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Abstract

Background Filgrastim is a recombinant, non-glycosy-

lated form of human granulocyte colony-stimulating factor,

used to stimulate leukocyte proliferation in patients suf-

fering from neutropenia. Since the expiration of patents

associated with Amgen’s filgrastim biopharmaceutical,

Neupogen�, in 2006, a number of filgrastim products have

been marketed; however, a detailed characterization and

comparison of variants associated with these products have

not been publically reported.

Objective The objective of this study was to identify and

quantify product-related variants in filgrastim reference

products and biosimilars thereof that are presently avail-

able in highly regulated markets.

Methods In this study, we used intact and top–down mass

spectrometry to identify and quantify product-related

variants in filgrastim products. Mass spectrometry has

become the method of choice for physicochemical char-

acterization of biopharmaceuticals, allowing accurate and

sensitive characterization of product-related variants.

Results In addition to modifications ubiquitously present

in biopharmaceuticals, such as methionine oxidation and

asparagine/glutamine deamidation, we identified six dif-

ferent low-level, product-related variants present in some,

but not all, of the tested products. Two variants, an

acetylated filgrastim variant and a filgrastim variant

containing an additional C-terminal tryptophan extension,

are newly identified variants.

Conclusion This study demonstrates that filgrastim

products already in widespread clinical use in highly reg-

ulated markets differ in low-level, product-related variants

present at levels mostly below 1 % relative abundance.

This study provides a comprehensive catalog of minor

differences between filgrastim products and suggests that

the filgrastim product-related variants described here are

not clinically relevant when present at low abundance.

Key Points

The available filgrastim products differ in low-level,

product-related variants.

The identified product-related variants are mostly

\1 % in relative abundance.

All tested products are in widespread clinical use.

1 Introduction

One of the first biopharmaceuticals to be commercialized in

the mid-1990s was Amgen’s Neupogen�, which is a

recombinant, non-glycosylated form of human granulocyte

colony-stimulating factor (G-CSF). G-CSF is a hematopoi-

etic growth factor and cytokine, which stimulates production

of neutrophils and affects neutrophil progenitor prolifera-

tion, differentiation, and functional activation [1, 2]. The

biopharmaceutical is composed of a 175–amino acid
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polypeptide with an additional N-terminal methionine resi-

due not found in the native endogenous human protein.

Filgrastim is largely used to restore production of neu-

trophils in patients undergoing chemotherapy [3, 4]. A

potentially life-threatening consequence of loss of neu-

trophils is febrile neutropenia, the risk of which is increased

in the case of non-adherence to treatment guidelines—for

example, in a situation where patient access to filgrastim is

limited because of high treatment costs [5–7]. Febrile neu-

tropenia not only presents a serious health concern for

patients but also results in extensive utilization of healthcare

resources and consequently high costs [8, 9]. One possible

solution to reduce healthcare costs and improve patient

access is use of biosimilars [10]. The introduction of

biosimilar filgrastims has led to significant cost savings and

increased patient access in countries within the European

Union (EU), exemplified by a shift in treatment practice

from secondary prophylaxis to increased primary prophy-

laxis in some countries, especially in patients at high risk of

developing febrile neutropenia [5].

The active ingredients of a biosimilar and its reference

medicine are essentially the same biological substance,

though there may be minor differences due to their com-

plex nature and production methods [11]; as defined by the

US Food and Drug Administration (FDA), biosimilars ‘‘are

highly similar to the reference product notwithstanding

minor differences in clinically inactive components,’’

which may be confirmed by documenting ‘‘no clinically

meaningful difference between the biological product and

the reference product in terms of the safety, purity, and

potency of the product’’ [10, 12, 13]. Following the loss of

exclusivity of Amgen’s Neupogen�, a number of biosim-

ilar filgrastim products have been approved in highly reg-

ulated markets. In 2015, the FDA approved ZarxioTM

(Sandoz) as the first biosimilar in the USA, but in the EU

and Japan, biosimilars were already in widespread clinical

use and demonstrated clinical performance comparable to

that of the reference product in terms of safety, purity, and

potency [5, 14–19]. Because of the unique diversity of the

marketed products and substantial use of these products in

clinical practice, we reasoned that it might be of interest to

perform a characterization of the microheterogeneity in the

available filgrastim products to provide a catalog of low-

level, product-related variants.

