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ABSTRACT

The demand for recombinant proteins has steadily increased and the production of such recombinant proteins in
heterologous systems has improved significantly in recent years. Most applications involve difficult to produce
proteins including complex proteins and glycoproteins thus promoting the development and improvement of a wide
range of production platforms. For the production of all recombinant proteins no individual system is optimal, so
the diversity of platforms based on different host-vector systems has been developed. Here, we discuss the most
commonly used production platforms based on the bacteria, several species of yeast, and a selection of mammalian
cell lines production highlighting their unique advantages and disadvantages. The significance of mammalian host
system like CHO and its unique advantages and disadvantages are highlighted in this review.
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INTRODUCTION

Biotechnology-derived recombinant proteins are oesjble for advances in medicine and industrialliappons.
The new class of drugs derived from recombinantgime are extremely vital in the treatment of maiignents like
cancer, genetic disorders, hormone deficiency ali2iSAThe naturally derived biologicals are samesiamilar to
molecules in living cells and hence more compatibith biological systems in comparison to chemidalgs.
Industrial uses of enzymes in food, textile, detetgleather, medicinal chemistry sectors are mlseasing. The
growing need of therapeutic and other applicatiohenzymes and proteins could only be met by hiigous
synthesis of recombinant proteins.[1]

A new generation of biological systems have evolwdth the advancement of recombinant protein prtidndoy
surpassing the challenges through optimising tligtiag expression systems [Hxpression systems encompass the
technologies including biological materials and thssociated methods necessary for genetically meddif
organisms in the production of recombinant proteind other products. They include vectors (usualigmids)
used to transfer genetic material into host cedlsvall as the source and transformed cells therasellhe vectors
may be commercial products on their own and in socames, such as those used for gene therapy ovitale
vaccines|[3].

Proteins expressed in the mammalian host cellshénigeukaryotes)Escherichia coli, (bacterial host cell,
prokaryotes) and yeasts (lower eukaryotes) haweeddrDA approval for the therapeutic applicatioruging these
expression systems. All the expression systems liaeie own advantages and disadvantages (Tabl@4ig.

application of these expression systems mainly migpeon the following criteria :(a) The productioost (b)

immunogenicity of the proteins (expressed proteamfone host may be immunogenic in other system)(enthe

nature of protein (non-glycosylated or glycosylatékhis article presents a review of most commardgd vector-
host systems for recombinant protein expressionpanduction.
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Different host systems

Two well-known general categories of expressiornesys include Prokaryotic and eukaryotic systemsrawvehich
the former are generally easier to handle and atisfactory. However, there are serious restrigtiam using
prokaryotic cells for the production of eukarygpioteins. Though many host systems are used ifiguiproteins
(structure, enzymology, drug discovery) and protearapeutics [1].

Escherichia coli:

Escherichia coli (E. coli) is the most widely employed host due to the extenknowledge about its physiology,
genetics and complete genomic sequence which grfeailitates gene cloning and cultivation. The iified strains
have been genetically manipulated so that theygareerally regarded as safe for large-scale usedanbinant
protein production [1] .

During the first step of expression screen, onbpaple ofE. coli strains like BL21(DE3) and some derivatives of
the K-12 lineage are necessary [4] . The versatdit the system can be demonstrated by large-qualiein
expression trials which have shown that <50% oftdyéad proteins and <15% of non-bacterial protetas: be
expressed ifE. coli in a soluble form [5].

Majority of the proteins are strategically availmbhs cytoplasmic, periplasmic and secretary prateivhen
expressed irE. coli. Mammalian proteins when expressedEincoli may often aggregate and form as inclusion
bodies which is due to the lack of proper chapersystems inE. coli. [6, 7, 8]. For industrial purposes, the
inclusion body formation is also advantageous beeaaf easy separation of these proteins frombs®lproteins
and are usually resistant to degradation by théephgtic enzymes from the host [9, 10]. The natdiodding and
secretion process of immunoglobulins in eukaryaresimitated in thé&. coli periplasmic strategy. With the help of
special signal sequences pelB [11] , phoA [12] ampA [13] the protein for example the fragmenigan binding
(Fab) region of an antigen can be directed towardsexpressed in the periplasmic space where the oxidising
environment is present than cytoplasm. By the ssnggimotic shock method the proteins can be egrtldodm the
periplasm of. coli .

