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these proteins with IFNP treatment in MS.
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Interferon beta (IFN) is the most common immunomodulatory treatment for relapsing-remitting multiple sclerosis (RRMS).
However, some patients fail to respond to treatment. In this study, we identified putative clinical response markers in the
serum and plasma of people with multiple sclerosis (MS) treated with IFN. In a discovery-driven approach, we use 2D-
difference gel electrophoresis (DIGE) to identify putative clinical response markers and apply power calculations to identify
the sample size required to further validate those markers. In the process we have optimized a DIGE protocol for plasma to
obtain cost effective and high resolution gels for effective spot comparison. APOA1, A2M, and FIBB were identified as
putative clinical response markers. Power calculations showed that the current DIGE experiment requires a minimum of 10
samples from each group to be confident of 1.5 fold difference at the p<<0.05 significance level. In a complementary
targeted approach, Cytometric Beadarray (CBA) analysis showed no significant difference in the serum concentration of IL-6,
IL-8, MIG, Eotaxin, IP-10, MCP-1, and MIP-1a, between clinical responders and non-responders, despite the association of
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Introduction

Multiple sclerosis (MS) is a chronic, inflammatory, and
demyelinating autoimmune disorder of the central nervous system
(CNS). The disease course of relapsing remitting (RRMS) involves
periods of clinical remission interspersed by exacerbations or
relapses, which vary in their severity and duration. After many
years of RRMS, the patient may enter a secondary progressive
phase (SPMS) where the symptoms and nerve function gradually
worsen with or without relapses. IFNP treatment significantly
reduces the frequency of relapses, lesion load, and disability in
RRMS and SPMS patients [1,2]. However, up to a third of
patients do not respond to this therapy [3,4]. Amongst them, a
number of patients develop antibodies to IFNP that prevent
binding of the protein to its receptor (neutralizing antibodies:
NABs), reducing or abrogating the therapeutic effect of IFNB
[5,6]. It is important to identify people who do not respond
clinically to IFNB promptly, so they can be treated with less
immunogenic IFN or alternate therapies at an early stage in the
disease course [7,8]. It has been shown that RRMS patients who
are clinical responders to IFNP treatment show a more
inflammatory and less neurodegenerative disease at the com-
mencement of the treatment compared to those who do not [9],
however no specific biomarkers were found to differentiate these
groups.
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The aim of this study was to identify clinical response markers to
IFNB treatment in MS using proteomics. Discovery-driven and
targeted protein approaches were used. Discovery driven proteo-
mic approaches were first employed to generate the MS specific
protein profile from cerebrospinal fluid CSF [10-12]. A 2D-DIGE
approach was recently used to identify CSF markers in MS after
comparison with other neurological disorders [13,14]. 2D-DIGE
was also used in a study to differentiate the CSF proteome of
clinically isolated syndrome (CIS) patients that develop MS from
the ones that remained CIS [15]. 2D-gel electrophoresis (2DGE)
has been previously used to characterize the effect of serum from
MS patients with and without IFNf treatment on human cerebral
endothelial cells [16]. However, to our knowledge, none of these
techniques have previously been used in examining clinical
response to IFNf treatment in MS. We hypothesised that proteins
which differ in abundance between the plasma proteome of
clinical responders and non-responders to IFNf could serve as
clinical response markers for treatment with IFNB. Furthermore,
these proteins would be able to be identified using difference in-gel
electrophoresis (DIGE) and mass spectrometry.

In any complex proteomic experiment, it is critical to determine
the sample size required to provide sufficient statistical power to
detect biologically significant changes [17-19]. Hunt et al. [18]
established a protocol for optimizing experimental design. In this
paper, we adopt this approach, using a relatively small sample size
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to enable accurate determination of statistical power while
simultaneously identifying an initial set of putative biomarkers.

Another important aspect of a DIGE study is optimizing sample
preparation to simplify the protocol and obtain a high resolution
gel. To obtain that, we have compared different depletion and
desalting techniques to remove the most abundant proteins and
achieve better protein separation respectively.

The targeted approach was employed to identify lower abundant
clinical response markers which may be undetectable by discovery
driven approaches such as 2D-DIGE, either because more highly
abundant proteins obscure their presence or because the removal of
highly abundant proteins also depletes lower abundant proteins, like
cytokines and chemokines, bound to these proteins [20]. In the
targeted approach, we hypothesised that protein markers previously
associated with IFNP treatment, such as chemokines and cytokines,
would also be markers of clinical response. In MS, chemokines act
as chemoattractants: recruiting immune cells and the proinflam-
matory cytokines they secrete, such as IL-2, IFNy, and TNFa,
which promote processes leading to demyelination [21]. In addition
they upregulate adhesion molecule expression which will assist in
transendothelial migration of autoreactive immune cells through the
blood brain barrier (BBB) [22]. IL-8 [23,24], IP-10 [25], MCP-1
[26,27], MIP-1a [28], and MIG [29] levels were previously found to
be differentially expressed in sera from patients with IFNP treated
MS as compared to untreated MS patients. Although changes in
serum Eotaxin are not known to be directly associated with IFNf
treatment, it is regulated by Th2 cell mediated cytokines [30], which
play a significant role in the IFNP treatment mechanism [31] is also
found to be reduced in CSF from people with MS as compared to
HC [32]. Th2 induced IL-6 was the only anti-inflammatory
cytokine chosen for the current study, as its levels are increased in
the serum of MS patients following IFNB administration [33].
Despite their previous associations with IFN treatment, the status
of these chemokines and IL-6 as clinical response markers to IFN is
unknown and will be explored in this study.

Materials and Methods

Ethics approval

This study was approved by the Sydney West Area Health
Service Human Research Ethics Committee (HREC2006/2/
4.33(2310)).

