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Abstract

Interferons (IFNs) are widely used in therapy for viral, neoplastic and inflammatory disorders, but
clinical response varies among patients. The biological basis for variable clinical response is not
known. We determined the primary molecular response to IFN-beta (IFN-p) injections in 35
treatment-naive multiple sclerosis (MS) patients using a customized cDNA macroarray with 186
interferon-stimulated genes (1SGs). Our results revealed striking inter-individual heterogeneity, both
in the magnitude as well as the nature of the primary molecular response to IFN-B injections. Despite
marked between-subject variability in the molecular response, responses within individual subjects
were stable over a six-month interval. Our data suggest that clinical response to IFN-B therapy for
MS differs among patients because of qualitative rather than quantitative variability in the primary
molecular response to the drug.

Keywords
Interferon-p; inflammatory; multiple sclerosis

Introduction

Gene expression analysis is considered highly promising for the identification of biomarkers
for predictive management of disease. It is hoped that specific patterns of gene expression can
be used to characterize different types of disease or response to therapy.

Multiple Sclerosis (MS) is an inflammatory neurodegenerative disease of unknown etiology.
Biochemical tests for response to treatment are entirely lacking. Recombinant IFN-f was found
efficacious based on empirical clinical trials. The trials were not based on detailed
understanding of MS pathogenesis, or of the likely mechanisms of action exerted by IFN-p.
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Nevertheless, IFN-B was shown to reduce relapses, new MRI lesions, and disability
progression, and is now standard therapy for patients with relapsing remitting MS. Despite
worldwide use of IFN- for MS, molecular mechanisms related to clinical benefits and toxicity
are not known.

Gene expression studies in MS using microarrays have identified potential biomarkers of IFN-
B response, but none of these have been validated across studies.2 A major problem with studies
on gene expression in this field has been an inability to compare results because of variations
in time of blood draw after injection with IFN-, different doses, routes of administration,
preparations of recombinant IFN-B, and variations in MS disease activity, severity, and
duration.3~7

Biological effects of IFNs are initiated by transcriptional induction of interferon-stimulated
genes (1SGs).8:9 High-density microarrays have been used to identify genes induced by IFNs.
10712 We selected 162 IFN-B-inducible genes for evaluation, using ex-vivo blood samples of
treatment-naive MS patients before and after injection with IFN-B. We developed a customized
cDNA macroarray assay for detecting ISG expression which is reproducible, convenient,
sensitive and quantitative.13

We propose the hypothesis that the primary molecular responses to IFN-p injections mediate
beneficial and deleterious clinical responses to treatment in MS patients. Variability in clinical
response and side effects suggests that there will be differences in 1ISG expression between
individuals. Our hypothesis would be testable only if individuals demonstrated stable ISG
signatures over time. Preliminary studies have documented individual variability in the
expression of 1SGs, but no prior studies have examined the stability of this response.1*1> We
reasoned that relating patterns of ISG induction to therapeutic response could lead to
biomarkers for the therapeutic response, and might also provide insight into MS pathogenesis.

Here, we report optimization of a macroarray assay for longitudinal studies of ISG induction
in ex-vivo blood samples from treatment-naive MS patients before and after IFN-f injections
using a standard dose, route and IFN-B preparation. We developed a novel bioinformatics
methodology for data analysis and compared individual ISG responses at the first injection and
after 6 months of treatment. We found marked differences in the number of ISGs induced, in
their identity and in the magnitude of induction. However, ISG expression signatures were
stable over six months of weekly injections for the large majority of patients. Some patients
showed identifiable causes for ISG expression inconsistency, including intercurrent viral
infection, or neutralizing IFN antibodies. Our results establish conditions for identifying
biomarkers of the clinical response to IFN-B in MS. We also propose an overall strategy for
monitoring expression signatures in response to transcriptional regulatory therapies for poorly-
understood chronic disorders.

