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ABSTRACT

Objective: The totality-of-evidence approach requires that similarity between a proposed biosimilar
and a reference biologic is demonstrated across a range of analytical, preclinical, and clinical parame-
ters to establish biosimilarity. We describe the totality of evidence for Sandoz biosimilar pedfilgrastim
(LA-EP2006 [marketed as Ziextenzo]) that supported its regulatory approval in Europe and the
United States.

Methods: Analytical similarity to the reference biologic [marketed by Amgen as Neulasta] was first
investigated with regard to physiochemical quality attributes such as primary structure, pegylation,
higher-order structures, variants and impurities, molecular size variants, and formulation (protein con-
tent, pH, excipients, etc.). In vitro biological activity studies were performed to examine the primary
mechanism of action of pedfilgrastim. Bioequivalence (clinical pharmacokinetics [PK] and pharmaco-
dynamics [PD]) of Sandoz biosimilar pedfilgrastim to the reference biologic was studied in healthy vol-
unteers; efficacy, safety, and immunogenicity were assessed during confirmatory clinical efficacy
studies in patients undergoing treatment for breast cancer.

Results: No meaningful or relevant differences were identified between Sandoz biosimilar pedfilgras-
tim and the reference biologic during analytical testing. Similar receptor binding and induction of cel-
lular proliferation in vitro confirmed no functional differences between the biologics. Clinical studies in
healthy adult participants demonstrated PK/PD biosimilarity and a similar safety profile between biosi-
milar and reference pedfilgrastim. Clinical studies in a sensitive patient population also demonstrated
similar efficacy, safety, and immunogenicity between Sandoz biosimilar pedfilgrastim and the reference
biologic.

Conclusions: The totality of evidence confirms that Sandoz biosimilar pedfilgrastim matches the refer-
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ence biologic and will therefore provide equivalent efficacy and safety in all eligible indications.

Introduction
Biosimilars and the totality-of-evidence approach

A biosimilar is a biologic medicine that is fundamentally the
same biologic entity as — and has clinically equivalent effi-
cacy and safety to — an established reference medicine'. The
US Food and Drug Administration (FDA) defines a biosimilar
as “"a biological product that is highly similar to, and has
no clinically meaningful differences from, an existing
FDA-approved reference product”.

A biosimilar is developed to be commercialized once the
patent of the reference medicine has expired>. Biologic medi-
cines are produced using highly complex, specialized, and
proprietary processes in living cells; this means that it is not
possible to produce an identical version of the reference

biologic, either in further batches of the reference medicine
or in biosimilars*®.

The development of biosimilars follows a distinct regula-
tory pathway that is essentially a stepwise process designed
to demonstrate equivalence to the reference medicine, based
on the totality of evidence concept. This process establishes
similarity to the reference medicine across a range of meas-
ures (analytical, preclinical, and clinical) which, if assessed
separately in isolation from the others, would not be suffi-
cient to establish biosimilarity. Establishing biosimilarity
therefore involves considerable structural and functional
characterization, which aims to establish fundamental biosi-
milarity at the molecular and mechanistic level, in addition
to preclinical and clinical assessments via pharmacokinetic
(PK), efficacy, and safety studies in patients to confirm clinical
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equivalence®. Following this concept, it is only possible to
achieve biosimilarity after evaluation of the entire totality of
evidence, unlike reference biologic medicines where the
approval is mainly driven by pivotal studies.

Once totality of evidence has been demonstrated, the
European Medicines Agency (EMA) and the FDA permit the
use of a biosimilar to be extended to other eligible indica-
tions in which its reference medicine is approved, without
conducting a clinical safety and efficacy study in such indica-
tions, provided this can be justified medically and scientific-
ally’8. This concept is termed extrapolation and is based on
the fact that similarity has been demonstrated at multiple
levels (molecular, mechanistic, PK, immunogenicity, efficacy,
and safety) between the reference and the biosimilar; thus
there is no need for repeating the biosimilarity exercise in all
other indications as long as the mechanism of action is the
same in all the approved indications®°. While the therapeutic
response to biologics can vary between patients due to fac-
tors such as patient genetics'®"", established biosimilarity
implies that therapeutic response to an approved biosimilar
should not vary in a clinically meaningful way from the
response to the reference medicine.

The combination of a lower price and a similar efficacy
and safety has raised interest in biosimilars'>'>. In the field
of oncology, biosimilars are now available as treatment
options for both supportive and therapeutic cancer care'”.
Available data indicate that cost savings from adoption of
biosimilars enables expanded access to therapeutic or sup-
portive care treatments for the same overall budget'? The
number of expiring patents for biologics is increasing, which
in turn will lead to a significant increase in available biosimi-
lars'>'*, Despite considerable efforts during the recent past,
the use of biosimilars in medical practice is still limited due
to a poor understanding of the biosimilar terminology,
changing regulatory guidance, and a degree of uncertainty
in their prescription and application'.

Sandoz biosimilar pegfilgrastim

Pedfilgrastim is formed by the covalent conjugation of poly-
ethylene glycol (PEG) to the N-terminal methionine of filgras-
tim. Filgrastim is a recombinant methionyl human
granulocyte colony-stimulating factor (G-CSF)'® that is pro-
duced in genetically modified Escherichia coli (E. coli) cells. Its
amino acid sequence is identical to that of natural human
G-CSF, except for the addition of the N-terminal methionine
that is necessary for expression in E. coli. Recombinantly pro-
duced G-CSF is not glycosylated, unlike G-CSF isolated from
human cells. By binding to and activating hematopoietic
cells via the G-CSF receptor, filgrastim promotes the prolifer-
ation, differentiation, and activation of neutrophils, and helps
manage neutropenia caused by cytotoxic chemotherapy, as
well as other types of neutropenia associated with myeloa-
blative therapy or advanced human immunodeficiency virus
infection. PEG conjugated to filgrastim decreases the renal
clearance and so increases the elimination half-life, resulting
in an increased duration of activity. These pharmacological
properties offer the advantage of only one dose of

pedfilgrastim being required per cycle of chemotherapy as
opposed to the multiple daily doses required with filgrastim.

