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ABSTRACT

The importance of B cells in multiple sclerosis
(MS) has been demonstrated through the
advent of B-cell-depleting anti-CD20 antibody
therapies. Ofatumumab is the first fully human
anti-CD20 monoclonal antibody (mAb) devel-
oped and tested for subcutaneous (SC) self-ad-
ministration at monthly doses of 20 mg, and
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has been approved in the US, UK, EU, and other
regions and countries worldwide for the treat-
ment of relapsing MS. The development goal of
ofatumumab was to obtain a highly efficacious
anti-CD20 therapy, with a safety and tolerabil-
ity profile that allows for self-administration by
MS patients at home and a positive benefit-risk
balance for use in the broad relapsing MS pop-
ulation. This development goal was enabled by
the unique binding site, higher affinity to B
cells, and higher potency of ofatumumab com-
pared to previous anti-CD20 mAbs; these prop-
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erties of ofatumumab facilitate rapid B-cell
depletion and maintenance with a low dose at a
low injection volume (20 mg/0.4 ml). The high
potency in turn enables the selective targeting
of B cells that reside in the lymphatic system via
subcutaneous (SC) administration. Through a
comprehensive dose-finding program in two
phase 2 studies (one intravenous and one SC)
and model simulations, it was found that safety
and tolerability can be further improved, and
the risk of systemic injection-related reactions
(IRRs) minimized, by avoiding doses > 30 mg,
and by reaching initial and rapid B-cell deple-
tion via stepwise weekly administration of ofa-
tumumab at Weeks 0, 1, and 2 (instead of a
single high dose). Once near-complete B-cell
depletion is reached, it can be maintained by
monthly doses of 20mg/0.4 ml. Indeed, in
phase 3 trials (ASCLEPIOS I/II), rapid and sus-
tained near-complete B-cell depletion (largely
independent of body weight, race and other
factors) was observed with this dosing regimen,
which resulted in superior efficacy of ofatu-
mumab versus teriflunomide on relapse rates,
disability worsening, neuronal injury (serum
neurofilament light chain), and imaging out-
comes. Likely due to its fully human nature,
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ofatumumab has a low immunogenic risk pro-
file—only 2 of 914 patients receiving ofatu-
mumab in ASCLEPIOS I/II developed anti-drug
antibodies—and this may also underlie the
infrequent IRRs (20% with ofatumumab vs. 15%
with the placebo injection in the teriflunomide
arm) that were mostly (99.8%) mild to moder-
ate in severity. The overall rates of infections
and serious infections in patients treated with
ofatumumab were similar to those in patients
treated with teriflunomide (51.6% vs. 52.7%
and 2.5% vs. 1.8%, respectively). The bene-
fit-risk profile of ofatumumab was favorable
compared to teriflunomide in the broad RMS
population, and also in the predefined sub-
groups of both recently diagnosed and/or
treatment-naive patients, as well as previously
disease-modifying therapy-treated patients.
Interim data from the ongoing extension study
(ALITHIOS) have shown that long-term treat-
ment with ofatumumab up to 4 years is well-
tolerated in RMS patients, with no new safety
risks identified. In parallel to the phase 3 trials
in which SC administration was carried out
with a pre-filled syringe, an autoinjector pen for
more convenient self-administration of the
ofatumumab 20 mg dose was developed and is
available for use in clinical practice.
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Graphical Abstract

. The Development of Ofatumumab, a Fully Human

Anti-CD20 Monoclonal Antibody for Practical
Use in Relapsing Multiple Sclerosis Treatment

Stephen L. Hauser, Ludwig Kappos, Amit Bar-Or, Heinz Wiendl, David Paling, Mitzi Williams,
Ralf Gold, Andrew Chan, Ron Milo, Ayan Das Gupta, Goeril Karlsson, Roseanne Sullivan,
Gordon Graham, Martin Merschhemke, Dieter A. Haring, Patrick Vermersch

What are the key objectives of the article?

To discuss the clinical development and characteristicsof ofatumumab (OMB)
for the treatment of relapsing multiple sclerosis (RMS)

Global OMB clinical program in RMS

OMBiis the first fully
human low-dose anti-CD20
monoclonal antibody
approved for treatment in
adults with RMS™

5 completed

phase 2/3 clinical trials

1ongoing
long-term open-label extension study

~37,127 patient treatment years of cumulative post-marketing
exposure (as of Sept 2022)

EFFICACY

OMB rapidly reduced B-cell counts*®
Rapid B-cell depletion that is sustained between
monthly doses

OMB 20 mg subcutaneous (SC) improved
outcomes in the core OMB clinical trials:
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SAFETY

Meanimmunoglobulin (Ig) G levels
remained stable and IgM levels remained
within the normal range®®°®

Rapid B-cell repletion after
treatment cessation®

For OMB- and TER-treated patients
in the core OMB clinical trials:
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Pooled data from the core OMB clinical trials confirmed

ahigh level of efficacy and similar safety profile to TER for
the OMB 20 mg SC regimen for relapsing forms of MS

TOLERABILITY

Injection-related reactions (IRRs)
were primarily observed with the
firstinjection™:

ADMINISTRATION

At-home self-administration
of OMB 20 mg SC:
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Ofatumumab is the first fully human anti-
CD20 monoclonal antibody to be
approved for the treatment of relapsing
multiple sclerosis.

Rapid and sustained near-complete B-cell
depletion can be achieved with
ofatumumab treatment and maintained
with monthly subcutaneous doses of

20 mg/0.4 ml.

The tolerability profile and at-home self-
administration of ofatumumab enables
patients to be compliant with and
persistent on therapy over time.

The benefit-risk profile of ofatumumab
supports its early initiation in the overall
RMS population in order to maximize its
long-term treatment benefits.

