S. Reingold, A. Thompson, and E. Willoughby. 1999. 
Development of a multiple sclerosis functional composite as a clinical trial outcome 
measure. Brain 122 ( Pt 5):871-882. 

134. Roxburgh, R. H., S. R. Seaman, T. Masterman, A. E. Hensiek, S. J. Sawcer, S. 
Vukusic, I. Achiti, C. Confavreux, M. Coustans, E. le Page, G. Edan, G. V. 
McDonnell, S. Hawkins, M. Trojano, M. Liguori, E. Cocco, M. G. Marrosu, F. Tesser, 
M. A. Leone, A. Weber, F. Zipp, B. Miterski, J. T. Epplen, A. Oturai, P. S. Sorensen, 
E. G. Celius, N. T. Lara, X. Montalban, P. Villoslada, A. M. Silva, M. Marta, I. Leite, 
B. Dubois, J. Rubio, H. Butzkueven, T. Kilpatrick, M. P. Mycko, K. W. Selmaj, M. E. 
Rio, M. Sa, G. Salemi, G. Savettieri, J. Hillert, and D. A. Compston. 2005. Multiple 



 

62 

Sclerosis Severity Score: using disability and disease duration to rate disease severity. 
Neurology 64:1144-1151. 

135. Bielekova, B., and R. Martin. 2004. Development of biomarkers in multiple sclerosis. 
Brain 127:1463-1478. 

136. Barkhof, F. 2002. The clinico-radiological paradox in multiple sclerosis revisited. Curr 

Opin Neurol 15:239-245. 
137. Harris, V. K., and S. A. Sadiq. 2009. Disease biomarkers in multiple sclerosis: potential 

for use in therapeutic decision making. Mol Diagn Ther 13:225-244. 
138. Barkhof, F., P. Scheltens, S. T. Frequin, J. J. Nauta, M. W. Tas, J. Valk, and O. R. 

Hommes. 1992. Relapsing-remitting multiple sclerosis: sequential enhanced MR 
imaging vs clinical findings in determining disease activity. AJR Am J Roentgenol 

159:1041-1047. 
139. Miller, D. H., F. Barkhof, and J. J. Nauta. 1993. Gadolinium enhancement increases the 

sensitivity of MRI in detecting disease activity in multiple sclerosis. Brain 116 ( Pt 
5):1077-1094. 

140. Hobart, J. C., A. Riazi, D. L. Lamping, R. Fitzpatrick, and A. J. Thompson. 2004. 
Improving the evaluation of therapeutic interventions in multiple sclerosis: 
development of a patient-based measure of outcome. Health Technol Assess 8:iii, 1-48. 

141. Bruck, W., A. Bitsch, H. Kolenda, Y. Bruck, M. Stiefel, and H. Lassmann. 1997. 
Inflammatory central nervous system demyelination: correlation of magnetic resonance 
imaging findings with lesion pathology. Ann Neurol 42:783-793. 

142. Li, D. K., G. J. Zhao, and D. W. Paty. 2001. Randomized controlled trial of interferon-
beta-1a in secondary progressive MS: MRI results. Neurology 56:1505-1513. 

143. Paolillo, A., A. J. Coles, P. D. Molyneux, M. Gawne-Cain, D. MacManus, G. J. Barker, 
D. A. Compston, and D. H. Miller. 1999. Quantitative MRI in patients with secondary 
progressive MS treated with monoclonal antibody Campath 1H. Neurology 53:751-
757. 

144. Kurtzke, J. F., G. W. Beebe, B. Nagler, L. T. Kurland, and T. L. Auth. 1977. Studies on 
the natural history of multiple sclerosis--8. Early prognostic features of the later course 
of the illness. J Chronic Dis 30:819-830. 

145. Confavreux, C., G. Aimard, and M. Devic. 1980. Course and prognosis of multiple 
sclerosis assessed by the computerized data processing of 349 patients. Brain 103:281-
300. 

146. Weinshenker, B. G., G. P. Rice, J. H. Noseworthy, W. Carriere, J. Baskerville, and G. 
C. Ebers. 1991. The natural history of multiple sclerosis: a geographically based study. 
3. Multivariate analysis of predictive factors and models of outcome. Brain 114 ( Pt 
2):1045-1056. 

147. Levic, Z. M., I. Dujmovic, T. Pekmezovic, M. Jarebinski, J. Marinkovic, N. 
Stojsavljevic, and J. Drulovic. 1999. Prognostic factors for survival in multiple 
sclerosis. Mult Scler 5:171-178. 

148. Eriksson, M., O. Andersen, and B. Runmarker. 2003. Long-term follow up of patients 
with clinically isolated syndromes, relapsing-remitting and secondary progressive 
multiple sclerosis. Mult Scler 9:260-274. 

149. Confavreux, C., S. Vukusic, T. Moreau, and P. Adeleine. 2000. Relapses and 
progression of disability in multiple sclerosis. N Engl J Med 343:1430-1438. 

150. Giovannoni, G. 2006. Multiple sclerosis cerebrospinal fluid biomarkers. Dis Markers 

22:187-196. 
151. Rieckmann, P., B. Altenhofen, A. Riegel, B. Kallmann, and K. Felgenhauer. 1998. 

Correlation of soluble adhesion molecules in blood and cerebrospinal fluid with 
magnetic resonance imaging activity in patients with multiple sclerosis. Mult Scler 

4:178-182. 
152. Nilsson, C., F. Stahlberg, C. Thomsen, O. Henriksen, M. Herning, and C. Owman. 

1992. Circadian variation in human cerebrospinal fluid production measured by 
magnetic resonance imaging. Am J Physiol 262:R20-24. 

153. Blennow, K., P. Fredman, A. Wallin, C. G. Gottfries, G. Langstrom, and L. 
Svennerholm. 1993. Protein analyses in cerebrospinal fluid. I. Influence of 



 

  63 

concentration gradients for proteins on cerebrospinal fluid/serum albumin ratio. Eur 

Neurol 33:126-128. 
154. Hillert, J. 2009. The Genetics of Multiple Sclerosis. Results Probl Cell Differ. 
155. Lundmark, F., K. Duvefelt, E. Iacobaeus, I. Kockum, E. Wallstrom, M. Khademi, A. 

Oturai, L. P. Ryder, J. Saarela, H. F. Harbo, E. G. Celius, H. Salter, T. Olsson, and J. 
Hillert. 2007. Variation in interleukin 7 receptor alpha chain (IL7R) influences risk of 
multiple sclerosis. Nat Genet 39:1108-1113. 

156. Hoppenbrouwers, I. A., Y. S. Aulchenko, A. C. Janssens, S. V. Ramagopalan, L. Broer, 
M. Kayser, G. C. Ebers, B. A. Oostra, C. M. van Duijn, and R. Q. Hintzen. 2009. 
Replication of CD58 and CLEC16A as genome-wide significant risk genes for multiple 
sclerosis. J Hum Genet 54:676-680. 

