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ABSTRACT 

 

OPTIMIZATION OF BIOSIMILAR MONOCLONAL ANTIBODY PRODUCTION 

IN CHO CELLS AND ITS CHARACTERIZATION 

 

Biosimilar monoclonal antibody development is currently the major focus of the 

biopharmaceutical industry. Strategies to adjust the critical quality attributes early in the 

development stage saves time, labor, and costs considering the competitive global market. 

As a technologically and pharmaceutically developing country, particularly Turkey is 

currently expanding its biosimilars market and requires new developments. 

This study focuses on generating optimal conditions for the development of a biosimilar of 

C5mAb, in Chinese Hamster Ovary (CHO) cells. C5mAb acts as a blocker to the 

complement component 5, an important target for certain rare diseases.  The novelties of the 

study are set forth with the usage of CHO host cell expression system to produce a hybrid 

and humanized mAb, the incorporation of Design of Experiments (DoEs) to screen and 

investigate process parameters and culture feeding regimens, and also by the process 

parameters optimized for the production of a C5mAb biosimilar. The study involves glycan 

and potency analyses as key quality attributes, with further verification in bioreactor 

systems, aiming to contribute to the assessment of biosimilarity. 

A robust 14 days fed-batch culture was developed with the E90-02 clone, under extended 

feed strategy. Applying temperature down-shift to 32°C from 37°C on the production day of  

7, in stirred tank bioreactor system was confirmed to yield 2.9 g / L titer with 83.85 % 

binding potency, and matching glycosylation profiles, complying with the Originator 

molecule in terms of efficacy, safety, biological activity, immunogenicity, and stability.  

 

The study put forward the reliability and applicability of experimental design strategies for 

manufacturing bioprocesses that ensure compliance of key quality attributes, and contribute 

to the knowledge in the field of biosimilars development.  



vii 

 

ÖZET 

 

CHO HÜCRELERİNDE MONOKLONAL ANTİKOR ÜRETİM 

OPTİMİZASYONU VE KARAKTERİZASYONU 

 

Biyobenzer monoklonal antikor (mAb) geliştirilmesi, günümüz biyofarmasötik endüstrisinin 

odağı haline gelmiştir. Küresel market rekabeti göz önünde bulundurulduğunda, geliştirme 

sürecinin başında, kritik kalite özelliklerini ayarlamak için stratejilerin geliştirilmesi zaman, 

işgücü, ve maliyetler açısından büyük önem taşımaktadır. Özellikle teknolojik ve farmasötik 

olarak hızlı bir şekilde gelişmekte olan Türkiye, biyobenzer piyasasını genişletmekte olup, 

yeni buluşların ihtiyacını çekmektedir. 

Bu çalışma, Çin Hemstır Yumurtalık (CHO) hücrelerinde, C5mAb’ın bir biyobenzerinin 

geliştirilmesi için optimum koşulların araştırılmasına odaklanmaktadır. C5mAb, 

kompleman sistemde C5’i bloke ederek bazı nadir hastalılar için önemli bir hedef 

oluşturmaktadır. Bu çalışmaya özgü yenilikler, CHO ekspresyon sisteminin kullanılarak 

hibrit ve insanlaştırılmış bir mAb üretiminin geliştirilmesi, Design of Experiments (DoEs) 

metodolojisi kullanılarak proses parametrelerinin ve kültür besleme stratejilerinin taranarak 

belirlenmesi, ve biyobenzer bir C5mAb üretimi için proses parametrelerinin optimize 

edilmesi ile ortaya konmuştur. Çalışma, biyobenzerliğin ortaya konması amacıyla, glikan 

yapıları ve potansi olmak üzere kritik kalite parametrelerinin analizini ve biyoreaktör 

sistemlerinde ileri doğrulamaları içerir. 

E90-02 klonu ile, uzatmalı besleme stratejisi kullanılarak, dayanıklı bir 14 günlük kesikli-

beslemeli kültür prosesi geliştirilmiştir. Karıştırmalı tank biyoreaktör sistemindeki prosesin, 

üretimin yedinci günü sıcaklığın 37°C ‘den 32°C’ye düşürülmesi ile %83.85 bağlanma 

potansiyeline sahip, 2.9 g / L titre sağlayan, eşleşen glikozilasyon profilleri ile Orijinatör 

moleküle etkinlik, güvenlik, biyolojik aktivite, immünojensite, ve stabilite açısından gereken 

uygunluğu gösterdiği doğrulanmıştır. Sonuçlar, deneysel dizayn stratejilerinin üretime 

yönelik, kritik kalite özelliklerinin sağlandığı biyoproseslerde ve biyobenzer geliştirme 

alanında kullanımına ilişkin güvenilirliği, ve uygulanabilirliği açıkça ortaya koymaktadır. 
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1.  INTRODUCTION 

 

 

1.1.  BIOPHARMACEUTICAL DEVELOPMENT AND BIOSIMILARS 

 

1.1.1.  The Importance of Biosimilars 

 

Biologics development began in the 1980s, to improve naturally occurring proteins, complex 

peptides, and glycoproteins through recombinant technology [1]. The evolving field of 

biotechnology paved the way for innovative strategies and the production of more complex 

biologics, such as monoclonal antibodies (mAbs), which gained importance in the purpose 

of developing therapeutic as well as diagnostic agents [1]. Although the mAb technology 

has 45 years of history, it was not until the recent advancements achieved in biotechnological 

techniques and knowledge that the importance of mAbs was appreciated, as they became 

promising therapeutics against autoimmune diseases, cancer, inflammation, and infectious 

diseases [2].  

 

With the convergence of the human health segment of the biotechnology and 

biopharmaceutical industry, powerful pharmaceutical producers began to compete through 

‘biosimilars’ [1]. Biosimilars are defined as “biological medicinal products that contain a 

version of the active substance of an already authorized original biological medicinal 

product” [3]. All biologics, as well as products derived from recombinant DNA technology, 

can serve for the development of a biosimilar, such as enzymes, vaccines, mAbs, human 

growth hormones, insulins, interleukins, tissue plasminogen activators [3,4].  

 

The importance of biosimilars emerged with the expiry of exclusivities and patents of some 

biologics on market. Together with the fact that they bear the potential of significantly 
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reducing costs of already marketed biologics, the expired patents became an opportunity for 

biosimilar development and approval (Table 1.1) [3,5,6]. Guidelines defined by The 

European Medicines Agency (EMA), The United States Food and Drug Administration 

(FDA), and The World Health Organization (WHO) are considered as standards to be met, 

and all biosimilars undergo an evaluation procedure by these organizations prior to 

regulatory approval [5]. 

 

Table 1.1.  Patent expiry dates in the EU and the US for important biologics between the 

years 2010-2020. 

 

Biologics Patent Expiry in the EU 
Patent Expiry in the 

US 

Humira® (adalimumab) 2018 2016 

Avastin® (bevacizumab) 2022 2019 

Enbrel® (etanercept) 2015 2028 

Remicade® (infliximab) 2015 2018 

NovoLog®/NovoRapid® (insulin 

aspart) 
2011 2014 

Lantus® (insulin glargine) 2014 2014 

Avonex® (interferon beta-1a) 2015 2015 

Tysabri® (natalizumab) 2015 2015 

Xolair® (omalizumab) 2017 2017 

Neulasta® (pegfilgrastim) 2017 2015 

MabThera® (rituximab) 2013 2016 

Lucentis® (ranibizumab) 2022 2020 

Herceptin® (trastuzumab) 2014 2019 
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1.1.2.  Biosimilars in World Market 

 

Following rapid advancements in genetic engineering, biopharmaceutical, and 

biotechnology industries focused on developing new drugs, diagnostic tools, genetic 

analyses, and tests [7]. The cost of developing new biologics is much higher than producing 

chemical-based drugs, which augments their prices in the market, accordingly [8].  

 

The first biologic drug approval took place in 1982, with the development of recombinant 

insulin [3]. The initial therapeutic application of a recombinant protein of animal origin 

became possible with the approval of human tissue plasminogen activator (tPA) in 1986, 

produced by Genentech [9]. Development of biologics being confined to relatively small 

populations with seriously high costs raised the overall drug expenditure, which cannot be 

considered as sustainable by national health services. This resulted in a downward trend in 

access of patients to safe and effective medicines, so the quality of health care began to 

decrease. Biosimilars recently emerged as a remedy for this situation [3]. Biosimilars make 

it possible to spare a budget for innovative medicines and reserve savings, while engaging 

patient access to costly medicines against immunological, metabolic, inflammatory diseases, 

and cancer [10,11]. 

 

Although countries worldwide are interested in this industry, the main markets for both the 

original biopharmaceuticals and for biosimilars are the EU and the US [1]. Regarding 

economic developments, the Asia-Pacific region is also expected to rapidly grow in market 

size in the upcoming years  (Figure 1.1) [12]. 
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Figure 1.1.  Estimated growth in global biosimilar market size by region, 2019 – 24. 

Reprinted with permission from Mordor Intelligence, www.mordorintelligence.com [12]. 

 

The EU has the most developed biosimilars market, which makes it the global pioneer [13], 

and EMA is responsible for the marketing authorizations of biosimilars in Europe. EMA 

guidelines define principles regarding safety, efficacy, quality, clinical and non-clinical 

aspects of certain biosimilar products, such as mAbs and hormones [14]. The large, complex, 

less stable nature of biosimilar molecules, together with the challenges faced during research 

and development processes, makes their production much harder than that of chemical 

molecules. Moreover, the innovators - producers of the original molecule - never disclose 

the development, nor the production process of their molecule, so the biosimilar producers 

must track down the whole process and rediscover the steps leading to the development of 

the effective substance, and depending on the molecule they generate, might conduct clinical 

trials as well.  

 

While the first biosimilar approval in the US by the FDA was in 2015 with Filgrastim-sndz, 

EMA had approved its first biosimilar as Somatropin in 2006. The first mAb approval was 

in 2013 with infliximab (Remsima, Inflectra) [14]. Turkey was one of the emerging countries 

to approve infliximab. The pharmaceutical market in Turkey is rapidly expanding and 

http://www.mordorintelligence.com/
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currently, Turkey is one of the top 10 emerging countries in the biosimilars market (Figure 

1.2) [15]. By the first quarter of 2017, the market showed an increase of 16.5 percent, 

reaching 6.15 billion TL [16]. Today, there are 261 reference biotechnological drugs under 

116 brands in the Turkey market, and 86 of them are biosimilars under 25 brands [17]. 

 

 

 

Figure 1.2.  Estimated growth in global biosimilar market size, 2018 – 25 ($ billion, annual 

% increase).  

 

 Biosimilar industry concerns almost the whole world and the market experienced an annual 

growth rate of 35 percent from 2001 to 2012, and the market had reached $5 billion by 2013 

[1]. Until 2017, 10 more biosimilars and 31 more mAbs appeared in the global market. With 

the rapid expansion, a total of 11 biosimilars and 57 mAbs became available for clinical use 

by the end of 2017 [18]. Between the years 2011-2016, the FDA approved 85 biologics while 

this number reached 109 for those approved by EMA. 12.8 percent of the biologics approved 

by EMA were of single or multiple indications to be used against diseases of allergic and 

immunologic origin [3,14]. By 2016, the global sales of biologics reached $210 billion and 

the patents of 11 biologics are expiring in 2020, accounting for over $60 billion of the global 

sales [19]. More specifically, the global market size for mAbs was reported as $37.13 billion 

in a report published in February 2020, which is estimated to reach $63.13 billion by 2025 

[20]. 
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1.2.  BIOSIMILAR MONOCLONAL ANTIBODIES 

 

1.2.1.  Importance of Monoclonal Antibodies (mAbs) as Biosimilars 

 

Therapeutic proteins bear the risk of immunogenicity, which may cause anti-drug antibody 

(ADA) responses that might, in turn, lead to hypersensitivity responses such as anaphylaxis 

and infusion reactions [21]. Immunogenicity can occur due to altered protein structures and 

when first discovered, mAbs raised concerns related to drug safety and efficacy, due to their 

potential of causing anti-drug antibody (ADA) and hypersensitivity responses [22]. Due to 

their heterogeneous nature, mAbs are highly susceptible to chemical modifications and 

degradation [23,24]. Post-translational modifications (PTMs), chemical modifications, 

and/or degradation may take place during either the preparation or storage processes [25–

27]. However, the vast number of possible alterations that can be induced within mAb 

chemical structures make them invaluable, regarding therapeutics as well as biosimilars. The 

fact that natural immunoglobulins (IgGs) and recombinant therapeutic mAbs that have been 

approved so far are all glycosylated demonstrates their importance [22]. Plus, quality 

compliance and related approval of mAbs demand the controlled glycosylation to meet the 

required characteristics, thus biosimilarity. 
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1.2.2.  Types of mAbs, Structure, and Modifications 

 

When characterizing molecular structures of mAbs; size, aggregation, heterogeneity, and 

glycosylation are of critical importance [24]. Alterations in size are associated with 

enzymatic as well as non-enzymatic cleavage, or either mispaired or incomplete formation 

of disulfide bonds [28]. These alterations determine size distribution, which affects the safety 

and efficacy of mAb products [28]. Heterogeneities are important as well, as they are always 

encountered in purified products [28]. Two types of heterogeneity can be defined. 

Microheterogeneity is present if variations are in site-occupancy, while the term 

microheterogeneity is used when variations are in the structure of attached glycans [29]. 

Aggregation is a crucial heterogeneity that is mostly immunogenic in humans [30]. Types of 

antibody aggregates are dependent on several factors, such as interactions either covalent or 

non-covalent, solubility, reversibility, and also the denaturation of the monomer [31,32]. It 

is important to emphasize that during mAb production in living cells, protein folding and 

disulfide bond pairing do not always occur correctly. Plus, exposure to culture media or 

stress caused by factors such as temperature or pH can lead to further heterogeneities [33]. 

Complete understanding of causes and outcomes of alterations in mAb structures can be 

achieved through comprehending the mechanisms that lie within. 

 

To begin with, antibody formation takes place in the endoplasmic reticulum (ER) (Figure 

1.3) [34]. Human immunoglobulins consist of two light chains (LC) and two heavy chains 

(HC), which are identical. A heterodimer is formed through the pairing of one LC and one 

HC through disulfide bonds [35]. The folding and assembly of IgGs are supported when the 

ER machinery is enhanced, and the misfolded chains can be eliminated by the ER quality 

control mechanism [36–38].  
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Figure 1.3.  Synthesis of N-glycans in eukaryotic cells. Reprinted with permission from 

New England Biolabs, www.neb.com [34]. 

 

Glycoproteins consist of a single peptide backbone, but different glycoforms with varying 

glycan structures can be attached, changing glycosylation characteristics (Figure 1.4) [29]. 

Glycans gain heterogeneity due to binding of hundreds of possible glycoforms resulting from 

random pairing of HC glycans with different structures [39,40]. Glycosylation can be 

affected by cell line characteristics, process control parameters, and culture media 

components [41,42]. Alterations in glycan profiles impact the effector functions and PK 

profiles of antibodies, as well as clearance rate, stability, ADCC, and CDC activities [35]. 

 

http://www.neb.com/
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Figure 1.4.  Variable structures of glycans [22]. 

 

IgGs have four subclasses, namely IgG1, IgG2, IgG3, and IgG4. Currently, all approved 

mAbs and their derivatives with therapeutic properties are of either IgG1, IgG2, or IgG4 

[22]. The reason why IgG3 is not used is due to its unfavorable PK properties. While the 

terminal half-lives of IgGs 1, 2, 4 are about 21 days, IgG3 has a terminal half-life of seven 

days [22]. The major differences between IgG2, IgG3, and IgG4 are the length of their hinge 

region, their amino acid compositions, and the number of disulfide bridges between two 

HCs. These differences influence IgG Fc receptor (FcγR) binding, effector functions, and 

also PK properties [22].  
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 IgGs have two main domains, the antigen-binding region Fab and the crystallizable region 

Fc [35]. These two domains perform distinct functions in the immune system, linking innate 

immunity to adaptive immunity [43]. Specific binding of antibodies to target antigens occurs 

through the Fab domain, whereas the Fc domain binds to receptor molecules, defining the 

effector function of antibodies [35]. 

 

Glycosylation characteristics are considered as one of the Critical Quality Attributes (CQAs) 

for most mAb-based products, especially for products against oncologic diseases, because 

tumor cell lysis is among the target mechanism of actions, and the Fc glycan structure 

directly impacts Fc effector functions [44].   

 

Glycosylation takes place in the ER and Golgi apparatus, and only N-linked glycosylation 

occurs in IgGs, O-linked glycosylation is not present [22,45]. Glycoprotein processing 

happens from the ER towards the Golgi (Figure 1.5). 
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Figure 1.5.  Glycoprotein processing from the endoplasmic reticulum towards the golgi 

apparatus [22]. 

 

As passing through the ER, the reducing ends of oligosaccharides with high mannose are cut 

by enzymes such as mannosidase-1, forming mannose-5 (Man5). Then, in the Golgi, a hybrid 

glycan is formed with the removal of α-1,3-mannose and the addition of N-

acetylglucosamine (GlcNAc) (Figure 1.6.). The hybrid glycan then forms complex glycans 

[46]. The expressions of several glycosyltransferase enzymes found in the Golgi determine 

the pattern of glycosylation [29]. N-glycosylation is a co-translational process taking place 

in the ER. The N-glycan sequon, which is (Asn)-X-Ser/Thr, becomes exposed to the active 

site of the enzyme oligosaccharyltransferase (OST) [29]. Therapeutic mAbs have the (Asn)- 

X-Ser/Thr sequence for N-glycosylation at Asn297 in HC of CH2 constant domain [22]. X 

represents any amino acid except for proline. N-linked glycans of human IgGs are 

biantennary complex structures [22]. They have a conserved core structure which is 
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composed of two GlcNAc, three mannoses, two GlcNAc residues that are ß-1,2 linked to α-

6 mannose and α-3 mannose, forming two antennae [22]. IgGs that are produced in 

mammalian cells usually contain high-mannose glycoforms, Man5-6-7-8-9, in levels less 

than five percent, and the most common glycoforms they contain are the complex 

glycoforms G0F, G1F, G2F. These complex glycoforms are considered as ‘mature’ 

glycoforms produced in Chinese hamster ovary (CHO) cells [47].  

