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Preface

Health is priceless and to be free from illness is considered a basic human right. Along with
the advance of biomedical science and the improvement of public health, many previously
incorrigible diseases can be cured or even eradicated now and the life expectancy is definite‐
ly extended. Translational medicine linking the basic research and clinical applications pro‐
motes the discovery of novel medicines, particularly biopharmaceuticals. Clearly,
biopharmaceuticals play an important role in the exciting development and progress of
medicines. For recent studies, innovative biopharmaceuticals are developing rapidly and
have opened a new era for human therapy. Many researchers are involved in the related
research for the development of biopharmaceuticals and have achieved significant results.
Our team has also been working on the same topics for years and has achieved some prom‐
ising results. We have long hoped to summarize the research achievement of biopharma‐
ceuticals in a book. Here, we are grateful for IntechOpen’s generosity and enthusiasm to
offer this opportunity to us.

Biopharmaceuticals, which consist of sugars, proteins, nucleic acids, living cells, or tissues,
are medicinal products manufactured from extracted or semisynthesized biological sources
like humans, animals, or microorganisms. Biopharmaceuticals have been extensively used
as therapeutic agents such as vaccines, whole blood (or blood components), immunosera,
antigens, hormones, cytokines, enzymes, allergenics, cell therapies, gene therapies, tissues,
monoclonal antibodies, products derived from recombinant DNA, etc. For example, vac‐
cines are used to prevent infectious diseases and some cancers; gene-based and cellular bio‐
pharmaceuticals are applied to treat a variety of diseases for which no other drugs or
medical devices are available. However, the research and development (R&D) of biophar‐
maceuticals is typically difficult, expensive, and time-consuming. Biopharmaceuticals can be
produced in microbial cells, animal cell lines, plant cell cultures, or bioreactors of various
configurations. The cost of production (low-volume containers and high-purity products are
essential) and microbial contamination are the two major concerns during the production
process. Despite this, more and more biopharmaceuticals have been successfully developed
and marketed through the introduction of new biotechnologies, production approaches, and
delivery tools. The inventors who discover a new biopharmaceutical usually apply for a pat‐
ent (or license) to have the grant for the exclusive manufacturing right, because this is a
method by which the inventors can recover their investment cost. It is crucial to establish a
strict but flexible framework of regulation for investigating, applying, and patenting bio‐
pharmaceuticals. Therefore, the interdisciplinary collaboration including researchers, regu‐
lators, funders, and manufacturers should be encouraged for the successful development of
biopharmaceuticals.
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Finally, we acknowledge the authors’ participation in helping us to complete this book.
Many professionals contributed their efforts, knowledge, and experiences to this publica‐
tion. This book provides a platform to promote the sharing of experiences, the international
cooperation and harmonization, and the presentation of research achievement. The readers
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wish that the researchers’ accomplishments can be put into practice and improve the health
of people worldwide in the future.
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Introductory Chapter: Biopharmaceuticals

Yuan-Chuan Chen and Ming-Kung Yeh

Additional information is available at the end of the chapter

1. Introduction

A biopharmaceutical (biological or biologic), which consists of sugars, proteins, nucleic acids, 
living cells, or tissues, is a medicinal product manufactured in extracted or semi-synthesized 
from biological sources like humans, animals, or microorganisms. Different from traditional 
drugs synthesized from chemical processes, the majority of biopharmaceutical products are 
derived from biological processes including the extraction from living systems or the produc-
tion by recombinant DNA technologies (Table 1). Transgenic organisms, especially plants, 
animals, or microorganisms that have been genetically modified, are potentially used to pro-
duce biopharmaceuticals.

The recombinant human insulin (trade name “Humulin”) was the first biopharmaceutical 
approved for human therapeutic uses and marketing in 1982. Currently, biopharmaceuticals 
have been extensively used as therapeutic agents such as vaccines, whole blood (or blood 
components), immunosera, antigens, hormones, cytokines, enzymes, allergenics, cell thera-
pies, gene therapies, tissues, monoclonal antibodies, and products derived from recombinant 
DNA, etc. For example, vaccines are used to prevent infectious diseases and some cancers; 
cell- and gene-based biopharmaceuticals are applied to treat a variety of diseases for which 
no other drugs or medical devices are available.

The European Medicines Agency (EMA) uses the specific term “advanced therapy medici-
nal products (ATMPs)” to refer to human medicines that are based on cells, genes, or tissue 
engineering. Cell therapy products (CTPs) are biomedicines containing cells/tissues that have 
been manipulated to change their biological characteristics, and these cells/tissues can be 
used to treat, prevent, or diagnose diseases [1]. Gene therapy products (GTPs) are therapeutic 
agents to make genetic improvement through the repair, deletion, insertion, or substitution of 
mutated genes or site-specific modifications for target therapies [2]. Tissue engineering is the 
application of a combination of cell, engineering, and material methods, and suitable factors 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 1

Introductory Chapter: Biopharmaceuticals

Yuan-Chuan Chen and Ming-Kung Yeh

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79194

Provisional chapter

DOI: 10.5772/intechopen.79194

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Introductory Chapter: Biopharmaceuticals

Yuan-Chuan Chen and Ming-Kung Yeh

Additional information is available at the end of the chapter

1. Introduction

A biopharmaceutical (biological or biologic), which consists of sugars, proteins, nucleic acids, 
living cells, or tissues, is a medicinal product manufactured in extracted or semi-synthesized 
from biological sources like humans, animals, or microorganisms. Different from traditional 
drugs synthesized from chemical processes, the majority of biopharmaceutical products are 
derived from biological processes including the extraction from living systems or the produc-
tion by recombinant DNA technologies (Table 1). Transgenic organisms, especially plants, 
animals, or microorganisms that have been genetically modified, are potentially used to pro-
duce biopharmaceuticals.

The recombinant human insulin (trade name “Humulin”) was the first biopharmaceutical 
approved for human therapeutic uses and marketing in 1982. Currently, biopharmaceuticals 
have been extensively used as therapeutic agents such as vaccines, whole blood (or blood 
components), immunosera, antigens, hormones, cytokines, enzymes, allergenics, cell thera-
pies, gene therapies, tissues, monoclonal antibodies, and products derived from recombinant 
DNA, etc. For example, vaccines are used to prevent infectious diseases and some cancers; 
cell- and gene-based biopharmaceuticals are applied to treat a variety of diseases for which 
no other drugs or medical devices are available.

The European Medicines Agency (EMA) uses the specific term “advanced therapy medici-
nal products (ATMPs)” to refer to human medicines that are based on cells, genes, or tissue 
engineering. Cell therapy products (CTPs) are biomedicines containing cells/tissues that have 
been manipulated to change their biological characteristics, and these cells/tissues can be 
used to treat, prevent, or diagnose diseases [1]. Gene therapy products (GTPs) are therapeutic 
agents to make genetic improvement through the repair, deletion, insertion, or substitution of 
mutated genes or site-specific modifications for target therapies [2]. Tissue engineering is the 
application of a combination of cell, engineering, and material methods, and suitable factors 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



are added to improve, repair, or replace only part of or whole biological tissues such as bones, 
cartilages, blood vessels, organs, skins, muscles, etc. It also involves the use of a tissue scaffold 
for the formation of new viable tissues for medical purposes [3–5].

A biosimilar, also known as “follow-on biologic,” is a biologic medical product that is almost 
identical to a copy of an original product manufactured by different pharmaceutical com-
panies. It is highly similar to a licensed reference product in spite of minor differences in 
clinically inactive components. There are no clinically significant differences between the 
biosimilars and the reference products in terms of the safety, purity, and potency. A generic 
drug is the same as a brand name drug in dosage, safety, strength, administration, quality, 
performance, and intended uses. It is required to take a lot of rigorous tests to ensure that the 
generic drug can substitute for the brand name drug. A generic drug must contain identical 
active pharmaceutical ingredients (APIs) with the same amount as the brand name product 
and be proved to be bioequivalent to the brand name drug. The substitutability or therapeutic 
equivalence of generic drugs has to be evaluated scientifically. If a generic drug is evalu-
ated as therapeutically equivalent as the brand name product, it has equal effects and show 
no differences compared with the brand name product. Biosimilars, like generic drugs, can 
be manufactured when the original “innovator” product’s patent expires, and are officially 
approved versions of the original products [6]. However, there are many differences between 
a generic drug and a biosimilar (Table 2). Biosimilars have the same clinical effect as generic 
drugs but are only similar to the original “innovator” drugs as they are confirmed by valida-
tion methods. Biosimilars will not be the same as the reference products, unlike generic drugs 
in which the APIs are identical to the references [7]. Despite this heterogeneity, all generic 
drugs and biosimilars have to maintain consistent quality and effective performance through-
out their life cycles [8].

Source item Extracted from living systems Produced by recombinant DNA

Characteristic 1. Some conventional biopharmaceuticals are 
extracted from animals or humans particularly.

2. Some biopharmaceuticals were extracted from 
animals, but they are currently produced by 
biotechnologies. For example, the therapeutic 
insulin previously extracted from porcine pan-
creatic islets is now produced by recombinant 
DNA technologies in the yeast (Saccharomyces 
cerevisiae) or E. coli.

Biopharmaceuticals produced by 
recombinant DNA technologies are usually 
one of the following three types:

1. Substances that are almost identical to the 
body’s own key signaling proteins.

2. Monoclonal antibodies that are similar to 
the antibodies produced by the human 
immune system against microbes.

3. Receptor constructs (fusion proteins) that 
are usually based on a naturally occurring 
receptor linked to the immunoglobulin 
frame.

Example Whole blood and blood components, organs and 
tissue transplants, stem cells, antibodies for passive 
immunization, fecal microbiota, human breast milk, 
human reproductive cells

Blood factors, tissue plasminogen activators, 
hormones, hematopoietic growth factors, 
interferons, interleukin-based products, 
vaccines, monoclonal antibodies, tumor 
necrosis factors, therapeutic enzymes

Table 1. Major sources of biopharmaceuticals.

Biopharmaceuticals4

2. Application

Biopharmaceuticals have multiple clinical applications and various advantages for disease 
therapy, prevention, and diagnosis.

2.1. Therapy

The therapeutic types of biopharmaceuticals mainly include recombinant protein therapy, 
antibody therapy, cell therapy, and gene therapy. Biopharmaceuticals are able to cure or 
treat diseases safely and effectively by demonstrating biological activity, and perform spe-
cific functions by acting on the disease pathophysiology. Compared with chemical drugs, 
biopharmaceuticals are more complex in production, have multiple routes of administration 
and different pharmacokinetics. Their advantages are high selectivity and low nonspecific 
toxicity; disadvantages include high costs and the induction of antidrug antibodies leading to 
decreased efficacy or deficiency in biosafety. Treatment can be optimized through the devel-
opment of dosing schedules and multiple administrative routes. Additionally, the cost can be 
reduced by using biosimilars.

2.2. Prevention

A vaccine is the most important biopharmaceutical used for infectious disease prevention. 
It usually contains a biological agent that resembles a pathogen and is usually made from 

Drug property Generic drug Biosimilar

Molecular size Small (~150 Da) Large (~150,000 Da)

Structure Simple and well-defined Complex with probable structural 
variations

Characterization Easy Difficult

Stability More stable for storage and handling Less stable, very sensitive to its 
surroundings

Production Predictable chemical processes are used 
to manufacture an identical copy

Specialized biological processes are used 
to manufacture a similar copy

Identical to reference products Yes

At least, active pharmaceutical 
ingredients are identical

No

Minor differences in clinically inactive 
components are acceptable

Adverse immune responses Lower potential Higher potential

Frequency of quality tests in 
manufacturing

≤50 ≥250

Clinical trials requirement for 
approval

Small clinical trials in healthy 
volunteers

Large clinical trials in patients

Discovery cost Low or even no Relatively high

Table 2. Comparison of a generic drug and a biosimilar.

Introductory Chapter: Biopharmaceuticals
http://dx.doi.org/10.5772/intechopen.79194

5



are added to improve, repair, or replace only part of or whole biological tissues such as bones, 
cartilages, blood vessels, organs, skins, muscles, etc. It also involves the use of a tissue scaffold 
for the formation of new viable tissues for medical purposes [3–5].

A biosimilar, also known as “follow-on biologic,” is a biologic medical product that is almost 
identical to a copy of an original product manufactured by different pharmaceutical com-
panies. It is highly similar to a licensed reference product in spite of minor differences in 
clinically inactive components. There are no clinically significant differences between the 
biosimilars and the reference products in terms of the safety, purity, and potency. A generic 
drug is the same as a brand name drug in dosage, safety, strength, administration, quality, 
performance, and intended uses. It is required to take a lot of rigorous tests to ensure that the 
generic drug can substitute for the brand name drug. A generic drug must contain identical 
active pharmaceutical ingredients (APIs) with the same amount as the brand name product 
and be proved to be bioequivalent to the brand name drug. The substitutability or therapeutic 
equivalence of generic drugs has to be evaluated scientifically. If a generic drug is evalu-
ated as therapeutically equivalent as the brand name product, it has equal effects and show 
no differences compared with the brand name product. Biosimilars, like generic drugs, can 
be manufactured when the original “innovator” product’s patent expires, and are officially 
approved versions of the original products [6]. However, there are many differences between 
a generic drug and a biosimilar (Table 2). Biosimilars have the same clinical effect as generic 
drugs but are only similar to the original “innovator” drugs as they are confirmed by valida-
tion methods. Biosimilars will not be the same as the reference products, unlike generic drugs 
in which the APIs are identical to the references [7]. Despite this heterogeneity, all generic 
drugs and biosimilars have to maintain consistent quality and effective performance through-
out their life cycles [8].

Source item Extracted from living systems Produced by recombinant DNA

Characteristic 1. Some conventional biopharmaceuticals are 
extracted from animals or humans particularly.

2. Some biopharmaceuticals were extracted from 
animals, but they are currently produced by 
biotechnologies. For example, the therapeutic 
insulin previously extracted from porcine pan-
creatic islets is now produced by recombinant 
DNA technologies in the yeast (Saccharomyces 
cerevisiae) or E. coli.

Biopharmaceuticals produced by 
recombinant DNA technologies are usually 
one of the following three types:

1. Substances that are almost identical to the 
body’s own key signaling proteins.

2. Monoclonal antibodies that are similar to 
the antibodies produced by the human 
immune system against microbes.

3. Receptor constructs (fusion proteins) that 
are usually based on a naturally occurring 
receptor linked to the immunoglobulin 
frame.

Example Whole blood and blood components, organs and 
tissue transplants, stem cells, antibodies for passive 
immunization, fecal microbiota, human breast milk, 
human reproductive cells

Blood factors, tissue plasminogen activators, 
hormones, hematopoietic growth factors, 
interferons, interleukin-based products, 
vaccines, monoclonal antibodies, tumor 
necrosis factors, therapeutic enzymes

Table 1. Major sources of biopharmaceuticals.

Biopharmaceuticals4

2. Application

Biopharmaceuticals have multiple clinical applications and various advantages for disease 
therapy, prevention, and diagnosis.

2.1. Therapy

The therapeutic types of biopharmaceuticals mainly include recombinant protein therapy, 
antibody therapy, cell therapy, and gene therapy. Biopharmaceuticals are able to cure or 
treat diseases safely and effectively by demonstrating biological activity, and perform spe-
cific functions by acting on the disease pathophysiology. Compared with chemical drugs, 
biopharmaceuticals are more complex in production, have multiple routes of administration 
and different pharmacokinetics. Their advantages are high selectivity and low nonspecific 
toxicity; disadvantages include high costs and the induction of antidrug antibodies leading to 
decreased efficacy or deficiency in biosafety. Treatment can be optimized through the devel-
opment of dosing schedules and multiple administrative routes. Additionally, the cost can be 
reduced by using biosimilars.

2.2. Prevention

A vaccine is the most important biopharmaceutical used for infectious disease prevention. 
It usually contains a biological agent that resembles a pathogen and is usually made from 

Drug property Generic drug Biosimilar

Molecular size Small (~150 Da) Large (~150,000 Da)

Structure Simple and well-defined Complex with probable structural 
variations

Characterization Easy Difficult

Stability More stable for storage and handling Less stable, very sensitive to its 
surroundings

Production Predictable chemical processes are used 
to manufacture an identical copy

Specialized biological processes are used 
to manufacture a similar copy

Identical to reference products Yes

At least, active pharmaceutical 
ingredients are identical

No

Minor differences in clinically inactive 
components are acceptable

Adverse immune responses Lower potential Higher potential

Frequency of quality tests in 
manufacturing

≤50 ≥250

Clinical trials requirement for 
approval

Small clinical trials in healthy 
volunteers

Large clinical trials in patients

Discovery cost Low or even no Relatively high

Table 2. Comparison of a generic drug and a biosimilar.

Introductory Chapter: Biopharmaceuticals
http://dx.doi.org/10.5772/intechopen.79194

5



inactivated microbes, live attenuated microbes, toxoids (toxins), and or part of surface anti-
gens (subunits). Through vaccination, the burst of many infectious diseases has enormously 
been decreased such as measles, tetanus, and polio; some are even eradicated such as small-
pox. However, the burden of noninfectious diseases such as cancers, cardiovascular diseases, 
metabolic diseases, and neurodegenerative diseases is significantly increasing. Currently, 
some vaccines are successfully applied to prevent cancers; for example, the human papilloma 
virus (HPV) vaccine has been approved for the prevention of cervical cancers.

2.3. Diagnosis

In addition to clinic significance in therapy and prevention, some biopharmaceuticals can 
be used to diagnose diseases; for example, monoclonal antibodies have been successfully 
applied in the diagnosis of some cancers and infectious diseases, and more are being devel-
oped [9–11]. Once monoclonal antibodies specified for a given substance are produced, they 
can be used to detect the presence of this substance. They are also very useful in immunohis-
tochemistry that detects antigens in fixed tissue sections and immunofluorescence tests that 
detect the substance in frozen tissue sections or in live cells.

3. Perspective and challenge

For recent studies, innovative biopharmaceuticals are developing rapidly and have opened a 
new era for human therapy. Many researchers involve in the development of biopharmaceuti-
cals and achieve exciting results. Biopharmaceuticals are promising for scientific perspectives 
and regulatory perspectives. Nonetheless, there are still some challenges including scientific 
issues and regulatory issues we need to overcome.

3.1. Scientific issue

Along with the advance of biotechnologies, more novel biopharmaceuticals are marketed and 
used for clinical application in the world. Biopharmaceuticals have been extensively applied 
for disease control, prevention, and diagnosis even though some scientific challenges are still 
unsolved. Take vaccines and gene therapies as examples to discuss as follows:

3.1.1. Vaccine

Vaccination, the administration of an antigenic material (vaccine), is considered to be the most 
effective strategies for disease control. Appropriate formulation and delivery of vaccines can 
maximize the potential advances for disease prevention. The main advantages of vaccination 
include the prevention in advance and the immunity for long term; the limitations are complex 
vaccination schedules, strict requirements for storage, and restricted routes of administration 
[12]. Nanotechnology is an approach to prepare a nanovaccine with the consumption and 
side effects significantly decreased. Through the application of nanoparticles, it is possible 
for vaccines to be controlled release at specific location, stable at room temperature, and have 
replaceable routes for administration. Vaccines based on nanotechnologies may overcome 
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their limitations and result in the development of painless, safe, effective, and economic 
products. The major challenges are the toxicity of nanoparticles and the immune responses 
induced by nanoparticles, though some biodegradable and biocompatible nanoparticles have 
been developed [12].

Biotechnologies using recombinant DNA technologies, genetic engineering, and tissue culture 
encompass a wide range of procedures to modify living organisms for human uses. New vac-
cines employing biotechnologies improve the product quality and expand the clinical appli-
cations [13]. For example, traditional vaccines are only used to prevent infectious diseases, 
but vaccines based on biotechnologies are being developed to prevent many noninfectious 
diseases such as cancers, type I diabetes mellitus (T1DM), Alzheimer disease, drug addiction, 
etc. [13]. In addition, therapeutic vaccines are potentially developing for both infectious and 
noninfectious diseases using the biotechnologies such as reverse vaccinology, recombinant 
subunit vaccination, recombinant protein vaccination, DNA vaccination, and RNA vaccina-
tion. The major challenge is complex vaccination schedules. The vaccines based on biotech-
nologies are usually only parts of microorganisms (DNA, RNA, or protein); therefore, it is 
required to have multiple doses to induce additional “booster” shots for full immunity [13].

3.1.2. Gene therapy

Although many CTPs have been approved for marketing in many countries and extensively 
used for disease treatment [1], current gene therapies predominantly exist in basic research 
laboratories and their clinical applications are still on trials. Despite of this, some GTPs have 
been approved by the EMA such as Glybera (alipogene tiparvovec) in 2012, and by the United 
States Food and Drug Administration (US FDA) such as Kymriah (tisagenlecleucel) and 
Yescarta (axicabtagene ciloleucel) in 2017, respectively. Recently, gene therapies have become 
possible through the advances of genetic engineering technology that enabled the manipula-
tion of genome and the development of delivery tools such as lipoids [2, 14], viruses [2, 14], 
nanoparticles [2, 14], bacteria [15], gene guns [16], electroporation [17], or nanostraws [18]. 
Therapeutic components must be transported to targeted cells to exert a therapeutic effect. 
Therefore, the delivery tool is essential for drug delivery to target cells and it is very crucial to 
select a suitable delivery tool with specificity, efficiency, safety, and economics. However, it is 
challenging for the option of delivery tools due to the following issues.

1. Specificity: Some delivery tools are not very specific and may deliver nucleic acids to non-
target cells. It is important to reduce the risk of nonspecific delivery, but the evaluation of 
their benefits and risks is complex.

2. Efficiency: Not all delivery tools are efficient enough; some of them are low in efficiency 
and multiple rounds of transfections are needed. Additionally, it is hard to improve and 
evaluate their efficiency especially in animals and clinics.

3. Biosafety: Some delivery tools are toxic, biohazardous, or even destructive to normal cells 
or recipient hosts. Some delivery tools such as lipoids, viruses, bacteria, and nanoparticles 
may induce vector-associated immune responses in hosts, and to overcome immune barri-
ers is essential [14]. Consequently, it is required to verify their safety in preliminary tests.
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4. Economics: The research and development (R&D) of delivery tools is perhaps difficult, 
risky, costly, and time-consuming. Consequently, researchers, funders, and manufactur-
ers must have enough incentives to develop delivery tools. In fact, most biotechnology 
companies have little incentive to discover novel delivery tools because of limited revenue 
and highly developmental risks.

In several recent studies, encouraging progresses have been made to possibly overcome the 
challenges of delivering GTPs in vivo [19–22] (Table 3).

3.2. Regulatory issue

Biopharmaceuticals are more complex than small molecular-weight drugs due to their biolog-
ical source, large molecular size, structural complexity, and environmental sensitivity. Thus, 
it is essential to consider specific and special regulatory issues for the research, production, 
clinical trials, applications, and marketing of biopharmaceuticals, though many professional 
regulations and developmental frameworks have already been established. Take cell thera-
pies and gene therapies, and biosimilars as examples to discuss as follows:

3.2.1. Cell therapy and gene therapy

CTPs and GTPs have the trend to be commodified because many manufacturers are aiming 
at pursuing commercial interests. Commercial promotion of unsupported therapeutic uses of 
CTPs and GTPs has become global challenges that have proven resistant to regulatory efforts. 
Some unapproved or unproved CTPs and GTPs are tried on patients only according to their 
indefinite perspectives. Some CTPs and GTPs which clinical trials or data are still incom-
plete are prematurely released on the market only due to significant interests. A coordinated 
approach at the national and international levels focused on engagement, harmonization, and 
enforcement must be implemented to reduce the risks related to direct consumer marketing of 
unapproved or unproven CTPs and GTPs [23]. However, in some cases, some CTPs or GTPs 
have not yet completed their efficacy validation, but they have enough data to verify their 

Challenge Strategy

Specificity Discovery of a specific virus such as adeno-associated viruses (AAVs)

Efficiency Application of a combination system such as AAVs-CRISPRs

Biosafety Combination with several factors such as smaller Cas9 orthologues, tissue-specific minimal 
promoters, AAV serotypes, and different routes of administration;

Development of novel and safe delivery tools such as lipid nanoparticles (LNPs), AAVs, and 
baculoviruses

Economics International collaboration among manufacturers and harmonization for product review and 
approval in different countries can raise the profits and reduce the expenses

Abbreviation: clustered regularly interspaced short palindromic repeats (CRISPRs)/Cas9 nuclease system.

Table 3. Possible strategies for overcoming the challenges for drug delivery (cited from Table 3. Potential Application of 
the CRISPR/Cas9 System against Herpesvirus Infections. Viruses. 2018 May 29;10(6). pii: E291).

Biopharmaceuticals8

safety and estimate their efficacy. For the therapy of patents, who are in serious conditions or 
unmet medical needs, specific CTPs or GTPs can be accessible to these patients with adaptive 
licensing [1]. The regulator should establish a conditional approval system in the regulation 
with deadline, a fast-track review, and communication mechanism to have patients in urgent 
needs take specific CTPs or GTPs as soon as possible.

3.2.2. Biosimilar

As products of living organisms, biopharmaceuticals are more complicated than small molec-
ular-weight chemical drugs because of their sensitivity to manufacturing processes and post-
translational changes [24]. Most information on the manufacturing process is not fully open to 
the public, because it may be proprietary or a patent. This information gap stands for a critical 
challenge for biosimilar developers and plays a crucial role in explaining the differences in regu-
latory pathways. It is required to demonstrate biosimilarity and assure that the change in manu-
facturing process represents no effects on safety and efficacy. The extent of the change is usually 
a key indicator to the analysis required to evaluate the quality. Biosimilarity exercises have been 
addressed differently by regulators to realize that biosimilar developers begin with fundamental 
differences including culture media, purification processes, and formulations [24]. Therefore, 
it is required to ensure that the changes do not influence the efficacy and safety of biosimilars.

Biosimilars are defined and present their financial and clinical implications in current publica-
tions, regulations, and the US FDA guidance documents [25]. Some biopharmaceuticals may be 
replaced with cheaper biosimilars when they lose the patent protection. However, unlike generic 
drugs, biosimilars are different from the reference products in structure and function. The US 
Biologics Price Competition and Innovation (BPCI) Act of 2009 created an abbreviated licensure 
pathway to allow for the development and approval of biosimilars and interchangeable refer-
ence products that are licensed [25, 26]. The US FDA can approve biosimilars via the abbrevi-
ated licensure pathway in accordance with the BPCI Act. Biosimilars approved in Europe are 
only composed of simple and small molecules. Complex and large-molecule biosimilars will be 
subjected to a more rigorous and prolonged approval processes [25]. The financial success of 
biopharmaceutical therapies and their patent expiration eventually result in the development 
of biosimilars. The pharmaceutical company has to develop complex biosimilars that mimic 
the original “innovator” drugs and explore analytical methods to demonstrate similarity to 
regulatory authorities [25]. A comment outlines the efforts of an integrated health system to 
ensure biosimilar accessibility and discusses the current challenges and future implications 
[27]. Biosimilars still confront regulatory challenges on potential implications for pricing, site of 
care, and pharmacy dispensing practices [27]. Generally, we believe that biosimilars are helpful 
to the health-care system, but their expected benefits may not be understood in the near future.

4. Conclusion

Biopharmaceuticals are very promising for disease control and prevention due to their char-
acteristics and multiple advantages over traditional drugs. Many novel biopharmaceuticals 
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are being developed and may be applied for clinical application in the near future, though 
some scientific and regulatory issues are still unsolved. We expect research works including 
the discovery, production, applications, prospects, and challenges of biopharmaceuticals to 
gain the fruitful outcome and have a great impact over the humans. All prospects will come 
true and challenges will be overcome eventually if we constantly endeavor.
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Abstract

Biopharmaceuticals are highly complex molecules and also require high quality for 
safety and efficacy in human uses. For well-characterized products, the desired level 
of quality should be monitored and controlled during the manufacturing processes. A 
series of workflow for analytical characterization should be applied for product quality 
throughout those processes. In this chapter, several analytical techniques are introduced 
for assessing characteristics of biopharmaceuticals focusing on monoclonal antibodies 
(mAbs). Analytical characterization for primary structure was performed by mass spec-
trometry (MS), and assessment of post-translational modifications (PTMs) was done by 
conventional approaches. The analytical assessments were also done by multi-attribute 
method (MAM) approach using mass spectrometer (MS), and the performance of MAM 
was compared to conventional approaches.

Keywords: biopharmaceutical, analytical characterization, primary structure, mass 
spectrometry, post-translational modification (PTM), multi-attribute method (MAM)

1. Introduction

Biopharmaceuticals can be defined as protein drugs that are produced by recombinant DNA 
technology, such as hormones, enzymes, monoclonal antibodies, and fusion proteins used for 
therapeutic or diagnostic purposes [1]. The first biopharmaceutical, insulin, was introduced 
in 1982 [2], and since then, over 250 biopharmaceutical products are authorized for marketing 
in the two major regions, United States of America (USA) and Europe (EU). Those products 
can be classified into monoclonal antibodies (mAb), hormones, growth factors, vaccines, cyto-
kines, blood factors, and others [3]. This trend with increasing number of biopharmaceuticals 
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on the market results in gaining interest for drug development industry, and biopharmaceu-
ticals are considered as fast growing and promising area for drug development [3–6].

The approval of mAb-related products is dramatically increased in the recent years [6, 7]. 
Over 90 mAb-related products are approved by European Medicines Agency (EMA) and 
US Food and Drug Administration (FDA). Those can be classified into mAb, Fc-fusion, Fab, 
antibody-drug conjugate (ADC), bispecific mAb (bsAb), and bispecific T cell engager (BiTE). 
Among them, mAbs are the major product, consisting of 77% of total. Others represent rest 
23% of total, Fc-fusion (12%), ADC (5%), Fab (3%), bsAb (2%), and BiTE (1%), respectively. 
After the first approval of full-length mAb in 1998, mAbs are major product in the biopharma-
ceutical industry. This increasing number gives high revenue for pharmaceutical companies, 
and seven mAb-related products are positioned in top 10 drugs in the world, 2017, including 
Humira, Enbrel, Rituxan, Remicade, AVASTIN, Herceptin, and Lantus [8].

Mylotarg is the first approved ADC in 2000, which combined a mAb targeting leukemic blast 
cells with a bacterial toxin (calicheamicin) [7, 9]. ADC is a complex generated between a mAb and 
small molecule or a peptide, and mAb gives the selective delivery for targeting of cytotoxic drugs 
[1, 9–11]. Since the first approval, four additional ADC products are approved in Europe and USA. 
bsAb has two different antigen binding sites recognizing two different epitopes in a single mAb, 
and this dual specificity gives more specific targeting and higher efficacy [12–14]. Currently, three 
bsAbs are approved by EMA or US FDA. The first bsAb, Removab, was approved in 2009 but 
voluntarily withdrawn in 2013. Fc-fusion proteins are fusions of the IgG Fc domain with a desired 
linked protein, enhancing pharmacokinetic properties (serum half-life) and pharmacodynamics 
properties (ADCC and CDC) [6, 15]. Following the first approval of Fc-fusion protein, Enbrel in 
1998, eight Fc-fusion proteins are authorized for the marketing in the region of Europe and USA.

