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Abstract Almost all of the 200 or so approved biophar-

maceuticals have been produced in one of three host systems:

the bacterium Escherichia coli, yeasts (Saccharomyces

cerevisiae, Pichia pastoris) and mammalian cells. We

describe the most widely used methods for the expression of

recombinant proteins in the cytoplasm or periplasm of

E. coli, as well as strategies for secreting the product to the

growth medium. Recombinant expression in E. coli influ-

ences the cell physiology and triggers a stress response,

which has to be considered in process development.

Increased expression of a functional protein can be achieved

by optimizing the gene, plasmid, host cell, and fermenta-

tion process. Relevant properties of two yeast expression

systems, S. cerevisiae and P. pastoris, are summarized.

Optimization of expression in S. cerevisiae has focused

mainly on increasing the secretion, which is otherwise

limiting. P. pastoris was recently approved as a host for

biopharmaceutical production for the first time. It enables

high-level protein production and secretion. Additionally,

genetic engineering has resulted in its ability to produce

recombinant proteins with humanized glycosylation pat-

terns. Several mammalian cell lines of either rodent or

human origin are also used in biopharmaceutical production.

Optimization of their expression has focused on clonal

selection, interference with epigenetic factors and genetic

engineering. Systemic optimization approaches are applied

to all cell expression systems. They feature parallel

high-throughput techniques, such as DNA microarray,

next-generation sequencing and proteomics, and enable

simultaneous monitoring of multiple parameters. Systemic

approaches, together with technological advances such as

disposable bioreactors and microbioreactors, are expected to

lead to increased quality and quantity of biopharmaceuticals,

as well as to reduced product development times.

Keywords Biopharmaceutical production � Escherichia

coli � Yeast �Mammalian cells � Optimization of expression

Introduction

The great majority of biopharmaceuticals that have been

approved for therapeutic applications by regulatory

authorities are proteins that have been produced by means

of recombinant DNA technology in various expression

systems. They constitute approximately one-sixth of the

total pharmaceutical market and are its fastest growing

segment [126]. In general, biopharmaceuticals are used to

compensate for deficiency or lack of body proteins impor-

tant for normal functioning of the organism. They can be

divided mainly into the following categories: blood factors,

thrombolytics and anticoagulants, hormones, enzymes,

growth factors, interferons and interleukins, vaccines and

monoclonal antibodies [126]. Of the 211 biopharmaceuti-

cals that have gained regulatory approval by the end of

2011, 66 (31 %) were produced in Escherichia coli, 31

(15 %) in yeast (of those, 30 in Saccharomyces cervisiae

and 1 in Pichia pastoris) and 91 (43 %) in mammalian cells

[126, 127]. E. coli, yeast and mammalian cells together

account for the production of 89 % of approved biophar-

maceuticals and form the topic of this review. As this is a

very broad subject, the authors have had to be highly
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selective, and it has therefore not been possible to

acknowledge many otherwise significant contributions.

The choice of expression system depends on the

recombinant protein in question. A few examples of bio-

pharmaceuticals that have been produced in E. coli, yeast

or mammalian cells are shown in Table 1, together with

some of the protein properties that were important in host

selection. The least demanding expression system that still

produces the protein at the desired quality and quantity, is

normally used. E. coli is the simplest and cheapest

expression system, but its use is limited due to the prob-

lems associated with correct folding and lack of post-

translational modification. Yeasts are simple eukaryotes,

and therefore advantageous in protein folding and post-

translational modification, although in many cases with a

nonoptimal glycosylation pattern. Mammalian cells are the

most complicated and expensive to maintain, but enable

the highest degree of protein quality and post-translational

modification, such as glycosylation. The other 11 % of

approved biopharmaceuticals are produced by hybridoma

cells (some monoclonal antibodies), insect cells, transgenic

animals, plants, or other hosts.

Characteristics of the E. coli expression system

In addition to its use for the expression of recombinant

proteins, Escherichia coli is possibly the most thoroughly

studied organism and its physiology is very well docu-

mented. In E. coli, recombinant proteins are expressed in

the bacterial cytoplasm. They can remain there or be

directed to other bacterial compartments, most often to the

periplasm. They can be deposited in the inner or outer

membrane, or (rarely) secreted to the growth medium.

Each compartment has its own special characteristics

which can be beneficial for recombinant protein expression

and are regularly exploited for that purpose. Other char-

acteristics can be disabling for recombinant expression, and

strategies have been devised to overcome or avoid these

obstacles. The properties of the cytoplasm, periplasm and

Table 1 Examples of biopharmaceuticals produced in E. coli, yeast and mammalian cells (from [126])

Therapeutic group Recombinant protein Host Protein properties

Molecular weight

(kDa)

Post-translational modifications

Blood factors,

thrombolytics,

anticoagulants

Factor VIII Mammalian cells 267.0 Disulphide bonds, glycosylation,

sulphation

Tissue plasminogen activator Mammalian cells,

E. coli (fragment)

62.9 Proteolytic cleavage, disulphide

bonds, glycosylation

Hirudin S. cerevisiae 7.0 Disulphide bonds, glycosylation,

sulphation

Hormones Insulin E. coli, S. cerevisiae 12.0 Proteolytic cleavage, disulphide

bonds

Human growth hormone E. coli, S. cerevisiae 24.8 Disulphide bonds,

phosphoprotein

Follicle-stimulating hormone Mammalian cells 14.7 (subunit beta) Disulphide bonds, glycosylation

Glucagon E. coli, S. cerevisiae 20.1 Amidation, proteolytic cleavage

Growth factors Erythropoietin Mammalian cells 21.3 Disulphide bonds, glycosylation

Granulocyte-colony

stimulating factor

E. coli, mammalian

cells

22.3 Disulphide bonds, glycosylation

Granulocyte–macrophage

colony stimulating factor

E. coli 16.3 Disulphide bonds, glycosylation

Cytokines Interferon-alpha E. coli 21.5 Disulphide bonds, glycosylation

Interferon-beta E. coli 22.3 Disulphide bonds, glycosylation,

phosphoprotein

Monoclonal antibodies Infliximab Mammalian cells 144.2 Disulphide bonds, glycosylation

Enzymes Alpha-galactosidase Mammalian cells 48.8 Disulphide bonds, glycosylation

Deoxyribonuclease Mammalian cells 31.4 Disulphide bonds glycosylation

Uricase S. cerevisiae 34.2 Acetylation

Protein properties that influence host selection include, among others, molecular weight and post-translational modifications, and were obtained

from UniProt (http://www.uniprot.org/) and DrugBank (http://www.drugbank.ca/)
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secretion in regard to recombinant expression are outlined

below.

The cytoplasm of E. coli

Expression into the cytoplasm is the most straightforward

method, and therefore is most frequently used. It never-

theless has several disadvantages, which include the pres-

ence of numerous cytoplasmic proteins that accompany the

target protein during downstream processing, the inability

to form disulphide bonds, the presence of proteases, and

translation of the start codon to formylmethionine. Addi-

tionally, a very common situation in cytoplasmic expres-

sion is the association of yet-to-be stably folded proteins to

form inclusion bodies. Inclusion bodies are electron-dense

protein granules that are rod- or spherelike in shape, with

diameters ranging from 0.2 to 1.2 lm and observable by

optical microscopy [129]. They are largely inactive. Recent

studies suggest that, although inclusion bodies appear

amorphous, they contain beta strands in cross-beta struc-

tures that resemble amyloid-like fibrils [129, 130]. They

also contain recombinant protein in native-like, partially

folded or unstructured forms. Inclusion bodies are usually

homogenous, mainly contain proteins of interest, and have

little contaminating host protein or ribosomal components,

DNA, or RNA [103]. The high density of the particles

(1.3 mg/ml) facilitates their separation from other cellular

components by centrifugation [120]. Their formation usu-

ally depends on the primary structure of the protein and is

connected to the failure to form correct disulphide bonds

and to the higher content of hydrophobic regions [83, 136].

