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Introduction

Complement activation split products are signatures of many immunopathological disorders. Among the laboratory findings observed in these diseases, a reduction in the level of circulating intact complement components can be mentioned, and this change has also been detected in envenomation by multiple Africanized honeybee (Apis mellifera) stings. Although envenomation by these animals elicits diverse life-threatening reactions, the capacity of bee venom (AmV) to activate the human complement system remains elusive.





Methods and findings

By coupling immunochemical and functional approaches, it was observed that AmV strongly consumes components of the alternative pathway (AP) of the complement system in normal human serum (NHS). Additionally, AmV interfered with classical (CP) and lectin pathways (LP) activities. In parallel, a high increase in Ba fragment levels was detected, suggesting that the changes in AP activity were due to its activation. Furthermore, an increase in the level of the C1s-C1INH complex and a decrease in the physiological level of MASP1-C1INH suggested that CP and LP were also activated in the presence of AmV. Strikingly, NHS exposed to increasing AmV concentrations varying from 5 to 1000 µg/mL presented a high generation of C3a, C4a and C5a anaphylatoxins, and sC5b-9 complexes assembly, thus reinforcing that AmV triggers complement activation.





Conclusion

These results show that AmV is a strong complement activator. This activation presents a mixed profile, with a predominance of AP activation. This suggests that complement split products can play important roles in the envenomation by Africanized honeybee, as they could induce diverse immunopathological events observed in patients and may also dictate patient clinical prognosis.





Keywords: complement pathways activation, anaphylatoxins, Africanized honeybee, Apis mellifera venom, immunopathology




1 Introduction

The complement system (C) is a crucial component of the innate immune response, playing a vital role in the organism’s immunosurveillance against infections, tissue injury, and malignancies (1–3).

C is composed of over 50 components, including proenzymes, proteases, regulators, and receptors, which are distributed across various body compartments (such as plasma, lymph, cell membranes, mitochondrial membranes, and lysosomes). These components primarily function to eliminate microorganisms and dead cells, clear immune complexes, and induce a wide range of inflammatory responses. Generally, complement components exist in a non-activated state; however, in the presence of Microorganism-Associated Molecular Patterns (MAMPs) and/or Damage-Associated Molecular Patterns (DAMPs), these components become activated through proteolytic cascades (1–3).

Complement activation can be initiated through three pathways: the alternative pathway (AP), the lectin pathway (LP), and the classical pathway (CP), each triggered by different stimuli. The CP is activated via the C1 complex in the presence of acute phase reactants (APRs) such as C-reactive protein, pentraxin 3 (PTX3), serum amyloid protein (SAP), and IgG and IgM antibodies bound to antigens. It can also be triggered by DAMPs like phosphatidylserine on apoptotic cells and HMGB-1, as well as various MAMPs, including different types of lipopolysaccharides (LPS) and lipoteichoic acid. The LP is initiated when pattern recognition molecules (PRMs), such as mannose-binding lectin (MBL) and ficolins, bind to high-density mannose, N-acetylglucosamine, N-acetylmannosamine, and fucose carbohydrate residues found on the surface of microorganisms or host-altered cells. Additionally, APRs and several DAMPs can act as triggers for the LP. The AP is continuously activated through tick-over mechanisms and on unprotected surfaces exposed to microorganisms and DAMPs, such as free heme. Furthermore, the AP can be initiated through C3 component activation via the LP and CP, or through its own activity in a feedback loop (1–3). Interestingly, several authors have described additional processes of complement activation mediated by various molecular mechanisms (e.g., lysosomal cathepsins, animal venoms, leukocytes, coagulation proteases, and free radicals), which are highlighted as significant contributors to various biological and pathological processes (4–13).

Regardless of the pathway or trigger, complement activation converges to assemble multimolecular enzymatic complexes known as C3 and C5 convertases. These convertases activate the core complement proteins C3 and C5, respectively, resulting in the generation of opsonins and anaphylatoxins. Additionally, the cleavage of C5 initiates the terminal pathway of complement activation, culminating in the formation of the membrane attack complex (MAC) or soluble terminal complement complexes (sTCC).

If such activation occurs in a fine-tuned way (14, 15), the products generated, e.g., anaphylatoxins (C3a, C4a, C5a), opsonins (C3b, iC3b, C3d, C3dg, C4b), sTCC and MAC (16–21), will be crucial for inducing, maintaining, and regulating immune reactions as well as to promote tissue healing.

Interestingly, complement system activation can induce the generation of a large group of inflammatory mediators (13, 16, 22–24); cell degranulation (25); diapedesis (9, 13); cell debris and immunocomplex clearance (26–28); potentiation of antibody production (29); and T-cell polarization (10, 22, 23). Due to its capacity to orchestrate a multitude of cellular and molecular immunological events, the actions of the complement system must be minutely controlled since exacerbated complement activation or deficiencies of its components can be life-threatening (14, 15, 24).

Complement-mediated diseases involve a broad range of physiopathological events, which can include cell function impairment, tissue injury, organ dysfunction, multiorgan failure, and, in some cases, death (13, 24, 30–32). Interestingly, in blood samples from complementopathy carriers, several clinical laboratory findings have been reported, including increased levels of complement activation split products (i.e., anaphylatoxins, opsonins, inactivation fragments) and a reduction in C-pathways activity, as detected in systemic erythematosus lupus, polytrauma and sepsis (9, 24, 33–38).

Among the C-components associated with a significant reduction in these complementopathies, the C3 protein, a central complement component, can be highlighted. This reduction has also been observed in envenomations by Africanized honeybee (Apis mellifera) (AHB) (39). Accidents involving AHB (Order Hymenoptera) stings have been reported in Brazil since the late 1950s in parallel with the development of national beekeeping activities. Due to their intense swarming capacity, these bees spread across Brazil, reaching other countries in South and Central America as well as the United States. Thus, large number of human, and domestic and wild animal attacks cases have been reported by health authorities (40–45). During the last two decades, the numbers of such attacks have increased significantly in Brazil injuring more than 24,350 people in 2022 (46).

The clinical manifestations after stings depend on several factors in bees and patients, including sting numbers, venom amounts inoculated, and allergic sensitization state (47–49). Patients sensitized to venom toxins can present with severe local oedema, which affects a large body area and lasts more than 24 h. Systemic mast cell degranulation, bronchospasms, and cardiovascular impairment characterize an anaphylactic reaction that can lead to death; Hymenoptera allergens are the main cause of anaphylaxis worldwide (50–54).

Patients who are nonsensitized to venom and are attacked by one or a few bees generally experience local inflammatory reactions characterized by swelling, redness, itching, papules, pain and sometimes epithelial and subcutaneous necrosis. Conversely, individuals who suffer a swarm attack and thus receive multiple stings (>200) can experience systemic toxic reactions. These patients can develop systemic rhabdomyolysis, disseminated intravascular hemolysis, acute lung injury and direct liver impairment. Additionally, these patients can develop hyper/hypotension, myocardial infarction, stroke, acute renal failure, acute respiratory distress syndrome, multiple organ failure and death (39, 46, 47, 55–58).

Among the laboratory findings in patients who suffer multiple stings, an increase in the levels of C-reactive protein (CRP) and intense neutrophilia, which persists for several days after a swarming attack, suggest that the inflammatory reaction is a signature of Africanized bee envenomation (39, 58). Interestingly, several authors have reported that patients affected by multiple stings present high A. mellifera venom (AmV) levels in the bloodstream, urine and peritoneal fluids (39, 58). Notably, venom toxins were detected in patient blood samples more than ten days after a swarming attack (58). Nonetheless, the effects of AmV on blood components, in addition to erythrocytes, have been underexplored. França and colleagues (39) reported that a patient attacked by > 800 bees presented a decrease in complement C3 component levels days after the accident. However, the consequences of such complement alterations (i.e., activation or inhibition) were not evaluated.

Thus, considering that (i) a reduction in complement component levels is an immunopathological signature in several clinical conditions, (ii) envenomation by AHB results in hallmark inflammatory events, and (iii) the complement system could impact the clinical manifestations of Africanized bee envenomation, here, by coupling several immunochemical and functional strategies, the ability of AmV to trigger human complement system activation and the profile of such activation were investigated.




2 Material and methods



2.1 Venom collection

AmV was obtained from the experimental apiary of the Núcleo de Ensino, Ciência e Tecnologia em Apicultura Racional (Center of Education, Science and Technology in Rational Beekeeping, NECTAR, Botucatu, São Paulo, Brazil) according to standard procedures (40). Briefly, colonies of AHB were maintained in Langstroth hives, and venom collection was performed with an electronic microprocessor-controlled device. For this purpose, the device was positioned on a sterile glass sheet at the hive entrance and turned on to produce electrical stimulation. The bees who touched the device received an electrical shock, and the venom was released onto the glass sheets. Once the AmV was composed of >80% water (47), the glass sheets containing the venom were dried in an air-drying oven at 34°C for 24 h. Finally, the venom was scraped, and the powder was stored at -80°C until solubilization.




2.2 AmV reconstitution and toxins analysis

AmV powder was solubilized in cold sterile saline at 3 mg/mL, and the protein concentration was evaluated by a Pierce BCA Protein Assay Kit (Thermo Scientific, Wisconsin, USA) following the manufacturer’s recommendations. The venom stock solution was aliquoted and maintained at -80°C until further use. To assess venom integrity, several assays were performed. The presence of endotoxins in the AmV samples was evaluated by the Microbiological Quality Control Sector of the Butantan Institute, São Paulo, Brazil, using Limulus Amoebocyte Lysate (LAL) test (PyrogentTM-5000 Kinetic Turbidimetric LAL Assay Test Kit, Basel, Switzerland). The results were expressed as Endotoxin Units (EU)/mL and values obtained was < 1.0 UE/mL, which were considered negative, and they did not cause any interference in biological/immunological assays (59).

The electrophoretic profile of the venom proteins was evaluated by 15% SDS−PAGE (60) under nonreducing conditions, and the protein bands were revealed by silver staining (61). Additionally, the enzymatic activity of hyaluronidase and phospholipase A2 (PLA2) was determined by turbidimetric (62) and fluorescence resonance energy transfer (FRET) assays, respectively. The FRET assay for detecting PLA2 activity was performed by using an EnzChekTM Phospholipase A2 Kit (Thermo Scientific™, Massachusetts, USA) in accordance with the manufacturer’s guidelines. For both enzymatic activities, the results are expressed as the specific activity obtained by standard calculations, as presented by Silva de França et al. (62).




