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ABSTRACT

Multiple sclerosis (MS) is a chronic, progressive,
inflammatory disorder of the central nervous
system. Relapsing-remitting MS (RRMS), the
most common form of the disease, is character-
ized by transient neurological dysfunction with
concurrent accumulation of disability. Over the
past three decades, disease-modifying therapies
(DMTs) capable of reducing the frequency of
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relapses and slowing disability worsening have
been studied and approved for use in patients
with RRMS. The first DMTs were interferon-betas
(IFN-Bs), which were approved in the 1990s.
Among them was IFN-B-1a for subcutaneous (sc)
injection (Rebif®), which was approved for the
treatment of MS in Europe and Canada in 1998
and in the USA in 2002. Twenty years of clinical
data and experience have supported the efficacy
and safety of IFN-B-la sc in the treatment of
RRMS, including pivotal trials, real-world data,
and extension studies lasting up to 15 years past
initial treatment. Today, IFN-B-1a sc remains an
important therapeutic option in clinical use,
especially around pregnancy planning and
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lactation, and may also be considered for aging
patients, in which MS activity declines and long-
term immunosuppression associated with some
alternative therapies is a concern. In addition,
IFN-B-1a sc is used as a comparator in many
clinical studies and provides a framework for
research into the mechanisms by which MS
begins and progresses.

Keywords: Disease-modifying therapies; Inter-
ferons; Interferon-beta-1a; Interferon-p-la for
subcutaneous injection; Multiple sclerosis;
Relapsing-remitting multiple sclerosis

Interferon-p (IFN-B) 1a for subcutaneous
injection (sc) (Rebif®) was one of the first
disease-modifying therapies (DMTs)
approved for multiple sclerosis (MS).

Three decades of research and clinical
experience have provided a wealth of data
on the long-term safety, efficacy, and real-
world effectiveness of IFN-f.

Through the evolving clinical landscape of
MS treatment, IFN-B-1a sc has remained a
mainstay of MS treatment and research.

IFN-B-1a sc continues to play a role in
research into MS pathophysiology and
treatment, as an active comparator and as
a stable background therapy in clinical
trials of other treatments.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic inflamma-
tory disorder of the central nervous system
(CNS) that generally manifests as one of several
phenotypes [1-3]. Approximately 85% of people
with MS present with relapses, periods during
which new neurologic symptoms appear or
existing symptoms become worse, interspersed
with remissions, times during which recovery
may occur and the disease does not appear to
progress [1, 4]. This pattern is defined as
relapsing-remitting MS (RRMYS) [1, 4]. RRMS was
originally defined as one of three distinct clini-
cal courses that included RRMS, primary pro-
gressive MS, and secondary progressive MS
(SPMS) [4]. Current evidence, however, supports
considering MS as a spectrum from the outset of
the disease, defined by relative contributions of
overlapping pathological and reparative or
compensatory processes [4].

MS was first described by Jean-Martin Char-
cot in 1868, but more than a century passed
before the first proven effective disease-modi-
fying therapy (DMT), recombinant interferon-
(IFN-B), became available [5]. Before IFN-B,
there were few treatment options for MS, and
those that were available had both limited effi-
cacy and significant toxicity [6, 7]. Che-
motherapeutic agents like azathioprine or
cyclophosphamide that suppress the immune
system and are associated with significant toxi-
city were reserved for more severe cases and,
therefore, were not given early in the course of
MS. Research was focused on finding a treat-
ment that would modify the course of the
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disease without compromising overall immune
response.

Endogenous IFNs were first identified in the
1950s [8-10]. Initially, IFN-B preparations were
investigated for the treatment of MS owing to
their known antiviral properties. This was based
on the theory that MS might be caused by a
chronic viral infection, supported by detection
of anti-measles antibodies in cerebrospinal
fluid, links to Epstein-Barr virus infection, and
evidence of decreased activation of IFN-B path-
ways in people with MS compared to those
without MS [2, 11-14]. Several studies have also
reported decreased endogenous type I IFN sig-
naling and secretion in patients with RRMS [15].

TYPES OF IFN

The IFNs identified in humans have been divi-
ded into three classes, or types: type [, II, and III
[16]. Type I IFNs include IFN-o and IEN-B, while
the typell classification includes only IFN-y
(gamma) [16]. IFN-o and IFN-B are induced by
viruses and double-stranded RNA and share the
same receptor, though their biological activity
is slightly different [10]. IFN-o is used for the
treatment of chronic viral hepatitis while IFN-p
is used as treatment for relapsing forms of MS.
Type II IFN has a different receptor, has mini-
mal antiviral activity, and is used for the treat-
ment of chronic granulomatous disease [10, 16].
More recently, type Il IFNs, also called IFN-A
(lambda), are being evaluated for the treatment
of several viral infections, including chronic
viral hepatitis [10, 16].

INTERFERON-BASED THERAPY
BEFORE USE AS AN MS TREATMENT

IFNs comprise a large and varied family of sig-
naling proteins or cytokines involved in mod-
ulating the immune response, including
responses to viral infection and cancer, among
other crucial cellular functions [8, 10, 11]. In
the 1950s, two teams independently discovered
IFN in different experimental contexts and
described the newly discovered biological factor
in terms of its viral inhibitory (or interfering)

function [8-10, 17]. The first group, located in
Japan, was studying vaccination with ultravio-
let-irradiated vaccinia (inactivated virus)
[8-10, 17]. When challenged with live vaccinia
at the site of initial inoculation, vaccinia repli-
cation was inhibited, and the researchers
attributed this to an “inhibitory factor”
[8, 10, 17]. A few years later, a UK-based team
studying influenza virus found that adding
heat-inactivated influenza virus to chorioallan-
toic membrane fragments from chick embryos
could stimulate the production of a factor
which interfered with subsequent viral replica-
tion—this factor was formally named “inter-
feron” [8-10].

The therapeutic potential of IFN against viral
infections soon became apparent [11], but the
earliest ambitions of clinical trials to study the
antiviral function of IFNs in the 1960s were
limited by insufficient quantities of isolated IFN
product. With the evolution of gene cloning in
the 1980s, sufficient quantities of pure IFN
could be produced for clinical investigation
[10, 11]. IFN was initially investigated as an
antiviral treatment against both DNA and RNA
viruses, and it was also explored as an anti-
cancer treatment, notably for leukemia [10, 11].
In 1986, the first approval of an IFN for phar-
maceutical purposes by the US Food and Drug
Administration (FDA) was for the treatment of
cancer, specifically IFN-02 for hairy cell leuke-
mia [11]. Since then, IFN-o has been approved
for the treatment of several infectious diseases
including hepatitis B and C, as well as genital
warts caused by human papillomavirus
(condyloma acuminatum) [3, 11, 18].

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

IFN IN MS

The hypothesis that viral infection was involved
in the etiology of MS led to the examination of
IFNs as a potential treatment, although the role
of specific viral agents in the pathology of MS
still remains unconfirmed [2, 11-13]. Studies of
[FNs in MS during the 1970s suggested lower
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IFN-like activity following viral induction in
people with MS compared to controls [11],
prompting the evaluation of IFN for the treat-
ment of MS. TypeIl IFN (IFN-y) in particular
was examined because of evidence of reduced
production in people with MS. However, one of
the first studies found a more than threefold
increase in relapses from recombinant IFN-y
[19]. The authors concluded that this type of
IFN was not suited for MS treatment.

In contrast, intrathecal injections of natural
IFN-B demonstrated promising early results in
reducing MS relapses [11, 12, 20]. First pub-
lished in 1981, the results of a small study of 10
patients with MS treated with IFN-f (adminis-
tered intrathecally by serial lumbar puncture)
and 10 patients in the control group found
clinical benefit was more common in patients
who were treated versus those who were
untreated [20-22]. In the 1990s, recombinant
versions of IFN-B replaced crude extracts of
purified natural fibroblast IFN-§ such as Frone®,
which was administered via subcutaneous (sc)
injection [23, 24]. Recombinant IFN-, admin-
istered parenterally, was the first treatment to
demonstrate measurable clinical benefit in
improving the natural history of MS in patients
with relapsing MS [11, 13]; it prevented and
shortened relapses, limited the formation of
new brain lesions seen on magnetic resonance
imaging (MRI), and slowed disability progres-
sion [13, 25]. In 1993, IFN-B-1b (Betaseron®,
delivered by sc injection) [26] became the first
recombinant IFN-B and the first DMT to be
approved by the FDA for MS treatment [11, 13].

Several formulations of recombinant IFN-(
are approved for the treatment of MS, distin-
guished by structural differences related to
methods of production [2, 13]. IEN-B-1b is
obtained from DNA cloned into a bacterial
vector and, as a result, is not glycosylated. To
reduce misfolding, it also has one fewer amino
acid and an amino acid substitution compared
to native human IFN-f. In contrast, IFN-B-1a is
produced in a mammalian cell, is glycosylated
without amino acid substitutions, and is essen-
tially identical to the endogenous form of
human IFN-B [2, 13]. The next two interferon
DMTs approved by the FDA for MS treatment
after IFN-B-1b sc were IFN-B-l1a, delivered by

intramuscular (im) injection (Avonex®) [27],
and IFN-B-1a, delivered by sc injection (Rebif®)
(28, 29]. Two formulations of pegylated IFN-p-
la (Plegridy®) have been approved; the sc for-
mulation was approved in 2014, and the im
formulation was approved in 2021.

