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Abstract

Recombinant interferon (IFN) pB-1b was approved by the US Food and Drug Administration as the first disease-modifying
therapy (DMT) for multiple sclerosis (MS) in 1993. Since that time, clinical trials and real-world observational studies have
demonstrated the effectiveness of IFN therapies. The pivotal intramuscular IFN p-1a phase III trial published in 1996 was
the first to demonstrate that a DMT could reduce accumulation of sustained disability in MS. Patient adherence to treatment
is higher with intramuscular IFN p-1a, given once weekly, than with subcutaneous formulations requiring multiple injec-
tions per week. Moreover, subcutaneous IFN p-1a is associated with an increased incidence of injection-site reactions and
neutralizing antibodies compared with intramuscular administration. In recent years, revisions to MS diagnostic criteria
have improved clinicians’ ability to identify patients with MS and have promoted the use of magnetic resonance imaging
(MRI) for diagnosis and disease monitoring. MRI studies show that treatment with IFN B-1a, relative to placebo, reduces
T2 and gadolinium-enhancing lesions and gray matter atrophy. Since the approval of intramuscular IFN f-1a, a number of
high-efficacy therapies have been approved for MS, though the benefit of these high-efficacy therapies should be balanced
against the increased risk of serious adverse events associated with their long-term use. For some subpopulations of patients,
including pregnant women, the safety profile of IFN f§ formulations may provide a particular benefit. In addition, the antiviral
properties of IFNs may indicate potential therapeutic opportunities for IFN f in reducing the risk of viral infections such

as COVID-19.

Since 1981, clinical and real-world observational stud-

1 Introduction

Multiple sclerosis (MS) is a chronic inflammatory demyeli-
nating and neurodegenerative disease of the central nervous

system (CNS) of unknown etiology with a projected 2020
prevalence of > 0.9 million cases in the United States [1] and
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ies have demonstrated the effectiveness of interferon
therapies in reducing relapse rate, disability worsening/
progression, and the number of new or newly enlarging
lesions in patients with multiple sclerosis (MS).

The pivotal intramuscular interferon p-1a phase III trial
in 1996 (Multiple Sclerosis Collaborative Research
Group [MSCRG]) was the first to demonstrate that
disease-modifying therapy could reduce the accumula-
tion of sustained disability in MS.

Other studies suggest that interferon treatment may
improve cognition and benefit patients’ quality of life.
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an estimated 2020 global prevalence of > 2.8 million cases [2].
Symptoms of MS usually appear in adults between 20 and 50
years of age [3—5] and may include fatigue, visual impairment,
motor weakness, ataxia, reduced mobility, tremor, sensory
loss, pain, impaired genitourinary function, depression, and
cognitive impairment [6]. These symptoms have a negative
impact on patients’ quality of life (QoL) by interfering with
gainful employment, interpersonal relationships, intimate and
leisure activities, and other daily activities [7, 8]. Most peo-
ple with MS (> 85%) present with relapsing-remitting MS
(RRMS) [4], characterized by an initial phase of recurrent
neurologic episodes (relapses) followed by remission and a
second phase consisting of the progressive accrual of neuro-
logic disability [9, 10].

The pathological mechanisms underlying the initiation
and progression of MS are multifactorial and not completely
known (reviewed in [11-15]). The autoimmune inflammatory
state is generally believed to be initiated by myelin-reactive
CD4+ T helper cells [15-17], although other immune cells,
including CD8+ T cells and B cells, are also significantly
involved [18, 19]. Epidemiological studies have identified
geographic [20], environmental [21-23], commensal [24-26],
and genetic [27] risk factors for MS. Genome-wide associa-
tion studies show over 200 loci that may contribute to the
genetic risk for MS, including major histocompatibility com-
plex alleles and genes regulating interferon (IFN) responses
(reviewed in [28-31]). While some of the genetic loci and most
of the identified environmental risk factors affect adaptive and/
or innate immunity, no one risk factor is able to explain all
cases of MS. This suggests that one or more risk factors may
help to ‘trigger’ MS in genetically susceptible persons [32, 33].

Twenty-five years ago, intramuscular (IM) IFN f-1a
(Avonex®) was shown to be the first treatment for patients
with MS that could impact the course of the disease by reduc-
ing the accrual of sustained disability in addition to reducing
relapses. Since the approval of IM IFN p-1a, the MS thera-
peutic landscape has changed considerably with the addition
of new therapeutic agents. In the following, we present a nar-
rative review of the history, mechanism of action, and clinical
and real-world experience with IM IFN f-1a for the treatment
of MS.

2 The Interferons (IFNs): Discovery
and Mechanism of Action in Multiple
Sclerosis Therapy

The IFNs were discovered in 1957 during investigations
into mechanisms of viral interference [34]. In humans,
IFNs form a family of secreted autocrine and paracrine
cytokines [35] with diverse and essential roles in mediat-
ing antiviral activity, regulating cell growth and prolifera-
tion, and modulating immune responses [36, 37].
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Based on sequence homology and signaling properties,
IFNs can be grouped into three types. All type I IFNs bind
to and signal through the same heterodimeric IFNAR1/
IFNAR2 receptor [38, 39]. In addition to the type I IFNs,
a single type II IFN, IFN v, signals through different recep-
tors and elicits different cellular responses [40], though
both types regulate inflammatory responses, primarily by
signaling through the JAK-STAT family of signal trans-
ducers [41]. The type III IFNs, which include IFN A1-4,
primarily target epithelial cells and have antiviral and
immunomodulatory functions [42].

Epidemiological evidence for a viral trigger of MS,
coupled with the known antiviral activity of type I IFNs
[34, 43], formed the rationale for a small study in patients
with MS randomly assigned to a group receiving intrathe-
cal IFN B (n = 10) administered over 6 months or a non-
treated control group (n = 10), which was reported in 1981
[44, 45] (Table 1). Over 1.5-2.0 years of observation,
patients who received repeated intrathecal IFN f injections
had fewer relapses and were more likely to show improve-
ment in their clinical condition than control patients [44,
45]. Approximately 90% of the treated population required
no additional injections nearly 4 years after the last intrath-
ecal injection [46]. In 1984, a clinical trial of subcutaneous
(SC) IFN o administration reported a trend toward reduced
relapse rates [47]. These advances, coupled with the avail-
ability of biologically active recombinant IFNs [48], led
to the pivotal clinical trials that resulted in US Food and
Drug Administration (FDA) approval of recombinant SC
IFN f-1b (Betaseron®/Betaferon® and Extavia®) in 1993
[49-51] and recombinant IM IFN f-1a (Avonex®) in 1996
[52] for treatment of relapsing MS (Fig. 1).

