Biomarkers of disease progression

Axel Petzold

December 22, 2016

Introduction

Clearly diagnostic criteria in multiple sclerosis (MS) continue evolving [1].
Once a diagnosis is made a majority of patients will want to know about
their long term prognosis [2]. The difficulty in providing an accurate long
term prognosis relates to the unpredictability of the disease course[3].
Biomarkers for disease progression add valuable information in this con-
text [4, 5].

More precisely when seen in clinic patients ask questions such as:
“How bad is my disease?” or “What is my chance for another relapse?”
[6]. There will be no 100% accurate answer to these questions [2]. What
can be said about disease progression will be based on an estimate of
probabilities [7]. Biomarkers can be used to statistically model the proba-
bility of disease progression [8].

Disease progression due to axonal loss will be inoxerable [9]. In con-

trast to axonal loss, patients have a chance for recovery of function caused



by demyelination and conduction block [10]. For this reason biomarkers
which allow to assess axonal loss in MS are of particular interest for this

chapter no disease progression [11, 12].

Biomarker definitions

The National Institutes of Health (NIH) workshop on biomarkers definitions

are:

e Biomarker: “a characteristic that is objectively measured and evalu-
ated as an indicator of normal biologic processes, pathogenic pro-

cesses, or pharmacological responses to therapeutic intervention.

[13] Biomarkers may be sub—classified into:

— Process biomarkers: biomarkers which allow monitoring of the

dynamics and activity of pathological features.

— Predictive biomarkers: biomarkers which can narrow the choices

between treatment options [14].

— Prognostic biomarkers: biomarkers which are associated with a

clinical outcome, such as a time—to—event outcome [14].

e Surrogate endpoint: “defines a biomarker that is intended to serve
as a substitute of a clinically meaningful endpoint and is expected
to predict the effect of a therapeutic intervention or the evolution of

disease. [13]"



e Clinical endpoint: “defines a meaningful measure which captures
how a patient feels, functions or survives. [13]” Clinical endpoints

can be broken down to:

— Time—to—event outcome: The time until a predefined event oc-
curs, e.g. the time to reaching a certain score on the Expanded
Disability Status Scale score (EDSS) [15] ranging from O (nor-

mal) to 10 (death due to multiple sclerosis).

— Intermediate endpoint: represents “a clinical endpoint that is not
the ultimate outcome but is nonetheless of real clinical useful-

ness. [13] “ (e.g. a clinical scale [15, 16].)

— Ultimate clinical outcome: represents “a clinical endpoint reflec-

tive of accumulation of irreversible morbidity and survival. [13]”

Biomarkers for axonal loss

Simplified, there are two types of biomarkers: (1) those which are de-
tectable during the acute phase of axonal loss [17] and (2) those which

can document the loss of axons at a later stage [18]:
1. Early biomarkers of axonal loss:

¢ Body fluid biomarkers released during axonal disintegration [11,

19]

e In vivo apoptosis markers [20]

2. Late biomarkers of axonal loss:
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e Magnetic resonnance imaging (MRI) of the brain [21]
e Optical coherence tomography (OCT) of the retina [22, 23]

e Multimodal evoked potentials[24]

This chapter does focuse on early biomarkers of axonal loss, which
are body fluid biomarkers [25]. Historically, much of body fluid biomarker
research in MS was conducted in the cerebrospinal fluid (CSF) [4]. This
concept has substantially developed over the past years following discov-

ery of the glympatic system [26].

The cerebrospinal fluid (CSF)

Normal CSF is clear and colorless and 70% the CSF water content orig-
inates from the choroid plexus [4]. The CSF represents and ultrafiltrate
derrived from the choroid plexus which has a filtration rate of about 40
mL/h [27]. Only about 30% of the CSF water comes from the meninges
and the blood—nerve barrier wich is located at level of the nerve roots.
For biomarker research in MS it is important to realise that CSF water
also comes from the interstial fluid (ISF) of the brain parenchyma [28].
Synonymous to ISF the literature used the term extracellular fluid (ECF)
[28, 29]. The relationship of the four different brain fluid compartments
is summarised in Figure 1. Because plasma proteins diffuse through the
blood—nerve barrier along the entire length of the spinal cord they are high-
est in the lumbar CSF.

About 80% of the CSF proteins originate from the plasma and only 20%
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Figure 1: Schematic representation of the brainas fluid compartments and
barriers. The fluid compartments in the brain consist of intracellular fluid
(ICF) (60-68 %), interstitial fluid (ISF) (also known as extracellular fluid)
(12-20 %), blood (10 %) and the cerebrospinal fluid (CSF) (10 %). Blood
is separated from the CSF and interstitial fluid by the blood brain barrier
(BBB) and blood-CSF barrier, respectively. Tight junctions between the
blood endothelial cells constitute the BBB, restricting macromolecules to
move freely from the blood into the brain parenchyma. Fluid and solutes
diffusses into the brain parenchyma from the perivascular space located
between endothelial cells and astrocytic endfeet that expresses the water
channel aquaporin-4 (AQP4). The blood-CSF barrier is formed by tight
junctions between the choroid plexus epithelial cells. Macromolecules
from the blood can move freely between the fenestrated endothelial cells to
the interstitial fluid but is restricted by tight junctions in the choroid plexus
epithelial cells, which therefore are b&lieved to be the main players in deter-
mining CSF composition. [Figure reproduced with permission from [26]].
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come from the brain parenchyma. Overall, the CSF has a much lower pro-
tein concentration (~ 350 g/L) compared to the serum (70,000 g/L). Never-
theless, biomarkers released by pathology of the brain parenchyma, such
as formation of MS lesions or axonal loss will in most cases outweight the
prportion of similar proteins transferred from the blood. This may change
with a defective blood brain barrier which may allow for proteins to leak

from the blood into the CSF.

The Blood brain barrier

The blood brain barrier (BBB) acts as a filter preventing the unselective
diffusion of compounds into the human brain (Figure 1). To be precise the
anatomically defined BBB needs to be distinguished from the functionally
defined blood—CSF barrier (BCB). The BCB is a sieve permitting small
substances to diffuse from the blood into the CSF [30].

At time of writin the goldstandard for assessment of the BBB/BCB func-
tion is stil based on the measurement of albumin in the CSF and serum
[31]. With an intact BBB/BCB only a small amount of albumin can diffuse
into the CSF (normal range ~ 144-336 mg/L). In normal conditions, the
CSF to serum albumin quotient is smaller than 0.0074. With breakdown
of the BCB, serum albumin leaks into the ISF and CSF, the CSF albumin
rises and the CSF to serum albumin quotient increases.

Sampling of the ISF is more challenging compared to the CSF and
typically require microdialysis techniques [32]. Because it is not ethical to

use this invasive technique in patients with MS progress in the field comes



from neurointensive care units [29] and experimental studies [33]. There is
a continous fluid exchange between the CSF and ISF. Whilst conventional
wisdom used to be that osmotic gradients were most relevant, more recent

evidence points towards relevance of connective influx of the CSF [33].

