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Review Article

Introduction

Insulin has been available for use in the management of peo-
ple with diabetes for a century. In the 1920s, patients with 
diabetes mellitus typically took three to four doses of insulin 
per day, creating a clear need for longer acting insulins.1 The 
nature of insulin was successively determined as a polypep-
tide in 1928, by the amino acid sequence in 1955, and in 
1969 by three-dimensional structure, laying the foundations 
for the development of novel insulins. Because early insulin 
preparations were derived from animal sources (porcine, 
bovine), adequate purification of insulin preparations was a 
problem for many years but was resolved in the 1970s.2 In 
1978, recombinant DNA techniques were introduced to 

produce the first genetically engineered synthetic “human” 
insulin in Escherichia coli. Furthermore, understanding the 
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Abstract
Background: A wave of expiring patents for first-generation insulin analogues has created opportunities in the global insulin 
market for highly similar versions of these products, biosimilar insulins. Biologics are generally large, complex molecules 
produced through biotechnology in a living system, such as a microorganism, plant cell, or animal cell. Since manufacturing 
processes of biologics vary, biosimilars cannot be exact copies of their reference product but must exhibit a high degree of 
functional and structural similarity. Biosimilarity is proven by analytical approaches in comparative assessments, preclinical 
cell-based and animal studies, as well as clinical studies in humans facilitating the accumulation of evidence across all 
assessments. The approval of biosimilars follows detailed regulatory pathways derived from those of their reference products 
and established by agencies such as the European Medicines Agency and the US Food and Drug Administration. Regulatory 
authorities impose requirements to ensure that biosimilars meet high standards of quality, safety, and efficacy and are highly 
similar to their reference product.

Purpose: This review aims to aid clinical understanding of the high standards of development, manufacturing, and regulation 
of biosimilar insulins.

Methods: Recent relevant studies indexed by PubMed and regulatory documents were included.

Conclusions: Driven by price competition, the emergence of biosimilar insulins may help expand global access to current 
insulin analogues. To maximize the impact of the advantage for falling retail costs of biosimilar insulins compared with that of 
reference insulins, healthcare professionals and insulin users must gain further awareness and confidence.
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nature of insulin preparations, coupled with advances in 
manufacturing techniques, created the opportunity of devel-
oping and producing analogues of human insulin. In ana-
logues, the structure of the insulin molecule is slightly 
modified to alter the pharmacokinetic (PK) properties of 
insulin, which primarily affects the uptake of the drug from 
subcutaneous tissue. Recent developments include ultra-
rapid and ultra-long-acting insulin analogues.3,4 Expiration 
of the patents for three widely used insulin analogues (insu-
lins glargine, lispro, and aspart) allows other manufacturers 
to seek regulatory approval to market an insulin analogue 
that is highly similar in structure, safety, tolerability, and effi-
cacy to the original biological product—known as a 
biosimilar.5

Globally, one in two people needing insulin lack access.6 
High prices and poor availability are considered the major 
contributors to poor access to insulin.7 Macroeconomic con-
ditions have often been shown to be the main cause of 
inequalities in the use of biologics such as insulins. As a 
result, access to expensive biologic treatments is often par-
ticularly poor in low-income countries.8 Biosimilars typi-
cally have a shorter development period of around 8 years 
compared with 12 years for innovative medicines and costs 
can be 10-20% of the price of developing a new biological 
entity.9 This may allow more patients who are eligible for 
biologics such as long-acting insulin analogues to be treated 
with these effective medications.10 As health care expendi-
tures continue to rise, the emergence of biosimilars offers, in 
principle, an approach to improving access to these complex 
products and potentially reducing the economic and social 
burden if offered at a lower price.

The global market for biological medicines such as insu-
lin, erythropoietin (EPO), and anti-tumor necrosis factor 
(anti-TNF) drugs has grown from US$46 billion in 2002 to 
US$390 billion in 2020, representing approximately 28% of 
the global pharmaceutical market.11 In the United States, bio-
logical medicines account for 43% of invoice-level drug 
expenditure, reaching US$211 billion in 2019. Within this, 
biosimilar spending is expected to increase from US$5.2 bil-
lion in 2019 to nearly US$27 billion in 2024.12 In Europe, 
biologics represent 34% of medicine spending at list prices, 
reaching US$78.6 billion in 2021, and growing at a 10.5% 
compound annual growth rate over the past five years. The 
total European biosimilar market reached US$8.8 billion in 

2021.13 The global human insulin market accounted for 
US$22.9 billion in 2020, while the global biosimilar insulin 
market was valued at US$2.3 billion in 2020 and is estimated 
to reach US$5.6 billion by the end of 2027.14

The emergence of biosimilars has already increased com-
petition in the market. Biosimilars offer due to lower devel-
opment costs a potentially lower price and an equally 
efficacious alternative that may also reduce treatment costs 
through increased competition within the market.