Various important advantages include potentiallyyvaigh expression levels, low cost, simple cultoomditions,
rapid growth, scalable, simple transformation pecots, and any parameters can be altered to optiexigeession.
Few disadvantages include inefficient disulfide ¢ddormation, poor folding of proteins in the cytapin (inc.
bacterial proteins), inclusion body formatiom vitro refolding protocols may be inefficient and can ateg
advantages; codon usage is different to eukaryat@ajmal post-translational modifications and ermckir

production. To overcome the disadvantages newlgldeed engineered strains can help alleviate thkl@ms with
disulfide bond formation (Shuffle and Origami) aswton bias (Rossetta and CodonPlus ril/rp)[14].

Alternative Bacterial Expression system:

The gram positive anaerobic lactic acid bacterisnthe emerging platform for the recombinant micablaell
factories as it is considered as the GRAS (generatiognized as safe) organism by the US FDA [A&jng with
the advantages and major economical applicatioilerimentation and food industry scientists are atersng the
gram positive bacterium as the alternate sourcéhir production of recombinant proteins as thegarisms do
not produce the endotoxins in its derivatives [lif]. Bacillus subtilis is one of the most considered alternative host
system because of the presence of an excellenttgecrrsystem which simplifies the downstream precasd
secretes the properly folded proteins [1iZctococcus lactis is yet another promising alternative prokaryotic
expression systemL. lactis is majorly used in the production of recombinagpduallergen, biologically active
murine interferon-gamma and considered as a negina delivery system as it can target to mucasadli[18, 19,
20].

The strict aerobic gram negatiWseudomonas sps with its high GC content made it as an idemdt Hor the
production of few restriction endonucleases andinatGC rich products [21, 22] Streptomyces is the other
important source for the production of antibiotEpgides, synthetases and drug modifying enzymeause of its
low level extracellular proteases [22].

Yeast expression system:

The enormous increase in gaining interest for thastyas expression system is due to the fact ttisdiares the
properties of both prokaryotic and eukaryotic espien systems. The well characterized molecular gamktic

system of yeasts allows easy gene manipulatiordeaustable copy number and the availability orsg promoter

helps to attain the higher cell densities. Yeastsused in food and brewery industry from long etiand are

generally considered as GRAS because of absermedotoxins in contrary t&. coli and Oncogenes or viral DNA
in contrary to mammalian system. Yeast expressj@tesn can used for the structure and functionalyaisaof
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membrane protein, because of the presence of @éngecretory and signaling pathway with that ajhier
eukaryotes [23].

The non-methylotrophic genera such &accharomyces cerevisiae, Schizosaccharomyces pombe [24],
Kluyveromyces lactis [25, 26],Arxula adeninivorans (A. adeninivorans) [27], Yarrowia lipolytica (Y. lipolytica) [28]
and the methylotrophic genera suchPashia pastoris [29, 30] Ogataea (Hansenula) polymorpha [31, 32, 33, 34]
are mostly used yeasts strains for the heterolpgptein production.

S cerevisiae contains high copy stably-inherited plasmid asddénsidered as a prototype for almost 25 years
because of its economic efficiency and safety cmrations [35] S. cerevisiae is an important cell factory as it is
used for production of several large volume proslietiuding insulin and insulin analogs [36]. pastoris is used
increasingly as the host cell of choice becausisadbility to produce high yields of properly-feld proteins in
exceptionally high density cultures including tetartoxin, mouse epidermal growth factor, membraraems
including human ABC transporters, aquaporins amcgpanins [37]. The main advantage of usthgombe for
gene expression of matured heterologus proteidsiésto the presence of well developed golgi afiparand the
presence of galactosyl transferase system [38].