Biosimilars, known as follow-on biologics, which follow termination of patent protection of 
original biopharmaceutical products, are developed and approved since 2006. Following the 
first approval from EMA, over 35 biosimilars are authorized for the European market and 
over 20 biosimilars are approved from FDA since 2015 [16–18]. A biosimilar is a biological 
product that is highly similar to and has no clinically meaningful differences from an existing 
FDA-approved reference product in terms of safety, purity, and potency (safety and effective-
ness) [19]. Structural and clinical similarities are to be proven for the biosimilar authorization.

Biopharmaceuticals are highly complex molecules compared to small molecule drugs and 
should be monitored and controlled during the manufacturing processes for well-characterized 
products [20–22]. The characterization of biopharmaceuticals is challenging, which utilize the 
state-of-the-art technology to meet the international harmonized guidelines, Q5E and Q6B [23, 
24]. For proper characterization, critical quality attributes (CQAs) have to be defined and evalu-
ated that may impact on safety, purity, and potency. CQA is defined by ICHQ8(R2) as a physi-
cal, chemical, biological, or microbiological property of characteristic that should be within an 
appropriate limit, range, or distribution to ensure the desired product quality [25].

Within this chapter, methodologies for in-depth physicochemical characterization are introduced 
for recombinant biopharmaceuticals mainly focused on mAbs. Analytical characterization for pri-
mary structure was performed by mass spectrometry, and assessment of post-translational modi-
fications (PTMs) was done with conventional and multi-attribute method (MAM) approaches. 
The performance of MAM was compared to conventional approach.
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2. Structural characterization for identity

2.1. Intact mass determination of mAb

The molecular weight of a protein is an important parameter in the physicochemical prop-
erties of the protein. MS with high resolution and accuracy, such as matrix-assisted laser 
desorption ionization time-of-flight (MALDI-TOF) or electrospray ionization quadrupole 
time-of-flight (ESI-QTOF), has become a reliable and sensitive technique for proteins and pep-
tides to determine the molecular weight [26, 27]. Other high resolution mass spectrometers, 
Fourier transform ion cyclotron resonance (FTICR) and orbitrap MS, have been recently used 
for the intact mass analysis [28–30]. The workflow of ESI was further extended to native MS, 
having the capability to investigate intact mAb for structural analysis and heterogeneities 
from PTM [31, 32]. Applying intact mass analysis, it not only gives molecular mass of the 
intact protein for comparison with the theoretical mass but also provides quick information 
about primary structure of protein or sequence variants, such as isoforms, truncation, muta-
tions, addition of signal sequences, or PTMs including glycosylations [31–33].

ESI-QTOF is widely used for measuring intact mass because of high resolution, mass accu-
racy, and easy connection to high performance liquid chromatography (HPLC) for online 
analysis [34]. ESI produces multiply charged ions, and those ions can be deconvoluted for 
molecular mass of proteins [34]. Typical results of mass determination for mAbs, bevaci-
zumab, rituximab, and trastuzumab using ESI-QTOF are shown in Figure 1. MS spectra in 
inset of Figure 1 show multiply charged ions characterized by ESI-spectrum, a number of 
peaks corresponding a statistical distribution of different charge states. The accuracy was less 
than 50 ppm, providing tools for the identification of PTMs, glycosylation, C-terminal Lysine 
deletion (ΔK), or Gln/Glu cyclization (pE) (Figure 1).

2.2. Subunit mass determination of mAb

Subunits or fragments of mAbs can be obtained by reduction of disulfide bonds or proteolysis 
to reduce complexities for large size mAbs [36, 37]. Chemical reduction of mAb’s disulfide 
bond generates free heavy chains and light chains, having ~50 kDa and ~25 kDa molecular 
mass, respectively. Recently, a new protease IdeS (Immunoglobulin G-degrading enzyme of 
Streptococcus pyogenes), specifically cleaving between the two consecutive glycine residues  
of the hinge region, has been described for mAb fragmentations [29, 37–39]. IdeS treatment of 

Figure 1. Intact mass of mAbs determined by deconvolution using ESI-QTOF. Inserts show charge envelope having 
multiply charged ions. Glycan structures (G0F, G1F, and G2F) were adapted from [35]. ΔK: C-terminal Lys deletion and 
pE: pyro-glutamate.
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Figure 1. Intact mass of mAbs determined by deconvolution using ESI-QTOF. Inserts show charge envelope having 
multiply charged ions. Glycan structures (G0F, G1F, and G2F) were adapted from [35]. ΔK: C-terminal Lys deletion and 
pE: pyro-glutamate.
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mAbs with subsequent chemical reduction generates three subunits, Fd, LC, and Fc/2, having 
~25 kDa molecular mass. Those subunits can be separated by reverse phase (RP)-HPLC analy-
sis and be analyzed using online MS analysis. A typical example of IdeS treatment of mAb is 
shown in Figure 2. The subunits of rituximab were generated by IdeS digestion with subse-
quent chemical reduction and separated by RP-HPLC. The molecular masses of the subunits 
were measured by online ESI-QTOF. Three subunits from IdeS-digested rituximab, Fc/2, LC, 
and Fd, were clearly separated on the chromatogram of RP-HPLC (Figure 2). The deconvolu-
tion of ESI-QTOF spectra for subunits gives molecular mass information (Figure 3, inset). The 
molecular masses for Fc/2, LC, or Fd subunits were 25.4, 23.0, or 25.3 kDa, respectively. This 
not only provides tools for N-glycan profiling but also allows identification of PTMs such as 
C-terminal Lys deletion and cyclization of N-terminal glutamine (Figure 2).

2.3. Peptide mapping of mAb

The peptide mapping is a gold standard for biopharmaceutical characterization not only as an 
identity test but also to demonstrate the integrity of disulfide bonds [40–43]. This analytical 
method provides detailed information of primary structure for a given protein and enables 
the control of the protein sequence down to the level of single amino acids by coupling with 
mass spectrometry [44–46]. Based on the analysis of peptide mapping, it is possible to confirm 
genetic stability (correct translation), identify post-translation modification, and demonstrate 
the integrity of disulfide bonds [47–50].

Peptide mapping was carried out by digesting protein samples with endoprotease, such as 
trypsin, and subsequent separation of peptide fragments by RP-HPLC. The peptide fragments 
are then monitored by UV absorption and identified by MS. Prior to protease digestion, dena-
turation of the test protein with known concentration is needed to ensure complete digestion. 
The measured absorbance of a protein sample solution is used to calculate the concentration 
from its absorptivity at 280 nm (A280) either experimentally determined or empirically cal-
culated [22, 51]. Denaturation can be done using chaotropic reagent, urea, SDS, guanidine, or 

Figure 2. UV chromatogram of RP-HPLC for IdeS-digested Rituximab. Three subunits (Fc/2, LC, and Fd) are resolved 
on the chromatogram, and deconvoluted monoisotopic masses for each subunit are shown in insets. Glycan structures 
(G0F, G1F, and G2F) were adapted from [35]. ΔK: C-terminal Lys deletion and pE: pyro-glutamate.
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acid-labile surfactant, RapiGest [50, 51]. Denatured proteins are further reduced and alkylated. 
Reduction of disulfide bonds can be done with dithiothreitol (DTT), 2-Mercapto-ethanol, or 
tris(2-carboxyethyl)phosphine (TCEP) and alkylation with iodoacetamide or iodoacetic acid 
to prevent free cysteine groups after reduction [52, 53].

Many proteases are available for protein digestion, each having their own characteristics in 
terms of specificity, efficiency, and optimum digestion conditions [54, 55]. Trypsin is the most 
commonly used protease for peptide mapping analysis because it has a well-defined specific-
ity. It hydrolyzes only the peptide bonds in which the carbonyl group is followed either by an 
arginine (Arg) or lysine (Lys) residue and the cleavage will not occur if proline is positioned 
on the carboxyl side of Lys or Arg [56, 57].

After digestion, resulting peptides are separated by RP-HPLC, detected by UV-absorption, 
and identified by mass spectrometry. The identity of the samples was confirmed by compar-
ing the peak profile taking into account the number of detected peaks, retention times, and 
peak areas of the individual peaks. Furthermore, the measured masses of the found tryptic 
peptides were compared to the theoretical masses calculated from the amino acid sequence to 
verify the correct identification of the single peptides. Recently, the development of ultra-high 
performance chromatography (UHPLC) and sub-2 μm solid core particle columns leads to 
improve peak resolution and width, resulting in enhancing efficiency, sensitivity, and repro-
ducibility for peptide identification [58–63]. To identify peptides with MS, peptides need to be 
transferred into gas phase by ionization such as ESI or MALDI [64, 65]. ESI is commonly used 
for peptide mapping in combination with HPLC separations. The hybrid mass instruments, 
Q-Orbitrap and QTOF with ESI ionization, are routinely used for peptide mapping of mAbs 
[66, 67].

Typical results of peptide mapping of bevacizumab, rituximab, and trastuzumab are shown 
in Figure 3. For the peptide mapping analysis, protein samples were digested with trypsin, 
and the resulting peptides were separated using RP-UHPLC, detected by UV-absorption, 
and identified by online ESI-QTOF or Orbitrap (Fusion). Peptide map analysis covers the full 
sequence of mAbs, with the exception of the small polar peptides, giving over 98% coverage 
for overall sequences. Along with the intact peptides, modified peptides were also identified, 
such as glycopeptides, C-terminal Lys deleted peptides, and peptides with Gln cyclization.

Figure 3. Identified peptides of three mAbs, bevacizumab, rituximab, and trastuzumab, by peptide mapping analysis 
using QTOF (Top) or Orbitrap (Bottom). Blue: peptides from heavy chain, Red: peptides from light chain. *Alkylated 
peptides, **N-glycopeptide, ***C-terminal Lys deleted peptide, and ^pyroglutamic acid Q N-term.
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The measured absorbance of a protein sample solution is used to calculate the concentration 
from its absorptivity at 280 nm (A280) either experimentally determined or empirically cal-
culated [22, 51]. Denaturation can be done using chaotropic reagent, urea, SDS, guanidine, or 

Figure 2. UV chromatogram of RP-HPLC for IdeS-digested Rituximab. Three subunits (Fc/2, LC, and Fd) are resolved 
on the chromatogram, and deconvoluted monoisotopic masses for each subunit are shown in insets. Glycan structures 
(G0F, G1F, and G2F) were adapted from [35]. ΔK: C-terminal Lys deletion and pE: pyro-glutamate.
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peptides were compared to the theoretical masses calculated from the amino acid sequence to 
verify the correct identification of the single peptides. Recently, the development of ultra-high 
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and the resulting peptides were separated using RP-UHPLC, detected by UV-absorption, 
and identified by online ESI-QTOF or Orbitrap (Fusion). Peptide map analysis covers the full 
sequence of mAbs, with the exception of the small polar peptides, giving over 98% coverage 
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2.4. Disulfide bond identification for mAb

Protein disulfide bonds are produced by the covalent bonding of two thiol groups between 
cysteine amino acids. They are essential for structural and functional roles of proteins and 
give stability of proteins [68, 69]. The number of disulfide bonds and their positions are a criti-
cal attribute for biopharmaceuticals to ensure safety and efficacy [70, 71]. Peptide mapping 
coupled with LC-MS offers fast and accurate workflow for characterizing disulfide bonds of 
proteins. The typical workflow for identifying disulfide bonds in proteins is done by peptide 
mapping with the conditions of reduced and non-reduced digestion, and these two condi-
tions are compared using LC-MS and LC-MS/MS [72, 73].

The typical result of disulfide bond identification for trastuzumab is shown in Figure 4. It 
is known that trastuzumab (IgG1) has 32 cysteine residues, which are cross-linked by four 
interchain disulfide bonds (two set of a disulfide bond between heavy and light chains, two 
between heavy chains) and two set of six intrachain disulfide bonds [74]. When trastuzumab 
is compared for tryptic map between reduced and non-reduced condition, 16 tryptic pep-
tides (T) having cysteine residues (for heavy chain (H)— H:T2 (Cys22), H:T11 (Cys96), H:T14 
(Cys147), H:T15 (Cys203), H:T19 (Cys223), H:T20 (Cys229, Cys232), H:C27(Cys229, Cys232), 
H:T22 (Cys264), H:T28 (Cys324), H:T36 (Cys370), and H:T41 (Cys428); for light chain (L)—L:T2 
(Cys23), L:T7 (Cys88), L:T11 (Cys134), L:T18 (Cys194), and L:T20 (Cys214)) are expected under 
reduced condition as shown in Figure 4. Under non-reduced condition, six peptides linked by 
an intra-chain disulfide bond (H:T2 = H:T11, H:T14 = H:T15, H:T22 = H:T28, H:T36 = H:T41, 
L:T2 = L:T7, and L:T11 = L:T18), a peptide linked by a disulfide bond between heavy and light 
chains (L:T19-20 = H:T19), and a peptide linked by two disulfide bonds between heavy chains 
(H:T20 = H:T20) are generated as shown in Figure 4.

Collision-induced dissociation (CID) for disulfide-bonded peptide usually generates b and y 
ions from two individual peptides as shown in Figure 5, requiring side-by-side comparison 
between reduced and non-reduced peptide map [75]. Electron-transfer dissociation (ETD) 
usually generates disulfide-bonded fragment ions from both peptides, simultaneously detect-
ing disulfide-bonded fragments and disulfide-bonded precursor peptide and simplifying the 
workflow for CID fragmentation without parallel side-by-side comparison [76]. The data-
independent MSE approach collects mass data of precursors and fragments of eluting peptide 
from protein digests in an unbiased manner for peptide mapping and disulfide bond analyses 
[77, 78]. An example of disulfide bond analysis using MSE is shown in Figure 5. The MSE 
spectrum not only contains b and y ions from the two individual peptides (H:T2 and H:T11) 

Figure 4. Identification of disulfide bonds for trastuzumab by peptide mapping under reduced (left) and non-reduced 
(right) tryptic digestions.
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but also has ions corresponding to disulfide-bonded fragments from both peptides shown 
(H:T2 = H:T11) in dotted box in Figure 5.

3. Post-translational modification (PTM)

PTMs can be classified into two major classes, enzymatic and chemical modifications. 
Enzymatic modifications are defined as enzyme-catalyzed processing of proteins after trans-
lation by kinases, phosphatases, proteases, transferases, ligases, etc. [79]. Most common 
PTMs in this class are glycosylation, disulfide bond formation, and proteolytic cleavage of the 
protein. Chemical modifications are generated during upstream and downstream process-
ing, formulation, and storage, including oxidation, deamidation, isomerization, glycation, 
and Gln/Glu cyclization [80]. Those PTMs can affect activity, stability, and immunogenicity 
and thus must be well-characterized, controlled, and monitored during development pro-
cesses [20, 21, 81]. Physicochemical and biological analyses are required for monitoring those 
PTMs [82–86]. Peptide mapping approach is one of those method capable for the site-specific 
identification and quantitation of various PTMs. Recently multi-attribute method (MAM) has 
been developed as MS-based method that is able to identify and quantify several attribute at 
once [48, 87, 88]. The conventional methods such as hydrophilic interaction chromatography 
(HILIC) for oligosaccharide analysis, cation-exchange (CEX) chromatography, and capil-
lary electrophoresis sodium dodecyl sulfate (CE-SDS) can be replaced by MAM approach 
(Table 1).

3.1. Glycosylation of mAb

Glycosylation is a major PTM, influencing protein folding and conformation. Thus, hetero-
geneity due to glycosylation may affect the bioactivity [89, 90]. Most mAbs have a single 
N-glycosylation site in Fc subunit (e.g., heavy chain N300), although some mAbs may have 
an additional glycosylation site in Fab subunit. Glycosylation on mAbs is known to affect 
their effector functions such as complement activation, antibody-dependent cell cytotoxicity 
(ADCC), cytotoxic endocytosis of immune complexes leading to antigen presentation, and 
inhibition of B lymphocytes, monocytes, and basophils [90–93].

Figure 5. Fragmentation of disulfide-bonded peptide (H:T2 = H:T11) from trastuzumab by MSE approach using CID.
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Figure 6. N-glycan profiling of mAb, trastuzumab, using HILIC-FLD-MS. Total ion chromatogram (TIC) and FLD 
chromatogram of N-glycans are shown. Inset represents TIC. Glycan structures (G0F, G1F, G2F, or etc.) were adapted 
from [35].

Glycan profiling can be done by releasing glycan moieties from mAbs using PNGase F and 
cleaving the linkage between GlcNAc and Asn. The released N-glycans are done by fluo-
rescent labeling and subsequently analyzed using HPLC with fluorescence detector (FLD) 
coupled to MS instrument [94]. The recent development of HILIC and ultra-high pressure 
liquid chromatography with sub-2 μm amide-bonded stationary phases enables to separate 
labeled N-glycans with high resolution [95–97]. The typical result of N-glycan profiling is 
shown in Figure 6. Based on the detected mass by MS analysis, potential structures are all 
assigned for each peak, and the relative contents are calculated for the assigned structures 
from FLD detection (Table 2). G0F and G1F are major glycans on trastuzumab. The contents 
of afucosylated N-glycans are around 9.9% and that of high mannose type N-glycan around 
1.7% of total. Sialylated N-glycans are not detected on this analysis.

For MAM approach for glycan profile, glycopeptides were identified by peptide mapping 
of mAb, trastuzumab. Different N-glycans were identified on the N300 of the H:T25 peptide 
(EEQYNSTYR), such as G0F-GlcNac, G0, G0F, Man5, G1, G1F, G2F, and G2F + 1SA. Intact 
peptide without N-glycan was also detected. Figure 7 shows the identified glycopeptide from 
peptide mapping analysis.

Attribute Description Current workflow Future development

N-term sequences Identity Edman Degradation Multi-attribute method (MAM)

N-term variants Gln/Glu cyclization CEX-HPLC

C-term variants C-term Lys deletion CEX-HPLC

Charge variants Deamidation/Isomerization CEX-HPLC

Clips Fragment CE-SDS

Glycans Glycosylation HILIC

HILIC: hydrophilic interaction chromatography, CEX-HPLC: cation-exchange high performance liquid chromatography, 
and CE-SDS: capillary electrophoresis-sodium dodecyl sulfate.

Table 1. MS-based MAM for attribute control compared to current workflow.
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Based on MS/MS analysis, potential structures are assigned for glycopeptide peak. The rela-
tive contents are calculated from XIC for the assigned structures (Table 3). The mass accuracy 
was determined by Eq. (1) and less than ±5 ppm. G0F and G1F are major glycans on trastu-
zumab. The contents of afucosylated N-glycans are around 12.2% and that of high mannose 
type N-glycan around 6.42% of total. A sialylated N-glycan was detected less than 1%.

Calculation of error for determined peptide by MS is shown in Eq. (1)

Error (ppm) = [(Determined Mass-Calculated Mass)/Determined Mass] x 106                                              (1)

To compare N-glycan profiling results between HILIC and MAM approaches, the relative 
contents for each N-glycan between two approaches are visualized and a linear regression 
analysis was performed. The results are shown in Figure 8. The relative amounts of G0, G0F, 
and G1F are slightly higher in HILIC than MAM but those of Man5 and G2F are higher in 
MAM than HILIC (Figure 9). From the regression analysis, the slope was 0.816, intercept was 
2.307, and correlation coefficient was 0.958, which indicates a correlation between HILIC and 
MAM approaches.

3.2. Deamidation and isomerization of mAb

The major cause of charge variants in mAbs is deamidation and isomerization [98–100]. 
Asparagine (Asn) and glutamine (Gln) are susceptible to deamidation, but glutamine is 
deamidated at a much lower rate than that of asparagine [101–103]. Deamidation of Asn is 

Peak 1 2 3 4 5 and 5’ 6 and 6’ 7

Glycan G0F-GlcNAc G0 G0F Man5 G1 G1F G2F

Relative 
content (%)

0.48 ± 0.09 6.48 ± 0.96 43.58 ± 1.81 1.66 ± 0.22 1.71 ± 0.11 39.10 ± 1.73 6.98 ± 0.49

Glycan structures (G0F, G1F, G2F, or etc.) were adapted from [35].

Table 2. N-glycan profiling of mAb, trastuzumab, determined by HILIC-FLD-MS.

Figure 7. Glycopeptide having different N-glycans identified by peptide mapping analysis of trastuzumab. Inset 
represents MS1 spectrum before deconvolution. Glycan structures (G0F, G1F, G2F, or etc.) were adapted from [35].

Characterization of Biopharmaceuticals Focusing on Antibody Therapeutics
http://dx.doi.org/10.5772/intechopen.79107

23



Figure 6. N-glycan profiling of mAb, trastuzumab, using HILIC-FLD-MS. Total ion chromatogram (TIC) and FLD 
chromatogram of N-glycans are shown. Inset represents TIC. Glycan structures (G0F, G1F, G2F, or etc.) were adapted 
from [35].

Glycan profiling can be done by releasing glycan moieties from mAbs using PNGase F and 
cleaving the linkage between GlcNAc and Asn. The released N-glycans are done by fluo-
rescent labeling and subsequently analyzed using HPLC with fluorescence detector (FLD) 
coupled to MS instrument [94]. The recent development of HILIC and ultra-high pressure 
liquid chromatography with sub-2 μm amide-bonded stationary phases enables to separate 
labeled N-glycans with high resolution [95–97]. The typical result of N-glycan profiling is 
shown in Figure 6. Based on the detected mass by MS analysis, potential structures are all 
assigned for each peak, and the relative contents are calculated for the assigned structures 
from FLD detection (Table 2). G0F and G1F are major glycans on trastuzumab. The contents 
of afucosylated N-glycans are around 9.9% and that of high mannose type N-glycan around 
1.7% of total. Sialylated N-glycans are not detected on this analysis.

For MAM approach for glycan profile, glycopeptides were identified by peptide mapping 
of mAb, trastuzumab. Different N-glycans were identified on the N300 of the H:T25 peptide 
(EEQYNSTYR), such as G0F-GlcNac, G0, G0F, Man5, G1, G1F, G2F, and G2F + 1SA. Intact 
peptide without N-glycan was also detected. Figure 7 shows the identified glycopeptide from 
peptide mapping analysis.

Attribute Description Current workflow Future development

N-term sequences Identity Edman Degradation Multi-attribute method (MAM)

N-term variants Gln/Glu cyclization CEX-HPLC

C-term variants C-term Lys deletion CEX-HPLC

Charge variants Deamidation/Isomerization CEX-HPLC

Clips Fragment CE-SDS

Glycans Glycosylation HILIC

HILIC: hydrophilic interaction chromatography, CEX-HPLC: cation-exchange high performance liquid chromatography, 
and CE-SDS: capillary electrophoresis-sodium dodecyl sulfate.

Table 1. MS-based MAM for attribute control compared to current workflow.

Biopharmaceuticals22

Based on MS/MS analysis, potential structures are assigned for glycopeptide peak. The rela-
tive contents are calculated from XIC for the assigned structures (Table 3). The mass accuracy 
was determined by Eq. (1) and less than ±5 ppm. G0F and G1F are major glycans on trastu-
zumab. The contents of afucosylated N-glycans are around 12.2% and that of high mannose 
type N-glycan around 6.42% of total. A sialylated N-glycan was detected less than 1%.

Calculation of error for determined peptide by MS is shown in Eq. (1)
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To compare N-glycan profiling results between HILIC and MAM approaches, the relative 
contents for each N-glycan between two approaches are visualized and a linear regression 
analysis was performed. The results are shown in Figure 8. The relative amounts of G0, G0F, 
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a non-enzymatic process, converting Asn to a 5-ringed cyclic succinimide intermediate that 
is hydrolyzed to form a mixture of isoaspartic acid (isoAsp or isoD) and aspartic acid (Asp) 
[104]. Isomerization follows the same mechanism of deamidation but occurs at aspartic acid 
(Asp) residues to form iso-Asp through the succinimide intermediate [105, 106]. This results 
in product heterogeneity and complicates manufacturing consistency [107]. Deamidation and 
isomerization are also known to have significant impact on in vitro potency, product hetero-
geneity, shelf-life stability, manufacturing consistency, and yield [108–110].

CEX-HPLC and isoelectric focusing (IEF) have been successfully developed to investigate the 
charge variants due to deamidation and isomerization [111, 112]. Peptide mapping analysis 

Peptide Number Glycan 
attached
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Error 
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EEQYNSTYR H:T25 1188.5047 1188.502 −2.27 2.18 ± 0.06

EEQYNSTYR H:T25** Man5 2404.9276 2404.9249 −1.12 6.42 ± 0.27

EEQYNSTYR H:T25** G0F-GlcNAc 2429.9592 2429.9531 −2.51 1.23 ± 0.04

EEQYNSTYR H:T25** G0 2486.9807 2486.9744 −2.53 3.21 ± 0.19

EEQYNSTYR H:T25** G0F 2633.0386 2633.0395 0.34 36.25 ± 0.68

EEQYNSTYR H:T25** G1 2649.0335 2649.031 −0.94 2.56 ± 0.18

EEQYNSTYR H:T25** G1F 2795.0914 2795.093 0.57 34.05 ± 0.80

EEQYNSTYR H:T25** G2F 2957.1443 2957.1398 −1.52 13.25 ± 0.85

EEQYNSTYR H:T25** G2F + 1SA 3248.2397 3248.2295 −3.14 0.86 ± 0.00

Glycan structures (G0F, G1F, G2F, or etc.) were adapted from Ref. [35]. **: N-glycosylated Peptide.

Table 3. N-glycan profiling of mAb, trastuzumab, determined by MAM approach.

Figure 8. Glycan profiles determined by HILIC and MAM approaches.
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based on LC-MS/MS is commonly applied for identification of site and quantification of 
deamidation and isomerization, including the succinimide intermediated [113, 114].

CEX-HPLC can detect the occurrence of deamidation or C-terminal Lys deletion as well 
as glycosylation variants. The result of charge variant profiling for mAb, trastuzumab, is 
shown in Figure 9. Four acidic variants and two basic variants were detected on the CEX 
chromatogram. Each fraction for charge variants was collected, and the pooled fractions 
were further analyzed to characterize modification site by peptide mapping analysis. This 
analysis gives the structural information for each variant, and most of the charge variants 
are produced by deamidation and isomerization, localized on the CDR regions of mAb, 
trastuzumab (Figure 9).

UV detection of CEX chromatography allows to quantify charge variant peaks and the rela-
tive contents are calculated (Table 4). The content of major form without deamidation or 
isomerization on CDR regions is around 71.2%, that of acidic charge variants (A1-A4) are 
around 22.4%, and that of basic variants (B1-B2) is around 6.4% of total (Table 4).

Figure 9. Profiling of charge variants from mAb, trastuzumab, by CEX-HPLC analysis. N: asparagine, D: aspartate, isoD: 
iso-aspartate, HC: heavy chain, and LC: light chain.

Peak N30(LC) N55(HC) D102(HC) Relative content (%)

A1 D/N isoD/N D/D 0.24 ± 0.05

A2 D/N N/N D/D 10.60 ± 0.30

A3 D/N N/N isoD/D 3.89 ± 0.18

A4 N/N N/N D/D 7.68 ± 0.10

M N/N N/N D/D 71.14 ± 0.58

B1 N/N N/N isoD/D 5.06 ± 0.26

B2 N/N N/N isoD/D 1.38 ± 0.05

N: asparagine, D: glutamate, isoD: iso-glutamate.

Table 4. The relative contents of charge variants identified by CEX analysis.
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For MAM approach for charge variant profile including deamidation and isomerization, 
modified peptides were identified from peptide mapping analysis of mAb, trastuzumab. 
Deamidation on Asn30 of light chain was detected and isomerization on Asp102 of heavy 
chain was also detected by peptide mapping analysis using LC-MS/MS. However, deami-
nation and isomerization on N55 of heavy chain were not detected. Figure 10 shows the 
results of deamidation and isomerization on Asn30 of light chain and Asp102 of heavy chain, 
respectively.

Based on MS/MS analysis, peptide sequences are confirmed for intact and modified peptides. 
The relative contents are calculated from XIC for the intact and modified peptides (Table 5). 
The mass accuracy was determined by Eq. (1) and less than ±5 ppm. Isomerization on Asp102 
of heavy chain was detected and its relative content was around 4.6% of total (Table 5). Intact 
and isomerized peptide has same molecular mass, and thus, it is not possible to distinguish 
from each other only by mass, but those peptides have different retention time on the chro-
matogram (Figure 10). Deamidation on Asn30 of light chain was detected and its relative con-
tent was around 7.7% of total (Table 5). Deamination and isomerization on N55 of heavy chain 
were not detected.

To compare profiling results of deamidation and isomerization between CEX and MAM 
approaches, the relative contents for each modified peptide between two approaches are visual-
ized and a linear regression analysis was performed. The result from CEX contains informa-
tion not from peptide levels but from full mAb, and thus CEX data were recalculated for the 
level of each amino acid comparable for MAM data. The results are shown in Figure 11. The 
relative amounts of deamidation and isomerization are very similar between CEX and MAM 
approaches (Figure 11). From the regression analysis, the slope was 1.038, intercept was 0.267, 
and correlation coefficient was 0.988, which indicates a very good correlation between HILIC 
and MAM approaches.

Figure 10. Isomerization on Asp102 of heavy chain (a) and deamidation on Asn30 of heavy chain (b). N: asparagine, D: 
aspartate, isoD: iso-aspartate, HC: heavy chain, LC: light chain.
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3.3. C-terminal Lys deletion of mAb

C-terminal Lys variants are clipped modification found at heavy chain C-terminus of mAbs 
produced in mammalian cell cultures, usually produced by proteolysis of endogenous car-
boxypeptidases during the manufacturing process [115, 116]. C-terminal Lys deletion has 
been known for no impact on antibody function, such as biologic activity, structural stability, 
pharmacokinetics, or bioavailability in rats [117]. However, there have been debates about 
impacts of C-terminal Lys deletion on Fc effector functions [117, 118].

Peptide Number Change Calculated 
mass (Da)

Mass (Da) Error 
(ppm)

Relative content 
(%)

WGGDGFYAM 
DYWGQGTLV 
TVSSASTK

H:T12 D102 2783.2537 2783.2551 0.50 95.36 ± 0.28

WGGisoDGFYAM 
DYWGQGTLV 
TVSSASTK

H:T12* D102 to 
isoD102

2783.2537 2783.2595 2.08 4.63 ± 0.28

IYPTNGYTR H:T6 N55 1083.5349 1083.5345 −0.37 100

IYPTisoDGYTR H:T6* N55 to 
isoD55

1083.5349 — — 0

ASQDVNTAV 
AWYQQKPGK

L:T3 N30 1989.9908 1989.9938 1.51 92.35 ± 0.24

ASQDVDTAV 
AWYQQKPGK

L:T3* N30 to D30 1990.9749 1990.9774 1.26 7.70 ± 0.24

N: asparagine, D: aspartate, isoD: iso-aspartate, H: heavy chain, L: light chain, and T: tryptic peptide.
 *: Deamidated or isomerized peptide.

