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Horseshoe crab (HSC) hemolymph is the source of Limulus amebocyte lysate (LAL), a critical component in sterility testing that ensures drug and medical device safety for millions of patients every year. Wild HSC populations have been declining as a result of its use as whelk and eel bait, environmental changes, and its capture and bleeding for hemolymph by the biomedical industry, thus posing significant risks to species viability and the LAL raw material supply chain. We designed a controlled aquaculture habitat to husband HSCs and evaluated the effects of captivity on health markers (e.g., amebocyte density, hemocyanin levels, and LAL activity). We found HSC aquaculture to be practicable, with routine hemolymph harvesting resulting in high LAL quality, while safeguarding animal well-being with 100% HSC survival. Further, low-impact hemolymph harvesting via an indwelling catheter revealed rapid amebocyte rebound kinetics after consecutive 10% hemolymph extractions. Sustainable supplies of LAL could also be adapted to address daunting trends in septicemia and antimicrobial resistance. LAL is uniquely sensitive and specific for gram-negative bacteria, which represent 70–80% of pathogens that typically lead to sepsis. However, erratic results associated with interfering substances plagued efforts to adapt LAL for clinical use in the past. We report the development of a new LAL-based assay that can detect gram-negative bacteria and endotoxins in human blood without interference using aquaculture-derived LAL. Based on this research, sustainable LAL production from aquaculture could potentially satisfy industry needs with a fraction of one year’s current capture via year-round harvesting from a finite cohort of HSCs and expand raw materials supplies for potential future clinical applications.
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INTRODUCTION

In 1983, the Limulus amebocyte lysate (LAL) assay was approved by the Food and Drug Administration (FDA) for pharmaceutical quality control testing and became the bacterial endotoxin test of choice for detection of gram-negative pathogens due to its simplicity, specificity, and sensitivity (Hochstein, 1990; Cooper, 2001). Early discoveries revealed instantaneous, rigid gel clot formation upon LAL exposure to lipopolysaccharides (LPS) at parts per trillion (Roslansky and Novitsky, 1991). The clotting cascade and LPS gel detection method are shown in Figure 1. As a highly toxic, heat-stable molecule, LPS comprises approximately 70% of the outer membranes of gram-negative bacteria. The unique sensitivity (0.05–50.0 EU/ml) and specificity of LAL characterize its potential for detecting LPS in human blood with important clinical indications as the most sensitive and rapid method for endotoxin detection (Food and Drug Administration [FDA], 1987; Hochstein, 1990) with specificity for up to 80% of pathogens that typically lead to sepsis (MacVane, 2017).
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FIGURE 1. LPS and 1,3-β-D-glucan clotting cascades of the HSC amebocyte lysate. (A) Bacterial endotoxins (LPS) activate Factor C (C-bar), which then activates Factor B (B-bar). Activated Factor B converts the proclotting enzyme to a clotting enzyme and cleaves two coagulogen peptide bonds to form an insoluble coagulin gel. A similar pathway is shown for 1,3-β-D-glucan, which comprises the cell wall of most invasive fungal pathogens. (B) Schematic of a typical LPS-mediated LAL gel clot assay.


From a clinical perspective, a lack of tools for the early detection of blood-borne endotoxins, including LPS, often leads to inappropriate antibiotic administration (Baker et al., 2018). Antibiotics accelerate LPS shedding from the outer membrane of gram-negative bacteria and release inflammatory mediators (Jean-Baptiste, 2007). Early detection and timely, informed therapy could thus help decrease LPS levels during sepsis, potentially minimizing its toxic effects and improving patient survival rates (Berg and Gerlach, 2018); whereby, they increase by 7.6% per hour with appropriate antibiotic administration (Kumar et al., 2006). However, conventional laboratory methods for detecting bacteria in human blood have not advanced substantially since the advent of culture, which often requires 2–3 days for test results (Samuel, 2018).

Basal LPS levels are subject to significant variation due to an array of bacterial species and the preparation method used. Nonetheless, they are consistently higher in septic patients (0.96–3.45 EU/ml and 300 pg/ml) when compared to healthy subjects with ranges from 0.04 to 0.36 EU/ml and 5.1 pg/ml (Fleishman and Fowlkes, 1982; Casey et al., 1993; Bates et al., 1998; Ketchum et al., 1997; Strutz et al., 1999; Hurley et al., 2015). For FDA testing protocols, the acceptable safe (non-pyrogenic) endotoxin limit for injected and inhaled pharmaceutical products is ∼0.25–0.50 EU/ml (Williams, 2007; Hynes, 2016), which falls within the expected range of clinical insignificance.