Since the approval of the first biosimilar insulin in 2014, 
there has been considerable scientific and clinical interest. 
However, many clinicians are still uncertain about their 
safety and efficacy in clinical use.15 This review aims to 
increase clinicians’ understanding of biosimilar insulins by 
discussing their properties, the standards of their develop-
ment, the manufacturing process, and the regulatory require-
ments for approval, notably in the United States and European 
Union.

Biosimilars: Definition and 
Characteristics

A biosimilar is a biological medicine highly similar to 
another already approved biological medicine in terms of 
structure, biological activity, efficacy, and safety (Table 1). 
These products are generally large, complex molecules pro-
duced through biotechnology in a living system, such as a 
microorganism, plant cell, or animal cell.16,17 Owing to inher-
ent differences in the manufacturing process of biologics, 
biosimilars cannot be exact copies of reference biologics, but 
they need to demonstrate high similarity by extensively ana-
lyzing their structure and function. A manufacturer must also 
demonstrate that its proposed biosimilar product has no clin-
ically meaningful differences from the reference product in 
terms of safety, purity, and potency. This is generally demon-
strated through human PK and pharmacodynamic (PD) stud-
ies, an assessment of clinical immunogenicity, and, if needed, 
additional clinical studies.16,17

The more complex nature of biological medications 
makes them more sensitive to manufacturing conditions.19 
Even minor changes in manufacturing conditions (eg, 
expression system, downstream processing) could lead to 
significant differences in structure, stability, and other qual-
ity aspects of the final product. Any variations have the 

Table 1.  Definitions and Terminology Used for Biosimilars and Generics.

Biologic(al) An approved product consisting of proteins, nucleic acids, or combinations thereof, or living entities such 
as cells and tissues, isolated from natural sources and produced by biotechnological processes.

Reference (originator/
innovator) biologic product

The single, already approved biological product to which a proposed biosimilar is compared.

Biosimilar17,18 A biological medicine highly similar to another already approved biological medicine in terms of 
structure, biological activity, efficacy, safety and immunogenicity profile

Generic drug Chemically synthesized small- or low-molecular-weight compounds consist of a simple, well-defined 
structure that is independent of the manufacturing process and can be easily fully characterized.
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potential to affect the tolerability and/or efficacy of a bio-
similar and increase the risk of immune reactions.20 The 
approval of biosimilars follows detailed regulatory pathways 
derived from those of their reference products and estab-
lished by agencies such as the European Medicines Agency 
(EMA) and the US Food and Drug Administration (FDA). 
These include preclinical and clinical studies aimed at sensi-
tive testing of comparability.21 Moreover, the pharmacologi-
cal properties of insulin reference products as a class, 
including their immunogenicity characteristics, have led to 
specific guidance relating to the approval of insulin biosimi-
lars.16,22 While the regulatory situation varies by country, the 
global trend has been to follow the EMA and US FDA 
requirements.23

Regulatory Compliance

Global Regulatory Guidelines

In 2004, the EMA published guidelines for the develop-
ment of all biosimilars.24 This framework covered essen-
tial aspects of the development, manufacturing, and 
approval of biosimilars. Following these guidelines, the 
World Health Organization (WHO) established a general 
framework for biosimilars in 2009 to support local regula-
tory authorities and promote conformity with international 
standards for the manufacture of biotherapeutics.18 The 
US FDA and the China National Drug Administration 
(CNDA) followed their first guidelines in 2012 and 2015, 
respectively. Since then many other countries have 
adopted these guidelines, some with slight adaptations.25 
The current regulatory requirements of the EMA,26 
WHO,18 US FDA,17 and CNDA27 are generally consistent 
but with some minor differences, including specific con-
siderations for insulin biosimilars (Table 2).16,22 Although 
there are many regulatory guidance documents, there is 

still no common global consensus on the regulatory 
approval pathway for biosimilars. Several countries, 
including Canada, Brazil, South Africa, Japan, and Korea, 
have used the principles for biosimilar manufacturing out-
lined in the WHO guidance documents as the basis for 
establishing their national guidelines.28,29

Approval Processes

A biosimilar product only receives regulatory approval based 
on the totality of evidence, function, purity, potency, and 
safety, compared with the reference product.30 The demand 
for a wide array of different types of evidence reflects the 
observation that no one type of evidence has the accuracy 
and precision required to show biosimilarity for efficacy, 
while safety has diverse aspects including hypoglycemia and 
immunogenicity.

