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Central nervous system-specific proteins (CSPs), transported across the damaged blood-brain-barrier
(BBB) to cerebrospinal fluid (CSF) and blood (serum), might be promising diagnostic, prognostic and
predictive protein biomarkers of disease in individual multiple sclerosis (MS) patients because they are not
expected to be present at appreciable levels in the circulation of healthy subjects. We hypothesized that
microwave & magnetic (M?) proteomics of CSPs in brain tissue might be an effective means to prioritize
putative CSP biomarkers for future immunoassays in serum. To test this hypothesis, we used M” proteomics
to longitudinally assess CSP expression in brain tissue from mice during experimental autoimmune
encephalomyelitis (EAE), a mouse model of MS. Confirmation of central nervous system (CNS)-infiltrating
inflammatory cell response and CSP expression in serum was achieved with cytokine ELISPOT and ELISA
immunoassays, respectively, for selected CSPs. M? proteomics (and ELISA) revealed characteristic CSP
expression waves, including synapsin-1 and a-II-spectrin, which peaked at day 7 in brain tissue (and serum)
and preceded clinical EAE symptoms that began at day 10 and peaked at day 20. Moreover, M* proteomics
supports the concept that relatively few CNS-infiltrating inflammatory cells can have a disproportionally
large impact on CSP expression prior to clinical manifestation of EAE.

ultiple sclerosis (MS) is a debilitating neurological disease that affects approximately 2.5 million people
globally'. MS patients experience episodes of inflammation and demyelination that are believed to be
mediated by an autoimmune attack directed against central nervous system (CNS)-specific proteins
(CSPs) such as components of the myelin sheath on axons, including: myelin basic protein, proteolipid protein
and myelin oligodendrocyte glycoprotein. The autoimmune attack promotes an inflammatory cascade in the CNS
highlighted by recruitment of innate- and adaptive-immune cells and release of inflammatory mediators that act in
concert to damage the myelin sheath and neuronal axons. Autoreactive T cells have been shown to be key mediators
of this attack against the myelin sheath. Once activated, these T cells migrate and infiltrate into the CNS, crossing
the blood-brain-barrier (BBB) in a multistep process>’. Infiltrating autoreactive T cells release inflammatory
cytokines that modulate the activation of microglia, infiltrating macrophages and dendritic cells to release neuro-
toxic mediators, including nitric oxide and reactive-oxygen species (ROS)**. Macrophages, microglia, and dendritic
cells are also actively involved in the inflammatory response®’. While MS research has historically focused on
inflammatory events in the CNS, such as the pathological role of cytokines®’, a more detailed molecular under-
standing of the biology of other proteins, particularly CSPs transported across the BBB into cerebrospinal fluid
(CSF) or serum, is critical to further our understanding of MS and to develop new biomarkers and treatments.
Clinical diagnosis of MS, versus other similar neurological diseases, and classification into the consensus
definitions of the four major subtypes of MS is based on a limited diagnostic repertoire, including: clinical
appearance, disease history and laboratory imaging and/or diagnostics>'***. Currently, MS is classified into
relapsing-remitting (RRMS), secondary-progressive (SPMS), primary-progressive (PPMS) and progressive-
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relapsing (PRMS). Approximately 80% of the patients initially
develop the RRMS form of the disease, characterized by clinical
attacks (relapses) with diverse neurological dysfunctions, followed
by functional recovery (remission). More than half of these patients
will eventually develop SPMS, characterized by progressive residual
neurological deficiencies with or without attacks during the
progressive phase'’. Current immunomodulatory treatments
ameliorate, but do not cure, MS, including: beta-interferons,
therapeutic antibodies, glucocorticoids and glatiramer acetate.
Responses to treatments are highly variable between patients
and no accurate means exist to predict efficacy of a particular
drug. Individual responses to treatment are typically evaluated by
clinical measures of disease progression such as the expanded dis-
ability status scale (EDSS)" and magnetic resonance imaging (MRI)
of brain lesion volume'". However, these clinical measures lack
sensitivity and specificity for a large population of MS patients,
and they fail to show a strong correlation between specific treatments
and their efficacy in slowing disease progression in individual MS
patients.

Thus, there is an urgent need for molecular biochemical markers
with improved diagnostic, prognostic and predictive power.
However, poorly understood variations of genetic, environmental,
and socioeconomic factors in the MS patient population present
profound challenges for biomarker research. A diagnostic matrix
with a particular combination of biomarkers might enable more
precise molecular stratification of individual patients into treatment
groups. Moreover, a particular combination of biomarkers might be
necessary because not all of these molecules are expected to be
exclusive to MS and might also be found in other diseases and neuro-
logical disorders.

Studying the relation of protein expression trajectories to disease
progression within individual MS patients is expected to mitigate
population variability to a certain degree and account for potential
patient-specific factors. More than 24,000 genes are translated and
post-translationally modified into an estimated 2 million protein
isoforms in humans, encoding far more molecular diversity than
the relatively static genome or transcriptome. Paradoxically, less than
100 proteins are routinely quantified in serum today***'. Thus, the
most sensitive (most true-positive) and specific (least false-positive)
biomarkers are expected to be at the protein level. Notably, proteins
must be measured directly due to the poor correlation between the
transcriptome and proteome due to alternative splicing, post-trans-
lational modifications, single nucleotide polymorphisms, limiting
ribosomes available for translation, mRNA and protein stability,
and other factors (e.g., microRNA).

