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Abstract
A biosimilar medicine is a successor to a reference (‘originator’/’original-brand’) biologic medicine brought to market once 
the patent and exclusive marketing rights for the reference have expired. Biosimilar natalizumab (PB006 [biosim-NTZ]; 
developed by Polpharma Biologics S.A. and marketed globally as Tyruko®; Sandoz) has been developed as a successor to 
reference natalizumab (Tysabri® [ref-NTZ]; Biogen) and is the first US Food and Drug Administration (FDA)-approved and 
European Medicines Agency (EMA)-approved biosimilar in neurology. As per the FDA and EMA indications for ref-NTZ, 
biosim-NTZ is approved to treat relapsing forms of multiple sclerosis (USA, EU) and Crohn’s disease (USA only). Approval 
of biosim-NTZ was based on the ‘totality of evidence’, a comprehensive body of data collected during the development 
process, demonstrating similarity to its reference medicine. The foundational step of demonstrating structural and functional 
similarity between biosim-NTZ and ref-NTZ confirmed identical primary and indistinguishable higher order structures, as 
well as matching binding affinity to α4β1/α4β7 integrins. Following the confirmation of matching structure and function, 
pharmacokinetic/pharmacodynamic similarity of biosim-NTZ to ref-NTZ in healthy subjects was demonstrated, with no 
clinically meaningful differences identified in safety and immunogenicity. A comparative, double-blind, randomized study 
(Antelope) was also conducted in patients with relapsing-remitting multiple sclerosis and demonstrated matching efficacy, 
safety, and immunogenicity with no clinically meaningful differences between biosim-NTZ and ref-NTZ. This review pre-
sents the totality of evidence that confirmed the biosimilarity of biosimilar natalizumab to its reference medicine, which 
supported its approval by the FDA and the EMA. [Graphical plain language summary available].

Key Points 

Biosimilar natalizumab, PB006, was assessed for bio-
similarity to reference natalizumab against the totality of 
evidence, and is the first biosimilar medicine developed 
and approved for the treatment of patients with relapsing 
forms of multiple sclerosis.

The totality of evidence is a comprehensive package of 
analytical, functional, pharmacokinetic/pharmacody-
namic, and clinical data required for biosimilar approval, 
demonstrating that a proposed biosimilar matches its 
reference medicine in terms of quality, efficacy, safety, 
and immunogenicity.

The confirmation of biosimilarity via the totality of 
evidence establishes a biosimilar to be as safe and effec-
tive as its reference medicine, therefore physicians and 
patients can expect the same clinical outcome.

1  Introduction

Multiple sclerosis (MS) is a chronic immune-mediated 
inflammatory disease that can lead to severe physical and/
or cognitive disability [1, 2]. In relapsing-remitting MS 
(RRMS), individuals experience disease relapses with new 
or worsening neurological symptoms separated by periods 
of stability [3]. The MS treatment landscape has changed 
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significantly in recent years, particularly with the introduc-
tion of high-efficacy disease-modifying therapies, which 
include biologic medicines such as monoclonal antibodies 
[4, 5]. However, the high cost associated with biologic medi-
cines still represents a major limitation for wide access to 
these treatments [4, 6].

Biosimilar medicines are successors to already 
approved ‘reference’ biologic medicines [7, 8], and can 
be brought to market once the market protection period 
for the reference medicine expires [7]. According to US 
and European consensus guidelines, biosimilar medi-
cines are considered as effective and safe as the reference 
medicine when approved within highly regulated areas, 
confirming that physicians and patients can expect the 
same clinical outcome when receiving treatment with a 
biosimilar [4, 8, 9]. Safe and effective switching between 
reference and biosimilar medicines, and between bio-
similar medicines, is also supported by a large body of 
evidence accumulated from years of clinical practice 
[10–13]. As seen in these therapy areas, including oncol-
ogy, metabolic diseases, gastroenterology, and rheuma-
tology [14–17], the anticipated introduction of biosimilar 
medicines as a less costly biologic treatment option for 
the first time in MS is expected to increase access to 
biologics [18, 19]. Increased access would in turn offer 
both clinical and economic benefits to patients with MS, 
healthcare systems, and payers, ultimately driving sus-
tainability of care [6, 15, 18, 20].

Biosimilarity to an approved reference medicine is 
demonstrated via the totality of evidence (ToE) gathered 
in a comprehensive development process [7, 9, 21, 22]. 
Unlike the development process for a novel biologic med-
icine, which must demonstrate the efficacy and safety 
of the investigational treatment de novo, biosimilarity 
is based on a comparison of physicochemical and clini-
cal data between the proposed biosimilar medicine and 
its existing reference medicine to exclude any clinically 
meaningful differences [7, 9, 21–23]. Extensive phys-
icochemical, structural, and functional characterization 
using state-of-the-art analytical technologies is applied 
to demonstrate that the proposed biosimilar matches its 
reference medicine in terms of structure, function, purity, 
and other quality attributes (QAs); this characterization 
is the cornerstone of the biosimilar comparability exer-
cise [9, 22–25]. The pharmacokinetic/pharmacodynamic 
(PK/PD) profile of the proposed biosimilar medicine ver-
sus the reference medicine is also assessed as part of the 
ToE package. When considered appropriate, additional 
comparative clinical studies are conducted to generate 
comparative clinical efficacy and safety data, to reinforce 
the demonstration of no clinically meaningful differ-
ences between the proposed biosimilar and the reference 
medicine [7, 9, 26] using, as described by the European 

