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Abstract

:

Porcine epidemic diarrhea virus (PEDV) has caused significant economic losses to the pig farming industry in various countries for a long time. Currently, there are no highly effective preventive or control measures available. Research into the pathogenic mechanism of PEDV has shown that it primarily causes infection by binding the S protein to the CD13 (APN) receptor on the membrane of porcine intestinal epithelial cells. The S1 region contains three neutralization epitopes and multiple receptor-binding domains, which are closely related to viral antigenicity and ad-sorption invasion. Nanobodies are a type of single-domain antibody that have been discovered in recent years. They can be expressed on a large scale through prokaryotic expression systems, which makes them cost-effective, stable, and less immunogenic. This study used a phage display library of nanobodies against the PEDV S1 protein. After three rounds of selection and enrichment, the DNA sequence of the highly specific nanobody S1Nb1 was successfully obtained. To obtain soluble nanobody S1Nb1, its DNA sequence was inserted into the vector Pcold and a solubility-enhancing SUMO tag was added. The resulting recombinant vector, Pcold-SUMO-S1Nb1, was then transformed into E. coli BL21(DE3) to determine the optimal expression conditions for the nanobody. Following purification using Ni-column affinity chromatography, Western blot analysis confirmed the successful purification of S1Nb1 carrying the solubility-enhancing tag. ELISA results demonstrated a strong affinity between the S1Nb1 nanobody and PEDV S1 protein.
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1. Introduction


Porcine Epidemic Diarrhea Virus (PEDV) is a highly contagious infectious disease characterized by vomiting, diarrhea, dehydration, and anorexia [1,2], which can occur at various stages of pig growth. Piglets affected by the disease are particularly severe, with mortality rates reaching up to 100% in piglets under two weeks of age [3,4].



Porcine Epidemic Diarrhea was first reported in the United Kingdom in 1971, followed by reports in countries such as Belgium, the Netherlands, Germany, France, Switzerland, Bulgaria, and Hungary [4]. Europe gradually controlled the disease by 2000. Currently, the disease is more prevalent in China, South Korea, and Japan [5]. China first reported the disease in 1973 [6], and successfully isolated and identified its pathogen PEDV in 1984 [7]. PEDV is a single-stranded positive-sense RNA virus, belonging to the order Nidovirales, family Coronaviridae, subfamily Coronavirinae, genus Alphacoronavirus, which belongs to the same order, family, and subfamily as SARS-CoV-2 [8]. For a long time, PED has caused significant economic losses to the pig farming industry in various countries, and there are currently no ideal preventive or treatment methods. From 2017 to 2021, in a prevalence survey in China, the positive detection rate of PEDV in pig farms remained above 50% [5]. Although vaccines have certain clinical efficacy in prevention and control, the difficulty in prevention and control remains significant, which is closely related to strain variation and the emergence of new strains [9]. The S protein is located on the surface of PEDV and is the main neutralizing antibody epitope [10]. Variations in the S protein are the main cause of antigenic variation in PEDV, which may result in reduced or even lost effectiveness of traditional vaccines [11].



The S protein is a spike protein, which forms protrusions on the viral envelope under electron microscopy, exhibiting a crown-like appearance. It belongs to the type I transmembrane glycoproteins, consisting of 1383 amino acids, with a molecular weight ranging from 180 kDa to 220 kDa. The S protein contains the major antigenic neutralization epitopes of PEDV, playing a crucial role in interacting with cellular receptors to mediate virus entry and induce neutralizing antibodies in the natural host (Bosch et al. [12]; Chang et al. [13]; Godet et al. [14]). Therefore, the S glycoprotein will be the primary target for developing effective PEDV vaccines. Although the S protein lacks protease cleavage sites, it is artificially divided into two structural domains: S1 (antigenic region, 1–735 aa) and S2 (membrane fusion region, 736–1383 aa). The S1 region is involved in receptor binding, while the latter mediates virus-cell membrane fusion [15]. The S protein contains four neutralizing epitope regions, with three of them located within the S1 region, which also concentrates multiple receptor-binding domains [16,17], closely related to viral antigenicity and adsorption invasion. Previous studies have demonstrated that monoclonal antibodies against S protein expressed in mammalian cells exhibit good neutralizing effects and can effectively inhibit PEDV through oral administration [18]. Studies on the pathogenic mechanism of PEDV have found that it primarily causes disease by binding the S protein to the CD13 (APN) receptor on the membrane of porcine intestinal epithelial cells, leading to entry into the cells. PEDV interacts with the S1-CTD domain of the S protein with APN [19]. The enzyme activity of APN promotes PEDV replication [20]. However, studies have shown that pigs with knocked-out APN genes are susceptible to PEDV infection but not to TGEV, which uses APN as a cell receptor. APN is not essential for PEDV entry into cells [21,22], so the molecular mechanism of PEDV pathogenesis still requires further investigation.