Table 5. The relative contents of deamidation and isomerization identified by MAM analysis.

Figure 11. Profiles of deamidation and isomerization determined by CEX and MAM approaches. N: asparagine, D: 
aspartate, isoD: iso-aspartate, HC: heavy chain, and LC: light chain.
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Figure 12. Profiling of C-terminal Lys variants from mAb, adalimumab, by CEX analysis. Inset represents the CEX 
chromatogram after carboxypeptidase treatment. K: Lys and ΔK: Lys deletion.

Because Lys residue is positively charged, leading to charge heterogeneity of mAb prod-
ucts. Thus, it is still a quality parameter for characterization. Due to charge variation, the 
modified and unmodified structures can be separated by CEX, IEF, and cIEF [117, 119]. 
Loss of the terminal Lys residue gives mass shift, which can be also detected and quanti-
fied by mass spectrometry [115, 118]. The modified structures can be separated and also 
identified from the unmodified structures by comparing the results from carboxypeptidase 
treatment [115, 120]. Carboxypeptidase treatment removes C-terminal Lys of mAbs and 
the disappeared peaks on the chromatogram can be identified as the unmodified variants 
[115, 120–122].

The typical results of CEX analysis are shown in Figure 12, which identify and quantify 
C-terminal Lys variants of mAb, adalimumab. Five acidic variants and three basic variants 
are detected (Figure 12). With the treatment of carboxypeptidase, all of the basic peaks were 
disappeared on the chromatogram (Figure 12, inset). Thus, those peaks are the unmodified 
peaks having C-terminal Lys.

UV detection of CEX chromatography allows to quantify C-terminal Lys variant peaks and 
the relative contents are calculated (Table 6). The content of major form is around 64.7%, that 
of C-terminal Lys variants on both heavy chains (A1-A4 and M) are around 77.5%, that of 
C-terminal Lys variants on one heavy chain (B1 and B2) are around 18.3%, and that of intact 
C-terminal Lys (B3) is around 4.1% of total (Table 6).

For MAM approach for C-terminal Lys variant profile, modified peptides were identified from 
peptide mapping analysis of mAb, adalimumab. Figure 13 shows the results of C-terminal 
Lys variant of adalimumab. Based on MS/MS analysis, peptide sequences are confirmed for 
intact and modified peptides. XICs of confirmed peptides were determined and quantified. 
The mass accuracy was determined by Eq. (1) and less than ±5 ppm. C-terminal Lys variant 
was detected and its relative content was around 13% of total (Table 7).

To compare profiling results of C-terminal Lys variants between CEX and MAM approaches, 
the relative contents for each modified peptide between two approaches are visualized and a 
linear regression analysis was performed. The result from IEX contains information not from 
peptide levels but from full mAb, and thus, CEX data were recalculated for the level of each 
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amino acid comparable for MAM data. Along with adalimumab results, those of trastuzumab 
were also visualized. The results are shown in Figure 14. The relative amounts of C-terminal 
Lys variants from adalimumab and trastuzumab are very similar between CEX and MAM 
approaches (Figure 14). From the regression analysis for adalimumab and trastuzumab, the 
slope was 0.970, intercept was 2.935, and correlation coefficient was 0.998, which indicates a 
very good correlation between CEX and MAM approaches.

3.4. N-terminal cyclization of mAb

N-terminal cyclization (pyroGlu or pE) variants are generated by the rearrangement of Gln 
or Glu at the N-terminus of mAbs, which can be done by spontaneous or enzymatic reactions 
[123, 124]. The conversion rate from Gln to pyroGlus is much faster than that from Glu and 
nearly completed over 95% in mAbs having N-terminal Gln, which is known that this conver-
sion occurs primarily in bioreactors [123]. The N-terminal cyclizations of mAbs converting 
Gln/Glu to pyroGlu do not impact on their structure, activity, in vivo clearance, and other 
pharmacokinetic properties [124].

Peak C-terminal structure of heavy chains Relative content (%)

A1 Lys Deleted/Lys Deleted 0.10 ± 0.05

A2 Lys Deleted/Lys Deleted 0.54 ± 0.14

A3 Lys Deleted/Lys Deleted 0.29 ± 0.04

A4 Lys Deleted/Lys Deleted 5.52 ± 0.20

A5 Lys Deleted/Lys Deleted 6.422 ± 0.21

M Lys Deleted/Lys Deleted 64.65 ± 0.34

B1 Lys Deleted/Intact Lys 16.55 ± 0.21

B2 Intact Lys/Lys Deleted 1.78 ± 0.12

B3 Intact Lys/Intact Lys 4.15 ± 0.09

A: acidic, M: major, B: basic.

Table 6. The relative contents of C-terminal Lys variants from adalimumab identified by IEX analysis.

Figure 13. Identification of C-terminal Lys variant from adalimumab by peptide mapping analysis. K: Lys, ΔK: Lys 
deletion, and HC: heavy chain.
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Figure 12. Profiling of C-terminal Lys variants from mAb, adalimumab, by CEX analysis. Inset represents the CEX 
chromatogram after carboxypeptidase treatment. K: Lys and ΔK: Lys deletion.
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the relative contents for each modified peptide between two approaches are visualized and a 
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amino acid comparable for MAM data. Along with adalimumab results, those of trastuzumab 
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slope was 0.970, intercept was 2.935, and correlation coefficient was 0.998, which indicates a 
very good correlation between CEX and MAM approaches.
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N-terminal cyclization (pyroGlu or pE) variants are generated by the rearrangement of Gln 
or Glu at the N-terminus of mAbs, which can be done by spontaneous or enzymatic reactions 
[123, 124]. The conversion rate from Gln to pyroGlus is much faster than that from Glu and 
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The conversion from Gln to pyroGlu renders mAbs more acidic and the conversion from Glu 
to pyroGlu gives a basic shift. Thus, the N-terminal cyclization increases charge heterogene-
ity of mAb products, which can be detected by charge-based methods such as CEX, IEF, and 
cIEF. The conversion of Gln or Glu to pyroGlu gives a mass shift −17 or − 18 Da, respectively, 
compared to the unmodified peptide, and this can be assessed using peptide mapping and 
intact mass analysis by MS.

The typical results of CEX analysis are shown in Figure 15, which identify and quantify 
N-terminal cyclization variants of mAb, rituximab. On the chromatogram of rituximab, 
several acidic variants and two major basic variants are detected (Figure 15). Each fraction 
for basic charge variants was collected and the pooled fractions were further analyzed to 
characterize modification site by peptide mapping analysis. This analysis gives the structural 
information for each variant, and the basic variant (B2) are produced by N-terminal cycliza-
tion of light chain, rituximab (Figure 16).

UV detection of IEX chromatography allows to quantify this N-terminal cyclization variant 
and the relative content of it is calculated (Table 8). The content of major form is around 89.4% 
and that of N-terminal cyclization variant on a light chain is around 1.9% (Table 8).

For MAM approach for detecting and quantifying N-terminal cyclization of mAb, rituximab, 
the conversion from N-terminal Gln to pyroGlu was identified by peptide mapping analysis. 

Peptide Number Modification Calculated mass 
(Da)

Mass (Da) Error 
(ppm)

Relative content (%)

SLSLSPGK H:T40 787.4440 787.4434 −0.76 13.01 ± 0.38

SLSLSPG H:T40* K → ΔK 659.3489 659.3489 0.00 86.99 ± 0.38

K: Lys and Δ K: C-terminal Lys deletion. *: Deamidated or isomerized peptide.

Table 7. The relative contents of C-terminal Lys variants from adalimumab identified by MAM analysis.

Figure 14. Profiles of C-terminal Lys variants for adalimumab and trastuzumab determined by CEX and MAM 
approaches.
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N-terminal cyclization on Gln1 of light chain was detected but N-terminal cyclization on Gln1 
of heavy chain was not detected by peptide mapping analysis. Figure 16 shows the results of 
N-terminal cyclization on Gln1 of light chain of mAb, rituximab.

Based on MS/MS analysis, peptide sequences are confirmed for intact and modified pep-
tides. The relative contents are calculated from XIC for the intact and modified peptides. 
The mass accuracy was determined by Eq. (1) and less than ±5 ppm. N-terminal cyclization 
variant of light chain was detected and its relative content was around 99% of total (Table 9).

To compare profiling results of N-terminal cyclization variant between CEX and MAM 
approaches, the relative contents for each modified peptide between two approaches are com-
pared and visualized. The relative amounts of N-terminal cyclization variant from rituximab 
are very similar between CEX and MAM approaches (Figure 17).

3.5. Other PTMs of mAb

Many other PTMs can be identified and quantified using MAM approach, including oxida-
tions of Met and Trp, glycation, cysteine variants, truncation, mutations, etc. Those PTMs 

Figure 15. Profiling of N-terminal cyclization variant from mAb, rituximab, by IEX analysis. K: Lys, ΔK: Lys deletion, 
and pE: pyro-glutamate.

Figure 16. Identification of N-terminal cyclization variant from rituximab by peptide mapping analysis. Q: glutamine, 
pE: pyro-glutamate, and LC: light chain.
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The conversion from Gln to pyroGlu renders mAbs more acidic and the conversion from Glu 
to pyroGlu gives a basic shift. Thus, the N-terminal cyclization increases charge heterogene-
ity of mAb products, which can be detected by charge-based methods such as CEX, IEF, and 
cIEF. The conversion of Gln or Glu to pyroGlu gives a mass shift −17 or − 18 Da, respectively, 
compared to the unmodified peptide, and this can be assessed using peptide mapping and 
intact mass analysis by MS.

The typical results of CEX analysis are shown in Figure 15, which identify and quantify 
N-terminal cyclization variants of mAb, rituximab. On the chromatogram of rituximab, 
several acidic variants and two major basic variants are detected (Figure 15). Each fraction 
for basic charge variants was collected and the pooled fractions were further analyzed to 
characterize modification site by peptide mapping analysis. This analysis gives the structural 
information for each variant, and the basic variant (B2) are produced by N-terminal cycliza-
tion of light chain, rituximab (Figure 16).

UV detection of IEX chromatography allows to quantify this N-terminal cyclization variant 
and the relative content of it is calculated (Table 8). The content of major form is around 89.4% 
and that of N-terminal cyclization variant on a light chain is around 1.9% (Table 8).

For MAM approach for detecting and quantifying N-terminal cyclization of mAb, rituximab, 
the conversion from N-terminal Gln to pyroGlu was identified by peptide mapping analysis. 

Peptide Number Modification Calculated mass 
(Da)

Mass (Da) Error 
(ppm)

Relative content (%)

SLSLSPGK H:T40 787.4440 787.4434 −0.76 13.01 ± 0.38

SLSLSPG H:T40* K → ΔK 659.3489 659.3489 0.00 86.99 ± 0.38

K: Lys and Δ K: C-terminal Lys deletion. *: Deamidated or isomerized peptide.

Table 7. The relative contents of C-terminal Lys variants from adalimumab identified by MAM analysis.

Figure 14. Profiles of C-terminal Lys variants for adalimumab and trastuzumab determined by CEX and MAM 
approaches.
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N-terminal cyclization on Gln1 of light chain was detected but N-terminal cyclization on Gln1 
of heavy chain was not detected by peptide mapping analysis. Figure 16 shows the results of 
N-terminal cyclization on Gln1 of light chain of mAb, rituximab.

Based on MS/MS analysis, peptide sequences are confirmed for intact and modified pep-
tides. The relative contents are calculated from XIC for the intact and modified peptides. 
The mass accuracy was determined by Eq. (1) and less than ±5 ppm. N-terminal cyclization 
variant of light chain was detected and its relative content was around 99% of total (Table 9).
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pared and visualized. The relative amounts of N-terminal cyclization variant from rituximab 
are very similar between CEX and MAM approaches (Figure 17).

3.5. Other PTMs of mAb

Many other PTMs can be identified and quantified using MAM approach, including oxida-
tions of Met and Trp, glycation, cysteine variants, truncation, mutations, etc. Those PTMs 
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and pE: pyro-glutamate.

Figure 16. Identification of N-terminal cyclization variant from rituximab by peptide mapping analysis. Q: glutamine, 
pE: pyro-glutamate, and LC: light chain.
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result in mass shifts compared to those intact peptides, and this gives clues for detecting 
PTMs by considering the mass differences. Most of those PTMs may not be separated from 
their unmodified form by conventional approaches. For those cases, MAM approach is a pos-
sible alternative for quantifying those PTMs.

Peak N-terminal structure of light chains Relative content (%)

Acidic pyroGlu/pyroGlu 5.26 ± 0.01

M pyroGlu/pyroGlu 89.40 ± 0.12

B1 pyroGlu/pyroGlu 3.42 ± 0.08

B2 Gln/pyroGlu 1.92 ± 0.05

M: major and B: basic.

Table 8. The relative contents of N-terminal cyclization variant from rituximab identified by CEX analysis.

Peptide Number Change Calculated mass 
(Da)

Mass (Da) Error 
(ppm)

Relative content (%)

QIVLSQSPAI 
LSASPGEK

L:T1 1823.9993 1823.9949 −2.41 0.93 ± 0.01

pEIVLSQSPAI 
LSASPGEK

L:T1 pyroGlu 1806.9727 1806.9731 0.22 99.08 ± 0.01

L: light chain, T: tryptic peptide, and pE: pyro-glutamate.

Table 9. The relative contents of N-terminal cyclization variant from rituximab identified by MAM analysis.

Figure 17. Profiles of N-terminal cyclization variants for rituximab.
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4. Conclusions

The analytical characterization of biopharmaceutical is still challenging for biotech indus-
try to meet the requirements. Conventional methods, such as chromatography and elec-
trophoresis, are routinely used because they are easy to use, robust, and, cost effective. 
Current trends for characterization are in-depth and well characterized. Current advances 
in instrumentation can help to follow those trends and characterize very complex hetero-
geneity from various PTMs. MS is the most powerful instrument among them, which pro-
vides high resolution, accurate, and confident data with rich information from primary 
structure (intact mass and peptide mapping) to high order structures (PTMs and HDX).

In this chapter, several workflows are summarized for intact mass determination, primary 
structure analysis, and determination and quantitation of various PTMs using chromatog-
raphy with online detection by MS. Those conventional approaches were assessed by the 
current MAM approaches primarily by peptide mapping analysis using MS.

MAM approach has been introduced, which is able to identify and quantify several attributes 
at once. In this chapter, glycosylation, deamidation/isomerization, C-terminal Lys variants, 
and N-terminal cyclization are investigated by using MAM approach, and the performance 
was compared to the conventional methods such as HILIC oligosaccharide analysis and CEX 
charge variant analysis. The results confirmed that MAM approach is quite comparable for 
those from conventional independent approaches.

In this chapter, we showed that MAM approach for biopharmaceutical characterization is 
quite comparable for typical conventional approaches using HILIC and CEX. This result 
conveys that MAM workflow can be extended to other related area of biopharmaceutical 
development as follows. MAM approach may help to select best cell lines for producing 
biopharmaceuticals, to support process control for upstream and downstream, and monitor 
critical attributes for production. MAM approach will also gain attention for the development 
of biosimilar requiring in-depth structural analysis for similarity.
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current MAM approaches primarily by peptide mapping analysis using MS.
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Abstract

Regenerative medicine is a fast growing multidisciplinary field aiming at the regeneration 
or replacement of damaged cells, tissues, or organs. Adult multipotent mesenchymal stro-
mal cells (MSCs) are often used as a principal therapeutic tool in this field. Along with dif-
ferentiation potency, MSCs secrete a wide spectrum of paracrine factors and extracellular 
vesicles participating in tissue repair and regeneration. Thus, for injuries that require trophic 
stimulation, cell survival support, and/or resident stem cells activation to be restored, one 
can apply MSC-conditioned medium, a combination of products and extracellular vesicles 
in cell culture growth medium, secreted by MSC. It could mediate most of beneficial regen-
erative effects of MSC without possible side effects of using MSC themselves. However, 
before the clinical application of this promising biopharmaceutical, several issues such as 
manufacturing protocols, quality control, and others must be addressed. Subsequently, we 
highlight the questions considering donor material variability, manufacturing, cell culture 
medium and auxiliary components selection, and potency tests development.
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a pivotal tool in regenerative medicine. It is important to highlight mesenchymal stromal 
cells (MSCs) as the most popular source for cell therapy and tissue engineering. However, 
a large amount of experimental data indicate that MSC effects on regeneration are mostly 
mediated by their ability to produce a wide range of bioactive molecules, and the use of MSC-
conditioned medium (CM), a complex of the factors secreted to cell culture growth medium, 
as a distinct biopharmaceutical drug can be a rational alternative to direct MSC therapy. 
MSC CM could be considered as “сell-free therapeutics” since this product is devoid of MSC 
themselves in its final formulation, yet possess significant therapeutic potency. It contains 
components secreted by MSC and reproduced the effects of MSC-based cell therapy.

“Cell-free therapeutics” have various advantages in overcoming the limitations and risks asso-
ciated with the cell-based therapy. Despite the outstanding preclinical and clinical efficacy of 
MSC CM, there is still no generally accepted regulating approaches for CM standardization 
and quality control. This chapter reviews the current state of art in the development of MSC 
CM-based medicinal products and describes the crucial issues concerning the production and 
quality control of this promising class of biopharmaceuticals.

2. Physiological activity of MSC

Postnatal stem and progenitor cells are responsible for tissue renewal and regeneration through-
out the whole human lifetime. Accumulating evidence indicates that stem cells function only 
within a specific niche. Stem cell niche is considered as a local tissue microenvironment that 
maintains stem cells and regulates their function by producing factors that act directly on stem 
cells [1]. This microenvironment provides structural cues and paracrine signals to support stem-
ness. Mesenchymal stromal cells (MSCs) are found in many niches of tissue-specific resident 
stem cells. The function of MSC in a niche is often critical for its maintenance. MSC plays an 
important role in coupling information from the environment with stem cell populations. MSCs 
react to endocrine and nervous system signals: thus, the stimulation of a specific type of MSC by 
granulocyte colony-stimulating factor (G-CSF) or beta-3-adrenoreceptor agonists decreases the 
expression of the panel of genes supporting hematopoietic stem cells (HSCs). Furthermore, upon 
MSC, withdrawal in niche HSC activity and quantity decrease [2]. MSCs also interact with stem 
cells and other internal components of the niche for effective control over HSC, ensuring they 
support hematopoiesis without inducing aberrant proliferation. It should be noted that the main-
tenance of stem cells in the niche is not the only function of MSC. These cells are also involved 
in the formation and maintenance of a structural component of the niche. MSC isolated from a 
subendothelial layer of bone marrow stroma can form a microenvironment alike a miniature 
bone organ, similar to the HSC niche, under heterotopic transplantation. The establishment of 
subendothelial stromal cells in developing heterotopic BM in vivo occurs via specific, dynamic 
interactions with developing sinusoids. Subendothelial stromal cells are major producers of 
angiopoietin-1 (Angpt-1), the principal factor of HSC niche involved in vascular remodeling [3].

MSCs provide their supporting functions through secretory activity in physiological condi-
tions. MSCs secrete a number of factors that are critical for the maintenance of stem cells in 
their niches [4, 5]. Consistent with other reports, we have shown that the largest functional 
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cluster in MSC secretome is composed of extracellular matrix (ECM) proteins [6]. Such pro-
tein profile is in line with the stromal characteristics of adipose MSC. Adequate production 
of ECM components is necessary for tissue homeostasis and regeneration, because these 
molecules not only provide a scaffold for cells and soluble molecules but also regulate angio-
genesis, neurogenesis, and inflammation. In addition, a large amount of data indicates that 
apart from soluble factors MSCs secrete regulatory non-coding RNA (e.g., micro RNA) within 
extracellular vesicles (EVs). The release of these small RNA by MSC can play a role in stem 
cell niche maintenance by controlling and tuning proliferation, differentiation, and homing. 
Particularly, microRNA regulates diverse biological processes, including growth and differ-
entiation of stem cells [7, 8].

The function of adult stem cells includes the local or remote replacement of senescent or dam-
aged cells along with maintaining their own pool. Stem cells supported by other niche com-
ponents can participate in the repair of small lesions of a skin, liver, intestines, kidney, and 
bone marrow. However, stem cells could not cope with more serious injuries without more 
substantial support [9]. MSCs are important for maintaining the niche of stem cells; therefore, 
they can participate in stem cell potentiation to respond to damage, stimulate the survival 
of stem cells, and, thereby, maintain the structural and functional integrity of the niche. For 
example, in such serious damage as myocardium ischemia/reperfusion injury, MSC medi-
ated its cardioprotective paracrine effect by secreting exosomes which reduced infarct size 
in a mouse model [10]. As in majority of animal models and clinical studies, only limited or 
no engraftment at all was often observed, one should consider paracrine MSC function as 
principal effector for tissue regeneration after, at least, systemic MSC injection for different 
injuries [11].

3. Rationale for use of MSC and their cell-free derivatives in 
regenerative medicine

MSCs are the most commonly used cells for cell-based therapy as they do not form tera-
tomas, confer low immunogenicity, and are free of strict ethical concerns [12]. Despite 
these reasons, the difficulty to trace cell fate and survival in recipient has been a significant 
obstacle for understanding the mechanisms of the clinical efficacy that can be variable [13]. 
Furthermore, MSCs are highly heterogeneous and cannot be fully characterized in the con-
text of identity and, finally, potency. At the same time, MSC CM was shown to mediate most 
of MSC beneficial effects. MSC CM includes various components such as cytokines, growth 
factors, ECM proteins and factors involved in ECM remodeling, different types of EV, and 
others. Using cell-free products based on biologically active factors secreted by stem and 
progenitor cells allows to significantly reduce the risks associated with a direct cell injection, 
while maintaining efficacy under wide manufacturing scalability and modification potential 
like fractionation, concentration, and combination with various carriers [14]. Therefore, the 
application of “cell-free therapeutics” based on the components secreted by MSC as a novel 
class of biopharmaceuticals represents a rapidly developing and promising approach in 
regenerative medicine.
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4. Harnessing cell-free therapeutics’ variability to improve their 
safety and efficacy

4.1. Age-related variability of MSC properties

Since MSCs are used as a starting material for CM manufacturing, it is necessary to pay atten-
tion to the standardization of MSC. The effects of this biopharmaceutical are multifactorial, 
and even the minimal variability of its composition can strongly affect its activity. As proper-
ties of MSC influence CM composition crucially, the variability of MSC donor characteristics 
and manipulations during manufacturing should be taken into account.

One of the key factors affecting MSC CM composition and therapeutic effects is a donor’s 
age. It is generally accepted that stem cell number and/or function decline with advanced age 
during the replacement and the turnover of damaged cells in compromised renewable tis-
sues. Several studies showed that MSCs derived from old donors exhibit reduced prolifera-
tive capacity, differentiation potential, and, most importantly, impaired specific activity [15]. 
Older adipose-derived MSC showed impaired angiogenic properties in vitro and in vivo. The 
production of key pro-angiogenic factors, such as vascular endothelial growth factor (VEGF), 
hepatocyte growth factor (HGF), and others by adipose-derived MSC, decreased with age [16]. 
It is important to note that factors involved in ECM remodeling like urokinase and its receptor, 
plasminogen activator inhibitor-1 (PAI-1), metalloproteinases 2 and 9 were overexpressed in 
adipose MSC from aged donors compared to younger ones, both in human and in mice [16, 17].

Furthermore, it was shown that age and age-associated conditions such as type 2 diabetes 
and atherosclerosis decrease the immunomodulatory capacity of human MSCs. MSCs from 
elderly subjects with atherosclerosis have impaired T-cell suppression compared to their non-
elderly adult counterparts. Possibly, the coexistence of age and these age-related conditions 
could compromise MSC immunomodulatory function [18] and influence MSC CM functional 
properties.

Bioinformatic data also suggest that age-related changes in MSCs result in impaired thera-
peutic potential of aged progenitor cells [19]. In one of the studies among the most highly 
differentially expressed genes, transforming growth factor alpha (TGFα) overexpression in 
MSC from young donors was detected. TGFα has been shown to mediate the secretion of vas-
cular endothelial growth factor A (VEGFA) by MSC, positively contributing to processes like 
wound healing and injury response [20]. Some other differentially expressed genes participate 
in MSC differentiation. As it is revealed that during early MSC differentiation, secretome of 
MSC can be changed, one should take into account age-related differentiation predisposition.

4.2. Sex-related variation of MSC paracrine activity

In an attempt to overcome MSC donor variation, one can explore donor sex variability. 
Analysis of human BM-MSC preparations to identify statistically robust influence of donor 
sex on MSC functional properties identified minor differences among MSC isolated from 
both the sexes. It was shown that high-clonogenic BM-MSCs divided more rapidly and were 
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more frequent in BM-MSC preparations from female donors. What is more important, no 
correlation of donor age to adipogenic, osteogenic, and chondrogenic differentiation in vitro 
as confirmed by an extended panel of lineage specific markers was found. In addition, the 
secretion rate of molecules important for tissue regeneration and immunomodulation was 
analyzed. The evidence of a critical role of factors such as VEGF, platelet-derived growth 
factor (PDGF), hepatocyte growth factor (HGF), fibroblast growth factor 2 (FGF2), and angio-
poietin-1 (Angpt-1) in contribution to male and female MSC variability was lacking [21]. As 
MSC-secreted factors are principal active components of MSC CM, donor sex might not influ-
ence MSC CM efficacy substantially. However, in vitro data concerning the impact of donor 
sex to variability of donor-derived MSC effects are controversial [22].

4.3. Variability determined by the origin of starting material for MSC isolation

MSC isolated from the most common sources can fit minimal characteristic criteria and share 
majority of biological properties. However, some studies demonstrated that MSCs from the 
popular sources such as adipose tissue and bone marrow have different transcription profiles. 
Among differentially expressing or expressing by only one cell type, one can find components 
involved in cellular communication and differentiation. Therefore, the secretory profile of 
different MSC types also varies. In addition, not only a spectrum of secreted paracrine factors 
differs but also nucleic acid, particularly microRNA composition, which might influence EV 
contents. The variability between EV of two types of MSC suggests that prior tissue-specific 
microenvironment might influence the exosomal sorting of micro-RNA. It is important as 
micro-RNA transferred via exosomes might be functional in repressing their targets in vitro 
and in vivo if transferred in high amounts [7, 23].

Taken together a plethora of donor-associated factors can influence MSC CM composition 
and effects. Thus to enhance the effect of this biopharmaceutical and harness lot-to-lot vari-
ability one can isolate MSC from selected donors that are optimal for MSC CM manufacturing 
for certain pathology.

4.4. Variability determined by manufacture process

Manufacturing features can also substantially affect the safety and efficacy of MSC CM. Among 
them, one can name at least optimal cell isolation protocol, growth medium selection, and cell 
expansion approach as well as the use of proper raw materials.

Although isolated by the same way, MSCs often demonstrate different properties when cul-
tured in different media. The choice of medium determines the potential of MSC for adhesion, 
growth, and also for maintaining a population of clonogenic cells: both a basal medium and a 
supplement influence these parameters. It is important to note that ready-to-use commercial 
media fit to MSC obtained from various sources differently. Media can cause negative effects 
up to early cell aging or termination of growth in the earliest passages for certain MSC type. In 
addition, some cell culture media can be positively selective for specific MSC subpopulations. 
This feature is important as the composition of MSC population might affect regenerative 
potential of MSC [24, 25]. The media can also influence MSC CM composition significantly. 
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We observed a substantial difference between several growth factor concentrations in MSC 
CM manufactured with two different media. Importantly, the variability of factor concentra-
tions between two MSC CM reflected on their potency in vitro [26]. The presence or absence 
of a certain biologically active component in the culture medium can also affect the function of 
MSC. The addition of FGF2 to bone marrow MSC culture medium influences the expression 
of some membrane proteins, which contributes to morphology and differentiation potential 
changes [27]. Another challenging feature is an impact of starting material or sample process-
ing during CM preparation. Such a routine procedure as washing cells with PBS can change 
the secretion profile of cells dramatically. Thus, the attention to auxiliary component and 
adequate selection of them are necessary [28].

Apart from materials used for MSC expansion and isolation, we might note the selection of 
cell culture approaches as a substantial factor affecting the variability of MSC functional prop-
erties. The use of bioreactors has been suggested as a promising alternative to conventional 
static culture flasks for MSC expansion. The advantage of 3D cultivation is more complete 
modeling of the natural microenvironment of MSC, which allows to retain the proliferation 
and differentiation potential of MSC for longer time. Besides, selected cell culture method 
can affect the secretion profile of MSC directly. Three-dimensional growth of bone marrow 
MSC culture influenced the expression of such factors as pigment epithelium-derived factor 
(PEDF), Galectin-1, brain-derived neurotrophic factor (BDNF), VEGF, nerve growth factor 
(NGF), insulin-like growth factor 1 (IGF-1), and miR-16, which are considered to be impor-
tant regulators/modulators of the neurogenic and neural differentiation processes. Using CM 
from 3D cultured MSC induced the differentiation of a significantly higher number of human 
neural progenitors into neurons at different stages of maturation compared with human MSC 
secretome collected under 2D conditions [29].

5. Developing approaches to assess the potency of cell-free 
therapeutics

5.1. Legal aspects of potency tests development

The efficacy of a drug means a biological response caused by this drug in a certain dose. As 
part of a drug development, clinical research, and certified manufacturing, there is a need to 
develop and apply a standardized rapid method for assessing the potential efficacy of the 
drug. This technique is called a potency test. By definition of International Conference on 
Harmonization (ICH) [30], potency is the quantitative measure of biological activity based on 
the attribute of the product, which is linked to the relevant biological properties. The assay 
demonstrating the biological activity should be based on the intended biological effect which 
should ideally be related to the clinical response. This definition has been implemented by 
Food and Drug Administration (FDA) and European Medicines Agency (EMA).

At the step of research and development, the availability of an approved potency test ensures 
consistency among the results obtained by different scientific groups. While conducting clini-
cal trials, postulating a presumptive potency test is necessary as one of the evaluated factors 
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for determining the drug efficacy. At the registration stage, the presence of a clearly defined 
potency test is required by regulators. An established and valid potency test is required for 
drug manufacturing to check how scaling affects drug’s therapeutic properties as well as 
the in-process testing for checking production lines as a factor that actually determines the 
lot release capability. The choice of a potency test should also be economically feasible. A 
potency test has to be quick and unambiguous in the context of drug efficacy determination 
at the earliest stages of lot release.