However, LAL testing in human blood has been historically problematic, with considerable variability due to the presence of interfering substances that have either suppressed or spuriously activated the assay (Rowley et al., 1958; Keene et al., 1961; Oroszlam et al., 1966; Rudbach et al., 1966; Skarnes, 1966, 1968; Levin et al., 1970, 1971; Elin et al., 1975, 1976; Wardle, 1979; Freudenberg et al., 1980; Ulevitch et al., 1981; Yoshioka and Konno, 1984; Martel et al., 1985; Dawson, 1993; Elsbach and Weiss, 1993; Hurley, 1994, 1995; Marra et al., 1994; Gnauck et al., 2016). Early efforts to evaluate LAL for detection of endotoxins in patient blood were largely abandoned due to a lack of standardized procedures that often included extensive specimen manipulation (McCabe et al., 1972; Martinez et al., 1973; Stumacher et al., 1973; Feldman and Pearson, 1974; Elin et al., 1975; Zinner and McCabe, 1976; Gnauck et al., 2015). In particular, one published LAL method requires substantial sample dilution (up to 40-fold; Lonza Walkersville Inc, 2014), denaturing (heating at 70°C), and the addition of chemical inhibitors; whereas, dilution can limit sensitivity and overall complexity would lessen practicality as a rapid patient screening assay (Obayashi, 1984; Dawson, 2005; BioDtech Inc., 2014; Lonza Walkersville Inc, 2014). Anticoagulants, chemical inhibitors, and temperature-induced pH changes of the blood after preparation have also been shown to interfere with the reliability of the LAL assay (Gnauck et al., 2016). Further, the ratios and function of the clotting components in pooled LAL reagents from random wild horseshoe crab (HSC, Limulus polyphemus) harvesting are variable, which can affect reaction kinetics, LPS sensitivity, and result in batch-to-batch variation (Massignon et al., 1996).

From a conservation perspective, a clinical application for LAL may not be feasible, as the natural LAL resources are already strained by pharmaceutical sterility testing. Annually, some 600,000 HSCs are captured and bled to meet LAL demand, of which some 30% expire in the process (Atlantic States Marine Fisheries Commission [ASMFC], 2019). Current threats to wild HSC populations include not only biomedical harvesting but also habitat encroachment, global warming, and its use as bait for eel and whelk fisheries, which have negatively impacted population numbers (Krisfalusi-Gannon et al., 2018). The uncertain future of HSCs and the importance of LAL to modern medicine have prompted innovations for sustainable HSC cultivation (Krisfalusi-Gannon et al., 2018). As such, aquaculture has become a promising approach to restore dwindling populations. However, long-term efforts to husband adult HSCs have been largely unreported or unsuccessful for the last three decades (Carmichael and Brush, 2012). After 3–4 months of husbandry, research has indicated that hemolymph protein concentrations drop below reference ranges (3.4–11.8 mg/ml) and result in mortality, which is thought to be linked to nutritional deficiencies that give rise to panhypoproteinemia (Nolan and Smith, 2009).

The first objective of this study was to develop and optimize an indoor recirculating aquaculture system (RAS) for captive HSC husbandry that would facilitate repetitive LAL harvesting while maintaining animal wellbeing. A surgically implanted catheter was developed to achieve a low-impact, routine harvesting method. In this study, hemocyanin (Hc), amebocyte, and LAL activities were analyzed to examine the effect of aquaculture on adult HSCs. These health parameters play an essential role in immunity to defend against pathogens and ensure the overall health of the HSCs (Nagai et al., 2001). The rationale behind this objective was that controlled aquaculture could provide an alternative to current practices and foster conservation by establishing a more sustainable endotoxin testing resource from a finite cohort of captive HSCs. The expansion of LAL resources toward clinical medicine should also emphasize responsible methods of raw material collection. The establishment of an aquaculture model that could produce greater volumes of LAL reliably, sustainably, and economically would benefit nature and industry. Carefully controlled collection of LAL from monitored and well-maintained HSCs in aquaculture could increase LAL supply quantities, ensure species viability, and allow for new clinical innovations. The second objective of this study was to demonstrate the potential use of aquaculture-derived LAL as a rapid, reliable, and cost-effective method for detection of LPS as a marker for gram-negative bacteria that overcomes erratic results heretofore characteristic of testing human blood with LAL assays.



MATERIALS AND METHODS


Husbandry in RAS

The indoor management and maintenance of HSCs was evaluated in a pair of RAS at a salinity of 19.5–22.0‰. Each RAS was equipped with two holding tanks (4 ft × 6 ft × 1 ft), a biofiltration tank with K1 media (Pentair, Minneapolis, MN, United States), and a clarifying (solids separation) tank (Figure 2). Ambient air supplied oxygen to the water via a piston air pump with supplemental air stones positioned in each tank (Nelson and Pade, Montello, WI, United States). Water was recirculated through biological filtration tanks, allowing for water purification, hygiene, and disease prevention. Water parameters were measured and adjusted as needed six times per week over the course of the study.
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FIGURE 2. Recirculating aquaculture system (RAS). Temperature-controlled, saltwater system optimized for HSC aquaculture comprising multiple tanks, filtration units, UV sterility lights, and aeration system. Photograph of two HSCs in the RAS engaging in typical breeding behaviors.


HSCs were stocked at a density of one animal per 3 ft2. An isolated circular resin tank (diameter: 3.25 ft) equipped with a solids filter was used as a “hospital” tank to quarantine HSCs prior to RAS introduction and allow for recovery after catheter surgery (see Catheter Implantation section). HSCs (n = 24) were procured (Dynasty Marine Associates, Marathon, FL, United States) or acquired and maintained in accordance with collection and aquaculture operation permits (North Carolina Department of Environmental Quality, Division of Marine Fisheries; #1946771 and #1947050). A health assessment was recorded for each HSC upon intake (i.e., sex, weight, and carapace length/width, as well as appendage, carapace, eye, and mouth evaluation). HSCs sourced directly from the wild (“wild type”) were used as controls for some studies, from which hemolymph extracts were collected within 1 h of habitat removal to establish baselines.

