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Abstract

:

To develop efficient applications of monoclonal antibodies for therapeutic purposes, stereospecific recognition of the target antigens is needed. DNA immunization is one of the best methods for sensitizing B lymphocytes that can produce conformation-specific antibodies. Here we verified the class-switching of monoclonal antibodies by DNA immunization followed by cell immunization for the generation of stereospecific monoclonal antibodies against native G protein-coupled receptor (GPCR) using the optimized stereospecific targeting (SST) technique. This technology facilitates the efficient selection of sensitized B lymphocytes through specific interaction with the intact antigen via B-cell receptors (BCRs). We demonstrate that multiple DNA immunizations followed by a single cell immunization in combination with a longer sensitization period (three to four months) are an appropriate sensitizing strategy for the generation of IgG-type stereospecific monoclonal antibodies by class-switching, and the characteristics of antibody production could be transferred to hybridoma cells provided by the optimized SST technique.
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1. Introduction


DNA and mRNA vaccines are expected to become a state-of-the-art vaccination for the prevention of diseases [1]. To acquire immunity, while most genes are introduced into muscle cells and keratinocytes, some are introduced into dendritic cells, where they are expressed [2]. The transfected cells are phagocytosed by antigen-presenting cells (APCs) and presented to helper T lymphocytes to initiate a humoral immunity [2]. Vaccination with DNA and mRNA genes may involve a common process for eliciting an immune response by expressing native antigens in vivo [3,4]. However, it remains unclear how the immune response works against intact antigens, which possess a native conformation with respect to their polypeptide chains.



Monoclonal antibodies have been known to be critically important in a wide range of scientific fields because of their high specificity and affinity. Especially, they have been attracting attention as a new therapeutic medicine in recent years [5]. For this purpose, an IgG isotype of monoclonal antibodies is preferable [6], as these antibodies are stable with higher affinity and thus are suitable for the formulation of antibody-drug conjugates [7].



We previously reported a novel technology termed optimized stereospecific targeting (SST) [8,9,10], which consists of three important steps: (1) DNA immunization; (2) B-cell selection by antigen-expressing myeloma cells; and (3) selective fusion of B cell and myeloma cell complexes, to generate hybridoma cells that secrete stereospecific monoclonal antibodies. The optimized SST technique features the selective production of conformation-specific monoclonal antibodies against membranous proteins such as receptors with high efficiency [9,10].



Generally, antibodies class-switch to improve the effector effect and increase their ability to eliminate pathogens [11,12]. Class-switching to IgG to gain higher affinity occurs in pre-immunized B cells at variable exon regions in the heavy and light chains of the antibody via V (D) J recombination. B cells undergo somatic hypermutation and class switch recombination (CSR) of the immunoglobulin gene in the germinal center [13]. Somatic hypermutations cause many point mutations in V exons, producing high-affinity antibodies to specific antigens in a process called affinity maturation. CSR replaces the Ig heavy chain constant region (CH) gene from Cμ to other CH genes and switches the Ig isotype from IgM to either IgG, IgE, or IgA [11,12,13]. B cells undergo an Ig class switch in vivo after immunization or infection [11,12,13,14]. This implies that combination of the SST technology and the class-switch in immunization could increase the possibility for efficient acquisition of hybridoma cells producing stereospecific monoclonal IgG antibodies against target antigens.



In this study, we verified the class-switching of stereospecific monoclonal antibodies to IgG against intact human corticotropin-releasing hormone receptor 1 (huCRHR1) [15], which is a member of the GPCRs, by a combination of multiple DNA immunizations and cell-based immunization based on the optimized SST technique.




2. Materials and Methods


2.1. Materials


Goat anti-mouse IgG (H + L) antibody conjugated with horseradish peroxidase (HRP) (catalog No.: SA00001-1) was purchased from BioSource International (Camarillo, CA, USA). Affinipure goat anti-mouse IgG (Fcγ) antibody (catalog No.: 115-005-008) and goat anti-mouse IgM (μ chain specific) antibody (catalog No.: 115-005-020) were purchased from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA).




2.2. Mice


BALB/cA Jcl female mice were purchased from CLEA Japan (Tokyo, Japan) and used for immunization at the age of 5 weeks. All experiments were approved and conducted according to the Mie University guidelines for the care and treatment of experimental animals.




2.3. Cell Culture


PAI murine myeloma cells [16] were grown in complete RPMI 1640 medium at 37 °C in a humidified atmosphere containing 5% CO2. Complete RPMI 1640 medium was prepared by supplementation with 10% fetal calf serum (FCS), 2 mM L-glutamine (Nissui Pharmaceutical Corporation, Tokyo, Japan), and 100 μg/mL kanamycin sulfate (Meiji Seika Corporation, Tokyo, Japan).