The glymphatic system

The brain glymphatic hypothesis states that hydrostatic pressure is rele-
vant for trans-astrocytic water flow [33]. Pulsation of blood vessels drives
water through AQP4 channels (Figure 2). The AQP4 channels are highly
expressed at the astrocytic footprocesses which makes them a relevant
autoimmune target in neuromyelitis optica [34]. The glymphatic system
proposes that the CSF influx to the brain parenchyma promotes convec-
tive ICF flow, ultimately directed at the perivenous space. Because of sim-
larities with the lymphatic system, and the special role taken by glial cells,
the terim “glymphatic’ was introduced [26]. The diurnal activity of the glym-
phatic system is considerable with highest activity during sleep. This has
thought to be relevant for removal of compounds. The brain glymphatic
system is particularly relevant for the clearance of proteins and protein
breakdown products involved in neurodegenerative pathology.

The role of the glymphatic system in MS has not yet been studied in
detail and its role for driving autoimmunity is unclear [35]. Given the ac-
cess difficulties to the brain ICF in vivo in MS it will not be straightforward
to adress these questions. Because of developmental similarities between

the brain and retina three different lines of research suggested presence
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Figure 2: The neurovascular unit. The structure and function of the neu-
rovascular unit allow bidirectional communication between the microvas-
culature and neurons, with astrocytes playing intermediary roles. Pial
arteries in the subarachnoid space bathed in CSF become penetrating
arteries upon diving into the brain parenchyma. The perivascular space
around penetrating arteries is termed the VirchowaRobin space. As
the penetrating arteries branch into arterioles and capillaries, the CSF-
containing Virchow—Robin spaces narrow and finally disappear. CSF from
the Virchow-Robin spaces continues its flow into the perivascular spaces
around arterioles, capillaries and venules where the extracellular matrix of
the basal lamina provides a continuity of the fluid space. Astrocytic vas-
cular endfeet expressing aquaporin-4 (AQP4) surround the entire vascula-
ture and form the boundary of the perivascular spaces. [Figure reproduced
with permission from [26]]. 3



of a retinal glymphatic system [36, 37, 38]. The existence of a retinal glym-
phatic system has not yet been shown experimentally. One advantage of
investigating the presumed retinal glymphatic system in MS is that this
can readily be done using non—invasive imaging techniques such as OCT

[22, 23].

Early biomarkers for axonal loss

In MS disintegration of the axonal membrane causes release of the cy-
toplasmatic content from injured axons the surrounding extracellular fluid
(ECF, ISF) of the human brain [29]. The glymphatic system faclitates flux
of these substances from the brain ECF/ISF into the blood stream from
where they can be sampled and quantified. Sampling from the blood as
opposed from the CSF has hughe advantages for longitudinal studies in
MS [39].

Of note, some biomarkers are only expressed by certain cell types.
They are called cell-type—specific biomarkers. The measurement of cell-
type specific biomarkers indirectly permits to estimate the degree of e.g.
axonal loss. Table 1 summarises cell-type—specific and other biomarkers.

Table 1: Potential and established biomarkers and their cellular sources.

Biomarkers for the neuron and axon are of particular interest for disease pro-

gression in MS. (Table updated from reference [40])

CSF Neuron Astro- Micro- Oligoden- Choroid
Biomarker & Axon  cyte glia drocyte plexus
14-3-3y ++ + + +



ABP
AD7c-NTP
Albumin

« spectrin
a(1)BG
a—internexin
ApoE
S—tubulin

B-2-Microglobulin

[B-trace
Bri2-23
CHI3LA

Chromagrannins A & B

Clusterin
Cystatin C
EDG-8
FABPs

FFA

Ferritin
GFAP
Glucose
Glutamate
HK6

HNE
Hypocretin—1
Isoprostanes
Lactate

MAG

MBP

MDA
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MOBP N

MOG +
NAA ++ + + +
NCAM + +
NOx + + +

NSE +

Neurotrophins + + + +
Nf (NfL, NfM, NfH) ++

OMgp +
Osteopontin + + + +
PLP +
PrPc +

Pyruvate + + + +
S100B ++ +
SFas (sCD95) +

Tau + + + +

Transthyretin

Ubiquitin + + + +
UCHL-1 +

Vimentin + + +

YKL-40 (human chitinase 3-like 1 protein) +

Challenges for biomarkers in MS The challenges for biomarkers in
MS are the pathological disease heterogeneity, the highly variable clini-
cal course and the subclinical disease course with acute relapse related
damge on top of pre—existig damage. Probably this problem is greatest
for any biomarker which is not specific for the neuro—axonal compartment.

For example the glial biomarkers S100B or glial fibrillary acidic protein
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(GFAP) will be increased following acute relpase related glial activation
as well as after formation of a glial scar later in the disease course [41].
Even more difficult are biomarkers indicating systemic inflammation inde-
pendent to whether or not there are acute MS lesions forming in the brain
[42]. In contrast, a rise of biomarkers specific for the axonal compartment
are likely to indicate acute damage to the one structure hold responsible
for disability progression [43]. To add value, a biomarker should improve
on the clinical prognostic accuracy.

At disease onset either the optic nerve, spinal cord or brainstem are
affected in 85% of cases [44]. The risk for developing MS is higher with
spinal cord involvement compared to isolated optic nerve pathology. About
85% of patients develop a relapsing remitting disease course [45]. Once
patients reach an EDSS of 4 they disease course seems to progress
inoxerably. A large proportion of these patients will lose their ability to
walk independently (EDSS 6) within 20.1 years of diease onset and will
be wheelchair-bound (EDSS 7) within 29.9 years of disease onset [46].
The prognosis is much better in patients presenting with MS optic neuritis
(MSON) [47]. Of note not all patients presenting with optic neuritis (ON)
or transverse myelitis (TM) develop MS [6]. This implies that a biomarker
result cannot be interpreted in isolation, but needs to be seen as an exten-

sion of the clinical assessment.
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CSF biomarkers in MS

There is no diagnostic biomarker for MS. Data from the available biomark-

ers are best interpreted in knowledge of a comprehensive CSF analysis.

Routine CSF analysis

The reason for a standardised basic CSF analysis is that the specificity for
any biomarker in the differential diagnosis of MS improves [4]. There are

six core points to be considered:

1. Any biomarker should only be regarded as an extension of the clinical

assessment
2. CSF cytology:

e A high red blood cell count (5 x 10°/L to 7 x 10%/L) in the ab-
sence of bilirubin (assessed by spectophotometry) suggests a
traumatic tap. This may render other quantitative tests uninter-

pretable

¢ A slightly raised white cell count (> 5 x 105/L) may be found in

up to 34% of patients with MS

¢ A high white cell count (> 50 x 10%L) is unusual in MS

3. CSF glucose: the CSF/serum ratio should be >0.4; low CSF glucose

levels suggest an infectious process
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4. CSF total protein: a very high CSF total protein content (> 1 g/L)
suggests an infectious or neoplastic process. High CSF total pro-
tein is occasionally seen in patients with CIDP who also have central

demyelination

5. CSF/serum albumin quotient: allows assessment of the integrity of
the blood—CSF barrier and is the basis for quantitative models on

intrathecal immunoglobulins

6. CSF lactate: an increase in CSF lactate (> 2.4 nmol/L) is unusual in

MS and may suggest mitochondrial or infectious pathology

Good clinical selection and a basic CSF program help to minimise
pre—analytical pitfalls leading to a false—positive or false—negative CSF

biomarker results.