It usually occurs at high levels protein production in which,

consequently, there are insufficient levels of chaperones

which assist in protein folding. The ability to predict the

formation of inclusion bodies from the protein sequence

has advanced, and computer tools have been developed

[57, 58]. The formation of inclusion bodies can be advan-

tageous, since they enable recombinant proteins to be

obtained at relatively high yields and rapidly purified. They

are appropriate for the production of otherwise toxic pro-

teins and are mostly resistant to protease digestion [21].

Their disadvantage is the need to develop a refolding

protocol, which can be tedious and not always effective

in yielding native folded protein [21]. Inclusion bodies

are solubilized with high concentrations (6–8 M) of chao-

tropic agents (urea, guanidinium chloride, guanidinium

thiocyanate), detergents (sodium dodecyl sulphate, sarko-

syl, TritonX 100) and reducing agents (dithiothreitol,

dithioerythritol, cysteine) [114]. The simplest and most

common method of refolding is the so called rapid dilution

method, where the solubilized protein is added directly to

the renaturation buffer. This requires large amounts of the

latter, with subsequent concentration steps. The presence of

pairs of oxidizing and reducing agents (glutathione,

cysteine and cystamine) aids in the formation of disulphide

bonds. Low molecular weight additives (acetone, acetam-

ide, urea, detergents, sucrose, dimethyl sulfoxide, polyeth-

ylene glycol) often improve yields of functional proteins.

L-arginine is commonly used since it reduces protein

aggregation [114]. Additional refolding methods include

dialysis, solid-phase separation, pulse renaturation, size-

exclusion chromatography and adsorption chromatography

[114]. Size-exclusion chromatography can enable removal

of denaturant and folding at the same time.

Where the native protein contains disulphide bonds,

their appropriate formation is essential. The E. coli cyto-

plasm is characterized by reducing conditions which pre-

vent disulphide formation. Thioredoxins (TrxA, TrxC) and

glutaredoxins (GrxA, GrxB, GrxC) rapidly reduce nascent

disulphide bonds, while themselves become oxidized in the

process. Thioredoxin reductase TrxB recycles oxidized

TrxA and TrxC, while glutathione is responsible for the

reduction of glutaredoxins [104]. Mutation in TrxB causes

a reversal of TrxA and TrxC from reductases to oxidases,

enabling cytoplasmic disulphide formation [118].

Another difficulty is the translation of the bacterial start

codon—in 91 % cases AUG—into formylmethonine.

Methionine is deformylated during synthesis of the protein,

depending on the length of the side chain of the second

amino acid residue and is thus not obligatory [85]. In the

latter case, the modified N-terminal of the recombinant

protein presents a problem in the production of therapeutic

proteins, where a completely unaltered protein primary

structure is required. Further, the protein’s N-terminal may

be important for its function.

Recombinant proteins are additionally susceptible to

proteolytic degradation prior to their correct folding to the

native state. Five ATP-dependent proteases are present in

the cytoplasm of E. coli: Lon, ClpYQ/HslUV, ClpAP,

ClpXP and FtsH. They degrade prematurely terminated

polypeptides, sensitive folding intermediates and partially

folded proteins. Lon and ClpYQ are thought to be the most

active in the degradation in E. coli of non-native proteins

[7].

Chaperones are folding modulators that help proteins

achieve their native conformation, and can also be bene-

ficial in recombinant protein expression. Their expression

is often induced under conditions of stress, among them

being recombinant protein expression. Chaperones bind to

short sequences of consecutive hydrophobic amino acids,

which are flanked by basic residues. They can be divided

into three classes on the basis of their function. Folding

chaperones DnaK and GroEL use ATP to drive confor-

mational changes that cause refolding of their substrate

proteins. ‘‘Holding’’ chaperones IbpA and IbpB hold par-

tially folded proteins until folding chaperones become
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available. Disaggregating chaperone ClpB promotes solu-

bilization of aggregated proteins, which are then refolded

by folding chaperones [7, 52].

The periplasm of E. coli

The periplasm is the compartment located between the

inner and outer membranes. Its specific properties can be

exploited for effective recombinant protein expression.

Periplasm contains only about 4 % of the total cell protein,

which makes it feasible for downstream processing. Pro-

teins are translocated from cytoplasm to periplasm if they

contain the appropriate leader peptide, which usually

consists of 18–30 amino acids and contains two or more

basic residues at the N-terminus, a central hydrophobic

core and a hydrophilic C-terminus. The leader peptide can

be derived from naturally secreted proteins such as OmpA,

OmpT, PelB, beta-lactamase and alkaline phosphatase, and

is cleaved by specific peptidases. This enables the

expression of recombinant proteins with the authentic

N-terminus, without the addition of methionine [6]. The

majority of E. coli proteins are secreted by the Sec-

dependent pathway in an unfolded form. The secretory

chaperone SecB binds the protein and carries it to the

membrane protein SecA, and the complex is then translo-

cated through the membrane pore, formed by SecYEG. The

alternative pathway includes the signal recognition particle

(SRP), which recognizes highly hydrophobic sequences

emerging from the ribosome and delivers the complex to

FtsY membrane protein. This is followed by translocation

of the protein through the SecYEG pore. The twin-arginine

(Tat)-dependent secretion pathway can also secrete folded

or partially folded proteins. The conserved secretion signal

contains two arginine residues. The pathway consists of

TatABC proteins [94], where TatC recognizes the substrate

protein and TatA forms a pore.

Periplasmic recombinant expression is favourable due to

the generally lower proteolytic activity in comparison to

the cytoplasm [85]. However, two major proteases, DegP

and Prc are present in the periplasm and digest misfolded

proteins. Other proteases include DegS, DegQ, Protease III

and OmpT [7].

The most prominent advantage of the periplasm over the

cytoplasm is its oxidizing environment that facilitates the

formation of disulphide bonds. Disulphide bond formation

is catalyzed by Dsb proteins, which are thiol-disulphide

oxidoreductases. DsbA is a soluble protein that oxidizes

cysteines in the target protein and is later recycled by

membrane protein DsbB. If incorrect disulphides form,

they can be rearranged by the disulphide bond isomerase

DsbC [7].

The main periplasmic chaperone is Skp which assists in

the folding of proteins that emerge from the Sec

translocation machinery. Other folding modulators include

peptidyl-prolyl cis–trans isomerases SurA, FkpA, PpiA and

PpiD [7].

Secretion from E. coli to the growth medium

Secretion is a desirable property in recombinant protein

production due to the more straightforward subsequent

downstream processing. E. coli has been traditionally

regarded as an organism that is incapable of secreting

proteins. Nevertheless, there are reports of extracellular

proteins, secreted by an unknown mechanism, which were

not released by cell lysis [93]. Four strategies have been

applied to induce secretion of recombinant proteins from

E. coli [95]. The first involves the use of engineered strains

with dedicated secretion mechanisms that originate from

pathogenic strains of E. coli or other Gram-negative bac-

teria. Six distinct secretion systems have been reported,

Type I being the most popular. The E. coli haemolysin

system is an example [95]. The second strategy involves

the use of carrier proteins that are secreted by an unknown

mechanism. The use of the IgG binding domain from

Staphylococcus protein A [100] and YebF [143] as fusions

have been demonstrated. The third strategy involves the

use of mutants with defects in the outer membrane struc-

ture that cause increased permeability [95]. The potential

drawback is the influence on cell growth. The fourth

strategy involves the co-expression of lysis promoting

proteins such as Kil [105].

The influence of recombinant expression on E. coli

physiology

High yields are of paramount importance in recombinant

protein expression. To achieve them, high-level gene

expression and high cell density cultivation are applied.

These two are sometimes mutually exclusive, however they

both cause stress to producing cells and impact negatively

on cellular physiology. Undesired physiological effects can

be caused by intracellular and extracellular factors [23].

