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Optimal cell function is essential 



The protein pathway in the host machinery

• Transcription
• Translation
• Modification
• Folding
• Localization
• Interactions
• Degradation



Monolayer/suspension
(Passage)

Monolayer/suspension
Population doubling (PDL)

Cell Line

Continuous Finite Stem cell

Primary 
cultivation

Transfer to 
culture

Tissue/organ 
sample

Sub-culture

Cell Line generation



Primary cell culture
Chicken embryo fibroblasts

9-11 days fertilized eggs



Tumor cells lines
Isolated from naturally transformed growths
Genome might be unstable or contain deletions in chromosomes
Cells are mostly at low level of differentiation

HeLa cells



Immortalized cell lines:
SV40 Large T-Ag oncogene: 
Inactivates tumor suppressor protein p53
(Might cause genomic abnormalities)

E7 oncoprotein of HPV: for epithelial cells immortalization

hTERT: Telomerase catalytic subunit (prolonging TC life)

EBNA of EBV: immortalization of B-cells

HEK293 Cells



• CHO-K1 Chinese Hamster Ovary cells

• HEK-293 Human Embryonic Kidney cells

• VERO African Green Monkey kidney cells

• PER.C6 Human retina cells

Commonly used Production Cell lines



Cell Growth characteristics

Growth Characteristics                   Normal            Tumor

Proliferative life span finite continuous
Density dependent inhibition of growth present absent
Growth factor requirements high low
Anchorage dependence present absent
Adhesiveness high low

Terms:
• Split ratio- dilution ratio of a cell culture at subculture
• Passage number- number of times that the culture has been re-seeded
• Generation number- number of doublings that a cell population has 

undergone (PDL)



Monolayer culture

flasksplates Multi well plates

CHO K1



Suspension culture 

Microcarriers suspension culture

CHO S



CO2 Incubator

• CO2 (usually 5%) 
• Humidity) 90-95% ( 
• Temperature (37oC) 
• Aseptic conditions 

(water, surfaces)
• Circulated/Non Air
• Filtered/Non



Cell origin and culturing

• Use certified cells 

• Document culturing procedures (SOP)

• Bank large stocks at early passage

• Split cells on time and don’t let them overgrow 

• Do not exceed recommended passage 

• Routinely test for mycoplasma



Collections Website
American Type Culture Collection (ATCC) www.atcc.org

CellBank Australia www.cellbankaustralia.com

Coriell Cell Repository http://ccr.coriell.org

Deutsche Sammlung von Mikroorganismen und 

Zellkulturen (DSMZ)

www.dsmz.de

European Collection of Animal Cell Cultures 

(ECACC)

www.phe-culturecollections.org.uk/

Health Science Research Resources Bank 

(HSRRB), Japan

www.jhsf.or.jp/English/index_e.html

Japanese Collection of Research Bioresources

(JCRB)

http://cellbank.nihs.go.jp

NIH Stem Cell Unit http://stemcells.nih.gov/research/nihresearch/

scunit/

RIKEN Gene Bank http://en.brc.riken.jp

UK Stem Cell Bank (UKSCB) www.ukstemcellbank.org.uk/

WiCell www.wicell.org

Cell Culture Banks
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Media for animal cell culture

Media

Basal media

ddW, Salts, AA, 
vitamins, sugar, phenol 

red 

Buffers, antioxidant, 
trace elements, fatty 

acids

Serum

Bovine; Equine; Rabbit; 
Porcine; Goat

FBS; CS; BS

Glutamine

Alanyl-glutamine 
dipeptide

Antibiotics

Ampicillin 
Gentamicin

Nistatin /amphotericin



Glutamine stability
Glutamine can break down non-enzymatically into ammonia and 
pyroglutamate (pyrrolidonecarboxylic acid) in liquid media . 
The ammonia is toxic to cells and the use of Alanyl-glutamine is 
recommended.

Alanyl-glutamine dipeptide

Media for animal cell culture



– Phenol red
• Estrogenic-like activity!

Phenol red
above pH 

8.0
below pH 

6.6
8.0↔6.6

C19H14O5S 

The optimal physiological pH for mammalian 
cell cultures is usually considered to be pH 
7.2–7.4, and pH 6.0 for insect cells. 

