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Acute inflammatory demyelinating polyneuropathy (AIDP) -
the main form of Guillain-Barre syndrome—is a rare and
severe disorder of the peripheral nervous system with an
unknown etiology. One of the hallmarks of the AIDP patho-
genesis is a significantly elevated cerebrospinal fluid (CSF)
protein level. In this paper CSF peptidome and proteome in
AIDP were analyzed and compared with multiple sclerosis
and control patients. A total protein concentration increase
was shown to be because of even changes in all proteins
rather than some specific response, supporting the hypoth-
esis of protein leakage from blood through the blood-nerve
barrier. The elevated CSF protein level in AIDP was com-
plemented by activization of protein degradation and much
higher peptidome diversity. Because of the studies of the
acute motor axonal form, Guillain-Barre syndrome as a
whole is thought to be associated with autoimmune re-
sponse against neurospecific molecules. Thus, in AIDP, au-
toantibodies against cell adhesion proteins localized at
Ranvier’s nodes were suggested as possible targets in
AIDP. Indeed, AIDP CSF peptidome analysis revealed cell
adhesion proteins degradation, however no reliable de-
pendence on the corresponding autoantibodies levels was
found. Proteome analysis revealed overrepresentation of
Gene Ontology groups related to responses to bacteria and

virus infections, which were earlier suggested as possible
AIDP triggers. Immunoglobulin blood serum analysis
against most common neuronal viruses did not reveal any
specific pathogen; however, AIDP patients were more im-
munopositive in average and often had polyinfections. Cy-
tokine analysis of both AIDP CSF and blood did not show a
systemic adaptive immune response or general inflamma-
tion, whereas innate immunity cytokines were up-regu-
lated. To supplement the widely-accepted though still un-
proven autoimmunity-based AIDP mechanism we propose a
hypothesis of the primary peripheral nervous system damag-
ing initiated as an innate immunity-associated local inflam-
mation following neurotropic viruses egress, whereas the au-
toantibody production might be an optional complementary
secondary process. Molecular & Cellular Proteomics 15:
10.1074/mcp.M115.056036, 2366–2378, 2016.

Guillain-Barre syndrome (GBS)1 is a rare severe disorder of
the peripheral nervous system (1, 2). The etiology of this
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disease has remained an intriguing question for decades (2,
3). The first description of the symptoms of the disease,
including ascending paralysis, was reported by Landry in
1859 (4) and further elaborated in 1916 when Guillain, Barre,
and Strohl performed a more sophisticated description of this
abnormality of the neural system (5). The development of
experimental allergic neuritis (EAN) by injecting peripheral
nervous tissue together with Freund’s adjuvant into rabbits
disclosed some similarities with the autoallergic symptoms of
GBS, which finally allowed attributing this disease to neuroau-
toimmunity (6).. The autoimmune features of GBS were further
supported by Asbury et al. in their autopsy studies of GBS
patients (7). More recently, precise cellular immunological and
immunochemical studies of EAN models allowed researchers
to partially uncover the mechanisms of GBS development and
pathogenesis (8, 9). Comparable methodologies have de-
scribed the induction and immunological features of EAN as
the GBS model of peripheral neurodegeneration and experi-
mental allergic encephalomyelitis (EAE) as the model for mul-
tiple sclerosis (MS), which lead to neurodegeneration in the
central nervous system and thereby provide additional oppor-
tunities for speculating about the etiology of these diseases
(9, 10).

The overall incidence of GBS in Western countries has been
estimated to range from 0.89–1.89 cases per 100,000 per-
sons per year (11). GBS is defined as a paralytic demyelinat-
ing disorder that is accompanied by massive lymphocytic
infiltration and damage to the myelin sheath of the peripheral
nerves. GBS is a monophasic self-limiting disease, and most
patients fully recover. Recurrence is observed in 3–10% of
patients. There are at least four subtypes of GBS, which are
differentiated by nerve electrophysiological characteristics,
and they have different pathogenesis and appearances: acute
inflammatory demyelinating polyradiculoneuropathy (AIDP);
acute motor axonal neuropathy (AMAN); acute motor and
sensory axonal neuropathy (AMSAN); and Miller Fisher syn-
drome (3). Although the precise incidence of each GBS sub-
type has not been elucidated, it is believed that AIDP ac-
counts for about 90% of all GBS cases in Western countries
(12).

According to the data reported by a number of studies,
various viral and bacterial infections precede a considerable
portion of GBS patients. Campylobacter jejuni (13, 14), Ep-
stein-Barr virus (EBV), cytomegalovirus (CMV) (13, 15), and
Mycoplasma pneumoniae (13) are among the most common
infectious agents that are thought to be able to trigger GBS.
Besides, the first strong evidence that Zika virus can cause
GBS development was published recently (16). There are
some suggestions regarding the recruitment of molecular
mimicry mechanisms and cytokine stimulation in the patho-
genesis of GBS (17, 18). Campylobacter jejuni is regarded as
the most probable trigger of the axonal forms of GBS (i.e.
AMAN and AMSAN). The antibodies to Campylobacter jejuni
have an affinity for GM1 and GD1A gangliosides, which are

located in the paranodal areas and the nodes of Ranvier in
peripheral nerves (19, 20). Final disruption of the functioning
of ionic channels blocks transmission along the nerve fiber
leading to muscle weakness and sensory dysfunction. It has
been suggested that the environmental hypothesis of GBS
induction strongly correlates with that of MS triggering, where
LMP1 (the EBV characteristic antigen) was recently docu-
mented as a specific “molecular signature” in the immunolog-
ical repertoire of MS patients (21). Nonetheless, the patho-
genesis of the most prevalent AIDP form of GBS remains
poorly understood.