CSPs, transported across the damaged BBB to CSF and blood
(serum), might be promising diagnostic, prognostic and predictive
(therapeutic) protein biomarkers of disease in individual MS patients
because they are not expected to be present at appreciable levels in
the circulation of healthy subjects. Compared to the highly variable
clinical spectrum of individual MS patients, disease in groups of mice
with experimental autoimmune encephalomyelitis (EAE), the major
animal model for MS, is less heterogeneous and more synchronous,
providing a strong rationale for preclinical biomarker studies. Our
laboratory has pioneered microwave and magnetic (M?) proteomics
for quantitative liquid chromatography-tandem mass spectrometry
(LC/MS/MS) of relatively large numbers of CSPs and brain tissue
specimens in murine EAE****. M? proteomics synergizes off-line
microwave-assisted chemical modification of CSPs bound to mag-
netic C8 microparticles, multiplexed isobaric encoding, and auto-
mated sample preparation with 96-well plates. M* proteomics is
also amino acid sequence- and post-translational modification-spe-
cific**?. Despite its advantages, LC/MS/MS-based proteomics of low
abundance CSPs can be confounded by masking effects due to high
abundance proteins, particularly in CSF and serum where protein
abundance can span up to 12 orders of magnitude***.

In this study, we hypothesized that M* proteomics of CSPs in brain
tissue might be an effective means to prioritize putative CSP biomar-
kers for future immunoassays in CSF and serum, as previously sug-
gested by us®® and others™. To test this hypothesis, we longitudinally
assessed CSP expression in brain tissue from EAE mice.
Confirmation of autoimmune T-cell response and CSP expression
trajectories was achieved with cytokine ELISPOT and ELISA immu-
noassays, respectively, for selected CSPs. Importantly, M* proteo-
mics revealed characteristic CSP expression waves that preceded
the onset of clinical EAE symptoms.

Results

The EAE score distribution and disease trajectory for mice that were
blindly scored for clinical symptoms, including those randomly
selected for analysis with M* proteomics, are shown in Figure 1.
Consistent with previous reports including our own studies, only
few mice exhibited mild clinical symptoms (EAE score = 1) by
day 7 (pre-onset), with increased EAE scores evident for disease
onset at day 10 (EAE score = 1) and disease peak at day 20 (EAE
score = 2), followed by decreased EAE scores for remission at day
2531—33.

Next, we tested for expression changes in the CNS proteome in
order to prioritize CSPs that might be promising biomarkers of EAE.
We focused on analysis of the brain-tissue proteome because the
brain is the major target of the disease in MS***°. Overall, decoding
isobarically-labeled peptide expression for each specimen relative to
pooled reference materials enabled statistical calculations for 1032
peptides from CSPs and other putative protein biomarkers (from a
total of 6608 peptides and 4512 proteins) with significant differential
expression between two post-immunization time points (pair-wise
time point contrasts) and significant differential expression across
all post-immunization time points (overall p-value). Specifically, we
required top-scoring peptides to have pair-wise time point contrast
with an area under the receiver operating characteristic curve (AUC)
greater than 0.9 and an overall p-value of less than 1.0E-03,
respectively.

Importantly, M proteomics revealed characteristic CSP express-
ion waves, including synapsin-1 and a-II-spectrin, which peaked at
day 7 in brain tissue and preceded clinical EAE symptoms that began
at day 10 and peaked at day 20. CSP expression waves that were
consistently observed are shown in Supplementary Tables 1A&B
and Supplementary Tables 2A&B, respectively.

Shown in Figure 2 is synapsin-1 as a representative example for the
expression of CSPs over the course of disease. Of the 19 peptides that
were observed from synapsin-1 across all time points, 17 showed a
significant differential expression with peak levels at day 7 (5 repres-
entative peptides are shown in Figure 2). Five representative peptides
from synapsin-1 with significant differential expression (pair-wise
time point contrasts) between 5 vs. 7 days and between 0 vs. 7 days
are shown in Figure 3. Here, for instance the AUC for peptide
GSHSQSSSPGALTLGR (peptide 2 of 19) for day 5 vs. day 7 was
0.99 and 0.95 for reference material tagged with the TMT126 and
TMT131 isobaric labeling reagents, respectively (bold in Table 1).
The overall p-values for this peptide were 8.1E-12 or 1.9E-08 for
reference material chemically modified with the TMT126 and
TMT131 isobaric labeling reagents, respectively. Correlations of rela-
tive peptide expression to post-immunization time were superior to
correlations to EAE score (8.8E-01 and 4.4E-01, respectively). The
remaining 2 of 19 peptides (QASISGPAPTK and QGPPQKPPGPA-
GPTR) were outliers, with AUC values less than 0.9 for pair-wise
time point contrasts that included day 7 (e.g., day 0 vs. day 7).

Compared to our previous work®, a five-fold larger cohort and
two different pooled reference materials (TMT-126 and -131-
labeled) were selected to improve the statistical power of and con-
fidence in our results for a number of putative protein biomarkers. In
addition, CSPs and other putative protein biomarkers for MS
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Figure 1 | Disease trajectory for the entire cohort studied herein (top), where mice were evaluated daily for EAE clinical symptoms. The disease

distribution and disease trajectory for the mice for M? proteomics are also shown (bottom and inset, respectively). Mice for M* proteomics were randomly
selected and sacrificed from 8 disease time points (18 = n = 20 specimens per time point), described by the number of days (d) post-immunization [—1 d
(non-immunized), 0 d (3 hrs post-immunization), 5 d,7 d, 10 d, 15 d,20 dand 25 d]. These time points were selected to reflect inflection points of pre-

onset, disease onset, early disease, disease peak and remission.