Materials and Methods

Sample Collection and Patient Information

The study was approved by the Institutional Review Board of the Cleveland Clinic and written
informed consent was obtained from all individuals enrolled in the study. Thirty-five patients
with relapsing remitting MS (RRMS) or clinically isolated syndromes (CIS, the first clinical
episode of RR-MS) who were naive to treatment were analyzed at the time of their first IFN-
B injection and after six months of weekly injections. For ISG analysis, blood (20 ml) was
collected directly into PAXgene™ tubes according to manufacturer’s instructions 12 h before,
and 12 h after an intramuscular injection of 6 million 1U of recombinant IFN-B-1a (Avonex)
at first injection (baseline) and after six months of treatment with IFN-f. Patients had
gadolinium enhanced MRI brain scans at baseline and after six months. Expanded Disability
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Status Scale, Multiple Sclerosis Functional Composite, cell count, differential and liver
enzymes was done at baseline and six months. Neutralizing antibody analysis was done at 6
months. The research nurse also collected information on relapses, viral infections and adverse
events known to be associated with IFN-p therapy. Patients were asked to rate the presence
and severity of flu-like symptoms, muscle aches, chills, fatigue, headache and loss of strength
on a 11 point Likert scale, ranging from 0 (no side effect at all) to 10 (worst you can imagine)
via structured telephone interview 2—3 days after the baseline, 3 month, and 6 month injections.

Patient characteristics are shown in Table 1. The subjects averaged 37 years of age, 85% were
Caucasians, females comprised 65% of the group, 78% had RR-MS, and 22% had CIS together
with multiple MRI brain lesions.

RNA Isolation

RNA was extracted ex-vivo from blood using PAXgene™ RNA blood extraction kit
(PreAnalytix, Switzerland) as per the manufacturer’s instructions and concentrated by ethanol
precipitation. RNA quality and quantity was assessed by spectrophotometry (absorbance ratios
of 280/260 nm) and additional visualization by agarose gel electrophoresis. RNA samples were
stored at —80°C.

Gene Expression using Macroarray

The detailed methodology for cDNA macroarray analysis has been described elsewhere. 13
Genes on the custom array comprised 186 human cDNAs that were primarily selected from
the Unigene database. A list of the names of all genes on the macroarray with GenBank
accession numbers is shown in Table 2.

Genes on the cDNA macroarray were originally identified from microarray analysis of
fibrosarcoma, epithelial or endothelial cell lines treated with IFN-B.10:11.13 Al the genes
comprised known 1SGs and genes of potential interest and included genes involved in IFN
signaling, cytokine production, antiviral, antiproliferative, and immunomodulatory functions.

The protocol for spotting DNA on the membrane, probe labeling and hybridization was as
reported earlier with local modifications. 13 Five ug of total RNA isolated ex-vivo from blood
was used for generating radiolabeled cDNA probes by reverse transcription with Superscript
1 in the presence of 32PdCTP (Invitrogen, Carlsbad, CA). Residual RNA was hydrolyzed by
alkaline treatment at 70°C for 20 min after which cDNA was purified using G50 columns (GE
Healthcare, Buckinghamshire, UK). Preparation of macroarrays and hybridization of
radioactive cDNA were conducted as described previously.13 Probes were hybridized
overnight to macroarray membranes in 10 ml of hybridization buffer, followed by wash with
low and high stringency buffers and exposure to intensifying phosphor screens for two days
and scanning by StormImager (Molecular Dynamics, Sunnyvale, CA). Radioactivity bound to
the membrane was quantitated, and used to calculate induction ratios (IR) of the ISGs as shown
below.

To minimize variability, each patient’s samples at baseline (0 months) and 6 months were
processed in a single batch experiment (total of 4 membranes). A detailed laboratory protocol
for the macroarray method is available on request.

