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these assays. Two novel monoclonal antibodies recognizing eosinophil peroxidase (EPX) were used to
develop an eosinophil-specific and sensitive sandwich ELISA. The sensitivity of this EPX-based ELISA

Keywords: was shown to be similar to that of the commercially available ELISA kits for ECP and EDN. More
EPX, il importantly, evidence is also presented confirming that among these granule protein detection options,
osimophilia

EPX-based ELISA is the only eosinophil-specific assay. The utility of this high throughput assay to detect
released EPX was shown in ex vivo degranulation studies with isolated human eosinophils. In addition,
EPX-based ELISA was used to detect and quantify eosinophil degranulation in several in vivo patient
settings, including bronchoalveolar lavage fluid obtained following segmental allergen challenge of
subjects with allergic asthma, induced sputum derived from respiratory subjects following hypotonic
saline inhalation, and nasal lavage of chronic rhinosinusitis patients. This unique EPX-based ELISA thus
provides an eosinophil-specific assay that is sensitive, reproducible, and quantitative. In addition, this
assay is adaptable to high throughput formats (e.g., automated assays utilizing microtiter plates) using
the diverse patient fluid samples typically available in research and clinical settings.
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1. Introduction

Diagnosis and monitoring of allergic diseases often use bio-
markers thought to reflect levels of tissue infiltrating eosino-
phils. ELISA-based detection assays specific for the abundant
eosinophil secondary granule proteins ECP and EDN are
generally perceived as easy to perform as high throughput
assessments reflective of eosinophils (reviewed in (Metso et al.,
2002)). However, the literature is also replete with studies that
both support and in other cases, provide evidence against the
use of these biomarkers as either eosinophil-specific metrics
(see for example (Peters et al., 1986) vs. (Sur et al., 1998)) or
whether they are reflective of eosinophil-mediated disease
pathology (reviewed in (Koh et al, 2007)). In addition, the
more generalized dangers of a surrogate marker approach to
assess disease are highlighted by the use of exhaled nitrous
oxide (FEno) to diagnose and monitor symptomatic severity
in asthma patients (Smith et al, 2005). That is, despite its
increasingly common use, discrepancies between pulmonary
inflammation, eosinophils, and levels of FEyo have been ob-
served, questioning the usefulness of this surrogate marker
(Berlyne et al., 2000). Thus, the direct assessment of eosinophil
numbers and/or eosinophil degranulation in patients remains
the only reproducibly unambiguous metrics to quantify eosino-
phil mediated events in disease. Currently, assessments of
eosinophil tissue infiltration are typical histological evaluations
performed in the context of patient diagnostic strategies (see
for example (Katzenstein, 2000)). Alternative evaluations such
as assessments of eosinophil degranulation also exist but are
restricted primarily to the use of commercially available ELISA
kits detecting the presence of the two prominent granule
ribonucleases, ECP (Reimert et al., 1991) or EDN (Morioka et al.,
2000). These assays are ubiquitously used in research oriented
clinical studies of patients (see for example (Tang and Chen,
2001)) but technical and logistical issues have curtailed their
widespread use as diagnostic biomarkers in patient care.
Specifically, the assay ranges of these ELISA kits are small and
need to be carefully verified each time the assays are performed
(Reimert et al., 1991; Morioka et al., 2000). In addition, studies
since the identification and characterization of these eosinophil
granule components have suggested that neither ECP nor EDN
is eosinophil-specific (reviewed in (Metso et al., 2002)). That is,
expression of both ribonucleases has been demonstrated in
other leukocytes such as neutrophils (Sur et al.,, 1998) and, in
the case of EDN, expression also extends to non-hematopoietic
cell types such as the liver (Sorrentino et al., 1992). Collectively,
these limitations have significantly narrowed the use of high
throughput assays of ECP and EDN as diagnostic metrics of
disease in many clinical settings.