This stepwise approach to establish biosimilarity includes 
comparative assessments, preclinical cell-based and animal 
studies, and clinical studies in humans. Biosimilarity is dem-
onstrated based on the accumulation of evidence across all 
assessments (“totality of evidence”).31 The goal is to uncover 
any significant differences and potential undesired pharma-
ceutical effects between the biosimilar and its reference med-
icine. Deviation in receptor binding, PK/PD studies, and 
immunogenicity profile will have a critical impact on regula-
tory decisions.

The foundation of a biosimilar development program is a 
comprehensive structural and functional characterization 
that identifies quality attributes and clinically active compo-
nents. The remaining uncertainty is assessed at each step. 
The nature and extent of clinical studies will depend on the 
level of remaining uncertainty regarding the biosimilarity of 
the two products after comprehensive structural and func-
tional characterization and, if applicable, animal studies have 
been performed. Comparative clinical studies are required to 

Table 2.  Overview of Biosimilar Insulin Regulatory Guidelines of Different Regulatory Authorities.

Authorities Definition Nonclinical evaluation Clinical evaluation

EMA16 “A recombinant insulin-containing 
product highly similar to another 
already approved biological 
medicine (the ‘reference medicinal 
product’)”

Target binding to both human insulin 
receptors; receptor autophosphorylation 
and metabolic activity (≥3 assays). If in 
vitro comparability is satisfactory, animal 
studies are not required

Comparability demonstrated in the stepwise 
process using PK and PD, followed by limited 
immunogenicity studies unless waiveda

WHO18 “A biotherapeutic product which is 
similar in terms of quality, safety, 
and efficacy to an already licensed 
reference biotherapeutic product”

In vitro assays such as receptor-binding 
studies or cell-based assays; animal 
studies for relevant biological/PD activity 
and toxicity

PK, PD, (confirmatory PK/PD), efficacy, and safety

US FDA17,22 
(draft)

“A biological product highly 
similar to the reference product 
notwithstanding minor differences 
in clinically inactive components”

Structural analyses; functional assays; 
animal data

Human pharmacology data; clinical immunogenicity 
assessment (usually unnecessary); comparative 
clinical studies (if residual uncertainty whether 
there are clinically meaningful differences)

Abbreviations: EMA, European Medicines Agency; FDA, Food and Drug Administration; PD, pharmacodynamics; PK, pharmacokinetics; WHO, World Health Organization.
aPrelicensing safety study including immunogenicity assessment may be waived if (1) biosimilarity between the biosimilar and the reference insulin can be convincingly concluded 
from the physicochemical and functional characterization and comparison using sensitive, orthogonal, and state-of-the-art analytical methods, and from the comparison of the 
PK and PD profiles, and (2) the impurity profile and the nature of excipients of the biosimilar do not give rise to concerns.
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provide evidence of biosimilarity when uncertainties remain 
as to whether there are clinically meaningful differences 
between the proposed biosimilar product and the reference 
product.

The EMA, WHO, and US FDA requirements are broadly 
similar (Table 2). Compared with other biologicals, insulin 
products are relatively small, structurally uncomplicated, 
and well characterized. Furthermore, extensive experience 
and literature confirm that the immunogenicity of currently 
marketed insulins has minimal or no clinical significance in 
the use of these products. Therefore, special guidance was 
produced by the EMA in 2015 for the development of insulin 
biosimilar products,16 which has been cited by recent draft 
guidance from the US FDA (Table 2).22 The EMA advises 
that common clinical efficacy endpoints (eg HbA1c, plasma 
glucose, hypoglycemia) are unlikely to be sufficiently sensi-
tive to detect clinically relevant differences between two 
insulins, so clinical efficacy studies are not required.16 In 
addition, the requirement for a prelicensing safety study 
including immunogenicity assessment may be waived if bio-
similarity between the biosimilar and the reference insulin 
can be convincingly concluded from the physicochemical 
and functional characterization using state-of-the-art ana-
lytic methods and by comparing product PK and PD pro-
files.16 In its recent draft guidance, the US FDA goes further, 
stating that if a comparative analytical evaluation based on 
state-of-the-art technology shows that the products are highly 
similar, there is little or no residual uncertainty regarding 
immunogenicity. In such cases, a comparative clinical safety 
study would generally be unnecessary to demonstrate bio-
similarity or interchangeability.22

Differences can also be found in how approval is applied, in 
areas such as specific requirements for naming, pharmacovigi-
lance, and interchangeability (pharmacist substitution without 
reference to the prescriber). Thus, the EMA does not regulate 
the interchangeability of medicinal products, which, as for 
generics, is at the discretion of individual member states.32

