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Abstract

:

Although single-chain variable fragment (scFv) is recognized as a highly versatile scaffold of recombinant antibody fragment molecules, its overexpression in Escherichia coli often leads to the formation of inclusion bodies. To address this issue, we devised and tested four different constructs, named v21, v22, v23 and v24, for producing anti-human epidermal growth factor receptor 2 (HER2) scFv. Among them, the v24 construct obtained from N-terminal fusion of maltose-binding protein (MBP) and subsequent tobacco etch virus protease (TEV) was identified as the most efficient construct for the production of anti-HER2 scFv. Aided by an MBP tag, high-yield soluble expression was ensured and soluble scFv was liberated in cells via autonomous proteolytic cleavage by endogenously expressed TEV. The isolated scFv containing a C-terminal hexahistidine tag was purified through a one-step purification via nickel-affinity chromatography. The purified scFv exhibited a strong (nanomolar Kd) affinity to HER2 both in vitro and in cells. Structural and functional stabilities of the scFv during storage for more than one month were also assured. Given the great utility of anti-HER2 scFv as a basic platform for developing therapeutic and diagnostic agents for cancers, the v24 construct and methods presented in this study are expected to provide a better manufacturing system for producing anti-HER2 scFv with various industrial applications.
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1. Introduction


Since hybridoma technology was developed in the mid-1970s, immunoglobulin G (IgG)-based monoclonal antibodies (mAbs) have served as an invaluable asset for developing antibody-based therapeutic and diagnostic agents for various diseases. Advances in recombinant protein technology have led to rapid progress in the application of antibody engineering, including antibody-drug conjugates (ADCs), bispecific antibodies (biAbs), and diverse scaffolds of antibody fragments (AbFs) [1,2,3,4]. In particular, recombinant AbFs have emerged as alternative antibody scaffolds that are highly versatile and amenable to advanced engineering for ADC, biAb, and diagnostic applications. Single-chain variable fragment (scFv) represents the smallest of the Ig-based AbF scaffolds capable of antigen binding. It is composed of variable domains of light chain and heavy chain (VL and VH, respectively) covalently linked via a short peptide linker. Although scFv is also one of the most classical AbF scaffolds, it is appreciated as a highly versatile molecule that has led antibody technology in both fields of academic research and clinical applications. For instance, the scFv scaffold has long been utilized for diverse biological display technologies to identify ligand-receptor pairs, including covalent DNA display, mRNA display, ribosomal display, virus/phage display, and cell display [5,6]. In particular, the most popular phage-display technology using scFv has greatly contributed to the development of novel antibody molecules. Many of the state-of-the-art immunotherapy technologies such as bispecific T-cell engagers and chimeric antigen receptor T-cell therapy have also been developed using scFv [7,8].



As blockbuster biopharmaceutical therapeutic agents, trastuzumab (Herceptin®, Roche, Basel, Switzerland), a humanized mAb, and its ADC variant, ado-trastuzumab emtansine (Kadcyla®, Roche, Basel, Switzerland), are frequently administered to treat breast cancer [9,10]. Trastuzumab specifically targets the extracellular domain of human epidermal growth factor receptor 2 (HER2), a tumor surface antigen overexpressed in approximately 15–30% of cases of human breast cancer [11]. Several anti-HER2 scFv-based agents are also under development as therapeutic or diagnostic alternatives to trastuzumab [10,12]. As scFv consists of minimalistic domains accomplishing antigen binding, benefits of higher target selectivity, reduced immunogenicity, or both are expected when using scFv as an alternative to the whole antibody. Possible bacterial production is also an attractive merit of using AbFs. Compared to whole antibody production, which usually requires a costly system based on mammalian cell cultures to enable appropriate glycosylation, the bacterial system is amenable to the production of AbFs including scFvs [13], which are usually devoid of any post-translational modifications. Besides the advantage of using low-cost facilities, bacterial production of recombinant proteins with Escherichia coli (E. coli) as the most popular host has numerous advantages, including straightforward maintenance and manipulation of cells, simple optimization of process, and high-level expression [14,15]. However, cytoplasmic expression of scFvs in E. coli often results in the formation of inclusion bodies, which are insoluble aggregates of expressed proteins with non-native, and thus non-bioactive, structures. To promote the soluble expression of proteins of interest, several approaches have been attempted including fusion of soluble tag protein [15,16], co-expression of molecular chaperones and folding modulators [17,18], modification of media composition for secretion [19,20], refolding using detergents and additives [21], and expression in different host systems [22]. Among them, expression with soluble fusion tag protein is often employed as the default option to improve the solubility of target proteins. However, with this approach, an additional process of enzymatic cleavage is required to remove the tag protein from the target protein of interest. In addition, cleavage of the tag protein after purification of the whole fusion protein often interferes with the folding stability of the remaining target protein, making it more difficult to perform functional assays [16]. In this study, to address those concerns (enhancing solubility and facilitating process) in anti-HER2 scFv production in E. coli, we designed and assessed four different constructs, named v21, v22, v23 and v24, expressing recombinant scFv. Results suggested that the v24 construct was the most efficient production system for anti-HER2 scFv in E. coli with enhanced solubility and straightforward purification. Structure functional validation of the final product generated using the v24 construct was then performed.