One of the diagnostic signs of GBS, which was observed
almost a century ago, is an elevated CSF protein level without
an elevated cell count (i.e. albuminocytologic dissociation) (5).
Usually, the CSF protein concentration is normal for the first
few days of the disease, but begins to rise by the end of the
first week, peaking at 4–6 weeks (22). Importantly, the CSF
protein concentration is 100- to 200-fold lower than in blood
(23, 24). This fact must considerably simplify the identification
of neuro-specific proteins and their fragments in the CSF.
Previously, the CSF proteome of GBS patients was studied
using exclusively the 2D-PAGE technique in search for pro-
teins specifically up- or downregulated in GBS patients (25–
28). In total, �20 such proteins were identified in all those
studies, and most were highly abundant plasma proteins.
Taking into consideration the known limitations of the 2D-
PAGE method (e.g. its limited dynamic range of detection and
inapplicability toward highly acidic, highly basic, large, small,
or membrane proteins), those results can hardly be regarded
as comprehensive. Because the catabolic degradation of pro-
teins depends on the physiological state of the tissue, we
believe that the proteomic and peptidomic composition of the
CSF from AIDP patients should provide useful information on
the pathogenetic mechanisms. Our data demonstrate that, in
contrast to control patients, the CSF from AIDP patients is
enriched with peptides related to the proteins involved in the
arrangement of the axonal domains, whereas the overrepre-
sented in AIDP proteins are mainly linked with the defensive
responses to bacteria. These observations are in line with the
up-regulation of CSF cytokines associated with innate immu-
nity. On the basis of our results as well as critically reconsid-
ered previously published data we suggest a hypothesis for
the AIDP pathogenesis without the leading role of autoim-
mune processes.

MATERIALS AND METHODS

MATERIALS

The following chemicals were used: sequencing-grade
modified trypsin (Promega, Madison, WI), iodoacetamide, di-
thiothreitol (DTT), formic acid (FA) and trifluoroacetic acid
(TFA) (Sigma-Aldrich, St. Louis, MO), glycine, tris-(hydroxym-
ethyl)-aminomethane (Tris-HCl) (Panreac, Spain), and ammo-
nium acetate (Fluka, Germany). Hypergrade-quality acetoni-
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trile (ACN) for LC-MS LiChrosolv®, acetone for liquid
chromatography (Lichrosolv®), gradient-grade methanol for
liquid chromatography (LiChrosolv®), gradient-grade ethanol
for liquid chromatography (LiChrosolv®), and HPLC-grade
water were purchased from Merck (Darmstadt, Germany).

PATIENTS

Sample names, descriptions, characteristics and grouping
are listed in the supplemental Table S1. The GBS group
included 88 patients who received examinations and treat-
ments at the Research Center of Neurology (Moscow, Rus-
sia). GBS was diagnosed according to criteria of the Brighton
Collaboration GBS Working Group (29). The form of GBS was
determined according to the neurophysiological classifica-
tions of GBS (30). All patients were examined by nerve con-
duction study (NCS) during the acute period of the disease as
the neurological symptoms were rising, which was no later
than 2 weeks after the beginning of the disease but strictly
before therapy, repeated NCS was done 1 month latter to
confirm the diagnosis (31). Most patients were in poor or very
poor condition (quadriparesis and/or artificial ventilation). In
total, 68 of 88 GBS patients had AIDP, and the remaining 20
GBS patients had the AMAN/AMSAN form.

The MS group included 13 patients who received examina-
tions and treatments at the Research Center of Neurology. All
patients were examined and diagnosed by a neurologist, ful-
filled the McDonald criteria (32), and were classified with
relapsing-remitting multiple sclerosis (RRMS). A sample from
a patient with a single demyelinating event—so-called clini-
cally isolated syndrome (CIS)—was also included in the study.

The meningitis group included 7 patients with microbiolog-
ically proven pyogenic (bacterial) meningitis and 11 patients
with aseptic (viral) meningitis (proven by the viral culture and
the PCR analysis). Analyses were performed at A.I. Evdoki-
mov Moscow State University of Medicine and Dentistry.

The control group, which was enrolled in all experiments
and provided CSF samples, included 20 nonneurological,
non-oncological patients from the Treatment and Rehabilita-
tion Center of Ministry of Health of the Russian Federation. All
control patients underwent surgical procedures (knee endo-
prosthesis replacement and transurethral resection of the
prostate with the use of spinal anesthesia). The control group,
which was enrolled in all ELISA experiments, included 20
healthy volunteers.

The study was approved by the ethics committees of the
corresponding hospitals, and all patients provided written
informed consent for their participation.

CSF Samples—CSF samples were obtained from the GBS,
MS and control patients under sterile conditions using stand-
ard lumbar puncture techniques. The intervertebral foramen
between the third and fourth lumbar vertebrae was chosen. A
0.5% solution of Novocain was used as the local anesthesia.
After needle administration and mandrin removal, the cere-
brospinal liquid (1 ml) obtained from the middle portion was

collected in a dry clean tube without preservatives. The ma-
terial was taken from the control patients before the admin-
istration of the spinal anesthetic.

Serum Samples—Blood samples were collected in a red-
top glass tubes that contained no preservatives or anticoag-
ulants, allowed to clot at room temperature for 1 h, and
centrifuged at room temperature at 1200 � g for 10 min. The
obtained sera were divided into aliquots, immediately frozen,
and stored at �80 °C until use.

Peptide Isolation—Peptides from the CSF were isolated
using solid-phase extraction using Discovery DSC-18 re-
versed-phase cartridges (1 ml tubes; 50 mg) (Supelco, Belle-
fonte, PA). The CSF (500 �l) was heated in a boiling water bath
for 10 min, cooled to room temperature, diluted twice with
0.1% aqua TFA, and applied to a preconditioned SPE car-
tridge. The cartridge was washed with 0.1% aqua TFA (1 ml)
and eluted with 80% ACN in 0.1% aqua TFA (1 ml). The eluate
was vacuum-dried and the obtained peptide material was
dissolved in a solvent containing 5% ACN, 95% H2O and
0.1% TFA (20 �l). Before LC-MS/MS analysis the samples
were treated in an ultrasound bath for 2 min.

Protein Assay—The protein concentrations in the CSF sam-
ples were determined using the Quick Start Bradford protein
assay (Bio-Rad Laboratories, Hercules, CA 94547, USA). The
protein concentration was measured according to the stand-
ard protocol. Bovine serum albumin was used as the calibra-
tion standard.

SDS-PAGE—For the proteome analysis, the CSF samples
were prefractionated by SDS-PAGE on a 14% running gels.
The pooled CSF samples (200 �g of each sample) were run on
a large (20 � 20 cm) gel, and the obtained bands were divided
into 14 slices (supplemental Fig. S1). The individual CSF sam-
ples from AIDP patients (50 �g of each sample) were run on a
small (8 � 8 cm) gel, and the obtained bands were divided into
4 slices (supplemental Fig. S2). Each slice was subjected to
in-gel tryptic digestion followed by LC-MS/MS analysis.