157. Aulchenko, Y. S., I. A. Hoppenbrouwers, S. V. Ramagopalan, L. Broer, N. Jafari, J. 
Hillert, J. Link, W. Lundstrom, E. Greiner, A. Dessa Sadovnick, D. Goossens, C. Van 
Broeckhoven, J. Del-Favero, G. C. Ebers, B. A. Oostra, C. M. van Duijn, and R. Q. 
Hintzen. 2008. Genetic variation in the KIF1B locus influences susceptibility to 
multiple sclerosis. Nat Genet 40:1402-1403. 

158. Masterman, T., A. Ligers, T. Olsson, M. Andersson, O. Olerup, and J. Hillert. 2000. 
HLA-DR15 is associated with lower age at onset in multiple sclerosis. Ann Neurol 

48:211-219. 
159. Ramagopalan, S. V., and G. Giovannoni. 2009. Can we predict multiple sclerosis? 

Lancet Neurol 8:1077-1079. 
160. Kappos, L., C. H. Polman, M. S. Freedman, G. Edan, H. P. Hartung, D. H. Miller, X. 

Montalban, F. Barkhof, L. Bauer, P. Jakobs, C. Pohl, and R. Sandbrink. 2006. 
Treatment with interferon beta-1b delays conversion to clinically definite and 
McDonald MS in patients with clinically isolated syndromes. Neurology 67:1242-
1249. 

161. Kinkel, R. P., C. Kollman, P. O'Connor, T. J. Murray, J. Simon, D. Arnold, R. Bakshi, 
B. Weinstock-Gutman, S. Brod, J. Cooper, P. Duquette, E. Eggenberger, W. Felton, R. 
Fox, M. Freedman, S. Galetta, A. Goodman, J. Guarnaccia, S. Hashimoto, S. Horowitz, 
J. Javerbaum, L. Kasper, M. Kaufman, L. Kerson, M. Mass, K. Rammohan, M. Reiss, 
L. Rolak, J. Rose, T. Scott, J. Selhorst, R. Shin, C. Smith, W. Stuart, S. Thurston, and 
M. Wall. 2006. IM interferon beta-1a delays definite multiple sclerosis 5 years after a 
first demyelinating event. Neurology 66:678-684. 

162. Tintore, M., A. Rovira, J. Rio, C. Tur, R. Pelayo, C. Nos, N. Tellez, H. Perkal, M. 
Comabella, J. Sastre-Garriga, and X. Montalban. 2008. Do oligoclonal bands add 
information to MRI in first attacks of multiple sclerosis? Neurology 70:1079-1083. 

163. Tumani, H., V. Lehmensiek, D. Rau, I. Guttmann, G. Tauscher, H. Mogel, C. Palm, V. 
Hirt, S. D. Suessmuth, I. Sapunova-Meier, A. C. Ludolph, and J. Brettschneider. 2009. 
CSF proteome analysis in clinically isolated syndrome (CIS): candidate markers for 
conversion to definite multiple sclerosis. Neurosci Lett 452:214-217. 

164. Fortini, A. S., E. L. Sanders, B. G. Weinshenker, and J. A. Katzmann. 2003. 
Cerebrospinal fluid oligoclonal bands in the diagnosis of multiple sclerosis. Isoelectric 
focusing with IgG immunoblotting compared with high-resolution agarose gel 
electrophoresis and cerebrospinal fluid IgG index. Am J Clin Pathol 120:672-675. 

165. Lennon, V. A., D. M. Wingerchuk, T. J. Kryzer, S. J. Pittock, C. F. Lucchinetti, K. 
Fujihara, I. Nakashima, and B. G. Weinshenker. 2004. A serum autoantibody marker of 
neuromyelitis optica: distinction from multiple sclerosis. Lancet 364:2106-2112. 

166. Rudick, R. A., A. Pallant, J. M. Bidlack, and R. M. Herndon. 1986. Free kappa light 
chains in multiple sclerosis spinal fluid. Ann Neurol 20:63-69. 

167. Presslauer, S., D. Milosavljevic, T. Brucke, P. Bayer, and W. Hubl. 2008. Elevated 
levels of kappa free light chains in CSF support the diagnosis of multiple sclerosis. J 

Neurol 255:1508-1514. 
168. Keller, A., P. Leidinger, J. Lange, A. Borries, H. Schroers, M. Scheffler, H. P. Lenhof, 

K. Ruprecht, and E. Meese. 2009. Multiple sclerosis: microRNA expression profiles 
accurately differentiate patients with relapsing-remitting disease from healthy controls. 
PLoS One 4:e7440. 



 

64 

169. Uccelli, A., E. Pedemonte, E. Narciso, and G. Mancardi. 2003. Biological markers of 
the inflammatory phase of multiple sclerosis. Neurol Sci 24 Suppl 5:S271-274. 

170. Sellebjerg, F., L. Bornsen, M. Khademi, M. Krakauer, T. Olsson, J. L. Frederiksen, and 
P. S. Sorensen. 2009. Increased cerebrospinal fluid concentrations of the chemokine 
CXCL13 in active MS. Neurology 73:2003-2010. 

171. Hur, E. M., S. Youssef, M. E. Haws, S. Y. Zhang, R. A. Sobel, and L. Steinman. 2007. 
Osteopontin-induced relapse and progression of autoimmune brain disease through 
enhanced survival of activated T cells. Nat Immunol 8:74-83. 

172. Braitch, M., R. Nunan, G. Niepel, L. J. Edwards, and C. S. Constantinescu. 2008. 
Increased osteopontin levels in the cerebrospinal fluid of patients with multiple 
sclerosis. Arch Neurol 65:633-635. 

173. Chowdhury, S. A., J. Lin, and S. A. Sadiq. 2008. Specificity and correlation with 
disease activity of cerebrospinal fluid osteopontin levels in patients with multiple 
sclerosis. Arch Neurol 65:232-235. 

174. Vogt, M. H., S. Floris, J. Killestein, D. L. Knol, M. Smits, F. Barkhof, C. H. Polman, 
and L. Nagelkerken. 2004. Osteopontin levels and increased disease activity in 
relapsing-remitting multiple sclerosis patients. J Neuroimmunol 155:155-160. 

175. Barnes, P. J., and F. Y. Liew. 1995. Nitric oxide and asthmatic inflammation. Immunol 

Today 16:128-130. 
176. Ehren, I., J. Adolfsson, and N. P. Wiklund. 1994. Nitric oxide synthase activity in the 

human urogenital tract. Urol Res 22:287-290. 
177. Lorente, J. A., L. Landin, R. De Pablo, E. Renes, and D. Liste. 1993. L-arginine 

pathway in the sepsis syndrome. Crit Care Med 21:1287-1295. 
178. Radomski, M. W., R. M. Palmer, and S. Moncada. 1990. Characterization of the L-

arginine:nitric oxide pathway in human platelets. Br J Pharmacol 101:325-328. 
179. Brosnan, C. F., B. Cannella, L. Battistini, and C. S. Raine. 1995. Cytokine localization 

in multiple sclerosis lesions: correlation with adhesion molecule expression and 
reactive nitrogen species. Neurology 45:S16-21. 

