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Thanks to numerous technological advances, the production of

recombinant proteins in mammalian cell lines has become an

increasingly routine task that is no longer viewed as a heroic

enterprise. While production in prokaryotic or lower eukaryotic

systems may be more rapid and economical, the advantages of

producing large amounts of protein that closely resembles the

native form is often advantageous and may be essential for the

realization of functionally active material for biological studies

or biopharmaceuticals. The correct folding, processing and

post-translational modifications conferred by expression in a

mammalian cell is relevant to all classes of proteins, including

cytoplasmic, secreted or integral membrane proteins.

Therefore considerable efforts have focused on the

development of growth media, cell lines, transformation

methods and selection techniques that enable the production

of grams of functional protein in weeks, rather than months.

This review will focus on a plethora of methods that are broadly

applicable to the high yield production of any class of protein

(cytoplasmic, secreted or integral membrane) from mammalian

cells.
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Cell type
The workhorse of mammalian protein expression in an a

pharmaceutical company is Chinese Hamster Ovary cells

(CHO), due to their relative ease of use and long history

of regulatory acceptance for the production of biophar-

maceuticals [1]. The top selling biologic in 2012 was

Humira, a monoclonal antibody made in CHO cells,

directed against tumor necrosis factor alpha for the treat-

ment of rheumatoid arthritis, with sales of close to 9

billion dollars [2]. In development and laboratory settings,

Human Embryonic Kidney 293 (HEK) cells are com-

monly used and, other novel cell lines may provide even

more desirable properties for protein production. These

include the human retina-derived Per.C6 and amniocyte-

derived Cap-T lines, which are capable of very high-

density growth (�5–15 � 107 cells/ml) that supports con-

comitant increases in protein yield and decreased media

costs (reviewed in [3��,4]). Cell types may also be chosen,

or engineered, to alter the extent of post-translational

modifications such as glycosylation, lipidation, sulfation,

etc., which can modulate the activity of the target protein

(e.g. 10–20 fold in the case of an anti-CD20 antibody)

[5,6]. Unfortunately these post-translational modifi-

cations, while essential for function, may be inversely

correlated with the success of structural studies, as

increased heterogeneity can adversely affect crystal pack-

ing [7]; but numerous options are available for the mitiga-

tion of these challenges. Several investigators have

attempted to limit or homogenize glycosylation by the

use of processing-deficient strains, such as the N-acet-

ylglucosaminyl transferase I (GnTI) deficient HEK293S

GnTI(�) line in the production of the hormone glucagon.

Alternatively, inhibitors of glycosyl processing enzymes,

such as kifunensine (that targets mannosidase 1) or

swainsonine (that targets mannosidase 2), can be added

to the growth media, which result in modifications that are

more amenable to enzymatic removal of sugar moieties

post-production [8,9�].

Cell growth conditions
Advances in serum free media formulation allow for high-

density cell growth (>1 � 106 cells/ml) in the absence of

serum, which simplifies downstream purification and

eliminates animal-based components, which alleviates

some regulatory hurdles. Media has been optimized for

protein production using design of experiment (DOE)

approaches or metabolic analysis to derive optimized

media, with the goal of increasing the protein yield per

cell or volumetric yield (e.g. optimized CHO cell media

supporting the ten-fold greater production of tumor

necrosis factor fusion protein over yields from unopti-

mized basal media [10–12]). Additives can be used to

supplement growth media such as histone deactylase

inhibitors (e.g. valproic acid or sodium butyrate) to de-

condense chromatin and increase the transcriptional

activity of integrated genes with a concomitant enhance-

ment in protein yield (e.g. four-fold increase in yield for

an antibody produced in HEK293E cells after valproic

acid addition). Proprietary feed solutions (HyClone Cell

Boost, Thermo Scientific Inc.) have been shown to

increase yields and growth times by supplementing

essential components that have become depleted in
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conditioned media; for example, doubling of the lifetime

of a batch culture of CHO cells producing tissue plasmi-

nogen activator [13�,14]. Growth factors can also be added

to the media. For example, the LONG R3 IGF-I engin-

eered peptide appears to show culture enhancing proper-

ties, such as doubling cell viability over a 12 day

experiment for some cells, including CHO, HEK293

and PER.C6, when compared to more routinely used

insulin additives [15–17]. Growth factors and cell cycle

regulators may also be introduced by co-transfection of

expression plasmids (such as acidic fibroblast growth

factor as demonstrated in Backliwal et al. [18��]), rather

than by addition of purified proteins, with a resulting

savings in cost.