DIGITAL FEATURES

This article is published with digital features, to
facilitate understanding of the article. To view
digital features for this article, go to https://doi.
org/10.6084/m9.figshare.23508390.

INTRODUCTION

Multiple sclerosis (MS) is a chronic autoimmune
and degenerative disorder affecting the central
nervous system (CNS), and B and T cell inter-
actions are thought to play a critical role in its
pathogenesis [1]. The development of B-cell-
depleting anti-CD20 monoclonal antibody
(mAb) therapies has led to a better under-
standing of the role of B and T cells in this

disease [2, 3], and, most importantly, has led to
a new appreciation of the central role of B cells
in MS pathophysiology [4, 5]. Preclinical studies
have demonstrated that anti-CD20 mAbs reli-
ably deplete B cells in the blood and cere-
brospinal fluid, and less completely in
lymphoid organs, with repletion of B cells in the
majority of patients after treatment cessation
[6]. Due to the potential maintenance of anti-
body production by plasma cells, which do not
express CD20 and, hence, which are not targets
for anti-CD20 mAbs, immunoglobulin levels
can be maintained in patients on certain anti-
CD20 therapies [7].

Rituximab is a murine-human chimeric anti-
CD20 mAb, commonly used for off-label treat-
ment of MS, and was the first anti-CD20 mAb to
show efficacy on measures of inflammatory
activity in a phase 2 clinical trial in patients
with relapsing-remitting MS (RRMYS) [2], as well
as in observational settings [8]. This was fol-
lowed by the development of ocrelizumab, a
humanized anti-CD20 mAb [9, 10], which is
approved for both relapsing multiple sclerosis
(RMS) and primary progressive multiple sclero-
sis (PPMS). Both molecules bind to the large
extracellular loop of the CD20 receptor and are
administered intravenously every 6 months at
doses of 1000 mg for rituximab (in the clinical
trial setting) and 600 mg for ocrelizumab [9, 11].
Ublituximab is a type I chimeric, intravenously
administered high-dose anti-CD20 mAb, bind-
ing to a different epitope on the CD20 receptor
compared to rituximab and ocrelizumab. Ubli-
tuximab recently completed phase 3 trials and
has been approved at an initial dose of 150 mg,
a second dose of 450 mg 2 weeks later, and
subsequent doses of 450 mg every 24 weeks for
the treatment of RMS patients [12]. Given that
humanized and fully human mAbs have a
reduced risk of inducing immune responses
compared with chimeric mAbs [13], and
humanized and chimeric mAbs consist
of ~ 30% to ~ 40% mouse protein, the devel-
opment of a fully human anti-CD20 mAb could
potentially lead to increased tolerability with
long-term use.

Ofatumumab is the first fully human anti-
CD20 mAb approved for the treatment of RMS

A\ Adis
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and it can be self-administered by the patient at
home. Binding to a distinct CD20 epitope
[14, 15], ofatumumab can achieve near com-
plete B-cell depletion at a lower concentration
than any of the aforementioned anti-CD20
mADbs due to its higher potency and affinity to B
cells. Ofatumumab has been developed for
subcutaneous (SC) administration at an initial
dose of 20 mg (in 0.4 mL) at Weeks O, 1 and 2
for a rapid and stepwise initial B-cell depletion;
a maintenance regimen of subsequent 20 mg (in
0.4mlL) in monthly intervals starting from
Week 4 was chosen to ensure a sustained near-
complete depletion of B cells [14, 15]. The
constant near-complete B-cell depletion seen
with ofatumumab is believed to have advan-
tages in terms of efficacy (disease control) and
safety (less risk of severe systemic injection/in-
fusion reactions).

Ofatumumab has been tested in the ASCLE-
PIOS I and II phase 3 trials (ASCLEPIOS I/1I) in
adult patients with RMS [16]. After the first
month and appropriate training, patients had
the option for self-administration at home, an
option that was chosen by approximately 70%
of the participants [16]. In support of this, and
in parallel to ASCLEPIOS I/II, an autoinjector
pen was developed and successfully tested in
patients with RMS in the APLIOS study [17]. In
ASCLEPIOS I/II, the SC route of administration
was associated with high levels (98.8%) of
compliance, and the autoinjector pen has
offered patients a convenient method to easily
administer treatment at home, which further
facilitates treatment adherence [16, 17]. Other
benefits associated the SC regimen include the
elimination of the need for infusion center vis-
its and the facilitation of a move towards the
practical use of highly effective therapies early
in the MS disease course, an approach shown to
improve long-term outcomes in people with MS
[18, 19].

In this article, we discuss the clinical devel-
opment and properties of ofatumumab, and
how they affect the efficacy, safety, tolerability,
compliance, and ease of use of this subcuta-
neously administered anti-CD20 therapy for the
treatment of patients with RMS. 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.

PROPERTIES OF OFATUMUMAB

Ofatumumab is primarily a complement-de-
pendent cytotoxicity (CDC) activator, whose
Fab domain binds to two noncontinuous
regions on a unique conformational epitope of
the CD20 receptor, a transmembrane phos-
phoprotein expressed on B lymphocytes, dis-
tinct from those of rituximab and ocrelizumab
[14, 15, 20-22]. CDC is an immunological pro-
cess in which target cells are killed by damaging
their plasma membranes after triggering the
complement cascade and forming a membrane
attack complex (MAC), without the involve-
ment of immune system cells [23]. Ofatu-
mumab also mediates antibody-dependent cell-
mediated cytotoxicity (ADCC) activity, but at
lower levels than CDC [24]. ADCC is a lytic
mechanism of cell-mediated immune defense
through which Fc receptor-bearing effector cells
of the immune system can actively recognize
and eliminate an antibody-bound target cell
[23].