patients were prioritized and selected from our dataset by excluding
non-CSPs with descriptive terms for the protein name found in the
Trembl protein database. Consequently, we observed approximately
four-fold more peptides (and CSPs) than previously reported by
applying the more stringent constraints described above (e.g., overall
p-values less than 5.0E-02; AUC calculation). Statistical correlations
of peptide expression to EAE score and post-immunization time

were also improved and resulted in the identification of new putative
CSP biomarkers, including: synapsin-1 and a-II-spectrin. In addi-
tion, the overall p-value previously reported for the peptide
LIETYFSK from proteolipid protein 1 improved from 8.0E-04 (**)
to 7.9E-12 with the TMT126-labeled reference material (Supplemen-
tary Tables 2A&B). Additional confidence in this result was provided
by the TMT131-labeled reference material (overall p-value = 4.7E-

| 4:6210 | DOI: 10.1038/srep06210

3



A2AE14_MOUSE

§ 3 of 19: LGTEEFPLIDQTFYPNHK
T
< T T
S = T 9
5 0] w2 B EBE
L o I S N R p— —
3 -1 5 7 10 20
L

Time (days)
—~ A2AE14_MOUSE
& 5 of 19: MGHAHSGMGK
-
~ o
s «
¢ o
g o
>
L

Time (days)
— A2AE14_MOUSE
E\Dl 8 of 19: QHAFSMAR
-
N—
S 3 é
@ o J-- &g ? ..... [ -
g [ e — ?_1
X -1 0 7 10 20
]

Time (days)
— A2AE14_MOUSE
© 11 of 19: TSVSGNWK
Al
T
< < T T
Q T Hr - g
3 - ﬂ 5&594‘!!1 .....
g [ S B S e  m— —
> -1 5 7 15 25
W

Time (days)
— A2AE14_MOUSE
© 13 of 19: VLLVIDEPHTDWAK
N
T
- T T
9 T T

o 4

o | I D E e — —
S -1 57 15 25
W

Time (days)

A2AE14_MOUSE

g‘; 3 of 19: LGTEEFPLIDQTFYPNHK
N

N—

8 T

% '-03 .............. . E =~ E ...... e .....
v o | I B S R p— —

£ -4 5 7 10 20

L

Time (days)

A2AE14_MOUSE

2}; 5 of 19: MGHAHSGMGK
T
S M T T
9 = IS L
2 TeEeH
o T T T 1
3 7 15 25
(]

Time (days)
- A2AE14_MOUSE
5 8 of 19: QHAFSMAR
T
<
S =g T
S N TS
g © I — — ?_1
X -1 0 7 10 20
[}

Time (days)

A2AE14_MOUSE

g 11 of 19: TSVSGNWK
N
—
< < T T
3
3 — %i ......... éggg ........... g
1) 'y
a 1 1 ) I 1 1 1 1
X -1 5 7 15 25
L

Time (days)
- A2AE14_MOUSE
8 13 of 19: VLLVIDEPHTDWAK
N
N—
< T 1
Q T T v X
% mg ..... ﬁi EEET !?
o © [ S B . E— —
53 -1 57 15 25
L

Time (days)

Figure 2 | M? proteomics trajectories for selected differentially expressed peptides from synapsin-1 (A2AE14_MOUSE). Values for 1) significant
differential expression (AUC > 0.9) between two post-immunization time points and 2) significant differential expression (overall p-value < 1.0E-03)
across all post-immunization time points are provided in Supplementary Information.

12). Similar results were obtained for the peptide GLSATVTGGQK
from proteolipid protein 1. Lastly, AUC values greater than 0.9 were
observed for both peptides (Supplementary Tables 1A&B).

In addition to synapsin-1 and o-II-spectrin, differentially
expressed CSPs and other proteins included: synapsin-2/3, myelin
basic protein, ubiquitin carboxyl-terminal esterase L1, calcium/cal-
modulin-dependent protein kinase II alpha, neurofilament light and
medium, park 2, peroxiredoxin-1/4/5/6, 14-3-3-B/e/C, synaptotag-
min, enolase-1/2, guanine nucleotide binding protein o and B1,
superoxide dismutase 2, internexin neuronal intermediate filament
protein o, tyrosine-protein phosphatase non-receptor type substrate
1, macrophage migration inhibitory factor, proteolipid protein 1, and
caspase 7 (a brief description of several of these proteins is provided
in Supplementary Text).

CSP expression waves, revealed with M? proteomics of brain tis-
sue, were confirmed with ELISAs of representative CSPs in serum
specimens from an independent cohort (Figure 4). Synapsin-1 and
a-II-spectrin were selected because of their statistical significance.
Serum was collected, pooled and analyzed with ELISAs from mice
with EAE scores similar to the EAE scores of mice at the specific post-
immunization time points that were analyzed with M? proteomics. A
strong correlation between the levels of synapsin-1 and a-II-spectrin
in brain tissue and serum was observed, with peak levels at day 7
(Figure 4).

