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ABSTRACT

A COMPARISON OF THE LIMULUS AMEBOCYTE LYSATE (LAL)
AND RECOMBINANT FACTOR C (rFC) ENDOTOXIN BIOASSAYS:
CHARACTERIZATION OF AEROSOLS AND SETTELED DUST ON A

SHEEP FARM

The goals of this study are: 1) To optimize an extraction protocol for bulk sheep
dust analysis by rFC; 2) To compare the traditional chromogenic LAL to the newer
fluorometric rFC assay; 3) To compare the effects of the two most widely used extraction
media, pyrogen-free water (PFW) and pyrogen-free water with 0.05% Tween 20 (PFW-
Tween 20), on the assay outcomes; and 4) To characterize endotoxin exposure in a sheep
farm environment. Settled and airborne dust samples were collected from a sheep farm
for analysis. Settled dust was analyzed with endpoint fluorogenic rFC and Kinetic
chromogenic LAL in two different laboratories. A total of 34 stationary airborne dust
samples (32 matched) were collected with Institute of Occupational Medicine (IOM)
inhalable dust samplers, using polyvinyl chloride (PVC) filters. Airborne samples were
analyzed with endpoint fluorogenic rFC and endpoint chromogenic LAL in the same

laboratory. The results of the bulk dust analysis showed a significant difference in



polystyrene (PS) tubes and polypropylene (PP) tubes used for extraction indicating that
PS tubes yielded higher endotoxin levels (t = 3.82, p = 0.000). No difference in
endotoxin levels was found for centrifugation and spike recovery was closest to 100% for
extraction with PFW. The results of the airborne dust study showed a strong positive
correlation between the rFC and LAL assays with PFW-Tween 20 extraction. All
samples extracted in PFW-Tween 20 had a higher endotoxin recovery compared with

those extracted in PFW for both the rFC and LAL assays.
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CHAPTER 1: INTRODUCTION
Endotoxins, the lipopolysaccharide (LPS) portion of the outer cell wall of Gram-
negative bacteria, play an important role in respiratory disease in both occupational and
non-occupational environments. Endotoxins appear to be a key constituent responsible
for inflammation leading to respiratory symptoms and decrements in pulmonary function,

(1234567891011 | gy levels of endotoxins have

particularly among agricultural workers.
been associated with increased asthma severity >*®) as well as with repeated wheeze in
infancy ““*®. However, endotoxin exposure early in life may be a protective factor that
can reduce risk of childhood asthma 171819 Recent studies in animals and humans
indicate that genetic factors also play an important role in LPS stimulation of
inflammatory responses including production of TNF-a and recruitment of
polymorphonucleocytes ¢2°#2223) - A clear understanding of the pathogenesis of LPS-
induced lung disease and the ability to set exposure guidelines have been hampered by
limitations of exposure assessment methods.

Currently no exposure limits have been set for airborne endotoxin in an
occupational setting. Organic dusts may have highly variable components between
different occupational environments, depending on the origin, making exposure limits
difficult to establish. *?® Currently, the Occupational Safety and Health Administration
(OSHA) does not address exposure to endotoxin alone, but has limits in place for

exposure to organic dusts under the Particulates Not Otherwise Regulated (PNOR)

heading. OSHA Permissible Exposure Limit (PEL) recommends a total dust limit of



15mg/m? and a respirable dust limit of 5 mg/m®. ®® Since endotoxin concentration in
organic dusts is highly variable depending on the occupation and the specific activity, the
OSHA PEL will not ensure adequate worker protection from high levels of
endotoxin.?"?®

Bang first described a biological assay for measurement of endotoxin activity in
1956. ®3% The assay was based upon activation of a protease catalytic coagulation
cascade in a lysate from the horseshoe crab (Limulus polyphemus). The chromogenic
Limulus ameobocyte lysate (LAL) assay most commonly used today to measure
biological activity of LPS does not appear to respond to cell-bound endotoxin that may be
important in eliciting responses in the human lung and respiratory disease. 32 Current
LAL assays also exhibit some lack of specificity. ¥ In particular, (1—3)-B-D-glucans,
carbohydrate polymers from fungi, are reported to activate the LAL assay. ®*** Interlot
variation is also possible since the lysate is derived from the hemolymph of living
horseshoe crabs. ®® The new recombinant Factor C (rFC) endotoxin assay offers several
potential advantages. ¢7*#3%4%9 The production of assay via genetic engineering should
greatly reduce lot-to-lot variability found with recovery of lysate. The protease reaction
pathway utilizes only Factor C, eliminating Factor G which responds to glucans, thus
improving specificity. Standard operating procedures for inter and intra-laboratory
methods of sampling, extraction, and the type of biologic assay (LAL vs rFC) are
necessary for establishing an internationally accepted endotoxin assessment protocol. “%
The focus of this study was to compare filter extraction media in pyrogen-free water
(PFW) with pyrogen-free water with 0.05% Tween 20 (PFW-Tween 20), and to compare

the widely used chromogenic LAL and rFC assays for inhalable and settled dust. This is



the first study that we know of to compare these assays on airborne samples from a sheep

farm environment.