Compared to other anti-CD20 antibodies
[16], ofatumumab binds to the small exposed
extracellular loop on CD20, which is closer to
the cell membrane than other CD20 epitopes,
and also shows signs of cell lysis induced by the
MAC complex, all of which may account for its
higher degree of CDC activity [25-27]. Ofatu-
mumab, in comparison with ocrelizumab, was
determined to induce greater complement-de-
pendent B-cell lysis in vitro after exposure for
2h and to maintain effectiveness in CDC
induction when complement addition was
delayed for 6 h [28]. The observed increased
CDC potency of ofatumumab may account for
its efficacy at a low dose (20 mg) compared with
the higher doses required for rituximab, ocre-
lizumab, and ublituximab [24]. The unique
binding regions of ofatumumab also yield a
slower off-rate and greater binding affinity than
other anti-CD20 mAbs, resulting in efficient
B-cell lysis and consequent suppression of
inflammatory activity [21, 22]. This slower off-
rate, along with the monthly administration, is

I\ Adis
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likely responsible for a more sustained B-cell
depletion with ofatumumab compared to
intravenous (IV) drugs that are administered at
infrequent high doses with subsequent reple-
tion in some patients between doses [29].

SC administration of ofatumumab may lead
to more efficient and selective targeting of B
cells residing in the lymphatic circulatory sys-
tem compared with IV administration [30]; with
SC administration, treatment is delivered into
the hypodermis, while IV administered treat-
ment directly enters the systemic circulation
[31]. A summary of the potential mechanism by
which SC versus IV administration achieves this
selective targeting is outlined in Fig. 1.

In humanized-CD20 transgenic murine
models, ofatumumab SC resulted in more direct
access to lymph nodes than ofatumumab IV
and ocrelizumab IV, and also demonstrated a
20-fold higher depleting potency on circulating
B cells and equipotency on non-circulating B
cells compared with ocrelizumab [30, 32, 33].
Additionally, single-photon emission computed
tomography detected an increase in ofatu-
mumab in the axillary and inguinal lymph
nodes, where the B cells implicated in MS are
located, of mice following SC versus IV admin-
istration [32]. Ofatumumab treatment also

Epidermis spwamn

Dermis e
Hypodermis

Large molecules

Lymphatic vessel

Fig. 1 Summary of anti-CD20 mAb access to lymphatic
organs via SC and IV routes. Targeting of lymphatic
circulatory system B cells by anti-CD20 mAbs via a SC
administration, with direct access to lymphatic organs, and

decreased the number of B and T cells in mice
with focal delayed-type hypersensitivity lesions
following SC and IV administration [32]. Fur-
thermore, a separate study of 20-mg SC anti-
mouse CD20 antibody treatment demonstrated
that marginal zone progenitor cells, which are
important for the rapid response to blood-borne
pathogens and secretion of natural antibodies,
were relatively spared with low-dose SC
administration [6]. This was followed by signif-
icantly faster B-cell repletion in the lymph
nodes, blood, and spleen of healthy mice com-
pared with IV administration [6], speaking to
the maintenance of IgG and IgM levels above
the lower limit of normal (LLN) (5.7 g/L and
0.4 g/L, respectively) with the ofatumumab SC
dose [7, 34].

The SC route of administration and at-home
administration of ofatumumab have been tes-
ted in the well-controlled phase 3 ASCELPIOS
I/1I studies in a broad RMS population [16]. In
this cohort, with a total of 1882 RMS patients,
the SC dose yielded consistently low B-cell
counts with mostly mild to moderate injection-
related reactions (IRRs; 99.8%); after the first
injection, the frequency and severity of IRRs
was non-distinguishable from the IRRs with
placebo injections (double-dummy design) in

Brai Gut
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b IV administration, with access to lymphatic organs from
the blood. IV intravenous, 72456 monoclonal antibody, SC
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2013 2014

Approved by EMA and
Pharmaceuticals and Medical Devices
Agency (Japan) for RMS (SC)

Approved by FDA
for RMS (SC)

Phase 1/2 study for Phase 2 study for
RA (IV) published RMS (IV) published

Phase 1/2 study for
RA (SC) published

Phase 3 ASCLEPIOS I/ll study
for RMS (SC) published

Phase 2 MIRROR study
for RMS (SC) published

Fig. 2 Timeline of ofatumumab key publications and approvals. EMA European Medicines Agency, FDA US Food and
Drug Administration, IV intravenous, R4 rheumatoid arthritis, RMS relapsing multiple sclerosis, SC subcutaneous

the teriflunomide control arm. One conse-
quence of these phase 3 results is that the label
for ofatumumab, to date unique among anti-
CD20s approved for use in MS, specifically
supports self-administration of monthly doses
at home, and no premedication is required
[14, 15]. This contrasts with intravenous MS
DMTs, which typically require administration
in infusion centers for ease of safety monitoring
throughout treatment [8, 9, 35]. Rituximab,
ocrelizumab, and ublituximab each pose a risk
for infusion-related reactions, likely due to
partial B-cell repletion between high but infre-
quent doses, and subsequent elimination of B
cells after dosing, hence the need for pre-med-
ications before each dose.

The favorable properties of ofatumumab do
not come at a cost to efficacy, as shown by
recent meta-analyses indicating that ofatu-
mumab is superior to, or not statistically dif-
ferent from, all other disease-modifying
therapies (DMTs) in MS, including high-efficacy
mAbs, in terms of reducing relapse rate and
disability worsening [36, 37]. Furthermore, an
indirect comparative efficacy study showed a
significant improvement in annualized relapse
rate (ARR), and favorable results for no evidence
of disease activity (NEDA)-3 and MRI outcomes
for ofatumumab compared with ocrelizumab
[38].