In 1993, Hamers-Casterman et al. discovered for the first time in a camel body a type of heavy-chain antibody (HCAb) that only consists of heavy chains, lacking light chains and the first constant region CH1 (conventional region of heavy chain 1). The single-domain antibodies obtained by cloning their variable regions are known as nanobodies (Nbs) [23].



In 1985, the pioneering scientist George P. Smith introduced the phage display technology [24], which involves inserting target gene fragments into the coat protein gene of bacteriophages using genetic engineering techniques. During the growth of bacteriophages, the target protein becomes a part of the outer coat protein, displayed on the surface of the bacteriophage. Through appropriate screening methods, the sequences with the strongest affinity to the target can be obtained. Currently, this is a commonly used method for screening specific nanobodies from nanobody libraries.



Nb is not naturally present in camel serum; it is only in the N-terminal variable region of heavy-chain antibodies (HCAbs) [25,26]. Nanobodies have many advantages compared to conventional antibodies: the relative molecular weight of Nb is around 12~15 kDa, only about 10% of the mass of conventional antibodies (the mass of traditional IgG is approximately 150 kDa, and HCAbs are approximately 95 kDa). It is currently the smallest antibody with complete antibody functionality [25,27,28,29]. The Nb has some important differences compared to the VH of traditional antibodies. In comparison to VH, four amino acid residues in framework region 2 (FR2) of Nb are replaced. These positions are conserved noncanonical VH structural domains [30], and these four amino acids are hydrophilic, making the surface of Nb more hydrophilic, thereby increasing its water solubility [31]. Because of Nb’s small molecular weight and high solubility, its ability to penetrate tissues is significantly enhanced compared to traditional antibodies, and it can even penetrate the blood–brain barrier. Due to these reasons, Nb has a rapid metabolism and a short half-life in the body, with most being rapidly excreted by the kidneys, and only a small fraction being metabolized in the liver [32]. Therefore, sometimes it is necessary to extend its time in the body to use Nb more efficiently. Nanobodies exhibit remarkable stability under extreme external conditions [33], it can form different conformational modes to protect the stability of amino acids. Under extreme environmental conditions, such as high temperatures or extreme acidity or alkalinity, the structure of traditional polymeric antibodies will change, involving the unfolding of two Fab arms connected to the Fc domain of the antibody through the hinge region, resulting in the loss of higher-order structure (HOS) or the disruption of secondary and tertiary structures, thus losing its original function [34]. Unlike traditional antibodies, after chemical and thermal denaturation, Nb can refold and form a disulfide bond between CDR1 and CDR3, improving the stability of its structure and ensuring the stability of its functional activity [35,36,37]. This provides good conditions for the storage and transportation of Nb. The homology of the framework region 2 (FR2) of Nb with the human VH region exceeds 80%, and its conformation is stable. Nb naturally lacks the Fc segment, eliminating the risk of bystander immune cell activation and antibody effector function, and does not induce complement reactions, making it less immunogenic and more tissue-compatible [38].



