Research

© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

Discovery of Novel Disease-specific and
Membrane-associated Candidate Markers in a
Mouse Model of Multiple Sclerosis*s

Laura F. Dagley1§1], Nathan P. Croft]], Ruth Isserlin§, Jonathan B. Olsen§|,

Vincent Fong§, Andrew Emili§

Multiple sclerosis is a chronic demyelinating disorder
characterized by the infiltration of auto-reactive immune
cells from the periphery into the central nervous system
resulting in axonal injury and neuronal cell death. Exper-
imental autoimmune encephalomyelitis represents the
best characterized animal model as common clinical, his-
tological, and immunological features are recapitulated. A
label-free mass spectrometric proteomics approach was
used to detect differences in protein abundance within
specific fractions of disease-affected tissues including
the soluble lysate derived from the spinal cord and mem-
brane protein-enriched peripheral blood mononuclear
cells. Tissues were harvested from actively induced ex-
perimental autoimmune encephalomyelitis mice and
sham-induced (“vehicle” control) counterparts at the
disease peak followed by subsequent analysis by nano-
flow liquid chromatography tandem mass spectrometry.
Relative protein quantitation was performed using both
intensity- and fragmentation-based approaches. After
statistical evaluation of the data, over 500 and 250 dif-
ferentially abundant proteins were identified in the spinal
cord and peripheral blood mononuclear cell data sets,
respectively. More than half of these observations have
not previously been linked to the disease. The biological
significance of all candidate disease markers has been
elucidated through rigorous literature searches, path-
way analysis, and validation studies. Results from com-
prehensive targeted mass spectrometry analyses have
confirmed the differential abundance of ~200 candidate
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markers (=twofold dysregulated expression) at a 70%
success rate. This study is, to our knowledge, the first to
examine the cell-surface proteome of peripheral blood
mononuclear cells in experimental autoimmune enceph-
alomyelitis. These data provide a unique mechanistic in-
sight into the dynamics of peripheral immune cell infiltration
into CNS-privileged sites at a molecular level and has iden-
tified several candidate markers, which represent promis-
ing targets for future multiple sclerosis therapies. The mass
spectrometry proteomics data associated with this manu-
script have been deposited to the ProteomeXchange Con-
sortium with the data set identifier PXD000255. Molecular
& Cellular Proteomics 13: 10.1074/mcp.M113.033340, 679-
700, 2014.

Multiple sclerosis (MScl)' is an inflammatory autoimmune
condition, which targets the central nervous system (CNS)
resulting in the onset of demyelinating events and irrevocable
neurological deficits (1). Although the precise etiology and
pathogenic features of the disease remain elusive, compre-
hensive epidemiological studies have revealed strong genetic
and environmental determinants (2). MScl is widely consid-
ered as being a classical T-cell mediated autoimmune disease
based on critical observations made on the quintessential
animal model of CNS autoimmunity known as experimental
autoimmune encephalomyelitis (EAE) (3).The disease can be
actively induced in genetically susceptible animals (e.g. ro-
dents, primates) by inoculation with an emulsion containing
encephalitogenic myelin proteins (e.g. myelin oligodendrocyte
protein, MOG) and an adjuvant. The ensuing disease mimics
several clinical, histological, and immunological features of
MScl including lower limb paralysis, breach of blood brain

" The abbreviations used are: MScl, multiple sclerosis; BBB, blood-
brain barrier; CNS, central nervous system; CFA, complete Freund’s
adjuvant; CSF, cerebrospinal fluid; dpi, days post immunisation; EAE,
experimental autoimmune encephalomyelitis; FASP, filter-aided sam-
ple preparation; IMP, integral membrane protein; MNG, lauryl maltose
neopentyl glycol; MOG, myelin oligodendrocyte glycoprotein; MRM,
multiple reaction monitoring; MS, mass spectrometry; PBMCs, pe-
ripheral blood mononuclear cells; SC, spectral counting; TMH, trans-
membrane helix.
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barrier (BBB) permeability, and inflammatory infiltration into
the CNS (4, 5).

Advances in various “-omics”-based platforms such as pro-
teomics and metabolomics has shed some light into the mo-
lecular events associated with EAE pathogenesis (6). Differ-
ential gene and protein expression profiles have been
generated based on comparative analyses of healthy control
and disease-affected tissues derived from clinical samples
(7-18) and animal models (19-29). These biomarker discovery
platforms include gel-based approaches such as two-dimen-
sional gel electrophoresis (2D-GE) (10, 17, 30), 2D-difference
image gel electrophoresis (2D-DIGE) (9, 14), as well as shot-
gun proteomics techniques (11, 13, 16, 31, 32) incorporating
the use of label-free or stable isotope labeling LC-MS-based
strategies for quantitative proteomic studies. In recent years
there has been exponential growth in the use of these alter-
native gel-free shotgun proteomics strategies, which has
been facilitated by advances in mass spectrometry instru-
mentation and computational capabilities. There are two fun-
damentally different approaches for performing label-free
quantitation: (1) measuring the area under the chromato-
graphic elution peak (AUC) based on each peptide precursor
ion or the peptide signal intensity produced from the MS’
spectrum that correlates with peptide abundance in a com-
plex mixture and (33, 34) (2) spectral counting (SC), which
calculates the number of acquired fragment spectra (MS?)
used to identify peptides from a given protein and thus is
proportional to its abundance (35). The first strategy is gen-
erally considered to be more accurate, however, this assumes
a high reproducibility is observed between chromatographic
runs being compared and the sampling speed of the mass
spectrometer is sufficient to record multiple data points
across the chromatographic distribution of the analyte. The
method of SC has traditionally been plagued with issues such
as unreliable quantitation of low-abundance proteins and
peptide bias given that it doesn’t directly measure a physical
property of the peptide (36, 37). However, efforts have been
made to provide a better basis for quantification by adjusting
counts with normalization factors that can take into consid-
eration the length of proteins (38-40) or the number of ob-
servable tryptic peptides within a defined mass range (41, 42).

Here, we present an unbiased quantitative proteomics
study involving both MS™-level and MS? fragmentation-based
label-free approaches to assess the unique repertoire of dif-
ferentially abundant proteins contained within specific subcel-
lular fractions of disease-affected tissues isolated from an
MOG-EAE model of MScl. Several time-course studies on
animal models of EAE support a caudal-to-rostral progression
of disease driven by the vulnerability of the spinal cord to
damage and the increased permeability of the BBB (43); Thus
it is expected that quantifiable biochemical changes are tak-
ing place in this tissue. PBMCs are comprised of various
lymphocyte populations including T and B cells, the major
cellular components of the adaptive immune response in EAE

and MScl and are known to infiltrate sites of CNS damage.
Therefore, quantitative proteomic analysis of these cell-sur-
face changes may provide insight into the immune-related
pathways mediating disease progression, and facilitate the
identification of early disease markers in the blood, a readily
accessible tissue highly amenable to clinical sampling.

MATERIALS AND METHODS

EAE Induction and Tissue Collection—Female C57BL/6 mice (6-8
weeks old) were induced with EAE by immunization with 125 ug of
MOG;5_s5 peptide (Canada Peptides, Canada) emulsified 1:1 (v/v) in
CFA (Sigma) containing 4 mg/ml of Mycobacteria tuberculosis
(H37RA) (Difco, Lawrence, KS). Mice received two intravenous (i.v.)
injections of 300 ng Bordetella pertussis toxin (List Biological Labo-
ratories Inc., Campbell, CA) the day of immunization. An identical
pertussis toxin injection was repeated 3 days later. Control mice were
age-matched and sham-injected, receiving all components of the
injection, except for the MOG peptide. Eight mice were used per
group and the animals were observed and weighed daily. Clinical
assessment of EAE was performed with a modified scale derived from
Giuliani and colleagues (44) (supplemental Fig. S1). In addition to the
Giuliani scale, an assessment of the righting reflex of the mice was
performed. The righting reflex capacity was graded from 0 to 2. Zero
is given to normal righting reflex, 1 for a slow righting reflex, and 2 for
a delay of more than 5 s in the righting reflex. Thus, this scale ranges
from 0 (no-symptoms) to 16 (fully quadriplegic mouse with limp tail
and significantly delayed righting reflex. Mice were sacrificed by
carbon dioxide asphyxiation at peak disease onset (15 days postim-
munization, dpi). Immediately following death, peripheral blood was
collected from the mice before they were transcardially perfused with
phosphate buffered saline (PBS). Spinal cord tissue was harvested
from the mice, flash frozen, and stored at —80 °C. Peripheral blood
was collected from all mice and transferred into capillary tubes
coated with heparin. PBMCs were then isolated using a Ficoll gradi-
ent, with blood diluted 1:3 with sterile PBS and centrifuged at 1800
rpm for 25 mins at 4 °C. The buffy coat containing principally mono-
cytes and lymphocytes (PBMCs) was isolated from the interface layer
between the plasma and the Ficoll and transferred to a fresh tube.
Cells were washed twice with PBS to remove traces of Ficoll before
being pelleted by centrifugation. The pellet was stored at —80 °C. All
animals were housed under specific pathogen-free conditions and all
animal experimentation was performed in strict accordance with
regulations set and approved by the institutional animal ethics
committees.

