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This article provides an updated review of the biosimilar medicines approved for cancer therapy in the

European Union (EU). First we discuss the most relevant aspects for the development and approval of

biosimilar medicines. We then present the oncological biosimilar drugs currently used, which include

epoetins (alpha and zeta), filgrastim, and monoclonal antibodies (rituximab, trastuzumab and

bevacizumab). Among the clinical applications of biosimilar medicines, cancer therapy remains the

main target area and more approved biosimilars are expected over the next few years, providing cost-

effective drugs to more patients. Furthermore, comprehensive pharmacovigilance studies are going on,

monitoring the marketed biosimilars, and providing more feasible information to clinicians regarding

the safety and efficacy of these medications.
Introduction
The use of biotechnological techniques to produce drugs emerged

after the development of genetic engineering methods for DNA

manipulation, which allowed the exchange of genetic material

between different organisms, creating new DNA molecules, named

recombinant DNA (rDNA). These molecules are further introduced

into different living systems to express proteins of therapeutic

interest, called biopharmaceuticals. Thereby, a new era of thera-

peutics emerged, with recombinant human insulin the first bio-

logical medicine (also named biological or originator) to be

developed, during the 1980s [1,2].

Over the years, some patents of the marketed biologicals have

expired, resulting in the development of biosimilar medicines

(also named biosimilars) [3–5]. These medicines were approved

by the EU in 2005, and are defined as medicines that, when

produced by a new manufacturer, show similar pharmacokinetic

and pharmacodynamic properties to the respective biologic refer-

ence medicines. Accordingly, a biosimilar medicine must demon-

strate the same quality, safety, and effectiveness as the original

biological medicine. Thereby, an extensive physicochemical char-
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acterization should be performed, comparing the molecular struc-

tures of a biosimilar with its reference biological. Further biological

similarity should be assessed by receptor-binding assays. Com-

pared with synthetic generic medicines, the development and

manufacture of biosimilars is complex and expensive, because

their effectiveness and safety must be confirmed by clinical

and/or preclinical data. Nonetheless, it is important to highlight

that these procedures are cheaper than the those required for the

development of biological medicines [4,5].

In the same way as other medicines, the introduction of a

biosimilar medicine to the European market requires European

Medicines Agency (EMA) approval, which guides the information

to the European Commission (EC). The latter approves or rejects

the introduction of the medicine to the market [5,6].

There are several clinical applications for biosimilar medicines,

such as oncology, rheumatic and bowel diseases, psoriasis, and

neutropenia [4,7,8]. In this context, cancer therapy has been

showing significant advances [9].

Currently, there are 22 approved biosimilar medicines on the

European market, which are divided into three groups [10]: epoe-

tins (alpha and zeta), filgrastin, and monoclonal antibodies (ritux-

imab, trastuzumab and bevacizumab). These medicines can be
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BOX 1

The most common physicochemical and biological
assays performed to assure similarity between originator
biological and biosimilar molecules [3,9,17]
Physicochemical assays
Comparison of the amino acid sequences of the primary structure
(peptide mapping)
Evaluation of the post-translational modifications (comparison of
the glycosylation profiles by N-linked oligosaccharide profiling
and/or glycan patterns)
Evaluation of heterogeneity (detection of isoforms)
Evaluation of purity and presence of residual process impurities
(comparison of the levels of monomers and high-molecular-mass
species)
Biological assays
Evaluation of the in vitro cell cytotoxicity
Demonstration of similar biological activity (in vitro receptor-
binding tests)
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used directly, for treating the disease, or indirectly, to manage

adverse effects related to other oncological therapies [3,9].

The end of several biological medicine patents led to the devel-

opment of biosimilars, which have been continuously introduced

into the market. In the near future, is expected that more biosi-

milar medicines will arise, reducing the costs of treatment and

increasing the accessibility of patients to the biological therapy,

with a positive impact on public health [3,11,12].

Here, we provide an update of the biosimilar medicines ap-

proved for cancer therapy in the EU.

Biosimilar medicines
Biosimilar medicines were introduced in Europe in 2005, follow-

ing the expiration of the first biological medicine patent. In the

same way as for synthetic medicines, during the biological medi-

cine patent period, production of the respective biosimilar is not

allowed other than by the biological manufacturer. When the

patent expires, the biosimilar medicine can be produced by a

new manufacturer. The active substance of this new medicine

must be equivalent to the reference biological, showing similar

pharmacokinetics and pharmacodynamics. In this context arises

the concept of biosimilarity, which is the ability of the biosimilar

medicine to show similarity to the original biological in terms of

its quality, safety, and efficacy [3,8,13].

Biosimilar medicines are planned to be administrated by the

same route as the reference biological medicine, in an equivalent

dosage, and to treat identical diseases, which means that the

indications of the reference should be applied to the biosimilar.