Intracellular factors include the presence of multicopy

plasmids (causing metabolic burden and growth inhibi-

tion), potential toxicity of gene products, high-level gene

expression (causing metabolic burden, stress and starva-

tion) and protein misfolding (causing stress). Extracellular

factors include accumulation of toxic metabolites (partic-

ularly acetate, which is toxic to E. coli), limitation of

nutrients (causing starvation) and limitation of oxygen

(which inhibits growth) [23]. Major types of physiological

stress include heat shock, starvation and stationary-phase

stress; other types include anaerobiosis, oxidative, osmotic

and pH stress, or phage infection. Stress responsive pro-

teins are induced under stressful conditions, and are
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responsible for protection and repair of vital macromole-

cules. Transcription of stress responsive genes is regulated

by sigma factors, which subsequently bind to their pro-

moters. The most important sigma factors are rS (RpoS),

rH (RpoH) and rE (RpoE). rS regulates the general stress

response as cells enter the stationary phase or face a situ-

ation that causes growth arrest, such as starvation, osmotic

shock or low pH. The response includes changes in cell

morphology, protein content, gene expression and metab-

olism. rH induces cytoplasmic heat-shock response and rE

extra-cytoplasmic heat-shock. Both result in the production

of proteases, that degrade misfolded proteins, and chaper-

ones, which assist in folding. Sigma regulons partially

overlap and stress response can be induced via several

sigma factors. All three sigma factors can be induced in

recombinant protein production [23].

Optimization of recombinant expression in E. coli

Optimization of the gene

Variations in the gene nucleotide sequence may result

either in amino acid substitutions or in the authentic protein

product as a result of genetic code degeneracy. The former

can be beneficial if the specific mutants (engineered ther-

apeutic proteins) show improved properties such as

increased stability, reduced aggregation or enhanced

activity [68]. However, they can be problematic from the

regulatory point of view. This can be exploited to optimize

the availability of regulatory regions, stability of mRNA

and codon usage. Further, the nucleotide sequence defines

mRNA secondary structure which can affect the avail-

ability of the ribosome binding site or other regulatory

regions and, consequentially, the yield of the recombinant

protein [79]. The stability of mRNA depends on the

resistance of 50- and 30-ends to exonucleases, and can also

be controlled by the mRNA structure and sequence. Codon

usage can differ significantly between different species.

Rarely used codons (such as AGA and AGG for arginine)

may inhibit translation [85] and decrease recombinant

protein yield. A cluster of rarely used codons may lead to

mis-incorporation of certain amino acids [116]. A recent

systematic study of codon usage optimization revealed

highly significant increases in recombinant protein yield.

High expression was correlated with the use of codons that

are highly charged during amino acid starvation but not

with those that are abundant in highly expressed E. coli

genes. Algorithms have been developed that enable rational

design of highly expressed genes [134]. With the advance

of custom gene synthesis and lowering of its cost, the

optimization of gene nucleotide sequences has become

readily available.

Optimization of the expression plasmid

Plasmids are the most common carriers of gene informa-

tion in recombinant protein production. Insertion into the

chromosome of E. coli has been reported [4], but not

commonly used. Plasmids need to be stable, both struc-

turally (no sequence changes during multiplication) and

segregationally (presence in all bacteria during multipli-

cation) [61]. E. coli strains can be engineered to improve

the production of plasmid DNA [40]. Expression plasmids

contain common elements responsible for controlled

recombinant protein production. The origin of replication

(ori) controls the replication rate of the plasmid and thereby

the copy number. The most common are ColE1 and p15A.

ColE1 is derived either from pBR322 plasmid (low copy

number; 15–20) or from pUC plasmid (high copy number;

500–700) [116]. Plasmid copy number defines the recom-

binant gene dosage. High gene dosage can be either stim-

ulating or detrimental for recombinant protein expression,

depending on the specific effect on cell physiology.

Resistance markers confer antibiotic resistance and enable

stable plasmid maintenance. Ampicillin, kanamycin,

chloramphenicol and tetracycline resistance markers are

commonly used. Ampicillin may be problematic due to its

susceptibility to degradation in the growth medium and can

be substituted by carbenicillin [116]. The promoter controls

the transcription of the target gene. It should be strong

(capable of initiating a high level of transcription), tightly

regulated (low level of basal transcription), transferable to

a number of E. coli strains, and inducible in a simple and

cost-effective manner [85]. Induction may be achieved by

thermal change or with the addition of chemicals. Isopro-

pyl-b-D-thiogalactopyranoside (IPTG) induction is the

most common, but has certain drawbacks, mainly high

price and cell toxicity [85]. Another two important ele-

ments are the ribosome binding site (RBS), which initiates

ribosome binding, and the transcription terminator, which

ends transcription, prevents run through transcription and

stabilizes the 30-end of mRNA. ATG start codon is the

most effective in starting translation, and TAA stop codon,

followed by T, in stopping translation [85].

The most often used plasmid series is the pET expres-

sion system, which is based on T7 promoter [119]. The

host strain requires the T7 RNA polymerase-encoding DE3

phage fragment, which is under the control of lacUV5

promoter. The latter can be induced by the addition of

IPTG, which binds and removes LacI repressor. T7 RNA

polymerase is faster than native E. coli polymerase and

transcribes the gene under the control of T7 promoter,

which is present on the plasmid. Tight control of tran-

scription is achieved by the presence of T7 lysozyme,

which is a natural inhibitor of T7 RNA polymerase. The

pBAD expression system, which is based on araBAD
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promoter, is representative of the new and improved series

of plasmids. Induction is triggered by L-arabinose and

enables graded expression of the target protein, based on

the L-arabinose concentration [44].

Appropriate plasmid design enables expression of recom-

binant proteins fused with another protein partner. Fusion

proteins are usually highly expressed proteins that can

increase the overall yield of the recombinant protein, possibly

by stabilizing the mRNA [2]. The fusion tag can be inserted in

the N-, or C-terminal part of the fused protein. The most

commonly used fusion proteins are thioredoxin (TRX), glu-

thathione-S-transferase (GST) and maltose binding protein

(MBP). They can also assist in folding and disulphide for-

mation and in protection against proteolysis, thereby

increasing the yield of soluble protein. They can be exploited

in affinity purification, which facilitates downstream pro-

cessing. The most popular affinity fusion is the addition of a

peptide consisting of at least six histidine residues (His Tag),

which can be used in immobilized metal affinity chromatog-

raphy. Insertion of protease recognition sequences between

the recombinant protein and its fusion partner enables cleav-

age with specific peptidases (e.g., thrombin or factor Xa) and

removal of the fusion protein [116].

Optimization of the producer strain

Producer strains should have low levels of proteolytic

activity, enable stable maintenance of expression plasmids,

and contain genetic elements, which are important for

expression systems, or increase protein yield and solubility.

BL21 is an E. coli B strain widely used in recombinant

expression. It lacks Lon and OmpT proteases which often

interfere with recombinant protein production. Other

modifications include recA negative strains, which stabilize

expression plasmids, and trxB/gor negative strains that

enhance disulphide bond formation. LacY mutants enable

adjustable levels of protein expression [116]. Supplemen-

tation with tRNA genes for rarely transcribed codons

(usually on another plasmid) can result in higher protein

yield [25]. Expression of chaperones (GroEL-GroES and

DnaK-DnaJ-GrpE) can assist in protein folding and prevent

inclusion body formation [96]. Manipulation or prevention

of stress response can be achieved by interfering with

sigma factors. RpoS mutation had a positive effect on

recombinant protein expression when using fed-batch fer-

mentation [63]. E. coli cells have been metabolically

engineered to decrease detrimental acetate production

during growth, for example by over-expression of phos-

phoenol pyruvate carboxylase [30]. Synthetic biology was

employed to reduce the E. coli genome up to 15 % by

removing the unnecessary genetic elements [102]. This led

to improved electroporation efficiency and plasmid stabil-

ity, and did not compromise recombinant protein

expression [102, 112]. Transfer of Campylobacter jejuni

glycosylation machinery to E. coli enabled the production

of glycosylated recombinant protein [125]. This opened up

possibilities for glycosylation engineering in E. coli.

