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Abstract

Background Pegfilgrastim-cbqv/CHS-1701 (UDENYCA®) (hereafter referred to as pegfilgrastim-cbqv) was approved in
2018 by the US Food and Drug Administration as a biosimilar for pegfilgrastim (Neulasta®) (hereafter referred to as pegfil-
grastim). Both pegfilgrastim-cbqv and pegfilgrastim are conjugates of recombinant human granulocyte colony stimulating fac-
tor (r-metHuG-CSF) with a 20 kDa polyethylene glycol (PEG) indicated to decrease the incidence of infection, as manifested
by febrile neutropenia, in patients receiving myelosuppressive anticancer drugs. The demonstration of analytical similarity
for PEG-protein conjugates presents unique challenges since both the protein and PEG attributes must be characterized.
Objective The current study demonstrates the analytical similarity of pegfilgrastim-cbqv and the reference product, peg-
filgrastim. In addition to the physicochemical and functional characterization of the protein, the study assessed attributes
specific to PEGylation including PEG size and polydispersity, site of attachment, linker composition, and PEGylation
process-related variants.

Methods The structural, functional, and stability attributes of pegfilgrastim-cbqv and pegfilgrastim were compared using
state-of-the-art analytical methods. For the protein, the primary structure, disulfide structure, and secondary and tertiary
structures were assessed using traditional protein characterization techniques such as mass spectrometry (MS), circular
dichroism (CD), intrinsic fluorescence, and differential scanning calorimetry (DSC), as well as more advanced techniques
such as two-dimensional (2D) nuclear magnetic resonance (NMR) and hydrogen deuterium exchange (HDX). For the PEG
moiety, the site of attachment, occupancy, linker composition, size and polydispersity were compared using mass spectrom-
etry (both intact and after endoprotease digestion), multiangle light scattering detection (MALS), and Edman degradation.
Purity assessments included the assessment of both protein variants and PEGylation variants using chromatographic and
electrophoretic analytical separation techniques. The functional similarity between pegfilgrastim-cbqv and pegfilgrastim
was compared using both a cell-based bioassay and surface plasmon resonance (SPR). The degradation rates and stability
profiles were compared under accelerated and stressed conditions.

Results Biosimilarity was demonstrated by a thorough assessment of physiochemical and functional attributes, as well as
comparative stability, of pegfilgrastim-cbqv relative to pegfilgrastim. These studies demonstrated identical primary structure
and disulfide structure, highly similar secondary and tertiary structure, as well as functional similarity. The impurity profile
of pegfilgrastim-cbqv was comparable to that of pegfilgrastim with only minor differences in PEGylation variants and a slight
offset in the PEG molar mass. These differences were not clinically relevant. The degradation profiles were qualitatively and
quantitatively similar under accelerated and stress conditions.

Conclusion The structural, functional, and stability data demonstrate that pegfilgrastim-cbqyv is highly similar to the refer-
ence product, pegfilgrastim.

1 Introduction (reference product). Biosimilars lower health care costs

by introducing competition to the marketplace [1]. In the
Biosimilars are biological products that have been demon- ~ USA, the BPCI Act of 2009 created an abbreviated pathway
strated to be highly similar to a licensed biological product  for licensure for biosimilars, as outlined in specific guid-
ance documents [2—4]). These guidances require biosimilar
products to demonstrate that they are “highly similar to the
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Biosimilars require extensive testing to demonstrate
structural and functional attributes are comparable with
those of the reference products. Pegfilgrastim contains
both a protein and a PEG moiety that must be assessed.

The extensive comparative analysis presented here
was key to the US approval of pegfilgrastim-cbqv as a
biosimilar to pegfilgrastim.

Minor differences in PEGylation variants and a slight
offset in the PEG molar mass did not impact the overall
conclusion of similarity between pegfilgrastim-cbqv and
pegfilgrastim.

reference product notwithstanding minor differences in clini-
cally inactive components” [2]. Comparative analytical stud-
ies are the foundation for this demonstration of similarity.

Pegfilgrastim-cbqv was approved by the FDA in 2018
as a biosimilar to pegfilgrastim, based upon both clinical
and comparative analytical studies. Since its launch,
pegfilgrastim-cbqv has been administered to over 300,000
patients [5] with a current cost savings of 35% per dose
versus pegfilgrastim [6]. Pegfilgrastim-cbqv is the only
biosimilar pegfilgrastim available in three presentations: a
prefilled syringe, an autoinjector [7], and an on-body injector
[8]. Clinical studies demonstrated that pegfilgrastim-cbqv
has pharmacokinetic and pharmacodynamic equivalence
[9] as well as similar immunogenicity [10] to pegfilgrastim.
The analytical and functional studies used to demonstrate
similarity are presented here.

The analytical comparability of pegfilgrastim to
pegfilgrastim-cbqv presents unique challenges due to
the presence of the 20 kDa poly(ethylene) glycol (PEG)
covalently bonded to the N-terminus of the filgrastim
protein. In addition to characterization of the filgrastim
protein, the comparative analytical assessment evaluated
PEG attributes including the linker composition, site of
attachment, PEG size, and PEG heterogeneity. This paper
describes studies demonstrating pegfilgrastim-cbqv as
highly similar to pegfilgrastim, as determined by a thorough
assessment of each product’s physiochemical, functional,
and stability attributes. The differences observed were minor
and not clinically relevant.

2 Materials and Methods
2.1 Materials

Structural and functional assessments were performed on up
to 13 independent lots of pegfilgrastim-cbqv drug product
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and up to 22 lots of commercially available US pegfilgrastim
drug product (NEULASTA®, pegfilgrastim). Both products
are formulated in 10 mM acetate, 5% sorbitol, 0.004% poly-
sorbate 20, pH 4.

2.2 Methods
2.2.1 Statistical Approach

Quantitative results were subjected to statistical comparisons
of pegfilgrastim-cbqv to the reference product pegfilgrastim
to establish whether acceptance criteria were met. Statisti-
cal analyses were carried out using one of two approaches,
based on risk ranking of the product quality attributes. Fol-
lowing the approach developed by an FDA working group
[11], the most critical quantitative attributes with highest
risk to clinical outcome were compared using an equivalence
test and the quantitative attributes with a lesser risk to clini-
cal outcome were compared using quality ranges. Quanti-
tative results and statistical analyses are provided (Online
Resource 1).

