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To achieve great things,  

two things are needed: 

a plan; and  

not quite enough time. 

 - Leonard Bernstein 
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Abstract 

Background: Multiple Sclerosis (MS) is a chronic, inflammatory, autoimmune 

disease, affecting the central nervous system (CNS). About 85% of afflicted 

present with a relapsing-remitting form of the disease (RRMS), for which a 

breakthrough in treatment was made in 2008 with rituximab, an antibody 

directed towards CD20, a surface antigen on B-cells. These findings also 

contributed to cementing the importance of the B-cell’s role in MS 

pathophysiology. However, MS also exist as a progressive phenotype, affecting 

most MS patients either from onset or after a transition from RRMS, and for 

progressive MS the same treatment effect of anti-CD20 has not been observed. 

Still, studies have found follicle-like structures containing B-cells in meninges 

and subarachnoid space of the cortex in progressive MS brains, supporting the 

involvement of B-cells. Evidence also support the existence of a chronic, low-

grade inflammatory process compartmentalised within the CNS that correlates 

with the progressive phase of MS, which may present a treatment barrier towards 

anti-CD20. Peripherally administrated therapeutic antibodies cross the intact 

blood-brain barrier with low efficiency with only 0.1-0.5% of the plasma 

concentration occurring in the cerebrospinal fluid (CSF). Intrathecal (IT) 

administration circumvents the blood-brain barrier, presenting an opportunity 

to better target the CNS B-cells. 

Aims: To evaluate the safety and feasibility of intrathecal anti-CD20 therapy 

with rituximab in progressive MS, its effect on disease progression through 

clinical parameters, and impact on biomarkers in CSF. Furthermore, this thesis 

aimed to evaluate the effect on biomarkers representative of cell injury related to 

insertion of a ventricular catheter for drug administration and to examine the 

interstitial milieu in the brain through microdialysis (MD). 

Methods: The thesis is based on the open-label, phase IIb, multicentre clinical 

trial Intrathecal Treatment Trial in Progressive Multiple Sclerosis (ITT-PMS; 

EudraCT 2008-002626-11), in which 23 participants received IT treatment with 

rituximab, and the extended follow-up study, ITT-PMS extension (EudraCT 

2012-000721-53). All participants received a ventricular catheter and an 

Ommaya reservoir for drug administration through a neurosurgical procedure, 

and 10 participants received a MD catheter in parallel to the ventricular catheter 

for 10 days. The treatment effect was evaluated by regular clinical evaluations and 

analyses of CSF. The clinical outcome was evaluated through walking and upper-

limb function tests, and by clinical evaluation scales. Levels of selected CSF 

biomarkers were analysed from the same time-points as the clinical evaluations.  
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Results: After the completion of the extension trial, one clinical parameter 

(cognitive performance) showed improvement but could most likely be explained 

by a learning effect. Worsening of walking speed was observed, while the 

remaining clinical parameters showed no change. Two severe adverse events 

occurred in the form of low-virulent bacterial meningitis caused by 

Propionibacterium, but both were treated effectively with antibiotics without 

residual symptoms. A ‘spike’ was noticed in the level of lumbar CSF 

neurofilament light (NFL) following surgery but returned to pre-surgery baseline 

within 6-12 months. No change was observed for any of the other lumbar CSF 

biomarkers. No meaningful correlation of protein levels was observed when 

comparing MD samples, ventricular CSF, and lumbar CSF. 

Conclusions: Intrathecal treatment through intraventricular administration 

was well tolerated but not without risks. A continued progression was observed 

in gait impairment. The insertion of the ventricular catheter caused white matter 

injury, measured through an increase in NFL in lumbar CSF, in direct association 

with the surgical procedure. No impact was observed on other CSF biomarkers. 

There was a poor correlation between different CNS compartments regarding 

protein levels, arguing for caution in drawing conclusions about brain 

pathophysiology from lumbar CSF samples. 
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Enkel sammanfattning på svenska 

Multipel skleros (MS) är en autoimmun, kroniskt inflammatorisk sjukdom som 

påverkar det centrala nervsystemet (CNS). Detta innebär att kroppens eget 

immunförsvar angriper nervceller i hjärnan och ryggmärgen och försämrar deras 

förmåga att leda nervsignaler. För ca 85 % av de som drabbas av sjukdomen sker 

dessa angrepp i övergående episoder, s.k. skov. Vad som aktiverar sjukdomen och 

varför episoderna är övergående är fortfarande okänt. Med tiden ökar dock risken 

för kvarstående restsymptom efter skov och en successivt tilltagande 

sjukdomsbörda. Efter en längre tid med skov-vist förlöpande MS övergår de flesta 

till en progressiv form av sjukdomen, med en kontinuerligt tilltagande 

funktionsnedsättning, och för ca 15 % startar sjukdomen med en progressiv bild 

utan föregående skov. MS debuterar vanligen vid 20–40 års ålder och den 

progressiva sjukdomsbilden startar vanligen vid 40 års ålder. Obehandlad 

förkortar MS en förväntad livslängd med mellan 5–10 år, och ger ofta en drastiskt 

nedsatt livskvalité och försämrad kognitiv förmåga. Antalet individer som 

drabbas varierar med geografisk lokalisation och i Sverige lever ca 17 500 

personer med MS, med ett nyinsjuknande på ca 1 000 personer per år. 

Sedan ungefär 20 år har det varit möjligt att påverka sjukdomsförloppet med 

läkemedel som minskar de inflammatoriska angreppen och därmed även risken 

för funktionsnedsättningar, s.k. bromsmediciner. Under de senaste 10 åren har 

ett stort antal alternativ till behandling tagits fram och ett genombrott i 

behandlingen av skov-vis MS skedde i och med användandet av rituximab. 

Rituximab ges vanligen i blodet och är en antikropp som binder fast till och 

minskar antalet B-celler, en viss typ av vita blodkroppar. Det har visat en mycket 

stor förebyggande effekt på skov och fördröjer sannolikt övergången till 

progressiv sjukdom. Exakt hur rituximab verkar immunologiskt vid MS är inte 

känt, men teorin är att den sänkta mängden B-celler minskar den autoimmuna 

reaktionen och därmed förhindrar nya skov av sjukdomen. Tyvärr har samma 

behandling inte haft någon betydande effekt för patienter som redan har en 

progressiv sjukdom. 

Mycket kring de processer som driver MS är fortfarande okänt, men en av de 

saker som antas skilja skov-vis MS från progressiv MS är styrkan på 

inflammationen i CNS. Vid skov-vis MS är inflammationen kraftigare vilket leder 

till att den barriär som finns mellan hjärnan och blodet skadas. Detta medför att 

vita blodkroppar kan komma in i hjärnan från blodet, och det är den 

rekryteringen som bryts vid behandling med rituximab. Vid progressiv MS, 

däremot, antas inflammationen vara mer låggradig och inkapslad bakom 

barriären som skiljer hjärnan från blodet. Denna barriär hindrar även rituximab 
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från att komma åt de B-celler som redan finns inne i hjärnan och är en möjlig 

förklaring till varför läkemedlet inte fungerar vid progressiv MS. 

Denna avhandling bygger på två studier, en grundstudie med dess 

förlängningsstudie, som undersökte om rituximab har en positiv effekt på 

progressiv MS om det ges innanför blod-hjärn-barriären. Detta skedde genom att 

rituximab injicerades via en reservoar som blev inopererad under skalpen och är 

kopplad till en slang som är inlagd till hjärnans hålrumssystem 

(ventrikelsystemet). Denna typ av injektioner kallas intratekala injektioner, vilket 

även gav studierna deras namn; intratekal behandlingsstudie vid progressiv MS 

(ITT-PMS) samt ITT-PMS förlängningsstudie. Studierna genomfördes i 

samarbete mellan neurologklinikerna och neurokirurgiska klinikerna i Umeå och 

Uppsala. Totalt deltog 23 patienter med progressiv MS i ITT-PMS varav 19 

fortsatte i förlängningsstudien för att få mer observationstid. I ITT-PMS gavs tre 

doser rituximab med en veckas mellanrum varefter uppföljning skedde under ett 

år. I förlängningsstudien fick deltagarna behandling med rituximab och 

uppföljningar var sjätte månad i två år. Uppföljningen inkluderade kliniska 

kontroller och provtagning av blod och cerebrospinalvätska (CSF; även kallad 

”ryggmärgsvätska”). De kliniska kontrollerna innefattade bedömning av 

funktionspåverkan och eventuella biverkningar. Blod- och CSF-prover 

analyserades för vita blodkroppar, en rad immunologiskt aktiva proteiner, samt 

för neurofilament (NFL), en markör för nervcellskada. I och med reservoaren för 

injektioner av rituximab hade vi även möjlighet att ta CSF-prover både från 

ventrikelsystemet och på det traditionella sättet från ryggslutet, varefter dessa 

prover kunde jämföras mot varandra för att se om protein-innehållet skiljer sig 

åt beroende på provtagningsställe. 

Avhandlingen omfattar fem delarbeten och sammantaget har säkerhet med 

biverkningar, behandlings- och immunologiska effekter, skada från insättningen 

av reservoaren och skillnader mellan provtagningsställe för CSF belysts. 

I resultaten, baserat på biverkningar och skattningar av symptom, kunde ses att 

behandlingsmetoden är väl tolererad men inte utan risker, samt att det verkar 

föreligga en fortsatt sjukdomsprogress (delarbete 3 och 5). Mätning av vita 

blodkroppar i blod visade att dessa slogs ut helt fast rituximab hade givits 

intratekalt, vilket tyder på att rituximab inte stannar i CNS utan transporteras ut 

till blodet (delarbete 1). NFL i CSF-prover från ryggslutet indikerade en skada 

från insättningen av reservoaren som inte längre kunde ses i prover efter 6–12 

månader, vilket gav insyn i dynamiken för NFL efter en isolerad skada (delarbete 

2). Samma mönster kunde ses i blodprover, men dessa uppvisade för stora 

variationer mellan deltagare för att kunna ersätta CSF-prover. Jämförelsen av 

CSF-prover från reservoar och ryggslutet uppvisade olika proteinprofiler och 

därmed att provtagningsställe gör skillnad för resultatet (delarbete 4). 
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Background 

Multiple Sclerosis; a synopsis 

Multiple Sclerosis (MS) is a chronic, inflammatory, autoimmune neurological 

disease, leading to disrupted nerve conduction in the central nervous system 

(CNS) through demyelination and axonal injury. Remyelination occurs to varying 

degrees, causing a typical, but highly individual, disease progression. 

Since the 19th century, the course of MS has been described in terms of relapses, 

remissions, and chronic progression, either from onset or after a period of 

remissions [1, 2]. For a patient, this translates to a neurological syndrome 

characterised by episodes with full recovery; episodes with incomplete recovery; 

and chronic progression. In most cases, the disease progress follows a set order, 

but not always. 

The usual course of MS is characterised by repeated relapses, after which – if 

untreated – most patients eventually reach an onset of chronic progression. This 

pattern is so characteristic for MS that a diagnosis can be based on clinical 

demonstration of dissemination of lesions in both time and space alone [3]. The 

exception to this pattern is the pure progressive form from onset, which can be 

hard to recognise initially. Together, this has led to a classification with four 

different clinical patterns [4, 5]: 

 Clinically isolated syndrome (CIS): ‘the first clinical presentation of a 

disease that shows characteristics of inflammatory demyelination that 

could be MS, but has yet to fulfil criteria of dissemination in time’; 

 Relapsing-remitting MS (RRMS): ‘clearly defined relapses with full 

recovery or with sequelae and residual deficit upon recovery; periods 

between disease relapses characterised by a lack of disease progression’; 

 Secondary progressive MS (SPMS): ‘initial relapsing-remitting disease 

course followed by progression with or without occasional relapses, 

minor remissions, and plateaus’; and 

 Primary progressive MS (PPMS): ‘disease progression from onset with 

occasional plateaus and temporary minor improvements allowed’. 

All four phenotypes can also be classified as ‘active’ or ‘not active’, where activity 

is determined by clinical relapses and/or MRI activity (contrast-enhancing 

lesions; new or unequivocally enlarging T2 lesions) assessed at least annually. 
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Natural course of MS 

MS is an autoimmune disease triggered by environmental factors in genetically 

susceptible individuals [6]. It is most common in females with an estimated 2.5:1 

female to male ratio. MS is usually detected between the ages of 20 and 40 years, 

with peak onset around 30 years of age [7], less than 1% occurs in young 

childhood and approximately 2-10% after 50 years of age [8, 9]. About 85% of all 

patients with MS debuts with RRMS after experiencing a CIS affecting one (or 

occasionally multiple) sites in the CNS [7]. Common symptoms of acute attacks 

include visual impairment, tingling and numbness and disturbed motor 

functions. If a CIS is accompanied by MRI findings of white matter abnormalities 

at clinically unaffected sites, the risk of a second attack increases from 50% after 

2 years to 82% after 20 years [10]. The frequency of new episodes is individual 

and erratic, but rarely exceeds 1.5 episodes per year [6]. Over time, recovery from 

individual episodes becomes incomplete and disability accumulates. Eventually, 

around 65% of patients convert to SPMS [6], and in 15% of patients the disease is 

progressive from onset [7]. Median time from onset of RRMS to SPMS is around 

19 years [11], and relapses persist in around 40% of progressive cases [6]. Patients 

with PPMS tend to have less brain lesions, and progressive MS largely affect the 

spinal cord with symptoms including walking, weakness, stiffness, and trouble 

with balance, but other symptoms occur as well. Regardless of the initial course 

of the disease, the assignment of the irreversible disability levels of the Expanded 

Disability Status Scale (EDSS) 4, 6, and 7 are around a median age of 42, 53, and 

63 years, respectively [7]. 