In order to ensure HSC well-being and optimal hemolymph parameters, diet and feeding rates were established over a trial period of 6 weeks prior to the initiation of the study. Feed rates, dietary protein (DP), nutrient composition, and daily energy requirements were determined for natural feed sources and a commercially manufactured aquafeed (Classic Brood 46/12 Complete Feed, Skretting, Tooele, UT, United States). Initial observations revealed that HSCs fed at different rates per day (expressed as a percentage of the b/w of the HSC) depending on the diet (Tinker-Kulberg et al., under review). In this study, the nutrient composition of the selected commercial aquafeed after modification with gelatin (5% w/v) included protein (23%), lipids (6%), carbohydrates (2%), and moisture content (50%). Gelatin served as a binding agent to provide rigidity, extended water stability and nutrient retention; thus eliminating buoyancy (for sinking density) and affording HSCs time to forage on the tank floor to accommodate characteristic bottom scavenging. A daily feed rate of 3% of their b/w sustained (or increased) HSC weight (∼1.2% change on average) and serum protein levels (above 5.0 mg/ml) over the course of the study, with an associated survival rate of 100%. Any feed not consumed after 8 h was removed. Sodium bicarbonate was added to the RAS at 0.12 g per 1.0 g of feed to maintain alkalinity and pH.



Catheter Implantation

The catheter was composed of a radiopaque tube and a valve. For implantation, each HSC was gently immobilized, and the book gills were bathed with saltwater. Protective draping surrounded access to the pericardial membrane, and the region was prepped with 70% ethanol and betadine. An 18-gauge needle on the intravascular system was inserted at a 45° angle toward the prosoma (cephalothorax). Once the appearance of hemolymph was observed in the catheter, the guidewire was inserted and the device positioned. The needle was then removed; the site was cleaned; and a sterile, quick-drying topical tissue adhesive (VetbondTM, 3M, St. Paul, MN, United States) was applied. The catheter was capped with a sterile luer-lock, and it was affixed to the shell of the HSC in the dorsal prosoma region. Postoperative HSCs were monitored during recovery in the hospital tank. Using the implanted catheter, hemolymph was extracted for an initial health evaluation after 7 days, and the HSCs were reintegrated into the RAS cohort.



Hemolymph Collection

Hemolymph was collected via previously established methods for both the implanted and control cohorts (Coates et al., 2012; Anderson et al., 2013). Materials were rendered pyrogen-free by cleaning and overnight soaking in 1% E-Toxa-Clean(R) Solution (Sigma-Aldrich, St. Louis, MO, United States), heating at 200°C for 3 h, and rinsing with endotoxin-free water. For the control group without catheter insertion, the pericardial membrane was cleaned twice with 70% ethanol prior to hemolymph collection with a 22-gauge needle (Becton Dickson, NJ, United States) using a standard SOP (Armstrong and Conrad, 2008); for the implanted HSCs, it was collected using the catheters. An aliquot of the hemolymph was diluted (1:1) in a prechilled mixture of N-ethylmaleimide (0.125%), NaCl (3%), and Tris-HCl (0.5 M, pH 7.5) for amebocyte density analysis (Armstrong and Conrad, 2008; Coates et al., 2012; see Hemocyanin and Amebocyte Density section). Sterile tubes containing the balance of each harvest were centrifuged (1,000-rcf/5-min), and the supernatant was removed. Any samples that appeared clotted after centrifugation were not processed or analyzed. Amebocyte pellets were then washed with endotoxin-free NaCl (3% v/v), and both fractions were stored at −70°C pending analysis and LAL extraction.

Over the course of this research, to monitor the health of individual HSCs, 1 ml of hemolymph was extracted and analyzed for Hc concentration, amebocyte density, and LAL activity. For hemolymph extractions (e.g., 10%), blood volume was calculated as 25% (b/w), and the density was estimated at 0.00104 kg/ml (Hurton et al., 2005).



Hc and Amebocyte Density

Hc and amebocyte density were measured throughout the study as an indicator of HSC health. Total serum protein concentration was used as a proxy for Hc by diluting the hemolymph supernatant in Tris-HCl (0.1 M, pH 7.5) and measuring absorbance at 280 nm on a UV-Vis Spectrometer (Cary 6000i, Agilent Technologies). Dioxygen-bound Hc (Oxy-Hc) was likewise measured at 340 nm. The total protein concentration was calculated according to Nickerson and Van Holde (1971), using the absorption coefficient A280 = 1.39 mg–1 ml–1 cm–1 for Hc, and A350 = 0.223 mg–1 ml–1 cm–1 for Oxy-Hc. The percentage of Hc that was oxygen bound was determined using the ratio of Oxy-Hc (mg/ml) to Hc (mg/ml) × 100.

A 10 μl volume of the diluted aliquot was placed in a hemocytometer and analyzed microscopically. Since amebocytes are susceptible to rapid degranulation, a digital camera was used to record bright-field images from the hemocytometer, and counts were processed off-line using the ImageJ software (National Institutes of Health, Bethesda, MD, United States).



