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Abstract Biosimilars are highly similar versions of

approved branded biologics. Unlike generics, they are not

exact replicas of reference products. Minor differences

between biosimilars and reference products in some

aspects are expected; likewise, biosimilar products will

differ from each other. The objective of this review is to

discuss the challenges associated with the development and

approval of biosimilar products that are unique because of

their complex structure and specialized manufacturing

processes, which can impact not only efficacy but also

immunogenicity and safety. Regulatory guidelines recom-

mend a totality-of-evidence approach focused on stepwise

development that involves demonstration of structural

similarity and functional equivalence. Structural and

functional characteristics of the proposed biosimilar are

compared with the reference product; similarity of these

functions forms the foundation of the biosimilar develop-

ment program, including potential animal studies, a human

pharmacokinetics/pharmacodynamics equivalence study,

and a clinical study to confirm similar efficacy, safety, and

immunogenicity. The clinical study should be performed in

a sensitive population using appropriate endpoints to allow

detection of any clinically meaningful differences between

the biosimilar and the reference product if such differences

exist. In conclusion, development of biosimilars is focused

on the minimization of potential differences between the

proposed biosimilar and reference product and the estab-

lishment of a robust manufacturing process to consistently

produce a high-quality biosimilar product.

Key Points

Development of biosimilars presents considerable

challenges due to their complex structure and

specialized manufacturing processes that could have

clinical implications; similarity of structural and

functional characteristics of the proposed biosimilar

to the reference product forms the foundational first

step in the totality of evidence for biosimilarity

demonstration.

The goal of the biosimilar clinical development

program is not to demonstrate efficacy and safety per

se but rather to confirm similarity with the reference

product based on pharmacokinetic/

pharmacodynamic equivalence and a confirmatory

comparative pivotal clinical study in a representative

indication evaluating safety, efficacy, and

immunogenicity.

Regulatory guidance allows for extrapolation to all

indications of use for which the reference product is

approved with scientific justification centered around

the totality of evidence that supports similarity

between the proposed biosimilar and the reference

product based on same mechanisms of action while

simultaneously considering the physiology of each

disease.
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1 Introduction

Biologics, biological medicines derived from genetically

modified living organisms, represent a large proportion of

approved therapies for cancer and chronic inflammatory

diseases. The development of recombinant protein and

antibody therapies have led to the introduction of addi-

tional options to address previously unmet therapeutic

needs. With the expiration of patents on several originator

biologics, the EU pioneered the establishment of the reg-

ulatory framework for the development and approval of

biosimilars with their first biosimilar approval in 2006 for

human growth hormone. Since then, several biosimilars

have entered the European market, including several

somatropins, epoetins, and more recently, monoclonal

antibodies (mAbs) (Table 1). To improve access to bio-

logics, the US Congress passed the Biologics Price Com-

petition and Innovation Act of 2009, which authorized the

US Food and Drug Administration (FDA) to oversee an

abbreviated and expedited pathway [351(k) pathway] for

the approval of biosimilars [1]. The FDA guidelines for

biosimilar development are quite similar to those of the

European Medicines Agency (EMA). The FDA approved

its first biosimilar, ZarxioTM (filgrastim-sndz), in March

2015 and has since approved two mAb biosimilars,

Inflectra� (infliximab-dyyb) and AMJEVITATM (adali-

mumab-atto), as well as ErelziTM (etanercept-szzs).

The EMA defines a biosimilar as a biological medicine

that is similar to another biological medicine that has already

been authorized for use in terms of quality characteristics,

biological activity, safety, and efficacy, based on a com-

prehensive comparability exercise [2, 3]. According to the

FDA definition [4–7], a product is a biosimilar if data from

analytical, animal, and clinical studies show the product to be

highly similar to the reference product, notwithstanding

minor differences in clinically inactive components, and if

there are no clinically meaningful differences in terms of

safety, purity, and potency.

Although biosimilars are similar to originator reference

molecules, they are not analogous to generic drugs because

they are not identical to the originator biological agents.

Small-molecule generic drugs have relatively simple and

well defined chemical structures, whereas biologics, such

as recombinant proteins and mAbs, are large complex

molecules. In contrast to small-molecule drugs, which are

manufactured by chemical synthesis, the manufacturing

processes for biologics involve living systems, such as

microbial and animal cells, typically cultivated to adapt to

unique growth environments. The living systems are sen-

sitive to manufacturing processes; therefore, each biosim-

ilar is expected to differ from the originator as well as from

other biosimilars [8, 9].

There have been several recent reviews on biosimilars

[10–14]; the purpose of this review is to discuss the science

of biosimilar development and approval and highlight

challenges. Although there are several pharmacoeconomic

considerations associated with the use of biosimilars, these

will not be addressed here.

2 Development of Biosimilars

The challenge of producing a biosimilar is quite different

from that of reproducing a small molecule to develop a

generic drug product. The design and development of a

successful biosimilar requires an in-depth understanding of

the structure and function of the reference (originator)

product to establish a target quality profile that can be used

to evaluate any potential analytical differences and their

relationship to function. It is also uniquely important to

define critical quality attributes (CQAs), attributes that

impact pharmacokinetics (PK), safety, or efficacy, for a

proposed biosimilar via thorough analytical characteriza-

tion. CQAs are defined as physical or biological properties

of a product that should be characterized and controlled

within an appropriate range to ensure product quality.

