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Filgrastim is approved for several indications, including reduction of the incidence and duration of
chemotherapy-induced neutropenia and for stem cell mobilization. The filgrastim biosimilar, EP2006, has been
available in Europe since 2009, and in the United States since 2015. In this time, preclinical and clinical data
used to support the approval of EP2006 have been published. These data established the biosimilarity of EP2006
to reference filgrastim in terms of structure, pharmacokinetics, pharmacodynamics, efficacy, safety, and
immunogenicity. Additional real-world evidence studies have also demonstrated equivalent efficacy and safety of

EP2006 compared with reference filgrastim, both in the reduction of neutropenia and in stem cell mobilization in
clinical practice. This review summarizes these preclinical, clinical, and real-world data, as well as the available
cost-effectiveness data, for EP2006 since its approval 15 years ago.

1. Introduction

Filgrastim — a biological medicine - is a recombinant human gran-
ulocyte colony-stimulating factor (G-CSF), which stimulates the prolif-
eration and maturation of neutrophils, and facilitates their release into
the blood (Aghedo and Gupta, 2022). The G-CSF receptor is a member of
the cytokine receptor superfamily and exerts its influence through
various signaling molecules, including components of the Janus kin-
ase/signal transducer and activator of transcription pathway, and the
p21Ras/Raf/mitogen-activated protein kinase pathway (Hermans et al.,
2003).

Filgrastim is approved for several indications, including reduction in
the incidence and duration of chemotherapy-induced neutropenia
(CIN), and stem cell mobilization (US Food and Drug Administration,
2023). The European Society for Medical Oncology (ESMO) and the
National Comprehensive Cancer Network (NCCN) recommend fil-
grastim for prophylaxis of febrile neutropenia at a dose of 5 pg/kg/day,
24-72 hours after the last day of chemotherapy until post-nadir absolute
neutrophil count recovery (Crawford et al., 2010). ESMO also

recommends the use of filgrastim for peripheral blood stem cell mobi-
lization at a dose of 10 pg/kg/day, for 7-10 days before apheresis, with
or without chemotherapy (Crawford et al., 2010), while the NCCN’s
recommendation is for 4-5 days, continued until apheresis and collec-
tion goals are met (National Comprehensive Cancer Network, 2023a).
However, variations exist between different clinicians from different
hospitals and countries regarding the preferred method of administra-
tion and optimal timing of filgrastim therapy, while prior to the emer-
gence of biosimilars, high drug costs may have reduced the uptake of
filgrastim (Cornes and Krendyukov, 2019).

Biosimilars are biologic medicines that match the reference medicine
in terms of biological activity, efficacy, safety, immunogenicity, and
quality. These medicines are approved via abbreviated yet robust reg-
ulatory processes in Europe and the United States (US), which rely on
establishing comparability of the biosimilar to the reference medicine
across all relevant parameters in sensitive indications (European Medi-
cines Agency, 2019; US Food and Drug Administration, 2022b). Over the
last 15 years, routine pharmacovigilance has confirmed the safety pro-
files of biosimilars compared to their reference medicines, and the lower
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production cost of biosimilars has expanded patient access to treatment
and reduced healthcare costs, thus contributing to the sustainability of
healthcare (Aapro et al, 2018; Goldsmith et al., 2018). Since the
approval of reference filgrastim (Neupogen®; Amgen) in 1991 (US Food
and Administration, 2023), several biosimilars have been approved in
Europe and/or the US (Table 1), with the first two biosimilars, XM02
and EP2006, approved within six months of each other (European
Medicines Agency, 2023d; European Medicines Agency, 2023e; Euro-
pean Medicines Agency, 2023f; US Food and Administration, 2021a).

This review will discuss the approval process and key post-approval
data acquired for filgrastim biosimilar EP2006 (Zarzio®/ Zarxio®;
Sandoz), focusing on data that pertain to the indications for CIN and
stem cell mobilization.

1.1. Development of EP2006 (biosimilar filgrastim)

EP2006 was approved by the European Medicines Agency (EMA) in
2009 (Table 1) (European Medicines Agency, 2023d). In 2015, EP2006
(Zarxio®, Sandoz) became the first biosimilar to be approved in the US
by the Food and Drug Administration (FDA) (Colwell, 2015; US Food
and Administration, 2021a). Regulatory approval of biosimilar drugs is
granted by the EMA or FDA if quality characteristics, structure, bio-
logical activity, clinical safety, efficacy, and immunogenicity match
those of the licensed reference biologic medicine (Gascon et al., 2019).
Approval of EP2006 was based on the totality of evidence from
analytical, preclinical, and clinical studies demonstrating that EP2006
matched reference filgrastim in terms of safety, efficacy, and quality
(Weise et al., 2014).

Analytical and preclinical studies showed that EP2006 had an
identical primary structure and matching post-translational modifica-
tions, purity, G-CSF receptor binding affinity, and in vitro biological
activity compared with the European Union (EU)-approved and US-
approved reference filgrastim medicine (Sorgel et al., 2010; Sorgel
et al., 2015). Preclinical studies have shown the physicochemical
properties and biological characteristics of EP2006 to match those of the
reference medicine, and studies in healthy volunteers have established
the biosimilarity of EP2006 and the reference medicine in terms of
pharmacodynamics, pharmacokinetics, and safety profiles (Gascon
et al., 2010; Sorgel et al., 2015). The clinical development program for
EP2006 also included two Phase III studies, one in the EU and one in the

Table 1
Summary of the known filgrastim medicines, including biosimilars.
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US, establishing the biosimilarity of EP2006 to the reference medicine in
terms of efficacy, safety, and immunogenicity (Blackwell et al., 2015;
Gascon et al., 2010).

1.2. Indications

Based on the totality of evidence establishing the biosimilarity of
EP2006 with the reference medicine (Gascon et al., 2019; Holzmann
et al., 2016), EP2006 was approved for the indications for which the
reference medicine was approved in the EU and the US (Table 2).

