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ABSTRACT

The high efficacy of natalizumab in the treatment of relapsing-remitting multiple sclerosis (MS) is without controversy. Indeed, effective disease
control was not only demonstrated in the pivotal trials but has been corroborated impressively in real-world observations. This monoclonal IgG4
antibody blocks the a4B1 integrin-mediated leukocyte-endothelial interaction and thereby inhibits the migration of immune cells to the brain
parenchyma. However, treatment with natalizumab carries the risk of progressive multifocal leukoencephalopathy (PML). This potentially lethal side
effect is a significant limitation for treatment initiation and long-term therapy. Natalizumab is given intravenously or subcutaneously in the standard
dose of 300 mg every 4 weeks, allowing drug concentrations at levels that ensure continuous a4B1 integrin receptor saturation on the surface of
immune cells. Extended-interval dosing (EID) is an emerging treatment approach that aims to mitigate the natalizumab-related PML risk by
prolonging the standard infusion intervals to 6 weeks or even more. This treatment approach may abrogate the PML risk due to improved immune
surveillance within the central nervous system while maintaining clinical efficacy. Moreover, even an individual interval dosing can be envisioned
based on the availability of a biomarker that is capable of monitoring both safety and efficacy aspects. This review summarizes the early and
encouraging evidence for EID from observational and randomized-controlled trials and discusses current limitations and upcoming challenges for
introducing a tailored treatment approach.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of
the central nervous system (CNS) with pathological hallmarks
of demyelination and axonal loss." The humanized mono-
clonal immunoglobulin (Ig)G4 antibody natalizumab
(Tysabri®; Biogen-Idec, Cambridge, MA, USA) is a highly
efficacious treatment for relapsing-remitting MS.? Natalizu-
mab blocks the a4-integrin-mediated leukocyte-endothelial
interaction and thereby inhibits the trafficking of immune cells
from the blood to the central nervous system (CNS).>* The
United States (U.S.) Food and Drug Administration (FDA)
and the European Medicines Agency (EMA) approved na-
talizumab as single disease-modifying therapy in adults with
highly active relapsing-remitting multiple sclerosis upon 2
convincing pivotal phase III trials.”® The AFFIRM trial
investigated the efficacy and safety of natalizumab as mono-
therapy, whereas the SENTINEL trial evaluated the efficacy
and safety of natalizumab in combination with intramuscular
IFN-B-1a (Avonex®). A fixed four-weekly intravenous (IV)
dose of 300 mg was chosen for the phase III trials, resulting in

a 3.0-6.0 mg/kg dose for patients with body weights ranging
from 50 to 100 kg to ensure a stable receptor saturation.” In the
meantime, more than a dozen post-approval studies corrob-
orated the high efficacy on clinical disease activity and in-
flammatory hallmarks on magnetic resonance imaging
(MRI).® The EMA granted market authorization for sub-
cutaneous (SC) natalizumab in April 2021. The decision was
based on the DELIVER and REFINE studies, which showed
comparability of the IV and SC administration of 300 mg
natalizumab in terms of efficacy, pharmacokinetic and phar-
macodynamic proﬁles.g’10

However, treatment with natalizumab is associated with
an increased risk of progressive multifocal leukoencephal-
opathy (PML). This rare infection is caused by a pathogenic
form of John Cunningham Polyomavirus (JCPyV), com-
monly referred to as John Cunningham virus (JCV). The
JCV antibody index is used for the risk assessment of
natalizumab-associated PML.'"!? In this article, we sum-
marize real-world evidence for extended-interval dosing
(EID) of natalizumab, an emerging treatment concept aimed
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at mitigating the risk for this potentially fatal opportunistic
brain infection.

