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Abstract

We hypothesized that quantitative tandem mass spectrometry-based proteomics at multiple time
points, incorporating immunoenrichment prior to rapid microwave and magnetic (IM2) sample
preparation, might enable correlation of the relative expression of CD47 and other low abundance
proteins to disease progression in the experimental autoimmune encephalomyelitis (EAE) animal
model of multiple sclerosis. To test our hypothesis, anti-CD47 antibodies were used to enrich for
low abundance CDA47 prior to microwave and magnetic (M2) proteomics in EAE. Decoding
protein expression at each time point, with CD47-immunoenriched samples and targeted
proteomic analysis, enabled peptides from the low abundance proteins to be precisely quantified
throughout disease progression, including: CD47: 86-99, corresponding to the “marker of self”
overexpressed by myelin that prevents phagocytosis, or “cellular devouring”, by microglia and
macrophages; MBP: 223-228, corresponding to myelin basic protein; and MIF: 79-87,
corresponding to a proinflammatory cytokine that inhibits macrophage migration. While
validation in a larger cohort is underway, we conclude that IM?2 proteomics is a rapid method to
precisely quantify peptides from CD47 and other low abundance proteins throughout disease
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progression in EAE. This is likely due to improvements in selectivity and sensitivity, necessary to
partially overcome masking of low abundance proteins by high abundance proteins and improve
dynamic range.
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1 INTRODUCTION

Inflammatory demyelination during experimental autoimmune encephalomyelitis (EAE) and
multiple sclerosis generates myelin debris in the brain. Many phagocytically active
microglia and central nervous system (CNS)-infiltrating macrophages (M®s) containing
myelin debris have been identified at the site of active inflammatory lesions from multiple
sclerosis patients [1] and in the murine EAE model [2]. However, it remains unresolved
whether there are prognostic/predictive protein biomarkers and therapeutic targets that
reflect these phagocytic phenomena that could help to improve early detection, diagnosis,
prognosis and treatment of patients with multiple sclerosis.

CNS-infiltrating Mds are most likely important in promoting disease progression, while
phagocytosis of myelin debris by phagocytes may be beneficial for surveillance, scavenging
and synaptic pruning [3-9]. Phagocytosis of intact myelin or myelin debris by M®s is
promoted by complement protein 3bi (C3bi) -receptor 3 (CR3) interactions and inhibited by
CDA47-signal regulatory protein alpha (SIRPa) interactions. In 1990, Bruck ef a/ discovered
that C3bi, bound to the Fc domains of anti-myelin debris-specific antibodies, opsonized
myelin debris to accelerate phagocytosis by CR3+ Mds [10-12]. In 2011, Gitik et a/
discovered that recombinant anti-CD47-antibodies opsonized CD47+myelin debris to
accelerate FcyR-mediated phagocytosis by SIRPa+ M®ds [9]. Thus, the CD47 protein
expressed by intact myelin or myelin debris may be an important clue to the molecular
dynamics of CNS repair during demyelinating CNS diseases and serve as a potentially
important biomarker or therapeutic target.

We hypothesized that quantitative tandem mass spectrometry (MS/MS)-based proteomics at
multiple time points, incorporating immunoenrichment prior to rapid microwave and
magnetic (IM2) sample preparation might enable correlation of the relative expression of
CDA47 and other low abundance proteins to disease progression in EAE. M2 proteomics was
inspired by reports of affinity proteomics [13, 14] where immunodepletion of high
abundance proteins and/or immunoenrichment of low abundance proteins was used to
overcome masking problems and improve dynamic range. To test our hypothesis, anti-CD47
antibodies were used to enrich for low abundance CD47 prior to microwave-assisted
reduction/alkylation/digestion of proteins from brain tissue lysates bound to C8 magnetic
beads. Then, microwave-assisted isobaric chemical labeling of released peptides was
performed for all samples spanning disease progression and pooled reference material from
the peak of disease. This was achieved in a total of 90 seconds prior to unbiased and targeted
proteomic analysis. Decoding protein expression at each time point, with CD47-
immunoenriched samples and targeted proteomic analysis, enabled peptides from the low
abundance proteins to be precisely quantified throughout disease progression, including:
CDA47: 86-99; MBP: 223-228; and MIF: 79-87.
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2 MATERIAL & METHODS