Although proposed biosimilars are expected to have the

same amino acid sequence as the reference molecule, low

level sequence variants may be detected by highly sensitive

methods. These variants may be the result of mutations in

the DNA or misincorporation due to mistranslation or

improper tRNA acylation [15]. Additionally, biological

products are subject to cell line-dependent post-transla-

tional modifications (PTMs) during cellular expression,

including modifications at the N- or C-terminus such as

amino acid cleavage, methylation, N-acetylation, and, most

important to biological function, glycosylation. Purity and

final product profiles are also influenced by purification

methods, formulation and storage conditions, and con-

tainer-closure systems. Manufacturers of originator prod-

ucts use proprietary growth and purification conditions and

specially adapted cell lines for their processes; therefore,

knowledge of the protein sequence or cells used by the

originator is not sufficient for a biosimilar sponsor to

produce the same biologic product. Differences in structure

between proposed biosimilar and reference product need to

be minimized because even subtle differences can poten-

tially affect PK, efficacy, safety, and immunogenicity

[16–18].

The stepwise demonstration of biosimilarity includes

in vitro analytical testing, nonclinical comparative phar-

macology, toxicology, PK testing, and one or more clinical

trials to confirm quality, efficacy, and safety of the pro-

posed biosimilar as compared with the reference product

(Fig. 1). The objective of analytical testing is to establish
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Table 1 Biosimilars recommended for approval or approved in the EU and US [45, 46]

Biosimilar Active

substance

Region Manufacturer Marketing authorization/

license holder

Erythropoiesis-stimulating agents

Abseamed Epoetin alfa EU Rentschler Biotechnologie, Lek Pharmaceuticals, and Sandoz Medice Arzneimittel

Pütter

Binocrit Epoetin alfa EU Rentschler Biotechnologie, Lek Pharmaceuticals, and Sandoz Sandoz

Epoetin Alfa Hexal Epoetin alfa EU Rentschler Biotechnologie, Lek Pharmaceuticals, and Sandoz Hexal

Retacrit Epoetin zeta EU Norbitec, STADA Arzneimittel, and Hospira Hospira

Silapo Epoetin zeta EU Norbitec and STADA Arzneimittel STADA Arzneimittel

Follicle-stimulating hormone

Bemfola Follitropin

alfa

EU Polymun Scientific Immunbiologische Forschung and Finox

Biotech

Gedeon Richter

Ovaleap Follitropin

alfa

EU Merckle Biotec and Teva Teva

Granulocyte colony-stimulating factors

Accofil Filgrastim EU Intas Pharmaceuticals and Accord Healthcare Accord Healthcare

Biograstima Filgrastim EU SICOR Biotech UAB and Merckle Biotec AbZ-Pharma

Filgrastim Hexal Filgrastim EU Sandoz Hexal

Filgrastim

ratiopharma
Filgrastim EU SICOR Biotech UAB and Merckle Biotech Ratiopharm

Grastofil Filgrastim EU Intas Pharmaceuticals and Apotex Apotex

Nivestim Filgrastim EU Hospira Hospira

Ratiograstim Filgrastim EU SICOR Biotech and Teva Ratiopharm

Tevagrastim Filgrastim EU SICOR Biotech and Teva Teva

Zarzio Filgrastim EU Sandoz Sandoz

Zarxio Filgrastim US Sandoz Sandoz/Novartis

Growth hormones

Omnitrope Somatropin EU Sandoz Sandoz

Valtropinb Somatropin EU LG Life Sciences and Biopartners Biopartners

Insulins

Abasaglar Insulin

glargine

EU Eli Lilly Eli Lilly

Lusduna Insulin

glargine

EU Merck Sharp & Dohme and NV Organon Merck Sharp & Dohme

Parathyroid hormones

Movymia Teriparatide EU Richter-Helm BioTec STADA Arzneimittel

Terrosa Teriparatide EU Richter-Helm BioTec Gedeon Richter

Tumor necrosis factor alpha inhibitors

AMJEVITA Adalimumab US Amgen Amgen

Amgevita Adalimumab EU Amgen Amgen

Benepali Etanercept EU Biogen Samsung Bioepis

Erelzi Etanercept US Sandoz Sandoz/Novartis

Flixabi Infliximab EU Biogen Samsung Bioepis

Inflectra Infliximab EU/US Celltrion and Hospira Hospira

Remsima Infliximab EU Celltrion and Biotec Services International Celltrion

Solymbic Adalimumab EU Amgen Amgen

Anti-CD20 monoclonal antibodies

Truxima Rituximab EU Celltrion Mundipharma

a Withdrawn; same product as Ratiograstim
b Withdrawn
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similarity assessment criteria based on the reference pro-

duct profile, followed by a comparative assessment of the

biosimilar candidate and the reference product. The

knowledge gained from understanding the originator pro-

duct is used to develop a proposed biosimilar product that

has similar structural and functional characteristics as the

reference product. The next critical component of the

biosimilarity exercise, assuming the molecule demonstrates

high structural and functional similarity, is a targeted

clinical development program in which the PK, efficacy,

safety, and immunogenicity of the proposed biosimilar are

compared with that of the reference product and demon-

strated to be similar. Regulatory guidelines recommend

analytical studies to serve as the foundation for establishing

similarity to the reference product. A high degree of ana-

lytical similarity, with special emphasis on all biological

functions being similar, provides justification for the

reduced regulatory requirements with respect to preclinical

and clinical studies, which further facilitates the overall

abbreviated approval process for biosimilars. These

requirements suggest that the development of a high-

quality biosimilar necessitates significant technical capa-

bility and manufacturing expertise.