Production and Manufacturing

Achieving a High-Quality Product

In contrast to traditional chemical synthesis, the production 
of biologicals and biosimilars requires the performance of 
complex multistep processes, using mammalian or microbial 
cell cultures.33 In general, biological products are large, rela-
tively unstable compounds with complex, heterogeneous 
structures. A biologic can be described in terms of its physi-
cal, chemical, biological, and microbiological properties, 
which together provide a comprehensive definition of any 
individual product.34 These multiple properties are used to 
determine the quality attributes of the biologics. A subset of 
these quality attributes that elicit a direct impact on the effi-
cacy or safety of the product is termed as its critical quality 
attributes (CQAs).35,36

The manufacturing of pharmaceuticals follows good 
manufacturing practice (GMP) guidelines,37 which provide a 
basis for the standards by which proper design, monitoring, 
and control of manufacturing processes can be assessed. As 
with assessments of safety and efficacy, regulatory authori-
ties in the country where a product is to be marketed will 
need to ensure that manufacturing in a different country 
meets its own standards. Complexity is inevitable. For exam-
ple, raw materials will often come from a series of other 
countries, and each material will need to meet defined stan-
dards. Hence, consistency in drafting and application of 
GMP guidelines between countries is desirable, and indeed 
most international organizations and regulatory authorities 
do adopt similar GMP principles accordingly with a high 
degree of global harmonization.38 A consequence of this is 
that production has to be geared to the most demanding GMP 
principles and thus the costliest to implement.

Matching the biosimilar’s CQAs to those of the reference 
product as closely as possible is a major objective when 
developing a manufacturing process for biosimilars.39 
Biosimilars are not generally manufactured in a continuous 
process, but in batches determined by the size of the fermen-
tation tanks. As the subsequent separation and purification 
techniques are complex, all biological medicines are subject 
to inherent quality variations, despite standardized proce-
dures and ingredients.40 Recently, this has been an issue for 
the COVID-19 vaccine production, with delays resulting 
from problems in ensuring batch-to-batch consistency.41 
Quality of manufacturing here is not only the production of 
the drug substance in the fermenter, but also of isolation, 
post-fermentation chemical processing, and purification, 
and, in particular for insulin, avoiding degradation in the for-
mulation of the drug product and storage. Accordingly, to 
monitor the process of scaling up to commercial quantities 
and to ensure the consistent manufacture of a quality prod-
uct, modern production facilities incorporate analytical and 
process development and characterization methodologies.42

Target Definition

The approval-relevant development process of a biosimilar 
follows a structured, multistep path, which can be broken 
down into five intermediate goals (Figure 1). The develop-
ment process starts with the definition of the target. Here, the 
focus includes identifying and understanding any variability 
in the reference target molecule.43 Clinically relevant prod-
uct attributes affecting receptor binding, cell metabolism, 
PK, PD, and immunogenicity can be critical factors for target 
definition and necessitate comprehensive characterization of 
as many reference CQAs as possible and the range of varia-
tion thereof. The selection of quality attributes and their clas-
sification as critical is an essential step for process 
development and control as well as for the design of the cru-
cial analytical similarity study (Table 3).44 Considering that 
CQAs are directly linked to the physicochemical properties 



Heinemann et al	 1653

of the drug, it is crucial to carry out structural analysis, for 
example, by amino acid composition, high-performance liq-
uid chromatography (HPLC), and mass spectroscopy (MS), 
to match the reference production variability.45

The variability of a protein is primarily influenced by its 
structure, resulting from the three-dimensional folding of the 
polypeptide chain, which is largely determined by amino 
acid sequence and thus by the genes that code for them.46 
Because recombinant proteins are produced by living cells 
(eg, bacteria, yeast, or mammalian cells), their structure may 
be affected by the selection of the host cell line and the 
growth environment. Several enzymatic processes can influ-
ence protein expression leading to diverse post-translational 
modifications (PTMs). Glycosylation, the attachment of car-
bohydrate moieties to the protein, can directly influence the 

clinical properties of therapeutic proteins.47 Post-translational 
modifications can result from naturally occurring processes 
or the manufacturing process of the biosimilar. Here, major 
factors include the host cell line, growth medium, tempera-
ture, and other properties in the bioreactor. For example, pH 
may affect protein aggregation.48 Glycosylation, with yeast-
based systems, can result in several glycoforms of the same 
amino acid sequence. While some problems can result from 
inherent batch-to-batch variability, others have resulted from 
planned changes to the production process implemented to 
yield and thus reduce costs. A minor change in the formula-
tion of a given brand of EPO in Europe led to an increase in 
the incidence of pure red cell aplasia, and a number of the 
dialysis patients treated with the differently processed EPO 
product died as a consequence of the immune reaction 

Figure 1.  The five steps in biosimilar development.

Table 3.  Quality Attributes for Analytical Similarity Assessment of a Biosimilar.

