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Avidity of antineurocytoskeletal antibodies in Alzheimer’s disease patients

Libuse Noskova?, Lenka Fialova?, Ales Bartos®<, Tomas Zima?

Aims. To optimise the ELISA method for the avidity of IgG antibodies against neurofilament heavy chain (NfH) and to
determine the levels and avidity of anti-NfH antibodies in patients with Alzheimer’s disease (AD) and a healthy control
group.

Methods. Various dilutions of sera and concentrations of urea and sodium chloride as chaotropic reagents were tested
in the process of the ELISA optimisation. The levels and avidity of anti-NfH antibodies were determined in 30 patients
with Alzheimer’s disease and 30 age-matched cognitively normal elderly adults.

Results. Sera dilution 1:200 and urea as a chaotrope in a concentration 6 mol/L were chosen to be the most suitable
for the avidity assay of anti-NfH antibodies by ELISA. The results showed no differences in either level or avidity of
IgG anti-NfH antibodies between AD patients and cognitively normal persons. The levels of anti-NfH IgG antibodies
inversely correlated with their avidities.

Conclusions. We optimised the ELISA method for the determination of anti-NfH antibody avidity determination which
is suitable for research of anti-NfH antibody avidity in patients with neurological diseases associated with neurocyto-
skeletal defects. The determination of serum anti-NfH antibody avidity in AD patients seems to have limited diagnostic
significance.
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INTRODUCTION differentiation of primary and chronic infection!® or for
monitoring the effectiveness of vaccination'-.
Alzheimer’s disease (AD) is the most frequent neu- Current knowledge about the avidity of autoantibodies

rodegenerative disorder. Various alterations in the neuro-  is less complex than that about antibodies against exog-
cytoskeleton are associated with the neurodegenerative  enous antigens. High-avidity autoantibodies may be as-
process'2. When the axon is damaged or neurodegenera-  sociated with autoimmune processes in the organism™*,
tion is initiated, the structures of the neuronal cytoskel- but decreased avidity of antibodies against the p-amyloid
eton normally localised inside in neurons are released protein in Alzheimer’s disease has also been described®.
from the neurons into the interstitial fluid, cerebrospinal ~ However, information about the avidity of neuron-specific
fluid and bloodstream. antibodies is sporadic so far, although it is a relevant issue
The cytoskeletal proteins in the extracellular space asa  of antibodies, which may determine their protective or
result of various pathological processes may interact with  injurious potency.
the cells of the immune system and induce an inflammato- Recently, we found increased levels of intrathecally
ry or autoimmune response’. The levels of autoantibodies  synthesised antibodies against NfH and tau proteins in
against neurocytoskeletal autoantigens in the serum might  patients with Alzheimer’s disease'®. Serum levels of anti-
be potential biomarkers for neurodegenerative diseases in-  NfH IgG antibodies in AD have also been studied'®", but
volving continuous neuronal death*>. Moreover, the study ~ we are not aware of any study evaluating the avidity of
of autoantibodies is becoming important in association these antibodies. Therefore we decided to continue with a
with intensive investigation and clinical trials testing the = more detailed study of anti-NfH IgG antibodies in serum

possibility of immunotherapy in AD (ref.?). by the determination of their avidity in the patients with
In addition to the changes in antibody levels, their ~ dementia.
avidity is a substantial qualitative characteristic and could The aim of this study was to design and optimise

also be of clinical significance™. The examination of an- ELISA for the determination of anti-NfH IgG antibody
tibody avidity in clinical practice is usually used for the avidity. Various methods and procedures for the mea-
surement of antibody avidity have been designed. One of
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the methods suitable for clinical use is ELISA (Enzyme-
Linked Immuno-Sorbent Assay), which is modified by
the addition of substances with a chaotropic effect on
the immune complexes formed during the ELISA proce-
dure®®. These agents are necessary for the disruption of
the immune complexes containing weakly bound antibod-
ies. The lower the antibody avidity is, the more immune
complexes are disrupted and the released antibodies are
then washed away after incubation with the chaotropic
agent.

Using our optimised ELISA, we evaluated the avidity
of the anti-NfH IgG antibodies in the serum of patients
with Alzheimer’s disease and an appropriate control
group. We aimed to better characterise the humoral im-
mune response against neurocytoskeletal components and
to consider a possible diagnostic significance of anti-NfH
IgG antibody avidity.

MATERIAL AND METHODS

Participants

We examined two groups of elderly persons. Serum
samples were obtained from patients at the Department
of Neurology, Charles University. The AD patients were
recruited from the Memory Clinic. The diagnosis was
based on objective evidence of a progressive decline in
cognition, functional and detailed neuropsychological as-
sessments, hippocampal atrophy seen on brain magnetic
resonance imaging (or computer tomography in case of
contraindications), temporo-parietal hypoperfusion seen
using single photon emission computed tomography, or
increased total or phosphorylated tau proteins and/or de-
creased pB-amyloid concentrations in cerebrospinal fluid
using cut-offs established in our previous studies'®?'. The
diagnosis of dementia due to AD had been already estab-
lished before blood sampling?>?*. They had mild form of
dementia according to MMSE scores (Tab. 1). Many of
them have already died after long-term clinical decline.
Subjects in the control group (n=30; mean age 72 years)
were cognitively normal elderly adults having normal
Mini-Mental State Examination (MMSE) scores?. They
were age-matched with the AD patients.

Table 1. Sociodemografic characteristics of participant

groups.
Alzheimer’s
Controls disease
patients
Number of patients 30 30
Age at blood draw (years) 72£5 74 £8
Gender 63% females 77% females
Education (years) 15+3 13+3
MMSE score (0-30 points) 291 196

Data are expressed as average SD
MMSE - Mini-Mental State Examination score

The basic characteristics of the two groups are shown
in Table 1. The AD patients and patients in the control
group did not differ in age and other parameters corre-
lates with epidemiological findings®.

Patients included in the study signed the informed
consent. The study was approved by the Ethics Commitee
of the Third Faculty of Medicine, Charles University.

Only selected samples were used for the optimisation
of ELISA. The influence of pH was tested in five samples
(control and AD patients’ samples). A comparison of cha-
otropic agents was performed in 20 samples (10 controls
and 10 AD patients).

Methods
ELISA for anti-NfH IgG antibody level and avidity
determination in the serum

Anti-NfH antibody IgG levels were determined by
ELISA originally described by Silber et.al.”” and later
modified for the purpose of our previous studies?>?.

Two kinds of chaotropic agents - NaCl and urea -
in various concentrations were tested for avidity method
optimisation. Solutions at different concentrations were
chosen for initial experiment concentrations based on pre-
vious works?. Solutions of NaCl were used at concentra-
tions 0.25 mol/L, 0.5 mol/L, 1.0 mol/L, 2.0 mol/L and
3.0 mol/L and urea at 2.0 mol/L, 4.0 mol/L, 6.0 mol/L
and 8.0 mol/L. Since pH values change in the chaotropic
agent solutions of different concentrations, we also
tested the influence of pH on the avidity determination.
Therefore, the avidity experiments were performed with
the chaotropic agent solution both at the actual (origi-
nal) pH and at pH adjusted to the uniform value of 7.4.
Serum samples were analysed in serial dilution from 1:50
to 1:400.

Procedure of ELISA for the determination of anti-NfH IgG
antibody levels and their avidity

The heavy neurofilament subunit isolated from a bo-
vine spinal cord (purity is > 98%, declared by the manu-
facturer, Progen, Germany) was used as the antigen. An
aliquot from the stock solution of the antigen was diluted
in carbonate immobilisation buffer (10 mmol/L NaHCO,,
0.15 mmol/L NaN,, pH 9.6) to the concentration of
2.5 ug/mL. One half of the wells of 96-well plate type
Maxisorp (Nunc, Denmark) was coated with 100 uL of
diluted antigen and the other half of the wells was coated
only with immobilisation buffer. The plate was incubated
overnight at 4 °C.

After the binding of the antigen, the wells were washed
(wash solution 0.1 M NaCl + Tween 20) and blocked with
1% BSA (bovine serum albumin) fraction V in PBS (phos-
phate buffered saline), pH 7.4. Then, the serum samples
in appropriate dilution (in 1% BSA fr. V in PBS) were
applied in an amount of 100 uL. Serum samples were
incubated in the wells for 2 hours at room temperature.

After five washings of the wells, the chaotropic agents
NaCl or urea in tested concentrations or PBS alone were
applied to the appropriate wells in an amount of 100 uL/
well. It was followed by incubation for 10 minutes at room
temperature. The wells were washed (4x).
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100 puL/well of secondary antibody (conjugate) against
the Fc region of human immunoglobulin IgG conjugated
with peroxidase (Southern Biotech, USA, diluted 5000x
in 1% BSA fr. Vin PBS) was added to the wells in the next
step and incubated for one hour at room temperature. After
washings (4x), 100 uL of peroxidase substrate TMB (tetra-
methylbenzidine) with H,O, (TestLine, Czech Republic)
was added to the wells. The enzyme reaction was stopped
by adding 2 mol/L H,SO, (100 uL/well) after incubation
for 15-20 min at room temperature in the dark. Absorbance
(A) of the wells was measured at 450 nm against a refer-
ence wavelength of 620 nm using a Tecan Sunrise Plate
Reader (Tecan, Austria) with the Magellan 6 program.

The absorbance of the blank sample (serum replaced
with diluent) was subtracted from the absorbance value of
each sample. For comparative purposes, the same pooled
serum was used as the internal control in all analytical se-
ries of patients’ samples (n=60). The intra- and inter-assay
of the ELISA method did not exceed 10%.

Expression of anti-NfH IgG antibody concentration

Because no appropriate generally-used standards are
available for anti-NfH IgG antibodies, a pooled serum
prepared by mixing sera from patients with high levels
of anti-NfH IgG antibodies (according their absorbance
in the previous ELISA determination) served as a cali-
bration standard for the determination of the arbitrary
units (AU) of anti-NfH IgG antibody concentration. A
calibration curve constructed from the absorbance of
our standard diluted geometrically from 1:50 to 1:400
was run on every plate. Arbitrary units of concentrations
were determined from the calibration curve created in the
Magellan 6 program (Tecan, Austria).

Expression of the avidity value

The avidity of antibodies is expressed as an avidity
index (AI), which is defined as the ratio of the absor-
bance or AU value for the well with a chaotropic agent
to the absorbance or AU value of the well without this
agent. Usually, Al is expressed in the percentage. The
high-avidity antibodies are commonly classified as those
with an avidity index higher than 60% and the low-avidity
ones as those with an avidity index lower than 40%. The
avidity index values of the antibodies from 40% to 60%
are usually marked as a “grey zone”, when the decision
about the avidity is not clear?!.

Statistical analysis

Non-parametric statistics were used because the data
were not normally distributed. This statement was verified
using a graphical evaluation and Shapiro-Wilk’s test. The
median and interquartile range were used for patients and
the control group characterisation. The correlation was
tested using the Spearman correlation coefficient. The
statistical evaluation of paired measurements was tested
using by the Wilcoxon matched pairs test. The Mann-
Whitney test was used for comparisons between groups.
The level of significance was set to 0.05. All statistical
calculations were done in the Statistica program (StatSoft,
Czech Republic).
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RESULTS

Expression of the anti-NfH IgG antibody levels and
avidity

The concentrations of anti-NfH IgG antibodies can
be expressed in the values of absorbance (450 nm) or
in the AU obtained from a calibration curve described
in the Methods section. Non-linear regression with an
extrapolation factor of 2 was used for the construction of
a calibration curve. An example of the calibration curve
for the expression of anti-NfH IgG antibody concentration
in arbitrary units is shown in Fig. 1.

Levels of anti-NfH IgG antibodies in the AU correlated
with their expression in the absorbance (R=0.6; P<0.0001;
n=60; Spearman correlation coefficient). Similarly, the
avidity index calculated from absorbance values corre-
lated with the calculation of the avidity index derived from
the AU (R=0.976 for urea 2 mol/L, P<0.0001; R=0.959
for urea 6 mol/L, P<0.0001; Spearman correlation coef-
ficient).

Optimisation of the ELISA method for anti-NfH IgG
antibody avidity determination

To optimise the method for avidity determination we
focused on (1) the optimal dilution of serum samples; (2)
to test the effect of chaotropic solution pH; (3) to find the
optimal concentration of chaotropic agents and further
(4) to select the suitable chaotropic agent.

Serum dilution

The best dilutions of sera that corresponded with the
linear part of the calibration curve appeared to be 1:200
and 1:400. However, the higher dilution 1:400 was opti-
mal only for samples with elevated levels of antibodies.
The absorbance values of sera diluted 1:400 were too low
for medium or low levels of antibodies and the results

Absorbance 450 nm

25 50 75 100

Concentration of IgG anti-NfH antibodies (AU)

Fig. 1. Example of the calibration curve for the expression of
anti-NfH IgG antibody concentration in arbitrary units.

(R value > 0.95); AU - arbitrary unit; NfH - neurofilament
heavy subunit
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were less precise. It was evident for both tested chaotropic
agents (urea and NaCl) especially, when their higher con-
centration was used.

pH of the chaotropic agent solutions

Both chaotropic agent solutions - urea and NaCl - gen-
erated a pH gradient depending on the concentration of
the agent. The mean change in pH values was 0.25 for
NaCl solutions and 0.1 for urea solutions. The pH effect
of the chaotropic agent solution for avidity determination
was tested by analysing five samples (controls and AD pa-
tients, low, medium and high values of anti-NfH IgG anti-
bodies). The avidity of each sample was determined using
a chaotropic agent solution, in which the pH was adjusted
to a uniform pH value (7.4) as well as with a chaotropic
agent solution with original pH value arisen at preparation
of the solution. The pH of the chaotropic agent solution
in various concentrations did not significantly influence
the determination of the anti-NfH IgG antibody avidity.
Therefore, it was not necessary to modify the pH of the
chaotropic agent solution in the following experiments.

Concentrations of chaotropic agents

It was crucial to find a concentration of the chaotropic
agent that would clearly differentiate antibodies with high
avidity from those with low avidity.

Low concentrations of NaCl (0.25 mol/L and 0.5
mol/L) showed minimal effect on the disruption of the

immune complexes. Differentiation between high- or low-
avidity antibodies was allowed by higher concentrations
of NaCl (1 mol/L, 2 mol/L and 3 mol/L). These concen-
trations of NaCl were used for the further assays. After
testing an additional four samples, the concentration of 1
mol/L and 3 mol/L NaCl were selected for further study
because no significant differences between the 1 mol/L
and 2 mol/L NaCl concentrations were seen.

Higher concentration of urea (6 mol/L and 8 mol/L)
influenced the disruption of immune complexes by a simi-
lar intensity. Because of the increased risk of denaturation
of immune complexes in the presence of higher concentra-
tion of urea, we chose urea concentrations of 6 mol/L for
avidity determination. A significant difference between 4
mol/L and 6 mol/L urea concentrations was not found.
Finally, the 2 mol/L and 6 mol/L urea concentrations
were chosen for further analyses.

The result of the avidity assay depends on antibody
levels’®. The higher concentration of the chaotrope may
be important for samples with high levels of antibodies,
in which a lower concentration of the chaotrope could be
insufficient for the disruption of a greater amount of im-
mune complexes. Therefore, we performed the avidity de-
termination at two different concentrations of chaotropic
agents in the following avidity tests. Significant differences
were seen between 1 mol/L and 3 mol/L NaCl (P=0.0001,
Wilcoxon matched paired test) and 2 mol/L and 6 mol/L
urea (P<0.0001, Wilcoxon matched paired test) - Fig. 2.
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Fig. 2. Comparison of NaCl and urea as chaotropic agents in the ELISA for the avidity determination of anti-NfH IgG antibodies.
The box plots include median (horizontal line —), values from the 25" to the 75" percentiles (boxes); bars (whiskers) above
and below the box indicate the range of non-outliers. Non-outliers are indicated by triangles. Outliers and extremes are shown by

circles and asterisks.

A. Levels of serum anti-NfH IgG antibodies analysed by ELISA method in presence of chaotropic agents (NaCl and urea) in dif-
ferent concentrations. The results obtained in absence of chaotropic agents (PBS) are also shown for comparison. The results are
expressed in arbitrary units. A significant differences were seen between 1 mol/L and 3 mol/L of NaCl (P=0.00014), 2 mol/L and
6 mol/L urea (P<0.0001) or 3 mol/L NaCl and 6 mol/L urea (P=0.000892).