CHAPTER 2: LITERATURE REVIEW

Sheep Farming Industry

There are approximately 82,000 sheep farms in the United States, as of 20009.
Sheep farming takes place in all 50 states and it is estimated that there are about 5.6
million head of sheep in the United States. Although sheep farming in the United States
is not as prevalent as other species (cow, horse, swine), the industry is growing. Sheep
farming is much more common and economically important in Australia, New Zealand,
southern and central South America and Britain.“? Sheep farm working conditions are
much like any other farm environment which poses a variety of hazards to its employees.
Injuries due to farm equipment and machinery, exposure to chemicals, pesticides, diesel
fumes and organic dusts, long hours, six to seven day work weeks, and unfavorable
weather are typical conditions. In 2008, approximately 850,000 workers were employed
in the animal production sector. About 78% of these are small family-owned operations
with 10 or fewer employees. Total employment in animal farming operations is very
difficult to measure. There are approximately 2.5 million jobs available each year in
agriculture and about 70% are filled by undocumented workers.“® Exposures to dust,
endotoxin and many other environmental conditions are largely unexplored in the sheep
farming industry.
Occupational Exposures to Endotoxin

Endotoxins, also known as lipopolysaccharides (LPS), are cell-wall components

of gram-negative bacteria. They are ubiquitous in the environment and are important
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components of bioaerosols generated in occupational settings. Aerosolized endotoxin
concentrations have been quantified in many occupational settings such as agriculture,
livestock, sanitation, textile, wood processing and metal working “® Endotoxin is found
in both the inhalable and respirable dust fractions, usually more so in the inhalable
fraction although the amounts may vary by dust type. ® The ability to quantify
endotoxin from dusts has been fundamental in our current understanding of respiratory
disease due to occupational exposures. However, no standard operating procedure exists
for endotoxin quantification and different methods yield different results. 6414445
Many health complications have been reported to be associated with occupational
exposure to endotoxin. Agricultural workers are exposed to very high levels of
bioaerosols containing endotoxin. Adverse respiratory effects have been described for
poultry workers, workers in dairies, pig farmers and grain and seed industries. Symptoms
range from wheeze and cough to chronic bronchitis and organic dust toxic syndrome
(ODTS). (28:46:474849.505L) gt et al. (2006) indicated that extremely high endotoxin
exposures seen in the grass seed industry may be responsible for ODTS. “® Rylander
and Fernanda (2006) showed poultry workers to have a higher incidence of airway
inflammation, toxic pneumonitis and chronic bronchitis. “® Senthilselvan et al. (2007)
reported that workers in large scale swine operations are at greater risk of usual cough
and phlegm and shortness of breath. Shortness of breath was found more pronounced in
male workers, and other respiratory symptoms were more severe in female workers. ©?
Pulmonary function decrements have also been associated with endotoxin exposure.
Reductions in forced vital capacity (FVC), forced expiratory volume in 1 second (FEV1),

and the FVC/FEV1 ratio have been reported for animal feed workers, poultry workers



and cotton textile workers. ®4¢#753%%) Christani et al. showed a longitudinal loss of FEV1
in a 15-year follow up study of cotton textile workers and Vogelzang et al. (2000)
showed longitudinal decrements in FEV1 and FVC for pig farmers. ©¢*®)

More research is needed to establish dose-response relationships with symptoms
and endotoxin levels found in occupational dusts. Industry specific exposure limits are
needed due to the highly variable nature of organic dusts amongst the different
agricultural environments. Possible synergy with other dust components cannot be
discounted. #3285
The Immune Response to Endotoxin

In order to understand the pathogenesis of endotoxin, a complete picture of the
human immune response to its presence in the body is needed. The presence of
endotoxin stimulates the innate immune system. The immune response of the individual
is dependent on the dose of endotoxin, the duration of exposure and genetic factors.
(485657) After inhalation, endotoxins, also termed lipopolysaccharides (LPS), interact
with macrophages in the airway. LPS binds to the lipopolysaccharide binding protein
(LBP). The LBP-LPS complex is delivered to the cell surface protein CD14. CD14 then
transfers the LPS to the myeloid differentiation protein 2 and toll-like receptor 4
(MD2/TLR4) complex. The activation of TLR4 initiates the signal transduction cascade
within the cell that leads to activation of NF-xB. This signals the cell to start production
of pro-inflammatory cytokines such as tumor necrosis factor alpha (TNF-a) and
interleukins 1 and 8 (1L-1, 1L-8). %59 The Lipid A portion of LPS has different
degrees of acylation, or number of fatty acids attached. Aggregates of LPS molecules,

containing hexa-acylated Lipid A, have the ability to activate the TLR4 receptor and start



the signal cascade within the cell. Aggregates are biologically active, not monomers of
LPS. ©9

