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As said by former United Nations Secretary-General Kofi Annan, “Snakebite is the most important tropical disease you’ve never heard of.” Listed as a priority neglected tropical disease by the World Health Organization, snakebite envenoming (SBE) kills in excess of 125,000 people per year. However, due to the complexity and overlap of snake venom compositions, few reliable venom diagnostic methods for genus-/species-specific identification, which is crucial for successful SBE therapy, are available. Here, we develop a strategy to select and prepare genus-specific snake venom antibodies, which allows rapid and efficient clinical diagnosis of snakebite. Multi-omics approaches are used to choose candidate antigens from snake venoms and identify genus-specific antigenic epitope peptide fragments (GSAEPs) with ideal immunogenicity, specificity, and spatial accessibility. Double-antibody sandwich ELISA kit was established by matching a polyclonal antibody against a natural antigen and a monoclonal antibody that was prepared by natural protein as antigen and can specifically target the GSAEPs. The kit shows the ability to accurately identify venoms from similar genera of Trimeresurus and Protobothrops with a detection limit of 6.25 ng/ml on the snake venoms and a little cross-reaction, thus proving high feasibility and applicability.
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Introduction

There are about 3,596 species of snakes worldwide and 768 of them are venomous. Elapidae (elapids, consisting of nearly 300 species and 60 genera) and Viperidae (vipers, 329 species and 27 genera) are two strictly venomous families. Some species from the families of Colubridae (colubrids) and Lamprophiidae (lamprophiids) are also venomous, although most of the members are non-venomous. Nevertheless, most of the lethal cases are almost exclusively resulting from snakebite envenoming (SBE) of Viperidae and Elapidae (1, 2). In tropical and subtropical countries, SBE is a neglected public health issue and often leads to life-threatening conditions. There are about 5.4 million snakebites annually, which results in 1.8 to 2.7 million SBE cases and at least 125,000 deaths (3). Due to many incidences occurring in rural areas with poor health and transportation facilities, it is difficult to accurately estimate the global rates of snakebite and associated mortality, thus likely underreporting worldwide estimates.

Snake venom is a mixture of toxins. Major toxic components of snake venoms are peptides and proteins, which include four dominant protein families, namely, phospholipase A2, metalloproteases, serine proteases, and three-finger toxins; six secondary protein families, namely, cysteine-rich secretory proteins, L-amino acid oxidases, Kunitz peptides, C-type lectins, disintegrins, and natriuretic peptides; and at least 36 rarer protein families (4). Most of SBE results from the dominant and secondary protein families, which form the bulk of snake venoms. These toxins are highly consistent within genera but are quite different among different genera (5–9). Due to the heterogeneity of venom composition, accurate diagnosis of snakebite is essential for envenomation treatment. Identifying the offending snake genus or type of venom efficiently facilitates clinicians to predict and prepare for possible clinical manifestations, especially in antivenom treatment. Even today, many snakebite diagnoses have relied on detailed clinical symptomatology or description of the offending snake by the patient or other witnesses (10). However, identification of different groups of snakes, whose venom components likely exhibit extensive cross-reactivity, is a challenging task. Therefore, scientists continue in their attempts to solve this problem by developing specific snake venom diagnostic techniques including enzymatic activity and forensic genetic analyses but primarily involving immunoassays [e.g., enzyme-linked immunosorbent assay (ELISA)] and constituent antibodies. However, although experimental diagnosis is increasingly developed, many of the limits in detection specificity remain unresolved (11). Thus, the development of genus-specific antiserum and diagnostic methods has become a new trend in the diagnosis of snakebites and SBE treatment.

The application of specific antibodies in the diagnosis of snakebite can accurately judge the type of snakebite and prevent unwarranted and wasteful administration of antivenom (11). To date, most of the diagnostic antibodies were polyclonal antibodies with poor specificity and often saturate at a high concentration of snake venom, for example, the polyclonal diagnostic antibodies for distinguishing hematotoxin and neurotoxin and the polyclonal diagnostic antibodies for individual snake species (12), while the contents of snake venom in the plasma of different patients, bitten by snakes of the same species, vary up to 100-folds (from a few nanograms to hundreds of nanograms) (12, 13). Although monoclonal antibodies have been reported, they cannot be used in the clinic because of their low specificity (14, 15). At present, there is no reliable antibody for diagnosis, resulting in the low accuracy of clinical diagnosis, which hinders the selection and dosage of antiserum.

In this work, we propose a strategy for the efficient preparation of genus-specific diagnostic antibodies for snakebites, as follows: 1) data mining and multi-omics analysis of snake venom glands were performed to obtain information on proteins in different snake venoms and select potential antigens, which are highly abundant proteins containing ideal antigenic epitopes in various genera; 2) antigenic epitope peptide fragments, whose immunogenicity, specificity, and spatial accessibility are validated and verified, and natural venomous proteins containing the antigenic epitopes are used for the preparation of antibodies; and 3) the antibodies were used for the establishment of double-antibody sandwich ELISA to identify and verify venoms from different snakes (Figure 1). Based on the strategy, we successfully developed diagnostic antibodies against the Trimeresurus and Protobothrops genera, which are a sister clade to the New World pit vipers and belong to the top 10 venomous snakes in China. Most of them are distributed in South China and resulted in hundred thousands of snakebites each year in China, with the most clinical significance.