2.1 Murine Experimental Autoimmune Encephalomyelitis (EAE)

C57BL/6 female 5 week-old mice were purchased from the Jackson Laboratory (Stock
number 000664; Bar Harbor, ME). Mice were maintained under specific pathogen-free
conditions and all animal procedures were conducted according to the guidelines of the
Institutional Animal Care and Use Committee of the University of Texas at San Antonio.
Active induction of EAE was performed with a subcutaneous injection of each mouse with
300 g of myelin oligodendrocyte glycoprotein (MOG) 35-55 peptide (United Biochemical
Research, Seattle, WA) in 50 p.L of complete Freund’s adjuvant (CFA) containing
Mycobacterium tuberculosis H37 RA (Difco Laboratories, Detroit, MI) at a final
concentration of 5 mg/mL. Two intra-peritoneal (i.p.) injections of pertussis toxin (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 [15]: 0, no abnormality; 1, limp tail; 2, moderate and hind limb
weakness; 3, complete hind limb paralysis; 4, quadriplegia or premoribund state; 5, death.
EAE scores are presented as the mean + standard deviation and were confirmed by
histopathology (data not shown). Mice were sacrificed at 5 disease time points, described by
the number of days (d) post-immunization (=1 d (non-immunized), 0 d (3 hr post-
immunization), 10 d, 20 d and 25 d) in biological quadruplicate (n = 4 per time point). Half
of all brain tissue was snap-frozen in liquid nitrogen and stored at ~80°C for IM2 proteomics
and Western blotting while the remainder was used for cytokine measurement and
immunofluorescence analysis for inflammatory infiltrates (data not shown).

2.2 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 min, followed by centrifugation at 14 000 x 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 mice at the peak of disease (day 20) was
pooled (n = 4) as reference material.

2.3 Immunoenrichment

Immunoenrichment of CD47 was performed by precipitation with anti-CD47 antibodies for
this low abundance protein. To 500 g of brain tissue lysate from control and EAE mice, 25
pL of anti-CD47 antibody (sc-12731, Santa Cruz Biotechnology, CA) was added and
incubated overnight at 4°C on shaker. After incubation, 50 L each of protein G plus
agarose beads (sc-2002, Santa Cruz Biotechnology, CA) was added prior to overnight
shaking at 4°C. Centrifugation was carried out at 3000 rpm for 30 seconds at 4°C and
washed (4x) with 150 pL of RIPA lysis buffer (sc-24948, Santa Cruz Biotechnology, CA).
Supernatant was discarded and the pellets were re-suspended in 50 L of 1% SDS buffer,
and boiled for 10 min at 95°C. Next, 50 pL of HPLC grade water is added to the tubes,
vortexed and centrifuged to collect the eluent or supernatant. The total eluent collected was
100 p.L. Protein concentration of eluents were estimated as described above.

