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    Development of new therapeutics requires a strong science base in terms of understanding the diseases at the molecular levels, and then identifying new drug leads against novel targets. The world scientific literature is now inundated with a lot of work in this field, and it is often difficult for a researcher to find focused and comprehensive accounts of the topic of his interest. The book series, “Frontiers in Drug Design and Discovery” was an attempt to fill this important gap. Volume 10 of the series is a collection of four scholarly written reviews and a research article, contributed by leading experts in the field of drug discovery and development.




    Ansari et al. have contributed an excellent review on the recent progress made in the research, manufacture, and quality assurance of various classes of industrial, therapeutic and diagnostic proteins. Collectively termed biopharmaceuticals, these proteins are used for the treatment of haemophilia, insulin-dependent diabetes, and various immune and cardiovascular diseases. Recombinant expression systems used in the production of biopharmaceuticals are the focus of this article. Another review by Hefferon et al. provides an excellent insight into the emerging field of virus like particles (VLP), various nanoparticles (VNP), and the safe and effective applications in drug delivery and transportation of biomedical agents. Badavath and Jayaparakash have contributed an article on the recent development of monoamine oxidase inhibitors (MOAs) as new and effective antidepressants. Among the MOAs, 4,5-dihydro-1H-pyrazole derivatives have special merit due to their interesting molecular architecture, and nanomolar inhibitory potential against MOA enzymes from various sources. Korkotian et al. have focused on the problems associated with the treatment of alcohol intoxication. They propose to employ polyphenolic substances of plant origin, collectively called flavonoids, for this purpose. Flavonoids are known to possess a wide range of biological activities. The authors have presented the effects of flavonoids from plants of Scrophulariacae family on functional properties of rat hippocampal neural cultures in the presence of ethanol. The last review of Barradas et al. is an account of the development of novel drug delivery systems, based on smart polymeric scaffolds, for topical applications. Their physicochemical properties, safety, and stimuli-response characteristics as effective drug nanocarriers are presented.




    We are extremely grateful to authors for their excellent scholarly contributions, and for the timely submission of their reviews. The 10th volume of the ebook series is the result of the efficient coordination and excellent management Ms. Mariam Mehdi (Assistant Manager Publications), and team leader Mr. Mahmood Alam (Director Publications). We are confident that this volume will receive wide appreciation from students, young researchers, and established scientists.
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      Abstract




      The needs for purified proteins in modern medicine, research and industrial application are immense and production of proteins using recombinant technology offers solutions; proteins are used in simple laboratory experiments like protein-protein and protein-DNA interactions and in diagnostic, therapeutic and industrial applications. Some examples of the application of purified recombinant proteins for the treatment of diseases include clotting factors (Factor VIII and IX) for the treatment of hemophilia, insulin-dependent diabetes, and adenosine deaminase for severely compromised immune disease. Recently, human monoclonal antibodies, like anti-tumor necrosis factor-α (Adalimumab) for the treatment of rheumatoid arthritis and Repatha (proprotein convertase subtilisin kexin type 9 or PCSK9) inhibitor antibody for the treatment of and reduction in the risk of myocardial infarction, stroke and revascularization of coronary artery diseases, are produced using protein overexpression methodology described in this chapter. Use of recombinant protein technologies has enabled industries to produce proteins of human significance at a tremendous pace. Production of therapeutic proteins at large scale for millions of individuals to treat diseases is one of the essential needs of mankind. From simple proteins like albumin, growth factors, cytokines, viral vaccines and human monoclonal antibodies, all are being produced utilizing the recombinant protein expression technology and purification processes, whether in a laboratory or biopharming scale in microorganisms, animals and/or plants. This chapter summarizes various recombinant expression systems and their pharmaceutical applications.


    




    

      Keywords: Adenovirus Expression System, Baculovirus-Mediated Expression System, Biopharming, CHO Expression System, Eukaryotic Expression System, Gene of Interest, History of Biopharming, Mammalian Expression System, Possible Contaminants in Expression Systems, Prokaryotic Expression System, Protein Expression System, Recombinant Proteins, Shuttle Vector, Vaccinia Virus Expression System, Yeast Expression System.


    




    


    * Corresponding author Rais A Ansari: Department of Pharmaceutical Sciences, College of Pharmacy, Health Professions Division, Nova Southeastern University, 3200 S University Drive, Fort Lauderdale, FL 33328, USA; Tel/Fax: (954) 262-1344/(954) 262-2278; E-mail: ra557@nova.edu


    


  




  

    

      INTRODUCTION




      Human beings use proteins or smaller peptides in different ways, which could be enzymes added to soap or use of growth hormone for the treatment of pituitary-driven dwarfism. Such proteins can be obtained from various sources. However, yields were previously low and the cost of purifying them was quite high, limiting their production and use. Advancements in the area of recombinant protein production has changed the trend making the yields much higher and the cost much lower, allowing the production of such proteins on industrial scale, opening the door for the treatment of multiple diseases and disorders discussed in this chapter. For example, bovine and porcine insulins had been used for the treatment of insulin-dependent diabetes, and they have now been replaced by human insulin produced in Escherichia coli using the recombinant technology. This technology has also enabled us to avoid potential contaminations from pathogens of animal origin, like viruses. By using recombinant protein technology, we can overexpress desired proteins and biopharm them using microorganisms, animals, and/or plants.