Preparation of Soluble Protein Extracts from Spinal Cord Tissue—
Frozen spinal cord tissue from EAE and sham mice were separately
ground to a fine powder with liquid nitrogen in a precooled (on dry ice)
ceramic mortar and pestle. Protein extracted from the tissue powder
was then solubilized in ice-cold cell lysis buffer (50 mm Tris-HCI pH
7.5, 150 mm NaCl, 1X Complete EDTA-free protease inhibitor (Roche,
Indianapolis, IN), 1.5 mm MgCl,, 1.5 mm CaCl,, 2 mwm dithiothreitol
(DTT, Thermo Scientific, Rockford, IL)). The homogenate was soni-
cated in a water bath for 10 mins prior to benchtop centrifugation at
20,817 X g, 4°C for 15 mins to pellet cell debris and insoluble
material. The supernatant containing the soluble proteins was col-
lected and protein concentrations were determined by the modified
Lowry method (DC Protein assay; Bio-Rad, Hercules, CA).

Preparation of Membrane-enriched Protein Fractions from PBMCs—
Pelleted PBMCs (~2.4 million cells per sample) from EAE and sham-
induced mice were resuspended in 100 ul of hypotonic cell swelling
buffer (10 mm Tris-HCI pH 7.4; 10 mm KCI, 1.5 mm MgCl,; 1.5 mm
CaCl,; 2 mm DTT (Thermo Scientific), 1X Complete EDTA-free pro-
tease inhibitor (Roche). The resuspension was then subjected to
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sonication for 10 mins before benchtop centrifugation at 20,817 X g,
4 °C for 15 mins to pellet cell debris and insoluble material (i.e.
membranes). The remaining supernatant (cytosolic protein fraction)
was collected, and the membrane-containing pellet resuspended in
hypotonic swelling buffer to a final volume of 50 ul containing 2% final
concentration of lauryl maltose neopentyl glycol (MNG, Anatrace,
Affymetrix (Maumee, OH, USA)). MNG detergent was used based on
studies in our laboratory that have demonstrated that no additional
detergent removal steps are required subsequent to FASP analysis,
thus simplifying the overall protocol (Vuckovic et al., manuscript in
preparation). The membrane-enriched lysate was sonicated for 10
mins then centrifuged at 20,817 X g at 4 °C for 10 mins before the
remaining supernatant (membrane protein fraction) was collected and
protein concentrations determined by the DC Protein Assay.

Protein Digestion by Filter-aided Sample Preparation (FASP)—
Equal amounts of protein (80 ng) derived from six soluble spinal cord
extracts and six membrane-enriched PBMCs (60 ng) were prepared
for mass spectrometry analysis using the FASP protein digestion kit
(Protein Discovery, Knoxville, TN) as per manufacturer’s instructions
(45, 46). Briefly, 12 protein samples (n = 3, each from EAE and sham
group per tissue) were incubated with 5 mm DTT (Thermo Scientific)
for 30 mins at room temperature (RT) followed by the addition of 200
ul 8 M urea/Tris-HCI, pH 8.5 (provided with the kit). The diluted
samples were then added to the spin ultrafiltration devices [nominal
molecular weight (Mw) cutoff of 30 kDa] and subjected to two rounds
of benchtop centrifugation at 20,817 X g, 4 °C for 15 mins with an
additional volume of 200 ul urea-Tris/HCI added before the second
spin. Protein alkylation was performed with the addition of 1X iodo-
acetamide (IAA, provided with the kit) to the spin filters followed by
incubation in the dark for 20 mins. The spin filters were then subjected
to several wash and centrifugation steps, first with 100 ul Urea-Tris/
HCI followed by 100 wl of 50 mm ammonium bicarbonate (NH,HCO,).
Finally, sequence-grade modified trypsin (Roche) was added at an
enzyme/substrate ratio of 1:50 to each spin filter. An additional 40 ul
volume of 50 mm NH,HCO; was added to each sample before over-
night incubation at 37 °C with shaking. The following day, peptides
were eluted by several rounds of washing with 50 mm NH,HCO, and
0.5 M NaCl solutions followed by centrifugation.

Mass Spectrometry Analysis—Tryptic peptides were acidified with
formic acid (FA) (2% final concentration) and analyzed by nanoflow
liquid chromatography coupled to data-dependent tandem mass
spectrometry (NLC-MS/MS) using the EASY-nLC™ system (Proxeon
Biosystems, Odense, Denmark) connected to a hybrid LTQ-Orbitrap
Velos instrument (Thermo Fisher Scientific, San Jose, CA) via a na-
noelectrospray ion source. Digested samples (10 ul, ~5 ng) were
initially loaded onto a precolumn (75-um i.d.), which consisted of a
self-made frit and 2.5 cm of in-house packed Luna C,g (3-um) ma-
terial (Phenomenex, Torrence, CA) followed by separation on a 75-um
i.d. fused silica microcapillary column (Polymicro Technologies,
Phoenix, AZ), which was pulled to a fine tip using a P-2000 laser puller
(Sutter Instruments, Novato, CA) and packed in-house with 10 cm of
Luna C,g (3-um) material (Phenomenex). Tryptic peptides were eluted
over a 105 min gradient at a flow rate of 300 nl/min using a water/
acetonitrile (ACN) gradient (Solvent A, 95% water, 5% ACN and 0.1%
FA; Solvent B, 95% ACN, 0.1% FA in water), consisting of 1 min 2%
B, 2 mins change to 6% B, 72 mins gradient to 24% B, 16 mins to
90% B, followed by 5 mins hold at 90% B, 1 min gradient to 2% B,
with final hold at 2% B for 8 mins. Full MS spectra were acquired in
profile mode in the Orbitrap analyzer with a high resolution (r =
60,000) over a mass range of m/z 400-2000. Up to the 10 most
intense ions in each full MS scan were sequentially isolated, frag-
mented, and analyzed in centroid mode within the linear ion trap part
of the instrument, and monoisotopic precursor selection was enabled
to preferentially select 2* and 3" charge states for fragmentation.

Dynamic exclusion was enabled with a repeat count of 1, a repeat
duration of 22.5 s, an exclusion list of 500 and exclusion duration of
20 s. All FASP samples were subjected to triplicate LC-MS/MS
analysis.

Database Search and Protein Identification—Tandem mass spectra
were extracted from .raw files and searched using the SEQUEST-
PVM v.27 (rev.9) (47) database program against a mouse protein
database downloaded as FASTA-formatted sequences from EBI-IPI
(database v. 3.72), which contains 56,957 entries (with priority given
to UniProt identifiers) as well as reverse decoy sequences to empir-
ically assess the false identification rate. This search program was
executed on a cluster computer to match the MS/MS spectra to the
corresponding most highly correlated peptide sequences. Mass tol-
erances for precursor (MS) and product ions (MS/MS) were set to 3
and 0 m/z, respectively. Searches were performed with the enzyme
selectivity set to trypsin with one missed cleavage allowed and pro-
tein modifications included fixed carbamidomethylation of cysteines
(57 Da). Match likelihoods were assigned a statistical confidence
score using the STATQUEST probabilistic model (48) and candidate
peptide identifications were filtered using an estimated peptide con-
fidence score of = 95%. A 10 ppm high accuracy mass filter account-
ing for isotopic shifts in the spectra was applied post-SEQUEST
analysis improving the fidelity of protein identifications.