Regardless of phenotype of MS, the course is usually slow and evolves over several 

decades. Life expectancy is reduced by 5-10 years, with a median time to death 

from disease onset around 40 years, but a rise in survival has been observed over 

time [12]. Death is directly attributable to MS and the increased risk of infections 

associated with advanced neurological disability in two-third of cases. However, 

MS commonly also causes a diminished quality of life [13], taking away a lot more 

form the afflicted than life expectancy. This may, at least in part, also explain the 

up to 50% increased lifetime frequency of depression observed for MS patients, 

as well as their greater risk of suicide [14]. 

Since the cause of MS has been, and still is, unknown, there has been much worry 

throughout the years as to what factors may influence the disease course. During 

pregnancy, the relapse rate decreases, but in the puerperium it is increased above 

pre-pregnancy rates, especially in women with an active disease in the year before 

and/or during pregnancy [15]. Breastfeeding or the use of epidural anaesthesia 

does not affect the clinical course. However, the risk of relapses is double after 

viral exposure [16]. Interestingly, persistent parasitic infections seem to lessen 

disease activity [17], and vaccinations do not influence the course or activity in 
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MS [18]. Hence, there is no evidence that patients with MS should abstain from 

normal happenings and life events. 

Geography – Epidemiology 

As one of the commonest causes of neurological disability, in 2013 the number of 

young adults with MS reached 2.3 million globally. The global median prevalence 

is estimated to be 33 per 100,000, with rates varying widely in different regions 

[19]. In Sweden there are approximately 17,500 people living with MS, which 

represent a prevalence of 189 per 100,000 with an incidence of 10 per 100,000, 

or around 1,000 persons per year [20]. 

MS is predominantly found in temperate latitudes, being commonest in Europe, 

North America, Australia, and New Zealand, which has earned it the nickname 

‘white man’s disease’; but it can be found in all populations around the globe [6]. 

Since the first large epidemiological studies of MS, a north-south gradient has 

been observed [21–23], and simply put, the global distribution of MS increases 

with distance both north and south of the equator. However, there are places 

deviating from this pattern with disproportionately high or low prevalence, such 

as the “resistance” towards MS shown amongst the Sámi in Scandinavia [24]. In 

general, lower prevalence is observed in Asian countries, and becomes more 

common within populations as socioeconomic status increases [25].  

Since the epidemiological studies conducted by Kurtzke in the 1970s, repeated 

and expanded studies have reduced the prominence of the north-south gradient, 

which has been attributed to better case retrieval, but it still persists [26]. 

Similarly, a general increase in disease prevalence has met confounding factors 

such as increased knowledge of the disease, advances in neuroimaging and 

changes in diagnostic criteria. However, later studies continue to show an 

increase in prevalence, which cannot be fully explained by these confounders 

[27]. The increase in prevalence has been attributed to a rising incidence 

supported by studies showing transformations in the female to male ratio, with 

both a decreased ratio with increasing latitude, as well as an increased ratio of up 

to 3:1 [6, 25]. Together, this indicates that the distribution and pattern of 

occurrence for MS is changing. 
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Aetiology 

The cause of MS is still unknown. The collected data speaks for a combination of 

genetic and environmental factors, where both sides contribute but neither gives 

the full picture. 

Genetics 

The familial recurrence rate for MS is around 20%. Overall, studies on the genetic 

epidemiology in MS have found increasing risk with increasing relatedness [6]. 

Children with both parents affected by MS have a higher risk of developing the 

disease than children with single-affected parents [28, 29]. The age-adjusted risk 

is higher for full siblings than for half-siblings [30]. Both step siblings and 

adoptees to families with affected members have the same risk as the general 

population [30, 31]. Taken together, these findings support genetic factors in 

determining individual susceptibility to MS [6], and suggests that environmental 

factors affecting MS-risk act on a population level rather than being influenced 

by the family microenvironment [25]. 

The most consistent genetic findings, the association between MS and alleles of 

the major histocompatibility complex (MHC), was identified in the early 1970s 

[32, 33]. Since then, the association has been refined to DR15 and DQ6 and the 

corresponding genotypes DRB1*1501, DRB5*0101, DQA1*0102, and DQB2*0602 

on chromosome 6, part of the human leukocyte antigen (HLA) system [34]. This 

association is strongest in the Northern European population but is seen in all 

populations except in Sardinia and in some other Mediterranean groups. For the 

latter, MS is instead associated with DR4 (DRB1*0405 – DQA1*0301 – 

DQB1*0302) [35]. Since the successful linking of MS to the MHC, multiple 

strategies have been deployed to identify other genetic risk factors, all 

unproductive [6]. First during the last 10 years, the addition of genome-wide 

association studies (GWAS) has been able to show statistical evidence for new 

associations, including: 200 autosomal susceptibility variants outside the MHC; 

one chromosome X variant; and 32 independent associations within the extended 

MHC [36]. However, the identified associations only explain a fraction of the 

familial aggregation. 

Environmental factors 

The geographic pattern of occurrence, changing sex ratios, and increasing 

incidence mentioned above point to a major contribution from environmental 

factors in the causation of MS. Furthermore, migrant studies show additional 

support for the role of environmental factors. Although MS is over-represented 

in areas populated by Northern Europeans, the risk for developing MS also seem 

to be influenced by where individuals live early in life. 
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In a systematic review of migrant studies [37], two consistent patterns became 

clear: migrants moving from a higher MS-risk area to one of lower risk acquired 

the MS-risk of the new area, especially when moving before age 15 years; migrants 

moving from a lower to a higher MS-risk area tended to retain their lower MS-

risk, with no clear influence from age-at-migration. These results are largely 

confirmed by later studies [25], although there are findings supporting an 

increase in risk of developing MS when moving from a lower to higher MS-risk 

area [6]. 

Numerous potential causal factors have been studied using various observational 

study designs, but no single environmental exposure has proved definitive [38]. 

The strongest and most consistent evidence for an association with MS has been 

shown for a biomarker of Epstein-Barr virus (anti-EBNA IgG seropositivity), 

infectious mononucleosis, and smoking [39]. Following the geographical 

distribution of MS, as well as the effect of migration, other well studied 

aetiological factors are vitamin D insufficiency caused by low exposure to 

sunlight, dietary intake, and obesity during adolescence [40]. 

Patients with MS are reported to be infected with measles, mumps, rubella, and 

Epstein-Barr virus at later age than do HLA-DR2 matched controls [41]. Strong 

evidence exist for being exposed to EBV as young adult and an increased risk for 

subsequent development of MS [42]. Reports consistently show an association 

between an increased risk of MS with a history of infectious mononucleosis or 

higher levels of anti-EBNA antibodies [43], and that EBV seropositivity precedes 

disease onset by at least several years [25]. These data are well in line with the so-

called hygiene hypothesis: a clean environment keeps individuals from being 

exposed to infections early in life, creating abnormal responses to infections when 

encountering them later in life. However, there are reasons to believe this to be a 

specific immune reaction to EBNA, rather than a non-specific immune 

dysregulation. Since similar associations have not been seen with antibodies to 

other EBV antigens, nor for other viral infections, including measles, HSV 

(excluding HHV-6), VZV [44] or CMV [42, 45]. In 2002, molecular mimicry was 

described between Epstein-Barr virus and myelin basic protein. This mimicry set 

the stage for an inadvertent cross-reaction with myelin by an immune response 

to EBV, inducing demyelination [46]. Other studies also indicate that B-cells in 

MS lesions are infected by Epstein-Barr virus (see below) [47]. 
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Disease mechanisms 

The pathological process of MS includes breakdown of the blood-brain barrier, 

multifocal inflammation with demyelination, remyelination, oligodendrocyte 

depletion, astrocytosis, reactive gliosis, and neural and axon degeneration [48]. 

The end stage of this process gives rise to the hallmark of demyelinating disease 

– the formation of the sclerotic plaque. The composition of these plaques, or 

lesions, is similar within patients, but varies between patients. Currently, four 

different neuropathological patterns for MS lesions have been described, 

depending on the geography and extension of plaques, myelin protein loss, levels 

of complement, and pattern of oligodendrocyte destruction [49]. Hence, despite 

the knowledge of these events, the order and relation between them remain to 

fully be resolved. 

Oligodendrocytes and myelin 

Myelin is a lipid-rich substance synthesised by mature oligodendrocytes and 

serves as isolation around nerve axons to facilitate saltatory conduction. Each 

mature oligodendrocyte is capable of contacting short segments of 20-40 axons 

within proximity of each other in white-matter tracts of the CNS. Defined growth 

factors regulate the developmental processes and orchestrate survival, 

proliferation, migration, and differentiation of oligodendrocyte precursors into 

myelinating cells [50, 51]. Oligodendrocytes extend elongated processes that 

contact nearby axons and form a cup at the point of contact, which then encircles 

the axon and extends along the nerve fibre to form an internodal myelinated 

segment. With maturation, Na1.2 (sodium) channels are retained along the 

myelinated axon but replaced by Na1.6 channels at the intervening nodes of 

Ranvier where electrical resistance is low, thereby facilitating depolarisation, 

generating electrical current through saltatory conduction and enabling nerve 

impulses [7]. 

Pathogenesis 

MS may roughly be divided into three stages: (1) a pre-clinical stage, where 

environmental factors trigger the disease in genetically susceptible individuals; 

(2) an inflammatory stage expressed either sub-clinically and only evident by 

MRI, or clinically as RRMS; and (3) a progressive clinical stage with neural and 

axon degeneration. Regarding PPMS, it is not known to what degree it represents 

a separate form of MS, or if it is a form of SPMS where initial relapses were sub-

clinical (see Figure 1). 

  



 

7 

[Figure displaying the three stages of MS described above. Not permitted for 

digital reprint] 

Figure 1. Evolution of multiple sclerosis. Several factors predispose to MS and are at play 

during the subclinical phase of the disease, before clinically recognizable symptoms are present. 

Inflammatory damage to the CNS does not always reach the clinical threshold. Episodes of new 

inflammation in the CNS recorded by MRI are much more frequent than clinical relapses. 

(Figure 1 in: T. Olsson, LF. Barcellos, L. Alfredsson. Interactions between genetic, lifestyle and 

environmental risk factors for multiple sclerosis. Nat Rev Neurol 13, 25–36 (2017). 

https://doi.org/10.1038/nrneurol.2016.187) 

It is believed that the disease process starts when an increased number of 

autoreactive B- and T-cells migrate across the blood-brain barrier. Why this 

occurs is unknown, and movement of immune cells across the blood-brain barrier 

is part of normal physiological surveillance. However, it is thought that the switch 

to a pathological process is caused by regulatory defects [52], allowing the 

autoreactive cells to activate within the CNS. The particular sites of inflammation 

may be explained by failure of local regulatory mechanisms within the CNS. 

Historically, a key role has been assigned to T-helper 1 (Th1; interferon-γ 

secreting) cells in experimental autoimmune encephalomyelitis (EAE; an animal 

model for an inflammatory demyelinating disease of the CNS) as a driver of 

inflammation. However, this role is rather held by an interleukin(IL)-17 secreting 

T-cell subtype (Th17), acting under IL-23 control [53]. 

The antigen specificity for immune responses in MS is still an enigma, in part due 

to many autoreactive B- and T-cells being detectable in healthy individuals as 

well. An early candidate were myelin proteins, but other proteins are now 

implicated as well [6]. Release of pro-inflammatory cytokines from activated B- 

and T-cells amplify the immune response through activation of microglia. 

Activated microglia then establish contact with components of the 

oligodendrocyte-myelin unit, and deliver a lethal signal through tumour necrosis 

factor α (TNFα) [54]. The loss of oligodendrocyte-myelin units leads to areas of 

demyelination that, with the onset of SPMS, coexist with diffuse axonal and 

neuronal degeneration [55]. With time, focal inflammation seem to transition 

into a global inflammatory response, involving the whole brain and meninges, 

with diffuse microglial activation and extensive abnormalities of the normal 

appearing white matter (NAWM) [56]. Apart from the diffuse inflammation in 

the meninges, they also act as host for follicle-like structures in which B-cells 

accumulates, and from where they can drive intrathecal antibody production and 

sustain a compartmentalised humoral immune response [57]. These B-cells are 

also the cells that harbour Epstein-Barr virus [47]. Pathological changes of PPMS 

are characterised by less evidence for inflammation, few focal white matter 

lesions, diffuse injury of NAWM, cortical demyelination, and the absence of 

lymphoid follicles [6, 56]. 

https://doi.org/10.1038/nrneurol.2016.187


 

8 

Remyelination occurs in all phases of MS but is most active during the acute 

inflammatory process. A pool of oligodendrocyte precursors are maintained in 

the mature CNS, and are capable of migration in response to semaphorin 3A and 

3F [58]. These cells have been shown to surround MS lesions [59, 60] and are 

assumed to represent the source of cells with potential to remyelinate naked 

axons [61]. Plaques are extensively remyelinated in 20% of people with MS [62]. 

In other cases, remyelination is unsuccessful, presumably due to limits for tissue 

repair being exceeded. 

MS and the B-cell 

Even though MS traditionally is considered to be a T-cell mediated disease, the 

dramatic effects on the disease by anti-CD20-therapy (rituximab, ocrelizumab, 

and ofatumumab) speaks for B-cells having a central role in its pathogenesis [63]. 

