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High-Density Peptide Microarray Analysis of
IlgG Autoantibody Reactivities in Serum and
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Intrathecal immunoglobulin G (IlgG) synthesis and oligo-
clonal IgG bands in cerebrospinal fluid (CSF) are hall-
marks of multiple sclerosis (MS), but the antigen specific-
ities remain enigmatic. Our study is the first investigating
the autoantibody repertoire in paired serum and CSF sam-
ples from patients with relapsing-remitting MS (RRMS),
primary progressive MS (PPMS), and other neurological
diseases by the use of high-density peptide microarrays.
Protein sequences of 45 presumed MS autoantigens (e.g.
MOG, MBP, and MAG) were represented on the microar-
rays by overlapping 15mer peptides. IgG reactivities were
screened against a total of 3991 peptides, including also
selected viral epitopes. The measured antibody reactivi-
ties were highly individual but correlated for matched
serum and CSF samples. We found 54 peptides to be
recognized significantly more often by serum or CSF an-
tibodies from MS patients compared with controls (p val-
ues <0.05). The results for RRMS and PPMS clearly over-
lapped. However, PPMS patients presented a broader
peptide-antibody signature. The highest signals were de-
tected for a peptide mapping to a region of the Epstein-
Barr virus protein EBNA1 (amino acids 392-411), which is
homologous to the N-terminal part of human crystallin
alpha-B. Our data confirmed several known MS-associ-
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ated antigens and epitopes, and they delivered additional
potential linear epitopes, which await further validation.
The peripheral and intrathecal humoral immune response
in MS is polyspecific and includes antibodies that are also
found in serum of patients with other diseases. Further
studies are required to assess the pathogenic relevance
of autoreactive and anti-EBNA1 antibodies as well as their
combinatorial value as biomarkers for MS. Molecular &
Cellular Proteomics 15: 10.1074/mcp.M115.051664, 1360-
1380, 2016.

Multiple sclerosis (MS)' is a chronic disease of the central
nervous system (CNS) that typically affects young adults,
especially women. The disease is characterized by discrete
areas of inflammation (lesions), demyelination, axonal loss,
and astrogliosis in the brain and spinal cord. The clinical
correlate of these processes is a wide range of neurological
signs and symptoms involving mobility problems, vision prob-
lems, cognitive dysfunction, fatigue, and pain (1, 2). This

" The abbreviations used are: MS, multiple sclerosis; ABTS, 2,2'-
Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt;
ADEM, acute disseminated encephalomyelitis; AQP4, aquaporin 4;
BSA, bovine serum albumin; CIS, clinically isolated syndrome; CNS,
central nervous system; CRYAB, crystallin alpha-B; CSF, cerebrospi-
nal fluid; CTR, controls with other neurological diseases; CV, coeffi-
cient of variation; EAE, experimental autoimmune encephalomyelitis;
EBNA1, Epstein-Barr nuclear antigen 1; EBV, Epstein-Barr virus;
EDSS, Expanded Disability Status Scale; ELISA, enzyme-linked im-
munosorbent assay; HHV, human herpesvirus; HRP, horseradish per-
oxidase; IEDB, Immune Epitope Database; IgG, immunoglobulin G;
MAID, MA plot-based signal intensity-dependent fold-change; MBP,
myelin basic protein; MOG, myelin oligodendrocyte glycoprotein;
MRZ, measles, rubella and varicella zoster; n.d., not determined;
NMO, neuromyelitis optica; NPC, nasopharyngeal carcinoma; OCB,
oligoclonal bands; OD, optical density; PDB;j, Protein Data Bank Ja-
pan; PEG2, 8-amino-3,6-dioxaoctanoic acid; PMID, PubMed identi-
fier; PPMS, primary progressive MS; RRMS, relapsing-remitting MS;
SAE, Semple rabies vaccine-induced autoimmune encephalomyelitis;
S.D., standard deviation; SLE, systemic lupus erythematosus; SPMS,
secondary progressive MS; TBS, Tris-buffered saline.
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variability is also reflected in the disease courses observed,
which include relapsing-remitting MS (RRMS), usually with
secondary progression (SPMS) in later stages, and primary
progressive MS (PPMS) (3). The majority of patients (~85%)
are diagnosed with RRMS, in which a first clinical attack
heralds the onset of the disease (clinically isolated syndrome,
CIS). In RRMS, episodes with new or recurrent neurological
deficits (relapses) are followed by phases of partial or com-
plete recovery (remission). The remaining ~15% of the pa-
tients have PPMS, which is from the beginning gradually
progressive without relapses. Current therapeutics predomi-
nantly target the inflammatory component of the disease in
order to reduce the frequency and severity of relapses and to
prevent the accumulation of disability. However, although
several disease-modifying treatments have shown to be effi-
cacious in RRMS, none have yet been approved to alleviate
PPMS (4). Moreover, the course of disease is largely unpre-
dictable on an individual level, and there is no single clinical
feature or diagnostic test that is sufficient to diagnose MS or
to distinguish RRMS from PPMS. Therefore, ongoing research
efforts are dedicated to better understand the disease and to
identify biomarkers for an improved diagnosis and prognosis
of MS.

The primary cause of MS is unknown, and the molecular
mechanisms of inflammation and neurodegeneration are still
elusive. However, it is generally accepted that MS involves an
immune response to self-antigens in genetically predisposed
individuals exposed to environmental risk factors. A funda-
mental step in the development of demyelinating lesions is the
recruitment and migration of activated leukocytes into the
CNS through a deficient blood-brain barrier (5). Irreversible
neuroaxonal damage within the lesions is associated with
accumulating neurological disability. Episodes of inflamma-
tory activity are mainly characteristic for RRMS patients,
whereas PPMS patients present less prominent inflammation
and more neurodegenerative pathology. T cells are assumed
to be critical drivers of the disease, but B-cells and other
immune cells play significant roles as well (5, 6). Autoreactive
T- and B cells may be activated in the periphery and then
reactivated after entering the CNS. On the other hand, en-
hanced T- and B-cell reactivities may represent merely sec-
ondary responses to neurodegeneration. As of today, the
complex interplay of neuronal dysfunction and immune re-
sponses (innate and adaptive, humoral and cell-mediated) is
far from being understood.

The immune dysregulation in MS is partly driven by B cells.
B cells have regulatory and antigen-presenting functions, and
the activation of antigen-specific B cells (usually dependent
on helper T cells) results in their proliferation and differentia-
tion, culminating in the generation of memory B cells and
antibody-secreting plasmablasts and plasma cells. A role of B
cells in MS is supported by studies, in which effector B cells
as well as antibodies were found in CNS lesions and in cer-
ebrospinal fluid (CSF) of MS patients (7, 8), and by clinical

trials, which showed that B-cell depletion is effective in the
treatment of this disease (9). Recently, a genetic fine-mapping
revealed that active cis-regulatory elements of B cells are
enriched of MS-associated single-nucleotide polymorphisms
(10). Moreover, intrathecal immunoglobulin G (IgG) synthesis
and oligoclonal IgG bands (OCB) in the CSF (not mirrored in
serum) are hallmarks of MS and are therefore useful diagnos-
tic markers (11, 12). This oligoclonal antibody pattern is gen-
erated by clonal expansion of a limited repertoire of activated
B cells, but it is still a mystery whether it derives from a small
but random sample of peripheral B cells or from a pathogenic
response. Interestingly, there is evidence for ongoing B-cell
stimulation and maturation to antibody-expressing cells lo-
cally inside the CNS (13). It is assumed that ectopic B-cell
follicles resembling a germinal center reaction occur in the
brain of MS patients (14, 15). A point of contention is whether
B cells that are latently infected with Epstein-Barr virus (EBV)
may contribute to such B-cell aggregations and sustain the
compartmentalized immunopathological response (16, 17).
Despite extensive research on intrathecally produced anti-
bodies in MS, their major antigen specificities remain enig-
matic. Myelin antigens such as MBP, PLP, MAG, and MOG
were first investigated as potential targets of antibodies to
substantiate the concept of MS as an autoimmune disease.
However, the pathogenetic relevance of myelin antibodies
(IgG and other isotypes) has so far not been established
unequivocally. Within the last years, it became evident that
the B-cell response is not restricted to myelin but is much
more widespread. Antibodies against several other CNS com-
ponents (proteins, lipids, and glycans) have been described
(reviewed in (6, 18)). Additionally, apparently nonspecific im-
mune responses in the serum and CSF of MS patients involve
nonbrain targets and common infectious agents. Antibodies
to measles, rubella, and varicella zoster virus have a >90%
seroprevalence in the population (19), but their intrathecal
synthesis is a marker for MS (called MRZ reaction) (20). The
antiviral response further includes EBV (also called human
herpesvirus 4, HHV-4). The seropositivity for EBV appears to
be 100% in MS patients (21). However, although several
antibody targets have been defined, there is no single anti-
body pattern, which can distinguish MS patients from healthy
individuals or patients with other diseases with high sensitivity
and high specificity. It has been argued that this may indicate
different (immuno)pathologies, thereby explaining that MS is a
heterogeneous disease with variable clinical presentation.
Disease-specific antibodies are difficult to identify, because
of experimental limitations and biological variation. The anti-
bodyome, that is, the complete set of antibodies existing in an
organism at a given time, is extremely individual. It is influ-
enced by many kinds of environmental stimuli, it is relatively
stable but also changes over time, and it varies with age, diet,
and health status. Autoimmune responses can be initiated by
diverse mechanisms such as molecular mimicry, epitope
spreading, and viral support of autoreactive cell survival (e.g.
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TABLE |
Clinical and demographic parameters of the three cohorts. Mean * standard deviation (S.D.) are shown for age and EDSS at the
sampling time point. Absolute numbers of patients are given for gender and markers of intrathecal IgG synthesis. For full patient information
(supplemental File S1) n.d. = not determined in general

RRMS (n = 10) PPMS (n = 10) CTR (n = 10)
Age in years (mean = S.D.) 43.7 = 84 43.4+74 439 7.7
Gender (female/male) 5/5 5/5 5/5
CSF IgG index (elevated/normal) 5/5 4/6 0/10
Oligoclonal bands (positive/negative) 91 8/2 n.d.
Expanded Disability Status Scale (mean = S.D.) 2.4 +0.8 41 +1.9 n.d.

by EBV) (22). It is also possible that the presence of autoan-
tibodies in MS represents just a bystander effect during in-
flammatory responses secondary to demyelination and CNS
injury. Accordingly, normal immune system processes, which
include naturally occurring autoreactive antibodies involved in
removing cellular debris and maintaining homeostasis (23,
24), may be generally raised as an epiphenomenon. To which
extent autoreactive antibodies are pathogenic in vivo remains
largely unclear. Detrimental processes within the MS brain
may influence whether self-antigens are sufficiently abundant,
accessible, and in the specific conformation to be recognized
by such antibodies.