Medicines Agency (EMA), “sensitive endpoints in a pop-
ulation where product-related differences in clinical per-
formance can be detected” [7]. To demonstrate this pro-
cess, ToE is often depicted as a pyramid (Fig. 1), where 
each layer corresponds to the essential evidence required 
for each step in biosimilar development, and also indi-
cates the weight of that evidence within the overall data 
package; analytical characterization forms the base of 
the biosimilarity pyramid, upon which the comparative 
pharmacokinetic/pharmacodynamic, safety, and efficacy 
components rely, building toward the top of the pyramid.

Biosimilar natalizumab (PB006 [biosim-NTZ]; devel-
oped by Polpharma Biologics S.A. and marketed glob-
ally as Tyruko®; Sandoz) has been developed as a bio-
similar to reference natalizumab (Tysabri® [ref-NTZ]; 
Biogen, Cambridge, MA, USA) [27–31]. Biosim-NTZ 
received approval from the US Food and Drug Adminis-
tration (FDA) in August 2023 and from the EMA in Sep-
tember 2023 [27, 28]. Natalizumab is a highly effective, 
recombinant, humanized, α4-integrin antibody derived 
from a murine monoclonal antibody to the human α4β1/
α4β7 integrins [5, 27, 29–33]. In the EU, ref-NTZ and 
biosim-NTZ are approved as monotherapy in adults with 
highly active RRMS [27, 29]. In the USA, ref-NTZ and 
biosim-NTZ are approved as monotherapy in adults for the 
treatment of relapsing forms of MS, to include clinically 
isolated syndrome, relapsing-remitting disease, and active 
secondary progressive disease, as well as for the treatment 
of moderate-to-severe Crohn’s disease with evidence of 
inflammation, specifically in patients with an inadequate 
response to conventional therapies and tumor necrosis 
factor-alpha inhibitors [30, 31].

Natalizumab binds to the α4 subunit of α4β1 (also 
known as very late antigen 4) and α4β7 integrins expressed 
on the surface of all leukocytes, except neutrophils [27, 
29–31]. It inhibits the α4-integrin-mediated adhesion of 
leukocytes to their counter-receptor(s) including vascular 
cell adhesion molecule-1 (VCAM-1), which is expressed 
on the activated vascular endothelium, and mucosal 
addressin cell adhesion molecule-1 (MAdCAM-1), pre-
sent on vascular endothelial cells of the gastrointestinal 
tract [27, 29–32, 34]. Disruption of the α4β1/VCAM-1 
and α4β7/MAdCAM-1 interactions prevents transmigra-
tion of leukocytes across the endothelium into inflamed 
parenchymal tissue, inhibiting further progression of the 
inflammatory demyelination process in the central nerv-
ous system or inflammation of the gastrointestinal tract 
[27, 29–32, 34].

The development program for biosim-NTZ generated 
a comprehensive ToE data package comprising extensive 
comparative analytical and functional characterization [35, 
36] alongside four clinical studies, namely: a pilot PK/PD 
study with EU-approved ref-NTZ (EU-ref-NTZ) in healthy 
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subjects; a supportive safety study with biosim-NTZ in 
healthy subjects; a pivotal PK/PD study comparing biosim-
NTZ to US-licensed ref-NTZ (US-ref-NTZ) and EU-ref-
NTZ in healthy subjects; and a pivotal comparative clinical 
study with biosim-NTZ versus EU-ref-NTZ in patients with 
RRMS [36].

Biosim-NTZ marks the first biosimilar approved by the 
FDA and EMA in relapsing forms of MS [28, 37]. This arti-
cle presents the individual components of the ToE confirm-
ing the biosimilarity of biosim-NTZ to ref-NTZ. A graphical 
plain language summary is available in the Electronic Sup-
plementary Material (ESM).

2 � Comparative Analytical and Functional 
Characterization

Analytical and functional characterization serves to demon-
strate that the active component of a biosimilar medicine is 
structurally and functionally similar to the active component 
of the reference medicine, and the biosimilar would thus be 
expected to behave in the same way as the reference medi-
cine [7, 22, 38]. As noted above, analytical and functional 
characterization constitutes the foundation and the largest 
body of evidence of the ToE [22], accordingly represented as 
the ‘base’ of the biosimilarity development pyramid (Fig. 1).