The equivalence test was based on standard deviation
and confidence intervals derived from the results generated
on reference product lots. Equivalence is shown if the 90%
two-sided confidence interval of the difference between
means for pegfilgrastim and pegfilgrastim-cbqv falls within
the equivalence acceptance criterion of + 1.5 standard
deviations (o) based on the ¢ calculated from tested peg-
filgrastim lots. Calculation of the 90% confidence interval
was performed limiting the degrees of freedom to reflect
no more pegfilgrastim lots than 1.5 times the number of
pegfilgrastim-cbqv lots. Unequal variances were assumed.

For attributes assessed using quality ranges, similarity
is shown if results for at least 90% of pegfilgrastim-cbqv
lots (12 of 13) are within the one-sided or two-sided limits,
as appropriate. The quality range is defined as the mean
+ kX o with k=2.3 for two-sided criteria and mean + or
-kXx o with k=1.9 for one-sided criteria, where ¢ is the
standard deviation of the pegfilgrastim values. The k values
for these quality ranges were determined using a Monte
Carlo simulation. To represent the values from pegfilgrastim,
17-22 random values from a standard normal distribution
(mean of 0 and standard deviation of 1) were generated. A
quality range was then calculated from these 17-22 values
using a prespecified value of k, i.e., mean + ko for two-sided
specifications and mean + ko for one-sided specifications.
To represent the values from pegfilgrastim-cbqv, 13 random
values from a standard normal distribution were generated.
The number of values from the simulated pegfilgrastim-
cbqv data that met the quality range established from the
simulated pegfilgrastim lots at a specific k value was then
calculated. This simulation was repeated with 100,000
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iterations and the percentage of times that 12 out of the
13 simulated pegfilgrastim-cbqv lots met the quality range
established from the simulated pegfilgrastim lots was
determined. This full simulation was performed adjusting
the k values until the percentage of times that 12 out of 13
lots met the quality range criteria was 90%.

2.2.2 Analytical Methods

The methods used for the comparative analytical assessment
are described in the following sections. These methods were
qualified and shown to be fit for purpose (data not shown).
The pegfilgrastim-cbqv primary reference standard lot was
used as the reference standard for all functional testing for
which relative activity was used to assess similarity. Pegfil-
grastim-cbqv samples were analyzed side by side with refer-
ence product samples wherever possible.

2.2.2.1 Reduced and Nonreduced Peptide Mapping
with Liquid Chromatography-Tandem Mass Chromatogra-
phy (LC-MS/MS) Samples were digested with endoprotein-
ase GluC and analyzed both nonreduced and reduced by
dithiothreitol (DTT). Peptides were separated on a Waters
ACQUITY UPLC Peptide BEH C18 column using a water/
acetonitrile gradient containing 0.05% trifluoroacetic acid.
Effluent was directed from the ultraviolet (UV) detector into
a Waters Q-TOF mass spectrometer with positive electro-
spray ionization. Data were analyzed using Waters Biophar-
maLynx software (version 1.2).

2.2.2.2 Edman Sequencing Sequencing was performed by
analyzing 500 pmole of sample on an Applied Biosystems
494HT Procise N-terminal protein sequencer per manufac-
turer’s instructions. Samples were sequenced for ten or more
cycles/residues.

2.2.2.3 Intact Mass Intact mass was measured using a
Waters Q-TOF (quadrupole time of flight) mass spectrom-
eter coupled to a Waters ACQUITY UPLC. A 0.5% solu-
tion of N,N-diethylmethylamine (DEMA) in 50% acetoni-
trile was added to the sample postcolumn to reduce the
charge on the PEG molecules [12, 13] and allow deconvo-
lution. Data were deconvoluted using Waters MaxENT1
(version 4.1) with a mass window from 38,000 to 43,000
Da. The resulting spectra show a distribution of masses
due to the polydispersity of the PEG moiety. Estimated
values for weight average molar mass (M,,), number aver-
age molar mass (M,), and polydispersity index (M, /M,)
were calculated using the mass values and intensity values
from the deconvoluted spectra M, and M, are calculated
as follows:

M, = SM}N,/SM.N;

SM.N,
M= <N

1

where M, represents individual mass values and /N, represents
individual intensity values, as a surrogate for individual
number values.

2.2.2.4 PEG Linker Analysis Samples were digested with
trypsin. The PEG-containing peptide was isolated by RPC
using a Sepax Bio-C18 5 um 300 A 10%250 mm column
and a linear acetonitrile/TFA gradient. The peak of interest
was collected and concentrated by vacuum centrifugation.
The collected and concentrated PEG peptide samples were
analyzed using the MS procedure for intact mass.

2.2.2.5 Circular Dichroism (CD) Samples were diluted with
formulation buffer (10 mM acetate, 5% sorbitol, 0.004%
polysorbate 20, pH 4) to 1 mg/ml. CD measurements were
carried out at room temperature on a Jasco J-715 spectropo-
larimeter using a 1 cm cell for near-UV CD and a 0.02 cm
cell for far-UV CD. After subtracting the buffer spectrum,
the CD spectrum of each sample was converted to the mean
residue ellipticity (CD intensity per amino acid) using the
nominal protein concentration, the mean residue weight
(average weight per amino acid) of 107.4, and the path
length of the cell.

2.2.2.6 Fluorimetry Intrinsic tryptophan fluorescence spec-
trum was collected on a Horiba Fluormax-4 fluorimeter.
Samples were diluted with formulation buffer to a final con-
centration of 0.1 mg/ml before data collection. Excitation
was at 280 nm and intrinsic fluorescence data were collected
in the range of 280—450 nm. The excitation and emission slit
widths were both 5 nm, and the scan rate was 300 nm/min.

2.2.2.7 Differential Scanning Calorimetry (DSC) DSC was
performed using a Malvern VP-Capillary DSC. The sam-
ple and reference cells were loaded with degassed sample
(diluted to 0.5 mg/ml) and formulation buffer, respectively.
The instrument was programmed to scan from 10 to 105 °C,
at a rate of 60 °C/h. The Cp profiles were normalized to
protein concentration.

2.2.2.8 2D Nuclear Magnetic Resonance (NMR) Sample
volumes of 500 pl were diluted with 20 pl D,O and 15 pl
4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS). 1D
NMR and 2D Nuclear Overhauser Enhancement spectros-
copy (NOESY) data were acquired on 600 MHz and 700
MHz Bruker instruments equipped with a cryoprobe. Sam-

A\ Adis



288

H. Kuehne et al.

ple temperature was 300K. Presaturation was used to sup-
press the very large peaks from polyethylene glycol.