2.1 Production of the Proposed Biosimilar Molecule

Biosimilars must be similar to the reference product in

structure and function. Process optimization toward simi-

larity and precise control during manufacturing to maintain

similarity is important for the quality of biosimilars.

Development of a biosimilar begins with transfection of a

cell line, typically one that is different from that used by

the originator, with a DNA vector encoding the product;

however, starting with the correct amino acid sequence

does not guarantee that the biosimilar product will have

biological functions similar to the reference product. The

use of quality-by-design strategies allows a proposed

biosimilar to achieve high similarity of the complex fea-

tures, ensuring quality and safety. The product and process

knowledge includes an understanding of the effect of

normal operating process parameters, variability due to

source raw materials, as well as the equipment and man-

ufacturing facility, on product quality. Sponsors of

biosimilar products should consider all relevant character-

istics of the proposed molecule, such as the primary, sec-

ondary, tertiary, and higher-order structure, PTMs, and

biological activity. Risk assessment tools enable linking

and ranking of quality attributes to product safety and

efficacy, which is augmented by historical and cumulative

knowledge about the desired quality attributes for the

biosimilar candidate gained from an understanding of the

reference product. For example, to develop a biosimilar to

a mAb that has antibody-dependent cellular cytotoxicity

(ADCC) activity, knowledge of the relevant PTMs is used

to appropriately select the host cell type for the final clone

and optimization of the manufacturing process. This task is

complicated by the added challenge of having to evaluate

multiple CQAs important for safety and efficacy (i.e.,

ensuring all functions are similar), which may be differ-

entially affected by attributes such as the glycan profile.

Based on this information, media and production format

are selected and cell culture and purification processes are

refined such that multiple CQAs are ensured to be similar

to the reference product. Formulation is then developed to

ensure appropriate stability and robustness of the product.

Born and Fung [19] presented two case studies high-

lighting the challenges and importance of host cell line

selection to ensure similar CQAs between the proposed

biosimilar and the reference product. In the first case, the

production of a proposed biosimilar mAb in a Chinese

hamster ovary (CHO) expression system, similar to the

reference product, was examined. In the second, production

of a proposed biosimilar in a different host expression

system from that of the reference product was evaluated; a

mAb produced in a murine myeloma cell line was com-

pared with a mAb produced in CHO cells. The glycan

profile of reference product and proposed biosimilar mAb

were assessed, as were the resulting ADCC and comple-

ment-dependent cytotoxicity activity of the molecules.

Characterization of mAb1 demonstrated that two mAbs of

the same amino acid sequence and expressed in the same

parental expression system could result in significant dif-

ferences in glycan distribution. These differences in

Fig. 1 Stepwise process for biosimilarity demonstration. PD phar-

macodynamics, PK pharmacokinetics
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glycans could not be resolved with process development

and had significant impact on the functional activity of

mAb1 (Fig. 2a). In contrast, characterization of mAb2

illustrated the ability to ensure similar functional activity

between an originator mAb and proposed biosimilar, even

with differences in choice of cellular expression system

and the expected underlying differences in glycan distri-

bution (Fig. 2b). These cases elucidated that use of the

same parental cell line as the reference product does not

guarantee that CQAs will be similar in a proposed

biosimilar and that different host cell systems can poten-

tially still have similar functional attributes.

Most therapeutic proteins are glycosylated, and glyco-

sylation can influence the biological activity of a protein by

affecting binding to complement and Fcc receptors, ulti-

mately impacting effector functions [20–22]. Glycan

structure–activity relationships are complex and need to be

well characterized to deliver a product with similar

functional activity. For example, it is critical to ensure that

the glycan attributes are characterized in a sensitive manner

and that any observed differences do not result in differ-

ences in FccRIIIa binding, particularly with regard to

ADCC activity. In the mAb2 case presented by Born and

Fung, although the total afucosylation was different

between the two mAbs, because the level of hybrid and

complex glycans were different in the two cell lines, the

effector function was similar [19]. High mannose and b-
galactosylation were similar between the two mAbs fol-

lowing extensive process optimization. Clone selection and

process optimization allowed for similarity in effector

function between two mAbs produced in different cell

expression systems despite the expected differences in

glycan profiles.