Methods and assessment criteria of analytical similarity 
are based on characterization of the reference medicine and 
its critical quality attributes (CQAs) [39]. QAs are meas-
urable physicochemical characteristics of a biologic medi-
cine that determine its principal properties, and can vary 
owing to either inherent or manufacturing variability [40]. In 

biosimilar development, it is therefore fundamental to iden-
tify which QAs are CQAs (e.g., oxidation, glycosylation, and 
binding to Fcγ receptors); that is, have a direct impact on the 
medicine’s pharmacokinetics, safety, efficacy, and immuno-
genicity and must be demonstrated to closely match those of 
the reference medicine, laying within prespecified thresholds 
[21, 22, 38, 39, 41, 42]. QAs are categorized into very high, 
high, moderate, low, or very low criticality. All QAs ranked 
with very high, high, or moderate criticality are considered 
as CQAs [43].

The biosim-NTZ comparative analytical and functional 
characterization comprised multiple investigations [35, 
36, 44], where the structure and function of biosim-NTZ 
was compared with that of US-ref-NTZ and EU-ref-NTZ, 
using quality ranges calculated based on standard devia-
tions from the range of all tested US-ref-NTZ batches 
(Table 1). The criticality of QAs was assessed based on a 
risk ranking approach using a preliminary hazards analy-
sis, as per the International Conference on Harmonization 
(ICH) guidelines (ICH Q9) [36, 45]. Standard deviation 
multipliers were applied according to risk: 2.5 for ‘high’ 
risk attributes (those directly related to the mechanism of 
action), 3 for ‘moderate’ risk attributes (product variants 
not directly related to the mechanism of action or those 
attributes directly related to the mechanism of action in 
which orthogonal methods were included in the compara-
tive analytical assessment), and 4 for ‘low’ risk attributes 
[35]. For QAs with ‘low’ and ‘very low’ criticality, the data 
were compared descriptively (a ‘low-risk’ category was 
also applied for QAs that are not amenable to a statistical 
evaluation, e.g., if a certain attribute can only be assessed 
qualitatively) [35].

Fig. 1   The totality of evidence data package for the development and 
approval of biosimilar medicines compared to reference medicines. 
In vivo preclinical studies are not a requirement from the European 
Medicines Agency and US Food and Drug Administration for the 

approval of biosimilar medicines when extensive analytical and 
functional characterization has already demonstrated the proposed 
biosimilar and reference medicines to be highly similar [9, 22, 38]. PD 
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2.1 � Structural Characterization, Product‑Related 
Variants, and Fab‑arm Exchange

The first aspect of the analytical assessment was a compari-
son of the physicochemical, biophysical, and in vitro func-
tional properties of natalizumab. This included structural 
characterization, assessment of product-related variants, and 
studies investigating the Fab-arm exchange under physiolog-
ically relevant conditions.

Extensive characterization demonstrated matching out-
comes between biosim-NTZ and US-ref-NTZ and EU-ref-
NTZ in terms of structural characteristics (Table 1). Peptide 
mapping followed by liquid chromatography with tandem 
mass spectrometry confirmed the primary amino acid 
sequence of biosim-NTZ was identical to US-ref-NTZ and 
EU-ref-NTZ [35, 36, 44].

The results from Fourier-transform infrared spectroscopy, 
near and far ultraviolet circular dichroism, fluorescence 
emission spectroscopy, Förster resonance energy transfer 
(FRET), and X-ray crystallography demonstrated that the 
higher order structures of biosim-NTZ, US-ref-NTZ, and 
EU-ref-NTZ also matched (Table 1) [35, 36, 44]. Compari-
son of batches of biosim-NTZ and US-ref-NTZ showed that 
the levels of natalizumab dimers in biosim-NTZ were low 
and similar to that of US-ref-NTZ, as determined by size-
exclusion chromatography [35, 36]. High-molecular-weight 
impurities were not found in biosim-NTZ or US-ref-NTZ. 
The purity of biosim-NTZ in terms of the amount of anti-
body fragments (low-molecular-weight impurities), as deter-
mined by capillary electrophoresis under non-reducing and 
reducing conditions, were within range of US-ref-NTZ [35, 
36].

Table 1   Overview of the key critical quality attributes assessed as part of the comparative analytical and functional characterization performed 
in the biosim-NTZ development program [35, 36]

Biosim-NTZ biosimilar natalizumab, CEX cation exchange chromatography, ELISA enzyme-linked immunosorbent assay, FcRn neonatal Fc 
receptor, FRET Förster resonance energy transfer, LC-MS liquid chromatography-mass spectrometry, MAdCAM-1 mucosal vascular addressin 
cell adhesion molecule 1, ref-NTZ reference natalizumab, VCAM-1 vascular cell adhesion molecule 1

Characteristic analyzed Methodology Outcome: biosim-NTZ vs
ref-NTZ

Amino acid sequence LC-MS; peptide mapping ultraviolet Identical amino acid sequence
Higher order structures (secondary and 

tertiary)
Fluorescence emission spectroscopy; Fourier-

transform infrared spectroscopy; ultraviolet 
circular dichroism

Comparable higher order structures

Fab-arm exchange FRET; capillary electrophoresis sodium 
dodecyl sulphate

Comparable Fab-arm exchange rates

Charge variant distribution CEX Consistent charge variant distribution, within 
quality ranges for the acidic species