2.4 Microwave & Magnetic (M2) Sample Preparation

C8 magnetic beads (BcMg, Bioclone Inc., San Diego, CA) were used in this study. Briefly,
50 mg of beads 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 NacCl, 0.1%
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trifluoroacetic acid (TFA)). Brain tissue lysate (25-100 g at 1 pg/pL) was mixed with pre-
equilibrated beads and 1/3'd 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 followed
by microwave heating for 10 s. DTT solution was then removed and 150 pL of 50 mM
iodoacetamide (IAA) was added followed by microwave heating for 10 s. Next, beads were
washed twice with 150 L of 40 mM TEAB and resuspended in 150 pL of 40 mM TEAB.
In vitro proteolysis was performed with 4 L of trypsin in a 1:25 trypsin-to-protein ratio
(stock = 1 pg/pL in 50 mM acetic acid) and microwave heated for 20 s in triplicate. The
supernatant was transferred to a new tube for immediate use or stored at —80°C. Released
tryptic peptides from digested brain tissue lysates, including the reference material 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 biological
replicate (n = 4-5) for each time point was encoded with one of the TMT-127-130 reagents,
while pooled reference material from —1 d (non-immunized) or 20 d (disease peak) was
encoded with the TMT-126 or TMT-131 reagents, respectively. Then, 41 pL of anhydrous
acetonitrile was added to 0.8 mg of TMT labeling reagent and 25p.g of brain tissue lysate
was added and microwave-heated for 10 s. To quench the reaction, 8 L of 5%
hydroxylamine was added to the sample at room temperature. To normalize across the time-
course of disease progression, TMT-encoded brain tissue lysates from individual mice,
randomly labeled with the TMT-127-130 reagents to improve confidence in our results
(Supplementary Table 1), were mixed with the reference materials encoded with the
TMT-126 and TMT-131 reagents in 1196:1127:1128:1129:1130:1131 ratios. These sample
mixtures, 1-V, corresponding to 5 disease time points, were stored at —80°C until further
use.

2.5 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 wm-i.d. column packed with 7 cm of 3 um-o0.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 in centroid mode (mass resolution 60 000 for precursor ions and 15 000 for
product ions) with dynamic exclusion enabled and a 4 m/zisolation width. Probability-based
(and error-tolerant) protein database searching of MS/MS spectra against the IPl mouse
protein database (release 2010_jan10; 56 729 sequences) were performed with a 10-node
MASCOT cluster (ver. 2.3.02, Matrix Science, London, UK) to identify and quantify
proteins. Search criteria included: peak picking with Mascot Distiller; 10 ppm precursor ion
mass tolerance, 0.8 Da product ion mass tolerance, 3 missed cleavages, trypsin,
carbamidomethyl cysteines and oxidized methionines as variable modifications, an ion score
threshold of 20 and TMT-6-plex for quantification. For targeted analyses, only ions
corresponding to peptides observed for selected proteins were fragmented by HCD in profile
mode (mass resolution 15 000 for product ions) with a 4 m/zisolation width, identification
by protein database searching was not performed, and quantification was performed by
calculating the signal-to-noise ratios of TMT reporter product ions.

2.6 Statistical Analysis

The M2 proteomics results for each technical replicate estimate protein expression for
individual mice, encoded in sample mixtures 1-V, relative to pooled reference material at
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disease peak (day 20). The hypothesis that relative protein expression changes over time was
tested using ANOVA, treating time as a multilevel factor. Relative peptide expression,
corresponding to relative protein expression, at each time point (10 d, 20 d and 25 d) was
contrasted with both control time points, —1 d (non-immunized) or 0 d (3 hr post-
immunization), using a two-sample t-test without assuming equality of variance. All tests
were two-sided with no adjustments for multiple testing. Pearson correlation coefficients
were computed to identify the relationships between relative protein expression and EAE
Score. Statistical analysis was performed with R v2.13 (R-Project, Vienna, Austria).

2.7 Western Blotting

Immunoenriched samples (25 g at 1 pug/mL) were treated with ME (5% by volume) prior
to boiling for 10 minutes and separating proteins in each sample with SDS-PAGE precast
gels (456-9034, Bio-Rad, CA) for one-dimensional electrophoresis. Then proteins were
transferred to a 0.2 um nitro-cellulose membrane (162-0212, Bio-Rad, CA) followed by
blocking with 5% milk in TBS for 1 hr. The membrane was then washed with TBS buffer
for 5 min in triplicate and probed with (1:250) rat monoclonal 1gG,, primary anti-CD47
antibody (sc-12731, Santa Cruz Biotechnology, CA) in TBS with overnight incubation.
Detection was performed by 1 hr incubation with (1:2500) goat anti-rat IgG HRP-
conjugated secondary antibody (sc-2006, Santacruz Biotechnology, CA) in TBS prior to
chemiluminescence measurement using X-ray film and Luminol reagents (sc-2048,
Santacruz Biotechnology, CA).

