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Abbreviations 

α, alpha; β, beta; γ, gamma; 2-OST, 2-O-Sulfotransferase; A. thaliana, Arabidopsis thaliana; 

Ab, antibody; ADCC, antibody-dependent cell-mediated cytotoxicity; ALG, N-

Acetylglucosaminyltransferase; Asn, asparagine; asRNA, antisense RNA; B.mori, Bombyx mori; 

B3GALT, β-1,3-Galactosyltransferase; B3GNT, β-1,3-N-acetylglucosaminyltransferase; 

B4GALT, β-1,4-Galactosyltransferase; BHK, Baby Hamster Kidney; BICS, baculovirus-insect 

cell system; BY-2, Bright Yellow 2; C1GALT1, Core 1 Synthase Glycoprotein-N-

Acetylgalactosamine 3-β-Galactosyltransferase 1; C2GNT, Glucosaminyl (N-Acetyl) 

Transferase, Core 2; C3GNT, Glucosaminyl (N-Acetyl) Transferase, Core 3; C5-epi, C5-

epimerase; CAP, CEVEC’s Amniocyte Production; Cas, CRISPR-associated; CDC, 

complement-dependent cytotoxicity; CHO, Chinese Hamster Ovary; CMAH, Cytidine 

Monophospho-N-Acetylneuraminic Acid Hydroxylase; COSMC, C1GALT1 Specific 

Chaperone 1; CST, Cerebroside Sulfotransferase; CRISPR, clustered regularly interspaced short 

palindromic repeats; crRNA, CRISPR RNA; dCas9, dead Cas9; DSB, double-strand break; E. 

coli, Escherichia coli; EMEA, European Medicines Agency; Fc, fragment crystallizable; FCS, 

Fetal Calf Serum; FDA, US Food and Drug Administration; FLC2, Flavin Carrier Protein 2; 
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 FDL, fused lobes gene; FUT8, Fucosyltransferase 8; GalNAc, N-Acetylgalactosamine; GALE, 

UDP-Galactose-4-Epimerase; GALNT2, Polypeptide N-Acetylgalactosaminyltransferase 2; GC, 

glucocerebrosidase; GGCX, γ-Glutamyl Carboxylase; GM-CSF, Granulocyte-Macrophage 

Colony-Stimulating Factor; GNE, Glucosamine (UDP-N-Acetyl)-2-Epimerase; GNT, N-

acetylglucosaminyltransferase; GOI, gene of interest; GST-SfManI, β-Trace, GST-tagged 

soluble domain of the Sf class I Golgi mannosidase; gRNA, guide RNA; H. Polymorpha, 

Hansenula polymorpha; HCP, host cell proteins; HDR, homology directed repair; HEK293, 

Human Embryonic Kidney 293; HeLa, Henrietta Lack’s; HS, Heparan sulfate; HS3ST, Heparan 

Sulfate Glucosamine 3-O-Sulfotransferase; IFN-α, interferon-α; IFN-γ, interferon-γ; IgA, 

Immunoglobulin A; IgG, Immunoglobulin G; InDel, insertion/deletion; KD, knockdown; kfo, 

UDP-Glucose-4-Epimerase; KI, knockin; KO, knockout; L. minor, Lemna minor; mAb, 

monoclonal antibody; MAN, Mannosidase; Man3GlcNAc2, α-D-Mannopyranosyl-(1->3)-[α-D-

mannopyranosyl-(1->6)]-β-D-mannopyranosyl-(1->4)-2-acetamido-2-deoxy-β-D-

glucopyranosyl-(1-&gt;4)-2-acetamido-2-deoxy-β-D-glucopyranose; MGAT2, α-1,6-Mannosyl-

Glycoprotein β-1,2-N-Acetylglucosaminyltransferase 2; MNN, α-1,3-Mannosyltransferase; N. 

benthamiana, Nicotiana benthamiana; N. tabacum, Nicotiana tabacum; ncRNA, non-coding 

RNA; Neu5Gc, N-glycolylneuraminic acid; NGS, next-generation sequencing; NHEJ, non-

homologous end joining; NT-1, Nicotiana tabacum 1 cell; OCH1, α-1,6-Mannosyltransferase; 

OE, overexpression; P. pastoris, Pichia pastoris; PAM, protospacer adjacent motif; PDIA2, 

Protein Disulfide Isomerase Family A Member 2; pglB, Oligosaccharyltransferase pglB; 

POMGNT1, Protein O-Linked Mannose N-Acetylglucosaminyltransferase 1 (β-1,2-); PSGL1, 

Selectin P ligand; PTM, post-translational modification; rh, recombinant human; rhC1INH, 

recombinant human C1 inhibitor; rhEPO, recombinant human erythropoietin; rhF, recombinant 
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 human coagulation factor; rhG-CSF, recombinant granulocyte colony-stimulating factor; rhGH, 

recombinant human growth hormone; RNAi, RNA interference; RSV-F, respiratory syncytial 

virus protein F; S. cerevisiae, Saccharomyces cerevisiae; scFv, single-chain variable fragment; 

Sf, Spodoptera frugiperda; sgRNA, single guide RNA; shRNA, small hairpin RNA; siRNA, 

small interfering RNA; SLC35A2, Solute Carrier Family 35 Member A2; SRPK1, 

Serine/Threonine-Protein Kinase 1; ST6GAL, ST6 β-Galactoside ɑ-2,6-Sialyltransferase; 

STT3D, Dolichyl-Diphosphooligosaccharide Protein Glycosyltransferase Subunit STT3; 

TALEN, transcription activator-like effector nuclease; TNFR2, Tumor Necrosis Factor 

Receptor 2; tracrRNA, trans-acting RNA; VKORC1, Vitamin K Epoxide Reductase Complex 

Subunit 1; VLPs, virus-like particles; WBPP,UDP-GlcNAc C4 Epimerase; XYLT, 

Xylosyltransferase; Y. lipolytica, Yarrowia lipolytica; YFP, yellow fluorescent protein; ZFN, 

zinc finger nuclease 

Abstract 

The number of approved biopharmaceuticals, where product quality attributes remain of major 

importance, is increasing steadily. Within the available variety of expression hosts, the 

production of biopharmaceuticals faces diverse limitations with respect to post-translational 

modifications (PTM), while different biopharmaceuticals demand different forms and 

specifications of PTMs for proper functionality. With the growing toolbox of genetic engineering 

technologies, it is now possible to address general as well as host- or biopharmaceutical-specific 

product quality obstacles. 

In this review we present diverse expression systems derived from mammalians, bacteria, yeast, 

plants, and insects as well as available genetic engineering tools. We focus on genes for 
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 knockout / knockdown and overexpression for meaningful approaches to improve 

biopharmaceutical PTMs and discuss their applicability as well as future trends in the field. 

Graphical Abstract 

The number of approved biopharmaceuticals, where product quality attributes remain of major 
importance, is increasing steadily. Within the available variety of expression hosts, the 
production of biopharmaceuticals faces diverse limitations with respect to post-translational 
modifications (PTM), while different biopharmaceuticals demand different forms and 
specifications of PTMs for proper functionality. 
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 Keywords: Expression System, Post-translational Modification, Cell Engineering, CRISPR, 

Chinese Hamster Ovary  

1. Introduction 

The demand for recombinant biopharmaceuticals is steadily increasing and so does the 

proportion of molecules which require post-translational modifications (PTMs), such as 

monoclonal antibodies (mAbs) and blood factors (Walsh, 2014). With increasing size of the 

desired product, the amount of PTMs is often also increasing, giving rise to highly complex 

proteins. Correct PTMs, in particular N-glycosylation, can be essential for in vivo function and 

appropriate plasma half-life and to prevent immunological reactions after injection (Lai et al., 

2018; Liu, 2015). While non-glycosylated drugs are therefore mostly produced in bacteria and 

yeast (Demain & Vaishnav, 2009), glycosylated proteins require expression in mammalian cell 

lines. Thus, the rising number of approved biopharmaceuticals produced in mammalian 

expression systems aligns with the trend for a growing need for proper PTMs and other quality 

attributes. Nevertheless, microbial production is quantitatively still dominating. As reviewed 

previously, both mammalian and non-mammalian expression systems provide certain 

advantages, but also challenges (Adrio & Demain, 2010; Demain & Vaishnav, 2009). At the 

same time, plant-based and insect cell expression systems are catching up slowly. 

While other human-like PTMs, such as gamma (γ)-carboxylation, phosphorylation and tyrosine 

sulfation can also be challenging during the production of therapeutic proteins, the most critical 

quality attribute is glycosylation, as indicated by the available documents from regulatory 

agencies across the world, e.g. the US Food and Drug Administration (FDA) and the European 

Medicines Agency (EMA) (EMEA, 2014a; EMEA, 2014b; FDA, 2012a; FDA, 2012c; FDA, 

This article is protected by copyright. All rights reserved. 