Thus, biosimilar medicines could be used to reduce healthcare

costs [3,5].

During the approval of a biosimilar medicine, it should be

demonstrated that it can treat the same conditions as its reference

biological medicine, which is achieved by comparability studies,

showing that the differences between both medicines are irrele-

vant for the therapeutic activity. As alternative, a biosimilar can be

approved to treat only some of the clinical conditions used for the

reference medicine [3,6,7,13,14].

Given their production process, which uses living systems,

biosimilars always present with variability and, therefore, are

not identical copies of the reference biological medicine. These

differences comprise small variations and are called microheter-

ogeneity, which can result in changes to the therapeutic activity

and/or development of immunogenicity. In addition, current

biologicals can be biosimilars of the initial same reference pro-

ducts. Every time a company produces a new batch, it has to send

all the collected data to the EMA for evaluation, which allows

differences of nonclinical significance to be recorded [4,9,15,16].

The development of a biosimilar starts with evaluation of its

desired quality attributes and characterization [6,7,14]. After-

wards, a comparability study with the reference biological medi-

cine is carried out in three steps [6]: (i) assessment of the physical,

chemical, and biological properties; (ii) nonclinical tests; and (iii)

clinical tests. In step (i), comparative evaluations of the molecular

structure (e.g., between the primary structures of the proteins or

their glycosylation profiles), biological activity (e.g. receptor bind-

ing and other cell-based bioassays), and analytical characterization

are performed. Box 1 summarizes the most common physical,

chemical, and biological assays that should be done to ensure that
294 www.drugdiscoverytoday.com
the originator biological and biosimilar molecules are as similar as

possible. Steps (ii) and (iii) verify whether the small differences

between the biosimilar and its reference biological affect the safety

and efficacy of the developed medicine, by evaluating the benefits,

risks, and immunogenicity. The full process of comparison be-

tween the two types of medicine are mandatory for introducing a

new biosimilar to the market, with each case studied individually.

Variations from the reference biological medicine should be justi-

fied before medicine approval [4,6].

In the same way as other medicines, biosimilars must meet some

manufacturing requisites, with the producers inspected periodi-

cally by the regulatory entities [13]. Figure 1 summarizes the

development process of biosimilar medicines.

Even though is accepted that a biosimilar will show small varia-

tions from the reference biological, the expressed primary amino acid

sequence of both medicines must be the same. Thus, when a biosi-

milar medicine is developed, a detailed evaluation of the physico-

chemical and functional characteristics of the reference biological is

performed. Furthermore, an analysis of the final product impurities,

resulting from the manufacturing process, is carried out [4,9,15].

The clinical information that must be collected before the

production of a biosimilar medicine depends on the active sub-

stance complexity and easiness of characterization. Regarding the

clinical performance, the relevant point for a biosimilar develop-

ment is the integration of all the analytical, pharmacological, and

clinical data. Furthermore, the safety concerns indicated for the

reference medicine and the possibility of extrapolating data from

effectiveness and safety studies should be considered. In addition,

for scientific and ethical reasons, is not recommended to repeat all

the studies performed for the reference biological medicine. None-

theless, the extrapolation of the therapeutic indications of biosi-

milars is controversial. Specialists state that the clinical evidence of

the effectiveness of a biosimilar for one therapeutic indication

does not necessarily mean that this medicine is effective for

another indication for which the respective biological was ap-

proved [4,9,15,18,19].

Regarding clinical practice, the substitution of originator bio-

logics by biosimilars is controversial and more clinical studies have

been recommended to evidence the similar efficacy and safety. In

theory, patients with a positive response to a biological medicine
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FIGURE 1

Summary of the development process of biosimilar medicines.
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could receive the respective biosimilar, reducing the costs of

therapy. Nonetheless, regulatory agencies have expressed con-

cerns about this automatic substitution, because of the lack of

studies demonstrating the efficacy and safety of biosimilars. The

main issues are related to the assurance of no immunogenicity and

toxicity, and a lack of therapeutic activity. Notwithstanding, there

is no reported evidence of differences in the safety profile of

biosimilars compared with biologicals, and most regulatory agen-

cies approve the use of biosimilars in patients who have already

been successful treated with biologicals. Concerning automatic

substitution, the position of regulatory agencies diverge. For ex-

ample, the EMA accepts the exchange of one drug by other with

the same therapeutic activity, which could be done by the pre-

scriber or at the pharmacy. However, national authorities of each

EU member state are responsible for the approval of the inter-

changeability status (i.e., whether the substitution or automatic

substitution is allowed). In most states, automatic substitution is

prohibited, even though payers might order a substitution as a

cost-saving measure [20,21].