To better understand the role of antibodies in MS, it is also
important to define the antigen epitopes (the specific parts of
antigens to which antibodies bind). Multiple epitopes of dif-
ferent type can be contained in a single protein antigen.
Conformational epitopes depend on the protein folding and
are thus lost on denaturation of the protein. Linear epitopes
consist of a sequence of adjacent amino acids that is recog-
nized by antibodies binding either the denatured protein only
(epitope is inaccessible in the folded protein) or both the
native and the denatured protein (epitope is accessible in the
folded protein). A significant amount of literature already ad-
dressed the study of epitopes. When searching the Immune
Epitope Database (IEDB) (25) using the parameters “Linear
Peptide,” “B Cell Response,” and “multiple sclerosis,” more
than 50 publications are listed. However, the results differ
across the studies because of different experimental settings
and assay systems used.

Peptide microarrays are an attractive novel tool for screen-
ing and validation of linear epitopes by measuring antibody
reactivities against many peptides simultaneously (26). When
using microarrays, a tiling strategy is usually employed to
represent a protein sequence by a set of overlapping short
peptides. An advantage of this screening approach is that
patients can be better stratified because antibodies of differ-
ent patients may bind to different epitopes of the same pro-
tein, possibly implying pathophysiological differences. Infor-
mation about the precise epitopes is thus potentially relevant
for MS diagnosis, prognosis, and monitoring (27). However, it
should be noted that peptide microarrays are in general not
suited to detect conformational epitopes, even if secondary
structure conformations such as an alpha-helix can be formed

by some short peptides (28). Different research groups have
already applied microarrays to profile the autoantibody rep-
ertoire of MS patients against selected sets of peptides. They
used serum samples (29-31), CSF samples (32-34), or both
(35). By this means, MS-specific antibody signatures (IgG and
IgM) were defined, comprising panels of antigenic peptides
derived from CNS proteins. However, all these studies were
limited to <370 peptides. High-density peptide microarrays
containing thousands of peptides were so far not used for
examining autoantibodies in MS.

Here, we screened for potential autoantibody reactivities in
serum and CSF of MS patients using custom high-density
microarrays containing almost 4000 peptides. The analysis of
both compartments facilitated the study of the relatedness
between intrathecal and peripheral immune responses and
how they are linked with MS alone and in combination. The
peptides were derived from 45 human proteins described in
the literature to be MS autoantigens. Additional antigenic
peptides were included as well (e.g. known EBV epitopes).
IgG reactivities against these peptides were measured for 10
RRMS patients, 10 PPMS patients, and 10 controls with other
neurological diseases (CTR). This is the first peptide microar-
ray study that compares the antibody binding profiles of
RRMS and PPMS patients for serum and CSF in parallel. The
antibody repertoire against the peptides differed markedly
between the individual subjects but was qualitatively similar in
paired CSF and serum samples. In general, much higher
peptide-antibody reactivities were measured for serum, but
some peptides showed higher signals for CSF. Antibody re-
sponses against dozens of peptides were significantly ele-
vated in MS patients compared with controls. Unexpectedly,
the antibody signature was particularly increased in PPMS.
The potential pathogenic relevance of selected epitopes is
discussed.

EXPERIMENTAL PROCEDURES

Study Population—Paired CSF and serum samples were collected
at the Department of Neurology of the University of Rostock from 10
patients with RRMS (RRMS_01-10), 10 patients with PPMS (PPMS_
01-10), and 10 controls with other noninflammatory neurological dis-
eases (CTR_01-10). The samples of each individual were always
obtained at the same day and stored at —80 °C.

The patient cohorts were matched for age and gender, with an
average age of 43 years and a balanced sex ratio in each group (Table
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I). All patients and controls were of Western European descent, and
they did not suffer from any other autoimmune disorder. The MS
patients’ diagnosis was confirmed according to the revised McDonald
criteria (36). They were given routine care following the consensus
treatment guidelines and recommendations of the German Society of
Neurology. Two RRMS patients were treated with glatiramer acetate,
whereas the remaining MS patients received no immunomodulatory
or immunosuppressive treatment at the time of sampling of serum
and CSF, respectively (hereinafter abbreviated to “serum/CSF”). The
patients were assessed neurologically, monitored for relapses and
rated using the Expanded Disability Status Scale (EDSS) for a clinical
follow-up period of 12 months. At sample collection, the degree of
disability was, on average, significantly higher in the PPMS group
than in the RRMS group (t test p value = 0.017). CSF-specific OCB
were found for 17 of the 20 MS patients, and an elevated CSF IgG
index was detected for five RRMS patients and four PPMS patients,
consistent with the abnormal production of IgG in the CNS that is
characteristic of MS. The demographic and clinical data of the indi-
vidual patients and controls are given in supplementary File S1.

The study was approved by the local ethics committee and carried
out according to the Declaration of Helsinki. All patients gave written
informed consent to participate in this study.

Peptide Microarray Design and Production—High-density peptide
microarrays were used to compare the reactivities of IgG in serum
and CSF of MS patients and controls. A decisive factor in such an
experiment is the choice of peptides.

Initially, we searched the literature and identified 45 different hu-
man proteins that were described as potential autoantigens in MS
(supplemental File S2). The majority of peptides spotted on the mi-
croarrays were derived from the sequences of these proteins and all
their isoforms (generated, e.g. by alternative splicing) listed in the
UniProt Knowledgebase (37). The peptides were selected in a manner
that each protein sequence was completely represented by 15mer
peptides with at least nine amino acids overlap (linear epitope map-
ping approach). According to this tiling strategy, 3747 different pep-
tides were deduced for the 45 candidate proteins.

Moreover, we used the manually curated IEDB (http://www.iedb.
org) (25) to gather previously reported MS-specific epitopes. With the
search parameters “Linear Peptide,” “B Cell Response,” and “multi-
ple sclerosis,” a set of 137 “positive” up to 20 amino acids long
peptide sequences were obtained. Some of these peptides belonged
to the already selected 45 proteins (in particular MOG and MBP), and
others were potential MS mimotopes identified by researchers who
used phage-displayed random peptide libraries. We further used
IEDB to extract peptides described as epitopes of viral proteins from
HHV-4 (n = 103) and HHV-6 (n = 4). In sum, 244 additional peptides,
10-20 amino acids in length, were included to this study, and 10 of
these peptides contained the nonstandard amino acid citrulline (Z).
Taken together, 3991 different peptides were selected for the design
of the custom peptide microarrays to investigate the peripheral and
intrathecal antibody profiles in MS.

Peptide synthesis and production of the high-density peptide mi-
croarrays were performed by JPT Peptide Technologies (Berlin, Ger-
many) (26). For technical reasons, all synthesized peptides contained
an additional C-terminal glycine (G). A linker at the N terminus of the
peptides facilitated the immobilization of the peptides in a directed
fashion on the glass slides (standard microscope slides, 76 X 26 mm).
The peptides were suspended in printing solution (45% dimethyl
sulfoxide, 50% 0.2 m sodium acetate pH 4.5, 5% glycerol) and spot-
ted on each microarray in triplicate as three subarrays. Each microar-
ray thus contained ~12,000 spots with a diameter of 150 um. The
microarrays were blocked after spotting with bovine serum albumin
(BSA). Further details on peptide synthesis and spotting can be found
elsewhere (38).

Peptide Microarray Experiment—Microarray incubation was done
following previously described protocols (38). Briefly, 100 nl of diluted
patient serum/CSF were added to the arrays. Serum samples were
always diluted 1:100, and CSF samples were always diluted 1:5 in
wash buffer (50 mm Tris-HCI pH 7.4, 150 mm NaCl, 0.05% Tween 20,
0.1% BSA). After 4 h of incubation at room temperature, the microar-
rays were washed, and residual fluid was removed by centrifugation.
Secondary incubation was performed at room temperature in the dark
for 2 h using as secondary (anti-)antibody 100 ul of polyclonal Zenon
goat anti-human IgG (Fab fragments, final concentration of 0.8 ug/ml
in wash buffer) conjugated to Alexa Fluor 647 (Thermo Fisher Scien-
tific, Waltham, MA, USA, a single batch of catalog number Z-25408).
After another round of washing, fluorescence signals were acquired
using a G2565 scanner from Agilent (Santa Clara, CA, USA). The
scans were performed at 10 um resolution with 16-bit depth. The
Alexa Fluor 647 fluorescence in the red channel (635 nm) was used to
assess whether the spotted peptides were bound by IgG (Fig. 1). All
steps from incubation to scanning were realized at the same day and
by the same person (KF) for all serum/CSF samples to prevent po-
tential sources of bias. In the end, 60 peptide microarrays were used
to profile the antibody reactivities in serum and CSF of the 20 MS
patients and 10 controls. Two additional microarrays were incubated
with wash buffer plus secondary antibody only. They were used as
negative controls.

Data Preprocessing— The following summarizes the preprocessing
of the peptide microarray data. For a more complete description of
the bioinformatic workflow, the reader is referred to our previous
publication (39).

First of all, each microarray image was processed with the GenePix
Pro software version 6.1 (Molecular Devices, Sunnyvale, CA, USA) to
calculate the median Alexa Fluor 647 fluorescence intensity for each
peptide spot and its respective local background (that is, the area
surrounding a spot). The software also automatically assigned flags to
mark abnormal spots. For each peptide spot, we subtracted the
background intensity from the spot intensity. If the fluorescence was
higher in the background than in the spot, we set the signal intensity
to 1 (truncation). Outliers in the data of each microarray were detected
by computing the coefficient of variation (CV) for each triplicate. Spot
triplicates with CV >1.685 indicated outliers. Each outlier spot was
flagged and corrected by setting its spot intensity to the mean inten-
sity of the two respective spots from the other two subarrays. Finally,
to end up with one signal value for each peptide and each microarray,
we used the average of the triplicate spot intensities after background
subtraction, truncation and outlier correction (Fig. 2).

Filtering of Specific Antibody Reactivities—Because antibody re-
activities depend on both affinity and titer, the signal intensities meas-
ured for a peptide can vary greatly among individuals, even if they
have, in principle, antibodies against the same epitope. Moreover, the
specificity of the secondary anti-IgG antibody affects the data as well.
Therefore, a negative control is needed to evaluate if the secondary
antibody directly binds to some of the spotted peptides. We previ-
ously implemented a two-step filtering method to identify peptides
specifically bound by patient IgG (39). Firstly, we select the peptides
for which the signal of at least one microarray incubated with serum/
CSF is notably higher compared with the respective signal of the
negative control microarray. Secondly, the remaining peptides are
filtered according to their capacity to distinguish the groups of
patients.

