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Abstract

:

To detect residual pre-proinsulin (PPI) in recombinant human insulin production, an analytical method based on double-antibody sandwich ELISA was developed in this study. The BALB/c mice were immunized with PPI, and the hybridomas secreting anti-PPI monoclonal antibodies were obtained using the conventional cell fusion technique and ELISA screening. We purified the antibody using a Protein G gel column and identified its purity by SDS-PAGE. The sandwich ELISA was used to explore the pairing effect, and the specificity of the paired antibody was determined. We selected a paired antibody with relatively good specificity to establish sandwich ELISA, constructed a quantitative curve, and evaluated the accuracy and sensitivity of the method. Six anti-PPI monoclonal antibodies were obtained, named P1, P2, P3, P4, P5 and P6, of which P5 had the highest titer value. The sandwich ELISA method was established with P5 for plating and P2 as detection antibodies. The linear range of the quantitative curve of PPI by sandwich ELISA was 0.645 to 82.5 pg/mL, the recovery was 95% and the detection limit was 3.06 pg/mL. In this study, we prepared six anti-PPI monoclonal antibodies and established the sandwich ELISA method to detect PPI in process control and product release control for recombinant human insulin production.
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1. Introduction


Diabetes mellitus, commonly known as diabetes, is a metabolic disease characterized by high blood glucose levels due to defective insulin secretion or impaired insulin action [1]. Diabetes includes mainly Type I and Type II diabetes, and is one of the major diseases that threaten human health and life. Type I diabetes is characterized by a loss of the ability of pancreatic beta cells to secrete insulin, and patients rely on insulin therapy to maintain their lives. Type II diabetes, which accounts for approximately 90% of adult-onset diabetes, is caused by a combination of insulin secretion, insulin resistance, hepatic glucose output and lipid disorders [2]. Insulin can regulate glucose metabolism and control blood glucose balance and is the main drug for treating diabetes [3]. In addition, insulin therapy has shown significant advantages over anti-diabetic drugs in both type I and type II diabetes [4]. Insulin, originally produced as preproinsulin, is transformed into a proinsulin by proteolytic action and finally into the active polypeptide hormone, insulin [5]. Recently, developments in recombinant DNA technology and protein engineering have led to the increasing availability of human insulins and modified insulin analogues with improved pharmacokinetic properties [6]. Most of the insulins currently used in clinical trials are formed by recombinant DNA expression in E. coli or yeast to form inactive pre-proinsulin (PPI), subsequently enzymatically cleaved and purified to obtain high purity insulin. The efficient and stable expression of PPI is a prerequisite for obtaining high-yield insulin [7,8]. PPI, although low in molecular weight (only 15 kD), remains immunogenic and its prolonged presence can produce antibodies and thereby reduce the pharmacological effects of insulin [9]. However, undigested and unremoved PPI seriously affects the quality and safety of insulin [10,11]. Therefore, the accurate detection of PPI expression and residues in insulin is very critical and urgent in the quality control of insulin biosynthesis.



According to the European Pharmacopeia, PPI in insulin must be detected and controlled; however, no specific detection method has been proposed. Currently, the commonly used methods include radioimmunoassay and high-performance liquid chromatography (HPLC) [12,13,14]. Radioimmunoassay has been gradually eliminated due to inadequate prices, pollution to the environment and harm to human health [15]. High-performance liquid chromatography is often used to detect the PPI content in the purification process; however, its poor sensitivity leads to its inability to meet the requirements for detecting PPI residues in the final product [16].



Enzyme-linked immunosorbent assays have high sensitivity and can be used to detect trace amounts of PPI. However, due to the large differences in the contents of PPI produced by different processes, using a universal ELISA kit for determination is currently impossible. In this study, a PPI molecule consists of the A-chain of insulin, B-chain of insulin, a guide peptide (SOD) and a -Lys-Arg- linker. After trypsin digestion, SOD and single-chain Lys-Arg-insulin (sIKR) were produced. As the enzyme digestion proceeded, the junction of the A-chain and arginine was cleaved, but only the remaining B-chain was linked to Arg-Lys-, and the free A-chain was correctly paired with the B-chain to form Arg-Lys-insulin (IKR). The IKR was turned into lys-insulin (IK) after the arginine residue was removed by carboxypeptidase B, and the lysine residue in IK was further removed to form insulin with the correct spatial conformation. To explore a highly targeted and sensitive method, we prepared six anti-PII monoclonal antibodies using the hybridoma technique and preliminarily established double-antibody sandwich ELISA to determine the PPI residue in recombinant human insulin.