Category Attribute

Primary structure Primary sequence; disulfide structure; intact mass; isoelectric point
Secondary and tertiary structure Low-resolution secondary structure; indirect tertiary structure; high-resolution higher order structure
Dose Protein content; deliverable volume
Function Subvisible particles; biological activity; receptor and/or ligand binding
Product variants High-molecular-weight species; covalent dimers; purity and impurities, C- and N-terminal 

modifications; micro-sequence heterogeneity
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triggered by product-related and other impurities. This case 
has contributed to the awareness that the consequences of 
introducing process changes must be evaluated and moni-
tored very carefully.49

Insulin has a well-defined secondary and tertiary struc-
ture.50 Thus, even small changes in the manufacturing pro-
cesses might result in structural alterations that could affect 
receptor signaling and the cellular process that impact 
potency and mitogenicity, as well as those that potentially 
affect physicochemical stability determining propensity to 
aggregation or oxidation.51

Biologics Manufacturing Process

Step 1: Cell line selection and engineering.  A core choice in the 
heart of the process development of a biosimilar is the selec-
tion of a suitable cell line. Two major pathways for the large-
scale production of recombinant insulins are currently used. 
Among prokaryotes, E coli has been preferred for the pro-
duction of recombinant proteins, offering advantages such as 
high growth rate, simple media requirements, easy handling, 
high yield, and high cost-effectiveness. However, using the 
E coli expression system for recombinant insulins has some 
disadvantages, notably in downstream processing from lack 
of PTMs, including the formation of disulfide bonds. Among 
yeast strains, Saccharomyces cerevisiae, Hansenula poly-
morpha, and Pichia pastoris are widely used (Table 4).52 As 
with E coli, they grow rapidly, are easy to handle, and can be 
used for various genetic manipulations. Recombinant pro-
teins produced in yeast are properly folded and may be gly-
cosylated as with some proteins (but not insulin) expressed 
in mammalian cells. Using yeast instead of E coli for insulin 
production can therefore improve the downstream process 
efficiency, decrease the use of raw materials, and reduce the 
levels of impurities.53

Owing to the lack of access to the innovator’s original cell 
line and in-depth knowledge of the reference medicine man-
ufacturing processes, each biosimilar producer must develop 
their own process to replicate the original protein product. 
Hence, the manufacturing process differs at least in part from 

that for the innovative biologic.54 While innovators need to 
enter production as quickly as possible to get through clinical 
trials and earn a return on capital invested, biosimilars can 
target patent expiration years in advance. Therefore, they 
have more time to optimize the cell line and the manufactur-
ing process. Improved cell lines can be established by choice 
and modification of promotors, and suitable culture clones 
can be selected by experimentation. Clone selection requires 
in-parallel optimization of the fermentation medium and its 
physical properties such as temperature and pH. Screening of 
hundreds to thousands of clones is needed to identify the 
ideal candidates for the production.55

Step 2: Protein production.  The next step after clone selection 
is cell culture upstream process development.56 A master cell 
bank is created from the candidate clones that fall within the 
acceptable parameter range for the CQAs. From this master 
cell bank, a working cell bank of one vial per batch is pro-
duced. The vial contents are inoculated into shake flasks and 
cultured, resulting in increased cell number. The cells are 
then taken through serial subcultivations in expanding biore-
actor volumes until the target production scale is reached 
(Figure 2). Quality control of cell culture conditions is essen-
tial to minitole glycosylation and contamination profiles, 
which may have a significant impact on the quality target 
product profile. For this purpose, several parameters are opti-
mized in hundreds of experiments during process develop-
ment. These parameters include oxygen levels, lactate 
production, pH, osmolality, and temperature.57

Step 3: Post-expression processing.  Depending on the host cell 
line, the pathways of the downstream process differ. When  
E coli is used as an expression system, the overexpressed 
insulin precursor (IP) forms inclusion bodies in which the 
proinsulin is usually misfolded.52 When yeast-based expres-
sion systems are used, the IP is secreted directly into the cul-
ture supernatant in its properly folded form.58 Production of 
IP via the bacterial inclusion body pathway usually results in 
higher product concentration and productivity. Compared 
with soluble expression forms of bioactive therapeutic 

Table 4.  Commercial Insulin Products and Their Production Host System.