2.2.2.9 Hydrogen Deuterium Exchange Samples were
exchanged in D,O for 10 s, 1 min, 12 min, 60 min, or 240
min at 20 °C. Following exchange, samples were quenched
by addition of a denaturing guanidine solution. Quenched
samples were digested with pepsin, then the resulting
peptides were separated using a C18 column and a linear
gradient. The separated peptides were analyzed using an
LTQ-Orbitrap mass spectrometer. Data were analyzed to
determine the percentage of deuterium uptake (%D) of each
peptide at each time point.

2.2.2.10 Potency by Proliferative Bioassay Potency was
measured based on induction of the proliferation of NFS-
60 cells, a murine myeloblastic cell line infected with Cas
Br-M murine leukemia virus that is dependent on G-CSF for
growth and maintenance of viability in vitro. Proliferation
is detected through use of thiazolyl blue tetrazolium bro-
mide (MTT), a yellow tetrazole that is reduced to purple
formazan in living cells. The amount of formazan generated
is directly proportional to the number of living cells.

2.2.2.11 Receptor Binding by Surface Plasmon Reso-
nance Binding studies were performed using a Biacore
T200 label-free optical biosensor. Recombinant hG-CSFR
was coupled to the sensor surface at three different surface
densities using standard amine coupling chemistry. The
samples were tested for binding to the receptor surfaces at
four discrete concentrations spanning a ~30-fold concen-
tration range [from ~1.4 to ~37 ng/ml (0.07-2.0 nM)] at
25 °C with one concentration [~4 ng/ml (0.2 nM)] injected
in duplicate (five sample injections total). Response data
from the three different density surfaces and five injections
were globally fit to extract association and dissociation rates
and calculate binding constants. Raw data from the three
densities and five injections were used to generate a single
affinity result.

2.2.2.12 Size-Exclusion Chromatography with UV, RI,
and MALS Detection SEC utilized a Sepax SRT SEC-300
column, 5 pm particle size, at 7.8 X300 mm. Isocratic elu-
tion was performed in a mobile phase of 100 mM sodium
phosphate pH 6.5 with 5% ethanol at a column temperature
of 25 °C. Absorbance at 280 nm was measured with a UV
detector, RI was recorded using a Wyatt Optilab T-rEX, and
multiangle light scattering detection (MALS) on a Wyatt
MiniDAWN TREOS or DAWN HELEOS. Molar mass
calculations using Wyatt Astra software (version 6) were
performed using a 280 nm extinction coefficient value of
0.86 ml/mg/cm. A protein dn/dc value of 0.180 and a PEG
dn/dc value of 0.134 was used based on standard values
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adjusted for the ethanol content in the mobile phase [14],
where 7 is the refractive index and c is the solute concentra-
tion.

2.2.2.13 SDS-PAGE (Silver Stain) Samples were diluted with
water, LDS sample buffer (4, Invitrogen), and NuPAGE
Sample Reducing Agent (10X, Invitrogen, for reduced gels
only) as needed to achieve the desired load of 1 pg per well.
Samples were heated for 10 min at 70 °C. Ten pl of each
sample was loaded on a NuPAGE 4-12% Bis—Tris 1.0 mm
Gel, 12 well/17 well (Invitrogen). Running buffer was pre-
pared by dilution of MOPS SDS Running Buffer (20X, Inv-
itrogen) with purified water. Electrophoresis was carried out
at a constant voltage of 200 V, 120 mA for 50 min. The gels
were stained with silver (SilverXpress, Invitrogen).

2.2.2.14 Reversed Phase Chromatography Samples were
analyzed using a binary Thermo Dionex Ultimate 3000
HPLC, a Restek Viva C18 250 mm X 4.6 mm, 5 um, 300 A
column at 60 °C, and a water/acetonitrile gradient contain-
ing 0.1% trifluoroacetic acid. Detection was by absorbance
at 215 nm.

2.2.2.15 Cation Exchange Chromatography Samples were
analyzed using a quaternary Thermo Dionex Ultimate 3000
HPLC, a TSKgel SP-NPR column at 35 °C, and a salt gradi-
ent using mobile phases of 10 mM acetic acid, pH 4.75 with
5% ethanol and 10 mM acetic acid plus 400 mM NaCl, pH
4.75. Detection was by absorbance at 280 nm.

2.2.2.16 Isoelectric Focusing with Silver Stain Gel IEF was
performed on a Serva HPE BlueHorizon flatbed system
using FocusGel pH 3-7 gels. A 5 pg sample was loaded into
prepolymerized sample wells at the cathode end of the gel.
Electrophoretic focusing was carried out at 550 V, 20 mA,
and 10 W for 30 min for sample entrance, followed by 2000
V, 20 mA, and 30 W for ~3.5 h for band sharpening. The
gel was fixed for 1 h. Silver staining was used to visualize
bands (Serva silver staining kit for native PAGE). pI stand-
ards were included both as reference and to confirm proper
separation.

2.2.2.17 Microflow Imaging Subvisible particulate (SVP)
concentration was measured by microflow imaging (MFI)
using a ProteinSimple MFI 5200. Samples were expelled
from syringes into a 5 ml clean glass vial and degassed
under light vacuum prior to analysis. Images were filtered to
exclude silicon oil by removing particulate images with an
aspect ratio of > 0.85.

2.2.2.18 Protein Concentration by UV Spectrophotome-
try Protein concentration was measured using a CTech™
SoloVPE® variable pathlength spectrophotometer. Absorb-
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ance was measured at 280 nm with an extinction coefficient
of 0.86 ml/mg/cm.

2.2.3 Comparative Stability Studies

The relative stability of pegfilgrastim-cbqv and pegfilgrastim
were compared by a variety of stability-indicating analytical
methods under accelerated storage conditions (25 °C) and
several different stressed stability conditions, including light
exposure, oxidation, acidic, basic, and heat stress (40 °C)
conditions. For the accelerated stability studies, three lots
each of pegfilgrastim and pegfilgrastim-cbqv are presented.
Samples were tested at 0-, 1-, 3-, and 6-month time points.
For heat stressed stability, three lots each of pegfilgrastim
and pegfilgrastim-cbqv were incubated at 40 °C in parallel.
Samples were tested at 0-, 1-, 2-, and 3- month time points.

3 Results

State-of-the-art physiochemical and functional assays
were used to evaluate all relevant quality attributes of
pegfilgrastim-cbqv and reference product considering the
physicochemical characteristics of both the protein and
PEG components, as well as the mechanism of action.
Comparative stability studies at accelerated and stress
conditions were used to compare degradation rates and
degradation profiles. A summary of the comparative
analytical assessment results is presented in Table 1.