In the first step, a MA plot-based signal intensity-dependent (MAID)
filtering method was applied to extract for each microarray the set of
peptides that showed serum/CSF-specific IgG reactivities. The MAID
method calculates signal intensity-dependent fold-changes (MAID-
scores) based on the MA plot visualization as described previously
(Fig. 3) (39, 40). MAID-scores realize a smooth combination of two
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Fic. 1. Multiplex analysis of antibody reactivities with peptide microarrays. Each peptide microarray glass slide consisted of three
replicate subarrays (top, middle, bottom). In each subarray, antibody reactivities against 3991 different peptides were measured. The Alexa
Fluor 647 fluorescence image and a detail view (one square millimeter) are presented for an exemplary microarray incubated with serum of a
patient with RRMS. The region on the right shows a spot with high signal intensity. It contains a 20mer peptide derived from the EBNA1 protein
that is bound by patient IgG (“GRRPFFHPVGEADYFEYHQE,” EBNA1 401-420).

requirements, high signal intensity, and high fold-change (that is, the
ratio comparing the peptide signal of a microarray incubated with
serum/CSF to the respective signal of a negative control microarray).
The MAID-score cut-off was chosen so that a filtered peptide had to
have a signal > = 400 even if the negative control showed no
reactivity (preprocessed signal = 1). For peptides with much higher
signal intensities, a lower fold-change was sufficient to survive the
filtering. This relatively stringent filtering was further restricted by
rejecting peptides for which >1 of the triplicate spots were flagged.

In the second step, peptides with group-specific antibody reactiv-
ities were filtered. For this purpose, we used the binary categorization
of the first filtering step, which provided for each array the information
whether or not a peptide signal can be regarded as serum/CSF-
specific. We then used the one-tailed Fisher’s exact test to evaluate
for each peptide if either the RRMS patients or the PPMS patients had
more often a serum/CSF-specific signal than the control cohort (Fig.
2). Raw p values <0.05 were considered statistically significant and
indicated peptides recognized by MS-specific antibodies. This signif-
icance threshold seems somewhat permissive in the context of mul-
tiple testing (with an achieved power of >0.60 per test). However, we
did not want to miss potentially discriminating peptides. As outlined in
the introduction, usually only a subpopulation of the patients shows
IgG reactivities against a certain antigen, and different patients may
have antibodies binding to different epitopes of the same target
protein.

All analyses were performed in the R environment for statistical
computing accessed through a local webserver maintained at the
Institute of Immunology of the University of Rostock. Protein struc-
tures were obtained from the Protein Data Bank Japan (PDB;j, http://
www.pdbj.org) (41) and visualized with Chimera version 1.10.1 (42).

Verification of Peptide-Antibody Reactivities— Antibody reactivities
against four selected peptides were re-evaluated using enzyme-
linked immunosorbent assays (ELISA). We used the same serum/CSF
samples for the ELISA as for the peptide microarray experiment. The
peptides were prepared with an additional C-terminal glycine and
with biotin coupled at the N termini via a double PEG2 (8-amino-3,6-
dioxaoctanoic acid) linker. They were commercially synthesized, pu-
rified to >95% purity and delivered as a lyophilized powder by Bio-

syntan (Berlin, Germany). Serum/CSF IgG binding to these peptides
was detected with polyclonal Zenon goat horseradish peroxidase
(HRP)-conjugated anti-human IgG Fab fragments (Thermo Fisher Sci-
entific, catalog number Z-25454, diluted 1:3000 in wash buffer). This
secondary anti-antibody is similar to the one used for the peptide
microarrays. Moreover, peptide-antibody reactivities in serum (but
not in CSF because of limited amounts of samples) were also tested
with three other secondary antibodies that were HRP-conjugated and
anti-human IgG Fc fragment-specific, namely polyclonal mouse anti-
bodies (Jackson ImmunoResearch, West Grove, PA catalog number
209-035-098, 1:6500 dilution) and two monoclonal mouse antibody
preparations (clone HP6017: Thermo Fisher Scientific, catalog num-
ber 05-4220, 1:250 dilution; clone H2: Abcam, Cambridge, UK,
catalog number ab99765, 1:8000 dilution). Different secondary anti-
bodies were used, because their specificities (possibly including
cross-reactivities against the peptide sequences) differ among differ-
ent preparations dependent on, e.g. the host animal, clonality, and
antibody structure (whole IgG or Fab fragments).

Following our standard ELISA protocol, Pierce NeutrAvidin Coated
High Capacity Plates (clear, 96-well) (Thermo Fisher Scientific) were
used to evaluate the individual antibody responses in serum/CSF of
all patients and controls. All plates were first washed with Tris-buff-
ered saline (TBS) (50 mm Tris-HCI pH 7.4 and 150 mm NaCl). The
lyophilized peptides were dissolved to 0.5 mm concentration in TBS
containing 5% dimethyl sulfoxide, diluted in TBS, dispensed into each
well (50 pmol in 100 wl) and incubated for 2 h at room temperature.
Each well was then washed with wash buffer (TBS, 0.05% Tween 20,
0.1% BSA). Subsequently, 100 ul of serum samples (diluted 1:100 in
wash buffer) and CSF samples (1:2.75 dilution) were added to each
well, respectively. After 1 h of incubation at room temperature, the
plates were washed, incubated for 1 h with diluted secondary anti-
bodies (100 ul/well) and washed again with wash buffer to remove
unbound antibodies. In all ELISA reactions, 2,2'-Azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) diammonium salt (ABTS) (Sigma-Al-
drich, St. Louis, MO, USA) was used as a chromogenic substrate for
HRP. Each well was filled with 100 ul of 1.74 mm ABTS in buffer (39.8
mM citric acid, 3.25 mm NaBO3, 60 mm Na,HPO,, pH 4.4). Finally, the
absorbance was read after 10 min at 405 nm using an Anthos 2010
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Data preprocessing

. ¢ background
background subtraction (F;ocian = Fradion )

signal truncation (set signals >=1)

outlier correction (if CV >1.685)

EEE

averaging of triplicates

" preprocessed data matrix (signal intensities)

Filtering of serum/CSF-specific 1gG reactivities

MAID filtering
against negative
control microarray

flag information
(flagged spots per
triplicate <=1)

N 4
binary data matrix
(peptide bound by patient IgG?: yes/no)

Filtering of group-specific antibody reactivities

Fisher's exact test p-value <0.05
(e.g., RRMS versus CTR) using
the binary serum/CSF data matrix

Fic. 2. Data analysis workflow. This diagram depicts the bioinfor-
matic steps after microarray image analysis. The GenePix Pro soft-
ware delivered the fluorescence (F) of each spot as well as the local
background around each spot (median pixel intensities) and assigned
flags to mark irregular spots. The subsequent preprocessing of the
data included a correction of outliers, which were detected by calcu-
lating the coefficient of variation (CV) for each triplicate. A two-step
filtering strategy was applied to obtain lists of peptides recognized
significantly more often by serum or CSF antibodies from one group
of patients compared with another group.

ELISA reader with ADAP Basic software (Anthos Labtec Instruments,
Wals-Siezenheim, Austria). In the same way, we also measured the
reactivities of a pooled mixture of all 30 sera as well as of negative
controls at least in triplicates.

RESULTS

Overview on the Peptide Microarray Data—The peptide mi-
croarray antibody profiling was performed in parallel for serum
and CSF samples from RRMS patients (n = 10), PPMS pa-
tients (n = 10), and controls (n = 10). Each custom peptide
microarray facilitated the investigation of antibody reactivities
against 3991 different peptides spotted in triplicate.

An initial quality control included visual inspections of the
microarray fluorescence scans and comparisons of the data
of the three subarrays of each microarray. Data consistency
and similarity between microarrays were in general good, and

15 =
Higher signal intensity
L Higher fold-change
% (serum-incubated
5 versus buffer array)
M o
-5
¢ All measured peptides
-10 - e Two EBNA1 peptides
=== MAID regression curve
-15
T T T T
0 5 10 15 20
A

Fic. 3. Exemplary MA plot visualizing the filtering method. This
MA plot compares the signal intensities of a negative control microar-
ray (Buffer_2) with those of a microarray incubated with serum of
patient RRMS_10. For each peptide spotted in triplicate, A is the
mean log, signal of both microarrays and M is the log, fold-change.
An M value of 10 thus means that the peptide signal was 1024-fold
higher for the array incubated with serum than for the buffer control.
To identify peptides specifically bound by patient-derived IgG, an
exponential function (MAID regression curve (40)) was fitted to the
signal intensity-dependent variability in the data. In this case, 138
peptides survived this filtering (blue dots above the red line), including
two overlapping peptides of the viral protein EBNA1 (shown in green,
“GSPPRRPPPGRRPFFHPVGE” and “GRRPFFHPVGEADYFEYHQE,”
EBNA1 392-420).

only minor issues were observed in case of four CSF-incu-
bated microarrays (supplemental File S3). Therefore, all 62
microarrays were used for the further analysis without an
additional across-array normalization.

As a typical finding of peptide microarray experiments, the
signal distribution was highly skewed. For the vast majority of
peptides, the measured signal intensities were very low. In the
serum data set and in the CSF data set 90.8% and 95.8% of
the data points had a preprocessed peptide signal of <400,
respectively. Only few peptides showed strong antibody re-
sponses. On the other hand, 35 peptides showed a signal of
>400 in both negative control microarrays because of reac-
tivities of the secondary anti-antibody.

In general, lower IgG responses were observed in CSF than
in serum. For 82.7% of the peptides, the average signal was
higher for the sera than for the CSF samples. The prepro-
cessed data of all peptide microarrays are available in sup-
plementary File S4.

Filtering of Peptides Bound by IgG from Serum and
CSF—In the first filtering step, we identified IgG-reactive pep-
tides. For this purpose, we compared the signals of serum/
CSF-incubated microarrays with those of a negative control
microarray using the MAID method (39) and flag information.
The microarray labeled as “Buffer_2” served as negative con-
trol (“buffer array”) in all comparisons. This microarray had
somewhat higher but overall similar signal intensities com-
pared with “Buffer_1” (Pearson correlation coefficient r =
0.828). As can be seen in Fig. 3, the MAID filtering approach
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Fic. 4. Heatmap visualization of serum antibody reactivities. This heatmap shows the signal intensities in the serum data set for 852 of
the 3991 spotted peptides. These peptides were filtered as recognized by IgG from at least one of the 30 serum samples. Individually distinct
antibody reactivities could be seen. Many peptides showed a serum-specific signal only for one sample (upper half). On the other hand, many
peptides were detected with high signals for several samples, with no obvious difference between MS patients and controls (lower half). This
is a typical finding in peptide microarray studies (39). The number of peptides filtered for each sample is displayed on top.

considers that the relative stochastic variation is higher for low
signal intensities. Therefore, MAID implements a signal inten-
sity-dependent fold-change to differentiate patient-derived
IgG reactivities from secondary antibody effects.

Relatively few peptides survived this first filtering. For most
peptides, the signal was always either low or just reflecting the
reactivities of the secondary antibody. Fewer peptides were
IgG-reactive in CSF than in serum. In the serum data set,
42-312 peptides (on average 140 peptides) were filtered per
individual sample. In the CSF data set, 2-131 peptides (on
average 30 peptides) were filtered per sample. The number of
peptides filtered as bound by IgG for each of the 30 subjects
correlated with the amount of total IgG in serum and CSF,
respectively (Pearson correlation p values <0.05).