Sustainability and increasing confidence in biosimilar

products for human therapeutics relies on robust standards

for quality, safety, and efficacy. Meeting these standards

begins with a demonstration of analytical and functional

similarity between products, which is based on the foun-

dation of understanding the mechanism of action and

structure–function relationships. Furthermore, the proposed

biosimilar should be compared with the reference product

using analytical methods demonstrated to be sufficiently

sensitive to detect differences. Although some physio-

chemical differences are to be expected, bioanalytical dif-

ferences should not exist. If bioanalytical differences are

identified, additional studies should be conducted to

determine if the observed difference is clinically mean-

ingful. Advances in cell culture engineering, state-of-the-

art bioprocessing, and high-resolution analytics have con-

tributed to the ability to develop and manufacture mole-

cules that can be determined to be highly similar to the

originator biologic products with a high degree of

confidence.

2.2 Demonstration of Analytical Similarity

A meaningful assessment of analytical similarity requires

extensive and robust comparative studies using state-of-

the-art analytical techniques. The capability of analytical

methods concerning their resolution and reliability, which

directly influences the quality of results demonstrating high

similarity of the biosimilar candidate to the reference

product, also needs to be established. Frequently, orthog-

onal techniques are used to elucidate and verify any

structural and functional differences between the biosimilar

molecule and the reference product.

A comprehensive and well-designed analytical similar-

ity assessment demonstrating that comparative results lie

within the prespecified assessment criteria, established

based on reference product profiles, can significantly

reduce the residual uncertainty of biosimilarity.
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Fig. 2 a ADCC activity differs for mAb1 despite being produced in

the same cell type. Three different batches of proposed biosimilar

mAb1 were produced by process 1 (red and green) or process 2

(orange) and tested for ADCC activity. Neither process condition was

able to produce an antibody with ADCC activity similar to that of the

originator mAb1 (blue). In contrast, b demonstrates similar ADCC

activity for mAb2 despite being expressed in differing cell systems.

The graph compares US-sourced (black) reference product and EU-

sourced (blue) reference product produced in murine cells, compared

with the mAb2 proposed biosimilar (red) produced in CHO cells. Ab

antibody, ADCC antibody-dependent cellular toxicity, CHO Chinese

hamster ovary, mAb monoclonal antibody
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Physicochemical and biological properties should be

demonstrated to be highly similar between the proposed

biosimilar and reference product. This assessment typically

comprises a series of comparative studies and examines

product quality attributes in multiple analytical disciplines,

including primary structure, higher order structure, bio-

logical properties, product-related substance and impuri-

ties, process-related impurities, particles and aggregates,

general properties, and thermal stability profiles. Assess-

ment of the primary structure identifies attributes related to

the amino acid sequence and all PTMs, including glycans.

Examinations of the higher order structure evaluate the

integrity of the secondary, tertiary, and quaternary struc-

ture, whereas examinations of the biological properties

include review of target and Fc receptor binding

(as relevant) as well as functional assays that reflect the

mechanisms of action of the molecule.

Characterization of product and process-related impu-

rities that result from the different manufacturing processes

used to produce the proposed biosimilar aids in ensuring

product safety. Additionally, the identity and quantity of

product-related variants may change over the course of the

product shelf life. For this reason, product-related variants

need to be evaluated with the same consideration as sta-

bility-indicating properties (Fig. 3). Assessment of parti-

cles and aggregates identifies any subvisible and submicron

particles and characterization of these aggregates of vari-

ous sizes identifies any impurity that could have

immunogenicity and safety concerns. General property

assessments measure properties of the finished drug pro-

duct, such as strength and formulation. Evaluation of

thermal stability examines the forced degradation profiles

and degradation products. Figure 4 depicts the various

physicochemical and biological properties that should be

considered for detailed characterization of any biologic.

Examination of multiple batches of originator product and

the proposed biosimilar is necessary to understand the

process variability of the two products. The total number of

batches included in the similarity assessment should pro-

vide sufficient power for statistical analysis of results to

meet regulatory requirements [2].

Analytical similarity assessment is a repetitive and

iterative process conducted throughout biosimilar product

development, with the goal to increase knowledge and

confidence of analytical similarity of the proposed

biosimilar with the reference molecule (Fig. 5)

[2, 5, 6, 8, 16]. This includes, in particular, a determination
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Fig. 4 Schematic

representation of exemplary

quality attributes of a biosimilar

monoclonal antibody. C-Term

Lysine C-terminal lysine, Fab

fragment antigen-binding, Fc

fragment crystallizable, FcRn

neonatal Fc receptor, FccR Fc-

gamma receptor, N-Term Lysine

N-terminal lysine, N-Term Pyro

Glu N-terminal pyroglutamate
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of the biological activity of the proposed biosimilar with

respect to the currently understood mechanism(s) of action

of the reference molecule. If the molecule contains multi-

ple functional domains (e.g., mAb), the binding affinity and

specificity at individual domains and the combined bio-

logical functions should be compared with those of the

reference molecule. For example, target binding and

potency mediated by the F(ab) domain should be similar,

as should binding to Fc receptors and effector functions

mediated by the F(c) domain.

