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Abstract Interferon beta and glatiramer acetate have been
mainstays of treatment in relapsingremitting multiple scle-
rosis for two decades. Remarkable advances in our under-
standing of immune function and dysfunction as well as
increasingly sophisticated clinical trial design have stemmed
from efforts to better understand these drugs. In this chapter,
we review the history of their development and elaborate on
known and theorized mechanisms of action. We describe the
pivotal clinical trials that have led to their widespread use.
We evaluate the clinical use of the drugs including tolera-
bility, side effects, and efficacy measures. Finally, we look
to the future of interferon beta and glatiramer acetate in the
context of an ever growing armamentarium of treatments for
relapsing remitting multiple sclerosis.
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Interferon-Beta

Introduction

The development of disease modifying agents (DMA) for
multiple sclerosis (MS) stands among the great achievements
in medicine. Remarkable advances in our understanding of

immune function and dysfunction as well as increasingly
sophisticated clinical trial design have stemmed from efforts
to better understand these drugs. In this chapter, we describe
the development of the first DMAs for MS, the interferon
betas (IFNB) and glatiramer acetate (GA). We examine his-
torical aspects of development, their mechanisms of action,
the important clinical trials leading to their approval, and
address questions about the future use these agents.

History

The FDA approval of interferon beta-1b in 1993 marked a
new era in MS care (Fig. 1), but the work leading to this
momentous accomplishment stretched back as far as four
decades. Isaac and Lindenmann first described interferons
(IFN) in 1957 [1]. After much work over the next decades
implicating viral infections and immune dysregulation as
underlying mechanisms of disease in MS, it was theorized
that IFNs might be of benefit to patients with MS. In a rare
leap to direct human experimentation, a number of studies
with IFNs were undertaken [2]. IFN gamma, a type II IFN,
had been observed to be deficient in leukocytes in patients
with MS, though it was also known to stimulate the immune
system at multiple levels. Panitch et al. [3] performed a
historical open-label, pilot study in which 18 RRMS
patients received IFN gamma at various doses. Seven par-
ticipants throughout the dose range experienced relapses, rep-
resenting an increase in relapse rate from their pre study rate.

Based on these disappointing results, work shifted to the
type I IFNs, IFN alpha and IFN beta, known inhibitors of
IFN gamma [4]. Early work with IFN alpha suggested a
reduction in rate of exacerbations [5], but in larger, better
designed trials, IFN alpha showed no benefit over placebo
[6, 7]. Furthermore, it was poorly tolerated with increased
flu-like symptoms and transient worsening in neurological
symptoms on administration [6, 7]. Work with IFN beta had
begun as early as 1979 when Ververken et al. had treated
three progressive MS subjects with intramuscular IFNB for
just two weeks with no effect on progression [7]. Other early
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work included administration of IFNB intrathecally, which
decreased relapses, but did not change disease progression
[8]. Based on these results, larger randomized, placebo
controlled trials were initiated. With the completion of The
IFNB Multiple Sclerosis Study Group trial, IFNB-1b
emerged as the first proven, effective IFN in the treatment
MS. This and other trials demonstrating efficacy of IFN
formulations will be described in the following sections.
First, we look more closely at IFNBs complex mechanisms
of action and consider the implications in clinical practice.

Mechanisms of Action

In contrast to some other disease modifying agents to be
discussed in following chapters, which have known specific
targeted biological effects, IFNB has a myriad of effects
throughout the immune system with perhaps hundreds of
genes affected and multiple immune cell types regulated.

IFNB belongs to the type I interferon family along with
subtypes of IFN alpha, epsilon, kappa, and omega. This
cytokine family is widely expressed and has immunomodu-
latory and anti-infectious properties [9]. IFNB is produced
in multiple cell types, though classically thought of as a
fibroblast product. Induction of IFNB can occur by various
paths, but ultimately by activation of common signaling
molecules.

TNF receptor-associated factors (e.g. TRAF3) and IFN
regulatory factors (IRF3, 7) join with nuclear factor-kappa-
beta to stimulate the IFNB (and alpha) promoters within the

nucleus [10]. Once produced, IFNB acts through the IFN
alpha/beta receptor (IFNAR) found on many cell types. The
heterodimeric subunits, IFNAR1 and 2, are associated with
Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2) which,
once activated, phosphorylase the signal transducer and
activators of transcription (STAT) family. The JAK/STAT
activation cascade leads to activation of nuclear IFN-
stimulated response elements (ISREs) to promote numerous
gene activation and suppression [11]. Additionally, the Type
I IFNs are known to act through JAK/STAT-independent
pathways as well [9]. Much work continues to be done on
the mechanism of action of IFNB and there is emerging
evidence of differing effects of different IFNB formulations
[12], though here we present common mechanisms.

The actions of IFNB antagonize many of the pathological
processes thought to underlie the pathogenesis of MS. IFNB
increases the production of anti-inflammatory cytokines in-
cluding IL-4 and IL-10, which promote a Th2 response [13].
In part, this may be accomplished by affecting certain cell
populations including increasing production of the IL-10-
producing CD56bright Natural Killer cells. IFNB decreases
the production of proinflammatory cytokines including IL-
12, IL-17, IL-23, and osteopontin [12, 13]. In MS patients,
IFNB may decrease IFN gamma and TNF alpha [14]. IFNB
may decrease the migration of pro-inflammatory leukocytes
into the CNS by affecting both cell adhesion molecules of
the endothelial surface and on the activated T-cell surface
including VLA-4, LFA-1, and MMP-9 among others. There
may be a differential effect favoring Th2 migration while

Fig. 1 Timeline of IFN and GA
trials. All dosing frequencies
are as per current FDA approvals
except where indicated.
Representations of lengths of
studies are approximate. Dates
were derived from trial
publications and listings on
ClinicalTrials.gov. Pl0placebo,
SC0subcutaneous, IM0
Intramuscular, qwk0once
weekly, BID0 twice daily, FDA
✓0US food and drug
administration initial approval
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blocking Th1 migration [15]. IFNB induces apoptosis of
activated T-cells through downregulation of anti-apoptotic
proteins and upregulation of surface Fas and CTLA4 ex-
pression [16]. IFNB modulates Treg function and increases
expansion of naïve Treg populations [16].

While the many actions of IFNB obscures a complete
understanding of its biological effects in MS, this same
complexity may be its greatest strength. The web of auto-
immunity in individual patients may be driven by diverse
elements. Though the current trend in MS therapeutics is
toward monoclonal antibodies and other drugs with highly
targeted mechanisms, there may be value in a more multi-
faceted and durable treatment effect. Despite its broad
mechanisms of actions, there remain responders and non-
responders to IFNB [17]. Work continues to identify bio-
logical markers that can be measured prior to initiation of
treatment to guide clinicians in choosing a disease modify-
ing therapy.

Clinical Trials

Relapsing Remitting MS

Over the last 20+years of IFNB research in MS, there have
been many noteworthy scientific studies, though a compre-
hensive review of each is outside the scope of this chapter.
Here, we review the critical trials that have shaped our
understanding of IFNB use. When reviewing such trials it
is important to remember that study populations vary, defi-
nitions of outcome measures differ, and different statistical
methods are employed. These variations between trials
make comparisons difficult.