Wilson et al. (2008) demonstrated a correlation between the production of TNF-a
and increased monocyte production following exposure to swine barn dust, indicating this
occupational exposure initiates the immune response associated with LPS exposure.®V
Burch et al. (2010) found elevated IL-8, PMN (polymorphonuclear neutrophils), MPO
(myeloperoxidase) , and ECP (eosinophilic cation protein). These inflammation markers
were found to be correlated with even-numbered carbon chains of 3-OHFA (three-
hydroxy fatty acids) rather than odd-numbered chains which were quantified by GC/MS.
®5) Elevated neutrophils, denedritic cell maturation and reduction in neutrophil apoptosis
play important roles in airway remodeling and increased collagen production which leads
to LPS-induced respiratory disease and exacerbation of asthma. 760162

Exposure to endotoxin has other immune implications as well, some of which the
cellular mechanisms are not as clear. There have been many studies showing that
exposure to endotoxin early in life is protective against the development of atopic asthma.
(19506364 Eder et al. (2005) showed that farm animal rather than pet exposure during
childhood is protective of asthma in children with the same genetic polymorphism in
CD14/-260, therefore controlling for one of the genetic components related to asthma and
indicating phenotypic plasticity related to different environmental exposures. ©® LeVan
et al. (2005) studied carriers of the CD14/-159T allele which have more CD14 in
circulation. Homozygotes TT and -1619 GG homozygotes had significantly lower lung
function than C or A carriers, also showed increased prevalence of wheeze and decreased

pulmonary function. ®” In a study of Italian dairy cattle farmers, endotoxin exposure



was found to be correlated with a decreased incidence of cancer indicating a possible
protective effect. The study also showed that the protective effect diminished when the
exposure was removed. ®® More research is needed to uncover the genetic factors
relating to endotxin exposure and possible protection from or increased risk of disease.

Figure 2.1 Immune response to LPS in human monocyte ©®
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Bioassays for Endotoxin
The Limulus Ameobocyte Lysate (LAL), obtained from the blood cells
(amebocytes) of the horseshoe crab Limulus polyphemus, contains the clotting factor

coagulogen which clots in the presence of endotoxin. This discovery was reported by



Frederick Bang in 1956 and has been the basis for endotoxin bioassays. The LAL assay
was later developed by Frederick Bang and Jack Levin in 1964, after Levin joined the
Marine Biological Laboratory at Johns Hopkins. In 1977 the FDA approved the use of
the LAL assay to test for pyrogenicity, eliminating the use of rabbits as endotoxin
detectors. ©°)

The LAL assay only reacts with biologically active endotoxin, cell bound
endotoxin is not detectable. The LAL assay is the most widely used assay in endotoxin
research. ®®444® Quantitative measurements of endotoxin can be done with the
turbidimetric and chromogenic assays, while gel clot assays are used for qualitative
measurement. The kinetic version of the chromogenic assay is very sensitive, detecting
0.01 endotoxin units (EU) per milliliter of sample. ¢4

The LAL assay is reported to have interference with (1—3)-3-D-glucans,
carbohydrate polymers from fungi, since they may also activate the clotting protein
coagulogen by an alternative pathway via Factor G (Fig. 2). Also, lot-to-lot and interlot
variability with respect to sensitivity has been reported due to seasonal horseshoe crab
lysate variability. 346567

As an answer to the issues of lysate variability and glucan interference, an
alternative genetically engineered assay has been developed by Ding and Ho in 1995 by
cloning Factor C cDNA from the Singapore horseshoe crab Carcinascorpius
rotundicauda. The recombinant Factor C (rFC) zyomogen is activated by endotoxin and
cleaves a synthetic fluorogenic substrate. The fluorescence units are converted to

endotoxin units, giving a quantifiable estimate of endotoxin. The rFC assay is specific to

endotoxin only, eliminating Factor G. The rFC zymogen, created by cell culture, should



improve specificity and reproducibility, reduce lot-to-lot variation and help save a

dwindling horseshoe crab population. %"
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Figure 2.2 Serine protease catalytic coagulation cascade activated by
endotoxin in both the LAL and rFC endotoxin assays ©”
Comparison of Analysis Methods

Analysis of airborne endotoxin from different environmental and occupational
settings has been accomplished in a variety of ways. There are no formal procedures or
guidelines for analysis of endotoxin samples from agricultural environments. Different
methods and different laboratories have lead to inconsistency in reporting of endotoxin
exposure levels. Nonuniform methodology clearly allows for variability in factors that
clearly affect results of the endotoxin assay.®*’® Many studies have been conducted to

try to optimize a standard protocol for endotoxin analysis. Generally, the studies have
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shown potential sources of assay variability to be extraction media, storage conditions,
type of filter, type of assay, and source of dust. “***™ n a recent study by Spaan et al.,
the effect of adding 0.05% Tween 20 to the pyrogen-free water (PFW) extraction media,
significantly increased the endotoxin recovery. This result is consistent with previous
studies. Other effects noted to be significant were the use of Teflon filters and
refrigeration rather than freezing of samples, both resulted in significantly lower
endotoxin recovery.®? In a study by Liebers et al., the addition of 0.05% Tween 20 to
PFW in the extraction of sample filters significantly increased endotoxin levels, while
increasing the extraction volume lowered the endotoxin recovery. Centrifugation and
tube type did not contribute to the differences. The differences between laboratories
analyzing the same or similar samples are significant, usually related to the extraction
method and assay used. The differences vary depending of source of dust as well. These
differences in methods contribute to the overall inconsistency in endotoxin

measurement.’*
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CHAPTER 3: PURPOSE AND SCOPE