180. Svenningsson, A., A. S. Petersson, O. Andersen, and G. K. Hansson. 1999. Nitric oxide 
metabolites in CSF of patients with MS are related to clinical disease course. 
Neurology 53:1880-1882. 

181. Brundin, L., E. Morcos, T. Olsson, N. P. Wiklund, and M. Andersson. 1999. Increased 
intrathecal nitric oxide formation in multiple sclerosis; cerebrospinal fluid nitrite as 
activity marker. Eur J Neurol 6:585-590. 

182. Malmestrom, C., J. Lycke, S. Haghighi, O. Andersen, L. Carlsson, H. Wadenvik, and 
B. Olsson. 2008. Relapses in multiple sclerosis are associated with increased CD8+ T-
cell mediated cytotoxicity in CSF. J Neuroimmunol 196:159-165. 

183. Berger, T., P. Rubner, F. Schautzer, R. Egg, H. Ulmer, I. Mayringer, E. Dilitz, F. 
Deisenhammer, and M. Reindl. 2003. Antimyelin antibodies as a predictor of clinically 
definite multiple sclerosis after a first demyelinating event. N Engl J Med 349:139-145. 

184. Kuhle, J., C. Pohl, M. Mehling, G. Edan, M. S. Freedman, H. P. Hartung, C. H. 
Polman, D. H. Miller, X. Montalban, F. Barkhof, L. Bauer, S. Dahms, R. Lindberg, L. 
Kappos, and R. Sandbrink. 2007. Lack of association between antimyelin antibodies 
and progression to multiple sclerosis. N Engl J Med 356:371-378. 

185. Lim, E. T., T. Berger, M. Reindl, C. M. Dalton, K. Fernando, G. Keir, E. J. Thompson, 
D. H. Miller, and G. Giovannoni. 2005. Anti-myelin antibodies do not allow earlier 
diagnosis of multiple sclerosis. Mult Scler 11:492-494. 

186. Avolio, C., M. Ruggieri, F. Giuliani, G. M. Liuzzi, R. Leante, P. Riccio, P. Livrea, and 
M. Trojano. 2003. Serum MMP-2 and MMP-9 are elevated in different multiple 
sclerosis subtypes. J Neuroimmunol 136:46-53. 

187. Leppert, D., J. Ford, G. Stabler, C. Grygar, C. Lienert, S. Huber, K. M. Miller, S. L. 
Hauser, and L. Kappos. 1998. Matrix metalloproteinase-9 (gelatinase B) is selectively 
elevated in CSF during relapses and stable phases of multiple sclerosis. Brain 121 ( Pt 
12):2327-2334. 

188. Tumani, H., H. P. Hartung, B. Hemmer, C. Teunissen, F. Deisenhammer, G. 
Giovannoni, and U. K. Zettl. 2009. Cerebrospinal fluid biomarkers in multiple 
sclerosis. Neurobiol Dis 35:117-127. 



 

  65 

189. Wang, W., M. J. Merrill, and R. T. Borchardt. 1996. Vascular endothelial growth factor 
affects permeability of brain microvessel endothelial cells in vitro. Am J Physiol 

271:C1973-1980. 
190. Su, J. J., M. Osoegawa, T. Matsuoka, M. Minohara, M. Tanaka, T. Ishizu, F. Mihara, 

T. Taniwaki, and J. Kira. 2006. Upregulation of vascular growth factors in multiple 
sclerosis: correlation with MRI findings. J Neurol Sci 243:21-30. 

191. Rosenstein, J. M., and J. M. Krum. 2004. New roles for VEGF in nervous tissue--
beyond blood vessels. Exp Neurol 187:246-253. 

192. Malmestrom, C., S. Haghighi, L. Rosengren, O. Andersen, and J. Lycke. 2003. 
Neurofilament light protein and glial fibrillary acidic protein as biological markers in 
MS. Neurology 61:1720-1725. 

193. Rosengren, L. E., J. Lycke, and O. Andersen. 1995. Glial fibrillary acidic protein in 
CSF of multiple sclerosis patients: relation to neurological deficit. J Neurol Sci 133:61-
65. 

194. Lamers, K. J., B. G. van Engelen, F. J. Gabreels, O. R. Hommes, G. F. Borm, and R. A. 
Wevers. 1995. Cerebrospinal neuron-specific enolase, S-100 and myelin basic protein 
in neurological disorders. Acta Neurol Scand 92:247-251. 

195. Cohen, S. R., B. R. Brooks, R. M. Herndon, and G. M. McKhann. 1980. A diagnostic 
index of active demyelination: myelin basic protein in cerebrospinal fluid. Ann Neurol 

8:25-31. 
196. Lamers, K. J., H. P. de Reus, and P. J. Jongen. 1998. Myelin basic protein in CSF as 

indicator of disease activity in multiple sclerosis. Mult Scler 4:124-126. 
197. Barkhof, F., S. T. Frequin, O. R. Hommes, K. Lamers, P. Scheltens, W. J. van Geel, 

and J. Valk. 1992. A correlative triad of gadolinium-DTPA MRI, EDSS, and CSF-
MBP in relapsing multiple sclerosis patients treated with high-dose intravenous 
methylprednisolone. Neurology 42:63-67. 

198. Lalive, P. H., T. Menge, C. Delarasse, B. Della Gaspera, D. Pham-Dinh, P. Villoslada, 
H. C. von Budingen, and C. P. Genain. 2006. Antibodies to native myelin 
oligodendrocyte glycoprotein are serologic markers of early inflammation in multiple 
sclerosis. Proc Natl Acad Sci U S A 103:2280-2285. 

199. Lycke, J. N., J. E. Karlsson, O. Andersen, and L. E. Rosengren. 1998. Neurofilament 
protein in cerebrospinal fluid: a potential marker of activity in multiple sclerosis. J 

Neurol Neurosurg Psychiatry 64:402-404. 
200. Haghighi, S., O. Andersen, A. Oden, and L. Rosengren. 2004. Cerebrospinal fluid 

markers in MS patients and their healthy siblings. Acta Neurol Scand 109:97-99. 
201. Norgren, N., L. Rosengren, and T. Stigbrand. 2003. Elevated neurofilament levels in 

neurological diseases. Brain Res 987:25-31. 
202. Semra, Y. K., O. A. Seidi, and M. K. Sharief. 2002. Heightened intrathecal release of 

axonal cytoskeletal proteins in multiple sclerosis is associated with progressive disease 
and clinical disability. J Neuroimmunol 122:132-139. 