LAL Preparation and Analysis

LAL activity was assessed throughout the study as an indicator of HSC health and to investigate the effects of aquaculture on quality. LAL was prepared by thawing frozen amebocyte pellets on ice and then lysing them in pyrogen-free water at a 1:1 ratio of original hemolymph collection volume under gentle agitation over night at 4°C. Next, a chloroform extraction (1:1 v/v) of the lysate was performed for total protein measurement using a BCA kit (Pierce, Thermo Fisher Scientific, Waltham, MA, United States). All LAL extracts were aliquoted and frozen at −80°C pending analysis (no loss in LAL activity was observed in frozen samples for up to 6 months). Equal protein amounts of the LAL from aquaculture HSCs and commercial kits (E-ToxateTM, Sigma-Aldrich, St. Louis, MO, United States) were diluted to a total volume of 100 μl and tested for their respective and relative activities. All evaluated LAL samples were subjected to a single freeze–thaw cycle to preserve activity.

LAL activity was evaluated turbidimetrically. The commercial kit served as a control, and assays were performed following the manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO, United States). Aquaculture and commercial LAL (100 μl) samples were gently mixed with 100 μl of standard endotoxin solution (final concentration range: 0–50 EU/ml) in a pyrogen-free, 96-well microplate and incubated at 37°C for 1 h. The conversion of coagulogen to coagulin was measured at 340 nm on a microplate reader (BioTek 800TM, BioTek Instruments, Winooski, VT, United States). The turbidity of the blank (endotoxin-free lysate) was subtracted from test values, and the relationship between endotoxin concentration and clot formation was measured against a standard curve derived from commercial LAL.

Equal amounts of amebocyte total protein isolated from the individual HSCs were pooled and analyzed for LAL activity in triplicate. A turbidimetric LAL assay was performed by incubating a standard endotoxin solution (50 EU/ml, Sigma Aldrich, St. Louis, MO, United States) with different concentrations of LAL (0–300 μg). Hemolymph extracted from wild-caught HSCs (“wild type”) was collected within 1 h of capture, from which LAL was processed and frozen at −80°C pending analysis and then used as a control; results were also compared to a commercial LAL kit (E-ToxateTM, Sigma Aldrich, St. Louis, MO, United States). Both controls were diluted to the same concentration as the aquaculture LAL.

Purified protein extracts (10 μg) from commercial, aquaculture, and wild-type LAL were subjected to SDS-PAGE in the presence of β-mercaptoethanol. The total protein concentration of each sample was determined with a BCA assay. Each sample was diluted in a 4 × NuPAGETM loading buffer (Invitrogen, Carlsbad, CA, United States) containing 2.5% β-mercaptoethanol and heated to 85°C for 3 min. Electrophoresis was performed on 8% tris-glycine gels (NovecTM Wedge Well, Invitrogen, Carlsbad, CA, United States) and stained with Coomassie Brilliant Blue R-250 (Bio-Rad, Hercules, CA, United States). A SeeBlue® Plus2 Pre-stained Protein Standard (Invitrogen, Carlsbad, CA, United States) was used as a molecular weight marker.



Aquaculture LAL Assay of Human Blood Specimens

To test the ability for LAL to detect endotoxins (LPS) in human blood, presumably endotoxin-negative human blood was freshly drawn from healthy volunteers using citrated collection tubes (3.2% buffered sodium citrate to inhibit clot formation). Aliquots were then spiked with various concentrations of LPS (Escherichia coli 055:B5, World Health Organization [WHO], 2012) or left neat as negative controls and incubated at room temperature for 15 min (to allow unbound LPS to disperse so as to mimic circulating endotoxins in patient specimens). Before LAL analysis, the samples were centrifuged; aliquots were removed and chemically treated with a matching volume of endotoxin-free reagents (to that of the initial volume) to remove blood components known to interact with LPS and inhibit LAL activation. LAL assays were then performed as described above and demonstrated consistent spiked bacterial concentrations.

To evaluate detection of intact bacteria in human blood, exponential growth of E. coli (Turbo Competent) was selectively achieved in LB broth containing 100 μg/ml of ampicillin to an optical density of 0.35. The culture was centrifuged to pellet the bacteria and washed twice to remove unbound LPS. A sample containing only the LB growth medium in the absence of bacteria was also processed in parallel, to account for any LPS contamination (negative “broth” control). Samples were then resuspended in isotonic buffer (0.9% NaCl), and a bacterial count (CFU/ml) was performed by plating serial dilutions on LB agar plates containing 100 μg/ml of ampicillin. Blood samples were then spiked with equal volumes of bacteria at different concentrations or with the negative “broth” control and incubated at RT for 15 min. All samples were chemically treated as with the LPS-spiked blood samples and then frozen at −70°C for 1 h to destabilize the E. coli cellular membranes. Samples were then thawed at RT, and LAL assays were performed.

LPS-spiked blood (0–50 EU/ml), E. coli-spiked blood (0–5.0 × 105 CFU/ml), and controls were incubated with LAL at 37°C for 1 h at a 1:1 dilution, and clot formation was evaluated. A standard LAL gel clot assay with LPS (0–50 EU/ml) or E. coli (0–5.0 × 105 CFU/ml) was also performed as a positive control. A clot remaining at the bottom of the tube after a gentle 180° inversion was considered positive, whereas if the sample remained liquid and flowed down the tube, the assay result was considered negative. Clots were rated as follows: firm, opaque gel remaining stable after 180° inversion (++); soft gel with moderate to considerate opacity and tube adhesion when rotated 90°; weak gel with slight-to-moderate opacity and adhesion of starch-like floccules to sides of the tube when slanted (±); and no visible increase in viscosity or opacity (–) (Bishop and White, 1986).