Figure 1 | Graphical abstract of the antibody development strategy. 1) Based on data mining and analysis of snake genomes, transcriptomes, and proteomes, highly abundant proteins of representing species of a genus were selected. Specific peptides of the representing species were identified by BLAST analysis. Using the Protean module in Lasergene, the antigenic properties of the protein were analyzed, and antigenicity of the specific peptide was determined, including immunogenicity, accessibility, secondary structure, and hydrophilicity. Based on the protein structure or homology modeling results in SWISS-MODEL (online), the spatial position of specific peptides in the protein was confirmed, and specific peptides located on the surface of the protein were selected. 2) pAbs-p against peptide antigens were prepared by immunizing rabbits with KLH–peptide complex antigens. Antigen binding ability, antigen specificity, and accessibility of pAbs-p were verified. 3) Natural protein antigens containing peptide antigens were isolated and purified, and mAbs-n and pAbs-n against protein antigens were prepared. Binding ability and specificity of mAbs-n and pAbs-n were detected. 4) mAbs-n and pAbs-n were matched and verified by ELISA. Apparent concentrations of snake venom using simulated snakebites were detected.





Results


Antigen Analysis and Preparation of pAbs Against Peptide Antigens

After screening available venom gland transcriptome and proteome data, we selected phospholipase A2 (PLA2, UniProt access: Q6H3D3.1) and snake venom metalloproteinase TM-3 (SVMP, UniProt access: 1KUF-A) in Trimeresurus stejnegeri and Protobothrops mucrosquamatus, respectively, as the primary antigens due to their high content (16, 17). The amino acid sequences of PLA2 and SVMP were analyzed by a BLAST search of the NCBI database to identify genus-specific peptide antigens (Supplementary Figures 1, 2). Combining antigen immunogenicity (Supplementary Figures 3, 4) and structural analyses (Supplementary Figures 5, 6), several genus-specific antigenic peptides of PLA2 and SVMP were designed including three peptide antigens for PLA2 (PLA2-pep-1, PLA2-pep-2, and PLA2-pep-3) (Figure 2A) and three peptide antigens for SVMP (SVMP-pep-1, SVMP-pep-2, and SVMP-pep-3) (Figure 2B). Structural modeling suggests that PLA-pep-2 was shielded by PLA2-pep-3, and thus, PLA-pep-2 was discarded. The above peptide antigens were synthesized. If the original peptides did not contain cysteine, a single cysteine was added to the peptide at the C-terminal for the preparation of a keyhole limpet hemocyanin (KLH)–peptide complex antigen (Figure 2C). The synthetic peptide antigens were cross-linked to KLH, and two rabbits were immunized using each KLH–peptide complex antigen. The plasma of the rabbit with a higher antibody titer was selected for affinity antigen purification and antigen accessibility and specificity evaluation. Using ELISA coated with peptide antigen, the titers of the purified polyclonal antibodies (called pAbs-p, concentration was 1 mg/ml) against PLA2-pep-1, PLA2-pep-3, SVMP-pep-1, and SVMP-pep-2 were more than 1:64,000, while the titers of pAbs-p against SVMP-pep-3 were only 1:1,000 (Figures 2D, E).




Figure 2 | Information on peptide antigens. Structures of phospholipase A2 (access: Q6H3D3.1) and snake venom metalloproteinase TM-3 (access: 1kuf) of T. stejnegeri and P. mucrosquamatus, respectively, were obtained from the Protein Data Bank. After analysis of amino acid sequences, antigen immunogenicity, and three-dimensional structure of phospholipase A2 and snake venom metalloproteinase TM-3, respectively, the genus-specific antigenic peptides of phospholipase A2 and snake venom metalloproteinase TM-3 were obtained. Three peptide antigens of PLA2 (i.e., PLA2-pep-1, PLA2-pep-2, and PLA2-pep-3) and three peptide antigens of SVMP (i.e., SVMP-pep-1, SVMP-pep-2, and SVMP-pep-3) were obtained. Peptide PLA2-pep-2 was shielded by PLA2-pep-1, and thus, antigen PLA2-pep-2 was discarded (A, B). Peptide antigens were synthesized, and cysteine was added to the peptide sequence for KLH–peptide complex antigen preparation if the chosen peptides did not contain cysteine at the C-terminal (C). Based on ELISA of peptide antigen-coated plates, the titers of purified pAbs-p (1 mg/ml) against PLA2-pep-1, PLA2-pep-3, SVMP-pep-1, and SVMP-pep-2 were 1:64,000 or more, while the titers of anti-SVMP-pep-3 were only 1:1,000 (D, E).





Evaluation of Peptide Antigen Specificity and Accessibility

The top 10 venomous snakes in China are from the Elapidae family (Naja atra, Bungarus fasciatus, Bungarus multicinctus, Ophiophagus hannah, and Hydrophis cyanocinctus), Viperinae subfamily (Daboia russelii siamensis), and Crotalinae subfamily (Gloydius blomhoffi siniticus, T. stejnegeri, Deinagkistrodon acutus, and P. mucrosquamatus). To verify the specificity of the peptide antigens, N. atra and D. r. siamensis were selected as representing species of the Elapidae family and Viperinae subfamily, respectively, and D. acutus, T. stejnegeri, and P. mucrosquamatus were selected as representing species of the Crotalinae subfamily. Crude venom samples from these five snake species were electrophoresed under reducing conditions and stained with Coomassie Brilliant Blue G-250 (Supplementary Figure 7). Results showed that all the venoms from Viperinae and Crotalinae subfamilies shared a similar protein profile and their major components ranged in size from 15 to 100 kDa. Venom from the Elapidae family contained a greater amount of low-molecular weight proteins that ranged in size from 10 to 20 kDa. These findings are consistent with those reported in previous research (9).