2. Materials and Methods


2.1. Materials


To construct the v21 to v24 recombinant plasmids, DNA fragments encoding the anti-HER2 scFv tagged with an N-terminal TEV cleavage site and a C-terminal Myc-hexahistidine (H6) fusion tag (t-scFv-MH) were chemically synthesized by Cosmogentech (Seoul, Republic of Korea). MDA-MB-231 human breast cancer cell line and SKOV3 human ovarian cancer cell line were obtained from the American Type Culture Collection (Manassas, VA, USA) and maintained by culturing at 37 °C with 5% CO2 in a high-glucose Dulbecco’s modified Eagle medium or Roswell Park Memorial Institute 1640 medium supplemented with 10% fetal bovine serum, penicillin (100 U/mL), and streptomycin (100 μg/mL). E. coli DH5α and BL21(DE3) strains used for gene subcloning and protein expression studies, respectively, were cultured in Luria-Bertani (LB) medium consisting of 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, and 100 μg/mL ampicillin. Vector plasmids pRK793 and pCold III were obtained from David Waugh (Addgene plasmid #8827, Stoney Stanton, UK) and Takara Bio Inc (#3363, Shiga, Japan), respectively. An Ni-NTA column for nickel-affinity chromatography was purchased from Thermo Fisher Scientific (#88222, Waltham, MA, USA). MBPTrap HP and Capto-L columns for amylose-affinity and antibody-affinity chromatography, respectively, were purchased from GE Healthcare (#28-9187-79 and #17-5478-01, respectively, Chicago, IL, USA). Chromatographic procedures using these columns were performed according to the manufacturer’s protocols. Protein-L-HRP used for enzyme-linked immunosorbent assay (ELISA) and Protein-L-FITC used for fluorescence-activated cell sorting (FACS) analysis were purchased from Genscript (#M00098, New Jersey, NJ, USA) and Acro biosystem (#RPL-PF141, Newark, DE, USA), respectively. The extracellular domain of HER2 (HER2-ExD) for ELISA was also purchased from Acro Biosystems (#HE2-H5225, Newark, DE, USA). Tobacco etch virus protease (TEV) was prepared as a recombinant protein using the pRK793 vector plasmid, as described previously [15,23].




2.2. DNA Recombination


Figure 1 describes the compositions of the v21 to v24 recombinant plasmids. To prepare the v23 construct, chemically synthesized, codon-optimized t-scFv-MH oligonucleotides were inserted between the SacI and PstI restriction sites of a pRK793 vector plasmid. For generation of the v21 construct, the region from VL to H6 in the v23 plasmid was PCR-amplified. The PCR products were then restricted, followed by ligation between the NdeI and PstI restriction sites of pCold-III vector. The v22 plasmid was constructed by inserting PelB sequence-encoding oligonucleotides at the NdeI restriction site of the v21 construct. Finally, to generate the v24 construct, TEV-encoding oligonucleotides, which were PCR-amplified from the pRK793 vector plasmid, were inserted into the v23 plasmid using the SacI restriction site.




2.3. Protein Sample Preparation


Recombinant plasmids (v21–v24) were verified by DNA sequencing and subsequently transformed into E. coli strain BL21(DE3). A single colony of transformants was inoculated in 3 mL of LB broth medium supplemented with 50 μg/mL of ampicillin and incubated overnight at 37 °C. The culture was scaled up to 50 mL of LB media containing 50 μg/mL of ampicillin and cultivated until OD600 reached 0.6–1.0. Protein expression was then induced by adding isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM. Protein expression was prolonged for 16 h at 15 °C, followed by cell harvest through centrifugation. Collected cell pellets were resuspended in phosphate-buffered saline (PBS) and lysed using sonication. After removing cell debris by centrifugation, expressed proteins were purified from supernatants by application of chromatography using an FPLC system. In brief, amylose-affinity chromatography was performed for maltose-binding protein (MBP)-fused proteins, whereas isolated scFv proteins were purified by antibody-affinity or nickel-affinity chromatography. In vitro enzymatic cleavage of the MBP-scFv fusion protein was performed by treating protein solution (1 μM) with purified TEV (3 μM). The concentration of purified protein in solution was determined spectrophotometrically using molar absorptivity at 280 nm, which was deduced from the amino acid sequence of each protein sample (Supplementary Table S1) using the web-based ProtParam tool (https://web.expasy.org/protparam/): 50,100 and 117,940 M−1·cm−1 for isolated scFv and MBP-scFv fusion protein, respectively.




2.4. Enzyme-Linked Immunosorbent Assay


To estimate in vitro specific binding of a protein sample to a specific antigen, ELISA was performed as described previously [15,24]. In brief, the recombinant HER2-ExD antigen (50 ng/mL) or bovine serum albumin (BSA) was used to coat 96-well plates and incubated at 4 °C overnight. After blocking the remaining binding space, protein samples were added to wells at designated concentrations ranging from 0.1 pM to 400 nM, followed by incubation at 37 °C for 2 h. Antigen-specific binding of each sample was then detected by treatment with HRP-conjugated Protein L, followed by enzyme reaction with TMB (Invitrogen, Carlsbad, CA, USA) as a substrate. Color development was stopped with 1 M HCl and the absorbance at 450 nm was measured using a microplate reader. The ELISA immune plate was washed three times between every step of coating, blocking, binding, detection, and reaction procedures. For competitive ELISA, hexahistidine-tagged scFv samples (400 nM, 100 μL) attached to coated HER2-ExD (50 ng/mL) were displaced with increasing concentrations of trastuzumab (Herceptin®), a higher-affinity antibody, followed by detection of residual scFv using anti-hexahistidine-HRP.




