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Preface

Mammalian cells are used in industry as well as in research for a variety of
applications. Examples are the production of monoclonal antibodies or proteins for
diagnostic or therapeutic use, production of viral vaccines, as well as cultivation
of tissue cells for artificial organs or for gene therapy. This volume is aimed to
provide high-quality contributions reviewing cutting-edge progress in cell culture
engineering and technology. It is dedicated to Prof. Dr. Mohamed Al-Rubeai,
University College Dublin (Ireland), on the occasion of his 70th birthday.

Cell Engineering 9 – Animal Cell Culture, released in 2015, reviewed the state
of the art with in-depth assessments that emphasize the practical aspects of efficient
operation of cell culture techniques, including selection and characterization of
cell lines, suitable types of bioreactor system, optimal physical and chemical
environment and appropriate production mode, as well as the relevance of process
analytical technology (PAT) in the biopharmaceutical industry.

This volume, Cell Engineering 10 – Cell Culture Engineering and Technology
is dedicated towards the progress achieved within the last years. It starts with
chapters on cell engineering, novel technologies, and the use of omics, including
products from animal cells, use of remote control for therapeutic designer cells,
mRNA-techniques, omic’s data-driven design of biopharmaceutical production,
media optimization, glycoengineering, and cell engineering platforms.

Topics with respect to development of cell-based technologies and therapeutics
cover the power of metabolic understanding, techniques for manufacturing of
different types of stem cells, as well as production processes related to gene therapy.

Aspects of cell culture process engineering, advanced bioreactor concepts,
modelling, as well as monitoring and control are addressed by chapters on scale-up
(and scale-down) techniques, use of continuous single-use systems, mathematical
modelling and model-assisted design concepts for mammalian cell culture pro-
cesses, as well as bioprocess monitoring and control, especially process analytical
technology for improved process control.

In summary, the volume comprises contributions of researchers active in the
field of cell culture development for the production of recombinant protein, cell
line development, cell therapy, and gene therapy, with consideration of media
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vi Preface

development, process scale-up, reactor design, monitoring and control, and model-
assisted strategies for process design. The knowledge and expertise of the authors
cover disciplines like cell biology, engineering, biotechnology, and biomedical
sciences. Inevitably, some omissions will occur in the text, but the authors have
sought to avoid duplications by extensive cross-referencing to chapters in other
volumes of this series and elsewhere. We hope the volume provides a useful
compendium of techniques for scientists in industrial and research laboratories that
use mammalian cells for biotechnology purposes.

I am grateful for the support of all the excellent contributors; the series editor
Prof. Dr. Mohamed Al-Rubeai, University College Dublin (Ireland); the staff at
Springer for their efficiency in preparing this volume; and Dr. Gonzalo Cordova
for his help and patience.



Preface vii

Appreciation for Professor Mohamed Al-Rubeai

Cell Engineering (volume 10) is dedicated to Professor Mohamed Al-Rubeai
on the occasion of his retirement after 45 years of scientific activities in
academia.

Mohamed Al-Rubeai is an outstanding professor of biochemical engineering
who has dedicated his life to scientific research, education, charity, and human
rights.

Professor Al-Rubeai is emeritus professor of biochemical engineering and
founding director of The Cell Culture Engineering Research Centre in the University
College Dublin School of Chemical and Bioprocess Engineering.

He obtained his PhD in genetics from Queen Mary College at the University of
London in 1979. Following a brief stint at the University of Surrey, he joined the
University of Birmingham in 1988, where he established himself as a world leader
in cell culture technology with his work on the shear sensitivity of animal cells in
bioreactors, and his efforts helped to establish the importance of flow cytometry for
monitoring and controlling cell culture. He wrote his most important papers at this
time, including showing that animal cells in in vitro culture die by apoptosis. He
pioneered the development of cell engineering method to improve the robustness
and viability of cell lines and to optimize culture productivity. In 2005, he moved
to University College Dublin to take up the newly established Chair of Biochemical
Engineering. His recruitment to UCD was a pivotal step in the establishment of the
National Institute for Bioprocessing Research and Training (NIBRT) and preceded
the development of a globally significant biopharmaceutical manufacturing industry
in Ireland.

Professor Al-Rubeai has authored over 500 professional papers, reviews, chap-
ters, articles, and patents and has a record of >17,000 citations. This impressive
body of work reflects his broad interests in the production of biopharmaceuticals,
mammalian cell culture, tissue engineering, stem cell bioprocessing, metabolic engi-
neering, nano-biotechnology, and biomaterials. These achievements are supported
by the esteem in which Professor Al-Rubeai is held within the global biotechnology
community across both academia and industry, where his work is universally known
and acknowledged. Professor Al-Rubeai is, without a doubt, one of the founding
fathers of the UK biotechnology industry.

He is a Fellow of the Conway Institute of Biomolecular & Biomedical Research,
and Fellow of the UK Society of Biology (FSB). In 2007, he won the Astellas Award
and in 2008 was awarded the IChemE Donald Medal for outstanding services in
biochemical engineering. The UK Research Assessment Exercise gave his research
its highest score (5 stars) in its last two sessions in 1996 and 2001.

When I think of exceptional people I know, Professor Al-Rubeai is right at
the front of the line. We celebrate his anniversary with a special volume of
Cell Engineering which we recommend for everyone working in cell culture and
production of biopharmaceuticals.

Hamburg, Germany Ralf Pörtner
May 2021



Contents

Part I Biopharmaceutical Production

Biopharmaceuticals Produced from Cultivated Mammalian Cells . . . . . . . . . 3
Rasoul Al-Majmaie, Darrin Kuystermans, and Mohamed Al-Rubeai

Part II Cell Engineering, Novel Technologies
and the Use of Omics

Remote Control of Mammalian Therapeutic Designer Cells. . . . . . . . . . . . . . . . 55
Maysam Mansouri and Martin Fussenegger

Next Generation Cell Engineering Using microRNAs . . . . . . . . . . . . . . . . . . . . . . . 71
Florian Klingler, Nadja Raab, Nikolas Zeh, and Kerstin Otte

An Omic’s Data-Driven Approach Towards Engineering
Mammalian Cell Factories and Bioprocesses for
Biopharmaceutical Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
Mauro Torres, Veronica Ortuzar, Alan J. Dickson, and Hirra Hussain

Redesigning Spent Media from Cell Culture Bioprocess to Feed
New Bacterial Fermentations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
Ciara Lynch, Lynda Jordan, and David J O’ Connell

Monoclonal Antibody Glycoengineering for Biopharmaceutical
Quality Assurance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
Itzcóatl Gómez Aquino and Ioscani Jiménez del Val

Next-Generation Cell Engineering Platform for Improving
Recombinant Protein Production in Mammalian Cells . . . . . . . . . . . . . . . . . . . . . . 191
Sung Wook Shin, Minji Kyeong, and Jae Seong Lee

ix



x Contents

Part III Development of Cell-based Technologies
and Therapeutics

Manufacturing Human Pluripotent Stem Cells and Differentiated
Progenitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229
Svetlan Vassilev and Steve Kah Weng Oh

Biomanufacturing of Mesenchymal Stromal Cells for
Therapeutic Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269
Ross A. Marklein, Morgan Mantay, Cheryl Gomillion,
and James N. Warnock

Process Design for Human Mesenchymal Stem Cell Products
in Stirred-Tank Bioreactors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309
Jan Barekzai, Florian Petry, Peter Czermak, and Denise Salzig

Bio-Production of Adeno-Associated Virus for Gene Therapy . . . . . . . . . . . . . 337
Nicholas Donohue, Niamh Keogh, Stefano Boi, and Niall Barron

Part IV Cell culture process engineering, advanced bioreactor
concepts, modelling, monitoring and control

Practical Considerations for the Scale-Up of Chinese Hamster
Ovary (CHO) Cell Cultures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369
Lucas Lemire, Phuong Lan Pham, Yves Durocher, and Olivier Henry

Intensified and Continuous mAb Production with Single-Use Systems . . . . 403
Jan Müller, Misha Teale, Sandra Steiner, Stefan Junne, Peter Neubauer,
Dieter Eibl, and Regine Eibl

Mathematical Modelling of Cell Culture Processes . . . . . . . . . . . . . . . . . . . . . . . . . . 433
Veronique Chotteau, Erika Hagrot, Liang Zhang, and Meeri E. L. Mäkinen

Computational Efforts for the Development and Scale-up of
Antibody-Producing Cell Culture Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 469
Johannes Möller and Ralf Pörtner

Monitoring Tools for the Development of High Cell Density
Culture Strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 487
Martí Lecina, Pere Comas, Ivan Martínez-Monge, and Jordi J. Cairó

Industrial Monitoring of Cell Culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 513
Sebastian Schwamb, Markus Engel, Tobias Werner,
and Philipp Wiedemann

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 543



Part I
Biopharmaceutical Production



Biopharmaceuticals Produced
from Cultivated Mammalian Cells

Rasoul Al-Majmaie, Darrin Kuystermans, and Mohamed Al-Rubeai

Abbreviations

ADCC Antibody-dependent cellular cytotoxicity
ATF Alternating tangential flow
BHK Baby hamster kidney
CAGR Compound annual growth rate
CD2 Cluster of differentiation 2
CD20 Cluster of differentiation 20
CD3 Cluster of differentiation 3
CD4 Cluster of differentiation 4
CDRs Complementarity-determining regions
CHMP Committee for Medicinal Products for Human Use
CHO Chinese hamster ovary
CMO Contract manufacturing organization
DHFR Dihydrofolate reductase
EMA European Medicines Agency
Fab Antigen-binding fragment

This chapter is an extended update of the previously published chapter: Kuystermans D. and Al-
Rubeai M. (2015) Biopharmaceutical Products from Animal Cell Culture. In: Cell Engineering,
Animal Cell Culture, vol. 9, pp. 717–757.
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Fc Fragment crystallizable
FcRn Neonatal Fc receptor
FDA Food and Drug Administration
HAMA Human anti-mouse antibody
HEK-293 Human embryonic kidney epithelial cells
hGH Recombinant human growth hormone
IgG Immunoglobulin G
kDa Kilodaltons
LFA-3 Human leukocyte function antigen 3
mAb Monoclonal antibody
NK Natural killer cells
NS0 Murine myeloma cells
Sp2/0 Murine myeloma cells
TNF Tumor necrosis factor
TNFR Tumor necrosis factor receptor
VEGF Vascular endothelial growth factor

1 Introduction

The term “biopharmaceuticals” here refers to protein, nucleic acid- and engineered
cell-based pharmaceutical substances produced by genetic engineering other than
extraction from a native biological source [1, 2]. Since the first biopharmaceutical
(Humulin®) approved in 1982, the biopharmaceutical industry has seen incredible
growth over the past three decades, with total annual revenue increasing from around
$4.4 billion in 1990 to over $180 billion in 2017. The global biopharmaceutical
market is estimated to be about $270 billion in 2019 and is further projected to
reach close to $500 billion by 2025 at a compound annual growth rate (CAGR) of
around 13% between 2018 and 2025, which doubles the growth rate of conventional
pharmaceutical industry [3]. In the meantime, there has been a rapid advancement
in the number of biopharmaceutical approvals. While only 29 such products were
approved by the US Food and Drug Administration (FDA) prior to 1996, the number
has increased by more than five folds to 145 over the past 5 years only from 2016 to
2020 [4–6].

In the early developmental stage of biopharmaceuticals, recombinant protein
products (e.g., hormones and enzymes), known as replacement therapies, have
been widely approved for treating patients with diseases caused by the deficiency
of specific molecules. These recombinant protein biopharmaceuticals provided a
therapeutic strategy for managing disease states by restoring or supplementing
endogenous proteins [7, 8]. During this period, the first monoclonal antibody
(mAb) therapeutic, muromonab-CD3 (Orthoclone OKT3®), was approved for the
treatment of acute, glucocorticoid-resistant rejection of allogeneic renal, heart and
liver transplants in 1986. This antibody-based drug targeting the CD3 receptor
was manufactured through mouse ascites, with antibody-rich ascitic fluid harvested
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from peritoneal tumors in mice that were induced by injecting hybridoma cells
into the peritoneum [9, 10]. Although muromonab-CD3 is not under consideration
in this review due to the non-recombinant production process, it appears that the
approval of the mAb has opened the gateway for the development of specifically
designed biopharmaceuticals targeting specific mediators (e.g., genes, proteins
or cells) in human diseases. The therapeutic strategy has greatly stimulated the
development of biopharmaceuticals including recombinant protein, nucleic acid-
and engineered cells-based products [4]. In particular, the area of recombinant
mAb biopharmaceuticals constitutes the largest growing segment of the global
biopharmaceutical market with exceeded US$98 billion in sales and a CAGR of
18.3% in 2017 [11].

Recombinant protein biopharmaceuticals hold sway over the biopharmaceutical
industry from the beginning, although nucleic acid- and engineered cell-based bio-
pharmaceuticals are slowing starting to gather momentum. From a manufacturing
process perspective, the dominant position of recombinant protein biopharmaceuti-
cals can be greatly attributed to a variety of recombinant protein expression systems
that meet therapeutic needs. To date, recombinant protein biopharmaceuticals are
produced by prokaryotic and eukaryotic expression systems including bacteria,
fungi, insect cells, mammalian cells, transgenic animal and plant organisms [12,
13]. Among these, the mammalian cells-based expression system has indisputably
become the predominant choice for the production of recombinant protein bio-
pharmaceuticals based on a comprehensive consideration of various factors, such
as their ability to perform post-translational modifications suitable for therapeutic
requirements, protein yield and process operability [14, 15]. Over the last 5 years
(2016–2020), more than 80% of recombinant protein biopharmaceuticals approved
in US and European markets were produced via cultivated mammalian cells. In
parallel, eight of the top ten best-selling drugs in 2018 (including both traditional
pharmaceuticals and biopharmaceuticals) were recombinant proteins produced in
cultivated mammalian cells [4, 16].

This chapter will give an overview of the biopharmaceutical products manufac-
tured using cultivated mammalian cells in the US and EU markets and put more
emphasis on the development of antibody related products including mAbs and Fc-
fusion biologics. In addition, since 2005, biosimilars have been being approved for
the purpose of reducing drug expenditures. Here we also briefly outline the current
trend of biosimilars approved and the impact on the biopharmaceutical industry. The
biopharmaceuticals produced via mammalian cell culture brought onto the EU and
US market from 1987 till February of 2021 have also been tabulated for reference
along with their respective platform host cell lines and indications.

2 Early Mammalian Cells-Based Biopharmaceuticals

The approval of Chinese hamster ovary (CHO) cells-derived tissue plasminogen
activator (Activase®) for the treatment of myocardial infarctions in 1987 ushered
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Fig. 1 Percentage of the type of mammalian cell lines used in commercial scale manufacturing of
biopharmaceuticals from 1987 till February 2021

in the era of utilizing mammalian cell expression systems to produce biopharma-
ceuticals. Over the past decades, a group of mammalian cell expression systems
employed for the production of biopharmaceuticals include murine myeloma
lymphoblastoid type cells such as NS0 [17, 18] and Sp2/0 [19], CHO [20, 21],
baby hamster kidney (BHK) [22–25], and human embryonic kidney epithelial cells
(HEK-293) [26, 27]. Among these mammalian cells expression systems, CHO
cells have become the predominant workhorse of the biopharmaceuticals industry:
from 1987 to February 2021, 81% of approved biopharmaceuticals produced via
cultivated mammalian cells were made using CHO cells (Fig. 1). The popularity
of CHO cells can be ascribed in large part to the inherit attributes. The immense
adaptability of CHO cells and their ease of genetic manipulations result in the uses
of suspension culture model and various mutant CHO production cell lines, such
as dihydrofolate reductase (DHFR) deficient cell lines [28, 29]. In addition, CHO
cells are capable of undergoing complex post-translational modifications that meet
therapeutic requirements. Another beneficial attribute is that CHO cells as non-
human origin cells, are less vulnerable to contamination by human viruses than
those cell lines of human origin [30].
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The early mammalian cells-based production processes had very low yields of
recombinant protein product, sometimes a 100-times less when compared to today’s
processes. The bottlenecks were due to the lack of optimization in both upstream
and downstream processes. Regarding the upstream process, the concentrations
of mammalian cells-based products were typically in the range of 1–100 mg/L
in 1980s, a far cry from today’s average of 2000–5000 mg/L using currently
the most widely used fed batch process [31]. Over the last three decades the
optimizations of protein yields have been carried out through the improvement in
media development, cell line construction with improved selection methods, and
the optimization of bioreactor designs and configurations [32–35]. Nowadays, with
the use of an emerging perfusion technology utilizing alternating tangential flow
(ATF) perfusion, average productivity in perfusion is 7.5 times greater than fed-
batch along with improved product qualities through a side-by-side comparison
of two mammalian cell culture models [36]. In terms of the early stage of the
downstream process, the purification steps in many cases only gave yields below
20% which meant that the manufacturer had to increase the scale of the process
to achieve sufficient products to meet the demand in the market. The improved
downstream process technologies and designs have greatly increased the efficiency
of the bioprocesses which allows to operate the manufacturing process at a smaller
scale to satisfy market demand, and further develop flexible multi-product operating
facilities [37, 38].

While the first round of mammalian cells-based biopharmaceuticals were mainly
copies of recombinant clotting factors, cytokines, and enzymes, this tendency was
changed in 1994 when the first approved and successfully marketed antibody drug
produced via mammalian cell culture was manufactured by Centocor (now known
as Janssen Biotech) with the trade name ReoPro® (Abciximab). Abciximab is a
fragment antigen-binding (Fab) fragment of the chimeric human murine monoclonal
antibody 7E3 which is designed to overcome the obstacles of murine based
antibodies for human therapeutics since murine antibodies possess glycosylation
patterns that are highly immunogenic to humans [39, 40] as can be seen with studies
about muromonab-CD3 where 50% patients have experienced a potentially lethal
human anti-mouse antibody (HAMA) response [41, 42]. Abciximab is specifically
designed to retain the Fab fragment by the removal of the Fc fragment in order to
reduce possible complement-activating and immunogenicity reactions caused by the
Fc fragment [43, 44]. Years prior to Abciximab, Centocor had almost reached the
brink of bankruptcy due to approval denial for an IgM antibody drug expressed from
a Sp2/0 cell line in an industrial scale perfusion process. The biopharmaceutical,
known as nebacumab (Centoxin®), was already approved in Netherlands, Britain,
Germany, and France in 1991 where it was indicated for the treatment for Gram-
negative sepsis, but soon after the FDA rejected the approval in the USA due to
new clinical trial data shown that the treatment failed to reduce mortality which
eventually led to the withdrawal of nebacumab from the market. The lessons learned
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and the bioprocesses developed for nebacumab allowed Centocor in partnership
with Eli Lilly to develop the perfusion process and gain the marketing approval of
ReoPro®, 8 years after the first antibody-based drug was introduced into the market
[45]. Since the success of Abciximab, a great number of chimeric and humanized
mAbs that have the ability to trigger effector functions in humans with longer
circulatory half-life and decreased immunogenicity have been approved and come
to the biopharmaceutical market.

3 Antibody Related Biopharmaceuticals

As shown in Table 1, a total of more than 207 mammalian cells-derived biophar-
maceuticals were approved between 1987 and 2020 in the EU and USA. In the
meantime, it is apparent that mAbs have become the essential driving force in the
biopharmaceutical market as the fastest growing source of innovation and revenue.
Four major antibody types that have been approved are murine antibody, chimeric
antibody, humanized antibody and fully human antibody. Chimeric antibody is
the first engineered antibody where the murine constant regions are replaced by
human constant regions. The humanization process is then introduced with an
engineered antibody where only the complementarity determining regions (CDRs)
of variable regions from a non-human antibody are grafted onto human variable
region frameworks. Fully human antibodies can be generated either in vivo by
the immunization of genetically modified mice or in vitro by phage display
technology [46, 47]. With the development of antibodies from murine origin to fully
human origin, the concerns regarding immunogenicity, weak efficacy, and short
serum half-life, have been reduced significantly. Currently only one murine mAb
therapeutics is marketed, named Zevalin® (Ibritumomab tiuxetan). Ibritumomab
tiuxetan was approved in 2002 as a conjugated IgG1 drug targeting CD20 for the
treatment of low grade or transformed B cell non-Hodgkin’s lymphoma, a type of
lymphoproliferative disorder. The murine antibody is conjugated to the radioactive
isotope yttrium 90 via the chelate tiuxetan and has a half-life of 1.25 days. It
showed a lower immunogenicity, with below 8% of patients suffered from HAMA
responses, considering that murine antibodies generally can cause HAMA responses
in 50–100% of patients [48, 49].
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The introduction of chimeric full-length antibodies as biopharmaceuticals started
with Rituximab (Rituxan®) in 1997, Rituximab was first conceived and developed
by IDEC Pharmaceutical Corporation (now known as Biogen Idec) as IDEC-C2B8
of the development name for the treatment of non-Hodgkin’s lymphoma [50, 51].
As a chimeric antibody, Rituximab possesses the variable region fragments of a
murine anti-human CD20 that is expressed on the surface of malignant and normal
B cells, and the human IgG heavy and light chain constant regions [52]. The
mAb therapeutic was eventually brought to market in collaboration with Genentech
(now a subsidiary of Roche). Rituximab was designed with improved antibody-
dependent cellular cytotoxicity (ADCC) with human effector cells and 22 days of
long serum half-life due to a modified human Fc region [53]. While Rituximab
has shown a low immunogenic such as 1.1% of patients, immunogenicity is
generally a concern for chimeric antibodies such as basiliximab and infliximab both
demonstrating immunogenicity in up to 44% and 37% of patients, respectively [49].
Apart from Rituximab, Roche also developed the first humanized mAb approved
for marketing in 1997, known as Daclizumab (Zenapax®) for the treatment of
organ transplant rejection. Antibody humanization through engineering an antibody
with a reduced non-human amino acid sequence can reduce the immunogenicity of
engineered antibodies. However, humanized antibodies still have immunogenicity
risks due to various factors that can induce immunogenicity. In addition to the
presence of amino acid sequences from non-human origin that can contribute to
increased immunogenicity, there can be several other intrinsic and even extrinsic
factors that may increase immunogenicity for mAb therapeutics. It is known that
the carbohydrate side-chains attached via glycosylation has a major impact on
immunogenicity of an antibody and plays a major intrinsic role as well as other
post translational events that may modify the antibody sequence such as oxidation,
non-enzymatic glycosylation, and deamination of the amino side chains [54, 55].
It has also been found that antibodies that target insoluble factors, such as cell
surface markers, may pose a risk of increased immunogenicity to the patient.
Another intrinsic factor is the presence of CD4 positive T helper epitopes that
can lead to an immune response depending on the amino acid sequence [47].
Apart from patients’ immunological status and the effects of co-medication [47,
56], extrinsic factors may cause immunogenicity due to the composition of the
antibody drugs manufacturers formulate. Some formulations may be able to cause
increased immunogenicity issues due to the presence of adjuvant-like contaminants
and aggregates [57, 58]. In spite of the concern on immunogenicity, humanization of
a non-human antibody has still been the preferred choice for the mAb therapeutics.

Adalimumab, the first fully human antibody, was selected via phage display
of the human variable heavy and light chain sequences, but it is also possible to
produce fully human antibodies from an engineered mouse via a process known as
XenoMouse technology. With XenoMouse technology, the immunoglobulin genes
within the transgenic mouse are of human origin [59, 60] making the possibility
of natural in vivo affinity maturation of the sequences which may contribute to a
further reduction in immunogenicity. The first therapeutic mAb to be approved for
marketing that utilized the XenoMouse technology was panitumumab (Vectibix®),
in 2006 [61]. Panitumumab has a very low immunogenicity of 3–4%, due to
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Fig. 2 The variety of mammalian cells-based products approved in the EU and USA, from the
year 1987 till February 2021, revealing that antibodies take 58% of the approved mammalian cells-
based biologics on the market. Humanized and fully human antibodies make up the majority of the
antibodies approved

the antibody development strategy employed, thus fully human derived antibodies
can contain no murine sequences, unlike humanized antibodies, but immune
responses can still occur. Thus, the development of fully human antibodies are not
a guarantee of non-immunogenicity, but it is possible that with further development
steps immunogenicity of engineered mAbs can be reduced or even eliminated by
a combination of CDR-sequence engineering, optimized cell culture bioprocess
development strategies, and formulation engineering to help fine tune the intrinsic
and extrinsic factors that can reduce immunogenicity.

Biopharmaceuticals produced by cultivated mammalian cells include hormones,
enzymes, cytokines, clotting factors, Fc-fusion proteins and antibodies. The major-
ity of mammalian-cells based biopharmaceuticals approved from 1987 to February
2021, are antibodies which account for about 58% in the biopharmaceutical market
(Fig. 2). Among them, three major types including chimeric, humanized and fully
human monoclonal antibodies constitute about 98% of antibody products. Surpris-
edly, based on the statistical analysis in Fig. 2, far more humanized antibodies have
come to the market compared to fully human antibodies, although fully human
antibodies are considered a lower risk for inducing immune responses in humans
compared to humanized antibodies.

What has also been observed is that serum half-life can vary greatly with
humanized and fully human antibody drugs compared to natural antibodies such
as IgG which has a mean half-life of 25–32 days [62]. These engineered therapeutic
antibodies have a serum half-life that varies greatly from a low of 7.5 days to a
range similar to natural antibodies [53]. Varying serum half-life can also be the
result of variations in post translational processing of these recombinant antibodies
with the use of non-human originating cell lines including the culture conditions
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during manufacturing as we know that glycans also influence immunogenicity and
efficacy [63].

The serum half-life of mAb’s is usually high compared to other recombinant
proteins due the neonatal Fc receptor of IgG (FcRn). The FcRn is a MHC Class I
like molecule that binds to the CH2–CH3 hinge region of IgG which starts a process
that ultimately protects IgG from degradation thereby promoting the extended half-
life of this class of antibody in the serum [64, 65]. In further detail, IgG is bound
to the Fc receptor of a cell within an acidic endosome that is destined to be
internalized via pinocytosis, the IgG can be recycled to the cell surface and released
back into a neutral pH environment preventing the faith of lysosomal degradation
that unbound proteins face when taken in by the endosome. This recycling can
extend the serum half- life of IgG [66], although, further studies are required
since studies have shown that an increase in binding affinity of an engineered IgG
molecule to the FcRn is not proportional to half-life [67]. One study demonstrated
this with variants of mAb drug, Herceptin™, from Genentech with 3 and 12 fold
higher binding affinities for the FcRn that still had similar half-life compared to
Herceptin at the end [68]. Currently, more than 20 glyco-engineered mAbs, with
enhanced ADCC, are being evaluated in clinical studies. Two of these mAbs have
already been approved, mogamulizumab (Poteligeo®) on March 30th, 2012 for
marketing in Japan, an antibody developed exclusively by Kyowa Hakko Kirin,
and obinutuzumab (Gazyva®), approved on November 1st, 2013 in the USA (see
Table 1), confirming the success of this approach. The glyco-engineered Fc region of
obinutuzumab has a bisected, complex, non-fucosylated oligosaccharides attached
to asparagine 297, that enhances the binding affinity to FcγRIII an Fc receptor [69].
The glycol-engineering of obinutuzumab has significantly improved the efficacy
over earlier therapeutic molecules such as rituximab and earlier developed mAb in
B-cell malignancies.

Since the Fc region of antibody binds to the FcRn to confer longer circulatory
half-life there has been great success with the use of this natural molecular process to
engineer proteins that can take advantage of this. In 1998, Enbrel® (etanercept) was
the first CHO cell culture produced Fc fusion biologic, to gain marketing approval
by the FDA. Enbrel®, a recombinant human soluble tumor necrosis factor (TNF)
receptor able to bind and inactivate soluble and cell bound TNF and lymphotoxin
competing with the cellular TNF receptors for the treatment of rheumatoid arthritis
and has been one of the most successful biopharmaceuticals on the market with
global sales reaching $8.4 billion in 2013 just behind Humira® of $10.7 billion as
two of the most successful drugs the biopharmaceutical industry has ever developed.
Enbrel® consists of an intracellular portion of the human p75 TNFR linked to the
Fc portion of IgG1 to form a dimeric protein. The benefit of the Fc fusion bestows
the etanercept molecule with an extended median half-life of 4.8 days, together
with a high binding affinity this contributes to Enbrel® overall effectiveness as an
arthritis drug compared to others on the market at the time of its approval [70]. A
CHO cell line is used as the host for expression of the 150kDa dimeric etanercept
molecule. Enbrel® is part of a class of biologics that work by inhibiting the binding
of TNF such as adalimumab (Humira®), golimumab (Simponi®, Simponi ARIA®),
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and infliximab (Remicade®), this allows these biologics to suppress the cascade of
reactions that lead to an inflammatory response within the body that can actually
destroy joint tissue as is characteristic with rheumatoid arthritis.

After market approval and release of Enbrel®, several other Fc fusion molecules
were approved in the EU and USA that required a mammalian cell culture process
in order to produce their complex fusion molecules. In 2003, a second mammalian
cell expressed fusion product was approved by the name of Amevive® (alefacept)
[71, 72] which utilized the Fc portion for apoptosis induction apart from boosting
half-life. This 91.4 kDa protein has a Fc region of IgG1 linked to human leukocyte
function antigen 3 (LFA-3) that can bind, with high affinity, to CD2, a functionally
important and widely distributed T lymphocyte surface glycoprotein. Upon human
LFA-3/IgG1 fusion protein administration the LFA-3 binds to CD2 inhibiting T-
cell activation and proliferation. The Fc portion extends the circulatory half-life to
11.25 days [73] in addition to interacting with the FcγRIII receptor on the surface of
NK cells which results in NK induced apoptosis of T-lymphocytes [74]. This overall
effect suppresses the immune system and can be used in the treatment of psoriasis,
a skin condition that causes skin redness and irritation.

Two of the Fc-fusion biologics are not solely immunosuppressive, and these
are Elyea® and Alprolix™. The drug Eylea® is an anti-angiogenic used in the
treatment of neovascular age-related macular degeneration, an eye disease due to
blood vessels leaking fluid into the macula. Zaltrap® (named ziv-aflibercept for
distinction) is the same drug but approved as an anti-cancer agent for treatment
of metastatic colorectal cancer. Aflibercept is a vascular endothelial growth factor
(VEGF) trap that consists of an Fc region fused with the VEGF-binding portions
from the extracellular domains of human VEGF receptors 1 and 2. The VEGF trap
has a highly variable half-life of 1.7–7.4 days depending on the dosage. Alprolix™,
which was approved for marketing on the 28th of March 2014, is the only Fc-fusion
protein produced in HEK-293 cells that has been approved by the FDA and also
the first fusion drug for the treatment of hemophilia B. The Fc fusion increased the
half-life of the drug to 3.6 days, a considerable increase over the other coagulation
factor IX drugs, Rixubis® and BeneFIX®. Rixubis® was introduced in 2013 with
a half-life more than 3 times less than Alprolix®, at 26 hours, and BeneFIX® was
approved in 1997 with a maximum half-life of 24 h. The coagulation factor IX drugs
activate the coagulation pathway to ultimately convert prothrombin to thrombin
which converts fibrinogen to fibrin so that a clot can be formed for the treatment
of bleeding episodes.

The future outlook of mAb drugs is bright, with the start of this decade having
close to 300 mAb’s in various stages of clinical development. Of these mAb’s
approximately 150 new monoclonal antibodies are in development for the area
of oncology treatments and close to 70 mAb’s are in clinical development for
treatment of inflammatory and autoimmune diseases with the rest are for indications
that include metabolic disorders, cardiovascular disorders, central nervous system
disorders, infectious diseases, and transplant rejection. Currently, mAbs are the
strongest growing segment of the pharmaceutical market and is expected to further
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grow at a fast pace along with subcategories such as fusion protein drugs that use
antibody components to carry-out their function.

4 Biosimilars or Follow-On Biologics

As competition drives the price of the generic products down in the pharmaceutical
sector, the impact of biosimilars would be expected to have a similar affect. Once
a patent expires generic drugs can be legally produced, although loopholes can
exist in areas or countries where the patent is not enforceable, or the patent can
be proven invalid. While small molecule formulated pharmaceuticals can have
exact copies made that can pass the regulatory framework, biopharmaceutical
manufactured products such as, recombinant proteins can have a high degree of
molecular complexity that includes the post translational modification which are all
affected by the manufacturing process. The term biosimilar, or follow-on biologic,
was introduced by the regulatory authorities in the EU and USA to imply that the
newly introduced product would be similar to the original biologic but might not
be an identical molecular copy of the parent biologic. The FDA tends to use the
term follow-on biologics while in the EU biosimilar is used by the EMA [75, 76].
In order to prove a biological entity is a biosimilar to the regulatory authorities,
data has to be compiled through clinical, animal and analytical studies where the
results must indicate that the biological entity reproduces the same clinical results as
the parent drug. The time and costs associated with mammalian biopharmaceutical
development and manufacturing of biosimilars will be a far greater investment for
a pharmaceutical compared to what is required for small-molecule generics as it is
estimated that the development time for a biosimilar recombinant proteins could
range from 5–8 years compared to the 1–2 years for a generic small molecule
[77, 78]. This is due to the complexity of large glycosylated molecule and the
process development required. For example, the host cell will tend to go through
the process of cell line selection and development to create a suitable host for
the target bioprocess to produce the biosimilar, which can take months to years
depending on the biological product. This is in addition to the development of the
commercial scale manufacturing process that requires strict quality controls and
process monitoring of all upstream and downstream processes till final formulation
and product testing.

In 2006, the first biosimilar was approved in both the EU and the USA under
the trade name Omnitrope™. This biosimilar was an E.coli expressed 22.1 kDa
recombinant growth hormone (hGH) identical to the native protein consisting of a
191 amino acid single chain polypeptide manufactured by Sandoz for the treatment
of growth hormone deficiencies [75]. This approval was due to the regulatory
framework that was established since 2005 by the EMA and established legislation
in the USA [79, 80]. The EU has further build on their regulatory framework that by
2010 draft guidelines were established for mAb biosimilars leading to a final version
of the guidelines completed by the EMA’s Committee for Medicinal Products for
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Human Use (CHMP) that included IgG1 Fc-fusion protein biosimilars in the scope
of mAb biosimilars [81]. The regulatory framework in the EU allowed the EMA
to approve several biosimilars that are recombinant biopharmaceutical proteins
produced in mammalian cell culture (see Table 1) beginning with a biosimilar for
recombinant erythropoietin (Epoetin alfa). The first five Epoetin alfa biosimilars
were approved in 2007 each marketed by Hexal AG, Sandoz GmbH, Medice
Arzneimittel Pütter GmbH & Co. KG, Hospira UK Limited, and Stada Arzneimittel
AG under the trade names; Epoetin alfa Hexal®, Binocrit®, Abseamed®, Retacrit®,
and Silapo® respectively. This was a milestone accomplishment for a getting
biosimilars of a glycosylated protein onto the market and helped set the stage for
mAbs. In June 2013, Celltrion and Hospira received permission from the EMA’s
CHMP to market their biosimilars to Johnson & Johnson’s Remicade® (infliximab)
under the trade names Remsima® and Inflectra® respectively (see Table 1 for further
details). At the time of writing this review, a total of 30 biosimilars produced in
mammalian cells have been approved in the USA and EU which account for about
14% of the mammalian cells-based biopharmaceuticals market.

The impact of mammalian cell produced biologics is becoming the major
contributor to pharmaceutical industry growth pipelines and the existence of a
regulatory framework for biosimilars has meant further increases in mammalian cell
culture capacity. BioProcess Technology Consultants, Inc. have given an interesting
analysis of the global mammalian cell culture capacity with currently, the existence
of one contract manufacturing organization (CMO) (Lonza), one excess capacity
company acting as both product manufacturer and CMO (Boehringer Ingelheim),
and 10 product companies with an installed capacity greater than 100,000L each.
These companies are Roche, Johnson & Johnson, Amgen, Pfizer, Sanofi-Aventis,
Novartis, Eli Lilly, Biogen Idec, Bristol-Myers Squibb, and Celltrion. Samsung
Biologics being an additional CMO to join the list by 2017 [82]. Celltrion, Samsung
BioLogics, and Innovent Biologics are examples of companies outside of the
USA and Europe increasing capacity due to growing interests in mammalian cell
culture biopharmaceutical manufacturing and the biosimilar market. This growth in
worldwide capacity is an approximate 57% increase in capacity since 2010.

5 Conclusion

As the pharmaceutical market has demonstrated over the last decade, the mam-
malian cell derived biologicals market has continued to thrive and drive major
growth in the pharmaceutical industry. The ability to provide post translational
modifications and the continued need for monoclonal antibody therapies and the
rise of Fc-fusion protein therapies have given mammalian expression systems
a dominant advantage over other expression systems for the next generation of
engineered biopharmaceuticals. With the introduction of disposable technologies,
the improvement of cell culture processes, cell line selection and development
strategies giving higher titers and specific productivities, including the establishment
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of EU and US regulatory pathways to bring biosimilars to the market, an infusion
of growth has occurred at a rate currently faster than any other pharmaceutical
sector. This growth is exemplified by the increase in global manufacturing capacity,
including a substantial increase in the construction of Asian GMP mammalian
culture facilities over the last few years. The introduction of new players in the
biopharmaceutical industry, alongside the arrival of biosimilars promising lowered
healthcare expenses of animal cell derived biopharmaceuticals, allows us to make
the prediction that the next decade of mammalian bioprocesses and their biological
products will continue to grow at a remarkable pace in innovation and discovery
providing an increased affordability of these biological medicines.
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TetO Tet operator
TetR Tet repressor
TRPV1 thermosensitive ion channels
UAS upstream activator sequence
UCNP upconverting nanoparticles
UV ultraviolet
VP16 transcription factor
VP64 transcription factor
VPR VP64-p65-Rta
μLEDs micro LEDs

1 Introduction

Synthetic biology, the science of engineering complex biological systems to create
useful entities, harnesses the capabilities of genetic circuits to program novel or
improved biological functions in a predictable and controllable way [1, 2]. A
synthetic cell system can be developed through either “top-down” or “bottom-up”
strategies. Top-down approaches include manipulations of the genetic or protein
content of the engineered cells, and in such cases the modified cell is still closely
related to its biological ancestor [3]. Alternatively, bottom-up strategies aim to
build artificial systems from scratch in a cell-free environment by reconstituting
functional modules from natural or synthetic molecular building blocks [4].

Synthetic biology-inspired cell therapy strategies often rely on top-down strate-
gies employing genetically engineered cells, called designer cells, to sense a
user-defined input signal, process it, and respond appropriately with a customiz-
able therapeutic output (Fig. 1) [5]. These programmable man-made therapeutic
biomachines can be organized into three groups based on their origins. The first
group consists of augmented naturally committed cells, e.g., immune cells equipped
with synthetic genetic circuits enabling these cells to combat diseases that natural
immune cells normally cannot handle [6]. The second group consists of designer
stem cells carrying, for example, synthetic lineage-control networks that enable
them to be differentiated into therapeutic cells in a robust and reliable way [7, 8].
The third group consists of artificial designer cells, including malleable cells upon
which natural-cell characteristics can be conferred. This last group is exemplified
by human embryonic kidney (HEK) cells, which were engineered to mimic β cell
function by sensing high levels of blood glucose and producing recombinant insulin
in response [9].

Control of cellular behavior is key for cell engineering to alter the overall activity
or dosage of a therapeutic output, and careful regulation is essential [10]. Currently,
two types of control systems based on closed-loop and open-loop strategies are
available for obtaining precisely timed induction when required, while leaving the
cells inactive at other times [11]. In a closed-loop system, a disease-upregulated
biomarker triggers a genetic circuit in designer cells, leading to expression of a
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Cell surface expression (e.g. CAR)

Protein expression
(e.g. hGLP1)

Protein secretion
(e.g. Insulin)

Extracellular vesicle cargo
(e.g. exosome)

Circuit processingRemote-control platforms

Fig. 1 Remote control of mammalian designer cells. Traceless trigger platforms can wirelessly
induce engineered cells (left) and activate a synthetic genetic circuit (middle) to produce a
customized therapeutic function (right)

therapeutic protein(s) that in turn causes the level of the biomarker to drop, down-
regulating the system. In contrast, open-loop systems do not have negative feedback
implemented, and they often rely on a user-defined exotic inducer, which activates
designer cells to produce therapeutic agents. Although closed-loop systems provide
a self-sufficient strategy for disease treatment, open-loop systems offer more flexible
on-demand control over therapeutic effects.

Programming designer cells with open loop systems through external signals
mainly relies on chemical and physical cues [12]. Chemical cues include organic and
inorganic compounds, stimulatory peptides and odorants. Despite high induction
potential and ease of use, potential clinical applications of chemical inducers are
often limited by side effects, bioavailability or pharmacodynamics [2]. Chemical
inducers can also diffuse freely and may cause side effects due to off-target activity
elsewhere in the body. Additionally, it can be hard to remove the inducer quickly and
reliably if required [13, 14]. Conversely, traceless physical inducers can provide a
robust, efficient and precise way to wirelessly control cellular behaviors at a desired
time and place. Approaches based on physical inducers also reduce the likelihood
of cross-reactivity and off-target effects, and additionally avoid the need for invasive
access to the tissue or targeted organ.

In this review, we first introduce available remote-control techniques, including
optogenetics, magnetogenetics, mechanogenetics, thermogenetics and electrogenet-
ics, for programming therapeutic designer cells (Fig. 2). The main advantages of
each approach, as well as its bottlenecks, are discussed. We also describe some
genetic circuits programmed by traceless physical inducers e.g., light, magnetic
field, mechanical force, heat and electrical pulses. Finally, we summarize recent
applications and advances in the wireless control of designer cells to express
therapeutic proteins.
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Fig. 2 Remote-controlled genetic circuits in engineered designer cells for production of
therapeutic agents
Optogenetics; light can serve as a traceless trigger to activate endogenous signaling pathways (left),
orthogonal synthetic circuits (middle), or targeted dCas9 to express the gene of interest
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2 Optogenetics

Engineered light-controllable mammalian cells were first established in neurobi-
ology in order to manipulate the membrane potential of neurons [15]. However,
this combination of light and genetic sciences, called optogenetics, was soon taken
up by synthetic biologists and applied to other cell types [16], because light has
unprecedented features that makes it an excellent inducer for remote-control of
therapeutic gene expression in designer cells [17]; First, it provides very high
resolution, enabling spatiotemporally precise activation of the target cells. Second,
we can precisely regulate the gene expression level by adjusting the light intensity
or exposure time (tunability). Third, induction of gene expression by light is
conveniently reversible (reversibility).

Nowadays, many different optogenetic systems are available for on-demand
therapeutic gene expression in mammalian cells [18]. These systems contain light-
responsive receptors or photo-switchable proteins and work in different wavelength
regions, ranging from ultraviolet (UV) to near-infrared (NIR). This provides great
flexibility to build a system according to the user’s needs. In general, optogenetic
systems that are active in the red and NIR regions have higher tissue penetration
(important for controlling cells in deeper tissues) and lower cytotoxicity compared
to systems that are activated by UV or blue light [19]. In addition, different light-
responsive proteins with minimum cross-reactivity can be multiplexed in the same
experiment to increase the level of complexity (e.g., to control the expression of
multiple genes in parallel) or improve the level of safety (e.g., by incorporating
logic gates) [20].

Here, we divide available optogenetic systems into two groups based on their
use for therapeutic cell engineering: systems that trigger endogenous signaling
pathways and orthogonal optogenetic systems.

�
Fig. 2 (continued)
Magnetogenetics; magnetic nanoparticles convert magnetic field energy to heat (left and middle)
or mechanical force (right) and trigger endogenous signaling pathways by initiating calcium influx
into the cytoplasm
Mechanogenetics; ultrasound (left), compression (middle) or stretching (left) can harness either
endogenous calcium signaling (left and middle) or orthogonal transcription factors to produce on-
demand therapeutic agents
Thermogenetics; hypothermal (left) or hyperthermal (middle and right) stimulation can serve as
inducers to program designer cells
Electrogenetics; voltage-gated circuits can induce engineered cells to express desired transgenes
within 4–6 h upon electrostimulation (left). In a fast-release system, changes in voltage potential
trigger the rapid secretion of pre-formed granular vesicles containing therapeutic protein (right)
with a very fast response time (within 10 min) after electrical stimulation
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2.1 Light-Responsive Genetic Circuits Triggering Endogenous
Signaling Pathways

Examples of this group include the use of a natural [21] or chimeric [22] light-
inducible receptor to activate endogenous signaling pathways upon illumination.
Activation of the pathway leads to a cascade of biological events, including
increases in the levels of intracellular second messengers, activation of transcription
factors, or changes in cellular metabolism. Optogenetics can be used in three
ways to control cellular behaviour. First, light-activated endogenous transcription
factors can directly initiate transcription of the desired transgene from a synthetic
promoter. For example, it was shown that activation of a blue light-sensitive opsin
called melanopsin in HEK cells can be rewired to a synthetic expression unit
to produce the clinically licensed human glucagon-like peptide-1 (hGLP1) [21].
Activated melanopsin receptors ultimately increase intracellular calcium levels
through calcium mobilization from the endoplasmic reticulum (ER), followed by
calcium influx through calcium ion channels. Raising cytoplasmic calcium levels
in turn induces dephosphorylation of a transcription factor called NFAT (nuclear
factor of activated T-cells). Dephosphorylated NFAT translocates into the nucleus
and initiates hGLP1 transcription from a synthetic reporter containing NFAT-
responsive elements. Cell implants harboring this genetic circuit improved blood
glucose levels and associated symptoms in mice with experimental type-2 diabetes.
This melanopsin-controlled gene expression system was also used for the traceless
production of recombinant products in bioreactors. This method is of particular
interest to the pharmaceutical industry, because it can help to reduce the need for
sophisticated and expensive downstream processing to remove impurities derived
from chemical inducers. Second, light can be used to control a master transcription
factor (master regulator) regulating the activation or suppression of multiple other
downstream cell modulators. Here, regulation of gene expression takes place at
genomic loci instead of in synthetic expression units as introduced earlier. To give
an example, early activation of the endogenous RAF/MEK/ERK pathway by a blue-
light mediated optogenetic system, called optoRAF1, can induce the expression of
glial markers in neural progenitor cells and promote astrocytogenesis [23]. Third,
light can also activate endogenous pathways to trigger a non-transcriptional event in
therapeutic cells. For example, β cells are specialized to produce insulin and store it
in granular vesicles within the cell. These β cells release insulin in response to a high
level of blood glucose through fusion of pre-formed insulin-containing granules
with the membrane, releasing insulin into the blood stream [24]. Optogenetically
engineered β cells have been developed to provide on-demand insulin secretion
in response to light [25]. Such systems are often based on regulation of a second
messenger (e.g., calcium or cAMP). For example, expression of a light-sensitive
adenylyl cyclase (bacterial PAC), that converts ATP to cAMP upon blue light illu-
mination, is able to boost the level of cAMP within β cell lines, resulting in insulin
secretion 2 h after induction. This optogenetically based rapid-release system was
shown to ameliorate type-1 diabetes in an experimental mouse model upon exposure
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to blue light [26]. Similarly, ectopic expression of bacterial channelrhodopsin-2
(ChR2) in pancreatic β cells was used to increase intracellular calcium concentration
and ultimately release accumulated insulin granules in response to blue light [27].

2.1.1 Orthogonal Light-Inducible Gene Expression Systems

Optogenetic systems of this type are designed to minimize cross-talk between light-
activated components and endogenous signaling pathways. Orthogonal systems are
especially beneficial in cases when either the integrity of endogenous signaling is
crucial for functionality (e.g., in stem cell biology) or when by-products of cell
activation should be avoided [28]. Orthogonal optogenetic systems in mammalian
designer cells often rely on ectopically expressed light-sensitive domains from other
kingdoms of life that either dimerize or monomerize in response to light [29].
Already a variety of orthogonal optogenetic systems based on different designs
and topologies have been developed [18]. One common approach is based on a
topology blueprint of the pioneering-tetracycline-repressible gene regulation system
[30]. Here, a light-sensitive domain is fused to a DNA-binding domain (e.g., TetR or
Gal4), while the light-dimerizing counterpart is fused to a transcriptional activator
(e.g., VPR, VP16, VP64). Co-expression of these chimeric proteins along with
synthetic promoter unit containing DNA-binding responsive elements (e.g., TetO
or UAS) leads to transcription of a gene of interest upon light exposure in ON-type
systems [31].

Alternatively, opto-CRISPR systems have been designed to induce expression
of a gene of interest that can be either located on a synthetic expression unit or in
the host genome. These systems are mainly based on light-inducible reconstitution
of two-split dCas9 moieties [32] or binding of a transactivator (e.g., p65) to dCas9
through light-sensitive domains [33].

Although light has been successfully used for traceless spatiotemporal remote-
control of cellular behavior and precise expression dosing of therapeutic transgenes
in a variety of in vitro and in vivo studies [15, 21, 34–37], there are still some
limitations that need to be considered before engineered cells can be applied for
biomedical therapies. For example, blue-light-based optogenetic applications often
suffer from high cytotoxicity [38, 39], low tissue penetration [40], and unwanted
upregulation of endogenous genes [41]. In addition, some optogenetic systems
need complex chromophores for activation (e.g., PhyB-PIF system) [42]. However,
the optogenetics community has developed some solutions to these issues. To
enable activation of blue-light-dependent systems even in deep tissues, upconverting
nanoparticles (UCNPs) can be used [43]. These nanoparticles collect energy from
more than one photon and emit a single photon with a shorter wavelength. A
straightforward approach to circumvent the tissue barrier is to directly equip the
implant with its own light source that can be powered wirelessly via electromagnetic
induction. With the advent of very small and efficient micro LEDs (μLEDs), this
strategy is becoming increasingly feasible [44]. Also, NIR-activated optogenetic
systems with better tissue penetration and compatible chromophores [20] can be
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used for clinical applications. All in all, optogenetic systems now provide a precise
and reliable remote-control platform for therapeutic designer cells.

3 Magnetogenetics

Magnetogenetics is a physical technique that uses magnetic stimuli to alter cellular
behavior. Recent examples include the use of magnetic fields to activate magnetic
nanoparticles targeted to receptors in the plasma membrane of engineered cells
[45]. Subsequently, the activated receptors initiate a cascade of biological events,
which can be harnessed for therapeutic gene expression or other cellular outputs.
Magnetogenetics provides a wireless and facile approach to remotely program
engineered cells based on the intensity and polarity of externally applied magnetic
fields [46]. In contrast to optogenetics systems, which are often restricted by the
limited tissue penetration of light, magnetic fields can freely pass through tissues
regardless of their composition and size.

The magnetic particles used in magnetogenetics are often either chemical
nanoparticles or genetically encoded nanoparticles. These particles convert energy
received from magnetic fields to a variety of physical stimuli, such as thermal
relaxation, resulting in heating up of the surroundings, or strong mechanical
forces [47]. However the plausibility of the proposed mechanisms especially those
related to genetically encoded magnetic nanoparticles was called into question on
the basis of the underlying physics [48]. Nevertheless, researchers have reported
successful activation of endogenous or ectopically expressed thermo-/mechano-
sensitive receptors by a magnetic field to initiate downstream signaling pathways.

Here, we will illustrate three different strategies that have been used to program
engineered mammalian cells by means of magnetogenetics. First, HEK cells were
engineered to co-express thermosensitive ion channels (TRPV1) as well as a biotin-
conjugated receptor on the cell surface [49]. Targeting these cells with streptavidin-
labeled magnetic nanoparticles (MnFe2O4) led to localized heating when the cells
were subjected to a radio-frequency (RF) magnetic signal. This local heating opens
TRPV1 channels, resulting in calcium influx into the cell cytoplasm. Second,
Stanley and colleagues have developed a similar magneto-thermo strategy using
activated magnetic nanoparticles to stimulate TRPV1 channels and trigger calcium
influx [50]. However, in their work a genetically encoded ferritin nanoparticle was
coupled to the thermosensitive TRPV1 channel. They also demonstrated that the
rise in local temperature produced by magnetic fields at radio-wave frequency
(465 kHz, 23–32 mT) can be rewired to the synthesis and release of insulin from
a synthetic calcium-responsive expression unit in engineered HEK cells. Third,
another magnetogenetic strategy was based on a single chimeric construct (called
Magneto2.0) consisting of the mechanosensitive TRVP4 channel genetically fused
to a ferritin protein complex [51]. Application of a strong static magnetic field
(~50 mT) exerted a mechanical force on the ferritin particles, which subsequently
activated TRVP4 channels, resulting in calcium influx into the cells.
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Even though magnetogenetics can provide a wireless induction platform to
program cellular behavior, major issues remain. First, the underlying mechanisms
of some of the strategies are not fully understood, limiting the feasibility of an
evidence-based design approach. Additionally, most of the experiments need a
sophisticated infrastructure and expensive magnetic field generators. This technique
also seems to be less efficient than other well-established systems such as optoge-
netics.

4 Mechanogenetics

Mechanogenetics is based on sensing mechanical perturbations in the plasma
membrane of engineered cells and using them to induce customized responses [52].
Mechanically engineered cells can be built by the introduction of mechanosensitive
ion channels or receptors. Mechanogenetics provides a safe, non-invasive and
remotely controllable approach with high spatiotemporal resolution, and circum-
vents existing issues of optogenetics and magnetogenetics, such as limited tissue
penetration and low spatial resolution. Mechanical cues are included (but not limited
to) acoustically mediated shear stress, compression and stretching [53].

Acoustic mechanogenetics employs ultrasound waves to control designer cells
[54]. For example, mammalian cells were engineered to ectopically express the
mechanosensitive Piezo1 ion channel, which can trigger calcium influx and related
downstream transcription factors (e.g., NFAT) upon low-frequency ultrasound
stimulation [55]. This system was implemented to remotely and precisely induce
expression of anti-CD19 chimeric antigen receptors (CARs) on T cells in tumor
sites. Here, microbubbles, that had to be present in the vicinity of the T cells, were
used to amplify the ultrasound signal and activate Piezo1 channels. More recently,
an acoustogenetic approach based on focused ultrasound (FUS) as a stimulus for
activation of engineered cells has been developed. FUS can deliver energy in a safe
and non-invasive way into tissues to a depth of centimeters. Wu and colleagues
created a FUS-controllable CAR T cell therapy technology that enables T cells to
express CARs from a temperature-sensitive heat-shock promoter and successfully
eradicated targeted tumors [56]. Here, application of MRI-guided FUS raises the
temperature at the tumor site, leading to activation of designer T cells by heat-
induced transcription of the CAR gene at a precisely controlled location and time.

Alternatively, Nims and colleagues have engineered cells to drive expression of
therapeutic anti-inflammatory cytokine interleukin-1 receptor antagonist (IL-1Ra)
in response to mechanical compression [57]. To do this, they created a synthetic
genetic circuit composed of a mechanosensitive TRPV4 channel on chondrocytes,
rewired to a synthetic promoter driving expression of the IL-1Ra gene. TRVP4
is an osmotically sensitive cation channel, which allows calcium to leak into the
cells upon activation and ultimately leads to NF-kB signaling. Indeed, activated
transcription factors downstream of TRPV4 were able to initiate expression of
therapeutic IL-1Ra.
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Another example of signal transduction via mechanosensation between engi-
neered therapeutic cells is provided by synNotch receptors on the surface of
immune T cells. This system was designed to enable programmable cell-to-cell
communication at the site of contact. synNotch follows a lift-and-cut (stretch)
model, as described for the wild-type Notch receptor [58]. In the native context,
two neighboring cells can communicate through physical contact between the
Notch receptor and a ligand, expressed on opposing cell surfaces. When the
ligand engages the receptor, the resulting mechanical force is thought to expose
a hidden protease site, initiating a multi-step process leading to release of the
intracellular transcriptional domain, which translocate to the nucleus and initiates
transcription of relevant genes. In the synthetic Notch (synNotch) setup, the ligand
and ligand-binding domain, as well as the transcription factor, are customized
for mechanically induced gene expression [59]. For example, T cells equipped
with synNotch carrying an scFV against HER2 (α-HER2) were targeted to HER2-
expressing cancer cells. In response to binding of α-HER2 to HER2, engineered T
cells would either express a CAR receptor to recognize other antigens on cancer
cells [60] or secrete immune mediators to stimulate the immune system at the site
of the tumor [61].

Overall, mechanogenetics can provide reliable remote-control systems if pro-
grammed with precise devices, such as ultrasound. However, like magnetogenetics,
this strategy often relies on sophisticated infrastructure, which can restrict its
applicability.

5 Thermogenetics

In thermogenetics, temperature change serves as input signal to activate genetic
circuits in designer cells. Temperature change can be induced in a non-invasive way
by laser stimulation, even in deep tissues [62]. Since we have already described
magneto/mechano-thermogenetics, we will focus in this section on genetic systems
that are directly controlled by low temperature (cooling, hypothermia) or high
temperature (heating, hyperthermia), regardless of the method of induction.

In a blueprint for a hypothermal gene switch, therapeutic insulin as well
as activin type IIB, a receptor ligand trap protein (mActRIIBECD-hFc), were
expressed in designer HEK cells in response to a cool environment (15–18 ◦C)
or a cooling compound (e.g., menthol) [63]. Here, cells were engineered to
express the transient receptor potential melastatin 8 (TRPM8) ion channel to sense
the temperature threshold. At low temperatures, the hTRPM8-activated signaling
pathway is rerouted to a synthetic promoter containing NFAT-binding elements.
Implanted designer cells containing this hypothermal gene switch could alleviate
type-1 diabetes and muscle atrophy in different experimental mouse models upon
stimulation with cooling compounds.

Most hyperthermal systems are activated by means of mild heating (~39–
42 ◦C). These systems often rely on temperature-gated channel/receptors that
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control endogenous pathways to alter the expression levels of selected genes.
Temperature-gated channels are mainly from the TRPV family, and were described
above in the magneto-/mechano-genetics sections. Three strategies are available for
transcriptional/translational-based hyperthermal techniques to induce gene expres-
sion in designer cells. The first employs synthetic heat-shock promoters (HSP).
Raising the temperature normally induces cellular stress, resulting in activation
of related transcription factors, such as heat-shock proteins. Those activated heat-
shock proteins can be harnessed to initiate transcription of transgenes from a
synthetic heat-shock promoter. For example, Miller and colleagues constructed
a thermal promoter from the heat shock protein 70B′ (called HSPA6 promoter).
This promoter was activated in T cells by photothermal induction, reaching fold
changes of up to 200 [64]. The second strategy employs thermo-sensitive domains
that dimerize/monomerize upon heating. A chimeric thermosensitive-domain fused
to orthogonal transcription factors can up-regulate or suppress gene of interest
[65]. The third strategy is based on engineered biological structures that undergo
conformational changes on heating. An example of such a thermo-responsive
structure is provided by an RNA thermometer which consists of a secondary RNA
structure that protects the ribosome binding site (RBS) of the controlled gene until
heating causes the structure to unfold, thereby exposing the RBS. Subsequently, the
ribosome can initiate translation of mRNA and produce the desired protein [66].

Although thermogenetics can modulate cellular functions non-invasively, even
in deep tissues, it does induce cellular stress within engineered cells, and the
consequences of this may need to be considered before clinical use.

6 Electrogenetics

Electrogenetics is a relatively new technique that uses electrical pulses to directly
program the behavior of designer cells. We have recently developed electrogenetic
methodology in mammalian cells to achieve expression and secretion of desired
proteins, including therapeutics, in response to electrical pulses generated by a
wearable electronic device. To this end, electro designer cells were engineered
to ectopically express a voltage-gated circuit including a voltage-gated calcium
channel (CaV1.2) coupled to an inwardly rectifying potassium channel (Kir2.1).
Upon application of a pulsed electrical field, CaV1.2 channels mediate an influx
of calcium into the cell. The change in intracellular calcium concentration was
first rewired to express a transgene from a synthetic expression unit containing
binding sites for activated NFAT transcription factor. This transcription-based
electrogenetics system induces transgene expression in a time frame of ∼4–6 h
after electrostimulation. To develop electrically responsive designer cells with faster
kinetics, a similar voltage-gated genetic circuit was introduced into a pancreatic β

cell line, termed Electroβ cells. In Electroβ cells, insulin is produced and accumulates
in vesicular granules. These granules release insulin to their surroundings only
upon electrostimulation, irrespective of the glucose concentration in the vicinity.
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Engineered Electroβ cells producing various therapeutic proteins in response to
electrical signals could be valuable tools for treating diseases that require therapeutic
proteins for short-term homeostasis (e.g., type-1 diabetes). Indeed, Electroβ cells
encased in a wearable electronic device that was subcutaneously implanted in an
alloxan-induced type-1 diabetic mouse model rapidly reversed hyperglycemia when
subjected to electrostimulation.

Overall, electrogenetics enables reliable wireless control of engineered cells
by means of electrostimulation. Nevertheless, electrostimulation devices require
sophisticated design techniques, and this may hamper their progress towards clinical
applications.

7 Concluding Remarks

Engineering of therapeutic cells to produce therapeutic agents on demand is already
moving beyond proof-of-concept. Engineered therapeutic cells can be customized
to sense signals, process them, and respond in a controllable, programmable and
predictable way. A toolbox of traceless inducers, including light, magnetic and
mechanical forces, heat and electrical stimulation, is available for non-invasive,
safe, and reliable physical stimulation to remotely control engineered cells. Despite
certain limitations of these physical inducers, all of them and their related genetic
platforms have been successfully employed in clinical research. We think future
work will be focused on pushing the boundaries of these platforms to resolve
current limitations, and also on developing wireless control systems with higher
level of safety, precision and efficiency. Carefully chosen combinations of these
platforms may have the potential to create multi-tasking cells in which each function
is separately programmable by a different wireless control system.

Acknowledgement Work in the laboratory of M.F. is financially supported in part through a
European Research Council advanced grant (ElectroGene, no. 785800) and in part by the National
Centre of Competence in Research (NCCR) for Molecular Systems Engineering. The authors
would like to thank Tobias Strittmatter for helpful discussions and critical comments on the paper.
The authors apologize to all colleagues whose important papers were not cited due to space
limitations.

Competing Interest Declaration The authors declare no competing interests.

References

1. Xie M, Fussenegger M (2015) Mammalian designer cells: engineering principles and biomed-
ical applications. Biotechnol J 10:10051018. https://doi.org/10.1002/biot.201400642

2. Xie M, Fussenegger M (2018) Designing cell function: assembly of synthetic gene circuits for
cell biology applications. Nat Rev Mol Cell Biol 19:507–525

http://dx.doi.org/10.1002/biot.201400642


Remote Control of Mammalian Therapeutic Designer Cells 67

3. Göpfrich K, Platzman I, Spatz JP (2018) Mastering complexity: towards bottom-up construc-
tion of multifunctional eukaryotic synthetic cells. Trends Biotechnol 36:938–951

4. Ausländer S, Ausländer D, Fussenegger M (2017) Synthetic biology-the synthesis of biology.
Angew Chem Int Ed 56:6396–6419. https://doi.org/10.1002/anie.201609229

5. Scheller L, Fussenegger M (2019) From synthetic biology to human therapy: engineered
mammalian cells. Elsevier Ltd, London

6. Roybal KT, Lim WA (2017) Synthetic immunology: hacking immune cells to expand their
therapeutic capabilities. Annu Rev Immunol 35:229–253

7. Saxena P, Bojar D, Zulewski H, Fussenegger M (2017) Generation of glucose-sensitive insulin-
secreting beta-like cells from human embryonic stem cells by incorporating a synthetic lineage-
control network. J Biotechnol 259:39–45. https://doi.org/10.1016/j.jbiotec.2017.07.018

8. Saxena P, Heng BC, Bai P et al (2016) A programmable synthetic lineage-control network
that differentiates human IPSCs into glucose-sensitive insulin-secreting beta-like cells. Nat
Commun 7:1–14. https://doi.org/10.1038/ncomms11247

9. Xie M, Ye H, Wang H et al (2016) β-Cell-mimetic designer cells provide closed-loop glycemic
control. Science 354:1296–1301. https://doi.org/10.1126/science.aaf4006

10. Lim WA, June CH (2017) The Principles of Engineering Immune Cells to Treat Cancer. Cell
168:724–740. https://doi.org/10.1016/J.CELL.2017.01.016

11. Wang Y, Wang M, Dong K, Ye H (2018) Engineering mammalian designer cells for the treat-
ment of metabolic diseases. Biotechnol J 13:1700160. https://doi.org/10.1002/biot.201700160

12. Xie M, Haellman V, Fussenegger M (2016) Synthetic biology – application-oriented cell
engineering. Curr Opin Biotechnol 40:139–148

13. Müller K, Naumann S, Weber W, Zurbriggen MD (2015) Optogenetics for gene expression in
mammalian cells. Biol Chem 396:145–152. https://doi.org/10.1515/HSZ-2014-0199

14. Beyer HM, Naumann S, Weber W, Radziwill G (2015) Optogenetic control of signaling in
mammalian cells. Biotechnol J 10:273–283

15. Boyden ES, Zhang F, Bamberg E et al (2005) Millisecond-timescale, genetically targeted
optical control of neural activity. Nat Neurosci 8:1263–1268. https://doi.org/10.1038/nn1525

16. Krueger D, Izquierdo E, Viswanathan R et al (2019) Principles and applications of optogenetics
in developmental biology. Development 146:dev175067. https://doi.org/10.1242/dev.175067

17. Repina NA, Rosenbloom A, Mukherjee A et al (2017) At light speed: advances in optogenetic
systems for regulating cell signaling and behavior. Annu Rev Chem Biomol Eng 8:13–39

18. Kolar K, Knobloch C, Stork H et al (2018) OptoBase: a web platform for molecular
optogenetics. ACS Synth Biol 7:1825–1828. https://doi.org/10.1021/acssynbio.8b00120

19. Mansouri M, Strittmatter T, Fussenegger M (2019) Light-controlled mammalian cells and their
therapeutic applications in synthetic biology. Adv Sci 6:1800952

20. Redchuk TA, Omelina ES, Chernov KG, Verkhusha VV (2017) Near-infrared optogenetic pair
for protein regulation and spectral multiplexing. Nat Chem Biol 13:633–639. https://doi.org/
10.1038/nchembio.2343

21. Ye H, Baba MDE, Peng RW, Fussenegger M (2011) A synthetic optogenetic transcription
device enhances blood-glucose homeostasis in mice. Science (80- ) 332:1565–1568. https://
doi.org/10.1126/science.1203535

22. Kainrath S, Stadler M, Reichhart E et al (2017) Green-light-induced inactivation of receptor
signaling using cobalamin-binding domains. Angew Chem Int Ed 56:4608–4611. https://
doi.org/10.1002/anie.201611998

23. Su Y, Huang X, Huang Z et al (2020) Early but not delayed optogenetic RAF activation
promotes astrocytogenesis in mouse neural progenitors. J Mol Biol 432:4358–4368. https://
doi.org/10.1016/j.jmb.2020.06.020

24. Straub SG, Sharp GWG (2002) Glucose-stimulated signaling pathways in biphasic insulin
secretion. Diabetes Metab Res Rev 18:451–463

25. Frank JA, Broichhagen J, Yushchenko DA et al (2018) Optical tools for understanding the
complexity of β-cell signalling and insulin release. Nat Rev Endocrinol 14:721–737

26. Zhang F, Tzanakakis ES (2019) Amelioration of diabetes in a murine model upon transplan-
tation of pancreatic β-cells with optogenetic control of cyclic adenosine monophosphate. ACS
Synth Biol 8:2248–2255. https://doi.org/10.1021/acssynbio.9b00262

http://dx.doi.org/10.1002/anie.201609229
http://dx.doi.org/10.1016/j.jbiotec.2017.07.018
http://dx.doi.org/10.1038/ncomms11247
http://dx.doi.org/10.1126/science.aaf4006
http://dx.doi.org/https://doi.org/10.1016/J.CELL.2017.01.016
http://dx.doi.org/10.1002/biot.201700160
http://dx.doi.org/https://doi.org/10.1515/HSZ-2014-0199
http://dx.doi.org/10.1038/nn1525
http://dx.doi.org/10.1242/dev.175067
http://dx.doi.org/10.1021/acssynbio.8b00120
http://dx.doi.org/10.1038/nchembio.2343
http://dx.doi.org/10.1126/science.1203535
http://dx.doi.org/10.1002/anie.201611998
http://dx.doi.org/10.1016/j.jmb.2020.06.020
http://dx.doi.org/10.1021/acssynbio.9b00262


68 M. Mansouri and M. Fussenegger

27. Reinbothe TM, Safi F, Axelsson AS et al (2014) Optogenetic control of insulin secretion in
intact pancreatic islets with β-cell-specific expression of Channelrhodopsin-2. Islets 6:e28095.
https://doi.org/10.4161/isl.28095

28. Mukherjee A, Repina NA, Schaffer DV, Kane RS (2017) Optogenetic tools for cell biological
applications. J Thorac Dis 9:4867–4870

29. Yamada M, Nagasaki SC, Ozawa T, Imayoshi I (2020) Light-mediated control of gene
expression in mammalian cells. Neurosci Res 152:66–77

30. Gossen M, Freundlieb S, Bender G et al (1995) Transcriptional activation by tetracyclines in
mammalian cells. Science (80- ) 268:1766–1769. https://doi.org/10.1126/science.7792603

31. Redchuk TA, Kaberniuk AA, Verkhusha VV (2018) Near-infrared light–controlled systems for
gene transcription regulation, protein targeting and spectral multiplexing. Nat Protoc 13:1121–
1136. https://doi.org/10.1038/nprot.2018.022

32. Nihongaki Y, Kawano F, Nakajima T, Sato M (2015) Photoactivatable CRISPR-Cas9 for
optogenetic genome editing. Nat Biotechnol 33:755–760. https://doi.org/10.1038/nbt.3245

33. Nihongaki Y, Yamamoto S, Kawano F et al (2015) CRISPR-Cas9-based photoactivatable tran-
scription system. Chem Biol 22:169–174. https://doi.org/10.1016/J.CHEMBIOL.2014.12.011

34. Chow BY, Boyden ES (2013) Optogenetics and translational medicine. Sci Transl Med
5:177ps5-177ps5. https://doi.org/10.1126/scitranslmed.3003101

35. Huang Z, Wu Y, Allen ME et al (2020) Engineering light-controllable CAR T cells for cancer
immunotherapy. Sci Adv 6:eaay9209. https://doi.org/10.1126/sciadv.aay9209

36. Kim T, Folcher M, Baba MD-E, Fussenegger M (2015) A synthetic erectile optogenetic
stimulator enabling blue-light-inducible penile erection. Angew Chem Int Ed 54:5933–5938.
https://doi.org/10.1002/anie.201412204

37. Shao J, Xue S, Yu G et al (2017) Smartphone-controlled optogenetically engineered cells
enable semiautomatic glucose homeostasis in diabetic mice. Sci Transl Med 9:eaal2298. https:/
/doi.org/10.1126/scitranslmed.aal2298

38. Waldchen S, Lehmann J, Klein T et al (2015) Light-induced cell damage in live-cell super-
resolution microscopy. Sci Rep 5:15348. https://doi.org/10.1038/srep15348

39. Stockley JH, Evans K, Matthey M et al (2017) Surpassing light-induced cell damage in vitro
with novel cell culture media. Sci Rep 7:1–11. https://doi.org/10.1038/s41598-017-00829-x

40. Ruggiero E, Alonso-De Castro S, Habtemariam A, Salassa L (2016) Upconverting nanopar-
ticles for the near infrared photoactivation of transition metal complexes: new opportunities
and challenges in medicinal inorganic photochemistry. Dalton Trans 45:13012–13020. https://
doi.org/10.1039/c6dt01428c

41. Tyssowski KM, Gray JM (2019) Blue light increases neuronal activity-regulated gene expres-
sion in the absence of optogenetic proteins. eNeuro 6:ENEURO.0085-19.2019. https://doi.org/
10.1523/ENEURO.0085-19.2019

42. Müller K, Engesser R, Metzger S et al (2013) A red/far-red light-responsive bi-stable toggle
switch to control gene expression in mammalian cells. Nucleic Acids Res 41:e77. https://
doi.org/10.1093/nar/gkt002

43. Wen S, Zhou J, Zheng K et al (2018) Advances in highly doped upconversion nanoparticles.
Nat Commun 9:1–12. https://doi.org/10.1038/s41467-018-04813-5

44. Scharf R, Tsunematsu T, McAlinden N et al (2016) Depth-specific optogenetic control in vivo
with a scalable, high-density μlED neural probe. Sci Rep 6:28381. https://doi.org/10.1038/
srep28381

45. Long X, Ye J, Zhao D, Zhang SJ (2015) Magnetogenetics: remote non-invasive magnetic
activation of neuronal activity with a magnetoreceptor. Sci Bull 60:2107–2119. https://doi.org/
10.1007/s11434-015-0902-0

46. Christiansen MG, Hornslien W, Schuerle PS, Schuerle S (2020) A possible induc-
tive mechanism for magnetogenetics. bioRxiv 2020.07.16.207126. https://doi.org/10.1101/
2020.07.16.207126

47. Nimpf S, Keays DA (2017) Is magnetogenetics the new optogenetics? EMBO J 36:1643–1646.
https://doi.org/10.15252/embj.201797177

http://dx.doi.org/10.4161/isl.28095
http://dx.doi.org/10.1126/science.7792603
http://dx.doi.org/10.1038/nprot.2018.022
http://dx.doi.org/10.1038/nbt.3245
http://dx.doi.org/10.1016/J.CHEMBIOL.2014.12.011
http://dx.doi.org/10.1126/scitranslmed.3003101
http://dx.doi.org/10.1126/sciadv.aay9209
http://dx.doi.org/10.1002/anie.201412204
http://dx.doi.org/10.1126/scitranslmed.aal2298
http://dx.doi.org/10.1038/srep15348
http://dx.doi.org/10.1038/s41598-017-00829-x
http://dx.doi.org/10.1039/c6dt01428c
http://dx.doi.org/10.1523/ENEURO.0085-19.2019
http://dx.doi.org/10.1093/nar/gkt002
http://dx.doi.org/10.1038/s41467-018-04813-5
http://dx.doi.org/10.1038/srep28381
http://dx.doi.org/10.1007/s11434-015-0902-0
http://dx.doi.org/10.1101/2020.07.16.207126
http://dx.doi.org/10.15252/embj.201797177


Remote Control of Mammalian Therapeutic Designer Cells 69

48. Meister M (2016) Physical limits to magnetogenetics. elife 5:e17210. https://doi.org/10.7554/
eLife.17210

49. Huang H, Delikanli S, Zeng H et al (2010) Remote control of ion channels and neurons through
magnetic-field heating of nanoparticles. Nat Nanotechnol 5:602–606. https://doi.org/10.1038/
nnano.2010.125

50. Stanley SA, Gagner JE, Damanpour S et al (2012) Radio-wave heating of iron oxide
nanoparticles can regulate plasma glucose in mice. Science (80- ) 336:604–608. https://doi.org/
10.1126/science.1216753

51. Wheeler MA, Smith CJ, Ottolini M et al (2016) Genetically targeted magnetic control of the
nervous system. Nat Neurosci 19:756–761. https://doi.org/10.1038/nn.4265

52. Zhu L, Wu Y, Yoon CW, Wang Y (2020) Mechanogenetics for cellular engineering and cancer
immunotherapy. Curr Opin Biotechnol 66:88–94

53. Dufort CC, Paszek MJ, Weaver VM (2011) Balancing forces: architectural control of mechan-
otransduction. Nat Rev Mol Cell Biol 12:308–319

54. Pan Y, Yoon S, Zhu L, Wang Y (2018) Acoustic mechanogenetics. Curr Opin Biomed Eng
7:64–70

55. Pan Y, Yoon S, Sun J et al (2018) Mechanogenetics for the remote and noninvasive control
of cancer immunotherapy. Proc Natl Acad Sci U S A 115:992–997. https://doi.org/10.1073/
pnas.1714900115

56. Wu Y, Liu Y, Huang Z et al (2020) Acoustogenetic control of CAR T cells via focused
ultrasound. bioRxiv 2020.02.18.955005. https://doi.org/10.1101/2020.02.18.955005

57. Nims RJ, Pferdehirt L, Ho NB et al (2020) A synthetic mechanogenetic gene circuit for
autonomous drug delivery in engineered tissues. bioRxiv 2020.04.29.069294. https://doi.org/
10.1101/2020.04.29.069294

58. Gordon WR, Vardar-Ulu D, Histen G et al (2007) Structural basis for autoinhibition of notch.
Nat Struct Mol Biol 14:295–300. https://doi.org/10.1038/nsmb1227

59. Morsut L, Roybal KTKT, Xiong X et al (2016) Engineering customized cell sensing and
response behaviors using synthetic notch receptors. Cell 164:780–791. https://doi.org/10.1016/
j.cell.2016.01.012

60. Roybal KT, Rupp LJ, Morsut L et al (2016) Precision tumor recognition by T cells with combi-
natorial antigen-sensing circuits. Cell 164:770–779. https://doi.org/10.1016/j.cell.2016.01.011

61. Roybal KT, Williams JZ, Morsut L et al (2016) Engineering T cells with customized
therapeutic response programs using synthetic notch receptors. Cell 167:419. https://doi.org/
10.1016/j.cell.2016.09.011

62. Gamboa L, Zamat AH, Kwong GA (2020) Synthetic immunity by remote control. Theranostics
10:3652–3667

63. Bai P, Liu Y, Xue S et al (2019) A fully human transgene switch to regulate therapeutic protein
production by cooling sensation. Nat Med 25:1266–1273

64. Miller IC, Gamboa Castro M, Maenza J et al (2018) Remote control of mammalian cells with
heat-triggered gene switches and photothermal pulse trains. ACS Synth Biol 7:1167–1173.
https://doi.org/10.1021/acssynbio.7b00455

65. Piraner DI, Wu Y, Shapiro MG (2019) Modular thermal control of protein dimerization. ACS
Synth Biol 8:2256–2262. https://doi.org/10.1021/acssynbio.9b00275

66. Sen S, Apurva D, Satija R et al (2017) Design of a toolbox of RNA thermometers. ACS Synth
Biol 6:1461–1470. https://doi.org/10.1021/acssynbio.6b00301

http://dx.doi.org/10.7554/eLife.17210
http://dx.doi.org/10.1038/nnano.2010.125
http://dx.doi.org/10.1126/science.1216753
http://dx.doi.org/10.1038/nn.4265
http://dx.doi.org/10.1073/pnas.1714900115
http://dx.doi.org/10.1101/2020.02.18.955005
http://dx.doi.org/10.1101/2020.04.29.069294
http://dx.doi.org/10.1038/nsmb1227
http://dx.doi.org/10.1016/j.cell.2016.01.012
http://dx.doi.org/10.1016/j.cell.2016.01.011
http://dx.doi.org/10.1016/j.cell.2016.09.011
http://dx.doi.org/10.1021/acssynbio.7b00455
http://dx.doi.org/10.1021/acssynbio.9b00275
http://dx.doi.org/10.1021/acssynbio.6b00301


Next Generation Cell Engineering Using
microRNAs

Florian Klingler, Nadja Raab, Nikolas Zeh, and Kerstin Otte

Abbreviations

Ago Argonaute
NGS Next generation sequencing
CHO Chinese hamster ovary
VCD viable cell density
miRNA microRNAs
mAb monoclonal antibody (mAb)
Cdkn1b cyclin-dependent kinase inhibitor p27
SEAP secreted alkaline phosphatase
HIPK1 Homeodomain-interacting protein kinase 1
ATF6β activating transcription factor 6 beta
UPR unfolded protein response
HDAC histone deacetylase
VPA valproic acid
CAP Cevec’s Amniocyte Production
mitosRNAs mitochondrial RNAs
CerS2 Ceramide Synthase 2
Tbc1D20 Rab1 GAP Tbc domain family member 20
BCL2L11 Bcl-2-like protein 11

Author Contribution: Florian Klingler, Nadja Raab and Nikolas Zeh contributed equally with all
other contributors.

F. Klingler · N. Raab · N. Zeh · K. Otte (�)
Institute of Applied Biotechnology, Biberach University of Applied Sciences, Biberach, Germany
e-mail: klingler@hochschule-bc.de; raab@hochschule-bc.de; zeh@hochschule-bc.de;
otte@hochschule-bc.de

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
R. Pörtner (ed.), Cell Culture Engineering and Technology, Cell Engineering 10,
https://doi.org/10.1007/978-3-030-79871-0_3

71

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-79871-0_3&domain=pdf
mailto:klingler@hochschule-bc.de
mailto:raab@hochschule-bc.de
mailto:zeh@hochschule-bc.de
mailto:otte@hochschule-bc.de
https://doi.org/10.1007/978-3-030-79871-0_3


72 F. Klingler et al.

PTEN Phosphatase and tensin homolog
FUT8 fucosyltransferase 8
ADCC antibody-dependent cellular cytotoxicity
CMP-Neu5Ac cytidine monophospho-N-acetylneuraminic acid
GSL glycosphingolipid
UGCG GSL UDP-glucose ceramide glucosyltransferase
amiRNA artificial miRNA
MREs miRNA response elements
UTR untranslated region
GOI gene of interest
TRE tetracycline-responsive element
KD Knock-Down
KO Knock-Out
ZFNs zinc finger nucleases
TALENs Transcription activator-like effector nucleases
CRISPR/Cas9 Clustered Regularly Interspaced Short Palindromic Repeats/
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1 Introduction

1.1 CHO Cells Are the Preferred Expression Systems to Meet
the Rising Demand for Biopharmaceuticals

The long lasting success of mammalian expression systems for the production of
biopharmaceutical products is based on the fact that a majority of biopharmaceutical
drugs require post-translational modifications which cannot be provided by bacterial
expression systems. The most widely used mammalian cell-based systems are
Chinese hamster ovary (CHO) cell lines [1] due to several advantages including
their robust growth in chemically defined, serum-free media in suspension culture,
resistance to human pathogenic viruses and expression of recombinant proteins
with human-like post-translational modifications [2]. In addition several robust
selection systems are available, to easily integrate and express recombinant genes
in CHO cells. Commonly used industrial CHO cell lines include the CHO-K1, the
CHO-DG44, and the CHO-DXB11 also referred to as CHO-DUKX cell line. In
recent years, the productivity of mammalian-based processes has been drastically
improved and the produced recombinant proteins can reach concentrations of 5–
10 g/L [2, 3]. However, to facilitate these high product titers and to overcome other
drawbacks like undesired growth behavior or product quality issues, major efforts
in cell line engineering and process optimization are required. The main goals of
cell line engineering are therefore the enhancement of growth characteristics and
recombinant protein expression, the repression of cell death and the modulation of
post-translational modifications.
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1.2 MicroRNAs as Novel Option for Production Cell Line
Engineering

Cell engineering has traditionally used the expression modulation of protein coding
genes displaying positive or negative influence on bioprocess relevant parameters
as viable cell density (VCD), growth, titer or specific productivity [4, 5]. However,
a novel and powerful tool for cell line engineering has emerged in the recent past.
By modulating the expression of small non coding RNAs, including microRNAs
(miRNA), the cellular intrinsic mechanism of RNA induced silencing of gene
expression is used for the purpose of cell engineering.

MicroRNAs are small non coding RNA molecules with a length of ~22 nt
encoded in the cellular genome. After transcription, the pri-miRNAs are further
processed and exported to the cytoplasm, where they are processed to form a
miRNA duplex [6, 7]. A protein of the Argonaute (Ago) then binds to the miRNA
duplex and incorporates the mature, single-strand miRNA into the RNA protein
complex RISC [8, 9], which regulates the activity of the specific target mRNAs and
thereby causes downregulation of target gene expression by inhibition of mRNA
translation or mRNA cleavage.

MiRNAs are highly interesting targets for cell engineering in the bioprocess
context due to several specific molecular characteristics. As miRNAs can act as
regulators of gene expression in many cellular pathways like growth, cell survival
and protein synthesis, they fulfill potentially interesting cellular functions which
could be exploited for bioprocess development [10]. Furthermore, miRNAs are able
to regulate multiple targets in the same or different pathways and can therefore
be used as modulators for complex cellular phenotypes. Finally, miRNAs have no
coding potential for proteins and therefore do not burden the translation machinery
in a recombinant protein expressing cell line.

All in all cell line engineering using miRNAs has the potential to use their
molecular influence on complex cellular mechanisms to create more beneficial
cellular phenotypes for improvement of recombinant protein production in CHO
cells.

2 Identification of Process Relevant miRNAs

2.1 Discovery and Annotation of miRNAs in CHO Cells

A major step towards the utilization of miRNAs as tools for CHO cell engineering
was the initial identification of miRNA expression in a variety of CHO cells. Using
this information, the subsequent analysis of differential expression under a variety
of culture and bioprocessing conditions could then shed light on their potential
functional impact on bioprocess relevant parameters.
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The first identified miRNA in CHO was cgr-miR-21 described by Gammell et
al. in 2007 [11], which was previously linked to the regulation of cell growth
and apoptosis in human cells [12]. By using microarrays with human, mouse
and rat miRNA probes and qPCR assays, differential expression of miR-21 was
demonstrated in a biphasic cultivation process after temperature shift in a CHO-K1
cell line [11].

The knowledge about miRNAs expressed in CHO cell lines was further increased
by a study of Johnson et al. using six cDNA libraries of small RNAs isolated
from four CHO cell lines including CHO-K1 as well as CHO-DG44 cell lines
cultured under different conditions including temperature shift, butyrate treatment
and sampling at different cultivation phases. Next generation sequencing (NGS)
and subsequent homology comparison with other species identified 350 CHO
expressed miRNAs showing a high level of conservation between CHO and other
mammals. This study also emphasized the importance to develop CHO specific
miRNA microarrays and qRT-PCR assays for further exploration of CHO expressed
miRNAs [13].

2.2 Differential Expression Analysis of miRNAs in CHO Cells
During Bioprocessing

To further improve the annotation of CHO miRNAs and identify novel miRNA
targets for cell line engineering, Hackl et al. [14] performed NGS experiments of six
different biotechnologically relevant CHO cell lines including CHO-K1 as well as
CHO-DUXB11 cell lines and analysed the resulting transcriptome. By using known
miRNA hairpin sequences to map the sequencing data, which allowed for a more
precise annotation of conserved miRNAs, this study identified 387 mature CHO
miRNAs including 235 conserved as well as 11 novel miRNA genes. Subsequent
analysis of differential expression indicated that miRNA expression was highly
responsive to respective culture conditions. In addition, 18 miRNAs were regulated
by adaption of CHO cells to suspension and serum-free growth, including well
characterized miRNAs such as miR-31, miR-221-3p and miR-92a involved in cell
proliferation [15], apoptosis [16], tumor development and aging [17–19].

An additional study analysed the influence of culture conditions on differential
miRNA expression under fed-batch process conditions [20]. MiRNA expression
profiles were shown to change after an induced temperature shift, a common process
strategy to enhance recombinant protein production. 89 miRNAs were identified to
be differentially expressed in different CHO-DG44 cell lines and cultivation phases.
19 miRNAs were subsequently validated to influence process relevant parameters
like apoptosis, necrosis, productivity or proliferation underlining the relevance of
miRNAs for cellular reactions to changes in culturing and process environment.

In addition to focusing on culture conditions, several studies were performed
investigating differences of miRNA expression between recombinant producing
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CHO cells and their parental cell lines to uncover miRNA influence on transgene
expression.

Lin et al. [21] performed a study profiling the expression of conserved miRNAs
in monoclonal antibody (mAb) expressing CHO cell lines and their parental hosts
including CHO-DG44 and CHO-K1 using miRNA microarrays for human, mouse
and rat. Further validation of 16 miRNAs by quantitative RT-PCR identified miR-
221 and miR-222 as significantly downregulated in several mAb-producing CHO-
DG44 cell lines, which were reported to target cyclin-dependent kinase inhibitor p27
(Cdkn1b) and therefore regulating cell cycle progression [22]. As overexpression of
p27 was shown to have a beneficial effect on productivity of recombinant proteins
and culture longevity by induction of G1 cell cycle arrest [23, 24], miR-221/222
were suggested as potential engineering targets. Furthermore three miRNAs (miR-
19a, miR-17, miR106b) belonging miR-17-92 cluster were found to be upregulated
in antibody producing cell lines [21], whereof miR-19 and miR-17 were previously
reported to enhance proliferation and cell cycle progression [25].

Yet another study focused on the differential miRNA transcriptome between
producing and non-producing cell lines using NGS methodology [26]. Here, 190
miRNAs were identified to be expressed in CHO cells and a number greater 80 %
of these miRNAs showed differential expression in CHO-K1 and two recombinant
protein producing CHO cell lines. Also Maccani et al. confirmed that miRNA
expression profiles differ between producing and non-producing cells but could also
differ between CHO cells producing different products [27].

A further step forwards the analysis of CHO expression profiles was the
combination of transcriptomic and proteomic experiments to allow for a better
correlation between miRNA expression and their functional target regulation on
mRNA and protein level. Clark et al. [28] combined miRNA, mRNA and protein
expression analyses to analyze the miRNA influence on cellular growth rate. Using
microarray analysis of mRNA, qPCR for miRNA and quantitative LC-MS/MS for
protein expression profiles from several mAb expressing cell lines covering a variety
of different growth behaviors, 51 miRNAs were identified to possibly correlate with
increased growth rate, whereof 35 miRNAs were upregulated and 16 miRNAs were
downregulated. Finally, the availability of a CHO K1 genomic sequence published
by Xu et al. in 2011 [29] further enhanced the potential of miRNA expression
studies, since it provided the possibility to identify novel CHO specific miRNAs
by mapping to the genomic sequence.

All the above discussed studies have contributed to the annotation of 353
mature miRNA sequences for the hamster in the current miRBase Version 22
(www.mirbase.org). However, this number is still low in comparisons to other
organism like human with 2693 mature miRNA sequence entries and mouse with
2013 sequence entries. Considering these numbers there is still the potential to
identify new endogenous expressed hamster or CHO miRNAs with potential use
as tools for miRNA based cell line engineering.

http://www.mirbase.org
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2.3 The Use of Transient Screening Techniques to Identify
Process Relevant miRNAs

While expression analysis of miRNAs only reveals indirect information on their
potential functionality within CHO cells, functional screenings with a defined phe-
notypic readout may allow for creating direct new insights into pathway regulation
initiated by specific miRNAs. Using functional miRNAs screening techniques, not
only single miRNA targets but their impact on complex cellular pathways can be
analyzed. In addition, a screening approach is not limited to endogenous expressed
miRNAs but offers the chance to test miRNAs from another species, which could
possibly also trigger cellular effects in CHO. Such functional RNAi screens can
either utilize synthetic miRNA mimics or antagomiRs for a transient screening
approach preferably for screening of large mimic libraries or can be performed
by stable expressing miRNAs using expression plasmids with a smaller number of
candidates.

A stable screening method was developed by Jadhav et al. [30]. As model cell
line a recombinant Epo-Fc producing CHO cell line was used. For method setup
and protocol optimization four known CHO miRNAs were used, cgr-miR-17, cgr-
miR-221, cgr-miR-21 and cgr-miR-210. These four miRNAs were cloned into small
hairpin vectors containing a GFP marker cassette. Upon stable overexpression mR-
17 and miR-221 were shown to increase growth rate while specific productivity was
not affected, resulting in increased final titers. Stable overexpression of miR-21 and
miR-210 showed a decrease in specific productivity.

To identify miRNAs that increase the productivity of CHO cells expressing
an IgG1 antibody, Strotbek et al. performed a functional transient screen using a
human mimic library containing 879 miRNAs. Using this approach nine miRNAs
were found to improve productivity of CHO cells. The results were validated using
another CHO cell line producing human serum albumin, therefore demonstrating
that the miRNAs act in a product independent manner. Further two miRNAs namely
miR-557 and miR-1287 were identified by the transient screening to influence viable
cell density and specific productivity. Subsequent stable overexpression in the IgG
producing cell line resulted in increased specific productivity of the cells. Since
both miRNAs were shown to be not endogenously expressed by CHO cells these
data highlight the value of screening experiments to identify novel miRNAs with a
beneficial regulative function within CHO cells [31].

Another transient high-content miRNA mimic screen in CHO-DG44 cells was
reported by Fischer et al. in 2014 [32]. By transient transfection of miRNA mimics
from a murine mimic library containing 1139 miRNAs, their influence on cellular
phenotypes including growth, viability, cell death and titer were analyzed. A
proportion of 21% of these were identified to increase cell-specific transgene pro-
ductivity of secreted alkaline phosphatase (SEAP), whereas 5% of the miRNAs were
demonstrated to accelerate cell proliferation. Further data evaluation highlighted the
miR-30 family as potential tool for increasing titer and bioprocess performance. By
stable overexpression of miR-30a twofold increase of transgene productivity and
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maximum cell density in comparison to the parental cell line was achieved. All
above discussed studies are summarized in Table 1.

The discovery of miRNAs to influence process relevant parameters in CHO is
still a recent and highly valuable research topic. By further increasing insights
into the miRNA regulation mechanisms within CHO cells new miRNA based
engineering approaches will arise and overcome today´s limitations of the CHO
cell systems to further improve bioprocess performance.

3 Cell Engineering Using Overexpression of miRNAs

3.1 Advantages of miRNA Overexpression for Production Cell
Line Engineering

MiRNAs are an interesting tool for the modification of industrial relevant CHO
cell lines as they modulate serval bioprocess related pathways [10]. For cell line
engineering, the most commonly used approach is stable overexpression of specific
miRNAs to down-regulate unfavorable target gene expression and promote positive
phenotypes for bioproduction [33–36]. Here, the most common aim is to improve
CHO cell characteristics like productivity, product quality, secretion, metabolism,
cell growth or viability during the production process [4, 37]. Technically, miRNAs
can easily be overexpressed by stable genomic integration of precursor miRNA
sequences. This overexpression of non-coding RNAs does not result in a large
additional translational burden for the production cell line and thus does not waste
cellular energy required for the biosynthesis of the product or cell growth [38]. In
addition, one miRNA can regulate several target genes, which can lead to additive
effects on one phenotype or affect several positive phenotypes at once. Using this
characteristic, overexpression of one miRNA could enable several benefits and
therefore eliminate the need for multiple, expensive adjustments on the host cell line
[4]. Finally, miRNA overexpression can also be applied for fine-tuning to reduce the
expression of negative genes, which may be lethal if knocked out [39].

3.2 Methodology for Overexpression of Noncoding miRNAs

For the overexpression of miRNAs a variety of methods are available. Most
commonly, a single miRNA is overexpressed to regulate an individual, predefined
pathway or gene. Here, the vectors pSP65 or pMSCV have successfully been
used to overexpress e.g. miRNA-34a or miRNA-135a in CHO cells [40, 41]. It is
also possible to multiplex the expression of miRNAs to regulate several different
pathways or multiple genes of a single pathway simultaneously by using the
vector pCMV-Tag4 [42]. For this purpose, multi-hairpin constructs were cloned



78 F. Klingler et al.

Table 1 Overview of all miRNA expression profiling and screening studies conducted in CHO
cells

Methods Cell line Experimental Setup Outcome Publications

Microarray,
qPCR

CHO-K1 Comparison of
miRNA expression
in biphasic
cultivation process

Differential
expression of
cgr-miR-21 after
temperature shift was
shown

Gammell et
al. (2007)

NGS CHO-K1
CHO-DG44

Sequencing of six
cDNA libraries of
small RNAs isolated
from various culture
conditions

Identification of 350
CHO expressed
miRNAs

Johnson et al.
(2011)

NGS CHO-K1
CHO-
DUXB11

Transcriptome
analysis of six CHO
cell lines;
differential
expression analysis
upon adaption to
suspension growth

Identification of 387
mature CHO
miRNAs including
11 novel miRNA
genes;
Differential
expression of 18
miRNAs under
suspension growth

Hackl et al.
(2011)

NGS CHO-DG44 Differential miRNA
expression under
fed-batch cultivation
and temperature-shift

Identification of 19
Differentially
expressed miRNAs
influencing relevant
process parameters

Stiefel et al.
(2016)

Microarray,
qPCR

CHO-DG44
CHO-K1

miRNA expression
profiling in mAb
producing cell lines

Identification of
miR-221/222 as
potential engineering
targets;
Upregulated
expression of
miR-19a/17/106b in
mAb expressing cell
lines

Lin et al.
(2011)

NGS CHO-K1 Differential
expression analysis
producing vs.
non-producing cells

Identification of 190
CHO expressed
miRNAs with 80%
of these showing
differential
expression

S. Hammond
et al. (2012)

Microarray,
qPCR

CHO-
DUXB11

Differential
expression analysis
of parental vs.
producing cell lines
under steady-state
conditions

Identification of
differential miRNA
expression between
parental and
producing cell lines
but also between
CHO cells
expressing different
products

Maccani et al.
(2014)

(continued)
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Table 1 (continued)

Methods Cell line Experimental Setup Outcome Publications

Microarray,
qPCR,
quantitative
LC-MS/MS

Several
mAb
expressing
CHO cells

Correlation of
mRNA, miRNA and
protein expression
profiles

Identification
differential
regulation of
51 growth rate
correlated miRNAs

Clarke et al.
(2012)

Stable
miRNA
expression
screen

Epo-Fc
producing
CHO cell
line

Stable expression of
miR-17, miR-221,
miR-21, miR-210

miR-17 and miR-221
increased growth rate
miR-21 and miR-210
decreased specific
productivity

Jadhav et al.
(2012)

Transient
Mimic screen

IgG1
expressing
CHO cell
line

Human mimic
library (879 mimics)

miR-557 and
miR-1287 increased
specific productivity

Strotbeck et
al. (2013)

Transient
Mimic Screen

SEAP
expressing
CHO-DG44
cell line

Murine mimic
library (1139
mimics)

miR-30a increased
productivity and
growth

Fischer et
al. (2014)

intronically into the plasmid flanked by a splicing donor and splicing acceptor site
leading to a simultaneous expression of up to five miRNAs [42]. Furthermore, the
possibility to combine miRNA overexpression with the expression of a gene of
interest is a very attractive option to add up synergistic effects and generate an
optimized cellular phenotype. This strategy was published by Greber et al., 2007
using the pDG1 vector [43], where a miRNA is intronically encoded between two
exons of a gene of interest guaranteeing comparable expression levels of the miRNA
and the overexpressed mRNA.

3.3 MiRNA Overexpression Can Enhance Cellular
Productivity

Up to date, there are several studies where miRNA overexpression has successfully
been applied to optimize CHO cell expression systems (Table 2). The predominantly
optimized phenotype of CHO cells is the specific productivity resulting in increased
volumetric titer. A well-described example is miRNA-22, which is known to con-
tribute to increased recombinant protein expression. After Xiao et al. described the
productivity-enhancing effect of miRNA-22, also Inwood et al. achieved a 2.4 fold
increase of specific productivity by overexpression of miRNA-22 and additionally
described the downregulated target of miRNA-22 Homeodomain-interacting protein
kinase 1 (HIPK1) [44–46]. When focusing on difficult-to-express proteins, the
overexpression of miRNA-577 increased the specific productivity of CHO cells and
a significant titer increase could be measured while product quality was maintained
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Table 2 Summary of overexpressed miRNAs for the improvement of biotechnologically
relevant cell lines

miRNA Phenotypic effect
Molecular
mechanism Cell line Publications

miRNA-22 productivity HIPK1 involved
in cellular stress
and apoptotic
pathways

HEK293 Xiao et al. (2015)
and Inwood et al.
(2018, 2020)

miRNA-557 productivity May targets genes
involved in
ribosome
formation
inhibition

CHO Strotbek et al.
(2013) and
Fischer et al.
(2017)

miRNA-1287 productivity Leads to a more
balanced unfolded
protein response
by targeting
GRP78

CHO Strotbek et al.
(2013) and Pieper
et al. (2017)

miRNA19b productivity Represses PTEN
resulting in
reduced apoptosis

CHO Loh et al. (2014)

miRNA-2861 productivity Inhibits HDAC5
and enhances GOI
transcription

CHO Fischer et al.
(2015)

mitosRNA-1978 productivity Targets the ER
proteins CerS2
and Tbc1D20 and
supports vesicular
trafficking

CHO Pieper et al.
(2017)

miRNA-483 productivity May inhibit
PDK4, KANK4
and MAPK3 for
enhanced
proliferation and
optimized
Glucose
metabolism

CHO Emmerling et al.
(2016)

miRNA-143 productivity Represses
MAPK7 with a
potential shift of
cellular
proliferation to
protein production

CHO Schoellhorn et al.
(2017)

miRNA-26a productivity Inhibits histone
deacetylases

HEK293 Meyer et al.
(2017)

miRNA-136 productivity Targets UPS17L
for prolonged
stationary growth
phase

CAP Weis et al. (2018)

miRNA-3074 productivity unknown CAP Weis et al. (2018)
miRNA-30a growth unknown CHO Fischer et al.