Sandoz biosimilar pegfilgrastim (LA-EP2006'), as with the
reference biologic", consists of a filgrastim protein moiety with
175 amino acids and a single covalently-linked 20-KDa PEG at
the N-terminus'’. Its protein primary structure, protein-PEG
linker, conjugation site, occupancy, and PEG moiety are all
indistinguishable from the reference pedfilgrastim. Sandoz bio-
similar pedfilgrastim was developed for the same indication,
dosage, and administration route as the reference pedfilgras-
tim. It was approved in the EU in 2018 for reduction in the dur-
ation of neutropenia and the incidence of febrile neutropenia
in adult patients treated with cytotoxic chemotherapy for
malignancy (with the exception of chronic myeloid leukemia
and myelodysplastic syndrome)'’. Approval was granted in the
US in 2019'® and was followed by approval in several other
highly regulated markets; submissions for approval in other
territories globally are ongoing.

This article reviews the step-by-step development of
Sandoz biosimilar pedfilgrastim that generated the totality of
evidence and resulted in its approval as a biosimilar version
of the reference biologic.

Biosimilar development - building a
scientific bridge

Whereas small-molecule generics are identical to their refer-
ence medicines, biosimilars can only be similar to their refer-
ence biologics'®, albeit with no clinically meaningful
differences in terms of quality attributes, efficacy, safety, and
immunogenicity®?°. The fact that biosimilar and reference bio-
logics cannot be identical is due, at least in part, to the usage
of different cell lines and purification processes®’. Guidelines
of the FDA and the EMA list particular considerations for the
non-clinical and clinical development of a biosimilar'®. In both
cases, a step-by-step totality-of-evidence approach is pro-
posed. This starts with identification and assessment of critical
quality attributes of the biosimilar and reference molecules,
followed by analytical characterization to confirm that any dif-
ferences between them have a low risk of resulting in func-
tional consequences. After this, further testing in preclinical
and clinical studies (pharmacology, efficacy, safety, and
immunogenicity) is intended to address any residual uncer-
tainties?'. Unlike clinical studies for reference medicines, the
purpose of clinical evaluation of a biosimilar is to demonstrate
that the proposed biosimilar is neither less nor more effective
than the originator; furthermore, the two medicines also need
to be similar in terms of immunogenicity and safety?%.
Importantly, clinical assessments of efficacy, safety, and
immunogenicity should be conducted in a population that is
sensitive enough to detect any meaningful differences (if these
exist) between the biosimilar and reference medicine?>,

It is important to note that to establish a scientific bridge
in legal terms, a reference medicine is considered as a spe-
cific entity approved by a local jurisdiction??. Consequently, a
reference medicine approved by the EU is classified as a for-
eign product in the US and vice versa?*. Due to this condi-
tion, similarity in terms of physiochemical/analytical



properties and clinical pharmacology (PK and pharmaco-
dynamics [PD]) must be demonstrated between a proposed
biosimilar and the reference biologic sourced in the US and
in the EU”2. Furthermore, similarity in these properties must
be verified between the US- and EU-reference medicines.
This approach provides a scientific bridge between both bio-
logics, which is necessary for development and authorization
of a biosimilar’® for both markets while preventing redun-
dant work packages. Based on this scientific rationale,
national regulators accept the use of a foreign-sourced com-
parator in subsequent comparative clinical studies’®. For
Sandoz biosimilar pedfilgrastim, the scientific bridge was
established by demonstrating its similarity to the pedfilgras-
tim reference biologics from the US and EU in terms of PK,
PD, safety, and immunogenicity®>. Furthermore, similarity
was proven between the pedfilgrastim reference medicines
sourced in the US and EU%.

Unlike in Europe or the US, usage of a foreign-approved
reference medicine is suitable in clinical evaluations for the
Japanese authorities as long as Japanese patients participate
in either a comparative PK or comparative clinical effi-
cacy study?®®.

Analytical characterization and criticality/risk
assessment of quality attributes

Analytical characterization (both physiochemical and bio-
logical) and similarity are the foundation of the stepwise
process used to develop a biosimilar. The structure, physio-
chemical properties, and biological functionalities of Sandoz
biosimilar pedfilgrastim were characterized using an array of
highly sensitive orthogonal analytical methods (Table 1) in
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line with regulatory authorities’ current recommendations
about demonstration of analytical similarity.

A criticality assessment of quality attributes was carried
out during the development by ranking their impacts on the
PK/PD, efficacy, safety, and immunogenicity, based on know-
ledge from published literature, functional characterization,
and clinical experience. Quality attributes with the highest
impact on potential clinical outcome are defined as critical
quality attributes, which must be kept within appropriate
limits to ensure the desired biosimilar quality. Quality attrib-
utes which are involved in the mechanism of action received
the most attention during analytical and process develop-
ment. This ensured a risk-based biosimilar development by
focusing on selected quality attributes.

Similarity in structural and functional attributes

As mentioned above, the most critical quality attributes
potentially influencing PK, PD, immunogenicity, safety, and
efficacy were identified. Based on this, a comprehensive ana-
Iytical structural and functional characterization of Sandoz
biosimilar pegfilgrastim and the reference biologics from the
EU and US was carried out using a set of orthogonal meth-
ods as listed in Table 1'7.

