L’Appel Aux Armes (The Call to Arms)
Auguste Rodin, 1879

Answering a Global Call to Arms
Antimicrobial resistance, or AMR, is regarded
as one of the most dire threats to mankind. As such,
related diseases could take ten million lives
annually by 2050 while consuming some $100
trillion of global GDP(1,2). Overall, 300 million
people are expected to die prematurely as a result
of AMR over the next 35 years(1). Appropriate,
timely treatment of bacterial infections is
nonetheless a formidable task, as future efficacy
comes into question due to suboptimal or
unnecessary drug administration. In turn, every
instance of delayed detection and management
increases the risk of infection (septicemia)
advancing to sepsis. In turn, a “call to arms” has
established that by 2020, antibiotic use must be
predicated on data and testing technologies(2).
Nearly 50 years ago, remarkable reactivity to the
majority of the most threatening microorganisms at
parts per trillion was discovered in the cells of the
horseshoe crab, an ancient and familiar arthropod.
Early attempts to apply this discovery to detection
of septicemia were abandoned due to apparent
interfering substances in human specimens, yet it
was ensconced as the gold standard for the most
demanding sterility testing in medical device and
injectables quality control. Over time, habitat
erosion, biomedical capture and bleeding, and
dissection of horseshoe crabs as whelk and eel bait
have gradually threatened wild populations of this
once ubitquitous species and therefore, a vital
resource for ensuring drug and device safety,
worldwide.
Given the global threat posed by gram-negative
bacteria and the horseshoe crab cellular response to
them, Kepley BioSystems set out to answer the
“call to arms” by challenging the status quo. With
National Science Foundation grant funding, the
North Carolina biotech sought to establish a
sustainable supply of this crucial raw material with
specialized aquaculture systems, nutritional
management, surgical catheter implantation and
low-impact, routine hemolymph collection
methods. All milestones were achieved: the
horseshoe crabs have appeared to thrive and have
yielded highly reactive cells.
With feasibility funding from North Carolina
Sea Grant and in affiliation with the Joint School of
Nanoscience and Nanoengineering (JSNN)

laboratories, the team then set its sights on
elimination of patient specimen interferences and
endotoxin test standardization. Feasibility was
achieved using cells derived from the aquaculture
cohort. The biotech is now seeking investors to
address the AMR crisis through sustainable
resource scale-up (and species conservation) and to
commercialize a simple assay that could obviate
protracted culturing as well as incremental risks
from unnecessary interventions.
The Massive Threat from Microorganisms
Bacteria have been humanity’s most pervasive
predators, with particular virulence of antibiotic
resistant pathogens emerging throughout the world.
To date, the World Health Organization (WHO) has
listed and ranked 12 virulent species as: Critical,
High or Medium in importance(4). Nine are gramnegative, yet the list omits a frequent cause of
public health advisories, E. Coli, which is also
gram-negative, accounting for 10 of 13 of the most
daunting threats. Primary care physicians initiated
half of the 260 million outpatient antibiotic
prescriptions dispensed in the US in 2011(5).
Whereby, about 80% of the population receives an
average of one per year, of which at least 30% are
not needed(6). Some diagnostics, such as urine
dipsticks for proteinuria, can contribute to this
phenomenon. One recent study found some 83% of
patients (n = 2,733) with asymptomatic bacteriuria
received a full course of antibiotics(7).
Public health professionals have emphasized
stewardship for years, insisting on optimal use to
improve patient outcomes while preventing multidrug resistance(8). However, the lack of rapid,
definitive results often leads to inappropriate
administration, as illustrated by the latter example.
Sepsis by the Numbers
Annually, some 30 million people worldwide
are diagnosed with sepsis; it is the third leading
cause of death overall, outpacing prostate and
breast cancer and HIV/AIDs combined, with a 2530% mortality rate(9-12). About one-third of such
patients enter the health care system through
emergency rooms, representing an enormous
hospital liability(13). It is also the leading cost of
hospitalization ($24 billion annually) and the
primary cause of US re-admissions, with 19% re-
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hospitalization within 30 days(9,14,15). The incidence
has been steadily rising 1.5% per year, and related
costs have increased nearly 20% since 2011(14,16).