203. Norgren, N., P. Sundstrom, A. Svenningsson, L. Rosengren, T. Stigbrand, and M. 
Gunnarsson. 2004. Neurofilament and glial fibrillary acidic protein in multiple 
sclerosis. Neurology 63:1586-1590. 

204. Petzold, A., M. J. Eikelenboom, G. Keir, D. Grant, R. H. Lazeron, C. H. Polman, B. M. 
Uitdehaag, E. J. Thompson, and G. Giovannoni. 2005. Axonal damage accumulates in 
the progressive phase of multiple sclerosis: three year follow up study. J Neurol 

Neurosurg Psychiatry 76:206-211. 
205. Silber, E., Y. K. Semra, N. A. Gregson, and M. K. Sharief. 2002. Patients with 

progressive multiple sclerosis have elevated antibodies to neurofilament subunit. 
Neurology 58:1372-1381. 

206. Kapaki, E., G. P. Paraskevas, M. Michalopoulou, and K. Kilidireas. 2000. Increased 
cerebrospinal fluid tau protein in multiple sclerosis. Eur Neurol 43:228-232. 

207. Martinez-Yelamos, A., A. Saiz, J. Bas, J. J. Hernandez, F. Graus, and T. Arbizu. 2004. 
Tau protein in cerebrospinal fluid: a possible marker of poor outcome in patients with 
early relapsing-remitting multiple sclerosis. Neurosci Lett 363:14-17. 



 

66 

208. Moffett, J. R., B. Ross, P. Arun, C. N. Madhavarao, and A. M. Namboodiri. 2007. N-
Acetylaspartate in the CNS: from neurodiagnostics to neurobiology. Prog Neurobiol 

81:89-131. 
209. Jasperse, B., C. Jakobs, M. J. Eikelenboom, C. D. Dijkstra, B. M. Uitdehaag, F. 

Barkhof, C. H. Polman, and C. E. Teunissen. 2007. N-acetylaspartic acid in 
cerebrospinal fluid of multiple sclerosis patients determined by gas-chromatography-
mass spectrometry. J Neurol 254:631-637. 

210. Leoni, V. 2009. Oxysterols as markers of neurological disease--a review. Scand J Clin 

Lab Invest 69:22-25. 
211. Massaro, A. R. 1998. Are there indicators of remyelination in blood or CSF of multiple 

sclerosis patients? Mult Scler 4:228-231. 
212. Tumani, H., C. Teunissen, S. Sussmuth, M. Otto, A. C. Ludolph, and J. Brettschneider. 

2008. Cerebrospinal fluid biomarkers of neurodegeneration in chronic neurological 
diseases. Expert Rev Mol Diagn 8:479-494. 

213. Mattsson, N., M. Axelsson, S. Haghighi, C. Malmestrom, G. Wu, R. Anckarsater, S. 
Sankaranarayanan, U. Andreasson, S. Fredrikson, A. Gundersen, L. Johnsen, T. 
Fladby, A. Tarkowski, E. Trysberg, A. Wallin, H. Anckarsater, J. Lycke, O. Andersen, 
A. J. Simon, K. Blennow, and H. Zetterberg. 2009. Reduced cerebrospinal fluid 
BACE1 activity in multiple sclerosis. Mult Scler 15:448-454. 

214. Sorensen, P. S., C. Ross, K. M. Clemmesen, K. Bendtzen, J. L. Frederiksen, K. Jensen, 
O. Kristensen, T. Petersen, S. Rasmussen, M. Ravnborg, E. Stenager, and N. Koch-
Henriksen. 2003. Clinical importance of neutralising antibodies against interferon beta 
in patients with relapsing-remitting multiple sclerosis. Lancet 362:1184-1191. 

215. Malucchi, S., A. Sala, F. Gilli, R. Bottero, A. Di Sapio, M. Capobianco, and A. 
Bertolotto. 2004. Neutralizing antibodies reduce the efficacy of betaIFN during 
treatment of multiple sclerosis. Neurology 62:2031-2037. 

216. Sorensen, P. S., F. Deisenhammer, P. Duda, R. Hohlfeld, K. M. Myhr, J. Palace, C. 
Polman, C. Pozzilli, and C. Ross. 2005. Guidelines on use of anti-IFN-beta antibody 
measurements in multiple sclerosis: report of an EFNS Task Force on IFN-beta 
antibodies in multiple sclerosis. Eur J Neurol 12:817-827. 

217. Pachner, A. R., A. Bertolotto, and F. Deisenhammer. 2003. Measurement of MxA 
mRNA or protein as a biomarker of IFNbeta bioactivity: detection of antibody-
mediated decreased bioactivity (ADB). Neurology 61:S24-26. 

218. Malucchi, S., F. Gilli, M. Caldano, F. Marnetto, P. Valentino, L. Granieri, A. Sala, M. 
Capobianco, and A. Bertolotto. 2008. Predictive markers for response to interferon 
therapy in patients with multiple sclerosis. Neurology 70:1119-1127. 

219. Khademi, M., L. Bornsen, F. Rafatnia, M. Andersson, L. Brundin, F. Piehl, F. 
Sellebjerg, and T. Olsson. 2009. The effects of natalizumab on inflammatory mediators 
in multiple sclerosis: prospects for treatment-sensitive biomarkers. Eur J Neurol 

16:528-536. 
220. Major, E. O. 2009. Progressive Multifocal Leukoencephalopathy in Patients on 

Immunomodulatory Therapies. Annu Rev Med. 
221. Comabella, M., D. W. Craig, C. Morcillo-Suarez, J. Rio, A. Navarro, M. Fernandez, R. 

Martin, and X. Montalban. 2009. Genome-wide scan of 500,000 single-nucleotide 
polymorphisms among responders and nonresponders to interferon beta therapy in 
multiple sclerosis. Arch Neurol 66:972-978. 

222. Stuve, O., C. M. Marra, K. R. Jerome, L. Cook, P. D. Cravens, S. Cepok, E. M. 
Frohman, J. T. Phillips, G. Arendt, B. Hemmer, N. L. Monson, and M. K. Racke. 2006. 
Immune surveillance in multiple sclerosis patients treated with natalizumab. Ann 

Neurol 59:743-747. 
223. Rudick, R. A., W. H. Stuart, P. A. Calabresi, C. Confavreux, S. L. Galetta, E. W. 

Radue, F. D. Lublin, B. Weinstock-Guttman, D. R. Wynn, F. Lynn, M. A. Panzara, and 
A. W. Sandrock. 2006. Natalizumab plus interferon beta-1a for relapsing multiple 
sclerosis. N Engl J Med 354:911-923. 