Sample collection
Discovery driven approach. Fresh blood was collected
from 3 individuals who showed a clinical response to treatment
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(clinical responders - CRs) and 3 individuals who did not show a
clinical response (clinical non-responders - CNRs) in P100 tubes
(BD bioscience, NJ, US) 24 hours after IFN injection. P100
tubes were used to enable greater recovery and preservation of
plasma proteins. Each group had two RRMS and one secondary
progressive MS patient (SPMS); the response status was defined
in different ways for each group. All six patients were under the
care of a neurologist with special interest in MS and had definite
MS by the McDonald criteria [34]. The RRMS CNRs (n=2)
had a history of at least one relapse in the last 2 years as
compared to none for CRs (n=2) since the commencement of
their treatment (Table 1). The SPMS patient CNR (n=1)
showed an annual increase in the disability index (Expanded
Disability Status Scale (EDSS) score) during the last year of IFNf3
treatment while the SPMS CR (n=1) had no change in EDSS
(Table 1). In addition, MRI scans of the SPMS CNR revealed
greater degree in progression of cerebral atrophy as compared to
the SPMS CR during the last year of treatment. The tubes
were centrifuged at 2500 ¢ for 10 minutes at 20°C, within
2 hours of blood collection. The separated plasma was
immediately aliquoted and stored at —80°C to prevent protein
degradation. Individual aliquots were prepared to prevent
freeze-thaw cycles.

Targeted approach. Serum samples were obtained from 18
clinical responders (CR) and 19 clinical non-responders (CNR) to
IFNB treatment from diagnostic laboratories across Australia, as a
part of a Neutralizing Antibody (NAB) testing service. 27 of those
patients were negative for NAB (NAB—ve) while 10 were NAB-
positive (NAB+ve). Patients gave informed consent for their
neurologists to provide relapse histories for this study. The
patients were classified as CR if they had no relapses during the
previous year of treatment [3]. Otherwise, they were classified as
CNR. Patient demographics are shown in Table 2. IFNf treated
patients with serum titres of 20 neutralizing units/ml or greater for
two consecutive measurements at a 3 month interval using the
cytopathic  effect (CPE) bioassay (measures the
concentration required to neutralize the antiviral activity of the
IFNB) were considered NAB+ve [35]. Otherwise they were
considered NAB-ve. The samples were stored at —20°C until
used. Serum was diluted 1:4 for the chemokine analysis for optimal
results.

serum

2D- gel electrophoresis protocol optimization

Prior to 2D-DIGE, the process for 2D-gel electrophoresis was
optimized. Several commonly used proteomic techniques were
trialled in various combinations to identify the optimal technique

Table 1. Demographics and clinical status of patients used in discovery-driven approach.

Relapses Relapses EDSS EDSS Type Type of Cy
No. Status Gender Age before* after* before* after of MS treatment Dye
1 CR F 46 0.4 0 = RRMS Avonex Cy3
2 CR F 28 1 0 - RRMS Betaferon Cy5
3 CR F 46 = = 6 6 SPMS Rebiff Cy3
4 CNR M 30 0.5 >1 - RRMS Avonex Cy5
5 CNR F 42 - - 6 7 SPMS Betaferon Cy3
6 CNR F 32 1 1 - RRMS Avonex Cy5

Dyes were swapped for one CR and one CNR to remove dye bias.

doi:10.1371/journal.pone.0010484.t001

@ PLoS ONE | www.plosone.org

*Relapses before and after are the annualised relapse rates before and after commencement of IFN treatment respectively for RRMS patients. EDSS before and after
gives annual EDSS score before and after the last year of IFNf therapy respectively for SPMS patients.
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Table 2. Demographics of patients providing samples for the
targeted approach.

CNR CR
Average age (years) 48+11 44+13
Gender ratio (F:M) 15:4 13:5
Disease subtype (RRMS:SPMS) 11:8 16:2
Average duration on treatment (years) 4.5+2.2 3.5%22

doi:10.1371/journal.pone.0010484.t002

for use in this study. These methods are presented in detail in A-F
below. All the optimization steps were carried out using 11 cm
IPG strips and 4-15% pre-cast SDS-PAGE gels (Bio-Rad
Laboratories, CA, USA) except for method F. Protein concentra-
tion was estimated using the 2D-Quant kit following the
manufacturer’s instructions (GE Healthcare, Hercules, UK) before
adding the reducing agent and IPG buffer 1% (v/v). IPG buffer (of
the same pH as the strip) was added just before the rehydration
step. 200 pg of sample was loaded onto each 11 cm gel (Method
A-E) and 300 pg was loaded onto the 17 cm gel (Method F). Spot
count was performed for each of the methods using the PDQuest
v7.3.1 (Bio-Rad, CA, USA) spot detection module.

Method A) The sample was mixed with rehydration buffer (RB)
(7 M Urea, 2 M thiourea, 4% CHAPS, 40 mM Tris) and 5 mM
TBP, without a depletion and desalting step, followed by
rehydration on pH 3-10 non-linear (NL) IPG strips (Bio-Rad
Laboratories CA, US).

Method B) Albumin and IgG were depleted from the plasma
using the Aurum serum protein mini kit according to manufac-
turer’s instruction (Bio-Rad Laboratories, CA, US) followed by
blending with RB +5 mM TBP. No desalting was undertaken.
The sample was then rehydrated on a pH 3-10 NL IPG strip.

Method C) Aurum serum depletion was followed by a desalting
process using the Khan et al. protocol [36]. In brief, the Aurum
serum depleted sample was precipitated with ice-cold acetone at
—20°C overnight and pelleted at 4000 g for 60 minutes at 10°C.
The pellet was resuspended in RB with 5 mM TBP and 10 mM
acrylamide for 60 minutes. The sample was spun at 21000 g to
remove any insoluble impurities. The sample was then diluted
with 13 ml RB without Tris, and added to 5 kDa 15 ml Amicon
Ultra-15 centrifugal filters (Millipore MA, US). The protein
solution was desalted and concentrated at 2000 xXg until the volume
reached 350 pl. The desalted sample was then rehydrated on the
pH 4-7 IPG strip.