B. Avidity of serum anti-NfH IgG antibodies analysed by ELISA in the presence of chaotropic agents (NaCl and urea) in different
concentrations. The results of avidity are expressed as an avidity index (%). Significant differences were seen between 1 mol/L and
3 mol/L NaCl (P=0.0001), 2 mol/L and 6 mol/L urea (P<0.0001) or 3 mol/L NaCl and 6 mol/L urea (P=0.0002).

AU - arbitrary unit; NfH - heavy subunit of neurofilaments; PBS - phosphate buffered saline; M - mol/L
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Fig. 3. Comparison of serum levels and avidities of anti-NfH antibodies IgG in the group of Alzheimer’s disease patients (n=30)

and in the control group (n=30).

The box plots include median (horizontal line —), values from the 25" to the 75" percentiles (boxes); bars (whiskers) above
and below the box indicate the range of non-outliers. Non-outliers are indicated by triangles. Outliers and extremes are shown by

circles and asterisks.

A. Levels of serum IgG anti-NfH antibodies without a significant difference between group of Alzheimer’s disease patients and

the control group

B. Avidity of anti-NfH autoantibodies in serum of Alzheimer’s disease patients and the control group. The results of avidity are
expressed as an avidity index (%). A significant difference between these two groups was not found (£>0.05).

AD - Alzheimer’s disease; Al - avidity index; AU - arbitrary unit; NfH - neurofilament heavy subunit
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Fig. 4. Relationships between levels and avidities of anti-NfH IgG antibodies. Avidity was determined by ELISA using urea 6

mol/L as chaotropic agent.

A. The relationship between levels and avidities of anti-NfH antibodies IgG in the control group (n=30). A significant inverse

correlation was found (R=-0.55, P=0.00147).

B. The relationship between levels and avidities of IgG anti-NfH antibodies in the group of the Alzheimer’s disease patients (n=30).
A significant inverse correlation was found R=-0.409, P=0.025).

Al - avidity index; AU - arbitrary unit; NfH - neurofilament heavy subunit
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Comparison of NaCl and urea as chaotropic agents

The ability of two chaotropic agents (NaCl and urea)
to distinguish between high- and low-avidity anti-NfH
IgG antibodies was tested. Lower (1 mol/L for NaCl or 2
mol/L for urea) and higher (3 mol/L for NaCl or 6 mol/L
for urea) concentration of these agents were selected and
twenty serum samples (10 controls and 10 Alzheimer’s
disease patients) were analysed. The analyses were as-
sessed in triplicates for the samples and in duplicates for
calibration samples.

The influence of chaotropic agents on avidity deter-
mination was assessed according to the results both in
arbitrary units and avidity indices. Different abilities of
chaotropic agents to disrupt the immune complexes were
observed. Levels of anti-NfH IgG antibodies (in AU) in
the presence of different concentrations of chaotropic
agents are shown in Fig. 2.

The values of avidity indices are similar when the 1
mol/L NaCl and 2 mol/L urea are used. A significant
difference was observed between 3 mol/L NaCl and 6
mol/L urea (P=0.00016; Wilcoxon matched paired test).
A reliable estimation of antibody avidity requires about
50% decrease in an antibody binding after treatment of
immune complexes by chaotrophic agents in the ELISA
procedure?®?. Thus, urea in the concentration of 6 mol/L
resulted in the most effective disruption of the immune
complexes. Urea was evaluated as a suitable chaotropic
agent for the immunochemical (ELISA) determination of
anti-NfH IgG antibody avidity (Fig. 2B). The optimised
ELISA method using 2 mol/L and 6 mol/L urea as a
chaotropic agent was used for the avidity determination
in the serum samples for the clinical part of our study.

Avidity of anti-NfH IgG autoantibodies in serum of
Alzheimer’s disease patients

Using the optimised ELISA, the avidity of the anti-
NfH IgG antibodies was studied in sera of Alzheimer’s
disease patients and controls.

We found no significant differences either in the lev-
els or in the avidities of serum anti-NfH IgG antibodies
between patients with Alzheimer’s disease and those in
the control group (Fig. 3AB). Also there was no signifi-
cant correlation between anti-NfH IgG antibodies or their
avidity and the relevant sociodemographic characteristics
such as age of participants or sex (Spearman correlation
coefficient, n.s.).

The levels of anti-NfH IgG antibodies inversely cor-
related with their avidities. The relationship between lev-
els of antibodies and their avidities was expressed more
closely in the control group than that of the AD group.
The correlation in the control group was significant for
both concentrations of urea used for avidity determina-
tion (urea 2 mol/L: R=-0.38, P=0.038; urea 6 mol/L: R=-
0.55, P=0.00147, Spearman correlation coefficient). On
the contrary, the relationship between levels and avidities
of anti-NfH IgG antibodies was only seen in the presence
of 6 mol/L urea in the AD group (urea 2 mol/L: R=-0.151,
n.s.; urea 6 mol/L: R=-0.409, P=0.025; Spearman correla-
tion coefficient) - Fig. 4AB.
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DISCUSSION

Avidity represents an important feature of antibodies,
which significantly influences the formation of immune
complexes and affectivity of antibodies. In this study we
focused on the avidity of antibodies against NfH, which
belong to the cytoskeletal structure specific for nervous
tissue’. We optimised the avidity assay for IgG antibodies
against NfH by assessing a suitable dilution of sera and
by selecting a chaotrope and its concentration; we then
examined sera of patients with Alzheimer’s disease and
control individuals.

Avidity (or functional affinity) is defined as the overall
forces that hold together an antigen with a corresponding
antibody. It is dependent on the affinity between antigen-
binding sites of the antibody and epitopes of the anti-
gen as well as valences of the antigen and the antibody*.
ELISA is suitable method for the determination of an-
tibody avidity for clinical purposes. Since non-covalent
interactions in the certain immune complex are charac-
teristic for a specific antibody and appropriate antigen, it
is necessary to test the optimal conditions of the ELISA
avidity assay independently for individual antibodies and
to select the suitable chaotropic agents and their con-
centration or suitable dilution of samples. Chaotropic
agents such as urea, ammonium thiocyanate, guanidine
hydrochloride, diethylamine or sodium chloride have al-
ready been used for the determination of antibody avid-
ity"810.18.3435 "We chose two chaotropic agents varying in
their chemical character - urea as a nonelectrolyte acting
as a mild denaturing agent and sodium chloride with an
ionic nature. Both chaotropes can impair non-covalent
forces such as hydrophobic interactions, hydrogen bridges
and Van der Waals forces, which enable the formation of
immune complexes'®. In our experiments urea in a certain
concentration disrupted immune complexes of anti-NfH
IgG antibodies with NfH more effectively than tested con-
centrations of NaCl. The concentration of 6 mol/L urea
dissociated about 45% immune complexes and met the
requirement about a 50% decrease in an antibody bind-
ing after adding chaotropic agents to immune complexes
in the ELISA procedure’?. Urea is often used for avidity
determination, especially for antibodies against infectious
agents and it was shown to be a suitable chaotrope for the
avidity assay. Therefore, we performed ELISA analyses in
samples of our patients with urea solutions®.

Research over recent years has suggested the par-
ticipation of humoral autoimmune processes involved in
the pathogenesis of AD (ref.3®). Multiple autoantibodies
against various autoantigens were investigated in the se-
rum and/or CSF of AD patients®’*¢. One group of auto-
antibodies included those against structures specific for
nervous tissue, such as neurofilaments (NfL, NfH), tau
proteins, glial fibrillary acidic proteins and others!'s¥-2,
It seems that some autoantibodies may act pathogeni-
cally while others could have protective effects’’. Animal
experiments suggested an association between anti-NfH
antibodies and some manifestation of AD (ref.**). Rats
immunised with the NfH of Torpedo cholinergic neu-
rons developed specific antibodies, which accumulated
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in the perikarya and neurites of neurons in the septum
and hippocampus and in white matter tracts in the rats’
forebrains*. The immunised rats showed a significant
deficit in short-term memory and in a reversal of choice
paradigm in a position discrimination test in contrast to
long-term memory, which was not affected. Oron et. al.*
found that cognitive deficit in rats with experimental au-
toimmune dementia after immunisation by the cholinergic
NfH evolved more slowly than the decrease in the density
of cholinergic neurons in the septum of rats and the ac-
cumulation of IgG in the same brain area.

The use of certain autoantibodies as diagnostic or
prognostic markers is under investigation. Levels of these
antibodies were studied in sera and/or CSF (ref.27:28:46),
We were mainly interested in the antibodies against auto-
antigens originating from the neurocytoskeleton in past.
We found the differences in avidities of anti-NFM and
anti-tau antibodies in serum and CSF in the patients with
multiple sclerosis?. In addition, differences in avidities
of various anti-neurocytoskeletal antibodies were seen.
These are not surprising findings. Totland et. al.*’ also
observed various avidities of two onconeuronal antibodies
Hu and Yo in patients with paraneoplastic neurological
syndromes. Therefore, it is important to test the avidity
of each autoantibody individually.

The pathogenic autoantibodies are mostly character-
ised by a higher avidity for autoantigens in the target tis-
sue’*®50 but the occurrence of low-avidity autoantibodies
in immune-mediated diseases have also been described'*"'.
Jianping et. al.’ investigated the avidity of anti-Af anti-
bodies in AD and found that both levels and avidities of
anti-Ap antibodies were statistically lower in AD patients
than in the age-matched control group. They assumed
that avidity declination would have a great influence on
the clearance of AB by the cells of the immune system.
We assumed similar changes in avidity of serum anti-NfH
antibodies. Unfortunately, the comparison of anti-NfH
IgG antibody levels and avidities showed no differences
between AD patients and control. However, the avidity
of antibodies may change with the progression of the
disease. The follow-up study of individual AD patients
might find a certain trend in the avidity of anti-NfH IgG
antibodies in the serum.

A statistically significant inverse relationship between
avidities and levels of anti-NfH antibodies in both groups
was found. This might reflect that high-avidity anti-NfH
IgG antibodies are bound in the immune complexes with
their antigens. Conversely, the low-avidity antibodies form
immune complexes less effectively and they tend to reach
higher levels as free molecules.

CONCLUSION

We optimised the ELISA method in order to find
anti-NfH antibody avidity determination. This method
has been used for the study of anti-NfH antibody avidity
in serum of patients with Alzheimer’s disease, but it is
also suitable for research of anti-NfH antibody avidity in
patients with other neurological diseases associated with
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neurocytoskeletal defects. Neither levels nor avidity of
IgG anti-NfH antibodies differed between AD patients
and cognitively normal persons. In the future, we plan to
investigate if the levels and avidity of antineurocytoskel-
etal antibodies will change during the follow-up study.
In addition, we are going to determine separately, free
anti-NfH IgG antibodies and those bound in immune
complexes.
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Analytické a preanalytické aspekty stanoveni
lehkych fetézcl neurofilament v biologickych

tekutinach

Analytical and pre-analytical aspects of neurofilament light chain

determination in biological fluids

Souhrn

Tento prehled si klade za cil seznamit klinické a laboratorni pracovniky s nejdilezitéjsimi
preanalytickymi a analytickymi aspekty stanovenf lehkych fetézcl neurofilament (NfL) v bio-
logickych tekutindch. NfL predstavuji perspektivni nespecificky biomarker poskozeni neuront
a axonU, k némuz dochazi u celé fady neurologickych onemocnéni. Pfed zavedenim vysetfovani
NfL do $irsi klinické praxe je nutné charakterizovat preanalytické a analytické stranky stanovent,
které mohou vyznamnym zpUsobem ovlivnit spravnost vysledku analyzy. Pfi hodnoceni
koncentraci NfL je zapotrebi brat v Gvahu vék pacienta a vliv mdze mit i body mass index. Vyhodou
NfL je jejich dlouhodoba stabilita pfi riznych teplotach skladovéni i odolnost vici opakovanym
cykldm zmrazovani a rozmrazovéni. Koncentrace NfL v klinickych studiich se stanovuji
predevsim imunoanalytickymi metodami, které se lisi citlivosti. Pro stanoveni NfL existuje nékolik
imunoanalytickych pfistupd vhodnych pro spolehlivé vysetfeni v.mozkomisnim moku (MMM)
i v séru/plazmé. Volba optimalniho analytického pfistupu zavisi mimo jiné na koncentracich
NfL v biologickych tekutindch. Pro stanoveni NfL v MMM Ize vyuzit metod ELISA, které vykazuijf
dostacujici citlivost pro vyssi koncentrace NfL vyskytujici se v této biologické tekutiné. Postupné
zavadéné nové technologie charakterizované vyrazné vyssi citlivosti ve srovnani s metodou ELISA
umoznily spolehlivé vysetfovani NfL i v séru ¢i plazmeé. Podrobnéji jsou zminovéany principy metod
postavené na technologii Simoa® SimplePlex™ a imunomagnetické redukce.

Abstract

The aim of this review is to inform clinical and laboratory workers about the most important pre-
analytical and analytical aspects of neurofilament light chain (NfL) determination in biological
fluids. NfLs represent a promising nonspecific biomarker of neuronal and axonal damage that
occurs in a variety of neurological diseases. Before introducing NfL determination into routine
clinical practice, it is necessary to characterize the pre-analytical and analytical aspects of the
assays, which can significantly affect the accuracy of the analysis results. When evaluating NfL
concentrations, the patient’s age should be taken into account and body mass index may also have
an effect. The advantages of NfLs are their long-term storage stability at different temperatures
as well as resistance to repeated freezing and thawing cycles. NfL concentrations in clinical trials
are determined primarily by immunoassay methods that vary in sensitivity. There are several
immunoassay technologies for the determination of NfL suitable for reliable determination
in cerebrospinal fluid (CSF) and serum/plasma. The choice of the optimal analytical approach
depends, among other things, on the concentration of NfL in biological fluids. ELISA methods can
be used to determine NfL in CSF, which show sufficient sensitivity for higher concentrations of NfL
occurring in this biological fluid. Newly introduced technologies characterized by significantly
higher sensitivity in comparison with the ELISA methods enabled reliable examination of NfL
also in serum/plasma. The principles of methods based on Simoa® technology, SimplePlex™, and
immunomagnetic reduction are mentioned in more detail.
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ANALYTICKE A PREANALYTICKE ASPEKTY STANOVENT LEHKYCH RETEZCU NEUROFILAMENT V BIOLOGICKYCH TEKUTINACH

Uvod
Neurologim se dostdva do rukou slibny bio-
marker, kterym jsou lehké fetézce neurofila-
ment (NfL). Néktefi jejich vyznam pfirovna-
vaji k troponintm v kardiologii [1].

Neurofilamenta v CNS jsou heteropoly-
mery sestavené ze Ctyf polypeptidovych
fetézcd, k nimz patif triplet neurofilamen-
tovych fetézcl (NfL, stfedni fetézce neu-
rofilament a tézké retézce neurofilament)
a a-internexin. V perifernim nervovém sys-
tému (PNS) je soucasti neurofilament spo-
le¢né s tripletem neurofilamentovych fe-
tézcl dalsi protein — peripherin. Struktura
neurofilamentovych fetézcl je podobnd, ale
jednotlivé polypeptidy se lisf relativni mo-
lekulovou hmotnosti (Mr) a mirou fosfory-
lace — lehké Ffetézce maji Mr 70 000, stfedni
fetézce (NfM) 150 000 a tézké retézce (NfH)
200 000 [2]. Schéma molekuly NfL je zndzor-
néno na obr. 1. NfL tvofi nejhojnéjsi podjed-
notku v tripletu neurofilamentovych fetézca,
zastoupeni NfL : NfM : NfH v neurofilamen-
tech je pfiblizné v tomto poméru 5:3: 1 [3].

NfL predstavuji nespecificky biomarker
odrazejici poskozeni axond a neurond,
k némuz dochdzi z rlznych pficin, at uz se
jedna napf. o zanét, neurodegeneraci nebo
trauma [4-8]. NfL se uvolnuji do intersticialni
tekutiny a z ni mohou pronikat do mozko-
misniho moku (MMM) a také do krve. Pfi
nékterych patologickych stavech v oblasti
nervové soustavy se mnozstvi NfL prestu-
pujicich do rdznych kompartmentl vyrazné
zvysSuje [9-11].