 

A
cc

ep
te

d 
A

rt
ic

le
 2012b; FDA, 2014). Many cell platforms were therefore engineered towards human-like 

glycosylation (Stavenhagen et al., 2018). For certain proteins, untypical N-glycosylation may 

also be beneficial, e.g. Immunoglobulin G (IgG) with Man3GlcNAc2 trimannosyl chitobiose 

units for patients with systemic lupus erythematosus (Lood et al., 2012). The increase of 

characterized and sequenced host cell platforms as well as the advent of efficient genetic 

engineering tools recently has increased the available possibilities to speed up the process of 

producing protein products with high quality. In this review we discuss (i) the variety of 

expression platforms and their strengths and drawbacks, (ii) the available genetic engineering 

tools and (iii) a comprehensive retrospect of successful synthetic biology approaches to enhance 

product quality. 

2. Available expression platforms for different biopharmaceuticals 

Nowadays, numerous pro- and eukaryotic cells are available for the expression of 

biopharmaceuticals at industrial scale. These expression platforms can be mainly grouped into 

mammalian, bacteria, yeast, plant and insect systems (Schmidt, 2004; Karg & Kallio, 2009). In 

addition to correct post-translational modification of the desired bioproduct, the production host 

cell type has to fulfill several requirements to meet the needs of bioprocessing. In detail, 

accessibility towards genetic engineering with an available molecular tool box, genomic 

stability, a functional secretory machinery, high rates of growth and productivity, easy 

bioprocess handling, scalability, and easy downstream purification are beneficial features of 

production platforms (Li, Vijayasankaran, Shen, Kiss, & Amanullah, 2010). Additionally, the 

history and successful record of approvals of biopharmaceuticals produced in a certain cell type 

plays an important role when it comes to choosing the best-suited expression platform (Dumont, 
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 Euwart, Mei, Estes, & Kshirsagar, 2016; Walsh, 2014). Characteristics of the here discussed 

expression systems are summarized and evaluated in Table 1. 

2.1 Mammalian expression platforms 

The class of mammalian expression platforms is divided into human and non-human derived cell 

lines, where non-human Chinese Hamster Ovary cells (CHO) are the most dominant 

manufacturing system (Lalonde & Durocher, 2017). Human Embryonic Kidney 293 (HEK293) 

and CEVEC’s Amniocyte Production (CAP) cells are examples of cell lines isolated from 

humans (Casademunt et al., 2012; Weis et al., 2018). The main advantage of human cell lines is 

the potential for identical human PTMs (Weis et al., 2018). On the other hand, non-human 

mammalian cell lines commonly used include CHO, Baby Hamster Kidney (BHK), and murine 

myeloma cells such as NS0, which all have, to a degree, the ability to perform human-like PTMs 

(Dumont et al., 2016). A major advantage, and this is in particular true for CHO, is the fact that 

they are more resistant towards adventitious contamination by human viruses, which results in 

enhanced safety and reduced viral inactivation and clearance efforts during downstream 

processing (Xu et al., 2011). Since sufficient protein modulation, folding and secretion can be 

achieved in mammalian cells, they are the preferred choice for the production of large and 

complex biopharmaceuticals (Dumont et al., 2016). In general, mammalian cells have large 

genomes consisting of more than 2 billion base pairs and forming a complicated structure of 

hetero- and euchromatin, which defines the regions that are actively transcribed or silenced 

(Feichtinger et al., 2016; Nozaki et al., 2017). Importantly, only 3% of the entire genome 

consists of protein coding genes, which are structured into exons and introns while the remaining 

genome has regulatory function or contains non-coding genes (Feichtinger et al., 2016; 

Hernandez et al., 2019; Hubé & Francastel, 2015). While the first human genome sequence 
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 became available in 2001, the CHO genome was first sequenced in 2011 only (Venter et al., 

2001; Xu et al., 2011). Since then, several reference genomes based on the Chinese Hamster 

have become available, with improved assembly quality (Brinkrolf et al., 2013; Lewis et al., 

2013; Rupp et al., 2018) that now enable the design of evermore sophisticated tools for 

application in CHO cells (Amann et al., 2019; Marx et al., 2018). A broad molecular tool box as 

well as optimized cell culture techniques are accessible for the generation of transgenic 

mammalian production cell lines. Mammalian cells are mostly growing adherently in their native 

form, requiring complex media supplemented with Fetal Calf Serum (FCS) (Ho, Greene, 

Schmidt, & Huang, 2004; Subedi, Johnson, Moniz, Moremen, & Barb, 2015; Yao & Asayama, 

2017). Indeed, this generally increases the costs as well as the complexity of bioprocessing, 

especially during process scale up. These limitations are overcome by the use of CHO cells, 

which can be adapted to serum-free suspension growth with a doubling rate of 20-24 h 

depending on the process (Jayapal, Wlaschin, Hu & Yap, 2007; Kunert & Reinhart, 2016). In 

industrial scale, recombinant protein yields in the range of g/L are obtained from CHO-based 

bioprocesses, while the production in other mammalian expression systems results in lower 

specific productivities and titers (Kunert & Reinhart, 2016). To date, numerous 

biopharmaceuticals derived from mammalian cells are approved in the US and Europe. 

Especially the long list of approved therapeutics manufactured in CHO and processes that were 

established for this cell line during the last decades are emphasizing why CHO is the 

workinghorse of biopharma (Walsh, 2014). Nevertheless, genetic instability and intensive cell 

line generation as well as process development timelines are the major bottleneck of this system 

(Vcelar, Jadhav, et al., 2018; Vcelar, Melcher, et al., 2018; Wurm, 2004). 
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 2.2 Bacterial expression platforms 

Bacterial expression systems, mainly Escherichia coli (E. coli), are widely used for the 

generation of smaller drugs, including hormones, growth factors and even more innovative 

therapeutic agents like peptibodies or peptide fragment crystallizable (Fc) region fusions 

(Baumgarten, Jimmy Ytterberg, Zubarev, & de Gier, 2018; Shimamoto, Gegg, Boone, & Quéva, 

2012). Unlike mammalian cells, bacterial microorganisms lack the ability to perform most 

PTMs, including glycosylation, which are essential for the production of active 

biopharmaceuticals (Brown et al., 2017; Ding et al., 2017). Additionally, correct protein folding, 

disulfide bond formation as well as proper secretion are not a given in most bacterial species 

leading to the formation of inclusion bodies (Martínez-Alonso, González-Montalbán, García-

Fruitós, & Villaverde, 2009). Using an appropriate signal sequence, the product of interest can be 

directed to the periplasm where a reducing environment allows protein oxidation for disulfide 

bond formation, thus enabling protein folding (Baumgarten et al., 2018; Miller & Salama, 2018). 

However, this approach is only realizable in gram-negative bacteria (Miller & Salama, 2018). 

Notably, Bacillus subtilis possess very efficient secretion routes due to the lack of the outer cell 

membrane as reviewed previously (Ling et al., 2007). Essentially, bacteria have small and 

uncomplex genomes counting less than 10 million base pair, which are very well characterized 

from as early as 1997 (Blattner et al., 1997). Rapid cell division in well less than an hour and 

growth in simple culture media are advantages of bacterial systems. Additionally, these 

characteristics enable a straightforward scale up in bioprocessing. However, bacterial endotoxins 

have to be removed carefully during bioprocessing to not cause immunogenic reactions in the 

patient later on and the above-mentioned lack of secretion make downstream purification more 

bothersome. Nevertheless, high expression levels, less expensive and less complex 
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 bioprocessing, as well as well characterized genetics with an extensive molecular tool box 

including inducible promoters are the benefits of manufacturing in bacteria (Sahdev, Khattar, & 

Saini, 2008). 

2.3 Yeast expression platforms 

Pichia pastoris (P. pastoris) and Saccharomyces cerevisiae (S. cerevisiae) are the most 

important representatives of the yeast protein expression platforms. Due to cell 

compartmentalization, yeast microorganisms are capable of correct protein folding and further 

have the ability to perform typical eukaryotic PTMs including N- and, to some extent, O-linked 

glycosylation, phosphorylation, sulfation and ubiquitination as described and reviewed by others 

(Irani, Kerkhoven, Shojaosadati, & Nielsen, 2015; Kim, Yoo, & Kang, 2015; Ptacek et al., 

2005). Based on the lack of human-like glycosylation, yeast strains are mainly used for the 

commercial manufacturing of smaller proteins, hormones and vaccines, with several products 

currently on the market (Cao et al., 2018; Mattanovich et al., 2011; Nielsen, 2013). Heterologous 

protein secretion can be achieved by the use of an appropriate signal peptide (Bae et al., 2015; 

Čiplys et al., 2015). In contrast to N-glycosylation in mammalian cells, yeast perform hyper-

mannosylation, and lack the ability to generate sialylated N-glycans (Tang et al., 2016). Like 

bacterial host platforms, yeast strains have a small and well characterized genome of around 12 

million base pairs, which can be modified by a large molecular and synthetic tool box with a 

large set of constitutive and inducible promoters (Jakočiūnas, Jensen, Jensen & Keasling; 2018; 

Peter et al., 2018; Vieira Gomes et al., 2018). In general, recombinant production in yeast is 

moderately rapid and cost-efficient, whereas human virus-resistance and the absence of 

endotoxins are advantageous for downstream processing. Population doubling times within 

hours, simple medium compositions, and high recombinant protein yields are the reasons for the 
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 good performance of yeast, thus, scalability of fermentations of transgenic yeast factories is 

sufficiently efficient (Vieira Gomes et al., 2018).  