Protein Quantification and Statistical Analysis—To estimate relative
protein levels, spectral counts were transformed into normalized
spectral abundance factors (NSAF) as previously described (49).
Briefly, this involves dividing the spectral count (SC) of a protein by its
length (Mw) normalizing this value to the sum of all SC/Mw for all
proteins in each respective data set. To test for statistically significant
abundance changes (p value = 0.05), the Kolmogorov-Smirnov test
(KS-test) was applied using R-studio v.0.94.011. Log,-fold changes
of differentially abundant proteins were calculated by dividing the
average EAE NSAF value by the corresponding sham value. In addi-
tion, label-free quantification was performed at the MS'-level using
Progenesis LC-MS software v.4.1 (Nonlinear dynamics, Newcastle,
U.K.). An extended description of the parameters used to perform
Progenesis LC-MS analysis can be found in supplemental Methods.

Bioinformatics Analysis—The TMHMM 2.0 (50) software was used
to predict the number of transmembrane helices (TMHs) for each
putative membrane protein identified within the comparative PBMC
study (http://www.cbs.dtu.dk/services/TMHMMY/). Proteins with at
least one TMH (exclusive of signal peptides) were considered integral
membrane proteins (IMPs). Grand average of hydrophobicity
(GRAVY) values of proteins were obtained using the GRAVY calcula-
tor tool (http://www.gravy-calculator.de/).

Pathway Enrichment Analyses—Two types of pathway enrichment
analyses were performed on the spinal cord and PBMC spectral
counting data sets to highlight common pathways, processes, or
themes in the aberrant protein expression between disease and
sham-induced mice. These tools include Gene Set Enrichment Anal-
ysis (GSEA) (http://www.broadinstitute.org/gsea/index.jsp) (51) and
DAVID Bioinformatics Resources (http://david.abcc.ncifcrf.gov/) (52).
An extended description of the parameters used to perform pathway
analysis can be found in supplemental Methods. To better visualize
the enrichment results, the output files from GSEA and DAVID were
imported into Cytoscape network analysis environment via the En-
richment Map plugin (53).

Quantitative Western Blot Analysis—Soluble spinal cord lysates
derived from EAE and sham mice (~30 ng) were subjected to repli-
cate SDS-PAGE analysis under denaturing conditions and electro-
phoretically transferred onto nitrocellulose membranes (GE Health-
care, Piscataway, NJ).Following transfer, the membranes were
subsequently prepared using the Mouse Western blot kit (eBioscience,
San Diego, CA) as per manufacturer’s instructions. Briefly, Nitrocel-

Molecular & Cellular Proteomics 13.3

681


http://www.cbs.dtu.dk/services/TMHMM/
http://www.gravy-calculator.de/
http://www.broadinstitute.org/gsea/index.jsp
http://david.abcc.ncifcrf.gov/

Identification of Disease-specific Biomarkers of EAE

lulose membranes were blocked in an excess of TrueBlot blocking
buffer (5% (w/v) skim milk powder, 0.05% TBS/Tween 20 (TBST)) for
two hours at RT with gentle shaking. The following primary antibodies
were also diluted in the blocking buffer and were either incubated for
1 h with gentle shaking (rabbit polyclonal anti-GAPDH, ab9485, Ab-
Cam Inc., 1:2500 dilution) or overnight at 4 °C with gentle shaking
(mouse monoclonal anti-Ezrin, CPTC-Ezrin-1, DSHB, 1:100 dilution;
mouse monoclonal anti-Moesin CPTC-MSN-1-s, DSHB, 1:100 dilu-
tion; mouse monoclonal anti-CLIC1, CPTC-CLIC1-1-s, DSHB, 1:100
dilution; mouse monoclonal anti-PSD93, Chapsyn-110, clone N18/
30, NeuroMab 1:2000 dilution). After washing the membranes thor-
oughly in 0.05% TBST, the secondary anti-mouse IgG TrueBlot
(eBioscience,1:1000 dilution) horseradish peroxidase-conjugated
(HRP)-conjugated antibody was added to the respective mem-
branes and incubated for 1 h at RT. Chemiluminescent detection of
the membranes was performed using TrueBlot ECL reagents (eBio-
science) and developed on film. The pixel intensities of the immu-
noreactive protein bands were calculated using Image Quant TL
software v. 7.0 (GE Healthcare) and the relative densities were
normalized against the total amount of GAPDH from the respective
gels. Statistical analysis was performed using GraphPad Prism v.
5.0 (Graphpad Software Inc, San Diego, CA) with an unpaired
two-tailed Student’s t test and results were expressed as means *
S.E. of the mean (S.E.).

Label-free MRM-based Validation of Candidate Biomarkers—MRM
transitions were designed for the ~200 most differentially abundant
proteins (absolute log, ratio =1) from the spinal cord analysis and the
top ~100 from the PBMC data set using the open source software
Skyline v.1.4 (54) (University of Washington, Seattle, WA). Three to
four peptides per protein, and four transitions per peptide were se-
lected primarily based on experimentally derived discovery data ob-
tained on the Orbitrap Velos (Thermo Fisher Scientific) and 5600
TripleTOF (AB SCIEX, Concord, Canada) mass spectrometers. Some
peptides were also derived in silico based on the online databases
GPMDB  (http://gpmdb.thegpm.org/index.html) and PeptideAtlas
(https://db.systemsbiology.net/sbeams/cgi/PeptideAtlas/GetProtein).
Peptides (10 ul, ~2 pg) derived from the original FASP analysis in the
discovery phase, were analyzed using a nanoLC-2Dplus in combina-
tion with a cHiPLC™-nanoflex system (Eksigent) coupled to a 5500
QTRAP® mass spectrometer (AB SCIEX) operated at unit/unit reso-
lution using the following experimental conditions: peptides were
loaded onto a microfluidic trap column packed with ChromXP C,¢-CL
3 um particles (120 A nominal pore size; equilibrated in 0.1% FA/2%
ACN) at 5 pl/min using an Eksigent NanoFlex cHiPLC system. An
analytical (15 cm X 75 um ChromXP C,4-CL 3) microfluidic column
was then switched in line and peptides were separated using linear
gradient elution of 0-98% ACN over 60 mins (300 nl/min). Three
biological replicates from each of the sham and EAE groups (both
spinal cord and PBMC samples) were run in duplicate.

Three scheduled MRM methods were generated: one containing
the transitions targeting proteins up-regulated in the diseased spinal
cord (1186 transitions, 101 proteins, supplemental Table S11), an-
other containing those down-regulated (1026 transitions, 93 proteins,
Supplemental Table S12) and one method containing all the up-/
down-regulated PBMC proteins (939 transitions, 74 proteins, supple-
mental Table S13). Each method was run with a target cycle time of
2.7 s, a retention-time window of 240 s, an interscan delay of 3 ms
with information-dependent acquisition (IDA) criteria set to trigger full
mass MS/MS spectra in full enhanced product ion (EPIl) mode for the
top two MRM transitions that exceeded 1000 counts. The IS voltage
was set at 2300 V, curtain gas at 20 L/min, ion source gas at 20 L/min,
high collision gas (CAD), and an interface heater temperature setting
of 125 °C. A scan rate of 1000 Da/s was used for the EPI scan with a
scanning m/z range of 100 to 1000 Da, a dynamic fill time, and the Q1

EAE vs Sham

n=3
per group,

15 dpi

Spinal cord

Membrane protein
enrichment

Soluble protein
lysate
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- KS-test (statistical analysis)

- Peptide/protein identification

il ®
Jill

Peak area quantitation

s

- Statistical analysis of data
- Peptide/protein identification

MS/MS

Ll
il
Ll L

Fic. 1. Overview of the experimental design and label-free pro-
teomics workflow used to identify candidate biomarkers within
disease-affected tissues of the EAE and sham-induced mice. The
soluble spinal cord extract and membrane-enriched fraction of
the PBMCs were prepared for mass spectrometry analysis using the
FASP method and the label-free data were acquired on a high reso-
lution Orbitrap Velos mass spectrometer. Quantification of the data
was performed by both intensity-based (MS') and fragmentation-
based (MS?) approaches. In the schematic illustration, there is a
twofold difference in protein expression between theoretical samples
A and B. Relative quantification takes place at the MS' level via peak
quantitation using the commercial Progenesis LC-MS software and
differentially expressed proteins are quantified in the subsequent
fragmentation step. Spectral counting quantitation and peptide iden-
tification occur simultaneously at the MS/MS (MS?) level where ap-
proximately double the number of spectra are identified for sample A.

resolution set to unit. Optimal parameters for declustering potential
(DP) and collision energy (CE) for an AB SCIEX instrument were taken
from the recommended settings in Skyline. All data acquisition pa-
rameters used in these label-free MRM experiments can be found in
(supplemental Tables S11-S13).