In-gel Tryptic Digestion of the Proteins—Gel slices were
excised into small pieces (1 � 1 mm) and transferred into
sample tubes. The protein disulfide bonds were reduced us-
ing 10 mM DTT (in 100 mM ammonium acetate) at 56°C for 30
min and alkylated with 55 mM iodoacetamide (in 100 mM

ammonium acetate) at room temperature for 20 min in the
dark. Then the gel samples were destained with 50% ACN (in
50 mM ammonium acetate) and dehydrated by the addition of
100% ACN. After the removal of ACN, the samples were
subjected to the in-gel digestion. The digestion buffer solution
contained 13 ng/�l trypsin in 50 mM ammonium bicarbonate.
The trypsin digestion proceeded overnight at 37°C. The re-
sulting tryptic peptides were extracted from the gel by adding
two volumes (in comparison to digestion buffer solution) of
0.5% aqua TFA into the samples and incubating for 1 h. Then
an equal volume of ACN was added and the samples were
incubated for another 1 h. The extracted peptides were vac-
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uum-dried and dissolved in a solution containing 5% ACN
and 0.1% aqua TFA before the LC-MS/MS analyses.

LC-MS/MS and Data Analyses—LC-MS/MS analysis was
performed using TripleTOF 5600� mass spectrometer with a
NanoSpray III ion source (AB Sciex, Concord, Ontario, Can-
ada) coupled with a NanoLC Ultra 2D� nano-HPLC system
(Eksigent, Dublin, CA). The HPLC system was configured in a
trap-elute mode. A mixture of 98.9% water, 1% methanol,
and 0.1% formic acid (v/v) was used as the sample loading
buffer and buffer A. Buffer B was 99.9% ACN, 0.1% formic
acid (v/v). Samples were loaded on a Chrom XP C18 trap
column (3 �, 120 Å, 350 ��0.5 mm; Eksigent) at a flow rate of
3 �l/min for 10 min and eluted through a 3C18-CL-120 sep-
aration column (3 �, 120 Å, 75 ��150 mm; Eksigent) at a flow
rate of 300 nl/min. The gradient was from 5 to 40% of buffer
B within 120 min. The column and trap column were regen-
erated between runs by washing with 95% buffer B for 7 min
and equilibrated with 5% buffer B for 25 min. Between differ-
ent samples, a blank 45-min run consisting of 5 gradient
waves (from 5% to 95% buffer B in 2 min; 95% buffer B for 5
min; and from 95% to 5% buffer B in 2 min) was used to
thoroughly wash the system and to prevent any possible
crosstalk. This was followed by the system equilibration for 22
min with 5% buffer B.

Information-dependent mass spectrometry experiments in-
cluded 1 survey MS1 scan followed by 50 dependent MS2
scans. The MS1 acquisition parameters included the follow-
ing: the mass range for analysis and subsequent ion selection
for MS2 analysis was 300–1250 m/z, and the signal accumu-
lation time was 250 ms. The ions for the MS2 analysis were
selected based on the intensity with the threshold of 400 cps
and charge state of 2–5. MS2 acquisition parameters included
the following: the resolution of the quadrupole was set to
preset UNIT (0.7 Da); the measurement mass range was 200–
1800 m/z; and the optimization of the ion beam focus was set
to obtain maximal sensitivity. The signal accumulation time
was 50 ms for each parent ion. Collision-activated dissocia-
tion was performed using nitrogen gas with collision energy
ramping from 25–55 V within the 50-ms signal accumulation
time. The analyzed parent ions were sent to dynamic exclu-
sion list for 15 s.

The peak lists from the MS/MS data were generated and
recalibrated using ProteinPilot (version 4.5; ABSciex) and then
searched against the UniProt human Protein knowledgebase
(version 2013_03, 150600 entries) using MASCOT (version
2.2.07) and X! Tandem (version CYCLONE-2013.2.01) in par-
allel. Precursor and fragment mass tolerances were set to 20
ppm and 0.04 Da, respectively. The database searches for
peptidomic experiments included the following parameters:
unspecific enzyme and dynamic/flexible methionine oxida-
tion. For the proteomic experiments, we used the following
database search parameters: enzyme - trypsin (maximum 1
missed cleavage), fixed modification for Cys (carbamidom-

ethylation), dynamic/flexible methionine oxidation, C-terminal
amidation, and N-terminal Glu-�pyro-Glu.

The peak lists obtained were also searched against the
database for human immunoglobulin cDNA (version: Novem-
ber 2013, 98502 entries), which was downloaded from http://
www.imgt.org/ligmdb/(33), using MASCOT (version 2.2.07)
and X! Tandem (version CYCLONE-2013.2.01). The database
was downloaded using the following query parameters: Homo
sapiens (human) taxonomy species; cDNA molecular type;
rearranged configuration type; constant, variable, diversity,
joining, and conventional-with-leader gene type; the L-V-J-C-
and L-V-D-J-C-sequences of the molecular entity type. Vali-
dation of the identification results and the meta-analysis were
performed using Scaffold 4 (version 4.2.1) (Proteome Soft-
ware, Inc., Portland, OR). To evaluate both peptides and
protein hits, a 5% false discovery rate was used.

The lists of the identified peptides were compared with
those published by Zougman et al. (34) and Holtta et al. (35),
and only completely coincident amino acid sequences were
taken into account.

CSF proteome data for multiple sclerosis was taken from
Hyung et al. (36) The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium
(37) via the PRIDE partner repository (38) with the data set
identifiers: PXD002911, 10.6019/PXD002911, PXD002884
and 10.6019/PXD002884.