2.4 Plant-derived expression platforms 

Plant-based expression systems were investigated for the production of biopharmaceuticals for 

many years, however, using plant cells rather than entire plants or parts of it is the current path 

forward (Chen & Davis, 2016; Marsian & Lomonossoff, 2016). Therefore, bioprocessing in plant 

cell lines e.g. tobacco cultivars Bright Yellow 2 (BY-2), Nicotiana tabacum 1 cells (NT-1), 

carrot or rice cells combines the advantages of plant farming and mammalian manufacturing 

procedures (Reuter, Bailey, Joensuu, & Ritala, 2014). Reasonable doubling times (BY-2: 11 

hours; NT-1: 1 day; rice cells: 1.5 days) in simple media, good upstream scalability, and 

resistance towards human pathogens are advantages of the system. However, complex 

downstream purification and low product yields remain major bottlenecks for plant hosts (Raven 

et al., 2015; Reuter et al., 2014; Su & Lee, 2007). Plant platforms are used to express complex 

antibodies, low molecular weight products like enzymes, hormones, growth factors and 

cytokines or macromolecules like virus-like particles (VLPs) (Hellwig, Drossard, Twyman, & 

Fischer, 2004; Marsian & Lomonossoff, 2016). The genome size of different plant-derived cell 

lines varies significantly among the plant species. For instance, Nicotianca tabacum (N. 

tabacum) and cells derived thereof have a genome of ~ 4.5 billion base pairs, whereas carrot 

cells have a smaller genome with 473 million nucleotides (Edwards et al., 2017, Iorizzo et al., 

2016). The molecular tool box for plant cells is still limited, however, transformation of the gene 

of interest (GOI) is done by Agrobacterium infiltration in a well-established process (Leuzinger 

et al., 2013). So far, only one biopharmaceutical produced recombinantly in carrot-derived cells 

was approved by FDA (Marsian & Lomonossoff, 2016; Zimran et al., 2011). In plants, the 
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 performance of PTMs, correct assembly and folding of complex therapeutics, as well as their 

secretion into the cell culture medium is possible (Raven et al., 2015). In terms of N-

glycosylation, biopharmaceuticals generated from the plant-based system N. tabacum show 

plant-specific glycan structures and lack mammalian-specific sialic acids, which can result in 

immunogenicity and poor pharmacokinetics, respectively (Mercx et al., 2017; Raven et al., 

2015). Another drawback of manufacturing in plant hosts is the relatively high level of 

bioproduct proteolysis induced by endogenous proteolytic enzymes, which indeed lower 

recombinant protein stability and yields (Mandal, Ahvari, Schillberg, & Schiermeyer, 2016; 

Pillay, Schlüter, van Wyk, Kunert, & Vorster, 2014; Strasser, Altmann, & Steinkellner, 2014). 

2.5 Insect expression platforms 

For the production of recombinant biopharmaceuticals, insect cells are used in combination with 

baculovirus infection building the baculovirus-insect cell system (BICS) (Cox, 2012; Maghodia, 

Geisler, & Jarvis, 2016). Trichoplusia ni from cabbage looper or the “gold standard” Spodoptera 

frugiperda (Sf), derived from fall armyworm, are examples of insect cell lines (Maghodia et al., 

2016). Recently, efforts in whole-genome sequencing of insect cells were made resulting in the 

decoding of the Sf (451 Mb) as well as Trichoplusia ni (333 Mb) genomes (Chen et al., 2019; 

Nandakumar, Ma & Khan, 2017). Since BICS is a “plug-and-play” system in which only the 

baculovirus vector has to be modified for each product prior to transduction of the insect cells, 

BICS is flexible, fast, and simple to use (Cox, 2012; Maghodia et al., 2016). Even the 

simultaneous production of several protein subunits is realizable (Roldão, Vicente, Peixoto, 

Carrondo, & Alves, 2011). Moderate growth with a doubling time of 18-30 hours, modest 

expression, and difficulties during scale-up are reasons why production in insect cells is still 

quite rare, thus improvements in cell line development and bioprocessing are still challenges in 
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 this field (Chavez-Pena & Kamen, 2018; Taticek, Choi, Phan, Palomares & Shuler, 2008). 

Mainly vaccines and VLPs are generated from insect cell lines, where the first drug reached the 

biopharmaceutical market in 2009 only (Meghrous et al., 2015). With BICS, the turnover of 

producing and approving new vaccines is streamlined, thereby supporting the annual need of 

vaccines due to the seasonal and epidemic character of viruses (Mbewana, Mortimer, Pêra, 

Hitzeroth, & Rybicki, 2015). As for most eukaryotic expression platforms, insect cells are 

capable to provide different PTM, whereas protein processing, folding, and secretion of secreted 

and membrane-bound products are limited and need to be initiated (Ailor & Betenbaugh, 1999; 

Mandal et al., 2016). Therapeutics often remain insoluble and poorly processed in the cytoplasm 

of the insect cells (Ailor & Betenbaugh, 1999). Similar to yeast expression systems, insect cells 

build simple, inconsistent paucimannose N-glycan structures (Chavez-Pena & Kamen, 2018). 

The low expression of most glycosyltransferases in combination with the presence of many 

active glycosidases leads to the incompatibility of generating human-like N-glycans in non-

engineered insect cell lines (Geisler, Aumiller, & Jarvis, 2008). Furthermore, reduced cell 

viability and declining titers are often observed due to proteolysis induced by baculovirus-

derived enzymes, especially in later phases of cultivation (Kim, Kramer, Hebert, Valdes, & 

Bentley, 2007). Recently, an insect-specific virus contamination problem caused by rhabdovirus 

was reported. Although no evidence that the contamination might be harmful for humans was 

communicated so far, the biosafety of BICS has to be investigated (Maghodia et al., 2016). 

3. Reported complications within critical product quality attributes 

The number of approved biopharmaceuticals is increasing steadily with the predominant 

indications being cancer, inflammation-related conditions, hemophilia, metabolic disorders, 

diabetes and vaccinations against various infectious diseases (Walsh, 2014). Biopharmaceuticals 
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 include mAbs, hormones, blood-related proteins, enzymes, vaccines, fusion proteins, growth 

factors and interferons, where each category requires distinct distribution and quality of 

necessary PTMs for proper pharmacodynamics and –kinetics and the absence of 

immunogenicity. 

3.1 Product glycosylation 

Glycosylation is the single most important PTM influencing product quality and may differ by 

sugar chain length, sequence as well as branching sites and branching numbers (Lis, Halina, & 

Sharon, 1993; Werner, Kopp, & Schlueter, 2007). Glycosylation is not only species- and cell-

specific but also affected by culture conditions (Goochee & Monica, 1990), causing differences 

between recombinant human (rh) glycoproteins and their endogenous counterparts and also 

impacting the reproducibility of production processes. An overview of the capabilities and 

limitations in building N-glycans by the different non-engineered production platforms discussed 

in this review is presented in Figure 1. The N-glycan composition can have tremendous impact 

on immunogenicity, pharmacodynamics and -kinetics of biopharmaceuticals (Liu, 2015). An 

example is the lacking ability of yeast, plants and insects to produce complex N-glycans with 

terminal sialylation (Harrison & Jarvis, 2006; Strasser, Altmann, & Steinkellner, 2014; Tanner & 

Lehle, 1987), which often has negative consequences for pharmacokinetics (Sareneva, Cantell, 

Pyhälä, Pirhonen, & Julkunen, 1993). Incomplete sialylation can cause mAb in vivo titers which 

are decreased by 50% compared to their fully sialylated counterpart 14 days post mAb injection 

(Naso et al., 2010). Unfavorable glycosylation is a major reason for the small number of 

approved biopharmaceuticals from yeast, plant and insect platforms (Walsh, 2014). Those 

biopharmaceuticals that require very specific and complex human-like N-glycans are by 

necessity produced in mammalian expression platforms. Relevant examples include all mAbs as 
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 well as recombinant DNAse (enzyme), rh C1 inhibitor (rhC1INH) (plasma protein), and 

etanercept (IgG-Fc fusion protein) (Houel et al., 2014; Stavenhagen et al., 2018; van Veen et al., 

2012; Zhang, Luo, & Zhang, 2016). Furthermore, glycosylation is also particularly in the focus 

during the production of “biosimilar” biopharmaceuticals. The glycosylation profile of such 

biosimilars is aimed to mimic the “originator” biopharmaceutical and must not include 

immunogenic sugars. 