The specificity of pAbs-p prepared by peptide as antigens in the venom of five snake species was verified by Western blot analysis. Results showed that against PLA2-pep-1, PLA2-pep-3, SVMP-pep-1, and SVMP-pep-2 antibodies, which showed single bands, were specific for their corresponding polypeptide antigens and snake species, whereas against SVMP-pep-3 antibodies showed no detectable band (Figures 3A, B). Based on ELISA of venom-coated plates, the antigen accessibility of the peptides in the natural protein was detected, indicating that PLA2-pep-1, PLA2-pep-3, SVMP-pep-1, and SVMP-pep-2 were surface accessible (Figure 3D). The specificity of the antibodies against the peptide antigens in the venom of different snakes was verified by ELISA. As illustrated in Figures 3C, D, against PLA2-pep-1, PLA2-pep-3, and SVMP-pep-1 antibodies were species-specific, while against SVMP-pep-2 antibodies showed low species specificity and cross-reaction with the venom of the other four snake species. The sequence analysis of these antigen peptides showed that the sequences of PLA2-pep-3 and SVMP-pep-1 have the best specificity in Trimeresurus PLA2 and Protobothrops SVMP, although the two families of proteins are widely distributed in viper venoms (Figures 3E, F). Based on the results, PLA2-pep-3 and SVMP-pep-1 qualified as antigens.




Figure 3 | Accessibility and specificity of peptide antigens. Based on Western blot analysis, anti-PLA2-pep-1, anti-PLA2-pep-3, anti-SVMP-pep-1, and anti-SVMP-pep-2 antibodies were specific to the venom of five species (T. stejnegeri, D. r. siamensis, D. acutus, N. atra, and P. mucrosquamatus) and showed single bands, while anti-SVMP-pep-3 showed no target band (A, B). Antigen accessibility of peptide antigens in natural protein was determined based on ELISA of venom-coated plates. Results showed that PLA2-pep-1, PLA2-pep-3, SVMP-pep-1, and SVMP-pep-2 were surface accessible. Moreover, PLA2-pep-1, PLA2-pep-3, and SVMP-pep-1 showed species specificity, but SVMP-pep-2 showed low species specificity and cross-reactions with the other four snake venoms (C, D). The sequence blast analysis of PLA2-pep-3 and SVMP-pep-1 showed that PLA2-pep-3 and SVMP-pep-1 have the best specificity in genus Trimeresurus and Protobothrops, respectively (E, F).





Preparation of mAbs and pAbs Against Natural Antigens

To obtain natural antigens, PLA2 and SVMP were purified from crude T. stejnegeri (Figure 4A) and P. mucrosquamatus (Figure 4B) venom using fast protein liquid chromatography (FPLC) with a Resource™ S column (6 ml). Crude venom (50 mg) from T. stejnegeri and P. mucrosquamatus was dissolved in 1 ml of phosphate buffer and then loaded into the FPLC system and eluted with a sodium chloride gradient, respectively. Crude venom from T. stejnegeri and P. mucrosquamatus was separated into 11 (Figure 4C, upper) and 14 fractions (Figure 4D, upper), respectively. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis with anti-PLA2-pep-3 or anti-SVMP-pep-1 pAbs-p were used to detect the fractions. Results showed that the 10th fraction was the PLA2 protein in the T. stejnegeri venom (Figure 4C, lower) and the 11th fraction was the SVMP protein in the P. mucrosquamatus venom (Figure 4D, lower). The target fractions were analyzed by SDS-PAGE. The PLA2 fraction was a pure protein, while the SVMP fraction had two protein bands, namely, SVMP and other protein (Supplementary Figure 8).




Figure 4 | Purification of natural antigens of PLA2 and SVMP from T. stejnegeri and P. mucrosquamatus, respectively. Using FPLC, PLA2 and SVMP were purified from crude T. stejnegeri (A) and P. mucrosquamatus venom (B), respectively (photographs were provided by Ma Xiaofeng). Crude venom (50 mg) of T. stejnegeri and P. mucrosquamatus was dissolved in 1 ml of phosphate buffer, loaded into the FPLC system, and eluted with a sodium chloride gradient. 11 [(C), upper] and 14 fractions [(D), upper] were obtained from crude T. stejnegeri and P. mucrosquamatus venom, respectively. SDS-PAGE and Western blotting with anti-PLA2-pep-3 and anti-SVMP-pep-1 pAbs-p were used to detect the fractions. Results showed that the 10th fraction was the target PLA2 protein in T. stejnegeri venom [(C), lower] and the 11th fraction was the target SVMP protein in P. mucrosquamatus [(D), lower].



Compared with peptide antigens, the binding affinity of anti-peptide antigen polyclonal antibodies to natural protein antigens (and vice versa) is weak (Supplementary Figures 9, 10). To improve the binding affinity of antibodies to natural antigens, the monoclonal antibodies (mAbs) and pAbs (called mAbs-n and pAbs-n correspondingly) against the natural PLA2 and SVMP protein antigens were prepared by immunizing mice and rabbits with the purified natural antigens, respectively. In the preparation of mAbs-n, the spleen cells of immunized mice were fused with SP2/0 cells (mouse myeloma cells). Positive clones against the natural antigens were screened out (Supplementary Figures 11A, C). Three ideal cell lines, which secreted mAb with high affinity to PLA2-pep-3 and PLA2, were obtained (Supplementary Figure 12A). The specificity and accessibility of PLA2-pep-3 were verified using one of the mAbs-n (PLA2-mc8, its amino acid sequence of the variable region is shown in Supplementary Table 1). Results showed that mAb-n PLA2-mc8 had the same specificity with the pAbs-p against PLA2-pep-3 (Figure 5A). Similarly, mAb-n (SVMP-mc18, its amino acid sequence of the variable region is shown in Supplementary Table 1) against SVMP showed the same specificity as pAbs-p against SVMP-pep-1 (Figure 5C and Supplementary Figure 12B). The pAbs-n against PLA2 and SVMP (called pAbs-n-PLA2 and pAbs-n-SVMP, respectively) were purified using protein A-agarose gel, the concentration was 1 mg/ml, and their titers and specificities were analyzed. The purity of the purified pAbs-n was checked by SDS-PAGE (Supplementary Figure 13), and the titers of the pAbs-n-PLA2 and pAbs-n-SVMP were both higher than 1:128,000 (Figures 5B, D). The ELISA and Western blotting results showed that the pAbs-n-PLA2 had good specificity (Figure 5B), while the pAbs-n-SVMP had lower specificity and obvious cross-reaction with T. stejnegeri, D. r. siamensis, and D. acutus (Figure 5D).