Peptide Quantitation by Label-free MRM—The acquired MRM data
were imported into Skyline v.1.4 to visually assess extracted ion

682

Molecular & Cellular Proteomics 13.3


http://gpmdb.thegpm.org/index.html
https://db.systemsbiology.net/sbeams/cgi/PeptideAtlas/GetProtein
http://www.mcponline.org/cgi/content/full/M113.033340/DC1
http://www.mcponline.org/cgi/content/full/M113.033340/DC1
http://www.mcponline.org/cgi/content/full/M113.033340/DC1
http://www.mcponline.org/cgi/content/full/M113.033340/DC1
http://www.mcponline.org/cgi/content/full/M113.033340/DC1

Identification of Disease-specific Biomarkers of EAE

A Spinal cord
15.00
10.00
UP-REGULATED IN EAE
2 5.00
- .
® | e
e eesssssesssasesssasessessessetettts
G 000 s
S| e
-5.00 -
I . DOWN-REGULATED IN EAE
Fic. 2. Plot of the distribution of log, -10.00
ratio values representing differentially
abundant proteins between EAE and -15.00
sham-induced mice by relative pro- §3p8-055885823523:9d4038330382¢£328¢38
tein quantitation via spectral count- §*%85~ g°8stgu dgggﬁ.‘52§5§§§8§§3¥z§
- . . o pu [l
ing. Representations of the proteins up- ° & o a
regulated (positive log,-fold changes)
and down-regulated (negative log,-fold B PBMCs
changes) in disease from the compara- 15.00
tive proteomic analysis of (A) spinal
cord and (B) membrane protein-enriched 10.00
fraction of PBMCs. UP-REGULATED IN EAE
5.00
O | e
| iesessusssssasassssasssaseesesaasesserenersresntessttt
€ 000 s
&N | et
ap | e
S -5.00
...... DOWN-REGULATED IN EAE
-10.00
00 U EY8s 2L 0REI oGS nNEZT2E 3 YRS r
TS 3853828252350 X580 5200835280k
DrE gz gS5gz° ot 3 gE~ 2 “HEZEFZ2TZ2
2 5 =z 5 T =< ba 3 S < s =z
I Ed o= b = E

chromatogram, XIC) quality (intensity, noise level) and to facilitate the
integration of all transitions. In addition, experimental MS/MS data
were manually inspected using the PeakView software v.1.2.0.3 (AB
SCIEX) to confirm the presence of targeted product ions thus con-
firming the correct peptide sequences were targeted supplemental
Fig. S9. Finally, an exportable table (.csv file) containing the following
sample information was generated: protein name, peptide sequence,
replicate name, peptide and transition (precursor/product ion) infor-
mation, peak area of transition. Microsoft Excel was then used to sum
total areas of each of the four transitions per peptide quantified. To
test for statistical differences in peak area between EAE and sham, an
unpaired two-tailed Student’s t test was performed for each peptide
using GraphPad Prism v.5.0 (Graphpad Software Inc.) with results
expressed as mean * S.E. To account for multiple hypothesis testing
(55), the Benjamini-Hochberg and Yeketuli false-discovery rate meth-
ods were used in R-studio v.0.94.011 to correct the t test p values for
each peptide quantified by label-free MRM within individual experi-
ments (experiment one: UP_SCORD; experiment 2: DOWN_SCORD;
experiment 3: UP_DOWN_PBMCs). Further information as to how the
label-free MRM experiments were performed and analyzed can be
found in supplemental Methods.

RESULTS

Label-free Peptide Quantification Reveals Novel Disease
Markers of EAE—The focus of this study was to identify
candidate biomarkers within disease-affected tissues (spinal
cord and PBMCs) of EAE-induced mice that distinguish be-
tween the sham-injected counterparts at the disease peak (15
dpi). A label-free quantitative proteomics approach involving

two complementary forms of relative quantitation was se-
lected: intensity-based (MS') and fragmentation-based (MS?)
(Fig. 1). Spectral counting analysis (MS2-based quantification)
involved normalizing the peptide abundances via NSAF val-
ues that were then statistically compared between the EAE
and sham-induced mice by the KS-test. The KS-test is ideally
suited to proteomics studies because it makes no assump-
tions as to the underlying data distribution, in contrast to the
t test, which assumes the data are normally distributed (56).
We also compared the quantitation achieved by MS' precur-
sor intensities as an estimate of protein abundance. To
achieve this, a commercially available software tool for anal-
ysis of label-free proteomics data at the MS" level (Progenesis
LC-MS) was used. Principal component analysis (PCA) was
performed on the spinal cord and PBMC data acquired by the
dual approaches to visually assess levels of variability and the
overall groupings. As demonstrated in supplemental Fig. S2,
there is a clear separation between the NSAF values from the
diseased and control mice for both the spinal cord and PBMC
tissues, with minimal technical and biological variability. The
PCA plots of the peptide- and protein-level data from the
spinal cord and PBMCs in Progenesis also illustrate good
clustering (an indicator of low variance) in the biological rep-
licates of each group (supplemental Fig. S3), in agreement
with the spectral counting data.
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A Spinal Cord

1402

Spectral counting
MS2
431
T EAE 197

- 120 with 22 fold change
Progenesis (MS")

Total # unique protein IDs
(Peptide FDR= 0.55%)

# differentially expressed proteins (p < 0. 05, KS-test)

|EAE 234
- 113 proteins with 22 fold change

# differentially expressed proteins (p <0. 05 ANOVA)

| EAE 195
- 61 with 22 fold change
- 92/234 proteins from SC validated
- Additional 103 significantly | EAE

Total # unique protein IDs
(Peptide FDR= 0.61%)

# differentially expressed proteins (p < 0. 05, KS-test)

359
) EAE 164
- 122 with 22 fold change
- 88/197 from SC validated
- Additional 69 significantly 1 EAE
B PBMCs
1083
Spectral counting
(_)
1 EAE 122
- 55 with 22 fold change
Progenesis (MS')
139
) EAE 43

- 18 with 22 fold change
- 39/122 from SC validated
- Additional 3 significantly 1 EAE

| EAE 85
- 61 with 22 fold change

# differentially expressed proteins (p <0. 05 ANOVA)

| EAE 96

- 56 with 22 fold change

- 56/85 proteins from SC validated
- Additional 23 significantly | EAE

Fic. 3. Diagrammatic representation of the quantitative proteomics results obtained from label-free comparative analyses of EAE
and sham-induced mice using MS'- and MS2-based approaches. A, Of the ~1400 unique proteins identified in the spinal cord data set,
431 were deemed differentially abundant by spectral counting analysis, whereas 359 were found by Progenesis software. B, Of the ~1000
unique proteins identified in the PBMC data set, 207 were deemed differentially abundant by spectral counting analysis, whereas 139 were

found by Progenesis software.

A total of ~1400 unique proteins (95% peptide confidence,
10 ppm mass filter) were identified from the comparative
proteomics analysis of the spinal cord samples with a peptide
FDR of 0.55%. After statistical evaluation of the NSAF data,
431 differentially abundant proteins were identified (KS-test, p
value = 0.05), with 197 proteins up-regulated and 234 down-
regulated (Fig. 2A; supplemental Tables S1-S6). Of these 431
proteins, 233 exhibited a statistically significant =twofold
change in expression, equivalent to a log, ratio =1, with 120
proteins significantly up-regulated and 113 proteins down-
regulated (Fig. 3A, Table I). In the PBMC comparison, just over
1000 unique protein identifications were made (95% peptide
confidence, 10 ppm mass filter) with a peptide FDR of 0.61%
and 207 statistically significant changes were discovered.
Spectral counting analysis (KS-test, p value = 0.05) revealed
122 proteins up-regulated and 85 down-regulated (Fig. 2B;
supplemental Tables S7-S8). Overall 116 out of 207 proteins
exhibited a statistically significant =twofold change in expres-
sion, with 55 proteins significantly up-regulated and 61 down-
regulated (Fig. 3B, Table Il). A total of 226 IMPs (containing 1
or more TMH) were identified by proteomic analysis of mem-
brane-enriched PBMCs based on the TMHMM 2.0 software
(50) with an average GRAVY score of —0.04 (supplemental
Fig. S4). The GRAVY score is the sum of hydrophobicity
values for each of all the amino acids in the protein, divided by
the protein length (57).