IFN B-1b and IFN B-1a were among the first disease-
modifying therapies (DMTs) approved for treatment of
relapsing forms of MS, ushering in the modern era of
DMTs for MS. A third IFN, SC-administered IFN p-1a
(Rebif ®), was approved in 2002 [53]. SC and IM for-
mulations of pegylated IFN p-1a (Plegridy®), which has
a longer half-life and thus requires less frequent dos-
ing, were approved in 2014 and 2021, respectively [54]
(Fig. 1). The beta IFNs are among the most widely pre-
scribed DMTs for MS worldwide [55]. As of March 2020,
> 580,000 patients have been prescribed IM IFN p-1a
since its approval, representing > 2,600,000 patient-years
of exposure [56].

The complex effects of IFN f on immunomodulatory
signaling that contribute to its effectiveness in treating MS
have been reviewed elsewhere [57-62] and will only be sum-
marized here. IFN B inhibits production of the inflammatory
T, 1 cytokines, IFN y and interleukin 12 (IL-12), by human
dendritic cells [63, 64]. In patients with stable MS, long-
term treatment with IFN f (over an average of 8 years) sup-
presses expression of Ty 1/T,2/T; 17 inflammatory cytokines
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1981-1982 1996

480 million years ago
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IFN B-1b?

FDA
approval of
IM IFN B-1a’

IFN system
evolves in
bony fish®

IT studies of
IFN B-1a°

Identification
of IFN®

1957 1993 1996

Fig.1 Timeline of key developments in the history of interferon
beta-1 (IFN B-1) for MS. CHAMPIONS Controlled High-Risk
Avonex Multiple Sclerosis Prevention Study in Ongoing Neurologi-
cal Surveillance, CHAMPS Controlled High Risk Avonex Multiple
Sclerosis Study, FDA Food and Drug Administration, /FN interferon,
IM intramuscular, IT intrathecal, MSCRG MS Collaborative Research
Group, SC subcutaneous; *Krause and Petska (2005) [199]; Tsaacs

and costimulatory proteins, reducing the ‘cytokine storm’
observed in untreated MS patients [65].

Deficiencies or dysfunction in the maintenance of immu-
nological self-tolerance by regulatory T cells can contribute
to autoimmune disease [66], and expression of FOXP3, a
master regulator of transcription in regulatory T cells, is
reduced in regulatory CD4+4+CD25+ T cells isolated from
patients with MS [67]. Within 6 months after starting ther-
apy with IFN B, including IM IFN B-1a, naive CD4+ regula-
tory T cells increase, memory regulatory T cells decrease,
and CD4 regulatory T-cell function is at least partially
restored [68].

IFN f treatment improves the subnormal function seen in
nonspecific CD8+ suppressor cells isolated from untreated
MS patients. CD8+ T cells play an important role in the
resolution of inflammation. Patients in relapse have fewer
CD8+CD25+FOXP3+ regulatory T cells in their cerebro-
spinal fluid (CSF) than patients in remission [69]. CD8+
regulatory T cells isolated from clinically quiescent treat-
ment-naive patients with MS or healthy subjects similarly
suppress the proliferation of autoreactive CD4+ T cells, but
CD8+ cells isolated from patients during relapse are defi-
cient in T-cell suppressor function [70]. CD4+ and CD8+
T cells from IFN p-treated patients also demonstrate reduced
proliferation and autoreactivity and decreased production of
IFN v in response to challenge with a myelin-derived antigen
compared with cells from untreated MS patients [71].

IFN f also promotes the production of the anti-inflamma-
tory and tolerogenic cytokine interleukin-10 (IL-10). Low
levels of IL-10 are associated with an elevated risk of devel-
oping autoimmune diseases [72]. IFN p-1a induces expres-
sion of IL-10 in cultured peripheral blood mononuclear cells
from patients with MS and healthy controls [73, 74]. IL-10
levels in CSF decrease during MS relapse and increase dur-
ing remission, and IFN f-1a therapy increases serum IL-10
levels in patients with relapsing MS [75].

Finally, in animal models of MS, IFN f reduces the
expression of vascular and intercellular adhesion mole-
cules [76] and decreases both the inflammatory activity of

3-year RCT¢

2000 2012 2021

FDA
approval
of SC

FDA
approval
of IM

Real-world
observational
studies of

IFN B

CHAMPIONS'
10-year
extension
study'

FDA
approval of

CHAMPS

PEGylated
IFN B-1a

PEGylated
IFN B-1al

2002 2014 2013—-present

et al. (1957) [34]; “Tacobs et al. (1981, 1982) [44, 45]; 9SC IFN p-1b
(Betaseron® and Extavia®) (2020) [49, 51]; $Jacobs et al. (1996) [78];
IM IEN p-1a (Avonex®) (2020) [52]; &Jacobs et al. (2000) [79]; "SC
IFN p-1a (Rebif®) (2020) [53]; ‘Kinkel et al. (2012) [85]; pegylated
IFN p-la (Plegridy®) (2021) [54]; ¥Cohan et al. (2018) [116]; Fox
et al. (2013) [119]; Gajofatto et al. (2009) [195]; Einarson et al.
(2017) [127]

dendritic antigen-presenting cells and their migration into
the CNS [77].

Thus, type I IFNs have broad effects in reducing inflam-
matory cytokines, correcting defective regulatory cell func-
tion in MS, and reducing expression of molecules that allow
penetration of the blood-brain barrier.

3 The Efficacy of Intramuscular (IM)
IFN B-1a: Clinical Studies

3.1 Pivotal Clinical Trials: Multiple Sclerosis
Collaborative Research Group (MSCRG)
and Controlled High-Risk Subjects Avonex
Multiple Sclerosis Prevention Study (CHAMPS)

The pivotal phase III MSCRG randomized clinical trial of
recombinant IM IFN B-1a versus placebo in patients with
relapsing MS was the first large study designed to assess the
effect of IFN treatment on physical disability [78]. Kaplan-
Meier—estimated time to confirmed disability worsening
(CDW) over 104 weeks of treatment (the primary study
endpoint, defined as a 1.0-point increase from baseline
Expanded Disability Status Scale [EDSS] score, confirmed
after 6 months) was greater for patients treated with IM
IFN B-1a than with placebo (p = 0.02).

CHAMPS was a 3-year randomized controlled study that
examined the effect of IM IFN B-1a versus placebo in 383
patients after a first demyelinating episode involving either
the optic nerve (optic neuritis), the brainstem/cerebellum,
or the spinal cord (incomplete transverse myelitis) [79]. The
primary study endpoint was the development of clinically
definite MS (CDMS), defined as the occurrence of either
a new clinical neurologic event or an increase after > 1
month of treatment of > 1.5 points in EDSS score. Evi-
dence of new radiological activity (new or enlarging T2 or
new gadolinium-enhancing [Gd+] lesions) was assessed as a
prespecified secondary endpoint. After 3 years of treatment,
the estimated cumulative probability of disease worsening
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was significantly lower in the IM IFN f-1a group than the
placebo group (p = 0.002) [79]. These results were con-
firmed in a subgroup analysis of CHAMPS [80]. Based on
a composite measure consisting of either the development
of CDMS (as specified above) or more than one new or
enlarging T2 lesion on magnetic resonance imaging (MRI),
IM IFN B-1a demonstrated benefit compared with placebo
regardless of the initial demyelinating event. Table 1 pro-
vides more complete details of the MSCRG and CHAMPS
studies.