5.2. Development of potency tests for CM-based biopharmaceuticals

It should be emphasized that the development of an appropriate technique for potency tests 
of biopharmaceuticals based on cells and their secreted products is complicated (Table 1). In 
particular, the recently released “Alofisel” product faced the greatest difficulties at registra-
tion stage due to justifying the choice of potency test. “Early in the procedure a major objec-
tion was raised in relation to the potency assay. During the procedure the applicant provided 
additional data to support the suitability of the potency assay and the major” [31]. However, 
the parties managed to come to a common opinion on this issue, and the very first recom-
mendation from the EMA was “The Applicant will undertake to review the data generated for 
the potency assay from clinical experience after suitable experience has been generated and to 
follow any recommendation that is issued following the review of the data assessment report 
objection is considered to be resolved.”

Here, we will not dwell on the complexities of developing a potency test for cellular prod-
ucts, including those based on MSC; however, we note that FDA and EMA have at least a 
clear classification and regulatory framework for this category of therapeutics [32, 33]. At the 
same time, biopharmaceuticals based on MSC CM have not been classified by these agencies. 
Moreover, since the general rule for pharmaceutical certification is the presence of a defined, 
clearly characterized active substance, further progress in the development and registration 
of this category of therapeutics is bound to attention from regulatory agencies. According to 
many experts’ opinions working in the field of MSC CM-based drug development, the most 
correct way is the approval of a new group of drugs called “cell-free therapeutics” with a less 
strict attitude to the issue of the multicomponent active substance [34]. The main obstacle for 
establishing the adequate potency tests for such biopharmaceuticals is an elusive nature of 
their mechanism of action (MOA) as well as the challenging choice of one active components 
between multiple cell-secreted factors. Nevertheless, the factors from CM composition might 
be isolated as single ones and classified as biological products. Therefore, it seems reason-
able to apply the similar standards for characterization, safety, and dosage testing as well as 
potency evaluation for both the biologicals and CM, at least with any exceptions. Similar to 
biological drugs, potency test can be used for dose clarification from lot to lot. For complex 
biological medicinal products that cannot be fully characterized by physicochemical means, 
the established concept is to assign potency in units of biological activity based on the use of 
an international standard for biological activity. The units of biological activity are mostly 
traced back to an internationally adopted reference preparation (International Standard, IS). 
The quantitative composition and dosing recommendation of biological medicinal products 
for which an IS exists are expressed in international units (IUs) [35]. IS analogs could also be 
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We observed a substantial difference between several growth factor concentrations in MSC 
CM manufactured with two different media. Importantly, the variability of factor concentra-
tions between two MSC CM reflected on their potency in vitro [26]. The presence or absence 
of a certain biologically active component in the culture medium can also affect the function of 
MSC. The addition of FGF2 to bone marrow MSC culture medium influences the expression 
of some membrane proteins, which contributes to morphology and differentiation potential 
changes [27]. Another challenging feature is an impact of starting material or sample process-
ing during CM preparation. Such a routine procedure as washing cells with PBS can change 
the secretion profile of cells dramatically. Thus, the attention to auxiliary component and 
adequate selection of them are necessary [28].

Apart from materials used for MSC expansion and isolation, we might note the selection of 
cell culture approaches as a substantial factor affecting the variability of MSC functional prop-
erties. The use of bioreactors has been suggested as a promising alternative to conventional 
static culture flasks for MSC expansion. The advantage of 3D cultivation is more complete 
modeling of the natural microenvironment of MSC, which allows to retain the proliferation 
and differentiation potential of MSC for longer time. Besides, selected cell culture method 
can affect the secretion profile of MSC directly. Three-dimensional growth of bone marrow 
MSC culture influenced the expression of such factors as pigment epithelium-derived factor 
(PEDF), Galectin-1, brain-derived neurotrophic factor (BDNF), VEGF, nerve growth factor 
(NGF), insulin-like growth factor 1 (IGF-1), and miR-16, which are considered to be impor-
tant regulators/modulators of the neurogenic and neural differentiation processes. Using CM 
from 3D cultured MSC induced the differentiation of a significantly higher number of human 
neural progenitors into neurons at different stages of maturation compared with human MSC 
secretome collected under 2D conditions [29].

5. Developing approaches to assess the potency of cell-free 
therapeutics

5.1. Legal aspects of potency tests development

The efficacy of a drug means a biological response caused by this drug in a certain dose. As 
part of a drug development, clinical research, and certified manufacturing, there is a need to 
develop and apply a standardized rapid method for assessing the potential efficacy of the 
drug. This technique is called a potency test. By definition of International Conference on 
Harmonization (ICH) [30], potency is the quantitative measure of biological activity based on 
the attribute of the product, which is linked to the relevant biological properties. The assay 
demonstrating the biological activity should be based on the intended biological effect which 
should ideally be related to the clinical response. This definition has been implemented by 
Food and Drug Administration (FDA) and European Medicines Agency (EMA).

At the step of research and development, the availability of an approved potency test ensures 
consistency among the results obtained by different scientific groups. While conducting clini-
cal trials, postulating a presumptive potency test is necessary as one of the evaluated factors 
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for determining the drug efficacy. At the registration stage, the presence of a clearly defined 
potency test is required by regulators. An established and valid potency test is required for 
drug manufacturing to check how scaling affects drug’s therapeutic properties as well as 
the in-process testing for checking production lines as a factor that actually determines the 
lot release capability. The choice of a potency test should also be economically feasible. A 
potency test has to be quick and unambiguous in the context of drug efficacy determination 
at the earliest stages of lot release.

5.2. Development of potency tests for CM-based biopharmaceuticals

It should be emphasized that the development of an appropriate technique for potency tests 
of biopharmaceuticals based on cells and their secreted products is complicated (Table 1). In 
particular, the recently released “Alofisel” product faced the greatest difficulties at registra-
tion stage due to justifying the choice of potency test. “Early in the procedure a major objec-
tion was raised in relation to the potency assay. During the procedure the applicant provided 
additional data to support the suitability of the potency assay and the major” [31]. However, 
the parties managed to come to a common opinion on this issue, and the very first recom-
mendation from the EMA was “The Applicant will undertake to review the data generated for 
the potency assay from clinical experience after suitable experience has been generated and to 
follow any recommendation that is issued following the review of the data assessment report 
objection is considered to be resolved.”

Here, we will not dwell on the complexities of developing a potency test for cellular prod-
ucts, including those based on MSC; however, we note that FDA and EMA have at least a 
clear classification and regulatory framework for this category of therapeutics [32, 33]. At the 
same time, biopharmaceuticals based on MSC CM have not been classified by these agencies. 
Moreover, since the general rule for pharmaceutical certification is the presence of a defined, 
clearly characterized active substance, further progress in the development and registration 
of this category of therapeutics is bound to attention from regulatory agencies. According to 
many experts’ opinions working in the field of MSC CM-based drug development, the most 
correct way is the approval of a new group of drugs called “cell-free therapeutics” with a less 
strict attitude to the issue of the multicomponent active substance [34]. The main obstacle for 
establishing the adequate potency tests for such biopharmaceuticals is an elusive nature of 
their mechanism of action (MOA) as well as the challenging choice of one active components 
between multiple cell-secreted factors. Nevertheless, the factors from CM composition might 
be isolated as single ones and classified as biological products. Therefore, it seems reason-
able to apply the similar standards for characterization, safety, and dosage testing as well as 
potency evaluation for both the biologicals and CM, at least with any exceptions. Similar to 
biological drugs, potency test can be used for dose clarification from lot to lot. For complex 
biological medicinal products that cannot be fully characterized by physicochemical means, 
the established concept is to assign potency in units of biological activity based on the use of 
an international standard for biological activity. The units of biological activity are mostly 
traced back to an internationally adopted reference preparation (International Standard, IS). 
The quantitative composition and dosing recommendation of biological medicinal products 
for which an IS exists are expressed in international units (IUs) [35]. IS analogs could also be 
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developed for the biopharmaceuticals derived from MSC CM. An important advantage of 
this approach is applicability of the direct rapid potency tests as well as the use of surrogate 
analytical and instrumental assays.

5.3. Challenges in the development of potency tests for CM-based products

However, MSC CM-based biopharmaceuticals represent not only a mixture of defined bio-
active factors but a complex of multiple components produced by a specific type of cells. 
MSC CM mimics the beneficial effects of MSC cell therapy, and potency tests applied for 
corresponding cell and gene therapy products/advanced therapy medicinal products (CGT/
ATMP) could also be relevant. For example, the measure of a defined cytokine like IL-10 in 
MSC secretome may serve as a potency test for a cell-based product with immunosuppressive 

Challenges in development and 
validation of PT

Possible strategies to overcome

Pleiotropic mode of action 1. One should choose the main mode of action (MOA) depending on 
pathological process.

2. PT must be disease-relevant and reflect preferred MOA.

3. Other MOAs specific to particular CM-based therapeutic must be taken into 
account.

4. Reproducible in vitro PT should be preferred. This model must reflect 
preferred MOA as accurate as possible.

Complex active substance 1. CM composition and its batch-to-batch variability should be carefully 
controlled.

2. Depending on preferred MOA, the most crucial components can be enriched.

“Batch-to-batch variability” 1. Complex of the most ubiquitous and crucial components should be defined at 
R&D phase to mitigate donor-to-donor variability.

2. Compliance to cGMP/GTP and cGLP.

Time consumption and high cost Replacement of in vivo PT by in vitro PT or analysis of crucial components 
concentration (surrogate PT).

Lack of corresponding specific 
category in existing regulations 
(EMA, FDA, etc.)

Development of specific approach for regulation of multi-MOA and 
multicomponent CM-based therapeutics. Regulatory approach may take into 
account existing classes of innovative products:

• CGTs/ATMPs (in aspect of usage of stem cells in manufacturing)

• Biopharmaceuticals (in aspect of actual composition)

• Blood plasma-derived therapeutics (in aspect of high heterogeneity and 
variability)

Abbreviations: PT, potency test; MOA, mode of action; CM, conditioned medium; R&D, research and development; 
cGMP, current good manufacturing practice; GTP, [current] good tissue practice; cGLP, current good laboratory practice; 
EMA, European Medicines Agency (European Union); FDA, Food and Drug Administration (USA); CGT, cellular and 
gene therapy; ATMP, advanced therapy medicinal product.

Table 1. Key challenges in the development of valid PT for CM-based cell-free therapeutics and possible ways to 
overcome them.
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activity and also could be used as a potency test for MSC CM-based biopharmaceutical with 
similar indications.

Thus, the new category of drugs to which MSC CM will belong should be based on its defini-
tions at the junction of two existing regulating categories: biomedical drugs and CGT/ATMP.

Another complexity of creating and validating the potency test for MSC CM is the heterogene-
ity of the product from batch to batch. Many factors such as heterogeneity of donors, in vitro 
cell population during cultivation, and soluble factors that MSC can secrete under different 
conditions influence this phenomenon. In addition, one might develop rules for this biophar-
maceutical by partial borrowing of available legal documents for preparations based on blood 
plasma [36] as these drugs are also highly heterogeneous, have uncertain active components, 
and their potency is difficult to be assessed. However, the most important hurdle in a potency 
test development is a variety of biological activities of factors secreted by MSC. Hence, there 
is a diversity of MOA, where extent and type depends on the area of application of MSC 
CM-based biopharmaceutical. For example, the angiogenic properties of MSC secretome are 
mediated by well-known pro-angiogenic factors; however, some of them may have another 
action. In addition, it is necessary to achieve the pleiotropic action of MSC CM, since many 
different mechanisms are involved in the regeneration of injuries.

It is also worth considering that in some cases, specific effects of MSC CM are contraindicated. 
For example, angiogenic effects necessary for the restoration of ischemic tissues may promote 
tumor development. Thus, the creation of a universal method for developing a potency test 
of MSC CM is questionable. The selection of a method for testing this substance should be 
disease-focused [37].

One can suggest the following mechanism for selection, testing, and validating the potency test 
for MSC CM (Figure 1). First, based on pathology nature, the most potentially effective MOA 
should be chosen. It is important to note that potency tests are available for the majority of MOA, 
and it might be possible to apply them for CM potency testing with minimal modifications.

5.4. Overcoming existing challenges in potency testing

Since there is no “gold standard” or sufficiently defined regulations in this field, developers of 
MSC CM-based therapeutics use a variety of approaches for determining the potency. To evalu-
ate the immunomodulatory effect of MSC-secreted EV, an in vitro test based on a dose-dependent  
inhibition by vesicles of the proliferation of phytohemagglutinin-activated T lymphocytes was 
successfully used [38]. For the surrogate analysis of the immunomodulatory activity of MSC 
CM in the model of inflammatory organ failure, the effect of MSC CM on bacterial LPS-activated 
PBMC was tested. The degree of modulation correlated well with the level of IL-10 secreted by 
PBMC in this experimental model [39]. The subsidiary company of SteMedica, StemProtein, has 
successfully used two potency tests for its unique product, human fibroblast secretome dried by 
proprietary technology “Preservation by Vaporization.” Because tissue regeneration critically 
depends on adequate blood supply, they used in vitro angiogenesis assays to evaluate the thera-
peutic potency of stem cell factors. They routinely monitored the concentrations of VEGF, HGF, 
interleukin 6 (IL-6), chemokine C-C motif ligand 2 (CCL2), C-X-C motif chemokine 5 (CXCL5), 
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developed for the biopharmaceuticals derived from MSC CM. An important advantage of 
this approach is applicability of the direct rapid potency tests as well as the use of surrogate 
analytical and instrumental assays.

5.3. Challenges in the development of potency tests for CM-based products

However, MSC CM-based biopharmaceuticals represent not only a mixture of defined bio-
active factors but a complex of multiple components produced by a specific type of cells. 
MSC CM mimics the beneficial effects of MSC cell therapy, and potency tests applied for 
corresponding cell and gene therapy products/advanced therapy medicinal products (CGT/
ATMP) could also be relevant. For example, the measure of a defined cytokine like IL-10 in 
MSC secretome may serve as a potency test for a cell-based product with immunosuppressive 

Challenges in development and 
validation of PT

Possible strategies to overcome

Pleiotropic mode of action 1. One should choose the main mode of action (MOA) depending on 
pathological process.

2. PT must be disease-relevant and reflect preferred MOA.

3. Other MOAs specific to particular CM-based therapeutic must be taken into 
account.

4. Reproducible in vitro PT should be preferred. This model must reflect 
preferred MOA as accurate as possible.

Complex active substance 1. CM composition and its batch-to-batch variability should be carefully 
controlled.

2. Depending on preferred MOA, the most crucial components can be enriched.

“Batch-to-batch variability” 1. Complex of the most ubiquitous and crucial components should be defined at 
R&D phase to mitigate donor-to-donor variability.

2. Compliance to cGMP/GTP and cGLP.

Time consumption and high cost Replacement of in vivo PT by in vitro PT or analysis of crucial components 
concentration (surrogate PT).

Lack of corresponding specific 
category in existing regulations 
(EMA, FDA, etc.)

Development of specific approach for regulation of multi-MOA and 
multicomponent CM-based therapeutics. Regulatory approach may take into 
account existing classes of innovative products:

• CGTs/ATMPs (in aspect of usage of stem cells in manufacturing)

• Biopharmaceuticals (in aspect of actual composition)

• Blood plasma-derived therapeutics (in aspect of high heterogeneity and 
variability)

Abbreviations: PT, potency test; MOA, mode of action; CM, conditioned medium; R&D, research and development; 
cGMP, current good manufacturing practice; GTP, [current] good tissue practice; cGLP, current good laboratory practice; 
EMA, European Medicines Agency (European Union); FDA, Food and Drug Administration (USA); CGT, cellular and 
gene therapy; ATMP, advanced therapy medicinal product.

Table 1. Key challenges in the development of valid PT for CM-based cell-free therapeutics and possible ways to 
overcome them.
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activity and also could be used as a potency test for MSC CM-based biopharmaceutical with 
similar indications.

Thus, the new category of drugs to which MSC CM will belong should be based on its defini-
tions at the junction of two existing regulating categories: biomedical drugs and CGT/ATMP.

Another complexity of creating and validating the potency test for MSC CM is the heterogene-
ity of the product from batch to batch. Many factors such as heterogeneity of donors, in vitro 
cell population during cultivation, and soluble factors that MSC can secrete under different 
conditions influence this phenomenon. In addition, one might develop rules for this biophar-
maceutical by partial borrowing of available legal documents for preparations based on blood 
plasma [36] as these drugs are also highly heterogeneous, have uncertain active components, 
and their potency is difficult to be assessed. However, the most important hurdle in a potency 
test development is a variety of biological activities of factors secreted by MSC. Hence, there 
is a diversity of MOA, where extent and type depends on the area of application of MSC 
CM-based biopharmaceutical. For example, the angiogenic properties of MSC secretome are 
mediated by well-known pro-angiogenic factors; however, some of them may have another 
action. In addition, it is necessary to achieve the pleiotropic action of MSC CM, since many 
different mechanisms are involved in the regeneration of injuries.

It is also worth considering that in some cases, specific effects of MSC CM are contraindicated. 
For example, angiogenic effects necessary for the restoration of ischemic tissues may promote 
tumor development. Thus, the creation of a universal method for developing a potency test 
of MSC CM is questionable. The selection of a method for testing this substance should be 
disease-focused [37].

One can suggest the following mechanism for selection, testing, and validating the potency test 
for MSC CM (Figure 1). First, based on pathology nature, the most potentially effective MOA 
should be chosen. It is important to note that potency tests are available for the majority of MOA, 
and it might be possible to apply them for CM potency testing with minimal modifications.

5.4. Overcoming existing challenges in potency testing

Since there is no “gold standard” or sufficiently defined regulations in this field, developers of 
MSC CM-based therapeutics use a variety of approaches for determining the potency. To evalu-
ate the immunomodulatory effect of MSC-secreted EV, an in vitro test based on a dose-dependent  
inhibition by vesicles of the proliferation of phytohemagglutinin-activated T lymphocytes was 
successfully used [38]. For the surrogate analysis of the immunomodulatory activity of MSC 
CM in the model of inflammatory organ failure, the effect of MSC CM on bacterial LPS-activated 
PBMC was tested. The degree of modulation correlated well with the level of IL-10 secreted by 
PBMC in this experimental model [39]. The subsidiary company of SteMedica, StemProtein, has 
successfully used two potency tests for its unique product, human fibroblast secretome dried by 
proprietary technology “Preservation by Vaporization.” Because tissue regeneration critically 
depends on adequate blood supply, they used in vitro angiogenesis assays to evaluate the thera-
peutic potency of stem cell factors. They routinely monitored the concentrations of VEGF, HGF, 
interleukin 6 (IL-6), chemokine C-C motif ligand 2 (CCL2), C-X-C motif chemokine 5 (CXCL5), 
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and interleukin 8 (CXCL8) in the product, as published literature has identified the important 
biological activity of these growth factors, cytokines, and chemokines [40, 41]. MultiStem also 
successfully used an analogous in vitro angiogenic test of biological activity, and also showed 
that three factors—VEGF, CXCL8, and CXCL5—are the crucial factors for the angiogenic activ-
ity of the secretome. The depletion of any of them drops the angiogenic effect of the secretome. 
Concentrations of each of the factors can be used as a threshold for the lot release [42]. Based 
on the literature data and guidelines as well as on our own experimental results, we provided 
rationalization for nomenclature and methods of quality control for human adipose-derived 
MSC CM developed for tissue reparation and regeneration on “Specific activity.” As the most 
important type of cells involved in tissue repair and regeneration after injury are fibroblasts, one 
of the models for MSC CM potency measurement was the assessment of human skin fibroblasts 
migration in the model of the scratch assay. In this regard that angiogenesis is also an indispens-
able process for the successful regeneration of tissues, we additionally used a model of human 
endothelial cells direct migration upon MSC CM gradient [26].

Despite direct in vitro or in vivo biological activity tests seem to be more informative, they 
demonstrate several substantial disadvantages. The main challenge is to render some injury-
specific conditions in model objects. Many in vivo studies in the fields of oncology and 
adaptive immunity conducted on rodents have faced this problem. In accordance with the 
provisions of the European Convention for the Protection of Vertebrate Animals Used for 
Experimental and Other Scientific Purposes and Directive 2010/63/EU on protection of ani-
mals used for scientific purposes, the 3R principles (replacement, reduction, and refinement) 
should be applied to production and control testing of medicinal products. [43]. Last but not 
the least, it is rational to take into account a high cost of these types of potency test.

Figure 1. Schematic reflecting multicomponent multi-MOA nature of MSC and effects of factors secreted by them. 
A detailed description is provided in the subsequent text. Abbreviations: MOA, mode of action; MSC, mesenchymal 
stromal cells.
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As CM action is mediated by the soluble factors, the development of a surrogate test based 
on the correlations between defined factor concentration (e.g., measured by immunoassay) 
and potency seems to be reasonable. It is necessary to analyze secretome profiles of cells 
from a large number of donors in order to detect the most robust and relevant active factors 
in CM concerning current MOA. The molecules selected for this analysis should be the most 
significant for maintenance of the selected MOA, and less significant for another MOA. In 
Figure 1, if someone selects MOA-II as pivotal one, he should firstly consider factor-2 as 
the candidate for the surrogate test. Factor-12 and factor-23, which apart from MOA-II are 
involved in MOA-I and MOA-III, respectively, should be chosen only if their levels are crucial 
for the MOA-II potential.

6. Conclusion

This chapter is dedicated to a novel class of biopharmaceuticals based on secretory com-
ponents of MSC as products for regenerative medicine. CM-based cell-free therapeutics 
comprise multicomponent mixture with multiple targets and pleiotropic effects. These bio-
pharmaceuticals reproduce many benefits of the rapidly developing cell therapy products. 
However, the use of cells might be complicated due to ectopic transplantation, tumorigenesis, 
and immune system reactions. MSC secretome is devoid of cell therapy side effects and has 
substantial advantages in manufacture, storage, and standardization making it a promising 
type of biopharmaceuticals.

We paid attention to safe and effective MSC CM-based cell-free therapeutics manufacturing 
conception. We have discussed several challenges concerning donor-associated variability, 
cell isolation procedure, optimal protocols for manufacturing and quality control, and lack 
of key regulatory decisions that must be overcome prior to the wide-scale clinical translation 
of such therapeutics. To reach the best safety and efficacy marks, developers could apply a 
system-wide approach to disease model analysis considering the principal mechanisms of 
tissue reparation and regeneration processes. In addition, it is rational to develop appropriate 
donor selection criteria that can help to involve only a suitable starting material to manufac-
turing process. Preventing the lot-to-lot variability together with improved efficacy could be  
facilitated by a relevant potency test development and validation required for the drug-quality  
control. The use of rational approach to the choice of MOA might help to relieve develop-
ment and conduction of a potency test by transition to more simple surrogate approach. In 
addition, implementing of these approaches into practice would help to develop novel legal 
potency test guidelines for cell-free therapeutics with unambiguous rules and examples.
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migration in the model of the scratch assay. In this regard that angiogenesis is also an indispens-
able process for the successful regeneration of tissues, we additionally used a model of human 
endothelial cells direct migration upon MSC CM gradient [26].
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adaptive immunity conducted on rodents have faced this problem. In accordance with the 
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should be applied to production and control testing of medicinal products. [43]. Last but not 
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As CM action is mediated by the soluble factors, the development of a surrogate test based 
on the correlations between defined factor concentration (e.g., measured by immunoassay) 
and potency seems to be reasonable. It is necessary to analyze secretome profiles of cells 
from a large number of donors in order to detect the most robust and relevant active factors 
in CM concerning current MOA. The molecules selected for this analysis should be the most 
significant for maintenance of the selected MOA, and less significant for another MOA. In 
Figure 1, if someone selects MOA-II as pivotal one, he should firstly consider factor-2 as 
the candidate for the surrogate test. Factor-12 and factor-23, which apart from MOA-II are 
involved in MOA-I and MOA-III, respectively, should be chosen only if their levels are crucial 
for the MOA-II potential.

6. Conclusion

This chapter is dedicated to a novel class of biopharmaceuticals based on secretory com-
ponents of MSC as products for regenerative medicine. CM-based cell-free therapeutics 
comprise multicomponent mixture with multiple targets and pleiotropic effects. These bio-
pharmaceuticals reproduce many benefits of the rapidly developing cell therapy products. 
However, the use of cells might be complicated due to ectopic transplantation, tumorigenesis, 
and immune system reactions. MSC secretome is devoid of cell therapy side effects and has 
substantial advantages in manufacture, storage, and standardization making it a promising 
type of biopharmaceuticals.

We paid attention to safe and effective MSC CM-based cell-free therapeutics manufacturing 
conception. We have discussed several challenges concerning donor-associated variability, 
cell isolation procedure, optimal protocols for manufacturing and quality control, and lack 
of key regulatory decisions that must be overcome prior to the wide-scale clinical translation 
of such therapeutics. To reach the best safety and efficacy marks, developers could apply a 
system-wide approach to disease model analysis considering the principal mechanisms of 
tissue reparation and regeneration processes. In addition, it is rational to develop appropriate 
donor selection criteria that can help to involve only a suitable starting material to manufac-
turing process. Preventing the lot-to-lot variability together with improved efficacy could be  
facilitated by a relevant potency test development and validation required for the drug-quality  
control. The use of rational approach to the choice of MOA might help to relieve develop-
ment and conduction of a potency test by transition to more simple surrogate approach. In 
addition, implementing of these approaches into practice would help to develop novel legal 
potency test guidelines for cell-free therapeutics with unambiguous rules and examples.
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Abstract

Glioblastoma multiforme (GBM) is the most common and aggressive primary malignant 
brain tumor. Despite the efforts developed in the respective treatment, consisting of 
maximal surgical resection followed by adjuvant radiotherapy and chemotherapy, the 
prognosis remains very poor. This may be partly related to the resistance of GBM cells 
and their infiltrative and invasive nature into the surrounding brain tissue. Therefore, 
newer and challenging alternative approaches for the treatment have emerged, including 
immunotherapy. This anticancer therapy, based on the stimulation of the host’s immune 
system, has been currently investigated and several advances in the clinical trial stage 
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radiotherapy plus temozolomide (TMZ) chemotherapy), GBM remains an incurable disease 
with a poor prognosis that attains a median survival of 14.6 months and a mean survival rate 
of 0.05–4.7% at 5 years, which is partially due to its heterogeneous and invasive nature as well 
as to the tumor resistance [1–3]. In addition, it is well-known that the protective nature of 
the blood–brain barrier (BBB) limits the entry of therapeutic agents into the brain and conse-
quently hampers the success of therapies [4].

Recently, new and promising immunotherapeutic approaches have emerged and evidenced a 
great impact in GBM treatment, harnessing the ability of the host’s immune system to induce 
or enhance antitumor responses [2, 5]. These immunotherapeutic strategies are related with 
both active immunotherapy, such as vaccines (cell-free and cell-based), and passive immu-
notherapy, namely monoclonal antibodies (mAbs), immune checkpoint inhibitors, chimeric 
antigen receptor (CAR) T-cell therapy and oncolytic viruses (OVs). Despite the presence of the 
BBB, such strategies can be successful by considering some key points. If immunotherapy is 
intended to be given intravenously, the BBB is effectively a problem, but likely to be exceeded. 
On the one hand, it is noteworthy that patients with GBM tend to have a fenestrated endothe-
lium with BBB disruption, which will possibly facilitate the passage of immunotherapeutic 
cells. On the other hand, there are already mechanisms to induce a reversible BBB opening 
with a transiently increase in the respective permeability. Nonetheless, there is currently an 
easier and more effective approach, which consists of direct intracranial injection of immuno-
therapeutic agents, thus overcoming the problems associated with the BBB [4, 6].

Regardless the low number of clinical trials (CT) that are completed to date, the early results 
reached for all of these strategies are generally related with positive patient outcomes, which 
has increased the interest in proceeding with the investigations. This chapter provides a brief 
description and the currently ongoing CT of all of these therapies, with particular emphasis 
on vaccines. In fact, vaccination represents a valuable therapeutic option in cancer since it can 
induce widespread and sustained antitumor effects, with less toxicity than standard chemo-
therapy [7, 8].

2. The spectrum of vaccine strategies in glioblastoma

Contrary to chemotherapy and passive immunotherapy, vaccination does not have a direct 
antitumor effect, but rather boosts the immune system to destroy tumor cells [9]. More pre-
cisely, vaccines aim at inducing tumor-specific immune responses, mainly based on CD8+ 
cytotoxic T lymphocytes (CTL), which are specific to tumor antigens [10]. According to the 
strategy used to present the antigens to the immune system, cancer vaccines can be divided 
mainly in two groups, cell-free or cell-based vaccines [11].

2.1. Cell-free vaccines

Treatment with cell-free vaccines consists on direct inoculation of single or multi antigens, 
later presented to host antigen-presenting cell (APC) that, upon such stimulation, migrate 
to lymph nodes where they boost immune response. In this group are included a peptide, 
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multipeptide, and heat-shock protein (HSP) vaccines, whose applicability has already been 
developed for GBM [11–13].

2.1.1. Peptide and multipeptide vaccines

Cancer peptide vaccines take advantage of peptides to trigger a pharmacological activity 
through the mobilization of the immune system against tumor antigens [13]. Investigating 
the expression profile of antigens in human GBM thus becomes the most important step in the 
process of developing vaccine-directed immunotherapy [14]. In fact, multiple glioma-related 
antigens have been identified and even tested in vaccine trials over the last years, but only 
a few reached promising results given the known variable expression patterns of proteins/
antigen among GBM patients [14, 15]. These vaccines may incorporate a single or multiple, 
long or short peptides acting as tumor antigens, which are often coupled to carrier proteins in 
order to potentiate their immunogenicity [15, 16]. Although being a recent treatment modality 
in oncology, GBM has already a varied range of successfully proven vaccines, many of them 
peptide/multipeptide vaccines [11].

Considering the frequent amplification of epidermal growth factor receptor (EGFR) and its 
active mutant EGFRvIII in GBM, many researchers have focused their works on developing 
EGFRvIII vaccines with remarkable clinical results. For instance, rindopepimut (also called 
Rintega® and CDX-110) was subjected to a number of phase I/II CT since its introduction 
(VICTORI, pediatric pontine glioma pilot study (NCT01130077), ACTIVATE (NCT00643097), 
ACT II, ACT III (NCT00458601), and ReACT (NCT01498328)), where its clinical efficacy was 
clearly shown in patients with GBM. Such vaccination resulted in prolonged progression-
free and overall survival (OS) with no safety concerns. However, a phase III CT (ACT IV 
(NCT01480479)) with rindopepimut was discontinued since the study failed to meet its 
primary OS endpoint [7, 17, 18]. Another example is a live attenuated Listeria-based vaccine 
(ADU-623) expressing both EGFRvIII and NY-ESO-1 antigens, which is currently being tested 
in patients with recurrent GBM through a phase I CT (NCT01967758) [11, 18].