Early Diagnosis and Treatment Saves Lives
Early sepsis diagnosis and treatment improves
patient survival(17) and reduces the cost of care;
whereby, mortality rates decrease by 7.6% per hour
with appropriate administration of antibiotics(18).
However, accepted laboratory methods have not
advanced substantially in 140 years since the
advent of culture techniques. Rapid, comparably
sensitive analytical options have remained an
elusive means to: transform the way antimicrobials
are prescribed; reduce unnecessary use; slow the
trajectory of AMR; and extend drug viability.
Discoveries and Challenges Associated with
Alternatives to Blood Culture
In the 1970s, the discovery of the instantaneous
response to gram-negative pathogens using
horseshoe crab (Limulus Polyphemus) cells by Jack
Levin and Frederik Bang(19) promised immediate
endotoxin results (the “Holy Grail” of sepsis testing)
in human blood using Limulus amebocyte lysate
(LAL). Still, the LAL assay was regrettably and
quickly found problematic, with reports of
considerable variability due to interfering
substances causing false positives and negatives(20).
In 1970 and 1971, Levin also published two
manuscripts discussing such observations(21,22).
These anomalies were initially attributed to
enzymatic degradation of lipopolysaccharides
(LPS)(23-26); while some surmised that LPS was
binding to serum and plasma proteins(27,28); and
others later suggested alpha-2-macroglobulin(29),
LPS antibodies(30) and high-density lipoproteins as
contributing factors(31,32).
Three leading institutions had studied and
renounced LAL by 1974: Tilton Lab at the
University of Connecticut(33); McCabe Lab at
Boston University Hospital(34-36); and the Feldman
and Pearson Lab at St. Jude(37). These collaborators
asserted that, “the Limulus amebocyte lysate test is
not clinically useful for detecting gram-negative
infections or predicting their outcome. Lack of
standardized procedures for lysate preparation and
endotoxin extraction from plasma could explain the
current disagreement of published test results”(37).

By 1975, Ronald Elin and his colleagues at the
National Institutes of Health sounded the “death
knell” for the LAL assay as a diagnostic test in The
New England Journal of Medicine, reporting on a
“Lack of Clinical Usefulness of the Limulus
Amebocyte Test in Diagnosis of Endotoxemia”(38).
Limulus Amebocyte Lysate Assay Adapted for
Drug and Device Sterility Testing
Thereafter, James Cooper adapted the LAL
assay for pharmaceutical and device quality control,
which garnered FDA approval(39). It became the
biomedical industry test of choice for gramnegative endotoxins due to simplicity, specificity,
and sensitivity(40). LAL is also reactive to fungal
glucans (1→3-β-D-Glucan; BDG), which have
become increasingly important both clinically and
environmentally given recent Candida auris
outbreaks(41). BDG makes up a significant portion
of the cell wall of most fungi, including clinically
relevant species such as Aspergillus, Candida,
Fusarium, and Pneumocystis. With respect to
clinically significant applications, it should be
noted that one of the quality control LAL testing
market leaders developed a protocol for human
specimens in the 1990s; however, procedural
complexities, and perhaps the cost or risk of limited
LAL resources, nonetheless appear to have
relegated it to a research method without adoption
in human medicine(42).
A Detour from Human Medicine
This detour from human medicine perpetuated a
dearth of objective diagnostic and prognostic
tools(43). While not yet modified for clinical use,
LAL is nonetheless the most sensitive, rapid
method for bacterial endotoxin detection(44) with
specificity for 70-80% of pathogens typically
attributed to sepsis(8). Solving the human blood
interference issues could enable physicians to
initiate more informed, potentially lifesaving
therapy using a clinical LAL assay.
Reliable LAL screening could nonetheless
detect a gram-negative infection without known
etiology, much as the reference method of culturing
has done for more than a century(45,46). Still, an
overarching “bloodborne infection” determination
would define treatment options from a battlefield,
to a rural clinic to a university hospital. The
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nuances of pathogen identity and antibiotic
sensitivity do not alter the clinical imperative to
treat immediately while awaiting additional
information in an era of dangerous pathogens –
while avoiding the perils of unnecessary drug use.