    




    

      BASIC EXPRESSION CONCEPT




      In almost all systems for expression of recombinant proteins, either plasmids carry or are used to create the expression viruses with a gene of interest (GOI) which is driven by a promoter from another gene (a heterologous system) which is active in the organism wherein the protein is being expressed. Isolation of proteins and their purity remains the issue; therefore, an affinity tag is added to either the amino-terminal (N-terminal) or carboxyl-terminal (C-terminal) of the proteins. The tags serve for isolation and purification of the protein and read in frame of the GOI. In order to add the tag at either N- or C-terminal, 4-6 uncharged amino acids are used between tag and protein (Fig. 1). Usually, an endopeptidase site is present between the GOI and the tag so that tag can be removed enzymatically. For a majority of tags (e.g., glutathione-S-transferase [GST], maltose binding protein [MBP], chitin, strep-tag, polyarginine [p-Arg], and 6xhistidines [6xHis]) affinity resins are used, while for other tags (e.g., small ubiquitin-related modifier [SUMO], FLAG-tag, c-myc peptide, and 1D4 epitope) (for the list of affinity tags and acronyms, see (Table 1) antibody-resin affinity columns are employed for purification [1, 2]. A single tag, either at the N- or C-terminal, is not efficient for obtaining sufficiently quality proteins, therefore, dual tags (one at the N- and the other at the C-terminal or in tandem) are routinely used to further enhance the purity of the proteins. A single step 6xHis tag GOI purification using nickel-nitrilotriacetic acid (Ni-NTA) or other metal-containing resins does not produce a satisfactory purified protein. With dual fusion, one additional affinity purification, following 6xHis-affinity purification, removes the contaminating proteins. To increase the purification further, the dual affinity purified sample is subjected to high pressure liquid chromatography (HPLC) or specific protocols developed for the purification of that GOI.
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Fig. (1))


      The basic concept of recombinant proteins and its expression system.



      

        Table 1 List of the affinity/tag.




        

          

            

              	Polyhistidine (3-10 histidines, usually 6 histines)

            




            

              	Polyarginine (usually 4-5 arginine)

            




            

              	FLAG (N-DYKDDDDK-C)

            




            

              	Metal Affinity Tag (MAT= N-HNHRHKH-C)

            




            

              	Strep-tag (N-WRHPQFGG)

            




            

              	c-MYC peptide (N-EQKLISEEDL-C)

            




            

              	Dual tags with MAT/FLAG and MAT/c-MYC

            




            

              	Hemagglutinin antigen tag (N-YPYDVYA-C)

            




            

              	Calmodulin-binding peptide

            




            

              	Cellolose-binding domain

            




            

              	Acyl carrier protein (8kd)

            




            

              	Small ubiquitin related modifier (SUMO) with 6xHistidines

            




            

              	Thioredoxin A (12 kd oxidoreductase)

            




            

              	Ketosteroid isomerase (KSI)

            




            

              	Glutathione-S-transferase (GST)

            




            

              	Maltose binding protein (MBP)

            


          

        




      




      In prokaryotic systems, plasmids directly serve for the expression of GOI in bacteria while viruses (e.g., baculovirus, adenovirus and vaccinia virus) express recombinant proteins by directly infecting the cells. These recombinant viruses when infected to appropriate cells produce the GOI with tag(s). The promoter-derived expression of GOI in a specific cell or organism is either a promiscuous promoter or the promoter of that species-specific gene. Therefore in baculovirus, the polyhedrin gene promoter or the p10 gene promoter which derives expression of the capsid protein is utilized [3, 4]. Similarly, GAL (galactose - inducible gene) promoters which are active in yeast and promoters of other genes like alcohol dehydrogenase (ADH) and glyceraldehyde-3 phosphate dehydrogenase (G3PDH) are used for expression in yeast [5, 6]. Specific viral promoters (T7 and SP6) are also used for driving the gene expression of the GOI [7, 8]. In certain prokaryotic (pET) systems, T7 RNA polymerase remains under the ptac promoter and when activated by isopropyl β-D-1-thiogalactopyranoside (IPTG) drives the expression of T7 RNA polymerase, which binds to T7 promoter for driving the expression of the GOI (http://www.emdmillipore.com/US/en/product /pET-Expression-System-28- Novagen).




      The mammalian system includes viruses which infect mammalian cells. The promoters of these viruses utilize the mammalian machinery for replication and production of proteins for viral replication. The two most significant viral expression systems, adenovirus and vaccinia viruses, utilize the cytomegalovirus major immediate early promoter (CMV-MIEP) which is active in most cell types and used for expressing of recombinant proteins [9]. In addition, vaccinia virus utilizes T7 RNA polymerase in trans for the expression of recombinant proteins. For vaccinia virus-based expression, the vaccinia virus T7 RNA polymerase is expressed from vaccinia virus from its promoter (p7.5) which drives the expression of GOI from T7 promoter. The recombinant vaccinia virus with GOI under T7 promoter is produced in thymidine kinase (TK-) cell line and the recombination is achieved at the TK locus which is knocked off in the TK-cells. In order to carry recombination at TK site, the GOI is cloned flanked on both sides with TK gene sequences utilizing the plasmid pGS53. Plasmids are also used for producing a stably transfected cell line deriving GOI expression from CMV-MIEP for the production of recombinant proteins in various mammalian cell lines including Chinese hamster ovary cell line (CHO). In addition to CMV-MIEP, other promoters have also been used [10].