3 RESULTS

EAE was investigated by quantitative MS/MS-based proteomics at multiple time points,
incorporating immunoenrichment prior to rapid microwave and magnetic (IM2) sample
preparation, as a model for correlating the relative protein expression of low abundance
proteins to disease progression in multiple sclerosis patients. Shown in Figure 1 is a
schematic of the IM?2 proteomics experimental design used in our study (top and middle)
superimposed on a plot of EAE disease score vs. post-disease induction time (bottom). Anti-
CDA47 antibodies were used to enrich for low abundance CD47 prior to microwave-assisted
reduction/alkylation/digestion of proteins from brain tissue lysates bound to C8 magnetic
beads. Then, microwave-assisted isobaric chemical labeling of released peptides was
performed for all 32 samples spanning disease progression and pooled reference material
from the peak of disease. This was achieved in a total of 90 seconds prior to unbiased and
targeted proteomic analysis. Isobaric-encoding enabled 6-plex quantitative proteomic
analysis of 5 sample mixtures, corresponding to 5 disease time points, where each mixture
included 4 mice per time point and 2 pooled reference materials. Disease progression in
EAE was assessed by scoring clinical EAE disease severity and confirmed by
histopathologic evaluation for CNS inflammation (data not shown). Clinical onset of disease
was observed on days 8-10, followed by disease peak at days 19-20 and remission by day
23.

Three different methods were compared to determine whether or not immunoenrichment and
targeted proteomics enhanced the precision of peptide quantification from low abundance
proteins throughout disease progression, including: CD47: 86-99; MBP: 223-228; and MIF:
79-87. These peptides were selected because they were not precisely quantified in our
previous work by microwave and magnetic (M2) proteomics [19]). Figure 2 shows the
amino acid sequence coverage and peptides that were typically observed for CD47 by
unbiased M2 proteomics. Also illustrated is the expected trend in the precision of peptide
quantification for the methods investigated in this work (A < B < C). In method A, no
immunoenrichment of CD47 was performed prior to unbiased M2 proteomics. In methods B
and C, immunoenrichment of CD47 was performed prior to unbiased (B) or targeted (C) M2
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proteomics, respectively. Figure 3 shows a representative annotated MS/MS spectrum, with
sequence-specific b- (N-terminal) and y- (C-terminal) type product ions for the triply-
charged precursor ion corresponding to peptide CD47: 86-99 with the amino acid sequence
ISVSDLINGIASLK. The relative abundance of TMT reporter ions, corresponding to the
relative abundance of this peptide and its corresponding protein in representative individual
mice, is shown in the inset. Figure 4 shows qualitative (Mascot score) and/or quantitative
(relative abundance) measures for peptide CD47: 86-99 by the three proteomics methods
described in Figure 2. Error bars for quantitative measures show the standard error of the
mean, a measure of precision. Method A, no immunoenrichment and unbiased proteomic
analysis, was incapable of identifying or quantifying CD47: 86-99 throughout disease
progression. While CD47: 86-99 was identified in a few samples, it was never quantified by
method A. Method B, immunoenrichment and unbiased proteomic analysis, was capable of
identifying CD47: 86-99 throughout disease progression, but incapable of quantifying
CDA47: 86-99 without significant error. Only method C, incorporating both
immunoenrichment and targeted proteomic analysis, was capable of precisely quantifying
CD47: 86-99 throughout disease progression. (Western blotting of immunoenriched samples
confirmed that CD47 was expressed throughout disease progression (Supplementary Figure
1). Western blotting without prior immunoprecipitation was not successful, supporting the
notion that CD47 is a low abundance protein in the brain.)