Data Analysis

Individual HSC cohorts were used for each respective analysis. HSC Cohort A (n = 6) was used to measure differences in Oxy-Hc and amebocyte density over an 88-day period. HSC Cohort B (n = 6) was used to measure LAL activity in aquaculture HSCs (after 88 days of husbandry) in comparison to LAL from wild-type HSCs and a commercially available LAL kit (E-ToxateTM, Sigma-Aldrich). HSC Cohort C (n = 4) was used to measure differences in amebocyte density, Hc concentrations, and LAL activity (after 6 months of husbandry) for the 10% bleed study. Cohort D (n = 4) served as a no-bleed control to the 10% bleed studies.

Individual HSC data (Oxy-Hc and amebocyte density) varied slightly from animal to animal but with a low standard deviation. The LAL activity derived from individual HSCs was also similar, with low standard deviation. For simplicity and assay accuracy, LAL activity was measured using pooled samples from the entire aquaculture cohort, composed of equal amounts of proteins from individual HSCs. The standard deviation reported for LAL activity represents each assay, performed in triplicate.



RESULTS


HSC Aquaculture Husbandry

The RAS used for this HSC study was designed for conventional aquaculture operations and scalability using standard equipment. Specifically, it was configured to house 24 HSCs, with six in each of four groups. The RAS design, methods, and HSC viability with respect to repetitive bleeding and catheter tolerance were established during the study period (Figure 2).

Determining and maintaining optimal water quality parameters were especially important in assessing the feasibility of an indwelling catheter (Figure 3). Water temperatures were between 17.1 and 21.7°C (desired range: 15.0–25.0°C); pH was maintained from 7.5 to 8.0 (desired range: 7.5–8.8); and dissolved oxygen (DO) remained within 6.3–11.1 mg/L (desired range: >3.0–5.0) across all tanks. The target ammonia concentration was established at <1.0–3.0 ppm, with the average calculated at 0.732 (± 0.206) ppm across the study; and it stayed within the determined cautionary range (Timmons, 1994; Schreibman and Zarnoch, 2009; Ebeling and Timmons, 2010; Shelley and Lovatelli, 2011).
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FIGURE 3. RAS water quality parameters and testing. Measurements were performed daily, weekly, biweekly, or monthly, as indicated. †Average dissolved oxygen range: 6.3–11.1 mg/L. ‡Average temperature range: 17.1–21.7°C.


All HSCs in the RAS thrived throughout a 12-month period, as measured by biologic markers, including LAL activity, bleeding frequency, and breeding behaviors (i.e., copulation and sperm and egg release) and remained healthy throughout the investigation (100% survival). Water parameters did not change significantly throughout the course of the study at the calculated HSC density and feeding rate. Immediate and long-term action plans for system perturbations were established and deemed convenient and effective. The results indicated that HSC RAS husbandry is practicable, that management protocols can be easily executed using conventional equipment, and that available feed inputs are nutritionally robust and affordable (feed cost per pound: $0.78).



HSC Health Assessment After Catheter Implantation

Intravascular catheters were inserted into the respective pericardial membranes of the HSCs, which allowed for routine hemolymph collection up to three times per month (see HSC Health Assessment After Repetitive Hemolymph Collection section; Figure 7) without repetitive membrane punctures (Figure 4). The procedure and device design were optimized over time and well tolerated by the HSCs, as all survived catheter implantation and continued to demonstrate robust health after surgery, as reflected in subsequent testing. The following parameters were analyzed at predetermined intervals (see HSC Health Assessment After Repetitive Hemolymph Collection section) throughout the study: total serum protein concentration; amebocyte concentration (cells/ml); and the LAL activity of amebocyte extracts in response to LPS.
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FIGURE 4. HSC catheter implantation: (A) An 18-gauge needle on an intravascular catheter is inserted into the pericardial membrane toward the prosoma. (B) Once hemolymph was observed in the catheter tubing, a guidewire was deployed. (C) After the catheter was positioned, the needle was retracted; the insertion site cleaned; and a topical adhesive applied. HSCs (n = 12) were monitored in a “hospital” tank for 7 days before returning to the RAS.


Hemocyanin concentration was examined over the course of 88 days (HSC Cohort A; n = 6). The proportion of Hc with dioxygen-bound Hc (i.e., Oxy-Hc) is an indicator of health status, and it remained within a desirable range of 85–95% across all HSCs (Figure 5A). Amebocyte concentration was used to assess immune function and as an indication of well-being versus stress (Coates et al., 2012). The HSC amebocyte density levels remained high throughout the study and correlated with optimal vitality (Figure 5B; Day 0: 1.806E+07; Day 88: 2.093E+07).
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FIGURE 5. HSC dioxygen-bound hemocyanin (Oxy-Hc) and amebocyte density stability throughout the 88 days study. (A) Percentage of Oxy-Hc from aquaculture HSC hemolymph RAS. (B) Aquaculture HSC amebocyte density concentration. Results are represented as mean ± SD between individual HSCs in Cohort A (n = 6).