There are three purposes of this study. The first purpose was to optimize a
standard protocol for extraction of bulk dust samples from a sheep farm for endotoxin
analysis. In this study, the bulk samples were analyzed by kinetic and endpoint
fluorogenic rFC and kinetic chromogenic LAL assays. The study also compared
differences in the extraction protocol for the rFC assay such as extraction media (PFW
and PFW + Tween 20), type of extraction tube (polypropylene and polystyrene), and
centrifugation versus non-centrifugation. These data were then incorporated into the
study of the inhalable dust samples collected from a sheep farm, which is the second
purpose. In this part of the study, the inhalable samples were compared using the
endpoint fluorogenic rFC and the endpoint chromogenic LAL , and were compared by
extraction media (PFW and PFW-Tween 20). The tube type and centrifugation variables
were left out of the second part of the study because they did not show a significant
difference. Other study variables were also controlled. Only one type of filter, polyvinyl
chloride, for inhalable dust collection was used. Sample collection and analysis was
performed by only one analyst in the same laboratory setting. Also, only one lot of QCL-
1000 (Lonza, Inc) lysate for LAL was used to reduce possible lot-to-lot variability.
Thrity-four airborne samples were collected and 32 were matched at the site of collection
for comparison of the extraction media. All samples were analyzed with the rFC and the

LAL assays. The third purpose of this study is to characterize the potential exposure to
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inhalabe endotoxin for workers on a sheep farm, and to compare to other
agricultural environments.

The null hypotheses tested are:

1) There is no difference between the rFC and LAL assays.

2) There is no difference between sample extraction in water and water with

0.05% Tween 20.

3) There is no difference between polypropylene and polystyrene tubes used for

extractions.

4) There is no difference between centrifuging and not centrifuging samples

prior to assay analysis.

There a few limitations to this study. First, about 8 years has lapsed between the
collection and analysis of the bulk dust and the collection and analysis of the airborne
dust. This allows for many different environmental conditions to change. Although, the
livestock is the same, the types and amounts of bacteria present in the environment may
have evolved significantly and may change the bioassay results. Another limitation is the
Kinetic chromogenic LAL assay was used for comparison on the bulk dust and the
endpoint chromogenic LAL assay was used on the airborne samples. The Kinetic version
is much more sensitive and capable of a broader standard curve than is optimized for the
endpoint version. The endpoint LAL was chosen in this study to eliminate the need for
analysis in a different laboratory. Also, the sample size is small compared to other

method comparison studies, making statistical significance more difficult to find.
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CHAPTER 4: MATERIALS AND METHODS
Bulk Dust Collection and Preparation

Settled dust was collected from a sheep farm using sterile whirlpack bags. The
bulk samples were taken from sheep pens, feeding area, various locations within the barn
where shearing and medical care activity takes place. Bulk dust was transported back to
the laboratory on ice. Bulk dust samples were sieved with a #140 mesh sieve and shaken
to homogenize. One milligram aliquots of dust were weighed into polystyrene and
polypropylene centrifuge tubes (BD Falcon, Franklin Lakes, NJ) using a Mettler MT-5
balance (Mettler Instruments, Westerville, OH). Samples were then extracted using 10
ml of sterile water (Cambrex, Walkersville, MD) or 0.05% Tween (EM Science,
Gibbstown, NJ) by shaking at 100 rpm for 1 hour at 20° C.

Three dilutions of 1:25, 1:50, 1:75 or 1:100 were prepared from each sample
using PFW, PFW with 0.05% Tween, and buffer solution. The buffer solution was
prepared by baking monobasic and dibasic potassium phosphate salts at 180°F for four
hours then dissolving the salts in 100 ml PFW. Also, a 1% stock solution of
triethylamine (TEA) was prepared with PFW. The working buffer was prepared in a
separate pyrogen-free bottle by combining the following: 3.9 ml of 1.0 M dibasic
potassium salt solution, 5.1 ml of 0.2 M monobasic potassium salt solution, 90 ml of
PFW, and 1 ml of 1% TEA. The endpoint and kinetic versions of the rFC assays were
performed. First analyses were performed without centrifugation. Samples were then

stored at -4°C. Original sample extracts were then centrifuged, and the dilutions and
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endpoint and Kinetic assays were repeated. A comparison of extractions using polystyrene
or polypropylene centrifuge tubes (BD Falcon, Franklin Lakes, NJ) was also conducted.
A subset of aliquots of extractions were stored at 4° C and shipped to Dr. Chen at
Cambrex for analysis by rFC and KQCL. The total number of bulk samples analyzed
was 100.
IOM (Inhalable) Dust Sample Collection and Preparation