B-cells are best known for their role in the generation of antibodies, which plays 

an essential role in the humoral immunity component of the adaptive immune 

system. Their presence in MS have been well known for a long time, with one 

classic finding in 95% of individuals with the disease being the existence of 

oligoclonal bands (OCBs) in CSF, which arise from clonally expanded Ig-secreting 

plasma cells [64, 65]. Although some targets for these OCBs have been identified, 

the specificity for most remain unclear [66]. Today, it has been established that 

clonally expanded B-cells are not only present in CSF, but also in the brain 

parenchyma, and meninges of MS patients [67]. They are found at greater 

frequency in the CNS earlier in the disease [68], and an increased B-cell frequency 

in CSF correlates with a faster disease progression [69]. However, the exact role 

of B-cells in MS remains to be defined. 

Even though B-cells are best known for their ability to generate antibodies, they 

are also capable of secreting chemokines and cytokines, and seem to be able to 

present antigen to T-cells through MHC class II [70]. B-cells can cross the blood-

brain barrier and become long-term CNS residents, exemplified by the discovery 

of lymph-node-like follicles consisting of B-cells in meninges, which are often 

adjacent to cortical lesions [71–73]. The existence of follicle-like structures 

indicate that B-cells may undergo expansion and differentiation to antibody 

producing plasma cells within the CNS, but they were only identified in two-

thirds of SPMS brain specimens [57, 73]. 

A central question in the search for the role of B-cells in MS is why anti-CD20 

therapy has such a dramatic effect on reducing relapses in RRMS, while showing 

no clear effect on progression in PPMS [74]. CD20 is a surface protein expressed 

on all stages of B-cell development except on early pro-B-cells, plasma blasts, and 

plasma cells [75]. Thus, the plasma cells that produce OCBs are not depleted by 

anti-CD20 treatment. Still, anti-CD20 treatment results in an 88% reduction in 
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gadolinium-enhancing lesions within 2 months, and immediate depletion of B-

cells in CSF and peripheral blood by 20 weeks [76, 77]. In addition, anti-CD20 

therapy reduces the amount of T-cells in CSF and blood by approximately 50% 

and 20%, respectively [76], and reduces the capacity of the remaining T-cells to 

secrete IL-17 and IFNγ [78]. Thus, a theorised mechanism for the rapid onset of 

beneficial effects from anti-CD20 therapy is the depletion of a pro-inflammatory 

subset of B-cells who, through antigen presentation and/or cytokine secretion, 

drive T-cell activation. The long-term benefits may in turn be explained by 

inhibitory regulatory B-cell populations having the room to expand once the pro-

inflammatory population has been depleted [79]. 

Progressive MS 

Unlike RRMS where the most characteristic tissue injury is the sclerotic plaque, 

the prominent pathological feature of progressive MS is brain atrophy, related to 

axonal loss, together with cortical demyelination, failure of remyelination, and 

microglia activation [66]. Although MS traditionally is viewed as a disease of the 

white matter, damage to grey matter occurs early and is extensive in many MS 

patients [80–82]. The physical decline and disability experienced by patients 

with MS is usually related to this form of the disease [83, 84]. Although diagnostic 

criteria exist, the absence of reliable diagnostic tests [85] means the diagnosis 

relies heavily on clinical judgment [86]. The difficulties to set the diagnosis are 

highlighted by the retrospective criteria used to characterize the course of the 

illness [5]. 

The pathophysiology of progressive MS is still largely unsolved, and many 

different theories have been suggested. The theories span from progressive MS 

being an inflammatory disease to primarily being a disease of neurodegeneration, 

and to different combinations of both. Three of the more prominent theories are: 

(1) brain injury is driven by inflammation, initially similar to RRMS, but with time 

an inflammatory microenvironment develops and leads to a compartmentalised 

inflammation [87]; (2) MS begins as an inflammatory disease, but with time a 

neurodegenerative process develops independently from inflammation and 

becomes the key driver of the disease [88]; and (3) MS is primarily a 

neurodegenerative disease, where inflammation occurs as a secondary response 

amplifying progressive states [89, 90]. Naturally, these suggested mechanisms 

are not fully contradictory and may well act together. 

Progressive MS and immune mediators 

The B-cell stands out among many potential drivers of inflammation during the 

progressive phase of MS, especially in the context of meningeal inflammation 

[57]. As mentioned above, the B-cell has many abilities that may maintain an 

inflammatory process, and the follicle-like structures are also found in other 
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chronically inflammatory diseases [91]. Follicle-like structures have been found 

in both the meninges and in the subarachnoid space of leptomeninges, with a 

composition including proliferating B-cells, plasma cells, helper T cells and a 

network of dendritic cells [57, 73]. The latter produce CXCL13, which is important 

for maturation, antigen selection, and recruitment of B-cells [92]. The follicle-like 

structures tend to co-localise with parenchymal infiltration and grey matter 

lesions [67], and varies in their level of development from simple clusters of B- 

and T-cells to highly organised follicles resembling germinal centres [93]. 

However, they have only been found in 40-70% of SPMS cases, and not at all in 

PPMS [57, 73], even though diffuse meningeal inflammation is part of the 

pathology. Hence, it has been suggested that the formation of these follicle-like 

structures takes place during the relapsing remitting phase, as a result of repeated 

inflammatory activity [94]. A closer look at the follicle-like structures also 

indicate the existence of a sub-population of B-cells. Although B-cells with 

clonally-related variable heavy chain (VH) sequences are found on both sides of 

the blood-brain barrier, CNS B-cells may eventually form a compartmentalised 

population, independent of the peripheral B-cell pool [87]. This is of particular 

importance for progressive MS, where low-grade inflammation may still be 

present behind an intact blood-brain barrier [86]. 

The presence of lymphoid follicle-like structures in leptomeninges and diffuse 

inflammatory infiltrates correlate positively with cortical demyelination, 

neurodegeneration, and atrophy, indicating a possible contribution to cortical 

pathology [57, 95, 96]. In SPMS, meningeal inflammation is also associated with 

damage to the glia limitans, with a greater neuronal loss in superficial cortical 

layers closer to the pial surface than in inner cortical layers [96]. Possibly, this 

indicates cytotoxic factors may diffuse from infiltrated meninges and contribute 

in developing cortical lesions, but these findings are not universal [97, 98]. 

Absence of follicle-like structures in PPMS raise the question whether pathology 

in PPMS and SPMS differ. There are also findings indicative of a less 

inflammatory milieu in PPMS, such as lower lesion cellularity and less 

perivascular cuffing compared with SPMS [99]. Conversely, no observed 

difference exist between SPMS and PPMS in regards to NAWM, cortical 

demyelination or axonal damage [56, 100]. Hence, both cortical neuronal 

pathology and diffuse meningeal inflammation may be important contributors to 

disease progression, regardless of sub-type of progressive disease or the existence 

of follicle-like structures [94]. 

Another immunological player that has been linked to active demyelination and 

neurodegeneration in early lesions is activated microglia with accumulation of 

macrophages in injured tissues [101]. Once activated, microglia has the ability to 

sustain ongoing inflammation and has been shown to play a central role in 

autoimmune CNS disorders [102, 103]. Nor is their presence restricted to lesions 
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as they are also diffusely present in NAWM and normal-appearing grey matter 

(NAGM) [56], even though activated microglia tend to cluster around lesions in 

NAWM, particularly in patients with progressive MS [104]. Activated microglia, 

similarly to B-cells, damage oligodendrocytes through different mechanisms 

including secretion of pro-inflammatory cytokines (e.g. IL-1, IL-6, TNF-α, and 

INF-γ) and presentation of antigens via MHC class II to CD4+ T cells [102]. In 

addition, microglia are able to cause direct damage to neurons through induction 

of mitochondrial dysfunction via reactive oxygen (ROS) and nitrogen (RNS) 

species (see below) [103]. Similarly with a less inflammatory milieu in PPMS, 

cortical lesions are less inflammatory than white matter lesions in chronic 

progressive MS and lack inflammatory B- and T-cells, macrophage infiltrates, 

and complement deposition. As a side note, activated microglia also possess 

many neuroprotective functions [102, 105, 106], and distinguishing between 

neuroprotective and pro-inflammatory phenotypes remains a puzzling challenge. 

Progressive MS, neurodegeneration and axonal dysfunction 

Advances in neuropathology and imaging has shown that active MS lesions 

contain both axonal degeneration and neuronal death from disease onset. A 

rather remarkable plasticity of the CNS is capable of compensating for these 

injuries, and progression is likely to occur once the injuries transcend this 

compensatory capacity [107]. Whether the main driver of these injuries are 

inflammation or neurodegeneration, as well as the relation between these two 

processes, remains unclear [108, 109]. Regardless, evidence suggest that a 

cascade leading to neurodegeneration is driven by the inflammatory process in 

early MS. The neurodegeneration is then further amplified by microglia 

activation, normal brain ageing, and accumulation of disease burden [110, 111]. 

Since both pathological findings and axonal injury correlate with degree of 

inflammation in acute MS lesions [87, 107], neurotoxic products released by 

innate immune cells have been studied with great interest, with particular focus 

on nitric oxide (NO), ROS, and RNS produced by microglia, astrocytes, and 

macrophages [112]. One cellular component that is known to be highly 

susceptible to oxidative stress is mitochondria. 

Mitochondria are the cellular component producing energy through oxidation of 

metabolic fuels and are present in all eukaryotic cells. Mitochondria carry their 

own non-nuclear, circular DNA (mitochondrial DNA; mtDNA), a remnant of their 

bacterial origin [113]. Through the oxidative phosphorylation (OxPhos) chain, 

mitochondria constantly produce ROS, which has important signalling functions. 

The mitochondria and white matter damage 

In MS, axonal damage correlate with severity of inflammation. In the hypoxia-

like subtype of acute MS lesions [49], mitochondrial defects are observed in 

axons, oligodendrocytes, and astrocytes [114]. These findings are supported by 
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studies of EAE where mitochondrial injury has been identified as a critical step 

towards neurodegeneration [103], and similar changes were also found in post-

mortem MS tissue. The most likely culprits of these intra-axonal mitochondrial 

injury are ROS and RNS generated by activated microglia and macrophages [115, 

116]. Potentially, activation of microglia with following mitochondrial alterations 

may explain the association between meningeal T-cell infiltration and diffuse 

axonal loss in the spinal cord white matter [116]. 

Most axons survive inflammatory demyelinating attacks but become chronically 

demyelinated, and with time a portion of these axons degenerate. In progressive 

MS, chronically demyelinated axons that degenerate contain injured 

mitochondria, whereas the opposite was shown in over half of the functional 

chronically demyelinated axons [117]. Instead, these axons contained 

mitochondria increased both in size and in OxPhos chain enzyme activity [117, 

118], as well as increased expression of syntaphilin, an axon specific 

mitochondrial docking protein, which has been shown to increase motility of 

intra-axonal mitochondria [119]. These axonal mitochondrial responses to 

demyelination appears to be an adaptive or compensatory phenomenon to the 

disturbance of myelin, and have been a consistent finding in disease models of 

demyelination and dysmyelination [113]. A potential reason for this could be the 

assumed increase in energy demand following the redistribution of sodium 

channels after demyelination in otherwise intact axons. This phenomenon is also 

known as ‘virtual hypoxia’ [120]. However, some of these axons still degenerate, 

which is thought to be due to eventual failure of intra-axonal mitochondria to 

keep up with the energy demand [116, 121]. 

The mitochondria and grey matter damage 

Apart from demyelination, neurodegeneration is widespread throughout the MS 

cortex. Although cortical atrophy mainly develops in the progressive stage of the 

disease, imaging studies revealed that it is detectable early on in the disease [81, 

122, 123]. Cortical thinning results from a combination of neuronal loss, reduced 

synaptic density, and glial cell loss, and even though neuronal injury and loss is 

most prevalent in cortical lesions [124], it can also be extensive in NAGM [96, 

125]. Thus, neurodegeneration may occur, at least in part, independently of local 

demyelination. Other processes proposed to contribute to neurodegeneration are 

(distant) axonal damage, local meningeal inflammation [93, 96], long-term 

presence of microglial activation [97, 126, 127], and mitochondrial dysfunction 

[116]. 

Several studies point towards decreases in different gene expressions with a 

significant reduction in OxPhos as a result, and the changes were observed in both 

cortical lesions and NAGM. While damages to mtDNA leading to a decrease in 

OxPhos may be caused by oxidative and nitrosative stress, it would not cause a 
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reduction of nuclear-encoded OxPhos subunits [113, 128]. In progressive MS, a 

reduction in a transcriptional cofactor for nuclear transcription factors involved 

in mitochondrial function were identified in samples of NAGM [129]. This 

cofactor is known as peroxisome proliferator-activated receptor gamma 

coactivator-1a (PGC-1a), and its reduced expression also correlated with local 

neuronal density in cortical neurons of MS patients [129]. Since microglial 

production of ROS and NO can be extensive in the MS cortex [130], a potential 

mechanism is that transcription of key mitochondrial proteins decreases as a 

response to reduced levels of PGC-1a, thereby inducing mitochondrial 

dysfunction, and increasing mitochondrial susceptibility to oxidative and 

nitrosative damage. Over time, accumulating damage will further hamper the 

mitochondrial function, ultimately leading to neuronal death [113]. Another 

study also linked local failure of myelination by oligodendrocytes in the MS cortex 

to reduced N-acetyl-aspartate production by neuronal mitochondria, further 

indicating contributions from mitochondrial dysfunction in MS pathology [131]. 

Currently, there is no clear explanation as to what causes the decrease in neuronal 

PGC-1α expression in the MS cortex. There is an interesting parallel with other 

‘classic’ neurodegenerative disorders, including Alzheimer’s, Parkinson’s, and 

Huntington’s disease, in that they also express markedly reduced levels of PGC-

1α [132–136]. Persistent and extensive microglial activation in early stages is 

another thing they have in common [137], and it is therefore possible that 

microglial production of inflammatory factors mediate this reduction in neuronal 

PGC-1a expression [113]. 
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Treatment in progressive MS 

The first therapy proven to alter the natural history of RRMS was IFNβ1b which 

was licensed in 1993, followed by IFNβ1a and glatiramer acetate in 1996. With 

this, it is said that MS entered the treatment era, and many more alternatives 

have been developed for RRMS over the past 20 years. Since the establishment of 

successful disease-modifying therapies in RRMS, the same strategies have been 

explored in both SPMS and PPMS. However, despite extensive effort, most trials 

of immune-modifying therapy for progressive MS have not been successful [86]. 