ELISA—MaxiSorp 96-well plates (Nunc, Roskilde, Den-
mark) were coated with a test antigen solution (lmp1, MOG,
MBP (production and purification was described previously
(39)), Contactin, Neurofascin, or NrCAM (R&D Systems Inc.,
Minneapolis, MN 55413, USA)) in 100 mM carbonate buffer
(pH 9.0; 5 �g/ml in 50 �l per well), incubated at 4 °C overnight,
and washed with 3 portions of a wash buffer (PBS with 0.1%
Tween-20 [pH 7.4], 300 �l per well) (unless otherwise speci-
fied, this washing was performed after each step). The wells
were then blocked with 250 �l dry milk in carbonate buffer
and incubated at 37 °C for 1 h. For the viral antigens (HSV-1,2,
EBV-EA, EBV-NA, EBV-VCA, HHV-6, HHV-8, and CMV), we
used antigen-coated and blocked plates (Vector-Best, Mos-
cow, Russia). Serum samples were diluted in PBS containing
0.5% BSA (or dry milk) and 0.05% Tween 20. Respective
positive control antibodies were used for each antigen (human
Contactin-2/TAG1 antibody, anti-human NrCAM antibody,
human Neurofascin antibody (R&D Systems Inc.), anti-MOG
antibody (Santa Cruz Biotechnology, Inc., Dallas, Texas
75220, USA), anti-MBP antibody (Abcam, Cambridge, UK)).
The plates were incubated with primary antibodies at 37 °C
for 1 h. Then, 50 �l of HRP-conjugated anti-human anti-Fc
antibodies (1:5000) were added to each well (we used anti-
human anti-lambda antibodies for NrCAM-binding detection),
and the plates were incubated at 37 °C for 1 h again. After
washing with five portions of the wash buffer, 50 �l of tetra-
methyl benzidine (Amresco, Solon, OH) was added to each
well, and the plates were placed in the dark for 5–15 min. The
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reaction was stopped by adding 10% phosphoric acid (50 �l
per well). The OD450 values were measured on a Varioscan
Flash microplate reader (Thermo Scientific, Waltham, MA).
Antigen quality and purity were additionally tested by SDS-
PAGE, ELISA and Western blot (Supplemental file #).

Cytokine Analysis—The CSF and the serum samples were
simultaneously analyzed for 17 cytokines, including (with the
respective limit of detection as reported by the manufacturer
shown in pg/ml): IL-1� (0.6), IL-2 (1.6), IL-4 (0.7), IL-5 (0.6),
IL-6 (2.6), IL-7 (1.1), IL-8 (1.0), IL-10 (0.3), IL-12 (p70) (3.5),
IL-13 (0.7), IL-17 (3.3), interferon-� (IFN-�) (6.4), tumor necro-
sis factor-alpha (TNF-�) (6.0), granulocyte colony-stimulating
factor (G-CSF) (1.7), granulocyte macrophage colony-stimu-
lating factor (GM-CSF) (2.2), MCP-1 (1.1), and MIP-1� (2.4).
This analysis was performed using the Bio-Plex Pro Human
Cytokine 17-plex Assay (Bio-Rad Laboratories) according to
the manufacturer’s instructions. Briefly, 50 �l of each 3-fold
diluted sample and cytokine standard were mixed with anti-
body-conjugated magnetic beads (50 �l) in a 96-well
flat-bottom plate (Greiner, Frickenhausen, Germany) and in-
cubated for 30 min. After washing the plate, 25 �l of the
biotinylated antibody solution (Bio-Rad Laboratories) was
added to wells, followed by 30 min of incubation. Streptavi-
din-Phycoerythrin (Bio-Rad) was added to each well and in-
cubated for 10 min. After the final wash, the beads were
resuspended in 125 �l of the assay buffer (Bio-Rad Labora-
tories) and analyzed on a Suspension Array System (Bio-Plex
200 System; Bio-Rad Laboratories). The cytokine concentra-
tions were calculated by reference to a standard curve for
each cytokine.

Statistical Analysis—Data were analyzed using Sigma-Plot
12.5 and Statistica 10 software. Differences in the cytokine
levels, antigen binding, and viral seropositivity between dif-
ferent groups (MS, healthy patients, and GBS patients) were
compared using the Student t test and nonparametric Kolm-
ogorov-Smirnov and Mann-Whitney U-tests. If the measured
values were under the detection range, they were replaced
with the low limits of detection. Difference was considered
reliable when confirmed by �2 tests. The relationship be-
tween variables was evaluated using the Spearman rank
correlation test. A 2-sided p value � 0.05 was considered
statistically significant. Graphics with simultaneous virus oc-
currence were plotted with the help of the Euler APE v3
software (40).

RESULTS

CSF Protein Concentration Analyses—CSF protein level
analysis results in our samples were in average in accordance
with the literature data (12, 41) showing prominent increase in
GBS (Fig. 1A and supplemental Fig. S3). However, the dis-
persion of protein concentration was very high with some
samples showing the level lower than the average in the
control. Comparison of the concentration results with the CSF
sampling timing in the course of GBS symptoms development

(supplemental Table S1) showed that (in average) the closer
the CSF sampling was to the peak of the disease symptoms
the more frequently the protein concentration was increased,
which was also in accordance with the earlier observations
(42). However, the dispersion of the observed protein concen-
trations in the CSF of the AIDP patients was rather high,
probably because of the different symptom dynamics and
severity of the disease, but our sample library was not large
enough to establish a reliable dependence. This effect must
be always taken into account when the total protein content or
individual proteins are analyzed in the CSF of GBS patients.

Proteomic Profiling of the CSF Samples—For proteome
analysis the CSF samples were fractionated by SDS-PAGE
with the subsequent in-gel trypsin digestion of each fraction
and the LC-MS/MS analysis of extracted tryptic peptides. The
individual CSF proteome analysis was made for two pairs of
the AIDP patients, whose CSF samples were taken at different
time intervals from the peak of neurological symptoms (see
details in the supplemental Table S1). One pair of the samples
(GBS14 and GBS16) had protein concentration �1 mg/ml and
the other one (GBS02 and GBS03) had protein concentration
around 4 mg/ml. In total 1064 proteins were identified in these
samples, including 634 proteins in GBS02, 621 proteins in
GBS03, 776 proteins in GBS14 and 747 proteins in GBS16
(supplemental Table S8, S9).

In the pooled CSF samples in total 854 proteins were
identified, including 726 proteins in the control cohort and
542 proteins in the AIDP cohort (Fig. 1B, supplemental Table
S2, S3).

Mapping the identified proteins in the KEGG-pathway da-
tabase revealed a number of gene clusters differentially rep-
resented (p value�0.05) in the AIDP, the MS (taken from (36))
and the control groups of the CSF samples (supplemental Fig.
S4A, supplemental Table S6). A similar analysis using the
Gene Ontology database also revealed a number of differen-
tially represented biological processes (supplemental Fig.
S4B, supplemental Table S7). For example, we found gene
clusters associated with immune responses to infection,
namely “complement and coagulation cascades,” “comple-
ment activation, lectin pathway,” and “lymphocyte che-
motaxis” to be more represented in the AIDP proteome in
comparison with the control group.