According to the systematic increase in marketed biosimilars,

more studies evaluating the risk–benefit of substitution and auto-

matic substitution between biologicals and biosimilars are re-

quired. In this sense, controlled clinical trials regarding the

transfer of biologicals to biosimilars are necessary. Furthermore,

the efficacy and safety of multiple switching between biologicals

and biosimilars or between different biosimilars remain uncertain,

and direct access to the results of clinical practice is needed [20,21].

Current biosimilar medicines are divided into eight classes [22]:

epoetins, filgrastim, insulins, growth hormones, interferons, mono-

clonal antibodies, follitropin, and low-molecular-weight heparins.

Here, we are focus on biosimilars used for cancer therapy.
Biosimilar medicines for cancer therapy in the EU
Given their high therapeutic potential, biological medicines are

used for the treatment of several types of cancer. These medicines

can be used directly to treat the disease, or indirectly to manage

adverse effects resulting from other oncological treatments. How-

ever, the high cost of biological medicines limits access to these

treatments in many countries, which constitutes a public health

problem [3,9].

The expiration of several biological medicine patents is

expected over the next few years, resulting in the development

of more biosimilars. In terms of cancer therapy, the biologicals

that are going to expire soon are mainly monoclonal antibodies.

Thus, several studies with biosimilar monoclonal antibodies have

been carried out and some approvals were requested for commer-

cialization of the respective medicines in the EU [3,10,12,23].

During clinical practice, oncologists should keep in mind that

some of the marketed biosimilars are not identical copies of their

biological reference medicines. Therefore, safety risks for patients

and/or poor therapeutic effectiveness might occur [3,23]. These

problems have been raising much concern among clinicians and

several studies have been carried out to evaluate the efficacy and

security of biosimilars.

Table 1 presents the biosimilar medicines used for cancer ther-

apy that have been approved for commercialization in the EU, and

below we summarize the results of the most relevant studies

related to the use of these biosimilars.

Epoetins
There are five epoetin-based biosimilar medicines that can be used

as alternatives to Eprex1 and Erypo1 (reference biological med-

icines), and are divided according to the type of epoetin:
www.drugdiscoverytoday.com 295
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TABLE 1

Biosimilar medicines approved as cancer therapies in the EU

Active substance

Epoetin Filgrastim Monoclonal antibody

Alpha Zeta Rituximab Trastuzumab Bevacizumab

Abseamed1

Binocrit1

Hexal1

Silapo1

Retacrit1
Hexal1

Nivestim1

Ratiograstim1

Tevagrastim1

Zarzio1

Udenyca1

Ritemvia1

Rituzema1

Rixathon1

Riximyo1

Truxima1

Blitzima1

Kanjinti1

Ontruzant1

Trazimera1

Herzuma1

Mvasi1
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Abseamed1, Hexal1 and Binocrit1 for alpha epoetin, and

Retacrit1 and Silapo1 for zeta epoetin [10,24–27]. These epoetins

are reproductions of the human erythropoietin (EPO), which have

identical efficiency for stimulating bone marrow to produce red

blood cells [28–31]. In normal physiological conditions, EPO is

produced by the kidneys and its quantity is changed or suppressed

in patients with kidney disorders or undergoing chemotherapy,

who have high risk of developing anemia. To circumvent these

conditions, alpha or zeta epoetin is used, avoiding the need for

patients to undergo blood transfusions [24–31].

The first two EPO biosimilars were approved in 2007 by EMA,

after Phase 1 and Phase 2 clinical trials demonstrated their com-

parability to Eprex1/Erypo1. Afterwards, postauthorization stud-

ies reported the existence of molecular structural differences (in

the glycosylation profiles) between these biosimilars and the

reference medicines, recommending a more comprehensive anal-

ysis of the data obtained from clinical practice [32]. These observa-

tions raised apprehension among oncologists, who were skeptical

about the similar therapeutic efficacy of EPO biosimilars compared

with the reference biological. Moreover, safety concerns related to

the risk of patients developing pure red cell aplasia (PRCA) after

using EPO biosimilars were highlighted. Therefore, some clini-

cians did not prescribe these biosimilars, despite their use reducing

the cost of treatments and facilitating the access of patients to

biological therapy. However, the increasing number of pharma-

covigilance studies has since shown that these biosimilars are

effective and well tolerated as renal anemia and postchemother-

apy treatments [33,34].