(2014)

(continued)
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Table 2 (continued)

miRNA Phenotypic effect
Molecular
mechanism Cell line Publications

miRNA-18b growth unknown CHO Bort et al. (2012)
miRNA-20a+b growth Repress BIM and

inhibit apoptosis
CHO Bort et al. (2012)

miRNA-17 productivitygrowth Targets TBC1D2
leading to
enhanced
membrane
trafficking and
protein secretion

CHO Jadhav et al.
(2014), Loh et al.
(2014), and Bort
et al. (2012)

miRNA-92a productivitygrowth Targets ITGA5
and promotes
angiogenesis and
BIM to inhibit
apoptosis

CHO Loh et al. (2014,
2017) and Bort et
al. (2012)

miRNA-7 productivitygrowth Regulates
α-synuclein, Pak1
and IGF-1R

HEK293CHO Koh et al. (2009)
and Barron et al.
(2011)

miRNA-221/222 productivitygrowth unkown CHO Klanert et al.
(2016)

miRNA-16 productivitygrowth Inhibits CCNE1
and induces
proliferation

HEK293 Koh et al. (2009)

[31, 47]. Also, the study by Schoellhorn et al., focused on intensified production of
difficult-to-express proteins and could achieve a 30 % increased productivity using
miRNA-143 overexpression. Here MAPK7 was identified as a target of miR-143
and its downregulation by siRNAs as well increased productivity [35]. Another
example is miRNA-1287, which regulates the gene activating transcription factor
6 beta (ATF6β). Overexpression of miRNA-1287 reduced the unfolded protein
response (UPR) and led to an improved phenotype in the context of viability and
productivity [31, 39]. Several studies analyzed the potential of the miRNA-17-92
family for cell line engineering. Overexpression of the cluster members miRNA-17,
miRNA-18, miRNA-19a+b and miRNA-92a was published along with improved
industrial cell phenotypes like specific productivity or growth [14, 30, 44, 48–
50]. These studies showed that by regulating BCL2, JAK1 and CCND1 in case
of miRNA-17 or INSIG1 in case of miRNA-92a the expression of recombinant
proteins could be improved with comparable or even increased cell proliferation
[30, 48–50]. Another interesting example is miRNA-2861, where in contrast to
the unspecific histone deacetylase (HDAC) inhibitor valproic acid (VPA), this
miRNA was able to inhibit HDAC5 specifically and thereby improving the titer
of around 20 % without influencing product quality [51]. In contrast, the effect
of the comparable HDAC inhibitor miRNA-26a could be further enhanced with
VPA. While the use of this miRNA alone resulted in an increased titer of ~50
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%, an additional supply of VPA generated a hyperproductive phenotype with a 2-
fold higher protein yield [52]. Focusing on miRNAs which are mainly expressed
under certain conditions, Emmerling et al. could show that miRNA-483 was up-
regulated during mild hypothermia and its overexpression led to an up to 4-fold
increase in specific productivity, while a knock-down of miRNA-483 resulted in
a 50 % reduced protein expression [53]. In this case, the modulation of a specific
miRNA helped to provide an understanding of the increased specific productivity
during mild hypothermia and served as a next-generation cell line engineering tool
to constantly optimize productivity.

Furthermore, miRNAs have also been successfully used in alternative recom-
binant expression systems such as Cevec’s Amniocyte Production (CAP) cells
to increase specific productivity. As reported by Weis et al., both miRNA-136
and miRNA-3074 when overexpressed in CAP cells induced a desired phenotype
with increased product quantity [36]. A further very interesting approach for next-
generation cell line development is the use of noncoding mitochondrial RNAs
(mitosRNAs) as published by Pieper et al. Through the overexpression of these
functionally with miRNAs related RNAs, a downregulation of the two endoplasmic
reticulum proteins Ceramide Synthase 2 (CerS2) and the Rab1 GAP Tbc domain
family member 20 (Tbc1D20) could be achieved leading to an increase in specific
productivity of 60 % [54].

3.4 Increasing Cell Proliferation and Growth Capacity
by miRNA Overexpression

Besides increasing specific productivity or titer, the induction of proliferation is
also of great industrial interest in order to obtain the same or additional amount of
recombinant protein in less time. Also for this purpose, certain miRNAs have been
identified which exert a positive effect on this phenotype. In this context, Fischer
et al., reported on the potential of members of the miRNA-30 family to increase
growth in combination with elevated titer following overexpression [32]. Especially
miRNA-30a revealed a significant positive effect on the maximal viable cell density
with simultaneously increased titer after transient transfection as well as after
stable overexpression [32]. Similar results were obtained with overexpression of the
miRNA-17-92 family, which have been identified in CHO-K1 cells in the context
of growth promotion [55]. The members of the miRNA-17-92 family (miRNA-
17, miRNA-18b, miRNA-20a+b, miRNA-92) control growth by regulating the cell
cycle inhibitor p21 and prolonging cell longevity by downregulation of Bcl-2-like
protein 11 (BCL2L11) and Phosphatase and tensin homolog (PTEN), resulting
in increased VCD [55]. Furthermore, miRNA-221 and miRNA-222, which are
encoded in close chromosomal proximity, show positive effects on the growth of
CHO cells [56]. While these “oncomiRs” are used in diagnostic as tumor markers,
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they represent an interesting alternative for the engineering of CHO cells, which
could permanently promote the proliferation of industrially used mammalian cells
[57, 58].

3.5 Synthetic Biology Applying RNAi Enables Fine-Tuning
of Production Cell Growth

Besides the simple overexpression of miRNAs to regulate genes and optimize
mammalian cells, a novel and promising approach is the use of synthetic biology,
where short non-coding RNAs are exploited as regulatory elements. Especially
endogenous or artificial miRNAs are used for the purpose to align the expression
of multiple vectors and to ensure the controlled expression of certain genes [59].
Using miRNA response elements (MREs) placed in the untranslated region (UTR)
of the GOI, the respective miRNAs ensure via an ON/OFF principle that the correct
amount of the GOI is expressed at the right time and balance for the production cell
to meet ideal conditions [60]. In CHO cells, two studies applied synthetic biology
using RNAi to improve the production cell phenotype. Malphettes et al. established
a two-level transcription-translations control circuit allowing the expression of GOI
to be precisely fine-tuned [61]. The system is based on a marcolide inducible
RNAi expression vector and a tetracycline inducible vector for the expression of
a GOI. In addition, the miRNA can bind in the UTR of the transcript of the GOI
and regulate it negatively. As a result, the operator can increase the expression
of a GOI to a defined amount during a certain part of the cultivation using
tetracycline administration and at a later time inhibit the expression by macrolide
addition [61]. Using the two-level control system, a growth-promoting gene can be
overexpressed in the exponential phase in order to reach a higher cell density earlier
and subsequently release additional translation capacities for the production of
recombinant proteins in the stationary phase using RNAi. A more complex system
using synthetic biology via miRNA overexpression was established by Lillacci et al.
[62]. This system is based on two vectors, where one vector expresses the synthetic
tetracycline transactivator tTA-Advanced, which is able to bind to the tetracycline-
responsive element (TRE) of the second vector. Thus, the expression of a GOI
can be induced with simultaneous expression of a miRNA intronically encoded
on the vector. Lillacci et al. developed a toolbox of different vectors, where an
intronically encoded miRNA can bind either in the UTR of the transactivator, the
GOI or in both UTRs in order to regulate the expression of the GOI to different
extents. In addition, the use of the synthetic tetracycline transactivator enables the
operator to further limit the expression of the GOI externally to a minimal level
using doxycycline [62]. This RNAi-based system for regulated gene expression can
be used to express growth or production-promoting genes to a low extent without
significantly increasing the expression burden for the production cell, potentially
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leading to favorable phenotypes. All above discussed studies are summarized in
table 2.

Taken together, the diverse examples for miRNA overexpression or use as
synthetic biology tool to optimize the phenotype of cells for recombinant pro-
tein expression demonstrates the potential of miRNAs in cell line development.
Especially the upcoming approach of synthetic biology, which uses miRNAs as
negative regulators of biological cycles underlines their image as new tools for next-
generation cell line development.

4 Cell Engineering Using Knock-Down or Knock-Out
of miRNAs

In order to improve bioprocess relevant parameters in CHO production cell lines,
several strategies have been developed aiming at the depletion of miRNAs dis-
playing detrimental influence on CHO cell production performance. These loss-of-
function experiments can be categorized as “Knock-Down” (KD) or “Knock-Out”
(KO) approaches depending on their functional mechanism and the degree of down-
regulation they seek to achieve. In KD attempts, also known as gene silencing, the
original miRNA encoding gene remains unchanged whereas endogenous miRNA-
levels are reduced to a certain extent. In contrast, KO approaches aim at the complete
loss of the miRNA encoding gene, which is achieved by its genomic deletion
through the use of endonucleases like e.g. zinc finger nucleases (ZFNs), Transcrip-
tion activator-like effector nucleases (TALENs) or Clustered Regularly Interspaced
Short Palindromic Repeats/ CRISPR-associated proteins (CRISPR/Cas9) [63–66].

4.1 miRNA Knockdown Studies Using antagomiR Inhibitors
Enhance CHO Production Cells

Initial KD attempts to silence miRNA function took advantage of the canonical
Watson-Crick base pairing capacity between complementary RNA molecules. In
2004 Meister et al. and Hutvágner et al. used nuclease-resistant antisense 2′-O-
methyl−modified oligoribonucleotides to efficiently knock down target miRNAs in
HeLa cells and C. elegans independently of one another [67, 68]. The 2′-O-methyl-
modification of used antisense oligoribonucleotides hereby mediates resistance
against degradation by nucleases and in parallel accelerates stable and fast binding
of complementary single-stranded RNA molecules [69, 70]. However, there are
no reports that this KD approach was ever tested in CHO cells. In contrast,
an advancement of these antisense oligonucleotides termed “antagomiRs” is a
prominent transient miRNA KD method also applied in CHO cells. In addition to
the 2’-O-methyl group, antagomiRs possess a partially modified phosphorothioate
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RNA backbone which is additionally coupled to a cholesterol residue [71, 72]. The
conjugation of RNA and cholesterol enables a more efficient delivery and systemic
in vivo activity of the miRNA inhibitor [73, 74].

In 2011 Barron et al. identified several differentially expressed miRNAs upon
a temperature shift from 37 ◦C to 28 ◦C–33 ◦C during batch cultivation of CHO
cells. Among those, miR-7 was downregulated to the greatest extent and subsequent
transient overexpression of miR-7 led to a complete inhibition of proliferation.
However, KD experiments using transfection of miR-7 antagomiRs showed no
effect on cell growth at all [33].

In contrast Fischer et al. were able to identify miR-30 family during a high
content miRNA screen using SEAP secreting CHO cells to have a positive impact
on cell proliferation and productivity. The beneficial influence of miR-30 family on
CHO production cells was further supported by transient transfection experiments
using miR-30 family antagomiRs that did not increase viable cell density or
productivity [32, 75].

As for Fischer et al. Emmerling et al. and Loh et al. also performed antagomiR
control transfections in order to demonstrate the beneficial effect if the investigated
miRNA is present at higher levels. Thus, Emmerling et al. observed a significant
reduction of mAb productivity in CHO cells as well as reduced viral particle
production of HeLa cells after transfection of miR-483 antagomiRs [53].

Loh et al. observed a correlation of miR-92a overexpression and specific
productivity of CHO cells [49]. Consequently, they implemented miR-92a mimic
and antagomiR transfection experiments to investigate the regulation of the potential
target gene insig1 of miR-92a [50].

A different study work focused on the involvement of miRNAs in apoptosis. Druz
et al. identified differentially expressed miRNAs in CHO cells as a consequence of
apoptosis provoked by nutrient depletion. Using microarray analysis the authors
identified miR-466h to be upregulated during the apoptotic phase and concluded
that miR-466h induces apoptosis indirectly by inhibition of anti-apoptotic genes. In
subsequent transient KD experiments with antagomiR-466h a reduced Caspase-3/7
activity was observed in parallel to elevated cell viability [76].

To investigate if this beneficial effect was also applicable over the whole process
time Druz et al. engineered a stable miR-466h KD cell line using a vector based
miRNA inhibition system based on short hairpin RNA (shRNA) constructs [77,
78]. The engineered stable anti-miR-466h SEAP expressing CHO cell line showed
an improvement in viability and viable cell density along with delayed Caspase-
3/7 activity. As a result the final increase in specific productivity accounted for 11
% whereby SEAP titer was even raised by 43 %, showing the potential of using
miRNAs for CHO cell line engineering [78].
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4.2 Use of miRNA Sponge Knockdown Approaches Raise
Viability and Proliferation

A further miRNA KD strategy apart from those stated earlier is termed “miRNA
sponges”. Sponges are artificial transcripts which possess multiple tandem binding
sites for the miRNA-of-interest. These molecules mimic the natural binding of miR-
NAs to their complementary target sites in the UTRs of mRNAs. By recombinant
expression of sponge constructs endogenous miRNA levels are reduced [79] and the
same degree of downregulation as for antagomiRs can be achieved by using a strong
promoter for recombinant miRNA sponge expression [79].

Sanchez et al performed a stable miR-7 KD by using a miR-7 sponge construct
and miR-7 depleted CHO-K1 population showed 40 % improved viable cell
density as well as a 2-fold higher SEAP titer than controls during Fed-batch
cultivation [80]. In a follow up study miR-7 sponge depletion in CHO DP12 cells
even yielded 65 % increase in cell proliferation in parallel to 3-fold higher IgG
titer [81]. Here, additional proteomic profiling revealed that miR-7 KD resulted
in an overrepresentation of proteins involved in the Akt pathway and ribosome
biogenesis, which might be the underlying molecular mechanisms for the observed
phenotype.

Another promising miRNA KD candidate for CHO cell line engineering that
negatively effects cell growth and proliferation is miR-378 [28]. After stable KD of
this anti-proliferative miRNA by sponge decoy constructs, Costello et al. observed
an increase in viable peak cell density of almost 59 %, nevertheless IgG titer or
specific productivity were not increased significantly during batch cultivation. As
potential target gene of miR-378 Ubiquitin carboxyl-terminal hydrolase 14 (Usp14)
was identified by applying proteomic analysis [82, 83].

Taking advantage of anti-cancer research data, Kelly et al. investigated the
anti-proliferative role of miR-34a, which is described to act as tumor-suppressive.
Therefore, the authors reduced endogenous levels of this highly conserved miRNA
by sponge constructs in order to boost cell growth and proliferation reaching a 2-
fold higher titer with SEAP secreting CHO-K1 cells. However, miR-34a KD was
accompanied with a minor negative impact on cell growth which is contradictory to
previous observations from cancer cell lines [84].

In line with previous miRNA-sponge KD studies Pairawan et al. reduced
endogenous levels of miR-15a and miR-16-1 which are known to control apoptosis
and cell proliferation. During batch cultivation of IgG secreting CHO-K1 cells, a 3-
fold increase in product titer was observed and the potential de-repression of Bcl-2
as molecular basis hypothesized [85].

Another major work focused on metabolic engineering of CHO cells by depletion
of miR-23 based on its previously described involvement in the control of glutamate
metabolism [86]. The authors intended to direct CHO-K1 SEAP secreting cells
towards higher oxidative metabolism rates and miR-23 depleted cell lines displayed
a 30 % higher mitochondrial activity and a 3-fold increased SEAP titer. The authors
identified potential target genes, among them LETM1, an inner membrane protein
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of mitochondria, and IDH1 which is important for the tricarboxylic acid cycle [86].
This was the first study that altered global cell metabolism only by alteration of a
single miRNA which pointed towards the potential of miRNAs in CHO production
cell line engineering.

4.3 CRISPR/Cas9 Knockout of Unfavorable microRNAs
Improve Growth and Productivity of CHO Cells

An alternative to KD of adverse acting miRNAs is the full knock out of the
miRNA encoding region in the genome of CHO cells. For this strategy, several
particularities have to be considered due to the non-coding nature of miRNAs.
While the insertion of a single point mutation will generate impaired function due
to frameshift mutations in protein coding genes, this is not necessarily applicable
for miRNAs due to their non-coding nature. Even though point mutations in the
loop region of pri- and pre-miRNAs can impair hairpin formation or recognition
by proteins as Drosha and Dicer proteins and thus inhibit further processing of
the miRNA, it is very difficult to generate cell lines that exhibit a total loss of
the respective mature miRNA by introducing point mutations. More promising is
therefore the total removal of the entire miRNA gene from the genome. In addition,
miRNAs are often encoded in introns of protein encoding genes or in miRNA
clusters. In these cases it has to be verified that splicing of the host gene transcript
harboring the miRNA or miRNAs in close proximity are not affected in order to
avoid false positive results by unintended gene editing [87].

Two publications exist that describe the KO of miRNAs with CRISPR/Cas9.
The first study from Kellner et al. knocked out miR-27 a/b which is presumably
associated with cell growth and recombinant productivity as it was identified to
be downregulated during hypothermic cultivation conditions of CHO cells [11,
88]. Kellner et al. designed sgRNAs binding either the seed region or in close
proximity to the seed region of miR-27. Of all investigated cells up to 88 %
possessed insertions or deletions at the desired site. Most of the resulting single cell
clones exhibited a downregulation of endogenous mature miR-27 levels rather than
complete loss of mature miRNAs. Nevertheless, the authors observed an increase
in viable cell count and viability at the end of batch and fed-batch cultivation in
miR-27b reduced cell pools emphasizing the strategy of miRNA KOs [88].

In the second approach from Raab et al. miR-744 was targeted due to its
detrimental effects on recombinant CHO cell productivity as elucidated by a large
miRNA screen [32]. In contrast to Kellner et al. the authors deleted the entire
miRNA encoding region from the genome of CHO cells by applying a combination
of two flanking sgRNAs. Here, miR-744 expression was completely eliminated and
clonal miR-744 KO cell lines were generated exhibiting a significantly increased
antibody titer during batch cultivation in comparison to controls [89]. All KD and
KO studies in CHO production cell lines described above are summarized in Table
3.
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Table 3 Overview of all miRNA KD or KO studies conducted in CHO production cell lines

miRNA
Nature of
depletion

Depletion
approach

Phenotypic
effect

Molecular
mechanism Publications

miR-7 Knock
Down

antagomiR
miR-
sponge

Viability
prolifera-
tion
productivity

Genes involved in
ribosome
biogenesis & Akt
pathway

Barron et al.
(2011),
Sanchez et al.
(2014), and
Coleman et al.
(2019)

miR-30 family Knock
Down

antagomiR Proliferation
productivity

Regulation of
Ubiquitin
pathway

Fischer et al.
(2014, 2015)

miR-483 Knock
Down

antagomiR productivity Genes involved in
cell survival &
protein
expression

Emmerling et
al. (2015)

miR-92a Knock
Down

antagomiR productivity Cholesterol
metabolism

Loh et al.
(2017)

miR-466h Knock
Down

antagomiR
shRNA
vector

Anti-
apoptotic

Delayed
Caspase-3/7
activity

Druz et al.
(2011, 2013)

miR-23 Knock
Down

miR-
sponge

Oxidative
metabolism

LETM1 & IDH1
involved in
mitochondrial
activity

Kelly et al.
(2015)

miR-378 Knock
Down

miR-
sponge

viability
prolifera-
tion

Usp14 increases
proliferation

Costello et al.
(2018) and
Coleman et al.
(2018)

miR-34a Knock
Down

miR-
sponge

Anti-
proliferative

Genes involved in
cell cycle
progression
(CCND1, CDK6)

Kelly et al.
(2014)

miR-15a Knock
Down

miR-
sponge

Apoptosis,
prolifera-
tion

Maybe
involvement of
Bcl-2

Pairawan et al.
(2019)

miR-16-1 Knock
Down

miR-
sponge

Apoptosis,
prolifera-
tion

Maybe
involvement of
Bcl-2

Pairawan et al.
(2019)

miR-744 Knock Out CRISPR/
Cas9

proliferation
productivity

Raab et al.
(2019)

miR-27a / b Knock Out CRISPR/
Cas9

viability
prolifera-
tion
productivity

Kellner et al.
(2018)
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5 Conclusion: MicroRNAs Are Powerful Cell Line
Engineering Tools

During the past decades CHO cells have emerged as predominant biopharmaceutical
production hosts [1]. Although major progress has been made in order to increase
productivity and product quality since their isolation in 1958, cell line development
faces new challenging tasks like the increasing demand for biological therapeutics
as biopharmaceuticals, biosimilars, and new complex antibody formats or superior
product quality [3, 90]. While various traditional cell line engineering attempts
focused on either overexpression, KD or KO of a single protein encoding gene,
miRNAs offer the possibility to influence the expression of hundreds of mRNAs by
just customizing the expression of a single miRNA acting as a global regulator of
cellular transcription [4, 38, 59].

Although the majority of miRNAs are considered to act redundantly, numer-
ous overexpression, KD and KO studies have proven the potential of miRNAs
for the purpose of CHO production cell line engineering as exemplified above
[91]. Nevertheless, comparably little is known about the detailed mechanisms,
networks and target genes by which miRNAs exert their respective phenotypic
function. Hence, more research needs to be conducted to predict miRNA targets
more reliably despite their heterogeneous nature of target recognition. At present
databases like miRTarBase, miRWalk2.0 or miRBase collect, organize and provide
valuable information about miRNAs and their respective target genes either they are
experimentally validated or only predicted by in silico algorithms [92–94]. Once
more knowledge of miRNAs and their respective target mRNAs has been collected,
pathway analysis based on transcriptomic and proteomic datasets might enable
the detailed prediction of valid downstream effects of certain miRNA expression
patterns.
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1 Introduction

Mammalian cells have successfully served as industrial platforms for manufacturing
different types of biopharmaceuticals that are critical therapies for the treatment of
complex chronic diseases (e.g., cancer, autoimmune disorders). These biopharma-
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Fig. 1 Impact of the evolution of biopharmaceuticals on the manufacturability. This figure
illustrates the exponential growth in the complexity (X-axis) of biopharmaceuticals, where
complex molecular design, novel action mechanisms and manufacturing difficulties result in
significantly increased product price (Y-axis)

ceuticals, including recombinant proteins (e.g., monoclonal antibodies) and viral
particles (e.g., adeno-associated virus vectors, AAV), are largely produced using
mammalian cell factories, with Chinese hamster ovary (CHO) and human embry-
onic kidney-293 (HEK293) cells as the predominant platforms. While the sector has
managed to substantially improve cell densities, product yields and quality through
trial and error (“brute force”) approaches the capacity of these cell lines to turn
recombinant genes into life-changing drugs is limited by intracellular processes
(transcription, translation, processing, secretion). These intrinsic constraints are
exacerbated by the development of a new generation of biopharmaceuticals, with
novel designs and increased complexity for industrial manufacturing (e.g., multi-
specific mAbs, complex fusion proteins, functional AAV vectors) (Fig. 1). The
emergence of coronavirus disease 2019 (COVID-19) has highlighted the urgent need
for production platforms that enable the rapid manufacturing of biotherapeutics on
demand.

Even though we (as a community of scientists and industrialists) are aware of
the cellular limitations, for productivity or product quality, we are less aware of the
specific molecular events occurring within these cell factories that drive ‘good’ or
‘bad’ outcomes. Today, high-throughput omics technologies provide vast amounts
of information of the cellular events, that increased our fundamental understanding
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Fig. 2 Overview of the potential of omics technologies to increase the fundamental under-
standing of biological systems and to optimise cell factories and bioprocesses. This figure
shows how omics technologies offers the potential to elucidate the intricate network of processes
occurring within biological systems and to provide the rationale for cellular and process interven-
tions that improve the product yields and quality

of these biological systems (enlighten the ‘black box’) and will change the paradigm
by which cell factories can be engineered (Fig. 2). This Chapter focuses on the
current state-of-the-art technologies that may be applied for designing engineering
strategies for mammalian cell lines. These include the key lessons learnt from
omics analysis on factors that corelate with productivity and product quality and
how the combination of molecular and computational tools with ‘omics data
can rationalise intervention with mammalian cell factories and bioprocesses for
enhanced production of biopharmaceuticals.

2 Molecular Approaches for Engineering Mammalian Cell
Factories

2.1 Overexpression of Target Regulatory Genes

With the identification of gene targets for improving biotherapeutic production
(Sect. 3), the overexpression of these genes is one of the most exploited approaches
to improve mammalian cell lines. Similar to the method used to express recombinant
proteins, the overexpression of gene targets is achieved through the delivery of an
expression vector containing a codon-optimised version of a gene’s cDNA under the
control of a potent viral/cellular promoter and the presence of enhancer sequences.
Incorporation of a selection marker (i.e., gene coding for antibiotic resistant or
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lacking metabolic enzyme) under the control of a week promoter allows the
genomic integration of multiple copies of plasmid DNA and the generation of cell
lines (pools) with heterogeneous expression of the recombinant gene (extensively
reviewed by Gupta et al. [1]). The use of synthetic promoters to mediate gene
expression in the host cell it has been also presented as an alternative engineering
strategy [2]. While these approaches have been extensively used to overexpress
several genes with beneficial consequences to the performance of mammalian
cells, a single cell cloning process is needed to obtain cell lines with a desired
phenotype and a homogenous expression of the specific target. To overcome these
limitations and to target insertion for homogeneous expression, the use of semi-
targeted transposase-based integration systems has been proposed [3, 4], allow
transposition at a specific site of the genome or other expression systems. Several
transposon systems have been designed for use in mammalian cells lines including
piggyBac, Tol2 and Sleeping Beauty (Table 1).

An alternative to delivery of potential regulatory genes in standard DNA vectors
is presented by the use of artificial chromosome expression (ACE), a technology
that provides the potential to deliver a large genetic payload stable in the host cell
without the need of genomic integration [10]. A series of studies have successfully
used the ACE systems for expressing high levels of recombinant genes [11, 30,
31]. The capacity of ACE systems to incorporate multiple gene sequences (i.e.,
whole metabolic or signalling pathways) has opened the possibility to tailor-
made cell factories, with desirable characteristics and phenotypes that allow for
enhanced cellular performance [32]. While the generation of custom-built microbial
factories have proven effective [33–35], this technology still needs to be evaluated
in mammalian cells.

The emergence of CRISPR/Cas9 systems has provided a powerful and flexible
tool for interventions of cellular genome. While often used as a genome-editing tool
(Sect. 2.2), this system can be modified to genome incorporation and expression of
a specific target genes. The generation of nuclease-null Cas9 (dCas9) combined
with transcriptional activators (also known as CRISPR-based gene activation or
CRISPRa) has been used to increase the endogenous expression of specific genes
in mammalian cell hosts [36, 37]. Applications of CRISPRa in mammalian cell
factories have focused on the upregulation of silenced glycosyltransferases [5]
and UPR markers and anti-apoptotic genes [38]. Recently, Eisenhut et al. (2018)
introduced a promising technology known as multiplexable activation of artificially
repressed genes (or MAARGE), a sophisticated CRISPR/Cas9-based targeted
integration system that enables the incorporation of multiple genes into the genome
without laborious single cell cloning and screening process. However, additional
efforts need to be undertaken to increase the expression of transgenes in order to
make this novel mammalian expression system more robust.

An alternative method for expressing transgenes in mammalian cell hosts is
via the direct transfection of in vitro transcribed mRNA, a technology that allows
the gene target delivery without the undesired effects of plasmid-integration into
the target genome. Despite the lower structural stability of mRNA compared to
plasmid DNA [39], this delivery system brings forward several advantages, such
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as considerably higher molar amounts of mRNA per transfection [40], no overload
of the transcriptional machinery to avoid genetic and epigenetic controls and no
requirements for nuclear translocation [41]. However, it may impose a significant
load of the translational and post-translational machinery within cells. While this
technology has been extensively used for the generation of induced pluripotent
stem cells (iPSCs) [42], transient modification of cell phenotypes [43] and the
development mRNA-vaccines [44], it has just recently been used in mammalian cell
hosts for biopharmaceutical production [45–48]. Its large-scale implementation to
enhance biopharmaceutical production by mammalian cells needs exploration [49].

2.2 Knock-Out of Gene Targets

In contrast to overexpressing genes, gene knock-out offers the possibility to delete
disadvantageous targets from the host genome. The technologies for deleting spe-
cific genes have evolved from chemical- or physical-induced random mutagenesis
to precise genome editing systems. The migration to targeted genome engineering
has been promoted by the development of highly-specific technologies, such as
involving the use of zinc-finger nucleases (ZFNs), transcription activator-like effec-
tor nucleases (TALENs) or CRISPR/Cas9 system [16–18]. These technologies have
been used in mammalian cells to delete metabolic enzymes [50–53], glycosylation
enzymes [54–57] and signalling molecules [58–60]. Amongst these techniques,
CRISPR/Cas9 system has dominated investigations of the re-design of mammalian
cell lines due to its rapid, cost-effective and easy-to-apply methodology, thus
increasing the possibilities of alternatives engineering strategies (Sect. 2.1).

2.3 Knock-Down of Gene Targets

An alternative to gene knock-outs is gene silencing (or knock-down), an approach
that decreases the amount of specific mRNA species without affecting the genome
integrity. The most common technology used for gene silencing involves small-
interference RNAs (siRNAs), small double-stranded RNA molecules (~20–24 bp
length) that exhibit the complementary sequence of the target mRNA. The inter-
action between the small non-coding RNA with the specific mRNA target leads to
degradation of the mRNA [19, 61]. Specific siRNAs have been used successfully
to decrease the expression of metabolic enzymes or signalling proteins, resulting
in enhanced culture performance of mammalian cells [20, 62–64]. However, due to
high specificity, the application of siRNAs is limited to single targets [65].

Another technology based on RNA involves the use of microRNAs (miRNAs),
small nucleotide molecules (~19–25 bp length) that bind to the 3′ untranslated
region (3′UTR) of target gene transcripts by imperfect base-pairing interactions
(only a section of the miRNA molecule binds to the target) that can inhibit
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translation of the target mRNA [65]. The lack of specificity in miRNAs enables
their interaction with multiple gene targets (via common 3′UTRs). This generates
the scenario on modulation of entire metabolic/signalling pathways, bringing
forward the hypothesis of miRNAs as cellular tools to maintain homeostasis of,
and integrate, multiple processes within cells [61]. Introduction of miRNAs into
mammalian cells has led to improvements of cell growth, apoptosis and recombinant
protein production [66–68]. However, given that the resulting interactions remain
difficult to predict, the use of this technology may lead to undesired phenotypes
beyond the original intention. Along the same line, several studies have proposed
the applications of long non-coding RNAs (lncRNAs, ~200 bp) as regulatory tools
to modulate the expression of multiple cellular events in mammalian cells. While
lncRNAs have been correlated with growth and productivity in mammalian cells
[22], there is a need for a broader understanding of the mechanisms that underpin
the potential for lncRNA’s to be used as cell engineering tools.

2.4 Directed Evolution of Cellular Phenotype

An alternative method to develop mammalian cell hosts is through ‘directed
evolution’ methodologies. The aim of directed evolution is to reprogram cellu-
lar characteristics by altering genetic circuits and metabolic/signalling pathways
underpinning a complex functional phenotype in a rapid and cost-effective manner.
Applications of this methodology in mammalian cells include the adaptation to
suspension growth under serum-free media [26, 69, 70], optimizing nutrient feed
[71, 72], rapid proliferation [73], decreased production of metabolic waste-product
(e.g. Lactate and ammonia) [27, 74, 75], hyperosmolarity [28], or cold-adapted cell
lines [76, 77].

3 Lessons Learnt from ‘Omics’ Characterisation of CHO
Cell Bioprocessing

3.1 Lesson I: Phenotype Instability Is an Inherent Feature
of Mammalian Cells

Mammalian cells present an inherent genomic plasticity that may lead to
unfavourable phenotypes and loss of the recombinant gene expression with negative
effects on cellular productivities (known as production instability) [78–81]. As a
tool to evaluate these phenotypic changes, extended cell line stability studies (2–
3 months) are performed during the recombinant CHO cell line development (CLD)
processes to ensure that the selected clone maintains overall product yields and
quality along the manufacturing process [82]. This long and laborious procedure
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has promoted the identification of markers and molecular events (from genome
and epigenome dynamics) correlated with production instability in mammalian
cell factories. Initial genome drafts revealed that CHO cells undergo continuous
changes in genome structure (e.g., chromosomal rearrangement, other karyotype
variations) and sequence alterations (i.e., copy number variation) during routine
cultivations [83, 84]. In particular, inherent genomic plasticity and multiple
cell lineages with unique genomic landscapes have promoted researchers to
continuously update of CHO-K1 and Chinese hamster genomes [85, 86], and
sequence multiple industrially-relevant CHO cell variants, such as CHO-DG44,
CHO-S and CHO-DXB11 [87–89]. Researchers have also taken cell line- and
organelle-specific approaches to develop insights into the genetic diversity amongst
CHO cell lines and their response to, and interaction, with the culture environment
[90–95]. These data indicated that there is no single cause to explain production
instability, but rather it arises as a consequence of a series of DNA sequence
and genomic structure mutations because of continuous selection pressure (i.e.,
enriched medium for rapid cell growth, antibiotic/metabolic selection, different
cultivation environment/scales). Omics studies have also evaluated epigenetic
modifications (e.g., post-translational histone modifications, or DNA methylation)
that have implications for DNA arrangement and gene accessibility. CHO cell
lines are prone to large epigenetic changes during continuous cultivation (both
in routine maintenance culture and in production batches) and exposure to
different environmental conditions, affecting both the stability of recombinant gene
expression, metabolism and cellular phenotype [73, 93, 96–99]. Specific changes
in DNA methylation profile can switch on/off gene expression and the extent
(and positioning) of methylation correlates with transcriptional activity [100], thus
providing an explanation for the diverse production phenotypes of CHO cells.
There is very significant interest in the application of genomic and epigenomic
information to identify highly stable expression loci for the generation of new CHO
cell hosts.

3.2 Lesson II: Post-translational Events Within Secretory
Pathways Limit Cellular Productivity

Secretion of functional proteins with complete processing requires the coordinated
action of multiple chaperones/enzymes within the secretory pathways, a long road
with several compartments and regulatory checkpoints that have been proposed
as limiting factors for the production of recombinant proteins [101, 102]. In
this context, transcriptomic and proteomic studies have been powerful tools for
development of fundamental understanding of the biology underpinning cellular
productivity. A large number of studies have used different gene (e.g., microarrays,
RNA-seq) and protein (e.g., 2D-DIGE, LC-MS/MS) profiling technologies to gain
insights into mammalian cell factories during production of biopharmaceuticals.
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Comparison between high and low producer cell lines (often at one single point
during the exponential phase) has been used frequently to identify molecular
components correlated with high productivities [103–107]. Other studies have
focused on the effects of productivity enhancers, either molecules (e.g., sodium
butyrate, DMSO) or environmental conditions (e.g., media/feeds, low temperature,
hyperosmolarity), on the transcriptome/proteome profile [76, 108–111]. These
studies have identified protein folding/secretion and cytoskeletal architecture as
key biological functions correlated with high productive phenotypes across a
diverse range of mammalian cell lines. Desirable qualities (in terms of cell growth,
productivity and product quality) have been shown (via transcriptome and proteome
profiling) to be correlated with the status of the secretory pathway, influencing
the assembly, folding and processing of recombinant proteins. Therefore, many
genes and proteins associated with post-translational events (from translocation to
secretion) have provided the focus for potential targets for cell line engineering, with
the caveat that these potential strategies remain cell- and protein- specific making
them difficult to extrapolate to other cell factories.

Whilst transcriptome and proteome data have been used to provide mechanistic
understanding of productivity of CHO cells, these profiling approaches have
limitations for holistic explanation of the systems-level molecular events that set
desirable cellular performance. This is particularly relevant for the study of the
secretory pathways, orchestrated by specific transcriptional regulators and multiple
enzyme and chaperones, whose expression varies dynamically according to the cell
line and the surroundings [112, 113]. This limitation has been addressed with the
development of computational tools and genome-scale models that are designed to
allow the integration of multiple data sets of different nature (e.g., transcriptomic,
proteomic, metabolomics) [114, 115]. Use of a multi-omics approaches aims to pro-
vide a more robust molecular description that takes into consideration the dynamic
interplay between different levels of cellular integration. Recently, a genome-scale
reconstruction of the secretory pathway highlighted the relevance of the post-
translational events in the cellular productivity, delineating the metabolic costs and
cellular machinery burden of each secreted protein in CHO, mouse and human cell
lines [116]. The authors showed that highly secretory cells undergo a global adap-
tation that resulted in the decreased expression and secretion of energy-expensive
host cell proteins, and provided a platform for simulating cellular interventions
(knock-out/down) with the aim of enhancing performance of mammalian cells. In
the context of rational design of mammalian cell factories, the combination of high-
throughput ‘omics data with computational tools has the potential to revolutionise
cell line development and opens possibilities for defining multiplex cell engineering
strategies that target the secretory pathway (and essential ancillary reactions and
cellular components), producing a systems-level shift towards a desired cellular
phenotype.
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3.3 Lesson III: Efficient Metabolism Makes Mammalian Cell
Factories More Effective

Cellular metabolism encompasses the summation of all the biochemical reactions
occurring within cells that support biological processes, by supplying biosynthetic
building blocks (for biomass or protein production) and energy currency (in the
form of ATP) as well as acting as regulatory elements in signalling pathways
(e.g., mTOR, AMPK) [117]. While there is a generalised consensus about the
relevance of cellular metabolism towards the performance of mammalian cell
factories, we are still challenged by the metabolic definitions/signatures of a ‘good’
or ‘optimal’ bioprocess. Mass spectrometry (MS)-based metabolomics have become
the tool of choice to analyse changes in concentration of (specific) metabolites both
within cells and in the surrounding medium, thus providing substantial amount of
information regarding the interaction of mammalian cell with their environment
(culture medium) and characterisation of cell metabolism [118, 119]. Extracellular
metabolite profiling monitors the main components of the culture medium (i.e., main
carbon and energy sources, metabolic by-products, vitamins) that are critical for
maintenance of growth and productivity [79, 118, 120–126]. The combination of
this data with multivariate statistical analysis (e.g., principal component analysis
[PCA] or partial least squares [PLS] variants) and/or stoichiometric metabolic
modelling (e.g., metabolic flux analysis [MFA] or flux balance analysis [FBA])
has led to the identification of metabolic signatures, reflective of bioprocess status
[127–134]. Particular interest has focused on the analysis of (specific) by-products
of glucose metabolism (e.g., lactate, glycerol) and/or amino acid (e.g., ammonia,
phenyl lactic acid, 2-hydroxybutyric acid, indole-3-carboxylate) metabolism that
reveals catabolic imbalances that can impair the performance of mammalian cell
cultures (extensively reviewed by Pereira et al. [135]). These valuable insights have
promoted diverse process and cell engineering strategies focused on optimising cell
metabolism using customised media/feeds or targeting the expression of metabolic
enzymes.

Intracellular metabolite profiling offers insights of the physiological state on
cells in culture via profiling metabolites indicative of energy metabolism, redox
state, nucleotide synthesis and regulatory aspects of metabolic pathways [27, 70,
124, 136–138]. Additionally, the specific focus on lipids (lipidomics) has provided
insights into regulatory control of cell growth, robustness and morphological status
[139]. Some ‘good’ metabolic features (in terms of bioprocessing effectiveness)
are emerging. For example, oxidative metabolic signatures (i.e., increased TCA
cycle flux, favourable NADPH/NADP and GSH/GSSG ratios) underpin high-energy
supply that leads to enhanced cellular specific productivity and prolonged culture
lifespan. In contrast, a glycolytic metabolic signature sustains rapid growth of
mammalian cells, but with an associated “cost” of high production of metabolic by-
products (e.g., lactate) that may be detrimental to cell viability and product quality
[124, 127, 128]. Extension to this type of knowledge will be crucial for identifying
‘good’ performance of clones during cell line development and scale-up processes.
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However, there remains a gulf between defining metabolic signatures and clone
selection or setting environmental conditions to support the desired equilibrium
between high cell growth and productivity. We require further improvements in the
metabolism monitoring technologies to increase our capacity to precisely assess
and control metabolic processes and to design new cell lines with optimal metabolic
signatures for biopharmaceuticals production.

3.4 Lesson IV: Product Quality Depends on an Intricate
Network of Enzymes

Glycosylation (particularly N- and O-linked) is a hallmark for all secreted proteins
and is a critical quality attribute (CQA) for biopharmaceuticals affecting their
functioning and immunogenicity as therapeutics. The emergence of MS-based tech-
nologies has allowed the precise characterisation of glycan composition, indicating
that CHO cells generate heterogeneous profiles of N- and O-linked glycosylation,
with the precise profile being dependent on CHO cell variant [140], cell clone
[141], culture medium/feed (e.g., glucose/glutamine levels, galactose/mannose sup-
plementation) [142–144] and culture environment (e.g., pH, temperature, ammonia
concentration) [143, 145–149]. Although glycan characterisation provides valuable
information about the structure and quality of an expressed protein, the resultant
heterogeneous glycosylation profile lacks the capacity to provide information about
cellular pathways or culture conditions that lead to specific glycosylation profiles.
Attachment and maturation of glycans are part of a complex biosynthesis/processing
pathway involving a series of organelle-specific reactions that start within the endo-
plasmic reticulum (ER) and mature in the Golgi apparatus, via the action of multiple
sequential and/or parallel processing enzyme pathways [150]. This complexity of
potential reactions imposes a significant challenge for prediction of glycosylation
profile or the extent of heterogeneity in the final product during bioprocessing.
Therefore, global approaches will be necessary for a deeper understanding of the
glycosylation machinery, an understanding that will need to integrate different
layers of information (i.e., transcriptomics, proteomics, metabolomics, labelled-
microscopy). Multi-omic approaches have been used to analyse the expression,
activity and specificity of glycosyl transferases and hydrolases [151–153], to
develop an understanding of the co-localisation enzymes and substrates (precursors)
within compartments of the ER and the Golgi [154, 155] and to combine metabolic
data into computational algorithms [146, 156]. In particular, the use of genome-
scale and/or kinetic models in combination with process and cellular information
have greatly contributed to a better understanding of the glycosylation machinery
and set correlations and predictive systems that enable the association of inputs
and outputs [116, 157–160]. With these resources, the intricacy of the glycoprotein
processing network is being developed and, in turn, this is providing direction
towards cellular/process engineering strategies to generate specific glycan structural



An Omic’s Data-Driven Approach Towards Engineering Mammalian Cell. . . 107

profiles on the surface of recombinant proteins (an outcome that is particularly
relevant for the manufacture of biosimilar and biobetter therapeutics) [161].

4 The Application of Data-Driven Approaches
to Mammalian Cell Engineering

Omics technologies have been used to understand the biology of mammalian cells
and to gain a better understanding of host cells and bioprocesses used to manufacture
biopharmaceuticals. Earlier Sections have highlighted the types of engineering
technologies and omics’ studies, this Section focuses on examples where the lessons
learnt from omics’ studies have been translated into improved host cell systems
and/or increased biopharmaceutical production through engineering approaches
(summarised in Table 2).

4.1 Approach I: Increasing Stability of the Recombinant Gene
Expression

The availability of detailed genome sequences and transcriptomic/epigenomic
profiling, has enabled production instability of industrial mammalian cell lines to
be addressed by use of site-specific integration (SSI), that targets recombinant gene
incorporation to specific genomic loci with high expression, stability and desired
epigenetic properties (also called hotspots or safe-harbours) [170]. Initial attempts
to use SSI relied on the specific locus identified using genome and gene expression
through screening of mammalian cell lines transfected with random integration (RI)
protocols. These approaches have generated cell lines with high product yields using
a single copy SSI, leading to comparable results to traditional random integration
(RI) protocols [171, 172]. However, many potential genomic hot-spots still need
to be experimentally validated in industrial settings [173]. Recent studies have
searched for novel safe-harbours through systematic evaluation of the epigenetic
signatures of mammalian cells, an approach that provides a clearer overview of
gene transcription control within the context of the “living nucleus” and a potential
map for identifying integration sites with maximum transgene production [93, 100].
Hilliard and Lee (2020) combined epigenomics and transcriptomics to analyse
changes in the epigenome that occur during CHO cell line development and which
can be related to different gene expression profiles in both host and recombinant
CHO cell lines. The authors found that only 10% of the CHO genome contained
transcriptionally permissive 3D chromatin structures with the enhanced genetic
and epigenetic stabilities required for a desirable SSI [174]. These results provide
a critical step towards further cellular interventions that increase the potential of
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SSI systems for generation of cell lines with high stability and expression of the
transgenes.

A further application of omic technologies to increase recombinant gene expres-
sion utilises transcriptional information to design novel promoters. Johari et al.,
(2019) identified genes within the CHO genome that displayed high transcriptional
activity under these different bioprocess environmental conditions. From these data,
transcription factor regulatory elements (TFREs) were identified in the upstream
regions of differentially-expressed genes and a specific subset of TFREs were
functionally screened and were shown to support enhanced recombinant gene
transcription in response to a switch to mild hypothermic growth conditions. Using
such elements, the study generated novel synthetic promoters that were able to drive
increased expression of recombinant genes in CHO cells, with an overall increase
to cell productivity (up to 2.5-fold) [2]. This study exemplifies how omics enables
re-design/tailored expression systems to develop improved manufacturing systems
and processes.

4.2 Approach II: Enhancing Productivity by Targeting
Secretory Pathways

Secretory pathways that convey recombinant proteins towards the extracellular
environment consist of multiple intracellular compartments and are integrated
by the action of several chaperones/enzymes that may limit post-translational
events and overall production (Sect. 3.2). Transcriptomics and proteomics have
provided great understanding of these events and suggest potential targets for
enhancement of the overall process. For instance, Baik et al. (2011) investigated
the intracellular proteome of recombinant CHO cells expressing Erythropoietin
(EPO) in serum-supplemented and serum-free media. Proteomic profiling via 2D-
PAGE and mass spectrometry analysis identified two chaperones, heat shock
protein 70 kDa (HSC70) and 60 kDa (HSP60), as more highly expressed under
serum-free conditions than in serum-containing medium, therefore directed them
as potential cell engineering targets. Subsequent overexpression of HSC70 and
HSP60, separately or together, led to an increased cell density (between 10%
and 15%) and a decreased time for CHO cell adaptation to serum-free conditions
[69]. Another study, using proteomic analysis of recombinant CHO cells, identified
actin cytoskeleton regulator cofilin (CFL1) as a limiting factor for cell specific
productivity of recombinant SEAP [62]. In a later study, the authors used siRNA
to knockdown of CFL1 in CHO cells, resulting in an increase (80%) in recombinant
protein specific productivity [63].

Comparative transcriptome analysis of recombinant CHO cells showing differen-
tial specific productivities has also suggested potential targets for cell engineering.
For instance, transcriptomic analysis of CHO-K1 derived cell lines identified 32
potential target genes that were up-regulated in high producing clones – these
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candidates were involved in a variety of cell functions including signalling, protein
folding, cytoskeleton organization, and cell survival [168]. Directed overexpression
of two of the potential target genes in the ER (Erp27 and Erp57, which are
chaperones that bind to unfolded proteins or are involved in di-sulphide bond
formation, respectively) increased the cell density and culture viability. In addition,
the production of a ‘difficult-to-express’ recombinant protein (interferonβ) was
increased significantly, interpreted as a result of enhanced folding activity during
processing and secretion [168]. An alternative strategy from the same study was
overexpression of Foxa1 which was able to induce multiple metabolic changes to
improve protein yields, decrease oxidative stress and improve cell growth.

At translational level, recombinant gene transcripts will compete with endoge-
nous cellular transcripts at the level of the ribosome and this represents a potential
molecular site for control of both recombinant gene expression and normal cellular
regulatory events. Kallehauge et al. (2017) described a genome-wide study of
protein translation (translatome) using ribosome profiling and an associated tran-
scriptomic study (RNA-seq) for an antibody-producing CHO cell line. Whilst other
studies have focused on global changes in translation, analysis of the translation
of recombinant targets remains largely unexplored. This study showed that the
recombinant mRNA sequestered up to 15% of actively translating ribosomes.
Combined with transcriptomic analysis, the authors showed that the amount of
transcript of the recombinant target influenced the cell-specific productivity. Using
the associated datasets, the study examined the effects of limiting the expression of
the NeoR resistance marker, defining how much the load of an associated selection
marker gene could have on recombinant gene expression. Knockdown of the NeoR

gene via siRNA increased cell growth and antibody production (18% increase
in antibody yield). This work has generated an important paradigm surrounding
the balance of translation for yields of the desired protein and sets an exemplar
study to illustrate that shifting the transcriptional and translational capacity away
from ‘unnecessary’ transcripts can increase the cellular ability to channel resources
towards recombinant protein production [64]. Such studies combining genome-wide
screening and multi-omics analysis provide a global view of the cell status and a
powerful tool to identify how best to engineer the balance in cellular profiles to
increase the capacity to produce biopharmaceuticals.

With the application of multi-omics analysis coupled with genome-scale mod-
elling, researchers have shown the cellular burden that the secreted proteins impose
on CHO cells and, specifically, to identify host cell proteins with increased
metabolic costs [116]. This knowledge led to the design of a multiplex cell engi-
neering strategy that created cell systems that are better producers and contain fewer
process-related impurities such as host cell proteins. Kol et al., (2020) proposed
eliminating host cell proteins would allow cellular resources to be channelled
towards protein secretion, in particular recombinant protein production, whilst
decreasing host-cell protein contamination in downstream processes. Their study
a generated a series of 6, 11 and 14 protein knock-out clones via CRISPR/Cas9-
mediated multiplex gene disruption, which resulted in between 40–70% decreased
HCP content. Consequently, an improvement in antibody titre, quality and purity
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was observed [53]. Potentially this concept of modelling and gene editing can be a
powerful approach to make better CHO cell factories with desirable consequences
on the production and quality of biotherapeutics.

4.3 Approach III: Making Cell Metabolism More Efficient
Through Metabolic Engineering

With the aim of improving the efficiency of cell metabolism to generate an enhanced
manufacturing system, strategies have been suggested around channelling more
metabolic intermediates into the mitochondria (for the TCA cycle) to enhance
carbon utilisation and energy production. For instance, Chong et al., (2010)
identified a potential bottleneck in the CHO cell TCA cycle from the accumulation
of malate in culture medium, indicating a limitation in the conversion of malate
to oxaloacetate (a reaction catalysed by malate dehydrogenase II [MDHII]). Over-
expression of MDHII in CHO cells led to increased viable cell density, antibody
production, higher amounts of intracellular ATP and NADH and decreased lactate
production per cell [27]. Other approaches to increase TCA cycle activity have
targeted the handling of pyruvate, a recognised metabolic bottleneck in CHO cells.
Overexpression of pyruvate carboxylase (PC), which catalyse the conversion of
pyruvate to oxaloacetate, significantly improved recombinant protein production
and decreased lactate formation [175–177]. As an alternative, Bulté et al. [178]
overexpressed mitochondrial pyruvate carriers (MPC1 and MPC2) in CHO cells,
a strategy that resulted in an increased TCA cycle flux, decreased lactate production
and increased r-protein production.

Metabolomics studies have identified several metabolic by-products that indicate
loss of carbon from the inefficient catabolism of glucose and amino acids [135]. This
knowledge has opened the possibilities of targeting specific enzymes to increase the
efficiency of CHO cell metabolism. The most well-described exemplar by-products
are lactate and ammonia, metabolites that present toxic effects during bioprocesses
[179, 180]. The application of different process and metabolic engineering strategies
have been applied successfully with resultant decreases in the production of these
metabolites and improved culture performance of CHO cells [64, 74, 181–189].
Additionally, a series of intermediates or by-products of amino acid metabolism,
have been identified as growth inhibitors of CHO cell growth [190]. The identifi-
cation of these growth-inhibiting metabolites has promoted the development of a
metabolic engineering strategy that completely eliminated the production of these
compounds and enhanced cell growth and productivities in fed-batch cultures [191].

Analysis of culture limitations has led to the rational design of medium supple-
mentation strategies or the design of nutrient feeds to overcome bottlenecks and
boost cell culture performance [70, 72, 164]. Such strategies have proven to be
effective and easily employed compared to genetic engineering approaches. Sellick
et al. (2011) developed a nutrient feed based around four key amino acids (Table 2)
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which were observed to be depleted prior to the onset of the stationary phase. Use
of the feed led to an increase in cell biomass and antibody titre [70]. Other studies
have used multiple omics technologies to study cell culture processes, identified
metabolic bottlenecks and designed feeds/supplements as a result. Blondeel et al.,
(2016) utilised both metabolomics and proteomic analysis to assess nutrient deple-
tion and waste product accumulation following stable expression of a monoclonal
antibody in CHO cell cultures. Subsequently, a nutrient feed was tailored to their
specific process with 8 metabolites that were observed to be depleted in culture and
use of this feed regime resulted in increased cell growth (∼75% increase in peak
cell density) [72].

Schaub et al. (2010) compared two fed-batch processes with an IgG-producing
CHO cell line, one process was labelled as high titre (HT) and the other as low
titre (LT). Transcriptomic analysis showed differences in gene expression between
both processes over the time course of the fed-batch culture. In particular, gene
expression of lipid metabolism pathways was upregulated in the HT process. In
their study, the transcriptomic dataset led to design of a medium with increased lipid
concentration, which, when added, resulted in a 20% increase in antibody titre [162].
Further, metabolomics studies using NMR measured and monitored intracellular
and extracellular CHO cell metabolites and the data from that study directed
the development of a proprietary growth medium which supported increased cell
productivity and the protein quality [71]. The authors also showed a link between
the depletion of histidine and decreased cell productivity.

Another study [163], applied a model to the metabolic data to identify limiting
amino acids or those that significantly impact the recombinant target. The metabolic
model was integrated and validated with transcriptomic analyses. Huang et al.
(2020) described a genome-scale metabolic model to further understand their
bioprocesses alongside transcriptomic analysis via RNA-sequencing. Using these
models, strategies to optimise the culture medium were employed and verified
experimentally. Such modelling and simulations aid in understanding processes and
enable the development of new strategies to overcome limitations and minimise
experimental testing of different combinations. In this case, the feed design
strategies led to increased cell productivity [164]. Together these studies report an
increase in cell growth and/or protein yields through medium deign and targeted
nutrient feeds. Some overlap with the identified amino acids was seen between
studies. However, no universal strategy was apparent potential due to different
cell systems and recombinant proteins imposing different metabolic demands
and consequent requirement for specific feeding regimes to achieve an efficient
bioprocess.
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4.4 Approach IV: Developing Specific Glycosylation Profiles
Through Glycoengineering and Medium Design

Protein glycosylation status has proven to be a dynamic process during cell cultures,
where the amounts of mannose and galactose species vary in a time-depending
manner [157]. Sumit et al. (2019) undertook an integrative approach that employs
multi-dimensional omics analyses (transcriptomic, metabolomics and glycomics)
to analyse the glycosylation dynamics in recombinant CHO cells. The authors
showed that changes to cellular metabolism (including central carbon metabolism
and nucleotide sugar donor, NSD, biosynthesis) led to temporal bottlenecks in the
addition of galactose and sialic acid. This knowledge enabled improvements in gly-
cosylation heterogeneity by use of feeds with customised compositions of galactose,
ManNAc and GlcNAc to bypass the impairment to biosynthetic pathways for NSDs
[192]. For a refined control of glycosylation profiles, a synthetic biology approach
has been used to redesign the glycosylation machinery. Chang et al. (2019) knocked
out two glycosyltransferase genes and reintroduced synthetic glycosyltransferase
genes under constitutive or inducible promoters. This allowing the production
of antibodies with defined fucosylation (0–97%) and galactosylation (0–87%)
contents [193]. These examples illustrate the possibilities for precise modification
of N-glycosylation through process and genetic approaches that generate protein
therapeutics with customised critical quality attributes.

CHO-based transcriptome analysis is a powerful approach for identification of
the relationship between undesired product quality and the expression of specific
metabolic/glycosylation enzymes. For instance, the lack of expression of α-2,6-
syalyltransferase (ST6GAL) in CHO cells limited the production of recombinant
protein with appropriate human glycosylation profile (sialic acid content) (Jenkins
et al., 1996). Several groups have addressed this limitation by overexpressing
ST6GAL in CHO cells that allowed these cell lines to generate the α-2,6-syalylated
glycan residue [194–197]. Another example is associated with the lack or minimal
expression of metabolic enzymes, N-deacetylase/N-sulfotransferase (NDST2) and
heparan sulphate 3-O-sulfotransferase 1 (Hs3st1), critical for the synthesis and
function of the anti-coagulant heparin [167]. This data led to engineered CHO cell
systems overexpressing both enzymes, a strategy that resulted in the production of
heparin with improved quality compared to previous efforts [167, 198].

4.5 Approach V: Improvement of Cell Growth Characteristics
by Targeting Engineering of Apoptotic Pathways

Many studies have sought to improve cell growth and culture viability. One
such study used a combination of transcriptomic and proteomic analysis of cell
cultures with high and low growth rates to identify a panel of potential engineering
candidates [20]. siRNA knockdown of these targets identified Valosin-containing
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Protein (VCP) as having the biggest effect on cell culture growth and viability.
Transient VCP overexpression resulted in increased cell growth and no impact on
viability, further knockdown of this target had an adverse effect on culture growth
validating the earlier observations that VCP was a key gene target to influence cell
growth [20]. Stable overexpression of this target could potentially result in a better
host cell phenotype with increased cell growth. Further, Wong et al. (2006a) reported
that engineering of anti-apoptotic genes in CHO cell cultures delayed the onset
of cell death and increased recombinant protein titres. Transcriptomic analysis of
batch and fed-batch CHO cell cultures identified four differentially expressed genes
(Fadd, Faim, Alg-2, and Requiem) [199]. In a later study, by the same group, the
consequences of overexpression or knockdown of these genes were examined in a
recombinant CHO cell line expressing human interferon gamma (IFN-γ) [165]. The
data showed that targeting these anti-apoptotic genes conferred apoptosis resistance
and enable prolonged cell cultures, improved cell viability and increased IFN-γ
production and quality. However, the applicability of this strategy to other cell types
and recombinant targets remains to be seen.

CHO-S cells grown in either fresh chemically-defined medium or nutrient-
depleted were profiled by transcriptomic analysis [169]. In the depleted medium,
cells showed increased caspase-3/7 activity, lowered culture viability and active
apoptosis. Transcriptomic profiling via microarrays identified that 70 miRNAs
were differentially expressed between medium types. In particular, mmu-miR-
466 h, was identified as highly up-regulated in the depleted medium conditions
and overexpression of mmu-miR-466 h decreased the amount of mRNA encoding
several anti-apoptotic genes. Following analysis of the omics data set, the cells were
transfected with an anti-miR-466 h which led to ~15% higher cell viability and
decreased activation of caspase-3/7.

Another example was the identification of microRNA-7 (miR-7) as a potential
target which promoted the development of a cell engineering strategy based of
miR-7 overexpression that increased cell productivities [166]. However, using this
strategy a decrease in cell growth was observed in response to miR7-overexpression
suggesting that miR-7 expression may impact other processes such as protein
translation or secretion in a temperature-dependent manner (Sect. 3.2). The use
stable miRNA expression has gained attention to improve cell growth and produc-
tivity of CHO cell lines. Through a genome-wide miRNA screen, Strotbek et al.,
(2013) identified 9 miRNAs which correlated with an increase in IgG1 production.
Expression of two of these identified miRNAs, miR-557 and miR-1287 increased
viable cell density, protein titre and cell specific productivity [68]. Application of
array analysis identified potentially unannotated miRNA sequences or those with
unknown function. These example shows how omics can be used to identify the
roles of miRNAs and how these can be engineered to overcome limitations on cell
growth phenotypes and cell productivity.
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5 Future Perspectives

‘Omics datasets, coupled with engineering technologies presented here, are power-
ful tools for better understanding of cellular profiles and can be used to improve
bioprocesses and increase biopharmaceutical production and quality. The use of
omics has allowed researchers to gain large data sets that report on different CHO
host cell backgrounds, distinct industrial bioprocesses, the impact of recombinant
protein production on cell cultures and/or to better understand specific molecular
events on a larger-scale at multiple cellular levels compared to previous technolo-
gies.

The methodologies used for omics analytics have improved vastly over recent
years and the generation of data is no longer limiting. Currently, the ‘bottleneck’
mainly lies in the data interpretation using the databases and bioinformatic tools
available and in the identification of the extent to which observations, amongst the
very sizable amounts of data acquired, have functional significance or present viable
targets for rewarding engineering. This step is often time-consuming, requiring
follow-up studies to screen and validate potential markers and may well not bring
the hoped-for rewards. The genomic databases used for bioinformatic analysis
of CHO cells were initially limited and/or poorly annotated compared to other
cell types e.g. Human cell lines. This restricted the certainty of interpretations.
Technologies have advanced and CHO genome tools continue to be updated leading
to a significant increase in our understanding of the predictability of engineering
efforts.

Despite these limitations, many have sought to analyse and interpret omics data
in CHO cells in response to different stimuli, but few studies have translated these
observations into process development changes and/or increased biopharmaceutical
production. To date the translation of omics analysis remains restricted and little
is published in this area, compared to the significant number of papers that report
omics data from CHO cells. Whilst there may be proprietary challenges in reporting
the application of information to direct manufacturing outcome, it is also clear that
we are moving to an era where the increased robustness of data and improved
interpretation, along with technology to allow selective gene manipulation, is likely
to generate improved translation of data to outcome.

The emergence of systems biology approaches to generate genome-wide models
is proving to be a powerful resource to study cellular changes, identify potential
limitations and guide engineering strategies to push expression hosts cells further
to make ‘super-producers”. With the advancing technologies, the use of omics is
becoming more accessible for researchers to use. Therefore, the field will benefit
from bioinformatic tools that seamlessly compare and integrate multi-omic analyses
such as genomic, transcriptomic, proteomic and metabolomic data. This will pro-
vide a holistic view of the cell and/or culture status and allow modelling/predictions
of scenarios that would result in a more efficient process without the need for
rigorous empirical screening and validation.

As we move towards increased innovation in biopharmaceutical production,
as therapies become more complex with changing modes of manufacturing, this
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will challenge existing expression systems in different ways. The use of omics
will prove to be a dominant force in order to characterise and understand these
specific processes and develop methodologies with greater efficiency. With greater
accessibility to such technologies and bioinformatic tools we anticipate further
expansion in this area and greater application of this data into bioprocesses to create
better and smarter platforms for biopharmaceutical production.
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1 Introduction

A key goal of the emerging bioeconomy is the selective separation and extraction
of valuable compounds from renewable materials, converting those resources into
novel bio-based products and processes, with the potential to deliver market and
industry-scalable sustainable resources. When we consider what is meant by a
bioeconomy (BE) we can look to the European Commission who have been
championing the development of this idea for the past decade. Their specific
definition of the BE is “the production of renewable biological resources and the
conversion of these resources and waste streams into value added products, such
as food, feed, bio-based products and bioenergy” [1] Concurrently there has been
a development of related terminology with regard to the Circular Economy (CE)
with this being defined as “minimizing the generation of waste and maintaining
the value of products, materials and resources for as long as possible.” [2]. The
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parallel descriptions of efforts to promote sustainability with industrial practice
have then led to the adoption of the holistic term, the Circular Bioeconomy (CBE)
[3]. The circular bioeconomy may then be thought of as a circular economy where
non-renewable inputs to industrial systems are replaced by renewable biological
resources with the European Commission defining this as the application of the CE
concept to biological resources, products and materials [4–5]. It is also possible to
look at this slightly differently and consider a CBE where non-renewable inputs
are re-evaluated such that they are not replaced but redesigned such that they may
become renewable to have a second life in delivering new products and materials.

The production of human monoclonal antibodies (MAb) for the treatment of
chronic diseases has become the most substantial sector of the bioprocessing
industry in the past decade, representing just over a quarter (27%) of all first-time
biologic approvals from 2010 to 2014. This number rose to over half (53%) of all
first-time approvals between 2015 and 2018. Production of these approved drug
products increasingly relies on bioprocessing with mammalian cell lines. By 2018,
62 of 71 new biopharmaceutical active ingredients on the market were recombinant
proteins, of which 52 (84%) are expressed in mammalian cell lines, with nine
produced in microbial expression systems: Escherichia coli (five) or yeast (four) [6].
This has led to a significant intensification in activity of the bioprocessing industry
globally with the consumption of millions of litres of cell culture media leading
to the production of millions of tonnes of bioprocessing waste in a processing
system, where once the drug product is extracted by affinity chromatography or
related separation method, the liquid culture media is sent as waste to biokill
containment. In 2018 over 16.5 million litres of active production capacity was
estimated at more than 1,500 facilities worldwide including 6 million litres (37%)
in the United States and Canada, 5.5 million litres in Western Europe (33%), and
4.7 million litres (25%) in the Asia–Pacific region, with a further 870,000 litres in
China and 941,000 litres in India [7]. Approximately 10.2 million litres is based on
the bioprocessing of mammalian cells primarily for MAb manufacture and nearly
all using Chinese hamster ovary (CHO) host cells. At present the consignment
of these millions of litres of cell culture media to waste immediately after the
initial production of the drug product runs counter to the aims of the CBE, with a
potentially valuable opportunity to investigate this waste stream, with its high water
content and nutritional content being lost to containment as a hazardous material.
The same systems biology approaches that have been employed to intensify the
production of MAb products from CHO for example, may now be employed by
researchers interested in developing the CBE to encompass the biopharmaceutical
sector with a view to redesigning this waste as a valuable entity and converting this
resource into a feed for new bio-based product manufacture.



Redesigning Spent Media from Cell Culture Bioprocess to Feed New Bacterial. . . 133

2 Valorization of Waste with Bacteria

The successful application of systems biology approaches to the development of the
CBE is exemplified by the engineering of the soil bacterium species Pseudomonas
putida, which has been intensively developed through metabolic engineering strate-
gies to take advantage of its robust nature to become a highly valuable tool for
the conversion of waste streams to new value [8]. The manipulation of the genome
of this organism through classical genetics approaches and more recently through
the advent of genome editing technologies such as the CRISPR-Cas9 system
has facilitated the suppression of undesirable characteristics and the amplification
of properties that facilitate new biotechnology [9]. Genetic engineering of the
metabolism of the Pseudomonas strain P. putida KT2440 is a particularly good
example, resulting in the production of a wide range of target compounds of
industrial value from native compounds such as polyhydroxyalkanoate for bioplastic
manufacture (Fig. 1) to completely novel molecules [10]. The application of systems
biology approaches in the past decade using new powerful analytic techniques for
studying cellular metabolism, including accessing the central design elements of
genomic/ transcriptomic/ proteomics as engineering instructions, have driven new
efforts to modify the entire cell as well as cellular pathways used by the cell. This
systems metabolic engineering opens up extraordinary possibilities in the use of
bacteria for production of new products and also the use of waste streams as high
value feed to generate these new products [11–12]. This synthetic biology knowhow
driven by systems biology can support highly ambitious efforts such as the recycling
of plastic waste, an enormous burden on the planet’s ecosystem and an urgent
problem for this and future generations [13]. Recycling of plastic and other non-
conventional feedstocks arising from industrial production, including millions of
litres of bioprocessing waste produced annually by the bioprocessing industry, is
now not only of scientific interest but is demanded by the focus on developing the
CBE.

3 Heterologous Expression of Recombinant Human Proteins
Provides Alternative Waste Streams

In addition to the application of engineering strategies for recycling of environ-
mental waste by bacterial species such as Pseudomonas, there is a long history
of successful recombinant DNA engineering strategies that have led to the over-
production of human proteins for biotherapeutic application using the classical
microbial ‘cell factories’ Escherichia coli and Saccharomyces cerevisiae [14].
Heterologous overexpression of recombinant human insulin for the treatment of
diabetes was a major milestone in the use of DNA engineering. This process evolved
from the initial production of each individual chain of the hormone protein in
separate processes with subsequent chemical crosslinking to the production of the
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Fig. 1 Schematic diagram depicting the valorization of waste streams as feed for bacterial
production of new products. Example shown is the production of the bioplastic polymer poly-
hydroxyalkanoate (PHA) using bacterial strains such as Pseudomonas species. Created with
BioRender.com

authentic human proinsulin molecule [15–16]. Manipulating the microorganism to
produce a human hormone that regulates a chronic human disease was the launchpad
of the modern bioprocessing industry which has quickly gained on the traditional
pharmaceutical sector in terms of value since the early 1980s. Saccharomyces
cerevisiae, with eukaryotic cell architecture and efficient folding and secretory
pathways, has also been further engineered for the successful preparation of some
of the world’s biggest selling replacement therapies with short acting insulin lispro
and long acting insulin detemir [17]. However for complex macromolecules such as
immunoglobulin G, the cell factory of choice is undoubtedly the CHO cell.

3.1 Expression of Human Proteins in CHO Cells

Chinese Hamster Ovary cells have been the principle system for the expression of
human macromolecules such as immunoglobulins over the past 30 years, with 6
of the top 10 selling or blockbuster MAbs produced by these cells in regulated
bioprocessing systems (Table 1). Key features of CHO cell bioprocessing include
(i) the ability to grow in suspension culture to very high cell density (ii) production
of high titres of product. Growth in serum-free, chemically defined media is an
important enabler in determining reproducibility across different batches of cultures

http://biorender.com
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Table 1 The top 10 biotherapeutic MAbs by value in the period 2014–2017 and their method of
production

Rank

International
Non-
proprietary
Name

Cumulative sales
2014–17 ($
billions) Approved Company Type Cell line

1 Adalimumab 62.6 2002 Abbvie IgG1 CHO
2 Infliximab 35.6 1998 J&J IgG1* Sp2/0
3 Rituximab 29.1 1997 Roche IgG1* CHO
4 Trastuzumab 27.1 1998 Roche IgG1 CHO
5 Bevacizumab 27.0 2004 Roche IgG1 CHO
6 Ranibizumab 14.3 2006 Roche Fab E.coli
7 Denosumab 11.6 2010 Amgen IgG2 CHO
8 Nivolumab 11.4 2014 BMS IgG4 CHO
9 Eculizumab 10.7 2007 Alexion IgG2/4 NS0
10 Golimumab 9.7 2009 Merck IgG1 Sp2/0

*Indicates the molecule is chimeric

and possesses a much better safety profile than in media containing human or
animal-derived proteins [18–19]. The intensification of upstream processing in the
production of drug substance with this cell type began with mutations to suppress
deleterious gene mediated events such as apoptosis [20]. Further mutational analysis
helped to improve the titre and quality of antibody secreted by the cells through
the silencing of selected genes. The incorporation of mutations in the dihydrofolate
reductase (dhf r) gene led to the production of two of the most widely used CHO cell
lines in the biopharmaceutical industry, CHODXB11 (also known as CHO-DUKX)
and CHO-DG44 [21]. This event coincided with arguably the most significant step
forward in the evolution of the systems biology-led approach to intensification of
CHO cell bioprocessing, the sequencing of the CHO-K1 cell line [22]. This and the
later advent of genomic engineering technologies has paved the way for maximising
the productivity of this non-human cell line through systematic engineering of
pathways and genes to drive production of human biotherapeutic proteins at multi-
gram per litre scales resulting in multi-tonne yields of product annually [11, 23].

3.2 Expression of Human Proteins in HEK293 Cell Culture

The human cell line HEK293 has been used extensively in research and development
laboratories and is very often used for functional interaction screening between
human proteins, however it is also widely employed for the production of vaccines,
anticancer drugs, and other clinically relevant drugs. Transient transfection of
HEK293 cells is the most commonly used method for the commercial production of
recombinant adeno-associated viruses (AAV) [24–25]. In addition advances in cell
line development technology has allowed for increased productivity with human
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cell lines, leading to approved recombinant biotherapeutic products produced from
HEK293 including agalsidase alfa for the treatment of Fabry disease and the first
recombinant human coagulation factor VIII for the treatment of haemophilia [26–
27]. Of particular interest during the ongoing COVID-19 pandemic is the production
of new vaccines against this virus but also against other members of this virus
family that cause SARS diseases. Research into the CoV spike receptor-binding
domain in HEK293 cells has opened up the possibility of producing more effective
immunogens that produce higher antibody titres and which can be produced in high
yield bio process [28]. The versatility of this full human cell line model should see
a significantly increasing volume of bioprocessing for human protein production in
the coming decades.

3.3 Expression of Human Proteins in Non-mammalian Cell
Culture

The Structural Genomics Consortium (SGC) is a group of laboratories in institutes
and companies around the world that are focused on exploring less well-studied
areas of the human genome. The baculovirus insect cell eukaryotic expression
system was established in 2007 at the SGC as a measure to tackle challenging
kinases, RNA-DNA processing proteins and integral membrane protein families
[29]. The system has been used successfully with difficult to express proteins
ranging from membrane bound proteins to complex enzymes that have proved
intractable with other methods [30–31]. The success of this heterologous system
is not confined to assisting with the resolution of crystal structures of proteins, but
has been highly effective in the production of virus-like particles (VLPs) for the
development of vaccines [19, 32].

The industrial scale of production of a growing array of proteins, from biothera-
peutic drug molecules to VLPs, and structural genomics efforts using animal cell
culture systems to eukaryotic insect cell expression systems, has led to a huge
expansion of bioprocessing capability whether in small scale facilities for research
and development or in the hundreds of thousands of litres capacity in bioprocessing
facilities across the globe. This clearly opens up new opportunities into the research
of how we should deal with this waste and identify new opportunities to use it as
part of a circular bioeconomy.

4 Recycling of Waste Culture Media – Lessons
from the Literature

A limited amount of research into reusing cell culture media has been explored for
a variety of cell cultures, predominantly insect cell cultures, microalgae and yeast
with a very small number of studies into reusing mammalian cell culture media. In
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general, the results have varied in terms of the utility of the spent media depending
on the cell type used, however the general consensus from these studies suggests
that (i) the use of partial recycled media is beneficial in secondary culture systems
and (ii) inhibitory effects on cell growth using recycled media can also be mitigated
by addition of supplements, or by using additional treatment steps on the media
prior to use.

4.1 Recycling of Yeast Culture Media

Yeast fermentation is a major biotechnology system used to produce a wide range
of products from biotherapeutic proteins to commodities at very large scales such as
alcohols, oils, and amino acids. Reusing spent medium would be of distinct benefit
with regards to reduction of industrial costs of media and reduced consumption of
water. One study reported a wastewater reduction of 70% by medium recycle [33].
Most yeast species appeared to be largely unaffected for long periods of time in
recycled media. For example, a Saccharomyces cerevisiae immobilised culture in
a matrix, with recycled media supplemented with nutrients continuously pumped
through the matrix, facilitated cell growth and alcohol production at equivalent
levels for up to 40 days, followed by inhibition of the culture due to a build-up of
ions and polysaccharides after this time point [34]. Media recycling in this system
provides a highly interesting premise for evaluation of other bioprocesses.

Another yeast fermentation system Apiotrichum curvatum producing microbial
lipids in a chemically defined medium, was recycled with centrifugation, supple-
mented with carbon and nitrogen sources, and sterilized before testing with ratios of
spent medium to fresh medium of between 0.25, 0.5 or 0.75 recycled medium. The
results showed that recycled medium addition did not negatively impact growth or
lipid production until after the 3rd subsequent recycling step, where lipid production
and cell dry weight dropped [35]. The effect of ions building up in the media
was investigated using an ion exchange matrix, that successfully restored the lipid
production and growth to a state similar to fresh media for a further two recycling
steps. Upon testing a second media, whey permeate media, they found similar
results, with a drop in productivity after the 2nd recycling step. These results appear
to indicate that cellular metabolites in spent medium do not inhibit growth of yeast
cultures, but that ion concentration plays a large factor. These studies provide very
useful signposts for the redesign of spent media such as chemically defined media
used in CHO cell bioprocess, in particular the monitoring of ion concentration levels
in spent media.
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4.2 Recycling of Microalgae Culture Media

Microalgae cultures are often used to produce feed for animals and is today a
potential candidate for biofuel production [36]. So it is interesting to note that
microalgae cultures, like yeast, appear to survive in low density cell cultures in a
recycled medium. Furthermore, doing so could save up to 75% water and 62% on
nutrients [37]. The area of using recycled media with regards to heterotrophic algae
culture has been comprehensively reviewed [38]. One of the earliest studies with
media recycling in microalgae cultures was completed using cultures of Chorella
pyrenoidosa [39]. This study used low cell density cultures (< 3 g per litre of
biomass), where the media was supplemented with urea, iron and calcium and fed
back into the culture. The culture was maintained for over 72 days, with no build-up
of auto-inhibitory molecules seen. However more recent studies show that cultures
over 3 g per litre in density show a decrease in biomass obtained [40–41] while
studies that stayed below this density were mostly uninhibited [37, 39, 42].

The study of low cell density cultures of Chlorella vulgaris used a media
designed by the authors for cell culture reuse, substituting any free ions in the
medium with ammonium instead, a chemical which microalgae assimilate for a
nitrogen source [37]. Use of this medium appeared to negate much of the inhibitory
effects of using a spent medium on the culture, even in high-productivity cultures,
compared to their control medium. This minimal growth medium had a lower ion
concentration after recycling than the control did. They estimated they could save
75% of water and 62% of nutrients in this manner. In a second study by the same
team, they tested how many days they could continue the culture with no negative
impact on biomass [42]. Interestingly, they actually had increases in biomass for
the first 10 days of recycling, and then the levels returned to the original culture’s
biomass level. As this was a low cell density culture (~1.5 g per L) they were
unaffected by the growth inhibition previous studies had found at high densities.
They maintained the same growth and biomass production over 62 days of recycling,
an impressive feat, using their specially designed media.

In summary, the culture density and associated quantities of free ions and
secreted components in the spent media, were seen to impact on the benefit of
reusing spent media and informs the investigative criteria for new study design with
animal cell spent media recycling.

4.3 Recycling of Insect Cell Culture Media

One of the most active areas of research into the recycling of spent cell culture media
is with insect cell cultures. It has long been known that using a small amount of spent
media to supplement fresh media has beneficial effects on insect and mammalian
cell cultures, attributed to the secretion of beneficial growth factors into the media
by the culture cells. The extent to which spent media can be used to elicit the best
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growth response from these cultures is of particular relevance to a broader circular
bioeconomy question. One of the earliest attempts at media recycling in insect cell
culture immediately identified the presence of cytotoxic substances in the media
which inhibited growth in most replicates studied [43]. They showed this in two
separate insect cell lines, TN-368 and CP-169, but interestingly when the spent
media were crossed over, the TN-368 spent media had no cytotoxic effect on the
CP-169 cultures, leading to the hypothesis that the inhibitory substances may be
cell line specific. Further assessment of various ratios of spent media to fresh media
to test the growth of an insect cell line showed that the growth rate declined with
increasing ratio of spent medium [44]. The spent media used in this study was
from an eight-day culture and supplemented with 5% FBS. A 1:16 ratio of spent
media to fresh media gave a growth rate similar to the fresh media alone, while 1:8
dropped by 8%, as did 1:5, and 1:1 gave a total reduction in growth rate of 67%. The
effect of spent medium on protein production from insect cell expression systems
was examined using two widely used cell lines, Sf-9 and High-Five, producing
beta-galactosidase from E. coli [45]. Using the insect cell medium IPL-41, they
investigated which supplements were optimal to add to the spent media by multiple
combination experiments, whereby the optimal recipe was determined to contain
yeastolate ultrafiltrate (8 g per L), glucose (2 g per L) and glutamine (8 mmol per L)
plus 15–20% fresh medium. While their overall protein yield dropped, the biomass
achieved was actually higher than the fresh media. The protein decrease could have
been caused by a number of things, for example, it has been shown that ammonia
accumulation occurs in spent media and has a negative impact on protein production
by Trichoplusia ni cells [46]. The production of ion metabolites by cultures in spent
media is again highlighted as an area of study by these findings.

Numerous studies have been completed attempting to determine not just the
detrimental constituents of the spent media, but also the growth-promoting factors
that may be present. Metalloproteinases were determined to be the only factor
in spent media that was responsible for any and all growth-promoting effects in
Trichoplusia ni cell cultures [47]. They tested this with conditioned media (spent
media added), and in which they had inhibited metalloproteinases. None of the
beneficial growth effects were seen in this culture, but when metalloproteinases were
added, the benefits were restored. Since it has been shown that metalloproteinases
are secreted into the media by insect cells and break down growth factor binding
proteins, it was hypothesised by this group that metalloproteinases are necessary
to release the growth factors in the spent media from their binding proteins [48–
50]. Binding proteins of IGFs (insulin-like growth factors) have been found in the
recycled mediums of the cell lines Sf-9 and High Five insect cells, which must
therefore be broken down by secreted metalloproteinases in order to release the
IGFs, which can then perform their growth-promoting function [49]. Cell cycle
progression has also been found to be impacted by these autocrine secreted factors,
further contributing to the beneficial effects of spent medium recycle [51].

Ex-Cell medium was examined for reuse possibilities using the High-Five
insect cell line producing beta-galactosidase from E. coli [52]. Media was filtered
through a 0.22 micron filter and supplementation with 0%, 25% and 50% spent
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media volumes were used to test effects on protein production. Production of
beta-galactosidase increased in the 25% spent media test compared to the 0%
control. Similar findings have been observed with a Lepidopteran Se301 cell line.
Various percentages of spent media mixed with fresh media were tested, with
measurement of culture growth rates and volume of baculovirus production, and
it was found that these were only negatively affected when above a 60% spent
media composition [53]. Most interestingly, there was actually a significant effect
on baculovirus production at around 20% spent media composition, with a 90%
increase in production compared to the fresh media control.

Taken together, it is obvious that using at least partial medium recycling has
a beneficial effect on protein production in insect cell lines. It also does not
appear to inhibit growth unless above a high ratio of spent media to fresh (>60%).
These results were very instructive for this heterologous expression system, with
conditioned media (recycled media) routinely added as a small percentage of the
total culture volume as a result of these types of studies. These different cell systems
also highlight that with further investigation into the composition of spent media
there is significant potential to develop new methods to utilise the waste media
streams from the bioprocessing of animal cell cultures.

4.4 Recycling of Mammalian Cell Culture Media

Mammalian cell culture is highly sensitive to extracellular metabolites and while
recycling of cell culture media has been attempted, it has had very limited success.
Early studies into recycling animal cell culture media witnessed a significant drop
in cell growth from the first recycling attempt of 100% spent media [54]. In follow
up studies, a partial medium recycle was proposed to mitigate some of the inhibitory
effects on growth. Using a mouse hybridoma cell line and harvesting spent DMEM
F-12 medium from cells producing an IgG like antibody, cells were grown in 80%
spent medium for two subsequent recycling steps [55]. The first step did not see a
significant drop in protein produced, at 29 mg/L compared to the control of 33 mg/L,
but it did drop substantially for the second, at 18 mg/L. It was concluded that there is
a greater negative effect of cytotoxic metabolites than positive effects from growth
factors in the spent medium from mammalian cells at these high levels of spent
media usage.

A later study proposed a smaller ratio of spent media of 63% to 37% fresh
medium, which could possibly be used in subsequent recycling steps. Using mouse
hybridoma cells over four subsequent recycling steps were tested with serum-free
media with nutrient supplementation. Interestingly, these cells demonstrated a slight
adaptation to the recycled medium, where the first and second had lower antibody
production levels, which then recovered somewhat in the third and fourth. By the
end of the recycling steps, 112 mg/L of protein yield was obtained, compared to just
one round of fresh media giving 63 mg/L, highlighting a potentially useful benefit
of media recycling in mammalian cells for the first time [56]. Spent media that had
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been run through a Protein G affinity column, was used in the culture of mouse
hybridoma cells producing an IgG like protein. A percentage of the “recovered”
media was employed, whereby spent media was concentrated 12-fold and then
diluted 1:8 with fresh media. This approach was beneficial, with 60% recovered
media giving a 33% increase in protein production compared to the fresh media
[57]. The spent medium was proposed to contain multiple beneficial factors as well,
though the mammalian cells appear more sensitive to high concentrations of spent
medium than the insect cells. Some of these positive factors have already been
identified, such as anti-apoptotic factors that some mammalian cell types secrete
[58–59] or secreted growth factors such as platelet-derived growth factor (PDGF)
[60].

For spent media from animal cell culture to prove valuable as a recycled waste
stream to feed new bioprocesses, it will be necessary to carefully examine the
chemical and protein composition of the media when recovered from the primary
bioprocess. The identification of positive and negative growth factors and the
requirements for supplementation will require careful empirical experimentation.
The secondary bioprocess chosen to use this spent media will also require careful
biochemical assessment to build a sustainable and valuable platform to harness the
spent media waste to generate new value in the form of secondary bioprocessed
products such as other recombinant proteins. One such organism that represents
an excellent candidate to harness spent chemically defined media from mammalian
cell bioprocess is Escherichia coli. It has been shown that the growth of E. coli
is eventually inhibited by the production of acetic acid in culture and it has also
been shown to produce much less acetic acid when growing in a chemically
defined media, where carbon source is not in excess [60]. This type of fundamental
understanding of the metabolism of one of the best studied ‘microbial cell factories’
along with the key signposts provided by previous studies in a range of other
heterologous systems represents the blueprint for the applied study of animal cell
culture waste for reuse in microbial fermentation as just one example (Fig. 2).

5 Analysis of Chemically Defined Spent Media

Utilising spent media as a potentially valuable waste stream requires thorough
analysis of its composition. Many of the studies mentioned previously used multiple
methods of cataloguing the various known nutrients within the recycled media
which may have been depleted, or even the unknown cellular components left
behind in such a media.



142 C. Lynch et al.

Fig. 2 Redesigning spent media from cell culture bioprocess to feed new bacterial fermentations.
Harnessing a systems biology approach to analysis of spent cell culture media, fermentation
conditions and protein production. Created with BioRender.com

5.1 Metabolomics

A benefit of using a chemically defined culture medium is that the concentration
of nutrients within the media is known prior to consumption by cell cultures. It is
therefore possible to analyse the remaining concentrations of these components to
determine how much of each was consumed by the culture. This can be achieved
through numerous analytical methods, principally Gas Chromatography (GC) and
High-Performance Liquid Chromatography (HPLC). In the study of spent media
effects on antibody production in mouse hybridoma cells, the free amino acids
and glucose concentration in the spent media was analysed using HPLC, thereby
finding the exact concentration of each which was required to be supplemented
back into the media [56]. HPLC is a method best used to detect levels of a known
component of the media, as you need to know its behaviour on a chromatographic
peak, most usually achieved by running against known standards . While it can be
used to detect the presence of impurities (unknown components), it cannot identify
these components unless you know their properties in advance. Gas chromatography
can be used in much the same way as HPLC to identify chemical components of
the media that have known profiles [61]. When used in combination with mass
spectrometry GC-MS can very sensitively identify metabolic patterns in culture
media [62]. Glucose uptake can also be measured a number of ways, including
using radiolabelled glucose analogues [63], or even using simple colorimetric assays
[64]. The concentration of glucose, or other carbon sources, is known in defined

http://biorender.com
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mediums prior to use, so it is therefore feasible to find the concentration remaining
in the media for supplementation purposes. Certain known proteins of known
molecular weights can be tested using simple visual methods such as SDS-PAGE
for an approximation of quantity based on band intensity, as was used to test for
the depletion of transferrin in the spent media, a nutrient necessary for cultures
producing an antibody like IgG [57].

5.2 Proteomic Analysis of Unknown Components

In many of the studies conducted into spent media usage, there were unknown
growth-promoting or inhibiting factors within the media which impacted on fur-
ther cell growth. As extracellular secretions are generally proteins, it is possible
to analyse the media for the presence of these unknown proteins using mass
spectrometry. Analysis of spent media from iPSC-derived neuronal cells to study
the cell’s secretome in Parkinson’s models, using just 0.5 ml of spent media
facilitated identification of over 500 proteins contained in the media [6]. Testing of
a variety of preparation methods found that using media containing BSA hampered
the identification of proteins by a 10-fold difference when compared with using
B27-free media (contains no commercially added proteins). They also found that
acetone precipitation was the most effective enrichment technique, yielding the most
proteins, followed by TCA (trifluoracetic acid) precipitation. Mass spectrometry has
been used to analyse secretomes for the presence of proteins in other disease models
as well, such as metastatic cancers [65].

Proteomic analysis with peptide identification software, e.g., MaxQuantTM, after
mass spectrometry analysis is a critical component of these studies [66]. From this
software, a file called “proteinGroups.txt” is generated with all of the information
regarding identities and quantities of proteins in the data in tab delimited format.
From here, the data can be analysed using an analysis software such as Perseus
[67], or a bioinformatician may design their own code to gather relevant data
from the file, such as the protein pathways significantly represented. Statistical
analysis such as student’s t-tests is then performed to check differences in protein
concentration between samples to a level of significance (P-value <0.05). For this
purpose, the UniProt ID mapping tool is invaluable, as lists of identifiers can be
input to return most information about the proteins as an easily parsed tab delimited
file, such as each protein’s molecular weight, the pathway analysis, and whether
it is a metabolite with catalytic or anabolic properties. All the information can be
easily expressed in graph formats using Python’s Matplotlib library, or R, with many
good online resources for learning how, such as on GitHub, DataCamp, Rosalind, or
StackOverflow among many others. Most of these courses are free and are a good
use of free time during a pandemic, particularly if statistics is something you use
often in your data, not just for proteomic or genomic data analysis.
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5.3 Chemical Composition Analysis of Unknown Components

Some unknown components left behind in a spent media by cell cultures are not
proteins, and therefore not detectable by mass spectrometry. These are generally
carbohydrates, or lipids. There are certain analyses that can be run on these
components to detect functional groups. For example, if testing for presence of
short chain fatty acids such as acetic acid, gas chromatography or a carboxylic acid
analyser can be used to estimate if any is present, and based on what functional
groups it may contain, what the identity of that acid may be. Detecting unknown
carbohydrates is more difficult and will need multiple tests to identify different
functional groups present that can then help narrow down the possibilities, such
as Benedict’s test or an Iodine test.

While it is entirely possible to find the concentrations of known components in
a spent medium and to identify unknown proteins, the difficulty lies in identifying
unknown carbohydrates and lipids, and generally relies on functional group tests to
find possible matches. Luckily, with the current advances in genome and proteome
analysis, most cell lines secretome is very well studied and spent media components
can therefore mostly be identified through mass spectrometry, SDS-PAGE and
HPLC/GC.

6 Future Considerations for Developing CBE Research
in the Bioprocessing Sector

Heterologous expression of recombinant human proteins in animal cell cultures at
all scales, from investigative projects in research institutes to the production of drug
substance by the biopharmaceutical industry, poses challenges and opportunities to
create new value from the spent culture media waste stream that is being produced in
ever increasing quantities globally. To participate in and help grow this opportunity
these stakeholders will need to be encouraged to design new research strategies
and new research funding schemes at one level, and will need to be incentivised to
participate in the design of new policies with the aim of stimulating new practice by
the global bioprocessing industry at another. There are sufficient precedents in the
scientific literature that highlight the potential of turning waste from the bioprocess
of cells into new value as part of a circular approach to changing the description of
single use culture media to renewable media. The application of a systems biology
led approach to the study of spent culture media and its components, and to the
secondary culture systems that can utilise these waste streams as feed, has exciting
potential to generate new value and place the bioprocessing field onto the Circular
Bioeconomy map.
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1 Introduction

With a vast and continuously expanding market, biopharmaceutical companies are
looking for ways to deliver ever-increasing quantities of therapeutic monoclonal
antibodies (mAbs) to treat several life-threatening illnesses, including multiple types
of cancer and autoimmune disorders (Table 1). Although advances in production cell
line development, high-throughput bioprocess optimisation, and the uptake of non-
traditional bioprocessing technologies (e.g., continuous integrated processes) have
all contributed to meeting manufacturing capacity targets, ensuring mAb quality in
terms of homogeneity, safety, and therapeutic efficacy remains a key challenge.

91 of the 98 currently approved mAb products (to the date of writing) are
based on the gamma immunoglobulin (IgG) isotype, the best-selling of which are
presented in Table 1. IgG mAbs are extremely complex molecules that consist of
four disulphide-crosslinked peptide chains and two consensus asparagine (N)-linked
glycosylation sites on their constant fragment (Fc) (Fig. 1). Although multiple
features of these complex molecules may contribute to heterogeneity (e.g., amino
acid sequence, 3D structure, glycosylation C-terminal lysine, amidation, etc.),
glycosylation is, by far, the main source of mAb variability and principal driver
for efficacy modulation [1]. Indeed, recent studies have found substantial lot-
to-lot glycosylation variability in different commercial mAb preparations [2, 3].
Glycosylation heterogeneity has been closely linked with even modest excursions
in a breadth of cell culture operating conditions [4–7], which in many cases, cannot
be prevented or curbed during manufacturing campaigns.
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Fig. 1 IgG mAb structure, consensus glycosylation sites, and common mAb Fc N-linked glycans
[17]

The basic structure of an IgG mAb molecule, including the antigen binding (Fab) and
crystallisable (Fc) fragments and the two consensus Fc N-linked glycosylation sites present on
its Fcγ domains are shown (a). The most common Fc N-glycans of mAbs [2, 9, 10], including
shorthand notation, are presented (b). The structures and glycosidic bond configurations of Man9
(c) and a fully processed bi-antennary N-glycan (d) are also shown. The symbols outlined in the
box denote the monosaccharide constituents of the glycans.

Concerns surrounding the glycosylation heterogeneity of mAbs are compounded
by the well-documented impact protein-bound carbohydrates (glycans) have on
the safety, serum half-life, and therapeutic mechanisms of mAbs [8]. In conjunc-
tion with its inherent variability, these facets have made glycosylation a widely
acknowledged determinant of mAb product quality. It is therefore evident, from
a regulatory and manufacturing perspective, that controlling glycosylation is of
paramount importance to manufacture homogenous, safe, and highly efficacious
mAbs.

To address the above mAb quality concerns, substantial academic and industrial
research has centred around developing strategies to control the glycosylation of
mAbs. These glycoengineering strategies can be split into two categories, based
on the level at which they operate. Cellular glycoengineering strategies are those
whereby production cells are genetically modified to control mAb glycosylation.
Metabolic glycoengineering strategies involve the supplementation of cell culture
media with small molecules to manipulate the metabolic pathways which underly
glycosylation.
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2 mAb N-Linked Glycosylation

The N-linked Fc glycans of mAbs are usually biantennary structures with an array
of possible monosaccharide extensions, such as core fucose (Fuc), galactose (Gal),
and N-acetylneuraminic acid (Neu5Ac) (Fig. 1b) [2, 9, 10]. Less processed glycans,
such as those devoid of N-acetylglucosamine (GlcNAc) on their α-1,6 arm or the
five mannose (Man5) structure (Fig. 1b, A1G0 or A1G0F), have also been observed
on the Fc of commercial mAbs [9].

Although there is a fraction of polyclonal human IgG that is N-glycosylated
in their Fab fragment [11], cetuximab is the only marketed mAb with Fab
glycosylation [12]. Because Fab glycans are less likely to encounter the steric
constraints of the Fc, they can be further processed to include GlcNAc bisection and
increased sialylation [13, 14], lactosamine (β −1,2 GlcNAc-Gal) repeats, tandem
α-1,3 galactose moieties (αGal), and up to four antennae [15]. These features can
exert changes in the functional activity of IgGs, including in antigen binding, serum
half-life, stability, and aggregation [16].

The relative abundance and ensuing variability of mAb-bound N-glycans arises
from the intracellular process of glycosylation depicted in Fig. 2 [17]. It begins in
the endoplasmic reticulum, when oligosaccharyltransferase (OST, EC 2.4.99.18) co-
translationally adds the Glc3Man9GlcNAc2 precursor oligosaccharide to available
Asn-X-Ser/Thr amino acid sequons of the nascent polypeptide chain [18]. The
three glucose (Glc) residues on the precursor oligosaccharide serve as markers
for the calnexin-calreticulin cycle and thus aid in adequate protein folding [19].
Once correctly folded, the glycoprotein is exported, by means of vesicles, to the
Golgi apparatus, where the glycan is sequentially modified by a number of enzyme-
catalysed reactions.

First, α-mannosidase I (αManI, EC 3.2.1.24) trims off mannose residues from
the Man9 glycans (Fig. 1b) entering Golgi to yield the Man5 structure (Fig. 1c). α-
1,3 N-acetylglucosaminyltransferase (MGAT1, EC 2.4.1.101) then adds GlcNAc to
the α-1,3 glycan arm. The resulting glycan can then be modified by α-mannosidase
II (αManII, EC 3.2.1.114), which removes the two remaining mannose residues of
the α-1,6 arm. From this point on, parallel reactions may occur, where GlcNAc
is added to the α-1,6 arm by N-acetylglucosaminyltransferase II (MGAT2, EC
2.4.1.101) or core fucose is added by α-1,6 fucosyltransferase (α6FucT, Fut8, EC
2.4.1.68), as shown in Step 4b of Fig. 2. β-1,4 galactosyltransferase (β4GalT, EC
2.4.1.38) can now add Gal residues to the GlcNAcs on either arm of the glycan
to produce mono or bi-galactosylated species. Finally, galactosylated glycans can
be capped with Neu5Ac residues bound through α-2,6 (EC 2.4.99.1) or α-2,3 (EC
2.4.99.4) glycosidic linkages.

All monosaccharide addition reactions require nucleotide sugar donors (NSDs)
as co-substrates. The four NSDs required for mAb N-linked glycosylation are
uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), guanidine diphosphate
fucose (GDP-Fuc), uridine diphosphate galactose (UDP-Gal), and cytidine
monophosphate N-acetylneuraminic acid (CMP-Neu5Ac). NSD are produced
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Fig. 2 The N-linked glycosylation process of mAbs in mammalian cells [18, 26]
The process begins in the Endoplasmic Reticulum, where oligosaccharyltransferase (OST) co-

translationally transfers the Glc3Man9GlcNAc2 precursor oligosaccharide to the mAb polypeptide
backbone (Step 1). The glycan aids in protein folding (Step 2) [19] after which the mAb is
exported to the Golgi apparatus (Step 3) for further processing. While the mAbs traverse Golgi,
glycosylation enzymes sequentially transform their glycans from immature (high mannose) to
complex biantennary structures (Steps 4a to 4c). Once the mAbs reach the trans-Golgi network,
they are sorted and secreted to the extracellular environment (Step 5). Nucleotide Sugar Donors
(NSDs), which are required co-substrates for monosaccharide addition reactions are synthesised in
the cytosol/nucleus of the cell and transported into the secretory compartments through bespoke
solute carriers (NSD transporters).

from common nutrients, such as glucose, galactose, and glucosamine via the
biosynthetic pathway depicted in Fig. 3 [20, 21] and are transported via bespoke
solute carriers (NSD transporters) into Golgi, where they are consumed in the
glycosylation reactions. Each NSD has its own transporter: NGT (SLC35A3) for
UDP-GlcNAc, GFT (SLC35C1) for GDP-Fuc, UGT (SLC35A2) for UDP-Gal, and
CST (SLC35A1) for CMP-sialic acids [22].

In addition to the availability of cellular machinery and NSD co-substrates, N-
glycan processing also depends on glycoprotein residence time within the secretory
compartments [23, 24], as well as the activity and localisation of glycoenzymes and
NSD transporters along Golgi. These aspects are inherently dynamic as they are
heavily influenced by cell culture conditions, such as temperature, pH, ammonia
accumulation, among others. Detailed reviews on the impact bioprocess conditions
have on protein glycosylation are available elsewhere [25–27] and are, thus, beyond
the scope of this chapter.
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The most common NSD co-substrates for mAb N-glycan biosynthesis are uridine diphosphate

GlcNAc (UDP-GlcNAc), guanosine diphosphate fucose (GDP-Fuc), uridine diphosphate galactose
(UDP-Gal), and cytidine monophosphate Neu5Ac (CMP-Neu5Ac). NSDs are synthesised in the
cytosol/nucleus from common metabolites, such as glucose (Glc), glutamine (Gln), glucosamine
(GlcN) and nucleoside triphosphates (CTP, GTP, and UTP) [20, 21]. Precursors of the nucleoside
(Cyt, Gua, and Urd) and saccharide (Glc, GlcN, GlcNAc, Man, Fuc, and Gal) components of
NSDs can be fed during cell culture (denoted by the subscript EC) and incorporated into the NSD
metabolic pathway. NSDs are transported into the lumen of ER or Golgi compartments by means
of bespoke solute carriers: NGT (SLC35A3) for UDP-GlcNAc, GFT (SLC35C1) for GDP-Fuc,
UGT (SLC35A2) for UDP-Gal, and CST (SLC35A1) for CMP-sialic acids [22].

Overall, protein glycosylation is a complex, non-template driven process that
combines bespoke cellular machinery with metabolism to yield a breadth of possible
glycan structures that vary in response to environmental stimuli. Indeed, protein
glycosylation is thought to have evolved, at least in part, to provide proteins
with an intrinsic degree of variability and functional adaptability [28]. Controlling
protein glycosylation goes against these evolutionary purposes and, thus, poses
many challenges in adequately engineering the machinery and metabolism of cells
to produce optimal and consistent glycosylation profiles in therapeutic proteins.

3 N-Linked Glycans as Quality Attributes of mAbs

Different glycosylation motifs are known to heavily influence the safety, phar-
macokinetics, and pharmacodynamics of therapeutic mAbs, properties which,
in conjunction, are essential determinants of biopharmaceutical product quality.
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Table 2 presents a summary of the impact glycosylation has on the key quality
features of mAbs. Safety concerns are most commonly associated with the pres-
ence of non-human monosaccharides/glycosidic linkages. For example, α-Gal, a
murine glycan motif, has caused fatal anaphylaxis in certain patient subpopulations
undergoing cancer treatment with cetuximab [29].

Serum half-life (pharmacokinetics), on the other hand, is linked with the extent of
glycan processing. Increased Neu5Ac content (higher glycan processing) has been
widely reported to extend the half-life of therapeutic proteins in patient’s sera [30].
In contrast, less processed glycans, such as the Man5 structure, result in reduced
mAb serum half-life, possibly through mannose binding lectin-mediated clearance
[31, 32].

Fc glycans play a crucial role in the therapeutic mechanisms of both cancer
and anti-inflammatory mAbs. Absence of core fucosylation has been observed to
enhance antibody-dependent cellular cytotoxicity (ADCC) up to 50-fold in in vitro
assays [33], while increased galactosylation positively impacts both ADCC [34]
and complement-dependent cytotoxicity (CDC) [35]. Increased sialylation, on the
other hand, has been linked to the anti-inflammatory activity of intravenous gamma
globulin (IVIG) therapies [36, 37].

The influence Fc N-glycans have on the therapeutic mechanisms of mAbs is
associated with their role in defining the fragment’s 3D structure [38]. The Fc
reversibly binds to its receptors (FcγRs) on the surface of the patient’s immune
cells to trigger both ADCC and anti-inflammatory activity [39, 40], while it also
binds to the C1q component of the complement system to elicit CDC [41]. All
three therapeutic mechanisms rely on the affinity with which these Fc-mediated
interactions occur. This affinity, in turn, is determined by the Fc’s 3D structure
and, therefore, by the relative abundance and monosaccharide composition of the
N-glycans present therein.