Insulin type Structure Action Host system

Human 
insulin

Identical to native human insulin Fast/short/intermediate/long 
acting depending on formulation

E coli
H polymorpha
P pastoris
S cerevisiae

Insulin 
glargine

A-chain: glycine instead of asparagine at position 21
B-chain: addition of two arginines at positions 31 and 32

Long acting E coli
P pastoris

Insulin  
lispro

B-chain: inversion of native B28-B29 proline-lysine 
sequence

Fast acting and short acting E coli

Insulin 
aspart

B-chain: aspartic acid in place of proline in position 28 Fast acting E coli
S cerevisiae
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proteins in yeast-based expression systems, inclusion bodies 
exhibit good mechanical stability and are resistant to proteo-
lytic degradation. However, the formation of inclusion bod-
ies poses a significant hurdle for the production and 
purification of recombinant insulins: inclusion bodies require 
extensive processing, including solubilization, refolding, and 
cleavage. The refolded precursor molecule is processed into 
a heterodimeric insulin molecule by simultaneous removal 
of the connecting chain and the N-terminal fusion peptide by 
enzymatic digestion.59

Step 4: Purification process.  After completion of the time 
required for optimal product expression, purification is 
required (Figure 2). While the methods used will depend 
to some extent on the host cell line, the basic techniques 
used are similar in all recombinant insulin production, 
from human insulin, to analogues, to biosimilars. The tar-
get protein is thus harvested and separated from unwanted 
impurities, notably host cell proteins, membranes, and 
nucleic acids, but also the constituents of the fermentation 
medium and even viruses.60 To separate proteins, different 
characteristics based on sequence and specific structure 
are exploited and combined with interactions between 
chemically functionalized resins or filters.61 Purification 
steps will also be needed after any post-expression 
processing.

Centrifugation and size exclusion chromatography sepa-
rate proteins according to their molecular mass and confor-
mation. Affinity chromatography utilizes differences in 
affinity to a selective ligand, and ion-exchange 

chromatography is used to separate positively (acidic) or 
negatively (basic) charged isoforms of the biosimilar.62 To 
obtain the desired biological fingerprint of the reference 
product, the purification process must be fine-tuned to obtain 
the enrichment of certain product-related attributes such as 
isoforms, glycans, and charged variants.63

Step 5: Formulation.  Once protein purification is completed, 
adjustment of the concentration and formulation of the prod-
uct follows. The purpose of a stable formulation is to store 
the purified protein in a suitable buffer and container for 
long-term storage and shipment.64 The goal is to minimize 
the possible degradation of the product, avoiding loss of 
potency and generation of immunogenic derivatives. An 
important aspect of this is to determine what environmental 
conditions cause proteins to aggregate and fall out of the 
solution. This includes optimizing buffer conditions with the 
inclusion of diverse excipients and stabilizers.65

Studies

On completion of the developmental process for the manu-
facture of biosimilars, similarity has to be confirmed to the 
reference product (Table 5). After extensive analytical cor-
roboration, using laboratory techniques such as HPLC and 
MS, in vitro comparative testing will use insulin-responsive 
cell lines often tweaked to be sensitive to properties such as 
mitogenicity. However, chemical analytical and preclinical 
methods are of limited value for endpoints such as immuno-
genicity. Preclinical (animal) testing for toxicity is usually 

Figure 2.  Manufacturing steps in the production of recombinant insulin products.
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not required for biosimilar insulin products and can be diffi-
cult owing to hypoglycemia.16,66

Clinical studies that regulatory agencies require as man-
datory for approval of biosimilar insulins are those that eval-
uate the PK and PD properties usually assessed utilizing 
euglycemic glucose clamp studies.67

Clinical Studies

The aim of clinical studies is not to reconfirm safety and effi-
cacy, but rather to detect possible unexpected differences 
from the reference product of clinical importance. Clinical 
trials are required to include a study population that is sensi-
tive to the detection of potential differences in efficacy, 
safety, or immunogenicity between the biosimilar product 
and the reference product. For example, people with type 1 
diabetes (T1D) have little endogenous insulin to buffer dif-
ferences between the new and reference insulin and are 
inherently more likely to develop insulin antibodies. Thus, 
they are more sensitive and suitable for both PK/PD and 
immunogenicity studies. Accordingly, chosen study popula-
tions may differ from, or be a subset of, those used in pivotal 
regulatory clinical trials of the reference product.68

The clinical development program for approval of a bio-
similar insulin will include a comparative phase 1 PK/PD 

study and is typically conducted in healthy volunteers and/or 
people with T1D (Table 5).69,70 Where a comparative analyti-
cal assessment has not convincingly demonstrated that the 
biosimilar insulin and reference insulin are “highly similar,” 
a comparative phase 3 study in people sensitive for immuno-
genicity, usually also collecting data related to efficacy, tol-
erability, and safety, is required.16,22 Immunogenicity is the 
primary focus of such studies and may arise from small dif-
ferences in the three-dimensional structure of the insulin 
molecule, and more particularly from insulin-like impurities. 
The primary outcome in the assessment of immunogenicity 
is the incidence of detectable anti-insulin antibodies in those 
patients who are antibody-negative at baseline, and antibody 
titer increase in those already positive.22