Decoding protein expression at each time point, with CD47-immunoenriched samples and
targeted proteomic analysis (method C), enabled peptides from low abundance proteins to be
precisely measured throughout disease progression, including: CD47: 86-99, MBP: 223-228,
and MIF: 79-87. Figure 5 shows the correlation of the relative expression of these peptides
to EAE score throughout disease progression: CD 47:85-99 (5A); MBP 223-228 (5B); and
MIF 79-87 (5C). Relative peptide expression, corresponding to relative protein expression,
at each time point (10 d, 20 d and 25 d) was contrasted with both control time points, -1 d
(non-immunized, red) or 0 d (3 hr post-immunization, blue), using a two-sample t-test
without assuming equality of variance. The following time points were the most significant
vs. the =1 d (red) or O d (blue) controls, respectively: CD47: 86-99 (20 d, P =0.09,5; 10 d, P
= 0.04g7;), MBP: 223-228 (0 d, P = 0.1671; 10 d, P = 0.1049), and MIF: 79-87 (20 d, P =
0.0119; 20 d, P = 0.03g3).

4 DISCUSSION

Below, we provide an overview of our results by IM?2 proteomics, a comparison to previous
proteomics work, and an introduction to the biological functions of CD47, MBP and MIF.
Immunoenrichment was performed solely for CD47 in these experiments. Therefore, co-
purification of MBP and MIF may be due to non-specific or specific protein-protein
interactions. While beyond the scope of this work, a search of the Ingenuity Knowledgebase
showed no known interactions among these low abundance proteins. Lastly, we discuss how
our results may provide some insights on the unanswered questions posed in the
introduction.

4.1 IM2 Proteomics

This proof-of-principle study shows that quantitative MS/MS-based proteomics at multiple
time points, incorporating immunoenrichment prior to rapid microwave and magnetic (IM2)
sample preparation and targeted proteomic analysis, enables low abundance protein
expression to be correlated to disease progression in EAE. Peptides from low abundance
proteins were precisely quantified throughout disease progression, including: CD47: 86-99,
corresponding to the “the marker of self” overexpressed by myelin that prevents
phagocytosis, or “cellular devouring”, by M®s; MBP: 223-228, corresponding to myelin
basic protein; and MIF: 79-87, corresponding to a proinflammatory cytokine. As described
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above, clinical onset of disease was observed on days 8-10, followed by disease peak at
days 19-20 and remission at day 23. Therefore, the most statistically significant times for
changes in CD47: 86-99 (10 d) and MBP: 223-228 (10 d) expression coincided with clinical
onset of disease (8-10 d), while the most statistically significant time for MIF: 79-87 (20 d)
expression was closer in time to disease peak (20 d).