4 Cellular mAb Glycoengineering

Due to the direct impact core fucosylation, galactosylation, and sialylation have
on the safety, serum half-life, therapeutic efficacy, and glycosylation variability of
commercial mAb products [42, 3], several cell engineering strategies have been
developed to control these glycan motifs. Based on technology that was developed
nearly two decades ago [43], there are currently five commercially-available mAbs,
mogamulizumab [44], obinutuzumab [45], benralizumab [46], inebilizumab [47],
and belantamab [48], where fucosylation has been genetically eliminated from the
production cell lines. Based on the clinical advantage of these glycoengineered
products, an ever-expanding knowledgebase on the interplay between glycosylation
and therapeutic activity, and the advent of novel cell engineering approaches, over
20 additional glycoengineered mAbs are currently undergoing clinical evaluation
[49]. This section will provide an in-depth review of the genetic engineering
strategies that have been developed to modulate the glycosylation of mAbs.
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4.1 Core Fucose Cellular Glycoengineering

In seminal work by Shinkawa and collaborators [33], absence of core fucosylation
was reported to increase ADCC activity up to 50-fold in in vitro assays. Based on
this key finding, the first fucose-engineered cell lines were developed by performing
sequential homologous recombination with the Cre-LoxP system to disrupt both
alleles of FUT8 (the gene for α6FucT) in CHO-DG44 cells. The strategy yielded a
completely defucosylated anti-CD20 IgG1 mAb that achieved a > 100-fold increase
in ADCC activity, when compared with Rituxan® [50]. Notably, the first approved
glycoengineered mAb was created using the above FUT8 knockout strategy [44]. In
subsequent studies, silencing of FUT8 with small interfering RNA (siRNA) resulted
in a 20% reduction of α6FucT expression and a concomitant increase (between 10%
and 60%) in defucosylated mAb glycoforms [51]. Short hairpin RNA (shRNA) has
also been used to reduce fucosylation by targeting FUT8 [52].

Fucose cellular engineering has also been performed by disrupting the
genes associated with GDP-Fuc biosynthesis. Heterologous expression of
prokaryotic GDP-6-deoxy-D-lyxo-4-hexulose reductase, an enzyme that produces
GDP-rhamnose from GDP-Fuc precursors, in CHO cells yielded 98% mAb
defucosylation [53, 54], while stable transfection of GDP-6deoxy-D-talose
synthetase reduced fucosylation to 20% by diverting the pathway to GDP-talose
[55]. In another approach, the siRNA-mediated knockdown of GDP-mannose
4,6-dehydratase was unable to fully eliminate mAb fucosylation; however, when
coupled with α6FucT silencing, mAb afucosylation increased from 3% to 98% [56].

More recently, gene editing tools, such as zinc finger nucleases (ZNFs), tran-
scription activator-like effector nucleases (TALENs), and CRISPR-Cas9, have been
used to knockout the genes for α6FucT [57–62] and the GDP-Fuc transporter
(GFT) [63, 64]. CRISPR-Cas9 has been particularly successful in streamlining the
cellular engineering workflow, achieving FUT8 indel frequencies of up to 99.7%
[59] and enabling the simultaneous knockout of multiple glycogenes [65, 66]. A
Cas9 alternative, Cpf1, provides similar efficiencies in reducing FUT8 activity by
targeting the gene’s endogenous promoter [67].

Another cellular glycoengineering strategy that has been used to abrogate core
fucosylation is the ectopic expression of β1,4-N-acetylglucosaminyltransferase III
(MGAT3) in mAb-producing cell lines where it is not constitutively expressed
[43]. MGAT3 adds bisecting GlcNAc (bGlcNAc) to the core N-glycan (Fig. 4d)
and disrupts fucosylation by competing with α6FucT activity: once bGlcNAc is
added to the glycan, it can no longer be fucosylated [68]. MGAT3 was expressed
in CHO cells that produced an anti-neuroblastoma mAb and, depending on its
expression level, increasing bGlcNAc content was observed in the produced glycans
[43]. Ectopic expression of MGAT3 in an anti-CD20 mAb-producing CHO cell
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line achieved a bGlcNAc content of between 48% and 71% and a concomitant
20-fold increase in ADCC activity [69]. The impact of MGAT3 expression on
core fucosylation was later optimised by modifying the enzyme’s transmembrane
domain to ensure it localises before α6FucT along the Golgi apparatus [70]. Ectopic
MGAT3 expression has led to the commercialisation of the second glycoengineered
mAb, Gazyva®, which is currently prescribed as a first-line treatment of chronic
lymphocytic leukaemia [71].

Man3GlcNAc2 core

Fucose

-(1,4)

-(1,4)

-(1,6)-(1,3)
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-(1,6)
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-(1,4)
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Q

CMP-Neu�Gc

✕

✕
✕
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6d-Talose*
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D

E
Mannose

F
✕

Galactose-�P

K L

Galactose

R
Sialidase A

CMP-Neu�Ac

Asn

C. Fucose transporter (SLC35C1)
• Knock-down siRNA [56]
• Knock-out CRISPR/Cas9 [63], ZFNs [64], and TALENs 

D. Talose synthetase (GTS)
• Ectopic expression [55]

E. GDP-6-deoxy-D-lyxo-4-hexulose reductase (RMD)
• Co-expression [53], ectopic expression [54], and transient 

expression [134]
F. Mannose dehydratase (GMD)

• Knock-down: siRNA [56]
G. Mannosidase (Man2A1/2A2)

• Ectopic co-expression [66]
• Knock-out: CRISPR/Cas9 [87]

H. N-acetylglucosaminyltransferase I (Mgat I)
• Knock-out: ZFN [96]

I. N-acetylglucosaminyltransferase II (Mgat II)
• Ectopic expression [74]
• Knock-out: CRISPR/Cas9 [87]

J. N-acetylglucosaminyltransferase III (Mgat III)
• Co-expression [43], ectopic co-expression [66], and 

transient expression [70].
K. Galactose transporter (Slc35D1)

• Ectopic expression [74]
L. Galactokinase (GalK1)

• Ectopic expression [74]
M.Galactosyltransferase (β4galT I-IV)

• Transient expression [134], ectopic expression [72-74] 
targeted integration with controlled expression [247]

• Knock-out ZFN, TALENs, and CRISPR-Cas9 [61, 75, 76]
N. Galactosyltransferase (Ggta I)

• Knock-out: ZFN [78]
O. Sialyltransferase I (ST6Gal I)

• Ectopic expression [73, 86], targeted integration [87], gene 
activation [90], and overexpression [92, 93]

P. Sialyltransferase IV/VI (ST3Gal IV/VI)
• Ectopic expression [72] and targeted integration [87]
• CRISPR-Cas9 knock-out:  [86, 87]

Q. CMP-Neu5Ac hydroxylase (CMAH)
• Knock-out: CRISPR/Cas9 [78]
• Knock-down: asRNA [88]

R. Sialidase A (Neu4)
• Overexpression [85]

A. endo-b-N-acetylglucosaminidase (endoT)
• Co-expression [102]

B. Fucosyltransferase VIII (Fut8)
• Disruption by homologous recombination [50]
• Knock-down: siRNA [51, 56], shRNA [52]
• Knock-out: ZFN [57, 60], TALENs [61], and CRISPR-

Cas9 [62, 65]/ CRISPR-CPf1 [67].
• Endogenous promoter disruption [67]
• Targeted integration with controlled expression [247]

Fig. 4 Overview of cellular glycoengineering strategies On right hand side, we list the glyco-
sylation enzymes that have been engineered to date. The cell engineering strategy (disruption,
overexpression, co-expression, knock-down and knock-out) and gene editing tool used (siRNA:
small interfering RNA; shRNA: short hairpin RNA; CRISPR-Cas9: Clustered regularly inter-
spaced short palindromic repeats-Cas9 nuclease complex; ZFN: Zinc Finger Nucleases; TALENs:
Transcription Activator-Like Effector Nucleases) are also listed. The left-hand side presents the
glycan motifs that have been engineered using the listed strategies. The identity of individual
monosaccharides and glycosidic bond configurations is also shown. The symbols for each
monosaccharide are the same as in Figure 1 The core N-glycan structure (Man3GlcNAc2) is
highlighted in the shaded box.
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4.2 Galactosylation Engineering

Cellular glycoengineering strategies have targeted galactosylation to enhance the
therapeutic mechanisms and eliminate undesired immunogenic responses of mAbs.
In order to achieve enhanced ADCC [34], CDC [35], and immune modulation by
providing additional sialylation sites [37, 36], increased galactosylation has been
achieved by ectopic expression of human β4GalTI [72–74]; conversely, knocking-
out this gene leads to poor galactosylation levels [75, 76]. The presence of αGal
motifs, which commonly cause adverse immunogenic responses in patients, has
been eliminated in CHO cells by ZFN-mediated biallelic inactivation of Ggta1 [77,
78], which is the gene that codes for α3GalT.

Galactosylation of mAb Fc glycans can also be altered by targeting genes that
are peripheral to the glycosylation process. Enhanced mAb galactosylation has been
achieved by overexpression of phosphate synthase II, aspartate transcarbamoylase,
and dihydrooratase, which are enzymes involved in de novo pyrimidine biosynthe-
sis. Overexpression of these enzymes resulted in higher UTP biosynthesis which,
in turn, increased the intracellular pool of UDP-Gal by between 200% to 350%
[79]. In a similar approach, overexpression of uridine diphosphatase was observed
to improve the galactosylation of a CTLA4-IgG fusion protein [80]. A recent model-
driven cell engineering study achieved significant reduction of G0 glycoforms
with over 65% bi-galactosylation by co-expressing genes involved with precursor
production, NSD biosynthesis and its transport, as well as β4GalTI [74].

Reducing the accumulation of metabolic by-products that impact the activity and
localisation of β4GalT may also enhance mAb Fc galactosylation. Reduced lactate
accumulation via the down-regulation of lactate dehydrogenase in a GS-CHO cell
line producing rituximab resulted in a 20% increase in G1F and G2F glycoforms
[81]. Reduction of ammonia accumulation, e.g. by the simultaneous overexpression
of carbamoyl phosphate synthetase I and ornithine transcarbamoylase, has also been
found to enhance mAb Fc galactosylation [82].

4.3 Sialylation

Terminal Fc glycan sialylation has been reported to reduce the ADCC activity of
mAbs by up to 20-fold [83] and is, therefore, an undesirable motif in oncology
products. In addition, the most commonly used cell lines for mAb manufacturing
produce non-human sialylation: CHO cells add Neu5Ac with the non-human α-
2,3 linkage, whereas murine cells may add N-glycolylneuraminic acid (Neu5Gc), a
xenoantigenic sialic acid [84]. For the above reasons, glycoengineering strategies
have been developed to eliminate sialylation in oncological mAbs by ectopic
expression of sialidases [85], knocking out α3SiaT with CRISPR/Cas9 [86, 87] or
by siRNA silencing of the Neu5Gc biosynthetic gene, CMP-N-acetylneuraminic
acid hydroxylase [88].
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In contrast, the presence of α-2,6 linked Neu5Ac in Fc glycans has been reported
to be beneficial for the anti-inflammatory activity of intravenous IgG therapies [36,
89]. To this end, enhancing α6Neu5Ac sialylation has been achieved by ectopic
expression or gene activation of α6SiaT in CHO cells [90–92, 86]. On its own,
overexpression of α6SiaT achieved up to 18% of mono- and di-sialylated mAb
glycoforms and, when combined with the knockout of α3SiaT, up to 77% of α-2,6
sialylated Fc glycans was achieved [93].

Increasing the pool of available ManNAc by overexpressing UDP-N-
acetylglucosamine 2-epiemerase/N-acetylmannosamine kinase in conjunction
with α6SiaT substantially increases the amount of α-2,6 sialylated glycans [94].
Furthermore, mAb Fc glycoforms with over 85% α-2,6 sialylation were obtained
with simultaneous overexpression of α6SiaT and β4GalT in CHO [73]. It is worth
noting that β4GalT was crucial in achieving such a high level, indicating that the
absence of galactose residues may be a limiting factor for sialylation.

4.4 Man5

mAbs with Man5 Fc glycans have been reported to present enhanced cytotoxic
activity [95]. Due to where this glycan motif is produced along the glycosylation
reaction network (Fig. 2), cellular engineering strategies to enrich the proportion
of this glycoform have relied on knocking out the MGAT1 glycosyltransferase.
Up to 90% Man5 mAb Fc glycoforms have been produced through ZFN-mediated
knockout of MGAT1 in CHO cells [96]. It must be noted that this methodology
has been developed to produce mAbs that are not intended for therapeutic use.
This is likely due to the potentially negative effects of Man5 glycans in therapeutic
products, which range from increased serum clearance rates [97, 32, 98] to
potentially exacerbated immune responses [99].

4.5 Aglycosylation and Glycan Truncation

Due to the variability that may arise from glycosylation, complete removal of mAb
Fc glycans has also been explored. To assess the impact of Fc aglycosylation on
the effector functions of mAbs, a library of IgG heavy chain mutations lacking the
consensus N-glycosylation sequon has been developed. This work found that two
point mutations in the heavy chain yielded Fc’s with a three-fold higher binding
affinity for FcγRIIa than glycosylated mAbs, thus demonstrating that aglycosylated
mAbs may present similar or even improved cytotoxic therapeutic properties [100].
Atezolizumab, an Fc-engineered monoclonal antibody devoid of glycans, has been
FDA approved as a second-line therapy for advanced bladder cancer, but its
therapeutic mechanism does not rely on Fc-mediated effector functions [101].
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GlycoDelete, an elegant strategy to produce mAbs with homogenous glycosyla-
tion, has been developed by Meuris and collaborators [102]. GlycoDelete generates
a homogenous pool of GlcNAc-Gal-Neu5Ac trisaccharide glycans by knocking out
MGAT1 and ectopic expression of endo-β-N-acetylglucosaminidase (EndoT) fused
to the transmembrane domain of α6SiaT. mAbs produced with GlycoDelete cells
present reduced serum clearance, similar CD20 cell binding, reduced FcγR binding
affinity, and lower ADCC activity when compared to the non-glycoengineered
mAb. Due to the possibility of impaired effector function activity, the GlycoDelete
strategy may be more suitable to produce antigen-neutralizing mAbs and not those
which rely on FcγR-mediated cytotoxic effector functions.

5 Metabolic Glycoengineering

The metabolism of mAb production cell lines can be manipulated to steer glycan
profiles towards a desired distribution. The majority of metabolic glycoengineering
strategies involve feeding metabolic precursors of NSD biosynthesis during cell
culture. A simplified NSD biosynthetic network is presented in Fig. 3, where it can
be seen that all NSDs involved in glycosylation are synthesised from the metabolites
(e.g., glucose, glutamine, and glucosamine) which drive central carbon metabolism,
cell growth, and mAb biosynthesis.

More specifically, metabolic glycoengineering involves supplementing cell cul-
ture with monosaccharides, nucleosides, and/or glycosylation enzyme co-factors
(e.g., Mn2+ for MGAT1, MGAT2, and β4GalT) to increase the production of
specific glycan motifs. Culture supplementation with cytidine, guanosine, uridine,
mannose, glucosamine, N-acetylmannosamine, and galactose in concentrations
ranging from 0.2–40 mM has been performed to control the site occupancy [103,
104], branching [105, 106], galactosylation [107], and sialylation [108–110] of
therapeutic glycoproteins, such as IL-Mu6, tPA, IFN-γ, and erythropoietin.

The key challenge of metabolic glycoengineering is that the fed monosaccharides
[111] and nucleosides [112] may arrest cell growth and, in some cases, reduce
volumetric productivity [113].

Metabolic pathways beyond NSD biosynthesis indirectly influence mAb glyco-
sylation by generating by-products that influence glycosylation machinery activity.
For example, CHO cells consume excess glutamine towards TCA intermediates,
via glutamate anaplerosis [114]. In this context, glutamine consumption produces
a substantial amount of ammonia which, in turn, reduces mAb galactosylation
and sialylation by inhibiting the catalytic activity [115] and, potentially, Golgi
localisation [116] of the β4GalT and αSiaT enzymes.

This section reviews the metabolic glycoengineering strategies which have been
deployed to modulate the fucosylation, galactosylation, sialylation, and Man5
glycosylation of mAbs. These mAb metabolic glycoengineering strategies are
summarised in Fig. 5.
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A B
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A. Lower fucosylation
• 5-Alkynyl-fucose peracetate [118]
• 2-fluoro-peracetyl-fucose [118]
• 5-Alkynyl-fucose [117, 118]
• 2-fluoro-fucose [117, 118]
• Mycophenolic acid [119]
• Fucostatin I [120]

B. Increase fucosylation
• Fucose in cells expressing GTS or 

RMD [55]
C. Lower galactosylation

• 2-deoxy-2-fluoro-galactose [134]
• N-Acetylmannosamine [121]
• N-Acetylglucosamine [122, 133] 
• Glucosamine [133]
• Ammonia [124]
• Nickel [126]
• Zinc [125]

D. Increase galactosylation
• Substitution of Gln with Glu [131]
• Uridine [124]
• Manganese [124]
• Galactose [121, 122]
• UMG [113, 123]
• Melezitose [128]Lactose [128]
• Turanose [128]
• Cobalt [126, 127]

E. Lower sialylation
• Glutamine & asparagine due to ammonia 

production [146, 147]
F. Increase sialylation

• 2,3-dehydro-2-deoxy-N-acetylneuraminic acid 
[137]

• Butyrated N-Acetylmannosamine [135]
• N-Acetylmannosamine [108, 110]
• Dexamethasone [139]
• Hydrocortisone [140]

G. Lower mannosylation
• Iron [151]
• Choline [152]
• Manganese [149]

H. Increase mannosylation
• Kifunensine [98, 156]
• Castanospermine [136]
• Deoxynojirimycin [136]
• Deoxymannojirimycin [136]
• Mannostatin A [136]
• Monensine [136, 159]
• Swainsonine [158]
• Tagatose [136, 155]
• Sucrose [136, 155]
• Raffinose [128, 136]
• Mannose [122, 154]
• ▲[Mannose]/[Glucose] [153]
• ▼[Glucose] [161] 
• ▼[Glutamine] [130] 

Fig. 5 Overview of metabolic glycoengineering strategies The compounds, including amino
acids, carbohydrates, nucleotide bases, co-factors, and steroids, that have been reported to modulate
glycosylation are shown. The arrows indicate increases (�) or decreases (�). Components in
brackets represent concentrations. The glycan notation is the same as in Fig. 1.
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5.1 Fucosylation

mAb α-1,6 fucosylation can be curbed by feeding cultured cells with fluorinated
and/or acetylated fucose analogues (e.g., 2-fluorofucose, 5-alkynylfucose and acety-
lated derivatives) to inhibit α-1,6 fucosyltransferase activity (Fut8) [117]. Although
highly successful in abrogating mAb fucosylation to enhance ADCC activity, recent
work has found that a small fraction of these analogues can be transferred to mAb
glycans [118].

Reduced fucosylation has also been achieved by supplementing cell culture with
mycophenolic acid [119], an inhibitor of GTP biosynthesis, and fucostatin I [120],
which is a potent inhibitor of GDP-Mannose dehydratase (an enzyme along the
GDP-Man to GDP-Fuc biosynthetic pathway, Fig. 3). Conversely, desired levels of
mAb fucosylation can be obtained by feeding fucose to cells deficient in the de novo
GDP-Fucose biosynthetic pathway [55].

5.2 Galactosylation

Feeding of uridine, manganese, and galactose (UMG) separately or, more effec-
tively, as a cocktail is a proven method to increase mAb β-1,4 galactosylation. A
6% increase in β-1,4 galactosylation was achieved when 10 mM galactose was
fed to GS-NS0 cells producing a humanised IgG mAb [121]. In a more recent
study, Kildegaard et al. [122] obtained a 25% increase in mAb galactosylation when
CHO cells were fed 20 mM galactose. This group also reported a 4% reduction in
mAb galactosylation when the cells were fed 20 mM GlcNAc. Importantly, these
feeding strategies led to statistically significant changes to cell growth and/or mAb
productivity.

The most successful and widely used glycoengineering strategy to modulate
galactosylation is UMG feeding, where uridine (U) and galactose (G) aim to
overcome limitations in UDP-Gal biosynthesis, and Mn2+ (M) is added to enhance
β4GalT activity (Mn2+ is the enzyme’s co-factor). With UMG feeding, a shift in
mAb galactosylation, from 3% to 23% in G1F, was achieved, independently of
bioreactor scale [123]. Subsequent work used a DoE statistical modelling frame-
work to predict the UMG doses required to achieve targeted mAb galactosylation
content [113]. In another example, the individual effects of MnCl2, galactose, and
NH4Cl feeding on the galactosylation of an IgG mAb produced by CHO-K1 cells
were studied [124]. This work found that, for this cell line, feeding MnCl2 and
galactose were the key drivers for mAb galactosylation.

The effect of metal ion feeding on mAb galactosylation has also been reported.
Zn2+ concentrations above 100 μM [125] and Ni2+ concentrations above 500 μM
[126] have been reported to reduce mAb galactosylation by inhibiting β4GalT
activity. Co2+ concentrations of up to 50 μM [126, 127] mildly increase mAb
galactosylation without affecting cell growth or product yield. Feeding of additional,



164 I. G. Aquino and I. J. del Val

non-traditional carbohydrates (e.g., melezitose, lactose, and turanose) are also
reported to slightly increase mAb galactosylation with negligible reductions in cell
growth and product yield [128].

Metabolic galactosylation engineering strategies beyond UMG feeding have also
been explored. Interestingly, severe glucose starvation has been reported to yield
increased mAb galactosylation [23]. Although somewhat unintuitive, these authors
report that increased mAb galactosylation occurred due to increased intracellular
UDP-Gal availability caused by reductions in cell growth and mAb cell-specific
productivity. This conclusion is supported by stoichiometric calculations which
indicate that the predominant sink of UDP-Gal is cellular N- and O-galactosylation
[129]. This inverse relationship between productivity and galactosylation has also
been reported in work where a multifactorial statistical framework was used to
optimise the yield of a bevacizumab biosimilar [130]. Here, mAb productivity was
maximised by feeding aspartate, glutamate, arginine, and glycine but also yielded a
shift towards lower levels of product galactosylation.

In another metabolic glycoengineering strategy, glutamine was substituted by
glutamate in cell culture media to yield a 67% reduction in NH4

+ and a concomitant
10% increase in galactosylated (G1F and G2F) mAb glycoforms. Reduced NH4

+
also increased mAb titre 1.7-fold [131]. The buffering capacity of other amino acids,
such as threonine, proline, and glycine, has also been leveraged to counteract the
detrimental effect NH4

+ has on glycosylation [132].
Although increasing galactosylation (due to its positive influence on PK and PD)

has been the most common aim, metabolic glycoengineering strategies have also
been developed to abrogate galactosylation in order to reduce product variability.
With this goal, glucosamine and N-acetylglucosamine (GlcNAc) have been fed
to cell culture to yield mAbs with a-galactosylated glycans, mainly G0F glycans
[133]. Interestingly, GlcNAc feeding had no significant effect on cell growth and
productivity. Analogously to fucosylation inhibitors, substantial reductions in mAb
galactosylation have been obtained by supplementing culture media with 0.5 mM of
2-deoxy-2-fluoro-d-galactose (2FG), a fluorinated galactose analogue which inhibits
β4GalT activity [134]. A ~ 20% reduction in product titre was observed with 2FG
feeding.

5.3 Sialylation

As outlined previously, low levels of Fc sialylation are typically observed due to
limited space between the heavy chains which form the crystallisable fragment
of γ-globulin mAbs. However, CMP-Neu5Ac precursor feeding strategies have
been deployed to increase the sialylation of surface-exposed glycans within other
therapeutic glycoproteins and mAb Fab glycans. Specifically, cytidine along with
20 mM N-acetylmannosamine (ManNAc) [108, 110] and butyrated ManNAc [135]
have been fed to increase the sialylation of IFN-γ (by 15%) and EPO (by 32%).
Similarly, Ehret et al. [136] used ManNAc feeding to fine-tune mAb Fab sialylation.
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Sialidase inhibitors are also used to control therapeutic protein sialylation.
During culture, cells release sialidase enzymes which are known to remove Neu5Ac
residues from product glycans. Supplementing cell culture with sialidase inhibitors,
such as 2,3-dehydro-2-deoxy-N-acetylneuraminic acid [137] and N-acetyl-2,3-
dehydro-2-Deoxyneuraminic acid [136], has resulted in increased product sialyla-
tion.

Although the mechanisms are not yet fully understood, small lipophilic hor-
mones, including steroids, are known to influence glycoprotein productivity and gly-
cosylation [138]. Supplementation of culture media with dexamethasone enhances
the sialylation of a CTLA4-Ig fusion protein by eliciting increased β4GalT and
α3SiaT expression in CHO cells [139]. Similarly, culture supplementation with
hydrocortisone is reported to increase product sialylation in a dose and time-
dependent manner [140].

Sodium butyrate (NaBu) is a well-studied enhancer of recombinant protein
productivity in mammalian cells. NaBu is known to enhance gene accessibility
and, thereby, increase mRNA transcription and overall protein synthesis [141].
Although many studies report an inverse relationship between protein productivity
and sialylation [142–144], other work has found that total sialylation remains
constant [145] after NaBu treatment, albeit with a lower Neu5Gc/Neu5Ac ratio.

As with galactosylation, anaplerotic consumption of ammoniogenic amino acids
(e.g., glutamine and asparagine) can indirectly impact product sialylation by shifting
intracellular pH and, ultimately, inhibit the expression [146], activity [147], and
possibly, the Golgi localisation [116] of β4GalT and αSiaT. Similarly to fucosylation
and galactosylation, peracetylated and fluorinated Neu5Ac analogues have been
used to reduce glycoprotein sialylation [148].

5.4 Man5

Due to its deleterious effect on serum half-life, efforts to reduce the production of
mAbs with Man5 glycans has centred around enhancing the activity of MGAT1,
the enzyme which catalyses the only reaction where Man5 is consumed during
glycan processing in Golgi. Mn2+, which is the co-factor for MGAT1, has been
fed to cell culture to enhance the enzyme’s activity and reduce Man5 production
[149]. However, when combined with the use of galactose and fructose as glucose
alternatives during cell culture, Mn2+ has resulted in increased Man5 levels [150].
Culture supplementation with Fe2+ decreases Man5 production [151] and feeding
the lipid precursor, choline, has also been used to reduce the production of Man5
glycoforms [152].

Because mAbs bearing Man5 glycans may yield enhanced ADCC activity by
reducing fucosylation [95, 97], strategies to enrich production of this glycoform
have been developed. Huang et al. [153] increased Man5 production by controlling
the mannose:glucose ratio in cell culture media. Feeding mannose also increases
the fraction of Man5 glycoforms [154]. Culture media supplementation with other



166 I. G. Aquino and I. J. del Val

atypical carbon sources (e.g., raffinose, tagatose, and sucrose) has also been used to
increase production of Man5 mAbs [128, 155].

Kifunesine, an alkaloid known to inhibit αManI activity has been used to produce
oligomannose [98, 156] mAb glycoforms. Although kifunesine is the most effective,
other glycosidase and mannosidase inhibitors (e.g., swainsonine, castanospermine,
deoxynojirimycin, deoxymannojirimycin, monensine, and mannostatin A) have also
been used to inhibit production of complex glycans [136, 157–159].

5.5 Aglycosylation (Site Occupancy)

Because mAb Fc aglycosylation in absence of protein backbone engineering is
known to severely hinder effector functions [100], metabolic strategies to reduce
or eliminate mAb Fc glycosylation have been limited to investigating the metabolic
drivers of N-glycan site occupancy. Predictably, glucose availability plays a pivotal
role in N-glycan site occupancy: 24 hours of glucose starvation have been reported
to compromise mAb Fc glycan site occupancy (52% aglycosylation), via altered
biosynthesis of the Glc3Man9GlcNAc2 dolichol-linked precursor oligosaccharide
[160]. Similar results, which mechanistically link mAb Fc aglycosylation with
glucose starvation through reductions in intracellular nucleotide sugar pools, have
also been reported [161]. Feeding culture with tunicamycin, a potent inhibitor of
OST (EC 2.4.99.18) has also been used to abrogate mAb Fc N-glycan occupancy
[162].

6 Glycoengineering of Alternative Production Systems

Historically, mammalian cells – in particular, CHO cells – have dominated as the
expression platform of choice for mAb production. 18 of the 20 best-selling mAbs
(Table 1) and over 60% of all commercialised mAbs are produced through CHO
cell culture, with the remainder being manufactured using mouse myeloma-derived
cells (e.g., NS0 and Sp2/0) [163].

CHO cells are the dominant production host for mAbs due to their ability to
produce ‘human-like’ post-translational modifications (PTMs) and their ability to
grow at high densities in chemically defined (animal component-free) culture media
[164, 165]. A wealth of knowledge in producing biopharmaceuticals with CHO cells
has accumulated over the past 30 years (since the approval of therapeutic tPA in
1986) and has resulted in a proven safety and manufacturability track record with
regulatory agencies.

Immortalised human cell lines have the advantage of native PTM machinery
and are capable of growing in serum free, suspension culture [166]. However,
a key concern associated with human cell lines is their susceptibility of being
contaminated by human pathogenic viruses, an issue that is minimised with CHO
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cells [167]. Despite this challenge, some therapeutic glycoproteins are manufactured
using human cell lines, such as HEK283 (e.g., recombinant human Factor VIII
for the treatment of haemophilia) and HT-1080 (e.g., recombinant replacement
enzymes) [166]. Human cells are required to manufacture these products, likely due
to particular molecular features or PTMs (e.g., sulphation). In addition, otilimab, an
immune modulation mAb produced with Per.C6 cells (derived from immortalised
human retina cells), is currently undergoing Phase III clinical trials [168].

Bacterial, fungal, plant, and insect cells are proven platforms for therapeutic
protein production. However, therapeutic proteins manufactured with these cells
have been restricted to simpler molecules because wild type versions of these cell
types lack the cellular machinery required to produce human-like PTMs. More
recently, the ongoing expansion of novel synthetic and systems biology tools has
enabled the use of engineered bacterial, fungal, plant, and insect cells as exciting
alternative options for mAb production.

6.1 Bacterial Cell Glycoengineering

Non-engineered E. coli has been restricted to the production of non-glycosylated
antibody fragments (e.g., certolizumab-pegol and ranibizumab) [169] or nanobodies
(caplacizumab) [170]. Although the N-glycosylation pathway of C. jejuni [171] and,
more recently, eukaryotic glycosyltransferases [172] have been engineered into E.
coli, the glycan profiles produced with these glycoengineered cells is still far from
being ‘human-like’.

6.2 Fungal Cell Glycoengineering

Because hypermannosylation has been identified as a significant constraint for
therapeutic glycoprotein production in wild type yeast cells [173], P. pastoris, S.
cerevisiae, H. polymorpha, and Y. lipolytica have all been extensively glycoengi-
neered to reduce this xenoantigenic glycan motif by knocking out genes for α-1,6
mannosyltransferase [174, 175]. Beyond reducing hypermannosylation, yeast cells
have been glycoengineered to produce human-like glycosylation through ectopic
expression of branching [176], elongation [177], and mannose-trimming enzymes
[175], which in many cases have been modified to include Golgi localisation
components to ensure that the glycosylation reactions occur in the appropriate
sequence [178, 179].

Although the above glycoengineering efforts successfully yield human-like gly-
cosylation, residual amounts of hypermannosylated glycans are still produced [180,
181]. Hamilton et al. [182] obtained fully human complex glycans on erythropoietin
produced by P. pastoris but their glycoengineering strategy required multiple
endogenous enzyme knockouts and the ectopic expression of 14 heterologous genes.
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6.3 Plant Cell Glycoengineering

Plant-based expression systems have been tested to produce antibodies since the late
80s [183], but native plant glycosylation contains xenoantigenic monosaccharide
residues, such as β1,2-xylose and α1,3-fucose [184] and Lewis A epitopes [185].
These non-human sugar residues can be easily abrogated by knocking-out/down the
corresponding glycosyltransferase genes [186–188].

Further humanisation of plant glycoprofiles includes overexpressing galactosyl-
transferase enzymes [189] and the Neu5Ac biosynthetic pathway [190]. Zmapp, an
anti-Ebola mAb cocktail produced by transgenic tobacco plants [191], was granted
‘Fast-Track’ FDA status in 2015 [192]; however, it was deemed less effective than
Regeneron’s CHO-derived REGN-EB3 [193], which was recently FDA approved
for the treatment of this life-threatening viral infection.

6.4 Insect Cell Glycoengineering

The baculovirus-insect cell system may also offer a cost-effective alternative for
mAb production, with lepidopteran cells (e.g., Sf 9, Sf 21, and Trichoplusia ni)
or living silkworm larvae being the most investigated production hosts [194].
Native insect cell glycosylation consists of paucimannose structures [195], which
arise from low expression levels of MGAT2 [196] and other glycan elongation
enzymes [197, 198]. In addition, wild type insect cells produce xenoantigenic α-1,3
fucosylation and express glycosidases, which break down human-like glycosylation
motifs such as β1,2-GlcNAc [199].

The two strategies to glycoengineer insect cell lines involve either transfecting
the missing glycogenes into the cells [200–202] or co-transfecting these genes,
via baculovirus infection, alongside the protein of interest [203–206]. Although
these strategies have yielded >80% complex mAb glycans with high levels of
galactosylation (50%), a significant amount of paucimannose glycans remain
[206]. Fucosylation (both α1,3- and α1,6-linked) has been abrogated in insect cell
lines through the ectopic expression of GDP-6-deoxy-D-lyxo-4-hexulose reductase
(RMD), which eliminates GDP-Fuc biosynthesis [207].

7 In Vitro Glycoengineering

In vitro glycoengineering, which involves the ex vivo chemoenzymatic modi-
fication of (glyco)protein intermediates, has recently garnered interest because
it yields very homogenous product glycans from highly controllable processes.
mAb in vitro glycoengineering centres around enzymatic modifications because
the branching, stereo-, and regiochemistry of N-glycans makes purely chemical
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modifications exceptionally challenging [208]. Depending on the (glyco)protein
produced upstream, glycans can be trimmed and then elongated or fully synthesised
while bound to the peptide backbone [209], but they can also be obtained from a
different source (commonly egg-yolk glycopeptide [210, 211]) and transferred, as a
unit, onto the mAb backbone.

Traditional in vitro glycoengineering has targeted galactosylation by incubating
the mAb with purified galactosyltransferase, the galactose donor (UDP-Gal), and
the enzyme co-factor (MnCl2) [212–214]. In vitro methods to enhance sialylation –
either maximising α-2,3 Neu5Ac content or swapping it to human-like (α-2,6
Neu5Ac) – use sialidases (to remove α-2,3 Neu5Ac), sialyltransferases, and CMP-
Neu5Ac [134, 214, 215].

In contrast, in vitro modulation of mAb fucosylation is more problematic, as
native fucosidases and fucosyltransferases are unable to modify complex glycans,
most likely due to steric hindrance effects [216]. Fucose addition has recently been
made possible with an AlfC α-fucosidase (E274A) mutant, which can fucosylate
intact N-glycoproteins [216]. In vitro fucosidic bond cleavage of mature mAb
glycoforms (which would yield enhanced ADCC activity) is still an obstacle, as
engineered fucosidases are yet to achieve desirable levels of activity [217].

As can be observed, the components required for glycan extension via in vitro
glycoengineering are those involved in the biological reaction: (i) an activated
nucleotide sugar donor (NSD), (ii) a glycosyltransferase, and (iii) the carbo-
hydrate acceptor. Importantly, mammalian glycosyltransferases are, themselves,
glycoproteins whose activity depends on their carbohydrates [218]. Therefore, the
glycosyltransferases used for in vitro glycoengineering are either isolated from
animal sources (which is undesirable in a cGMP environment) or are produced
recombinantly using a mammalian expression platform, which may add to manu-
facturing costs.

In addition, the NSDs (e.g., UDP-Gal, CMP-Neu5Ac, and GDP-Fuc) are
required to be at reasonably high purity for in vitro glycoengineering purposes,
which could also increase manufacturing costs. Furthermore, the use of additional
processing steps would necessitate in-process controls to ensure that the product
does not suffer undesired chemical modifications (e.g., oxidation and deamidation)
or degradation due to prolonged incubation times [219].

Alternative in vitro glycoengineering approaches consist of chemoenzymatic
methods where IgG-optimised endoglycosidases are used to cleave the native
N-glycan [220, 221] and subsequently act as ligases to attach an oxazoline-
derivatised carbohydrate obtained from a sialoglycoprotein [222]. However, because
the primary function of these enzymes is hydrolytic, their transglycosylation activity
is limited and achieves low yields [221]. To overcome this challenge, the hydrolytic
activity of endoglycosidases has been abrogated to yield so-called glycosynthases
[223, 224] which can selectively and efficiently transglycosylate Fc and Fab
domains in mAbs [225–227]. As long as the antibody contains the innermost
GlcNAc (with or without fucose) bound to the peptide backbone, glycosynthases
can be used for the chemoenzymatic remodelling of mAbs produced in any platform,
including insect [228] or yeast cells [229].
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Importantly for mAbs whose therapeutic mechanisms rely on ADCC, the
carbohydrate produced after endoglycosidase treatment may have exposed fucose,
which can readily be removed using fucosidases [230, 217]. The endoglycosi-
dase/glycosynthase technology has been integrated with cellular glycoengineering,
where N. benthamiana was engineered to produce an endoglycosidase to perform
in vivo deglycosylation of rituximab which later served as the transglycosylation
acceptor of A2G2 glycans [231]. Finally, such chemoenzymatic strategies can
be used to introduce unnatural glycan structures [232] or for the production of
glycosite-specific antibody-drug conjugates [233, 234].

Enzymatic and chemoenzymatic techniques have been used extensively to test
the biological activity and impact of a particular glycoform on mAb conformation
[41, 215, 235, 228, 38], but their use at the industrial scale is yet to be demonstrated.
However, a proof of concept for the manufacture of one kilogram of G2-glycan
remodelled mAb was reported by Warnock et al. in 2005 [236]. Recent work, which
paves the way towards deployment of in vitro glycoengineering at larger scales,
includes solid-state glycan remodelling on mAbs captured on Protein A resin. This
strategy enables glycotransferase reutilisation and eliminates the need for additional
purification steps [237]. In the same context, endoglycosydases and glycosynthases
have been immobilised on a matrix to aid the chemoenzymatic process [238].

8 mAb Glycoengineering: Future Perspectives

The importance of glycosylation for the overall quality of therapeutic mAbs has
led to the development of a multitude of strategies to steer this post translational
modification towards profiles that ensure safety and enhanced therapeutic proper-
ties. Although five glycoengineered mAbs are currently marketed, next generation
technologies are being developed to tackle the glycosylation quality assurance
challenges of next generation mAb processes/products.

Three key drivers for ongoing glycoengineering efforts are: (i) the emergence
of biosimilar mAbs, which are required to match the glycosylation profiles of
the originator products, (ii) bioprocess intensification strategies (e.g., perfusion
bioreactors) where conventional glycosylation control strategies may be difficult
to deploy, and (iii) the potential of personalising mAb therapies based on patient
and product glycosylation profiles. A distinct challenge associated with these
three drivers is that the target glycosylation profiles are unlikely to be absolute
(i.e., fully afucosylated, galactosylated, or sialylated). Therefore, next generation
glycoengineering strategies should enable the fine tuning of mAb glycosylation
profiles across a broad spectrum and should also be dynamically responsive to
address excursions during bioprocessing.

As with any control system, schemes for real-time tuning of mAb glycosylation
require at least three components: a sensor, a control signal, and an actuator. In
this context, the glycoengineering strategies reviewed in the preceding sections
of this chapter can be viewed as the actuators, whereas computational models
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of glycosylation can be leveraged as ‘soft sensors’ and simultaneously be used
to define the magnitude and duration of the control stimuli to maintain product
glycosylation at desired setpoints. Indeed, substantial work has gone into developing
sophisticated computational models of therapeutic protein glycosylation, where
mechanistic, flux-based, and statistical frameworks have been developed to link
bioprocess conditions with product glycosylation with the ultimate aim of delivering
robust glycosylation control strategies [239].

Given the vast progress in developing glycoengineering strategies and com-
putational models of glycosylation, a seamless integration of both elements will
directly address the quality assurance challenges associated with next generation
therapeutic mAb products. Indeed, recent publications have already explored such
synergies, where a kinetic model of glycosylation has been used to define dynamic
metabolic glycoengineering strategies (UMG feeding regimes) that maximise β4-
galactosylation of mAbs while minimising negative effects on product yield [240].
In another example, statistical modelling has been used to develop and operate a
bioprocess with the aim of achieving mAb glycosylation biosimilarity [241].

More recently, the Glycan Residues Balance Analysis (GReBA) model [242] was
used to control mAb glycosylation by adjusting the feed composition in a perfusion
bioreactor [243], a mechanistic model was used to predict the effect of amino acid
and copper supplementation on the glycosylation and yield of a mAb product [244],
and a hybrid computational model, where mechanistic elements have been coupled
with a machine learning algorithm, has been used to predict the influence of cell
culture conditions and cellular glycoengineering events on product glycosylation
[245].

A gap that remains to be bridged is real-time, model-based regulation of cellular
glycoengineering. Real-time tuning of glycogene expression based on model-based
soft sensors is most promising given the implicit flexibility and robustness, as
well as the breadth of glycoforms that could be achieved. Glycosylation models
have indeed been used to propose non-tuneable cellular glycoengineering strategies
to minimise deviations from target mAb glycan profiles. For example, the level
and extent of cellular glycoengineering required to achieve therapeutic protein
biosimilarity have been defined using a flux-based glycosylation model [246].
Similarly, a mechanistic glycosylation model was used to identify the level of
MGAT2 overexpression required to eliminate the production of deleterious Man5
mAb glycoforms [24]. The next step forward would be to synergise computational
models with dynamically tuneable cell engineering strategies similar to those
recently developed for controlling the α6-fucosylation and β4-galactosylation of
therapeutic mAbs [247]. Such an integration may extend the use of tuneable cellular
glycoengineering strategies from drug discovery to manufacturing and enable near-
perfect control of therapeutic mAb glycosylation.
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9 Concluding Remarks

The rapidly expanding cellular and metabolic glycoengineering toolbox is primed
to deliver unprecedented levels of quality control for current and next generation
mAb products. The path towards fully realising robust control of mAb glycosylation
resides in exploiting novel synthetic biology platforms (e.g., CRISPR-based tools
and inducible gene circuits [247]), combining cellular and metabolic glycoengineer-
ing, and leveraging the breadth of available computational models of glycosylation.
The development of new glycoengineering tools and synergising them across the
different phases of the glycosylation process will greatly enhance mAb product
quality assurance and may lead to novel products where glycans can be tuned
to achieve optimal therapeutic outcomes in individual patients (glycopersonalised
medicine).
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ADCC antibody-dependent cell-mediated cytotoxicity
Alb-EPO albumin-erythropoietin
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BAX BCL2-associated X protein
BCAA branched-chain amino acid
BCAT1 branched chain aminotransferase 1
BCL-2 B-cell lymphoma 2
BCL-XL B-cell lymphoma XL
BECN1 Beclin-1
BMP-4 bone morphogenetic protein-4
Cas9 CRISPR-associated protein 9
CERT ceramide transfer protein
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DHFR dihydrofolate reductase
DSBs DNA double-strand breaks
dsRNAs double-stranded RNAs
DTE difficult to express
ER endoplasmic reticulum
FAIM Fas apoptotic inhibitory molecule
FUT8 α-1,6-fucosyltransferase
GEMs genome-scale models
GlcNAC N-acetylglucosamine
GnTIII β1,4-N-acetylglucosaminyltransferase III
GOI gene of interest
HCPs host cell proteins
HR homologous recombination
HSP27 heat-shock protein 27
HSP70 heat-shock protein 70
IFN-γ interferon-γ
IGF1 insulin-like growth factor 1
Indel insertion/deletion
IVCC integral of viable cell concentration
KRAB Krüppel-associated box
mAb monoclonal antibody
MDH II malate dehydrogenase II
Mgat1 N-acetylglucosaminyltransferases I
Mgat4 N-acetylglucosamine transferase IV
miRNAs microRNAs
MPC mitochondrial pyruvate carrier
mRNA messenger RNA
Neu5Gc N-glycolylneuraminic acid
NHEJ non-homologous end-joining
PDI protein disulfide isomerase
PTMs post-translational modifications
PYC pyruvate carboxylase
rCHO recombinant CHO
RISC RNA-induced silencing complex
RMCE recombinase-mediated cassette exchange
RNAi RNA interference
ROS reactive oxygen species
SAM synergistic activation mediator
SCD1 stearoyl-CoA desaturase 1
SEAP secreted alkaline phosphatase
SGE stable gene expression
shRNA small hairpin RNA
siRNA small interfering RNA
SNAP-23 synaptosome-associated protein of 23 kDa
SNARE soluble N-ethylmaleimide-sensitive factor receptor
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SREBF1 sterol regulatory element-binding factor 1
ST6GAL1 ST6 β-galactoside -2,6-sialyltransferase 1
TALENs transcription activator-like effector nucleases
TAUT taurine transporter
TFs transcription factors
TGE transient gene expression
TI targeted integration
TPO Thrombopoietin
TSS transcription start site
UPR unfolded protein response
VAMP8 vesicle-associated membrane protein 8
VCD viable cell density
VKD Vitamin K-dependent
XBP1s spliced form of X-box binding protein 1
YY1 Yin Yang1
ZFNs zinc-finger nucleases

1 Introduction

Mammalian cells, including Chinese hamster ovary (CHO) cells, are successfully
employed as a manufacturing platform to produce high-value biopharmaceuticals.
Owing to their unique properties, including metabolic plasticity, ease of growth
in a large-scale suspension culture, and ability to synthesize complex human-like
proteins, mammalian cell lines are preferred for the production of recombinant
therapeutic proteins [1, 2]. Since the first use of mammalian cells for biophar-
maceutical manufacturing, vast improvements have been made in host cell line
engineering, expression vector engineering, transgene amplification systems, clone
selection/screening technologies, and process development, including cell culture
media and optimization of culture environmental parameters over the last two
to three decades [1, 3, 4]. Such technical advances result in high volumetric
productivity and product titers of over 5–10 g/L in monoclonal antibody (mAb)
production in the biopharmaceutical industry [4]. However, the productivity of most
therapeutic proteins remains much lower than that of mAbs, and there remains a
need to develop more efficient mammalian cell expression systems. Moreover, a
number of highly potent multi-specific Ab formats, including bispecific antibodies
and fusion proteins, have been developed as next-generation Ab products and have
become more popular in the biopharmaceutical industry [5, 6]. Despite the superior
clinical benefits of non-native format proteins, they present various manufacturing
issues, including product instability, low expression levels, and complex purification
processes, making them difficult to express (DTE) for current expression systems [5,
7]. Therefore, producing DTE proteins in a cost-effective manner will likely require
substantial cell engineering.
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Historical trends in biotherapeutic production reveal that bioprocess development
followed by cell engineering has mainly contributed to continuous improvements in
volumetric productivity [8]. The primary focus in cell engineering is to enhance per-
cell yields by modulating metabolism, secretory pathways, and cell death pathways.
At present, the focus has shifted from higher productivity to desired product quality
control, such as N-glycosylation, protein charge, or amino acid sequence, while
maintaining the long-term stability of cell lines at cell line development and large-
scale production stages [9]. To date, most advancements in cell engineering have
been achieved by engineering a single or limited number of targets that are selected
based on previous studies. Engineering target genes with known functions are
introduced transiently or stably through random transgene integration, depending
on the purpose of the engineering and cell engineering methodologies. Recent
advances in high-throughput omics data (genomic, transcriptomic, proteomic,
metabolomic, lipidomic, glycomic, and epigenomic) profiling [9, 10] and the advent
of genome editing tools [11, 12] provide novel opportunities for next-generation cell
engineering aimed at unraveling the molecular basis of efficient recombinant protein
production and systematic cell engineering in a rational manner.

In the following sections, we summarize the current cell engineering workflow
while describing major steps and considerations (Fig. 1). We then detail the
relevant state-of-the-art cell engineering approaches as well as the classification of
engineering targets and their identification. Furthermore, we review how the cell
engineering platform has been applied in CHO cells to improve the production
of biopharmaceuticals. Finally, we provide practical considerations for cell engi-
neering including the expression level, inducibility, origin, and expression method
of engineering target genes. As a comprehensive summary of cell engineering
efforts has been published recently [13, 14], we devote special attention to general
guidelines for cell engineering and next-generation cell engineering platforms
within the mammalian systems/synthetic biology framework.

2 Cell Engineering Workflow: Overview

Mammalian cell engineering aimed at optimizing the production of given proteins
requires a holistic understanding of complex mammalian cell physiology, from
high transcription/translation of the production target gene to high rates of protein
secretion with tailor-made post-translational modifications (PTMs). A recent meta-
review of cell factory engineering has provided generic engineering strategies for
protein expression in eukaryotic host cells [15]. Other than approaches to optimize
the expression of transgenes through expression vector engineering, some of which
include promoter engineering, gene fusion, UTR engineering, codon optimization,
and secretion signal engineering, cell engineering strategies can be classified into
the following two categories: optimizing product titers and quality [16]. Two cell
culture variables—the time integral of viable cell concentration (IVCC) and specific
productivity (qp; pg/cell/day or pcd)—contribute to the final therapeutic protein
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Fig. 1 Schematic workflow and strategies for mammalian cell engineering. The development
of superior host cell lines can be achieved by modulating cellular pathways. Identification of
engineering target gene(s) is based on three major approaches; knowledge-based, systems biology,
and screening. Modulation of effector gene expression is achieved by applying appropriate
engineering methods such as overexpression, knockout, knockdown, and CRISPR-mediated gene
regulation. Considering context-specific engineering criteria is desirable. The phenotypic gain-
or loss- of function engineering allows for the establishment of next-generation mammalian cell
factories with regard to culture performance (viable cell density and culture duration), metabolism
(toxic by-products), protein synthesis/secretory capacity (specific productivity, qp), and product
quality (post translational modification (PTM))

titer [16]. Improving IVCC can be achieved through two main approaches: (i)
prolonging culture longevity and (ii) accelerating cell proliferation by increasing
the specific growth rate (μ) and the maximum viable cell concentration. Improving
qp means that the production capacity of cells expands, leading to an increased
production rate. For the optimization of protein quality, the modulation of PTM,
particularly glycosylation, is required to obtain and maintain desired product quality
profiles. Quality control strategies depend on the properties and applications of
target proteins. Within the context of target proteins and production platforms,
certain cell engineering strategies can be applied to various rate-limiting steps to
overcome bottlenecks. Engineering methods and specific considerations largely rely
on target cellular mechanisms and pathways, more specifically, engineering target
gene candidates, which will be discussed in detail below.
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3 Engineering Target Discovery: Knowledge-Based,
Modeling, and Screening

For ideal mammalian cell lines for protein production, the identification and selec-
tion of proper cell engineering targets is crucial. Modifications in the expression
level of target genes are expected to lead to desired phenotypic traits, such as robust
growth, high viability and titer, and defined PTMs.

Basic and translational research regarding the biological functions of genes
and proteins has primarily provided putative targets. For example, continuous cell
lines showed metabolic flux rewiring from aerobic glycolysis for proliferation to
mitochondrial oxidative phosphorylation during the stationary phase [17]. To reduce
the accumulation of toxic by-products derived from glycolysis, several studies
have targeted metabolic pathway genes associated with increased glycolysis that
are conserved across different cell and tissue types and are frequently observed
in cancer and transformed cell lines [18, 19]. Cancer cells also show increased
expression of anti-apoptotic machinery to circumvent cell death [20], which has
been successfully implemented for improved viability in industrial mammalian
cell lines. Moreover, professional antibody-secretory plasma cells possess dramat-
ically expanded metabolic and secretory machinery [21, 22]. Cellular mechanisms
underlying B-cell differentiation into plasma cells provide a fascinating insight
into engineering cellular capacity for increased protein production [23]. However,
engineering knowledge-based targets has remained predominantly empirical.

Recent advances in systems biology approaches have provided insights into
molecular mechanisms and phenotypic differences across host cell lines and
high/low producers [8, 9]. Multiomics data have been used to identify multiple
engineering targets associated with desired attributes. Depending on the type of
individual omics data profiling, data analysis has provided signatures of molecules;
genes, proteins, and metabolites, shown in recombinant cell lines with desired traits.
Furthermore, computational modeling approaches have enabled more informative
analysis of omics data by linking the genotype to the phenotype on a mecha-
nistic basis [9, 24]. With the development of genome-scale models (GEMs) of
industrial mammalian cells, including CHO, detailed secretory pathways coupled to
metabolism and interaction maps of major cellular processes have been developed
[25–28]. Such models allow a holistic understanding of the cellular pathways and
simulation of cell growth and protein production. CHO metabolic/secretory GEMs
quantitatively estimate the metabolic costs of producing therapeutic proteins and
successfully predict growth rates and engineering effects in recombinant CHO
(rCHO) cell lines [25, 26]. By integrating multi-omics data with GEMs, it is possible
to identify more reliable engineering targets. For example, an integrative analysis of
the transcriptome and CHO metabolic GEMs revealed several metabolic features
observed in the antibody-producing rCHO cell line, leading to the prediction of the
potential overexpression targets [9, 24].

In addition to knowledge-based modeling, forward genetic screens have been
used not only to interrogate gene function but also to identify novel targets [29].
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The introduction of genome-wide mutagenesis directs desired phenotypic changes
under certain phenotypic selections of interest, followed by identification of the
responsible genes. Traditional forward screens have relied on random mutagenesis
and a laborious process to identify causality [29]. This process has enabled the
establishment of useful mammalian host cell lines, such as dihydrofolate reductase
(DHFR)-deficient CHO host cell lines [30], that allow efficient gene amplification,
leading to higher productivity. The advent of RNA interference (RNAi) has
improved the forward screens by gene knockdown rather than knockout of gene
function [31]. RNAi screening has identified non-intuitive engineering targets that
affect productivity in CHO cell lines [32]. Despite its useful features, the inefficient
knockdown of the target gene and substantial off-target effects have led to false-
positive results and poor reproducibility [33–35]. The development of Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)-based genome editing
technologies has expanded the toolbox for large-scale forward screens [36, 37]. In
several side-by-side comparison studies of the two methods, CRISPR screening
demonstrated increased sensitivity, consistent phenotypes, and fewer off-targets
compared to RNAi screening [34, 35]. Combining the results of two screening
methods further improves the identification of reliable candidate hits, showing
the complementary features of each technology [35]. In addition to the knockout-
based loss-of-function screen, variations of CRISPR approaches, such as CRISPR
interference (CRISPRi) and activation (CRISPRa), have expanded applications that
allow the regulation of endogenous transcription, thus, making genome-wide gain-
of-function screens feasible [33, 38]. Recently, genome-wide CRISPR knockout
screening platforms have been successfully applied to CHO cell lines [39, 40].
The first CRISPR knockout screen in CHO targeted metabolic pathways under
an industrially relevant selection pressure, glutamine deprivation, yielding both
predictable and novel targets [39]. Rather than classical lentiviral CRISPR screening
methods, the latest genome-wide virus-free CRISPR screening platform offers easy
access for researchers with reduced noise for the identification of targets in protein
production [40].

4 Cell Engineering Approaches: Engineering Methods

To overcome naturally occurring cellular limitations, numerous genetic engineering
approaches have been attempted to alter cellular processes and mitigate bottlenecks
in mammalian cells [13]. In this section, we summarize host cell engineering
technologies adopted to improve general or specific attributes of CHO cell factories,
including the introduction of beneficial genes, knockout or knockdown of deleteri-
ous endogenous genes, and CRISPR-mediated gene expression regulation.
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4.1 Effector Gene Overexpression

Once putative genes that appeared to be advantageous for the production of
recombinant proteins have been identified, one engineering strategy is the ectopic
overexpression of beneficial genes, either transiently or stably. Both expression
platforms offer better performance to mammalian cell lines depending on the
engineering contexts, such as host cells, therapeutic proteins, and expression levels
of target genes. CHO codon-optimized complementary DNA, which consists only
of a protein coding sequence, can be cloned into a mammalian expression vector
[41–43], and is commonly introduced into mammalian cells via either lipofection
or electroporation. Upon transfection, transient gene expression (TGE) can lead to
improved therapeutic protein production. However, engineering effects can vary
depending on transfection method/efficiency, and a limited time period for esti-
mating the phenotype makes stable gene expression (SGE) more common practice
in mammalian cells. In case of SGE, transfected pool cells undergo antibiotic
selection for approximately one to three weeks in selection media, leading to the
generation of a polyclonal pool of cells where random integration of the expression
vector into their chromosome has occurred. From heterogeneous mixed pool cells
showing phenotypic differences due to varying levels of gene of interest (GOI),
homogenous clonal cell lines are generated by various single-cell cloning methods,
such as limiting dilution. Candidate clones with desired stable and robust engineered
phenotypes, such as high IVCC and qp as well as tailored PTMs, are finally
screened/selected. Furthermore, expression levels can be controlled by inducible
gene expression using inducible promoters within individual clones, which can
exhibit bona fide engineering effects without clone-to-clone variation.

4.2 Gene Knockout

In addition to overexpression, the knockout of deleterious endogenous genes
is a useful method to improve the general and specific features of host cells.
Chemical or UV irradiation-induced random mutagenesis has traditionally been
applied for nonspecific DNA knockouts. Historically, CHO-K1 host cells turn
into DHFR-negative phenotypic cell lines referred to as CHO-DXB11 by random
mutagenesis [44]. Since 1987, genetically engineered CHO-DXB11 cell lines have
been widely used for the development of high-producing stable cell lines via the
DHFR/MTX gene amplification system. In contrast, introducing target-specific
loss-of-function mutations was first performed via the homologous recombination
(HR) pathway. However, extremely low naturally occurring HR events limit its
application in mammalian cell engineering [45–48]. Along with publicly available
genome sequences of Chinese hamster and CHO cell lines since 2011 [49–52],
the advancement of highly efficient genome editing technologies has provided a
robust and precise engineering platform for the sequence-specific modification of
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the CHO genome. Such genome editing tools include zinc-finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALENs), and the most state-of-the-
art CRISPR/CRISPR-associated protein 9 (Cas9) system [53, 54]. These nucleases
introduce site-specific DNA double-strand breaks (DSBs), which trigger two main
endogenous DNA repair pathways; homology-directed repair and non-homologous
end-joining (NHEJ) [55]. In the case of the NHEJ pathway, discontinuous DNA ends
are directly ligated, which frequently leaves scars, i.e. nucleotide insertion/deletion
(indels) near DSB regions, leading to site-specific loss-of-function mutations [11].
ZFN- and CRISPR/Cas9-mediated α-1,6-fucosyltransferase (FUT8) gene knockout
in CHO host cell lines successfully leads to the production of nonfucosylated IgG,
which strengthens antibody-dependent cellular cytotoxicity (ADCC) [56, 57].

Among genome editing technologies, CRISPR/Cas9, which is derived from the
bacterial immune system, is dominantly implemented in the CHO community over
ZFNs and TALENs due to its design simplicity, high targeting efficiency, cost-
effectiveness, and even multiplexing [12, 58]. Therefore, generating an improved
CHO host cell line via the CRISPR-Cas9 and NHEJ pathways is a straightforward
and novel methodology that supports rational loss-of-function engineering.

4.3 Gene Knockdown via RNA Interference

Instead of the knockout of endogenous genes, RNAi technology provides post-
transcriptional gene silencing (i.e., knockdown of gene expression) and has been
extensively exploited to disrupt gene expression in CHO cells [59].

Since its first discovery in Caenorhabditis elegans [60], the RNAi gene silencing
strategy frequently utilizes small double-stranded RNAs (dsRNAs) that are either
chemically synthesized small interfering RNAs (siRNAs) or plasmid-mediated
small hairpin RNA (shRNA). Exogenous dsRNAs delivered into the cytoplasm are
cleaved by the RNase III-like enzyme Dicer. The resulting single-stranded 20–25 bp
RNA molecules loaded onto Argonaute-2 completely bind to target messenger RNA
(mRNA) in conjunction with the RNA-induced silencing complex (RISC), which
causes target mRNA degradation (single mRNA target) [61]. siRNA-mediated gene
silencing is extensively exploited in the CHO field to improve cellular behavior
by controlling various pathways involved in cell death, metabolism, secretion,
glycosylation, etc. [62–67].

On the other hand, eukaryotic cells express another class of small non-coding
RNAs, referred to as microRNAs (miRNAs) [68]. miRNAs are short endogenous
regulatory RNAs (~22 bp) that are highly conserved among species and play an
important role in epigenetic cellular regulation [69–71]. Long hairpin-structured
primary miRNAs are initially transcribed in the nucleus and cleaved by the nuclear
RNase III enzyme Drosha, generating a short precursor miRNA [72, 73]. Following
transport into the cytoplasm, further processing of miRNA creates miRISC by a
mechanism similar to that described in siRNA, leading to mRNA translational
repression [74]. Due to the imperfect complementary binding property of miRNA,
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a single miRNA can theoretically target several hundred potential mRNAs (3′
UTR region of target mRNA (2–7 bp)), which expands its applicability in terms
of mammalian cell engineering, especially for DTE production [75–79]. Given
that recent transcriptome evidence implies that general host cell engineering is
more likely to be fulfilled by controlling many global gene expressions, miRNA
technology has recently emerged as an appealing tool for general CHO host cell
engineering [80–82]. Unlike knockout approaches, such non-coding RNAs can
control mRNA translation efficiency in mammalian cells, thus, the effect of the
downregulation of essential genes on cellular phenotypes can be studied [83–85].

4.4 Endogenous Gene Expression Regulation via
the CRISPR-dCas Toolbox

In addition to RNAi technology, more recent CRISPR-associated catalytically
dead Cas (dCas) techniques; CRISPRi or CRISPRa, allow the interpretation of
endogenous gene function, genome-wide screens, synthetic genetic circuits, and
modulation of cellular pathways [33, 38, 86, 87]. Along with the complementary
use of dCas12a (Type V), nuclease activity-null dCas9 (Type II) is currently of
particular interest, as it retains only RNA-guided DNA-binding characteristics
without introducing genomic DSBs [88, 89]. These site-specific DNA-binding
proteins offer a robust platform for the recruitment of various effector proteins
involved in epigenetic modifications, genome imaging, transcription regulation, etc.
[90, 91].

Although endogenous gene repression is feasible in bacterial cells by binding
dCas9 alone to promoter regions, transcriptionally repressive domain-fused dCas9
was developed for efficient CRISPRi applications in mammalian cells. The Krüppel-
associated box (KRAB) domain of human Kox1 exhibits substantial transcriptional
repressor activity, thus, dCas9-KRAB is widely used for targeting the transcription
start site (TSS) of endogenous genes [91–95]. Recently, another class of CRISPR,
Cas13d (Type VI), was exploited for gene knockdown (RNA targeting) and
implicated the potential of CRISPR-Cas13d for CHO cell engineering [96].

On the other hand, CRISPRa facilitates gain-of-function engineering through
transcriptional activator domains, including herpes simplex viral protein 16 (VP16),
four or 10 copies of VP16 (VP64 or VP160), and nuclear factor-κB transactivation
domain (p65) [93, 97–99].

Synergistic properties of CRISPRi and CRISPRa with a cluster of guide RNAs
[98, 100, 101], and multi-copy effector recruitment platforms, particularly in
CRISPRa, such as the SunTag system, dCas9-VPR (VP64-p65-Rta), and synergistic
activation mediator (SAM) systems, have greatly widened their applications in
various cell types [102–106]. Furthermore, for better applications, the careful design
of guide RNAs for targeting TSS and evading nucleosome occupancy is important
for high reproducibility and efficiency [105, 107, 108].
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In summary, various novel engineering technologies have enabled loss- or gain-
of-function engineering and the selection of appropriate strategies will guide the
generation of superior CHO cell factories [109].

5 Target Classification: General vs. Specific Attributes

Appropriate selection of cell engineering targets is essential to modify the properties
of cells in a desired way. Numerous cell engineering approaches have aimed to
modulate a variety of cellular processes or signaling pathways. The engineering
targets can be classified into two types according to the engineering purpose;
general and product-specific attributes. The general attributes are primarily aimed
at enhancing product titers by improving IVCC and qp. These include fast cell
growth, resistance to cell death, minimized by-product formation, and improved
target protein synthesis and secretory capacity, which are useful for enhancing
the general performance of cells regardless of target proteins. The product-specific
attributes are highly related to target proteins, primarily involved in product quality
control. Tailor-made glycosylation requires modifications in specific PTMs, and
such engineering targets may not be applicable to different types of products. Rather
than the product quality of target proteins, product-specific attributes need to be
considered to determine whether target proteins negatively affect cell performance
through the activation/inhibition of specific signaling pathways. In this section, we
delineate the applications of cell engineering approaches in mammalian cells with a
number of examples in CHO cells (Table 1).

5.1 Cell Proliferation and Death

The increase in protein production using mammalian cells is directly related to the
number of viable cells and culture longevity of the producing cells. Therefore, the
modulation of cell proliferation and cell death can be the most intuitive engineering
approach, and result in the improvement of the general attributes of mammalian
cells. Cell proliferation increases the number of cells and is defined by the balance
between cell division and death. Usually, cell proliferation regulation arrests a
specific cell cycle phase or accelerates cell division rates to avoid long lag phase.
Cultivation under mild hypothermia conditions, modification of the expression
levels of the proteins related to cell cycle regulation (e.g., cyclin-dependent kinases,
SIPL1, and cofilin), or chemical treatment can be used to arrest the cell cycle [110–
114]. The G1 phase of the cell cycle is one of the ideal phases for increasing
recombinant protein production because ribosomes or translation-related genes are
generally produced during this period [115, 116]. On the other hand, several studies
have reported that the S phase is the most reasonable step for increasing the
production of proteins, such as interferon-γ (IFN-γ) [117]. Therefore, these studies
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suggest that the appropriate phase for the increase in protein production due to cell
cycle arrest differs depending on the cell line or type of protein produced.

In addition, cell division rates can be improved, leading to an increase in cell
proliferation, through the mitigation of translation bottlenecks that occur when
proteins are overexpressed. mRNAs of rapidly expressed proteins during cell
proliferation tend to be encoded by rare codons rather than common codons.
Ribosome occupancy profiling and proteomics measurements have revealed that
mRNA with rare codons is translated before mRNA with common codons during
cell proliferation. An approximately 30% improvement in protein production is
achieved when common codons are replaced with rare codons using this property
[118].

Cell death is defined as the termination of all cellular functions, including
growth, proliferation, and metabolism. Cell death is divided into unprogrammed cell
death, traditionally referred to as necrosis, and programmed cell death, including
apoptosis, autophagy, pyroptosis, and necroptosis, which is a new form of necrosis.
Unprogrammed cell death is an accidental cell death caused by unexpected external
cell injury, while programmed cell death is regulated cell death by defined molecular
mechanisms that are driven by cellular stress resulting from nutrient depletion
and metabolic by-product accumulation [119–121]. The cells undergoing the cell
death process have problems with tardy protein synthesis rates and low protein
quality. Therefore, delaying cell death by increasing the number of viable cells
and culture longevity can increase protein production efficiency. Apoptosis is the
most common form of cell death and is composed of two main pathways; the
extrinsic (death receptor) pathway and the intrinsic (mitochondrial) pathway [122,
123]. The intrinsic pathway is activated by intracellular stress, such as metabolic
or hypoxic stress, and the extrinsic pathway is induced by external stimuli, such
as the binding between ligands and receptors that activates the caspase pathway
[122]. The most well-known central regulator is the BCL-2 family, which makes up
critical intracellular checkpoints within apoptosis [124]. The BCL-2 family consists
of pro-apoptotic proteins, such as BCL2-associated X protein (BAX) and BCL2-
antagonist/killer (BAK), and anti-apoptotic proteins, such as B-cell lymphoma
2 (BCL-2) and B-cell lymphoma XL (BCL-XL). Knockdown/knockout of pro-
apoptotic proteins or overexpression of anti-apoptotic proteins is a common way to
improve resistance to apoptosis [58–128]. In addition, caspases, which are a family
of endoproteases that play an essential role in cell death, can be engineered to inhibit
apoptosis [129, 130]. Caspases that control apoptosis consist of initiator caspases
(caspase-2, −8, −9, and −10) and executioner caspases (caspase-3, −6, and −7).
The initiator caspases comprise one or more functional domains and are activated
by the intrinsic or extrinsic pathway [130, 131]. After activation of the initiator
caspases, they cleave the executioner caspases that exist as procaspase dimers.
Activated executioner caspases are responsible for the degradation of diverse
proteins that occur during apoptosis. [129, 132, 133]. Therefore, the knockout of
caspases, which are responsible for the final process of apoptosis, can increase
cell longevity by delaying apoptosis [66, 134]. Other types of anti-apoptotic pro-
teins, including apoptosis and caspase activation inhibitor, Fas apoptotic inhibitory
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molecule (FAIM), heat-shock protein 27 (HSP27), heat-shock protein 70 (HSP70)
and deubiquitinase cylindromatosis (CYLD), have been used as engineering targets
for the delayed onset of apoptotic cell death [135–138]. New types of apoptotic
regulators have been discovered, such as FAM83G, which may be promising targets
for more effective prevention of cell death [139].

As well as apoptosis, autophagy contributes to cell death in mammalian cells.
Under stressful cell culture conditions, such as nutrient deprivation and chemical
treatments, autophagy is triggered together with apoptosis [140]. Autophagy is
a global catabolic process involving the degradation and recycling of cellular
constituents. Although the role of autophagy in CHO cell cultures is not yet
fully understood, it is considered to be mainly related to cell survival as an
adaptive response to stress conditions [140, 141]. In contrast to various anti-
apoptosis engineering strategies, targeting autophagy in CHO cell culture is limited.
Overexpression of core autophagy-related genes, such as Beclin-1 (BECN1) and
ATG9A has been attempted to modulate autophagy in CHO cells [128, 142].
Interestingly, co-overexpression of BCL-2 and BECN1 results in the simultaneous
targeting of both apoptosis and autophagy, and delays cell death more efficiently
than the overexpression of BCL-2 alone [128]. Given the potential of autophagy
engineering for the efficient protection of mammalian cells, the management of
autophagy is a promising strategy to manage cell death in mammalian cell cultures.

Rather than targeting genes directly involved in cell proliferation and cell death
pathways, indirect regulation of cell growth and recombinant protein production
can be achieved by controlling signaling pathways induced by target recombinant
proteins. The production of insulin-like growth factor 1 (IGF1) and recombinant
bone morphogenetic protein-4 (BMP-4) activates intracellular signaling pathways
mediated by the IGF1 and BMP receptors, respectively, which results in growth
inhibition and low product titers [143, 144]. To overcome the negative effects of
product-driven signaling pathways, two studies knocked out the relevant receptors,
thus, significantly increased the expression levels of IGF1 and rhBMP-4 [143,
144]. These studies emphasize the importance of protein-specific cell engineering
in addition to engineering general targets in specific signaling pathways.

5.2 Cell Metabolism

Cellular metabolism is one of the most studied processes for high-yield production
while aiming to reduce by-product formation and improve metabolic activity in
mammalian cells. This process is the sum of all chemical changes that provide
energy and necessary components to essential processes, including the synthesis
of new molecules and the breakdown and removal of other molecules within
the cell. Mammalian cells, including CHO cells, have low glucose catabolism,
resulting in the accumulation of toxic by-products, such as ammonia and lactic acid,
during the culture process, causing cell growth problems [145]. These problems
can be alleviated by regulating either the expression level of specific transporter
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or process-related impurities such as host cell proteins (HCPs) [146, 147]. For
example, overexpression of the subunits of the mitochondrial pyruvate carrier
(MPC), which introduces pyruvate into mitochondria, reduces the lactate yield
by up to 50%, and increases protein expression by up to 40% compared to the
control. In addition, enhanced cell growth rates and maximum viable cell density are
observed [147]. These results can also be produced by increasing the pyruvate flux
to the TCA cycle through the overexpression of codon-optimized yeast cytosolic
pyruvate carboxylase (PYC2) [148, 149]. Reducing the amount of lactic acid or
ammonia prolongs the cell growth phase, but cell division eventually halts due to
the accumulation of other by-products. This phenomenon suggests that other growth
inhibitory factors are present in later stages [150, 151]. In this case, the knockdown
of aminotransferases, such as branched chain aminotransferase 1 (BCAT1) is
another method of preventing the accumulation of additional by-products [151,
152]. BCATs are enzymes that initiate the branched-chain amino acid (BCAA:
phenylalanine, tyrosine, valine, leucine, and isoleucine) catabolic pathway. Since
ammonia or lactic acid is manufactured as an intermediate or by-product from
the catabolism of BCAAs, excessive catabolism of BCAAs can interfere with cell
growth [151]. Therefore, the knockdown of BCATs prevents the accumulation of
additional by-products and improves cell growth [151–153]. On the other hand,
protein yield can be increased by overexpressing aminotransferase. Pyruvate and
glutamate are formed without by-product accumulation and provide a higher mAb
yield in a shorter culture period when alanine transferase 1 (ALT1) and taurine
transporter (TAUT) are co-expressed in CHO cells [154]. As TAUT uptakes alanine
and taurine efficiently, co-overexpression of ALT1, the enzyme that produces
pyruvate and glutamate by catalyzing reversible transamination between alanine and
2-oxoglutarate, can successfully utilize by-product alanine with minimized lactate
production [154, 155]. Furthermore, cells overexpressing malate dehydrogenase
II (MDH II) can produce more ATP through the TCA cycle using excess malate
present in the culture medium [156]. Due to the properties of carbon metabolism
(TCA cycle, pentose phosphate pathway, and glycolysis), the methods described
above can affect almost all cellular pathways, including cell death, glycosylation,
and secretory pathways. Therefore, when engineering metabolic target genes, the
interaction between each process must be considered [157]. Finally, high expression
of recombinant proteins accompanies increased energy production and improved
secretory capacity, which can lead to an increase in reactive oxygen species (ROS).
In this case, the expression of antioxidant enzymes or transcription factors (TFs)
involved in oxidative stress can be targeted to mitigate the negative effects of ROS
on cell growth and protein production [158]. Recently, it has been reported that
overexpression of Foxa1, a pioneering TF, protects cells from oxidative stress and
increases the production of both easy- and difficult-to-express proteins [159].
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5.3 Secretory Capacity

More than 25% of proteins synthesized in mammalian cells are secreted through
the secretory pathway, which consists of the endoplasmic reticulum (ER), Golgi
apparatus, and endomembrane system [26]. Therefore, increasing the secretion
efficiency of cells is an appropriate method of increasing the yield of recombinant
proteins. For high secretory capacity, cell engineering has aimed to reduce the stress
generated by protein synthesis or control the expression of proteins constituting
the secretory pathway to alleviate bottlenecks in the secretion process. Among the
organelles involved in the secretory pathway, the ER is the most crucial for protein
production as it is directly involved in protein synthesis, folding, and transport.
When the ectopic expression of recombinant proteins occurs, excessive protein
synthesis acts as ER stress, triggering the unfolded protein response (UPR) pathway.
The UPR signaling pathway is directly involved in solving problems caused by
redundant protein synthesis, including protein aggregation or misfolding. Therefore,
this pathway helps increase protein production efficiency and maintain protein
quality [160]. In addition, since most folding problems occur when DTE proteins
are synthesized, the overexpression of proteins or TFs involved in the UPR pathway
can increase DTE protein production. The mammalian UPR pathway is composed
of IRE1α, PERK, and ATF6 signaling cascades. IRE1α, PERK, and ATF6, also
referred to as ER stress sensors, exist in an inactive state under non-ER stress
conditions through physical interactions with BiP [160, 161]. Under ER stress
conditions, the ER chaperone BiP binds to unfolded and misfolded proteins, thereby
releasing PERK and IRE1α, which are subsequently homodimerized, and ATF6,
which is translocated to the Golgi apparatus [160]. The released ER stress sensors
activate the downstream TFs; the spliced form of X-box binding protein 1 (XBP1s),
eukaryotic translation initiation factor 2 subunit α, and ATF6c (ATF6p50). Since
the sensor proteins and activated TFs play critical roles in the UPR, they are over-
expressed to relieve ER stress and improve secretory capacity [162–166]. Examples
of engineering UPR-related factors are as follows: The expression of BiP, ATF6c,
or XBP1s increases the qp of DTE mAb, and as one of the UPR transactivators,
the expression of cyclophilin B increases IVCC by regulating protein folding and
attenuating ER stress [162–167]. In addition to the UPR pathway markers, similar
effects can be achieved with the expression of the mitochondrial microprotein (e.g.,
54-amino acid microprotein PIGBOS) or mitochondrial-associated ER membrane
protein that regulates ER stress [168, 169].

Apart from relieving ER stress, various genes involved in regulating the fusion
of secretory vesicles to the plasma membrane can be targeted to improve secretory
capacity. For instance, the heterologous expression of ceramide transfer protein
(CERT), which is associated with protein kinase D-dependent protein transport from
the Golgi to the plasma membrane, elevates specific productivities of mAbs [170].
Transgenic expression of Munc18b, one of the key proteins involved in the fusion
of vesicles from the Golgi to the plasma membrane, increases secreted alkaline
phosphatase (SEAP) production [171]. In addition, the extracellular soluble N-
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ethylmaleimide-sensitive factor receptor (SNARE) protein is another key protein
for the vesicle fusion to the target membrane. Ectopic and stable expression of some
SNARE proteins, such as the synaptosome-associated protein of 23 kDa (SNAP-23)
and vesicle-associated membrane protein 8 (VAMP8), successfully enhance SEAP
production [172, 173].

In addition, some genes in CHO cells encode proteins that are transcribed and
translated but are not involved in cell growth or proliferation. Expressing these
proteins can cause bottlenecks in secretory pathways. Therefore, knockdown of
this gene using shRNA or miRNA increases the protein yield without negatively
affecting cell survival [63]. Finally, there is a positive correlation between ER size
and secretory capacity. For instance, Budge et al. showed that the expression of
sterol regulatory element-binding factor 1 (SREBF1) and stearoyl-CoA desaturase
1 (SCD1), which are involved in lipid biosynthesis, improves lipid metabolism in
CHO, thereby expanding ER size and increasing protein yield by 1.5 ~ nine fold
[174].

5.4 Post-Translational Modification

When producing a therapeutic protein, it is essential to maintain the quality of
the protein and increase the protein expression level. Although CHO is the most
commonly used host cell due to its human-like PTMs, some types of human
glycosylation, such as α-2,6-sialylation and α-1,3/4-fucosylation, do not occur
in CHO [175, 176]. Moreover, CHO produces antigenic glycans, such as N-
glycolylneuraminic acid (Neu5Gc) and galactose-α1,3-galactose, which are not
present in humans [175, 177–179]. However, in small quantities, they can trigger
immune responses and reduce efficacy in humans. In this respect, modulating PTMs,
especially N-glycosylation, can be an excellent method of maintaining product
quality. To produce fully humanized N-glycans, regulation of the expression level
of various enzymes associated with PTM is utilized [50, 176, 180]. Some examples
of these enzymes are described below.

β1,4-N-acetylglucosaminyltransferase III (GnTIII) catalyzes the addition of
an N-acetylglucosamine (GlcNAC) residue to a bisecting position of N-linked
oligosaccharide chains, being one of the representative enzymes in glycosylation
pathways. Overexpression of GnTIII leads to the expression of antibodies with
enhanced bisecting glycan chains, resulting in an approximately 10- to 20-fold lower
antibody dosage with high ADCC [181].

Moreover, sialylated glycoproteins have a longer half-life than desialylated
glycoproteins [182, 183]. In contrast to human cells, CHO does not express α-2,6-
sialyltransferase and only expresses α-2,3-sialyltransferase. Consequently, CHO is
limited to making glycoproteins precisely the same as humans [14, 184]. Therefore,
expressing deficient sialyltransferase can enhance the bioactivity of therapeutic
proteins. For instance, overexpression of ST6 β-galactoside α-2,6-sialyltransferase 1
(ST6GAL1) could lead to the production of highly sialylated IgG1 up to 70% [185].
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In addition, when combining overexpression of ST6GAL1 with CRISPR/Cas9-
mediated disruption of 10 genes involved in the glycosylation pathway in CHO,
the engineered cells produce rhA1AT and rhC1INH with homogeneous N-linked
glycans, which are similar to the structures of native human plasma A1AT and
C1INH [186].

As in the above results, product quality can be improved through effector
gene expression. By applying the opposite rationale, tailored glycosylation patterns
can be obtained by gene knockout/knockdown. Knockout of Cmah encoding
cytidine monophospho-N-acetylneuraminic acid hydroxylase (CMAH) inhibits the
conversion of Neu5Ac to Neu5Gc in CHO cells, resulting in the production of
fewer recombinant proteins containing antigenic Neu5Gc residues [187, 188].
Furthermore, knockout/knockdown of FUT8, which is responsible for attaching core
fucose to N-glycans, allows the production of non-fucosylated mAbs with enhanced
ADCC, even at lower antibody doses as described above [56, 189–194].

Even if engineering is carried out with the same target gene, it is necessary to
selectively apply an appropriate engineering approach according to the product
type. For example, vaccines should be easily detected by receptors on antigen-
presenting cells in the body, while therapeutics should not trigger an immune
response. Therefore, N-acetylglucosaminyltransferases I (Mgat1) is an example of a
target whose engineering method should be different depending on the product type.
In albumin-erythropoietin (Alb-EPO)-expressing cell lines, the co-expression of N-
acetylglucosamine transferase IV (Mgat4) and Mgat1 catalyze the production of
highly sialylated Alb-EPO with an enhanced half-life, avoiding immune responses
in vivo [183]. On the other hand, Mgat1 knockout cells manufacture simple structure
glycoproteins with terminal mannose residues. Glycoproteins with a terminal
mannose residue are rapidly detected by the mannose receptor, and this property
helps improve the efficacy of vaccines [195].

In addition to improving the protein quality, the modulation of PTMs can be
utilized to improve product yields. Insufficient unique PTMs, such as the cleavage
of propeptides of recombinant proteins and γ-carboxylation, pose a challenge to
achieving high productivity of some types of recombinant proteins. Vitamin K-
dependent (VKD) clotting factors undergo a unique PTM known as γ-glutamyl
carboxylation. To achieve high productivities of VKD proteins while maintaining
high specific activity, the cellular γ-carboxylation capacity has been improved
by extensive cell engineering [196]. Additionally, for the efficient production of
propeptide-containing recombinant proteins, another unique PTM, cleavage of
propeptides, is required to debottleneck in mammalian cells. The ectopic over-
expression of the cleaving enzyme PACE, a ubiquitously expressed mammalian
proprotein convertase, increased the secretion capability and percentage of correctly
processed recombinant human BMP-7 in CHO cells [197], which supports the
importance of product-specific cell engineering targeting PTMs.
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6 Considerations

Many engineering studies have altered cellular pathways and demonstrated that
improved characteristics of recombinant mammalian cells can be accomplished by
regulating engineering targets [13]. However, despite reported positive effects, the
modulation of effector gene(s) often results in inconsistent results (no or negative
effects). These contradictory results may be partly explained by several reasons
and engineers should be mindful of the fact that cellular engineering outcomes
are context dependent [198]. In the following section, we describe practical
considerations when it comes to modifying the target gene(s) to provide general
guidelines for mammalian cell engineering.

6.1 Expression Level

First, the outcome of gain-of-function engineering of the host cell line is determined
not only by the effector gene expression but also its expression level [198–200]
. For instance, the overexpression of Yin Yang1 (YY1) TF, a polycomb group
family protein, led to the maximized product titer of different biomolecules at
the optimal YY1 expression level [201]. Furthermore, UPR-related TFs, including
XBP1s and ATF6c, boosted the volumetric productivity of Fc-fusion proteins only
at lower expression levels [202]. Such TF engineering simultaneously modifies
the expression level of several downstream genes, which is regarded as a general
effector with less product specificity. The general effectors seem to be more
attractive targets for the global reprogramming of cellular pathways than the co-
expression of limited number of effector genes.

To increase secretory capacity, the overexpression of protein disulfide isomerase
(PDI), an ER-resident molecular chaperone, is an interesting engineering approach.
However, the modulation of a single effector protein often results in inconsistent
effects. One possible explanation for these results is the non-optimal expression
level of PDI. As the engineering effects of PDIs are highly product-specific
depending on whether/where post-transcriptional bottlenecks are present, elaborate
engineering efforts involving the systematic comparison of expression levels are
required to obtain true-positive results by single (or preferentially multiple) effector
gene(s) [203–207].

6.2 Expression Platform

Effector protein expression platforms are another criterion. The precise control
of expression levels can be performed by dose-dependent plasmid transfection in
TGE [206] or by different promoters (in terms of strength and inducibility) in
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TGE/SGE [200, 208]. TGE of effector proteins generates polyclonal cell pools,
which represent the average engineering phenotype. Although TGE is useful for
engineering target screening, potent engineering targets can be masked in TGE
engineering. Therefore, engineering effects should be validated using SGE in clonal
cell lines.

Compared to constitutive expression, inducible mammalian gene expression
systems, including the tetracycline system and cumate gene-switches, is an ideal
expression platform for the production of toxic products as well as for discrim-
inating growth and production phases of the cell culture [209–212]. The main
advantages of inducible systems are temporal and reversible transgene expression
by external or intrinsic inducers within guaranteed clonality [213]. These character-
istics allow dose-dependent as well as dynamic expression control, which is more
likely to reduce false-positive results.

Recently, apart from traditional random integration, there has been growing
emphasis on the application of CRISPR/Cas9- and recombinase-mediated cassette
exchange (RMCE)-mediated site-specific integration of transgenes at predetermined
genomic loci. This system possesses several advantages in terms of predictable
and reproducible expression control [214–217]. The stable expression of engineer-
ing target genes via the site-specific integration is limited, except for dynamic
expression control of BCL-2 by CRISPR/Cas9-mediated gene tagging method
at the endogenous P21 locus [218]. Dual-RMCE and CRISPR/Cas9-mediated
double targeted integration (TI) is feasible in CHO cells [219, 220], thus, TI-
based expression may represent advanced cell engineering platforms that enable
the elaborate expression level control of multiple targets in CHO cell engineering
[207].

6.3 Origin of Effector Genes

Expressed effectors interact with host biomolecules (e.g., TFs for cofactors/DNA
and noncoding RNAs for mRNA) within a given host environment. Therefore,
engineering effects may differ with the origin of effector genes, depending on
the molecular mechanism. Both human- and CHO-derived PDIs and XBP1s have
been successfully utilized to improve qp of mAbs in CHO cells [162, 164, 165,
204, 221–223], although human orthologs are more often reported. However, the
overexpression of human YY1 TF abolishes engineering effects, whereas CHO-
derived YY1 exclusively improves the product titer of different biomolecules
in CHO cell lines [201]. This result implies the significance of host-specific
interactions of effector proteins, thus, considering the gene origin is often desirable
depending on the function of engineering targets. General effector genes, such as
TFs and miRNAs are more likely to interact with host biomolecules, thus, to fit
natural interactions, the autologous effector origin (CHO) would be a better choice
than orthologous (human/mouse) ones in CHO cell engineering [13].
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Host environments may differ even in CHO quasispecies [224], referring to
diverse CHO host cell lines from the perspective of genotypic and phenotypic
differences, such as specific growth rate, ER size, and mitochondrial mass, probably
due to copy-number variations, karyotypes, and single nucleotide polymorphisms
[49, 198, 225–227]. Although the direct relationship has not yet been systematically
explored, it is noteworthy that engineering impacts on different host cell may differ
depending on the origin of the genes.

7 Conclusions

Since the great success of the mammalian cell-based expression of recombinant
therapeutic proteins, mostly mAbs, the biopharmaceutical industry is facing the
next challenges that should be resolved to continue the current success story. The
recent emergence of various DTE proteins and remarkably accelerated approvals
of biopharmaceuticals, including biosimilar products, while accompanying the
trend of continuously increasing the use of mammalian over nonmammalian
expression systems [2] pose both challenges and opportunities for cost-effective
biopharmaceutical development and production. Furthermore, more important than
the manufacturing capacity and cost of production is to reduce the timeline from
product development to clinic and marker. As the era of personalized medicine
approaches, a platform is needed that rapidly produces small amounts of various
therapeutic proteins. In the context of outbreaks of pandemic infectious diseases
that have become increasingly common in recent decades, a robust and advanced
production platform will be directly translated to life-saving therapies and maximal
patient benefits [228]. Next-generation cell engineering technologies, such as
precise genome editing and gene expression regulation technologies, could provide
appropriate solutions by substantially improving the current industrial mammalian
cell lines in a more productive and efficient direction. Integrating emerging trends
in mammalian systems and synthetic biology will further facilitate the development
of next-generation mammalian cell factories, promising the successful supply of
biopharmaceuticals in the upcoming era.

Acknowledgments This work was supported by the NRF funded by the Korean government
(2021R1A2C4002733 and 2019R1A6A1A11051471). The authors declare no competing financial
interests. Neither ethical approval nor informed consent was required for this study.