Marketing Approvals and Evidence for 
Biosimilar Insulins

In 2015, the first approved biosimilar insulin was launched 
in the European Union and the United States under the names 
Abasaglar (European Union)71 and Basaglar (United 
States).72 Technically, Basaglar is not a biosimilar but rather 
a follow-on biologic, as it was approved according to a new 
drug application pathway under the US Food, Drug, and 
Cosmetic Act, section 505(b)(2). Since March 2020, insulin 

Table 5.  Methods to Confirm Biosimilarity (the Totality of Evidence).16,22

Analytic and in vitro 
studies

These evaluations involve extensive in vitro characterization and comparison of the biosimilar and its reference 
product concerning their physicochemical and biological properties, such as amino acid sequencing and 
folding, the proportion of glycan and non-glycan components in their structure, stability profile, cellular 
mechanisms of action, cell receptor interactions, and product- and process-related impurities. Analytical 
evaluation reveals variations in the functional and structural properties.

Analytic evaluation for insulin includes protein content, amino acid sequence, secondary structure, higher order 
structure, functional activity (receptor binding, dissociation, and downstream biochemical cellular action), size 
variants (aggregates), and conjugate variants.

For metabolic endpoints, various functional assays are available including assays measuring glycogen formation, 
lipogenesis, inhibition of stimulated lipolysis, as well as glucose transport, which can be studied in a variety of 
cells.

Preclinical in vivo 
studies

Animal studies are carried out if the scientific question cannot be answered in vitro. The information obtained 
is used in determining the appropriateness of proceeding to human clinical trials.

Limited immunogenicity testing is possible for insulin. Toxicity studies are limited by hypoglycemia if higher 
dose levels are used. Potency studies have high variability.

Clinical PD/PK 
studies

Comparative human PK and PD studies provide different types of information. PK studies measure how 
the body handles insulin, while PD studies measure how the hormone acts on the body. The objective 
is to evaluate the bioequivalence of PK and PD characteristics of the biosimilar to its reference product. 
The studies support a demonstration of biosimilarity with the assumption that similar exposure (and PD 
response) provides similar efficacy and safety.

In the absence of specific acceptance limits for biological medicinal products in general and for insulin 
specifically, the conventional acceptance range for bioequivalence (80%-125% [90% CI for PK and PD]) is 
recommended.16

Evaluation of clinically relevant measures of insulin action is assessed by euglycemic clamp studies. In these 
clamp experiments, insulin has to be administered by subcutaneous injection of insulin and the blood glucose 
levels are maintained (“clamped”) at a predefined level utilizing a variable glucose infusion.

Clinical safety 
studies

When necessary, safety studies should be performed with a specific focus on immunogenicity. People with T1D 
are the preferred population.

Abbreviations: CI, confidence interval; PD, pharmacodynamic; PK, pharmacokinetic; T1D, type 1 diabetes.
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products are considered approvable in the United States 
under the Biologics Pathway and thus can be approved as 
biosimilars under the 351(k) pathway.73 All approved insu-
lins under the 505(b)(2) pathway were transitioned by March 
2020 under section 351(a). As of April 2021, the EMA has 
granted marketing approval for five biosimilar insulins and 
the US FDA has approved one (Table 6).

Abasaglar/Basaglar (insulin glargine) was developed by 
Lilly as a biosimilar/follow-on biological product to the ref-
erence product Lantus (insulin glargine 100 U/mL) by 
Sanofi, as was Semglee (insulin glargine) by Viatris/Biocon, 
approved by the EMA in 201874 and the US FDA in 2020 as 
follow-on insulin, and in 2021, as a biosimilar.75 Gan & Lee 
has several genetically engineered insulins on the market in 
China, although these have not been registered through the 
biosimilar regulatory processes.27

Semglee, however, is produced in yeast, P pastoris, while 
the Sanofi reference glargine uses E coli. Extensive labora-
tory studies of Abasaglar/Basaglar and Semglee could not 
distinguish these biosimilar insulins in comparison with the 
reference insulin glargine in terms of chemical structure, 
purity, and biological activity.74 Both Semglee and Abasaglar 
have undergone the required human PK/PD and immunoge-
nicity studies, meeting criteria for clinical biosimilarity.80-87

Admelog (insulin lispro) and SAR-Asp (insulin aspart) 
were developed by Sanofi as biosimilars to Humalog (Eli 
Lilly) and NovoRapid/NovoLog (NovoNordisk). Approvals 
were granted for the former in the European Union as a bio-
similar and in the United States as follow-on insulin in 2017 
and for the latter in the European Union as a biosimilar in 
2020.76,77 Biosimilarity testing demonstrating the products to 
be indistinguishable from their reference targets has been 
published, covering structure, purity, biological activity, and 
PK/PD studies. A detailed assessment of comparative immu-
nogenicity in phase 3 studies has been published for 
Admelog88 and an additional insulin pump study for 
SAR-Asp.89