The IFNB Multiple Sclerosis Study Group trial, whose
results were published as a pooled analysis in 1993, began
enrolling in June 1988 [18]. This multicenter, double-blind,
placebo-controlled trial examined the efficacy and safety of
subcutaneous (SC) IFN beta-1b every other day (QOD) at
two doses (1.6 million international units – later measured
as 50 μg and 8 MIUs – later 250 μg) versus placebo.
Though one of the earliest trials of its kind, outcome meas-
ures are familiar today reflecting its major impact on re-
search in MS over the next 25 years. Primary measures
included annual exacerbation rate (now more commonly
called the annualized relapse rate (ARR)) and proportion
of exacerbation free patients with secondary measures in-
cluding time to first exacerbation, duration and severity,
change in the Expanded Disability Status Scale (EDSS),
and MRI outcomes of disease burden and activity. The
pivotal two-year data demonstrated ARR of 1.27, 1.17,
and 0.84 in the placebo, 50 μg, and 250 μg arms, respec-
tively (p00.0001 placebo vs 250 μg), a 34 % reduction. To
measure the accrual of disability due to MS disease, the
authors used EDSS scores at two time points separated by

90 days to demonstrate a “confirmed end point”, now com-
monly referred to as confirmed/sustained disability progres-
sion. This trial did not demonstrate a significant difference
in this outcome. After two years, participants were given the
option of continuing within the trial in a double-blind fash-
ion. 5 year data was published in 1995 [19]. The difference
in ARR between the groups in the 3-5 year data did not
reach statistical significance and differences in disability
progression could not be demonstrated. IFN beta-1b SC
250 μg QOD was approved for use in RRMS in 1993 as
the first disease modifying therapy for MS heralding an
important advancement in MS care.

Beginning in November 1990, the randomized, double-
blind, placebo-controlled trial began testing the next IFNB
formulation, IFN beta-1a intramuscular (IM) 30 μg [20].
The MS Collaborative Research Group (MSCRG) study
used ARR and a longer time frame for EDSS sustained
disability of six months. Using 2 year data of 172 partic-
ipants, the trial demonstrated a reduction in ARR from 0.90
in the placebo arm to 0.61 on the treatment arm, a 32 %
reduction. However, in early 1993, the trial was terminated
prematurely concurrent to the FDA approval of IFN beta-1b
with the stated reason for termination being an unusually
low participant dropout rate allowing for analysis of the
primary endpoint, time to sustained disability, earlier than
expected. Due to this, 129 of the 301 participants were
followed for less than two years and analysis of the ARR
for all patients including those followed for the shorter
period revealed an ARR reduction of 18 %. Importantly,
this study was able to demonstrate a significant difference
between groups in the proportion of patients reaching a six
month sustained disability of EDSS increase by at least one
point (34.9 % placebo vs 21.9 % IFN beta-1a, p00.02). In
part, this led to the FDA approval of IFNB-1a IM in 1996.

In May 1994, the Prevention of Relapses and Disability by
Interferon beta-1a Subcutaneously in MS Study Group
(PRISMS) [21], began enrolling in this randomized, placebo
controlled study of two doses of IFN beta -1a SC three times
weekly (TIW) at doses of 22μg and 44μg. Two year data was
available for 95 % of participants and showed a reduction in
the number of relapses by 27 % for the 22 μg arm and 33 %
for the 44 μg arm. Other efficacy measures also favored the
treatment groups. The PRISMS group published a separate
analysis of MRI data in 1999. The results of the 2 years data
demonstrated significant effects of study drug on median
increase in burden of disease, number of T2 active lesions,
and percentage of scans showing T2 activity [22].

In March 1995, the Once Weekly Interferon for MS
Study Group (OWIMS) began enrolling for a trial of IFN
beta-1a SC 22 μg and 44 μg given just once weekly [23]. As
an exploratory trial, the primary endpoint was a MRI mea-
sure, combined unique active lesions (CUA) at 24 weeks.
CUA was defined as new T2/proton density lesions or T1-

4 McGraw and Lublin



gadolinium enhanced lesions. CUA continues to be an im-
portant MRI measure today. The one-year data for this trial
demonstrated a 53 % reduction in CUA for the 44 μg vs
placebo groups. A non-significant reduction in relapse rate
of 19 % was observed for the 44 μg vs placebo groups. IFN
beta-1a SC TIW was FDA approved in 2002.

Clinically Isolated Syndrome

With trials showing the efficacy of IFNB in RRMS, interest
shifted to evaluating its use earlier in the disease course.
Clinically isolated syndrome (CIS) refers to the develop-
ment of a neurological attack most likely due to demyelin-
ating disease and is suggestive of the future development of
MS. To assess the efficacy of IFNB in CIS, a number of
studies were undertaken.

In April 1996, the Controlled High-Risk Subjects Avonex
MS Prevention Study (CHAMPS) group began enrolling
across North America [24]. Participants experienced a uni-
focal attack of demyelinating disease no more than 27 days
before randomization and had characteristic MRI brain find-
ings. Participants were randomized to IFN beta-1a IM 30 μg
weekly or placebo. The primary endpoint was the develop-
ment of clinically definite MS (CDMS) defined as a new
neurological event or progressive neurological worsen-
ing. The cumulative probability of conversion to CDMS
over 3 years was significantly lower in the IFNB arm
compared with placebo in an unadjusted analysis, 35 %
vs 50 % (rate ratio 0.56, p00.002). MRI findings fa-
vored the treatment arm in T2 lesion volume, number of
T2 lesions, number of gadolinium-enhancing lesions.
Because participants were no longer followed after con-
version to CDMS, long-term data on early initiation of
treatment could not be determined.

In August 1995, the Early Treatment of MS Study Group
(ETOMS) began enrolling across 14 European countries
[25]. Participants had experienced a first clinical attack of
demyelinating disease within the prior 3 months, which was
unifocal or multifocal, and had characteristic MRI findings.
Participants were randomized to IFN beta-1a 22 μg SC
weekly vs placebo for 2 years. The primary outcome mea-
sure was conversion to CDMS, defined by an occurrence of
a second attack, which occurred in 34 % of the IFN beta-1a
group and 45 % of the placebo group (odds ratio after
logistic regression for baseline characteristics was 0.61, p0
0.045). Participants had high levels of MRI disease activity
pointing to a study population at high risk additional disease
activity, but there was a significant decrease in number of
new T2 lesions in the active treatment arm. There was a
non-significant reduction in ARR of 23 % in the IFNB arm.

In February 2002, the Betaferon in Newly Emerging MS
for Initial Treatment (BENEFIT) trial began enrolling par-
ticipants with first neurological events suggestive of MS

(CIS) and characteristic MRI lesions within 60 days of onset
[26]. Participants were randomized to IFN beta-1b 250 μg
SC QOD or placebo in a 5:3 ratio. The primary endpoint
was conversion to CDMS, defined as a second clinical
attack or a 3 month sustained progression on EDSS of at
least 1.5 points reaching a total EDSS of at least 2.5. After
2 years, 28 % of the treatment group and 45 % of the
placebo group converted to CDMS with a hazard ratio of
0.50 (p<0.0001) after a proportional hazards regression.
The absolute risk reduction was 17 %. The number needed
to treat (NNT) in order to prevent one case of CDMS was
5.9. Secondary endpoints of MRI efficacy variables were
also significantly reduced.

In a more recent trial of IFNB efficacy in CIS, the Rebif
Flexible dosing in early MS (REFLEX) study evaluated the
use of IFN beta-1a SC 44 μg given three times weekly vs
once weekly vs placebo in participants with a first neuro-
logical event within 60 days of onset and with characteristic
MRI lesions [27]. The trial was conducted with the newer,
serum-free formulation of the drug available in Europe. The
primary endpoint was time to diagnosis of MS as diagnosed
by McDonald 2005 criteria [28]. After two years, the three
times weekly group compared with placebo had a 51 %
relative reduction in conversion (p<0.0001) and the once
weekly group compared with placebo had a 31 % relative
reduction (p00.008). Secondary MRI outcomes including
CUA also showed significant reductions, greater in the three
times weekly arm.

Taken together, the results of the CIS trials demonstrate a
benefit for use of IFNB earlier in the MS disease course.
However, in the 2 and 3 year data, the absolute clinical
benefits are modest [29]. Inclusion criteria selected for
patients with active clinical and MRI disease. Subgroup
analyses demonstrated more pronounced effects in those
with more disease activity [30]. Regression to the mean,
an issue that continues to plague more recent MS trials,
posits that variables that are extreme on the first measure-
ment will tend to be close to the average on the second
measurement. In one small study of 24 clinically active MS
patients, as much as 40 % of the reduction in relapse rate
may have been due to regression to the mean [31]. In the
follow up study of 3 year data from the BENEFIT trial and
5 year data from the CHAMPS trials (CHAMPIONS) [32],
early treatment reduced the risk for conversion to CDMS
and confirmed EDSS worsening. While suggestive, it is
difficult to draw firm conclusions about the long-term ben-
efits of early treatment from these studies.