Media for animal cell culture



Serum: 
liquid component of clotted blood 

Plasma: 
liquid component of blood after 
removing blood cells 

Serum



Disadvantages of serum
• Contamination (mycoplasma, 

viruses)
• Ethical issues (FBS)
• Undefined biological material
• Quality differences between 

batches
• Regulation issues

Serum-free media

Basic formulation: Basal medium with the addition of:
• Albumin
• Insulin
• Transferrin
• Selenium



Effects of Media Formulations 

Animal Components in media

Contaminations 
Batch and Lot Variations

Variability in cells and recombinant proteins (PTMs)



• Proteolytic processing of the 
polypeptide

• Glycosylation and carbohydrate 
trimming 

• Phosphorylation via cell-
receptor-protein interactions

• Targeting & localization by 
fatty acid acylation 

• Assembly of multimeric proteins

Modifications 
affected by cell health 



Controlled formulations
• Reduced serum medium
Basal formulation enriched with insulin, transferrin, nutrients and animal-
derived factors to reduce supplemental serum requirement.

• Serum-free medium (SFM)
Basal formulation containing a broad range of additives and protein factors 
(which may be animal-derived). Does not require serum to support cellular 
function

• Protein-free medium (PFM)
Does not contain supplemental polypeptide factors. May contain various 
peptide fragments derived from enzymatic or acid hydrolysis of proteins 
obtained from animal or plant sources.

• Chemically-defined medium (CDM)
Usually protein-free, comprised exclusively of well characterized, low 
molecular weight constituents.



• Crude trypsin (contains chemotrypsin, elastase)
• Crystalline trypsin 
• Non-enzymatic (chelators)
• Plant enzyme (papain, ficin)
• Non-animal proteases (collagenase, dispase)
• Recombinant trypsin 

Cell dissociation solutions



Media Dos and Don’ts 

• Do not expose media to light

• Do not use beyond expiration date

• Document catalogue and lot numbers (SOP)

• Use same serum lot after testing

• Document additives cat and lot numbers (antibiotics, 

Gln, AA supplements, etc..)
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• Codon Optimization

• Signal-Peptide Optimization

• Domain Selection

Cloning of GOI



A critical analysis of codon optimization in human therapeutics

Vincent P. Mauro and Stephen A. Chappell
Department of Cell and Molecular Biology, The Scripps Research Institute, 10550 North Torrey 
Pines Road, La Jolla, CA, USA 92037

Abstract
Codon-optimization describes gene engineering approaches that use synonymous codon changes 
to increase protein production. Applications for codon-optimization include recombinant protein 
drugs and nucleic acid therapies, including gene therapy, mRNA therapy, and DNA/RNA 
vaccines. However, recent reports indicate that codon-optimization can affect protein 
conformation and function, increase immunogenicity, and reduce efficacy. We critically review 
this subject, identifying additional potential hazards including some unique to nucleic acid 
therapies. This analysis highlights the evolved complexity of codon usage and challenges the 
scientific bases for codon-optimization. Consequently, codon-optimization may not provide the 
optimal strategy for increasing protein production and may decrease the safety and efficacy of 
biotech therapeutics. We suggest that the use of this approach is reconsidered, particularly for in 
vivo applications.

Keywords
codon optimization; gene therapy; mRNA therapy; vaccine; A-to-I editing; tRNA wobble

Optimizing codon usage for increased protein expression
The polypeptide chain(s) of most proteins can be encoded by a seemingly infinite number of 
mRNA sequences due to the degenerate nature of the genetic code (see Glossary) [1]. 
Interestingly, mRNAs encoding the same polypeptide via different codon assignments can 
vary dramatically in the amount of protein expressed [2, 3]. The attempt to produce more 
protein by altering codon assignments has led to the broad use of codon-optimized mRNAs 
for bioproduction of protein pharmaceuticals and nucleic acid therapies. However, 
considerable evidence demonstrates that synonymous codon choices in natural mRNAs have 
evolved in response to diverse selective pressures at both the RNA and protein levels [4]. In 
addition, various studies have shown that synonymous codon changes can have 
unanticipated effects. Synonymous codon changes may affect protein conformation and 
stability, change sites of post-translational modifications, and alter protein function [5–9]. 
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Abstract

Codon optimization of nucleotide sequences is a widely used method to achieve high levels of transgene expression for basic and
clinical research. Until now, immunological side effects have not been described. To trigger T cell responses against human
papillomavirus, we incubated T cells with dendritic cells that were pulsed with RNA encoding the codon-optimized E7 oncogene. All
T cell receptors isolated from responding T cell clones recognized target cells expressing the codon-optimized E7 gene but not the
wild type E7 sequence. Epitope mapping revealed recognition of a cryptic epitope from the +3 alternative reading frame of codon-
optimized E7, which is not encoded by the wild type E7 sequence. The introduction of a stop codon into the +3 alternative reading
frame protected the transgene product from recognition by T cell receptor gene-modified T cells. This is the first experimental study
demonstrating that codon optimization can render a transgene artificially immunogenic through generation of a dominant cryptic
epitope. This finding may be of great importance for the clinical field of gene therapy to avoid rejection of gene-corrected cells and
for the design of DNA- and RNA-based vaccines, where codon optimization may artificially add a strong immunogenic component
to the vaccine.
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Introduction