Chinese hamster ovary (CHO) -K1 cells were grown in complete E-RDF medium (Kyokuto Pharmaceutical Industrial Corporation, Tokyo, Japan) supplemented with 10% FCS at 37 °C in a humidified atmosphere with 5% CO2.




2.4. Recombinant Plasmid Vectors


pBCMGS-huCRHR1 recombinant plasmid vector was prepared by inserting huCRHR1 gene (cDNA Resource Center, Bloomsburg University, Bloomsburg, PA, USA) from pcDNA3.1-huCRHR1 using XhoI and NotI sites. pBCMGS-huCRHR1-green fluorescent protein (GFP) recombinant plasmid vector was prepared by inserting huCRHR1-GFP genes from pcDNA3.1-huCRHR1-pTagGFP2-N using XhoI and NotI sites.




2.5. Recombinant Cells


Myeloma cells (5.0 × 104 cells/500 µL) and CHO-K1 cells (5.0 × 104 cells/500 µL) were cultured in a 24-well plate under a humidified 5%: 95% CO2/air gas mixture at 37 °C for one day. Transfection by pBCMGS-huCRHR1-GFP was performed by using an HVJ Envelope VECTOR KIT “GenomONE-Neo” (Ishihara Sangyo Kaisha, Osaka, Japan), according to the manufacturer’s instructions. Temporary and stably expressed huCRHR1 was confirmed by the expression of GFP which was linked to the C terminus of huCRHR1.



To establish a stable form of recombinant myeloma cells, temporary transfected myeloma cells were further selected by incubation in complete RPMI 1640 medium in the presence of 500 µg/mL of G418 for 10 to 14 days. Stable recombinant CHO-K1 cells were obtained as described above, except that complete E-RDF medium and 1300 µg/mL of G418 were used.




2.6. Immunization


Recombinant plasmid DNA pBCMGS-huCRHR1 was injected into the thigh muscle of legs for DNA immunization at 3-week intervals after BALB/cA Jcl mice were anesthetized. Fifty microliters of recombinant plasmid DNA (1.0 µg/µL) in a leg were used for the first immunization. Thirty microliters of recombinant plasmid DNA (1.0 µg/µL) in a leg were used for additional immunizations. To effectively transfer recombinant plasmid vectors into cells, an electric field of 200 V/cm was applied to the site of injection for 20 ms, and repeated four times at 1-s intervals, by use of a 2-needle array separated by 5 mm. Human CRHR1-expressing CHO-K1 cells (approx. 1 × 107 cells) suspended in 0.5 mL of phosphate-buffered saline (pH = 7.2) (PBS) were intraperitoneally injected as a final immunization at three to five days before fusion. Three mice per group were sensitized by DNA and cell immunization at one time. One of the sensitized mice was used for each experiment.




2.7. Optimized Stereospecific Targeting (SST) Technique


The optimized SST technique was used to generate hybridoma cells secreting the target conformation-specific monoclonal antibodies, as previously reported [8,9,10]. In brief, the spleen was aseptically removed from a mouse after DNA immunization and cell immunization. A cell suspension containing sensitized B lymphocytes was prepared from the spleen. Target-sensitized B lymphocytes were selected by huCRHR1-expressing myeloma cells via BCRs by incubating for 30 min at 4 °C after slowly spinning down the cell suspension, followed by gentle rotation for another 30 min at 4 °C. Finally, B cell–myeloma cell complexes were selectively fused by electrical pulses with a square wave at 2.0–3.0 kV/cm for a duration of 10 µs, repeated four times at 1-s intervals to produce hybridoma cells secreting the desired monoclonal antibodies. Single-cell suspension in separate wells during fusion with myeloma cells was not used. Hybridoma cells were selected in complete RPMI 1640 medium in the presence of HAT and HT medium.




2.8. Cell-Based Enzyme-Linked Immunosorbent Assay (Cell-ELISA)


Human CRHR1-expressing CHO-K1 cells (2.0–3.5 × 104 cells/200–350 µL) were incubated in a 96-well culture plate in complete E-RDF medium at 37 °C in a humidified atmosphere containing 5% CO2 for one to two days. Each well was washed with PBS, and hybridoma supernatant or 1/50–1/1600-fold diluted mouse serum after DNA and cell immunization was added as a primary antibody with incubation for 2 h at 4 °C. After washing with PBS, 1/10,000-diluted goat anti-mouse IgG (H + L) antibody conjugated with HRP was added as a secondary antibody, and the mixture was incubated for 1 h at 4 °C. Each well was washed at least five times with PBS, and the absorbance was measured at 490 nm using o-phenylenediamine as a substrate [9,10]. ΔOD values at 490 nm (OD490 nm—blank OD490 nm) denote specific binding of stereospecific monoclonal antibodies to the intact antigen.