While an earlier study of IM IFN $-1b did show a reduc-
tion in relapses in IFN-treated patients compared with a
placebo group [81], that trial was not designed to determine
the effect of treatment on physical disability. The MSCRG
results for IM IFN f-1a were the first demonstration that
DMT treatment of patients with relapsing MS could alter the
course of the disease by reducing the accumulation of con-
firmed/sustained disability. The CHAMPS trial, in addition
to providing evidence for the value of early DMT initiation,
also demonstrated the value of early MRI scans in MS diag-
nosis and treatment monitoring, and both concepts continue
to inform clinical studies of treatments for MS.

3.2 Long-Term Efficacy of IM IFN B-1a in the MSCRG
and CHAMPS Extension Studies

Of the 301 patients originally randomized in the MSCRG
pivotal study, 172 (57.1%) completed the full 2 years, 85 of
whom were originally randomized to receive IM IFN f-1a.
Follow-up studies evaluated the long-term efficacy of IM
IFN p-1a based on assessments performed 8 years [82] and
15 years (ASSURANCE) [83] after original entry into the
MSCRG trial. At 8 years, a lower proportion of patients
initially randomized to IM IFN f-1a rather than to placebo
had progressed to an EDSS score > 4.0 (44.3% vs 65.4%;
relative risk reduction 32.3%; p = 0.007) or > 5.0 (34.2%
vs 54.3%; relative risk reduction 36.9%; p = 0.01), demon-
strating that early treatment with IM IFN p-1a reduced the
proportion of patients with EDSS progression (Table 2).
At the year-15 ASSURANCE follow-up assessment, in 122
eligible patients (63 and 59 patients originally randomized
to IM IFN B-1a or placebo, respectively; 14 patients were
deceased), those randomized to IM IFN f-1a had better
disability outcomes than those randomized to placebo on
metrics including mean EDSS score (5.1 vs 5.7), increase
from baseline in EDSS score (2.9 vs 3.3 points), and pro-
gression to EDSS score > 4.0 (73.9% vs 79.1%), > 6.0
(47.8% vs 58.2%), or > 7.0 (24.6% vs 31.3%) [83]. At 15
years, patients with ongoing IM IFN f-1a therapy had
a lower mean EDSS score (4.4 vs 5.7; p = 0.011) and a
smaller mean increase in EDSS score from baseline (2.3
vs 3.3; p = 0.011) than patients who had discontinued IM
IFN p-1a [83] (Table 2).
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The open-label extension study, CHAMPIONS, provided
long-term efficacy data on patients originally enrolled in
CHAMPS and randomized to placebo or IM IFN f-1a treat-
ment [84]. All CHAMPS patients who enrolled in CHAMPI-
ONS (203 of 383 [53%]) were offered IM IFN f-1a, regard-
less of their original assignment. After 5 years of treatment
with IM IFN f-1a, the cumulative probability of developing
CDMS (as defined in CHAMPS) was lower in patients rand-
omized to receive IM IFN f-1a in CHAMPS (the immediate-
treatment group) than in those who initially received pla-
cebo (the delayed-treatment group; mean [standard deviation
(SD)] 5-year incidence 36% [9%] vs 49% [10%]; p = 0.03;
Table 2).

Similar results were seen in a subset of CHAMPIONS
patients at 10 years of follow-up [85]. The cumulative prob-
ability of developing CDMS was lower in the immediate-
treatment group than in the delayed-treatment group (58% vs
69%; p = 0.004). Patients in the immediate-treatment group
also had a significantly lower annualized relapse rate (ARR)
than those in the delayed-treatment group during years 5-10
(0.14 vs 0.31; p = 0.03) and over the entire 10-year follow-
up period (0.16 vs 0.33; p = 0.02; Table 2). At 10 years,
81% of all patients had an EDSS score < 3.0. There were
no significant between-group differences for EDSS worsen-
ing, change in T2 lesion volume, number of Gd+ lesions,
or number of new or enlarging T2 lesions in years 5-10.
The CHAMPIONS 10-year follow-up results suggest that
early initiation of treatment has a more beneficial impact on
MS disease course in patients than later initiation. Over the
10-year follow-up period, IM IFN p-1a was associated with
a low percentage of serious adverse events (SAEs) and no
new safety concerns (see also Sect. 6 below).

4 Comparative Efficacy of IMIFN 3-1a

The efficacy of IM IFN f-1a has been compared with other
in-class DMTs in head-to-head studies, and IM IFN f-1a has
been used as a comparator in clinical trials of newer DMTs.

4.1 Head-to-Head Efficacy Comparison in EVIDENCE

EVIDENCE was a multicenter, randomized controlled
trial of the efficacy and safety of SC IFN fp-1a versus IM
IFN f-1a in patients with RRMS [86, 87]. In the primary
clinical outcome, more patients receiving SC IFN p-1a than
IM IFN B-1a were relapse free after 24 weeks (75% vs 63%;
p = 0.0005) and 48 weeks (62% vs 52%; p = 0.009) [86].
Similarly, ARR was significantly lower in the SC IFN p-1a
group than the IM IFN B-1a group at 24 weeks (0.29 vs 0.41;
p = 0.022) but not at 48 weeks (0.54 vs 0.64; p = 0.094).
More patients receiving SC IFN f-1a than IM IFN f-1a
had no new MRI activity (no new Gd+ lesions or new or
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enlarging T2 lesions) at 24 weeks (p < 0.001). However,
in an analysis of 6-month CDW (defined as a > 1.0-point
increase in EDSS score) over 48 weeks, the proportions of
SC IFN B-1a and IM IFN B-1a patients with disability pro-
gression did not differ significantly (5.9% vs 8.3%; p = 0.23;
Table 3) [86]. Between-group differences were maintained
when EVIDENCE patients were followed for 64 weeks [87].
More SC IFN p-1a than IM IFN f-1a patients remained
relapse free (56% vs 48%; p = 0.023) and free of new or
enlarging T2 lesions (58% vs 38%; p < 0.001). However, as
in the 48-week analyses, there was no significant difference
in the proportions of SC IFN -1a and IM IFN f-1a patients
with 6-month CDW (16% vs 17%; p = 0.710; Table 3).

An assessment using the composite outcome measure
‘no evidence of disease activity’ (NEDA, defined as no
relapses, no 3-month confirmed EDSS worsening, no new
Gd+ lesions, and no new or enlarging T2 lesions) showed
that more patients treated with SC IFN B-1a than with IM
IFN B-1a achieved NEDA (59.5% vs 41.2%; p < 0.001) over
24 weeks in the EVIDENCE study [88].