Although Nb has three CDRs like traditional antibodies, its CDR3 is longer than VH’s. The antigen-binding sites of traditional Fab fragments are concave or planar, so they can only recognize surface antigens. In contrast, Nb has a protruding antigen-binding site primarily composed of a CDR3 loop, which can bind to concave antigenic epitopes. Therefore, Nb can specifically recognize some hidden antigenic epitopes that traditional antibodies cannot recognize [39]. Compared to traditional monoclonal antibodies, nanobodies have a smaller molecular weight, simpler structure, and do not require glycosylation, making them easier to modify and produce. Bacteria and yeast cells can both serve as host cells for nanobody production. However, using yeast for production may lead to issues of excessive glycosylation. Nanobodies can be expressed in E. coli to yield large quantities at low cost and are easily purified [40].



Nanobodies have immense potential to serve as neutralizing antibodies. Therefore, we expressed highly specific antibody clones from the nanobody library targeting the PEDV S1 protein in E. coli, providing crucial materials for exploring therapeutic methods for PEDV.




2. Materials and Methods


2.1. Materials


Glucose, triethanolamine, glucose, and NaCl were all purchased from Sinopharm Group (Beijing, China). Further, 1M Tris-HCl, PBS, PEG6000, skimmed milk powder, IPTG, Dialysis Membranes (Retained molecular weight 15,000), Anti-His Tag Monoclonal antibody, Goat Anti-Mouse IgG/HRP were purchased from Solarbio (Beijing, China). Ultrafiltration centrifugal tubes (MWCO 10 kD) were from Millipore (Burlington, MA, USA). Kanamycin and ampicillin were purchased from Sangon Biotech (Shanghai, China). His-tag purification kits and BCA protein assay kits were purchased from ComWin Biotech (Beijing, China). All chemicals used were of analytical grade. Multiskan Spectrum was from Tecan (Shanghai, China).



BL21(DE3) was purchased from Sangon Biotech, TG1 cells, camel nanobody phage display library, and M13KO7 helper phage are all preserved at the Shandong Provincial Key Laboratory of Preventive Veterinary Medicine.




2.2. Method


2.2.1. Phage Library Rescue


Inoculate single colonies of TG1 into 2 mL of 2× YT liquid medium and cultivate on a shaker at 37 °C and 200 rpm until the optical density (OD600) reaches 0.6. Add 100 μL of the M13KO7 helper phage at a MOI of about 20 to the TG1 liquid and incubate at 37 °C for 10 min. Transfer the culture to 100 mL of 2× YT (supplemented with 1% kanamycin) and shake overnight at 200 rpm. Centrifuge the overnight culture at 6000× g for 30 min at 4 °C, harvest the supernatant, and then add 1/5 volume of pre-cooled PEG/NaCl and incubate on ice for 5 h. Centrifuge again at 6000× g for 30 min, discard the supernatant, harvest the precipitate, resuspend in an appropriate amount of PBS, and incubate at 4 °C for 2 h. Finally, collect the supernatant by centrifugation at 10,000× g for 10 min to obtain the amplified phage. Dilute the phage for titration and use the upper semi-solid medium to determine the titer of the phage by observing plaque formation.



Inoculate 300 μL of phage display vector library into 100 mL of 2× YT medium (containing 1% Amp and 20% glucose) and shake at 37 °C until the OD600 reaches approximately 0.6. Add approximately 20 MOI of phage and allow to stand at 37 °C for 30 min. Centrifuge the mixture at 3000× g for 10 min, collect the bacteria, transfer to 200 mL of 2× YT/Amp-Kana medium, and shake at 37 °C and 200 rpm for 12 h. Centrifuge the culture at 4000× g for 30 min at 4 °C, carefully collect the supernatant to avoid aspirating the precipitate, add 1/5 volume of PEG/NaCl solution, mix well by inversion, and incubate on ice for 5 h. Then, centrifuge at 6000× g for 30 min at 4 °C, discard the supernatant, resuspend the phage precipitate in an appropriate volume of PBS, and incubate at 4 °C for 2 h. Finally, collect the supernatant by centrifugation at 12,000× g for 10 min at 4 °C. The titer of the library is calculated by colony counting on LB-Amp solid plates using the dilution plating method.