Intrathecal IgG synthesis - CSF oligoclonal bands

Currently diagnosis of multiple sclerosis is based on dissemination in time
and space. Before 2010 lack of MRI evidence for dissemination in space
could be substituted by a paraclinical test, CSF oligoclonal bands (OCB). A
debate followed discussing the value of cerebrospinal fluid (CSF) analysis
[48, 49, 50]. These arguments have been refined over the subsequent
5 years [51, 52, 51]. The authors have one point in common which is

illustrated by a personal case.
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lllustrative clinical case

In February 2011, a 41—year old, right-handed man experienced an episode
of vertigo. His general practitioner noticed a nystagmus and referred him
to the Ear, Nose and Throat (ENT) specialist. The vertigo was thought
to be central in origin and a MRI was requested. This MRI demonstrated
multiple paraventricular T2—lesions (Figure 3 A). By May 2011 the patient
had made a full recovery.

In July 2011 he developed pain on eye—movements in his right eye.
About one week later his vision started to deteriorate. He was referred to a
Neurologist, who diagnosed optic neuritis. Visual evoked potentials (VEP)
of the right eye were severely prolonged (P100, 125 ms). A repeat MRI
did not show any new lesions (Figure 3 A). A subsequent lumbar puncture
revealed intrathecally—synthesised oligoclonal bands (type 2 pattern, see
below).

Taken together there were two attacks, one of which was clinically con-
firmed by a neurologist. Radiologically this patient did not fulfil DIS or DIT
[53]. A diagnosis of MS could not be made in 2011 [53]. A year earlier,
however the patient would been diagnosed with MS because evidence of
intrathecally—produced 1gG would have been a substitute for radiological

DIS [54, 55].

CSF OCB - anlaytical aspects

One frequently cited criticism of CSF OCB has to do with reproducibility.

Why does one laboratory get a different result compared to another labo-
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Figure 3: MRI brain of a 41 year—old man demonstrating non—contrast
enhancing T-2 lesions exclusively located in the paraventricular regions in
(A) April 2011 and (B) July 2011.
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Study

UK NEQAS 2008
UK NEQAS 2009
UK NEQAS 2010
UK NEQAS 2011

TP FP FN TN Sensitivity Specificity Sensitivity Specificity
245 12 9 241 0.96[0.93, 0.98] 0.95[0.92, 0.98] a L
243 7 22 254 0.92[0.88,0.95] 0.97[0.95, 0.99] = =
271 5 6 275 0.98[0.95,0.99] 0.98[0.96, 0.99] u u
177 4 14 182 0.93[0.88,0.96] 0.98[0.95, 0.99] = b

Figure 4: Forest plot of the analytical accuracy of reporting CSF OCB from
114 laboratories participating in an external quality control scheme (data
kindly provided by UK NEQAS, 12.10.2011). [Reprinted with permission
from [60]]

ratory? And which laboratory should one believe?

There is evidence that poor analytical quality can cause a loss of sen-
sitivity (45%—77%) much efforts had been made to optimise sample col-
lection and processing [56]. Teunissen et al have written an influential
standardisation protocol for CSF analysis in MS [57]. In addition, specific
recommendations for CSF OCB analysis have been developed [58].

Adhering to these guidelines an almost perfect inter—laboratory agree-
ment (kappa >0.8) was found for 19 Spanish laboratories [59]. Likewise,
data were excellent for 114 UK laboratories which participated in an ex-
ternal national quality assessment service (UK NEQAS)between 2008 to
2011. The analytical sensitivity ranged from 92-98% and the analytical
specificity from 95-98% (Figure 4). Taken together these data suggest
that lessons have been learned and a level of analytical accuracy been

reached with is acceptable.
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The source of CSF OCB

The immunesystem requires B—cells to produce IgG. Each of us has about
10° distinct B—cell clones. The B-cells reside in the meninges and parenchyma
of the CNS [61, 62]. Only a small number of B—cell clones are present in
the CNS [63]. Therefore any intrathecally—produced IgG can only ever be
oligoclonal. This oligoclonal IgG is seen as a “band” on IEF, the preferred
method [58]. Hence the name OCB.

Clonally—expanded B—cells from the CSF were shown to be the source
of matching CSF IgG [64, 65].

The enormous diversity of IgG antibodies is achieved by IgG gene re-
arrangement (somatic hypermutation) during B—cell development (clonal
expansion) [66]. This is done in a precise order. Firstly the heavy chain
rearranges. Once a functional heavy chain results, the kappa chain rear-
ranges. If kappa is unproductive (or cannot pair with the heavy chain) then
lambda will rearrange.

The impressive antibody diversity is needed because of the potential
threat any intruding molecule/organism poses to the human body. The
immune system cannot risk leaving all the defense to one single clone of
B—cells: the IgG may not be effective, e.g. because the target antigen may
change, be masked or be shed. For these reasons any systemic infection
triggers an oligoclonal response. Consequently a large number of B—cells
are recruited and stimulated by cytokines. What is seen as polyclonal IgG
in the serum is probably the result of this massive cytokine stimulation

resulting in activity of B—cells. Each of these B—cell clones produces a
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slightly differently composed IgG molecule targeted at the potential anti-
gen threat. Over time, particularly effective clones may be selected. This
process is not fully understood and modification of B—cells in the germinal
centers plays a role alongside somatic mutations and affinity maturation.

In the CNS only a small number of B—cell clones are present in the
CNS. Hence the intrathecal B—cell immune response can only ever be
oligoclonal. Further development of analytical techniques may reveal more
about the different clones and their immunoglobulins.

From a biological point of view there appears to be a continuum from
the systemic polycoclonal immune response to the oligoclonal, and occa-
sionally monoclonal, immune response observed in the CNS. Any process

triggering a B—cell response may lead to the presence of IgG in the CSF.

Five keys to understanding CSF OCB

Five simple keys to interprete OCBs restuls are:

e In normal CSF all IgG comes from the blood by passive diffusion

In normal CSF and serum IgG is polyclonal

Oligoclonal bands in blood give a mirror pattern in CSF

Local synthesis is present when there are bands in the CSF that are

absent from the serum

Oligoclonal bands are (generally) a sign of pathology
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Table 2: Diseases in which intrathecal oligoclonal IgG has been reported.
RRMS = remitting relapsing MS, SPMS = secondary progressive MS, CIS
= clinically isolated syndrome, CNS = central nervous system, NMO = neu-
romyelitis optica, ADEM = acute demyelinating encephalomyelitis, LETM
= longitudinal extensive transverse myelitis, SLE = systemic lupus erythe-
matosus, BIH = benign intracranial hypertension, GBS = Guillain—-Barré
Syndrome. [Reprinted with permission from [60]].