2.3 Ethics statement

Experimental approaches performed with human serum samples were evaluated and approved (n. 4.214.120; CAEE 35572620.0.0000.5464) by the Human Research Ethics Committee of the Municipal Health Secretary of São Paulo (CEP-CONEP system, Plataforma Brasil). Blood samples were obtained from healthy donors after they agreed to participate in the study and signed an informed consent document.




2.4 Human blood drawing and serum collection

Human blood samples (50 mL) were collected from individuals (n= 4) by venipuncture into glass tubes in the absence of anticoagulant. Initially, these tubes were maintained at room temperature for 20 min to start clot formation. Then, the samples were incubated at 4°C for 2 h to allow total blood coagulation and to minimize the basal index of complement activation. In sequence, the tubes were centrifuged at 400 × g for 10 min at 4°C, after which the normal human serum (NHS) was collected. Serum samples were centrifuged again, and the supernatants were obtained, aliquoted and stored at -80°C.



2.4.1 Determination of anti-AmV IgG presence in NHS samples

To evaluate the level of circulating IgG antibody against AmV in donor sera, NHS samples were subjected to ELISA. ELISA plates (Corning®- New York, USA) were sensitized overnight with 1 µg/well AmV diluted in sterile saline (100 µL). Then, the plates were washed once with PBS-Tween 20 0.05% (PT) (300 µL) and blocked with 5% PBS-BSA for 2 h at 37°C. Afterwards, the plates were washed three times with PT and incubated with NHS samples diluted in 0.01% PBS-BSA (1:100–1:1,600) for 1 h at room temperature. In sequence, the plates were washed again, and goat anti-human IgG-HRP antibodies (Sigma/Merck, Taufkirchen, Germany) diluted 1:10,000 in 100 µL 0.01% PBS-BSA were added to the plates for 1 h. Finally, the plates were washed with PT, and the reactions were incubated with 3,3’,5,5’-tetramethylbenzidene and hydrogen peroxide (H2O2) substrate (TMB) (BD Biosciences, New Jersey, USA) (50 µL) for 30 min. The reactions were subsequently disrupted with H2SO4 4 N solution (50 µL). The plates were subjected to spectrophotometric reading on a Cytation 3 Cell Imaging Multi-Mode reader (BioTek Santa Clara- CA, USA) at 492 nm. The ELISA controls included wells containing TMB + stop solution (blank) and AmV + Block + detection antibodies. The absorbance values of the experimental samples were subtracted from those of the controls. The samples were considered positive/reactive agents if the absorbance values were three times greater than those of the blank wells.




2.4.2 Serum exposure to AmV

NHS samples were exposed to vehicle (sterile saline) or to increasing concentrations of AmV (5 to 1000 µg/mL) for 30, 60 or 120 min under constant shaking at 37°C. After incubation, these mixtures were aliquoted and stored at -80°C for further analyses of complement activation-related molecular markers and complement pathway functionality. Before freezing, the samples used to determine complement activation products were subjected to treatment with 20 mM ethylenediaminetetraacetic acid (EDTA) to stop the reactions and prevent further generation of such molecular markers.



2.4.2.1 AP, CP, and LP functional analysis

The effects of AmV on complement system pathway activity in NHS were investigated by functional ELISA according to the methodologies established by Seelen et al., 2005 (63) and Kotimaa et al., 2016 (64), with some modifications. ELISA plates (Corning®- New York, USA) were coated overnight at 4°C with 3 µg of LPS from Salmonella enteritidis (Sigma/Merck- Taufkirchen, Germany) diluted in PBS/10 mM MgCl2, 1 µg of purified human IgM (Sigma/Merck- Taufkirchen, Germany) or 10 µg of Mannan (Sigma/Merck- Taufkirchen, Germany) from Saccharomyces cerevisiae diluted in carbonate buffer (100 mM Na2CO3, 100 mM NaHCO3, pH 9.6). Then, the plates were washed three times with PT (300 µL) and blocked with 1% PBS-BSA for 1 h at 37°C. Afterwards, the plates were again washed with PT, diluted serum samples (100 µL) were added, and the plates were incubated at 37°C for 2 h to allow complement components binding to their targets.

For AP evaluation, serum samples were diluted 1:10–1:80 in APB (5 mM barbital sodium, 7 mM MgCl2, 150 mM NaCl, and 10 mM ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), pH 7.2) and exposed to the wells coated with LPS. For CP analysis, sera were diluted 1:100–1:800 in VBS2+ (2.8 mM barbituric acid, 0.9 mM sodium barbital, 0.3 mM CaCl2, 145 mM NaCl, 0.8 MgCl2, pH 7.2] and incubated in plates containing human IgM. The changes in LP were characterized in plates sensitized with mannan and experimental serum samples diluted 1:100-1:800 in BVB2+ (VBS2+, 0.1% BSA, 0.5 mM MgCl2, 2 mM CaCl2). In sequence, the plates were washed five times with APB-Tween 0.05% (APBT), VBS2+ (VBST) or BVB2+ (BVBT) (300 µL) and incubated for 1 h at 37°C with capture goat anti-human C3 (COMPTECH – Texas, USA) (AP) or goat anti-human C4 polyclonal antibodies (COMPTECH - Texas, USA) (CP and LP), both of which were diluted 1:128,000 in the specific pathway buffer mentioned above. Subsequently, the plates were washed and incubated with rabbit anti-goat IgG-HRP conjugate detection antibodies (Sigma/Merck-Taufkirchen, Germany) diluted 1:40,000 in APBT, VBST or BVBT for 1 h at 37°C. Finally, the plates were washed, and the reactions were developed with TMB solution (50 µL) (BD Biosciences-New Jersey, USA). These reactions were allowed to develop for 15 min and stopped by the addition of H2SO4 4 N (50 µL). The absorbance (ab) values were determined using a Cytation 3 Cell Imaging Multi-Mode reader (BioTek- Santa Clara- CA, USA) at 450 nm. As plate controls, specific wells were incubated with TMB and Stop solution (blank) or complement target + blockage solution + conjugate, and the absorbance values were subtracted for all the samples. The specific complement reaction controls included NHS samples (serum exposed to sterile saline) (positive control) and IHS samples (human serum inactivated at 60°C for 45 min) (negative control). The results generated were expressed as AP activity C3 [%] or CP/LP activity C4 [%] and were calculated using the following formula: (abAmV - abIHS)/(abNHS-abIHS)*100. All the experimental samples and complement controls were tested in duplicate for all the dilutions.




2.4.2.2 Complement activation split products measurement

To confirm the activation of each complement pathway, several specific molecular markers were quantified by immunoassays. Ba fragment (AP), C1s-C1INH (CP), and MASP1-C1INH (LP) complexes were measured using the MicroVue Ba EIA kit from QUIDEL (San Diego, USA), C1s/C1-INH and MASP-1/C1-INH ELISA kits from HycultBiotech (Uden, The Netherlands), respectively. Anaphylatoxins C3a, C4a, and C5a, as well as sC5b-9 complexes, were evaluated using the BD Cytometric Bead Array (CBA) Human Anaphylatoxin Kit (BD Biosciences, New Jersey, USA) and MicroVue SC5b-9 ELISA. All assays were performed according to the manufacturers’ recommendations. The obtained results were expressed as µg/mL for C3a and ng/mL for all other split products.






2.5 Statistical analyses

All assays were performed in triplicate and repeated four times. The generated results were expressed as mean and standard deviation (SD±). Statistical analyses were performed using a t test or two-way ANOVA followed by Sidak’s multiple comparison test. Spearman’s rank correlation coefficients (rs) were determined to estimate the relationship between complement pathways functions and changes in its specific molecular markers. The correlation strength between variables was determined in accordance with Cohen’s cutoff points (65), on which rs values ±0.10 indicate a weak correlation; ± 0.30 a moderate correlation; and ±0.50 a strong correlation. All the analyses were performed using GraphPad Prism 8 software, and differences were considered significant when p ≤ 0.05.





3 Results



3.1 AmV toxins analysis

By using a colorimetric assay, it was determined that the protein concentration in AmV was 2.79 mg/mL. SDS−PAGE electrophoretic analysis revealed that AmV samples presented several protein bands, with molecular weights varying from < 10 to 100 kDa (Supplementary Figure S1A). Moreover, the AmV samples used in our experiments were enzymatically active. Incubation of AmV with hyaluronan, an important extracellular matrix and serum component that drives a plethora of biological and pathological processes (66), promoted its depolymerization, indicating that venom hyaluronidases were preserved in our samples (Supplementary Figure S1B). In addition, strong PLA2 activity was also detected in the AmV samples, as demonstrated by its capacity to degrade phosphatidylcholine and phosphatidylglycerol membrane phospholipids (Supplementary Figure S1C). Moreover, diverse concentrations of AmV and its dilution vehicle were analyzed at the Microbiological Quality Control Sector from Instituto Butantan, and these samples did not show the presence of LPS/endotoxins (Supplementary Figure S2). Thus, given that our AmV samples were highly active and free of endotoxins, which are important features for investigating the inflammatory effects of AmV in human serum, subsequent experiments were performed to determine its effects on the human complement system.




3.2 AmV interferes with human complement pathways activity

To analyze the effects of AmV on human complement system, we tested increased venom doses considering the quantity of venom toxins injected by an AHB, which corresponds to 100 µg released per sting (54, 67). Thus, we defined the following doses for the experiments, i.e., 100 µg: corresponding to one sting, 500 µg: five stings, and 1000 µg: 10 stings. Additionally, experiments were also conducted by stimulating NHS with 10 µg of AmV, which is a dose 10 times less than the possible amount of AmV injected by one bee, to determine whether low venom doses could also cause C-activation.