Reversed-phase high-performance liquid chromatogra-

phy (RP-HPLC) with ultraviolet or fluorescence detection

is used to detect product-related variants in filgrastim on a

routine basis. However, for physicochemical characteriza-

tion, mass spectrometry (MS) has become the method of

choice, as it can provide increased sensitivity, as well as the

ability to determine the type and location of the modifi-

cation [20–22]. We have previously demonstrated the

applicability of top–down MS for characterization of

oxidized variants in filgrastim, with sensitivity of 0.1 %

[20]. In this study, we used an intact/top–down approach

for highly sensitive identification and quantification of

product-related variants present in the available filgrastim

products.

2 Methods

2.1 Chemicals and Study Material

All chemicals that were purchased for this study were of

the highest purity available. Trifluoroacetic acid (TFA) was

obtained from Sigma-Aldrich (Steinheim, Germany).

HPLC-grade water and acetonitrile (ACN) were purchased

from J.T. Baker (Deventer, the Netherlands). Products

were sourced from the pharmaceutical companies listed in

Table 1 and were stored under the intended storage

conditions.

2.2 HPLC Separation and MS Analysis

Nine micrograms of filgrastim were separated on a Zorbax

300SB-C18 column (4.6 9 150 mm, 3.5 lm particle size)

with a gradient of solutions A (0.1 % TFA in water) and B

(0.1 % TFA in ACN) at a flow rate of 1 mL/min: 25 min

from 25 % B to 54 % B, followed by a 32 min gradient

from 54 % B to 73 % B. After ultraviolet and fluorescence

detection, the flow was split 1:5 and then electrosprayed

into the Exactive MS.

For intact mass measurements, the Exactive MS was

operated with the following settings: spray voltage 4 kV,

capillary temperature 275 �C, sheath gas 20, auxiliary

gas 8, scan range 300–2200 m/z, resolution ultra-high,

automatic gain control (AGC) target 1e6, maximum inject

time 100 ms, and microscans 10. For all-ion fragmentation

(AIF) measurements, the higher-energy collision dissocia-

tion (HCD) fragmentation energy was set at 35 eV. For

data evaluation, the spectra acquired within a time frame of

approximately 10 s were averaged and deconvoluted using

the Xtract algorithm implemented into Xcalibur 2.1 soft-

ware (Thermo Scientific, Bremen, Germany). The follow-

ing parameters were used for deconvolution: S/N

threshold 2, fit factor 44 %, remainder 25 %, and maxi-

mum charge 20. Deconvoluted spectra were manually

compared against the raw data and checked for plausibility

to exclude artifacts from the deconvolution algorithm. The

assignment of deconvoluted AIF spectra was done manu-

ally using GPMAW 9.02 software (Lighthouse data,

Odense, Denmark) to predict the masses of the individual

fragment ions. Relative quantification of product-related

variants was performed on the basis of the extracted ion

chromatograms (EICs) of the native and modified variants.
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Ion chromatograms were extracted in Xcalibur 2.1, using

the theoretical masses of the ?12 to ?17 charged mole-

cules with a mass window of 0.5 Da.

3 Results

Figure 1 shows the RP-HPLC fluorescence traces of the

filgrastim products listed in Table 1. The product-related

variants typically observed in RP-HPLC analyses are

methionine oxidation and glutamine deamidation. These

species are the most prominent product-related variants

typically identified in filgrastim products, and identical

oxidized and deamidated species were observed in all of

the tested products (Fig. 1). The relative abundance of

these variants is dependent on the age of the product and,

thus, they are shelf life–limiting factors. We have previ-

ously reported site-specific characterization of oxidized

variants [19]. Oxidized and deamidated variants are well-

known degradation products, which are commonly present

in protein-based drugs, and thus they are not discussed in

more detail in this study [20].