2.2.2. Screening of Nanobody Library


Diluted PEDV S1 protein was added to each well of an ELISA plate, with PBS used as a blank control. The plate was incubated overnight at 4 °C to allow protein coating on the bottom of the plate. The next day, the ELISA plate was washed three times with 1× PBST and then blocked with 2.5% skim milk for 2 h. After blocking, the plate was washed four times with PBST. The phage library was diluted to 5 × 1011 pfu/mL and added to the ELISA plate, followed by incubation for 2 h. Subsequently, the plate was washed four times with PBST and then three times with PBS. Each well was incubated with 100 μL of triethylamine, left at room temperature for 10 min for elution, neutralized with an equal volume of 1M Tris-HCL, and the titer of the eluted solution was determined using the double-layer agar plate method. The eluted solution was mixed with TG1 cells and incubated at 37 °C for 1 h. Then, the mixture was transferred to 2× YT/Amp-GLU medium and cultured at 37 °C with shaking at 220 rpm until the OD600 reached approximately 0.6. The phage was amplified and concentrated for the next round of screening using the phage rescue method described above. The process was repeated for three rounds of selection, and the enrichment of each round was assessed by titer determination on indicator plates.




2.2.3. Recombinant Nanobody Crude Extraction and Acquisition of Nucleotide Sequences


Mix the eluted phage from the third round with TG1 in equal volumes and spread on LB/Amp-GLU solid medium. Randomly select 48 single colonies and shake culture for 8 h. Inoculate 1% of the culture into TB medium and culture to logarithmic phase, then induce overnight with a final concentration of 1 mM IPTG. The next day, centrifuge to collect bacteria and wash once with PBS. The supernatant after bacterial cell disruption and centrifugation is the crude extraction of nanobodies.



Coat the bottom of an ELISA plate with PEDV S1 protein, and block it with 2.5% skim milk for 2 h. Incubate with crude extract for 1 h, followed by incubation with E-tag primary antibody (diluted 1:2000) for 1 h, and then with HRP-conjugated secondary antibody (diluted 1:10,000) for 1 h. Add TMB substrate for color development for 15 min, stop the reaction with 3M sulfuric acid, and measure the absorbance at 450 nm using Multiskan Spectrum. Samples with results greater than three times that of the negative control will be sent to Sangon Biotech (Shanghai) Co., Ltd., for sequencing, using Nb universal primers.




2.2.4. Construction of Nanobody Recombinant Vector


Transformation of the recombinant vector: The complete gene recombinant vector was constructed using the Pcold plasmid, with a SUMO solubility enhancement tag, a 6xHis tag, and a TEE translation enhancer added upstream of the recombinant protein to enhance its solubility expression. The entire structure was synthesized by BGI Genomics and named Pcold-SUMO-S1Nb1 (Figure 1). The recombinant expression vectors Pcold-SUMO-S1Nb1 and Pcold-SUMO were separately transformed into competent BL21(DE3) cells. Based on the recombinant vector, a pair of specific primers was designed for PCR identification, which can be used to distinguish the recombinant vector, empty vector, and untransformed cells. PCR electrophoresis was used to identify positive transformed cells. Positive clones were sequenced to ensure no nucleotide changes in the recombinant.




2.2.5. Expression and Purification of Recombinant Nanobodies


To explore the optimal expression of the recombinant protein, we conducted gradient tests with different IPTG concentrations, temperatures, and induction times. The transformed positive monoclonal E. coli BL21(DE3) was inoculated into 5 mL LB medium (containing 1% Amp) and shaken at 37 °C for 12 h. The culture was inoculated into 500 mL LB medium containing 1% Amp at a ratio of 1% and cultured at 37 °C with shaking at 200 rpm until the optical density (OD600) reached 0.6. The culture was cooled in an ice–water mixture for 10 min, followed by a 20-min incubation at 15 °C to ensure uniform internal temperature. IPTG was added to a final concentration of 0.5 mM to the medium, and the culture was incubated at 15 °C with shaking at 160 rpm for 16 h. The cells were centrifuged at 6000 rpm for 15 min at 4 °C, and the pellets were washed twice with PBS before being resuspended in protein lysis buffer. The cells were sonicated on ice for 20 min at 40% power with a 3-s on and 5-s off cycle. After clarification, the supernatant containing soluble proteins was separated from the pellet by centrifugation at 12,000 rpm for 10 min and subjected to SDS-PAGE identification.