2.9. Isotype of Antibodies


Fifty microliters of anti-mouse IgM (μ chain specific) antibody (10 µg/mL) and of anti-mouse IgG (Fcγ) antibody (10 µg/mL) were adsorbed on a 96–well plate overnight at 4 °C. Each well was blocked with 1% gelatin in PBS for more than 2 h at 37 °C, and washed three times with PBST (PBS containing 0.05% Triton-X). Hybridoma supernatant or 1/2000–1/1,000,000—fold diluted mouse serum after DNA and cell immunization was added as a primary antibody and incubated for 1 h at 37 °C. After washing with PBST, 1/10,000-diluted goat anti-mouse IgG (H + L) antibody conjugated with HRP was added as a secondary antibody, and incubated for 1 h at 37 °C. After washing at least five times with PBST, the absorbance was measured at 490 nm by using o-phenylenediamine as a substrate as described above.





3. Results and Discussion


3.1. DNA and Cell Immunization for Optimized Stereospecific Targeting (SST)


Based on the optimized SST technique, B lymphocytes sensitized by a combination of DNA immunization followed by cell-based immunization were selected by antigen-expressing myeloma cells through B-cell receptor (BCR). B cell and myeloma cell complexes were then selectively fused by electrical pulses to produce hybridoma cells that can secrete conformation-specific monoclonal antibodies (Figure 1). The critical points of the technique are DNA immunization, B-cell selection by antigen-expressing myeloma cells, and selective fusion of B cell and myeloma cell complexes [8,9,10]. DNA immunization must be a privileged method to selectively sensitize the target B lymphocytes that produce antibodies recognizing the native structures of the target antigen. The intact antigens on the surface of myeloma cells are essential, because these recombinant cells can preferentially select B lymphocytes that recognize the native target antigen via BCRs to increase the possibility that B cells producing stereospecific antibodies against the target antigen can be transformed into hybridoma cells. In fact, attached B cell and myeloma cell complexes are predominantly selected to be fused by an electric field by avoiding undesired fusion among other unattached cells [17].



We adopted five protocols for immunization, termed Fusion I to Fusion V, which differ in the number of DNA immunizations, fusion days, and total weeks for sensitization, to selectively generate stereospecific monoclonal antibodies against huCRHR1, as shown in Table 1. In Fusion I, more IgM-type antibodies were produced in serum by three DNA immunizations and one cell-based immunization (Figure 2A). In contrast, in Fusion V, a higher level of IgG-type antibody production was recognized in serum after sensitization by four DNA immunizations and one cell immunization (Figure 2B). Notably, the affinity of antibodies for huCRHR1 was remarkably enhanced in Fusion V (Figure 2C). These results demonstrate that class-switching of IgM to IgG could provide the affinity maturation of stereospecific antibodies to the target antigen, even when DNA and cell immunization are used to sensitize B lymphocytes.



DNA immunization has been used with a variety of proteins, including transmembrane proteins [18,19,20]. It has been reported that immunization is performed four times at intervals of three to six weeks using a gene gun [21] and three times at 3-week intervals by intramuscular injection [18]. Electroporation can also be used under a wide range of conditions [20,22,23]. In the present study, we performed DNA immunization three or four times at 3-week intervals. In addition, target antigen-expressing CHO cells were used in a final immunization to provide a stronger immune response [24].




3.2. Effect of the Number of DNA Immunizations and the Sensitization Period on Class-Switching


To further evaluate the five protocols, the class-switching process from IgM to IgG was investigated in detail. For this purpose, we used mixtures of hybridoma cells obtained by fusion of each of sensitized B lymphocytes with a single myeloma cell using the optimized SST technique, resulting in producing polyclonal antibodies consisting of various kinds of monoclonal antibodies. It is noted that the previous microscopic observation suggested that a pair of a B-cell and a myeloma cell can often be selected to fuse with each other when applying the electrical pulse with our method [9]. The immunization conditions for Fusions I to III involve three DNA immunizations followed by cell-based immunization as a final sensitization. The total period for these immunizations was two to three months. Most stereospecific monoclonal antibodies produced by hybridoma cells that were positive by Cell-ELISA conferred the IgM-type isotype; of course, a small number of hybridoma cells in the same wells concomitantly secreted IgG-type antibodies against huCRHR1 prior to further limiting dilution (Figure 3A–C, Table 1).