In consequence, only some of the 3991 spotted peptides
showed serum/CSF-specific reactivities for at least one
sample. In total, signals of 852 peptides were filtered as
serum-specific, and signals of 255 peptides were filtered as
CSF-specific (supplemental File S4). These two subsets over-
lapped significantly with 218 peptides, thus 889 peptides
were filtered altogether. The data of these peptides are visu-
alized as heatmaps in Fig. 4 (serum samples) and supplemen-
tal File S5 (CSF samples). These heatmaps display the com-
parability of the microarray measurements but also the strong
individual differences. Different samples were usually reactive
against different peptides. In fact, many of the filtered pep-
tides were recognized by only one of the 30 serum samples
(n = 412) or only one of the 30 CSF samples (n = 119). In

contrast, high signals across several samples were observed
for only few peptides. There was no peptide with IgG-specific
signals in all CSF samples, but 16 peptides were bound by
IgG from all 30 sera (supplemental File S4).

The antibody signatures of the serum samples were in
general similar to those of the matched CSF samples. Corre-
lation of the data for the sera and CSF samples was significant
(Pearson correlation p value <0.05) for 425 of the 889 filtered
peptides.

None of the four HHV-6 epitopes obtained from IEDB (25)
was filtered. In contrast, serum/CSF-specific peptide signals
were observed for 61 of the 103 epitopes that were listed for
HHV-4.

Filtering of Antibody Reactivities Specific for Multiple Scle-
rosis—In the second filtering step, MS-specific antibody
reactivities were identified by applying Fisher’s exact test on
the data of each peptide that survived the first filtering. This
filtering did not require a peptide to be recognized by MS
samples exclusively. Instead, we searched for peptides that
showed significantly more often a serum/CSF-specific sig-
nal for samples of MS patients than for samples of controls.
Four main comparisons were made, namely RRMS>CTR
and PPMS>CTR for both the serum profiles and the CSF
profiles.

In the serum data set, we filtered 13 peptides (RRMS>CTR)
and 26 peptides (PPMS>CTR) as MS-specific. In the CSF
data set, we filtered two peptides (RRMS>CTR) and 23 pep-
tides (PPMS>CTR). The respective recognition frequencies
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TABLE Il
MS-specific antibody reactivities in serum. List of 33 peptides which were significantly more often bound by serum IgG of either RRMS or PPMS
patients compared to controls. Three groups of peptides were distinguished: peptides of human origin, peptides from EBV protein sequences
and peptides from random peptide libraries described in the literature to be recognized by MS antibodies. UniProt protein names in bold
indicate that an overlapping peptide was filtered as well. The region within the respective protein is given for the main isoform if not otherwise
indicated. In case of EBV peptides, sequences were mapped to proteins of strain B95-8. For each peptide, the number of patients with
serum/CSF-specific antibody reactivity is presented. The numbers are bold and underlined if they are significantly higher for MS patients
according to Fisher’s exact test. Mean signal intensities are shown in the rightmost columns for each group and the negative control microarrays

(“Buffer”)

Serum CSF

Average signal (serum)

Peptide Source RRMS PPMS CTR RRMS PPMS CTR RRMS PPMS CTR Buffer
Peptides derived from human
proteins
KRGILTLKYPIEHGI ACTB/ACTG (61-75) 4 8 2 0 0 0 451 862 451 2
LKYPIEHGIVTNWDD ACTB/ACTG (67-81) 1 7 0 0 0 0 244 440 169 2
PIYEGYALPHAILRL ACTB/ACTG (164-178) 3 8 2 0 4 0 1478 8479 1457 48
SLSTFQQMWISKQEY ACTB/ACTG (348-362) 2 6 1 0 0 0 876 1135 703 21
AVLAGGLYEYVFCPD AQP4 (241-255) 10 10 4 1 4 1 1329 2057 975 8
AGQVFLEELGNHKAF CN37 (205-219) 0 6 1 0 0 0 218 861 271 3
MDIAIHHPWIRRPFF CRYAB (1-15) 3 7 0 1 1 0 25948 40751 10885 4451
IDFLIEEIERLGQDL DCE2 (571-585) 1 4 0 0 1 0 430 697 326 5
DQWREWADSKSCCDY DPYL2 (121-135) 0 4 0 0 0 0 278 560 89 10
SWYDNEFGYSNRVVD G3P (312-326) 9 8 4 0 3 0 1207 1257 595 6
MHEAEEWYRSKFADL GFAP (250-264) 4 6 0 0 0 0 710 1148 398 6
DEMARHLQEYQDLLN GFAP (340-354) 6 4 1 0 0 0 929 659 207 5
RGQYSRASWEGHWSP GFAP isoform 2 (390-404) 5 7 1 0 1 0 1593 1852 877 48
ELRPAVVHGVWYFNS MAG (49-63) 9 10 6 0 1 0 1371 1790 1152 15
LLSNVSPELGGKYYF MAG (103-117) 2 5 0 0 0 0 414 600 399 3
CQASFPNTTLQFEGY MAG (217-231) 2 8 3 0 1 0 707 1391 857 9
YEDGFSQPRGWNPGF PERT (181-195) 7 9 4 3 4 0 1570 2122 1607 37
YSNISKDRRYADLTE PGAM1 (133-147) 4 7 1 0 0 0 534 1089 337 7
ELDENGDGEVDFQEY S10A1 (61-75) 5 3 0 1 0 0 2931 1017 176 7
VAALTVACNNFFWEN S10A1 (79-93) 2 5 0 0 0 0 480 717 225 9
AALTVACNNFFWENS S10A1 (80-94) 4 8 0 0 1 0 637 1313 400 10
QQQQFNRNVEDIELW SPTA2 (679-693) 4 2 0 0 0 0 1048 429 54 5
FFMPGFAPLTAQGSQ TBB1 (265-279) 1 8 3 0 1 0 496 1219 679 10
Peptides derived from EBV
proteins
ETFTETWNRFITHTE EAR (63-77) 3 7 0 0 0 0 657 804 239 10
GRPGAPGGSGSGPRHRDGVR EBNA1 (52-71) 6 4 1 1 2 0 3551 1938 2991 44
GSGPRHRDGVRRPQKRPSCI EBNA1 (61-80) 3 7 2 1 1 0 4149 8767 2020 22
RPQKRPSCIGCKGTHGGTGA EBNA1 (72-91) 6 7 2 0 0 0 5604 2428 852 36
GCKGTHGGTGAGAGAGGAGA EBNA1 (81-100) 4 0 0 1 0 0 772 288 174 18
SGSPPRRPPPGRRPFFHPVG EBNAT1 (391-410) 5 6 0 0 0 0 11092 11408 1964 565
PPAAGPPAAGPPAAGPPAAG EBNAG (566-595) 8 5 3 1 0 0 9645 1616 1351 26
QVSLESVDVYFQDVFGTMWC  GP350 (122-141) 10 10 6 4 3 3 8552 7649 7556 13
Peptides not derived from
known proteins
HTQPYAYEARDH - 8 8 1 2 0 5688 1382 434 13
VPQKYWWLSDHT - 6 9 3 1 3 1 915 1559 1058 17

(that is, the number of samples with a much higher peptide
signal than the negative control array) are presented in Table
Il and Table Ill. Overlapping results were obtained for RRMS
and PPMS patients. Serum IgG reactivities against six pep-
tides and CSF IgG reactivities against two peptides were
found to be more frequent in both types of MS than in controls
(RRMS>CTR and PPMS>CTR). In total, 33 and 23 different
peptides were thus filtered as MS-specific in serum and CSF,
respectively (Table Il and Table Ill). Two peptides in turn
appeared in both of these peptide sets, ultimately resulting in
54 different peptides. The Venn diagram in Fig. 5 summarizes
all filtering results and depicts the intersections of the sets for
both MS groups as well as for serum/CSF.

A subset of 38 of the 54 filtered peptides was derived from
19 human proteins (and their isoforms) that were selected for
the peptide microarray design. The data for peptides from
MBP, MOG, AQP4, and CRYAB are exemplarily shown in Fig.
6. The remaining 16 peptides represent EBV protein se-
quences (n = 9) and potential MS-specific mimotopes deter-
mined by others using random peptide libraries (n = 7). No
HHV-6 epitope and no peptide with citrulline (Z) was found to
present increased IgG reactivities in serum/CSF of MS
patients.

Although reactivities against only 54 peptides were filtered
as MS-specific, their relevance is clearly supported by the fact
that the results for RRMS and PPMS overlapped partially.
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TaBLE Il
MS-specific antibody reactivities in CSF. List of 23 peptides which were significantly more often bound by CSF IgG of either RRMS or PPMS
patients compared to controls. CSF antibody reactivities against 17 peptides from human proteins, 1 EBV-derived peptide and 5 mimotopes
previously identified using phage-displayed random peptide libraries were significantly associated with MS (p values <0.05). The structure of
the table is as for Table Il. Note that due to high sequence homology, ACTB and ACTG share the same potential epitopes. For 5 peptides
(indicated in bold), the average signal intensities were higher for CSF samples than for serum samples, suggesting intrathecal IgG synthesis