Exposure of NHS to 10 µg of AmV significantly reduced the functional binding of the C3 complement component to the plates sensitized with LPS (Figure 1A). This reduction occurred over time in all donor samples. After incubating the serum samples with 100 µg of venom toxins (Figure 1C), which is the dose that just one bee can inject, C3 binding on the plates was completely abrogated, and this event was also detected in the serum samples stimulated with 500 and 1000 µg of AmV/mL (Figures 1E, G) during all the periods evaluated. Thus, AHB venom is capable of strongly interfering with complement AP activity. In a dose- and time-dependent fashion, these changes in AP function were accompanied by increased levels of Ba fragments (Figures 1B, D, F, H), showing that such impairment of complement activity was due to its activation. Such results were reinforced by Spearman’s rank correlation analysis. Through this evaluation, a strong correlation was detected between impairment in C3 binding to the plates and FBa generation (Table 1), independently of AmV amounts.




Figure 1 | AHB venom triggers complement AP activation. Impairment in AP activity was determined by functional assays with experimental envenomed serum samples diluted 1/10 (A, C, E, G). AP activation was confirmed by MicroVue Ba EIA kit, provided by QUIDEL Corporation, on which experimental samples were diluted 1/6,000 (B, D, F, H). The results are expressed as the means ± SDs and were statistically analyzed with GraphPad PRISM 8 by two-way ANOVA followed by Sidak’s multiple comparison test (n= 4). Differences were considered significant at p ≤ 0.05. # T0/NHS, x all times; * AmV x Vehicle; α 30 min x 60 or 120 min; β 60 min x 30 or 120 min; δ 120 min x 30 or 60 min.




Table 1 | AP activity C3 [%] versus FBa levels.



In addition to the modifications of AP activity, we also investigated the effects of AmV on CP and LP. Initially, given that CP is initiated by immunocomplexes (2) and that the presence of antibodies against bee venom could result in C4 component consumption, we performed an analysis to identify the presence of specific IgG antibodies against the AmV toxins in donors’ serum samples. No donor presented antivenom antibodies (Supplementary Figure S3); thus, experiments to evaluate the effects of AmV on CP and LP were conducted. Figures 2, 3 show that increased venom concentrations interfered with human serum CP and LP activities, as determined by the reduced binding of C4 on plates coated with human IgM or mannan, for the experiments. Nonetheless, over time, we detected an increase in the abundance of C1s-C1INH complexes, thus confirming that CP (Figures 2B, D, E, G) was activated in the serum samples. In contrast, we observed a decrease in the physiological levels of MASP1-C1INH complexes, which may be related to the activity of LP on NHS exposed to venom (Figures 3B, D, E, G).




Figure 2 | AHB toxins induce complement CP activation. To access AmV effects upon CP, experimentally envenomed serum samples, diluted 1:100-800 in VBS2+, were evaluated to C4 binding in plates coated with human IgM (A, C, E, G). CP activation was confirmed by analysis of levels of C1s-C1INH complexes (B, D, F, H) by immunoassays (serum samples diluted 1/800) by using the C1s/C1INH, human, ELISA kit purchased from HycultBiotech. The results are presented as the means ± SDs, and statistical analysis was performed with GraphPad PRISM 8 by two-way ANOVA followed by Sidak’s multiple comparison test (n= 4). Differences were considered significant at p ≤ 0.05. # T0/NHS, all times; * AmV x Vehicle; α 30 min x 60 or 120 min; β 60 min x 30 or 120 min; δ 120 min x 30 or 60 min.






Figure 3 | Bee venom toxins modify complement LP functionality. Using a functional ELISA, the effects of AmV toxins upon LP functions were analyzed (A, C, E, G). The changes in LP were confirmed though the measurement MASP1-C1INH complexes in serum samples diluted 1/100 (B, D, F, H). These assays were performed by MASP-1/C1INH ELISA kit manufactured by HycultBiotech. The results are shown as the means ± SDs. The statistical analysis was performed by GraphPad PRISM 8 through two-way ANOVA followed by Sidak’s multiple comparison test (n=4). Differences were considered significant at p ≤ 0.05. # T0/NHS x all times; * AmV x Vehicle; α 30 min x 60 or 120 min; β 60 min x 30 or 120 min; δ 120 min x 30 or 60 min.



Interestingly, the interference with CP functions demonstrated a strong correlation with elevated levels of C1s-C1INH complexes, particularly at high venom doses (Table 2). While exposure of the normal human serum (NHS) to 10 µg of venom showed a moderate correlation with the assembly of CP molecular markers, it still yielded significant results. Additionally, the reduced levels of C4 protein binding to mannose-coated plates, along with the decrease in MASP1-C1INH complexes, also exhibited a correlation that appears to depend on the venom dose used in the assays. The strength of this correlation varied from weak (AmV 10 µg/mL) to strong (AmV 1000 µg/mL); however, all venom doses elicited a significant correlation between the reduction in LP activity C4 [%] and its associated molecular markers (Table 3).


Table 2 | CP activity C4 [%] versus C1s/C1INH complex levels.




Table 3 | LP activity C4 [%] versus C1s/C1INH complex levels.






3.3 AmV is a potent anaphylatoxin inducer

The main consequence of complement activation, whether through intrinsic or extrinsic routes, is the generation of split products, such as the anaphylatoxins C3a, C4a and C5a, which are important immunological drivers of a plethora of physiological and pathological conditions (3, 13). Several authors have identified in clinical reports that patients who suffer swarming attacks have a broad range of venom amounts, both acutely and for more than ten days, that can be detected in diverse biological fluids, including serum (39, 58). Thus, we investigated whether AmV doses ranging from 5 µg to 1000 µg/mL could elicit the generation of anaphylatoxins. NHS contact with increasing AmV promoted robust generation of C3a (Figure 4). Venom toxins triggered a peak in C3a anaphylatoxin release at 30 min, with 100 and 1000 µg/mL being the most potent venom doses that caused C3a generation (Figures 4E, I). In addition to C3a, all AmV doses were capable of stimulating C4a anaphylatoxin generation. The peak in the C4a generation occurred 30 min after AmV (5, 10, 25, or 100 µg/mL) incubation with serum (Figures 5A–C, E), while at other venom concentrations, the peak C4a release occurred at 60 min (Figures 5D, F–I). In contrast to what was observed for C3a and C4a generation, all the venom doses stimulated C5a anaphylatoxin production without a subsequent decrease (Figure 6). Strikingly, during the different incubation times, independent of the AmV dose, there was a constant increase in the generation of this peptide. High amounts of C5a were detected in NHS samples treated with venom, with 100 and 1000 µg/mL being the concentrations that induced more than 300 and 900 ng/mL of C5a generation, respectively (Figures 6E, I).




Figure 4 | AHB venom induces the generation of C3a in NHS. C3a anaphylatoxin levels were evaluated by CBA Human Anaphylatoxin Kit (BD Biosciences) in experimentally envenomed, with a broad range AmV doses (A–I), serum samples (n=4). These results were statistically analyzed with GraphPad PRISM 8 using two-way ANOVA followed by Sidak’s multiple comparison test. Differences were considered significant at p ≤ 0.05. # T0/NHS x all times; * AmV x Vehicle; α 30 min x 60 or 120 min; β 60 min x 30 or 120 min; δ 120 min x 30 or 60 min.






Figure 5 | AHB venom stimulates C4a peptide release. C4a anaphylatoxin dosage was made by CBA Human Anaphylatoxin Kit (BD Biosciences) in NHS exposed to increasing AHB venom doses (A–I). Data obtained were analyzed with GraphPad PRISM 8 by two-way ANOVA followed by Sidak’s multiple comparison test. Differences were considered significant at p ≤ 0.05. # T0/NHS x all times; * AmV x Vehicle; α 30 min x 60 or 120 min; β 60 min x 30 or 120 min; δ 120 min x 30 or 60 min.






Figure 6 | AHB venom toxins are strong C5a anaphylatoxin inducers. C5a anaphylatoxin was detected in NHS samples incubated with AmV amounts varying of 5-1000 µg/mL (A–I) by using CBA and evaluated statistically by two-way ANOVA followed by Sidak’s multiple comparison test in GraphPad PRISM 8. p ≤ 0.05 was considered to indicate statistical significance. # T0/NHS x all times; * AmV x Vehicle; α 30 min x 60 or 120 min; β 60 min x 30 or 120 min; δ 120 min x 30 or 60 min.






3.4 Honeybee venom stimulates sC5b-9 complex assembly

In line with the purpose of anaphylatoxin evaluation, the same rationale was used to determine the assembly of the sC5b-9 complexes. The formation of the sC5b-9 complex starts with the cleavage of the C5 complement component (68, 69). The sC5b-9 complex was induced by all the venom doses tested, and the amount of the complex increased significantly over time (Figure 7). All AmV concentrations induced the formation of sC5b-9 complexes, however, 100 and 1000 µg/mL AmV (Figures 7E, I) were the strongest inducers of these high-molecular-weight complexes.




Figure 7 | Assembly of the sC5b-9 complex is stimulated by bee venom components. Soluble Terminal Complement Complexes were detected in all serum samples exposed to increased venom amounts (A–I) by ELISA (MicroVue sC5b-9 kit - QUIDEL), and the results were statistically analyzed with GraphPad PRISM 8 by two-way ANOVA followed by Sidak’s multiple comparison test. Differences were considered significant at p ≤ 0.05. # T0/NHS x all times; * AmV x Vehicle; α 30 min x 60 or 120 min; β 60 min x 30 or 120 min; δ 120 min x 30 or 60 min.







4 Discussion

Here, we analyzed the effects of AHB venom on the human complement system. Strikingly, we demonstrated that a broad range of venom doses (5-1000 µg/mL) could cause the generation of biologically active complement split products, i.e., anaphylatoxins and sTCC. In 1982, De Carolis and colleagues (70) showed that European honeybees (A. mellifera) venom elicits complement activation only at high doses, i.e., 1000 µg/mL. In addition, these authors found only AP activation and C3a anaphylatoxin release since no CP or LP split products or impaired functions were identified. Although the Africanization process of A. mellifera on the American continent did not cause the emergence of a new species, differences in the abundance of some venom toxin classes (71) may be responsible for the capacity of these species to elicit complement activation independent of the dose.