Detailngjsi vyzkum NfL jako biomarkeru
u neurologickych onemocnéni umoznili jiz
v roce 1996 Rosengren et al [12], kdyZ jako
prvni popsali metodu ELISA (enzyme-linked
immunosorbent assay) jako vhodnou ke sta-
noveni NfL. Citlivost metody ELISA viak do-
voluje spravné stanovovat koncentrace NfL
pouze v MMM, jehoZ odbér predstavuje in-
vazivni vykon. Proto se dalsi vina zajmu o NfL
dostavila aZ poté, co se zacaly Uspésné vy-
vijet vysoce citlivé metody na jejich stano-
ven( v krvi [13]. Od té doby se datuje prudky

narlst novych poznatk o NfL vyuZitelnych
v péci o pacienty se zavaznym neurologic-
kym onemocnénim. Znacna pozornost je
vénovana prinosu stanoveni NfL u nemoc-
nych s RS [1,5,14-17]. Vysoka hladina NfL pre-
dikuje aktivitu nemoci u RS [18-20], naopak
nizka hladina je spojend s absenci radiolo-
gické aktivity nemoci a mohla by v budouc-
nosti u nekterych pacientd doplnit, nebo
dokonce nahradit kontrolni zobrazeni CNS
MR [17]. Povzbudivé vysledky pfindseji i stu-
die zamérené na vyuziti NfL u dalsich neu-
rologickych onemocnéni spojenych se ztra-
tou nebo poskozenim neuronl [6,9,21,22].
Existuji studie ukazujici pfinos NfL pfi dife-
rencialnf diagnostice rliznych typ demenci,
extrapyramidovych neurodegenerativnich
onemocnéni nebo také amyotrofické late-
ralnf sklerdzy [9,10]. Méfeni hladin NfL mdze
pomoci pfi predikci vyvoje stavu po ische-
mické CMP, po urazech mozku nebo po kar-
diopulmonalni resuscitaci [20,22,23].

Pred zavedenim vysetiovani NfL do sirsi
klinické praxe je nutné charakterizovat
preanalytické a analytické stranky jejich sta-
noveni, které mohou vyznamnym zpUso-
bem ovlivnit spravnost vysledku analyzy,
a je zapotiebf k nim pfihlizet pfi interpretaci
vysledk( vysetreni. Tento text si klade za cil
seznamit klinické a laboratorni pracovniky
s nejdUlezitéjsimi preanalytickymi a analytic-
kymi aspekty stanoveni NfL v biologickych
tekutinéch.

Koncentrace NfL v jednotlivych
biologickych tekutinach
Béznymi biologickymi tekutinami, v nichz
se NfL vysetfuji, jsou MMM, sérum a plazma
(tab. 1). Nejvyssich koncentraci dosahuji
NfL v MMM (cNfL). V porovnani s plazmou
¢i sérem jsou koncentrace cNfL mnohona-
sobné vys3si. Napf. Disanto et al [5] uvedli, ze
medidn koncentraci NfL byl 42X nizsi v séru
nezv MMM.

Jak vyplynulo z metaanalyzy, mezi kon-
centracemi cNfL a koncentracemi NfL v séru
(sNfL) nebo v plazmé (pNfL) existuje stfedné
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Obr. 1. Schéma struktury lehkého fetézce neurofilamenta.
Fig. 1. Scheme of the neurofilament light chain structure.

silnd korelace, kterd je vice vyjadrena u pa-
cientd s onemocnénim CNS nebo PNS nez
u kontrolnich skupin. Tésnéjsi vztah byl po-
zorovan ve studiich, které pouzily pro sta-
noveni NfL citlivéjsich imunoanalytickych
metod [24].

NfL byly testovény i ve slinéch, které pred-
stavuji velice snadno dostupny biologicky
material [25]. Zatim se ale zd3, Ze stanoveni
NfL ve slinach bude mit omezeny klinicky
vyznam, alespon pro neurodegenerativni
onemocneéni.

Biologické faktory ovliviujici
koncentrace NfL
Vék
Dulezity faktor, ktery ovliviiuje koncentrace
cNfL i koncentrace NfL v krvi, pfedstavuje
veék. Pozitivni korelaci mezi vékem a kon-
centraci cNfL u kontrolnich skupin i u fady
neurologickych onemocnéni publikovali
v rozséhlé metaanalyze, na které se podileli
i néktefi autori tohoto ¢lanku, Bridel et al [4].
U zdravych osob metaanalyza uvadi narlst
koncentraci cNfL na kazdy rok véku o 3,3 %.
Vztah mezi vékem a koncentraci NfL vyjad-
feny u zdravych jedinct i u pacientl je dobfe
dokumentovan i v krvi [5,26]. Pro zdravé kont-
roly se udava vzestup koncentraci sNfL 0 2,2 %
na kazdy rok véku [5]. Podle nékterych studif
neni zvysovani koncentraci sNfL s vékem li-
nearni a zrychluje se po dosazeni véku 60 let,
kdy navyseni mlze byt az dvojndsobné, tj.
04,3 % [27]. U rlznych neurologickych one-
mocnén( byla také prokazovana vyznamna ko-
relace mezi NfL v krvi a vékem [5,19,28].
Pozitivni vztah mezi koncentracemi NfL
a vékem je pfipisovan vékem podminénym
zménam v CNS spojenym se ztrdtou neu-
rond, ale pfispivat maze i vyraznéjsi po-
kles rendinich funkci, zejména u starsich
osob [29,30]. Proto je nezbytné souvislost
mezi vékem a koncentracemi NfL. zohledno-
vat pfi interpretaci jejich vysetfeni.

Pohlavi arasa
Koncentrace cNfL ve vztahu k pohlavi hod-
notili v neddvné metaanalyze Bridel at al [4].
Byly vyssi 0 26 % u zdravych muzd a zvyseni
u muzt bylo pozorovéno i u nékterych neu-
rologickych onemocnéni. V EDTA (kyselina
ethylendiamintetraoctova) plazmé a séru
ale nenf zévislost koncentraci NfL na po-
hlavi v fadé praci prokazovana [5,26,28,29].
Pohlavi se proto pfi normalizaci koncentraci
NfL nebere v Uvahu.

Ukazuje se, Ze etnika mohou mit odlisné
koncentrace. V MMM byly koncentrace NfL
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nizsi u kognitivné zdravych Afroameric¢and
nez u osob kavkazské rasy [31]. Naopak
v séru byly koncentrace NfL nizsf u kavkaz-
ské rasy nez u jinych ras [30].

Body mass index a objem krve

Dalsim faktorem, ktery ovliviiuje koncentrace
NfL v krvi, je index télesné hmotnosti (body
mass index; BMI) a objem krve. Manouche-
hrinia et al [32] tento vztah analyzovali na
velkém souboru kontrol (n = 662) a prokazali
vyznamnou negativni korelaci mezi koncen-
traci pNfL a BMI s poklesem 0 0,02 pg/ml na
vzestup BMI o jednotku. Vztah mezi koncen-
tracemi p/sNfL a BMI popsany Manouchehri-
niou et al u zdravych platil také pro pacienty
s RS a mentdlni anorexif [32-34]. Snizeni kon-
centrace pNfL o0 0,15 pg/ml bylo zazname-
nano pfi zvyseni objemu krve o 11 u zdra-
vych kontrol. Jind je pak situace v prlibéhu
fyziologického téhotenstvi, které je doprova-
zeno vzestupem koncentraci NfL v krvi [20].

Biologicka variabilita

DulezZitou vlastnosti analytu je jeho stabi-
lita u jedince v case. Intraindividudlni kolisani
koncentraci sNfL v pribéhu dne a mezi dny
je minimalni (3,1 %), ale interindividuaIni va-
riabilita je vyrazna (35,6 %) [35].

Dalsi biologické vlivy

Kromé vyse uvedenych vlivl byly popséany
i dalsi faktory s dopadem na koncent-
race NfL v krvi, jako jsou koureni, systolicky
krevni tlak, fibrilace sini, onemocnéni PNS,
uzivani neurotoxickych 1ékd, které veétsi-
nou prispivaji ke zvyseni koncentraci. Prihli-
Zet je zapotrebi i ke stavu hematoencefalické
bariéry [20,24].

Vliv teploty a doby skladovani

na stabilitu NfL v biologickych
tekutinach

NfL je stabilnim analytem pfi skladovani
vzorku pfi nizkych i vyssich teplotach. Sta-
bilita NfL byla prokdzana jak v MMM, tak
v séru/plazmé.

Mozkomisni mok
Koncentrace cNfL ve vzorcich zpracovanych
po jedné nebo 24 h po odbéru se vyznamné
neliSily bez ohledu na teplotu skladovani
(pokojové teplota, 4 °C). Stabilita koncentraci
cNfL je zachovéna i po dobu 21 dnd pfi riz-
nych teplotach v rozmezi od =20 °C do 37 °C
pfi srovnani s teplotou —80 °C [36].

NfL v MMM jsou odolna vici opakova-
nému zmrazovani a rozmrazovani (=80 °C

Tab. 1. Koncentrace NfL v rliznych biologickych tekutinach u zdravych osob analyzo-
vané pomoci souprav Simoa NF-light™ Advantage Kit Quanterix*.

Koncentrace NfL

Biologicka tekutina median Citace
pg/ml

mozkomisni mok 317 (n=135) [51]

sérum 6,96 (n =132) [51]

plazma (EDTA) 587 (n=129) [51]

sliny 23**(n=17) [25]

*nejedna se o referencni rozmezf; **hodnota odpovida priméru
EDTA - kyselina ethylendiamintetraoctova; n — pocet; Nfl — neurofilamenta

a pokojova teplota). Byly testovany Ctyfi
cykly bez vyznamnych zmén v koncentraci
cNfL [36].

Sérum, plazma

Koncentrace s/pNfL zlstdvaji stabilni
7-8 dn(, kdy?Z jsou uchovévany pfi pokojové
teploté nebo pfi 4 °C [37,38]. Stabilita NfL je
za situace nekolikadenniho uchovani pfi po-
kojové teploté mirné vyssi v séru nez v EDTA
plazmé [38]. Stabilitu si NfL udrzuji i pfi opa-
kovaném zmrazovani a rozmrazovani. Kon-
centraci sNfL a EDTA plazmy vyznamné neo-
vlivnilani 3-5x opakovany cyklus rozmrazenf
a zmrazeni [37,39].

Dalsi preanalytické vlivy

na koncentraci NfL

Mozkomis$ni mok

Nizkd, tj. 0,05% (odpovidd 2 500 erytro-
cytd/pl) kontaminace vzorku MMM krvi ne-
méla pfi 1-2hodinovém skladovani pfi poko-
jové teploté dopad na zménu koncentrace
cNfL, ale vétsi, 5% kontaminace (odpovida
250 000 erytrocytl/ul) se jiz odrazila ve zvy-
Seni koncentrace cNfL a7z 0 66 %. Nizsi tep-
lota pfi 4 °C snizovala miru nardstu koncen-
traci cNfL. Podobné ovlivnéni koncentraci
cNfL se projevilo i pfi skladovani vzorkd po
delsi dobu (4-24 h) [36].

Sérum, plazma

Koncentraci v plazmé mUZe ovlivnit pouzity
typ odbérové zkumavky s rozdilnymi anti-
koagulacnimi pfisadami. Plazmy s rdznymi
antikoagula¢nimi prostfedky pro stanoveni
NfL by nemély byt zaménovany, i kdyz hod-
noty koncentraci spolu vyznamné kore-
luji [39]. Podle studie Ashtona et al [39] nej-
nizsi koncentrace pNfL stanovené pomoci
Simoa® (single molecule array) (Quanterix,
Billerica, MA, USA), na HD-X analyzétoru po-

skytuje citrdtova plazma, nasleduje plazma
s EDTA a nejvyssi koncentrace jsou ziskavany
z plazmy ze zkumavek s heparinem lithnym.
Koncentrace NfL v citrdtové plazmé byly
0 20 % nizsi nez v plazmé EDTA. Podle rliz-
nych studif jsou koncentrace NfL v séru vyssi
asi 0 11 % nez v EDTA plazmé, ale je mezi
nimi vyjadrena signifikantni korelace nebo
se nelisi [26,39,40]. Pfi srovnani mezi sérem
a plazmou s heparinem lithnym nebyl pozo-
rovan rozdil [39].

Pro stanoveni s/pNfL je zapottebi prihléd-
nout k hemolyze vzorku vzhledem ke sku-
te¢nosti, Ze erytrocyty obsahuji nékteré cy-
toskeletdIni struktury, v¢. NfL [41]. Pomoci
vysoce citlivé metody Simoa® byly v lyza-
tech z erytrocytl prokazény nizké koncen-
trace NfL, které korelovaly s koncentracemi
NfL v plazmé [42].

Dalsim preanalytickym faktorem, ktery
mUze mit dopad na presnost stanoveni kon-
centrace NfL v plazmé, je doba, jeZ uplyne
mezi odbérem a centrifugaci.| vtomto piipadé
se projevuje dobrd stabilita NfL. Koncentrace
NfL v EDTA plazmé, kterd byla ziskana stan-
dardnim zpUsobem (centrifugaci krve béhem
dvou hodin po odbéru) signifikantné korelo-
vala s koncentracemi NfL v plazmé ziskané od-
délenou centrifugaci krve za rlznych podmi-
nek (po 48 h stani krve pfi pokojové teploté,
pfi 37 °C), i kdyZ bylo pozorovdno mirné zvy-
Senf [43]. Dobré vysledky pfineslo i testovani
koncentraci NfL v eludtech z krve odebrané
ve formé skvrn na specidlni karticky, hodnoty
koncentraci NfL ziskané z téchto tekutin vsak
byly signifikantné nizsi [43].

Metody pro stanoveni NfL
v biologickych tekutinach
Koncentrace NfL v klinickych studiich se sta-
novuji predevsim imunoanalytickymi meto-
dami, které se lisi citlivosti. Proto volba opti-
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malniho analytického pfistupu zavisi mimo
jiné na koncentracich NfL v biologickych
tekutinéch.

Stanoveni NfL

v mozkomisnim moku

Pro stanoveni cNfL Ize vyuzit metod ELISA,
které vykazuji dostacujici citlivost pro vyssi
koncentrace NfL vyskytujici se v této bio-
logické tekutiné. Pfed dostupnosti imu-
noanalytickych souprav pro méfeni NfL
v krvi byly koncentrace NfL ve vétsiné klinic-
kych studif analyzovany pomoci komeréné
dostupné soupravy NF-light® (Neurofila-
ment light) ELISA firmy UmanDiagnostics
(Umeé, Svédsko). Tato sendvicova ELISA vyu-
7iva dvou vysoce specifickych monoklonal-
nich protilatek. Jejich reaktivita je namifena
proti odlisnym epitoplm lokalizovanym
v centralni tycovité oblasti (rod domain) mo-
lekuly NfL (obr. 1) [44,45].

Stanoveni NfL v krvi (plazmé, séru)
Viysetfeni v krvi zpocatku branila nedosta-
te¢na citlivost metod ELISA pro stanoveni
nizkych koncentraci NfL, o ¢emzZ jsme se
sami presvedcili [14]. O néco vyssi citlivosti
dosahuji imunoanalytické metody zaloZené
na detekci elektrochemiluminiscen¢niho
signalu, ktery vyuziva pro elektrochemilu-
miniscen¢ni metody (ECL) spolec¢nost MESO
Scale Discovery™ (Rockville, MD, USA) [37].
Nové jsou dostupné i citlivejsi ELISA sou-
pravy pro stanoveni NfL v séru, s nimiz ale
zatim nemdme zkusenosti. Postupné zava-
déné nové technologie charakterizované
vyrazné vyssi citlivosti umoznily spolehlivé
vysetfovani NfL i v séru ¢i plazmé, ale pfi
vhodném fedénf jimi Ize samozfejmé stano-
vovat i koncentrace v MMM [13].

Vlysoce citlivé metody jsou postavené na
technologii Simoa® SimplePlex™ (Protein-
Simple, San Jose, CA, USA) a IMR (immuno-
magnetic reduction) [46,47]. Principy uvede-
nych imunoanalytickych technik se lisi.

Vysoce citlivé imunoanalytické
metody pro stanoveni NfL

Simoa®

Simoa® o niz se hovoli také jako o digitaIni
ELISE, vyuziva zakladnich principC ELISY, je-
jichz modifikacf je dosazeno schopnosti de-
tekovat koncentrace proteinC v jednotkach
fg—pg/ml [13,48-501.