With Semglee (insulin glargine), the US FDA approved 
the first interchangeable biosimilar insulin product.75 
Interchangeability is assessed by some regulatory authorities 

after the biosimilar has been approved, not simultaneously 
during approval. The EMA does not take responsibility for 
interchangeability and leaves this to the EU member states. 
In the United States, interchangeability is a designation that 
confirms the automatic substitution of an approved biosimi-
lar with its innovator, thereby allowing an interchangeable 
biosimilar to be substituted for the innovator product by the 
pharmacist without the prescriber’s knowledge or interven-
tion.90 To receive an interchangeability designation in the 
United States, the FDA requires additional clinical trials 
which include at least three switches between the biosimilar 
candidate and the reference biologic.91 There were concerns 
with different pens for biosimilar insulin glargine when first 
launched in the United Kingdom leading to limited use. 
Appropriate educational initiatives can help to overcome 
such issues.92

Conclusions

Biological medications contribute to the treatment of many 
long-term disorders affecting quality and length of life, 
including diabetes. With the expiration of patent protection 
for insulin analogues, biosimilar insulins have emerged as an 
alternative to original products and are already increasing 
cost competition. As this market expands, more questions 
will arise about biosimilar insulins.

Solid standards for quality, efficacy, and safety have 
emerged for biosimilar products. Stringent regulatory 
requirements include the stepwise collection of structural, 
functional, nonclinical, and clinical data to demonstrate sim-
ilarity to the reference product.

For biosimilar insulins, regulatory authorities require 
a small number of people with diabetes to be studied to 
confirm the quality of the product. Sufficiently powered 
and adequate statistical analysis of clinical trials and 
pharmacovigilance studies with long-term follow-up may 
support the decision-making regarding biosimilar use. 
Interchangeability is assessed on a case-by-case basis, 
taking into account the “totality of the evidence” and bio-
logical plausibility.

Table 6.  Approved Biosimilar and Follow-on Insulins in Europe, the United States, and China.

Follow-on insulin/
biosimilar insulin Manufacturer

Reference 
product Type of insulin Approvals

Abasaglar/Basaglar Boehringer Ingelheim 
and Eli Lilly

Lantus Insulin glargine EMA 201471

US FDA 2015 as follow-on insulin72

Semglee Viatris/Biocon Lantus Insulin glargine EMA 201874

US FDA 2020 as follow-on insulin
US FDA 2021 as biosimilar75

Admelog Sanofi Humalog Insulin lispro EMA 201776

US FDA 2017 as follow-on insulin77

Sar-ASP Sanofi NovoRapid Insulin aspart EMA 202078

Kixelle Viatris/Biocon NovoRapid Insulin aspart EMA 202179

Abbreviations: EMA, European Medicines Agency; FDA, Food and Drug Administration.
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With health care expenditures continuing to rise, the 
emergence of biosimilar insulins provides a means to 
improve patient access to a core diabetes therapy. While 
lower costs for insulins would certainly be desirable for con-
sumers and society, the complexity of drug pricing in various 
markets, particularly in the United States, poses a challenge 
in achieving this. For instance, the original glargine (Lantus) 
list price in the United States is approximately $457 for five 
disposable injection pens of 3 mL. Basaglar (a follow-on 
biologic) is $326, while the recently introduced interchange-
able biosimilar Semglee has a list price of $404. Another 
issue with biosimilar insulins includes further development 
of insulin products, seemingly evergreening activities, by the 
originator companies. The originator company for insulin 
glargine, for example, has, following clinical trials showing 
some clinical advantages, been promoting the patented high 
concentration 300 IU/mL formulation of insulin glargine 
(Gla-300), thus protecting their share of the insulin glargine 
market.

There are several challenges with biosimilar insulins 
which have to be overcome and addressed to enhance bio-
similar use. To maximize the impact of the advantage for 
falling retail costs of biosimilar insulins compared with that 
of reference insulins, health care professionals and insulin 
users must gain further awareness and confidence.

Abbreviations

Anti-TNF, anti-tumor necrosis factor; CNDA, China National Drug 
Administration; CQA, critical quality attribute; EMA, European 
Medicines Agency; EPO, erythropoietin; FDA, Food and Drug 
Administration; GIR, glucose infusion rate; GMP, good manufac-
turing practice; HPLC, high-performance liquid chromatography; 
IP, insulin precursor; MS, mass spectroscopy; PD, pharmacody-
namic; PK, pharmacokinetic; PTM, post-translational modification; 
SC, subcutaneous; T1D, type 1 diabetes; WHO, World Health 
Organization.
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