A total of 34 stationary breathing zone samples were collected using Institute of
Occupational Medicine (I0OM) inhalable samplers were collected from a single sheep
farm in Colorado in 2009 — 2010 during primary operation in the summer season. The
IOM inhalable samplers were paired and placed in various locations inside the main barn
on the sheep farm, where most activities take place. Figure 4.1 shows the locations of the
samplers placed around the barn. The barn has four internal pens for shearing and
medical activities, and a large breeze way through the middle for vehicles to pull into the
barn. The two large entrances (one for sheep and one for trucks) are at the east and west
sides of the barn, respectively, and allow for a reasonable cross-breeze. The floor is
concrete and the gates, pens and support beams are made of wood. The IOM buttons
were placed between 63 and 72 inches above the ground to capture dust in the breathing
zone of the employees. The IOM inhalable samplers used 25mm polyvinyl chloride
filters (SKC Inc.). SKC, MSA Escort ELF and Escort LC pumps were set at a flow rate
of 2.0 liters per minute (Lpm) over a 6 hour period during typical working hours. The
pumps were calibrated before and after sampling using the DryCal DC-L.ite (BIOS

International, Butler, NJ). Two field blanks were taken to each site visit. All samples and

15



blanks were weighed using a Mettler MT balance (Mettler Toledo Inc.) The filters were

put into 50 ml conical polypropylene centrifuge tubes and frozen at -4° C until extraction.

FIGURE 4.1 10M Sampling locations within sheep barn by collection date
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Inhalable Dust Sample Extractions

Samples were extracted in pyrogen-free water (PFW) (Lonza, Walkersville, MD)

and PFW with 0.05% tween for 1 hour at room temperature at 20°C, with shaking at 70
rpm. The tubes were then centrifuged for 10 minutes at 1000 rpm. Prior to dilution, all
samples were vortexed for two minutes. The samples were diluted to 1:10 and 1:25 to
bring them into the range of the assay standard curve. The sample dilutions were put into
10 ml conical polypropylene tubes. Extracts were analyzed by rFC and LAL within 24
hours of extraction and were stored at 4°C between assays. Assays were performed in
Dr. Stephen Reynold’s Industrial Hygiene Laboratory at Colorado State University in the

Environmental Health building during August and September of 2010. Endotoxin
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concentrations in EU/m® of dust were calculated based on the stationary air sampling as
previously described. ©®
Recombinant Factor C (rFC) Assay

Sample extracts were assayed for endotoxin using the PyroGene Recombinant
Factor C Endotoxin Detection System provided by Lonza (Walkersville, MD). The
standard endotoxin was E. coli 055:B5 supplied with the PyroGene assay. The endotoxin
standard was reconstituted with PFW or PFW with 0.05% tween, respective to the
samples extracted with the same media. The standards were serially diluted from 20
EU/ml to 0.01 EU/ml. The highest standard used for the standard curve was 10 EU/ml
per the assay instruction manual (Lonza). One hundred microliters (ul) of blanks (PFW
or PFW with 0.05% tween), standards, samples and sample dilutions were loaded into a
sterile 96-well plate inside a biosafety hood. Samples were spiked with 10 ul of the 10
EU/ml standard dilution for quality assurance. The plate was then pre-incubated for 10
min. at 37°C in the fluorescence micro-plate reader (BioTek FLX800IU, Winooski, VT).
During the pre-incubation period, the rFC working reagent was prepared by mixing rFC
enzyme solution, fluorogenic substrate, and assay buffer (ratio 1:5:4). After the 10minute
pre-incubation, the 96-well plate was placed inside a biosafety hood and 100ul of the rFC
working reagent was dispensed into each well. For endpoint analysis, the 96-well plate
incubated in the fluorescence micro-plate reader for 60 minutes at 37°C. Fluorescence
readings were taken by the micro-plate reader at one hour as the final result with the
initial (Time 0) reading subtracted as baseline. Reading wavelengths were set at
excitation 380/20nm emission 440/30nm. Shaking was set at intensity 3 for 15 second

durations. A polynomial regression was used for the standard curve. The gain or
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sensitivity settings of the plate reader were set at 35, 40 and 45. Endotoxin
concentrations (EU/ml) of samples and sample dilutions were calculated according to the
standard curve using KC4 software (Bio-Tek Instruments, Inc. Winooski, Vermont).
Limulus Ameobocyte Lysate (LAL) QCL-1000 Assay

The samples were also analyzed for endotoxin using the Endpoint Chromogenic
Limulus Ameobocyte Lysate QCL-1000 provided by Lonza (Walkersville, MD) for
comparison with the endpoint rFC assay. The endotoxin reference standard, E. coli
0111:B4, was provided in the LAL QCL-1000 kit by Lonza, Inc. The standards were
prepared with PFW and PFW with 0.05% tween, respective to the extraction media of the
samples. The standards were prepared by serial dilution at the following concentrations
per the LAL QCL-1000 instruction manual: 0.1 EU/ml, 0.25 EU/ml, 0.5 EU/mI, and 1.0
EU/ml. The same extraction media used for standards and samples were used for blanks.
Serial dilutions of 1:10 and 1:25 were made for each sample just prior to assaying.
Blanks, standards and samples were dispensed in the sterile, 96-well microplate in 50 pul
aliquots, in triplicate. At time zero (T = 0), 50 ul of the Limulus Ameobocyte Lysate is
added to each well with an 8 channel pipette, and then incubated at 37°C in the
microplate reader (PowerWave XS, North Star Scientific Limited, United Kingdom). At
T =10 minutes 100 pul of the substrate solution was added to the mircroplate in the same
manner as the previous step. The plate is then put back in the plate reader to incubate at
37°C. At T = 16 minutes, 100 pl of the stop reagent (25% glacial acetic acid) was added
to each well in the same manner as the previous step. The microplate is then returned to
the plate reader and the absorbance was read at 405 -410 nm. The final concentrations

were adjusted for the blank readings and calculated according to the standard curve using
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KC4 software (Bio-Tek Instruments, Inc. Winooski, Vermont). The lysate and substrate
solutions were reconstituted with the LAL pfw provided with the kit. The stop reagent
was made with pfw provided by Lonza Inc.
Statistical Analysis