2. EP2006 in chemotherapy-induced neutropenia
2.1. Indication

Febrile neutropenia (FN) is a potential complication of myelosup-
pressive chemotherapy and can lead to patients receiving delayed or
reduced doses of chemotherapy, and compromise clinical outcomes
(Campbell et al., 2022). FN has been associated with an increased risk of
infection and increased mortality (Aagaard et al., 2020; Dulisse et al.,
2013; Lyman et al., 2010; Nordvig et al., 2018). Emergency treatment is
often needed, with more than 90% of patients requiring hospitalization
(Averin et al., 2021; Baugh et al., 2019). Thus, FN can reduce patients’
quality of life and lead to increased medical costs (Campbell et al., 2022;
Dulisse et al., 2013). FN has been observed in 13-21% of patients
receiving myelosuppressive chemotherapy regimens for metastatic solid
tumors, of which 10-22% received primary prophylaxis with G-CSF
(Weycker et al., 2015). G-CSF has been shown to increase neutrophil
counts by expanding the pool of hematopoietic stem cells available and
by facilitating their maturation and mobilization. G-CSF has also been
shown to improve the activity of mature neutrophils. Therefore, G-CSF
has greatest impact in increasing the supply and activity of neutrophils
before the full effect of myelosuppressive chemotherapy is achieved, by
which time the numbers of G-CSF-responsive progenitor and circulating
neutrophils are at their lowest (Crea et al., 2009).

The risk of FN is known to vary depending on the chemotherapy
regimen used, disease setting, and patient characteristics; the predicted
risk of developing FN determines the need for prophylaxis with G-CSFs,
which are typically recommended in patients with a high risk of
developing FN (>20% probability, based on disease setting and

Marketing authorization Brand name

holder

Non-branded descriptor

EMA approval

FDA approval

Reference medicine

Amgen Neupogen® - National approvals prior to formation of EMA ~ Feb 1991 (US Food and Administration,
2023)
Biosimilars
Teva Generics Tevagrastim® XMO02 Sept 2008 (European Medicines Agency, -
K R R 2023e)
RatioPharm Ratiograstim®
CT Arzneimittel Biograstim® XMO02 Sept 2008; -
withdrawn in Sept 2015 (European
Medicines Agency, 2017)
Sandoz Zarzio®/Zarxio® EP2006/Filgrastim-sndz Feb 2009 (European Medicines Agency, Mar 2015 (US Food and Drug
2023 f, d) Administration, 2021a)
Hexal Filgrastim Hexal® -
Hospira Nivestim®/ Pliva/Mayne filgrastim/ June 2010 (European Medicines Agency, July 2018 (US Food and Drug
Nivestym® Filgrastim-aafi 2023c¢) Administration, 2021b)
Apotex Grastofil Apo-Filgrastim Oct 2013 (European Medicines Agency, -
2023b)
Accord Healthcare Accofil® Sept 2014 (European Medicines Agency, -
2023a)
Kashiv Biosciences Releuko® Filgrastim-ayow - Feb 2022 (US Food and Drug

Administration, 2022a)

Abbreviations: European Medicines Agency (EMA); Food and Drug Administration (FDA).
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Table 2
Indications for EP2006.

Critical Reviews in Oncology / Hematology 196 (2024) 104306

EU indication (European Medicines Agency, 2023d)

chronic myeloid leukemia and myelodysplastic syndromes)

severe neutropenia

Reduction in the duration of neutropenia and the incidence of febrile neutropenia in patients treated with established cytotoxic chemotherapy for malignancy (with the exception of

Reduction in the duration of neutropenia in patients undergoing myeloablative therapy followed by bone marrow transplantation considered to be at increased risk of prolonged

o The safety and efficacy of filgrastim are similar in adults and children receiving cytotoxic chemotherapy

Mobilization of peripheral blood progenitor cells

In patients with severe congenital, cyclic, or idiopathic neutropenia with an ANC of <0.5 x10%/L, and a history of severe or recurrent infections, long-term administration of fil-

grastim is indicated to increase neutrophil counts, and to reduce the incidence and duration of infection-related events

neutropenia are inappropriate

Treatment of persistent neutropenia (ANC <1.0 x10°/L) in patients with advanced HIV infection, in order to reduce the risk of bacterial infections when other options to manage

US indication (US Food and Administration, 2021a)

significant incidence of severe neutropenia with fever

chemotherapy followed by bone marrow transplantation

neutropenia, or idiopathic neutropenia

Decrease the incidence of infection, as manifested by febrile neutropenia, in patients with non-myeloid malignancies receiving myelosuppressive anti-cancer drugs associated with a

Reduce the time to neutrophil recovery and the duration of fever, following induction or consolidation chemotherapy treatment of patients with acute myeloid leukemia
Reduce the duration of neutropenia and neutropenia-related clinical sequelae, e.g., febrile neutropenia, in patients with non-myeloid malignancies undergoing myeloablative

Mobilize autologous hematopoietic progenitor cells into the peripheral blood for collection by leukapheresis
Reduce the incidence and duration of sequelae of severe neutropenia (e.g., fever, infections, oropharyngeal ulcers) in symptomatic patients with congenital neutropenia, cyclic

Abbreviations: absolute neutrophil count (ANC); European Union (EU); human immunodeficiency virus (HIV); United States (US).

treatment regimen), or in special high-risk situations (Crawford et al.,
2010; National Comprehensive Cancer Network, 2023b). G-CSF primary
prophylaxis has also been shown to reduce FN incidence in patients
receiving regimens with intermediate risk of FN (10-20% probability).
G-CSF has also been associated with a lower incidence of FN-related
dose delays and reductions, and fewer hospitalization days for patients
at intermediate risk of FN. Furthermore, data from clinical trials and
economic models have demonstrated that prophylaxis with G-CSF re-
duces medical treatment and hospitalization costs (Aslam et al., 2023).
Despite this, G-CSF usage rates for these patients vary widely across
published studies (Campbell et al., 2022), indicating a need for broader
access to G-CSF prophylaxis for FN. For example, among 1457 patients
with metastatic cancer in the US, 20.5% of patients were at high risk of
FN, and over half (51.5%) of these patients did not receive G-CSF pro-
phylaxis (Averin et al., 2021), in contrast to clinical guideline recom-
mendations (Crawford et al., 2010; National Comprehensive Cancer
Network, 2023b).