3.1 Primary Structure

The primary structures of pegfilgrastim-cbqv and reference
product were evaluated using complementary techniques,
including peptide mapping with LC-MS/MS, N-terminal
sequencing by Edman degradation, and intact mass analysis.

3.1.1 Peptide Mapping with LC/MS-MS

Reduced Glu-C peptide map profiles of pegfilgrastim-cbqv
and reference product were highly similar by visual assess-
ment (Fig. 1a). MS/MS analysis (data not shown) confirmed
that all pegfilgrastim-cbqv and pegfilgrastim lots tested
matched the theoretical sequence; however, the N-terminal
peptide (residues 1-20) could not be assessed due to the
PEG moiety attached to the N-terminal peptide (Fig. 1b).
A comparison of nonreduced peptides by LC-MS with the
corresponding reduced peptides confirms that the expected
disulfide bonds, Cys37-Cys43 and Cys65—Cys75, are pre-
sent (Fig. 1c). Nonreduced peptide maps of pegfilgrastim-
cbqv and pegfilgrastim were also highly similar by visual
assessment (Fig. 1d). Overall, the peptide mapping data
confirms that pegfilgrastim-cbqv and pegfilgrastim contain

the same amino acid sequence (excluding the N-terminal
residues) and the same disulfide structure (Table 1).

3.1.2 N-terminal Sequence and PEG Occupancy

Edman sequencing was used to compare PEG occupancy
at the N-terminal methionine as well as to confirm the
N-terminal sequence, which could not be identified by
peptide mapping with MS/MS detection as discussed earlier.
Edman sequencing detects amino-acid residues in order,
starting at the N-terminus; however, if the N-terminus is
PEGylated, the first residue (methionine) is not observed
[15]. Instead, the second residue in the sequence (threonine)
is the first residue detected. The first residue (methionine)
is only detected for molecules without N-terminal PEG.
Therefore, relative levels of methionine detected compared
to the total amount of protein loaded can provide an
estimate of the unoccupied N-terminal PEGylated site.
The major sequence detected for all lots analyzed was
Thr-Pro-Leu—Gly—Pro—Ala-Ser—Ser—Leu—Pro, indicating
that the N-terminal methionine is blocked, presumably by
the PEG group. A minor methionine signal is detected in
the first cycle, at approximately 1% of the theoretical 500
pmol load for both pegfilgrastim-cbqv and pegfilgrastim.
Edman sequencing data demonstrate that the N-termini
of pegfilgrastim-cbqv and pegfilgrastim both contain the
expected amino acid sequence and less than 1% of both
products are unPEGylated at the N-terminal methionine
residue (Table 1).

3.1.3 Intact Mass

Intact mass was used to assess PEG mass and polydisper-
sity and to confirm the overall covalent structure of pegfil-
grastim-cbqv compared with pegfilgrastim. Polydispersity is
a parameter used for polymers to describe the width of a size
distribution. For both products, a range of masses separated
by 44 Da [the mass of a single ethylene glycol (EG) subunit
within the PEG] and centered on approximately 40 kDa is
observed (Fig. 2a). This finding is consistent with an r-met-
Hu-G-CSF mass of 18.8 kDa plus a polydisperse PEG moi-
ety averaging approximately 21 kDa. An offset is observed
with the M, values for pegfilgrastim-cbqv, which are slightly
larger than that of pegfilgrastim (Fig. 2a and Table 1).

PEG molar masses for pegfilgrastim-cbqv and pegfil-
grastim (net masses after subtracting the expected mass of
the protein moiety) differ by less than 2%. The difference in
molar mass is likely due to different sources of PEG (differ-
ent vendor and different batches) used to manufacture each
product.

While PEG size is directly correlated to in vivo half-life,
only substantial differences (on the order of tens of percent)
in PEG size are expected to make a meaningful impact

A\ Adis



H. Kuehne et al.

290

(e@) “IN ead

PN ¥0y—C'8¢ 6'0v—L'8¢ L'6€-L8¢ €1-ce STVIN-DFS  UIRW ‘UONBZLIAORIBYD JUBLIBA JZIS
PN 10> 1'0-10> o> MINT % ‘SIUBLIRA 971G
PN £86< L'86—€£'86 $'66-6'86 yead urewr % ‘syueLIEA 9ZI§
PN 91> 91-¢'1 0'1=5°0 €1-ce O 1dH-HS MINH % ‘SIUBLIBA 971G
sonundur pue Aung
PN 991-89 SS1-8L LS1-29 €1:02 (Wd) Uy “4ds 3urpuiq 10dooay
9'G F uIyIIm sueaw geo0I—
U09M]0q OUAISJIP JO SUBIUI U99M13q 9SUISHIP 9} JO ID %06 PIAISSqO
PN A Jo 1D %06 £01-26 S01-26 €1:ee Kesseolq aAnerafIjoid (Kduayod) Kiranoe [esrsojorg
K)1anoe feuonouny
uostredwod
PN rensta £q wmseid[y3ad pue abgo-umsed[ySed usamiaq reqruurs syord axerdn ci¢ XAH aImonIs A1enIag,
uostredwod
PN [ensia Aq wnses3[y3ad pue Abqo-wmnsers[y3od usomieq Jefrwis enoads YN CI:LT MIAN ASFON dg S9IN)oNIs AIB1}I9) pue AIBpu0ddS
‘uostredwod Aniqess
PN rensia £q wnserd[ysad pue aAbgo-umserd[ysad usamiaq eruars saamd DS €1:02 oSa [BULISY) pUE IN}ONMS ATBNId],
uostreduwod rensia
PN Kq wmsei3[y3ad pue aAbqo-umsei3[ySod usomioaq refrurs enoads 9ouadsaron]{ €1:0T Q0U9OSION] JISULIU] aImonms A1enIag,
uostredwod
PN [ensia Aq wnsea3[y3ad pue Abqo-wnsei3[y3ad usomiaq refrwis enoads gD €1:02 dD AN Teau pue 1eq S2IN)oNIs AIB1}I9) pue AIepuods
INIoNI)S I9PIO-IYITH
971s DHJ 3eIAR JUAIRHIP Ing ‘uonisodwod Ioyur|
JTWoJe Jwes ) 2By A[Y1] s1ul] urejoid-nFd 2y Sunesrpur duepunge DHd pue ‘A11ouagornay ‘ozis HId
QPN ION  SAHE[9I UI S30UAISYIP Joutw Y def10A0 enoads ssew urgiim soroads [enprarpuy I:T :s1sATeue ssew opndod pajelAnFd
Anniqedes Kesse urynm AysiodsipAjod reprurs
PN Sunensuowap 7000’1 21om wnseid[ysad pue abgo-wmserd[y3ad 10§ sonfea [y €191 Kys1adsipAjoq
JPWION  1°€66°66-€1T66°6E S 6L6°66-CT9T66¢ LO1E0r1"69C°0F €191 SIN-D1 (“p) ssew 10eIU]
(GLSKD—G9SAD ‘EHSAD—1 gsAD) 1uasaxd are sapy[nsIp 1991109 Y ], SIN/SIN-D'1
VN yuowssasse [ensia Aq wnseid[ydad payorew dewr paonpaiuou Abqo-umseid[ysag €1:zz  Wim dew apndad H-nn peonparuoN IMONINs IPYSI
S[eLIaYeW Y30q IOJ 9T ~ Sem (JeuSIS QUIUOIYIOW) SNUTULIO)-N uonepeI3ap
WIN  PARIADTJu ‘seouanbas peyoadxe payojewr winsei3[y3ad pue aAbqo-wnseid[y3ed €1:2C uewpyg Aq oouanbos [euTILI)-N
douanbas pojoadxa a3 peyorewr winseid[y3ad pue eaouanbes aAbqo-wmseid[yseg Kouednooo
PN Juowssasse [ensia £q wnserd[ysad payorew dewr paonpar aAbgo-wnsei3y3eg €1:Te SIN/SIN-D'T s dewr opndog OHd pue 2ouonbas proe ouruy
amonns Arewtig
Abgo-umsei3[ysad
S)Nsay  LUOLINLIO 20ur)doooy  o3uer wnser3[ydad a3uer Abqo-wmserd[ySed wmserd[ySad ‘sjo POYIOIN amnqume Kjend)