MS type Autoimmune Inflammation Other
RRMS  SLE Neurosyphilis Paraneoplastic disorders
SPMS  Behcet’s disease Neuroborreliosis Aseptic meningitis
PPMS Neurosarcoidosis HIV infection Cerebral tumors
CIS Sjogren’s syndrome Herpes viridae Cerebral lymphoma
NMO Morvan syndrome Chlamydia Vertigo
ADEM  Anti-NMDA encephalitis Neurotuberculosis Alzheimer
LETM Anticardiolipin syndrome HTLV myelopathy Prion disease
Autoimmune encephalopathy Schistosomiasis Migraine
Stiff-man syndrome Cerebral cysticercosis Syncope
GBS CNS vasculitis BIH

CSF OCB are not specific for MS

Presence of CSF OCB has been described in MS and a range of other
diseases (Table 2) [67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80,
81, 82, 83, 84, 85, 86]. The interpretation CSF OCB will depend on the
clinical situation. Presence of CSF OCB can be taken as an indicator
for a pathological relevant autoimmune process, an epiphenomenon or an
inflammatory response. This interpretation will depend on the pattern of

OCB seen on IEF.
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Five OCB patterns

The current recommendations are to use IEF for detection of OCB [58].
This is a qualitative technique. Therefore pattern recognition is crucial. It
was suggested that the observed patterns be designated as “Type 1” to
“Type 5” [58].

Figure 5 shows the 5 classical patterns and one more which can be

relevant:
e Type 1: no bands in CSF and serum (S)

e Type 2: oligoclonal IgG bands in CSF, not in the serum, indicative of

intrathecal 1gG synthesis.

e Type 3: oligoclonal bands in the CSF (like Type 2) and additional

identical oligoclonal bands in CSF and serum samples.

e Type 4: identical oligoclonal bands in CSF and serum indicating a
systemic rather than an intrathecal immune reaction, with a leaky or
normal or abnormal blood—CSF barrier and oligoclonal bands pas-

sively transferred into the CSF.

e Type 5: monoclonal bands in the CSF and serum sample seen in

the presence of a paraprotein (monoclonal IgG component).

For didactic reasons mnemonics may come useful to remember the

CSF OCB patterns.

e Normal: no bands in CSF and serum (type 1 [58])
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Figure 5: The OCB patterns shown are (A) normal (no evidence for
intrathecally—produced oligoclonal IgG, Type 1), (B) local synthesis (Type
2), (C) a mirror plus pattern (more bands in the CSF compared to the
serum, Type 4), (D) a mirror pattern (equal number of matched bands in
CSF and serum, Type 3), (E) mirror steps (monoclonal bands, Type 5), (F)
an artifact' Shown is the original photograph to the left and an illustrative,
high contrast sketch to the right of the image. [Reprinted with permission
from [60]].
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Local: oligoclonal bands in CSF but not in the serum, indicative of

isolated intrathecal oligoclonal IgG synthesis (type 2 [58])

Mirror: identical oligoclonal bands in CSF and serum, indicating a
systemic rather than an intrathecal immune reaction where oligo-

clonal bands are passively transferred into the CSF (type 4 [58])

Mirror plus: oligoclonal bands in the CSF and additional identical
oligoclonal bands in CSF and serum samples, the space between

bands is irregular (type 3 [58])

Mirror steps: monoclonal bands in the CSF and serum sample
seen in the presence of a paraprotein (monoclonal IgG component),

spaced in symmetric steps (type 5 [58])

Artifact: bands caused by pre—analytical or analytical problems

Interpretation of OCB patterns

Type 1 is easy: this is a negative test result. However, absence of evidence

does not necessary provide evidence for absence. Figure 6 shows the

IEF pattern of a patient with a clinical isolated syndrome (CIS) in 2004

and again 18 months later. Clearly a Type 2 pattern has developed and

the patient then fullfilled the criteria for definite MS. If the clinical picture

strongly suggests a diagnosis of MS, then a repeat lumbar puncture may

be indicated in any patient with initially OCB—negative CSF.

Type 2 is also straight forward: specific bands are present in the CSF

but not in the serum. This pattern is observed in patients with MS. It can
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Figure 6: The CSF in a patient presenting with CIS who showed no evi-
dence of intrathecal IgG in 2004 but developed oligoclonal IgG bands in
2005.

be as discrete as shown in Figure 6 or as strong as shown in Figure 5.
MS is probably the disease with the strongest stimulation of the B—cell
clones within the CNS parenchyma. But, as mentioned above, OCBs are
also seen in a number of other diseases, with the present list likely to be
incomplete. An oligoclonal pattern in the CSF is pathological and requires
further investigation.

The interpretation of Type 3 and 4 patterns is more complex [58]. In
particular, Type 4 can be misinterpreted if the amount of IgG in the serum
is too high, as this can blur the serum bands. This is one reason for adding
equal amounts of IgG from the CSF and the serum sample [58, 87]. Type
4 can be seen in conditions such as Guillain—Barré syndrome. Type 5
indicates the presence of a monoclonal gammopathy, but IEF resolves
what would be a single band using other electrophoretic techniques, into
multiple bands differing by 1 U of charge. This peculiarity is probably due

to post—translational modifications such as glycosylation.
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CSF monoclonal band

McCombe et al. found a CSF monoclonal band in 3/1490 of CSF sam-
ples [88]. The diagnoses were lymphoma or lymphomatoid granulomato-
sis within or adjacent to the nervous system in two patients and a chronic
inflammatory demyelinating polyneuropathy in the third. Ben—Hur et al.
(using the less sensitive agarose electrophoresis) described 20 patients
with a CSF monoclonal band [89]. The diagnoses were clinically definite
MS, probable MS, CIS, SLE, paraneoplastic syndrome, peripheral neu-
ropathies, superficial siderosis and torsion dystonia.

Davies et al. performed a repeat lumbar puncture in 31 patients who
had a monoclonal band in the CSF but not in the serum [90]. All patients
who developed clinically definite MS also converted from an intrathecal
monoclonal to a oligoclonal pattern. The results of this study are shown in

Table 3.

Number CSF OCB bands

It has been proposed that a higher number of bands may be of prognostic
or diagnostic value. Bourahoui et al. concluded that the presence of > 10
bands in the CSF was highly specific for MS [69].

In contrast, Koch et al. on 143 patients (110 OCB positive, 33 OCB
negative) did not find any relationship between the presence and number
(or absence) of CSF OCB bands and either disease progression or MS

subgroups (RR, SP, PP disease) [91]. The percentage of OCB—negative
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Table 3: The fate and differential diagnosis of CSF monoclonal bands.
(Table adapted with permission from reference [90].