4.2 Other Comparative Studies

TRANSFORMS was a 12-month, randomized, double-
blind, double-dummy, phase III efficacy study of fingoli-
mod, an orally bioavailable functional sphingosine-1-phos-
phate-receptor modulator, compared with IM IFN f-1
[89]. In the primary study outcome, ARR at 12 months was
significantly lower for patients receiving either 1.25 mg
or 0.5 mg fingolimod than for those receiving IM IFN f-1
30 pg (both p < 0.001). However, in a key secondary out-
come, there was no significant difference in the proportion
of patients free of 3-month confirmed disability progression
on IM IFN B-1 (92.1%) compared with fingolimod 1.25 mg
(93.3%; p = 0.50) or fingolimod 0.5 mg (94.1%; p = 0.25;
Table 3) [89].

Similar results were obtained in DECIDE, a randomized,
double-blind, active-controlled phase III study of dacli-
zumab, an anti-IL-2 receptor monoclonal antibody (volun-
tarily withdrawn from the market in March 2018), compared
with IM IFN f-1a [90]. ARR over 144 weeks, the primary
study outcome, was lower with daclizumab than with IM
IFN B-1a, as was the number of new or enlarging T2 lesions
over 96 weeks (both p < 0.001). Paralleling the results of
EVIDENCE and TRANSFORMS, there was no significant
difference in the estimated proportions of patients with
3-month CDW between the daclizumab and IM IFN f-1a
treatment arms over 144 weeks of treatment (16% vs 20%;
p = 0.16; Table 3) [90].

RADIANCE was a 24-month, multicenter, double-blind,
double-dummy, phase III trial that compared the safety and
efficacy of ozanimod, a sphingosine 1-phosphate receptor
modulator, with IM IFN f-1a [91]. Over 24 months, ARR

was significantly lower in patients treated with ozanimod
1.0 mg than with IM IFN f-1a (p < 0.0001). Similarly, the
adjusted mean number of new or enlarging T2 lesions per
scan was significantly lower with ozanimod than with IM
IFN p-1a (1.84 vs 3.18; p < 0.0001), as was the adjusted
mean number of Gd+ lesions at 2 years (0.18 vs 0.37;
p = 0.0006). However, the proportion of patients with dis-
ability progression (defined as an EDSS score increase of
>1.0 point confirmed after 3 or 6 months) did not differ
significantly in the ozanimod and IM IFN pB-1a treatment
groups (3-month CDW: 12.5% vs 11.3% [p = 0.8224];,
6-month CDW: 9.7% vs 6.6% [p = 0.1353]) [92].

Taken together, these comparative studies suggest that IM
IFN B-1a provides substantial long-term benefit to patients,
as evidenced by the consistently low proportions of patients
with 3- or 6-month CDW, despite the greater proportion of
IM IFN B-1la—treated patients with relapse or MRI activity
compared with those treated with alternative DMTs. It is
possible that the durations of the comparative studies (1236
months) were not sufficient to detect a difference in 3- or
6-month CDW between IM IFN f-1a and the comparator
DMTs, and these results should be interpreted cautiously.
However, the results are consistent with the findings from a
10-year, longitudinal prospective study of 480 patients with
RRMS or clinically isolated syndrome that brain atrophy, but
not relapse activity, is associated with long-term disability
progression [93].

5 Brain Atrophy and Pseudoatrophy

Brain atrophy/brain volume loss (BVL) predicts long-term
disability in MS [93, 94]. BVL is included in an expanded
NEDA outcome measure, NEDA-4 [95]. However, reliable
assessment of BVL can be difficult due to the variability
and limited reproducibility of imaging methods. In addi-
tion, brain volume changes associated with aging in healthy
individuals as well as those with MS make it difficult to
identify the precise extent of pathological BVL attributable
to MS [96]. Nevertheless, longitudinal imaging studies of
BVL have found a larger annual percentage brain volume
change (PBVC) in patients with MS than in normal con-
trols (PBVC mean [SD] —0.51% [0.27] vs —0.27% [0.15];
p < 0.0001) [97].

Another difficulty in using brain atrophy as a therapeu-
tic endpoint is the loss of brain volume during short-term
(approximately 1 year) treatment with anti-inflammatory
DMTs [98]. This phenomenon, termed ‘pseudoatrophy,’
presumably results from resolution of edema in brain along
with reduction in the number or volume of inflammatory
cells, including microglia [99]. For example, in MSCRG,
a post-hoc analysis observed that IM IFN p-1a reduced the
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progression of brain atrophy, but only by the end of the sec-
ond year of treatment [100]. It is possible that pseudoatrophy
in year 1 masked improvements in BVL during this time.

Supporting this hypothesis, a 3-year prospective study of
386 patients treated with IM IFN f-1a reported that the rela-
tive decrease from baseline in brain parenchymal fraction
(BPF, a normalized measure of whole-brain atrophy) was
0.686% after 1 year of therapy, 0.377% after 2 years, and
0.378% after 3 years [101]. Subgroup analysis revealed that
68% of the decrease in BPF during the first year occurred
during the first 4 months of treatment (0.482% decrease at 4
months; 0.710% change at 1 year). The pretreatment annu-
alized rate of atrophy was 1.06%, whereas the yearly rate
of atrophy was 0.33% from 4 months to 3 years of active
therapy [101].

Gray matter (GM) atrophy may be the most clinically
relevant component of overall brain atrophy in MS [102],
as it correlates with physical disability [103] and cognitive
impairment [104]. The thalamus is a GM region involved in
sensorimotor, cognitive, and attentional circuit functions.
A subgroup analysis of 39 patients found reduced thalamic
volume in patients with MS compared with normal con-
trols (p < 0.0001) and a strong correlation between thalamic
volume and cognitive performance [105]. A retrospective
study of MSCRG patients with available whole brain atro-
phy (BPF) data during the second year of treatment showed
significantly less GM atrophy with IM IFN f-1a therapy
than with placebo [106]. There was no significant difference
in white matter (WM) atrophy, though pseudoatrophy was
more apparent in WM than in GM.

6 Cognition

Cognitive impairment occurs frequently in MS, affecting up
to 65% of patients [107]. Cognitive deficits adversely impact
family and social relationships, work, and self-care [108].
Results from MSCRG provided early evidence that IM
IFN f-1a treatment could slow cognitive decline in patients
with MS. At 2 years, IM IFN p-1a treatment improved infor-
mation processing speed and learning/memory as assessed
by the Comprehensive Neuropsychological Battery com-
pared with placebo [109].