The aquaculture LAL (HSC Cohort B; n = 6) had similar activity to that of the wild HSCs, and both extracts revealed slightly increased activity compared with the lyophilized and preserved LAL from the commercial kit (although values were not determined to be statistically significant; Figure 6A). The activity of aquaculture LAL remained constant throughout the 88-day culture period (data not shown). At higher concentrations (150 μg), the enzymatic activity of aquaculture LAL was twofold higher than that of the commercial LAL at an LPS concentration of 50 EU/ml (Figure 6B). These findings suggest that fresh aquaculture lysates may contain a greater abundance of clotting factors per microgram of total extract than that contained by commercial sources, as evidenced by clot formation after 1 h of incubation and as LPS concentrations become saturated, typical of a zero-order kinetic reaction.
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FIGURE 6. Evaluation and protein analysis of aquaculture-derived LAL at Day 88. (A) Degree of gel clot formation (measured at 340 nm) based on the total protein content of amebocyte extracts (50 μg) using lysates prepared from aquaculture HSC (equal amounts of protein pooled from individual HSC in Cohort B; n = 6); freshly removed from wild-captured HSC (wild-type); or a commercial kit (Sigma E-ToxateTM). The total LPS concentration used for each was 50 EU/ml. (B) Degree of clot formation (measured at 340 nm) of aquaculture LAL (150 μg total protein, equal amounts of protein pooled from individual HSC in Cohort B; n = 6) compared to a commercial kit (150 μg protein) at different endotoxin concentrations: 0, 5.0, and 50.0 EU/ml. (C) Coomassie blue staining of crude protein lysate (10 μg per well): commercial LAL (Lane 1), aquaculture LAL (Lane 2), and wild-type LAL (Lane 3). Aquaculture LAL is representative of equal amounts of protein pooled from individual HSC in Cohort B (n = 6). Molecular weight marker (SeeBlueTM Plus2; Invitrogen, Thermo Fisher Scientific) is indicated.


Crude LAL derived from the aquaculture cohort (HSC Cohort B; n = 6) and the wild control demonstrated similar protein banding; however, different patterns were also observed with the commercial LAL using Coomassie-stained tris-glycine denaturing gel (Figure 6C). One protein band, identified as the L-chain of Factor C, migrated faster in the commercial LAL (∼43 kDa) than in the aquaculture LAL (∼52 kDa), which was confirmed via Western blotting with rabbit polyclonal antibody (COCH, ABclonal, Inc., Woburn, MA, United States; data not shown). Factor C typically generates a 43 kDa subunit (L-chain) under denaturing conditions (Shibata et al., 2018), and thus, the aquaculture-derived Factor C L-chain subunit could migrate at a higher molecular weight due to posttranslational modifications. As lysates prepared from freshly harvested wild HSCs revealed, this higher molecular weight form of Factor C does not appear to be a consequence of aquaculture but rather an effect of commercial LAL preparation (Figure 6C).



HSC Health Assessment After Repetitive Hemolymph Collection

The effects of aquaculture on Hc and amebocyte rebound kinetics were evaluated after repetitive HSC harvests (10% of total hemolymph volume). Hemolymph was drawn at three intervals: Bleed 1 (10% hemolymph volume at time = 0); Bleed 2 (10% hemolymph volume at time = 16 days); and Bleed 3 (1 ml of hemolymph at time = 23 days, health assessment; Figure 7). HSC amebocyte density, total serum protein concentration, and LAL activity were thus measured to assess the impact of consecutive bleeding at t0 = 0 days, t1 = 16 days, and t3 = 23 days (n = 4; Figure 7).


[image: image]

FIGURE 7. Amebocyte density, hemocyanin concentration, and LAL activity of aquaculture HSC after repeat hemolymph collection. (A) After 6 months of aquaculture, each HSC (n = 4) was bled at t0 and t1 (16 days after t0) for 10% total hemolymph volume and returned to the RAS, and a final health assessment sampling (1 ml bleed) was performed at t3 (23 days after t0). (B) Representative HSC amebocyte density and hemocyanin concentration. (C) Aquaculture HSC LAL activity after bleeds compared to control (commercial kit LAL; Sigma E-ToxateTM) at the same protein concentration (300 μg protein) exposed to 50 EU/ml of LPS.


Average serum protein levels recovered after each successive 10% hemolymph extraction (t0 vs. t1 = 10.2% Δ; t1 vs. t2 = 6.7% Δ; Figure 7A). Amebocyte density decreased slightly (−10.7% Δ) after the first collection (t0 vs. t1) and rebounded above baseline after the second (12.8% increase between t1 and t2, however; this increase was associated with a higher standard deviation among individual HSCs). LAL activity was notably higher after the second instance over the 7-day recovery period (t0 vs. t1 = −14.9% Δ and t1 vs. t2 = + 5.0% Δ; Figure 7C). As a “no-bleed” control, a health assessment specimen (1.0 ml) from a second HSC cohort (n = 4) was taken at the same time and analyzed in parallel, with no significant change in hemolymph parameters (data not shown).



Detection of Endotoxins and Gram-Negative Bacteria in Human Blood

Aquaculture LAL was evaluated for detection of endotoxins (LPS-spiked) in chemically treated blood samples and compared to commercial standards. The previously described method (Bishop and White, 1986) to evaluate clot integrity was followed [Figure 8: firm gels (++); soft gels (+); weak clots (±); and no gelation (–)]. LPS-spiked blood samples and LAL commercial standards yielded comparable degrees of gelation from 0.5 to 50.0 EU/ml (Table 1). Strong clots (++) formed at endotoxin levels of 12.5–50 EU/ml; soft gel clots (+) formed at 3.125–6.25 EU/ml, and weak gel clots (±) formed at 0.5 EU/ml in both LPS-spiked blood samples and LAL commercial standards, while at the lowest concentration of 0.05 EU/ml, no gel clots were discernible [(–) clot rating; Table 1]. The neat (negative) blood samples remained viscous yet revealed no gelation (–).