 

 

 

Figure 1.6.  N-linked oligosaccharides processing pathway [46]. 

 

Fc glycans of human serum IgG are mainly in the form of a core fucosylated complex 

biantenna, with mostly G0F, G1F, and G2F glycoforms, and also trace amounts of sialylated 

glycoforms [39]. Additional fucose (Fuc), galactose (Gal), bisecting GlcNAc, or sialic acid 

might be added as well, depending on the host cell machinery [35,39]. Human serum IgGs 

are mostly less than 10 percent sialylated. To compare the recombinant mAbs generated in 

some common host cells, those generated in CHO cells have negligible amounts of 

sialylation, while mAbs produced in mouse hybridoma cells bear 50 percent sialylation [48].  
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Apart from the Fab and Fc regions, glycosylations that may occur in the variable region Fv 

also have the potential to impact antibody function. However, cetuximab being an exception, 

with N-glycosylation at Asn88 of the HC variable region, the majority of recombinant 

therapeutic mAbs are only glycosylated at the Fc region [39]. Binding activity, biological 

functions, and effector functions of mAbs are critical in terms of efficacy [49–51].  Fc 

receptor-mediated functions of IgG antibodies, for instance, rely on the presence of 

glycosylation [35]. Glycans located on the opposite Asn297 of each HC interact and maintain 

the conformation of the Fc domain. Thus, any changes in Fc glycosylation can alter the 

conformation of the Fc region. This may impact Fc receptor binding, which in turn, might 

affect mAb immunogenicity, pharmacokinetics (PK), stability, and safety [52].  

 

IgG Fc receptors, denoted as ‘FcγRs’, are a family of molecules comprised of three activating 

(FcγRI, FcγRIII, FcγRIV in mice; FcγRI, FcγRIIa, FcγRIIc, FcγRIIIa in humans) and one 

inhibitory (FcγRIIb) receptor [53]. Humans have four types of Fc receptors for IgGs; FcγRI 

(CD64), FcγRII (CD32a,b,c), FcγRIII (CD16a,b,c), neonatal Fc receptor (FcRn). The FcRn-

binding site is located at the CH2-CH3 domain which overlaps with the protein A-binding 

site. The glycosylation site of IgG Fc domains is, in general, relatively sequestered and 

buried in the CH2-CH3 domain, rendering any interactions with glycan-binding receptors 

sterically unfavored [35].  

 

Antibody engagement of FcγR with the Fc region of an IgG mediates cell-based 

inflammatory responses ADCC, CDC, ADCP [35]. While FcγRI is a high-affinity receptor 

for monomeric IgGs, FcγRII and FcγRIII are of low-affinity for them [22]. The FcγRI family 

is the only Fcγ receptor class that appreciably binds monomeric IgG in vivo [54]. The affinity 

of human IgG to the human Fc receptor hFcγR is dependent on whether it is in a monomeric 

or an immune-complexed state [22]. ADCC is mediated by natural killer cells (NKCs) 

through FcγRIIIa bridging to the antibody bound on the target cell. This is an effector 

function for tumor death [55].  
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A therapeutic mAb with desired ADCC activity for its therapeutic effects requires a higher 

affinity to FcγRIIIa than endogenous IgG [56]. Fucosylation of the biantennary N-linked 

glycans on antibodies regulate binding to FcγRIII receptor and this can impact ADCC 

activity [57–59]. Core fucosylation requires GlcNAc addition by glucose N-acetyltransferase 

1 (GnT-1); so, only hybrid and complex glycans can become core fucosylated. A unique 

carbohydrate-carbohydrate interface is involved in the interaction that takes place between 

afucosylated IgG1 and FcγRIIIa. This increases affinity for the afucosylated antibody 

through lack of steric hindrance, which is the case for fucosylated forms [60]. When the 

fucose content of IgG is reduced, ADCC increases [46]. On the other hand, increased 

sialylation reduces ADCC [61].  

 

Alterations of some glycoforms can impact the PK of molecules as well [62]. For instance, 

high-mannose glycans have a negative effect. Human IgG contains low levels of Man5 [63]. 

When therapeutic mAbs are concerned, high levels of high-mannose glycoforms are risky 

regarding clearance, immunogenicity, and efficacy [46]. Also, plasma clearance rates of 

high-mannose glycoforms (Man5-9) are higher than mAbs with complex glycoforms, 

increasing the possibility of an impact on efficacy [62,64]. High-mannose contents in IgGs 

show higher binding affinity to FcγRIIIa, which in turn, result in higher ADCC activity [65–

68]. The high ADCC activity might be attributed to the absence of fucosylation because 

high-mannose glycans do not bear core fucosylation [68]. Another possible glycan addition 

is galactosylation. It has been demonstrated that terminal galactosylation has no significant 

effect on the ADCC activity of IgGs, but it has an important role in CDC activity [69–71]. 

Reduction in terminal galactosylation also reduces CDC activity [69]. 
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1.3.  EFFECT OF BIOPROCESS PARAMETERS ON GLYCAN PROFILES 

 

Cell culture parameters such as pH, temperature, and dissolved oxygen (DO) have an impact 

on quality attributes such as glycosylation [72–74]. Culture conditions are reported to impact 

both the localization and the activity of glycosylating proteins, and gene expressions of the 

Golgi resident proteins involved in glycosylation are variable during culture [46,75].  

 

External pH variations may decrease the activities of key enzymes involved in glycosylation 

by altering the internal pH of the Golgi apparatus [29]. Another parameter, DO, is crucial 

for the growth of cells and the maintenance of optimal metabolism [76,77]. Temperature, on 

the other hand, is critical especially in terms of glycosylation. Culture temperatures below 

32°C have been shown to reduce branched glycan structures and sialylation [46].  

 

When cell culture processes are carried to bioreactor systems, additional parameters 

affecting glycan compositions arise. Besides pH, temperature, and DO; agitation, shear 

stress, sparging, dissolved carbon dioxide comes into account. These parameters may alter 

charge variants or glycosylation patterns [45,78–80], thus can impact product quality. 

Microheterogeneity is significantly affected by culture conditions. Glycoform heterogeneity 

might increase, batch-to-batch variations can occur, and therapeutic efficacy can be reduced 

accordingly [29]. 

 

Together with technological innovations, improvements in process development are 

increasing to enhance antibody quality, as well as to develop more efficient and economical 

processes. 
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Regarding current antibody manufacturing technologies, the development and optimization 

of both the Upstream Process (USP) and Downstream Process (DSP) steps are of major 

importance. In the last two decades, applying new media and process control strategies, 

while making use of the developing recombinant technologies, has proven to significantly 

increase process efficiency and product titers [81,82]. Starting from cell line selection, media 

optimization and harvest strategies set the basis for the development in USP.  

 

The impact of process parameters poses a great challenge on the developmental stages of 

production. Apart from the host cell-line, fed-batch production parameters can alter final 

glycan patterns of antibodies, thus they shall be strictly controlled during the production 

phase of mAbs to monitor their impact on product quality attributes. The utilization of 

chemically defined media is mostly preferred in the manufacture of biosimilars, due to 

concerns related to batch-to-batch variation. However, it is possible to supplement the 

culture media with certain additives to adjust glycosylation profiles and charge variants 

[83,84]. Also, process conditions listed above may impact terminal galactosylation profiles 

of mAbs [85].  

 

As an important parameter of process development, temperature optimization is relatively 

easier to control, compared to the levels of dissolved carbon dioxide, oxygen, or pH. 

Applying shifts during production to hypothermic temperatures – below 35°C – is known to 

hold potential benefits. Low-temperature cultivation aims to improve both cell culture 

longevity and recombinant protein production [74,86–88]. Depending on the cell line and 

production process, temperature down-shift can be a useful tool to optimize product quality 

and titer to meet certain quality attributes [89].  
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While the effects of shifting the temperature below physiological conditions are dependent 

on the cell line, production process, and media components; the improvements it serves for 

cell culture rely on cellular metabolism. Lowering the culture temperature usually leads to a 

resting state of cells towards the end of the G1 phase of cell division (Figure 1.7). 

Temperature down-shift is a widely applied strategy in CHO cell cultivation to improve 

protein productivity and quality [74,87,88,91]. 

 

 

 

Figure 1.7.  Mammalian cell cycle under mild hypothermia [90]. 

 

Temperature reduction from the optimal 37°C in mammalian cells results in a decreased 

growth rate, but cell viability increases under mild hypothermia [86,92,93]. Mild 

hypothermia refers to a few degrees of reduction in temperature from 37°C down until 28°C 

[94]. CHO cell cultivation within this temperature range can improve specific productivities 

of some recombinant proteins [74,87,91,95]. 
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Table 1.2.  Recombinant proteins with increased CHO cell-specific productivity under 

mild hypothermia. 

 

Cell Line Enhanced Production Reference 

CHO 

Epo-Fc [74] 

TNFR-Fc [87] 

Anti-TNFα [91] 

FSH [95] 

 

 

Effects of specific productivity and viable cell density (VCD) on recombinant protein 

production are directly proportional; however, if the optimal VCD is exceeded, the yield 

decreases [96]. Enhanced specific productivity at low cultivation temperatures is dependent 

on the recombinant protein to be produced [9], on the cell line, and it is valid for only certain 

CHO cell lines. In batch cultivation conducted at 30°C, IgG production was increased by 

two-folds [94]. Specific growth rates and specific productivity are affected by low-

temperature conditions through different mechanisms [9].  

 

Temperature reduction lowers metabolic rate, but recombinant protein production still might 

increase due to interactions of different mechanisms such as transcription, translation, 

cytoskeleton arrangement, and cell cycle [97,98]. Specific recombinant protein production 

rate increases during the G1 phase of the cell cycle [99,100]. Cyclin-dependent kinases 

(CDKs), a sub-class of Ser-Thr kinases, are cell cycle checkpoint regulators [96]. Checkpoint 

of G1 phase is regulated by cyclin D/CDK4/6 complex, which deactivates Retinoblastoma 

protein (Rb), a tumor suppressor, through phosphorylation [101]. Rb then activates the gene 

transcription of S phase cyclins and DNA replication begins. Manipulations such as applying 

lower temperatures during cultivation may arrest the cell cycle at the G1 phase and 

accordingly, may increase specific protein production while maintaining cell viability and 
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delaying apoptosis [100]. CHO cell cultivation processes at 30°C and 33°C resulted in the 

suppression of apoptosis-related cell death [100,102]. Temperature decrease enhanced the 

activity of an antioxidant enzyme glutathione peroxidase, which in turn increased the 

expression of anti-apoptotic protein Bcl-2. Low-temperature cultivation may be causing cell 

cycle arrest indirectly, by reducing the rates of global transcription/translation and 

accordingly resulting in lower cyclin levels [103].  

 

Another advantage of temperature down-shift is the reduction of specific nutrient 

consumption. This way, energy utilization can be shifted towards product synthesis 

[74,86,104]. CHO cells manage biomass synthesis through glutaminolysis by metabolizing 

organic nitrogen that generates ammonium [105]. Nucleotide sugars are one of the key 

factors determining the final glycan structure of an Immunoglobulin G (IgG) mAb, as they 

promote sugar chain elongation reactions. During glycolysis, glucose is converted to 

glucose-6-phosphate (Glc-6P) and fructose-6-phosphate, from which Glc-6P is 

enzymatically reacted to generate UDP-glucose (UDP-Glc), UDP-galactose (UDP-Gal), and 

UDP-glucuronic acid (UDP-GlcA). These reactions then become the building blocks for 

galactosylation [106].  

 

Several studies on temperature downshift in CHO cell cultivations resulted in cell growth 

inhibition, suppression of media consumption, maintenance of high VCD, suppression of 

impurity release, and cell cycle arrest at G1 phase [95,107]. An example can be given as a 

study conducted at mild hypothermic conditions, at 32°C, using CHO cells [108]. In this 

study, VCD was maintained for a longer period compared to standard 37°C condition, 

nutrient and nucleotide sugar donor metabolism rates decreased, and specific mAb 

productivity increased by 20 percent. Limitation in terminal galactosylation on the mAb Fc 

region was detected by glycan profiling. Plus, Galactosyltransferase (GalT) expression and 

nucleotide sugar donor production decreased.  

 

 



20 

 

Biphasic culture is frequently applied to improve the production process. This is a cultivation 

type where normal cell growth is initially achieved at 37°C and when the desired cell density 

is reached, the temperature is decreased [86,93]. Temperature shift on production day five 

(PD5) to either 33°C or 35°C was investigated by Kishishita et al. [109]. They observed no 

significant effect on mAb production through temperature downshift. However, temperature 

downshift suppressed the levels of acidic charge variants and the lowest levels were observed 

at 33°C, implying a 46 percent decrease compared to the control condition.  Biphasic 

cultivation at 32°C was examined by Fox et al. [110] under multiple shift day conditions, at 

PD1, 2, 3, 4. Specific productivities increased at PD3 shift by 90 percent, compared to 37°C 

cultivation, and by 40 percent compared to 32°C cultivation, without any temperature shift 

days applied. 

 

With all these studies that show the impact of temperature on mAb quality, it is worth to 

notify that the ideal temperature should be systematically analyzed, developed, and 

evaluated for each cell line and for the protein to be produced, individually. 

 

1.4.  RECOMBINANT CELLS FOR mAb PRODUCTION 

 

Mammalian systems are preferred as expression systems for commercial therapeutic protein 

production because they exert efficient PTMs on the produced proteins [42,73,111]. 

Glycoforms produced in murine expression hosts may present immunogenicity [22], which 

generally induce ADA responses in humans. Orthoclone OKT3 anti-CD3 antibody is a good 

example. This was the first mAb to be approved for human use in 1986, against 

transplantation rejection [112]. Due to human anti-murine antibody (HAMA) responses, it 

induced cytokine release syndrome and caused accelerated clearance of the drug [113,114]. 

Thus, humanization greatly reduces immunogenicity in humans. 
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Most of the approved mAbs are produced in CHO cells. Other immortalized cell lines such 

as NS0, BHK, HEK-293 are used for a few individual products, but they are not considered 

as significant as CHO cell lines (Figure 1.8) [115].  

 

 

 

Figure 1.8.  Expression systems employed manufacture approved biopharmaceuticals. 

Reprinted with permission from Foster Printing at Mossberg and Company Inc., 

www.mossbergco.com [116]. 

 

Stable cell lines were initially generated by non-viral gene delivery from immortalized cells, 

back in the early 1980s [117–119]. HEK-293, for instance, is a cell line transfected with 

sheared adenovirus DNA [120]. 

 

 

 

 

 

 

http://www.mossbergco.com/
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1.4.1.  Recombinant CHO Cells and Their importance 

 

Chinese hamster ovary (CHO) cells are considered as the gold standard due to the similar 

structure of glycans they produce to those naturally synthesized by human cells, their safety 

regarding human use, as well as their robust growth profile contributing to high mAb 

production  [121]. They can produce Abs with complex glycosylation and PTM profiles in 

large amounts [122]. Compared to other host systems, the glycans they process are the most 

similar to human IgGs (Figure 1.9) [39,71].  

 

 

 

Figure 1.9.  Glycan structures of Human, CHO cells, and NS0 cells. Reprinted with 

permission from IMGT®, www.imgt.org [123]. 

 

Mammalian expression systems for mAb production are preferred for over 92 percent of the 

commercial bioprocesses globally, and CHO cells are employed for 60 percent of these 

molecules [18]. 

 

http://www.imgt.org/
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CHO cells have a complex history including mutagenesis, adaptations to different growth 

conditions, and cloning. In 2011, Xu et al. [124] published the genomic sequence of an 

ancestral CHO genome, K1. The genome may be far from being representative of clonal cell 

lines cultivated in today’s large-scale bioreactors. Cell culture process control is key to 

improved cell line characteristics. 

 

 Some published CHO karyotypes demonstrate that these cells are highly variable and that 

they are genetically complex.  Cell line engineering is one of the major upstream 

development approaches to improve productivity while maintaining high product quality in 

CHO cells [125,126]. The ease of handling and rapid growth of CHO cells are the keys for 

the studies on gene expression and functioning. The availability of certain auxotrophic CHO 

mutant cell lines facilitated the generation and identification of recombinant CHO cells. 

Also, improvements in cell line characteristics achieved through cell culture process control 

in today’s technology increased the importance of CHO cells in the pharmaceutical industry.  

 

Protein manufacturing using CHO cells began in 1957, with cells ‘spontaneously’ 

immortalized from a primary culture of ovarian cells from a Chinese hamster, Cricetulus 

griseus. A proline-dependent clonal strain, CHO-K1, was derived from the original cell line. 

All the industrial cell lines in use today are proline-dependent  [115]. The first CHO-derived 

recombinant cell lines produced interferons and tissue-type plasminogen activator (tPA) 

[119,127,128]. Activase, a recombinant tPA marketed by Genentech in 1987, was the first 

FDA-approved recombinant therapeutic protein made from animal cells cultivated in 

bioreactors. Suspension culture-adapted CHO cells were cultivated in large-scale stirred-

tank bioreactors for the production. Epogen, marketed by Amgen, is the second approved 

protein to be produced in mammalian cells.  