    




    

      EXPRESSION SYSTEMS




      

        Prokaryotic Expression System




        A number of bacterial hosts have been utilized for heterologous protein expression and E. coli and Bacillus subtilis are the two important and most commonly used prokaryotic expression systems. E. coli is the most commonly used prokaryote for the expression and production of recombinant proteins from its gene promoters [11, 12]. Prokaryotes lack post translational modification of proteins. Proteins which lack posttranslational modification, like glycosylation and sumoylation, and are cytosolic in nature, with molecular weight less than 60 kd are easily expressed in a prokaryotic system, especially in E. coli. Proteins which are post- translationally modified require expression using eukaryotic and mammalian expression systems. When a prokaryotic system is used for the expression of proteins that require glycosylation, glycosylating enzymes must also be expressed in a prokaryote like E. coli. However, when the activity of the protein is linked to glycosylation, inactive proteins may be produced due to differing nature of glycans in prokaryotes. Membrane-bound proteins are not good candidates for expression in prokaryotes due to the association of GOI with lipids, since plasma membranes are absent in E. coli. A list of prokaryotic expression systems utilizing various promoters are summarized in Table 2.




        

          Table 2 List of various promoter systems of prokaryotes and their sources.




          

            

              

                	Promoter System



                	Induction Mechanism



                	System

              




              

                	
lac promoter


                tac promoter


                trc promoter



                	Isopropyl-β-D-1-thiogalactopyranoside (IPTG)



                	GE Lifesciences

              




              

                	
ara BAD promoter



                	L-Arabinose



                	pBAD plasmid, Invitrogen

              




              

                	
rha P BADtet A promoter/operator


                T7 RNA polymerase



                	L-Rhamnose, Tetracycline, IPTG



                	pET Plasmid system, Novagen

              




              

                	λPL promoter



                	Growth at 32oC and induction at 42oC for 1-2 h



                	SK plasmid system available with NIH repository and Invitrogen

              


            

          




        




        A typical prokaryotic expression system involves a promoter of a prokaryotic gene (ptac is a fusion promoter of ULV5 and tryp operon) [13] which is regulated by the addition of a lactose derivative, IPTG. IPTG cannot be metabolized (non-hydrolyzable) by E. coli [13] or repressor deactivated by heat when the culturing condition of the heat-inducible promoter is switched from 37oC to 42oC to induce protein expression from lamda phage (λPL) promoter. The λPL promoter utilizes the thermosensitive, λcI repressor protein (cI857) which cannot fold naturally at 42oC and therefore cannot bind to the promoter to repress transcription [14]. Expression from the ptac promoter using IPTG results in large amounts of IPTG discharge in the environment; therefore, heat inducible promoters are considered a better choice. In a different set of conditions, when the promoters are from cold shock protein, expression is achieved by reducing temperature. The ptac promoter remains under the control of up-mutant (lacIq) product which is made operational by adding IPTG. The single gene lacI is present in genome and its product cannot efficiently regulate the multi-copy plasmid under the control of ptac. Therefore, lacI is mutated to produce additional copies of lacIq to accommodate the inhibition of multiple copy plasmids deriving the expression from ptac promoter. It is evident that in prokaryotes, lacIq plays a significant role in the expression of recombinant proteins [15] (Fig. 2).




        The pQE-series of plasmids (Qiagen [16], now Life Sciences) lack the lac repressor upmutant (lacIq) on the plasmid which is always multiple copy and cannot be completely inhibited from lacIq gene product which is present in the E. coli genome. The E. coli strain DH5α lacks lacIq in the genome and when used for cloning GOI in pQE- series plasmids results in clones where the GOI remains constitutively active causing death of positive clones at the expense of excessive expression of GOI (personal observation). Therefore, for GOI to express as 6xHis-fusion using pQE-series plasmids, E. coli strain containing lacIq in the genome (Sure cells) is used for in-frame cloning.
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Fig. (2))


        Mechanism of lac operon based protein expression..



        The pET system developed by Novagen is a powerful system that ensures no leaky expression of the recombinant protein. It utilizes a 20-nucleotide long T7 RNA polymerase promoter which cannot be recognized by E. coli RNA polymerase. Therefore, in the absence of T7 RNA polymerase, no protein is expressed. A T7 RNA polymerase of DE3 phage is expressed from lacUV5 promoter after induction with IPTG. In the absence of IPTG, T7 RNA polymerase is not expressed due to inhibition by lacIq; the promoter upmutant is ten times more effective in carrying out the inhibition. To avoid leaky expression of pET, this system uses T7 lysozyme that inhibits T7 RNA polymerase, which is achieved by introducing another plasmid, pLysS or pLysE. These plasmids carry the T7 lysozyme gene either in silent (pLysS) or expressed (pLysE) orientations in relation to tetracycline responsive promoter (Tc) [17].




        The glutathione S-transferase (GST) fusion (pGEX-series) and maltose binding protein fusion (MBP; pMalp2 or pMalc2 series) plasmid (Invitrogen [18], now Thermo Fisher Scientific) carry lacIq on the plasmid inhibiting the leaky expression and therefore DH5α is used for cloning the GOI, for both GST and MBP fusions. The MBP fusions are better than GST due to the solubility of MBP [19, 20] than many other fusions proteins (e.g., 6xHis and FLAG-tag fusion proteins). Many other fusion proteins such as metal binding protein, calcium calmodulin binding protein (CaBP), chitin binding protein (CBP) and acyl carrier binding protein (ACP) are also available [21]. Prokaryotic expression systems are easier than other systems as it requires simple culture conditions (e.g., media, additives), low cost, easy scalability, and offers large scale production of recombinant protein in a short period of time (e.g., doubling time of E. coli is 20 min). One of the greatest successes of utilizing a prokaryotic system to express proteins is the production of recombinant insulin by Elli Lilly [22].