As mentioned at the outset, applications for LAL
assays in human medicine have also been deemed
ill-advised due to resource constraints stemming
from declining horseshoe crab populations needed
to produce the reagents. Early examination of those
fed enriched diets in captivity has also suggested
possible malnourishment in the wild due to
diminishing habitat feedstocks, accelerated by
rising sea temperatures and encroachment from
urban development(47).
The Quest to Develop LAL Assays for Human
Medicine
For the North Carolina biotech team, seeking
breakthroughs to address species sustainability and
clinical specimen integrity issues ultimately
represented
scientific
and
humanitarian
imperatives: First, to secure and expand the supply
of raw material by developing sustainable
horseshoe crab aquaculture, harvesting and
nutritional management strategies. Second, to
achieve LAL assay reliability by overcoming
interferences in human blood (i.e. reproducibility,
sensitivity and specificity).
Establishing a Framework for Sustainable LAL
The team first hypothesized that: Optimized
aquaculture, nutritional management and bleeding
strategies for horseshoe crabs would lead to
sustainable production of LAL. Initially, the
literature was dissuasive regarding captive
husbandry for biomedical assays. Most previous
attempts failed and were ascribed to circadian,
lunar, tidal and other rhythms presumed to be
interrupted by removal from an open habitat(48).
Those notions proved fallacious.
Following the award of a National Science
Foundation grant, calm, apparently thriving
horseshoe crabs were maintained in a controlled
aquaculture system with enriched feedstock and
consistent oxygen saturation in safe surroundings.
They were also healthy before, during and after
surgical implantation of a patent-pending catheter
that facilitated low-impact cell harvesting. These

efforts yielded rapid animal recovery, routine
bleeding feasibility (~12-24 times annually) and
highly reactive LAL (>160% vs. commercial
components analyzed during the study). All normal
behaviors have been observed and continued
without apparent stress or decline in wellbeing
since October 2018. Similarly, an array of
biomarkers from aquacultured horseshoe crabs
reared on in-house functional feed formulations
also suggested that nutrition was an essential factor
as compared to results when first collected, as well
as the kits derived from wild capture(47).
This work allowed for optimization of the
aquaculture parameters, feedstock formulation and
catheter techniques to establish the framework for
a sustainable supply of LAL, largely addressing its
potential for clinical use.
A Reliable Sepsis/Septicemia Screening Method
The second hypothesis proposed that: Removal
of interfering substances would allow for detection
of LPS in patient specimens. Preliminary research
suggested that LAL could detect pathogens and
unbound endotoxins in heretofore “impossible
substrates” (i.e. human blood). Specifically, the
aquaculture-derived LAL yielded reproducibility
from 6 CFU/mL to 625,000 CFU/mL in spiked
arrays with intact gram-negative bacteria and < 5.0
EU/mL with free LPS(47). These ranges and
performance characteristics align with established
practice standards, from asymptomatic septicemia
to sepsis. As such, LAL clinical screening could
outperform culture and PCR methods in speed,
labor and cost.
Disruptive Innovation with Global Impact
In summary, horseshoe crab aquaculture has
been shown to be practicable with respect to
viability, quality, raw material, and environmental
and economic considerations. In addition,
feasibility of a method for LAL detection of gramnegative bacteria in clinical settings has been
shown to overcome previously erratic results with
human blood specimens. These developments
directly address the global imperatives(1-3).
However, the North Carolina biotech, Kepley
BioSystems, lacks sufficient resources to
commercialize this technology and is seeking
guidance to help bring these innovations forward.
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Given such means, sustainable aquaculture and
year-round, low-impact harvesting could be rapidly
scaled up with a single, permanent
cohort
representing a fraction of the vast, random-capture
burden now placed on wild populations year after
year. In turn, a rapid, gram-negative bacteria
screening product for human sepsis could be
available upon completion of a collaborative
clinical study. Ultimately, a simple blood-based
LAL assay could be performed across the spectrum
of clinical settings while saving potentially lethal
hours awaiting culture results or raising the specter
of AMR from overzealous treatment. 
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