In addition to oxidized and deamidated species, which

can easily be detected and monitored using RP-HPLC,

several low-level, product-related variants were detected in

the products, using MS. Ribosomal translation in bacteria

starts with N-formylmethionine (fMet), which is a deriva-

tive of the amino acid methionine [23]. fMet is efficiently

deformylated to methionine by an enzyme called peptide

deformylase [24]. As shown in Table 2, some of the

products exhibited remnant levels of fMet of up to 0.3 %.

Interestingly, fMet levels in the filgrastim product Gran�

reached levels of 1.8 % (see Table 2). The fMet species

eluted as a post-peak in the RP-HPLC assay (Fig. 1) and

showed a typical ?28 Da mass shift in MS analysis

(Fig. 2). fMet, as a product-related variant in filgrastim, has

already been reported in the literature [25, 26].

The N-terminal first 10 amino acids form an unstructured

region in filgrastim, which may explain their susceptibility to

cleavage by aminopeptidases [27]. N-terminal heterogeneity

was observed in all tested products to a similar extent; the

relative abundances of the sum of N-terminal truncated

species ranged from 1.4 to 2.4 % (Table 2). Figure 3 shows

the EICs used for quantification of the individual truncated

species in a representative sample (ZarxioTM batch 600314).

In all tested products, the most abundant truncated species

was the -M variant, followed by the -MTPLG variant. The

N-terminal truncated variants co-eluted (-M and -MT) or

eluted as a pre-shoulder (-MTPL to -MTPLGP) of the native

molecule in the RP-HPLC assay.

Table 1 Filgrastim products analyzed in this study

Product name Location of

approvala
Marketing authorization

holder

Reference product/

biosimilar

Comment

Neupogen� USA Amgen US reference product Not applicable

Neupogen� EU Amgen EU reference product Not applicable

Zarzio� EU/Japan Sandoz Biosimilar to

Neupogen� EU/

Gran�

Identical to ZarxioTM

ZarxioTM USA Sandoz Biosimilar to

Neupogen� US

Identical to Zarzio�

Gran� Japan Kyowa Hakko Kirin Reference product

Japan

Not applicable

Filgrastim

Mochida/Fuji

Japan Mochida Pharmaceutical

and Fuji Pharma

Biosimilar to Gran� Not applicable

Filgrastim NK Japan Nippon Kayaku Biosimilar to Gran� Not applicable

Grastofil� EU STADA Biosimilar to

Neupogen� EU

Identical to Accofil (Accord Healthcare) [42, 43]

Nivestim� EU Hospira Biosimilar to

Neupogen� EU

Not applicable

Ratiograstim� EU Ratiopharm Biosimilar to

Neupogen� EU

Identical to Tevagrastim from Teva Generics

(XM02 active ingredient) [19]

Granix� USA Teva Pharmaceutical

Industries

Approved as a new drug

application

Not applicable

Gran� is a registered trademark of Kyowa Hakko Kirin Co., Ltd. Granix� is a registered trademark of Teva Pharmaceutical Industries Limited.

Grastofil� is a registered trademark of Apotex Technologies Inc. Neupogen� is a registered trademark of Amgen Inc. Nivestim� is a registered

trademark of Hospira UK Limited. Ratiograstim� is a registered trademark of Ratiopharm GmbH. Zarzio� is a registered trademark of Novartis

AG
a Only the highly regulated markets (the EU, the USA, and Japan) are listed
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Misincorporation of amino acids in therapeutic and

endogenous proteins has been reported to occur at a rate

of 10-3 to 10-4 per codon (i.e. 0.01–0.1 % of relative

abundance) [28, 29]. Misincorporation events are inherent

to biological systems because of inaccuracies in the cel-

lular gene expression machinery; their abundance, how-

ever, may be influenced by factors such as the selection of

the coding DNA triplet, the expression strain, and the

fermentation conditions [30–33]. A well-documented case

in recombinant proteins is misincorporation of norleucine

(Nle) at methionine positions (M?Nle), which may result

from methionine deficiency or other factors [34, 35].