Despite the increased interest in EGFRvIII, other antigens have been considered for the 
investigation of immunotherapy in GBM, with emphasis on SurVaxM, PEPIDH1M, and 
DSP-7888 vaccines. SVN53-67/M57 (SurVaxM), a peptide vaccine derived from survivin, not 
only has revealed promising results in preclinical studies with GL261-bearing mice but has 
also been investigated in CT (phase II so far (NCT02455557)) [11, 18, 19]. Since isocitrate 
dehydrogenase 1 (IDH1) is an enzyme commonly mutated in GBM, it has been developed 
IDH1 peptide vaccines for patients with glioma positive for IDH1 R132H mutation (pre-
sented in 5–12% of GBMs). Currently, two phase I CT are being conducted for that purpose, 
called RESIST trial (NCT02193347) with PEPIDH1M vaccine and NOA-16 (NCT02454634), 
both of which target patients with IDH1R132H-mutated gliomas [15, 20]. Another devel-
oping peptide vaccine uses the tumor-associated antigens (TAA) Wilm’s tumor protein-1 
(WT-1), recognized as an oncogene expressed in GBM responsible for tumor growth. 
WT1 peptide vaccination has been investigated through several phases I/II CT, alone or 
in combination with other therapeutics, including TMZ. Overall, the results of these WT1-
based vaccines have been positive, confirming their safety profile along with good clinical 
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responses. By way of example, DSP-7888 vaccine revealed to induce a specific CTL and 
helper T-lymphocyte-mediated immune responses against WT1 expressing GBM, in a phase 
I CT (NCT02498665) [11, 18].

When not one but several antigens are incorporated in the same vaccine, multi-peptide vac-
cines are obtained as the case of IMA950, SL-701, and ERC-1671 vaccines. In fact, combin-
ing multiple peptides in a single mixture may offer therapeutic advantages bearing in mind 
the heterogeneous gene expression profiles in different GBM [15, 21]. IMA950 is a vaccine 
encompassing 11 peptides naturally presented in GBM tissue (brevican; chondroitin sulfate 
proteoglycan 4; fatty acid binding protein 7, brain; insulin-like growth factor 2 mRNA binding 
protein 3; neuroligin 4, X-linked; neuronal cell adhesion molecule; protein tyrosine phospha-
tase, receptor-type, Z polypeptide 1; tenascin C; Met proto-oncogene; baculoviral inhibitor 
of apoptosis protein repeat-containing 5; and hepatitis B virus core antigen). This multipep-
tide vaccine has been subjected to numerous phase I/II CT (NCT02924038, NCT01920191, 
NCT01403285, and NCT01222221), alone or combined with other therapies, whose results are 
still somewhat inconclusive as to its clinical efficacy [11, 18]. Another case, the SL-701 vaccine 
composed of 3 peptides (a highly immunogenic mutant to target survivin, interleukin-13 
receptor α-2 (IL-13Rα2), and ephrin A2) was investigated in adults with recurrent GBM 
through a phase I/II CT (NCT02078648), although the results have not yet been disclosed  
[11, 14, 18]. A slightly more complex vaccine concerns ERC-1671 (Gliovac) since it uses a 
combination of allogeneic tumor cells (derived from three different GBM donors), autolo-
gous GBM tumor cells (resultant from resected tumor of the patient) and GBM tumor lysates. 
Given the notable results obtained from the first clinical studies, this multi-peptide vaccine 
moved toward a phase II CT (NCT01903330), being examined in recurrent, bevacizumab naive 
GBM patients [11]. As it is well-known, O6-methylguanin-DNA-methyltransferase (MGMT) 
unmethylated GBM is correlated with TMZ resistance and worse prognosis of the tumor [22]. 
Such evidence led to the development of a personalized neoantigen cancer vaccine (NeoVax), 
which is currently being examined in a phase I CT (NCT03422094) along with radiotherapy 
in newly diagnosed GBM with exclusively unmethylated MGMT promoters [18].

2.1.2. Heat-shock protein (HSP) vaccines

HSPs act as chaperones for intracellular proteins, so they have the ability to bind, fold and 
chaperone an antigenic representation of the cells from which they are originated. Based on 
this fact, HSPs isolated and purified from a patient’s resected tumor can be subsequently rein-
fused, and then they will promote the presentation of antigenic peptides to APCs, which elicit 
antigen-specific CTL responses [11, 18]. Among the proteins of the HSP family, expressed in 
GBM, HSP70 and HSP90 stand out. Despite the dysregulation of these HSP families being 
reported to play a critical role in tumor proliferation, invasiveness, and metastasis, in addi-
tion to suppression of apoptosis, HSP70 and HSP90 have also shown ability to bind antigenic 
peptides, which can elicit tumor rejection responses [23]. HSP70 family inhibits cell stress-
induced apoptotic pathways, facilitates protein folding, and guides protein transport across 
membranes, while HSP90 mainly assists in protein folding, protein stabilization, and peptide 
loading onto major histocompatibility complex (MHC) class I molecules. Particularly, HSP90 
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was found to bind to EGFRvIII, FAK, AKT, hTERT, p53, cdk4, MAPK, and PI3K in GBM, 
which are involved in key tumor initiation and proliferation signaling pathways. Although 
the studies have been conducted for other types of tumors, it is believed that the same 
may occur with GBM, with HSP presenting tumor-specific antigens to stimulate antitumor 
immune responses [11, 24, 25]. Autologous tumor-derived HSP-peptide complex 96 (HSPPC-
96) have generated great interest over the last few years, reason why it has been the most used 
in HSP vaccine trials. In fact, HSPPC-96 has been extensively explored in several phases I/II 
CT (NCT02722512, NCT00905060, NCT01814813, NCT00293423, and among others), most of 
them for GBM patients, inducing strong tumor-specific immune responses with the improved 
median OS [11, 14, 18, 26].

2.2. Cell-based vaccines

Contrary to the vaccines previously presented, cell-based vaccines (as the name itself indi-
cates) first resort to APCs ex vivo, most often dendritic cells (DCs) extracted from the patient, 
loading them with tumor antigens. After activation, they are injected into the host, presenting 
the antigens to naive T cells of the adaptive immune system [11, 27].

2.2.1. Dendritic cells (DCs) vaccines

As is already known, DC are considered the optimal APC of the immune system, due to 
their ability to stimulate T and B lymphocytes, in addition to promoting natural killer (NK) 
T cells activation [28, 29]. As such, a wide range of antigen sources has been explored for 
pulsing of DC, and include tumor peptides, autologous tumor lysates, tumor-derived mRNA 
(messenger RNA), glioblastoma stem cells (GSCs) and viral antigens. All of these strategies 
have already been properly tested in GBM, proving to be immunogenic with very promising 
outcomes [5, 11, 14, 15, 28].

Referring to tumor peptide-loaded DCs, we here present the two most important so far: 
autologous DC pulsed with an EGFRvIII peptide conjugated with keyhole limpet hemocya-
nin (PEPvIII-KLH), and the ICT-107 autologous vaccine [11]. The latter concerns patient DCs 
pulsed with six synthetic TAAs (AIM-2, MAGE1, TRP-2, gp100, HER2/neu, and IL-13Rα2, 
four of which are considered GSC-associated, and whose results obtained in phase I/II CT 
(NCT01280552) are quite encouraging for the ongoing phase III CT (NCT02546102) in GBM 
[5, 11, 14]. As a matter of fact, ICT-107 is also considered a tumor stem cell vaccine. It should 
be recalled that GBM possesses a small subpopulation of self-renewing, tumorigenic GSC, 
which drive invasive tumor growth and therapeutic resistance. Among the biomarkers 
studied, CD133 has been used extensively to identify and isolate tumor stem cells, given its 
overexpression on these malignant cells [7, 18, 30]. In this sense, ICT-107 vaccine was found 
to decrease CD133+ cells from recurrent GBM; moreover, the tumor stem cell vaccine ICT-
121 consists of autologous DC pulsed with purified peptides from CD133, whose safety and 
clinical response will be assessed in a phase I CT now ongoing (NCT02049489) [18]. Still on 
the stemness, another way to take advantage of GSC is to develop tumor-derived mRNA-
loaded DCs vaccines. In this case, autologous GSC cultures are established from resected 
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tumor, followed by isolation of RNA and amplification of mRNA, then transfected into DC 
[31, 32]. As such, a phase I CT (NCT00890032) studied CD133+ autologous brain tumor stem 
cell (BTSC) mRNA-loaded DC in patients with recurrent GBM, which revealed to be safe, 
feasible and well-tolerated [32].

An alternative approach involves using tumor cell lysates-loaded DCs, such as DCVax®-L 
vaccine in which cellular fragments (derived from the patient’s own resected tumor) are 
pulsed into DCs. In fact, this technique offers the advantage of collecting a broad spec-
trum of patients’ tumor antigens, known and unknown (given the heterogeneity of antigen 
expression among gliomas), thus triggering a polyclonal immune response [11, 14, 28, 33]. 
DCVax®-L, one of the most promising vaccines for GBM, consists of an autologous DC vac-
cine that is currently under evaluation in a phase III CT (NCT00045968). Previous studies 
(phase I/II CT) have proved its safety profile, also demonstrating that vaccine can increase 
progression-free and OS in newly diagnosed GBM (2 out of 39 patients survived more than 
10 years) [2, 18, 34].

It has been reported that most GBM express exclusive human cytomegalovirus (CMV) proteins, 
as for example IE1, US28, pp65, gB, HCMV IL-10, and pp28. Such evidence made possible the 
use of immunodominant CMV antigens to produce viral antigen-loaded DCs, aimed at treating 
GBM patients [14, 15]. Exciting results were obtained in a study with patient-derived DCs pulsed 
with CMV pp65 RNA since the stimulation of CMV pp65-specific cytotoxic T cells resulted in 
recognition and destruction of autologous GBM tumor cells in an antigen-specific manner [35]. 
In the wake of this outcome, a phase II CT (NCT02366728) is currently ongoing testing the CMV 
pp65 RNA-pulsed autologous DC vaccine along with tetanus/diphtheria toxoid helper vaccine, 
for newly diagnosed GBM patients [18]. In addition, the DC vaccine PEP-CMV comprises two 
peptides, derived from human pp65 and gB, and has been investigated in some phase I CTs 
(NCT01854099, NCT02864368, and NCT03299309) without published results so far [7, 15].

2.2.2. Human umbilical vein endothelial cell (HUVEC) vaccines

Less commonly used in vaccines, but also with ongoing trials for GBM, are the glutaralde-
hyde-fixed human umbilical vein endothelial cells (HUVECs). [14, 36]. As it is well known, 
angiogenesis is a hallmark of GBM that facilitates tumor progression and invasiveness. Based 
on that, HUVEC vaccination consists of an endovascular targeting immunotherapy intended 
to trigger an antiangiogenic response, upon presentation of HUVEC antigen to the immune 
system [14, 37]. To the best of our knowledge, only two preliminary CT was conducted 
with HUVEC vaccines for recurrent GBM patients, whose clinical outcomes were promis-
ing without serious adverse events associated [14, 36, 38]. In addition, an interesting in vivo 
study assessed the effect of a combined vaccine, prepared from GBM and endothelial cells, 
on glioma-bearing mice. While tumor growth inhibition was seen only in the preventive use 
of the combined vaccine, a significantly decrease in vessel account was verified in the tumor 
upon the therapeutic experiment with that vaccine [37].

2.2.3. Autologous formalin-fixed tumor vaccines (AFTVs)

Last but not least, are whole tumor cell vaccines, which use autologous formalin-fixed tumor frag-
ments obtained from surgical removal to trigger in vivo antigen-specific CTL responses [39, 40].  
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Actually, formalin fixation technique has been used since it allows admirable preservation of 
tissue morphology, and consequently, the antigenicity of tumor cells [14, 40]. A CT with an 
autologous formalin-fixed tumor vaccine (AFTV) being tested in 12 primary GBM patients 
demonstrated the safety and viability of the vaccine, along with promising clinical responses 
that were also achieved [40]. Another study, phase I/IIa CT, examined the impact of an AFTV 
concomitant with radiotherapy in 22 resected patients with newly diagnosed GBM. Such 
trial resulted in median OS of 19.8 months with an actuarial 2-year survival rate of 40%, 
in addition to not reporting serious adverse events [39]. Interestingly, an immunotherapy 
strategy combining cellular vaccines (prepared from autologous GL261 murine glioma cells 
and F-2 murine endothelial cells) was tested on glioma-bearing mice. Such preclinical study 
revealed that combined vaccine significantly decreased tumor growth and vessel account, 
thus representing an expecting strategy capable to target both GBM cells and their microen-
vironment [37].

2.3. Advantages and disadvantages of cell-free and cell-based vaccines

Throughout this chapter, several candidate vaccine approaches are presented for GBM treat-
ment. Although most of them have demonstrated safety and clinical benefit in different 

Strategy Advantages Disadvantages

Cell-free 
vaccines

• Easy to synthethize, purify, produce and 
standardize; [16, 41, 42]

• Cost-effective approach; [41]

• Safe with no biological contamination  
(in case of synthetic peptides); [42]

• Stable in storage; [16]

• Possibility of selecting one or more 
antigens (stimulation of an specific immune 
response); [16, 41]

• Fully-defined composition;

• Low risk of allergic and auto imune 
responses, as well as of oncogenicity effects 
[41, 42]

• Prior and proper identification of immunogenic 
epitope(s); [41]

• Existence of antigen-loss tumor variants; [16]

• MHC restriction; [41]

• Lack of helper activity and weak presentation 
of antigen by endogenous APC (contrary to the 
cross-presentation by DC); [16]

• Instability of peptides in vivo being rapidly 
degraded by peptidases [16]

Cell-based 
vaccines

• Bypass the endogenous DC dysfunction in 
cancer patients; [43]

• Cross-presentation of exogenous antigens 
by DC; [44]

• Great ability of DC to prime T cells to attack 
the tumor; [44]

• AFTV provide the entire spectrum of TAAs 
with no need to select the most proper 
antigen to target the tumor; [45]

• Safe, multivalent and patient-specific [12]

• High production costs; [42]

• Quality concerns due to the manufacture highly 
variable; [12, 42]

• Poor immunogenicity of the tumor cell them-
selves; [12]

• Most of them are restricted to patients with a 
resectable tumor; [42, 46]

• Some failure rate associated with culture of 
autologous tumor cells [46]

MHC: major histocompatibility complex; APC: antigen-presenting cell; DC: dendritic cell; TAA: tumor-associated 
antigens; AFTV: autologous formalin-fixed tumor vaccine.

Table 1. Overall assessment of cell-free and cell-based vaccines.
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on glioma-bearing mice. While tumor growth inhibition was seen only in the preventive use 
of the combined vaccine, a significantly decrease in vessel account was verified in the tumor 
upon the therapeutic experiment with that vaccine [37].
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preclinical and clinical studies, it is essential to understand some intrinsic advantages and 
disadvantages of cell-free and cell-based vaccines in cancer therapy (Table 1).

3. Other immunotherapeutic strategies

Equally important, immunotherapeutic approaches, such as monoclonal antibodies, immune 
checkpoint inhibitors, adoptive T-cell therapy, CAR T-cell therapy and oncolytic viruses, have 
been investigated in the treatment of GBM [47]. Some related clinical data are presented in 
Table 2, with an indication of the CT ID.

3.1. Monoclonal antibodies (mAbs)

One of the most intensively explored passive immunotherapeutic approach resorts to mAbs. 
These are able to recognize cell surface receptors and ligands, which provide a successful 
strategy to target antigens highly expressed in tumor cells or receptors involved in tumori-
genesis [6]. They can function through a set of ways, such as by blocking ligand-receptor 
binding and/or downstream signaling pathways, targeting the tumor microenvironment, 
immune cells or immunosuppressive tumor microenvironments, and modulating constant 
fragment (Fc) domain of antibodies [48].

The mAbs have been applied as immunotherapeutic agents in GBM treatment. Two tar-
gets expressed on GBM cells are vascular endothelial growth factor (VEGF) and EGFR 
or its variant III mutation EGFRvIII. Bevacizumab, a humanized antibody against VEGF, 
was the first mAb studied in the treatment of GBM patients. This mAb has the ability to 
promote the blockade of VEGF pathway, intervening in neovascularization of the tumor 
and, consequently, in tumor growth, decreasing its size [49, 50]. It was approved by the 
food and drug administration (FDA) in 2009 for recurrent GBM. Two phase II multicenter 
and randomized CT were performed to evaluate the safety of bevacizumab with or with-
out irinotecan (a cytotoxic prodrug which inhibits DNA replication and activates apop-
totic cell death) in patients with recurrent GBM, where treatment-associated toxicity was 
documented in some of the patients [51]. For newly diagnosed GBM patients, this drug 
has been investigated together with standard therapy in comparative studies to assess the 
use of bevacizumab as first-line treatment. Two randomized double-blind placebo-control 
trials [52, 53] and one open-label single-arm phase II CT [54] showed that the addition 
of bevacizumab to standard therapy prolonged the progression-free survival (PFS), but 
did not improve OS. Additionally, serious adverse events related to bevacizumab were 
also reported in these trials. Thus, the efficacy of bevacizumab on quality of life of newly 
diagnosed GBM patients was not clearly specified and further well-designed CT should 
be performed. Other ongoing CT of bevacizumab agent in GBM treatment are present in 
Table 2. Inversely to bevacizumab, there are other mAbs agents that specifically target 
EGFR and/or EGFRvIII, which are the most common tumor-expressed targets explored in 
antibody therapy. EGFR is expressed in approximately 40% of GBM patients and 65% of 
them present EGFRvIII mutation [49]. These mAbs have the ability to blockade ligand bind-
ing or signaling through these receptors, interfering with tumor growth rates and inducing 
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Strategy Drug/antigen Other therapy Clinical phase 
(status)

Clinical trial ID

mAbs Bevacizumab — I/II (recruiting) NCT01811498

— II (not recruiting) NCT02157103

TMZ III (recruiting) NCT02761070

TMZ II (not recruiting) NCT01149850

Nimotuzumab RT plus TMZ III (completed) NCT00753246

RT plus TMZ II (completed) NCT03388372

Cetuximab RT plus TMZ I/II (recruiting) NCT02861898

ABT-414 RT plus TMZ I (completed) NCT01800695

RT plus TMZ III (recruiting) NCT02573324

TMZ or lomustine II (recruiting) NCT02343406

AMG595 — I (completed) NCT01475006

Immune 
checkpoint 
inhibitors

Nivolumab (anti-PD-1) RT and TMZ III (recruiting) NCT02617589

RT plus TMZ III (recruiting) NCT02667587

Pembrolizumab 
(anti-PD-L1)

— Pilot (recruiting) NCT02852655

RT plus TMZ I/II (not 
recruiting)

NCT02530502

Bevacizumab II (not recruiting) NCT02337491

RT plus TMZ; HSPPC-96 
vaccine

II (recruiting) NCT03018288

Durvalumab 
(anti-PD-L1)

Bevacizumab or RT II (not recruiting) NCT02336165

Avelumab (anti-PD-L1) RT plus TMZ II (recruiting) NCT03047473

Nivolumab (anti-PD-1) 
and ipilimumab 
(anti-CTLA-4)

TMZ I (not recruiting) NCT02311920

Bevacizumab III (not 
recruiting)

NCT02017717

Adoptive T-cell 
therapy

CMV-CTL TMZ I/II (recruiting) NCT02661282

CMV-ALT RT plus TMZ I (completed) NCT00693095

CAR T-cell 
therapy

IL-13Rα2 — I (recruiting) NCT02208362

— Pilot (completed) NCT00730613

EphA2 — I/II (completed) NCT02575261

HER2 CMV-CTL I (not recruiting) NCT01109095

— I/II (recruiting) NCT02713984

RT plus TMZ I (recruiting) NCT02442297

EGFRvIII Fludarabine and 
cyclophosphamide

Pilot (recruiting) NCT02844062

Fludarabine, 
cyclophosphamide and 
IL-2

I/II (recruiting) NCT01454596

— I (not recruiting) NCT02209376

RT plus TMZ I (recruiting) NCT02664363
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apoptosis, as well as providing a better sensitization of tumors to chemotherapeutic agents 
[48]. Examples of these mAbs are nimotuzumab and cetuximab, which are tested in clinical 
stage with early promising outcomes in the majority of the cases. More details about their 
CT are displayed in Table 2.

A recent and promising strategy using mAbs is based on antibody drug-conjugate (ADC), 
where mAbs are linked to cytotoxic molecules that specifically target tumor cells, promoting 
delivery of drugs or toxins. ABT-414 and AMG595 are two examples of ADCs that specifically 
target EGFRvIII and are under investigation for the treatment of GBM (Table 2) [49, 50].

3.2. Immune checkpoint inhibitors

Immune checkpoints are molecules that can attenuate the strength and duration of the normal 
activity of CTLs and are responsible for preventing autoimmunity and mitigating collateral 
tissue damage [5, 55, 56]. Programmed cell death protein 1 (PD-1) and cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) is the most studied immune checkpoints molecules that pro-
vide immune resistance mechanisms at different levels and by different mechanisms, leading 
to inhibition of T-cell proliferation and cytokine production, consequently resulting in a non-
activation of T-cells [2, 56]. Both PD-1 and CTLA-4 are receptors expressed on the surface 
of T-cells [51]. PD-1 blocks T-cells at advanced stages of the immune response and interact 
with one of the PD-1 ligands expressed on the surface of tumor cells (such as PD-L1/B7.H1 or 
PD-L2/B7-DC), while CTLA-4 occurs early in T-cell immune response and binds to ligands 
expressed on the surface of APCs (such as B7.1/CD80 and B7.2/CD86) [2, 56].

Strategy Drug/antigen Other therapy Clinical phase 
(status)

Clinical trial ID

OVs HSV-1 M032 — I (recruiting) NCT02062827

DNX-2401 TMZ I (completed) NCT01956734

IFN-γ I (not recruiting) NCT02197169

— I (recruiting) NCT03178032

Pembrolizumab II (recruiting) NCT02798406

AdV-tK RT and valacyclovir II (completed) NCT00589875

RT and valacyclovir I (completed) NCT00751270

Reolysin RT and/or chemotherapy I (completed) NCT00528684

mAbs: monoclonal antibodies; TMZ: temozolomide; RT: radiotherapy; PD-1: programmed cell death protein 1; 
CTLA-4: cytotoxic T-lymphocyte-associated protein 4; HSPPC-96: heat-shock protein peptide complex 96; CMV-CTL: 
cytomegalovirus cytotoxic T lymphocytes; CMV-ALT: cytomegalovirus autologous lymphocyte transfer; CAR: chimeric 
antigen receptor; IL-13Rα2: interleukin-13 receptor alpha 2; HER2: human epidermal growth factor receptor 2; EphA2: 
erythropoietin-producing hepatocellular carcinoma 2; EGFRvIII: epidermal growth factor receptor variant III mutation; 
IL-2: interleukin-2; Ovs: oncolytic viruses; HSV: herpes simplex virus (HSV); IFN-γ: interferon gamma; AdV-tK: 
adenovirus mutant thymidine kinase.

Table 2. Representative CT of immunotherapeutic strategies in GBM treatment, including mAbs, immune checkpoint 
inhibitors, adoptive T-cell therapy, CAR T-cell therapy and OVs.
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A strategy based on the blockade of these inhibitory receptors and their ligands through the 
use of antibodies has been explored as a promising immunotherapeutic approach for diverse 
solid tumors, such as glioblastoma, inducing T-cell-mediated antitumor immunity [6]. PD-1 is 
expressed on activated T-cells, B-cells, DCs and macrophages and the expression of PD-L1 has 
been reported in glioma cell lines and tumor tissues, as well as in activated APCs in glioma 
patients, and its level of occurrence is associated with glioma grade [55]. Preclinical studies 
using antibodies to target PD-1/PD-L1 in animal glioma models showed encouraging results, 
especially in combination with radiotherapy [2, 57], which provided a strong support to proceed 
to clinical stage. Several CT are ongoing to evaluate the safety and efficacy of anti-PD-1/PD-L1 
human antibodies, namely nivolumab (anti-PD-1 antibody) and pembrolizumab (anti-PD-L1 
antibody), which have been tested alone or in combination with other agents in GBM patients. 
Some of these trials are in early phases, but two phase III trials are evaluating nivolumab 
and comparing it with standard therapy (NCT02617589 and NCT02667587). In a preclinical 
stage, the anti-CTLA-4 strategy has also demonstrated robust and effective response rates, 
with an increasing of long-term survival in 80% of treated mice [5]. Clinically, the safety and 
efficacy of nivolumab with or without ipilumumab, an anti-CTLA-4 human antibody, in GBM 
patients, are assessed in phase I and III trials (NCT02311920 and NCT02017717, respectively). 
This combinatorial PD-1 and CTLA-4 blockade demonstrated the most effective results. More 
information about immune checkpoint inhibitors trials is summarized in Table 2.

Despite their great impact on survival, this immunotherapeutic approach presents some limi-
tations, reflected by the immune-associated side effects experienced by some patients, such 
as dermatological, endocrinological, gastrointestinal, and hepatic toxicities, which have been 
reported like associated with the abnormal infiltration of stimulated CD4+–CD8+ T-cells into 
normal tissues with the concurrent elevation of levels of pro-inflammatory cytokines [2].

3.3. Chimeric antigen receptor (CAR) T-cell therapy

Adoptive T-cell therapy has also been widely applied in treatment of highly aggressive and 
advanced tumors, including GBM [58]. This therapy is based on direct T-cells activation and 
can be described in a simple way through the isolation of tumor-specific autologous T-cells 
and in vitro expansion followed by their injection into the patient, in order to improve anti-
tumor activity [5, 6]. As referred previously, CMV has been suggested as a potential GBM 
therapeutic target, due to the expression of its antigens in GBM cells, but not in surrounding 
healthy brain tissue. In a phase I CT for recurrent GBM patients, the feasibility and safety of 
a combinatorial therapy of autologous adoptively CMV-specific T-cell therapy and chemo-
therapy were demonstrated, highlighting the power of this antiviral therapy to improve GBM 
prognosis [59]. Other examples of CTs regarding CMV adoptive T-cell therapy are depicted 
in Table 2. However, it has been observed that this immunotherapeutic strategy is limited by 
the immunosuppressive tumor microenvironment, and the need of T-cells to recognize tumor 
antigens presented by the MHC class I [2, 60].

A novel type of adoptive T-cell therapy that has been proposed to overcome these shortcomings, 
is based on the transference of autologous T-cells genetically modified with CARs [5]. CARs are 
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apoptosis, as well as providing a better sensitization of tumors to chemotherapeutic agents 
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with one of the PD-1 ligands expressed on the surface of tumor cells (such as PD-L1/B7.H1 or 
PD-L2/B7-DC), while CTLA-4 occurs early in T-cell immune response and binds to ligands 
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Strategy Drug/antigen Other therapy Clinical phase 
(status)

Clinical trial ID
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Table 2. Representative CT of immunotherapeutic strategies in GBM treatment, including mAbs, immune checkpoint 
inhibitors, adoptive T-cell therapy, CAR T-cell therapy and OVs.

Biopharmaceuticals74
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therapy were demonstrated, highlighting the power of this antiviral therapy to improve GBM 
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in Table 2. However, it has been observed that this immunotherapeutic strategy is limited by 
the immunosuppressive tumor microenvironment, and the need of T-cells to recognize tumor 
antigens presented by the MHC class I [2, 60].

A novel type of adoptive T-cell therapy that has been proposed to overcome these shortcomings, 
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activation through a mechanism where the antigen-binding region of a mAb is fused with the 
T-cell receptor (TCR) signaling domain CD3. They allow an antibody-like antigen recognition 
in a non-MHC-restricted pathway and a more effective T-cell penetration and persistence into 
the tumor microenvironment than mAbs [60, 61]. The implementation of CAR T-cell therapy in 
GBM treatment has demonstrated to be highly promising, where several GBM-specific antigens 
have been investigated as targets, such as (IL-13Rα2), human epidermal growth factor receptor 
2 (HER2), erythropoietin-producing hepatocellular carcinoma 2 (EphA2) and EGFRvIII [50, 61]. 
Preclinical studies that involve these targets are associated with positive outcomes, and all of 
them are also ongoing in a clinical stage [5]. A pilot study of intracranial delivery of CAR T-cells 
targeting IL-13Rα2 into the resection cavity of three patients with recurrent GBM (NCT00730613) 
provided preliminary results about its safety and feasibility, showing that the strategy was well-
tolerated without the emergence of serious side effects. Further, a transient antitumor activity 
was developed in two of the patients and the decrease of IL-13Rα2 expression within the tumor 
was confirmed in one patient [62]. Regarding the application of CAR T-cells therapy for EphA2 
positive malignant glioma patients, a phase I/II CT (NCT02575261) was completed, where the 
effectiveness, safety, and clinical response were evaluated, but the results have not yet been 
published. A phase I trial of CMV-specific CAR T-cells therapy targeting HER2 (NCT01109095), 
considered a more active strategy that reacts with the virus and tumor cells is also in progress 
to investigate its safety and efficacy in the treatment of patients with GBM. Several clinical trials 
exploring CAR T-cells targeting EGFRvIII in GBM are underway to test the safety and effective-
ness of this approach. More detailed information about these CAR T-cell clinical trials, as well 
as other examples, can be found in Table 2. Phase I/II clinical trials have provided early results 
of potential efficacy with an acceptable toxicity profile, but more efforts need to be carried out 
to assess the efficacy of the application of CAR T-cell therapy in GBM treatment. Despite the 
tolerable toxicity, cytokine release syndrome (CRS) is the most frequent adverse effect due to 
the extreme immune activation, especially evidenced in the case of intravenous administration. 
Furthermore, additional disadvantages are the high cost of the therapy and the possibility of 
expression of the target antigen on healthy tissues [61].