Only method C, incorporating both immunoenrichment and targeted proteomic analysis, was
capable of precisely quantifying CD47: 86-99 throughout disease progression (Other
combinations of methods, with intermediate levels of expected improvements in selectivity
and sensitivity, were not investigated in this work because we were focused on developing
the most precise method to quantify CD47. However, such methods, including no
immunoenrichment and targeted proteomic analysis, may prove ideal for certain
applications). This is likely due to the improved selectivity and sensitivity for method C
compared to methods A and B, necessary to partially overcome masking of low abundance
proteins by high abundance proteins and improve dynamic range. The improved selectivity
of method C is most simply explained by the removal of ~ 1191 high abundance proteins
[19] by immunoenrichment of low abundance CD47 prior to /in vitro proteolysis. Masking of
co-eluting low abundance peptides by high abundance peptides is primarily due to sequence-
specific competition for charge by peptide precursor ions during the nanoelectrospray
ionization process (a.k.a., ion suppression) [20]. The /improved sensitivity of method C is
most simply explained by the replacement of data-dependent fragmentation of peptides in
centroid mode with dynamic exclusion enabled (unbiased proteomic analysis) by targeted
proteomic analysis of peptides in profile mode. Unbiased proteomic analysis is ideal for
maximizing the number of unique high quality MS/MS spectra, corresponding to unique
peptide sequences, that can be collected in a given time (i.e., the duty cycle). However,
undersampling can be a problem when complex mixtures are investigated with isobaric
labeling strategies such as TMT, where quantification occurs in the MS/MS dimension. The
reason for this is that MS/MS spectra are not always collected from the apex of the
chromatographic peak for a given peptide [21]. Sometimes the quality of MS/MS spectra,
not collected at the apex, can be sufficient to assign a peptide sequence with high confidence
(i.e., identify) but insufficient to precisely measure (TMT) reporter product ions (i.e.,
quantify). In contrast, the high duty cycle of targeted proteomic analysis insures that the
highest quality MS/MS spectra are collected from the apex. Collecting MS/MS spectra in
profile mode, rather than centroid mode, provides additional insurance that the highest
quality MS/MS spectra are collected for quantification purposes. Profile mode data can also
provide oversampling benefits that are important for quantitative peak picking algorithms
(unbiased proteomic analysis in profile mode is uncommon for isobaric labeling strategies
because of large, unwieldy file sizes and the relatively low resolving power (e.g., 15 000)
needed to distinguish low mass, singly-charged reporter ions to quantify in the MS/MS
dimension). Lastly, the benefits of using signal-to-noise ratios to quantify low abundance
peptides, as performed herein for TMT reporter product ions by method C, has been
previously shown [22].

4.2 Comparison of IM2 Proteomics to Previous Proteomics Work

Few studies have focused on precisely quantifying peptides from low abundance proteins in
EAE or multiple sclerosis specimens. Previously, we identified, but did not quantify, CD47
in the murine EAE model by laser capture microdissection (LCM) followed by fractionation
by SDS-PAGE and capillary LC/MS/MS with protein database searching (data not shown).
Likewise, CD47, MBP and MIF were recently identified, but not quantified, by LCM of
post-mortem brain tissue specimens from multiple sclerosis patients followed by MS/MS-
based proteomics [23]. LCM proteomics of large-scale murine EAE studies requires
impractically lengthy sample preparation times to pool the relatively large number of small-
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sized mouse brain lesions needed for proteomic analysis. While our recently reported
quantitative MS/MS method (M2 proteomics [19]) was superior to LCM proteomics for
murine EAE studies, it was still difficult to precisely quantify low abundance proteins such
as CDA47 throughout disease progression. Unlike the other proteomics methods described
above, IM?2 proteomics precisely quantified peptides from low abundance proteins such as
CD47 throughout disease progression in murine EAE. This is likely due to the improved
selectivity and sensitivity of IM2 proteomics compared to previous work, necessary to
partially overcome masking of low abundance proteins by high abundance proteins and
improve dynamic range. Moreover, IM2 proteomics can be readily adapted to an automated,
384-well plate format for very high-throughput sample preparation strategies needed to
study low abundance biomarkers in a large number of specimens. Compared to Western
blotting, MS/MS-based methods such as IM?2 proteomics are more selective, enabling
precise and accurate quantification of proteins by specific amino acid residues and post-
translational modifications. Moreover, methods that incorporate isobaric labeling strategies
for encoding samples, such as IM2 proteomics, enable significant multiplexing advantages
over Western blotting. For these reasons, we believe that IM2 proteomics of brain tissue
lysates is superior to other methods for quantifying low abundance proteins in EAE studies.