This report describes the adaptation and validation of our
mouse eosinophil peroxidase detection strategy (Ochkur et al.,
2012) as an easy-to-use high throughput ELISA to detect and
quantify the levels of human eosinophil peroxidase in patient
samples/biopsies. The EPX-based ELISA we developed was
shown to be a sensitive and, more importantly, a uniquely
eosinophil specific assay. Comparative studies are presented
showing that the commercially available assays detecting ECP
and EDN detect these proteins produced by cells other than the
eosinophil. In contrast, the signal derived from the eosinophil
peroxidase (EPX)-based ELISA is restricted to the presence/
absence of eosinophils. The EPX-based ELISA also displayed a

similar level of sensitivity relative to the assays for ECP and
EDN, doing so with a large response range. Moreover, we
demonstrated the utility of this EPX-based assay as a means of
assessing patients in a variety of clinical settings, including
bronchoalveolar lavage (BAL) samples following segmental
bronchiole-allergen challenge, induced sputum following
inhalation of hypotonic saline, and nasal lavage derived from
chronic rhinosinusitis patients. Thus, this direct biomarker of
eosinophils and eosinophil-mediated activities represents a
novel metric for ex vivo studies of mixed cell populations as
well as providing a diagnostic assessment tool to evaluate
patients. In summary, these reports suggest that measures of EPX
provide a needed assay that is eosinophil-specific, sensitive, and
useful as a high throughput format in a variety of clinical settings.

2. Materials and methods
2.1. Antibodies

EPX specific mouse monoclonal antibodies were gener-
ated by immunizing eosinophil peroxidase knockout mice
(EPX~/~ (Denzler et al, 2001)) as previously described
(Protheroe et al., 2009). The resulting hybridomas (~2000)
were screened for the IgG isotype and for immune reactivity
to EPX using a single dimensional format. The hybridomas
surviving these initial screens underwent further selection on
the basis of their secreted monoclonal antibody being a
human EPX specific reagent as determined by immunohisto-
chemistry with formalin-fixed paraffin embedded biopsies
(Protheroe et al., 2009). These final monoclonal antibodies
(~10) were assessed for their functionality in both western
blots of cell/tissue extracts and in a soluble sandwich ELISA
format (unpublished observations and (Protheroe et al,
2009), respectively). From these, two monoclonal antibodies
were selected (clone MM25-429.1.1 as the capture antibody
and clone MM25-82.2.1 as the detection antibody) for the
development of a soluble format ELISA (i.e., sandwich ELISA)
to detect EPX. The detection antibody was biotinylated using
an EZ-Link NHS-LC-Biotin kit (Pierce, Rockford, IL (USA)) that
had a reproducible addition efficiency of 8-12 molecules of
biotin per molecule of immunoglobulin. The overall strategy
of EPX purification, the generation of specific mouse mono-
clonal antibodies, and the subsequent identification of an
antibody pair for use in an EPX-specific ELISA for human
clinical fluid samples are schematically summarized in Fig. 1.

2.2. EPX ELISA required reagents and disposables

The development of the EPX-based sandwich ELISA was
similar to methods we described earlier (Ochkur et al., 2012).
In order to eliminate any potential interference from the
activity associated with EPX it was necessary to avoid
peroxidase-based detection systems. For example, the com-
monly used substrate in these systems (ie., TMB (3,3,
5,5"-tetramethylbenzidine)) is readily converted by the per-
oxidase activity of EPX into the same colored product that is
measured by the detection system itself (our unpublished
observations). The consequences are obvious as an ELISA based
on this detection method would appear more sensitive and
would not accurately quantify the level of EPX actually present
in a given sample. These logistical issues were resolved here by
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Fig. 1. The generation of mouse anti-EPX monoclonal antibodies and the development of an EPX-specific sandwich ELISA. EPX-specific monoclonal antibodies with utilities
in immunohistochemical and an ELISA format were generated by the sensitization of EPX knockout mice (EPX /) with purified mouse EPX (panel 1). The generation and
screening of EPX-specific monoclonal antibodies (panels 2-4) were described earlier (Protheroe et al., 2009). The monoclonal antibodies surviving these screens were
evaluated for their usefulness in immunohistochemistry (IHC), western blot, and ELISA using samples derived from mouse cells/tissues (panel 5). Monoclonal antibodies of
defined utilities were further evaluated for similar applicability with human biopsies and fluid samples to define reagents for use in clinical settings (panel 6).