224. Polman, C. H., P. W. O'Connor, E. Havrdova, M. Hutchinson, L. Kappos, D. H. Miller, 
J. T. Phillips, F. D. Lublin, G. Giovannoni, A. Wajgt, M. Toal, F. Lynn, M. A. Panzara, 



 

  67 

and A. W. Sandrock. 2006. A randomized, placebo-controlled trial of natalizumab for 
relapsing multiple sclerosis. N Engl J Med 354:899-910. 

225. Kleinschmidt-DeMasters, B. K., and K. L. Tyler. 2005. Progressive multifocal 
leukoencephalopathy complicating treatment with natalizumab and interferon beta-1a 
for multiple sclerosis. N Engl J Med 353:369-374. 

226. Langer-Gould, A., S. W. Atlas, A. J. Green, A. W. Bollen, and D. Pelletier. 2005. 
Progressive multifocal leukoencephalopathy in a patient treated with natalizumab. N 

Engl J Med 353:375-381. 
227. Van Assche, G., M. Van Ranst, R. Sciot, B. Dubois, S. Vermeire, M. Noman, J. 

Verbeeck, K. Geboes, W. Robberecht, and P. Rutgeerts. 2005. Progressive multifocal 
leukoencephalopathy after natalizumab therapy for Crohn's disease. N Engl J Med 

353:362-368. 
228. Astrom, K. E., E. L. Mancall, and E. P. Richardson, Jr. 1958. Progressive multifocal 

leuko-encephalopathy; a hitherto unrecognized complication of chronic lymphatic 
leukaemia and Hodgkin's disease. Brain 81:93-111. 

229. Berger, J. R. 2007. Progressive multifocal leukoencephalopathy. Curr Neurol Neurosci 

Rep 7:461-469. 
230. Knowles, W. A., P. Pipkin, N. Andrews, A. Vyse, P. Minor, D. W. Brown, and E. 

Miller. 2003. Population-based study of antibody to the human polyomaviruses BKV 
and JCV and the simian polyomavirus SV40. J Med Virol 71:115-123. 

231. Houff, S. A., E. O. Major, D. A. Katz, C. V. Kufta, J. L. Sever, S. Pittaluga, J. R. 
Roberts, J. Gitt, N. Saini, and W. Lux. 1988. Involvement of JC virus-infected 
mononuclear cells from the bone marrow and spleen in the pathogenesis of progressive 
multifocal leukoencephalopathy. N Engl J Med 318:301-305. 

232. Monaco, M. C., W. J. Atwood, M. Gravell, C. S. Tornatore, and E. O. Major. 1996. JC 
virus infection of hematopoietic progenitor cells, primary B lymphocytes, and tonsillar 
stromal cells: implications for viral latency. J Virol 70:7004-7012. 

233. Dorries, K., E. Vogel, S. Gunther, and S. Czub. 1994. Infection of human 
polyomaviruses JC and BK in peripheral blood leukocytes from immunocompetent 
individuals. Virology 198:59-70. 

234. Markowitz, R. B., H. C. Thompson, J. F. Mueller, J. A. Cohen, and W. S. Dynan. 1993. 
Incidence of BK virus and JC virus viruria in human immunodeficiency virus-infected 
and -uninfected subjects. J Infect Dis 167:13-20. 

235. Bogdanovic, G., A. L. Hammarin, M. Grandien, B. Winblad, A. T. Bergenheim, I. 
Nennesmo, and T. Dalianis. 1995. No association of JC virus with Alzheimer's disease 
or astrocytomas. Clin Diagn Virol 4:223-230. 

236. Elsner, C., and K. Dorries. 1992. Evidence of human polyomavirus BK and JC 
infection in normal brain tissue. Virology 191:72-80. 

237. Henson, J., M. Rosenblum, D. Armstrong, and H. Furneaux. 1991. Amplification of JC 
virus DNA from brain and cerebrospinal fluid of patients with progressive multifocal 
leukoencephalopathy. Neurology 41:1967-1971. 

238. White, F. A., 3rd, M. Ishaq, G. L. Stoner, and R. J. Frisque. 1992. JC virus DNA is 
present in many human brain samples from patients without progressive multifocal 
leukoencephalopathy. J Virol 66:5726-5734. 

239. Sabath, B. F., and E. O. Major. 2002. Traffic of JC virus from sites of initial infection 
to the brain: the path to progressive multifocal leukoencephalopathy. J Infect Dis 186 
Suppl 2:S180-186. 

240. Major, E. O., K. Amemiya, C. S. Tornatore, S. A. Houff, and J. R. Berger. 1992. 
Pathogenesis and molecular biology of progressive multifocal leukoencephalopathy, 
the JC virus-induced demyelinating disease of the human brain. Clin Microbiol Rev 

5:49-73. 
241. White, M. K., M. Safak, and K. Khalili. 2009. Regulation of gene expression in primate 

polyomaviruses. J Virol 83:10846-10856. 
242. Khalili, K., and M. K. White. 2006. Human demyelinating disease and the 

polyomavirus JCV. Mult Scler 12:133-142. 
243. Boster, A., S. Hreha, J. R. Berger, F. Bao, R. Penmesta, A. Tselis, C. Endress, I. Zak, J. 

Perumal, C. Caon, J. Vazquez, K. L. Tyler, M. K. Racke, S. Millis, and O. Khan. 2009. 



 

68 

Progressive multifocal leukoencephalopathy and relapsing-remitting multiple sclerosis: 
a comparative study. Arch Neurol 66:593-599. 

244. Walker, D. L., and B. L. Padgett. 1983. The epidemiology of human polyomaviruses. 
Prog Clin Biol Res 105:99-106. 

245. Calabrese, L. H., E. S. Molloy, D. Huang, and R. M. Ransohoff. 2007. Progressive 
multifocal leukoencephalopathy in rheumatic diseases: evolving clinical and pathologic 
patterns of disease. Arthritis Rheum 56:2116-2128. 

246. Brooks, B. R., and D. L. Walker. 1984. Progressive multifocal leukoencephalopathy. 
Neurol Clin 2:299-313. 

247. Gheuens, S., G. Pierone, P. Peeters, and I. J. Koralnik. 2009. Progressive multifocal 
leukoencephalopathy in individuals with minimal or occult immunosuppression. J 

Neurol Neurosurg Psychiatry. 
248. Wenning, W., A. Haghikia, J. Laubenberger, D. B. Clifford, P. F. Behrens, A. Chan, 

and R. Gold. 2009. Treatment of progressive multifocal leukoencephalopathy 
associated with natalizumab. N Engl J Med 361:1075-1080. 