CLINICAL DEVELOPMENT
PROGRAM OF OFATUMUMAB
IN MS AND THE 20 MG
SUBCUTANEOUS DOSING
REGIMEN

The global ofatumumab clinical program in
RMS involved more than 3000 patients, and was
the basis for the worldwide approval of ofatu-
mumab 20-mg SC for the treatment of RMS,
including in the US (in August 2020) and Eur-
ope (in March 2021) [14, 15]. A summary of the
ofatumumab trials in MS is outlined in Table 1,
while a timeline of the key publications and
approvals of ofatumumab is presented in Fig. 2.
As of 25 September 2022, the cumulative
exposure in the overall safety pool was 6584.3
patient treatment years, while post-marketing
exposure since the first launch of ofatumumab
was ~ 37,127 patient treatment years.

Prior to the demonstration of efficacy and
safety in RMS, ofatumumab had been assessed
in rheumatoid arthritis (RA). Indeed, support
for the rationale of the eventual dosing regimen
for ofatumumab in the RMS clinical trials was
derived from the initial investigations carried
out in patients with RA. In a phase 1/2 placebo-
controlled study, ofatumumab IV at doses of
300, 700 and 1000 mg, at 2 infusions 2 weeks
apart, were administered to patients with RA
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who did not respond to > 1 disease-modifying
antirheumatic therapy [45]. Infusions in doses
up to 1000 mg were found to be clinically
effective in these patients. Subsequently, an SC
formulation of ofatumumab was tested in
another placebo-controlled phase 1/2 study in
rheumatoid arthritis patients who had taken
methotrexate [46]. SC injections of up to 60 mg
led to prolonged B-cell depletion in the blood
and were well tolerated.

These studies ultimately led to the first clin-
ical investigation of ofatumumab in MS, the
first of which was a placebo-controlled phase 2
study, aiming to assess the efficacy and safety of
IV doses in patients with RRMS [39]. Patients
were randomized to receive ofatumumab
(n=26) or placebo (n =12), with ofatumumab
IV doses of 100 mg, 300 mg, or 700 mg (two
doses at each dose strength, administered
2 weeks apart) over two 24-week treatment
periods (Weeks 0-24 and Weeks 24-48), where
patients received the alternate treatment at
Week 24 in a crossover manner. For patients on
ofatumumab, a > 99% reduction in gadolinium-
enhancing T1 lesions was recorded, as well as
profound B-cell depletion as measured by
CD19 + expression, which was noted for all
ofatumumab doses investigated. Infusions of up
to 700 mg were not associated with unexpected
or serious safety concerns, and were consistent
with the known safety profile of ofatumumab
based on previous indications, including
rheumatoid arthritis [45]. The most common
adverse event (AE), rash, occurred most fre-
quently after the first infusion. These results
indicated that, compared with placebo, ofatu-
mumab decreased the number of new MRI
lesions, and was well tolerated in RRMS patients
[39].

Given the need for safety monitoring and
on-site infusions with other anti-CD20 mADbs,
the convenience and safety of self-administra-
tion at home was an important consideration
for the development of ofatumumab in RMS. To
examine the possibility that efficacy equivalent
to an IV infusion could be attained with an SC
regimen, ofatumumab SC was investigated in
RRMS in the phase 2b placebo-controlled MIR-
ROR study at 3-, 30-, or 60-mg doses every
12 weeks, or 60 mg every 4 weeks [40]. A dose-

dependent reduction in B-cell counts was
observed, and a post hoc analysis estimated a
lesion reduction of >90% versus placebo at
Week 12 for each ofatumumab dose > 30 mg
over 12 weeks. Furthermore, it was found that
avoiding > 30-mg doses for the initial injection
significantly lowered the number of IRRs in
RMS patients. Notably, IRRs were of mild to
moderate severity in 97% of cases (n = 232) and
were most commonly associated with the first
dose (29-50%), reducing with subsequent dos-
ing (1-18% at Week 12) [40].

Based on the results of the MIRROR trial,
modeling studies were carried out to define a
dose of ofatumumab that could reach and
maintain a B-cell depletion target for efficacy
based on related gadolinium-enhanced T1
lesion volumes and average B-cell counts. Once
near complete B-cell depletion was achieved, it
was estimated that B-cell depletion could be
achieved and maintained based on monthly
doses of 20mg of ofatumumab. Repletion
dynamics also supported the 20-mg dose. As
discussed later in this article, a reduced reple-
tion time has important implications for
patients with RMS, especially regarding aspects
such as vaccination, reproductive health, and
any potential need for treatment switch.

Following the findings of the models, an
ofatumumab regimen based on a 20-mg SC
monthly dosing following an initial dose regi-
men of 20 mg at Weeks 0, 1, and 2 was selected
for evaluation in phase 3. In line with the
modeling studies, the phase 3 studies confirmed
that the initial loading doses of ofatumumab
achieved rapid target B-cell depletion, and the
following maintenance regimen of 20-mg SC
monthly was associated with a sustained B-cell
depletion.