 

Stable cells, cells that are engineered by the insertion of the desired gene or genes of interest 

into their genome, are required for robust production. To obtain stable cells to be used in 

antibody production, the clonal selection is applied. Stable transfection differs from transient 

transfection by introducing DNA into desired cells for long-term, rather than several days. 
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A selectable marker is chosen for transfecting genes that provide resistance against certain 

antibiotics or genes that block enzymatic activities, regarding the selection system used. The 

stably transfected cells are determined by culturing the cells in a selective medium, as those 

which could not incorporate the selective gene marker will not survive. 

 

Selection based on dihydrofolate reductase (DHFR) activity is a widely used method. DHFR 

is an enzyme ubiquitously expressed in all organisms. It has a key role in folate metabolism, 

cell growth, and proliferation. It also catalyzes a reaction for the de novo production of 

glycine and purine synthesis. Another selection marker used is the glutamine synthetase (gs) 

gene. GS is the enzyme that catalyzes glutamine synthesis from glutamate and ammonia. 

Selection based on GS activity was initially used for murine NS0-derived cell lines, but it is 

also used for CHO cells, mainly with CHO-K1 [115]. By supplementing the growth media 

with either of these, according to the selection system used, the probability of selecting cell 

lines with higher gene activity is increased, avoiding time-consuming gene amplification. A 

more specific selection methodology can be applied based on hygromycin and puromycin 

resistances of CHO clones, in which antibiotic resistance genes are used for transfection. 

 

 Growth rates and levels of recombinant protein production of each cell line vary due to the 

diversity in genotypes and phenotypes of cells, as well as the type and site of integration in 

the genome [115]. To obtain a few stably transfected cell lines with desired phenotypes, it is 

usually necessary to evaluate hundreds of clonal cell lines. Automated systems such as the 

ClonePix System are available for stable clone selection.  

 

Once the clonal cell line selection is achieved, characterization for stability is required, 

because the expression of the integrated gene of interest (GOI) is not always maintained at 

a constant level over time. With reasons still not being clear, many clonal cell lines either 

lose or reduce the ability to synthesize mRNA driven from constitutive promoters. Thus, cell 

lines to be used in large-scale productions must undergo stability studies for several months 

before manufacturing processes. The major determinant of epigenetic gene silencing is the 

chromatin structure, the sequence composition or modifications of the histones and other 
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proteins, at the site of integration of the recombinant gene. The choice of the promoter or 

enhancer elements used to drive the GOI expression also influences the extent of gene 

silencing [115]. Scaffold/matrix attachment regions (S/MARs), insulators, antirepressor 

elements, ubiquitous chromatin opening elements (UCOEs) support more stable protein 

production in recombinant cell lines and increase the percentage of clonal cell lines with 

high expression levels [129–131]. These elements are small, so they can easily be cloned 

into the expression vector employed for GOI delivery.  
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1.5.  C5 BLOCKER (C5mAb) 

 

1.5.1.  Importance of the C5 Blocker C5mAb in Market 

 

C5mAb, a C5 blocker, is one of the most expensive drugs in the world, with net product 

sales of $3,946.4 million [132]. In Turkey, the contribution of novel drugs to the expansion 

in the drug market is 343 million TL in 2020 [17]. By the first quarter of 2020, the market 

value of biotechnological drugs reached 5.825,6 million TL, with an increase of 31.8 percent 

[17]. The current price of a single vial of 30 ml C5mAb in Turkey is 32,173.34 TL [17]. 

These statistics, together with the high price of C5mAb, show that the possible future market 

place of the biosimilar C5mAb is promising. 

 

1.5.2.  Clinical Importance of the C5 Blocker (C5mAb) 

 

The humanized antibody C5mAb was approved by the FDA and the EMA to be used against 

Paroxysmal Nocturnal Hemoglobinuria (PNH) in 2007, and atypical Hemolytic Uremic 

Syndrome (aHUS) in 2011 [133]. Since last year, the usage of C5mAb has been expanded 

against Neuromyelitis Optica Spectrum Disorder (NMOSD) and Generalized Myasthenia 

Gravis (gMG). In November 2019, the C5mAb was approved for adults with NMOSD in 

Japan, where Phase 2 and Phase 3 studies in children and adolescents are ongoing. For gMG, 

a Phase 3 study in children and adolescents is underway. The humanized anti-complement 

component 5 (C5) monoclonal antibody binds to the α-chain of C5 and prevents C5 cleavage 

into C5a and C5b by the enzyme C5 convertase [134]. 

 

aHUS is a rare disease of complement dysregulation, leading to thrombotic microangiopathy 

and severe kidney damage [133]. Features related to the disease are hemolytic anemia, 

thrombocytopenia, acute renal insufficiency. There are two types of HUS diseases and the 

atypical form, which is the disease of interest regarding C5mAb, is unrelated to Shiga toxin. 
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Pathological conditions are caused by the insertion of the membrane attack complex (MAC) 

into renal capillary endothelial cells and by the recruitment of pro-inflammatory cells by 

C5a. Various types of antibodies and other compounds are being developed to inhibit C5, 

C5a as well as the antagonists of the C5a receptor [134]. C5a receptor antagonists target C5a 

alone, not C5b, so MAC can not be inhibited [134]. Thus, antagonists may lessen the risk of 

infection by pathogens. C5a receptor is expressed by hematopoietic stem cells, but also by 

non-immune cells such as vascular endothelial cells, liver cells, kidney cells, lung cells, 

spleen cells, and cells of the gastrointestinal tract [135]. Long-term studies are required to 

show whether blocking C5a has unanticipated effects. 

 

PNH is a rare form of hemolytic anemia, caused due to an acquired genetic deficiency of 

endogenous complement inhibitors on the surface of blood cells. These cells are deficient in 

proteins that are normally linked to cell surfaces by a glycosylphosphatidylinositol (GPI) – 

anchor. PNH cells are clonal and mutations occur in multipotent hematopoietic stem cells 

(HSCs) [136]. PNH blood cells miss the wide array of GPI-anchored proteins from their 

surface but are normal regarding their physiological functions, which are fighting infection, 

clotting, and O2 carriage [137].  

 

NMOSD is a rare and severe inflammatory disease. It is a type of central nervous system 

disorder affecting optic nerves and the spinal cord through immune-mediated demyelination 

and axonal damage (NMOSD). The disease is caused by the selective binding of NMO-IgG 

antibody to the aquaporin-4 (AQP4) protein, leading to severe visual loss, limb weakness, 

sensory loss, and bladder dysfunction. 

 

Also a rare disease, gMG is an autoimmune, chronic, and progressive disease in which 

antibody production against the acetylcholine receptor (AchR) leads to impaired electrical 

signal transmission from the nerves to the muscles (gMG). The primarily affected muscle 

groups are the head, limbs, spinal, eye, and respiratory muscles (gMG). The disease becomes 

life-threatening in case the respiratory muscles are affected, causing myasthenic crisis 

(gMG). The global gMG treatment market size was estimated as $1.16 billion in 2018 and 
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it is anticipated to grow at a compound annual growth rate of 7.5 percent over the forecast 

period until 2026 [138]. 

 

1.5.3.  The Complement System 

 

The complement system is activated upon any detection of pathogen-associated molecular 

patterns or danger-associated molecular patterns in the body. Over twenty serum proteins 

interact in a series of enzymatic cleavage and membrane binding events for the generation 

of products with immunoprotective, immunoregulatory, proinflammatory, cytolytic 

properties [139,140]. The activation of the complement system is crucial in the elimination 

of microbes, modulation of the adaptive immune system, clearance of immune complexes 

and apoptotic cells, inflammation, and tissue regeneration [141,142]. The complement 

system has two main parts with distinct roles, the proximal complement, and the terminal 

complement. 

 

The proximal complement processes through three distinct pathways, namely the alternative, 

classical, and lectin pathways. All these pathways result in the generation of C3 convertase 

complexes, which mediate the cleavage of C3 to C3a and C3b [134,139]. The classical 

pathway is initiated by the interaction of C1q with the antigen-antibody complexes. The 

lectin pathway, on the other hand, is activated by the interaction of mannose-binding lectin 

(MBL) with specific mannose containing carbohydrate structures. Lastly, the alternative 

pathway is initiated by the deposition of preformed C3b on a variety of substrates such as 

bacteria or cell membranes. 

 

C3 convertases consist of both one molecule of C3b and the serine protease Bb (C3bBb 

convertase) generated by the alternative pathway, or one molecule of C4b and serine 

protease C2a (C4bC2a convertase) generated by the classical pathway and the lectin pathway 

[143]. These enzymes cleave soluble, circulating C3 leading to the formation of membrane-

targeted C3b and the release of anaphylatoxin C3a fragment [144,145]. Membrane-bound 
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C3b assembles into C3bBb and amplifies the activation signal. C3b and its proteolytic 

fragments trigger phagocytosis and modulate adaptive immune responses via B-cell 

stimulation [142]. C3b is continuously available due to the interaction of C3 with water. It 

is also necessary for the amplification and the progression of the complement cascade 

through all the pathways of activation, which makes it a key immunoprotective and 

immunoregulatory molecule [137]. Additional molecules of C3b associate with C3 

convertases and form C5 convertases when complement activation levels are high [146–

150]. The enzyme activity is in turn changed, so now it preferentially cleaves C5 rather than 

C3, generating C5b and C5a. This results in the attraction and activation of neutrophils, 

monocytes, and mast cells [151]. C5 cleavage leads to the formation of two fragments: C5a, 

the small fragment, and C5b, the large fragment [133]. C5a is a potent proinflammatory 

anaphylatoxin, which signals through C5aR1, triggering increased vascular permeability on 

endothelial cells, leukocyte chemotaxis, and oxidative burst on phagocytes. It also triggers 

the release of proinflammatory molecules, activation of the adaptive immune system, alters 

smooth muscle tone, and induces secondary inflammatory mediators such as hydrolytic 

enzymes, reactive oxygen species, arachidonic acid metabolites, cytokines [152,153]. C5b 

can associate with C6, C7, C8, and 12-18 copies of C9, leading to the formation of MAC, 

which then forms C5b-9, the terminal complement complex (TCC) [133,137]. MAC inserts 

into membranes of pathogens lacking a cell wall. As a result, lytic pores are formed 

[154,155]. Host cells are normally protected from MAC lysis by membrane-associated GPI-

anchored regulators CD55 and CD59 [156,157]. 

 

All the pathways of complement activation converge at the cleavage point of C5 into C5a 

and C5b by C5 convertase enzyme complexes, C4b2a3b and C3bBb3b [150,158,159]. This 

way, the terminal complement cascade (TCC) becomes initiated [137]. C5a receptors are 

present on cell types that directly contribute to inflammation, namely monocytes, 

macrophages, and neutrophils [137]. The C5a receptor CD88 is a member of the N-formyl 

peptide receptor family. It transduces signals through a G protein-dependent pathway, 

resulting in biochemical proinflammatory responses [160]. Another C5a receptor, C5L2, has 

also been identified [161]. The non-hindered assembly of TCC on cell surfaces leads to cell 

lysis [137]. The deposition of TCC on erythrocytes, on the other hand, results in the 

destruction of erythrocytes in hemolytic diseases such as PNH [162]. 
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C5 is an important target as it is common to all the pathways of complement activation. 

Blockade at this point stops the progression of the cascade regardless of the stimuli [137]. 

Prevention of C5 cleavage blocks the generation of potent pro-inflammatory C5a and cell 

lytic TCC [137]. C5 blockade preserves critical immunoprotective and immunoregulatory 

functions of upstream components that result in C3b-mediated opsonization and immune 

complex clearance. In case the complement system regulation fails, inflammation, 

autoimmunity, or tissue damage can arise due to infectious diseases [163]. Inhibition at the 

level of C5 prevents the formation of C5a and MAC via C5b but allows the generation of 

anaphylatoxin C3a and cellular opsonization by C4b and C3b [151,164]. 

 

1.5.4.  The Engineering and Functionality of C5mAb 

 

The discovery and development of the C5mAb humanized antibody were accomplished in 

1996. To begin with, panels of murine anti-human C5 mAbs were generated and screened 

for their ability to inhibit TCC-mediated lysis of antibody-sensitized chicken erythrocytes 

by human complement, in a standard hemolytic assay [165]. Most potent candidates were 

cloned, purified, and their functional activities were further characterized to identify anti-C5 

antibodies that can also effectively block the generation of C5a [137]. Almost 30.000 

hybridomas were screened. Finally, one monoclonal antibody, the murine 5G1.1, was 

identified to achieve both. Murine 5G1.1 mAb binding to human C5 was then mapped to the 

N-terminal region of the α-chain [137]. In the following engineering studies, 

complementarity-determining regions of m5G1.1 mAb were cloned and grafted into human 

heavy and light chain antibody frameworks to reduce the potential for immunogenicity 

(Figure 1.10) [165,166]. The human heavy chain framework was derived from the H20C3H 

antibody variable region, which contained no amino acid changes relative to the original 

germline sequence [167]. On the other hand, the human light chain framework was derived 

from the I.23 antibody variable region [168], which contained only one amino acid 

difference from the original germline sequence. 
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Figure 1.10.  Engineering of C5mAb [137]. 

 

Sometimes, the use of antibodies in therapeutics becomes complicated by the effector 

functions of such antibodies that serve to activate the complement and/or to bind to antibody 

receptors (Fc receptors) on inflammatory cells after they bind to their target [137]. To reduce 

this risk of eliciting proinflammatory responses, the heavy chain constant region of the 

parental antibody was replaced with components of both human IgG2 and IgG4 constant 

regions [169]. The human IgG2 antibody isotype does not bind to Fc receptors and the human 

IgG4 isotype does not activate the complement cascade [170–172]. The IgG2 / IgG4 hybrid 

constant region of the C5mAb includes the CH1 and hinge regions of human IgG2, fused to 

the CH2 and CH3 regions of human IgG4, and cannot bind Fc receptor as well as to activate 

the complement cascade [169]. To avoid the generation of an antigenic site during fusion, a 

restriction endonuclease site common to both IgG2 and IgG4 was used [137]. 
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C5mAb is highly species-restricted, showing minimal activity against any other primate or 

other mammalian C5. No non-specific binding to any human tissue was observed, regarding 

tissue cross-reactivity studies [137]. The affinity of C5mAb to human C5 has a KD value of 

120 pM, which is similar to that of parental m5G1.1 monoclonal antibody. This indicates 

that the binding properties were conserved during the humanization process [137]. The half-

life of C5mAb was found to be 272 ± 82 hr, with a distribution primarily limited to the 

vascular space, according to intravenous administration studies. C5mAb serum 

concentration reached a steady state after 57 days [137]. 

 

In vivo pharmacological activities were investigated using anti-mouse C5 antibody, BB5.1, 

due to the species-restricted nature of C5mAb [137]. No mouse models exist for PNH, so in 

vivo studies targeted other therapeutic indications that involved terminal complement 

activation. These models are the collagen-induced model of arthritis, renal disease, lupus-

like autoimmune model [173]. All models demonstrated that functionally blocking the anti-

C5 antibody effectively and consistently blocked terminal complement activation. The same 

mouse antibody was used in mouse toxicity studies [137]. 

 

Initial human clinical studies of C5mAb were performed in individuals with rheumatoid 

arthritis and with systemic lupus erythematosus [174], to determine the dosing schedule and 

the safety of terminal complement inhibition in humans [137]. A dose range between 0.1 – 

8 mg/kg was examined. The results demonstrated that all doses within the range were well-

tolerated and safe. A dose of 8 mg/kg (600 mg total) provided complete complement 

blockade for 7-14 days [137]. C5mAb binds to the N-terminal region of the α-chain of human 

C5, providing complete inhibition of terminal complement activity in both PNH and aHUS 

[165]. It was also shown to bind C5-derived peptide fragments containing the KSSKC motif 

(residues 879-883) within the C5 macroglobulin (MG) 7 domain [175], distal to the scissile 

bond (R751-L752) that is cleaved by the convertase. This binding characteristic was 

observed in a small population of C5mAb resistant patients with PNH, who possessed 

Arg885His/Cys polymorphisms [176]. The study was conducted by preparing a Fab 

molecule with the same sequence as that of C5mAb in the V region. The structure of the 

complex between the Fab and the complement C5 was determined, accordingly. The results 
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suggested that C5mAb functions by sterically hindering the convertase from associating with 

C5, but not by directly preventing access to the scissile bond. 

 

Cases of primary non-response to treatment in few patients were observed following C5mAb 

treatment [176,177], due to a point mutation in C5. This mutation lies in the macroglobulin 

7 (MG7) domain, which is the location of the C5mAb epitope  – the ‘KSSKC’ epitope [176]. 