To provide a better understanding of the mechanism underlying
the characteristic CSP expression waves we investigated CNS-infilt-
rating inflammatory cell responses by immunoassays over the course
of EAE. Cytokine ELISPOT assays showed that neuroantigen-react-
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ive T cells producing two well-studied pathogenic cytokines (IFN-y

and IL-17) could be detected in spleen tissue as early as d

disease induction, and T cell responses peaked by day 15 (Figure 5).
In contrast, notable neuroantigen-specific T cell responses could be

detected in the brain only by day 10, coinciding with the onset of
EAE. Consistent with our previous findings, the frequencies of cyto-
kine-producing T cells in brain tissue peaked by day 20, coinciding
with peak EAE disease scores®>. Importantly, the frequencies of

ay 5 after
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Table 1 | Synapsin 1 (A2AE14_MOUSE) peptides with an AUC greater than 0.9

Post-immunization time contrast

(e.g., day Ovs. day 7) Peptide Sequence AUC126  AUC131  Overall p-value 126  Overall p-value 131
-1 5 VKVDNQHDFQDIASVVALTK 1.00 1.00 5.0E-09 1.9E-13
-1 7 LGTEEFPLIDQTFYPNHK 0.98 0.98 3.6E05 9.5E-04
-1 7 MGHAHSGMGK 1.00 0.99 1.6E-25 5.9E-22
-1 7 QHAFSMAR 1.00 1.00 1.3E-19 4.1E-14
-1 7 TSVSGNWK 1.00 0.99 1.7E-10 1.7E-09
-1 7 VKYDNQHDFQDIASVVALTK 1.00 1.00 5.0E-09 1.9E13
-1 7 VLLVIDEPHTDWAK 0.98 0.99 5.9E-14 4.6E-13
=1 10 KLGTEEFPLIDQTFYPNHK 0.94 0.96 3.6E-04 1.4E-06
-1 10 LGTEEFPLIDQTFYPNHK 0.98 0.94 3.6E05 9.5E-04
-1 10 QHAFSMAR 0.90 0.92 1.3E-19 4.1E14
=1 10 TSVSGNWK 0.98 0.96 1.7E-10 1.7E-09
-1 10 VKVDNQHDFQDIASVVALTK 1.00 1.00 5.0E-09 1.9E-13
-1 15 LGTEEFPLIDQTFYPNHK 0.94 0.97 3.6E05 9.5E-04
-1 15 MGHAHSGMGK 0.94 0.95 1.6E-25 5.9E-22
-1 15 QHAFSMAR 0.93 0.96 1.3E-19 4.1E-14
-1 15 TSVSGNWK 0.95 0.95 1.7E-10 1.7E-09
-1 20 VKYDNQHDFQDIASVVALTK 0.96 1.00 5.0E-09 1.9E13
0 7 MGHAHSGMGK 0.99 0.96 1.6E-25 5.9E-22
0 7 QHAFSMAR 1.00 1.00 1.3E-19 4.1E-14
0 7 SLKPDFVLIR 0.95 0.94 1.6E-11 5.0E-10
0 7 VKVYDNQHDFQDIASVVALTK 1.00 1.00 5.0E-09 1.9E13
0 7 VLLVIDEPHTDWAK 0.96 0.91 5.9E-14 4.6E-13
5 7 EMLSSTTYPVVVK 0.92 0.95 1.7E-07 1.6E-03
5 7 GSHSQSSSPGALTLGR 0.99 0.95 8.1E-12 1.9E-08
5 7 MGHAHSGMGK 0.99 0.98 1.6E-25 5.9E-22

neuroantigen-reactive T cells in brain tissue were negligible on day 7,
consistent with the very low number of inflammatory cells detectable
in the CNS at this time point (data not shown; Sosa et al**®). In
agreement with the notion that very few inflammatory cells were
present in the CNS by day 7 after induction of disease, and consistent
with the cytokine ELISPOT results (Figure 5), M* proteomics showed
that CD4 expression (a representative marker of CNS-infiltrating T
cells) increased with the onset of disease at day 10 and peaked in
brain tissue by day 20 (Supplementary Figure 1).

Overall, the results showed a disproportional relationship between
the significant changes in CSP expression detected at day 7 and the
very low number of CNS-infiltrating inflammatory cell responses at
this time point. Since the magnitude of the peripheral (e.g. spleen or
blood) neuroantigen-specific immune response was not correlated to
EAE onset or severity, the results suggest that CSPs may be more
sensitive biomarkers for inflammatory demyelinating CNS disease
than inflammatory biomarkers such as cytokines. Moreover, CSPs
are also expected to be more specific biomarkers for early detection of
EAE because they are not expected at appreciable levels in healthy
controls, whereas neuroantigen-specific immune responses can be
detected in healthy individuals®”**.

Stratification of risk groups was further investigated with non-
supervised and supervised hierarchical clustering of relative pep-
tide expression and/or post-immunization time. Non-supervised
hierarchical clustering did not accurately stratify subjects by post-
immunization time. However, many nearest neighbor misclassifica-
tions, where subjects were incorrectly grouped adjacent to one
another rather than one group removed from one another, were
observed across all top-ranked proteins (Figure 6A). In other words,
misclassifications between day —1 and day 0 or between day 10 and
day15 were observed more often than misclassifications between day
—1 and day 7 or between day 10 and day 20. In contrast, supervised
hierarchical clustering of all top-ranked proteins recapitulated our
AUC calculations. Along these lines, supervised hierarchical cluster-
ing showed that peak levels of 17 of 19 peptides from synapsin-1
clustered at day 7 (selected peptides shown in Figure 6B).
Furthermore, visual inspection revealed the same two outliers

(QASISGPAPTK and QGPPQKPPGPAGPTR) that were observed
in our AUC calculations. Overall, these results suggest that M* pro-
teomics classifiers might be constructed to stratify risk groups based
on post-immunization time.

Pathway and network analysis showed enrichment of differenti-
ally expressed CSPs and other proteins in specific signaling pathways
and molecular networks. For example, P-values for enrichment of
the top-ranked molecular network entitled “neurological disease and
motor dysfunction” in the Ingenuity knowledgebase were most sig-
nificant at day 7, coinciding with characteristic CSP expression waves
(Figure 7). Enrichment of other key pathways that might be import-
ant to MS patients, such as the 14-3-3 signaling pathway*>**, were
also observed to peak at day 7.