V' pribéhu stanoveni NfL metodou
Simoa® se na paramagnetickych ¢ésticich,
které jsou oznaceny specifickymi anti-NfL
protilatkami, vytvofi sendvicovy imunokom-

plex. Jeho soucasti je protildtka na ¢astici,
dale NfL ze vzorku, popf. standardu a druha
anti-NfL protiltka, k niz se prostrednictvim
vazby biotin-streptavidin pfipoji enzym 3-
-galaktosidaza. Po vytvofeni sendvi¢ového
komplexu se jednotlivé paramagnetické
Castice s roztokem fluorogenniho substratu
rozdéli do pole obsahujiciho nékolik set tisic
mikrojamek. Poté se v kazdé jamce detekuje
fluorescence vznikld rozkladem substratu
prostifednictvim B-galaktosidazy pfitomné
v imunokomplexu. Fluorescencni signal je
ddle vyhodnocovan pomoci softwaru, ktery
je soucasti analyzatoru [13,49,50]. Soupravy
Simoa® vyuzivaji stejné protilatky, jako jsou
ty v soupravach ELISA UmanDiagnostics [51].
Metoda stanoveni NfL na principu
Simoa® je v soucasnosti povazovana za re-
feren¢ni metodu pro stanoveni NfL v séru ¢i
plazmé [46]. Kromeé vysoké citlivosti a nizké
spotieby vzorku patii k jejim vyhodam i $i-
roky rozsah méfitelnych koncentraci umoz-
nujicl stanoveni NfL v MMM a v séru i
plazmé, a to dokonce i u osob bez onemoc-
néni CNS i PNS [51]. Dalsi vyhodou techno-
logie Simoa® je dostupnost komerc¢nich
soupray, které Ize zpracovévat na nékolika
typech analyzator( firmy Quanterix (Bille-
rica, MA, USA). Pro kazdy z analyzétord jsou
vyvinuty specidlni soupravy a k dispozici
jsou i takové, v nichz Ize NfL analyzovat spo-
le¢né s dalsimi proteiny ve formé multiplexu.
Koncentrace pNfL stanovené samostatné
vysoce korelovaly s vysledky NfL méfe-
nych jako soucast multiplexu [52]. Souprava
Simoa NF-light® Advantage Kit je ur¢ena pro
stanoveni NfL v séru, plazmé a MMM [51].
Jako kalibrator vyuziva rekombinantni lidsky
NfL, ktery nahradil v minulosti pouzivany ka-
librdtor hovéziho plvodu. Starsi vysledky zis-
kané prostrednictvim hovéziho kalibratoru
|ze pfepocitat pomoci poméru 5 : 1 (kon-
centrace NfL ur¢end pomoci hovéziho kalib-
ratoru = 5x koncentrace ur¢end pomoci re-
kombinantniho lidského kalibratoru).

SimplePlex

Dalsi citlivou imunoanalytickou metodou
vhodnou pro stanoven( nizkych koncentracf
NfL v krvi je technika zaloZzena na nové au-
tomatizované platformé SimplePlex™ [46].
Imunochemicka reakce probihad v kanal-
cich, z nichz v kazdém jsou zabudovany tfi
sklenéné komurky (nanoreaktory) umozriu-
jici provedeni analyzy kazdého vzorku v tri-
plikdtu. Na vnitinim povrchu komdarek je na-
vazéna specifickd protilatka, kterd zachyti
antigen obsazeny ve vzorku. K detekci vznik-

lého imunokomplexu slouzi dalsi protilatka
oznacend fluorescen¢nim barvivem. Ana-
lyza je plné automatizovand pomoci analy-
zadtoru ELLA™, jenz méfi fluorescencnf sig-
nal [53]. Platforma SimplePlex™ je schopna
i multiplexovych analyz pro stanoveni né-
kolika biomarker(i souc¢asné. Zcela nedavno
byla publikovana studie srovnavajici koncen-
trace sNfL stanovené technologiemi Sim-
plePlex™ ELLA™ a Simoa® [46]. Srovnani uka-
zalo silnou korelaci mimo jiné i diky tomu, Ze
obé metody pouzivaji stejné anti-NfL proti-
latky. Na rozdil od protilatek byl v obou sou-
pravach odlisny standard, coZ se odrazilo
v rozdilnych absolutnich koncentracich sNfL.
Vzhledem k linearité vztahu je mozny prepo-
Cet koncentraci ziskanych obéma metodami
pomoci korekéniho faktoru.

Imunomagneticka redukce

Pro nizké koncentrace NfL byla vypraco-
vana i metoda na bazi imunomagnetické
redukce (IMR), jejiz vyvoj je spojen se spo-
le¢nosti MagQu Co. Ltd. (Taiwan) / MagQu
LLC (USA) [47,54]. IMR je zaloZzena na mé-
feni poklesu magnetického signélu, ke kte-
rému dochézi po vytvofeniimunokomplexu
na povrchu magnetickych nanokuli¢ek. Tyto
nanokulicky vyrobené z Fe,O, maji na povr-
chu navézané specifické protilatky. V mag-
netickém poli stfidavého proudu kulicky
osciluji. Po navazani antigenu na kulicku pro-
stfednictvim specifické protilatky se kulicky
zvetsuji a nékteré shlukuji, coz ma za na-
sledek snizeni rychlosti jejich oscilace. Tato
zména rychlosti oscilace je tmérnd mnoz-
stvi vdzaného analytu a Ize ji pfimo zmé-
fit. Signal IMR je analyzovan velice citlivym
magnetometrem. Na rozdil od vyse uvade-
nych imunoanalytickych metod je zapottebi
pouze jedné protilatky a provedeni metody
nevyzaduje promyvaci kroky.

Metoda IMR pro meéfeni NfL nevyuziva
anti-NfL protildtky UmanDiagnostics, nybrz
anti-NfL protilatky Santa Cruz Biotechno-
logy, Inc. Standard mé povahu rekombinant-
niho lidského NfL. Predklinické testovani
metody pro vysetfovani NfL pomoci IMR
ukdzalo, Ze test se vyznacuje mimoradnou
citlivosti a vysokou specifi¢nosti [47].

Z3kladnf udaje tykajici se rtiznych techno-
logif pro stanoveni NfL jsou shrnuty v tab. 2.

Perspektivy v analytice

Dalsi krok v analytice NfL pfedstavuje adap-
tace vysoce citlivé metody pro rutinni imu-
noanalytickou platformu Siemens — ADVIA
Centaur® a Atellica® (Siemens, Mnichov, Né-
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Tab. 2. Zakladni udaje tykajici se souprav pro stanoveni NfL v biologickych tekutinach.
Dolni limit . [ . .

Platforma stanovitelnosti Standard (puvod) Protilatky Vyrobce souprav Citace

. y ) UmanDiagnostics AB, (Umea,
ELISA cca 50 pg/ml hovéz anti-NfL mAb 47 : 3 Sweden)** [51]
anti-NfL mAb 2: 1
. ) ) MESO Scale Discovery™ (MSD,
ECL 15,6 pg/ml hovézi anti-NfL mAb 47 : 3 Maryland, USA) [37]
anti-NfL mAb 2: 1

ECL 34 pg/ml - - MESO Scale Discovery™ [60]

(technologie MULTI-ARRAY) (Rockville, Maryland, USA)

SimplePlex™ 2,7 pg/ml hovézi anti-NfL mAb 47:3  ProteinSimple (San Jose, CA, USA)  [46]

anti-NfL mAb 2: 1

Siemens ADVIA CentaurO 1,62 pg/ml - - Siemens Healthineers AG [55]

Quanterix SimoaO 0,686 pg/ml lidsky rekombinantni  anti-NfL mAb 47 : 3 Quanterix (Billerica, MA USA) [51]

(NF-lightO Advantage Kit HD) anti-NfL mAb 2 : 1

% 1 ) . anti-NfL mAb (Santa  MagQu (New Taipei City, Taiwan/

IMR 0,18 fg/ml lidsky rekombinantni Cruz Biotechnology) ST, A, U5 [47]
*limit detekce; **od konce roku 2021 je od stejného vyrobce k dispozici i souprava ELISA pro stanoveni NfL v séru s dolnim limitem stanovitel-
nosti 0,8 pg/ml
ECL - electrochemiluminescence; ELISA — enzyme-linked immunosorbent assay; IMR — immunomagnetic reduction; mAb — monoklonaini pro-
tildtky; Nfl — neurofilamenta

mecko) [55]. Novd imunoanalyza vykazuje
vysokou korelaci s metodou Simoa® (NfL-li-
ght® Advantage Kit, Quanterix) [55] .

Jednim z trendl v biochemické dia-
gnostice jsou multiplexové analyzy. Pro neu-
rologické biomarkery jsou ve formé az kva-
druplexu v¢. NfL k dispozici od spole¢nosti
Quanterix. Novy analyticky pfistup voli Olink
Proteomics (Uppsala, Svédsko). Vyuziva tech-
nologie PEA (Proximity Extension Assay) spo-
jujici princip imunochemické reakce s poly-
merdzovou fetézovou reakcf [56]. Uvedend
technologie umoznuje vytvareni multiplexd
pro stanoveni vysokého poctu analytd, mezi
nimiz jsou zafazena i NfL, které jsou soucastf
panelu Olink® Target 96 Neuro Exploratory.

Zaveér

NfL pfedstavuji perspektivni nespecificky bio-
marker poskozeni neurond a axont, k némuz
dochdzi u celé fady neurologickych onemoc-
néni. Pro stanoveni NfL existuje nékolik imu-
noanalytickych pfistup vhodnych pro spo-
lehlivé vysetfeni v MMM i v séru/plazmé.
Postupné jsou studovany preanalytické a ana-
lytické vlivy, které maji dopad na vysledek sta-
novené koncentrace NfL. Pfi hodnocenf kon-
centracf je zapotfebi brat v Gvahu vék pacienta
a BMI. Vyhodou NfL je jejich dlouhodobd sta-
bilita pfi rdznych teplotach i odolnost vici
opakovanym cyklim zmrazovani a rozmrazo-

vani. Je ztejmé, ze se postupné rozsifuje na-
bidka novych technologickych pfistupd, které
se zdaji byt perspektivnimi pro vysetiovani
i velmi nizkych koncentraci NfL. | v CR existuji
pracovisté, kterd provadéji stanoveni NfL v krvi,
zatim na vyzkumné bazi. V této souvislosti se
naléhavym problémem stava standardizace
stanoveni NfL, zahrnujici vybér referencni ana-
lytické metody a pfipravu certifikovaného re-
ferencniho materidlu. Pri zavedenf vysetiovani
NfL do klinické praxe bude také nutné zajistit
systém externi kontroly kvality, jako je tomu
u jinych analytd. Bude zajimavé sledovat, jaké
misto zaujmou sérové koncentrace NfL v dia-
gnostice neurologickych onemocnénf vedle
zobrazovacich metod mozku, vysetieni MMM
a kognitivnich test( [57-59].
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KEYWORDS: BACKGROUND: The role of cholesterol homeostasis in neuroaxonal injury in multiple sclerosis is
Neurofilament light chain; not known.

Lipid; OBJECTIVE: The objective of the study is to investigate the associations of cerebrospinal fluid
Cholesterol; (CSF) and serum neurofilament light chain levels (CSF-NfL and sNfL, respectively), which are bio-
Apolipoproteins; markers of neuroaxonal injury, with cholesterol biomarkers at the clinical onset of multiple scle-

Blood-brain barrier;
Cerebrospinal fluid;
Brain lesions;

MRI;

Disease onset;
Multiple sclerosis

rosis.

METHODS: sNfL, serum cholesterol profile (total cholesterol, high-density lipoprotein choles-
terol, and low-density lipoprotein cholesterol), serum apolipoprotein (Apo) levels (ApoA-I,
ApoA-II, ApoB, and ApoE), and albumin quotient were obtained for 133 patients (63% female,
age: 29.9 = 8.0 years) during the first demyelinating event. CSF-NfL. was available for 103
(77%) patients.

RESULTS: CSF-NfL and sNfL were negatively associated with serum ApoA-II (P = .005,
P <.001) and positively associated with albumin quotient (P <.001, P <.0001). In addition, higher
CSF-NfL was associated with lower serum ApoA-I (P =.009) levels and higher sNfLL was associated
with lower high-density lipoprotein cholesterol (P = .010). In stepwise regression, age (P = .045),
serum ApoA-II (P =.022), and albumin quotient (P <.001) were associated with CSF-NfL; albumin
quotient (P =.002) and ApoA-II (P =.001) were associated with sNfL. Path analysis identified par-
allel pathways from ApoA-II (P =.009) and albumin quotient (P < .001) to the sNfL outcome that
were mediated by CSF-NfL (P < .001). The associations of CSF-NfL with ApoA-I (P =.014) and
ApoA-II (P = .015) and sNfL with ApoA-II (P <.001) remained significant after adjusting for num-

ber of contrast-enhancing lesions and T2 lesion volume.
CONCLUSION: Lower serum ApoA-II and ApoA-I levels are associated with greater neuroaxonal

injury as measured by CSF-NfL.

© 2020 National Lipid Association. All rights reserved.

Introduction

Neurofilament light chain (NfL) are cytoskeletal pro-
teins in nervous tissue that are shed on axonal injury and
can be measured in the cerebrospinal fluid (CSF-NfL) and
serum (SNfL). NfL are a promising biomarker in multiple
sclerosis (MS) and other neurological diseases.'” sNfL are
increased during MS disease activity’ and predict future
disease progression,” lesion activity, and brain atrophy on
magnetic resonance imaging (MRI).” CSE-NfL and sNfL
levels in early MS reflect mostly inflammation-mediated
neurodegeneration with contributions from noninflamma-
tory neurodegeneration.’®

It is important to delineate the role of modifiable
factors that can slow neuroaxonal injury in early MS.
Cholesterol has critical roles in metabolism, inflamma-
tion, and neuroaxonal integrity, and its levels are modu-
lated by genetic, environmental, and lifestyle factors.
Cholesterol homeostasis plays a vital role in axonal repair
and has been shown to be a rate limiting step in central
nervous system (CNS) myelination in animal models,
while also promoting repair when supplemental choles-
terol is provided.”'” In addition, protective associations of
high-density lipoprotein (HDL) cholesterol and apolipo-
proteins in established and early MS have been demon-
strated.''”'*  The pleiotropic roles of cholesterol
homeostasis in MS neurodegeneration and lesion forma-
tion motivated this study whose goal was to assess the
interdependence between neurofilament levels and serum
cholesterol biomarkers.

Material and methods
Study population

Clinical study design

The Observational Study of Early Interferon beta 1-a
Treatment in High-Risk Subjects after Clinically Isolated
Syndrome (CIS) (SET study, clin.gov # NCT01592474)
was a prospective, longitudinal observational study coordi-
nated by Charles University in Prague, Czech Republic.

The SET study design has been previously described.'””
"7 The SET study protocol was approved by the Medical
Ethics Committees of the General University Hospital
and Ist Faculty of Medicine of Charles University, Prague,
Czech Republic. The study screened 259 patients and
enrolled 220 patients from 8 Czech Republic MS centers.
Clinical data were available for 211 patients.

Informed consent
Written informed consent was obtained from all patients
at the time of enrollment.

Inclusion criteria

Patients were enrolled within 4 months after their first
clinical event suggestive of MS. Inclusion was based on the
following characteristics: 18-55 years of age, presence of
= 2 T2-hyperintense lesions on diagnostic MRI, and
presence of = 2 oligoclonal bands in CSF obtained before
corticosteroid treatment and Expanded Disability Status
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Scale = 3.5. This substudy included 133 patients with age
= 18 years for whom CSF-derived measures of blood brain
barrier (BBB) permeability and sNfL levels were available.

Treatments

All patients were treated with 3—5 g of methylprednis-
olone for the first symptom. Baseline MRI was performed
= 30 days after steroid administration and within 4 months
after disease onset. All patients were started on 30 pg, once
weekly, intramuscular interferon beta 1-a (AVONEX)
treatment at baseline.

CSF and blood draws

CSF and blood were obtained before treatment with
corticosteroids at the study-coordinating center during the
morning hours. A total of 20-25 mL of CSF was drawn
from the L5-S1, L4-5, or L3-4 interspace. A 5-mL volume
of blood was obtained.'*'”

All biochemical and imaging measurements were per-
formed on coded samples and images, and technicians were
blinded to clinical and/or MRI data.