The choice of cell platform from mammalian hosts can directly impact immunogenic properties 

of the therapeutic protein. As recently reported, rh coagulation factor (rhF) VIII expressed in 

BHK cells is more immunogenic than that produced in CHO cells (Lai et al., 2018). Rh 

erythropoietin (rhEPO) demands a high degree of sialylation and branching to achieve the 

desired biological potency (European Medicines Agency, 2006). As for rhFVIII, CHO platforms 

are the preferred host to achieve human-like N-glycosylation on rhEPO (Walsh, 2014). 

Correct glycosylation is also important in the main product class of biopharmaceuticals, mAbs. 

The majority of mAbs are of IgG class and harbor a glycosylation site in the Fc region at amino 

acid position asparagine (Asn)-297, while a small proportion has an additional site in the Fab 

region. The composition of the sugar moieties often has a direct impact on pharmacokinetics, -

dynamics and immunogenicity (Liu, 2015) and is therefore a major target for cell engineering. 

The grade of mannosylation and sialylation can impact the pharmacokinetics of mAbs and 

overall efficacy (Liu, 2015). Importantly, the presence of core fucose reduces mAb binding to 

IgG Fc receptor IIIa, which negatively impacts antibody-dependent cell-mediated cytotoxicity 

(ADCC). With regards to complement-dependent cytotoxicity (CDC), low levels of terminal 

galactose on mAb were found to reduce CDC activity (Liu, 2015). Implications of the presence 

of non-human N-glycolylneuraminic acid (Neu5Gc) in biopharmaceuticals produced in mouse 
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 myeloma cells furthermore underline the importance of glycosylation, but also the choice of 

expression platform (Ghaderi, Taylor, Padler-Karavani, Diaz, & Varki, 2010). In comparison to 

mouse cell lines, the proportion of Neu5Gc in biopharmaceuticals from CHO platforms is 

relatively low, which was a major reason for the stop in use of mouse cell lines for human 

antibody production. An example for a product that does not need complex N-glycosylation, but 

instead requires high mannose N-glycans is the recombinant enzyme glucocerebrosidase (GC). 

Produced in mammalian cell lines, N-glycans of purified GC are too complex and need 

downstream enzymatic treatment to ensure the biological uptake. Expression of rhGC in 

engineered carrot root cell culture makes this in vitro treatment unnecessary (Shaaltiel et al., 

2007). 

Recombinant hormones, growth factors and interferons such as insulin, rh growth hormone 

(rhGH), rh granulocyte-colony stimulating factor (rhG-CSF) and interferon-α (IFN-α) demand 

rather uncomplex PTMs and therefore can be produced in E. coli or S. cerevisiae (Bönig et al., 

2001; Walsh, 2014). An example is the E. coli-derived IFN-α with missing O-glycosylation, 

where the bioactivity is comparable to the human counterpart (Adolf, Kalsner, Ahorn, Maurer-

Fogy, & Cantell, 1991). Similarly, most recombinant vaccines do not need human-like PTMs to 

fulfill their functions and are predominantly produced in S. cerevisiae (Walsh, 2014). 

Nonetheless, the above examples clearly demonstrate that glycosylation is the single most 

important PTM of biopharmaceuticals. 

3.2 Product carboxylation, phosphorylation and sulfation 

Meeting certain N-glycosylation profiles is not the only PTM challenge faced by many 

biopharmaceutical producers. For some proteins of the class of blood related products, e.g. rhFIX 
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 and Protein C, γ-glutamyl carboxylation is crucial for efficacy and proper pharmacokinetics and 

represents a challenge during recombinant production (Berkner, 2008; Hansson & Stenflo, 2005; 

Kaufman, 1998; Walsh, 2009). Since carboxylation activity is only reported within multicellular 

organisms, e.g. mammals and drosophila, biopharmaceuticals with the need for carboxylation 

have to be expressed in platforms derived of multicellular organisms, preferably from 

mammalian hosts (Bandyopadhyay et al., 2002). 

Compared to N-glycosylation, phosphorylation and tyrosine sulfation are rather unexplored 

PTMs although phosphorylation is very common and more than 2,100 mammalian proteins are 

predicted to harbor sulfotyrosine (Moore, 2003). Correct tyrosine sulfation appears to not only 

modulate protein stability (Zhong et al., 2007), but also to influence the biological activity and 

binding affinities by affecting protein-protein interaction (Stone et al., 2009). Since natural E. 

coli and other prokaryotic expression platforms are not capable of performing tyrosine sulfation, 

mammalian cell systems are chosen to produce biopharmaceuticals that require sulfotyrosine, for 

example rhFVIII (Ezban, Vad, & Kjalke, 2014). 

4. Genetic engineering tools 

To address problems with desired product quality, it is important to choose a suitable type of 

expression host that is capable of performing the required protein modifications without 

compromising product yield or other economic factors. To tackle lacking capabilities and 

improve host cell lines, or to specifically engineer them to address the requirements of a 

particular biopharmaceutical molecule, several genetic engineering tools are now available. 

A prerequisite of targeted and fine-tuned genetic engineering is the availability of the genomic 

sequence of the host as well as the expression level of endogenous proteins and their function 
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 (Blattner et al., 1997; Jin et al., 2017; Kim, Rai, Zorraquino, & Tagkopoulos, 2016; 

Nandakumar, Ma, & Khan, 2017; Rupp et al., 2018; Sturmberger et al., 2016). Therefore, the 

rapid improvements in next-generation sequencing (NGS) techniques (Goodwin, McPherson, & 

McCombie, 2016) and data generation via different -omics approaches that span all cellular 

levels from genome, epigenome, transcriptome, proteome and reactome, are the foundation for 

cell line editing to achieve optimal post-translational modulation of biopharmaceuticals (Brunk 

et al., 2016; Feichtinger et al., 2016; Stolfa et al., 2018). Classical engineering strategies rely on 

the overexpression (OE) or disruption of individual enzymes and proteins in pathways that have 

been shown to mediate naturally occurring PTMs (Chen et al., 2010; Shcherbakova, Lanzov, 

Ogawa, & Filatov, 2000; Zhao & McAlister-Henn, 1996). With this approach, the engineering 

targets are integrated randomly into the genome, resulting in heterogeneous cell populations and 

most likely flux imbalances in the cell (Lee, Aswani, Han, Tomlin, & Dueber, 2013). It is 

typically difficult to achieve the precise expression level required for optimal protein processing 

and complicated to obtain tuned expression of multiple engineered enzymes. However, the rapid 

rise in published -omics data and functional studies opens the horizon for complex engineering 

strategies that target not only the OE and knockout (KO) of individual genes, but also the 

prediction and control of optimal expression levels or combinations of enzymes. These 

approaches, in combination with in silico tools such as genome scale metabolic modeling now 

enable engineering of entire pathways (Calmels, McCann, Malphettes, & Andersen, 2019; 

Khodayari & Maranas, 2016; Saitua, Torres, Pérez-Correa, & Agosin, 2017; Schirmer et al., 

2016; Yuan, Cheung, Hilbers, & van Riel, 2016). 

To support this strategy, several molecular editing tools are now available. Treating cells with 

non-coding RNAs (ncRNAs) like small hairpin RNA (shRNA), microRNA or small interfering 
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 RNA (siRNA) is one way to control the transcriptomic level without affecting the genome 

(Fischer et al., 2014; Inwood, Betenbaugh, & Shiloach, 2018; Kseniya Gavrilov, 2012; Wu, 

Shopsowitz, & Hammond, 2016). These RNA molecules can either bind the mRNA target 

perfectly resulting in direct mRNA cleavage or with incomplete complementarity leading to 

translational repression and mRNA degradation (Agrawal et al., 2003). Thus, both mechanisms 

induce down regulation of target protein translation. Since engineering by microRNA or RNA 

interference (RNAi) approaches impacts the post-transcriptional cell state, the resulting effect is 

only temporary as long as the RNA molecules are present in the cells. Furthermore, some 

ncRNAs have multiple targets, which could be advantageous when multiple enzymes need to be 

altered simultaneously, but might also result in undesired side-effects (Lam, Chow, Zhang, & 

Leung, 2015). For permanent manipulation of the genome, genome editing methods including 

meganucleases, zinc finger nucleases (ZFN) and transcription activator-like effector nucleases 

(TALEN) have emerged in the field quite some time ago. First genome editing experiments 

using ZFN were performed from 1996-2003 with an expanded application of ZFNs onwards, 

whereas TALENs entered the cell line engineering area in 2009/2010 only (Bibikova, Beumer, 

Trautman & Carroll, 2003; Boch et al., 2009; Doudna & Charpentier, 2014). These 

endonucleases can be programmed to build a DNA-enzyme-complex at any desired location in 

the genome inducing a double-stranded-break (DSB), which will be repaired by the cell’s own 

mechanisms (Epinat et al., 2003; Kim, Lee, Kim, Cho, & Kim, 2009; Miller et al., 2011). DSBs 

are either corrected by the error-prone non-homologous end joining (NHEJ) pathway resulting in 

small insertions/deletions (InDels) of nucleotides, thus, most likely in a frame-shift/loss-of-

function mutation (Anthony J. Davis, 2013) or, if a suitable homology-mediating template is 

present, the DNA cut is repaired through the homology directed repair (HDR) pathway (Liang, 
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 Han, Romanienko, & Jasin, 1998). Inducing the NHEJ mechanism is the preferred way if the aim 

is to KO a gene and the corresponding function, whereas initiating HDR is the method of choice 

to introduce new sequences into the host’s genome (Sakuma et al., 2015; Santiago et al., 2008). 