References

1. Ha TK, Lee JS, Lee GM (2019) Platform Technology for Therapeutic Protein Production.
Cell Culture Engineering: Recombinant Protein Production:1–22

2. Walsh G (2018) Biopharmaceutical benchmarks 2018. Nat Biotechnol 36(12):1136–1145



Next-Generation Cell Engineering Platform for Improving Recombinant. . . 215

3. Lai T, Yang Y, Ng SK (2013) Advances in mammalian cell line development technologies for
recombinant protein production. Pharmaceuticals 6(5):579–603

4. Li F, Vijayasankaran N, Shen AY, Kiss R, Amanullah A (2010) Cell culture pro-
cesses for monoclonal antibody production. MAbs 2(5):466–479. https://doi.org/10.4161/
mabs.2.5.12720

5. Wang Q, Chen Y, Park J, Liu X, Hu Y, Wang T, McFarland K, Betenbaugh MJ (2019) Design
and production of bispecific antibodies. Antibodies 8(3):43

6. Spiess C, Zhai Q, Carter PJ (2015) Alternative molecular formats and therapeutic applications
for bispecific antibodies. Mol Immunol 67(2):95–106

7. Mathias S, Fischer S, Handrick R, Fieder J, Schulz P, Bradl H, Gorr I, Gamer M, Otte K
(2018) Visualisation of intracellular production bottlenecks in suspension-adapted CHO cells
producing complex biopharmaceuticals using fluorescence microscopy. J Biotechnol 271:47–
55

8. Kuo C-C, Chiang AW, Shamie I, Samoudi M, Gutierrez JM, Lewis NE (2018) The emerging
role of systems biology for engineering protein production in CHO cells. Curr Opin
Biotechnol 51:64–69

9. Hong JK, Lakshmanan M, Goudar C, Lee D-Y (2018) Towards next generation CHO cell line
development and engineering by systems approaches. Curr Opin Chem Eng 22:1–10

10. Kildegaard HF, Baycin-Hizal D, Lewis NE, Betenbaugh MJ (2013) The emerging CHO sys-
tems biology era: harnessing the ‘omics revolution for biotechnology. Curr Opin Biotechnol
24(6):1102–1107

11. Kim H, Kim J-S (2014) A guide to genome engineering with programmable nucleases. Nat
Rev Genet 15(5):321–334

12. Lee JS, Grav LM, Lewis NE, Faustrup Kildegaard H (2015) CRISPR/Cas9-mediated genome
engineering of CHO cell factories: application and perspectives. Biotechnol J 10(7):979–994

13. Fischer S, Handrick R, Otte K (2015) The art of CHO cell engineering: a comprehensive
retrospect and future perspectives. Biotechnol Adv 33(8):1878–1896

14. Fischer S, Otte K (2019) CHO cell engineering for improved process performance and
product quality. Cell Culture Engineering: Recombinant Protein Production:207–250

15. Davy AM, Kildegaard HF, Andersen MR (2017) Cell factory engineering. Cell Syst 4(3):262–
275

16. Baek E, Kim CL, Park JH, Lee GM (2015) Cell engineering for therapeutic protein
production. In: Animal cell culture. Springer, pp. 565–590

17. Young JD (2013) Metabolic flux rewiring in mammalian cell cultures. Curr Opin Biotechnol
24(6):1108–1115

18. Mulukutla BC, Khan S, Lange A, Hu W-S (2010) Glucose metabolism in mammalian cell
culture: new insights for tweaking vintage pathways. Trends Biotechnol 28(9):476–484

19. Dang CV, Semenza GL (1999) Oncogenic alterations of metabolism. Trends Biochem Sci
24(2):68–72

20. Labi V, Erlacher M (2015) How cell death shapes cancer. Cell Death Dis 6(3):e1675–e1675
21. Shaffer AL, Shapiro-Shelef M, Iwakoshi NN, Lee A-H, Qian S-B, Zhao H, Yu X, Yang L, Tan

BK, Rosenwald A, Hurt EM, Petroulakis E, Sonenberg N, Yewdell JW, Calame K, Glimcher
LH, Staudt LM (2004) XBP1, downstream of Blimp-1, expands the secretory apparatus and
other organelles, and increases protein synthesis in plasma cell differentiation. Immunity
21(1):81–93. https://doi.org/10.1016/j.immuni.2004.06.010

22. Lam WY, Bhattacharya D (2018) Metabolic links between plasma cell survival, secretion, and
stress. Trends Immunol 39(1):19–27

23. Dinnis DM, James DC (2005) Engineering mammalian cell factories for improved recombi-
nant monoclonal antibody production: lessons from nature? Biotechnol Bioeng 91(2):180–
189

24. Yusufi FNK, Lakshmanan M, Ho YS, Loo BLW, Ariyaratne P, Yang Y, Ng SK, Tan TRM,
Yeo HC, Lim HL, Ng SW, Hiu AP, Chow CP, Wan C, Chen S, Teo G, Song G, Chin JX, Ruan
X, Sung KWK, Hu W-S, Yap MGS, Bardor M, Nagarajan N, Lee D-Y (2017) Mammalian
systems biotechnology reveals global cellular adaptations in a recombinant CHO cell line.
Cell Syst 4(5):530–542. https://doi.org/10.1016/j.cels.2017.04.009

http://dx.doi.org/10.4161/mabs.2.5.12720
http://dx.doi.org/10.1016/j.immuni.2004.06.010
http://dx.doi.org/10.1016/j.cels.2017.04.009


216 S. W. Shin et al.

25. Hefzi H, Ang KS, Hanscho M, Bordbar A, Ruckerbauer D, Lakshmanan M, Orellana CA,
Baycin-Hizal D, Huang Y, Ley D (2016) A consensus genome-scale reconstruction of Chinese
hamster ovary cell metabolism. Cell Syst 3(5):434–443

26. Gutierrez JM, Feizi A, Li S, Kallehauge TB, Hefzi H, Grav LM, Ley D, Hizal DB, Betenbaugh
MJ, Voldborg B (2020) Genome-scale reconstructions of the mammalian secretory pathway
predict metabolic costs and limitations of protein secretion. Nat Commun 11(1):1–10

27. Quek L-E, Dietmair S, Hanscho M, Martínez VS, Borth N, Nielsen LK (2014) Reducing
Recon 2 for steady-state flux analysis of HEK cell culture. J Biotechnol 184:172–178

28. Lund AM, Kaas CS, Brandl J, Pedersen LE, Kildegaard HF, Kristensen C, Andersen
MR (2017) Network reconstruction of the mouse secretory pathway applied on CHO cell
transcriptome data. BMC Syst Biol 11(1):37

29. Grimm S (2004) The art and design of genetic screens: mammalian culture cells. Nat Rev
Genet 5(3):179–189

30. Urlaub G, Käs E, Carothers AM, Chasin LA (1983) Deletion of the diploid dihydrofolate
reductase locus from cultured mammalian cells. Cell 33(2):405–412

31. Boutros M, Ahringer J (2008) The art and design of genetic screens: RNA interference. Nat
Rev Genet 9(7):554–566

32. Klanert G, Fernandez DJ, Weinguny M, Eisenhut P, Bühler E, Melcher M, Titus SA,
Diendorfer AB, Gludovacz E, Jadhav V (2019) A cross-species whole genome siRNA screen
in suspension-cultured Chinese hamster ovary cells identifies novel engineering targets. Sci
Rep 9(1):1–11

33. Schuster A, Erasimus H, Fritah S, Nazarov PV, van Dyck E, Niclou SP, Golebiewska A (2019)
RNAi/CRISPR screens: from a pool to a valid hit. Trends Biotechnol 37(1):38–55

34. Evers B, Jastrzebski K, Heijmans JP, Grernrum W, Beijersbergen RL, Bernards R (2016)
CRISPR knockout screening outperforms shRNA and CRISPRi in identifying essential genes.
Nat Biotechnol 34(6):631–633

35. Morgens DW, Deans RM, Li A, Bassik MC (2016) Systematic comparison of CRISPR/Cas9
and RNAi screens for essential genes. Nat Biotechnol 34(6):634–636

36. Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelsen TS, Heckl D, Ebert BL,
Root DE, Doench JG (2014) Genome-scale CRISPR-Cas9 knockout screening in human
cells. Science 343(6166):84–87

37. Wang T, Wei JJ, Sabatini DM, Lander ES (2014) Genetic screens in human cells using the
CRISPR-Cas9 system. Science 343(6166):80–84

38. Gilbert LA, Horlbeck MA, Adamson B, Villalta JE, Chen Y, Whitehead EH, Guimaraes C,
Panning B, Ploegh HL, Bassik MC (2014) Genome-scale CRISPR-mediated control of gene
repression and activation. Cell 159(3):647–661

39. Karottki KJC, Hefzi H, Li S, Pedersen LE, Spahn PN, Joshi C, Ruckerbauer D, Bort JAH,
Thomas A, Lee JS, Borth N, Lee GM, Kildegaard HF, Lewis NE (2021) A metabolic CRISPR-
Cas9 screen in Chinese hamster ovary cells identifies glutamine-sensitive genes. Metab Eng
66:114–122

40. Xiong K, Karottki KJC, Hefzi H, Li S, Grav LM, Li S, Spahn P, Lee JS, Ventina I, Lee GM,
Lewis NE, Pedersen LE (2021) An optimized genome-wide, virus-free CRISPR screen for
mammalian cells. Cell Rep Methods 1(4):100062

41. Ou K-C, Wang C-Y, Liu K-T, Chen Y-L, Chen Y-C, Lai M-D, Yen M-C (2014) Optimization
protein productivity of human interleukin-2 through codon usage, gene copy number and
intracellular tRNA concentration in CHO cells. Biochem Biophys Res Commun 454(2):347–
352

42. Chung BK-S, Yusufi FN, Yang Y, Lee D-Y (2013) Enhanced expression of codon optimized
interferon gamma in CHO cells. J Biotechnol 167(3):326–333

43. Magistrelli G, Poitevin Y, Schlosser F, Pontini G, Malinge P, Josserand S, Corbier M, Fischer
N (2017) Optimizing assembly and production of native bispecific antibodies by codon de-
optimization. In: MAbs. vol 2. Taylor & Francis, pp 231–239

44. Urlaub G, Chasin LA (1980) Isolation of Chinese hamster cell mutants deficient in dihydro-
folate reductase activity. Proc Natl Acad Sci 77(7):4216–4220



Next-Generation Cell Engineering Platform for Improving Recombinant. . . 217

45. Krämer O, Klausing S, Noll T (2010) Methods in mammalian cell line engineering: from
random mutagenesis to sequence-specific approaches. Appl Microbiol Biotechnol 88(2):425–
436

46. Durai S, Mani M, Kandavelou K, Wu J, Porteus MH, Chandrasegaran S (2005) Zinc
finger nucleases: custom-designed molecular scissors for genome engineering of plant and
mammalian cells. Nucleic Acids Res 33(18):5978–5990

47. Kandavelou K, Ramalingam S, London V, Mani M, Wu J, Alexeev V, Civin CI, Chan-
drasegaran S (2009) Targeted manipulation of mammalian genomes using designed zinc
finger nucleases. Biochem Biophys Res Commun 388(1):56–61

48. Vasquez KM, Marburger K, Intody Z, Wilson JH (2001) Manipulating the mammalian
genome by homologous recombination. Proc Natl Acad Sci 98(15):8403–8410

49. Lewis NE, Liu X, Li Y, Nagarajan H, Yerganian G, O’brien E, Bordbar A, Roth AM,
Rosenbloom J, Bian C (2013) Genomic landscapes of Chinese hamster ovary cell lines as
revealed by the Cricetulus griseus draft genome. Nat Biotechnol 31(8):759–765

50. Xu X, Nagarajan H, Lewis NE, Pan S, Cai Z, Liu X, Chen W, Xie M, Wang W, Hammond
S (2011) The genomic sequence of the Chinese hamster ovary (CHO)-K1 cell line. Nat
Biotechnol 29(8):735

51. Brinkrolf K, Rupp O, Laux H, Kollin F, Ernst W, Linke B, Kofler R, Romand S, Hesse
F, Budach WE (2013) Chinese hamster genome sequenced from sorted chromosomes. Nat
Biotechnol 31(8):694–695

52. Kremkow BG, Baik JY, MacDonald ML, Lee KH (2015) CHOgenome. Org 2.0: genome
resources and website updates. Biotechnol J 10(7):931–938

53. Gaj T, Gersbach CA, Barbas CF III (2013) ZFN, TALEN, and CRISPR/Cas-based methods
for genome engineering. Trends Biotechnol 31(7):397–405

54. Gupta SK, Shukla P (2017) Gene editing for cell engineering: trends and applications. Crit
Rev Biotechnol 37(5):672–684

55. Lieber MR (2010) The mechanism of double-strand DNA break repair by the nonhomologous
DNA end-joining pathway. Annu Rev Biochem 79:181–211

56. Malphettes L, Freyvert Y, Chang J, Liu PQ, Chan E, Miller JC, Zhou Z, Nguyen T, Tsai C,
Snowden AW (2010) Highly efficient deletion of FUT8 in CHO cell lines using zinc-finger
nucleases yields cells that produce completely nonfucosylated antibodies. Biotechnol Bioeng
106(5):774–783

57. Zong H, Han L, Ding K, Wang J, Sun T, Zhang X, Cagliero C, Jiang H, Xie Y, Xu
J (2017) Producing defucosylated antibodies with enhanced in vitro antibody-dependent
cellular cytotoxicity via FUT8 knockout CHO-S cells. Eng Life Sci 17(7):801–808

58. Grav LM, Lee JS, Gerling S, Kallehauge TB, Hansen AH, Kol S, Lee GM, Pedersen
LE, Kildegaard HF (2015) One-step generation of triple knockout CHO cell lines using
CRISPR/Cas9 and fluorescent enrichment. Biotechnol J 10(9):1446–1456

59. Wu S-C (2009) RNA interference technology to improve recombinant protein production in
Chinese hamster ovary cells. Biotechnol Adv 27(4):417–422

60. Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC (1998) Potent and
specific genetic interference by double-stranded RNA in Caenorhabditis elegans. Nature
391(6669):806–811

61. Bagasra O, Prilliman KR (2004) RNA interference: the molecular immune system. J Mol
Histol 35(6):545–553

62. Kallehauge TB, Li S, Pedersen LE, Ha TK, Ley D, Andersen MR, Kildegaard HF, Lee GM,
Lewis NE (2017) Ribosome profiling-guided depletion of an mRNA increases cell growth
rate and protein secretion. Sci Rep 7(1):1–12

63. Pieper LA, Strotbek M, Wenger T, Gamer M, Olayioye MA, Hausser A (2017) Secretory
pathway optimization of CHO producer cells by co-engineering of the mitosRNA-1978 target
genes CerS2 and Tbc1D20. Metab Eng 40:69–79

64. Zhou M, Crawford Y, Ng D, Tung J, Pynn AF, Meier A, Yuk IH, Vijayasankaran N, Leach
K, Joly J (2011) Decreasing lactate level and increasing antibody production in Chinese
hamster ovary cells (CHO) by reducing the expression of lactate dehydrogenase and pyruvate
dehydrogenase kinases. J Biotechnol 153(1–2):27–34



218 S. W. Shin et al.

65. Kim SH, Lee GM (2007) Down-regulation of lactate dehydrogenase-A by siRNAs for
reduced lactic acid formation of Chinese hamster ovary cells producing thrombopoietin. Appl
Microbiol Biotechnol 74(1):152–159

66. Sung YH, Lee JS, Park SH, Koo J, Lee GM (2007) Influence of co-down-regulation of
caspase-3 and caspase-7 by siRNAs on sodium butyrate-induced apoptotic cell death of
Chinese hamster ovary cells producing thrombopoietin. Metab Eng 9(5–6):452–464

67. Zhang M, Koskie K, Ross JS, Kayser KJ, Caple MV (2010) Enhancing glycoprotein
sialylation by targeted gene silencing in mammalian cells. Biotechnol Bioeng 105(6):1094–
1105

68. Pillai RS, Bhattacharyya SN, Filipowicz W (2007) Repression of protein synthesis by
miRNAs: how many mechanisms? Trends Cell Biol 17(3):118–126

69. Bartel DP (2018) Metazoan micrornas. Cell 173(1):20–51
70. Ibáñez-Ventoso C, Vora M, Driscoll M (2008) Sequence relationships among C. elegans, D.

melanogaster and human microRNAs highlight the extensive conservation of microRNAs in
biology. PLoS One 3(7):e2818

71. Pasquinelli AE (2012) MicroRNAs and their targets: recognition, regulation and an emerging
reciprocal relationship. Nat Rev Genet 13(4):271–282

72. Denli AM, Tops BB, Plasterk RH, Ketting RF, Hannon GJ (2004) Processing of primary
microRNAs by the microprocessor complex. Nature 432(7014):231–235

73. Gregory RI, K-p Y, Amuthan G, Chendrimada T, Doratotaj B, Cooch N, Shiekhattar R (2004)
The microprocessor complex mediates the genesis of microRNAs. Nature 432(7014):235–
240

74. Ha M, Kim VN (2014) Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol
15(8):509–524

75. Barron N, Sanchez N, Kelly P, Clynes M (2011) MicroRNAs: tiny targets for engineering
CHO cell phenotypes? Biotechnol Lett 33(1):11–21

76. Hackl M, Borth N, Grillari J (2012) miRNAs–pathway engineering of CHO cell factories that
avoids translational burdening. Trends Biotechnol 30(8):405–406

77. Fischer S, Marquart KF, Pieper LA, Fieder J, Gamer M, Gorr I, Schulz P, Bradl H (2017)
miRNA engineering of CHO cells facilitates production of difficult-to-express proteins and
increases success in cell line development. Biotechnol Bioeng 114(7):1495–1510

78. Klanert G, Jadhav V, Shanmukam V, Diendorfer A, Karbiener M, Scheideler M, Bort JH,
Grillari J, Hackl M, Borth N (2016) A signature of 12 microRNAs is robustly associated with
growth rate in a variety of CHO cell lines. J Biotechnol 235:150–161

79. Schoellhorn M, Fischer S, Wagner A, Handrick R, Otte K (2017) miR-143 targets MAPK7
in CHO cells and induces a hyperproductive phenotype to enhance production of difficult-to-
express proteins. Biotechnol Prog 33(4):1046–1058

80. Valdés-Bango Curell R, Barron N (2018) Exploring the potential application of short
non-coding RNA-based genetic circuits in Chinese hamster ovary cells. Biotechnol J
13(10):1700220

81. Fischer S, Handrick R, Aschrafi A, Otte K (2015) Unveiling the principle of microRNA-
mediated redundancy in cellular pathway regulation. RNA Biol 12(3):238–247

82. Müller D, Katinger H, Grillari J (2008) MicroRNAs as targets for engineering of CHO cell
factories. Trends Biotechnol 26(7):359–365

83. Vito D, Smales CM (2018) The long non-coding RNA transcriptome landscape in CHO cells
under batch and fed-batch conditions. Biotechnol J 13(10):1800122

84. Vito D, Smales CM (2018) Engineering of the cellular translational machinery and non-
coding RNAs to enhance CHO cell growth, recombinant product yields and quality. Curr
Opin Chem Eng 22:199–208

85. Stiefel F, Fischer S, Hackl M, Handrick R, Hesse F, Borth N, Otte K, Grillari J (2015)
Noncoding RNAs, post-transcriptional RNA operons and Chinese hamster ovary cells. Pharm
Bioprocess 3(3):227–247

86. Dominguez AA, Lim WA, Qi LS (2016) Beyond editing: repurposing CRISPR–Cas9 for
precision genome regulation and interrogation. Nat Rev Mol Cell Biol 17(1):5



Next-Generation Cell Engineering Platform for Improving Recombinant. . . 219

87. Nakamura M, Srinivasan P, Chavez M, Carter MA, Dominguez AA, La Russa M, Lau
MB, Abbott TR, Xu X, Zhao D (2019) Anti-CRISPR-mediated control of gene editing and
synthetic circuits in eukaryotic cells. Nat Commun 10(1):1–11

88. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E (2012) A pro-
grammable dual-RNA–guided DNA endonuclease in adaptive bacterial immunity. Science
337(6096):816–821

89. Gasiunas G, Barrangou R, Horvath P, Siksnys V (2012) Cas9–crRNA ribonucleoprotein
complex mediates specific DNA cleavage for adaptive immunity in bacteria. Proc Natl Acad
Sci 109(39):E2579–E2586

90. Xu X, Qi LS (2019) A CRISPR–dCas toolbox for genetic engineering and synthetic biology.
J Mol Biol 431(1):34–47

91. Pickar-Oliver A, Gersbach CA (2019) The next generation of CRISPR–Cas technologies and
applications. Nat Rev Mol Cell Biol 20(8):490–507

92. Qi LS, Larson MH, Gilbert LA, Doudna JA, Weissman JS, Arkin AP, Lim WA (2013)
Repurposing CRISPR as an RNA-guided platform for sequence-specific control of gene
expression. Cell 152(5):1173–1183

93. Gilbert LA, Larson MH, Morsut L, Liu Z, Brar GA, Torres SE, Stern-Ginossar N, Brandman
O, Whitehead EH, Doudna JA (2013) CRISPR-mediated modular RNA-guided regulation of
transcription in eukaryotes. Cell 154(2):442–451

94. Gao X, Tsang JC, Gaba F, Wu D, Lu L, Liu P (2014) Comparison of TALE designer
transcription factors and the CRISPR/dCas9 in regulation of gene expression by targeting
enhancers. Nucleic Acids Res 42(20):e155–e155

95. Shen C-C, Sung L-Y, Lin S-Y, Lin M-W, Hu Y-C (2017) Enhancing protein production yield
from chinese hamster ovary cells by CRISPR interference. ACS Synth Biol 6(8):1509–1519

96. Shen C-C, Lin M-W, Nguyen BKT, Chang C-W, Shih J-R, Nguyen MTT, Chang Y-H, Hu Y-C
(2020) CRISPR-Cas13d for gene knockdown and engineering of CHO cells. ACS Synthetic
Biology

97. Perez-Pinera P, Kocak DD, Vockley CM, Adler AF, Kabadi AM, Polstein LR, Thakore PI,
Glass KA, Ousterout DG, Leong KW (2013) RNA-guided gene activation by CRISPR-Cas9–
based transcription factors. Nat Methods 10(10):973–976

98. Maeder ML, Linder SJ, Cascio VM, Fu Y, Ho QH, Joung JK (2013) CRISPR RNA–guided
activation of endogenous human genes. Nat Methods 10(10):977–979

99. Farzadfard F, Perli SD, Lu TK (2013) Tunable and multifunctional eukaryotic transcription
factors based on CRISPR/Cas. ACS Synth Biol 2(10):604–613

100. Kleinjan DA, Wardrope C, Sou SN, Rosser SJ (2017) Drug-tunable multidimensional
synthetic gene control using inducible degron-tagged dCas9 effectors. Nat Commun 8(1):1–9

101. Cheng AW, Wang H, Yang H, Shi L, Katz Y, Theunissen TW, Rangarajan S, Shivalila CS,
Dadon DB, Jaenisch R (2013) Multiplexed activation of endogenous genes by CRISPR-on,
an RNA-guided transcriptional activator system. Cell Res 23(10):1163–1171

102. Tanenbaum ME, Gilbert LA, Qi LS, Weissman JS, Vale RD (2014) A protein-tagging system
for signal amplification in gene expression and fluorescence imaging. Cell 159(3):635–646

103. Chavez A, Scheiman J, Vora S, Pruitt BW, Tuttle M, Iyer EP, Lin S, Kiani S, Guzman
CD, Wiegand DJ (2015) Highly efficient Cas9-mediated transcriptional programming. Nat
Methods 12(4):326–328

104. Konermann S, Brigham MD, Trevino AE, Joung J, Abudayyeh OO, Barcena C, Hsu PD,
Habib N, Gootenberg JS, Nishimasu H (2015) Genome-scale transcriptional activation by an
engineered CRISPR-Cas9 complex. Nature 517(7536):583–588

105. Chavez A, Tuttle M, Pruitt BW, Ewen-Campen B, Chari R, Ter-Ovanesyan D, Haque SJ,
Cecchi RJ, Kowal EJ, Buchthal J (2016) Comparison of Cas9 activators in multiple species.
Nat Methods 13(7):563–567

106. Sajwan S, Mannervik M (2019) Gene activation by dCas9-CBP and the SAM system differ
in target preference. Sci Rep 9(1):1–11

107. Horlbeck MA, Gilbert LA, Villalta JE, Adamson B, Pak RA, Chen Y, Fields AP, Park CY,
Corn JE, Kampmann M (2016) Compact and highly active next-generation libraries for
CRISPR-mediated gene repression and activation. elife 5:e19760



220 S. W. Shin et al.

108. Horlbeck MA, Witkowsky LB, Guglielmi B, Replogle JM, Gilbert LA, Villalta JE, Torigoe
SE, Tjian R, Weissman JS (2016) Nucleosomes impede Cas9 access to DNA in vivo and in
vitro. Elife 5:e12677

109. Boettcher M, McManus MT (2015) Choosing the right tool for the job: RNAi, TALEN, or
CRISPR. Mol Cell 58(4):575–585

110. Kido M, Idogaki H, Nishikawa K, Omasa T (2020) Low-concentration staurosporine
improves recombinant antibody productivity in Chinese hamster ovary cells without inducing
cell death. J Biosci Bioeng

111. Jaluria P, Betenbaugh MJ, Konstantopoulos K, Shiloach J (2007) Enhancement of cell
proliferation in various mammalian cell lines by gene insertion of a cyclin-dependent kinase
homolog. BMC Biotechnol 7:71–71

112. Hammond S, Lee KH (2012) RNA interference of cofilin in Chinese hamster ovary cells
improves recombinant protein productivity. Biotechnol Bioeng 109(2):528–535

113. De Melo J, Wu V, He L, Yan J, Tang D (2014) SIPL1 enhances the proliferation, attachment,
and migration of CHO cells by inhibiting PTEN function. Int J Mol Med 34(3):835–841.
https://doi.org/10.3892/ijmm.2014.1840

114. Lee Y-J, Keng PC (2005) Studying the effects of actin cytoskeletal destabilization on cell
cycle by cofilin overexpression. Mol Biotechnol 31(1):1–10

115. Kumar N, Gammell P, Clynes M (2007) Proliferation control strategies to improve productiv-
ity and survival during CHO based production culture. Cytotechnology 53(1–3):33–46

116. Moore A, Mercer J, Dutina G, Donahue CJ, Bauer KD, Mather JP, Etcheverry T, Ryll T (1997)
Effects of temperature shift on cell cycle, apoptosis and nucleotide pools in CHO cell batch
cultues. Cytotechnology 23(1–3):47–54

117. Fox SR, Tan HK, Tan MC, Wong SNC, Yap MG, Wang DI (2005) A detailed understanding
of the enhanced hypothermic productivity of interferon-γ by Chinese-hamster ovary cells.
Biotechnol Appl Biochem 41(3):255–264

118. Guimaraes JC, Mittal N, Gnann A, Jedlinski D, Riba A, Buczak K, Schmidt A, Zavolan M
(2020) A rare codon-based translational program of cell proliferation. Genome Biol 21(1):1–
20

119. Wu W, Liu P, Li J (2012) Necroptosis: an emerging form of programmed cell death. Crit Rev
Oncol Hematol 82(3):249–258

120. D’Arcy MS (2019) Cell death: a review of the major forms of apoptosis, necrosis and
autophagy. Cell Biol Int 43(6):582–592

121. Tang D, Kang R, Berghe TV, Vandenabeele P, Kroemer G (2019) The molecular machinery
of regulated cell death. Cell Res 29(5):347–364

122. Grilo AL, Mantalaris A (2019) Apoptosis: a mammalian cell bioprocessing perspective.
Biotechnol Adv 37(3):459–475

123. Elmore S (2007) Apoptosis: a review of programmed cell death. Toxicol Pathol 35(4):495–
516

124. Krampe B, Al-Rubeai M (2010) Cell death in mammalian cell culture: molecular mechanisms
and cell line engineering strategies. Cytotechnology 62(3):175–188

125. Cost GJ, Freyvert Y, Vafiadis A, Santiago Y, Miller JC, Rebar E, Collingwood TN, Snowden
A, Gregory PD (2010) BAK and BAX deletion using zinc-finger nucleases yields apoptosis-
resistant CHO cells. Biotechnol Bioeng 105(2):330–340

126. Ha TK, Hansen AH, Kildegaard HF, Lee GM (2020) Knockout of sialidase and pro-
apoptotic genes in Chinese hamster ovary cells enables the production of recombinant human
erythropoietin in fed-batch cultures. Metab Eng 57:182–192

127. Henry MN, MacDonald MA, Orellana CA, Gray PP, Gillard M, Baker K, Nielsen LK,
Marcellin E, Mahler S, Martínez VS (2020) Attenuating apoptosis in Chinese hamster ovary
cells for improved biopharmaceutical production. Biotechnol Bioeng 117(4):1187–1203

128. Lee JS, Ha TK, Park JH, Lee GM (2013) Anti-cell death engineering of CHO cells:
co-overexpression of Bcl-2 for apoptosis inhibition, Beclin-1 for autophagy induction.
Biotechnol Bioeng 110(8):2195–2207

http://dx.doi.org/10.3892/ijmm.2014.1840


Next-Generation Cell Engineering Platform for Improving Recombinant. . . 221

129. McIlwain DR, Berger T, Mak TW (2013) Caspase functions in cell death and disease. Cold
Spring Harb Perspect Biol 5(4):a008656

130. Shalini S, Dorstyn L, Dawar S, Kumar S (2015) Old, new and emerging functions of caspases.
Cell Death Diff 22(4):526–539

131. Riedl SJ, Shi Y (2004) Molecular mechanisms of caspase regulation during apoptosis. Nat
Rev Mol Cell Biol 5(11):897–907

132. Walsh JG, Cullen SP, Sheridan C, Lüthi AU, Gerner C, Martin SJ (2008) Executioner caspase-
3 and caspase-7 are functionally distinct proteases. Proc Natl Acad Sci 105(35):12815–12819

133. Slee EA, Adrain C, Martin SJ (2001) Executioner caspase-3,-6, and-7 perform distinct, non-
redundant roles during the demolition phase of apoptosis. J Biol Chem 276(10):7320–7326

134. Abaandou L, Sharma AK, Shiloach J (2020) Knockout of the caspase 8 associated protein 2
gene improves recombinant protein expression in HEK293 cells through up-regulation of the
cyclin-dependent kinase inhibitor 2A gene. Biotechnol Bioeng

135. Lee YY, Wong KT, Tan J, Toh PC, Mao Y, Brusic V, Yap MG (2009) Overexpression of heat
shock proteins (HSPs) in CHO cells for extended culture viability and improved recombinant
protein production. J Biotechnol 143(1):34–43

136. Tan JG, Lee YY, Wang T, Yap MG, Tan TW, Ng SK (2015) Heat shock protein 27
overexpression in CHO cells modulates apoptosis pathways and delays activation of caspases
to improve recombinant monoclonal antibody titre in fed-batch bioreactors. Biotechnol J
10(5):790–800

137. Wong DCF, Wong KTK, Nissom PM, Heng CK, Yap MGS (2006) Targeting early apoptotic
genes in batch and fed-batch CHO cell cultures. Biotechnol Bioeng 95(3):350–361

138. Lu Y, Zhou Q, Han Q, Wu P, Zhang L, Zhu L, Weaver DT, Xu C, Zhang B (2018) Inactivation
of deubiquitinase CYLD enhances therapeutic antibody production in Chinese hamster ovary
cells. Appl Microbiol Biotechnol 102(14):6081–6093

139. Okada J, Sunaga N, Yamada E, Saito T, Ozawa A, Nakajima Y, Okada K, Pessin JE, Okada
S, Yamada M (2020) FAM83G is a novel inducer of apoptosis. Molecules 25(12):2810

140. Lee JS, Lee GM (2012) Rapamycin treatment inhibits CHO cell death in a serum-free
suspension culture by autophagy induction. Biotechnol Bioeng 109(12):3093–3102

141. Kim YJ, Baek E, Lee JS, Lee GM (2013) Autophagy and its implication in Chinese hamster
ovary cell culture. Biotechnol Lett 35(11):1753–1763

142. Lee JS, Lee GM (2012) Estimation of autophagy pathway genes for autophagy induction:
overexpression of Atg9A does not induce autophagy in recombinant Chinese hamster ovary
cells. Biochem Eng J 68:221–226

143. Romand S, Jostock T, Fornaro M, Schmidt J, Ritter A, Wilms B, Laux H (2016) Improving
expression of recombinant human IGF-1 using IGF-1R knockout CHO cell lines. Biotechnol
Bioeng 113(5):1094–1101

144. Kim CL, Lee GM (2019) Improving recombinant bone morphogenetic protein-4 (BMP-4)
production by autoregulatory feedback loop removal using BMP receptor-knockout CHO cell
lines. Metab Eng 52:57–67

145. Pereira S, Kildegaard HF, Andersen MR (2018) Impact of CHO metabolism on cell growth
and protein production: an overview of toxic and inhibiting metabolites and nutrients.
Biotechnol J 13(3):1700499

146. Kol S, Ley D, Wulff T, Decker M, Arnsdorf J, Schoffelen S, Hansen AH, Jensen TL,
Gutierrez JM, Chiang AW (2020) Multiplex secretome engineering enhances recombinant
protein production and purity. Nat Commun 11(1):1–10

147. Bulté DB, Palomares LA, Parra CG, Martínez JA, Contreras MA, Noriega LG, Ramírez OT
(2020) Overexpression of the mitochondrial pyruvate carrier reduces lactate production and
increases recombinant protein productivity in CHO cells. Biotechnol Bioeng 117(9):2633–
2647

148. Gupta SK, Sharma A, Kushwaha H, Shukla P (2017) Over-expression of a codon optimized
yeast cytosolic pyruvate carboxylase (PYC2) in CHO cells for an augmented lactate
metabolism. Front Pharmacol 8:463



222 S. W. Shin et al.

149. Gupta SK, Srivastava SK, Sharma A, Nalage VH, Salvi D, Kushwaha H, Chitnis NB, Shukla
P (2017) Metabolic engineering of CHO cells for the development of a robust protein
production platform. PLoS One 12(8):e0181455

150. Mulukutla BC, Kale J, Kalomeris T, Jacobs M, Hiller GW (2017) Identification and control
of novel growth inhibitors in fed-batch cultures of Chinese hamster ovary cells. Biotechnol
Bioeng 114(8):1779–1790

151. Mulukutla BC, Mitchell J, Geoffroy P, Harrington C, Krishnan M, Kalomeris T, Morris C,
Zhang L, Pegman P, Hiller GW (2019) Metabolic engineering of Chinese hamster ovary
cells towards reduced biosynthesis and accumulation of novel growth inhibitors in fed-batch
cultures. Metab Eng 54:54–68

152. Papathanassiu AE, Ko J-H, Imprialou M, Bagnati M, Srivastava PK, Vu HA, Cucchi D,
McAdoo SP, Ananieva EA, Mauro C (2017) BCAT1 controls metabolic reprogramming in
activated human macrophages and is associated with inflammatory diseases. Nat Commun
8:16040

153. Pereira S, Ley D, Schubert M, Grav LM, Kildegaard HF, Andersen MR (2019) BCAT1 and
BCAT2 disruption in CHO cells has cell line-dependent effects. J Biotechnol 306:24–31

154. Tabuchi H, Sugiyama T (2013) Cooverexpression of alanine aminotransferase 1 in Chinese
hamster ovary cells overexpressing taurine transporter further stimulates metabolism and
enhances product yield. Biotechnol Bioeng 110(8):2208–2215

155. Tabuchi H, Sugiyama T, Tanaka S, Tainaka S (2010) Overexpression of taurine transporter
in Chinese hamster ovary cells can enhance cell viability and product yield, while promoting
glutamine consumption. Biotechnol Bioeng 107(6):998–1003

156. Chong WP, Reddy SG, Yusufi FN, Lee D-Y, Wong NS, Heng CK, Yap MG, Ho YS (2010)
Metabolomics-driven approach for the improvement of Chinese hamster ovary cell growth:
overexpression of malate dehydrogenase II. J Biotechnol 147(2):116–121

157. Richelle A, Lewis NE (2017) Improvements in protein production in mammalian cells from
targeted metabolic engineering. Curr Opin Syst Biol 6:1–6

158. Chevallier V, Andersen MR, Malphettes L (2020) Oxidative stress-alleviating strategies to
improve recombinant protein production in CHO cells. Biotechnol Bioeng 117(4):1172–1186

159. Berger A, Le Fourn V, Masternak J, Regamey A, Bodenmann I, Girod PA, Mermod N (2020)
Overexpression of transcription factor Foxa1 and target genes remediate therapeutic protein
production bottlenecks in Chinese hamster ovary cells. Biotechnol Bioeng 117(4):1101–1116

160. Hetz C, Zhang K, Kaufman RJ (2020) Mechanisms, regulation and functions of the unfolded
protein response. Nat Rev Mol Cell Biol:1–18

161. Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D (2000) Dynamic interaction of
BiP and ER stress transducers in the unfolded-protein response. Nat Cell Biol 2(6):326–332

162. Pybus LP, Dean G, West NR, Smith A, Daramola O, Field R, Wilkinson SJ, James DC
(2014) Model-directed engineering of “difficult-to-express” monoclonal antibody production
by Chinese hamster ovary cells. Biotechnol Bioeng 111(2):372–385

163. Tigges M, Fussenegger M (2006) Xbp1-based engineering of secretory capacity enhances the
productivity of Chinese hamster ovary cells. Metab Eng 8(3):264–272

164. Becker E, Florin L, Pfizenmaier K, Kaufmann H (2008) An XBP-1 dependent bottle-neck
in production of IgG subtype antibodies in chemically defined serum-free Chinese hamster
ovary (CHO) fed-batch processes. J Biotechnol 135(2):217–223

165. Gulis G, Simi KCR, de Toledo RR, Maranhao AQ, Brigido MM (2014) Optimization of
heterologous protein production in Chinese hamster ovary cells under overexpression of
spliced form of human X-box binding protein. BMC Biotechnol 14(1):26

166. Haredy AM, Nishizawa A, Honda K, Ohya T, Ohtake H, Omasa T (2013) Improved
antibody production in Chinese hamster ovary cells by ATF4 overexpression. Cytotechnology
65(6):993–1002

167. Kim J, Choi TG, Ding Y, Kim Y, Ha KS, Lee KH, Kang I, Ha J, Kaufman RJ, Lee J
(2008) Overexpressed cyclophilin B suppresses apoptosis associated with ROS and Ca2+
homeostasis after ER stress. J Cell Sci 121(21):3636–3648



Next-Generation Cell Engineering Platform for Improving Recombinant. . . 223

168. Tsai S-Y, Hayashi T, Mori T, Su T-P (2009) Sigma-1 receptor chaperones and diseases.
Central Nervous Syst Agents Med Chem (Formerly Current Medicinal Chemistry-Central
Nervous System Agents) 9(3):184–189

169. Chu Q, Martinez TF, Novak SW, Donaldson CJ, Tan D, Vaughan JM, Chang T, Diedrich
JK, Andrade L, Kim A (2019) Regulation of the ER stress response by a mitochondrial
microprotein. Nat Commun 10(1):1–13

170. Florin L, Pegel A, Becker E, Hausser A, Olayioye MA, Kaufmann H (2009) Heterologous
expression of the lipid transfer protein CERT increases therapeutic protein productivity of
mammalian cells. J Biotechnol 141(1–2):84–90

171. Peng R-W, Guetg C, Tigges M, Fussenegger M (2010) The vesicle-trafficking protein
munc18b increases the secretory capacity of mammalian cells. Metab Eng 12(1):18–25

172. Peng RW, Abellan E, Fussenegger M (2011) Differential effect of exocytic SNAREs on the
production of recombinant proteins in mammalian cells. Biotechnol Bioeng 108(3):611–620

173. Peng RW, Fussenegger M (2009) Molecular engineering of exocytic vesicle traffic enhances
the productivity of Chinese hamster ovary cells. Biotechnol Bioeng 102(4):1170–1181

174. Budge JD, Knight TJ, Povey J, Roobol J, Brown IR, Singh G, Dean A, Turner S, Jaques
CM, Young RJ (2020) Engineering of Chinese hamster ovary cell lipid metabolism results
in an expanded ER and enhanced recombinant biotherapeutic protein production. Metab Eng
57:203–216

175. Lalonde M-E, Durocher Y (2017) Therapeutic glycoprotein production in mammalian cells.
J Biotechnol 251:128–140

176. Amann T, Schmieder V, Faustrup Kildegaard H, Borth N, Andersen MR (2019) Genetic
engineering approaches to improve posttranslational modification of biopharmaceuticals in
different production platforms. Biotechnol Bioeng 116(10):2778–2796

177. Ghaderi D, Taylor RE, Padler-Karavani V, Diaz S, Varki A (2010) Implications of the presence
of N-glycolylneuraminic acid in recombinant therapeutic glycoproteins. Nat Biotechnol
28(8):863–867

178. Bosques CJ, Collins BE, Meador JW, Sarvaiya H, Murphy JL, DelloRusso G, Bulik DA, Hsu
I-H, Washburn N, Sipsey SF (2010) Chinese hamster ovary cells can produce galactose-α-1,
3-galactose antigens on proteins. Nat Biotechnol 28(11):1153–1156

179. Butler M, Spearman M (2014) The choice of mammalian cell host and possibilities for
glycosylation engineering. Curr Opin Biotechnol 30:107–112

180. Alves CS, Prajapati S (2015) Optimizing Chinese hamster ovary cell line development via
targeted control of N-glycosylation. Pharm Bioproces 3(7):443–461

181. Davies J, Jiang L, Pan LZ, LaBarre MJ, Anderson D, Reff M (2001) Expression of GnTIII
in a recombinant anti-CD20 CHO production cell line: expression of antibodies with altered
glycoforms leads to an increase in ADCC through higher affinity for FCγRIII. Biotechnol
Bioeng 74(4):288–294

182. Ghaderi D, Zhang M, Hurtado-Ziola N, Varki A (2012) Production platforms for biotherapeu-
tic glycoproteins. Occurrence, impact, and challenges of non-human sialylation. Biotechnol
Genet Eng Rev 28(1):147–176

183. Cha H-M, Lim J-H, Yeon J-H, Hwang J-M, Kim D-I (2017) Co-overexpression of Mgat1
and Mgat4 in CHO cells for production of highly sialylated albumin-erythropoietin. Enzym
Microb Technol 103:53–58

184. Butler M (2005) Animal cell cultures: recent achievements and perspectives in the production
of biopharmaceuticals. Appl Microbiol Biotechnol 68(3):283–291

185. Raymond C, Robotham A, Kelly J, Lattová E, Perreault H, Durocher Y (2012) Production of
highly sialylated monoclonal antibodies, vol 397. InTech Rijeka, Croatia

186. Amann T, Hansen AH, Kol S, Hansen HG, Arnsdorf J, Nallapareddy S, Voldborg B, Lee GM,
Andersen MR, Kildegaard HF (2019) Glyco-engineered CHO cell lines producing alpha-1-
antitrypsin and C1 esterase inhibitor with fully humanized N-glycosylation profiles. Metab
Eng 52:143–152

187. Chenu S, Grégoire A, Malykh Y, Visvikis A, Monaco L, Shaw L, Schauer R, Marc A, Goergen
J-L (2003) Reduction of CMP-N-acetylneuraminic acid hydroxylase activity in engineered



224 S. W. Shin et al.

Chinese hamster ovary cells using an antisense-RNA strategy. Biochim Biophys Acta (BBA)-
General Sub 1622(2):133–144

188. Chai Y-R, Caob X-X, Ge M-M, Mi C-L, Guo X, Wang T-Y (2020) Knockout of cytidine
monophosphate-N-acetylneuraminic acid hydroxylase in Chinese hamster ovary cells by
CRISPR/Cas9-based gene-editing technology. Biochem Eng J:107663

189. Yamane-Ohnuki N, Satoh M (2009) Production of therapeutic antibodies with controlled
fucosylation. In: MAbs. vol 3. Taylor & Francis, pp 230–236

190. Mori K, Kuni-Kamochi R, Yamane-Ohnuki N, Wakitani M, Yamano K, Imai H, Kanda Y,
Niwa R, Iida S, Uchida K (2004) Engineering Chinese hamster ovary cells to maximize
effector function of produced antibodies using FUT8 siRNA. Biotechnol Bioeng 88(7):901–
908

191. Tejwani V, Andersen MR, Nam JH, Sharfstein ST (2018) Glycoengineering in CHO cells:
advances in systems biology. Biotechnol J 13(3):1700234

192. Yamane-Ohnuki N, Kinoshita S, Inoue-Urakubo M, Kusunoki M, Iida S, Nakano R, Wakitani
M, Niwa R, Sakurada M, Uchida K (2004) Establishment of FUT8 knockout Chinese hamster
ovary cells: an ideal host cell line for producing completely defucosylated antibodies with
enhanced antibody-dependent cellular cytotoxicity. Biotechnol Bioeng 87(5):614–622

193. Cristea S, Freyvert Y, Santiago Y, Holmes MC, Urnov FD, Gregory PD, Cost GJ (2013)
In vivo cleavage of transgene donors promotes nuclease-mediated targeted integration.
Biotechnol Bioeng 110(3):871–880

194. Imai-Nishiya H, Mori K, Inoue M, Wakitani M, Iida S, Shitara K, Satoh M (2007) Double
knockdown of α1, 6-fucosyltransferase (FUT8) and GDP-mannose 4, 6-dehydratase (GMD)
in antibody-producing cells: a new strategy for generating fully non-fucosylated therapeutic
antibodies with enhanced ADCC. BMC Biotechnol 7(1):84

195. Sealover NR, Davis AM, Brooks JK, George HJ, Kayser KJ, Lin N (2013) Engineering
Chinese hamster ovary (CHO) cells for producing recombinant proteins with simple glyco-
forms by zinc-finger nuclease (ZFN)—mediated gene knockout of mannosyl (alpha-1, 3-)-
glycoprotein beta-1, 2-N-acetylglucosaminyltransferase (Mgat1). J Biotechnol 167(1):24–32

196. Kumar SR (2015) Industrial production of clotting factors: challenges of expression, and
choice of host cells. Biotechnol J 10(7):995–1004

197. Sathyamurthy M, Lee JS, Park JH, Kim YJ, Jeong JY, Jang JW, Lee GM (2013) Overex-
pression of PACEsol improves BMP-7 processing in recombinant CHO cells. J Biotechnol
164(2):336–339

198. Hansen HG, Pristovšek N, Kildegaard HF, Lee GM (2017) Improving the secretory capacity
of Chinese hamster ovary cells by ectopic expression of effector genes: lessons learned and
future directions. Biotechnol Adv 35(1):64–76

199. Xiao S, Shiloach J, Betenbaugh MJ (2014) Engineering cells to improve protein expression.
Curr Opin Struct Biol 26:32–38

200. Brown AJ, James DC (2016) Precision control of recombinant gene transcription for CHO
cell synthetic biology. Biotechnol Adv 34(5):492–503

201. Tastanova A, Schulz A, Folcher M, Tolstrup A, Puklowski A, Kaufmann H, Fussenegger
M (2016) Overexpression of YY1 increases the protein production in mammalian cells. J
Biotechnol 219:72–85

202. Johari YB, Estes SD, Alves CS, Sinacore MS, James DC (2015) Integrated cell and process
engineering for improved transient production of a difficult-to-express fusion protein by CHO
cells. Biotechnol Bioeng 112(12):2527–2542

203. Mohan C, Lee GM (2010) Effect of inducible co-overexpression of protein disulfide
isomerase and endoplasmic reticulum oxidoreductase on the specific antibody productivity
of recombinant Chinese hamster ovary cells. Biotechnol Bioeng 107(2):337–346

204. Cain K, Peters S, Hailu H, Sweeney B, Stephens P, Heads J, Sarkar K, Ventom A, Page C,
Dickson A (2013) A CHO cell line engineered to express XBP1 and ERO1-Lα has increased
levels of transient protein expression. Biotechnol Prog 29(3):697–706

205. Le Fourn V, Girod P-A, Buceta M, Regamey A, Mermod N (2014) CHO cell engineering
to prevent polypeptide aggregation and improve therapeutic protein secretion. Metab Eng
21:91–102



Next-Generation Cell Engineering Platform for Improving Recombinant. . . 225

206. Cartwright JF, Arnall CL, Patel YD, Barber NO, Lovelady CS, Rosignoli G, Harris CL,
Dunn S, Field RP, Dean G (2020) A platform for context-specific genetic engineering of
recombinant protein production by CHO cells. J Biotechnol

207. Eisenhut P, Klanert G, Weinguny M, Baier L, Jadhav V, Ivansson D, Borth N (2018) A
CRISPR/Cas9 based engineering strategy for overexpression of multiple genes in Chinese
hamster ovary cells. Metab Eng 48:72–81

208. Qin JY, Zhang L, Clift KL, Hulur I, Xiang AP, Ren B-Z, Lahn BT (2010) Systematic
comparison of constitutive promoters and the doxycycline-inducible promoter. PLoS One
5(5):e10611

209. Lam C, Santell L, Wilson B, Yim M, Louie S, Tang D, Shaw D, Chan P, Lazarus RA, Snedecor
B (2017) Taming hyperactive h DN ase I: stable inducible expression of a hyperactive salt-
and actin-resistant variant of human deoxyribonuclease I in CHO cells. Biotechnol Prog
33(2):523–533

210. Misaghi S, Chang J, Snedecor B (2014) It’s time to regulate: coping with product-induced
nongenetic clonal instability in CHO cell lines via regulated protein expression. Biotechnol
Prog 30(6):1432–1440

211. Sheikholeslami Z, Jolicoeur M, Henry O (2013) The impact of the timing of induction on the
metabolism and productivity of CHO cells in culture. Biochem Eng J 79:162–171

212. Mellahi K, Brochu D, Gilbert M, Perrier M, Ansorge S, Durocher Y, Henry O (2019)
Assessment of fed-batch cultivation strategies for an inducible CHO cell line. J Biotechnol
298:45–56

213. Kallunki T, Barisic M, Jäättelä M, Liu B (2019) How to choose the right inducible gene
expression system for mammalian studies? Cell 8(8):796

214. Hamaker NK, Lee KH (2018) Site-specific integration ushers in a new era of precise CHO
cell line engineering. Curr Opin Chem Eng 22:152

215. Lee JS, Kallehauge TB, Pedersen LE, Kildegaard HF (2015) Site-specific integration in
CHO cells mediated by CRISPR/Cas9 and homology-directed DNA repair pathway. Sci Rep
5:8572

216. Pristovsek N, Nallapareddy S, Grav LM, Hefzi H, Lewis NE, Rugbjerg P, Hansen HG, Lee
GM, Andersen MR, Kildegaard HF (2019) Systematic evaluation of site-specific recombinant
gene expression for programmable mammalian cell engineering. ACS Synth Biol 8(4):758–
774

217. Shin SW, Lee JS (2020) CHO cell line development and engineering via site-specific
integration: challenges and opportunities. Biotechnol Bioprocess Eng:1–13

218. Lee Y, Kwak JM, Lee JS (2020) Endogenous p21-dependent transgene control for CHO cell
engineering. ACS Synth Biol 9(7):1572–1580

219. Sergeeva D, Lee GM, Nielsen LK, Grav LM (2020) Multicopy targeted integration for
accelerated development of high-producing Chinese hamster ovary cells. ACS Synth Biol
9(9):2546–2561

220. Shin SW, Lee JS (2020) Optimized CRISPR/Cas9 strategy for homology-directed multiple
targeted integration of transgenes in CHO cells. Biotechnol Bioeng 117(6):1895–1903

221. Mohan C, Park SH, Chung JY, Lee GM (2007) Effect of doxycycline-regulated protein
disulfide isomerase expression on the specific productivity of recombinant CHO cells:
Thrombopoietin and antibody. Biotechnol Bioeng 98(3):611–615

222. Hansen HG, Nilsson CN, Lund AM, Kol S, Grav LM, Lundqvist M, Rockberg J, Lee GM,
Andersen MR, Kildegaard HF (2015) Versatile microscale screening platform for improving
recombinant protein productivity in Chinese hamster ovary cells. Sci Rep 5(1):1–12

223. Ku SC, Ng DT, Yap MG, Chao SH (2008) Effects of overexpression of X-box binding protein
1 on recombinant protein production in Chinese hamster ovary and NS0 myeloma cells.
Biotechnol Bioeng 99(1):155–164

224. Wurm FM (2013) CHO quasispecies—implications for manufacturing processes. PRO
1(3):296–311

225. Kaas CS, Kristensen C, Betenbaugh MJ, Andersen MR (2015) Sequencing the CHO DXB11
genome reveals regional variations in genomic stability and haploidy. BMC Genomics
16(1):160



226 S. W. Shin et al.

226. Hu Z, Guo D, Yip SS, Zhan D, Misaghi S, Joly JC, Snedecor BR, Shen AY (2013) Chinese
hamster ovary K1 host cell enables stable cell line development for antibody molecules
which are difficult to express in DUXB11-derived dihydrofolate reductase deficient host cell.
Biotechnol Prog 29(4):980–985

227. Golabgir A, Gutierrez JM, Hefzi H, Li S, Palsson BO, Herwig C, Lewis NE (2016)
Quantitative feature extraction from the Chinese hamster ovary bioprocess bibliome using
a novel meta-analysis workflow. Biotechnol Adv 34(5):621–633

228. Kelley B (2020) Developing therapeutic monoclonal antibodies at pandemic pace. Nat
Biotechnol 38(5):540–545

229. Ferrara C, Brünker P, Suter T, Moser S, Püntener U, Umaña P (2006) Modulation of therapeu-
tic antibody effector functions by glycosylation engineering: influence of Golgi enzyme local-
ization domain and co-expression of heterologous β1, 4-N-acetylglucosaminyltransferase III
and Golgi α-mannosidase II. Biotechnol Bioeng 93(5):851–861



Part III
Development of Cell-based Technologies

and Therapeutics



Manufacturing Human Pluripotent Stem
Cells and Differentiated Progenitors

Svetlan Vassilev and Steve Kah Weng Oh

Abbreviations

ACF animal component free
bFGF basic fibroblast growth factor
CAR chimeric antigen receptor
CDM chemically defined media
CFD computational fluid dynamics
cGMP current good manufacturing practice
CM cardiomyocyte
CM conditioned media
CVD cardiovascular disease
DO dissolved oxygen
EB embryoid body
ECM extracellular matrix
FDA United States Food and Drug Administration

S.V. wrote the manuscript and generated tables and figures. S.O. conceived the name and focus of
the chapter, provided papers for review, and critically revised the manuscript.

S. Vassilev
Stem Cell Group, Bioprocessing Technology Institute, A*STAR (Agency for Science,
Technology, and Research), Singapore, Singapore

Department of Microbiology and Immunology, National University of Singapore, Singapore,
Singapore
e-mail: tp-svetvass@bti.a-star.edu.sg

S. K. W. Oh (�)
Stem Cell Group, Bioprocessing Technology Institute, A*STAR (Agency for Science,
Technology, and Research), Singapore, Singapore
e-mail: steve_oh@bti.a-star.edu.sg

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
R. Pörtner (ed.), Cell Culture Engineering and Technology, Cell Engineering 10,
https://doi.org/10.1007/978-3-030-79871-0_8

229

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-79871-0_8&domain=pdf
mailto:tp-svetvass@bti.a-star.edu.sg
mailto:steve_oh@bti.a-star.edu.sg
https://doi.org/10.1007/978-3-030-79871-0_8


230 S. Vassilev and S. K. W. Oh

GAiT global alliance for iPSC therapies
HARV high aspect rotating vessel
hESC human embryonic stem cell
hiPSC human induced pluripotent stem cell
hPSC human pluripotent stem cell
HSC hematopoietic stem cell
ICH International Council for Harmonisation of Technical Requirements for

Pharmaceuticals for Human Use
ISCBI international stem cell banking initiative
KOSR knockout serum replacement
MC microcarrier
MCB master cell bank
MEF mouse embryonic fibroblast
MEF-CM mouse embryonic fibroblast-conditioned media
MK megakaryocyte
NEAA non-essential amino acids
NPC neural progenitor cell
PI3K phosphoinositide-3-kinase
QbD quality by design
RCCS rotating cell culture system
RWB rotating wall bioreactor
STLV slow turning lateral vessel
STR stirred tank reactor
TGF-β transforming growth factor beta
VWB vertical wheel bioreactor
WCB working cell bank
XFM xeno free media

1 Introduction

1.1 Human Pluripotent Stem Cells

Human pluripotent stem cells (hPSCs) represent the gateway to the twenty-first
century’s most promising therapeutic development. They offer the promise of
curative treatments that can restore functionality to damaged organs, fight cancers
and target diseases like never before. Additionally, they can be utilized as a model
of human disease in vitro, augmenting our understanding of the underlying causes
of pathology and our drug screening and development capabilities [1].

Pluripotent stem cells have two key abilities that promote their use as therapeutic
and research agents – they can replenish themselves and expand continuously,
and they can differentiate into all individual cell types in the body. Two major
groups of cells have been described in great detail over the last few decades –
human embryonic stem cells (hESCs) and induced pluripotent stem cells (hiPSCs)
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[2]. Mouse ESCs were first cultured in vitro by Evans and Kaufman in 1981
[3]. Later, the first hESCs were isolated in 1998 by J. Thomson [4]. However,
challenges pertaining to the ethical considerations surrounding their isolation from
human embryos presented a barrier to their large-scale development and use. In
2007, the groundbreaking work of Yamanaka and colleagues brought forth an
alternative – using a combination of just four transcription factors, they were able
to induce somatic cells to return to a state of pluripotency, with a strikingly similar
genetic profile to hESCs [5]. These induced pluripotent stem cells offer an enticing
alternative to hESCs through their removal of ethical concerns, their low reported
immunogenicity and expansion and differentiation potential [6].

Human ESCs and iPSCs harbour enormous potential to be used in the field of
cell therapy. Their differentiation capacity offers the ability to produce all cells
of the adult human body in vitro, from cardiac cells, through hepatocytes to
neuronal progenitors and all cells in between [7]. However, as the field matures,
major overarching challenges must be addressed to ensure the safety, efficacy, and
acceptable overall costs of manufacture [8]. These can be broadly categorized as
those pertaining to the cells themselves (e.g. robust and reproducible differentiation
processes, maintenance of pluripotent state), and the difficulties of manufacturing
them at industrially relevant scales at acceptable cost without compromising their
long-term quality [9].

1.2 Challenges in Large Scale Manufacturing of iPSCs

One of the major difficulties of hPSC clinical translation is the extremely large
dose requirements to produce the desired therapeutic effect. Present-day therapies
regularly require upwards of 108 cells, or 100 million [10]. Some cell therapies, like
blood transfusions, consist of an even larger number of cells – one unit of blood
contains 2 × 1012 red blood cells (RBCs) [11]. In order to deliver such a large
quantity of cells, current lab-scale production processes in the millilitres must be
scaled up to litres and tens of litres.

Production of clinical grade hPSCs and differentiated cells in high doses requires
large amounts of media containing expensive recombinant proteins [12]. Current
processes for hPSC expansion often require frequent media changes over multiple
passages in order to obtain the necessary cell yield, which contributes greatly to the
high cost of manufacturing. Additionally, any manufacturing system for a product
intended for human clinical use must adhere strictly to current Good Manufacturing
Practices (cGMP), in order to minimize the immunogenic risk of introducing
foreign agents/contaminants into the final therapeutic [13]. Media formulations and
cytokine and growth factor cocktails must therefore strive to remove the use of
xenogeneic materials and look towards the use of expensive recombinant human
proteins and/or small molecules [14]. Challenges concerning hPSC and final product
storage, cell line sourcing, and in process monitoring and control must also be
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addressed if hPSCs are to meet the demands of the regenerative medicine market
[15].

This chapter aims to provide a thorough overview of the manufacturing chal-
lenges surrounding hPSC production at clinically relevant scales. We present a
detailed summary of the current strategies employed in hPSC scale-up and consider
the advances that have been made in media formulations and culture conditions on
the road to robust and cGMP compliant processes. Additionally, we evaluate the
major limitations of current platforms and discuss the obstacles that are yet to be
solved on the quest of delivering the therapeutic promise of stem cells.

2 Strategies for hPSC Manufacturing

2.1 2D Cultures

Human pluripotent stem cell culture and expansion has traditionally been performed
in 2D monolayer systems, where cells are grown on tissue culture plates and
flasks [16]. To facilitate cell adhesion, vessels are coated with feeder cells (such as
inactivated fibroblasts) [4] or, more recently, defined matrices (such as recombinant
proteins, Matrigel and others) [17]. Two-dimensional culture is well-suited to
laboratory scale studies but faces significant challenges in meeting the demands
of industrial scale manufacturing [18]. Methods have been proposed for increasing
the expansion capacity of 2D culture by simply adding additional culture plates in
parallel as needed (termed “scale-out” methods) [19]. Several systems have been
developed with this approach in mind, such as the CellSTACK culture chambers or
Cell Factories [20].

Unfortunately, scale-out approaches generally do not solve the inherent issues
of 2D culture. Having multiple plates/flasks in parallel (i.e. individual “lots”)
significantly increases the labour required to maintain and passage the hPSCs,
as each vessel must be checked individually [21]. Additionally, a considerable
amount of physical space is required, as temperature, humidity and gas control is
vital to cell expansion. Scale-out approaches inherently possess less capacity for
automation of process parameters such as dissolved oxygen (DO), glucose and
cytokine concentration and pH [9], although some studies have been published
describing varying degrees of automation [22, 23]. Furthermore, 2D culture is often
performed statically, which, left unchecked, can lead to the formation of gradients
along the culture vessel, exposing cells to varying quantities of nutrients, oxygen,
and inhibitory factors [24]. The adherent nature of the 2D culture also necessitates
the use of enzymatic or chemical dissociation, imposing an additional burden on
cell harvesting [25].

The difficulty in process parameter control presents a particular issue with regard
to cGMP manufacturing. Having multiple vessels in parallel with little automation
can lead to so-called lot-to-lot variability, wherein cells in different plates are
exposed to unique conditions [26]. Lot-to-lot variability leads to a heterogeneous
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and difficult to accurately define final product and obstructs its validation from
agencies such as the FDA [15].

2.2 3D Cultures

Compared to the more established 2D systems, three-dimensional suspension
culture strategies offer many enticing benefits for industrial manufacture of hPSCs.
The use of bioreactor vessels allows a more controllable scale-up as opposed to the
scale-out approach discussed above. This combats lot-to-lot variability and leads to a
more homogeneous final product [27]. Additionally, dynamic suspension conditions
are easier to employ, via impellers or other means (depending on the type of vessel
used), which reduces undesirable gradient formation and improves the circulation
of nutrients, growth factors, and oxygen [28]. This in turn allows the culture to
reach much higher cell density than 2D systems can usually achieve, improving
the yield of cells per volume of media used and reducing the overall cost of the
process and resulting therapy [29]. Additionally, bioreactor-based process scale-
up provides opportunities for the use of in-process monitoring equipment, leading
to better control of the culture conditions, higher yields, and improved quality of
cells. However, one notable advantage of 2D flasks over 3D systems in the ability
to visually inspect cells directly using microscopy [30].

Multiple studies have suggested that 3D culture systems may also provide a
more “native” cell signalling microenvironment within the bioreactor [31–33]. Two-
dimensional monolayer culture plates restrict the cell-cell interactions of hPSCs,
while 3D manufacturing may promote an environment that more closely resembles
conditions during embryonic development [34]. There is emerging evidence that
3D suspensions enhance the effectiveness of spatiotemporal signals that drive the
proliferation and differentiation of the hPSCs. For example, a study by Branco and
colleagues in 2019 suggested that hiPSC-derived cardiomyocytes mature earlier
and quicker in a 3D suspension culture when compared to a tissue culture plate
monolayer system, possibly because the 3D platform better recapitulated the normal
cardiac tissue differentiation during embryogenesis [31].

3 Approaches for 3D Culture

3.1 Free Aggregate Suspension

One of the most common ways of culturing hPSCs in 3D systems is through the
spontaneous formation of free-floating cellular aggregates in suspension. Expansion
of hPSCs as aggregates eliminates the need for extracellular matrix (ECM) coatings,
as cells instead adhere to each other, forming spheroids [35]. This is normally
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accomplished by hPSC dissociation into single cells and culturing them in the
presence of ROCK inhibitor, which serves to prevent anoikis (dissociation-triggered
apoptosis) [36].

Three-dimensional aggregate cultures have successfully been utilized for the
expansion of hPSCs to close to industrial titres [37]. Multiple lab-scale studies have
demonstrated the feasibility of achieving clinically-relevant expansion, notably by
Abbasalizadeh and colleagues, who showed a robust 1-month expansion process
that could in principle produce 2 × 109 hiPSCs using only four 200 mL spinner
flasks [38]. These studies have subsequently been effectively translated to the
pilot scale in bioreactors, as performed by Kwok et al. in 2017, who utilized a
single-use Mobius bioreactor with a working volume of 1 L to produce a total of
2 × 109 hiPSCs in a single run over 7 days. The cells produced maintained their
expression of key pluripotency markers SOX2 and OCT4 and retained their ability
to spontaneously differentiate into the three germ layers [39]. Table 1 provides a
summary of hPSCs cultured as 3D aggregates.

Notable advantages of 3D aggregate cultures include a relatively lower overall
cost compared to other methods, due to the elimination of attachment substrates
and the relatively simple downstream harvesting of expanded cells [18]. However,
care must be taken to ensure even aggregate size distribution and to prevent the
formation for large aggregates, as larger clusters of cells inhibit mass transfer to the
core of the aggregate, potentially leading to spontaneous differentiation and necrosis
[54]. Studies have reported that aggregate size should not exceed ~300–350 μm to
prevent decreased cell viability and slow expansion rates [55]. Bioreactor control
parameters should be optimized accordingly – depending on the type of system
chosen for expansion, variations in impeller type, geometry and average energy
dissipation rate can be adjusted to maintain aggregate size. Recent work has also
suggested that short-term exposure to retinoic acid can support hiPSC expansion
in 3D aggregate cultures by potentially activating the PI3K signalling cascade and
maintaining expression of pluripotency-related transcription factors (TFs) [56].

3.2 Microcarrier Cultures

Microcarrier suspension cultures involve expanding hPSCs as adherent cells on
small beads, typically 100–400 μm in diameter [57]. Compared to 2D plate culture,
microcarrier (MC) platforms provide a substantial increase in the surface area
available for cell adhesion (and thus expansion) while retaining the advantages
of 3D suspension systems, including enhanced scalability and process parameter
control [58]. Depending on the product used, 1 g of microcarrier beads could
represent a similar overall surface area as fifteen 75 cm2 tissue culture flasks [59].
The large surface area provided allows for very high cell density culture, but careful
consideration must be given to the cell-to-surface ratio used in bioreactors, as
this will dictate the maximal achievable density [18]. Importantly, initial seeding
densities and seeding conditions should be optimized to promote MC-hPSC inter-
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action and adhesion [60]. For example, Storm et al. demonstrated that intermittent
stirring during the first 24 h of MC culture resulted in better overall efficiency when
compared to continuous stirring [61].

Microcarrier materials must be carefully optimized for a successful industrial
process and key consideration must be given to both the core material of the bead, as
well as the coating used to support cell adhesion (if any). MCs have been produced
from a variety of materials, such as cellulose, polystyrene, gelatine, and others [62–
64] with comparable density to the media; the use of biodegradable materials could
in theory allow the MCs to be used as a delivery system in vivo by transporting
the differentiated cells to targeted tissues and organs [65]. hPSC growth can also
be affected by the surface charge of the beads. Our group has previously reported
successful expansion of hPSCs on recombinant human laminin-coated polystyrene
microcarriers, achieving a 15-fold expansion over a 7-day culture while maintaining
expression of pluripotent markers and eventually differentiating into functional
erythroblasts [66]. MC systems have also successfully been used to expand hPSCs
to clinically relevant titres (over 2 × 106 cells/mL) in a 3 L single-use BioBLU
reactor, with an average 93-fold expansion across 10 runs [67]. Table 2 summarizes
the progress made by key studies using various microcarriers and vessels.

However, microcarrier systems are not devoid of challenges in hPSC culture.
MC systems can come with unexpected costs associated with the production of the
microcarriers themselves, and recombinant coatings carry an additional investment
and can suffer from inconsistency issues [18, 60]. Additionally, unlike free-
floating 3D aggregates, MC-cultured hPSCs must be chemically or enzymatically
dissociated from the beads upon completion of the process, which can have an effect
on cell viability [80]. Pluripotent cells can form multiple layers of cells on a single
bead, which adds an additional challenge in recovering as many cells as possible due
to the possibility of undesirable spontaneous differentiation and genetic alterations
[81, 82]. Further downstream operations must be employed to efficiently separate
the MCs from the cells (e.g. additional filtration steps), prompting the development
of xeno-free dissolvable microcarriers to circumvent the issue [83]. Alternatively,
other groups have focused their efforts on reusing microcarriers following efficient
capture and sterilization, which can in theory alleviate some of the production costs
[84]. MC-hPSC cultures are also highly affected by the hydrodynamic conditions
within the bioreactor – careful choice and maintenance of the agitation rate can
lessen the shear stress experienced between the beads and minimize collisions [55].

3.3 Cell Encapsulation

3.3.1 Microencapsulation

Microencapsulation technology can be considered a subset of microcarrier systems
and involves the capture of hPSCs within the beads themselves. Capsules can be
manufactured using a variety of polymeric materials such as agarose, polystyrene,
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cellulose, and others [85]. A key advantage of cell encapsulation is the diminished
effect of shear stress in suspension culture [86]. However, many of the difficulties
with using traditional surface-adherent MCs are still present, such as the high
manufacturing cost of the spheres. Additionally, surface area limitations and
difficulty isolating cells from the microcapsules are also of concern [18].

3.3.2 Hydrogels

Hydrogel encapsulation has been shown to provide a protected and efficient
environment for hPSC culture [87]. Several studies have explored the possibility of
expanding hPSCs in 3D hydrogels, notably by Lei and Shaffer in 2013, who showed
that human induced pluripotent cells can effectively be expanded and differentiated
into neural progenitors with only 50 mL thermoresponsive hydrogel yielding 109

cells [88]. However, issues with hydrogel and medium compatibility and hydrogel
sphere size were reported and remain poorly studied.

4 Process Engineering for 3D Systems

As three-dimensional culture systems offer the most promise of expanding hPSCs to
clinically relevant numbers, many potential vessels and platforms have been studied
to determine the optimal configurations for a competitive industrial process. In
order to ensure robustness and scalability, the choice of culture vessel is critical;
an economically viable process should (1) produce a large number of hPSCs while
maintaining their pluripotency and undifferentiated state, (2) allow for ease of
lineage differentiation within the vessel, (3) provide good options for in-process
monitoring and control, and (4) be scalable to the litres and tens of litres scale.

4.1 Choice of Bioreactor

The inception of an hPSC manufacturing process begins with a choice of a suitable
culture vessel. Several bioreactor configurations have been extensively studied for
their ability to facilitate large-scale expansion of hPSCs.

4.1.1 Spinner Flasks

Spinner flasks have been a staple in hPSC culture and have seen extensive use for
lab-scale studies of hPSC expansion. The most notable advantage of spinner cultures
over traditional 2D monolayers is the spinner’s ability to sustain a homogeneous
environment within the vessel through agitation. Spinners are also widely available,
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relatively cheap, and straightforward to set up and run [89]. They are relatively basic,
but well-understood and generally well-tolerated by cells – Wang and colleagues
successfully expanded hiPSCs to over 1.5 × 106 cells/mL in a CELLSPIN spinner
flask system for over 10 passages while maintaining pluripotency markers and an
undifferentiated karyotype [44]. However, spinner flasks suffer disadvantages when
it comes to scaling up, most notably a limited capacity for online monitoring of
process parameters such as DO and pH. As such, they are best suited to laboratory
and small-scale process optimization studies, or as an intermittent vessel in a seed
train of a large-scale industrial bioprocess [60].

4.1.2 Stirred Tank Bioreactors

Stirred tank bioreactors (STRs) are the most prevalent reactors in the biomanu-
facturing industry. They have seen widespread as the culture platform of choice
for both bacterial and subsequently mammalian industrial-scale culture [90]. Given
their dominance in biomanufacturing, STRs have been studied, characterised, and
developed extensively; both more traditional stainless steel and more recent single-
use systems are widely available in scales ranging from millilitres to the tens of
thousands of litres [91]. Scale-up can be achieved by straightforward means, e.g. on
the basis of constant power dissipation per unit volume or constant tip speed [92]. As
the name suggests, STRs are outfitted with an impeller in order to ensure effective
mixing and to keep cells in suspension, with various designs bringing their own
advantages and shortcomings [93]. These have been thoroughly described elsewhere
and will not be discussed further in this review.

A major advantage of stirred tank reactors is the ease of implementing process
monitoring and control tools. Tanks can be outfitted with probes for online
monitoring of culture conditions (DO, pH, temperature, pCO2) and analysers
for nutrient, ammonia, and lactate level measurement [9, 94]. Additionally, ports
allow for efficient non-destructive and non-interrupting sampling of the culture [9].
Precise and efficient monitoring of hPSC cultures is vital to optimize conditions
to effectively preserve pluripotency and minimize undesirable differentiation. Of
particular importance in scaling up STR hPSC processes are the hydrodynamic
impact on cells within the suspension and the oxygen mass transfer effects. Tra-
ditionally, STRs used for the manufacturing of biologics have generally sacrificed
some cell quality for increased product titres; however, shear stress can severely
impact hPSC viability and pluripotency [44, 75]. Studies performed in spinner flasks
have attempted to elucidate optimal agitation speeds for different culture methods –
for example, for a 50 mL spinner microcarrier hiPSC process, Badenes et al.
determined an optimal rate of 30–70 RPM [95]. Small-scale culture vessels typically
rely exclusively on oxygen delivered via the reactor headspace; however, increasing
the dimensions of the vessel can eventually outstrip the ability of the headspace
to provide sufficient dissolved oxygen, leading to a requirement for sparging or
increasing the agitation rate, which can generate a feedback loop into shear stress
generation [96]. A remarkable recent study performed by Shafa and colleagues in
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2019 demonstrates the use of Computational Fluid Dynamics (CFD) to aid in the
scaling up of hPSC culture. Using modelling and simulation of the hydrodynamic
conditions within the bioreactor, the study demonstrated scale up of an iPSC-to-
cardiomyocyte differentiation system from a small-scale 125 mL spinner flask to a
3 L BioBLU STR with comparable results [97].

4.1.3 Others

Rotating Wall

Rotating wall bioreactors (RWBs, or Rotating Cell Culture Systems, RCCS) have
been developed as an alternative to STRs in an attempt to address issues with shear
stress within the reactor. Two main systems have seen use – high aspect rotating
vessels (HARV) and slow turning lateral vessels (STLV) – with both comprising
a cylindrical reactor, slowly rotating along its horizontal axis with no headspace
provided [53]. Studies performed with hESCs by Gerecht-Nir et al. and Côme et al.
demonstrated some of the advantages of the system, mainly the low hydrodynamic
shear stress imposed by the slow rotation and acceptable mixing, resulting in
threefold expansion of hESCs by the former study [52, 53]. However, notable issues
with the system have also been reported, including the formation of air bubbles
(which can damage cells) and high technical and engineering complexity [98]. This
presents a challenge to the system’s scalability and thus RWBs have generally not
been adopted for hPSC culture.

Vertical Wheel

Vertical wheel bioreactors (VWB) provide mixing using a large vertical impeller
that generates both radial and axial flows and a concave U-shaped vessel. A
relatively novel system, it has recently been shown as an effective and scalable
platform for hPSC culture, providing excellent homogenisation of culture contents
with low shear stress at lower power input required [99]. VWBs have been used with
both aggregate and microcarrier cultures, with Nogueira et al. achieving 1.2 × 106

cells/mL maximum density and Rodrigues et al. attaining similar densities in a xeno-
free microcarrier-based process in an 80 mL/300 mL working volume PBS MINI
VWB, respectively [100, 101]. Vertical wheel reactors have been developed with
working volumes of up to 50 L and can be used as single-use systems as well.

4.2 Operation Modes

The choice of feeding strategy has a profound impact on the scale-up and expansion
capability of hPSCs and their physiological state within the vessel. Several key
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operation modes have previously been utilized for hPSC culture in 3D systems,
namely batch, fed-batch, repeated-batch, and perfusion.

4.2.1 Batch

The simplest approach, a batch process, involves supplying the required nutrients
and growth factors in bulk at the beginning of the run, with no further alterations
to the culture media throughout [9]. Running bioreactors in batch mode offers
a simple and straightforward approach with low risk of contamination. However,
hPSC cultures are virtually incompatible with batch operations. Stem cells require
near daily supplementation with growth factors to maintain an undifferentiated
state and cannot easily tolerate high nutrient concentrations [102]. Additionally,
accumulation of lactate and other waste and/or toxic components over time reduces
cell viability significantly [84]. Studies have attempted to perform hPSC culture in
batch mode at low inoculation densities of 2 × 104 cells/mL but have found that the
volumetric yield of cells per mL of media used is essentially futile for the design of
a clinically relevant bioprocess [103].

4.2.2 Fed-Batch

Fed-batch cultivation involves addition of a constant stream of one or more
components (e.g. glucose, amino acids, etc) throughout the culture, resulting in an
overall increase in the volume within the vessel over the duration of the process.
Fed-batch operation has seen widespread use in the biomanufacturing industry, as it
allows cells to reach higher densities by delaying nutrient exhaustion and allowing
cells to remain in exponential growth [104]. However, to date, no studies on hPSC
cultivation have used this method due to the sensitivity of stem cells to rapidly
accumulating inhibitory metabolites and the limited stability of essential cytokines
and growth factors [9].

4.2.3 Repeated-Batch

Repeated-batch has established itself as one of the main operation modes of choice
for hPSC cultivation. Beginning with an initial batch phase, the repeated-batch
approach consists of multiple feeding cycles (usually every 24 h) with partial or
complete media change over the culture duration [105]. This provides the cells with
a renewed supply of essential nutrients and factors and allows them to maintain
their pluripotency and expansion. Repeated-batch cultivation has been successfully
and extensively employed for both microcarrier and aggregate suspensions with cell
yields reaching over 2 × 106 cells per mL [74, 95, 106].
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However, media exchanges by their nature result in drastic and sudden shifts
in the culture conditions, in terms of pH, nutrient, metabolite, and growth factor
concentrations. This results in an interruption to the cultivation process which some
have reported results in a linear growth curve, as opposed to the desired exponential
growth necessary for industrial manufacture [9].

4.2.4 Perfusion

Perfusion systems are the most complex mode of operation for cell cultivation.
During perfusion (or continuous) culture, cells are retained within the vessel while
the media is continuously exchanged, providing a constant stream of fresh nutrients
and growth factors while simultaneously removing waste metabolites such as
lactate [107, 108]. This, in theory, ensures the cells remain in as homogeneous
environment as possible during the culture period. Unlike repeated-batch processes,
perfusion does not require the interruption of the culture, and can theoretically
support the highest cell densities of all operation modes described thus far [109].
A study by Kropp and colleagues performed a comparison between repeated-batch
and perfusion systems using two hiPSC lines expanded in 300 mL single-use
BioBLU bioreactors. They demonstrated that the perfusion system resulted in a
47% higher final cell density (2.85 × 106 cells/mL) compared to using repeated-
batch (1.94 × 106 cells/mL) [105].

In practice, however, such continuous systems carry significant drawbacks that
must be overcome if they are to become industrially viable. Continuous media
exchanges carry the highest risk of process contamination (with batches being
the lowest), as media is constantly circulating in and out of the vessel [109].
Furthermore, it is a very mechanically complex and media-intensive process,
requiring vast amounts of expensive formulations to remain productive [110]. This
complexity significantly increases the cost of maintaining such a process and
is currently one of the main reasons it is considered inefficient for large-scale
operations. Additionally, cell retention using filters or gravimetric control presents
some challenges due to the delicate nature of hPSCs [74, 105] (Fig. 1).

4.3 Towards cGMP Compliant Manufacturing

Since their initial discovery and isolation, hPSCs have been promoted as the next
generation of regenerative medicine, both as a source of derived cells and as a
therapeutic product themselves. In order to fulfil this promise and make their way
into clinical use, hPSCs must be produced with strict accordance to the highest
cGMP standards. This requirement exists in order to eliminate, to the best of
our ability, immunogenic incidents, and introduction of foreign materials (such as
animal viruses or prions) when stem cells are administered into human patients, and
to ensure the highest possible quality of the final cell material [117–119]. Careful
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Fig. 1 Approaches to the scalable manufacturing of hPSCs. Initial systems for pluripotent cell
manufacture were developed for 2D culture plates and flasks. Subsequently, scale-up was achieved
through the use of free-floating hPSC aggregates or cells cultured adherently on microcarriers
coated with ECM proteins. Initially, suspension cultures were demonstrated in spinner flasks in
laboratory scale experiments; however, studies have since demonstrated the scalability of hPSC
manufacture in stirred tanks and novel systems such as vertical wheel bioreactors. Adapted from
[100, 111–116]

consideration must be given to the entirety of a manufacturing process, from the raw
materials, through cell reprogramming strategies, to the design of the production
facility and beyond.
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4.3.1 Xenogeneic, Xeno- and Animal Component-Free

In practical terms, production processes that rely on materials derived from any
species other than humans can be considered xenogeneic [84]. Xenogeneic pro-
cesses introduce components that are foreign to the human immune system and can
have deleterious effects if inadvertently introduced into a human patient. Due to
the adherent nature of hPSCs, initial attempts to expand them in 2D static culture
involved the use of murine embryonic fibroblasts (MEF) as feeder layers on culture
dishes using a basal media such as DMEM and serum replacement, amino acids,
nitrogen supplement and other growth factors; MEF-conditioned media has also
seen frequent use [4, 82]. However, over the last few decades, hPSC culture has
seen a steady shift from undefined, xenogeneic conditions, to more or fully defined
xeno-free systems, using improvements to culture media formulations, extracellular
matrix proteins and reprogramming strategies.

Media Optimizations

Stem cell culture media has seen progressive development in recent years, with
studies suggesting that employing defined and xeno-free compositions could have a
positive impact on differentiation potential. For example, a more recent study from
2019 demonstrated that the use of xeno-derived serum and animal components in
the hPSC culturing media resulted in altered cell morphology and gene expression,
and reduced their overall expansion potential [120]. The use of undefined animal or
human serum in media can also produce unintended variability between batches
[121]. Therefore, research has been focused on elucidating the essential growth
factors and cytokines necessary for the activation of signalling pathways involved
in maintaining pluripotency, such as the transforming growth factor-β (TFG-β) or
basic fibroblast growth factor (bFGF) pathways [122]. In particular, it has been
demonstrated that bFGF is essential for hESC self-renewal [82, 123].

The development of chemically defined media (CDM) has propelled hPSC
culture towards cGMP compliance; examples of a CDM that has seen widespread
use in the research and development field is STEMCELL’s mTeSR1, created for use
as a standardized formulation for feeder-free hPSC maintenance [124]. Multiple
studies have effectively utilized it for hPSC expansion [39, 40, 68, 69]. However,
it contains a bovine-derived albumin source, making it unsuitable for clinical use.
Further advances in media formulations have led to the design of fully defined
xeno-free (XFM), such as Gibco’s StemPro SFM series and STEMCELL’s TeSR2,
which contain no components derived from non-human sources [18]. Using TeSR2,
Fan et al. demonstrated a 20-fold expansion of hiPSCs in a xeno-free microcarrier
suspension system [71]. Finally, animal component-free media (ACF) has recently
seen widespread adoption due to its fully defined, fully animal-(and human) free
formulation, making it suitable for processes destined for clinical applications.
Notable examples of ACF include Gibco’s Essential 8, STEMCELL’s TeSR-E8
and Lonza’s L7hPSC [121]. Recent studies with hiPSCs have demonstrated the
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Table 3 List of popular
media formulations by grade

Grade Developer Brand

CDM STEMCELL mTeSR1
XFM STEMCELL TeSR2

mTeSR3D
Gibco StemPro SFM

StemPro SFM Xenofree
ACF STEMCELL TeSR-E8

Gibco Essential 8
Lonza L7 hPSC

Adapted from [18]

successful use of these formulations, for example by Hamad and colleagues, who
produced ~1 × 106/mL functional cardiomyocytes using E8 media in a DASGIP
parallel bioreactor system [125]. An additional benefit of these formulations is the
fact that they are only composed (as the names suggest) of the minimal factors
necessary for stem cell maintenance, leading to a dramatic reduction in cost, up to
50% compared to TeSR2 [82] (Table 3).

ECM Optimizations

Extracellular matrix proteins allow hPSCs to attach and adhere to their surround-
ings. The first reported xeno-free hESC culture process was developed by Richards
et al., who substituted MEF feeders in favor of human epithelial feeders [126].
However, feeder cells are inherently inefficient for large scale hPSC cultures
due to their variability, safety concerns and scalability issues [15]. Feeder-free
systems have since been developed to circumvent this using ECM coatings made
of recombinant mouse and human peptides or entirely synthetic polymers [27, 127].

As previously stated, 3D aggregate suspension cultures circumvent the need
for ECM optimizations. However, in microcarrier-based cultures beads have been
developed with ECM protein coatings, most commonly laminin [128], collagen
[129], fibronectin [130], vitronectin [131] or a combination therein. Early studies
were performed similar to 2D cultures, using Matrigel-coated MCs [127]. Matrigel
is, however, animal source-derived, and studies have been performed to elucidate
the components responsible for supporting hPSC adhesion and stemness. Notably,
various laminin isoforms have been shown to bind integrin α6β1, mediating cell
adhesion [128]; similar studies have recognised vitronectin and e-cadherin as
important players in adhesion and self-renewal [131, 132]. Consequently, MCs
coated with recombinant human isoforms of these proteins have been developed
as a xeno-free alternative. Recent advances in the production of xeno-free materials
has also prompted the adoption of synthetic polymers, such as the Synthemax II
microcarriers (see Table 4). For instance, Silva et al. utilized Synthemax II MCs
in a Cellferm-pro bioreactor with a working volume of 180 mL to expand hESCs
20-fold over 10 days [70].
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Table 4 Common microcarriers used in hPSC manufacturing

Brand Material Surface Developer

Synthemax II Polystyrene Synthemax II coating Corning Inc
Cytodex 1 Dextran DEAE GE Healthcare
Cytodex 3 Dextran Collagen
Hillex II Polystyrene Cationic SoloHill Engineering Inc
Plastic Polystyrene Neutral
Plastic Plus Polystyrene Cationic
DE-52 Cellulose DEAE Whatman
DE-53 Cellulose DEAE

Adapted from [60, 84]

4.3.2 Quality Control

Unlike established biologic drugs, where purified proteins secreted by cells during
culture are the eventual therapeutic, the cells themselves represent the final product
in hPSC processes. Rigorous testing with appropriate robustness and reproducibility
is essential for the quality control of stem cell therapies [133]. Pluripotent cells
respond quickly to unfavourable conditions in their microenvironment and must be
actively monitored using both offline and online methods to ensure their stemness
and differentiation potential remain unaffected, and these methods must be able
to be integrated with 3D suspension culture for the purposes of cGMP-compliant
scale-up [134].

Offline Monitoring

Offline techniques aim to assess critical hPSC parameters such as cell density
and viability, aggregate characteristics, and pluripotency marker expression. Trypan
Blue exclusion microscopy (along with other dye exclusion assays) are a staple
technique used frequently to assess cell viability and concentration [135]. Flow
cytometry and immunohistochemistry are regularly employed to quantify expres-
sion of various pluripotency markers, such as NANOG, SOX2, SSEA4, OCT4,
TRA-1-60 and TRA-1-81 [39, 136]. Interestingly, a 2017 study by D’Antonio and
colleagues suggested the use of fluorescence cell barcoding (FCB) coupled with
flow cytometry as a high-throughput means of assessing pluripotency [137]. Assess-
ing the metabolic state of hPSCs is another important quality control measure –
high performance liquid chromatography (HPLC) and mass spectrometry (MS) have
been employed to reveal key metabolic markers connected with pluripotency [18,
138]; real-time or quantitative PCR, coupled with ELISA screens are frequently
used to detect expression of stemness-associated genes [27, 139, 140]. Additionally,
hPSCs differentiation potential is commonly tested using embryoid body (EB)
formation assays to determine whether the cells are able to generate cells from all 3
germ layers [141].
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Online Monitoring

However, in order to progress towards industrial scale processes with multiple
simultaneous batches, online monitoring approaches must be developed and opti-
mized [94]. Offline assays, while accurate, should be complemented with online
ones for successful industrial-scale bioprocesses. Nonautomated sample collection
and preparation is slow and labour-intensive, and entails additional costs due
to the requirement of specialized kit [18]. More importantly, they are usually
destructive and impose a significant delay between sampling and availability of
results, reducing their usefulness at large scale [142]. Ideally, technologies can be
implemented that allow for real-time assessment of culture and cell conditions. Such
sensors have been developed and are in use for the measurement of pH, oxygen,
and glucose concentration, while spectroscopy has been employed for online
metabolite monitoring [94, 143]. Three-dimensional fluorescence microscopy has
been suggested for assessment of hPSC aggregates in culture, while label-free ion
MS and Raman spectroscopy are potential candidates for non-invasive examination
of pluripotency and other key factors [144, 145]. For instance, in 2016, Brauchle
et al. described the use of Raman microspectroscopy to characterize hPSCs and
identify differentiating cardiomyocytes [146].

Cryopreservation and Stability

Preservation of pluripotent stem cells is an essential requirement for ensuring the
widespread availability of cells for clinical applications. Expanded cells can be
preserved under cGMP as either master or working cell banks (MCB/WCB) and
later thawed, expanded, and differentiated as needed [27, 82]. In-depth under-
standing of the effects of cryopreservation on hPSCs is vital for the creation of
well-characterized starting materials for expansion and the reduction of process
variability downstream. A recent study by Shafa et al. examined the long-term
effects of cryopreservation on hPSC genomic stability, expansion and differentiation
potential, and telomerase activity. Thawed cells displayed normal karyotype and
were able to proliferate in both two- and three-dimensional cultures after 5 years of
cryopreservation [147].

GMP Banks of hPSCs

One crucial avenue of ensuring the consistent supply of high-quality stem cells on a
global scale is the generation of cGMP-compliant human stem cell banks [148].
Multiple studies have successfully explored strategies for creating hPSC banks
[47, 149], but in order to promote a global hPSC trade network, a standardized
framework must be implemented. To this end, projects such as the International
Stem Cell Banking Initiative (ISCBI) have taken it upon themselves to deliver a
harmonized set of principles to guide manufacturers in the preparation of hPSC
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banks [150]. Over the last decade, the ISCBI has championed the creation of
a unified global system of standards detailing the best practices in banking of
research- and clinical-grade hPSCs using state-of-the-art scientific methods [151,
152]. Guidelines encompass the complete journey of hPSC lines, from their
ethical acquisition/generation, through tests assessing gene expression profile, cell
identity, pluripotency, and differentiation capacity, to their distribution and shipment
globally. Other initiatives have also been founded with similar intent, like the Global
Alliance for iPSC therapies (GAiT), which serves as a resource for scientists and
organisations working on iPSC-based therapies [153].

Quality by Design

As hPSC therapies draw closer to the general population, the biopharmaceutical
industry and the regulatory agencies overseeing it have begun promoting a defined
Quality by Design (QbD) approach to stem cell biomanufacturing [154, 155].
Based on the International Council for Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use (ICH) guidelines regarding the safe and
responsible production of therapeutics [156], the QbD strategy promotes the use of
risk assessment and robust and reliable analytical techniques to ensure consistency
in product management. This system encourages project engineers and scientists
to view and design manufacturing processes from an end-to-end standpoint as
opposed to a chain of individual unit operations. Designing hPSC therapies with
the QbD framework will result in closed, automatized systems with the ability
to respond rapidly to and mitigate variations, thus ensuring a smooth and lean
biomanufacturing process [155].

5 Advances in Production of iPSC-Derived Progenitors

One of the most promising aspects of hPSC manufacturing is the potential for the
large-scale derivation of clinically useful cell types. Differentiation of embryonic
and induced stem cells into functional cell types is itself a challenging and
lengthy process. Since their isolation, an ever-increasing number of studies have
demonstrated hPSC commitment towards a wide array of functional cells from all
three germ layers (ecto-, endo- and mesoderm), including lineages of the brain,
blood, liver, and many others (Fig. 2).

5.1 Cardiomyocytes

Perhaps one of the most therapeutically relevant cell types for modern medicine,
hPSC-derived cardiomyocytes (CMs) have the potential to revolutionize the way
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Fig. 2 Graphical illustration of cells and lineages derived from human embryonic stem cells
(hESCs) and human induced pluripotent stem cells (hiPSCs). Notable cell types that have
been obtained from directed differentiation of hPSCs in 3D culture include cardiomyocytes,
erythrocytes, megakaryocytes, macrophages, neural progenitor cells, pancreatic cells, and hepatic
cells. Adapted from [157–165]

cardiovascular diseases (CVDs) are treated. CVDs are widely regarded as the
world’s leading cause of death, surpassing even cancer [166]. Cardiac muscle
tissue is under constant dynamic stress and is unable to proliferate [87]. Their
loss during myocardial infarctions cannot be replenished by the body and CM
engraftment is usually the only way to restore functionality to the damaged tissues
[167]. However, donor shortages around the world have prompted researchers to
turn towards pluripotent stem cells as a potentially limitless starting material for the
production of functional cardiomyocytes.

Generation of CMs from hPSCs has received much attention due to the vast
market availability for such therapies. Due to the number of potential recipients,
many 3D scale-up strategies for hPSC-CM derivation have been explored, including
both aggregate and microcarrier suspension systems [31, 81, 83, 95, 97, 100, 168–
170]. Early reports in 2008 by Niebruegge et al. demonstrated aggregate hESC
differentiation into mesoderm and eventually CMs in 125 mL DasGip cellferm-pro
bioreactors with a yield of 6.3 × 105 cells/mL [171]. More recent studies using the
same bioreactor system resulted in a titre of ~1 × 106 cells/mL using fully defined
xeno-free E8 media [125]. Microcarrier cultures have also shown considerable
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scale-up promise, as reported by our group in 2020, using a 300 mL Biostat B-DCU
to differentiate hiPSCs into 7.1 × 106 CMs per mL on Geltrex-coated Cytodex I
microcarriers [172].

5.2 Hematopoietic Cells

Human pluripotent stem cell-derived hematopoietic stem cells (HSCs) and their
lineages are an enticing direction for stem cell therapies. HSCs have a very
high potential therapeutic value, given that they can be utilized to reconstitute a
patient’s hematopoietic system as a direct transplant, or to give rise to differentiated
blood cells, for instance erythrocytes for blood transfusion, mature immune cells
for immunotherapy and many others [173]. Much progress has been achieved in
elucidating the pathways required for the generation of engraftable hPSC-HSCs,
for instance by forced overexpression of key transcription factors (such as RUNX1,
SPI1, FOSB and GFI1) or by attempting to recapitulate embryonic development and
the hematopoietic niche within the bone marrow ex vivo [174–176]. Unfortunately,
such attempts have demonstrated varying success with the generation of long-term
repopulating HSCs and are difficult to scale up.

5.2.1 Erythroid Cells

Development of several key HSC-lineage therapies has seen extensive progress.
Among these, the generation of hPSC-derived universal red blood cells has seen a
large number of publications as the field has matured [177–181]. Lu et al. published
a method for the differentiation of hESCs into functional erythrocytes in 6-well
plates, producing an impressive 1010–1011 cells per well [182]. However, scale-up
cannot be achieved in plate culture, forcing researchers to focus on the development
of 3D systems. Using a microcarrier embryoid body (EB) approach, our group has
developed a scalable and fully defined xeno-free approach for the generation of red
blood cells [66, 183]. This method has recently been demonstrated in fully agitated
conditions, generating an average of ~7 × 108 hemoglobinized erythroid cells over
27 days of culture in 125 mL spinner flasks [184].

5.2.2 Macrophages

Another possible route for HSC-derived cells is the manufacture of macrophages.
Macrophages play important roles in many diseases, such as hereditary alveolar
proteinosis [185]. As such, they represent a potential source of therapeutically
relevant cells. In 2008, Karlsson published the first robust and streamlined protocol
for the generation of macrophages from hESCs without the need of coculture [186].
Further studies have led to gradual improvements in the protocol, with multiple
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groups reporting reproducible continuous generation of mature cells in small scale
culture plates [187–189]. However, progress with 3D bioreactors has been slow.
Recently, Ackermann and colleagues demonstrated the first scale-up of macrophage
generation in 250 mL DASbox Mini bioreactors with online monitoring of pH,
DO, temperature and biomass, resulting in continuous production of 1–3 × 107

macrophages per week over >5 weeks in culture [190].

5.2.3 Megakaryocytes

Megakaryocytes (MKs) are highly therapeutically relevant cells, mainly for the
generation of platelets for transfusion use [191]. Traditionally, platelets have been
isolated from donor blood, which suffers from limited donor numbers, contam-
ination, and a limited shelf life [192]. Derivation of platelet-producing MKs in
bioreactors would alleviate many of these issues and provide a consistent supply
of platelets to patients with thrombocytopaenia. Multiple studies have demonstrated
the ability to produce MKs and platelets on a small scale, for example in 3D collagen
scaffolds or microfluidic bioreactor-on-a-chip devices [193, 194]. Importantly, in
2018 Eicke and colleagues described a 3D laminin 521-coated microcarrier based
method of producing MK cells in 50 mL spinner flasks, generating a total of
~1.9 × 108 functional cells [195]. More research is needed, however, to produce
clinically relevant numbers of platelets, as these studies only reported the production
of up to 30–70 platelets per MK cell.

5.2.4 T Cells

The field of immunotherapy has gained significant traction over the last few years
as CAR-T cell therapies such as Yescarta® and Kymriah® have secured regulatory
approval and have entered clinical use after showing remarkable efficacy in patient
trials [196]. However, both therapies carry staggering costs, notably from their
difficult manufacturing process that relies on leukapheresis of peripheral blood to
isolate autologous T cells, delivering a chimeric antigen receptor (CAR) to the T
cells, and reinjecting them into the patient. HPSCs could potentially help alleviate
this problem and provide a more straightforward and cheaper alternative. Monolayer
systems have been described for hPSC to T cell specification [197], but significant
progress in T cell suspension cultures is thus far lacking. Agitated bioreactor
culture of T cells has been demonstrated by Costariol et al., but this method was
carried out with T cells from healthy donors [198]. New advances in the field of
HSC manufacturing will hopefully allow T-cell derivation in bioreactors and their
eventual use as off-the-shelf products [173, 199, 200].



254 S. Vassilev and S. K. W. Oh

5.3 Neural Cells

In vitro generation of human neural cells can potentially be of great clinical
importance for ex vivo disease modelling, drug discovery and potentially even
treatment of stroke patients using tissue grafts of functional neural cells [201].
In particular, hPSCs-derived neural progenitor cells (NPCs) have received much
attention because of their ability to mature into neurons. Generation of NPCs from
hESCs has previously been described in lab studies [88, 202]. However, much
remains to be addressed in order to enhance production into the pilot and industrial
scales. Several studies have previously demonstrated the cultivation of hPSC-NPCs
in spinner flasks using both aggregation and microcarrier approaches, with cell
yields between 7 × 105–8 × 106 cells/mL [203–205]. Single-use vertical-wheel
reactors have also been reported for NPC generation [101]. In another step forward
for hPSC-NPC scale-up, Koenig et al. conducted a study using a 125 mL DASbox
mini bioreactor to obtain 2 × 108 neural cells in a 3D aggregation suspension system
[206].

5.4 Others

Although not the object of as much attention, significant progress has been made for
the scalable production of multiple other cell types with applications in regenerative
medicine. For instance, the in vitro generation of pancreatic and islet-like cells could
have a marked effect on the treatment strategies for patients with Type I diabetes. To
that end, several studies have shown the efficient differentiation of pancreatic cells in
scalable suspension culture [207, 208]. Mihara and colleagues were able to produce
up to 1.6 × 108 pancreatic progenitor cells (PPCs) in a 100 mL STR using the
aggregation method [209], while Yabe et al. showed the hiPSC differentiation into
islet-like cells in 30 mL spinner flasks to generate 5–6 × 107 total cells per vessel
[210]. Other studies have focused on expanding cells of the definitive endoderm
[129, 211], the hepatic lineage [212–214] and chondrocytes [215].

6 Future Prospects and Conclusion

Pluripotent stem cell culture has seen significant improvements over the last few
decades. As regenerative medicine has slowly transitioned from fiction to possi-
bility, traditional two-dimensional hPSC culture systems have proven themselves
largely unfit for the task of expanding and maintaining the vast quantities of cells
necessary for therapeutic purposes. Issues with space- and cost-efficiency, labour-
intensive culture and batch-to-batch variability have precluded their scale-up into
industrial manufacturing of pluripotent cells [9].
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Research and development across the pharmaceutical industry has instead shifted
towards the promise of scalable three-dimensional manufacturing technologies in
the form of suspension bioreactors. Extensive research have been put into adapting
bioreactor platforms currently used for mammalian cell culture for hPSC cultivation
instead, but elucidating the exact conditions and mechanisms by which high-quality
and robust expansion can be achieved remains an unsolved task [60]. The main focus
of current work is in hPSC cultivation performed either as free-floating aggregates
or as adherent cells on microcarrier beads. Both have shown great promise for
hPSC expansion and differentiation into specific lineages of interest, but significant
challenges will need to be addressed for therapies to emerge on the market [18].

In order for the field of hPSC manufacturing in suspension culture to fully
mature, issues pertaining to process variability must be solved. Bioreactor and
agitator configurations, dimensions and operating parameters must be critically
evaluated – traditional stirred tanks have been shown to negatively impact delicate
hPSCs, while newer variants such as the vertical-wheel bioreactor could potentially
provide excellent mixing in a low-shear environment [55, 101]. New technologies
for online monitoring of culture conditions are also slowly being developed, which
will allow better and quicker understanding of changing process parameters and ade-
quate and timely responses to avoid batch failures. This will be of vital importance
going forward, as clinical-grade hPSC cultivation moves towards clinical production
and stringent adherence to cGMP standards becomes a requirement [18]. Media and
extracellular matrix optimizations have already allowed for xeno- and animal-free
culture systems to be employed at lab and pilot scale, but more work is needed
to reduce the cost of growth factors and ECM proteins for a commercially viable
bioprocess [82].

However, despite major obstacles on the road ahead, there is ample cause for
a positive outlook on the stem cell biomanufacturing field. Researchers have suc-
cessfully demonstrated expansion of highly enriched populations of therapeutically
relevant cell types, such as cardiomyocytes, erythrocytes, pancreatic cells, and
more. Scale-up issues are gradually being overcome, with many studies now being
performed in multiple litre-bioreactors. Xeno-free systems have become an industry
standard and are capable of maintaining hPSCs in their undifferentiated state for
prolonged culture times, and new understanding of the underlying molecular and
genetic effects of culture conditions have allowed gradual optimizations for more
robust and reproducible systems. Ensuring the safety and therapeutic efficacy of
these complicated systems is an enormous challenge, but the studies presented
herein encourages the viewpoint that slowly but surely stem cell therapies will
achieve their promise of revolutionizing human medicine.
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1 Introduction

Mesenchymal stromal cells (MSCs) are one of the most widely investigated cellular
therapies. A wealth of preclinical and clinical studies demonstrate their ability
to both directly (through differentiation into multiple cell-types) and indirectly
(through secretion of trophic and immunomodulatory factors) treat a wide array
of degenerative diseases [1–7]. MSCs are currently being utilized in hundreds of
clinical trials worldwide for applications such as tissue engineering replacements of
damaged bone and cartilage [8], modulation of immune diseases [7], and delivery
of targeted cancer therapeutics [9]. MSCs are well tolerated in both autologous
and allogeneic settings and their long-standing safety profile has enabled rapid
translation of preclinical results into promising therapeutic candidates in the clinic.
Furthermore, MSCs can be derived from different tissue sources (bone marrow,
adipose, umbilical cord, etc.) and readily expanded in vitro to achieve clinically-
relevant cell numbers necessary to treat the large number of patients affected by
diseases with no currently available cures.

Although the MSC acronym was initially termed “Mesenchymal Stem Cell [10],”
the definition and interpretation of how MSCs exert their therapeutic effect has
shifted over the past decade towards an emphasis on their secretion of paracrine, pro-
regenerative factors [4, 11, 12] instead of their stem cell-like ability to differentiate
into multiple lineages and replace diseased or damaged tissues, such as bone or
cartilage. While investigations into their tissue engineering potential have continued
and made substantial progress, a position statement by the International Society
for Cell and Gene Therapy (ISCT) has indicated that ‘mesenchymal stromal
cell’ is the preferred nomenclature and more appropriate to encompass the broad
spectrum of MSC functions [13]. Therapeutic applications for MSCs can be
broadly characterized as (1) Direct: whereby MSCs differentiate into osteoblasts,
chondrocytes, or adipocytes and produce extracellular matrix, or (2) Indirect:
MSCs induce trophic, pro-regenerative effects on damaged tissues or modulate the
immune system without integrating into host tissues. For direct tissue engineering
applications, MSCs are expanded to large numbers and directly implanted into
the injury site, or combined with a biomaterial scaffold to better promote tissue
repair and integration. This would be the case for degenerated cartilage (due to



Biomanufacturing of Mesenchymal Stromal Cells for Therapeutic Applications 271

osteoarthritis or traumatic injury) or large bone defects/injuries [8, 14, 15]. For
indirect regenerative medicine applications, MSCs or MSC-derived secreted factors
are administered either systemically or at the site of injury to facilitate/promote host
cell repair processes, such as stem cell differentiation [16, 17] or angiogenesis [18].
Alternatively, MSCs or MSC-derived secreted factors may modulate immune cells
such as T cells, macrophages, or microglia [19–22]. These mechanisms are believed
to occur in a ‘hit-and-run’ manner with the therapeutic effect being observed long
after the MSCs have been cleared and are no longer present in the body. This
behavior is especially promising for degenerative disease with an inflammatory
component such as osteoarthritis [8, 23], diabetes, and neuroinflammatory diseases
[24], such as Parkinson’s Disease, Alzheimer’s Disease, and Multiple Sclerosis.

While an abundance of literature and clinical data motivates the widespread use
of MSC therapeutics, there are few approved MSC therapies worldwide. The lack
of successful clinical translation can be attributed to the following challenges with
MSC manufacturing:

• MSC Functional Heterogeneity: Defined as differences in MSC therapeutic func-
tion between MSCs derived from different donors, tissues, and manufacturing
conditions

• Lack of Critical Quality Attributes (CQAs): CQAs are properties or character-
istics of a cell therapy product that should fall within specified limits to ensure
adequate safety and efficacy [25].

• MSC Manufacturing Scale-Up: Translation from traditional 2D flasks/hyperflasks
to larger-scale formats such as 3D bioreactors and biomaterial systems.

• Standardization: To ensure consistent, reproducible manufacturing, standard
reference materials and standardized assays to assess MSC quality must be
developed [3, 26].

This chapter will focus on MSC manufacturing considerations and how efforts
are being made to address these unique, interrelated challenges and ultimately
accelerate translation of MSC therapies towards safe and effective licensed products
that are readily available for patients.

2 Overview of MSC Manufacturing

A generalized overview of the critical steps and components of MSC manufacturing
are highlighted in Fig. 1. Broadly, MSC manufacturing can be divided into
three stages: (1) Selection and isolation of MSCs from a specific donor/tissue
source, (2) Expansion of MSCs, and (3) Final formulation of MSC product and
therapeutic administration. Due to the lack of CQAs and standardized approaches
for manufacturing MSCs, significant heterogeneity can be introduced at all stages
of manufacturing and thus the final product administered to a patient can vary
tremendously in terms of safety and efficacy.

Donor and tissue source for MSCs can significantly impact MSC quality in terms
of safety and efficacy. Although undifferentiated MSCs can be well tolerated in
an allogeneic setting, the use of autologous MSCs for bone and cartilage repair is
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Fig. 1 Overview of MSC manufacturing

preferred as the process of MSC differentiation into osteoblasts and chondrocytes
induces changes in HLA expression (e.g. HLA-DR [27]) and lymphocyte activation
[28] that can potentially result in an immune response in an allogeneic transplanta-
tion setting [29–31]. Although there is evidence that allogeneic, differentiated MSCs
do not elicit a significant immune response in vitro [32], HLA-matching is often
not performed for clinical trials and it is unclear whether allogeneic differentiated
MSC therapies do not elicit an undesired immune response [29]. Autologous
MSC manufacturing can present major challenges compared to allogeneic MSC
manufacturing as the considerable patient-patient variability and inability to treat
multiple patients with the same product can result in increased production costs
and product heterogeneity [33]. The ability to manufacture large quantities of
MSCs in an allogeneic setting thus represents a more attractive strategy as it
would enable an ‘off-the-shelf’ therapy and thus a more consistent MSC product
than a unique autologous MSC product manufactured for each patient. However,
significant donor-donor variability can be observed in terms of therapeutically-
relevant functions such as production of immunomodulatory factors IDO [34] and
PD-L1 [35], suppression of activated T cells [20], and treatment of critical limb
ischemia (i.e. angiogenesis [36]). Therefore, it is essential to develop improved
methods for screening donors from which high quality MSCs can be derived.

MSCs derived from different tissue sources have also been shown to vary in their
functional capacity. For example, bone marrow derived MSCs (BM-MSCs) were
found to better promote wound closure [37] and endothelial tube formation [38]
in vitro than umbilical cord derived MSCs (UC-MSCs); however, in another study
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[39] UC-MSCs were found to have lower doubling times (higher proliferation rates)
and greater production of immunomodulatory factors than BM-MSCs. Furthermore,
exosomes produced by BM-MSCs, UC-MSCs, and adipose tissue derived MSCs
(AT-MSCs) possess distinct proteomic signatures with notable gene ontological
differences observed in terms of Notch and integrin signaling (high in BM-MSC
exosomes), glycosaminoglycan and bone development (high in AT-MSCs), and
laminin-binding and vasculature development (high in UC-MSCs) [40]. Although
these tissue-dependent differences have been observed, there are no comprehensive,
definitive studies demonstrating MSCs derived from one specific tissue type’s
preference or ‘superiority’ over other MSC tissue sources and thus future work
is warranted to better understand how donor and tissue variability impact final
MSC product quality. Induced pluripotent stem cell (iPSC) derived MSCs (iMSCs)
are also emerging as a promising alternative to tissue-derived MSCs as iPSCs
represent a potentially limitless source of isogenic MSCs [41, 42]. However, the
non-standardized approaches for differentiating iMSCs from iPSCs adds another
layer of manufacturing heterogeneity that must be addressed and efforts are being
made to better understand MSC identity and origin as this technology evolves [43,
44].

To manufacture clinically-relevant numbers of MSCs (1010–1013 cells depending
on application) [45], ex vivo expansion is necessary once MSCs have been obtained
from a given donor/tissue source. This process of expansion typically involves
multiple passages where MSCs are allowed to grow until achieving high confluency
(~70–90%) and then subsequently harvested (using reagents such as trypsin,
collagenase, or TrypLE) prior to replating (or inoculating in the case of a bioreactor)
at lower densities (‘subculture’) to enable further expansion and mitigate contact
inhibition. Although the generalized process of passaging is commonly employed,
there are no standardized protocols employed throughout the expansion process in
terms of reagents (i.e., culture medium), critical process parameters (CPPs, such
as seeding density, culture time, pH, etc.), and culture format/vessels (2D vs. 3D,
surface modifications, etc.) Differences in cell dissociation reagents can impact
MSC surface marker expression (CD73, CD105, CD140a) [46] while changes in
MSC seeding density impact production of extracellular vesicles (EVs) [47] and
can also affect MSC metabolism (e.g. favoring oxidative phosphorylation versus
glycolysis) [48]. Furthermore, MSC manufacturers often have different cell banking
strategies whereby master cell banks, working cell banks, and final MSC products
are cryopreserved at different stages of manufacturing to enable better quality
control and manufacture of consistent product lots [49]. Depending on the clinical
application, significant cell expansion may be required to treat large number of
patients and therefore MSCs will be subjected to extended culture in terms of
additional passages and cryopreservation steps. MSCs exhibit decreased function
(T cell suppression [20], osteogenesis [50], adipogenesis [51], and chondrogenesis
[52]) and increased senescence [53] at later passages and it is therefore critical to
develop optimized, standardized culture platforms that enable rapid MSC expansion
while also maintaining the desired therapeutic function across multiple passages.
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Once expanded, the final MSC product can be formulated and administered
in many ways depending on the desired therapeutic application. In the case of
tissue engineering applications, MSCs can be locally injected into the injury site
or combined with a biomaterial (e.g. hyaluronic acid hydrogel or porous PLGA
scaffold) and immediately implanted or cultured ex vivo to promote differentiation
and matrix deposition prior to implantation [54–57]. For regenerative medicine
applications where MSCs are hypothesized to exert their therapeutic effect through
secreted factors, the route of administration can include intravenous (most com-
mon), intranasal, intraperitoneal, intrathecal, and intra-articular [58–62]. Although
the majority of MSCs injected intravenously are rapidly cleared (on the order of
days) and predominantly end up trapped in the lungs, their therapeutic effect can be
observed not only in the lungs [2], but in other remote tissue locations, for example
in the case of neuroinflammation [24], graft-versus-host disease [63], and post-
myocardial infarction [60]. Finally, the effects of cryopreservation on MSC function
have been demonstrated in a number of studies with decreased immunomodulatory
function (both in vitro [64] and in vivo [59]) and post-implantation survival
[58] observed for cryopreserved MSCs used immediately post-thaw versus non-
cryopreserved MSCs or cryopreserved MSCs that are culture rescued post-thaw
(Figs. 2 and 3). As cryopreservation enables ‘off-the-shelf’ potential through
long-term storage and greater manufacturing scale than producing ‘fresh,’ non-
cryopreserved MSC products, there is great interest in developing better approaches
for understanding how cryopreservation negatively impacts MSC quality and
whether new strategies can be employed to mitigate its effects. Ultimately, decen-
tralized (or ‘redistributed’) manufacturing [65, 66] of cryopreserved MSC products
represents the most promising approach as requiring additional manufacturing steps
to be performed at individual clinical sites by different operators can introduce
additional heterogeneity that may contribute to inconsistent clinical outcomes.