Identical primary structure, with identical protein-PEG linker
structure and pegylation site, was confirmed between Sandoz
biosimilar pedfilgrastim and the reference biologics, in add-
ition to indistinguishable higher-order structure. Sandoz biosi-
milar pegdfilgrastim also showed similar variant and impurity
(with minor differences) profiles, with no meaningful differen-
ces from the reference medicines. The purity of Sandoz biosi-
milar pedfilgrastim is either within or higher than the purity
range of reference pedfilgrastim, including at the end of shelf

Table 1. Orthogonal analytical methods used to characterize Sandoz biosimilar pedfilgrastim and for comparisons with the reference biologic.

Category Attribute

Analytical technique

Primary structure Amino acid sequence

Polydispersity of pegfilgrastim

Confirmation of PEG - protein linker chemistry

Pegylation site

Higher-order structure

Secondary and tertiary structures

RP-HPLC-UV peptide mapping

RP-HPLC-MS peptide mapping/identity
MALDI-TOF-MS

RP-HPLC-MS

RP-HPLC-MS peptide mapping
MALDI-TOF-MS

CD spectroscopy in near- and far-UV region
1D-{TH}-NMR spectroscopy

Molecular mass/size Molecular mass MALDI-TOF-MS
Content Protein concentration UV absorbance spectroscopy
Size variants High-molecular weight variants/aggregates SEC, DLS
SEC-MALLS
AF4 with MALLS
SDS-PAGE
Subvisible particles (proteinous) MFI
Charge variants Acidic variants CEX
Deamidation CEX, RP-HPLC
Wrong-pegylated filgrastim CEX
Other product-related variants Unpegylated filgrastim (LMWV) SEC
Di-pegylated filgrastim RP-HPLC
Oxidized variants RP-HPLC
Norleucine variants RP-HPLC-MS
Binding Target binding affinity to G-CSF receptor SPR
Functional Potency In vitro cell proliferation assay

Abbreviations. 1D-{TH}-NMR, 1-dementional proton nuclear magnetic resonance; AF4, asymmetric flow field-flow-fractionation; CEX, cation-exchange chromatog-
raphy; CD, circular dichroism; DLS, dynamic light scattering; G-CSF, granulocyte colony-stimulating factor; LMWV, low molecular weight variants; MALDI-TOF-MS,
matrix-assisted laser desorption ionization time-of-flight mass spectrometry; MALLS, multiangle laser light scattering; MFI, micro-flow imaging; MS, mass spec-
trometry; PEG, polyethylene glycol; RP-HPLC, reversed-phase high performance liquid chromatography; SDS-PAGE, sodium dodecyl sulphate—polyacrylamide gel
electrophoresis; SEC, size-exclusion chromatography; SPR, surface plasmon resonance; UV, ultraviolet.
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Figure 1. Comparison of some quantitative quality attributes of Sandoz biosimilar pegfilgrastim with the quality ranges of EU-licensed and US-licensed reference
pedfilgrastim. Potency assessed by NFS-60 cell proliferation; content by ultraviolet spectroscopy; aggregates (high molecular weight variants [HMWV]) by size-exclu-
sion chromatography (SEC), and other variants/impurities such as acidic variants in cation-exchange chromatography (CEX), di-pegylated filgrastim, deamidation,

etc. in reverse-phase chromatography as post-peaks.

life. Furthermore, similar biological activities were demon-
strated between Sandoz pedfilgrastim and EU- and US-refer-
ence pedfilgrastim, including potency (using an in vitro NFS-60
cell proliferation assay) and binding affinity to the G-CSF recep-
tor. Typical comparison of some quantitative quality attributes
of Sandoz biosimilar pedfilgrastim with the quality ranges of
the reference biologic is given in Figure 1.

To provide a solid base for the analytical similarity assess-
ment and an analytical bridge between the biosimilar medi-
cations used in different development phases and in the
various (non-)clinical studies, in accordance with ICH Q5E%,
several head-to-head process comparability studies were
also performed. The studies also included routine release
and in-process control (IPC) tests; additional physiochemical
characterization and biological activity methods; and stability
studies under intended storage conditions as well as acceler-
ated, stressed, and forced degradation conditions. In various
stability studies of the final drug product, the stability pro-
files of Sandoz biosimilar pedfilgrastim and reference bio-
logic were shown to be indistinguishable.

Furthermore, the analytical similarity assessment was con-
cluded with a more comprehensive statistical evaluation of
quantitative quality attributes based on broader batch ranges
and data for Sandoz biosimilar and reference biologics

acquired throughout the development period. The final ana-
Iytical similarity assessment included a risk-based, tiered stat-
istical evaluation of similarity on critical quality attributes
based on comparison with quality ranges of EU, US, and
combined EU/US-reference pedfilgrastim global ranges. The
results further support similarity between Sandoz biosimilar
pedfilgrastim and reference pedfilgrastim, removing any
residual uncertainty. Head-to-head studies of EU/US-reference
pedfilgrastim with reference pedfilgrastim sourced from
other highly regulated markets also support the conclusion
that Sandoz biosimilar pedfilgrastim matches the reference
pedfilgrastim globally.

Overall, the broad range of quality attributes investigated
in the physiochemical and in vitro biological characterization
and similarity studies confirmed that Sandoz biosimilar pedfil-
grastim and the reference biologics are highly similar in terms
of structural and functional attributes'”'®, This forms a foun-
dation for the totality of evidence for Sandoz biosimilar pedfil-
grastim compared to US- and EU-reference pedfilgrastim.

Preclinical in vivo studies

According to current regulatory guidelines for the develop-
ment of biosimilars, comparative animal studies are only
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Table 2. Overview of Sandoz biosimilar pedfilgrastim phase | PK/PD and phase Il confirmatory clinical studies.