2.5. Flow Cytometry


FACS was used to monitor antigen binding of protein samples on the cell surface. Briefly, cultured (approximately 106) cells (SKOV3 or MDA-MB-231) were incubated with individual protein samples at concentrations ranging from 0.1 pM to 400 nM, for 30 min at 4 °C. These cells were then washed twice with a flow cytometry staining buffer (1% BSA/PBS), followed by a 15 min incubation with 5 μg/mL of an FITC-labeled protein L to detect the bound scFv and trastuzumab. After washing twice with flow cytometry staining buffer, flow cytometric assay of cells was performed using a FACScan instrument (Becton Dickinson, Franklin Lakes, NJ, USA). Quantification of results was conducted using CellQuest software (version 5.2.1, Becton Dickinson, Franklin Lakes, NJ, USA). Additionally, to determine background fluorescence, cells were incubated with an anti-polyhistidine antibody and FITC-labeled anti-mouse IgG without any treatment of scFv.




2.6. Statistics


Statistical analyses for ELISA and FACS experiments were performed using GraphPad Prism 5 software (www.graphpad.com). Data were represented as average values with standard deviations (SDs) for three independent experiments. The dissociation constant (Kd) was determined through nonlinear least-squares fitting.





3. Results


3.1. Design of Anti-HER2 scFv-Expressing Construts


The primary objective of this study was to develop an efficient process of obtaining functional anti-HER2 scFv, including soluble expression (upstream process) and a simple step of purification (downstream process). To achieve this, we designed four types of recombinant plasmid constructs, named v21–v24, carrying anti-HER2 scFv (Figure 1). For the scFv component shared in all constructs, amino acid sequences for variable domains of the light chain (VL) and heavy chain (VH) covalently linked via a peptide linker sequence (G4S)3 were derived from the corresponding region in trastuzumab. To ensure efficient expression in E. coli, codon-optimized oligonucleotides encoding the scFv sequence were incorporated into vector plasmids. The scFv compartments also commonly carried two C-terminal tags, one Myc tag to facilitate flow-cytometric analysis and a hexahistidine (H6) tag for application of nickel-affinity chromatographic purification. For the basic construct, v21, the minimal composition of scFv-Myc-H6 was incorporated into pCold III vector plasmid for low-temperature (15 °C) expression known to be beneficial for high-purity soluble expression and increased stability of expressed proteins [25]. In the second construct, v22, an extracellular export sequence, PelB, was additionally attached to the N-terminus of scFv to induce its periplasmic translocation known to help proper folding of antibody fragments [26]. The other two constructs, v23 and v24, were established by modifying pRK793 vector plasmids harboring MBP and TEV fusion tag proteins with a subsequent TEV cleavage site [27]. In the v23, the MBP tag to guide soluble expression of scFv was linked to the scFv via a TEV cleavage sequence for segregation of MBP and scFv by in vitro treatment with TEV after purification of the MBP-scFv fusion protein. Finally, as an extension of v23, the v24 construct contained a TEV tag following the MBP tag to enable isolation of scFv in cells via autocleavage by endogenously expressed TEV.




3.2. Comparison in Soluble Expression and Purification


The SDS-PAGE images in Figure 2 summarize the protein expression and purification results of individual constructs. All constructs well overexpressed the designated recombinant proteins with expected molecular sizes (lanes T in Figure 2). In particular, it was confirmed that the intended in-cell cleavage of v24 products occurred upon expression, as it showed two expression bands segregated, one matching the presumable size (approximately 69 kDa) of MBP-TEV fusion protein and the other corresponding to the expected size (approximately 30 kDa) of isolated scFv. After cell lysis by sonication, v21 and v22 products appeared to a great extent in pellet fractions of cell lysates (lane P in Figure 2), suggesting the likely formation of inclusion bodies with non-native structures of proteins. Subsequent purification of scFv from supernatants by nickel-affinity chromatography resulted in very low yields of collection (Table 1) with relatively appreciable inclusion of impurities (lane E in Figure 2).



In contrast, proteins expressed by v23 and v24 were predominantly contained in supernatants of cell lysates (lane S in Figure 2), supporting their soluble expression with proper folding to functional structures. High-purity purification of the MBP-scFv fusion protein expressed by the v23 construct was achieved using an amylose-affinity column (lane E for v23 in Figure 2), which could specifically capture MBP. However, for isolation of scFv, treating the purified MBP-scFv with TEV was necessary to remove the MBP tag by proteolytic cleavage (Figure 3). Following a cleavage reaction for 24 h, the isolated scFv was purified from the reaction mixture by protein-L-affinity chromatography (lane E in Figure 3), which could specifically capture the kappa light chain of antibodies.