The above supernatant was purified through the Ni+ affinity resin column. To reduce non-specific binding with the purification column, the equilibration buffer was mixed with the sample in equal volumes and slowly dripped through the column to allow the His-tag to adsorb to the column. After washing with equilibration buffer, impurities were eluted with 80 mM imidazole elution buffer, followed by elution of the nanobody bound to the column with 400 mM elution buffer. The eluate was collected and dialyzed in PBS using a dialysis bag, followed by concentration using ultrafiltration. Each component was subjected to SDS-PAGE for identification and analysis. The concentration of the purified and concentrated protein was quantified using the standard Bradford protein analysis method.




2.2.6. Identification of Affinity of Recombinant Nanobodies


Dilute S1 protein to 5 μg/mL with PBS, add 100 μL to each well of a 96-well ELISA plate and add only PBS to the control wells. Incubate overnight at 4 °C to allow S1 protein to coat the bottom of the plate. Wash three times with PBST, ensuring each wash is complete by tapping the liquid out of the wells onto absorbent paper. Add 2.5% skim milk to each well and incubate at 37 °C for 2 h to block the bottom of the ELISA plate. After washing with PBST, add diluted primary and secondary antibodies, 100 μL each per well, and incubate at 37 °C for 1 h each. Add TMB substrate solution for color development and incubate at 37 °C in the dark for 15 min. Add 50 μL of 3M sulfuric acid to each well to stop the color development, and measure OD450nm value.






3. Results


3.1. Phage Library Rescue


The titer of amplified phage was approximately 4.4 × 1012 PFU/mL, as calculated by observing the plaques on the semi-solid agar medium. The titer of the rescued recombinant library was approximately 5 × 1011 PFU/mL.




3.2. Screening of Nanobody Library


Using PEDV S1 protein as a ‘bait’ protein, we screened for nanobodies with high affinity for it. We performed three rounds of selection on the nanobody display library to increase the enrichment of nanobodies. After each round of selection, the phage titer eluted from the S1 protein was measured using serial dilution, and the recovery rate was calculated based on the input. The enrichment results are shown in (Table 1). Each round of selection increases the proportion of phages displaying a strong affinity to the S1 protein. However, to maintain phage diversity, the number of selection rounds should not be excessive. We successfully enriched high-titer nanobodies through selection.




3.3. Acquisition of Nanobody Nucleotide Sequences


After infecting TG1 cells with the screened nanobody display vector, 48 monoclonal clones were picked and induced with IPTG for expression. Nanobodies released from the cells were obtained by low-temperature freezing and thawing. Using PEDV S1 protein as the antigen, PBS was added to the negative control wells. The crude nanobody extract was added for incubation, followed by incubation with Rb PAb to E-Tag as the primary antibody and HRP-conjugated secondary antibody. Absorbance at 450 nm was measured after color development (Figure 2). Twenty samples meeting the criteria were selected, and after sequencing and alignment, four nanobodies with strong affinity and high enrichment were obtained (Figure 3).




3.4. Expression and Purification of Recombinant Nanobodies


A nanobody was selected to construct a recombinant expression vector, which had a size of 5079 bp. The size of the resulting fusion protein, SUMO-S1Nb1, was approximately 28.3 kDa. This fusion protein included the TEE translation enhancement element, Strep-Tag II, 6× His-Tag, SUMO solubility enhancement tag, and the nanobody S1Nb1 sequence. The construct was then transformed into E. coli BL21 (DE3), and successful transformation was confirmed by PCR analysis (Figure 4). The expression of the recombinant protein under different conditions was analyzed by SDS-PAGE (Figure 5), showing optimal expression at 15 °C with 0.5 mM IPTG induction for 18 h, with soluble protein expression observed in the supernatant.