MECHANISM OF ACTION
OF INTERFERONS IN MS

The hallmark of MS is autoimmune inflamma-
tion that targets the CNS. While the exact cause
of MS remains unknown, adaptive immunity
appears to play a prominent role in the patho-
genesis of RRMS, whereas innate immune
responses contribute to SPMS and are likely to
contribute to CNS damage throughout different
phases of MS [11, 13, 25]. MS is thought to be
triggered and perpetuated by overactivity and/
or regulatory/homeostatic imbalance of the
immune system [13]. Dysregulation of effector
as well as regulatory components of the adap-
tive immune system can result in inflammation,
which ultimately causes demyelination and
subsequent axonal damage and loss [13].
Specifically, the autoimmune response observed
in MS is mediated via T helper (Th)1 and Th17
CD4™" Tcells and autoreactive B cells through
both direct cytotoxicity and by modulating
different facets of the immune response
(30, 31].

The hypothesized mechanisms of action of
IFN-B in the treatment of MS have been
reviewed previously [3, 13, 32-34]. Briefly,
type 1 IFNs, which include IFN-B, are crucial
players in both innate and adaptive immunity
[3, 13, 32-34]. They are expressed in response to
viral infections and regulate immunity, cell
proliferation, apoptosis, and cell protection
[3, 13]. Functional studies reveal reduced IFN
responses in people with MS, with downregu-
lation of IFN-f signaling in untreated MS, along
with further reduction of IFN-driven genes
during MS exacerbations and progression,
potentially disrupting adaptive and innate
immunity (Fig. 1) [25, 35].

IFN-B treatment may work to counteract
dysfunction in the innate and adaptive immune
systems of patients with MS. In the innate
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Dysfunction in MS

Effects of IFN B
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Fig. 1 Hypothesized pathways of dysfunction in MS and effects of IFN-B. APC antigen presenting cells, CNS central
nervous system, CSF cerebrospinal fluid, IFNN interferon, MS multiple sclerosis, 7LR Toll-like receptors

immune system, IFN-B treatment decreases
T cell activation and antigen presentation,
reduces dendritic cell concentrations in
peripheral blood, and downregulates TLR9
[13, 32-34]. In the adaptive immune system,
IFN-B treatment reduces T cell activation,
increases antiviral responses, and decreases pro-
inflammatory CD4" and CD8" Thl7 cells
[13, 32-34]. Several studies have reported that
IFN-B treatment suppresses Th1l7 response as
well as B cell antigen-presenting capacity and
cytokine secretion, findings which were con-
firmed by ex vivo studies of patients treated
with IFN-B [36, 37]. IEN-B treatment impacts
both systems by decreasing antigen presenta-
tion and reducing pro-inflammatory cytokines
[13, 32, 34]. The benefits of IFN-B therapies in
MS are thought to stem from their
immunomodulatory and antiproliferative vir-
tues, but probably not their antiviral properties
(Fig. 1) [2, 13, 33, 38]. However, coming full
circle regarding the initial use of IFN-B in MS
treatment due to its antiviral properties, the
effects of IFN-B on viral infections are once
again being considered as a potential

mechanism of action [39, 40]. Ongoing research
into the pronounced and broad effects of IFN-§3
on gene expression may lead to further under-
standing of the mechanism of action of IFN-$
therapies and the pathophysiology of MS [35].

IFN-B-1A SC

Among the first approved DMTs was IFN-B-1a
for sc injection (Rebif®) (Fig. 2) [28, 29]. Cur-
rently indicated “for the treatment of relapsing
forms of MS, to include clinically isolated syn-
drome, relapsing-remitting disease, and active
secondary progressive disease, in adults” [28].
The recommended dosing according to the
prescribing information is either 22 pg or 44 pg
injected sc three times per week (tiw) [28].
However, the 44-ug dose is most commonly
used in practice, with the 22-ug dose generally
reserved for those who do not tolerate the 44-ug
dose. Uptitration over a 4-week period is rec-
ommended, and patients may be counselled to
use analgesics and/or antipyretics to reduce
initial flu-like side effects [28, 29].
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EFFICACY IN RRMS

Key Trials

Two pivotal studies formed the basis for the
approval of IFN-B-la sc in the USA: the
Prevention of Relapses and Disability by Inter-
feron-B-1a Subcutaneously in Multiple Sclerosis
(PRISMS) trial and the EVidence of Interferon
Dose-response: European North American
Comparative Efficacy (EVIDENCE) trial. Both
were randomized controlled studies in RRMS
(study details are provided in Table 1) [41-52].
As treatment options for MS progressed, pivotal
trials gave way to head-to-head studies that
included IFN-B-1a sc as well as assessments of a
new, serum-free formulation of IFN-B-1a sc.
The PRISMS phase 3 trial began in 1994,
when effective treatment options for MS were
limited [2, 41, 53]. The primary efficacy measure
was relapse rate over the 2 years of the study,
which was significantly reduced in both the
IFN-B-1a sc 22-ug tiw (lower dose) and 44-ug tiw
(higher dose) groups compared to the placebo
group (p < 0.005 for both) [41]. Relapse rates
were reduced by 27% (p < 0.05) in the 22-ug
group and 32% (p < 0.005) in the 44-pg group
compared with the placebo group. Both median
time to first relapse and time to Expanded Dis-
ability Status Scale (EDSS) progression were

delayed in both treatment groups compared
with the placebo group. In patients with high
baseline EDSS (> 3.5), time to confirmed pro-
gression was significantly longer only in the
44-ng group compared to the placebo group.
The median MRI lesion volume decreased in the
treatment groups and increased in the placebo
group, while T2 new or enlarging lesion number
(determined by proton density T2-weighted
scans) was reduced for both treatment groups
compared to the placebo group (p < 0.0001),
with a dose effect observed in favor of the 44-ug
tiw group (p = 0.0003) [41].

Detailed analysis of the MRI results from the
PRISMS study included a cohort of 205 patients
who had MRIs performed monthly for the first
11 months of the study [54]. The median
number of combined unique active (CUA)
lesions and the percentage of CUA scans were
both reduced. CUA lesions included both T1
gadolinium-enhancing (Gd+) lesions or new/
enlarging T2 lesions, as well as lesions that were
identified in both scans, which were counted
only once. The median number of CUA lesions
per patient per scan was 0.88 for the placebo
group, 0.17 for the 22-pug tiw group, and 0.11 for
the 44-pg tiw group, representing reductions of
80.7% and 87.5% for the 22-ug and 44-pg
groups, respectively, compared with placebo
group. The median percentages of CUA scans
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were 44% in the placebo group, 12.5% in the
22-pg group, and 11% in the 44-pg group, rep-
resenting reductions of 71.5% and 75% for the
22-pg and 44-ng groups, respectively. Reduc-
tions in the progressive accumulation of CUA
lesions were observed as early as 2 months after
the start of treatment (p = 0.0065 for 22 pg;
p = 0.0008 for 44 pg).

Many findings from the PRISMS trial sug-
gested a dose- and/or frequency-dependent
response to IFN-B [2, 41]. Furthermore, the
Once Weekly Interferon for MS (OWIMS) study
found limited clinical benefits of IFN-B-la
treatment given once weekly (qw), particularly
at the lowest dose (22 pg qw) (Table 1) [42].
Across the MRI endpoints examined, the 22-ug
gw dose only showed significant improvement
on two measures (p < 0.01), while the 44-ug qw
dose showed significant improvements over
placebo on all measures (p < 0.01). No signifi-
cant effects of once-weekly treatment were
shown at either dose for clinical outcome mea-
sures. These results indicated greater clinical
benefits of treatment with IFN-B-la when
administered tiw than qw [2, 42]. Given these
and other findings from pharmacodynamic
studies, the EVIDENCE trial was designed to
compare the efficacy of the sc preparation of
IFN-B-1a dosed tiw to the im preparation of IFN-
B-1a dosed qw [2, 41].

EVIDENCE was an active-controlled, asses-
sor-blinded study that aimed to determine the
impact of dosage, dosing frequency, and
administration method on the efficacy of two
forms of IFN-B-1a [43]. People with relapsing MS
were randomized to a “high-dose” regimen of
IFN-B-1a sc 44 pg tiw or a “low-dose” regimen of
IFN-B-1a via im injection 30 pg qw for 1-2 years
[43]. The primary clinical endpoint was the
proportion of patients who remained free from
relapses, and a higher proportion of patients in
the IFN-B-1a sc 44-ug tiw group were found to
remain relapse-free compared with the IFN-p-1a
im 30-ug qw group at both 24 and 64 weeks
[55]. Annualized relapse rate (ARR) was lower
and time to first relapse was longer in the IFN-f-
la sc 44-pg tiw group compared with the IFN--
la im 30-ug qw group at the end of the com-
parative phase. MRI measures of disease activity
were similarly reduced with the high-dose high-

frequency regimen. The study also included a
second phase, during which the group that
changed from qw im to tiw sc dosing had a 50%
reduction in mean relapse rates (p < 0.001) and
significant reductions in MRI activity versus the
comparative phase of the study. During the
same time period, the group that had remained
with tiw sc dosing from the comparison phase
had a 26% reduction in mean relapse rates
(p <0.028) [43].

The REDbif vs Glatiramer Acetate in Relapsing
MS Disease (REGARD) study, a head-to-head
comparison of two available options for MS
treatment, compared IFN-B-la to glatiramer
acetate (GA) over 96 weeks in patients with
relapsing MS [44]. Eligibility criteria included a
diagnosis of RRMS, and patients were required
to have at least one relapse within 12 months
previous to the study [44]. Participants were
randomized to open-label IFN-B-1a sc 44 pg tiw
(n = 386) or GA sc 20 mg once daily (n = 378)
[44]. Time to first relapse, the primary efficacy
measure, was not significantly different
between the treatment groups. Likewise, no
significant differences were observed in the
numbers of T2 active lesions (defined as new or
enlarging T2 lesions), the proportion of scans
with T2 active lesions, or change in T2 lesion
volume between groups, although there were
significantly fewer Gd+ lesions with IFN-B-1a
compared with GA. It should be noted, how-
ever, that approximately one-third (34%) of
patients had only one attack in the 24 months
before enrollment and that the overall relapse
rate observed in this study was lower than
expected. With some patients likely having less
disease activity at baseline due to changed
diagnostic criteria as well as the low relapse
rates observed during the study, the study may
have been underpowered to detect differences
between the two treatment groups.