In contrast to the v23 product, v24-expressed proteins needed no in vitro process of proteolytic cleavage to remove the MBP tag because the scFv could be autonomously liberated into cells as noted in Figure 2 (lane T for v24). Furthermore, a single chromatographic purification using a nickel-affinity column, which could specifically capture the C-terminal H6 tag of the isolated scFv, was sufficient for obtaining high-purity scFv (lane E for v24 in Figure 2). Finally, the productivity of scFv using the v24 construct was found to be higher than that of v23, as it yielded more than 3 mg of purified scFv on a basis of 1000 mg of wet cell pastes (Table 1).




3.3. Comparison in Antigen-Binding Activity


ELISA and flow cytometric assay were used to determine antigen-binding activities of v21–v24 product proteins (Figure 4). In direct ELISA with protein-L as a primary antibody for detection, HER2-ExD and BSA were employed as target antigen and negative control antigen, respectively, and trastuzumab (Herceptin®) was used as a positive control for antigen binding. ELISA for monitoring in vitro interaction indicated that all scFv samples could recognize HER2-ExD as their specific antigen by showing approximately one nanomolar dissociation constant (Kd) indicative of a strong binding (Figure 4A). FACS results also revealed specific antigen binding of scFvs in cells (Figure 4B).



All four scFv samples showed approximately 10 nM of Kd values for HER2-overexpressing (HER2-positive) SKOV3 cells, whereas they showed no significant binding for HER2-underexpressing (HER2-negative) MDA-MB-231 cells. In contrast, the initial product of v23, which was an MBP-scFv fusion protein, showed drastically (more than 150 folds) decreased binding affinity to HER2 in ELISA and no measurable binding to SKOV3 cells in FACS analysis. In addition, although antigen-binding affinities of all scFv samples were apparently comparable to one another, the estimated Kd value of the v24 scFv in both in vitro (ELISA) and cell (FACS) assays appeared to be lower, albeit slightly, than those of other scFvs. Collectively, results indicated that the v24 construct was the most suitable system considering both productivity and product quality. Therefore, the final scFv product of v24 was used for the following identification and validation studies for functionality and stability.




3.4. Identification and Validation of Functionality and Stability


As a structural identification, the exact molecular mass of the v24 scFv estimated by mass spectrometry appeared to be 29,627 Da (Figure 5A), which was in good agreement with the theoretical molecular weight of 29,623 Da deduced from its amino acid sequence (Supplementary Table S1). Stability of the scFv with regard to structure and activity was inspected for 32 days of storage at 4 °C. There was no significant degradation based on SDS-PAGE analysis (Figure 5B). ELISA results indicated that its antigen-binding activity was completely retained during storage (Figure 5C). Finally, a competitive ELISA was performed to investigate whether the antigen-bound scFv was displaced by a commercial Herceptin® product (Figure 5D). The result indicated dissociation of scFv from the bound antigen by added trastuzumab in a concentration-dependent manner, suggesting that our scFv shared the same epitope as the anti-HER2 mAb, trastuzumab.





4. Discussion


ScFv molecules are widely used as a basic platform to develop therapeutic and diagnostic biopharmaceutical agents against various diseases, particularly cancer [28,29]. Considering the necessity and availability of neutralizing HER2 in targeted therapy of many breast cancers, demands are also increasing for establishing an efficient production system of anti-HER2 scFv molecules. However, the most economical production of scFv in E. coli is often hindered by its misfolding leading to the formation of inclusion bodies, which inevitably results in loss of activity and reduced productivity in functional scFv. As shown in the results of the v21 construct, it was confirmed that anti-HER2 scFv also formed inclusion bodies upon cytosolic expression in E. coli. In addition, as shown with the v22 construct, the use of a signal peptide for extracellular export was ineffective for ensuring proper folding of scFv. Alternatively, for producing recombinant proteins in E. coli, using a soluble fusion tag protein is a popular approach to enhance soluble expression of otherwise insoluble proteins. Various fusion tag proteins including bacteriophage T7 protein kinase, small peptide tags, monomeric mutant of the Ocr protein of bacteriophage T7, and glutathione S-transferase (GST) have also been employed to improve the solubility of recombinant proteins to which tags are fused [30,31,32]. It is known that MBP is more effective than other conventional fusion tag proteins such as GST and thioredoxin for both expression level and proper folding of target polypeptides [33,34,35]. Therefore, we chose MBP as the tag protein for our anti-HER2 scFv. Our previous study also found that MBP fusion is superior to fusion of green fluorescence protein for non-peptide guided extracellular secretion in terms of its stabilizing effect on secreted target protein [15]. Consequently, as commonly evidenced by the v23 and v24 constructs in the present study, the use of MBP as a preceding (N-terminal) fusion tag protein was confirmed to be highly effective for ensuring solubility with functional folds of the fused anti-HER2 scFv in E. coli cytosolic expression.