CSF No. of  Diagnosis

findings patients

Conversion from in- 9 3 MS, 2 CIS, 1 CNS inflamma-
trathecal monoclonal tion, 2 vascular disease, 1 No di-
band to an intrathecal agnosis was reached
oligoclonal pattern

Persisting intrathecal 13 1 CIS, 2 Encephalitis, 1
monoclonal band CNS inflammation, 1 cere-

bral lymphoma, 1 axonal
neuropathy, 7 More with-
out evidence for CNS infec-
tion/inflammation/demyelination

Initial single intrathe- 5 1 CIS, 2 encephalitis, 1 CNS in-
cal clone with normal flammation, 1 axonal neuropa-
CSF IEF on follow—up thy

MS patients (23%) in this study was higher compared to the studies shown
in Table ??, with all groups using IEF followed by IgG specific immunofix-
ation.

There are two potential problems:

e absent OCBs in MS are rare. Are there any pre-analytical (diagnos-

tic) or analytical (sensitivity) reasons for this?

e counting the number of bands in the CSF may not be a true re-
flection of the number of B—cell clones producing the bands. Post—
translational modification of IgG (see Figure 7) probably also includes
changes in the disulfide bonds which changes the pl, resulting in
a differential migration in the electric field. Therefore different 1gG
bands seen on the immunoblot may originate from the same clone.

In order to address the biological relevance of OCBs, the number of
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Figure 7: Representative diantennary—type oligosaccharide structure
found in association with the Fc moiety of human polyclonal IgG
molecules. Straight lines indicate the core and dotted lines the outer arm
sugar residues. Differential glycosylation at these residues can change
the net charge of the IgG molecule and thus its IEF migration (Figure re-
produced with permission from reference [92].

clones producing the bands (reflecting the vigor of the immune re-

sponse) may turn out to be more relevant than merely the number of

bands present.

CSF light chains

As mentioned above, one B—cell clone can only express either kappa or
lambda light chains. Because kappa is rearranged first, it is quantitatively
the dominant light chain in the human body. Therefore the kappa light
chain (free and bound) is found more frequently in the CSF than lambda.
In practise, immunoblotting for kappa/lambda light chains can be help-

ful in the following situations:

e when a ladder (Figure 8) is seen with total IgG. This could be due to
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post-translational modifications of one single IgG molecule. Kappa/lambda
staining decides whether this IgG is monoclonal. Monoclonal IgG

only stains for one light chain.

e where it is uncertain whether or not very faint bands are present.
In one study [93] we found that the sensitivity for detecting OCBs in
the CSF in clinically—definite MS patients increased from 89% to 98%
using kappa/lamba staining (unpublished data). In view of this, it may
be interesting to reanalyse the CSF of those MS patients reported to

be OCB—negative, using kappa/lambda staining [94, 95, 91].

e finally if there there is “negative staining” (looking very white) at the
beginning of the blot (towards the cathode). This may be due to IgM
which is not picked up by the IgG staining and kappa/lambda can be

of help.
Serum “
CSF i x" e

Serum '

CSF ‘.'
. ‘ " kappa

AA

Serum

CSF
lambda

Figure 8: A “ladder” is observed for total IgG. In this situation it is useful
to stain for kappa and lambda light chains. (A) total IgG, (B) free & bound
kappa and (C) free & bound lambda.
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CSF IgM OCB

Luisa Maria Villar has pioneered the investigation of CSF IgM bands in MS
for the past decade [96]. The method has been validated [97]. As in any
immune-response, IgM levels increase in the serum and CSF before IgG
develops. Sensitive and specific detection of CSF oligoclonal IgM bands is
possible using IEF [96]. As with IgG, IgM is not specific for MS but is also
found in other inflammatory CNS diseases [98]. CSF IgM was found to be
of prognostic relevance in MS [99]. Importantly, CSF IgM OCB were found
to be associated with axonal damage in MS [100]. In PPMS, IgM OCB
were suggested to permit targetable inflammation [101]. Using OCT as an
outcome measure it was possible to demonstrate an association between
retinal nerve fibre atrophy and ganglion cell inner plexiform layer loss with

presence of intrathecal lipid—specific CSF IgM OCBs [102].

CSF OCB and the cause of MS

On intriguing hypothesis is that identification of the IgG antigens could
reveal the cause of MS [103].

To illustrate this line of though an analogy will be used. For this analogy
the example refers to high—affinity CSF IgG. In this example the CSF IgG
OCBs will be mostly directed against viral antigens. A convenient labo-
ratory technique for detecting such high—affinity viral antigen specific IgG
is immunoblotting. This thechnieuq is readily available in a laboratory al-

ready using IEF for OCB detection [104]. An illustrative example of such a
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high—affinity IgG immunoblot is shown in Figure 9.

Serum
total 1IgG
CSF re

VZV specific Serum
monoclonal IgG csF

Figure 9: The antigen specific immunoblot pulls out monoclonal IgG (the
IgG is distributed in a ladder pattern) directed against VZV from the poly-
clonal background.

Typically patients with subacute sclerosing panencephalitis (SSPE) have

CSF IgG directed against the measles virus. An immunoblot against measles—

specific antigens can help to identify them (see Figure 10).

Serum
Total 1gG
CSF '

.. Serum
Measles specific

oligoclonal IgG S

Figure 10: Local synthesis of measles—specific oligoclonal IgG in Sub—
acute Sclerosing Progressive Encephalomyelitis (SSPE).

The interpretation of antigen—specific bands needs to consider the fol-
lowing:
e If the total IgG and antigen—specific IgG patterns share >50% of
bands, this probably indicates a causal relationship
e If there are multiple bands present against several viruses, this is

probably an anamnestic response
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¢ Monoclonal antibodies may develop into oligoclonal antibodies
e The process is dynamic

To conclude with the analogy, CSF IgG is typically of high—affinity. How-
ever part of the problem in MS is that most of the CSF IgG in MS is of low
affinity [105, 106, 107]. Unfortunately, attempts to identify the cause of MS
using CSF OCB have not been successful. There is mounting evidence
that much of the CSF OCB may represent an epiphenomenon of tissue

damage.

CSF OCB in MS target debris

There is sobering evidence that CSF OCBs are directed at self—proteins
[108]. The CSF OCB may therefore contribute to waste clearance by tar-
geting debris [109].

This interpretation permits to explain some of the points made above.
Firstly, absence of CSF OCB at disease onset with limited tissue damage
of short duration (see Figure 6). With accumulation of tissue damage CSF
OCB will develop. Second, evolution of CSF monocolonal bands to CSF
OCB in patients with MS over time. Third, prognostic relevance of higher
number of bands in patients with progressive tissue damage over a long
period of time. Fourth, similatrities of findings for IgG, IgM and light chains.
Fifth, low diagnostic specificity of CSF OCB for MS if the differential diag-
nosis includes other inflammatory or autoimmune conditions with tissue
damage (Table 2). Sixth, the low affinity of CSF OCB and the failure to

discover a causative antigen.
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Cell-type specific protein biomarkers in MS

The importance for biomarkers in neuro—axonal degeneration cannot be
overestimated. For a patient, loss of function due to axonal loss is likely to
be permanent [110]. Simplified, loss of function can be caused by demyeli-
nation and conduction block, both of which are reversible, and axonal loss
which is irreversible (Figure 11). Disintegration of the axonal membrane
leads to release of axonal proteins into the ECF and CSF as described
above.