Optimization of the fermentation procedure

Higher protein production can also be achieved with the use

of higher concentrations of producing cells, such as in high-

cell density culture systems. This is more cost-effective and

environmentally friendly. Different fermentation strategies,

such as batch, fed-batch and continuous fermentation, can be

applied and yield more than 100 g of dry cell mass per litre

of fermentation broth. Fermentation parameters that can be

controlled include growth medium composition, tempera-

ture, pH and dissolved oxygen. The composition of growth

medium has to be controlled in order to sustain high cell

growth and, at the same time, prevent unwanted metabolic

effects. Glycine is an additive to the growth medium specific

for the release of periplasmic proteins. Fermentation

parameters can also have an influence on proteolytic activ-

ity, secretion and the level of expression.

High cell density culture systems have several disad-

vantages, including lower availability of dissolved oxygen,

higher levels of carbon dioxide (which decrease growth rate

and increase acetate production), reduced stirring efficiency

and increased heating [81]. This results in generally lower

specific protein production than in shake flask cultures [64].

Stirring and heat generation are especially problematic in

large fermentors and have to be considered in scale-up

design. Nutrient feeding strategy is critical in high cell

density cultures, and constant rate feeding, increased feeding

or exponential feeding can be selected [21]. Exponential

feeding enables growth at a constant specific growth rate by

using glucose as a growth-limiting nutrient. Acetate pro-

duction can be minimized by keeping specific growth rate

between 0.2 and 0.35 h-1 and by keeping glucose concen-

tration near zero [21]. To prevent overfeeding of nutrients,

more sophisticated feedback-controlled feeding systems can

be used, in which a certain amount of nutrient is added in

response to a change in pH or dissolved oxygen [21]. It is

often useful to separate growth and production phases. This

can be achieved by delaying induction until the appropriate

cell density is reached. High cell density culture systems can

cause a stress response as described previously. They can

also lead to cell filamentation, which should be avoided [65].

Novel systemic optimization approaches

Numerous approaches to optimizing recombinant expres-

sion in E. coli have been described and the most common

have been included in this review. Several approaches

should be tested for each recombinant protein—it should
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be borne in mind that this is necessarily a trial-and-error

approach. Conditions that work with one protein can be

detrimental for another, and no general rule can be set.

Nevertheless, the great advantage in system-based

approaches in recent years has enabled precise, target-ori-

ented optimization of expression of a particular protein,

mainly by strain engineering. Proteome and transcriptome

data, obtained by 2D gel electrophoresis and DNA arrays,

respectively, reveal proteins that are either up- or down-

regulated during recombinant expression and may serve as a

target in the optimization procedure [33, 45]. Differentially

expressed genes may be grouped in the following categories:

heat shock and stringent response, phage-related, elongation

factors, ribosomal proteins, amino acid biosynthesis and

tRNA-related, transposon-related, nucleotide biosynthesis

and tricarboxylic acid cycle [124]. Successful examples

of such approaches include, among others, co-expression of

down-regulated glpF and prsA genes in the expression of

insulin-like growth factor I fusion protein [22], co-expres-

sion of cysteine synthase A in the expression of leptin [49],

and co-expression of phage shock protein A in the expres-

sion of humanized antibody fragment [1].

Characteristics and optimization of yeast expression

systems

Yeasts are unicellular organisms and are among the sim-

plest eukaryotes. They have a sub-cellular organization

similar to that of higher eukaryotes and contain a nucleus,

mitochondria, endoplasmic reticulum (ER), Golgi appara-

tus, secretory vesicles, vacuoles and microbodies. Baker’s

yeast (Saccharomyces cerevisiae) has a special status since

it has been used as a component of human diet for centu-

ries. It has been accepted as ‘‘generally recognized as safe’’

(GRAS), which is beneficial in the production of recom-

binant pharmaceutics from the regulatory point of view. In

addition, its molecular and biochemical properties are well

known, as well as the manipulation techniques. Other

yeasts include P. pastoris, Hanensula polymorpha, Yarr-

owia lypolytica, Kluyveromyces lactis and Schizosaccha-

romyces pombe. Pichia pastoris is probably the second

most frequently used yeast. It is widely applied for

recombinant expression in research labs and on the

industrial scale, since it offers higher production and

secretion capability than S. cerevisiae. The first biophar-

maceutical produced in P. pastoris was approved in 2009

and several others are undergoing clinical studies.

Characteristics of the S. cerevisiae expression system

S. cerevisae embodies some characteristics of prokaryotes

(fast growth in cheap media, simple genetic manipulation)

and of eukaryotes (proteolytic processing, folding, disul-

phide bond formation, and post-translational modifications

without carboxylation). On the other hand, it is unable to

reach high cell densities, and exhibits limited secretion and

excessive/irregular glycosylation.

Transformation of S. cerevisiae cells with expression

vectors can be achieved by treating cells with lithium ions.

Expression vectors are based mainly on 2 l plasmids. They

are usually E. coli/yeast shuttle vectors, which enable their

propagation in E. coli. 2 l plasmid is present at about 100

copies per haploid genome. It contains four genes (FLP,

REP1, REP2 and D), origin of replication, STB locus and

two inverted repeats. FLP encodes a site-specific recom-

binase that assists in achieving higher copy number and is

therefore beneficial in recombinant gene expression [107].

Another important factor in recombinant expression is the

wide variation in the productivity of different transfor-

mants, which therefore have to be tested.

Auxotrophic selection markers are commonly used to

select the plasmid-containing transformants. LEU2, TRP1,

URA3 and HIS3 genes are used with complementary

mutant strains, being auxotrophic for leucine, tryptophan,

uracil and histidine, respectively. Minimal growth media

which lack the relevant nutrient are used in selection.

Dominant markers can be used for selection in rich med-

ium and include resistance to antibiotics G418, hygromycin

B and chloramphenicol. Copper resistance is conferred by

CUP1 gene, which can therefore also be used as a domi-

nant marker [107].

The absence of bacterial DNA is advantageous from the

regulatory point of view. Bacterial DNA can be removed

by integration of the expression cassette into the native 2 l
plasmid, or by the use of a shuttle plasmid and subsequent

removal of the bacterial sequence by in vivo recombination

[107]. Additionally, more stable maintenance of foreign

DNA can be achieved by the use of integrating vectors YIp.

These contain yeast chromosomal DNA to target integra-

tion, a selectable marker and a bacterial replicon. In order

to achieve integration in multiple copies, integration can be

targeted to reiterated chromosomal DNA (tandem repeats)

of, e.g., ribosomal DNA cluster [82] or Ty transposable

element [73].

Promoters and terminators are essential for successful

recombinant expression. Yeast promoters consist of at least

three elements: upstream activation sequences (UAS),

TATA elements and initiator elements. Yeast promoters

may be highly complex, with lengths of over 500 bp, and

can contain multiple UAS, multiple TATA elements and

negative regulatory sites. Glycolytic promoters of alcohol

dehydrogenase I (ADH1), phosphoglycerate kinase (PGK)

and glyceraldehyde-3-phosphate dehydrogenase (GAP) are

among the strongest promoters. They are induced by the

addition of glucose; however the induction rate is low. Poor
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regulation makes these promoters less suitable for use. The

strongest tightly regulated promoters are those of galactose

regulated genes GAL1, GAL7 and GAL10, which are

involved in the metabolism of galactose. These promoters

are rapidly induced by more than 1,000-fold upon addition

of galactose [117] and are strongly repressed by glucose.

Glucose therefore has to be depleted from the growth

medium before induction can take place. Promoters can

also be regulated by inorganic phosphate concentration, as

in the case of acid phosphatase (PHO5). Promoters that are

independent of culture nutrients are potentially useful.