Progressive Forms

With IFNB’s beneficial effects on relapses and MRI activity
becoming increasingly established, interest in its use for
progressive forms of MS grew.
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The European Study Group on IFNB-1b in Secondary
Progressive MS (SPMS) undertook a trial published in 1998
[33]. This randomized, placebo-controlled, double masked
trial tested IFNB-1b 250 μg SC QOD in 358 participants
who had had 6 months of neurological deterioration inde-
pendent of relapses and who had a history of RRMS.
Baseline EDSS was 3 to 6.5 and the study required a history
of 2 relapses or an EDSS increase of 1 point in the last
2 years. The primary outcome was time to 3 month con-
firmed disability defined as a sustained increased in EDSS
of 1 point (or 0.5 points if baseline EDSS was 6 to 6.5).
EDSS scores collected during a relapse were excluded un-
less they were sustained 90 days after the relapse. A number
of other clinical outcomes were also assessed as were MRI
variables. After three years, 38.9 % of IFNB-1b group and
49.8 % of the placebo group met the primary outcome, a
significant difference which persisted in an intention-to-treat
analysis. A significantly positive effect was also seen in
secondary EDSS-based efficacy measures.

Treatment effect was similar irrespective of baseline
EDSS or superimposed relapses per the analysis. ARR was
reduced from 0.64 in the placebo group to 0.44 in the IFNB-
1b group, a 31.3 % relative reduction. Significant reductions
in MRI T2 lesion volume and new lesions were also ob-
served. Notably, this was one of the first trials to employ
time to confirmed disability as an outcome [34, 35].
Because the EDSS is poorly responsive to changes in the
6-6.5 range, this group also employed a different definition
of EDSS change in that range of just 0.5 points, a trend that
persists in MS research. Following the European Study
group results, IFNB-1b was approved for the treatment of
SPMS in Europe and Canada. To further study the effect of
IFNB-1b on progressive disease, the North American Study
Group on IFNB-1b in SPMS study was conducted and
published in 2004 [36]. Participants had CDMS for at least
2 years, a history of at least one relapse followed by pro-
gressive deterioration sustained for at least 6 months, EDSS
3-6.5 with an increase of at least 1 point in the 2 years prior
to screening (or 0.5 points with baseline EDSS 6.5). There
was no requirement to have had relapses in a timeframe
preceding enrollment. 939 participants were randomized to
receive IFNB-1b SC 250 μg vs 160 μg/m2 (to assess wheth-
er body mass affected response) vs placebo. The primary
outcome measure was days to increased EDSS of at least 1
point (0.5 points for EDSS 6-6.5) confirmed at 2 consecu-
tive assessments at least 6 months from the onset of pro-
gression. A number of secondary clinical and MRI
outcomes were included. At an interim analysis, the data
safety monitoring board recommended early termination of
the trial based on the finding that the primary outcome was
not significantly different between groups, i.e. there was no
difference in time to confirmed disability progression. There
was a significant difference in ARR for the 250μg arm

(43 % reduction) and for the pooled IFNB-1b groups
(36 % reduction) but not the 160μg/m2 alone. MRI out-
comes significantly favored the IFNB-1b groups. This study
further demonstrated the dissociation of treatment effect
between relapse-related outcomes and disease progression
outcomes, underscoring their theorized pathophysiological
differences. In comparing the two trials, the different defi-
nitions of time to confirmed progression (i.e. the European
study using only 3 months and the North American study
using 6 months) may have accounted for the differences in
the outcomes of the trials. The shorter time frame may
capture more relapse-related EDSS changes.

The Secondary Progressive Efficacy Clinical Trial of
Recombinant Interferonbeta-1a in MS (SPECTRIMS) study
group enrolled 618 participants to study the effect of IFNB-
1a SC three times weekly at doses of 22 μg vs 44 μg vs
placebo over 3 years [37]. The primary outcome, time to
3 month confirmed disability progression defined as an
increase in at least 1 EDSS point (or 0.5 if baseline
EDSS≥5.5), was not significantly different between groups.
As in other studies, relapse-related outcomes were signifi-
cantly affected in the treatment arms. In a post-hoc analysis
of treatment-by-sex interaction, there was an unexpected
finding that women had a significant delay in progression
in both treatment arms, which was also observed in MRI
outcome making variability in EDSS assessments an unlike-
ly explanation. After extensive review of the data, no expla-
nation could be found for this difference.

The International MS Secondary Progressive Avonex
Controlled Trial (IMPACT) studied the effect of IFNB-1a
IM 60 μg (double the current RRMS treatment dose) vs
placebo in a total of 436 participants over 2 years [38]. A
unique aspect of this SPMS trial was the use of the MS
Functional Composite (MSFC) as the primary outcome, a
composite of the timed 25-foot walk (lower extremity func-
tion), the 9-hole peg test (upper extremity function), and the
paced auditory serial addition test (PASAT3, cognitive func-
tion). There was a 40.4 % reduction in MSFC worsening in
the treatment group compared to placebo, a significant re-
sult, primarily driven by reduced worsening in the 9-hole
peg test and PASAT3. However, there was no difference in
3 month time to EDSS worsening, though the MSFC had
been shown to correlate with EDSS [39]. Given that the
EDSS is heavily weighted toward measurement of lower
extremity function, one potential explanation for this finding
may be that IFNB-1a was more effective at preserving upper
extremity and cognitive function, which were not individu-
ally observed in prior studies. Despite the positive primary
outcome of the study, IFNb-1a IM did not receive regulatory
approval primarily based on the non-significant effect on
EDSS.

The Nordic SPMS study group examined the use of
IFNB-1a SC 22 μg once weekly vs placebo for three years
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in a total of 371 participants [40]. The primary outcome of
6 month time to confirmed disability was not significantly
different between groups nor was differences in annualized
relapse rate.

An exploratory study of IFN in PPMS examined doses of
IFNB-1a IM 30 μg vs 60 μg vs placebo over 2 years in 50
participants total [41]. The primary outcome of 3 month
sustained disability progression was not significantly differ-
ent among the groups. One concern in designing progressive
trials that continues to plague current research is how best to
capture a cohort that are actively progressing. If a large
proportion of participants have no worsening in measurable
disability, a trial may be unable to detect a difference be-
tween treatment and placebo groups despite efficacy of the
medication. In this study, 48 % of participants demonstrated
progression throughout the trial suggesting that the negative
results were not due to lack of progression.

Comparator Trials

With a growing number of choices of MS disease modifying
therapies, a number of studies were undertaking in an at-
tempt to demonstrate superiority of one product. Many of
the studies, however, had methodological issues complicat-
ing interpretation of results. Three large studies compared
different forms of IFNB. The Evidence of Interferon Dose-
Response European American Comparative Efficacy
(EVIDENCE) study group compared IFNB-1a SC 44 μg
TIW with IFNB-1a IM 30 μg weekly in 677 RRMS partic-
ipants [42]. While assessors of clinical and MRI parameters
were blinded to treatment arm, participants and treating
neurologists were not blinded. The primary endpoint was
the proportion of participants relapse free at 24 weeks,
which showed a significant difference of 74.9 % relapse
free in the IFNB-1a 44 μg TIW group compared with
63.3 % in the IFNB-1a 30 μg weekly group, an odds ratio
of 1.9 to stay relapse free. Similarly, MRI active lesions
were fewer in the IFNB-1a 44 μg TIW group. In a 48 week
extension the overall comparison remained significant,
though it was driven by the changes in the first 24 weeks.
In an additional 32 week switch study, participants in the
IFNB-1a 30 μg arm were given the option to switch to
IFNB-1a 44 μg TIW arm [43]. 73 % did switch and 91 %
of the IFNB-1a 44 μg TIW remained on their original
therapy. For those who switched, the ARR significantly
decreased from 0.64 to 0.32 and there was a decrease in
MRI active lesions. A number of methodological limitations
are inherent to switch studies such as this. First, clinical
assessors were aware that participants had switched to the
more frequent IFNB. Second, both assessors and participant
were aware of the results of the EVIDENCE study while in
the switch study. This may have biased them in favor of the
more frequent IFN, though the MRI results tracked with the

clinical results, which supports a true difference. Third,
those who opted to switch had a higher pretransition relapse
rate and were less likely to be relapse free. They may be
more likely to see a benefit from a switch, which would bias
the results in favor of the switch. Overall, these factors make
interpreting the results difficult.