In spite of its great utility for soluble expression, potential drawbacks of using fusion tag protein include impaired functionality of the target protein as the fusion tag protein can obstruct proper folding or steric action of the fused target protein. Consistent with previous observations [15], the present result for the initial product (MBP-scFv fusion protein) of v23 also indicated an appreciably attenuated activity of the scFv in state of fusion with MBP. Given that proteolytic cleavage of fusion tag protein is often hindered owing to steric issues [16], the reduced activity of the MBP-fused scFv is likely attributed to steric interference by MBP. Therefore, it is generally necessary to remove the fusion tag protein from the target protein after purification, which is typically achieved by proteolytic cleavage. Fortunately, the present scFv product using the v23 construct remained intact and soluble after cleavage of the MBP fusion tag. However, the tag-removing process is challenging in many cases where the target protein can be truncated by an enzymatic reaction or revert to insoluble aggregates upon the removal of the tag. In addition, the target protein after removal of the tag should be further purified to be separated from the tag protein and proteolytic enzyme used. In this context, an obvious demerit of using fusion tag protein is represented by rendering the whole production process complicated, labor-intensive, and costly [16]. To address this concern, the present v24 construct was used to test the feasibility of autonomous in-cell cleavage of the tag protein, MBP, with an additional fusion of a protease, TEV. The result demonstrated that this clever system operated well as intended by showing efficient liberation of functional scFv in cells without forming inclusion bodies. This result is in sharp contrast to severe aggregation in cells of MBP-untagged scFv produced with the v21 construct. This also indicated that the preceding expression of the MBP tag even with intervention of TEV between MBP and scFv was still effective for ensuring proper folding and solubility of the finally synthesized anti-HER2 scFv. The endogenously isolated v24 scFv could be then purified via a one-step purification process using nickel-affinity chromatography as it was constructed to accompany a C-terminal H6 tag. Antibody-affinity chromatography as tested for the v23 scFv can be applied alternatively to nickel-affinity chromatography or for further polishing of the purified scFv. However, the one-step purification by nickel-affinity chromatography is economically desirable. Finally, as shown in Table 1, the v24 construct-based production yield of functional anti-HER2 scFv was more than 21 folds higher than the production yield without using any tag protein (v21 construct) and more than 1.4 folds higher than that without introducing the autonomous tag cleavage in cells (v23 construct). Taken together, these results suggest that the v24 construct was the most optimized system for efficient production of anti-HER2 scFv, although it could not be guaranteed that the v24 system would work for other scFvs or other types of AbFs. Additionally, the final product of v24 showed sufficient stability maintaining structure and activity during storage. The subnanomolar Kd value (0.89 nM determined by ELISA) of our scFv estimated for the HER2-ExD binding in vitro was superior to those (approximately 100 [36] and 5 nM [37] of Kd determined by surface plasmon resonance) of other known anti-HER2 scFvs. Even in cells, our scFv exhibited a nanomolar Kd value (8.45 nM determined by flow cytometry) for its binding to cell-surface-expressed HER2, which was lower (i.e., higher affinity binding) than the previously reported Kd value of approximately 20 nm [38]. This binding affinity appeared to be approximately three-fold lower than that (2.56 nM of Kd) observed for the parent molecule, trastuzumab (Herceptin®). However, considering a more than five-fold higher molecular weight and a divalent nature of the parent molecule, the potency of our small, monovalent Abf (scFv), in terms of effective dose for administration, would be evaluated as comparable to that of the whole antibody, trastuzumab.



In summary, this study generated and compared four different production systems of anti-HER2 scFv in E. coli to evaluate the utility of an MBP tag and its autonomous in-cell cleavage. Finally, the v24 construct, which produced the scFv with a retained solubility and activity upon releasing from the MBP tag in cells, was found to be the most efficient production system with the highest productivity and a simple purification process. The final product using this system was validated to represent a strong target-binding affinity to function like a specific antibody. Therefore, we expect that our anti-HER2 scFv would serve as an essential platform leading further developments of novel or improved anti-cancer therapeutic/diagnostic agents, such as ADC and companion diagnostics. In addition, the present strategy and production system hold great promise for efficient and economical large-scale production of various scFvs.




5. Patents


An application for a Korean patent (no. 10-2020-0179587) resulted from the work reported in this manuscript.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biom13101508/s1, Figure S1: Raw data histograms of FACS analysis for binding of trastuzumab (Herceptin®) and v21–v24 products to SKOV3 and MDA-MB-231 cells; Table S1: Amino acid sequences of recombinant proteins expressed by v21–v24 constructs.





Author Contributions


Conceptualization, C.G.K.; validation, H.-S.W. and T.-B.K.; formal analysis, D.P.; investigation, K.T.B., B.K., J.C., I.L. and D.P.; resources, M.G.L., T.-B.K. and H.-S.W.; data curation, D.P. and C.G.K.; writing—original draft preparation, K.T.B. and B.K.; writing—review and editing, H.-S.W. and C.G.K.; visualization, K.T.B. and B.K.; supervision, M.G.L., T.-B.K., H.-S.W. and C.G.K.; project administration, C.G.K.; funding acquisition, M.G.L. and C.G.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by “Regional Innovation Strategy (RIS)” through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (MOE) (2021RIS-001). This work was also supported by the National Research Foundation (NRF) of Korea grants awarded by the Basic Science Research Program (NRF-2017R1D1A1B03032185 and NRF-2020R1I1A3071938).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Raw data that support the findings of this study are available from the corresponding author (C.G.K.) upon reasonable request.