An important consideration during the development of

biosimilars is the differentiation between comparability

and biosimilarity. Comparability refers to the comparative

assessment of characteristics of the biologic product after a

specific change in the manufacturing process and is

implemented by a manufacturer for their product. The

implementation of such a change is supported by com-

prehensive knowledge and development history of the

product. Biosimilarity is a more recent concept whereby

the sponsor develops a molecule similar in structure and

function to the reference molecule, using a different cell

line and process without knowledge of the development

history of the reference product; demonstration of

biosimilarity is based on a comparative characterization of

this product, produced by a different manufacturer, with

the reference product [23].

2.3 Preclinical Considerations

In vivo disease models can be informative in characterizing

comparative dose-response efficacy if the products cross-

react with the target in a relevant species. The dose–

response relationship can be particularly informative for

assessing equivalence in activity when doses on the steep

part of the dose–response curve can be tested. In particular,

this may be important for the development of oncology

products for which there are no pharmacodynamics (PD)

markers, and may increase confidence in similar antitumor

activity, thereby increasing the totality of evidence (TOE)

and reducing the residual uncertainty of clinical benefit. In

such situations, animal models with human tumors can be

used to evaluate multiple dose levels of the proposed

biosimilar in direct comparison with the reference to

demonstrate equivalent antitumor activity. Studies of the

proposed biosimilar in preclinical disease models may also

support similarity between the products in extrapolated

indications.

Preclinical studies for comparison of in vivo pharma-

cology (PK and PD), toxicology, and immune response

should be considered, specific to the biosimilar product in

development and its cross-reactivity in other species.

Toxicology studies can be conducted if a pharmacologi-

cally relevant species is available, but are not particularly

relevant in the absence of cross-reactivity. Preclinical

toxicology studies in appropriate test species can remove

some uncertainty before human testing and can include PK/

PD assessments. With sufficient confidence in analytical

and in vitro pharmacologic similarity, the use of animals

could be minimized or eliminated. For instance, an

important step in evidence generation may be a repeat-dose

toxicology study without the need for recovery animals, or

only testing a high dose level previously tested by the

originator to determine similar known toxicities and any

potential unexpected toxicity. Ideally, this can be done in a

single sex to minimize the use of animals if there are no

questions of sex-specific toxicity [2]. In vitro assessments

such as cell-based bioactivity assays may be used rather

than in vivo studies. For example, an in vitro bioassay is a

sensitive method for assessing the potential for inducing

cytokine release syndrome in vivo [24]. If sufficiently

sensitive and specific, such assays can affect the amount

and type of additional animal or clinical data that may be

Fig. 5 Iterative steps in the

process development and

analytical similarity assessment

for a proposed biosimilar

product. DP drug product, DS

drug substance
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needed to establish biosimilarity. A comparison of pre-

clinical PK and PD may be useful in reducing residual

uncertainty regarding similarity, and such a study may be

conducted as a comparative single-dose study or incorpo-

rated into a single preclinical toxicity study if appropriate.

Immunogenicity may also be evaluated in animal studies;

results may aid in detection of differences between the

proposed biosimilar and reference product as opposed to

predicting clinical similarity in immunogenicity.

2.4 Clinical Considerations

The goal of the clinical development program for a

biosimilar is to demonstrate the absence of any clinically

meaningful difference relative to the reference molecule.

The extent of the clinical program depends on the degree of

similarity demonstrated in preclinical testing, including

structural, functional, and animal studies. According to the

FDA guidelines [6], if there are no residual uncertainties

with respect to clinically meaningful differences between

the proposed biosimilar and the reference product, clinical

efficacy studies may not be necessary. However, it is

believed that studies of human safety and immunogenicity

would still need to supplement the overall evidence since

these parameters cannot be predicted outside of a clinical

study in an informative population with appropriate dura-

tion of exposure and follow-up as well as the use of sen-

sitive assays. Moreover, for many mAbs, clinical trials

would likely be obligatory because PD efficacy markers

often do not exist. Comparative clinical efficacy and safety

studies will also likely be mandatory for other large,

structurally complex heterogeneous biologics (such as

fusion proteins and mAbs) to confirm comparable efficacy

and minimize the risk of adverse outcomes [2, 6, 25].

2.4.1 Human Pharmacology (Pharmacokinetics

and Pharmacodynamics)

Clinical development of a proposed biosimilar starts with a

study designed to demonstrate PK similarity of the proposed

biosimilar and the reference product; human PK and/or PD

studies are fundamental components in supporting biosimi-

larity [2, 6, 26]. Selection of an appropriate study population

(patients versus healthy subjects) for these studies should be

scientifically justified [6]. Whenever possible, it may be best

to conduct the study in healthy subjects to ensure a

homogenous population comprising immune-competent

subjectswho are not receiving any concomitantmedications,

thereby allowing a sensitive comparison of the proposed

biosimilar and reference product. When it is not feasible to

conduct the study in healthy subjects, the study may be

conducted in a representative patient population. A general

standard to establish PK bioequivalence is for the 90%

confidence interval of the geometric mean ratio to be within

80–125% for overall exposure (e.g., maximum serum con-

centration and area under the serum concentration-time

curve) [27], to demonstrate that the proposed biosimilar

product has equivalent exposure to the reference product.