Peptide CD47: 86-99, with the amino acid sequence ISVSDLINGIASLK, corresponds to
CDA47, the “marker of self” overexpressed by myelin that prevents phagocytosis, or “cellular
devouring”, by harmful phagocytically active microglia and CNS-infiltrating Mds [24-27].
CDAT acts as a ligand for signal regulatory protein alpha (SIRPa). It is a member of the
immunoglobulin (lg) superfamily and was originally identified in association with the
integrin a.,PB3, possessing a V-type Ig-like extracellular domain, five putative membrane-
spanning segments and a cytoplasmic tail [28]. Integrin B3 subunit is associated with the
extracellular region of CD47. Thus CDA47 is also called integrin associated protein [29].
Most CD47-mediated cellular responses involve activation of integrins, particularly a.,f3 or
a1sP3 but the mechanism involved in the activation is not clearly understood. Various
groups hypothesize that a part of CD47 function is mediated by binding of the pertussis
toxin-sensitive heterotrimeric G protein to the extracellular Ig-domain of CD47 [28, 30].
The unknown function and role of CD47 in integrin B3 signal transduction suggest that there
could be various tissue-specific isoforms.[31]. The 1g-V domain has five segments and a
cytoplasmic tail which are alternatively spliced to give rise to four isoforms. Isoform 2 is the
most abundant and isoform 4, with the longest cytoplasmic extension, is the second most
abundant in neurons, intestine and testis. There is no known motif for enzymatic activity or
protein interaction for any of these cytoplasmic interactions [32].

Peptide MBP: 223-228, with the amino acid sequence NIVTPR, corresponds to myelin basic
protein (MBP). MBP is the second most abundant protein in the central nervous system,
comprising ~ 30% of the total protein in myelin [33]. MBP is a positively charged protein
that binds to negatively charged lipids, present at the cytosolic surface of myelin. Alternative
splicing and post-translational modifications generate numerous MBP isoforms [33-39].
One of the charged isoforms, known as C8, is overexpressed in multiple sclerosis patients
and may be involved in its pathogenesis [40]. Another important post-translational
modification is proteolytic processing of MBP by calcium-dependent enzymes, such as
calpain [41-44].

Peptide MIF: 79-87, with the amino acid sequence LLCGLLSDR, corresponds to
macrophage migration inhibitory factor (MIF). MIF is a proinflammatory cytokine involved
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in autoimmune disease that may counter the effects of interleukin-2 [45]. MIF has also been
linked to various proliferative, anti-apoptotic, inflammatory and angiogenic survival
pathways of p53, CD74, NFxB, Bcl2, IL-8 and VEGF [46, 47]. Akin to the anti-
inflammatory actions of glucocorticoids, anti-MIF antibodies have also been shown to
ameliorate EAE [48].

4.6 Conclusions and outlook

While more time points and mice are needed to clearly define the expression trajectories of
these low abundance proteins, our results showed that the most statistically significant
correlations for CD47 and MBP expression to EAE score coincided with clinical onset of
disease, while the most statistically significant correlation for MIF expression to EAE score
was closer in time to disease peak. This is in general agreement with previous work showing
that CD47 was decreased in active inflammatory lesions [8, 49] (at disease peak), while
phagocytically active M®s containing myelin debris were increased in active inflammatory
lesions [1, 2] (at disease peak). In one of these studies, CD47 messenger RNA (MRNA) was
identified and quantified as the target of microRNA (miR) by LCM of post-mortem brain
tissue specimens followed by quantitative PCR and immunohistochemical analysis for
CDAT protein [8]. Expression of miR-34a, miR-155 and miR-326 was increased while CD47
protein was decreased in active inflammatory lesions. This was confirmed by another study
quantifying CD47 mRNA [49]. Based on our own results and previous work, we posit that
disease progression in EAE may reflect the transition of beneficial phagocytosis of CD47+
myelin debris to harmful phagocytosis of CD47+ intact myelin in active inflammatory
lesions and back again. This transition may be concordantly regulated with the expression of
CDA47 and proteins involved in demyelination and inflammation such as MBP and MIF. The
mechanism, if any, by which CD47+ intact myelin and CD47+ myelin debris are
distinguished by phagocytically active M®s remains an intriguing biological question.
Nonetheless, discovering protein biomarkers of phagocytic phenomena that reflect distinct
disease stages, such as disease onset, peak, and remission, is expected to provide critical
information that may result in improved early detection, diagnosis, prognosis and treatment
monitoring of patients with multiple sclerosis.