Out of several phase III clinical trials using IFNβ1a and IFNβ1b in SPMS no 

consistent delay in disability could be demonstrated from the treatments, but did 

show reduced relapse risk [138–141]. Two clinical trials using IFNβ were also 

undertaken in PPMS, neither of which had a positive outcome [142, 143]. The 

OLYMPUS study looked at the usage of intravenous rituximab in PPMS but failed 

to meet primary outcome. However, it did show a favourable effect in a sub-group 

of young patients who had more active inflammation on baseline MRI [74, 144]. 

Other immune-modifying treatments examined without a positive result on 

progression includes alemtuzumab, natalizumab, glatiramer acetate, and 

fingolimod (a S1P inhibitor) [86]. However, another S1P inhibitor, Siponimod, 

has recently shown positive results in SPMS [145]. In 2017, the ORATORIO study 

on Ocrelizumab (a humanised monoclonal antibody towards CD20) was the first 

study to show a positive effect in PPMS and subsequently became the first 

approved treatment for PPMS [146]. 

Reasons for difficulties to show effectiveness of immune-modifying therapies in 

progressive MS have become clearer as the insight and knowledge of 

pathophysiological mechanisms increase. In general, the partial success of some 

immunomodulatory therapies for progressive MS has been due to the treatment 

of groups consisting of patients in early stages of progressive disease, and 

therefore still containing an inflammatory component [147]. This also seems to 

hold true for the successful result with ocrelizumab since a sub-group analysis, 

not performed in the study, reveals that the positive effect mainly stems from 

younger participants with signs of ongoing inflammation (Gadolinium enhancing 

lesions on MRI) [148]. 

Treatments with completely different targets have shown some promise, such as 

high-dose statins (simvastatin), which is showing a reduction in the annualised 

whole-brain atrophy, and high-dose biotin, potentially protecting against axonal 

hypoxia by enhancing energy production and supporting myelin repair [149, 150]. 

Other approaches also include remyelination strategies, targeting of 

mitochondria, and inhibition of ion channels [66, 86]. 
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Building on the theories on the role of the B-cell and on a compartmentalised 

inflammatory process in progressive MS described above, a trial of intrathecal 

anti-CD20 therapy has been suggested to better target B-cells in the CNS. A 

potential failure of trials on anti-CD20 therapy is the usual intravenous 

administration of the drug. Peripheral administration of therapeutic antibodies 

cross the intact blood-brain barrier with low efficiency, achieving only about 0.1-

0.5% of the plasma concentration in the CSF [151]. One method to circumvent 

this issue is through an Ommaya reservoir, enabling ventricular injections of anti-

CD20 therapy, as previously used in treatment of CNS lymphoma [152]. Thus, the 

trials underlying this thesis were designed to test and evaluate intrathecal anti-

CD20 therapy in progressive MS. 
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Aims 

The aims of this thesis were: 

 To evaluate the safety and feasibility of intrathecal treatment with 

monoclonal antibodies in progressive MS; 

 To investigate the effect on disease progression by intrathecal injection 

of monoclonal antibodies against B-cells in patients with progressive MS; 

 To investigate the effects on patient-reported outcomes and 

cerebrospinal fluid biomarkers from intrathecal injections of monoclonal 

antibodies against B-cells in patients with progressive MS; 

 To evaluate the pharmacodynamic effects of intrathecal injection of 

rituximab on B-cell depletion; 

 To evaluate the dynamics of cerebrospinal fluid biomarkers for cell injury 

as a consequence by intraventricular catheter insertion; 

 To investigate possible differences between sub compartments within the 

intrathecal space regarding concentrations of biochemical substances 

relevant for MS pathogenesis; and 

 To investigate the interstitial milieu in the brain parenchyma in patients 

with progressive MS. 
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Materials and Methods 

This thesis is based on the clinical trial ITT-PMS (EudraCT; 2008-002626-11, 

ClinicalTrial.Gov: NCT01719159) and on the ensuing extension trial ITT-PMS 

extension (EudraCT; 2012-000721-53). In summary, the ITT-PMS study was a 

multicentre, prospective, open-label, phase 1b Intrathecal Treatment Trial in 

Progressive Multiple Sclerosis (ITT-PMS) where patients with a confirmed 

diagnosis of progressive MS within the last 3 years received intraventricular 

injections through an Ommaya reservoir with rituximab and then followed for 

one year. The ITT-PMS trial was followed by another two-year follow-up in the 

extension trial. Inclusion begun in June 2009 and the last patient completed the 

extension trial in June 2018. The trials were conducted in collaboration between 

the neurology departments of University Hospital of Umeå, and Uppsala 

University Hospital, Sweden. Both trials were funded by the Research Fund for 

Clinical Neuroscience at Umeå University Hospital; the Regional Agreement 

Between Umeå University and Västerbotten County Council on Cooperation in 

the Field of Medicine, Odontology and Health; and National Multiple Sclerosis 

Society/the International Progressive MS Alliance (grant PA0185), with no 

involvement from pharmaceutical companies. 

The ITT-PMS and the ITT-PMS extension trials 

Study design and outcome measures of the ITT-PMS and the ITT-

PMS extension trials 

The outlines of the study design of the ITT-PMS and the ITT-PMS extension trials 

are presented in Figure 2. 

The primary endpoint was to document safety parameters and the feasibility of 

IT rituximab treatment. Secondary endpoints were stabilization of neurologic 

deterioration, degree of MS symptoms, quality of life, and fatigue. Other 

exploratory endpoints involved immunologic markers in blood and lumbar CSF, 

levels of neurofilament light (NFL) in lumbar CSF, and protein profiles in 

different CNS compartments. 
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Figure 2. Overview of the study design of the ITT-PMS and the ITT-PMS extension 

trials. Treatment within the trials are marked with ‘RTX’. Note that month 12 was the last visit in 

the ITT-PMS trial and at the same time the first visit in the ITT-PMS extension trial with treatment 

according to the protocols of the extension trial. The sample tubes indicate the timing of samples of 

blood (red) and lumbar CSF (blue), the asterisks marking CSF samples used specifically in paper IV. 

Ventricular CSF samples were taken at times of treatment. Samples taken at month zero were taken 

somewhere during the month prior to operation. The reflex hammers indicate the timing of clinical 

evaluation. The scalpel indicates the insertion of the Ommaya reservoir. 

Abbreviations: ITT-PMS = Intrathecal Treatment Trial in Progressive Multiple Sclerosis; ITT-PMS 

ext = Intrathecal Treatment Trial in Progressive Multiple Sclerosis extension; RTX = rituximab. 

Study population in the ITT-PMS trial 

The inclusion and exclusion criteria for the ITT-PMS trial are outlined in Table 1. 

During the inclusion process all progressive MS diagnoses were confirmed by the 

investigators and were defined as either primary or secondary in accordance with 

the McDonald criteria and the consensus statement regarding clinical course 

from 2011 and 2014, respectively [3, 5]. All patients eligible for the study were 

offered participation with an initial aim to include 30 patients. One patient with 

an EDSS score outside of inclusion criteria (7.5) was included because one arm 

remained fully functional. The sample size for the study was limited by the 

invasive nature of the procedure and the demand for neurosurgical resources. 

The outcome of the screening process is presented in Figure 3. 
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Out of 30 patients screened, two declined participation/withdrew consent; the 

condition of one patient worsened beyond the limit for inclusion; and one patient 

was deemed to be unsuitable for neurosurgery. A further three patients did not 

undergo a neurosurgical procedure before the end of the inclusion period. In 

total, 23 patients were included and completed the ITT-PMS trial. For 

demographics, see Table 2. 

Table 1. Overview of the criteria for inclusion and exclusion in the ITT-PMS trial. 

Inclusion criteria  Exclusion criteria 

Between 18 and 65 years of age.  Bleeding diathesis. 

A confirmed diagnosis of PMS within 
the last 3 years. 

 Documented vulnerability to infection. 

A documented progression of 
neurologic symptoms over the 
previous 2 years. 

 
Simultaneous treatment with other 
immunosuppressive drugs. 

EDSS grading between 4.0 and 7.0.  Severe and untreated heart disease. 

No longer eligible for conventional 
therapies, according to clinical 
practice. 

 

Prescribed medication with a 
contraindication for neurosurgical or 
minor surgical procedures including 
lumbar puncture. 

  Contraindications for MRI. 

  

Considerations were also taken 
regarding warnings, precautions, 
contraindications, AEs, or other 
important data pertaining to 
treatment with rituximab. 

Abbreviations: ITT-PMS = Intrathecal Treatment Trial in Progressive Multiple Sclerosis; EDSS 
= Expanded Disability Status Scale; MRI = Magnetic resonance imaging; AE = adverse event. 

Study population in the ITT-PMS extension trial 

Out of the 23 participants in the ITT-PMS trial, 22 were offered to continue in the 

extension trial. One participant was not offered to continue due to a low-virulent 

bacterial meningitis incurred during treatment and subsequent removal of their 

Ommaya reservoir. In total, 19 participants of the ITT-PMS trial accepted to 

continue, out of which 15 completed the extension trial. Three participants 

withdrew consent during the trial, and one participant was excluded following a 

low-virulent bacterial meningitis and subsequent removal of their Ommaya 

reservoir. The outcome of the inclusion and completion of the extension trial is 

summarised in Figure 3. For demographics, see Table 2. 
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Figure 3. Flowchart indicating recruitment of patients to ITT-PMS and ITT-PMS 

extension trial. 

Abbreviations: ITT-PMS = Intrathecal Treatment Trial in Progressive Multiple Sclerosis 
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Table 2. Overview of the demographics of the ITT-PMS and ITT-PMS extension trials. 
Healthy controls refer to a group of healthy individuals with which lumbar samples 
from ITT-PMS were compared in Paper III. The p-value is for the comparison between 
the two groups: ITT-PMS and healthy controls. 

 ITT-PMS 

(n = 23) 

Healthy 
controls 

(n = 23) 

p-value ITT-PMS 
extension 

(n = 15) 

Age at inclusion, y     

Mean (SD) 46 (9) 49 (11) 0.23 47 (9) 

Minimum-maximum 29-66 30-74  29-66 

Sex, n (%)     

Male 7 (30) 7 (30) 1.00 4 (27) 

Female 16 (70) 16 (70) 1.00 11 (73) 

Age at disease onset, y     

Mean (SD) 32 (11) -  32 (12) 

Minimum-maximum 12-51 -  12-51 

Age at PMS onset, y     

Mean (SD) 38 (9) -  40 (9) 

Minimum-maximum 25-56 -  25-56 

Disease duration at 
inclusion, y 

    

Mean (SD) 14 (8) -  15 (9) 

Minimum-maximum 3-39 -  3-39 

Duration with PMS at 
inclusion, y 

    

Mean (SD) 8 (4) -  8 (4) 

Minimum-maximum 3-19 -  3-19 

EDSS at inclusion     

Median (IQR) 6.5 (1.0) -  6.5 (1.0) 

Minimum-maximum 4.0-7.5 -  4.0-7.0 

Abbreviations: ITT-PMS = Intrathecal Treatment Trial in Progressive Multiple Sclerosis; EDSS 
= Expanded Disability Status Scale; PMS = progressive multiple sclerosis; SD = standard 
deviation; IQR = interquartile range. 
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Surgical procedure 

Under general anaesthesia, a ventricular catheter was introduced into the right 

frontal horn through a 14-mm-diameter burr hole placed 2 cm to the right of the 

midline at the level of the coronal suture and connected to a subcutaneous 

Ommaya reservoir. In order to measure levels of free, unbound analyte 

concentrations in the extracellular fluid in brain tissue, a microdialysis (MD) 

catheter was inserted in 10 patients [153]. The catheter was placed in parallel to 

the ventricular catheter and with the semipermeable membrane located in the 

periventricular white matter. The localization was confirmed by a CT scan 

performed within a couple of hours after the MD catheter was implanted, see 

Figure 4. 

 

Figure 4. CT scan performed after surgery to confirm placement of ventricular and 

MD catheter. The ventricular catheter reaches the frontal horn of the right lateral ventricle. The 

MD catheter is placed in parallel with the ventricular catheter but ends in the brain parenchyma. 

Abbreviations: CT = Computer Tomography; MD = microdialysis 
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Microdialysis 

The brain catheter had a semipermeable membrane that was 10 mm long and had 

a pore size of 100 kDa (CMA71; CMA Microdialysis, Stockholm, Sweden). The 

catheter was continuously perfused with an aqueous solution that closely 

resembles the ionic composition of the surrounding tissue fluid with the addition 

of Dextran (30 g Dextran 60 per 1,000 mL; Plasmodex®) to prevent 

microfiltration. The catheter was connected to a 2.5 mL syringe placed in a micro 

infusion pump with a flow rate of 1.0 μL/min (CMA 107; CMA Microdialysis, 

Stockholm). 