CSF and serum neurofilaments

CSF-NfL levels were measured by enzyme-linked
immunosorbent assays using the NF-light enzyme-linked
immunosorbent assay kit (UmanDiagnostics AB, Umea,
Sweden) by the General Faculty Hospital laboratory,
Prague. Interassay coefficients of variation for CSF samples
were 1.5%.

sNfL levels were measured using a Single Molecule
Array (SIMOA) assay at the University Hospital, Basel.'®
The mean intra-assay coefficient of variation of duplicate
determinations for concentration was 6.4%. Interassay co-
efficients of variation for 3 native serum samples were
below 10% (ie, 7.8%, 8.8%, and 5.5% for 7.0 pg/mL).8

Serum lipids and apolipoproteins

Serum was obtained from patients at the screening visit
before the start of corticosteroid or interferon treatment for
analysis of apolipoproteins and lipid profile.

Serum total cholesterol (TC), high-density lipoprotein
cholesterol (HDL-C), and triglycerides were measured with
diagnostic reagent kits from Sekisui Diagnostics (Lexing-
ton, MA). Low-density lipoprotein cholesterol (LDL-C)
was obtained from the Friedewald equation.'® Apolipopro-
tein levels (ApoA-I, ApoA-II, ApoB, and ApoE) were
analyzed by immunoturbidimetric methodology using diag-
nostic kits from Kamiya Biomedical (Thousand Oaks, CA).
These assays were adapted to the ABX Pentra 400 auto-
mated chemistry analyzer (Horiba Instruments, Irvine,
CA). The coefficient of variation of these assays is <
5%. For convenience, we refer to TC, HDL-C, LDL-C,
ApoA-I, ApoA-II, ApoB, or ApoE as cholesterol
biomarkers.

Albumin and immunoglobulins in serum and CSF

CSF total protein was measured photometrically with
the pyrogallol red-molybdate reaction method on a Syn-
chron LX 20 analyzer (Beckman Coulter). Serum and CSF
albumin, immunoglobulin G (IgG), and immunoglobulin M
(IgM) concentrations were measured by immunonephel-
ometry (IMMAGE Immunohistochemistry system, Beck-
man Coulter). The albumin quotient, IgG quotient, and IgM
quotient were defined as the ratio of the corresponding CSF
to serum concentrations, respectively.”’

MRI measures

MRI was performed with a standardized protocol on the
same 1.5-T scanner (Gyroscan; Philips Medical Systems,
Best, the Netherlands). Axial brain acquisitions included
fluid-attenuated inversion recovery, three-dimensional T1-
weighted images, and T1 spin-echo images before and
5 min after a single injection of 0.1 mmol/kg of gadopen-
tetate dimeglumine. The MRI acquisition and analysis
methods have been previously described.”*** This study
also assessed the number and volume of T2 and contrast-
enhancing lesions (CELs) at baseline.

Data analysis

SPSS (IBM Inc, Armonk, NY, version 19.0) statistical
program was used. sNfL and CSF variables (albumin, IgG,
IgM, and albumin quotients, IgG, IgM indices) and T2
lesion volume (T2-LV) were logarithm (base 10) trans-
formed to reduce skew.

For regression analyses, CSF-NfL and sNfL were treated
as dependent variables. The independent variables were as
follows: age, sex, body mass index (BMI), and individual
cholesterol biomarker of interest.

The associations of cholesterol biomarkers and other
demographic variables associated with CSF-NfL or sNfL
levels were investigated with stepwise regression with
forward selection. The probability of the F-statistic for
variable entry was 0.05 and that for variable removal was
0.1. Separate regressions were conducted for CSF-NfL and
sNfL levels, which were treated as the target dependent
variables of interest. The candidate variable list for the
CSF-NfL and sNfL target dependent variables was as
follows: age, sex, BMI, TC, HDL-C ApoA-I, ApoA-II,
ApoB, LDL-C, albumin quotient, IgG quotient, IgM quo-
tient, IgG index, and IgM index.

Mediator and moderator analyses were conducted for
assessing the possible association pathways between ApoA-
II, albumin quotient, and CSF-NfL using PROCESS (v3.4)
regression analysis software for SPSS and methodology in the
study by.Hayes.”” Moderation was assessed with main effects
and a product term of centered Z-scores of all biomarker prod-
uct terms. All these analyses were adjusted for age, sex, and
BMI. Bootstrap P-values were obtained using 5000 samples.
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The interdependencies between ApoA-II, albumin quo-
tient, CSF-NfL, and sNfL were assessed using the path
analysis method in the IBM SPSS AMOS (IBM Inc,
Armonk, NY, version 26) structural equation modeling
software. Maximum likelihood estimation was used, and
missing data were handled listwise.

We conducted additional regression analyses that
adjusted for imaging markers of CNS inflammation. In these
analyses, CSF-NfL and sNfL. were dependent variables with
age, sex, BMI, individual cholesterol biomarker of interest,
CEL number, and T2-LV as independent variables.

The Benjamini-Hochberg method with ¢ = 0.05 was
used to control false discovery rate.”® The tables and results

summarize the raw, unadjusted P-values; the variables with
q = 0.05 are highlighted with an asterisk.

Results

Demographic and clinical characteristics

The demographic, clinical, MRI at baseline, neurofila-
ment, cholesterol biomarkers, CSF measures at screening,
and longitudinal outcomes at 4 years of the study sample

are summarized in Table 1.

Table 1 Demographic and clinical characteristics of the study sample

Demographic characteristics All Subset with CSF-NfL Subset without CSF-NfL P-value
Sample size, n 133 103 (77%) 30 (23%) -
Age, y 29.9 + 8.0 29.3 = 7.7 31.1 = 8.9 .38*
Sex
male 49 (37%) 44 (43%) 5 (17%) 0101
Female 84 (63%) 59 (57%) 25 (83%)
EDSS at baseline, median (IQR) 1.5 (0.5) 1.5 (0.5) 2.0 (1.0) .39¢
MRI measures at baseline
CEL number 1.02 = 3.3 0.72 = 1.9 2.14 + 6.1 23
T2-LV, cm? 5.37 * 6.4 5.47 + 6.5 5.03 + 6.2 431
Brain volume, cm? 1500 = 72 1510 = 81 1500 = 70 31%
Neurofilament levels
CSF-NfL, ng/mL - 1.5 = 1.6 - -
Serum NfL, pg/mL 37.8 = 53 33.2 £ 31 53.8 = 95 .25*
Cholesterol biomarkers
Total cholesterol, mg/dL 206 = 47 207 = 48 201 * 45 .53*
HDL cholesterol, mg/dL 70.7 = 18 71.0 = 17 69.4 = 18 .65*
LDL cholesterol, mg/dL 135 = 36 136 * 38 132 + 33 .53*
Apolipoprotein A-I, mg/dL 160 = 39 161 + 39 156 * 39 .59*
Apolipoprotein A-II, mg/dL 37.6 + 8.0 37.8 £ 7.3 36.6 = 10 .53*
Apolipoprotein B, mg/dL 75.0 £ 23 75.9 £ 23 71.7 £ 22 .36%
Apolipoprotein E, mg/dL 3.32 + 1.0 3.31 + 0.98 3.35 + 1.3 .077*
CSF measures
CSF albumin (mg/L) 0.222 = 0.090 0.223 *= 0.092 0.219 *+ 0.086 .83*
Albumin quotient (mg/g) 4.84 £ 1.9 4.86 *+ 1.6 4.80 + 1.9 .88*
IgG quotient (mg/g) 4,32 £ 2.5 4,24 * 2.4 4,57 + 2.7 54*
IgG index 0.895 *= 0.40 0.880 *= 0.40 0.945 = 0.43 .38*
IgM quotient (mg/g) 1.14 = 1.3 1.1+ 1.4 1.17 = 11 .81
IgM index 0.249 = 0.34 0.249 = 0.37 0.246 = 0.21 .95%
Outcomes at 4 y°
Relapsing activity 71 (53%) 52 (73%) 19 (27%) 301
PBVC, Mean (SD) —2.39 = 2.1 —2.21 = 1.9 —3.03 = 2.6 .067*
NEDA-4 status/ 15 (13%) 12 (80%) 3 (20%) 1.0f

CELs, contrast-enhancing lesions; CSF, cerebrospinal fluid; EDSS, Expanded Disability Status Scale; HDL, high-density lipoprotein; Ig,
immunoglobulin; IQR, interquartile range; LDL, low-density lipoprotein; MRI, magnetic resonance imaging; NEDA, no evidence of disease activity;
NfL, neurofilament light chain; PBVC, percent brain volume change; SD, standard deviation; T2-LV, T2 lesion volume.

Gadolinium contrast-enhancing lesions. Demographics, sNfL, cholesterol biomarkers, and CSF measures were obtained at screening.

*Independent samples t-test.
tFisher's exact test.
tMann-Whitney U-test.

§Long-term clinical outcomes of the frequency of patients with relapsing activity, annualized percent brain volume change (PBVC), and no evidence
of disease activity-4 (NEDA-4: absence of relapses, disability progression, active brain MRI lesions, and annualized PBVC < -0.4%) status at 4-y data are

presented for showing that the included group is representative.
|[INEDA-4 was available for 120 patients.



McComb et al  Neurofilaments and cholesterol in MS 679

Table 2 Associations of albumin quotient with CSF-NfL, sNfL, and cholesterol variables
CSF-NfL levels* SNfL levels®

Predictor variable’ r P r P
Total cholesterol -0.19 .069 -0.16 .074
HDL cholesterol -0.14 .18 -0.23 .010*
LDL cholesterol -0.16 .10 -0.092 .30
Apolipoprotein A-I -0.26 .009* -0.19 .028
Apolipoprotein A-II -0.28 .005* -0.32 <.001*
Apolipoprotein B -0.17 .098 -0.11 .23
Apolipoprotein E -0.10 .32 -0.063 48
Albumin quotient* 0.36 <0.001* 0.34 <.001*

CSF-NfL, neurofilament light chain levels in cerebrospinal fluid; HDL, high-density lipoprotein; LDL, low-density lipoprotein; sNfL, neurofilament light

chain levels in serum.

*Significant after Benjamini-Hochberg adjustment at a false discovery rate of 0.05.
tPartial correlation (r,) and P-value from linear regression adjusted for age, sex, and body mass index are shown.

tLog base 10 transformed.

Table 1 also compares the demographic, clinical, and neu-
roimaging measures in the included subset with CSF-NfL,
which were generally similar to the excluded subset that
did not have CSF-NfL. The only exception was the
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proportion of females to males in the included subset without
CSF-NfL (49% female, 43% male), which was lower than
that in the excluded subset that did not have CSF-NfL avail-
able (83% female, 17% male, P = .010, Fisher’s exact test).
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Associations of neurofilament light chain levels in cerebrospinal fluid (CSF-NfL in ng/mL, blue bars) are shown for the quartiles

of high-density lipoprotein cholesterol (HDL-C, A), apolipoprotein A-I (ApoA-I, C), apolipoprotein A-II (ApoA-II, E), and albumin quo-
tient (Qa, G). The corresponding associations of serum neurofilament light chain levels (sNfL in pg/ml, gray bars) are shown for the quar-
tiles of HDL-C (B), ApoA-I (D), ApoA-II (F), and albumin quotient (Qay,, H). The bars compare mean values of the CSF-NfL or sNfL as
shown on the y-axis for quartiles of the HDL-C biomarker or albumin quotient shown on the x-axis. The error bars are standard error of the
mean. The P-values from the linear regression results shown in Table 1 adjusted for age, sex, and body mass index are shown.
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Associations of CSF-NfL and sNfL with HDL-C
biomarkers

As summarized in Table 2 and Figure 1, CSF-NfL levels
were associated with serum ApoA-I (partial correlation
(r,) = —0.26, P = .009), serum ApoA-II (r, = —0.28,
P = .005), and albumin quotient (r, = .36, P < .001),
whereas sNfL levels were associated with HDL cholesterol
(r, = —0.23, P = .010) and ApoA-Il (r, = —0.32,
P <.001) and albumin quotient (r, = 0.34, P = <001).

Next, we conducted stepwise linear regression to
identify a parsimonious model that included the contribu-
tion of the variables acting together. Stepwise regression of
CSF-NfL identified age (r, = —0.12, P = .045, Benjamini-
Hochberg g-value = 0.045), albumin quotient (v, = 0.36,

P < 001, g = 0.003), and ApoA-Il (r, = —0.24,
P = .022, g = 0.033) in the final model. Stepwise regres-
sion of sNfL identified albumin quotient (r, = .28,
P = .002, ¢ = 0.002) and ApoA-Il (r, = —0.29,

P = .001, g = 0.002) in the final model. The stepwise
regression models for CSF-NfL and sNfL, which identified
ApoA-Il and albumin quotient as predictors, were
confirmed wusing random forest regression (see
Supplemental Information).

Based on these results, we evaluated mediation and
moderation models for understanding the interdepen-
dencies among ApoA-II, albumin quotient, CSF-NFL,
and sNfL. Figure 2A summarizes the regression coeffi-
cients for all effects in the mediation model with
ApoA-II, CSF-NfL, and sNfL as predictor, mediator,
and outcome variables, respectively. We recapitulated ev-
idence for a total effect (¢ = —0.25, P = .01) for the as-
sociation of ApoA-II with sNfL, which was concordant
with the initial regression analysis. The total effect was
abrogated when the mediation path involving the
ApoA-II and CSF-NfL was considered (¢’ = —0.04,
P = .53). Further support for mediation by the ApoA-
II-sNfL association by CSF-NfL was provided by the in-
direct effect (ab = —0.21 = 0.08, 95% confidence inter-
val (CI): —0.35, —0.064), which was also significant
based on the bootstrap Cls. These results suggest that
the association of ApoA-II with sNfL is accounted for
by the mediation model terms for the association of
ApoA-IT with CSF-NfL and the association of CSF-NfL
with sNfL.

Similarly, Figure 2B summarizes the regression coeffi-
cients for all effects in the mediation model with albumin
quotient, CSF-NfL, and sNfL as predictor, mediator, and
outcome variables, respectively. As expected, we found
the evidence for a total effect for the albumin quotient—
sNfL association (¢ = 0.28, P = .005). The total effect
was abrogated (¢’ = 0.002, P = .98) when the mediation
path involving the albumin quotient and CSF-NfL
(ab = 0.28 = 0.08, 95% CI: 0.13, 0.42) was considered.

In the mediation analyses, Figure 2A shows the total and
indirect effects of ApoA-II are negatively associated with
the sNfL outcome variable. Figure 2B shows the total and
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A (-0.35 to -0.064)

a=-0.27(0.005) CSF
NfL

b=0.79(<0.001)
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Figure 2  Results from mediation analysis for ApoA-II (A) and al-
bumin quotient (B). The values of the standardized regression coef-
ficients from mediation analysis are shown against the arrows; a
represents the standardized coefficient for the effect of ApoA-II in
(A) and albumin quotient in (B); b represents the standardized coef-
ficient for the effect of CSF-NfL on sNfL in (A and 2); ¢ represents
the standardized coefficient for the total effect in the absence of
mediation between ApoA-II and sNfL in (A) and mediation be-
tween albumin quotient and sNfL in (B); ¢’ represents the standard-
ized coefficient for the direct effect between ApoA-II and sNfL in
the presence of mediation in (A) and between albumin quotient
and sNfL in (B). The P-values for a, b, ¢, and ¢’ are shown in paren-
thesis. For a b, the coefficient = standard error and 95% confidence
intervals from 5000 bootstrap samples are shown. (C) summarizes
the results of path analysis using the SPSS AMOS structural equa-
tion modeling software tool. The standardized regression coeffi-
cients are shown against the arrows with the corresponding P-
values in parenthesis. The black lines indicate the path that includes
the mediator, whereas the gray lines indicate the direct path.
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indirect effects of albumin quotient are positively associ-
ated with the sNfL outcome variable.

We assessed the combined effects of ApoA-II and
albumin quotient on sNfLL via CSF-NfL mediation using
the path analysis model in Figure 2C that incorporated both
variables simultaneously with CSF-NfL mediation.
Figure 2C summarizes standardized coefficients of each
direct and indirect pathway. The pathways from ApoA-II
to CSFE-NfL (standardized coefficient = —0.23,
P = .009), albumin quotient to CSF-NfL (standardized
coefficient = 0.35, P <.001), and CSF-NfL to sNfL (stan-
dardized coefficient = 0.78, P < .001) remained signifi-
cant, whereas the direct pathways from ApoA-II to sNfL
(standardized coefficient = —0.035, P = .56) and albumin
quotient to sNfL (standardized coefficient = —0.02,
P = 915) were not significant, recapitulating the results
from the individual mediation models. These results sug-
gest parallel but oppositely acting associations for ApoA-
IT and albumin quotient with sNfL that are mediated via
the CSF-NfL associations.