In line with these ideas, we determined that incubating AmV with NHS impaired C4 binding to plates sensitized with mannose and increased C4a generation. These findings suggest that the sugar groups containing Mannose and N-acetylglucosamine residues present in AmV (72), as well as the DAMPs released by venom toxin actions, could trigger complement activation by LP, since such carbohydrates are stronger activators of this pathway. Independent of the venom concentration, an important decrease in the physiological levels of the MASP1-C1INH complexes was detected. C1INH is able to control MBL-associated serine protease 1 (MASP1) activities, which is responsible for the initial enzymatic events of complement activation by LP (73, 74). Based on our findings, it is possible that, during the envenomation process by Africanized bees, an imbalance in the physiological maintenance of the MASP1-C1INH complex occurs, which could lead to accidental LP activation, resulting in the consumption of its components, such as C4, leading to C4a anaphylatoxin generation, as detected here. Interestingly, previous studies identified that in a cohort of patient’s carriers of Hereditary Angioedema (HAE), presenting both type I or II phenotypes of the disease, a fall in the levels of MASP1-C1INH complexes, which was correlated with several aspects of the disease, including, C4 consumption and the number of attacks through the year of blood samples drawing (75). Strikingly, in our evaluations, the impairment in LP functions, along with the decrease in MASP1-C1INH complex levels, also presented a significant correlation. Thus, it’s important to highlight that in both clinical illness (HAE and Bee envenoming) there are important vascular dysfunctions which culminates in multiple edema sites, which suggest that such molecular alterations together with C4a peptide release could be clinically important to envenomed patients.

Interestingly, a reduction in CP activity was induced by AmV, and considering that this complement pathway shares several components with LP it is possible that molecular events in the Africanized bee envenomation process, which interfere with one of these pathways, impact the other. We observed a dose- and time-dependent increase in C1s-C1INH complex levels, which showed significant and strong correlations with the reduction in classical pathway (CP) activity, as indicated by C4 [%]. These findings confirm the activation of the CP during the envenomation process.

In our experiments, we showed that NHS donors were negative for the IgG antibodies against AmV. Thus, taking these findings, it is possible to consider that following envenomation by Africanized bees, CP activation is triggered in the absence of immunocomplexes. In accidents involving Africanized bees, strong inflammation and cell damage are observed since AmV causes rhabdomyolysis, hemolysis, and renal and peripheral blood mononuclear cell necrosis and elevates CRP levels (39, 47, 49, 55–58, 76, 77). Necrotic cells and CRP are notorious CP starters (26, 27), which suggests that in addition to direct CP activation by AmV, the consequences of its toxins effects in the body can potentiate the activity of such complement pathway.

The contact between the different AmV concentrations and NHS caused the strong consumption of AP complement factors, as indicated by an abrupt reduction in C3 protein binding to the LPS-coated plates. Interestingly, the reduction was venom dose dependent since the low dose used here reduced AP activity but maintained ~25% of the pathway functionality. However, the other doses completely abolished the AP reactions.

Although the 100, 500 and 1000 µg/mL venom doses were able to abolish AP activity, the intensity of AP activation elicited by each of these doses could only be determined by Ba fragment generation assessment via ELISA. Strikingly, depending on the AmV concentration and incubation time, different amounts of Ba were released. This finding suggested that AP activation by Africanized bee envenomation is dependent on how much venom/how many stings the individuals received.

In line with the clinical illness developed by patients envenomated by AHB, AP activity as well as the split products generated by its action have been presented in recent decades as crucial to the clinical outcomes of several pathological conditions in which inflammatory reactions are uncontrolled, including sepsis and polytrauma. These investigations revealed that strong C3 component consumption and concomitant increases in C3a anaphylatoxin levels were correlated with poor patient prognosis and death. Additionally, a decrease in intact C3 levels was also correlated with uncontrolled systemic and pulmonary inflammation and hemostatic disorders, thus indicating that complement can act mutually with other systems in diverse diseases (31, 35–37, 78), including in bee envenomation (39). Thus, considering that AmV is an AP activator, as demonstrated here and that patients exhibiting severe envenomation by Africanized bees are predisposed to several organ dysfunctions we can hypothesize that (1) AP activation is an important immunopathological event that exacerbates A. mellifera envenomation; (2) AP activation could lead to physiological dysfunctions, as detected in patients; and (3) molecules released during AP activation, such as the Ba fragment, could be used in clinical settings to monitor patient health conditions and for prognosis and decisions regarding therapeutic interventions. Notably, in our correlation analysis, the alternative pathway (AP) activity C3 [%] showed a strong correlation with FBa fragment release, regardless of the experimental envenomation degree (AmV doses). This finding reinforces the questions raised earlier regarding the activation of the AP during the envenomation process.

We showed that all AmV concentrations used in the experiments were able to cause C3a generation, which can be correlated with the strong impairment of AP activity due to consumption and conversion of the C3 component. Interestingly, some venom doses, such as 100 and 1000 µg/mL, were able to induce excessive amounts of these peptides, which induced increases of 9 and 16 µg/mL, respectively. Notably, C3 consumption and consequent C3a formation can represent harmful characteristics of AHB envenomation since both molecular events have been correlated with poor prognosis in some inflammatory diseases (31, 35–37, 78). Interestingly, among the physiological dysfunctions presented by the envenomated Africanized bee patients, hypertension was detected (39). The C3a-C3aR axis has been described in the literature as a strong hypertensive agent because of its capacity to induce intensive TXA2 generation and systemic vasoconstriction (79). In addition, several reports have shown that such signaling is an important driver of thromboinflammatory events. Both hypertensive events and thromboinflammatory reactions are risk factors that predispose individuals to stroke and myocardial infarction (80), which was detected as pathological consequence of bee envenoming (81).

An interesting molecular event detected here was C5a anaphylatoxin generation at all venom doses and at all times analyzed. C5a anaphylatoxin generation is an important molecular event in complement activation due to its strong proinflammatory properties (13, 24). Notably, this is the first study in which C5a anaphylatoxin generation was reported because of bee venom action, and this molecular envenomation feature deserves attention since this peptide its linked to several immunopathological disorders and fatal consequences of such as identified in diverse experimental models of pathological conditions (13, 24, 82–84).

In the NHS samples exposed to AmV, soluble C5b-9 complexes were also observed to form in a time- and dose-dependent manner. This complex, unlike the MAC, which is assembled and inserted into the cell membrane, is present in the fluid phase, can interact with diverse cell and molecular systems and can cause several inflammatory events (11). The sC5b-9 and C5a generation were detected in all time of NHS exposure to AmV, suggesting that the late phases of complement activation are a constant and possibly dangerous inflammatory event in bee envenomation. The sC5b-9 complex, like C5a, is a potent endothelial disrupting agent through its capacity to induce NLRP3 inflammasome activation, IL-1β release, eicosanoids release, platelet activating factor (PAF) and bradykinin generation in vivo. Additionally, sC5b-9 complexes are linked to thrombotic events in various pathologies (13, 68, 85, 86). In conclusion, the formation of sC5b-9 together with other complement activation split products could account for the vascular impairment and other pathological reactions observed in stung patients.

In this article, we showed that complement activation may constitute an important molecular immunopathological signature of envenomation by AHB. Therefore, considering that complement activation split products are the main drivers of various inflammatory disorders, the role of this system in the imbalance induced by bee venom toxins should be further analyzed in detail. Perhaps drugs already in use in the clinic for complement-mediated diseases could be applied for the treatment of individuals who suffer few or multiple stings, as well as for anaphylaxis triggered by venom allergens. Additionally, complement activation products could be used in clinical settings as biomarkers of envenomation severity since some complement activation products are strongly dependent on the AmV concentration, which could reflect the number of stings as well as the amount of venom injected (Figure 8).




Figure 8 | Complement Activation in Africanized A. mellifera Honeybee Attacks. The venom of Africanized A. mellifera honeybees (AHB) contains several molecules with toxic and allergenic properties. When exposed to normal human serum, these venom toxins can directly or indirectly trigger the activation of the complement system. This activation occurs predominantly through the alternative pathway (highlighted in scientific drawing by red letters) (AP), although the classical (CP) and lectin (LP) pathways are also activated. Through this mixed activation profile, large amounts of the C3a, C4a, C5a anaphylatoxins and sC5b-9 (sTCC) complexes are generated. These biologically active complement split products are known to promote a variety of biological and pathological reactions, including vascular dysfunctions (a,b,c) which can evolve to swelling (A, B) or hypo/hypertension (C); acute lung injury/respiratory distress syndrome (ALI/ARDS) (D), leukocytosis/neutrophilia (E), disseminated intravascular hemolysis (F), liver injury (G), acute kidney failure (H), heart attack (I), and stroke (J). Notably, all the immunopathological conditions mentioned are identified in patients who have suffered multiple or even few Africanized bee stings. Therefore, it is possible that the complement system is an important inflammatory driver of these pathological settings identified in patients attacked by AHB swarms become such a potential therapeutic target as well diagnostic/prognostic molecular markers which could help physicians in the management of envenomed patients. This Figure was partly produced using Servier Medical Art (SMART), licensed under CC BY 4.0. Of note, some icons in this figure were adapted for this article purposes.







Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The studies involving humans were approved by Human Research Ethics Committee of the Municipal Health Secretary of São Paulo (CEP-CONEP system, Plataforma Brasil). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

FS: Conceptualization, Data curation, Formal analysis, Methodology, Writing – original draft, Writing – review & editing, Investigation. Rd: Formal analysis, Methodology, Writing – review & editing, Resources. DF: Formal analysis, Writing – review & editing, Data curation, Investigation. TL: Data curation, Formal analysis, Investigation, Writing – review & editing. DT: Data curation, Formal analysis, Writing – review & editing, Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Writing – original draft.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by São Paulo Research Foundation (FAPESP) funding to the Center of Toxins, Immune Response and Cell Signaling (CeTICS) (grant 2013/07467-1). DT is a recipient of the CNPq Research Productivity Fellowship (Grant # 308390/2021-0). RO is a recipient of the CNPq Research Productivity Fellowship (Grant # 304720/2020-8). The funding agencies had no influence on study design, data interpretation, or formation of the manuscript.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1463471/full#supplementary-material




References

1. Bohlson, SS, Garred, P, Kemper, C, and Tenner, AJ. Complement nomenclature-deconvoluted. Front Immunol. (2019) 10:1308. doi: 10.3389/fimmu.2019.01308

2. Reis, ES, Mastellos, DC, Hajishengallis, G, and Lambris, JD. New insights into the immune functions of complement. Nat Rev Immunol. (2019) 19:503–16. doi: 10.1038/s41577-019-0168-x

3. Lo, MW, and Woodruff, TM. Complement: Bridging the innate and adaptive immune systems in sterile inflammation. J Leukoc Biol. (2020) 108:339–51. doi: 10.1002/JLB.3MIR0220-270R

4. Vogt, W, Damerau, B, von Zabern, I, Nolte, R, and Brunahl, D. Non-enzymic activation of the fifth component of human complement, by oxygen radicals. Some properties of the activation product, C5b-like C5. Mol Immunol. (1989) 26:1133–42. doi: 10.1016/0161-5890(89)90057-6

5. Huber-Lang, M, Sarma, JV, Zetoune, FS, Rittirsch, D, Neff, TA, McGuire, SR, et al. Generation of C5a in the absence of C3: a new complement activation pathway. Nat Med. (2006) 12:682–7. doi: 10.1038/nm1419

6. Yoshimura, Y, Hiramatsu, Y, Sato, Y, Homma, S, Enomoto, Y, Jikuya, T, et al. ONO-6818, a novel, potent neutrophil elastase inhibitor, reduces inflammatory mediators during simulated extracorporeal circulation. Ann Thorac Surg. (2003) 76:1234–9. doi: 10.1016/s0003-4975(03)00878-6

7. Amara, U, Flierl, MA, Rittirsch, D, Klos, A, Chen, H, Acker, B, et al. Molecular intercommunication between the complement and coagulation systems. J Immunol. (2010) 185:5628–36. doi: 10.4049/jimmunol.0903678

8. Fukuoka, Y, Xia, HZ, Sanchez-Muñoz, LB, Dellinger, AL, Escribano, L, and Schwartz, LB. Generation of anaphylatoxins by human beta-tryptase from C3, C4, and C5. J Immunol. (2008) 180:6307–16. doi: 10.4049/jimmunol.180.9.6307

9. Kanse, SM, Gallenmueller, A, Zeerleder, S, Stephan, F, Rannou, O, Denk, S, et al. Factor VII-activating protease is activated in multiple trauma patients and generates anaphylatoxin C5a. J Immunol. (2012) 188:2858–65. doi: 10.4049/jimmunol.1103029

10. Liszewski, MK, Kolev, M, Le Friec, G, Leung, M, Bertram, PG, Fara, AF, et al. Intracellular complement activation sustains T cell homeostasis and mediates effector differentiation. Immunity. (2013) 39:1143–57. doi: 10.1016/j.immuni.2013.10.018

11. Niyonzima, N, Rahman, J, Kunz, N, West, EE, Freiwald, T, Desai, JV, et al. Mitochondrial C5aR1 activity in macrophages controls IL-1β production underlying sterile inflammation. Sci Immunol. (2021) 6:eabf2489. doi: 10.1126/sciimmunol.abf2489

12. Satyam, A, Kannan, L, Matsumoto, N, Geha, M, Lapchak, PH, Bosse, R, et al. Intracellular activation of complement 3 is responsible for intestinal tissue damage during mesenteric ischemia. J Immunol. (2017) 198:788–97. doi: 10.4049/jimmunol.1502287

13. Silva de França, F, Villas-Boas, IM, Cogliati, B, Woodruff, TM, Reis, EDS, Lambris, JD, et al. C5a-C5aR1 axis activation drives envenomation immunopathology by the snake Naja annulifera. Front Immunol. (2021) 12:652242. doi: 10.3389/fimmu.2021.652242

14. Mueller-Ortiz, SL, Wang, D, Morales, JE, Li, L, Chang, JY, and Wetsel, RA. Targeted disruption of the gene encoding the murine small subunit of carboxypeptidase N (CPN1) causes susceptibility to C5a anaphylatoxin-mediated shock. J Immunol. (2009) 182:6533–9. doi: 10.4049/jimmunol.0804207

15. de Boer, ECW, van Mourik, AG, and Jongerius, I. Therapeutic lessons to be learned from the role of complement regulators as double-edged sword in health and disease. Front Immunol. (2020) 11:578069. doi: 10.3389/fimmu.2020.578069

16. Mollnes, TE, Brekke, OL, Fung, M, Fure, H, Christiansen, D, Bergseth, G, et al. Essential role of the C5a receptor in E coli-induced oxidative burst and phagocytosis revealed by a novel lepirudin-based human whole blood model of inflammation. Blood. (2002) 100:1869–77.

17. Pawluczkowycz, AW, Lindorfer, MA, Waitumbi, JN, and Taylor, RP. Hematin promotes complement alternative pathway-mediated deposition of C3 activation fragments on human erythrocytes: potential implications for the pathogenesis of anemia in malaria. J Immunol. (2007) 179:5543–52. doi: 10.4049/jimmunol.179.8.5543

18. Bergseth, G, Ludviksen, JK, Kirschfink, M, Giclas, PC, Nilsson, B, and Mollnes, TE. An international serum standard for application in assays to detect human complement activation products. Mol Immunol. (2013) 56:232–9. doi: 10.1016/j.molimm.2013.05.221

19. Storm, BS, Christiansen, D, Mollnes, TE, and Nielsen, EW. Avoiding ambient air in test tubes during incubations of human whole-blood minimizes complement background activation. J Immunol Methods. (2020) 487:112876. doi: 10.1016/j.jim.2020.112876

20. Storm, BS, Christiansen, D, Fure, H, Ludviksen, JK, Lau, C, Lambris, JD, et al. Air bubbles activate complement and trigger hemostasis and C3-dependent cytokine release ex vivo in human whole blood. J Immunol. (2021) 207:2828–40. doi: 10.4049/jimmunol.2100308

21. Gramstad, OR, Schjalm, C, Mollnes, TE, and Nielsen, EW. Increased thromboinflammatory load in hereditary angioedema. Clin Exp Immunol. (2023) 214:170–81. doi: 10.1093/cei/uxad091

22. Asgari, E, Le Friec, G, Yamamoto, H, Perucha, E, Sacks, SS, Köhl, J, et al. C3a modulates IL-1β secretion in human monocytes by regulating ATP efflux and subsequent NLRP3 inflammasome activation. Blood. (2013) 122:3473–81. doi: 10.1182/blood-2013-05-502229

23. Arbore, G, West, EE, Spolski, R, Robertson, AAB, Klos, A, Rheinheimer, C, et al. T helper 1 immunity requires complement-driven NLRP3 inflammasome activity in CD4+ T cells. Science. (2016) 352:aad1210. doi: 10.1126/science.aad1210

24. Keshari, RS, Silasi, R, Popescu, NI, Patel, MM, Chaaban, H, Lupu, C, et al. Inhibition of complement C5 protects against organ failure and reduces mortality in a baboon model of Escherichia coli sepsis. Proc Natl Acad Sci U S A. (2017) 114:E6390–9. doi: 10.1073/pnas.1706818114

25. Lohman, RJ, Hamidon, JK, Reid, RC, Rowley, JA, Yau, MK, Halili, MA, et al. Exploiting a novel conformational switch to control innate immunity mediated by complement protein C3a. Nat Commun. (2017) 8:351. doi: 10.1038/s41467-017-00414-w

26. Gaipl, US, Kuenkele, S, Voll, RE, Beyer, TD, Kolowos, W, Heyder, P, et al. Complement binding is an early feature of necrotic and a rather late event during apoptotic cell death. Cell Death Differ. (2001) 8:327–34. doi: 10.1038/sj.cdd.4400826

27. Ciurana, CL, Zwart, B, van Mierlo, G, and Hack, CE. Complement activation by necrotic cells in normal plasma environment compares to that by late apoptotic cells and involves predominantly IgM. Eur J Immunol. (2004) 34:2609–19. doi: 10.1002/eji.200425045

28. Heesters, BA, Chatterjee, P, Kim, YA, Gonzalez, SF, Kuligowski, MP, Kirchhausen, T, et al. Endocytosis and recycling of immune complexes by follicular dendritic cells enhances B cell antigen binding and activation. Immunity. (2013) 38:1164–75. doi: 10.1016/j.immuni.2013.02.023

29. Haas, KM, Toapanta, FR, Oliver, JA, Poe, JC, Weis, JH, Karp, DR, et al. Cutting edge: C3d functions as a molecular adjuvant in the absence of CD21/35 expression. J Immunol. (2004) 172:5833–7. doi: 10.4049/jimmunol.172.10.5833

30. Riedemann, NC, Guo, RF, Neff, TA, Laudes, IJ, Keller, KA, Sarma, VJ, et al. Increased C5a receptor expression in sepsis. J Clin Invest. (2002) 110:101–8. doi: 10.1172/JCI15409

31. Siggins, MK, Davies, K, Fellows, R, Thwaites, RS, Baillie, JK, Semple, MG, et al. Alternative pathway dysregulation in tissues drives sustained complement activation and predicts outcome across the disease course in COVID-19. Immunology. (2023) 168:473–92. doi: 10.1111/imm.13585

32. Lee, JD, Levin, SC, Willis, EF, Li, R, Woodruff, TM, and Noakes, PG. Complement components are upregulated and correlate with disease progression in the TDP-43Q331K mouse model of amyotrophic lateral sclerosis. J Neuroinflammation. (2018) 15:171. doi: 10.1186/s12974-018-1217-2

33. Coss, SL, Zhou, D, Chua, GT, Aziz, RA, Hoffman, RP, Wu, YL, et al. The complement system and human autoimmune diseases. J Autoimmun. (2023) 137:102979. doi: 10.1016/j.jaut.2022.102979

34. Breen, KA, Seed, P, Parmar, K, Moore, GW, Stuart-Smith, SE, and Hunt, BJ. Complement activation in patients with isolated antiphospholipid antibodies or primary antiphospholipid syndrome. Thromb Haemost. (2012) 107:423–9. doi: 10.1160/TH11-08-0554

35. Ren, J, Zhao, Y, Yuan, Y, Han, G, Li, W, Huang, Q, et al. Complement depletion deteriorates clinical outcomes of severe abdominal sepsis: a conspirator of infection and coagulopathy in crime? PloS One. (2012) 7:e47095. doi: 10.1371/journal.pone.0047095. Epub 2012 Oct 16. Erratum in: PLoS One. 2013;8(3). doi:10.1371/annotation/45250927-10e7-4545-8fdf-066e688cc125. PMID: 23091606; PMCID: PMC3473032.