In contrast to NHEJ, sequence knockin (KI) via HDR occurs at a much lower frequency in most 

if not all available expression systems (Heyer, Ehmsen, & Liu, 2010; Miyaoka et al., 2016). 

Meganucleases, TALENs and ZFNs are protein-based genome engineering techniques. 

Therefore, for each target site new proteins have to be designed and produced, thus making their 

application time-consuming, expensive and laborious (Mali et al., 2013). The clustered regularly 

interspaced short palindromic repeats (CRISPR) system has recently emerged the field as an 

alternative tool. In nature, the RNA-protein-complex is part of the adaptive immune system of 

different bacterial strains to protect these from an infection caused by bacteriophages (Jinek et 

al., 2012). The original tool consists of the CRISPR-associated (Cas) endonuclease - with Cas9 

from Streptococcus pyogenes as the most extensively used derivative - and a short RNA 

molecule, which is guiding the CRISPR enzyme to any DNA sequence of interest to specifically 

induce a molecular change at the 5’-prime region upstream of a protospacer adjacent motif 

(PAM). The later is an essential component for CRISPR activity and target recognition 

(Sternberg, Redding, Jinek, Greene, & Doudna, 2014). The guide RNA (gRNA) molecule 

consists of two parts: (I) a CRISPR RNA (crRNA) sequence containing the variable target 

sequence (20 nt) followed by a repetitive part, and (II) a trans-acting CRISPR RNA (tracrRNA) 

sequence, which binds the crRNA repeats by complementarity (Karvelis et al., 2013). By doing 

so, a hairpin structure is formed leading to the attraction of the CRISPR enzyme (Fu, Sander, 

Reyon, Cascio, & Joung, 2014). In 2012, Jinek et al. implemented a synthetic whole-in-one 

transcribed single guide RNA (sgRNA) for CRISPR/Cas9 (Jinek et al., 2012). Since only the 
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 guide sequence of the molecule has to be modified for each new target gene the technology is 

very flexible, easy to handle, and the application forms are diverse (Ul Ain, Chung, & Kim, 

2015). By the synchronous delivery of a sgRNA pair, entire gene bodies and also non-coding 

regions can be removed from the cell allowing proper gene function characterization without 

potential interference of truncated protein versions and also enabling the study of the non-coding 

part of the genome (Bydlinski et al., 2018; Raab et al., 2019; Schmieder et al., 2017; Zheng et al., 

2014). So far, CRISPR/Cas9 has successfully been used in a wide range of organisms and cell 

lines for genome alteration by stable gene KO or KI. Additionally, reversible gene activation as 

well as repression can be achieved by using a catalytically dead Cas9 (dCas9) fused to an 

effector domain (Qi et al., 2013). Currently this technique enables for instance gene transcription 

activation or deactivation by de- or methylation of CpG islands within a promoter, or silencing 

by targeting transcription interfering proteins to a specific genome region (Liu et al., 2016; 

O’Geen et al., 2017; Xiong et al., 2019; Xu et al., 2016). Overall, powerful engineering tools and 

augmented host sequence precision and availability enable the targeting of DNA and RNA 

sequences to improve the capacity for post-translational modification of biopharmaceuticals in 

diverse production platforms. 

5. Genetic engineering to improve product quality attributes 

Traditional approaches to improve product quality depend on selection of the best performing 

clone, followed by medium and process design in addition to in vitro treatment of the purified 

therapeutic protein (Fan, Kildegaard, & Andersen, 2017; Friedman et al., 1999). Depending on 

the medium additives and enzymes for in vitro treatments, these strategies are rather expensive, 

especially at production scales. With the previously described genetic tools, it is however 

possible to change product quality via targeted engineering of the production host (Walsh, 2010). 
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 In this section, we describe selected examples of cell line engineering that contributed to 

improved product quality in eukaryotic and prokaryotic expression platforms. All described 

engineering examples are summarized in Table 2, categorized by the respective PTM. 

5.1 N-glycosylation 

5.1.1 CHO, the main representative of mammalian expression platforms 

A major strength of CHO cells is their capability to produce biopharmaceuticals with human-like 

N-glycans. However, there are attempts to engineer CHO towards a fully humanized N-

glycosylation profile comprising e.g. human-type alpha-2,6-sialylation or bisecting N-glycans. 

Notably, a small proportion of CHO N-glycans consists of Neu5Gc, which is immunogenetic for 

humans. Knockdown (KD) of Cytidine Monophospho-N-Acetylneuraminic Acid Hydroxylase 

(CMAH) with antisense RNA (asRNA) reduced the formation of Neu5Gc on host cell proteins 

(HCP) (Chenu et al., 2003). 

Other approaches to transform CHO N-glycosylation into human N-glycosylation include the 

expression or activation of the ST6 beta (β)-Galactoside alpha (ɑ)-2,6-Sialyltransferase 

(ST6GAL) 1, which is encoded in the CHO genome without being active (Xu et al., 2011). 

Possibilities to generate CHO cell lines with humanized sialyation profiles include OE of 

ST6GAL1 cDNA or stable, but reversible, endogenous ST6GAL1-activation via epigenetic 

editing with CRISPR (Amann et al., 2019; Marx et al., 2018; Raymond et al., 2012). 

Besides approaches towards humanized N-glycans, it is well known that certain sugar residues 

can improve the activity and/or serum half-life of particular biopharmaceuticals. A well-known 

example therefore is the KO/KD of Fucosyltransferase 8 (FUT8) to reduce mAb core-
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 fucosylation for significantly enhanced ADCC, which was achieved by homologous 

recombination and by applying different genetic engineering tools (including ZFN, CRISPR and 

siRNA) (Malphettes et al., 2010; Mori et al., 2004; Ronda et al., 2014; Yamane-Ohnuki et al., 

2004). Reducing core-fucosylation was also achieved by OE of the glycosyltransferase MGAT3, 

responsible for introducing bisecting sugar residues (Umaña, Jean-Mairet, Moudry, Amstutz, & 

Bailey, 1999). 

Similarly, the clearance rate of rhEPO in the human body is affected by the degree of sialylation, 

causing fast degradation of under-sialylated EPO in the liver (Monroe & Huber, 1995). Zhang et 

al. reported enhanced IFN-γ sialylation after sh- and siRNA silencing the genes N-Acetyl-ɑ-

Neuraminidase (NEU) 1 and 3, making them promising KO targets to generate a host cell for the 

production of highly-sialylated EPO (Zhang, Koskie, Ross, Kayser, & Caple, 2010). 

To address heterogeneous product N-glycosylation in mammalian cells, which is particularly a 

problem in CHO cell lines, different groups applied ZFN-technology and CRISPR/Cas9 for 

simultaneous multiplexing of several target genes. The researchers successfully engineered CHO 

cells for homogeneous N-glycans on biopharmaceuticals and additionally investigated the impact 

of the generated gene disruptions on cell cultivation performance. To establish such homogenous 

N-glycans, multiple glycosyltransferases were disrupted via CRISPR/Cas9 or ZFN by either 

introducing InDels or by removing the complete gene sequence (Amann et al., 2018; Amann et 

al., 2019; Bydlinski et al., 2018; Yang et al., 2015). For a detailed insight into CHO N-glycan 

engineering we refer to a recently published review (Tejwani, Andersen, Nam, & Sharfstein, 

2018). 
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 Another successful engineering attempt introduced a plant-derived β1,2-Xylosyltransferase 

(XYLT) into a CHO cell line to improve vaccine efficacy via N-xylosylation (Sandig et al., 

2017), emphasizing that the transfer of certain glycosylation genes between species can result in 

promising PTM of biopharmaceuticals. The above examples underline that N-glycan engineering 

in CHO cells is rather complex and highly dependent on the target protein and its 

pharmacokinetic requirements, yet a variety of desired structures can be tailored for an 

increasing number of biopharmaceuticals by glycosyltransferase gene KO, gene activation, gene 

KI or a combination thereof. 

5.1.2 Bacterial expression platforms 

Many bacterial expression systems, including E. coli, are incapable of protein glycosylation. 