As the C5mAb is highly specific to humans, it does not bind to the C5 of chimpanzees, 

baboons, rhesus, and cynomolgus monkeys [178]. Chimpanzee C5 differs from human C5 

only by two amino acids in the MG7 domain located outside the KSSKC epitope, indicating 

that additional residues contribute to C5mAb binding [179]. Orthogonal techniques were 

carried out combining sequence analysis, protein-protein docking studies, and targeted 

peptide mapping of the C5mAb epitope. According to the results, 13 positions are involved 

in the binding of C5 convertases to the human C5 [179]. Two of these are subjected to 

variations in the KSSKC epitope, one at position 885, which is polymorphic in humans, and 

the other at position 917, which is specific to humans. R885 and W917 were found to be key 

species-specific residues. The results also demonstrated that the C5mAb conformational 

epitope composes of a ß-strand (884-890) and a ß-hairpin (913-922). The ‘VRQKV’ epitope 

on ß-strand overlaps with the ‘KSSKC’ linear epitope in its C-terminal region and it contains 

the polymorphic R885 residue (R885C or R885H), which is associated with primary non-

response to C5mAb (Figure 1.11.). 
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Figure 1.11.  Alignment of MG7 domains of C5 from human and non-human primate 

species [180]. 
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1.6.  MULTIFACTORIAL STATISTICAL ANALYSES AND DESIGN OF 

EXPERIMENTS (DoEs) 

 

1.6.1.  Importance of Multi Factorial Statistical Analysis in Biologics Development 

 

Quality, safety, and effectiveness need to be ‘designed’ and built into a product and its 

manufacturing process [181]. This brings up the term ‘Quality by Design (QbD)’. QbD, as 

defined by the ICH, is a systematic approach to development that begins with predefined 

objectives and emphasizes product and process understanding, and process control, based 

on sound science and quality risk management [182]. Bioprocesses aiming at the 

manufacture of active pharmaceutical ingredients (API) are influenced by complicated input 

and output parameters such as critical process parameters (CPPs) and critical quality 

attributes (CQAs) [181]. Thus, when designing quality parameters to build into the process, 

one must begin with the selection of process parameters and their ranges of investigation. 

 

Parameters such as temperature, pH, reaction time can all be set at desired levels and finding 

the optimal settings and conditions for several factors is accomplished by optimization [183]. 

All the factors and their level ranges form an experimental domain [183]. These factors 

might interact with each other and the influence of one of the factors might be different at 

different levels of a second factor. This is defined as 2-factor interaction [183]. If the 

optimization of just one factor is the aim, a univariate procedure such as the one-variable-at-

a-time (OVAT) approach is used [183]. However, the OVAT approach has some 

disadvantages. Interactions between factors, in this case, are not taken into account and many 

experiments become a requirement if the factor number increases. Plus, just a part of the 

experimental domain can be examined, which may not lead to the global optimum and the 

optimal conditions found may depend on starting conditions [184]. Multivariate procedures, 

on the other hand, provide wider range of analysis by varying several factors simultaneously. 

 

 



37 

 

1.6.2.  DoEs – Definition, Importance, and Aim of Application 

 

Considering the possibility of factors influencing the response of others, the Design of 

Experiments (DoEs) are crucial in statistical analyses. DoE is a structured, organized method 

for determining the relationships among factors affecting a process and its related outputs 

[182]. DoE applications provide companies with substantial benefits. Companies can gain 

the maximum number of information by conducting only a minimum number of 

experiments, can study the process effects individually by varying all the operating 

parameters at the same time, while taking into account the variability in experiments, 

processes, or raw materials as well [181]. By employing DoEs, companies can identify 

interactions among different process parameters, characterize acceptable ranges of key and 

critical process parameters contributing to the identification of a design space for the 

assurance of quality [181]. It should be pointed out that, working within a design space is 

not considered as a change, that is, execution of DoE within a design space is accepted to be 

safe under QbD in bioprocess industries [182]. 

 

For applications using the DoE approach, setting objectives that are specific, measurable, 

attainable, realistic, and time-based is crucial as an initial step. Knowledge and qualification 

in fields of process development, quality control, statistics, and engineering are required for 

robust analyses. Considering the design of a given process, DoE methods provide an 

understanding of the effects of possible multi-dimensional combinations and interactions of 

various parameters on the final drug quality [185], multiple process parameters, and raw 

material attributes on product CQAs, while leading to the establishment of a ‘design space’ 

and control strategies regarding manufacturing. 

 

Selecting appropriate responses is an important step. Quantitative measurement is required 

to determine any changes that may have occurred due to varying levels of input process 

parameters [181]. Repeatability and reproducibility (R&R) errors are other factors to be 

considered. These are errors in measurement due to any variation in operators, assays, as 

well as their interactions. They are crucial to be able to address variability associated with 
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measuring a response variable before starting a DoE study. R&R errors can be partly 

compensated for by including replicates in a design [181]. Random variability is considered 

as noise and can be eliminated by applying three basic DoE principles: blocking, 

randomizing, and replication. Blocking takes into account known sources of variation that 

may affect a process, but are not a cause of great concern such as different flask locations in 

an incubator, which might cause slight differences in measurements due to heat transfer. 

Blocking is useful when conducting simultaneous experiments in different equipments by 

different operators [186]. Randomization satisfies the statistical assumption that 

observations are distributed independently and randomly among each other. These 

observations impact the processes in an uncontrolled way. The ambient temperature can be 

given as an example of such errors [186]. Lastly, replication accounts for random variation 

utilizing replicating all or selected experiments within the ranges of a DoE design matrix 

[186]. If robustness can be achieved in a DoE design, center-point runs at set-point 

conditions can be used to set specification limits for process parameters during validation 

[185], as well as to validate scale-up or scale-down models of a process [188]. Minimization 

of random variation and ensurance of repeatability are required to start a DoE study [181]. 

 

Experimental designs provide a simultaneous evaluation of several factors at given numbers 

of levels, in a pre-defined number of experiments.  The choice of experimental design 

depends on the nature of the study, whether it aims at screening, optimization, or robustness. 

Also, the resources available to conduct the study - such as time, materials, labor, and cost 

– impact the design process.  

 

Experimental designs are mainly divided into screening designs, response surface designs, 

and mixture designs. Screening designs allow screening a relatively large number of factors 

in a relatively small number of experiments. The factors and interactions to be studied are 

critical in this context. To be able to identify the most influencing factors, evaluations are 

mostly done at 2-levels. Full factorial, fractional factorial, Plackett-Burman designs are the 

screening designs frequently used. 
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Designs to be applied are dependent on the number and type of factors, the aim of their use, 

and the preference of the analyst [183]. In the scope of pharmaceutical manufacturing, 

optimization of formulations, products, and processes is critical and shall be handled in 

absolute sensitivity. For the optimization of formulations, products, and processes, mostly 

screening designs in 2-level are utilized, enabling the identification of the most important 

factors among those that are potentially affecting the responses. Fractional factorial or 

Plackett-Burman can be used for these optimizations [184,186,189]. 

 

DoE applications provide avoidance of experimental biases by reducing the number of 

experiments to be carried out, so they are very effective when planning factorial experiments 

to determine important experimental variables in a bioprocess, as well as when optimizing 

the variables in a biotechnical system [190–192]. DoEs are advantageous over 

methodologies that vary one variable at a time [193]. The factorial design provides reliable 

results with few experiments. Afterward, the following analyses can be estimated to find the 

desired optimum [193]. 

 

The desired approach to begin with a DoE methodology is to conduct screening experiments 

from selected corners in the experimental step. Using a fractional factorial design, a fraction 

of all the possible values can be analyzed [193]. Screening is then improved by including 

replicates in the center point of the experimental domain [191]. However, when the number 

of factor experiments is reduced, the statistical quality decreases [193]. Systematic error is 

avoided by performing the whole set of experiments at random [193]. A screening study 

provides the identification of a few crucial factors in bioprocessing. These factors are then 

used to set a new experimental design to evaluate the optimum values [193]. 

 

DoE methodology in bioprocesses provides an examination of defined input factors that are 

further subjected to a converting biosystem that generates common and well-defined output 

factors, the responses, such as product yield and productivity [193]. The advantage of 

applying DoE over other methodologies is that it also provides a determination of how 

interactions between input factors impact the output responses [193]. Biotechnology 
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processes are complicated due to shifts in metabolism and conversions of nutrient factors 

during the process. Also, not all input factors are settled from the beginning of the 

cultivation, some are added later in the process [193]. 

 

For a robust experimental design of a given bioprocess, clone selection is pivotal as all 

process parameters depend on the clone of choice, starting from the media and feed selection 

[194,195]. Production needs such as supporting cell growth, increasing productivity, or 

maintaining by-product formation under certain limits will be different for each cell line and 

clone as well. Thus, their nutritional requirements will also be unique and shall be screened 

and optimized, necessarily [196]. When cost and limited time factors are to be considered 

together with the significance of nutrient selection regarding cellular and product qualities, 

implementation of high-throughput (HTP) methods becomes a necessity in process 

development studies. Using HTP methods, a large number of screening experiments can be 

conducted at small scales, reducing analysis time and costs [85]. Furthermore, once HTP 

methods are combined with statistical experiments such as DoEs, it becomes highly 

advantageous and reliable to design and conduct process development studies. 

 

Once screening experiments are conducted at small scales, the robustness and efficiency of 

processes should be confirmed and fine-tuned in pilot-scale for successful scale-up. The 

implementation of Single-Use (SU) systems has improved the reliability of processes – such 

as contamination-, introduced flexibility and reduced costs as they eliminate the need for 

sterilization and cleaning [197]. SU Bioreactors (SUB) have gained interest in the process 

development field, especially for companies aiming at Good Manufacturing Practice (GMP) 

productions. SU systems, which are available up to 2000 L, are well applicable for GMP 

manufacturing [9,197]. 
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2.  AIM OF STUDY 

 

 

Conceiving the worldwide competition in the biosimilar market, it should not be surprising 

that Turkey, as an emerging country in terms of biotechnology and health services, will find 

itself in the middle of this expanding contest. Turkey is already involved in the biosimilars 

market with the approval of infliximab, to begin with. 

 

As the patent expiry dates of certain important pharmaceutical drugs are approaching, it 

might be the perfect timing for Turkey to rise in the market, with the development of a 

biosimilar drug, which is one of the most expensive drugs in the world market. Apart from 

the economical point of view, this discovery and development process would ensure 

Turkey’s force both in the biotechnology and health sectors, as well as pave the way for new 

advances in these fields. 

 

According to all the literature data introduced above, the key step in the development of a 

biosimilar is the bioproduction process. Findings show that the expression system, the 

production conditions such as culture pH, temperature, DO levels, dissolved CO2 levels, 

agitation in bioreactor systems are the most crucial factors affecting structural characteristics 

of a given monoclonal antibody, thus the level of its biosimilarity. So, the biosimilar 

pharmaceutical development of a desired monoclonal antibody shall begin with a robust, 

well-optimized bioprocess. 

 

In this study, we aimed to develop the most optimal bioprocess conditions for a biosimilar 

of the C5 mAb. The clonal selection and the optimization strategy, using DoEs, are expected 

to add uniqueness and robustness to the development process. 
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3.   MATERIALS AND METHODS 

 

 

3.1.  HOST CELL LINE GENERATION  

   

Twelve stable CHO-M clones producing an IgG2 - IgG4 hybrid monoclonal antibody were 

generated through super transfection and the clonal selection was achieved based on 

hygromycin and puromycin resistance. Monoclonality was ensured using ClonePix 2 System 

(Molecular Devices), together with a high-throughput micro-well image cytometer.  

 

3.2.  CELL CULTURE AND MAINTENANCE  

 

Cells maintained in liquid nitrogen stock were thawed rapidly, in a 37°C water-bath. Cells 

were sub-cultured in chemically defined basal media (BalanCD CHO Growth A, Irvine 

Scientific) supplemented with 6 mM L-glutamine (Gibco®, Life Technologies). Cells were 

cultivated in vent-cap shake flasks (Corning®, Sigma-Aldrich) under 37°C, 5% CO2, 80 - 

85% RH, 150 rpm shaking conditions, in CO2 - controlled incubator (Thermo Scientific).  

 

3.3.  IN-PROCESS CONTROL ANALYSIS 

 

Samples of 1.5 ml volume were centrifuged at 200 × g, +4°C (Sigma 1-16K) to obtain 

supernatant and pellet samples to be used for in-process and quality analyses. mAb 

concentrations were analyzed using PA-HPLC (Waters Arc-Bio). Viability and viable cell 

density (VCD) were analyzed by Vi-CELL XR (Beckman Coulter). D-PBS (Gibco® Life 

Technologies) was used for sample dilutions, when necessary.  Glucose, lactate, and pH 
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measurements were carried out using ABL90 FLEX (Radiometer). Osmolality 

measurements were done by Micro Osmometer 3320 (Advanced Instruments). 

 

3.4.  CELL GROWTH ANALYSIS 

 

Cultured CHO cells were cultivated in vented spin tubes (Tubespin Bioreactor 50, TPP) to 

analyze two different inoculation densities in replicates, for the generation of a cell growth 

curve. Four batch cultures were initiated in 20 ml working volume, under  37°C, 5% CO2, 

80 - 85% RH, 300 rpm shaking conditions. The two spin tubes representing Condition 1 

were initiated with 0.2 × 106 cells/ml and Condition 2 cultures were initiated with 0.3 × 106 

cells/ml. Cells were counted every 24 hours until culture viability dropped below 60%. 

Sampling volumes were 250 µl between PD0-PD4, and 100 µl after PD5.  

 

3.5.  RESEARCH WORKING CELL BANK GENERATION 

 

Research working cell banks (RWCB) were generated by expanding passage zero (PN: 0) 

cells until the population doubling level of 15 (PDL15). An initial clone elimination study 

was conducted with the 12 clones (E13-05, E13-08, E32-04, E32-14, E76-06, E76-08, E90-

02, E90-22, E107-08, E107-19, E111-31, E111-36) to generate the cell banks and to launch 

a stability study. The eliminations were achieved regarding both the similarities of the major 

glycan compositions of these 12 clones to the originator molecule and the titers they 

produced. RWCB generation was conducted in parallel with the Stability-1 study, until 

PDL15.   

 

To calculate the population doubling levels, the equation below was used where ‘n’ is the 

final PDL, ‘A’ is the final (reached) cell density, ‘B’ is the initial cell density, and ‘C’ is the 

doubling level of the inoculum used to initiate the subculture being passaged. Cell densities 
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were adjusted as 2 × 10⁵ viable cells/ml (VC/ml) for a 3 - day passage, or as 3 × 10⁵ VC/ml 

for a 2 - day passage, according to cell growth curve analysis. 

 

 𝑛 = 3.322 x (𝑙𝑜𝑔 𝐴 −  𝑙𝑜𝑔 𝐵)  +  𝐶 (3.1) 

   

3.6.  FED-BATCH CULTURES 

 

Cells were fed with FeedA (HyClone Cell Boost 7a, Cytiva) and FeedB (HyClone Cell Boost 

7b, Cytiva) as carbon and nitrogen sources. Culture glucose concentrations were maintained 

by glucose supplementation (D-(+)-Glucose, Sigma-Aldrich) from a stock solution of 350 

g/L. 

 

3.7.  CLONE STABILITY  

 

The stability-1 study was initiated with the six clones (E32-04, E76-06, E90-02, E90-22, 

E111-31, E111-36) selected according to the results of the initial clone elimination study. 

Cells with PN: 0 were thawed from stock for expansion in 125 ml vent-cap shake flasks. 

Once cells reached PDL15, PDL30, PDL45, and PDL60, in each of these steps, new cultures 

were initiated in replicates for 10 production days. Cells were fed with carbon and nitrogen 

sources under the standard feeding strategy, on production days (PD) of 3-6-7-8. Samplings 

were done on PDs of 0-3-6-7-8-9-10 for in-process control analyses, and both supernatant 

and pellet samples were taken after PD7 for quality analyses. 

 

The Stability-2 study was initiated with two clones (E90-02 and E111-36) according to the 

results of the DoE-1 study. Culture supplementations, samplings, and analyses were 

conducted as done in the Stability-1 study. Clonal stability was assessed regarding the 

production yields and product qualities of cultures launched at different cell ages. The 
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experiments were conducted in replicates, using 50 ml spin tubes in 15 ml working volume, 

regarding a preliminary study performed in both 125 ml Erlenmeyer flasks and 50 ml spin 

tubes that compared both production conditions, and confirmed the reproducibility and 

robustness of the study in both culture containers.  

 

3.8.  DESIGN OF EXPERIMENTS AND STATISTICAL ANALYSIS 

   

A total of 32 experimental runs for 16 possible combinations were carried out for the initial 

screening study, DoE-1. Four clones (E32-04, E90-02, E111-31, E111-36), two feeding 

strategies (‘extended’ and ‘distributed’), two temperature conditions (37°C and 35°C - PD7 

shift) were screened in replicates. For the extended feed strategy, feeding was done on PD3-

6-7-8-10-12 and for the distributed feed strategy, feeding was done each day between PD2 - 

PD12. 

 

For the study, in-process control (IPC) parameters and production yields were evaluated. 

Viable cell density, per-cent viability, lactate concentration, pH, osmolality, and titer were 

analyzed, accordingly. For the experimental design, Design Expert (Dx7 software) program 

was used and General Factorial Design was chosen to identify the three best combinations 

based on production yields.   

 

A second study, DoE-2, was conducted to scrutinize factors affecting process parameters. 

The study aimed to screen combinations of clone, temperature, and time-of-temperature shift 

(ToS) to produce a biosimilar C5 mAb, based on the production level and quality of the 

secreted protein. Twenty combinations were tested among 2 different clones under fed-batch 

culture conditions as one feeding strategy (extended feeding), 2 temperatures (35°C and 

32°C), and 5 different ToS (PD3, PD5, PD6, PD7, PD8) platforms per clone. As the control 

group, 37°C cultures without temperature shift were analyzed. All the experiments were 

replicated.  
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Fed-batch cultures were carried out in 125 ml shake flasks, in 25 ml working volume for 14 

days, and feedings were done on PD3-6-7-8-10-12 regarding extended feeding strategy. 

Titer, cell-specific productivities (Qp), and major glycan compositions, namely G0, G0F-

GN, G0F, G1F, G2F, and Man5 – were evaluated using the Design Expert (Dx7 software) 

Program.  

 

The data were evaluated based on a confidence level of 95%, and P ≤ 0.05 was considered 

to indicate a statistically significant difference. 