Acknowledgments


We thank staffs at Industry-Academy Cooperation Foundation (IACF) of Konkuk University GLOCAL Campus for assisting the use of FACS machines.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Aguiar, S.; Dias, J.; Manuel, A.M.; Russo, R.; Gois, P.M.P.; da Silva, F.A.; Goncalves, J. Chimeric Small Antibody Fragments as Strategy to Deliver Therapeutic Payloads. Adv. Protein Chem. Struct. Biol. 2018, 112, 143–182. [Google Scholar] [CrossRef] [PubMed]

	



Thakur, A.; Huang, M.; Lum, L.G. Bispecific antibody based therapeutics: Strengths and challenges. Blood Rev. 2018, 32, 339–347. [Google Scholar] [CrossRef] [PubMed]

	



Bates, A.; Power, C.A. David vs. Goliath: The Structure, Function, and Clinical Prospects of Antibody Fragments. Antibodies 2019, 8, 28. [Google Scholar] [CrossRef]

	



Sim, D.; Song, J.; Kim, J.; Lee, J.; Chung, D.; Jo, K.; Kim, C.; Seo, M.; Kang, H.C.; Paeng, J.C. Enhancing bacterial production of a recombinant cetuximab-Fab by partial humanization and its utility for drug conjugation. Process Biochem. 2018, 69, 123–130. [Google Scholar] [CrossRef]

	



Valldorf, B.; Hinz, S.C.; Russo, G.; Pekar, L.; Mohr, L.; Klemm, J.; Doerner, A.; Krah, S.; Hust, M.; Zielonka, S. Antibody display technologies: Selecting the cream of the crop. Biol. Chem. 2022, 403, 455–477. [Google Scholar] [CrossRef]

	



Sergeeva, A.; Kolonin, M.G.; Molldrem, J.J.; Pasqualini, R.; Arap, W. Display technologies: Application for the discovery of drug and gene delivery agents. Adv. Drug Deliv. Rev. 2006, 58, 1622–1654. [Google Scholar] [CrossRef] [PubMed]

	



Ellerman, D. Bispecific T-cell engagers: Towards understanding variables influencing the in vitro potency and tumor selectivity and their modulation to enhance their efficacy and safety. Methods 2019, 154, 102–117. [Google Scholar] [CrossRef]

	



Yu, S.; Yi, M.; Qin, S.; Wu, K. Next generation chimeric antigen receptor T cells: Safety strategies to overcome toxicity. Mol. Cancer 2019, 18, 125. [Google Scholar] [CrossRef]

	



Graff, S.L.; Yan, F.; Abdou, Y. Newly Approved and Emerging Agents in HER2-Positive Metastatic Breast Cancer. Clin. Breast Cancer 2023, 23, e380–e393. [Google Scholar] [CrossRef]

	



Akbari, V.; Chou, C.P.; Abedi, D. New insights into affinity proteins for HER2-targeted therapy: Beyond trastuzumab. Biochim. Biophys. Acta Rev. Cancer 2020, 1874, 188448. [Google Scholar] [CrossRef]

	



Iqbal, N.; Iqbal, N. Human Epidermal Growth Factor Receptor 2 (HER2) in Cancers: Overexpression and Therapeutic Implications. Mol. Biol. Int. 2014, 2014, 852748. [Google Scholar] [CrossRef] [PubMed]

	



Ueda, M.; Hisada, H.; Temma, T.; Shimizu, Y.; Kimura, H.; Ono, M.; Nakamoto, Y.; Togashi, K.; Saji, H. Gallium-68-labeled anti-HER2 single-chain Fv fragment: Development and in vivo monitoring of HER2 expression. Mol. Imaging Biol. 2015, 17, 102–110. [Google Scholar] [CrossRef] [PubMed]

	



Verma, R.; Boleti, E.; George, A.J.T. Antibody engineering: Comparison of bacterial, yeast, insect and mammalian expression systems. J. Immunol. Methods 1998, 216, 165. [Google Scholar] [CrossRef]

	



Kim, J.; Sim, D.; Park, D.; Jung, T.; Lee, S.; Oh, T.; Ha, J.; Seok, S.; Seo, M.; Kang, H.C.; et al. Bacterial production and structure-functional validation of a recombinant antigen-binding fragment (Fab) of an anti-cancer therapeutic antibody targeting epidermal growth factor receptor. Appl. Microbiol. Biotechnol. 2016, 100, 10521–10529. [Google Scholar] [CrossRef] [PubMed]

	



Hyun, J.; Lee, K.; Kim, J.; Sim, D.; Byun, K.; Jung, S.; Paeng, J.C.; Kang, T.; Park, J.; Kim, C. Extracellular production of an anti-HER2 single-chain variable antibody fragment in Escherichia coli. Process Biochem. 2021, 111, 87–94. [Google Scholar] [CrossRef]

	



Esposito, D.; Chatterjee, D.K. Enhancement of soluble protein expression through the use of fusion tags. Curr. Opin. Biotechnol. 2006, 17, 353–358. [Google Scholar] [CrossRef]

	