In contrast, the ratio of IgG-type stereospecific monoclonal antibodies to IgM-type was apparently increased in Fusion IV and V by four DNA immunizations and one cell immunization with a relatively longer sensitization period of more than three months (Figure 3D,E, Table 1). The class-switching of conformation-specific monoclonal antibodies could be controlled by the number of DNA immunizations and the sensitization period, and the characteristics of antibody production could be transferred to the hybridoma cells provided by the optimized SST technique. Here, ΔOD values at 490 nm (OD490 nm—blank OD490 nm) of more than 0.1 were regarded as Cell-ELISA positive, where OD490nm values were at least 3.5-times higher than the blank OD490 nm.



Generally, when a foreign antigen invades host cells, the immune system works to produce antibodies by humoral immunity. Foreign antigens are phagocytosed by antigen-presenting cells (APCs) and presented to MHC class II molecules together with antigen-derived peptide. The linear epitope-specific peptide on APCs activates helper T cells and initiates a series of events to induce humoral immunity [25,26,27,28]. By activating humoral immunity, some B lymphocytes are stored as memory B cells, triggering class-switching. Indeed, this common mechanism could be applied to the production of conformation-specific antibodies by presenting the stereospecific epitope to helper T cells. However, few reports have elucidated whether DNA immunization can elicit the class-switching of stereospecific antibodies from IgM to IgG.



Target antigens expressed in vivo by immunization using gene-coding nucleic acids such as DNA and mRNA must retain their original native three-dimensional structures, and so can be recognized by an immune system to sensitize B lymphocytes generating conformation-specific antibodies, probably in a similar manner as observed in natural infection by foreign pathogens. The intact structures of the target antigens would be of critical importance in effective infection and immunization.




3.3. IgG and IgM Production of Stereospecific Monoclonal Antibodies by DNA Immunization and Cell Immunization


A pivotal point for class-switching of stereospecific monoclonal antibodies seems to be the difference between Fusion III and Fusion IV. As shown in Table 1, they have almost the same total sensitization period, but different numbers of DNA immunizations: three in Fusion III and four in Fusion IV. The rate of IgM production decreased from 100% to 46.2%, and the production of IgG was increased from 80.0% to 100% in Fusion IV, as compared to that in Fusion III. Moreover, while the ΔOD values indicating the concentration of immunoglobulin IgG were less than 1.0 in Fusion III (Figure 3C), their production was frequently observed to be more than 1.0 in Fusion IV (Figure 3D). Among them, IgG-type conformation-specific monoclonal antibodies produced by hybridoma D6 in Fusion IV exhibited higher affinity toward intact huCRHR1 with a ΔOD value of more than 0.7 by the Cell-ELISA method. Indeed, pre-selection of sensitized B lymphocytes by intact antigen through BCRs by the optimized SST technique featured preferential selection of the IgG isotype. Interestingly, IgM production by Cell-ELISA-positive hybridoma cells was almost completely absent in Fusion V (Figure 3E); however, affinity maturation of all stereospecific monoclonal antibodies was not necessarily observed in Fusion V, since a few hybridoma cells were acquired in this trial. These results suggest that multiple DNA immunizations with four times and a sensitization period of three months or longer would be suitable for the selective generation of IgG-type stereospecific monoclonal antibodies by the optimized SST technique.



In the present study, we found that the class-switching of conformation-specific antibodies from IgM to IgG was promoted by controlling the number of DNA immunizations and the sensitization period. This class-switching could be triggered by memory B lymphocytes that had been pre-sensitized by APCs and memory T lymphocytes. This class-switching must provide advantages for conformation-specific antibodies by acquiring higher affinity for the target native antigen by rearranging the genes of complementarity-determining regions (CDRs) in antibodies under somatic hypermutation [13]. The optimized SST technique should make it possible to preferentially select B lymphocytes producing IgG-type conformation-specific monoclonal antibodies through BCRs by the native antigen on myeloma cells. In particular, cell-based immunization could allow the swift class-switching of antibodies to IgG, since the intact antigens on CHO cells may directly stimulate an immune response without expressing them from the DNA gene.