      




      

        Eukaryotic Expression System




        

          Shuttle Vectors




          A eukaryotic protein expression system involves expression of GOI from a eukaryotic/mammalian promoter. The activity of a promoter is very important as the transcription factors have to find the promoter to drive the expression of GOI. Often the GOI is cloned into a plasmid which is replicated in E. coli and later used to stably transfect cells and/or cell lines, like human embryonic kidney-293 (HEK293), human liver (HepG2), Chinese hamster ovary (CHO), HeLa, and baby hamster kidney (BHK) cells. In these situations, a eukaryotic origin of replication which is mostly of viral origin for replication is added to the plasmid. For selecting stably transfected cell lines (e.g., HEK293, HepG2, CHO), a eukaryotic antibiotic resistance gene (e.g., Hygromycin, G418, Puromycin, Zeocin) is also cloned onto the plasmid. Such a plasmid is referred to as “Shuttle vector” and is replicated and selected in prokaryotes and eukaryotes. The majority of plasmids used to express the protein in eukaryotic and mammalian cells are shuttle vectors. For lower eukaryotes like yeast, the origin of replication is an autonomously replicating sequence (ARS) derived from the yeast chromosome. The features of shuttle vectors are summarized in the Fig. (3). In the proceeding sections, the eukaryotic and mammalian system will be described for the expression of GOI.
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Fig. (3))


          Features of a shuttle vector.

        




        

          Yeast Expression System




          Primitive eukaryotes which are convenient to grow are utilized for the production of recombinant proteins. Two yeast systems (Saccharomyces cereviceae and Pichia pastoris) are on the forefront of eukaryotic expression systems. In primitive eukaryotes, proteins can be glycosylated and secreted which is not observed in prokaryotes. The only problem with glycosylation in S. cereviceae and P. pastoris expression systems is the nature of glycan moiety. For example, in plants and yeasts, glycosylation is of a mannose type whereas animal and human proteins contain glycosylation of galactosamine, sialic acid and glucose. When glycosylation does not affect activity of expressed proteins, lower eukaryotes are used for the expression of human/animal glycosylated proteins. Since the activity of antitrypsin is not affected due to the nature of glycosylation, it is expressed in lower eukaryotes [23]. The cost of expression of proteins in the lower eukaryotes is higher than in the prokaryotes. However, lower eukaryotes can be modified to carry glycosylation-specific genes of mammalian proteins (i.e., humanized proteins) to produce humanized glycoproteins like antibodies [24].




          Like prokaryotes, yeast expression systems are also created by cloning GOI into plasmids. Also, as with prokaryotes, yeast-expression plasmids require sequences for maintenance either episomally at the origin of replication or integrated into chromosomes. The plasmids also carry a strong promoter and biomarkers for prokaryotes and eukaryotes for the selection of clones. In yeast expression systems, in addition to integrated plasmids (YIp) and episomal plasmids (YEp), centromeric plasmids (YCp) are also available for expression [25]. The YIp vectors do not replicate autonomously, rather integrate into the chromosome at low frequency providing fewer copies (up to 20) of the GOIs [25]. The YEp vectors carry the natural 2 µm episomal origin of replication providing the ability of plasmids to replicate independently (https://blog.addgene.org). Although YEp plasmids are capable of replicating episomally in the culture, some yeast cells lose the plasmid. Due to loss of YEp plasmid from yeast, large-scale expression of recombinant proteins is not recommended using the YEp plasmid system. Like YEp plasmids, YCp plasmids contain ARS and centromere sequences. YCp-based plasmids tend to be of low copy in yeast cells.




          As with prokaryotes, selection of promoters for yeast expression system is achieved by using compatible promoters. In the case of yeast, an inducible promoter such as alcohol dehydrogenase -2 (ADH2), Sucrose -2 (SUC2) and constitutive gene promoter(s) like glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are used. In order to select transformed clones, auxotrophic gene supplementation is used, which is being supplemented when yeast is not transformed and used for selection. The yeast expression systems are shown in Fig. (4).
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Fig. (4))


          Expression plasmids for Yeast.

        




        

          CHO Expression System




          For therapeutic proteins to be produced in active form, proper posttranslational modifications and folding are required. Often, it includes posttranslational modification in the form of glycosylation, either N-linked to asparagine or O-linked to serine/threonine. Glycoproteins are usually produced in mammalian cells, whereas E. coli and other prokaryotic systems are deficient in glycosylation. However, attempts to provide specific enzymes for glycosylation into a prokaryotic system to create glycoproteins must take into account their potential adverse biological properties. Therefore, eukaryotic cells derived from rodents and humans (e.g., NIH 3T3, CHO, BHK, HeLa and HepG2) are frequently used for recombinant protein expression from heterologous systems. Despite the availability of many cell lines, the majority of recombinant proteins are produced in CHO cells. The recombinant proteins obtained from CHO cells are biologically active for therapeutic purposes. Additionally, deadly viruses like HIV, influenza, polio, herpes and measles do not replicated in CHO cells, eliminating the possibility of recombinant protein contamination with aforementioned viruses and possible human exposure. A large number of biomoleucles, such as hormones, enzymes and antibodies are produced in CHO cells and cleared for use by US Food and Drug Administration (FDA) [26, 27]. The current global annual sales of biologics produced using CHO cells alone exceed US$30 billion [26].