After statistical analysis of the Progenesis data, ~360 dif-
ferentially abundant proteins were identified in the spinal cord
data set with one-way ANOVA p values = 0.05, including 164
proteins significantly up-regulated and 195 down-regulated. A
total of 183 proteins exhibited a =twofold change in expres-
sion, with 95 of these identified from all three technical repli-
cates (Fig. 3A; supplemental Table S4). A total of 88 out of the
197 proteins originally identified as being up-regulated in the
diseased spinal cord by spectral counting analysis were val-
idated by MS'-based quantification. Moreover, an additional
69 novel proteins were identified as being up-regulated, such
as serum amyloid P-component (Apcs), beta-2-microglobulin
(B2m), and leukotriene A-4 hydrolase (Lta4h). A total of 92 out
of the 234 proteins identified as being down-regulated in the
diseased spinal cord by spectral counting analysis were val-
idated by MS'-based quantification with an additional 103
novel proteins identified, including mitogen-activated protein
kinase 1 (Mapk1), phosphatidylethanolamine-binding protein
1 (Pebp1), and heat shock protein HSP 90-beta (Hsp90ab1)
(Table ).

After statistical analysis of the PBMC data from Progenesis,
139 differentially abundant proteins were identified with one-
way ANOVA p values = 0.05, including 43 proteins signifi-
cantly up-regulated and 96 down-regulated. A total of 74
proteins exhibited a =twofold change in expression, with 43
of these identified from all three technical replicates (Fig. 3B;
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This study

Mouse MOG-EAE (Spinal cord)
Orbitrap Velos + NSAF or Progenesis

Rosenling, T.
et al. (2012)
Rat MBP-EAE (CSF)
Orbitrap XL+ NSC classifiers
& QTOF + Progenesis

Liu, T. et al.
(2007)

Rat MBP-EAE (Spinal cord)
iITRAQ + MALDI-TOF MS

Fic. 4. Triple Venn diagrams illustrating the relationship be-
tween the numbers of candidate disease-specific markers iden-
tified within the diseased spinal cord/CSF from various quantita-
tive proteomic analyses. Overall there are 44 proteins in common
including 6 well-validated markers of EAE: complement C3, fetuin A,
hemopexin and ceruloplasmin, beta 2 microglobulin, and Ig gamma-
2A chain C region. However, a large proportion of proteins identified
in this study by MS'- and MS?-based quantitation (exhibiting a =2-
fold change in relative expression) that have yet to be linked to EAE or
multiple sclerosis. Differences in the number of proteins observed
between the three studies may be due the use of different rodent EAE
models (MOG versus MBP-induced), varying capabilities of the mass
spectrometry instrumentation and alternative methods of protein
quantification.

supplemental Table S9-S10). A total of 39 out of the 122
proteins identified as being up-regulated in diseased PBMCs
by spectral counting analysis were validated by MS'-based
quantification and an additional three novel proteins were
identified. A total 56 out of the 85 proteins identified as being
down-regulated in diseased PBMCs by spectral counting
were validated by MS'-based quantification with an additional
23 novel down-regulated proteins identified. In comparison to
previous quantitative proteomic studies on the spinal cord or
CSF from rodents with EAE, there is an overlap of 44 proteins
exhibiting a =twofold increase in expression from this study
including many abundant blood proteins such as fetuin A,
hemopexin, ceruloplasmin, and inflammatory markers beta-
2-microglobulin and Ig gamma-2A chain C region (Fig. 4).
However, there are more than 130 proteins that were exclu-
sively identified in this study by MS'- and/or MS2-based
quantitation, many which have yet to be linked to EAE or
MScl. Moreover, there are 30 proteins that were originally
found to be up-regulated in the diseased spinal cord by either
MS'- and/or MS?-based quantitation and were also identified
as being down-regulated within the diseased PBMCs, includ-
ing complement C3, Ostf1, and serotransferrin (Table ).
Pathway enrichment analyses of the spectral counting data
were performed by means of Gene Set Enrichment Analysis
(GSEA) and the functional annotation tool from DAVID Bioin-
formatics Resources. They revealed the most statistically rel-

evant and over-represented (enriched) biological annotations
in the diseased spinal cord to be processes involving the
immunoproteasome, complement and coagulation cascades
and regulation of the actin cytoskeleton. The pathways that
appear to be down-regulated relate to synaptic transmission
involving neurotransmitter release and endocytosis (Fig. 5A,
Table Ill). In the PBMC analysis, biological processes enriched
in EAE mice include extracellular matrix remodeling and focal
adhesion whereas those down-regulated include gene ex-
pression and DNA/RNA processing, antigen presentation and
the mitochondrial respiratory chain (Fig. 5B, Table IV). These
observations correlate well with the neuroinflammatory model
of the disease (Fig. 6). The first stage of this model involves
the activation of myelin-directed T helper cells by APCs in
peripheral lymphoid organs, such as lymph nodes. The acti-
vated T cells then leave the lymphoid tissue and enter the
systemic circulation via a permeable BBB, mediated by inter-
actions between the cell adhesion molecules expressed by
leukocytes such as integrins and those on the endothelium. T
cells are subsequently re-activated in the CNS on MHC I
molecules expressed on local APCs. This influx of activated T
cells triggers a cascade of inflammatory responses (the acti-
vation of B cells and plasma cells to produce antibodies, the
recruitment of other blood-derived immune cells, such as
lymphocytes and monocytes, which then differentiate into
macrophages and DCs. These cells signal the activation of
microglia and the direct attack of the myelin sheath and the
neuronal cells by T cells, through the production of inflamma-
tory cytokines, which eventually leads to demyelination and
neuronal cell death. Several proteins involved in mediating the
entry of activated lymphocytes across the BBB were found to
be elevated in the diseased spinal cord and the membrane-
enriched fraction of PBMCs.

Orthogonal Validation of Candidate Biomarkers by Western
Blot Analysis—To further confirm the results obtained from
the label-free proteomics analyses of the diseased and sham-
induced spinal cord tissues, Western blot analysis was per-
formed to measure the relative abundance of four differentially
abundant proteins: moesin, ezrin, PSD93 or DIg2 and Clic1.
Bands of the expected molecular weights for these proteins
were visualized in both EAE- and sham-induced controls (Fig.
7A). These data validate the observations made at the MS'-
and MS?-level for ezrin and Clic1 during label-free quantitative
proteomics. However, this observation did not reach statisti-
cal significance for moesin and DIg2 (Fig. 7B). There is a clear
shift in the amount of moesin present in the higher Mw band
within the diseased mice compared with the sham. This dif-
ference suggests that the increased fold change detected by
label-free mass spectrometry may be representative of the
peptides derived from this higher Mw isoform.

Candidate Biomarker Validation by Targeted Mass Spec-
trometry (Label-free MRM)— A total of 194 out of 233 proteins
exhibiting dysregulated protein expression (=twofold change,
p = 0.05) in the spinal cord by spectral counting analysis were

Molecular & Cellular Proteomics 13.3

687


http://www.mcponline.org/cgi/content/full/M113.033340/DC1

Identification of Disease-specific Biomarkers of EAE
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Fic. 5. Enrichment map representations of the GSEA results obtained for the comparative proteomics analyses of spinal cord and
membrane protein-enriched PBMC fraction isolated from EAE and sham-induced mice. Biological processes that are perturbed in (A) the
spinal cord and (B) PBMCs are annotated. Node color and shading intensity represents the statistical significance of enrichment of a particular
gene set, whereas larger node sizes indicate that more genes have contributed.