Among those, temperature-regulated systems and a copper

ion–inducible system (promoter of CUP1 gene) are worth

mentioning [107].

Optimization of the S. cerevisiae expression system

Since recombinant protein expression in S. cerevisiae has

been well established for some time, very little progress has

been made in the optimization of expression vectors and

promoters in the last two decades. Optimization has rather

focused on one of the weaknesses of S. cervisiae as a

recombinant expression host—the ability to secrete

recombinant protein. Parameters that can be optimized to

increase secretion efficiency are: cultivation conditions,

vector system, promoter, codon usage, secretion leader

sequences, processing and folding [56]. It has been postu-

lated that the secretion efficiency of S. cerevisiae is 100-fold

to 1,000-fold lower than that predicted theoretically [59].

Significant increase in secretion levels has been

achieved by optimizing the fermentation process. Control

of pH and temperature increased cell density and reduced

protein degradation [59]. Advanced approaches of secre-

tion optimization have focused on strain engineering, in

which crucial steps in protein secretion are modified on the

genetic level. These strategies also apply to other yeasts

besides S. cerevisiae, and encompass protein folding in the

ER, intracellular vesicular protein trafficking and proteo-

lytic degradation of the protein [56, 59].

The ER lumen contains numerous proteins responsible

for correct folding of the protein, processing of signal

sequences, formation of disulphide bonds, etc. Protein

folding is under stringent control, and several mechanisms

are employed in preventing misfolding or for removal of

misfolded proteins. Over-expression of chaperones is a

logical strategy in increasing correct protein folding and,

consequently, protein secretion. Chaperone BiP assists in

protein folding; however, prolonged binding of BiP results

in an unfolded protein response and, finally, in the trans-

location of the misfolded protein to the cytosol, where it is

degraded. Thus, over-expression of BiP has ambiguous

effects, depending on the protein which is to be expressed.

BiP over-expression resulted in a 26-fold increase in

bovine prochymosin secretion [51] and a 5-fold increase in

erythropoietin secretion [106], but decreased the expres-

sion of glucose oxidase in H. polymorpha [122]. Single or

multiple over-expression of chaperones Jem1p, Sil1p,

Lhs1p and Scy1p resulted in increased secretion of several

pharmaceutically important proteins [101]. Over-expres-

sion of protein disulphide isomerase, either alone or in

combination with BiP, also increased secretion [113, 115].

Another strategy involves manipulation of the unfolded

protein response and its regulator Hac1p which activates

expression of chaperones [59].

The intermediary step in protein secretion involves

trafficking of protein in membrane-enclosed transport

vesicles from endoplasmic reticulum (ER) to Golgi, inside

Golgi, and out of Golgi. Ineffective trafficking results in

intracellular accumulation of the protein and impairs

secretion. A protein has to contain a signal sequence

(cleaved in later steps) to enter the ER. MFa1 signal

peptide from a-factor mating pheromone [12] and,

recently, signal peptide from viral K28 preprotoxin [29]

have been used for ER targeting. Vacuolar mis-sorting

results in intracellular retention and is mediated by vacu-

olar protein sorting receptor Vps10p. Deletion of the

vps10 gene results in improvement of protein secretion in

some cases [54] while, in others, deletions of vps4, vps8,

vps13, vps35 and vps36 were beneficial [142]. Deletion of

MON2 gene, that encodes scaffold protein for vesicle for-

mation, increased secretion of recombinant luciferase [69].

Over-expression of syntaxins Sso1p and Sso2p, which

function as fusion targeting proteins for vesicles on the

plasma membrane, also increased expression [108]. This

shows the importance of regulating trafficking from Golgi

to plasma membrane. In general, the regulation of vesicular

transport is difficult due to the plethora of genes that are

involved—further studies are therefore needed.

After secretion, proteins can be degraded by proteases

that are secreted by host cells. Protease-deficient strains are

therefore expected to yield more secreted protein. Deletion

of the major vacuolar protease genes PEP4 and PRB1

impairs maturation and activation of other vacuolar pro-

teases [66], resulting in significantly lower proteolytic

activity. Other protease genes which were also deleted are

CPY1, YPS1 and KEX2 [59]. Deletion of the mitochondrial

metalloendoprotease gene CYM1 also decreases proteoly-

sis and improves secretion [67]. Generation of strains

deficient in multiple proteases is expected to further

improve secretion efficacy, as in the case of Schizosac-

charomyces pombe [60].

As in E. coli, future studies will not concentrate on the

study of a single protein or group of proteins, but rather

involve genome-, proteome-, transcriptome- and/or metab-

olome-wide information. cDNA over-expression libraries

have already been analyzed using high throughput screening
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approaches, including flow cytometry and cell sorting, as

well as DNA microarrays, to identify factors which may

contribute to secretion [37, 88].

Characteristics of the P. pastoris expression system

Pichia pastoris is a methylotrophic yeast, which indicates its

ability to utilize methanol as a sole carbon and energy

source. Initial metabolic reactions take place in peroxisomes

and involve alcohol oxidase, catalase and dihydroxyacetone

synthase [19]. Genetic manipulation techniques (high-fre-

quency transformation by electroporation, gene targeting,

stable integration into the genome, cloning by functional

complementation) have been well established in P. pastoris,

making it an attractive host for recombinant expression.

Proteins can be expressed at high levels and successfully

secreted. This makes purification relatively straightforward

due to low amounts of host secreted proteins [132]. P. pas-

toris can perform eukaryotic protein modifications, includ-

ing glycosylation, formation of disulphide bonds and

proteolytic processing [84]. Unlike S. cerevisiae, P. pastoris

can grow to very high cell densities (more than 130 g/l of

dry cell weight) on minimal media [132].

Expression vectors, such as E. coli/P. pastoris shuttle plas-

mids, have been designed. They contain origins of replication

and selection markers that are functional in both organisms.

Selection markers are similar to those in S. cerevisiae, and are

either auxotrophic (HIS4, ARG4, ADE1, URA3) or dominant

(zeocin) [19]. To increase the stability of expression strains,

vectors can be integrated into the genome. This can be per-

formed by digesting the vector with the restriction enzyme in

the marker gene or promoter region and transforming it into an

appropriate auxotrophic strain, resulting in high-frequency,

single cross-over integration.

Alcohol oxidase (AOX) catalyzes the first step of the uti-

lization of methanol. Its expression is highly induced (from

practically undetectable to more than 30 % of total soluble

protein) on the addition of methanol. AOX1 promoter has

therefore been the most widely applied promoter in recom-

binant protein expression in P. pastoris. Alternative promot-

ers, that do not require methanol for induction, include GAP

promoter (which enables strong constitutive expression on

glucose), FLD1 promoter (which can be induced by either

methanol or methylamine) and PEX8 promoter (when less

intensive transcription is required). AOX2 promoter is

approximately 10–20 times less active than AOX1 promoter,

but has nevertheless been used successfully in certain cases of

recombinant protein production [19, 84].

Optimization of the P. pastoris expression system

Higher yields of recombinant protein in P. pastoris can be

achieved by inhibiting proteolytic degradation. Similarly to

S. cerevisiae, strains of P. pastoris have been created that

lack protease genes PEP4 and PRB1 [19]. Another strain,

deficient in Kex1 protease, was applied in the expression of

endostatin [11]. The downside of protease deficient strains

is their lower viability, slower growth and resistance to

transformation [19].