The expression of sufficient amounts of transgenic protein in a gene-modified cell is crucial in molecular biology and clinical
biotechnology. Since gene synthesis has become a time- and cost-efficient method for the design of nucleotide sequences, codon
optimization has been established as a standard tool to maximize protein expression in a desired system. The genetic code for
translating nucleotide sequences to proteins uses 64 nucleotide triplets (codons), which encode 20 amino acids and three
translational stop signals. Through this degenerated code certain amino acids are encoded by up to six synonymous codons [1].
The frequencies of different tRNAs loaded with the same amino acid to elongate the nascent protein chain from the ribosome vary
and are species-specific [2]. Replacement of unfavorable codons with low tRNA frequency, adaption of GC content, avoidance of
repetitive sequences and unwanted mRNA secondary structures are key modifications introduced by codon-optimization algorithms
to achieve up to 1000-fold higher expression levels of a protein [3].

Clinical and pharmaceutical research has focused on adapting transgene sequences to host cell systems using codon optimization.
It has been shown that codon optimization of transgene cassettes enhances efficacy in preclinical models of gene correction
therapy and clinical trials, where long-term compensation for the lack of functional endogenous protein is desired [4–7]. A second
growing field in which codon optimization has been beneficial is the development of DNA vaccines. Sufficient expression of a gene
in antigen-presenting cells, e.g. via codon optimization, is key to induce protective immune responses against target pathogens
after vaccination [8–12]. Furthermore, some cancer vaccination strategies use dendritic cells (DCs) that have been transfected with
in vitro-transcribed RNA (ivtRNA) encoding a codon-optimized transgene to prime the immune system against viral or tumor-
associated antigens [13].

Published: March 23, 2015 https://doi.org/10.1371/journal.pone.0121633
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Lentiviral vectors 

 

 

 

 

 

 

 

 (LVs) are a highly valuable tool for gene

transfer currently exploited in 

 

 

 

 

 

 

 

 basic, applied, and clinical
studies. Their optimization is therefore very important for

the eld 

 

 

 

 

 

 

 

 of vectorology and gene therapy. A key molecule forfi

LV function 

 

 

 

 

 

 

 

 is the envelope because it guides cell entry. The

most commonly used in transiently produced LVs is the vesic-

ular stomatitis virus glycoprotein (VSV-G) envelope, whose
continuous expression 

 

 

 

 

 

 

 

 is, however, toxic for stable LV producer

cells. In 

 

 

 

 

 

 

 

 contrast, the feline endogenous retroviral RD114-TR

envelope is suitable for stable LV manufacturing, being 

 

 

 

 

 

 

 

 well
tolerated by producer cells under constitutive expression. We

have previously reported successful, transient and stable pro-

duction of LVs pseudotyped with RD114-TR for good trans-

duction of T lymphocytes and CD34 + cells. To further improve
RD114-TR-pseudotyped LV cell entry by increasing envelope

expression, we codon-optimized the RD114-TR open reading

frame 

 

 

 

 

 

 

 

 (ORF). Here we show that, despite the RD114-TRco pre-

cursor being produced at a higher level than 
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 wild-type
counterpart, it is unexpectedly not duly glycosylated, exported

to the cytosol, and processed. Correct cleavage 

 

 

 

 

 

 

 

 of the precursor

in the functional surface and transmembrane subunits is pre-
vented in vivo, and, consequently, the unprocessed precursor

is incorporated into 

 

 

 

 

 

 

 

 LVs, making them inactive.

INTRODUCTION

Pseudotyping envelopes of viral vectors are heterologous glycopro-

teins with the key role of mediating vector entry into target cells.

Thus, their nature, function, and 

 

 

 

 

 

 

 

 density on the vector surface may

deeply in uence the transduction ability of the vectors.fl
1 A 

 

 

 

 

 

 

 

 powerful

strategy to increase the expression of heterologous proteins in eukary-

otic cells is codon optimization (co), which is an arti cial processfi

through 

 

 

 

 

 

 

 

 which DNA sequences are modi ed by the introduction offi

silent mutations, generating synonymous codons. 

 

 

 

 

 

 

 

 By degeneracy of

the genetic code, all amino acids (aa) except Met and Trp are encoded

by more than one codon; i.e., synonymous codons. Genetic code

redundancy makes DNA triplets tolerant for point 

 

 

 

 

 

 

 

 mutations, which

do not result in corresponding aa mutations (silent mutations).