249. Hammarin, A. L., G. Bogdanovic, V. Svedhem, R. Pirskanen, L. Morfeldt, and M. 
Grandien. 1996. Analysis of PCR as a tool for detection of JC virus DNA in 
cerebrospinal fluid for diagnosis of progressive multifocal leukoencephalopathy. J Clin 

Microbiol 34:2929-2932. 
250. Hammarin, A.-L. 1999. Human polyomaviruses and central nervous system disease. In 

Swedish institute for infectious disease control. Karolinska Institute. 
251. Berger, J. R., and S. Houff. 2009. Opportunistic infections and other risks with newer 

multiple sclerosis therapies. Ann Neurol 65:367-377. 
252. Sarchielli, P., A. Trequattrini, F. Usai, D. Murasecco, and V. Gallai. 1993. Role of 

viruses in the etiopathogenesis of multiple sclerosis. Acta Neurol (Napoli) 15:363-381. 
253. Carson, K. R., D. Focosi, E. O. Major, M. Petrini, E. A. Richey, D. P. West, and C. L. 

Bennett. 2009. Monoclonal antibody-associated progressive multifocal 
leucoencephalopathy in patients treated with rituximab, natalizumab, and efalizumab: a 
Review from the Research on Adverse Drug Events and Reports (RADAR) Project. 
Lancet Oncol 10:816-824. 

254. Menter, A. 2009. The status of biologic therapies in the treatment of moderate to severe 
psoriasis. Cutis 84:14-24. 

255. Piccinni, C., C. Sacripanti, E. Poluzzi, D. Motola, L. Magro, U. Moretti, A. Conforti, 
and N. Montanaro. 2009. Stronger association of drug-induced progressive multifocal 
leukoencephalopathy (PML) with biological immunomodulating agents. Eur J Clin 

Pharmacol. 
256. Stuve, O., R. Gold, A. Chan, E. Mix, U. Zettl, and B. C. Kieseier. 2008. alpha4-

Integrin antagonism with natalizumab: effects and adverse effects. J Neurol 255 Suppl 
6:58-65. 

257. Neumann, F., F. Zohren, and R. Haas. 2009. The role of natalizumab in hematopoietic 
stem cell mobilization. Expert Opin Biol Ther 9:1099-1106. 

258. Ransohoff, R. M. 2005. Natalizumab and PML. Nat Neurosci 8:1275. 
259. Bonig, H., A. Wundes, K. H. Chang, S. Lucas, and T. Papayannopoulou. 2008. 

Increased numbers of circulating hematopoietic stem/progenitor cells are chronically 
maintained in patients treated with the CD49d blocking antibody natalizumab. Blood 

111:3439-3441. 
260. Ryschkewitsch, C., P. Jensen, J. Hou, G. Fahle, S. Fischer, and E. O. Major. 2004. 

Comparison of PCR-southern hybridization and quantitative real-time PCR for the 
detection of JC and BK viral nucleotide sequences in urine and cerebrospinal fluid. J 

Virol Methods 121:217-221. 
261. Pfister, L. A., N. L. Letvin, and I. J. Koralnik. 2001. JC virus regulatory region tandem 

repeats in plasma and central nervous system isolates correlate with poor clinical 
outcome in patients with progressive multifocal leukoencephalopathy. J Virol 75:5672-
5676. 

262. Bogdanovic, G., P. Priftakis, A. L. Hammarin, M. Soderstrom, A. Samuelson, I. 
Lewensohn-Fuchs, and T. Dalianis. 1998. Detection of JC virus in cerebrospinal fluid 
(CSF) samples from patients with progressive multifocal leukoencephalopathy but not 



 

  69 

in CSF samples from patients with herpes simplex encephalitis, enteroviral meningitis, 
or multiple sclerosis. J Clin Microbiol 36:1137-1138. 

263. Yousry, T. A., E. O. Major, C. Ryschkewitsch, G. Fahle, S. Fischer, J. Hou, B. 
Curfman, K. Miszkiel, N. Mueller-Lenke, E. Sanchez, F. Barkhof, E. W. Radue, H. R. 
Jager, and D. B. Clifford. 2006. Evaluation of patients treated with natalizumab for 
progressive multifocal leukoencephalopathy. N Engl J Med 354:924-933. 

264. Alvarez-Lafuente, R., M. Garcia-Montojo, V. De Las Heras, M. Bartolome, and R. 
Arroyo. 2007. JC virus in cerebrospinal fluid samples of multiple sclerosis patients at 
the first demyelinating event. Mult Scler 13:590-595. 

265. Sadiq, S. A., L. M. Puccio, and E. W. Brydon. 2010. JCV detection in multiple 
sclerosis patients treated with natalizumab. J Neurol. 

266. de Luca, A., A. Cingolani, A. Linzalone, A. Ammassari, R. Murri, M. L. Giancola, G. 
Maiuro, and A. Antinori. 1996. Improved detection of JC virus DNA in cerebrospinal 
fluid for diagnosis of AIDS-related progressive multifocal leukoencephalopathy. J Clin 

Microbiol 34:1343-1346. 
267. Linda, H., A. von Heijne, E. O. Major, C. Ryschkewitsch, J. Berg, T. Olsson, and C. 

Martin. 2009. Progressive multifocal leukoencephalopathy after natalizumab 
monotherapy. N Engl J Med 361:1081-1087. 

268. Compston, A., and S. Sawcer. 2002. Genetic analysis of multiple sclerosis. Curr 

Neurol Neurosci Rep 2:259-266. 
269. 2007. Genome-wide association study of 14,000 cases of seven common diseases and 

3,000 shared controls. Nature 447:661-678. 
270. Breij, E. C., P. Heijnen, A. van der Goes, C. E. Teunissen, C. H. Polman, and C. D. 

Dijkstra. 2006. Myelin flow cytometry assay detects enhanced levels of antibodies to 
human whole myelin in a subpopulation of multiple sclerosis patients. J Neuroimmunol 

176:106-114. 
271. Ferrante, P., E. Omodeo-Zorini, R. Caldarelli-Stefano, M. Mediati, E. Fainardi, E. 

Granieri, and D. Caputo. 1998. Detection of JC virus DNA in cerebrospinal fluid from 
multiple sclerosis patients. Mult Scler 4:49-54. 

272. Franciotta, D., A. Bestetti, R. Bergamaschi, G. Piccolo, A. Persico, and P. Cinque. 
2006. Failure to detect JC virus DNA in cerebrospinal fluid of multiple sclerosis 
patients. Mult Scler 12:674-675. 

273. Dorries, K., S. Sbiera, K. Drews, G. Arendt, C. Eggers, and R. Dorries. 2003. 
Association of human polyomavirus JC with peripheral blood of immunoimpaired and 
healthy individuals. J Neurovirol 9 Suppl 1:81-87. 

274. Lafon, M. E., H. Dutronc, V. Dubois, I. Pellegrin, P. Barbeau, J. M. Ragnaud, J. L. 
Pellegrin, and H. J. Fleury. 1998. JC virus remains latent in peripheral blood B 
lymphocytes but replicates actively in urine from AIDS patients. J Infect Dis 177:1502-
1505. 