Serum CSF Average signal (CSF)
Peptide Source RRMS PPMS CTR RRMS PPMS CTR RRMS PPMS CTR Buffer
Peptides derived from human
proteins
PIYEGYALPHAILRL ACTB/ACTG (164-178) 3 8 2 0 4 0 692 2539 397 48
PLYFGWFLTKKSSET CN37 (187-201) 4 7 5 0 4 0 370 842 235 21
LFPTSTSLSPFYLRP CRYAB (37-51) 0 1 3 2 4 0 4118 7240 2761 593
SLSPFYLRPPSFLRA CRYAB (43-57) 0 0 0 0 4 0 4585 7860 2469 1367
EGSGRYIPRKPFPDF DPYL2 (463-477) 1 0 0 0 4 0 2512 4700 1143 573
VHGVWYFNSPYPKNY MAG (55-69) 1 4 4 1 4 0 1354 1977 814 126
YYFRGDLGGYNQYTF MAG (115-129) 1 1 1 3 4 0 2395 2418 860 134
PGFGYGGRASDYKSAHKGFK MBP (257-276) 1 1 1 0 4 0 597 1564 523 144
RNVRFSDEGGFTCFF MOG (115-129) 0 0 0 0 4 0 140 392 49 2
ELLVLRQKHSEPSRF NFL (121-135) 0 2 1 0 4 0 809 1514 336 94
FFPFISRGKELLWGK PERT (19-33) 2 5 4 1 4 0 637 1640 558 123
YEDGFSQPRGWNPGF PERT (181-195) 7 9 4 3 4 0 905 1305 414 37
DDRYSDLLMAWGQYI PERT (223-237) 9 10 10 4 4 0 431 704 67 3
LTSTVICRWRVLGWK PERT isoform 3 (865-879) 0 0 1 0 4 0 260 716 117 75
QALRDAGYEFDICFT PGAM1 (43-57) 1 1 1 1 4 0 252 472 143 7
RQKLEDSYRFQFFQR SPTA2 (37-51) 0 1 0 0 4 0 1868 3854 1131 576
YNYYKKFSYKTIVMG TALDO (221-235) 0 0 0 0 4 0 683 1567 547 138
Peptides derived from EBV
proteins
GSPPRRPPPGRRPFFHPVGE  EBNAT (392-411) 8 10 8 5 8 2 14490 15898 4074 543
Peptides not derived from
known proteins
ARWELNLEPLYGPY - 10 10 10 8 10 3 3805 4726 1627 34
EPMTPHQWITLYRSY - 1 0 1 1 4 0 1483 1976 588 163
SCNYHGRTLTCW - 4 5 4 2 4 0 1468 2115 741 119
WHAPQTPYWASM - 10 10 10 5 6 1 4637 2137 426 27
WHIPPNIGRTFS - 4 7 5 1 4 0 1602 2025 496 97
Moreover, when we applied exactly the same criteria to For the human proteins ACTB, ACTG, S100A1, and

screen for peptides that were less often bound by IgG from
MS patients (CTR>RRMS and CTR>PPMS), only four pep-
tides from four different proteins were filtered (supplemental
File S6). The results also illustrate that antibody reactivities
against the analyzed peptides are sometimes elevated or
more common in MS, but they are usually not limited to MS.
For instance, each of the 10 control sera showed IgG re-
sponses against at least three of the 23 peptides filtered as
MS-specific in the CSF data set. Only 18 of the 54 peptides
filtered in total showed consistently no serum/CSF-specific
signal for all 10 controls. Therefore, the majority of these
peptides was recognized by at least one of the control
samples.

The CSF samples of four PPMS patients (PPMS_05,
PPMS_07, PPMS_09, and PPMS_10) each showed IgG-spe-
cific signals for all 23 peptides filtered for CSF (Table lll). This
dominant signature was already evident in the heatmap (sup-
plemental File S5). All of these four PPMS patients had a
particularly high CSF/serum quotient of total IgG (supplemen-
tal File S1), indicative of intrathecal IgG synthesis or blood-
CSF barrier dysfunction.

CRYAB, antibody reactivities against overlapping peptides
were filtered to be MS-specific. In these cases, the linear
epitope can be confined to the amino acid sequence that is
shared by both 15mer peptides. One of the two overlapping
peptides always tended to show higher signals than the other
one. Therefore, all samples with an IgG response against one
of the peptides also showed an IgG response to the other
peptide, thus confirming the measurement. For instance, the
peptides “KRGILTLKYPIEHGI” and “LKYPIEHGINTNWDD”
showed serum-specific signals for 12 and eight MS patients,
respectively. They represent the amino acid positions 61-75
and 67-81 from B-actin (ACTB) and gamma-actin (ACTG).
ACTB and ACTG have 98.9% sequence identity and they
differ only at the N-terminal end. Their protein sequences
were screened for autoantibody binding patterns by 129 dif-
ferent peptides on the microarrays (linear epitope mapping).
The region 67-75 (“LKYPIEHGI”), that is covered by both
filtered peptides, is likely to be an epitope of these proteins.
However, on closer inspection, the absolute peptide signals
were only moderately elevated (<2000) in MS samples com-
pared with controls (Table Il, supplemental File S4).
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MS-specific peptides
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Fic. 5. Summary of the results from profiling (auto)antibodies in
multiple sclerosis. Of the 3991 peptides analyzed, 852 were found to
be bound by IgG of at least one serum sample, and 255 peptides were
found to be bound by IgG of at least one CSF sample (first filtering
step based on MAID-scores and flag information). The upper Venn
diagram depicts the intersection of these two sets with 218 peptides.
In the second filtering step, we used Fisher’s exact test to identify
peptides that were IgG-reactive more often either in the RRMS patient
group or in the PPMS patient group than in the control group. In the
serum data set, 13 peptides were preferentially bound by sera of
RRMS patients (‘RRMS>CTR”). Antibody reactivities against six of
these peptides were also characteristic for sera of PPMS patients
(intersection with “PPMS>CTR” in the lower left Venn diagram). In
total, 33 and 23 peptides were filtered as MS-specific for serum and
CSF, respectively.

Marked IgG reactivities were observed for the EBV protein
EBNA1. Peptides matching this protein were selected from
the immune epitope repository IEDB (25). Hence, the EBNA1
protein was not represented in full length on the arrays. All 30
patients had serum antibodies binding to at least one peptide
derived from EBNAT1. The peptide “SGSPPRRPPPGRRPFFH-
PVG” (EBNA1 391-410) was filtered as MS-specific in the
serum data set (Table Il), whereas the peptide “GSPPRRP-
PPGRRPFFHPVGE” (EBNA1 392-411) was filtered as MS-
specific in the CSF data set (Table Ill). The sequences of the
two peptides are shifted only by a single amino acid. How-
ever, much stronger IgG reactivities were always observed for
the latter peptide, which had a higher average signal for CSF
than any other tested peptide and even saturated signal in-
tensities (>60,000) for 13 of the 30 sera (supplementary File
S4). Moreover, four overlapping peptides spanning the region
EBNA1 52-100 were found to be bound more often by IgG
from serum samples of MS patients (Table Il). Because these
peptides were recognized differently by the samples, one can
combine the results to better discriminate MS patients and
controls. With the criterion that a sample must show IgG
effects for at least two of the four peptides, which was the
case for one CTR, seven RRMS, and eight PPMS serum
samples, the differences between the groups were more sig-

nificant (Fisher’'s exact test p values <0.01) than for each
peptide alone.

Association of Antibody Responses to Clinical Parame-
ters— After the sampling of serum/CSF, the individual course
of disease was followed for 12 months for each MS patient.
Six of the RRMS patients were relapse-free in this observation
period, and three RRMS patients (RRMS_01, RRMS_03, and
RRMS_08) experienced a relapse (RRMS_09 left the study
during follow-up). In general, the degree of disability remained
stable. Only three female patients (RRMS_07, PPMS_01, and
PPMS_06) showed disease progression with an increase in
the EDSS of at least one point (supplemental File S1). In the
next step, we evaluated whether the peptide microarray data
correlated with the clinical and demographic characteristics
of the patients. More specifically, we tested whether the an-
tibody profiles were associated with age, gender, type of MS,
disease duration, disease activity (occurrence of relapses),
level of disability (change in EDSS), treatment status, pres-
ence of OCB, and CSF IgG index.

When we used the same filtering criteria to directly compare
both groups of MS patients (RRMS<>PPMS), largely the
same sets of peptides were filtered as in the comparisons
against the control group (Table Il and Table Ill). The
RRMS<>PPMS comparisons yielded only 11 additional non-
overlapping peptides (supplemental File S6). In general, stron-
ger antibody responses were seen for PPMS patients than for
RRMS patients (Fig. 5). Four PPMS patients (PPMS_
05, PPMS_07, PPMS_09, and PPMS_10) showed a dominant
CSF antibody profile. High signals were observed exclusively
for the CSF samples of these four patients in case of 10
peptides (Table lll). Six of the MS-specific peptides filtered
from the serum data set (Table Il) were preferentially bound by
serum IgG of PPMS patients (PPMS>RRMS). For instance,
“LKYPIEHGIVTNWDD” (ACTB/ACTG 67-81) showed a se-
rum-specific signal for seven PPMS patients but only for one
RRMS patient. On the other hand, antibody reactivities
against “GCKGTHGGTGAGAGAGGAGA” (EBNA1 81-100)
were measured for four patients with RRMS but no patient
with PPMS.

We further noted that serum antibodies against some pep-
tides derived from the EBV protein EBNA1 were less frequent
for OCB-negative patients and patients in clinical remission.
For instance, serum-specific reactivities against “RPQKRP-
SCIGCKGTHGGTGA” (EBNA1 72-91) were detected for none
of the three RRMS patients in remission (RRMS_01,
RRMS_03, and RRMS_09) but for six out of seven RRMS
patients that were recruited during a phase of relapse. Simi-
larly, the three female MS patients without IgG OCB
(RRMS_01, PPMS_04, and PPMS_06) each showed low sig-
nal intensities (<200) for “GRPGAPGGSGSGPRHRDGVR”
(EBNA1 52-71), whereas 10 OCB-positive MS patients
showed clear IgG effects (signals >2000).

Apart from that, there was no compelling evidence that the
individual antibody binding profiles correlate with disease ac-
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Fic. 6. Potential autoantigenic regions of selected proteins. IgG reactivities against 15mer peptides derived from the amino acid
sequences of MBP, MOG, AQP4, and CRYAB were measured in CSF and serum. The figures on the left show compact heatmap visualizations
(VisualMaps (39)) of the data for the serum/CSF-incubated microarrays and the two negative control microarrays (Buffer_1-2). Each row
corresponds to a microarray, and the antibody reactivities are visualized from the N- to the C terminus as calculated from the signals of
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tivity or even prognosticate disease progression. However,
this study was not explicitly designed and powered to detect
significant clinicodemographic differences between patients
with different antibody signatures.

Validation of CRYAB and EBNA1 Epitopes—Four peptides
(CRYAB 1-15 as well as EBNA1 52-71, 391-410, and 392-
411), which passed the MS-specific filtering of the peptide
microarray data (Table Il and Table Ill), were selected for the
ELISA analysis. Serum antibodies recognizing the peptides
were detected in the ELISA experiment with four different
HRP-conjugated anti-human IgG secondary antibodies. In
case of CSF, only polyclonal Zenon goat anti-human IgG Fab
fragments were used as secondary antibody. The full ELISA
results for all 30 paired serum/CSF samples and all negative
controls are given in supplemental File S7.

The ELISA data correlated with the microarray data for both
the serum samples and the CSF samples and for all peptides
and secondary antibodies used (Pearson correlation coeffi-
cients r>0.477 and respective p values <0.01). In both data
sets, the measured serum IgG reactivities against the three
peptides from CRYAB 1-15 and EBNA1 391-411 correlated
with each other because of sequence similarities (Pearson
correlation p values <0.01), but they did not correlate with the
data for EBNA1 52-71 (p values >0.45). Higher optical den-
sities (OD) were usually raised with Zenon Fab fragments, but
it should be noted that the absolute values largely depend on
the preparation and dilution of each secondary antibody. In
contrast to the microarray results, the secondary antibodies
did in general not bind to the peptides directly in the ELISA
negative control experiments (OD = 0.040). The only excep-
tion was a monoclonal anti-lgG antibody, which slightly cross-
reacted with the peptide representing EBNA1 391-410 (sup-
plemental File S7).