2. Materials and Methods


2.1. Materials


Experimental animals were 6- to 8-week-old BALB/c mice. Penicillin, HAT (50×), HT, PEG1450, incomplete Freund’s adjuvant and streptomycin were purchased from Sigma-Aldrich (Burlington, MA, USA). DMEM medium and Fetal bovine serum was purchased from Gibco (Thermo Fisher, Waltham, MA, USA). Horseradish peroxidase-labeled sheep anti-mouse IgG (HRP-sheep anti-mouse IgG) was purchased from Frdbio (Wuhan, China). Cell dissociation buffer (0.25% pancreatin and 0.02% EDTA) was prepared for use. The reagents for purifying antibodies, including antibody elution buffer, neutralization buffer, preservation buffer, PBS buffer (pH 7.4) and sodium azide were self-made.



The reagents for detecting ELISA in the establishment of the double-antibody sandwich method are as follows: ELISA coating solution, washing solution (PBST), 3,3′,5′-tetramethylbenzidine (hereinafter referred to as TMB) substrate reaction solution, sealing solution, universal diluent and termination solution. They were all self-made.



The PPI of animal immune antigens, PPI of antigens coated indirectly by ELISA method, PPI standard in double-antibody sandwich method, SOD, sIKR, IKR and IK were collected from the PPI in the production process of the recombinant human insulin and its digested intermediate product. After purification, their purity was over 95%. The insulin and PPI are manufactured at Hefei Tianmai Biotechnology Development Company.




2.2. Preparation, Purification and Marking of Monoclonal Antibodies


The 6- to 8-week-old BALB/c mice were immunized with PPI as the immunogen, and blood was taken as a negative serum control before immunization. The initial immunization dose was 100 μg/mouse. The PPI was emulsified with the same volume of ferrin complete adjuvant and then immunized the mice and then immunized mice at an interval of 2 weeks. The serum antibody titer of mice was detected 14 days after the third immunization. The mice with relatively high titer were immunized by intraperitoneal injection of immunogen 100 μg/mouse three days before cell fusion. Then, the blood was sacrificed, and the immune spleen cells were isolated. The immune spleen cells and the prepared mouse myeloma cells SP2/0 were fused. Positive monoclonal hybridoma cells were screened by ELISA. After three subclones and a completely positive ELISA test, expand the culture and construct the cell line. The screened hybridoma cells stably secreting target antibodies were inoculated in BALB/c mice aged 6 to 8 weeks at 1 to 5 × 106/mouse with incomplete first adjuvant. When the abdomens of the mice were significantly enlarged, and the skin being touched by hands was tense, the ascites were collected with a 10-mL needle. The ascites was centrifuged, the supernatant was collected, and the titer was determined. The antibody was purified with a Protein G gel column, and the purified monoclonal antibody(mAb) was identified by SDS-PAGE gel electrophoresis. The obtained monoclonal antibody was diluted to 1 mg/mL with 0.1 M PBS buffer (pH 7.4), and the interfering substance was removed by ultrafiltration. Water-soluble biotin was added, and the reaction was performed at room temperature for 1 h. The free biotin was removed by ultrafiltration.




2.3. Double Antibody Sandwich ELISA Screening for Paired Antibodies


The purified monoclonal antibody was diluted to 1 μg/mL with PBS buffer (pH 7.4) and were separately encapsulated in the enzyme-labeled plates at 100 μL/well. Then, block with 2% bovine serum albumin solution at 37 °C. Wash three times with tbst after 60 min. After that, PPI with a final concentration of 1 μg/mL was added to each well and incubated at 37 °C for 60 min. After three times of TBST washing, use the microplate reader to detect. In addition, 1% BSA was used as the blank control. According to the checkerboard method, each monoclonal antibody labeled with biotin was added at 100 μL/pore, placed at 37 °C for 60 min and washed with TBST three times. Streptavidin HRP was added at 100 μL/pore, placed at 37 °C for 60 min and washed with TBST three times. Then, the TMB color rendering solution was added to avoid light for 5 min. Finally, the terminal solution was added, and the absorbance value at 450 nm wavelength was read. The sample hole with an absorbance value of more than 2.1 times the absorbance value of the blank control hole was considered a positive detection hole.




2.4. Specific Evaluation of Paired Antibody


The coating antibody corresponding to the positive detection hole and the biotin-labeled antibody were used as the solid-phase antibody and the detection antibody, respectively. Then, 1 μg/mL of PPI, SOD, sIKR, IKR and IK were added to the detection hole, and 1% BSA was used as the blank control to test the specificity of each paired antibody according to the method described in method 2.2.