Much effort has been put into optimizing fermentor

conditions. Growth in a fermentor is necessary for the

control of pH, temperature, aeration and feeding. The pH

has to be optimized for each protein. Growth at lower

temperatures has been shown to be desirable for certain

proteins [84]. During fermentation, the methanol feeding

process is usually used. It consists of three stages [18]. In

the first, the expression strain is grown in batch fashion in a

repressing carbon source, usually glycerol. The second

stage includes transition to fed-batch culture. Glycerol is

fed in a growth-limiting way to increase the biomass. The

third stage is induced with low-rate methanol feeding. The

methanol feed rate is increased after the culture becomes

adapted to methanol [18]. An alternative fermentation

approach is mixed feeding, where glycerol and methanol

are fed simultaneously. This can result in improved via-

bility, shorter induction and higher production rate; how-

ever, repression of AOX1 promoter by glycerol may be

problematic [18]. Therefore, the feed rate has to be care-

fully optimized and monitored.

Another characteristic that has recently received much

research attention is the ability to glycosylate expressed

recombinant proteins. This is especially relevant in the

production of pharmaceuticals, many of which require

authentic glycosylation in order to be biologically active.

Yeasts can glycosylate produced proteins; however the

glycosylation pattern consists of many mannose residues

and differs significantly from that in humans. High man-

nose content can result in faster degradation of the

administered protein [38], resulting in lower activity. A

largely successful effort has therefore been made to

genetically engineer a strain with the human N-glycosyla-

tion pattern. The initial glycosylation, which occurs in the

ER, is the same in yeast and humans. In both, proteins that

arrive at the Golgi carry Man8GlcNAc2 glycan. In humans,

this structure is first trimmed to Man3GlcNAc2 then con-

verted to GlcNAc2Man3GlcNAc2, galactosylated and

finally sialylated to Sia2Gal2GlcNAc2Man3GlcNAc2. In

yeast, however the Man8GlcNAc2 intermediate is not

trimmed, but further mannosylated, resulting in the gen-

eration of glycans with more than 30 mannose residues

[48]. The first step in humanization therefore involves the

deletion of och1 gene (a-1,6-mannosyltransferase), which

is responsible for the transfer of another mannosyl residue

to Man8GlcNAc2 intermediate, creating a substrate for

further mannosyltransferases [48]. Simultaneous deletion

of och1 and mnn1 genes (the latter encoding a-1,
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3-mannosyltransferase) produced a strain with a single

glycan, Man8GlcNAc2, that acts as a starting point for further

humanization [92]. The subsequent steps included introduc-

tion of glycosyltransferase and glycosidase genes (MnsI,

GnTI, GnTII, SiaT) to P. pastoris by screening combinatorial

libraries of transmembrane domains of known Golgi- and

ER-localized proteins, and various glycosyltransferases and

glycosidases. This high-throughput approach resulted in a

strain capable of producing Gal2GlcNAc2Man3GlcNAc2

intermediate [10, 20, 46]. The final step of transferring the

sialic acid was complicated by the fact that this sugar is not

produced in yeast cells. Enzymes responsible for sialic acid

biosynthesis were therefore introduced to P. pastoris, toge-

ther with sialyl-transferase. The use of this strain resulted in

the production of erythropoietin with a humanized glyco-

sylation profile [47]. O-glycosylation was also tackled in

S. cerevisiae by introducing mucin-type glycosylation and

O-fucosylation. Humanization of the glycosylation machin-

ery in yeasts opens up new possibilities for the production of

biopharmaceuticals.

Characteristics of mammalian cell expression systems

Mammalian cells nowadays constitute the most often used

expression system for biopharmaceuticals, two-thirds of

the revenue being from those produced in mammalian cells

[145]. The majority of approved proteins have been pro-

duced in Chinese hamster ovary (CHO) cells. Other rodent

cells include baby hamster kidney (BHK) cells and mouse

myeloma (NS0) cells. Cells of human descent have also

been applied, including human embryonic kidney (HEK-

293) cells and human-retina-derived cells (PER-C6). All

these cells can be grown in suspension culture in bioreac-

tors and are amenable to scale-up [15]. The reason for the

popularity of mammalian cells is their superior ability to

perform post-translational modifications, which are some-

times a prerequisite for the biological activity of recom-

binant proteins. Post-translational modifications performed

by mammalian cells include proteolytic processing, disul-

phide bond formation, glycosylation, c-carboxylation,

b-hydroxylation, O-sulphation and amidation [128]. Of

these, proteolytic processing and disulphide bond forma-

tion can also be achieved in other expression systems.

Glycosylation has received the most attention and its

advances will be described in more detail below. The sugar

moiety of the glycoprotein was shown to be important in

protein folding, protein targeting and trafficking, ligand

recognition and binding, biological activity, stability, pro-

tein half-life, and in evoking an immune response [128].

Recombinant genes can be delivered to mammalian

cells (transfection) in several ways. Viral delivery is gen-

erally not desirable due to regulatory restraints. Non-viral

delivery methods are therefore favoured, and include

treatment of cells with calcium phosphate, electroporation,

lipofection, or polymer-mediated gene transfer [15]. Upon

delivery, plasmid DNA is linearized by endo- or exonuc-

leases and inserted randomly into the host cell genome by

the action of recombinases. The efficacy of insertion can be

improved by linearizing the plasmid prior to transfection.

Ligation of plasmids prior to integration can cause inte-

gration of several plasmid molecules to the genome [138].

Transient gene expression enables gene expression for a

shorter period of time, in contrast to stable gene expression.

Transient expression involves shorter process development

and faster access to recombinant protein. Such develop-

ment of appropriate vectors and processes for transient

expression has enabled a considerable increase in the yield

of recombinant proteins. In the future, transient gene

expression could be considered for smaller scale biophar-

maceutical production or in personalized medicine [5].

Stable gene expression is achieved by the use of

appropriate selection systems. This may include resistance

to certain antibiotics such as neomycin, hygromycin or

puromycin. However, the most common selection systems

are based on dihydrofolate reductase (DHFR) gene in

combination with CHO cells, which lack DHFR activity, or

glutamine synthase (GS) in NS0 cells. Selection is

achieved by the absence of the appropriate metabolite in

the medium composition (hypoxanthine and thymidine for

DHFR, or glutamine for GS) [138]. The selection gene may

be present on the same plasmid as the gene for recombinant

protein, or on a separate plasmid. Promoters that drive gene

expression are usually strong promoters of viral origin

[138].

The composition of cell culture media is of utmost

importance in enabling sustained culture growth and

effective recombinant protein production. Fetal bovine

serum used to be an essential component of mammalian

cell growth media. It has since been disregarded by regu-

latory authorities due to its uncharacterized nature and the

fear of transfer of adventitious agents [138]. Instead,

chemically defined media are used that contain a pool of

peptides, growth factors, proteins, lipids, carbohydrates and

small molecules. Biopharmaceutical producers use their

own proprietary mixtures that are carefully optimized for a

particular cell type or cell mutant. Even for a single cell

line, different media can be used during the production

process and can be adapted specifically to the phases of cell

subcultivation or recombinant protein production [138].

Cell lines can have specific nutrient requirements; for

example, NS0 cells require the presence of cholesterol

since they lack the cholesterol synthesis pathway [41].

Cells can be grown in adherent culture or in the much

more common suspension culture. Adherent cultures can

be grown in partially filled roller bottles, which ensure the
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required availability of nutrients and oxygen. Another option

is adherence to spherical microcarriers maintained as a

suspension in stirred tank bioreactors [138]. Adherent cell

growth is the default cell growth mode and the transition to

suspension growth has to be achieved through the use of

appropriate growth medium and clonal selection. Suspen-

sion growth can result in much higher cell densities and is

the preferred culturing mode in biopharmaceutical produc-

tion today. Suspension cultures can be grown in batch, fed-

batch or perfusion modes. Batch and fed-batch modes are

relatively simple. They are performed in stirred tank biore-

actors or airlift bioreactors. The reactors are designed in

such a way as to minimize the shear forces that inflict

damage to the cells. Batch culture is characterized by the

successive dilution of a cell culture in the growth medium,

which usually occurs over three phases: seed, inoculum and

production. This enables a gradual increase in cell density.