Natalizumab treatment increases the risk of PML
The two main concerns with natalizumab treatment in people

with MS (pwMS) are the risk of developing PML and disease
rebound after the termination of the monthly infusions.'>1*
PML is strongly associated with, although not limited to,
immunosuppressed status and predominantly occurs in indi-
viduals with acquired immunodeficiency syndrome (AIDS)."
A pooled analysis of 4 large, observational, open-label studies
provided valuable insights into PML risk associated with
natalizumab treatment.'® In JCV antibody-positive pwMS
with previous immunosuppressant use, the estimated cumu-
lative PML probability over 6 years is 2.7% (95% Confidence
Interval (CI) 1.8-4.0), and 1.7% (95% CI 1.4-2.1) in those
without this pre-treatment. The category “immunsupprosive
drugs” comprised mitoxantrone, methotrexate, azathioprine,
cyclophosphamide, mycophenolate, ciclosporin, tacrolimus,
docetaxel, fluorouracil, and temsirolimus. Moreover, in pwMS
without previous immunosuppressive drug therapy, the esti-
mated annual PML risk per 1000 individuals can be stratified
according to the treatment duration. The risk ranges from .01
(.00-.03) in year 1 to .6 (.0-1.5) in year 6 for people with a
JCV-antibody index of <.9 or less; from .1 (.0-.2) in year 1 to
3.0 (:2-5.8) in year 6 for those with an index 2.9-1.5; and from
.2 (.0-.5) in year 1 t0 10.0 (5.6-14.4) in year 6 for those with an
index of >1.5. In addition, the duration of natalizumab treatment
is another established risk factors for PML in pwMS, and is used
together with the JCV antibody index for the stratification of the
individual PML risk. Yet, the absolute numbers of natalizumab-
associated PML cases did not diminish over time, pointing to
difficulties implementing the risk-stratification algorithm in
clinical practice.17 More recently, there is evidence of different
PML incidence in the U.S. versus Europe and the consideration
of a higher risk for JCV antibody-negative patients than previ-
ously reported.18 Interestingly, the risk of PML on natalizumab,
in general, does not only reach a plateau but seems to decrease
after about 5 years of continuous dosing.18

Extended-interval dosing - an emerging strategy to
mitigate the PML risk

Clinicians treating pwMS at risk of PML must consider
continuing treatment with natalizumab or switching to another
highly-effective therapy.19 The standard-interval dosing (SID)
for natalizumab is a 300 mg infusion or SC application every
4 weeks. After a single IV administration of natalizumab, the
maximal 04P1 integrin saturation is maintained for 3 to 4 weeks,
and saturation declines to 50%-80% over the following
4 weeks.?® The SID with 300 mg natalizumab was selected to
provide more than 80% saturation of mononuclear cell a4p1-
integrin receptors up to 1 month after administration.>’ More
recent data indicate that a receptor occupancy of >50% is

sufficient for effective disease control.”* In addition, overdosing
of natalizumab with subsequent restricted CNS immune sur-
veillance and emergence of JCV mutations may be the key factor
related to the occurrence of PML. Extending the interval be-
tween administrations may be a potential option to lower the
risk of PML. Model-based simulations of pharmacodynamics
(PD) and —kinetics (PK) revealed that every-5-week or 6-week
dosing is capable to maintain the efficacy of natalizumab, at
body weights <80 kg.23’24 Indeed, several studies disclosed that
body weight is a significant PD/PK variable of NTZ treatment.
The partial desaturation of a-integrin receptors might enhance
immune surveillance within the CNS and subsequently, reduce
the risk of PML. Indeed, studies in an experimental model of
viral meningoencephalitis provided a mechanistic explanation
for insufficient virus control under altered T cell migration
conditions.”> The most recent EMA product information
concludes that “the efficacy of natalizumab when administered
with EID has not been established; therefore, the benefit/risk
balance of EID is unknown”.?