Efficacy and Safety of Ofatumumab SC
in RMS

ASCLEPIOS I/1I evaluated the efficacy and safety
of SC ofatumumab versus oral teriflunomide in
patients with RMS. Patients received either
ofatumumab 20 mg SC every 4 weeks after ini-
tial 20mg SC doses at Weeks 0, 1, and 2
(n=946) or oral teriflunomide (14 mg daily;
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Table 2 Adverse events from ASCLEPIOS I/1I and long-term exposure in core and ALITHIOS extension trials as of first

dose of ofatumumab (safety analysis set)

Patients with at least one event, ASCLEPIOS I/II
n (%)

ofatumumab (z = 946)

ASCLEPIOS I/11
teriflunomide (» = 936)

Long-term

(core + ALITHIOS
extension) overall
ofatumumab (2 = 1969)*

n (%) EAIR (95% CI) = (%) EAIR (95% CI) = (%) EAIR (95% CI)
Patients with at least one AE 791 188.6 [175.9, 788 188.9 [176.2, 1698 135.1 [128.8,
(83.6) 2022 (842)  202.6] (862) 1417
Patients with at least one SAE 83 (8.8) 5.6 [4.5, 6.9] 73 (7.8) 4.9 [3.9, 6.2] 242 5.0 [44, 5.6]
(12.3)
AEs leading to treatment 54 (5.7) - 49 (52) - 128° -
discontinuation (6.5)
Infections 488 511 [46.8,55.9] 493 52.6 [48.1,57.4] 1149 410 [38.7, 43.4]
(51.6) (52.7) (58.4)
Serious infections 24 (25) 1.6[1.0,2.3] 17 (1.8) 1.1 [0.7, 1.8] 78 (4.0) 1.5 [1.2, 1.9]
Injection-related systemic 195 155 [13.5,17.8] 143 109 [9.3, 12.8] 492 12.4 [11.3,13.5]
reactions (20.6) (15.3) (25.0)
Injection site reactions 103 7.2 [5.9, 8.7] 52 (5.6) 3.5 (2.7, 4.7] 233 5.0 [44, 5.7]
(10.9) (11.8)
Malignancies 5(05) 03[0.1,08]  4(04) 03[0.1,07  17(09) 0302 0.5]
Deaths 0 0 1(01) - 6°(03) -

Only patients with SAEs that occurred until the last dosing date 4- 100 days are considered
AE adverse event, CI confidence interval, EAIR exposure-adjusted incidence rate, [gM immunoglobulin M, OMB ofatu-

mumab, SAE serious adverse event

*At least 1 dose of ofatumumab in core studies (ASCLEPIOS I/1I, APLIOS, APOLITOS) or extension (ALITHIOS); cut-
off date 25 September 2021°AEs related to reduced IgM levels were the most common reason for treatment discontinuation
[71 (3.6%)] Preferred term for these 6 cases includes sudden death (7 = 1), completed suicide (» = 1), COVID-19 and
COVID-19 pneumonia (7 = 1), COVID-19 (» = 1), intestinal metastasis (# = 1), pneumonia and septic shock (z = 1)

n =936). Ofatumumab SC, compared with ter-
iflunomide, was associated with significantly
lower ARRs, and a reduced risk of 3- and
6-month confirmed disability worsening [risk
reduction of 44% (p = 0.002) for 3-month con-
firmed disability worsening and 32% [p = 0.01]
for 6-month confirmed disability worsening),
close to complete abrogation of focal inflam-
mation (1 gadolinium enhancing lesion per 50
scans) and a significant reduction in neuronal
injury, reflected in a reduction in neurofilament
light chain concentrations [16]. Pooled ARR and
gadolinium-enhancing lesion data show rate

reductions of 53.9% (p<0.001) and 95.9%
(p <0.001), respectively, with ofatumumab
versus teriflunomide treatment for ASCLEPIOS
I/II (see Fig. S1). AEs and AE rates were similar
with ofatumumab versus teriflunomide treat-
ment, including infections overall and malig-
nancies (see Table 2). One case of myocardial
infarction was also noted in the ofatumumab
group.

The efficacy and safety of ofatumumab ver-
sus teriflunomide for first-line use in early RMS
patients was also evaluated in ASCLEPIOS I/II
on the basis of a protocol-defined cohort of 615

I\ Adis



1506

Neurol Ther (2023) 12:1491-1515

recently diagnosed and treatment-naive RMS
patients. Consistent with the overall ASCLE-
PIOS population, these early RMS patients
achieved significantly higher levels of disease
control (reductions in relapse rate, MRI activity,
and risk of disability worsening) when treated
with ofatumumab compared with terifluno-
mide. Safety findings were also consistent with
those of the overall ASCLEPIOS population. The
tavorable disability outcomes and overall bene-
fit-risk profile of ofatumumab versus terifluno-
mide in this protocol-defined cohort support
the suitability of ofatumumab as an initial
treatment in newly-diagnosed MS patients [41].
Running in parallel to the ASCLEPIOS trials
were the phase 2 APLIOS and APOLITOS studies
[17, 42]. The APLIOS trial demonstrated the
bioequivalence of ofatumumab 20 mg admin-
istered by the pre-filled syringe (PFS, used dur-
ing the ASCLEPIOS I/II trials described here)
versus the autoinjector pen intended for com-
mercial use. The autoinjector resulted in a lower
treatment burden for patients by facilitating at-
home self-administration. The efficacy of ofa-
tumumab against MRI activity was similar
regardless of the use of the PFS or autoinjector,
and across both groups, the mean number of
new or persisting gadolinium-enhancing T1
lesions decreased from 1.5 at baseline to 0.1 by
Week 12, while the proportion of patients free
of these lesions was 64.2% at baseline and
94.1% by Week 12 [17]. Concurrently, the
APOLITOS study in RMS patients from Japan
and Russia demonstrated the superior efficacy
of ofatumumab versus placebo on new brain
lesion activity at 24 weeks, with a 100% reduc-
tion in the number of gadolinium-enhancing
T1 lesions from baseline by Week 48 with ofa-
tumumab treatment [42]. These studies pro-
vided further evidence of the benefits of
ofatumumab 20-mg SC and confirmed the
consistency of effects across ethnic groups.
Long-term safety and benefits of ofatu-
mumab 20-mg SC are being evaluated in the
ongoing ALITHIOS extension study, which
consists of patients who completed the ASCLE-
PIOS I/1I, APLIOS or APOLITOS trials. Interim
data have shown the long-term benefits and
safety, and continued positive benefit-risk pro-
file, of ofatumumab 20-mg SC treatment up to