S)[NSaI Juawssasse [eonA[eur [euonouny pue feronys aaneredwo)) | 3jqel

A\ Adis



291

Demonstration of Analytical Similarity of Biosimilar Pegfilgrastim-cbqv to Pegfilgrastim

Jo[01ARIN A/ ‘se[onTed o[qIsiaqns JA S ‘@ouruosar uowsed aoeyins yJ¢ ‘Aydeidojewoiyd pmbiy souewnroyod
y3ry oseyd pasioaar D 7JdH-JY ‘Ayderdojeworyd UOISN[OXe-9Z1s D TJH-HS ‘T0AIS auarhyied[od D74 ‘@ouruosar onouSew responu YN ‘Adoosonoads J09Je I9SNBYISAO Iea[oNU JSFON ‘SSewt
Iejow oSeroae ySrom “py ‘ssew Iejow oferoae roqunu “py ‘SurSewnr mopororw 77 WSem Ienosow mo] MA7 ‘Anowomndeds ssew yim AydeiSoyeworyo pmbi sp—)7 ‘Anowomnoeds
ssew wopue) Yim AyderSoyeworyo pmbry SH/SHW—)T ‘WueIsuod uoneroossip wnuqmbs Iy qySrom Ienosjowr ySty MH ‘9Sueyoxe wnmemop udSoIpAy XGH ‘Aesse JuaqIosOuntuur
POUI[-WAZUS Y777 ‘ANOUWILIORd SUIUUBdS [BNUAIYIP DS ‘[PAISIUI 90USPYUOD ) ‘WSIOIYDIp Ie[noind (7)) ‘Ayderojeworyo pinbrp souewiojrad ySry oSueyoxe uoneds H7JdH-XTD

soponaed arow Jo wrl GZ pue ‘g1 ‘Z 10§ 68°0> onel 10adse 9jqqnq Ire 10 Jo[doIp SUOII[ISUON],

SULIMOBINUEW UT Pasn [ELIJEW MBI DHJ SY} UI SOOUSISIIP 03 onp A[SYI] J9SHO SIS,

so3uer Ajpenb ay) yum [rej 3snw sy0] Abgo-wunsei3[y3ad usary) Jo oAfom],,

o+
UnIm SuBwW
U99M)Aq IOUIIYIP

009 010—

JO SUBOW UaM}3q SOUAIDHIP Y} JO D %06 POAISqQ

PN Ay 3O ID %06 ['01-86 ['01-9'6 €1-ce W 08¢ ¥e 9oueqlosqe A} (Jw/Swr) UONENUIIUOD ULNOI]
WA > 61-0 9-0 (a8uer wrl-¢7 2) ,[W/AUNOd ‘SIAS
PN €01> 601-6 Ly—¢ (a8uex wirl-Q] 2) L[WAUNOD ‘SIAS
PN TT9'81> 1L6°81-15TC 6177-6£9 €1:0C EIAN (s3uer wrl-z ) [uAunod ‘sgAS
sonedoid [erousn
U I0N €66< §'66-€ 66 8'66-1'66 9% ead urey
PN €0> €010 ['0 > sen[eA [y 9, ‘saroads pajepruredq
JoW 10N o> ¥'0-€0 8'0—¢0 €1-ce O1dH-XdD % ‘syueLrea pIRIADHJI
syeadysod
PN £e> Te€7C 6'09°0 9, ‘syueLrea Ayo1qoydoipAHq
yead
PN 8'66< 1'L6—6°'S6 0'66—¢°86 urew 9, ‘sjuerrea AyorqoydorpAH
syeadard
PN s T1-5°0 60-€0 €1:ee O1dH-dd % ‘syetrea KrorqoydoIpAy
Abgo-umsei3y3ad
S)Nsay  LUOLINLIO 20ue)doody  o3uer wnserd[ydad a3uer Abqo-wmserd[ySed wmserS[ySad ‘sjo POYISIN amnqume Kjend)

(Ponunuod) | 3jqer

A\ Adis



292

H. Kuehne et al.

< ?
a 5 ¥ o3 8 b
g g = 53 §
5 £ ov T
4.0x10 2 8aly 5
= s ~ P 2
2 : $8 g
= 87
2 o ¢ 3 3 a
2.0x10° l 3 3 |
£ e gy % J/
c 8 ' < \ X Cas
o 8 \ [ 2% I EX]
W T P LGP ASSLPasfi LKCLEGVRKI QGDGAALGEKLGCATVYKLCHPEELVL|
bt J/ N T B B i B e e e
© 0.0 , w8 1
o 3594 | 9599 |
c LGHSLGI PWAPLSSCPSAGQALGLAGGCLSGLHSGLFLYGGLLGALEGI I 5PpEL]
] T E R R R e T R AR N BN A R T e R N R R N R R T A N e N E R N R R T R R N R R R R T R AW
2 14424 | 125142 | 143163
8 2.0x10° 4 o105 | toe0 | Ttz I 2516
2 : [6P T LOTLGLOVADFATT | WaamWEELGWMAPALGPTGGAMPAFASAFQRRAG
< TR O TG O TG TOT TS TS T T T T T T TIT TG TS TR T T2 S A TR TR T TR T T T T T T TR TS ST TR T T T T e ek e e T T T T
R X e |
125163 | 164475 ]
0
-4.0x10° 4 EAEEELET RN EES AR
T T T T
5 10 15 20
—— pedfilgrastim-cbqv T i
pegtilgrastim-cbq Time (minutes)
—— pedfilgrastim
reduced 3
" ;
4x10° ﬂ 4.0x10°
5 2x10° o
% 5 2.0x10°
3 <
P E
c £
© ©
I 0 & L
3 8 0.0
§ § h
2 £
: 3
2 -2x10° o 2 <
-2.0x10°
-4x10°
s |
non-reduced -4.0x10
T T T T
Sx10° . . . 5 10 15 20