When comparing the groups of patients, ELISA confirmed
in part the findings obtained with the peptide microarrays,
despite the differences between both experimental ap-
proaches. Using an OD cut-off of = 0.610 for the data ob-
tained with Zenon anti-IgG Fab fragments, serum antibodies
binding to “MDIAIHHPWIRRPFF” (CRYAB 1-15) and “SGSP-
PRRPPPGRRPFFHPVG” (EBNA1 391-410) were detected
significantly more frequently in PPMS than in CTR (one-tailed
Fisher’s exact test p values <0.05). The OD for these two
peptides are visualized in Fig. 7. For CSF samples, there was
no ELISA reaction with OD= 0.610. However, with the cut-off
set at OD= 0.065, all four peptides were bound significantly
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Fic. 7. Verification of antibody responses to linear peptides by
ELISA. ELISA were run with selected peptides to validate the meas-
urement of serum/CSF antibody reactivities for all 20 MS patients and
10 controls. In this figure, the peptide microarray data (preprocessed
signal intensities, supplementary File S4) and the ELISA data (optical
density values, supplementary File S7) are compared for serum and
CSF and the two peptides “MDIAIHHPWIRRPFF” (CRYAB 1-15) and
“SGSPPRRPPPGRRPFFHPVG” (EBNA1 391-410). These peptides
share the sequence motif “RRPFF,” and they were significantly more
frequently detected by IgG in sera of MS patients in the microarray
data (Table Il). Patient IgG, which bound to the peptides, was meas-
ured using as secondary antibody polyclonal Zenon goat anti-human
IgG Fab fragments conjugated with either a fluorescent dye (in case of
peptide microarrays) or horseradish peroxidase (in case of ELISA)
(Thermo Fisher Scientific). As indicated by the gray orthogonal linear
regression lines, the data of both experiments correlated well (Pear-
son correlation coefficients r>0.6 and respective p values <0.001).
Different colors designate the three patient cohorts RRMS (red),
PPMS (yellow), and CTR (green).

more often by CSF antibodies from MS patients compared
with controls (supplementary File S7).

DISCUSSION

Overview on Study Design, Analysis, and Results—Here, we
examined the intrathecal and peripheral antibody repertoire
against almost 4000 peptides in progressive and relapsing
MS patients as well as controls by the use of custom high-
density peptide microarrays. These microarrays allowed to

overlapping peptides. Bands with elevated signals (yellow to red) and “epitope silent” regions (blue) are seen for MS patients as well as
controls. If the signals are as high as for the negative control microarrays, the bands are caused by cross-reactivities of the secondary anti-lgG
antibody. The MAID filtering method (40) followed by Fisher’s exact test identified linear epitopes that were significantly more frequently
recognized by MS patients (Table Il and Table lll). Filtered peptides were colored in orange in the three-dimensional protein structures, which
were downloaded from PDBj (41). Known or predicted structures were usually available only for truncated protein fragments, and monomers
are shown even if the proteins may form higher-order assemblies. MS-specific antibodies were found to bind peptides matching, e.g. a loop
within MBP (CSF data set) and the N-terminal region of CRYAB (serum data set). The respective peptide signal intensities are plotted in the
figures on the right for each individual subject. Gray horizontal lines indicate the cut-off for serum/CSF-specific signals. For instance, IgG to
CRYAB 1-15 (“MDIAIHHPWIRRPFF”) were detected for three RRMS, seven PPMS, and zero CTR serum samples.
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screen for IgG against linear epitopes of many potential au-
toantigens (n = 45 proteins, supplementary File S2) and ad-
ditional peptides previously described in the literature to be
MS-specific or viral epitopes. The antibody signatures of the
paired serum and CSF samples correlated, though signal
intensities were in general lower for CSF-incubated arrays
than for serum-incubated arrays. Still, ~17% of the peptides
had a higher mean signal intensity in the CSF data set, indi-
cating that the antibody repertoire is somewhat different be-
tween the body fluids. The group-specific analysis revealed
significantly increased serum/CSF antibody responses in MS
patients compared with the control cohort. More peptides
were filtered for serum, and a different and smaller set of
peptides was filtered for CSF, suggesting both a peripheral
and intrathecal immune dysregulation. A possible scenario is
that the concentration of certain antibodies is reduced in the
CSF because they are bound to tissue, as has been shown for
anti-MOG antibodies (43). MS-associated antibody specifici-
ties identified in this study included peptides derived from 19
human proteins and four EBV proteins (Table Il and Table llI),
which will be discussed in more detail later in this section.
The microarray data clearly showed that samples of differ-
ent patients recognized different sets of peptides, illustrating
that antibody reactivities are highly individual (Fig. 4). Environ-
mental and genetic factors have an impact on adaptive im-
mune responses, which can result in a diverse range of anti-
bodies possibly targeting distinct epitopes of the same
antigen. Therefore, a significant proportion of the immunosig-
nature is personal. We used a two-step filtering approach to
identify a disease signature over the personal ones (39). First,
we determined for each serum/CSF sample, which peptides
were bound by IgG. Secondly, we evaluated for each peptide
whether MS patients had more often a serum/CSF-specific
signal than the controls. By this means, antibody reactivities
against 54 peptide sequences were filtered as more common
in RRMS or PPMS, which may seem surprisingly few consid-
ering that 3991 peptides were tested, most of which were
derived from proteins for which earlier studies provided evi-
dence that they are autoantigens in MS (18, 39). However, one
should note that large parts of an antigen are “epitope silent”
and that the B-cell immunodominant regions usually consist
of only few epitopes (44) (Fig. 6). Despite the relatively small
sample size with 10 patients per group, there was a remark-
able overlap in the results for RRMS and PPMS. Antibodies in
serum/CSF against eight peptides were significantly more
often found in both subtypes of MS than in controls (Fig. 5).
Thus, more than half of the peptides filtered as RRMS-specific
were also filtered as PPMS-specific. The robustness of the
results is further shown by the fact that pairs of overlapping
peptides were filtered. Nevertheless, MS is a heterogeneous
disease, and if certain disease-specific antibodies are present
in only a small percentage of patients, we could not detect
them in the present study with the applied filtering criteria.
Another critical point is that, although we filtered no MS-

specific linear epitope for a subset of the examined proteins
(supplemental File S2), our data should not be misinterpreted
as disproving these proteins as autoantigens in MS. The
antibody binding of epitopes depends on both the specific
amino acid residues and their structure in three-dimensional
space. Peptides presented on arrays represent just small
parts of a protein sequence and may thus not be displayed in
the correct conformation to be bound by IgG with high affinity.
On the other hand, while conformational epitopes have been
missed, peptides recognized by antibodies may not be ac-
cessible in the natively folded protein as a linear epitope.
Therefore, the microarray results may contain peptide-anti-
body reactivities that are not pathologically relevant in vivo.
These methodological issues are important to consider be-
cause the variety of technologies used for assaying antibodies
also explains why sometimes divergent results are reported
by different research groups (18).

None of the tested peptides was 100% specific and 100%
sensitive for relapsing or progressive MS. In fact, many IgG
responses were also seen in serum/CSF samples of the con-
trol group. Only 18 of the 54 filtered peptides showed signal
intensities below the MAID-score cut-off in all control sam-
ples. This suggests that immune reactivities against these
peptides are typically just more frequently seen in MS and
possibly reflect an overabundance of naturally occurring au-
toreactive antibodies (23). Increased reactivities in control
samples (CTR>RRMS or CTR>PPMS), on the contrary, were
observed for only four peptides (supplementary File S6). Sam-
ples of RRMS and PPMS patients recognized to some degree
the same peptides, but, unexpectedly, more peptides were
filtered for PPMS>CTR than for RRMS>CTR (Fig. 5). Though,
in the CSF data set, this pattern was dominated by four PPMS
patients with relatively high total CSF IgG levels (PPMS_05,
PPMS_07, PPMS_09, and PPMS_10), the serum antibody
profiles pointed to a broadened immune response in the
PPMS cohort as well. It may be speculated whether this
reflects the PPMS patients’ higher grade of disability (Table I)
and/or diffuse rather than focal CNS inflammation (45). An
earlier study by Quintana et al. with microarrays containing
<370 peptides analyzed serum antibody signatures in RRMS
and PPMS as well. Compared with healthy controls, they
found five peptides with higher IgG reactivity in PPMS pa-
tients, but none in RRMS patients (29). These five peptides
were not filtered as MS-specific in our study. However, our
data confirmed several previously known antigens and
epitopes, and, in addition, a number of hitherto unknown
potential epitopes could be revealed.

MBP: Evidence of a Flexible Loop Epitope—Some re-
searchers already used human samples to screen the MBP
protein for linear epitopes. Belogurov et al. tested 12 peptides
covering the MBP sequence (isoform 5) for serum IgG reac-
tivities (46). Three of their peptides overlapped with the pep-
tide MBP 257-276 (“PGFGYGGRASDYKSAHKGFK?”), which
was filtered as PPMS-specific in our CSF IgG data set (Table
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). In their study, all three peptides showed significantly
higher antibody levels in the PPMS/SPMS group compared
with the healthy group. Moreover, we filtered “DTGILDSIG-
RFFGGD” (MBP 168-182) as frequently bound by sera of
PPMS patients (supplemental File S6), which is also in ac-
cordance with the findings by Belogurov et al. (46). The region
MBP 257-276 forms a flexible loop at the protein surface (Fig.
6), and it was previously shown to be the immunodominant
epitope in a peptide microarray analysis with CSF of MS
patients (33). However, serum antibodies against this region
seem to be present in other (auto)immune diseases as well.
Pediatric patients with acute disseminated encephalomyelitis
(ADEM) presented even higher peripheral IgG reactivities for
this epitope than RRMS patients (31). Moreover, roughly 20%
of sera from patients with Sjogren’s syndrome, systemic lu-
pus erythematosus, and rheumatoid arthritis were found to be
IgG-positive for the peptide “HKGFKGVD” (47), and serum
antibodies against another peptide overlapping with this re-
gion were described for 29% of cases with Semple rabies
vaccine-induced autoimmune encephalomyelitis (SAE) (48).
Because of the immune response to MBP and pathological
demyelination, SAE can be regarded as the human homolog
of experimental autoimmune encephalomyelitis (EAE), a dis-
ease that can be induced in animals by immunization with
myelin antigens from the CNS (49). EAE is widely used as a
model for MS, and a considerable amount of literature has
investigated the cellular and humoral response to MBP in this
condition. However, differences in encephalitogenicity of
MBP peptides have been observed between different animal
strains, most likely because of differences in antigen presen-
tation. For the same reason, it is difficult to compare the
characteristics and the relevance of anti-MBP antibodies in
EAE and MS. Some researchers have shown that autoanti-
bodies against native human MBP have low binding affinities,
that they are relatively infrequent in MS (50) and that they are
found in sera of healthy individuals as well (51).