4 years (core studies and extension) in patients
with RMS [43]. The cohort originally random-
ized in ASCLEPIOS I/II showed a cumulative
benefit (up to 4 years) of earlier initiation of
ofatumumab 20-mg SC compared to those who
were initiated on teriflunomide (active com-
parator) and then switched to ofatumumab in
the extension study; these results may suggest
that there is a benefit to using a high-efficacy
anti-CD20 therapy before cycling through an
oral RMS treatment. The results also indicate
that extended treatment with ofatumumab up
to 4 years is well tolerated in RMS patients with
no new safety signals, high compliance on
monthly injections, and no new safety risks
identified [18, 43].

Confirming the Optimal Dose Regimen
for Ofatumumab:
Pharmacokinetic-Pharmacodynamic
Model Simulations of the Ofatumumab SC
Dose

In order to validate and confirm that the chosen
20-mg therapeutic dose of ofatumumab for RMS
patients provided optimal characteristics as
compared to other doses, a pharmacoki-
netic-pharmacodynamic (PKPD) model of
B-cell counts versus ofatumumab concentration
was developed using pooled data from phase 2
and phase 3 studies of ofatumumab in RMS [47].
The results of the simulations determined that
both the monthly 20-mg and 40-mg SC doses
were associated with a rapid reduction and near
complete B-cell depletion in comparison to the
lower simulated doses (1, 2, 5, or 10 mg), each
administered at three loading doses given
weekly, followed by monthly doses starting
from Week 4 [47]. The 10-mg dose did not
achieve a similar level of depletion compared
with the 20-mg dose until after 6 months, and a
higher proportion of patients did not achieve
the same level of B-cell depletion across a range
of B-cell depletion levels with the 10-mg dose
compared with the 20-mg or higher doses.
Importantly, the simulations also indicated that
no dose adjustment was needed based on
patient characteristics, i.e., age, body weight,
baseline B-cell levels or injector device [47].
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B-Cell Repletion Kinetics

According to the PKPD model simulations,
depleted B-cell levels were consistent across
patient weight, age, and baseline B-cell count,
and the proportion of patients below one
example B-cell level of 8 cells/uL was similar
irrespective of body weight [47]. The simulated
median time to return to B-cell count of 40
cells/uL. (LLN) was estimated to be 23 weeks
after dosing was interrupted at 2 years. Reple-
tion to LLN (40 cells/pL) was estimated to range
within 18-29 weeks after the last dose across all
body weight categories [47]; this is in alignment
with clinical results in which body weight did
not have a significant effect on efficacy [48, 49].
It should be noted that repletion times could
only be evaluated based on simulations, since
most patients taking part in the ASCLEPIOS trial
remained depleted due to ongoing treatment.

On treatment cessation, B-cell repletion has
been reported to occur faster with ofatumumab
than has been reported for IV-administered
B-cell therapies in other studies [3, 50, 51]. In
the PKPD model simulations, there was no dif-
ference in time to replete to the LLN after dis-
continuation of the 20-mg SC dosing regimen,
regardless of each patient’s baseline B-cell
count. [47]. Overall, this could have positive
effects for patients scheduling vaccinations or
for those who have concerns about infection,
reproductive health, or any future need for
treatment switch. Although no head-to-head
comparisons are available, the median time to
B-cell repletion to LLN post-treatment discon-
tinuation with ofatumumab is 24.6 weeks, and
the median time to B-cell repletion to baseline
or LLN post-treatment discontinuation with
ocrelizumab is 72 weeks, as per the respective
product labels [10, 14].

PKPD modeling also indicated negligible
B-cell repletion between doses of ofatumumab;
PKPD model simulations of the B-cell profile for
20-mg SC every 4 weeks and 700-mg IV every
24 weeks demonstrated that the higher dose IV
regimen resulted in repletion above the LLN (40
cells/uL) in 16% of patients between doses,
while only 2% were estimated to be above the
LLN between doses on 20-mg SC [47]. This
maintenance of B-cell depletion with the 20-mg

monthly SC dose is in line with the evidence
(through these PKPD simulations and clinical
data) that ofatumumab does not show a ‘wear-
ing-off’ effect between monthly doses [16, 47].

LONGER-TERM SAFETY PROFILE
OF OFATUMUMAB SC
AND IMMUNE MAINTENANCE

Long-term safety data of ofatumumab to date
(up to 4 years; cut-off date 25 September 2021)
have not revealed new safety signals compared
to the core ASCLEPIOS studies. According to
recent results from the ALITHIOS study, the
overall rates of AEs and serious adverse events
(SAEs) across 4 years (core and extension stud-
ies) were consistent with the results from the
ASCLEPIOS I/II trials (see Table 2). The most
common serious infections were COVID-19
pneumonia/COVID-19 (1.2%), and appendicitis
(0.1%), while a majority of serious infections
resolved without discontinuing ofatumumab
treatment [44]. Non-serious infections were the
most common AEs, and the most frequent non-
serious infections in the overall safety popula-
tion (n=1969) were nasopharyngitis (17.5%),
upper respiratory tract infections (11.1%), and
urinary tract infections (10.9%) [44]. Incidence
rates of serious infections with ofatumumab
remained stable and did not increase with long-
term use up to 4 years [44].