Method D) Aurum serum sample depletion was followed by
sample clean up using the 2D-clean up kit (GE Healthcare,
Hercules, UK) following the manufacturer’s instruction. This kit
removes impurities such as nucleic acids, lipids, and salts. The
clean pellet was resuspended in RB with 65 mM DTT for
reduction for 30 minutes and 130 mM iodoacetoamide for
alkylation for 30 minutes followed by rehydration on pH 4-7
IPG strip.

Method E) Aurum serum depletion was replaced by Multiple
Affinity Removal System (MARS) (Agilent technologies CA, US)
column depletion, undertaken at the Australian Proteome Analysis
Facility (Sydney, Australia). This process removes the top six most
abundant proteins (85%) in plasma, namely albumin, IgG, IgA,
alpha-1 antitrypsin, transferrin, and haptoglobin. The dilute
samples were applied to 5 kDa Amicon Ultra-15 centrifugal filters
(Millipore MA) and spun at 2000 xg to concentrate the solution to
400 pL. The sample was cleaned using 2D-clean up kit. The

@ PLoS ONE | www.plosone.org
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purified protein pellet was suspended in RB followed by a 30
minute reduction step with 65 mM DTT and 30 minute alkylation
with 130 mM acrylamide. The sample was rehydrated on a pH 4—
7 IPG strip.

Method F) The same process was used as in Method E except a
17 cm IPG strip was used instead of an 11 c¢m strip. The first and
second dimension steps were generally consistent between the
protocols (A-F).

DIGE sample preparation and labelling

The samples, prepared as described in method I were labelled
using fluorescent Cy Dyes as per manufacturer’s Instructions (GE
Healthcare, Hercules, UK). The sample labelling is shown in
Table 1.

2D-Gel electrophoresis

IPG strips (pH 4-7, 11-17 cm, Bio-Rad Laboratories CA,
USA) were rehydrated with the Cy Dye-labelled samples for
18 hours at room temperature. Iso-electric focussing (IEF) was
performed for a total of 95,000 Vh for 17 cm strips and
70,000 Vh for 11 ecm strips at 20°C using the IPGphor-II
apparatus (GE Healthcare, Hercules, UK). Strips were equilibrat-
ed prior to SDS-PAGE for 15 minutes in equilibration buffer (6 M
urea, 50 mM Tris pH 8.8, 20% (v/v) glycerol, 2% (w/v) SDS)
with 5 mM TBP and then for 15 minutes in same equilibration
buffer with 2.5% (v/v) acrylamide. The SDS PAGE was run by
laying the strips on 8-18% large size (20 cm %20 cm) precast gels
(Jule Inc., CT, US). The strips were overlaid with 1% agarose in
SDS running buffer containing bromophenol blue. Tris-glycine
(24.8 mM Tris, 192 mM glycine, 0.1% (w/v) SDS) running buffer
was used. The 11 cm gels were run on a Criterion gel system (Bio-
Rad laboratories CA, USA) for the 2 dimension at 200 V for 40
minutes or until the dye front ran off the bottom of the gel. The
17 cm gels were run at 16 mA/gel for one hour, 20 mA/gel for
the next 3 hours, and 24 mA/gel thereafter until the bromophenol
blue dye front had run off the bottom of the gels. Gels were
scanned immediately. A non-DIGE preparative gel was run with
600 pug protein under the same conditions from a pool of all
samples. This gel was stained with Coomassie blue and was used to
excise spots for protein identification.

Gel imaging

The protocol optimization gels were initially fixed in Fix/Wash
Buffer (10% (v/v) methanol, 7% (v/v) acetic acid) for 1 hour
followed by Sypro Ruby staining overnight. The gels were then
washed with Fix/Wash buffer for 1 hour before scanning with
Typhoon9410 scanner (GE Healthcare, Hercules, UK) following
manufacturer’s instructions. The DIGE images were also scanned
using Typhoon scanner following manufacturer’s protocol for
DIGE images. Image analysis was performed using the DeCyder
software package vd (GE Healthcare, Hercules, UK), a 2-DE
analysis software specifically designed for DIGE experiments. 2500
spots were identified and quantified using the DeCyder difference
in-gel analysis (DIA) module. Proteins were deemed to be
differentially expressed if they showed greater than 1.5 fold
change in abundance between CR and CNR and p<<0.05 using a
I-way ANOVA.

Protein identification

Proteins of interest were excised from the preparative gel for
protein identification. Preparation for protein identification was
undertaken using the protocol described in Gez S. et al. [37]
Peptide mass fingerprints of tryptic peptides were generated by
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MALDI-time of flight (MALDI-TOF) mass spectrometry using a
Voyager DE-STR (Applied Biosystems, CA, US). The resulting
data peaks were calibrated with trypsin autolysis peaks (842.51,
1054.56, and 2211.10 Da). The data was visualized using Data
Explorer v4.5 (Applied Biosystems, CA, US) and analysed with
Mascot (Matrix Science, London, UK) for protein identification
comparing it with the MSDB and SWISS-PROT databases.
Protein identifications were assigned to potential matches with an
expectation value less than 0.01 and a score greater than 80. For
higher molecular weight proteins, a more stringent expectation
value (less than 0.001) was used. The spots identified by MALDI-
TOF were confirmed using tandem mass spectrometry on a
QOSTAR (Applied Biosystems, CA, US) at the Sydney University
Proteome Research Unit (SUPRU, University of Sydney, Sydney,
Australia).