A new formulation of IFN-B-la sc was
developed without serum-derived components
(i.e., human serum albumin and fetal bovine
serum) in order to improve tolerability and
reduce immunogenicity [56, 57]. A single-arm
study of the new formulation found that,
compared with historical data from the EVI-
DENCE trial, fewer patients developed neutral-
izing antibodies (NAbs) [57]. The new
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formulation has demonstrated similar pharma-
cokinetics and efficacy to the previous formu-
lation, with the potential for a lower incidence
of injection-site reactions, though there may be
a higher incidence of influenza-like symptoms
[57]. This new formulation is approved for use
in the European Union (EU) [58].

The new formulation was also evaluated
with the Investigating MRI Parameters with
Rebif imprOVEd formulation (IMPROVE) study
(NCT00441103) [45]. This study tested the
short-term efficacy of the new formulation in
patients with relatively active RRMS, defined as
having at least one clinical event and at least
one Gd+ MRI lesion within 6 months before
randomization [45]. Patients were randomized
to either IFN-B-1a sc 44 ng tiw (n = 120) or pla-
cebo (n=60) for 16 weeks, after which all
patients received IFN-f-la sc 44 pg tiw for
24 weeks. At week 16, the mean number of CUA
lesions was significantly lower with IFN--1a sc
44 pg tiw than with placebo (p < 0.001; 69%
fewer lesions), and 53.3% of patients receiving
IFN-B-1a had no CUA lesions compared to
16.7% of those receiving placebo. Post hoc
analysis revealed that the mean cumulative
number of CUA lesions was lower with [FN-$-1a
compared to placebo by week 4 of treatment
(p = 0.015) [45].

Initial studies of IFN-B-la examined lower
doses than those which ultimately demon-
strated consistent efficacy. Early studies utilized
doses starting at only 22 pg qw. Later studies
examined both the 22-ug and 44-ug doses given
gw and then tiw. Longer-term experience
showed the superiority of the higher 44-pg tiw
dose over the lower 22pg tiw dose
(Sect. “Extension Studies”).

Extension Studies

The initial PRISMS and EVIDENCE studies were
of relatively short duration and, given the
chronic nature of the disease, it was clear that
research into the longer-term effects of therapy
was needed. Through several extensions,
PRISMS examined the possibility of sustained
treatment benefits and safety as well as the role
of early versus delayed treatment for MS [53].

The first extension of the PRISMS study,
PRISMS-4, added 2years of dose-blinded
assessment to the original 2 years of observation
[46]. Participants who received placebo in the
original study were re-randomized to either IFN-
B-la sc 22 pg tiw (n = 85, placebo/22 group) or
I[FN-B-1a sc 44 nug tiw (n =87, placebo/44
group), forming two crossover groups. Those
who received IFN-B-la in PRISMS continued
into the extension at their originally assigned
dose (IFN-B-la 22 pg, n=167; IFN-B-1a 44 ng,
n = 167) [41]. Each crossover group (from pla-
cebo to 22 pg tiw and from placebo to 44 pg tiw)
experienced reductions in relapse count, MRI
activity, and lesion-burden accumulation with
[FN-B-1a compared with their prior 2 year pla-
cebo period (p < 0.001 for both doses). Mainte-
nance of the blind for treatment allocation in
the first 2 years allowed this extension study to
compare the efficacy of delayed treatment (i.e.,
IFN-B-1a in years 3 and 4 following 2 years on
placebo) with earlier treatment (i.e., IFN-B-1a in
all 4 years) over the longer term. Relapse rates
were calculated as the number of relapses per
year for each of the 4years of the study.
Therefore, the impact of delayed treatment
initiation could be assessed compared with early
treatment. Relapse rates were lower in the
groups that received IFN-B-la sc for 4 years
(early treatment) compared with the combined
placebo to IFN-B-1a crossover groups (Table 1).
New T2 lesion number and lesion burden were
also lower, and time to sustained disability was
longer, in the IEN early treatment group com-
pared to the delayed treatment group. These
findings suggest that patients who started
treatment earlier with IFN-B-la sc 44 pg tiw
experienced better outcomes after 4 years than
those who delayed starting IFN-B-la sc 44 pg
tiw. This was particularly true with regard to
disease progression, where the delayed therapy
cohort did not experience the benefits seen in
the early treatment group.

The next extension study, PRISMS-7/8, pro-
vided up to 8 years of follow-up data on safety,
clinical, and MRI outcomes in a subset of
patients from the PRISMS study [59]. Of the
68.2% included from the original PRISMS study
cohort (n = 382/560), 72.0% (275/382) were still
receiving IFN-B-1a sc tiw. Approximately one-
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third (31.3%, 175/560) of the patients in the
original PRISMS study cohort progressed by 2
EDSS points. Progression to an EDSS score of 4.0
occurred in 28.9% (37/128) of patients origi-
nally randomized to 22 pg sc tiw (who received
the 22-ng dose for at least 4 years), 23.9% (32/
134) of those randomized to 44 pg sc tiw (who
received the 22-ug dose for at least 4 years), and
27.6% (37/134) of the late treatment group
(who received placebo for 2 years, then 22 pg or
44 pg sc tiw for 2 years). Relapse rate was lower
for patients originally randomized to 22 pg sc
tiw (0.63; rate ratio = 0.81; p < 0.001) or 44 ng
sc tiw (0.60; rate ratio = 0.73; p = 0.014) com-
pared to the late treatment group (those origi-
nally randomized to placebo, 0.78).

Similarly, relapse-free status at 7-8 years was
more common in the group originally ran-
domized to 44 pg sc tiw than 22 pg sc tiw or late
treatment (15.4% [21/136], 8.1% [10/123], and
6.5% [8/123] relapse-free, respectively). Finally,
median percentage increase in T2 burden of
disease was lower at follow-up in those origi-
nally randomized to 44 pg sc tiw compared with
the late treatment group (5.0 vs 24.5, p = 0.002).
Although interpretation of this or any long-
term study is limited by potential bias from
patient withdrawals, such as differences in
treatment response or side effects between
patients who return and those who do not, this
study supports long-term benefits of early
treatment, particularly with the 44 pg sc tiw
dose.

The final follow-up, 15 years after the origi-
nal randomization (PRISMS-15), included 291
of the 560 patients randomized in the PRISMS
study. Higher cumulative dose exposure and
longer treatment time were associated with
better outcomes in ARR, number of relapses,
time to EDSS progression, change in EDSS, and
time to conversion to SPMS [60]. This study
continued to support the benefits of long-term
use of the 44 ng sc tiw dose.

Cognition

The negative impact of MS on cognition is dif-
ficult for patients and care partners to quantify
and is challenging for providers to effectively

address in clinical practice. As a consequence,
the impact of DMTs on cognitive measures is
not well studied compared with measures of
physical disability and MRI activity.

The open-label COGnition Impairment in
MUItiple Sclerosis patients (COGIMUS) study
examined the effect of IFN-p-1a sc (22 pg and
44 ng tiw) on validated neuropsychological
measures in patients with RRMS [61]. The pro-
portion of patients with impaired cognitive
function, defined as impaired cognitive func-
tion on at least three tests, was generally
stable over 2 years; 21.4% of patients at baseline
and 21.6% of patients at 2 years in the overall
study population had impaired cognitive func-
tion based on at least three tests. However, the
proportion of patients showing impairment on
three cognitive tests at 2 years was lower in the
44-pg group (17.0%) compared with the 22-pg
group (26.5%; p =0.034) [61]. Similar results
were observed at 5-year follow-up [62].

A 2-year post-authorization observational
study evaluated cognition and fatigue in
patients with RRMS treated with Rebif® (SKORE
study) (NCT01075880) [63]. All patients
received IFN-B-1a sc at either 22 pg or 44 pg tiw.
Cognition status was assessed with the Paced
Auditory Serial Addition Task (PASAT). The
proportion of participants with PASAT scores
that remained stable or improved was 61.4% at
the end of the 2-year follow-up period. Results
were similar for fatigue, measured by the Fati-
gue Descriptive Scale, and disability, measured
by the EDSS. In a separate study of patients with
early RRMS (diagnosed within 6 months before
recruitment), IFN-B-1a sc 44 ng tiw had signifi-
cant benefits on PASAT scores over 2 years; in
baseline Gd+ patients, scores increased from
40.6 at baseline to 46.8 (p = 0.027) [64]. While
the data are limited, there is some evidence for a
positive effect of IFN-B-1a sc 44 pg tiw on cog-
nitive outcomes and fatigue.

Key Trials with IFN-g-1a as an Active
Comparator

As further effective treatments for MS became
available, for ethical reasons, placebo-con-
trolled trials were replaced with active-
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controlled trials, often using IFN-B-la sc as a
“standard of care” comparator because of its
long history of use and evidence of efficacy and
safety.

The Comparison of Alemtuzumab and Rebif
Efficacy in Multiple Sclerosis (CARE-MS I) study
(NCTO00530348) was a randomized, rater-
masked, controlled phase 3 trial that examined
alemtuzumab 12 mg/day via intravenous (iv)
injection (n = 376) for treatment-naive patients
with RRMS compared to IFN-B-1a sc 44 pg tiw
(n =187) [47]. Over 2years, 22% of the alem-
tuzumab group and 40% of the IFN-B-1a 44-ug
group had at least one relapse. More patients
were relapse-free in the alemtuzumab group
versus IFN-B-1a (77.6% vs 58.7%, p < 0.0001).
However, rates of sustained accumulation of
disability and mean EDSS score improvement
were not different between the treatment
groups.