The correlation of the MS/MS spectra with the database of
cDNA sequences for the human immunoglobulins (IgGs)
[http://www.imgt.org/ligmdb/(33)] revealed 1316 IgGs in
theAIDP patients, and 921 IgGs in the Control group (supple-
mental Fig. S5, supplemental Tables S4 and S5).

Peptidomic Profiling of the CSF Samples—CSF peptidome
was analyzed for the control patients (n � 20), MS patients
(n � 6) and AIDP patients (n � 10), which resulted in the
identification of 2958 unique peptides derived from 934 pro-
teins. In particular, 2355 peptide fragments related to 800
proteins were found in the CSF samples from the AIDP pa-
tients, 1066 fragments of 260 proteins in the MS patients, and
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774 fragments of 223 proteins in the Control group (supple-
mental Tables S10 and S11). Notably, the Venn diagrams
demonstrate the lack of significant overlap between peptides
and their protein precursors between the three groups of the
samples (Fig. 1C). Detailed comparisons of the peptidomic
profiles of the CSF samples obtained from the control patients
with previously reported data (Fig. 1D) show only 29.8% over-
lap with the results of Zougman et al. (34) and 24.1% overlap
with the data of Holtta et al. (35). The similarity of protein
precursors was significantly higher –45% and 60.9%, respec-
tively. It should be noted that many protein precursors were
identified by a single peptide. We found �100 such proteins,
whereas Zougman et al. (34) and Holtta et al. (35) identified 34
and 29 such proteins, respectively. These values were 45.5%,

37.4%, and 27.6% of the total number of the identified pro-
teins, respectively. The differences between the lists of the
peptides identified in the current study and the previously
reported ones, among others, may be explained by variations
in the methods of peptide isolation and the mass spectrom-
etry equipment.

According to the bioinformatics study, a considerable part
of the peptidogenic proteins in supplemental Table S10 be-
long to the high abundant proteins of blood plasma. For the
peptidogenic proteins, which cover the majority of the endog-
enous peptides, the number of peptides per protein is higher
for the AIDP patients in comparison with the control group.
Generally, this fact can be explained by the elevated concen-
tration of proteins in the CSF of the AIDP patients, which was

FIG. 1. A, Protein concentrations in the CSF of GBS and control patients. (B–F) Venn diagrams representing: B, proteins identified in
the CSF of AIDP patients in comparison with control individuals; C, endogenous peptides and their protein precursors identified in the CSF of
AIDP patients in comparison with MS and control patients; D, endogenous peptides and their protein precursors identified in the CSF of control
patients in comparison to previously reported data; E, endogenous peptides corresponding to the IgG molecules identified in the CSF of AIDP
patients in comparison with MS and control patients; and F, proteins and protein precursors of peptides identified in the CSF of AIDP patients
and control individuals.

Physiological Fluids Profile of Guillain-Barre Syndrome

Molecular & Cellular Proteomics 15.7 2371

http://www.mcponline.org/cgi/content/full/M115.056036/DC1
http://www.mcponline.org/cgi/content/full/M115.056036/DC1
http://www.mcponline.org/cgi/content/full/M115.056036/DC1


mentioned earlier. Indeed, the increase in the content of the
fibrinogen (�/� chains), transthyretin, and albumin (these pro-
teins are among the first 10 proteins according to the number
of identified peptide fragments in supplemental Table S11) in
the CSF during GBS development has been directly shown
(43–45). However, we also observed comparatively large
numbers of peptides derived from neuro-specific proteins in
the CSF peptidome of the AIDP patients. As an example, the
number of fragments of the VGF neurosecretory protein was
as high as 119 in the AIDP patients (75% sequence coverage),
whereas in the control group only 27 peptides (35% sequence
coverage) were identified and 53 peptides (45% sequence
coverage) were identified in the MS group. Moreover, the
peptide fragments of the other neuro-specific proteins—in
particular, the neuronal pentraxin receptor (7 peptide frag-
ments in AIDP and 1 peptide in MS) and major prion protein
(17 peptides in AIDP and 3 peptides in MS), which are re-
quired for peripheral myelin maintenance (46)—were exclu-
sively found in the samples from the AIDP patients. Thus, the
more likely explanation seems to be an enhanced catabolism
of these proteins, rather than simple increase in the total
protein concentration in the CSF.

Another specific feature of the CSF peptidome during AIDP
development in comparison with the control patients is an
increase in the immunoglobulin fragments. In peptidomic ex-
periments the correlation of the MS/MS spectra with the
database of human immunoglobulins (IgGs) (33) revealed 460
peptide fragments from 145 various IgGs in the AIDP patients,
363 peptides from 81 IgGs in the MS patients, and 171
peptides from 59 IgGs in the control patients (Fig. 1E and
supplemental Table S12). The antibody fragments observed
may have resulted from the intracellular degradation of the
antigen-antibody complexes (47), and an increase in the im-
munoglobulin fragments in the AIDP patients could reflect
stimulation of their immune systems in comparison with the
control individuals.

Mapping of the peptidogenic proteins in the KEGG (supple-
mental Fig. S6A and supplemental Table S13) and Gene On-
tology (supplemental Fig. S6B, supplemental Tables S14–
S16) pathway databases revealed significant differences
between the AIDP and the control individuals. Interestingly,
the most reliably identified KEGG pathways (p value � 0.001),
such as: “complement and coagulation cascades,” “staphy-
lococcus aureus infection,” “ECM-receptor interaction,” and
“Cell adhesion molecules (CAMs),” which might be attributed
to immune system activation and deterioration of membrane
proteins involved in cell-to-cell adhesion, were also signifi-
cantly uprepresented in AIDP. Among those, the “cell adhe-
sion molecule (CAM)” cluster attracts special attention. The
peptidogenic proteins—in particular, neurofascin (NFASC),
contactin 2 (CNTN2), and the neuronal cell adhesion molecule
(NRCAM)—are unique to AIDP. One of the notable differences
in the GO analysis was found for the “sequestering of TGF� in
the extracellular matrix” cluster. Fragments of two of three

proteins of this cluster (fibrillin-2 and the latent-transforming
growth factor beta-binding protein 1 (LTBP)) were identified in
the CSF of the AIDP patients, whereas none of them were
found in the control individuals. Comparative peptidogenic
and proteomic analyses of the CSF (Fig. 1F) clearly demon-
strate that the relative occurrence of the CSF peptidogenic
proteins in the corresponding proteomes significantly differed
between the control and AIDP groups (20.1 and 45.3% of the
total number of the identified peptidogenic proteins, respec-
tively). In total, 639 peptidogenic CSF proteins were not iden-
tified in the proteomic experiments, and among these 115
were observed with no less than two unique peptide frag-
ments. In conclusion, the CSF of the AIDP patients is enriched
in products of protein degradation rather than in the proteins
themselves.