2.2. Clinical trial data for EP2006 in chemotherapy-induced neutropenia

Two Phase III confirmatory studies were conducted, one in the EU
(Gascon et al., 2010) and one in the US (Blackwell et al., 2015), in which
EP2006 was used as prophylaxis for neutropenia in adult patients with
breast cancer (Fig. 1A; Table 3). The EU registration study was a
single-arm, Phase III study involving 170 female patients with breast
cancer (stage II-IV) undergoing four cycles of doxorubicin and docetaxel
chemotherapy. EP2006 was effective, with a mean duration of severe
neutropenia comparable to previously observed results for reference
filgrastim; no new safety signals or issues relating to immunogenicity
were observed (Gascon et al., 2010). The US registration study was a
randomized, double-blind, multicenter, Phase III study (PIONEER;
NCT01519700) designed to compare EP2006 with reference filgrastim
in 218 patients with breast cancer receiving six cycles of (neo)adjuvant
myelosuppressive chemotherapy. Patients were randomized 1:1:1:1 into
four arms, two in which patients received either EP2006 or reference
filgrastim at all six cycles, and two in which patients alternated between
reference filgrastim and EP2006 at each cycle. EP2006 was shown to be
non-inferior to reference filgrastim in terms of duration of severe neu-
tropenia, and no clinically meaningful differences in safety or immu-
nogenicity were observed (Blackwell et al., 2015).

In a sub-analysis of PIONEER, no clinically meaningful differences
were observed in efficacy, safety, or immunogenicity when switching
from reference filgrastim to EP2006, or vice versa, compared with

patients who received only reference filgrastim (Blackwell et al., 2018).
An analysis of safety data from 277 patients who received EP2006 in
both Phase III trials showed a safety profile consistent with that observed
in previous filgrastim studies (Harbeck et al., 2018a).

Results from these Phase III studies demonstrated therapeutic
equivalence and a similar safety profile for EP2006 and reference fil-
grastim, with no differences in the incidence of drug-related or serious
adverse events (AEs), and no patients in either study developing
neutralizing antibodies (Blackwell et al., 2018; Harbeck et al., 2018a).

2.3. Real-world evidence for EP2006 in chemotherapy-induced
neutropenia

Several large real-world studies and meta-analyses have added to the
continually growing evidence supporting the effectiveness and accept-
able tolerability of EP2006 in patients with cancer receiving chemo-
therapy (Fig. 1A; Table 3).

MONITOR-GCSF (NCT01459653) was an international, multicenter,
prospective, observational, open-label study of 1496 patients with stage
III-IV cancer treated with myelosuppressive chemotherapy across 6213
cycles and receiving prophylaxis with EP2006. Effectiveness outcomes
for 1447 evaluable patients and safety outcomes for 1496 patients were
within the range of reported data for the reference medicine, even
though many patients were under- (17.4%) or over-prophylacted
(26.0%) (Gascon et al., 2016). However, subsequent analysis of
MONITOR-GCSF data suggested that providing G-CSF support at doses
above guideline recommendations (i.e., over-prophylaxis) may yield
improved results in terms of incidence of CIN, FN, and CIN/FN-related
hospitalization (Bokemeyer et al., 2017). Another analysis compared
efficacy and safety results from 217 and 466 patients in the PIONEER
and MONITOR-GCSF studies, respectively, which evaluated outcomes in
a clinical trial and real-world setting. While the reported frequencies of
FN were similar in patients with breast cancer (5.1% vs. 6.2%),
respectively, the incidence of all-grade AEs was higher in the Phase III
PIONEER study compared with the real-world MONITOR-GCSF study,
likely due to differences in the study settings and designs (Harbeck et al.,
2018b).

When comparing results between elderly and non-elderly patients
included in MONITOR-GCSF, no significant differences were found be-
tween these patient groups in terms of prophylaxis initiation or dura-
tion, as well as the associated outcomes. However, more elderly patients
received CIN/FN prophylaxis, in line with guidelines, and fewer were
over-prophylacted compared to non-elderly patients (Aapro et al.,
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Fig. 1. A timeline highlighting the key data across the clinical development for EP2006 in chemotherapy-induced neutropenia (A) and hematopoietic stem cell
mobilization (B). Abbreviations: adverse drug reaction (ADR); European Medicines Agency (EMA); Food and Drug Administration (FDA); intravenous (IV); ran-
domized controlled trial (RCT); subcutaneous (SC).

2017). Further analysis of results from 1423 patients in MONITOR-GCSF Another French, multicenter, prospective, non-interventional study
suggest that filgrastim prophylaxis on the day of chemotherapy resulted included 941 patients; 84.8% had solid tumor cancer and 15.2% had
in a similar safety profile and outcomes to per-guideline prophylaxis lymphoid hemopathy. These patients were prescribed EP2006 for pri-

(24-72 hours after chemotherapy), indicating that same-day adminis- mary or secondary prophylaxis. FN was reported in 1.5% of patients
tration may be appropriate in some patients with low or moderate FN with a solid tumor and 12.6% of patients with lymphoma. Overall,
risk who have been treated mainly with chemotherapy regimens (Lud- EP2006 was well tolerated and effective in preventing FN, allowing the
wig et al., 2019). dose intensity of chemotherapy to be maintained (Phelip et al., 2023).

ZOHé was a prospective, observational, multicenter study under- A retrospective, post-marketing study of data acquired between 1991
taken in France, designed to assess the use of EP2006 in routine clinical and May 2018 using VigiBase®, a World Health Organization global
practice in patients undergoing prophylaxis for CIN. In 633 patients with database, analyzed 11,183 adverse drug reaction reports for reference
hematological malignancies, the use of EP2006 followed the label filgrastim (n = 5764) and several filgrastim biosimilars, including
indication for 96.7% of patients, and the incidences of FN and AEs were EP2006 (n = 622), filgrastim-aafi (Nivestim®, Hospira; n = 359), and
low and consistent with previous studies of EP2006, with chemotherapy XMO02 (Tevagrastim®, Teva Generics; n = 152). Compared with refer-
dose intensity maintained in 85.2% of patients (Damaj et al., 2017). ence filgrastim, EP2006 was associated with a higher rate of arthralgia
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Table 3