The measurement of free natalizumab and receptor satu-
ration provides information to assess individual treatment
responses.””*® In a cross-sectional assessment of pwMS who
received SID or EID, serum natalizumab concentrations and
a4-integrin receptor saturation on immune cells were analyzed
in blood samples obtained at trough time points.*” The study
objective was to determine whether the steady-state pharma-
cologic parameters of NTZ EID, determined after at least
18 months of continuous EID treatment, would maintain a4-
integrin saturation in the submaximal but “therapeutic” (>50%)
range and serum concentration 22 pg/mL. The authors con-
cluded that at least 9 natalizumab infusions/year are required to
stay above this therapeutic threshold. Moreover, a higher body
mass index was identified as a predictor of suboptimal trough
saturation on EID natalizumab. Indeed, mathematical mod-
eling using data from the RESTORE trial indicated that dosing
every 5 or 6 weeks is likely to maintain the efficacy of natali-
zumab, particularly at body weights <80 kg, in patients who
switch after a period of stability on every-four-week dos,ing.23 A
retrospective analysis of the TOUCH registry (Class III evi-
dence) provided initial assurance for a significantly lower PML
risk using the EID scheme after switching from SID dosing.g‘O

Hereinafter, we summarize the early evidence for EID by
summarizing the available scientific literature until Jul 62 022.
The search revealed 6 studies concerning the efficacy, 4 studies
evaluating the safety, and additional studies assessing side ef-
fects and biomarkers of EID.

Efficacy

The NOVA study was a randomized, controlled, open-label,
phase 3b trial that evaluated the efficacy of IV natalizumab EID
(once every 6 weeks) among participants who had previously been
treated with IV natalizumab SID (once every 4 weeks) for at least
12 months (ClinicalTrials.gov Identifier: NCT03689972), in
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comparison to continued IV SID treatment.*** The primary
endpoint was the number of new or newly enlarging T2 hy-
perintense lesions at week 72. A total of 499 patients were
enrolled in the EID (n = 251) and SID (n = 248) groups. The
study revealed a numerical difference between the 2 groups for
new or newly enlarging T2 lesions at the study endpoint. In
detail, the mean number of new or newly enlarging T2-lesions
was .2 (95% CI .07-.63) in the EID group and .05 (.01-.22) in
the SID group under the primary estimand (P = .076). The
findings were driven by 2 patients with very high numbers of new
or enlarging lesions (225) in the EID group and lower than
expected disease activity in the SID group. In addition, there was
1 case of asymptomatic PML in the EID group, reinforcing the
continued need for monitoring and risk stratification in all pa-
tients on natalizumab.

The multicenter study by De Mercanti et al. retrospectively
analyzed data collected at 14 Italian MS centers over 11 years.33
In total, 360 patients were studied with a mean interval of
5.3 weeks between the doses of IV natalizumab in the 6 months
following the month 24 infusion. In the 2 years of follow-up, the
SID and EID groups showed a comparable risk of developing
active lesions on MRI.

The two-center study of Bomprezzi and Pawate reports their
seven-year experience from a cohort of patients who received IV
natalizumab at six-to 8-week intervals instead of SID.>* A total
of 361 patients received natalizumab for 22 + 13 months; the
minimum duration was 6 months. Of these, 96 patients received
EID natalizumab at some point for 20 + 11 months. The
retrospective analysis revealed no significant difference between
the relapse rate with SID vs. EID dosing (13% each). The
authors note that this relapse rate is in line with other studies
from the real-world setting. The number of new MRI lesions
was 11% for SID and 9% for EID, respectively.

The multicenter retrospective study by Chisari et al. analyzed
a total of 2092 pwMS; 40.1% received IV natalizumab ac-
cording to EID.>* At 12 and 24 months, no differences in
annualized relapse rate and disability status were found. Fur-
thermore, the progression index and confirmed disability
worsening were similar between the 2 groups.