Fed-batch culture is an improved batch culture that involves

feeding nutrients according to cell requirements [9]. Slow

feeding of nutrients results in their maintenance at low

concentrations. This in turn increases the rate of metabolism

and decreases the production of detrimental by-products

such as ammonia or lactate. The production phase of fed-bed

culture can be further divided into two phases (biphasic

strategy). In the first phase, the cells grow to high cell

density; in the second, cell growth is arrested by lowering

the temperature, which increases specific productivity [141].

Perfusion cultures demand a different, more complex and

expensive bioreactor set-up, which has to concomitantly

feed fresh medium and remove used culture medium with

the product. Perfusion cultures can achieve very high cell

densities and can be sustained for prolonged period of time,

even for several weeks or months [90]. Due to these reasons

the bioreactor volumes can be smaller [109].

Improvement of mammalian cell expression

The expression of recombinant proteins in mammalian

cells has been improved with regard to quality and quan-

tity. The importance of higher protein yield is obvious,

while protein quality is usually related to post-translational

modifications, most commonly to ensure correct and uni-

form glycosylation. Improvements have been made in the

selection of clones with the highest specific productivity, in

understanding and influencing epigenetic factors on gene

expression, and in genetic engineering of producer cells.

All this has been assisted by genome scale technologies

such as genomics, transcriptomics and proteomics.

Improvements specific for the protein (e.g., signal peptides

[75]), as well as improvements in medium composition and

process parameters have also been made, but will be

mentioned only briefly in this review.

Improvements in clonal selection

Transformed cell lines are significantly heterogeneous, so a

single cell has to be isolated to produce a clonal isolate for

biopharmaceutical production in order to comply with

regulatory requirements. At the same time, several hundred

cell lines have to be screened for maximal specific pro-

ductivity and reasonable viability. Clonal selection of

adherent cells is relatively easy, since individual colonies

can be observed after growth on the surface of, e.g., mul-

tiwell plates. For suspension cultures, the limiting dilution

method (LDC) is still among the most commonly used. It

involves dilution of the cell suspension to a density that

ensures less than one cell per well upon transfer to a

microtiter plate. Wells containing only a single cell are

identified by observation under a microscope. Those that

are able to proliferate are tested for recombinant protein

yield [14]. The method has been automated [135], but still

has many drawbacks, including the relatively low number

of tested clones. Several rounds of LDC are needed to

confirm the single clone isolation.

Screening capacity has been increased by introducing

flow cytometry and cell sorting, which enable monitoring

of protein expression on a single cell level. To monitor the

protein expression, the protein has to be labelled by

co-expression with a fluorescent reporter protein, such as

green fluorescent protein [89]. Alternatively, the required

protein can be labelled with a specific antibody; however,

in that case the protein has to be displayed on the cell

surface. Surface association has been reported to correlate

with level of expression and secretion [13], but this does

not apply to all proteins. The protein therefore has to be

retained on the surface in another manner, either by gel

microdrop technology or matrix-based secretion [53, 133].

In the former, the cell is captured in a gel matrix droplet, in

which antibody against the recombinant product is incor-

porated [131]. The latter approach is similar, only the

matrix is formed directly on the cell surface to which the

antibody molecules are bound via biotin. Diffusion is

reduced by the use of high-viscosity medium [53].

Some novel screening methods also use fluorescence

and are highly automated. These include laser-enabled

analysis and processing, where unwanted cells are removed

by laser treatment [50], and automated colony picking;

promising cells are picked and transferred to new wells.

Completely automated and robotically manipulated sys-

tems are commercially available [14].

Improvements in overcoming epigenetic factors

The specific productivity of a given cell depends on the

number of gene copies inserted in the genome, as well as

on the site of integration. The strategy to increase the gene
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copy number involves the use of inhibitors of DHFR

(methotrexate) and GS (methionine sulphoximine). The

insertion of several hundred or thousand gene copies can be

achieved by increasing the inhibitor concentration [139].

The inhibitors should, however, only be used during the

selection of appropriate producer clone, because they

promote cellular heterogeneity [138].

As noted above, the site of gene integration is of equal

importance, since gene copy number depends on the

so-called position effect. The gene may be inserted in the

transcriptionally inactive region of genomic DNA (hetero-

chromatin), which results in epigenetic gene silencing. The

state of transcriptional activity depends largely on histone

modifications, most notably acetylation, methylation,

phosphorylation and ubiquitination of lysine and serine

residues in the N-termini of histones. In general, acetylation

of histone residues correlates with increased gene expres-

sion and methylation with decreased expression [86].

The histone modification status can be modified in two

ways to increase expression. First, the histone deacetylase

inhibitor, butyrate, can be added to the growth medium

[99]. This is a nonspecific approach, and can also result in

growth inhibition and apoptosis. Successful use of this

approach has nevertheless been demonstrated for several

proteins in CHO cells [77]. Secondly, histone acetyltrans-

ferase can be targeted to the promoter of the recombinant

gene, which ensures a more targeted action. This can be

achieved by fusing histone acetyltransferase to DNA-

binding protein LexA, and insertion of LexA binding sites

upstream of the promoter [78]. Thirdly, the transcriptional

activity of a DNA region can also be improved by adding

cis-acting DNA regions to the recombinant gene construct.

These include a b-globin locus control region (only active

in erythropoietic cell lines), insulators (such as cHS4,

which blocks the action of the enhancer region on the

promoter), ubiquitous chromatin opening elements (pro-

moter regions of ubiquitously expressed housekeeping

genes such as HNRPA2B1 and CBX3), matrix associated

regions (which bind to nuclear matrix and influence chro-

matin structuring) and anti-repressor elements (which

block heterochromatin repression) [77].

Another approach to overcome epigenetic regulation

involves specific targeting to the sites of the genome where

high expression occurs (hot spots), rather than random

integration. The Flp/Frt system has been successfully used

for that purpose [144], while the Cre/LoxP system resulted

in a limited copy number of inserted genes [34, 74]. Another

recombination system is AC31 system which catalyzes

irreversible recombination between attP and attB sites [16].

As an alternative to chromosome integration, an artifi-

cial chromosome expression system, based on mammalian

artificial chromosomes, has been considered [71]. Artificial

chromosomes contain multiple acceptor sites, removing the

need for genome integration, and improve the transfection

process [71].

Improvements in genetic engineering of mammalian

cells

The productivity of mammalian cells, in terms of quantity

and quality, can be increased by genetic engineering. Pro-

duction of lactate can be reduced by lowering the expres-

sion of lactate dehydrogenase [62]. The viability of cells can

be improved by introducing proto-oncogenes and growth

factor genes [138]. Over-expression of cell cycle control

genes, such as cyclin-dependent kinase inhibitors, arrests

cells in G1-phase and increases productivity [36]. Similar

results can be obtained by inhibiting or preventing apop-

tosis. This is achieved by introducing anti-apoptotic genes

bcl-2 [87] or bcl-xl [32] to the host cells, or by inhibiting

caspase-3 by antisense RNA [72]. A simpler approach

involves adding components of the growth medium that

protect against, or inhibit, apoptosis (e.g., suramin, insulin

growth factor, caspase inhibitors) [15]. RNAi technology

has become an important tool in mammalian cell genetic

engineering, and the down-regulated targets include lactate

dehydrogenase, dihydrofolate reductase, pro-apoptotic

genes and glycosylation-related genes [137].

The hallmark of recombinant protein quality is its correct

glycosylation profile. The glycosylation pattern can vary

between cell lines, most notably between rodent and human.