Norleucine is a structural analog of methionine, where the

sulfur atom is replaced by a methylene group. Trace

levels of the M?Nle variant of up to 0.4 % (the sum of

four variants) were identified in the tested filgrastim

products (Table 2). The M?Nle variants showed a typical

-18 Da shift in MS analysis (not shown) and eluted

as post-peaks in the RP-HPLC assay (Fig. 1). Another

frequently observed misincorporation in recombinant

proteins is the aspartate-to-glutamate (D?E) misincor-

poration variant, which can be explained by the wobble-

base theory [32]. We identified this variant in several of

the tested products at levels of up to 0.7 % (Table 2). The

D?E variant showed a typical ?14 Da shift in the MS

analysis (Fig. 2) and eluted as a post-peak in the RP-

HPLC assay (Fig. 1).

In three of the tested products (Filgrastim NK,

Ratiograstim�, and Granix�) we identified a low-level,

product-related variant of filgrastim, which has not been

previously reported in the literature (Fig. 4a–c). Figure 4b

illustrates representative raw spectra of the 16-fold charged

molecule. Deconvolution of the summed raw spectra

resulted in identification of three species: deamidated fil-

grastim, its TFA adduct and a species with a mass differ-

ence of ?186.1 Da relative to the native molecule. The

variant eluted as a post-peak relative to the native molecule

in the RP-HPLC assay, with a maximum relative abun-

dance of approximately 0.3 % in a subset of the tested

products (see Table 2).

Fig. 1 Reversed-phase high-performance liquid chromatography flu-

orescence traces of filgrastim products (also listed in Table 1).

Product-related variants discussed in this study are shown in bold

text, and variants present in not all tested products are shown in

parentheses. Co-eluting species, e.g. deamidation/M?Nle/D?E,

can be identified and quantified only by mass spectrometry. D?E

aspartate-to-glutamate misincorporation, fMet N-formylmethionine,

M?Nle methionine-to-norleucine (sum of four variants), Met1ox

methionine oxidation at position 1, Met122ox methionine oxidation at

position 122, Met127ox methionine oxidation at position 127,

Met138ox methionine oxidation at position 138, Trp C-terminal tryp-

tophan. N-terminal truncation variant (sum of five variants) co-elutes

with native Filgrastim
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Because this variant is chromatographically separated

from the native molecule, we were able to perform top–

down MS using the AIF mode of the Exactive mass

spectrometer, as has been described previously [20]. In the

top–down experiments, we observed that the ?186.1 Da

mass shift was associated with the y-ion series but not with

the b-ion series (Fig. 5a), demonstrating that the

modification resides on the C-terminus of the protein rather

than on the N-terminus. The closest C-terminal fragment

showing the ?186.1 Da modification was the y43 ion,

demonstrating that the modification resides within the last

43 amino acids of the protein. A mass shift of ?186.1 Da

corresponds to the mass of an additional tryptophan (Trp)

residue being incorporated into the C-terminal region of the

Table 2 Relative abundances of product-related variants in filgrastim products

Product Batch number fMet (%) D?E (%) Acetylation (%) Trp extension (%) Sum

Met?Nle (%)