Power calculations

An ongoing issue with complex proteomic experiments is the
low statistical power of an experiment resulting in an inability to
detect biologically significant changes. In the current study we
used a process of experimental design to estimate the optimal
sample size required to provide adequate statistical power at our
chosen level of significance. Power calculations were conducted
using tools provided by Emphron Informatics (www.emphron.
com) according to the protocol defined by Hunt et al [18]. Breifly,
volumes of 100 spots matched across all the six gels were selected
for the analysis. These spots were randomly selected across the
entire gel to remove any bias towards a particular region of the
gel. The protocol estimates biological and technical variance
between the groups using a mixed effects linear model involving a
fixed term for the difference between groups and random
deviations representing differences between samples and gels.
Due to the use of the 2D-DIGE internal standard and the
associated normalization between gels, the gel-gel difference was
set to null. The software uses the estimated biological (sample)
variation to determine the standard error of differences between
CR and CNR before calculating the number of samples
required to give 80% power (probability of not detecting a
real change in protein expression) when attempting to find
changes in expression of a given size at a given level of statistical
significance (probability of falsely identifying a change in protein
expression).

Cytometric beadarray

Levels of IL-6, IL-8 (CXCL8), IP-10 (CXCL10), MIP-1a
(CCL3), MCP-1 (CCL2), MIG (CXCL9), and Eotaxin (CCL11)
in serum were determined in the chemokine analysis samples by
utilizing a cytometric bead array (CBA) (BD Bioscience, NJ, US)
kit and fluorescence detection by an LSR II flow cytometer (BD
Bioscience, NJ, US). Briefly, 50 ul of beads with different
fluorescence intensities and coated with cytokine or chemokine
specific antibodies were added to 50 pl of diluted patient sera and
incubated for an hour at room temperature in the dark. 50 pl of
phycoerythrin-conjugated secondary antibody specific to cytokine
or chemokine was added to the mixture and incubated for
2 hours at room temperature away from light. Simultaneously,
standards for each cytokine or chemokine were treated in the
same manner. Beads were washed to remove unbound detection
antibodies and were analysed using a flow cytometer. Cytokine
and chemokine concentrations were estimated using the CBA
software. The statistical significance of the study was calculated
using Wilcoxon’s test with p-values of <0.05 considered
statistically significant.

@ PLoS ONE | www.plosone.org
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Results and Discussion

2D-gel electrophoresis protocol optimization

In optimizing sample preparation protocols for gel electropho-
resis, we seek to resolve the maximum number of spots and to
obtain clear separation between these spots. This improves the
accuracy of subsequent image and mass spectrometric analyses.

In method A (Figure 1A), only the most abundant proteins such
as albumin, haptoglobin, fibrinogen, IgA, and IgG are clearly
visible. To maximize the number of spots seen on the gel we
depleted these highly abundant proteins, as they masked the
presence of less abundant proteins and interfered with their
resolution on the gel. We compared two depletion techniques.
After Aurum serum depletion of albumin and IgG which
constitute 70-80% of the total proteins in plasma (method B-D),
we found the spot resolution was better and display of less
abundant proteins increased as compared to method A. However,
the number of spots remained the same or decreased due to
protein loss (Figure 1A-D). Also, Aurum serum depletion uses
resin blend columns which do not induce absolute removal of the
two proteins; and over 10% of these proteins remain in the sample.
(Figure 1B-D). In Method E and F, the MARS column depletion
showed a further 34 fold increase in the number of spots as
compared to Aurum serum depletion (methods B-D, Figure 1E—
F). Depletion with MARS column resulted in removal of
approximately 99% of the top six most abundant proteins which
constitute 85-90% of total proteins in plasma.

In method A and B (Figure 1A and B), horizontal streaking
between the spots is visible, indicating lack of protein separation.
Clear separation between protein spots can be achieved by
removing salts and charged contaminants as these affect iso-
electric focussing. In the current experiment we compared two
different desalting techniques. The first procedure incorporated
desalting via acetone precipitation followed by diafiltration or
buffer exchange [36] (method C). The separation of spots was
better than method A and B but was not uniform across the gel
despite the desalting step. This may be attributed to higher
conductivity and low yield of protein prevented further rounds of
buffer exchange as it would decrease the conductivity at the cost of
higher protein loss. The second desalting procedure uses a 2D-
clean up kit (Figure 1D-F). Despite using similar concentration to
begin with, the protein concentration after 2D-clean up (1.2 mg/
ml) was high compared to the buffer exchange method (0.73 mg/
ml) indicating the former results in lesser protein loss. The protein
separation was enhanced, protein loss was minimized, and
desalting efficiency was improved with the 2D-clean up kit as
compared to the single buffer exchange method.

In Method D (Figure 1D), horizontal streaking was completely
removed, except in some parts of the gel at the acidic end which
showed aggregate formation during the iso-electric focussing step.
This issue was eliminated by the use of acrylamide as an alkylating
agent instead of iodoacetamide before iso-electric focussing as
shown in (Figure 1E). Jodoacetamide may induce cross reactivity
with thiourea which could have caused improper alkylation,
leading to reformation of disulfide bridges and hence the streaking
at positive end [38]. Thus, we found acrylamide to be a better
alkylating agent than iodoacetamide.

Finally, in method F, the 17 cm gel showed a better separation
of protein spots due to larger gel size (Figure 1F). Thus, it was
determined to be the most appropriate technique for of depleting
abundant proteins, desalting, and alkylation of the sample before
isoelectric focussing ensured a lower protein loss resulting in a
greatly increased number of spots displayed on a 2D-gel image
with proper separation to help with further analysis and spot
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Figure 1. 2DE gel images of human plasma samples generated with the different sample preparation methods used during
optimization. Method A) Crude plasma - 224 spots, Method B) Aurum serum depleted plasma without desalting- 86 spots, Method C) Aurum
serum depleted plasma desalted according to Khan et al. protocol- 78 spots, Method D) Aurum serum depleted plasma cleaned up using 2D-clean
up kit and alkylated using iodoacetamide - 212 spots Method E) MARS depleted plasma followed by 2D-clean up and alkylated using acrylamide- 774
spots, Method F) 17 cm gel with same protocol as E- 1041 spots. Each ladder had molecular weight ranging from 10 to 220 KDa.

doi:10.1371/journal.pone.0010484.g001

selection. It was this method which was used in the preparation
and running of the DIGE gels.