Figure 5 | Antigen specificity of mAbs-n and pAbs-n from mice and rabbits. mAbs-n and pAbs-n against natural PLA2 and SVMP protein antigens were prepared by immunizing mice and rabbits with natural PLA2 and SVMP protein antigens, respectively. Specificity and accessibility of PLA2-pep-3 were verified by mAbs-n (PLA2-mc8) (A). Specificity and accessibility of SVMP-pep-1 were verified by mAbs-n (SVMP-mc4) (C). The pAb titers of anti-PLA2 and anti-SVMP antibodies determined by ELISA were higher than 1:128,000. ELISA and Western blotting showed that anti-PLA2 pAbs-n had good specificity, while anti-SVMP pAbs-n had lower specificity with obvious cross-reaction with T. stejnegeri, D. r. siamensis, and D. acutus venom (B, D).





Establishment of ELISA and Venom Testing

Positive mAbs-n to PLA2-pep-3 and PLA2 protein and to SVMP-pep-1 and SVMP protein were matched with pAbs-n-PLA2 and pAbs-n-SVMP, respectively. Antibody matching was carried out as follows. The pAbs-n were coated with HRP-labeled mAbs-n as the detecting antibody and vice versa. ELISA showed that pAbs-n with HRP-labeled mAbs-n were the best, i.e., high OD450 nm and low detection limit (7.81 ng/ml) (Supplementary Figures 14, 15). In the antibody matching tests for PLA2-mc8, PLA2-mc11, and PLA2-mc14, pAbs-n-PLA2 matching was successful (Figure 6A), and PLA2-mc8 showed the lowest detection limit (Figure 6C). Similarly, pAbs-n-SVMP matching was also successful with SVMP-mc4, SVMP-mc9, and SVMP-mc18 (Figure 6B), and SVMP-mc18 had a good matching effect and low detection limit (Figure 6D). So, pAbs-n-PLA2 and PLA2-mc8 and pAbs-n-SVMP and SVMP-mc18 were used to antibody pairing to establish the ELISA method and to test the venom of T. stejnegeri and P. mucrosquamatus, respectively.




Figure 6 | Matching of mAbs-n and pAbs-n and testing on natural antigens. mAbs-n against PLA2-pep-3 and PLA2 protein and mAbs-n against SVMP-pep-1 and SVMP protein were matched with anti-PLA2 pAbs-n and anti-SVMP pAbs-n, respectively. pAbs-n with HRP-labeled mAbs-n as the detector antibody showed high OD450 nm and low detection limit (7.81 ng/ml). Antibody matching of PLA2-mc8, PLA2-mc11, and PLA2-mc14 (positive mAbs-n to PLA2-pep-3 and PLA2) with pAbs-n was successful (A), with PLA2-mc8 showing the best matching effect (C). In the antibody pairing test, SVMP-mc4, SVMP-mc9, and SVMP-mc18 (positive mAbs-n to SVMP-pep-1 and SVMP) matched well with pAbs-n (B), with SVMP-mc18 showing the best matching effect (D).



Although the composition of venom is influenced by various factors, including climatic zone, diet, ontogenetic shifts, life stage, and predation pressure (18), highly abundant toxins are less affected (19). To determine whether PLA2 and SVMP are suitable for the diagnosis of snakebite from different habitats, the contents of PLA2 and SVMP in T. stejnegeri and P. mucrosquamatus from different habitats were compared. Results showed some differences in the components of snake venom from different habitats, but the content of PLA2 and SVMP varied a little (Figures 7D–F).




Figure 7 | Detection of samples containing snake venom by sandwich ELISA. Double-antibody sandwich ELISA was used to detect snake venom in plasma samples. Using in vitro experiments, different concentrations of T. stejnegeri and P. mucrosquamatus venom were incubated in plasma from healthy human donors for different times at 37°C. Results showed that T. stejnegeri (A) and P. mucrosquamatus venom (B) in plasma decreased in the first 10 h and then remained at a relatively constant concentration. For in vivo simulation experiments, venom content in plasma increased gradually and peaked at 3 h, then decreased until it was undetectable after 48 h (C). Venom of T. stejnegeri and P. mucrosquamatus from different habitats was detected by double-antibody sandwich ELISA. Venom of T. stejnegeri snakes from Jiangxi, Guizhou, Guangxi, and Fujian provinces in China [(D), red and purple] and venom of P. mucrosquamatus snakes from Hunan, Sichuan, and Guangxi provinces in China [(D), blue and purple] were collected and compared by ELISA and SDS-PAGE. Some differences were detected in the snake venom content from various areas [(E, F), right], but contents of PLA2 [(E), left] and SVMP varied a little [(F), left]. PLA2 and SVMP are indicated by arrows.