In the CHAMPIONS 10-year follow-up, > 95% of
patients treated with IM IFN p-1a showed cognitive stabil-
ity, as assessed by the Paced Auditory Serial Addition Test
(PASAT), over years 5-10 of the study [110]. Patient attri-
tion over 10 years may have introduced selection bias into
CHAMPIONS, but these results still seem notable, given
that a small longitudinal study of patients with untreated
early-onset MS showed cognitive decline in 46% of patients
over 10 years [111]. It should also be noted that learning
effects may have elevated PASAT scores in CHAMPIONS,
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and therefore these longitudinal cognitive test results should
be interpreted with caution.

The DECIDE study of patients with RRMS treated with
IM IFN f-1a or daclizumab demonstrated improvements
in processing speed on the Symbol Digit Modalities Test
(SDMT) for both treatments over 96 weeks, with signifi-
cantly greater improvements seen with daclizumab [112]. An
analysis of the DECIDE patients treated with IM IFN p-1a
(n = 922) showed an association between processing speed
on the SDMT and cortical GM (CGM) and thalamic volume.
With MRI results re-baselined at 24 weeks (to allow time for
full clinical benefit and to adjust for pseudoatrophy), SDMT
improvement at 96 weeks was more pronounced in patients
with low (no greater than median) CGM loss over weeks
24-96 than in those with high (greater than median) CGM
loss (p = 0.0031). Similarly, SDMT improvement at 96
weeks was more pronounced in patients with low thalamic
volume loss than in those with high thalamic volume loss
(p = 0.0445; Table 3) [113]. A recent systematic review of
cognitive test performance outcomes in 44 studies revealed
positive effects on cognitive test performance for DMTs in
general; no significant differences between the effects were
seen with any single DMT, including high-efficacy DMTs,
and IFN B [114].

7 Real-World Effectiveness and Adherence

Real-world observational studies provide data on long-term
MS treatment outcomes and drug adherence in routine clini-
cal practice settings and complement the information from
randomized clinical trials [115]. Real-world data from a US
claims database were used to investigate outcome measures
in patients with MS who were stable (relapse free for 1 year)
on any IFN  therapy and then either switched to a different
IFN f therapy or kept on their existing therapy [116]. For
the subset of patients who were stable on IM IFN f-1a at
baseline, ARR was twice as high in those who switched to a
different IFN f therapy (z = 90) than in those who continued
on IM IFN B-1a (n = 270) over 1 year of follow-up (0.14
vs 0.07; p = 0.012). Patients who switched to a different
IFN p therapy also had lower medication adherence rates,
as assessed by medication possession ratio (defined as the
sum of all days’ supplies for all fills of the drug in a particu-
lar time period divided by the number of days in that time
period), than those who remained on IM IFN B-1a (0.76 vs
0.92; p < 0.001).

Adherence can have a major impact on treatment effec-
tiveness, and multiple studies show poor adherence with
self-administered medications for chronic diseases [117]. A
retrospective claims database study of 6680 patients with
MS initiating treatment with an IFN f or glatiramer ace-
tate (GA) found higher adherence in patients initiating IM
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IFN B-1a than in those initiating the other DMTs (regres-
sion-adjusted odds ratio range, 0.656—0.829). Greater
adherence with IM IFN B-1a, possibly attributable to less
frequent dosing, is consistent with the results of a question-
naire-based discrete-choice survey of 205 patients indicat-
ing that patients value a reduction in injection frequency
just as much as a decrease in adverse events (AEs) or an
improvement in efficacy [118]. A questionnaire-based study
of IFN f discontinuation using the North American Research
Committee on Multiple Sclerosis (NARCOMS) registry
found that treatment-adherent patients reported less dis-
ability progression with IM IFN B-1a (44.4%) than with SC
IFN p-1a or SC IFN B-1b (59.2% for the combined groups;
p = 0.007) [119]. Safety concerns prompted fewer patients
to discontinue IM IFN p-1a (22.3%) than SC IFN B-1a
(36.3%; p < 0.001) or SC IFN B-1b (37.8%; p < 0.001).
Adherence may be improved by patient education, though a
non-interventional observational study of 731 patients with
MS treated with IM IFN f-1a found no significant difference
in treatment adherence between those who participated in a
drug patient management program, consisting of injection
training, support, and quarterly visits for up to 12 months
after initiation of therapy, and those who did not participate
(84% vs 80%; p = 0.3058) [120]. However, treatment cost
savings were twice as great for treated patients who partici-
pated in the patient management program for 6 months as
for non-participants [120].

8 Treatment Non-Responders
and Immunogenicity

A post-hoc analysis of MSCRG suggested that the quar-
tile of patients with the greatest MRI activity while tak-
ing IM IFN f-1a could be categorized as ‘treatment non-
responders’ [121]. A single-nucleotide polymorphism study
performed in 830 patients with MS treated with IFN p,
including 416 IFN B responders (defined as patients with no
relapses and no increase in the EDSS score over > 2 years
of treatment) and 414 non-responders (defined as patients
with > 1 relapses and an EDSS score increase of > 1.0
point confirmed at 6 months over the same period), failed to
demonstrate an association between polymorphisms located
in type I IFN-induced genes, toll-like receptor pathway
genes, or genes encoding neurotransmitter receptors and
IFN B response [122]. Since DNA links are not obvious
in response to IFN B-1a, response heterogeneity may be
due to variation in expression of IFN p-responsive genes.
Short- and long-term transcriptome profiling of peripheral
blood mononuclear cells isolated from patients with MS

treated with IFN f and followed for an average of 8.14 years
(range 1-19 years; complete or partial responders), DMT-
naive patients (with stable or active disease), and healthy
controls demonstrated that for IFN B—treated patients, there
were short-term changes in the expression profile of 1233
coding and 664 non-coding sequences 4 and 24 hours after
injection (fold-change > 1.5 or < —1.5; p < 0.05) [65].
Sequences associated with immune regulation, inflamma-
tion, antiviral responses, cell cycle progression, and pro-
motion of apoptosis were the most significantly affected.
Long-term alterations in 6434 coding and 2362 non-cod-
ing sequences were also identified in one or more of the
treated and/or untreated MS groups compared with healthy
controls. Nearly all (95%) of the differentially expressed
sequences were identified only in the therapy-naive groups.
In contrast, both the completely and partially IFN —respon-
sive patients had a long-term expression profile similar to
that of the healthy controls [65]. Such large-scale differ-
ential gene expression in response to IFN f§ could account
for the observed non-responders to IM IFN f-1a. IFN sig-
nature gene expression has been suggested as a candidate
biomarker to identify IFN p-responsive patients, and it may
also identify novel candidate proteins or target pathways for
therapeutic intervention.