275. Eggers, C., H. J. Stellbrink, T. Buhk, and K. Dorries. 1999. Quantification of JC virus 
DNA in the cerebrospinal fluid of patients with human immunodeficiency virus-
associated progressive multifocal leukoencephalopathy--a longitudinal study. J Infect 

Dis 180:1690-1694. 
276. Koralnik, I. J., D. Boden, V. X. Mai, C. I. Lord, and N. L. Letvin. 1999. JC virus DNA 

load in patients with and without progressive multifocal leukoencephalopathy. 
Neurology 52:253-260. 

277. Landry, M. L., T. Eid, S. Bannykh, and E. Major. 2008. False negative PCR despite 
high levels of JC virus DNA in spinal fluid: Implications for diagnostic testing. J Clin 

Virol 43:247-249. 
278. Sadiq, S. A., L. M. Puccio, and E. W. Brydon. JCV detection in multiple sclerosis 

patients treated with natalizumab. J Neurol. 
279. Chen, Y., E. Bord, T. Tompkins, J. Miller, C. S. Tan, R. P. Kinkel, M. C. Stein, R. P. 

Viscidi, L. H. Ngo, and I. J. Koralnik. 2009. Asymptomatic reactivation of JC virus in 
patients treated with natalizumab. N Engl J Med 361:1067-1074. 

280. Gorelik, L., S. Goelz, and A. W. Sandrock. 2009. Asymptomatic reactivation of JC 
virus in patients treated with natalizumab. N Engl J Med 361:2487-2488; author reply 
2489-2490. 



 

70 

281. Major, E. O. 2009. Reemergence of PML in natalizumab-treated patients--new cases, 
same concerns. N Engl J Med 361:1041-1043. 

282. Friese, M. A., X. Montalban, N. Willcox, J. I. Bell, R. Martin, and L. Fugger. 2006. 
The value of animal models for drug development in multiple sclerosis. Brain 

129:1940-1952. 
283. Petzold, A. 2005. Neurofilament phosphoforms: surrogate markers for axonal injury, 

degeneration and loss. J Neurol Sci 233:183-198. 
284. Zhou, D., R. Srivastava, S. Nessler, V. Grummel, N. Sommer, W. Bruck, H. P. 

Hartung, C. Stadelmann, and B. Hemmer. 2006. Identification of a pathogenic antibody 
response to native myelin oligodendrocyte glycoprotein in multiple sclerosis. Proc Natl 

Acad Sci U S A 103:19057-19062. 
285. Karni, A., R. Bakimer-Kleiner, O. Abramsky, and A. Ben-Nun. 1999. Elevated levels 

of antibody to myelin oligodendrocyte glycoprotein is not specific for patients with 
multiple sclerosis. Arch Neurol 56:311-315. 

286. Reindl, M., C. Linington, U. Brehm, R. Egg, E. Dilitz, F. Deisenhammer, W. Poewe, 
and T. Berger. 1999. Antibodies against the myelin oligodendrocyte glycoprotein and 
the myelin basic protein in multiple sclerosis and other neurological diseases: a 
comparative study. Brain 122 ( Pt 11):2047-2056. 

287. O'Connor, K. C., H. Appel, L. Bregoli, M. E. Call, I. Catz, J. A. Chan, N. H. Moore, K. 
G. Warren, S. J. Wong, D. A. Hafler, and K. W. Wucherpfennig. 2005. Antibodies 
from inflamed central nervous system tissue recognize myelin oligodendrocyte 
glycoprotein. J Immunol 175:1974-1982. 

288. Belogurov, A. A., Jr., I. N. Kurkova, A. Friboulet, D. Thomas, V. K. Misikov, M. Y. 
Zakharova, S. V. Suchkov, S. V. Kotov, A. I. Alehin, B. Avalle, E. A. Souslova, H. C. 
Morse, 3rd, A. G. Gabibov, and N. A. Ponomarenko. 2008. Recognition and 
degradation of myelin basic protein peptides by serum autoantibodies: novel biomarker 
for multiple sclerosis. J Immunol 180:1258-1267. 

289. Ferrante, P., R. Mancuso, E. Pagani, F. R. Guerini, M. G. Calvo, M. Saresella, L. 
Speciale, and D. Caputo. 2000. Molecular evidences for a role of HSV-1 in multiple 
sclerosis clinical acute attack. J Neurovirol 6 Suppl 2:S109-114. 

290. Gilden, D. H. 2005. Infectious causes of multiple sclerosis. Lancet Neurol 4:195-202. 
291. Soldan, S. S., R. Berti, N. Salem, P. Secchiero, L. Flamand, P. A. Calabresi, M. B. 

Brennan, H. W. Maloni, H. F. McFarland, H. C. Lin, M. Patnaik, and S. Jacobson. 
1997. Association of human herpes virus 6 (HHV-6) with multiple sclerosis: increased 
IgM response to HHV-6 early antigen and detection of serum HHV-6 DNA. Nat Med 

3:1394-1397. 
292. Bray, P. F., J. Luka, K. W. Culp, and J. P. Schlight. 1992. Antibodies against Epstein-

Barr nuclear antigen (EBNA) in multiple sclerosis CSF, and two pentapeptide sequence 
identities between EBNA and myelin basic protein. Neurology 42:1798-1804. 

293. Kuhle, J., R. L. Lindberg, A. Regeniter, M. Mehling, F. Hoffmann, M. Reindl, T. 
Berger, E. W. Radue, D. Leppert, and L. Kappos. 2007. Antimyelin antibodies in 
clinically isolated syndromes correlate with inflammation in MRI and CSF. J Neurol 

254:160-168. 
294. Senger, D. R., S. J. Galli, A. M. Dvorak, C. A. Perruzzi, V. S. Harvey, and H. F. 

Dvorak. 1983. Tumor cells secrete a vascular permeability factor that promotes 
accumulation of ascites fluid. Science 219:983-985. 

295. Connolly, D. T., D. M. Heuvelman, R. Nelson, J. V. Olander, B. L. Eppley, J. J. 
Delfino, N. R. Siegel, R. M. Leimgruber, and J. Feder. 1989. Tumor vascular 
permeability factor stimulates endothelial cell growth and angiogenesis. J Clin Invest 

84:1470-1478. 
296. Clauss, M., M. Gerlach, H. Gerlach, J. Brett, F. Wang, P. C. Familletti, Y. C. Pan, J. V. 

Olander, D. T. Connolly, and D. Stern. 1990. Vascular permeability factor: a tumor-
derived polypeptide that induces endothelial cell and monocyte procoagulant activity, 
and promotes monocyte migration. J Exp Med 172:1535-1545. 

297. Croll, S. D., R. M. Ransohoff, N. Cai, Q. Zhang, F. J. Martin, T. Wei, L. J. Kasselman, 
J. Kintner, A. J. Murphy, G. D. Yancopoulos, and S. J. Wiegand. 2004. VEGF-
mediated inflammation precedes angiogenesis in adult brain. Exp Neurol 187:388-402. 