Biomarkers relevant for axonal degeneration in MS research have re-
cently been reviewed [112, 113, 114]. Axonal biomarkers can distinguish
between MS subtypes [115, 116, 117, 118]. Of these, neurofilaments were
most consistently found to be of prognostic relevance [117, 118, 119, 120,
121, 122, 123, 115, 124, 125, 126, 127, 128, 129] (Table ??). There is
evidence for axonal transport deficits in MS affecting Nf as a cargo to the
motor protein KIF5A [130].

At present neurofilaments are probably one of the most promising ax-
onal biomarkers in conditions with substantial axonal loss [131, 132, 133,
116, 121, 134, 135, 128, 127, 136, 137, 138, 139, 140, 141]. The con-
cept has been validated in animal and cell—-culture experiments [142, 19].
A number of analytical techniques have been developed to this purpose
[131, 143, 144, 145, 146, 147, 148, 39].

Simplified, this is demonstrated in Figure 12. Firstly, immunohisto-
chemistry was used to show the almost complete loss of axonal continuity,

the presence of axonal end-bulbs and almost total loss of axons in the at-
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Neuron AXon

Figure 11: Neurofilaments are released into the extracellular fluid during
axonal disintegration following axonal injury. Conduction block (e.g. by
anti-NfH autoantibodies [111]) and demyelination are potentially reversible
whilst axonal loss is not (adapted with permission from [11]).
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Figure 12: (A) Immunocytochemistry on longitudinal fresh frozen spinal
cord sections of 3 control and 3 CREAE animals (x40). NfH staining in
white matter. Axonal tracts can be followed in control but not in CREAE
animals. The staining in CREAE animals is less intense and many axonal
end-bulbs are seen. (B) Mice spinal cord tissue homogenates. Scatter
and box-whisker plot for NfH*13% (ng/mg protein). Figure adapted with
permission from [142].
rophied spinal cords from CREAE mice (Figure 12 A). Secondly, analysis
of this spinal cord tissue homogenate using an ELISA technique showed
that the proportion of tissue NfH>/%% was significantly lower in CREAE an-
imals compared to controls, and was consistent with axonal loss (Figure
12 B).

Another, important advantage is that the phosphorylated Nf heavy chain

can also be quantified from the blood in patients with ON and MS [119,
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Figure 13: Biomarkers are released following brain damage. Here axonal
damage is taken as an example to illustrate how neurofilaments (Nf) are
released into the extracellular fluid (ECF) as the axonal membrane disin-
tegrates. Once released into the ECF these biomarkers diffuse into the
CSF from where they can be quantified following lumbar puncture. Figure
reprinted with permission from [40].

125, 144].

The challenge of sublinical disease activity for biomarkers in MS An
important question to answer is how biomarkers can be used in MS to
distinguish a recent insult from biomarkers released by subclinical disease
activity related to older MS lesions. It may be possibile to address this
difficult question by investigate post—translational modifications such as
phosphorylation or glycosylation of cell-type—specific proteins.

In MS there is some evidence that the phosphorylation of NfH is changed
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in the MS brain [149]. This is consistent with the in vivo finding of in-
creased CSF levels of NfH phosphorylation NfH in patients who reach the
secondary progressive phase of their disease [117] and those who are
more severely disabled, using the newly developed Global Multiple Sclero-
sis Severity Score (MSSS) [150]. Phosphorylation is only one of the many

post—translational modifications biomarkers may undergo with disease.

Post—translational modifications of biomarkers

A list of cell-type specific biomarkers was presented in Table 1. Many of
these biomarkers are proteins. The biochemical properties of the amino
acids used to design these proteins determines the structure. For ex-
ample lysine is a small amino acid allowing a protein to bend. For this
reason most coiled proteins such as collagen contain a high amount of ly-
sine. Many of these proteins undergo physiological changes called post—
translational modification (PTM). Again, the type of most PTMs are prede-
termined by the amino acid residues of the protein. For example the amino
acids serine, threonine and tyrosine are particularly suitable for adding a
phosphate atom (phosphorylation). As proteins age and get damaged and
further PTMs such as oxidation occur. Most PTMs are targeted to “hot
spots” in the protein. For example, oxidation and glycation are typically
targeted on amino acid residues exposed at the protein surface, easily

accessible to reactive molecules.
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PTM — in general

Mechanisms of covalent protein modifications comprise co-translational,
post-translational and spontaneous mechanisms. The mechanisms most
relevant to CSF biomarker analysis have been summarised in Table 4, and

fall principally into two categories:

e enzyme—mediated, these should only occur in vivo and can be scru-

tinized for disease—specific signatures,

e spontaneous, which will affect proteins in vivo and in vitro and are
therefore difficult to study because of artefactual modifications (see
also the reference by Jiminez in the next part of the teaching course

by Charlotte Teunissen).

Many of these PTMs are required to maintain normal cellular function. Un-
der certain conditions they may, however, adversely affect protein and thus
cell function, leading to disease. Additionally, non—physiological PTMs
may alter the structure of a protein to such a degree that the acquired
self-tolerance of the immune—system is breached and an autoimmune re-

sponse results [151].

Glycosylation Simplified, glycosylation occurs mainly on five amino acids:
Asp—Asp-glycan, Ser—Ser-glycan, Thr—Thr-glycan, Hyl—Hyl-glycan, Hyp—Hyp-
glycan. In humans N- and O-glycosylation have been described. C-
glycosylation has not yet been described in humans, but is known to oc-

cur in bacteria. N-glycosylation occurs at the amino—group of Asn. O-

glycosylation occurs at the hydroxy—group of Thr, Ser, hydroxylysine (Hyl)
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Table 4: Mechanisms of in vivo and in vitro post—translational modifica-
tions (PTM) relevant for CSF biomarker analysis.

Mechanism in vitro in vivo
Glycosylation no yes
Phosphorylation & Dephosphorylation no yes
Citrullination no yes
N-terminal modifications no yes
C—terminal modifications no yes
Deamidation yes yes
Cross—linking yes yes
Oxidation yes yes
Nitrosylation yes yes
Glycation yes yes
Isomerisation yes yes
Racemisation yes yes
Proteolysis/Clevage yes yes

and hydroxyproline (Hyp). Proteinglycosylation is central to a range of im-
mune processes. Altered protein glycosylation may trigger an autoimmune—
response [151]. Glycosylation may affect charge and susceptibility to pro-

teolysis.