2.5. Construction of Quantitative Curve


The determined optimum solid-phase antibodies were coated in the enzyme-labeled plate. Then, 100 μL PPI with the concentrations of 82.5 pg/mL, 41.25 pg/mL, 20.65 pg/mL, 10.31 pg/mL, 5.16 pg/mL, 2.58 pg/mL, 1.29 pg/mL, 0.645 pg/mL and 0 pg/mL were added, respectively. They were placed at 37 °C for 60 min and washed with TBST three times. Next, 1 μg/mL of optimum detection antibody was added at 100 μL/pore, and the double-antibody sandwich ELISA was performed according to the method described in 1.2.2 with three multiple holes per PPI concentration. With the average OD450 value of each concentration as the ordinate and the PPI concentration as the abscissa, the standard curve was fitted with Skanlt RE (Thermo, Varioskan LUX, Waltham, MA, USA) to determine the linear range and quantitative equation of the detection.




2.6. Accuracy and Sensitivity Evaluation


In order to evaluate the accuracy of our established double antibody sandwich ELISA method, we further determined the recovery rate. First, recombinant human insulin was accurately weighed and dilutions at a concentration of 2 μg/mL were prepared. Next, PPI standards were prepared at concentrations of 82.5 pg/mL, 20.58 pg/mL and 5.16 pg/mL. Afterwards, 2 μg/mL of recombinant human insulin solution was mixed with equal volumes of different concentrations of PPI standards to prepare QC samples with final concentrations of 41.25 pg/mL, 10.31 pg/mL and 2.58 pg/mL. The samples to be tested were diluted from 2 μg/mL of recombinant human insulin solution to 1 μg/mL of solution. Finally, the standard, the sample to be tested and the QC sample were added to the coated ELISA plate, and 3 replicate wells of each sample were used as blank control with the universal dilution solution, and the assay was performed according to the ELISA method established above. The accuracy was expressed as the recovery rate. The mean value of the measured concentration of the control sample was subtracted from the mean value of the measured concentration of the sample to be tested, and the ratio of the difference to the theoretical added concentration was the recovery rate.



The absorbance values of 12 blank samples, i. e., those of the general dilutions at 450 nm wavelength, were determined by the double-antibody sandwich ELISA method. The average absorbance value of the measured samples plus the absorbance value obtained by three times standard deviation was substituted into the quantitative equation.




2.7. Statistical Analysis


Data were presented as mean ± standard deviation (SD). Statistical significance was assessed by one-way or two-way ANOVA via GraphPad Prism software (Prism version 9, San Diego, CA, USA). p-value < 0.05 was considered as statistically significant.





3. Results


3.1. Preparation and Purification of Monoclonal Antibody


Hybridoma cells were prepared using PPI-immunized mice. After multiple rounds of screening and three subclones, six cell lines capable of stably secreting anti-PPI monoclonal antibodies were obtained, namely P1, P2, P3, P4, P5 and P6. In subsequent studies, each monoclonal antibody was named after its source cell line. The selected cell lines were injected into the peritoneal cavities of the mice at 1 to 5 × 106/only to prepare ascites, and the collected ascites supernatant was measured with titer (Figure 1). The results showed that P5 had the highest titer, and the titer values of P1 and P3 were the lowest. However, the titer value of every single group was above 1:7.29 × 105, which can be further studied.



Protein G column was used for affinity chromatography of monoclonal antibody P1, P2, P3, P4, P5 and P6, and purified monoclonal antibody was detected by reducing SDS-PAGE (Figure 2). The results showed that each monoclonal antibody had high purity and no miscellaneous protein except immunoglobulin light chain and heavy chain.




3.2. Double Antibody Sandwich ELISA Screening for Paired Antibodies


P1, P2, P3, P4, P5 and P6 were successively used as solid-phase antibody packages in the enzyme-labeled plate, PPI was added as an antigen, and 1% BSA as blank control. A biotin-labeled monoclonal antibody was added for double-antibody sandwich ELISA detection. The antibody in the detection hole with an absorbance value 2.1 times greater than that of the blank hole was used as the positive paired antibody (Table 1). The results showed that when P5 was used as the solid-phase antibody, biotin-labeled P1, P2, P3, P4 and P6 could be used as detection antibodies. P2 was not successfully paired as a solid-phase antibody. P1, P3, P4 and P6 could only be detected with biotin-labeled P5 as solid-phase antibodies.