This is critical to the abbreviated development program for

biosimilars because, when combined with demonstration of

highly similar analytical and functional activity, it allows the

pivotal clinical studies to be conducted directly using the

same therapeutic dose as the reference, thus rendering phase

II studies unnecessary. Human PD studies should be con-

ducted if a marker that is relevant to the mechanism of action

is available and provides information regarding clinical

efficacy.

2.4.2 Efficacy and Safety

Efficacy and safety studies should be performed in popu-

lations that are sensitive enough to detect clinically

meaningful differences between the proposed biosimilar

and the reference product if such differences exist [6]. The

goal of the comparative clinical studies is to demonstrate

that the biosimilar candidate has neither decreased nor

increased efficacy, and does not have an increased safety

risk compared with the reference product. The most

straightforward design is one in which the null hypothesis,

based on a prespecified equivalence margin, is a two-sided

test procedure that demonstrates that the proposed

biosimilar is neither inferior nor superior to the reference

product [28]. The margins should be scientifically justified

and adequate to enable detection of clinically meaningful

differences in effectiveness, if a difference exists. An

acceptable equivalence margin is chosen based on histori-

cal data and relevant clinical and statistical considerations

for each given molecule. The historical data provide an

estimate of the effect size and the relevant clinical con-

sideration either confirms that the statistically derived

margin is clinically meaningful or needs further calibra-

tion. The efficacy endpoint can be that of clinical benefit,

or alternatively, a meaningful surrogate for efficacy. Ide-

ally, safety is assessed in the same study as efficacy; the

choice of patient population should also consider sensi-

tivity for detection of differences with respect to safety.

Generally, this may be a population for which the inves-

tigational product is used as monotherapy.

An additional consideration is the use of surrogate

endpoints that can also play a key role in biosimilar

development. For example, whereas overall survival (OS)

is considered a gold standard for proving clinical benefit in

oncology, it is often not a practical endpoint because it is

not necessary for biosimilars to reestablish clinical benefit

per se; instead, the endpoint needs to be sensitive enough to

detect a difference in activity if one exists. Overall
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response rate (ORR) and complete response could be

suitable endpoints [29].

Another example of an appropriate surrogate endpoint is

pathologic complete response (pCR) in neoadjuvant breast

cancer (BC) [29]. A pCR is usually defined as the absence of

residual invasive disease in the breast and axillary lymph

nodes at the completion of neoadjuvant treatment. Based on

results from several individual studies and further confir-

mation from a recent large meta-analysis, it is now estab-

lished that patients who achieve pCR with neoadjuvant

therapy tend to have a better prognosis than patients who had

residual invasive disease at the end of treatment [30]. The

meta-analysis also showed that in patients with more

aggressive cancers, such as triple-negative breast cancer

(TNBC) and especially HER2-positive BC, the benefit of

achieving pCR in terms of recurrence and survival is much

greater. Patients achieving pCR had half the risk of distant

disease recurrence compared with patients who did not

achieve pCR, and a 36% improvement in OS. Furthermore,

patients with more aggressive cancer subtypes, such as

hormone receptor-negative, HER2-positive, and TNBC,

experienced a 75% improvement. Jackisch et al. performed a

meta-analysis of trastuzumab clinical trial data in an effort to

develop an optimal approach for the demonstration of sim-

ilarity between a proposed biosimilar and reference product

[31]. Results of this analysis suggested that total pCR in

HER2-positive BC is a more sensitive endpoint than ORR in

HER2-positive metastatic BC.

Clinical study designs for evaluation of biosimilars may

include a single switch or transition phase in which the

study population in the comparator arm is re-randomized to

either receive the proposed biosimilar or continue in the

comparator arm. The key objective is to ensure that there

are no immunogenicity concerns after switching from the

reference product to the proposed biosimilar.

2.4.3 Immunogenicity

The FDA explicitly stated that ‘‘immunogenicity remains a

critical factorwhen assessing biosimilarity, and the FDAwill

evaluate immunogenicity in a risk-based manner’’ [1]. Most

biopharmaceuticals can induce immune responses, which in

many cases do not have clinically relevant consequences.

The immune response can include the development of anti-

drug antibodies that may bind to the drug with no conse-

quence, increase clearance, or reduce its effectiveness, and

develop neutralizing antibodies that eliminate activity. The

most severe circumstance is the cross-reaction of antidrug

antibodies with an endogenous protein, eliminating its crit-

ical function and potentially causing harm.

The extent of immunogenicity can vary due to changes

in the manufacturing processes or interactions with pack-

aging components; for example, in the cases of pure red

cell aplasia (PRCA) in patients receiving a brand of epoetin

(or recombinant human erythropoietin) approved in Europe

[32] that were attributed to formulation change. Addition-

ally, a biosimilar being tested for subcutaneous use was

found to have a significantly increased rate of PRCA,

leading to early study termination [33]. Immune responses

may affect both safety and effectiveness of the product by

altering PK, inducing anaphylaxis, or promoting the

development of neutralizing antibodies. Thus, establishing

an immune response that is similar to that seen with the

reference product is a key element in the demonstration of

biosimilarity. The clinical trial should be of appropriate

duration to allow for development of a detectable immune

response. Additionally, adequate pharmacovigilance pro-

grams are necessary to ensure that adverse events are

appropriately attributed.