Natalizumab dimers Size-exclusion chromatography; sedimenta-
tion velocity-analytical ultracentrifugation

Comparable levels of natalizumab dimers

High-molecular-weight impurities Size-exclusion chromatography; sedimenta-
tion velocity-analytical ultracentrifugation

Comparable

Antibody fragments
(low-molecular-weight impurities)

Capillary electrophoresis sodium dodecyl sul-
phate; size-exclusion chromatography; sedi-
mentation velocity-analytical ultracentrifu-
gation

Comparable

N-glycosylation site occupancy Capillary electrophoresis sodium dodecyl 
sulfate; LC-MS

Slightly higher N-glycosylation site occupancy 
in biosim-NTZ, with differences justified

Glycosylation profile Hydrophilic interaction liquid chromatography Comparable glycosylation profiles with all 
major glycosylation peaks present

Methionine oxidation LC-MS Slightly higher level of methionine oxidation in  
biosim-NTZ, with differences justified

Binding to FcRn Surface plasmon resonance Comparable FcRn binding
Binding to α4β1 ELISA; surface plasmon resonance Comparable α4β1-integrin binding
Binding to α4β7 ELISA; surface plasmon resonance Comparable α4β7-integrin binding
Inhibition of interaction between VCAM-1 

and α4β1
ELISA; cell-based assay;
flow cytometry

Comparable inhibition of interaction of α4β1-
integrin with its cognate receptor VCAM-1

Inhibition of interaction between MAdCAM-1 
and α4β7

ELISA Comparable inhibition of interaction of α4β7-
integrin with its cognate receptor MAd-
CAM-1
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Natalizumab is an immunoglobulin G4 (IgG4) monoclo-
nal antibody that does not mediate Fc-associated activities 
owing to the low affinity of IgG4 towards Fcγ receptors [46, 
47]. Assessments confirmed the lack of Fc-associated effec-
tor function for both biosim-NTZ and ref-NTZ (data not 
shown) [35, 36].

Natalizumab, as an IgG4 monoclonal antibody, is known 
to undergo a heavy-light chain recombination and there-
fore a Fab-arm exchange [46]. The Fab-arm exchange takes 
place when the Fab-arm fragment of a therapeutic antibody 
exchanges with the Fab-arm fragment of an endogenous 
antibody, resulting in the formation of a bispecific IgG4 anti-
body [48]. The kinetics of the Fab-arm exchange between 
biosim-NTZ and US-ref-NTZ and EU-ref-NTZ was evalu-
ated in real time using Förster resonance energy transfer. The 
results demonstrated that similar Fab-arm exchange rates 
were observed for biosim-NTZ, US-ref-NTZ, and EU-ref-
NTZ (Supplementary Fig. 1 in the ESM) [35, 36, 44].

2.2 � Forced Degradation and Stability Studies

The molecules’ performances were then compared under 
different conditions, including a comparative forced deg-
radation and stability study to ensure biosim-NTZ and ref-
NTZ were comparable under long-term (5 ± 3 °C, inverted), 
accelerated (25 ± 2 °C/60 ± 5% relative humidity, inverted), 
and stress (40 ± 2 °C/75 ± 5% relative humidity, inverted) 
conditions through 6 months [35, 36].

Biosim-NTZ, US-ref-NTZ, and EU-ref-NTZ responded 
in a similar way to applied stress conditions, namely thermal 
stress (50 °C for 28 days), oxidative stress (5% 2-amidi-
nopropane dihydrochloride at 20 °C for 48 h), light stress 
(526 W/m2 ultraviolet-A light-hour + 1200 klux-hour visible 
light), freeze-thaw stress (five cycles of −80 °C for 22 h fol-
lowed by 20 °C for 2 h), pH stress at acidic pH (pH 4.0 at 
30 °C for 21 days), and mechanical stress such as agitation 
(750 rpm at 20 °C for 24 h) [35, 36, 44].

Comparative stability studies revealed minor differences 
between biosim-NTZ and ref-NTZ for stress conditions 
with no expected clinically meaningful impact, while no 
significant differences were observed under long-term and 
accelerated storage conditions up to the 6-month timepoint, 
confirming similarity between biosim-NTZ and both US-
ref-NTZ and EU-ref-NTZ [35, 36, 44].

2.3 � Functional Assessments

The potency of biosim-NTZ was assessed through the detec-
tion of any differences in the molecule’s interactions with its 
known targets and used as a sensitive tool for confirmation 
of similarity regarding the mechanism of action of biosim-
NTZ and ref-NTZ on a functional level [35, 36]. Binding 
affinity to α4β1 and α4β7 integrins for biosim-NTZ versus 

US-ref-NTZ and EU-ref-NTZ was assessed via an indirect 
enzyme-linked immunosorbent assay (ELISA) [Table 1]. 
The results of the indirect ELISA demonstrated that the 
binding affinity of biosim-NTZ was within the range of US-
ref-NTZ and EU-ref-NTZ [35, 36].