Phosphorylation & Dephosphorylation Phosphorylation is essential
for intracellular signaling. A range of kinases have been described, far
exceeding the scope of this teaching course (for selected reviews see ref-
erences [152, 153, 154, 155, 156, 157, 158, 159, 160, 161, 162, 163, 164]).
Phosphorylation affects manly three aminoacids: Thr—Thr(P), Ser—Ser(P)
or Tyr—Tyr(P). It affects protein charge (more positive), molecular weight
(heavier) and susceptibility to proteases (more stable with increased phos-
phorylation). Proteins can be immunogenic dependent on their phospho-

rylation status [165, 151].
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There is data demonstrating that the affinity of Ser to phosphate is so
high that it may occur in vitro. However, these experiments have been per-
formed in solutions containing a non—physiolgically high amount of phos-
phate. It is thought to be unlikely that spontaneous phosphorylation of
proteins occurs to a significant degree in the CSF in vitro, because of the

energy barrier.

Citrullination Arg—Cit. Citrullination (synonymous: peptidylarginine deim-
ination or just deimination) affects charge and susceptibility to proteoly-
sis. The reaction is catalysed by peptidyl arginine deaminases in a Ca—

dependent manner [166].

Deamidation Asn—Asp, GIn—Glu and peptide bond hydrolysis, all of
which affect protein charge and may also affect susceptibility to proteoly-
sis. The reaction is catalysed by tissue transglutaminase (fTG) in a Ca—
dependent manner. A range of autoantigens are substrates to tTG, the

most popular being gliadin in coeliac disease [167].

Isomerisatoin Asp—isoAsp, GLx—isoGly. Whilst susceptibility to pro-
teolysis is always affected; the charge will only change if the modified

residue is formed from Gin.

Racemisation Axs—D-Asp (D-isoAsp), GIx—DGlu (D-isoGlu). Occa-
sionally also other residues such as Ala, Ser, Thr, etc. may racemise.

Again susceptibility to proteolysis is always affected, charge will only change
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if the modified residue is formed from GIn or Asn.

Glycation Formation of advanced glycation end products (AGEs). The
complex reactions leading to AGEs are caused by protein condensation,
re—arrangement and fragmentation occurring in concentrated sugar solu-
tions. Cross—links may occur (pentosidine, crossline, imidazolium, etc.),
Lys—Amadori products, etc. Many AGEs are unstable and some are im-
munogenic [151]. Antibodies against AGE modified low density lipoprotein
(LDL) have been demonstrated in patients with type | diabetes [168]. Pro-

tein charge and susceptibility to proteolysis can be changed.

Oxidation The principal reactions are those of: Met—Met-sulphoxide,
lysine—glycoxidation & lipoxidation products, Tyr—ortho-Tyr chloroTyr, ni-
troTyr, Pro & Arg — Glu & Glu—semialdehyde. Protein charge and suscep-
tibility to proteolysis are changed.

Enzymes involved in oxidative damage are nitric oxide synthethase
(NOS), cyclo—oxygenase (COX), mono—amine oxidase B (MAO-B) [169].
The spectrum of oxidative stress related biomarkers in MS has recently
been reviewed in detail [42]. Spontaneous oxidation occurs with ionisading
radiation, reduction of metal ions (Fe(ll), Cu(l)) or chemical compounds.
Oxidating compounds such as free radicals and are commonly known as

reactive oxygen species (ROS).

Nitrosylation S—nitrosylation (S—nitrosation) of the thiol side—chain of

cystein with NO affects almost all proteins.
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Cross-linking Cross-linking and formation of bityrosin (S-S cross-links)
happens with oxidation. There is also spontaneous formation of Cystine
(-CH2-S-S-CH2-) disulfides, again particularly under oxidasing conditions.

There are a number of further cross-links not summarised here.

N-terminal modifications In humans the N-terminus is frequently N-
acetyl “blocked” and common residues are: Ala, Ser, Met, Gly or Thr. En-

zymatic removal of these residues is possible.

C-terminal modifications Amidation of the C—terminus is common. Glycine
is a frequent donor for the amide. Other mechanisms are methylation
and isoprenylation for GPl anchors and ADP—dependent ribosylation of

C—terminal Lys.

Proteolysis The CSF is a body fluid rich in proteases, therefore proteins
susceptible to proteolysis are quickly degraded. Generally phosphoryla-
tion of proteins protects to a certain degree from proteolysis. One example
is the stability of the different neurofilament proteins, with NfL being less
stable in the CSF than the phosphorylated form of NfH [170, 171, 172,
173, 174, 131]. This may be one of the reasons why the stoichemistry of
phosphorylated NfH to NfL in the CSF was found to be 1:1.6 instead of the
expected ratio of 1:3 (see poster #241, this ECTRIMS meeting).

Analysis of PTMs At present there is no simple method available detect

all PTMs for any selected biomarker. In future, with the advent of highly
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sensitive mass—spectroscopy, this may change.

Pitfalls There are a number of analytical pitfalls, but probably the most
important one is related to sample collection and storage, both of which
need to be standardised. One example is the cleavage of cystatin C
[175, 176]. Charlotte Teunissen dedicated a whole section to the current

problems in CSF research (see page 2 in her manual).

PTM — in autoimmunity general

There is evidence that autoimmunity plays an important role in the patho-
physiology of MS [177, 178].

PTMs of proteins associated with an autoimmune response in some
diseases have been summarised in Table 5.

Attempts have been made to characterise further the relationship be-
tween the cellular and humoral immune system and the antigens men-
tioned. For a summary of these studies see Table 6. Those studies provide
evidence that PTMs may be of relevance in the development of autoimmu-

nity.

PTM — in MS

Is MS a post—translational disease?
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Table 5: PTM of proteins associated with autoimmune response (Adapted
and updated from reference [151]). MS = multiple sclerosis, RA = rheuma-
toid arthritis, SLE = systemic lupus erythematosus.

Protein Disease/model PTM Reference
MBP MS/EAE Acetylation, ADP- [179, 180, 151, 181, 166]
ribosylation,  Citrul-
lination, Deamina-
tion, Isomerisatoin,
Methylation,  Phos-
phorylation
aB-crystallin MS/EAE Citrullination, Iso- [182, 183, 184]
merisation, Phospho-
rylation
Type Il Collagen RA/CIA Glycosylation,  Hy- [185]
droxylation
Fibrin RA Citrullination [186]
Fillagrin RA Citrullination [187]
Vimentin RA Citrullination [188, 189]
lgG RA Isomerisation, Glyca- [190, 151]
tion
Insulin Type | Diabetes Deamidation, Iso- [191]
merisation
GAD Type | Diabetes Oxidation [192]
Histone H2B SLE Isomerisation, Trans- [193, 194]
glutamination
SnRNP D SLE Isomerisation [195]
SnRNP 70k SLE Phosphorylation [196]
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Table 6: Cellular and humoral immunological response of PTMs associ-
ated with the autoimmnue diseases listed in Table 6. (Modified from refer-
ence [151]. ND = not determined, CIA = collagen induced arthritis.)