3.3. Specific Evaluation of Paired Antibody


Using P1, P3, P4 and P6 as solid-phase antibodies and the intermediates SOD, sIKR, IKR and IK digested by PPI and P5 as antigens, we determined the specificity of each paired antibody (Figure 3A). The results showed that when P3 was used as the solid-phase antibody, the absorbance value of the blank control was the highest, and the paired antibody did not react with each antigen; when P4 was used as the solid-phase antibody, the paired antibody could react with PPI, sIKR and IKR, and the specificity was poor; when P1 was used as the solid-phase antibody, the paired antibody only reacted with PPI, but the absorptivity value was only 0.293; when P6 was used as the solid-phase antibody, the paired antibody produced immune responses to both PPI and sIKR, and the absorbance value of sIKR was much higher than that of PPI (0.58).



Then, P5 was used as the solid-phase antibody, and PPI and its digested intermediates SOD, IK, IKR and sIKR were used as antigens. P1, P2, P3, P4 and P6 were used as detection antibodies to determine the specificity of each paired antibody (Figure 3B). The results showed that the paired antibodies were less specific when P4 and P6 were used as detection antibodies, and that they were immunoreactive with PPI, sIKR, IKR and IK and had similar absorbance values. When P3 is used as the detection antibody, IK has the highest absorbance value and does not immunoreact with PPI. However, when P1 and P2 were used as detection antibodies, they were positive for the paired antibodies IKR and IK, with absorbance values of 0.56 and 0.81 measured for P1 and P2 against IKR, respectively. These results show that the absorbance values of P1 and P2 are much lower than the PPI absorbance values for the IKR and IK reactions, and therefore do not interfere with the PPI reactions. Therefore, we used P5 as the solid phase antibody and P2 as the detection antibody in our subsequent experiments.




3.4. Construction of Quantitative Curves


With P5 as the solid-phase antibody, PPI standard solutions with a series of concentrations were added, and biotin-labeled P2 was used as the detection antibody to determine PPI by double-antibody sandwich ELISA. Using OD 450 nm and PPI concentration as vertical and horizontal coordinates, respectively, four-parameter fitting was carried out, and the standard curve was drawn (Figure 4). We obtained the fitting curve equation as follows: y = 7.92579 + [(0.130957 − 7.92579)/(1 + (x/96.6272) ^1.51852)] (R2 = 1). The detection method had a linear range of 0.645–82.5 pg/mL.




3.5. Accuracy and Sensitivity Evaluation of PPI Method for Double Antibody Sandwich ELISA


In order to test the recovery of the quality control samples, three concentrations of high (41.25 pg/mL), medium (10.31 pg/mL) and low (2.58 pg/mL) samples were tested and the results are shown in Table 2. The results showed that the PPI concentration measured in 1 μg/mL of recombinant human insulin solution was 0.638 pg/mL and the recoveries obtained for the high, medium and low-quality control samples were 91.4%, 88.62% and 95.41%, respectively, which indicated that the established method was accurate.



According to the method of sensitivity determination, the OD450 values of 12 blank samples, i.e., sample dilutions, were determined. The average value obtained by adding three times standard deviation was 0.172, and the minimum detection limit was calculated to be 3.06 pg/mL, meeting the requirement of PPI detection sensitivity in recombinant human insulin.





4. Discussion


Diabetes is a chronic and metabolic disease that occurs when the pancreas does not produce enough insulin or when the body is unable to use the insulin produced effectively [17]. When diabetes is left uncontrolled or poorly controlled over time, it can lead to increased atherosclerosis throughout the body, resulting in atherosclerotic disease. At present, there is no eradication of diabetes, but there are various treatments that can be used to help control it. Medication is divided into two categories: the first is oral medication, including sulphonylureas, biguanides, alpha glucosidase inhibitors, insulin sensitizers and glargine insulin promoters; the second is insulin therapy. Insulin preparations include animal insulin, human insulin and insulin analogues [18]. The disadvantages of drug treatment, however, are the development of resistance and weight gain. In addition to the use of medication, exercise therapy is more recommended and can increase physical activity to improve the body’s sensitivity to insulin. In addition, diet is the basis of treatment for all types of diabetes, and some patients can control mild diabetes with diet alone [19]. When patients with uropathy are unable to control their blood sugar through diet, exercise and other medications, or when medications cannot be used, then insulin therapy is necessary. Insulin precursors are produced in the synthesis of recombinant insulin and the precursor proteins inevitably trigger immunogenic interference with the effectiveness of insulin therapy. Therefore, the detection and quality control of insulin precursors is necessary and important. To address this issue, we have developed an ELISA method for the rapid and highly sensitive detection of insulin precursors.