MOG: Peptides Mimic Parts of a Milk Protein—Several
studies have aimed to establish a role for antibodies targeting
MOG, a membrane protein expressed on the surface of my-
elin sheaths. MOG is homologous to the N-terminal domain of
the bovine milk protein butyrophilin (BTN). It has therefore
been postulated that the consumption of milk provides a
source of BTN-derived peptides that cross the gut mucosa to
stimulate cross-reactive immune responses (52). Our peptide
microarray analysis revealed MS-specific CSF antibodies
against the peptide “RNVRFSDEGGFTCFF” (MOG 115-129)
(Table Ill, Fig. 6). This confirmed the results by Guggenmos et
al., who measured IgG reactivities in paired serum and CSF
samples against 25mer peptides derived from MOG and BTN
and showed that antibodies binding to a peptide containing
this region were present more frequently in CSF (60%) than in
sera (9%) of MS patients (52). In our data, a higher average
signal intensity was found for this peptide in CSF compared
with serum, suggesting intrathecal IgG synthesis, but the

signals were overall modest, indicating low concentration
and/or low affinity. Another study has been reported by Mayer
et al., who expressed mutants of MOG on human Hela cells
and analyzed sera from patients with different diseases, in-
cluding ADEM, neuromyelitis optica (NMO) and pediatric MS
(53). No association between epitope recognition and clinical
presentation was found. However, the second most fre-
quently recognized IgG epitope was located at the mem-
brane-distal FG-loop (His'®? and Ser'®®) and thus close to the
region identified in our study. For the overlapping peptide
“DEGGFTCFFRDHSYQ” (MOG 121-135), we measured a se-
rum-specific and CSF-specific signal for 28 and seven sub-
jects, respectively. Hence, antibody reactivities against this
epitope were indeed common, but they were not filtered as
MS-specific in our study as they were also often seen in
controls. The most frequently recognized epitope described
by Mayer et al. encompasses amino acid Pro”" (53). Others
found significantly elevated levels of IgA and IgG binding to
the respective region in serum and plasma of MS patients (54,
55), which correlated with anti-BTN antibody levels (55), again
supporting the hypothesis that an autoimmune response is
caused by molecular mimicry. However, in our data, the cor-
responding peptide “VGWYRPPFSRVV” (MOG 66-77) was
detected with high signals (>1000) for the arrays incubated
with the secondary antibody only. Because no serum/CSF-
incubated microarray had a much higher signal, the peptide
did not pass the first filtering step. The specificity of MOG
antibodies thus remains controversial. Evidence is accumu-
lating that MOG antibodies are in fact associated with a broad
spectrum of CNS demyelinating diseases, that they are more
often present in pediatric patients than in adults and that
conformational MOG epitopes are more relevant in vivo than
linear epitopes (56).

Other Brain Proteins: Common IgG Response to Linear
AQP4-Derived Peptides—Another putative myelin autoanti-
gen in MS is MAG (18). In our study, reactivities against five
peptides from three different regions of this protein (MAG
49-69, 103-129, and 217-231) were filtered as PPMS-spe-
cific for serum/CSF IgG. Such distributed epitopes, which
may result from intramolecular epitope spreading, were also
identified for other proteins, e.g. ACTB/ACTG and PERT. An-
dersson et al. previously examined the B- and T-cell response
of MS patients to five peptides representing 16% of the MAG
protein sequence (57). However, there was no overlap with
our results. Thus, the validation of linear MAG epitopes merits
further research.

In contrast, much more is known about the astrocyte pro-
tein AQP4, which was included in the profiling, because
AQP4-specific antibodies are important in the differential di-
agnosis of MS. Anti-AQP4 seropositivity was originally found
in 73% of NMO patients, but 5-10% of MS patients also have
such autoantibodies (58). The antibodies were reported to
bind conformational epitopes formed by three extracellular
loops (A, C, and E) when AQP4 is organized in membrane
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aggregates called orthogonal arrays of particles (59, 60). Es-
pecially loop E (AQP4 226-230) seems to contribute to an IgG
epitope (61, 62). In our data set, the corresponding peptide
“IMGNWENHWIYWVGP” (AQP4 223-237) was bound by se-
rum antibodies of all 30 patients and by CSF antibodies of 14
patients (supplemental File S4). The group-specific filtering
(PPMS>CTR and RRMS>CTR) revealed a sequence close to
loop E (“AVLAGGLYEYVFCPD,” AQP4 241-255), which
showed a serum-specific signal for all 20 MS patients but only
four controls (Table I, Fig. 6). Another research group per-
formed an epitope mapping using peptides spanning all in-
tracellular and extracellular (but not transmembrane) parts of
AQP4 (63, 64). They found that ~20% of NMO patients and
~10% of MS patients have increased serum IgG reactivities
against an intracellular region (AQP4 252-275), which over-
laps with the peptide filtered in our study. It can be speculated
that this region contains a neoepitope, that is, a site normally
not exposed to the immune system, except during patholog-
ical processes. However, whether such neoepitope antibod-
ies contribute to disease or are simply secondary markers of
CNS tissue damage remains to be determined.

Some Autoreactive Antibodies in MS Resemble Those of
Other Diseases— Several of the 54 filtered peptides were de-
rived from proteins that are not specifically expressed in brain
and spinal cord. Antibodies targeting these proteins have
been described for MS, but they are occasionally also present
in serum of patients with other diseases (18, 39). For instance,
about 10% of MS patients were shown to have serum anti-
bodies specific for DCE2 (also known as GADG65) (65), which
are markers for diabetes mellitus type 1. In our analysis,
antibodies toward the C-terminal end of DCE2 (571-585,
“IDFLIEEIERLGQDL”) were significantly more frequently
found in sera of the PPMS group (Table Il). The N- and
C-terminal regions of proteins are typically nonstructured and
exposed. Therefore, if there is an epitope, it is likely to be
detected by linear peptides on microarrays. The C terminus of
DCE2 was already located as the main linear epitope in earlier
studies focusing on diabetes mellitus type 1 (66, 67) and stiff
person syndrome (68, 69). In addition to DCE2 571-585, we
filtered MS-specific reactivities to peptides from the N- and C
terminus of CRYAB and S100A1 (Table II).

We also identified elevated IgG levels against distinct po-
tential epitopes of PERT (also called TPO), which is a major
autoantigen in autoimmune thyroid disease. Some antipep-
tide reactivities were present in most of the sera. For instance,
29 and 28 serum samples were found to contain antibodies
binding to “DDRYSDLLMAWGQYI” (PERT 223-237) and
“LYKHPDNIDVWLGGL” (PERT 625-639), respectively. For
CSF samples, these two peptides showed high signals for
more MS patients than controls (Table Ill, supplementary File
S6). Thus, antibodies recognizing these peptides seem to
belong to the natural human immune repertoire, and their
presence in CSF of MS patients may be a consequence of
blood-brain barrier defects and/or local bystander activation

of B cells during ongoing neuroinflammation. Although the
underlying processes deserve further investigation, there is
evidence in the literature that the two filtered peptides (PERT
223-237 and 625-639) indeed reflect epitopes of the protein
(70). Gora et al. determined Arg?2® and Lys®?” as key residues
for the immunodominant epitopes of PERT by single amino
acid mutagenesis (71). Moreover, anti-PERT IgG were shown
to recognize the 589-633 fragment when expressed as re-
combinant truncated fusion protein (72).

Our data further highlighted two SPTA2-derived peptides.
SPTA2 679-693 (“QQQQFNRNVEDIELW”) was filtered with
MS-specific signals for serum (Table Il), whereas SPTA2
37-51 (“RQKLEDSYRFQFFQR”) was filtered for CSF (Table
lll), again suggesting differential antibody responses in the
periphery and within the CNS. The latter peptide overlaps with
an epitope (“FQFFQRDAEELEKW”) described for autoanti-
bodies in patients with Sjogren’s syndrome (73).

CRYAB: IgG Binding the N-terminal Region May Result
from EBV Infection— One of the most debated autoantigens in
MS is crystallin alpha-B (CRYAB), a heat shock protein with
suppressive effects on (neuro)inflammation through chaper-
one-like activities (74). CRYAB binds a spectrum of unfolded
or aggregated proteins, and it is highly expressed as a 24-
subunit multimer in the eye lens, where it is a target antigen in
patients with intraocular inflammation (75). Similar autoim-
mune processes might take place in CNS inflammation. Our
microarray data revealed two different MS-specific epitopes,
CRYAB 1-15, which showed serum-specific signals for 10 MS
patients but no control (Table Il), and CRYAB 37-57, for which
CSF-specific reactivities were observed for six MS patients
but no control (Table Ill). Thus, different parts of the protein
were preferentially recognized in the different compartments.
The peptide representing the N-terminal epitope (“MDIAIHH-
PWIRRPFF,” CRYAB 1-15) showed higher average signals in
the data than any other peptide derived from human proteins
(supplemental File S4), and, remarkably, the respective sig-
nals were also relatively high (>1000) for both negative control
microarrays. Because all negative controls in the ELISA anal-
ysis clearly showed no reactivity to this peptide (supplemen-
tary File S7), we speculate that the secondary antibody cross-
reactivity in the microarray experiment is explained by the
negatively charged fluorescence dye (Alexa Fluor 647), which
may interact with basic side chains (e.g. of arginine). The
second epitope was identified by two overlapping 15mer pep-
tides (“LFPTSTSLSPFYLRP” and “SLSPFYLRPPSFLRA,”
CRYAB 37-57), which showed CSF reactivities at levels sug-
gestive of intrathecal IgG production. Interestingly, some MS
patients had antibodies against only one of these two
epitopes. Therefore, in combination, a better stratification of
MS and CTR is possible. Earlier microarray studies by Stein-
man et al. already identified these two regions as immuno-
genic. The group found antibodies recognizing CRYAB 1-20
in the CSF of MS patients (33, 34), but when comparing sera
of RRMS and ADEM patients, reactivities to this peptide were
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even increased in the ADEM cohort (31). In yet another study,
they measured elevated CSF antibody responses to CRYAB
21-40, which partially overlaps with the second epitope from
our study, in MS patients (32). T cells from immunized mice
and rat strains also show proliferative responses specifically
against these two regions (as reviewed by Starckx et al. (76)).
Notably, the putatively MS-specific epitopes CRYAB 1-15
and 37-57 (in particular the amino acids Pro'® and Pro*6) are
very close to each other in the secondary structure of the
protein (77). We measured antibodies binding to the region
between these epitopes (CRYAB 13-27, “PFFPFHSPSR-
LFDQF”) in all 30 sera and in 24 of the 30 CSF samples
(supplemental File S4). Thus, in principle, all subjects pre-
sented a peripheral anti-CRYAB response, but the IgG fine-
specificity seems to be different between MS and CTR. This is
in line with findings reported in a series of publications by van
Noort et al. They concluded that in an adult human immune
repertoire, selective reactivity against CRYAB at the level of
serum antibodies, but also at the level of T cells, appears to be
normal (78, 79). They further suggested that, rather than this
repertoire as such, an accumulation of CRYAB and its local
presentation as an antigen in the CNS distinguishes MS pa-
tients from healthy subjects (79). Indeed, CRYAB is expressed
at elevated transcript and protein levels in active MS lesions
(80, 81). This up-regulation of CRYAB is assumed to be part of
an early reparative innate response, but the acquired immune
response against CRYAB abrogates these immunosuppres-
sive effects and thus promotes the progression of demyelina-
tion (82).