Advantages of this system are high expression develv cost, simple culture conditions, relativedypid growth,
scalable, choice of secreted or intracellular esgion, efficient protein secretion and allows sinplrification,
extensive post-translational modification of proggi efficient protein folding, N-glycosylation motie higher
eukaryotes than with S. cerevisiae, and endotoxin-free protein production. Disadvgesinclude use of methanol
as inducer is a safety (fire) hazard at scale, aglylation is still different to mammalian cells [14
Hypermannosylation which hinders the proper fajdif heterologus protein there by raises the immgengity is

a common feature in yeast [1]. Despite this, germtivances have been made as highlighted by theogenent of
a “humanised”P. pastoris strain capable of replicating the most essentlgtagylation pathways found in
mammalian cells and permitting the production agfve@crecombinant protein like human erythropoi¢8m].

Baculovirus-infected insect cells:

Expression of recombinant proteins in the baculm/insect cell expression system is employed bechwnables
post-translational protein modification and higklgis of recombinant protein. The system is capabfacilitating

the functional expression of many proteins eitheerated or intracellularly located within infectatsect cells.
Advantages are good expression levels (esp. foadellular proteins), relatively rapid growth, efént protein
folding, moderately scalable, extensive post-traishal modification of proteins, glycosylation reoilike

mammalian cells, enzymatically relatively easy glegbylate proteins (good for structure determinmgticand

endotoxin-free production [39]. Disadvantages idel@expensive culture media, large volumes of viresded on
scale-up, inefficient processing of pro-peptidesenretary pathway, glycosylation still differentrhammalian cells
[40], viral infection leads to cell lysis and poti@hdegradation of expressed proteins [14].

Today Baculovirus technology has matured to théesta which it can be applied for numerous appiiz.
Transduction of a plethora of mammalian cell typesddition to infection of insect cells establidhigself as a
versatile gene delivery and protein expressiorfqrat for production of recombinant proteins [39].

Mammalian cells:

The approval of Chinese hamster ovary (CHO)-deritissue plasminogen activator (tPA, Activase) irsd9
revolutionized medicine and raised the possibdityising mammalian cell culture for the manufacatgrof protein
therapeutic products. The development of hybridéesainology to produce mAb's by Kohler and Milstél®75)
[41] has revolutionised mammalian cell culture arge quantities inn vitro. Transient or stable transfection
methods are used based on the purpose of the sggr@sotein. Transient expression by COS cells siatle
transfection by the CHO cells are more frequentigdumammalian cells [42, 43, 44] . CHO cells angabte of
adapting and growing in suspension culture whiclidéal for large scale culture, pose less riskeag fiuman
viruses are able to propagate in them, can groweirum-free and chemically defined media which essur
reproducibility between different batches of cealltare, and allow post translational modificatidnsrecombinant
proteins which are compatible and bioactive in hosnaspecially glycosylation of glycoproteins [45].

One of the most important factors for success 0OQIells is that they are quite adaptable and abbrdw to very
high densities in suspension cultures. Also isotabtf cells deficient in DHFR enzyme leads to deaive means
for selection of stable clones and amplificatiorgehes [46] . The major advantages include goodeszgjon levels,
moderately scalable, suspension-adapted cellsitéeil scale-up, efficient protein folding, good feecreted
proteins, excellent post-translational modificaiprand endotoxin-freeFew disadvantages include expensive
culture media, complex growth requirements[14].
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Few problems with gene targeting of CHO cells haeen observed. Targeting vector frequently copheget
sequence on CHO genome and the truncated end oktiter sequence is extended for several kb beyanggbt
homologous region on the vector and randomly irtiegt elsewhere on the genome. This gives rise toyma
pseudo-homologous recombinants with the same sequennon-target and target loci. They can’t bérdjsished
from true homologous recombinants by genomic PCRo@bsomal abnormalities that affect copy number and
chromosome location of target loci accumulate indCtelIs[47].