focusing our efforts on an alkaline phosphatase-based detec-
tion strategy. The EPX-based ELISA was created with KPL
(Gaithersburg, MD (USA)) reagents optimized for alkaline
phosphatase based sandwich ELISA in combination with
BluePhos™ substrate. The following reagents were also utilized
as part of the final ELISA protocol: 10x Coating Solution
Concentrate, 10% BSA Diluent/Blocking Solution Kit, 20 x Wash
Solution Concentrate, BluePhos™ Microwell Phosphatase
Substrate System, Streptavidin-Alkaline Phosphatase (Strep-AP)
from RD (R&D Systems, Minneapolis, MN (USA)), and Trizma
hydrochloride buffer solution (Sigma-Aldrich, St. Louis MO
(USA)) — used to prepare Streptavidin-AP Diluent. Solid phase
96 well Nunc-Immuno Plates with MaxiSorp surface (Thermo
Scientific San Diego, CA (USA)) were used as the support
structure to perform this ELISA in a high throughput format.
BioTek pQuant Microplate Spectrophotometer with KC4™ Data
Analysis Software from Bio-Tek (Winooski, VT (USA)), was used
for OD, max OD, and spectrum reading of the ELISA plates.

2.3. Isolation of human eosinophils

Whole blood was collected into EDTA containing Venous
Blood Collection Tubes (Becton Dickerson (BD), Franklin

Lakes, NJ (USA)). Lymphocytes and granulocytes were
separated from red blood cells using Histopaque 1077 and
1119 (Sigma-Aldrich, St. Louis, MO (USA)) following the
manufacturer's instructions. The layer containing the granu-
locytes was washed with PBS and subjected to hypotonic
lysis to remove any remaining red blood cells. The granulo-
cytes are resuspended in 0.5% BSA, 2 mM EDTA in PBS.
Eosinophils were purified (>98%) by selective depletion
through positive selection and removal of other leukocytes
using a Human Eosinophil Purification Kit (Miltenyi Biotec
GmbH, Bergisch Gladbach, Germany), again following the
manufacturer's instructions.

2.4. EPX and eosinophil standards

Human eosinophil peroxidase (>98% purity) was pur-
chased from Lee Biosciences (St. Louis, MO (USA)) and
serially diluted in Diluent/Blocking Solution that was itself
previously diluted 1/15. This series of purified EPX samples
was used to create assay standard curves. In some cases,
whole cell extracts were prepared from purified human
eosinophils. Briefly, at room temperature purified eosinophils
(>98%) were re-suspended in PBS, subsequently centrifuged
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at 400 g for 5 min at 4°C. and this supernatant (80% of
the total volume) was replaced with solution containing
0.22% hexadecyltrimethylammonium bromide (Sigma-Aldrich,
St. Louis, MO (USA)) and 0.3 M sucrose. This suspension was
vortexed for 1 min at room temperature and one time use
only aliquots were prepared and flash-frozen in liquid nitrogen
(ie., LNy). Aliquots of eosinophil extracts were stored —80°C
until use. Serial dilutions of these extracts were used for assay
optimization, generation of standard curves, and quality control
in further experiments.

2.5. Human EPX ELISA protocol

The basic Sandwich/Capture ELISA protocol was created as a
modification of our previously published protocol for the
detection and quantification of EPX in fluid samples from
mouse models of human disease (Ochkur et al., 2012). This
original protocol was used as a reference point for the
development of the final optimized assay of EPX in human
fluid samples from patients in a health care setting(s):

1. A micro-titer plate is pre-treated with 4 pg/ml anti-EPX
monoclonal antibody MM25-429.1.1 (capture antibody)
in 100 pl of Coating Solution at 4°C overnight.

2. Coated wells of the micro-titer plate are cleared of unbound
antibody with 4-5 cycles of rinsing using Wash Solution.

3. Potential areas of non-specific binding in each well of the
plate are blocked by a 30 minute room temperature
pre-incubation with 300 pl of Diluent/Blocking Solution
that was itself previously diluted 1/10.

4. Following the incubation to block the wells, the Diluent/
Blocking Solution is removed and 100 pl of sample (and/or
standard) is added and the plate is incubated at room
temperature without shaking for 1.5-2 h.