Key clinical and real-world evidence studies of EP2006 in chemotherapy-induced neutropenia.
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Study Phase/type Study design Patients Indication Main safety outcome for EP2006

Gascon et al. Ann. Oncol. Confirmatory EP2006 vs. reference 170 Breast cancer No neutralizing or anti-rhG-CSF antibodies;
2010 EU registration Phase IIT biologic (stage II-1V) TEAE incidence was similar in both arms

Blackwell et al. Ann. Confirmatory EP2006 vs. reference 218 Breast cancer No neutralizing or anti-rhG-CSF antibodies;
Oncol. 2015 Phase III biologic TEAE incidence was similar in both arms
US registration

Gascon et al. Support. Observational EP2006 1447 Cancer Bone pain (mostly mild to moderate) in 24.7% (n = 357);
Care Cancer 2016 (1496 for 148 ADRs (four serious) in 76 patients
MONITOR-GCSF safety)

Damagj et al. Clin. Observational EP2006 633 Hematological Mild or moderate AEs; typically, musculoskeletal/connective
Lymphoma Myeloma malignancy tissue disorders (50.9%, n = 27)

Leuk. 2017
ZOHé

Aapro et al. J. Geriatr. Observational EP2006 1447 Elderly + non-elderly NR
Oncol. 2017 (598 + patients with cancer
MONITOR-GCSF 849)

(sub-analysis)

Bokemeyer et al. Support. Observational EP2006 1447 Cancer No differences in safety (including ADRs); although fewer
Care Cancer. 2017 headaches with under-prophylaxis
MONITOR-GCSF
(sub-analysis)

Harbeck et al. Oncologist Phase III safety EP2006 277 Breast cancer Most common AEs: musculoskeletal/connective tissue disorders
2018a (overall 15.2%, n = 34; bone pain 7.2%, n = 16) no neutralizing
EU/US study antibodies; one death (not related to treatment)
analysis

Blackwell et al. Ann. Observational EP2006 vs. reference 107 Breast cancer Most common AEs: musculoskeletal/connective tissue disorders
Oncol. 2018 biologic (switch) (overall 35.5%, n = 38 with EP2006; bone pain 30.8%, n = 33
PIONEER with EP2006); no neutralizing antibodies
(sub-analysis)

Harbeck et al. J. Clin. Observational EP2006 683 Breast cancer Higher AE rate in PIONEER vs. MONITOR-GCSF, including
Oncol. 2018b (217 + musculoskeletal/connective tissue disorders (261 vs. 20) events
PIONEER/ 466)

MONITOR-GCSF
(sub-analysis)

Ludwig et al. Support. Observational EP2006 1423 Cancer Proportions of events were similar for same-day or per-
Care Cancer 2019 guideline prophylaxis
MONITOR-GCSF
(sub-analysis)

Rastogi et al. Toxicol. Post-marketing EP2006, reference 11,183 Cancer 5.6% (n = 622) ADRs with EP2006, most frequently arthralgia
Appl. Pharmacol 2020 biologic and other ADR (4.5%) and neutropenia (11.4%)

Post-marketing biosimilars reports
study

Rastogi et al. Biology Prospective EP2006 vs. placebo/ 13,058 Cancer No significant difference between EP2006 and reference; the
2021 comparator most common AE was bone pain
Meta-analysis

Phelip et al. Cancer Treat. ~ Prospective EP2006 937 Cancer TEAEs in <1%; the most frequent was bone pain,

Res. Commun. 2023

(2.8% with Hodgkin lymphoma and 1.3% with a solid tumor)

Abbreviations: adverse drug reaction (ADR); adverse event (AE); European Union (EU); not reported (NR); recombinant human granulocyte colony-stimulating factor

(rhG-CSF); treatment-emergent adverse event (TEAE); United States (US).

(4.5% vs. 2.9%, reporting odds ratio [ROR] 1.59, information compo-
nent [IC]pgs 1.25) and neutropenia (11.4% vs. 4%, ROR 2.59, ICyas
3.07), while filgrastim-aafi was associated with a higher rate of bone
pain (14.4% vs. 8.3%, ROR 1.87, ICy25 5.30) (Rastogi et al., 2020). This
may reflect differences in the patient demographics and in safety
reporting standards of countries in which filgrastim biosimilars have
become available.

A meta-analysis was carried out to explore efficacy and safety data of
filgrastim and biosimilars versus placebo/no treatment in 13,058 pa-
tients with cancer using various chemotherapy regimens across 56
studies in approved indications. Filgrastim was effective in reducing FN
and related complications compared with placebo/no treatment, with a
42% reduction in risk of FN in favor of filgrastim, and demonstrated a
good safety profile. The duration of severe neutropenia was comparable
with reference filgrastim and its biosimilars, with a risk ratio of 1.03
(95% confidence interval 0.93-1.13). EP2006 was not compared to
reference filgrastim separately (Rastogi et al., 2021). The key safety
outcomes are presented in Table 3.

Several smaller real-world studies have also provided insights into
the efficacy and safety of EP2006 across centers in several countries.

A retrospective, single-center chart review in Germany included 77

patients with cancer who were gradually switched to EP2006 and 25
patients who were maintained on reference filgrastim prophylaxis over
2.5 years. EP2006 was comparable to reference filgrastim in terms of
prevention of neutropenia-induced chemotherapy dose reductions
(6.5% vs. 8%, respectively) and dose discontinuation (2.5% vs. 8%,
respectively). The authors reported a trend for increased use of G-CSF as
primary prophylaxis in the patients switched to EP2006 versus the his-
toric cohort treated with reference filgrastim (52% vs. 36% of patients)
(Verpoort and Mohler, 2012).

In an Italian observational, single-center study, 48 patients with solid
tumors were treated with EP2006 for 4-14 days at the end of chemo-
therapy. A total of 37 patients (77%) received EP2006 as primary pro-
phylaxis. Three cases of FN were reported, and these patients were
treated with antibiotics and improved within 24 hours without the need
for hospitalization. Non-febrile Grade 4 neutropenia was observed in a
further six patients (Salesi et al., 2012).