3.4. Oncolytic viruses (OVs)

Oncolytic virotherapy is another emerging immunotherapeutic strategy that has been investi-
gated in the treatment of GBM, evidencing promising results. OVs are replication-competent 
viral vectors used to induce effective antiviral and antitumor immune responses [2, 51]. They 
are able to selectively replicate in tumor cells through cell surface marker identification, induce 
tumor cell death, spread within the tumor and indirectly recruit immune cells to promote 
immune responses against themselves and infected and uninfected tumor cells [58, 63]. They 
can naturally occur or are genetically manipulated to specifically infect and destroy tumor 
cells overexpressing tumor antigens [50, 51]. Once all the tumor cells are eradicated, the excess 
of virus can be removed using an anti-viral medication [49]. Several OVs are under investiga-
tion for GBM targeting. Some of them have been tested at different stages of CTs, including 
herpes simplex virus (HSV), adenovirus (AdV), measles virus (MV), poliovirus (PV), reovirus, 
H1 parvovirus and Newcastle disease virus (NDV), after preclinical researches showing anti-
tumor activity, and many of the remaining OVs are in advanced preclinical stages [63].
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HSV is a neurotropic human pathogen that provides tumor selectivity with safety and the most 
intensively studied examples of genetically modified mutant HSV are G207 and HSV1716 [51].  
Phase I and Ib trials performed to evaluate the safety of G207 inoculation into the brain resec-
tion cavity for recurrent GBM showed no treatment-related toxicity neither serious adverse 
effects, with no patients developing HSV encephalitis, and encouraging therapeutic efficacy 
was reported [2]. Another phase I trial that combines G207 oncolytic HSV therapy with 
radiotherapy also demonstrated safety and potential antitumor activity in the treatment of 
recurrent GBM patients [64]. HSV1716 is also reported in phase I trials, where no toxicity 
ascribed to HSV1716 was demonstrated [65, 66]. Another example of a genetically modified 
mutant HSV that has been investigated (HSV-1 M032) is presented in Table 2. Relatively to 
genetically engineered AdVs, which are non-enveloped virus with a double-stranded linear 
DNA genome, the most commonly investigated in GBM treatment are DNX-2401, ONYX-
015 and AdV-tK [2, 49–51]. In the case of DNX-2401, the tumor targeting is achieved and 
increased due to the presence of cyclic arginine/glycine/aspartic acid (cRGD) peptide that 
permits the attachment to host’s immune cells [50]. In a phase I trial of DNX-2401 oncolytic 
AdV, patients with recurrent high-grade glioma were subjected to an intratumoral injec-
tion in a dose escalation, demonstrating that this AdV is able to infect, replicate in and 
kill human glioma cells, without a harming toxicity profile. Furthermore, despite the early 
stage of the trial, a promising efficacy was expected, where 12% of the patients demonstrate 
durable complete therapeutic responses [67]. Other phase I CTs of DNX-2401 are displayed 
in Table 2. On the other hand, ONYX-015 oncolytic AdV was also tested in a phase I trial, 
through intracerebral injection of various doses in patients with recurrent glioma that was 
resected, where no serious related-treatment adverse events were identified, even at the 
highest administered dose [2]. For AdV-tK, an AdV mutant thymidine kinase, a randomized 
phase II trial (NCT00870181) was carried out with the parallel administration of ganciclovir, 
showing an improvement of PFS and OS in the treatment of patients with recurrent high 
grade glioma. Other CTs of AdV-tK are presented in Table 2. MV is an RNA virus and the 
genetically modified derivatives of MVs, such as modified Edmonston (MV-Edm) vaccine, 
have an affinity for cellular CD46 receptor abundantly expressed on tumor cells [2]. In addi-
tion, with the aim of facilitating in vivo monitoring of viral gene expression and replica-
tion, this MV has been engineered to express the human carcinoembryonic antigen (CEA; 
MV-Edm-CEA), which is expressed by various types of cancers, but not by gliomas [51]. 
However, MV-Edm-CEA has exhibited a great potential as an oncolytic therapy for GBM 
in preclinical studies. A phase I CTs with this MV (NCT00390299) was initiated to evaluate 
the MV-Edm-CEA-associated adverse effects and its best dose in patients with recurrent 
GBM, however, this study was recently suspended by reasons not yet reported. PV is an 
enterovirus that encompasses a protein capsid and RNA, expressing high-affinity for neo-
plastic cells and tropism to motor neurons [51]. A genetically recombinant polio/rhinovirus 
chimera, PVSRIPO, was developed to reduce the neurotoxicity frequently observed in cases 
of human poliomyelitis, avoiding neuvirulence tendency. This PV recognize the CD155 cell 
surface polio receptor, a tumor antigen widely expressed in tumor cells, including GBM [51, 
58]. A phase I trial is underway to evaluate the safety and the occurrence of potential antitu-
mor responses of intratumoral administration of PVSRIPO in patients with recurrent GBM 
(NCT01491893). Preliminary reported results of this clinical trial described that the infusion 
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positive malignant glioma patients, a phase I/II CT (NCT02575261) was completed, where the 
effectiveness, safety, and clinical response were evaluated, but the results have not yet been 
published. A phase I trial of CMV-specific CAR T-cells therapy targeting HER2 (NCT01109095), 
considered a more active strategy that reacts with the virus and tumor cells is also in progress 
to investigate its safety and efficacy in the treatment of patients with GBM. Several clinical trials 
exploring CAR T-cells targeting EGFRvIII in GBM are underway to test the safety and effective-
ness of this approach. More detailed information about these CAR T-cell clinical trials, as well 
as other examples, can be found in Table 2. Phase I/II clinical trials have provided early results 
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tolerable toxicity, cytokine release syndrome (CRS) is the most frequent adverse effect due to 
the extreme immune activation, especially evidenced in the case of intravenous administration. 
Furthermore, additional disadvantages are the high cost of the therapy and the possibility of 
expression of the target antigen on healthy tissues [61].
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Oncolytic virotherapy is another emerging immunotherapeutic strategy that has been investi-
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viral vectors used to induce effective antiviral and antitumor immune responses [2, 51]. They 
are able to selectively replicate in tumor cells through cell surface marker identification, induce 
tumor cell death, spread within the tumor and indirectly recruit immune cells to promote 
immune responses against themselves and infected and uninfected tumor cells [58, 63]. They 
can naturally occur or are genetically manipulated to specifically infect and destroy tumor 
cells overexpressing tumor antigens [50, 51]. Once all the tumor cells are eradicated, the excess 
of virus can be removed using an anti-viral medication [49]. Several OVs are under investiga-
tion for GBM targeting. Some of them have been tested at different stages of CTs, including 
herpes simplex virus (HSV), adenovirus (AdV), measles virus (MV), poliovirus (PV), reovirus, 
H1 parvovirus and Newcastle disease virus (NDV), after preclinical researches showing anti-
tumor activity, and many of the remaining OVs are in advanced preclinical stages [63].
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of PVSRIPO was well-tolerated and revealed a promising efficacy, as well as provided a 
survival advantage when compared to historical control group of patients that was also 
analyzed [51]. Reovirus is a double-stranded RNA virus that is isolated from the respiratory 
and gastrointestinal tracts of humans. The safety of intratumoral administration in a dose-
escalation of this genetically unmodified OV was also assessed in a phase I trial in patients 
with recurrent GBM that received prior radiotherapy with or without chemotherapy [68]. 
More information about a phase I trial of reolysin, a genetically engineered reovirus, is 
depicted in Table 2.

The use of OVs has been shown through some CTs as a harmless strategy with promising 
results; however, no OV has yet been approved by the FDA for GBM [58]. On the other hand, 
their therapeutic efficacy needs to be thoroughly assessed and proven with convincing clini-
cal success in advanced phase trials. This task is hampered by the high genetic heterogeneity 
of GBM, and the ability of BBB to inhibit migration of OVs to the tumor site, thus compromis-
ing the success of the treatment [6].

4. Conclusions

The current, first line, GBM standard therapy has not provided the necessary and expected 
improvements in overall patient survival rates. Immunotherapy is being explored as an alter-
native strategy, revealing to be a promising field, associated with good outcomes and fewer 
adverse events.

The advances in technology, as well as in scientific knowledge regarding gene expression 
and signaling pathways analysis, have provided data to translate into new perspectives on 
personalized therapeutic approaches. In this context, immunotherapy has gained impor-
tance insofar as the identification of specific biomarkers in each patient could be useful for 
prognosis of personal immune responses. Several immunotherapeutic CTs are currently 
ongoing for GBM, predominantly using vaccines, and the preliminary results attained so 
far yielded satisfactory clinical responses associated with antitumor activity. However, 
some challenges have been reported, which are associated to finding therapeutic agents 
capable to penetrate the BBB, the identification of suitable, specific and immunogenic 
tumor antigens and appropriate pre- and post-therapeutic markers in order to develop 
immune-targeted agents. Other limitations comprise the reduced number of GBM patients 
skilled to incorporate particular clinical studies, and the insufficient understanding of the 
immune system as well as the GBM microenvironment. Given the molecular heterogeneity 
and immunosuppression that so well depict the GBM, combinatorial therapies targeting 
multiple pathways now become a need and so they have already been explored. A variety 
of regimens have been equated, combining immunotherapeutic strategies (vaccines, cell 
therapies, multiple checkpoint inhibitors, and antibodies) along with molecules target-
ing either tumor cells or their microenvironment, as well the current standard therapy. 
Consequently, more advanced CTs need to be underway to deeply explore the fundamen-
tal insights of these therapies. In addition, the discovery of new targets and mechanisms is 
essential in order to help widespread this field of research, and develop optimized thera-
peutic strategies for GBM.
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Abstract

Stirred tank bioreactors are still the predominant cultivation systems in large scale bio-
pharmaceutical production. Today, several manufacturers provide both reusable and 
single-use systems, whereas the broad variety of designs and properties lead to devia-
tions in biological performance. Although the methods for bioreactor characterization 
are well established, varying experimental conditions and procedures can result in sig-
nificantly different outcomes. In order to guarantee a reliable comparison and evaluation 
of different single-use and reusable bioreactor types, standardized methods for their 
characterization are needed. Equally important is the biological capability of bioreactors, 
which must be accessed by standardized cultivation procedures of industrially relevant 
organisms (bacteria, yeasts as well as mammalian and animal cell cultures). In addition, 
the implementation of well-defined uniform procedures for biological and engineering 
characterization during the development phase can support a fast assessment of the suit-
ability of a bioreactor system. Based on stirred bioreactors, we describe the aspects of the 
engineering characterization in order to discuss further the biological characterization as 
a valuable complement. Finally, a case study is presented.

Keywords: stirred bioreactor, characterization, mixing time, power input, volumetric 
mass transfer coefficient, development, cultivation system

1. Introduction

Stirred bioreactor systems have been used on a large scale since the beginning of antibiot-
ics and insulin production, and are indispensable in biopharmaceutical production today 
[1]. They are the most frequently used bioreactor systems as they are suitable for various 
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expression systems, currently using predominantly recombinant Escherichia coli (E. coli) 
strains or Chinese hamster ovary (CHO) cell lines [2–7].

Stirred bioreactors are available as reusable systems made of steel and glass or as single-use 
systems in different sizes. Many well-known manufacturers offer standard stainless steel sys-
tems with volumes from 2 to 1000 L, whereby larger systems with several cubic meters are also 
available according to customer specifications. The smaller scale glass bioreactors are used in 
research and process development [8]. The single-use systems, depending on their size, are 
either available as flexible bags or rigid vessels. They have become increasingly established 
in recent years and have found their way into biopharmaceutical productions with volumes 
of up to 2000 L. Eibl et al. [9] gives an overview of the currently available single-use systems.

In addition to the economic reasons for choosing one of the many reusable or single-use sys-
tems, they have to meet the requirements of the desired fermentation process. The design and 
equipment of stirred bioreactors differ in terms of their performance. The efficiency of the 
bioreactor is described with the help of process engineering parameters [10, 11]. Therefore, 
the mixing time θm of the system, the volumetric mass transfer coefficient kLa and the specific 
power input P/V are determined. This enables a comparison of different bioreactor types and 
the definition of suitable process parameters to achieve the desired product quality and quan-
tity [12].

A new approach based on process engineering characterization is the biological characteriza-
tion. This may be a standardized E. coli model process enabling a reveal in the performance 
limits of the bioreactor system.

It will be shown that process engineering characterization in combination with biological 
characterization is a simple standardized approach, which is not only necessary for the evalu-
ation of existing bioreactor types, but also makes a valuable contribution during the develop-
ment phase of new systems.

2. Theoretical background

The bioreactors used for the cultivation of microorganisms, mammalian and animal cells differ 
from reactors in the chemical industry in their aspect ratio (H/D). While H/D ratios of 1:1 occur 
in chemical production, these are usually 2:1 for bioreactors for cell cultures and 3:1 for micro-
organisms. The background to this is the longer residence time of oxygen or process air intro-
duced into the system near the reactor bottom and the better temperature control due to the 
larger ratio of surface to volume [6, 10, 13]. However, with increasing reactor size, H/D ratios of 
up to 5:1 also occur [14]. For the cylindrical bioreactor vessel, the shape of the upper and lower 
end elements is also crucial. Curved heads with geometries from a hemisphere to a flat plate 
are used, whereby the dished head is the most common element. The reasons for this are the 
higher durability compared to planar end elements, and the geometry-related lower overall 
height compared to hemispherical elements. By avoiding dead zones and edges, cleaning of 
the system (hygienic design) and mixing is also favored. The upper end is usually a flat lid, 
which facilitates accessibility for the installation of probes or correction agents and feed [15, 16].
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2.1. Agitation

Besides the vessel geometry, the impeller is the central element of the bioreactor. The choice 
of the right agitator organ has a decisive influence on the success of cultivation, as it prevents 
local sources and sinks. It is now possible to choose from a variety of different impeller designs, 
while taking into account the type of microorganism, human or animal cell line to be cultivated. 
Shear-sensitive cell culture processes are characterized by low energy and low oxygen input 
(P/V ≈ 5–200 W·m−3/OTR ≈ 0.5–8 mmol O2·L−1·h−1) as well as small cooling capacities. Axial flow 
impellers are often used for this purpose. For most applications with microorganisms, how-
ever, especially in the high cell density range (≈ 100 g·L−1 dry cell weight), higher specific power 
inputs and oxygen transfer rates are required (P/V > 5 kW·m−3 / OTR ≈ 300–500 mmol O2·L−1·h−1). 
For this purpose, radial flow impellers are used. Higher energy inputs lead to an improved 
gas dispersion and thus to higher oxygen transfer rates [6, 7, 10, 17–24]. Zlokarnik [19] and 
Mirro & Voll [17] provide an overview of the impeller types frequently used, and their field 
of application for the cultivation of various microbial and animal cell lines. Therefore, the pro-
cess properties, in particular the mixing time, volumetric mass transfer coefficient and power 
input in combination with the resulting shear gradient are decisive for the impeller design to 
be selected [25]. Depending on the application and bioreactor size, multi-stage configurations 
with combinations of radial and axial flow impellers are also possible.

2.2. Drive

Traditionally, the agitator is driven via a centrally mounted shaft with the aid of a motor 
located above or below the bioreactor. The feedthrough of the shaft into the bioreactor has to 
be sealed. In the simplest case, a single-acting mechanical seal reduces the escape of organ-
isms from the bioreactor, but bears the risk of contamination [16]. For reasons of product 
safety, as well as maintaining a tight containment, double mechanical seals are predominantly 
used. Two pairs of sliding rings are arranged one behind the other and form an intermedi-
ate space through which a barrier fluid flows. The pressurized barrier liquid, which is often 
sterile condensate, prevents leakage from the fermenter [26]. Magnetic couplings offer an 
alternative to complex double-acting mechanical seals. The magnetic field transfers the torque 
from the motor through the closed bioreactor to the impeller. The risk of contamination is 
further decreased by contactless power transmission [13]. In industrial applications, both 
free-floating and bearing-supported impellers can be found. Bearing-supported impellers are 
manufactured by MAVAG AG, Millipore Corporation and ZETA Holding GmbH, among oth-
ers. The impeller with one part of the magnetic coupling sits on a bearing journal where the 
second part of the magnetic coupling is also located. The mounting is often done by means of 
ceramic plain bearings [27–29]. However, friction with insufficient lubrication may result in 
attrition of the material [30]. The levitation technology is used, for example, by Sartorius AG 
and Pall AG for mixing systems. Only the impeller with one part of the magnetic coupling is 
located in the vessel. The magnetic field applied causes the impeller to lift off the bottom of 
the container. This simple type of drive does not require a bearing, and is therefore ideally 
suited for use in single-use systems, whereas radially acting forces are difficult to absorb [31, 
32]. As shown in our case study (see Section 3.1), the levitation technology is also suitable for 
new stirred bioreactors.
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2.3. Characterization according to parametric and experimental approaches

Due to the large number of bioreactors available and their different process engineering prop-
erties, the choice of the right system for the requirements of a desired and successful process is 
decisive. The process engineering characterization allows the comparison of different systems 
and supports process optimization and scale-up strategies by using parametric as well as 
experimental approaches [11, 12]. Therefore in January 2016, DECHEMA issued a recom-
mendation with standardized methods for obtaining reliable experimental data, which can be 
applied to both reusable and single-use bioreactor systems [33].

The dimensionless Reynolds number describes the ratio of inertial to viscous forces in a flow 
and describes it as laminar, transient or turbulent (Recrit 1–10·104) [34, 35]. For stirred bioreactor 
systems, the Reynolds number can be determined parametrically as a function of the impeller 
speed N, the impeller diameter d, the density ρ and the viscosity η according to Eq. (1).

  Re =   
ρ · N ·  d   2 

 _______ η    (1)

Another parameter is the maximum fluid velocity (umax), which usually corresponds to the tip 
speed utip (Eq. (2)).

   u  tip   = π · d · N  (2)

In order to avoid sources and sinks in the bioreactor, a homogeneous distribution of all com-
ponents is required. A benchmark of homogeneity is the mixing quality, which is regarded as 
adequate at 95% [36]. The mixing time θm defines the time required after adding a disturbance 
variable to the system (e.g. change in temperature, concentration, conductivity or density) to 
achieve the required mixing quality [12, 35, 36]. Eq. (3) applies in completely turbulent flows, 
in which case the mixing number cH is calculated according to Eq. (4).

   θ  m   ∝   (P / V)    −1/3   (3)

   c  H   =  θ  m   · N = const.  (4)

One of the most important parameters is the specific power input P/V, as this is responsible 
for maintaining sufficient mixing and mass transfer. There are several methods for determin-
ing the power input. The most common is the direct torque measurement [12, 37]. For the 
calculation according to Eq. (5), the effective impeller torque (difference between the torque 
when stirring in liquid M and the dead torque in air Md) will be measured by means of a 
torque sensor. If a DC motor with a known motor torque constant Kt is used, it is also possible 
to determine the respective torque by measuring the required current I and using Eq. (6) [38].

  P / V =   
 (M −  M  d  )  · 2 · π · N

  ______________ V    (5)

  M =  K  t   · I  (6)
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2.4. Characterization by biological approaches

Biological characterization focuses on the evaluation and comparison of bioreactor systems 
with respect to their biological performance. With the help of a model organism, it should 
be possible to make an exact prediction of the suitability of a bioreactor system for a desired 
purpose with a standardized cultivation procedure [42]. For example, two biological test 
procedures with respiratory yeast and mycelium-forming fungi were developed by Adler 
and Fiechter [43] and Wagner [44], since the physical characterization often only provides 
information about optimal bioreactor design conditions and information for improved scale 
transfer. For this reason, DECHEMA’s ‘Single-use technology in biopharmaceutical production’ 
working group is currently working on a new standardized procedure for the biological 
characterization of classical stirred bioreactors and single-use systems using batch and fed-
batch cultivations in addition to the recommendation for process engineering characteriza-
tion. Escherichia coli W3110 is used as a model organism. This is a subspecies of the E. coli 
K12 strain, which is one of the most frequently used and best characterized microorganisms. 
The suitability of E. coli as a model organism can be explained by its high availability, short 
generation time and extensively investigated growth behavior as well as its high relevance in 
the biopharmaceutical industry [20, 45, 46].

3. Case study

In this case study, the methodical procedures described above are used to develop a bearing-
free magnetically driven 2 L benchtop bioreactor system, which is based on Levitronix’s freely 
levitating impeller technology.

3.1. Bioreactor and setup

The use of a magnetic drive without bearings enables the establishment of a seal-free, con-
tactless and magnetically mounted bottom impeller, which offers an almost unlimited speed 
range and a minimized risk of contamination (Figure 1).

The impeller levitating in the bioreactor at the bottom creates a constant gap, which is made 
possible by the passive stabilization of the stirring element by a constantly changing magnetic 
field [47, 48]. For design reasons, a flat end element was chosen for the bottom, into which the 
BPS-i30 and BPS-i100 drives from Levitronix GmbH were introduced for the investigations. A 
glass cylinder with a diameter of 124.5 mm and a planar lid with nozzles for probes and the 
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2.3. Characterization according to parametric and experimental approaches
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  Re =   
ρ · N ·  d   2 

 _______ η    (1)

Another parameter is the maximum fluid velocity (umax), which usually corresponds to the tip 
speed utip (Eq. (2)).

   u  tip   = π · d · N  (2)

In order to avoid sources and sinks in the bioreactor, a homogeneous distribution of all com-
ponents is required. A benchmark of homogeneity is the mixing quality, which is regarded as 
adequate at 95% [36]. The mixing time θm defines the time required after adding a disturbance 
variable to the system (e.g. change in temperature, concentration, conductivity or density) to 
achieve the required mixing quality [12, 35, 36]. Eq. (3) applies in completely turbulent flows, 
in which case the mixing number cH is calculated according to Eq. (4).

   θ  m   ∝   (P / V)    −1/3   (3)

   c  H   =  θ  m   · N = const.  (4)

One of the most important parameters is the specific power input P/V, as this is responsible 
for maintaining sufficient mixing and mass transfer. There are several methods for determin-
ing the power input. The most common is the direct torque measurement [12, 37]. For the 
calculation according to Eq. (5), the effective impeller torque (difference between the torque 
when stirring in liquid M and the dead torque in air Md) will be measured by means of a 
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to determine the respective torque by measuring the required current I and using Eq. (6) [38].
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possibility of adding correction agents and feed solutions was mounted on top of it. The impel-
lers used for the BPS-i30 drive are the geometries shown in Figure 2 with diameters of 20, 30, 
40 and 50 mm and, based on this, 40, 50, 60 and 74 mm for the more powerful BPS-i100 drive. 
The oxygen input was made possible by means of a ring sparger with holes facing upwards. 
The temperature was controlled by using an electric heating and a water-flow cooling finger.

3.2. Process engineering characterization

All process engineering parameters to be investigated were determined by means of design 
of experiments, and the experimental data were evaluated using MODDE 10.1 (Umetrics, 
Sweden).

3.2.1. Power input

The specific power input (non-gassed conditions) was determined with water at a constant 
temperature of 25°C, and a maximum working volume according to Ref. [33]. Because of the 
constructive conditions of the vessel and motor geometry, the sensor method for determining 
the torque was not applicable. Due to the known motor constants Kt with 1.13 and 2.0 Ncm·A−1 
(BPS-i30/BPS-i100), the torque can be recalculated with the desired current for agitation using 
Eqs. (5) and (6). Likewise, the examined torque of the empty vessel (dead weight torque) was 
subtracted from the measured torque of the filled vessel.

Figure 2. Magnetic impeller with increasing blade diameter.

Figure 1. Setup and design of 2 L vessel (left) and construction of the designed impeller unit in the bioreactor bottom 
plate (right).
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Additionally, the torque was determined by numerical simulations (computational fluid 
dynamics (CFD)). Based on the predicted fluid flow, the power inputs of the impellers were 
obtained from the torque acting on the impeller and the shaft. Therefore, the fluid flow inside 
the bioreactor equipped with the different impellers was modeled using the finite volume 
solver ANSYS Fluent (ANSYS Inc., Version 16.2, USA) by using the realizable k-ϵ turbulence 
model for water at 25°C [49]. The vessel walls and the impeller were treated as non-slip 
boundaries with standard wall functions. The axial velocity at the fluid surface was set to 
zero. All equations were discretized using the first-order upwind scheme and the COUPLED 
algorithm was chosen for pressure-velocity coupling. The fluid domain was discretized by an 
unstructured mesh consisting of about 8×106 to 11×106 tetrahedrons.

3.2.2. Mixing time

The mixing times were examined by the decolorization method (iodometry) at maximum 
working volume according to [33]. Therefore, the bioreactor was filled with water and 2 mL·L−1 
iodine potassium iodide solution (potassium iodide 40 g·L−1, iodine 20 g·L−1) and 5 mL·L−1 
starch solution (1% w/v) were added under agitation at a constant temperature of 25°C. After 
ensuring a completely homogeneous chemical solution and a quasi-stationary fluid flow pat-
tern, 4 mL·L−1 sodium thiosulfate solution were added and the time was measured until the 
color change from dark blue to colorless was achieved.

3.2.3. Volumetric mass transfer coefficient

The kLa values were determined by the gassing-out method with phosphate-buffered saline 
(PBS) at 37°C for gassing rates between 0.5 and 2 vvm with a maximum working volume 
according to Ref. [33]. An OIM-PSt3 probe in combination with a prototype sensor (OEC-
PSt3-UF) without protection membrane (PreSens GmbH, Germany, sensor response time 4 s) 
was used for measurement of dissolved oxygen DO. For a measurement, a quasi-stationary 
fluid flow pattern was ensured and the dissolved oxygen in the PBS in the bioreactor was 
eliminated by introducing nitrogen. Afterwards, the data acquisition was started, the nitro-
gen supply stopped, the process air supply set to the desired aeration rate and the aeration 
started. The measurement was completed when a saturated oxygen concentration had been 
reached, indicated by a stable DO value of 100%. The evaluation and calculation of the kLa 
value according to Meusel et al. [33] was done for a DO saturation rate between 10 and 90%.

3.3. Biological characterization

Based on the results of the process engineering characterization, the process parameters for 
the E. coli cultivations were set to values resulting in the highest kLa values by maintaining 
a constant gassing and tip speed of 2 vvm (process air) and 7000 and 2900 rpm (20 mm – 
BPS-i30/40 mm – BPS-i100). Therefore, a cryopreserved culture of E. coli W3110 thyA36 supO 
λ- (ATCC: 27325) was incubated for 24 h at 37°C on lysogenic broth (LB) agar. Pre-culture 1 
(1-L baffled shake flask, Corning, USA) was inoculated in 200 mL LB medium with one colony 
from the petri dish and incubated for 8 h at 37°C in a shaking incubator.
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The second pre-culture was also incubated in a 1-L shake flask with 150 mL medium at an 
initial optical density at 600 nm (OD600) of 0.1 for 16 h at 30°C in a shaker. The medium of the 
second pre- and main culture correspond to the composition described by Biener et al. [50] with 
concentrations (g·L−1): glucose (pre-culture 2: 10, batch: 80 and fed-batch: 20), MgSO4·7H2O 
(0.54), (NH4)2H-citrat (1.01), Na2SO4 (2.02), (NH4)2SO4 (4.03), NH4Cl (0.51), K2HPO4 (15.17), 
NaH2PO4·H2O (3.55), CaCl2·2H2O (2.25 10−3), ZnSO4·7H2O (0.81·10−3), MnSO4·H2O (0.45·10−3), 
Na2-EDTA·2H2O (45·10−3), FeCl3·6H2O (37.6·10−3), CuSO4·5H2O (0.72·10−3) and CoCl2·6H2O 
(0.81·10−3).

For the fed-batch process, a concentrated feed with a high glucose concentration was added 
into the bioreactor after the initial glucose had depleted. To maintain a constant growth rate, 
an exponential profile was used [51, 52]. The feed medium was formulated with the following 
concentrations (g·L−1): glucose (655.3), MgSO4·7H2O (16.02), CaCl2·2H2O (43·10−3), ZnSO4·7H2O 
(15·10−3), MnSO4·H2O (85·10−3), Na2-EDTA·2H2O (85·10−3), FeCl3·6H2O (71·10−3), CuSO4·5H2O 
(14·10−3) and CoCl2·6H2O (15·10−3). In contrast to the batch process, the DO was regulated by 
the substitution of process air with pure oxygen.

The batch fermentations had a starting volume of 2 L, whereas the fed-batch started with 
1.3 L to ensure an appropriate covering of all sensors and heating and cooling devices. After 
reaching an OD600 of 150, a second feed with (NH4)2HPO4 was immediately added to a con-
centration of 4 g·L−1 to the bioreactor. The pH was regulated automatically by adding 20% 
(w/w) ammonia solution and foaming was controlled by the addition of 1:5 diluted Antifoam 
204 (Sigma-Aldrich). Cultivations were terminated at DO ≈ 0%.

3.4. Results

In the run-up to the experimental investigations, the new bioreactor system with the mag-
netic drive was numerically examined with regard to the process engineering parameters 
regarding its suitability for the cultivation of microorganisms. As expected, the specific power 
input shows an exponential increase with rising rotational speed (Figure 3). However, it also 
becomes apparent that with the weaker BPS-i30 drive, only the impellers with a diameter of 20 
and 30 mm are in the range of microbial requirements with P/V > 5 kW·m−3 and utip > 1.5 m·s−1 
[10]. With the more powerful BPS-i100 drive, this is the case for all impellers.

The experimentally determined specific power inputs show only minor deviations compared 
to the numerically determined values, whereby larger differences result in increasing rota-
tional speed. The largest deviation for the 20 mm impeller at 7000 rpm (utip = 7.3 m·s−1) is 
around 3.5 kW·m−3. This circumstance can result from the radial forces not taken into account 
in the simulations, which increase with rising rotational speed due to possible impeller imbal-
ances. Therefore, in the present case, the power inputs are estimated as slightly too low with 
the help of the CFD.

With regard to the mixing time, Figure 4 shows that all impellers with a specific power input 
of 1 kW·m−3 and above meet a required mixing time of θm < 10 s [53]. A turbulent flow regime 
with Re > Recrit is also present from this value on (see Table 1). The slope of the regressions of 
the mixing times is between −0.19 and − 0.4, which is close to the theoretical value of −0.33 (see 
Eq. (3)). Thus, mixing numbers in the range of 65–183 result according to Eq. (4).
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The experimentally determined kLa values for the two impellers 20 and 40 mm (BPS-i30/
BPS-i100) are shown in Figure 5. The values explain the highest volumetric mass trans-
fer coefficients found at the highest possible rotational speeds of 7000 and 2900 rpm 
(14.3 kW·m−3/24.4 kW·m−3) (see Table 1). The strong influence of the impeller speed becomes 
clear, as at low rotational speeds most of the gas reaches the fluid surface with very low dis-
persion due to the insurmountable buoyancy force of the introduced gas. This effect is often 
also referred to as “flooding” [35, 54], whereby in the present bioreactor design, the impeller 
running on the bottom does not pull down the bubbles emerged by the higher lying sparger, 
and is therefore not able to disperse them sufficiently due to radially acting forces. Compared 
with experiments on the 30 and 100 L scale, the value determined with the 20 mm impeller is 
three times smaller [42].

Based on the process engineering investigations, the cultivation for biological characterization 
was carried out. The impellers 20 and 40 mm (BPS-i30/BPS-i100) used demonstrated identical 
behavior during the process up to hour 6 with respect to biomass, glucose and acetate concen-
trations as well as in the DO profile (see Figure 6). This can also be seen in the growth rates, 
which after approximately 3 h reach a value of μ ≈ 0.4 h−1. Due to the high glucose concentra-
tion, which inhibits growth with values of more than 50 g·L−1 [24], the maximum growth rate 

Figure 3. Double logarithmic representation of the numerically and experimentally determined P/V values for all used 
impellers as a function of N (left: BPS-i30/right: BPS-i100). P/V, specific power input; N, impeller speed.

Figure 4. Double logarithmic representation of the experimentally determined θm values for all impellers used as a 
function of P/V (left: BPS-i30/right: BPS-i100). θm, mixing time; P/V, specific power input.
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behavior during the process up to hour 6 with respect to biomass, glucose and acetate concen-
trations as well as in the DO profile (see Figure 6). This can also be seen in the growth rates, 
which after approximately 3 h reach a value of μ ≈ 0.4 h−1. Due to the high glucose concentra-
tion, which inhibits growth with values of more than 50 g·L−1 [24], the maximum growth rate 

Figure 3. Double logarithmic representation of the numerically and experimentally determined P/V values for all used 
impellers as a function of N (left: BPS-i30/right: BPS-i100). P/V, specific power input; N, impeller speed.