36. Lendak, D, Mihajlovic, D, Mitic, G, Ubavic, M, Novakov-Mikic, A, Boban, J, et al. Complement component consumption in sepsis correlates better with hemostatic system parameters than with inflammatory biomarkers. Thromb Res. (2018) 170:126–32. doi: 10.1016/j.thromres.2018.08.013

37. Li, Y, Zhao, Q, Liu, B, Dixon, A, Cancio, L, Dubick, M, et al. Early complementopathy predicts the outcomes of patients with trauma. Trauma Surg Acute Care Open. (2019) 4:e000217. doi: 10.1136/tsaco-2018-000217

38. Amano, MT, Ferriani, VP, Florido, MP, Reis, ES, Delcolli, MI, Azzolini, AE, et al. Genetic analysis of complement C1s deficiency associated with systemic lupus erythematosus highlights alternative splicing of normal C1s gene. Mol Immunol. (2008) 45:1693–702. doi: 10.1016/j.molimm.2007.09.034

39. França, FO, Benvenuti, LA, Fan, HW, Dos Santos, DR, Hain, SH, Picchi-Martins, FR, et al. Severe and fatal mass attacks by 'killer' bees (Africanized honey bees–Apis mellifera scutellata) in Brazil: clinicopathological studies with measurement of serum venom concentrations. Q J Med. (1994) 87:269–82.

40. Oliveira Orsi, R, Zaluski, R, de Barros, LC, Barraviera, B, Pimenta, DC, and Ferreira Junior, RS. Standardized guidelines for Africanized honeybee venom production needed for development of new apilic antivenom. J Toxicol Environ Health B Crit Rev. (2024) 27:73–90. doi: 10.1080/10937404.2023.2300786

41. Caldas, DA, Graça, FAS, de Barros, JSM, Rolim, OF, Peixoto, T, da, C, et al. Lesions caused by Africanized honeybee stings in three cattle in Brazil. J Venomous Anim Toxins Including Trop Dis. (2013) 19:1–5. doi: 10.1186/1678-9199-19-18

42. Rahman, MM, Lee, SJ, Kim, GB, Yang, DK, Alam, MR, and Kim, SJ. An accidental fatal attack on domestic pigeons by honeybees in Bangladesh. J Vet Med Sci. (2015) 77:1489–93. doi: 10.1292/jvms.15-0183

43. Milbradt, EL, Silva, TM, Hataka, A, Teixeira, CR, Okamoto, AS, and Andreatti Filho, RL. Massive attack of honeybee on macaws (Ara ararauna and Ara chloropterus) in Brazil - A case report. Toxicon. (2017) 136:1–5. doi: 10.1016/j.toxicon.2017.06.007

44. Dislich, M, Oliva, LR, and Neumann, U. Clinical observations of bee envenomation in toucans. J Zoo Wildl Med. (2021) 52:787–94. doi: 10.1638/2020-0037

45. Macêdo, IL, Sousa, DER, Souza, ADR, Armién, AG, MaChado, M, and Castro, MB. Fatal Africanized bee attack in captive non-human primates (Saimiri ustus and Sapajus libidinosus). Toxicon. (2024) 241:107666. doi: 10.1016/j.toxicon.2024.107666

46. Ministério da Saúde Brasil. Série histórica de acidentes por abelhas – 2000 a 2022. Série histórica de acidentes por abelhas - 2000 a 2022 . Ministério da Saúde. Available online at: www.gov.br (Accessed june 17th 2024).

47. Pucca, MB, Cerni, FA, Oliveira, IS, Jenkins, TP, Argemí, L, Sørensen, CV, et al. Bee updated: current knowledge on bee venom and bee envenoming therapy. Front Immunol. (2019) 10:2090. doi: 10.3389/fimmu.2019.02090

48. Fitzgerald, KT, and Flood, AA. Hymenoptera stings. Clin Tech Small Anim Pract. (2006) 21:194–204. doi: 10.1053/j.ctsap.2006.10.002

49. Ministério da Saúde Brasil. Acidentes por abelhas . Acidentes por abelhas — Ministério da Saúde. Available online at: www.gov.br (Accessed February 26th 2023).

50. Perez-Riverol, A, Lasa, AM, Dos Santos-Pinto, JRA, and Palma, MS. Insect venom phospholipases A1 and A2: Roles in the envenoming process and allergy. Insect Biochem Mol Biol. (2019) 105:10–24. doi: 10.1016/j.ibmb.2018.12.011

51. Burzyńska, M, and Piasecka-Kwiatkowska, D. A review of honeybee venom allergens and allergenicity. Int J Mol Sci. (2021) 22:8371. doi: 10.3390/ijms22168371

52. Müller, U, Mosbech, H, Blaauw, P, Dreborg, S, Malling, HJ, Przybilla, B, et al. Emergency treatment of allergic reactions to Hymenoptera stings. Clin Exp Allergy. (1991) 21:281–8. doi: 10.1111/j.1365-2222.1991.tb01659.x

53. Fehr, D, Micaletto, S, Moehr, T, and Schmid-Grendelmeier, P. Risk factors for severe systemic sting reactions in wasp (Vespula spp.) and honeybee (Apis mellifera) venom allergic patients. Clin Transl Allergy. (2019) 9:54. doi: 10.1186/s13601-019-0292-5

54. Sahiner, UM, and Durham, SR. Hymenoptera venom allergy: how does venom immunotherapy prevent anaphylaxis from bee and wasp stings? Front Immunol. (2019) 10:1959. doi: 10.3389/fimmu.2019.01959

55. Ramb, A, Tet, O, Mendes, RP, Barraviera, SRCS, Souza, LR, Martins, JG, et al. Africanized honeybee stings: how to treat them? Rev da Sociedade Bras Medicina Trop. (2011) 44:755–61. doi: 10.1590/S0037-86822011000600020

56. da Silva, GAR, Pires, KL, Soares DC de, S, Ferreira, MR, de Almeida Ferry, FR, Motta, RN, et al. RRH: envenoming syndrome due to 200 stings from Africanized honeybees. Rev Inst Med Trop S Paulo. (2013) 55:61–4. doi: 10.1590/S0036-46652013000100011

57. Hughes, RL. A fatal case of acute renal failure from envenoming syndrome after massive bee attack: A case report and literature review. Am J Forensic Med Pathol. (2019) 40:52–7. doi: 10.1097/PAF.0000000000000451

58. Barbosa, AN, Ferreira, RS Jr, de Carvalho, FCT, Schuelter-Trevisol, F, Mendes, MB, Mendonça, BC, et al. Single-arm, multicenter phase I/II clinical trial for the treatment of envenomings by massive Africanized honey bee stings using the unique Apilic antivenom. Front Immunol. (2021) 12:653151. doi: 10.3389/fimmu.2021.653151

59. Zoccal, KF. A peçonha do escorpião Tityus serrulatus é reconhecida por receptores de reconhecimento padrão e induz ativação celular e inflamação. Ribeirão Preto Faculdade Ciências Farmacêuticas Ribeirão Preto. (2014). doi: 10.11606/T.60.2014.tde30102014-155349

60. Laemmli, UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature. (1970) 227:680–5. doi: 10.1038/227680a0

61. Morrissey, JH. Silver stain for proteins in polyacrylamide gels: a modified procedure with enhanced uniform sensitivity. Anal Biochem. (1981) 117:307–10. doi: 10.1016/0003-2697(81)90783-1

62. Silva-de-França, F, Villas-Boas, IM, Serrano, SMT, Cogliati, B, Chudzinski, SAA, Lopes, PH, et al. Naja annulifera Snake: New insights into the venom components and pathogenesis of envenomation. PLoS Negl Trop Dis. (2019) 13:e0007017. doi: 10.1371/journal.pntd.0007017

63. Kotimaa, J, Klar-Mohammad, N, Gueler, F, Schilders, G, Jansen, A, Rutjes, H, et al. Sex matters: Systemic complement activity of female C57BL/6J and BALB/c J mice is limited by serum terminal pathway components. Mol Immunol. (2016) 76:13–21. doi: 10.1016/j.molimm.2016.06.004

64. Seelen, MA, Roos, A, Wieslander, J, Mollnes, TE, Sjöholm, AG, Wurzner, R, et al. Functional analysis of the classical, alternative, and MBL pathways of the complement system: standardization and validation of a simple ELISA. J Immunol Methods. (2005) 296:187–98. doi: 10.1016/j.jim.2004.11.016

65. Cohen, J. Statistical power analysis. Curr Dir psychol Sci. (1992) 1:98–101. doi: 10.1111/1467-8721.ep10768783

66. Silva de França, F, and Tambourgi, DV. Hyaluronan breakdown by snake venom hyaluronidases: From toxins delivery to immunopathology. Front Immunol. (2023) 14:1125899. doi: 10.3389/fimmu.2023.1125899

67. Schumacher, MJ, Schmidt, JO, Egen, NB, and Lowry, JE. Quantity, analysis, and lethality of European and Africanized honeybee venoms. Am J Trop Med Hyg. (1990) 43:79–86. doi: 10.4269/ajtmh.1990.43.79

68. Morgan, BP, Walters, D, Serna, M, and Bubeck, D. Terminal complexes of the complement system: new structural insights and their relevance to function. Immunol Rev. (2016) 274:141–51. doi: 10.1111/imr.12461

69. Morgan, BP, Boyd, C, and Bubeck, D. Molecular cell biology of complement membrane attack. Semin Cell Dev Biol. (2017) 72:124–32. doi: 10.1016/j.semcdb.2017.06.009

70. De Carolis, C, Perricone, R, De Sanctis, G, and Fontana, L. Complement activation by Hymenoptera venom allergenic extracts. J Allergy Clin Immunol. (1982) 70:219–20. doi: 10.1016/0091-6749(82)90045-8