We also examined the corresponding moderation models
that included main effects and centered interaction terms
for ApoA-II with CSF-NfL, albumin quotients with CSF-
NfL, or both ApoA-II and albumin quotients with CSF-
NfL. The interaction terms were not significant in any of
the models (data not shown).

Associations of CSF-NfL and sNfL with HDL-C
biomarkers persist after adjusting for lesions

sNfLL are known to be associated with CELs, which
represent focal areas of blood-brain barrier breakdown, and
with T2-LV, which are related to disease burden in MS.°
The goal of this analysis was to determine if ApoA-II ex-
plained variability in CSF-NfL and sNfL that was not ac-
counted for by lesional injury.® In regression analyses
adjusted for age, sex, and BMI, we investigated whether
the associations of CSF-NfL and sNfL with ApoA-II re-
mained significant on including number of CELs and T2-
LV.

Table 3 shows that CSF-NfL remained associated with
ApoA-l1 (r, = =025, P = .014) and ApoA-II

Table 3

(r, = —0.25, P = .015), whereas sNfL remained associated
with ApoA-II (r, = —0.28, P = .001). Figure 3 graphically
summarizes CSF-NfL and sNfL levels in the groups with
and without CELs for the lowest and higher quartiles of
ApoA-II levels. These results are concordant with the pos-
sibility that ApoA-II has protective associations with neuro-
degeneration occurring at CNS sites outside of brain MRI-
evident lesions that could also contribute to CSF-NfL in
early MS.

Discussion

The associations of cholesterol biomarkers, BBB perme-
ability, and neuroaxonal injury were investigated in a
cohort of 133 patients with MS during the first demyelin-
ating event. Neuroaxonal injury was assessed by measuring
CSF-NfL and sNfL, and BBB integrity was assessed using
the albumin quotient. Using the path analysis approach, we
found evidence that ApoA-II has negative (protective)
associations with CSF-NfL, which is a mediator for sNfL
levels.

Our group has previously found that HDL-C and ApoA-I
had negative (protective) associations with BBB injury,12
and this finding provided the initial motivation for investi-
gating the associations of HDL-C and ApoA-I with NfL.
Although neuroprotective associations of ApoA-I and
ApoA-II with CSF-NfL were identified, we did not obtain
evidence for associations with HDL-C. This suggests that
the ApoA apolipoproteins rather than the HDL lipoprotein
particle containing HDL-C are important for conferring the
potential neuroprotective associations with CSF-NfL.
ApoA-II, which comprises approximately 20% of HDL
proteins, is the second most abundant apolipoprotein in
the HDL lipoprotein after ApoA-I.>” Although the critical
roles of ApoA-I in mediating HDL recognition by cells
and other lipoproteins and its protective associations with
cardiovascular disease risk are well established, the physi-
ological functions of ApoA-II are poorly understood.”’
The association of ApoA-II with CSF-NfL. and sNFL re-
mained significant after adjusting for both CEL number
and T2-LV. Lesion burden represents only the tip of the

Associations of CSF-NfL and sNfL with cholesterol variables after adjusting for the number of CELs and T2-lesion volume

CSF-NfL levels*

sNfL levels*

Predictor variable' r P r P
HDL cholesterol —0.086 .40 —0.17 .055
Apolipoprotein A-I —0.25 .014* —0.18 .045
Apolipoprotein A-II —0.25 .015* —0.28 .001*

CSF-NfL, neurofilament light chain levels in cerebrospinal fluid; HDL, high-density lipoprotein; sNfL, neurofilament light chain levels in serum.
*Significant after Benjamini-Hochberg adjustment at a false discovery rate of 0.05.
tPartial correlation (r,) and P-value from linear regression adjusted for age, sex, and body mass index, number of CELs, and log-transformed T2-lesion

volume are shown.
tLog base 10 transformed.
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Figure 3 Dependence of CSF-NfL (A) and sNfL (B) in the
groups with (gray region) and without (clear region) gadolinium
contrast—enhancing lesions present. The red bars represent mean
values for the group with the lowest quartile of ApoA-II levels,
and the blue bars represent the mean value for the higher quartiles
of ApoA-II. The error bars are standard errors of the mean. The P-
values for ApoA-II from Table 3 are also shown.

iceberg of MS pathology, and neuroinflammatory changes
are often found in normal-appearing white and gray matter
of the brain and spinal cord.”*® This might explain, why as-
sociation between neurofilament levels and ApoA-II re-
mained even after adjustment for focal lesion pathology.
On the other hand, ApoA-II may also be negatively

associated with neuroaxonal injury at CNS sites outside
of MRI-evident brain lesions, which is another pathophys-
iological mechanism responsible for brain pathology in
MS. However, the mechanisms that could mediate this
apparent neuroprotection are not known and we caution
against inferring a causal role from our results.

Our results raise intriguing questions regarding the site
of ApoA-II action and the MS pathophysiological processes
that are the primary target of its mechanism of action. It is
not clear, whether or not ApoA-II acts primarily in the CNS
to inhibit neurodegeneration and neuroinflammation or
whether there are also contributions from protective anti-
inflammatory and metabolic processes in the vascular
space. Although ApoA-I and ApoA-II proteins are present
in the CSF, ApoA-I or ApoA-II mRNA expression is not
found in CNS tissue.”” ApoA-I and ApoA-II proteins found
in CSF likely enter the CNS from the periphery via the
choroid plexus.” This may potentially explain why serum
ApoA-II levels are associated with lower CSF-NfL.
Although it is thought that HDL particles do not cross the
BBB, there is evidence that a subset of small diameter
ApoA-I- and ApoA-Il-containing particles enter the
CSF.*’? These small diameter particles are cholesterol
poor, which may explain the absence of evidence for
HDL-C associations with CSF-NfL.. HDL-C is a poor sur-
rogate for HDL-C particle numbers and functionality.
Impaired HDL functionality has been reported in patients
with MS,”>** but the significance of these findings in pa-
tients with early MS after the first demyelinating event is
not clear.

A limitation of our work is that we did not have CSF
apolipoprotein levels: analysis of a more comprehensive
panel of CSF apolipoproteins including ApoAIl/ApoAll and
ApoJ vs ApoE could help differentiate blood- vs CNS-
derived HDL, which could help clarify the association
between CSF ApoE level and neuroaxonal injury bio-
markers. CSF ApoA-I levels (0.37 = 0.08 mg/dL) are
more than 400-fold lower than in serum, and ApoA-II
levels are lower than ApoA-I levels in CSE.””*"*> ApoA-I
and ApoA-II correlate between serum and CSF, whereas
ApoE does not.”® ApoE is the most abundant apolipopro-
tein in CSF. The CSF ApoE levels reported by Koch
et al.’® had a median of 0.73 (interquartile range: 0.059—
0.097) mg/dL, whereas Wahrle et al.”’ reported a mean of
0.91 = standard deviation 0.27 mg/dL. For comparison,
our serum ApoE levels (mean 3.32 = 1.0 mg/dL) were
nearly 4-fold greater than the reported CSF ApoE. As
CSF apolipoproteins have unknown diagnostic value, there
are no commercially available ApoE assays with the
required sensitivity. We did not have adequate CSF samples
and validated assays with the required sensitivity to conduct
CSF apolipoprotein analysis.

Mediation analysis and structural equation modeling are
rigorous methodologies for assessing potentially causal
pathways to surmise a directed statistical relationship
between an exposure variable and an outcome that involves
interdependence with other variables.”® An indirect
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pathway occurs when the exposure variable exhibits a sta-
tistically significant effect on the outcome through a medi-
ator variable. In this study, we performed 2 independent
mediation analyses using ApoA-II and albumin quotient
as the exposure variables, CSF-NfL as the mediator, and
sNfL as the outcome. These models provided support for
an indirect effect of ApoA-II or albumin quotient on
sNfL through CSF-NfL. mediation. These pathways were
combined into a single path analysis model in the structural
equation modeling framework, wherein ApoA-II and albu-
min quotient provide parallel yet opposing indirect effects
on sNfL. through CSF-NfL mediation. The indirect effect
of ApoA-Il was negatively associated with increased
CSF-NfL levels, whereas albumin quotient was positively
associated with increased CSF-NfL levels.

Many MS treatments, including interferon beta, corti-
costeroids, dimethyl fumarate, and fingolimod, are known
to modulate HDL levels.***° However, it should be noted
that our lipid profiles were obtained at the screening visit
before the administration of corticosteroids for the demye-
linating event or initiation of the interferon beta-1a treat-
ment. Age, sex, and BMI, which are known to affect
HDL levels, were adjusted for in the regression analyses.
None of the patients were on statin therapies.

Our results demonstrating that ApoA levels have pro-
tective associations against neuroaxonal injury provide
support for a role for apolipoproteins and cholesterol
homeostasis in MS neurodegeneration. However, further
investigation of the underlying mechanisms is warranted in
next steps.
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Random forest regression methods

The stepwise regression results were confirmed using
random forest regression (RFR), an ensemble learning-
based method for identifying associations between predictor
variables and dependent variables. The R package random-
ForestSRC' was used with mean squared error for the split
rule and the hyperparameters set to default values of 500
trees (ntrees), 5 random variables tried at each split
(mtry), and an average of 5 observations in each terminal
node in the forest (nodesize). Missing values were imputed.

The general framework of stepwise regression was main-
tained, wherein the dependent variables were either serum
neurofilament (sNfL) or cerebrospinal fluid neurofilament
(CSF-NfL) levels; the predictor variables included total
cholesterol, high-density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL-C), apolipoprotein
A-1 (ApoA-I), ApoA-II, ApoB, ApoE, albumin quotient,
immunoglobulin G (IgG) quotient, immunoglobulin M (IgM

Supplemental Table 1A
NfL and sNfL levels

quotient), IgG index, IgM index, age, body mass index, and
sex. Variable importance (VIMP)” was used to identify the
highest contributing associations among the predictor vari-
ables, where larger values indicate greater importance.

Random forest regression results

Supplementary Table 1A shows the predictor variables
ordered by RFR VIMP for the dependent variables sNfL.
and CSF-NfL. The most important predictor variables asso-
ciated with sNfL were ApoA-II (VIMP = .00699) and albu-
min quotient (0.00649), which are concordant with the
results from stepwise regression (Supplemental Table 1B).
However, age, which was identified in the stepwise regres-
sion model for sNfL, was the fifth most important predictor
variable from RFR VIMP. Albumin quotient (0.0243) and
ApoA-II (0.00850) were identified as the most important
variables associated with CSF-NfL, similar to the stepwise
regression results. The qualitative similarity of the results
from stepwise regression and RFR VIMP confirmed the us-
age of ApoA-II and albumin quotient in subsequent media-
tion and moderation analyses.

Random forest regression variable importance (VIMP) values for the different cholesterol biomarkers for CSF-

Predictors™ sNfL VIMP Predictors™ CSF-NfLVIMP
Apolipoprotein A-II 0.00699 Albumin quotient 0.0243
Albumin quotient 0.00649 Apolipoprotein A-II 0.00850

IgG quotient 0.00174 Apolipoprotein E 0.00691

LDL cholesterol 0.00122 IgG quotient 0.00662
Total cholesterol 0.00117 Age 0.00494

Age 7.19 X 104 Total cholesterol 0.00393

IgM quotient 6.39 X 10~ “ Apolipoprotein A-I 0.00350

HDL cholesterol 3.99 X 1074 IgG index 0.00311

IgM index 7.67 X 107° Apolipoprotein B 0.00297

IgG index 3.20 X 107° LDL cholesterol 0.00256

BMI —6.23 X 1074 IgM quotient 0.00114

Sex —-8.39 X 10°* BMI 0.00110
Apolipoprotein B —0.00116 HDL cholesterol 6.29 X 10~ %
Apolipoprotein A-I —0.00328 Sex 2.04 X 104
Apolipoprotein E —0.00330 IgM index —9.15 X 107°

CSF-NfL, neurofilament light chain levels in cerebrospinal fluid; HDL, high-density lipoprotein; LDL, low-density lipoprotein; sNfL, neurofilament light
chain levels in serum; BMI, body mass index; IgG, immunoglobulin G; IgM, immunoglobulin M; r,, partial correlation value.
*Log base 10 transformed values of sNfL, CSF-NfL, albumin quotient, IgG quotient, IgM quotient, IgG index, and IgM index were used.
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Supplemental Table 1B Stepwise regression results for CSF-NfL and sNfL levels. The partial correlation (r;) and P-values are shown

Predictors” SNfL r, (P-value) Predictors” CSF-NfL r, (P-value)
Apolipoprotein A-II 0.360 (.00043) Albumin quotient —0.294 (.0010)
Albumin quotient —0.238 (.022) Apolipoprotein A-II 0.279 (.0019)
Age —0.209 (.045)

CSF-NfL, neurofilament light chain levels in cerebrospinal fluid; HDL, high-density lipoprotein; LDL, low-density lipoprotein; sNfL, neurofilament light
chain levels in serum; BMI, body mass index; IgG, immunoglobulin G; IgM, immunoglobulin M; r,, partial correlation value.
*Log base 10 transformed values of sNfL, CSF-NfL, albumin quotient, IgG quotient, IgM quotient, IgG index, and IgM index were used.

Supplemental references
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Background: Neurofilament light chain level in serum (sNfL) and cerebrospinal fluid (CSF-NfL) is a promising
biomarker of disease activity in multiple sclerosis (MS). However, predictive value of neurofilaments for de-
velopment of cognitive decline over long-term follow-up has not been extensively studied.

Objective: To investigate the relationship between early neurofilament levels and cognitive performance after 9-
years.

Methods: We included 58 MS patients from the SET study. sNfL levels were measured at screening, at 1 and 2
years. CSF-NfL were measured in 36 patients at screening. Cognitive performance was assessed by the Brief
International Cognitive Assessment for Multiple Sclerosis and the Paced Auditory Serial Addition Test-3 s at
baseline, at 1, 2 and 9 years. Association between neurofilament levels and cognition was analyzed using
Spearman’s correlation, logistic regression and mixed models.

Results: We did not observe associations among early sNfL levels and cross-sectional or longitudinal cognitive
measures, except of a trend for association between higher sNfL levels at screening and lower California Verbal
Learning Test-II (CVLT-II) scores at year 1 (tho=-0.31, unadjusted p = 0.028). Higher sNfL level was not
associated with increased risk of cognitive decline, except of a trend for greater risk of CVLT-II decrease in
patients with higher sNfL levels at 1 year (OR =15.8; 95% CI=1.7-147.0; unadjusted p = 0.015). Similar trends
were observed for CSF-NfL.

Conclusion: We found only weak association between sNfL levels at disease onset and evolution of cognitive
performance over long-term follow-up.

1. Introduction prognostication of future MRI or clinical disease activity (J. Kuhle et al.,

2016; Barro et al., 2018; Disanto et al., 2017), there are only few studies

Multiple sclerosis (MS) is a chronic autoimmune disease of the
central nervous system characterized by a wide range of physical and
cognitive symptoms, which are known to be closely related to quality of
life and frequently lead to premature deterioration of employment
status (Benedict et al., 2017; Sumowski et al., 2018; Uher et al., 2018).

Neurofilament light chain (NfL) is a promising biomarker of disease
activity in MS (Comabella and Montalban, 2014; J. Kuhle et al., 2016).
Although number of studies showed predictive value of early cere-
brospinal fluid NfL. (CSF-NfL) or serum NfL (sNfL) levels for

* Corresponding author.
E-mail address: tomas.uher@vfn.cz (T. Uher).

https://doi.org/10.1016/j.msard.2020.102534

investigating relationship between NfL levels and cognition, and the
reported findings are contradictory (Gaetani et al., 2019; Kalatha et al.,
2019; Quintana et al., 2018; Modvig et al., 2015; Chitnis et al., 2018;
Jakimovski et al., 2019).