 

3.9.  PRODUCTIONS IN 3-L BIOREACTORS 

 

The bioreactor productions were carried out in 3-L Single-Use Bioreactors (Mobius®, 

Merck), under fed-batch conditions for 14 days. Two bioreactors were run simultaneously, 

for each production step. pH, percent dissolved oxygen (DO), pCO2 levels, and aeration were 

monitored in real-time, throughout the production processes. Both online and offline 

measurements of pH and pO2 levels were checked daily to ensure probe calibrations. For 

offline pH measurements, both ABL90 Flex blood-gas analyzer (Radiometer) and pH meter 

(Seven Excellence, Mettler Toledo) were used to compare online-offline measurements.  

Foaming was controlled using FoamAwayTM Irradiated AOF (animal origin-free) 

Antifoaming Agent (Gibco®) containing 3% simethicone. Antifoam was given on demand, 

provided that the amount did not exceed 5 ml/day. Production conditions are represented in 

Table 3.1. for BR-1, BR-2, BR-3, BR-4, and in Table 3.2., for BR-5, BR-6, BR-7, BR-8. 
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Table 3.1.  Bioreactor production conditions of BR-1, BR-2, BR-3, and BR-4. 

 

Bioreactor (BR) BR-1 BR-2 BR-3 BR-4 

Clone E90-02 E90-02 E111-36 E111-36 

Inoculum 0.25 x 106 cells/ml; >95% viability 

Production Media BalanCD + 6 mM L-Gln 

Production volume V0: 1600 mL; Vfin: 2200 mL 

Feed Strategy Extended Feeding 

Temperature 37°C 35°C – PD7 shift 37°C 35°C – PD7 shift 

pH 6.9 ± 0.2 

pH Regulation 

Base: 150 g/L Na2CO3 

Acid: CO2 

DO (%) 60% 

Agitation 180 rpm 

Glucose Target PD6-14: 6.5 ± 0.5 g/L 

Antifoam  on demand 
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Table 3.2.  Bioreactor production conditions of BR-5, BR-6, BR-7, and BR-8. 

 

Bioreactor (BR) BR-5 BR-6 BR-7 BR-8 

Clone E90-02 

Inoculum 0.25 x 106 cells/ml; >95% viability 

Production Media BalanCD + 6 mM L-Gln 

Production volume V0: 1600 mL; Vfin: 2200 mL 

Feed Strategy Extended Feeding 

Temperature 32°C – PD7 shift 37°C 37°C 32°C – PD5 shift 

pH 6.9 ± 0.2 

pH Regulation 

Base: 150 g/L Na2CO3 

Acid: CO2 

DO (%) 60% 

Agitation 180 rpm 

Glucose Target PD6-14: 6.5 ± 0.5 g/L 

Antifoam  on demand 

 

 

3.10.  GALACTOSE SUPPLEMENTATION ASSAY 

 

The galactose supplementation assay was conducted by feeding the cultures with two 

different galactose supplement concentrations under two different feed regimens. E90-02 

cells were cultured in spin tubes of 15 ml working volume under 37°C, 5% CO2, 300 rpm 

shaking conditions for 14 days of fed-batch production, with extended feed strategy. 

Cultures were supplemented with galactose (EX_CELL® Glycosylation Adjust (GAL+), 

Sigma-Aldrich), either as ‘Gal3’ or ‘Gal6’. Gal3 supplement was prepared by diluting the 
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stock galactose supplement with 1:10 D-PBS, whereas Gal6 was prepared by diluting it with 

1:20 D-PBS. Each concentration was assayed by supplementing cultures under two different 

feed regimens, either on PDs of 2-4-6-8-10 or on PDs 3-6-7-8-10. Five different conditions, 

one being the control, were analyzed in replicates as represented in Table 3.3. 

 

Table 3.3.  Galactose supplementation scheme. 

 

Conditions 

C1 (Control) ActiCHO A (30%)/B (2.5%) with Extended Feed Strategy w/o Gal 

C2 ActiCHO A (30%)/B (2.5%) Extended Feed Strategy  

Gal 3 (PD2, PD4, PD6, PD8, PD10) 

C3 ActiCHO A (30%)/B (2.5%) Extended Feed Strategy  

Gal 3 (PD3, PD6, PD7, PD8, PD10) 

C4 ActiCHO A (30%)/B (2.5%) Extended Feed Strategy  

Gal 6 (PD2, PD4, PD6, PD8, PD10) 

C5 ActiCHO A (30%)/B (2.5%) Extended Feed Strategy  

Gal 6 (PD3, PD6, PD7, PD8, PD10) 

 

 

3.11.  TEMPERATURE REDUCTION ASSAY 

 

 E90-02 cells were cultured in spin tubes of 15 ml working volume under 37°C, 5% CO2, 

300 rpm shaking conditions for 14 days of fed-batch production with extended feed strategy. 

The cultures were initiated at 37°C and the temperatures were decreased to 30°C on either 

PD5 or PD7. Control conditions at 37°C were run simultaneously and all the conditions were 

replicated. 
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3.12.  GLYCAN ANALYSIS  

 

Rapi-Flour-MSTM (RFMS) kit  (715004793EN, Waters, Milford) was used for N-Glycan 

analysis and all sample preparations were carried out as per the manufacturer’s instructions. 

Samples were diluted to 2 mg/ml and denatured at 95°C for 5 min. RapigestTM (Waters, 

Milford) was used to increase the unfolding of mAb and consequently enhance the enzyme 

activity. N-glycans were released from the mAb by incubating with PNGase F enzyme at 

55°C for 5 min. Released glycans were labeled with RFMS dissolved in anhydrous 

dimethylformamide (DMF) for 5 minutes at ambient temperature. Derivatized N-glycans 

were separated from the mAbs by solid-phase extraction (SPE) micro elution plate. The N-

glycans were eluted from the SPE plate with 200 mM ammonium acetate in 5% acetonitrile 

(ACN). Eluted samples were further diluted with 100 µl of DMF and 210 µl of ACN for 

injection to Acquity H-class Bio UPLC with fluorescence detector coupled to a XEVO G2-

XS QToF-MS (Waters, Milford). Samples were prepared in replicates. Waters UPLC Glycan 

BEH Amide column (2.1 × 150 mm, 1.7 mm particle size, 130 Å pore size) was used for 

HILIC separation. 50 mM ammonium formate (pH 4.4) was used as Mobile Phase A and 

ACN was used as Mobile Phase B. The elution flow rate was 0.4 ml/min and gradient 

conditions ranged from 75 - 54% Mobile Phase B over 35 minutes. Excitation and emission 

wavelengths were 265 nm and 425 nm, respectively, for N-glycan detection. N-glycans were 

identified and quantified by utilizing a calibration curve derived from the RFMS labeled 

dextran ladder, and mass confirmation were done from Q-ToF MS data in UNIFI software 

v1.8 (Waters, Milford). 
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3.13.  BINDING ASSAY 

 

Wieslab® Complement system Classical pathway ELISA kit (COMPL CP 310, Svar Life 

Science AB) was used to investigate the binding potency of the developed C5-mAb 

candidates. Two different originator lots were included in the assay and one was chosen as 

a reference (Originator-1). All samples were run in replicates. The analysis was done with 

SpectraMax İ3x (Molecular Devices) using SoftMax Pro 7.1 GxP Software. End-point 

readings were done at 405 – 595 nm. Data analysis was achieved by fitting the mean 

absorbance values to a 4-parameter logistic curve with non-linear regression to obtain EC50 

values, where EC50 values represent half-maximal effective concentration and %CV is the 

coefficient of variation. The EC50 values were then used to calculate the relative potency 

(%) for each sample, with 80 – 120% range as acceptance criteria. 
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4.   RESULTS AND DISCUSSION 

 

 

4.1.  CELL GROWTH ANALYSIS 

 

The growth phases of CHO cells under two different seeding densities were identified by 

counting the viable cell densities of cultured cells every 24 hours until cell viability dropped 

below 60%. The complete logarithmic phase of cell growth started on PD2 for cultures 

initiated with 0.3 x 106 cells/ml CHO cell density (Condition 2), while it was observed on 

PD3 for cultures with 0.2 x 106 cells/ml seeding density (Condition 1) (Figure 4.1.). As cells 

require a certain density for expansion, cell growth profile is dependent on the concentration 

of the cell population. Thus, more seeding density will result in earlier initiation of the 

logarithmic phase, compared to a culture seeded with a less concentration of cells. Once cells 

entered the logarithmic phase, growth started to proceed at a similar rate. Cells entered their 

death phase after PD5, with declining VCD trends observed in Figure 4.1. However, the 

viabilities of cultures initiated with 0.3 x 106 cells/ml density dropped below 60% earlier 

than that of cultures initiated with 0.2 x 106 cells/ml. This makes sense because initiating a 

culture with relatively more cells in the same volume of culture media will result in earlier 

exhaustion of nutrients and other vital media components (i.e. amino acids). Accordingly, 

while the viabilities of cultures initiated with 0.3 x 106 cells/ml density dropped below 60% 

on PD6, viabilities of cultures with 0.2 x 106 cells/ml initial density dropped below 60% on 

PD7 (Figure 4.2.). 
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Figure 4.1.  Cell growth curve representing the viable cell density results of cultured CHO 

cells under different seeding densities. 

 

 

 

 

Figure 4.2.  Cell growth curve representing the viability results of cultured CHO cells 

under different seeding densities. 
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4.2.  CLONE ELIMINATION  

 

The initial clone elimination was achieved among 12 different clones. The evaluation was 

based on the major glycan contents (percent) by the end of their production day of nine 

(PD9), regarding similarity to the originator molecule, as well as the protein concentrations 

that they produce. 

 

Table 4.1.  Major glycan compositions and titers of 12 clones. 

 

Clone ID 

% Glycan Contents Titer 

(µg/ml) G0 Man5 G0F G1F G2F 

E13-05 0.7 3.3 73.8 13.9 1.7 410 

E13-08 0.6 3.4 72.8 14.2 1.8 614 

E32-04 0.7 3.1 75.4 15.2 1.8 1349 

E32-14 0.8 2.9 75.6 15.7 1.8 882 

E76-06 0.8 3.0 73.8 14.8 1.7 1240 

E76-08 1.8 2.5 68.0 21.8 3.0 552 

E90-02 0.6 3.4 72.6 15.9 2.1 1174 

E90-22 0.7 2.7 73.2 16.5 2.1 1019 

E107-08 0.7 3.3 68.5 17.8 2.6 1019 

E107-19 0.8 2.7 68.4 20.0 3.1 994 

E111-31 0.7 2.9 73.8 15.5 1.9 1172 

E111-36 0.7 3.2 71.5 16.8 2.3 1218 

ORIGINATOR 0.2 3.6 72.2 16.3 2.0  
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There were no extreme differences among the major glycan compositions when the percent 

of contents represented in Table 4.1. were compared among clones. G0 contents of all 12 

clones were higher, relative to that of the Originator. Man5 levels remained below 3.6% 

(Originator), which is a desired property regarding immunogenicity concerns. G0 represents 

the non-galactosylated structures in a total subclass of glycans, including G0F content, which 

is fucosylated. G1F and G2F contents, on the other hand, are generated by the addition of 

galactose structures. As these results were generated without conducting any optimization 

studies, and as glycan compositions can be altered with process conditions, titers produced 

by these 12 clones were critical in eliminating six of them.   

 

While clones E13-05, E13-08, E32-14, E76-08, and E107-19 produced less than 1000 µg/ml 

titer, the titer concentrations of the clones E13-05, E13-08, and E76-08 were especially low. 

These five clones were immediately eliminated due to their undesired levels of production. 

Among the remaining seven clones, the lowest titer concentration was 1019 µg/ml, produced 

by both clones E90-22 and E107-08. In this case, the similarities of the glycan compositions 

of these two clones to those of the Originator were compared. As the Man5 level was lower, 

and as the percent G0F, G1F, G2F contents of E90-22 were closer to those of the Originator, 

the E107-08 clone was also eliminated. 

 

Further studies were conducted with the selected six clones: E32-04, E76-06, E90-02, E90-

22, E111-31, and E111-36. 

 

4.3.  IDENTIFICATION OF PDL15 AND RWCB GENERATION  

 

RWCBs of the six clones (E32-04, E76-06, E90-02, E90-22, E111-31, E111-36) were 

selected according to the initial clone elimination study conducted with 12 clones, were 

generated by calculating their population doubling levels using the formula indicated in 

section 3.5. RWCB stocks were taken at PDL15 of each clone. During passaging, cell 
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viabilities of all the clones were between 98.7-99.5% at PDL15. The clones reached their 

PDL15 at PN: 4, after 266 hours of thawing (Table 4.2.). 

 

Table 4.2.  RWCB generation of clones (A) E32-04, (B) E76-06, (C) E90-02, (D) E90-22, 

(E) E111-31, (F) E111-36 at PDL15. 

 

A E32-04 

Passage 

Number 

Initial Cell 

Density 

(cells/ml) 

Final Cell 

Density 

(cells/ml) 

PDL 
Culture Periods 

(days) 

Doubling Time 

(hr) 

0 220000 2680000 3.61 3 19.96 

1 300000 2290000 6.54 2 16.37 

2 300000 2300000 9.48 2 16.33 

3 200000 3010000 13.39 3 18.41 

4 1000000 2710000 14.83 1 16.69 

B E76-06 

Passage 

Number 

Initial Cell 

Density 

(cells/ml) 

Final Cell 

Density 

(cells/ml) 

PDL 
Culture Periods 

(days) 

Doubling Time 

(hr) 

0 180000 1700000 3.24 3 22.23 

1 300000 2570000 6.34 2 15.49 

2 300000 2550000 9.43 2 15.55 

3 200000 3400000 13.51 3 17.61 

4 1000000 3070000 15.13 1 14.83 

C E90-02 

Passage 

Number 

Initial Cell 

Density 

(cells/ml) 

Final Cell 

Density 

(cells/ml) 

PDL 
Culture Periods 

(days) 

Doubling Time 

(hr) 

0 180000 2230000 3.63 3 19.83 

1 300000 2730000 6.82 2 15.07 
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2 300000 2600000 9.93 2 15.41 

3 200000 3910000 14.22 3 16.79 

4 1000000 3140000 15.87 1 14.54 

D E90-22 

Passage Number 

Initial Cell 

Density 

(cells/ml) 

Final Cell 

Density 

(cells/ml) 

PDL 
Culture Periods 

(days) 

Doubling Time 

(hr) 

0 180000 2230000 3.63 3 19.83 

1 300000 2280000 6.56 2 16.40 

2 300000 2280000 9.48 2 16.40 

3 200000 3330000 13.54 3 17.74 

4 1000000 3030000 15.14 1 15.01 

E E111-31 

Passage Number 

Initial Cell 

Density 

(cells/ml) 

Final Cell 

Density 

(cells/ml) 

PDL 
Culture Periods 

(days) 

Doubling Time 

(hr) 

0 230000 2110000 3.20 3 22.52 

1 300000 2100000 6.01 2 17.10 

2 300000 2470000 9.05 2 15.78 

3 200000 3610000 13.22 3 17.25 

4 1000000 3290000 14.94 1 13.97 

F E111-36 

Passage Number 

Initial Cell 

Density 

(cells/ml) 

Final Cell 

Density 

(cells/ml) 

PDL 
Culture Periods 

(days) 

Doubling Time 

(hr) 

0 410000 1220000 1.57 2 26.09 

1 300000 2520000 4.64 2 16.88 

2 300000 5600000 9.45 3 15.38 

3 200000 2310000 12.40 2 13.53 

4 1000000 3610000 15.99 2 13.37 
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4.4.  STABILITY-1 

 

The Stability-1 study was conducted with the six clones selected regarding the initial clone 

elimination study, among 12 clones. The stability of a clone selected to produce a therapeutic 

recombinant protein should be demonstrated for a period covering a complete production 

process, from cell thawing to the end of the production. A clone is stable when copies of the 

genes of interest stay in the genome of the cells, and transcription and translation occur 

correctly while the culture ages. The stability of a clone is assessed by measuring the 

production yields and product qualities of cultures launched at different cell ages. 

 

The stability-1 analysis also served to compare each clone to achieve the second step of 

clone elimination based on stabilities, for further studies.  

 

The study proceeded in parallel with the RWCB generation, until PDL15.  PDL30, PDL45, 

and PDL60 cultures were initiated with a similar methodology followed for PDL15 

calculations, for the RWCB generation study. Stability was assessed by analyzing viable cell 

densities, viabilities, titer concentrations, and cell-specific productivities of each clone.  

 

4.4.1.  Viable Cell Density  

 

Viable cell densities of clones E76-06, E90-02, E90-22, and E111-31 were relatively lower 

during PDL15 production, compared to the following productions. The second-lowest VCD 

profiles for these four clones were obtained during PDL30 productions. These results are  

meeting the expectation since it takes time for a clone to recover from a thawing process and 

reach stability. When cell densities represented in Figure 4.3. are compared among each 

production, it is observed that the highest VCD profiles were obtained during PDL60 

productions for these four clones and PDL45 production profiles were similar. These results 

indicate that clones E76-06, E90-02, E90-22, and E111-31 recover and reach stable 
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conditions at nearly PDL45 and remain stable for 60 population doubling levels. This is 

desirable, because large-scale monoclonal antibody productions require high cell densities, 

thus longer periods of cell expansion. Cells already reach their population doubling levels of 

45 until a bioproduction process is launched. 

 

For clone E32-04, the highest VCD was observed during PDL15 production, contrary to 

other clones. VCDs proceeded similarly during the following productions, without any 

significant differences. However, a stable VCD profile was obtained at lower densities. This 

is not desirable, since VCD will be relatively lower for this clone, during large-scale 

production. 