Power analysis

The primary aim of the discovery driven approach was to
produce sufficient 2D-DIGE data to enable statistical power
calculations to determine optimal sample size. DIGE studies use
an internal standard to help eliminate gel-to-gel variation [39].
However, normal biological variation between the samples
remains and this can lead to false conclusions as this variation
interferes with the ability to detect variation between the groups of
interest. Proteomic studies require sufficient statistical power to
overcome these sources of variation. To address this issue, we
conducted power calculations based on the modified protocol of
Hunt et al [18]. To our knowledge this is first DIGE study which
incorporates power calculations to determine optimal sample size.
The power analysis tool was used to calculate the minimal
detectable difference defined as the size of effect required to give a
chosen statistical power at a specific significance level. The results
are shown in Figure 2. The power calculation showed that a

@ PLoS ONE | www.plosone.org

minimum of 10 biological variants from each group are required
to be confident of a 1.5-fold (50% effect size) and 2 fold (100%
effect size) change in abundance between CR and CNR at the
p<<0.05 and p<<0.005 level of statistical significance respectively.

Identification of differentially abundant proteins

The secondary aim of the discovery driven approach was to
identify differentially abundant proteins detectable with the
existing sample size. The power analysis indicated an optimal
sample size of 10. This means ten samples per groups are required
in order to be reasonably certain of detecting statistically
significant (p<<0.05) changes in protein expression at least 1.5 fold
in size. However, it still remains possible, albeit less likely, to find
statistically significant changes using smaller sample sizes,
particularly if the fold-change is greater than 1.5. In statistical
terms, the use of a smaller sample size does not affect Type I error
(falsely deciding a protein is differentially expressed) but will
increase Type II error (not detecting proteins that are actually
differentially expressed). As the three-sample-per-group analysis
was required in order to conduct the power calculations, we chose
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Figure 2. Power curve showing the minimum % effect size (fold change) detectable as a function of sample size with 80% power at

two different significance levels.
doi:10.1371/journal.pone.0010484.9002

to explore this data for the presence of an initial set of potential
biomarkers.

The DeCyder biological variation analysis (BVA) module was used
to match spot maps and conduct statistical analysis to identify
differentially expressed spots based on the standard abundance value
for each spot. Three spots were found to be more abundant in clinical
responders to IFNB as compared to non-responders with a fold
difference of at least 1.5 at the p<<0.05 level of significance (Figure 3)
(Table 3). These spots were identified as Alpha 2 macroglobulin
(A2M), Apolipoprotein Al (APOA1), and Fibrinogen B (FIBB) using
MALDI-TOF mass spectrometry (Figure 3) (Table 3). The protein
identification was further confirmed using tandem mass spectrometry
where three peptides were matched for each protein.

A2M is a known inhibitor of matrix metalloproteinase activity
(MMP2 and MMP9) along with their other tissue inhibitors
(TIMP1 and TIMP2) [40]. Previous studies have shown no
difference in the plasma level of total A2M between MS and HC
[41,42] however both MMP9 and the MMP9: TIMP!I ratio in the
serum of MS patients are high compared to HC [43] while these
levels are reduced in patients treated with IFNB [44]. A recent
study showed that TIMP-1 levels increased longitudinally in
clinical responders to IFNf treatment as compared to clinical non-
responders [45]. Together with our finding that MMP inhibitor
A2M levels are increased in the plasma of CRs compared to
CNRs, the data suggest that matrix metalloproteinase inhibitors
may prove useful as clinical response markers to IFNf treatment
in MS. A2M has previously been found to be downregulated in

@ PLoS ONE | www.plosone.org

CSF in a study comparing RRMS with other neurological diseases
and a separate study comparing HIV-1 with and without dementia
[46]. This suggests any pathogenic link with MS may not be
specific. Functional studies, such as phenotype characterisation
studies, would help address this question.

APOAL levels were significantly lower in plasma at the end of
the first year of treatment in patients treated with IFNf, who
suffered relapses after therapy or progressed in their EDSS score,
as compared to their basal values [47]. While there was no
significant difference between the CRs and CNRs, there was a
trend towards down regulation in non-responders, which concurs
with our analysis. APOAL acts as an inhibitory factor for
proinflammatory cytokines IL-1 and TNFo that have been
suggested to have a role in MS pathogenesis [48]. The same
research group also showed IFNf inhibits the ability of T-cells to
induce IL-1B and TNFa [49]. Thus IFNB may induce APOAI
which inhibits the activity of proinflammatory cytokines in CRs.
APOAL 1s also responsible for the inhibition of adhesion molecules
ICAM-1 and VCAM-1 [50], that assist in auto-reactive T-cell
extravasation through the blood brain barrier (BBB) in MS
pathogenesis [51]. Thus, APOAI is a putative clinical response
marker to IFNP treatment that should be further validated.

To our knowledge, there is no known association between FIBB
and IFN treatment or FIBB and MS.

Timms and Cramer recently reviewed the utility of DIGE as a
quantitative technique [52]. They found DIGE has a number of
strengths as a quantitative technique but also certain limitations.

May 2010 | Volume 5 | Issue 5 | 10484



Proteomics and IFNf Treatment

pH4 < > 7
220 . s aadan e Ll
150— . A TOOVOOVE -
100 it

i . , * . . . .. o ..
L " Qe v
- e "0--0

<—sp2

50—

20—

10—
KDa

Figure 3. A 2D-DIGE image comparing the plasma proteome of CR to IFNf treatment with CNR to IFNf treatment with Cy3 and Cy5
channel overlap. Samples were run on 17 cm gels after clean up and depletion. Spots Sp1, Sp2, and Sp3 were found to be increased in CR as
compared to CNR based on a 1-way ANOVA with a p-value of less than 0.05 and fold change greater than 1.5.
doi:10.1371/journal.pone.0010484.g003

Furthermore, this balance of strength and limitation was held in incorporating validation with a second quantitative method, is
common with other quantitative approaches, suggesting the desirable to confirm the status of the differentially expressed
various techniques are complementary. Thus, a follow-on study, proteins identified in this study as putative clinical response
using the optimal sample size determined in this study, and markers.