Statistical analyses were performed using MINITAB Student Version 14.11.1.
The Ryan-Joiner test for normality was used to evaluate the distribution of data. The dust
concentrations for the IOM (inhalable) samples was found to be normal, while all other
data for bulk and inhalable was found to be log-normally distributed. All other data were
natural log transformed before proceeding with the analysis. The geometric mean (GM)
and geometric standard deviation (GSD) were calculated for the endotoxin
concentrations. For the bulk dust samples, means between each subset were tested for
significant differences using the two sample T test. For the inhalable samples, Paired T-
tests were performed to detect differences in the means. Pearson correlations were also
calculated to determine if there were positive or negative relationships between the data
sets.
Quality Control and Quality Assurance

For each 96-well plate, space was set aside for samples to be spiked with a known
concentration of endotoxin in order to check the recovery rates for each extraction and
assay method. Samples were spiked in the wells after all samples were dispensed into the
96-well plate. For the bulk dust, controls were spiked with 10 ul of the 1 EU/ml standard
for a maximum recovery of 0.1 EU/ml. For the IOM (inhalable) samples, the spiking

concentration differed for each assay. The LAL assay samples were spiked with 10 pl of
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the 1 EU/ml standard for a maximum recovery of 0.1 EU/ml. The rFC assay samples

were spiked with 10 ul of the 10 EU/mI standard for a maximum recovery of 1 EU/m.
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CHAPTER 5: RESULTS

Bulk Dust Samples

No significant differences were found between endpoint and kinetic rFC assays
(values not shown). Values from the endpoint analysis are shown in Table 5.1. Spike
recoveries were closest to 100% for extraction in PFW and extractions in PFW-Tween-20
and buffer ranged broadly (Table 5.2). Two sample t-tests were performed to detect
differences in the means for each assay protocol (Table 5.3). Extractions in PFW-Tween
20 yielded the highest concentrations for rFC assay, and was found to be higher than
water t = 2.16 (p = 0.036) and significantly higher than buffer t =2.98 (p = 0.005). The
PS tube extractions were found to be significantly higher than the extractions in PP tubes
t =3.82 (p = 0.000). No difference was detected between samples that were centrifuged
and samples that were not.  Reproducibility was best for extraction in PFW-Tween 20
(CV =41%) and was worst for extraction in buffer (CV = 122%). Direct comparison of
the rFC and KQCL in the same lab (Cambrex) found very high correlation for extraction

in water (r = 0.93) as shown in Figure 5.1.
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Table 5.1. GM and GSD endotoxin concentrations for bulk dust samples by

extraction protocol.

Endotoxin per dust
Extraction Tube
Media Type Centrifugation n GM GSD
Yes 8 6.86 2.178
PFW PS No 8 6.922 2.791
Yes 10 5.205 2.238
PP No 10 5.024 1.684
Yes 4 6.726 1.295
PFW-Tween PS No 4 6.64 1.601
20 Yes 10 6.233 1.445
PP No 10 6.328 1.442
Yes 9 5.791 3.019
Buffer PS No 9 5.859 3.402
Yes 9 5.527 3.926
PP No 9 5.548 2.828
Table 5.2. Spike recoveries for bulk dust analysis.
# of Avg. %
wells
Extraction Method spiked | Recovery
Water polypropylene centrifuged 7 95.14
not
centrifuged 7 97.6
polystyrene  centrifuged 3 136.3
not
centrifuged 3 226
Buffer polypropylene centrifuged 9 303.8
not
centrifuged 2 334.65
polystyrene  centrifuged 5 27.7
not
centrifuged 8 330.3
Tween polypropylene centrifuged 5 171.9
not
centrifuged 5 5.5
polystyrene  centrifuged 3 324.1
not
centrifuged 3 102.5

22




Table 5.3. T-tests for differences in population means for bulk dust samples by
extraction parameter

T-Test (Ul - p2)
(df) t-value p-value
Extraction Media PFW-Tween 20,
PFW (44) 2.16 0.036
PFW-Tween 20,
Buffer (45) 2.98 0.005
PFW, Buffer (69) 0.58 0.565
Tube Type PS, PP (81) 3.82 0.000
Centrifugation? No, Yes (97) -0.03 0.975

Figure 5.1. Correlation of rFC and KQCL with PFW extractions of bulk sheep dust

(Dr. Lin Chen, Cambrex)
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IOM (Inhalable) Dust Samples