Sum

truncations (%)a

Neupogen� EU 1029228 0.2 0.5 \0.1 \0.1 0.2 1.8

Neupogen� EU 1029837 0.3 0.5 \0.1 \0.1 0.1 1.7

Neupogen� US 1038184 0.3 0.5 \0.1 \0.1 0.2 1.6

Neupogen� US 1036971 0.3 0.5 \0.1 \0.1 0.2 1.7

ZarxioTM/Zarzio� 600314 \0.1 \0.1 \0.1 \0.1 0.4 2.3

ZarxioTM/Zarzio� 570314 \0.1 \0.1 \0.1 \0.1 0.2 2.1

Gran� 13802U 1.8 0.7 0.2 \0.1 0.4 1.5

Filgrastim Mochida/Fuji AE13A 0.1 \0.1 0.3 \0.1 0.1 1.8

Filgrastim NK 13E01N \0.1 \0.1 \0.1 0.2 0.2 1.5

Grastofil� 154001 0.1 \0.1 0.2 \0.1 0.2 2.4

Grastofil� 155001 0.1 \0.1 0.2 \0.1 0.2 2.4

Nivestim� 1870013 0.1 0.1 0.1 \0.1 0.2 1.5

Nivestim� 1866043 0.1 0.1 0.1 \0.1 0.1 1.4

Ratiograstim� N34545 \0.1 0.1 \0.1 0.1 0.2 1.4

Ratiograstim� N41250 \0.1 0.1 \0.1 0.3 0.2 1.5

Granix� NR3007A 0.1 0.3 \0.1 0.2 0.2 1.8

Granix� NR4007 \0.1 0.1 \0.1 0.2 0.2 1.8

D?E aspartate-to-glutamate misincorporation, fMet N-formylmethionine, M?Nle methionine-to-norleucine (sum of four variants), Trp C-

terminal tryptophan
a N-terminal truncation variant (sum of five variants)

Fig. 2 Identification of the N-formylmethionine (fMet) variant and

the aspartate-to-glutamate misincorporation (D?E) variant. a Raw

spectra of the ?16 charge state of native filgrastim and the D?E and

fMet variants from Gran� sample batch 13802U. b Deconvoluted

spectrum; the masses are [M?H]?
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molecule. Figure 5b illustrates the EICs of this variant used

for the relative quantification.

The variant can most likely be explained by differences

in the selected stop codon. Translational termination can be

achieved by using one of the three codons UGA, UAA and

UAG. A leaky UGA stop codon due to the presence of the

suppressor transfer RNA Trp (tRNATrp) has been reported

in the literature [36, 37]. In this process, called UGA

readthrough, the suppressor tRNATrp binds to the stop

codon UGA, leading to elongation of the polypeptide chain

by a tryptophan residue rather than translational termina-

tion [38, 39]. Depending on the genetic context, tryptophan

levels of up to 3 % can be incorporated by this mechanism

at the UGA site [36, 40]. Therefore, the most likely

explanation for the observed ?186.1 Da species is C-ter-

minal extension of the protein with a tryptophan residue

due to the readthrough of the first stop codon (usually, two

stop codons are used to ensure translational termination).

The use of different stop codons (UGA versus UAA and

UAG) might therefore also explain the presence/absence of

this variant in the different products (Fig. 5b).

Another hitherto unreported product-related variant in

filgrastim products was observed in four of the tested

products (Gran�, Filgrastim Mochida/Fuji, Grastofil�, and

Nivestim�). The variant eluted as a post-peak relative to

Fig. 3 Relative quantification of five N-terminal truncated species in

a representative sample (ZarxioTM batch 600314). Ion chromatograms

of the individual N-terminal truncated species and of the native

molecule were extracted to calculate the relative abundance

Fig. 4 Identification of a product-related variant with a mass shift of

?186.1 Da corresponding to a C-terminal tryptophan extension.

a The variant elutes as a post-peak in the reversed-phase high-

performance liquid chromatography assay. b Summed raw spectra of

the ?16 charge state of the deamidated filgrastim and its trifluo-

roacetic acid (TFA) adduct (highlighted in gray) and the ?186.1 Da

modified molecule (highlighted in red). Products representative of the

absence (Neupogen� US and ZarxioTM) and of the presence

(Filgrastim NK and Ratiograstim�) of this variant are shown.

c Deconvoluted spectrum showing the deamidated filgrastim and its

TFA adduct, as well as the ?186.1 Da variant (highlighted in red).

The identified TFA adduct represents an analytical artifact frequently

observed in mass spectrometry (MS). The deconvoluted masses are

[M?H]?
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the native molecule in the RP-HPLC assay (Fig. 6a), with a

maximum relative abundance of 0.5 % in the tested prod-

ucts. Figure 6b illustrates representative raw spectra of the

?16 charge state. Deconvolution of the summed raw

spectra resulted in identification of two species: native

filgrastim and a species with a mass difference of

?42.0 Da, which corresponds to an acetylation modifica-

tion. As this species was not successfully separated by

chromatography from native filgrastim, we could not per-

form AIF for site assignment on the Exactive instrument.

Subsequent characterization using PepMapTM technology

coupled with MS detection (not shown) confirmed that this

variant was an acetylated filgrastim species, which is in

agreement with the ?42 Da mass shift observed in the

intact measurement.