71. Resende, VM, Vasilj, A, Santos, KS, Palma, MS, and Shevchenko, A. Proteome and phosphoproteome of Africanized and European honeybee venoms. Proteomics. (2013) 13:2638–48. doi: 10.1002/pmic.201300038

72. Hemmer, W, Focke, M, Kolarich, D, Wilson, IB, Altmann, F, Wöhrl, S, et al. Antibody binding to venom carbohydrates is a frequent cause for double positivity to honeybee and yellow jacket venom in patients with stinging-insect allergy. J Allergy Clin Immunol. (2001) 108:1045–52. doi: 10.1067/mai.2001.120013

73. Garred, P, Genster, N, Pilely, K, Bayarri-Olmos, R, Rosbjerg, A, Ma, YJ, et al. A journey through the lectin pathway of complement-MBL and beyond. Immunol Rev. (2016) 274:74–97. doi: 10.1111/imr.12468

74. Hurler, L, Toonen, EJM, Kajdácsi, E, van Bree, B, Brandwijk, RJMGE, de Bruin, W, et al. Distinction of early complement classical and lectin pathway activation via quantification of C1s/C1-INH and MASP-1/C1-INH complexes using novel ELISAs. Front Immunol. (2022) 13:1039765. doi: 10.3389/fimmu.2022.1039765

75. Hansen, CB, Csuka, D, Munthe-Fog, L, Varga, L, Farkas, H, Hansen, KM, et al. The levels of the lectin pathway serine protease MASP-1 and its complex formation with C1 inhibitor are linked to the severity of hereditary angioedema. J Immunol. (2015) 195:3596–604. doi: 10.4049/jimmunol.1402838

76. Azevedo-Marques, MM, Ferreira, DB, and Costa, RS. Rhabdomyonecrosis experimentally induced in Wistar rats by Africanized bee venom. Toxicon. (1992) 30:344–8. doi: 10.1016/0041-0101(92)90875-6

77. Lee, YJ, Kang, SJ, Kim, BM, Kim, YJ, Woo, HD, and Chung, HW. Cytotoxicity of honeybee (Apis mellifera) venom in normal human lymphocytes and HL-60 cells. Chem Biol Interact. (2007) 169:189–97. doi: 10.1016/j.cbi.2007.06.036

78. Leatherdale, A, Stukas, S, Lei, V, West, HE, Campbell, CJ, Hoiland, RL, et al. Persistently elevated complement alternative pathway biomarkers in COVID-19 correlate with hypoxemia and predict in-hospital mortality. Med Microbiol Immunol. (2022) 211:37–48. doi: 10.1007/s00430-021-00725-2

79. Kerkovits, NM, Janovicz, A, Ruisanchez, E, Õrfi, E, Gál, P, Szénási, G, et al. Anaphylatoxin C3a induces vasoconstriction and hypertension mediated by thromboxane A2 in mice. FASEB J. (2019) S1:ib510. doi: 10.1096/fasebj.2019.33.1_supplement.lb510

80. Sauter, RJ, Sauter, M, Reis, ES, Emschermann, FN, Nording, H, Ebenhöch, S, et al. Functional relevance of the anaphylatoxin receptor C3aR for platelet function and arterial thrombus formation marks an intersection point between innate immunity and thrombosis. Circulation. (2018) 138:1720–35. doi: 10.1161/CIRCULATIONAHA.118.034600. Erratum in: Circulation. 2019 Jan 15;139(3):e8. doi: 10.1161/CIR.0000000000000650. Dürschmied, Daniel [corrected to Duerschmied, Daniel]. PMID: 29802205; PMCID: PMC6202244.

81. Kabra, R, Andhale, A, Acharya, S, Kumar, S, and Sawant, R. Acute ischemic stroke post honeybee sting: A rare case report. Cureus. (2022) 14:e31851. doi: 10.7759/cureus.31851

82. Guo, RF, Riedemann, NC, and Ward, PA. Role of C5a-C5aR interaction in sepsis. Shock. (2004) 21:1–7. doi: 10.1097/01.shk.0000105502.75189.5e

83. Silva, BM, Gomes, GF, Veras, FP, Cambier, S, Silva, GV, Quadros, AU, et al. C5aR1 signaling triggers lung immunopathology in COVID-19 through neutrophil extracellular traps. J Clin Invest. (2023) 133:e163105. doi: 10.1172/JCI163105

84. Russkamp, NF, Ruemmler, R, Roewe, J, Moore, BB, Ward, PA, and Bosmann, M. Experimental design of complement component 5a-induced acute lung injury (C5a-ALI): a role of CC-chemokine receptor type 5 during immune activation by anaphylatoxin. FASEB J. (2015) 29:3762–72. doi: 10.1096/fj.15-271635

85. Bossi, F, Fischetti, F, Pellis, V, Bulla, R, Ferrero, E, Mollnes, TE, et al. Platelet-activating factor and kinin-dependent vascular leakage as a novel functional activity of the soluble terminal complement complex. J Immunol. (2004) 173:6921–7. doi: 10.4049/jimmunol.173.11.6921

86. Høiland, II, Liang, RA, Braekkan, SK, Pettersen, K, Ludviksen, JK, Latysheva, N, et al. Complement activation assessed by the plasma terminal complement complex and future risk of venous thromboembolism. J Thromb Haemost. (2019) 17:934–43. doi: 10.1111/jth.14438




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Silva de França, de Oliveira Orsi, Fernandes, Leonel and Tambourgi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1463471-g007.jpg
sC5b-9

sC5b-9

sC5b-9

b BRBp c
-o- Vehicle BBPP S Yehicle et ~&= Vehicle gggg
aooo == AmV 10ug =B AmV 25 Fkk
so0g™ ATV 5ug *% 3500 #HiHH 5000 oM@ s
2625
2250 58668 3750
—_ o7 %* 5888 —— 5355
TE: A E HHH *% & E %%
< 1500 0 = 1750 o < 2500 85888
=] (S 09 HHHE
En ) El 7] |E|
750 875 1250
0
0 30 60 120 0 30 60 120 0 30 60 120
Time [min] Time [min] Time [min]
BBBP pppp
-~ Vehicle o e _':'_ Xefli/cgeoo =y f -~ Vehicle gggg
50002 AmV 50ug HHHH 8000 m ng S5 HHHHE 7000 AmV 150ug Lot
aaoa
*%k%
3750 6000 5666 Hi 5250
3 2T *dk%k & E 55565 0888
= 2500 0 =t 4000 235 3500 * % %%
2 @ E % E Hitth
1250 2000 1750
0 30 60 120 0 30 60 120 0 30 60 120
Time [min] Time [min] Time [min]
el i g BBBP h o~ Vehicle BBBB I o Vehice %(Ecég
28 aocoa == aocooa
5000 Yook de 60005 MV °00u ek 180007 AV 100018 585 g
58866 538698 9(‘1*(:
3750 5888 B 13500 BB HAEHE
- — 4000 p Jeok Je —_ RE
= 5868 563860 Q@ *% Q
£ 2500 * *% 8 E i @ £ 9000
£ 2 E 2L
1250 2000 4500

0 30 60 120 0 30 60 120 0 30 60 120
Time [min] Time [min] Time [min]





OEBPS/Images/fimmu-15-1463471-g002.jpg
a

CP activity C4 [%]

(9}

CP activity C4 [%]

®

CP activity C4 [%]

«Q

CP activity C4 [%]

100

A ~
o [3,]

N
3]

W

100

~
(3,

(3]
o

N
[3,]

100

(3] ~
o [3,]

N
[3,]

34
#X
*

100

3] ~
o [3,]

N
3,

#
#X

== Vehicle
== AmV 10 ug

NHS 30 60 120
Time [min]

== \Vehicle
== AmV 100 ng

*
*%
#

34

NHS 30 60 120
Time [min]

== \Vehicle
== AmV 500 png

NHS 30 60 120
Time [min]

=0= \Vehicle
== AmV 1000 pg

k%%

NHS 30 60 120
Time [min]

b =0= Vehicle

2250 AMV10pg shes
**
ry
5
g 1500
I
Z
=
Q 750
(72
-
(&)
0
Tlme [min]
=0~ Vehicle .

=o= AmV100 ug

2250 *** o
1500
750
0

C1s-C1INH [ng/mL]

Tlme [min]
LI pppp
== AmV 500 pg ****
E 3000
S 00
£ 2250 Jedk
T
Z 1500
=
Q
2 750
(8}
Tlme [mln]
h =0- Vehicle ﬁB

== AmV 1000 ng

3000
2250
1500
750
0

Tlme [mln]

C1s-C1INH [ng/mL]





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Africanized honeybee venom (Apis mellifera) promotes human complement activation split products storm

      

        		

          Introduction

        



        		

          Methods and findings

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Material and methods

        

          		

            2.1 Venom collection

          



          		

            2.2 AmV reconstitution and toxins analysis

          



          		

            2.3 Ethics statement

          



          		

            2.4 Human blood drawing and serum collection

          

            		

              2.4.1 Determination of anti-AmV IgG presence in NHS samples

            



            		

              2.4.2 Serum exposure to AmV

            

              		

                2.4.2.1 AP, CP, and LP functional analysis

              



              		

                2.4.2.2 Complement activation split products measurement

              



            



            



          



          



          		

            2.5 Statistical analyses

          



        



        



        		

          3 Results

        

          		

            3.1 AmV toxins analysis

          



          		

            3.2 AmV interferes with human complement pathways activity

          



          		

            3.3 AmV is a potent anaphylatoxin inducer

          



          		

            3.4 Honeybee venom stimulates sC5b-9 complex assembly

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1463471-g004.jpg
a -~ Vehicle

oo

C3a/C3adesArg
[ng/mL]
= w
~ 0
[3,] o

aa

0.00
0 30 60 120

Time [min]

d =o= Vehicle 5888
=#= AmV 50ug BBBB

B0 %%k
HiHHE

o
o

BBP

aoa
LER) *x%k

aaa

C3a/ C3adesArg
[ng/mlL]
= w
[3,] o

e
=)