          Although CHO cells are adherent cells, they have been adopted for suspension and thus are scaled up to 10,000 liter capacity for industrial-scale recombinant protein production. The GOI is carried by a shuttle vector which provides both prokaryotic and eukaryotic origins of replication and selection biomarkers for the selection in prokaryotic and eukaryotic (i.e., CHO cells) systems. For a simple GOI expression, CMV-MIEP is used, but a CHO mutant requires dihydrofolate for its growth utilizing expression of GOI from the promoter of dihydrofolate reductase (DHFR) gene [28]. Two DHFR-deficient mutants (DXB11 and DG44) were created from proline auxotroph by Chasin and co-workers and are commonly used today [29-31]. The DHFR mutant is transfected with plasmid carrying DHFR gene and GOI under DHFR promoter and grown under the inhibitor, methotrexate (MTX). Inhibition of DHFR metabolism to tetrahydrofolate by methotrexate puts pressure on cell survival inducing the multiplication of DHFR gene which in turns increases the copy number of GOI. This allows increase in copy number of GOI and thus increased expression of recombinant protein as shown in Fig. (5).


        




        

          Baculovirus-Mediated Expression




          Baculoviruses are important for the expression of recombinant proteins especially of eukaryotic origin needing posttranslational modification [32]. The proteins are secreted and glycosylated; however, since the proteins are expressed in insect cells, the nature of glycosylation is different than mammalian glycosylation. The baculoviruses are of two types; Autographa california (alfalfa looper) nuclear polyhedrosis virus (AcNPV) and Bombyx mori (silkworm) nuclear polyhedrosis virus (BmNPV) which have a ~130 kb genome size. Large sections of DNA (up to 30 kb) are inserted into baculovirus expressing genes from late promoters (p10 or polyhedrin gene) which encode architectural proteins. Multiple genes can be expressed in insect cells by infecting them with multiple baculovirus and determining each viral titer in the system.
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Fig. (5))


          A schematic presentation of the expression of recombinant protein in CHO cells.



          Baculoviruses are produced using a recombination process. Traditionally, the GOI is cloned into a transfer vector which is propagated in E. coli. The transfer vector with GOI is transfected into competent DH10BAC E. coli cells that contains a bacmid and helper plasmid. The helper plasmid provides the necessary enzymes for recombination of donor plasmid carrying GOI under the p10 or polyhedrin promoter flanked with recombination sequences to recombine with bacmid. The bacmid is purified and transfected to insect cells. The baculovirus bud out within 3-5 days. These viruses are again used to infect insect cells for further propagation and growth of viruses (Fig. 6). The plaque forming unit (pfu) activity of viruses are determined for infection of insect cells. A pfu of 3-5/cell is used for expression of recombinant proteins.




          The most common cell line used for baculovirus expression system, SF9 cells, is a clonal isolate of the cell line IPLB-SF21-AE of Spodoptera frugiperda (fall armyworm). SF9 was originally established from ovarian tissue [13]. In addition to SF9 cells, SF21, Tn-368 and High-Five™ BTI-TN-5B1-4 are also used for the expression of recombinant proteins [33]. There are various claims of better expression of recombinant protein by one or the other cell lines and individual investigators are required to determine the best cell line for the expression of the protein of interest.




          
[image: ]


Fig. (6))


          Baculovirus based expression of GOI.



          Because of the nature of infection caused by baculoviruses, there is no possibility of disease(s) from baculovirus infection to humans. Baculovirus-produced recombinant proteins contain high mannose content and therefore the mammalian glycoproteins when expressed in baculovirus may differ in activity. Besides differing in nature of glycosylation, severe acute respiratory syndrome (SARS) virus glycoprotein is produced by the baculovirus expression system [34]. In addition, baculovirus possesses limited capacity to process pro-proteins into active protein as they lack pro-convertase, therefore preprocessing of proteins may be challenging.


        




        

          Mammalian Expression




          

            Adenovirus Expression System




            Several adenoviral expression systems are available which are generated either by cloning or using a process of recombination. The GOI is cloned into a shuttle vector. This shuttle vector carries the GOI to an adenoviral backbone by the process of subcloning or by recombination. The pAdenoX vector is used for the replication of incompetent adenovirus containing and expressing the GOIs. The GOI expression is driven by human CMV immediate-early enhancer/promoter or a promoter of choice (pAd/PL-DEST). Unique enzyme sites are available for excising the GOI and linearizing the plasmid. The GOI of 6.0-7.5 kb size can be carried by adenoviruses. Early passaged HEK293A cells are used for packaging of adenoviruses. The HEK293A cell line contains the E1 gene from adenovirus 5 that is required for the replication of adenoviruses. The adenovirus carrying the GOI is devoid of E1 or E3 gene and therefore, cannot replicate in other cells and is non-oncogenic. The E3 region encodes for proteins involved in evading host immunity and is dispensable. However, the risk of adenoviruses carrying oncogenic genes exists since they are produced in the cell line which carries the gene. The various available adenovirus systems are summarized in Table 3.




            

              Table 3 Adenovirus virus expression system.




              

                

                  

                    	



                    	AdEasy



                    	RAPAd-CMV



                    	Virapower (pAD/CMV/DEST



                    	Adeno-X

                  




                  

                    	Source



                    	Stratagene/Agilent/Qbiogen



                    	Cell Biolab Inc.