The Independent Comparison of Interferon (INCOMIN)
Trial Study Group randomized 188 RRMS participants to
IFNB-1b SC 250 μg QOD or IFNB-1a IM 30 μg weekly
[44]. After 2 years, the primary outcome of proportion of
participants free from relapses and free from new MRI
lesions favored IFNB-1b. A major criticism of this study
was lack of blinding of assessors or participants.

The Danish IFNB study was an open-label, observational
study in which patients were offered IFNB-1a SC 22 μg
weekly or IFNB-1b SC 250 μg QOD, but participants who
wished not to be randomized were placed on IFNB-1b [45].
In a 24 month followup, there was no difference in ARR and
time to first relapse. Open-label design, lack of a placebo
arm, and participants’ choice of randomization versus
IFNB-1b all make the results difficult to interpret.

Three large trials compared IFNB formulations to glatir-
amer acetate. The Rebif vs Glatiramer Acetate in Relapsing
MS Disease (REGARD) study randomized 764 RRMS par-
ticipants naive to either study drug to either IFNB-1a SC
44 μg TIW or GA SC 20 mg daily and followed for 2 years
[46]. There was no significant difference in time to first
relapse or MRI parameters except that the IFNB group had
significantly fewer enhancing lesions. The Betaseron vs
Copaxone in MS with Triple-Dose Gadolinium and 3-tesla
MRI Endpoints (BECOME) study randomized 75 RRMS or
CIS participants to IFNB-1b SC 250 μg QOD vs GA SC
20 mg daily for up to two years [47]. This study used an
optimized MRI protocol with the primary outcome being the
number of combined active lesions. No difference was ob-
served between the groups in number of lesions or clinical
relapses. The Betaferon Efficacy Yielding Outcomes of a
New Dose (BEYOND) trial randomized RRMS participants
in a 2:2:1 fashion to IFNB-1b SC 250 μg QOD vs 500 μg vs
GA SC 20 mg daily for three years [48]. Participants and
treating physicians were unblinded to treatment assignment,
but evaluating physicians remained blinded. There was no
difference in the primary outcome of relapse risk, changes in
EDSS, or MRI outcomes. Taken together, there does not
appear to be a significant difference in the efficacy of high-
dose IFNB and GA.

Combination Trials

Combining individual therapies has been successful for treat-
ing many other conditions. The underlying logic of this ap-
proach is to utilize more than one agent to exploit the
therapeutic effects of each, while limiting potential (especially
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doserelated) toxic effects. The existence of multiple therapies,
each with only moderate effect, yet working through different
immunologic mechanisms, raises the question of whether
combinations of these therapies might be safe and provide
synergistic or additive benefit. From a trial design perspective,
combination trials may have large patient bases from which to
draw participants leading to robust designs, but present design
difficulties including selecting candidate combinations from a
large number of potential combinations, having difficult dose-
finding processes, requiring multiple trial arms leading to
large enrollment needs, and securing drug industry support
for already approved drugs whose reputation may suffer from
a negative combination trial [49].

In vitro study of the effects of combining IFN (in this
case IFNB-1b) and GA suggested an additive effect of the
combination [50]. However, studies in experimental allergic
encephalomyelitis, an animal model of MS, with IFN alpha
(oral and parenteral) and GA suggested that the combination
was less effective than either therapy alone, raising a poten-
tial safety concern [51]. Other in vitro data suggests that
there is no interference with the mechanisms of action of
these agents [52].

The CombiRx study compared the efficacy of combining
IFNB-1a IM weekly and GA daily compared to each agent
individually in a randomized, double-blind study of RRMS
[53]. The primary outcome was reduction in risk of ARR.
The results were that the combination was not superior to
GA alone in ARR or measures of disability reduction. Both
the combination and GA alone were superior to IFN alone,
although all treatment arms performed very well. The com-
bination group was superior to either single agent in MRI
measures of disease activity. The combination was also
superior to the single agents in measure of disease activity
free status (defined as no relapses, no progression of dis-
ability, no gadolinium enhancing lesions and no new or
enlarging T2 lesions).

Two combination studies have utilized IFN and high dose
steroids. The MECOMBIN trial randomized RRMS sub-
jects to receive methylprednisolone 500 mg daily by mouth
for three days every month or placebo in addition to IFNB-
1a IM 30 mg weekly [54]. The primary outcome was time to
onset of disability progression, which did not differ between
the groups. The steroid/IFN group had a lower relapse rate
than the placebo group. The NORMINS study enrolled
subjects on IFNB-1a SC TIW who had at least 1 relapse in
the previous year to receive oral methylprednisolone
200 mg or placebo daily for 5 days every four weeks for
96 weeks [55].The primary outcome was mean yearly re-
lapse rate which was significantly better in the steroid
group. The study results are confounded by a high drop-
out rate and a loss of power due to slow recruitment.

The Avonex Combination Trial (ACT) examined use of
IFNB-1a IM weekly combined with: 1) placebo, 2) oral

methotrexate (MTX) 20 mg weekly, 3) bimonthly IV meth-
ylprednisolone (IVMP) 1000 mg daily for three days or, 4)
both. The 313 participants had been treated with IFNB-1a
IM weekly for at least 6 months and had had either a clinical
relapse or MRI enhancing lesion at least 6 months after
initiation of IFNB-1a IM weekly. The primary endpoint of
new or enlarged T2 lesions comparing baseline and
12 month MRI scan was not met for any group. Non-
significant trends in secondary outcomes variably favored
either MTX or IVMP [56].

Long Term Follow Up

One of the greatest challenges in the field of MS research
remains the elucidation of long term benefits of disease
modifying treatments. Because MS is a lifelong disease, a
major criticism of short term efficacy trials is that they may
not reflect the long term effects of the medications on the
disease process. Here, we will describe only the longest
running of these follow up trials as an example. To address
the question of long term survival in MS patients, the 16 year
and 21 year Long Term Follow-up investigators evaluated a
cohort of participants from the pivotal IFNB Multiple
Sclerosis Study Group trial, which evaluated the use of
IFNB-1b SC 50 mcg, 250 mcg QOD vs placebo [57, 58].
In the 21 year long term follow up study, the investigators
were able to identify 366 of the original 372 participants.
The cohort’s baseline trial characteristics remained balanced
at the 21 year evaluation. Using all-cause mortality as the
primary outcome, the study found that those randomized to
either IFNB-1b arm had a significant reduction in mortality
with a hazards ratio of 0.53-0.54, which was independent of
baseline demographics, clinical, and MRI characteristics
and held true in a sensitivity analysis. This study is remark-
able for its near complete ascertainment of the original
cohort, which decreases concern for informative censoring.