2.4.4 Extrapolation

The concept of extrapolation of indications allows for a

biosimilar product to potentially be labeled for use in indi-

cations approved for the reference product that were not

studied as part of the clinical development program of the

biosimilar. This is an important consideration because if

clinical trials were to be conducted in each indication, the

breadth of biosimilar development programs would effec-

tively negate the advantages of an abbreviated approval

pathway based on developing a product that is highly similar

to a reference productwith an established risk–benefit profile

[28]. Regulatory guidelines state that extrapolation is

allowable provided scientific justification is available [2, 6].

Scientific justification should address the mechanism of

action, biodistribution, immunogenicity, and expected tox-

icities in each patient population; these factors should bewell

understood based on reference product knowledge in each

indication. Additionally, any other factor that may affect the

safety, effectiveness, or immunogenicity of the product in

each condition of use should be appropriately addressed for

each indication in the justification for extrapolation. The

justification for extrapolation of claims of safety and efficacy

in all indications is supported by the TOE demonstrating

biosimilarity of the biosimilar candidate and the reference

product. Although there is considerable caution with respect

to this concept,Weise et al. have noted that extrapolation is a

logical consequence of the biosimilar concept that has been

successfully implemented [34].

3 Regulatory Considerations

The implementation of an abbreviated licensure pathway

for biologic products can pose various challenges given the

scientific and technical challenges that may be associated
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with larger and more complex structures of biologic

products. The EMA has pioneered the issuance of guide-

lines for the development and approval of biosimilars since

2004 [35]; the FDA guidelines are based on similar

principles.

Both agencies acknowledge the complexity of biosimilar

development, noting that all biosimilar candidates will have

unique aspects specific to the molecule and will require

targeted case-by-case development programs. Additionally,

the World Health Organization has also developed guideli-

nes to support the worldwide development of biosimilars;

these guidelines follow the same principles as the EMA and

FDA guidelines [8, 36]. As the health authorities strive to

align the regulatory requirements, it is important to consider

a number of important regulatory concepts supporting the

biosimilar development program.

The US and EU laws define the reference product as that

approved in the local jurisdiction. Thus, for approval in the

US, the proposed biosimilar must be shown to be similar to

the reference product approved in the US; for approval in

the EU, it must be shown to be similar to the reference

product approved in the European Economic Area [3, 4].

However, acknowledging the complexity and expenses

associated with biosimilar development, both agencies

have taken steps to facilitate global development programs

and implemented provisions to allow the use of foreign-

sourced comparators in comparative clinical studies, pro-

vided a scientific rationale exists to bridge the foreign

product to the one approved in the local jurisdiction. From

a regulatory and legislative perspective, acceptability of

reliance on the clinical data generated utilizing a foreign-

sourced comparator is contingent upon successful estab-

lishment of the scientific bridge [3, 4]. The ‘‘scientific

bridge’’ between the local and the foreign-sourced origi-

nator product should consist of comprehensive analytical

similarity assessment of the biosimilar candidate versus

both comparators. Additionally, a three-arm PK similarity

study in which bioequivalence is established between the

biosimilar candidate and each respective comparator as

well as between the two comparator arms should complete

the bridge.

An additional regulatory consideration for biosimilars

that is unique to the US is the determination of inter-

changeability. According to the law, an interchangeable

biosimilar product is one in which the product has been

shown first to be biosimilar to the reference and is expected

to produce the same clinical result as the reference product

in any given patient. For a biological product that is

administered to an individual more than once, the risk in

terms of safety or diminished efficacy due to alternating or

switching between the biosimilar and reference products

should not be greater than the risk of using the reference

product without such alternation or switch [37].

The FDA has issued draft guidance for demonstration of

interchangeability for biosimilars [38]; the guidance also

adopts the TOE and stepwise approach. This guidance

would require at least one study involving three or more

switches between the biosimilar and its US-licensed ref-

erence product demonstrating that the biosimilar produces

the same clinical result for all reference product indications

of use. The sponsor may provide a scientific rationale to

extrapolate data supporting interchangeability in one of the

remaining conditions of use for which the reference pro-

duct is licensed. It is recommended that the study should be

conducted in appropriate patient populations in one or

more indications of use with endpoints that assess the

impact of switching on PK (and PD if a suitable marker is

available). This is because PK (and PD) are expected to be

more sensitive to potential changes in immunogenicity due

to any potential residual differences that can stimulate an

immunogenic response when switching between the

biosimilar and reference product. Of note, the guidance

states that postmarketing data from products first licensed

and marketed as biosimilars that lack corresponding data

derived from a prospective switching study or studies

would not be sufficient to support a demonstration of

interchangeability. The guidance further emphasizes the

importance of adequate pharmacovigilance mechanisms

for postmarketing safety monitoring of interchangeable

products.

The EU guidance on biosimilars does not include

specific requirements for interchangeability. Although

most biosimilars are approved centrally by the EMA,

individual member states make substitution policies.