The detection capacity of snake venom using the prepared ELISA kit for detecting PLA2 and SVMP was verified in vitro and in vivo, and the venom concentrations were determined according to the established calibration curves (Supplementary Figure 16), with a detection limit of 6.25 ng/ml. According to literature reports, most snake venoms can bind to serum proteins (20–22). In order to prove whether PLA2 and SVMP also bind to plasma proteins, and whether it is affected by plasma protein when determining its concentration, different concentrations of snake venom from T. stejnegeri and P. mucrosquamatus were added to the plasma from healthy donors and incubated at 37°C at different times. Plasma samples (100 μl) were removed at different time points and frozen at −20°C. After the sampling process, the ELISA kit was used to detect the content of the corresponding snake venom proteins in plasma. Results showed that the detectable T. stejnegeri (Figure 7A) and P. mucrosquamatus (Figure 7B) venom proteins in plasma decreased at first and then remained at a relatively constant concentration. In the simulated snakebite envenomation experiment, rats were injected with 1 mg of T. stejnegeri or P. mucrosquamatus venom in the right hind leg muscle, and 40–50 μl of blood was taken from the tail vein at different time points. After 1 h at room temperature, the blood was centrifuged at 3,000×g for 20 min at 4°C, and the resulting plasma was diluted 50 times with PBS. After the sampling process, the content of snake venom in the plasma was detected by the ELISA kit. Results showed that snake venom content in the plasma increased gradually and peaked at 3 h, then decreased until it was undetectable after 48 h (Figure 7C).




Discussion

Despite many challenges, the World Health Organization (WHO) announced its intention to take action on a globally coordinated response strategy for snakebites (23). Successful snakebite treatment requires the development of cross-regional, comprehensive, effective, affordable, and stable diagnosis tools and medicines. The major issue with snakebite diagnosis is the cross-reactivity among venoms, as some proteins in each venom overlap and detection devices are rarely species-specific, instead detecting a range of species when using immunological techniques (24). To date, most diagnostic antibodies exhibit poor specificity (12–15), thus hindering the correct selection and dosage of antiserum. We showed here that the principles of venom similarities and the underlying cross-reactivities of the same genus could be applied to develop universal genus-specific diagnosis tools for snakebite (11). A strategy was developed to effectively choose and prepare genus-specific snake venom antibodies that meet the requirement of a rapid and efficient clinical diagnosis of snakebite. Based on the strategy, double-antibody sandwich ELISA was established using antibodies that can accurately and efficiently identify venoms from snake species belonging to the genera of Trimeresurus and Protobothrops, which are a sister clade of pit vipers. The current method showed a detection limit of 6.25 ng/ml on the snake venoms and a little cross-reaction with other genus snake venoms, thus proposing an effective and affordable diagnosis strategy with high feasibility and applicability. According to the report of Liu et al., the average venom concentrations in plasma are 8.93 ng/ml (n = 4) and 29.48 ng/ml (n = 6) produced by T. stejnegeri and P. mucrosquamatus bite, respectively (12). So, the achieved detection limit of the proposed method is compatible with real-life diagnosis situations.

Following envenomation, the lymphatic system absorbs high-molecular weight toxins, whereas the blood vascular endothelium absorbs low-molecular weight toxins (25). At the same time, venom components, particularly the non-enzymatic toxins, bind very tightly to circulatory proteins and/or their target tissues, and a small quantity of venom may be available in circulation and/or body fluids for detection. Thus, low-molecular weight and high-content enzymatic toxins are ideal antigens for the preparation of diagnostic antibodies. Thus, phospholipase A2 and snake venom metalloproteinase TM-3 are ideal proteins for the identification of Trimeresurus and Protobothrops snakes, respectively (Figure 2).

Proteomics data mining and analysis of polypeptide antigen specificity and accessibility to obtain genus-specific peptide antigens will improve the development of diagnostic antibodies. Considerable bioinformatics analysis has been carried out in the early stages of this study, including genus-specific (Supplementary Figures 1, 2), antigen immunogenicity (Supplementary Figures 3, 4), and three-dimensional structure analyses (Supplementary Figures 5, 6). Antigen immunogenicity prediction parameters include hydrophilicity, surface accessibility, antigenicity, flexibility, and secondary structure prediction. As a linear epitope of B cell, it should first be located on the protein surface, which is conducive to binding with an antibody. In addition, it should also have certain flexibility, which is helpful to the change of protein conformation when the antigen binds with the antibody (26). The immunogenicity of epitopes is determined by the physicochemical property of an amino acid and is little affected by individual amino substitution with similar properties (Supplementary Figure 17) (27). In this study, the epitopes of PLA2-pep-3 and SVMP-pep-1 are unique to Trimeresurus and Protobothrops, respectively, and PLA2-pep-3 has some amino substitution with similar properties, e.g., I→L and L→T (Figures 2D, E).

Toxins from the same genus living in a similar environment are highly consistent but are quite different among different genera (28–30). Accurate diagnosis at the genus level will reduce the number of potential diagnostic targets from hundreds to dozens. In this study, the anti-PLA2 antibody successively identified 2 of the 32 species of Trimeresurus, due to extensive sequence similarities, and it is very likely that the developed anti-PLA2 antibodies will also be able to identify the venom of other Trimeresurus species. The anti-SVMP antibody identified 4 of the 12 species of Protobothrops by protein homology analysis (Supplementary Figures 1, 2, 17) (1).

Although considerable bioinformatics analysis has been carried out in the early stages of this study, experimental results showed that the specificity, immunogenicity, and surface accessibility of the peptides were not always consistent with the bioinformatics results. PLA2-pep-1, PLA2-pep-3, and SVMP-pep-1 were consistent with the bioinformatics results, whereas SVMP-pep-2 and SVMP-pep-3 were quite different. Analysis indicated that SVMP-pep-2 and SVMP-pep-3 were genus-specific, surface accessible, and strongly immunogenic peptides, while the experimental results showed that SVMP-pep-2 was surface accessible but not specific and SVMP-pep-3 had poor immunogenicity. It is an unexplained phenomenon in this study that pAbs-p perform well in Western blot assays, recognizing specifically their correlate venoms, but perform poorly in ELISA assays. So far, we cannot give a more reasonable explanation and there is no corresponding literature to explain this phenomenon. Here, we speculate that it may be caused by the sensitivity of WB and ELISA. That is, ELISA has a higher sensitivity than WB (Figure 3).