Filamentous fungus:

The multicellular filamentous fungusspergillus is attaining interest for the heterologus prot@iaduction with its
detailed knowledge about the genetics, strain dpéition features and high capacity for the secyemaotein
production in industrial scale fermentation[48,28].niger and A. oryzae are the most commonly used strains
among theAspergilus sps [49,50]. The inducible system is the choiceterproduction of proteins while expressing
in the filamentous fungus when the recombinantginstare toxic in nature. PglaA frofa niger [51] and PalcA
from A. nidulans [52] are the commonly used inducible promoters for ttression of recombinant proteins. Solid
state culture and gene fusion methods are usekhimentous fungus to improve the heterologus pnopeoduction
[53].

Cell-free protein Production:

Cell-free protein synthesis has emerged as a paitedhnology platform to satisfy the growing dewdor simple
and efficient protein production without the useliofing organisms. While used for decades as a dational
research tool for understanding transcription amashsiation, recent advances have made possibleeffestive
micro scale to manufacturing scale synthesis offterproteins. These advances have inspired nelicappns in
the synthesis of protein libraries for functionangmics and structural biology, the production efspnalized
medicines, and the expression of virus-like patidb4].

Extracts from the cells which are engaged in haghtein production are commonly used such as tabbi
reticulocytes (RRL), wheat germ (WGHj, coli (ECE) and insects cell (such as SF9 or SF21)dgsahd are
commercially available now which can be scalablguantities [54]. The advantages with the cek fespression
systems are protein synthesis conditions can bépulated, one can readily incorporate non-aminaseind can
use PCR products as template amenable to simphethigughput approacheSome of the disadvantages include
limited post-translational modifications in abserafecanine pancreatic microsomes and expensiveae.dts
practical applications are seen in production afiffgal protein (structure, enzymology, drug discgye in-vitro
expression cloning, isotopic labelling of protefios NMR, incorporation of non-natural amino acidst]. The
recent development in advancement of cell freeasgion system was made to encounter the proteofysiblem
by using the PURExpress® (NEB#E6800) from NEB Wwhimonsists only the highly purified components
(https://www.neb.com/products/e6800-purexpriesdiro-protein-synthesis-kit).

Transgenic plants:

Transgenic plants as an expression system for théuption of recombinant proteins were developeth \he
discovery of natural gene transfer mechanism whiak used by the plant pathogenic bacteridgrgbacterium
tumefaciens) to introduce the genetic material into the geaah plants during the infection process [55] tha
transgenic plants the recombinant proteins arencdtressed by integration of vector DNA with thesthby the
stable transformation using the natural methodAgyobacterium-mediated transformation or by the biolistic
method(particle gun method) [56, 57, 58] or by dtifleg plants with recombinant viruses which exprése
transgene during their replication in host [59,.80Icotiana tabacum and tomato [61] , banana [62], rice [63],
potato[57] and wheat [64] are found to be ideahfdafor the recombinant or heterologus proteinsdpetion.
Cauliflower mosaic virus (CaMV), a constitutive proter has been most widely used in plants for élecembinant
protein expression . Temporal or spatial expressibthe genes is required to avoid the harmfulnésducible
promoter like RD29A gene promoter frofmabidopsis for stress tolerance, Tissue specific promotikes GluB1
from rice[65] , patatin from potato[66] , fruit sgiic promoters like ACC oxidase gene from applé[6Bd seed-
specific promoter arcbfrom common bearPhaseolus vulgare) [67] are few examples for the recombinant protein
production in specific manner. The expression dtssd E8 fruit ripening specific promoter when daimed with
the heat shock protein(HSP) frofnabidopsis produced increased accumulation of recombinartepr® [68].