Immunological profiling of 88 GBS patients—Although the
crucial role of Campylobacter jejuni is well established for
AMAN (48), for AIDP there is a questionable link with patho-
genesis and different viral infections like CMV (49) or EBV (50).
Importantly, peptidomic/proteomic profiling of CSF obtained
from AIDP patients revealed evident signs of the proteins
involved in antiviral defense. Therefore, we further analyzed
the existence of the most common viral infections—CMV,
EBV, HSV-1, 2, HHV-6 and HHV-8—in patients with different
types of GBS (AIDP and AMAN/AMSAN) using seropositivity
testing (Fig. 2). Our data suggest that the percentages of sera
negative to CMV, HSV-1,2, or HHV-6 individuals were evi-
dently higher in healthy donors in comparison with patients
with either GBS type (Fig. 2A). There were no differences in
the total EBV infection rates between healthy, AMAN/AMSAN,
and AIDP patients. The IgG response against viral antigens
was almost the same in all cohorts (Fig. 2B). Our results
evidently demonstrate that none of the studied viruses are
strictly necessary for AIDP progression, but at the same time
we noted an elevated level of overall viral infection in GBS
patients. Therefore, we compared the simultaneous presence
of the three widespread and most common viruses—CMV,
HHV-6, and HSV-1, 2—in healthy donors and GBS patients
(Fig. 2A, right panel). Interestingly, 63% of AIDP and AMAN/
AMSAN patients - in contrast to 20% of healthy individuals -
were seropositive for all three viruses, thereby indicating that
multiple simultaneous viral infections may contribute to the
GBS triggering.

Testing of serum autoantibodies specific to neuronal mem-
brane proteins—Previous reports elucidate the role of the
GM1 and GD1a gangliosides as targets for autoimmune hu-
moral responses in AMAN patients (51). Peptide fragments of
neurofascin, NrCAM, and contactin were found in the CSF of
AIDP patients. To test for possible autoantibodies, we per-
formed ELISA analysis which, however, did not reveal statis-
tically significant differences between control and pathologi-
cal samples in serum IgG reactivity toward any of the tested
neuronal membrane proteins, including MS autoantigens
MBP and MOG (supplemental Fig. S7). Surface plasmon res-
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FIG. 2. Simultaneous multiviral infection persists in the majority of GBS patients. A, Analysis of viral seropositivity in healthy patients (HD)
and AMAN and AIDP patients studied using ELISA. Light pink, orange, and white indicate the percentages of infected individuals, individuals
with borderline status, and uninfected persons, respectively. The plots on the right represent the percentage of individuals with multiple
seropositive results for the indicated viruses. The gray area, crosshatched area, and area inside the bold line represent CMV, HHV-6, and
HSV-1,2 seropositivity, respectively. The intersection area restricted by the red line corresponds to the simultaneous occurrence of respective
viruses. The percentage of individuals who were seropositive toward all 3 viruses is indicated. B, Level of serum IgG specific for viral antigens
measured by ELISA. C, Multiplex analysis of the cytokine level in the CSF of the AIDP patients, multiple sclerosis patients (MS), healthy
individuals (HD), and patients with purulent (PM) and aseptic (AM) meningitis. The plots on the right demonstrate the scaled areas. Boxplots
represent the interquartile range (25–75%), and the bars and dots indicate 90 and 95% confidential intervals, respectively. The boxplots filled
with red indicate cytokines that were elevated in the CSF of the GBS patients in comparison with the healthy individuals.
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onance studies confirmed that the serum antibodies from the
AIDP patients did not bind MBP. Similarly, we failed to detect
any catalytic activity of the antibodies against MOG and MBP
(data not shown), the latter of which was previously shown to
be hydrolyzed by autoantibodies in MS (52, 53).

Cytokine Profiling of CSF—To further characterize the
AIDP-type GBS, we measured the cytokine levels in the CSF
of AIDP patients and compared them with the levels in healthy
donors, in patients with MS, which is a classic autoimmune
neurodegenerative disease, and in patients with purulent and
aseptic meningitis, which are typical inflammatory pathogen-
driven CNS diseases (Fig. 2C and supplemental Table S17).
We observed statistically significant elevations in IL-7, IL-8,
GM-CSF, and IL-13 in AIDP in comparison with the healthy
individuals and MS, of which IL-7, IL-13, and GM-CSF were
elevated in AIDP in comparison with all the other tested pa-
thologies. It is necessary to mention that in meningitis the
level of up-regulated cytokines was increased up to 1000- to
10,000-fold in comparison with the healthy donors, whereas
in AIDP the increase was only 2- to 25-fold. We further meas-
ured the serum cytokines levels in 5 AIDP patients to verify
that the elevated cytokines did not simply penetrate through
the blood brain barrier (BBB), but rather originated from the
CNS or locally penetrated into CSF from inflamed regions.
Multiplex analysis confirmed that none of the tested cytokines
were up-regulated (data not shown). In conclusion, the cyto-
kine profile of the AIDP CSF, in contrast to the meningitis,
revealed a heterogeneous panel that generally was not di-
rectly associated with adaptive immune cells.

DISCUSSION

In the present study we analyzed and critically revised
different aspects of the pathogenesis of the AIDP, the prevail-
ing form of the Guillain-Barre syndrome, which is character-
ized by the peripheral nerve demyelination and nerve conduc-
tivity damaging.