Study Study population N Origin reference Dose PK PD Efficacy Safety Immunogenicity
LA-EP06-101 Healthy volunteers 279 US & EU 6mg s.c. X X X X
LA-EP06-103%¢ Healthy volunteers 184 us 6mg s.C. X X X X
LA-EP06-104% Healthy volunteers 577 US & EU 6mg s.C. X X X X
LA-EP06-301 PROTECT-1%° Patients with breast cancer 316 EU 6mg s.C. X X X
LA-EP06-302 PROTECT-2%°  Patients with breast cancer 308 EU 6mg s.C. X X X X X

Abbreviations. PD, pharmacodynamics; PK, pharmacokinetics; s.c., subcutaneous.

necessary when there is remaining uncertainty concerning
the comparative in vivo biological effects after the analytical
and in vitro comparisons’. For Sandoz biosimilar pedfilgras-
tim, both comparative G-CSF receptor-binding and G-CSF
receptor-expressing NFS-60 cell proliferation assays demon-
strated similar bioactivity. Therefore, in the context of overall
analytical similarity, there was no residual uncertainty to be
addressed by animal studies.

However, at the time of early development of Sandoz bio-
similar pedfilgrastim, the regulatory pathway for pedfilgrastim
biosimilars was not fully defined. Therefore, some comparative
animal studies were required by regulatory agencies for the
demonstration of biosimilarity. Consequently, several animal
studies were performed to assess PK/PD, general toxicity,
and toxicokinetics of subcutaneously administered Sandoz
biosimilar pedfilgrastim in comparison with EU-reference
pedfilgrastim.

PK/PD parameters were assessed in sensitive settings in
naive, non-rodent and rodent species, as well as neutropenic
settings resulting from myelosuppressive chemotherapy,
which more closely resemble the clinical use setting. No sig-
nificant differences in the neutrophil responses were found
in either normal or neutropenic circumstances.

A comparative toxicity study including immunogenicity and
local tolerance assessment was performed in rats using the
intended subcutaneous route of administration. Both Sandoz
biosimilar pegdfilgrastim and EU-reference pegdfilgrastim were
well tolerated, and treatment-related changes were limited to
the adverse effects expected after G-CSF administration. The
type and severity of the observed changes were considered
similar for both Sandoz biosimilar pegfilgrastim and reference
pedfilgrastim, as was the local subcutaneous tolerability.

In summary, although current biosimilar development
guidelines require animal studies only if the comparability
exercise identifies issues that would block direct entrance
into human clinical studies, an extensive program of animal
studies for Sandoz biosimilar pedfilgrastim confirmed a simi-
lar biological response in terms of efficacy and safety to the
reference pedfilgrastim.

Clinical studies
Clinical pharmacology

The PK and PD of Sandoz biosimilar pedfilgrastim were
investigated in three studies in healthy male and female par-
ticipants (Table 2). A further PK sub-study provided support-
ive PK data in patients with breast cancer. Absolute
neutrophil count (ANC) was a surrogate efficacy endpoint in
these trials.

The primary PK endpoints of these studies included peg-
filgrastim serum concentration, evaluated by area under the
serum concentration-time curve (AUC) measured from time
of dosing and extrapolated to infinity (AUCq_i,¢) or to the last
measurable concentration (AUCq_,s:), and maximum observed
serum concentration (Cp,a,). The primary PD endpoints were
ANC area under the effect curve measured from time of dos-
ing to last measurable concentration (AUECy_j,s;) and max-
imum effect (E.a,). Secondary endpoints included safety and
immunogenicity of the analyzed biologics'’%>28,

Study LA-EP06-101 showed similarity with respect to the
PD endpoints AUECy_j.s; and En.'’, but was found to be
under-powered for demonstration of PK biosimilarity as a
result of high inter-subject variability for pedfilgrastim PK, a
finding that is consistent with data from an earlier publica-
tion®®. Since LA-EP06-101 was conducted in a parallel design,
the high inter-subject variability for pedfilgrastim PK had a
high impact on the results'’. Therefore, this issue was
addressed in subsequent studies by using a crossover design
in which each participant served as their own control to pre-
vent inter-individual variability?>~2,

Study LA-EP06-103 was conducted using a two-arm cross-
over design and other measures to further reduce sample
heterogeneity®®. This study demonstrated PK/PD biosimilarity
to 6 mg of the EU-reference pedfilgrastim. The key study to
demonstrate clinical PK/PD biosimilarity between Sandoz bio-
similar pedfilgrastim and EU- and US-reference biologics was
a phase | bridging study (LA-EP06-104) using a three-way
crossover six-sequence design®>. The study was powered at
90% to achieve confidence intervals (Cls) within the prede-
fined biosimilarity margins 0.8-1.25 in pairwise comparisons
(biosimilar vs US reference, biosimilar vs EU reference, and
US reference vs EU reference). Figure 2 shows the data from
this study for mean pedfilgrastim serum concentration and
ANC profile. For each pairwise comparison, although some
point estimates were slightly more than 1.00, the 90% Cls for
the geometric mean ratios for secondary PK/PD parameters
were all contained within the predefined similarity margins
(Figure 3). This difference did not translate to any clinically
meaningful differences in safety or efficacy of the biosimilar.
The safety profile (Supplementary Table 1) and incidence of
anti-drug antibodies were also comparable between Sandoz
biosimilar pegfilgrastim and the reference medicines.