5. The wells of the micro-titer plate are cleared of unbound
target antigen with 4-5 cycles of rinsing using Wash
Solution. 100 pl of biotinylated anti-EPX monoclonal anti-
body MM25-82.2.1 (detection antibody) is added to each
well at a final concentration of 0.8 pig/ml and the plate is
incubated at room temperature for 1.5-2 h.

6. The wells of the micro-titer plate are cleared of unbound
detection antibody with 4-5 cycles of rinsing using Wash
Solution. 100 pl of Strep-AP (diluted 1/500 in 1% BSA, 0.05%
Tween 20, 0.025 M Tris, 0.5 M NaCl (pH 7.4)) is added to each
well and the plate is incubated at room temperature for 30 min.

7. The wells of the micro-titer plate are cleared of unbound
Strep-AP with 4-5 cycles of rinsing using Wash Solution.
100 pl of BluePhos™ substrate is added to each well and
the plate is incubated at 37 °C for 1 h with gentle rotation.

8. The colorimetric reaction is terminated with the addition
of 100 pl of Stop Solution. Absorbance of individual wells
of the plate is determined at a wavelength of 630 nm.

2.6. Eosinophil stimulation ex vivo

Human peripheral blood eosinophils were collected and
purified (as described earlier) prior to a manual count using a
hemacytometer and final resuspension in Phenol Red-free RPMI
(final cell concentration=05x10° cells/ml. 200 pl aliquots
(1x10° eosinophils) were prepared in 96-well microtiter plates
and incubated at 37°C for 30 min in an atmosphere of 5% CO,

and 95% humidity following the addition of either 50 ng/ml
PAF-C18 (Alexis Biochemicals, San Diego, CA (USA)) or 50 ng/ml
PAF-C18 plus 1 pM Ionomycin (Sigma-Aldrich, St. Louis MO
(USA)); eosinophil viability following incubation was ~95% as
determined by Trypan Blue (Sigma-Aldrich, St. Louis MO (USA))
exclusion. DMSO (Sigma-Aldrich, St. Louis MO (USA)) alone was
used as a vehicle control. The cells in each well were removed by
centrifugation (1300 xg, 5 min) and the recovered supernatants
were further cleared of any cell or organelle (ie., secondary
granules) contamination by an additional high speed centrifu-
gation (13,000xg, 5 min). These final cell and organelle-free
supernatants were stored at —80 °C until use.

2.7. Preparation of clinical fluid samples for assessment of EPX
levels

2.7.1. Segmental bronchiole-allergen challenge and BAL of subjects
with mild allergic asthma

The bronchoscopy studies were approved by the University
of Wisconsin Institutional Review Board of the Human Subjects
Committee. Written informed consent was obtained from all
subjects prior to their participation. At least 1 month prior to
bronchoscopy, subjects underwent a graded whole-lung
allergen inhalation challenge to determine the provocative
dose of allergen required to achieve a 20% reduction (AgPD-)
in forced expiratory volume in one second (FEV;) (Chai et al.,
1975). The total dose for segmental allergen change was 30% of
the AgPD,o; a dose of 10% was instilled into one bronchopul-
monary segment and 20% was instilled into a second segment
as previously described (Liu et al.,, 2002). Allergens included
short ragweed (Ambrosia artemisiifolia), house dust mite
(Dermatophagoides farinae) and standardized cat hair (Felis
catus domesticus) extracts, obtained from Greer Laboratories
(Lenoir, NC (USA)). Forty-eight hours after segmental allergen
challenge, bronchoscopy and BAL were performed in the two
antigen-challenged segments. BAL fluid kept on ice, pooled,
mixed thoroughly, and stored in 1 ml aliquots at — 80 °C until
use. Total BAL cell numbers were determined as a manual cell
count with a hemocytometer using Turk's counting solution
containing acetic acid and methylene blue. Two slides from
each BAL cell preparation were prepared by cytospin and
stained with the Wright Giemsa-based Hema 3 system (Fisher
Diagnostics, Middletown, VA (USA)). In total, 500 cells/slide
(1000 cells/sample) were counted.