The presence of IFN-neutralizing antibodies (NAbs)
has been associated with reduced therapeutic effectiveness
[123-125]. The titer and frequency of developing anti—IFN f
NAbs varies with the particular IFN f therapy, as well as
with the frequency and route of administration [126]. Dur-
ing the MSCRG phase III trial, 22% of the IFN treatment
group developed NAbs after 2 years. However, in the subse-
quent CHAMPS study of patients at risk of MS after a first
demyelinating event, NAbs were detected in the serum of
< 1% of treated patients at 18 months and 2% of patients at
30 months [79]. This marked reduction in NAb frequency
likely reflects improvements in the methodology of IFN f-1a
synthesis. In addition, IM administration may pose a lower
risk of NAb development than SC administration. A 2017
meta-analysis of 36 studies that included > 30,000 patients
with MS receiving IFN therapy found that after > 1 year of
continuous treatment, the proportion (SD) of patients develop-
ing NAbs to IFN was lower in those treated with IM IFN f-1a
(4.7% [1.5%]; n = 188) than in those treated with SC IFN p-1a
(21.4% [2.8%]; n = 716; p < 0.001) or SC IFN f-1b (32.2%
[3.3%]; n=195; p < 0.001) [127]. Neutralization can depend
on NAD titers, which also vary among IFN preparations.
Over 2 years of treatment with PEGylated IFN p-1a, < 1% of
patients developed NAbs, an incidence rate that may be due in
part to a reduction in immunogenicity with pegylation [128].
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9 Safety and Tolerability of IM IFN -1a

More than 25 years of clinical trial and real-world expe-
rience with IFN fs for MS have demonstrated the long-
term safety and tolerability of these therapies [129]. In the
MSCRG pivotal trial, AEs were reported significantly more
frequently (defined as p < 0.1) by IM IFN B-1a than pla-
cebo patients and were limited to flu-like symptoms (FLS;
61% vs 40%), muscle aches (34% vs 15%), chills (21%
vs 7%), fever (23% vs 13%), and asthenia (21% vs 13%).
Seven of 158 IM IFN f-1a patients (4%) and two of 143
placebo patients (1%) discontinued treatment due to AEs
[78]. Following completion of the MSCRG trial, long-term
safety and tolerability of IM IFN p-1a were evaluated in an
open-label extension study over 6 years [130]. Of the 382
patients included in the safety assessment, 218 (115 from
the IM IFN B-1a group and 103 from the placebo group)
had participated in the MSCRG pivotal trial. Of the 164
patients who did not participate in the MSCRG trial, 140
had received prior treatment with IM IFN f-1b. Overall, 84
patients in the open-label study were naive to IFN f treat-
ment. Over the duration of the study, the type and incidence
of AEs were similar to those seen in the MSCRG trial; the
most commonly reported AEs were FLS (74%), headache
(58%), muscle aches (48%), cold symptoms (46%), and
accidental injury (45%). A majority of patients (275 of 382
[72%]) completed the study, with eight participants (2%)
withdrawing due to AEs [130].

Safety outcomes in the CHAMPS trial of IM IFN p-1a
in patients with a first demyelinating event were similar to
those seen in the MSCRG phase III and open-label stud-
ies. The AEs reported by more IM IFN f-1a than placebo
patients were FLS (54% vs 26%) and depression (20% vs
13%) [79]. One patient in the IM IFN B-1a group (<1%)
and seven patients in the placebo group (4%) discontinued
treatment due to AEs, and there were no SAEs attributed to
study drug. Long-term safety outcomes in patients origi-
nally enrolled in CHAMPS were assessed in the open-label
CHAMPIONS extension study [84, 85]. Of the 203 patients
who enrolled in CHAMPIONS, 103 had originally received
IM IFN f-1a and 100 had received placebo in CHAMPS.
A majority of patients (155 of 203 [76%]) completed the
10-year follow-up study. During CHAMPIONS, a total of 34
SAEs in 25 patients were reported, none of which were con-
sidered likely to be related to treatment, and no new safety
signals were identified [84, 85]. Safety outcomes for IM
IFN B-1a and SC IFN B-1a were investigated over 1 year of
treatment in the EVIDENCE study [86]. Injection-site reac-
tions (ISRs) were more frequent with SC IFN $-1a than with
IM IFN B-1a, as were liver enzyme abnormalities, altered
leukocyte counts, and the development of NAbs, though
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patient discontinuation rates were similar. At the last assess-
ment after 16 months of treatment, 21% of SC IFN p-1a
patients were persistently NAb-positive, compared with 3%
of IM IFN p-1a patients (p < 0.001) [86]. Similarly, a phase
IV, multicenter, retrospective and prospective observational
study found that while AEs were reported by similar propor-
tions of patients receiving IM IFN p-1a and SC IFN B-1a,
fewer patients treated with IM IFN p-1a experienced ISRs
[131].

9.1 Flu-Like Symptoms and Injection-Site Reactions

One of the most commonly reported AEs/safety concerns
for each of the IFN  therapies during clinical trials and
post-marketing surveillance is FLS [49, 51-53]. This is not
surprising, given that native IFNs are responsible for these
symptoms during infection by influenza viruses [132, 133].
AEs such as FLS and ISRs are important factors in lack of
adherence to IFN P, typically ranking just below perceived
lack of treatment effectiveness in importance. In MSCRG,
FLS were the most common AE, reported by 61% of the IM
IFN f-1a group and 40% of the placebo group [78]. Similar
proportions of patients had FLS during the first 6 months of
CHAMPS [79]. A retrospective hospital-chart—based study
of 394 patients with MS treated with IFN p for < 8 years
found that FLS and ISRs were the most-often cited reasons
for discontinuation [134]. Patients receiving IM IFN f-1a
are less likely to experience ISRs than patients receiving
SC IFN f-1a, so it was anticipated that patients receiving
IM treatment would be less likely to discontinue medica-
tion as well [131]. Consistent with this, a NARCOMS reg-
istry study reported that patients treated with IM IFN p-1a
reported fewer discontinuations due to safety concerns than
patients treated with SC IFN p-1a or IFN f-1b [119]. Simi-
larly, a recent open-label, randomized, crossover phase I
study in healthy subjects found a significantly lower inci-
dence of treatment-emergent ISRs with IM administration
of PEGylated IFN p-1a than with SC administration (14.4%
vs 32.1%; p = 0.0005) [135].

To reduce the negative impact of FLS and ISRs upon
treatment adherence, successful strategies for mitigation
and management of these AEs have been developed [136,
137]. Patient education that includes information about the
frequency, severity, and management of FL.S and ISRs may
optimize treatment adherence and clinical outcomes [136,
138-140]. The 12-month observational PERSIST study of
232 patients with MS demonstrated that the use of an IM
IFN B-1a autoinjector pen was also associated with high lev-
els of persistence, compliance, adherence, and patient satis-
faction, with little to no pain and minimal need for caregiver
assistance [173].
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10 Pregnancy

Women are disproportionately affected by MS and are often
diagnosed and treated during childbearing years [141]. While
patients can continue to take IFN p before pregnancy, treatment
choice during pregnancy planning and pregnancy and postpar-
tum strategies regarding resumption of therapy are essential.