[image: image]

FIGURE 8. Visual scoring of gelation of LAL in the presence of LPS or bacteria. Representative results of LAL in the presence of LPS or bacteria in (A) human blood or (B) a standard control (endotoxin-free water). The gel clot detection range of 0.05–50.0 EU/ml was used in the test. Clot ratings: firm, opaque gel remaining stable after 180° inversion (++); soft gel with moderate to considerate opacity and tube adhesion when rotated 90° (+); weak gel with slight-to-moderate opacity and adhesion of starch-like floccules to sides of the tube when slanted (±); and no visible increase in viscosity or opacity (–) (Bishop and White, 1986).



TABLE 1. Summary of gel clot assays for LPS detection in human blood.

[image: Table 1]Human blood with and without anticoagulant (heparin) demonstrated similar results: chemical treatment of the blood was required in order to detect LPS; whereas gel clots did not form in untreated blood samples (with or without anticoagulant) across the range of endotoxin concentrations (up to 50 EU/ml). This was consistent with previous studies showing that human blood inhibits LAL reactions (Martel et al., 1985; Lonza Walkersville Inc, 2014).

When E. coli was added to treated blood at concentrations between 0.5 and 500,000 CFU/mL, a firm gel clot formed [(++) clot rating; Table 2]. Interestingly, bacterial concentrations lower than 5,000 CFU/ml were not detectable in the absence of treated blood. To validate whether the treatment altered LPS activation of LAL, the LPS (0.05–50 EU/ml) was also added following chemical treatment, and clot formation was consistent with that of LPS spiked-blood samples prior to treatment (data not shown). Blood spiked with both free LPS and bacteria (exponential-phase) activated LAL clot formation (Tables 1, 2) with no false positives or false negatives observed. The “broth” control (no bacteria) did not form a gel clot, also suggesting that the bacterial growth medium was sufficiently washed away from the bacteria in the procedure and did not cause a false positive in the bacteria-spiked samples (Table 2).


TABLE 2. Summary of gel clot assays for Escherichia coli detection in human blood.
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DISCUSSION

Current wild harvest practices typically correspond with the HSC spawning season (May and June), when they swarm beaches and allow for easy collection, despite subsequent exposure to the attendant temperature and potential hypoxia variables associated with boat and truck transport to and from bleeding facilities. This period represents an especially vulnerable metabolic phase for the HSCs, whereby coastal migration and breeding activities (laying and subsequently fertilizing millions of eggs) are energy intensive (Sullivan and Watson, 1974; Leschen and Correia, 2010; Malkoski, 2010; James-Pirri, 2012; Anderson et al., 2013; Owings et al., 2019). These factors combine at the most perilous time to subject HSCs to bleeding and hemolymph depletion from a migratory, reproductive, and ultimately, LAL resource quality perspective. They further underscore the rationale for end-users and regulators to require all commercial LAL to be sustainably sourced from aquaculture by a date certain upon scale-up for the sector.

Our results demonstrate the potential to practicably harvest hemolymph from aquaculture HSCs (two distinct 10% extractions per month or potentially 12–24 times annually), in contrast to singular, commercial harvest requiring wild capture, extended habitat extraction, puncture and bleeding (typically 30% of hemolymph volume), and transport back to the shore during spawning season. Every HSC received ample nutrition before and after in situ hemolymph harvest that was completed within minutes, rather than days outside the water, allowing for a more rapid recovery while eliminating hypoxia and myriad transport and habitat extraction risks.

HSC vitality was demonstrated, as reflected by stable Hc levels, amebocyte density, and aquaculture LAL activity (Figures 5, 6) over the course of the study. Both diet and water quality in indoor aquaculture were shown to be controllable and optimized while yielding well-fed, vigorous HSCs. Moreover, aquaculture demonstrated enhanced reactivity when compared to that in commercial kits, which may be an indicator of healthier and less stressed animals in an optimized environment. Aquaculture also enabled repetitive, low-impact bleeding via an indwelling catheter proximal to the water, thereby eliminating the risks of repeat membrane puncture, transport, and lengthy extraction periods likely to account for the current loss of up to 30% of the harvested wild crabs each year (Hurton and Berkson, 2006; Leschen and Correia, 2010).

Determination of optimal hemolymph collection intervals and volumes was essential for rapid recovery, highly reactive LAL production, and maintenance of animal health. Previous reports showed that 4 months was required to reestablish baseline amebocyte counts after a 30% bleed with “well-fed” captive HSCs in laboratory settings and outdoor tanks (Rudloe, 1983; Novitsky, 1984; Anderson et al., 2013); whereas, just 60% of baseline Hc concentrations were restored after 6 weeks (Coates et al., 2012; Anderson et al., 2013). In contrast, we found that HSCs bled at 10% recovered serum protein after 16 days, and a subsequent (second) 10% harvest appeared to trigger an increase in amebocyte counts after 7 days (Figure 7B). The reactivity of the LAL was notably higher after the second instance over the 7-day recovery period (Figure 7C). This rapid proliferation of circulating amebocytes may be a physiologic response to the initial bleeding (Hufgard, 2012).