Figure 4. Double logarithmic representation of the experimentally determined θm values for all impellers used as a 
function of P/V (left: BPS-i30/right: BPS-i100). θm, mixing time; P/V, specific power input.
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of 0.61 h−1 for this E. coli strain is not reached [45]. From hour 6, the use of the smaller impeller 
shows a successive decrease in the growth rate and a faster increase in acetate. This effect is 
ascribed to the lower oxygen content in the medium and a so-called salt effect by the increased 
addition of base, which could be observed during fermentation [24, 55–57]. This finally leads 
to a decrease in growth and glucose consumption, as acetate concentrations from 2 g·L−1 can 
have an inhibiting effect [58]. Thus, when using the smaller impeller, an OD600 of 35.4 ± 0.1 
or a dry cell weight DCW of 13.0 ± 1.8 g·L−1 is achieved. When using the larger impeller in 
combination with a more powerful drive and a resulting higher kLa value, an optical density 
of 65.3 ± 3.4 (21.6 ± 1.9 g·L−1 DCW) is reached.

Figure 5. Representation of the experimentally determined kLa values (n = 5) as a function of N and β (left: BPS-i30, 
20 mm, R2 = 0.76/right: BPS-i100, 40 mm, R2 = 0.96). kLa, volumetric mass transfer coefficient; N, impeller speed; β, gassing 
rate.

Impeller diameter [mm] BPS-i30 BPS-i100 Re at P/V of 1 W·m−3

Nmax [rpm] kLa [h−1] Nmax [rpm] kLa [h−1]

20 7000 206 — — ≈ 19,900

30 3150 142 — — ≈ 25,400

40 1700 172 2900 694 ≈ 30,000

50 1100 170 1900 657 ≈ 34,000

60 — — 1400 560 ≈ 37,000

74 — — 1250 591 ≈ 52,200

kLa, volumetric mass transfer coefficient; Nmax, maximum impeller speed; Re, Reynolds number; P/V, specific power 
input.

Table 1. Representation of the highest experimentally determined kLa values (n = 5) for both drive systems used with the 
corresponding maximum impeller speeds and Reynolds numbers of the different impellers at a P/V of 1 W·m−3.
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In reusable pilot bioreactors for microbial applications with 30 and 100 L previously tested, 
only optical densities of 39 ± 5 at higher oxygen transport rates of 735 and 745 h−1 were obtained 
[42]. This fact can only be attributed to the considerably shorter mixing times of 2.77 and 3.47 s 
(20 mm/40 mm) in the 2 L scale shown here. These were determined in the mentioned larger 
systems with 8–10 s. The additional oxygen uptake rate OUR determined during cultivation 
with the 40 mm impeller shows a maximum of 256 mmol·L−1·h−1 (see Figure 6).

The results of the fed-batch cultivations with the BPS-i100 system presented in Figure 7 show 
an expected higher biomass concentration with an OD600 of 262.4 ± 0.3, which corresponds 
to a DCW of 86.6 ± 1.9 g·L−1. Due to the lower glucose concentration in the starting medium, a 
growth rate of >0.6 h−1 could be achieved after 3 h. With a further steady decrease in glucose 
concentration, the growth rate drops to values between 0.3 and 0.4 h−1, which were controlled 
by exponential feed addition. The feed was started between hours 6 and 7 since the glucose in 
the medium was depleted at this time, which is also expressed by the corresponding DO peak. 
To keep the oxygen content constant at 40% during the further cultivation, the process air was 
gradually substituted with oxygen from hour 7 on. From hour 12.5 on, 2 vvm pure oxygen 
was required. Interestingly, after a cultivation time of 11.5 h, there were signs of insufficient 
cooling of the system, as the bioreactor temperature rose steadily to a maximum of 40.7°C by 
the end of the cultivation.

Figure 6. Determined biomass profiles for OD600 and DCW (top left), glucose and acetate concentrations (top right) 
and DO profiles as well as the growth rates (bottom left) over the process time from the batch cultures (n = 2) when 
using impellers with a diameter of 20 and 40 mm (BPS-i30/BPS-i100). The lower right diagram shows the OUR and CER 
determined in the exhaust air over the cultivation time for the latter bioreactor configuration (40 mm). OD600, optical 
density; DCW, dry cell weight; DO, dissolved oxygen; μ, growth rate; OUR, oxygen uptake rate; CER, carbon dioxide 
formation rate.
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4. Discussion

The determined process engineering parameters demonstrate that the newly developed bio-
reactor system can be used for the cultivation of shear-sensitive animal cells as well as micro-
bial cells up to the high cell density range. In this way, the process engineering parameters 
for all impellers with specific power inputs of up to 500 W·m−3 show suitability for animal 
cell culture processes. The kLa values are within a range of 20 and 100 h−1, and the resulting 
mixing times are ≤10 s. These are also typical values described in the literature for animal cell 
culture bioreactors, such as the Finesse SmartGlass bioreactor [59], the Mobius CellReady 3 L 
bioreactor [60] or the reusable BIOSTAT UniVessel and BIOSTAT UniVessel SU [11]. A first 
proof of concept batch cultivation with CHO XM 111-10 suspension cells (SEAP secreting 
cell line, the secreted alkaline phosphatase of the placenta, CCOS No. 837) in a chemically 
defined minimal medium using the BPS-i30 drive resulted in middle cell densities of up to 
4·106 cells·mL-1(data not shown), which are in the same order of magnitude as in the previ-
ously mentioned bioreactors, and in the BioBlu 0.3c as well as BIOSTAT® A [61–66]. Taking 
into account the shear stress acting on the cells, theoretically higher cell densities may also 
be achievable, since the performance limits of the system have not been reached, and can be 
complemented by suitable feeding strategies.

In addition, due to the simple design of the system, with the elimination of seals and bear-
ings, by using a magnetic drive with a freely levitating impeller the bioreactor is almost 
maintenance-free and the risk of contamination is reduced. It also facilitates cleaning and the 

Figure 7. Certain biomass profiles for OD600 and DCW (top left), glucose and acetate concentrations (top right) and DO 
profile as well as the growth rates (bottom left) over the process time from the fed-batch cultures (n = 2) using the impeller 
with a diameter of and 40 mm (BPS-i100). The lower right diagram shows the temperature curve in the bioreactor over 
the cultivation time. OD600, optical density; DCW, dry cell weight; DO, dissolved oxygen; μ, growth rate.
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easy and fast change of impeller types for different applications. Furthermore, the bioreactor 
system offers a high turn down ratio allowing an easy-to-scale process.

While conventional microbial processes can also be implemented with the less powerful BPS-
i30 drive, the BPS-i100 in combination with the 40 mm impeller is recommended for high cell 
density microbial processes. This is demonstrated by nearly a doubling of the optical densities 
in the E. coli batch cultivations, and the results of the fed-batch procedure.

So it comes as no surprise that the specific power inputs obtained in the case study with the 
new bioreactor provide comparable results to other microbial bioreactor systems described 
in the literature. For bioreactors with sizes of 1–100 L, these are between 2.5 and 20 kW·m−3 
[42, 67–69], whereby a minimum requirement of >5 kW·m−3 is generally assumed [10]. The 
achieved mixing numbers are partly cH > 100 due to the impeller position at the vessel bottom, 
which are above the usual values for bioreactors equipped with different impeller types [35]. 
Mixing times are also below the 10 s recommended for microbial requirements [53], as is also 
the case in other conventional bioreactors up to pilot scale [42, 70, 71]. However, compared to 
systems with larger volumes, a possible increase in mixing time of up to 2 min must also be 
taken into account [10]. According to manufacturers and previously published data, for several 
bioreactors kLa values between 300 and 745 h−1 are reached and are sufficient for microbial 
processes with a resulting OTR from 250 to 500 mmol·L−1·h−1 [20, 42, 67, 69, 70, 72–74]. Against 
this background, only the impellers with the BPS-i100 drive shown in the case study appear to 
be relevant for microbial industrial processes. The impellers driven on the bioreactor bottom 
with the weaker BPS-i30 drive are not able to disperse the gas bubbles sufficiently. In conven-
tional bioreactors, this problem is circumvented by the fact that the impellers are located above 
the aeration organ. So far, the fed-batch cultures have shown, one of the main problems of 
microbial high cell density cultures is the removal of the heat generated in the system, which 
means that this either has to be countered with larger heat exchange surfaces or lower coolant 
temperatures [10]. Nevertheless, with the performed fed-batch model process, a higher cell 
density (>260) could be achieved as in other microbial systems. These given results of OD600 
values between 100 and 201 in a very similar high-demanding E. coli process [67, 70, 72, 74, 75].

5. Conclusion

The combination of DECHEMA’s recommendation for process engineering characteriza-
tion and the E. coli standard model process described above provides an easy-to-implement 
approach for the standardized qualification of existing microbial bioreactor systems, and 
for those currently under development, as shown for the novel benchtop-scale bioreactor 
equipped with Levitronix’s magnetic drives.

The investigated process engineering parameters allow the estimation of its optimal working 
areas and limits. In addition, it allows a selection of a suitable impeller design to increase the 
productivity of biopharmaceutical processes. The impeller with a diameter of 40 mm in com-
bination with the more powerful BPS-i100 drive shows the highest kLa value and a mixing time 
of <4 s at the highest specific power input of 24.4 kW·m−3. In line with expectations, the largest 
biomass with an optical density of 65.3 in batch mode and 262.4 in fed-batch mode is achieved. 
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Surprisingly, the use of the smallest impeller with the smaller BPS-i30 drive shows a comparable 
biomass concentration to bioreactors on a pilot scale despite a very low kLa value for microbial 
processes. This circumstance is not foreseeable by the sole process engineering characterization, 
so that the additional use of a biological characterization approach becomes evident. The suit-
ability of the presented developed bioreactor concept for microbial applications could be clearly 
demonstrated, even if it seems rather unusual in comparison to commercial systems due to its bot-
tom drive without bearings. The complete characterization provides the possibility for an easier 
transfer to the industrial biopharmaceutical scale. Finally, the currently available bioengineering 
data of the new developed bioreactor indicate that the bioreactor operated with the BPS-i30 drive 
can also be used to grow animal cells. More detailed investigations are planned in the future.
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Abstract

Similar biotherapeutic products (SBPs), also called biosimilars, exhibit similar biological and 
clinical properties to authorized reference products. Biosimilars, including small molecules 
like erythropoietin and complex macromolecules like monoclonal antibodies (mAbs), have 
been used extensively in disease treatment. Monoclonal antibody biosimilars have gradu-
ally become a dominant development in the global pharmaceutical industry since their 
patents or data protection have been expired or nearing expiration. Since the mAb biosimi-
lars are complex biological macromolecules with various post-translation modifications, it 
is important to evaluate whether these tiny differences significantly affect the quality. From 
a regulatory perspective, the comparability study needs to be performed to demonstrate 
that the quality, safety, and efficacy are similar to the biological reference. Based on these 
comprehensive comparative results, the indicated extrapolation might be acceptable. Post-
market surveillance is also required because of unexpected biological variation caused by 
slightly different manufacturing processes. This chapter presents the scientific and regula-
tory considerations for monoclonal antibody biosimilar products for manufactures and for 
the regulatory authorities to administrate wisely and comprehensively.

Keywords: biosimilar, monoclonal antibody, biosimilar monoclonal antibody, 
regulatory perspective, comparability study

1. Introduction

The developments of “copies” of drug products, such as generic drugs or biosimilars, have 
become the trend in the pharmaceutical markets. However, in fact, they are strikingly dif-
ferent in respect of the structure, developments, and approval requirements [1]. Unlike the 
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generic drug, which is chemically synthesized, the biosimilar is a complex molecule with 
many post-translational modifications, because it is produced from the complex living cells. 
In contrast to the generic drug, the biosimilar has immunogenic potentials. Furthermore, only 
the bioequivalence study is required for the approval of generic drug products in the regula-
tory requirements; whereas, for biosimilar products, the comparative study to demonstrate 
the biosimilarity to reference products is required [2–4]. The biosimilar is a biological product, 
which exhibits high similarities to the products already licensed in terms of quality, safety, 
and efficacy. However, the exact definition of “biosimilar” itself does not reach the consensus 
among different regulatory agencies [5]. Despite these differences among regions, the basic 
principles for biosimilars are similar [6, 7]. For harmonization on the evaluation and regula-
tion of biosimilars, the guideline on the evaluation of similar biotherapeutic products (SBPs) 
is provided by WHO Expert Committee on Biological Standardization (ECBS) [8].

Monoclonal antibodies (mAbs) are the fastest growing class of biotherapeutic products for 
treating cancer or inflammatory diseases and they can be found on the lists of the top 10 
global annual pharmaceutical revenues. As the patents or data protections have been expired 
or nearing expiration, many global pharmaceutical industries have turned toward develop-
ing similar mAb biotherapeutic products. The similar mAb biotherapeutic products, also 
called biosimilar mAbs, exhibit highly similar biological and clinical properties to the autho-
rized reference mAbs. The entry of these products into the markets could help to slow the 
increasing healthcare costs due to its affordability and accessibility. The mAb is a complex 
macromolecule with several sizes and charge variants or post-translational modifications, 
including different glycosylation profiles, or N and C terminal heterogeneities. The presence 
of differences is shown in each mAb due to the structural complexity. Although these differ-
ences are seemingly tiny, it is possible to have large impacts on the quality of final products. 
Therefore, additional guidelines that apply to mAb-derived products are demanding. In 2016, 
WHO guideline on the evaluation of biosimilar mAb products was adopted by the ECBS [9]. 
The document provides some critical considerations for manufactures as well as regulatory 
authorities for characterizing or assessing the quality of biosimilar mAb products. However, 
until now, there have been no standard analytical methods or clear specifications for defining 
the similarity in the nonclinical and clinical comparability studies. The manufactures have to 
develop their own analytical methods to prove similarity in relation to reference products, 
and these analytical methods are required to be scientifically validated [10].

The quality attributes of biosimilar mAb products might be affected by the manufacturing 
process. Manufacturers of biosimilar mAbs do not easily obtain the detailed information 
about the manufacturing process of the reference products or the usage of the active ingre-
dients [11]. In general, the amino acid sequence of the biosimilar mAbs must be identical to 
the reference mAbs; however, other characteristics, including the structure conformation, 
biological activity, or contents of impurities, might vary from products to products. To 
obtain the approval from the regulatory authorities, the comparability studies of struc-
tural and functional characterization and process-derived impurities of the biosimilar 
products and reference products are required [12]. Moreover, one mAb biotherapeutic 
product might apply to multiple indications and exert the clinical effects through differ-
ent mechanisms of action (MoA) [13]. Therefore, the comparability studies in the clinical 
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trials are also required. If any clinical differences of biosimilar mAbs compared to reference 
mAbs are found, additional evaluations must be justified to exclude any adverse effects 
[14]. However, there are many challenges for developing biosimilar mAbs, including the 
harmonization of analytical methods, development of comparative assay, and exact defini-
tions of biological activity in the clinical trials [15]. Due to the complexity of bioprocess in 
the biosimilar mAbs, very tiny differences in the manufacturing process might have large 
impacts on the quality of final products. The development process and critical concerns 
in each step are described as follows, which would be helpful for manufactures as well as 
regulatory authorities to administrate with more scientific and regulatory considerations.

2. Framework of development

From the point of product approval, the development of biosimilar mAbs may be divided into 
the pre-market and post-market stage. In the pre-market stage, to obtain the approval from 
the regulatory agencies, the biosimilar mAbs must undergo a rigorous development process 
and comparative study to demonstrate the quality, safety, and efficacy similarity to the refer-
ence mAbs. After the product approval, in order to achieve the maximal safety and quality 
of mAb biosimilar products, post-market surveillance is indispensable. The framework of 
biosimilar mAb development and critical points for considerations are shown in Figure 1 [16].

2.1. Manufacturing development

Biosimilar mAbs are developed to show similarity to reference mAbs in terms of quality, 
safety, and efficacy. The manufacturing development of biosimilar mAb products might be 
different from that of reference mAbs, because some detailed information of the manufactur-
ing process of reference mAb is not accessible by the manufactures [11]. In order to reduce 
any unnecessary clinical safety and efficacy effects, the manufacturing process should be 
optimized to minimize the differences between biosimilar mAbs and reference mAbs. It is 
advisable that the manufacturing process of biosimilar mAbs should be as similar as pos-
sible to that of reference mAbs and the manufactures should understand each manufacturing 
process. If any differences in the manufacturing process are found, the potential impacts of 
changing elements on the product quality, safety, and efficacy should be evaluated and justi-
fied [17].

Figure 1. Framework development and critical points for considerations of biosimilar mAbs.
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2.1.1. Expression system

Choice of suitable expression system is one of the critical points for the manufacturing pro-
cess. According to the WHO guidelines, a different expression system is allowed for the 
production of biosimilar mAb products [8, 9]. Although the primary structure (amino acid 
sequence) is not affected by different host cell lines, the protein modifications, including 
N-terminal truncation, C-terminal truncation, or post-translation modification, and process-
derived impurities like residual host DNAs or residual host proteins might be affected. These 
changes might indirectly affect the biological effects in the clinical consequences. In most 
cases, when different host cell types are used, different glycosylation profiles might be found 
[18]. For example, the mAb products produced from mouse cell lines, like NS0 or SP2/0 cells, 
have alpha-1,3-gal in their carbohydrate structure. However, there is no production of such 
structure in the human cell lines, because these cell lines lack the necessary enzyme to synthe-
size the alpha-1,3-gal antigens [19]. Moreover, the immune response against this“special” gly-
cosylation structure would be triggered in the human body, which might lead to the adverse 
clinical effects. This situation could be avoided by using Chinese hamster ovary (CHO) cells 
[20]. Therefore, to minimize the differences between biosimilar products and reference prod-
ucts, the choice of the expression system for the mAb biosimilar products should be carefully 
considered. In general, it is advisable for the manufactures to choose the same host cell type 
as that of reference mAbs to minimize the possible impact on the clinical efficacy and safety 
of the products when developing mAb biosimilars.

2.1.2. Impurity

Product impurity is inevitable in the manufacturing process. Impurities, the components 
which are not desired in the drug substance or drug products, might trigger some safety 
concerns [21]. To ensure the safety of products, the differences of impurity profiles between 
the biosimilar mAbs and reference mAbs need to be evaluated. For mAb products, the test-
ing of impurity includes the analysis of residual host DNA, residual protein A, or monomer 
contents in the products. If any differences between biosimilar mAbs and reference mAbs are 
significantly observed, additional evaluation of the impurity-derived impacts on the product 
safety and efficacy is required [8, 12, 22].

2.1.3. Specification

The specification (acceptance criteria) needs to be considered in the manufacturing process. 
The specification of biosimilar mAbs is not actually the same as that of reference mAbs. 
Sufficient batches of biosimilar mAb products are needed for the collaborative study. The 
setting of specification of biosimilar mAbs is based on the manufacturing experiences or 
comparative results of the collaborative study on biosimilar mAbs and reference mAbs. In 
general, the limit setting of biosimilar mAbs should not be wider than the range of variability 
of reference mAbs. If the acceptance criteria of biosimilar mAbs are significantly out of the 
acceptable range of reference mAbs, additional evidence to confirm the safety of products is 
needed [21, 23].
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2.2. Comparability exercise

From the regulatory requirements, the comparability exercise of biosimilar mAbs and refer-
ence mAbs must be needed. According to ICH Q5E, the comparability study should prove 
that the proposed product is highly similar to the reference product before and after the 
manufacturing process changes [24]. The comparability data of quality attributes might be 
the foundation for reducing the requirements of non-clinical and clinical studies. When con-
sidering that batch variabilities might affect the results of comparability exercise, products 
from different batches should be evaluated. What is more, the analytical methods in the com-
parability exercise should be sensitive to detect the potential differences between biosimilar 
mAbs and reference mAbs and the parameter ranges for each analytical methods need to be 
determined by an appropriate statistical analysis [8, 9, 25].

To obtain representative data from the comparability exercise, the choice of a suitable refer-
ence mAb is important. Comprehensive information of reference mAbs could be the founda-
tion for the establishment of quality, safety, and efficacy profiles, to which are the biosimilar 
mAbs compared. Head-to-head comparisons are performed to demonstrate high level of 
biosimilarity between the biosimilar mAbs and reference mAbs in the comparability exercise 
[26]. Following considerations are provided for the choice of suitable reference mAb biothera-
peutic products [8, 12, 22].

• Whether the reference products have already been authorized based on the integrated set 
of quality, safety, and efficacy data.

• Whether the drug substance, active ingredient, and the biological function of biosimilar 
mAbs are similar to those of reference mAbs.

• Whether the dosage form and route of administration of biosimilar mAbs are identical to 
that of reference mAbs.

• Whether the same reference products are used throughout the comparative quality, safety, 
and efficacy studies.

2.2.1. Quality assessment

The quality comparative studies are conducted by the state-of-art analytical techniques 
and appropriate analytical methods. The analytical methods should be sensitive enough to 
detect any differences between biosimilar mAbs and reference mAbs. For the development 
of analytical methods, the information of the analytical limitations, like specificity in each 
analytical technique should be known by the manufactures. The characteristics including 
physicochemical, biological, and other related properties (e.g., impurities, finished products, 
and specification) are analyzed by the head-to-head comparative studies [27–30]. For mAb 
analysis, the common characteristics and analytical methods to ensure product quality are 
provided in Table 1, and these analytical items could also be applied to the comparative study 
of biosimilar mAbs and reference mAbs [5].
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sequence) is not affected by different host cell lines, the protein modifications, including 
N-terminal truncation, C-terminal truncation, or post-translation modification, and process-
derived impurities like residual host DNAs or residual host proteins might be affected. These 
changes might indirectly affect the biological effects in the clinical consequences. In most 
cases, when different host cell types are used, different glycosylation profiles might be found 
[18]. For example, the mAb products produced from mouse cell lines, like NS0 or SP2/0 cells, 
have alpha-1,3-gal in their carbohydrate structure. However, there is no production of such 
structure in the human cell lines, because these cell lines lack the necessary enzyme to synthe-
size the alpha-1,3-gal antigens [19]. Moreover, the immune response against this“special” gly-
cosylation structure would be triggered in the human body, which might lead to the adverse 
clinical effects. This situation could be avoided by using Chinese hamster ovary (CHO) cells 
[20]. Therefore, to minimize the differences between biosimilar products and reference prod-
ucts, the choice of the expression system for the mAb biosimilar products should be carefully 
considered. In general, it is advisable for the manufactures to choose the same host cell type 
as that of reference mAbs to minimize the possible impact on the clinical efficacy and safety 
of the products when developing mAb biosimilars.

2.1.2. Impurity

Product impurity is inevitable in the manufacturing process. Impurities, the components 
which are not desired in the drug substance or drug products, might trigger some safety 
concerns [21]. To ensure the safety of products, the differences of impurity profiles between 
the biosimilar mAbs and reference mAbs need to be evaluated. For mAb products, the test-
ing of impurity includes the analysis of residual host DNA, residual protein A, or monomer 
contents in the products. If any differences between biosimilar mAbs and reference mAbs are 
significantly observed, additional evaluation of the impurity-derived impacts on the product 
safety and efficacy is required [8, 12, 22].

2.1.3. Specification

The specification (acceptance criteria) needs to be considered in the manufacturing process. 
The specification of biosimilar mAbs is not actually the same as that of reference mAbs. 
Sufficient batches of biosimilar mAb products are needed for the collaborative study. The 
setting of specification of biosimilar mAbs is based on the manufacturing experiences or 
comparative results of the collaborative study on biosimilar mAbs and reference mAbs. In 
general, the limit setting of biosimilar mAbs should not be wider than the range of variability 
of reference mAbs. If the acceptance criteria of biosimilar mAbs are significantly out of the 
acceptable range of reference mAbs, additional evidence to confirm the safety of products is 
needed [21, 23].
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2.2. Comparability exercise

From the regulatory requirements, the comparability exercise of biosimilar mAbs and refer-
ence mAbs must be needed. According to ICH Q5E, the comparability study should prove 
that the proposed product is highly similar to the reference product before and after the 
manufacturing process changes [24]. The comparability data of quality attributes might be 
the foundation for reducing the requirements of non-clinical and clinical studies. When con-
sidering that batch variabilities might affect the results of comparability exercise, products 
from different batches should be evaluated. What is more, the analytical methods in the com-
parability exercise should be sensitive to detect the potential differences between biosimilar 
mAbs and reference mAbs and the parameter ranges for each analytical methods need to be 
determined by an appropriate statistical analysis [8, 9, 25].

To obtain representative data from the comparability exercise, the choice of a suitable refer-
ence mAb is important. Comprehensive information of reference mAbs could be the founda-
tion for the establishment of quality, safety, and efficacy profiles, to which are the biosimilar 
mAbs compared. Head-to-head comparisons are performed to demonstrate high level of 
biosimilarity between the biosimilar mAbs and reference mAbs in the comparability exercise 
[26]. Following considerations are provided for the choice of suitable reference mAb biothera-
peutic products [8, 12, 22].

• Whether the reference products have already been authorized based on the integrated set 
of quality, safety, and efficacy data.

• Whether the drug substance, active ingredient, and the biological function of biosimilar 
mAbs are similar to those of reference mAbs.

• Whether the dosage form and route of administration of biosimilar mAbs are identical to 
that of reference mAbs.

• Whether the same reference products are used throughout the comparative quality, safety, 
and efficacy studies.

2.2.1. Quality assessment

The quality comparative studies are conducted by the state-of-art analytical techniques 
and appropriate analytical methods. The analytical methods should be sensitive enough to 
detect any differences between biosimilar mAbs and reference mAbs. For the development 
of analytical methods, the information of the analytical limitations, like specificity in each 
analytical technique should be known by the manufactures. The characteristics including 
physicochemical, biological, and other related properties (e.g., impurities, finished products, 
and specification) are analyzed by the head-to-head comparative studies [27–30]. For mAb 
analysis, the common characteristics and analytical methods to ensure product quality are 
provided in Table 1, and these analytical items could also be applied to the comparative study 
of biosimilar mAbs and reference mAbs [5].
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2.2.1.1. Physicochemical properties

The characterization of physicochemical properties for biosimilar mAbs is required, due to 
the inherent complexity of mAb products. The monoclonal antibody is a macromolecule with 
size and charge variants and different post-translational modifications. The structural het-
erogeneity should be analyzed by the state-of art techniques. The physicochemical testing 
should include the determination of the primary structure (e.g., amino acid sequence), higher 
order structure (e.g., disulfide bond bridges, free thiol functional group, and secondary or 
tertiary structures), and some physicochemical properties (e.g., charge variants, site-specific 
glycosylation patterns, or glycan profiles) [12].

The analysis of the primary structure is the determination of the amino acid sequence of prod-
ucts. In general, the primary structure of mAb SBPs should be identical to that of reference 

Characteristics Items Analytical methods

Primary structure Intact mass analysis Mass spectrometric analysis

Peptide mapping Enzyme digestion and HPLC

N-terminal sequence Edman degradation

C-terminal sequence Peptide mapping and intact molecular mass 
analysis

Disulfide bond bridge analysis Peptide mapping under nonreduced condition

Glycosylation site Peptide mapping with mass spectrometric 
analysis

Higher order structure Structure analysis Circular dichroism

Post-translational modification Glycan profiles Enzyme digestion and mass spectrometric 
analysis

Sialic acid content HPAEC-PAD

Heterogeneity Isoforms cIEF

Immunological activity Binding affinity Enzyme immunoassay

Biological activity Potency Cell-based assay

Purity/impurity Product-related impurity HPLC

Process-related impurity Host cell protein ELISA

Residual DNA PCR

Residual protein A ELISA

Endotoxin LAL

HPAEC-PAD: high performance anion exchange chromatography with pulsed amperometric detection; HPLC: high-
performance liquid chromatography; cIEF: capillary isoelectric focusing; ELISA: enzyme-linked immunosorbent assay; 
PCR: polymerase chain reaction; LAL: limulus amebocyte lysate.

Table 1. Analytical items and analytical methods for the analysis of mAb characterization.
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mAbs, except for the structural heterogeneity in the N-terminus or C-terminus. Peptide 
mapping is a common analytical method to identify or quantify the abundance of heteroge-
neous forms. For higher order structures, the conformation stability is critical for functional 
properties. For example, the differences in intra-disulfide bridges could directly affect the 
IgG2 affinities in mAb products [31]. The commonly analytical techniques used in the test-
ing include hydrogen-deuterium exchange mass spectrometry (H/DX-MS), circular dichro-
ism (CD), and two-dimensional nuclear magnetic resonance (2D-NMR). H/DX-MS is used 
to identify the rigid or flexible domain of the protein structure in the formulation conditions, 
CD is used to assess the content of secondary structure, and 2D-NMR is used to analyze the 
integrity of protein structure [32]. In some situations, a combination of two or more analytical 
techniques, like capillary electrophoresis coupled with mass spectrometry, might be powerful 
in characterizing the physicochemical properties [33].

The comparability exercise on the post-translational modification of biosimilar mAbs and 
reference mAbs is required in the physicochemical analysis. The comparative glycan analysis 
includes the N-glycan analysis, site-specific glycosylation patterns, or overall glycan profile [34].  
Given that small differences in glycan profiles could cause unexpectedly immunogenic con-
sequences, additional data to support the product safety are required. Moreover, the high 
heterogeneity of the active ingredients increases the complexity of the structure or other 
physicochemical properties, which caused it difficult to analyze the different variants in one 
analytical method. To solve these problems, the combination of the different analytical meth-
ods, like ion exchange chromatography, isoelectric focusing, and capillary electrophoresis, 
is developed. However, the analytical techniques of physicochemical analytical methods are 
restricted to its detection limits, so that some higher order structure of the molecule or slight 
difference of mAb SBPs and reference mAbs are not easily detected by the physicochemi-
cal analysis. To complement the detection limits of physicochemical analysis, the biological 
analysis is performed to determine whether the heterogeneous variants have impact on the 
product safety.

2.2.1.2. Biological activity properties

Biological activity, also called potency, is defined as the product’s specific ability to achieve 
the intended biological effects. It is an important parameter for characterizing the product 
quality and batch analysis. Biological assay is the quantitative measure of the biological activ-
ity and reflects the mechanism of action of the functional protein. The data obtained from the 
biological assays could connect to the clinical activity. Additionally, the biological assay com-
plements the physicochemical analysis to confirm the structural integrity of the molecules. 
The analytical method for biological activity should be specific and sensitive enough to detect 
slight differences in batch analysis or comparative study. The biological activity should be 
determined by calibrating against international or national standards, and the results could 
be expressed in international units (IU) or units (U) of activity [8, 9, 12].