Cell growth and protein yields may also be made more

robust by the use of carefully controlled growth environ-

ments (such as bioreactors) or by providing microenviro-

ments via the use of micro or macrocarriers (Cytodex or

Cytopore from GE Lifesciences or Fibra-Cel from New

Brunswick) which shield cells from harmful shear forces

and can increase yields 2–5 fold [19–21]. Hypothermic

shifts (37–33 8C) have also been found to be advan-

tageous for increasing cell specific productivity (e.g. at

least two-fold for a variety of test proteins) and in particu-

lar for CHO cells [20,22�]. Growth vessels for cell culture

have been improved by the introduction of convenient

disposables for high-density growth in suspension such as

the Tubespin bioreactor and the Optimum GrowthTM

flask (Thompson Instrument Company), which allows

high-density growth with a smaller footprint than fern-

bach flasks [23]. For scale up (i.e. lab scale), many variants

of ‘wave’ reactors (GE Lifesciences) are available in-

cluding newer versions that rock in two rather than one

direction, giving rise to more efficient mixing and mass

transfer and potentially high cell viabilities (XRS Bio-

reactors from Pall Corporation); other platforms include

hollow fiber bioreactors (FiberCell Systems Inc.) which

provides very high cell densities of cells in low volumes

(up to 1 � 108 ml�1), various air lift bioreactors (Cellexus

Inc.), and even those with merry-go-round type water-

wheels inside (PBS Biotech Inc.); many of these tech-

nologies are relatively novel (especially in the disposable

format), so head-to-head comparisons of utility are cur-

rently unavailable.

Transforming the cells and expression vectors
Large-scale transient transfection, which is useful for very

rapid (days) protein production, is now an effective

option, with more than 50 reported successful attempts

to produce useful proteins, and various optimizations

have lead to simpler operational procedure at even the

hundred liter scale, giving rise to gram levels per liter of

production [23–26]. In a highly optimized large-scale

transient transfection protocol, grams per liter of recom-

binant antibodies have been generated by engineering

the expression vector to utilize a human CMV promoter,

an artificial intron and woodchuck post-transcriptional

regulatory element (WPRE) [18��]. This result highlights,

not surprisingly, that the choice of promoter and other

vector elements are critical factors in determining protein

expression yields. This study also utilized high cell

density transient transfection mediated by the economi-

cal transfection reagent, polyethylenimine (PEI), along

with a series of plasmids expressing growth factors and

cell cycle regulators. The importance of different 50UTR

and polyadenylation sequences in expression vectors has

been investigated in other studies and they have been

found to be of utility in particular cases [27–29].

Design of experiment has also been utilized to optimize

various parameters for large-scale transient gene expres-

sion and has shown that DNA concentration may be held

at a relatively low level whist achieving good protein

expression yields. This work is interesting as the pro-

duction of large amounts of high quality (i.e. endotoxin

free) DNA could be a severely limiting factor [30�].
Relatively inexpensive, yet effective transfection

reagents, in particular PEI, allow for efficient transfection

at both small (submilliliter) and large-scale (hundreds of

liters) [24,31,32].

PiggyBac transposons offer a method of integrating many

copies of the transgene into the genome of the cell,

leading to high levels of stable protein production (i.e.

months) from clonally sorted or polyclonal populations

[33,34]. The highly active piggyBac transposase specifi-

cally targets transposition into active areas of the mam-

malian genome (not silenced by chromatin structure)

resulting in greater levels of protein expression. PiggyBac

systems have been used to produce some highly inter-

esting and active complexes (such as human gamma
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Options for generating and selecting cell lines to produce high yields of

functional proteins.
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