Sonoda, H.; Kumada, Y.; Katsuda, T.; Yamaji, H. Effects of cytoplasmic and periplasmic chaperones on secretory production of single-chain Fv antibody in Escherichia coli. J. Biosci. Bioeng. 2011, 111, 465–470. [Google Scholar]

	



De Marco, A.; De Marco, V. Bacteria co-transformed with recombinant proteins and chaperones cloned in independent plasmids are suitable for expression tuning. J. Biotechnol. 2004, 109, 45–52. [Google Scholar] [CrossRef]

	



Fu, X. Extracellular accumulation of recombinant protein by Escherichia coli in a defined medium. Appl. Microbiol. Biotechnol. 2010, 88, 75–86. [Google Scholar] [CrossRef]

	



Sadraeian, M.; Ghoshoon, M.B.; Mohkam, M.; Karimi, Z.; Rasoul-Amini, S.; Ghasemi, Y. Modification in media composition to obtain secretory production of STxB-based vaccines using Escherichia coli. Virol. Sin. 2013, 28, 43–48. [Google Scholar] [CrossRef]

	



Kudou, M.; Ejima, D.; Sato, H.; Yumioka, R.; Arakawa, T.; Tsumoto, K. Refolding single-chain antibody (scFv) using lauroyl-L-glutamate as a solubilization detergent and arginine as a refolding additive. Protein Expr. Purif. 2011, 77, 68–74. [Google Scholar] [CrossRef] [PubMed]

	



Goulding, C.W.; Perry, L.J. Protein production in Escherichia coli for structural studies by X-ray crystallography. J. Struct. Biol. 2003, 142, 133–143. [Google Scholar] [CrossRef]

	



Tropea, J.E.; Cherry, S.; Waugh, D.S. Expression and purification of soluble His 6-tagged TEV protease. In High Throughput Protein Expression and Purification: Methods and Protocols; Humana Press: Totowa, NJ, USA, 2009; pp. 297–307. [Google Scholar]

	



Showalter, L.E. Linear Epitopes that Generate Anti-HER-2 Antibody Responses with Trastuzuab-(Herceptin) Like Biological Activity. Ph.D. Thesis, Kent State University, Kent, OH, USA, 2014. [Google Scholar]

	



Qing, G.; Ma, L.; Khorchid, A.; Swapna, G.; Mal, T.K.; Takayama, M.M.; Xia, B.; Phadtare, S.; Ke, H.; Acton, T. Cold-shock induced high-yield protein production in Escherichia coli. Nat. Biotechnol. 2004, 22, 877–882. [Google Scholar] [CrossRef] [PubMed]

	



Castiñeiras, T.S.; Williams, S.G.; Hitchcock, A.; Cole, J.A.; Smith, D.C.; Overton, T.W. Development of a generic β-lactamase screening system for improved signal peptides for periplasmic targeting of recombinant proteins in Escherichia coli. Sci. Rep. 2018, 8, 6986. [Google Scholar] [CrossRef]

	



Kapust, R.B.; Tözsér, J.; Fox, J.D.; Anderson, D.E.; Cherry, S.; Copeland, T.D.; Waugh, D.S. Tobacco etch virus protease: Mechanism of autolysis and rational design of stable mutants with wild-type catalytic proficiency. Protein Eng. 2001, 14, 993–1000. [Google Scholar] [CrossRef]

	



Saerens, D.; Ghassabeh, G.H.; Muyldermans, S. Single-domain antibodies as building blocks for novel therapeutics. Curr. Opin. Pharmacol. 2008, 8, 600–608. [Google Scholar] [CrossRef] [PubMed]

	



Tong, Q.; Liu, K.; Lu, X.; Shu, X.; Wang, G. Construction and characterization of a novel fusion protein MG7-scFv/SEB against gastric cancer. BioMed Res. Int. 2010, 2010, 121094. [Google Scholar] [CrossRef]

	



Jurado, P.; de Lorenzo, V.; Fernández, L.A. Thioredoxin Fusions Increase Folding of Single Chain Fv Antibodies in the Cytoplasm of Escherichia coli: Evidence that Chaperone Activity is the Prime Effect of Thioredoxin. J. Mol. Biol. 2006, 357, 49–61. [Google Scholar] [CrossRef]

	



Davis, G.D.; Elisee, C.; Newham, D.M.; Harrison, R.G. New fusion protein systems designed to give soluble expression in Escherichia coli. Biotechnol. Bioeng. 1999, 65, 382–388. [Google Scholar] [CrossRef]

	



DelProposto, J.; Majmudar, C.Y.; Smith, J.L.; Brown, W.C. Mocr: A novel fusion tag for enhancing solubility that is compatible with structural biology applications. Protein Expr. Purif. 2009, 63, 40–49. [Google Scholar] [CrossRef]

	



Nallamsetty, S.; Waugh, D.S. Mutations that alter the equilibrium between open and closed conformations of Escherichia coli maltose-binding protein impede its ability to enhance the solubility of passenger proteins. Biochem. Biophys. Res. Commun. 2007, 364, 639–644. [Google Scholar] [CrossRef] [PubMed]

	