Table 3. Differentially expressed spots between CR and CNR with p-value <0.05 and fold change >1.5.

No Fold Protein p Score E-value Match mW/pl

sp1 212 Alpha-2 macroglobulin 0.034 88 3.1x107° 12 164951/6.00
sp2 2.1 Fibrinogen beta chain 0.025 86 41x107° 12 56745/8.54
sp3 1.72 Apolipoprotein Al 0.049 124 7.2x107° 11 30759/5.56

No is the spot number; Fold is the fold change in expression; p is the p-value associated with the fold change in expression; Score and expectation value (E-value)
indicate the confidence of protein identification; Match is the number of matching peptides; mW/pl is the theoretical molecular weight and isoelectric point as
calculated from Mascot database; all spots were confirmed with tandem mass spectrometry.

doi:10.1371/journal.pone.0010484.t003

@ PLoS ONE | www.plosone.org 7 May 2010 | Volume 5 | Issue 5 | e10484



p<0.19
IL-6
801
60+ .
£ s0- .
a
20- -
L
® .l
0 -
\gz- &

Proteomics and IFNf Treatment

p<0.11
Eotaxin
200-
[ ]
150-
J— [ J
£ 100- .
®
Q. [ ]
50 o ®eee’
o® ®e0
L
01 —200eer
L———eeeseprerer——— sptor—
(ﬁf& &

Figure 4. IL-6 and eotaxin concentration comparison between CR and CNR in serum.

doi:10.1371/journal.pone.0010484.g004

Cytometric Bead Array analysis

IL-6 (p =0.2), IL-8 (p =0.53), MIG (p =0.3), MCP-1 (p=0.61),
eotaxin (p=0.11), IP-10 (p =0.81), and MIP-1a (p=0.61) serum
concentrations were not significantly different between CR and
CNR to IFNB. However, both eotaxin and IL-6 levels were high in
CR as compared to CNR, but not significantly different, partly
because some of the samples were below the level of detection
(Figure 4). Eotaxin is produced by Th2 cells [53] and has
previously been found to be reduced in serum of MS patients as
compared to HC [32]. Hence a trend towards elevation of serum
eotaxin in CRs could be an effect of Th2 bias generated by IFN
treatment. CR also showed a trend towards a higher percentage of
samples with detectable serum IL-6, another Th2 cytokine.
Interestingly, increased IL-6 in IFNP treated patients has been
found to be associated with lower relapse rates and disability [54].

There was also no significant difference in the serum
concentrations between NAB+ve and NAB-ve patients of any of
the analytes: IL-6 (p=0.99), IL-8 (p=0.43), MIG (p=0.92),
MCP-1 (p=0.77), Eotaxin (p=0.33), IP-10 (p =0.23), and MIP-
la (p=0.21).

Concluding remarks

In summary, we identified an optimal depletion and desalting
technique for gel-based plasma proteomics in clinical samples from
MS patients. The pilot DIGE experiment identified A2M,
APOALI, and FIBB as putative clinical response markers for IFNf
treatment. This study for the first time incorporates power
calculations in a 2D-gel approach to determine the optimal
sample size required to be confident to characterize clinical
response markers. The targeted approach suggests that eotaxin

References
1. Jacobs LD, Cookfair DL, Rudick RA, Herndon RM, Richert JR, et al. (1996)

Intramuscular interferon beta-la for disease progression in relapsing multiple
sclerosis. The Multiple Sclerosis Collaborative Research Group (MSCRG). Ann
Neurol 39: 285-294.

2. Kappos L, Weinshenker B, Pozzilli C, Thompson AJ, Dahlke F, et al. (2004)
Interferon beta-1b in secondary progressive MS: a combined analysis of the two
trials. Neurology 63: 1779-1787.

3. Wandinger KP, Lunemann JD, Wengert O, Bellman-Strobl J, Aktas O, et al.
(2003) TNF-related apoptosis inducing ligand (TRAIL) as a potential response

@ PLoS ONE | www.plosone.org

and IL-6 require further investigation as possible IFN clinical
response markers.

Both discovery-driven and targeted approaches demonstrated a
requirement for a larger sample size to fully characterize clinical
response markers using a proteomic approach. Furthermore,
heterogeneity in multiple sclerosis itself, as well as the approaches
to treatment with IFNP, also suggests the need for larger sample
sizes to help eliminate others sources of biological variability not
directly related to the effect of IFNP treatment. Thus, while we
have identified an initial set of putative biomarkers, there are
almost certainly more to discover through future studies involving
larger sample sizes. This may increase the detectable differences in
the protein profile between CR and CNRs, which may help
identify more putative biomarkers, and improve our understand-
ing of the mechanism of action of IFNP in the treatment of
multiple sclerosis.

Acknowledgments

We would like to thank Sebastien Gerega from Sydney Bioinformatics for
conducting the power calculation analysis on the DIGE data. We thank the
subjects with multiple sclerosis, their neurologists, and the staff of
Westmead Hospital who donated blood for this study.

Author Contributions

Conceived and designed the experiments: KG FCM ED DB JWA.
Performed the experiments: KG FCM ED BC SS. Analyzed the data: KG.
Contributed reagents/materials/analysis tools: FCM RNH. Wrote the
paper: KG FCM ED BC SS RNH GS DB JWA.

marker for interferon-beta treatment in multiple sclerosis. Lancet 361:
2036-2043.

4. Durelli L, Oggero A, Verdun E, Barbero P, Pipieri A, et al. (2001) Interferon-
beta dose and efficacy: the OPTIMS study. Neurol Sci 22: 201-203.

5. Sorensen PS, Ross C, Clemmesen KM, Bendtzen K, Frederikson JL, et al.
(2003) Clinical importance of neutralising antibodies against interferon beta in
patients with relapsing-remitting multiple sclerosis. The Lancet 362: 1184-1191.