The ability of biosim-NTZ to block the interaction of 
α4β1 integrin and α4β7 integrin with its cognate receptors 
VCAM-1 and MAdCAM-1 was also tested by means of a 
competitive ELISA. Biosim-NTZ, US-ref-NTZ, and EU-
ref-NTZ were comparable in terms of blocking the inter-
actions of α4β1 integrin with VCAM-1 and α4β7 integrin 
with MAdCAM-1 (Fig. 2a, b). The α4β1 integrin and α4β7 
integrin indirect ELISA together with the VCAM-1 and 
MAdCAM-1 competitive ELISAs demonstrated equivalent 
potency of biosim-NTZ to US-ref-NTZ and EU-ref-NTZ 
within the predefined quality range [35, 36, 44].

3 � Clinical Studies

Data from clinical studies are employed to confirm matching 
pharmacokinetics/pharmacodynamics, efficacy, safety, and 
immunogenicity between a proposed biosimilar medicine 
and its reference medicine [7, 9, 22]. An overview of the 
clinical studies performed for biosim-NTZ is provided in 
Table 2.

3.1 � Pivotal PK/PD Study

A PK/PD study provides evidential weight that a proposed 
biosimilar, for which similarity has been confirmed on the 
analytical and functional level, will behave the same way 
within the human body [7, 22] (Fig. 1). As a step intended 
to inform the study design, an initial pilot PK/PD study 
was conducted using EU-ref-NTZ to confirm the sensitive 
dose for inclusion in the pivotal PK/PD study (Table 2). 
Three different doses (1, 3, and 6 mg/kg) of EU-ref-NTZ 
were assessed in 36 healthy subjects, with the 3-mg/kg 
dose found to be in the ascending dose–response curve 
for all PD endpoints, and thus selected for the subsequent 
pivotal PK/PD study.

Following the identification of the sensitive dose from the 
pilot study, a randomized, double-blind, three-arm, single-
dose, parallel-group, pivotal PK/PD study was conducted 
in healthy subjects to demonstrate similarity in the pharma-
cokinetics and pharmacodynamics between biosim-NTZ and 
ref-NTZ. A total of 453 healthy subjects aged 18–65 years, 
with a body mass index of 18.5–30.0 kg/m2 received a single 
dose of 3 mg/kg of biosim-NTZ, US-ref-NTZ, or EU-ref-
NTZ in a 1:1:1 ratio, before an 85-day follow-up. The full 
study design has been reported elsewhere [49].

Biosim-NTZ demonstrated similar serum concentrations 
for total natalizumab to both US-ref-NTZ and EU-ref-NTZ 
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throughout the entire evaluation period (Fig. 3) [49]. Phar-
macokinetic similarity was demonstrated between biosim-
NTZ, US-ref-NTZ, and EU-ref-NTZ for all comparisons 
with the 90% (FDA and EMA) confidence intervals (CIs) 
for the primary PK endpoint, i.e., area under the curve from 

time of dosing to infinity within the pre-specified similarity 
margin of 0.8–1.25 [49].

Pharmacodynamic similarity was also demonstrated for 
the primary PD endpoints, namely the area under the effect 
time curve from time of dosing to 12 weeks for baseline-
adjusted CD19+ and α4-integrin percentage receptor satu-
ration were demonstrated, with the 90% CI (FDA) and 95% 
CI (EMA) residing within the 0.80–1.25 similarity margin 
(Fig. 4a, b) [49].

Additional PD endpoints further supported PD similarity 
between biosim-NTZ and ref-NTZ, exhibiting a comparable 
decrease in mean absolute values for soluble VCAM and 
MAdCAM across treatment groups [49]. Fab-arm exchange 
kinetics were also investigated in the pivotal PK/PD study. 
No difference in Fab-arm exchange was observed between 
biosim-NTZ and ref-NTZ, corroborating the results from the 
analytical characterization (Supplementary Tables 1 and 2 
of the ESM).

A similar incidence and type of treatment-emergent 
adverse event (TEAEs) was reported across all treatment 
groups [49].

Immunogenicity was evaluated throughout the study with 
highly sensitive and drug-tolerant bioanalytical assays, which 
were used to assess anti-natalizumab antibodies (anti-drug anti-
bodies [ADAs]) and neutralizing antibodies (NAbs) in the treat-
ment groups (see Chamberlain et al. [Submitted for publication] 
for further details). These evaluations demonstrated similarity 
in the incidence and dynamics of treatment-emergent ADAs 
between biosim-NTZ and US-ref-NTZ and EU-ref-NTZ. In all 
dosing groups, the majority of subjects tested positive for ADAs 
at least once during the study period [Chamberlain et al. Submit-
ted for publication]. Furthermore, similarity in the incidence of 
NAbs and magnitude of the immune response in terms of the 
ADA titer was shown across all groups. Finally, no treatment-
related differences were observed with regard to the impact of 
ADAs or NAbs on PK or PD measures [49, Chamberlain et al. 
Submitted for publication]. Overall, the pivotal PK/PD study 
confirmed PK/PD similarity between biosim-NTZ and both US-
ref-NTZ and EU-ref-NTZ in healthy subjects, building upon the 
foundation of evidence showing matching structure and function 
of biosim-NTZ compared to ref-NTZ [49].