Kapust, R.B.; Waugh, D.S. Escherichia coli maltose-binding protein is uncommonly effective at promoting the solubility of polypeptides to which it is fused. Protein Sci. 1999, 8, 1668–1674. [Google Scholar] [CrossRef]

	



Wang, R.; Gu, X.; Zhuang, Z.; Zhong, Y.; Yang, H.; Wang, S. Screening and molecular evolution of a single chain variable fragment antibody (scFv) against Citreoviridin toxin. J. Agric. Food Chem. 2016, 64, 7640–7648. [Google Scholar] [CrossRef] [PubMed]

	



Gąciarz, A.; Ruddock, L.W. Complementarity determining regions and frameworks contribute to the disulfide bond independent folding of intrinsically stable scFv. PLoS ONE 2017, 12, e0189964. [Google Scholar] [CrossRef] [PubMed]

	



Koçer, İ.; Cox, E.C.; DeLisa, M.P.; Çelik, E. Effects of variable domain orientation on anti-HER2 single-chain variable fragment antibody expressed in the Escherichia coli cytoplasm. Biotechnol. Prog. 2021, 37, e3102. [Google Scholar] [CrossRef] [PubMed]

	



Akbari, V.; Sadeghi, H.M.M.; Jafarian-Dehkordi, A.; Abedi, D.; Chou, C.P. Improved biological activity of a single chain antibody fragment against human epidermal growth factor receptor 2 (HER2) expressed in the periplasm of Escherichia coli. Protein Expr. Purif. 2015, 116, 66–74. [Google Scholar] [CrossRef]








[image: Biomolecules 13 01508 g001] 





Figure 1. Schematic diagram illustrating the composition of recombinant plasmids (v21–v24) expressing anti-HER2 scFv. The vector plasmid (pCold III or pRK793) used for construction and the locations of fusion tags (MBP, TEV, PelB, Myc, and H6) are demonstrated. Amino acid sequences of the TEV cleavage site and scFv are denoted, whereas whole amino acid sequences of recombinant proteins expressed by these four constructs are presented in Supplementary Table S1. 
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Figure 2. SDS-PAGE images summarizing protein expression and purification results. M, molecular size marker; T, total cell lysates; P, pellet fraction of cell lysates; S, supernatant fraction of cell lysates; BP, pooled solution of binding pass-through fractions from amylose-affinity (v23) or Ni2+-affinity (v21, v22, and v 24) chromatography; E, pooled solution of elution fractions in amylose-affinity (v23) or Ni2+-affinity (v21, v22, and v 24) chromatography. Positions of individual protein bands are indicated by arrows. 
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Figure 3. SDS-PAGE images demonstrating the isolation and purification process of the scFv expressed by the v23 construct. Lane M, molecular size marker; Mix, reaction mixture of the v23 product (MBP-scFv fusion protein) and purified TEV; R1 and R2, reaction mixtures after 37 °C incubation for 12 h and 24 h, respectively; BP and W, path-through solutions during binding and washing steps of protein-L-affinity chromatography, respectively; E, final elution fraction from the protein-L-affinity chromatography. Positions of individual protein bands are indicated by arrows. 
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Figure 4. Comparison of antigen-binding activities of v21–v24 products. Data are represented as mean ± SD for triplicate independent experiments. (A) ELISA results for monitoring in vitro binding to HER2-ExD (left panel) and BSA (right panel). Herceptin®, a commercial product of anti-HER2 mAb trastuzumab, was used as a positive control for HER2 binding. For v23, both the initial product of MBP-scFv fusion protein and the final product of isolated scFv were examined. Kd values were determined using individual fitting curves. ND, not detected. (B) FACS results for monitoring target binding on SKOV3 (left panel) and MDA-MB-231 (right panel) cell surfaces. Raw data histograms are presented in Supplementary Figure S1. 
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Figure 5. Identification and validation of the final product, v24 scFv. (A) MALDI-TOF mass spectrum measuring the absolute molecular mass. Sinapic acid was used as a matrix substance for measurement and IgG was used for linear-mode calibration of data. (B) Stability test by SDS-PAGE analysis. The scFv proteins were stored in a refrigerator (4 °C) for 32 days and sampled for analysis at indicated time points. (C) Functional stability tested by ELISA. The scFv proteins stored at 4 °C were sampled at indicated time points for measuring affinity to HER2-ExD. (D) ELISA results demonstrating a competitive antigen binding of the scFv with trastuzumab. 400 nM of hexahistidine-tagged scFv was initially bound to coated HER2-ExD (50 ng/mL), followed by dissociation upon increasing concentrations of trastuzumab added. Residual scFv was detected using anti-hexahistidine-HRP. Data in C and D are represented as mean ± SD for triplicate independent experiments. 
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Table 1. Protein productivity obtained from 1000 mg of wet cell pastes using the v21–v24 constructs.
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	Construct
	Total Protein 1 (mg)
	Final Product 2 (mg)





	v21
	217
	0.143



	v22
	221
	0.171



	v23
	286
	2.142



	v24
	274
	3.025







1 Quantification results for proteins in supernatants of cell lysates; 2 isolated scFv product collected from protein-L-affinity (v23) or nickel-affinity (v21, v22, and v24) chromatography.
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