Clinical Use

Tolerability/Adherence

In a systematic review of both RCTs and observational
studies, Giovannoni et al. evaluated the tolerability and
adherence of IFNB [59]. Concerning tolerability, they found
that the incidence of flu-like symptoms (typically fever,
chills, headache, myalgias, arthralgias, fatigue) was present
in 32 % of patients treated with IFNB-1b, 40 % with IFNB-
1a SC, and 57 % with IFNB-1a IM. Injection site reactions
(typically redness, bruising, pain and rarely secondary infec-
tions, skin necrosis, and atrophy) were found to be most
common in IFNB-1a SC with an incidence of 65 % followed
by IFNB-1b SC of 33 % and IFNB-1a IM of 22 %.
However, there was large inter-study variability/range in
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part owing to differences in definitions and reporting. They
could not find evidence of a change in incidence with extend-
ed use owning to the small numbers of studies with extended
treatment periods, however, it is generally held that flu-like
symptoms may lessen after 3-6 months of treatment.
Depression was also evaluated and was experienced in 11 %
of IFNB-1a IM, 7 % in IFNB-1a SC and less than 2 % in IFN-
1b SC. However, given its co-morbidity inMS, it is difficult to
conclude causation from IFNB use alone.

Concerning adherence, the authors reported an overall
rate of discontinuation as well as a rate of discontinuation
from studies lasting longer than 24 months, termed “long-
term”. For IFNB-1b SC, the overall rate of discontinuation
was 23 % and with a long-term rate of 34 %. For IFNB-1a
IM, rates were 20 % and 30 % respectively, and for IFNB-1a
SC rates were 17 % and 22 % respectively. Reasons for
discontinuation of therapy were also evaluated. Adverse
events accounted for discontinuations in 64 % of IFNB-1a
SC, 44 % of IFNB-1b SC, and 23 % of IFNB-1a IM.
Perceived lack of efficacy accounted for discontinuation in
28 % of IFN-1a IM, 26 % of IFNB-1b SC, and 11 % of
IFNB-1a SC. Finally, patient decision accounted for 11-
19 % of discontinuation and ‘lost to follow-up’ was less
than 5 % for all IFNB’s.

Laboratory Abnormalities

Asymptomatic abnormalities in hematological and hepatic
studies are common with IFNB use. They tend to be mild,
transient, often occur in the first 6 months, are dose related,
and usually do not present cause for discontinuation [60].
Leukopenia, usually lymphopenia, is the most common
hematological abnormality, but any cell line may be affect-
ed. The IFNB dose may be temporarily reduced and reas-
sessed with reintroduction of the drug. Rare hematological
toxicity including severe leukopenia, autoimmune hemolyt-
ic anemia, and aplastic anemia have been reported.
Abnormalities in hepatic transaminases are also common
and should be closely monitored if they rise above 3 times
the upper limit of normal. Reduction in dose, frequent
monitoring, elimination of other hepatotoxic drugs, and
reintroduction of the full dose may be sufficient, though
persistently elevated measures may require discontinuation
and evaluation for hepatic disease. Rarely serious liver
damage has been reported.

Determinants of Efficacy

With IFNB being the most commonly prescribed DMA for
MS and new agents becoming available, there is great interest
in predetermining efficacy in individual patients. Currently,
the most commonly used markers for efficacy are MRI and
measurement of IFNB neutralizing antibodies (NAbs).

MRI

MRI active lesions have been validated at the individual
patient level as a surrogate marker for relapses for patients
participating in two large trials for IFNB-1a [61].
Furthermore, in RRMS patients treated with IFNB-1a, those
with three or greater active lesions had more disease pro-
gression on EDSS and MSFC and more brain atrophy than
those with less than three [62]. This and other studies have
indicated that MRI active lesions found within the first 6 -
24 months after starting an IFNB predict poor prognosis, but
one cannot discern whether this is an inadequate response to
the therapy or a marker of disease severity [63].

NAbs

NAbs represent a humoral immune response to the presence
of IFNB and have been shown to reduce its efficacy [63].
Rates of NAb positivity vary and are dependent on the IFN
administered as well as method of NAb detection: For
IFNB-1a IM, reported rates range from 1 - 22 % with an
average of 5.3 %, for IFNB-1a SC 11-35 % with average
23.6 %, and IFNB-1b SC 22-41 % with average 35 % [64].
There is an expansive and, at times, charged body of
literature concerning the proper measurement and interpre-
tation of NAbs in IFNB treatment, the details of which are
beyond the scope of this review. One consensus opinion
from an international panel recommended measuring
NAbs after 1-2 years of IFNB treatment and interpreting
the results based on the clinical status of the patient and
the NAb titer [65]. For patients doing poorly, defined as
multiple relapses or a relapse plus extensive MRI activity,
they recommended a switch to a non-IFNB drug regard-
less of NAb titers. For patients with intermediate disease
activity, defined as one relapse or no/limited MRI activity,
recommendations were based on NAb titers. For those
with high titer, a remeasurement should be performed at
3-6 months and a switch should be made if the NAbs are
persistently elevated. For those with negative titers, one
could consider continuing IFNB and repeat NAbs in
12 months. Finally, for those doing well, defined as hav-
ing no relapses and no/limited MRI activity, the group
recommended that if high titers were found, a repeat in 3-
6 months should be performed. If this repeat again
showed high titers, a switch to non-IFNB drug may war-
ranted. This final point differs most notable from our
common practice, in which patients doing well do not
have NAbs measured owing to the fact that we are un-
likely to switch to a non-IFNB based on the presence
NAb titers alone. The panel recommended to avoid
switching from one IFNB medication to another in the
presence of Nabs given the cross-reactivity of NAbs be-
tween products.
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Future

While IFNB is now a well-established therapy for MS, there
remains many questions and areas of uncertainty. Here, we
briefly discuss some of these active areas of research.

Biomarkers

It is thought that disease response to IFNB varies greatly at the
patient level ranging from highly efficacious to ineffective.
Prospective identification of responders through biomarker
measurement is a major goal in MS research, though such
markers continue to be elusive. The difficulties in this area are
illustrated by recent work on IL-17 F, a cytokine highly
expressed by Th17 cells. Based on initial work in EAE in rats,
which indicated the presence of Th17 cells corresponded to
worsened disease scores [66], Axtell et al. retrospectively
analyzed 26 patients with RRMS on IFNB and found that
elevated pretreatment levels of IL-17 F were present in
patients who were poor responders to the IFNBs. In an attempt
to replicate these results, Bushnell et al. [67] used 118 samples
from an IFNB-1a IM dose comparison study and reanalyzed
the samples fromAxtell et al. [66], using very similar methods
and a comprehensive assessment for quality. Unfortunately,
no association with IL-17 F levels and clinical response was
found. One possible explanation for the discrepant results
included selection bias introduced in the smaller Axtell cohort,
which was not formed under a clinical trial protocol.

Other difficulties hampering progress in biomarker re-
search include: lack of a unified definition of poor treatment
response, elucidation of common measurable biological
pathways in the setting of both a heterogeneous disease
pathophysiology and heterogeneous drug effect, and the
differentiation of biomarkers that predicts poor drug re-
sponse from biomarkers that predict disease severity.

Follow-On-Biologics and New Formulations

Follow-on-biologics (FOBs) are medicinal products meant to
serve as biological, pharmaceutical, and therapeutic equivalents
to available biological agents [68]. High treatment costs in MS
have driven economic interest in the development of FOBs,
though there are a number of challenges to overcome including:
1. Replication of a complex biological agent to reproduce
primary to quaternary structure, 2. Ensuring an agent undergoes
similar biological reactivity within the body such as posttrans-
lational modification, and 3. Developing appropriate regulatory
frameworks for approval, i.e. requiring only demonstration of
biological and pharmaceutical equivalence versus the need to
conduct full clinical trials to demonstrate equivalence. Even
with each of these challenges addressed, it remains uncertain if
physicians and patients will be willing to accept an FOB as a
viable alternative to branded DMA.

Clinical Use

Despite IFNBs long standing place as a first-line therapy for
MS, the field continues to lack consensus on a number of
issues including timing of use in the disease process includ-
ing use in SPMS with relapses, timing of switch from IFNB
in the setting of disease activity, and optimal dosing regi-
mens. Studies already presented here have lent some guid-
ance to these questions, but uncertainty remains. Active
research in IFNB continues even as the field of available
treatments grows with the hope that light will be shed on
these unanswered questions.