T
15

Time (minutes)

Fig. 1 Primary structures analyses comparing a reduced Glu-C pep-
tide maps of representative pegfilgrastim-cbqv and pegfilgrastim
lots with peptides labeled, b filgrastim amino acid sequence show-
ing sequence coverage, ¢ reduced and nonreduced Glu-C maps with
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ative pegfilgrastim-cbqv and pegfilgrastim lots

4500
Mz

4750 5000

T T T T T 1
4460 4480 4500 4520 4540 4560

—— pegfilgrastim-cbqv Mz
—— pedfilgrastim

Fig.2 Mass spectra from representative pegfilgrastim-cbqv and pegfilgrastim a deconvolved centroid spectra with raw spectra of +7 charge
state in inset and b PEG-containing N-terminal peptides +5 charge state enlarged to show overlap of individual peaks with full spectra in inset
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[16]. The small difference observed here did not result in
clinical differences in pharmacokinetic (PK) attributes, as
pegfilgrastim-cbqv was found to be bioequivalent in clinical
studies [9].

In addition to intact mass analysis of pegfilgrastim-
cbqv and pegfilgrastim lots, the N-terminal tryptic peptide
(Metl to Lys17) containing the PEG group was analyzed by
LC-MS analysis using the same technique as for the intact
mass of the PEGylated protein (Fig. 2b). The individual
mass-to-charge ratios (m/z) are a good match between
pegfilgrastim-cbqv and pegfilgrastim. The finding that the
individual mass peaks within the polydispersity envelope
line up exactly indicates that the PEG-protein linkers in
pegfilgrastim-cbqv and pegfilgrastim likely have the same
atomic composition. The only observed difference between
the pegfilgrastim-cbqv and pegfilgrastim materials is a slight
shift in the relative abundances of the individual species with
different numbers of EG subunits, due to slight differences
in average PEG size, as discussed earlier.

3.2 Secondary and Tertiary Structure

Near-UV CD, far-UV CD, and native fluorescence were
used to evaluate the secondary and tertiary structures of
pegfilgrastim-cbqv and pegfilgrastim. Spectra were within
experimental variability, confirming that the solution struc-
tures are highly similar (Fig. 3a—c).

DSC monitors a protein’s unfolding transitions in
response to temperature changes, which are indicative of
tertiary structure and structural stability. The DSC curves of
pegfilgrastim-cbqv and pegfilgrastim indicate that the two
molecules are highly similar (Fig. 3d).

NMR analyses were carried out to further compare the
solution structures of pegfilgrastim-cbqv and pegfilgrastim.
Nuclear Overhauser effect spectroscopy (NOESY) spectra
show the through-space interactions between proximal
nuclei regardless of whether they are connected by chemical
bonds. NOESY is useful in protein structure examinations
since molecules with the same fold should display the same
NOESY patterns. 2D 'H-'H NOESY results over the full
spectral range are visually comparable for pegfilgrastim-
cbqv and pegfilgrastim (Fig. 3e).

Similarity of the tertiary structure, surface accessibility
and dynamics of pegfilgrastim-cbqv and pegfilgrastim was
confirmed using HDX (Fig. 4). Deuterium exchange of back-
bone amide protons in a protein depends on their solvent
accessibility, local structure (e.g., hydrogen bonding), and
the dynamics of the region studied, with faster exchange
indicating more solvent-accessible regions. The deuterium
uptake plot (Fig. 4) illustrates that the overall pattern of sol-
vent accessibility is similar.

3.3 Biological Activity and Receptor Binding

The primary mechanism of action of G-CSF is stimula-
tion of progenitor cell proliferation, decreased maturation
of postmitotic precursor cells and mobilization of neutro-
phil storage pools from bone marrow. The cell-based pro-
liferation assay, which measures the biological activity of
the molecule based on its induction of the proliferation of
NFS-60 cells, reflects key functional properties of G-CSF.
The relative potency of pegfilgrastim-cbqv and pegfilgrastim
met the equivalence acceptance criteria (Table 1). The dose/
response curves for the two materials also demonstrate a
similar response in the proliferation assay within assay vari-
ability (Fig. 5a).

The functional comparability of pegfilgrastim-cbqv to
pegfilgrastim was also assessed by measuring the binding
affinity to the G-CSF receptor using surface plasmon reso-
nance (SPR). The quality-range acceptance criterion for the
equilibrium dissociation constant (Kp,) of pegfilgrastim-
cbqv was met (Table 1). Sensorgrams for representative
pegfilgrastim-cbqv and pegfilgrastim lots show similar bind-
ing curves with rapid binding and very slow dissociation
(Fig. 5b).

3.4 Purity and Impurities

The purity of pegfilgrastim-cbqv and pegfilgrastim were
assessed with respect to size variants, hydrophobicity
variants, and charge variants. The data are presented with
the minor species identified, if known. Minor species were
identified by first isolating each peak and then applying
characterization techniques such as Size Exclusion
Chromatography with Multi-Angle Light Scattering (SEC-
MALS), intact mass spectrometry (MS), and/or peptide
mapping with mass spectrometry. The characterization
data supporting peak identification are not shown, but
are generally consistent with the minor species that have
previously been identified in filgrastim (e.g., methionine
oxidation [17, 18]), glutamine deamidation [19] or
PEGylation variants known to result from the conjugation
process (e.g., diPEGylated species or unPEGylated species
[20D.