The airborne dust samples showed a high degree of variability within the four
groups and between the four groups. Inhalable endotoxin exposures were found to be
between 12 EU/m®and 3354 EU/m®. All 34 samples were analyzed by endpoint rFC and
endpoint LAL assays. The geometric mean and geometric standard deviation for dust
endotoxin concentrations are shown in Table 5.4. Each of the 16 pairs were extracted
with PFW and PFW-Tween 20 (one of each). Figure 5.2 shows the box-plot of endotoxin
concentrations of the four groups. The four groups of data are: 1) rFC/ PFW extraction;
2) LAL/ PFW extraction; 3) rFC/ PFW-Tween 20 extraction; 4) LAL/ PFW-Tween 20
extraction. Only two of the comparisons showed significant differences: 1) rFC/ PFW-
Tween 20 is significantly higher than rFC/ PFW (p = 0.000); 2) LAL/ PFW-Tween 20 is
significantly higher than LAL/ PFW (p = 0.032). Comparisons of rFC/ PFW and LAL/
PFW and rFC Tween-20 and LAL/ PFW-Tween 20 showed no significant difference in
the means (Table 5.8). Pearson correlations (Figure 5.3) showed strong positive
correlations for LAL/ PFW-Tween 20 and rFC/ PFW-Tween 20 (r = 0.910) and rFC/
PFW and LAL/ PFW (r =0.761). rFC/ PFW and rFC/ PFW Tween 20 were moderately
positively correlated (r = 0.523). No correlation could be found with statistical
significance for LAL/ PFW and LAL/ PFW-Tween 20. Spike recoveries were closest to
100% for rFC/ PFW and LAL/ PFW-Tween 20 (126% and 75%, respectively). The spike
recoveries for LAL/ PFW were significantly lower than the other 3 groups, at 30% (Table
5.5). Reproducibility for all groups was relatively similar. LAL/ PFW-Tween 20 had the
best reproducibility (CV = 17%) and LAL/ PFW had the most variation among replicates

(CV = 29%). Standard curves for the assays, calculated by polynomial regression, had R?
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values of 0.984 or higher. The rFC assay had R? values closest to 1.0. The dust levels

captured by the IOM cassettes were relatively small, compared to other agricultural

environments (Table 5.6). The airborne sample concentrations of endotoxin (EU/mg)

were found to be not significantly different from the concentrations of the bulk samples,

although they were slightly lower. The endotoxin concentrations for samples collected

on June 15, 2010 were slightly higher than the other samples collected on the other two

dates.

Table 5.4. GM and GSD endotoxin concentrations for IOM (inhalable) dust

samples by extraction media.

Endotoxin per air Endotoxin per dust

Extraction (EU/m3) (EU/mg)
Media Assay | n GM GSD GM GSD
PFW rFC 17 4.61 2.39 5.913 2.578
LAL 17 4,531 1.965 5.807 2.379
PFW- rFC 16 5.869 3.705 7.025 3.109
Tween 20 LAL | 10 5.056 2.25 6.22 1.838

Table 5.5. Endotoxin spike recovery for IOM (inhalable) dust samples.

rFC Assay LAL Assay
0 0
PEW 125.63 % 29.75 %
(n=6) (n=9)
PFW-Tween 20 166.85 % 74.7%
(n = 6) (n = 1)*

*All other spiked samples for this group were found to be above the Limit of Detection

(LOD).
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Table 5.6. Basic statistics for dust concentrations of IOM (inhalable) samples in
mg/m? by collection date.

Dust per air
(mg/m?®)
Date of Standard
Collection n Mean Deviation Range
Sep 19, 2009 9 0.4277 0.0757 (0.272, 0.526)
Jun 22, 2010 9 0.3147 0.2221 (0.038, 0.698)
Jul 15, 2010 16 0.3809 0.3614 (0.089, 1.699)

Table 5.7. Endotoxin concentrations by date of IOM (inhalable) sample collection.

Endotoxin per air

(EU/M®)

Date of Collection n GM GSD
Sep 19, 2009 9 5.36 1.81
Jun 22, 2010 9 5.89 2.96
Jul 15, 2010 15 4.75 2.98

*These values were obtained by averaging the LAL and rFC result for the sample.

Table 5.8. Paired T-test for difference in population means for IOM (inhalable)
samples by extraction and assay.

Paired T-Test
# of pairs (Ul - p2) t-value p-value
PFW rFC, PFW
16 LAL 0.85 0.411
PFW-Tween 20
rFC, PFW-Tween
10 20 LAL 1.60 0.144
PFW-Tween 20
15 rFC, PFW rFC 4.51 0.000
PFW-Tween 20
10 LAL, PFW LAL 2.54 0.032
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Figure 5.2. Box-plot of endotoxin concentrations for IOM (inhalable) samples.
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*Ext = extraction media; Assay = type of bioassay for endotoxin.