                    	Invitrogen



                    	Clonetech

                  




                  

                    	Principle



                    	Homologous recombination in bacteria with AdV backbone



                    	Homologous recombination in HEK-293 cells with AdV backbone



                    	Direct cloning of GOI into AdV backbone plasmid



                    	In vitro direct ligation with AdV backbone

                  




                  

                    	Vector-Shuttle



                    	pShuttle-CMV and various shuttle vectors carrying IRES to express tow genes



                    	pacAd-Ad5-shuttle



                    	No shuttle vector-requires direct ligation into backbone



                    	pCMV-Shuttle2

                  




                  

                    	Vector


                    Backbone



                    	E1 and E3 gene deleted to eliminate recombination competent adenovirus generation



                    	pacAd5


                    Devoid of left ITR, E1 gene and packaging signal



                    	pAD/DEST, pAD/CMV/V5-DEST,


                    pAD/CMV/V5-GW/LacZ



                    	E1 and E3 gene deleted to eliminate recombination competent adenovirus generation

                  




                  

                    	Process



                    	GOI cloned in pShuttle


                    Homologous recombination in BJ5183 Adenovirus produced in HEK-293



                    	Subcloning in pShuttle vector


                    Homologous recombination in HEK-293 cells Recombinant adenoviruses produced



                    	Subcloning of GOI directly into pAd backbone Bacterail transformation and DNA purification


                    Adenovirus packaged in HEK-293 cells



                    	GOI subcloned into pShuttle


                    Invitro ligation, propagation in bacteria, purify DNA Adenovirus packaged in HEK-293

                  




                  

                    	References



                    	(Chabot et al., 2009; Zhang et al., 2008)



                    	(Sutter et al., 2009)



                    	(Li et al., 2008; Lorts et al., 2009)



                    	(Ai et al., 2009; Hirata et al., 2009; Kawanami et al., 2009)

                  


                

              




            


          




          

            Vaccinia Virus Expression System




            Two recombinant vaccinia viruses, one expressing T7 RNA polymerase from p7.5 vaccinia virus promoter and GOI under T7 promoter driven by T7 RNA polymerase are utilized. Usually, both viruses are infected to almost confluent cell lines like HeLa cells at a multiplicity of infection (MOI) of 3-5 viruses/cell. The infection of virus to cells is followed up to 48 h, by which time the majority of the cells are dead but have already expressed proteins of interest. The HIV-gp120 protein has been produced using the vaccinia virus expression system [2, 35]. The overall process of the expression of proteins in vaccinia virus is shown in Fig. (7) and the list of proteins expressed in vaccinia virus systems are summarized in Table 4.




            The overall process of the expression of proteins is that the T7 RNA polymerase derives the expression of GOI which is cloned downstream of T7 promoter [36, 37]. Therefore, the vaccinia expression system utilizes two recombinant viruses in which T7 RNA polymerase is first expressed which later derives the expression of GOI [38]. For procedural purposes, the T7 RNA polymerase gene is cloned into pGS53 plasmid which contains P7.5 gene promoter of the vaccinia virus. The promoter is flanked by left (L) and right (R) sequences of TK (thymidine kinase) gene. The TKL and TKR sequences are used to recombine with TK gene in vaccinia virus [38]. The process of recombination between plasmid and vaccinia virus results in incorporation of T7 RNA polymerase under P7.5 promoter. Similarly, another recombinant vaccinia virus with GOI under T7 promoter control is produced. The recombined vaccinia virus is grown in TK- cells in the presence of 5-bromouracil. Incorporation of 5-bromouracil in non-recombinant virus is fatal while recombinant viruses survive due to the lack of incorporation of 5-bromouracil. The recombinant viruses are grown and their titer is determined after sucrose gradient purification. In order to carry out vaccinia virus-based expression, two recombinant vaccinia viruses are produced. Viral RNA polymerase (T7 RNA polymerase) processivity is almost 5 times faster than other RNA polymerases; therefore, viral promoters find their utility in successful expression of GOI (Fig. 8).
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Fig. (7))


            Vaccinia virus based expression system: Construction of recombinant vaccinia virus.



            

              Table 4 List of protein expressed by Vaccinia virus.




              

                

                  

                    	Name of the Protein



                    	Source of Origin



                    	Glycosylation



                    	Cleavage

                  




                  

                    	Factor IX (clotting factor)



                    	Mammalian



                    	Yes



                    	Signal precursor

                  




                  

                    	Preproenkephalin (Interleukin)



                    	Human



                    	Yes



                    	Signal precursor

                  




                  

                    	Hemagglutinin



                    	Influenza



                    	Yes



                    	Signal

                  




                  

                    	Glycoprotein D



                    	Herpes simplex virus I



                    	Yes



                    	Signal

                  




                  

                    	Envelope protein (gp120)



                    	Human immune deficiency virus (HIV)



                    	Yes



                    	Signal

                  




                  

                    	Surface antigens (S, MS, LS)



                    	Hepatitis B



                    	Yes



                    	Secreted

                  




                  

                    	Membrane antigen (gp340)



                    	Epstein Barr virus (DNA virus)



                    	Yes



                    	Signal

                  




                  

                    	Glycoprotein



                    	Respiratory syncytial virus



                    	Yes



                    	Signal

                  




                  

                    	Nucleoprotein



                    	Rabies



                    	Yes



                    	Signal
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Fig. (8))


            Vaccinia virus based expression system.



            For the expression of proteins, both viruses are infected to almost confluent cell lines like HeLa cells at an MOI of 3-5 viruses/per cell. Vaccinia virus has been used to successfully prepare secreted and glycosylated proteins.