3 Manufacturing Considerations

3.1 Culture Medium Considerations

Culture medium for expanding MSCs (and other cell therapies) represents one of
the most significant costs in product development. MSCs are adherent cells that
grow robustly in a number of cell culture formats and environments; however, this
has introduced significant heterogeneity in terms of manufacturing as countless
culture media formulations have been used. Because the ISCT MSC criteria
established in 2006 [67] do no effectively discriminate between MSCs with ‘good’
or ‘bad’ therapeutic potential, using these criteria (i.e. plastic adherence, tri-lineage
differentiation, and expression of generic fibroblast-like surface markers) to evaluate
and develop effective culture media has been a major challenge facing MSC clinical
translation.



Fig. 2 Cryopreserved MSCs demonstrate reduced suppression of T cells. (a) Peripheral blood
mononuclear cells (PBMCs) cocultured in the presence or absence of MSCs derived from actively
growin culture (Live) or thawed from cryopreservation (Cryo) were stimulated with SEB. Four
days post, T cell proliferation was measured by Ki67 intracellular staining. Cumulative % of T
cell proliferation (CD3+/Ki67+) in the presence of variable MSC and PBMC ratio is shown.
Lower %CD3+/Ki67+ values indicate great suppression of T cells by MSCs. (b) Frozen-thawed
MSCs are susceptible to lysis by activated T cells. CFSE labeled Live and Cryo MSCs were
cocultured with SEB activated PBMCs at indicated ratios. Plate bound MSCs from the coculture
were trypsinized and event counts were recorded in flow cytometry with the normalization of
counting beads. Live and Cryo MSC count in the absence of PBMCs were used for normalization
and calculation of % survival of Live and Cryo MSCs in the presence of PBMCs. (Taken from
Chinnadurai et al. [64], rights permitted)
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Fig. 3 Cryopreserved MSCs have reduced in vivo therapeutic potential. (a) Live and thawed
(previously cryoprserved) MSCs were injected in C57BL/6 mice in DSS-induced colitis mouse
model and monitored for both disease activity index (DAI, (i)) and body weight (ii). (b) Dwell
time of intraperitoneal delivered fresh (live), thawed (cryopreserved), and heat –inactivated (HI)
MSCs assessed based on bioluminsecene measured as total flux (photons/sec). Longitudinal in vivo
images of representative mice shown at selected time points for fresh (i), thawed (ii), and HI (iii)
MSCs. BL was measured from all in vivo ROIs at each time point as total flux. (Taken from Giri
and Galipeau [59], rights permitted)

MSC culture media can be broadly categorized into undefined and chemically-
defined media, with undefined being further subdivided into xenogenic and xeno-
fee media. Early MSC research primarily utilized xenogenic, undefined medium
consisting of a commercial base medium (e.g. alpha-MEM or DMEM), antibiotics,
amino acid supplements (e.g. L-glutamine), and animal-derived serum (fetal bovine
serum (FBS) being the most common) [68]. While this formulation is still widely
used in academic research today due to historical use and relative low cost
(compared to xeno-free and chemically-defined media), there are concerns in terms
of safety and product consistency. Specifically, the use of animal-derived products
requires additional testing to ensure absence of adventitious agents, immunogenic
factors and other contaminants [69]. Furthermore, the unknown composition of FBS
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from different lots and vendors has been shown to produce MSCs with varied
proliferation and therapeutically-relevant functions [70]. In an effort to address
safety concerns associated with the use of xenogenic media, xeno-free alternatives to
FBS such as human serum or human platelet lysate [71]. While these human-derived
media supplements can produce MSCs with similar (or even improved) function
compared to MSCs manufactured using FBS-containing media, there is also a poor
understanding of the exact composition and thus significant lot-lot differences have
been observed [72, 73]. To address the safety concerns of xenogenic media, as well
as the consistency issues of xeno-free, undefined media, efforts have been made to
create chemically-defined media with the exact amount of each component known.
MSCs manufactured using chemically-defined medium have been shown to perform
similar to MSCs cultured in undefined medium (in terms of proliferation and
function) [70, 74], but the cost for chemically-defined media is significantly higher.
Furthermore, it is still unknown what the exact media component requirements are
for MSC manufacturing in terms of growth factors, metabolites, lipids, etc., and
it is likely that unique defined media may be required for different therapeutic
applications to effectively ‘select’ for MSCs with desired properties.

To better understand the impact of media formulations on MSC behavior,
researchers have investigated the effects of specific cell signaling pathways and reg-
ulators of MSC growth and metabolism. Growth factors including basic fibroblast
growth factor (bFGF), epidermal growth factor (EGF), insulin-like growth factor
(IGF), platelet-derived growth factor (PDGF), and hepatocyte growth factor (HGF)
have all been implicated in maintenance of MSC function across extended passages
[75–77]. EGF and bFGF are readily incorporated into defined MSC media and
have well-known roles in regulation of ERK/Akt signaling, and addition of both
of these growth factors has been demonstrated to increase MSC proliferation rate,
as well as mitigate the onset of senescence that typically occurs at later passages
[75, 78–80]. Wnt signaling also plays a key role in maintenance of MSC function
during manufacturing and Wnt agonism (through addition of small molecules
or growth factors like Wnt3a) and downstream effects (increased beta-catenin)
have been associated with greater MSC proliferation [81]. However, differences
in the role or extent of Wnt signaling can be associated with MSCs derived
from different sources [82] and therefore it is important to understand how these
unique tissue-dependent differences in signaling can guide selection of MSCs
with desired properties. Members of the transforming growth factor beta (TGF-β)
family also play key roles in MSC growth and function through canonical SMAD
signaling and non-canonical pathways (e.g. ERK, Akt, p38, and Rac1). A number
of studies have suggested that inhibition of TGF-β signaling during MSC expansion
can lead to increased clonogenicity, proliferation, secretion of immunomodulatory
and angiogenic factors, as well as decreased senescence and apoptosis [80, 83–
86]. These effects have been associated with epigenetic changes (i.e. chromatin
accessibility [86, 87]), as well as metabolic changes associated with a decrease in
mitochondrial reactive oxygen species (ROS) [83]. It is worth noting that while
inhibition of TGF-β signaling during expansion is associated with improved MSC
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proliferation and maintenance of ‘stemness,’ TGF-β signaling is required for MSC
chondrogenesis [88, 89].

The ability to manufacture large numbers of MSCs is critically dependent on
our understanding of metabolism and how it relates to differences in selection of
culture medium. Extensive ex vivo expansion of MSCs can be associated with a
characteristic ‘metabolic shift’ from glycolysis at early passages to oxidative phos-
phorylation at later passages [90]. Control of MSC metabolism can occur through
addition (or inhibition) of exogenous growth factors (such TGF-β, FGF-2, EGF),
addition of specific metabolites or small molecules, or culturing at different levels
of O2 (i.e. normoxia vs. hypoxia) [75, 77, 90–93]. Specific examples are shown
in Fig. 4. Differences in MSC metabolism (i.e. metabolic heterogeneity) can be
attributed not only to extended culture in nutrient rich, high oxygen environments,
but also to inherent differences in MSCs derived from different tissues and donors
[94]. Additionally, MSCs derived from diseased, atherosclerotic patients possessed
significant mitochondrial dysfunction, produced higher levels of ROS, and had
diminished immunomodulatory function (in terms of T cell suppression) than
MSCs derived from healthy patients [95]. During culture expansion there are well-
documented increases in ROS levels [90], which leads to reduced autophagy and
mitophagy [91], and contributes to the onset of senescence. Efforts have been made
to identify regulators of MSC metabolism specifically with a focus on pathways with
known roles in ROS production, mitochondrial function, and oxygen utilization. For
example, addition of ROS scavengers (such as N-acetyl-L-cysteine) reduced ROS
levels in MSCs from diseased patients and resulted in decreased doubling times
(i.e. higher proliferation rates), decreased secretion of pro-inflammatory cytokines,
and improved immunomodulatory function [95]. The addition of small molecule
inhibitors of Akt/mTOR (e.g. rapamycin and LY294002) signaling, which has been
shown to positively correlate with ROS levels, can result in a delayed onset of
senescence and long-term maintenance of MSC functions such as osteogenesis
and secretion of immunomodulatory factors [93, 96]. Culturing MSCs in hypoxia
(typically <5% O2) also has a pronounced effect on MSC metabolism through
sustained activation and stabilization of hypoxia-inducible factor 1-alpha (HIF-1)
[97]. Hypoxic culture can result in decreased production of ROS, secretion of pro-
regenerative growth factors (e.g. HGF, bFGF, VEGF, IGF-1), and improved survival
post-transplantation [97]. Efforts are also being made to develop hypoxia-mimetic
conditions through introduction of small molecule drugs such as desferrioxamine
and HIF-prolyl hydroxylase inhibitors [90, 98]. As MSC manufacturers continue to
increase the scale and complexity of culture systems to meet clinical need, a greater
understanding of the metabolic demands of MSCs is needed and will drive further
development and refinement of culture media in the future.
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Fig. 4 Control of MSC metabolism during manufacturing. (a) MSCs treated with normal
medium (NM), fibroblast growth factor-2 (FGF-2, F), FGF-2 in the presence of PI3K/Akt inhibitor
LY294002 (10 μM) (F + L), FGF-2 in the presence of mTOR inhibitor rapamycin (10 nM)
(F + R) for up to 35 days. Total reactive oxygen species (ROS) was determined by staining with
H2DCFDA (DCF-DA) following flow cytometry analysis. (Taken from Gharibi et al. [96], rights
permitted). (b) Indoleamine 2,3-dioxygenase (IDO) activity of MSCs cultured with or without
IFN-γ (40 ng/mL) in either normoxic or hypoxic (2% O2) conditions for 24 h. (Taken from Liu et
al. [93], rights permitted)

3.2 Bioreactors for Manufacturing MSCs and Scaleup
Considerations

As mentioned previously, a single dose of MSCs will require 1010–1013 cells for
autologous or allogeneic therapies in clinical settings depending on the specific
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Table 1 Ranges of hMSCs used for clinical applications

Therapeutic target Range of cells References

Acute respiratory distress syndrome
(ARD)

3 × 106 cells/kg [94]

Amyotrophic lateral sclerosis (ALS) 11–12 × 105 cells/patient
2 × 105 cells/kg

[106, 107]

Diabetes (type 1) 2.1–3.6 × 106 cells/kg [108]
Multiple sclerosis 1–2 × 106 cells/kg [109, 110]
Idiopathic Parkinson’s disease (iPD) 1 × 106, 3 × 106, 6 × 106, or

10 × 106 cells/kg
[39]

Spinal cord injury 8 × 106, 40 × 106, or 50 × 106

cells/patient depending on location
and time point of clinical trial

[111]

application [45, 99] and other variables, such as patient body weight. Table 1
summarizes reported numbers of MSCs used for selected clinical applications, and
affirms the significant magnitude of cells that may be required. A typical bone
marrow biopsy may yield a very low retrieval percentage (~0.01%) of hMSCs
acquired from a single-donor bone marrow sample, [100–102]. Alternatively,
adipose tissue has been shown to be more accessible and yield a greater percentage
of MSCs, with the percent range of stem cells from biopsies ranging from 1% to
10% [103–105].

These yields are still several orders of magnitude less than the number of cells
required for in vivo therapy, thus, ex vivo expansion of cells is essential for large-
scale manufacturing of MSCs for clinical application. This biomanufacturing of
cells may be pursued via scale-up or scale-out approaches, where cell expansion
is achieved by using significantly larger individual culture vessels (i.e., increasing
batch size), or by multiplying the number of individual culture vessels used,
respectively. In practice, scale-up approaches have been preferred for production
of “off-the-shelf” allogeneic therapies, while scale-out approaches preferable for
autologous therapies [112]. However, whether a scale-up or scale-out approach
is taken, employment of appropriate culture conditions is essential for attaining
sufficient quantities of MSCs for clinically-relevant dosages while simultaneously
ensuring cell phenotype, potency, and therapeutic efficacy.

In addition to the biochemical and physiochemical parameters essential for
successful growth of MSCs, proper physical processing and culturing considerations
are equally important. MSCs are anchorage-dependent cells, requiring a suitable
culture surface to support their adhesion and facilitate subsequent processes of cell
proliferation and differentiation. Traditional cell culturing approaches are based on
the use of static, two-dimensional (2D) planar vessels, consisting of Petri dishes,
multi-well plates, T-flasks, and roller bottles to obtain monolayer cultures. These
vessel surfaces are commonly made of plastics, such as polystyrene, that have
been treated for tissue culture via chemical or physical processes (e.g., surface
functionalization, plasma treatment, etc.) to increase substrate hydrophilicity to
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support cell adhesion [113–116]. The expansion potential of MSCs is constrained
by the amount of surface area available in the particular vessel used, such that large-
scale production of these adherent cells will require large surface area to support
sufficient cell proliferation.

For 2D culture, increased surface area can be accomplished via multilayer T-
flasks, such as the Corning® High Yield PERformance Flask (HYPERFlask®) cell
culture vessel with 1720 cm2 available growth area, Corning® CellSTACK® Cell
Culture Chambers with up to 25,440 cm2 cell growth area available in their largest
40-stack size, or Thermo Scientific™ Nunc™ Cell Factory™ systems with up to
25,280 cm2 growth area in its 40-tray option, among others [117–119]. In most
cases, large-scale manufacturing of cells cultured in 2D will require numerous
vessels to achieve clinical-level doses. This need will also necessitate sufficient
physical space and infrastructure for vessel incubators and cleanrooms to minimize
susceptibility to contamination and to meet ISO qualifications, requiring extensive
financial investment for facilities [45, 99]. Further, if automated systems are not in
place, significant manual labor and time will be required for processing, with all
of these factors together driving the resulting cost of these therapies and deterring
potential accessibility for patients [45, 120–122]. In addition to these physical
constraints, long-term culturing of cells in 2D presents other challenges related to
cell quality and function, where prolonged expansion can result in senescence with
increasing passages [120, 123]. More specifically, in the case of MSCs undergoing
prolonged expansion in 2D, additional concerns related to maintenance of their
phenotype, potency, and functionality exist when these cells are cultured ex vivo due
to their sensitivity. Particularly, findings from previous studies have demonstrated
decrease in the proliferation potential of cells, changes in hMSC phenotype, or a
decrease in their differentiation or immunomodulatory potential over population
doublings, which can result in changes to their therapeutic efficacy when implanted
in vivo [75, 124–130]. MSC heterogeneity is again of concern with 2D expansion
since individual flasks constitute its own batch, which may contribute to batch-to-
batch variability [123]. Evaluation and characterization of these cells in 2D culture
is also challenging, since microscopic evaluation is commonly used for assessing
monolayer cultures, and observation of MSCs may not be possible with large vessels
using a typical microscope.

To circumvent these limitations of conventional 2D monolayer flasks for MSC
expansion, alternative culturing strategies have been explored, largely consisting of
dynamic bioreactor systems for three-dimensional (3D) microcarrier-based cultures.
Such systems have been investigated to support cell yields up to trillions of cells,
while reducing potential costs for manufacturing sufficient clinical doses through
shortened culture times [99, 123]. The specific type of bioreactor selected will
depend on whether or not the process is a batch or continuous production, or a static
or dynamic culture system [131]. A batch production is defined as a reactor that
is filled or charged with reagents that will be left inside the vessel as the reaction
is carried out with no inflow or outflow until the reaction is complete; whereas a
continuous production refers to a vessel that has a continuous inflow of reagents
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and a continuous outflow of product, as it is assumed to be appropriately mixed
while operating at steady-state [132].

Bioreactors, have become an integral part of the scale-up production process by
allowing for potentially automated culturing platforms where culture parameters,
such as culture pH, temperature, and oxygen supply, can be controlled, and robust
well-defined populations of cells can be obtained [133–136]. MSCs have been
shown to respond actively to their environment, and the dynamic environments of
bioreactors that mimic in vivo conditions can result in the production of bioactive
factors in the MSC secretome and impact the expansion, fate, and differentiation
potential of MSCs, where enhanced differentiation to a certain lineage has been
observed depending on the culture environment [137–140]. Expansion of MSCs
under hypoxic conditions, with oxygen levels ranging from 2–5% within an
incubator environment, has been shown to yield improved growth rates (Fig. 5) as a
result of reduced oxygen consumption and production of reactive oxygen species. In
addition, hypoxic conditions can result in improved maintenance of differentiation
potential and decreased apoptosis, thus demonstrating the importance of system
control for these cells during manufacturing [141–148].

Various types of dynamic bioreactors exist (Fig. 6), including 3D microcarrier-
based stirred tank (or spinner flask systems if little or no monitoring system
incorporated), Wave (or rocking) bioreactors, and Vertical-Wheel™ bioreactors that
are mechanically-driven. In addition, other hydraulically-driven dynamic systems
include hollow fiber and packed bed bioreactors. Stirred tank systems make for
an attractive alternative to traditional static culture systems because they are
simple, easy to scale-up, provide excellent gas exchange to cell cultures and
monitoring of critical culture parameters is straightforward [136]. The use of stirred
bioreactors can support shorter culture times, resulting in reduced manufacturing
costs over time. These closed systems and the availability of commercially-available
disposable vessels, such as single-use plastic spinner flasks, can support greater
culture efficacy by reducing possible contamination risks [123, 134, 149].

Scalability of stirred tank systems has also been sufficient to yield large batches
of MSCs ranging from 5 L to 50 L (or larger, up to 500 L), dependent on
bioreactor size and microcarrier density [150–155], of which a number of studies
have been previously reviewed [134, 135, 156]. Most importantly, the properties
of MSCs cultured under 3D dynamic conditions can be altered and controlled for
specific applications by altering fluid properties through varying impeller type/size,
rotational speed, agitation rates, etc. [113, 134, 140, 157–159]. Stirred tank and
spinner flask cultures can support cell aggregates in suspension, cells encapsulated
in microspheres, and cells seeded onto coated microcarriers [160–164]. MSC
aggregates can form when the cells adhere to one another when there is no suitable
surface present to support cell adhesion [165], and aggregate formation has been
attempted for MSC expansion [166, 167]. However, it is difficult to control the
expansion scale-up of MSC aggregate culture because it is almost impossible to
control the aggregate size. In addition, aggregate culture can also damage the final
cell product, as the increase in aggregate size and density can result in decreased
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Fig. 5 MSCs cultured under hypoxic conditions exhibit improved outcomes relative to
normal atmospheric oxygen conditions. (a) Human adipose-derived stromal cells (ASCs)
exhibited typical fibroblast-like morphology for both culture conditions. (b) Growth curves for
cells showed an increased cell proliferation rate under in situ normoxia. (c) Population doubling
time was significantly lower under in situ normoxia than at atmospheric O2 concentration. (d)
Cell cycle analysis showed the percentage of ASCs in S-phase was higher under in situ normoxia
as compared to atmospheric O2 concentration. (Adapted from Choi et al. [147] rights permitted
under Creative Commons license)

mass transport of nutrients to the center, limiting cell proliferation and potentially
damaging the cells [168, 169].

Another dynamic platform that has become more widely used for large-scale
manufacturing is the Wave bioreactor system, which consists of inflatable flexible
plastic bags as culture vessels that are placed on a rocking platform [170–172].
While impeller motion can negatively impact cells in stirred vessels if not optimized,
these concerns are alleviated with the agitation provided via the rocking motion of
Wave bioreactors, making this a suitable culturing method for shear-sensitive cells.
These bioreactors are reported to provide good nutrient distribution, higher oxygen
transfer than spinner flasks and perform comparable to stirred tank bioreactors (up to
100 L in volume) [170, 171, 173, 174]. The disposable plastic bags are appealing for
addressing sterility concerns via a closed system and bags are available up to 500 L,
which can further help reduce manufacturing costs [173]. Original application of
these bioreactors was commonly used for suspension cultures, [136, 170, 175]
however, recent studies have demonstrated successful expansion of anchorage-
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Fig. 6 Various types of bioreactors exist for MSC culture and expansion. Schematic repre-
sentation of specific vessels, including (a) stirred tank/spinner flasks, (b) wave bioreactors, (c)
Vertical-Wheel bioreactors, (d) hollow fiber bioreactors, and (e) packed/fixed bed bioreactors.
(Adapted from Colao et al. [149] with permission)

dependent cells using microcarrier-supported cultures in Wave bioreactors [172].
Studies evaluating MSC expansion using Wave bioreactors have been limited to an
investigation of placental hMSC expansion using macroporous gelatin microcar-
riers, where feasibility of the Wave bioreactor approach for MSC expansion was
demonstrated [176]. Additional studies for optimization of this approach to ensure
MSC efficacy and function are required.

With a focus on increasing the efficiency of culture mixing, dynamic culturing
has also been demonstrated using the more recently developed Vertical Wheel
bioreactor design. These systems consist of a vessel with a U-shaped bottom and
a vertically-rotating impeller/wheel that rotates around a horizonal axis [177]. In
comparison to the typical stirred bioreactors, the vertical mixing allows lower
agitation rates, and subsequently, lower effects due to shear stress, which would
could be advantageous for MSC culture since shear stress may impact cell viability
and phenotype [123]. In addition, higher mass transfer rates are observed, as well
as more homogenous suspensions. This particular system also supports favorable
scalability conditions via single-use large-volume vessels, ranging from 60 mL up
to 500 L [113]. Studies comparing use of Vertical wheel bioreactors to static planar
cultures showed successful culture of MSCs from umbilical cord and adipose tissue
using the Vertical Wheel system, which was significantly less expensive than static
cultures [178]. Additional MSC culture optimization studies have also explored fed-
batch culturing in xeno-free media using the Vertical Wheel system, with hMSCs
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successfully maintaining proliferation, phenotypic and functional characteristics,
providing a protocol for future scale-up approaches [179].

In addition to the mechanically-driven stirred, Wave, and Vertical Wheel biore-
actor systems, hydraulically-driven perfusion-based bioreactors, such as hollow
fiber and fixed/packed bed bioreactors have been applied for MSC expansion
[127]. Perfusion bioreactors feature a vessel where the media is directed to
flow through a construct that is either porous or 3D, which can help overcome
the expansion bottlenecks seen in monolayer cell culture methods by increasing
oxygen and nutrient transport in the system [180, 181]. Studies have shown that
cell metabolism is crucial to stem cells retaining pluripotency, or multipotency
depending on the source, and perfusion bioreactors can provide a constant flow
of fresh media that removes inhibitory metabolic byproducts, resulting in a stable
metabolic system for high-density expansion [182]. Perfusion-based systems have
been utilized with specific cell phenotypes for amplification via the use of external
cues for cell conditioning. For example, a novel bioreactor system for the purpose
of conditioning chondrocyte cells used in autologous chondrocyte implants was
developed, and the flow of the media was used to provide hydrostatic pressure to
the cells for potentially increased protein production and gene expression [183],
where the estimated pressure loads on cartilage of 0.1–0.2 MPa were achievable in
the system [184].

Hollow fiber bioreactors are perfusion-like bioreactors that present an oppor-
tunity to produce a high density of cells before MSCs cross the threshold for
expansion before losing key stem cell characteristics such as potency [185]. Hollow
fiber bioreactors are tubular vessels containing one or a bundle of polymer fibers
that culture medium is perfused through [186]. The hollow fibers can be used for
different transports, such as supplying fresh nutrients and oxygen or removing spent
medium and cell products [186–188]. The set-up of hollow fiber bioreactors creates
a closed environment comparable with in vivo conditions and a large surface area
for anchorage-dependent stem cells, which satisfies one of the key necessities of
dynamic culture [189]. Hollow fiber bioreactors have been used for MSC expansion,
cell product formation, and vector production, with the intent of finding a culturing
platform to integrate at the industry level of scale-up [190–193]. Studies have
demonstrated use of hollow fiber bioreactors for improving metabolic function of
MSC-derived hepatocytes, where a perfused 3D culturing environment mimicking
the natural gradient of the liver found in the body, led to upregulation of certain
genes and development of a more heterogeneous cell population [194, 195].

Packed bed bioreactors (PBRs) are cylindrical vessels that contain a layer or
packing of material, such as microcarriers, that support cell adhesion and facilitate
the circulation of media through the “packed bed” to provide the necessary nutrients,
oxygen delivery and removal of metabolic byproducts [132, 196]. PBRs offer a
controlled environment for stem cell expansion in a small volume, which is cost-
effective in terms of materials and medium [196]. This vessel type is also beneficial
for anchorage-dependent, or immobilized, stem cells because it offers a low shear
stress environment [137]. It is important to consider how the vessel’s culture system
can affect the cells as shear stress has been studied to observe its effects such as
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reduction or alteration of the stem-like properties and differentiation lineage and the
overall quality of the final stem cell population after expansion [197, 198]. However,
the most significant limitation of PBRs for MSCs is the maximum media flow rate
[199], where studies have shown that this mechanical stress can be beneficial if
adequately regulated, such as in the case of osteogenic differentiation, where shear
stress was shown to upregulate MSCs predetermined lineage preference to bone if
the shear stress reached 0.015 Pa [200].

Specifically for MSCs, a scalable packed bed style bioreactor was developed by
Osiecki, et al. for the isolation and subsequent expansion of MSCs, which featured
a plasma-treated and fused bed of polystyrene beads encased in a shell that was gas
permeable to enhance gas exchange [199]. The MSCs were expanded in the system,
but had a lower growth rate than the control flasks and an uneven distribution of
the cells due to the seeding methods; however, the cells did retain their osteogenic
potential [199]. This serves as an example of the benefits of a packed bed style
bioreactor as a closed system with potential for automation, which can overcome
nutrient gradients with a high enough flow rate. Unfortunately, cell harvesting can
be very difficult as the system has to be flushed with a trypsin-EDTA solution to
cleave the cells from the culturing surface. This can be insufficient, thus resulting in
lower cell yields for this type of bioreactor system and compromising its economic
feasibility for large-scale manufacturing.

3.3 Selection of Microcarriers

By far, of the existing dynamic systems used for cell expansion, 3D microcarrier-
based culturing approaches are most commonly used for cell expansion and
preferred for clinical and commercial-scale MSC production. Thus, it is essential
to understand key aspects regarding their use. Microcarrier-based culture relies on a
high surface-area-to-volume ratio to produce a high density of stem cells in the final
product. Thus, the smaller the microcarrier, then the higher the potential surface
area present, which increases the potential growth area [201]. This characteristic
makes microcarriers ideal for process scale-up as higher densities can be achieved
in a reduced medium volume, which can lower the cost of expansion [202].
Microcarriers can be prepared from biomaterials, including ceramics, and synthetic
or natural polymers depending on the needed characteristics, length of culture and
time and application. Initially, synthetic microcarriers made from glass or polymers,
such as polystyrene, and polylactic acid, allowed for sufficient mechanical strength
and consistency in the microcarrier properties from batch-to-batch. However, these
types of microcarriers maintained limited cell attachment proficiency due to the
lack of sites for anchorage-dependent cells to adhere to [203, 204]. This limitation
has been overcome by preparing microcarriers either by coating with extracellular
matrix proteins (e.g., collagen, fibronectin, etc.) or a hydrogel mixture containing
appropriate ligands, or by chemically enhancing the surface to promote cell adhe-
sion for cell expansion purposes [205, 206]. Natural biomaterials for microcarriers
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are widely available and inexpensive. Natural materials such as gelatin, collagen,
cellulose, pectin, alginate, and chitosan also have excellent biocompatibility as they
do not induce an adverse biological response from the stem cells, and have been
used for microcarrier-based applications with MSCs [203, 204, 207–209]. These
characteristics are specifically applicable to commercially-available microcarriers,
such as Cultispher, Cytophor, Cytodex, Synthemax, Solohill, and other formulations
currently on the market [99, 127, 210–213].

Microcarriers are also advantageous because properties such as their surface
chemistry, topography, porosity, geometric shape, matrix coating, and mechanical
characteristics (Fig. 7) can be augmented to control cell attachment for better
expansion and to potentially enhance the phenotype expression of MSCs [208,
214–216]. In particular, MSCs are sensitive to mechanical forces and stress, such
that they are able to sense and respond to substrate stiffness through various cell
adhesion signaling pathways. This sensitivity is highly relevant for MSC culture
where alterations in phenotype and multilineage potential are observed. Changes
in mechanical stiffness have also been associated with fluctuations in secretion
of trophic factors present in the MSC secretome [123, 153, 154, 217]. For these
reasons, when selecting scale-up approaches, careful consideration must be given
to materials selected and the specific type of bioreactor that will be used for MSC
expansion.

The use of microcarrier-based approaches and bioreactors for successful MSC
expansion is dependent upon several important parameters, including cell seed-
ing (inoculation) density, microcarrier concentration, length of time for culture,
agitation mode and speed, in-line monitoring or sampling of metabolites, and
harvesting strategy [174, 218]. Without standardized prescriptive processes for
MSC expansion, these scale-up and scale-out approaches contribute further to MSC
heterogeneity and subsequent challenges regarding their clinical use. For example,
the different types of materials and culturing approaches used for microcarrier-based
systems, contribute to increased heterogeneity since different types of materials
may support varied attachment efficiency, proliferation rates, and subsequent cell
potency. Furthermore, cell separation and detachment can be complicated for
certain materials, negatively affecting cell harvest yields and therapeutic efficacy.
Concerns related to reproducibility due to heterogeneity of culturing methods
and MSC response are also linked to economic cost for manufacturing cells for
clinical applications. Extensive cost and economic analyses have resulted in what
is described as a technology S-Curve for cell therapy manufacture, which relates
R&D effort and investment required for a company to performance (i.e. yield)
of cells attained in a lot [45]. Specific considerations related to cell expansion,
such as expansion platform and raw materials (Table 2), are contributors to the
cost of manufacturing clinical cell therapies [33, 99]. Based on estimates and
projections, microcarrier-based expansion would be most cost effective for projected
yields, with reported estimates of $700/dose for microcarriers versus $15,000/dose
for multi-layer vessels to obtain a dose of 109 cells. For future improved MSC
therapeutic manufacturing, it will therefore, be essential to identify optimized
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Fig. 7 Microcarrier-based cultures support MSC expansion. (a) Five main characteristics
associated with microcarriers impact hMSC expansion, including microcarrier type, surface
properties, concentration, density, and size. (Taken from Martin et al. [218] with permission.) (b)
Visual representation of MSC expansion on microcarriers over time within a bioreactor. MSCs
initially attach at low coverage and spread over the induction period. The cells then enter a
growth phase and expand to cover a large proportion of the microcarrier surface area. (Adapted
from Cherian et al. [123]. Rights permitted under Creative Commons license). (c) Polystyrene
microcarriers are functionalized using a sequential anchoring process of PLL adsorption, followed
by PVG copolymer anchoring, and RGD functionalization. hMSC are then cultured in xeno-
free media in a stirred flask bioreactor, and then passaged using EDTA, with cells separated
from the microcarriers using a cell strainer. (d) EDTA passaging effective over culture period;
fluorescent micrographs of hMSC grown on PVG + RGD microcarriers cultured xeno-free media
and passaged using EDTA. Quantification of passaging efficiency (percentage of cells removed
from microcarriers by EDTA) was defined as the percentage of total nuclei that were detached
from microcarriers after EDTA exposure. (c and d reprinted with permission from (Krutty et al.).
Copyright (2021) American Chemical Society)

culture approaches based on material advances for enhanced microcarrier substrates
and technological advances for more efficient bioreactor systems.

As culturing methods trend towards the use of serum-free and xeno-free media
formulations to increase clinical application, the need for materials that can support
cell functions has grown. Commercially-available T-flasks and multi-layer flasks
prepared with coatings of adhesive proteins, such as Synthemax® by Corning
and CELLstart™ by ThermoFisher Scientific are commonly used for 2D planar
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Table 2 Considerations for cell expansion and material costs in cell manufacturing

Topic Key cost of goods considerations

Cell expansion

Operational performance and lot size Use estimates of expansion yields or harvest
densities and downstream yields to determine if
number of expansion units per lot is practical for
each technology choice

Quality control and regulatory compliance Automated or manual processing and open or
closed processing are key decisions. Currently,
most processes involve manual handling.
Automated and closed processing may reduce costs
and improve cell quality

Scalability Multi-layer vessels can reach production limitations
at higher cell production numbers. Determine by
using the S-curve method [45] if the desired lot
sizes over a product life cycle can be met by planar
technologies or whether a switch to bioreactor
technologies is required

Material costs

Safety Start with materials that are deemed by regulatory
authorities in key target markets to be safe ancillary
materials

Reproducibility Consistently use the same materials, from the same
sources, to reduce the risk of variance resulting
from changes in materials used in the cells produced

Physiological requirements When possible, replace complex, animal-sourced
materials from media formulations with
well-defined components

Supply chain Create and test strategies for “bioequivalence” as
part of the chemistry, manufacturing, and controls
for those reagents at risk of supply disruption

Adapted from Lipsitz et al. [33] with permission

culture under serum-free conditions [113]. For 3D microcarrier substrates, similar
approaches have been applied through the use of microcarriers coated with adhesive
proteins [216, 219–223]. Specifically, for MSCs, however, recent studies have eval-
uated coatings to not only support cell adhesion, but coatings that can affect specific
properties of MSCs, such as modulating the MSC secretome in vitro. For example,
a layer-by-layer approach was used to form heparin/collagen surface coatings for
culturing hMSCs. The coatings were shown to support hMSC proliferation in
low-serum conditions and enhance production of cytokines when stimulated with
interferon gamma, indicating modulation of immunosuppressive potency [224].
Synthetic chemically-defined microcarriers, formed by coating glass or polystyrene
microcarriers with layered adhesive peptides, have also been explored for supporting
MSCs in xeno-free conditions and allowing harvesting without the use of enzymes
(Fig. 7c and d). Cells were able to adhere and proliferate on the microcarriers, and
differentiation potential was maintained post-harvest [225, 226].
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Other biomaterial advances towards optimizing MSC culture have focused on
downstream processing, where improved harvesting strategies could support better
cell yields, quality and purity of cultures, and subsequently increase accessibility
and therapeutic outcomes. In particular, thermally responsive microcarriers that
allow non-invasive detachment of cultured cells through temperature reduction
without proteolytic enzyme treatment have been explored for increasing cell
harvest yields [227]. Gelatin-based dissolvable microcarriers formed via droplet
microfluidics have shown potential for support of MSC culture comparable to
commercially-available microcarriers, with harvesting improved through direct
dissolution using a Pronase enzyme solution [228]. Meanwhile, dispersible and
dissolvable porous gelatin-based microcarrier tablets have been investigated for
large-scale manufacturing of MSCs. The 3D TableTrix is a tablet form made of
tightly packed microcarriers, which disperse into individual microcarriers when
contacting an aqueous solution. Cells harvested using a digestion solution were
shown to retain MSC phenotype and differentiation potential [229].

4 MSC Quality Control

Due to their functional heterogeneity, quality control represents one of the most
significant challenges hindering translation of MSC therapies. MSC products are
regulated as biologics by the U.S. Food and Drug Administration (FDA) and
require completion of clinical trials, conducted under FDA-cleared investigational
new drug (IND) applications, to demonstrate their safety and efficacy for a given
indication. The chemistry, manufacturing, and controls (CMC) section of an IND
provides specific details on the donor/tissue source of MSCs, protocols describing
manufacturing steps from source material to final product formulation, as well as
descriptions of all assays and release criteria included as part of the sponsor’s quality
control (21 CFR 312.23(a)(7)(iv)(b)). Quality control consists of analytical methods
that measure product identity, purity, potency, and safety along with acceptable
limits and release criteria. Although MSC safety and tolerability is well-established
(in both autologous and allogeneic settings), identification of CQAs predictive of
their therapeutic function (i.e. efficacy) in both preclinical and clinical studies has
been challenging due to their complex, multifaceted mechanisms of action.

Although the majority of clinical trials investigating MSCs focus on their
paracrine actions (i.e. immunomodulation and secretion of angiogenic and pro-
regenerative factors), MSCs are still predominantly characterized using the ISCT
criteria established in 2006 (Table 3) [67]. However, there are efforts to revise these
criteria particularly with respect to the hypothesized MSC mechanisms of action as
the surface markers and adherence criteria can be generally ascribed to all fibroblast-
like cells.

Furthermore, qualitatively tri-lineage differentiation is likely irrelevant in the
context of T cell suppression [34] or macrophage efferocytosis [230], which
are becoming increasingly recognized as primary MSC mechanisms of action.
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Table 3 Summary of criteria to identify MSC

(1) Adherence to plastic in standard culture conditions
(2) Phenotype Positive (> 95%+) Negative (<2%+)

CD105 CD45
CD73 CD34
CD90 CD14 or CD11b

CD79a or CD19
HLA-DR

(3) In vitro differentiation: Osteoblasts, adipocytes, chondroblasts (demonstrated by
staining of in vitro cell culture)

Adapted from Dominici et al. [67]

As increasing evidence mounts that the ISCT criteria do not effectively predict
therapeutically-relevant MSC functions, there have been attempts to identify novel
CQAs (Fig. 8). In terms of surface markers, MSCs expressing higher levels of
CD146 showed higher production of the immunomodulatory factor indoleamine
2,3-dioxygenase (IDO), as well as improved in vitro (T cell modulation) and in
vivo (decreased synovitis) function [231]. CD264 expression in MSCs was shown
to be indicative of cellular aging as MSC lots with higher CD264 expression
were senescent, had longer doubling times, and exhibited significantly reduced
osteogenesis and adipogenesis [232]. Surface marker and intracellular expression
of immunomodulatory factors such as PD-L1 (CD274) and IDO have also shown
utility in predicting MSC immunosuppressive capacity, which agrees well with
their known role in regulation of T cell activation. As MSC secreted factors are
believed to play a significant role in their mechanism of action, researchers have also
explored their potential as CQAs. For example, MSC production of Prostaglandin
E2 (PGE2), a potent immunomodulatory metabolite, was associated with improved
outcomes in a murine model of traumatic brain injury [233], while MSC secretion
of TSG-6 was positively correlated with improved outcomes inflammation in
a corneal injury [234]. Within the nucleus, the transcription factor GATA6 is
associated with cellular aging as increased GATA6 with increasing passage was
observed and associated with decreased proliferation and tri-lineage differentiation
potential [235]. Recently, high content imaging based approaches have emerged
to characterize MSC heterogeneity and identify novel CQAs. Using functionally-
relevant stimuli, researchers were able to identify morphological features of MSCs
that predicted osteogenesis [50], chondrogenesis [52], and immunosuppression
[20] from multiple donors and at early and late passages. Other imaging based
approaches were able to predict MSC proliferation [236] and senescence [237],
while more advanced live imaging approaches are being developed to monitor MSC
clonality, migration, and the emergence of heterogeneity [238, 239].

While many of these approaches have demonstrated utility in predicting MSC
quality (in terms of proliferative potential and multifunctionality), there still exists
unmet needs in terms of in-process monitoring and standardization. Many of the
approaches highlighted above are either endpoint, destructive assessments or they
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Fig. 8 Identification of MSC CQAs. MSCs can be characterized using various assays to assess
expression of cell surface markers, gene expression, secretion of proteins/metabolites, and cell
morphology

cannot readily be performed on the final product in a timely manner prior to
patient administration. In larger scale bioreactor formats, assessment of dissolved
oxygen, lactate, and ammonium enables in-process, non-destructive monitoring of
MSC energy consumption [240]; however, these measures provide a more general
assessment of MSC growth (and overall cell yield) and likely not sufficient to
predict therapeutic function (i.e. potency). In terms of standardization, there are
no well-established CQAs in the MSC field, as well as no reference standard
MSC materials to compare between (and within) labs. Demonstrating product
comparability [241] is challenging when sponsors make significant manufacturing
stages during product development and having standardized functional (potency)
assays, as well as reference materials, would not only improve quality control for
sponsors of MSC trials, but also aid FDA regulators responsible for reviewing CMC
sections of INDs and BLAs. iPS-derived MSCs represent a promising source of
reference MSCs for standardization as an isogenic iPS cell-line can proliferate
indefinitely and could be subsequently differentiated into MSCs in a controlled
manner and distributed to different MSC manufacturers [41].

5 Conclusions

Mesenchymal stromal cells hold tremendous potential to treat a vast array of
diseases and injuries. However, the commercial viability of these therapies will
be contingent on our ability to manufacture cells in sufficient quantities with
proven and consistent quality and efficacy. The sections in this chapter highlight
the state-of-the-art technology currently available and the challenges associated
with each of them, respectively. Many of these challenges are complex and unique
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to cell therapies; for most biopharmaceuticals, such as monoclonal antibodies,
recombinant proteins or viral vaccines, the cell acts as a factory to produce the
product. In contrast, for cell therapies the cell is the product, and as a living entity its
properties and function can change with every manipulation, requiring a whole new
paradigm for large-scale manufacturing and quality control. Additionally, very little
standardization, automation, and in-line quality control exists across the field for
cell collection, cell characterization and processing, cell identity markers, potency
assays, and storage solutions. For most MSC-based therapies, little is known about
their critical quality attributes (CQAs) that render them safe and effective for
specific disease indications. Furthermore, little is known about which manufacturing
or process variables can yield a consistent and reproducible product with appropriate
CQAs. Without the ability to implement Quality-by-Design (QbD) manufacturing
processes, large-scale, reproducible, low-cost production of high-quality and safe
MSCs cannot be achieved, lessening the potential impact of therapies.

Overcoming these challenges will require a multi-disciplinary approach incorpo-
rating cell-culture and cell-biology, bioprocess engineering, electrical and mechani-
cal engineering focused on sensors and automation in bioreactors, manufacturing
and supply chain logistics, regulatory knowledge, and data sciences, AI, and
predictive analytics. It is also essential to have national and international private-
public collaborations between industry and academia, as well as close involvement
of federal regulatory and standardization agencies. Several such consortia have
recently been established in the U.S., which include the National Institute for
Innovation in Manufacturing of Biopharmaceuticals (NIIMBL), the Advanced
Regenerative Manufacturing Institute’s (ARMI) BioFabUSA, and the NSF Engi-
neering Research Centers (ERCs) for Cell Manufacturing Technologies (CMaT)
and Cellular Metamaterials (Cell-Met). These networks, and many others like them,
will be critical for conducting the essential research necessary to bring the enormous
potential of MSC therapies to patients around the world.
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QbD Quality by design
QTPP Quality target product profile
R&D Research and development
sCTMP Somatic cell therapy medicinal products
STR Stirred-tank bioreactor
TNF tumor necrosis factor
uc Umbilical cord

Nomenclature

Nc Critical agitation rate
dS Diameter of the stirrer
dT Diameter of the tank
hS Height of the stirrer
kLa Volumetric mass transfer coefficient
T Temperature
p Pressure

1 Introduction

Human mesenchymal stem cells (MSCs) for cell therapy are classed as advanced
therapy medicinal products (ATMPs), which are defined as medicines for human
use that are based on genes, cells, or tissue engineering, excluding vaccines. The
global ATMP sector is growing rapidly, with over 900 companies worldwide, 1060
clinical trials involving ATMPs, and 14 products already approved for the market
[1]. In a molecular context, ATMPs are highly complex products, even more so
than biologicals such as antibodies or insulin. The active pharmaceutical ingredients
(APIs) of ATMPs are complex entities such as viable cells and/or infectious viruses,
which require elaborate and costly characterization. The regulation of ATMPs is
not globally harmonized. The two major regulatory authorities, the US Food and
Drug Administration (FDA) and the European Medicines Agency (EMA), differ
slightly in terms of ATMP subclasses. The FDA classification is relatively broad
and covers two major groups: gene therapy products and cellular therapy products.
However, the EMA differentiates between gene therapy medicinal products and cell-
based medicinal products (CBMPs), and further divides CBMPs into somatic cell
therapy medicinal products (sCTMPs) and tissue engineered products. The fourth
class in the EMA classification is the combined ATMPs, featuring mixtures of other
product types [2]. The largest class is the sCTMPs, representing 39% of all ATMPs
(www.grandviewresearch.com data from 2019) and 18% of all sCTMPs contain
MSCs as the API [3].

The therapeutic application of MSCs requires an average of 416 million cells per
dose [4], far exceeding the number of cells that can be isolated by tissue aspiration.
All MSC manufacturing processes must therefore include an in vitro expansion

http://www.grandviewresearch.com
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step. One option for MSC expansion is the use of static culture vessels such as T-
flasks, which are common consumables in many research and development (R&D)
laboratories. However, assuming that 13.9 million MSCs can be produced per T-
175 flask (175 cm2 growth surface), 30 such flasks would be needed per dose
per patient. A phase I clinical trial with 20 patients would therefore require 600
flasks, a phase II trial with 200 patients would require 6000, and a phase III trial
with 2000 patients would require 60,000. Cultivation of the latter would require
450 standard CO2 incubators (160 L) and 130 trained staff. This simple calculation
shows the limitations of the so-called scale-out approach. Bioreactors are therefore
preferable for the scale-up of MSC cultivation for clinical trials. For comparison,
the MSCs required for a phase III trial involving 2000 patients can be produced
using microcarriers in one stirred-tank bioreactor with a working volume of 1050 L.
This is not only more economical but also allows the precise control the MSC
microenvironment, which is necessary to ensure the functionality of the final MSC
product.

2 MSC-Based Products Are Non-typical Stem Cell Products

MSCs have been studied for several decades, but a precise definition has been
surprisingly challenging. In 2006, the International Society of Cell Therapy (ISCT)
defined minimal criteria that must be met before cells can be defined as MSCs. Such
cells must (i) show plastic adherence; (ii) express the cluster of differentiation (CD)
surface markers CD73, CD90 and CD105, but not CD11b, CD14, CD19, CD34,
CD45 or HLA-DR; and (iii) be able to differentiate into cartilage, bone, and fat
cells in vitro [5]. To define MSCs as “stem cells” is misleading because MSCs in
vivo show non-typical stem cell behavior. Stem cells are capable of both self-renewal
and differentiation in vivo, whereas MSCs are only capable of self-renewal and do
not differentiate in vivo. Instead, MSCs stimulate local stem cells to differentiate
and to regenerate the destroyed or dysfunctional tissue. Therefore, the therapeutic
benefit of MSCs reflects the properties of their secretome.

The MSC secretome comprises a pool of cytokines, chemokines, growth factors
and extracellular vesicles (EVs) carrying proteins, lipids, and various RNAs, and
differs widely among MSC isolates and subpopulations. MSCs can modulate
immune cells, reduce inflammation, apoptosis, or fibrosis, and improve angiogenesis
[6]. These modes of action are clinically relevant, as seen when surveying the
clinical trials involving MSCs. There are currently 374 phase I, 314 phase II
and 45 phase III trials with MSCs as the API (www.clinicaltrials.gov, search
term mesenchymal stem cells, 2021). A quarter of these trials are in the field of
immunology, using the immunomodulatory properties of MSCs to treat conditions
such as Crohn’s disease, graft-vs-host disease, or immunodeficiency. Another
significant proportion of the trials exploit the anti-inflammatory effect of MSCs to
treat rheumatic diseases such as osteoarthritis, rheumatoid arthritis, and ankylosing
spondylitis. Their anti-apoptotic potential is being used in clinical trials targeting
stroke and cardiac defects. As well as inhibiting cardiomyocyte apoptosis, MSCs

http://www.clinicaltrials.gov
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are useful in cardiac therapy because they secrete growth factors such as VEGF and
improve angiogenesis [7]. Since 2016, MSCs have also been defined as medicinal
signaling cells, which properly reflects their therapeutic activity [8].

For the clinical use of MSCs, manufacturing (including in vitro expansion)
must follow FDA/EMA guidance and must produce a sufficient quantity of viable
cells. However, the most important goal is to ensure the MSCs are therapeutically
functional, due to their role as the API. The definition of therapeutic functionality
differs for each therapeutic approach, and the in vitro MSC expansion step must
therefore be adapted for each MSC product. It is important to understand if and how
the various process parameters affect the MSC product, allowing the critical process
parameters to be tightly controlled, thus ensuring reproducibility, standardization,
and economic efficiency.

3 MSC Functionality Is Determined
by the Microenvironment

The successful manufacturing of functional MSCs is primarily dependent on the
microenvironment in vitro. MSCs are found in various human tissues. They were
initially isolated from bone marrow (bm-MSCs) based on their plastic adherence,
but today they are usually isolated from adipose tissue (ad-MSCs) or umbilical cord
blood (uc-MSCs), which are more accessible [9]. MSCs are also found in various
other adult, fetal and perinatal tissues [10]. Regardless of their origin, isolated
MSCs are heterogeneous and polyclonal cells, but even monoclonal MSCs become
heterogeneous during in vitro expansion [11]. MSCs have different growth rates
depending on their source, but even MSCs from the same source tissue but different
donors show different growth performance [12]. For example, ad-MSCs proliferate
more quickly than bm-MSCs [13], and juvenile uc-MSCs proliferate more quickly
than adult MSCs [14]. Furthermore, potency is often dependent on origin. The
immunomodulatory activity of bm-MSCs exceeds that of other MSCs [13], whereas
ad-MSCs show stronger immunosuppressive effects than bm-MSCs [15], Wharton-
jelly MSCs inhibit mitogen-induced T-cell responses to a greater extent [16], and
uc-MSCs show the highest angiogenic capacity in vitro [17]. These differences
reflect the microenvironment of the cells in vivo, which defines the functionality
and properties of MSCs in vitro.

MSCs are influenced by several factors in vivo, including other MSCs, other
cells (e.g., neighboring cells, immune and cancer cells and their EVs), the inflam-
matory regulators in the environment, the components, stiffness, elasticity, and
topography of the surrounding extracellular matrix (ECM), nutrients (e.g., glucose,
lipids, oxygen, and trace elements), waste products, and soluble factors such as
chemokines, cytokines, and hormones (Fig. 1). These factors clearly differ between
bone marrow, adipose tissue and the umbilical cord. MSCs are surrounded by
other cells, with which they communicate via surface receptors, soluble factors,
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Fig. 1 The properties of MSCs are defined by their niche and microenvironment. Left panel:
MSCs in vivo are affected by their tissue of origin (in this case, bone marrow) and the corre-
sponding microenvironment. MSCs are influenced by surrounding cells such as osteoblasts (OB),
osteoclasts (OC), hematopoietic stem cells (HPC), endothelial cells/pericytes (EC/P), adipocytes
(AC) and immune cells such as T cells, B cells and macrophages. Middle panel: As well as
interactions with cells, including other MSCs, the properties of MSCs are influenced by physical
factors such as shear and pressure, extracellular matrix (ECM) components such as fibronectin
(FN), glycosaminoglycans (GAGs) and collagen (COL), metabolites such as glucose, ions and
lipids, and secreted factors such as hormones, chemokines and cytokines. Right panel: The in vivo
microenvironment can be only partly imitated in vitro. The only cellular interactions are with other
MSCs. Most physical factors (shear and pressure) are attributed to the reactor design, whereas
the ECM components are restricted and mainly provided by the growth surface. The cell culture
medium provides certain metabolites and secreted factors, and its composition is very flexible

and EVs. Accordingly, MSCs are often described as donor cells (providing EVs
to other cells types) but they also act as recipients and their behavior is thereby
modulated by their neighbors. Each cell produces a secretome that forms a
microenvironment affecting surrounding cells, including MSCs [18]. For example,
neural cells (and their EVs) facilitate MSC neuronal induction [19], whereas
endothelial cells and their EVs influence MSC proliferation, migration, and the
secretion of soluble factors such as matrix metalloproteases (MMP-1 and MMP-
3), chemokine ligand 2 (CCL-2), and interleukin (IL)-6 [20]. Immune cells such as
monocytes also communicate with MSCs. Lipopolysaccharide-activated monocytes
secrete soluble factors and EVs that modulate the MSC phenotype [21]. MSCs also
react to inflammation or cancer. An acute inflammatory environment induces the
immunosuppressive effect of MSCs, whereas a chronic inflammatory environment
causes pro-inflammatory behavior [22]. EVs from cancer cells stimulate MSCs
to produce and secrete inflammatory cytokines such as IL-6, IL-8, and monocyte
chemoattractant protein (MCP)-1 [23]. Cancer stem cells can also induce epigenetic
changes in recipient cells. MSCs are attracted to the tumor environment and change
their phenotype, becoming pro-tumorigenic. This correlates with the overexpression
of genes involved in cell migration, ECM remodeling, angiogenesis and tumor
growth [24].
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As stated above, MSCs can remodel the ECM but the ECM also exerts a
reciprocal influence. In their natural niche, MSCs form cell−cell connections via
cadherins and connexins, and also interact with ECM components. MSCs are
influenced by the biochemical constituents of the ECM, but also by its stiffness and
topography [25]. The ECM surrounding ad-MSCs and bm-MSCs induces changes
in MSC quantity, morphology, and function [26]. MSC proliferation is enhanced
when the origin of the MSC matches the tissue origin of the cultured ECM [27].
Each tissue has a certain concentration of ECM components but also a certain
stiffness and elasticity. MSCs usually originate from very soft tissues such as
marrow, or soft tissues such as fat. MSCs adhere only weakly in these tissues, which
is necessary to maintain their self-renewing capability. Such MSCs are characterized
by only low levels of integrin-mediated signaling through focal adhesion kinase
(FAK), retaining levels of extracellular signal-regulated kinase (ERK1/2) to support
growth but not differentiation [28].

Given the above, it is clear that the interactions between MSCs and their
microenvironment are very complex. Expanding MSCs beyond their natural niche
induces massive changes in their microenvironment, which means that every step
during in vitro cultivation has a non-neutral effect on MSC biological properties.
An in vitro expansion process must therefore mimic the cellular niche to ensure that
MSCs remain functional and therapeutically active. However, several aspects of the
natural niche cannot be replicated in vitro (Fig. 1). Interactions with other cell types
and the immune system are absent in vitro, so the only intercellular interactions
are with other MSCs. Interactions involving cell–cell connections, cytoskeletal
elements, the ECM, and overall tissue topography can have profound effects on
multipotent MSCs. Harvesting MSCs from a bone marrow niche with its condensed
cell-rich environment and culturing them in vitro removes the cell−cell cadherin
and connexin connections and replaces them with cell−substrate and cell−matrix
interactions as the cells produce more ECM [29].

A certain set of physical and ECM interactions can be replaced in vitro by
the growth surface/matrix. Several growth surfaces are available, including the
planar (often polystyrene) surfaces found in T-flasks, curved growth surfaces such
as microcarriers, and 3D matrices such as porous microcarriers, hydrogels, and
spheroids. The planar polystyrene surface does not imitate the natural niche very
well because it is stiff, with an elasticity module (E = 1–10 GPa) much higher than
that of the natural MSC matrix (bm-MSC E < 0.3 kPa; ad-MSC E = 2–6 kPa) [30].
MSCs grown on stiff, planar surfaces show limited expansion potential and lower
differentiation capacity with increased passage number. Moreover, the stiffness
of the growth surface/matrix can alter transcription [31] and thus modulate MSC
behavior and differentiation [32]. This suggests that MSCs retain an environmental
memory, meaning that transcription is still altered even if MSCs are transferred
from T-flaks to a softer substrate later [33]. The whole MSC manufacturing process
must therefore be considered in this context because the routine passaging of
MSCs on planar polystyrene surfaces may inadvertently and permanently alter their
phenotype and functionality.
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On planar surfaces, the ECM and other proteins build up as a continuous
layer which establishes an apical-basal polarity and a restricted adhesion to the
x–y plane. The adhesion is often very strong and spaced over large distances
(~5 μm), which promotes unwanted differentiation because MSCs undergoing
osteogenesis require stronger adhesion [28]. In contrast, curved surfaces transduce
cytoskeletal changes that influence MSC migration and differentiation [34]. The
cell–cell interactions are less strong, with fewer adhesion points. The 3D materials
are often softer than flasks, and the ECM forms discrete fibrils. MSCs can establish
3D networks without polarity, and spreading is sterically hindered. With topography
and elasticity/stiffness, a certain set of physical factors are defined by the growth
surface/matrix. Other physical factors, such as tension, pressure, compression and
especially shear, are provided by the bioreactor system. Static culture vessels
apply few if any of these factors, whereas bioreactors provide a more nurturing
environment where the strength of the factors can be controlled by the reactor
geometry, conditions, and equipment setup.

Soluble components such as cytokines, chemokines, hormones, nutrients, trace
elements, ions, and lipids are provided in vitro by the cell culture medium. This
requires a detailed understanding what MSCs really need and how the components
influence MSC properties. In the absence of such knowledge, fetal bovine serum
(FBS) was formerly used as an obligate component of MSC culture medium.
Although its exact composition is undefined, FBS offers various adhesion factors,
cytokines, EVs, hormones, and protease inhibitors that support cell growth [35]. As
our understanding of cell requirements has improved, and given more recent ethical
and regulatory concerns, FBS is no longer allowed for the manufacture of clinical
MSC products and serum-free or chemically defined media are preferred.

The plasticity of MSCs (their ability to change due to the conditions in their
microenvironment) can be exploited. If the effect of environmental parameters is
known, the bioprocess can be designed to trigger the production of MSCs with
a certain therapeutic function. Specific cultivation conditions should therefore be
defined to prevent differentiation into unwanted cell linages and the total loss of
therapeutic potential.

4 Bioreactor Systems Can Create the Appropriate
Microenvironment for MSC Expansion In Vitro

The transition from laboratory-scale experiments to industrial biomanufacturing
processes is hampered by the intricacy of MSCs and their interactions with
the microenvironment. To ensure a consistent and standardized manufacturing
process, the development is grounded in the quality-by-design (QbD) principle,
which provides a rational framework and combines scientific knowledge from
biological and engineering perspectives. This requires a clear definition of the
quality target product profile (QTPP). The product attributes are known as critical
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quality attributes (CQAs) and define the product in terms of physical, chemical,
and biological properties. Therefore, the identity, purity, and potency of each MSC
product is tightly controlled but varies for individual MSC products and their
therapeutic indications, which cannot be transferred from one product to another.
In short, the identity of MSCs is determined by morphological and phenotypic
analysis, meaning the presence or absence of specific surface markers as described
above. The potency of MSCs is generally dependent on therapeutic indications.
Several potency assays are available but only specific assays are applicable for
individual MSC products. For example, the assessment of a differentiation potency
assay is only appropriate for MSCs that develop their therapeutic mechanism based
on tissue formation. Sterility and purity, meaning the absence of contaminants
such as unwanted cell types, particles, or pathogens, must be proven to ensure
safety and efficacy [6]. Every process parameter that influences the CQAs of an
MSC product is described as a critical process parameter (CPP). Ideally, CPPs are
controlled throughout the manufacturing process, but some CPPs are difficult to
access depending on the bioreactor design.

Static cultures in T-flasks or hyperflasks are not only difficult to scale up, they
also lack process control. This led to the commercial development of large-scale
planar bioreactor systems with an integrated stirrer and pH and dissolved oxygen
(DO) control, providing surface areas of up to 12.24 m2, equivalent to ~700 T-175
flasks (Table 1). Although these systems are suitable for MSC expansion, drawbacks
include limited monitoring of cell growth, dissimilarity with in vivo conditions, and
labor-intensive and time-consuming operations. Nevertheless, these systems can be
used for the preparation of MSCs for phase I and II clinical studies involving only a
small number of patients.

Table 1 Large-scale single-use bioreactors potentially suitable for the manufacture of MSC-sEVs.
All bioreactor systems monitor pH, temperature, gas flow and stirring speed except the NANT XL,
which is not aerated or stirred. Suspension bioreactors were prepared with 15 g/L microcarriers
giving a specific surface area of 360 cm2/g

Bioreactor system
Process
mode

Monitored
parameters

Growth
surface [m2]

Working
volume [L] Supplier

Planar bioreactors
NANT XL Batch CO2, confluency 0.318 – VivaBioCell
Xpansion200 Batch pH, DO, confluency 12.24 21.9 Pall
Hollow-Fiber bioreactors
Quantum Perfusion T, DO 2.1 0.189 Terumo
Fixed bed bioreactors
BioBLU 5p Perfusion T, pH, DO 18 3.75 Eppendorf
iCellis Perfusion T, pH, DO, biomass, p 500 25 Pall
Scale-X nitro Perfusion pH, T, DO, p 600 – Univercells
Suspension bioreactors
Mobius 2000 L Batch T, pH, DO, biomass 1080 2000 Merck
Xcellerex XDR 2000 Batch T, pH, DO, biomass 1080 2000 Cytiva
Allegro STR 2000 L Batch T, pH, DO, biomass 1080 2000 Pall
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In contrast to planar bioreactor systems, MSCs in hollow-fiber and fixed-bed or
packed-bed bioreactors create a 3D microenvironment [36]. Fixed-bed and packed-
bed bioreactors provide a large surface area for cell growth over a bed of macro
carriers, which the cells use as a substrate. Metabolites are provided by the constant
supply of fresh medium, and waste products are removed continually. In hollow-
fiber bioreactors, MSCs grow in the interstitial spaces of a cartridge of hollow
fibers that mimic blood capillaries and thus simultaneously deliver metabolites
while removing waste products [37]. Both bioreactor systems can prevent the
inhibition of cell growth by the buildup of toxic metabolites, and the process can
therefore be extended for several months, increasing MSC yields and economic
efficiency [38]. Both bioreactor systems achieve a high yield of cells per unit volume
because the cells grow very densely, close to physiological conditions, helping
to maintain their CQAs. However, these bioreactor systems must still overcome
challenges hindering large-scale manufacturing, including (i) heterogeneous cell
distribution; (ii) reduced metabolite availability and waste product removal due
to high cell densities and insufficient diffusive mass transfer; (iii) lack of direct
cell growth monitoring, relying instead on metabolism-derived approximations
such as mass balance of oxygen levels; and most importantly (iv) low harvesting
efficiency [39, 40]. Given the high cell densities, the enzymatic contact surface is
restricted and long incubation times are required for detachment, which reduces cell
viability [41, 42].

The importance of harvesting for MSC manufacturing has led to the introduction
of suspension bioreactors such as stirred-tank reactors (STRs) for the large-scale
expansion of MSCs. For example, in a 50-L STR with a working volume of
35 L, a 50-fold expansion was achieved with a final yield of 2.6 × 1010 cells
[43]. For industrial-scale manufacturing, several disposable STRs are commercially
available (Table 1). MSCs are anchorage-dependent cells, so the growth surface
is generally increased by the use of mostly spherical microcarriers with cell-
specific properties to encourage attachment, proliferation and harvesting. However,
microcarriers that ensure proper attachment and proliferation are not necessarily
suitable for biomanufacturing processes when the cell is the API. For example,
MSCs attach strongly to Cytodex I microcarriers but the harvesting efficiency
is only ~20% [44]. Therefore, a well-designed microcarrier screening process
should include attachment, proliferation, harvesting kinetics and MSC functionality.
Once suitable microcarriers are identified, the exponential growth phase can be
extended by bead-to-bead transfer without enzymatic treatment, ensuring high cell
yields, surface-to-volume ratios and economic efficiency over a range of scales
[45]. Furthermore, STRs do not suffer from the disadvantage of heterogeneous
cell distribution as seen in hollow-fiber and fixed-bed/packed-bed bioreactors.
Convective mass transport prevails instead of diffusive processes, ensuring the
sufficient availability of nutrients and oxygen. The homogeneous cell distribution in
STRs also allows representative sampling if necessary. Most importantly, STRs are
compatible with process analytical technology (PAT) to guarantee process control
[46]. In addition to online controlled parameters such as pH, temperature and DO,
and the offline measurement of glucose levels, cell growth, viability and size can be
monitored online by impedance spectroscopy [47]. This online technology ensures
process transparency and control during MSC biomanufacturing. STRs are therefore
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the most suitable bioreactors for the manufacture of MSCs as products because of
their process flexibility, economy and tight control of CPPs, allowing them to meet
CQAs with low batch-to-batch variations. We therefore focus below on CPPs for
MSC expansion in STRs.

5 CPPs for MSC Expansion in STRs

5.1 Cell-Related Parameters for MSCs

Regardless of the bioreactor system, the medium, growth surface and other cell-
related parameters have a profound impact on the success of MSC expansion. As
stated above, cell–cell interactions in vitro are restricted to MSCs because no other
cells are present. The relevant CPPs include the MSC source, age and density. The
source and donor of the MSCs should be fixed, because important MSC properties
such as doubling time are strongly dependent on this parameter. For example, under
the same cultivation conditions and medium, uc-MSCs had a significantly shorter
doubling time (4 days) than adult MSC (7 days) [48].

MSC age is also important because aging (population doubling in vitro) causes
MSCs to increase in volume [49], proliferate more slowly, begin to lose the
expression of MSC markers, and become more fibroblast-like in morphology [50].
MSCs reach senescence in vitro after a source-dependent number of doublings, for
example ~50 in the case of uc-MSCs [51] and ~ 70 in the case of ad-MSCs [52].
The MSC expansion process should therefore be started with a distinct population
doubling and/or stopped before the population doubling limit is reached. This
limitation can be overcome using an immortalized MSC line if the line displays
the desired therapeutic functions.

For MSC expansion, the initial cell density and final cell density must be
standardized in order to reach the same number of population doublings during
one passage [53]. The final cell density is restricted by the growth surface area
and the efficiency of harvesting, but is typically in the range 5 × 104–1 × 105

cells/cm2. The initial cell density varies from 100 to 10,000 cells/cm2. MSCs
derived from initial high-density cultures feature a larger number of flat cells and
the proliferation rate is lower. However, the initial density should not be too low,
because cultures initially plated at a density of 10–100 cells/cm2 do not expand
effectively [54]. The initial cell density must be chosen carefully because it also
affects cell age, given that cells with lower initial densities require additional
rounds of doubling to reach the final cell density. In an expansion process requiring
several passages, these cumulative age differences lead to different cell populations
even though the passage number remains the same. Furthermore, even monoclonal
MSCs become heterogeneous during expansion. If the initial seeding density is
too low, the risk increases that certain MSC subgroups may overgrow the general
MSC population. The fastest growing MSC subgroup is not necessarily the one
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with the best therapeutic potential. Accordingly, cellular dynamics during the MSC
expansion process must be monitored carefully. A fast growth rate is not sufficient
alone and the therapeutic efficacy of the expanded MSCs must be considered as
well.

MSCs in vivo are surrounded by several cells, so replicating this effect in vitro by
providing the corresponding EVs may be beneficial. EVs from differentiated cells,
immune cells and cancer cells can all modulate the properties of MSCs [18]. Other
interactions, with living or inactivated bacteria, can increase the absolute number
of MSCs, improve their immunomodulatory properties, and promote the expression
of anti-inflammatory factors [55]. The easiest parameters to control in vitro are the
physicochemical factors, which are mainly related to the culture medium and the
growth surface.

5.2 Physicochemical Parameters for MSCs

MSCs respond to physical parameters such as hydrostatic pressure, tensile stress,
compression, vibration, and ultrasound by modifying their transcriptional profiles
(mechanotranscription). Many of these factors can promote MSC differentiation
[56], but it is unclear whether they can also influence the fate of undifferentiated
MSCs, or affect their proliferation or functionality. Given that mechanical stimuli
are part of the natural MSC niche, such factors are likely to play a key role in the
biological and structural responses of MSCs.

More is known about the impact of chemical/biochemical factors on MSCs.
The availability of oxygen in the natural cell niche is low (2–7% pO2) [57],
whereas many bioreactors strive to achieve atmospheric oxygen conditions (21%
pO2). High oxygen levels promote the generation of reactive oxygen species (ROS)
which damage MSCs and induce apoptosis [58]. Many studies have therefore
highlighted the need to cultivate MSCs under hypoxic conditions from isolation
until transplantation [59–65]. Hypoxia (typically 2–5% pO2) is known to increase
bm-MSC density, inhibit senescence and maintain the undifferentiated state [66–
69]. Even the composition of MSC-derived EVs changes during hypoxia, reflecting
the upregulation of hypoxia inducible factor 1 α (HIF-1α) and miR-126, improving
the therapeutic efficacy of bone fracture healing [70].

After oxygen, the second most important requirement for MSCs is glucose.
Although a low glucose concentration (5.5 mM) is maintained in vivo [71], many
cell culture media contain high levels of glucose (22 mM). The effects of high
glucose levels have been reported, with conflicting claims, but there is evidence
for a limited impact on MSC proliferation and function [72–74]. Low glucose
levels (5.5 mM) slightly increased the frequency of apoptosis in ad-MSCs [75]
but weakly promoted the proliferation of bm-MSC [76]. High glucose levels may
be a pathological trigger for MSCs, creating disease-specific microenvironments
in conditions such as diabetes. Other physicochemical factors such as pH and
osmolarity are also associated with diseases, and these factors must be kept within
physiological ranges to ensure the health of MSCs cultivated in vitro. Even weak
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acidity (pH 6.8) and hyperosmolarity (485 mOsm) can inhibit the proliferation of
ad-MSCs [75] and bm-MSCs [77], and promote necrosis. Trace elements and metal
ions are essential for MSCs, but some metal ions promote differentiation (e.g., Mg2+
promotes osteogenesis and Li+ promotes myogenesis [78]).

Cytokines are potent regulators of MSC behavior in vivo and in vitro. The
priming of MSCs by cytokines in vitro has been described in detail. Interferon
(IFN)-γ and tumor necrosis factor (TNF)-α are the most prominent inducers of
immunosuppressive MSC behavior, promoting survival and proliferation [79], but
interleukins such as IL-1α, IL-1β and IL-2 also induce an immunosuppressive
phenotype [22]. Stromal cell-derived factor 1 (CXCL12/SCDF-1) is a chemotactic
for MSCs, promoting survival, proliferation, and paracrine functions [80]. The
microenvironment in vivo combines several cytokines and each cytokine has a
concentration-dependent effect [78]. Therefore, a design-of-experiments (DoE)
approach may be useful to evaluate the impact of cytokines on the therapeutic
function of MSCs, allowing the identification of concentration-dependent effects
and also interactions between two or more growth factors.

5.3 Microcarriers Provide the Growth Surface for MSCs
in a STR

Although part of the physicochemical parameters, we discuss the MSC growth
surface/matrix separately because it is essential for MSC expansion. MSCs are
strictly anchorage dependent and will undergo a form of programmed cell death
known as anoikis if a substrate is unavailable. In a STR, the growth surface is often
provided in form of microcarriers, which are small beads (100–300 μm in diameter)
with a similar density to the medium, allowing homogenous distribution in the
bioreactor by stirring. Microcarriers are considered as a form of 3D cultivation,
but the cells nevertheless grow as a monolayer on the curved surfaces, so the term
pseudo-3D is more appropriate. Microcarriers can be classified as porous or non-
porous. Porous microcarriers mimic 3D cell–cell interactions more accurately than
their non-porous counterparts, but the surface of the latter can be modified (e.g., by
coating with ECM molecules) to enhance cell attachment, or by physical treatment
to change the surface charge and wettability [81].

Most microcarriers recommended for human MSC expansion are commercial
non-porous beads with a polystyrene core and various coatings or surface treat-
ments. These are very stiff and the coatings, if present, are generally not thick
enough to enable full control over the surface mechanical stiffness sensed by the
cells. A coating must be 10–20 μm thick to mask the stiffness of the underlying
substrate [82]. The influence of microcarrier stiffness on MSC properties has not
been evaluated in detail, perhaps because the curvature effect on mechanical stress
makes the results difficult to interpret. MSCs may therefore be less sensitive to the
stiffness of microcarriers than planar surfaces [83]. The interaction between MSCs
and microcarriers is responsible for cell attachment, proliferation, and detachment.
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MSCs from different sources, and even MSCs from the same source but different
donors, have different surface-attachment requirements and properties [45]. This
explains the broad range of microcarrier types, and the selection of appropriate
carriers requires prior knowledge or attachment experiments.

Although porous microcarriers may imitate in vivo conditions more accurately,
non-porous microcarriers allow more efficient cell harvesting. All microcarriers
facilitate cell attachment and proliferation, but it remains challenging to harvest
cells efficiently without damaging them [41]. The proteolytic enzymes used for
cell passaging and tissue digestion may damage the ECM and thus affect the
corresponding signaling pathways, ultimately affecting MSC behavior [84].

Microcarriers offer a simple and efficient way to expand MSCs and produce
clinically relevant numbers of cells with the required characteristics [42]. Com-
mercial microcarriers do not provide all the benefits of the natural MSC niche
but can generate vigorous MSCs with potent therapeutic functionality. Several
investigations have tailored microcarriers for MSC expansion, aiming to mimic the
natural niche more precisely, for example by adjusting material stiffness, coating
the surface with more natural ECM structures, and using dissolvable microcarriers
to improve the efficiency of harvesting.

5.4 Equipment-Related Parameters for MSCs

Agitation in STRs is usually achieved by placing the impeller near the bottom of the
vessel, generating the driving force for a convective flow regime that homogenizes
the culture microenvironment, disperses gas and nutrients, ensures sufficient mixing,
and reduces laminar boundary layers. These conditions are important for MSC
bioprocessing, but agitation also generates shear forces and other forces that can
have a profound effect on MSC growth or functionality. The influence of shear
forces on cell proliferation and functionality has been described in 2D models (flow
chambers), but with some contradictory results. Whereas some studies reported a
positive effect on proliferation, others reported a decline [85]. This shows that every
MSC product and manufacturing process must be characterized individually and
no overall correlation between MSC products and the CPP “agitation” is valid.
All STRs should limit the force experienced by cells to reduce the likelihood of
cell damage and maintain CQAs such as functionality. The forces acting on cells
growing on microcarriers are associated with hydrodynamic stress as well as cell–
carrier and carrier–carrier collisions [86]. The resistance of MSCs to dynamic forces
in a STR can be estimated using Kolmogorov’s turbulence theory, which explains
that stress acting on MSCs and microcarriers is caused by eddies similar in size to
the cells/microcarriers and the distance between microcarriers [87]. These eddies do
not cause cell damage if they exceed a critical size (≥ 60% of the cell or microcarrier
diameter). Kolmogorov’s theory is valid for a turbulent regime, but most MSC
expansion processes in STRs are found within the transitional range, making this
approximation inaccurate [46, 88].
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Although cell stress must be limited, the power input must be sufficient to achieve
a homogeneous microcarrier suspension. An agitation rate that is just sufficient
to suspend the microcarriers means they do not remain on the bottom surface of
the vessel for more than one second. A further increase can achieve the critical
agitation rate (Nc) where microcarriers are homogeneously distributed. Nc can be
approximated based on the microcarrier concentration, STR geometry and a stirrer-
dependent constant [89]. The ability to achieve homogeneity while maintaining low
cell stress is strongly influenced by the stirrer type.

Different stirrer types can be categorized by their fluid pumping characteristics.
Radial impellers such as the Rushton turbine generally have high power inputs
but low suspension capabilities. Axial pumping stirrers such as marine propellers
or impellers are more suitable for MSCs grown on microcarriers. They facilitate
bottom-to-top fluid movement and hence the Nc is low, which minimizes cell stress.
However, many subtypes of stirrers have been developed by combining axial and
radial fluid characteristics, such as the three-segmented pitched-blade stirrer. Fluid
movement within the bioreactor is also affected by the interplay with the bioreactor
setup. The stirrer diameter to tank diameter ratio (dS/dT) and the stirrer height
to diameter ratio (hS/dS) are important parameters. The dS/dT ratio should be at
least 0.4 to guarantee sufficient mixing characteristics, especially in large-scale
processes, whereas hS/dS should be high to ensure homogeneous power dissipation
in the bioreactor [90]. Nc can be reduced further using a fully baffled system [91]
because baffles covert tangential flow to axial/radial flow, thus increasing suspension
capabilities and homogeneity.

MSC biomanufacturing processes must ensure a sufficient oxygen and nutrient
supply. Aeration systems can be divided broadly into headspace, membrane and
bubble aeration setups. Headspace and membrane aeration systems are sufficient
for small-scale experiments, but bubble aeration by means of a sparger is necessary
at larger scales [92]. With the help of a sparger, a higher oxygen transfer rate (kLa)
is achieved by increasing the interfacial area between the gas and liquid phases [93].

Bubble aeration can influence MSC growth because the high local velocities
caused by rising and bursting bubbles generate shear stress and are responsible
for foaming and cell entrapment. The sparger must therefore be chosen carefully.
Macrospargers produce large bubbles with small interfacial areas and high local
velocities, while microspargers produce smaller bubbles with a homogeneous size
distribution and a large interfacial area, thus increasing the kLa [93]. However,
excess oxygen induces oxidative stress by generating ROS, which disrupt biochem-
ical processes [94]. The rational selection of aeration systems can be achieved by
characterizing the oxygen demand of the cells. Primary MSCs consume oxygen at
the rate of 90–100 fmol/(cell·h) whereas an immortalized cell line has a much higher
demand of 300 fmol/(cell·h) [36, 95]. This highlights the importance of process
design, in which STRs are customized and adjusted to specific MSC needs to ensure
that CQAs are maintained.
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6 Production of MSC-Derived EVs

The therapeutic effect of MSCs is mainly conferred by the secretome, particularly
EVs, resulting in growing interest in the use of EVs as cell-free therapeutics.
EVs were originally considered as waste products, but their therapeutic potential
has been confirmed. The therapeutic application of EVs overcomes the drawbacks
of manufacturing viable cells and the complexity of transfusion processes. EVs
are more robust than cells, and more stable during storage and transport, thus
maintaining their therapeutic efficacy [96, 97].

EVs are divided into three broad categories differing in size and therapeutic
potential. Exosomes (30–100 nm) and microvesicles (50–1000 nm) are the most
suitable as therapeutics, whereas apoptotic bodies have limited applicability [98].
Exosomes are derived from the budding endosomal membrane and are matured
as intraluminal vesicles within the lumen of multivesicular endosomes (MVEs).
The MVEs are transported within the endosomal system, and fuse with the cell
surface for EVs release. Microvesicles are formed by the outward budding and
fission of the plasma membrane and the release of EVs into the extracellular space.
Both exosomes and microvesicles are positive for CD9 and CD81, whereas CD37,
CD63, CD53 and CD151 are only found on exosomes [99]. The nomenclature and
classification cannot be based on size and functionality alone because there are
major differences in biogenesis, but the separation of EVs based on biogenesis is
unrealistic. Therapeutically active vesicles in the size range 40–200 nm are therefore
described as small EVs (MSC-sEVs), as recommended by MISEV2018 [100].
MSC-sEVs contain proteins, lipids, and various RNA molecules that can elicit
responses from recipient cells. The positive effect of MSC-sEVs has clearly been
shown over short and long distances. MSC-sEVs inhibit inflammation, apoptosis,
and fibrosis, but enhance angiogenesis and tissue regeneration [98].

Like EVs in general, MSC-sEVs are communication vehicles that influence the
state and functionality of neighboring recipient cells. The cargo of MSC-sEVs
has been investigated to determine the bioactive molecules responsible for their
therapeutic functionality, and has been classified based on molecular and cellular
functions such as transcription factors, chemokines, cytokines, growth factors and
miRNAs. However, the results of different genomic, proteomic, metabolomic and
glycomic studies have differed considerably. This reflects the physiological diversity
of MSCs, which respond to triggers in their environment (such as inflammation
or hypoxia) by adjusting their metabolism and secreting MSC-sEVs representing
the physiological state of the donor cell. The cargo is therefore highly sensitive to
stimuli in the microenvironment and thus to in vitro process parameters. For the
comparison of MSC-sEVs, it is therefore necessary to consider process parameters
as well as the intrinsic nature of the donor cell [101]. The medium composition is
also important, because the production of MSC-sEVs can be boosted by reducing
the concentration of FBS and oxygen levels or increasing pro-inflammatory factors
and shear rates [102].
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The sensitivity of MSCs (and MSC-sEV composition) to the microenvironment
is yet not fully understood. These first approaches to process design by triggering
MSC-sEV production represent a milestone on the way to clinical applications.
Furthermore, manufacturing processes could be specifically designed to develop
individual treatments for each patient, bringing personalized medicine within reach
[103].

7 Bioreactor Systems for MSC-sEV Production

As discussed above, bioreactors are required to control the microenvironment
of MSCs in vitro, enabling the regulation of DO, pH, temperature, metabolite
levels, and the concentration of viable MSCs. The production of MSC-sEVs is
strongly dependent on the microenvironment, so the manufacture of MSC-sEVs for
clinical applications requires robust and reproducible processes that comply with
good manufacturing practice (GMP). The therapeutic potential of MSCs in vivo
is determined by external triggers that arise following infection or injury. Similar
triggers must be provided to produce MSC-sEVs in vitro by exploiting bioreactor
design and equipment-related parameters. The STRs used to produce MSCs can
also be used to manufacture MSC-sEVs, but hollow-fiber and fixed-bed systems
are suitable too because there is no requirement for cell harvesting [6, 38]. The
bioreactor types used for MSC-sEVs therefore include many commercially available
disposable bioreactors (Table 1).

Hollow-fiber and fixed-bed bioreactors allow the continuous production and
harvesting of EVs from the culture medium. MSCs grow densely on the fibers
and macrocarriers because the 3D structure better represents the physiological cell
niche. The benefits of 3D cultivation have been demonstrated by the aggregation of
MSCs into spheroids, but the same advantages also allow the efficient production
of MSC-sEVs and other EVs [104]. For example, HEK293 cells in a hollow-fiber
bioreactor achieved a 40-fold increase in sEV production compared to static cultures
[105], whereas ad-MSCs in a hollow-fiber bioreactor achieved a ten-fold increase
in MSC-sEV production compared to static cultures [106]. The cultivation of bm-
MSCs in a FiberCell Systems hollow-fiber bioreactor, a smaller version of the
C2018 (Table 1) with a surface area of 0.4 m2, led to a decrease in MSC numbers
due to the use of a specific EV-collection medium, but continual EV production
was confirmed by the detection of specific markers [107]. Fixed-bed bioreactors
combine the advantages of hollow-fiber bioreactors (3D growth) with increased
metabolite availability and exposure to moderate shear stress as a trigger for MSC-
sEV production [36]. Large-scale disposable hollow-fiber and fixed-bed bioreactors
are currently available with surface areas of up to 600 m2 (Table 1). However,
few studies have been published about the production of MSC-sEVs and further
investigation is required.

Although hollow-fiber and fixed-bed bioreactors appear suitable for large-scale
EV production, cell density cannot be controlled, leading to heterogeneous cell
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distribution and zones with metabolite limitations and/or waste accumulation. The
high cell densities in 3D-like structures combined with low diffusion rates can also
lead to a general state of nutrient limitation. Although starvation can improve EV
production and low metabolite concentrations/metabolite gradients are also found in
vivo, the heterogeneous microenvironments in hollow-fiber and fixed-bed reactors
hamper process standardization.

As stated above, suspension bioreactors such as STRs lack these disadvantages
because they are homogenous systems that allow the online control of cell density,
viability and size by dielectric spectroscopy [47]. STRs therefore provide an
interesting alternative for the production of MSC-sEVs. Because the cells are not
harvested, it is also possible to use porous microcarriers, which offer a larger growth
surface for the cells and a 3D-like growth environment even in a STR. The cells
on porous microcarriers are also protected from destructive shear effects. On the
other hand, rationally designed shear forces can be used to trigger sEV production.
The company EVerZom has developed a method that triggers massive EV release
by applying turbulence/shear (www.everzom.com, data from 2021). The benefits
of dynamic suspension cultivation have also been demonstrated by comparing uc-
MSCs in static culture to those in spinner flasks on Star-Plus microcarriers, with the
latter producing 20-fold more MSC-sEVs while maintaining the characteristic EV
phenotype and size distribution [48]. Another dynamic culture system based on a
vertical-wheel bioreactor was used to produce MSC-sEVs derived from three differ-
ent MSC types. Compared to static cultures in T-flasks, dynamic cultivation resulted
in a ~ three-fold increase of MSC-sEVs yields regardless of the cell type [108].
Although these small-scale processes using suspension bioreactors are promising,
the hydrodynamic parameters affecting MSC-sEV production are unknown and
detailed investigations are required. Once these aspects are understood, process
development will be facilitated by the compatibility of suspension bioreactors with
PAT and hence process standardization. Additionally, many single-use bioreactors
are currently available for the analysis of process comparability. These bioreactors
have a working volume of up to 2000 L providing 1080 m2 of cultivation area with
typical microcarriers.

8 CPPs Affecting the Production of MSC-sEVs

8.1 Cell-Related Parameters Influencing MSC-sEVs

Many process parameters that are critical for the production of MSCs are also
critical for the production of MSC-sEVs. For the standardized and high-yield
production of MSC-sEVs, an appropriate donor cell is required and the cell-related
parameters must be characterized. For example, uc-MSCs not only proliferate faster
than ad-MSCs as discussed above, but also produce four times as many MSC-
sEVs per cell, and the EVs differ in size suggesting a difference in functionality

http://www.everzom.com


326 J. Barekzai et al.

[48]. Although standardized MSC isolation methods are now available, this process
is considered a bottleneck because the enzymatic treatment causes cell stress and
affects the mechanotranscription profile [109]. Rather than processing their own
MSCs, many groups working on EVs use commercial primary cells or develop
immortalized MSC cell lines. However, as stated earlier, the properties of MSCs are
highly dependent on age, and the functionality of MSC-sEVs is also age-dependent
[110]. This was determined by comparing the gap closure ability of MSC-sEVs
obtained from MSCs at various passage numbers (P2–P5), revealing that all MSC-
sEVs promoted vascularization but the activity of the EVs from P5 was the weakest
[110]. Cell passaging and the resulting increase in cell age is associated with the
modulation of gene expression with effects on the cell cycle, protein ubiquitination,
and senescence [111]. The comparison of MSC-sEVs secreted by primary bm-
MSCs and the immortalized cell line hMSC-TERT (expressing the telomerase
reverse transcriptase gene, and also originating from bone marrow) revealed that
immortalization resulted in a slightly higher yield of CD63+ CD81+ sEVs [112].
All EVs were similar in morphology and size, as confirmed by phase-contrast
transmission electron microscopy, but functionality was not evaluated. The effect
of immortalization (transfection with lentivirus) has also been tested on human
embryonic stem cell-derived MSCs (hESC-MSC) and cord-derived MSCs. The
morphology of the hESC-MSCs changed and they were no longer MSCs according
to the ISCT classification, but these cells produced a larger quantity of sEVs that
significantly reduced the size of infarcts in mice. In contrast, cord-derived MSCs
produced fewer sEVs post-immortalization but the cells retained their therapeutic
efficacy [113]. These results clearly show that immortalization cannot serve as a
universal strategy to enhance MSC-sEV production because of the diverse effects
on different donor cells. Each cell and immortalization method must be evaluated
to generate well-characterized cell lines that produce high yields of potent sEVs,
representing an important step towards the standardized production of sEVs and
more comparability in EV research.

8.2 Biochemical Parameters Influencing MSC-sEVs

Several triggers are already known that enhance sEV production in vivo, such as
injury and infection, and the corresponding molecular signals must be provided in
vitro to achieve the same therapeutic effect. The production of sEVs in vitro is often
induced by adding cytokines such as IFN-γ and TNF-α, by starving the cells of
serum, or depleting essential nutrients.

IFN-γ and TNF-α are pro-inflammatory mediators and thus mimic the behavior
of damaged or infected tissues. MSCs and their sEVs therefore upregulate class
I/II major histocompatibility complex (MHC) and stimulatory molecules to boost
proliferation, enhance immunomodulatory and immunosuppressive functions, and
increase the production of sEVs [114]. In the absence of IFN-γ, ad-MSCs released
281 sEVs per cell and hour, whereas those exposed to IFN-γ released 463 sEVs
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per cell and hour, a 1.7-fold increase without changing the size distribution of
expression of specific markers [115]. Additionally, a priming approach, using IFN-
γ and TNF-α simultaneously, increased the production of ad-MSC-sEVs compared
to the non-primed control group. These findings were confirmed by differences
in protein expression, especially the upregulation of Rab27b, which represents a
regulator for the release of exosomes [116]. However, the same combined treatment
reduced the number of sEVs produced by bm-MSCs, indicating that cytokine
treatment is not a universal solution for the production of MSC-sEVs [117]. Another
challenge associated with the use of cytokines to stimulate MSC-sEV production
is the impact on purification and the resulting safety concerns. GMP compliance
requires that manufacturing processes must include steps to eliminate putative
immunogenic and allergenic ingredients, which in this case would include steps
to remove the cytokines that were deliberately introduced into the process, thus
increasing process costs [118].

The production of EVs is also triggered by serum deprivation. FBS provides
growth factors that support MSC proliferation, and these are often present in the
form of FBS-EVs. Such EVs contribute to cell expansion and proliferation, but they
are considered as impurities [119]. The starvation of MSCs by the depletion of FBS-
EVs (or the complete removal of FBS) therefore prevents the isolation of FBS-
EVs along with the target product. Serum depletion affects the three main MSC
types in different ways, with limited impact on the abundance of uc-MSC-sEVs but
a significant depletion of ad-MSC-sEVs and bm-MSC-sEVs [120]. The exosome
fraction of the uc-MSC-sEVs also showed increased functionality (interacting with
target neurons), whereas the functionality of the microvesicle fraction was reduced
[120]. Nevertheless, starving cells is controversial. It is common practice to expand
cells in serum-containing medium and transfer them to serum-free medium for EV
production, but this approach may not be compatible with therapeutic applications.
The transfer to serum-free medium triggers phenotypic changes in the donor cells,
mirrored by changes in the protein and RNA content of the EVs [121], as well as
growth inhibition and the induction of apoptosis [122]. Given that EVs represent
their donor cell, it is important to keep these cells in an active and proliferative
state so that the therapeutic potential is not affected. This does not mean that serum-
free medium should be avoided. Indeed, serum-free or chemically defined media are
recommended when cells do not change their characteristics in terms of proliferation
and sEV production. It may be necessary to optimize the proliferation of MSCs by
adding specific growth factors to the medium and selecting an appropriate growth
surface in order to determine sEV characteristics under these culture conditions,
thus taking a step toward standardized production [6].

Other biological triggers that enhance MSC-sEV production include hypoxia,
which mimics the physiological microenvironment of MSCs (typically 2–7% pO2)
and provides appropriate conditions for the investigation of MSC proliferation,
metabolism, and EV release. Hypoxic conditions of 1–10% pO2 increase the
proliferative capacity and survival of cells by limiting the generation of ROS [123].
Accordingly, the same approaches have been applied to MSC-sEVs. There was
no difference in the production of ad-MSC-sEVs when switching from normoxic



328 J. Barekzai et al.

(21% pO2) to hypoxic (5% pO2) conditions. However, the hypoxic sEVs showed
significantly enhanced functionality in a tube formation assay [124]. Another study
confirmed the enhanced functionality of bm-MSC-sEVs produced under hypoxic
conditions in cell proliferation, cell migration and tube formation assays, and the
simultaneous use of serum-free medium also significantly increased MSC-sEV
yields [125–127]. Hypoxic conditions lead to the production of potent MSC-sEVs
and no additional purification steps are required, but strict control of O2 is necessary,
which can only be achieved in bioreactors.

9 Conclusions

The development of MSCs and MSC-sEVs as novel APIs still involves many
challenges. Both are complex products with unique manufacturing processes, in
which the microenvironment needs to be strictly controlled because it has a
huge influence on the final product quality. MSCs and MSC-sEVs are strongly
dependent on cell culture parameters such as the origin and handling of the cells,
the composition of the medium, the nature of the growth surface/matrix and the
hydrodynamics in the bioreactor. A standardized environment is essential for the
manufacture of clinical products. It is necessary to define this environment in
order to determine the CPPs for individual MSC and sEV products. Large-scale
biomanufacturing processes are needed and bioreactors facilitate MSC expansion
in vitro (STRs) and the production of sEVs (STRs, hollow-fiber reactors and
fixed-bed systems). We are only just beginning to understand the influence of the
microenvironment on MSCs and MSC-sEVs, and further investigation is required
to establish CPPs that will enable standardized GMP-compliant production.
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HEM4 Uroporphyrinogen-III synthase
HGFR Hepatocyte growth factor receptor
HSV Herpes simplex viruses
ITR Inverted terminal repeat
LPLD Lipoprotein lipase deficiency
MAGv Multiplex AAV Genotyping
miRNA microRNA
ORF Open reading frame
PDGFR Platelet-derived growth factor receptor
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PR E4 Proteinase yscE4
QC Quality control
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rAAV recombinant Adeno-associated virus
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VA-RNA Virus-associated RNA
VP1/2/3 Viral protein 1/2/3
ZF5 Zinc-finger 5 protein

1 Introduction

1.1 Adeno-Associated Virus General Overview

Genetic diseases caused by absent or defective genes can inhibit normal cell
functions and severely impact a patient’s health. These conditions can be treated
through gene therapy, by delivering a functional copy of a particular gene to affected
cells. A common strategy to achieve this involves using recombinant viruses as gene
therapy vectors. Adeno-Associated Virus (AAV) has emerged as a highly promising
option due to its low pathogenicity, safety, and ability to infect multiple different
tissue types. Currently, three AAV-based therapies have been approved for human
treatment: Glybera, Luxturna and Zolgensma.

Given that genetic defects are usually present in every cell in a patient’s body,
gene therapy must be applied to the majority of cells in the body, or within an
organ to achieve a therapeutic effect. As a result, AAV-based treatments require
the administration of very high amounts of virus. Producing sufficient AAV, without
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compromising safety is a major challenge in bio-production. This chapter focuses on
the different platforms used to produce AAV and potential optimization strategies.

1.1.1 AAV Genome and Capsid Structure

AAV is a small (20–25 nm), non-enveloped, single-stranded DNA virus that belongs
to the Parvoviridae family, genus Dependoparvovirus. The AAV genome size is
4.7 kb. In wild-type AAV, the genome encodes the rep and cap genes, flanked
by inverted terminal repeats (ITRs). rep codes for proteins involved in genome
replication, whereas cap provides the structural elements of the viral capsid. The
cap sequence determines the AAV serotype. At least 12 AAV serotypes occur
naturally [1]. The ITRs serve to initiate genome replication and are further required
for packaging the viral genome into the capsid [2]. ITRs contain inverted repeat
sequences that are necessary to form T-shaped hairpin loops, leading to formation
of the Rep Binding element (RBE). As the name suggests, the RBE binds the Rep
protein to initiate genome replication and packaging [2, 3].

Both rep and cap make use of alternative splicing to produce different proteins
from the same gene: rep mRNA can be spliced to generate Rep78, Rep68, Rep52
and Rep40 (named for their weights in kDa), while cap translation generates VP1,
VP2 and VP3.

Rep68 and Rep78 bind the RBE of the AAV ITR region and then cleave the DNA
at the terminal resolution site (trs). All four Rep proteins display helicase activity
and can bind ATP [4, 5].

The viral coat is estimated to be composed of 60 proteins arranged in an
icosahedron. The capsid proteins are present in a ratio of 1:1:10 for VP1, VP2 and
VP3, respectively [3].

In addition, AAP (assembly-activating protein) is produced from an in-frameshift
ORF in the cap gene [2, 6, 7]. AAP may act as a scaffolding protein for capsid
assembly [8]. Interestingly, AAP is required for nuclear localization of the VP
proteins as well as capsid assembly, but only in AAV serotype 2. In other AAV
serotypes, the subnuclear localization of AAP is variable and AAP is indeed non-
essential in AAV4, AAV5 and AAV11 [9].

1.1.2 AAV Infection and Replication

AAV was first identified in the 1960s, as a frequent contaminant in purifications
of Adenovirus, hence the name. AAV requires a helper virus (e.g. Adenovirus)
for replication, as its own genome does not encode the required factors to force a
host cell to produce viral proteins. Without a helper virus, AAV establishes a latent
infection as the viral genome persists in the host cell nucleus [3, 10].

AAV infects cells by binding to primary receptors (e.g. heparin, sialic acid or
galactose) and co-receptors (e.g. integrin, FGFR, HGFR, AAVR) on the cell surface,
leading to endocytosis into endosomes [2, 6, 11]. A structural change in VP1 and
VP2 leads to exposure of their N-terminus and escape from the endosome, then
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accumulation at the perinuclear region of the host cell [12, 13]. Following entry
into the nucleus, AAV is uncoated and releases the single-stranded DNA genome.
The genome is then replicated to form dsDNA, which can then be transcribed and
translated [6, 7].

Wild-type AAV genomes can integrate into a specific location (termed the
AAVS1 site) on the long arm of chromosome 19 (19q13-qter) in human host cells
[14–16]. The AAVS1 site contains a RBE, which in conjunction with the AAV Rep
protein is required for integration of the viral genome [17]. Only approximately
0.1% of wild-type AAV genomes are integrated into AAVS1 during the course of an
infection [15].

Wild-type AAV genomes have also been observed to integrate into other sites
in the human genome, presumably in a Rep-independent manner. AAV proviruses
have been found on chromosome 1q31.1 in human tonsillar tissue, while in vitro
experiments showed integration into multiple different chromosomes [18–20].

If the Rep proteins are not present, as is the case in target cells during AAV-
mediated gene therapy, the ITR-flanked transgene cassettes can form circularized
concatemers, which then persist as episomal DNA in the host cell’s nucleus [21].
Episomal DNA will be gradually diluted due to host cell replication, meaning that
the beneficial effect of gene therapy will be lost over time. Therefore, the duration
of the treatment is dependent on the replication turnover rate of the target cells.

1.1.3 AAV Serotypes and Tissue Tropism

A variety of AAV serotypes have been identified that display different tissue
tropism, making them highly useful for targeting specific organs. Wild-type AAV
DNA has been discovered in lung tissue, which is not unusual given that the virus
infects via the respiratory route [18]. In addition, AAV DNA has also been found
in the following tissues: brain, heart, liver, bone marrow, spleen, colon, lymph
node and kidney, which suggests that the virus spreads throughout the body during
infection [22].

At least 12 natural serotypes and more than 100 mutant AAVs have been
discovered thus far [1]. The preferred serotypes used in pharmaceutical production
are AAV2, 4, 5, 6, 8, although mutant versions have also been tried to increase tissue
tropism or reduce immunogenicity (e.g. AAV7m.8, mutant AAV Spark100, etc.) [2].
The choice of serotype depends on the intended tissue tropism of the transgene, i.e.
where the virus is going to be applied in the body. AAV2 is often preferred as it
has such a broad tissue tropism: heparin sulfate, FGFR/HGFR (fibroblast growth
factor receptor/hepatocyte growth factor receptor), lamin receptor and a5b1 are all
considered receptors for AAV2 [23–25]. AAV5 on the other hand displays tropism
for neuronal, retinal pigmented epithelia and photoreceptors with its preferred
receptors being sialic acid and platelet-derived growth factor receptor (PDGFR)
[26–28].
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1.2 AAV as a Gene Therapy Agent

Compared to other viruses that have been explored as gene therapy agents, AAV has
the advantages of low immunogenicity as well as broad tissue tropism. As a result,
AAVs can be safely injected in large amounts and can treat a wide variety of organs
and tissues.

A notable feature of recombinant AAV (rAAV) is that almost the entire AAV
genome can be replaced with a transgene (or cargo) cassette containing the required
gene. Typically, this approach involves a promoter (often specific to the intended
target tissue), the cargo gene itself (e.g. coagulation factor IX for the treatment of
hemophilia) and a polyA tail [2, 29]. As a result, the DNA delivered to a patient’s
cells contains almost no viral genome sequences and is incapable of replicating.
To produce AAVs for gene therapy applications, the viral genes required for AAV
replication are supplied in trans, on separate vectors.

Following delivery to a target cell, rAAV genomes persist as episomal DNA
in the cell nucleus. Transcription of the cargo gene can then commence, which
compensates for the gene defect in a patient’s genome. rAAV-based gene therapy
agents are intentionally designed to not integrate their genome into the host cell’s
DNA. This approach was chosen to limit the chance of off-target insertions,
which could lead to dangerous mutations. Therefore, the therapeutic benefit is
only maintained for as long as the episomal rAAV genome persists in the nucleus.
Cell division will lead to gradual dilution or removal of episomal rAAV genomes,
causing the therapeutic benefit to be lost over time. Therefore, rAAV therapy is a
transient treatment, rather than a permanent cure.

1.2.1 Licensed rAAV Gene Therapy Treatments

The first approved AAV gene therapy treatment was Glybera in 2012, intended for
lipoprotein lipase deficiency (LPLD), which manifests as pancreatitis [30]. AAV1
capsids deliver an intact copy of the LPL gene to muscle cells. Doses of 3 × 1012

vg/ml solution per injection are used, although multiple injections are required. In
clinical trials, reductions in the incidence of pancreatitis were observed up to 6 years
after administration [31]. However, this drug has been removed from the market
due to profitability concerns, including the high cost (about 1.1 million USD per
treatment), as well as LPLD being a very rare condition [31, 32].

Zolgensma, for the treatment of spinal muscular atrophy was approved for use
by the U.S. Food and Drug Administration (FDA) in 2019 [2, 33]. Zolgensma is
administered as a one-time intravenous injection for children under 2 years old,
at a cost of 2.1 million USD per treatment. Corticosteroids are usually also given
to prevent immune reactions. The drug uses AAV8 capsids to deliver a functional
copy of the SMN1 gene to motor neurons. Since motor neurons do not divide, it
is possible that the treatment could last life-long, although this is currently unclear.
The recommended dosage is 1.1 × 1014 vg/kg [34].



342 N. Donohue et al.

Finally, Luxturna is an approved rAAV therapy for the eye disease Leber congen-
ital amaurosis which affects retinal cells, leading to vision loss [35]. Administered
as sub-retinal injection, AAV2 capsids deliver intact copies of the RPE65 gene to the
target cells. Doses of 1.5 × 1011 vg are injected, at a cost of 425,000 USD per eye
[36]. Treated patient’s showed improved vision up to 3 years after administration
[36].

The above numbers emphasize the quantities of virus needed for rAAV gene
therapy and the associated costs. These factors are significant challenges in bio-
production of AAV gene therapy agents. rAAV development continues and as of
November 2018 there were 145 AAV-based drugs in clinical trials [37].

2 Challenges and Opportunities in rAAV Production

2.1 rAAV Production Challenges

Currently, rAAV production can be performed using HEK293, Sf9/Sf21, HeLa,
BHK or yeast cells [2, 38]. A summary of the various platforms and their potential
yields is shown in Fig. 1. While every rAAV production platform has specific
drawbacks, there are some common issues. These include high production costs,
sub-optimal yields and contamination with empty capsids, or mis-packaged DNA.