A single-center study in Poland evaluated 23 patients with hemato-
logical malignancies receiving EP2006 after myeloablative chemo-
therapy, followed by peripheral blood stem cell transplantation
(PBSCT), compared to a historical cohort of 23 patients who received
reference filgrastim. This study, one of the first to report the use of
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EP2006 for neutrophil recovery after PBSCT, reported that hematopoi-
etic recovery parameters were similar between patients who received
EP2006 or reference filgrastim, with no significant differences. There
was a similar occurrence of neutropenic fever (five vs. six patients) and
bone pain (seven patients each) in the EP2006 and reference filgrastim
groups, respectively (Cioch et al., 2014).

An observational, prospective, longitudinal, multicenter study car-
ried out in France reported efficacy and safety data for 184 patients with
solid tumors (89.7%) or non-Hodgkin lymphoma (NHL, 10.3%)
receiving EP2006. No cases of FN or serious AEs related to EP2006
treatment were reported in this high-risk population. Study discontin-
uations were typically associated with disease progression (Nahon et al.,
2016).

In a retrospective Italian real-world study, 67 patients with soft-
tissue tumors treated with epirubicin and ifosfamide received EP2006,
reference filgrastim, or lenograstim as primary prophylaxis for a total of
260 cycles of therapy. The frequencies of FN (p = 0.935), all-grade
neutropenia (p = 0.272), and Grade 4 neutropenia (p = 0.080) were
similar across the three treatment groups, with similar safety profiles
observed (Bongiovanni et al., 2017).

In a single-center, 1-year, retrospective chart review from the US of
hospitalized adults who received either EP2006 (n = 100) or reference
filgrastim (n = 100) for prophylaxis of CIN or neutrophil recovery post-
autologous hematopoietic stem cell transplantation (HSCT), efficacy and
safety were similar between the treatments (Zecchini et al., 2018).

A further retrospective claims analysis in the US evaluated data for
patients with non-myeloid cancer who received EP2006 or reference
filgrastim during >1 treatment cycles (EP2006, n = 162; reference fil-
grastim, n = 3297). The treatments were statistically equivalent in
preventing FN across chemotherapy cycles 1-6 (Schwartzberg et al.,
2018b).

Overall, these real-world, post-approval data confirm the expected
effectiveness and safety profile of EP2006 in patients with CIN. Although
not all studies reported specific cost-effectiveness data, the known
additional costs of delaying treatment doses or reducing dose intensity,
and the potential negative impact on clinical outcomes, reinforce the
importance of using filgrastim to optimize reductions in hospitalization
and medical costs. The use of filgrastim biosimilars will further enhance
potential cost-effectiveness and will facilitate wider access of filgrastim
to patients.

3. EP2006 in hematopoietic stem cell mobilization
3.1. Indication and overview of approval

G-CSF is used in HSCT to mobilize CD34+ stem cells and to speed
neutrophil recovery following HSCT (Link, 2022; National Compre-
hensive Cancer Network, 2023a). Approval of EP2006 for this indication
was based on data from Phase III confirmatory studies in patients with
breast cancer undergoing myelosuppressive chemotherapy, considered
to be a sensitive population (Harbeck et al., 2018a). Approval of EP2006
in hematopoietic stem cell mobilization was based on extrapolation of
indications. Extrapolation of data is considered valid when a biosimilar
has the same mechanism of action as the reference medicine, and the
same mechanism of action is applicable in different indications (Gascon
et al., 2013). In the decade following the approval of EP2006, the
extrapolation of indications from reference filgrastim was validated by
real-world evidence, demonstrating both equivalent safety and efficacy
of EP2006 and reference filgrastim, along with the validity of the
concept of extrapolation of indications in the approval of biosimilars
generally (Krendyukov and Schiestl, 2019). Real-world evidence for
EP2006 continues to accumulate.
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3.2. Real-world evidence for EP2006 in hematopoietic stem cell
mobilization

Accumulating real-world data have demonstrated the effectiveness
and safety of EP2006 in patients undergoing hematopoietic stem cell
mobilization (Fig. 1B; Table 4).

In a French single-center study, outcomes were compared between
40 patients with a hematological malignancy who received EP2006 and
a historical cohort treated with reference filgrastim. No significant dif-
ferences were observed between the groups in the median number of
CD34+ cells mobilized and collected, the number of G-CSF injections
and leukapheresis treatment required to obtain the minimal CD34+ cell
count, or the proportion of failures in both groups (Lefrere et al., 2011).

In a single-center study from Poland, patients with hematological
malignancies received EP2006 (n = 54) or reference filgrastim (n = 54)
for stem cell mobilization. EP2006 demonstrated similar effectiveness
and safety to reference filgrastim, while CD34-+ cell counts and AEs were
similar between the EP2006 and reference filgrastim groups, with the
most common events being bone pain (17 vs. 19 patients) and neu-
tropenic fever (11 vs. 10 patients) (Manko et al., 2014).

In two retrospective studies carried out in Hungary, 70 patients with
hematological malignancies and 40 patients with lymphoid malig-
nancies received EP2006 for stem cell mobilization. EP2006 demon-
strated similar effectiveness and safety compared with previous reports
for reference filgrastim in this setting (Remeényi et al., 2014).

In an Italian single-center, retrospective study, 56 patients with
lymphoma or myeloma received filgrastim biosimilars (EP2006 or
XMO02) for engraftment after autologous stem cell transplantation.
Outcomes for the biosimilars were similar to published data for refer-
ence filgrastim, in terms of time to engraftment, median number of vials
injected, and duration of hospitalization (Bassi et al., 2015).

A non-randomized, single-center study from Italy was designed to
assess stem cell mobilization outcomes and safety in 97 consecutive
patients with lymphoma (n = 54) or myeloma (n = 43). Patients were
administered EP2006 or the G-CSF lenograstim. No differences were
observed between the two treatment groups in terms of drug-related
AEs, with no reported serious AEs. Effectiveness was similar for both
groups among myeloma patients; however, some stem cell mobilization
parameters were higher for lenograstim versus EP2006 among patients
with lymphoma (Marchesi et al., 2016).