Recent observational data from European and Nordic
(Finland and Sweden) healthcare registries of pregnant women
with MS treated with IFN f indicate that exposure to IFNs is
not associated with adverse pregnancy outcomes. It should
be noted that most exposure to IFN f in these cases occurred
before or during the first trimester of pregnancy [142, 143].
European MS registry data showed that 82.0% (777 of 948) of
pregnancies in women who were treated with IFN f resulted
in live births without congenital anomalies. The prevalence of
congenital anomalies (1.8% [17 of 948]), spontaneous abor-
tions (10.7% [101 of 948]), and ectopic pregnancies (0.4% [4
of 948]) with live birth were within the ranges reported for the
general population [142]. Similar results were obtained from
the Nordic registries for pregnant women with MS exposed
only to IFN f compared with pregnant women with no expo-
sure to any MS DMT. In the IFN p—exposed and unexposed
cohorts, live births with congenital anomaly occurred in 1.8%
(12 of 666) and 4.0% (56 of 1397) of cases, respectively, spon-
taneous abortions in 8.3% (66 of 797) and 12.0% (197 of 1647)
of cases, respectively, and ectopic pregnancies in 1.6% (13 of
797) and 3.2% (53 of 1647) of cases, respectively [144].

A separate analysis of Nordic registry data demonstrated that
exposure to IFN f did not affect infant outcomes (including birth
weight, head circumference, and live birth with congenital mal-
formation) compared with pregnancies with no exposure to any
DMT. There was no difference in birth weight or infant head cir-
cumference between the exposed and unexposed cohorts [145].

Exposure to IM IFN p-1a while breastfeeding does not
appear to be associated with significant infant exposure. A
small study of six breastfeeding patients with MS estimated,
using the highest measured value of IM IFN f-1a in breast-
milk, that the relative infant dose was 0.006% of the maternal
dose [146]. Similar results were recently reported for infant
exposure to pegylated IFN f-1a in breastmilk [147].

Recently, the FDA and the European Medicines Agency
approved updates to the IFN p product information labels indi-
cating that women may continue taking IFN f§ during preg-
nancy and while breastfeeding [49-53, 148—150].

11 IFN B and Quality of Life

Patient-reported outcomes (PROs) have become increas-
ingly important in therapeutic research and clinical prac-
tice in understanding the effects of MS on patients’ daily
lives and how DMTs ameliorate those effects. PROs

can include overall health status, MS symptom impact,
physical and mental functioning, and health-related QoL
(HRQoL). PROs are also applicable to comparative effec-
tiveness research and real-world clinical settings [151].

Neurological symptoms experienced by patients with
MS may interfere with daily life. Patients with MS rank
their HRQoL lower than individuals with other neuro-
logical and chronic diseases or healthy individuals [8].
The effect of IM IFN p-1a on HRQoL was evident in a
retrospective evaluation of a subgroup of patients origi-
nally enrolled in MSCRG. QoL assessed by the Sickness
Impact Profile, a validated patient-reported measure of
overall health, remained stable with IM IFN B-1a treat-
ment over 2 years [152]. At the ASSURANCE year-15
follow-up assessment of patients who completed the 2-year
pivotal phase III MSCRG trial, patients who stayed on IM
IFN p-1a, compared with patients who discontinued treat-
ment, had better average scores on the physical component
summary (39.3 vs 31.0; p < 0.0001) and the physical func-
tioning (53.0 vs 27.7; p < 0.001), role-physical (46.0 vs
27.8; p < 0.05), and general health (64.0 vs 51.4; p < 0.05)
subscales of the Short-Form Health Survey-36 [83].

Observational studies also demonstrate an association
between IM IFN f-1a treatment and improvements in QoL.
A 2-year, prospective, observational, phase IV study in
284 patients found that IM IFN f-1a treatment was asso-
ciated with an increase in Multiple Sclerosis Quality of
Life-54 (MS54QoL) physical domain score from 56.6 at
baseline to 61.0 at 2 years (p < 0.05). There was a trend
towards improvement in MS54QoL mental domain score
from 57.2 to 61.1 (p = 0.07) over the same period [153]. In
another observational retrospective study of 445 patients
with RRMS treated with injectable DMTs, the Treat-
ment Satisfaction Questionnaire for Medication showed
that patient satisfaction ranged from 62% to 72%; of the
patients treated with IM IFN p-1a, 69% expressed overall
satisfaction with their treatment [154].

11.1 IFN B and Depression

Therapeutic use of IFNs has been associated with an
increased risk of subjective feelings of illness, including
fatigue and depression, collectively known as cytokine
sickness behavior [155]. Neuropsychiatric side effects,
including depression and suicide, were first identified in
patients treated with IFNa for viral hepatitis infection
[156, 157], and a 2012 meta-analysis confirmed a 25%
incidence of major depressive episodes in patients who
initiate treatment with IFN o [158]. While the labels for
all MS IFN f therapies carry a warning for depression
and suicide, much of the evidence from the published lit-
erature does not support the association of IFN B therapy
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with depression. A retrospective review of medical records
from 2000 to 2007 of 112 patients with RRMS treated
exclusively with IFN P or GA found no change in base-
line depression scores over 4 years and no exacerbation of
depressive symptoms with either DMT [159]. Similarly,
a cross-sectional study of 694 patients with MS found no
significant relationship between depression levels and IFN
treatment [160]. A systematic review of 10 studies found
that while most of the included studies did not suggest
an association between depression and IFN P therapy,
three studies indicated that patients with a prior history
of depression may develop a major depressive episode
during the first 6 months of treatment [161]. As noted
in section 1.1, MS has a profoundly negative impact on
patients’ QoL, and persons with MS report lower QoL than
those with other chronic conditions, including rheumatoid
arthritis, inflammatory bowel disease, epilepsy, and dia-
betes mellitus [162, 163]. The prevalence of depression is
also greater in patients with MS than with other chronic
conditions [164]; depression has been associated with
increased neuroinflammatory activity and elevated levels
of proinflammatory cytokines [155, 165, 166]. However,
treatment of depression in patients with MS is associated
with significant increases in QoL and improved adherence
to treatment [167-170].

12 The Role of IM IFN -1a in the Current MS
Therapeutic Landscape

12.1 Escalation Versus High-Efficacy Therapy

As the number of approved MS therapies has expanded, so
has the complexity of treating MS. The newer therapies vary
in efficacy, safety profile, and route and ease of administra-
tion [171]. The benefit of early treatment in MS highlights
the importance of the choice of initial therapy [172]. Many
factors play a role in treatment decisions, including age, sex,
child-bearing potential, disease activity, comorbid condi-
tions, previous DMT use, risk tolerance, and cost.