6. Hartung H-P, Munschauer F, III, Schellekens H (2005) Significance of
neutralizing antibodies to interferon beta during treatment of multiple sclerosis:

May 2010 | Volume 5 | Issue 5 | 10484



26.

27.

28.

29.

30.

32.

expert opinions based on the Proceedings of an International Consensus
Conference. Eur J Neurol 12: 588-601.

. Jeffery DR (2002) Early intervention with immunomodulatory agents in the

treatment of multiple sclerosis. J Neurol Sci 197: 1-8.

. Flachenecker P, Rieckmann P (2003) Early intervention in multiple sclerosis:

better outcomes for patients and society? Drugs 63: 1525-1533.

. Waubant E, Vukusic S, Gignoux L, Dubief FD, Achiti I, et al. (2003) Clinical

characteristics of responders to interferon therapy for relapsing MS. Neurology
61: 184-189.

. Hammack BN, Fung KY, Hansucker SW, Duncan MW, Burgoon MP, et al.

(2004) Proteomic analysis of multiple sclerosis cerebrospinal fluid. Mult Scler 10:
245-260.

. Dumont D, Noben JP, Raus J, Stinissen P, Robben J (2004) Proteomic analysis

of cerebrospinal fluid from multiple sclerosis patients. Proteomics 4: 2117-2124.

. Irani DN, Anderson C, Gundry R, Cotter R, Moore S, et al. (2006) Cleavage of

cystatin C in the cerebrospinal fluid of patients with multiple sclerosis. Ann
Neurol 59: 237-247.

. QinZ, Qin Y, Liu S (2009) Alteration of DBP levels in CSF of patients with M'S

by proteomics analysis. Cell Mol Neurobiol 29: 203-210.

. LiuS,Bai S, Qin Z, Yang Y, Cui Y, et al. (2009) Quantitative protecomic analysis

of the cerebrospinal fluid of patients with multiple sclerosis. J Cell Mol Med 13:
1586-1603.

. Tumani H, Lehmensick V, Rau D, Guttmann I, Tauscher G, et al. (2009) CSF

proteome analysis in clinically isolated syndrome (CIS): candidate markers for
conversion to definite multiple sclerosis. Neurosci Lett 452: 214-217.

. Alexander JS, Minagar A, Harper M, Robinson-Jackson S, Jennings M, et al.

(2007) Proteomic analysis of human cerebral endothelial cells activated by
multiple sclerosis serum and IFNbeta-1b. ] Mol Neurosci 32: 169-178.

. Horgan GW (2007) Sample size and replication in 2D gel electrophoresis studies.

J Proteome Res 6: 2884-2887.

. Hunt SM, Thomas MR, Sebastian LT, Pedersen SK, Harcourt RL, et al. (2005)

Optimal replication and the importance of experimental design for gel-based
quantitative proteomics. J Proteome Res 4: 809-819.

. Karp NA, Spencer M, Lindsay H, O’Dell K, Lilley KS (2005) Impact of

replicate types on proteomic expression analysis. J Proteome Res 4: 1867-1871.

. Granger J, Siddiqui J, Copeland S, Remick D (2005) Albumin depletion of

human plasma also removes low abundance proteins including the cytokines.
Proteomics 5: 4713-4718.

. Ubogu EE, Cossoy MB, Ransohoff RM (2006) The expression and function of

chemokines involved in CNS inflammation. Trends Pharmacol Sci 27: 48-55.

. Muller DM, Pender MP, Greer JM (2004) Chemokines and chemokine

receptors: potential therapeutic targets in multiple sclerosis. Curr Drug Targets

Inflamm Allergy 3: 279-290.

. Lund BT, Ashikian N, Ta HQ, Chakryan Y, Manoukian K, et al. (2004)

Increased CXCLS8 (IL-8) expression in Multiple Sclerosis. ] Neuroimmunol 155:
161-171.

. Veldhuis WB, Floris S, van der Meide PH, Vos IM, de Vries HE, et al. (2003)

Interferon-beta prevents cytokine-induced neutrophil infiltration and attenuates
blood-brain barrier disruption. J Cereb Blood Flow Metab 23: 1060-1069.

. Buttmann M, Merzyn C, Rieckmann P (2004) Interferon-beta induces transient

systemic IP-10/CXCL10 chemokine release in patients with multiple sclerosis.
J Neuroimmunol 156: 195-203.

Szczucinski A, Losy J (2004) Long-term effect of IFN-beta 1a therapy on CCL2
(MCP-1) chemokine in patients with multiple sclerosis. Folia Neuropathol 42:
15-18.

Tarlori C, Reale M, De Luca G, Di Iorio A, Feliciani C, et al. (2002) Interferon
beta-1b modulates MCP-1 expression and production in relapsing-remitting
multiple sclerosis. J Neuroimmunol 123: 170-179.

Zang YC, Halder JB, Samanta AK, Hong J, Rivera VM, et al. (2001) Regulation
of chemokine receptor CCR5 and production of RANTES and MIP-1alpha by
interferon-beta. J] Neuroimmunol 112: 174-180.

Comabella M, Imitola J, Weiner HL, Khoury SJ (2002) Interferon-beta
treatment alters peripheral blood monocytes chemokine production in MS
patients. J Neuroimmunol 126: 205-212.

Gutierrez-Ramos JC, Lloyd C, Gonzalo JA (1999) Eotaxin: from an eosinophilic
chemokine to a major regulator of allergic reactions. Immunol Today 20:
500-504.

. Kozovska ME, Hong J, Zang YC, Li S, Rivera VM, et al. (1999) Interferon beta

induces T-helper 2 immune deviation in MS. Neurology 53: 1692-1697.
Franciotta D, Zardini E, Ravaglia S, Piccolo G, Andreoni L, et al. (2006)
Cytokines and chemokines in cerebrospinal fluid and serum of adult patients
with acute disseminated encephalomyelitis. ] Neurol Sci 247: 202-207.