3.2 � Pivotal Comparative Antelope Study

In order to demonstrate the biosimilarity of biosim-NTZ to 
ref-NTZ in a clinical population of interest, a comparative 
clinical study was conducted in patients with RRMS [50]. 
Antelope was a pivotal multicenter, double-blind, active-
controlled, randomized, parallel-group study conducted 
between October 2019 and March 2021, in 48 centers across 
seven countries [50]. The objective of the study was to dem-
onstrate similarity in efficacy, safety, and immunogenicity, 
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Fig. 2   Potency of natalizumab samples by competitive enzyme-linked 
immunosorbent assay (ELISA). A Inhibition of interaction between 
vascular cell adhesion molecule 1 (VCAM-1) and α4β1; B Inhibi-
tion of interaction between mucosal vascular addressin cell adhesion 
molecule 1 (MAdCAM-1) and α4β7 integrin. Biosim-NTZ biosimilar 
natalizumab, ref-NTZ reference natalizumab. The boxes indicate quar-
tiles and the horizontal line in each box represents the median value; 
the whiskers show the data distribution; the circles represent the indi-
vidual batches of US-ref-NTZ, EU-ref-NTZ, and biosim-NTZ
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and exclude any clinically meaningful differences between 
biosim-NTZ and ref-NTZ in patients with RRMS [50]. Use 
of EU-ref-NTZ only in the Antelope study was supported 
by the results of the comparative analytical and functional 
characterization and PK/PD study, demonstrating equiva-
lence between US-ref-NTZ and EU-ref-NTZ (see Sects. 2 
and 3.1) [49]. Eligible patients, aged 18–60 years, had one or 
more documented relapse within the previous year and either 

one or more gadolinium-enhancing T1-weighted or nine or 
more T2-weighted brain lesions, a Kurtzke Expanded Dis-
ability Status Scale (EDSS) score of 0–5.0 (inclusive), and 
a John Cunningham virus index score of ≤1.5 at screening 
[50]. The inclusion criteria were less stringent in this study 
than in the summary of product characteristics (SmPC) of 
EU-ref-NTZ; however, the eligibility criteria resemble those 
used in the pivotal phase III studies for the reference medi-
cine. The selected study population was therefore regarded 
as sufficiently sensitive for the comparative efficacy assess-
ment [36]. Randomized patients received intravenous (IV) 
infusions of biosim-NTZ or EU-ref-NTZ at a dose of 300 
mg every 4 weeks for 12 visits post-baseline visit, in line 
with the dosing regimen from the SmPC of EU-ref-NTZ 
(Table 3) [36]. At week 24, a subset of patients was re-ran-
domized from EU-ref-NTZ to biosim-NTZ for assessment 
of immunogenicity. The full study design has been reported 
elsewhere [50].

As demonstrated by the study results, no clinically mean-
ingful differences in efficacy were observed between patients 
treated with biosim-NTZ and EU-ref-NTZ [50]. For the pri-
mary efficacy endpoint of the cumulative number of new 
active lesions, biosim-NTZ demonstrated similarity to EU-
ref-NTZ at week 24 (Fig. 5) in the per-protocol population, 
with 95% CI (−0.61 to 0.94) within the pre-specified margin 
of  ± 2.1 lesions [50]. The margin was derived to preserve 
at least 50% of the effect size (50% of the lower 95% CI of 
the treatment effect), based on the most suitable available 
publication (Miller et al.) that provided data on placebo and 

Table 2   Overview of clinical studies performed [36]

Biosim-NTZ, biosimilar natalizumab, EU European Union, IV intravenous, PD pharmacodynamic, PK pharmacokinetic, ref-NTZ reference natal-
izumab, RRMS relapsing-remitting multiple sclerosis, US USA
X is used to indicate that a particular parameter was measured for the relevant study
a The pilot PB006-01-01 PK/PD study was conducted with EU-ref-NTZ only
b The PB006-01-02 safety study was conducted with biosim-NTZ only

Study Study population N Reference 
origin

Dose PK PD Efficacy Safety Immuno-
genicity

Pilot PB006-01-01 PK/PD 
studya

Healthy subjects 36 EU Single
1-mg/kg OR
3-mg/kg OR
6-mg/kg IV infusion of
EU-ref-NTZa

X X – X –

PB006-01-02 safety study Healthy subjects 10 – Single
300-mg IV infusion of
biosim-NTZb

– – – X X

Pivotal PK/PD study
EudraCT: 2019-003874-15

Healthy subjects 453 USA and EU Single
3-mg/kg IV infusion of 

biosim-NTZ OR EU-ref-
NTZ OR US ref-NTZ

X X – X X

Pivotal Antelope clinical 
study

NCT04115488

Patients with RRMS 264 EU 300-mg IV infusions of 
biosim-NTZ OR EU-ref-
NTZ, every 4 weeks for a 
total of 12 infusions