Glatiramer Acetate

History

The development of GA stands as a great success in trans-
lational research and its rich history cannot be given full
justice here, but we describe it briefly to introduce a frame-
work for this section. Since the 1930’s with work by Rivers
and others, experimental autoimmune encephalitis (EAE), a
T-cell mediated acute demyelinating disease of laboratory
animals, had been developed by immunization with CNS
homogenates in complete Freund’s Adjuvant [69]. Later in
the 1960s, EAE had been induced by myelin basic protein
(MBP). Arnon and colleagues explored the production of
synthetic molecules mimicking MBP with the goal of ex-
ploring more closely the induction of EAE, though in the
late 1960s methods for creating sequenced polypeptides did
not yet exist. Instead, they synthesized random copolymers
of amino acids with high lysine content, but found that none
induced EAE even when conjugated to sphingolipid moie-
ties. These findings led to suppression studies in which EAE
was induced in guinea pigs with MBP followed by intro-
duction of the synthetic copolymers. In what Dr. Arnon
described as an “overwhelming” result, the copolymers,
most notably copolymer 1 (Cop 1), strongly suppressed
EAE [69]. Cop 1 was shown to crossreact with MBP at
both T- and B-cell levels, a potential key to its mechanism of
action, as described later, and was shown to be specific for
EAE suppression across multiple species including pri-
mates. In toxicological studies, they could not induce any
adverse effects even with doses 8000-fold higher than
expected for treatment. With this, human trials were initiated
as will be described in the following sections.

Mechanisms of Action

More than 40 years after the discovery of Cop 1, now
known as glatiramer acetate (GA), we still lack a full un-
derstanding of its biological effects. GA is a standardized
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combination of four amino acids, namely L-alanine, L-
glutamic acid, Llycine, and L tyrosine in molar ratios of
4.2, 1.4, 3.4, and 1.0, respectively, which are randomly
polymerized to an average molecular weight of 4700 to
13,000 dalton [70]. There are several proposed mecha-
nisms to explain GA’s beneficial effects. It appears GA
binds to the major histocompatibility complex (MHC)
class II of MBPrecognizing antigen presenting cells
(APCs). This GA-MHC complex is recognized by GA-
reactive T cells, which exist de novo in the periphery. In
doing so, GA may both block the autoreactive nature of
MBP recognition and induce these GA-reactive T cells to
shift from a primarily pro-inflammatory Th1 state to an
anti-inflammatory Th2 state [70, 71]. While GA does not
cross the blood brain barrier, these GA-reactive Th2 cells
migrate into the CNS to exert their effects, though not all
of these T-cells are cross-reactive with MBP suggesting
GA may also act to induce Th2 shift independent of
MBP autoreactivity [72]. The D-stereoisomer of GA also
effectively binds MHC class II on APCs, but does not
suppress EAE suggesting there may be other mechanisms
of action [73]. GA treatment may restore the function of
regulatory T cells (Treg) thereby increasing suppression
of autoreactive lymphocytes [74]. GA’s effect on the
adaptive immune system is not limited to T cell inter-
actions, however. GA stimulates B-cells’ production of
anti-GA antibodies, but unlike the NAbs of IFNB, there
is no evidence that the anti-GA antibodies reduce GA’s
effectiveness [75, 76]. GA may also decrease B-cell-
mediated activation of autoreactive T cells and promote
B-cell-stimulated Treg function. GA may also induce
beneficial shifts in the function of monocytes and the
antigen-presenting dendritic cells [77]. In addition to its
many anti-inflammatory properties, GA may also have
neuroprotective effects as well as stimulate neurogenesis.
GA increases the CNS secretion of brain-derived neuro-
trophic factor (BDNF), which supports the survival of
both neuronal and glial cells [78]. Additionally, other
neurotrophic factors, NT-3 and NT-4, appear increased
in GA treatment and may have similar effects [79]. In
mouse models of EAE, the presence of GA stimulated
cell proliferation, migration, and differentiation into dam-
aged areas. GA may act on oligodendrocyte precursor
cells to stimulate myelin repair, though it is difficult to
separate the anti-inflammatory effects and neuroprotective
effects since they occur in tandem [77, 80]. As with the
IFNBs previously described, the complexity of mecha-
nisms that GA exerts may underlie its durable and long
lasting beneficial effects. It remains to be seen whether
the highly tailored mechanisms of action of the newer
MS medications, though efficacious in decreasing inflam-
matory lesion development, will also provide the depth
of potential neuroprotective effects.

Clinical Trials

Early Studies

The first use of GA in humans was undertaken by Abramsky
et al. in 1977 [81]. It was administered to only 4 severely
disabled patients over 3-6 months. While there was no
consistent clinical improvement, the drug was welltolerated,
opening the door for larger trials. In 1982, Bornstein et al.
[82] conducted a small open-label, uncontrolled trial with 16
participants, 4 with RRMS and 12 with chronic forms of
MS. GA was administered IM initially five times per week
and tapered down thereafter to once weekly over a 6 month
period. Some participants were reported to have neurologi-
cal improvements, which declined with the reduced dose so
the dosage was again increased. 8 participants were treated
for more than two years. GA was well tolerated and the
impression of neurological improvement further supported a
large, more rigorously designed trial.

In 1987, Bornstein et al. [83] published the first random-
ized, double-blind, placebo-controlled trial of GA in 50
participants who had RRMS, at least 2 exacerbation in the
prior 2 years, and with a Kurtzke Disability Status Scale
(precursor to the EDSS) of 6 or less. Participants were
randomized to either GA SC 20 mg daily or placebo after
matching for sex, exacerbation rate, and baseline disability.
24 pairs were created with 2 unmatched participants split
between the two groups. The primary outcome was propor-
tion of exacerbation-free participants.

During the two year trial period, there was an average of
2.7 exacerbations in the placebo group and 0.6 in the GA
group, a significant difference. Other measures of exacer-
bations were also significantly different. Progression of
disability was evaluated, defined as a one point increase
in Kurtzke score maintained at 3 months. The placebo
group met the progression definition sooner than the GA
group in a survival analysis with a borderline signifi-
cance of p00.05.

Relapsing Remitting MS

Beginning in October 1991, the Copolymer 1 Multiple
Sclerosis Study group conducted a 2 year, double-blind,
placebo-controlled trial with 251 participants who had an
EDSS of 0-5 and a history of at least 2 relapses in the prior
2 years, including 1 in the last year [84]. Participants were
well matched and withdrawals from each group were similar
with 15 % withdrawing from the GA group and 13.5 % from
placebo. The primary outcome of the study was mean num-
ber of relapses. The GA group experienced significantly
fewer relapses with a mean of 1.19 relapses over 2 years
(ARR 0.59) while the placebo group experienced 1.68
(ARR 0.84), a 29 % reduction in relapse rate.
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Though participants with higher EDSS scores had more
relapses, the treatment effect was more pronounced in those
with lower EDSS scores of 0-2. The GA group had 24.8 %
of participants demonstrate EDSS improvements with
54.4 % stable and 20.8 % worsening while the placebo
group saw 15.2 % improve, 56 % remain stable, and
28.8 % worsen (p00.037). 3 month sustained disability
progression, defined as an increase of at least one EDSS
step, showed no significant difference between the groups.
Based on this data, GA was approved by the FDA in
December 1996. In 1998, the extension of the same trial
was published [85]. During the original 2 year core study, it
was decided to continue all participants within their arms
until the last had reached the 2 year point. 215 participants
remained and were eligible for the extension. 203 entered
and 194 completed the 11 month extension period. Of the 12
participants who were eligible but did not enter the exten-
sion period, the primary reason for not doing so was the
desire to receive IFNB-1b, which had gained approval to-
ward the end of the glatiramer core study. This fact under-
scores an increasingly difficult factor in MS trial research,
namely the availability of other efficacious DMAs making
the design of placebo-controlled trials in the modern era
challenging. Demographics and number of participants con-
tinuing or dropping out did not significantly differ between
the groups suggesting this type of bias did not affect the
outcome of this study. The primary outcome of the exten-
sion period remained mean relapse rate and when that data
was added to the core study, the ARR for GA and placebo
were 0.58 and 0.81, respectively, a 32 % reduction. At the
completion of the randomized extension study, participants
were offered continuation in an open-label long term follow
up study, which will be described later.