selected for targeted quantification by label-free MRM. Candi-
date proteins identified from Progenesis analysis were not in-
cluded in MRM validation studies because they were identified
subsequently as a means of establishing the reliability of MS?-

based quantitation. A significant proportion of results (180/431
proteins in the spinal cord and 95/207 proteins in the PBMCs)
overlapped between the spectral counting and Progenesis anal-
yses. The differential abundance was confirmed for 136 of these
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TasLE IlI
KEGG pathways significantly dysregulated in the comparative analysis of spinal cords isolated from EAE and sham-induced mice. Pathways
were identified by DAVID Functional Annotation analysis and were ranked according to p value as determined by the EASE score. Counts and
percentages (%) refer to the number and % of genes from the original input list that are categorized into given KEGG pathways. Fold enrichment
refers to the magnitude of enrichment for each KEGG pathway as compared to the entire mouse genome which serves as the reference. The
Benjamini scores are calculated to globally correct enrichment p values that were considered to be statistically significant if p = 0.05

KEGG pathway Count % p value enrii?]lr?]ent Benjamini Genes
From genes T EAE spinal cord

Proteasome 9 0.32 5.56E-07 11.9 5.00E-05 PSMB10, PSMC5, PSMAG, PSMB1,
PSME1, PSME2, PSMD1,
PSMC1, PSMAS3, PSME2B-PS

Regulation of actin cytoskeleton 13 0.46 1.42E-04 3.7 6.37E-03 ACTB, ACTN4, ACTN1, MYH9,
VCL, PFN1, ARPC1B, EZR, GSN,
RAC1, CFL1, RHOA, MSN

Complement and coagulation cascades 8 0.28 1.65E-04 6. 7 4.95E-03 KNG1, FGG, FGA, SERPINA1B,
FGB, C3, SERPINA1D, C1QC

Adherens junction 7 025 1.21E-03 5.7 2.68E-02 ACTB, PTPN6, ACTN4, RAC1,
RHOA, ACTN1, VCL

Leukocyte transendothelial migration 8 0.28 2.65E-03 4, 2 4.67E-02 ACTB, EZR, ACTN4, RAC1, RHOA,
ACTN1, MSN, VCL

From genes | EAE spinal cord

Citrate cycle (TCA cycle) 7 0.19 1.74E-05 12.1 1.90E-03 SDHA, IDH3G, ACO1, ACLY, FH1,
SUCLA2, MDH1

Alanine, aspartate and glutamate 6 0.17 2.31E-04 6.3 1.05E-02 GLUL, ASPA, GOT1, GLUD1, ADSL,

metabolism ABAT

Arginine and proline metabolism 7 0.19 3.91E-04 71 1.06E-02 GLUL, ALDH7A1, GOT1, CKMT2,
GLUD1, CKMT1, ALDH2

Pyruvate metabolism 6 0.17 8.64E-04 7.8 1.87E-02 ALDH7A1, PKM2, LOC100047228,
ALDH2, GRHPR, ACAT2, MDH1

Propanoate metabolism 5 0.14 2.08E-03 8.9 3.72E-02 ALDH7A1, ALDH2, ABAT, SUCLA2,
ACAT2

Glyoxylate and dicarboxylate metabolism 4 011 2.88E-03 13.4 4.39E-02 PGP, ACO1, GRHPR, MDH1

Cysteine and methionine metabolism 5 0.14 2.98E-03 8.1 3.99E-02 GOT1, MAT2A, MTAP, AHCYL1,
AHCYL2

Endocytosis 11 0.30 3.92E-03 2.9 4.65E-02 DNMS3, EPN3, AP2A2, AP2B1,

AP2A1, DNAJC6, PDCD6IP,
DNM1, SH3GL2, EHD3, AP2M1

proteins by the presence of one to four peptides with statisti-
cally significant differential expression (Student’s t test, p =
0.05) between EAE and sham groups (supplemental Figs. S5-
S6). In contrast, comparable levels of six “housekeeping” pro-
teins (i.e. proteins that were found to have negligible levels of
differential expression by label-free proteomics analysis) were
observed, confirming equal protein loading between samples.
Examples of proteins with up-regulated expression confirmed in
EAE spinal cord include Ostf1, moesin and ezrin (Fig. 8A) and
those validated as being down-regulated include toll-interacting
protein (Tollip), oxysterol-binding protein-related protein 1
(Osbplia) and lanC-like protein 1 (Lancl1) (Fig. 8B).

From the PBMC analysis, 74 out of 116 proteins exhibiting
dysregulated protein expression (=twofold change) were simi-
larly subjected to label-free MRM analysis. Similar levels of five
“housekeeping” proteins were identified between samples,
whereas differential abundance of 50 proteins was confirmed
(supplemental Figs. S7-S8), including those up-regulated in
disease such as short transient receptor potential channel 6

(Trpc6), glia-derived nexin (Serpine2), and angiopoietin-1
(Angpt1) (Fig. 9A), and others down-regulated in disease such
as Ostf1, Transferrin receptor protein 1 (Tfrc) and Integrin al-
pha-M (ltgam) (Fig. 9B). Multiple hypothesis testing was per-
formed on the t test p values calculated for each of the peptides
quantified within individual MRM experiments. Only 17 out of
136 proteins previously determined to be differentially abundant
in the spinal cord by an unpaired Student’s t test were found not
to be significantly different (o value = 0.05) after applying the
Benjamini-Hochberg and Yeketuli methods to control false dis-
covery rates (supplemental Tables S14-S15). Examples include
peptide/s derived from Calcium-binding protein 39 and Eukary-
otic translation initiation factor 4H. Eight out of 50 proteins
previously confirmed to be differentially abundant in the mem-
brane protein-enriched fraction of PBMCs by unpaired St-
udent’s t-testing were also found not to be significantly different
(o value = 0.05) (supplemental Tables S16-S17). Examples
include peptides derived from Serpine2, Trpc6, and coagulation
factor XIIl A chain.
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TABLE IV
KEGG pathways significantly dysregulated in the comparative analysis of membrane-enriched PBMCs isolated from EAE and sham-induced mice.
Pathways were identified by DAVID Functional Annotation analysis and were ranked according to p value as determined by the EASE score. Counts
and percentages (%) refer to the number and % of genes from the original input list that are categorized into given KEGG pathways. Fold enrichment
refers to the magnitude of enrichment for each KEGG pathway as compared to the entire mouse genome that serves as the reference. The
Benjamini scores are calculated to globally correct enrichment p values, which were considered to be statistically significant if p = 0.05

Fold

KEGG pathway Count % p value enrichment Benjamini Genes
From genes 7 EAE membrane-
enriched PBMCs
ECM-receptor interaction 10 0.48 9.19E-07 9.2 7.81E-05 VWEF, GP5, ITGAS, ITGA2, GP1BA, ITGB3, THBS1,
ITGB1, ITGA2B, FN1
Focal adhesion 14 0.67 1.09E-06 5.4 4.63E-05 ACTB, 2900073G15RIK, ITGA2, ITGB3, CAPN2,
ITGB1, FLNA, PRKCB, VWF, ITGASG,
LOC640441, GM6517, THBS1, PARVB, ITGA2B,
FN1
Butanoate metabolism 7 0.33 6.35E-06 14.5 1.80E-04 ACADS, OXCT1, PDHA1, HADH, ACAT1, HADHA,
ALDH9A1
Fatty acid metabolism 7 0.33 2.05E-05 11.9 4.35E-04 CPT2, ACADS, HADH, ACAA1A, ACAT1, HADHA,
ALDH9A1
Valine, leucine and isoleucine 7 0.33 2.33E-05 11.6 3.97E-04 ACADS, OXCT1, HADH, ACAA1A, ACAT1,
degradation HADHA, ALDH9A1
Citrate cycle (TCA cycle) 6 0.29 4.07E-05 14.8 5.77E-04 SDHA, IDH3B, PDHA1, FH1, OGDH, MDH2
From genes | EAE membrane-
enriched PBMCs
Ribosome 12 0.60 4.39E-11 16.9 1.58E-09 RPL14, RPLP2, RPLPO, RPS27A, WDR89, UBA52,
RPS28, RPL8, RPSA, RPS7, RPL30-PS2, UBC,
UBB, RPL27A, RPL30, RPL24, RPL23
Antigen processing and 9 0.45 3.91E-07 12.3 7.04E-06 HSP90ABH1, PDIAS, IFI30, CALR, TAPBP, PSMET1,
presentation PSME2, PSME2B-PS, HSPA4, HSPA5
Blood brain
Blood barrier CNS tissue
circulation

Lymph node

He%

Antigen processing and presentation
Proteasome

E.g. PSMB10, PSME1, PSME2,
TAPBP

Complement and coagulation cascades
E.g. KNG1, FGG, FGA, SERPINA1B, FGB,
C3, SERPINA1D, C1QC