Statistical Analysis

The heatmaps were generated from complete linkage hierarchical cluster analyses. The
Euclidean distance metric d used in the cluster analyses is,
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When clustering the subjects, djj is computed based on the data profiles of all the 1SG genes
between subjects i and j, whereas when clustering the genes, djj is computed based on the data
profiles across all subjects between genes i and j. Pearson correlation between baseline and six
months ISG fold-induction intensity was computed for 35 patients.

Results and Discussion

The molecular response to interferon-f in 35 treatment-naive MS patients was studied at
baseline (initial injection) and 6 months with standardized dose, route, and preparation of IFN-
B3 as well as the time elapsed between IFN injection and blood draw. A customized cDNA
macroarray assay was used for assessment of ISGs expression signatures.

Optimization of Macroarray Assay

Selection of Timing of Phlebotomy before and after Injection with IFN-B—ISGs
are subject to differential transcriptional and post-transcriptional control resulting in
differences in rates of MRNA accumulation and decay.6 We selected the 12 h post-injection
time point for collection of blood based on an earlier kinetic microarray study which
demonstrated that the 12 h time point captured peak induction of the largest number of 1ISGs
involved in the primary response to IFN-p.4

Background Correction and GAPDH Normalization for IR—The IR was defined as
the signal from 1SG normalized to the GAPDH signal of the post-injection membrane divided
by the normalized hybridization signal for the same ISG determined from the pre-injection
membrane. The induction ratio (IR) of the ISGs was computed using calibrated data as follows:
In consideration of the uniformly higher hybridization signal for GAPDH and for empty
unspotted background wells on post-IFN membranes, a data imputation rule was applied. For
a given membrane, mean plus 2 standard deviations (SDs) of the unspotted wells from the
membrane was computed. Any 1ISGs or GAPDH on the membrane whose intensity values fell
below the mean + 2 SD background threshold were replaced with the threshold value. There
are four GAPDH triplicate wells on the membrane, and median GAPDH intensity was used in
the normalization. Following this calibration, IR of the ISGs was computed as shown below:

Gene of interest (post — injection) GAPDH (post — injection)

IR of ISG=
© Gene of interest (pre — injection) GAPDH (pre — injection)

Where both post- and pre- injection values were imputed, the IR ratio was set to 1.

Calibration Detection Algorithm—ISG cDNAs were spotted on macroarray membrane
in triplicate. Spots were occasionally omitted, resulting in outlying data sets (Fig. 1 left
panel middle spot on the last set of triplicate spots on horizontal row 10; middle spot in the
fourth set of triplicate on horizontal row 8). Although membranes were spotted in sets of eight,
missing spots could be observed at positions spotted correctly on companion membranes,
indicating there was no systematic malfunction of specific pin in the replicator.

The quantitated intensity data are shown in a 3D scatter plot with each coordinate corresponding
to one of the three measurements from the triplicate (Fig. 2A). The figure shows that there are
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two different data patterns. The vast majority of the data locate on the axis that goes from the
lower-left corner to the upper-right corner and a small proportion of data locate outside the
main data pattern. These two patterns are related to two different sources of measurement
variations: one is the biological variation in ISG expression, and the other derives from the
measurement process.

To take advantage of the triplicate design to reduce measurement error, the multivariate outlier
detection algorithm was applied.1’ Robust distance (RD) was determined using the formula
below,

— 1
RD;(x;)= \/(Xi -’ Z (xi — 1)

where (j1, ) are the minimum covariance determinant estimates (MCD) of the location and
scatter computed with the FAST-MCD algorithm.18 Here, RD follows a 2 distribution with
d.f. = 3. The blue dots in Figure 2B represent the data from the ISG that required calibration.
For those ISG’s, the average signals are calculated only based on the two stable measurements.

Comparison of the measurement error (max—min) versus the average measurement of
calibrated data (Fig. 2B, right panel) and original data (lleft panel) shows clearly that the
proposed calibration algorithm is effective in reducing measurement error.