3.4.1 Size Variants

Size-exclusion high-performance liquid chromatography
(SE-HPLC) was used to assess the relative abundance
of both higher and lower molecular weight species. For
PEGylated proteins, higher molecular weight species may
include large oligomers, undesirable due to their potential
for immunogenicity, as well as covalent species such as
diPEGylated monomer. Low molecular weight (LMW)
species include unPEGylated monomer (G-CSF) and
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Fig.3 Higher order structural analyses from representative pegfil-
grastim-cbqv and pegfilgrastim lots a near-UV CD, b far-UV CD, ¢
fluorescence, d DSC, and e 2D NOESY NMR. CD circular dichro-

clips, which could impact pharmacokinetics if present at
high levels. Size-exclusion chromatograms of representa-
tive pegfilgrastim-cbqv and pegfilgrastim lots, with peaks
labeled, are shown in Fig. 6a. Pegfilgrastim-cbqv appears
more homogeneous than pegfilgrastim. Three early and
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ism, DSC differential scanning calorimetry, NOESY nuclear over-
hauser effect spectroscopy, NMR nuclear magnetic resonance

one late eluting peak are observed in pegfilgrastim. In
addition, pegfilgrastim shows an elevated baseline trough
between the dimer/diPEG and main peaks that is absent in
pegfilgrastim-cbqv. Only dimer/diPEG is present at quan-
tifiable levels in pegfilgrastim-cbqv lots. The one-sided
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Fig.4 Hydrogen/deuterium 80 pegfilgrastim-cbqy
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Fig.5 Functional analyses for representative pegfilgrastim-cbqv and
pegfilgrastim lots a dose/response curves for cell-based prolifera-
tion assay and b SPR sensorgrams for binding to G-CSFr at different

similarity criteria were met for higher and lower molec-
ular weight species as well as main peak by SE-HPLC
(Table 1).

SEC with in-line UV, refractive index (RI), and multian-
gle light scattering (MALS) detection provides additional
characterization of comparability with respect to size. SEC-
MALS with both UV and RI detectors to monitor protein
and conjugate concentration, respectively, confirms the
weight average molar mass (M,,) of the main species. Light
scattering and UV chromatograms of pegfilgrastim-cbqv
and pegfilgrastim with calculated molar mass values for
selected peaks, are shown in Fig. 6b. The M, of the main
peaks are comparable between pegfilgrastim-cbqv and peg-
filgrastim (Table 1). The slight difference in M, observed by
mass spectrometry was not detected by the lower-resolution
MALS technique.

The most prominent minor peak in both pegfilgrastim-
cbqv and pegfilgrastim is the dimer/diPEG peak, eluting
just before the main peak. Characterization data show that

30 40 50 60 70
Peptide number
12 min —— 60 min 240 min
25
20
; \Q_‘_
10
5
e e ]
A
o=
0 500 1000 1500 2000 2500
—— pegfilgrastim-cbqv
s — pegfilgrastim

Time (s)

product concentrations [from ~ 1.4 to ~37 ng/ml (0.07-2.0 nM)]. SPR
surface plasmon resonance, G-CSFr granulocyte colony stimulating
factor receptor

both dimers of monoPEGylated species (dimer, ~ 80 kDa)
and diPEGylated species (one protein with two PEG or one
PEG of 2x size, ~ 60 kDa) elute in the same peak (data not
shown). The observed M, and the relative area for the dimer/
diPEG peak are both significantly higher in pegfilgrastim,
suggesting a greater proportion of dimers and higher
multimers compared to pegfilgrastim-cbqv. The abundance
of species eluting prior to the dimer/diPEG peak is too low
for molar mass determination by MALS in these samples.
Sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis (SDS-PAGE) with silver staining provides a useful visual
comparison of the relative size and distribution of the spe-
cies present in pegfilgrastim-cbqv and pegfilgrastim under
denaturing conditions (Fig. 6¢, d). Both pegfilgrastim-cbqv
and pegfilgrastim contain a major band between the 64 kDa
and 51 kDa marker bands, plus a minor higher-molecular-
weight band near the 97 kDa marker (likely the diPEGylated
species). PEGylated proteins are known to have decreased
electrophoretic mobility relative to unPEGylated proteins
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Fig.6 The size variants of representative pegfilgrastim-cbqv and peg-
filgrastim lots as assessed by a SE-HPLC with UV detection, b SE-
HPLC with MALS detection—molar mass shown on the right axis
and UV and light scattering shown on the left axis, ¢ reduced SDS—

of corresponding size [21]. Pegfilgrastim also shows faint
bands at higher apparent molecular weight than the diPEG
band under nonreducing conditions, along with diffuse
intensity between the diPEG and main bands in both reduced
and nonreduced gels. These features are not observed in the
pegfilgrastim-cbqv lots. This finding is consistent with the
observation of a trough between the dimer/diPEG and main
peaks by SE-HPLC. The gel images demonstrate that both
products have similar size and distribution for the main band
and the largest of the minor bands, the diPEGylated spe-
cies, with pegfilgrastim-cbqv demonstrating a slightly more
homogeneous distribution.

3.4.2 Hydrophobicity Variant

Reversed phase chromatography (RPC) was used to separate
product variants, including oxidized and deamidated spe-
cies, on the basis of hydrophobicity. RPC chromatograms
of representative pegfilgrastim-cbqv and pegfilgrastim lots
with peaks labeled are shown in Fig. 7a. Oxidized species,
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pegfilgrasiim.cbqv

| MW Markers
pegfilgrastim

Otigomer Bands

PAGE with silver-stain, and d nonreduced SDS-PAGE with silver-
stain. SE-HPLC size-exclusion high-performance liquid chromatogra-
phy, MALS multiangle light scattering, SDS—PAGE sodium dodecyl
sulfate—polyacrylamide gel electrophoresis

which elute as prepeaks, and deamidated species, which
elute as postpeaks, are both lower in pegfilgrastim-cbqv than
in pegfilgrastim. The one-sided similarity criteria were met
for total prepeaks, main peak, and total postpeaks by RPC
(Table 1).

3.4.3 Charge Variants

Cation exchange chromatography (CEC) was used to evalu-
ate the similarity of pegfilgrastim-cbqv and pegfilgrastim
with respect to charge variants, which include PEGylation
variants as well as deamidated species (Fig. 7b). Monomers
with double-sized PEG at the amino terminus, if present
at high levels, could have the potential to affect pharma-
cokinetics, since a significantly larger PEG has been asso-
ciated with somewhat greater in vivo activity, as well as
somewhat diminished in vitro activity [16]. DiPEGylated
species, in addition to potential effects on PK, may dimin-
ish activity if the second PEGylation site is near the G-CSF
receptor binding site. For deamidated species, the impact on
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activity is also site specific. The deamidated species peak is
absent in pegfilgrastim-cbqv, while the diPEGylated peaks
(diPEG M1/K35 and diPEG M1/24) are slightly larger in
pegfilgrastim-cbqv. The acceptance criteria were not met for
diPEGylated species and main peak (Table 1). However, diP-
EGylation variants are well under 1% for both pegfilgrastim-
cbqv and pegfilgrastim, and no clinical impact was observed
from these minor differences.