Discussion

In this report, we investigated whether M? proteomics of brain tissue
might be an effective means to prioritize putative CSP biomarkers for
future immunoassays in CSF and serum, by measuring changes in
the brain during the disease as previously suggested by us* and
others®>*. First, we showed that M* proteomics of CSPs in brain
tissue revealed characteristic CSP expression waves that preceded
the onset of clinical EAE symptoms. Second, we confirmed the
CNS-infiltrating inflammatory cell response and CSP expression
trajectories in serum with cytokine ELISPOT and ELISA immunoas-
says, respectively, for selected CSPs found to have significant
expression changes prior to clinical onset. Based on our results M*
proteomics of CSPs in brain tissue is an effective means to prioritize
putative CSP biomarkers for future immunoassays in serum and/or
other body fluids (e.g., CSF).

To the best of our knowledge, CNS-specific protein expression
waves that precede clinical symptoms of EAE have not been
described previously. However, CSPs have been previously suggested
as promising biomarkers for MS, and CSPs have been previously
observed to be differentially expressed in CNS tissue, CSF and blood
from EAE models and MS patients*. EAE is a mainstay in the field
for studying brain inflammation and the mechanisms involved in MS
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pathology because it closely mimics disease progression in RRMS
patients®>°-*,

CNS-infiltrating inflammatory cell responses that disrupt the per-
meability of the BBB, including the secretion of ROS and matrix
metalloproteinases (MMPs), can partially explain the differential
expression (transport) of CSPs in circulation®. Our results suggest
that the CSP wave observed on day 7 is likely the result of the ini-
tiation of the autoimmune attack on the CNS by an early wave of
autoimmune T-cells and other inflammatory cells infiltrating the
CNS during the course of EAE. Evidence for the former comes from
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Figure 5 | ELISPOT results for levels of two pro-inflammatory cytokines:
(A) IFN-y in spleen tissue, (B) IL-17 in spleen tissue, (C) IFN-y in brain
tissue, and (D) IL-17 in brain tissue.

previous work showing that cytokine production by autoreactive
CD4+ T cells in the CNS is concomitant with EAE score measures
of clinical symptoms***’. Furthermore, while investigating the kin-
etics of myelin antigen uptake by APCs in the CNS during EAE, we
detected a significant increase in the uptake of myelin antigen by day
7%, which coincides with the appearance of CSP expression waves at
day 7 as shown herein (including synapsin-1 and o-II-spectrin).
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Thus, the results suggest that a relatively small number of inflam-
matory cells entering the CNS during the initiation of the disease
process in EAE (and possibly MS) can cause major changes in the
CNS proteome detectable by M?* proteomics. Our results further
suggest that at least some of the CSPs can be detected in serum
and could potentially be useful as biomarkers for EAE disease.
Identification of similar markers in MS patients could have major
diagnostic, prognostic and predictive (therapeutic) implications.
Synapsin-1, one of the CSPs reported in this study, is a phosphory-
lated CSP found at synaptic vesicles in neurons which can bind to
several cytoskeleton components including actin, microtubules and
o-II-spectrin*¢. It is involved in synaptogenesis and calcium-

dependent neurotransmitter release from synaptic vesicles, particu-
larly glutamate release”. To the best of our knowledge, synapsin-1
has not yet been implicated in pathogenesis of MS, albeit the disrup-
tion of synapsin-1 mediated-exocytosis may lead to glutamate neu-
rotoxicity and other symptoms observed in patients with MS or other
neuro-degenerative/-inflammatory diseases***’. Previous work in
EAE showed that early inflammation enhanced glutamate release
and promoted synaptic degeneration and dendritic spine loss in a
demyelination-independent manner®. Additionally, proteins that
are involved in glutamate metabolism and toxicity, including glu-
tamate dehydrogenase 1 mitochondrial and glutamine sythnetase,
were reported to be regulated in EAE or MS*.
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Figure 7 | Enrichment of CSPs and other putative protein biomarkers in specific pathways, including a molecular network for neurological disease and
motor dysfunction, as a function of post-immunization time. P-values for enrichment of this network were most significant (A) prior to clinical
manifestation of disease onset (p = 4.02E-17 for days 0 and —1 vs. 5 and 7), followed by (B) disease onset (p = 4.12E-11 for days 0 and —1 vs. 10), (C) the
peak of disease (p = 9.89E-09 for days 0 and —1 vs. 10 and 15) and (D) remission (p = 3.95E-04 for days 0 and —1 vs. 25).

The spectrin-family is comprised of a group of membrane-bound
proteins, including a-II-spectrin, that are present in most vertebrate
tissues and were initially discovered as a component of erythrocyte
membrane®**, Spectrin is composed of two subunits, o and f, that
coil around each other to form a heterodimer®. The o subunit is
encoded by two different genes, while the f subunit is encoded by
five different genes: alternative splicing generates additional isoforms
(reviewed in***’). In the CNS, almost all major cell types express
spectrin, with distinct isoforms found in different cell types®*>*.
a-II-spectrin is predominantly localized to axons and to presynaptic
terminals of neurons®* with an essential role in Ca+ mediated
exocytosis and neurotransmitter release through its association with
synapsin proteins that are found in the neuronal vesicles™. a-II-
spectrin is also cleaved by calcium-dependent cysteine proteases
such as calpains and caspases during necrosis and apoptosis to gen-
erate breakdown products that are often protease-specific®®”.