CHO and NS0 cell lines can incorporate sialic acid

N-glycolylneuraminic acid, which is not present in humans

and can be immunogenic in larger amounts [97]. Various

attempts have been made to modify glycosylation by

genetic engineering. Over-expression of b-1,4-galactosyl-

transferase and a-2,3-sialyltransferase caused reduction in

terminal N-acetylglucosamine residues and an increase

in terminal sialyl residues in recombinant proteins produced

in CHO cells, which resulted in increased plasma retention

time [133]. Over-expression of 2-b-N-acetylglucosaminyl-

transferase resulted in incorporation of bisecting N-acetyl-

glucosamine in recombinant antibody, thereby increasing

its antibody-dependant cytotoxicity [24]. Similar results

can be achieved by the removal of genes involved in the

transfer of a-1,6-fucose to nascent glycan chain, which

results in fucose-free recombinant antibodies [55]. Besides

over-expression of glycosylation-related enzymes, their

localization is also important. By changing the localization

of 2-b-N-acetylglucosaminyltransferase inside the Golgi,

the incorporation of bisecting N-acetylglucosamine was

increased [31]. Nutrients and medium composition are also

well known to influence glycosylation pattern and have to

be precisely controlled to ensure a consistent glycosylation

profile. Glutamine and glucose have to be supplied in suf-

ficient quantity. Ammonia accumulation has to be
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controlled, as well as pH, oxygen supply, growth rate,

temperature and shear stress [15, 55].

Systemic optimization approaches

Omics technologies (genomics, transcriptomics, proteomics,

metabolomics) currently show the greatest potential for

identifying novel variables that could be altered for opti-

mizing recombinant protein expression. Omics technologies

offer the possibility to understand the cellular functions at the

global level [27], and lead biopharmaceutical manufacturing

towards systems biotechnology [17]. Multi-gene changes

could be applied and tailored to a particular protein. DNA

microarray technology has enabled discoveries in the fields

of lower lactate production [76], cholesterol production in

NS0 cells [111] and adaptation to growth at lower tempera-

tures [3]. Proteomics studies have the advantage of giving

insight into post-translational modifications and sub-cellular

localization. The majority of such research has been carried

out with two-dimensional gene electrophoresis combined

with mass spectrometry. Studies have involved the influence

of the treatment of CHO cells with butyrate [123] and the

influence of osmotic stress [80]. Recently, a multi-omics

approach (transcriptomics, metabolomics and fluxomics)

was used to compare a recombinant protein producing

HEK293 cell line with its parental cell line [26].

Several limitations of omics technologies, described in a

recent review [27], hamper their wider introduction in cell

engineering. They include technical (e.g., measurement

bias and limited coverage), biological (e.g., high variability

and complexity), experimental (e.g., small contrast, use of

a single technology), and interpretational (e.g., lack of

computational methods) [27].

Further advances are constantly being made in omics

technologies. These include transcriptomic and genomic

technologies, such as suppression subtractive hybridiza-

tion, serial analysis of gene expression, comparative

genomic hybridization and direct sequencing of expressed

sequence tags. Next-generation sequencing technologies

have enabled the acquisition of a vast amount of sequence

data in a short period of time at relatively low cost, and

have already resulted in the determination of a CHO

transcriptome [8] and a whole genome [140]. New pro-

teomic approaches include multidimensional peptide sep-

aration (instead of two dimensional gel electrophoresis)

and stable isotope labelling of proteins in cell culture

(enabling relative quantification) [43].

Technological advances in cell cultivation

In general, large-scale recombinant biopharmaceutical

production takes place in stainless steel, sterilizable

bioreactors. The scale-up process is usually difficult and

time-consuming due to the ill-defined process parameters

in laboratory-scale production. Novel technological

approaches, such as disposable bioreactors [28] and

microscale bioprocesses [91], could change this and

become an integral part of biopharmaceutical production.

Disposable bioreactors, intended for single use, are

made from a sterile material, usually plastic, that is

approved by a regulatory authority (polyethylene, poly-

styrene, polypropylene, etc.). They can be used in smaller

volumes (up to 1 l) for the preparation of seed cultures.

Recently, disposable bioreactors with a capacity of several

thousand litres have become available, and can be used for

production cultures. Their complexity varies from simple

containers that depend on an external device for main-

taining suitable growth conditions, to complex devices

equipped with disposable sensors able to control process

parameters. The container is either rigid (tube, flask) or

flexible (bag). The quality and quantity of produced pro-

teins is comparable to that achieved with traditional

stainless steel bioreactors. The advantages include great

flexibility, ease of handling and, potentially, lower costs

due to pre-sterilization [28]. The disadvantages include

lower material strength, limited experience with the tech-

nology, limited availability of disposable sensors, contro-

versial safety due to extractables and leachables, and

higher running costs. In general, disposable bioreactors are

cost effective only for high-value products [28]. However,

the cost-efficiency could change in their favour, according

to some calculations [42]. Mass transfer in disposable

bioreactors is achieved through wave mixing, orbital

shaking or stirring. Stirred bag systems are the most

established. They consist of a cylindrical bag with pre-

installed axial flow impellers, aeration devices, gas filters

and sensor probe ports. Disposable bioreactors require

sensors for monitoring physical, chemical and biological

parameters. Sensors that come into direct contact with the

cell culture medium must be disposable, and therefore

inexpensive. They have to be reliable, but not necessarily

durable. Semiconductor devices can be used or, alterna-

tively, disposable inexpensive sensing elements coupled to

reusable analytical equipment. Optical sensors have the

greatest applicability, since they enable noninvasive mon-

itoring through a transparent window. Different parts of the

electromagnetic spectrum can be used to monitor optical

density, biomass and nutrients. Optical chemosensors rely

on indicators that are in physical contact with the medium

and must therefore be disposable. They enable sensing of

dissolved oxygen and pH. Besides optical and conductivity

sensors, ultrasonic sensors could also be applied in a

noninvasive manner [39].

The miniaturization of bioprocess volume can lead to

higher throughput and faster process development.
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Microscale bioprocesses can be performed in either

microwell or microfluidic format, or in a combination of

both. Microwell systems are widely applied in everyday

research; however the transfer of bioprocess data to larger

systems is not trivial and is rarely established. Homoge-

neity, following the addition or removal of liquid, can be

achieved by jet mixing or shaking. In the latter, the critical

shaking speed has to be achieved. Oxygen transfer rate in

microwells can be calculated. Fluid dynamics are more

difficult to monitor; however, advances have been made

with microparticle image velocity measurements and direct

numerical simulations [91]. Microfluidic systems are

characterized by continuous flow of the liquid and could be

particularly useful in designing continuous and perfusion

cultures. The scale-up is, however, even more difficult, and

the large surface area to volume ratio is a problem.

Recently, several microbioreactors have been developed

which feature properties of both microwell and microflu-

idic systems, and a great deal of attention is focused on

instrumentation and automation [110]. Good agreement of

process parameters of E. coli growth were observed

between a microbioreactor and a laboratory-scale fermen-

tor [35]. Monoclonal antibody purification was established

with automated liquid handling in a miniaturized multi-

column format [121]. Microbioreactors may significantly

shorten the time for scale-up process development.

Conclusions and perspectives

Production in mammalian cells accounts for the largest part

of the biopharmaceutical repertoire. E. coli and yeasts

remain the second and third most commonly used pro-

duction hosts. Relatively low production costs and well

established regulatory compliance appear to be crucial for

their popularity, despite their associated problems. The

adoption of a new expression host is slow, mainly due to

regulatory constraints. It is nevertheless occurring. Recent

approval of biopharmaceuticals produced in P. pastoris,

insect cells and transgenic animals [126], as well as plant

cells [98], could open the door more widely for future

candidates, and also for other expression hosts. Consider-

able progress has been made in the expression of bio-

pharmaceuticals in plants, which was not considered in this

review. The major limiting issue, immunogenicity of plant-

specific glycosylation, has been addressed successfully

[70]. A lot of effort has been invested in metabolic engi-

neering of various producer cells, with special focus on

glycosylation engineering. Engineered cells have to face

regulatory hurdles; however, their impact is likely to

increase in the future, especially due to high-throughput

approaches, with which new improvements can be rapidly

identified. Systematic optimization approaches, together

with new fermentation technological solutions will be the

driving forces of future advances and may result in

improved biopharmaceuticals and their faster delivery to

the market.
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