X – X X X
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Fig. 3   Semi-logarithmic plot of mean total serum concentration over 
time for biosimilar natalizumab (biosim-NTZ) versus USA (US)-
licensed and European Union (EU)-approved reference natalizumab 
(ref-NTZ) [pharmacokinetic set]. IV intravenous. Wessels et al. [49]. 
Reprinted by permission of Informa UK Limited, trading as Taylor & 
Francis Group, https://​www.​tandf​online.​com
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ref-NTZ lesions in patients with RRMS [51]. The primary 
endpoint results were confirmed in the sensitivity analysis in 
the full population analysis set [50]. All secondary magnetic 
resonance imaging endpoints further confirmed the similar-
ity between biosim-NTZ and EU-ref-NTZ over 48 weeks 
[50]. The secondary clinical endpoints, namely annualized 
relapse rate and mean change from baseline in EDSS score, 
were similar between all treatment groups in the full analysis 
set population over 48 weeks [50]. Switching treatment from 
EU-ref-NTZ to biosim-NTZ at 24 weeks was also not associ-
ated with any impact on clinical efficacy over the subsequent 
24 weeks [50].

No clinically meaningful difference in the safety profile of 
biosim-NTZ and EU-ref-NTZ was observed, with a similar 
incidence of TEAEs across all treatment groups (Supple-
mentary Table 3 of the ESM) [50]. Among all treatment 

groups, the most reported TEAEs were infections and 
infestations (biosim-NTZ, n = 39 [29.8%]; EU-ref-NTZ, 
n = 34 [33.0%]; EU-ref-NTZ/biosim-NTZ switch, n = 15 
[50.0%]) and nervous system disorders (biosim-NTZ, n = 
33 [25.2%]; EU-ref-NTZ, n = 24 [23.3%]; EU-ref-NTZ/
biosim-NTZ switch, n = 8 [26.7%]) [50]. Few adverse events 
of special interest were reported, with similar proportions 
across all treatment groups up to week 48 [50]. No fatal or 
Grade 4 TEAEs under the Common Terminology Criteria 
for Adverse Events were reported; the majority of reported 
TEAEs were Grade 1 (Supplementary Table 3 of the ESM) 
[50]. Eight patients in the biosim-NTZ, three patients in the 
EU-ref-NTZ group, and one patient in the EU-ref-NTZ/
biosim-NTZ switch group experienced TEAEs that led to 
discontinuation, all except one were at least possibly related 
to the study drug (one patient in the biosim-NTZ group dis-
continued because of coronavirus disease 2019 infection) 
[Supplementary Table 3 of the ESM] [50]. The most com-
mon TEAEs leading to discontinuation were pruritus and 
urticaria, which are known common adverse drug reactions 
to natalizumab [27, 29–31, 50]. As patients with MS who 
are treated with natalizumab have a tendency to show an 
increased white blood cell count and higher lymphocyte 
count, white blood cell and lymphocyte levels were evalu-
ated during the Antelope study [52]. One case of increased 
white blood cell count and increased lymphocyte count was 
reported in the ref-NTZ group and no cases were reported in 
patients treated with biosim-NTZ, demonstrating a compara-
ble physiological effect between the two treatment arms. No 
progressive multifocal leukoencephalopathy cases occurred, 
neither during the treatment period (48 weeks) nor in the 
progressive multifocal leukoencephalopathy follow-up visit 
(24 weeks  ± 2 weeks after the last study drug infusion) [50].

The immunogenicity profile of biosim-NTZ, including 
ADA/NAb responses and scale of the impact on relevant 
clinical parameters, was indistinguishable from that of EU-
ref-NTZ during administration to patients with RRMS over 
48 weeks, as assessed via the validated high-sensitivity ADA 
assay [Chamberlain et al. Submitted for publication]. The 
incidence of ADAs and NAbs at the 24-week and 48-week 
treatment timepoints was similar for both groups, within 
the range of 74–79% and 67–69%, respectively, at week 48 
(Supplementary Table 3 of the ESM). Additionally, immu-
nogenicity was not impacted during the study period by 
treatment switching at week 24 and was therefore not asso-
ciated with an enhanced anti-natalizumab humoral immune 
response (i.e., ADAs and NAbs) in any of the 30 patients 
[50].

Building upon the matching analytical and functional 
characterization and together with confirmation of PK/
PD similarity, results of the Antelope study confirmed no 
clinically meaningful differences in the efficacy, safety, 
and immunogenicity in patients with RRMS treated with 
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biosim-NTZ or EU-ref-NTZ. Furthermore, no differences 
were observed in patients who switched from EU-ref-NTZ 
to biosim-NTZ treatment during the Antelope study for any 
of the endpoints investigated [50].