In a retrospective analysis of 282 patients with hematological tumors
undergoing stem cell mobilization in Poland, 95 patients received
EP2006, 92 received biosimilar filgrastim-aafi, and 95 received the fil-
grastim biosimilar XM02. All three biosimilars demonstrated similar
effectiveness and safety profiles: effective mobilizations occurred in
88.2% of patients treated with EP2006, 86.2% with filgrastim-aafi, and
84.9% with XMO02 (Wicherska-Pawlowska et al., 2020).

A US retrospective, observational cohort study from North Carolina
evaluated the efficacy of EP2006 and reference filgrastim in 147 patients
with multiple myeloma or NHL who underwent mobilization prior to
HSCT. EP2006 was non-inferior to reference filgrastim in terms of the
mean number of CD34+ cells mobilized and the median number of days
of apheresis needed (2 days in both groups) (Curry et al., 2021). The key
safety outcomes are presented in Table 4.

A prospective cohort study in Italy compared data from 56 patients
with multiple myeloma who received biosimilar pegfilgrastim for stem
cell mobilization with historical cohorts who received either EP2006
(n=102) or reference pegfilgrastim (n=73). Neutrophil engraftment was
achieved after a median of 10 days with reference and biosimilar
reference pegfilgrastim and 11 days with EP2006. FN incidence was
higher and Grade 2-3 diarrhea and mucositis were more common with
EP2006 versus reference or biosimilar pegfilgrastim (Martino et al.,
2023). This study partly contrasts with results from a prospective cohort
study in Italy that compared outcomes for patients with lymphoma and
myeloma undergoing HSCT who received biosimilar pegfilgrastim with
historical control groups who received biosimilar filgrastim, reference
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Table 4
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Key clinical and real-world evidence studies of EP2006 in hematopoietic stem cell mobilization.

Study Phase/type Study design Patients  Indication Main safety outcome for EP2006

Lefrere et al. Adv. Ther. ~ Prospective EP2006 vs. historical reference 40 Hematological Bone pain and/or headache were reported in
2011 biologic malignancy 14 patients
France

Manko et al. Prospective EP2006 vs. reference biologic 108 Hematological The AE profile was similar between groups
Pharmacol. Rep. malignancy
2014
Poland

Reményi et al. Adv. Retrospective EP2006 70 Hematological The AE profile was similar to previous reports for
Ther. 2014 malignancy reference biologic
Hungary 40 Lymphoid NR

malignancy

Bassi et al. Blood Retrospective EP2006 vs. XMO02 (vs. historical 56 Lymphoma or AEs were similar to the reference biologic; no
Transfus. 2015 reference biologic) myeloma severe AEs and no cases required treatment
Italy interruption

Marchesi et al. Leuk. Retrospective EP2006 vs. lenograstim 97 Lymphoma or No differences in terms of TEAEs, with no serious
Lymphoma 2016 myeloma AEs
Italy

Wicherska-Pawtowska Retrospective EP2006 vs. filgrastim-aafi vs. XM02 282 Hematological Most frequently reported AEs were bone pain
et al. malignancy (10%, n = 9) and headache (9%, n = 8)
J. Clin. Apher. 2020
Poland

Curry et al. J. Oncol. Retrospective, EP2006 vs. reference biologic 147 Patients undergoing ~ NR
Pharm. Pract. 2021 observational SCT
us

Martino et al. Ann. Prospective Pefilgrastim-bmez vs. historical 231 Multiple myeloma Lower incidence of FN, diarrhea, and mucositis
Hematol. 2023 EP2006 vs. historical reference with pegfilgrastim groups vs. EP2006
Italy pegfilgrastim

Abbreviations: adverse event (AE); not reported (NR); stem cell transplant (SCT); treatment-emergent adverse event (TEAE).

pegfilgrastim, or lenograstim. In propensity score matching analysis,
biosimilar and reference pegfilgrastim demonstrated similar neu-
tropenia prophylaxis outcomes, a shorter time to transplant engraft-
ment, and a lower mean number of transfusions compared with
biosimilar filgrastim. The four groups were similar in terms of mortality,
mucositis, and diarrhea. The biosimilars used are not named (Marchesi
etal., 2024). Further research is warranted to compare clinical outcomes
between EP2006 and pegfilgrastim in hematopoietic stem cell
mobilization.

Several studies have also assessed the use of EP2006 for stem cell
mobilization in healthy donors.

A meta-analysis of clinical studies from public databases included
data for 1892 individuals, most of whom had hematological malig-
nancies, and 351 healthy donors who received either EP2006 or XMO02,
with no significant differences between the treatments in stem cell
mobilization outcomes. Bioequivalence was observed between the
medicines for the yield of CD34+ stem cells and for the rate of transplant
engraftment (Schmitt et al., 2016).

In a two-center safety surveillance study (NCT01766934), 244
healthy donors underwent mobilization with EP2006. Safety and effi-
cacy were consistent with previous reports for filgrastim (Becker et al.,
2016). After 5 years of follow-up, no long-term adverse health outcomes
were noted after hematopoietic stem and progenitor cell donation. Su-
perior physical and mental health compared with the general healthy
non-donor population was maintained over time (Heyn et al., 2022).

A comparison of the effectiveness of EP2006, reference filgrastim,
and lenograstim was performed in 313 consecutive, unrelated donors in
Poland. EP2006 was as effective as filgrastim and lenograstim in the
mobilization of CD34+ cells (Farhan et al., 2017).

A retrospective study in Spain evaluated the use of EP2006 and
reference filgrastim in 216 patients and 56 healthy donors in a setting
where G-CSF was used alone to mobilize stem cells, with no prior
chemotherapy treatment. This study found that EP2006 had a similar
efficacy for stem cell mobilization versus reference filgrastim, but a
lower efficacy in patients defined as poor mobilizers and needing the
immunostimulant plerixafor; however, the number of patients needing
plerixafor was low (n = 45) (Parody et al., 2020).

In a single-center study from Saudi Arabia, 97 patients with cancer
and 17 healthy donors underwent stem cell mobilization with EP2006 or
reference filgrastim. There was no difference between EP2006 and
reference filgrastim in the number of CD34+ stem cells collected at
leukapheresis (Islami et al., 2023).

The collective data from these studies confirm the expected effec-
tiveness and safety profile of EP2006 in patients undergoing stem cell
mobilization.