0 30 60 120

Time [min]

g - venice 5680
-= AmV250ug PBBB
5.00 kkkk

@
~
a

aooa

*%* oaoo
*%%

C3a/ C3adesArg
[ng/mL]
= N
N (22
[3,} o

0.00

0 30 60 120

Time [min]

b =0- Vehicle
== AmV 10ug §86

6.0 PBBP

*kkk
HitiHt

»
o

C3a/ C3adesArg
[ng/mL]
== w
a o

o
=)

0 30 60 120

Time [min]

e -~ Vehicle 5868

-m- AmV 100 ug BBPBP
12 *kkk

HHH

oLoLaL o
*% oaaao

C3a/ C3adesArg
[ng/mL]
[<;]

0 30 60 120

Time [min]

h =0~ Vehicle 3606

-=- AmV 500
200 wg PPPP

C3a/ C3adesArg
[ng/mL]
= w
~ a
a o

0.00

0 30 60 120

Time [min]

c -o- Vehicle 90800

700" AmV25ug li[i[iﬁ

o
N
a

C3a/ C3a desArg
[ng/mL]
w
3

1.75
0.00
0 30 60 120
Time [min]
f =0- Vehicle s
56060
- AmV 150

7.00 O BBpp
Fekk
HiHH

C3a/ C3a desArg
[ng/mL]
w
a
o

1.75
0.00
0 30 60 120
Time [min]
i =0~ Vehicle
= X0 5350
20 Kk

C3a/ C3a desArg
[ng/mL]
© N o

H

o

0 30 60 120

Time [min]





OEBPS/Images/fimmu-15-1463471-g006.jpg
a b c BBBp

ool Ll o~ Vehicle PBBB _ Gt
Vehicle
== AmV 5pg LOLOL = AmV 10 oo - *dkkdk
120 ao ek sk 150 & *ekkk == AmV 259 it
*kkk  HH 200
o THERE
90 58 2 120 o
< s E
3 BB ) < 160
TE * $T 90 8
8 5 60 2 s £ g E 120
S 30 3 o
© S 30 -

0 30 60 120 0 30 60 120 0 30 60 120

Time [min] Time [min] Time [min]
BBBP . BBBP
. J— Gl e = vene pess fo e agin
-# AmV 50 @ AmV 100 ==
300 SRR HH 350 m kg 555 *hdd 275 AmV 130ug HitHt
2 2 280 o
< 225 < g 220
(7] (] —_ )
s S 3 210 ST 165
g £ 150 g £ o £
0 B 0 o 0 o
s O £ 140 O £ 110
@ (] ©
Te] 75 0
o o 10 S 55
0
0 30 60 120 0 30 60 120 0 30 60 120
Time [min] Time [min] Time [min]
g -o- Vehicle BBP h . Xeh\;clfoo aAoLoLOL I -0~ Vehicle BRpP
oo == oaoaa
225—'— AmV 250ug 555 NS 300 m Hg gggﬁt *edekk =& AmV 1000ug dekdkk
HHH 5630 HHH

1000

-
=]
o

225

-

w

(3}
~
a
o

A
o
o

Cb5a/ C5a desArg
[ng/mL]
©
o

C5a/ C5a desArg
[ng/mL]
&
o
C5a/ C5a desArg
[ng/mL]

B

o
N
a
o

o

0 30 60 120 0 30 60 120 0 30 60 120

Time [min] Time [min] Time [min]






OEBPS/Images/table2.jpg
AmV [ug/mL]

10 + 0,340 ‘ 0.0159
100 + 0,6142 ‘ <0.0001
500 + 0,6034 ‘ <0.0001
1000 + 0,6064 ‘ <0.0001

Spearman’s correlation coefficients (r,).
+ 0.10= weak correlation.

+ 0.30 moderate correlation.

+ 0.50 strong correlation.





OEBPS/Images/fimmu-15-1463471-g008.jpg
MBL, FLs, CLs, MASP-1,-2,-3 Clq, C1r, Cls. 4

L QN
é : 3/C3b, FB, FD, FP Inflammatory

C
/ _@-@'C.;@" events
AMRRA R |
* " O% e w Bee envenoming | 8
J, ‘ 1 - pathology

- i e0®-
’ » -@-@- " Tissue (l:Iamage
’ ‘ ‘ and organ
. o . dysfunctions
Diagnosis, prognosis
and therapeutic targets

® ® . -

AmV 3 C3a c4 Cda c5 C5a Cc6 c7 c8 cs Cls/ MASP1/ FBa Vitronectin or sTCC forms
toxins anaphylatoxin  anaphylatoxin anaphylatoxin C1INH C1INH Clusterin






OEBPS/Images/table3.jpg
rs p value

10 - 0,2361 0.0302
100 - 0,354 <0.0021
500 - 0,2915 ' <0.0433
1000 - 0,6487 » <0.0001

Spearman’s correlation coefficients (r;).
+ 0.10= weak correlation.

+ 0.30 moderate correlation.

+ 0.50 strong correlation.





OEBPS/Images/fimmu.2024.1463471_cover.jpg
& frontiers | Frontiers in Immunology

Africanized honeybee venom (Apis
mellifera) promotes human complement
activation split products storm





OEBPS/Images/fimmu-15-1463471-g003.jpg
a =0~ Vehicle
== AmV 10 ug

100
—_ *% *kk
< # *;* 3
< 75
(&)
2
S 50
-
o
©
o 25
-
0

NHS 30 60 120

Time [min]

C =0= Vehicle
== AmV 100 pg

100
_ *kk
) *kkk kkkk #
= tHt
5 75 i
(&)
2
E 50
ot
()
(3]
o 25
=

NHS 30 60 120

Time [min]

e =0= Vehicle
== AmV 500 ug

75

50

LP activity C4 [%]

N
[3,]

NHS 30 60 120
Time [min]
g =0- Vehicle

== AmV 1000 pg
100

3] ~
o 3]

LP activity C4 [%]
N
(5}

NHS 30 60 120

Time [min]

o

=0- Vehicle
== AmV 10 ug

120

(=] ©
o o

MASP1-C1INH [ng/mL]
w
(=)

0 30 60 120

Time [min]

Q

=0= Vehicle
== AmV 100 ng

MASP1-C1INH [ng/mL]

0 30 60 120
Time [min]

=h

=0 Vehicle
== AmV 500 ug

[=2]
o

MASP1-C1INH [ng/mL]
w
o

0 30 60 120
Time [min]

=

=0= Vehicle
=0= AmV 1000 ng

MASP1-C1INH [ng/mL]

0 30 60 120
Time [min]





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1463471-g001.jpg
a =0= Vehicle
== AmV 10 ug
100
S
8 75
> KEX ekxx
S 50 HHHE yesex%
=
o HiHH
©
o 25
<
NHS 30 60 120
Time [min]
C =0= Vehicle
== AmV 100 pg/mL
100
S
n 15
(6]
2
S 50
=
o
©
& 25 o *k*k*
i *k*k*
0
NHS 30 60 120
Time [min]
e =0= Vehicle
== AmV 500 ng
100
S
oy 75
(6]
2
E 50
it
o
©
o 25
<

0
NHS 30 60 120
Time [min]
=0= Vehicle

«Q

== AmV 1000 pg

100

=

n 15

(&)

2

S 50

b

o

(1]

o 25 ek %k *kk%k

< *kkk IHHHE
0

NHS 30 60 120
Time [min]

b -0~ Vehicle
70005 AmV 10 pg o

5250

Ba [ng/mL]
w
a
3

1750

0 30 60 120

Time [min]
d =0= Vehicle (].%L%t
== AmV 100 pg *kkk
55 HgH

Ba [ng/mL]

0 30 60 120

Time [min]
oo
f e~ Vehicle BB
8750 AmV500ug o *kk
8[38 *(;*
7000 g T
) HH
E 5250
(=]
=
< 3500
m
1750
0 30 60 120
Time [min]
h -~ Vehicle et
160005 AmMV 1000 g #HH#
Kk Kk
HHHE
*kk*k
12000 S

Ba [ng/mL]
<)
o
o
o

4000

0 30 60 120

Time [min]





OEBPS/Images/fimmu-15-1463471-g005.jpg
a 585 b 38 C

=0~ Vehicle ;x,(‘x*(x* =0~ Vehicle *[i [i[i =0~ Vehicle
== AmV 25
150(-)‘- AmV 5pug M 1606.- AmV 10ug i 1500 Hg
BRP aoa S Fede PB X i
1200 g *% o *AEx  HH o 1200 Sakk TR
o it ittt 2 1200 il 5 P
3 o ;o
g g 900 82 3§ 900
T = w5 800 T 5
S £ 00 % = 3 £ 600
T ©
3 S 400 S
(&) 300 S} 300
0
0 30 60 120 0 30 60 120 0 30 60 120
Time [min] Time [min] Time [min]
d =0~ Vehicle e 08308 f -o= Vehi 55
-o- Vehicle oo ehicle
1506.- AmV 50ug %ggg - AmV 100 g JORHRIN 2006.- AmV 150pug %‘;gg —
aooo HiHHE 2000 it HitH *kkk
o 1200 o > o
< Z 1500 g 1500
% _EI 900 T é g 5688
o
3o m§,1ooo 3 5 1000 BBB
O £ 600 S & oL
© ® E
< < <
© 300 o 500 S 500
0 30 60 120 0 30 60 120 0 30 60 120
Time [min] Time [min] Time [min]
g . 5868 h ~o- Vehicle | b i
~e- Vehicle oo -8 AmV 5009 0l o 9 BBBP
2500—.— AmV 250ug I 2500 p— o 2500 m ug aooo
HHHH kkdkk *kkk
HitHE HitHE
o B 2000 o 2000
< b <
8 3 0 1500 iy 1500
o PR 5585 o E
3 S £ 1000 PB 3 £ 1000
S 5 ®
< ~ <
o o 500 o 500
0
0 30 60 120 0 30 60 120 0 30 60 120

Time [min] Time [min] Time [min]





OEBPS/Images/table1.jpg
AmV [pug/mL]

10 + 0,5428 <0.0001
100 +0,5831 <0.0001
500 . +0,6147 <0.0001
1000 +0,6039 <0.0001

Spearman’s correlation coefficients (ry).
+ 0.10= weak correlation, + 0.30 moderate correlation.
+ 0.50 strong correlation.