The autoimmune response to CRYAB has been discussed
to involve cross-priming during viral infection. There is evi-
dence that infection of B cells with EBV induces the expres-
sion of CRYAB and its presentation to T-cells (83). Moreover,
CRYAB and a known epitope of the EBV protein EBNA1 share
an amino acid sequence motif (‘RRPFF,” CRYAB 11-15, and
EBNA1 402-406) (84). In our peptide microarray and ELISA
analyses, both epitopes were filtered as MS-specific (Table I,
supplemental File S7), with 1gG recognizing CRYAB 1-15
detected only in samples that also contained IgG recognizing
the EBNA1 epitope. Molecular mimicry and altered B-cell
activity can result in the loss of immunological tolerance. The
appearance of autoreactive antibodies targeting CRYAB
could thus be the side effect of an infection with EBV, but
further research is needed to confirm this hypothesis.

Distinct Epitopes of EBV Protein EBNAT1 are Preferentially
Recognized in MS—Because of the strong epidemiological
association, it is assumed that EBV may play a necessary but
not sufficient role in the initiation of MS (85). However, the
mechanisms have not been fully elucidated. The EBV-medi-
ated transformation of infected B cells, which confers resist-
ance to apoptosis, may pose a challenge. On the other hand,
a dysregulated EBV-specific immune control in MS patients
may contribute to autoimmune processes (86). A major anti-
gen of EBV is EBNA1, a multifunctional DNA-binding protein

maintaining the virus in latently infected proliferating cells (87).
A total of 39 EBNA1-derived peptides, representing 70% of
the entire protein sequence, were included on the arrays
based on IEDB (25). The analysis of the data revealed that all
30 sera were IgG-positive for at least one of these peptides,
that respective antibody reactivities were generally lower in
CSF and that MS patients typically present a robust and
qualitatively different anti-EBNA1 antibody signature. The six
overlapping peptides that were actually filtered (Table Il and
Table Ill) resemble distinct known epitopes. For instance, IgG
against EBNA1 391-411 (“SGSPPRRPPPGRRPFFHPVGE”)
were significantly more often found in CSF of PPMS patients
and in serum of both RRMS and PPMS patients. This is
consistent with various previous studies, which showed in-
creased IgG responses to EBNA1 385-420 (or fragments
thereof) in serum, plasma and CSF of MS patients compared
with controls (88-93). According to reports by Sundstrom et
al., antibodies recognizing this region are more strongly as-
sociated to MS than antibodies against the full-length EBNA1
protein (88, 89), and, in combination with the genetic marker
HLA-DRB1*1501, they implicate a 24-fold increased risk to
develop MS (90). However, linear epitope mapping studies
found serum IgG binding to EBNA1 398-411 also in patients
with systemic lupus erythematosus (SLE) (94) and in patients
with infectious mononucleosis (a disease resulting from pri-
mary infection with EBV) (95) at elevated levels in comparison
to healthy controls. The region was shown to cross-react with
the sequence “PPPGMRPP” of the lupus spliceosomal au-
toantigen SNRPB (95, 96). Moreover, as described above, the
region contains the sequence motif “RRPFF” (EBNA1 402-
406), which is also present in CRYAB (84).

The filtering further identified four overlapping peptides
highlighting MS-specific antibody responses to EBNA1 52—
100, a transition sequence at the end of a region with GA-rich
repeats (EBNA1 90-328). The GA-rich region has been de-
scribed as the primary target of the normal peripheral humoral
immune response (92-95,97). This is verified by our data. For
instance, the GA-rich peptide “GGAGAGGGAGAGGGAG,”
which occurs four times in EBNA1 (101-116, 122-137, 140-
155, and 167-182), was bound by almost all sera (all except
CTR_07 and RRMS_01). Therefore, this peptide did not pass
the MS-specific filtering either for the serum data set or for the
CSF data set, where less samples showed high signals (n =
12). Otherwise, in line with previous studies (88, 90), serum
IgG to EBNA1 52-100 were significantly more frequently ob-
served in the MS group (Table Il). A study with nasopharyn-
geal carcinoma (NPC) patients, however, also showed in-
creased IgG and IgA reactivities to this region in comparison
to healthy subjects (97), and antibodies to an epitope over-
lapping with this region (EBNA1 35-58) were found at higher
concentrations in sera of both SLE and MS patients (96).
Thus, EBNA1 52-100 harbors distinct epitopes, which ex-
plains the differences between the individual patients in the
data for the four filtered peptides (see “Results”). It is worth to
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mention that identical amino acid sequences are present in
EBNA1 and MBP. EBNA1 64-68 (“PRHRD”) matches MBP
164-168, and EBNA1 74-78 (“QKRPS”) matches MBP 137-
141. This potentially means that protective immune responses
against the virus cause pathological immune responses
against human proteins. For the respective MBP peptides, no
serum/CSF-specific signal was measured for any MS patient,
but cross-reactive conformational epitopes cannot be ex-
cluded based on our data.

Other EBV proteins were recognized as well. Eight RRMS
patients had serum IgG to “PPAAGPPAAGPPAAGPPAAG,” a
known linear epitope occurring repeatedly in EBNAG6 566-595
(98), though few controls (n = 3) showed similar reactivities.
Most PPMS patients had antibodies binding to EAR (also
known as BHRF1) 63-77 (“ETFTETWNRFITHTE"). This pep-
tide was found to be the dominant IgG epitope in patients with
NPC and other EBV-associated tumors (99), again illustrating
that the immune response to this common virus is a marker
for a range of diseases. In a recent peptide microarray study
by Ruprecht et al., serum IgG against a larger panel of EBV
proteins were profiled more systematically. In accordance
with our results, they concluded that the anti-EBV response is
elevated and broadened in MS, with EBNA1 being the pre-
dominant target (100). However, future studies may compare
the response to EBV in different phases of the disease (e.g.
relapse and remission) and for different antibody isotypes
(IgG, IgM, and IgA).

Mimotopes of CSF IgG from MS Patients—A subset of
seven of the 54 filtered peptides were selected for the arrays
based on four IEDB-linked studies (101-104), which have
determined mimotopes of CSF IgG from MS patients using
random peptide libraries displayed on phage. Our data con-
firmed that these seven peptides are more often recognized
by CSF antibodies from MS patients than from controls. How-
ever, IgG against these peptides were also found in serum.
The peptides “WHAPQTPYWASM” and “ARWELNLEPLY-
GPY” even showed high signals for all 30 serum samples.
Because the native antigens of the respective antibodies have
so far not been identified, their further study is warranted.

Outlook and Conclusion—In the present study, we explored
antibody reactivities to almost 4000 peptides. However, this
still represents a very incomplete antibody profiling as only a
fraction of the “epitome” was addressed. So far, it was not
possible to investigate the binding of antibodies in a pro-
teome-wide manner, but new methods for in situ synthesis of
peptides on ultra-dense arrays have made this now achieva-
ble. Using a photolithographic approach, about 2 million dif-
ferent peptides can be synthesized on a slide (105), which
facilitates a linear epitope mapping of all human proteins
(106). With such technologies, much broader MS-specific
(auto)antibody patterns will be defined, and this may ulti-
mately yield better biomarkers as well as important insights
into the pathogenesis of MS. On the other hand, the antigens
and epitopes that have been associated with MS in the past

(e.g. the epitopes in EBNA1 and CRYAB) should be further
scrutinized in focused studies. The true specificity of combi-
nations of antigenic targets has yet to be established for
different stages of MS (e.g. CIS, RRMS, and SPMS) and in
comparison to MS-related diseases (e.g. NMO and ADEM) as
well as other neurological and inflammatory diseases. More-
over, it is largely unclear whether the presence of certain
antibodies distinguishes SPMS and PPMS or patients with a
more aggressive course of disease, whether the (auto)immune
response changes over time with disease progression and
whether current treatments for MS modulate the antibody
repertoire in the long term. The potential epitopes identified in
our study (Table Il and Table lll) justify testing in larger patient
cohorts according to these settings, but also recently pro-
posed MS autoantigens not included in our analysis, e.g.
Kir4.1 (KCNJ10) (107), alpha-actinin-1 (ACTN1) (108), and
additional candidates that were identified by screening for IgG
against proteins or protein fragments (109-112), should be
further investigated. Complementing methods have to be ex-
ploited to validate whether respective antibodies are indeed
pathogenetically or physiologically autoreactive by binding
properly folded proteins and/or degraded proteins from dam-
aged tissues. The reactivities of IgG in serum/CSF should be
also compared more systematically to those of other immu-
noglobulin isotypes (e.g. IgM and IgA) in other body fluids.
Furthermore, to confine putatively MS-specific epitopes, the
binding of modified linear peptides (e.g. mutated, glycosy-
lated, or citrullinated ones) might be studied. This may help to
uncover cross-reactive protein sequences in infectious
agents and thus provide clues about the initiation of autore-
active immune responses that are implicated with neurode-
generation in MS. However, a more complete picture of the
disease will be only achieved by a better understanding of the
formation of immunoglobulins (113), the presentation of anti-
gens, the activation of B and T cells and the processes in the
CNS that are altered in MS patients.

In summary, high-density peptide microarrays were used
for the first time to profile autoantibody reactivities in paired
serum and CSF samples of RRMS and PPMS patients. The
measured antibody responses were highly individual but cor-
related to a large degree for CSF and serum. IgG reactivities
against 54 peptides were significantly more frequently ob-
served in MS patients compared with controls. Similar results
were obtained for RRMS and PPMS, but the reactivities were
increased and broader for PPMS patients. The filtered pep-
tides match to sequences of 19 human proteins and four EBV
proteins. The MS-specific anti-EBNA1 response, which is
suspected to cross-react with CRYAB, was particularly ro-
bust. Despite the limited sample size bearing a risk of false-
positive results, several known antigens and epitopes were
confirmed by our data, and hitherto unknown potential linear
epitopes were identified. However, as discussed, some of the
respective antibodies were previously described to be present
also in serum of patients with various other diseases, and
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autoantibodies that belong to normal immune repertoires
seem to be synthesized intrathecally in MS. More research is
clearly needed to understand the etiology and implications of
(epitope-specific) autoreactive antibodies as well as anti-EBV
antibodies and to translate this knowledge into clinical care by
defining better diagnostic and prognostic biomarkers and
novel therapeutic strategies.
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