High production costs can push the price of a single rAAV treatment up to 2.1
million USD (as in the case of Zolgensma). The commercial failure of the drug
Glybera is a stark reminder of this problem. AAV production methods must either
become cheaper or increase yields.

As an example, spinal muscular dystrophy in children under 2 years old can be
treated with Zolgensma, which requires a dose of 1.1 × 1014 vg/kg body weight
[34, 39]. Assuming the average weight for a 2 -year old child is 12 kg, this would
equate to a dosage of 1.32 × 1015 vg per patient.

The HEK293 system can produce up to 2.1 × 105 vg/cell in a WAVE reactor with
a maximum volume of 50 L. Cell density before transfection is typically around
5 × 106 cells/ml. A 50 L WAVE reactor would therefore contain at most 2.5 × 1011

cells. If each cell produces 2.1 × 105 vg, the final yield would be 5.25 × 1016 vg.
This yield would be sufficient to treat 39 children. However this calculation is based
on overly optimistic assumptions, i.e. perfectly efficient transfection, production of
2.1 × 105 vg/cell (without empty capsids) and rAAV purification without any losses.

Spinal muscular atrophy is estimated to affect 1 in 10,000 births [40]. Based
on an estimate of 140 million births per year worldwide, up to 14,000 children
per year may require this treatment [41]. To make enough Zolgensma for 14,000
patients would require 359 WAVE reactors with 50 L volumes. This number would
be substantially higher for more common conditions such as hemophilia, which
affects up to 1 in 5000 births [42]. Treating hemophilia in adult patients would also
require larger doses, due to the higher body weight of adults.
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Fig. 1 Overview of AAV production systems. The inner circle shows the possible production cell
lines and reported potential yields. The outer circle indicates the plasmids/viruses employed in
AAV production, as well as advantages and disadvantages of the various systems [3, 45–51]

A further issue concerns the packaging of undesired sequences (such as antibiotic
resistance markers or viral sequences), or production of empty capsids, as these
contaminants must be removed in later steps. Mis-packaged sequences are often
derived from the backbones of plasmids used to deliver the transgene into the
producer cell. Although the exact cause is unclear, it has been hypothesized that
replication of the transgene could continue beyond the ITRs and include DNA from
the backbone, which is then packaged.

Alternatively, transgene replication may initiate at an ITR and proceed in the
wrong direction, causing only backbone DNA to be packaged [43]. Inserting non-
dangerous ‘stuffer’ DNA adjacent to the ITRs can prevent the packaging of harmful
plasmid backbone elements, as the AAV capsid is limited to packaging 4.7 kb of
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DNA. Although this approach is an improvement, mis-packaging can still occur,
reducing the safety and effectiveness of rAAV drugs.

rAAV coat proteins self-assemble into capsids, into which DNA is subsequently
packaged. The presence of empty capsids in rAAV purifications indicates that the
packaging step is the limitation in this system, i.e. more capsids are produced than
can be filled with DNA. Manipulating the expression levels of rep and cap genes
could offer a solution, although such efforts would need to avoid producing excess
capsid proteins which can also contaminate purifications and provoke an immune
response [44].

An ideal rAAV production platform would need to satisfy the following crite-
ria:

• Cost-effective, high-yield production and purification, by improving the cell line,
plasmids, or production methods.

• Absent or very low contamination by mis-packaged or empty capsids. Alterna-
tively, a cheap and reliable method to remove these contaminants is needed.

• Versatility, i.e. the ability to produce rAAVs to treat any condition using the same
system, by simply swapping the transgene. This would allow for a higher return
on the investment of setting up a manufacturing system.

• Safety, including low immunogenicity and toxicity. This may require the avoid-
ance of helper viruses, especially those of human origin.

• Efficient delivery to target cells, for example through capsid modification or
improving delivery methods. This would allow for a smaller amount of rAAVs to
be used, which would reduce cost of treatment and improve safety.

• A solution to the transgene size limitation, as this would allow for treatment of a
wider array of conditions. While splitting large transgenes across different rAAV
vectors is a potential solution, it also increases the amount of rAAVs that need to
be manufactured and administered to patients, which increases the cost and risk
involved.

2.2 Current rAAV Production Platforms

2.2.1 HEK293 Triple Transfection System

HEK293 cells (derived from human embryonic kidney) are a popular and well-
established cell line used to produce rAAVs for gene therapy. HEK293 were
originally generated through transfection with Adenovirus 5 DNA [52]. As a result,
HEK293 contains the Adenovirus helper genes E1a and E1b [53]. The remaining
helper genes E4, E2a and VA-RNA must be supplied through plasmid transfection,
along with the AAV rep/cap genes and the ITR-flanked transgene [54]. These
elements are typically delivered on separate plasmids (i.e. one plasmid for the helper
genes, one for rep/cap genes and one for the ITR-transgene), in a process termed
the triple-transfection system. Although it would be possible to combine the helper
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genes, rep/cap and the ITR-transgene on a single plasmid, this may be unsafe as
recombination events could lead to production of infectious rAAV particles carrying
rep/cap instead of the ITR-transgene.

The triple transfection system has a disadvantage, in that delivering three
different plasmids into a single cell is difficult. The currently preferred protocols rely
on polyethyleneimine (PEI) for transfection, as it is well-tolerated and efficiently
transfects HEK293 cells. In addition, it does not necessitate a media change after
transfection and is comparatively cheap, compared to similar reagents on the market
[46]. However, the plasmid DNA must still be supplied in excess quantities and one
of the difficulties lies in acquiring enough purified plasmid DNA for this process.

A further issue is the potential for cells to be transfected with the rep/cap and
helper plasmids but not the ITR-transgene vector, which results in assembly of
empty viral capsids which contaminate the resulting product. This complicates
downstream purification and quality control [55, 56].

HEK293 cells grown in suspension using WAVE bioreactors (with volumes in
the tens of liters) and shaker flasks yield more virus than by growing the same cells
in adherent culture [3]. For this reason, this method is generally preferred in industry
[46]. This method yields between 9 × 104 to 2.1 × 105 vg/cell [3].

2.2.2 Sf9/Baculovirus System

The Baculovirus system uses Sf9 or Sf21 insect cells, derived from ovarian tissue of
the fall armyworm moth (Spodoptera frugiperda). The cells can be grown attached
or in suspension without serum in the growth media [57]. For the purpose of rAAV
production, Sf9 cells are grown in suspension, then co-infected with recombinant
Baculoviruses carrying the rAAV rep/cap genes and the ITR-transgene [58, 59].
Vectors generated in this system typically have lower transduction efficiency,
compared to those generated with the HEK293 system, possibly due to a lower
amount of VP1 packaged into the capsids [51]. Fortunately, this can be addressed
by altering the Kozak sequence to express VP1/VP2/VP3 in a ratio that is similar to
wildtype AAV, which results in higher transduction efficiency [60, 61].

Various set-ups have been tried for the Baculovirus system, using between one
and three different Baculoviruses:

• In an approach using three different Baculoviruses, one virus contains rep,
another cap and a final virus carries the ITR-transgene [3, 62].

• A further improvement was to combine the rep and cap genes into a single
Baculovirus [63]. Co-infection with a second Baculovirus carrying the ITR-
transgene initiates expression of rAAVs.

• An additional approach includes all of the elements (rep, cap and ITR-transgene)
in one baculovirus [64].

Alternatively, the Sf9 cells can be altered by stably integrating the ITR-transgene
into the cell genome. rAAV production is then initiated by infection with the above-
mentioned rep and cap Baculoviruses [54, 55].
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A further option is to generate a Sf9 cell line with the rep/cap genes stably
integrated into the genome. Expression of the genes is then initiated from upstream
promoters that are induced by a later infection with Baculovirus carrying the ITR-
transgene. This approach (termed OneBac) is considered much simpler [51, 65].
Expression of the rep gene is toxic to mammalian and insect cells, so unless the
inducible promoter used in this system is capable of preventing all transcription,
this approach could lead to growth inhibition [66].

Sf9 cells used in bio-production are typically grown in 200 L stirred tank reactors
[3]. rAAV yields from the Sf9/Baculovirus system typically range around 8 × 102

to 5 × 105 vg/cell. Sf9 cells can grow to very high densities, which makes them very
suitable for producing rAAVs. In addition, given that Baculovirus is highly unlikely
to infect mammalian cells, the system is very safe compared to other virus-based
systems discussed below [3, 48]. Currently, the post-translational modifications of
rAAV capsids produced in Sf9 cells are being investigated, as these may differ from
mammalian cells [3].

2.2.3 HeLa/Adenovirus System

An alternative approach to the HEK293/triple transfection system that somewhat
reduces the requirement on manufacturing large amounts of plasmid DNA is to use
a cell line with a stable integration of the helper genes.

For instance, HeLa cells have been engineered to carry the ITR-flanked transgene
as well as the rep/cap genes [55]. The rep proteins are not expressed until infection
with a wild-type adenovirus occurs. A downside of this approach is that it relies
on using a replication competent Adenovirus, which is a safety concern, due to
the potential of an infectious virus contaminating a pharmaceutical product [55,
56]. The system has also been adapted to allow for co-transduction with an AAV
capsid carrying the ITR-transgene to be packaged, rather than having this sequence
stably integrated. Production typically involves a 250 L stirred tank reactor. Yields
of 5 × 104 vg/cell have been reported [3, 67].

2.2.4 HeLa/Vaccinia Virus System

Vaccinia virus has also been used to create rAAV. The rep/cap genes were integrated
into the Vaccinia virus genome. The resulting virus was used in co-infection of
HeLa or QW158–7 cells with replication-deficient Adenovirus to generate rAAV.
The resulting rAAVs showed higher transduction efficiency than rAAVs made using
the HEK293/triple transfection system. This may have been the result of higher VP1
expression in the HeLa/Vaccinia virus system, due to placing a codon-optimized
VP1 gene under control of a dedicated promoter, rather than generating VP1 along
with VP2/VP3/AAP via cap transcription. This approach yielded 2 × 105 vg/cell
[68]. A safety concern with this system is the use of Vaccinia/Adenovirus as these
could infect human cells if recombination allowed them to become active.
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2.2.5 HEK293/Triple Transfection/Bocavirus System

rAAV production can potentially be enhanced by including genes from other viruses
on the helper plasmid. An example of such a virus is human Bocavirus (HBoV1),
which can assist with AAV replication [69, 70]. Co-transfection of HEK293 cells
with an ITR-transgene plasmid, a rep/cap plasmid and a plasmid containing the
HBoV1 genes NP1, NS2 and BocaSR produced rAAVs with similar transduction
efficiency compared to the HEK293/triple transfection system using Adenovirus
helper genes. Inclusion of the adenovirus-derived E2A gene in the HBoV1 helper
plasmid lead to a 3–7 fold increase in rAAV production, compared to using the
standard Adenovirus helper plasmid [69].

2.2.6 HeLa/BHK/Herpesvirus System

Herpesvirus can also provide helper genes in rAAV production [71]. The current
approach is to use two replication-deficient Herpes simplex viruses (HSV), one
containing the AAV rep/cap genes, and another for the ITR-transgene. In HeLa
cells, this approach yielded 1 × 105 vg/cell. A further improvement was made
by infecting suspension-adapted BHK cells with these viruses. Producing between
8 × 104 and 2 × 105 vg/cell [49, 59, 72]. Production is usually performed in a
10 L WAVE reactor [3]. HSV have also been used in the HEK293 system, where
optimizing the multiplicity of infection of the HSV-transgene and HSV-rep/cap at a
ratio of 2:12, respectively, achieved a yield of up to 1 × 105 vg/cell [73].

2.2.7 Yeast System

Yeast cells (Saccharomyces cerevisiae) have been used successfully to generate
rAAVs. Yeast cells transfected with plasmids expressing cap genes were used to
demonstrate assembly of rAAV [74]. Later work succeeded in producing fully
assembled and infectious rAAVs in yeast, using 4 plasmids in total. In this case,
yeast-specific, galactose-inducible promoters were used to drive expression of rep
and cap genes [75]. A titer yield of 108 vg/ml was reported. Although these results
are promising, unfortunately this approach shows low rates of DNA encapsidation.
Compared to other systems, yeast lacks the host cell factors or ability to use helper
viruses that would enable optimal rAAV production [59].

Specific host proteins in yeast that are related to replication and positively
impacted rAAV production have been identified. A high through-put screen utilizing
a yTHC screening library consisting of 800 essential yeast genes was constructed.
From this study, 22 gene candidates were discovered that improved rAAV DNA
replication and vector yield as high as sixfold and 15-fold, respectively. The most
prominent genes identified were PRE4, HEM4, TOP2, GPN3, SDO1. As this is
the first published screen of its kind, further validation studies are needed to assess
the potential application of this type of library screen in rAAV production in yeast
models [76].
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Fig. 2 Potential optimization areas in AAV production, using the HEK293/triple transfection
system as an example. The AAV-assembling cell and the cell targeted in gene therapy are
labeled ‘Producer cell’ and ‘Target cell’, respectively. Black edged boxes indicate the plasmids
used in production (labeled ‘rep/cap’, ‘Helper genes’ and ‘ITR-transgene’) and their respective
optimization possibilities.

2.3 Optimizing rAAV Production

Extensive research has been devoted to improving various aspects of rAAV, includ-
ing production optimization. Areas of potential improvement have been identified
at the level of viral DNA, RNA and protein. The various components involved in
rAAV production and potential optimization strategies are shown in Fig. 2.
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2.4 Improving AAV Production Through ITR-Transgene
Optimization

2.4.1 Transient Transfection vs Stable Integration of AAV Plasmids

Transient transfection requires large amounts of plasmid DNA. If 1 μg of plasmid
DNA is transfected per ml of cell culture, then a 50 L reactor would require 50 mg of
plasmid DNA [46]. However, this approach is currently favored in manufacturing,
as it minimizes the risk of recombination events generating infectious viruses.

Aside from commercial production, rAAVs are also used in pre-clinical research,
where safety requirements are less stringent. In this case, a stable insertion of
rAAV plasmids into a producer cell’s genome may be preferable due to lower
cost. One such attempt created HeLa cells with a stable integration of both the
transgene (human placental alkaline phosphatase) and the rep/cap sequences. rAAV
production was initiated through infection by an Adenovirus helper [77, 78]. Yields
in the range of 5 × 104 to 2 × 105 DNase resistant particles per cell were achieved.

Aside from the safety concerns, cell lines with stable rAAV integrations are time-
consuming to establish and less versatile, as changes to the transgene or promoter
sequences are harder to perform.

2.4.2 ITR-Transgene Plasmid

The rAAV ITR-flanked transgene plasmid is generally a recombinant version of the
wtAAV virus genome. The rep and cap genes are replaced with the transgene (with
a maximum size of 4.7 kb), leaving only the AAV ITR regions from the original
virus. The AAV ITRs are the only elements required for replication and packaging
of the transgene, which occurs once rep and cap are supplied. As a result, the
ITR-transgene plasmid is only capable of delivering the transgene to the cell, but
is completely dependent on another plasmid to actually replicate [2].

The transgene is usually inserted with a promoter (often specific to the target
tissue), as well as a polyA signal. The backbone of these plasmids generally contains
sequences that allow propagation in bacterial strains to amplify the vector (i.e.
an origin of replication) as well as antibiotic resistance markers. ITR regions are
usually flanked by multi-cloning sites.

Most ITR-transgene plasmids are derived from pSUB201, originally described
in 1987 by Samulski [79]. pSUB201 and its derivatives contain a truncated AAV2
derived ITR, compared to the wild-type sequence: the ITRs are duplicated, with
the second ITR being an inverted repeat of the first ITR, with a 14 bp deletion at
the extremity [80]. The deleted portion corresponds to a palindromic sequence at
the end of the ITR hairpin structure in wtAAV2. As a result, the pSUB201 ITR
probably does not form a complete wtAAV2 ITR hairpin.
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In the Baculovirus system, replacing the pSUB201 ITRs with wtAAV2 derived
ITRs led to a reduction in empty capsids, as well as a tenfold reduction in non-rAAV
DNA in the capsids [80].

The ITR sequences could be explored in terms of optimization: given that Rep78
covalently attaches to the ITR during genome replication, this appears to be a key
requirement for packaging the viral DNA into the capsid. Rep78 binds a triplet of
GAGC motifs in the Rep Binding Element. Serotype AAV2 has three GAGC motifs,
but other AAV serotypes have only 2 [81]. Removal of GAGC motifs reduces viral
replication in wtAAV2, especially when only a single GAGC is left intact [82].

A further option for ITR-transgene plasmids is pHpa-trs-SK, which allows for
more rapid onset of gene expression in target tissues after transduction. This is
achieved through deleting one of the terminal resolution sites (trs), where the Rep
protein normally nicks the DNA. This leaves the vector with one functional ITR
with a trs, as well as a mutant ITR that cannot be nicked by Rep [83].

Replication starts at the functional ITR through Rep nicking at the trs, followed
by ITR replication (initially in a direction away from the transgene). After the
ITR is formed, it loops back by forming a hairpin, which allows replication of
the transgene. After the transgene, the mutant ITR is replicated, which also loops
back and folds into an ITR hairpin. However, because this ITR cannot be nicked
by Rep, DNA replication continues back through the transgene, using the recently
synthesized DNA strand as a template, until the trs site the process started from is
reached. This results in a single-stranded, inverted repeat genome, with functional
ITRs at each end and the mutated ITR in the middle [83].

This approach allows more rapid expression after transduction, probably because
second- strand synthesis is avoided [83]. However, the sequence available for
transgene incorporation is smaller at about 2 kb, vs the 4.7 kb size of standard rAAV
vectors.

On a further note, optimizing codons of the ITR-transgene leads to increased
transcription and translation. Codon optimization is also beneficial to enabling
tissue-specific gene expression and plays a role in reducing the innate immune
response towards rAAV [84, 85].

2.4.3 ITR-Transgene Promoter Optimization

Due to the limited size of rAAV transgenes, promoter sequences must be as concise
as possible, while allowing maximum expression. Various promoter and enhancer
sequences from liver-specific genes have been combined into smaller promoters
that allow transgenes to be larger, while still strongly inducing expression after
transduction [86]. An alternative approach involved screening 100-bp long synthetic
enhancer elements, which yielded an 83 bp promoter that enhanced expression of
the CFTR gene in human airway cells [87].

An in silico rational design approach resulted in synthetic enhancer elements
between 41 and 551 bp in length for use in liver-specific rAAV transgenes [2]. By
including these elements along with a liver-specific promoter, rAAV transduction
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caused between 10 and 100-fold higher transgene expression, compared to the same
construct without the synthetic elements [88]. The same approach has been used to
generate cardiac specific regulatory modules [89].

2.4.4 Concatemerization

A significant problem of rAAV gene therapy is the inability to package transgenes
larger than 4.7 kb. Multiple strategies have been developed to overcome this
restriction.

Primarily, homologous recombination between the ITR sequences occurs natu-
rally after delivery of the rAAV genome [90]. This procedure can be exploited by
splitting a large transgene into two (or more) subunits and packaging them into
individual rAAVs. If rAAVs carrying the various subunits are delivered to the same
cell’s nucleus, the subunits will be assembled into the desired transgene [2, 7]. This
method has been successfully applied in animal models to assemble the dystrophin
gene from two or three rAAVs [91].

In a similar approach truncated fragments of the transgene can be packaged
into rAAVs in a randomized fashion, creating a mixed population of rAAVs. After
delivery to the nucleus, homologous recombination between overlapping areas of
the truncated fragments assembles the transgene [92].

A further development intends to solve the issue of non-functional products
being generated if the wrong fragments are recombined, or if truncated overlapping
fragments introduce undesirable ITR structures within the transgene. In a hybrid
dual-vector strategy, an overlapping region is combined with intron splice sites
in the split transgene [93]. Specifically, the concatemerization of rAAVs through
recombination is enhanced by introducing 5′ and 3′ splicing elements to ensure
correct assembly of the transgene.

Cross-packaging of the oversize ITR-transgenes into the capsids of other par-
voviruses is another option, although this could eliminate the advantages of AAVs
broad tissue tropism and low immunogenicity [94].

A final method is to use intein-mediated protein trans-splicing: intein is a catalyst
for protein splicing and can ligate two distinct polypeptides together. In this way,
peptides expressed from separate subunits of a transgene can be flanked by short
split inteins, which are then assembled into a full protein via protein trans-splicing.
This method has been used successfully in animals to deliver e.g. dystrophin, FVIII,
CFTR and CRISPR-Cas9 [95].

2.4.5 Transgene Regulation During rAAV Packaging

One of the main factors limiting high production yields, especially in mammalian
cells, is the expression of toxic or apoptotic transgenes in the packaging cell line.
Therefore, it would be ideal to prevent transgene expression during the packaging
process.
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Insertion of an artificial riboswitch (termed GuaM8HDV) on the 3′-UTR of a
toxic transgene, significantly downregulated transgene expression in the packaging
cell line, while still allowing expression after transduction both in vitro and in vivo.
The riboswitch efficiently downregulated expression of ITR-flanked GFP by 75%
at a guanidine concentration of 200 μmol/L and rAAV yield was increased between
2.3 and 23-fold [96, 97].

Another approach relies on the bacterial tryptophan RNA-binding attenuation
protein (TRAP). In the presence of L-tryptophan, TRAP binds a 55 bp region
located on the 5′UTR and suppresses mRNA transcription. This system has been
successfully employed to raise rAAV yields [98].

MicroRNAs have also been used to regulate expression. miR-373 and miR-122a
have been shown to have strong silencing activity. A toxic transgene upstream of a
quadruplet repeat miRNA-373 sequence was repressed in the HEK293 packaging
cells, improving rAAV yields up to 22-fold [99].

Alternatively, the 3′UTR can be engineered to allow miRNA binding, leading to
post-transcriptional silencing of the transgene. This can be used to prevent transgene
expression in non-target cells. For example, including a synthetic 3′UTR that allows
binding of miRNA-122, which is almost exclusively expressed in the liver, leads to
transgene suppression [100].

A final method to prevent expression of toxic transgenes in producer cells
involves shRNAs. For instance, expression of G protein-coupled receptor 78
(GPR78), was found to be toxic to HEK93 cells, reducing cell growth and vector
yield. By introducing an additional plasmid expressing a shRNA targeting GPR78,
AAV vector yield increased from 1 particle to >10,000 particles per producer cell
[101].

2.5 Improving rAAV Production Through Capsid Optimization

2.5.1 Expanding rAAV Capsid Functions

Transduction can be made more selective by inserting certain proteins into different
regions of the rAAV capsid. For instance, portions of protein A, cytokines and
so-called DARPins (designed ankyrin repeat proteins) have all been used for this
purpose and were successfully inserted into the rAAV capsid [102, 103]. This
approach was also used to target rAAVs towards CD4+ T-cells as well as cancer
cells [104, 105].

Another development concerns the presence of surface-exposed serine and
tyrosine residues on the rAAV capsid: it has been hypothesized that these are
phosphorylated upon cell entry, which leads to ubiquitinylation and subsequent
degradation by the proteasome [106]. Preventing phosphorylation by mutating
tyrosine to phenylalanine, lead to substantially increased transduction efficiency
[107].
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Of further interest in this context are pXR1-5 plasmids, which can be used to
package any AAV2 derived ITR-transgene into a different AAV serotype [108].

2.6 Improving rAAV Production Through Omics-Based
Approaches

2.6.1 High Throughput Methods in AAV Research

In gene therapy research, omics approaches are used to better understand the
complex biology behind AAV, in the hopes of providing useful insights that may
not have been otherwise deciphered from individual target analysis. The integration
of multiple omics layers has the potential to provide a useful framework, capturing
an overall image of what is being expressed, translated and produced during the
AAV life cycle. As a leading platform in gene delivery for the treatment of a variety
of human diseases [37], it is crucial that a comprehensive understanding of the
biological system behind AAV is achieved, not only for production optimization
but also treatment efficacy and patient safety.

2.6.2 Promoter, Transgene and ITR Studies

As discussed elsewhere in this chapter, there have been considerable efforts made
over the past two decades to improve and optimize AAV capsid diversification and
selection. Although these efforts have led to many key successes and improvements
in the production of AAV, it is evident there is still room for further discovery using
complementary strategies that also act on the level of vector DNA but are not solely
focused on the capsid. Up until now, in comparison to capsid engineering, there
has been relatively little emphasis placed on improvements to the engineering of
the second critical AAV vector component, i.e. the recombinant genome and its
multiple components. Omics is now playing a critical role in a set of new innovative
strategies focused on the AAV expression vector. This includes the engineering of
synthetic enhancers and promoters using high through-put screens, the identification
and characterization of proteins that recognize the RBE within AAV ITRs and
also the use of controlled genetic circuits utilizing miRNA to regulate AAV gene
expression [109].

A major challenge in furthering AAV expression vector optimization hinges
on deciphering which elements in the promoter, the distal enhancer and/or in the
untranslated regions actually govern the strength and the specificity of transgene
expression. The road to the next generation of synthetic enhancers and promoters for
gene therapy application could lie in the use of high-throughput screening methods
to characterize these promoters and enhancers. In 2017, a high-throughput enhancer
reporter assay unravelled a set of mammalian promoters displaying enhancer
activity. These promoters had distinct genomic and epigenomic features [110]. In a



354 N. Donohue et al.

similar screen, the enhancer and promoter activities of thousands of DNA fragments
transduced in vivo were measured and results suggested that gene promoters are
distinguished from distal enhancers by specific complements of transcriptional
activators [111]. Although there have not been extensive AAV studies published
in this area thus far, these initial studies show the potential of high throughput
screening and how it could be the way forward for transgene promoter/enhancer
optimization.

As mentioned elsewhere in this chapter (see Sect. 2.4.5.), as a complementary
strategy, the cell selectivity of AAV transgene expression can be honed by exploiting
RNAi machinery and the tissue/cell specific expression pattern of the relevant
microRNAs. miRNA based strategies to control gene expression incorporate an
“on/off switch” mechanism.

The ‘on/off switch’ mechanism itself is not an omics approach, however it would
not be possible without the use of transcriptomics and miRNA profiling identifying
specific miRNA that would be suitable to fit into the switch. Genome-wide miRNA
profiling is a well-established approach, utilized in many cell lines and systems to
identify useful targets for bioengineering. The results of these studies are now being
harnessed for the benefit of gene therapy. Particularly useful miRNA targets are
those that are cell or tissue specific. For example, miR-122 is highly abundant and
active in the liver. 2016 saw the first exploitation of these findings to use tissue and
cell-specific miRNA signatures as a means to regulate transgene expression in the
context of a viral vector [112].

Finally, genetic screens aimed at the ITRs have provided a powerful approach
to identify relevant cellular factors in AAV production and transduction. A hybrid
screen designed to identify cellular proteins that recognize the RBE within the AAV
ITR of AAV2 identified cellular zinc-finger 5 protein (ZF5) as a negative regulator
of AAV replication. It was shown to bind specifically to RRS motifs in vitro and
in vivo [113]. Identification and characterization of proteins that bind to the ITR
provide new insights into the AAV life cycle and could have utility in imprving
aspects of AAV production as well as its performance as a gene therapy vector.
Figure 3 displays elements of the AAV vector that omics studies have been applied
to.

Fig. 3 Overview of a typical AAV expression vector, highlighting the components currently
analyzed in published omics studies. The 3 elements detailed in black constitute the basis of any
standard expression cassette; the 3 white boxes indicate components of the AAV expression vector
that omics studies have been applied to. Adapted from [109].
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2.6.3 rep/cap Plasmid Studies

A comprehensive understanding of the fundamental biology behind AAV and its
host interactions is crucial in the ongoing optimization of AAV capsid selection.
High-throughput dissection of AAV- host interactions has been accomplished in
recent years through AAV capsid library screens [114]. These include techniques
such as DNA shuffling, barcoded AAV vector evolution screening [115–117] and
peptide display library screening [118–121]. These studies typically result in large
libraries of synthetic AAV capsids that are then subjected to a combination of
positive and negative selection pressures based on the desired outcome [122].

In one such approach, an AAV2 capsid fitness landscape was generated, to
determine the effects of every single-codon substitution, insertion, and deletion in
terms of in vivo delivery. This study demonstrated the importance of both surface-
exposed and buried residues within the capsid proteins [123].

Although capsid engineering has been the main focus of recent optimization
efforts, Rep interactions also impact the cellular proteins associated with the
viral genome and so interrogation of these Rep protein interactions are being
investigated through genomic [124, 125] and proteomic [126] screens in order to
better understand the mechanism by which Rep proteins regulate AAV replication.
Such rep/cap screening approaches facilitate the elimination of poor vectors and
the optimization of promising ones, which is of particular importance in developing
rAAV vectors for tailored gene therapy applications.

2.6.4 Isolation/Purification

Omics studies have a wide application and can be utilized at multiple stages of AAV
production including that of QC. Standards of quality control during AAV vector
production have advanced with the development of a Multiplex AAV Genotyping
(MAG) assay. MAG is a powerful high-throughput tool being used to assess the
purity and identity of AAV DNA plasmids and other starting materials used in
production. The aim of MAG is to confirm the absence of cross-contaminating AAV
sequences in plasmid stocks as well as end products using a high throughput screen.
The assay is highly specific and has been used in serotype studies to specifically
identify DNA from AAV serotypes 1–12 [127].

Another application of omic screening strategies is the comprehensive charac-
terization of process and product related impurities found in rAAV stocks using
an SSV-Seq technique. Measurement of impurities is imperative in any production
system in order to assess the potential risks to future patients. As previously
mentioned, during production rAAV capsids are known to internalize illegitimate
DNA fragments in addition to their recombinant genome. These contaminants can
come from plasmid or helper virus DNA as well as from the producer host cell itself
and can lead to unwanted end results. A new method based on high-throughput
sequencing identification and quantification of residual DNA in rAAV vector lots
has been developed [128]. Contrary to qPCR, SSV-Seq (Single-Stranded DNA Virus
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Sequencing) offers a nonselective approach to determine the percentage of each
DNA contaminant and analyse rAAV vector genome identity.

The identification and characterization of the co-purifying cellular proteins in
vector preparations can also be done using a combination of two proteomics
approaches, GeLC-MS (gel electrophoresis liquid chromatography-mass spectrom-
etry) and 2DE (two-dimensional gel electrophoresis). A 2014 proteomic study
showed the detection of posttranslational modifications of capsid proteins using this
method. A total of 13 cellular proteins were identified in the rAAV vectors, 9 by
the GeLC-MS analysis and 4 by the 2DE analysis. Selected cellular proteins were
verified and could be consistently found associated with different AAV serotypes
carrying different transgenes [129].

The current standard QC methods often do not characterize the prevalence,
compositions or structures of fragmented genomes and therefore preparations that
have seemingly shown high genome homogeneity by gel electrophoresis have
been later revealed to consist of less than 50% full-length species. Using single
molecule real-time (SMRT) sequencing, researchers can now comprehensively
profile packaged genomes as a single intact molecule and directly assess vector
integrity without extensive preparation. This approach has been named AAV-
genome population sequencing or AAV-GPseq. AAV-GPseq can reveal the accurate
relative distribution of truncated genomes versus full-length genomes in vector
preparations. This method used in AAV studies showed that vector populations can
contain between 1.3% and 2.3% of this type of undesirable genome [130].These
innovative screening techniques redefine quality control standards for viral vector
preparation.

2.6.5 Patient Studies

The success of any gene therapy relies not only on a robust production system
but also in vivo transduction efficiency, treatment safety, antibody evasion and cell
specificity [122]. Despite applications for AAV vectors advancing fairly rapidly,
in vivo performance continues to be a significant restriction to widespread rAAV
applicability. Factors like transduction efficacy are proving major bottlenecks in
the effort to translate new AAV approaches from the lab to a clinical setting. With
the increasing number of clinical trials using rAAV vectors and a need for lower
and safer vector doses, there is now a call from regulatory agencies for a more
comprehensive characterization of process and product in order to generate effective
cGMP compatible vectors [128]. Systems biology has the potential to identify the
key drivers of therapeutic success, indicating which correlations between AAV and
its host cell are most relevant. High throughput genomic screening and other omics
approaches are being used to navigate the hazards and hurdles of in vivo treatment,
allowing a better comprehension of AAV- host interaction that will directly influence
bioreactor volume for production, therapy dosage and overall cost of a therapy
[131].
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2.6.6 ‘Back to the Future’ Approach

While the power and potential of high throughput forward genetic screening
approaches are undisputed, they are also inherently challenging, depending on
library quality, fidelity and specificity. Strategies that look back in time, rather
than forward, could alleviate some of the concerns associated with the creation of
enhanced vectors for clinical production. Ancestral AAV sequence reconstruction
is a reverse genetics approach that pursues the same goal as forward genetics in the
race for the next generation of AAV vectors for production. This “back to the future”
approach is a versatile innovative strategy being used to explore historical avenues in
order to engineer proteins with novel or enhanced properties [132]. To gain insights
into AAV’s evolutionary history, a computationally designed putative ancestral AAV
library was constructed. This study hypothesized that the divergent AAV phenotypes
and structural elements underling AAV biology and pharmacology could be mapped
by recreating the evolutionary lineage of the virus. Using ancestral sequence
reconstruction, the amino acid sequence of ancestral AAV capsid monomers using
a ‘maximum likelihood’ method was predicted. Evolutionary intermediates of the
viral capsid using bioinformatics were designed and characterized by biological
properties relevant to clinical applications. This effort led to the generation of nine
functional putative ancestral AAVs. A highly potent in vivo gene therapy vector
particle named Anc80 was also identified. This is believed to be a predicted ancestor
of the widely studied AAV serotypes 1, 2, 8 and 9 [133].

3 Concluding Remarks

rAAV gene therapy is a very promising approach to treating genetic illnesses,
particularly due to its safety. This safety is partially due to the rAAV genome
persisting episomally, rather than integrating into the host cell’s DNA. As a
result, rAAV gene therapy can only provide temporary treatment for a condition,
and patients will require multiple treatments throughout their lifetime. Given the
enormous cost of these drugs and the difficulty in producing them, the current
systems are inadequate for rAAV gene therapy to become widely used. In order for
the field to advance and enable treatment of any genetic illness, rAAV production
must become much more efficient and cost-effective.

A balance must be found between achieving high rAAV production levels while
maintaining safety standards. For this reason, most helper virus-based methods are
unlikely to be acceptable in pharmaceutical production (unless inactivation/removal
of the helper virus can be guaranteed). Similarly, stable integration of rep/cap or
helper genes could be dangerous due to the higher potential for recombination events
to produce wild-type virus.

Many options have been tested to find an ideal production system for rAAVs.
However, the HEK293/triple transfection system and the Sf9/Baculovirus system
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are still the favored methods due to their production output and safety. Further
research should focus on optimizing production in these platforms.

In this regard, every aspect of the virus, the transgene and the producing cell
must be examined to find potential avenues of improvement. New methods will
be required in terms of transgene and vector optimization, cell line engineering,
transfection improvement and downstream purification and processing. Ideally this
would include a solution to the limited transgene size. Systems Biology and omics
approaches, whose arsenal includes high-throughput experimental and computa-
tional studies that can account for the complexities of AAV-host interactions, holds
significant promise in aiding the development and optimization of gene therapy
production in the future.

While improvements in these areas would be very welcome, this is certainly not
the only challenge in the field. Even if it were possible to cheaply produce very large
amounts of rAAVs, it would be unwise to then administer large doses to patients, as
this would increase the chances of an immune reaction. Therefore, the other side of
the problem is to improve the administration of rAAV gene therapy, so that either
a smaller amount is needed to achieve a therapeutic effect, or large amounts can be
delivered safely.
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Practical Considerations for the Scale-Up
of Chinese Hamster Ovary (CHO) Cell
Cultures

Lucas Lemire, Phuong Lan Pham, Yves Durocher, and Olivier Henry

Nomenclature

Symbol Description Units

ε Eddy dissipation rate m2/s3

ν Kinetic viscosity m/s
α Empirical coefficient –
β Empirical coefficient –
φg Gas hold-up –
αG Gas volume fraction –
υs Superficial gas velocity m/s
a Specific bubble surface area m2/m3

Ac Tank cross sectional area m2

CER Carbon evolution rate mmol/L/h
CTR Carbon transfer rate mmol/L/h
Di Impeller diameter m
DL Gas diffusivity coefficient m2/s
db Bubble diameter m
Dt Tank diameter m
H/D Height to diameter aspect ratio –
K Proportionality coefficient –
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Symbol Description Units

kL Film mass transfer coefficient m/s
kLa Gas mass transfer coefficient s−1

N Mixing speed RPM
NP Power number –
OTR Oxygen transfer rate mmol/L/h
OUR Oxygen uptake rate mmol/L/h
P Power input W
P/V Volumetric power input W/m3

pCO2 Carbon dioxide partial pressure –
qCO2 Specific carbon dioxide production rate mmol/cell/h
qO2 Specific oxygen consumption rate mmol/cell/h
Qg Gas flow rate m3/s
Re Reynolds number –
tm Mixing time s
tr Gas residence time s
V Volume m3

VCD Viable cell density cell/mL
Vt Impeller tip speed m/s
vvm Volumetric gas flow rate per volume of liquid min−1

1 Introduction

It is expected that the biopharmaceutical market, which includes monoclonal
antibodies (mAbs), vaccines, interferons, hormones and growth factors, will have a
compound annual growth rate of 13.8% between the years 2018 and 2025 allowing
markets to increase from $186 billion in 2017 to $526 billion in 2025. Monoclonal
antibodies continue to dominate the global biopharmaceutical market [1]. In
2018, six monoclonal antibody products (adalimumab, nivolumab, pembrolizumab,
trastuzumab, bevacizumab, and rituximab) had sales exceeding 6 billion USD [2].
Furthermore, new drugs are continually being approved by the FDA, with 18 new
mAb products approved in the US in 2018–2019 [2]. These monoclonal antibodies
have been used to treat osteoporosis (Romosozumab), complications in sickle-cell
anemia (Crizanlizumab), cancer (Polatuzumab), and many other medical conditions
[2] (Table 1). More recently, novel monoclonal antibodies have been discovered
which could be used to block SARS-CoV-2 infections (human 47D11 mAb) [3].
Many antibodies which could potentially be used for treatment of SARS-Cov-2
Infection have entered clinical trials, including Regeneron’s REGN-COV2 dual-
antibody cocktail [4], AstraZeneca’s AZD7442 dual-antibody cocktail [5], and Eli
Lily, Amgen, and AbCellera’s bamlanivimab (LY-CoV-555) entering clinical trials.
The expiration of blockbuster biotherapeutics is also spurring the emergence of
biosimilars, which will continue to drive the demand for product development and
manufacturing capacity.
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1.1 CHO Cells: The Workhorse of Industrial Protein
Production

Various expression systems can be used to produce recombinant proteins: bacteria,
yeasts, filamentous fungi, insect cells, plant cells and mammalian cells. However,
mammalian cell cultures, more specifically Chinese Hamster Ovary (CHO) cells,
remain the dominant platform for the large-scale production of recombinant proteins
used in clinical applications. Mammalian cells are favoured over other expression
systems mainly for their unmatched ability to produce gram quantities of biologics
with humanlike post-translational modifications [6, 7]. CHO cell cultures have been
extensively optimized and can now routinely achieve yields of ~3 g/L [8] and
sometimes up to 10 g/L [9, 10]. Another factor contributing to the popularity of
CHO cells is their ability to grow well in suspension, which allows better control of
the culture environment.

Proper mixing to obtain homogeneous culture conditions is of importance to
maintain a desirable productive metabolic state. However, cell culture homogeneity
cannot always be achieved by increasing mixing speed alone, due to concerns
related to the level of shear stress imposed on the cells. The lack of cell walls makes
animal cells much more sensitive to shear stress than their microbial counterparts.
CHO cells nonetheless exhibit a relatively high tolerance to variations in tempera-
ture, pH, DO, and pressure, making them suitable for large-scale biomanufacturing
applications.

1.2 Scale-Up, Scale-Out and Scale-Down in Process
Development

The establishment of a cell culture process starts with cell line development, during
which CHO cells are transfected with the desired gene to form a stable transfected
cell pool. Individual cells are isolated from the stable cell pool, from which a
production clone is selected based on growth and productivity characteristics, as
well as product quality attributes. These clone screening steps have traditionally
been performed in simple small-scale culture systems such as shake flasks, static
flasks, microtiter plates or deep-well plates at a volume typically lower than
20 mL. However, fully instrumented mini-bioreactors are becoming increasingly
available and have recently gained in popularity, such that plates and flasks are
rapidly being replaced in many steps of upstream development [11]. Once a
suitable candidate production clone is selected, process development from lab- to
industrial-scale productions is typically done stepwise (Fig. 1). The cell culture
process is first transferred to benchtop bioreactors (1 L–10 L) for optimization of
the process conditions. Benchtop bioreactors are used as a process prototype to
further optimize various culture conditions, including pH, temperature, dissolved
oxygen tension (DO), medium, feeding regime, culture additives (e.g. antifoam
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Fig. 1 Cell culture process development and scale-up

and surfactants), agitation rate and the aeration strategy. The cell culture process is
then transferred to pilot-scale bioreactors (50 L–200 L) before finally being scaled-
up to commercial-scale stainless-steel bioreactors (250 L–30,000 L) or single-use
bioreactors (250 L–2000 L) for mass production. Process scale-up is a crucial
non-trivial step, due to the many issues that may be encountered at manufacturing-
scale, including culture environment heterogeneity, dissolved CO2 accumulation,
as well as excessive shear stress related to aeration and mixing conditions. Most
of these problems should ideally be addressed and resolved at the pilot-scale
before translating to commercial-scale production. Pilot-scale bioreactors are also
typically used to supply the biological materials needed for preclinical and clinical
trials. Throughout culture scale-up, scale-down models, typically 2 L–5 L benchtop
reactors or mini-bioreactors, are used for troubleshooting, as well as for process
understanding and optimization.

Another method of increasing production in lieu of scale-up is the scale-out
approach. Scale-out consists of using multiple bioreactors rather than increasing the
bioreactor volume (e.g. using five 2000 L bioreactors rather than a single 10,000 L
bioreactor). Scale-out reduces risk associated with process scale-up and provides
greater flexibility to cope with changes in product demand. However, the use of
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multiple culture vessels inherently introduces a greater source of variability which
may negatively impact culture performance and, in turn, product consistency [12].

1.3 The Scale-Up Challenge

Although benchtop bioreactors and mini-bioreactors are abundantly used in
upstream process development, cell culture behavior and performance (cell density
and viability, final titer and product quality, cellular metabolism) observed in
these systems may not always be predictive of large-scale processes. This may be
attributed, on the one hand, to key differences in shear stress levels and gas transfer
capabilities, and on the other hand, to the presence of undesired concentration
gradients (nutrients, gases and pH) in large vessels. In bioreactor process design,
operating parameters may be broadly divided into two distinct groups: scale-
independent and scale-dependent variables. Scale-independent parameters include
temperature, dissolved oxygen, pH, nutrient concentrations and feed regimens. In
principle, these parameters can be matched across different production scales. In
contrast, scale-dependent parameters may vary considerably with bioreactor size.
These include, for instance, impeller tip speed, mass transfer coefficient (kLa),
surface area to volume aspect ratio, gas residence time, mixing time, mixing power
input, Reynolds number (Re) and superficial gas velocity. Bioreactor scale-up
can be thought to consist in keeping all scale-independent parameters constant,
while prioritizing which scale-dependent parameters to maintain constant. Due to
their interdependence, keeping all scale-dependent parameters constant throughout
scale-up is virtually impossible. For example, if agitation speeds were to be kept
unchanged throughout scales in an attempt to maintain mixing times, impeller tip
speed would increase with size, potentially causing cell damage. On the other hand,
if impeller tip speed was maintained constant across scales, large bioreactor vessels
would have drastically decreased agitation speeds and thus increased mixing times.
In addition to differences in mixing during scale-up, gas transfer characteristics will
also be significantly impacted. With an increase in culture size, the ratio of surface
area to volume decreases, thereby reducing the contribution of the headspace on
the overall gas transfer. A decrease in gas transfer in the headspace implies greater
sparged gas flow rates to meet the oxygen demand, which may also result in cell
damage due to shear stress caused by bubbles. Thus, there is no single obvious
method to perform the scale-up of bioreactors, as critical trade-offs must be made.
This is further complicated by the fact that the best scale-up practices used in
industry are often kept secret. As such, scale-up of cell culture systems remains an
art that often relies on trial and error to determine optimal process parameters and
operating strategies.

In this review, we will focus on CHO cell culture scale-up, and the procedures
and tools that can be used to tackle this challenging task. First, the most common
cultivation systems, from uninstrumented flasks to large-scale stirred-tanks, and
their role in the scaling-up of biopharmaceutical production will be described.
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Second, the implications of culture scale-up on key process parameters will be
discussed. Third, basic principles and recent strategies employed in scale-up across
scales will be described. Finally, useful tools in scale-up such as computational fluid
dynamics (CFD) and scale-down models will be discussed.

2 Cultivation Systems for CHO Cells

2.1 Uninstrumented Systems

Many different uninstrumented cultivation systems are available for mammalian
cell culture, including Erlenmeyer shake flasks, static flasks, roller bottles, multi-
well plates, TubeSpin and spinner flasks. Uninstrumented systems are mainly used
for their ease of use, low costs, and high-throughput capabilities. Their major
downside lies in the inability to monitor and control culture conditions such as pH
and dissolved oxygen levels, although new sensor technologies adaptable to these
cultivations systems are now increasingly available. Shake flasks, the most widely
used uninstrumented cultivation system, come in sizes typically ranging from 25 mL
to 5 L. Smaller flasks can be used for clone selection and seed train, while larger
flasks of up to 5 L are routinely used for rapid productions. These containers
can be made of glass or plastic, and can be with or without baffles to improve
aeration and mixing. They can be agitated through orbital or linear movements,
and are usually kept in a temperature and CO2 controlled environment. Operating
parameters such as vessel size, fill volume, material of construction, geometry of
baffles, filter cap design, shaker orbit, and agitation speed can all potentially impact
cell culture performance due to their effect on mixing and gas transfer [13, 14].
Their major limitation is the reliance on surface aeration, leading to reduced oxygen
transfer rates when compared to stirred-tank bioreactors. They have thus a limited
capacity to support high cell density cultures. The presence of baffles increases
oxygen transfer, however high mixing speeds may cause excess splashing resulting
in blocking the gas-permeable cap of the flask. Spinner flasks, which resemble shake
flasks but are agitated with a magnetic stirring impeller, are easier to scale-up due
to their geometry which more closely resembles bioreactors.

Plates with numbers of wells ranging from 4 (25 mL/well) to 3456 (1–
2.2 μL/well) may also be used for cell culture. This allows for high and even
ultra-high throughput miniaturized cultures that are particularly useful for screening
campaigns. These plates can be employed for fluorescence and phosphorescence
measurements, and allow for stacking to maximize space utilization in incubators. It
is worthy to mention that comparable growth rates, viability, and protein production
between 24 deep well plates and shake flasks were noted [15].

Static flasks and roller bottles function similarly to shake flasks; however, they
provide a surface onto which adherent cells attach. Roller bottles allow for greater
surface area in order to increase cell density. Expanded surface roller bottles have
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the same dimensions as standard bottles, but further increase the surface area
available for cells by the addition of a pleated design inside the bottle. Roller
bottles are advantageous over static flasks not only for their higher surface area,
but also enhanced gas transfer capabilities and increased homogeneity of the culture
medium. Roller bottles can be stacked and incorporated within a fully automated
system for culture seeding, feeding and harvesting.

In order to allow for closer cell culture monitoring and control, new sensor
technologies compatible with small culture devices have been developed. For
instance, the Shake Flask Reader® by PreSens can monitor pH, dissolved oxygen
levels and oxygen uptake rate (OUR), permitting to adjust the shaking speed to
avoid oxygen limitations. Additionally, modern incubators may have tri-gas (carbon
dioxide, oxygen, and nitrogen) control such that cell culture may be performed
under hypoxia or hyperoxia conditions. RAMOS® (Respiration Activity Monitoring
System) and TOM® (Transfer-Rate Online Measurement) by Kuhner allow to
measure dissolved oxygen and carbon dioxide levels in the headspace. This can
provide real-time measurements of oxygen uptake rate (OUR), carbon evolution rate
(CER), and the respiration quotient (RQ). Until recently, these parameters could
only be reliably measured within a stirred-tank bioreactor. While uninstrumented
flasks used to be abundantly employed for upstream process development, they
are increasingly being replaced with mini-bioreactors that better mimic large-scale
conditions.

2.2 Micro- and Mini-bioreactors

Miniature bioreactor systems provide a powerful tool for the rapid optimization
of cell culture parameters, including pH, DO, temperature, nutrient concentrations,
pre-culture age, seeding density, aeration, mixing, etc. Miniature bioreactor systems
allow for high-throughput cell cultures while monitoring and controlling DO, pH,
agitation and gas sparging. Owing to ease of set-up and short turnaround times, such
systems are ideal for design of experiments (DoE), resulting in a higher resolution
and accurate definition of the design space, as well as shorten clone selection
timelines and accelerate process development. Many different micro- and mini-
bioreactor systems are commercially available (Table 2) and can be operated in
either batch or fed-batch modes, and sometimes even in perfusion. These micro-
and mini-bioreactor systems range in volume from 10 mL to 1 L, with 1–48
cultures ran in parallel (depending on the manufacturer) and all have pH, DO, and
temperature controls. Two of the most frequently used micro- and parallel mini-
bioreactor systems are the Ambr® 15 and the Ambr® 250. The latter has temperature
and mixing capabilities for individual units, can be operated in both fed-batch and
perfusion modes and is geometrically more similar to large-scale systems, while
temperature and agitation control in the former is limited to a block of 12 micro-
bioreactor vessels.
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Table 2 Automated micro- and mini-bioreactor systems available for mammalian cell culture

System Manufacturer Volume Units

Ambr® 15 Sartorius 10 mL–15 mL 24 or 48
Ambr® 250 Sartorius 100 mL–250 mL 12 or 24
Biostat® Qplus Sartorius 500 mL–1000 mL 12
DASbox® Eppendorf 60 mL–250 mL Up to 24a

DASGIP® Eppendorf 200 mL–3.8 L Up to 12a

MiniBio Applikon® 250 mL, 500 mL, 1000 mL 1
MicroMatrix Applikon® 1 mL–7 mL 24
Multifors 2 Infors HT 300 mL–750 mL Up to 6b

Micro24 Pall Life Sciences 7 mL 24
Medicel cultivation unit Medicel Oy 100 mL–200 mL, 200 mL–500 mL 15
Clone screen Biospectra 400 mL 32
Biopod f800 Fogale Biotech 80 mL 8
CellStation Fluorometrix 35 mL 12

aIn modules of 4
bIn modules of 2

Micro and mini-bioreactor systems are invaluable tools not only for use as scale-
down models of large-scale bioreactors, but are also abundantly used for clone
selection. Cell culture performances in Ambr®15 were shown to more closely
resemble that of bench-scale or larger bioreactors compared to shake flasks [16].
For example, cell viability, cell concentration, and product titer were reported to
be comparable between Ambr® 15 and 2 L or 5 L bioreactors [17, 18]. Similarly,
cell cultures performed in Ambr® 250 bioreactors have been shown to exhibit
comparable final product titer, metabolite profiles, and product quality attributes
to those obtained in a 5 L bioreactor [19].

2.3 Stirred-Tank Bioreactors (Glass and Stainless-Steel)

The use of stirred-tank bioreactors is the favoured method of producing recombinant
proteins in the biopharmaceutical industry [20]. For cell culture applications, glass
and stainless-steel bioreactors are available in sizes ranging from 1 L benchtop to
20,000 L industrial bioreactors. Typically, bioreactors are equipped with dissolved
oxygen and pH probes and temperature sensors. Oxygen levels are controlled by
sparging air, pure oxygen and sometimes nitrogen. pH setpoints are controlled by
base addition and carbon dioxide sparging. Temperature is controlled either with a
heating blanket and cooling coil combination, or via the use of a jacketed vessel.
Mixing is achieved through the rotation of an impeller attached to a shaft, and its
rotation is powered by a mechanical or magnetic motor found at either the top or the
bottom of the stirred-tank.
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2.4 Single-Use Bioreactors

Single-use bioreactors (SUBs) constitute an alternative to reusable glass or stainless-
steel bioreactors and are increasingly adopted by the biomanufacturing industry
due do their numerous advantages. SUBs allow for faster facility set-up, reduction
of downtime, reduced risk of contamination and also have lower initial capital
costs when compared to reusable bioreactors. Process validation and operation
are also greatly simplified, as SUBs are pre-sterilized. However, these systems are
limited in size (up to 2000 L) and the operating costs per batch can be higher than
that of reusable bioreactors. Nonetheless, single-use bioreactor performances have
been shown to be comparable to those of reusable bioreactors at various scales
[21, 22]. Two main types of SUBs are commercially available: stirred-tank and
Wave bioreactors. Stirred-tank SUBs consist of a plastic bag placed inside a more
permanent bioreactor vessel or a rigid plastic vessel containing an integrated stirrer.
A driver is connected to the stirrer mechanically or magnetically. Stirred SUBs can
achieve power inputs of up to 20 W/m3 and oxygen mass transfer coefficients of 3–
8 h−1 with drilled hole spargers [23], which are values comparable to those typically
seen in conventional bioreactors. Wave SUBs are bags placed on a rocking agitator
and thus do not contain stirrers. They are often used in perfusion mode during seed
train expansion of large-scale productions [24, 25]. Wave SUBs have more uniform
energy dissipation and reduced foam formation, and were also shown to yield
comparable cell culture performance as stirred SUBs [26]. Single-use bioreactors
range in size from 15 mL (e.g. Ambr® 15) up to 2000 L for stirred-tank and 50 mL
to 500 L for Wave. All sensors and control loops present in reusable bioreactors can
be found in stirred-tank SUBs and come in the form of in situ disposable sensors or
non-invasive optical sensors or ultrasonic sensors [27].

3 Key Process Conditions Impacted by Scale-Up

3.1 Aeration

In bioreactors for mammalian cells, aeration is a critical component, particularly
when operating at high cell density, as sufficient oxygen needs to be supplied to
the cells, while carbon dioxide must be stripped to prevent its accumulation in the
culture broth. This is usually achieved using a combination of gas spargers and
headspace aeration. In large vessels, oxygen is supplied by being dispersed close
to the bottom using a gas sparger. Gas diffusers employed in bioreactors can be
either porous-frit spargers (made of ceramic, Teflon, or stainless steel) or drilled
hole spargers (DHS). The former creates smaller bubbles, thereby increasing both
the interfacial surface area and gas hold-up, but is also more prone to induce foaming
and not as effective for CO2 stripping. Hence, dual-sparger designs are frequently
encountered. Table 3 presents an overview of the different design and aeration
configurations commonly employed. In most cases, oxygen and carbon dioxide are
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sparged on demand in order to control dissolved oxygen levels and pH, while air is
continuously sparged and sometimes also supplied to the headspace.

3.1.1 Oxygen

In CHO cell cultures, dissolved oxygen levels are typically maintained between
10% and 80% of air saturation [17]. Excessive oxygen concentrations result in
the undesired accumulation of reactive oxygen species (ROS), which can cause
alterations in the mitochondrial respiratory chain and intracellular redox, ultimately
leading to cell growth inhibition and decreased specific productivity [28, 29]. On
the other hand, hypoxic conditions are also known to induce ROS accumulation
[30]. A prolonged exposure of 10 days at 20% DO has been shown to elicit the
same hypoxic response observed after 1–3 days exposure at 0.5%–5% DO. Hypoxia
conditions were also associated with reduced oxygen uptake and increased lactate
production [29]. ROS accumulation was correlated with a significant decrease in
productivity at large-scale (5000 L), while such problem was not encountered at
small-scale (20 L) [30]. Hence, DO set points must be carefully selected during
scale-up, especially due to hydrostatic pressure effect; at a similar DO level (as %
of air saturation), the actual oxygen concentration will be significantly higher in a
large-scale vessel compared to a benchtop bioreactor [29]. And although surface
aeration reduces shear stress caused by bubbles, its contribution to the overall gas
transfer becomes negligible at larger scales [31]. In order to reduce shear stress
caused by bubbles bursting at the gas-liquid interface [32], surfactants such as
Pluronic F-68 (or Kolliphor® P188) are added to the cell culture broth. Pluronic
concentrations in the range of 1 g/L (and up to 5 g/L) are typically used to confer
shear protection [31, 33].

The oxygen mass transfer coefficient (kLa) is used as a measure of a system’s
oxygen transfer capabilities. For a given bioreactor configuration, kLa is mainly
correlated to the volumetric power input (P/V) and to the superficial gas velocity
(vs) according to the relationship given below, where K is a constant and exponents
α and β are approximately 0.4 and 0.5, respectively [40].

kLa = K

(
P

V

)α

υβ
s (1)

Process parameters such as gas bubble size, mixing speed, gas flow rate, volume
and bioreactor geometry all impact the kLa. Various medium components, including
salts, antifoam and surfactants, have also been shown to influence the mass transfer
coefficient. Particularly, antifoam was found to significantly decrease kLa [18, 41].
Pluronic F-68 also decreases kLa, but to a lesser extent [18], while the addition of
salts increases the oxygen mass transfer coefficient [16, 18]. Another factor found
to influence the kLa is the number of impellers. The use of a single impeller was
demonstrated to increase kLa compared to a 3-impeller configuration when keeping
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volumetric power and gassing flow rate constant in coalescence-repressing media,
such as most culture broths. This indicates that concentrating the power input where
bubbles are formed increases the overall mass transfer [20]. Generally speaking, an
increase in bioreactor scale of similar geometry will result in an augmentation of the
kLa, as noted in both conventional stirred-tank [42, 43] and single-use bioreactors
[19, 44]. The increase in liquid height results in longer gas residence time allowing
for more efficient gas transfer.

3.1.2 Carbon Dioxide

In mammalian cell cultures, dissolved carbon dioxide (pCO2) levels are typically
maintained at 4–10% CO2 saturation (30–70 mmHg) [45, 46]. High levels of
dissolved carbon dioxide (150–200 mmHg) are known to have detrimental effects
on cell growth and productivity for many types of mammalian cells. In CHO
cell cultures, high pCO2 levels were shown to inhibit cell growth [46–49], cell
productivity [46, 49], and alter product quality [50]. Dissolved carbon dioxide
in water causes acidification by reacting with water to form carbonate, which
dissociates into carbonic acid. The acidification of the culture broth causes base
addition in pH-controlled cultures, which leads to an increase in osmolarity.
Elevated levels of osmolarity (460–500 mOsm/kg) have been shown to reduce viable
cell density and viability [48] when compared to normal levels (260–320 mOsm/kg)
[51]. This is further exacerbated in fed-batch cultures, where feeding of concentrated
nutrients can lead to osmolarity up to 540 mOsm/kg [52]. Although carbon dioxide
may have detrimental effects on cell culture performance, it is nonetheless needed
for the metabolic synthesis of nucleic acids so its concentration must not fall too low
[20, 53]. Ultra-low pCO2 levels (12.5–24.5 mmHg) were found to decrease viable
cell density and cell viability after 6 days of cell culture compared to normal pCO2
levels (28–54 mmHg) [54].

Large-scale animal cell cultures are faced with the issue of withdrawing (or
stripping) carbon dioxide produced by cells at roughly the same molar rate as
oxygen is consumed. In large vessels, headspace aeration is usually insufficient for
carbon dioxide removal [36, 41, 42]. Consequently, sparge flow rates and agitation
speed must be adjusted to ensure efficient carbon dioxide stripping [36]. It should
be noted that carbon dioxide stripping was reported to be independent of gas
mass transfer coefficients in large-scale bioreactors [39]. Instead, carbon dioxide
accumulates in the culture media due to long gas residence time relative to gas
bubble saturation time; gas bubbles become saturated in carbon dioxide before
leaving the culture media such that mass transfer is no longer limiting carbon
dioxide stripping.
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3.2 Mixing

Mixing serves not only in ensuring homogeneous conditions, but also plays an
important role in improving mass transfer, which is important for supplying oxygen
to the cells and stripping carbon dioxide. Mixing in large-scale mammalian cell
cultures is typically provided by axially pumping impellers, such as pitched blade
or hydrofoil impellers. Axial flow impellers allow for decreased mixing times when
compared to radial flow impellers such as Rushton impellers, and result in lower
shear stress applied to cells [20]. In large-scale bioreactors, baffles are typically
used around the circumference of the tank in order to induce turbulence. Without the
presence of baffles, the circular energy provided by the impeller does not sufficiently
contribute to the turbulent motion required for proper mixing. The absence of baffles
can also cause the formation of a central vortex which may result in uncontrolled
gas transfers between the headspace and culture broth. Another strategy to increase
flow turbulence consists in mounting the impeller shaft eccentrically. This is mainly
used in situations where baffles are inconvenient, such as in the case of single-
use bioreactors. However, the use of eccentrically mounted impeller is known to
require roughly double the power input in order to achieve the same mixing times
as concentric impeller shafts [20].

Mixing is related to aeration through the volumetric power input (P/V), as seen
in Eq. (1). The volumetric power input is an important engineering parameter often
used as a criterion in scale-up to ensure comparable culture homogeneity. The
volumetric power input can be measured or calculated using Eq. (2), where Np is
the dimensionless power number, N is the mixing speed, Di is the impeller diameter,
and V is the volume. Depending on the type of impeller used, various correlations
are available to evaluate the power number for agitated vessels, usually as a function
of the flow regime (Reynolds number) and aspect ratios. When the flow is turbulent,
the power number becomes independent of the Reynolds number in baffled vessels.

P

V
= NpN3D5

i

V
(2)

For CHO cell cultures in bioreactors, mixing speeds are typically adjusted in order
to obtain a P/V in the range of 10–80 W/m3 [19, 34, 55]. Another crucial factor
that must be taken into account when setting the mixing conditions is the impeller
tip speed. As high impeller tip speeds (Vt) create zones of high shear stress, it is
favourable to minimize Vt.

Under increased air or oxygen sparged flow rates, lower mixing speeds are
required in order to maintain the gas mass transfer coefficient (kLa) constant. This,
in turn, increases the mixing time and may create heterogeneities in the culture broth
[32], including the presence of significant dissolved oxygen gradients resulting
from different localized gas mass transfer coefficients [56]. This can be further
exacerbated by the fact that mixing times are already significantly longer in larger
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vessels. For instance, mixing times were found to increase from ~10 s for benchtop
3 L bioreactors to ~120 s for industrial-scale bioreactor [57]. An increase in mixing
time results in pH, dissolved oxygen, carbon dioxide and nutrient concentration
gradients. These gradients can have a critical impact, since cells may pass through
a region of non-optimal operating conditions (the so-called micro-environment)
resulting in an overall reduced culture performance. In particular, glycosylation
patterns have been found to be impacted by varying dissolved oxygen levels [58].
Viable cell densities, and thus product titers, were also negatively affected due
to pH inhomogeneities [59]. In bioreactors, a higher gas mass transfer coefficient
is found at the bottom near the impeller due to the well-mixed region and the
increased hydrostatic pressure. In order to improve mixing, Xing et al. [36] suggest
minimizing culture volumes and performing alkali additions near the impeller to
minimize pH peaks.

3.3 Hydrodynamic Shear Stress

Gas sparging is known to be a significant source of cell damage by shear stress.
The damage to the cells can occur at the formation of bubbles, at the sparger, at
impeller-bubble interactions, when bubbles rise, and during the bursting of bubbles
at the liquid surface. The later was found to be the predominant source of cell
damage [32]. Smaller bubbles cause more cell damage due to higher specific energy
dissipation rates when bursting at the surface [60]. Due to the fact that mammalian
cells are sensitive to shear forces, mixing and aeration speeds must be maintained
below certain thresholds. When reducing mixing and aeration, the most important
consideration is meeting the oxygen demand of the cells. Hence, pure oxygen can
be used in order to reach the cells oxygen requirements at lower gas flow rates,
although care has to be taken since gas sparging is essential to strip carbon dioxide.
Shear stress may have impacts on cell metabolism at sublytic levels. For CHO cells,
a shear stress of 0.8 N/m2 (60,000 W/m3) was found to drastically decrease the cell
specific productivity when compared to a shear stress in the order of 0.005 N/m2

(2 W/m3) [61].
For the same volumetric power input, the volume average hydrodynamic stress

caused by mixing was shown to be independent of scale [62]. Rather, hydrodynamic
stress is mainly influenced by the bioreactor configuration (number of baffles and
impellers), although small differences in vessel aspect ratios and large changes
in impeller shaft angle do not have a significant impact. In most bioreactors, the
average energy dissipation rate is typically in the range of 10–80 W/m3, while the
maximum energy dissipation rate is approximately 100-fold greater. CHO cells in
suspension may support energy dissipations rates of up to 107W/m3 [63]. When
cells were exposed to power dissipation rates much higher than those encountered
in large-scale bioreactor, only product quality was shown to be affected, hinting that
cell damage due to mixing had previously been overestimated in the case of CHO
cells [20]. Pluronic® F-68, a surfactant, can be added to culture media to minimize
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cell damage and death [32, 36, 64]. Pluronic® F-68 reduces surface tension and
decreases the specific energy dissipation associated with a bubble bursting at the
liquid interface [32]. Cells incorporate Pluronic® F-68 in their membrane, which
increases the membrane strength [65, 66]. Additionally, high concentrations of
Pluronic® F-68 in intracellular vesicles stiffen the cells mechanical properties [67].
But the largest contribution of Pluronic® F-68 to reduce cell death might be due
to the fact that it reduces the hydrophobicity of the membrane, resulting in less
cells attaching to bubbles and experiencing the highly localised energy dissipation
generated during bursting [32].

4 Basic Principles for Bioreactor Scale-Up

The purpose of bioreactor scale-up is to increase the production volume while
keeping similar product yield and quality. This implies that comparable cell specific
productivity, cell density and viability, and cell metabolism must be preserved across
scales. In order to accomplish this, as many operating parameters as possible must
be kept constant. Scale-independent variables such as temperature, pH, dissolved
oxygen setpoints, and nutrient feed strategy can easily be kept constant during
process scale-up (Table 4). However, scale-dependent parameters, such as agitation,
impeller tip speed, mixing time, the Reynolds number, and aeration flow rates,
cannot all be simultaneously kept constant throughout scale-up. This is due to the
fact that they have varying dependencies on agitation speed, impeller diameter and
vessel diameter. Ultimately, these parameters can impact operating costs, culture
heterogeneity, gas transfer characteristics and the shear stress applied to the cells. In
essence, bioreactor scale-up involves trade-offs and compromises.

Although the volumetric power input is generally maintained within the range of
10–80 W/m3 in stirred-tank bioreactors, other factors, namely mixing speed, mixing
time, impeller tip speed, and Reynolds number have different values depending on
the production scale. As seen in Table 5, agitation speeds decrease with an increase

Table 4 Scale-independent and scale-dependent variables

Scale-independent variables Scale-dependent variables

• Temperature • Impeller tip speed: Vt = πNDi

• pH • Mass transfer coefficient: kLa = K
(

P
V

)α
(vs)

β

• Dissolved oxygen • Surface area to volume ratio:
(

Ac

V

)
= π(DT /2)2

V

• Nutrient concentration • Gas residence time: tr = V φG

Qg(1−φG)

• Feed regimen • Mixing time

• Seeding density • Mixing power input: P = NpN3D5
i

• Reynolds number: Re = NDi
2ρ

μ

• Superficial gas velocity: vs = Qg/Ac
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Table 5 Typical values of scale-dependent parameters at various production scales

Parameter

Micro and
mini-bioreactor
(<1 L)

Benchtop
(1–10 L)

Pilot-scale
(10–200 L)

Industrial-
scale
(>200 L)

Mixing time
(s)

<10 10 20 50–200

Mixing speed
(RPM)

400–1400 200–300 100–150 50–100

Impeller tip
speed
(m/s)

<1 0.75–1 1–2 1.5–2.5

Reynolds
number

2000–15,000 20,000–50,000 50,000–
150,000

>150,000

in scale. However, impeller tip speed and Reynolds number follow the opposite
trends due to increased impeller size. Finally, mixing times also increase with scale
due to the increase in vessel diameter.

4.1 Geometrical Similarity

Geometric similarity is typically the first criterion applied for scaling-up bioreactors.
If tank diameter is increased, all other lengths (tank height, impeller diameter,
and impeller width) are increased by the same scale factor. Generally, bioreactor
vessels used for cell culture maintain a height-to-diameter ratio (H/D) of 1–2 for
benchtop bioreactors and 2–3 for pilot and industrial scale bioreactors [68, 69].
However, preserving H/D impacts factors related to surface and volume such as heat
transfer, gas transfer and mixing. Heat transfer per unit volume decreases as volume
increases, due to heat exchange occurring at the walls of the vessel. A constant
H/D aspect ratio will also significantly decrease the surface area to volume ratio
(Ac/V), resulting in a decreased contribution of surface aeration for oxygenation
and carbon dioxide stripping [42]. This is critical for shear sensitive cells, because
of the importance of gas transfer rates and restrictions on mixing speeds and gas
sparging flow rates.

4.2 Dynamic Similarity and Scale-Up Criteria

Dynamic similarity exists when the ratio of all relevant forces is preserved across
different scales, leading to, for example, similar flow fields. During scale-up, a
criterion must be selected based on which factors have the highest impact on cell
culture performance. Due to the interdependencies, when one critical parameter is
held constant, other factors may exhibit a significant variation following an increase
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in volume, potentially leading to problems that were not encountered at smaller
scale. Key interdependent variations can be seen in Table 6 for some of the most
common scale-up criteria employed for agitated vessels. For instance, maintaining
a constant volumetric power input during scale-up will translate into an increase in
maximum shear rate (from the greater tip speed) and a decrease in agitation speed.
In turn, a reduced agitation speed will result in an increased mixing time, potentially
leading to undesired environmental heterogeneities. Constant impeller tip speed or
constant Reynolds number (i.e. similar hydrodynamic regime) during scale-up also
imply decreased mixing speed.

Constant impeller tip speed may be used in the case of shear sensitive cells;
however, the decrease in volumetric power must be compensated by higher gas
flow rates in order to maintain acceptable oxygen transfer rates, which may also
contribute to cell damage [32]. Additionally, the lower mixing speeds required to
keep a constant impeller tip speed will result in poorer mixing at larger scales. Thus,
impeller tip speed may not be a suitable scale-up criterion for large differences
in production volume. A constant mixing time during scale-up will result in an
increase in impeller tip speed, which may cause cell damage, as well as an extremely
large increase in power. Oxygen transfer [70, 71], bulk mixing [72] and proper CO2
stripping [34, 38, 41, 43, 73] are generally recognized as the most important factors
during bioreactor scale-up. Hence, criteria which minimize the impacts on gas
transfer and mixing are most often selected for the scale-up of CHO cell bioreactor
cultures.

5 Common Scale-Up Strategies for CHO Cell Cultures

In this section, the most common scale-up strategies employed for scaling-up CHO
cell cultures in bioreactors will be reviewed and their implications will be discussed.
Table 7 presents an overview of recent studies that have assessed cell culture
performance at different scales, and the scaling criteria that were employed.

5.1 Constant Volumetric Power Input

Using a constant impeller power input per liquid volume (P/V) is one of the
most commonly used scale-up criteria for agitated and aerated vessels, where
mechanical power from the impeller impacts both gas transfer characteristics and
culture mixing. The P/V ratio can be set by adapting the impeller type, size and
speed to the different working volumes. This scale-up criterion is either used alone
or in combination with other factors (e.g. constant volumetric gas flow rate per
unit volume of liquid or vvm) as shown in Table 7. Constant P/V has been used
to successfully transfer from an Ambr®250 mini-bioreactor system to a 200 L
pilot-scale single-used bioreactor to demonstrate the effectiveness of an air sparge-
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based pH control strategy [37]. Applying the same criterion resulted in comparable
growth, productivity and product quality attributes when comparing 500 L pilot-
scale to 3 L benchtop bioreactors [74], or when scaling up from Ambr®250 to
3 L benchtop and then 50 L pilot-scale vessels [75]. Constant P/V also proved
successful as a scale-down criteria to match the conditions and performance of a
18,000 L industrial scale bioreactor in an Ambr®250 [76]. Comparable cell culture
performances at 200 L and 2000 L scales were also reported using constant P/V,
although pCO2 levels were found to be higher in the larger bioreactor [77].

However, using constant P/V may translate into significant differences between
small- and large-scale kLa values. In order to compensate for the change in
volumetric oxygen transfer coefficient, the gassing strategy may need to be adjusted
for maintaining the desired dissolved oxygen levels [34, 71]. This is particularly true
when upstream process development steps are done using miniature bioreactors.
However, the required flow rate adjustments may have detrimental impacts on
culture performance, as exemplified by the study of Tescione et al. [71]; when
scaling down from 2000 L industrial-scale vessels to 3 L lab-scale bioreactors using
P/V as the sole criterion, significantly reduced viable cell densities and final product
titers were observed. The normalized gas volumetric flow rate (vvm) was threefold
higher in the small-scale bioreactor, resulting in increased bubble-associated cell
damage.

Scale-up from a miniature (Ambr®15) to a 10 L bioreactor using either constant
impeller tip speed or constant P/V were compared and evaluated by transcriptome
analysis to assess the impact on gene expression [78]. Comparable cell growth and
specific productivity were obtained for both scale-up criteria used, but a decrease in
pCO2 levels throughout the culture was observed in the Ambr®15 compared to the
10 L bioreactor, due to the larger oxygen flow rate required in the micro-bioreactor
resulting in an increased CO2 stripping. The transcriptome analysis revealed only
minor differences (below 6%) over time in gene expression between both scales.
Although 2455 and 1601 genes were uniquely regulated in the Ambr®15 and 10 L
bioreactor respectively, no functional correlation was made to scale or cellular
behaviour.

5.2 Constant Oxygen Mass Transfer Coefficient (KLa)

Maintaining proper oxygen transfer is of utmost importance in CHO cell cultures,
particularly when bioreactors are operated at high cell densities. Thus, keeping
constant kLa during scale-up/scale-down is also a common strategy in process devel-
opment. It has successfully been employed as a criterion when using Ambr®250
as a scale-down model for 5 L lab-scale and 250 L SUB systems. A kLa of 2–
3 h−1 satisfied oxygen requirements in the scale-down model and led to comparable
growth, productivity, and final product titer for 11 out of 13 GS-CHO and DG44-
CHO cell lines [19]. Maintaining a constant kLa (7.9 h−1) via gas flow rate and stir
speed adjustments was also shown to yield similar growth profiles in single-used
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bioreactors ranging from 50 L to 2000 L [79]. However, a change of production
scale may require the use of different types of gas sparger, further complicating
the attainment of similar process conditions. To scale-down from a 2000 L vessel
equipped with a drilled-hole sparger to a 3 L bioreactor using a constant kLa,
Tescione et al. [71] had to resort to a frit sparger at small-scale in order to avoid
excessive mixing speeds or high gas flow rates, which had been shown to be
detrimental to culture performance. But changing the sparger type led to different
cell growth and metabolism when compared to the large-scale process.

To attain proper oxygen transfer, He et al. [38] developed a mathematical mass-
transfer model to describe the gas exchange within a bioreactor. Mass balance
equations involving both cell respiration rates (qO2, qCO2) and mass-transfer
characteristics (kLaO2, kLaCO2) were used to calculate the gas flow rates required to
meet the oxygen demand and predict pCO2 levels. This scale-up method resulted in
matching viable cell density and antibody production at 2 L and 1500 L. In a similar
vein, the required kLa and oxygen enrichment levels required in a 3 L scale-down
model were determined by assuming the same oxygen demand as that measured in
a 2000 L bioreactor [71]. This allowed to set appropriate sparge rates that resulted
in comparable cell culture performances with no impact on protein quality.

5.3 Constant Volumetric Gas Flow Rate per Volume (vvm)

Dissolved CO2 accumulation being a major concern during scale-up of CHO cell
cultures in bioreactors, a constant vvm is often used as a scale-up criterion to ensure
sufficient carbon dioxide stripping, while adjusting the mixing speed to provide
proper oxygenation. The miniature bioreactor Ambr®15 was used to develop a
scale-down model of industrial and benchtop scale bioreactors using total sparge gas
flow rate as a primary scale-down parameter (vvm of 0.01–0.02). This scale-down
method allowed for adequate stripping and kept CO2 evolution profiles constant
across scales. Optimal operating conditions identified by DoE (growth temperature,
production temperature and pH) were shown to be consistent for Ambr®15 and
5 L bioreactor [73]. A different study attempted to use constant vvm to generate a
representative scale-down model for 500 L and 2000 L SUBs using the Ambr®250
platform [34]. But since surface gas transfer generally accounts for a significant
portion of CO2 stripping at small-scale, a lower normalized aeration rate was
required in the mini-bioreactor system to match the pCO2 gas evolution profiles
between scales. In a different process where pCO2 had been identified as having a
major impact on culture performance, constant vvm was used as a criterion in order
to match dissolved gas profiles between industrial scale processes and an Ambr®250
system. This method resulted in comparable viable cell density and product titer
across scales, emphasizing that the scale-up procedure should be selected based on
the specific requirements of the process [76].

Constant minimum air sparge vvm and equivalent P/V have been used in
combination as scale-up criteria to ensure that cell growth, gas transfer, and mAb
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productivity were all matched across scales in 3 L, 500 L, and 2000 L SUBs [43].
The minimum air flow rate was selected to achieve proper stripping of CO2. In a
different study, the use of constant P/V and vvm as criteria to create a scale-down
model using the Ambr®250 resulted in low DO levels (<5%) and could not mimic
the performance at large-scale [19]. This was attributed to the lower gas residence
time at small-scale and the ensuing decrease in the oxygen transfer coefficient.

Another important factor to take into account during bioreactor scale-up is the
impact of the gas entrance velocity. This is particularly a concern in industrial-
scale bioreactors where higher gas flow rates are required for oxygen supply and to
ensure proper CO2 stripping. A high gas entrance velocity (>60 m/s) is considered
detrimental for culture performance, due to the sharp increase in turbulent energy
transfer in the sparger region [80]. Additionally, a high sparge rate has been shown
to trigger an oxidative stress response and was also associated with an increase in
amino acid consumption to restore redox balance [81]. Entrance velocities of less
than 20 m/s [80], and in some cases up to 50 m/s [43], were shown to not cause
significant cell damage in small to large-scale bioreactors.

5.4 Constant Impeller Tip Speed

Maintaining an equivalent impeller tip speed is used as a scale-up criterion in order
to maintain comparable maximum shear stress levels at different production scales.
For instance, the use of this scale-up method resulted in similar viable cell densities
and final product titers between Ambr® bioreactor systems and benchtop bioreactors
when using tip speeds in the range of 0.7–0.8 m/s [18, 78]. Impeller tip speeds
greater than 1.5 m/s are suspected to cause cell damage [82]. While comparable
growth and productivity could be achieved using constant impeller tip speed to
scale-up from Ambr®15 to 2 L benchtop bioreactor, dissolved oxygen levels were
reduced in the 2 L vessel [17]. For large changes in production volumes, the use of
constant impeller tip speed may result in insufficient oxygen mass transfer rates and
poor mixing, as the volumetric power input is significantly reduced (see Table 6).

6 Tools to Assist Culture Scale-Up

6.1 Computational Fluid Dynamics (CFD)

Computational fluid dynamics (CFD) is a powerful numerical tool that is widely
used for the analysis of fluid flows and can be invaluable to assist with bioreactor
scale-up. Many commercial or open-source CFD packages are available to charac-
terize flow conditions and mass transfer in bioreactors, based on the vessel geometry
and operating conditions. On an existing vessel, CFD offers a way to optimize
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process conditions without conducting extensive and costly experimentation at
large-scale. For the design and scale-up of bioreactors, CFD simulations can be
employed to predict the behaviour in a large vessel. Of particular interest, the
volumetric oxygen mass transfer coefficient (kLa) can be derived from the CFD
simulation outputs. Most often, this is accomplished based on Higbie’s penetration
theory [84–88]. In this model, the film mass transfer coefficient (kL) is expressed
as a function of the energy dissipation rate (ε), the oxygen diffusivity (DL) and the
fluid properties (kinetic viscosity, ν) [89].

kL = 2√
π

√
DL

√
ε

ν
(3)

The kLa can then be estimated by multiplying the mass transfer coefficient by the
specific area (a), given by:

a = 6αG

db

(4)

where αG is the gas volume fraction and db is the average bubble diameter. As
reviewed by Maltby et al. [89], other expressions for the mass transfer coefficients
have also been shown to give consistent estimations of kLa, some of which explicitly
include the superficial velocity of the gas phase.

Computational fluid dynamics has been used to characterize and improve cell
culture systems ranging from microtiter plates to industrial scale stirred-tank biore-
actors. Estimates of the volumetric mass transfer coefficient can be obtained for cell
culture systems in which its experimental measurement is not readily feasible, such
as in microtiter plates [85]. With CFD, contour plots of kLa values can be generated
[88], which allow to conveniently visualize mass transfer rate gradients within a
bioreactor vessel under various operating conditions. This can provide invaluable
information to optimize the process conditions so as to minimize oxygen gradients
within the culture environment. For instance, Villiger et al. have determined that up
to 6% of DO variation can be expected within a 15,000 L bioreactor maintained at
50% air saturation, which was in good agreement with experimental results [87].
In the same vein, CFD has also been employed to generate fluid velocity and
energy dissipation contour plots [84, 86, 90–94]. Such data can help identify the
presence of mixing dead zones, as well as differences in mixing patterns between
bioreactor systems. Another useful application of CFD for bioreactors consists in
evaluating hydrodynamic stress during cell culture [85, 87, 88, 91–94], guiding the
establishment of culture conditions to minimize shear damage to cells. A 2000 L
process was successfully transferred to the 5000 L scale with the aid of CFD to
determine proper operating conditions based on kLa and fluid velocity contour plots
[88]. First, agitation speeds providing adequate mixing times were determined,
then flow rates resulting in minimal kLa were established. Other key variables,
such as gas entrance velocity and shear rate, were also optimized through CFD
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Table 8 Recent CFD-based characterizations of bioreactors

References Characterizations performed by CFD

[84] • kLa estimation
• Fluid velocity, kinetic energy dissipation rate, and bubble size distribution

[85] • kLa estimation
• Hydrodynamic stress

[86] • kLa estimation
• Velocity flow field
• Bubble and turbulent energy dissipation rate distribution

[87] • kLa estimation
• Hydrodynamic stress, gas volume fraction, bubble size
• Mixing time
• Oxygen gradient

[90] • kLa estimation
• Fluid velocity
• Gas volume fraction and bubble size

[88] • Gas exit velocity, mean shear rate near impeller, mean bubble residence time,
gas hold-up, mean bubble rise velocity, mean bubble diameter
• kLa contour plots

[91] • Fluid velocity
• Impeller, bulk zone, average, and maximum shear strain rate estimation

[92] • Radial, tangential and axial fluid velocity, shear stress, and turbulent
intensity contour plots

[94] • kLa estimation
• Fluid velocity
• Shear stress

[93] • Average eddy size estimation
• Velocity, shear stress, and energy dissipation rate

simulations. Table 8 presents an overview of bioreactor characterization studies
based on computational fluid dynamics.

6.2 Scale-Down Models

Scale-down models attempt to reproduce large-scale cell culture performances and
operating conditions in smaller cultivation devices. Reduced size models offer the
opportunity to optimize operating parameters in smaller units, often in parallel,
which reduces costs and time needed for optimization. Micro- or mini-bioreactor
systems (e.g. Ambr, Dasgip, Minifors) are being extensively used as scale-down
models of large-scale processes. These cell cultivation platforms are favoured over
plates and flasks as they have been shown to more accurately mimic cultures in
large-scale bioreactors [16–19, 76]. Process conditions in scale-down models are
established using the same criteria discussed above: constant kLa, constant P/V,
constant vvm, or combinations of these.
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Scale-down models can also be specifically designed to generate and study
the impact of undesired or extreme conditions that can prevail in large-scale
vessels (i.e. “worst-case” scenarios), such as poor mixing or pH/DO heterogeneities.
For instance, a recent study was done at various agitations rates in benchtop
bioreactors in order to mimic the impact of hydrodynamic stress encountered in
various regions of large-scale bioreactors [95]. This allowed to assess the extent
of hydrodynamic stress that CHO cells can tolerate before exhibiting a reduced
specific productivity. Other studies have aimed at reproducing heterogeneities found
in large-scale bioreactors to characterize their impact on growth and productivity. A
small-scale 2-compartment bioreactor system was employed to reproduce impact of
pH heterogeneities encountered at large scales [59, 96]. Such heterogeneities were
found to affect cell growth, particularly towards the beginning of the cell culture and
differences in pH as small as 0.4 units were found to significantly impact viable cell
density.

7 Process Intensification and Scale-Up

Process intensification aims to increase the production efficiency by increasing volu-
metric productivity, lowering manufacturing costs, and reducing physical footprint.
Since volumetric productivity is largely dependent on the cell density achieved in
bioreactor, the highest values are obtained in highly optimized fed-batch, perfusion,
and concentrated fed-batch processes [97, 98]. A recently popular approach to
enhancing volumetric productivity in fed-batch bioreactors is to increase the
inoculation viable cell density in the production vessel (N stage bioreactor) from
~0.5 × 106 cells/mL to 2–10 × 106 cells/mL through the use of a pre-stage (N − 1)
perfusion bioreactor. High-seeding fed-batch bioreactors were found to have almost
doubled final titers when compared with conventional fed-batch [99]. Seeding cell
densities in the range of 10–20 × 106 cells/mL were also shown to translate into
significant improvements of productivity and this strategy was successfully applied
at the 500 L scale [100]. An alternate method to increase the seeding density using
batch or fed-batch cultures with concentrated media at the N − 1 stage resulted in
comparable final titers and protein quality [101]. This approach has the advantage
of being simpler than N − 1 perfusion and the required associated equipment (i.e.
retention device and storage vessels).

Although process intensification through continuous process operation is largely
applied in the chemical industry, the biopharmaceutical industry is still largely
dominated by fed-batch bioprocessing for recombinant protein production. Since
higher productivity can be achieved with a perfusion mode, it is an interesting
avenue for process intensification. In perfusion cell cultures, alternative tangential
flow filtration (ATF) and tangential flow filtration (TFF) are the preferred methods
of cell retention. ATF filtration benefits of reduced filter fouling and higher cell
densities as a result of a self-cleaning effect [102, 103]. Perfusion cell cultures
using ATF cell retention was shown to be economically attractive over fed-batch
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when cell concentrations in perfusion are at least threefold greater [102]. The
concept of integrated continuous production is also gaining increased interest for
cost-effective biomanufacturing [102, 104–108]. A proof of concept for integrated
continuous processes has been done using perfusion cell culture and semicontinuous
chromatography purification [108].

Process intensification has many implications for the scale-up of cell cultures.
Increasing production efficiency and volumetric productivity can translate into a
significant reduction in bioreactor size. Thus, intensified processes benefit from
reduced risk associated with scale-up. However, operation at really high cell
densities (up to 100 × 106 cells/mL) [109] results in increased oxygen transfer
and carbon dioxide stripping demands. These requirements must be met through
increased sparged gas flow rates and mixing speeds. This may potentially accentuate
issues with mixing and mass transfer limitations which are of high concern in
conventional bioreactor scale-up. Furthermore, additional considerations must be
taken into account when performing scale-up of intensified processes. For example,
in perfusion cell cultures, a successful scale-up is highly dependent on cell retention
efficiency, fouling prevention efficiency and the similarity of equipment used at
different scales [110]. Representative scale-down models will need to be developed
for the rational optimization of these processes.

8 Conclusion

Predictable scale-up of biologics production is critical due to high costs associated
with manufacturing downtime and failure. For example, a biotherapeutic product
with expected annual sales of $1 billion would cost $80 million for every month
loss during start-up, technology transfer, or scale-up [111]. However, there exists
no single method of performing culture scale-up and, as such, translating optimized
process conditions to larger production bioreactors remains an art. In light of this
review, the following general considerations should be taken into account for the
scale-up of CHO cell cultures:

• Constant P/V may be best suited for scale-up between small differences in
production volumes. For large changes in scale, scale-up based on maintaining
constant oxygen transfer rate may be more appropriate. In any case, cell culture
processes may have specific prioritized requirements (oxygen mass transfer, CO2
accumulation, mixing, etc.) such that scale-up criteria should be selected based
on the needs of a particular process.

• Although miniature bioreactor systems are increasingly available and being
used for high-throughput process optimization, they may not always constitute
a representative scale-down model due mainly to mass transfer limitations.
Mini-bioreactors or benchtop bioreactors, which have more flexibility in terms
of mixing and sparging conditions, may more closely resemble large-scale
bioreactors in their operation.
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• During small-scale process optimization, it is of high importance to evaluate the
impact of additives that will be employed at large-scale, such as surfactants (e.g.
Pluronic F-68 or Kolliphor® P188) or anti-foaming agents, as these additives may
have profound impacts on gas transfer and cell viability.

• Different equipment may be required when changing scales (e.g. gas sparger,
retention device). Such modifications may greatly affect cell culture performance
and gas evolution profiles. When transitioning to a vessel with different equip-
ment, other process adjustments (i.e. agitation speed or gas flow rates) may be
required to match cell culture performance across scales.

• Computational fluid dynamics (CFD) can be a powerful aid to predict important
parameters like oxygen mass transfer coefficient and hydrodynamic stress at
large-scale under various process conditions, thereby avoiding costly experimen-
tal trials.

• Scale-down models also constitute valuable tools to assist in process optimization
and scale-up, particularly to study the effects of non-optimal conditions encoun-
tered in large production vessels. Scale-down models can also be useful during
upstream process development to assess the robustness of the highest producer
clones and their suitability for large-scale manufacturing.
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1 Introduction

With the introduction of hybridoma technology in 1975 [1], Georges Köhler and
César Milstein laid the basis for the in vitro production of therapeutic mAbs in
large quantities. They created a hybridoma cell, i.e. a stable, hybrid cell capable
of producing a single type of antibody directed against a specific epitope present
in the antigen. To achieve this, both the German biologist and the Argentinian
molecular biologist, isolated the activated B-lymphocytes of an immunized mouse
and fused them with immortalized myeloma cells. Following this achievement,
various new technologies (such as the phage display technique or the transgenic
animal approach) have been developed for mAb generation [2]. These technologies
contributed to the approval of approximately 115 therapeutic mAbs in the European
Union and/or the United States of America by 2018 [3]. Alongside the murine
and chimeric antibodies, increasingly humanized and even human antibodies have
been made commercially available, many of which have achieved blockbuster drug
status. Prominent examples of such blockbuster drugs are Adalimumab (Humira)
from AbbVie, Pembrolizumab (Keytruda) from Merck & Co., and Trastuzumab
(Herceptin) and Bevacizumab (Avastin) from Roche.

The vast majority of therapeutic mAbs have multiple disease indications and are
produced using CHO suspension cells [3, 4] in fed-batch processes of between 12
and 20 days in combination with serum-free or chemically defined culture media
[5, 6]. In this manner, medium to high cell densities (HCDs) of between 5·106

cells mL−1 to 3·107 cells mL−1 are achieved, with target mAb titers between 2
g L−1 and 5 g L−1. In some cases, a temperature shift to values between 28 and
34 ◦C, either during the middle or late exponential growth phase or even at the
beginning of the stationary phase, is performed to further increase the mAb titer [7–
9]. The dominant 10–20 m3 bioreactors, used for the production of mAbs, are often
stirred systems. They are generally inoculated with a low viable cell density (VCD)
of 2–5·105 cells mL−1 and are therefore referred to as low-seed fed-batch cultures.

The potential to increase the efficiency of mAb production, alongside a simulta-
neous reduction of production costs, accelerated the development of new methods
for process intensification around unit operations, e.g. inoculum production, fer-
mentation, clarification, capture, polishing and formulation [10]. If applied to both
upstream and downstream processing, an extremely intensified overall process is
achieved, with unit operations often conducted continuously. Konstantinov and
Cooney have defined a continuous unit operation as a subunit of a process, in which
a continuous flow input for a prolonged period of time and minimal internal hold
volume is present. The output can then either be continuous or discretized into small
batches, which are then produced in a cyclic manner [11]. Based on this definition
of integrated unit operations with no or minimal internal hold volume, Konstantinov
and Cooney define two continuous process types: (1) the hybrid continuous process,
in which batch and continuous unit operations are combined, and (2) the fully
integrated unit operation, also known as the fully continuous or end-to-end process.
Although the fully continuous process offers the greatest advantages between the
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Table 1 Trade name, therapeutic indication, manufacturer and year of approval of mAbs produced
in perfusion (modified from [12, 13])

Trade name Therapeutic indication Manufacturer Approval

ReoPro High-risk angioplasty Janssen Biotech 1994
Remicade Crohn’s disease; ulcerative colitis;

rheumatoid arthritis; ankylosing spondylitis;
psoriatic arthritis; plaque psoriasis

Janssen Biotech 1998

Simulect Reversal of transplantation rejection Novartis 1998
Campath B-cell chronic lymphocyte leukemia Genzyme (Sanofi) 2001
Simponi Rheumatoid arthritis; psoriatic arthritis;

ankylosing spondylitis
Janssen Biotech 2009

Stelara Psoriasis, psoriatic arthritis, Crohn’s disease,
plaque psoriasis

Janssen Biotech 2009

continuous process types, it has yet to be used for commercial biotherapeutic
production (see also Sect. 4).

Hybrid continuous processes, however, are already a reality in biotherapeutics
production. According to Konstantinov and Cooney [11], a distinction can be made
between three hybrid continuous process types:

(i) Continuous upstream followed by batch downstream
(ii) Continuous upstream and capture with batch downstream

(iii) Batch upstream followed by continuous downstream

The first of the three process types, namely processes combining a continuous
upstream process followed by a batch downstream, has been used for more than
20 years and is, therefore, the oldest and most well established [14], resulting
in the commercial production of about 20 products (therapeutic enzymes, blood
factors and mAbs). An overview of mAbs produced in perfusion mode is given in
Table 1. This process type, which uses smaller equipment during the USP and larger
equipment for DSP, was originally chosen to facilitate the production of unstable
products such as Xigris, Kogenate or Cerezyme (see also Sect. 4.1).

The extension of the continuous processing (case 2 from above) to encompass
the initial chromatography step, namely the capture step (see also Sect. 4.2), is
considered advantageous for three reasons [11]: (i) large holding tanks between the
production bioreactor and the antibody capture step (including the clarification unit
operations) are no longer required, (ii) the implementation of continuous capture
leads to a 1–2 order of magnitude reduction in the protein A column size and (iii)
buffer utilization can be reduced. This is important, as downstream mAb production
process costs amount to between 50% and 80% of the total production costs [15,
16]. The capture step alone accounts for approximately 25% of these costs, due to
the application of columns with a large diameter [17].

Finally, when applying the third process type, namely batch upstream followed
by continuous downstream, cell cultivation is performed using the traditional fed-
batch mode, while one or two downstream unit operations (e.g. capture, polishing)
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are operated continuously (see also Sect. 4.2). This means smaller continuous
chromatography columns can be used, which reduces the amount of expensive
column resins needed and leads to a reduction of operational costs [18, 19]. This
approach shows how an increase of operating hours, e.g. through the application of
continuous processes, can lead to the overall reduction of production costs while
maintaining unit operations and product quality. The role of single-use equipment
in this context will be described in the following section.

2 Single-Use Technology as a Driver of Modern mAb
Production Processes

It is undisputed that the availability of a wide range of single-use (disposable)
systems has driven the development of more intensive and continuous mAb
production processes in recent years [20, 21]. The surfaces of these disposable
systems, which are in direct contact with either the media, cells or product are
generally made of polymer films (e.g. polyethylene, polycarbonate, ethylene vinyl
acetate) and, as the name implies, are designed for single use only. This may also
mean that such a unit is used over an entire campaign, i.e. a production cycle, and
only then replaced for a new production campaign.

Single-use systems may be either be rigid or flexible and are usually purchased
following gamma sterilization. This eliminates the need for equipment sterilization,
which is mandatory for their reusable glass or stainless-steel counterparts. This
makes single-use systems advantageous, as they can be installed and operated
quickly, after which they can easily be decontaminated and disposed of. As a
result, lengthy and expensive cleaning procedures and the cleaning validations
required by Good Manufacturing Practice (GMP) are no longer necessary for these
technologies. This means that new production processes and product changes can
be undertaken immediately following process interruption.

Furthermore, compared to the cleaning and sterilization of stainless-steel equip-
ment, the bioburden of such single-use systems, which only require gamma
irradiation prior to use, is far less. Therefore, if single-use systems are correctly
selected and handled, they are not only considered greener and more flexible but are
also safer, cheaper and smaller, due to the decreased risk of microbial and cross-
contamination, the lower capital investment and the reduced facility footprint [22,
23].

There are, however, also limitations to the application of single-use systems,
resulting from the properties and processing of the polymers used for their manufac-
ture. In addition to leakage/breakage, the majority of users see the primary risk asso-
ciated with the use of single-use systems in the possible occurrence of unacceptable
amounts of leachables and extractables (L&E) [24]. L&E are chemical substances
that are released from the plastic either under worst-case conditions (extractables,
e.g. at high temperature) or process conditions (leachables), after which they migrate
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into medium if in contact with the surface. These substances (e.g. bis(2,4-di-tert-
butylphenyl)phosphate, 2,4-di-tert-butylphenol) may either inhibit cell growth, may
have a negative impact on mAb quantity and quality or, in the worst case, may even
be cytotoxic [25–27]. Therefore, unit operations closest to the final product and
patient are considered exceptionally critical in the context of L&E [28].

2.1 Single-Use Technology: Main Developmental Milestones

The improvements made by the manufacturers of single-use systems in recent years,
in terms of film materials, design, sensors and automation technology, have led to
greater user confidence in them. Therefore, it is unsurprising, that more than 85% of
the equipment used in biopharmaceutical processes for the production of preclinical
and clinical samples is currently based on single-use systems [24]. Single-use
technology is also increasingly used for commercial production. While in the 1980s,
2D (pillow-like) bags were used for the storage of medium, serum and buffer,
and the first single-use filter capsules were launched, 3D bags found application
in the 1990s [29]. Another important milestone in the development of single-use
technology was reached at the end of the 1990s when the first scalable single-use
bioreactor, the Wave Reactor [30], was launched. The success of this innovative
bioreactor led to the development of further single-use bioreactor systems. Since the
launch of the first stirred single-use bioreactors (Hyclone’s S.U.B. and Xcellerex’s
XDR-Disposable Stirred Tank Bioreactor) in 2006, the majority of new bioreactors
have been stirred bag systems [31]. The largest single-use bioreactor currently
available is ABEC’s 7,500 L Custom Single Run Bioreactor with a working volume
of 6 m3 [32]. Apart from stirred bioreactors, several wave-mixed and shaken single-
use bioreactors were introduced to the market at about the same time, e.g. the
2-dimensional rocking motion bioreactor CELL-tainer and the orbitally shaken
bioreactor SBX, among others [33].

In addition to the single-use bioreactors, there are now also single-use bioprocess
containers, mixers, centrifuges, chromatography systems, membrane adsorbers,
various filtration devices, pumps, freeze-thaw systems and isolators, as well as
sampling and coupling systems. Some disposable product combinations are even
offered as process platforms by key single-use technology manufacturers, with
platforms available for medium and buffer production, inoculum production and
fermentation or concentration and purification. A few examples of such platforms
are Pall’s Allegro, Sartorius’s FlexAct, Cytiva’s FlexFactory and ReadyToProcess,
and ThermoFisher’s HyPerforma series. In principle, the commercially available
single-use technologies currently offered by various manufacturers already allow
for the design of complete single-use facilities (from media production to filling)
for the production of mAbs on a medium volume scale.
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Fig. 1 Commercially available single-use systems for USP and DSP (without fill & finish)

2.2 Single-Use USP vs. DSP

An overview of the single-use systems available on the market for USP and DSP is
shown in Fig. 1. Modern upstream mAb production processes, where the bioreactors
used for inoculum or seed generation and production play an important role, can
already be completely realized with single-use technology. While the inoculum
preparation for modern mAb production processes is often carried out in a 10 L/20 L
and 50 L/200 L wave-mixed bioreactor, stirred single-use bioreactors with a 1 m3

and 2 m3 working volume dominate regarding product expression [34].
In general, the scalable, dynamic single-use bioreactors available on the market

can be categorized according to their mixing principle, namely into those with
mechanical power input (stirred, wave-mixed, orbitally shaken), pneumatic power
input and hydraulic power input [31]. Compared to their reusable counterparts,
the range of mechanically driven single-use bioreactors is more diverse, the
largest part of which constitutes stirred single-use bioreactors. An overview of
commercially available stirred versions of single-use bioreactors, including existing
bioengineering parameters and instrumentation, is given by Jossen et al. and
Oosterhuis in their respective book chapters [31, 35]. Moreover, certain stirred
single-use bioreactors are offered by various manufacturers with the same height-
to-diameter ratio, stirring and aeration devices as their reusable counterparts have.
This facilitates the transfer of a process developed in reusable bioreactors to a single-
use technology platform when adapting the infrastructure of traditional production
facilities [36]. For more information on the most important points which should
be considered when designing such “Facilities of the Future”, the interested reader
should refer to the DECHEMA status paper by the same name [37].



Intensified and Continuous mAb Production with Single-Use Systems 409

Single-use DSP, however, currently still represents a bottleneck. On one hand,
it should be noted that various single-use systems in the DSP do not support a
production scale above 4,000 L [38], while on the other hand, chromatography unit
operations, especially the previously mentioned expensive Protein A chromatogra-
phy, still presents a fundamental weak point in DSP [24].