Here, for the development of diagnostic antibodies for Trimeresurus and Protobothrops, only 30 days was required to prepare the anti-polypeptide pAbs, while 180 days was required to prepare the mAbs, and the cost of preparing the pAbs was significantly lower than that of mAbs (US$800 and US$5,000, respectively). Therefore, the preparation of polyclonal antibodies against the selected peptides and validation of specificity, immunogenicity, and surface accessibility of the peptides by these pAbs in advance have become essential steps, and the time and cost of development can be greatly reduced.

Most commercially available immunological diagnostic reagents usually contain mAbs against specific epitopes of a single antigen, and the methods used to capture and coat antibodies in the same diagnostic kit are different. However, it is very difficult to match small-molecular weight proteins with two mAbs against a linear epitope. In order to solve this problem and improve the success rate of antibody pairing, high affinity polyclonal antibodies against natural antigens can be prepared by natural antigens. As natural antigens have multiple antigenic epitopes (including linear and spatial epitopes), the possibility of successful matching is increased. The synthetic short peptide antigen is a low-molecular weight antigen and has a different spatial structure to the natural protein antigen. Therefore, antibodies prepared by these peptides exhibit weak binding affinity to the natural antigen (Supplementary Figure 9) and vice versa (Supplementary Figure 10). Therefore, mAbs-n and pAbs-n against the natural protein antigen were used in this study.

To verify the universality of this antibody development strategy, we analyze the venom of snakes of Viperidae in North America in the same way, which include the genera Crotalus, Sistrurus, and Agkistrodon and cause most of the snakebite envenoming in North America (31). The analysis result showed that three GSAEPs, namely, IPSYDNKYWLF, KYWRFPTENCQ, and YDSKTYWKYPKK derived from the PLA2 of C. atrox, S. miliarius, and A. piscivorus, respectively, which are representing species of the genera Crotalus, Sistrurus, and Agkistrodon correspondingly, were found to identify the genera Crotalus (Supplementary Figure 18A), Sistrurus (Supplementary Figure 18B), and Agkistrodon (Supplementary Figure 18C), respectively. The two GSAEPs (IPSYDNKYWLF and KYWRFPTENCQ) can cover 8 of the total 12 species of rattlesnakes (32), and the YDSKTYWKYPKK can identify copperheads (A. c. contortrix) and cottonmouths (A. piscivorus). The 3D structure of the PLA2s obtained through homology modeling and the protein structure alignment results showed that the three GSAEPs were located in a similar spatial position as PLA2-pep-3 of T. stejnegeri, and GSAEPs were highlighted by a black box (Supplementary Figures 18D, E). Antigenicity analysis results of the three GSAEPs in Supplementary Figure 19 showed that they were hydrophilic, immunogenic, and surface accessible.

With the continuous accumulation of bioinformatics data and the deepening of research, we believe that the proposed strategy will help produce specific diagnostic antibodies and clinical diagnostic reagents and, thus, provide important guidance for accurate snakebite treatment.



Materials and Methods


Snake Venom, Peptides, and Animals

Venom samples from wild T. stejnegeri, D. r. siamensis, D. acutus, N. atra, and P. mucrosquamatus snakes were collected in China according to previous study protocols (33, 34). The samples were centrifuged at 12,000×g for 10 min at 4°C to remove debris, then lyophilized, and stored at −80°C until use. All peptides in this paper were biochemically synthesized by GL Biochem (Shanghai, China).

All experiments involving snakes, rabbits, rats, and mice were approved by the Animal Care and Use Committee at the Kunming Institute of Zoology, Chinese Academy of Sciences, Yunnan, China (SMKX-20190729-108).



Bioinformatics Analysis

Based on the existing transcriptomics and proteomics data, specific antigenic proteins with high content were selected from venomous snake species of interest. Several factors are considered when selecting peptide antigens, including sequence homology, secondary structure, hydrophilicity, immunogenicity, and surface accessibility. Here, the main criteria for peptide antigen selection included the following: 1) homologous sequences with 75%–100% consistency and 90%–100% sequence coverage for PLA2 and homologous sequences with 60%–100% consistency and 90%–100% sequence coverage for SVMP (BLAST at NCBI); 2) peptides must be located on the surface of the structural models (SWISS-MODEL); and 3) using the Protean module in Lasergene, the secondary structure of the peptides must contain no or few α-turns and β-sheets based on Chou–Fasman analysis; the average hydrophilicity of the peptides must be >2.0 based on Kyte–Doolittle analysis; the average antigenic index of the peptides must be >1.5 based on Jameson–Wolf analysis; and the average surface probability must be >1.0 based on Emini analysis. The information of selected antigens is summarized in Figure 2.



Purification of PLA2 and SVMP

PLA2 and SVMP were purified from the crude venom of T. stejnegeri and P. mucrosquamatus, respectively, by fast protein liquid chromatography (FPLC) (AKTA pure, GE Healthcare, Boston, MA, USA) with a cation exchange column (Resource™ S, 6 ml, GE Healthcare, Boston, MA, USA), with elution flow rates of 2 and 3 ml/min, respectively. In brief, 50 mg of crude T. stejnegeri or P. mucrosquamatus venom was dissolved in 1 ml of buffer A (8 mM NaHPO4·12H2O, 1.5 mM KH2PO4, pH 7.4), then filtered through 0.22-μm sterile filters (SLGPR33RB, Millipore, Burlington, MA, USA), and loaded into the cation exchange column pre-equilibrated in buffer A. Subsequently, the column was washed with buffer A to elute non-binding proteins, and binding proteins were eluted by applying a salt gradient from 0 to 1 M NaCl in buffer A. Finally, the column was equilibrated with buffer A to prepare for the next sample load. During the elution process, each fraction was collected according to the absorbance peaks at 215 nm and lyophilized for further analysis.