The second phase 3 trial of alemtuzumab,
CARE-MS II (NCT00548405), enrolled patients
who had recently relapsed while receiving a
standard DMT, either IFN-B or GA [47]. As the
entry criteria included at least one relapse while
on IFN-B or glatiramer after at least 6 months of
treatment, a substantial proportion of the study
population may have been partial responders or
nonresponders to IFN-B. Eligible participants
were initially randomized to alemtuzumab
12 mg (n = 436), alemtuzumab 24 mg (n = 173),
or IFN-B-1a sc 44 ng tiw (n = 231); however, the
alemtuzumab 24 mg/day group was discontin-
ued so that additional eligible patients could be
recruited into the other treatment arms. In this
population, rates of relapse and sustained
accumulation of disability were lower in the
alemtuzumab 12-mg group compared with the
IFN-B-1a group (Table1). Overall, 35% of
patients in the alemtuzumab group and 51% of
patients in the IFN-B-la group relapsed (rate
ratio 0.51, p <0.0001), corresponding to a
49.4% improvement with alemtuzumab. A total
of 13% of the alemtuzumab group and 20% of
the IFN-B-1a group had sustained accumulation
of disability (hazard ratio 0.58, p = 0.0084), a
42% improvement in the alemtuzumab group.

The TErifluNomidE and REDbif® (TENERE)
study (NCT00883337) was a randomized, rater-
blinded, controlled phase3 study of

teriflunomide in 324 patients with relapsing MS
that included IFN-B-1a sc as an active control
[48]. Exclusion criteria included previous use of
teriflunomide, IFN-B-la and other IFNs, and
several other DMTs. Time to failure, defined as
first occurrence of confirmed relapse or perma-
nent treatment discontinuation for any cause,
was not different between the teriflunomide
7-mg or 14-mg and IFN-B-1a 44-pg sc tiw groups
(Table 1). ARR also did not differ between the
teriflunomide 14-mg and IFN-B-la groups,
although ARR was significantly higher in the
teriflunomide 7-mg group compared with the
IFN-B-1a group.

The OPERA (ocrelizumab in comparison with
interferon-p-1a [Rebif®] in participants with
relapsing multiple sclerosis) I (NCT01247324)
and II (NCT01412333) studies were identical in
design. These phase 3 double-blind, double-
dummy, randomized trials compared ocre-
lizumab 600 mg iv every 24 weeks and IFN-B-1a
sc 44 pg tiw for 96 weeks [52]. Exclusion criteria
included previous use of some DMTs, including
ocrelizumab, as well as intolerance of IFN-B or
use of IFN-B within 4 weeks prior to baseline.
ARR was lower with ocrelizumab compared with
[FN-B-1a in both studies (p < 0.001 for both
trials). The percentages of patients with con-
firmed disability progression at 12 and 24 weeks
were lower for ocrelizumab in pooled analyses.
Mean numbers of Gd+ lesions per T1-weighted
MRI scan and new or newly enlarged hyperin-
tense lesions per T2-weighted MRI scan were
lower for ocrelizumab compared with IFN-B-1a
in both studies. In OPERAI, patients in the
ocrelizumab group experienced a 22.8% lower
loss of brain volume than those in the IFN-B-1a
group from week 24 to 96 (p = 0.004), while in
OPERA I, the ocrelizumab group showed 14.9%
less brain volume loss (p = 0.09).

The varied results of these studies may arise
from different comparator therapies and from
different measures assessed, illustrating the
complexity of treating MS. Nonetheless, the
proliferation of DMT options since the 1990s
has given both patients and clinicians multiple
choices for personalizing therapy for a given
patient, weighing the potential drawbacks and
benefits of each treatment. Factors to take into
consideration include those pertaining to the
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treatment itself, such as effectiveness and tol-
erability, as well as patient factors such as risk
tolerance or aversion and comorbidities.

EFFICACY IN OTHER MS SETTINGS

Clinically Isolated Syndrome

Clinically isolated syndrome (CIS) is a first epi-
sode of neurologic symptoms, similar to an MS
exacerbation, that lasts at least 24 h and which
is caused by inflammation or demyelination in
the CNS. Individuals with CIS may or may not
go on to be diagnosed with MS, and the criteria
for an MS diagnosis continue to be revised to
allow clinicians to diagnose MS earlier and more
accurately. However, an unintended effect of
these revisions is that some patients who
entered studies with a diagnosis of CIS under
earlier definitions might now be classified as
having MS [49, 50, 65-67]. It is likely that some
of the participants in the following studies of
IFN-B-1a sc in the treatment of CIS would cur-
rently be diagnosed with MS rather than CIS.
The Early Treatment of MS (ETOMS) study
enrolled patients between 1995 and 1997 [66].
Eligibility criteria included having a first epi-
sode of neurological dysfunction suggesting MS,
at least one abnormality evident during neuro-
logical examination, and a positive brain MRI
scan, defined as at least four white matter
lesions on T2-weighted scans, or at least three
white matter lesions, if at least one was
infratentorial or Gd+ [66] (Table 1). Partici-
pants were randomized to the low dose of 22 ng
IFN-B-1a sc given once per week or placebo.
Fewer participants in the IFN group developed
clinically definite MS (CDMS) compared with
the placebo group. For the primary outcome
measure, the conversion to CDMS (defined by
the occurrence of a second exacerbation), the
time at which 30% of patients had converted to
CDMS was longer in patients treated with IFN-f-
la (569 days) compared to placebo (252 days,
p = 0.034). In addition, ARR, number of new T2-
weighted MRI lesions, and lesion burden were
significantly lower in patients treated with IFN-
B-1a compared to placebo. The low dose of IFN-
B-la used in this study and the stringent

eligibility criteria, which likely included a large
proportion of participants who would meet
current criteria for MS [65], may have con-
tributed to the comparatively small treatment
effects observed in this study.

The phase 3 REbif FLEXible dosing in early
MS (REFLEX) study (NCT00404352), conducted
from 2006 to 2010, examined participants with
a single clinical event suggestive of MS and at
least two clinically silent T2 lesions on brain
MRI [49]. The REFLEX study compared the
serum-free formulation of IFN-B-1a sc 44 pg tiw
(n=171) or qw (n =175) to placebo (n=171)
for up to 24 months. The 2-year cumulative
probability of a diagnosis of MS, as defined by
the 2005 McDonald criteria, was lower in
patients treated with IFN-B-1a sc tiw compared
to placebo [49]. The risk of conversion to MS
was lower in the group treated three times per
week compared with those who received once
weekly treatment [49]. Two-year rates of con-
version to CDMS were lower for both IFN-B-1a
sc tiw and qw than for placebo [49].

The REFLEX study found that the mean
number of MRI CUA lesions was lower per
patient in those treated with IFN-B-1a sc com-
pared with those given placebo, with risk
reductions of 81% for IFN-B-1a sc tiw vs placebo
and 63% for IFN-B-1a sc qw (p < 0.001) [67]. The
mean number of CUA lesions per patient was
48% lower in the group treated three times per
week compared with those who received once
weekly treatment (IFN-B-1a sc 44 ng tiw vs IFN-
B-1a sc qw, p = 0.002) [67]. New T2 lesions, T1
hypointense lesions, and Gd+ lesions were also
lower in the IFN-B-1a sc groups vs placebo group
(p < 0.004) and in the IFN-B-1a sc tiw group vs
the IFN-B-1a sc qw group (p < 0.012).

Participants who completed the 24-month
double-blind REFLEX study were eligible to
enter the REbif FLEXible dosing in early MS
extensION (REFLEXION) study [50]. During the
REFLEX study, any participant diagnosed with
CDMS was switched to open-label IFN-B-1a sc
44 ng tiw. Those in the placebo group of the
REFLEX study who did not reach a diagnosis of
CDMS received IFN-B-la sc 44 pg tiw in the
REFLEXION study, forming a delayed treatment
(DT) group. Those in the IFN-B-1a sc 44-ug tiw
or gqw groups continued original treatment and
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comprised the early treatment (ET) group. For
this study, all p values are considered nominal
as statistical analyses were exploratory. At the
end of REFLEXION, the cumulative probability
of progression to CDMS was reduced for the
IFN-B-1a sc 44-pg tiw ET group compared to the
DT group (for IFN-B-1a sc 44 ug qw, nominal
p=0.084 vs DT; for IFN-B-la sc 44 ug tiw,
nominal p = 0.032 vs DT) (Table 1). The cumu-
lative probability of meeting 2005 McDonald
criteria was also lower in the IFN-B-1a sc 44-ug
tiw group compared with the DT group, as were
mean cumulative numbers of new T2, Gd+, and
T1 hypointense lesions, as well as T2 and T1
hypointense lesion volume changes (nominal
p < 0.0S for all). Further analysis of the REFLEX/
REFLEXION studies was performed using the
endpoint of no evidence of disease activity
(NEDA-3). At 2 years, the group given ET with
either sc IFN-B-1a tiw or qw were both more
likely to achieve NEDA-3 than the DT group.
However, by years 3 and 5, only the IFN-f-1a sc
tiw dose group was more likely to achieve
NEDA-3 than the DT group, supporting greater
efficacy of the 44-ng tiw dose over time [68].