Treatment within the trials 

The treatment in the ITT-PMS trial consisted of three cycles of 25 mg rituximab 

(Mabthera, 10 mg/mL; Roche AB, Stockholm, Sweden) followed by 2 mL NaCl 

solution intrathecally at weekly intervals. The first injection was performed 

approximately 3 weeks after implantation of the Ommaya reservoir in order to 

allow surgery-related subcutaneous swelling to subside. Each dose was diluted to 

a volume of 2.5 mL, and 5 mL ventricular fluid was aspirated from the reservoir 

before administration. Patients were premedicated with 1 mg intravenous 

clemastine and 4 mg oral betamethasone one hour before the intrathecal 

rituximab injection. In order to assess tolerance, the first three patients were 

treated with increasing doses (1, 2.5, 5, 10, 25 mg) every other day. The remaining 

20 patients were given three cycles of 25 mg rituximab one week apart without 

dose escalation. All patients remained in the neurology ward for observation over 

the day of treatment. The first three patients that had dose titration remained in 

the neurology ward for the entire process, with daily monitoring of routine blood 

parameters and B- and T-cell subpopulations by flow cytometry to assess the 

safety and pharmacodynamic profile of intrathecal treatment. 

In the ITT-PMS extension study treatment followed the same procedure but was 

given with one dose of 25 mg rituximab administered intrathecally every sixth 

months, see Figure 2. 

Clinical assessment and patient related outcome measures 

The repeated clinical assessments during the trials focused on following potential 

progression and included monitoring of adverse events (AEs) to evaluate safety 

of the given treatment. A battery of clinical outcome measures and evaluation 

scales, summarised in Table 3, were used at time-points illustrated in Figure 2. 

Trained research nurses performed and documented the clinical assessments 

before the start of treatment (baseline) and at all follow-up time-points. In 

addition to at the follow-ups, AEs were monitored at other times as required. 

Evaluation tools were applied as described in the original references [154–160].  
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Table 3. Overview of the clinical outcome measures in the ITT-PMS and ITT-PMS 
extension trials and the evaluation forms used for assessment. 

Parameter Evaluation form Reference 

Cognitive performance SDMT (Symbol Digits 
Modalities Test) 

Van Shependom et al. 
[154] 

Fatigue FSMC (Fatigue Scale for 
Motor and Cognitive 
functions) 

Penner et al. [155] 

Walking speed 6MWT (6-Minute Walk 
Test); and 25FWT (25-
Foot Walk Test) 

Goldman et al. [156] 
Goldman et al. [157] 

Arm function 9HPT (9-Hole Peg Test) Feys et al. [158] 

Level of neurologic 
impairment 

EDSS (Expanded 
Disability Status Scale) 

Kurtzke [159] 
Meyer-Moock et al. [160] 

Abbreviations: ITT-PMS = Intrathecal Treatment Trial in Progressive Multiple Sclerosis. 

CSF, blood and MD sampling 

Samples of CSF and blood were obtained at time-points indicated in Figure 2. 

Lumbar punctures were performed according to clinical routine. Ventricular CSF 

was collected through the Ommaya reservoir. Apart from analyses specific for the 

different studies, outlined below, standard laboratory assessments were 

performed on blood and lumbar CSF. These included a complete blood count with 

differential count by flow cytometry on blood and lumbar CSF samples 

immediately after collection, as well as a liver function test and C-reactive protein 

levels on blood samples. Serum and CSF samples were stored at -80°C in 

accordance with internationally accepted guidelines [161]. 

From those patients that received a MD catheter, MD samples were collected 

throughout the first week after implantation. Samples were collected 

continuously, and sample vials were switched six times each day; three times at 

six hours intervals at daytime, and three times at two hours intervals during the 

night. Collected samples were immediately stored at -80°C. 

Magnetic Resonance Imaging 

MRI scans were performed at baseline and at 1, 6, and 12 months after the start 

of treatment in the ITT-PMS trial. No complications regarding either the 

neurosurgical procedures or the treatment were detected by MRI. Further 

evaluation of possible treatment effects by MRI was beyond the scope of this 

thesis. 
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Healthy Controls 

Lumbar CSF from 23 healthy controls were used for comparison in the study 

described in Paper III. The cohort of healthy controls, without diagnosis of 

neurological disease and without first-degree relatives with such disease, were 

initially recruited for the purpose of an earlier study [162]. Healthy controls were 

included to match age and sex of the study population. For demographics, see 

Table 2. 

Laboratory analyses used in studies 

Flow cytometry 

Flow cytometry was performed on peripheral blood and lumbar CSF cells. B- and 

T-cell subsets were determined using monoclonal antibodies to the following 

surface antigens: CD3 (BD 560365), CD4 (BD 341115), CD8 (BD 345772), CD16+ 

CD56 (BD 337166), CD45 (BD 560777; BD Biosciences, San Jose, CA), and CD19 

(302230; Biosite, San Diego, CA). Lumbar CSF was centrifuged at 800 g for 15 

minutes, supernatant was gently removed, and the cell pellet was resuspended in 

phosphate-buffered saline before analysis using a FACSCanto II (BD 

Biosciences). 

Neurofilament light in CSF 

The concentration of NFL in CSF was measured using an ELISA (NF-light assay; 

UmanDiagnostics AB, Umeå, Sweden) according to the manufacturer’s 

instructions. The manufacturer of the kit states the assay's lower limit of 

quantification as 32 ng/L and mean intra- and interassay coefficient of variation 

as 4% and 6%, respectively. 

Neurofilament light in serum 

Serum NFL concentration was determined using the NF-light assay 

(UmanDiagnostics AB), transferred to the Simoa platform using a Homebrew Kit 

(Quanterix Corp., Boston, MA). The lower limit of quantification, determined by 

the blank mean signal ±10 SD, was 1.95 ng/L. All samples were measured in 

duplicate and were well above the lower limit of quantification. Analyses were 

performed by a board-certified laboratory technician using a single batch of 

reagents with intra- and interassay coefficients of variation below 10% and 15%, 

respectively. The method is described in detail elsewhere [163]. 
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GFAP in lumbar CSF 

The concentration of GFAP in lumbar CSF was measured using an in-house 

ELISA based on polyclonal antibodies [164]. The assay has a lower limit of 

quantification of 70 ng/L and intra- and interassay coefficients of variation of 4% 

and 8%, respectively. 

Tau in lumbar CSF 

Lumbar CSF total Tau (tTau) concentration was determined using a sandwich 

ELISA (Innotest hTAU-Ag; Innogenetics, Ghent, Belgium) specifically developed 

to measure all Tau isoforms irrespective of phosphorylation status [165]. 

S100B in lumbar CSF 

S100B concentration was determined by an electrochemiluminescence 

immunoassay using a modular system and the S100B reagent kit (Elecsys S100; 

Roche Diagnostics, Penzberg, Germany) [166]. 

MBP in lumbar CSF 

MBP concentrations in lumbar CSF were measured with a solidphase sandwich 

ELISA (Duoset DY4228-05, R&D Systems, Minneapolis, MN). The assay range is 

78 to 5,000 pg/mL. The manufacturer of the kit supplied no coefficients of 

variation. 

CXCL13 in lumbar CSF 

CXCL13 concentrations in lumbar CSF were measured with a Quantikine ELISA 

(Human CXCL13/BLC/BCA-1, R&D Systems). The lower limit of quantification 

was stated as 7.8 pg/mL, and the intra- and interassay coefficients of variation 

were stated as 5% and 10%, respectively. 

Galectin-9 in lumbar CSF 

Human galectin-9 concentrations in lumbar CSF were measured with a solid-

phase sandwich ELISA (Duoset DY2045, R&D Systems). The assay range is 94 to 

6,000 pg/mL. The manufacturer of the kit supplied no coefficients of variation. 

Soluble CD27 in lumbar CSF 

Human soluble CD27 concentrations in lumbar CSF were measured with a solid-

phase sandwich ELISA (Duoset DY382-05, R&D Systems). The assay range is 125 

to 8,000 pg/mL. The manufacturer of the kit supplied no coefficients of variation. 
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Protein analysis in CSF and MD 

MD, ventricular CSF and lumbar CSF samples were analysed with a proximity 

extension assay (PEA; Olink Proteomics, Uppsala, Sweden). PEA is a multiplex 

immunoassay which enables measurement of up to 96 proteins simultaneously 

from small sample volumes. Pairs of oligonucleotide-labelled antibodies binds to 

the same target protein. Each of the 96 oligonucleotide antibody-pairs contains 

unique DNA sequences allowing hybridization only to each other. Subsequent 

proximity extension will create 96 unique DNA sequences which are amplified by 

real-time PCR and then quantified [167]. 

Two panels detecting 91 proteins each were used. One panel analysed new and 

established human proteins related to inflammation. The other panel analysed a 

mix of established proteins related to neurobiological processes (e.g. neural 

development, axon guidance, synaptic function), as well as some more 

exploratory proteins with broader roles in processes such as cellular regulation, 

immunology, development and metabolism. 

Comments on details for each specific paper 

Details on paper I 

A study made in retrospect after noting the profound decrease in peripheral B-

cells measured through flow cytometry in blood samples after intrathecal 

injection of very small doses of rituximab. The first 10 participants in ITT-PMS 

had completed the trial at the time and were included in this paper. A separate 

analysis was also performed on the first three patients during dose titration of 

rituximab. In this sub-group, at inclusion, mean age was 47 (SD 11) years, mean 

disease duration was 17 (SD 5) years, and median EDSS score was 6.5 (IQR 0.9). 

Details on paper II 

A study on the effect of the controlled, local trauma caused by the insertion of the 

ventricular catheter and Ommaya reservoir on injury markers in lumbar CSF. The 

first 12 participants included in ITT-PMS had completed the trial at the time and 

were included in this paper. In this sub-group, the mean age at inclusion was 47 

(SD 10) years with a mean disease duration of 15 (SD 6) years. The median EDSS 

score at inclusion was 6.5 (IQR 1.0). 

This paper also included an estimation of tissue involvement of the surgical 

trauma. The catheter canal was identified in T1-weighted sagittal MRI images as 

a streak of no signal, leading from the cortex to the frontal horn of the right lateral 

ventricle. The length of the canal and the thickness of the cortex was measured 

with in-program tools. The cortex was measured adjacent to image artefacts 
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caused by the Ommaya reservoir. The volume and percentage of affected white 

and grey matter was calculated based on the known diameter of the ventricular 

catheter (3.1 mm).  

Details on paper III 

An evaluation on the full ITT-PMS trial from the perspective of safety and 

feasibility of intrathecal injections as a route for treatment. Data on NFL and 

GFAP in lumbar CSF was included from paper II. There was no difference 

regarding age and sex between the study population and the healthy controls at a 

level of statistical significance. Recruitment and participants completing the ITT-

PMS trial, and demographics for the study population and healthy controls are 

outlined in Figure 3 and Table 2, respectively. 

Details on paper IV 

A study comparing protein composition and correlation between three different 

compartments of the CNS: lumbar CSF; ventricular CSF; and fluid from the 

interstitial space (ISS) collected through MD. Paired samples of lumbar and 

ventricular CSF were collected from 13 participants in the ITT-PMS extension 

trial, making all comparisons between these two compartments taking place 

between one and three years after operation. Noting the return of NFL to baseline 

in paper II, it was assumed that the samples would no longer be influenced by the 

surgery. The MD sample obtained six hours after implantation were compared 

with ventricular CSF collected through the Ommaya reservoir during its 

implantation, both samples obtained pre-treatment. Ventricular CSF from 

surgery and the paired samples were also compared to see potential influence 

from surgery. 

The 13 participants from the ITT-PMS extension study, at inclusion, had a mean 

age of 47 (SD 9) years, mean disease duration of 15 (SD 9) years, and median 

EDSS score of 6.5 (IQR 0.5). The 10 participants with a MD catheter, at inclusion, 

had a mean age of 46 (SD 8) years, mean disease duration of 12 (SD 10) years, 

and median EDSS score of 5.5 (IQR 1.9). 

Details on paper V 

A study on potential effect on clinical progression of intraventricular rituximab 

in patients with progressive MS after three years follow-up. Recruitment and 

participants completing the ITT-PMS extension trial are outlined in Figure 3, 

and demographics of the study population is presented in Table 2.  

Three participants withdrew consent during the trial, and one contracted a low-

virulent, bacterial meningitis caused by Propionibacterium in connection to 
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treatment. The latter was successfully treated with antibiotics after the Ommaya 

reservoir was removed and was therefore no longer able to complete the ITT-PMS 

extension trial. Out of 19 participants that elected to continue, 15 completed the 

ITT-PMS extension trial. 

Statistical methodology 

Because of the novel treatment method and the mainly safety-oriented design of 

the trial, no calculation of required sample size was performed for the ITT-PMS 

trial. The sample size was also limited by the invasive nature of the procedure and 

the demand for neurosurgical resources. 

Descriptive statistics was presented as mean, standard deviation (SD), median, 

and interquartile range (IQR) as appropriate for the type of variables. The 

statistical significance for differences between results at different time-points was 

tested using Wilcoxon signed rank test, due to small sample sizes. 

The statistical analysis in paper III and IV makes repeated comparisons with 

corresponding hypothesis testing. No adjustment of p-values for multiple 

comparisons were made to preserve a family-wise error rate of 0.05. This was 

motivated by a relatively small sample size and the risk that adjusting for multiple 

comparisons could result in a critical loss of statistical power. However, the 

results of the statistical tests must be interpreted with some caution considering 

the repeated comparisons and the subsequent increased risk of type 1 errors. 

Statistical analyses were performed in IBM SPSS Statistics for Windows (version 

23.0 and 26.0; IBM Corp., Armonk, NY), the statistical software R (version 3.5.3), 

and Excel for Windows (version 15.0.4903.1002 and 12430.20184). 