For example, in a recent cross-sectional study of 28 patients, CSF-
NfL levels were significantly higher in cognitively impaired patients
(Gaetani et al., 2019). Another cross-sectional study of 39 patients
found an association between CSF-NfL levels and cognition only in
seven patients with progressive MS (Kalatha et al., 2019), while another
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cross-sectional small sample study performed on 51 patients showed a
moderately strong association already in the early stages of MS
(Quintana et al., 2018).

More negative results were obtained in a few longitudinal small
sample size studies where either only a weak correlation between sNfL
levels and cognitive performance over 5 years (Jakimovski et al., 2019),
a trend towards an association between CSF-NfL levels and cognition
over almost 14 years (Modvig et al., 2015) or no association between
sNfL levels and cognitive decline over 9 years was found (Chitnis et al.,
2018). In the context of the previous inconclusive research, the main
aim of this study was to investigate the predictive value of sNfL levels in
newly diagnosed MS patients for development of cognitive decline after
long-term follow-up. To the best of our knowledge, this is the first
longitudinal study which investigated homogenous sample of MS pa-
tients at disease onset, employed repeated cognitive testing from
baseline and included cognitive screening battery assessing more cog-
nitive domains. Early identification of patients at higher risk of cogni-
tive decline is clinically relevant, because it might help to identify pa-
tients profiting from more intensive cognitive monitoring or from early
initiation of high efficacy disease-modifying treatment (Comi et al.,
2017; Gudesblatt et al., 2018).

2. Methods
2.1. Study population

The SET (Study of Early Interferon beta-1a Treatment) study was an
investigator-initiated, observational, prospective multicenter clinical
study in the Czech Republic (Kalincik et al., 2012; Uher et al., 2014).
Patients were enrolled between October 2005 and July 2009. Inclusion
criteria included: age between 18 and 55 years, enrollment within 4
months from the first demyelinating event, Expanded Disability Status
Scale (EDSS) score at baseline of 3.5 or less, at least two T2-hyper-
intense lesions on diagnostic MR images (before high dose corticos-
teroid treatment) and =2 oligoclonal bands (OCB) exclusively in the
CSF. SET study patients were originally diagnosed with clinically iso-
lated syndrome according to the McDonald 2005 criteria (Polman et al.,
2005). Patients’ diagnosis was reclassified to relapsing-remitting mul-
tiple sclerosis based on the 2017 McDonald criteria (Thompson et al.,
2018). Together, 43 (74%) of patients developed at least one relapse
over 9 years and had clinically confirmed MS. Screening visit was early
after disease onset prior to corticosteroid treatment (all patients were
treated with 3-5 g methylprednisolone). Baseline brain MRI was ac-
quired at least 30 days after steroid treatments and prior disease
modifying therapy (DMT) initiation. All patients started intramuscular
IFNb-1a once a week (30 mg; Biogen-Idec, Cambridge, MA, USA)
(Kalincik et al., 2012; Zivadinov et al., 2013; Uher et al., 2015). Patients
were monitored for 48 months with evaluation of EDSS at baseline
(DMT initiation) and then every 3 months. Clinical visits occurred every
3 months for 24 months and long-term follow-up in routine clinical
practice followed. Clinical assessments were performed using the EDSS.

Of the 220 SET study patients, 58 consecutive individuals under-
went cognitive assessment at all required timepoints (baseline, year 1,
year 9) and had available analysis of sNfL levels at 1 year.

The study was approved by the Medical Ethics Committees of the
General University in Prague and the First Faculty of Medicine, Charles
University in Prague and by local ethics committees in the participating
centers. Written informed consent was obtained from each patient.

2.2. CSF and blood sampling, and sNfL measurement

CSF-NfL and sNfL samples were collected at screening and stored at
—80 °C. Sampling procedures were performed according to the stan-
dard protocol (Teunissen et al., 2009).

CSF-NfL. concentrations were measured by enzyme-linked im-
munosorbent assays (ELISA) using the NF-light (neurofilament light)
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ELISA kit (UmanDiagnostics AB, Umea, Sweden) at the General Faculty
Hospital in Prague. This kit provided measuring range 100 — 10 000 pg/
mL with the limit of detection 32 pg/mL. The procedure was performed
according to the instructions from manufacturer. Recommended tem-
peratures, time of incubation and agitation was in agreement with the
instructions. All measurements were run on the Tecan Sunrise ELISA
reader with the Magellan software (Tecan Group Ltd., Switzerland). The
calibration curves from supplied bovine NfL standard was created in
Magellan software, the 4-parameter Marquardt transformation was set
according to the manufacturer’s instruction. The samples were ana-
lyzed in duplicate. Internal control sample was used, inter- and intra-
assay coefficient of variation did not exceed 10%. All CSF samples as-
sembled from screening visit were analyzed by accredited laboratory.
sNfL concentration was measured using a sensitive immunoassay on the
Simoa platform at the University Hospital Basel as described previously
(Barro et al., 2018; Disanto et al., 2017; J. Kuhle et al., 2016). Inter-
assay coefficients of variation (CV) for 3 native serum samples were
below 10% (i.e. 7.8%, 8.8% and 5.5% for 7.0., 18.8 and 81.3 pg/ml,
respectively). The mean intra-assay CV of duplicate determinations for
concentration was 6.4%. One patient’s samples showed an sNfL value
below 1.3 pg/ml (i.e. the lower limit of quantification). This patient was
excluded from the analysis. sNfL levels were assembled from screening
and at 1 and 2 years after DMT initiation as described previously
(Srpova et al., 2020). All patients had available serum samples at year
1. In addition, there were also available sNfL data at other timepoints:
at screening (n = 49), at baseline (n = 22), at 1 month (n = 57), and at
24 months (n = 53). Due to the limited number of sNfL samples from
the baseline, we analyzed only sNfL samples from screening, year 1, and
year 2.

Measurements of CSF-NfL. and sNfL. were performed on coded
samples. None of the laboratory personnel had access to clinical data
and remained blinded to treatment allocation and diagnosis.

Patients were divided into two groups based on the age-adjusted
pathological sNfL levels at screening and year 1, which were defined
using 90th percentile cut-off. Age-adjusted sNfL percentiles were de-
rived from a normative dataset of healthy controls (Disanto et al., 2017)
(Supplementary Table 1).

2.3. Neuropsychological assessment

Patients were tested using the Czech-validated version of the Brief
International Cognitive Assessment for Multiple Sclerosis (BICAMS)
(Benedict et al., 2012; Dusankova et al., 2012) and the Rao adaptation
of the Paced Auditory Serial Addition Test — 3 s (PASAT-3) (Rao, 1990).

The PASAT-3 assesses auditory information processing speed and
working memory (Rao, 1990). The BICAMS battery consists of the
Symbol Digit Modalities Test (SDMT) (Smith, 1982), California Verbal
Learning Test - second edition (CVLT-II) (Delis et al., 2000) and the
Brief Visuospatial Memory Test - Revised (BVMT-R) (Benedict, 1997).
The SDMT assesses cognitive processing speed and visual scanning
(Smith, 1982). The CVLT-II assess the verbal learning and memory
(Delis et al., 2000), and the BVMT-R evaluates visuospatial memory
(Benedict, 1997). For both the CVLT-II and the BVMT-R only the initial
learning trials were administered (Benedict et al, 2012
Dusankova et al., 2012). For the assessment of depressive symptoms,
the Beck Depression Inventory-Second Edition (BDI-II) was used.

Cognitive assessment was administered during the clinical visits at
baseline, at 1 (mean [M] 1.01, 95% confidence interval [CI] 0.99-1.02)
year, at 2 (M 2.00, 95% CI 1.99-2.01) years and at 9 (M 8.87, 95% CI
8.72-9.02) years. All patients were relapse-free for at least 30 days
prior to testing. Raw scores of the cognitive tests were used in the
statistical models and presented results. The outcome of this study was
a worsening of cognitive performance over 9 years, which was defined
as a presence of decrease (categorical variable) of cognitive test raw
score between baseline and follow-up timepoint. In addition, to create
unified composite measure of cognitive performance, we have
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calculated the composite z-score from all cognitive tests and compared
the composite z-score at baseline and after 9 years.

2.4. MRI measures

MRI was performed with a standardized protocol on the same 1.5-T
scanner (Gyroscan; Philips Medical Systems, Best, the Netherlands).
Axial brain acquisitions included fluid attenuated inversion recovery,
three-dimensional (3D) T1-weighted images, and T1 spin-echo images
before and 5 min after a single injection of 0.1 mmol/kg of gado-
pentetate dimeglumine. Semi-automated image analysis of the T2 le-
sion volume (T2LV) and brain parenchymal fraction (BPF) was per-
formed with the ScanView software as previously described (Uher et al.,
2017).

2.5. Statistical analysis

All statistical analyses were carried out with IBM SPSS Statistics
software 22.0 (IBM Corp. Armonk, NY).

The demographic, clinical, neuropsychological, MRI and biochem-
ical characteristics of the patients were compared using the
Mann-Whitney rank-sum test and Chi-Square test. The associations
between sNfL levels at individual timepoints, MRI and cognitive mea-
sures were evaluated using the non-parametric Spearman correlation
test. We analysed association with an average sNfL levels within first 2
years (with or without screening levels). Patients were divided into two
groups using the 90th percentile cut-off (Disanto et al., 2017) of their
sNfL levels at screening and at year 1. Alternatively, patients were also
divided into two groups based on the presence of cognitive decline in
each cognitive test over 9 years of the study. Cognitive decline was
defined as a categorical variable of an absence or presence of decrease
in each neuropsychological test raw score between baseline and follow-
up timepoints, or defined as a decrease of cognitive composite z-score
over follow-up. Logistic and linear regression analysis was used to test
the relationships between cognitive decline or performance and pa-
thological sNfL levels defined using the 90th percentile cut-off. Logistic
and linear regression was also used to investigate relationship between
early MRI and cognitive outcomes after 9 years. All regression models
were adjusted for age, sex, cognitive performance at baseline or at year
1, and treatment over follow-up, as classified in two categories: 1) low
efficacy DMTs (glatiramer-acetate, dimethyl fumarate, interferons and
teriflunomide), 2) high or moderately high efficacy DMTs (fingolimod,
natalizumab and rituximab). Because of multicollinearity between age
and disease duration, our models were only adjusted for age. In linear
regression, log-transformed values of average sNfL values within first 2
years of follow-up (with or without screening levels) were used as
continuous independent variable.

Finally, we performed adjusted linear mixed model analysis to
consider all available cognitive measures over follow-up in one model.
In mixed models log-transformed values of sNfL. were used as in-
dependent continuous variable. The equation of the mixed model was
used as follows:

Change in cognitive performance in each timepoint ~ log-transformed
SNfL level in certain timepoint + Sex + Age + Education + DMT category
at certain timepoint + Time from baseline + (1|Subject), where (1|Subject)
is a random intercept for each subject

The Benjamini-Hochberg (BH) procedure with ¢ = 0.05 was used to
control false discovery rate. Relationships that lost significance after BH
procedure are described as trends.

3. Results

3.1. Baseline and follow-up demographic, clinical, MRI and sNfL
concentration characteristics

Table 1 shows demographic, clinical, neuropsychological and
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biochemical characteristics of the patients (n = 58) at each timepoint,
separated by the age-related pathological sNfL levels at year 1 using
90th percentile cut-off. T2LV (1.4 * 2.3 ml vs. 1.9 = 3.1 ml;
p = 0.23) and BPF (86.8 + 1.5vs. 86.9 + 1.7;p = 0.92) in 58 SET
study patients included in the study did not differ from MRI measures of
the 162 SET study patients who were not included in this study.

Except of an association between high sNfL levels at screening and
higher T2LV (p = 0.016) at baseline, we did not find any associations
between baseline MRI measures and sNfL levels during the first 2 years
of follow-up. sNfL concentration levels at individual timepoints are
shown in Supplementary Table 2.

At screening (n = 49), 28 (57%) patients had sNfL level above the
90th percentile. The prevalence of cognitive decline over 9 years was
not greater in patients with higher sNfL levels (M: 46.31 + 32.22 pg/
ml) at screening compared with those with lower sNfL levels (M:
10.65 = 4.36 pg/ml). At year 1 (n = 58), 24 (41%) patients had sNfL
level above the 90th percentile. The mean sNfL concentration in a
group above the 90th percentile was 28.35 * 12.74 pg/ml and
10.20 = 4.53 pg/ml in those with lower sNfL levels at year 1.There
were no differences in clinical and demographical measures between
patients with high or low sNfL levels at 1 year, except of higher age in
patients with low sNfL levels (p = 0.013). A decline in raw scores of
cognitive subtests between year 1 and year 9 was present in 16 (28%)
patients in the SDMT, 12 (21%) patients in the CVLT-II, 12 (21%) pa-
tients in the BVMT-R, and 27 (47%) of patients in the PASAT-3 (Fig. 1).
High sNfL levels at 1 year were not associated with more frequent oc-
currence of cognitive decline over follow-up, except of sNfL levels at
year 1 and decline in the CVLT-II over follow-up (p = 0.008) (Table 2).

At 9 year follow-up, the median EDSS was 2 and the following
percentage of patients reached =2 points in individual functional sys-
tems scores of EDSS: 43% in pyramidal, 10% in cerebellar, 7% in
brainstem, 36% in sensory, 3% in bowel and bladder, 3% in visual and
2% in mental functional system.

3.2. The correlation between neuropsychological performance and sNfL
levels

We did not observe associations among early sNfL levels (at
screening or at year 1) and cross-sectional or longitudinal cognitive
measures (at year 1, 2 a 9), except of an association between higher
sNfL levels at screening (n = 49) and lower CVLT-II scores at year 1
(tho=—0.31, p = 0.028; ¢ = 0.112). We did not observe association
between average sNfL levels within first 2 years of follow-up (with or
without screening levels) and cross-sectional or longitudinal cognitive
measures (at year 1, 2 a 9).

3.3. Risk of cognitive decline over 9 years according to early sNfL levels

sNfL levels above 90th percentile at year 1 were associated with a
greater risk of CVLT-II decrease over 9 years compared with patients
with lower sNfL levels [odds ratio (OR) 15.8; 95% CI 1.7-147.0;
p = 0.015; g = 0.060 after BH procedure). We did not observe other
relationships between sNfL levels at year 1 and higher risk of cognitive
decline in other neuropsychological tests over 9 years (Table 3). Also,
we did not find an association between higher sNfL levels at year 1 and
higher risk of the overall memory decline (decrease in CVLT-II or
BVMT-R), information processing speed decline (decrease in SDMT or
PASAT-3) or abnormal BICAMS battery outcome (decrease in at least
one subtest)(Supplementary Table 3).

There was also a tendency towards an association between high
sNfL level at 2 years and PASAT-3 decline at year 9 (OR= 3.9; 95% CI:
0.8-19.0; p = 0.091; g = 0.198). We did not observe any other asso-
ciations between sNfL levels at 2 years and cognitive measures.

We did not observe relationships among average sNfL levels within
first 2 years and higher risk of decline in each individual neu-
ropsychological test over 9 years. There was also no association in
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Table 1
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Demographic, clinical, neuropsychological and serum neurofilament light chain concentration characteristics of the patients.