Codon optimization is exploited to overcome species-speci c codonfi

usage bias and ultimately improve heterologous protein production.

The frequency of codon distribution within the genome (codon usage

bias) is variable 

 

 

 

 

 

 

 

 and differs depending on species. It follows that

tRNAs 

 

 

 

 

 

 

 

 corresponding to synonymous codons are not equally abun-

dant in different cell types and species. Therefore, 

 

 

 

 

 

 

 

 for a certain aa,

there are synonymous codons more often used, in uencing thefl

timing and ef ciency of protein translation.fi
2 4– The codon adaptation

index (CAI) technique measures synonymous codon usage bias in a

given species. The 

 

 

 

 

 

 

 

 CAI uses a range (between 0 and 1, where 1 is

the maximum translational ef ciency) of high-rate expression genesfi

(i.e., ribosomal proteins and elongation factors) to assess the relative

contribution of each codon in a speci c organism, allowing compar-fi

ison with the nucleotide sequence of interest.5 Thus, it is possible to

increase the expression of 

 

 

 

 

 

 

 

 a certain gene in a speci c organism/cellfi

type by simply changing rare 

 

 

 

 

 

 

 

 codons with more frequent ones, 

 

 

 

 

 

 

 

 result-

ing in modi cation of the CAI. Codon optimization has been exten-fi

sively used to increase the production of either recombinant proteins

or viral vectors.6 17–

RD114-TR is a chimeric mutant deriving from the feline endoge-

nous retrovirus RD114 envelope, in which the TR domain of the

gamma retroviral vector ( -RV) 

 

 

 

 

 

 

 

 Moloney leukemia virus (MLV)g

amphotropic 4070-A envelope, fused at the C-terminal end of

RD114, increases envelope incorporation into lentiviral vector

(LV) particles.18 RD114-TR is rst translated in a non-functionalfi

precursor (PR) that 

 

 

 

 

 

 

 

 is then processed by the membrane-associated

endoprotease furin in the surface (SU) and transmembrane (TM)

active subunits. RD114-TR processing occurs either in furin-rich

compartments of the -Golgi network, where the PR accumu-trans

lates during its way to the plasma membrane or in the recycling

endosomes close to the plasma membrane.19 The cleavage and

post-translational glycosylation of RD114-TR are crucial for traf-

ficking to the plasma membrane and for incorporation into nascent

virion coats. The TM subunit mediates plasma membrane

anchoring of the SU subunit. Upon recognition and engagement

of functional subunits to speci c receptors, fusion between viralfi

and cell membranes mediates the entry of the vector into target

cells. RD114-TR-pseudotyped retroviral vectors are suitable 
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Codon optimization is not always an advantage



Signal peptide Optimization and UTR

CM samples from HEK293T/17 cells transfected with 60kDa secreted protein were 
loaded on TGX 4-20% Stain-free gel.
Bands intensity was calculated relative to intensity of  wt LS. N=4. Average +/- SEM.
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Common Promoters: 
CMV: Cytomegalovirus promoter
EF: Elongation Factor promoter

Expression vectors for transient and stable expression:



Schematic overview of PEI-Based transfection

Transfection of plasmid DNA into cells 



MEXi-293E (HEK293) cells containing 

the EBNA1 gene for episomal

proliferation of oriP vectors

(IP FREE!!) 

Can transiently express protein for 

over 1 month!

Other options (not as robust):

Freestyle 293 (Thermo)

Expi293 (Thermo); HEK-293T

EBNA based transient expression systems

https://www.iba-lifesciences.com/mexi-technology.html

MCS



System BioSciences (SBI) TM

https://www.systembio.com

CAG promoter: (C) the cytomegalovirus (CMV) 

early enhancer element,(A) the promoter, the first exon and the first 

intron of chicken beta-actin gene,(G) the splice acceptor of the rabbit 

beta-globin gene

EBV-based non-integrating vector for gene 

expression in HEK293 cells

https://en.wikipedia.org/wiki/Cytomegalovirus
https://en.wikipedia.org/wiki/Enhancer_(genetics)
https://en.wikipedia.org/wiki/Beta-actin


Stable Expression: DHFR amplification by MTX
for commercial production of proteins in CHO cells

CHO cells lack endogenous DHFR gene, allowing amplification 
of the integrated vector under MTX selection.