Secondary Progressive Multiple Sclerosis

SPMS is defined by gradual worsening with or
without superimposed relapses. Originally con-
sidered a separate clinical course from RRMS,
SPMS is currently considered part of the con-
tinuum of symptomology and neurological
damage that defines MS. IFN-B-1b was the first
DMT to demonstrate efficacy in the treatment
of SPMS [69]. In a European study in which
most patients had experienced at least one
relapse in the 2 years prior to the study, treat-
ment with IFN-B-1b (8 million IU every other
day sc) increased time to confirmed progression
of disability, reduced rates of confirmed pro-
gression, and had benefits on other clinical and
MRI parameters [69]. However, in a second,
North American, study of IFN-B-1b in which
more than half of the patients had not experi-
enced a relapse in the 2 years prior to the study,
there was no significant treatment effect on
time to confirmed progression [70]. In line with
previous studies in RRMS, however, benefits

were observed for the treatment groups com-
pared with the placebo group on some measures
related to relapses as well as MRI measures.

Examination of IFN-B-la in SPMS vyielded
similar results to those of IFN-B-1b. The Sec-
ondary Progressive Efficacy Clinical Trial of
Recombinant Interferon-beta-la in MS (SPEC-
TRIMS) study compared IFN-B-1a sc (22 or 44 ng
tiw) to placebo in the treatment of SPMS [51].
Eligible patients had clinically definite SPMS,
with or without exacerbations, following an
initial relapsing-remitting course, with a base-
line EDSS of 3.0-6.5 and pyramidal functional
score > 2. More than half of the patients in this
study (53%) had not experienced a relapse in
the 2 years prior to the study. Time to con-
firmed progression in disability did not differ
between the IFN-B-1a sc group and the placebo
group (p = 0.146), although relapse rates were
reduced for both IFN-B-la sc dose groups
(p <0.001 for both vs placebo). Exploratory
post hoc subanalyses suggested a greater benefit
of treatment with IFN-B-1a sc in patients who
had experienced at least one exacerbation in the
2 years before the study. Although the interac-
tion between treatment and presence of before-
study exacerbations was not significant
(p = 0.289, Cox PH), the odds ratio for progres-
sion in the IFN-B-1a group, compared with the
placebo group, was 0.52 for patients with
before-study relapses (95% CI  0.29-0.93;
p =0.027) and 1.07 for those without (95% CI
0.64-1.78, p = 0.802). HR for time to first pro-
gression for patients in the IFN-B-1a group with
before-study relapses was 0.74 compared with
the placebo group (p = 0.055) and 1.01 for those
without (p = 0.934); in patients treated with
44-pg IFN-B-1a, HRs for time to progression
were 0.76 for relapsing (p = 0.14) and 0.93 for
non-relapsing patients (p = 0.69) [51].

A cohort of patients treated with IFN-f-1a sc
(22 or 44 pg tiw) in the SPECTRIMS study with
regular MRI assessments had lower median
numbers of active lesions and less accumulation
of disease burden [71]. Additional subgroup
analysis found that the treatment benefits were
more pronounced in patients who had experi-
enced at least one exacerbation in the 2 years
before the study.
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Although the SPECTRIMS study did not
show a benefit of IFN-B-1a treatment on time to
confirmed progression in patients with SPMS
overall, there was a treatment benefit for
patients with SPMS who were still experiencing
relapses. The evidence for both IFN-B-la and
IFN-B-1b in the treatment of SPMS supports a
positive impact of IFN-f for patients with SPMS
who are experiencing relapses (active SPMS per
the Lublin 2013 definition [72]). However,
patients with SPMS who are no longer experi-
encing relapses (non-active SPMS per the Lublin
2013 definition [72]) are less likely to benefit
from IFN-B treatment on the basis of these
outcome measures. These studies may reflect
IFN-B effects on the predominantly inflamma-
tory pathology of relapsing MS versus the pre-
dominantly neurodegenerative pathology of
non-relapsing SPMS.

Pediatric Populations

MS onset before 18 years of age is relatively rare
[73, 74]. The volume of research on pediatric MS
is limited compared to adult-onset MS and is
often observational [74]. Consequently, the
DMTs commonly used for adults are often pre-
scribed for pediatric MS because of clinician
familiarity and lack of approved pediatric MS
therapies [12, 73]. IFNs and GA, with well-
known efficacy and safety profiles, have been
preferred in the pediatric MS population
[12, 73-76]. A consensus statement from the
International Pediatric MS Study Group sup-
ports these agents as first-line DMTs [77].

However, clinical trials of other DMTs in
pediatric populations are becoming available,
including PARADIGMS, which compared fin-
golimod to im IFN-B-1a [78]; TERIKIDS, which
examined teriflunomide [79]; FOCUS and the
extension study CONNECTED, which examined
dimethyl fumarate [80, 81]; and CONNECT,
which compared dimethyl fumarate to IFN-p-1a
[82]. Studies of ocrelizumab (NCT04075266)
and alemtuzumab (NCT03368664) in children
and adolescents with RRMS are also underway.
Teriflunomide is approved in the EU for the
treatment of both adult and pediatric patients
with RRMS aged 10 years and older [83].

The retrospective, multicenter REPLAY study
of IFN-B-1a sc (Rebif®) (NCT01207648) exam-
ined the health care records of 307 patients who
had received at least one injection of IFN-B-1a sc
for demyelinating events before the age of
18 years, between 1997 and 2009 [74, 84]. At
treatment initiation, most patients were
receiving adult doses of IFN-B-1a sc (either 22 ng
tiw or 44 pg tiw) [84]. The before-treatment ARR
of 1.79 decreased to 0.47 during treatment, and
IFN-B-1a sc was generally well tolerated, with a
safety profile in younger patients similar to that
in adults. However, these data are limited by the
study’s retrospective nature and lack of a con-
trol group.

The prospective, observational, multicenter
quality of liFe in adolescent sUbjecTs affected
by mUltiple sclerosis treated with
immunomodulatoRy agEnt using self-injecting
device (FUTURE) study of IFN-B-1a sc (22 pg tiw)
using the RebiSmart® autoinjector assessed self-
reported and parent-reported quality of life
(QoL) in 50 Italian adolescents (12 to 16 years of
age) with RRMS, between 2012 and 2014 [85].
The Pediatric Quality of Life Inventory Mul-
tidimensional Fatigue Scale (PedsQL) was com-
pleted by participants and their parents at
baseline and at visits throughout the 52-week
study. Treatment with IFN-B-la sc led to
increased adolescent self-reported total PedsQL
scores and subscale scores, except for the Emo-
tional Functioning subscale. There were signifi-
cant improvements in parent-reported total
PedsQL scores (p = 0.041), Psychosocial Health
Summary scores (p = 0.015), and School Func-
tioning subscale scores (p = 0.029) as well. The
lack of a control arm and the small number of
participants are limitations; however, these
results suggest that IFN-B-1a sc and use of the
RebiSmart™ autoinjector may be associated
with improved QoL among adolescents with
RRMS.

In 2018, orally administered fingolimod
(Gilenya®) was approved for use in RRMS for
individuals under the age of 18 and older than
10 years [74]. In the phase 3 PARADIGMS study
(NCT01892722), patients 10 to 17 years of age
with relapsing MS were randomized to orally
administered fingolimod (0.5mg per day
[0.25 mg/d for  patients with  body
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weight < 40 kg]) or IFN-B-la im (30 pg/week)
for up to 2 years [78]. At or before 24 months,
the primary endpoint (ARR over the period of
active treatment) was lower with fingolimod
(0.12) compared with IFN-B-1a im (0.67) (abso-
lute difference, 0.55 relapses; relative difference,
82%; p < 0.001). To date, orally administered
fingolimod and teriflunomide are the only
DMTs approved in the USA for people with
RRMS under the age of 18 [74, 86]. Additional
studies are needed to determine the safety and
efficacy of other DMTs in this population.

SAFETY

As a class, IFN-Bs have an established safety
record and are well tolerated, with mostly mild
adverse events (AEs) [38]. Substantial clinical
trial and clinical evidence derived from post-
marketing or post-approval experience supports
the long-term safety and favorable risk-benefit
balance of IFN-B-1a sc in approved indications
[12, 33]. IFN-B-1a sc has demonstrated a favor-
able safety profile, with an estimated cumula-
tive exposure of 1,936,801 patient-years in the
post-marketing setting as of May 2023 [Data on
file, EMD Serono Inc., Rockland, MA USA, an
affiliate of Merck KGaA, 2023]. The 20 years of
clinical trial experience with IFN-f-la sc
includes the OWIMS, PRISMS, EVIDENCE,
REGARD, and SPECTRIMS studies, as well as the
extension studies, PRISMS-4, 7/8, and 15
[2, 41, 42, 44, 46, 51, 55, 59, 60].

The most commonly reported AEs observed
in clinical trials of IFN-B-1a sc, as listed in the
prescribing information, were injection site
reactions, influenza-like symptoms, abdominal
pain, depression, elevation of liver enzymes,
and hematologic abnormalities [2, 28]. The
placebo-controlled PRISMS study found that
influenza-like symptoms, injection-site reac-
tions, fatigue, myalgia, and fever were reported
during the first 3 months of therapy with the
interferon and placebo groups, but only injec-
tion-site reactions were more common in the
IFN-B-1a sc groups compared with placebo.
Among laboratory abnormalities reported dur-
ing the first 3 months of therapy, lymphopenia,
increased alanine aminotransferase, leukopenia,

and granulocytopenia were more common in
the IFN-B-1a sc 44-pg tiw group than the pla-
cebo group; no significant differences between
the IFN-B-1a sc 22-ug tiw and placebo groups
were reported [41]. Similarly, the OWIMS study
found that, for the IFN-B-1a sc 44-ug qw dose,
influenza-type symptoms, headache, fever,
chills, and injection site inflammation were
significantly more common in the IFN-B-1a sc
44-ng qw group compared with placebo, but no
significant differences in rates of abnormal liver
function tests were observed [42]. The EVI-
DENCE study examined patients who were
either continuing on IFN-B-la sc 44 pg tiw or
switching from IFN-B-1a im 30 pg qw to IFN-f-
la sc 44 pg tiw [43]. No significant differences
were observed between the post-transition
groups in rates of injection-site reactions (in-
flammation or rash), flu-like symptoms (fever,
fatigue, myalgia), liver function abnormalities,
ALT elevations, or white blood cell abnormali-
ties. The REGARD study found significantly
higher rates of influenza-like illness, headache,
myalgia, and increased ALT in the IFN-B-1a sc
44-ng tiw group compared with the glatiramer
acetate 20-mg sc od group [44]. Rates of dysp-
nea, immediate post-injection drug reactions,
and injection-site pruritus, swelling, and
induration were lower in the IFN-B-1a sc 44-ug
tiw group than in the glatiramer acetate sc
20-mg od group.