@ PLoS ONE | www.plosone.org

33.

34.

36.

37.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Proteomics and IFNf Treatment

Nicoletti F, Di Marco R, Patti F, Zaccone P, L’Episcopo MR, et al. (2000) Short-
term treatment of relapsing remitting multiple sclerosis patients with interferon
(IFN)-betalB transiently increases the blood levels of interleukin (IL)-6, IL-10
and IFN-gamma without significantly modifying those of IL-1beta, IL.-2, TL-4
and tumour necrosis factor-alpha. Cytokine 12: 682-687.

McDonald WI, Compston A, Edan G, Goodkin D, Hartung HP, et al. (2001)
Recommended diagnostic criteria for multiple sclerosis: guidelines from the
International Panel on the diagnosis of multiple sclerosis. Ann Neurol 50:
121-127.

Gneiss C, Reindl M, Lutterotti A, Ehling R, Egg R, et al. (2004) Interferon-beta:
the neutralizing antibody (NAb) titre predicts reversion to NAb negativity. Mult
Scler 10: 507-510.

Khan A, Grinyer J, Truong ST, Breen EJ, Packer NH (2005) New urinary EPO
drug testing method using two-dimensional gel electrophoresis. Clin Chim Acta
358: 119-130.

Gez S, Crossett B, Christopherson RI (2007) Differentially expressed cytosolic
proteins in human leukemia and lymphoma cell lines correlate with lineages and
functions. Biochim Biophys Acta 1774: 1173-1183.

Galvani M, Rovatti L, Hamdan M, Herbert B, Righetti PG (2001) Protein
alkylation in the presence/absence of thiourea in proteome analysis: a matrix
assisted laser desorption/ionization-time of flight-mass spectrometry investiga-

tion. Electrophoresis 22: 2066-2074.

. Alban A, David SO, Bjorkesten L, Andersson C, Sloge E, et al. (2003) A novel

experimental design for comparative two-dimensional gel analysis: two-
dimensional difference gel electrophoresis incorporating a pooled internal
standard. Proteomics 3: 36-44.

Muller D, Roessner A, Rocken C (2000) Distribution pattern of matrix
metalloproteinases 1, 2, 3, and 9, tissue inhibitors of matrix metalloproteinases 1
and 2, and alpha 2-macroglobulin in cases of generalized AA- and AL
amyloidosis. Virchows Arch 437: 521-527.

Jensen PE, Humle JS, Datta P, Sorensen PS (2004) Significantly increased
fractions of transformed to total alpha2-macroglobulin concentrations in plasma
from patients with multiple sclerosis. Biochim Biophys Acta 1690: 203-207.
Gunnarsson M, Sundstrom P, Stigbrand T, Jensen PE (2003) Native and
transformed alpha2-macroglobulin in plasma from patients with multiple
sclerosis. Acta neurol scand 108: 16-21.

Yong VW, Power C, Forsyth P, Edwards DR (2001) Metalloproteinases in
biology and pathology of the nervous system. Nat Rev Neurosci 2: 502-511.
Boz C, Ozmenoglu M, Velioglu S, Kilinc K, Orem A, et al. (2006) Matrix
metalloproteinase-9 (MMP-9) and tissue inhibitor of matrix metalloproteinase
(TIMP-1) in patients with relapsing-remitting multiple sclerosis treated with
interferon beta. Clin Neurol Neurosurg 108: 124-128.

. Comabella M, Rio J, Espejo C, Ruiz d V, Al-Zayat H, et al. (2009) Changes in

matrix metalloproteinases and their inhibitors during interferon-beta treatment
in multiple sclerosis. Clin Immunol 130: 145-150.

Tumani H, Lehmensiek V, Lehnert S, Otto M, Brettschneider J (2010) 2D
DIGE of the cerebrospinal fluid proteome in neurological diseases. Expert Rev
Proteomics 7: 29-38.

Sena A, Pedrosa R, Ferret-Sena V, Almeida R, Andrade ML, et al. (2000)
Interferon betala therapy changes lipoprotein metabolism in patients with
multiple sclerosis. Clin Chem Lab Med 38: 209-213.

Hyka N, Dayer JM, Modoux C, Kohno T, Edwards CK, III, et al. (2001)
Apolipoprotein A-I' inhibits the production of interleukin-1beta and tumor
necrosis factor-alpha by blocking contact-mediated activation of monocytes by T
lymphocytes. Blood 97: 2381-2389.

Jungo F, Dayer JM, Modoux C, Hyka N, Burger D (2001) IFN-beta inhibits the
ability of T lymphocytes to induce TNF-alpha and IL-lbeta production in
monocytes upon direct cell-cell contact. Cytokine 14: 272-282.

Baker PW, Rye KA, Gamble JR, Vadas MA, Barter PJ (1999) Ability of
reconstituted high density lipoproteins to inhibit cytokine-induced expression of
vascular cell adhesion molecule-1 in human umbilical vein endothelial cells.
J Lipid Res 40: 345-353.

Calabresi PA, Prat A, Biernacki K, Rollins J, Antel JP (2001) T lymphocytes
conditioned with Interferon-beta induce membrane and soluble VCAM on
human brain endothelial cells. ] Neuroimmunol 115: 161-167.

Timms JF, Cramer R (2008) Difference gel electrophoresis. Proteomics 8:
4886-4897.

Conroy DM, Williams 'T]J (2001) Eotaxin and the attraction of eosinophils to the
asthmatic lung. Respi Res 2: 150-156.

Nakatsuji Y, Nakano M, Moriya M, Kishigami H, Tatsumi C, et al. (2006)
Beneficial effect of interferon-beta treatment in patients with multiple sclerosis is
associated with transient increase in serum IL-6 level in response to interferon-
beta injection. Cytokine 36: 69-74.

May 2010 | Volume 5 | Issue 5 | 10484