Leukocyte transendothelial migration E.g. EZR, RAC1, RHOA, MSN

Focal adhesion
ECM-receptor interaction

E.g. ACTB, TLN1, ACTN4, ACTN1, FLNA
E.g. VWF, GP5, ITGA6, ITGA2, GP1BA,
ITGB3, THBS1, ITGB1, ITGA2B, FN1

FiG. 6. Schematic illustration of the neuroinflammatory model of demyelinating disease as is observed in EAE and MScl (1).
Myelin-directed T helper cells are activated in the periphery by APCs. (2) The activated T cells enter the systemic circulation from the periphery
via a permeable BBB, mediated by interactions between the cell adhesion molecules expressed by leukocytes such as integrins and those on
the endothelium. (3) T cells are subsequently re-activated in the CNS on MHC Il molecules expressed on local APCs. This influx of activated
T cells triggers a cascade of inflammatory responses, ultimately leading to the recruitment of other blood-derived immune cells, such as
lymphocytes and monocytes. These cells then differentiate into macrophages and DCs and produce inflammatory cytokines that act in concert
with other stimuli to mediate demyelination and neuronal cell death. Some of the biological pathways found to be up-regulated in this study
within the diseased spinal cord and the membrane-enriched fraction of PBMCs by gene enrichment analyses have been annotated. Fig.

adapted from Ingwersen and colleagues (87).

DISCUSSION
Label-free Based Proteomic Identification and Subsequent
Label-free MRM Validation of EAE Biomarkers—In this study
we chose to combine methods of label-free quantification at
the MS'- and MS?-levels to ensure the fidelity of the reported

results, with protein abundance identified as being different
by both techniques considered reliable. Comparative pro-
teomics analyses of disease-affected tissues in EAE- and
sham-induced mice revealed several hundred differentially
abundant proteins by both spectral counting and intensity-
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Fic. 7. Western blot analysis confirming the differential expres-
sion of select proteins in the spinal cord during EAE. A, Equal
amounts of soluble spinal cord lysate (~30 ng) derived from three
biological replicates of each sham and EAE group were probed
against Moesin (~70 and 55 kDa), Ezrin (~80 kDa), PSD93 or DIg2
(110 kDa), Clic1 (~27 kDa), and GAPDH (~40 kDa). B, Relative
densities of the bands were normalized to GAPDH from the same gel.
Results are presented as mean =+ S.E. for three biological replicates
per group. A two-tailed t test was performed to identify significant
differences between brain regions. * Significant difference with p =
0.05; n.d. not detected.

Ezrin Moesin

based quantitation. Candidate markers of EAE were validated
by Western blotting and targeted mass spectrometry (MRM)
analyses. The increased abundance of ezrin and Clic1 pro-
teins was confirmed by both Western blotting and MRM anal-
yses, validating the label-free quantitative data. Western blot-
ting is conceptually similar to MRM, however, it differs
substantially in terms of the number of proteins that can be
simultaneously detected and the overall reliability and quality
of the results because of the reliance on antibodies of varying
specificities (58). The specificity of an antibody dictates its
usefulness in a Western blotting assay, whereas several pa-
rameters such as retention time, precursor and fragment ion
m/z values are relied upon during MRM analysis, rendering it
an inherently more sensitive technique. However, Western
blots are still indeed useful for detecting specific protein iso-
forms or degradation products, as was found in this study
with moesin and ezrin, observations that might be missed by
the targeted MS approach. Scheduled MRM experiments of-

fer an additional level of multiplexing capabilities with =1000
transitions that can be simultaneously analyzed, as only cer-
tain transitions related to a specific peptide are monitored
during a time window around the peptide’s elution time (59).
Using this time-constrained feature, it allowed for significantly
more candidates to be validated in this study without needing
to repeatedly assay precious samples. Several rounds of op-
timization on the QQQ instrument were initially required to
unequivocally determine the retention times of targeted pep-
tides to perform the scheduling experiments. Label-free MRM
assays were optimized for 194 of the 233 proteins exhibiting
a =twofold change in expression within the spinal cord by
spectral counting analysis, with 136 proteins confirmed to be
statistically significant markers (Student’s t test, p = 0.05),
equivalent to ~70% success rate for MRM-based validation of
candidates. Scheduled MRM assays were optimized for 74 of
the 166 proteins exhibiting a =twofold change in expression in
the PBMCs by spectral counting analysis, with 50 proteins
confirmed to be statistically significant markers (Student’s t test,
p = 0.05), also equivalent to ~70% success rate for MRM-
based validation of candidates. Scheduled MRM assays were
performed in duplicate on three biological replicates per EAE
and sham group to ensure the accuracy of validation. Moreover,
multiple hypothesis testing of the p values obtained from the
unpaired Student’s t-tests confirmed that over ~85% of the
proteins are indeed differentially abundant in disease-affected
tissues by targeted mass spectrometry.

Compared with previous quantitative proteomics studies on
clinically derived MScl or EAE tissue, this is by far the most
comprehensively validated data set, with hundreds of candi-
dates subjected to label-free MRM analysis. Rosenling and
colleagues recently identified 44 differentially abundant pro-
teins within the CSF of a rodent EAE model of which only two
were validated by MRM (28). In this study, three to four unique
peptides served as protein surrogates in the MRM-based
validation of candidate disease markers with the best four
transitions per peptide monitored. The additional application
of several constraints to the peptide-detection step including
prior information on the chromatographic elution properties
(i.e. retention time) dramatically reduced the likelihood of false
positives and improved the quantitative accuracy, and ulti-
mately the overall reliability of the results. There has been only
one previously reported multiplexed MRM validation study
that is on par with the scale of this current study in terms of
the number of transitions targeted in a single scheduled MRM
assay. Bisson and colleagues applied a scheduled MRM as-
say in combination with affinity purification to target 90 pro-
teins (corresponding to 326 peptides or 1157 transitions) that
were potentially GRB2-associated interactors (60). However,
the MRM-based validation of candidate EAE markers de-
scribed in this study is even more comprehensive given that
three separate scheduled MRM assays were performed, each
containing ~1000 transitions.
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Biological Significance of the Putative Disease Markers De-
tected in the Spinal Cord—Elevated levels of known protein
members of the coagulation cascade such as fibrinogen (al-
pha, beta, and gamma isoforms) and kininogen-1, were iden-
tified by both spectral counting analysis and MS'-based
quantification in the diseased spinal cord, observations that
have previously been made by proteomic analyses of chronic
active plagues isolated from post-mortem MScl brain tissue
(12) and CSF from the MBP-EAE model (28). In concordance
with other studies, we also identified increased levels of vita-
min-d-binding protein (Vdbp), several protein members of the
immunoproteasome, and multiple isoforms of immunoglobu-
lin G (IgG) within the diseased spinal cord by both label-free
quantification methods. Moreover, a subset of class | acute
phase proteins that are known to increase in inflammatory
conditions, including MScl (61), were found at elevated levels
by both quantification methods in the diseased spinal cord.
Their increased presence within this tissue may be caused by
the breach in BBB permeability during disease onset and the
subsequent extravasation into the CNS.

To our knowledge, this is the first study implicating the role
of a number of proteins with EAE including osteoclast-stimu-
lating factor 1 (Ostf1). A 7.8 log,-fold increase in Ostf1 ex-
pression was detected within the diseased spinal cord by
spectral counting analysis, an observation that was subse-
quently validated by label-free MRM analysis. Ostf1 is pro-
duced by osteoclasts and functions to promote bone resorp-
tion by enhancing osteoclast formation and activity (62). One
of the key osteoclast differentiation factors is the receptor
activator of nuclear factor-kB (RANKL), which is not only
expressed by bone-forming osteoblasts in response to oste-
oclastogenic factors (e.g. 1,25-dihydoxyvitamin D), but also
by activated T cells in response to pro-inflammatory cytokines
(e.g. osteopontin) (63, 64). Osteopontin is produced by both
immune cells (activated macrophages and T lymphocytes)
(65, 66) as well as nonimmune cells including bone and brain
cells (67). Ostf1 expression is stimulated by the inflammatory
mediators tumor necrosis factor-a (TNF-«) and interleukin-13
(IL-1B) (68). Elevated levels of osteopontin have previously
been detected in brain lesions (69), plasma (70, 71), and CSF
(72) of MScl subjects. Another protein identified, Vdbp, is a
plasma protein primarily responsible for the transport of vita-
min D metabolites to target organs (73) and also plays a role
in the activation of macrophages and osteoclasts (74). An 8.5
log,-fold increase in Vdbp expression was identified in dis-
eased spinal cord by spectral counting analysis, whereas

MS'-based quantitation revealed a 17.2-fold up-regulation.
These observations have also been made in the CSF of an
MBP-EAE model (28) and the CSF of secondary progressive
(SP-) and relapsing remitting (RR-) MScl subjects, compared
with controls (16, 17). These data suggest the dynamic cross-
talk between the immune and skeletal systems plays an im-
portant role in EAE and MScl, and this process may be me-
diated through the osteoclast-activating abilities of Vdbp and
Ostf1.