4. Cost-effectiveness and access data for EP2006

Biosimilars have the potential to improve treatment access via price
competition (Car et al., 2023). Several studies have evaluated
cost-effectiveness and access data for EP2006 across multiple healthcare
markets (Table 5).

A cost-efficiency study analyzed the direct costs of EP2006, reference
filgrastim, or pegfilgrastim for managing one patient during one cycle of
chemotherapy across the European G5 countries. Prophylaxis or treat-
ment of FN with EP2006 was cost-efficient under all possible treatment
scenarios relative to the comparators (Aapro et al., 2012).

The introduction of filgrastim biosimilars in New Zealand, starting
with EP2006 in late 2012, resulted in savings of NZ$5 million by 2014
due to price competition, and in that time, usage of filgrastim increased
by 25% (Pharmaceutical Management Agency, 2014).

In the previously mentioned single-center, retrospective study from
Italy, a cost analysis demonstrated that the use of EP2006 and XMO02 was
associated with reductions in medical costs of 86% and 56% versus
reference filgrastim, respectively. In this study, the total cost of EP2006
treatment corresponded to one day of treatment with reference fil-
grastim (Bassi et al., 2015).

A cost-efficiency analysis was also conducted for managing one pa-
tient during one chemotherapy cycle in the US. Prophylaxis with
EP2006 was consistently associated with significant cost savings over
prophylaxis with reference filgrastim, and pegfilgrastim, across various
administration scenarios (McBride et al., 2017).

In an Italian real-world study, the use of EP2006 resulted in cumu-
lative cost savings versus reference filgrastim and lenograstim (€225.25
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Table 5
Key cost-effectiveness and access data for EP2006.
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Study Study type Study design Patients Indication Main cost-effectiveness or access outcomes
Aapro et al. J. Oncol. Cost-efficiency EP2006 vs. reference biologic ~ NR CIN Cost savings: €32.70-€457.84 vs. reference; no
Pharm. Pract. 2012 analysis or pegfilgrastim savings with pegfilgrastim vs. EP2006
France, Germany,
Italy, Spain, UK
Pharmaceutical Cost analysis EP2006 vs. reference biologic ~ NR Cancer Cost savings: NZ$5 million per year with >25%
Management Agency, (annual review) increase in usage
2014
New Zealand
Bassi et al. Blood Retrospective EP2006 vs. XMO02 (vs. 56 Lymphoma or Cost savings: EP2006 86% (€10.85) and XM02 56%
Transfus. 2015 historical reference biologic) myeloma (€34.10) vs. reference (€77.53) of one vial
Italy
McBride et al. J. Med. Cost-efficiency EP2006 vs. reference biologic, ~ NR CIN/FN Cost savings: $65 (1 day) to $916 (14 days) vs.
Econ. 2017 analysis pegfilgrastim, or reference; $284 to $3666 vs. pegfilgrastim, and $257

Us pegfilgrastim injector

to $3692 vs. pegfilgrastim injector

Bongiovanni et al. Retrospective EP2006 vs. reference biologic 67 CIN Cost savings; €225.25 vs. reference filgrastim and
Support. Care Cancer. or lenograstim €262.00 vs. lenograstim over 5 days
2017
Italy

Schwartzberg et al. J Retrospective EP2006 and reference 3542 Non-myeloid Total medical costs across all patients: $8040—
Manag. Care. Spec. claims analysis biologic (172 + 3370) cancer or FN $30,003 depending on FN definition
Pharm. 2018a
us

Karaca-Mandic et al. Retrospective EP2006 vs. reference biologic 16,323 episodes FN prophylaxis Average costs (2018): $641 vs. $835 and vs. $628
Health Aff. claims analysis and tbo-filgrastim (2778 + 11,207 + (commercially insured); $258 vs. $347 and vs. $223
(Millwood) 2019 2338) (Medicare Advantage)
us

McBride et al. J. Med. Cost-simulation Pegfilgrastim injector vs. 20,000 Lung cancer or Total costs: $6,691,969-$31,765,299 vs. reference
Econ. 2020 analysis EP2006, reference biologic, or (10,000 each) NHL and $18,901,969-$36,538,299 vs. EP2006 (lung
us pegfilgrastim single injection cancer); $6,794,984-$30,361,345 vs. reference and

$19,004,984-$35,911,345 vs. EP2006 (NHL)

Socal et al. Value Health. ~ Retrospective EP2006 vs. reference biologic ~ NR NR 30% decrease in Medicare spending from $12.5
2020 claims analysis or tbo-filgrastim million in January 2015 to $8.8 million in December
us 2017

Qian et al. J. Manag. Retrospective EP2006 vs. reference biologic ~ 263,766/27,037 FN prophylaxis Rapid uptake during the first 3 years of marketing

Care Spec. Pharm. claims analysis or tbo-filgrastim

(2015 claims)

accounted for 49.1%, 46.0%, and 38.7% of filgrastim

2021 252,749/28,199 Medicare Part B, Part D, and Medicaid claims,
us (2018 claims) respectively

Li et al. JCO Oncol. Cost- EP2006 primary and NR Breast cancer, ICERs were: $5660-$20,806 per FN event avoided,
Pract. 2021 effectiveness secondary prophylaxis NSCLC, or NHL  and $7213-$35,563 per QALY gained
us analysis

Yousef et al. J. Med. Cost-efficiency EP2006 and filgrastim-aaf vs. 4000 Breast cancer Cost savings: $3,460,800 and $3,086,400 vs.
Econ. 2023 analysis reference filgrastim or reference filgrastim; $12,086,640 and $11,712,240
Saudi Arabia pegfilgrastim vs. reference pegfilgrastim

Aapro et al. Support. Cost- EP2006 or pegfilgrastim- NR Breast cancer, ICERs (€/FN event avoided, €/life year, €/QALY)
Care Cancer 2023 effectiveness bmez for primary vs. NSCLC, or NHL  consistently below the €30,000 WTP for primary vs.
Austria, France, analysis secondary prophylaxis secondary prophylaxis for EP2006 across all three

Germany

cancers and all three countries

Abbreviations: chemotherapy-induced neutropenia (CIN); febrile neutropenia (FN); incremental cost-effectiveness ratio (ICER); non-Hodgkin lymphoma (NHL); not
reported (NR); non-small cell lung cancer (NSCLC); quality-adjusted life-year (QALY); willingness-to-pay threshold (WTP).

vs. reference filgrastim and €262.00 vs. lenograstim) over the course of a
single chemotherapy cycle (Bongiovanni et al., 2017).