While validation in a larger cohort is underway, we conclude that IM?2 proteomics is a rapid
method to precisely quantify peptides from CD47 and other low abundance proteins
throughout disease progression in EAE. This is likely due to improvements in selectivity and
sensitivity, necessary to partially overcome masking of low abundance proteins by high
abundance proteins and improve dynamic range. The future application of IM?2 proteomics
to longitudinal measurements of multiple low abundance peptides from brain protein
biomarkers and therapeutic targets in blood is expected to be important for correlating to
other quantitative measures of disease progression such as magnetic resonance imaging and/
or the expanded disability status scale disease score in patients with multiple sclerosis. IM?2
proteomics may also illuminate future investigations on the biochemistry of CD47 and
myelin.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic of IM? proteomics. The IM? proteomics experimental design used in our study
(top and middle) is superimposed on a plot of EAE disease score vs. post-disease induction
time (bottom). Anti-CDA47 antibodies were used to enrich for low abundance CDA47 prior to
microwave-assisted reduction/alkylation/digestion of proteins from brain tissue lysates
bound to C8 magnetic beads. Then, microwave-assisted isobaric chemical labeling of
released peptides was performed for all 32 samples spanning disease progression and pooled
reference material from the peak of disease. This was achieved in a total of 90 seconds prior
to unbiased and targeted proteomic analysis. Isobaric-encoding enabled 6-plex quantitative
proteomic analysis of 5 sample mixtures (such as the those shown in boxes), corresponding
to 5 disease time points, where each mixture included 4 mice per time point (red, blue
yellow, green) and pooled reference materials (white and pink). Clinical onset of disease
was observed on days 8-10, followed by disease peak at days 19-20 and remission at day
23.
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B

Figure 2.

Method development. The amino acid sequence coverage and peptides that we typically
observe for CD47 by unbiased M2 proteomics (top). Also illustrated is the expected trend in
the precision of peptide quantification for the methods investigated in this work (A <B < C)
(bottom). In method A, no immunoenrichment of CD47 was performed prior to unbiased M2
proteomics. In methods B and C, immunoenrichment of CD47 was performed prior to
unbiased (B) or targeted (C) M2 proteomics, respectively.
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Figure 3.

A representative annotated MS/MS spectrum from method C, with sequence-specific b- (N-
terminal) and y- (C-terminal) type product ions, for the triply-charged precursor ion
corresponding to peptide CD47: 86-99 with the amino acid sequence ISVSDLINGIASLK.
The relative abundance of TMT reporter ions, corresponding to the relative abundance of
this peptide and its corresponding protein in representative individual mice, is shown in the
inset.
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Method comparison. Shown are qualitative (Mascot score) and/or quantitative (relative
abundance) measures for peptide CD47: 86-99 by the three proteomics methods described in
Figure 2. Error bars for quantitative measures show the standard error of the mean, a
measure of precision. Method A, no immunoenrichment and unbiased proteomic analysis,
was incapable of identifying or quantifying CD47: 86-99 throughout disease progression.
While CD47: 86-99 was identified in a few samples, it was never quantified by method A.
Method B, immunoenrichment and unbiased proteomic analysis, was capable of identifying
CDA47: 86-99 throughout disease progression, but incapable of quantifying CD47: 86-99
without significant error. Only method C, incorporating both immunoenrichment and
targeted proteomic analysis, was capable of precisely quantifying CD47: 86-99 throughout
disease progression.
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Correlation of the relative expression of three low abundance peptides to EAE score
throughout disease progression: CD 47:85-99 (5A); MBP 223-228 (5B); and MIF 79-87
(5C). Relative peptide expression, corresponding to relative protein expression, at each time
point (10 d, 20 d and 25 d) was contrasted with both control time points, -1 d (non-
immunized, blue) or 0 d (3 hr post-immunization, red), using a two-sample t-test without
assuming equality of variance.
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