Because of the lack of knowledge on the CSF proteome in
healthy population (e.g. normal proteome variability), restric-
tions in the CSF sampling, rarity of the disease, it’s very fast
dynamics and impossibility to obtain samples from different
patients at the same point of time in relation to the peak of
neurological symptoms, our sample collection was far from
adequate to make strict dynamic-specific observations. Be-
sides, it was not possible to consider a priori at what stage of
the disease the AIDP-specific changes in the CSF proteome
might be most prominent. Moreover, not all samples were in
enough quantities for both proteome and peptidome analysis.
Thus, trying to resolve all these discrepancies in the CSF
sampling and to detect both stage-unspecific and stage-
specific changes in CSF proteome the main proteome analy-
ses in this work was done on pooled CSF samples. Several
individual CSF proteomes were also studied and the compar-
ison of the lists of identified proteins showed that the closer to
the peak of neurological symptoms of AIDP the CSF sample

was collected, the fewer proteins could have been identified
(supplemental Fig. S8). However, the comparison of the re-
sults for the individual and pooled CSF samples showed that
the number of AIDP specific proteins in all individual samples
was almost the same. In other words, AIDP specific proteins
might be already present in the CSF in the early stages of the
disease, which justifies the way we pooled the samples. How-
ever, detailed stage-specific analysis is a task for future work.

For today the only generally accepted mechanism of GBS is
that which employs autoantibodies against neuro-specific tar-
gets. Such mechanism was previously explicitly demon-
strated in the axonal form of GBS - AMAN (at least in half of
the AMAN cases), where an adaptive immune response
against the bacteria Campylobacter jejuni led to antibody
cross-reactivity against neuro-specific human gangliosides as
a result of molecular mimicry. This same hypothesis was tried
on all the other GBS forms including AIDP, however the
results were not so clear. Here we suggest the modification of
the generally accepted environmental (infection-triggered) hy-
pothesis that does not require an autoimmune response for
the peripheral nerve conductivity damaging to start.

One of the earliest known biochemical symptoms of GBS is
an increase in the protein concentration in the CSF. And
although other aspects of the GBS pathogenesis were exten-
sively studied, this feature has not been thoroughly analyzed.
Thus, the primary goal of this work was to analyze the CSF
peptidomes and proteomes of AIDP patients, which were
compared with those of the control patients without neuro-
logical diseases and with MS—the well-known autoimmune
disease of CNS. Besides, different immunological aspects
were also tested. Then the possible implications of the results
regarding the autoimmune hypothesis of the GBS and, in
particular, the AIDP were discussed.

The GBS is considered to affect only the peripheral nerve
system, which normally is protected from the contact with
antibodies and immune cells by the blood nerve barrier (BNB).
In GBS, the protein content in the CSF increases, which is
thought to be through the damage in the BBB and excessive
blood protein infiltration. However, no details are known. At
the same time there is a part of the PNS, particularly dorsal
root ganglia and dorsal roots, where the blood microvessels
are devoid of barrier properties (54) and which are in direct
contact with the CSF in the subarachnoid cavity of the spinal
cord. The pathomorphological picture of the GBS includes
inflammatory infiltrates (a sign of the local activation of the
immune system) around the peripheral nerve fibers, which
mainly consist of lymphocytes and monocytes (7, 55). In
addition, in an animal model of the spontaneous autoimmune
peripheral polyneuropathy (presymptomatic L31/CD4�/�
mice), the infiltration of immune cells was noted precisely in
the areas of the DRG and spinal roots prior to disease onset
(56). Thus, DRGs and dorsal roots theoretically might be the
places of the excessive blood protein infiltration in the CSF.
However, it also means that, in addition to blood proteins, the

Physiological Fluids Profile of Guillain-Barre Syndrome

2374 Molecular & Cellular Proteomics 15.7

http://www.mcponline.org/cgi/content/full/M115.056036/DC1
http://www.mcponline.org/cgi/content/full/M115.056036/DC1


products of the GBS-caused local inflammation (proteins,
their degradation products, cytokines etc.) might also get into
the CSF.

Despite the prominent increase in the CSF protein concen-
tration in AIDP patients, cluster analysis of the proteomic data
did not reveal any dramatic straightforward changes in a
single protein group, but rather demonstrated dispersed mi-
nor changes that reflected the complexity of the responses
and confirmed the theory of unspecific protein influx from the
blood. At the same time, the most interesting findings were in
the peptidome.

The first observation was that in the AIDP the total number
of peptides in the CSF was greatly increased. Because there
are few free peptides in blood (57), it was logically to suggest
their local generation. Because there are no active inflamma-
tion processes in the CNS, these peptides must have been
the result of the abovementioned local inflammation in the
DRGs and dorsal roots. Also, in a healthy organism the CSF
gets completely renewed in 6–8 h (24), which would lead to a
pretty fast peptide clearance, unless the process of peptide
generation in the inflammation process is really intensive.

Among the KEGG and GO functional gene clusters ob-
served in the CSF peptidomic data set, several clusters as-
sociated with the responses to various pathological pro-
cesses (mainly bacterial and viral infections) were significantly
over represented in the peptidogenic proteins in the AIDP
samples. This might reflect an increase in the metabolism of
these proteins during the course of AIDP, thereby suggesting
the activation of related functions in the organism during the
disease development. This is in accordance with the current
hypothesis of infection-mediated GBS triggering. However,
although the crucial role of Campylobacter jejuni (48) is well
established for AMAN, the link between pathogenesis and
different viral infections such as CMV (49) or EBV (50) in AIDP
patients remain questionable. Herpes viruses—such as cyto-
megalovirus (CMV), Epstein-Barr virus (EBV) (13, 15), and the
varicella-zoster virus (VZV—have often been mentioned as
possible GBS promoters (58), whereas the herpes simplex
virus (HSV-1 and HSV-2) is rarely associated with GBS (59,
60). Our results again confirmed that none of the abovemen-
tioned viruses were strictly necessary for AIDP progression.
At the same time, we found an elevated level of the overall
viral infection in GBS patients. According to our results, 63%
of AIDP and AMAN patients—in contrast to 20% of healthy
individuals—were simultaneously seropositive for CMV,
HHV-6, and HSV-1,2, thereby indicating that multiple simul-
taneous viral infections may contribute to triggering the GBS.
This also indirectly correlated with the immune system acti-
vation in the AIDP which we observed as an increase in the
antibody content as well as in the protein representation of the
KEGG pathway “complement and coagulation cascades”
both in the peptidome and the proteome.

The deposition of complement activation products on the
outer surface of the Schwann cells of myelinated fibers was

shown earlier by Hafer-Macko et al. (61). Authors speculated
that the complement was activated by antibodies binding to
some epitopes on the outer surface of the Schwann cell and
that the resulting complement activation initiated the vesicu-
lation of myelin. Unfortunately, the authors did not succeed in
showing this preliminary specific antibody reaction with the
fiber surface probably because of technical reasons.