The preceding trials did not include MRI outcomes,
however the pivotal GA trial had some participants undergo
MRIs, which were analyzed in separate work. Ge et al. [86]
conducted MRIs in 27 of their participants at a single site,
14 in the GA arm, 13 in the placebo arm. Their analysis
adjusted for baseline characteristics. Though they could not
show a significant difference in clinical outcomes in this
small group, they did find significantly increased brain
volume loss and number of enhancing lesions in the placebo
group compared to GA.

In addition to this small study, other MRI studies were
also performed. Mancardi et al. [87] studied 10 participants
with RRMS using monthly MRIs over 10-14 months and
compared the findings to pretreatment MRIs from the pre-
ceding 9-27 months. The mean number of enhancing lesions
per scan was 2.20 in the pretreatment phase and 0.92 during
GA treatment, but this did not reach significance (p00.10).
When comparing number of enhancing lesions per scan per
participant, however, there was a significant reduction (p0
0.003). The authors recognized limitations of this design

including lack of a control group and the potential of re-
gression to the mean. Highly active disease patients may
have been more likely to enroll in the study then subse-
quently spontaneously improve, which would enhance the
apparent effect of the study drug.

Comi et al. [88] performed a randomized, placebo-
controlled, double-blind MRI study of 239 RRMS partici-
pants over 9 months with monthly MRIs performed.
Inclusion criteria were similar to the pivotal trial except this
study required only 1 relapse in the previous 2 years, but
also required at least 1 enhancing lesion on the baseline
scan. This likely selected for a group with highly active
MRIs at baseline. The primary outcome, total number of
enhancing lesions, revealed a significant decrease in the GA
arm (25.96) compared to placebo (36.80), a 29 % reduction.
The number of enhancing lesions per patient per month was
2.9 for GA and 4.1 for placebo (p00.005). Interestingly, the
statistical significance emerged at about 6 months suggest-
ing that there may be a delay in time to effectiveness from
initiation. Secondary outcomes of cumulative median en-
hancing lesion volume and new T2 lesions showed a diver-
gence between the groups at about 4 months from
randomization and significance at 6 months. For clinical
measures, ARR for the GA arm was 0.81 and for the
placebo arm 1.21, a 33 % reduction. Again, relapse rates
were similar in the first 6 months then diverged thereafter.

Clinically Isolated Syndrome

The “early glatiramer acetate treatment in delaying conver-
sion to clinically definite multiple sclerosis in subjects
Presenting with a Clinically Isolated Syndrome” (PreCISe)
trial began enrollment in January 2004 [89]. This random-
ized, double-blind, placebo-controlled study included par-
ticipants who had experienced one unifocal neurological
event in the prior 90 days and had positive brain MRIs (at
least two T2 lesions of 6 mm diameter and present on at
least two 3 mm slices). The primary endpoint was time to
conversion to CDMS due to a second relapse. A relapse was
defined as new or reappearing neurological abnormalities
lasting at least 48 hours accompanied by an increase of 0.5
EDSS steps or an increase within the individual function
system (FS) scores of one grade for any two FS or two
grades for any one FS. Note the more rigorous definition
here utilizing a 48 hour requirement rather than the usual
clinical definition of 24 hours. 481 participants were en-
rolled, 243 were randomized to GA and 238 to placebo. The
planned length of study was 3 years, but during an interim
analysis after a mean GA exposure of 2.32 years, a signif-
icantly beneficial effect of GA was seen. The data monitor-
ing committee unanimously recommended the placebo
group be stopped and be offered open-label GA treatment.
In an intention to treat analysis, there was a significant
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reduction of 45 % in risk of conversion to CDMS for the GA
group. The number needed to treat to prevent one conver-
sion to CDMS was 5.49. As seen in the RRMS trial, the
Kaplan-Meier curves diverge between 3-6 months. Other
clinical secondary endpoints showed similar results. MRI
analysis showed significant reductions in new T2, enhanc-
ing, and T1 hypointense lesions.

Progressive Forms

In 1991, Bornstein et al. [90] published a 2 year study of GA
in chronic progressive MS. Participants were aged 20-60,
had EDSS scores of 2-6.5 and had evidence of a chronic-
progressive course for at least 18 months with no more than
2 exacerbations in the previous 24 months. 169 participants
were enrolled and entered into a pre-trial observation period
of 6-15 months in which each participant was required to
show signs of progression before entering into the random-
ized treatment phase. Qualifying changes included: increase
in one FS by 2 grades, increase in 2 FS by 1 grade, wors-
ening of 1 grade in the ambulatory index, or increase by 1
EDSS step. 63 participants were eliminated during the ob-
servation period (31 did not have sufficient progression, 10
chose alternative treatments, 8 progressed above EDSS of
6.5, 2 had exacerbations, and 12 were excluded for other
reasons). Therefore, 24 % of otherwise qualified participants
were excluded either because they lacked sufficient progres-
sion or progressed/relapsed beyond the inclusion criteria,
which demonstrates the difficulties of capturing sufficiently
progressing patients while still enrolling enough to meet
power calculations. The primary outcome was time to
3 month sustained disability of 1 EDSS step if baseline
was 5 or greater or 1.5 EDSS steps if baseline was less than
5. 106 participants began the trial, 86 completed the trial
with 10 in each arm withdrawing early. Of those who
withdrew, 3 were adjudicated to meet criteria for confirmed
progression prior to the code break. Therefore, 23 (17.6 %)
in the GA group and 14 (25.5 %) in the placebo group met
the primary endpoint, not statistically significant by a num-
ber of methods.

To study the effects of GA on PPMS, the 3 year
PROMISE trial was initiated [91]. This randomized,
double-blind, placebo controlled study enrolled participants
ages 30 to 65 with baseline EDSS scores of 3-6.5 inclusive.
The diagnosis of PPMS was determined at each site, but
required at least 6 months of progressive neurological symp-
toms including evidence for myelopathy (pyramidal FS
score of at least 2) and exclusion of cervical spondylitic
myelopathy, preferably by MRI. Lumbar puncture was re-
quired, but participants were not required to demonstrate
abnormalities of IgG synthesis. Cases lacking abnormalities
were reviewed by an eligibility committee to ensure consis-
tency with the diagnosis of PPMS. Each of these inclusion

criteria underscore difficulties in designing PPMS trials.
Since PPMS patients are older at onset and diagnosis, the
upper age limit must be higher, but this introduces more age-
related disease, which may confound the PPMS diagnosis
including cervical spondylosis, B12 deficiency, thyroid dys-
function, and other causes of myelopathy. Similarly, the
upper limit of EDSS scores must also be higher to capture
more PPMS patients, but as previously discussed, the EDSS
is insensitive to neurological change other than changes in
gait above an EDSS of 6. Despite these hurdles, the
PROMISE trial was able to enroll 943 participants, random-
izing 2:1 with 627 in the GA arm and 316 in the placebo
arm. The primary outcome was 3 month confirmed disease
progression (defined as a change of 1 EDSS point if baseline
was 3-5, called stratum I, or change of 0.5 if baseline was
5.5-6.5, called stratum II). Two interim analyses were
planned during the trial. The first occurred after 622 partic-
ipants had completed 12 months of study and found no
treatment effect and a surprisingly low rate of progression
with only 16.1 % progressing in stratum I (expected 50 %)
and 19.3 % in stratum II (expected 20 %). This again high-
lights the challenge of recruitment of an actively progressing
group to allow for observation of a treatment effect. While
more rigorous inclusion criteria might have captured such a
group, it likely would have limited the pool of potential
enrollees in an already uncommon disease. In the second
interim analysis after 757 participants had completed 2 or
more years on study, there remained no significant treatment
effect, HR 0.87 (p00.1753). The data safety monitoring
board recommended early termination of the study. MRI
analysis revealed the mean change from baseline enhancing
lesions was significantly reduced in the GA group, but lost
significance in the 2nd and 3rd years. The GA group also had
smaller increases in T2 lesion volume, but only in the 2nd

year. In a post hoc analysis, it was found that males had a
significantly delayed time to disability progression in the
GA group with HR 0.71, p00.0193. In follow-up analysis,
no clear explanation for this gender difference could be
proven other than to note that males progressed faster in
the trial, which may have allowed a treatment effect to
become apparent [92]. It remains to be seen whether a true
treatment effect in slowing progression could have been
demonstrated had the whole group progressed more rapidly.