A recent meta-analysis®® evaluated the PK and PD of
Sandoz biosimilar pegdfilgrastim versus US- and EU-reference
pedfilgrastim using data from three phase | studies: LA-EP06-
101"7; LA-EP06-103%; and a six-sequence, three-way, cross-
over study®. For each treatment comparison, the 90% Cls
for the geometric mean ratios for PK/PD parameters were
within the equivalence margins of 0.80-1.25 (Supplementary
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Figure 2. (A) Mean pedfilgrastim serum concentration and (B) absolute neutrophil count (ANC) profiles following a fixed single subcutaneous injection of 6 mg of

the Sandoz pedfilgrastim biosimilar or the pedfilgrastim reference biologics in healthy volunteers (study LA-EP06-104). Reproduced from Bellon et a

1.2 under the

CC-BY-NC license; https://creativecommons.org/licenses/by-nc/4.0/legalcode. Abbreviation. SD, standard deviation.

Figure 1), supporting PK/PD biosimilarity of Sandoz biosimilar
pedfilgrastim to US- and EU-reference pegfilgrastim*°.

Together, these studies demonstrate PK and PD biosimi-
larity between Sandoz biosimilar pegfilgrastim and both EU-
and US-reference biologics, thereby establishing the PK and
PD similarity component of the totality of evidence.

Phase Ill confirmatory clinical studies

The PROTECT-1 and PROTECT-2 studies (Table 2)
were designed to hierarchically assess equivalence and then
non-inferiority of Sandoz biosimilar pegdfilgrastim and EU-ref-
erence pedfilgrastim, in terms of the duration of severe neu-
tropenia (DSN) and the safety and immunogenicity of both

medicines, in female patients with breast cancer receiving
established myelosuppressive chemotherapy®'>2. The studies
were essentially of identical design; double-blind, random-
ized, parallel group, multicenter clinical trials*'*2. Both were
powered at 90% to evaluate the primary efficacy parameter,
the mean DSN during cycle 1 of chemotherapy with doce-
taxel, doxorubicin, and cyclophosphamide (TAC). The DSN
was calculated as the number of consecutive days from the
first day when a patient'’s ANC was <0.5 x 10°/L until the
patient reached an ANC >0.5 x 10°/L in cycle 1. Women with
breast cancer receiving TAC chemotherapy are known to rep-
resent a sensitive population in which differences between a
proposed biosimilar and reference G-CSF can be identified*.

Baseline characteristics of patients were balanced across
the different groups®®. After a screening period of up to


https://doi.org/10.1080/03007995.2022.2061707
https://creativecommons.org/licenses/by-nc/4.0/legalcode

CURRENT MEDICAL RESEARCH AND OPINION 1005

(A) Sandoz biosimilar pegdfilgrastim vs US-reference pegfilgrastim

Point 90% CI

Parameter estimate Lower Upper
PK: Pedfilgrastim

AUC, . (ng e h/mL) 1.0654 1.0122  1.1212

AUC .. (ng ® h/mL) 1.0635 1.0087 1.1213

C,.x (ng/mL) 1.0499  0.9986 1.1039
PK: Absolute neutrophil count

AUEC . (h*10%L) 0.9997  0.9912 1.0082

E__ (10%L) 0.9973  0.9863 1.0084
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(B) Sandoz biosimilar pegdfilgrastim vs EU-reference pegfilgrastim

Point 90% CI

Parameter estimate Lower Upper
PK: Pedfilgrastim

AUC, . (ng e h/mL) 1.0451 0.9930 1.1000

AUC .. (ng ® h/mL) 1.0469  0.9929 1.1038

C,.x (ng/mL) 1.0267  0.9764 1.0795
PK: Absolute neutrophil count
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(C) US-reference pedfilgrastim vs EU-reference pegfilgrastim

Point 90% CI

Parameter estimate Lower Upper
PK: Pegfilgrastim

AUC, . (ng * h/mL) 0.9810  0.9320 1.0326

AUC . (ng ® h/mL) 0.9844  0.9336 1.0380

C,., (ng/mL) 0.9779  0.9299 1.0283
PK: Absolute neutrophil count

AUEC . (h*10°L) 1.0015  0.9930 1.0101

E__ (10%L) 1.0087  0.9976  1.0200
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Figure 3. Similarity for primary PK and PD parameters between Sandoz biosimilar pedfilgrastim, US-licensed pedfilgrastim, and EU-licensed pedfilgrastim (study
LA-EP06-104). (Reproduced from Bellon et al.?>, with minor modifications to layout, under the CC-BY-NC license; https://creativecommons.org/licenses/by-nc/4.0/
legalcode.) For each pairwise comparison, the 90% Cls for the geometric mean ratios for secondary PK/PD parameters were all contained within the predefined
similarity margins. Due to an intrinsic variability that is inherent in all biological medicines as well as the complex manufacturing of these products, it is not pos-
sible to produce identical products. Minor differences can be found in different batches as in products produced in different countries**. Most important, these dif-
ferences must be within predefined margins without being clinically meaningful’®. Abbreviations. AUC, area under the serum concentration-time curve; AUCo_iny,
AUC measured from time of dosing and extrapolated to infinity; AUCy_j5s, AUC measured from time of dosing to last measurable concentration; AUECy_,s, area
under the effect curve measured from time of dosing to last measurable concentration; Cl, confidence interval; C..x, maximum observed serum concentration;
Enmax, maximum effect attributable to the investigational medicinal product; PD, pharmacodynamic; PK, pharmacokinetic.

21days, patients were randomized 1:1 to receive either
Sandoz biosimilar pegdfilgrastim or the reference medicine.
All participants received pedfilgrastim (biosimilar or reference
biologic) at a dose of 6 mg subcutaneously, at least 24 h after
the end of chemotherapy>>33.