Depression is more frequent among people
with MS, so psychological status is of particular
concern during MS treatment [41]. The PRISMS
and OWIMS studies found no significant dif-
ferences in rates of depression between the IFN-
B-la sc study groups and the placebo group
[41, 42]. The REGARD study found no signifi-
cant differences in rates of depression between
the IFN-B-1a sc 44-pg tiw and glatiramer acetate
sc 20-mg od groups [44].

In general, AEs tend to decrease over time
with IFN-B-1a sc treatment [2]. Recent exami-
nation of post-approval spontaneously reported
AEs found no new safety concerns (cumulative
to May 2023) [Data on file] and no increased
risk of COVID-19 (cumulative to April 2022) in
patients treated with IFN-B-1a sc [87]. IFN-B-1a
sc has not been associated with progressive
multifocal leukoencephalopathy. Moreover,

I\ Adis



306

Neurol Ther (2024) 13:283-322

IFN-B has not been associated with increased
malignancy risk [88-90].

Pregnancy and Breastfeeding

MS often manifests during a patient’s repro-
ductive years, impacts more women than men,
and is generally treated long-term, leading to
concerns about potential treatment effects on
pregnancy and breast-feeding. In animal stud-
ies, IEN-B in high doses was associated with an
increased risk for abortion [26, 27, 29, 91].

Although some small, early studies suggested
a potential decrease in birth weight with
maternal IFN- exposure during pregnancy,
larger observational studies did not support this
finding (Table 2) [28, 92-97]. In addition, these
later studies did not show any association with
negative pregnancy outcomes, such as sponta-
neous abortions, major congenital anomalies,
or developmental abnormalities [97-101].
Examination of 948 pregnancies with known
outcomes reported in the European IFN-beta
Pregnancy Registry revealed no evidence that
IFN-B exposure affected the rate of congenital
anomalies or spontaneous abortions compared
to the general population [98]. Most IFN expo-
sures occurred either before conception (13.0%)
or during the first trimester (82.6%), with fewer
exposures reported in the second (3.3%) or third
(1.2%) trimesters.

A study of Finnish and Swedish (2005-2014)
national registry data examined birth weight,
length, and head circumference of infants born
to women with MS exposed to IFN-f (411
pregnancies in Sweden and 232 in Finland) and
those unexposed to any DMT (835 pregnancies
in Sweden and 331 in Finland) [99]. There were
no significant differences between infants born
to women exposed to IFN-f and those unex-
posed to any DMT. A larger study using the
same Finnish (1996-2014) and Swedish
(2005-2014) registries examined the prevalence
of adverse pregnancy outcomes among preg-
nant women with MS exposed to IFN-f and
those unexposed to any DMT [100]. A study of
pregnancy outcomes examined 2831 pregnan-
cies in 1983 women with MS; 797 pregnancies
were exposed to IFN-f only, 1647 were not

exposed to any DMT, and 328 were exposed
exclusively to other DMTs but not to IFN-f.
Again, there was no increase in the prevalence
of major congenital anomalies, spontaneous
abortions, and stillbirths in women exposed to
IFN-B. There were insufficient numbers to
examine rates by trimester of exposure, and
more data are needed to investigate the effects
of exposure beyond the first trimester.

Although additional studies are needed,
those examining the potential effects of DMT
treatment while breastfeeding have supported
[FN-B and GA as safe treatment options during
pregnancy and breastfeeding in patients
requiring MS treatment [102, 103]. The largest
real-world study to date on child development
and breastfeeding examined 74 infants born to
69 women with MS who breastfed while
receiving IFN-B (n = 39), GA (n = 34), or both
(n =1), with data collected during pregnancy
and up to 12 months postpartum [104]. The
study did not find increased risks of adverse
effects on growth, motor and language devel-
opment, or the proportion of infants hospital-
ized or requiring systemic antibiotic use.

On the basis of the outcomes of these stud-
ies, the EU label for IFN-B-la sc now specifies
that women with relapsing MS can continue
treatment with Rebif® during pregnancy if
clinically necessary, specifically in the first tri-
mester, and while breastfeeding [29, 100]. Use
of IFN-B class drugs in general may now be
considered during pregnancy if clinically war-
ranted [100]. In the current US Prescribing
Information for Rebif®, the no-longer used
ABCDX pregnancy categorization designation
has been replaced by data from the Finnish and
Swedish register study and other studies to
explain the potential risks and benefits of
treatment [28]. The prescribing information
currently notes that data “have not identified a
drug-associated risk of major birth defects with
the use of interferon beta during early preg-
nancy. Findings regarding a potential risk for
low birth weight or miscarriage with the use of
interferon beta in pregnancy have been
inconsistent.”
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Table 2 Key studies of pregnancy outcomes after interferon exposure

Study and  Design and population Outcomes
timing
Amato et al. Cohort study o IFN-f exposure was not related to spontaneous
[97] Study groups: Patients abortion (OR 1.08, 95% CI 0.4 to 2.9, p = 0.88)
e 87 women (88 pregnancies) who discontinued IFN- * IFN-B exposure was associated with lower baby
B < 4 weeks before conception (exposed) weight (f = — 113.8,95% CI — 114.1 to — 1135,
p < 0.0001) and length (beta = — 1.102, 95% CI
® 311 women (318 pregnancies) who discontinued IFN- — 1366 to — 0.839, p < 0.0001)
B > 4 weeks before conception or who were never treated
(not exposed)  IFN-f exposure was not associated with an
increased risk of birth weight < 2500 g) (OR 1.14,
95% CI 041 to 3.15, p = 0.803)
Boskovic Longitudinal, cohort study with two control groups ® The study group was exposed to IFN-f-1a
et al, Study groups: women who were (Avonex®, Rebif®) or IFN-B-1b (Betaseron®)
2005 {92 . . .
(921 e Exposed to IFN (to be detrimental 12 women with 21~ * Mean birth weight was decreased in the exposed
pregnancies) group vs healthy controls (3189 & 416 g with IFN
vs 3783 £ 412 g in controls; p = 0.002)
o Healthy comparative group (18 women with 20
pregnancies) ® Women exposed to IFN-B had a higher rate of
miscarriages and stillbirths vs healthy controls
(39.1% vs 5%, respectively; p = 0.03)
Fragoso, Retrospective chart review Of mothers exposed to DMTs, 39 were exposed to
et al, Mothers with MS (» = 180) GLAT, 39 to IFN-f (19 IFN-B-1a at 30 pg/week
2013 [93] [Avonex®], 10 to IFN-B-1b at 10-250 pg on

® 95 unexposed during pregnancy

85 exposed to DMTs for > 2 weeks during pregnancy

alternate days [Betaseron®], and 10 to IFN-B-1a
at 22 or 44 pg tiw [Rebif®])

@ There were also 3 exposures to methylprednisolone,
2 exposures to immunoglobulin, 1 exposure to
azathioprine, and 1 exposure to rituximab

The authors noted

e No pattern of drug-related adverse events or
complications in the children whose mothers were
exposed to DMTs

e No specific long-term adverse events observed in
the offspring of women with MS who were exposed
to drugs during pregnancy
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Table 2 continued

Study and  Design and population Outcomes
timing
Hellwig Nationwide questionnaire and patients within the authors’ Of pregnancies that were fathered by patients with
et al, outpatient clinic MS receiving DMT's (32 paternities of 46
2010 [94] Children of pregnancies), the fathers were treated with
o MS-fathers with DMT (z = 40) * 15 IFN-B-1a im
® MS-mothers without DMT (» = 75) * 7 IEN-B-1b sc
 MS-mothers treated with IEN-P at the time of conception 12 under glatiramer acetate
(n=75) ® 5 IFN-B-1a im 22 pg
o Healthy mothers (z = 75) ® 3 IFN-B-1a im 44 pg
e 2 natalizumab
® 1 methotrexate
e ] combination of
e Azathioprine and IFN-B-1b sc
Mean birth weight of newborns from MS fathers
treated with DMTs was not significantly reduced vs
those from healthy mothers
Mean birth weight of newborns of MS mothers was
significantly reduced vs MS-fathers whether or not
the MS-mothers were treated with IFN-3
No statistical difference was observed in birth weight
of IFN-B-exposed vs untreated MS-mothers
Hellwig Observational, partially retrospective No differences were observed between groups
et al, Pregnant women with MS regarding
2012 [95]

e 78 pregnancies exposed to IFN-B (z = 15 IFN-B-1b,
n = 63 IFN-B-1a)

® 4] pregnancies exposed to GLAT
® 216 non-DMT-exposed pregnancies

e Birth weight (IFN-B-exposed mothers,
3260 % 606 g; GLAT-exposed mothers,
3295 + 688 g; and non—-DMT-exposed mothers,
3383 £+ 544 g)

® Newborn body length (IFN-B-exposed mothers,
51.0 & 2.3 cm; GLAT-exposed mothers,
51.5 & 2.7 cm; and non-DMT-exposed mothers
514 £ 2.6 cm)

e Gestational age (IFN-B-exposed mothers,
38.9 £ 2.4 gw; GLAT-exposed mothers,
39.2 &+ 1.7 gw; and non-DMT-exposed mothers,
39.1 &+ 2.3 gw)

An increased risk for abnormalities in neonates was
not observed for DM T-exposed mothers
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Table 2 continued

Study and  Design and population Outcomes
timing
Korjagina Register-based cohort study Serious adverse pregnancy outcomes occurred in
et al. . .
> 2115 pregnancies ® 43% (95% CI 1.9-8.3) of pregnancies exposed
2021 [96] preg breg P

e Exposed only to IFN-B (» = 718)
® Unexposed to any DMTs (z = 1397)

only to IFN-B 6 months before or during

pregnancy
® 2.7% (95% CI 1.2-5.0) of unexposed pregnancies

The prevalence of serious and other adverse
pregnancy outcomes was not significantly different
between the exposed and unexposed groups

DMT disease-modifying therapy, GLAT glatiramer acetate, IFN interferon

Immunogenicity

Recombinant human homologs, including IFN-
B, may induce antibodies against self-antigens
in some patients over time [16, 10S]. The
potential resulting NAbs are not known to cause
substantial toxicity but remain a significant
concern since, in high titers, they have been
associated with reduced clinical responses to
IFN-B treatments for MS [2, 16, 106].