However, researchers identified bacteria that have this ability (Castric, 1995; Szymanski, Yao, 

Ewing, Trust, & Guerry, 1999; Thibault et al., 2001) and were able to transfer it into the 

industrially relevant E. coli (Wacker, 2002), showing for the first time that bacteria can be an 

alternative source for recombinant glycoproteins. While this first study produced bacterial N-

glycans with great structural difference to their eukaryotic counterparts, a more advanced study 

reported that OE of yeast N-Acetylglucosaminyltransferase (ALG) 1, 2, 13 and 14 resulted in 

eukaryotic N-glycans on single-chain variable fragment (scFv) in E. coli (Valderrama-Rincon et 

al., 2012). This system can be used as a starting point to create novel glycoconjugates within 

bacterial expression platforms. 

5.1.3 Yeast expression platforms 

Yeast high-mannose N-glycans are often engineered towards more human-like N-glycans by first 

decreasing high-mannose proportions and then introducing genetic elements for complex N-
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 glycosylation. First, hyper-mannosylation is eliminated by disruption of α-1,6-

Mannosyltransferases (OCH1), ALG3 and ALG11 (De Pourcq, Tiels, Van Heck, Geysens, 

Vervecken, & Callewaert, 2012; Jacobs, Geysens, Verveck, Contreras, & Callewaert, 2009; 

Nasab, Aebi, Bernhard, & Frey, 2013; Wang, Song, Wang, & Qiu, 2013) or expressing 

Mannosidase (MAN) genes (De Pourcq, Tiels, Van Heck, Geysens, Vervecken, & Callewaert, 

2012). In the second step, glycosyltransferases, -transporters and sugar-synthesis enzymes are 

introduced (e.g. N-Acetylglucosaminyltransferase (GNT) and II, β-1,4-Galactosyltransferase 

(B4GALT) 1, ST6GAL, Glucosamine (UDP-N-Acetyl)-2-Epimerase (GNE), Cerebroside 

Sulfotransferase (CST)). Based on this strategy, Hamilton and co-workers introduced 14 

elements and reported yeast strains producing complex glycoproteins with >90% terminal 

sialylation (Hamilton et al., 2006). Yet, there are no biopharmaceuticals marketed, which are 

produced in engineered yeast platforms with humanized glycosylation. A possible reason 

therefore could be that human glycosylation, which is very far from the endogenous yeast 

glycosylation, interferes with yeast cell growth, resulting in low titers and therefore making 

manufacturing unprofitable. 

Besides engineering towards human-like sugar residues, the reduction of N-glycan 

macroheterogeneity to ensure homogeneous products is also of major interest. OE of Dolichyl-

Diphosphooligosaccharide Protein Glycosyltransferase Subunit STT3 (STT3D) was shown to 

increase site occupancy and therefore reduce macro-heterogeneity during the production of rh 

Granulocyte-macrophage colony-stimulating factor (GM-CSF) and mAbs (Choi, et al., 2012). 

  

This article is protected by copyright. All rights reserved. 



 

A
cc

ep
te

d 
A

rt
ic

le
 5.1.4 Plant-derived expression platforms 

Plants contain β-hexosaminidases, which give rise to N-glycan structures with terminal 

mannoses (Altmann, 2006; Choi, et al., 2012) and thus are far from their human counterparts. 

However, this is not only a drawback, but can be used for the production of biopharmaceuticals 

with efficient drug internalization by mannose receptors e.g. in Gaucher´s disease patients 

(Strasser et al., 2014). One approved drug for Gaucher´s disease, rhGC (taliglucerase alfa), is 

produced in carrot root cell culture with mainly xylosylated paucimannose N-glycans (Shaaltiel, 

et al., 2007; Tekoah et al., 2013). Non-engineered plants create the possibly immunogenic sugar 

residues β1,2‐xylose and core α1,3‐fucose (Altmann, 2006) and can be engineered to lack the 

two sugar residues via KO/KD strategies. The use of RNAi resulted in the production of rhGC in 

Nicotiana benthamiana (N. benthamiana) without immunogenic sugar residues (Limkul et al., 

2016) and several mAb formats with engineered N-glycans were produced with the help of 

siRNA (Cox et al., 2006), CRISPR/Cas9 (Mercx et al., 2017) and RNAi technologies (Strasser et 

al., 2008.). 

Yet, the rather simple plant glycosylation-machinery brings an important advantage. After 

removing all golgi-resident glycosyltransferases, single- or step-wise introduction of human 

glycosyltransferases allows the production of biopharmaceuticals with, compared to mammalian 

platforms, very homogeneous glycoforms (Strasser et al., 2014). Such biopharmaceuticals with 

defined sugar residues are extremely valuable for investigating the impact of N-glycans on 

protein functions. In addition, the above approach supports the understanding of the role of 

glycosyltransferases, allowing the selection of targets for OE or KO to engineer cell platforms 

with homogeneous and selected N-glycan profiles. 
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5.1.5 Insect expression platforms 

OE of human glycosyltransferases MGAT2, B4GALT and ST6GAL1 has been shown to reduce 

insect-typical oligo- and paucimannose residues and to introduce complex type N-glycans on 

recombinant proteins produced in insect cell lines (Hollister, Grabenhorst, Nimtz, Conradt, & 

Jarvis, 2002; Kato et al., 2017). As for previously described expression systems, CRISPR tools 

are also used for insect cell lines to design N-glycans more similar to their human counterparts. 

One example is the disruption of β-N-Acetylglucosaminidase (GalNAc) / fused lobes gene (FDL) 

to produce EPO with reduced oligo- and paucimannose structures in Sf9 cells (Mabashi-

Asazuma & Jarvis, 2017). As in yeast expression platforms, biopharmaceuticals from engineered 

insect-cell lines with humanized glycosylation are not yet found on the market. It can be 

speculated that the introduced human glycosylation, which is very distinct from the endogenous 

insect glycosylation, impacts insect cell growth negatively and therefore results in unprofitable 

manufacturing due to low titers. 

5.2 O-glycosylation 

Similar to N-glycosylation, O-glycosylation is a very common PTM in mammalian cells, yeast 

and plants where different types of O-glycosylation (e.g., O-linked fucose, glucose, mannose, 

xylose, or GalNAc) have been described on secreted proteins (Bennett et al., 2012). 

Immunoglobulin A (IgA) class molecules, rhEPO and Etanercept are examples of therapeutic 

proteins with O-glycosylation. However, the contribution of O-glycan moieties to therapeutic 

properties is still not well understood, and suitable targets for O-glycan engineering are more 
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 difficult to identify than those for N-glycan engineering as reviewed previously (Dicker & 

Strasser, 2015). 

In mammals, numerous and often differentially expressed glycosyltransferases give rise to 

complex O-glycan pathways and highly heterogeneous O-glycans (Kong et al., 2015; Taschwer 

et al., 2012; Yang et al., 2014). In contrast, O-glycan patterns from non-mammalian cell 

platforms are often more simple and less heterogeneous, allowing for the expression of proteins 

where non-human like O-glycans are acceptable (Hermeling, Crommelin, Schellekens, & 

Jiskoot, 2004). To replace such rather uncomplex O-glycosylation structures in S. cerevisiae and 

plants, researchers successfully built up different core O-glycans by de novo engineering 

(Amano et al., 2008; Castilho et al., 2012; Dicker et al., 2016; Yang et al., 2012). For some 

products, the O-mannosylation of P. pastoris is undesired and can be counteracted by OE of an 

α-mannosidase, enabling further elongation with mammalian-type modifications as reported by 

Hamilton et al. (Hamilton et al., 2013). 

Engineering of O-glycosylation in mammalian cell lines mostly aims to either simplify the sugar 

moieties, to reduce product heterogeneity, or to design distinct O-glycans for superior protein 

functions. Yang et al. reported decreased O-glycan heterogeneity after disruption of Core 1 

Synthase Glycoprotein-N-Acetylgalactosamine 3-β-Galactosyltransferase 1 (C1GALT1) Specific 

Chaperone 1 (COSMC) and Protein O-Linked Mannose N-Acetylglucosaminyltransferase 1 

(β1,2-) (POMGNT1) (Yang et al., 2014), whereas other groups achieved engineering of defined 

and elongated O-glycans in CHO (Lindberg et al., 2013; Liu, Jin, Cherian, Karlsson, & 

Holgersson, 2015). Within prokaryotes, the rising field of bacterial glycoengineering could help 

to produce vaccine glycoconjugates with immunogenic bacterial glycans, as discussed in a 

previous review (Yates, Mills, & DeLisa, 2018). 
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 As outlined in the section above, existing engineering strategies can be developed to promote 

immunogenic effects e.g. for vaccine production or to enable the construction of expression 

platforms for biopharmaceuticals with decreased O-glycan heterogeneity and defined O-glycan 

structures, however, the identification of suitable engineering targets is challenged by the 

presence of a vast number of O-glycosyltransferases and transferase-isoforms. 