          


        


      


    




    

      PURIFICATION




      Recombinant proteins are purified using affinity tags. A number of affinity tag resins, like Ni-NTA-resin for 6xHis-fusions, reduced glutathione (GSH)-resin for GST-fusion, lentil lectyl-resins for glycosylated proteins are commonly available [2]. Other affinity tags are antibody-resins against various peptides used for purifications. During the purification procedure, the cells expressing the protein are resuspended into phosphate-buffed saline (PBS) in reducing condition (pH 7.4) and broken by sonication and/or two freeze-thaw cycles. Certain proteins, like transcription factors, require salts (e.g., NaCl or KCl) and reducing agents (e.g., dithiothreitol or β-mercaptoethanol) which are added to the buffer. The cells are centrifuged to remove the pellet containing unbroken cells and cell debris while the supernatant containing the expressed protein is further subjected to purification. In the majority of overexpression systems, if the protein is not harmful to the cellular system, it is overexpressed into inclusion bodies which are removed during the first centrifugation step. When inclusion bodies are formed, the pellet is resuspended either in 6M urea or guanidium hydrochloride containing PBS. When expressed protein is dissolved in the aforementioned chaotropic agent, the washing solution used for removing the unwanted bound proteins from affinity resin and elution buffer should also contain chaotropic agents [39]. These chaotropic agents are later removed by dialysis against a buffer. Similarly, Ni-NTA-resin, which binds with 6xHis-fusion proteins, often binds with other proteins as well. In order to avoid the binding of cellular proteins to Ni-NTA resin, the binding of 6xHis-proteins is carried out in a buffer containing 4-6 mM imidazole. Lower level of imidazole is used to avoid binding of histidine-containing proteins of E. coli with Ni-NTA resin. However, a higher concentration, e.g., 20 mM, of imidazole is also used for the elution of 6xHis- fusion proteins. In this way, the binding of non-specific cellular proteins is minimized and highly purified 6xHis-fusion protein is prepared; otherwise, a crude mixture with partially purified 6xHis is obtained. In addition to 6xHis affinity, when other affinity proteins like GST or maltose-binding protein (MBP) are used, the Ni-NTA purified proteins are subjected to a second round of affinity binding with GSH or amylose-resins [40]. For the GSH resins, reduced GSH from 10-20 mM is used for elution. Application of higher reduced GSH level in the elution buffer does not give good elution due to the change in the pH of elution buffer resulting in GST-fusion proteins remaining bound with resin. For elution of MBP, maltose is used in elution buffer. For fusions using peptides, there are affinity resins available to bound to antibodies, and a standard protocol is used with a few modifications tailored to the specific proteins. A basic purification protocol is depicted in the Fig. (9).
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Fig. (9))


      Typical purification protocol of recombinant proteins.

    




    

      BIOPROCESS DEVELOPMENT




      Industrial scale recombinant protein production requires optimization of protein expression systems in upscaling and downstream processes of purification. High throughput technology (HTP) is used for the manufacturing of proteins. The current HTP requires reducing nutrient volume for maximum protein expression, real time monitoring at micro-scale and providing full automation [41]. The HTP cultivation platforms have been miniaturized where bioreactors utilize from microliter to milliliter volumes. A widely employed platform for microbial screening involves shaken microtiter plates (MTP) which has replaced shaking flasks [42-47]. The MTP fails to provide reliable culture performance for upscaling which could be applied for quality control of the processes development. Therefore, bioreactors are used for the optimization of process development where nutrients usage, microbial growth and parameters for efficient sustainable microbial growth are established before the development of large-scale processes. A list of systems for bioreactor application with parameters is provided by Long Q et al. [41]. For microbial systems involving E. coli or other bacteria, the data generated for nutrient are applied for optimization utilization and accumulation of by-products are applied for optimization of the bioreactor [48]. This optimization is carried out at very small-scale systems using mini-bioreactors available for process optimization. Availability of small-scale bioreactors for microbial growth and recombinant protein production not only solves the problem of process optimization but also offers cost savings [49]. Among various micro-bioreactors, m2p-labs, Inc. Baesweiler, Germany, have introduced BioLector® which contains 48 micro-bioreactors for high-throughput microbial fermentation/screening (https://www.m2p-labs.com). Using BioLector, parameters like biomass, optical density to monitor growth, pH of the nutrient, dissolved oxygen and fluorescence are monitored which makes BioLector easy to use with reproducibile results. It provides computer interface making BioLector a great system for screening bacterial and yeast strains and for the optimization of nutrients and culture conditions. The platform is suitable for aerobic, anaerobic and partial or microaerophilic culture conditions and is used for prokaryotes, eukaryotes, and cells (e.g. bacteria [E. coli, B. subtilis, and Lactobacillus], yeasts [P. pastoris, S. cerevisiae], insects cells [Sf9 and SF 21], and plant cells [Nicotinum tabacum]). Other bioreactors, such as advanced micro-bioreactor ambrTM produced by Sartorius (https://www.sartorius.com/us-en), are capable of cell line selection and optimizing nutrient composition and therefore, offer process optimization.




      After establishing initial small-scale processes, upscaling is performed for upstream process development where high expression clone(s), nutrient requirements, stable cell line development, through cell line engineering, are critical aspects of upscaling [50-54]. Usually, biomanufacturing capacity is increased by using large volume bioreactors, such as 10,000- 25,000 L stainless steel bioreactors. Such a system has been used for producing monoclonal antibodies [55, 56]. In another system, fresh media is continuously perfused to the bioreactor, resulting in significantly higher in cell density when compared with the batch-fed bioreactor [57]. Up to 4-fold higher productivity can be achieved with perfusion at the same bioreactor volume than the batch-fed process [55]. For additional information, readers are advised to check these publications [58-61].