Estimates of the frequency of NAb develop-
ment from clinical studies differ because of
between-study variables such as differences in
IFN-B formulation, route of administration
[107], and duration of treatment, as well as NAb
measurement techniques and NAb cutoff values
that define a positive sample [105]. However,
NAbs are more likely to develop with higher and
more frequent doses of IFN-f [2, 38]. In addi-
tion, NAbs are more likely to develop with IFN-
B-la sc compared with im administration
[107-109]. NAbs were most likely to develop in
response to IFN-B-1a sc treatment every other
day and more likely to develop in response to
IFN-B-1a sc tiw than to IFN-B-1a im qw [108].

The clinical picture with regard to the effects
of NAbs is complicated in that clinically signif-
icant antibodies only develop in a minority of
patients and typically appear only after 9—-
18 months of IFN-B treatment [105]. Con-
versely, the presence of low-affinity NAbs early
in treatment (6-12 months after therapy initia-
tion) may enhance the effect of IFN-f.

Therefore, depending on the timing of mea-
surement, the impact of NAbs on IFN-f efficacy
is not always predictable or obvious [105]. The
effects of low and medium titers are also
unclear. Decisions regarding discontinuation of
therapy should therefore be made on the basis
of clinical activity [1035].

No characteristics are known to be reliable
predictors of the formation of clinically signifi-
cant NAbs [105], other than the finding that
smokers have a significantly higher risk of
developing NAbs to IFN-B-1a than nonsmokers
(OR 1.9; 95%CI 1.3-2.8; p=0.002) [110].
Recent studies have examined potential
biomarkers such as serum metabolites and
human leukocyte antigen-associated genetic
risk factors. These studies found that changes in
serum lipids, altered metabolite network asso-
ciations, and certain HLA haplotypes were all
associated with NAb status in patients treated
with IFN-B [111, 112].

COVID-19

COVID-19 infection and vaccinations have
potential effects on MS and on MS treatment.
Importantly, patients receiving IFN-B-1a sc have
a reduced risk for serious disease and severe
outcomes compared with the general popula-
tion [113]. Several analyses of people with MS
treated with IFN found reduced risks for severe
COVID-19 compared with no therapy [114] or
compared with pooled DMTs with a moderate/
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high risk of systemic infection (fingolimod,
ocrelizumab, rituximab, cladribine, alem-
tuzumab) [115]. Reduced rates of hospitaliza-
tion (compared with population-based controls)
or death (in a meta-regression of observational
studies) were also observed in patients with MS
treated with IFN [114-117].

Regarding vaccination, treatment with IFN-
does not adversely affect the ability to mount an
adequate immune response to influenza vacci-
nation [118-120]. Though the numbers of
patients examined so far have been small,
recent studies have found similar immune
responses to COVID-19 vaccination in patients
with MS treated with IFN-f and healthy con-
trols [121-124]. The National Multiple Sclerosis
Society recommends COVID-19 vaccination for
people with MS, including those who are taking
DMTs [125]. The MS Society of Canada and the
MS International Federation similarly recom-
mend that people with MS consider getting the
COVID-19 vaccine in consultation with their
health care providers (HCPs) [125, 126]. Those
taking IFN-B-1a sc do not need to modify their
treatment schedule or delay getting vaccinated
against COVID-19.

Some smaller studies have supported IFN-f-
la sc 44 pg tiw as an adjunct treatment for early
and late COVID-19 infection [127-129]. How-
ever, neither the Adaptive COVID-19 Treatment
Trial (ACTT-3, funded by the National Institutes
of Health) nor the Solidarity trial (funded by the
World Health Organization) found a benefit of
IFN-B-1a treatment in patients who were hos-
pitalized for COVID-19 [130, 131]. The phase 3
SPRINTER trial, which used a nebulized formu-
lation of IFN-B, also failed to demonstrate sig-
nificant benefits in patients hospitalized for
COVID-19 [123].

The results of these treatment trials seem-
ingly conflict with the demonstrated real-word
protective effects of IFNs. However, many of
these trials studied late intervention with
interferons, during the hyperinflammatory
cytokine storm, instead of early intervention
when IFN-B treatment is most likely to be ben-
eficial [128-130]. Given the often wunpre-
dictable nature of COVID-19, further testing is
needed.

REAL-WORLD EVIDENCE

As of 2020, around 25,000 people had been
newly diagnosed with MS in the USA each year
(incidence rate of 7.9 per 100,000) [132, 133].
Interest in data gained outside of clinical trials,
or real-world evidence (RWE), has grown as the
number of effective DMTs for MS has increased,
and it has become impractical to perform mul-
tiple large-scale head-to-head clinical studies.
Furthermore, real-world populations include
patients who would normally be excluded from
clinical trials.

RWE supports the efficacy and safety of IFN-
B-la sc and shows good adherence rates to
therapy [134, 135]. The effectiveness of IFN-$-1a
sc compared to other DMTs has also been
examined. Retrospective cohort studies found
no significant differences in ARR and EDSS rates
between IFN-B-1a sc, IFN-B-1a im, and GA [136],
or in relapse risk or ARR between IFN-B-1a sc
and dimethyl fumarate [137, 138]. A propensity
score-based comparison of several DMTs found
no difference in ARR between IFN-B-1a sc and
peginterferon-p-1a [25]. Administrative claims
data from 4475 patients showed no differences
between IFN-B-1a sc and dimethyl fumarate or
fingolimod in terms of risk of relapse [138]. In
contrast, some analyses have found greater
effectiveness with IFN-B-1a sc than with IFN-B-
la im, IFN-B-1b [139], or teriflunomide [138].

A cohort of 2570 patients with RRMS who
had been treated with IFN-$ was prospectively
followed for up to 7 years in 15 Italian MS
centers [140]. Early treatment, defined as start-
ing within 1year from disease onset, signifi-
cantly reduced the risk of reaching either a
1-point progression in EDSS score, or reaching
an EDSS milestone of 4.0.

A large retrospective US administrative
claims study analyzed data from 8107 patients
from the Truven MarketScan Commercial and
Medicare Supplemental health care claims
databases from 2006 to 2012 [141]. The six most
common AEs observed with IFN-B-la sc tiw
were influenza-like symptoms, malaise, fatigue,
abdominal pain, chest pain, and depression,
with incidence rates per 100 patient-years
ranging from 15.65 (95% CI 14.96-16.36) for
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influenza-like symptoms down to 7.75 (95% CI
7.32-8.20) for depression [141]. These real-
world findings were in line with the safety
profile in the US label for IFN-f-1a sc, based on
clinical trial and post-marketing surveillance
data [28, 141]. Overall, real-world data have
supported the efficacy and safety of IFN-B-1a sc
seen in clinical trials.

Autoinjector Devices and Adherence

Adherence to DMTs is a critical factor in
ensuring maximum clinical benefit for patients
with MS. Poor adherence is associated with
worse MS outcomes, including disability pro-
gression and relapses [142]. Autoinjector devi-
ces reduce injection-site reactions and may
thereby improve adherence [143, 144]. The
autoinjector devices currently available for dis-
pensing IFN-B-la sc include the RebiSmart®,
Rebiject®, and Rebidose® autoinjectors; RebiS-
mart® is approved for use in Canada and Eur-
ope, Rebiject® is approved for use in the USA,
and Rebidose® is approved for use in Europe and
the USA. These autoinjectors are associated with
good adherence among patients with MS in the
SMART and MEASURE studies [142, 145], and
the RebiSmart autoinjector is also linked to
improved QoL in adolescent patients with
RRMS [85].

CURRENT ROLE OF IFN-B-1A SC
IN MS TREATMENT

IFN-B has evolved from being the first effective
DMT for MS to one within a wide range of
treatment options for patients with different
clinical and immunological profiles, patient
demographics and treatment history, and per-
sonal preference.

In clinical studies, IFN-B-1a sc has demon-
strated efficacy in relapsing forms of MS,
including CIS, RRMS, and active SPMS
[41, 43, 49-51, 66, 69, 146]. The tolerability and
safety profile of IFN- make it a good choice for
patients who have been unable to tolerate other
DMTs, or who are particularly risk averse [12].
Clinical evidence of long-term treatment

efficacy and safety suggests that patients with
stable disease, plus safety and tolerability during
IFN-B treatment, can continue their therapy
[12, 33]. IEN-B may also be considered for aging
patients in which MS activity declines and long-
term immunosuppression associated with some
alternative therapies is a concern. Additionally,
IFN-B is a viable option in the context of family
planning. As mentioned previously, exposure to
IFN-B treatment during early pregnancy has
demonstrated no negative effects on fetal or
maternal outcomes in large registry studies,
allowing patients to remain on treatment while
trying to conceive. Finally, given the long-term
safety and confirmed efficacy data available,
[FN-B treatment may be useful as a de-escalation
therapy after control of disease activity is
established with another agent where long-term
toxicity is greater or unknown.