Ethical and regulatory statements 

The ITT-PMS and the ITT-PMS extension trials were both approved by the 

Regional Ethical Review Board in Umeå (EPN; 2009-08-157M and 2012-333-

31M, respectively). Supplementary applications were made, and approved, for the 

purpose of including patients from Uppsala University Hospital (EPN; 2012-316-

32M); adding MD (EPN; 2012-334-32M); and including the comparison with 

healthy controls in paper III (EPN; 2017-36-32M). The ITT-PMS and ITT-PMS 

extension trials are registered in the European Union Clinical Trials Register 

(EudraCT number 2008-002626-11 and 2012-000721-53, respectively). The 

trials were performed in accordance with standards of Good Clinical Practice and 

the principles of the Declaration of Helsinki. Oral and written information about 

the trials were provided to all participants before written consent was obtained. 

The studies were monitored by an independent medical monitor. 
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Results 

Depletion of peripheral B -cells after intrathecal injection of 

rituximab – Paper I 

Based on 10 participants 

During dose titration of rituximab on the first three participants in ITT-PMS, 

daily flow cytometry was performed and revealed a remarkable effect on 

peripheral B-cells. Peripheral B-cells were noticeably depleted already after the 

first day’s dose (1 mg), and effectively undetectable after the second day's dose 

(2.5 mg) (Figure 5A). A less pronounced but clearly visible decrease was also 

immediately present in total peripheral CD45+ cell counts (Figure 5B). 

For the remaining seven participants, the full dose of 3 × 25 mg rituximab given 

one week apart resulted in complete depletion of peripheral B-cells for 3–6 

months. An initial reduction of total CD45+ cells were also noted (Figure 6). The 

effect was less visible in lumbar CSF where the cell counts were low from start. 

However, two of the patients had an initial slightly elevated cell count, and they 

displayed the same pattern of depletion in lumbar CSF as seen in peripheral 

blood: an immediate drop in both B-cells and total CD45+ cells (Figure 7). 
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[Figure displaying the first three participants with a complete drop in CD19+ cells 

after 5 days and a reduction in CD45+ cells in peripheral blood. Not permitted for 

digital reprint.] 

Figure 5. Peripheral blood lymphocyte counts during dose titration. B-lymphocyte 

(CD19+) and total lymphocyte (CD45+) counts (cells/µL) in peripheral blood during dose titration 

(n = 3). 

(Figure 1 in: A. Svenningsson et al. Rapid depletion of B lymphocytes by ultra-low-dose rituximab 

delivered intrathecally. Neurol Neuroimmunol Neuroinflamm 2015;2:e79; 

https://nn.neurology.org/content/2/2/e79/) 

[Figure displaying all 10 participants with a complete drop in CD19+ cells for 3-6 

months and a temporary reduction in CD45+ cells posttreatment in peripheral 

blood. Not permitted for digital reprint.] 

Figure 6. Posttreatment peripheral blood lymphocyte counts. B-lymphocyte (CD19+) and 

total lymphocyte (CD45+) counts (cells/µL) in peripheral blood for 1 year posttreatment (n = 10). 

(Figure 2 in: A. Svenningsson et al. Rapid depletion of B lymphocytes by ultra-low-dose rituximab 

delivered intrathecally. Neurol Neuroimmunol Neuroinflamm 2015;2:e79; 

https://nn.neurology.org/content/2/2/e79/) 

[Figure displaying all 10 patients, out of which two have a notable drop in CD19+ 

and CD45+ cells posttreatment in lumbar CSF. Not permitted for digital reprint.] 

Figure 7. Posttreatment CSF lymphocyte counts. B-lymphocyte (CD19+) and total 

lymphocyte (CD45+) counts (cells/µL) in CSF for 1 year posttreatment (n = 10). 

(Figure 3 in: A. Svenningsson et al. Rapid depletion of B lymphocytes by ultra-low-dose rituximab 

delivered intrathecally. Neurol Neuroimmunol Neuroinflamm 2015;2:e79; 

https://nn.neurology.org/content/2/2/e79/) 

  

https://nn.neurology.org/content/2/2/e79/
https://nn.neurology.org/content/2/2/e79/
https://nn.neurology.org/content/2/2/e79/
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Neurofilament light as a sensitive marker for axonal white 

matter injury – Paper II 

Based on 12 participants 

Following the insertion of ventricular catheter and Ommaya reservoir there was 

the opportunity to examine the influence this controlled, local trauma would have 

on injury markers in CSF. The average volume occupied by catheters was 280 

mm3 (95% confidence interval: 266–294). Of this volume, 91.6% consisted of 

white matter and 8.4% of grey matter. 

Compared to the baseline values taken before operation, and thereby before first 

treatment, there was a distinct elevation in NFL concentration in lumbar CSF 

after one month. NFL levels had returned to baseline after six months for most 

patients. By 12 months, NFL levels had returned to baseline values or below for 

all patients (Figure 8A). The median (interquartile range, IQR) NFL 

concentration in lumbar CSF increased from 409 ng/L (362–680) at baseline to 

2,460 ng/L (1,365–4,501, p = 0.005) at 1-month follow-up, declined to 1,037 

ng/L (636–1,463, p = 0.007) at 3-month follow-up, and further declined to 636 

ng/L (443–1,080, p = 0.041) at 6-month follow-up (Figure 8C).  

NFL in serum was analysed at corresponding time-points, revealing an identical 

pattern of NFL concentrations, albeit at lower levels (Figure 8B). The median 

(IQR) NFL concentration increased from 17 ng/L (14–23) at baseline to 51 ng/L 

(31–71, p = 0.005) at 1-month follow-up, declined to 30 ng/L (22–34, p = 0.005) 

at 3-month follow-up, and then to 21 ng/L (17–34, p = 0.037) at 6-month follow-

up (Figure 8D). 

A prominent correlation between NFL concentrations in lumbar CSF and serum 

was observed (R = 0.775). NFL in lumbar CSF explained 59.4% (R2 = 0.601, 

adjusted R2 = 0.594) of NFL in serum looking at all sampling occasions for all 

patients (Figure 9). The correlation between lumbar CSF and serum was 

generally more pronounced in an analysis of individual patients, with an R2 >0.9 

in 9 of 12 patients. 

For GFAP, S100B, and tTau the response to the insertion of the ventricular 

catheter varied with no clear pattern and no consistent differences between the 

time-points for lumbar CSF sampling. 
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[Figure displaying a spike in NFL, both in lumbar CSF and peripheral blood, at 1 

month after surgery and continued elevated levels after three months. Levels of 

NFL return to baseline values after 6-12 months. Not permitted for digital 

reprint.] 

Figure 8. Time curves for NF-L release in CSF and serum. Values are shown both as 

individual patients and as aggregated data for the whole group. The change from baseline is plotted 

for each individual (n = 12) and the actual values are displayed at the different time-points as 

boxplots indicating medians, interquartile range, and range. The time indicators for the boxplots 

are approximate since the intervals between the lumbar punctures were not exactly the depicted 

months on the x-axis. The CSF and serum sampling occurred within ±1 week for the 1-month 

sampling occasion and ±2 weeks for the other occasions. NF-L = neurofilament light polypeptide. 

(Figure 1 in: J. Bergman et al. Neurofilament light in CSF and serum is a sensitive marker for axonal 

white matter injury in MS. Neurol Neuroimmunol Neuroinflamm 2016;3:e271; 

https://nn.neurology.org/content/3/5/e271/) 

[Figure displaying a graphical representation of the correlation for NFL in lumbar 

CSF and peripheral blood. Not permitted for digital reprint.] 

Figure 9. Correlation between concentrations of NF-L in serum and CSF. The data 

indicate that approximately 60% of the concentration in serum may be explained by the 

concentration in CSF. NF-L = neurofilament light polypeptide. 

(Figure 2 in: J. Bergman et al. Neurofilament light in CSF and serum is a sensitive marker for axonal 

white matter injury in MS. Neurol Neuroimmunol Neuroinflamm 2016;3:e271; 

https://nn.neurology.org/content/3/5/e271/) 

  

https://nn.neurology.org/content/3/5/e271/
https://nn.neurology.org/content/3/5/e271/
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Safety and feasibility of intraventricular treatment – Paper III 

Based on 23 participants and 23 healthy controls 

Given the novel method in the context of MS treatment, one of the most 

important aspects was its safety. At least one adverse event (AE) was reported in 

78% (n = 18) of participants. Common AEs in direct association to the infusion 

procedure were mild to moderate vertigo and nausea. However, these episodes 

were typically short, lasting 5–20 minutes, and rarely needed symptomatic 

medication. One severe AE (bacterial meningitis) occurred ensuing drug 

administration and was treated effectively. No deaths occurred, and no 

participants were required to discontinue treatment due to AEs. No 

complications regarding either the neurosurgical procedures or the treatment 

were detected by MRI. 

[Figure displaying relative change in individual participants’ clinical evaluations 

between baseline and one-year follow-up. Not permitted for digital reprint.] 

Figure 10. Individual data of clinical assessments sorted from most improved to most 

deteriorated. Numbers in each cell denote the relative value of the parameter at 12 months 

compared with the corresponding baseline value followed by the patient identification (ID) in 

parentheses. Not able (NA) indicates that the patient was not able to do the test. Not done (ND) is 

indicated when the participant did not consent to do a test at any of the time points. Bottom row 

shows the p-values and whether the change from baseline indicated improvement (+) or 

deterioration (−). FSMC = Fatigue Scale for Motor and Cognitive Function; 9HPT = 9-Hole Peg Test; 

SDMT = Symbol Digit Modalities Test. 

(Figure 3 in: J. Bergman et al. Intrathecal treatment trial of rituximab in progressive MS. 

Neurology Nov 2018, 91 (20) e1893-e1901; https://n.neurology.org/content/91/20/e1893/. 

Improvement was observed in one clinical parameter; the SDMT score showed a 

median improvement by 2.0 points over 12 months (IQR 5.0, z = −2.4, p = 0.02). 

However, this was no longer significant after adjustment for learning effect [168]. 

The changes in the remaining clinical parameters were indicative of deterioration 

(p > 0.05). The most important of these was deterioration in walking speed, with 

a mean value of 0.12 m/s (p = 0.08). This represent a decrease in walking speed 

by 15%, which is relatively close to the 20% considered to be of clinical 

significance when evaluating walking speed [169]. The clinical outcome is 

summarised in Figure 10. 

Comparisons of the study group with healthy controls 

For all biomarkers analysed in lumbar CSF, the levels were higher in the study 

group at baseline compared to the control group: NFL (p = 0.013), GFAP (p = 

0.023), MBP (p <0.001), CXCL13 (p = 0.003), soluble CD27 antigen (p <0.001), 

and galectin-9 (p < 0.001). 

https://n.neurology.org/content/91/20/e1893/
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Comparisons between baseline and posttreatment values in the 

study group 

No relationship between intrathecal treatment and reduced tissue injury or 

inflammation was detected in lumbar CSF, apart from elevated levels in the 

concentration of NFL at one and three months, as described in paper II. A small 

median increase was observed in GFAP of 38 pg/mL (IQR 140, z = −2.5, p = 

0.013) during the 12 months of the study. 

Location matters: the heterogeneity of the CNS compartment 

– Paper IV 

Based on 16 participants 

In total, 180 proteins were analysed, split between two panels: one with proteins 

associated with inflammation, and one with proteins associated with 

neurobiological processes. Lumbar and ventricular CSF was compared in pairs 

collected at the same time-point, and MD samples were compared with 

ventricular CSF collected at surgery. 

When comparing MD with ventricular CSF, levels of 79 proteins differed between 

the two compartments (p ≤ 0.05); 32% (n = 25) were higher in MD samples, and 

68% (n = 54) were higher in ventricular CSF samples. In addition, there was a 

difference in how the two panels were divided, with 84% (n = 21) of the proteins 

in MD samples being from the immunology panel and 69% (n = 37) of the 

proteins in ventricular samples being from the neurology panel (see Figure 11). 

The median Spearman’s rho was -0.1 (IQR 0.4), essentially demonstrating that 

there was no correlation between the proteins in these two compartments. 

When comparing the paired lumbar and ventricular CSF samples, levels of 132 

proteins differed between the two compartments (p ≤ 0.05); 87% (n = 115) were 

higher in lumbar CSF samples, and 13% (n = 17) were higher in ventricular CSF 

samples. The representation of the two panels in lumbar CSF were a bit more 

even with a 32% (n = 37) and 68% (n = 78) split between the immunology and 

neurology panel, respectively. While 76% (n = 13) of the proteins in ventricular 

CSF came from the immunology panel (see Figure 12). The median Spearman’s 

rho was 0.3 (IQR 0.4), displaying a poor correlation between the two 

compartments. Molecular weight did not correlate with location in either 

compartment.  
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Figure 11. Overview of comparison between samples from interstitial space with 

ventricular CSF. The size of the circles indicates the percentage of protein found from their 

respective panel. Number within circles show absolute number of proteins found showing higher 

levels at each site. 

Abbreviations: MD = microdialysis; CSF = cerebrospinal fluid. 
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Figure 12. Overview of comparison between samples from lumbar and ventricular 

CSF. The size of the circles indicates the percentage of protein found from their respective panel. 

Number within circles show absolute number of proteins found showing higher levels at each site. 

Abbreviations: MD = microdialysis; CSF = cerebrospinal fluid. 
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The ventricular compartment displayed a stability in protein levels over time 

when comparing ventricular CSF from surgery with ventricular CSF from the 

paired samples. Only 23 proteins fell out as having different levels between the 

two time-points (p ≤ 0.05), with 78% (n = 18) of proteins with higher levels 

belonging to the samples from surgery. At surgery, 72% (n = 13) came from the 

immunology panel, while there was an even split in the follow-up samples of 60% 

(n = 3) and 40% (n = 2) from the immunology and neurology panel, respectively. 

The median Spearman’s rho was 0.5 (IQR 0.7) and 0.6 (IQR 0.3) for the 

immunology and neurology panel, respectively, indicating a slight to overall 

modest correlation between the two time-points. Molecular weight did not 

correlate with location at either time-point. 