Another consideration for the successful adoption of

biosimilars includes naming criteria and safety monitoring

or pharmacovigilance. The FDA has issued a guidance that

discusses the use of distinguishable names by adding a

unique 4-letter suffix to the international nonproprietary

name (INN) for each biosimilar product to avoid inadver-

tent substitution by a pharmacist based on lack of speci-

ficity of the product name, particularly when products have

not been approved as interchangeable [39]. Moreover,

distinguishable names are important from a pharmacovig-

ilance standpoint to ensure the appropriate attribution of

adverse events to the correct manufacturer [39].

4 Key Challenges

The key tenet in biosimilar development is the practical

implementation of the concept of TOE. What does this

mean? What is the stepwise process? While determination

of structural similarity and functional equivalence of the

proposed biosimilar to the reference product is the obli-

gatory first step, the details of what is entailed in this
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exercise are dependent on the molecule. The number of

tests performed, as well as the sensitivity of those tests to

detect potential differences to conclude that a thorough

and complete characterization has been performed with no

residual uncertainty, is determined by each sponsor based

on the specific molecule. The identification of CQAs of a

molecule and the establishment of a product quality

profile are also at the discretion of the sponsor. For

example, as discussed here, the use of the same expres-

sion system does not guarantee structural and functional

similarity; likewise, the use of different expression sys-

tems does not imply a lack of biosimilarity in structure

and function of the proposed biosimilar. Design and

interpretation of clinical studies, statistical analysis plans,

sample size calculations, selection of appropriate end-

points, and a sensitive population such that similarity

between the proposed biosimilar and the reference pro-

duct is demonstrated in a way that there are no clinically

meaningful differences, are all points that deserve due

consideration; the definition of suitable endpoints and

sensitive population is subject to interpretation. Defining

statistical margins and confidence limits for equivalence

testing is another vital point. It is important to consult

regulatory agencies at early stages of the development

program to reach agreement on the development strategy,

including choice of assays for analytical similarity

assessments, clinical study designs, study endpoints,

choice of population, and statistical approach to establish

the TOE. It may also be important to engage with the

agencies as critical data elements become available to

minimize residual uncertainty with respect to the estab-

lishment of biosimilarity. Additionally, based on the

totality of data provided, extrapolation to all or some

indications may or may not be appropriate. Differences in

data packages pose a considerable challenge and must be

appropriately understood and evaluated by stakeholders.

Another consideration in understanding the stepwise

process is the implementation of the tailored approach to

the development of a biosimilar product. While the actual

execution of each step in the development program may

follow the stepwise process, the design of each of these

steps remains independent of each other. For example, the

study designs for the PK and clinical studies are mutually

exclusive. The design of the clinical study with respect to

the choice of the patient population, endpoints, and statis-

tical margins is typically considered independently from

the results of the previous steps of development, such as

analytical and PK similarity. All these factors pose unique

challenges, and although the agencies have outlined a

theoretical stepwise approach to the development of

biosimilars, the practical implementation and the specifics

of such an approach remain dependent on decisions by

each manufacturer or sponsor.

5 Conclusions

Biosimilars are different from generics in that the product

attributes of a proposed biosimilar are not identical to those

of the reference product. Instead, the product attributes of

the biosimilar are expected to be highly similar to those of

the reference product, with only minor differences that do

not affect clinical activity. Therefore, the development and

regulatory considerations are appropriately different from

those for generic drugs (Table 2). The development and

regulation of biologics present considerable challenges due

not only to their complex nature and production process but

also to specific safety concerns linked to immunogenicity

Table 2 Differences in regulatory requirements for originator compounds, generics, and biosimilars

New chemical entity or

originator biologic

Generic Biosimilar

Quality Full process and product

characterization

Full process and product characterization

Comparison with reference drug

Full process and product characterization

Comparison with reference biologic

Preclinical Full preclinical program N/A Abbreviated program based on complexity and

residual uncertainty from quality

Clinical Phase I Bioequivalence only PK equivalence

PD equivalence (dose response) if marker available

Phase II N/A N/A

Phase III in all indications N/A Phase III in at least one representative indicationa

Risk management planb Yes Yes

Pharmacovigilance Yes Yes

N/A not applicable, PK pharmacokinetics, PD pharmacodynamics
a If the mechanism of action is the same across extrapolated indications
b Requirement for the European Union only
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potential and immunological activity of complex biologics.

Considerable experience and expertise are required for the

development of a robust biosimilar that can be reproduced

with predefined and established quality characteristics to

ensure that patients receive high-quality treatments.

An important consideration in the adoption and use of

biosimilars not discussed here is related to pharmacoeco-

nomics; there have been a few recent publications on this

topic [40–44]. As more biosimilars appear on the market

and more experience is gained, pharmacoeconomic evalu-

ations would become center stage and provide additional

insights into the place of biosimilars in the overall treat-

ment paradigm.

Biosimilars as therapeutic alternatives are an indepen-

dent category of products and should be treated differently

from generics. The complexities associated with their

development and approval for use and the specifics of each

product warrant a targeted approach and require expertise

and rigorous standards to maintain high-quality options for

patients.
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