Assay Precision Supports Defining Gene Induction as an Induction Ratio 2 2—
Blood was collected from four healthy controls at a 24-h interval and RNA was isolated from
whole blood. Radiolabeled cDNA probes were generated and hybridized to the genes on
macroarray membranes. 1ISG expression was analyzed after normalization to GAPDH (data
not shown). The induction ratio (IR) was defined as the signal from the ISG normalized to the
GAPDH signal from the 24-h phlebotomy divided by normalized hybridization signal for the
same ISG determined from baseline (0 h) phlebotomy.

The average IR for the four healthy controls clustered around 1 and no ISG showed statistical
evidence of IR different from 1. Hence, for the differential expression analysis in MS patients
before and after injection with IFN-p, the fold change parameter for significance was set at 2-
fold.

Post-injection ISG Expression Patterns in MS Patients

A representative experiment of a macroarray for ISGs at baseline pre-injection and post-
injection of IFN-B is shown in Figure 1. For each patient, baseline ISGs (>2 fold induced) were
visualized using hierarchical cluster analysis (Fig. 3A). Patient 7 and 25 each of whom had
symptoms of viral upper respiratory infection at the baseline time point, showed near maximal
ISG expression in the pre-injection sample and did not demonstrate ISG induction at this time
point.

The ISGs induced in the patients’ blood after IFN-f injection at baseline can be clustered into
three groups — high expression, intermediate expression and low expression cluster. The high
expression cluster consisted of 12 universally expressed ISGs which were upregulated in
almost all patients as shown in Figure 3B and the mean induction ratio averaged from 6 to 41-
fold (Table 3). These 1SGs included antiviral ISGs like MX1, viperin, IFIT1 and IFIT2; anti-
apoptotic genes G1P3 and met-oncogene; immuno-regulatory genes like TRAIL, MT2A, C1-
INH, IFI-17, IL1RN and anti-proliferative gene, IFI-60. The intermediate expression cluster
comprised of 44 1SGs and the rest belonged to the low expression cluster.
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We assessed the potential for correlations of the mean of the top 12 I1SG ratios at baseline to
age, gender, race, disease severity (Expanded disability status scale) and type of MS (relapsing-
remitting; clinically isolated syndrome). No demographic or disease-related attributes were
correlated to the mean fold induction of the top 12 induced ISG expression. Further analysis
is in progress to correlate individual gene expression to clinical disease attributes.

Heterogeneity in IFN-B-induced Gene Expression between Patients at Baseline

The number of induced ISGs (>2 fold) varied among patients (Fig. 4). The number of
upregulated 1SGs ranged from 4 to 159 with more than 80% of patients showing induction of
more than 20 ISGs. Patient 7 and 25 showed the least ISG induction due to high pre-injection
ISG expression. The number of induced ISGs and the specific genes induced varied among
patients (Figs. 3 and 4).

The magnitude of induction of individual ISGs also varied among patients as shown by analysis
of the fold-induction of the top 20 I1SGs at baseline (Fig. 5).

Stability of ISG Expression Sighatures Over Time

The molecular response to IFN-B injections at six months is shown in comparison to baseline
by scatter plot in Figure 6. The patients demonstrated stability of ISG expression signature
over time, defined as a strong correlation between 1SG fold-induction at six months compared
with baseline. The Pearson correlation coefficients for all the 35 patients was >0.7 (Fig. 6).

Conclusion

This report provides the first detailed characterization of the primary molecular response to
IFN injections in treatment-naive MS patients. The molecular signatures of ISG expression
detected ex-vivo in blood samples from treatment-naive MS patients after injections with IFN-
B at baseline and six months varied considerably between individuals. Similar observations
were also reported in a recent gene expression study of nine MS patients.1® We also observed
that the ISG response was remarkably stable within individuals over time. The stability of the
individual molecular signatures in these patients will enable the identification of molecular
biomarkers of the therapeutic response to IFN-p.