Filgrastim
Filgrastim is the recombinant form of the cytokine granulocyte

colony-stimulating factor (G-CSF). This glycoprotein increases

bone marrow production of neutrophils, and is frequently used

in patients with post-chemotherapy neutropenia. Furthermore,

filgrastim is used in patients with leukemia or chronic neutropenia

who were submitted to destructive bone marrow treatments before

transplant [35]. There are five filgrastim biosimilar medicines

available on the European market as alternatives to Neupogen1

(reference biological medicine), namely Hexal1, Nivestim1,

Ratiograstim1, Tevagrastim1, and Zarzio1, although other biosi-

milars have been withdrawn [10,36]. The first filgrastim biosimilar

in the EU was Zarzio1, which was approved in 2009 for the same

indications as its reference medicine. Thus, Sörgel et al. [37]

performed comparability studies with this biosimilar and the

reference Neupogen1. The results of physicochemical tests
296 www.drugdiscoverytoday.com
showed that both molecules had identical primary, secondary

and tertiary structures, and purity profiles. The biologic compara-

bility was demonstrated in vitro, evaluating G-CSF-induced prolif-

eration in murine myelogenous leukemia cells, and the affinity for

receptor binding. Furthermore, the same researchers carried out

Phase 1 and 3 in vivo studies in healthy and neutropenic volun-

teers, respectively. The results of Phase 1 studies confirmed the

existence of comparable pharmacodynamics and pharmacokinet-

ics between the tested biosimilar and the reference, whereas Phase

3 trials evidenced their efficacious and safety for breast cancer

treatment with no immunological response [38]. Later, these

researchers performed analogous experiments, demonstrating a

high similarity between another biosimilar filgrastim (EP2006),

the US-approved originator filgrastim and EU-approved originator

filgrastim [39]. In other study, Skrlin et al. [40] evaluated the

similarity of the biosimilar Nivestim1 with the reference

Neupogen1. The results of the experiments suggested that both

medicines had similar molecular characteristics, purity, and bio-

logical activity.

Recently, the EMA approved Udenyca1 (pegfilgrastim) as a

biosimilar of the originator Neulasta1, which constitutes a

long-acting version of filgrastim [41]. Nakov et al. [42] carried

out a randomized, double-blind, two-way crossover study in

healthy male and female volunteers to determine whether there

were any significant differences between originator and biosimilar

pegfilgrastim. The results showed that both medicines had similar

pharmacokinetics, pharmacodynamics, immunogenicities, and

safety profiles.

Monoclonal antibodies
Currently, there are three biosimilar monoclonal antibodies ap-

proved by the EMA for cancer therapy (rituximab, trastuzumab,

and bevacizumab) as alternatives to MabThera1 (reference biolog-

ical medicine). In terms of rituximab, there are six biosimilars on

the European market: Ritemvia1, Rituzema1, Rixathon1,

Riximyo1, Truxima1, and Blitzima1 [10].

Rituximab

Rituximab is a genetically engineered chimeric anti-CD20 mono-

clonal antibody formed of mouse and human portions. This

antibody induces B lymphocyte depletion, and is used to treat B

cell malignancies, such as several types of haematological cancer

(follicular lymphoma, diffuse large B cell lymphoma, non-Hodg-

kin lymphoma, chronic lymphocytic leukemia, and Burkitt lym-

phoma) and autoimmune diseases (rheumatoid arthritis and

granulomatosis with polyangiitis, and microscopic polyangiitis)
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[23,43–45]. Several studies have been carried out to evaluate the

efficacy of rituximab biosimilars for cancer therapy compared with

the reference biological. For example, Lamanna et al. [46] studied

the specific in-use stability of Rixathon1/Riximyo1 to ensure that

formulation and handling practices did not compromise product

safety and efficacy. The results demonstrated a non-influence on

the physicochemical stability of the biosimilars after formulation

dilution for intravenous infusion, in terms of its shelf-life, tem-

perature, light exposure, dilution factor, and storage. Jurczak et al.

[47] evaluated the outcome of untreated advanced follicular lym-

phoma using a rituximab biosimilar in combination with other

chemotherapeutic agents (cyclophosphamide, vincristine and

prednisone). The authors carried out a 24-week Phase 3 clinical

study and demonstrated efficacy, safety, pharmacokinetics, phar-

macodynamics, and immunogenicity comparable to the reference

biological. From the results of this study, it was concluded that the

use of rituximab biosimilar provides an advantageous therapeutic

cost-saving option over rituximab. In other study, Candelaria et al.

[48] assessed the potential differences between pharmacokinetics

and pharmacodynamics of a rituximab biosimilar and the refer-

ence MabThera1 in patients with diffuse large B cell lymphoma.

The results showed that the systemic exposure and variability of

the biosimilar were similar to the reference. Furthermore, deple-

tion of B cell CD20+ was comparable between the tested medi-

cines. Recently, Franceschetti and Caldeira [49] reported the

results of a study related to the prescription of rituximab biosimi-

lars for the treatment of non-Hodgkin lymphoma. The evaluations

were carried out in five EU countries, between July and September

2017. The authors observed an increase in the preparation of the

biosimilars over the reference medicines, despite the latter remain-

ing the most prescribed.