A pooled analysis of data from PROTECT-1 and PROTECT-2
was conducted®®. The primary endpoint in both studies,
mean DSN during the first chemotherapy cycle, was compar-
able in the Sandoz biosimilar pedfilgrastim and reference
medicine (1.056+1.055 vs 1.016+£0.958 days) groups. Since
the difference between both groups was only 0.04 days [95%
Cl: —0.19 to 0.11], the equivalence criteria were met (the
defined margin was +1day)*3. The nadir of ANC and the

incidence of febrile neutropenia (both secondary endpoints)
were also equivalent between the biosimilar and reference
medicine (Table 3). Finally, the safety profile of Sandoz biosi-
milar pedfilgrastim and that of the reference medicine
showed no clinically meaningful differences (Table 4). No
treatment-related binding and neutralizing antibodies were
detected during PROTECT-1 or PROTECT-2, including in the
6-month safety follow-up of PROTECT-1 (Table 5). This
supports that Sandoz biosimilar pedfilgrastim has no
increased immunogenic potential compared with reference
pedfilgrastim.

These results confirm, as a part of the totality-of-evidence
approach, that Sandoz biosimilar pedfilgrastim matches the
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Table 3. Primary and secondary efficacy parameters with Sandoz biosimilar pegfilgrastim and reference pegfilgrastim in patients with

breast cancer — pooled data from LA-EP06-301 and LA-EP06-302.

Parameter Sandoz biosimilar filgrastim Reference
DSN in cycle 1 [days] 1.05+1.06 1.01+0.96
n 306 304
Treatment difference® -0.04

Depth of ANC nadir in cycle 1 x 10°/L 0.80+1.24 0.69+£0.96
Time to ANC recovery in cycle 1 [days] 1.84+1.01 1.88+1.04
Patients with >1 episode of FN/NSP

Cycle 1 8 (5.7) 26 (8.4)
All cycles 18 (5.7) 26 (8.4)
Patients with >1 episode of fever®

Cycle 1 22 (7.0) 31 (10.0)
All cycles 58 (18.5) 61 (19.7)
Patients with >1 infection®

Cycle 1 7 (5.4) 18 (5.8)
All cycles 49 (15.6) 56 (18.1)
Mortality due to infection 0 2 (0.6)

?Inferential test results of ANCOVA. Equivalence margins: =1 day, non-inferiority margin: -0.6 days.

PPatients with >1 event are only counted once. All patients with FN/NS also experienced >1 fever episode.

Abbreviations. ANC, absolute neutrophil count; ANC nadir, lowest ANC (10%/L) in cycle 1; ANCOVA, analysis of covariance; DSN, duration of
severe neutropenia; FN, febrile neutropenia; n, number of evaluable patients; NS, neutropenic sepsis; time to ANC recovery, time in days

from ANC nadir until ANC had increased to >2 x 10°/L.

Adapted from Blackwell et al.>" under the CC-BY-NC license; https:/creativecommons.org/licenses/by-nc/4.0/legalcode.

Table 4. Clinical safety of Sandoz biosimilar pegfilgrastim and reference biologic in patients with breast cancer.

Number (%) of patients with at least one event

Sandoz biosimilar pedfilgrastim (n=314)

Reference (n=1310)

TEAE, n (%)

Study drug-related TEAE

Chemotherapy-related AE

Serious TEAE

Study drug-related serious TEAE
Chemotherapy-related serious AE

TEAE leading to study drug discontinuation

Study drug-related TEAE leading to discontinuation
TEAE leading to death

289 (92.0) 276 (89.0)
1 (22.6) 66 (21.3)
283 (90.1) 269 (86.8)
5 (14.3) 53 (17.1)
7( 2) 1(0.3)
38 (12.1) 43 (13.9)
6 (1.9) 7 (23)
1(0.3) 0
6 (1.9) 4 (1.3)

®One further patient died during a 6-month safety follow-up period.

Abbreviations. AE, adverse event; n, number of patients; TEAE, treatment-emergent adverse effect.

Reproduced from Blackwell et al.'

reference medicine in terms and

immunogenicity*>

of efficacy, safety,

Summary

The totality of evidence across its development program con-
firms the comprehensive biosimilarity between Sandoz biosi-
milar pedfilgrastim and reference pegdfilgrastim. The analytical
and functional similarity of Sandoz biosimilar pedfilgrastim
and reference pedfilgrastim have been demonstrated through
comparison of physicochemical quality attributes, as well as
binding assays and cell-based in vitro assays that assess the
functionality of the molecule. Data from extensive preclinical
pharmacology and toxicity studies provided further support
for the biosimilarity of Sandoz biosimilar pegdfilgrastim and
the reference biologic.

Extensive clinical data further contributed to the assess-
ment of biosimilarity between Sandoz biosimilar pegdfilgras-
tim and reference pedfilgrastim. Phase | studies have
demonstrated biosimilarity of Sandoz biosimilar pedfilgrastim
to the EU- and US-reference biologics from a PK and PD

under the CC-BY-NC license; https://creativecommons.org/licenses/by-nc/4.0/legalcode.

perspective”2%; a meta-analysis of the three PK/PD studies

provided further confirmation®. Similar efficacy, safety, and
immunogenicity for Sandoz biosimilar pegdfilgrastim and EU-
reference biologic were also demonstrated by two confirma-
tory studies in patients with cancer after up to 6 months of
follow-up®'>2. The availability of clinical efficacy and safety
data for Sandoz biosimilar pegfilgrastim may be helpful to
physicians, who are used to looking at such data when mak-
ing treatment decisions>*

In conclusion, the biosimilarity of Sandoz biosimilar
pedfilgrastim to the reference biologic has been demon-
strated from an analytical, functional, preclinical, and clin-
ical PK/PD perspective. In addition, phase Il confirmatory
studies conducted in patients with breast cancer under
chemotherapy showed that Sandoz biosimilar pedfilgrastim
matched the reference pedfilgrastim in terms of efficacy,
safety, and immunogenicity. Clinicians can be confident
that Sandoz biosimilar pegdfilgrastim may be used safely
and effectively in approved indications and will provide
equivalent efficacy and safety as the reference medicine
at a favorable price.
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Notes

i. Marketed as Ziextenzo.
ii. Marketed by Amgen as Neulasta.