The high potential of transgenic plants is seerthim field of bioreactors. The major applicationreiation to
pharmaceutical industry is in production of antilesdand vaccines. Several special characterisfisegetables
have been found to be extremely applicable in rdgpamt protein production. The useAgrobacterium rhizogens
and Chlamydomonas reinhardtii in production of fully active antibodies are fevi the examples for use of
transgenic plants. Major advantages of using sdahtbased host system include compatibility, semplell
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defined and industry compliant culture media andrgs viral safety component. Few of the drawbaciduide
restricted use in terms of variety of moleculesciiidan be developed [2].

Transgenic animals:

The modern state-of-art techniques in moleculatobip field allowed researchers to express the réxdoamt
proteins in specific organs or tissues by using $pecially designed or modified vectors and gemster
techniques [48]. Transgenic animals as model asitmave gained popularity in last few decades tdleeir usage
as models to study human disease, for example,oaersl in xenotransplantation, to human patients famnd
production of biopharmaceutical products [69] . Pineduction of recombinant proteins using transgemimals is
possible due to advancement in techniques of nmjgciion, embryonic stem cell manipulation and sterrauclear
transfer in recent years[69]. The microinjectidriaeign DNA into the pronuclei of zygotes enablgeheration of
the first transgenic livestock, twenty years ag0]] Expression of recombinant proteins is tisspec#ic which
often restricted to certain tissues or organs faample the stimulation of mammary glands using latguy
elements derived from the milk protein genes[7Hc&use of complexity of purification process thesget protein
production is rarely directed to other tissues.

Though with limited success, this host system efggred whenever there is any protein of high pla@mentical
value need to be developed. The examples incluo@uption of recombinant clotting factor VIII prodian from
mammary glands of transgenic sheep. The producesged in the milk of transgenic goat, ATryn®, eorabinant
form of human antithrombin 1ll was the first to e#ee the approval from the European Commission
(http://www.gtcbiotherapeutics.com/news.html). SaVeother proteins like mAbs, human recombinani-
proteinase inhibitor, human serum albumin etc., iaraifferent stages of development. The major diravk
includes cost and laborious and complex process[2].

Table 1: Comparison of various expression systems

. . Capital :
Expresson Immunogenicity Glycosyl ayon Cost O.f | nvestpment Pr Qte' n Contaminants
System of Protein Production Requi Yield
equired
Bacteria Yes No Low Low High Endotoxin
Y east Yes No Low Low High Low
I nsect Moderate Yes Moderate Low High Low
Mammalian Cells No Yes High High Low Viruses, Oncogenes
Transgenic Plants Moderate Yes Low Low High Viruses, Oncogenes
Transgenic Animals No Yes High Low High Low
CONCLUSION

Protein production is the backbone of functionalags, biomarkers, structural and biophysical sgjdigechanistic
studies in vitro and in vivo, but also for therapeapplications in pharmaceutical, biotech anddacaia. Over past
few decades it has evolved into a mature disciplhge to the increased importance of biopharmacaistand the
growing demand for proteins used for structural bigghhysical studies some of the factors have a@ezl utmost
importance including, the impact of genomics tedbgies on the analysis of large sets of structurdlverse

proteins, and the increasing complexity of diseasgets, the interest in innovative approachesHerexpression,
purification and characterisation of recombinamiteins [72].

Today mammalian system remains one of the most atynused systems as compared to other host systeens
to its advantages. It is very own to human cellsmate resource for production of extremely compdand high
molecular weight proteins including multimeric doadies. CHO cells lines are most commonly useblioels in
mammalian expression system for biopharma productiee to quality yield and regulatory acceptanke[2

In spite of the advantages of CHO cells, indussnstill relying on other expression systems. Thislie to the
lengthy developmental time and complexity in isiolatof high expressing production cell line. Oub la focusing
on development of a novel CHO based expressiaesyshich reduces the cost, time and effort invdlire the
development of high expressing production cell timere by widening the use of CHO cell based exivassystem
in bio-pharma industry.
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