One common therapeutic approach is to use a first-line
DMT that is considered safe and moderately efficacious
(relative to higher-efficacy DMTs), followed by a period
of monitoring and escalation to more efficacious treatment
as disease activity necessitates [173]. Conversely, treating
early with high-efficacy therapies may prevent the accu-
mulation of irreversible long-term CNS damage [174].
However, high-efficacy therapies may be associated with
greater risk of SAEs [175]. Thus, the decision whether to
initiate treatment with high-efficacy medications or switch
to them later must be balanced against the benefit-risk pro-
file of each treatment approach and should be the result of
a shared decision by healthcare providers and patients. The
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ongoing Determining the Effectiveness of earLy Intensive
Versus Escalation Approaches for RRMS (DELIVER-MS)
[176] and TRaditional versus Early Aggressive Therapy for
MS (TREAT-MS, ClinicalTrials.gov NCT03500328) stud-
ies will compare the benefits and risks of starting treatment
with an escalation approach versus initiating treatment with
high-efficacy medications in patients with RRMS.

In another approach, after beginning treatment with a
high-efficacy oral or infusible DMT as their initial therapy,
patients may be switched to a first-line DMT after a period
of stable disease or if/when AEs associated with the high-
efficacy therapy occur. Initial treatment with immunosup-
pressive agents that target and ablate B-cell lymphocytes
followed by long-term treatment with immunomodulatory
DMTs, including IFNs (‘induction therapy’), has been
studied in randomized clinical trials (reviewed in [174]).
In the randomized, partially placebo-controlled exploratory
RESTORE study, patients with relapsing MS who were sta-
ble on natalizumab for > 1 year were randomized 1:1:2 to
continue natalizumab, switch to placebo, or switch to an
alternate immunomodulatory therapy (IM IFN B-1a, GA,
or methylprednisolone). After 24 weeks, 40% of patients
who switched to an alternate therapy or placebo had dis-
ease recurrence as assessed by new Gd+ lesions on MRI,
including 1 of 14 patients receiving IM IFN p-1a (7%), 8 of
15 patients receiving GA (53%), 21 of 52 patients receiving
methylprednisolone (40%), and 19 of 41 patients receiving
placebo (46%) [177].

12.2 Patient Subpopulations Who Might Benefit
from IFN B Therapy

As previously noted, IFNs are well tolerated in pregnant
and nursing women. Women receiving DMTs that are con-
traindicated before/during pregnancy (i.e., fingolimod or
teriflunomide) may, in consultation with their healthcare
provider, consider IFN f treatment for a ‘bridge’ period after
discontinuation of these DMTs. In addition, patients at high
risk for serious infections, such as older patients with active
inflammatory disease and patients with comorbidities that
elevate the risks associated with higher-efficacy medications,
may benefit from the established safety profile of IFN p.

Given the role of IFNs in native immune responses to
viral infections, it is not surprising that the antiviral prop-
erties of IFN Bs have been investigated in MS. Sera from
patients treated with IM IFN -1 (n = 23) had lower levels
of latent neurotropic human herpes virus 6 (HHV6) cell-free
DNA and higher levels of anti-HHV6 immunoglobulin M
antibodies than sera from untreated patients with MS or
healthy individuals [178].

In response to the novel coronavirus first identified in
late 2019 (COVID-19), it has been hypothesized that type I
IFNs (including IFN p-1a) may, in combination with other
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antiviral agents, be effective for the treatment of human
coronavirus infection, including infection by Middle East
respiratory syndrome coronavirus (MERS-CoV) and severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2,
the causative agent of COVID-19), if administered early
in the infection (reviewed in [179]). Recently, a small, pro-
spective randomized study of patients hospitalized with
COVID-19 infection found a reduction in the duration of
viral shedding and hospital stay and greater alleviation of
symptoms in patients treated with a combination of lopina-
vir, ritonavir, ribavirin, and IFN $-1b compared with those
treated with lopinavir and ritonavir alone [180]. A recent
observational study of confirmed or suspected COVID-19
cases in 844 patients with MS currently taking a prescribed
DMT demonstrated a lower risk of COVID-19 infection in
patients currently taking an IFN p therapy than would be
expected based on the size of the overall MS population
[181]. With respect to management of patients with MS, it
is important to note that most DMTs, including IFN f, do
not appear to have major short- or long-term impacts on
immune protection against COVID-19 [182, 183]. However,
adjustments to dosing intervals and monitoring visits may
reduce the risk of viral infection and allay other concerns
of patients with MS being treated during the COVID-19
pandemic [184].

The age of the MS patient population is increasing
due to the increased use of efficacious therapies for MS
and better interventions for MS-related comorbidities
[185-187]. Elderly patients with MS frequently have age-
and disease-related comorbidities that can complicate their
management [187, 188]. In a cross-sectional study of 2738
individuals with self-identified RRMS or progressive MS
over age 60 years (median age approximately 66 years)
and a mean disease duration of approximately 23 years, the
most common comorbidities (affecting >30% of patients
in either group) were pain, indications of cardiac disease,
depression, hypertension, dyslipidemia, and obesity [189].
Aging is frequently accompanied by immunosenescence,
a reduction in function of the innate and adaptive immune
systems [190]. In particular, a paucity of recent thymocyte
emigrants, as well as changes in B cells [191] and CD4+
and CD8+ T cells [191, 192] in patients with MS can com-
pound the immunosuppressive effect of some DMTs [193].
The well-established safety profile of IFN f§ DMTs suggests
its potential usefulness in older patients, particularly those
with comorbidities, the risks of which might be heightened
by certain MS therapies. Additional real-world studies of
treatment outcomes are needed to better understand disease
characteristics and responses to DMTs in older patients,
especially given that this segment of the MS population
is anticipated to increase along with the population as a
whole.

13 Conclusions

Since the discovery of the antiviral role of IFNs in 1957,
research has demonstrated that IFN f is immunomodula-
tory [194], promotes the production of anti-inflammatory
cytokines [73, 74], and participates in multiple immune
regulatory pathways [65]. MSCRG, the pivotal IM IFN f-1a
phase III trial, was the first study to show that a DMT could
improve disability outcomes in MS [78]. Clinical trials and
subsequent real-world observational studies have since dem-
onstrated the effectiveness of IM IFN B-1a for treating MS
[79, 80, 84, 85, 116, 119, 127, 195]. Treatment with IM
IFN p-1ais associated with significant reductions in relapses
[78, 85], disability worsening [80, 83, 85, 196], the number
and volume of T2 and Gd+ MRI lesions [78, 197], and GM
atrophy relative to placebo [106]. Head-to-head compari-
sons of several newer MS therapies with IM IFN fp-1a have
consistently found no between-group differences with regard
to disability outcomes [89, 90]. Finally, there are cognitive
benefits [109, 110] and QoL improvement [83, 152, 153]
with > 2 years of treatment with IM IFN f-1a.

In the years since the approval of the IFN fs, the MS
therapeutic landscape has changed significantly [198]. This
changing landscape presents challenges in terms of balanc-
ing efficacy with safety, and opportunities to develop indi-
vidualized long-term treatment strategies for persons with
MS.
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