Intrathecal treatment with rituximab in progressive MS – 

results from a two-year extension – Paper V 

Based on 15 participants 

Similar trends for AEs were observed in the ITT-PMS extension trial as reported 

for the ITT-PMS trial in paper III. One or more AEs were reported in 96% (n = 

22) of the 23 participants from the full duration of both ITT-PMS and ITT-PMS 

extension trials. Mild to moderate vertigo and mild nausea were common in 

direct association with the infusion procedure, usually lasting 5-20 minutes and 

rarely needed symptomatic medication. One severe AE, a low-virulent bacterial 

meningitis caused by Propionibacterium, occurred in connection to drug 

administration and was treated effectively with antibiotics after removal of the 

Ommaya reservoir, why the patient was also excluded from continuing in the 

study. No other participants were required to discontinue due to AEs, and no 

deaths occurred during the trial. For full list of AEs, see table in appendix. 

The trends observed for clinical parameters observed in paper III continued 

during the ITT-PMS extension trial. Improvement was observed in SDMT score 

with a median improvement of 1.0 point (IQR = 6.0, Z = 2.404, p = 0.016), but 

did not hold up against learning effect [168]. Impairment was observed in walking 

speed with a median deterioration of 0.27 m/s (IQR = 0.31, Z = -1.992, p = 0.046), 

which represent a 28% decrease, also surpassing the 20% considered to be of 

clinical significance when evaluating walking ability in MS [169]. Unlike in the 

ITT-PMS trial, there was also a worsening in EDSS with a median increase of 0.0 

steps (IQR = 1.0, Z = 2.124, p = 0.034). The remaining clinical tests (9HPT 

dominant and non-dominant hand, FSMC cognitive, motor, and total scores) 

displayed no change (p > 0.05). Clinical parameters are summarised in Table 4 

and Table 5. 
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Table 4. Individual clinical parameters. Numbers in each cell shows the relative 
change from baseline in the ITT-PMS trial at final follow-up in the ITT-PMS extension 
trial followed by the patient identification number in parenthesis. Not able (NA) is 
indicated when a participant was unable to perform one or both tests. Bottom row 
show p-values and if the change indicated improvement (+) or worsening (-). 

Walking 
speed 
(m/s) 

9HPT – 
DH (s) 

9HPT – 
Non-DH 
(s) 

FSMC 
cognitive 
score 

FSMC 
motoric 
score 

FSMC 
total 
score 

SDMT 
score 

1.08 (008) 0.76 (001) 0.64 (003) 0.63 (008) 0.66 (018) 0.67 (018) 1.29 (008) 

0.91 (009) 0.79 (002) 0.70 (014) 0.66 (003) 0.78 (001) 0.76 (008) 1.21 (002) 

0.75 (013) 0.90 (013) 0.87 (008) 0.69 (018) 0.83 (009) 0.79 (003) 1.14 (018) 

0.73 (016) 0.91 (008) 0.88 (018) 0.84 (021) 0.83 (017) 0.87 (017) 1.14 (011) 

0.67 (015) 0.93 (014) 0.89 (002) 0.92 (017) 0.85 (002) 0.88 (001) 1.08 (016) 

0.48 (011) 0.98 (020) 0.91 (013) 1.00 (001) 0.86 (008) 0.91 (021) 1.07 (001) 

NA (001) 0.99 (011) 0.95 (011) 1.02 (014) 0.88 (003) 0.96 (022) 1.06 (013) 

NA (002) 1.01 (016) 1.08 (021) 1.05 (022) 0.91 (014) 0.97 (014) 1.05 (009) 

NA (003) 1.03 (009) 1.09 (017) 1.07 (011) 0.91 (022) 0.97 (009) 1.02 (014) 

NA (014) 1.09 (018) 1.13 (015) 1.16 (009) 0.93 (011) 0.99 (002) 1.02 (003) 

NA (017) 1.14 (021) 1.15 (001) 1.16 (013) 0.96 (021) 0.99 (011) 1.02 (020) 

NA (018) 1.34 (015) 1.18 (022) 1.17 (015) 1.02 (013) 1.09 (013) 1.00 (017) 

NA (020) 2,05 (017) 1.21 (009) 1.18 (016) 1.17 (016) 1.17 (015) 1.00 (021) 

NA (021) NA (003) 1.30 (016) 1.19 (002) 1.18 (015) 1.17 (016) 1.00 (022) 

NA (022) NA (022) 2.16 (020) 2.08 (020) 1.63 (020) 1.81 (020) 0.88 (015) 

p-values for change in score and net direction as improvement (+) or deterioration (-) 

0.046 (-) 0.972 (+) 0.570 (-) 0.826 (-) 0.111 (+) 0.232 (+) 0.016 (+) 

 
 ≥ 20% improvement    
 10-20% improvement    
 ≤ 10% improvement    
 Unchanged    
 ≤ 10% deterioration    
 10-20% deterioration    
 ≥ 20% deterioration    

NA Unable to complete test    
     

Abbreviations: ITT-PMS = Intrathecal Treatment Trial in Progressive Multiple Sclerosis; 9HPT 
= 9-Hole Peg Test; FSMC = Fatigue Scale for Motor and Cognitive functions; SDMT = Symbol 
Digits Modalities Test; DH = Dominant hand; m/s = meter per second; s = seconds. 
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Table 5. Results from clinical assessments. Comparison between baseline 
evaluation in the ITT-PMS trial and final follow-up in the ITT-PMS extension trial. 

 N Median IQR Max Min Z-value p-value 

Walking speed (m/s)        

Baseline ITT-PMS trial 12 0.97 0.51 1.45 0.61   

Endpoint in ext trial 8 0.87 0.39 0.97 0.29   

Change 6 -0.27 0.31 0.06 -0.48 -1.992 0.046 

9HPT – DH (s)        

Baseline ITT-PMS trial 15 23.90 5.33 56.10 17.00   

Endpoint in ext trial 13 26.12 22.77 59.90 16.60   

Change 13 -0.15 5.68 30.65 -6.00 0.035 0.972 

9HPT – Non-DH (s)        

Baseline ITT-PMS trial 15 27.40 12.45 58.50 21.35   

Endpoint in ext trial 15 30.30 18.55 56.90 19.45   

Change 15 2.30 8.04 30.50 -17.65 0.568 0.570 

FSMC (score)        

Cognitive Score        

Baseline ITT-PMS trial 15 32 12 42 12   

Endpoint in ext trial 15 32 14 48 20   

Change 15 1 11 13 -12 0.220 0.826 

Motor Score        

Baseline ITT-PMS trial 15 41 7 50 19   

Endpoint in ext trial 15 36 10 48 29   

Change 15 -4 8 12 -15 -1.592 0.111 

Total Score        

Baseline ITT-PMS trial 15 74 15 87 31   

Endpoint in ext trial 15 67 23 95 54   

Change 15 -2 18 25 -27 -1.194 0.232 

SDMT (score)        

Baseline ITT-PMS trial 15 48 15 65 22   

Endpoint in ext trial 15 49 19 68 23   

Change 15 1 6 13 -6 2.404 0.016 

EDSS (steps)        

Baseline ITT-PMS trial 15 6.5 1.5 7.0 4.0   

Endpoint in ext trial 15 6.5 1.0 7.5 4.0   

Change 15 0.0 1.0 2.5 -0.5 2.124 0.034 

Abbreviations: ITT-PMS = Intrathecal Treatment Trial in Progressive Multiple Sclerosis; N = 
number of valid cases; IQR = Interquartile range; 9HPT = 9-Hole Peg Test; FSMC = Fatigue Scale 
for Motor and Cognitive functions; SDMT = Symbol Digits Modalities Test; EDSS = Expanded 
Disability Status Scale; DH = Dominant hand; m/s = meter per second; s = seconds. 
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Summary of the main results 

In summary, this thesis provides results pointing towards a continued 

progression of the disease after treatment with rituximab administered 

intrathecally. However, as a potential treatment method, intrathecal injections 

seems to be well tolerated but certainly not without risks. 

NFL in lumbar CSF shows a strong sensitivity as a marker for white matter 

damage, with a requirement of between 6-12 months to return to baseline after 

an injury event. NFL in serum shows a striking intrapersonal correlation with 

NFL in lumbar CSF, albeit with great interpersonal variations regarding baseline 

and peak levels. 

Three doses of 25 mg rituximab given intrathecally one week apart resulted in 

complete peripheral depletion of CD19+ B-cells for 3-6 months, with a decrease 

observed already after the first dosage. This demonstrates that there is a quick 

and efficient mechanism of redistribution of the monoclonal antibodies to the 

periphery with an effect on peripheral B-cells after even minute doses of 

rituximab injected intrathecally. 

When comparing different compartments within the CNS there is a strikingly 

poor correlation in protein levels between them, for most part not more than 

expected by chance. On the other hand, there is a moderate correlation between 

the same compartment at different time-points, suggesting a certain intra-

compartmental stability over time. 
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Discussion 

General reflections 

This thesis presents an in depth look at intrathecal anti-CD20 treatment of 

progressive MS with rituximab injected intraventricularly through an Ommaya 

reservoir. The results indicate that the method itself is well tolerated, but without 

an effect as a stand-alone treatment in late stages of progressive MS, if continued 

progression in gait impairment is the outcome measure. 

The trials underlying this thesis arose as a response to the success of intravenous 

anti-CD20 therapy in RRMS and the growing insight of the importance of 

meningeal inflammation in progressive MS. As described in the background, the 

B-cell has been identified as a likely important player in the pathophysiological 

mechanism of progressive MS. Its seemingly ability to create a separate sub-

population within follicle-like structures found in the meninges and the 

subarachnoid space of leptomeninges enables an immunoreaction separate from 

the periphery. In combination with demonstrations of an intact blood-brain 

barrier in progressive MS, this creates a barrier towards peripheral treatment 

with antibodies due to their poor penetrance into the CNS compartment and the 

obvious lack of relevance for peripheral depletion of B-cells in purely progressive 

MS. Hence, studies of intrathecal anti-CD20 therapy was warranted to better 

reach these compartmentalised B-cells, as well as understand their role in the 

disease. 

Through this thesis there has been an opportunity to further explore the role of 

anti-CD20 therapy in treatment of progressive MS. The ambition was to gain 

insight into the effect of anti-CD20 antibodies on progressive MS after bypassing 

the assumed treatment barriers and to evaluate potential effects on biomarkers 

in CSF. Sadly, we are left with more questions than when we started, but at least 

they are new questions. 

A word on trial design 

The ITT-PMS trial was started back in 2009. At the time there was no anti-CD20 

monoclonal antibody approved for usage in progressive MS, and rituximab had 

shown promising efficiency in RRMS. 

For choice of administration route there was different options to consider. The 

traditional option of lumbar injection provides advantages in ease of 

administration and required resources. However, it has been shown that only part 

of dosages given via this route reaches the ventricles [170], which, in case of 

dubious results from the trial, would raise doubt; is the lack of effect due to the 
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given treatment or an inadequate saturation of the CNS compartment? The 

choice of a ventricular route would remove this uncertainty and allow focus on 

the given therapy, its effect and mechanism. The downside of this alternative is 

of course the risk of a neurosurgical procedure to create the access point, and the 

increase in resources thereby required. In the end it was considered important to 

reduce uncertainties as much as possible to allow for the gathered information to 

provide as much insight as possible, and the intraventricular rout was chosen. To 

date, this is a unique aspect of this trial. 

The method of ventricular injection itself is not a novel method, but it has not 

been previously used in treatment of MS. Neither is the intrathecal injection of 

rituximab untested. Both Ommaya reservoirs and injections of intrathecal 

rituximab is used in treatment of B-cell lymphoma in the CNS, and it is also from 

this treatment the dosage of 25 mg rituximab was derived [152]. 

Safety and feasibility of intraventricular anti-CD20 therapy 

The main purpose of paper III was to evaluate the safety of the treatment and its 

route of administration. This aspect is further complimented in paper V that adds 

on to the knowledge of AEs over a longer timeframe. The most common side 

effects were mild to moderate vertigo and nausea, which were interpreted to be 

related to the injection procedure rather than to rituximab itself since they 

occurred transiently and were directly associated with receiving the injection. In 

addition, the symptoms were milder if the injection was performed more slowly. 

Other mild to moderate AEs reported during the study – such as urinary tract and 

upper respiratory infections, paraesthesia, diplopia, and falls – are all also 

common events in progressive MS itself. However, there were two serious AEs 

during the trials. Two cases of low-virulent bacterial meningitis, both caused by 

Propionibacterium occurred, a stern reminder of the risks involved with 

intraventricular injections. The pathogen causing these two events is suggesting 

that the infection was introduced from a sebaceous gland in the skin during 

therapy injections, which is difficult to prevent through injection routines. 

Furthermore, these two cases with meningitis corresponds to a risk of 2 per 163 

injections, which is significantly higher than what is reported from a previous 

study that showed a risk of 5 per approximately 4,400 injections [171]. In 

addition, there is also a long-term risk of infection from carrying an Ommaya 

reservoir, estimated to 0.74 infections per 27 years in 5.5% of patients [172]. 

With these outcomes in mind it can be noted that intraventricular injections are 

a feasible method of administering anti-CD20 therapy in progressive MS, and 

that the treatment was well tolerated by the participants. However, it is not 

unproblematic with a high requirement of resources and risk to the participants 

and should not be used light-heartedly. This needs to be taken into consideration 
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for any potential future studies so that the knowledge gained, or treatment effect 

achieved, outweigh the risks of the method. 