    




    

      BIOPHARMING OF PHARMACEUTICALS




      

        History of Biopharming




        Biopharming started in late 1980 (http://www.plantformcorp.com/history-of-bio- pharming.aspx ). The concept involves the production of transgenic plants and animals to produce hormones, proteins and antibodies (biologics) by inserting the GOI into a plant or animal species which can be “farmed” at large scale to produce biologics given that the laboratory-based production of biologics cannot fulfill all needs, e.g., research and therapy. When scientists reported that antibodies can be produced in tobacco plants, the doors were opened to produce a number of protein- and antibody-based drugs [62, 63]. One example is the replenishment of growth hormones and treatment of immune diseases like rheumatoid arthritis with antibodies [64, 65]. Producing biologics in either plants or transgenic animals are cheaper than producing the products traditionally by chemical or bio-production techniques in laboratories [66]. Fig. (10) shows examples of recombinant proteins expressed in various plant and animal systems, along with their advantages and disadvantages.




        Biopharming, especially biologics produced in the transgenic plants, require approval from the US Department of Agriculture’s Animal and Plant Health Inspection Services (APHIS). The APHIS (https://www.aphis.usda.gov/aphis/ ourfocus/biotechnology) is authorized to monitor and provide permission for field trials and development of the biologic pharmaceuticals’ production. Farming of transgenic plants for the purpose of biopharming is controversial as well. In 2002, corn plants which were transfected with the gene to make a pig vaccine by ProdiGene, Inc., contaminated adjacent soybean fields in Nebraska [67]. This was due to the lack of specific rules for the containment of transgenic plants, pollen, and seeds. This incident provided fuel to opposition of the GMO (genetically modified organism) industry [68]. With containment strategies in place now to prevent the spread of transgenes to non-targeted plants, biopharming is becoming a reality [69]. Today, transgenic plants are grown in isolated small fields or plant cells are grown in bioreactors to avoid the spreading of transgenes to non-targeted plants and fields.
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Fig. (10))


        Relative merits of recombinant protein expressed in various systems.



        The first plant-derived product was taliglucerase-alpha which was produced in carrot cells by Protalix Biotherapeutics (Carmiel, Israel) [70]. The FDA approved the drug as “Elelyso” for the treatment of Gaucher’s disease in 2012. In 2015, the FDA approved ZMapp, a plant-produced drug for the treatment of Ebola, a mostly fatal hemorrhagic viral disease. The ZMapp was produced by LeafBio Inc. (San Diego, CA, USA) and approved through a fast-track approval process due to the urgency of a treatment for Ebola outbreaks in Africa.




        Biologics are beginning to dominate the world pharmaceutical market. The sale of biologics is anticipated to reach US $400 billion by 2020. In 2015, six out of ten drugs marketed globally were biologics. It is anticipated that this trend will continue to rise in the future. The timeline of landmark biopharmaceutical is presented in Table 5.




        

          Table 5 Time line of pharmaceutical development and biopharming.




          

            

              

                	Year



                	Description of Biologics

              




              

                	1982



                	Using E. coli as prokaryotic expression system, human Insulin was produced.

              




              

                	1990



                	Human serum albumin produced in Tobacco and Potato plants as the 1st plant- derived product.

              




              

                	2006



                	Tobacco plant made vaccine against Newcastle virus disease produced by


                Dow Agro Sciences. The vaccine is an injectable and approved in USA.

              




              

                	2012



                	Elelyso is the enzyme replacement therapy for Gaucher’s disease which is being produced in carrot cells by Protalix Pfizer. The Guacher’s disease is a


                rare form of lysosomal storage disease.

              




              

                	2014



                	Antibodies produced in Tobacco plants by ZMapp for the treatment of human


                infected with Ebola virus.

              




              

                	2015



                	US FDA approval of bovine lung Aprotinin production directed by tobacco


                mosaic virus in tobacco plants. Aprotinin inhibits trypsin and is used to reduce bleeding in surgery.

              


            

          




        


      


    




    

      A CASE OF HUMAN SERUM ALBUMIN AND HUMAN LACTOFERRIN BIOPHARMING




      Human serum albumin (HSA) and lactoferrin are important proteins. HSA has many applications and is in short supply. It has been used as a therapeutic since World War II. Its most significant application is for maintaining blood pressure after surgery and in cases of significant blood loss [71]. HSA is also needed in wound healing. In addition, HSA is used as drug and vaccine stabilizer [72] and was the first protein to be used as a blood replacement in the front lines of wars [73].




      HSA is not glycosylated and therefore can be expressed in fungi (e.g., P. pastoris), plants (e.g., Alfalfa) and animals [73, 74]. Currently, the source of HSA is through ethanol fractionation of human blood. Since HSA is obtained from human plasma, the possibility of contamination with viruses (e.g., HIV, HepC), prion proteins, and other emerging pathogens always exists [73]. One of the major concerns for HSA is that the recombinant HSA (rHSA) has to compete with HSA isolated from human blood or plasma [74]. The rHSA is obtained from bacteria, transgenic plants and animals, and has to be purified to avoid an immune response. A plant-expressed rHSA equivalent to native human serum albumin is available from Akron Biotechnology LLC (Boca Raton, FL, USA), and is devoid of human serum and animal and human viruses. (https://www.akronbiotech.com /product/albumin-recombinant-human/). One attempt to mass produce rHSA was to produce transgenic dairy cattle that could secrete rHSA in milk. The initial attempts were confounded due to contamination with bovine serum albumin (BSA). Tagging HSA coding sequences with affinity proteins will require its removal using proteases which may alter biological activity and immunogenicity -a bottleneck for the development of recombinant proteins at an industrial scale. BSA expression can be deleted during rHSA insertion to produce transgenic cattle for the selective production of human serum albumin using modern transcription activator-like effector nuclease (TALEN) or clustered regularly interspaced short palindromic repeats (CRISPR) technologies [71]. Using somatic cell nuclear transformation (SCNT), transgenic animals, especially cattle, can be produced for the production of recombinant proteins [71].
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