Indeed, the breakdown products of a-II-spectrin in CSF have been
shown to be potential biomarkers of traumatic brain injury”-">.

Importantly, both calpain and caspase were found to be differenti-
ally expressed either during EAE or MS, and were suggested to be
potential biomarkers for these diseases*’. Here we reported that a
downstream substrate of these enzymes, a-II-spectrin, as well as an
upstream protein that is involved in glutamate toxicity, synapsin-1,
are differentially expressed during EAE both in the CNS and serum.
Hence both these proteins could potentially be biomarkers for EAE
(and MS).

Our observation of characteristic CSP waves highlights the subtle
changes in CSP expression trajectories that can be observed with M?
proteomics. This is largely due to improved statistical power (18 = n
= 20 specimens X 8 time-points) that could be difficult or imposs-
ible to achieve by other methods. Indeed, previous proteomics stud-
ies of EAE and MS brain tissue have suffered from poor sample
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throughput due to lengthy sample preparation times, particularly
when fractionation and/or immunodepletion steps are incorporated
to minimize masking effects. Consequently, those studies have been
statistically underpowered, focusing on qualitative or semi-quant-
itative methods for identifying large numbers of proteins in relatively
small numbers of specimens and time-points.

Previously we reported that changes in the level of glucose-6-
phosphate isomerase and several other proteins (e.g., 14-3-3¢, pro-
teolipid protein 1; peroxiredoxin 1, etc.) mirror disease progression
in EAE*. We also quantified myelin basic protein, macrophage
migration inhibitory factor, and CD47>. Some of these proteins were
also reported to be regulated during MS and/or EAE*. A number of
proteins that we detected in our current study were also reported by
others, including actins, tubulins, enolases, glial fibrillary acidic pro-
tein (GFAP) and neurofilaments etc*. However, to develop useful
candidate biomarkers we focused on CSPs because they are not
expected at appreciable levels in the circulation of healthy subjects.
Thus, ubiquitous cytoskeletal proteins such as tubulins did not meet
our inclusion criteria.

While many CSPs were revealed herein, differential expression of
several well-studied CSPs was not statistically significant. For
example, GFAP did not meet the inclusion criteria because it had
low AUC values and high overall p-values. Future work is needed to
improve the penetrance and confidence of M? proteomics and other
proteomics strategies for low abundance CSPs, particularly for serum
studies. Masking of low abundance CSPs such as GFAP by higher
abundance proteins may explain why an expression trajectory might
not be statistically significant. We have shown that masking can be
partially overcome by immunoenrichment of low abundance pro-
teins prior to M” proteomics*, and immunodepletion of high abund-
ance proteins is another potentially viable option. However, masking
of CSPs is problematic for serum specimens’””. For these reasons
and others, we suggest that M* proteomics of CSP expression waves
in brain tissue is an effective means to prioritize putative CSP bio-
markers for future immunoassays in CSF and serum. Moreover,
discovering CSP expression waves in EAE with M? proteomics is
expected to provide critical information that might not be revealed
by other MS studies, including biomarkers that are predictive of
disease onset, severity, chronic progression and response to
treatment.

Lastly, the characteristic CSP expression waves revealed by our
studies need to be investigated in prospective longitudinal studies
in serum from individual mice for their usefulness as predictors of
disease onset, severity and/or disease progression. Furthermore,
these waves will need to be investigated as potential markers for
treatment efficacy and development of treatment resistance, i.e. to
glucocorticoid treatment. If successful, these studies can provide a
framework for individualized treatment of patients.

We anticipate that a particular combination of characteristic CSP
expression waves with high sensitivity and selectivity, for which at
least some are expected to be observable independent of clinical
measures of disease progression (EDSS or MRI), will be helpful to
personalize and improve MS diagnostics and treatment. To achieve
this, preclinical studies that assess CSP waves in individual subjects
with clinical symptoms and treatment conditions over the course of
disease are needed. While additional studies are needed, M? proteo-
mics supports the concept that relatively few CNS-infiltrating
inflammatory cells can have a disproportionally large impact on
CSP expression prior to clinical manifestation of EAE.

Methods

Murine experimental autoimmune encephalomyelitis (EAE). All animals were
maintained in pathogen free conditions in the American Association for Laboratory
Animal Science (AALAS) facility at the University of Texas at San Antonio. All
experiments were approved by the Institutional Animal Care and Use Committee
(IACUC) and performed in accordance with the relevant guidelines and regulations.

Five week-old C57BL/6 female mice were purchased from the Jackson Laboratory
(Stock number 000664; Bar Harbor, ME) and used at 6-8 weeks of age in the studies.
Mice were allowed to rest for 8 days before commencing the studies. Active induction
of EAE was performed with a subcutaneous injection of each mouse with 200 pg of
myelin oligodendrocyte glycoprotein (MOG) 35-55 peptide (United Biochemical
Research, Seattle, WA) in 50 pL of complete Freund’s adjuvant (CFA) containing
Mycobacterium tuberculosis H37Ra (Difco Laboratories, Detroit, MI) at a final
concentration of 5 mg/mL. Two intra-peritoneal (i.p.) injections of Bordetella per-
tussis toxin (PTX; List Biological, Campbell, CA) at 200 ng per mouse were given at
the time of immunization and 48 hours later’. Animals were monitored and graded
daily for clinical signs of EAE using the following scoring system’: 0, no abnormality;
1, limp tail; 2, moderate and hind limb weakness; 3, complete hind limb paralysis; 4,
quadriplegia or premoribund state; 5, death. Mice for M? proteomics were randomly
selected and sacrificed at 8 disease time points, described by the number of days (d)
post-immunization [—1 d (non-immunized), 0 d (3 hrs post-immunization), 5 d,
7 d,10 d, 15 d, 20 d and 25 d] (n ~ 20 per time point). These time points were
selected to reflect inflection points of pre-onset, disease onset, early disease, disease
peak and remission. These time points are a practical compromise between the
minimum number of mice and the minimum number of samples required to define
the overall trajectory of disease progression. Brain tissue was snap-frozen in liquid
nitrogen and stored at —80°C until further use by cytokine immunoassays and M?
proteomics.