The clinical profile of IFN-B-1a has supported
its use in trials as the standard of care/clinically
effective comparator for combination therapy
with other DMTs and with other potentially
beneficial medications and compounds. A study
of 118 patients with RRMS, SPMS, or progressive
relapsing MS examined teriflunomide (7 or
14 mg) added to ongoing IFN- treatment [147].
The IFN-f treatment received was not specified;
any formulation was acceptable so long as the
patient had been on a stable dose. The addition
of teriflunomide did not compromise the safety
and tolerability of IFN-B treatment and reduced
MRI disease activity compared with IFN-f alone.
Similarly, a study of patients with active
relapsing MS, despite IFN-B treatment, found
that the addition of cladribine tablets reduced
relapses and MRI lesion activity with a similar
safety and tolerability profile to IFN-B alone,
except for an increase in lymphopenia [148].
IFN-B, teriflunomide, and cladribine tablets all
have different mechanisms of action, suggest-
ing complementary immune effects and clues to
the basic immunology of MS.

Vitamin D has been investigated as a poten-
tial add-on treatment to IFN--1a, as deficiency
of this vitamin has been associated with the
development of MS and with exacerbations of
MS, although the existing data on this have
been mixed [149]. The Supplementation of
Vigantol Oil versus Placebo Add-on in Patients
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Table 3 Active clinical studies including IFN-f-1a sc

Study title ClinicalTrials.gov ~ Role of IFN-B-1a sc
identifier/link
Determining the Effectiveness of earLy Intensive Versus Escalation NCT03535298 Possible initial step in
Approaches for RRMS (DELIVER-MS) escalation therapy
Traditional Versus Early Aggressive Therapy for Multiple Sclerosis Trial NCT03500328 Active comparator:

(TREAT-MS)

Effect of Disease Modifying Therapy on Antibody Response to COVID19 NCT04834401

Vaccination in Multiple Sclerosis

A Phase IIIb, Multicenter, International Study to Evaluate the Efficacy,
Safety and Tolerability of EK-12 in Patients With RRMS

Study to Evaluate Oral BIIBO61 Added to Interferon-betal (IFN-B1) or NCT04079088
Glatiramer Acetate in Relapsing Multiple Sclerosis (RMS)

traditional therapy
Stable background

therapy
NCT03283397

Active comparator

Stable background
therapy

IFN interferon, MS multiple sclerosis, RRMS relapsing—remitting MS, sc subcutaneous

with RRMS Receiving Rebif Treatment (SOLAR)
study examined the effects of high-dose vita-
minD (n=113) compared with placebo
(n=116) [150, 151]. On the primary endpoint,
the proportions of patients with NEDA-3 at
week 48 were not statistically different between
groups. However, there were significant reduc-
tions in CUA and changes in volume of T2
lesions in combination with vitamin D3 com-
pared with placebo. Vitamin D was also shown
to enhance IFN responses of mononuclear cells
from patients with MS in vitro, regardless of
whether the patient had previously been treated
with IFN-B-1b or was untreated [152]. A sub-
group analysis of the Finnish Vitamin D Study
showed a statistically significant reduction in T1
lesion numbers, reduced T2 lesion volume
growth, and fewer new/enlarging T2 lesions for
patients with MS receiving treatment with IFN-
B-1b who were also given vitamin D3 versus
placebo [153]. Finally, a 1-year, placebo-con-
trolled, double-blind study in 66 patients with
MS showed a significant reduction in MRI dis-
ease activity in the group given vitamin D3 in
addition to IFN-B-1b versus those given placebo
and IFN-B-1b [154].

Statins have also been examined as potential
add-ons to IFN-B-l1a treatment as both statins
and IFN-B-1a are thought to have anti-inflam-
matory effects. Although some studies have

found potential benefits of adding statins to
IFN-B-1a treatment [155-157], most have found
no benefit or have found the combination to be
detrimental [3, 158, 159]. It is thought that,
although both statins and IFN-B-1a are anti-in-
flammatory, the mechanisms of actions of these
two treatments may interfere, rather than syn-
ergize, with each other [3, 149]. It should be
noted that the doses of statins used in these
studies were lower than those used in the
treatment of dyslipidemia [155, 156, 159].
Three decades of research and clinical expe-
rience have provided a wealth of data on the
long-term safety, efficacy, and real-world effec-
tiveness of IFN-B as well as its mechanism of
action. IFN-B-1a sc continues to play a role in
research into MS pathology and treatment; it is
used as an active comparator to other treat-
ments or as stable background therapy in clin-
ical trials, as reflected in the list of ongoing
studies listed in Table 3. IFN-B-1a sc is being
employed as an active comparator to the anti-
inflammatory neuropeptide combination of
metenkefalin and  tridecactide (EK-12)
(NCT03283397). In the DELIVER-MS and
TREAT-MS studies, the efficacy of IFN-B-1a sc as
initial therapy in early RRMS will be compared
with the efficacy of other treatment regimens
(NCT03535298; NCT03500328). Finally, IFN-B-
la sc is part of stable background therapy
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allowing for the evaluation of BIIBO61, an agent
that is thought to be neuroprotective and is
being investigated as a possible remyelinating
agent (NCT04079088).

NEW RESEARCH AND FUTURE
PERSPECTIVES

Owing to the number of DMTs currently
approved for treating RRMS and the continuing
development of new agents, it is becoming
important to identify patient factors that influ-
ence the acceptability of a treatment and
improve long-term adherence. Achieving this
goal requires more than amassing and evaluat-
ing clinical evidence. Factors that should be
considered when selecting the right treatment
include patient comfort and risk tolerance/
aversion, comorbidities, perceptions of a medi-
cation’s efficacy, as well as consideration of
other treatment options, including generic
medications. Factors that enhance adherence
for a particular patient, including cost, dosing
frequency, administration method (e.g., pills vs
injections), and impact on family planning
should also be factored into treatment deci-
sions. Effectiveness in real-world settings may
be of particular interest to HCPs, while tolera-
bility, particularly as reported by patients, may
carry more weight for people with MS.

For a disease such as MS, with a highly vari-
able course and few predictors of treatment
response, biomarkers are of particular interest to
help determine safe and effective therapies for
individual patients, although the same variables
that make MS difficult to treat also complicate
the identification of biomarkers [160]. Studies
have examined and identified potential
biomarkers that reflect the effects of IFN-f
treatment, though further research is needed to
establish reliable and accessible biomarkers of
clinically meaningful treatment response to
IFN-B [13, 33, 161-166].

Serum neurofilament light chains (sNfL),
growth differentiation factor 15 (GDF-15), and
autoantibody signatures have been studied in a
subset of patients from the REFLEX study, in
order to investigate if these factors may con-
tribute to MS pathology, disease course, disease

prognosis, and therapeutic response
[162, 167-169]. In patients with a first clinically
demyelinating event, higher baseline sNifL
levels have been associated with a greater like-
lihood of conversion to MS, although conver-
sion to MS was delayed in patients treated with
[FN-B-1a sc regardless of higher or lower sNfL
levels [168]. Higher baseline sNfL levels also
moderately correlated with increased MRI
lesion load and with lesion count in patients
given placebo but correlated only weakly with
lesion counts in patients treated with IFN-B-1a
sc, who demonstrated reduced lesion counts
compared to patients receiving placebo [167].
Conversely, GDF-15 levels increased with IFN-f-
la sc treatment, and GDF-15 levels also
increased in those patients who did not convert
to MS [169]. Finally, antigenome technology is
being used to identify autoantibody targets in
the human genome, helping to identify poten-
tial biomarkers for IFN-B-1a treatment response
in patients with MS and to determine which
patients may progress to CDMS [162].

Despite ongoing research to identify more
sensitive biomarkers, the inflammation and
tissue damage seen on MRI is considered the
best available biomarker of disease and con-
tributes to diagnosis and assessment of disease
progression and treatment efficacy [170]. NfL
levels and other soluble markers are promising
as biomarkers of disease progression and treat-
ment effects, but their relevance to clinical
practice and ability to predict treatment
response remains an area of continued study
[170].

Research into the effects of IFN-B on gene
expression may ultimately yield information
both about the mechanism of action of IFN-B
therapies as well as the pathophysiology of MS
[35]. However, evidence so far has been mixed
regarding genes with polymorphisms related to
[FN-B response. Candidate genes have included
those that encode the common receptor for
typel IENs, IFN response-element sequences,
IFN regulatory transcription factors, and other
cytokine genes as well as a host of other alleles
unrelated to cytokines [160]. Pharmacogenetic
biomarkers may become a vital part of enabling
MS treatment choices in the future but are not
yet fully developed for clinical use.
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CONCLUSIONS

The state of MS treatment has vastly improved
over the last 30 years. Through this evolving
clinical landscape, IFN-B-1a sc has remained a
mainstay of therapy, with an established effi-
cacy and safety profile with an estimated
cumulative exposure of 1,936,801 patient-years
in the post-marketing setting as of May 2023
[Data on file, EMD Serono Inc., Rockland, MA
USA, an affiliate of Merck KGaA, 2023]. IFN-B-1a
sc has become an important standard-of-care
comparator for studies of newer treatments and
combination therapies, as well as providing a
framework for research into the mechanisms by
which MS begins and progresses. Research is
ongoing in the hopes of refining treatment to
improve the lives and health of people with MS.
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