Transparency

Declaration of funding

The conducted studies, which are the basis of this manuscript, were
funded by Sandoz.

Declaration of financial/other relationships

Ulrich Nagl, Xinghua Guo, Jens Heyn, Yu-Ming Shen, Gregor Schaffar,
Martin Humphrey, Natalia Koptelova, and Sreekanth Gattu are employees
of Sandoz. Anne Bellon, Miryana Dimova-Dobreva, and Nicola Mathieson
are former employees of Sandoz. Sanjiv S. Agarwala has no relationships
to declare. Peer reviewers on this manuscript have no relevant financial
or other relationships to disclose.

Author contributions

Conception and planning of the work that led to the manuscript, ana-
lysis and interpretation of the data, critical revision of the manuscript for
important intellectual content, and approval of the final submitted ver-
sion of the manuscript were done by all authors.

Acknowledgements

Medical writing support was provided by Caroline McGown and Tony
Reardon of Aura, a division of Spirit Medical Communications Ltd, and
funded by Sandoz.

References

[11  Bui LA, Hurst S, Finch GL, et al. Key considerations in the preclin-
ical development of biosimilars. Drug Discov Today. 2015;
20(Suppl 1):3-15.

[2]  US Food and Drug Administration. Biosimilar and interchangeable
products. 2020. [cited 2021 Aug 16]. Available from: https://www.
fda.gov/drugs/biosimilars/biosimilar-and-interchangeable-products.

[31 Weise M, Kurki P, Wolff-Holz E, et al. Biosimilars: the science of
extrapolation. Blood. 2014;124(22):3191-3196.

[4]  Schiestl M, Stangler T, Torella C, et al. Acceptable changes in
quality attributes of glycosylated biopharmaceuticals. Nat
Biotechnol. 2011;29(4):310-312.

[5]  Planinc A, Dejaegher B, Vander Heyden Y, et al. Batch-to-batch
N-glycosylation study of infliximab, trastuzumab and bevacizu-
mab, and stability study of bevacizumab. Eur J Hosp Pharm.
2017;24(5):286-292.

[6]  Windisch J. Biosimilars versus originators: similarities and differen-
ces from development to approval. Int J Clin Rheumatol. 2015;
10(6):501-510.

[71  European Medicines Agency Committee for Medicinal Products
for Human Use. Guideline on similar biological medicinal prod-
ucts containing monoclonal antibodies—non-clinical and clinical
issues. 2014. [cited 2021 Aug 16]. Available from: https://www.
ema.europa.eu/en/documents/scientific-quideline/guideline-simi-
lar-biological-medicinal-products-containing-biotechnology-
derived-proteins-active_en-2.pdf.

[8] US Food and Drug Administration. Scientific considerations in
demonstrating biosimilarity to a reference product: guidance for
industry. 2015. [cited 2021 Aug 16]. Available from: https://www.
fda.gov/regulatory-information/search-fda-guidance-documents/

(10l

[11]

[12]

[13]

[14]

[15]

[16]

(171

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

scientific-considerations-demonstrating-biosimilarity-reference-
product.

McCamish M, Pakulski J, Sattler C, et al. Toward interchangeable
biologics. Clin Pharmacol Ther. 2015;97(3):215-217.

Murdaca G, Gulli R, Spano F, et al. TNF-o. gene polymorphisms:
association with disease susceptibility and response to anti-TNF-o.
treatment in psoriatic arthritis. J Invest Dermatol. 2014;134(10):
2503-25009.

Murdaca G, Spano F, Contatore M, et al. Pharmacogenetics of
etanercept: role of TNF-a. gene polymorphisms in improving its
efficacy. Expert Opin Drug Metab Toxicol. 2014;10(12):1703-1710.
McBride A, Balu S, Campbell K, et al. Expanded access to cancer
treatments from conversion to neutropenia prophylaxis with bio-
similar filgrastim-sndz. Future Oncol. 2017;13(25):2285-2295.

Yoo DH, Choe JY, Shim SC, et al. Switching to biosimilars in the
treatment of rheumatic diseases. Expert Rev Clin Immunol. 2018;
14(7):557-571.

Busse A, Luftner D. What does the pipeline promise about
upcoming biosimilar antibodies in oncology? Breast Care. 2019;
14(1):10-16.

Kolberg HC, Colleoni M, Santi P, et al. Totality of scientific evi-
dence in the development of ABP 980, a biosimilar to trastuzu-
mab. Target Oncol. 2019;14(6):647-656.

Molineux G. The design and development of pedfilgrastim
(PEG-rmetHuG-CSF, Neulasta)®). Curr Pharm Des. 2004;10(11):
1235-1244.

European Medicines Agency Committee for Medicinal Products
for Human Use. Assessment report — Ziextenzo. 2018. [cited 2021
Aug 16]. Available from: https://www.ema.europa.eu/en/docu-
ments/assessment-report/ziextenzo-epar-public-assessment-
report_en.pdf.

US Food and Drug Administartion. Clinical pharmacology
review(s) — Ziextenzo. 2019. [cited 2021 Aug 16]. Available from:
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2019/
7610450rig1s000ClinPharmR.pdf.

Kabir ER, Moreino SS, Sharif Siam MK. The breakthrough of biosi-
milars: a twist in the narrative of biological therapy.
Biomolecules. 2019;9(9):410.