4 Discussion

Microheterogeneity of biopharmaceuticals is caused by

posttranslational modifications introduced during manu-

facturing in living cells. Filgrastim is a comparatively

simple biopharmaceutical. It has a size of only 19 kDa and

is produced in an expression system (Escherichia coli) that

lacks the ability to perform complex posttranslational

modifications, such as glycosylation, allowing for a highly

homogenous product. However, even in this simple drug,

the presence of a number of low-level variants is com-

monly observed. Ubiquitously identified variants in bio-

pharmaceuticals are methionine oxidation and glutamine/

asparagine deamidation. Previously reported variants that

are more specific to filgrastim are fMet, truncated variants,

D?E, and M?Nle [25, 26]. In this study, we identified

previously unreported, low-abundance variants, including

an acetylated filgrastim variant and a variant with an

additional C-terminal tryptophan residue, which were

present in some, but not all, filgrastim products that were

analyzed.

Most of the products that were analyzed in this study are

biosimilars of a filgrastim reference product. For biosimilar

products, the approval pathway in highly regulated markets

requires an in-depth comparative analytical characteriza-

tion [11, 41]. Conceptually, the high sensitivity and reso-

lution of state-of-the-art analytical technologies, such as

MS, allow for a tailored clinical program if the analytical

data can provide evidence that the biosimilar candidate and

the reference product contain essentially the same active

ingredient. In such a situation, the analytical and functional

comparative data can serve as surrogates for prediction of

the clinical properties of safety, immunogenicity and

efficacy.

When a biosimilar product is being developed, the

presence of product-related variants that are not present in

the reference product requires special attention before the

clinical stage to ensure patient safety and to address the

issue of immunogenicity. The data from this study revealed

the identities and levels of product-related variants in fil-

grastim products from different manufacturers, which had

already been approved for commercialization. As summa-

rized in Table 2, in this study we identified a total of six

product-related variants (not including oxidized and

deamidated variants), demonstrating that the composition

of low-level variants differs between filgrastim products.

This variability is most likely a characteristic of the dif-

ferent manufacturing processes. However, on the basis of

the low abundance of those variants of mostly less than

1 %, and even smaller quantitative differences between

products, a clinical impact on safety, immunogenicity, and

Fig. 5 Site assignment and relative quantification of the ?186.1 Da

modification corresponding to the C-terminal tryptophan extension

variant. a Top–down spectrum from all-ion fragmentation of the

molecules eluting at 31.0 min in the Ratiograstim� N41250 sample.

The ?186.1 Da mass shift is observed in the y-ion series but not in

the b-ion series. Trifluoroacetic acid adducts have been removed for

ease of reading. b Extracted ion chromatograms of the C-terminal

tryptophan extension variant used for quantification. The peak

indicating the C-terminal tryptophan extension variant is highlighted

in red
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efficacy is unlikely. This is supported by the clinical

studies performed for approval of the products and by the

current clinical experience with these products [5, 14–19].

Although not all of these products have been tested in

comparative clinical trials, no apparent clinical differences

with regard to safety, immunogenicity, and efficacy have

been reported. Furthermore, using filgrastim as a model,

our data support the notion that currently available ana-

lytical technologies, such as MS, are more capable and

sensitive than clinical studies for identifying differences

between products.

5 Conclusion

Mass spectrometry has become the method of choice for

physicochemical characterization of biopharmaceuticals.

In this study, we used a combination of native and top–

down MS for sensitive identification and relative quan-

tification of product-related variants in filgrastim prod-

ucts that are presently available in highly regulated

markets. In addition to modifications that are ubiqui-

tously present in biopharmaceuticals, such as methionine

oxidation and asparagine/glutamine deamidation, we

identified a total of six different low-level, product-re-

lated variants with relative abundances of mostly \1 %.

As the composition of these variants differs between

products, this study provides a comprehensive catalog of

minor differences between filgrastim products. However,

the low abundance combined with the current clinical

experience suggest that the observed minor differences in

the filgrastim product-related variants are not clinically

relevant.
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