Patient related outcome measures 

Progressive MS is a non-curable disease where the treatments available are 

incapable of halting progression. An indication of stability in an otherwise 

progressive disease would be considered an intriguing and successful outcome of 

intrathecal anti-CD20 therapy. The study described in paper V looks for this 

through clinical parameters, and the purpose of the ITT-PMS extension study was 

for allowing more time to follow up on an insidious illness. 

Due to the design of the trials, all clinical evaluations were observational and 

revealed a heterogeneous response in which some patients showed improvement 

and others did not. The only test that showed improvement on a group level, 

SDMT, could fully be explained by a learning effect to repeated testing and did 

not represent a genuine improvement in cognitive impairment. However, the 

major indicative clinical parameter, walking speed, which has been shown to best 

correlate with disease progression did show a deterioration by the end of the 

extension study. This speaks for a continuation in disease progression. Notably, 

the rest of the clinical parameters evaluated during the trials showed no change 

(p > 0.05), including SDMT when adjusted for learning ability, speaking for some 

level of stability. If this is due to a disease progression at a too sedate pace to be 

noted for three years, however, is impossible to tell. 

In retrospect, the outcome measures in these trials could have been improved in 

order to gain a greater insight into both effect of the given therapy as well as the 

pathophysiological mechanisms of progressive MS. It is known that cortical 

atrophy not only is part of later stage of MS but starts early in the disease. A 

greater focus on cognitive impairment and the participants’ experience of the 

treatment could give greater insights to treatment effect. A point highlighted by 

some participants telling the principal clinical investigator for the trials that they 

experienced a haze being lifted from them after receiving the treatment. Another 

improvement would have been the inclusion of advanced imaging technics. MRI 

is commonly used in the clinic and in research, both for evaluation of the disease 

and for identifying new targets for treatment [173]. Later advancements have 

enabled MRI to detect leptomeningeal inflammation [174], which would be a 

highly relevant marker for the evaluation of intraventricular anti-CD20 therapy, 

and its effect on B-cells gathered in follicle-like structures in the leptomeninges. 

A recent study has also shown atrophy of the corpus callosum, evaluated through 

MRI, to be a robust imaging biomarker for progression in disability [175], and 

could have served as a potential pseudo-marker for over-all atrophy during the 

trials. 
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Biomarkers and anti-CD20 therapy 

No improvement was found in any of the CSF biomarkers included in paper II 

and III after therapy. A spike in lumbar CSF NFL was observed at the earlier time-

points (p = 0.005), described in detail in paper II, and was interpreted as being 

caused by the small neurosurgical trauma caused by inserting the ventricular 

catheter. The catheter used is extremely soft and pliable, and is considered to 

cause minimal trauma during its insertion, why this peak in NFL was unexpected 

and indicates a greater impact by the procedure than previously thought. After 12 

months, all lumbar CSF NFL levels had returned to pre-operative baseline values, 

providing an insight to a relatively slow elimination of NFL. There was also a 

small initial decrease in CXCL13 – a chemokine thought essential for lymph 

follicle development – consistent with a disruption of lymphoid follicles. 

However, this trend was not statistically significant. 

Another research team recently published a study (RIVITALISE) on intrathecal 

treatment with rituximab in progressive MS via the lumbar route [176]. They 

included several biomarkers predictive of the pharmacodynamic properties of 

rituximab in the intrathecal compartment and reported negative results after 

administration of rituximab. As a result, the trial did not fulfil continuation 

criteria and was ended prematurely. Potentially it would still have been 

interesting to continue the trial since they also included a control group and MRI 

examinations which still could have provided some insights. The data reported 

on biomarkers, however, were not supportive of a reduction in cerebral lymphoid 

structures. 

The same study also included an experiment to determine if B-cells under 

rituximab treatment are primarily killed by complement-dependent cytotoxicity 

(CDC) or antibody-dependent cellular cytotoxicity (ADCC). Purified naïve and 

memory B cells were cultured for four hours with rituximab (1 µg/mL) or a 

control antibody (daclizumab 1 µg/mL; Roche) in the presence of 50% of serum 

or 50% of pooled MS CSF samples. The most efficient killing of B-cells was 

observed through CDC in serum, but not in CSF, and no killing of B-cells were 

observed for the group prepared with the control antibody. Killing was 

comparable for naïve and memory B-cells. This experiment indicate that 

rituximab is mainly dependent on the complement system, which raises the 

question if the complement system can be relied upon within a closed CNS 

compartment. However, another study reports elevated levels of complement 

component C3 in patients with progressive MS, speaking for the presence of 

complement within the CNS [177].  
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The heterogeneity of the CNS compartment 

An interesting opportunity that arose during these trials were the possibility to 

compare samples taken from different CNS compartment at the same time-

points, described in detail in paper IV. The low correlation observed between the 

three compartments – ISS in brain, ventricular CSF, and lumbar CSF – are in line 

with theories on a more complex CSF circulation: a combination of directed bulk 

flow, pulsatile movements, and continuous bi-directional fluid exchange at the 

blood-brain barrier and the cell membranes at the borders between CSF and ISS 

probably all contribute to the movement of CSF [178]. In combination with the 

rapid clearance of rituximab from the CNS compartment observed in paper I, it 

also support the existence of alternative routes of elimination, such as the recently 

discovered glymphatic system and meningeal lymphatic vessels [179–182]. 

A direct implication of these findings, however, is the problem they present for 

analysing CSF samples. Even though it has long been assumed that differences 

may exist between different compartments of the CNS, lumbar CSF samples, due 

to being easily accessible, are continuously used in the clinic and in research to 

get an insight into the CNS. For diagnostic markers this does not change their 

usefulness, since their mere presence (or at a certain elevation/reduction) is 

indication of pathology. However, a problem arises when lumbar samples are 

analysed to draw conclusions on processes or pathophysiological mechanisms 

located at other levels of the CNS, as a different protein composition may be 

presented locally. The skewed distribution noted in some compartments between 

proteins from the two panels also means that analyses on samples from other 

areas may lead to misinterpretations since the image presented locally with 

regards to e.g. inflammation may be very different. 

Limitations 

The main limitations for the trials upon which this thesis is based is the lack of a 

control group and the small sample size. In addition, even with the extension 

study, the timeframe for the trials was very short for a disease with a slowly 

progressive course. 

The lack of a control group always present problems in any experimental design. 

For biomarkers there is the possibility to use the participants own baseline value 

as a control for any changes occurring after the treatment was given. For the 

estimation of continued progression, however, there is no way of telling if there 

was an effect beside would there have been complete stability or pronounced 

improvement. 

A small sample size creates issues for statistical analyses and in general makes 

any findings less certain. For these trials there was no pre-calculated power 
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analysis and no possibility of setting pre-defined goals or cut-offs which leaves 

results more open to interpretation. The uncertainties that come with a small 

sample size were further expanded by frequent use of repeated testing. Hence, 

results presented from the trials need to be interpreted with caution. 

With both trials together, the total follow-up time was three years. Progressive 

MS is a disease with a generally slow and highly individual course, and this 

timeframe may be too short to clearly note any progression. When combining this 

with non-objective outcome measures for progression there is a risk of skewed 

results. 

Finally, the approach to explore areas of interest outside the primary aims of the 

ITT-PMS and ITT-PMS extension trials leads to problems related to the lack of 

preformulated hypotheses. Therefore, the sampling routine was not adjusted to a 

predefined question of interest and collection of additional information to 

elucidate findings may not have been collected or overlooked. However, the use 

of the information available in the trials were justified by the lack of knowledge 

on both intrathecal treatment with anti-CD20 in progressive MS and the internal 

relationship between different CNS compartments. 

Further research and final remarks 

Treatment of progressive MS remains one of the greatest challenges facing the 

MS community. Advances in technology and imaging techniques have greatly 

advanced the understanding about pathophysiological mechanisms in 

progressive MS. The meningeal inflammation and the B-cell remain two central 

concepts, and their roles in the pathophysiology have strengthened over time – 

regardless of inflammations potential connection and/or causality to 

neurodegeneration. 

The findings of the ITT-PMS and ITT-PMS extension trials are in line with the 

RIVITALISE trial and do not speak for an overwhelming effect of intrathecal anti-

CD20 therapy [176]. As discussed above, inclusion of advanced imaging 

techniques could have provided a greater insight into the effect of the treatment 

on the inflammatory components and answered the question that now remain: 

was there a reduction in inflammatory activity after all? 

This question might become easier to answer in the future with development of 

positron emission tomography (PET) tracers for B-cells [183], which would 

enable studying the effects of given treatments on B-cells in vivo. Establishing 

biomarkers for progression in MS would also greatly contribute to evaluations of 

treatments but are as of yet out of reach. 
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Still, it seems unlikely that intrathecal anti-CD20 will become a monotherapy for 

progressive MS, even though the method to reach compartmentalised 

inflammation may be of use. The successful treatment of progressive MS likely 

lies in approaching it as the multifactorial disease it is and the simultaneous 

treatment of inflammation and neurodegeneration. In such a context, it is not 

excluded that anti-CD20 therapy still has a role to play. 

There is of course also another option. It is no understatement to say that once 

patients reach an advanced stage of progressive MS they are severely ravaged by 

the disease. It is therefore most possible that the optimal treatment would be to 

never allow patient to reach this stage and instead treat inflammation before it 

becomes compartmentalised, and to combine this with non-immune approaches 

that target neurodegeneration. There is a growing amount of evidence for early 

treatment being preferential [184], but meeting this challenge requires 

development of biomarkers and imaging techniques both for supporting in 

finding new targets for treatment and for enabling early diagnosis. 
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Conclusions 

In summary, the following conclusions can be made from the results presented 

in this thesis: 

 The method of injecting anti-CD20 antibodies intraventricularly through 

an Ommaya reservoir is well tolerated, but not without risks. 

 The results received, in combination with the overall trial design, speaks 

for a continued progression with gait impairment as the main outcome 

measure. 

 Over the full time period of ITT-PMS and ITT-PMS extension trial 

walking speed showed a worsening while the other clinical parameters 

displayed no change. Apart from the spike in NFL mentioned below, no 

other biomarker (CXCL13, GFAp, sCD27, MBP, and GaL-9) displayed 

any changes after treatment. 

 Following ventricular injections of 3 x 25 mg rituximab a complete 

depletion of peripheral CD19+ cells were noted for 3-6 months, 

indicating a redistribution of the antibodies from the intrathecal space to 

the periphery. Cell count in lumbar CSF was so low from the start that 

any consistent changes were difficult to evaluate. 

 A clear spike in NFL was observed as a response to insertion of the 

ventricular catheter, speaking for axonal white matter injury. The levels 

of NFL returned to pre-surgery baseline levels within 6-12 months. 

 There is a heterogeneity between the different CNS compartments with a 

poor correlation of proteins between them. 

 In patients with progressive MS, samples from the ISS of the brain differs 

from ventricular CSF regarding protein profile, with more elevated levels 

of proteins typically associated with inflammation in ISS samples. 
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Appendix 

Adverse Events. Recorded from the beginning of the 1-year ITT-PMS trial to the end 
of the 2-year extension trial for all participants. Total follow-up time 3 years. 

All Events  

Any Event  

Events – no. (no. per participant) 107 (4.7) 

Participants with events – no. (%) 22 (96) 

Severe Adverse Events  

Events – no. (no. per participant) 2 (0.09) 

Participants with events – no. (%) 2 (9) 

Bacterial meningitis – no. (%) 2 (9) 

Death – no. (%) 0 (0) 

Discontinuation due to Adverse Event – no. (%) 2 (9) 

Moderate Adverse Events  

Events – no. (no. per participant) 23 (1.0) 

Participants with events – no. (%) 15 (65) 

Vertigo, UTI, URTI, Depression, Fall, Basalioma, Bladder 
stone, Deep venous thrombosis, Diabetes Mellitus type 2, 
Gastroenteritis, Vomiting 

 

Mild Adverse Events  

Events – no. (no. per participant) 82 (3.6) 

Participants with events – no. (%) 21 (91) 

Vertigo, UTI, Paraesthesia, Diplopia, URTI, Rash, 
Headache, Nausea, Eczema, Fall, Fatigue, Fever, Fungal 
infection, Vomiting, Dry eye, Gastroenteritis, Hypertension, 
Labial herpes, Myalgia, Obstipation, Tremor 

 

Frequency of Adverse Events  

Vertigo – no. (%) 23 (52) 

UTI – no. (%) 19 (43) 

URTI – no. (%) 10 (26) 

Paraesthesia – no. (%) 8 (13) 

Nervous system disorders – Other, diplopia – no. (%) 6 (9) 

Fall – no. (%) 4 (13) 

Rash – no. (%) 4 (4) 

Headache – no. (%) 3 (13) 

Nausea – no. (%) 3 (9) 

Vomiting – no. (%) 3 (13) 

Depression – no. (%) 2 (4) 

Eczema – no. (%) 2 (9) 
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Fatigue – no. (%) 2 (9) 

Fever – no. (%) 2 (9) 

Fungal infection – no. (%) 2 (4) 

Gastroenteritis – no. (%) 2 (9) 

Bacterial meningitis – no. (%) 2 (9) 

Basalioma – no. (%) 1 (4) 

Bladder stone – no. (%) 1 (4) 

Deep venous thrombosis – no. (%) 1 (4) 

Diabetes Mellitus type 2 – no. (%) 1 (4) 

Dry eye – no. (%) 1 (4) 

Hypertension – no. (%) 1 (4) 

Labial herpes – no. (%) 1 (4) 

Myalgia – no. (%) 1 (4) 

Obstipation – no. (%) 1 (4) 

Tremor – no. (%) 1 (4) 

Abbreviations: ITT-PMS = Intrathecal Treatment Trial in Progressive Multiple Sclerosis; UTI = 
Urinary tract infection; URTI = Upper respiratory infection. 

 