Figure 5.3. Correlations scatterplots for each comparison between rFC and LAL
assays and extractions in PFW and PFW-Tween 20.
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Correlation of rFC and LAL assays for samples extracted in PFW (n = 16)
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Correlation of PFW and PFW-Tween 20 extractions for LAL assay (n = 10)
Pearson correlation coefficient r = 0.179 (p-value = 0.621)
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CHAPTER 6: DISCUSSION AND CONCLUSIONS

Endotoxin concentrations were highest within the rFC/ PFW-Tween 20 group and
the rFC and LAL assays with PFW and PFW-Tween 20 extraction were found to have a
strong, positive correlation. These results are consistent with many other similar studies
(25,32,36,45.69.70.72.73) " For PFW-Tween 20 extraction, the mean endotoxin concentration
for rFC was found to be about 3 times higher than LAL, and the Paired T test (Mini-Tab
Student Version) showed a significant difference between these two groups. Itis
important to note that there were 5 LAL samples that were greater than the limit of
detection, due to a much narrower LAL standard curve (0.1 EU/ml to 1.0 EU/ml for LAL
as opposed to 0.01 to 10 EU.ml for rFC). Therefore, the 5 pairs with the highest
endotoxin concentrations were left out of the Paired T test. Contradictory to these results,
Alwis and Milton (2006) found that the LAL (kinetic) gave higher results than the rFC
for house dust and found no significant glucan interference ©?. Saito et al. (2009)
showed consistent results with this study, indicating the rFC gave higher results than the
LAL. This may be due to inherent differences in dust, LAL reagents, or presence of
Actinobacteria ®. Glucan activity did not appear to be a factor in this study since rFC
estimates were higher than LAL. More research needs to be done to determine if
Actinobacteria is present in sheep dust.

The highest levels of endotoxin were associated with the airborne samples

collected in June of 2010. The activity on that date of collection was different from the

other two dates because workers were sheering the sheep. This is most likely the cause
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of the 5 samples extracted in PFW-Tween 20 that were beyond the limit of quantification
of the LAL assay. This type of activity could result in higher endotoxin exposure to the
worker and more severe health effects. More research into the health effects after or
during sheering activity is needed.

Quality control is necessary for obtaining valid results from endotoxin. “* In this
study, the spike recoveries gave minimal information on possible inhibition or
enhancement. The data available indicate that there is inhibition in the LAL assay with
PFW extraction and slight enhancement in the rFC assay with PFW-Tween 20 extraction.
There is also a possibility of enhancement with PS tubes as indicated in the bulk dust
study. More data are needed to make any determination of effects. Due to the limited
sample size and limited number of dilutions, it is difficult to draw any conclusions.

Differences in origin of dust, laboratory procedures, extraction methods, storage
of samples and type of bioassay may affect endotxin results significantly. (¢ 45 41.25.32.69,
70.71.72.13) ‘Extraction with PFW-Tween 20 gives consistently higher results than
extraction with other media. “*® Noss et al. (2010) hypothesizes that the addition of
Tween 20 may improve endotoxin release from hydrophobic filters used in collection of
airborne dust samples. ® Spaan et al. (2008) showed samples extracted in PFW-Tween
20 have higher concentrations, however, standard reconstituted in PFW-Tween 20
showed inhibition that resulted in a calibration curve shifted toward higher values. In
order to overcome this inhibition, Spaan et al. recommends using PFW-Tween 20 for
extractions with serial dilutions and LPS standards in PFW. ©® Liebers et al. (2007)
found lower endotoxin concentrations when extractions were frozen and extraction

volume was increased from 5 ml to 10 ml and Reynolds et al. (2005) found centrifugation
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to give higher endotoxin concentrations, possibly due to the release of LPS from the cell.
(4145 Other studies have shown no differences due to freezing. ®*? As indicated
previously, this study on the bulk dust from a sheep farm showed no effect of
centrifugation. These different results among different agricultural environments may
suggest the need to investigate each one individually. The hazards of sheep dust may
differ from that of cow, horse, chicken, etc since they differ in microbial and chemical
composition. % 36:41.49)
Conclusions and Research Needs

While the LAL is the most widely used and accepted assay for endotoxin “?, it is
more expensive and has more laboratory steps which may introduce error. ™ The rFC is
more specific to endotoxin detection and has less variability. Fluorescence spectrometry
is more selective than UV/ Vis absorption because many different molecules absorb
strongly in this spectrum but do not exhibit fluorescence. Also, two wavelengths,
excitation and emission, are used in fluorometry, and only one is used in absorption."®
Although the LAL is well established, the rFC may have more advantages overall.
Therefore it is recommended that the rFC assay be used in more research on airborne dust
samples from agricultural environments. Also, more research must be done to
characterize the exposure and health effects from working in a sheep farm environment.
Endotoxin concentrations are variable, but may be very high depending on environmental
conditions and work activity. In order to establish a dose-response relationship between
sheep dust and health effects, more research must be done to better define the dust

components and the effects that arise from exposure.
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Study Limitations

The small sample size is a major limitation of this study. A larger sample size
would provide more statistical power of the observations. Also, the samples collected in
September of 2009 were frozen for a much longer period of time (one year as opposed to
one or two months) which may affect the levels of detection. Another limitation was that
the dilutions, 1:10 and 1:25, were not enough to bring some of the samples into range of

the assays. Seven samples analyzed by LAL and one by rFC were not detectable.
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