During the study, novel methodologies for cONA macroarray, data analysis and bioinformatics
were developed, and could be useful for studies addressing the identification of molecular
biomarkers for therapeutic response, in cases where therapeutic agents regulate mRNA
accumulation. Our findings suggest that differential clinical responses among patients will be
related to variability in the primary molecular responses to IFN-f injections. Analysis of 1ISG
expression in relation to treatment failure and side effects will be required to address our
underlying hypothesis. The results to date suggest that this analysis will be feasible.
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Figure 1.

Digitized image of a macroarray experiment containing selected 1ISGs. RNA was isolated ex-
vivo from whole blood of a patient 12 h before and 12 h after IFN-f injection. Each nylon filter
was spotted in triplicate with DNA amplified from IMAGE clones representing 186 1SGs.
RNA was isolated from whole blood, reverse-transcribed using radiolabel and hybridized to
the membranes. All membranes after wash were exposed on StormImager (Molecular
Dynamics, Sunnyvale, CA) screen for 48 h and the radioactivity bound to the membrane was
quantitated. For the purpose of illustration, 8 induced genes (from a total of 162 genes) and the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) which is spotted on
four different locations on the membrane are highlighted. The induction ratios (IR) are shown
within parenthesis on the right panel. The left panel shows a pre-injection macroarray and on
the right is the post-injection macroarray.
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Figure 2.

Quantitation of intensity data after correction. (A) A 3D scatter plot with each coordinate
corresponding to one of the three measurements from the triplicate spot for each cDNA on the
macroarray. (B) Correction of data using the multivariate outlier detection algorithm. The left
panel shows the triplicate data spots for all the genes plotted prior to correction and the right
panel shows the corrected data after application of the algorithm.
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Figure 3.
ISG expression patterns in MS patients. (A) The figure shows a heat map of the ISG fold-

induction intensity for 35 patients at baseline. Patients are represented by columns and genes
across the rows. The colors range from low induction ratios in blue, to high induction ratios in
red. As is evident, the 35 subjects range from high ISG inducers on the left, to low ISG inducers
on the right. The heat map illustrates qualitative and quantitative variability in ISG induction
across the 35 patients. The ISGs induced in the patients blood after IFN-f injection at baseline
can be clustered into three groups as high expression (H), intermediate expression (1) and low
expression (L) cluster. (B) Expanded view of the high expression cluster shown in the heat
map in Figure 3A.
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Figure 4.

Inter-individual variation in the number of 1SGs induced in MS patients. The histogram shows
the number of 1SGs with >2-fold induction at baseline for all 35 patients. The subject ID is
shown on the x-axis and the number of induced genes is shown on the y-axis.
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Figure 5.

Quantitative variability across patients in the magnitude of ISG induction. The figure illustrates
the fold-induction of top 20 ISGs for all 35 patients at baseline. This figure shows box and
whisker plots for each of the 35 subjects and represents the fold-induction on a log scale for
the top 20 genes induced in each subject. All but two subjects (7 and 25) induced numerous
genes, but with considerable variability across the subject pool. The figure illustrates the
quantitative variability across patients in the magnitude of 1SG induction.
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Stability of ISG expression. The scatter plot shows the fold-induction for individual genes on
the macroarray at baseline (x-axis) and at 6 months (y-axis) for all 35 subjects. The Pearson

correlation coefficient was = 0.70.
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Patient Characteristics

TABLE 1

Number of subjects
Females/Males
Whites/Blacks

Mean age, Male/Female

MS type, RR/CIS

Mean baseline EDSS (+SD)
Mean baseline MSFC (+SD)

35
23/12
30/5
34/38
2718
2.0+0.9
02+0.4

Page 14

RR-Relapsing-Remitting; CIS-Clinically Isolated Syndrome; EDSS-Expanded Disability Status Scale; MSFC-Multiple Sclerosis Function Composite.
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