Comparator Trials

As described in previous sections, GA was compared to
IFNB-1a SC (REGARD) and IFNB-1b SC (BECOME and
BEYOND) [46–48] for the treatment of RRMS. Though
each study under individual scrutiny had potential reasons
for failing to demonstrate GA superiority, it has become
accepted practice to consider GA and highdose interferons
to have similar clinical efficacy.
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Combination Trials

Given the modest benefits of individual DMAs, there has
been longstanding interest in combining treatments to gen-
erate more robust effects on MS disease activity [93]. The
unique mechanisms of action of GA has made it an inter-
esting candidate for combination therapy. Because of the
apparent delay in efficacy of GA, one model of combination
therapy is that of induction with a powerful immunosup-
pressant followed by GA as a maintenance therapy. This has
been most extensively studied with the use of mitoxantrone
(MTX) [94]. While pilot studies of highly active disease
patients have shown a robust decrease in inflammatory
disease activity with induction using MTX followed by
GA, these studies suffer from their observational design
and the potentially strong effect of regression to the mean
[16]. It remains to be seen whether exposing patients to the
potential long term side effects of MTX in the setting of
combination therapy is warranted. Another model for com-
bination therapy with GA has been to combine it with other
approved immunomodulators. As previously described,
combination with IFNB-1a IM in the CombiRx study failed
to demonstrate benefit in ARR compared to GA alone [53].
In the phase 2 randomized, double-blind, placebo-controlled
24-week Glatiramer Acetate and Natalizumab Combination
Evaluation (GLANCE) study, natalizumab (NTZ) was
added to RRMS patients with EDSS 0-5 who had been on
GA for at least 12 months and had at least one relapse in that
time [95]. All 110 participants remained on GA and were
either randomized to receive NTZ (n055) or placebo (n0
55) in addition. The primary endpoint was the rate of devel-
opment of new active lesions on brain MRI, which was
significantly lower in the combination group than GA alone
(p00.031), which became apparent after 4-8 weeks of treat-
ment. The cumulative number of enhancing lesions was also
lower in the combination group (0.6±1.8) than the GA
group (2.3±5.3, p00.020). There was a 62 % reduction in
new/newly enlarging T2 lesions (p00.029). Without a NTZ
only arm, it cannot be determined if the MRI benefits of the
combination arm derive from NTZ alone or a combined
effect from NTZ+GA. ARR was not different between the
groups and EDSS scores remained stable. Given the concern
for progressive multifocal leukoencephalopathy in combi-
nation therapy with IFNB, participants were not continued
into a planned extension phase and no additional combina-
tion trials of NTZ and GA have occurred.

Long Term Follow Up

After the conclusion of the initial pivotal trial and random-
ized extension phase, participants were offered the chance to
remain in an open-label long term follow-up study, the
results of which have been published at 6, 8, 10, and 15 years

[96–99]. Concerning the most recent report of 15 year data,
232 participants were originally entered into the long term
open label study (19 from the original placebo arm chose
not to join and are excluded from the ongoing modified
intention to treat analysis (mITT)). Of those 232 in the
mITT cohort, 100 remained in the “ongoing cohort”, having
been treated solely with GA for an average of 13. 6 years.
The 131 who did not remain in the study constituted the
“withdrawn cohort” and their data were calculated from last
observation carried forward. Using a propensity score anal-
ysis, there appeared to be no differences in the baseline
characteristics or original randomization arm between these
two groups suggesting that neither of these factors affected
the outcome of this 15 year analysis, a major potential
source of bias. Results of the analysis included: ARR before
and after GA initiation were: 1.18±0.82 to 0.43±0.58 for
the entire mITT cohort, 1.12±0.82 to 0.25±0.34 for ongoing
cohort, and 1.23±0.83 to 0.56±0.68 for the withdrawn
cohort. EDSS scores were stable or improved for 54 % of
the mITT, 57 % of the ongoing cohort, and 52 % for the
withdrawn cohort. Progression to SPMS occurred in 25 %
of the mITT, 35 % of the ongoing cohort, and 17 % of the
withdrawn cohort. One may note that the withdrawn cohort
appears to have performed comparably to the ongoing co-
hort, but it is important to remember that this data comes
from the last observation carried forward whereas the ongo-
ing cohort was observed throughout the 15 year period. In
analyzing reason for withdrawal, 55/132 (42 %) withdrew
due to “perception of disease worsening”, “desire to switch
or combine therapies”, or “difficulty, inability, or unwilling-
ness to adhere to study protocol”. This suggests that at least
some of the withdrawals may have been due to clinical
worsening, data not reflected in the last observation carried
forward design. The remaining were either lost to follow up
(14/132), had an adverse event (23/132) or became pregnant
(8/132). It is difficult to draw firm conclusions from this
data due to lack of a placebo comparator arm and the
potential for selection bias favoring retention of participants
doing well on GA, but it represents some of the best data on
carefully conducted, prospective, long term observational
use of a single agent. The GA treated group appears to
maintain a low ARR, exhibit slow progression on EDSS,
and tolerate the treatment without new safety concerns.

Clinical Use

GA is generally well tolerated. In the aforementioned sys-
tematic review of RCTs and observational studies,
Giovannoni et al. [59] found injection site reactions to have
occurred in 56-78 % of trial participants. This included
injection site bruising, erythema, pain, pruritus, induration
and rarely skin necrosis. In the initial phase three trial, 90 %
of GA and 59 % of placebo participants experienced mild
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injection site reactions. It was suspected that the high num-
ber of injection site reactions in the placebo group may have
been due in the inclusion of mannitol in both groups’
injection preparations. One unique injection-related tolera-
bility issue with GA is the occurrence of immediate post-
injection systemic reactions (IPISRs). IPISRs occur imme-
diately to a few minutes after injecting. Patients experience
flushing, chest tightness, dyspnea, palpitations, and anxiety.
The duration is about 30 seconds to 30 minutes, resolving
spontaneously [84]. In the initial phase three trial, IPISRs
were observed in 19 participants (15.2 %) compared with 4
(3.2 %) of placebo. The number of episodes per participant
ranged from 1 to 7 during the two year trial for the GA
groups. These IPISRs have not been found to be harmful,
but can be very concerning to patients if they are not
informed of the reaction before GA is initiated. Flu-like
symptoms were rare with a mean incidence of less than
5 %. Depression was experienced by less than 2 % [59].
Allergic and anaphylactic reactions are rare but have been
reported [100, 101].

Concerning adherence, Giovannoni et al. [59] reported an
overall rate of discontinuation for GA was 36 % with ad-
verse events being the most common reported reason for
discontinuation. Only 6 % discontinued for perceived lack
of efficacy.

Future

GA has been a mainstay of MS treatment for over 15 years
and continues to be frequently used. Research continues into
its mechanism of action and its implications for understand-
ing MS disease pathogenesis. The future of the treatment
itself is somewhat unclear. An oral formulation failed to
demonstrate efficacy on clinical and MRI parameters in a
large phase 3 study [102]. As the branded patent is set to
expire, competition with biosimilars may emerge.
Glatiramoid compounds are under study and may add to
the competition [103]. The field of effective treatments for
RRMS continues to grow. Despite these challenges, the
excellent record of safety, tolerability, and efficacy will
likely guarantee the use of GA well into the future.
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