Butzkueven et al. used data as of November 2019 of the
Tysabri Observational Program (TOP), an ongoing, open-
label, multicenter, prospective observational study of the safety
and effectiveness of IV natalizumab in patients with relapsing-
remitting MS treated in real-world clinical practice settings.36
In this study, 219 patients with natalizumab dosing every
6 weeks after 1 year of SID were matched at the time of the
dosing switch. There were no significant differences in an-
nualized relapse rates, risk of relapse, or risk of Expanded
Disability Status Scale (EDSS) worsening between patients
who switched to 6-week dosing and those who remained on
SID.

MRI outcomes of patients treated with IV natalizumab
EID versus SID in MS PATHS (Multiple Sclerosis Partners
Advancing Technology and Health Solutions) were studied

1.37 MS Paths is a collaborative, multicenter

by Ryerson et a
learning health system that generates real-world clinical and
MRI data using highly standardized acquisition protocols.
The MRI outcome measures included the number and
volume of T2 lesions and brain atrophy. No statistical
differences for MRI outcomes were observed with natali-
zumab EID (patients n = 79) and SID (n = 354), indicating
comparable real-world effectiveness on quantitative MRI
metrics.

Sofety
A retrospective observational study by Riancho et al followed 39
pwMS treated with IV natalizumab over 7 years.38 Patients were
initially treated with SID over a mean time of 54 months
(standard deviation (SD) 29) and later switched to EID with the
administration of natalizumab every 8 weeks. The mean time on
EID was 76 months (SD 13). EID maintainted its impact on
relapse rate, radiological activity, and disability worsening.
There were no cases of PML or other severe adverse reactions in
this cohort.

Yamout et al. reported a similar observation in a cohort of 85
pwMS receiving IV natalizumab with an EID between 5 and
8 weeks for at least 6 months.>” Natalizumab was used as escalation
therapy due to persistent disease activity on baseline therapy in
most patients. In a subgroup analysis of 55 patients, adverse eftects
were even lower in the EID group, a finding mainly related to
lower rates of infections. In this regard, the 10-year interim analysis
of the Tysabri Observational Programme (T'OP) revealed that
overall, 829 patients (13.5%) experienced 21 serious adverse event
(SAE), with infection the most common (4.1%).*°

A retrospective cohort study including over 35.000 JCV
antibody-positive pwMS by Ryerson et al. disclosed a possible
risk reduction in the EID group compared to the SID group.*”
For the primary and secondary analyses, the relative risk re-
duction was 94% and 88% in favor of EID; the tertiary included
no cases of PML, corroborating a lower risk than SID.

Factors associated with poor functional outcome from
natalizumab-associated PML include advanced age, higher
initial JCV copy number in cerebrospinal fluid, and more ex-
tensive PML lesions on the initial MRI.*! Interestingly, there
was no association between functional outcome and the du-
ration of natalizumab therapy. A case study by Scarpazza et al.
raised speculations that PML In EID treated pwMS may have a
more benign clinical course and outcome compared to SID.*
The reports on 4 natalizumab-PML cases on EID showed that
the patients developed PML after at least 38 natalizumab in-
fusions. The JCV index was >1.5 in all, and no patient had
received immunosuppressive therapies. Two patients were
asymptomatic at PML onset, while 2 had mild motor im-
pairment of the right hand and anomia, respectively. All pa-
had MRI findings
reconstitution, and the clinical outcome was favorable (AEDSS
up to 1).

tients compatible with immune
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Side effects