3 Intensified mAb Production with Single-Use Systems

It is generally accepted that existing single-use technology facilitates the imple-
mentation of unit operation intensification during mAb production. It increases
productivity and reduces the bottleneck presented by specific process steps with
the primary goal of implementing such intensification steps in existing fed-batch
process platforms. The main approaches described in literature and explained below
distinguish between USP and DSP intensification. While USP has generally been
the focus thus far, in recent years DSP intensification has also become increasingly
popular.

3.1 USP Intensification

Upstream intensification usually necessitates the application of a perfusion mode.
Perfusion means that cells are retained within the bioreactor and that part of the
culture medium is continuously exchanged. The highest cell densities ever achieved
using an optimized perfusion mode were approximately 2·108 cells mL-1 [39], with
process optimization achieved through the application of the cell-specific perfusion
rate (CSPR) introduced by Ozturk [40]. The CSPR describes the available volume
of media per cell and day, can be used as an indicator for the nutrient supply per
cell and is therefore often used to control the perfusion process [41]. The CSPR is
calculated from the quotient of the perfusion rate (the rate at which fresh medium is
added to the bioreactor, usually between 1 and 3 vvd = volume fresh medium per
bioreactor volume per day) and the cell density.

Perfusions, capable of lasting for months, require the use of cell retention
devices [42, 43]. Here, a distinction is made between internal perfusion (where
the cell retention device is located inside the bioreactor) and external perfusion
(where the cell retention device is located outside the bioreactor). On a pilot and
industrial scale, externally attached cell retention devices are used [44], as this
facilitates device access for cleaning or replacement purposes. Ideally, such a cell
retention device should have the following characteristics: (1) robustness, (2) high
cell retention efficiency without cell damage, (3) high product yield, (4) scalable to
a volumetric perfusion rate of at least 1000 L d-1, (5) low running costs and (6) the
possibility of continuous harvesting [45]. A comparison of commonly used single-
use cell retention devices can be found in Table 2.
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Fig. 2 Repligen’s ATF system: (a) Schematic diagram of the working principle, (b) the XCell
ATF 6 SU. (Image provided courtesy of Repligen Corporation)

These cell retention devices include tangential flow filtration (TFF) systems,
Repligens alternating tangential flow filtration (ATF) systems, perfusion filters
in wave-mixed bags, acoustic separators (e.g. AWS, Cytoperf) and centrifuges
(e.g. Centritech, kSep). They are either based on the principles of filtration or
acceleration/gravity [46–51].

The ATF system, as it is shown schematically in Fig. 2a, is available for
laboratory scale (XCell ATF 2), pilot scale (XCell ATF 6, Fig. 2b) and industrial
scale (XCell ATF 10) as a single-use version. It is currently the most frequently used
external cell retention device alongside the hollow fiber-based TFF systems [52].
Characterized by an alternating direction of culture broth flow, its main features are
the hollow fiber unit and the diaphragm pump. Shear stress [53] and fouling [54,
55] are reduced and only one single connection to the bioreactor is required. The
main advantages of the ATF system are its ability to generate ultra-HCDs, around
2·108 cells mL−1, and its proven reliable operation in processes, which are operated
for longer than 30 days. For efficient ATF operation, installation in the vicinity of
the bioreactor is recommended.

In recent years, the availability of single-use perfusion systems has contributed
to the increased development of N-1 (i.e. seed stage) perfusion processes, high-seed
fed-batch production and concentrated fed-batch processes. These three intensifi-
cation approaches are aimed at increasing the viable cell density, improving cell
specific productivity and improving bioreactor utilization.
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3.1.1 N-1 Seed Perfusion Process

It takes approximately 20 days to produce enough biomass to inoculate a CHO-
cell based mAb batch process carried out in a 1 m3 working volume production
bioreactor [56]. In order to prevent nutrient limitations, the cell suspension is
therefore preferably diluted with new medium during the seed generation process,
which takes place over several stages in N-x bioreactors, where x describes the
number of necessary bioreactor transfer steps prior to the production scale. If the
number of cells is too low in the final stage, a long lag phase leads to a delay
in production and, finally, reduced process performances if the equipment is not
suitable for prolonged production phases. Alternatively, perfusion allows for the
generation of HCDs in the seed train step prior to production [57] and results in a
reduction of the production time at the final scale with equal or even higher product
titer [5, 57–61]. It might even reduce the required transfer steps [35]. Usually,
such N-1 seed perfusion processes take 4–7 days. Furthermore, as a consequence
of biomass generation in one perfusion step instead of in several sequential batch
precursors, the number and size of the seed bioreactors can be significantly reduced
[51].

When using single-use perfusion devices for N-1 processes, different users prefer
implementing the internal filters listed in Table 2 in combination with the wave-
mixed bioreactors. A long-term goal of N-1 perfusion processes is to be able to
inoculate a stirred production bioreactor with a 2 m3 working volume directly
with cells from such a perfusion bag (10 L) and to reduce the total process time
(including the seed production) to less than 2 weeks. This, however, demands
the direct inoculation of the perfusion-operated wave-mixed bioreactor with cells
from a high density working cell bank with 4.5 mL vials containing approximately
50·106 cells mL−1 [62].

In Fig. 3, the experimental set-up and growth curve of an exemplary N-1
perfusion process (unpublished; 1 L working volume) performed in a wave-
mixed BIOSTAT RM 20/50 (Sartorius) is shown [63]. A maximum VCD of
2·108 cells mL−1 with viability over 95% was achieved after 11 d. Following the
termination of the media exchange process after 11 d, the cells were discarded on
day 12 and not used for further cultures.

3.1.2 High-Seed Fed-Batch Production

An N-1 seed perfusion process allows for higher seeding of the production bioreac-
tor. Through the application of this process, it becomes possible to seed a fed-batch
production bioreactor with an initial viable cell density of between 2·106 cells mL−1

to 1·107 cells mL−1, meaning that high-seed fed-batch production (VCD = 1·107

cells mL−1) could become a reality [64]. Furthermore, as it is possible to inoculate
the production bioreactor with a higher cell density, the cultivation time required
until the target product titer is reached can be reduced by 13–43%, compared to
traditional fed-batch processes [5, 60]. In other words, higher product titers can
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Fig. 3 Single-use N-1 seed perfusion process: (a) Photo of the experimental set-up with control
unit, rocking platform and feed and harvest bags on balances (b) exemplary growth curve. A
Flexsafe RM 2L Perfusion bag was used

be achieved using the high-seed fed-batch approach after the same process time,
compared to the low-seed fed-batch approach [5].

Studies have shown that high-seed fed-batch production can improve productiv-
ity by about 30% [60, 65]. Consequently, more bioreactor runs can be performed
per year and thus more mAbs can be produced in the same time period after
switching to high-seed fed-batch production. Moreover, no negative influences on
product quality have been described thus far for high-seed fed-batch production.
Nevertheless, a critical point of the high-seeding approach is to keep the cells in the
exponential growth phase while in the N-1 bioreactor until the desired cell densities
are reached [66].

Figure 4b shows the results (unpublished) of a high-seeded fed-batch cultivation
over a period of 4 d following an N-1 perfusion process [67]. A stirred ambr 250
modular bioreactor (Sartorius) served as the production bioreactor (Fig. 4a). The
high-seed fed-batch process was able to reach the target mAb titer 4.2 d sooner than
the low-seed fed-batch, resulting in a reduction of the production process time by
over 50%.

3.1.3 Concentrated Fed-Batch Process

The concentrated fed-batch process is a perfusion process in which both the cells
and the product are retained via an ultrafiltration membrane and the product
is harvested in batch mode [68]. This requires the Molecular Weight Cut Off
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Fig. 4 N-1 perfusion-based high-seed and low-seed fed-batch production process of a mAb:
(a) The ambr 250 modular system (Image provided courtesy of Sartorius), (b) course of
mAb concentration and VCD over the duration of the high-seed (mAb/VCD_H) and low-seed
(mAb/VCD_L) fed-batch processes

(MWCO) of the perfusion device membrane to be 2–3 times smaller than the target
product. Both ATF and TFF systems have proven themselves for mAb production in
concentrated fed-batch processes [68, 69]. However, only a reusable version of the
ATF system (XCell ATF 2, 4, 6, 10 Stainless Steel) can be currently implemented
for this purpose, as there were no single-use versions with ultrafiltration membranes
available during the writing of this paper. According to the manufacturer, the
ultrafiltration modules with MWCOs between 30 and 50 kDa are the most popular
for concentrated fed-batch processes and have been successfully implemented in
combination with stirred single-use bioreactors and working volumes of between
1 L and 2 m3.

According to the literature, the concentrated fed-batch approach, which generally
takes between 2 and 3 weeks, was able to generate not only the highest VCDs
(> 2·108 cells mL−1) but also the highest mAb titers (25 g L−1), a factor 5–15
times higher than those achieved in traditional fed-batch processes [68, 70–73]. This
process approach, which is also patented as XD (extreme density) technology [74],
is therefore recommended for improving low titers of stable products in fed-batch
mode.

3.2 DSP Intensification

An intensified USP and subsequent HCDs result not only in a higher concentration
of solid and cell impurities such as host cell proteins (HCPs) and deoxyribonucleic
acid (DNA) but also in protein aggregates. These make harvesting and subsequent
processing more difficult than in traditional fed-batch processes. Currently, two
main approaches are being pursued to intensify DSP. (1) Binding capacities of the
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chromatography columns are increased or used more effectively [75, 76] and (2)
higher productivity and a reduction in buffer consumption are achieved through the
continuous operation of individual process steps [38, 77]. Here the capture step,
performed with Protein A columns [75, 78] and taking place directly after cell
separation and clarification in mAb productions, is the focus of DSP intensification
[38, 79].

Protein A, a protein originally derived from Staphylococcus aureus and now
commonly used in DSP, is capable of binding to the Fc region of various
immunoglobulins with high affinity [76]. Since its discovery, the protein has
been optimized through numerous modifications: (i) by increasing its binding
capacity and improving the lifetime of the affinity columns and, (ii) by reducing the
immunoglobulin G binding strength of the protein allowing for the implementation
of less acidic elution techniques and (iii) by improving the stability of the columns
to allow for cleaning under alkaline conditions. A detailed overview of the studies
concerning the modification of protein A was published by Zarrineh et al. [76].

Alternative intensified capture steps, that dispense completely with protein A
resins, such as performing several cheaper chromatography steps instead of affinity
chromatography [80] or performing the capture step exclusively using cation
exchange chromatography [81], were also described. Other purification options
include precipitation [82–85], crystallization of the target product [86] and two-
phase extractions [87, 88].

Capture and polishing steps may now also be performed using membrane
chromatography instead of the classic packed bed columns [89], as these membranes
have the advantage of operating at flow rates which are 10–50 fold higher with
less operating pressure than packed beds. In addition, time-consuming steps such
as packing and validating the bed are no longer necessary. These columns are
offered as single-use capsules by various manufacturers (e.g. Pall Life Sciences,
Sartorius, Natrix Separations) and can be used both in bind-elute mode, i.e. the
target product binds to the membrane and must be eluted, and in flow-through
mode, where the product passes the membrane while impurities are retained [89–
92]. This is performed with anion exchange chromatography membranes that are
suitable for virus, DNA and HCP removal. Membrane technology is also cheaper:
Lim et al. [93] determined cost savings of at least 65% when switching to disposable
anion exchange membranes compared to conventional stainless steel columns for
mAb purification. Nevertheless, some limitations of this technology do exist: the
membrane processes have the disadvantage that the binding capacity is lower than
with packed bed columns. Therefore, membrane technology as a capture step is
not widely used [89]. An alternative means of reducing labor and validation costs
in connection with packed bed chromatography is the use of pre-packed columns,
which are commercially available from various suppliers (e.g. Cytiva, Repligen,
Merck/Millipore). The first pre-packed single-use chromatography system with
disposable flow paths and columns, namely the Äkta ready, was launched in 2008
by GE Healthcare, today known as Cytiva [94].

Another intensification approach in the field of polishing is the use of mixed-
mode chromatography, its suitability has been investigated since the end of the
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1990s [95–97]. Instead of performing several chromatography steps in succession,
several components with different affinities are used as the stationary phase of the
chromatography column.

Casey et al. proposed the addition of a fivefold single-pass TFF (SPTFF, see also
Sect. 4) to the capture step in order to reduce the size of the capture column in fed-
batch production systems [98]. This approach saves 80% of the resin and buffer,
which would correspond to a cost reduction of $500,000 per 1000 L of antibody
broth. It is therefore crucial, regardless of the intensification approach chosen, to
determine whether a continuous process platform would not ultimately succeed in
greater cost savings.

4 Continuous mAb Production with Single-Use Systems

The continuous production of mAbs with single-use systems results in the produc-
tion of higher amounts of mAbs in less time and with smaller equipment, more
precisely with a factor 5–10 reduction in volume [18, 99]. This is achieved by
increasing productivity and reducing non-value adding operations, such as hold
steps, which simultaneously reduces capital and operational expenses. This stands
in contrast to the higher demands on process control and equipment, high media
consumption and often low product titers [12]. Typical specific productivity rates
of this method in connection with single-use systems are around 1 g L−1 d−1,
with product titers ranging between 0.3 and 1 g L−1 [94]. Recently, however,
WuXi Biologics reported an unprecedented productivity of 2.5 g L−1 d−1 using
its laboratory-scale continuous USP platform for the production of a fusion protein
[100].

The increasing interest in continuous processes, which has been observed for a
few years, especially for mAb production, is also due to the positive influence of
continuous operation on product quality and product supply [101, 102]. Therefore,
it is possible to: (1) achieve consistent product quality when operating under steady
state conditions (which can be problematic in fed-batch mode depending on the
cultivation time), (2) reduce the risk of human error and (3) achieve a quick response
to changing supply requirements. Furthermore, the level of impurities (e.g. HCPs
and cell debris) in the product is kept low through consistently high cell viability.

In 2015, Godawat et al. described the first fully continuous mAb production at
laboratory scale with 12 L working volume [18]. The process was operated for 31
days with fully automated product purification by ATF, Protein A chromatography,
viral inactivation, cation exchange chromatography and final membrane filtration.
In 2019, Arnold et al. published results of the first fully continuous pilot scale mAb
production (50 L) [103]. The authors calculated that by replacing the fed-batch
facility (4 × 12.5 m3 bioreactors) with a continuous one (5 × 2 m3 continuously
operated single-use bioreactors and purification train) a cost saving by 15% could be
achieved [103]. In the same year, the Dutch-Australian company Biosana received
approval for phase 1 clinical trials of a therapeutic biosimilar mAb (Omalizumab)
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with a fully continuous manufacturing approach (bioreactor with 50 L working
volume), which gave promising results in March 2020 [104, 105]. However, as
mentioned in Sect. 1 of the book chapter, commercial mAbs produced in fully
continuous facilities are still in clinical development.

4.1 Continuous Single-Use USP

Conversely, hybrid process approaches, which implement continuous USP [106],
have been in use since 1994 for the production of commercial biotherapeutic
products (even if they were not declared as continuous single-use USP). A current
trend to produce increasingly stable molecules has also been reported [24]. The
goal of such continuous perfusion processes, in which spent medium and product
are discharged continuously, is to achieve a steady state in which productivity and
product quality can be maintained over a long period of time with minimal deviation.
In order to maintain the necessary constant VCD with high cell viability over the
process operation period of between 30 and 90 days, the bleed has to be adjusted
according to the growth rate. The longer the continuous USP runs under stable
conditions, the higher the space-time yield of the bioreactor. Critical components
of continuous USP are the single-use bioreactors, including their sensors and
automation technology, as well as the cell retention devices presented in Sect. 3.1.
ATF modules in particular have been proven to support such continuous upstream
processes where targeted specific productivities exceed 1 g L−1 d−1 [14]. However,
while pilot and industrial scale processes favor the use of single-use ATF systems,
single-use TFF systems are still favored for laboratory scale processes.

A typical representation of a modern mAb production process using continuous
USP is shown in Fig. 5. Inoculum production is performed in a wave-mixed
bioreactor with a perfusion bag, which is inoculated directly with an HCD cryovial.
The stirred single-use production bioreactor operates continuously with an ATF
system. While multiple media feeds can be added to the production bioreactor, the
volume is kept constant by control of the harvest- and bleed-stream. Their ratio
depends on the growth rate of the production cell line. In this context, the use of
an optimized perfusion medium is an important step towards increasing process
stability and process costs reduction.

Long-term operation with high VCDs (> 1·108 cells mL−1), respectively, leads
to high demands on both the production bioreactor and its internal and external
peripherals (see also Sect. 5) [107]. An example of such a next generation stirred
single-use bioreactor, specifically designed for continuous as well as intensified fed-
batch operation at very HCDs, is the 50 L bioreactor of the HyPerforma DynaDrive
series from Thermo Fisher Scientific, as shown in Fig. 6a. The Hyperforma
DynaDrive series includes a 50 L, 500 L and 5 m3 version of the bioreactor with
a cube-shaped bag and special turndown ratios, namely 10:1 (50 L) and 20:1
(500 L, 5 m3) instead of the usual 5:1. This means that this series of bioreactors can
already be operated at 10%, or even 5%, of their maximum working volume. They
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Fig. 5 Flowchart of a typical continuous USP of a modern mAb production process

are equipped with a low-shear drilled hole sparger (capable of producing sufficient
oxygen transfer and CO2 stripping) and a flexible drive train with multiple two-
bladed impellers (Fig. 6b), capable of achieving mixing times of < 60 s at moderate
revolutions and tip speeds, according to the supplier [108].

Other single-use bioreactors suitable for perfusion at production scale are
distributed by ABEC, Cytiva, Merck Millipore, PALL and Sartorius. The product
stream, which is harvested from the bioreactor e.g. with the ATF system (Fig. 5), is
forwarded to the DSP, where the mAbs are purified.

4.2 Continuous Single-Use DSP

The use of continuously operated single-use devices enables savings to be made
on buffers, resins and consumables. More specifically, findings show that savings
in the range of 36–55% are possible when using disposable continuous DSP, in
comparison to a classic stainless-steel batch process [109, 110].

Although the capture step is usually still performed with Protein A columns
in bind-elute mode, several columns are connected in parallel and run cyclically,
meaning that significantly smaller columns can be used. This method is known as
multi-column or counter-current chromatography and varies in design. Here, the
hold-up step after the production bioreactor is eliminated and the consumption of
buffer and resins is reduced [111, 112]. Examples of continuous single-use multi-
column chromatography systems are the BIOSMB platform from Sartorius (Fig. 7)
and the systems from ARTeSYN Biosolutions, which can be used for both bind-
elute chromatography in the capture step and subsequent flow-through polishing
steps. They are GMP-compatible multi-column chromatography systems with a
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Fig. 6 Thermo Fisher Scientific’s HyPerforma DynaDrive series: (a) 50 L bioreactor with control
unit, (b) Plexiglas model showing the drive train with impellers. (Images provided courtesy of
Thermo Fisher Scientific)

fully single-use product flow path. Both Merck and Bayer use the BioSMB system
in continuous mAb production processes for the capture step and cation exchange
or mixed-mode chromatography [94].

Until now, polishing steps have mostly been performed in bind-elute mode. Gen-
erally, polishing is performed using ion-exchange chromatography, hydrophobic-
interaction chromatography or mixed-mode chromatography to further purify the
target product [113]. In this case, a change to continuous use may have the same
positive effects as in capture chromatography. Continuous operation is made feasible
by binding the contaminants instead of the target product. The target product then
flows through the column. Once the column is fully loaded with contaminants,
contaminant break-through occurs and the column has to be replaced. While there is
no true continuous mode, this flow-through mode is considered pseudo-continuous
[114]. Gupte et al. achieved a more than 90% removal of HCPs in flow-through
mode using a salt-tolerant single-use anion exchange membrane, compared to less
than 70% when using a conventional resin [115].

A report describes a multi-column chromatography, in which both the capture
step and two polishing steps were connected in series. Three parallel flow paths
were alternately loaded, and disposable membrane absorbers were used. This mode
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Fig. 7 BioSMB Process for continuous protein A capture and polishing steps. (Image provided
courtesy of Sartorius)

of operation, implemented in a 500 L process, resulted in a 66% reduction in column
size with a tenfold productivity increase of an antibody purification process at Sanofi
[90].

Currently, it is considered common practice to perform a virus inactivation step
following the capture step and a virus filtration step usually preceding the final ultra-
/diafiltration [116]. Virus inactivation is typically performed by a pH shift to the
acidic range. If, for the virus inactivation step in the context of a traditional (batch)
DSP, a mixing tank was recently used, and acid was added and then neutralized with
base, two approaches exist for the implementation of continuous operation: as a first
option, the classic approach can be adopted with two single-use mixers which are
alternately operated [38]. The Cadence Virus Inactivation System from Pall (Fig.
8) uses this method, for example. A second possibility is the implementation of
plug-flow reactors, where acid is added to the product flow at the reactor inlet. The
low pH value is maintained for the product residence time in the plug-flow reactor,
after which it is neutralized at the outlet by adding base. In order to converge on
optimal plug-flow conditions, back-mixing should be avoided and the variance of
product residence time kept to a minimum [38, 117, 118]. In addition to inactivation
by low pH, it is also possible to inactivate viruses using UV-C radiation in plug-
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Fig. 8 CadenceTM Virus Inactivation System. (Image provided courtesy of Pall Corporation)

flow reactors. However, radiation can lead to protein damage. There are currently
no commercial single-use devices for UV virus inactivation on the market [119].

The second step in virus reduction, namely the virus filtration, follows the
polishing steps. This usually involves dead-end nanofiltration. The successful use
of these filters for continuous DSP, i.e. over a long period of time and with low flow,
has already been described in various studies [120, 121]. In continuous operation,
two individual filters are connected in parallel. As soon as one filter reaches its
capacity limit, e.g. due to a pressure limit, the system automatically switches to the
other filter. The first filter is then replaced with the help of a tube welder [122].

Recently the performance of four different filters used for viral filtration in
connection with a mAb production process was investigated for batch and con-
tinuous cultivation [123]. During continuous filtration for 72 h at a flow rate of
0.3 L m−2 h−1, start-stop scenarios were applied to identify which filters were
suitable for continuous operation in a low-pressure environment. The two tested
second-generation filters, namely Pall Pegasus Prime and Sartorius Virosart HF,
were able to maintain a decadic logarithm reduction value of above 4 for at least
20 L m−2 during the entire filtration time. Additional experiments with short and
long-term stops to investigate the impact of pressure fluctuation revealed a steady
state after a certain period, making continuous operation feasible. Nevertheless, the
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pressure reduction of up to 1 bar, as is necessary for the single-use based continuous
operation mode, might allow the flow of phages through larger filter pores at the
onset of operation. This stands in contrast to batch processing with higher operating
pressures where drag forces are assumed to prevent the crossing of phages [123].

Usually, a mAb formulation requires several TFF steps, for which single-use
equipment is available [119]. The product is then concentrated by ultrafiltration,
transferred to the appropriate buffer system via diafiltration and brought to the final
concentration through a second ultrafiltration step. Here, SPTFF (see also Sect. 3.2)
can be used for continuous applications. The filtration time can be increased through
higher membrane areas and lower flow rates to such an extent, that one continuous
filtration step is sufficient. This method can be used for both protein concentration
and diafiltration [119, 124, 125]. For both steps, single-use device versions are
already available [125, 126]. Buffer consumption in SPTFF diafiltration processes is
comparatively high, but can be reduced by using several SPTFF modules and buffer
recycling from late to early steps in a method known as counter current diafiltration
[119, 127].

5 Overall Cost Comparison

The consideration of costs in dependence of the process mode is as important as the
technological feasibility while comparing batch and continuous processing. While
several reports compare the costs between batch and continuous process mode,
most of them do not consider fully single-use based production, but rather hybrid
processes [128]. It is common sense, however, that single-use based manufacturing
is favorable at smaller production scales, where the limited size of single-use
equipment, especially the bioreactor working volumes, does not present a challenge.
Furthermore, smaller facility sizes are usually achievable through the use of
continuous production processes. A study recently reported that a fed-batch process
resulted in operating cost of goods (COG) of $99 g−1 for mAb production, as
opposed to $51 g−1 for the continuous process. This difference in cost is also partly
due to the smaller footprint and fewer storage tanks, which resulted in the reduction
of facility costs by 66% [129]. Broken down to single unit operations, lower resin
costs in the downstream part led to a reduction in consumables cost by 68% in the
continuous process. Single-use based continuous upstream processes have proven
to be cost-efficient options as well, however, larger benefits are seen if both, up-
and downstream operations are performed with single-use equipment, as shown
by several COG simulations [130]. Cost benefits were also seen in parallelization
and flexibilization, which may be supported through the application of single-
use equipment. The elimination of clean- and sterilize-in-place procedures reduces
equipment complexity, which itself lowers capital cost and reduces downtimes. It
was calculated that from an annual production scale of 1300 kg and at 3 g L−1 of
upstream titer, a fully single-use mAb production with 2000 L bioreactors becomes
the preferable choice over the stainless steel option, with either the same or higher
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upstream working volume capacity. At higher upstream titers, single-use variations
were always favorable. If broken down to unit operations, cost savings can be large
for several steps when applying continuous instead of batch processing, especially
when coupled with a single-use based approach where possible. More specifically,
savings of over 20% were achieved dependent on titer and scale for the protein A
capture step during antibody production [131]. Pollard et al. went on to estimate the
costs for three mAb production scenarios using the net present costs (NPCs), which
constitute the net present value of the product without the profits from sales [132].
In one scenario, conventional stainless-steel equipment was compared with single-
use equipment, for an intensified process with titers above 10 g L−1, and a fully
continuous process, respectively. The initial process was considered as operated
with 6 × 15,000 L bioreactors with a titer of 3 g L−1, the single-use bioreactor
process was considered as operated with 6 × 2000 L bioreactors. The continuous
perfusion process was set at a productivity of 2 g L−1 d−1. At an annual production
of 1 t, a reduction of the NPCs of approximately 60% for both the intensified single-
use and the continuous production process was determined.

Further emphasis to simplify operation and improve process robustness, as well
as cost-efficiency, should also focus on process analytical techniques for monitoring
and control strategies, especially for single-use equipment [133]. This will remove
one of the drawbacks, as a similar degree of sensor application cannot yet be fully
reached in single-use based processing.

6 Summary and Conclusions

The global market for therapeutic mAbs is said to continue its growth in the near
future, with revenues expected to reach $300 billion in 2025 [4]. In this framework,
intensified and continuous USP and DSP unit operations with single-use systems
are well-suited to reduce the time and costs for mAb development and production.

Regarding continuous processes, operational times between 30 and 120 days
are being actively pursued. Continuous USP is already used for some approved
mAbs, while the first mAb produced fully continuously is currently already in
clinical trials. There are, however, still challenges to be overcome. For USP, these
are attributed to the robustness and mechanical stability of the bioreactor bag (with
its components such as impellers, sealings, spargers etc.) and the plastic used for
the perfusion device. The demands on the design of the bag, especially regarding
the stirred tank reactors’ impeller, the sparger, the design of the exhaust gas filters
and the foam control, as a result of the long-term usage are high. To this end
continuous-use grade disposable plastics are indispensable. An oxygen transfer
coefficient > 15 h−1 and adequate CO2 stripping need to be guaranteed, as well as
sufficient specific power input at moderate stirrer tip speeds [107]. Moreover, there
is a need for: (1) improved tubing and connectors, (2) improved and new disposable
sensors and probes, (3) installation of redundant sensors as well as filters and corre-
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sponding exchange strategies, and (4) single-use pumps operating at low flow rates
(0.1 L min−1 – 2 L min−1) with high accuracy. These four points also apply to DSP.

As previously mentioned, a further challenge, which concerns both continuous
USP and DSP unit operations, is the effect of continuous process solution exposure
to L&E profiles for process times of up to 4 months. An L&E characterization
for all USP and DSP unit operations and corresponding mitigation strategies (e.g.
water or buffer flushing, leachable clearance, single-use device exchange) have,
therefore, to be developed and implemented [64, 107]. If successful, the currently
dominating classic and intensified fed-batch processes using single-use systems for
mAb production will increasingly be replaced by a continuous operation approach.
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ODE ordinary differential equations
POI product of interest

Mathematical Terms
A stoichiometric matrix of the reaction network
Aext stoichiometric matrix related to the extracellular metabolites
Aint stoichiometric matrix related to the intracellular metabolites
Amac stoichiometric matrix of the macroscopic reaction network
C vector of the metabolite concentrations
Cext vector of the extracellular metabolite concentrations
Cint vector of the intracellular metabolite concentrations
CI, i concentration of inhibiting metabolite in the kinetic model
CS, i concentration of substrate in the kinetic model
J set of all the reactions of the network
KMonod

CI,i
kinetic parameter of inhibition for generalized Monod model

KMonod
CS,i

kinetic parameter of saturation for generalized Monod model
m number of metabolites
n number of reactions
qext vector of the cell specific rates of uptake or secretion respective to the

extracellular metabolites Cext, i.e. cell specific external fluxes
E matrix of the EFMs
KCS,i,l

kinetic parameter of saturation for generalized Michaelis-Menten model
KCI,i,l

kinetic parameter of inhibition for generalized Michaelis-Menten model
r vector of reaction rates ri

Si substrate concentration of substrate Si
v vector of the fluxes vj in a reaction network
w vector of the macroscopic reaction fluxes wi

wmax, i maximum flux of the macroscopic reaction rate wi

X biomass
μmax apparent maximum cell specific growth rate
ν0 rate of an enzymatic reaction
νmax maximum rate of an enzymatic reaction

1 Modelling of Mammalian Cell Processes

Due to their ability to produce glycoproteins, mammalian cells are nowadays
used for the manufacturing of many biopharmaceuticals. Biologics bioproduction
processes are complex and costly. Their development is time-consuming and costly
[1]. It is mostly driven by trial-and-error approach supported by statistically based
Design of Experiment such as factorial design. The field is though seeking as
well for more rational approach based on mathematical models [2]. These can
provide better understanding, storage of generated knowledge, tools for simulation,
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prediction, optimization and control support [3–8]. Furthermore, software sensors
are mathematical models, which can support process monitoring [9]. Finally, in
silico process twin, i.e. digital twin, are also ideal tools for operator training
and trajectory tracking. From these multiple facets, the interest in mathematical
modelling from large industrial actors has significantly increased these last years
[4, 10, 11]. The complexity of the cells, in particular of mammalian cells, combined
with their agility to adapt to different environment, render bioprocess modelling a
challenge task. Modelling of bioprocesses is highly multi-disciplinary as it includes
the knowledge of cell biology and bioprocessing, as well as, ideally, requires tools
of system identification, automatic control, data processing, statistics, optimization
theory, bioinformatics and data-driven methods.

Mammalian cells have a flexible metabolism, i.e. they can use different bio-
chemical pathways depending of the received stimuli. This can be regarded as an
advantage but increases the challenge of mechanistic understanding of these systems
[12–15]. Furthermore, the genetic transformation applied to express a product of
interest (POI), can affect the cell in multiple ways, e.g. metabolism, nutritional
requirements, production of by-products, post-translational modifications, due to
altered genome [1]. This implies that a process optimal for a given cell line might
not be optimal for another line. The behavior of the cell, i.e. cell growth rate and
productivity of a recombinant product are largely influenced by the cell metabolism.
These “living factories” have also an inherent variability and heterogeneity. These
are triggered by the macro- but also micro-variations of their complex environment,
constituted of the culture medium including 50 to >100 components and their
own productions of metabolites and large molecules [16, 17]. The metabolism is
determined by a network of intracellular metabolic reaction catalyzed by enzymes.
Information about the metabolite secretion, depletion or uptake is analyzed for
medium improvement [18–20], however why certain changes in the medium
composition lead to improvements of the process is often not understood [21, 22].
Mathematical modelling can be instrumental to understand the metabolic behavior
and cell needs from the study of these uptakes and secretions [15, 20, 23–28].
Besides the metabolism, the field is also interested to model the secretion of
the POI and its post-translational modifications, in particular glycosylation. The
present chapter will first introduce mathematical modelling of mammalian cells
bioprocesses. It will then review the present state of the art of the field, in particular
for the cell metabolism and the production of the product of interest including its
glycosylation.

2 Overview of the Modelling Approach

The whole modelling approach is not trivial. In general, the model setup can be
divided into several steps: (i) identification of the modelling project and goal, (ii)
creation of the model, (iii) evaluation of the model [29]. Notice that this section
presents the general concepts for modelling approach however several of these
concepts have not been applied for mammalian cell bioprocesses.
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(i) Identifying the modelling project begins by determining the model goal.
The model goal includes defining the application of the model, target values,
acceptance criteria and boundary conditions [29]. The model goal will aid in
choosing the type of model and act as a guideline when weighing modelling
tradeoffs. For instance, a goal can be to achieve a better understanding of a
process; or another one can be to create a model-based feedback control of a
given output parameter in a manufacturing process. In the first instance, the
model should be mechanistic and comprehensive, while, in the second case,
the model should be robust and simple, focusing on the parameters having an
influence on the controlled output.

(ii) Setting up the model requires expert knowledge [29]. Ideally the model
structure is assumed, experiments are adequately designed for the model
identification and performed to collect the data. Although this seems obvious, it
is good to recall that the model will potentially describe the information carried
by the data but that it will not be able to render phenomena not present in the
experimental data in a reliable way. Therefore, it is important to generate a data
set rich in information, in response to various stimuli and covering the space
where the model is intended. If necessary, iterations of generating experimental
data, developing the model, performing experiments again to improve the
model, re-modelling, and so on, should be performed. This iterative process
can be difficult to carry over due to time or resource constraints, a criticality
typical for mammalian cell culture work. Furthermore, in many cases, models
are created from data sets generated for another purpose, and might not be fully
adequate for the envisioned modelling purpose. During process development,
DoE can typically be carried out to characterize a process in a given parameter
design space. The DoE exercise generates a data-driven model of the process in
this space [30]. This model is used to catch the influence of the parameters on
the process and for optimization but do not include a mechanistic description.
Such data could also be used for mechanistic modelling however this is
rarely performed [31]. Choosing the experiments could also be approached
by relying on information theory. Model-based design of experiments (MB-
DoE) provides experimental design maximizing the possibility to estimate the
model parameters according to different criteria, i.e. D-optimal, A-optimal, E-
optimal [32, 33]. MB-DoE has been proposed in theoretical work simulating
microorganism process in case of continuous and very frequent measurements
[34]. For this, the continuous dynamic measurement function of the Fisher
information matrix was optimized with the objectives of estimating the model
parameters in the easiest and quickest way.

(iii) Evaluation of the model is performed with collected data. During this phase
the unknown model parameters are estimated by optimizing the fit of the data
simulated by the model to the experimental data, often by minimizing the error
between these [29]. This fit can be accompanied by identifiability analysis of
the model parameters and their deviations. Structural identifiability ensures
that the model parameters are not compensating each other’s due to cross
correlations in the data [29, 35, 36], while practical identifiability evaluates
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if the confidence intervals of the parameters allow their estimation with the
available data [36]. In addition to identifiability, the model robustness can be
evaluated. A simple test is to check the model behavior with extreme input
values [29]. A more sophisticated approach is to employ a sensitivity analysis,
which describes the impact of the model parameters, process parameters and
model inputs on the model outputs [37, 38]. In the following text, the focus is
on the model setup for modelling mammalian cell metabolism in the context
of biopharmaceutical production.

3 Mathematical Models for Biopharmaceutical Production
Processes

Different model types have been used for the biopharmaceutical production pro-
cesses. These models can be classified based on their ideals and approaches, to
highlight the purpose they are suited for [39].

3.1 Modelling Ideals

A model is only a simplified description of the reality. The choice of simplifications
and assumptions depends on model objectives. The modeler has the task of choosing
which tradeoffs to make between different ideals. Weisberg listed 5 ideals to guide
the model construction process: completeness, simplicity, 1-causal, Maxout, and
generality [40].

1. The completeness ideal is to represent the complexity of the target by including
every known property of the target.

2. In contrast, the simplicity ideal aims to include as few properties as possible to
achieve predictability.

3. As furthest from completeness, the 1-causal ideal aims to include only the most
important causal factors.

4. The Maxout ideal aims to maximize the fit to the experimental data, as well as
precision and accuracy of the prediction [41].

5. The generality ideal aims to maximize the generalizability of the model to
different targets.

Along these ideals, the compromises to be made can be segregated by complexity
vs. simplicity as well as fit to specific data vs. generality.
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3.2 Model Classifications

Fredrickson et al. established a systematic classification for mathematical models
of cell cultivation processes into structured vs. unstructured, and segregated vs.
unsegregated [42].

• In unstructured models, the intracellular description of the cell is omitted while
the structured models aim to describe the intracellular structure to some detail,
i.e. by dividing the cell model into an internal structure of multiple compart-
ments, components and reactions [43]. Data driven models are an example of
unstructured models, in which the structure of the model is irrelevant and hidden
while mechanistic models are an example of structured models, which rely on
the underlying biological mechanisms [44].

• Unsegregated models consider the cells as identical, while segregated models
consider the heterogeneity of the cells in the cultivation, i.e. the different phases
of cell cycle [45, 46]. Some probabilistic models consider the behavior of
individual cells or molecules [47] whereas deterministic models consider the
average behavior of the population as a continuous process [39, 47].

The unstructured unsegregated models aim at simplicity ideal while struc-
tured segregated aim at completeness. Structured unsegregated models reflect
the generality ideal while unstructured segregated can correspond to the Maxout
ideal.

Beside this classification, different features, potentially non-exclusive, can be
distinguished as presented below;

3.2.1 Mechanistic Models

Mechanistic models rely on the underlying biological mechanisms and provide an
accurate and exhaustive description; however a drawback is that the underlying the-
ory must be correct. These models have the potential to improve our understanding
of cellular and process behaviors, and allow for optimization tasks by changes in
the internal structure of the cells as well as by the inputs given to the cells [43,
48]. Mechanistic models can be classified as structured models, where the level of
structure detail depends on the modelling decisions. These models can be further
divided into probabilistic or deterministic models. Mechanistic probabilistic models
are often structured segregated models, while mechanistic deterministic models are
structured unsegregated or segregated models.

Probabilistic Models

Probabilistic models are based on statistics and widely used for modelling gene reg-
ulation and metabolism. The statistical basis of the model allows the representation
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of the population variability, including random variables, and modelling results as a
probability distribution. These models can take into account the uncertainties of the
experimental data. Due to their statistical nature, the same set of parameter values
and initial conditions can lead to different outputs. Models can be built to avoid
overfitting. From a hierarchical assembly of simple modules, more complex models
can be created. They can provide coherent relationships despite the data complexity.

Deterministic Models

Opposite to probabilistic models, deterministic models include no randomness
factor. They provide a quantitative description of the bioprocess phenomena, which
can include a dynamical evolution. Their output prediction is always the same for
given inputs and initial conditions. They are based on continuous variables using
ordinary differential equations (ODE) of the law of mass action describing these
phenomena. They allow the description of the system at a level of detail decided
according to the needs and the available experimental information, from very simple
to genome-scale. A drawback is that they include a large to very large number of
parameters depending of the model size. These have to be determined either through
model identification, by dedicated experiments or from the literature. A large
number of parameters can lead to overfitting, where the model is fitted to anomalies
in the data rather than the actual information. An example of deterministic models
valuable for bioprocesses are kinetic models, which include kinetic equations
reflecting the enzymatic reactions, e.g. the Michaelis-Menten equation [49]. These
models are non-linear, which may be challenging for the identification of their
parameters.

3.2.2 Black-Box Models

Black-box models consist of suitable mathematical relationships that allow con-
necting the inputs and outputs while hiding the biologically irrelevant structure
[44, 50]. Black-box models are pure data-driven and sacrifice the explanatory
power in favor of fitting the data. Due to lack of structure within the cells or the
cell population, black-box models can be classified as unstructured unsegregated
models. Construction of these models does not require extensive knowledge of the
underlying biological mechanisms [51]. However compared to mechanistic models,
they have the drawback of limitation of predictability, in particular outside of
the space covered by the experimental data. Many models are so called grey-box
models, where black-box modelling is combined with mechanistic information or
observation.

The present Chapter is mainly focusing on mechanistic models for mammalian
cell culture bioprocesses, and refers to the above-mentioned reviews for black-box
models.
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3.3 Mechanistic Models of the Cell Metabolism

Mechanistic models rely on the underlying biological mechanisms to describe
the observed phenomena. Accurate mechanistic modeling of the mammalian cell
metabolism is a challenging task due to the complexity and flexibility of these cells.
Two key components of the cell metabolism are the network(s) of the metabolic
reactions and the fluxes of molecules through these reactions. A flux is the turnover
rate of molecules through one reaction or a series of reactions constituting a
metabolic pathway and can be understood as the movement of matter through
metabolic networks [12]. In most cases, a flux is the cell specific rate of a reaction or
a pathway, expressed as mass per time unit and cell. To describe a culture process,
a model needs to include the kinetics of the fluxes, expressing the influence of
components and factors on the reaction rates. Furthermore for processes, which are
not in steady-state such as batch or fed-batch modes, these models have also to be
dynamical, i.e. expressing a time dependency.

3.3.1 Metabolic Reaction Networks

A structured model for the cell metabolism is generated from the knowledge of
the metabolic reactions network. This network consists of a set of reactions inter-
connecting the metabolites. The information about the reactions can be obtained
from e.g. biochemistry textbooks, databases such as KEGG pathways [52, 53], or
literature. Many of the reactions in living cells are known. Detailed information
from large databases provides these reactions, organized in metabolic systems
and pathways [53]. Extensive network models have been established for Chinese
Hamster Ovary (CHO) cells, the workhorse of biopharmaceutical manufacturing,
both based on mouse models [26] and on CHO genome [54–56]. These models
provide detailed information at the molecular level and can be powerful tools for
cell engineering. The identification of the parameters of these models is however
very tedious and difficult since it requires a lot of information at the intracellular
and extracellular levels that has to be obtained from literature or from experimental
data. This together with the complexity of the reaction network renders the task of
determining as well the flux kinetics even more challenging, although attempts have
been proposed [26].

Metabolic reactions and reaction networks can be translated into mathematical
representation expressing their stoichiometry. Stoichiometry is based on the law
of conservation of matter: the number of atoms consumed by a reaction matches
the number of atoms produced by this reaction. The information of a metabolic
network can be represented as a stoichiometric matrix A of the stoichiometric
factors of all the reactions. In A, each column corresponds to a reaction while each
row corresponds to a metabolite. The stoichiometric factors are negative for the
consumed metabolites and positive for the products.
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Fig. 1 Example 1; reaction
network, consisting of
simplified glycolysis where
glucose is transformed into
pyruvate, followed by
pyruvate reversibly
transformed into lactate
where the co-factors are
omitted for clarity
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⎞
⎟⎠

⎤
⎥⎥⎥⎥⎥⎥⎦

m metabolites

An illustration is given below in Example 1 of a reaction network, consisting
of simplified glycolysis where glucose is transformed into pyruvate, followed by
pyruvate reversibly transformed into lactate (Fig. 1). This is expressed by the
following reactions where H2O is omitted for clarity and reversible reactions are
expressed by two reactions in opposite directions;

Reaction r1 glucose + ATP → F6P + ADP + Pi

Reaction r2 F6P + ATP → DHAP + GA3P + ADP + Pi

Reaction r3 DHAP → GA3P
Reaction r4 GA3P → DHAP
Reaction r5 GA3P+2 ADP+2Pi+NAD+ → pyruvate+2 ATP + NADH + H+
Reaction r6 pyruvate + NADH + H+ → lactate + NAD+
Reaction r7 lactate + NAD+ → pyruvate + NADH + H+

where DHAP = Dihydroxyacetone phosphate; F6P = Fructose-6-phosphate; GA3P
= Glyceraldehyde-3-phosphate

The mass balances of the fluxes through these 7 reactions are given by the
derivative with time of the 6 metabolite masses equal to the formation and
disappearance of these in the reactions according to their stoichiometric factors
(positive for formation and negative for disappearance), as follows, where the co-
factors are omitted for clarity;
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d glucose

dt
= −r1 (1a)

d F6P

dt
= r1 − r2 (1b)

d DHAP

dt
= r2 − r3 + r4 (1c)

d GA3P

dt
= r2 + r3 − r4 (1d)

d pyruvate

dt
= r5 − r6 + r7 (1e)

d lactate

dt
= r6 − r7 (1f)

where r1, . . . , r7 are the reaction rates.
Introducing the vector of metabolite concentrations, C, the vector of rates

reactions, r, and expressing the stoichiometric matrix according to (Eqs. 1a–1f);

vector of metabolites,C⎡
⎢⎢⎢⎢⎢⎢⎢⎣

glucose
F6P

DHAP
GA3P

pyruvate
lactate

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

vector of reactions,r⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

r1
r2
r3
r4
r5
r6
r7

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

stoichiometric matrix,A⎡
⎢⎢⎢⎢⎢⎢⎢⎣

−1
1
0
0
0
0

0
− 1
1
1
0
0

0
0

− 1
1
0
0

0
0
1

− 1
0
0

0
0
0
0
1
0

0
0
0
0

− 1
1

0
0
0
0
1

− 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

the mass balances of the fluxes (Eqs. 1a–1f) are now rewritten as

d

dt

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

glucose
F6P

DHAP
GA3P

pyruvate
lactate

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

−1
1
0
0
0
0

0
− 1
1
1
0
0

0
0

− 1
1
0
0

0
0
1

− 1
0
0

0
0
0
0
1
0

0
0
0
0

− 1
1

0
0
0
0
1

− 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

r1
r2
r3
r4
r5
r6
r7

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(2a)
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or

dC
dt

= A r (2b)

where C (m x 1); A (m x n); r (n x 1)
The number of reactions n is usually higher than the number of metabolites m;

for instance Example 1 includes 7 reactions and 6 metabolites.

Let us define vj as the flux through a reaction rj, expressed as mass per time unit
and cell, and v (n x 1) as the vector of the all the fluxes vj in a reaction network.
The reaction rate rj can be expressed as the product of the cell specific flux of mass
through this reaction, vj, times the biomass, X, i.e. rj = vj X , where X is a scalar.
Applied to Eq. 2b, it follows that

dC
dt

= A r = A v X (3)

The stoichiometric matrix can be given further structural details of compartmen-
talization by defining metabolites as internal, external or belonging to compartments
such as mitochondria. Transport reactions are added in case compartments are
included. In particular, A can be split into the reactions related only to the
intracellular metabolites and the ones related to the extracellular metabolites, into
two matrices Aint and Aext respectively.

A =
[
Aext

Aint

]
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

aext 1,1 · · · aext 1,n

...
. . .

...

aext k,1 · · · aext k,n

aint k+1,1 · · · aint k+1,n

...
. . .

...

aintm,1 · · · aintm,n

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(4)

Accordingly Eq. 3 can be rewritten as

d

dt

[
Cext

Cint

]
=

[
Aext

Aint

]
v X (5)

where suffix ext corresponds to the extracellular elements, and suffix int to
the intracellular elements, i.e. Cext and Cint are respectively the vectors of the
extracellular and intracellular metabolite concentrations. A further constraint is that
v ≥ 0, which indicates that vj ≥ 0, ∀ j ∈ J (for all j belonging to J) where J is the set
of all the reactions of the network. In case a reaction is reversible, it is split into two
reactions, one in each direction, and thus A includes two columns for a reversible
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reaction, see Example 1 for instance for the reversible transformation of pyruvate
into lactate.

3.3.2 Metabolic Pathway and Macroscopic Reactions

A metabolic pathway is a chain of interconnected metabolic reactions, i.e. a defined
series of reactions where the product of a reaction acts as substrate for the next
one. A macroscopic reaction or macro-reaction describes the path between entry
substrates in the cell and final products into a single reaction without considering
the intracellular metabolites. It can be expressed by the stoichiometry relating the
metabolites taken up by the cells to the secreted ones. It is characterized by the
flux of the turnover of the extracellular substrates into extracellular products. A
macroscopic view of a system is obtained by a network of macroscopic reactions.

In Example 1, the following macro-reaction is a simplification of the system of
reactions r1 to r7;

glucose + 2 ADP + 2 Pi → 2 lactate + 2 ATP

Unlike metabolic reactions, macroscopic reactions lack a complete underlying
biochemical description, which is lost when reactions are lumped into a macroscopic
reaction. However, experimental data of metabolic fluxes can be used to aid the
creation of the model. The network of macroscopic reactions can be expressed by a
stoichiometric matrix in a similar way as a network of single reactions. The concept
of metabolic pathways or macroscopic reactions is often used to reduce the model
size.

Macroscopic models are based on macroscopic reactions. They provide simpler
models for the simulation of the reaction rates and metabolite concentrations in
a cell culture where the intracellular metabolism is not detailed [14, 44, 57–
63]. Macroscopic kinetic models include also the kinetic equations to describe a
simplified metabolism of multiple pathways running through the metabolic network
into reactions linking observable extracellular substrates to products [57–60, 62].

3.3.3 Introduction to Flux Analysis

As previously mentioned, a flux is the turnover rate of molecules through a reaction
or a series of reactions. Flux analysis addresses the movement of matter through a
network of metabolic reactions and can be divided into two approaches: (i) kinetic
analysis, which provides a dynamical description and can be variable with the
process components and with time, or (ii) static analysis, which is constraint-based
steady-state and do not consider kinetics.

Kinetic analysis enables the evolution of the concentrations of metabolites over
time and is thus the most appropriate to describe a culture process. However the
kinetics are complex non-linear functions including a large number of parameters,
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and thus challenging for the model identification. Inherent to this challenge, the
number of reactions of these models needs to be limited, leading to a compromise
of the detail level of the reaction network.

In contrast, static analysis does not require the identification of the kinetics
and is thus compatible with larger reaction networks, where constraint(s) can
be instrumental for the model identification. This approach is suitable for cell
engineering and synthetic biology but does not provide suitable tools for process
modelling.

The measurement of the extracellular component fluxes is typically carried out by
e.g. high-pressure liquid chromatography or mass spectrometry. The quantification
of the fluxes of the intracellular metabolites is a highly valuable information for
the model but is much more challenging. These fluxes can be studied by isotope
labeling, typically 13C. The cells are cultured (or pulsed) with an isotope labelled
substrate, and the distribution of the 13C labelled metabolites can be followed
by mass spectrometry or nuclear magnetic resonance 13C-NMR [64]. The high
cost of the labelling substrates, the instruments and critical requirement for cell
quenching makes this approach less feasible [21], and is hardly compatible with
kinetic analysis both from economical and methodological point-of-views.

3.3.4 Determination of the Relevant Metabolic Pathways

In the analysis of the metabolic pathways, these are identified by combining sets of
metabolic reactions of the network to describe how the cells produce and consume
the metabolites corresponding to the measurements of the reaction fluxes. The
identification of the pathways is a central problem in mechanistic modelling of
cell metabolism. There are several methods for the systematic identification of the
pathways: extreme currents, ECs [65], elementary flux modes, EFMs [66], extreme
pathways, EPs [67], and minimal generators, MGs [68]; for a review, see [65, 69].

All four methods are related to extreme rays: If all the possible combinations
of reactions that form pathways through a metabolic network are contained within
the feasible solution space, then the extreme rays are the pathways that can be used
to represent all the other pathways within this space. The extreme rays cannot be
decomposed in simpler vectors and are the edges of a convex polyhedral pointed
cone representing the feasible solution space, see Fig. 2 [65]. The extreme rays
are all the non-decomposable vectors in the flux space, where a non-decomposable
vector is composed of reactions such that if any of the constituent reaction does not
transfer a flux, the other vector reactions cannot operate. Any flux distribution in the
flux space can be represented as a non-negative combination of the extreme rays.

Elementary flux modes, called as well elementary modes (EM), are the most
commonly used among the methods listed above. The majority of the models based
on pathways for mammalian cells are based on EFMs [14, 57–63, 70]. A set of
EFMs in a flux space can be defined as all the non-decomposable vectors in this
space such that there are no cancellations of reversible fluxes, i.e. a backward
flux cannot be cancelled by a forward flux [71]. EFMs are also not systemically
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Fig. 2 Illustration of the
extreme rays for a
three-dimensional system.
The convex polyhedron
contains the feasible
solutions. The extreme rays
are the edge vectors of the
cone (represented as red
continuous line). These are a
basis for all the feasible
solutions

x1

x2

x3

independent, thus an EFM can be a non-negative combination of other EFMs
[72]. EFMs allow the identification of important and physiologically meaningful
pathways not found via other pathway identification methods [73]. A set of EFMs
for a given reaction network are all the non-decomposable pathway vectors that can
generate the flux space.

3.3.5 Identification of Relevant Elementary Flux Modes, EFMs

A standard approach for the identification of the EFMs, is based on the double
description method [74], generating a systematic enumeration of all the EFMs.
EFMs are generated by pairwise combination of existing EFMs while ensuring
that the EFM has not already been identified. The method can be computed using
the software’s Efmtool [75] or Metatool [76]. The main challenge of systematic
enumeration of all the EMFs is that the number of possible combination of reactions
into pathways grows exponentially with the size of the metabolic network [73,
77, 78], while most of the enumerated EFMs are biologically irrelevant. Due to
the exponential increase of the EFMs leading to computational limitation, the size
of the network is practically limited to ≈ 36 reactions [14, 57–61], see Table
1 for examples. A reduced set of EFMs can be obtained by using experimental
data to guide the simplification of the network by selecting the largest measured
macroscopic fluxes prior to pathway enumeration [59, 61, 79]. Unfortunately, the
reaction mechanisms removed by this simplification are lost.

An alternative is to keep the original reaction network without simplification
and to use a method generating only subsets of EFMs instead of their complete
enumeration. Several methods apply this principle; selection of only the shortest
EFMs [80], feasible elementary flux patterns of sub-networks [81] and decompo-
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Table 1 Illustration of kinetic models of mammalian cell bioprocesses

Cell line Mode Network Macro-reactions Kinetics Reference

Structured models
CHO FB 34 n, 24 m / Convenience

rate laws
[115]

CHO Batch 30 n / Monod/MiMe [119]
CHO Batch 35 n / Monod/MiMe [120]
GS-CHO FB/Batch 24 n / MiMe [123]
CHO-DXB11 FB/Batch 34 n / Monod/MiMe [107]
Reaction network-based macroscopic models
CHO Batch 18 n, 20 m 7 EFMs a Monod/MiMe [57]
CHO Batch 25 n 3-11 EFMs a Monod/MiMe [58]
Hybridoma Batch 32 n 9 EFMs b Monod/MiMe [59]
Hybridoma FB/Batch 32 n, 30 m 10 EFMs b Monod/MiMe [60]
CHO FB/Batch 34 n, 30 m 8 EFMs b Monod/MiMe [61]
CHO Batch 100 n, 72 m 19 EFMs c Monod/MiMe [62]
Hybridoma/
GS-CHO

FB/perfusion 35 n 9 EFMs a, b No kinetics [79]

CHO-K1SV P-perfusion 34 n, 38 m 379 EFMs a Monod/MiMe [14]
CHO-K1SV P-perfusion 126 n, 118 m 125 EFMs d Monod/MiMe [63]
CHO-K1SV P-perfusion 131 n, 128 m 25 BFMs Monod/MiMe [86]

FB fed-batch, P-Perfusion pseudo-perfusion, n Number of reactions, m number of metabolites,
MiMe Michealis-Menten; reproduced from [85]
asystematic enumeration of EFMs by Metatool
bsimplification of the network by selecting the largest measured macroscopic fluxes prior to
pathway enumeration
csubset of EFMs by decomposition of the flux vector
dsubset of EFMs by column generation

sition of the flux vector obtained from measurements [82]. Another approach is to
utilize the experimental data via flux analysis to systematically identify an EFM
subset directly from the detailed network [62, 70, 82, 83]. This approach can be
implemented by utilizing the mathematical technique column generation (CG), to
identify the EFMs relevant for the experimental data from the reaction network
[70]. CG, is a dynamic identification method, which provides the EFMs relevant
to the information of the experimental data, without their systematic enumeration
[63, 70]. CG has been successfully applied to mAb production by CHO cells
in different media mammalian cell cultivations for identifying EFM subsets in
metabolic networks of 125 reactions [63, 70, 84], and larger networks, ≥ 1000
reactions, can be addressed by CG [85].

A recent alternative to the EFMs is the basic flux modes (BFMs), which allow
a reduction of the number of macroscopic fluxes to the same order of magnitude
as the number of extracellular metabolites [86]. The stoichiometries of BFMs are
constructed as linear combinations of the stoichiometries of independent reactions
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of the reaction network. BFMs have been demonstrated in mammalian pseudo-
perfusion process of CHO cells [86].

3.3.6 Metabolic Flux Analysis, MFA

Metabolic flux analysis deals with the distribution of the intracellular fluxes in
metabolic networks based on the application of material balances, and including
coupling with the extracellular metabolites. It addresses variations in the flux
distribution and intensity caused by perturbations, e.g. in the cell environment,
or in the genome. The vector of the fluxes over the reaction network, v, gives
a quantitative characterization of the studied phenotype, e.g. cell metabolism.
Metabolic flux analysis (MFA) and flux balance analysis (FBA) are based on
the application of material balances as introduced here and are the most popular
constraint-based approaches [87]. In both cases, the pseudo steady state assumption
is commonly used; implying that there is no net accumulation or reduction of the
intracellular metabolites [88, 89], in other words

dCint

dt
= 0 (6)

where Cint is the vector of the concentrations of all the intracellular metabolites.
Constant environmental conditions, such as achieved in chemostat and perfusion

operations, provides this state to the cells. On the contrary, batch or fed-batch cul-
tures have a dynamic evolution. However, for these modes, a common assumption is
that the cells adapt quickly to changing environment so that the pseudo-steady state
assumption is valid for phase(s) of the culture, where the cell behavior is consistent
such as exponential growth.

Let us segregate Eq. 5 into the extracellular and the intracellular elements, and
take Eq. 6 into account

dCext

dt
= Aext vX = qext X or Aext v = qext (7a)

dCint

dt
= Aint vX = 0 or Aint v = 0 (7b)

where qext (m x 1) is the vector of the cell specific rates of uptake or secretion
respective to the extracellular metabolites Cext, i.e. cell specific external fluxes, and
can potentially be measured extracellularly. System Eqs. 7a–7b is rewritten as

[
Aext

Aint

]
v =

[ qext
0

]
and vj ≥ 0, vj ∈ v (8)

where A (m x n); v (n x 1); qext (k x 1)
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Equation 8 is a system of equations where A is the stoichiometric matrix and
is known, v is the vector of the fluxes vj and is unknown, qext can be measured.
Each row of Eq. 8 corresponds to a metabolite. Equation 8 includes m equations
corresponding to the number of metabolites and n unknown variables, which are the
fluxes. Importantly, usually the number of metabolites is smaller than the number of
reactions and thus fluxes. In other words, m < n and Eq. 8 has fewer equations than
variables, and thus this problem is underdetermined.

Due to the complexity of the biological system, for bioprocess modelling,
metabolic networks of MFA are usually simplified, and the analysis only focuses
on a set of related metabolic reactions, thus non-important reactions are ignored
to reduce the number of unknown fluxes. This leads to a loss of some metabolic
information. Another option is to increase the amount of detail in metabolic
network, however qext is limited by the available measurements, which are often
limited to only a few metabolites. Consequently, several vectors of fluxes can satisfy
the Eq. 8 and the solution is not unique. A possible approach is to have intervals
on each reaction flux. This is known as interval metabolic flux analysis [83], and
the flux spectrum approach [90] or flux variability analysis, FVA. Another option
is to narrow the flux intervals by introducing additional constraints [83]. MFA
has been applied to CHO and hybridoma cell cultures to investigate the effects
of different stimuli such as different amino acid supplementations [14, 20], sugars
[24], temperature shifts [91] and butyrate addition [92]. Alternatively, the system is
complemented by intracellular flux information, however this is hardly adequate to
model processes.

3.3.7 Flux Balance Analysis, FBA

In flux balance analysis (FBA), a biologically relevant objective function is opti-
mized to solve the distribution of the fluxes given by Eq. 8 system [93–95].
For a review we refer to [96] and [21]. For micro-organisms, the objective can
be to maximize the growth rate or minimize the energy consumption within the
space of possible fluxes, determined by the reaction network [21, 93, 97]. Linear
programming is used to solve this optimization problem, and is applied for genome-
scale networks. The optimization problem is constrained by (i) the stoichiometry of
the metabolic network given by Aext and Aint; (ii) the uptake/secretion rates qext,
which can be replaced by upper and lower limits in case they are not measured, and
(iii) constraints of lower and upper bounds on the fluxes vj. In case of minimization,
the FBA problem can be expressed as

min
v

fobj (v) = b1 v1 + b2 v2 + · · · + bl vl (9a)

subject to Aext v = qext (9b)
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Aint v = 0 (9c)

vj,min ≤ vj ≤ vj,max ∀j (9d)

Similar to MFA, the solution is not necessarily unique as several different flux
combinations may give an optimal solution to the problem. The feasible space can
be further constricted to rule out alternative solutions by adding constraints to the
optimization problem, i.e. the rates qext [71]. A subtype of FBA is flux variability
analysis (FVA), in which each flux is systematically minimized and maximized over
the entire reaction network providing an interval on each reaction flux [26].

FBA is widely used for microorganisms, which grow in conditions where con-
straints on the nutrient uptake can be readily applied. Furthermore, it is reasonable
to assume a driving force of the cells to grow, why growth maximization is typically
selected as objective function. Consequently, FBA has been extensively used in
genome-scale modelling, for cell engineering and synthetic biology, e.g. in silico
knock-out, metabolic engineering, and bacterial evolution [98, 99]. The application
of FBA to mammalian cells systems is more challenging. Their metabolism is more
complex and flexible, not amenable to constraints on the nutrient uptake in a similar
way as microorganisms.

FBA has been applied to CHO cells systems [21, 91, 100, 101], to hybridoma cell
fed-batch cultures [102], complemented with additional information from isotope
labeling [103] or omics data [21, 22, 26]. In addition to modelling the metabolism,
the steady state assumption can also be applied to model the glycosylation in cell
culture. Based on pseudo steady state assumption, glycosylation flux analysis (GFA)
has been proposed in a model used in fed-batch culture [104].

3.3.8 EFM-Based MFA

As previously introduced, a macroscopic reaction is an overall reaction between
extracellular metabolites, where intracellular reactions are lumped and intracellular
metabolites are not considered. A flux through a macroscopic reaction, wi, is issued
from a combination of fluxes vj of individual reactions. EFMs-based MFA is based
on the MFA concept and EFM principle to obtain the flux pathways of macroscopic
reactions and provide a link between the experimental rates of uptake and secretion
qext and w, where w is the vector of wi (i = 1, . . . , k) elements. EFMs-based MFA
describes the cell behavior using the extracellular measurements by determining
macroscopic reactions. The vector of fluxes v can be expressed as the set of EFMs,
given by the matrix E, and the vector of the macroscopic reaction fluxes w as
follows;

v = E w (10)

Considering Eqs. 7a and 10 becomes
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qext = Aext v = Aext E w (11)

where qext (k x 1); Aext (k x n); E (n x k); w (k x 1)
In Eq. 11, qext is the vector of the extracellular fluxes of uptake and secretion,

which is measured, and the stoichiometric matrix Aext is known. Considering that E
is known, see Sect. 3.3.5 Identification of relevant EFMs, the EFMs-based MFA
problem consists in identifying an estimate of the pathway flux vector w that
minimizes the difference between the measured fluxes qext and Aext E w, i.e.
linear least-squares data fitting problem, as follows;

min
w

1

2

∑
‖qext − Aext E w‖2

2, w ≥ 0 (12)

which is equivalent to min
w

∑ ‖qext − Aext E w‖2
2, w ≥ 0

Notice that a macroscopic stoichiometric matrix Amac such as

Amac = Aext E (13)

can be defined. Considering Eqs. 13 and 11 becomes

qext = Amac w (14)

As previously mentioned, the systematic enumeration of all the EFMs is
practically limited since their number increases exponentially with the number
of reactions. Only rather small reaction networks, typically including less then
36 reactions, can be addressed by complete enumeration to identify the macro-
reactions, as illustrated in Table 1. Instead of systematic enumeration of the EFMs,
considering a relevant subset of EFMs is possible as described in Sect. 3.3.5
Identification of relevant elementary flux modes, EFMs. Linear least-squares data
fitting problem regression can be used to identify EFMs that explain the variations
of the experimental fluxes [105].

3.4 Mechanistic Kinetic Models of the Cell Metabolism

As presented above, in order to simulate a culture process, the description of
the kinetics is required, however this adds to the modelling complexity. The
kinetics should be able to describe the changes in the cell metabolism in response
to variations in the culture to support dynamic simulations and predictions. A
kinetic model is made of (i) the relevant reactions, and (ii) the kinetic equations,
including the estimation of the kinetic parameters. Due to the complexity of the
kinetics generating challenging modelling with risk of over-fitting, and the fact
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that the measurements are extracellular and not intracellular for economical and
methodological reasons, most of the times, the model are based on macro-reactions,
i.e. macroscopic kinetic model, and not extremely large models. The macroscopic
kinetic model structure consists thus of two parts: (i) the macroscopic reactions
involving the extracellular metabolites; and (ii) the kinetic equations expressing how
the culture components and conditions influence the flux rates of the macroscopic
reactions [44].

The macroscopic reactions are determined with a mechanistic approach by uti-
lizing information from a known metabolic network, typically using an EFM-based
approach [14, 58, 63]. The macro-reactions linking the extracellular metabolites are
built by elimination of the intracellular elements as presented above.

The kinetic equations are mathematical expressions of the impact of the metabo-
lites or physical parameters on the reaction rates [49, 106]. Modelling the dynamic
conditions is a difficult task [14, 58, 59, 62, 63, 107]. The identification of the kinetic
equations is quite challenging in dynamic cultures, such as batch, or fed-batch
modes, where the cell environment is constantly changing with time. In continuous
perfusion mode where a culture steady-state is established, the kinetic equations are
not function of time, which alleviates their identification.

3.4.1 Kinetic Equations

The Monod equation models the experimentally observed growth rate of a cell
population as a function of a limiting nutrient concentration [108]. This equation
can be derived from data alone, without structure. The Monod equation and its
generalized forms have been successfully applied to describe the growth of cultured
cells as function of limiting substrates [44, 109], with the following generalization

μ = μmax

∏
i

Si

Si + KMonod
CS,i

= μmax
S1

S1 + KMonod
CS,1

S2

S2 + KMonod
CS,2

. . .

(15)

where the kinetic parameters are the apparent maximum cell specific growth
rate μmax, and the half-saturation constants KMonod

CS,i
associated with each limiting

substrate Si (i = 1, . . . , l). Effects of inhibition by by-products or other metabolites can
also be included in this kinetic equation, which becomes

μ = μmax

∏
i∈MS

CS,i

CS,i + KMonod
CS,i︸ ︷︷ ︸

saturation by substrates

∏
i∈MI

KMonod
CI,i

CI,i + KMonod
CI,i︸ ︷︷ ︸

inhibition by products or metabolites

(16)
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Fig. 3 Michaelis-Menten
equation
ν0 = νmax

S
S+ Km

where νmax = 4 and Km =
0.5, reproduced from [85]
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where CS, i and CI, i are substrates and inhibiting metabolites concentrations, and
KMonod

CS,i
and KMonod

CI,i
their respective kinetic parameters of saturation and inhibition.

For instance, saturation by substrates glucose and glutamine, and inhibition by by-
products lactate and ammonium in hybridoma cell culture were included by Jang
and Barford [110], as follows

μ = μmax

Glc

Glc + KGlc

Gln

Gln + KGln︸ ︷︷ ︸
saturation by substrates

KLac

Lac+ KLac

KAmm

Amm+ KAmm︸ ︷︷ ︸
inhibition by products

In a reaction, the enzyme kinetics describes the influence of the metabolites,
i.e. substrates, products or other regulating metabolites, on the rate of the reaction.
The Michaelis-Menten rate model was evaluated by Leonor Michaelis and Maud
Menten, from an equation proposed by Victor Henri [111, 112]. It is based on the
assumption of steady-state, expressing that the concentration of the intermediate
complex substrate-enzyme, ES, does not vary with time, in the reaction E + S �
ES � P + S transforming a substrate S into a product P with the catalyzation of
enzyme E. The rate ν0 of this reaction is

ν0 = νmax
S

S + Km

(17)

where νmax stands for the maximum reaction rate, S denotes the substrate
concentration, Km is the Michaelis constant, a kinetic parameter, corresponding
to the S concentration when the reaction is at half its maximum, see Fig. 3. The
mathematical form of the Monod equation is similar to the Michaelis-Menten
equation.

Modelling the kinetic behaviour of cell cultures related to a given metabolic
reaction network has been approached by convenience kinetics, which are gener-
alised Michaelis-Menten equation accounting for effects of saturation, activation
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and inhibition [113, 114]. Other constraints, such as thermodynamic constraints, can
also be added to the equations. Nolan and Lee [115] applied this approach to model
CHO cell cultures by manually tuning the equations, including regulation factors
and optimizing the fitting of the simulation to the experimental data. The kinetic
parameters for the enzymes are available in databases such as BRENDA, however
these rates have mostly been obtained in vitro, i.e. in conditions artificial compared
to live cell systems [116, 117]. Furthermore, although very important in this context,
the allosteric regulation is challenging to include in cell culture modelling [118].
On another hand, the kinetic equations can be constructed by considering all the
intracellular fluxes of the macro-reactions with a kinetic term per intracellular
reaction using generalized Michaelis-Menten equations and parameter estimation
based on intracellular measurements, e.g. nucleotides, as proposed for CHO cells
by Ghorbaniaghdam, Robitaille and co-workers [107, 119, 120]. An alternative way
is to adopt a network of macroscopic reactions and model the kinetics of the macro-
reactions at a macroscopic level. In other words, instead of creating models from the
detailed kinetics of individual reactions, the models describing culture behaviour are
based on generalized kinetic equations, providing a global behaviour of the system
[118]. This approach is also potentially amenable to automation [117]. Table 1 lists
examples of macroscopic models, where generalized kinetic functions have been
used for a large majority of the models.

A major problem in modelling metabolic kinetics is the lack of kinetic informa-
tion of the metabolism [117]. Simplified kinetic models can be used to reduce the
number of unknown kinetic parameters to simulate the dynamics of cell behavior
[58, 59, 62]. The simplification can be a reduction of the number of inputs and
outputs, or a reduction of the reaction network [62, 82]. Some argue that pathways
contain bottleneck regulator enzyme(s). Others that the flux are controlled by
multiple steps and not by single enzymes [121].

In macroscopic kinetic EFM-based models, each element of w, the vector of
macroscopic reaction fluxes, is replaced with a kinetic function of the substrate,
product and influencing metabolites.

w = F (C1, C2, . . . , k1, k2, . . . ) wmax (18)

So that Eq. 11 becomes

qext = Aext v = Aext E F (C1, C2, . . . , k1, k2, . . . ) wmax (19)

This approach has been applied by [14, 57–63]. Models can be developed from
approximative and generalized kinetic equations, e.g. power-laws and linearizable
logarithmic equations [44, 117] generalized Michaelis-Menten/Monod equations
[14, 57–59, 62, 63]. Adopting generalized Michaelis-Menten equations, a macro-
scopic flux rate wlis given by
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wl = wmax,l

∏
i

Si

Si + KSi

= wmax,l

S1

S1 + KS1

S2

S2 + KS2

. . . (20)

where wmax, l is the maximum flux of the macroscopic reaction rate wl; Si is the
concentration of substrate Siand KSi

is the half-saturation constant for this substrate.
Due to the constraint of positivity of the flux rates, inhibition effects from by-

products or other metabolites can be necessary to account for to obtain a satisfying
model fitting. Such effects were included in the detailed enzyme-mechanistic based
equations in the model of CHO cell metabolism [107, 120]. An improvement of Eq.
20 to include inhibition in the generalized Michaelis-Menten can be adopted [14,
63], providing the following equation for the macroscopic flux rate wl

wl = wmax,l

∏
i∈MS,l

CS,i

CS,i + KCS,i,l︸ ︷︷ ︸
substrate saturation or enhancement by a metabolite

∏
i∈MI,l

KCI,i,l

CI,i + KCI,i,l︸ ︷︷ ︸
inhibition by a product or a metabolite

(21)

where KCS,i,l
and KCI,i,l

are the kinetic parameters of saturation and inhibition for
respectively CS, i and CI, i.

3.4.2 Modelling Approaches for Processes with Multiple Phases
or in Diverse Conditions

In a process, variations in the culture behavior can occur due to multiple factors.
Batch and fed- batch cultures are dynamical processes where the conditions are
continuously changing. Shifts in temperature, pH or medium/feed media, as well
as addition of a chemical inducer trigger different phases in a process. Variations
can be introduced by working with different clones. Different approaches have been
used to address these changes.

To model the dynamical evolution in batch or fed- batch modes, a strategy is to
model the process by generating several consecutive phase-specific models [59, 115,
120]. Typically, the process is divided in growth phase, stationary phase and decay
phase and the whole process is modelled with two or three consecutive models,
each associated to a different phase. To deal with the consecutive models and merge
them for the process simulation, switching actuators, which are functions of time,
are decided from the experimental data of the culture [58, 62]. A drawback of this
approach is that the switch is decided before hand, so the power of prediction is
limited. Single model able to describe several phases without switch, can therefore
be preferred. Robitaille et al. [107] included information from biological mechanism
and quantification of intracellular metabolites to model batch and fed-batch cultures
in two different media, which was achieved with a single model without switching
functions. Flexible kinetics describing multiple metabolic states was developed by
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Hagrot et al. This allowed capturing diverse metabolic behaviors in one single model
[14] and even to replace uncertain measurements or information with estimations
of intervals [63]. In this latter work, the model described the behavior of CHO cells
when submitted to 16 different media, for which the relevant EFMs were determined
by CG from an extensive reaction network of 126 reactions, and the model consisted
of the union of all the EFMs and their kinetics [63].

Models including a culture change caused by the addition of a chemical agent
have been developed as well using bi-phasic models with a switching approach. In
this case, the prediction ability is not affected by the switching approach since the
timing of the agent addition is always decided before hand by the operator. Models
with production enhancement by sodium butyrate addition or with induction with
the cumate system for the production of recombinant protein by CHO cells have
been reported [119, 122].

3.4.3 Estimation of the Kinetic Parameters

Very few large-scale kinetic models of CHO cells have been built [21]. One
prohibiting aspect is the estimation of the kinetic parameters. These can be taken
from literature and/or estimated during the modelling exercise based on data fitting
by minimizing the difference between simulation and experimental data, with e.g.
least squares regression or maximum likelihood. However, estimation of multiple
kinetic parameters in several simultaneous non-linear equations is difficult due to
risk of over-fitting and local minima [44].

The number of parameters can be reduced by transforming the non-linear prob-
lem into a linear one. In practice this can be done by providing fixed half-saturation
parameters and only estimating the maximum flux rates from the measurements
[14, 57–60, 62]. This simplification is based on the assumption that the reactions
rates are maximal since the substrates are not limiting and thus the half-saturation
parameters are set to a low value in relation to the initial concentrations of the
substrates [44, 59, 62]. The kinetic parameters can then be adjusted by trial and
error based on the obtained model fitting [14] possibly with automatized selection
of the parameters providing the best model fitting from a systematic screening of
values [63]. A drawback of all these methods is that the kinetics models rely on a
manual selection.

A more objective and automated identification of kinetic parameters is desirable
and can be obtained by utilizing the rational structure of the model in a re-
parameterization [86, 124]. The reparameterization consists in a mathematical
transformation such that the kinetics equation becomes linear while preserving the
nonlinearity of the parameters, and is then followed by the parameter estimation by
least-squares regression or maximum-likelihood [124].

Furthermore, the selection of the macroscopic kinetics structures can also
be objectively and systematically approached based on a multilinear Gaussian
process [125]. This method generates information about the correlation between
the metabolites and the measured fluxes, where tailoring to the kinetic effects
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of activation, inhibition and their combinations, has been included. It determines
thus which metabolites are influent for each flux and the nature of this effect, i.e.
activation and/or inhibition. Furthermore the parameter estimation is simplified as
each kinetic effect is modeled separately, as opposed to attempting simultaneous
estimation of all the parameters [125].

3.5 Models of Glycosylation

Glycosylation modelling has been recently reviewed [126, 127]. The present section
focusses mainly on models of glycosylation for bioprocesses.

Several approaches have been developed to control the glycosylation by cell
engineering and medium design supported by mathematical modelling. Shelikoff
et al developed a model where the complex glycosylation process in the Golgi was
viewed as a plug flow reactor [128]. This model considered the influences of factors,
such as enzyme activity, the rates of mRNA elongation and protein synthesis,
intracellular nucleotide sugars and competition with protein folding. Umaña et al
built a model of the influence of the glycosylation enzymes on the glycoforms [129].
This structured model was based on a reaction network with 33 glycan structures
and 8 glycosylation enzymes. It assumed a glycoprotein transport through four
compartments of the Golgi with different distributions of the glycosyltransferase.
The model parameters for the kinetics and enzyme distributions, glycoprotein
residence time, volume of the Golgi compartments, etc. were estimated from the
literature.

Umaña’s model was extended to 7565 glycans with 22871 reactions by consider-
ing a larger number of enzymes and using numerical methods to enable parameters
adjustment to fit the experimental data [130]. In 2009, Krambeck et al further
expanded their model with human specific glycans by adding 8 enzymes and
including experimental data for human cells. This was increased to glycoforms
50605 later [131] and utilized for CHO cell lines. Based on the Golgi maturation
theory, Hossler et al compared a representation of the Golgi as four continuous
stirred tanks in series or as four plug-flow reactors and concluded in favor of the
latter [132].

To simulate the glycosylation of the product of interest in a culture, kinetic
models based on metabolic reaction network are the most appropriated. del Val
et al. linked the glycosylation process in the Golgi to the cellular metabolism by
introducing the impact on the glycosylation of the nucleotide sugar donors (NSDs)
transported into the Golgi [133]. The kinetic model of the glycosylation included
the NSDs metabolic synthesis network followed by the glycosylation maturation.
They also considered the Golgi as one plug-flow reactor instead of four and
introduced transport proteins recycling between compartments. In another model,
they linked extracellular nutrients, i.e. depending on the culture conditions, with
intracellular NSDs metabolism and cell growth, and simulated the glycosylation
with time in culture [134]. The influences of the Golgi volume and the antibody
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specific productivity in batch culture on the glycosylation were later included in
their model [135]. The glycosylation process is complex, and the kinetic models
contain partial differentiation equations with a high number of parameters, e.g.
related to enzyme activities, to be determined, representing a challenge for their
applications. One of the approaches to reduce the reaction network complexity
and the number of parameters has been to use the EFM concept creating macro-
reactions. A challenge is however that the proportion of sugar(s) used for the
glycosylation is extremely small compared to their total consumption, mainly
channeled into the cell energy. The identification of the mass balance of the sugar(s)
used for the glycosylation is therefore very difficult and even more challenging in
case of feeding different sugars. This can be solved by linking the concentration
of sugars in the medium to the distribution of glycosylation patterns and utilizing
macro-reactions to simulate the process of glycosylation [136, 137]. A constraint-
based model named glycosylation flux analysis, GFA, was developed by Hutter et al.
using pseudo steady state assumption for fed-batch cultures, based on the fact that
the residence time of a protein in the Golgi is 20–40 min [104]. The influence on
the glycosylation of manganese addition during a fed-batch culture was investigated
with this model.

Alternatively, non-kinetic models can present the advantage to include a lower
number of parameters to identify, [7, 104, 138]. A model based on flux balance
and Markov chain of states of glycosylation maturation, where the transition
between states is a probabilistic event has been used for cell engineering, e.g
GnT-IV and FucT knocked-out cells producing erythropoietin or antibody, and
for biosimilars [138, 139]. A Bayesian network-based model for the prediction of
antibody glycosylation was utilized in fed-batch, pseudo-perfusion and perfusion
cultures [7].

4 Models as Support to Process Monitoring
and Optimization

Process monitoring, is necessary to compensate for disturbances affecting quality
and productivity. Monitoring includes the collection of information via repeated
measurements and subsequent data processing to determine control actions [140].
The control actions rely on the availability of suitable of models. Automation
and in silico processes have commonly been utilized in chemical engineering, but
are much less developed for applications in biopharmaceutical production. This
can be attributed to the complexity of the studied system used in the production
processes, i.e. live cells. The data processing prior to control actions to perform tasks
such as outlier detection, data conversion and estimation of states and parameters
can be performed with model-based methods [29] containing prior knowledge
of the process [141]. The model-based methods in combination with continuous
measurements are often referred to as soft-sensors, which instead of measuring
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a variable, are able to provide an estimate of the variable [29]. The ability of
soft-sensors to estimate a desired variable (parameters of the process) is referred
to as observability; it ensures that the information is sufficient to reconstruct the
value of the target parameter and can be assessed by observability analysis [142].
Furthermore, the observability can be used to define the measurement accuracy
and frequency needed for applying the particular soft-sensor in a control scheme
[29]. The algorithms used in soft-sensors can be classified either as observers or
filters [143]. Observers reconstruct current estimates of parameter values from the
collected information based on the process model. They can also take measurement
errors and process noise into consideration [144] allowing even unmeasured, noisy
or infrequently measured parameters to be reconstructed [145]. Filtering algorithms,
i.e. Kalman filters, allow the soft-sensors to cope with nonlinearities and biological
complexity [89]. Monitoring can be performed with simple mass balance models
[146–148] or more detailed kinetic models [29]. Complex kinetic models have the
risk of being limited by observability, however, this can be solved by simplifying
the model [149, 150].

The process optimization, and continuous improvement of the process include
estimation of the optimal process inputs (optimal design vector) and identification
of critical process limitations, such as physiological and technical constraints as
well as product and system rationales [29]. If a reliable process model exists, it
can be used to determine the optimal process inputs and to ideally control the
process to achieve an optimal process performance. Mathematically, optimization
problems are typically arranged as minimization problems of an objective function.
The optimization objective depends on the aim of the model and is generally
related to optimizing the (i) information content, (ii) productivity [37, 151, 152]
or (iii) robustness and reproducibility [29, 150, 153, 154]. The optimization space
is frequently constrained by what is physically possible or feasible and where
the model is reliable to reduce the size of the optimization space. The size of
the optimization space is often related to the computation time of the solution
[29]. The optimization problems are frequently solved with numerical algorithms
(detailed descriptions: [155, 156]; common in bioprocessing [150–152, 157–159].
The choice of optimization algorithm depends on the number of variables to be
optimized, the complexity of the model and the desired duration of the optimization
calculation [29]. In case the optimal design vector is time-dependent it might need
to be parametrized. This can be done by discretizing the input signal via partially
constant, linear or parabolic functions (also termed as zero, first or second order
hold) [29]. Simulations are a valuable tool for investigating how to parameterize the
design vector [37].

5 Perspectives

Modelling of bioprocesses for mammalian cell cultures has received a renewal
of attention, including from industry. The perspective of creating in silico tools
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to simulate these processes is nowadays becoming a reality. For instance, their
usage for process and medium development is offered as commercial service, or
large biopharma companies develop their own modelling tools. For this, hybrid
models allying mechanistic description and black-box approach for the kinetics, i.e.
machine learning, are potentially used. It is important though that the field continues
to investigate new methods supporting a more complete mechanistic description and
many issues are unsatisfactory solved today. Among others, the inclusion of omics
information can be instrumental however this creates new challenges, requiring
novel technical approaches. Another challenge is the generation of the experimental
data, both in terms of resources needed, i.e. cultures and analyses, but also in
terms of appropriately designing the experiments to gather the measurements the
most critical to catch the cell and process behavior in the model. There, smart
experimental design, high-through-put solutions for cultures and analytical methods
are needed. Process simulation can also be used for the training of staff or students,
as performed at KTH-Royal Institute of Technology nowadays. Finally, model-
based feed-back control of a process to track a given trajectory is also explored
in the field. In this latter case, this can guide how the model should be designed,
potentially favoring robustness to completeness. Here process analytical technology
is of course instrumental.

Modelling of biopharmaceutical processes using mammalian cells has been
investigated since several decades, however the field is starting to harvest these
efforts nowadays. From the actual interest and current efforts, high quality in silico
possibilities can be expected to grow significantly in the future.
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List of Abbreviations

Abbreviation Explanation

CFD Computational fluid dynamics

cGMP Current good manufacturing practice

CHO Chinese hamster ovary

DoE Design of Experiments

mDoE Model-assisted Design of Experiments

RS Response surface

RQ Respiratory quotient

QbD Quality by Design

1 Introduction

The demand for highly potent next-generation pharmaceuticals has continuously
increased in the last decades [1, 2]. Besides small molecules, biopharmaceuticals
are used as a medication for difficult-to-treat diseases and constitute a novel class
of therapeutics. Trends for the future indicate a growing market share of up to
50% of the top 100 pharmaceuticals to be bio-based [3]. At the same time, the
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development costs of biopharmaceuticals have increased drastically (620% from
1980 to 2013) [4]. Between 2015–2018, 129 different biopharmaceuticals were
approved by the EU and US government, which makes this the highest 4 year
period since the first biopharmaceuticals entered the market in the mid-twentieth
century [5]. In 2018, 374 approved biopharmaceuticals were available in total, of
which 316 are with distinct individual ingredients and a current marketing license.
Furthermore, 47% of the newly approved pharmaceuticals were bio-based. Most
of the biopharmaceuticals are glycoproteins, and their efficacy is highly dependent
on human-like post-translational modifications (i.e., glycosylation), which can be
performed human-like using CHO cells as expression systems [6].

Additionally, there is a rising demand for accelerated process development
and increased efficiency and economics of biopharmaceutical production processes
[7, 8]. Especially for the development of processes for biopharmaceutical products,
requirements for increased process understanding have evolved from the Process
Analytical Technology (PAT) and Quality by Design (QbD) philosophy. Processes
have become more complex and sophisticated, e.g., by switching from simple batch
to more complex fed-batch or continuous perfusion processes [9, 10]. The number
of process variables that have to be monitored and their complexity has increased.
Furthermore, the demands related to quality management and documentation (cur-
rent good manufacturing practice, cGMP) have increased dramatically. A benefit of
these higher efforts for development is the increasing process knowledge [11]. This
can speed up technology transfer from development into manufacturing, deliver a
more optimized, robust process with higher titers and greater reproducibility, and aid
in troubleshooting and root-cause analysis of deviations during production [12, 13].

Even though CHO cells have been used for more than two decades in the
biopharmaceutical industry, the general understanding of the dynamics of the
growth, metabolism, and product expression in mammalian cell culture processes is
still insufficient. To capture the process dynamics, mathematical process modeling
is an efficient tool because it includes the mechanistics of the biological system
and the interactions of critical process parameters and critical quality attributes [14–
17]. A mathematical model mainly summarizes the so far available understanding
and works as an initial starting point to obtain a deeper insight that is required
for knowledge-driven process design and optimization. Although the application
of mathematical process models for the development of sophisticated processes
has many advantages, it is still not commonly applied in bioprocess development.
Reasons for this include the variety and complexity of mathematical models includ-
ing different assumed mechanistics and quality of predictions (recently reviewed in
[18]). In the past years, we developed novel model-assisted concepts for the design
and scale-up of antibody-producing cell culture processes, which are reviewed in
this chapter. Beforehand, a short review about the history of CHO cell culture is
presented.

Short History of CHO Cells
CHO cells are spontaneously immortalized mammalian cells initially isolated from
the ovary of a Chinese hamster in 1957 [19]. Historically, these cells became essen-
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tial to study mammalian genetics and cell physiology due to their large chromosome
(observable using a light microscope) and their robustness and fast growth rates
in cultures. The cells were used and distributed in different laboratories, and a
variety of cell lines were generated over time (e.g., CHO DG-44, CHO K-1, CHO-
S, reviewed in [20]). Commercialization of CHO cell culture processes was first
achieved in the mid-1980 by Genentech, who started a 10 m3 production process of a
recombinant tissue plasminogen activator with suspension-adapted CHO cells [21].
Today, a collection of methods for genetic modification and selection of suitable
clones have been established [22]. Modern highly productive CHO processes
achieve product concentrations of over 4–10 l−1 and are optimized regarding
process control, media composition, and feeding strategies [23]. Furthermore, CHO
cells grow relatively fast compared to other mammalian cell expression systems
and can be cultivated in chemically defined, serum-free media without antibiotics
and serum. In 2011, [24] presented the first draft genomic sequence of a CHO-K1
ancestral cell line. They investigated the genes responsible for the glycosylation
and viral entry to optimize biopharmaceutical production further [24]. To utilize
CHO cells, the genetic information of the expressed protein needs to be included
in the cells. Commonly, the DHFR-MTX selection system is applied during clone
development [25]. Nevertheless, clonal stability is not ensured, even if the DHFR-
MTX system is applied and genetic losses were described in long-term studies
with [26] and without [27] MTX selection pressure. Currently, novel gene-editing
methods (e.g., CRISPR/Cas9) are applied to CHO cells to develop presumed next-
generation expression cell lines with improved productivity and product quality
[28, 29].

2 Model-Assisted Design of Experiments

In this section, an introduction to Design of Experiments (DoE) is presented first.
Then, a new model-assisted Design of Experiments (mDoE) approach is shown
followed by its extension and transformation into a software toolbox. Please notice
that this section is based on our recent publications, in which further details can be
found [30–32].

2.1 Design of Experiments

In contrast to evaluating just one factor at a time (i.e., changing only glucose
concentration in growth medium), DoE tools enable to systematically evaluate
multiple variables at the same time. DoE methods are recommended within the
QbD methodology to describe the interdependency of process variables on the
final biopharmaceutical [33]. In the beginning, a screening design is used to
statistically identify relevant process variables (i.e., factors), e.g., medium compo-
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sitions [34, 35] or process parameters [36, 37]. Secondly, the experimental space,
consisting of significant variables and user-defined boundaries, is experimentally
evaluated concerning their impact on the targeted outcomes (responses, e.g., product
concentration, yields) [38, 39]. For the manufacturing of biopharmaceuticals, a
stable and valid setpoint (e.g., medium concentration) of the process variables is
aimed in order to guarantee the product quality and defining boundaries for stable
operation, referred to as design space [40]. By using DoE, experiments can be
efficiently planned and the interactions on experimental variables (i.e., factors) and
the investigated outcome (i.e., quality attributes) are described by statistic equations
[41, 42]. In the field of the design of biopharmaceutical manufacturing processes
(upstream, as well as downstream) they are mostly applied and DoE methods are
used to show the process understanding in regulatory dossiers.

Although DoE can be used to identify correlations between process parameters
and their influence on the final product, the complex bioprocess is reduced to a
few key numbers (e.g., final product concentration), and the dynamics of growth
and metabolism are not sufficiently taken into account [30, 31]. DoE methods are
based on user-defined choices of the experimental design and the definition of
factor boundary values, including the definition of variables and their evaluated
levels [33, 43]. Expert knowledge is required to define suitable boundary values for
process development and optimization [44–46]. The heuristic conception of a DoE
by choosing the limits of the parameter space poses a particular challenge [47].
Thus, there is a high risk that the experiments carried out were wrongly chosen
and have only insufficient validity, which results in further costs and time delays
[30, 32]. In Table 1, common examples of the application of DoE methods for the
design and optimization of biopharmaceutical production processes are listed.

Table 1 Exemplary applications of DoE in bioprocess engineering studies with respect to the
applied experimental design

Product Design and factors Improvement

Ab Rotable central composite design,
valproic acid and time of adding

Optimal valproic acid concentra-
tion

[48]

Ab G8.8 D-optimal (18 runs), time of feed
start, temperature and osmolality
shift and feed volume

Optimal feed volume determined [44]

Ab 4A1 Factorial design, initial cell and
glutamine concentration and feed
rate

Successfully adaption of a fed-
batch protocol

[49]

EPO Rotable central composite design
(16 runs, γ=1.68, 2 center points), 3
nucleotide sugar precursors, time of
adding (lag or exponential phase)

Optimal concentration in exponen-
tial phase

[50]
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Fig. 1 Workflow of mDoE consisting of the combination of mathematical process models and
classical Design of Experiments, please see [30] for further details

2.2 Model-Assisted DoE: Approach

To enable a more knowledge-driven bioprocess development and optimization,
a model-assisted DoE approach (mDoE) was introduced [30, 51]. Early process
development data from cultivation experiments based on literature or prior knowl-
edge/literature are generated (see Fig. 1).

The first data are evaluated in a data analysis step and the data and prior
knowledge is used to model the growth, metabolic rates and productivity of the
bioprocess. Prior and expert knowledge is incorporated in the mathematical process
model since it consists of mechanistic links describing the interactions of the culture
dynamics [52]. For mDoE, typically a low amount of data is available (i.e. in early
process development) and the used model structures are simple and describing
known mechanistic effects, but the model parameters can be estimated based on
few data. After modeling, a classical DoE is planned including the definition of
factors and responses and the choice of an appropriate experimental design. The
factor combinations are exported and the dynamics of the cell culture process are
simulated based on the process model. The responses are treated like experimental
data and the DoE is evaluated in the used statistic program including a response-
surface model and the constraint-based optimization of the experimental space. This
loop can be repeated several times to reduce the boundary values for an experimental
DoE and the number of experiments during process development. As an example for
the application of the mDoE approach, the optimization of a fed-batch strategy in
laboratory scale is explained in the following. This example is based on the previous
publication of [30].

Initially, experiments were designed using standard DoE software resulting in
a I-optimal design with 29 recommended experiments (see Fig. 2a). The boundary
values of this DoE were defined based on the available feeding solutions and vendor
data, as typically in the development of cell cultivation processes. Simulations were
used instead of laboratory experiments to predict the responses of each experiment
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Fig. 2 Application of the mDoE approach for the optimization of a fed-batch process, (a) initially
planned experiments in a DoE (n = 29 experiments), Response surfaces are based on the
model-based simulations of each experiment and the following response surfaces were predicted:
(b) maximal viable cell density, (c) maximal ammonium concentration, (d) maximal antibody
concentration. See [30] for further details. F -feeding rate, FGln-glutamine concentration in feed,
FGlc-glucose concentration in feed

suggested in this DoE plan. The responses of each DoE is exported out of the
simulations and these data are used in the DoE software to predict response surfaces
as in a traditional evaluation, as can be seen in Fig. 2b–d.

Based on these simulations, the initially defined boundary conditions can be
questioned and challenged, leading to knowledge-based DoE designs. In the
presented example, different surfaces were generated and these can hardly be
predicted beforehand without an appropriate mathematical model. No heuristic
restrictions with several iterative rounds were necessary, because the mathematical
process model incorporates the known factors, their dynamics and interactions in
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Fig. 3 Structural workflow of mDoE-toolbox consisting of the combination of mathematical
process models and classical DoE under the consideration of model parametric uncertainty based
on experimental variability, adapted from page 685 in [32]

DoE. In general, process modeling itself is a rather undefined work, and a variety
of models and modeling approaches of different considered complexity exist in
literature [53, 54]. mDoE is designed to be applied in the initial phase of process
development for which very little data is available. Therefore, structurally simple
[31] or generalized models [55] are applied, for which model parameters can be
adapted based on few data points typically generated in medium tests or first
cultivations.

2.3 Model-Assisted DoE: Software Toolbox

The formerly shown mDoE approach was extended and incorporated into a software
toolbox [32], implemented in the programming software MATLAB and R. The
description of the toolbox in the following is summarized from [32]. The main
parts of the mDoE-toolbox are the combination of a mathematical process model,
including model-parametric uncertainties with the computational planning and
evaluation of DoE designs, as can be seen in Fig. 3.

In the beginning, the objective of the study (i.e., maximization of product
concentration, minimization of inhibitory component) is defined. Then, the biotech-
nological system is modeled first (Fig. 3 box I). Thus, prior knowledge (e.g., pre-
experiments, literature) about the strain is used to define mathematical expressions
for cell growth, metabolism, and productivity [30]. After defining a mathematical
model, the model-parametric uncertainties are derived with Monte Carlo sampling
based on the experimental uncertainty (i.e., measurement error, Fig. 3 box II).
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Therefore, the expected process variability based on the measurement errors is
simulated and later used in the DoE evaluation [51]. Next, the experimental factors
and responses are defined (Fig. 3 box III) with individual boundary values, e.g., a
tolerated concentration of an inhibitory component or a minimum required product
concentration. A DoE design, such as an optimal design or Box-Behnken design
is subsequently planned (see [31] for a review on different designs). For each
recommended factor combination, the time courses of the modeled state variables
(e.g., cell weight, substrate, and product concentration) are simulated multiple
times (Monte Carlo simulations, Fig. 3 box IV) taking into account the previously
determined parameter probability functions (box II). From these simulations, the
average expected response (e.g., average maximal cell dry weight) and its variability
(difference in Monte-Carlos simulations) are calculated. These simulations are used
for the computational evaluation (box V) of the former planned experimental design
(box III). This enables an evaluation of each planned experiment with respect to
its simulated average and its expected variability with the aim of simultaneously
maximizing the response and minimizing its variability. After simulating the experi-
mental designs, response surface plots are generated automatically for visualization.
Only a few (e.g., 2–4) experiments with the highest response are recommended to
be performed, while others can be neglected. Generally, uncertainty-based modeling
techniques have been widely used in chemical systems or systems biology, but not
often in bioprocess simulation studies [16].

Using the mDoE-toolbox, the available knowledge can be captured in the
mathematical model, which can serve as a basis for advanced process understanding
and digital twins [56]. In this way, the new data obtained from the recommended
experiments can be used to re-adapt the model parameters and their probability
distribution or to modify the model structure if so far unknown effects are identified
[51]. In summary, the model-assisted DoE toolbox can be used to:

• Model the bioprocess and the interaction of critical process parameters to critical
quality attributes,

• Enable knowledge-guided planning of experiments within a risk-based approach,
• Reduce the number of experiments needed for bioprocess development,
• Evaluate new experimental data and identify new cellular effects,
• Understand the definition of in-process controls, and the expected deviation of

the manufacturing process,
• Comparison of different DoE designs,
• Transfer the process model during technology transfer and scale-up.

So far, successful applications of the mDoE approach were in the field of
mammalian cell culture and bio-economy [30–32, 51].



Computational Efforts for the Development and Scale-up of Antibody-. . . 477

3 Model-Assisted Evaluation of Scale-up

After process development, the bioprocess including its process strategy needs to be
scaled up to pilot and production scale, for which mostly data-driven approaches are
currently used. This is conventionally done by keeping a hydrodynamic state con-
stant, for example, volumetric power input (P/VL) [57, 58], mixing time [59, 60],
impeller tip speed [61, 62] or the volumetric mass transfer coefficient kLa [63, 64],
and hydrodynamical characterization is recommended at each scale (experimental
recommendation see [65]). As an alternative to the experimental characterization of
the bioreactor, computational fluid dynamics (CFD) has gained rising importance
to obtain an improved understanding of the bioreactor hydrodynamics from small
to large scale [66–69]. However, the so far applied purely data-based scale-up
procedures do not consider the dynamics of the bioprocess itself, and it is not
ensured that the previously developed process strategy is scaled up sufficiently and
that the process dynamics stay constant during scale-up.

To enable more knowledge-driven decision-making during scale-up and scale-
down, mathematical process models can be combined with statistical tools to
understand the dynamics of bioprocesses in silico [16, 32, 70]. Therefore, the
mechanistic of a biological process are modeled in different bioreactor scales
and with varying process strategies (e.g., fed-batch, perfusion). Additional process
knowledge is gained if effects of input uncertainties (e.g., experimental variations)
on model outcomes are considered and quantified (Monte-Carlo methods) [51, 71].
By this, biological variability and fluctuations inherent in bioprocesses are incor-
porated into the model and model parameter distributions [32, 51]. Subsequently,
individual model parameter distributions can be statistically compared to identify
changes in the process dynamics between the modeled scales [51, 72].

This section summarizes our recent efforts in developing a new model
uncertainty-based workflow for the evaluation of process strategies in different
bioreactor scales. Please notice that this section is based on our recent publications,
for which further details can be found in [51, 72].

3.1 Computational Workflow

As can be seen at the top of Fig. 4, experimental data sets at two different bioprocess
scales are used as input (exemplary Scale A and Scale B), e.g., process development
and process implementation scale (typically using different bioreactor systems). It
should be noticed that this workflow does not focus on how the scale-up needs to
be performed hydrodynamically. The aim was to develop a method to statistically
evaluate if the process dynamics are comparable at both scales and if the targeted
process optimum (i.e., process strategy) is still met [51].

The basis of the introduced concept is the quantification of model-parametric
uncertainties under consideration of experimental uncertainty due to variability in
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Sampling of experimental data

Estimation of model parameters

1 . Monte Carlo-based uncertainty quantification 

2. Statistical comparison of parameter distributions (A, B)

Experimental data     
Scale A 

Experimental data    
Scale B 

Statistical test for differences in means

3. Monte Carlo-based uncertainty bands

Process stability prediction based on determined
parameter distributions.

4. Validation of process strategy

No

Recommended validation of process
strategy using model-assisted Design 

of Experiments.

Yes

No

Yes

Proceed scale-up

Experimental 
process optimization

n-times

Model parameter distributions

Fig. 4 Uncertainty-based workflow for the evaluation of dynamics of bioprocesses at different
process scales, please see [51] for further details

measurements (Fig. 4, box 1). Please notice that the same approach is also used in
the formerly introduced mDoE toolbox and the process understanding, captured in
the same mathematical model, can be transferred between both approaches. The
model parameters are estimated multiple times (Monte Carlo sampling) for each
investigated scale considering measurement errors. Then, the parameter distribu-
tions and the prediction quantiles are used to visualize the process variability based
on the model parameter distributions (Fig. 4, box 2). In the next step (Fig. 4, box 3), a
statistical comparison of the parameter distributions is performed to evaluate if there
are statistically significant differences in the dynamics between both scales. The
same process dynamics and targeted process strategy could be ensured if no changes
in the parameter distributions are identified. Otherwise, if the parameters differ
significantly, a validation of the process strategy is recommended (Fig. 4, box 4, e.g.,
adjusting the feed composition). In this validation step, the previously introduced
mDoE toolbox can be used to re-adjust the process strategy with a reduced number
of experiments.