Isoelectric focusing (IEF) provided a qualitative
comparison of the primary isoelectric point of pegfilgrastim-
cbqv and pegfilgrastim, along with an assessment of
charge homogeneity. The apparent isoelectric point of all
pegfilgrastim-cbqv and pegfilgrastim lots analyzed was
similar, as indicated by the alignment of the main bands

(Fig. 7c), providing additional confirmation of the structure
with respect to charged residues. Minor bands are more
abundant in pegfilgrastim consistent with the higher levels
of deamidation observed by RPC and CEC.

3.5 General Properties
3.5.1 Subvisible Particles
Subvisible particles, which may include potentially
immunogenic protein particles, were evaluated using
microflow imaging (MFI). Since samples are extracted

from prefilled syringes, silicone oil droplets can dominate
the particle counts. To minimize the contribution of
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silicone oil droplets, which are spherical, a morphological
filter was applied to report particles with aspect ratio
<0.85. Particle concentrations for pegfilgrastim-cbqv and
pegfilgrastim are compared in Table 1. Overall counts were
variable but consistently higher in pegfilgrastim than in
pegfilgrastim-cbqv.

3.5.2 Strength

Protein concentrations of pegfilgrastim-cbqv and
pegfilgrastim lots were measured using UV spectroscopy.
The concentration values were compared using an
equivalence test with unequal variances. Variances were
shown to be unequal by Levene’s test [22]. The protein
concentrations of pegfilgrastim-cbqv and pegfilgrastim were
found to be equivalent (Table 1).
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intervals of the fit; and ¢ SE-HPLC chromatograms of pegfilgrastim-
cbqv and pegfilgrastim subjected to stress conditions (40 °C for up
to 3 months). SE-HPLC size-exclusion high-performance liquid chro-
matography

3.6 Comparative Stability

Comparable stability profiles are considered additional evi-
dence of similarity between biosimilar and reference prod-
ucts. The stability of pegfilgrastim-cbqv and pegfilgrastim
under accelerated (25 °C) and heat stressed (40 °C) storage
conditions are presented here. A plot of SE-HPLC main peak
decline over time is shown for 25 °C (Fig. 8a) and 40 °C
(Fig. 8b) storage. Quantitative results and regression analy-
ses are provided (Online Resource 1). The initial purity of
pegfilgrastim-cbqv is higher on average than pegfilgrastim,
causing the trend lines to be offset. However, the degradation
rates (slopes) are similar for both conditions. Representative
SE-HPLC chromatograms for pegfilgrastim-cbqv and pegfil-
grastim heat stressed show comparable degradation profiles



Demonstration of Analytical Similarity of Biosimilar Pegfilgrastim-cbqv to Pegfilgrastim 299

(Fig. 8c). Aggregation was the primary mode of degradation
detected by SE-HPLC for both materials.

4 Discussion

The totality of data generated by structural and functional
methods, as well as comparative stability studies, support a
conclusion of biosimilarity between pegfilgrastim-cbqv and
its reference product, pegfilgrastim.

The primary structure of pegfilgrastim is more complex
than most biosimilars, in that it encompasses a protein
and a PEG moiety, connected by a molecular linker.
In addition, the PEG portion of the molecule features
polydispersity, which can vary depending on the PEG
source lot. Primary structure results demonstrate that
pegfilgrastim-cbqv and pegfilgrastim have identical
amino-acid sequences and disulfide bonds. In addition,
the main PEG attachment site, occupancy, and linker
composition were shown to be the same for both products.
Intact mass was higher for the pegfilgrastim-cbqv lots
evaluated. The intact mass observed was consistent
between all pegfilgrastim-cbqv and all pegfilgrastim lots.
Given the possibility that a single lot of PEG may be used
in production for several years, all lots of pegfilgrastim
evaluated herein may be associated with a single lot of
PEG. Similarly, all lots of pegfilgrastim-cbqv tested trace
back to a single PEG lot. The differences observed did not
translate into any difference in PK.

Higher-order structure results show consistent secondary
and tertiary folding, as well as surface accessibility, between
pegfilgrastim-cbqv and pegfilgrastim. Functional properties
were demonstrated to be similar in both binding and cell-
based methods. General attributes of pegfilgrastim-cbqv
and pegfilgrastim, such as protein concentration, were
demonstrated to be the same within method variability.

Variants in pegfilgrastim-cbqv and pegfilgrastim were
compared using one-sided quality ranges, since lower vari-
ant content is acceptable in a biosimilar product. DiPEG
species by CEC are slightly larger in pegfilgrastim-cbqv
and the acceptance criterion was not met for diPEG species.
The differences in diPEG pattern in pegfilgrastim-cbqv and
pegfilgrastim may be due to minor differences in both the
PEGylation and purification steps of the respective produc-
tion processes. DIPEG variants were well under 1% for both
pegfilgrastim-cbqv and reference product, and no clinical
impact resulted from these minor differences [9, 10].

Pegfilgrastim-cbqv showed lower content of oxidized
and deamidated species, as well as dimer by SE-HPLC.
Subvisible particulates met the one-sided quality range,
with higher numbers observed in the reference product.
As dimer, oxidized and deamidated species, and subvisible

particulates can be stability-indicating, it is possible that
the product age at the time of testing contributed to the
offset. While the reference product was within its expiration
period at the time of testing, the date of manufacture is not
available for pegfilgrastim lots; therefore, it is possible that
the pegfilgrastim lots were older when tested. Stress stability
studies showed comparable rates of degradation between
pegfilgrastim-cbqv and pegfilgrastim.

5 Conclusions

The comparative analytical assessment of pegfilgrastim-
cbqyv to its reference product pegfilgrastim presented herein
demonstrates that pegfilgrastim-cbqv is highly similar
to pegfilgrastim. Analytical similarity was demonstrated
through a totality of data, including a comprehensive
structural and functional assessment. Minor differences
in PEG molar mass and PEGylation variants did not affect
functional activity and are not expected to impact the clinical
efficacy of pegfilgrastim-cbqv. The analytical similarity
of pegfilgrastim-cbqv to pegfilgrastim demonstrated in
this comparative analytical assessment is consistent with
clinical results where the two products were found to act
equivalently [9, 10].
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