Individuals receiving natalizumab may report increased fatigue
and other symptoms shortly before their next scheduled in-
fusion. This phenomenon is known as the wearing-off phe-
nomenon and is not associated with increased disease
activity.” A recent study demonstrated low receptor occu-
pancy in conjunction with high BMI as the underlying cause.**
However, in a prior study, the wearing-oft effect was more
frequently reported in the SID (39%) than in the EID (19%).*
The latter findings stem from a single-center study by Kempen
et al, which assessed the prevalence of this phenomenon and
evaluated the relationship of its occurrence to the interval
between natalizumab infusions [SID vs. EID (5-7 weeks)] in
93 adults with relapsing-remitting MS and > 6 consecutive
infusions. The wearing-off effect was more frequent in the
SID (39%) than in the EID group (19%). Moreover, no as-
sociations were found with the number of infusions, disease
duration, age, or sex. Indeed, no pharmacodynamic or phar-
macokinetic associations could be identified so far, which
points at a potential placebo effect of the wearing-off phe-
nomenon. In addition, a multicenter study by Dekeyser et al
hypothesized that end-of-dose interval symptoms might be
explained by variability in serum cytokine levels during na-
talizumab treatment.*® Out of 42 patients with relapsing-
remitting MS, almost 60% reported wearing-off symptoms.
However, 11-6, IFN-y and TNF-a serum levels did not cor-

relate with the wearing-off symptoms.

Biomarkers

Low L-selectin (CD62 L) expression on the surface of CD4" T
cells was proposed in 2013 as a potential biomarker indicative of
the individual PML risk during natalizumab treatment.*’
Admittedly, there has been controversy about this observa-
tion, as other groups could not validate this biomarker because
of methodological chatllenges.48

In 2019 an observational study by Schwab et al collected
samples of 1108 pwMS and measured cell-bound CD62 L
levels alongside natalizumab therapy. The authors first reported
that lower CD62 L expression is associated with natalizumab
treatment and a higher likelihood of developing a PML.
Secondly, cessation of natalizumab or extension of treatment
intervals led to recovered CD62 L values. The authors sub-
sequently suggested that CD62 L might be evaluated as a
potential biomarker in future studies for balancing efficacy and
safety in EID.*

In a similar effort to optimize and personalize natalizumab
therapy, a multicenter study by Punet-Ortiz et al. measured
serum levels of natalizumab and expression of 041 integrin on
the surface of peripheral blood lymphocytes.5 9 Their results
indicate a dose-dependent relationship between serum drug
concentrations and a4p1 integrin surface expression. Using this
method, they propose the possibility of identifying patients with

suboptimal treatment and those that might benefit from an
EID.

Berkovich et al. took a different approach by assessing
whether CD4 cell counts correlate with different natalizumab
treatment phases in pwMS, including a 12-week planned
treatment interrup'cion.51 The authors observed that the CD4
cell count increased from baseline while on treatment and
decreased back to baseline levels off treatment, then rose
similarly on natalizumab reinitiation. Thus, CD4 cell counts
may reflect lymphocyte trafficking and cell redistribution during
natalizumab therapy and aid in individual safety monitoring

during EID.

Conclusion

Despite the approval of several other disease-modifying drugs,
natalizumab remains a highly effective treatment option. Some
observational studies even reported a more significant impact on
disease activity in clinical practice than in the active treatment
arm of the AFFIRM trial.'' The current standard is natali-
zumab termination in patients at high risk for PML and switch
to other disease-modifying drugs.5 % In this review, we sum-
marized the early but encouraging evidence for the short-term
efficacy of natalizumab EID in combination with lower PML
risk reported in observational studies. At the current stage,
natalizumab EID can be seen as an emerging option for patients
with lower PML risk. It needs to be taken into account that
EID can also be cost-saving and may increase the quality of life
due to fewer infusions and a lower frequency of hospital visits.”
Given that the currently ongoing studies can confirm the
current evidence on efficacy and safety, a reliable and easy-to-
use biomarker to guide this individualized treatment concept in
clinical practice will be essential. In this regard, the NEXT-MS
trial (ClinicalTrials.gov Identifier: NCT04225312) aims to test
feasibility and validate safety of personalized EID of natali-
zumab in a large real-life cohort in a Nation-wide study (the
Netherlands).”® Personalized dosing is based on natalizumab
trough concentration, with an aim of natalizumab trough
concentration of 10mcg/ml. The investigators plan to recruit
300 patients with a follow-up of 104 weeks, the estimated
primary completion date according to clinicaltrials.gov is Jan-

uary 12 024.
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