As can be seen as exemplary in Fig. 5a,b for two different single-use reactors at
the laboratory scale, the same mathematical process model can be used to describe
the process dynamics. The probability functions derived at different scales (e.g.,
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Fig. 5 Viable cell density of fed-batch cultures at 250 ml (a) and 2 l (b) bioreactor scale. Solid
line is the median of 1000 simulations based on the Monte Carlo-based method; dashed line
represents the 10% and 90% quantiles of the simulations. (c) shows the Box-plots of the normalized
parameters of these runs, * = significant; n. sig. = not significant, please see [51] for further details

250 ml and 2 l scale) were then statistically compared to identify changes in the
bioprocess dynamics (Fig. 5c).

μmax, norm, kGln, norm, Ks, Gln, norm, YAmm, Gln, norm, qGln, max, norm, and
qAb, norm were identified to be not significantly different. However, kAmm, norm
was slightly higher in the 2 l scale than in the 250 ml scale, but no differences were
present in the maximal ammonium concentration and this change was therefore
neglected. In summary, the process dynamics remain comparable in both scales,
proven using the above-explained workflow. In conventional scale-up studies, the
pure cultivation data of both scales (250 ml and 2 l, respectively) would have been
compared, and a heuristic decision of the goodness of scale-up would have been
drawn (e.g., same maximal titer, trends) [73, 74]. In the proposed workflow, the
model uncertainty is quantified based on the available experimental variability and
measurement error. Therefore, the process variability is determined on a timely axis



480 J. Möller and R. Pörtner

(10% and 90% quantiles of simulation, Fig. 5a, b) and in the parameter distributions
(Fig. 5c).

Overall, the knowledge-driven computational evaluation of the process strategy
during scale-up can be used to:

• Evaluate the interactions of critical process parameters to critical quality
attributes during technology transfer and scale-up,

• Evaluate the right number of growth data and sampling,
• Understand the effect of different scales on the bioprocess performance,
• Validate that scale-up was sufficient,
• Guarantee the same process performance during scale-up from a few ml to pilot

and production scale,
• Mathematicall adaptation of process strategies if a changing process performance

was identified.

The workflow was also adapted for the scale-up of process strategy developed
in microbioreactors (e.g., 24 well plates) to a larger scale, please see [72] for more
details.

4 Future Steps Towards Digital Twins

Bioprocess design and optimization have undergone significant changes during the
last decades moving from heuristically experimental approaches into twenty-first-
century digitalization of the bioprocess industry [75]. Moreover, the high demand
for biotechnological products calls for smart and efficient methods during research
and development, as well as during tech transfer and routine manufacturing [1].
A promising tool is the usage of comprehensive mathematical process models as
a virtual representation of the bioprocess, called a digital twin. The term digital
twin is still not clearly defined and has different meanings in different parts
of the industry. Historically, it is a model of a machine tool or a mechanical
manufacturing site to handle the increased complexity [76, 77]. In the bioprocess
industry, it progressively includes multiple parts of the manufacturing steps and their
interaction. The complexity of digital twins highly depends on the desired task, and
they can include mathematical process models of different complexity to reflect
the mechanistics of the biological system and the interactions between process
parameters, key performance indicators and product quality attributes. Therefore,
they enable the use of computer-aided methods to test and plan novel bioprocesses,
to efficiently monitor and control them, to predict the process variability as well
as to gain an improved process understanding. One currently discussed approach is
the implementation of machine learning tools (i.e., artificial intelligence) to enable
self-learning tools to improve bioprocess [78–80]. A digital twin-based framework
can be seen as a knowledge-based process development and engineering strategy,
for which the main advantages are a comprehensive summary of knowledge of
the investigated system, increased understanding of the process, usage of next-
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generation computational tools, a decrease of the development cost for experimental
design, support of regulatory documentation, evolving of the digital twin during the
lifecycle of the product, as well as evaluation, screening and virtual testing of new
configurations/settings, among others [53]. The benefits of the application of digital
twins heavily rely on their intended use and that the above-described points are only
valid for the design, characterization and operation of the culture system and the
respective cultivation process. More details regarding the current efforts towards
digital twins can be found in [81, 82].

5 Conclusion

Biopharmaceutical cell culture processes require novel model-assisted methods for
the development of process strategies and scale-up. Here a model-assisted workflow
for the combination of mathematical process models as part of a digital twin with
DoE was introduced and applied to design and scale-up of a manufacturing process
for therapeutic antibodies. Compared to conventional DoE, mDoE supplies a more
knowledge-based development of bioprocesses. Furthermore, domain knowledge is
required and can be captured as additional constraints to the system, leading to a
focused screening or optimization of bioprocesses using the mathematical model
as a digital twin in mDoE. The introduced approaches provides novel knowledge-
driven decision-making tools for bioprocess development and implementation.
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Kdes Constant of oxygen desorption (h-1)
KLa global oxygen transport volumetric coefficient (h-1)
MOI Multiplicity of Infection [pfu/cell]
OTR Oxygen Transfer Rate (mM O2·h−1)
OUR Oxygen Uptake Rate (mM O2·h−1)
PAT Process Analytical Technologies
PFU Plaque Forming Units
PTM Post Translational Modifications
QbD Quality by Design
QPA Quality Product Attributes
qi Specific production/consumption rate of metabolite i, [g·(106

cells·h)−1]
ri Volumetric production/consumption rate of metabolite i, [g·(L·h)−1]
RTRT Real-Time Release Testing
TNF Tumour Necrosis Factor
TOA Time of Action, [h]
TOF Time of Infection [h]
TOH Time of Harvesting [h]
Xv Viable cell density, (106 Cells·mL−1)
vvd volume media per volume bioreactor vessel per day
VL volume of liquid in the bioreactor
Vp Volumetric productivity, [gp·(L·h)−1]
yO2 oxygen concentration in the gas phase
μ specific growth rate (h−1)

1 Introduction

The twenty-first century has been the era of biopharmaceuticals, this is evidenced
by the number of biopharmaceuticals approved by Regulatory Agencies (about 300
products). Approvals have been increasing yearly along the last decade. In 2014
sales of biotherapeutics represented about 18% of drug sales worldwide and reached
a market volume about 195 billion USD [1]. The best performing market segment
in terms of sales is the monoclonal antibodies sector. Only during the period from
2010 to 2016 monoclonal antibodies sales have doubled [2, 3]. The bestselling
molecule with a total sale of almost 19 billion USD was Humira (adalimumab, a
TNF inhibitor) manufactured by AbbVie (USA) and Eisai Co., Ltd. (Japan) [2].
This fact, together with the irruption of biosimilars due to several patents expiration
have boosted the industry in areas such as developing and manufacturing tools.

Furthermore, biotech products comprise seven of the top ten drugs based on
worldwide sales not a long time ago (2014). In addition, 52 biotechnological
products were blockbusters, defined as a product with $1 billion sales per year; and
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considering that at present there are only 67 blockbusters drugs in total, the strength
of Biotechnology industry is absolutely proved [1, 4].

Even though modern bioprocessing and biopharmaceuticals manufacturing can
be already considered as mature fields, still biomanufacturing challenges remain.
For this reason, new technologies are constantly being developed and applied,
and such advances themselves often bring again new challenges. Besides the
development of new biological drugs, main biomanufacturing aims are focused on
increasing process and product quality attributes, and on improving productivity and
process efficiency [5] to reduce bioprocessing time and costs [6].

For example, a critical QPA defined for biotherapeutics is the glycosylation
pattern of glycoproteins. Many therapeutics in the pipeline are glycoproteins with at
least one or more N-glycan/ O-glycan chains. The role of N-glycans is related to the
half-life and biological activity of protein products, as well as immune response and
cellular homeostasis, among others [7]. These glycoproteins are mainly produced
in Chinese Hamster Ovary (CHO) cells [8]. CHO cells are well-characterized and
its continued usage over several decades, without any clear adverse effects, have
allowed regulatory approval over 100 biopharmaceuticals [9]. However, CHO cells
generate diverse N-glycan structures leading to protein product heterogeneity and
they neither cannot perform all types of human glycosylation [10]. Therefore, the
final product consists in a mixture of glycoproteins with different glycan chains,
and this becomes a drawback when the desired product consists of only one specific
N-glycan structure. Thus, glycosylation still remains as a current challenge for
the biotherapeutic manufacturing industry, and much effort has been dedicated to
improve the production of proteins with specific glycosylation patterns [11]

For these reasons, in some cases, it is necessary to produce certain recombinant
proteins in human cells, such as human embryonic kidney (HEK293) or human-
retina-derived (PERC6) [12]. One example is Xigris (activated protein C), which
is produced in HEK293 cells, as the post-transitional modifications performed by
CHO cells were found to be inadequate [13].

The huge increase in the biopharmaceuticals produced in mammalian cells
has placed in the first line the optimization and intensification of bioprocess as
mandatory factors to design competitive processes. In this respect, improvements
focused on achieving higher cell densities cultures and productivities in bioreactors
have attracted a great deal of interest for the biomanufacturing industry [14]. The
success of a bioprocess is based in its technical viability, but also on its economic
feasibility. The interaction and well-definition of these two parameters leads the
process to be successfully sustained for a long time.

In this regard, although the fed-batch has dominated the production of biophar-
maceuticals in the last years, the pressure to obtain more and more competitive
processes has led the industry to look for better strategies, such as perfusion systems,
due to the possibility to obtain higher cell densities in a continuous mode [15]. As
an example, [16] published a study in which more than 200·106 cells·mL−1 were
obtained in CHO perfusion system, which proves the huge improvements achieved
in this area. Another example of the huge interest in perfusion systems, is the recent
book published by Wolf et al. [17], describing the current state of the art in the design
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and operation of continuous bioreactors focused on mammalian cells. However, it
must be said that the efficient application of these processes requires the availability
of reliable and real-time monitoring systems for substrates, cell density and cell
metabolic activity estimation, in order to achieve the process and product quality
desired.

2 Bioprocess Parameters Monitoring as a Tool for Quality
Assurance in Biopharmaceuticals Manufacturing. Quality
by Design (QbD) Built on Process Analytical Technologies
(PAT)

With the fast development of the biotechnology industry over the past 30 years,
many efforts have been done by biopharmaceutic companies to ensure the quality
and safety of their products. For this, new regulations have been addressed to
ensure the quality requirements of the product mainly associated with viral safety,
product characterisation and reproducibility [18]. From the first guideline on process
validation made by the Food and Drug Administration in 1987, there has been
much progress to these days. In 2004, the Food and Drug Administration (FDA)
published a new initiative called “Pharmaceutical Current Good Manufacturing
Practices (cGMPs) for the 21st century – a Risk Based Approach”, with the intention
of modernizing the regulation quality for human and veterinary drugs.

Biopharmaceuticals quality in terms of guarantee product quality, efficacy and
safety is shifting from the final product attributes control testing, to the new
paradigm based on Quality by Design (QbD). The International Council for
Harmonisation (ICH), composed by the main Regulatory Agencies, details in ICH
Q8 (R2) guidelines [19] that quality should be “built in” by bioprocess design.
The aim of developers of biopharmaceuticals is to design a quality product and
its manufacturing process to consistently deliver the intended performance of
the desired product. A deep knowledge of the bioprocess generated along the
biopharmaceutical development studies, as well as from manufacturing experience
provide scientific understanding to define the design space, specifications, and
manufacturing control parameters. For this reason, robust bioprocesses should be
carefully developed. The QbD aims to achieve consistent and robust production
of biopharmaceuticals with their desired attributes, and therefore their intended
performance, being these attributes directly linked to the design space of the
bioprocess parameters. The success of a design space defined lies on a better
understanding of the bioprocess and their critical process parameters (CPP), which
directly affect critical quality attributes (CQA) of the manufactured product, thus
product performance. In the specific case of biopharmaceuticals produced in
mammalian cells, mainly those large and complex molecules with post translational
modifications such as glycosylation, CPP controls should go beyond the basic
culture parameters like pH, temperature or Dissolved Oxygen Concentration (pO2).
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As an example, it has been described that carbon dioxide concentration affects
product titter [20] as well as post-translational modifications in the final product
[21].

Process Analytical Technology (PAT) initiative promoted by Food and Drug
Administration is called to be the basis for a wider implementation of QbD
methodologies in the manufacturing industry. Although the concept of PAT is not
completely new, as process analysis/control is well established in important areas
of chemical engineering, PAT introduced the idea of real-time process control
for real-time quality assurance (QA) implementation in modern pharmaceutical
manufacturing.

As previously defined [22] “from a PAT standpoint, a process is considered well
understood when: (1) all critical sources of variability are identified and explained;
(2) variability is managed by the process and (3) product quality attributes can be
accurately and reliably predicted”. In conclusion, the final goal has to be the on-
line identification of the physiological state of cells in order to detect any deviation
from the predefined parameters, and thus to take the corresponding control actions
to redirect the process therein the boundaries [23]. By combining such an approach
with measured product attributes (final product analysis needs will be reduced but
not completely eliminated) Real-Time Release Testing (RTRT) will be a reality
in the near future [24]. Currently, still exists a gap between the technological
advances related to PAT and their implementation by the manufacturing industry
of biopharmaceuticals for a host of reasons that include regulatory and cost issues,
however, but it is expected that “PAT will soon become a widespread reality for
real-time release testing”.

3 Bioprocess Intensification: Increasing Productivity
of Bioprocesses

One of the main current interests and challenges of the manufacturing industry of
biopharmaceuticals is the increase of their competitiveness, what involves develop-
ing more cost-effective manufacturing bioprocesses and reducing the manufacturing
time. To be able to reach such targets, manufacturing companies should move on
to intensified bioprocesses. In other words, to achieve the desired total production
rate using the smallest possible volume vessel, the volumetric productivity of the
bioreactor must be increased as much as possible.

Volumetric productivity is defined as the amount of the biopharmaceutical
of interest that can be produced per bioreactor volume unit and per time unit.
Therefore, if the volumetric productivity is increased it has a direct impact on
the volume of bioreactor needed to manufacture a given amount of the product
of interest (reducing the bioreactor’s volume), or alternatively, the production
capacity increases. Consequently, the volume of other unit operations of the process,
including upstream and downstream equipment, can be also reduced. Eventually,
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by reducing the volume of the manufacturing plant while maintaining the same
amount of product of interest manufactured, the cost of goods decreases accordingly.
The lowering of the cost of goods is not only due to the decrease of the plant
capital investment for the manufacturing plant construction and start up, but also
for the reduction of the operating cost (raw materials needs, manpower and plant
maintenance costs).

Volumetric productivity (V) is described by Eq. 1. The volumetric productivity
depends on two parameters: the specific productivity (v) and the amount of
biocatalyst accumulated into the bioreactor (i.e. Biomass concentration, Xv).

Vp

[
mass of product

volume· time

]
= XV

[
cells

volume

]
· qp

[
mass of product

cells· ime

]
(1)

The intensification of a given bioprocess should be technically and economically
addressed. From the technical perspective, the researcher is in pursuit of the maxi-
mal increment of Vp, which is directly proportional to the biocatalyst concentration
and to the biocatalyst specific production rate of the product of interest. As can
be deduced from Eq. 1, there are two potential strategies to increase Vp: (1) by
increasing the amount of active biocatalyst in the bioreactor or (2) by improving the
specific productivity of the biocatalyst. The most effective and smart strategy is two
spread the endeavours in enhancing both parameters, instead of focusing on only
one of them, since the improvements achieved in each of them has a multiplicative
effect in the general increase of Vp. So, a good balance between the two viewpoints
would lead to a more efficient optimization of the bioprocess.

The specific productivity of the biocatalyst can be enhanced mainly by cell
engineering, by means of recombinant DNA technology, and by setting optimal
culture conditions. Cell engineering includes the expression systems and cell
machinery involved in the DNA transcription and protein synthesis [25]. The emerge
of CRISPR/Cas 9 technology has enabled the modification of target DNA sites in a
precise manner, allowing to perform gene knock-outs and knock-ins, as well as the
expression control of target genes [26]. In addition, many efforts have been done in
targeted integration methods in order to shorten the traditional timelines of random
integration during bioprocess development [27]. Although is a very fascinating field,
is out of the scope of this chapter.

As said, Vp also depends on the amount of biocatalyst (i.e. cell concentration)
present in the bioreactor where the product of interest is generated. In this sense,
not only the cell concentration in the bioreactor, but also for how long such biomass
is kept actively producing into the bioreactor. The former parameter is directly
represented by the Xv (viable cell density), while the later can be expressed as
the Integral Viable Cell density (IVC), understood as the concentration of viable
cells that were working during the time the cell culture lasted. In other words, ICV
introduces the time parameter offering an overall bioprocess information beyond
the instantaneous idea of the value of cell concentration. It can be determined as the
area under the cell growth time profile curve by applying the trapezium rule. For
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example, what makes a difference in fed-batch or perfusion systems, is not only the
cell density reached at the end of the growth phase, but also for how long producing
cells can be maintained during the stationary phase, prolonging the process and then
increasing its productivity.

First attempts of bioprocess intensification were based on cell culture media
optimization and the development of many nutrients supplements to support and
extend culture development [28]. Also, the paradigm of one-media-fits-all approach
has been changing towards the development of complex formulations optimised for
a particular cell line and even for a particular application or bioprocess [29].

The current proposed alternatives for increasing bioprocess productivity are bio-
process intensification through culture optimization based on fed-batch operation,
and even more promising, the adoption of continuous bioprocessing technologies
[30]. While fed batch was well adopted by the industry, and it represents yet a
good alternative in many bioprocesses, perfusion cultures are slowly adapted by
the manufacturing industries. In the following section, Bioprocess intensification
through High Cell Density Cultures (HCDC) implementation is described in detail.

4 Cell Culture Strategies for Bioprocess Intensification

Current industrial mammalian cell-based processes for large-scale production are
mostly produced using suspension cultures in stirred-tank bioreactors (about 70%
of licensed processes for therapeutic recombinant proteins production) [31]. The
ability to adapt many cell types to suspension culture and the use of polymeric
additives to reduce shear damage have enabled the widespread application of
suspension cell culture [32]. Furthermore, stirred-tank bioreactors ease monitoring
and control of the process (pH, dissolved oxygen, temperature and others), provide
homogeneous cell cultures due to the stirring and feasible scale-up.

Three different operation strategies can be used in stirred-tank for mammalian
cell-based cultures depending on the application. The choice must be done accord-
ing a compromise between the final productivity desired, the scale of the process,
the investment in both cost and time, and on product quality required [33], that could
facilitate the selection of a particular mode of production during drug development
or lifecycle management depending on the project objectives.

Figure 1 shows the most common culture strategies used by the biotechnological
industry [34]. The main features of the main culture strategies are as follows:

• Batch: the simplest strategy in which cells are cultured in a finite media until
they stop growing. The main disadvantages of this system are the nutrient
limitation, the low cell densities achieved, the low productivity and the high toxic
accumulation by-products from the cell metabolism. Nowadays is only used in
few specific bioprocesses or for screening purposes.

• Fed batch: consists in a batch culture with a gradual addition of a concentrated
nutrient solution is performed during the culture. This operation mode avoids the
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Fig. 1 Simulated time profiles comparison between different culture strategies: batch (blue), fed
batch (red), and perfusion (black). (a) Viable cell density in [106 cells·mL−1], (b) Integral of
Viable Cells density (IVC) in [109 cells·mL−1·h], and (c) Total amount of product generated in a
1-Litre bioreactor in [g]. The physiologic parameters used for the simulation are representative of
experimental data: μ = 0,03 h−1 for all simulations while the specific productivity qp (mg·(106
cells·h)−1) depends on the strategy simulated being as follows: 2,5·103 for the batch culture,
2,25·103 for fed-batch and 2,1·103 for the perfusion culture
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nutrient limitation, obtaining both higher cell densities and final product concen-
tration compared with batch system. As in the batch mode, the accumulation of
toxic metabolites in the culture broth leads cells to stop growing at some point. It
normally has two phases: (1) the growth phase, starting with a short batch phase
followed by feeding, the cells are growing until a maximum VCD is reached; (2)
stationary phase: VCD is maintain constant during some days while the cells are
producing, the culture ends when the viability drops.

• Perfusion: a continuous culture equipped with a cell retention system at the
outlet stream that permits removal of the growth-inhibitory by-products while
maintaining the cells in the bioreactor. It can be operated in different modes, but
normally also two different phases can be differentiated: (1) the growth phase,
starting with a short batch phase which is followed by initial stages of the medium
exchange. Cell growth and culture expansion is sustained until the maximum
perfusion rate is reached, normally limited to 1–2 volume of medium per reactor
volume per day (vvd) in large-scale volumes; (2) stationary phase: perfusion rate
is maintained constant, and a purge stream has to be included to remove dead
cells from the bioreactor. VCD is maintain constant for long periods of time,
where a harvest line is continuously obtained with the desired product. There
exists an increasing interest in the use of perfusion culture attributed to the higher
product output in a smaller bioreactor volume.

Culture media composition commonly used in batch cultures of mammalian cells
contain all the nutrients needed for cell growth up to a certain level. Some of them
are at very high concentrations, as glucose and glutamine, that lead to a metabolic
deregulation in their uptake rates [35, 36], generating high levels of lactate and
ammonium, that are toxic at certain concentration and negatively affect both cell
growth and product generation. However, batch operations are normally limited by
the depletion of an essential nutrient.

To overcome the previously described batch process disadvantages, alternative
cell culture strategies, such as fed-batch [31, 37] and perfusion processes have been
developed and successfully implemented in bioreactor [38–40].

Fed-batch bioreactors has been the most utilized industry standard for biological
protein production, and the developments performed over the past few decades has
led to steadily increasing productivity in this platform [41]. Fed-batch cultivation
allows controlling cell growth environment by the addition of nutrients in order
to maintain the nutrient concentrations at levels in which cells can regulate more
efficiently their metabolism, reducing the generation and accumulation of by-
products as lactate or ammonium [42]. However, fed-batch cultures still end up by
a drop in cell viability due to toxic metabolites accumulation [43, 44].

Perfusion has been the preferred mode of operation to overcome these prob-
lems related to by-product accumulation in fed-batch cultures. Although many
critical parameters (such as dissolved oxygen, pH, and temperature) are well
controlled in a regular fed-batch bioreactor, the control of other parameters is
more challenging, such as nutrient and waste concentrations and osmolality. The
combination of a constant perfusion rate with a cell density control loop allows
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even these factors to be tightly regulated, ultimately resulting in a consistent
microenvironment for cells across the bioreactor duration, which in turn promotes
consistent metabolism, productivity and product quality. Perfusion also provides
product of interest with narrower residence time distribution, limiting it exposure
to degradation by extracellular enzymes (e.g., proteases, glycosidases, sialidases) as
well as by the extracellular environment conditions (i.e. pH, temperature).

As depicted in Fig. 1, perfusion cell culture systems presented significant
increased productivities due to the achievement of higher cell densities and long
culturing times [45, 46]. Integral of Viable Cell density (ICV) is a parameter that
gather together the concentration of producing cells and how long the cells have
been active, and as it can be observed from Fig. 1 B, the amount of product generated
is directly proportional to ICV. Volumetric productivity of perfusion cultures can
range 2–4 g/L-day, being about 5–10 times higher than those obtained in fed-batch
[39]. In theory, perfusion operation at constant perfusion rate combined with a daily
purge of a percentage of the total bioreactor volume (25–50%, Fig. 2) should allow
for better control of product quality. This is due to the fact that death cells are
purged from the system, and cell lysis and the concomitant release of intracellular
proteins like proteases, is significantly reduced. It is well recognized that perfusion
bioreactors are the best solution for labile bioproducts that are affected by the
longer operation time in fed-batch mode. Interesting is the last tendency of using
perfusion cultures for seed train intensification, prior to production bioreactor

Fig. 2 Time profile of Ln(OUR) (black dots), VP2 protein concentration (black diamonds) and
d2OUR/dt2 ( + symbol and grey line) of Sf9 insect cells culture infected with Baculovirus
(AcVP2.IBDV). Blue line represents the linear regression of Ln(OUR) during the exponential
growth phase. Time of Infection (TOI) is marked with a green arrow, upon the linearity of Ln(OUR)
ends. Red ellipse highlights the coincidence of the intracellular VP2 protein peak with the zero root
for the second derivative of Ln(OUR) profile, that can be defined as the Time of Harvest (TOH)
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inoculation, for its capacity to obtain high cell density inoculum for either fed
batch or continuous modes. This allows to start the process with higher cell density,
shortening dramatically the production bioreactor running time [47].

One of the main challenges of perfusion cultures is the huge amounts of media
needed, that limits its implementation (limited to 1–2 vvd in large scale bioreactors).
The minimum perfusion rate of a specific medium needed to sustain a given cell
density in perfusion is defined as the medium depth. In this direction, several
strategies have been proposed to increase medium depth by increasing limiting
nutrients concentration while maintaining the baseline components concentration
(i.e. other buffers, Pluronic and salts) [40, 48]. The increase of medium depth allows
reducing the perfusion rate and thus, the amount of medium that have to be prepared,
eventually easing the handling of perfusion operations.

In any case, these culture systems, fed batch and perfusion, can be designed to
provide an environment closer to the in vivo physiological state: constant supply
of nutrients at the right concentration levels, avoiding the metabolic deregulation
observed when glucose and glutamine are present at high concentrations. Under
these conditions a proper cell growth is promoted, as well as, final cell concentration
and product titter are higher, and the most important product expected quality is
achieved.

The main challenge of both fed batch and perfusion systems is that their efficient
implementation requires the availability of reliable and robust on-line measuring
systems for cell density, cell metabolic activity (i.e. specific consumption and
production rates) and main nutrient concentrations (i.e. glucose, glutamine or
oxygen concentrations), enabling control of their concentrations at the desired level.
The different set of monitoring tools developed and implemented to this end are
exposed in further down in the coming sections.

The development of bioprocesses is not a trivial task and designing an appropri-
ate flowsheet, including every step of the process, is essential to detect the possible
bottlenecks. Understanding the interactions between operations and how the process
can change as function of key operating variables should lead to design an optimal
process for the desired product.

5 PAT: Monitoring Tools and Strategies

Currently there is a myriad of different monitoring tools, sensors or probes as well as
monitoring strategies. The selection of the most suitable monitoring tools for each
purpose should be done carefully, fulfilling the requirements defined a priori for
each specific use. The monitoring of CPP can be classified depending on the strategy
followed to measure a parameter (direct or indirect measurements) or depending
on where the measuring device is placed in relation to the bioprocess. The later
classification criterium indirectly involves the time needed for the analysis to be
done. The time needed for obtaining the value of the parameter analysed is very
relevant when selecting the proper monitoring strategies for the bioprocess control.
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Short analytical times, if not real-time, are the most suitable monitoring tools for
bioprocess control and automatization.

Regarding the nature of the measuring method, direct and indirect measurements
can be distinguished:

• Direct measurements: the parameter of interest is directly measured with a
specific probe or analysis. Some examples could be the pH, dissolved oxygen
or analysis of metabolites concentration by means of High-Pressure Liquid
Chromatography, etc.

• Indirect measurements: the parameter of interest is determined or estimated
through the measurement of other related parameters. For example, biomass
concentration can be directly measured using an impedance probe, or indirectly
estimated by means of the Oxygen Uptake Rate (OUR), which is a parameter
that offers information about the physiological state of the cells.

A second classification of the monitoring methods considers the placement of the
sensor or measuring device in regards the bioreactor [49] and the time needed for
the measurement or analysis:

• Off-line measurement: samples are manually or automatically collected from
the bioreactor or bioprocess stream and taken to a specialized and centralized
laboratory of analysis that is not located in the bioprocessing area. Samples are
measured posteriori, and there is a gap between sampling and analysis time, so
off-line measurements cannot be considered as a real-time monitoring system.
For this reason, off-line monitoring is not the preferred solution for bioprocess
control, but it is worth for high specialized measurement methods and for product
CQA testing.

• At-line measurements: this method also requires a manual or automatic sampling,
and the sample is taken to the analytical instrument, that in this case is located
into the bioprocessing area. In at-line measurements sample are discarded and not
returned to the bioprocessing stream. Normally, the time gap between sampling
and the measurement is reduced in comparison to Off-line techniques. In some
cases, in which the time required for the analysis is considerable (more than 0.5–
1 h), the technique can be considered as off-line even though the measurement is
performed in the bioprocessing area.

• Real-time measurements: real-time measurements, normally also known as on-
line measurements, offer almost instantaneous measurements systems. This
category is also divided into two other sub-categories.

– In-line measurements: the measurement is performed without the need of
extracting a sample from the bioprocess, since the sensor head is directly
inserted in the bioreactor and in contact with the bioprocess stream. In-line
measurements are the truly real-time techniques. Some examples are the pH,
pressure or gas-flow measurements.

– On-line: the main difference compared with In-line measurements, is that the
sensor is not directly placed into the bioprocess mainstream or bioreactor. It
requires an automatic sampling loop to aseptically transport the sample to
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the sensor connected to the bioreactor. Often the sample can be recirculated
to the bioreactor once the measurement is performed. Measurements can be
real-time or carried out in minutes.

6 PAT Tools Used to Implement and Control High Cell
Density Cultures

As described before, the huge market pressure for being competitive has led the
biotechnological industry to intensify its processes to obtain even better productivi-
ties. Proof of that is the amount of publications focused on fed-batch and perfusion
optimization released in the last years, with the main goal of increasing the final cell
density and product titters in the processes [16, 50]. Nevertheless, although a lot of
effort has been done in other areas as media optimization and cell line engineering,
the use of robust monitoring and controlling tools to automate the control of the
culture conditions and nutrients feedings is still a workhorse for the industry.

Over the recent years, various methods for measuring some of the most important
variables related to cell culture have been proposed. One of the most crucial
decisions to be made is what variable/s are the chosen ones to be monitored, as
the control strategy will be affected by this decision. One monitoring strategy is
focused on the measurement of the main nutrients from the culture broth considered
as essential to maintain cell growth and cell activity. Normally essential nutrients
(carbon and nitrogen sources) are present in the culture composition at higher
concentration in respect to non-essential. Some examples of monitoring techniques
that have been used for nutrient concentration monitoring are compiled in Table 1.

The monitoring of main nutrients concentration and its evolution along the
culture allows controlling their concentration. Also, cell density can be determined
from the evolution of the nutrients consumption rate (ri).

Other analytical techniques are centred on the direct measurement of the cell
density. Cell density can be measured using different approaches as summarized in
Table 2. Commercial probes to measure total cell density, what includes life and
death cells, and viable cell density (can measure live cells despite the presence of
death cells) are commercially available.

Even more attractive can be other viable cell density monitoring strategies
directed to measure cell activity. In these cases, viable cell density is estimated
indirectly using other molecules like oxygen consumption, NADPH/NADH con-
centration, or volatile organic compounds derived from the lipid metabolism. The
main advantage of measuring cell activity is that these techniques are very sensitive
to metabolic changes which normally anticipates the start of the stationary or death
phase of the culture profile.

Finally, the monitoring target can be the different products generated by the
cells (Techniques complied in Table 3). Products monitoring englobe not only the
generation and accumulation of by-products from the cell metabolism, but also the
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Table 1 Different monitoring techniques used for the monitoring of main nutrients of the culture

Parameter
measured

Parameter
esti-
mated Technique

Type of mea-
surement

Cell culture
strategy Reference

Glucose
concentra-
tion

rglc/Xv FIA (glucose oxidase) At-line Fed-
batch/Perfusion

[51]

NIR spectrometry In-line Batch [52]
MIR spectrometry In-line Batch [53]
RAMAN spectrometry In-line Fed-batch [54]
HPLC At-line Batch [55]

Glutamine
concentra-
tion

rglu/Xv NIR spectrometry In-line Batch [52]

RAMAN spectrometry In-line Fed-batch [54]
MIR spectrometry In-line Batch [53]
FIA (L-glutaminase) At-line Batch [56]
HPLC At-line Batch [55]

Glutamate
concentra-
tion

rglut MIR spectrometry In-line Batch [53]

concentration of the recombinant protein of interest, and even some of their quality
attributes, as mAb glycosylation pattern measured by NIR spectroscopy.

In this context, it must be mentioned the promising technology based on different
spectrometric methods, as Raman or IR spectroscopy for cell culture monitoring.
Spectroscopic methods have been used to chemically characterize pure compounds
or mixtures of compounds [23]. They allow the real-line measurement of viable cell
density, glucose, lactate, glutamine and other amino acids among others components
altogether [54, 69, 70]. The fact of offering the simultaneous measurements of
mixtures of compounds represents a breakthrough in regard the monitoring tools for
a single component measurement listed above. Nevertheless, although Raman seems
to be the most promising tool for online monitoring cultures, its application relies
on chemometric models that need an extensive calibration for each specific process,
although some recent publications proposed novel methods based on machine-
learning and real-time-just-in-time-learning for automatic calibration [71, 72].

However, the complexity in the implementation of these techniques, together
with the fact that some of them do not offer a real-time measurement, have limited
their use. Interestingly, easy measurable parameters, as the oxygen uptake rate
(OUR) or the CO2 production rate (CER), can be used to indirectly estimate
the viable cell density along the culture, and consequently, have been extensively
applied for a wide variety of mammalian cells-based processes [64, 73, 74]. In the
next sections, the different methods for the measurement of OUR and its application
for cell culture monitoring and automatization are detailed.
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Table 2 Summary of the different monitoring techniques used for the monitoring of cell density

Parameter
measured

Parameter
estimated Technique

Type of
measurement

Cell culture
strategy Reference

Image
analysis

Inline/on-line – [57]

Viable Cell
density

μ/Xv NIR spec-
trometry

In-line Batch [58]

RAMAN
spectrome-
try

In-line Fed-batch [54]

Fluorescence
spec-
troscopy

Off-line – [59]

RF
Impedance

In-line Fed-
batch/Perfusion

[60,61]

Acoustic
resonance
densitome-
try

On-line Fed-
batch/Perfusion

[62]

O2 conc. (gas
phase)

OUR/Xv Mass spec-
trometry

At-line Batch [63]

O2 conc.
(liquid phase)

OUR/ Xv Amperometric
or optical
probe

In-line Fed-batch [51, 64]

NADPH/NADH
concentration

qNADH UV/VIS
spectrome-
try

Off-line – [65]

7 OUR Measurement as Example of a Robust Tool for Cell
Activity Monitoring and Bioprocess Control

Indirect methods, commonly called “soft sensors”, are very promising tools to
indirectly estimate the viable cell density and substrates/products concentration
along the culture. Examples of soft sensors can be the oxygen uptake rate (OUR) or
the alkali addition to control the pH as an indirect measurement of viable cells,
glucose and glutamine consumptions [64, 75, 76]. The huge amount of studies
published in the last years evidence that OUR behave become a reliable alternative
for the monitoring and controlling of high cell density culturing strategies with
very high productivities [77]. Regarding the cell metabolism, OUR determines the
capacity of the cells to generate energy. This is why OUR is one of the most
informative parameters for the estimation of cell density and cell activity, and can
be also very informative to detect the transition phases commonly observed in
mammalian cell cultures, as for example from the end of the exponential to the
stationary phase in fed-batch [78].
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Table 3 Summary of the different monitoring techniques used for the monitoring of by-products
of the metabolism or to measure product of interest concentration or product quality attributes.

Parameter
measured Parameter estimated Technique

Type of mea-
surement

Cell culture
strategy Reference

Ammonium
concentra-
tion

qamm/Xv Fluorescence
spec-
troscopy

Off-line – [59]

NIR spec-
trometry

In-line Batch [52]

FIA
(ammonium-
selective
electrode)

At-line Batch [56]

MIR spec-
trometry

In-line Batch [53]

Lactate con-
centration

qlac/Xv RAMAN
spectrome-
try

In-line Fed-batch [54]

HPLC At-line Batch [55]
FIA (lactate
oxidase)

At-line Perfusion [66]

NIR spec-
trometry

In-line Batch [52]

mAb Glyco-
sylation

Product quality NIR spec-
trometry

In-line Batch [67]

mAb con-
centration

Productivity RAMAN
spectrome-
try

Off-line – [68]

As previously described [75], three different methods for the measurement of
OUR have been developed up to date: dynamic method (invasive), and global mass
balance or stationary liquid mass balance methods (non-invasive):

(a) The dynamic technique is based on the periodic measurement of the dissolved
oxygen concentration (CL) extinction profile in the liquid phase when air
supply is discontinued with a nitrogen inlet flow into the headspace. The
nitrogen atmosphere in the headspace of the bioreactor, forces the oxygen
desorption characterized by the desorption constant (Kdes). The dissolved
oxygen concentration decreases due to the respiratory activity of cells and OUR
is proportional to the slope of the decay curve. OUR is calculated using the
Equation 2.

O.U.R. = CL (t0) − CL (tf)

tf − t0
+

∫ tf
t0

(−Kdes· CL (t)) · dt

tf − t0
(2)
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(b) The global mass balance method (Eq. 3) consists on analysing the differential
oxygen concentration (yO2) between the bioreactor’s gas inlet and outlet (Gm),
keeping the DO concentration constant.

O.U.R. = Gm · (yO2,in − yO2,out
)

VL
(3)

(c) Finally, the stationary liquid mass balance method is based on the estimation of
the oxygen uptake rate (OUR) by means of measurement of the oxygen transfer
rate (OTR) as described by Eq. 4

O.U.R. = O.T.R. = kLa · (CL
∗ − CL

)
(4)

The cell stress produced by DO and pH variations related to the dynamic method
have promoted the development of the non-invasive alternative methods for OUR
measurement. However, the low oxygen consumption rates of mammalian cells limit
the use of the global mass balance. In contrast, stationary liquid mass balance has
successfully been implemented, being a realistic alternative to the dynamic method.

The incorporation of on-line measurements for cell culture monitoring have
played an important role on the successful implementation of high cell density
cultures, especially regarding fed-batch and perfusion. In addition, the complexity
of this processes regarding the possible metabolic changes during the culture made
them to require adaptative feeding strategies depending on the stage of the culture.
The first nutrient feeding phase in fed-batch operation aims to increase viable
cell density concentration, while the second phase starts once the maximum cell
density is reached being the objective to maintain the cells actively producing for
as long as possible. In this direction, many studies have reported the promising
applicability of OUR as a monitoring tool, from small culture platforms to big scale
bioreactors. OUR can be corelated with the state of the culture in terms of VCD
and viability, but also to key metabolites in the nutrient definition as glucose or
glutamine. Stoichiometric ratios between OUR and nutrient consumption have been
extensively defined [79].

The next step is the application of OUR as a monitoring tool to control the
processes to further implement the optimal feeding strategies. In the case of fed-
batch, having an optimal feeding strategy to feed only the nutrients required by the
cells at every phase of the culture is crucial for not depleting any essential nutrient,
as well as to not overfed the culture. In this regard, feeding media composition
optimization is crucial for the successful of the process, but this must go hand in
hand with having an optimal feeding strategy that requires to know the state of the
culture in real time.
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The feeding strategy will be different in the two main phases of a fed-
batch culture, focusing on obtaining the maximum growth and final VCD in the
growth phase, and extending the viability and culture long in the stationary phase.
Regarding the perfusion, one of the main drawbacks is the huge amounts of media
required for sustaining the high number of cells in the bioreactor. The possibility
of having a tool to online monitor the state of the culture is crucial in the growth
phase to not waste media and becomes even more important in the stationary phase
to sustain high cell densities during long periods of time, obtaining high quantities
of product in a continuous mode.

We have a lot of examples in which OUR has been used to control mammalian
cell bioprocesses, as stated in the last published review by [77]. From fed-batch to
perfusion, at different scales, OUR has been very useful to monitor the physiological
state of cells in bioreactor and then to adjust the nutrient feeding according to
that. With that, many goals have been achieved, as the possibility of keeping the
main nutrients concentration at low values avoiding the nutrients accumulation
in fed-batch [79], controlling the feeding rates in fed-batch, increasing the final
cell density and productivity [51], as well as controlling the feeding and time of
infection in HEK293 perfusion cultures for adenoviral vectors production [80] and
in baculovirus-insect cell cultures (Sf9) [81].

In this context of bioprocess optimization, an interesting application for OUR
arise recently with the emerge of the multi-parallel bioreactor systems. The huge
necessity from the industry for cell line screening and media optimization had
emerge the use of small-scale platforms for high throughput screening purposes
or for the analysis of the metabolism/physiology of hundreds of clones in a very
short time. Nowadays, systems that are able to measure the oxygen consumption in
extremely small volumes (from 2 μL on) are commercially available [82]. However,
these systems were often not scalable in terms of big bioreactors production.
Interestingly, bench scale parallel bioreactors systems have considerably attracted
the interest of the industry for its scalability and its capacity to test multiple
conditions in very small-scale volumes, with the possibility to have up to 48
controlled bioreactors running at the same time. The complicated part of using these
high throughput parallel systems is the difficulty to adapt the feeding strategies,
either in fed-batch or “simulated” perfusions, when different cell lines with different
nutrients requirements are running at the same time. Therefore, OUR becomes very
interesting as it is an easy measurement that can be performed in these systems,
adapting the feeding strategy to each bioreactor demands.

Recently, [83] demonstrated the applicability of the OUR measurement to control
the feeding of glucose at different bioreactor’s scales with CHO cells (micro-scale at
15 mL, laboratory-scale at 7 L and pilot-scale at 50 L). Comparing this method with
just daily punctual nutrient additions, the new method allows maintaining lower
set points of glucose concentration during the fed-batch phase while avoiding the
glucose depletion in the culture broth. Interestingly, these multi-parallel bioreactors
have been shown to be a good system for developing scale-down models for fed-
batch [84], and even perfusion models, using for example SAM (sedimentation in
an automated bioreactor) strategy presented by [85].
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8 OUR Measurement as Example for Bioprocess
Automatization: Time of Action (TOA)

OUR is an excellent indicator of the metabolic activity of cells, and it is highly
sensitive to physiologic or/and metabolic changes along culture progression. As
explained in the previous section, OUR measurements correlate linearly with cell
density during the exponential growth phase. As most cell culture bioprocesses are
run in fed-batch or perfusion, OUR becomes a very useful tool for estimating the
nutrient feeding rate with the aim of keeping the main carbon and nitrogen sources
at low concentration. This correlation can be observed meanwhile cells grow with
no nutrient limitation nor inhibitory concentration of by-products is reached (mainly
lactate and ammonia).

A deviation of the linear correlation between OUR and cell density indicates
a change in metabolism of cell activity, what can be used for the automation
of bioprocesses beyond the command of fed-batch or perfusion nutrient addition
(marked with a green arrow in Fig. 2. Such metabolic changes are reflected rapidly
in the OUR profile, before any change in cell growth rate or in main metabolites
concentration (i.e. glucose, glutamine, lactate or ammonia) is observable. The plot
of OUR time profile (using log y-axis scale) draws the end of the linear behaviour
upon reaching the end of the exponential growth phase faster than cell density plot
[86]. So, OUR is the easiest measurable parameter that better anticipates the change
from the exponential growing phase to the deceleration phase during a cell culture
progression as shown in Fig. 2 (blue linear regression). The detection of the end
of the exponential growth phase, is named as Time of Action (TOA), being a key
cell culture parameter because if no action is taken, the culture will enter in the
stationary and eventually the death phase.

OUR is also a good parameter for monitoring more complex bioprocesses in
which two biocatalysts are involved: host cells and viruses. Virus can be used for
different purposes like vectors for heterologous protein expression, production of
virus themselves for prophylactic applications, or also recombinant virus or VLP
manufacturing for gene therapy. In all these examples, the viral infection should
be done in fully metabolic active cells in order to guarantee the availability of
biosynthesis precursor metabolites and thus the proper production of the desired
product. TOA can be used as Time of Infection (TOF) of the culture, by simply
adding some fresh media at TOF. Such methodology allows to extend cell activity
for a time window comparable to the viral cycle, ensuring the efficient virus
infection and replication. A scheme of a bioprocess automation based on OUR
measurements in Sf9 insect cell cultures infected with recombinant baculovirus is
depicted in Fig. 3.

Once the cells are infected, the evolution of the OUR profile is again worth mon-
itoring since it offers useful information of the viral infection progress. However,
there is not a single behaviour of the OUR profile. In some cases, depending on
the virus/host cell used, OUR increases at the first stages of the viral infection [87].
The increase of OUR could be related to an increase of energy demand, triggered
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Fig. 3 Flow diagram for bioprocess automation. In red the batch phase where OUR measurements
are used for the detection of the end of the exponential growth phase (TOA). TOA corresponds at
the end of the linearized exponential growth phase, and is detected by the deviation of the measured
OUR values and the linear regression of the previous OUR measurements. Then, TOA can be used
for starting the nutrients feeding for the development of High Cell Density Cultures (both Fed batch
or perfusion cultures) depicted in green. In HCDC, OUR is used for biomass and nutrient feeding
estimation by means of the specific oxygen consumption rate. Eventually, TOA can be used for
cell culture baculovirus infection for VP2 protein production (Blue section). In the infection phase
both virus amount (given a specific MOI) and the detection of the TOH are determined by means
of OUR measurements

by viral DNA replication, protein synthesis and budded virus release. Wong et al.
[88] observed that the increase of oxygen consumption coincides with high rates
of DNA synthesis during viral replication. In insect cells cultures infected with
baculovirus, the evolution of OUR profiles was correlated with the Multiplicity of
Infection (MOI) [81]. When a low MOI value is used (i.e. less than 0.1 PFU/cell)
cell density increases clearly even after the infection due to the fact that at this
low MOI value, the viruses only infect at the maximum less than 10% of cells
at the beginning of the infection. Then, non-infected cells remain dividing during
the initial stages of infection, what is reflected in the increase of the OUR value.
Afterwards, viruses replicate and spread around the culture and eventually cell
growth is completely arrested. It is unclear whether cell-cell communication also has
an effect on arresting cell growth upon infection. On the contrary, if MOI is higher
than 1 the infection process is very effective. The entire cell culture is infected from
the very beginning of the infection phase. Cell machinery of infected cells is used
for the virus replication and no longer for cell growth, what is reflected in the OUR
profile. OUR value is quite stable during the infection and only decreases when cell
lysis occurs, due to virions and protein release into the culture broth. Therefore,
once the biological system (host cells and virus) and the bioprocess conditions are
defined and fixed, OUR measurements are useful for the monitoring of the infection
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progress. The evolution of the OUR time profile correlates with the efficiency of the
culture infection.

Another important parameter in bioprocesses for recombinant heterologous
protein production based on virus/host cells is the Time of Harvesting. In order
to ease the downstream of the heterologous protein, it could be advantageous to
harvest the protein intracellularly. Using this strategy, the downstream volume is
reduced in comparison to the total bioreactor volume, and also protein is preserved
from degradation. Thus, culture harvesting should be done before cell lysis occurs.
Further analysing the OUR profile along the entire infection process, as viral
infection progresses the OUR time profile decreases softly. After approximately
the time needed for the virus replication cycle, the OUR decays sharply coinciding
with cell lysis. If the transition from the initial infection phases and cell lysis can
be anticipated, it would be possible to harvest intact cells with the intracellular
protein. Regarding the OUR profile, such transition is characterized by a change
in the slope of the decay profile [81]. A methodology proposed to detect the TOH is
based on fitting the profile of the natural logarithm of OUR values to a fourth-grade
polynomial function. First and second derivatives of the fourth-grade polynomial
function in respect to time can be deduced analytically from their coefficients.
Finally, the maximum peak of intracellular protein concentration matches with the
minimum for the first derivative, or what is even easier to estimate with a zero root
for the second derivative. It can be deduced from this match that the maximum of
protein concentration accumulated into the cells corresponds to the second inflexion
point of the ln(OUR) profile (declining phase of the culture). Interestingly, TOH
detection can be performed in an anticipated manner with good accuracy due to the
high parameter sensitivity and the large number of OUR data generated during the
culture. Both features, together with the low cost, make this methodology a potential
candidate for bioprocess automatization, since it displays the wishful requirements
of a suitable monitoring system.

9 Concluding Remarks

The manufacturing industry of biopharmaceuticals is evolving quite fast, pushed by
the large number of new biological molecules that have been approved during the
last years. The market of biopharmaceuticals in terms of both, the amount of sales
and number of products is expected to keep growing for the futures years. In order to
front the expected increased demand of production capacity of biopharmaceuticals,
the industry has put lots of interest to increase bioprocesses volumetric productivity,
by means of intensifying the bioprocesses, and to ensure and increase the product
quality. The most promising mode of bioreactor’s operation, also known as culture
strategies, to overcome both challenges is the continuous bioprocessing mode, what
in terms of bioprocessing corresponds to perfusions cultures. Perfusion cultures
allow bioprocess intensification while controlling cell culture parameters and the
environmental conditions. Moreover, the continuous product removal increases the
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chance to avoid product degradation. The successful implementation of high cell
density perfusion bioprocesses producing high quality products is strongly linked to
the availability of reliable real-time monitoring tools.

The challenge of the monitoring system in the future comes with the necessity of
ensuring the robustness of the process as well as the quality of the product. This
can only be achieved through the entire automatization process, and this has to
be implemented in almost all the steps of the biopharmaceutical manufacturing.
Especially important will be monitoring of the cell physiology during the cell
culture, and this will lead to increasingly keep improving the capabilities of the
sensors used for the measurement of the culture parameters, as well as to replace
methods with certain delay between sampling and analysis to real-time in-line
measurements that allow to obtain the information required even faster.
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HCA hierarchical cluster analysis
HEK human embryonic kidney
HPLC high performance liquid chromatography
HSE health and safety executive
IEC ion exchange chromatography
KPP key process parameter
LC liquid chromatography
LED light emitting diode
MAB monoclonal antibody
MIR mid-infrared
MS mass spectrometry
NIR near-infrared
ORP oxidation-reduction-potential
OUR oxygen uptake rate
PAT process analytical technology
PCA principle component analysis
PerC6 a human continuous cell line
PI propidium iodide
PLS partial least square
PQ product quality
QbD quality by design
RQ respiratory quotient
SEC size exclusion chromatography
SF9/Sf11 Spodoptera frugiperda cells
SIP sterilization in place
TCD total cell density
TTM time to market
UPLC ultra-performance liquid chromatography
VCD viable cell density

1 Introduction

Every cell cultivation is accompanied by suitable monitoring of the culture. In
its most basic form, this could be a rough assessment of cell concentration over
cultivation time by simple microscopy of culture vessels, i.e. assessing the degree of
confluency (when working with adherent cells) or applying counting chambers (for
adherent and suspension cells). At the other extreme, monitoring could comprise
cell counts as well as a number of metabolic and physicochemical parameters –
and all these could be monitored not only off-line but also, at best, in-line and in
real-time.

Independent of the extent of monitoring and of the cell cultivation environment
itself – academia or industry, laboratory, process development units, large scale
production sites – the key reasons for cell cultivation and process monitoring are
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always the same: Allowing robust and repeatable cultivation processes and ensuring
reproducible product quality; whereby the product can be the cells themselves or a
protein which is expressed for functional studies or subsequent purification.

This volume primarily covers the industrial application of cell cultivation
processes, i.e. the production of biopharmaceuticals. In monitoring such cultures,
the emphasis was initially on cell concentration, viability and recombinant product
titer as well as basic physicochemical parameters like pH and DO [1]. Quickly, phys-
iological parameters like specific uptake (substrates) or production (by-products and
products) rates, as well as metabolites, began to come into focus [2]. Automated
methods for off-line metabolite monitoring and automated cell counters developed
the field further. Nowadays, monitoring technology development efforts are directed
particularly towards methods that provide data in-line and in real-time, e. g. infrared
(IR-) and Raman-spectroscopy [3].

What are the key drivers for such developments, i.e. new strategies and technolo-
gies in cell culture monitoring?

Firstly, there is a regulatory dimension: The “Process Analytical Technology”
(PAT) initiative of the FDA, the US Food and Drug Administration (e. g. [1, 4])
demands process understanding and control based on monitoring raw materials
and quality attributes, at best in real-time, necessitating a paradigm shift in
process monitoring and sensor technology [5]. Additionally, efficient monitoring
is fundamental in the context of Quality by Design (QbD; [6–10]). In brief, in QbD
the task is to identify the desired product quality and to design processes capable
of maintaining this quality. In order to do that, the critical process parameters
(CPP) which influence the critical quality attributes (CQAs) of the product must
be found. The QbD approach relies on several pillars like the use of qualified scale-
down models, application of risk assessment methodologies and sound experimental
planning based on the design of experiments – and importantly, the analytical
capabilities to monitor process parameters and quality attributes satisfactorily in
a validated environment.

Lastly, automation and digitalization of biomanufacturing as envisioned by
Industry 4.0 require thorough process understanding, data acquisition and subse-
quent analysis and modelling (see e. g. [11]) – the basis of all this being thorough
process monitoring.

If we combine the above-mentioned concepts and intentions with the very down-
to-earth demands of the biopharmaceutical industry, together with the growing
competition of biosimilars, the main drivers for monitoring-technology develop-
ment are obvious. They are product quality (PQ), costs and speed. In other words:

Only if one thoroughly understands and monitors the process, can one improve
process control, thereby reducing process variability, raising product quality and
ultimately reducing failed production batches and therefore costs.

Secondly, improved process monitoring, results in better process understanding
and robustness which in turn enables more efficient process development – leading
to shorter development timelines, lower costs and ultimately shorter time to market
(TTM).
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Thirdly, in-line monitoring is, in particular, a potent means to gain process
understanding, raise data in real-time and is key to “building quality into the product
rather than testing quality into the product”. Furthermore, if one understands the
interconnections between CPPs and CQAs and monitors those CPPs (and CQAs)
in or near real-time by in-line monitoring, real-time release of production batches
could be possible (this, as well, is one idea of PAT) which would, in turn, reduce
costs.

Despite the strong focus of this contribution on monitoring of the cell cultivation
itself, one should keep in mind that a prerequisite of appropriate process monitoring
and control is sound knowledge of potential process-disrupting factors such as
critical raw materials. Even the most advanced process control cannot lead to the
desired PQ if – to name but one example – raw materials are contaminated with
trace elements like copper or manganese [12].

Furthermore, monitoring of process parameters is sometimes done without the
intention of controlling them. Sampling from cell culture vessels for microbial
sterility testing would be an example of such a situation. Nevertheless, in the
majority of cases, monitoring of a process parameter is connected to controlling
the respective parameter. These aspects are elucidated further in chapter 16 of this
volume (Lecina et al. Monitoring tools for the development of high cell density
culture strategies).

2 Principles of Monitoring

2.1 Scope of Monitoring

In the context of biopharmaceutical cell cultivation processes, monitoring comprises
CPPs (see above), key process parameters (KPPs) which are defined as non-CPPs
that, while not affecting product quality, still may affect process performance such
as yield, and non-KPPs which are those parameters that have no effect on process
performance or product quality [13] (Castillo et al. 2016). The goal of monitoring
is to ensure a robust process performance and the desired PQ as defined by CQAs.

For cell culture (“upstream”) processes, to date, monitored process input param-
eters (CPPs/KPPs) are typically physiological ones such as VCD, viability and
metabolites as well as physicochemical ones such as osmotic pressure, pH, tem-
perature or dissolved gas concentrations e. g., Oxygen (usually given as dissolved
oxygen, DO, i.e., as a percentage with reference to pO2) and dissolved Carbon
Dioxide (typically given as partial gas pressure, pCO2).

Relevant process outputs (CQAs) are defined by an appropriate risk assessment
and are mainly determined by the recombinant protein itself. Typically, they
comprise physical, chemical and biological properties of the protein, alongside with,
for example, the absence of any sort of contamination.
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2.2 Monitoring Categories

General monitoring procedures can be divided into two categories: Offline monitor-
ing and real-time – or at least, near real-time – monitoring.

The first category, offline monitoring, always requires sampling. When sampling,
the sterile barrier of the culture vessel is breached and so here, great care has to
be taken. Since microbial or viral contamination is a major risk of all cell culture
operations, suitable sampling devices that maintain sterility need to be in place.
These range from properly operated laminar flow hoods if a culture vessel has
to be physically opened over steam sterilised sampling containers connected to a
bioreactor to disposable sterile sampling devices. Furthermore, the sample has to be
correctly treated in order not to obscure the original conditions inside the culture
vessel.

Such samples, usually taken for the analysis of the cells themselves or the
cell-free supernatant, are then handed over to laboratories close to or outside the
production area. There, often extensive sample preparation is necessary which does
not facilitate real-time process control/feedback loop control.

In the second category, real-time or near real-time monitoring, several different
setups are possible:

Ideally, process parameters can be monitored in-line (or “in situ”) without
sampling. An advantage of this method is that no sterile barrier has to be breached
to obtain monitoring data. Also, this method has the advantage of speed – no
time is lost through sample extraction, sample preparation and external analysis.
Physicochemical parameters like pH, partial gas pressure and temperature are often
measured in such a setting, providing a constant stream of measurement data and
thereby the basis of control of the parameters. Also conductivity measurement
and the more advanced techniques like Dielectric, Infrared (IR), and Raman spec-
troscopy fall in this category of real-time monitoring. With regard to PAT, in-line
spectroscopic methods have become the main route of development as they allow
multivariate data analysis to build calibration models for multiple CPPs/KPPs. In-
line monitoring requires capable sensors, which means they have to be operational
inside a cultivation vessel (e. g. dye-based cell monitoring methods and devices
usually are not so) and they must also withstand cleaning and sterilisation-in-place
operations (CIP/SIP) of the vessel [1].

For parameters that cannot be measured in-line, one option is online monitoring.
This is characterised by either continuous removal of the process liquid, guiding it
past the sensor and feeding the unaltered liquid back into the cultivation vessel (i.e.,
bypass configuration) or by automated removal and preparation of the sample (e.
g. dilution, addition of dyes), subsequent analysis and discarding of the sample. A
prominent example of the latter is FIA (flow injection analysis, e. g. [14]).

Alternatively, in at-line monitoring, samples are removed (e. g. by an operator)
but the analyser is located in close proximity to the process vessel. In at-line
monitoring, usually little or no sample preparation is necessary. This enables
fast turnaround times – i.e. near real-time monitoring. Cell counting, external
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Fig. 1 Monitoring principles. FIA flow injection analysis. (Taken from [1])

pH measurements and at-line glucose measurements, for example, fall into this
category. As in offline monitoring, care has to be taken to not obscure the samples.
For example, if the monitoring parameter is pCO2, pH or DO, care has to be taken
to prevent outgassing of CO2 or O2 between taking the sample and analysing it.
Figure 1 summarizes the different monitoring principles.

Whether installed inside the cultivation vessel or used outside of it, monitoring
devices must fulfil certain criteria to be usable in a laboratory and even more so if
they are to be used in the tightly regulated area of industrial cell culture technology.
These would include adequate sensitivity and specificity, (mechanical) robustness
and ease of use, suitability for cleaning and sterilising, and ease of validation.

3 Intention and Scope of this Contribution

In the previous issue of this series, we concentrated on monitoring of cell and
metabolite-related parameters [1]. In the present contribution, we carry on from
there and focus on solutions and trends that are fit for industrial practice, develop-
ment departments and laboratories.

Additionally, emphasis is placed on the growing progress made in real-time
monitoring of key upstream input and output parameters. Despite the significant
progress that has been made over the past five years, there is still a substantial lack
of real-time or near real-time methods to measure a broad range of CQAs, except
very basic physiological ones such as product titer of the desired molecule.

We would like to stress that in the field of industrial cell cultivation requirements
are substantially different from those in scientific cell culture laboratories:

In large scale manufacturing, companies will only use monitoring devices that
operate in an extremely robust fashion, and can therefore be easily operated by
personnel on the production floor and also have the necessary mechanical rigidity.
Such systems must be fit for use in a Good Manufacturing Practice (GMP) –
regulated environment and its functions easy to validate within the scope of a
production process. These demands should not be underestimated. Regulatory
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validation requirements are constantly growing and even without these, the imple-
mentation of new monitoring systems involves monetary investment, time and risks.
In the end, only those new technologies will be implemented that are worth the
challenges – that means they must offer a proven and substantial (monitoring)
advantage over the technologies used so far. Which technology is fit for use
in a GMP environment, which is not and which has the potential to get there?
For example, although technologically more advanced and although the value of
monitoring these parameters is undisputed, it took years for digital probes (pO2,
pH) to prove their robustness and be accepted in large scale manufacturing.

Also, technologies that are useful during process development might not be
necessary in routine production. For example, a pCO2 probe can offer a distinct
added value in process scale-up but once the process is fixed might not be necessary
in large-scale production i.e. the added value of monitoring pCO2 does not outweigh
the cost and risk to operate the system in a validated process under GMP.

In process development and scale-up or R&D in general, emphasis is on gaining
a deep understanding of the cell culture and process. Here, many different methods
and parameters might be assessed for process and product characterisation, as well
as those that aid process scale-up. As an example, NIR or Raman-spectroscopy can
provide very relevant data and are increasingly employed in the field. Unfortunately,
extensive chemometric operations are necessary to interpret original measurement
results. This is time-consuming and costly. If platform processes are developed
that are theoretically similar to each other, this effort could be reduced since a
chemometric model that is developed for one process could be extrapolated to
another. This would alleviate the situation. However, if you work with such platform
processes, they are well understood from the outset, so that sophisticated monitoring
systems are not necessary in the first place.

Concluding from the above, it comes as no real surprise that, although new
technologies are constantly being developed and evaluated on a scientific level
and also used in process development (and some emerge that have the necessary
“regulated environment potential”), particularly large scale operations to date
operate with the same set of proven monitoring parameters and robust technologies
as they did for quite some time in the past.

A list of typical monitoring parameters with emphasis on those being employed
in the biopharmaceutical industry on or close to the production floor can be found
in Table 1. It is non-exclusive and certainly partly subjective. In Sect. 4 of this
contribution, we will briefly highlight a subset of those monitoring parameters.

We have omitted many monitoring techniques – even though they might provide
very valuable process information and have many published reports of successful
investigational use – if they seem not yet advanced enough to us to fit in the scope of
this article. Examples are UV/VIS-spectroscopy, MIR-spectroscopy, fluorescence-
spectroscopy, and – from our own work – at-line mass spectrometry [15] and in situ
microscopy [16]. One exception is in-line glucose monitoring (once again our own
work, see Sect. 5).

Yet another aspect of high importance within the concepts of Industry 4.0,
PAT and QbD which we do not have space here to elaborate on, is data science
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Table 1 Typical process parameters for animal cell cultures. Additional parameters might be
of value for different organisms or applications. Underlined are those parameters that are most
often taken into account in large scale manufacturing, and are to date, still sufficient for such
operations

Parameter
Typical monitoring
device

Typical monitoring
method

Physicochemical parameters
Temperature Resistance

thermometer (PT 100
probe)

In-line

pH value Electrochemical
Ingold pH glass
electrode/optical
sensor

In-line

Oxygen partial pressure (pO2) Amperometric Clark
electrode/optical
sensor

In-line

Pressure Membrane sensor In-line
Stirrer speed Revolution counter In-line (on stirrer

motor)
Foam Level Conductivity probe In-line
Redox potential ORP probe In-line
Gas Flow Mass flow meters In-line (gas lines)
Carbon dioxide partial pressure (pCO2) pCO2 probe

(Severinghaus
probe/optical sensor)

In-line

Osmolality NIR/Raman, Freezing
point depression

In-line, online, off-line

Physiological/biological parameters
Cell number and Viability; Biomass Dye-based (mostly

trypan blue, PI) and
dye-free (Capacitance,
NIR, Raman)
methods; Light
scattering/absorbance
probes

Off-line, online or
in-line

Substrates and metabolites Enzymatic,
spectroscopic (Raman,
NIR) and other
methods

Off-line, online or
in-line

Lactate dehydrogenase Enzymatic/photometric
methods

Off-line or online

Product concentration HPLC, photometric,
spectroscopic and
other methods

Off-line, online or
in-line

Product quality Various methods, e. g.
SEC, IEC, LC-MS,
HPLC, Raman*, light
scattering*

Off-line (first attempts
of in-line aggregate
detection*)

Apoptosis Flow cytometry/Mass
spectrometry

Off-line

Sterility Cultivation assays Off-line

Altered, from [1]
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(including soft sensors and machine learning). The best monitoring device is useless
without the integration of monitoring data into a capable data management and
analysis platform. To this end, several companies have developed such platforms,
e. g. BioPAT MFCS (Sartorius Stedim Biotech, Göttingen, Germany) or Lucullus
(Securecell AG, Urdorf, Switzerland). Ideally, these systems are meant to design,
execute and analyse bioprocesses on one integrative software platform. As an
additional step, a combination of sensor signals, data analysis and modelling can
be performed for attribute estimation – often referred to as “soft sensors” (e. g. [11,
17, 18]). These will certainly be important in the future even though not extensively
being applied to platform development or in GMP production momentarily.

4 Monitoring Parameter and Technologies

It is important to keep in mind that the choice of monitoring methods, to a large
extent, depends on the environment these methods will be used in: The less regulated
the environment, the broader the set of potential methods.

During (early and late stage) process development, the interconnection between
process inputs (CPP/KPP) and process outputs (CQA) is typically going to be
developed. According to the QbD paradigm, which calls for smarter experimental
design, there is a substantial demand for real-time or near real-time monitoring
methods to analyse not only key input but also key output parameters.

During scale-up and process validation, the potential range of monitoring
methods is already limited to those of critical importance to the process, i.e. those
to run the process within acceptable operational ranges in order to meet predefined
acceptance criteria.

Lastly, in a fully regulated, commercial manufacturing environment, any attempt
to introduce a new process-analytical technology is stringently linked to the ability
to demonstrate a strong advantage of this technology with respect to process
reproducibility while, at the same time, avoiding any additional process risks or
impacting the costs of the process (CoGs; costs of goods).

In the following, we will give details on a subset of the monitoring techniques
shown in Table 1. As stated earlier, this contribution places emphasis on the growing
progress in real-time or near-real-time monitoring of key upstream input and –
where available – output parameters. Therefore, we will not go into detail on off-
line methods, even if now widely employed, as, for example, mass spectrometry for
product analysis (e. g. [19]). Furthermore, we will not elaborate on off-line or in-
line methods that have been proven for decades (e. g. trypan blue cell counting, pH
and pO2 monitoring via electrochemical probes) or but deal with them only briefly.

For each technology described, a – partly subjective – “experience matrix” is
given that outlines its application in process development (non-GMP) or routine
monitoring (GMP).
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4.1 Physiological/Biological Parameters

4.1.1 Viable Cell Density, Total Cell Density and Cell Viability

Two of the most important KPPs in mammalian cell culture are viable cell density
(VCD) and viability, i.e. the percentage of living cells with respect to the total
cell density (TCD). All stages of cell cultivation, from establishing a simple sub-
cultivation routine in basic cell culture to a defined process control strategy in
commercial production, are based on an accurate determination of cell density (e. g.
[2]).

For cell density determination, the gold standard, not only for commercial GMP
manufacturing, but also in most development cell culture applications, is still at-
line analysis employing live/dead staining (trypan blue, propidium iodide PI).
Nevertheless, there are industry trends that are leading to a (partial) paradigm shift
away from at-line monitoring approaches, e. g.:

• Increased application of perfusion processes (e. g. intensified n-1 or perfu-
sion production bioreactor) and thus an increasing demand for continuous
biomass/cell density determination to control e. g. the cell-specific perfusion rate
(CSPR).

• Increased application of anchorage-dependent cells and cells tending to form cell
clusters, e. g. HEK cells for AAV production, leading to an increased demand for
alternative cell density determination approaches without the need for sample
preparation.

• Control of fed-batch processes: Adjustment of feeding rates based on continuous
cell density measurement helps to determine optimal feed rates and therefore
reduces CoGs.

Ideally, cell density would be determined in-line to avoid contamination from
breaching the sterile barrier when sampling [20] and to enable a constant stream of
real-time data. Techniques that have reached the threshold to industrial application
(at least in development and partly in large-scale) are measurements of optical den-
sity or capacitance as well as (mostly NIR and Raman) spectroscopy. A challenge
when applying these “dye-free” methods is often the discrimination between live
and dead cells (e. g. [21], and sometimes combinations of two probes are used to
determine both, e. g. the Incyte (permittivity/capacitance – VCD) and Dencytee
(optical density – TCD) probes, both from Hamilton (Bonaduz, Switzerland). It
is worthwhile mentioning that the benchmark for determining live and dead cells
by any alternative method is just about always its validation against trypan blue
staining, simply because trypan blue is the gold standard. This method does not take
into account staining artefacts, or cells that are en route to death but still possess
a functional membrane. Neither does it discriminate between different modes of
death (apoptosis, necrosis, autophagy). It could be useful to get a more detailed
picture of the state of the cells, particularly in development, like when assessing
cultivation hardware (e. g. pumps for perfusion) or feeding strategies. At-line MS
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[15], offline methods like Flow Cytometry or advanced data analysis (e. g. of
dielectric properties, [21]) are exploratory possibilities here.

Cell density Monitoring Method Application in Development Application in GMP

Capacitance in-line yes yes
Raman in-line yes (e. g. Sanofi2) presumably yes; no

reference available
NIR in-line yes yes
Cell counter
(Trypan blue)
integration

FIA (online) yes no application
references available

Cell Density: Capacitance Measurement

For commercial bioprocesses, in particular, capacitance probes are available from
Aber Instruments (Aberystwyth, UK) and Hamilton (Bonaduz, Switzerland). Both
manufacturers provide stainless steel reusable probes (CIP/SIPable) as well as
single-use patches embedded in single-use bag systems, e. g. for Hyclone STR
(Thermo Scientific HyClone, South Logan, USA), Sartorius RM and STR (Sar-
torius Stedim Biotech, Göttingen, Germany) and Mobius STR (Millipore/Merck,
Darmstadt, Germany).

Probes enable in-line monitoring of VCD and therefore feedback control loops
for VCD-based feeding, bleeding and osmolality control. The technology is compar-
atively robust and allows for successful qualification in an industrial environment.
Also, in the case of anchorage-dependent cells and cells tending to form cell
clusters, capacitance measurement might be a valuable alternative to trypan blue
counting and time-intensive and cell-disrupting sample preparation. The technology
has found considerable acceptance in industry [22].

Capacitance measurement (radio-frequency impedance; dielectric spectroscopy)
exploits the fact that cells with an intact cellular membrane act as small capacitors
when subjected to a periodically alternating electrical field [23]. Ions in the medium
and the cytoplasm of cells move in this field, their mobility being constrained by the
cellular membrane. This results in a charge separation across the membrane at the
poles of the cell, also termed polarization [24]. The magnitude of that polarization
is measured by the resulting capacitance in picoFarad (pF). The polarizability of the
cell suspension corresponds to the permittivity (pF per cm) of the cell suspension,
i.e. at higher cell concentrations, more cells contribute to the polarization, leading
to a higher permittivity [25]. Frequencies from 0.1 to 10 MHz can be applied to
the cells, resulting in additional information e. g., compensating measurements
for changing diameter of the cells over the time of a culture or measurement of
apoptosis [26]. Cell death is accompanied characterized by a loss of membrane
integrity, which results in a free diffusive exchange of intra and extracellular
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compounds. Therefore, this method does not allow for the determination of the total
cell density.

Cell Density: Raman Spectroscopy

Raman spectroscopy is probably the most advanced PAT in-line monitoring method
[27–30]. It enables the multivariate analysis of a broad range of process parameters
like VCD and TCD; also – see Metabolites: Raman Spectroscopy section – glucose,
glutamine, lactate, ammonium [31, 32], and even antibody concentration [33]. The
disadvantage of this method is that for spectra evaluation, advanced mathematical
and statistical chemometric methods are required, such as Principle Component
Analysis, PCA; Hierarchical Cluster Analysis, HCA; or Partial Least Square, PLS
[32, 34, 35]. Furthermore, the technology is cost-intensive due to the employment
of class 3B lasers [34] and potentially critical from an HSE regulation point of view.

Raman probes are available as in-line probes (standard port size, various lengths,
CIP/SIP-able; predominantly Kaiser Optical Systems Inc., Ann Arbor, USA) as
well as online systems, e. g., via the BioPAT Spectro (Sartorius Stedim Biotech),
applicable to single-use systems such as Ambr15 and Ambr250 or Biostat STR (all:
Sartorius Stedim Biotech). Kaiser Optical Systems offers additionally, disposable
adaptors that enable a reusable Kaiser probe to be inserted into a SUB and collect
in situ measurements without making product contact.

Compared to near and mid-infrared (NIR and MIR) spectroscopy (see below)
which are based on detecting absorption of electromagnetic radiation, Raman
spectroscopy is based on light scattering [36]. Raman spectroscopy relies on the
inelastic scattering of monochromatic light (usually from an adjustable laser source
in the spectral range between near-infrared and near-ultraviolet light) due to the
interaction of photons with the sample [37]. Spectra that can be detected after
irradiation and light scattering consist mostly of unaltered frequencies from the
excitation light (Rayleigh scattering), and of shifted frequencies (Raman scattering).
The frequency shift between of excitation light and scattered light is molecule-
specific. As such, Raman spectroscopy can provide information regarding the
composition of the analysed sample. Nevertheless, challenges of the method include
the strong fluorescence of many biological molecules that may overlay Raman
scattering signals and the generally weak Raman scattering of cell culture broths
[38].

Cell Density: Near-Infrared (NIR) Spectroscopy

Hamilton (Bonaduz, Switzerland) offers probes enabling in-line determination of
both viable cell density and total cell density (Dencytee and Incyte Arc). While the
viable cell density is analysed via capacitance (Incyte; see above), the total density
or turbidity is measured via near-infrared (NIR) spectroscopy (Dencytee). Sartorius’
BioPAT Fundalux probe operates on a transmittance principle, using IR light to track
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total biomass, albeit predominantly for microbial cultivations (Sartorius Stedim
Biotech, Göttingen, Germany). Other than for determination of cell density, NIR
is seen as a potent PAT tool for at-line raw material testing (e. g. [39–41]; online
glucose monitoring via NIR has also been reported [42]. Moreover, there are several
reports on using NIR for bioprocess control [43–46] by determining metabolite
concentration (e. g. glucose or lactate) and less often cell density during mammalian
cell cultivation processes. Regulatory agencies like the FDA have even published
guidelines on the implementation of NIR in the pharmaceutical industry [47].

NIR spectroscopy determines absorption in the near-infrared region (wavenum-
bers 13,000–4,000 cm−1) of the electromagnetic spectrum. NIR relevant functional
groups of molecules in the sample are predominantly those containing a hydrogen
atom (like O-H, C-H or N-H). It is actually the chemical bond whose “natural”
vibration is moved from one energy level to another, which causes so-called
overtones and combination-bands in the NIR spectra [48].

An advantage of the NIR technique is lesser interference with water than
in the case of MIR. However, both show higher water absorbance than Raman
spectroscopy. A disadvantage is that spectral peaks are broad and overlapping,
making their interpretation difficult. Therefore, complex chemometric methods –
as in Raman spectroscopy – must be applied for data interpretation.

Cell Density: Integration of Automated Cell Counters

The principle of Trypan blue cell staining for live and dead cell detection, dates as far
back as 1914 [49]. To overcome the disadvantages of manual hemocytometer-based
cell counting – the method is subjective, prone to human error and time consuming
(e. g. [50]) – automated cell counters based on trypan blue staining have been
developed and, in some instances, connected to bioreactors in an online/FIA-like
setting.

Those machines, such as e. g. Vi-CELL (Beckman Coulter, Brea, USA) or
CedexHiRes (Roche, Basel, Switzerland) are image-based cell analysers using a
fully automated liquid handling systems with an integrated flow-through (“pseudo
hemocytometer”) chamber and a high-resolution image scanner. Image analysis
algorithms (cell line dependent adaptation is required) enable the system to classify
detected objects into debris, viable and dead cells, aggregates and other undefined
objects. Besides the main parameters (viable-cell density, total-cell density and
viability), other parameters such as object-diameter can be examined. The cell
diameter, for example, is a known indicator for culture healthiness or ongoing
apoptosis [51–54].

Very often, these analysers are operated at-line. This does not enable real-
time monitoring but near real-time, since an assay does not take more than a few
minutes. This is often appropriate since cell culture processes are comparatively
slow, provided the sampling intervals suit the monitoring needs. An alternative
would be connecting the analyser to the cell cultivation platform and performing
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automated sampling/cell counting. Examples for such combinations, which are used
in the biopharmaceutical industry, include:

• Integration of Beckman’s ViCell and Roche’s CedexHiRes into the Ambr250 –
an automated stirred tank reactor platform of up to 24 parallel reactors at
working volumes of 100 – 250 mL (Sartorius Stedim Biotech GmbH, Göttingen,
Germany)

• Combination of Nova Chemicals (Waltham, MA, USA) BioProfile Flex 2 and
Ambr250 or Ambr15 (Sartorius, up to 48 parallel cultivations at the 10–15 mL
microbioreactor scale)

• General option for automated sampling through 12, 19 and 25 mm standard ports:
Seg-Flow (Flownamics/Sentinel Process Systems, Hatboro, USA) for Cedex
HiRes (Roche, Basel, Switzerland) und ViCell XR (Beckman Coulter, Brea,
USA)

General disadvantages of this approach are: it is cost-intensive (initial investment,
maintenance), it can be mechanically challenging (autosampling), it might have
limited flexibility (length of connective tubing), and only a limited number of
bioreactors can be connected to one analyser.

The advantages are: the trypan blue assay itself is cost-effective, its use in
automated counting avoids variability inherent in manual sample preparation and
counting, it is the long-term “gold standard” of cell counting and the assay is widely
accepted by regulatory agencies.

It is worthwhile mentioning that also in the field of automated cell counters
there is a constant drive for new developments. For instance, [55]; Selexis SA,
Switzerland assess the Guava easyCyte HT (Luminex, Austin, USA) and the
Cytoflex (Beckman), both equipped with 96-well-plate loaders, as a replacement
for trypan blue counters. Both machines are “originally” flow cytometers, the Guava
already conveniently equipped for direct absolute counts.

4.1.2 Metabolic Parameters and Product Titer

Since the early days of biopharmaceutical development, one key objective in process
development was and still is the optimization of cell-specific productivities [56] with
the overall aim to reduce the costs of goods (CoGs) while maintaining the desired
product quality.

Optimizing productivity can be achieved, for example, by balancing nutrient
resources in the culture, preventing a decline in specific productivity or preventing
variation of product quality (e. g. glycosylation).

Therefore, the monitoring and control of key metabolic parameters such as
substrates and metabolites are of utmost importance for developing and operating
robust and reproducible processes. In process development, this helps to determine
the needs and boundaries of the processes, while later in production, it is an indicator
for culture reproducibility.
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In contrast to CPPs like pH, DO or temperature, the major drawback in the case
of metabolic parameters is the lack of robust and reliable in-line probes, which
results in sampling from the bioreactor and subsequent at-line or off-line analysis.
Fortunately, the new, mainly spectroscopic, techniques for both online and in-line
measurement enable measuring metabolic parameters, too.

It should be noted here that a few companies developed alternatives to off-line
measurements in the past e. g., Trace Analytics (Braunschweig, Germany) offers
online glucose and lactate monitoring via standard immobilized enzyme technology
connected to the bioreactor by single-use tubing systems and dialysis or filtration
probes. C-CIT Sensors AG, a start-up company from Wädenswil, Switzerland,
developed in situ enzymatic glucose and lactate sensors.

In the following section, we give a condensed overview of emerging trends
and applications successfully overcoming the “historical burden” of limiting the
monitoring of metabolic parameters to at-line and off-line analysis. The availability
of adequate in-line and online monitoring capabilities, together with the availability
of closed feedback loop control, opens up new possibilities to operate processes
with the aim of avoiding accumulation of waste products or maintaining desired
product quality attributes. For example, [57] report the successful use of Raman
spectroscopy for online glucose and lactate monitoring to control glucose feeding.
Thereby, they significantly lower the lactate level of cultures, leading to improved
culture viability and increased harvest titer. In contrast, [29] report applying Raman
spectroscopy to operate a fed-batch process at different low glucose levels to reduce
the percentage of glycation.

Metabolites/titer Monitoring Method Application in Development Application in GMP

Raman in-line or online yes yes
Metabolite
Analyser
integration

FIA (online) yes no application
references available

Metabolites: Raman Spectroscopy

Ever since the first reports of Raman spectroscopy in combination with multivariate
regression techniques for multi-parameter-monitoring in the context of mammalian
cell culture technology (e. g. [32]), the number of applications of this technology
has been constantly rising. Its dominant role in the analysis of aqueous solutions
such as cell culture media, compared to other spectroscopic techniques (e. g. NIR
or MIR), can mainly be explained by the weak Raman scattering of water [58].

To develop a reliable model using spectroscopic techniques, spectra must be
correlated with at-line measurement-values using, for example, Partial Least Square
(PLS) regression. This means that, theoretically, every component of the cell culture
broth can be monitored, bearing in mind the technical limit of detection of analytes.
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It is a great advantage of Raman spectroscopy that multiple parameters can be
monitored with only one system.

Of course, this technology also has its disadvantages and limitations, as already
mentioned in 4.1.1.2. Please also refer to 4.1.1.2 for a brief overview of available
probes and technical solutions.

In this subchapter, we examine monitoring via Raman spectroscopy of key
substrates such as glucose or glutamine [31, 57], metabolites such as lactate and
ammonia [36] and product titer [33, 59, 60]. Another recently reported application
of Raman spectroscopy is the in-line monitoring of amino acids. E. g., Bhatia et al.
[61] report the in-line monitoring of key amino acids, known to be essential for cell
growth and productivity [62]. Typically, amino acid profiling (also known as spent
media analysis), is performed as an off-line analysis, using liquid chromatography
(e. g. HPLC or GC-MS), with ready- to- use kits, e. g., EZfaast (Phenomenex,
Torrance, USA). Therefore, these analyses can support process optimization or
troubleshooting activities, but are not suitable for routine process control purposes.

It is worth mentioning that nowadays Raman technology is applied in develop-
ment units and likewise in GMP manufacturing facilities. Also, increased attention
is being given to the scalability of spectroscopic models, e. g., for substrate,
metabolite and product concentrations, developed using small-scale bioreactor
models of manufacturing scale reactors, as recently reported by Janssen Biologics
[63], or earlier by Biogen Idec [28].

Metabolites: Integration of Metabolite Analysers

Commonly used metabolite analysers, such as CedexBioHT (Roche, Basel, Switzer-
land), BioProfile Flex (Nova Biomedical, Waltham, USA) or YSI7100 (Yellow
Spring Instruments, Yellow Springs, USA) are based on automated enzymatic
(enzymatic-amperometric/enzymatic-photometric) measurement principles.

Like automated cell counters (see 4.1.1.4), metabolite analysers are mainly
operated at-line, especially in “traditionally” designed development laboratories,
where multiple benchtop bioreactors are spread over and operated across several
hundred square meters of laboratory space. The paradigm shift towards highly
automated small-scale multi-bioreactor systems (e. g. the Ambr platform, Roche,
Basel, Switzerland), operating up to 48 bioreactors on a few square meters of
laboratory space, combined with the availability of smart interfaces connecting
analysers and bioreactors via automated online sampling systems, has successfully
closed the gap between process and analyser [64].

Similar approaches can also be applied to standalone bioreactors (benchtop or
technical scale), although in this case, the economic burden will be higher.

Independent of the scale of bioreactor systems connected via an autosampler to
a metabolite analyser, the advantage of these solutions is the availability of data for
both, monitoring and control purposes.

Examples, successfully demonstrating those combinations, applied in the bio-
pharmaceutical industry include:
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• Automated bioreactor sampling via Numera (Securecell AG, Urdorf, Switzer-
land) for glutamine and glutamate analysis using Roche’s CedexBioHT [65].

• Connecting Roche’s CedexBioHT with an Eppendorf (Hamburg, Germany)
standalone 2 L benchtop bioreactor and the corresponding Eppendorf Process
control software (BioComand Batch control software) via SegFlow (Flownamics,
Madison, USA) for automated glucose control [66].

As the number of bioreactors that can be connected to each autosampler is
limited, depending on the actual number of bioreactor systems and the layout of
the laboratory, this technology requires a high initial investment.

4.1.3 Product Quality Attributes: Protein Aggregates

To date, product quality is, predominantly assessed off-line, often employing
methods like HP-SEC, MS, HPLC and others. A significant gap still exists in the
development of rapid in-line measurement techniques [3]; only the first concepts
of real-time release-testing exist up to now. Particularly in the area of upstream
processes, real-time or near real-time product-quality-attribute analysis in crude
process bulk or harvest broth is still a very explorative field. To give just two
examples: [67] developed an automated at-line assay to monitor monoclonal
antibody (MAB) charge variants near real-time during production and [68] showed
near real-time Glycosylation determination via fluorescence UPLC. Unfortunately,
none of these developments seems mature enough yet to be applied in routine
analysis in a development or a regulated production environment.

Attempts to quantify molecule aggregates seem to be more promising in this
respect. Such protein aggregates are a major concern since they not only lower
the effective dosing concentration of a drug but can result in adverse toxicological
and immunological responses that can be life-threatening [69]. It is interesting to
see that in the monitoring of biopharmaceutical protein aggregates, once again,
Raman spectroscopy plays a considerable role: The method has not only been
used to monitor protein degradation/aggregation in an off-line configuration (e. g.
[70–72], the latter pointing towards real-time release); but a report from Bristol-
Myers Squibb shows the application of in-line Raman spectroscopy for monitoring
aggregation of therapeutic proteins as a function of formulation and process
variables [73].

Although the state of in-line – or at least (near) real-time – aggregate monitoring
is still in its infancy, it should be mentioned here that Raman spectroscopy is not the
only method under investigation: In a collaboration with Biogen Idec, [74] measured
light scattering simultaneously from many independent MAB solutions in order to
monitor their time-dependent aggregation behaviour.

The overall challenge now is to incorporate any such technology in a robust
sensor design, allowing for long-time operation in a production environment, as
well as ease of handling, the ability to recalibrate in-process and incorporation in
automated process control strategies.
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Product aggregates
Monitoring
Method Application in Development Application in GMP

Raman in-line no application references available no application
reference available

Light Scattering in-line no application references available No application
reference available

4.2 Physicochemical Parameters

4.2.1 Osmotic Pressure/Osmolality

Osmolality measures solute concentration and is defined as the number of osmoles
per kilogram of a solution [18]. It is the sum of all dissolved components (salts,
nutrients, waste products etc.) in the medium. For mammalian cell culture processes,
the osmolality is usually in a range from 260 to 450 mOsm/kg, depending on the cell
line (e. g. [75]). Freezing point depression is often used to measure osmolality [76].
Increases in osmolality can be used to increase specific productivity (e. g. [77]) but
can also inhibit cell growth (e. g. [78, 79]). Therefore, controlling osmolality via the
osmotic strength of the medium itself or using cheap additives like NaCl (e. g. [80])
could be of high importance for fed-batch and perfusion processes – requiring, at
best, in-line monitoring instead of off-line freezing point depression measurements.

Osmolality Monitoring Method
Application in
Development Application in GMP

Raman In-line yes No reference available
NIR In-line yes No reference available
Metabolite Analyser
integration

FIA (online) yes No references available

In this respect and for the scope of this contribution, three methods are of
particular interest for determining osmolality, since they use the same equipment as
that used for in-line cell density (see 4.1.1.) and metabolite (see 4.1.2) monitoring.

Firstly, a collaboration of Biogen Idec and East Carolina University reported
osmolality can be determined by Raman spectroscopy [28, 81]. Secondly, in a report
from Hoffmann-La Roche, NIR was used to determine, among others, medium
osmolality [82]. The same was shown in 2009 by [83]. Thirdly, metabolite analysers,
connected to the bioreactor in an online fashion can be used to determine osmolality,
as, for example, the BioProfile FLEX2 (Nova Biomedical, Waltham, MA, USA) or
the CedexBio (Roche, Basel, Switzerland). For a determination with Raman and
NIR-spectroscopy, osmolality needs to be included in the chemometric models that
have to be developed when using these methods. Also, the CedexBio does not
directly measure osmolality by freezing point determination but calculates it on
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the basis of Na+, glucose and glutamine measurements since these three medium
constituents contribute the most to osmolality. The influence of other compounds
is included through empirically derived factors. The Nova Bioprofile FLEX2 uses
freezing point depression.

4.2.2 pO2, pCO2, pH

Oxygen supply and an appropriate pH, as well as pCO2 level, are key contributors
to a successful bioreactor run. Traditionally, pO2 is measured with an amperometric
(“Clark”) electrode [84]. The pH is measured potentiometrically by a combination
electrode; the general principle goes back to Arnold Beckman [85]. Standard pCO2
probes function in a similar way to pO2 probes and consist of a pH probe surrounded
by bicarbonate buffer. CO2 molecules diffuse from the bioreactor into the carbonate
buffer (see also pCO2: In-Line Probe section).

Even though CO2 is of importance to stabilize the pH in the medium, dissolved
CO2 can be a harmful and undesirable by-product of cell culture processes [86].
High levels of dissolved CO2 cause undesirable metabolic changes, inhibit growth
and reduce productivity (e. g. [87]). In fact, CO2 levels in bioreactors will fluctuate
throughout the run; in the past, these were mostly monitored offline.

Additionally, in bioreactors, the pO2 and the pH are controlled within a specific
range, more or less automatically leading to a specific and hopefully appropriate
pCO2 concentration. However, especially in a large-scale environment, pCO2 levels
are often too high (as compared to small and technical-scale; and also from a cell-
physiological point of view), leading to differences in the lactate profile, which in
turn impacts the pH (see e. g. [88]).

Ideally, all these parameters – pCO2, lactate/pH, pO2 – would be monitored in-
line. This is already well established for pO2 and pH; for lactate measurements,
several technical solutions exist as well (see 4.1.2); also, pCO2 probes are available.
However, both pCO2 probes and pH probes have the disadvantage that they often
drift and need to be re-calibrated.

As an alternative to the “traditional” probes, optical sensors for pO2, pH, and
pCO2 have been developed (see pH, pO2, pCO2: Optical Sensor Spots section) and
are – at least in the case of pO2 – widely accepted in all scales, from micro to
commercial/large-scale applications. Like pH probes, pH spots are reported to show
drift-problems, as well.

Monitoring technology
Monitoring
method

Application in
development

Application
in GMP

Probe (pCO2) in-line yes no reference
available

Off-gas analyser (pO2, pCO2) online yes no reference
available

Optical sensor spots (pH, pO2, pCO2) in-line yes yes
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pH, pO2, pCO2: Optical Sensor Spots

Optical sensors for pH, pO2, and, to a lesser degree, pCO2 have become more and
more important in many fields of biotechnology over the last 20 years. Commer-
cially available sensors for pO2 are based on lifetime detection of fluorescence
quenching and sensors for pH and CO2 are generally based on ratiometric detection
using pH-sensitive fluorescent dyes [89]. A detailed description of the working
principle is outside of the scope of this contribution and can easily be found in
many excellent reviews [90, 91]. Here, we briefly discuss the application of these
optical sensors in a cell culture environment. More specifically, we concentrate on
the application of pH and pO2 “sensor-spots” (see below) in single-use applications,
since those are the two most often monitored parameters in small-scale applications.
Please note, we do not elaborate here, on the widespread successful replacement of
reusable amperometric pO2 probes by their optical counterparts, as, for example,
Hamilton’s VisiFerm or Memosens COS81D (Endress+Hauser, Rheinach, Switzer-
land) – one of their major advantages being that optical oxygen probes do not require
lengthy equilibration.

Already in the early 1990s, a so-called triple LED compatible sensor unit
measuring pH, oxygen and carbon dioxide for the use in bioreactors was developed
[92]. The sensing membranes that could be easily sterilized were placed in an
external flow cell and the sample fluid was continuously passed through the sensors,
in order to reduce the risk of contamination. Because almost all sensor parameters
such as accuracy, resolution and reproducibility fulfilled the requirements of
biotechnological applications, these results initiated the further rapid development
of optical sensors for use in biotechnology.

Nowadays, it is more common to integrate planar optical “sensor-spots” into
single-use reactors, microbioreactors or shake flasks. Optical sensors offer several
unique advantages. Their small size, for example, allows the integration of several
different sensors in a single microwell. One example is the micro-Matrix from
Applikon Biotechnology (Delft, Netherlands) which operates with working volumes
of 2–7 mL and yet offers monitoring and control of culture conditions. pH,
DO and temperature profiles are controlled in 24 wells in parallel (e. g. [93]).
Other microbioreactors such as the BioLector from m2p-labs GmbH (Baesweiler,
Germany) are able to monitor pH and pO2 online during fully-automated high-
throughput cultivations of cell lines such as PerC6, Sf9 and Sf21 [94]. Sartorius
Stedim Biotech equips its microbioreactor vessels Ambr15 with optical single-use
pH and DO sensors; the Ambr250 comes with DO sensor spots but disposable pH
electrodes.

Optical sensor technology and instrumentation to a large extent rely on PreSens
GmbH (Regensburg, Germany), which develops an extensive range of sensors and
signal readers for different cultivation formats. Its technology is widely applied e. g.
in the Applikon MicroFlask, where a 24-channel reader for non-invasivedetection of
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oxygen and pH in deep-well and low-well plates is used. The PreSens SensorDish
Reader can be used in incubators and on shakers and is thus also a good tool for
monitoring pH or pO2 for cultivations in combination with the MicroFlask system
[95].

Other optical sensor systems are making use of incubator shaker systems for cell
cultivation where measurements are performed in cultivation tubes or shake flasks of
larger dimension equipped with pH and pO2 sensor spots [96]. Several systems are
in use for different purposes, for instance for process optimization and recombinant
protein production (e. g. [97, 98], the latter showing results of a comparison
of different non-invasive optical sensor technologies in shake flasks). Cultivation
conditions and monitoring in shake flasks have been extensively described (e.
g. [99]). Apart from an in-line configuration, bypass options are available; e. g.
[100] describe a fully embeddable microarray system to measure pO2 and pH non-
invasively when coupled to a bioreactor.

As mentioned above, a CO2 optical sensor spot is now available as well. As
O2 or pH spots, it is attached to the inner surface of any transparent vessel, while
non-contact measurements are taken from the outside [101]. In another prototype
application, this sensor spot is integrated into stainless steel bioreactor probes
[102] – providing an alternative to the probes mentioned in pCO2: In-Line Probe
section.

Importantly, sensor-spot technology has also found its way into the field of wave
bags and benchtop reactors. Pre-sterilized, single-use bioreactor bags equipped
for non-invasive optical pH and DO cell cultivation monitoring are commercially
available from different suppliers such as Cytiva (Little Chalfont, UK) or Satorius
Stedim Biotech while some companies even offer optical sensing devices for the
detection of dissolved oxygen (and, partly, pH) in benchtop reactors (e. g. Satorius
Stedim Biotech – Univessel SU with optical pO2 and pH sensors).

All together, optical sensors have proven to be important enablers particularly of
micro and small-scale cell-cultivation applications and can be very advantageous in
mid to large-scale reactors as well.

pO2, pCO2: Off-Gas Analysers

The monitoring of pCO2 and pO2 concentrations in the outlet gas stream allows – in
combination with data from the inlet stream, e. g., the O2 and CO2 MFCs (mass flow
controllers) – quantifying rates of gas utilization and production (oxygen uptake
rate OUR, carbon dioxide emission rate (CER)) and the respiratory quotient (RQ).
Additionally, off-gas analysers monitoring the partial pressure of carbon dioxide can
be an alternative to in-line CO2 probes in the development of cell culture processes
[103].

There is a number of methods for off-gas analysis available for bioprocesses,
among others electrochemical sensors, gas chromatography, infrared absorption and
mass spectrometry [104]. Nevertheless, interesting for the scope of this chapter
are those systems that are accepted for use in industry. A prominent example is
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the BlueInOne (BlueSens gas sensor GmbH, Herten, Germany), a combined in-
line O2/CO2 analyser which measures pO2 electro-galvanically or via a zirconium
dioxide sensor and pCO2 via dual wavelength IR. The system is also used by several
bioreactor suppliers like Sartorius Stedim Biotech (Göttingen, Germany – “BioPAT
Xgas”), Eppendorf (Hamburg, Germany), INFORS HT (Bottmingen, Switzerland)
and Applikon Biotechnology (Delft, The Netherlands).

pCO2: In-Line Probe

To date, only a few measurement principles of CO2 in-line probes have been
successfully commercialized and been applied to cell culture technology, namely:

• InPro5000 (Mettler Toledo AG, Urdorf, Switzerland)
• YSI 8500 (Yellow Spring Instruments, Yellow Springs, USA)

The measurement principles of the InPro5000 relies on the Severinghaus princi-
ple [105]. A CO2-semipermeable membrane separates a bicarbonate buffer from the
aqueous solution (e. g. culture medium). As a consequence of CO2 diffusion across
the membrane, an equilibrium will result. A glass electrode measures the resulting
pH change of the bicarbonate buffer, which is converted into a pCO2 signal. The
disadvantage of this probe-setup is that the internal bicarbonate solution needs to be
replaced regularly to ensure an adequate measurement accuracy.

In contrast to the traditional glass electrode design, the YSI 8500 in-line probe is
based on an optical measurement. It also relies on the Severinghaus principle, but the
difference is that CO2 moves through a permeable polymer into a fluorescent dye
[106]. CO2 reversibly reacts with the dye which changes fluorescence conditions
and subsequently light emission.

The availability of in-line pCO2 signals allows, for example, the implementation
of a pCO2 control strategy using N2 sparging [107]. It also allows the controlled
addition of CO2 in small-scale models to mimic technical or production-scale pCO2
concentrations.

A downside of the available in-line pCO2 probe technology that still exists
is, the tendency of signals to drift, similar to pH in-situ probes and pH sensor
spots. Therefore, appropriate at-line recalibration procedures are required to ensure
reliable pCO2 measurement during long-lasting processes.

4.2.3 Redox Potential

The redox potential of a solution, also known as oxidation-reduction-potential
(ORP), is the result of the equilibrium between oxidizing and reducing species. It
plays an important role in understanding protein secretion [108], cell growth and
productivity [109] as well as modulating glycosylation [110]. Additionally, these
and subsequent studies [111] have shown that changes in the cell culture redox
potential correlate with the disruption of disulphide-bonds in secreted molecules.
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During cell culture processes, changes in the redox potential are caused by changes
in the concentration of ions in the medium, pH, temperature and DO. Furthermore,
the medium redox potential is changed by cellular oxidative stress which can
be caused by bioreactor oxygen inhomogeneity, rich cell culture media, high
productivity rates and waste product accumulation.

The loss of interchain disulphide-bonds during manufacturing processes is a phe-
nomenon that has attracted increasing attention in the biopharmaceutical industry
over the last decade [112, 113], as it leads to batch failure or requires additional
adaptation of the downstream process. It is known that molecule reduction can
happen either during the upstream bioreactor process, during the cell separation step
or during the intermediate bulk storage time. For the latter two, several mitigation
strategies have been established, such as chilling the bioreactor broth prior to cell
separation, adjusting the pH, decreasing filter loads, controlling the DO during
intermediate storage or adding enzyme-inhibitors such as EDTA or metal ions
[112]. For molecule reduction that occurs during the bioreactor process, mitigation
strategies are limited, as they must neither affect cell growth, productivity nor
product quality.

Online monitoring of the ORP as an indicator of reduction-propensity was
demonstrated by [111]. The study reports the development of an online bioreactor
control system that prevents MAB reduction by controlling the cell culture redox
potential.

Redox potential Monitoring method Application in development Application in GMP

Probe in-line yes no reference available

Existing in-line probes are available from Hamilton (e. g. EasyFerm® Plus)
and Mettler Toledo (e. g. InPro 3253i), among others. Redox probes typically are
pH/ORP probes, combined with a temperature sensor.

As a side note, it should be mentioned here that other than monitoring the
propensity for a reductive reactor environment, the ORP signal can also help
to monitor and solve erratic oxygen control situations: The ORP can be used
as a signature or “fingerprint” for a cell culture in a certain scale or process.
This signature can be used to scale-up the process or to track the batch-to-batch
consistency.

5 Future Perspectives: Sensor Spots

As stated above, optical sensor spots have proven advantageous over other types
of in-line sensors and even off-line measurements. This trend will be accelerated
by new sensing concepts, integration of new materials and novel fabrication tech-
nologies. This will lead to smaller, faster, cheaper optical sensor systems possessing
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Fig. 2 Measuring principle of a glucose biosensor in a 125-mL shake flask. The glucose biosensor
consists of an optical oxygen transducer that measures the oxygen consumption inside a glucose
oxidase (GOD) enzyme layer due to the enzymatic conversion of glucose and oxygen, which enter
the enzyme layer by diffusion through a diffusion membrane. An additional oxygen reference
sensor at the bottom of the shake flask is used to compensate for oxygen fluctuations in the medium.
The glucose response (�pO2) is attained by subtracting the oxygen partial pressure within the
biosensor from the oxygen partial pressure in the medium. (Adapted from [97])

acceptable reliability for industrial application. Progress in this field will, among
other things, facilitate the development of efficient application-specific optical
(bio-) sensors for important metabolites such as glucose, lactate, glutamine and
ammonium/ammonia. Such biosensors have already been introduced into different
fields of biotechnology. As a PAT tool, they will provide valuable insights into
cultivation processes and help optimizing culture conditions.

An important CPP is glucose. Not only is optimal glucose monitoring and feeding
crucial for cell growth and prolonged viability, but it is also important in sensing and
ensuring correct glycosylation (e. g. [60, 114]). Recently, a glucose biosensor (Fig.
2) was developed that is applicable for in-line and long-term glucose monitoring in
mammalian cell bioreactors [97].

This sensor is based on an oxygen sensor that is coated with crosslinked
glucose oxidase (GOD; see Fig. 2). It can be integrated with an automated glucose
monitoring and feeding system capable of maintaining stable glucose levels, for
example. An additional benefit is that the system is based on an easy-to-handle
plug-and-play principle, which does not necessitate complex chemometric data
evaluation as in Raman-based systems.
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