Preparation of the KLH–Peptide Complex Antigen

The peptides were biochemically synthesized and conjugated with keyhole limpet hemocyanin (KLH) to prepare the KLH–peptide complex antigens. These antigens were prepared using a Maleimide-Activated KLH–Peptide Conjugation Kit (K2039-5, BioVision, Milpitas, CA, USA) according to the instructions of the manufacturer.



Immunization of Rabbits and Collection of Plasma Samples

The KLH–peptide complex antigens were dissolved in saline at 2 mg/ml and filtered through 0.22-μm sterile filters. The antigens (0.5 ml) were emulsified with an equal volume of Freund’s complete adjuvant (F-5881, Sigma, Darmstadt, Germany) and injected intradermally at multiple sites along the backs of male New Zealand white rabbits. Two rabbits were injected with one kind of antigen. Booster doses were made in Freund’s incomplete adjuvant (F-5506, Sigma, Darmstadt, Germany) at 2-week intervals with 500-μg doses of the same antigen, totally two times with intervals of 2 weeks. Rabbit serum was collected 14 days after the second booster injection. Antibody titers were detected by indirect ELISA using the respective antigen as coating antigen and the pre-immunization serum of each rabbit as the negative control.



Generation and Sequences of mAbs-n

The anti-PLA2 and anti-SVMP mAbs-n were prepared according to a previous study (35) with slight modification. Five female BALB/c mice (6–8 weeks old) were immunized with PLA2 or SVMP. Each mouse was immunized four times with 3-week intervals. For the first immunization, 100 μg of PLA2 or SVMP was emulsified in Freund’s complete adjuvant (CFA) (F-5881, Sigma, Darmstadt, Germany). Subsequent immunizations (boosters) were administered three times successively with 100 μg of antigen in Freund’s incomplete adjuvant (IFA) (F-5506, Sigma, Darmstadt, Germany) with 3-week intervals. One week after the second and third boosters, blood samples were collected by tail bleeding to determine antiserum titers using indirect ELISA. The mice with higher antiserum titers were given an additional booster immunization at 7 days before cell fusion. Subsequently, hybridoma cell cloning and mAb production were carried out according to references.

The validated immunoglobulin variable chain (IgV) sequences were sequenced by GENEWIZ (Jiangsu, China) as per prior study (36).



Antibody Purification

Serum from hyperimmunized rabbits with higher antibody titers was subjected to purification. IgG was purified by affinity chromatography on a FPLC system with a 5-ml HiTrap Protein A column (45-002-379, GE Healthcare, Boston, MA, USA) according to the instructions of the manufacturer. Briefly, the column was washed with 10 column volumes of binding buffer [phosphate-buffered saline (PBS), containing 137 mM NaCl, 2.7 mM KCl, 8 mM NaHPO4·12H2O, 1.5 mM KH2PO4, pH 7.4] until no material appeared in the effluent. Binding IgG was eluted with five-column volumes of elution buffer (0.1 M sodium citrate, pH 3.6). The eluted IgG solution was neutralized to pH 7.0 by adding a neutralization solution (1 M Tris–HCl, pH 9.0) and was concentrated and desalinated by ultrafiltration with 50-kDa hyperfiltration tubes (UFC805024, Millipore, Burlington, MA, USA). The antibody concentrations were determined using a BCA kit (T9300A, TaKaRa, Dalian, China), and the antibodies were then stored at −80°C.



Affinity Purification of pAbs-p

Antibodies in the serum of rabbits hyperimmunized with the KLH–peptide complex antigen were purified by affinity chromatography as per previous study (12). Briefly, CNBr-activated Sepharose 4B beads (17043001, GE Healthcare, Boston, MA, USA) were coupled with each peptide (10 mg) for use as the affinity medium and packed into a 5-ml column to capture specific antibodies.

To purify the anti-PLA2-pep-1, anti-PLA2-pep-3, anti-SVMP-pep-1, anti-SVMP-pep-2, and anti-SVMP-pep-3 antibodies, 2 ml of serum from each rabbit was diluted in 30 ml of binding buffer and then pumped into the corresponding affinity column at 4°C for 3 h (repeated twice). The affinity columns were then washed with binding buffer and washing buffer. After washing, each column was eluted with elution buffer, and the eluted fractions were collected into microcentrifuge tubes containing neutralized buffer. Finally, all eluted fractions were concentrated and desalinated by ultrafiltration with 50-kDa hyperfiltration tubes (UFC805024, Millipore, Burlington, MA, USA). The concentration of antibodies was determined using a BCA kit (T9300A, TaKaRa, Dalian, China), and the antibodies were then stored at −80°C.