Immune Maintenance with Ofatumumab
SC

The favorable tolerability profile of ofatu-
mumab has been supported by its prolonged
low risk of immunogenicity. Mean serum
immunoglobulin G (IgG) and immunoglobulin
M (IgM) levels were measured up to 4 years of
treatment in the core and long-term ALITHIOS
extension studies. Over this time, IgG levels
have remained stable and above the LLN (5.7 g/
L), and, although there was a decrease in IgM,
mean levels remained above the LLN (0.4 g/L)
[7, 34]. At the individual patient level, the
majority of patients on ofatumumab retained

I\ Adis



1508

Neurol Ther (2023) 12:1491-1515

immunoglobulin levels above the LLN (98.4%
in IgG and 73.4% in IgM) up to 4 years [34].

As per the core, and initially for the exten-
sion study, protocols, investigators were
required to interrupt study treatment if IgM
levels fell below 10% LLN or if I1gG levels fell
below 20% LLN, and treatment was not
resumed until IgM or IgG levels returned to
within normal limits. However, following an
amendment to the protocol, the requirement to
interrupt treatment due to low IgM or IgG levels
was removed for the extension study and is
currently left to the discretion of the investiga-
tor. Treatment interruption and discontinua-
tion was reported in only 2 (0.1%) and 4 (0.2%)
patients, respectively, due to low IgG levels, and
in 193 (9.8%) and 71 (3.6%) patients, respec-
tively, due to low IgM levels [34]. To date, no
association has been observed between
decreased immunoglobulin levels and the risk
of serious infections with longer-term use of
ofatumumab up to 4 years, indicating immune
maintenance in RMS patients.

Immune Maintenance with Ofatumumab
SC and COVID-19

In a report of COVID-19 cases and vaccination
status in RMS patients treated with ofatu-
mumab 20 -mg SC, the last assessed serum IgG
and IgM levels before onset of COVID-19, and
with respect to COVID-19 seriousness, were
measured [52]. Of the 1703 patients enrolled in
ALITHIOS receiving ofatumumab, 245 (14.4%)
reported COVID-19; most cases were mild
(44.1%) or moderate (46.5%) in severity. All
patients had IgG levels above the LLN (5.7 g/l),
while 23 had IgM levels below the LLN (0.4 g/1)
before COVID-19 onset, 22 of whom had non-
serious cases of mild-to-moderate severity. Most
patients with COVID-19 (98.4%) recovered by
the study cut-off date (25 September 2021), with
tew hospitalizations (9.4%) and two fatal out-
comes (0.8%). Of the 90 confirmed COVID-19
post-marketing cases on ofatumumab treatment
at the time of the report, 30 patients recovered
or were recovering, 6 had no change in condi-
tion, and outcomes were not available for 54.

No fatalities or life-threatening COVID-19 cases
were reported [52].

These results suggest a favorable benefit-risk
profile for the ofatumumab 20-mg SC dose in
patients who contract COVID-19, and this may
be associated with the evidence demonstrating
that, although attenuated, patients receiving
ofatumumab can mount an antibody response
to the SARS-CoV-2 vaccine and may be capable
of mounting a T-cell response [53]. Notably, it
has also been reported that antibody levels for
IV B-cell-depleting therapies (rituximab and
ocrelizumab) were significantly lower than
those for patients on SC B-cell-depleting thera-
pies (ofatumumab; p < 0.001) [54].

TOLERABILITY OF IV VERSUS SC
OFATUMUMAB

Ofatumumab has been generally well-tolerated
by RMS patients, with many only experiencing
mild headache across all injections [14, 55]. The
IV and SC (and high dose vs. low dose) data
from the RMS trials were pooled and used to
assess the effects of dose-dependency and route
of administration on the tolerability of ofatu-
mumab [7, 16, 39, 40, 43, 56]. Infusion- or
injection-related reactions occurring during the
24-h post-administration with ofatumumab IV
versus SC were analyzed, and were characterized
by overall incidence and association with the
first infusion or injection (Fig. 3) [56]. The most
commonly reported non-serious infusion-re-
lated reactions in the phase 2 ofatumumab IV
dose trial included rash, erythema, upper res-
piratory tract infection, and viral infection [39].
Common injection-related systemic reactions
across the phase 2b MIRROR and phase 3
ASCLEPIOS trials included fever, headache,
chills, and influenza-like illness [16, 40].

In the pooled MIRROR, ASCLEPIOS I/II,
APLIOS, and ALITHIOS studies, the incidence of
systemic and local-site IRRs was highest with
the first injection in all treatment groups and
decreased considerably for subsequent injec-
tions [56]. The incidence of severe IRRs with the
20-mg SC dose was low (0.2%) compared with
the 3-mg and 60-mg SC doses, while the highest
incidence of IRRs was reported with the
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Fig. 3 Proportion of patients with injection- or infusion-related reactions at the first injection/infusion across SC and IV
studies*. *Cut-off date for analysis of pooled data: 30 November, 2019 (adapted from Bar-Or A, et al. Multiple Sclerosis
Journal. 2020 [https://journals.sagepub.com/doi/pdf/10.1177/1352458520974937] [56]). IV intravenous, MS multiple

sclerosis, » number of patients, g4w every 4 weeks, 12w every 12 weeks, SC subcutaneous

ofatumumab 60-mg q4w dose (3.1%; Table 3).
No other serious IRRs were reported during the
study [56]. The incidence of discontinuations
was highest with the IV route of administration
and with higher doses of ofatumumab SC
compared to the 20-mg SC dose. The infusion-
and injection-related reactions observed here
are consistent with the known safety profile of
ofatumumab [7] and may be attributed to
cytokine release after rapid B-cell depletion at
first injection in patients with RMS.