In all of European pharmacopeia, US pharmacopeia and Chinese pharmacopeia, to control the production process of insulin precursors was proposed, indicating that detecting insulin precursors has become an indispensable link in process control and final product release. The process control is mostly performed by a proper HPLC method [20]. However, because of the low content of precursor material in the final product, and the high sensitivity of the detection method, detecting insulin precursors in the product release control is difficult for each enterprise. Both insulin and insulin analogues are recombinantly expressed as insulin precursors and are obtained by enzymatic purification. For the determination of insulin precursors, the US Pharmacopoeia sets a limit of detection (10 ng/mg) but does not give a specific method, whereas European Pharmacopoeia recommends the use of radioimmunoassay (10 ppm), but this method requires high instrumentation and radioactive contamination. Sulena et al. used the RP-HPlC method for the determination of insulin precursors, but the low sensitivity clearly does not meet the requirements of the relevant [21].



Enzyme-linked immunosorbent assays have high sensitivity, but they are mostly used to detect natural pro-insulin in serum [22,23]. There are many kinds of intermediate products and similar molecular structures when the precursor substances in insulin are detected, easily leading to cross reactions; in addition, the high concentration of insulin in the detection samples tends to interfere with the detection results. In this study, the purified insulin precursor was collected in the production process of recombinant human insulin in a Hefei Tianmai biology company as an antigen to prepare monoclonal antibodies.



In order to establish a double antibody sandwich ELISA for the detection of insulin precursors, the monoclonal antibodies obtained after purification were screened against each other to obtain the best antibody pairing, and subsequently, the specificity of the paired antibodies was assayed to screen out the antibody combinations with good specificity. In addition, the accuracy and sensitivity of the method were verified. Compared with the sensitivity of the method established by Leng et al., our method was significantly improved; the insulin interference was excluded in the accuracy verification [24], indicating that we initially established a promising detection method for insulin precursors.



The insulin precursors used in this study were expressed in the form of fusion proteins. The antibodies obtained from their screening as antigens and the established double antibody sandwich ELISA assay cannot be applied to the insulin precursors produced by different production processes, but this can be used as a reference for further research and the establishment of ELISA assays for insulin precursors of different production processes.




5. Conclusions


In summary, to address a series of problems such as difficulties in the detection of insulin precursors, unstable methods and poor sensitivity in the current production of bio-recombinant human insulin, we developed a double antibody sandwich ELISA method for the efficient detection of human insulin precursors by preparing high quality and high purity antibodies to insulin precursor proteins. Our results show that the method can not only improve the sensitivity of the assay, but also precisely exclude the interference of insulin on the accuracy of the assay, which can be used as a more ideal assay in the quality control of human recombinant insulin manufacturing, providing assurance for the efficacy and safety of human recombinant insulin products.
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Figure 1. Titers of monoclonal antibodies against PPI. 
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Figure 2. Purification of monoclonal antibodies against PPI. (A) Reduced SDS-PAGE showing purification of monoclonal antibodies P1 and P2. 1: 10 μL of P1; 2: 5 μL of P1; 3: 10 μL of P2; 4: 5 μL of P2; (B) P3 and P4. 1: 10 μL of P3; 2: 5 μL of P3; 3: 10 μL of P4; 4: 5 μL of P4; (C) P5. 1: 10 μL of P5; 2: 5 μL of P5; (D) P6. 1: 10 μL of P6; 2: 5 μL of P6; M: molecular weight mass standards (kDa). 
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Figure 3. Specificity evaluation of paired antibody. (A) Plating antibodies are listed below the X-axis, detection antibodies is P5. (B) Plating antibodies is P5, detection antibodies are listed below the X-axis. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 4. Quantitative curve of PPI. 
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Table 1. Screening of paired antibodies.
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	P1
	P2
	P3
	P4
	P5
	P6





	P1-bio
	-
	-
	-
	-
	+
	-



	P2-bio
	-
	-
	-
	-
	+
	-



	P3-bio
	-
	-
	-
	-
	+
	-



	P4-bio
	-
	-
	-
	-
	+
	-



	P5-bio
	+
	-
	+
	+
	-
	+



	P6-bio
	-
	-
	-
	-
	+
	-
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Table 2. Recoveries of PPI from the samples fortified with different amounts of PPI.
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Theoretical

Concentration (pg/mL)

	
Measured

Concentration (pg/mL)

	
Sample

Concentration (pg/mL)

	
Recovery Rate (%)






	
41.25

	
38.34

	
0.638

	
91




	
10.31

	
9.78

	
89




	
2.58

	
3.10

	
95
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