Trastuzumab

Trastuzumab is a recombinant humanized monoclonal antibody

that interferes with the human epidermal growth factor receptor 2

(HER-2). In certain types of breast cancer, HER-2 is overexpressed

and causes uncontrolled cellular proliferation. Thus, trastuzumab

is used to treat HER-2-positive breast cancers in combination with

other chemotherapeutic agents, with improved outcomes demon-

strated in both metastatic and early disease phases [50]. However,

because of economic reasons, access to this medicine is limited to a

small number of patients. The market introduction of trastuzumab

biosimilars might increase access to this therapy for more patients,

because these medicines are cheaper [51,52]. Currently, four tras-

tuzumab biosimilars of the reference Herceptin1 have been ap-

proved by the EMA: Ontruzant1 [53], Kanjinti1 [54], Trazimera1

[55], and Herzuma1 [56].

Pivot et al. [57] carried out the first human clinical Phase 1 study

to evaluate the pharmacokinetic equivalence between a trastuzu-

mab biosimilar candidate and the reference Herceptin1. The study

was performed in healthy male volunteers, who randomly re-

ceived an intravenous single dose of 6 mg/kg of both medicines.

The results showed that the biosimilar candidate was well tolerated

and with no safety concerns after single-dose administration. In

another paper [58], the same authors reported the results of a Phase

3 clinical trial regarding the safety, immunogenicity, and survival

outcomes after neoadjuvant-adjuvant therapy in patients with

early or locally advanced HER-2-positive breast cancer. The results

of this study supported the similarity between the trastuzumab
biosimilar candidate and the reference biological, previously

reported by the authors [58]. Recently, Waller et al. [59] reported

the results from a Phase 1 study, conducted in healthy male

volunteers, which demonstrated similarity between a trastuzumab

biosimilar and the reference biological, with regard to pharmaco-

kinetic bioequivalence and safety, when administered as a single-

dose 8 mg/kg intravenous infusion over 90 min.

Bevacizumab

Bevacizumab is a recombinant humanized monoclonal antibody

that targets vascular endothelial growth factor (VEGF), a protein

responsible for endothelial cell proliferation and new blood vessel

formation. VEGF suppression reduces tumor growth, because the

cancer cells are not supplied with oxygen and nutrients. Thereby,

bevacizumab is used in patients with metastatic colorectal cancer,

nonsquamous non-small-cell lung cancer, metastatickidney cancer,

glioblastoma, cervical cancer, metastatic breast cancer, and ad-

vanced epithelial ovarian, fallopian tube, or primary peritoneal

cancers. Recently, a bevacizumab biosimilar (Mvasi1) was approved

by the EMA as an alternative to the reference Avastin1 [60,61]. Thus,

Peraza etal. [62] studied the potential ofa bevacizumab biosimilar for

clinical approval. They evaluated the molecular structural similarity

of the two compounds by peptide mapping, demonstrating that the

amino acid sequence of the bevacizumab biosimilar was identical to

that of its reference biological. The existence of similar biologic

activity was tested in vitro, via inhibition of VEGF-induced cell

proliferation in human umbilical vein endothelial cells and binding

to VEGF isoforms. Finally, nonclinical in vivo toxicity studies were

carried out in cynomolgus monkeys, and nontarget-mediated tox-

icity was assessed in rats, to compare the toxicity between the

bevacizumab biosimilar and the reference. The authors concluded

that the bevacizumab biosimilar and the reference biological medi-

cine showed similarity and that the former could be approved for

clinical use. In another investigation, Seo et al. [63] performed

comprehensive comparability analytical studies regarding the phys-

icochemical, structural, and biological similarity of a bevacizumab

biosimilar and the reference biological. The results showed that both

molecules had an equivalent amino acid sequence, post-translation-

al modification profiles, and similar VGF-binding activity and po-

tency. These extensive characterization studies allowed the authors

to conclude that the bevacizumab biosimilar and the reference

biological molecules have similar structural, purity, and biological

attributes.

Concluding remarks
Biosimilar medicines constitute one of the most innovative reali-

ties of therapeutics. In contrast to synthetic medicine manufac-

ture, the production of biosimilars presents many variables that

are related to the diversity of the living host organisms used.