 

  71 

298. Tham, E., A. W. Gielen, M. Khademi, C. Martin, and F. Piehl. 2006. Decreased 
expression of VEGF-A in rat experimental autoimmune encephalomyelitis and in 
cerebrospinal fluid mononuclear cells from patients with multiple sclerosis. Scand J 

Immunol 64:609-622. 
299. Lambrechts, D., E. Storkebaum, M. Morimoto, J. Del-Favero, F. Desmet, S. L. 

Marklund, S. Wyns, V. Thijs, J. Andersson, I. van Marion, A. Al-Chalabi, S. Bornes, 
R. Musson, V. Hansen, L. Beckman, R. Adolfsson, H. S. Pall, H. Prats, S. Vermeire, P. 
Rutgeerts, S. Katayama, T. Awata, N. Leigh, L. Lang-Lazdunski, M. Dewerchin, C. 
Shaw, L. Moons, R. Vlietinck, K. E. Morrison, W. Robberecht, C. Van Broeckhoven, 
D. Collen, P. M. Andersen, and P. Carmeliet. 2003. VEGF is a modifier of 
amyotrophic lateral sclerosis in mice and humans and protects motoneurons against 
ischemic death. Nat Genet 34:383-394. 

300. Shahbazi, M., A. A. Fryer, V. Pravica, I. J. Brogan, H. M. Ramsay, I. V. Hutchinson, 
and P. N. Harden. 2002. Vascular endothelial growth factor gene polymorphisms are 
associated with acute renal allograft rejection. J Am Soc Nephrol 13:260-264. 

301. Del Bo, R., S. Ghezzi, E. Scarpini, N. Bresolin, and G. P. Comi. 2009. VEGF genetic 
variability is associated with increased risk of developing Alzheimer's disease. J Neurol 

Sci 283:66-68. 
302. Hamzaoui, K., K. Ayed, M. Hamza, and A. Hamzaoui. 2009. VEGF and mRNA VEGF 

expression in CSF from Behcet's disease with neurological involvement. J 

Neuroimmunol 213:148-153. 
303. Carvalho, J. F., M. Blank, and Y. Shoenfeld. 2007. Vascular endothelial growth factor 

(VEGF) in autoimmune diseases. J Clin Immunol 27:246-256. 
304. Proescholdt, M. A., S. Jacobson, N. Tresser, E. H. Oldfield, and M. J. Merrill. 2002. 

Vascular endothelial growth factor is expressed in multiple sclerosis plaques and can 
induce inflammatory lesions in experimental allergic encephalomyelitis rats. J 

Neuropathol Exp Neurol 61:914-925. 
305. Lucchinetti, C. F., W. Bruck, M. Rodriguez, and H. Lassmann. 1996. Distinct patterns 

of multiple sclerosis pathology indicates heterogeneity on pathogenesis. Brain Pathol 

6:259-274. 
306. Ruiz de Almodovar, C., D. Lambrechts, M. Mazzone, and P. Carmeliet. 2009. Role and 

therapeutic potential of VEGF in the nervous system. Physiol Rev 89:607-648. 
307. Mateo, I., J. Llorca, J. Infante, E. Rodriguez-Rodriguez, C. Fernandez-Viadero, N. 

Pena, J. Berciano, and O. Combarros. 2007. Low serum VEGF levels are associated 
with Alzheimer's disease. Acta Neurol Scand 116:56-58. 

308. Sundvall, M., J. Jirholt, H. T. Yang, L. Jansson, A. Engstrom, U. Pettersson, and R. 
Holmdahl. 1995. Identification of murine loci associated with susceptibility to chronic 
experimental autoimmune encephalomyelitis. Nat Genet 10:313-317. 

309. Ye, S. K., K. Maki, T. Kitamura, S. Sunaga, K. Akashi, J. Domen, I. L. Weissman, T. 
Honjo, and K. Ikuta. 1999. Induction of germline transcription in the TCRgamma locus 
by Stat5: implications for accessibility control by the IL-7 receptor. Immunity 11:213-
223. 

310. Ziegler, S. F., and Y. J. Liu. 2006. Thymic stromal lymphopoietin in normal and 
pathogenic T cell development and function. Nat Immunol 7:709-714. 

311. Akkad, D. A., S. Hoffjan, E. Petrasch-Parwez, J. Beygo, R. Gold, and J. T. Epplen. 
2009. Variation in the IL7RA and IL2RA genes in German multiple sclerosis patients. 
J Autoimmun 32:110-115. 

312. Bielekova, B., P. A. Muraro, L. Golestaneh, J. Pascal, H. F. McFarland, and R. Martin. 
1999. Preferential expansion of autoreactive T lymphocytes from the memory T-cell 
pool by IL-7. J Neuroimmunol 100:115-123. 

313. Calzascia, T., M. Pellegrini, A. Lin, K. M. Garza, A. R. Elford, A. Shahinian, P. S. 
Ohashi, and T. W. Mak. 2008. CD4 T cells, lymphopenia, and IL-7 in a multistep 
pathway to autoimmunity. Proc Natl Acad Sci U S A 105:2999-3004. 

314. Sasson, S. C., J. J. Zaunders, and A. D. Kelleher. 2006. The IL-7/IL-7 receptor axis: 
understanding its central role in T-cell homeostasis and the challenges facing its 
utilization as a novel therapy. Curr Drug Targets 7:1571-1582. 



 

72 

315. Sakaguchi, S., and F. Powrie. 2007. Emerging challenges in regulatory T cell function 
and biology. Science 317:627-629. 

316. Viglietta, V., C. Baecher-Allan, H. L. Weiner, and D. A. Hafler. 2004. Loss of 
functional suppression by CD4+CD25+ regulatory T cells in patients with multiple 
sclerosis. J Exp Med 199:971-979. 

317. McKay, F. C., L. I. Swain, S. D. Schibeci, J. P. Rubio, T. J. Kilpatrick, R. N. Heard, G. 
J. Stewart, and D. R. Booth. 2008. Haplotypes of the interleukin 7 receptor alpha gene 
are correlated with altered expression in whole blood cells in multiple sclerosis. Genes 

Immun 9:1-6. 
318. Venken, K., N. Hellings, K. Hensen, J. L. Rummens, R. Medaer, B. D'Hooghe M, B. 

Dubois, J. Raus, and P. Stinissen. 2006. Secondary progressive in contrast to relapsing-
remitting multiple sclerosis patients show a normal CD4+CD25+ regulatory T-cell 
function and FOXP3 expression. J Neurosci Res 83:1432-1446. 

319. Racape, M., B. Vanhove, J. P. Soulillou, and S. Brouard. 2009. Interleukin 7 receptor 
alpha as a potential therapeutic target in transplantation. Arch Immunol Ther Exp 

(Warsz) 57:253-261. 
 

 
 

 

 

 

 

 

 

 

 

 