In an analysis of 3542 patients (172 treated with EP2006 and 3370
treated with reference filgrastim) included in a retrospective claims
analysis from the US, mean FN-related healthcare resource utilization
and medical costs among patients who developed FN were substantial
($8040-$30,003), with inpatient costs accounting for at least
73.5-93.4% (Schwartzberg et al., 2018a).

Retrospective analyses of claims data in the US found that due to
lower costs, EP2006 had rapid uptake following launch in 2015, ac-
counting for 47% of filgrastim administrations among commercially
insured and 42% among Medicare Advantage beneficiaries by March
2018 (Karaca-Mandic et al., 2019). In another analysis of US Medicare
data, utilization of EP2006 in Medicare Part B increased sharply be-
tween January and August 2016, surpassing that of reference filgrastim
by November 2017, and contributing to a 30% decrease in overall
spending on filgrastim since 2015 (Socal et al., 2020). A separate anal-
ysis of US Medicare Part B, Part D, and Medicaid reimbursement data
also showed a rapid uptake of EP2006 in the first three years of mar-
keting, with EP2006 accounting for 49.1%, 46.0%, and 38.7% of

filgrastim Medicare Part B, Part D, and Medicaid claims, respectively, in
2018 (Qian, 2021). In cost simulations of 10,000 patients with lung
cancer and 10,000 patients with NHL in the US, EP2006 offered the
greatest cost-efficiency among several different FN prophylaxis options
(McBride et al., 2020).

A cost-effectiveness analysis was performed to assess primary versus
secondary prophylaxis with EP2006 for patients receiving curative
chemotherapy who were at intermediate risk of FN. In patients with
breast cancer, non-small cell lung cancer (NSCLC), and NHL, primary
prophylaxis with EP2006 was cost-effective versus secondary prophy-
laxis (Li et al., 2021).

Another study compared the use of EP2006 versus reference fil-
grastim and pegfilgrastim in 4000 patients undergoing six cycles of
cancer treatment in Saudi Arabia. The simulation demonstrated signif-
icant potential cost savings from biosimilar conversion, and suggested
savings could provide budget-neutral increased access to supportive and
therapeutic cancer care (Yousef et al., 2023).

A final cost-effectiveness analysis was performed to assess primary
prophylaxis versus secondary prophylaxis with EP2006 or biosimilar
pegfilgrastim for patients receiving therapy for breast cancer, NSCLC,
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and NHL and who were at intermediate risk of FN. Model inputs were
based on data from Austria, France, and Germany. EP2006 was consis-
tently more cost-effective for each cancer and in each country when used
as primary prophylaxis versus secondary prophylaxis, and EP2006
generally achieved lower incremental cost-effectiveness ratios than
pegfilgrastim (Aapro et al., 2023).

Since approval, a good uptake of EP2006 has been observed; EP2006
has also been shown to be cost-effective and is associated with cost
savings across multiple different markets, as summarized in Table 5.

5. Post-launch storage changes

Following launch, the EMA summary of product characteristics for
EP2006 (Zarzio®) has been amended to show that EP2006 can be kept at
room temperature (up to 25°C) for a single period of up to 8 days (Eu-
ropean Medicines Agency, 2023d), and the US prescribing information
for EP2006 (Zarxio®) now states that EP2006 can be kept at room
temperature for up to 4 days (NIH National Library of Medicine - Dai-
lyMed database, 2022). This is in contrast to the reference medicine
(Neupogen®), which can be stored at room temperature for up to
24 hours (US Food and Administration, 2023). This change is clinically
important as improved temperature stability is more convenient for
patients who do not have access to accurate and reliable refrigeration
storage at home or when traveling (Vlieland et al., 2016; Vlieland et al.,
2018). Improved stability also helps prevent drug degradation and
subsequent wastage in the event of a cold chain breakdown or an un-
foreseen power outage at the hospital pharmacy (Kosari et al., 2018).

6. Conclusions

Filgrastim plays a crucial role in helping eligible patients undergoing
certain treatments for cancer to receive the correct dose intensity of
chemotherapy within an optimal time frame. It also facilitates optimal
cell harvesting for various stem cell and HSCT procedures, and aids re-
covery in patients who are experiencing FN. It would, therefore, be
clinically relevant for those patients most likely to benefit to receive this
supportive treatment when indicated. However, publications show that
often this is not the case, despite the reported lower individual medi-
cation costs and cost-effectiveness analyses confirming that filgrastim
biosimilar EP2006 results in cost savings in the clinical setting. Although
the reasons for this are not fully understood, it has been suggested that
there may be a gap in current knowledge or awareness that needs to be
addressed to improve uptake in clinical practice.

Clinical data collected in the 15 years post-approval of the filgrastim
biosimilar EP2006 highlight its continued safety and effectiveness in all
approved indications. In addition, real-world evidence demonstrates
that EP2006 is a well-tolerated treatment option that results in cost
savings through reductions in hospitalizations and medical treatment
costs. These data can help to reassure healthcare professionals that
EP2006 is effective and has repeatedly demonstrated an acceptable and
consistent safety profile across all indications, in both clinical studies
and real-world settings. Indeed, since the release of EP2006, numerous
other biosimilars have become available in oncology, indicating clini-
cians’ increasing willingness to use biosimilars.

Given reports that there are eligible patients who do not receive
filgrastim for FN prophylaxis, cost-effectiveness data accumulated over
the last 15 years complement both clinical and real-world data, under-
lining that EP2006 represents an affordable treatment option to increase
earlier patient access to filgrastim. With increasing healthcare costs and
guideline-recommended disease management, these findings are likely
to have particular importance for future clinical management, especially
as cytotoxic chemotherapy will remain the standard of care worldwide
for the foreseeable future for patients with cancer who are ineligible for,
or lack access to, other therapies.
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