 

For clone E111-36, the lowest VCD profile was obtained during PDL30 production, 

followed by the PDL15 production. Higher standard deviations between the two replicates 

were observed during the PDL15 production, which can be attributed to instability following 

cell thawing. Viable cell densities increased at PDL45 and continued to increase at PDL60, 

reaching the highest-profile. This indicates improved cellular metabolism when cells are 

expanded for longer periods with the aim of large-scale production. 
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Figure 4.3.  Viable cell density (VCD) profiles of the six clones representing the stability 

results of cultures initiated at four different population doubling levels (PDLs), until the 

end of PDL60. 
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4.4.2.  Viability  

 

Percent viabilities of clones E32-04 and E76-06 were very similar during their PDL15, 

PDL30, PDL45, and PDL60 production processes. No significant differences were observed. 

 

Clones E90-02 and E111-36 reached similar and stable viability profiles, beginning from 

PDL30 productions, until the end of their PDL60 productions. Comparatively lower 

viabilities were observed during PDL15 in Figure 4.4. can be attributable to the cell recovery 

process after thawing. In terms of viability, these results show that these two clones are 

favorable for large-scale productions. 

For clone E90-22, viability profiles were similar during PDL30, PDL45, and PDL60. 

However, they were lower, when compared to PDL15 production. 

 

For clone E111-31, cellular viability profiles were similar during all four production 

processes, until PD8. Afterward, an apparent decrease in viability was observed during 

PDL45 production. This result is not desirable, since the cells are estimated to reach PDL45 

until a large-scale production can be initiated. 
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Figure 4.4.  Percent viability (%) profiles of the six clones representing the stability results 

of cultures initiated at four different population doubling levels (PDLs), until the end of 

PDL60. 
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4.4.3.  Titer  

 

Regarding titer variabilities among cultures with different cell ages, variabilities lower than 

30% are desired. According to the analysis, the reductions in titer amounts between PDL15-

PDL60 of clones E90-02, E90-22, E111-31, and E111-36 were lower than 30% (Figure 4.5.). 

The minimum reductions in titers were observed in productions initiated with clones E90-

02 and E111-36, by 16.3% and 16%, respectively. The most reductions were observed in 

productions initiated with clones E32-04 and E76-06, by 36.3% and 35.1%, respectively. 

 

4.4.4.  Cell-Specific Productivity  

 

As with titers, variabilities lower than 30% are favorable in terms of cell-specific 

productivities. Accordingly, the only clone which showed reduced productivity over this 

limit was E76-06, by 45.2%. The minimum reduction was observed in productions initiated 

with the E90-02 clone, by 10.7%. Cell-specific productivities of the other four clones were 

very similar when the result bars in Figure 4.6. are analyzed. Reductions in productivities of 

clones E32-04, E90-22, E111-31 and E111-36 among all productions were by 26.7%, 27.1%, 

28.4%, and 26.6%, respectively. Among these four clones, the least reductions were 

observed in productions initiated with clones E32-04 and E111-36, with the amounts being 

highly similar. 

 

When all the quality results conducted to assess clonal stability are analyzed, it can be 

asserted that the clones E90-02 and E111-36 are the most stable clones among the six of 

them. E76-06, on the other hand, can be concluded to be the least stable one. 
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Figure 4.5.  Titers of the six clones representing the stability results of cultures initiated at 

four different population doubling levels (PDLs), until the end of PDL60. 
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Figure 4.6.  Cell-specific productivities (Qp) of the six clones representing the stability 

results of cultures initiated at four different population doubling levels (PDLs), until the 

end of PDL60. 
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4.5.  DoE-1 

 

The DoE-1 study was initiated according to the results of preliminary productivity tests and 

the Stability-1 study. To screen combinations of clone, feed strategy, and temperature for 

the expression of C5-mAb, General Factorial Design was used. Clone (1), feeding strategy 

(2), temperature (3) became the three factors to be analyzed. While the four clones generated 

four levels, different feed strategies and temperature conditions generated two levels each, 

for analysis. As each run was replicated, 32 experimental runs were carried out for 16 

possible combinations. The study was divided into two parts as for extended feed strategy 

and for distributed feed strategy for handling concerns. Thus, the two experimental setups 

were launched at different time points and the PDLs of each clone were similar, yet different 

from each other (Table 4.3.). The design platform summarized in Table 4.4 was followed for 

the screening. 

 

Table 4.3.  Clone population doubling levels. 

 

Clone 

PDL  

Distributed Feed 

Strategy 

Extended Feed 

Strategy 

E32-04 21 27 

E90-02 17 28 

E111-31 14 26 

E111-36 22 28 
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Table 4.4.  DoE-1 experimental design platform. 

 

Run Block 

Factor 1 

A: Clone 

Factor 2 

B: Feeding 

Factor 3 

C: Temperature 

1 Block 1 E111-31 Extended 37⁰C 

2 Block 1 E90-02 Extended 37⁰C 

3 Block 1 E111-31 Extended 35⁰C-PD7 shift 

4 Block 1 E90-02 Extended 35⁰C-PD7 shift 

5 Block 1 E111-36 Distributed 37⁰C 

6 Block 1 E111-31 Extended 37⁰C 

7 Block 1 E90-02 Extended 35⁰C-PD7 shift 

8 Block 1 E111-36 Distributed 35⁰C-PD7 shift 

9 Block 1 E32-04 Distributed 35⁰C-PD7 shift 

10 Block 1 E32-04 Distributed 35⁰C-PD7 shift 

11 Block 1 E90-02 Distributed 37⁰C 

12 Block 1 E111-36 Extended 35⁰C-PD7 shift 

13 Block 1 E111-31 Distributed 35⁰C-PD7 shift 

14 Block 1 E111-31 Distributed 37⁰C 

15 Block 1 E32-04 Distributed 37⁰C 

16 Block 1 E111-36 Extended 37⁰C 

17 Block 1 E90-02 Distributed 35⁰C-PD7 shift 

18 Block 1 E90-02 Extended 37⁰C 

19 Block 1 E32-04 Distributed 37⁰C 

20 Block 1 E32-04 Extended 35⁰C-PD7 shift 



68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Clones were evaluated regarding their viable cell density (VCD), percent viability, lactate 

generation, pH, osmolality, and titer. Each parameter was analyzed both in terms of feed 

strategy and culture temperature condition, for each clone.  

 

The highest peak VCD was obtained under the extended feed strategy for all four clones 

(Figure 4.7.). The enhancing effect of temperature down-shift on longevity was more 

distinctive under the distributed feed strategy. Although no significant differences were 

observed in viabilities among different feed strategies, the E90-02 clone showed the most 

stable process trends regarding VCD and viability profiles. E111-36 reached the highest cell 

density with 38.7 × 106 VC/ml on PD9, under 37°C, extended feeding condition. A 

significant difference was observed when the peak VCD values of E90-02 were compared 

among the two feed strategies at 37°C, which was the second clone to reach the highest cell 

density. A reduction of 16% was confirmed from 36.7 × 106 VC/ml to 30.84 × 106 VC/ml 

21 Block 1 E90-02 Distributed 37⁰C 

22 Block 1 E111-31 Extended 35⁰C-PD7 shift 

23 Block 1 E111-36 Distributed 35⁰C-PD7 shift 

24 Block 1 E111-36 Extended 35⁰C-PD7 shift 

25 Block 1 E32-04 Extended 37⁰C 

26 Block 1 E32-04 Extended 37⁰C 

27 Block 1 E111-36 Distributed 37⁰C 

28 Block 1 E111-31 Distributed 35⁰C-PD7 shift 

29 Block 1 E111-36 Extended 37⁰C 

30 Block 1 E90-02 Distributed 35⁰C-PD7 shift 

31 Block 1 E111-31 Distributed 37⁰C 

32 Block 1 E32-04 Extended 35⁰C-PD7 shift 
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when feeds were supplemented per distributed feeding strategy (P < 0.05). While E90-02 

maintained over 90% viability under all conditions, E111-36 showed weak growth and lower 

viability among all clones. E111-31 clone showed the lowest VCD and viability trends 

among both feed strategies, and under both feed strategies. Plus, sharper drop in VCD and 

viability profiles were observed under the extended feed strategy. 
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Figure 4.7.  Viable cell density (VCD) and percent viability (%) of the four clones under 

different production conditions. 
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For all four clones, pH values were representative of respective lactate concentrations. 

Applying 35°C-PD7 shift was effective in reducing lactate generations, under both feed 

strategies (Figure 4.8.). For clones E32-04 and E111-31, 35⁰C-PD7 shift conditions under 

distributed feeding provided the lowest lactate production during production. On the other 

hand, lactate concentrations remained lower with 35⁰C-PD7 shift under extended feed 

strategy conditions for clones E90-02 and E111-36. Supplementations under distributed 

feeding resulted in significant increases by 84.6% and 77.7%, for E90-02 and E111-36 

clones respectively, under 37°C. Also, for the E111-36 clone, the difference between the 

lactate generations among feed strategies under 35°C-PD7 shift condition was over 3.5 folds, 

with the distributed feed strategy resulting in an increased generation (P < 0.05). 
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Figure 4.8.  pH and lactate generations (g / L) of the four clones under different production 

conditions. 
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Osmolality profiles of clones E90-02 and E111-36 were very similar. When the osmolality 

trends represented in Figure 4.9. are compared among clones, it can be observed that the 

values and ranges were similar for both 37⁰C and 35⁰C-PD7 shift conditions under both feed 

strategies for E90-02, E111-31, E111-36 clones, but E32-04 showed a slightly different 

trend. For this clone, osmolalities remained lower with the distributed feed strategy, but 

under the extended feed strategy, osmolality proceeded higher with 35⁰C-PD7 shift 

conditions compared to 37⁰C. 

 

 

 

 

Figure 4.9.  Osmolalities (mOsm) of the four clones under different production conditions. 
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Titer results were following the VCD and viability profiles of each clone. Both feed 

strategies resulted in a similar titer for the E32-04 clone, under 37⁰C condition. However, 

under 35⁰C-PD7 shift condition, the distributed feed strategy provided a higher titer. E90-02 

and E111-36 clones produced the highest titers with the extended strategy, under both 

temperatures (Figure 4.10.). IgG productions under 37°C were 3.7 g/L, 3.88 g/L; and were 

3.23 g/L, 3.27 g/L under 35°C for E90-02 and E111-36, respectively. While feed 

supplementation under distributed strategy reduced titers of E90-02 by 20% at 37°C, the 

difference was 33% for the E111-36 clone under the same conditions (P < 0.05). Lastly, 

titers were similar to 35⁰C-PD7 shift conditions under both feed strategies, for the E111-31 

clone. However, regarding 37⁰C conditions, titers were higher under the extended feed 

strategy. 

 

 

 

Figure 4.10.  Titers (g / L) of the four clones under different production conditions. 
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4.6.  STABILITY-2 

 

This study intended to put forward the stability of the selected two clones, E90-02 and E111-

36, over 60 population doubling levels (PDL) with the extended feed strategy. Stability 

cultures were initiated in vented spin tubes, with cells derived from the maintenance every 

10 ± 1 day, corresponding to approximately PDL15, PDL30, PDL45, and PDL60 according 

to cell doubling times. No samplings were done when initiating the cultures, given the fact 

that the study was conducted in spin tubes with 15 ml working volume, as well as that the 

cell count and cell viabilities were being assessed while passaging and inoculating the 

cultures. All the cultures were initiated with 0.3 x 106 cells/ml. This measure was taken to 

eliminate the risk of decreasing the working volume prior to production.  

 

For both clones, no significant differences were observed among PDL15, PDL30, PDL45, 

and PDL60 productions, regarding VCD values represented in Figure 4.11. The highest peak 

VCD was reached at PDL45 as 40 × 106 VC/ml for E90-02, and as 37 × 106 VC/ml for E111-

36. Cell viabilities were relatively lower on PDL15 production, due to the time required for 

the cells to adapt to the culture environment, following cell thawing. After PDL15, viabilities 

were high, above 90 percent, until the end of PDL60 (Figure 4.11.). 
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Figure 4.11.  Viable cell density (VCD) and percent viability (%) profiles of the two clones 

representing the stability results of cultures initiated at four different population doubling 

levels (PDLs), until the end of PDL60. 
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For both clones, titers among PDL15, PDL30, PDL45, and PDL60 productions did not 

exceed 30 percent variability. The highest titers were obtained during PDL15 productions, 

as 2.3 g/L for E90-02 clone and 2.04 g/L for E111-36 clone (Figure 4.12.). The highest cell-

specific productivities were achieved during PDL15 productions, being 10.1 pg/cell/day for 

E90-02 clone and 9.4 pg/cell/day for E111-36 clone (Figure 4.12.). The reduction in cell-

specific productivities did not exceed 30%, for neither of the clones. 

 

 

 

Figure 4.12.  Titer (g / L) and cell-specific productivity (Qp) profiles of the two clones 

representing the stability results of cultures initiated at four different population doubling 

levels (PDLs), until the end of PDL60. 
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4.7.  DoE-2 

 

The DoE-2 study was initiated according to the results of the DoE-1 and the Stability-2 

studies. Regarding the results of the DoE-1 study, two clones among four, namely E32-04 

and E111-31 clones, were eliminated and a second stability study was conducted with the 

selected clones, E90-02 and E111-36.  

 

To screen combinations of clone, temperature, and ToS for the expression of C5 mAb, 

General Factorial Design was used. Clone (1), temperature (2), ToS (3) became the three 

factors to be analyzed. While the two clones and different temperatures generated two levels 

each, ToS generated five levels, for analysis. As each run was replicated, 40 experimental 

runs were carried out for 20 possible combinations. The study was divided into two parts 

regarding temperatures to be shifted, for handling concerns. Thus, the two experimental 

setups were launched at different time points. Control conditions, at 37°C fixed temperature, 

were conducted once, due to limited availability in the incubators. These runs were evaluated 

for comparison following Design Expert analysis. Fed-batch cultures were initiated at 

PDL27, for both clones. The design platform summarized in Table 4.5 was followed for the 

screening. 
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Table 4.5.  DoE-2 experimental design platform. 

 

 

Run 

 

Block 

Factor 1 

A: Clone 

Factor 2 

B: Temperature 

Factor 3 

C: Time of Shift 

1 Block 1 E90-02 32 PD5 

2 Block 1 E90-02 32 PD7 

3 Block 1 E90-02 32 PD6 

4 Block 1 E90-02 35 PD8 

5 Block 1 E90-02 35 PD5 

6 Block 1 E111-36 35 PD8 

7 Block 1 E90-02 35 PD7 

8 Block 1 E111-36 35 PD8 

9 Block 1 E111-36 35 PD7 

10 Block 1 E111-36 32 PD3 

11 Block 1 E90-02 32 PD5 

12 Block 1 E90-02 35 PD3 

13 Block 1 E111-36 32 PD8 

14 Block 1 E111-36 35 PD3 

15 Block 1 E111-36 32 PD5 

16 Block 1 E111-36 35 PD5 

17 Block 1 E90-02 32 PD3 

18 Block 1 E111-36 32 PD3 

19 Block 1 E111-36 32 PD5 

20 Block 1 E111-36 32 PD7 

21 Block 1 E111-36 32 PD6 
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22 Block 1 E111-36 32 PD6 

23 Block 1 E111-36 35 PD3 

24 Block 1 E90-02 32 PD8 

25 Block 1 E111-36 35 PD6 

26 Block 1 E90-02 32 PD8 

27 Block 1 E90-02 35 PD5 

28 Block 1 E111-36 35 PD6 

29 Block 1 E111-36 35 PD7 

30 Block 1 E90-02 32 PD6 

31 Block 1 E90-02 35 PD6 

32 Block 1 E90-02 32 PD7 

33 Block 1 E90-02 35 PD6 

34 Block 1 E90-02 35 PD7 

35 Block 1 E111-36 35 PD5 

36 Block 1 E90-02 35 PD8 

37 Block 1 E111-36 32 PD7 

38 Block 1 E90-02 35 PD3 

39 Block 1 E111-36 32 PD8 

40 Block 1 E90-02 32 PD3 

 

 

According to the results obtained through Design Expert, indicated factors have been 

implicated to have an impact both alone and also, in combination with other factors.  
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Table 4.6.  DoE-2 results (Responses) of the analyzed factors. 