HSC aquaculture has disruptive potential, especially given the threatened collapse of Asian populations (Akbar John et al., 2018), consequent pressure on Atlantic HSCs, and the self-evident global conservation benefits from species recovery in North America and preservation in Asia. HSC aquaculture could match industry needs for several years with the equivalent of 5–10% of one year’s annual catch, leaving nearly 600,000 HSCs in the wild each year thereafter. In fact, these findings suggest that ∼60,000 aquaculture HSCs could be sustainably bled 12–24 times annually and exceed current biomedical LAL demand. Notably, such a finite cohort would likewise amount to a fraction of the 30% of the harvested HSCs that would otherwise perish every year (Atlantic States Marine Fisheries Commission [ASMFC], 2019). Estimated average life spans of up to 20 years (Shuster, 1958) could further position HSCs as a highly productive aquaculture species with competitive economic potential.

This study also demonstrated the potential for a rapid, reliable, and cost-effective method for detection of LPS as a marker for gram-negative bacteria that overcomes erratic results heretofore characteristic of testing human blood with LAL assays. Separation of specific blood components and a proprietary chemical treatment were shown to isolate LPS and therefore gram-negative bacteria from inhibitors without heating or dilution, thereby allowing for low levels of detection using a gel clot assay (Figure 8).

In patients experiencing sepsis, blood concentrations of LPS as high as 3.5 EU/ml, or 300 ng/ml, and above, have been documented, although specific levels may vary with the type of bacteria (Brandtzaeg et al., 1989). Nonetheless, recovery of spiked LPS and bacteria from modified blood was achieved, even at low concentrations. The specimen preparation method resulted in LPS detection in clinically relevant ranges (3.125 EU/ml of free LPS and 1.0–500,000 CFU/ml of gram-negative bacteria; Tables 1, 2), which would be suitable for early screening of patients at risk for septicemia, even if asymptomatic, to inform appropriate clinical management. While this assay would screen for gram-negative pathogens, it could save valuable time from earlier initiation and results from cultures for identification and susceptibility given the length of time required to perform them (2–3 days). Ultimately, LAL clinical endotoxin screening could outperform current culture and PCR-based methods in speed, labor, and cost.

In addition to human diagnostic potential, a robust, sustainable source of LAL could play a vital role in other sectors. In the agricultural arena, nearly 80% of antibiotics in the US are sold for use in livestock feed (Martin et al., 2015). Intensive agriculture operations are used to raise large numbers of livestock in confined facilities, whereby animals are kept in close proximity. Identifying, isolating, and treating sick animals can prevent disease spread, avoid unnecessary antibiotic administration to healthy animals, reduce risks of antibiotic resistance, protect food supplies, and improve animal welfare. The factors driving research in this space include food security, global demand for animal-derived food products, and increasing incidence of zoonotic diseases at these facilities (Krehbiel, 2013). The same platform could also help ensure safety for agricultural personnel routinely exposed to such pathogens.

Other clinical and diagnostic applications for sustainable, abundant LAL-based assays could include helping municipal shelters in housing large populations of at-risk companion animals to reduce disease transmission, while save associated veterinary resources, and ultimately maximize adoption rates of healthy rescues. And food security applications could be used to prevent harmful pathogens from entering the supply chain, reduce costly management of food-borne illness, and protect public safety as well as food producers’ reputations.



CONCLUSION

HSC aquaculture with year-round, low-impact harvesting could supply current biomedical LAL demand from a fraction of the harvested HSCs that would otherwise perish every year (Atlantic States Marine Fisheries Commission [ASMFC], 2019), while eliminating the potentially deleterious effects of current practices. At scale, these findings suggest that ∼60,000 aquaculture HSCs (equivalent of 5–10% of one year’s annual catch) could be sustainably bled 12–24 times annually and exceed current biomedical LAL demand. Estimated average life spans of up to 20 years (Shuster, 1958) could further position HSCs as a highly productive aquaculture species with competitive economic potential.

Controlled-environment aquaculture and hemolymph collection could therefore alter the practice of wild harvest, expand the global LAL supply, and avert related viability threats, while building an irrefutable case for species conservation. Innovations like recombinant Factor C (rFC), an alternative to LAL assays, have emerged to address declining HSC populations (Bolden, 2019), with recent FDA approval for use of rFC in Eli Lilly’s EmgalityTM (galcanezumab). However, additional capital resources for equipment and end-user validation are also required to adopt such alternatives, which would be anticipated as significant drivers of industry demand and rapid acceptance of assays using abundant, sustainable, aquaculture-derived LAL.

These findings have demonstrated the potential for HSC aquaculture to alter the way that the current LAL industry operates and serve as a source of abundant, sustainable, and highly reactive LAL – with global conservation benefits from species recovery in North America and preservation in Asia. In turn, an expanded global supply of sustainable LAL raw material would provide a compelling rationale to develop new clinical, agricultural, veterinary, and food safety applications. Given the specter of antimicrobial resistance, these advances would address the urgent need for a new paradigm that moves from widespread antibiotic prophylaxis to dispositive, timely therapeutic administration for gram-negative pathogens consistent with human and veterinary disease management standards.
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