PTM Protein Disease/model Immune response Reference
TAAAcell B-cell
Phosphorylation aBAAAcrystallin EAE specific  ND [183]
snRNP 70 k SLE specific  diverse [196]
Glycosylation Collagen CIA specific  ND [185]
Citrullination MBP EAE specific  diverse [197]
Fibrin RA ND specific [186]
Fillagrin RA ND specific  [187]
Vimentin DR4-1E specific  ND [198]
Deamidation Gliadin Coeliac specific ~ specific [199]
Glycation lgG RA ND specific  [190]
LDL Diabetes specific  diverse [200]
Isomerisation lgG SLE (?) ND specific [151]
SnRNP D SLE specific  diverse [1995]

Citrullination

In MS citrullination is the most studied PTM from those listed in Table 4.
MS leaves a signature using citrullination on MBP [179, 180, 151, 181] and
GFAP [201].

MBP MBP has been particularly well investigated. Citrullination of MBP
alters its conformation and interaction with other proteins and the myelin
membrane [202, 203]. The change of charge (citrullination reduces the
positive charge) of MBP results in loosening of the otherwise tight com-
paction of the major dense line between myelin and the axon. It has
therefore been speculated that MS may be a post-translational disease
where “molecular negativity” may expose MBP epitopes and cause an au-

toimmune response [204] (see Figure 14). To think about MS as a post-
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translational disease is tempting and analogous to one approach taken
for other autoimmune diseases [205, 206, 207]. However, much remains
speculation as we still know too little about the aetiology of MS and ar
only just getting access to the analytical tools for detailed investigation of
PTMs. Nevertheless, for the interested reader Harauz and Musse have

summarised in their detailed review the known effects of citrullination on

MRP and mvelin stahilitv (Tahle 1 in [1RAT)

Normal Epitope MS Epitope

Figure 14: Molecular “negativity” may underlie MS. Musse et al. [204]
examined the structural changes of MBP when the number of positively
charged residues was artificially reduced, to mimic the modification which
occurs in MS patients. It was found that reducing the net positive charge
exposes this region of the protein and evokes a strong immune response,
making it susceptible to cleavage by proteases. Although antibodies to
MBP are often detected in patients with MS, just why this protein becomes
so vulnerable to the immune system has remained unclear. The mech-
anism depicted here may explain how the body’s immune system gains
access to myelin antigens, and provides structural insight into a possible
pathological mechanism for MS [208]. (Reproduced with permision from
reference [166)]).

MBP citrullination is probably also of clinical relevance. Wood and
Moscarello suggested in the 80ies that there was a relationship between

the severity of MS, the degree of myelin degeneration and the character-

45



istics of MBP. Using cation-exchange chromatography it was shown that
the citrullination of MBP was about 6.7 to 8-fold higher in severe disease,
including one case of the Marburg variant, when compared to patients with
milder forms of MS [180, 209]. In other words, in normal humans about
20% of MBP is citrullinated, in chronic MS about 45% and in the case
report on the Marburg variant about 80% [180, 209].

Mechanisms of MBP citrullination in MS Peptidularginine deiminases
(PAD or PADI, EC 3.5.3.15) are the enzymes responsible for the conver-
sion of peptide-linked arginine to citrulline in vivo in a Ca-dependent man-
ner. Some of the PAD isoforms were shown to be in increased in MS brain

tissue by some [210, 211, 212, 213], but not by other investigators [214].

EAE Increased protein citrullination makes EAE worse [215, 216, 217,
166].

Phosphorylation

Tau Anincrease of tau phosphorylation in the brain tissue of rat with EAE
has been shown [218, 219]. Figure 15 shows that for equal amounts of
total tau (antibody tau-5) there is a relatively larger proportion of phospho-
rylated tau (antibodies AT8, AT100, AT-180 and 12E8) in brain tissue from
rats with EAE when compared to controls. CSF studies on tau phospho-
forms in MS are still lacking. The technology for these studies is available
and tau phosphoforms have been studied intensively in the CSF of pa-

tients with Alzheimer’s disease. It would be interesting to test whether an
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increase of tau phosphorylation is found in the CSF from patient with MS
and whether this relates to disease severity/subtype. One study measured
total tau and p-tau levels in the CSF of patients with MS [220], but we do
not know about the ratio of p-tau/tau as an estimate for tau phosphoryla-
tion. Such a ratio would extend on previous work showing an increase of
total tau in the CSF of patients with MS [118, 221, 222, 220, 223], a finding
not replicated by others [224, 225].

kDa EAE Ctr. EAE Ctr. kDa
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Figure 15: Hyperphosphorylation of tau in rats with EAE. A, protein lysates
prepared from EAE brainstems and controls containing equal amounts of
proteins were subjected to Western blot analysis with phosphorylation—
dependent antibodies PHF-1 (pS396/pS5404), AT-8 (0S202/pT205), AT-100
(pT212/pS214), AT-180 (pT231/pS235), and 12E8 (pS262) in addition to
the pan-tau antibody tau-5. B, quantitative analysis of tau expression
and phosphorylation of tau epitopes in EAE and control brains. Values
are mean + S.D., n = 5 for each value. Three independent experiments
showed similar results (*, p < 0.05; **, p < 0.01; ***, p < 0.001). Copied
from reference [219].
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Neurofilaments Anincrease of NfH phosphorylation has been described
in the CSF of patients with secondary progressive MS when compared to
those with relapsing remitting disease (Figure 16) [117]. Neurofilament
phosphorylation was increased about 8—fold in patients with optic neuri-
tis compared to other neurological controls [226]. Recently a new clinical
score for the severity of MS, the MS severity score (MSSS) has been de-
veloped [227]. A re-analysis of the samples from our initial study [117]
showed that patients with more severe disease had an 8—fold higher de-

gree of NfH phosphorylation [150].

Glycosylation

Kaj Blennow’s group recently described a new ELISA which allows for the
measurement of glycosolyated forms of clusterin in the CSF [228]. Figure
17 demonstrates that enzymatic deglycosylation of clusterin enhances the
antibody affinity. There is no data on clusterin glycoforms in the CSF of

patients with MS.
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Figure 16: (A) CSF NfH’M'3 Jevels in patients RR (open circles) and
SP/PP (diamonds) forms of MS. A significantly higher proportion of SP/PP
MS patients (13/22) had increased CSF NfH*M!3 Jevels between base-
line and follow—up (straight lines) when compared to RR MS patients (1/7,
p<0.05, Fisher’s exact test). (B) CSF NfH*M™4 levels in patients RR (open
circles) and SP/PP (diamonds) forms of MS. Figure reproduced with per-
mission from reference [117].
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Figure 17: “Western blot of enriched CSF clusterin enzymatically deglyco-
sylated using the enzymes PNGase F, O-glycosidase, and neuraminidase
as tabulated above and detected by (a) the C-18 and (b) the 05-354 anti-
body. Lanes 1 and 2: unincubated native CSF reference samples; lanes
3-7: enzymatically deglycosylated CSF samples, all incubated at 37°C.
There was a mw shift of both the a- (b) and 3-chain (a) of CSF clusterin
into not, vert, similar ~25-27 kDa (arrow) in samples deglycosylated by
PNGase F, indicating N-linked carbohydrates being attached. No shift of
clusterin was detected by the use of O-glycosidase or neuraminidase. Lev-
els of mw marker in margin. (-) Enzyme not added and (+) enzyme added.
Figure reproduced with permission from reference [228].
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