TREATMENT INITIATION, LOW
MONITORING BURDEN
AND TREATMENT PREFERENCE

In addition to treatment efficacy, safety, and
tolerability, decisions to treat with anti-CD20
agents rely on the onboarding processes and
monitoring burdens of the therapy. As men-
tioned previously, infusible DMTs, such as
ocrelizumab and rituximab, require premedica-
tion to mitigate their associated infusion-re-
lated reactions [8, 9]. Infusions also require
access to infusion centers and healthcare pro-
fessionals to administer treatment, which may
increase the burden on patients, healthcare
centers, and overall healthcare costs, as well as
risks of exposure to community pathogens from
travel outside the home. Premedication is not
required with the ofatumumab 20-mg SC dose
[14-16] and treatment may therefore be

initiated more quickly, with good tolerability
and with few IRRs, which can be managed with
symptomatic treatment should they occur. The
small volume of SC administration allows
patients to self-administer the dose safely and
conveniently [14], and this, combined with the
good tolerability and lack of requirement for
premedication, may foster greater treatment
adherence versus traditional therapies [14].

Following the proportion of patients that
were compliant with the 20-mg SC dose in the
core part (98.8%), compliance in the ALITHIOS
extension study has remained high in the
overall ofatumumab, continuous ofatumumab,
and newly-switched subgroups; as of 25
September 2021, 94.9% (1868/1969), 95.1%
(1229/1292), and 94.4% (639/677) of patients in
the overall, continuous and newly-switched
subgroups remained on treatment [18].

Patient and nurse preferences regarding
mode of administration have also been assessed,
and MS patients have determined that the
autoinjector pen is easy to use, while allowing
treatment to be administered independently at
home [17, 57]. Cost-effectiveness is another
factor that often influences treatment prefer-
ence among healthcare administrators, and SC
administration is generally more cost-effective
than infusion, as shown by the reduction in
cost of SC rituximab in the real-world setting
compared to the original IV rituximab dose,
likely due to in-clinic visits being less frequent
[58]. IV administration also requires the use of
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Table 3 Injection- or infusion-related reactions with ofatumumab across SC and IV studies

Patients with at least one SC doses IV doses
event, (%) 3 mg 20 mg q4w 30 mg 60 mg 60 mg 100 mg 300 mg 700 mg
ql2w* (n = 1873) ql2w" ql2w* qéw" (r=12) (n=15) (=11)
(n = 34) (n=32) (n=234) (n=64)
Injection- or infusion- 13 (38.2) 435 (232) 11 (344) 14 (41.2) 30 (46.9) 8 (66.7) 12(80.0) 10 (90.9)
related reactions
Injection- or infusion- 3 (8.8) 322 (17.2) 9 (28.1) 7 (20.6) 15(234) 6(50.0) 9 (60.0) 6 (54.5)
related reactions with
first injection/infusion
Serious reaction 0 2 (0.1) 0 1(2.9) 2 (3.1) 0 0 0
Treatment discontinuation 1 (2.9) 1 (0.1) 1(3.1) 0 1(1.6) 0 1(67) 0
Treatment interrupted 0 0 0 0 0 5 (417)° 9 (60.0)° 8 (72.7)°
Severe injection- or 1(2.9) 4 (0.2) 0 1(2.9) 1(1.6) 0 0 2 (18.2)
infusion-related reactions
(Grade > 3)
Cytokine release syndrome 0 0 0 1(2.9) 0 0 2(133) 0

AE adverse event, IV intravenous, » number of patients, g4w every 4 weeks, 412w every 12 weeks, SC subcutaneous
*Unlike the ASCLEPIOS I/II trials, no initial loading dose regimen was used in the MIRROR study

PInfusion paused and restarted

special resources and, hence, adds to the
financial burden on healthcare systems [59]. In
part, due to its independent administration, the
National Institute for Health and Care Excel-
lence (NICE) in the UK has recently regarded
ofatumumab as a cost-effective therapy for the
National Health Service [60].

CONCLUSION

The development target for the ofatumumab
20mg SC dose was to tailor and achieve a
favorable benefit-risk profile, and a convenient
experience for patients with RMS. The efficacy
of ofatumumab has been shown to be superior
to teriflunomide in randomized double-blind
phase 3 ASCLEPIOS I/II trials. In the ALITHIOS
extension study, longer-term treatment up to
4 years has shown sustained benefits and good
tolerability with no new safety signals. The
safety profile, which importantly includes a

reduced risk of IRRs with SC versus IV admin-
istration, has also been maintained over the
long term. PKPD models further validated the
use of the ofatumumab 20 mg dose for RMS
patients by demonstrating a rapid reduction
and near complete B-cell depletion with
monthly administration. Simulations also indi-
cated a shorter time to B-cell repletion after
treatment cessation than other anti-CD20s,
with attendant benefits for vaccination, repro-
ductive health, and any potential need for
treatment switch, and there is no significant
effect on pharmacokinetics due to body weight.
Based on network meta-analyses, ofatumumab
is amongst the most highly efficacious treat-
ments in MS (including ocrelizumab, natal-
izumab, alemtuzumab) [36, 37]; within this
group, ofatumumab is the only treatment that
has been specifically designed, tested and
approved for self-administration by the patient
at home. These unique benefit-risk and tolera-
bility profiles enable patients to be compliant
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with, and persistent on, therapy over time. The
at-home self-administration also meets patient
preferences due to its convenience and was
particularly beneficial during the COVID-19
pandemic by mitigating the risks of infection
from in-clinic visits. The benefit-risk profile of
ofatumumab supports its early initiation to
maximize its long-term treatment benefits in
the overall RMS population, as well as recently
diagnosed and treatment-naive RMS patients.
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