His-tagged recombinant proteins were purified using a His-affinity chromatography column. An equilibration buffer containing 10 mM imidazole was used as the column equilibration buffer, and the column was equilibrated with the protein supernatant after mixing in equal volumes. Proteins bound were eluted using an imidazole gradient. Finally, proteins eluted were identified at 80 mM imidazole for eluting impurities and imidazole gradient. Finally, proteins eluted were identified at 80 mM imidazole for eluting impurities and 400 mM imidazole for eluting recombinant proteins and validated using Western blot analysis (Figure 6), Original figures can be found in Supplementary Materials.




3.5. Identification of Nanobody


The ELISA results indicate that S1Nb1 can bind to the PEDV S1 protein, and there is no cross-reactivity with the BSA, porcine CD40 protein or porcine P30 protein (Figure 7).





4. Discussion


Studies have shown that nanobodies can be used for treatment or prevention. Tokuhara et al. [41]. utilized genetically modified rice to express nanobodies against rotavirus, and feeding transgenic rice to mice resulted in excellent preventive effects against rotavirus-induced diarrhea. Nanobodies also have significant advantages in targeted therapy. The use of ADCs is a strategy currently employed in clinical settings for delivering certain chemotherapy drugs [42]. In 2019, caplacizumab [43], developed by Ablynx, a subsidiary of Sanofi, obtained FDA approval for the treatment of acquired thrombotic thrombocytopenic purpura (aTTP), making it the world’s first approved nanobody drug. To date, more ADC drugs have been approved for disease treatment in the United States [44], with over 50 ADC drugs in clinical research stages. These findings indicate the strong specificity of nanobodies. Nanobodies can also be used as detection tools for the rapid and sensitive detection of corresponding antigens. ELISA testing offers advantages such as high sensitivity, ease of operation, and low cost. Lorena Paola Arce et al. [45] selected nanobodies against the HEV-3 ORF2 protein to develop a cELISA method for detecting hepatitis E virus antibodies across multiple species. Nanobodies can also be conjugated with HRP. Zhao et al. [46] utilized this to establish a nanobody-based cELISA detection method for monitoring ASF infection. Wanmei Guo et al. [47] developed a novel optical fiber biosensor using the refractive properties of nanobodies for label-free detection of human epidermal growth factor receptor-2, demonstrating superior characteristics compared to monoclonal antibodies. However, screening for suitable nanobodies is not that simple. Wang et al. expressed a truncated protein of PEDV S1 and screened nanobodies, but the truncated protein of S1 does not include neutralizing epitopes. The screened nanobodies only affect the replication of PEDV. Bao et al. [48]. screened one S protein-specific nanobody (sdAb) S7, but it lacked neutralizing effects. Yang et al. [40] identified a nanobody against the PEDV M protein that can be used as a probe for detection or conjugated with magnetic beads for PEDV isolation.



The pcold vector is an expression vector for low-temperature expression. E. coli grows slowly at low temperatures, resulting in slower protein production. This allows sufficient time for proper protein folding, reducing the formation of inclusion bodies. SUMO (small ubiquitin-related modifier) is a powerful fusion tag with a strong solubilization function. SUMO can be fused to the N-terminus of the target protein, greatly enhancing protein stability and solubility. SUMO may promote proper folding of the target protein and reduce its toxicity to cells by acting as a molecular chaperone. SUMO has its highly specific protease (Ulp), which recognizes the tertiary structure of SUMO protein. It cleaves the intact protein after the C-terminal residues of the SUMO tag, releasing it from the fusion protein, and leaving no residual amino acid sequences of the target protein [49,50]. Soluble expression has more advantages than inclusion body expression. The protein is present in the supernatant after bacterial cell lysis, already in a soluble form. We added lysozyme and protease inhibitors to the lysis buffer to facilitate more complete bacterial cell lysis and release more protein. Additionally, protease inhibitors suppress protease activity, reducing protein degradation. After centrifugation, the soluble supernatant can be directly purified avoiding the complex steps of denaturation and refolding. Furthermore, only 22% to 49% of inclusion body proteins regain biological activity after denaturation and refolding. Therefore, nanobodies expressed in soluble form are more likely to possess neutralizing activity [51,52]. However, the purity of soluble supernatant proteins is lower than that of inclusion bodies, and the expression level is relatively low. Only about 2 mg of protein can be purified from 1 g of wet bacterial cells. Using another strain of competent cells such as Rosetta (DE3) may increase expression levels.