5.3 Carboxylation 

Efficient γ-carboxylation of recombinant proteins is another challenge in the production of 

human-like PTMs. Similar to N-glycosylation, γ-carboxylation currently requires the use of 

mammalian cell platforms. Correct carboxylation is of exceptional importance to obtain high 

yields and functional molecules, especially in the context of vitamin K-dependent coagulation 

factor production (Vatandoost & Pakdaman, 2016). Most difficult-to-express clotting factors - 

except for FVIII and Von Willebrand Factor - are carboxylated by the vitamin K-dependent γ-

carboxylation mechanism, as reviewed by Kumar in 2015 (Kumar, 2015). In 2005, Wajih et al. 

achieved an almost 3-fold increase in carboxylated rhFIX by OE of Vitamin K Epoxide 

Reductase Complex Subunit 1 (VKORC1), while OE of γ-carboxylase lead to the inhibition of 

functional rhFIX production in BHK cells (Wajih, Hutson, Owen, & Wallin, 2005). One year 

later, the same research group engineered BHK21 cells by siRNA-based downregulation of 

calumenin, an inhibitor of the γ-carboxylation system, by ~80%. As a result, the rhFIX produced 

was 80% more functionally active compared to the untreated control (Wajih, Hutson, & Wallin, 

2006). Although it is known that Drosophila melanogaster and S2 cells derived from this insect 

express γ-Glutamyl Carboxylase (GGCX) and have the ability to process vitamin K, successful 

blood coagulation factor manufacturing has not been shown in these systems yet. Recently, co-

expression of mammalian GGCX, VKORC1 and/or Protein Disulfide Isomerase Family A 
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 Member 2 (PDIA2) enabled recovery of active rhFVII in S2 cells (Nagahashi, Umemura, 

Kanayama, & Iwaki, 2017). 

5.4 Phosphorylation 

Although protein phosphorylation is a very common PTM, it is predominantly associated with 

intracellular and not with therapeutic proteins (Walsh, 2010). However, proteomic and 

computational analysis revealed a large number of extracellular phosphorylated proteins 

including FIX (Kaushik, Henry, Clynes, & Meleady, 2018; Yalak & Vogel, 2012). Interestingly, 

recombinant FIX produced in CHO cells lacks phosphorylation (Rand, Kalafatis, & Mann, 

1994), which does not seem to affect clotting activity. The absence of proof for the importance of 

phosphorylation of therapeutic proteins might be one reason why there are few reports on 

improving the phosphorylation capacity in industrial expression platforms. 

In contrast to mammalian cells, prokaryotes only have a low number of phosphorylated proteins 

(Enami & Ishihama, 1984; Macek et al., 2008). The prokaryotic phosphorylation machinery can 

be enhanced by overexpressing product-specific protein kinases as presented in E. coli by Yue et 

al., where OE of Serine/Threonine-Protein Kinase 1 (SRPK1) increased pre-mRNA-splicing 

factor SF2 (ASF/SF2) phosphorylation (Yue, Ajuh, Akusjärvi, Lamond, & Kreivi, 2000). Based 

on this approach it might also be possible to produce relevant therapeutic proteins with increased 

phosphorylation in E. coli or other expression platforms. 

5.5 Sulfation 

Only few recombinant biopharmaceuticals contain sulfation, and these are generally difficult to 

express due to the complexity of both the molecules and the modifications (Kumar, 2015; 
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 Suflita, Fu, He, Koffas, & Linhardt, 2015). Eukaryotic expression platforms are capable of 

performing this kind of PTM (Zhao et al., 2017). Heparin is the most famous example of a 

sulfated difficult-to-express biopharmaceutical, but clotting factors rhFVIII and rhFIX also have 

tyrosine sulfation sites present (Garg et al., 2003; Kumar, 2015). Currently, Heparin-based drugs 

are obtained from animal-sources with a contamination crisis in 2008 in the US showing the 

need for a proper transgenic expression system. Whereas rhFVIII and rhFIX are mainly produced 

in CHO cells, BHK and HEK292 cells are also able to generate proteins with almost full 

sulfation (Swiech, Picanço-Castro, & Covas, 2017). In the study of Datta et al. in 2013, CHO-S 

cells were engineered to express Golgi-targeted Heparan Sulfate Glucosamine 3-O-

Sulfotransferase (HS3ST) 1 resulting in more 2-O, 6-O- and N-sulfo groups containing 

disaccharides in Heparan sulfate (HS), a molecule that shares the biosynthesis pathway with 

Heparin. Thus, the researchers aimed to generate Heparin from HS. Additionally, by the OE of 

the respective Golgi-bound sulfotransferase an increase of anti-Thrombin activity was achieved 

at the binding site (Datta et al., 2013). Zhang and colleagues overexpressed 2-O-Sulfotransferase 

(2-OST) as well as C5-epimerase (C5-epi) in transgenic E.coli and used the generated enzymes to 

produce heparin by biochemical and chemical processing of HS (Zhang et al., 2015). The 

sulfated glycosaminoglycan chondroitin sulfate, which is used for the treatment of arthritis, was 

expressed in metabolically engineered E.coli BL21. To achieve the desired tyrosine sulfation, 

UDP-Glucose-4-Epimerase (kfo) genes A, C and F - enzymes/proteins as part of the capsular 

polysaccharide production - were transferred from the pathogenic E.coli strain K4 into the non-

pathogenic strain BL21 (He et al., 2015). 
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 6. Conclusion 

We described the diversity of expression platforms, which all represent certain advantages for 

the production of biopharmaceuticals. However, there is room for optimization since many 

PTMs are not naturally present in some hosts. The availability of sequence information and 

genetic tools for targeted engineering rapidly speeds up the generation of expression platforms 

capable of producing biopharmaceuticals with improved product qualities. KD and KO of one or 

several targets is achieved faster, cheaper and with more control than ever, whereas the OE of 

transgenes is still a frequent strategy to add certain functions to host cells. Additionally, the 

possibility to activate silent, or silence active endogenous genes by e.g. CRISPRa/CRISPRi is 

expanding the genetic toolbox, along with the development of synthetic biology strategies that 

enable fine-tuned expression of multiple genes in self-regulated circuits. 

Unlike engineering towards improved glycosylation profiles, engineering other quality attributes 

such as carboxylation, phosphorylation, and sulfation is comparably underrepresented with only 

few targets described. However, novel CRISPR-based screening methods can promote the 

identification of new targets for improved phenotypes also for this challenge. 

The identification and characterization of genes involved in the modification and quality of 

therapeutic proteins during their production is only one major challenge. The exploration of the 

relationship between different quality attributes, PTMs, as well as the actual in vivo function and 

mode of action of therapeutic proteins with specific modifications is of similar importance. 

While CHO is superior to the other platforms with regards to most PTMs, yeast is catching up 

with humanized N-glycosylation, and yeast-based therapeutic protein expression can be expected 

to become a serious contender in future manufacturing strategies (Gerngross, 2004). The main 
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 drawback of heavily engineered host cell lines that match the inherent capabilities found in CHO 

is that such complex engineering strategies are likely to result in an overburdening of the target 

cells with multiple engineered enzymes that need to be produced in addition to the product gene. 

This will likely reduce growth and biomass accumulation, thus taking away the main advantage 

of yeast compared to CHO: faster bioprocesses and higher cell densities. 

In the authors` opinion, there is a trend towards the design of “cleaner” host cells where e.g. cell-

free systems might enable a fully controlled design of product quality without interfering host 

cell pathways. Cell-free systems can be an alternative to generate therapeutic proteins with 

homogeneous and improved product quality based on cell lysates from E. coli and CHO (Brödel, 

Sonnabend, & Kubick, 2014; Gurramkonda et al., 2018; Jaroentomeechai, et al., 2018). The 

main problems to be addressed here are the lack of compartmentalization, which makes the 

inherently sequential process of glycosylation difficult to achieve, as well as the poor scalability. 

However, these systems are extremely promising for small scale, point-of-care production of 

biopharmaceuticals, particularly in areas of the world where rapid supply or proper storage is 

difficult to achieve. 

We conclude that the recently emerged genetic engineering tools contribute to a faster and more 

precise design of expression systems with improved product qualities. The trend of engineering 

expression platforms is particularly well exemplified by the vast amount of studies tailoring the 

glycosylation of different biopharmaceuticals. Although glycosylation is considered to be the 

single most important quality attribute of biopharmaceuticals, there is still a need for novel 

targets, in particular, to also expand the engineering for proper protein carboxylation, 

phosphorylation and sulfation. 
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 10.1 Tables 

Table 1. Summary of available expression systems and evaluation of their corresponding 

characteristics. 