 

Run F. 1 F. 2 F. 3 R. 1 R. 2 R. 3 R. 4 R. 5 R. 6 R. 7 R. 8 
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C-A1 E90-02 37 - 3520 11.461 60.02 2.69 3.21 0.96 0.67 11.05 

C-A2 E90-02 37  3870 12.061 60.02 2.69 3.21 0.96 0.67 11.05 

C-B1 E111-36 37 - 4010 11.288 58.71 2.36 2.67 0.82 0.73 12.00 

C-B2 E111-36 37  3750 11.452 58.71 2.36 2.67 0.82 0.73 12.00 

12 E90-02 35 3 3018 8.879 67.35 3.51 4.16 0.88 0.83 8.27 

38 E90-02 35 3 3056 8.864 67.45 3.61 4.26 0.98 0.93 8.37 

14 E111-36 35 3 3108 8.781 63.39 3.49 4.44 1.05 0.86 10.75 

23 E111-36 35 3 2831 8.495 63.49 3.59 4.54 1.15 0.96 10.85 

5 E90-02 35 5 3190 9.475 61.71 3.07 4.03 0.94 0.79 10.66 

27 E90-02 35 5 2918 8.753 61.81 3.17 4.13 1.04 0.89 10.76 

16 E111-36 35 5 3068 8.541 59.47 3.1 4.1 1.05 0.86 12.87 

35 E111-36 35 5 3685 9.957 59.57 3.2 4.2 1.15 0.96 12.97 

31 E90-02 35 6 2576 8.621 62.97 3.33 4.07 0.93 0.77 10.49 

33 E90-02 35 6 2878 8.207 63.07 3.43 4.17 1.03 0.87 10.59 

25 E111-36 35 6 3511 9.806 61.18 2.78 3.56 0.78 0.88 12.16 

28 E111-36 35 6 3120 8.955 61.28 2.88 3.66 0.88 0.98 12.26 

7 E90-02 35 7 3240 11.186 59.38 2.72 3.12 0.97 0.75 12.41 

34 E90-02 35 7 3220 10.633 59.48 2.82 3.22 1.07 0.85 12.51 

9 E111-36 35 7 3040 9.848 57.2 2.44 2.85 0.93 0.89 12.96 

29 E111-36 35 7 3490 10.739 57.3 2.54 2.95 1.03 0.99 13.06 

4 E90-02 35 8 2521 7.326 62.08 3.23 3.98 0.95 0.75 12.08 

36 E90-02 35 8 2556 7.176 62.18 3.33 4.08 1.05 0.85 12.18 

6 E111-36 35 8 2402 7.205 59.76 2.8 3.42 0.72 0.72 14.22 
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Run F. 1 F. 2 F. 3 R. 1 R. 2 R. 3 R. 4 R. 5 R. 6 R. 7 R. 8 

8 E111-36 35 8 2619 7.659 59.86 2.9 3.52 0.82 0.82 14.32 

17 E90-02 32 3 1753 10.199 74.16 5.88 7.35 1.68 0.91 3.90 

40 E90-02 32 3 1288 8.516 74.26 5.98 7.45 1.78 1.01 4.00 

10 E111-36 32 3 1845 9.776 75.7 5.58 6.47 1.38 1.04 4.25 

18 E111-36 32 3 1847 9.606 74.51 5.83 7.08 1.56 1.07 3.88 

1 E90-02 32 5 2251 9.023 73.01 4.77 6.11 1.36 0.90 4.77 

11 E90-02 32 5 2303 8.699 73.11 4.87 6.21 1.46 1.00 4.87 

15 E111-36 32 5 2605 10.891 71.45 4.92 6.46 1.48 0.95 5.30 

19 E111-36 32 5 2467 10.036 71.55 5.02 6.56 1.58 1.05 5.40 

3 E90-02 32 6 2281 7.270 72.59 4.29 5.58 1.27 0.91 5.00 

30 E90-02 32 6 2551 8.138 72.69 4.39 5.68 1.37 1.01 5.10 

21 E111-36 32 6 2881 9.011 71.56 4.16 5.52 1.15 0.97 5.96 

22 E111-36 32 6 2271 7.367 71.66 4.26 5.62 1.25 1.07 6.06 

2 E90-02 32 7 2605 7.247 68.91 3.87 5.04 1.16 0.97 6.74 

32 E90-02 32 7 2694 7.511 69.01 3.97 5.14 1.26 1.07 6.84 

20 E111-36 32 7 2350 7.257 72.77 4.32 4.73 1.21 0.86 4.52 

37 E111-36 32 7 2141 6.572 72.87 4.42 4.83 1.31 0.96 4.62 

24 E90-02 32 8 2525 7.460 66.52 3.77 4.76 1.02 0.90 8.44 

26 E90-02 32 8 2530 8.168 66.62 3.87 4.86 1.12 1.00 8.54 

13 E111-36 32 8 2087 6.074 68.41 3.89 4.57 1.03 0.86 8.82 

39 E111-36 32 8 2357 6.964 68.51 3.99 4.67 1.13 0.96 8.92 

 

 

The temperature was shown to impact all parameters either alone or in combination with 

ToS. Titers increased with increasing temperature for both clones, and when ToS was 

delayed until PD8. The ToS-dependent increase in titer was apparent at 32°C especially on 

PD7 for E90-02 clone, and at 35°C on PD5 for E111-36 clone, which then remained constant 
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until PD8. However, productions under 32°C significantly lowered the IgG productions, for 

both clones (P < 0.05). Lowering the temperature to 32°C on PD5 decreased E90-02 titers 

by 25.4 % while lowering it on PD7 decreased E111-36 titers by 31.2 %. The reductions in 

IgG productions were reasonably more pronounced under the PD3-shift condition for both 

clones, as it represents the most stressful condition on cell metabolism, both in terms of 

temperature and the time of shift.  

 

Cell-specific productivities were also affected due to temperature shift. Reducing the 

temperature to 32°C from 35°C on PD7 resulted in a 32.4% and 32.8% decrease in 

productivities of the E90-02 clone and E111-36 clone, respectively. While clonal difference 

did not result in high variations, temperature and ToS factors had a significant impact on 

titer and cell-specific productivities, both alone and with interaction (P < 0.05). 

  

The screening study demonstrated that clone, temperature, and ToS have a significant impact 

on glycosylation (P < 0.05), both alone or as a combined effect through the interaction of 

either two or three of the factors. 

 

G0F contents increased when the temperature was decreased to 32°C, for both clones. 

Temperature shift from 35°C to 32°C on PD5 resulted in an 18.3 % increase for the E90-02 

clone, while shifting on PD7 increased G0F contents of the E111-36 clone by 27.2 %. This 

impact was also observed regarding G1F contents, noting that the increased ToS had a 

reducing effect.  

 

Substantial increases in G1F contents of E90-02 were by 71.6 % and 52.5 %, with PD3 and 

PD5 shift conditions, respectively. PD5 shifting for E111-36, on the other hand, was by 

57.3% and was increased with PD7 shifting, up to 69.8 %. While this result was valid for 

G2F contents with the E90-02 clone as well, ToS with the E90-02 clone did not follow a 

similar trend.  G0 contents were observed to be affected only by temperature and they 

increased with decreasing temperature.  
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Man5 levels were observed to be affected by all three factors, including clones, either alone 

or in combination with each other. Decreasing the temperature to 32°C significantly reduced 

Man5 contents. However, delaying the ToS to PD8 was observed to increase them under this 

temperature, resulting in a 30% reduction for the E90-02 clone, and 37.8% for the E111-36 

clone, which still represents a significant difference (P < 0.05). For the E90-02 clone, the 

highest reduction in Man5 contents was observed with PD5 shift by 55%, while it was with 

the PD7 shift condition for the E111-36 clone by 64.9%. These results indicate that 

glycosylation of the C5mAb is dependent on the clone, temperature, and the time of 

temperature shift. 

 

When all the responses in Table 4.6 were introduced to the Design Expert program, the most 

ideal bioreactor condition to start with was suggested as the 35°C – PD7 shift condition.  

 

4.8.  PRODUCTIONS IN 3-L BIOREACTORS - PART 1 

 

The initial bioreactor run conditions were chosen according to the results of the DoE-2 study. 

According to the results screened by the Design Expert program, the most ideal production 

condition to start with was suggested as 35°C – PD7 shift for both clones, in terms of titer 

and cell-specific productivity. Productions were analyzed by running two bioreactors 

simultaneously for each clone, with one 37°C no temperature shift control condition and one 

35°C – PD7 shift condition. BR-1 and BR-2 bioreactor productions were achieved with the 

E90-02 clone, while BR-3 and BR-4 productions were conducted with the E111-36 clone. 

 

When VCD and percent viabilities are analyzed, BR-4 reached the highest peak VCD and 

presented the highest viability trend. pH fluctuations were not observed, for neither of the 

bioreactor productions. Also, pH trends were similar among productions, even though the 

lactate concentrations were very different. Osmolality values remained within expected and 

reasonable limits, but it was observed that decreasing the temperature to 35°C also decreased 

osmolality values (Figure 4.13.).  
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 Lactate generations were very different among productions. While the lowest 

concentrations were observed during production BR-2, the highest lactate production was 

observed with BR-3. The clonal difference was observed to affect lactate generations. Also, 

decreasing the temperature had an effect of lowering lactate concentrations (Figure 4.13.). 

Productions with E90-02 clone resulted in much lower lactate levels. pCO2 levels were 

monitored throughout the processes to ensure that they remained below 200 mmHg, to avoid 

any harmful effects on cells and any impact on glycosylation. 

 

 While decreasing the temperature did not represent a major impact on the titer of the E90-

02 clone, the titers increased with reduced temperature in bioreactor runs of the E111-36 

clone (Figure 4.13.). Titers obtained from the E90-02 clone were slightly higher compared 

to those obtained from the E111-36 clone. 
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Figure 4.13.  In-process control and titer results of the bioreactor productions BR-1, BR-2, 

BR-3, and BR-4. 
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Regarding the analyzed glycan compositions (Figure 4.14.), G0F contents were similar 

among bioreactors, also to that of the Originator when compared. Galactosylated glycoforms 

were observed to be very different, compared to the Originator. This indicated that 

optimization was required to enhance galactose contents, either through process parameters 

or by galactose supplementation if adjustments in process parameters did not suffice. Man5 

levels were observed to be variable among productions, both in terms of clones and process 

conditions. While decreasing the temperature resulted in increased Man5 content with the 

E90-02 clone, it had a reducing effect with the E111-36 clone. Although the Man5 levels of 

BR-1, BR-2, and BR-3 were relatively higher than that of the Originator, it is possible to 

adjust Man5 contents through process optimization. 

 

 

 

Figure 4.14.  Glycan analysis results of the bioreactor productions BR-1, BR-2, BR-3, and 

BR-4 compared to the major glycan contents (%) of the originator. 
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4.9.  GALACTOSE SUPPLEMENTATION ASSAY 

 

Five different conditions were analyzed to understand the effects of galactose 

supplementation on glycan contents of the E90-02 clone, during fed-batch production under 

the extended feed strategy. Analyses were based on the results of VCD, viability, osmolality, 

pH, lactate and glucose concentrations, titer, cell-specific productivity (Qp), and glycan 

contents of the cultures. Qp assessment was done regarding the mean concentrations per day, 

between PD11-14. 

 

Viable cell density, viability, pH, osmolality, and metabolite concentrations of the five 

different conditions were similar, throughout the processes. 

 

Titer and cell-specific productivities of the different conditions were also very similar. No 

significant differences were observed.  

 

Regarding the glycan profiles, galactose supplementation had a significant impact. The 

effects of different supplementation regimens were analyzed and compared to the control 

condition (C1) in Table 4.7.  

 

 

 

 

 

 



89 

 

Table 4.7.   Alterations in glycan compositions of the galactose supplemented conditions 

relative to C1 control condition. 

 

Cond. 

Alterations in Glycan Compositions (%) 

G0F G0F-GN G0 G0-GN Man5 G1Fa G1Fb G2F 

C2 1.6% ↓ 45% ↓ 76.2% ↑ 9.2% ↓ 4.3% ↓ 102.5% ↑ 85.2% ↑ 187% ↑ 

C3 4% ↑ 65% ↓ 58.7% ↑ 48.3% ↓ 37.3% ↓ 132.3% ↑ 111.3% ↑ 226% ↑ 

C4 5.6% ↑ 37% ↓ 30.3% ↑ 28.7% ↓ 23.3% ↓ 57.4% ↑ 46% ↑ 102.9% ↑ 

C5 1% ↑ 31.6% ↓ 41.3% ↑ 8% ↓ 2.8% ↓ 59.6% ↑ 48.3% ↑ 88.4% ↑ 

 

 

4.10.  TEMPERATURE REDUCTION ASSAY 

 

Reducing the temperature to 30°C provided insight into how the E90-02 clone would behave 

under sub-physiological temperatures during a fed-batch process.  

 

Decreasing the temperature to 30°C on PD7 resulted in higher VCD, compared to the PD5-

shift condition (Figure 4.15.). This can be attributed to the growth phases of the cultures. 

While PD5 is the early-exponential growth phase, PD7 is the middle of the growth phase. 

Thus, the cells were cultured under optimal temperature for a longer period.  

 

Although temperature reduction is known to increase longevity, viabilities were higher under  

37°C (Figure 4.15.). This is probably due to the reduced temperature being too low for the 

E90-02 clone. In a study analyzing the effect of culture temperature on TNFR-Fc 

productivity in CHO cells, it was monitored that the cell growth was suppressed at 30°C 

even though it remained over 90% until PD9 [87]. This assay generated similar results, as 

cell viability under 30°C conditions were above 90% until PD9, which started to decrease 
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afterwards. The results of this study being similar to these findings indicate the existence of 

a common metabolic response in terms of cell growth, that may be expressed by certain CHO 

clones that are engineered to produce biotherapeutics. However, this effect might not 

necessarily impact each monitored parameter in the same manner, as analyzing protein 

production might generate different outcomes. Yet, the findings support and clearly set forth 

the impact of 30°C shift as alow sub-physiological temperature, at which cells are prone to 

stress, regarding growth.  

 

Lactate concentrations were significantly lower under 30°C (75 % for PD7-shift, 66 % for 

PD5 shift conditions), compared to 37°C condition. The higher pH profiles were 

representative of the reduction in lactate concentrations, as shown in Figure 4.15 for both 

parameters. 

 

Protein productions were reduced by 60 % under 30°C-shift conditions, compared to 37°C 

(Figure 4.15.). This reduction is significant, showing that at a low sub-physiological 

temperature as 30°C, nutrients cannot be utilized effectively for mAb synthesis. This can 

also be observed from the glucose consumption profiles represented in Figure 4.15. Thus, 

this temperature is too low to maintain titers above 2 g/L. 
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Figure 4.15.  In-process control and titer results of the cultures under 30°C, shifted on 

different production days compared to the control condition maintained under 37°C. 
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Decreasing the temperature to 30°C significantly altered the glycan distributions, when 

compared to the 37°C condition. G0, G0F, G0F-GN, G1Fa, and G2F contents increased with 

reduced temperature, while G0-GN, G1Fb, and Man5 contents decreased. The impact on 

galactose compositions was over 40%. Shifting the temperature down to 30°C was effective 

in reducing Man5 levels over 2-folds, especially on PD5, which resulted in a reduced level 

of over 4-folds (Table 4.8.). 

 

Table 4.8.  Comparative glycan contents (%) of the originator and 37°C, 30°C-PD5 Shift, 

30°C-PD7 shift conditions. 

 

Glycan 

Structure 
Originator 37°C 

30°C-

PD5 

30°C-

PD7 

G0F 65.11 60.02 78.9 73.31 

G1Fa 8.20 3.21 4.76 4.87 

G1Fb 8.92 16.42 5.62 5.63 

G2F 2.32 0.96 1.34 1.37 

G0 0.18 0.67 0.76 0.86 

G0-GN 0.79 1.28 0.43 0.77 

G0F-GN 4.15 2.69 4.17 6.42 

Man5 5.14 11.05 2.54 4.77 
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4.11.  PRODUCTIONS IN 3-L BIOREACTORS - PART 2  

 

4.11.1.  Cellular and Metabolite Analyses 

 

BR-5, BR-6, and BR-7 productions reached similar peak VCDs of 35.68 × 106 VC/ml, 35.15 

× 106 VC/ml, and 34.31 × 106 VC/ml between PD8 - PD10, respectively. BR-8 had the 

lowest density of viable cells with 27.74 x 106 cells/ml observed on PD7. BR-5 production 

was terminated with the highest VCD of 29.44 x 106 cells/ml, as 32°C shift was applied on 

PD7, allowing the cells to grow through the exponential phase of growth. This also supports 

the viability results, where the highest levels of culture longevity were observed with BR-5 

(87.5%) and BR-8 (91.7%) productions, with 32°C shifts on PD7 and PD5, respectively. 

Since PD5 is earlier in the exponential phase, even though the cells could not reach high 

densities as observed in BR-5, BR-8 viabilities were the highest at culture termination 

(Figure 4.16.). In a study conducted by Bollati-Fogolin et al. [93] on CHO cells producing 

recombinant human granulocyte macrophage colony-stimulating factor, by decreasing the 

temperature down to 33°C from 37°C after the lag phase of growth, they were able to 

maintain cell viability over 80% as seen in this study. While BR-5 and BR-8 end-culture 

viabilities were above 80%, bioreactors ran at 37°C showed decreased viability, below 80%. 

Regarding the results of the cell growth analysis, PD5 is the early-exponential phase that 

follows the lag-phase of the CHO clone used in this study. As 32°C and 33°C are higher 

temperatures compared to 30°C, the shifts applied are considered as mild temperature 

reductions. When both the results of the temperature reduction assay and this study are 

evaluated, it can be concluded that mild temperature reduction is an effective strategy to 

increase longevity in CHO cells, in processes that aim the manufacture of high yield proteins 

that require extended durations for production. 

 

Lactate productions, pCO2 levels, and pH trends were consistent. As the pCO2 levels in BR-

7 suddenly started to increase after PD7, lactate concentrations declined initially, but rapidly 

increased after PD9 as a result of the increased pCO2 level. This was reflected in pH, with 

the lowest trend among production runs (Figure 4.16.). pCO2 levels in BR-7 production 
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exceeded the high limit of 200 mmHg, reaching 317 mmHg and becoming harmful for cells. 

The decline in VCD started right after exceeding the pCO2 limit. When analyzed, BR-7 was 

the only production in which the pH was managed to meet the set-point of 6.9. The pH trends 

in other productions were still within the set limits but proceeded at the upper limit of the 

dead-band. The extreme and sudden rise of pCO2 level can be attributed to the fact that this 

pH level is low for the production and the process controls responded aggressively to support 

the high cell density reached on PD8, just before pCO2 and lactate levels changed 

immediately. 

 

When pH trends are analyzed, regarding the set-point of 6.9 ± 0.2, BR-5 production exceeded 

the limit by the end of production, due to low lactate generation by cells. The highest 

osmolality trend was observed in BR-7 production, which makes sense regarding lactate 

generation. Even though lactate concentrations rapidly increased in BR-8, this was reflected 

on neither the osmolality levels nor the protein production. This is probably due to the late 

increase of lactate, after PD11, compared to BR-7 production, in which this increase began 

on PD9 (Figure 4.16.). 