Subsequently, we will test whether the nanobody exhibits neutralizing activity. Nanobodies with neutralizing activity will be selected and fused to the pgsA transmembrane protein to construct the pmg36e recombinant vector for expression in Lactococcus lactis. Due to the colonization properties of lactic acid bacteria [53], they can prevent the invasion of porcine epidemic diarrhea virus (PEDV) in the intestinal tract of pigs. Oliver Pusch et al. [54]. expressed cyanovirin-N (CV-N) in Lactobacillus, using Lactobacillus as a mucosal delivery agent to combat HIV-1. Barbara Giomarelli et al. [55]. constructed two recombinant S. gordonii strains secreting or displaying CV-N on the bacterial surface, with CV-N displayed on the bacterial surface efficiently capturing HIV virions. Since PEDV mainly attacks the intestinal system, causing small intestinal mucosal lesions, Lactobacillus colonized in the intestine can form a protective barrier against PEDV.




5. Conclusions


In this study, we rescued and screened a nanobody display library stored in our laboratory, identifying four highly specific nanobody sequences. One of these sequences was selected to construct a recombinant expression vector, and a soluble nanobody was expressed and purified. This nanobody exhibited high potency. Future research should emphasize exploring the efficacy of S1Nb1 against PEDV. This nanobody shows great potential as a therapeutic agent for both the treatment and prevention of PEDV. Moreover, S1Nb1 also holds significant promise as a diagnostic tool for the rapid and precise detection of PEDV, facilitating timely interventions to control the disease.
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Figure 1. Schematic diagram of the Pcold-SUMO vector structure, expressing S1Nb1 with SUMO solubility tag, 6× His, Strep-TagⅡ tag, and TEE enhancer-promoter. 
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Figure 2. Affinity of four phage clones to the S1 protein. ELISA results showed the affinity of four phage monoclonal clones to the S1 protein, where higher OD450nm values indicate stronger affinity. Data are shown as the mean ± SD of three independent tests. Significant different values were (**** p < 0.0001) vs. controls. 
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Figure 3. Alignment of amino acid sequences of four nanobodies. The figure highlights the CDR and framework regions, with CDR3 being the binding site of nanobodies to antigens. Therefore, distinguishing between different strains of nanobodies mainly relies on the amino acid sequence of CDR3 (red color). The darker the amino acid color, the higher the conservation. 
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Figure 4. Agarose gel electrophoresis revealed the PCR results for the positive clone. M: DL1000 marker. Lane 1: Positive clone. 
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Figure 5. SDS-PAGE revealed the expression of recombinant S1Nb1 in E. coli BL21(ED3). M: ColorMixed Protein Marker (11–180 KD). Lanes 1–3: Supernatant from recombinant S1NB1 expressed at 15 °C for durations of 12 h, 15 h, and 18 h, respectively. Lane 4: Expression product of the empty vector. Lanes 5–7: Supernatant of recombinant S1NB1 expressed at 15 °C with IPTG concentrations of 0.1 mM, 0.5 mM, and 1 mM, respectively. Lane 8: Bacterial lysate of recombinant S1NB1. 
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Figure 6. M: ColorMixed Protein Marker (11–180 KD). 1: The Nb has an approximate molecular weight of 28.3 kDa. 
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Figure 7. (A) shows the specificity of S1Nb1, it has good binding ability with the S1 protein but almost no binding ability with other irrelevant proteins. (B) shows the binding ability of S1Nb1, the higher the OD value, the more it binds to the PEDV S1 protein. 
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Table 1. The titer of eluted phages was determined by observing the number of colonies on the surface of semi-solid culture medium. E/I indicates the proportion of phages displaying a strong affinity to the S1 protein.
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	Panning Rounds
	I
	II
	III





	Input (PFU/mL)
	5 × 1011
	5 × 1011
	5 × 1011



	Eluted (PFU/mL)
	3 × 104
	3.5 × 109
	1.24 × 1010



	E/I
	6 × 10−8
	7 × 10−3
	2.48 × 10−2
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