 Expression platforms 

 Mammalian, 
human 

Mammalian, non-
human, CHO Bacteria Yeast Plant Insect 

Biopharmaceutical 
complexity +++ +++ + ++ ++ ++ 

Genome size +++ +++ + + ++ / +++ ++ 

Genome sequence availability +++ ++ +++ +++ + + 

Molecular tool box ++ ++ +++ +++ + + 

PTMs +++ +++ + ++ ++ ++ 

Folding & secretion +++ +++ + ++ ++ ++ 

Growth + ++ +++ +++ ++ ++ 

Productivity + ++ ++ +++ + ++ 

Bioprocessing ++ ++ +++ +++ ++ ++ 

Scalability ++ +++ +++ +++ ++ ++ 

Biosafety ++ +++ + ++ ++ ++ 

Approvals ++ +++ ++ ++ + + 
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 Table 2. Genetic engineering approaches to improve product quality attributes in different 

expression platforms. 

Product Organism Engineering tool (target) Described effect Reference  

N-glycosylation 

HCP CHO (UH) asRNA KD (CMAH) Neu5GC ↓ (Chenu et al., 
2003) 

EPO CHO 
(DuxB11) 

CRISPRa (ST6GAL1) ɑ-2,6-sialylation ↑ (Marx et al., 
2018) 

mAb CHO, BHK OE (ST6GAL1) ɑ-2,6-sialylation ↑ (Raymond et 
al., 2012) 

mAb CHO (DG44) siRNA KD (FUT8) Fucosylation ↓ (Mori et al., 
2004) 

mAb CHO (K1) ZFN KO (FUT8) Fucosylation ↓ (Malphettes 
et al., 2010) 

HCP CHO (K1) CRISPR KO (FUT8) Fucosylation ↓ (Ronda et al., 
2014) 

IFN-ɣ CHO (DG44) siRNA/shRNA KD (NEU1, NEU3) Sialylation ↑ (Zhang et al., 
2010) 

EPO, mAb CHO (S) CRISPR KO 
(B4GALT1,B4GALT2,B4GALT3,B4GALT4) 

Galactosylation ↓ (Amann et 
al., 2018) 

EPO, mAb CHO (K1) ZFN KO (19 genes); OE (ST6GAL1) Fucosylation ↓ 

ɑ-2,6-sialylation ↑ 

(Yang et al., 
2015) 
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 Galactosylation ↓ 

Microheterogeneity ↓ 

Vaccine (RSV-
F1) 

CHO (DG44) OE (XYLT) Xylosylation ↑ (Sandig et al., 
2017) 

HCP E. coli OE (pglB2/STT3D) Complex type ↑ (Wacker, 
2002)  

scFv E. coli OE (ALG1,ALG2,ALG13,ALG14) Complex type ↑ (Valderrama-
Rincon et al., 
2012) 

HCP P. pastoris KO (OCH1); 

OE (GNTI,GNTII,B4GALT,MANI,MANII) 

High-mannose ↓ (Jacobs et al., 
2009) 

mAb S. cerevisiae  KO (ALG3,ALG11,MNN);  

OE (GNTI,GNTII,STT3D,FLC26) 

High-mannose ↓ (Nasab et al., 
2013) 

Glucose 
oxidase 

H. 
polymorpha4 

KO (ALG3,ALG11,OCH1); OE 
(GNTI,GNTII,B4GALT)  

High-mannose ↓ (Wang et al., 
2013) 

Lipase 2 Y. lipolytica3 KO (ALG3); OE (ALG6) High-mannose ↓ (De Pourcq, 
Tiels, et al., 
2012) 

GC Y. lipolytica KO (OCH1,MNN59); OE (MAN)  High-mannose ↓ (De Pourcq, 
Vervecken, et 
al., 2012) 

rhEPO  P. pastoris OE of 14 genes, KO of 4 genes >90% terminal 
sialylation; 

Complex type ↑ 

(Hamilton et 
al., 2006) 
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 mAb, rhGM-

CSF 
P. pastoris OE (STT3D) Macroheterogeneity ↓ (Choi et al., 

2012) 

GC N. 
benthamiana 

RNAi (GNTI) Immunogenic plant 
sugar residues ↓ 

(Limkul et 
al., 2016)  

mAb L. minor7 siRNA KD (XYLT/FUT) Immunogenic plant 
sugar residues ↓ 

(Cox et al., 
2006) 

mAb N. tabacum  CRISPR/Cas9 KO (XYLT/FUT) Immunogenic plant 
sugar residues ↓ 

(Mercx et al., 
2017) 

mAb N. 
benthamiana 

RNAi (XYLT/FUT) Immunogenic plant 
sugar residues ↓ 

(Strasser et 
al., 2008) 

mAb B. mori8 OE (MGAT2,B4GALT) Complex type ↑ (Kato et al., 
2017) 

GST-SfManI, 
β-Trace9 

Sf9 OE (MGAT2,B4GALT,ST6GAL1) Complex type ↑ (Hollister et 
al., 2002) 

EPO Sf9 CRISPR/Cas9 KO (FDL) paucimannose ↓ (Mabashi-
Asazuma & 
Jarvis, 2017) 

O-glycosylation 

EPO CHO (K1) ZFN KO (COSMC, POMGNT1) O-glycan heterogeneity↓ (Yang et al., 
2014) 

YFP10, IFNα2B N. benthamiana, 
A. thaliana11 

OE (GALNT212, GALNT4, WBPP13) O-glycosylation ↑  (Yang et al., 
2012) 

EPO-Fc N. benthamiana OE (GALNT2, ST3GAL,ST6GAL, B3GALT14) di-sialylated core 1 O-
glycans ↑ 

(Castilho et 
al., 2012) 
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 IgA1 N. benthamiana KO (XYLT,FUT), OE (GALNT2, C1GALT1) Core 1 O-glycan ↑  (Dicker et al., 

2016) 

podplanin S. cerevisiae OE (GALE15, SLC35A216, GALNT1, C1GALT1) Core 1 O-glycan ↑  (Amano et 
al., 2008) 

TNFR217-Fc P. pastoris OE (MAN1B1, POMGNT1, ST6GAL1, B4GALT) Sialylation ↑  (Hamilton et 
al., 2013) 

PSGL118/mIgG2b CHO (K1) OE (B3GNT193, C2GNT201, C3GNT216) Elongated O-glycans ↑  (Liu et al., 
2015) 

PSGL1/mIgG2b CHO (K1) OE (C2GNT1, C3GNT5, C3GNT6, FUT1, FUT2, 
GALT, GALNT) 

matured O-glycans ↑  (Lindberg et 
al., 2013) 

γ-Carboxylation 

rhFIX BHK OE (VKORC1) carboxylation ↑ (Wajih et al., 
2005)  

rhFIX BHK21 siRNA (calumenin) carboxylation ↑ (Wajih et al., 
2006) 

rhFVII S2 OE (GGCX,VKORC1 and/or PDIA2) carboxylation ↑ (Nagahashi et 
al., 2017) 

Phosphorylation 

ASF/SF2 E. coli OE (SRPK1) Phosphorylation ↑ (Yue et al., 
2000) 

Sulfation  
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 HS CHO-S OE (Golgi-targeted HS3ST1) Tyrosine sulfation ↑ (Datta et al., 

2013) 

HS pathway enzyme  E.coli OE (2-OST, C5-epi) Recombinant expression of 
enzymes for downstream 
application 

(Zhang et al., 
2015) 

Chondroitin E.coli OE (kfoA,kfoC,kfoF) Tyrosine sulfation ↑ (He et al., 
2015) 

1RSV-F - respiratory syncytial virus protein F; 2 pglB - Oligosaccharyltransferase pglB; 3 Y. lipolytica - Yarrowia lipolytica; 4 H. Polymorpha - 
Hansenula polymorpha; 5 MNN - ɑ-1,3-Mannosyltransferase; 6 FLC2 - Flavin Carrier Protein 2; 7 L. minor - Lemna minor; 8 B.mori - Bombyx 
mori; 9 GST-SfManI, β-Trace - GST-tagged soluble domain of the Sf class I Golgi mannosidase; 10 YPF - yellow fluorescent protein; 11 A. 
thaliana - Arabidopsis thaliana; 12 GALNT2 - Polypeptide N-Acetylgalactosaminyltransferase 2; 13 WBPP - UDP-GlcNAc C4 Epimerase; 14 
B3GALT - β-1,3-Galactosyltransferase; 15 GALE - UDP-Galactose-4-Epimerase; 16 SLC35A2 - Solute Carrier Family 35 Member A2; 17 TNFR2 
- Tumor Necrosis Factor Receptor 2; 18 PSGL1 - Selectin P ligand; 19 B3GNT - β -1,3-N-acetylglucosaminyltransferase; 20 C2GNT - 
Glucosaminyl (N-Acetyl) Transferase, Core 2; 21 C3GNT - Glucosaminyl (N-Acetyl) Transferase, Core 3. 

10.2 Figure 

Figure 1. Overview of N-glycosylation in different wild type expression platforms (adapted 
from Chung et al. 2017). 
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