 

4.11.2.  Productivity 

 

The highest titer was observed in BR-5 production, which is expected since temperature 

down-shift at exponential phase allows cells to reach a high density and then drives their 

metabolism towards production instead of growth. This is supported by a CHO-cell based 

Erythropoietin (EPO) production study, in which the 32°C shift condition produced higher 

EPO compared to the 37°C condition. Plus, as it was observed in the temperature reduction 

assay at 30°C, in this study as well, the EPO production was reduced, below the temperature 

32°C [198]. The metabolic responses observed in CHO cells are highly dependent on the 

proteins they are intended to produce. However, common outcomes can be observed among 

most CHO clones, regarding their lower limits of the temperature shift. The 32°C 

temperature down-shift was effective in increasing both the cellular longevity and C5mAb 

productivity. 
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The 32°C shift in BR-8 was applied on PD5, which is the early exponential phase of growth. 

Thus, the cells were not allowed to grow to high density, resulting in an almost 8 x106 

cells/ml difference compared to BR-5 production. The lowest production was observed for 

BR-7 production, due to high pCO2 levels and increased lactate generation. If maintaining 

the pH at set-point had not posed these burdens on this production, the titer would be similar 

to that of BR-6, which ran under the same conditions. BR-6 production proceeded at a milder 

pH, remained at below-limit pCO2 levels, and generated a very low concentration of lactate. 

As a result, the titer was comparable to BR-5 production as seen in Figure 4.16., in which 

temperature down-shift was applied to increase production, besides adjusting quality 

attributes. The temperature-shifting strategy was useful in boosting production, as supported 

by a study conducted by Pan X. et al. [196]. In this study, two CHO cell clones, one with 

high IgG producing and one with low IgG producing characteristics, were screened for 

different media and feed combinations to achieve high titers. Both clones, derived from the 

same parental cell line, were producing the same IgG1 antibody in 14 days of fed-batch 

cultures. The results showed that, when the feeding was initiated on PD3 with the same feed 

combinations as it was done with both the extended feeding strategy and the feed choice in 

this study, the highest titer was obtained as 1.2 g/L, with the high mAb producing clone. The 

screenings analyzed in this study initially focused on determining the most optimum feeding 

regimen, with the best performing clone. All the analyses of this study aimed to determine 

the process conditions that generate high titer, with complying key quality attributes. The 

findings of this study were obtained under comparable feeding regimens, as feedings were 

initiated on the exact same day of production, using the same feed combinations. Yet, the 

titer obtained with their highest producing clone was 41% lower than that obtained from the 

BR-5 production. As a conclusion, the developed BR-5 process, with 2.9 g / L C5mAb 

production, can be stated to yield high titer. 
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Figure 4.16.  In-process control and titer results of the bioreactor productions BR-5, BR-6, 

BR-7, and BR-8. 
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4.11.3.  Glycosylation 

 

Four originator lots were analyzed together with the bioreactor production samples, for the 

evaluation of glycan contents. Compliance ranges for each glycan structure were defined by 

setting ± 3 SD as the limit. Total non-fucosylated, galactosylated, and high mannose 

structures were further calculated for better evaluation.  

 

All productions yielded compliant structures of galactosylated and non-fucosylated glycans. 

When each content in Table 4.9 was investigated separately, all the productions seemed to 

exceed the G0 content limits, but as the glycans they generated had relatively lower amounts 

of G0-GN, the total non-fucosylated glycan limits were met. The Man5 contents of the 

productions BR-5, BR-7, and BR-8 remained below limits. Although low levels of high 

mannose structures are preferred due to immunogenicity concerns, the contents are expected 

to be within the originator limits, for the produced mAb to be considered as a biosimilar. 

However, it is worth noticing that only four originator lots were analyzed in this study to 

define the compliance limits. Increasing the number of the originator lots would, in turn, 

extend the range, and as the relative difference observed in Man5 contents of the productions 

is not high compared to that of the originator, this would help achieve the desired 

compliance. 
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Table 4.9.  Major glycan contents (%) of bioreactor productions BR-5, BR-6, BR-7, BR-8 

compared to the four different originator lots. 
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G0 0.21 0.24 0.19 0.2 0.21 0.022 0.15-0.27 0.97 0.56 0.35 0.89 

G2F 0.45 0.24 1.30 1.48 0.87 0.614 0-2.71 1.10 1.06 1.35 1.02 

G0-GN 0.75   1.005 1.16 0.97 0.207 0.35-1.59 0.64 0.98 0.26 0.65 

G0F-GN 3.99 6.09 5.79 6.82 5.67 1.205 2.06-9.28 7.95 15.63 8.30 6.76 

G0F 64.32 70.54 69.93 66.62 67.85 2.916 
59.10-

76.60 
76.19 66.42 75.25 78.48 

G1Fa 6.06 6.54 8.42 5.95 6.74 1.145 3.31-10.18 3.44 3.14 4.07 3.47 

G1Fb 6.54 6.07 9.13 6.49 7.06 1.396 2.87-11.24 3.97 3.50 4.54 4.45 

Man5 5.09 5.48 5.30 6.44 5.58 0.597 3.78-7.37 3.00 6.06 2.07 2.33 

Man6 - - - - - - - - - 1.12 0.78 

Man7 - - - - - - - - -  - 

Man8 - - -  - - - - - 0.23 - 

Non-

fucosylated 
0.96 0.24 1.20 1.36 1.18 0.23 0.50-1.86 1.61 1.54 0.61 1.54 

Galactosylate

d 
13.05 12.85 18.84 13.92 14.66 3.15 6.18-24.13 8.51 7.70 9.96 8.94 

High 

mannose 
5.09 5.48 5.30 6.44 5.58 0.60 3.78-7.37 3 6.06 3.42 3.11 

Total non-

fucosylated 
6.05 5.72 6.49 7.8 6.76 0.83 4.28-9.23 4.61 7.6 4.03 4.65 

 

 

 

 



99 

 

4.11.4.  Binding Assay 

 

Regarding in-process control, production, and glycan analysis results, the most promising 

productions were BR-5 and BR-6 bioreactors. But, as production deviations were observed 

in BR-7 production leading to the lowest titer production, the binding of this production was 

also analyzed to investigate the potency of the developed C5-mAb, even with the least titer. 

The relative potency of all the samples remained within the 80 – 120 % acceptance range. 

When the results were compared among each other relative to that of the Originator -1 

(reference), BR-7 production was assessed to generate the most optimum C5-mAb candidate 

in terms of binding, while BR-5 production represented the lowest potency among all (Table 

4.10.). 

 

Table 4.10.  Relative binding potency (%) of BR-5, BR-6, and BR-7 productions compared 

to two different lots of originator. 

 

C5-mAb  EC50 
Relative Potency 

(%) 
CV (%) 

Originator-1 0.192 100 7.69 

Originator-2 0.191 99.48 8.05 

BR-5 0.161 83.85 8.36 

BR-6 0.186 96.88 7.31 

BR-7 0.191 99.48 9.90 
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5.  CONCLUSION 

 

 

This study intended to develop a robust production process strategy to achieve a biosimilar 

C5-mAb. The novelties of the study are set forth with clone selection to produce a hybrid, 

humanized monoclonal antibody, followed by the integration of design-of-experiments 

(DoE) to choose the ideal feed supplementation strategy and production temperature, which 

are pivotal for mammalian cell-based production processes seeking quality. 

 

The well-designed substructure of the study led to progressive eliminations of variables to 

determine the crucial parameters that would impact the quality of the final product in terms 

of safety, efficacy, and potency. The initial four 3-L bioreactor productions were conducted 

to investigate the conditions which were not observed during small scale productions. The 

usage of shake flasks and spin tubes for the screening studies helped eliminate a considerable 

amount of experimental runs, saving time, labor, and costs. By conducting these screening 

studies, it was possible to screen and choose the clone, feeding regimen, temperature, and 

time of temperature shift through the DoE strategy, which made it possible to analyze over 

40 experimental runs at once. However, it was necessary to analyze the determined process 

parameters in a more controlled environment. By running the selected conditions in 3-L 

bioreactors, it became possible to adjust and monitor process pH, as well as oxygenation. 

Plus, it became possible to analyze the interactions among parameters such as dissolved 

carbon-dioxide, pH, and lactate generation, and relate the outcomes accordingly, in terms of 

cell growth and protein production. 

 

As a result of the initial four 3-L bioreactor productions, further analyses were considered 

necessary before conducting the fine-tuning production processes. This intermediate 

investigation step was critical, as it provided the data required to carry the study to the final 

step of process adjustment. 
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Regarding the results of these bioreactor productions, two strategies were considered: either 

supplementing galactose to fix the glycan structures or trying to adjust them by temperature 

reduction. The first strategy was to analyze the effects of galactose supplementation. 

According to the galactosylation results of the four bioreactor productions, it was necessary 

to increase the G1F contents, but the non-galactosylated structures were already close to 

those of the Originator. When supplementation was applied, instead of elevating mostly the 

levels of G1F structures, the galactosylation process was more driven towards the G2F 

contents, which increased to undesired levels. Accordingly, this strategy was eliminated and 

temperature reduction to low sub-physiological conditions was analyzed. 

 

In certain CHO cell-based production systems, it becomes an advantage to decrease the 

temperature to low sub-physiological temperatures such as 30°C, as it results in both 

increased protein productivity and culture longevity. However, these potential outcomes are 

strictly dependent on the CHO clone being used as the expression system, since not every 

clone is expected to produce similar metabolic responses. In this study, it was demonstrated 

that 30°C temperature was not an ideal temperature for the E90-02 clone, in terms of both 

cell growth and production. The highest peak VCD of  42.51 × 106 VC/ml under 30°C – 

PD7 shift was achieved only with the sacrifice of C5mAb production and culture longevity. 

Both the titer and the culture viabilities were significantly decreased, compared to those at 

37°C. In fact, the correlation of VCD and titer observed with this study matched the results 

of a study conducted by Fan L. et al. [87] on TNFR-Fc producing GS-CHO cells. According 

to their results, the highest TNFR-Fc productivity was obtained when culture temperature 

was decreased down to 30°C, but this effect was compromised once they increased culture 

VCD levels above a certain limit. When 30°C shift conditions at PD5 and PD7 in this study 

were compared, both productions generated low titers, even though the VCD levels under 

PD5 shift conditions were not as high as those observed under PD7 shift conditions. 

However, the reason behind this is most likely that PD5 is early in the exponential phase of 

cell growth, so the cell growth becomes inhibited, resulting in a lower titer. The similar 

outcomes of the 30°C – PD7 shift condition in this study and the findings of the study 

conducted with TNFR-Fc producing CHO cells suggests that, at 30°C, the beneficial effects 

of low-temperature production becomes dependent on the VCD levels.  Thus, C5mAb 
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production under 30°C was concluded to result in increased cellular stress, lowering the 

culture viability and decreasing titers by 60 percent.  

 

On the other hand, when the glycosylation profiles were analyzed, it was observed that 

decreasing the temperature had a significant impact on galactosylated and Man5 glycan 

structures. While protein productions were decreased down to undesired levels, G1F and 

Man5 levels approached those of the Originator. These results were critical in determining 

the strategy for the following experiments. The results indicated that temperature reduction 

is a promising strategy for adjusting the glycosylation profile of the E90-02 clone. Since 

30°C was concluded to be a very low temperature, it was decided to conduct the next 

bioreactor productions by applying 32°C temperature shifts. 

 

The final bioreactor productions demonstrated the advantages of the temperature reduction 

strategy, and finally, an ideal production temperature was determined for the E90-02 clone 

to produce the C5mAb. Two temperature shift days, as PD5 and PD7, were analyzed together 

with the 37°C control conditions. As PD5 was early in the exponential phase of growth, 

although over 90% end-culture viability was achieved, cell growth was decreased, lactate 

generation was increased, and C5mAb production was not enhanced compared to the control 

conditions. On the other hand, applying the temperature shift on PD7 provided the necessary 

culture duration under optimum growth conditions at 37°C, lowering lactate generation, and 

enhancing C5mAb production. The highest peak VCD level was achieved under this 

production and the end-culture viability was over 85%, while those of the control conditions 

remained under 80%. Besides cell growth, the highest titer of nearly 3 g / L was achieved 

under this production condition, while maintaining lactate concentration at significantly 

lower levels compared to the PD5 shift condition.  

 

Compared to the results of the temperature reduction assay conducted at 30°C, shifting the 

temperature down to 32°C on PD7 provided the benefits of increased production and culture 

longevity, while still achieving high VCD levels. The results were considered to be related 

to the negative correlation of titer and VCD levels at 30°C, as similar outcomes were 
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observed with TNFR-Fc producing GS-CHO cells [87]. In fact, the findings of another CHO-

cell based study that analyzed the effects of temperature on Erythropoietin production (EPO) 

[198] are supportive in this context as well. In the study, EPO production was observed to 

be the highest at 32°C culture temperature compared to the 25°C, 28°C, 30°C, and 37°C 

conditions, but specific EPO productivity at 30°C was found to be higher than that observed 

under 32°C. The conclusion drawn from the analyses of that study was also that the 

advantages of lowering culture temperature are lost at temperatures below 32°C, as the 

impacts on cell growth become detrimental.  

 

The findings of these studies support the evaluations stated in this study, leading to the 

conclusion that for the E90-02 clone, 30°C production results with high cellular stress that 

negatively impacts culture longevity and C5mAb production. Instead, applying 32°C 

temperature shift in production results in the benefits of increased culture longevity and 

production, while maintaining comparable lactate generation. 

 

When the glycosylation profiles were analyzed, it was observed that all the major glycan 

contents were within the acceptance ranges, defined by analyzing the Originator lots. Only 

high mannose levels were slightly below the lower limit, however, the difference observed 

was as small as to be related to the number of analysis. As only four Originator lots were 

analyzed together with the four bioreactor samples, the acceptance ranges to be met were 

narrow. If the number of Originator lots analyzed was to be increased, the compliance ranges 

would be extended as a result, making it not only possible but most likely to meet the 

acceptance criteria, in terms of high mannose levels. 

 

The developed process was then carried to the next and final investigation step of this study, 

to verify its efficacy through conducting a binding assay. Two Originator lots and two 37°C 

control conditions were analyzed together with the developed process to assess binding. 

According to the results, although 37°C conditions showed higher potency, the developed 

BR-5 process was also confirmed to have comparable efficacy, by meeting the acceptance 

criteria in terms of binding potency. This final assay demonstrated the success of the 
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conducted study, aiming to develop an ideal production process to produce a highly 

biosimilar C5mAb.  

As successful as it was, this study also had certain limitations and it still leaves behind 

important questions that remain to be answered. 

 

Analyzing different originator lots is necessary to define acceptance ranges, regarding 

quality attributes. The fact that the quantitative values of the key quality attributes may differ 

among product lots in the market worldwide poses a risk to evaluate the biosimilarity unless 

a sufficient amount of lots are analyzed to define proper acceptance ranges. A reliable 

analysis would require the investigation of a minimum of ten different lots of the originator 

product. The limitation of the originator lots in this study, with four different lots for glycan 

analysis and two different lots for the binding assay, was a challenge. Nevertheless, it 

resulted in success.  

 

According to the last 3-L productions and the binding assay, this study was successful in 

developing a biosimilar C5-mAb in terms of glycosylation and potency. Even though only 

four originator lots were included in the glycan analysis, adjusting the critical process 

parameters necessarily helped in achieving the acceptance criteria as galactosylation, total 

non-fucosylated structures, and binding potency met the product ranges. While the two 37°C 

productions yielded Man5 contents within ranges, the two temperature shift conditions were 

almost in ranges and would probably meet the criteria, assuming more originator data are to 

be included. 

 

A thorough evaluation of this study would necessitate addressing future studies that would 

hopefully be established on these findings. As successful as it was in meeting the desired 

quality attributes, certain points of the study shall be highlighted to offer insight for further 

answers that still seek answers to.  
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When assessing biosimilarity, it should be ensured that all the critical quality attributes are 

met. The most striking advantage of developing biosimilars is that they significantly reduce 

costs. The reduction in costs is achieved by the reduced number of clinical studies that need 

to be conducted. Biosimilars offer an alternative to the original marketed product. As the 

therapeutic benefit of the original product is already identified, once the similarities of the 

developed product are exhibited, which means that the defined key quality attributes are 

verified to comply with those of the Originator, it becomes possible to manufacture the 

developed therapeutic by conducting seriously reduced amount of analysis, under Phase 

studies. 

 

Although glycosylation and binding were analyzed in this study, another critical quality 

attribute, charge variants, was held beyond the scope of this study. Charge variants may alter 

mAb tissue penetration and distribution, binding properties, and PK. Degradation, sequence 

variants, post-translational modifications, production processes, and host cell line 

characteristics are all potential impacts on charge variation. It should be noted that their 

influence on antibodies is highly dependent on the amount, nature, and the site of post-

translational modification, as glycosylation is a major post-translational modification for 

mAbs. They are also known to be influenced by culture media components and co-factor 

supplementations.  To assume a product as a biosimilar candidate, it is necessary to confirm 

that both acidic and basic variants, as well as the main peak, comply with those of the 

originator. Considering the screening parameters focused in this study, charge variant 

analysis is critical for the final assessment of biosimilarity, as it would help carry the study 

to its final stage of success, qualifying the developed product as a high biosimilar. 

 

As a final statement, adjusting the key quality attributes through well-designed optimization 

strategies is a powerful tool for achieving highly biosimilar mAbs, contributing to the world 

health segment by the development of therapeutics for rare diseases. 
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