The Biological Significance of the Putative Disease Markers
Detected in the Membrane-enriched PBMCs— Several pro-
teins were identified with elevated expression in disease-
affected PBMCs include short transient receptor potential
channel 6 (Trpc6) and angiopoietin-1 (Angpt1). Proteins found
to be down-regulated include transferrin receptor protein 1
(Tfrc) and integrin alpha-M (Itgam). Trpc6 is a Ca®*-permea-
ble, nonselective cation channel of the transient receptor po-
tential (TRP) superfamily that consists of six subgroups in-
cluding TRPC (canonical),TRPV (vanilloid) channels, and
TRPM (melastatin) channels (75). TRP channels act as cellular
sensors, mediating calcium influx as well as the ion homeo-
stasis of migrating cells (76). They are expressed in a wide
range of tissues and cell types and are activated by multiple
stimuli (77). Trpc6 and Trpv1 channels have been implicated
in the lysophosphatidylcholine (LPC)-induced chemotaxis of
human monocytes (78). Furthermore, administration of the
Trpc channel inhibitor 2-aminoethoxydiphenyl borate (2-APB)
resulted in the partial inhibition of LPC-activated currents. In
our quantitative proteomics analysis of the membrane pro-
tein-enriched fraction of PBMCs, a 2.4 log,-fold increase in
Trpc6 expression within diseased EAE mice by spectral
counting analysis and validated by label-free MRM within
diseased EAE mice. This event may be representative of
activated monocytes trying to initiate and/or maintain their
ability to migrate into the CNS. Therefore, the development of
Trpc6 channel antagonists represents a novel therapeutic
strategy for inhibiting disease progression in EAE and MScl.
Recent studies have identified Trpm4 as being critically in-
volved in calcium-mediated activation of channels, thus con-
tributing to the destruction of axons and neurons in EAE and
MScl. Moreover, Trpm4 knockout studies and pharmaceutical
antagonism of Trpm4 in mice resulted in a reduction in EAE
severity and disease progression, with neurons being pro-
tected against the toxic effects of Trpm4-mediated glutamate
excitotoxicity (79).

Fic. 8. Targeted mass spectrometry analysis of a subset of differentially abundant proteins identified within the spinal cord tissue
of EAE and sham-induced mice. Proteins validated to be (A) up-regulated and (B) down-regulated in EAE spinal cord or (C) “housekeeping”
proteins (ENOB and PPIA) exhibiting similar levels of expression between sham and EAE mice Graphs are representative extracted ion
chromatograms (XICs) for specific peptides derived from dysregulated proteins sampled from each group. Bar charts represent the average
peak intensity (counts per second, cps) for peptides quantified in EAE (red) and sham (green) mice (three biological replicates per group, two
technical replicates per peptide). A Student’s t test was performed on the peak areas of each quantified peptide to test for statistical differences
between EAE and sham with p values = 0.05 considered statistically significant. n.s refers to peptides that were analyzed by MRM but were

deemed not statistically significant.
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Fic. 9. Targeted mass spectrometry analysis of a subset of differentially abundant proteins identified within the membrane
protein-enriched fraction of PBMCs isolated from EAE and sham-induced mice. Proteins validated to be up-regulated (A) and down-
regulated (B) in EAE PBMCs or (C) “housekeeping” proteins (HSP70 and ALDH2) exhibiting similar levels of expression between sham and EAE
mice Graphs are representative XICs for specific peptides derived from dysregulated proteins sampled from each group. Bar charts represent
the average peak intensity (cps) for peptides quantified in EAE (red) and sham (green) mice (three biological replicates per group, two technical
replicates per peptide). A Student’s t test was performed on the peak areas of each quantified peptide to test for statistical differences between
EAE and sham with p values = 0.05 considered statistically significant. n.s refers to peptides that were analyzed by MRM but were deemed
not statistically significant. * indicates that the t test p values for the peptide failed to reach statistical significance after multiple hypothesis

testing.

Itgam, also known as CD18/CD11b or Mac-1, is a member
of the B,-integrin family of adhesion molecules expressed on
macrophages, microglia, and activated T cells. It plays a
critical role in complement-mediated phagocytosis and cellu-
lar trafficking, and in MScl, it ultimately contributes to the
development of demyelinating disease (80, 81). The differen-
tial regulation of B,-integrins on certain T cell subsets during
the acute course of EAE has been shown to modulate the
kinetics of EAE development by influencing T cell migration
patterns into peripheral and CNS tissues (82). We identified a
2.3 log,-fold decrease in Itgam expression within disease-
affected PBMCs by spectral counting and label-free MRM
analyses within disease-affected PBMCs. This observation
may be representative of T cell trafficking from the periphery
into the spinal cord via a breached BBB in EAE thus resulting
in decreased levels in the systemic circulation. A similar phe-
nomenon has previously been reported in EAE mice at the
onset of clinical symptoms whereby levels of pro-inflamma-
tory monocytes (CD11b"CCR2*Ly6C"9") circulating within
the blood fall dramatically to levels observed in naive mice,
concomitant with their appearance within the spinal cord (83).

The analysis of proteomic data collected from spinal cord
and PBMC tissue of EAE mice in tandem support with the
established three-step model of EAE progression and the

neuroinflammatory model of the disease: Initially, the periph-
eral activation and proliferation of myelin-specific T41 or T417
cells occurs and these cells migrate into the CNS across a
permeable BBB, resulting in expansion of resident microglia
and activation of astrocytes. Finally, blood-borne macro-
phages and neutrophils are recruited from the circulation,
triggering a disease cascade resulting in CNS inflammation
and neuronal cell death (84, 85). In summary, these proteomic
data reveal the dynamics of immune cell infiltration from pe-
ripheral blood compartments into the CNS at a molecular
level. This study identified specific proteins involved in inflam-
matory processes with decreased expression within PBMCs,
and elevated levels detected within the spinal cord of EAE
mice. These data demonstrate that the profile of immune cells
is differentially regulated between the CNS and peripheral
blood compartments during EAE (86).

CONCLUSIONS

A dual label-free comparative proteomics approach was
employed to assess the repertoire of differentially abundant
proteins within disease-affected tissues of actively induced
EAE mice and their sham-induced counterparts. This is the
first comparative proteomics analysis of this subcellular frac-
tion derived from an animal model of MScl with which a novel
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mass spectrometry-compatible detergent, MNG, has been
used to solubilize the membrane protein-enriched fraction of
PBMCs. Additional validation by quantitative Western blotting
and label-free MRM analysis were employed to confirm the
differential abundance of ~200 candidate disease-specific
proteins, many of which have yet to be reported in the litera-
ture as being associated with EAE or MScl. A subset of these
candidates also represent promising therapeutic targets in-
cluding ion channels (Trpc6, Clic1) and enzymes crucial for
the proper functioning of activated T cells (Cmpk2, Nampt).
Future studies are now warranted to establish whether these
biomarkers are relevant to the human condition. Here, the
multiplexing capabilities of MRM analysis could be exploited
in a quantitative proteomic screen of post-mortem lesional
brain tissue and patient plasma/serum and CSF using a panel
of the most sensitive and specific biomarkers originally iden-
tified within the mouse model. Routine testing of robust pan-
els of markers will be immensely useful in the clinic to aid with
disease diagnosis, for stratifying patients who differentially
respond to drug treatment and for reliably predicting the
clinical course of the disease once it is diagnosed. In sum-
mary, several candidate biomarkers of EAE have been iden-
tified in this study, which may have implications for early,
presymptomatic diagnostics and may represent novel ave-
nues for therapeutic intervention of MScl.
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