Therefore, EMA approval processes for biosimilar medicines differ

from those for generic medicines. Accordingly, during biosimilar

development, comparative studies are required that demonstrate

similar efficacy to the reference biological, without immunogenic-

ity and safety concerns. The clinical applications of the reference

biological medicine are extrapolated to the biosimilar when both

demonstrate identical mechanisms of action, effectiveness, and

safety profiles. However, depending on the therapeutic objectives,

a biosimilar medicine is unlikely to include all the applications of

the originator biological.
www.drugdiscoverytoday.com 297
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Concerning cancer treatment, biological therapy has been ex-

tensively used, individually or as adjuvant therapy, and the results

are promising. The expired patents allowed the development of

several biosimilar medicines, creating effective alternatives to

existing biologicals. These new medicines are advantageous for

patients, because some of the adverse effects of the reference

biologicals are avoided. Moreover, biosimilars have lower produc-

tion costs, because of the ability to extrapolate from studies of the

reference biological medicine. This is a major advantage of using

biosimilars over biologicals, leading to economical therapies, with

a significant positive impact on public health. Nonetheless, the

substitution, automatic substitution, and extrapolation between

biologics and biosimilars remain controversial and more clinical

studies are required to confirm their similarity.

Currently, there are 22 biosimilar medicines approved for can-

cer treatment in the EU, which can be divided in three groups,
298 www.drugdiscoverytoday.com
according to the active substance: epoetins (alpha and zeta),

filgrastim, and monoclonal antibodies (rituximab, trastuzumab

and bevacizumab).

The number of biosimilars has been increasing, with more

marketed medicines expected over the next few years, providing

cost-effective treatments to more patients. Among the different

clinical applications of biosimilar medicines, cancer treatment

remains the main target area. Thus, comprehensive pharmacov-

igilance studies are going on, monitoring the marketed biosimi-

lars, and providing more useful information to clinicians

regarding the safety and efficacy of these medicines.

Acknowledgment
The writing of this article was funded by National Funds through

the Fundação para a Ciência e a Tecnologia (FCT) as part of the

project UID/Multi/04546/2013.
References
1 Silva, A.C. et al. (2015) Lipid nanoparticles for the delivery of biopharmaceuticals.

Curr. Pharm. Biotechnol. 16, 291–302

2 Walsh, G. (2007) Pharmaceutical Biotechnology: Concepts and Applications. John Wiley

& Sons

3 Rugo, H.S. et al. (2016) A clinician’s guide to biosimilars in oncology. Cancer Treat.

Rev. 46, 73–79

4 Weise, M. et al. (2012) Biosimilars: what clinicians should know. Blood 120, 5111–

5117

5 European Medicines Agency (2012) Questions and Answers on Biosimilar Medicines

(Similar Biological Medicinal Products). European Medicines Agency

6 European Commission (2013) Consensus Information Paper. What You Need to Know

about Biosimilar Medicinal Products. European Commission

7 McCamish, M. and Woollett, G. (2012) The state of the art in the development of

biosimilars. Clin. Pharmacol. Ther. 91, 405–417

8 Olech, E. (2016) Biosimilars: rationale and current regulatory landscape. Semin.

Arthritis Rheum. 45, S1–S10

9 Buske, C. et al. (2017) An introduction to biosimilar cancer therapeutics: definitions,

rationale for development and regulatory requirements. Future Oncol. 13, 5–16

10 ema.europa.eu [Internet], European Medicines Agency European Medicines Agency;

c1995–2018 [cited 2018 Jul 18]. Available from: http://www.ema.europa.eu/ema/

11 Renwick, M.J. et al. (2016) Postmarket policy considerations for biosimilar oncology

drugs. Lancet Oncol. 17, e31–e38

12 Coiffier, B. (2017) Preparing for a new generation of biologic therapies:

understanding the development and potential of biosimilar cancer therapeutics.

Future Oncol. 13, 1–3

13 European Medicines Agency (2012) Questions and Answers on Generic Medicines.

European Medicines Agency

14 Alten, R. and Cronstein, B.N. (2015) Clinical trial development for biosimilars.

Semin. Arthritis Rheum. 44, S2–S8

15 Rak Tkaczuk, K.H. and Jacobs, I.A. (2014) Biosimilars in oncology: from

development to clinical practice. Semin. Oncol. 41, S3–S12

16 Daller, J. (2016) Biosimilars: a consideration of the regulations in the United States

and European union. Regul. Toxicol. Pharmacol. 76, 199–208

17 Bui, L.A. et al. (2015) Key considerations in the preclinical development of

biosimilars. Drug Discov. Today 20, 3–15

18 Christl, L.A. et al. (2017) Biosimilars: the US regulatory framework. Annu. Rev. Med.

68, 243–254

19 Blandizzi, C. et al. (2017) Comparing originator biologics and biosimilars: a review

of the relevant issues. Clin. Ther. 39, 1026–1039

20 Ingrasciotta, Y. et al. (2018) Safety of biologics, including biosimilars: perspectives

on current status and future direction. Drug Safety. Published online May 23, 2018.