The mechanism of the action of mAbs varies ranging from simple antigen binding, which 
alone affects the clinical response, to antigen binding with one or more immunological effects, 

Scientific and Regulatory Perspective on Monoclonal Antibody Biosimilars
http://dx.doi.org/10.5772/intechopen.78583

117



2.2.1.1. Physicochemical properties

The characterization of physicochemical properties for biosimilar mAbs is required, due to 
the inherent complexity of mAb products. The monoclonal antibody is a macromolecule with 
size and charge variants and different post-translational modifications. The structural het-
erogeneity should be analyzed by the state-of art techniques. The physicochemical testing 
should include the determination of the primary structure (e.g., amino acid sequence), higher 
order structure (e.g., disulfide bond bridges, free thiol functional group, and secondary or 
tertiary structures), and some physicochemical properties (e.g., charge variants, site-specific 
glycosylation patterns, or glycan profiles) [12].

The analysis of the primary structure is the determination of the amino acid sequence of prod-
ucts. In general, the primary structure of mAb SBPs should be identical to that of reference 

Characteristics Items Analytical methods

Primary structure Intact mass analysis Mass spectrometric analysis

Peptide mapping Enzyme digestion and HPLC

N-terminal sequence Edman degradation

C-terminal sequence Peptide mapping and intact molecular mass 
analysis

Disulfide bond bridge analysis Peptide mapping under nonreduced condition

Glycosylation site Peptide mapping with mass spectrometric 
analysis

Higher order structure Structure analysis Circular dichroism

Post-translational modification Glycan profiles Enzyme digestion and mass spectrometric 
analysis

Sialic acid content HPAEC-PAD

Heterogeneity Isoforms cIEF

Immunological activity Binding affinity Enzyme immunoassay

Biological activity Potency Cell-based assay

Purity/impurity Product-related impurity HPLC

Process-related impurity Host cell protein ELISA

Residual DNA PCR

Residual protein A ELISA

Endotoxin LAL

HPAEC-PAD: high performance anion exchange chromatography with pulsed amperometric detection; HPLC: high-
performance liquid chromatography; cIEF: capillary isoelectric focusing; ELISA: enzyme-linked immunosorbent assay; 
PCR: polymerase chain reaction; LAL: limulus amebocyte lysate.

Table 1. Analytical items and analytical methods for the analysis of mAb characterization.
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mAbs, except for the structural heterogeneity in the N-terminus or C-terminus. Peptide 
mapping is a common analytical method to identify or quantify the abundance of heteroge-
neous forms. For higher order structures, the conformation stability is critical for functional 
properties. For example, the differences in intra-disulfide bridges could directly affect the 
IgG2 affinities in mAb products [31]. The commonly analytical techniques used in the test-
ing include hydrogen-deuterium exchange mass spectrometry (H/DX-MS), circular dichro-
ism (CD), and two-dimensional nuclear magnetic resonance (2D-NMR). H/DX-MS is used 
to identify the rigid or flexible domain of the protein structure in the formulation conditions, 
CD is used to assess the content of secondary structure, and 2D-NMR is used to analyze the 
integrity of protein structure [32]. In some situations, a combination of two or more analytical 
techniques, like capillary electrophoresis coupled with mass spectrometry, might be powerful 
in characterizing the physicochemical properties [33].

The comparability exercise on the post-translational modification of biosimilar mAbs and 
reference mAbs is required in the physicochemical analysis. The comparative glycan analysis 
includes the N-glycan analysis, site-specific glycosylation patterns, or overall glycan profile [34].  
Given that small differences in glycan profiles could cause unexpectedly immunogenic con-
sequences, additional data to support the product safety are required. Moreover, the high 
heterogeneity of the active ingredients increases the complexity of the structure or other 
physicochemical properties, which caused it difficult to analyze the different variants in one 
analytical method. To solve these problems, the combination of the different analytical meth-
ods, like ion exchange chromatography, isoelectric focusing, and capillary electrophoresis, 
is developed. However, the analytical techniques of physicochemical analytical methods are 
restricted to its detection limits, so that some higher order structure of the molecule or slight 
difference of mAb SBPs and reference mAbs are not easily detected by the physicochemi-
cal analysis. To complement the detection limits of physicochemical analysis, the biological 
analysis is performed to determine whether the heterogeneous variants have impact on the 
product safety.

2.2.1.2. Biological activity properties

Biological activity, also called potency, is defined as the product’s specific ability to achieve 
the intended biological effects. It is an important parameter for characterizing the product 
quality and batch analysis. Biological assay is the quantitative measure of the biological activ-
ity and reflects the mechanism of action of the functional protein. The data obtained from the 
biological assays could connect to the clinical activity. Additionally, the biological assay com-
plements the physicochemical analysis to confirm the structural integrity of the molecules. 
The analytical method for biological activity should be specific and sensitive enough to detect 
slight differences in batch analysis or comparative study. The biological activity should be 
determined by calibrating against international or national standards, and the results could 
be expressed in international units (IU) or units (U) of activity [8, 9, 12].

The mechanism of the action of mAbs varies ranging from simple antigen binding, which 
alone affects the clinical response, to antigen binding with one or more immunological effects, 
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which combines to present an overall clinical response. For example, infliximab, which is a 
chimeric monoclonal antibody specific for tumor necrosis factor alpha (TNF-α), achieves clin-
ical efficacy in rheumatoid arthritis through the mechanism of antigen binding [35]. However, 
rituximab, specific for binding to CD20, requires the Fc function for its clinical efficacy in all 
the clinical indications [36]. The mAb consists of two major functional domains, including 
Fab and Fc fragments. For characterizing biological activity properties, the assay should be 
designed for analyzing binding affinity and functional activities of these two regions. If it can 
be shown that the clinical effects are only affected through antigen binding, the ligand bind-
ing assays could estimate biological activity. Given that the Fc part of mAb might mediate 
the immunobiological effects, the relevant, validated potency assay for the determination of 
other immunobiological effects other than just potency should be developed. In this regard, 
the choice of appropriate cell-based assays to determine the potency should be considered.

2.2.1.3. Immunological properties (immunogenicity)

Immunogenicity is the ability/capability of molecules to elicit the immune response against 
external substances. The immune response against the mAb biotherapeutic products is affected 
by many factors, including the drug substances, excipients, process derived impurities, route of 
administration, dosing regimen, or other related factors [12]. For the analysis of immunological 
properties, the binding specificity, binding affinity, and binding kinetics all need to be analyzed 
by scientifically analytical methods, such as surface plasmon response, microcalorimetry, or 
classical Scatchard analysis. Moreover, the Fab-associated functions (neutralization of soluble 
antigens or receptor activation/blockade) and the Fc-associated functions (antibody-dependent 
cell cytotoxicity, complement-dependent cell cytotoxicity, apoptosis, or complement activa-
tion) should also be analyzed using appropriate analytical methods [8, 9]. These analytical 
methods should be sensitive enough to detect the difference between biosimilar products and 
reference products.

2.2.2. Nonclinical study

Nonclinical study encompasses the pharmacological/toxicological assessments of biosimilar 
products. By referring to the results from the physicochemical and biological characterization 
studies, the nonclinical study program is designed to detect potential impacts on safety and 
efficacy of biosimilar products. Nonclinical studies can be divided into in vitro studies and in vivo 
studies. In vitro studies should be conducted first, since the results from in vitro studies could 
make a decision to the extent of what in vivo studies are required. The considerations for in vitro 
studies and in vivo studies are discussed as follows [9, 37, 38].

2.2.2.1. In vitro study

To assess the difference of biological activity between a biosimilar product and a reference 
product, in vitro studies should be performed. Compared to animal studies, an in vitro assay 
is more specific and sensitive to detect differences between the biosimilar products and 
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reference products [39]. For establishments of in vitro studies of biosimilar mAbs, the follow-
ing points should be taken into account.

• The assay needs to be scientifically valid and has the ability to detect biological differences 
between biosimilar mAbs and reference mAbs, not just the response of biosimilar mAbs.

• An appropriate number of batches of reference mAbs and biosimilar mAbs are required, 
given that the results will be affected by variabilities with different batches.

• The number of tests should be adjusted sufficiently to make the meaningful conclusions 
that biosimilar mAbs demonstrate similarity in biological activity to reference mAbs.

• The data from in vitro studies should cover the pharmacological/toxicological assessments, 
which could be a reference supportive for the clinical design.

For nonclinical in vitro program of biosimilar mAbs, the biological analysis of Fab and Fc frag-
ments should be included. Following table summarizes the analytical items and analytical 
methods in the nonclinical in vitro program of biosimilar mAbs [9] (Table 2).

2.2.2.2. In vivo study

In vivo study is designed to provide more information on “unexpected” pharmacological/
toxicological activities relevant to the clinical application. Such studies could be comparative 
in nature and can detect the differences between biosimilar products and reference products. 
However, when the necessary information has already obtained from in vitro studies, in vivo 
studies are not required. Following points are provided for the determination of the need for 
in vivo studies [40].

Item Method

Fab-associated Fc-associated

Binding studies • Target antigen binding • Binding to Fc receptors 
(FcγRI, FcγRII, FcγRIII, 
and FcRn)

• Binding to complement 
(C1q)

• ELISA

• Surface plasmon 
resonance (SPR)

• Flow cytometry

Biological activities/
functional assay

• Neutralization of soluble 
ligand

• Receptor activation

• Receptor blockade

• Antibody-dependent cell 
cytotoxicity (ADCC)

• Complement-dependent 
cytotoxicity (CDC)

• Complement activation

• Apoptosis

• Cell-based assay

Table 2. Analytical items and analytical methods of in vitro nonclinical study of biosimilar mAbs.
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which combines to present an overall clinical response. For example, infliximab, which is a 
chimeric monoclonal antibody specific for tumor necrosis factor alpha (TNF-α), achieves clin-
ical efficacy in rheumatoid arthritis through the mechanism of antigen binding [35]. However, 
rituximab, specific for binding to CD20, requires the Fc function for its clinical efficacy in all 
the clinical indications [36]. The mAb consists of two major functional domains, including 
Fab and Fc fragments. For characterizing biological activity properties, the assay should be 
designed for analyzing binding affinity and functional activities of these two regions. If it can 
be shown that the clinical effects are only affected through antigen binding, the ligand bind-
ing assays could estimate biological activity. Given that the Fc part of mAb might mediate 
the immunobiological effects, the relevant, validated potency assay for the determination of 
other immunobiological effects other than just potency should be developed. In this regard, 
the choice of appropriate cell-based assays to determine the potency should be considered.

2.2.1.3. Immunological properties (immunogenicity)

Immunogenicity is the ability/capability of molecules to elicit the immune response against 
external substances. The immune response against the mAb biotherapeutic products is affected 
by many factors, including the drug substances, excipients, process derived impurities, route of 
administration, dosing regimen, or other related factors [12]. For the analysis of immunological 
properties, the binding specificity, binding affinity, and binding kinetics all need to be analyzed 
by scientifically analytical methods, such as surface plasmon response, microcalorimetry, or 
classical Scatchard analysis. Moreover, the Fab-associated functions (neutralization of soluble 
antigens or receptor activation/blockade) and the Fc-associated functions (antibody-dependent 
cell cytotoxicity, complement-dependent cell cytotoxicity, apoptosis, or complement activa-
tion) should also be analyzed using appropriate analytical methods [8, 9]. These analytical 
methods should be sensitive enough to detect the difference between biosimilar products and 
reference products.

2.2.2. Nonclinical study

Nonclinical study encompasses the pharmacological/toxicological assessments of biosimilar 
products. By referring to the results from the physicochemical and biological characterization 
studies, the nonclinical study program is designed to detect potential impacts on safety and 
efficacy of biosimilar products. Nonclinical studies can be divided into in vitro studies and in vivo 
studies. In vitro studies should be conducted first, since the results from in vitro studies could 
make a decision to the extent of what in vivo studies are required. The considerations for in vitro 
studies and in vivo studies are discussed as follows [9, 37, 38].

2.2.2.1. In vitro study

To assess the difference of biological activity between a biosimilar product and a reference 
product, in vitro studies should be performed. Compared to animal studies, an in vitro assay 
is more specific and sensitive to detect differences between the biosimilar products and 
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reference products [39]. For establishments of in vitro studies of biosimilar mAbs, the follow-
ing points should be taken into account.

• The assay needs to be scientifically valid and has the ability to detect biological differences 
between biosimilar mAbs and reference mAbs, not just the response of biosimilar mAbs.

• An appropriate number of batches of reference mAbs and biosimilar mAbs are required, 
given that the results will be affected by variabilities with different batches.

• The number of tests should be adjusted sufficiently to make the meaningful conclusions 
that biosimilar mAbs demonstrate similarity in biological activity to reference mAbs.

• The data from in vitro studies should cover the pharmacological/toxicological assessments, 
which could be a reference supportive for the clinical design.

For nonclinical in vitro program of biosimilar mAbs, the biological analysis of Fab and Fc frag-
ments should be included. Following table summarizes the analytical items and analytical 
methods in the nonclinical in vitro program of biosimilar mAbs [9] (Table 2).

2.2.2.2. In vivo study

In vivo study is designed to provide more information on “unexpected” pharmacological/
toxicological activities relevant to the clinical application. Such studies could be comparative 
in nature and can detect the differences between biosimilar products and reference products. 
However, when the necessary information has already obtained from in vitro studies, in vivo 
studies are not required. Following points are provided for the determination of the need for 
in vivo studies [40].

Item Method

Fab-associated Fc-associated

Binding studies • Target antigen binding • Binding to Fc receptors 
(FcγRI, FcγRII, FcγRIII, 
and FcRn)

• Binding to complement 
(C1q)

• ELISA

• Surface plasmon 
resonance (SPR)

• Flow cytometry

Biological activities/
functional assay

• Neutralization of soluble 
ligand

• Receptor activation

• Receptor blockade

• Antibody-dependent cell 
cytotoxicity (ADCC)

• Complement-dependent 
cytotoxicity (CDC)

• Complement activation

• Apoptosis

• Cell-based assay

Table 2. Analytical items and analytical methods of in vitro nonclinical study of biosimilar mAbs.
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• The data of biological activity or pharmacodynamics could be available from the biological 
assays in the part of the quality assessment. If these data are sufficiently reliable to reflect 
the relevant clinical situation, in vivo studies would not be necessary. Accordingly, if the 
data are not fully elucidated by in vitro assay, in vivo assay is required.

• The monoclonal antibodies might mediate the unprecedented effects that cannot be fully 
characterized by an in vitro assay. In this situation, in vivo studies are required to provide 
complementary information.

If in vivo studies are required, the following points are needed for consideration.

• Choice of animal species and the relevant models (in-breed animals, transgenic animals, or 
transplant models) for the assay.

• If there are no appropriate animal models for in vivo assay, the manufacture needs to evalu-
ate any potential risks by the data from in vitro assay, when proceeding to the clinical trials.

• Some factors need to be considered, when considering whether the additional in vivo assays 
should be performed

1. Presence of potential quality attributes in biosimilar mAb products, which have not 
been detected in the reference mAbs.

2. The relevant quantitative differences in the comparative measurements between bio-
similar mAbs and reference mAbs.

3. The difference formulation is used. For example, the excipient is not commonly used 
in the mAbs.

2.2.3. Clinical study

Clinical study for biosimilar mAb aims to confirm the safety and efficacy issues from the clini-
cal view. For the design in the biosimilar mAb clinical trial program, the natural characteristics, 
intended indication, and duration should be taken into consideration. In fact, the design of most 
comparative clinical study is based on the clinical experiences, which had already been acquired 
from the reference mAb. It is advisable to use the finished products for clinical studies, so as to 
obtain pivotal data for marketing authorization from the regulatory authorities. The clinical com-
parability exercise is performed in a step-wise procedure, and usually begins with the clinical 
pharmacodynamics (PD) and pharmacokinetic (PK) studies, followed by the comparative clini-
cal safety and efficacy study in a selected indication. Due to the clinical experiences of reference 
products, some steps of the biosimilar mAb clinical trial are not necessary, such that the phase 2 
clinical trial (dose finding study) is not required, when the dosage used in the biosimilar mAb 
administration regimen is the same as that used in the reference mAb [11, 41]. Therefore, compared 
to the development of reference mAbs, the development of biosimilar mAbs needs less time.

The extent and number of clinical trials of biosimilar mAbs compared to reference mAbs 
could be affected by the following factors [42]:

• The intrinsic complexity (structural and biological properties) of biosimilar mAbs.

• The limitations of studies in the nonclinical comparative structural and biological study.
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• The complexity of mechanisms of action of biosimilar mAbs.

• The degree of uncertainty of biosimilar mAbs in efficacy and safety issues.

• The clinical experiences obtained from the reference mAbs.

Although the clinical trial design of biosimilar mAbs followed the same guideline as other 
similar biotherapeutic products, additional considerations are required. The indication 
extrapolation is one of the important considerations for biosimilar mAb clinical studies. To 
provide justification for indication extrapolation, the equivalence clinical trial is preferred 
over the noninferiority trial. An equivalence trial is demonstrated to confirm that the bio-
similar mAb is clinically similar to the reference mAb. This demonstration could provide the 
efficacy and safety data of biosimilar mAbs that could be a strong rationale for extrapolation 
to other indications of reference mAbs. In an equivalence trail, it is advisable to choose the 
sensitive and well-established study models regarding to the study population and study 
endpoints, given that assay with sensitivity should have the ability to detect differences 
between the biosimilar mAbs and reference mAbs, even if only tiny difference exists. In 
order to minimize the impacts on inter-patients variability, the selected study population 
for the clinical trial should be homogeneous and increase the likelihood that the observed 
clinical effects are caused by the difference between biosimilar mAbs and reference mAbs. In 
general, patients without previous treatments are good study models, because the observed 
clinical effects could exclude the interference effects of other medications [42–45].

2.3. Post-market surveillance

Post-market surveillance is an important process in achieving a maximum safety and effective-
ness of mAb biosimilars. It is a long-term monitoring to detect or assess any product-derived 
adverse effects. Some of these effects may not easily be detected during the preapproval 
clinical testing, because the narrow population is tested in the trials. In addition, due to the 
changes of material sources, facility or regulatory requirements, the manufacturing process of 
biosimilar mAb products might change. In some situations, the profiles of post-translational 
modification alter during the product life cycle, which might directly or indirectly affect 
the product safety or effectiveness. For example, Remicade (infliximab) has gone through 
over 35 changes since product approval in 1999, but no any adverse effects were reported in 
the clinical usage [46]. However, the change of glycosylation profiles of Rituxan (anti-CD20 
antibody) has been reported from batches to batches, which directly or indirectly affects the 
product immunogenicity [47]. Therefore, continuous post-marketing surveillance of products 
is required so as to make prompt prevention for adverse effects.

The following considerations are indicated when designing the program of post-marketing 
safety monitoring.

• Whether to identify low-frequency adverse reactions associated with biosimilar mAb prod-
ucts (not easy to identify the pre-marketing stages).

• Whether to identify some high-risk groups.

• Whether to discern that the adverse effects are caused by the biosimilar mAb product, not 
by the reference mAb.
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• The data of biological activity or pharmacodynamics could be available from the biological 
assays in the part of the quality assessment. If these data are sufficiently reliable to reflect 
the relevant clinical situation, in vivo studies would not be necessary. Accordingly, if the 
data are not fully elucidated by in vitro assay, in vivo assay is required.

• The monoclonal antibodies might mediate the unprecedented effects that cannot be fully 
characterized by an in vitro assay. In this situation, in vivo studies are required to provide 
complementary information.

If in vivo studies are required, the following points are needed for consideration.

• Choice of animal species and the relevant models (in-breed animals, transgenic animals, or 
transplant models) for the assay.

• If there are no appropriate animal models for in vivo assay, the manufacture needs to evalu-
ate any potential risks by the data from in vitro assay, when proceeding to the clinical trials.

• Some factors need to be considered, when considering whether the additional in vivo assays 
should be performed

1. Presence of potential quality attributes in biosimilar mAb products, which have not 
been detected in the reference mAbs.

2. The relevant quantitative differences in the comparative measurements between bio-
similar mAbs and reference mAbs.

3. The difference formulation is used. For example, the excipient is not commonly used 
in the mAbs.

2.2.3. Clinical study

Clinical study for biosimilar mAb aims to confirm the safety and efficacy issues from the clini-
cal view. For the design in the biosimilar mAb clinical trial program, the natural characteristics, 
intended indication, and duration should be taken into consideration. In fact, the design of most 
comparative clinical study is based on the clinical experiences, which had already been acquired 
from the reference mAb. It is advisable to use the finished products for clinical studies, so as to 
obtain pivotal data for marketing authorization from the regulatory authorities. The clinical com-
parability exercise is performed in a step-wise procedure, and usually begins with the clinical 
pharmacodynamics (PD) and pharmacokinetic (PK) studies, followed by the comparative clini-
cal safety and efficacy study in a selected indication. Due to the clinical experiences of reference 
products, some steps of the biosimilar mAb clinical trial are not necessary, such that the phase 2 
clinical trial (dose finding study) is not required, when the dosage used in the biosimilar mAb 
administration regimen is the same as that used in the reference mAb [11, 41]. Therefore, compared 
to the development of reference mAbs, the development of biosimilar mAbs needs less time.

The extent and number of clinical trials of biosimilar mAbs compared to reference mAbs 
could be affected by the following factors [42]:

• The intrinsic complexity (structural and biological properties) of biosimilar mAbs.

• The limitations of studies in the nonclinical comparative structural and biological study.
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• The complexity of mechanisms of action of biosimilar mAbs.

• The degree of uncertainty of biosimilar mAbs in efficacy and safety issues.

• The clinical experiences obtained from the reference mAbs.

Although the clinical trial design of biosimilar mAbs followed the same guideline as other 
similar biotherapeutic products, additional considerations are required. The indication 
extrapolation is one of the important considerations for biosimilar mAb clinical studies. To 
provide justification for indication extrapolation, the equivalence clinical trial is preferred 
over the noninferiority trial. An equivalence trial is demonstrated to confirm that the bio-
similar mAb is clinically similar to the reference mAb. This demonstration could provide the 
efficacy and safety data of biosimilar mAbs that could be a strong rationale for extrapolation 
to other indications of reference mAbs. In an equivalence trail, it is advisable to choose the 
sensitive and well-established study models regarding to the study population and study 
endpoints, given that assay with sensitivity should have the ability to detect differences 
between the biosimilar mAbs and reference mAbs, even if only tiny difference exists. In 
order to minimize the impacts on inter-patients variability, the selected study population 
for the clinical trial should be homogeneous and increase the likelihood that the observed 
clinical effects are caused by the difference between biosimilar mAbs and reference mAbs. In 
general, patients without previous treatments are good study models, because the observed 
clinical effects could exclude the interference effects of other medications [42–45].

2.3. Post-market surveillance

Post-market surveillance is an important process in achieving a maximum safety and effective-
ness of mAb biosimilars. It is a long-term monitoring to detect or assess any product-derived 
adverse effects. Some of these effects may not easily be detected during the preapproval 
clinical testing, because the narrow population is tested in the trials. In addition, due to the 
changes of material sources, facility or regulatory requirements, the manufacturing process of 
biosimilar mAb products might change. In some situations, the profiles of post-translational 
modification alter during the product life cycle, which might directly or indirectly affect 
the product safety or effectiveness. For example, Remicade (infliximab) has gone through 
over 35 changes since product approval in 1999, but no any adverse effects were reported in 
the clinical usage [46]. However, the change of glycosylation profiles of Rituxan (anti-CD20 
antibody) has been reported from batches to batches, which directly or indirectly affects the 
product immunogenicity [47]. Therefore, continuous post-marketing surveillance of products 
is required so as to make prompt prevention for adverse effects.

The following considerations are indicated when designing the program of post-marketing 
safety monitoring.

• Whether to identify low-frequency adverse reactions associated with biosimilar mAb prod-
ucts (not easy to identify the pre-marketing stages).

• Whether to identify some high-risk groups.

• Whether to discern that the adverse effects are caused by the biosimilar mAb product, not 
by the reference mAb.
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• Whether safety monitoring is continuous.

• Whether the risk or hazard prevention measures could be initiated promptly.

3. Indication extrapolation

The comparative study data of biosimilar products and reference products in one indica-
tion could extrapolate to other indications, in which reference products originally have 
been approved. Extrapolation is an important process for biosimilar developments, because 
it could reduce/eliminate the need for duplicative clinical studies [48]. The recommended 
principles of indication extrapolation of biosimilar mAbs could refer to the WHO guidance 
document about the evaluation of SBP. In general, to make indication extrapolation possible, 
the following points are needed.

• The mechanism of action of a biosimilar product and a reference product is the same.

• The clinical test is sensitive enough to detect the potential differences between biosimilar 
products and reference products.

• The safety and immunogenicity data of biosimilar products in one indication are well char-
acterized and there are no additional safety concerns when extrapolating these data to 
other indications.

• Additional convincing data must be provided to support extrapolation to other conditions 
of use.

For biosimilar mAbs, some points should be considered. Unlike other biologics, monoclo-
nal antibodies have two functional domain—Fab and Fc domains. Each domain might exert 
their clinical effects through different mechanisms, including the receptor blockage, signal-
ing induction or down-regulation, receptor down-regulation, and cell cytotoxicity (ADCC, 
CDC, or apoptosis). One monoclonal antibody might exert the clinical effects through one 
or a combination of these mechanisms in different indications. For example, infliximab 
does not require Fc function in rheumatologic and psoriatic indications; however, it exerts 
the clinical effects through the Fc domain in inflammatory bowel disease (IBD) [49]. When 
the mechanism of action (MoA) of biosimilar products is different to that of reference prod-
ucts, the indication extrapolation could be challenging. In some cases, the drug dosage 
of one product might not be the same between different indications; therefore, different 
dosages are needed to be tested. Moreover, a reference mAb might hold different types of 
indications. For example, rituximab (anti-CD20 mAb) is authorized for the treatment of 
both inflammatory diseases and cancer [50]. Since the pharmacokinetic data are different 
between these two diseases, it is inappropriate for biosimilar products to extrapolate.

4. Conclusions

With the trend of global pharmaceutical developments, the era of biosimilar mAbs has 
begun. It is clear that the entry of biosimilar products to the markets would bring benefits 
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for science and healthcare. With regard to biosimilar mAb manufactures, the reduction of 
production costs, choice of suitable cells, and control parameters setting to avoid product 
heterogeneity are important in the manufacturing process. From the regulatory perspec-
tive, the abbreviated development program is adopted in the biosimilar mAb products. 
Besides the data, which support the quality, safety, and efficacy of products, the com-
parative data to demonstrate the similarity between the biosimilar mAb product and the 
reference product needed to be submitted. Considering the impacts of batch variability 
on comparative results, different lots of products should be included in the in-depth com-
parative analysis. The integrated set of data from the comparative results would be the 
foundation for biosimilar development and the determination of the need for the extents 
that animal studies and clinical trials should be performed. For the clinical studies, it is 
advisable to choose one condition of use that would be sensitive to detect the clinical 
meaningful differences between the proposed biosimilar mAb and the reference mAb. 
However, some product-derived adverse effects might not be easily detected during the 
preapproval clinical testing. Based on the regulatory guideline requirements, pharmaco-
vigilance and risk management plan for biosimilar mAbs should be submitted to regula-
tory authorities for dossier review. The risk management plans, which are proposed by 
the manufactures, should include the detailed information on the safety and risk concerns. 
However, challenges remain with an abbreviated pathway for biosimilar mAbs, including 
the lack of detailed information and acceptance criteria for biosimilarity demonstration. 
In order to promote the global development and achieve the maximal safety of biosimilar 
mAbs, it is expected that manufacturers should cooperate with regulatory authorities to 
fight against current challenges with more detailed scientific considerations from a regula-
tory perspective.

Author details

Po-Chih Wu, Yi-Chen Yang, Der-Yuan Wang and Hwei-Fang Cheng*

*Address all correspondence to: rmhfcheng@fda.gov.tw

Taiwan Food and Drug Administration, Taipei City, Taiwan

References

[1] van de Vooren K, Curto A, Garattini L. Biosimilar versus generic drugs: Same but dif-
ferent? Applied Health Economics and Health Policy. 2015;13(2):125-127. DOI: 10.1007/
s40258-015-0154-9

[2] Camacho LH, Frost CP, Abella E, Morrow PK, Whittaker S. Biosimilars 101: Con-
siderations for U.S. oncologists in clinical practice. Cancer Medicine. 2014;3(4):889-899. 
DOI: 10.1002/cam4.258

[3] Niederwieser D, Schmitz S. Biosimilar agents in oncology/haematology: From approval  
to practice. European Journal of Haematology. 2011;86(4):277-288. DOI: 10.1111/j. 
1600-0609.2010.01566.x

Scientific and Regulatory Perspective on Monoclonal Antibody Biosimilars
http://dx.doi.org/10.5772/intechopen.78583

123



• Whether safety monitoring is continuous.

• Whether the risk or hazard prevention measures could be initiated promptly.

3. Indication extrapolation

The comparative study data of biosimilar products and reference products in one indica-
tion could extrapolate to other indications, in which reference products originally have 
been approved. Extrapolation is an important process for biosimilar developments, because 
it could reduce/eliminate the need for duplicative clinical studies [48]. The recommended 
principles of indication extrapolation of biosimilar mAbs could refer to the WHO guidance 
document about the evaluation of SBP. In general, to make indication extrapolation possible, 
the following points are needed.

• The mechanism of action of a biosimilar product and a reference product is the same.

• The clinical test is sensitive enough to detect the potential differences between biosimilar 
products and reference products.

• The safety and immunogenicity data of biosimilar products in one indication are well char-
acterized and there are no additional safety concerns when extrapolating these data to 
other indications.

• Additional convincing data must be provided to support extrapolation to other conditions 
of use.

For biosimilar mAbs, some points should be considered. Unlike other biologics, monoclo-
nal antibodies have two functional domain—Fab and Fc domains. Each domain might exert 
their clinical effects through different mechanisms, including the receptor blockage, signal-
ing induction or down-regulation, receptor down-regulation, and cell cytotoxicity (ADCC, 
CDC, or apoptosis). One monoclonal antibody might exert the clinical effects through one 
or a combination of these mechanisms in different indications. For example, infliximab 
does not require Fc function in rheumatologic and psoriatic indications; however, it exerts 
the clinical effects through the Fc domain in inflammatory bowel disease (IBD) [49]. When 
the mechanism of action (MoA) of biosimilar products is different to that of reference prod-
ucts, the indication extrapolation could be challenging. In some cases, the drug dosage 
of one product might not be the same between different indications; therefore, different 
dosages are needed to be tested. Moreover, a reference mAb might hold different types of 
indications. For example, rituximab (anti-CD20 mAb) is authorized for the treatment of 
both inflammatory diseases and cancer [50]. Since the pharmacokinetic data are different 
between these two diseases, it is inappropriate for biosimilar products to extrapolate.

4. Conclusions

With the trend of global pharmaceutical developments, the era of biosimilar mAbs has 
begun. It is clear that the entry of biosimilar products to the markets would bring benefits 

Biopharmaceuticals122
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