Indirect ELISA

Each well of a 96-well ELISA microplate (2506, Corning, Kennebunk, ME, USA) was coated with 100 μl (the concentration of antigen has been marked in the figure legend) of the corresponding antigen in PBS overnight at 4°C. After being washed three times with PBST (PBS, containing 0.05% Tween-20), the plate was blocked with 250 μl of blocking solution [3% bovine serum albumin (BSA) in PBST] at 37°C for 1 h. After the plate was washed three times with PBST, 100 μl of diluted antiserum or antibody in dilution buffer (3% BSA in PBST) was added into each well, followed by incubation at 37°C for 1 h. The plate was washed three times with PBST and then incubated with HRP-labeled anti-rabbit IgG antibody (7074s, CST, Danvers, MA, USA) or anti-mouse IgG antibody (7076s, CST, Danvers, MA, USA) diluted 1:3,000 with PBST at 37°C for 1 h. The plate was washed three times with PBST to remove unbound secondary antibodies. Finally, 100 μl of peroxide substrate solution (PR1200, Solarbio, Beijing, China) was added to each well, followed by incubation at room temperature for 10–20 min. Color development was ended by adding 100 μl of 2.5 M sulfuric acid (C1058, Solarbio, Beijing, China) per well, and absorbance was recorded at 450 nm with a microplate reader (Epoch, Bio-Tech, Minneapolis, MN, USA).



Western Blot Analysis

Samples were separated by 12% reduced SDS-PAGE using Mini-PROTEAN (Bio-Rad, Hercules, CA, USA). After electrophoresis, the proteins on the gel were either stained with Coomassie Brilliant Blue R250 (ST031, Beyotime, Shanghai, China) or transferred to a 0.45-μm polyvinylidene fluoride (PVDF) membrane (IPVH00010, Millipore, Burlington, MA, USA). The membrane was then blocked with 5% BSA (ABIO-Biofroxx-0037E, Biofroxx, Germany) in washing buffer (PBST, pH 7.4) for 1 h at room temperature on a horizontal shaker (Qilinbeier, Jiangsu, China). After being washed with PBST once, the membrane was incubated with a suitably diluted antiserum (all of the pAbs-ps were diluted 3,000 times, except pAbs-p against SVMP-pep-3 which was diluted 1,000 times)/mAbs-n (all of the mAbs-ns were diluted 3,000 times) overnight at 4°C. After being washed with PBST three times, the proteins on the PVDF membranes were detected by incubation with appropriate HRP-conjugated anti-rabbit IgG antibody (diluted 3,000 times) or anti-mouse IgG antibody (diluted 3,000 times) for 1 h at room temperature, and then the PVDF membranes were washed with PBST. The PVDF membranes were imaged with a chemiluminescence imaging system (5200 Multi, Tanon, Shanghai, China), with the ECL solution (180-501, Tanon, Shanghai, China) used as the luminescent substrate.



Preparation of HRP-Labeled Antibodies

The HRP-labeled antibodies were prepared using an HRP Conjugation Kit (ab102890, Abcam, Cambridge, UK) according to the instructions of the manufacturer. Briefly, before adding the antibody to the HRP mix, 1 µl of the modifier reagent was added to 10 µl of each antibody to be labeled and mixed gently. Each antibody sample (with added modifier reagent) was pipetted directly onto the lyophilized material of the HRP conjugation mix and resuspended gently by withdrawing and redispensing the liquid once or twice using a pipette. After capping the vial, the mixed solution was left standing in the dark at room temperature (20°C–25°C) for 3 h. Following incubation for 3 h (or more), 1 µl of the quencher reagent was added to 10 µl of each antibody and mixed gently. The conjugate could be used after 30 min and did not require purification.



Development of Sandwich ELISA

The pAbs-n (100 μl at 10 μg/ml) in PBS were coated in each well of a 96-well ELISA microplate (2506, Corning, Kennebunk, ME, USA) for 1 h at 37°C. Thereafter, the wells were blocked by incubation with 3% BSA in PBS for 1 h and washed three times using 250 μl of PBST per well. The samples (100 μl) to be tested were added to individual wells, followed by incubation at 37°C for 1 h. After washing three times with PBST, 100 μl of the HRP-labeled mAbs-n (diluted 1:3,000 in PBST) was added to each well and the plate was incubated for 1 h at 37°C. Subsequently, the plate was washed three times with PBST, and 100 μl of peroxide substrate solution (PR1200, Solarbio, Beijing, China) was added to each well, followed by incubation at room temperature for 10–20 min. Color development was ended by adding 100 μl of 2.5 M sulfuric acid (C1058, Solarbio, Beijing, China) to each well, and absorbance was recorded at 450 nm with a microplate reader (Epoch, Bio-Tech, Minneapolis, MN, USA).



Simulation Experiment of Snakebite Envenomation In Vivo and In Vitro

Simulation experiments were performed in male rats (SD strain, body weight 200 g). The rats were maintained under specific pathogen-free conditions at a temperature of 22°C and humidity level of 60%–70% and were provided with food and water ad libitum. Rats (n = 3/group) were injected in the hind leg muscle with 1 mg of venom dissolved in sterile saline. Blood samples from each rat were collected using a heparinized capillary blood collection system (KMIC-EDTA, Kent Scientific, Torrington, CT, USA) at 0.5, 1.5, 3, 6, 12, 24, 48, and 72 h after venom injection. The blood samples were centrifuged at 3,000×g for 20 min at 4°C after standing at room temperature for 30 min. The supernatant (plasma) was collected into a microcentrifuge tube and stored at −80°C.

Different concentrations of T. stejnegeri and P. mucrosquamatus venom were added to the plasma from healthy donors and incubated at 37°C. Plasma samples (100 μl) were taken at different time points (0.5, 1.5, 3, 6, 12, 24, 48, and 72 h) and frozen at −20°C. After the sampling process, double-antibody sandwich ELISA was used to detect the content of the corresponding snake venom proteins in the plasma.



Statistical Analysis

All data were plotted and analyzed using GraphPad Prism 6 software (GraphPad Software Inc., San Diego, CA, USA) and shown as means ± standard error of the mean (SEM). Statistical significance was determined by unpaired Student’s t-test. P-values <0.05 were considered statistically significant (*P < 0.05; **P < 0.001).
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