4 � Discussion

With biosim-NTZ marking the approval of the first biosimi-
lar medicine in neurology, it is important that the ‘totality of 
evidence’ concept and its corresponding data are well under-
stood by treating physicians and patients, to aid understand-
ing of how biosimilar medicines are developed and approved 
(Fig. 6) [7, 9, 28]. 

The clinical development program of biosim-NTZ 
was extensive. Analytical and functional characteriza-
tion using state-of-the-art techniques revealed matching 
physicochemical and functional profiles of biosim-NTZ 
to ref-NTZ [35, 36]. Both target binding and its imme-
diate pharmacological effect (binding to VCAM-1 and 
MAdCAM-1) were analyzed in functional assays as well 
as in healthy subjects [35, 36, 49]. The analytical data on 
α4ß1 and α4ß7 binding, as well as the functional data on 
blocking the interactions with the respective blockade of 
the interaction with the respective ligands VCAM-1 and 
MAdCAM-1, using highly sensitive assays, were similar 
[35, 36]. In addition, a clinical study was conducted in 
patients with RRMS confirming similar efficacy of bio-
sim-NTZ and its reference medicine [50]. These results, 
together with the profound knowledge of the mechanism of 
action of natalizumab, resulted in no residual uncertainty 
regarding the similar efficacy of biosim-NTZ and its refer-
ence medicine, following the completion of the analytical/
functional comparability exercise.

Table 3   Key characteristics of patients  enrolled in the Antelope study

Biosim-NTZ biosimilar natalizumab, EDSS Expanded Disability Status Scale, EU European Union, JCV John Cunningham virus, ref-NTZ refer-
ence natalizumab, SD standard deviation
a Baseline characteristics for the biosim-NTZ and ref-NTZ group were obtained at week 0. At week 24, baseline characteristics were obtained for 
the ref-NTZ/biosim-NTZ switch group
Hemmer et al. [50]. Reprinted by permission of JAMA Network

Characteristic Biosim-NTZ (n = 131) EU-ref-NTZ/biosim-NTZ switch 
(n = 30)a

EU-ref-NTZ (n 
= 133)

Baseline characteristics
Age, years, mean (SD) 36.8 (9.1) 35.9 (8.29) 36.6 (9.7)
Presence of > 15 T2 lesions, n (%) 127 (96.9) 25 (83.30) 128 (96.2)
Positive JCV status (< 1.5), n (%) 51 (38.9) 10 (33.30) 55 (41.4)
Baseline EDSS score, mean (SD) 3.4 (1.1) 3.1 (1.12) 3.2 (1.2)
Study patients, n
Randomized 132 – 133
Withdrew consent 1 – –
Received treatment 131 – 133
Completed 24-week treatment period 122 – 125
Re-randomized at week 24: – – 125
 To remain on ref-NTZ – – 95
 To switch to biosim-NTZ – 30 –

Completed 48-week treatment period 117 29 93
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Furthermore, the FDA and EMA require stringent head-to-
head clinical immunogenicity testing of a biosimilar to its refer-
ence medicine within a biosimilar development program, using 
highly sensitive assays [7, 22]. Persistent antibody positivity 
has been described as relevant during natalizumab treatment 
owing to its association with reduced treatment effectiveness 
and increased infusion-related reactions, including hypersensi-
tivity reactions [53–56]. No clinically meaningful differences 
were detected in the immunogenicity profile of biosim-NTZ 
compared to US-/EU-ref-NTZ in either the pivotal PK/PD 
or Antelope studies [49, 50]. Both biosim-NTZ and ref-NTZ 
reported higher incidences of ADAs in the current studies than 
reported in clinical studies of ref-NTZ, which can be attributed 
to the higher sensitivity of this biosimilar development assay 
used compared with those previously utilized in studies of ref-
NTZ (sensitivity of 3.88 ng/mL for the screening assay vs 500 
ng/mL), as discussed in Chamberlain et al. [Chamberlain et al. 
Submitted for publication] [30, 57, 58]. In future developments 
of biosimilar candidates with similar characteristics as biosim-
NTZ, the experience from the biosim-NTZ development pro-
gram could lead to waiving the efficacy/safety study as laid out 
by the EMA and World Health Organization [24, 25], facilitat-
ing biosimilar development and ultimately increasing access to 
biosimilars.

5 � Conclusions

The ToE for biosimilar natalizumab presented herein sup-
ported its regulatory approval by demonstrating the analyti-
cal, functional, and clinical similarity, in terms of efficacy, 
safety, and immunogenicity, to its reference medicine. 

Because of the demonstrated similarity, all data collected 
for ref-NTZ, namely the clinical efficacy, safety, and risk-
benefit profile, should equally apply to biosim-NTZ, sig-
nifying that patients and prescribers can expect the same 
treatment effect. Approval of biosimilar natalizumab by the 
FDA and EMA marks the first biosimilar medicine for the 
treatment of relapsing forms of MS in the USA and EU [28, 
37], representing a potential shift to more affordable and 
uniform access to high-efficacy biologic treatment in MS.
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