Cytokine immunoassays. Antigen-induced T cell responses were assessed in
dissociated brain and spleen tissue by enzyme-linked immunosorbent spot
(ELISPOT) assay for interferon-y and interleukin-17A (IFN-y and IL-17) as
previously described® after stimulation with MOG35-55 peptide (United
Biochemical Research, Seattle, WA). Briefly, ELISPOT plates (Multiscreen IP;
Millipore) were coated with anti-IFN-y (AN-18; 1 pg/mL) or anti-IL-17A (17F3;

2 ug/mL) capture antibodies in phosphate buffered saline (PBS). The plates were
blocked with 1% bovine serum albumin (BSA) in PBS for 1 h at room temperature
and then washed four times with PBS. After 1 hour of blocking with PBS/1%BSA,
cells were added with or without antigen and incubated for 24 h at 37°C. The plates
were washed three times with PBS and four times with PBS/Tween 20, and
biotinylated anti-IFN-y (R4-6A2; 0.5 pg/ml) or IL-17A (eBioTC11-8H4; 0.125 pg/
ml) detection antibodies were added and incubated overnight, respectively. Plates
were washed four times with PBS/Tween 20 and incubated with streptavidin-alkaline
phosphatase (Invitrogen). Cytokine spots were visualized with a BCIP/NBT
phosphatase substrate (Kirkegaard & Perry Laboratories, Gaithersburg, MD). Image
analysis of ELISPOT assays was performed with a Series 6 Universal-V Immunospot
analyzer and Immunospot 5.1 software (Cellular Technology Limited) as described
previously®"*>. Results for antigen-specific T cells were normalized with a negative
control containing peptide-free media. All measurements were performed in
duplicate.

Brain tissue lysate. Whole cell protein was extracted from brain tissue using the RIPA
Lysis Buffer Kit (Santa Cruz Biotechnology, Inc. Santa Cruz, CA.) according to the
manufacturer’s protocol. Briefly, an appropriate amount of RIPA complete lysis
buffer was added to cell pellet. The mixture was incubated on ice for 5 minutes,
followed by centrifugation at 14000X g for 15 min at 4°C. The supernatant was
collected as brain tissue lysate and stored at —80°C until further use. Protein
concentration was determined using Invitrogen EZQ Protein Quantitation Kit
(Invitrogen, Grand Island, NY). Protein from all mice (n = 157), spanning all time
points, was pooled as reference material.

Microwave & magnetic (M?) sample preparation. For isobaric TMT labeling, protein
was pooled from all specimens by protein amount as reference material prior to
sample preparation from individual specimens. Approximately 50 mg of C8
magnetic beads (BcMg, Bioclone Inc.) were suspended in 1 mL of 50% methanol.
Immediately before use, 100 pL of the beads were washed 3 times with equilibration
buffer (200 mM NaCl, 0.1% trifluoroacetic acid (TFA)). Whole cell protein lysate
(25-100 pgat 1 pug/pL) was mixed with pre-equilibrated beads and 1/3" sample
binding buffer (800 mM NaCl, 0.4% TFA) by volume. The mixture was incubated at
room temperature for 5 min followed by removing the supernatant. The beads were
washed twice with 150 pL of 40 mM triethylammonium bicarbonate (TEAB), and
then 150 pL of 10 mM dithiolthreitol (DTT) was added. The bead-lysate mixture
underwent microwave heating for 10 s. DTT was removed and 150 pL of 50 mM
iodoacetamide (IAA) added, followed by a second microwave heating for 10 s. The
beads were washed twice and re-suspended in 150 pL of 40 mM TEAB. In vitro
proteolysis was performed with 4 pL of trypsin in a 1:25 trypsin-to-protein ratio
(stock = 1 pg/uL in 50 mM acetic acid) and microwave heated for 20 s in triplicate.
The supernatant was used immediately or stored at —80°C. Released tryptic peptides
from digested protein lysates, including the reference materials described above, were
modified at the N-terminus and at lysine residues with the tandem mass tagging
(TMT)-6plex isobaric labeling reagents (Thermo scientific, San Jose, CA). Each
individual specimen was encoded with one of the TMT-127-130 reagents, while
reference material was encoded with the TMT-126 and -131 reagents: 41 pL of
anhydrous acetonitrile was added to 0.8 mg of TMT labeling reagent for 25 pg of
protein lysate and microwave-heated for 10 s. To quench the reaction, 8 uL of 5%
hydroxylamine was added to the sample at room temperature. To normalize across all
specimens, TMT-encoded cell lysates from individual specimens, labeled with the
TMT-127-130 reagents, were mixed with the reference material encoded with the
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TMT-126 and -131 reagents in 1156: 117 1128 1129 1130 1131 ratios. These sample
mixtures, including all TMT-encoded specimens, were stored at —80°C until further
use.