Declerck P, Danesi R, Petersel D, et al. The language of biosimi-
lars: clarification, definitions, and regulatory aspects. Drugs. 2017;
77(6):671-677.

Markus R, Liu J, Ramchandani M, et al. Developing the totality of
evidence for biosimilars: regulatory considerations and building
confidence for the healthcare community. BioDrugs. 2017;31(3):
175-187.

Thomas M, Thatcher N, Goldschmidt J, et al. Totality of evidence
in the development of ABP 215, an approved bevacizumab biosi-
milar. Immunotherapy. 2019;11(15):1337-1351.

Goel N, Chance K. Biosimilars in rheumatology: understanding
the rigor of their development. Rheumatology. 2017;56(2):
187-197.

Strand V, Cronstein B. Biosimilars: how similar? Intern Med J.
2014;44(3):218-223.

Bellon A, Wang J, Skerjanec A, et al. A large multicentre, random-
ized, double-blind, cross-over study in healthy volunteers to com-
pare pharmacokinetics, pharmacodynamics and safety of a
pedfilgrastim biosimilar with its US- and EU-reference biologics.
Br J Clin Pharmacol. 2020;86(6):1139-1149.

Kuribayashi R, Sawanobori K. Current Japanese regulatory sys-
tems for generics and biosimilars. J Pharm Sci. 2018;107(3):
785-787.

European Medicines Agency. ICH Topic Q 5 E: comparability of bio-
technological/biological products - step 5. 2005. [cited 2021 Aug
16]. Available from: https://www.ema.europa.eu/en/documents/
scientific-guideline/ich-g-5-e-comparability-biotechnological/
biological-products-step-5_en.pdf.

Nakov R, Gattu S, Wang J, et al. Proposed biosimilar pedfilgrastim
shows similarity in pharmacokinetics and pharmacodynamics to
reference pedfilgrastim in healthy subjects. Br J Clin Pharmacol.
2018;84(12):2790-2801.


https://www.fda.gov/drugs/biosimilars/biosimilar-and-interchangeable-products
https://www.fda.gov/drugs/biosimilars/biosimilar-and-interchangeable-products
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-similar-biological-medicinal-products-containing-biotechnology-derived-proteins-active_en-2.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-similar-biological-medicinal-products-containing-biotechnology-derived-proteins-active_en-2.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-similar-biological-medicinal-products-containing-biotechnology-derived-proteins-active_en-2.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-similar-biological-medicinal-products-containing-biotechnology-derived-proteins-active_en-2.pdf
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/scientific-considerations-demonstrating-biosimilarity-reference-product
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/scientific-considerations-demonstrating-biosimilarity-reference-product
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/scientific-considerations-demonstrating-biosimilarity-reference-product
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/scientific-considerations-demonstrating-biosimilarity-reference-product
https://www.ema.europa.eu/en/documents/assessment-report/ziextenzo-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/assessment-report/ziextenzo-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/assessment-report/ziextenzo-epar-public-assessment-report_en.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2019/761045Orig1s000ClinPharmR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2019/761045Orig1s000ClinPharmR.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/ich-q-5-e-comparability-biotechnological/biological-products-step-5_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/ich-q-5-e-comparability-biotechnological/biological-products-step-5_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/ich-q-5-e-comparability-biotechnological/biological-products-step-5_en.pdf

[29]

[30]

31]

Yang BB, Morrow PK, Wu X, et al. Comparison of pharmacokinet-
ics and safety of pedfilgrastim administered by two delivery
methods: on-body injector and manual injection with a prefilled
syringe. Cancer Chemother Pharmacol. 2015;75(6):1199-1206.
Gattu S, Wang J, Bellon A, et al. Meta-analysis of pharmacokinetic/
pharmacodynamic results of 3 phase 1 studies with biosimilar peg-
filgrastim. Clin Pharmacol Drug Dev. 2021;10(10):1130-1141.
Blackwell K, Donskih R, Jones CM, et al. A comparison of pro-
posed biosimilar LA-EP2006 and reference pedfilgrastim for
the prevention of neutropenia in patients with early-stage
breast cancer receiving myelosuppressive adjuvant or neoadju-
vant chemotherapy: pedfilgrastim randomized oncology (sup-
portive care) trial to evaluate comparative treatment

[32]

[33]

[34]

CURRENT MEDICAL RESEARCH AND OPINION 1009

(PROTECT-2), a phase Il trial.
Oncologist. 2016;21(7):789-794.

Harbeck N, Lipatov O, Frolova M, et al. Randomized, double-blind
study comparing proposed biosimilar LA-EP2006 with reference
pedfilgrastim in breast cancer. Future Oncol. 2016;12(11):
1359-1367.

Blackwell K, Gascon P, Jones CM, et al. Pooled analysis of two
randomized, double-blind trials comparing proposed biosimilar
LA-EP2006 with reference pedfilgrastim in breast cancer. Ann
Oncol. 2017;28(9):2272-2277.

Markus R, McBride HJ, Ramchandani M, et al. A review of the
totality of evidence supporting the development of the first ada-
limumab biosimilar ABP 501. Adv Ther. 2019;36(8):1833-1850.

randomized, double-blind



	Abstract
	Introduction
	Biosimilars and the totality-of-evidence approach
	Sandoz biosimilar pegfilgrastim

	Biosimilar development – building a scientific bridge
	Analytical characterization and criticality/risk assessment of quality attributes
	Similarity in structural and functional attributes
	Preclinical in vivo studies

	Clinical studies
	Clinical pharmacology
	Phase III confirmatory clinical studies

	Summary
	Transparency
	Declaration of funding
	Declaration of financial/other relationships
	Author contributions
	Acknowledgements
	References