• Cytomegalovirus promoter

• A weaker SV40 promoter for the 
Glutamine synthetase (GS) gene

• Host cell lines, CHO and B-
lymphocytes

• MSX: a competitive inhibitor of GS 
is used for selection of resistant 
cells in which DNA amplification of 
the vector occurs

Another genome amplification system: 
adenosine deaminase (ADA) based

pEE14 expression vector 

DNA amplification vectors for enhanced production
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Stable expression in CHO cells

a. CM samples from stable cells 
growing at increasing 
concentrations of MSX were 
loaded on TGX 4-20% Stain-free 
gel. 

b. Absolute amount of protein was 
calculated based on the band 
intensity of the reference 
protein. 

(a)

(b)

Effects of amplification rounds and MSX 
concentration on expression levels

Transient expression in HEK293T/17 cells: ~1mg/ml (1x107 cells)

Transient expression in CHO-K1 cells: ~150 mg/ml 

Stable expression in CHO-K1 cells in 200μM MSX: ~1.4mg/ml



The Flip-In System

Saccharomyces cerevisiae-derived DNA recombination system

FRT: Flp Recombination Target 

Flp-mediated recombination, (Craig, 1988; Sauer, 1994).



The recombinant protein

Starting from 
production of the 
cell line



transcription

The Tet off / Tet-On system
Recombinant tetracycline-controlled transcription factor (either tTA for TET-Off or rtTA
for TET-On) binds to the Tet-op promoter, driving the expression or controlling the 
inhibition of the target gene.
Gene expression is regulated by the presence or absence of tetracycline or one of its 
derivatives such as Doxycycline. Tetracycline binds directly to the transcription factors.

Tet-Off system: tetracycline prevents the tTA transcription factor from binding DNA at the promoter. Gene 
expression is inhibited in the presence of tetracycline.
Tet-On system: tetracycline binds the rtTA transcription factor and allows it to bind DNA at the promoter. Gene 
expression is induced in the presence of tetracycline.



IRES vectors: 
Expression 2 proteins from the same construct

Selectable marker

§ Downstream ORF will always express to a lesser extent 



Self-cleaving 2A peptides for efficient translation 
of four genes.

Through a ribosomal skip mechanism, the 2A peptide impairs normal peptide bond 
formation between the 2A glycine and the 2B proline without affecting the translation 
of 2B

Nature Biotechnology  22, 589 - 594 (2004) 

originated from viruses such as picorna and foot & mouth, used to generate 



Mammalian affinity purification tags

C-tag (EPEA) C-term tagging for  protein 
interactions and complexes identification
(CaptureSelect resin ThermoFisher)

Active in the presence of urea and guanidine HCl, Used to isolate 
complexes from cytoplasm or periplasmatic fractions. Mild elution at 
neutral pH with MgCl or propylene glycol.

Strep Tag N or C-term tags for high affinity 
purification with Strep-Tactin (IBA)

Used mainly for secreted proteins. Biotin Blocking solution (BioLock) to 
block biotin in conditioned media

And: when using His tag, prefer x10 and not x6



Transient expression in mammalian cells
Pros:
• Suitable for quick screening of expression
• Better productivity for proteins which affect cell growth
• More suitable for expression of toxic proteins
• Possible expression scale up in suspension
• Shorter procedure

Cons:
• Batch to batch variability due to DNA and cell condition
• Over expression may lead to non homogeneous PTMs 
• Difficult to scale up
• Might be more costly for scale up: DNA and reagents
• Extended regulatory requirements 

High level transient production of recombinant antibodies and antibody fusion 
proteins in HEK293 cells  Jäger et al. BMC Biotechnology (2013)



Stable expression in mammalian cells

Pros:
• More suitable for therapeutics regulations
• Cells can be banked at early passage for reproducibility
• Improved adaptation to suspension growth
• Suitable for secreted proteins 
• Cost effective in the long run

Cons:
• Long procedure
• Not suitable for toxic and growth affecting targets
• Low productivity 

High level transient production of recombinant antibodies and antibody fusion 
proteins in HEK293 cells  Jäger et al. BMC Biotechnology (2013)



• Full sequenced gene
• Biologics production-certified cell line
• Establishing viable cell bank
• Serum-free (animal free?) media formulations
• Product analysis : PTMs homogeneity 
• Activity, stability, aggregations, immunogenicity, 

contaminants

Regulation requirements for biologics: 



Spinner flasks can be used to 
grow cells in CO2 incubator, 
on magnetic plates. (0.5-3L)

Medium Scale: 5-10L 
Bioreactors

Large Scale: 50-200L 
Hyclone/Sartorius/etc. 
Bioreactors  

suspension or adherent on 
polycarbonate beads to 
increase cell/volume ratio. 

Leading to more efficient scale up



Questions? Common problems?



Lentivirus expression