Capillary liquid chromatography-fourier-transform-tandem mass spectrometry
(LC/FT/MS/MS) with protein database searching. Capillary LC/FT/MS/MS was
performed with a splitless nanoLC-2D pump (Eksigent, Livermore, CA), a 50 pm-i.d.
column packed with 7 cm of 3 um-o.d. C18 particles, and a hybrid linear ion trap-
Fourier-transform tandem mass spectrometer (LTQ-ELITE; ThermoFisher, San Jose,
CA) operated with a lock mass for calibration. The reverse-phase gradient was 2 to
62% of 0.1% formic acid (FA) in acetonitrile over 60 min at 350 nL/min. For unbiased
analyses, the top 6 most abundant eluting ions were fragmented by data-dependent
HCD with a mass resolution of 120,000 for MS and 15,000 for MS/MS. For isobaric
TMT labeling, probability-based protein database searching of MS/MS spectra against
the Trembl protein database (release 2012_dec29; 59,862 sequences) was performed
with a 10-node MASCOT cluster (v. 2.3.02, Matrix Science, London, UK) with the
following search criteria: peak picking with Mascot Distiller; 10 ppm precursor ion
mass tolerance, 0.8 Da product ion mass tolerance, 3 missed cleavages, trypsin,
carbamidomethyl cysteines as a static modification, oxidized methionines and
deamidated asparagines as variable modifications, an ion score threshold of 20 and
TMT-6-plex for quantification.

ELISA immunoassays. Commercial ELISA Kits for o-II-spectrin (SEA292Mu) and
synapsin-1 (SEC883Mu) were used per the manufacturer’s suggested protocol
(USCN Life Science Inc), where 500 pg of protein pooled from each time point (n ~
20 per group) was added to the corresponding well in each plate. Plates were read at
OD 450 nm for absorbance on a Synergy HT microplate reader (BioTek). For serum
specimens, serum was collected from mice with mild EAE disease (disease score = 1;
day 10) or severe disease (score = 3-4; day 20) and 1,500 pg of pooled serum samples
were analyzed in triplicate with 4-5 mice per pool.

Prioritization of CSPs and other putative protein biomarkers. CSPs and other
putative protein biomarkers for MS patients were selected from our dataset by
excluding proteins with the following descriptive terms for the protein name found in
the Trembl protein database: heat shock, tubulin, histone, albumin, globin, lysosomal,
mitochondrial, actin, dehydrogenase, myosin, transferrin, fructokinase, fructose,
citrate, cytochrome c, glutathione, microtubule, ATP, clathrin, centromere, NADH,
centrosomal, non-neuronal, elongation factor, peroxisomal, annexin, hexokinase,
pyruvate, ribosomal, nucleoside, cofilin, titin, transcriptional inhibitory, initiation
factor, glutamine, dynamin, RNA, cytoskeleton-associated, transducin, growth
factor, vacuolar, tumor-related, phosphorylase, ribonucleoprotein, peptidyl-prolyl
cis-trans isomerase, CoA, excision repair, phosphatase, zinc finger, triosephosphate
isomerase, adenylyl, and keratin.

Statistical analysis. The M? proteomics results for each technical replicate estimate
peptide expression for individual mice, encoded in sample mixtures, relative to
pooled reference material from all mice, spanning all time points. Relative peptide
expression levels were transformed to log base 2 for quantile normalization. Outlier
arrays were removed based upon the following quality control procedures: 1) overall
intensity histograms of normalized expression were compared with kernel smoothed
density plots, and 2) hierarchical clustering of sample profiles was performed to assess
the consistency of technical and biological variation. We tested the association
between relative peptide expression and EAE score using a linear mixed-effect while
treating EAE score as a continuous predictor. First, we treated the EAE effect on
relative peptide expression singly, as a univariate predictor. Next, we considered the
effects of EAE score by adjusting for time as a quadratic effect. We tested for changes
in relative peptide expression with post-immunization time using a linear mixed-
effect model in which time was a treated as a multilevel factor. We tested all the
pairwise differences in relative peptide expression between all disease time points,
including both non-immunized mice (day —1) and 3 hrs post-immunization (day 0),
using an unpaired, unequal variance t-test on the replicate averages. We examined the
relationship between the overall peptide expression profile with time or EAE score
using a hierarchical clustering display based upon Euclidean distance and complete
linkage. For clustering analyses of relative peptide expression profiles, we considered
the subset of peptides that were most variable by selecting the peptides in the top
quartile (top 25%) by their standard deviation ranking. Finally, we investigated the
area under the receiver operating characteristic curve (AUC) for top-scoring peptides
(AUC > 0.9) from CSPs and other putative protein biomarkers, prioritized from our
dataset as described above®’, and compared these values with overall p —values.
Proteins were selected only if at least one peptide met the following inclusion criteria:
1) significant differential expression (AUC > 0.9) between two post-immunization
time points and 2) significant differential expression (overall p-value < 1.0E-03)
across all post-immunization time points. All statistical analysis was performed with
R v3.0.2 (R-Project, Vienna, Austria).

Pathway and network analysis. Pathway and network analysis was performed with
Ingenuity Pathways Analysis (IPA, Ingenuity R Systems) according to the
manufacturer’s suggestions. Briefly, MASCOT results were imported to IPA as .csv
files and IPA’s core analysis was performed on each file. Differentially expressed
proteins corresponding to genes in the IPA knowledgebase were mapped onto
canonical signaling pathways and molecular networks per the manufacturer’s
recommendations. A vertical bar plot, showing the percentage of proteins quantified

in each canonical signaling pathway, was visualized to investigate pathway and
molecular network enrichment during disease progression, where p-values for
enrichment were assigned by IPA.
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