Another feature of the CSF from the AIDP patients was the
presence of peptide fragments of several particular proteins
which participate in the cellular adhesion: neurofascin, con-
tactin-2, and NRCAM. The primary function of these proteins
is to maintain the link between the Schwann cell membrane
and the axonal membrane in the nodal, paranodal, and jux-
taparanodal regions of the myelinated peripheral nerve fibers.
Currently, this is the first direct evidence of the AIDP-associ-
ated degradation of specific proteins participating in the ar-
rangement of the myelin sheath around the nodes of Ranvier.
Because at GBS there is no damage in the CNS, these CAM
protein fragments must have come from the local inflamma-
tion sites in the DRGs. CAM fragments can be truncated from
the nodes of Ranvier by the metalloproteinases produced by
the activated macrophages, which are attracted to the areas
of the DRG and spinal roots. Besides, because of the fast CSF
renewal this process must be highly intensive and to continue
throughout the disease progression.

Earlier, disorganization of the neurofascin and gliomedin
aggregates was shown to precede demyelination in the ex-
perimental allergic neuritis induced in rat by immunization
against peripheral myelin, thereby leading to the disruption of
the nodal Nav ion channels and the subsequent conduction
failure (62). Besides, antibodies to several proteins in the
nodal area of the peripheral nerves - in particular, gliomedin,
neurofascin, contactin (63, 64), and moesin (65) - were found
in the blood stream of some AIDP patients. We also tested
blood samples against the CAM proteins whose fragments we
observed.A slightly enhanced titer of autoantibodies was
found only against NrCAM and the difference was not as
evident as in other classic autoimmune diseases with their
autoantigens (53, 66). Thus, the degradation of the above-
mentioned proteins seems to have been associated with fac-
tors other than the autoreactive antibodies to those proteins.
It is necessary to mention that in this work we did not aim at
finding any potential AIDP specific autoantigens and the ob-
tained results do not exclude their existence though other
than the proteins tested. Furthermore, some researchers sug-
gest the presence of such still unknown antigens for AIDP and
suggest that their finding is a crucial key for defining patho-
genic pathways in inflammatory neuropathies (67–69).

Another interesting finding in the AIDP CSF peptidome was
the presence of protein fragments of the “sequestering of
TGF-� in the extracellular matrix” cluster, thus indicating the
possibility of TGF-� release. And TGF-�-mediated regulation
of the functional T-cell pool is one of the general mechanisms
for the immune tolerance control (70). Another important func-
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tion of TGF-� is associated with the remyelination of the
damaged peripheral nerves (71). TGF-� undergoes conver-
sion to its active form via several metalloproteinases, but
plasmin (which releases TGF-� from its complex with LTBP)
and the proteins in the extracellular matrix also participate in
this process (72, 73). The presence of fragments related to
these proteins in the CSF of the AIDP patients may be re-
garded as an evidence of the activation of a TGF-�-driven
cascade. This conclusion is in line with the previously re-
ported evidence that demonstrated a higher number of TGF-
�-secreting mononuclear cells (74) and an elevated concen-
tration of the active form of TGF-� in the blood and CSF
samples obtained from GBS patients (75).

Because it is possible for blood proteins and locally gener-
ated peptides to enter the CSF through the inflammation sites,
we also analyzed the spectra of cytokines in a search for
some clues to the pathogenetic mechanism. Our results, as it
might have been expected, did not show the cytokines asso-
ciated with any general inflammation in the CNS in contrast to
e.g. meningitis. The AIDP patients were characterized by an
increased level of such mediators as IL-8, MCP-1, and GM-
CSF anti-inflammatory cytokines - which are the main chemo-
kines of monocyte activation and might attract monocytes
and lymphocytes to the CSF through the BNB thus favoring
the local inflammation. Besides, the AIDP CSF also showed
elevated levels of IL-7 and IL-13. IL-7 is a neurotrophic factor,
and its increase could be a protective reaction of the organism
against injuries. IL-13 is the main anti-inflammatory cytokine,
which suppresses macrophage activity by lowering the pro-
duction of inflammatory cytokines and chemokines in re-
sponse to IFN-�. It should also be stressed that both previ-
ously reported data and our current results point to the fact
that the CSF-elevated cytokines do not simply penetrate the
BBB or BNB in a passive manner, but rather percolate through
the local sites of inflammation or locally originate in the CNS.
The expression profile of the CSF cytokines for GBS patients
differed from that of T-cells (TNF-�high, IL-4, -5, -13, -17, -10,
IFN-�) and B-cells (IL-2high, IL-4, -6, -12, TNF-�, IFN-�), which
are the main representatives of adaptive immunity. Finally, the
cytokine profile of the CSF in the AIDP patients seemed to be
rather heterogeneous and only indirectly associated with
adaptive immune cells.

The development of AIDP is a low-probability and evidently
multifactorial process. The classical generalized GBS model
suggests the involvement of the autoimmunity and autoanti-
body production against some autoantigens on the surface of
peripheral nerves. Such hypothesis is supported by the only
well-established mechanism of GBS for its axonal forms
which involves antibody production against the bacteria C.
jejuni which in turn through the mechanism of molecular mim-
icry bind autoantigens in the PNS. However, despite all the
efforts such AIDP-specific autoantigens remain undiscovered,
whereas sporadic autoantibodies against different neurospe-
cific proteins are being constantly reported (63, 76). We spec-

ulate that the local inflammation of a nerve fiber as a result of
egress of neurotropic viruses superimposed with an activated
state of the immune system as a result of a bacterial and/or
viral infection (possibly simultaneous polyinfections) might
lead to rapid expansion of inflammation along the peripheral
nervous system. The clearance of initial pathogens initiates
remyelination and natural mechanisms of immune suppres-
sion, thereby preventing further development of autoimmune
responses in most cases. In such model an autoimmune
factor might serve not as an initiator of the myelin sheath
damaging but be a secondary process following neuropro-
teins leakage into the blood. And such spontaneous autoan-
tibody production, which might depend on the individual fea-
tures of the immune system, might further complicate the
recovery and increase the overall damage level and severity of
the disease. This hypothesis may partly explain the extremely
aggressive development of AIDP with dynamics that basically
exceeds the capabilities of the adaptive immunity.
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