In conclusion, we addressed the question of how intact antigens are processed in APCs and their original native structures can be retained when they are presented on the surface of APCs together with MHC class II molecules. While this question is still un-answered, the present study implies that the presentation of stereospecific epitopes ex-pressed in vivo from the recombinant gene to helper T cells may be able to cause the ap-propriate immune response followed by switching of the isotype of conformation-specific monoclonal antibodies from IgM to IgG, resulting in efficient acquisition of hybridoma cells efficiently secreting IgG monoclonal antibodies. Since the positive and direct selection of the sensitized target B cells through specific interaction between the BCRs and in-tact antigens is used in the optimized SST technique, efficient immunization by expressing native antigen proteins in vivo using the coding DNAs can apparently promote the production of hybridoma cells secreting the target stereospecific antibodies, though the correlation between class-switching in sensitized B cells and the acquisition rate of the de-sired hybridoma cells remains to be further investigated.
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Figure 1. Optimized stereospecific targeting (SST) technique. The optimized stereospecific targeting (SST) technique consists of two critical steps after both DNA and cell immunization. The first step is that sensitized B lymphocytes are selected by antigen-expressing myeloma cells through BCRs. B cell–myeloma cell complexes are then selectively fused by an electric field to produce hybridoma cells secreting stereospecific monoclonal antibodies in the second step. 
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Figure 2. Determination of the isotype and titer of antibodies after DNA and cell immunization. (A) IgM-type and (B) IgG-type antibodies in serum were determined by the ELISA method after mice were sensitized by DNA and cell immunization according to the protocols in Fusions I, III, and V. (C) Specific binding of antibodies in serum to intact huCRHR1 on CHO cells was quantified by the Cell-ELISA method after DNA and cell immunization based on the sensitizing methods of Fusions I, III, and V. Results are shown as the mean ± standard deviation (n = 2). Some error bars are hidden behind each symbol due to the small standard deviation values. 
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Figure 3. Determination of isotype and specific affinity of monoclonal antibodies generated by the optimized SST technique. Three mice per group were sensitized by DNA and cell immunization at one time. One of the sensitized mice was used for each experiment. (A–E) Five different immunization protocols (Fusions I to V) were used for sensitizing B lymphocytes. The specific affinity of monoclonal antibodies (left panel) in supernatant of hybridoma cells was evaluated by the Cell-ELISA method by means of huCRHR1-expressing CHO cells as an antigen. Monoclonal antibodies in hybridoma supernatant determined by both Cell-ELISA and ELISA methods are shown in green, whereas those measured by only the Cell-ELISA method are in gray in (C,D) (left panel). IgG (middle panel) and IgM (right panel) isotypes of monoclonal antibodies in hybridoma supernatant were quantified by the ELISA method as described in the Materials and Methods. Mouse serum diluted 1/100—(left panel), 1/200—(left panel) or 1/2000—fold (middle and right panels) obtained by DNA and cell immunization in Fusions I to V was used as a primary antibody for the positive control (P.C.), where 1/100—and 1/200—fold diluted mouse sera were used in Fusions I to III and Fusions IV and V, respectively. ΔOD values at 490 nm for (A–E) are shown in Table S1. 
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Table 1. Summary of IgG and IgM production of conformation-specific monoclonal antibodies. The detailed immunization methods for Fusions I to V are indicated. Titer and isotype of stereospecific monoclonal antibodies against huCRHR1 in supernatant of hybridoma cells generated by the optimized SST technique were evaluated with five different sensitization protocols in Fusions I to V.
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Immunization Method

	
Number of DNA Immunization

(Total Weeks for Immunization) a)

	
Fusion Day b

	
Number of Wells

	
Hybridoma Positive Wells

	
Cell-ELISA Positive Wells c

	
Isotype-Determined Wells (A)

	
Isotype

	
Rate of IgG Production

(B)/(A) ×100 (%)

	
Rate of IgM Production

(C)/(A) ×100 (%)




	
IgG-Positive Wells d (B)

	
IgM-Positive Wells e (C)






	
Fusion I

	
3 (9)

	
3

	
192

	
107

	
14

	
14

	
0

	
13

	
0

	
92.9




	
Fusion II

	
3 (8)

	
5

	
288

	
29

	
8

	
8

	
4

	
8

	
50.0

	
100.0




	
Fusion III

	
3 (11)

	
5

	
288

	
25

	
9

	
5

	
4

	
5

	
80.0

	
100.0




	
Fusion IV

	
4 (12)

	
5

	
192

	
78

	
22

	
13

	
13

	
6

	
100.0

	
46.2




	
Fusion V

	
4 (15)

	
5

	
192

	
22

	
3

	
3

	
3

	
0

	
100.0

	
0








a : Including cell immunization; b : After the final immunization; c : ΔOD490nm > 0.1; d : ΔOD490nm > 0.5; e : ΔOD490nm > 0.5.
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