Characteristic Total sample (n = 58)

sNfL level at year 1

sNfL level > 90th percentile (n = 24) sNfL level < 90th percentile (n = 34) p value
At baseline
Sex, female (%) 40 (68.97%) 16 (66.67%) 24 (70.59%) 0.751*
Education (years)i 13.00 (3.00) 13.00 (4.00) 13.50 (3.00) 0.598
Clinical
Age at disease onset (years) 27.78 + 8.85 24.46 + 7.34 30.12 £ 9.17 0.013
Time to baseline (days) 81.53 * 19.32 83.42 £ 19.72 80.21 + 19.22 0.487
EDSS#% 1.50 (0.50) 1.50 (0.50) 1.50 (0.60) 0.650
Proportion of low efficacy DMTs (%) 58 (100%) 24 (100%) 34 (100%) *
At year 1
Age (years) 29.318 + 8.80 26.07 + 7.38 31.618 £ 9.11 0.015
Proportion of low efficacy DMTs (%) 58 (100%) 24 (100%) 34 (100%) *
Neuropsychological
SDMT 63.29 * 8.63 64.21 + 8.29 62.65 * 8.92 0.687
CVLT-II TL 56.66 + 7.80 57.00 += 7.87 56.41 + 7.85 0.647
BVMT-R TL 27.69 * 4.95 27.38 £ 4.73 27.91 £ 5.17 0.516
PASAT-3 53.84 + 8.57 54.96 + 8.03 53.09 + 8.96 0.594
BDI 5.49 + 6.00 5.25 + 6.28 5.64 + 5.92 0.985

sNfL level

sNfL (pg/ml) 17.72 + 12.60 28.38 + 12.73 10.20 + 4.53
At 9 years
Age (years) 37.24 £ 8.70 34.07 = 7.43 39.48 + 8.93 0.016
EDSS# 2.00 (1.3) 1.5 (0.90) 2.5 (1.5) 0.020
Proportion of low efficacy DMTs (%)** 44 (75.86%) 18 (75.00%) 26 (76.47%) 0.568*
Neuropsychological
SDMT 64.79 + 8.26 64.33 + 8.60 65.12 + 8.13 0.658
CVLT-II TL 62.38 £ 9.01 61.75 + 9.77 62.82 + 8.55 0.906
BVMT-R TL 30.69 * 3.20 30.63 + 3.12 30.74 + 3.30 0.806
PASAT-3 53.95 £ 6.88 55.04 + 6.55 53.21 £ 7.09 0.338
BDI 7.21 = 8.18 8.20 + 8.50 6.61 + 8.06 0.247
Absolute changes between year 1 and 9 years
Neuropsychological
SDMT 1.50 = 5.13 0.13 £ 5.94 2.47 + 4.31 0.156
CVLT-II TL 5.72 £ 7.27 4.75 + 8.17 6.41 + 6.61 0.434
BVMT-R TL 3.00 + 4.65 3.25 + 5.04 2.82 + 4.41 0.516
PASAT-3 0.11 = 5.14 0.09 = 5.31 0.12 = 5.10 0.250
BDI 1.72 + 5.64 2.95 + 3.98 0.97 + 6.38 0.160

Note. Unless otherwise indicated, mean * standard deviation (SD) are reported. & median (inter-quartile range). Differences between the pathological sNfL levels
group and normal sNfL levels group were tested using the Chi-Square Test (categorical)* and Mann-Whitney rank-sum test (other).

sNfL: serum neurofilament light chain, EDSS: Expanded Disability Status Scale, SDMT: Symbol Digit Modalities Test, DMTs: disease modifying therapies, CVLT-II:
California Verbal Learning Test - Second Edition, TL: total learning, BVMT-R: Brief Visuospatial Memory Test-Revised, TL: total learning, PASAT-3: Paced Auditory

Serial Addition Test- 3 s, BDI: Beck Depression Inventory.

** Proportion of low efficacy DMTs (glatiramer-acetate, dimethyl fumarate, interferons and teriflunomide) to high or moderately high efficacy DMTs (fingolimod,

natalizumab and rituximab).

linear regression models using sNfL levels as a continuous variable.
Higher sNfL levels were not associated with increased risk of cog-
nitive decline, defined as a composite measure (an average z-score of all
cognitive tests).
In mixed model analysis, we found only a trend for association
between sNfL level at 12 months and evolution of BVMT-R scores over
follow-up (p = 0.04).

3.4. The association between neuropsychological performance and csf-nfl
levels

The mean concentration of CSF-NfL in 36 patients with available
CSF samples was 1501,81 = 1102.73 pg/ml. We observed a weak ne-
gative association between CVLT-II at year 1 and CSF-NfL levels at
screening (tho= —0.34; p = 0.042; ¢ = 0.120). There was only a trend
for association among higher CSF-NfL levels at screening and lower
SDMT scores at baseline and year 1 (tho=-0.30 to -0.32;
p = 0.060-0.074; ¢ = 0.132-0,148). We did not observe any re-
lationship between CSF-NfL levels at screening and higher risk of cog-
nitive decline over 9 years.

3.5. The association between neuropsychological performance and mri
measures

T2LV at baseline, at year 1 and 2 (n = 58), was not associated with
any cognitive tests at year 9 (Supplementary Table 4). We did not ob-
serve a relationship between early T2LV and higher risk of cognitive
decline over 9 years.

BPF at baseline, at year 1 and 2 (n = 58), was not associated with
any cognitive tests at year 9. There was only a cross-sectional associa-
tion between BPF and BVMT-R at baseline (rtho=0.25; p = 0.044). We
also observed a tendency towards an association between lower BPF at
baseline and BVMT-R decline at year 9 (OR 2.03; 95% 0.9-4.6;
p = 0.089). No other associations between early MRI measures and risk
of cognitive decline over 9 years were found.

4. Discussion

In this study, we investigated the predictive value of sNfL levels at
disease onset for identification of MS patients with cognitive decline
over 9-years follow-up.

Our small sample size longitudinal study found only a trend for
weak association between sNfL levels at 1 year and verbal memory
decline over 9 years. However, this association was not observed for
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Fig. 1. Box plots corresponding to sNfL levels
N at year 1 (pg/ml) stratified by absolute decline
T 601 T 601 in cognitive tests over the 9 years (Captions:
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sNfL levels measured at screening or at 2 years, for average sNfL levels
during the first 2 years, neither in longitudinal mixed model analysis.
Taken together, our findings are consistent with a previous sNfL
longitudinal study which unexpectedly also did not show a clear asso-
ciation between sNfL levels and cognitive decline over time
(Chitnis et al., 2018). In our study, all patients had CSF restricted oligo-
clonal bands. This might select patients with slightly increased disease
activity (Arrambide et al., 2018). On the other hand, an average sNfL
level at disease onset in our cohort was lower (19.1 pg/ml) compared
with some recent studies in CIS patients (the median sNfL level = 22.0 -
28.39 pg/ml) (Dalla Costa et al., 2019; Siller et al., 2018). To the best of
our knowledge, there is only one study conducted on 20 CIS patients at
disease onset with available sNfL and long-term cognitive data
(Jakimovski et al., 2019). Compared with this study, an average sNfL
levels were comparable (median 19.9 vs. 19.1 pg/ml) and similarly no
associations between cognitive performance over 5 years and sNfL were
observed in this study (Jakimovski et al., 2019). Disability scores at
baseline, as assessed by EDSS were also comparable between both
studies (1.5 vs 1.5 points). We hypothesize that in future studies

BVMT-R decline

Table 3

Risk of absolute decline in cognitive tests raw scores between year 1 and year 9
in association with increased serum neurofilament light chain levels (>90th
percentile) at year 1.

Neuropsychological Test OR (95% CI) p value q value'
SDMT 1.88 (0.49-7.21) 0.360 0.480
CVLT-II TL 15.80 (1.70-147.01) 0.015 0.060
BVMT-R TL 1.46 (0.27-8.01) 0.661 0.661
PASAT-3 0.40 (0.11-1.43) 0.158 0.316

Note: OR: Odds Ratio, 95% CI: 95% Confidence Interval, SDMT: Symbol Digit
Modalities Test, CVLT-II: California Verbal Learning Test — Second Edition,
BVMT-R: Brief Visuospatial Memory Test-Revised, TL: total learning, PASAT-3:
Paced Auditory Serial Addition Test- 3 s.
OR was estimated using logistic regression model adjusted for age, sex, treat-
ment over follow-up and cognitive performance at 1 year.

! adjusted p value after The Benjamini-Hochberg procedure with ¢ = 0.05
was used to control false discovery rate.

Table 2
The overall prevalence of cognitive decline over 9 years in association with increased serum neurofilament light chain levels (>90th percentile) at screening (A) and
1 year (B).
A) sNfL level > 90th percentile at screening (n = 28) sNfL level < 90th percentile at screening (n = 21) p value q value'
Cognitive decline No cognitive decline Cognitive decline No cognitive decline
SDMT 3 (11%) 25 (89%) 2 (10%) 19 (90%) 0.892 0.892
CVLT-II TL 10 (36%) 18 (64%) 9 (43%) 12 (57%) 0.612 0.828
BVMT-R TL 7 (25%) 21 (75%) 4 (19%) 17 (81%) 0.621 0.828
PASAT-3* 3 (11%) 25 (89%) 6 (30%) 14 (70%) 0.091 0.364
B) sNfL level > 90th percentile at year 1 (n = 24) sNfL level < 90th percentile at year 1 (n = 34)
Cognitive decline No cognitive decline Cognitive decline No cognitive decline
SDMT 8 (33%) 16 (67%) 8 (24%) 26 (76%) 0.411 0.548
CVLT-II TL 9 (37%) 15 (63%) 3 (9%) 31 (91%) 0.008 0.032
BVMT-R TL 5 (21%) 19 (79%) 7 (21%) 27 (79%) 0.982 0.982
PASAT-3* 9 (39%) 14 (61%) 18 (53%) 16 (47%) 0.306 0.548

Note: absolute numbers and percentages (%) are reported. sNfL: serum neurofilament light chain, SDMT: Symbol Digit Modalities Test, CVLT-II: California Verbal
Learning Test — Second Edition, BVMT-R: Brief Visuospatial Memory Test-Revised, TL: total learning, PASAT-3: Paced Auditory Serial Addition Test- 3 s.

1

* missing data for one patient in PASAT-3.

adjusted p value after The Benjamini-Hochberg procedure with ¢ = 0.05 was used to control false discovery rate.
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including patients with higher disease activity or greater disease burden
could be expected stronger association between cognitive and other
paraclinical measures, such as sNfL.

The presence of high sNfL levels at early disease stages without
accompanying future cognitive decline may be explained by several
factors. Firstly, the cognitive-pathologic dissociation with an absence of
relationship between cognitive and paraclinical markers is well known
from the imagining studies (Uher et al., 2018; Sumowski and
Leavitt, 2013). This phenomenon is obvious especially in the early
stages of MS and may be attributed to brain and cognitive reserves
preventing measurable cognitive decline in most patients during the
early disease stages. Moreover, the study patients had very low levels of
disability even after 9 years of follow-up (median EDSS=2.0). We
suggest that, as in imaging studies (Uher et al., 2018), the association
between paraclinical markers such as sNfL. and disease activity mea-
sures including cognitive outcomes might be substantially stronger in
more advanced disease stages. Moreover, an effect of disease-modifying
treatment might play a role in preventing of disease progression in
patients with high sNfL levels before treatment initiation. Dynamic
character of neurofilaments levels with only transient increase of neu-
rofilament levels following neuro-axonal injury may represent another
factor explaining our results (Lycke et al., 1998). Finally, our study had
a small sample size which together with a small proportion of patients
with evident cognitive deterioration over follow-up resulted in de-
creased statistical power to prove statistically significant associations
between sNfL and longitudinal cognitive measures. These arguments
are also supported by the absence of association between early MRI
measures and cognition after 9 years or early sNfL levels. Hence, future
studies investigating a predictive role of sNfL levels in early MS should
include larger sample size.

Our study has also some other limitations. The cognitive assessment
included only information processing speed and memory examination.
However, information processing speed and memory are known to be
the most commonly impaired cognitive domains in MS (Benedict et al.,
2012; Chiaravalloti and DeLuca, 2008), therefore implementation of
more comprehensive neuropsychological batteries, such as the Minimal
Assessment of Cognitive Function in MS (MACFIMS) would probably
lead to very similar results. Despite that, future studies would benefit
from more complex cognitive assessment.

In conclusion, although we found some trends for association be-
tween high sNfL levels at disease onset and cognitive decline over
subsequent long-term follow-up, our results do not provide convincing
support for this association. Whether associations between high sNfL
levels and verbal memory decline will be observed also in other studies
or represent rather random finding remains to be elucidated in future
research.
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MNeurocytoskeletal proteins, such as neurofilaments (Nf), may be
released from neurons during a neurodegenerative process and
induce the synthesis of specific autoantibodies. These antibodies
could form immune complexes with corresponding antigens. The
autoantibodies are present both in a free form and bound in
immune complexes. An analysis of free antibodies alone cannot
give the information on their total production. The aim of our
study was to introduce and optimise the ELISA (Enzyme-Linked
Immuno-Sorbent Assay) method for the determination of specific
immune complexes of 1gG antibodies against the heavy subunit
of neurofilament (NfH) with the comesponding neurofilament
subunit. Levels of anti-NfH antibodies and immune complexes
determined by our in-house ELISA method were expressed in the
same arbitrary units of concentration using the commercial cali-
brator for immunoglobulins. We evaluated this method on the
pilot groups of patients in serum and cerebrospinal fluid (CSF)
samples. Simultaneous determination of free antibodies against
the heavy subunit of neurofilament and corresponding immune
complexes have been performed in patients with mild cognitive
impairment (MCI), Alzheimer's disease (AD) and age-matched
control subjects. Levels of free antibodies and antibodies bound
in immune complexes were significantly lower in patients with
MCI than in the patients with AD and control subjects. Signifi-
cant differences between levels of free antibodies and antibodies
bound in the immune complexes were observed especially in
CSF. Our ELISA method is suitable for analysis of both serum
and CSF. The parallel analysis of free anti-Nf antibodies and
their immune complexes could be evaluated together and provide
more complex information about autoantibody response against

neurocytoskeletal proteins in neurodegenerative diseases. The
study is supported by PROGRES Q25/LF1 and RVO-
VFN64165.
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P094 Protilatky proti neurofilamentim u pacienti
s neurodegenerativhim onemocnénim

Moskova U, Fialova U, Bartos A*

' Ustaw lekafské hiochemie a laboratorn! diagnostiky, 1. LF UK a VFN v Praze
? Oddlenl kognitiviich poruch, Ndrodni dstav dutevniho zdravi, Klecany

* Neurologickd klinika 3. LF UK a FN Krdlovské Vinohrady, Praha

Uvod: v pribshu neurodegenerativniho procesu dochdazl k uvoln&nl
neurccytoskeletdinich  proteind  (typicky neurofilamenta) do
obé&hu. Uvolnéné proteiny mohou indukovat syntézu specifickych
autoprotilatek, které by mohly byt daliimi potendidlnimi biomarkery pro
neurcdegenerativnl onemocnénl. Autoprotildtky jsou v ob&hu pfitormny
jako volné maolekuly a také ve formé imunokomplext s odpovidajicim
antigenem. Vyietfenl pouze volmych protilatek tedy neposkytuje komplexni
informaci o autoprotilitkdch u neurodegenerativnich onemocnéni.

Cil: Stanovit hladiny volngch autoprotilitek i odpovidajicich imunokom-
plexd s neurofilzmenty v mozkomEnim moku (Ma) a séru pacientd s neuro-
degenerativnim onemaocnénim pomoc modifikované a optimalizovang
metody ELISA a zhodnotit rmoZny kinicky pfinos tohoto vyietfenl.
Metodika: Nami optimalizovana metoda ELISA byla poufita pro
stanovenl autoprotilatek proti t&%kym fetézcdm neurofilament (MfH)
a imunckomplexd t2chto protilitek s odpovidajicim antigenem. Pro
maZnost porovnani hiadin volngch i vazanych anti-NfH protilatek v bio-
logickych tekutinach byla vyu#ita jednotnd kalibrace. Stanovenl bylo
provedeno parové v séru i MM u souboru 72 pacientd rozdélenych na
wikovg si odpovidajicl skupinu kontrolnich pacientd, pacientd s mirnou
kognitivnl poruchou (MKP) 2 Alzheimerovou chorobou (ACH).
Vysledky: Hladiny anti-MfH IgG volnych protilatek i imunokomplexd v MM
a séru byly signifikantn® niZél u pacientd s MKP oproti kontrolni skuping
i pacientdm s ACH. V M byly rozdily vice signifikantnl. Byla prokazanavysoka
korelace jak volmych autoprotilatek, tak imunokomplexd mezi sérem a MM
(p = 0,001). VWWznamna byla i korelace valnych autoprotilitek a odpovidajicich
imunokomplexd (p < 0,05), ale liEla se v rdmd jednotlivim skupin.

Zavér: Optimalizovana metoda ELISA je i diky jednotné kalibraci vhodna
pro stanovenl volnych autoprotildtek i jejich imunokomplexd s danym
antigenem. U pacientd s MKP je signifikantné sniZena hladina anti-NfH
195 autoprotilatek jak volnych, tak i ve formé& imunokomplextd. Stanovenl
Jak wolnych, tak vazanych autoprotilatek proti neurocytoskeletalnim
proteindm mi#e vhodné doplnit informace o autoprotildtkové odpovedi
u neurodegenerativich onemocnénl.

Studie byla podpofena PROGRES Q25/LF], PROGRES (35,
SVV 260573 @ RVO-VFNG4185.
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