https://doi.org/10.1007/s40264-018-0684-9

21 Kay, J. and Winthrop, K.L. (2017) Biosimilar switching — ‘‘To set a form upon

desired change”. Nat. Rev. Rheumatol. 13, 391

22 European Medicines Agency (2013) Biosimilar Medicinal Products. European

Medicines Agency

23 Jacobs, I. et al. (2017) Biosimilars for the treatment of cancer: a systematic review of

published evidence. BioDrugs 31, 1–36
24 European Medicines Agency (2011) EPAR Summary for the Public: Retacrit Epoetin

Zeta. European Medicines Agency

25 European Medicines Agency (2014) EPAR Summary for the Public: Silapo Epoetin Zeta.

European Medicines Agency

26 European Medicines Agency (2016) EPAR Summary for the Public: Abseamed Epoetin

Alfa. European Medicines Agency

27 European Medicines Agency (2016) EPAR Summary for the Public: Epoetin Alfa Hexal

Epoetin Alfa. European Medicines Agency

28 European Medicines Agency (2011) Retacrit: Summary of Product Characteristics.

European Medicines Agency

29 European Medicines Agency (2014) Silapo: Summary of Product Characteristics.

European Medicines Agency

30 European Medicines Agency (2016) Abseamed: Summary of Product Characteristics.

European Medicines Agency

31 European Medicines Agency (2016) Epoetin Alfa: Summary of Product Characteristics.

European Medicines Agency

32 Mikhail, A. and Farouk, M. (2013) Epoetin biosimilars in Europe: five years on. Adv.

Ther. 30, 28–40

33 Aapro, M. et al. (2018) Epoetin biosimilars in the treatment of chemotherapy-

induced anemia: 10 years’ experience gained. BioDrugs 32, 129–135

34 Goldsmith, D. et al. (2018) Epoetin biosimilars in the treatment of renal anemia:

what have we learned from a decade of european experience? Clin. Drug Invest. 38,

481–490

35 European Medicines Agency (2008) EPAR Summary for the Public: Biograstim.

European Medicines Agency

36 European Medicines Agency (2014) EPAR Summary for the Public: Filgrastim Hexal.

European Medicines Agency

37 Sörgel, F. et al. (2010) Physicochemical and biologic comparability of a biosimilar

granulocyte colony-stimulating factor with its reference product. BioDrugs 24, 347–357

38 Gascon, P. et al. (2010) Development of a new G-CSF product based on biosimilarity

assessment. Ann. Oncol. 21, 1419–1429

39 Sörgel, F. et al. (2015) Comparability of biosimilar filgrastim with originator

filgrastim: protein characterization, pharmacodynamics, and pharmacokinetics.

BioDrugs 29, 123–131

40 Skrlin, A. et al. (2010) Comparison of the physicochemical properties of a biosimilar

filgrastim with those of reference filgrastim. Biologicals 38, 557–566

41 European Medicines Agency (2018) EPAR Summary for the Public: Udenyca

(Pegfilgrastim). European Medicines Agency

42 Nakov, R. et al. (2018) Proposed biosimilar pegfilgrastim LA-EP2006 shows similarity

in pharmacokinetics and pharmacodynamics to reference pegfilgrastim in healthy

subjects. Cancer Res. Published online August 5, 2018. https://doi.org/10.1111/bcp.

13731

43 European Medicines Agency (2017) EPAR Summary for the Public: Blitzima Rituximab.

European Medicines Agency

44 European Medicines Agency (2018) MabThera: Summary of Product Characteristics.

European Medicines Agency

45 Edwards, J.C.W. et al. (2004) Efficacy of B-cell-targeted therapy with rituximab in

patients with rheumatoid arthritis. N. Engl. J. Med. 350, 2572–2581

http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0005
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0005
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0010
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0010
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0015
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0015
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0020
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0020
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0025
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0025
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0030
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0030
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0035
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0035
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0040
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0040
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0045
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0045
http://ema.europa.eu
http://www.ema.europa.eu/ema/
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0055
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0055
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0060
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0060
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0060
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0065
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0065
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0070
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0070
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0075
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0075
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0080
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0080
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0085
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0085
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0090
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0090
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0095
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0095
https://doi.org/10.1007/s40264-018-0684-9
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0105
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0105
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0110
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0110
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0115
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0115
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0120
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0120
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0125
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0125
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0130
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0130
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0135
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0135
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0140
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0140
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0145
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0145
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0150
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0150
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0155
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0155
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0160
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0160
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0165
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0165
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0170
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0170
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0170
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0175
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0175
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0180
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0180
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0185
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0185
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0190
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0190
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0195
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0195
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0195
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0200
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0200
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0205
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0205
https://doi.org/10.1111/bcp.13731
https://doi.org/10.1111/bcp.13731
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0215
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0215
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0220
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0220
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0225
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0225


Drug Discovery Today �Volume 24, Number 1 � January 2019 REVIEWS

Re
vi
ew

s
� P

O
ST

SC
R
EE

N

46 Lamanna, W.C. et al. (2017) The in-use stability of the rituximab biosimilar

Rixathon1/Riximyo1 upon preparation for intravenous infusion. J. Oncol. Pharm.

Pract. Published online January 1, 2017. https://doi.org/10.117/1078155217731506

47 Jurczak, W. et al. (2017) Rituximab biosimilar and reference rituximab in patients

with previously untreated advanced follicular lymphoma (ASSIST-FL): primary

results from a confirmatory phase 3, double-blind, randomised, controlled study.

Lancet Haematol. 4, e350–e361

48 Candelaria, M. et al. (2018) Comparative assessment of pharmacokinetics, and

pharmacodynamics between RTXM83TM, a rituximab biosimilar, and rituximab in

diffuse large B-cell lymphoma patients: a population PK model approach. Cancer

Chemother. Pharmacol. 81, 515–527

49 Franceschetti, A. and Caldeira, R. (2018) Treatment approach for non-Hodgkin

lymphoma patients since first biosimilars of rituximab approved in EU5. J. Clin.

Oncol. 36, 112

50 Nixon, N.A. et al. (2018) The evolution of biosimilars in oncology, with a focus on

trastuzumab. Curr. Oncol. 25, S171–S179

51 Blackwell, K. et al. (2018) The global need for a trastuzumab biosimilar for patients

with HER2-positive breast cancer. Clin. Breast Cancer 18, 95–113

52 Paplomata, E. and Nahta, R. (2018) ABP 980, promising trastuzumab biosimilar for

HER2-positive breast cancer. Expert Opin. Biol. Ther. 18, 335–341

53 European Medicines Agency (2017) EPAR Summary for the Public: Ontruzant

(Trastuzumab). European Medicines Agency

54 European Medicines Agency (2018) An Overview of Kanjinti and Why It Is Authorised

in the EU. European Medicines Agency
55 European Medicines Agency (2018) EPAR Summary for the Public: Trazimera

(trastuzumab). European Medicines Agency

56 European Medicines Agency (2018) EPAR Summary for the Public: Herzuma

(trastuzumab). European Medicines Agency

57 Pivot, X. et al. (2018) A randomized phase I study comparing the pharmacokinetics

of HD201, a trastuzumab biosimilar, with European Union-sourced Herceptin. Clin.

Ther. 40, 396–405

58 Pivot, X. et al. (2018) A phase III study comparing SB3 (a proposed trastuzumab

biosimilar) and trastuzumab reference product in HER2-positive early breast cancer

treated with neoadjuvant-adjuvant treatment: Final safety, immunogenicity and

survival results. Eur. J. Cancer 93, 19–27

59 Waller, C.F. et al. (2018) A pharmacokinetics phase 1 bioequivalence study of the

trastuzumab biosimilar MYL-1401O vs EU-trastuzumab and US-trastuzumab. Br. J.

Clin. Pharmacol. Published online June 21, 2018. https://doi.org/10.1111/bcp.13689

60 Melosky, B. et al. (2018) Bevacizumab biosimilars: scientific justification for

extrapolation of indications. Future Oncol. Published online April 25, 2018. https://

doi.org/10.2217/fon-2018-0051

61 European Medicines Agency (2018) EPAR Summary for the Public: Mvasi

(Bevacizumab). European Medicines Agency

62 Peraza, M.A. et al. (2018) Nonclinical assessments of the potential biosimilar PF-

06439535 and bevacizumab. Regul. Toxicol. Pharmacol. 95, 236–243

63 Seo, N. et al. (2018) Analytical and functional similarity of Amgen biosimilar ABP

215 to bevacizumab. mAbs 10, 678–691
www.drugdiscoverytoday.com 299

https://doi.org/10.117/1078155217731506
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0235
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0235
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0235
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0235
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0240
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0240
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0240
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0240
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0245
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0245
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0245
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0250
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0250
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0255
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0255
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0260
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0260
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0265
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0265
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0270
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0270
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0275
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0275
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0280
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0280
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0285
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0285
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0285
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0290
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0290
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0290
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0290
https://doi.org/10.1111/bcp.13689
https://doi.org/10.2217/fon-2018-0051
https://doi.org/10.2217/fon-2018-0051
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0305
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0305
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0310
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0310
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0315
http://refhub.elsevier.com/S1359-6446(18)30297-6/sbref0315

	Biosimilar medicines used for cancer therapy in Europe: a review
	Introduction
	Biosimilar medicines
	Biosimilar medicines for cancer therapy in the EU
	Epoetins
	Filgrastim
	Monoclonal antibodies
	Rituximab
	Trastuzumab
	Bevacizumab


	Concluding remarks
	Acknowledgment
	References