2.7.2. Induction and collection of sputum from subjects with
allergic asthma

The respiratory patients with asthma were defined based on a
PCy following methacholine challenge of <8 mg/ml or a >15%
(and 200 ml) improvement in FEV; after inhaling a short-acting
bronchodilator. Otherwise-healthy volunteers served as control
subjects. Sputum from each individual was induced by inhalation
of hypertonic saline, selected from the expectorate, and processed
as described earlier (Pizzichini et al., 1996). Briefly, the recovered
sputum was treated with dithiothreitol (DTT) to disperse the
mucus for processing by cytocentrifugation. A manual total cell
count (expressed as cells/gram of sputum x 10°) was performed
using a hemacytometer (trypan blue was used to determine cell
viability). Cell differential assessments were determined from
Wright stained cytospin preparations, counting >200 cells. The
sputum supernatants were storing at —70 °C until use. All
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subjects provided consent to use their sputum samples for
biomarker discovery and the studies were approved by the
Firestone Institute for Respiratory Health, St. Joseph's Health-
care & McMaster University Hospital Research Ethics Board.

2.7.3. Lavage and recovery of fluid samples from sinus patients

Subjects with chronic rhinosinusitis (CRS) were recruited from
the allergy and otolaryngology clinics at Northwestern University
Feinberg School of Medicine. Nasal lavage fluids were obtained in
the clinic or in the operating room as previously described (Kato et
al, 2008). Specimens from patients without CRS were obtained in
the allergy clinic or in the OR during the performance of skull base
tumor excisions, facial fracture repair, lacrimal duct surgery and
orbital decompression surgery. All samples were collected with
informed consent and the protocol used was approved by the
Northwestern Investigational Review Board.

Regardless of the origin of the biological fluid to be assayed,
all samples were thawed on ice, subjected to vortexing for
10-20 s, and pulse-spun for 30 s at 10,000 xg, prior to dilution
in Diluent/Blocking Solution that was itself previously diluted
1/15. The extent of dilution was established by trial and error
and reflected either sample availability and/or the EPX levels
typically found in a given sample type: BAL fluid = 1/3, sputum
supernatant = 1/4, nasal lavage fluid =1/6.

2.8. Statistical analysis

GraphPad Prism 5 (GraphPad Software, Inc. La Jolla, CA
(USA)) was used for basic analysis, including the generation of
graphs and plots. JMP (SAS Institute, Cary, NC (USA)) was used
as a design of experiment statistical platform. Statistical
analysis for comparisons between groups was performed
using ANOVA and a pair-wise Student's T test. Data are ex-
pressed as the mean + SEM. Differences between mean values
were considered significant when P<0.05.

3. Results

3.1. The development and optimization of a human EPX-based
ELISA

A full-factorial approach (see Materials and methods) to
optimize an EPX-based ELISA (Fig. 2) generated the initial dose
response curve in the lower right-hand panel (Pre-Optimization),
an assay maximizing signal strength (dose response curve in the
lower right-hand panel labeled Post-Optimization), and finally a
logistical compromise of maximizing signal to noise response
using antibody concentrations that were practical for routine use
as a high throughput assay (dose response curve drawn with a
dashed line in the lower right-hand panel). This final assay has a
limit of detection (ie, measureable signal three standard
deviations above background) of 1.4+ 0.2 ng/ml.

3.2. The sensitivity of the EPX-based ELISA is comparable to
commercially available assays detecting ECP and EDN but unlike
these other assays, EPX-based ELISA is eosinophil-specific

Side-by-side comparisons of our EPX-based ELISA and the
commercially available ELISA kits (www.mblintl.com) detecting

ECP and EDN were performed using purified protein in each case
to determine the relative sensitivities of the assays (Fig. 3). The
dose response data derived from these comparisons demon-
strated that the EPX-based ELISA displayed comparable assay
responsiveness in the lower range of detection relative to the ECP
and EDN ELISA kits with limits of 18.2 pM, 6.7 pM, and 33.3 pM,
respectively.

The eosinophil specificities of EPX-based ELISA relative to
the commercial assays detecting ECP and EDN were determined
based on the responsiveness of these assays using cell extracts
of mixed peripheral white blood cells derived from healthy
control donors (Fig. 4). In particular, we compared ELISA
responses using extracts derived from total white blood cells
(TWBC) relative to white blood cells following three complete
rounds of magnetic bead selection/column chromatography
generating a white blood cell population devoid of eosinophils
(WBC/Eos®). Moreover, the ELISA signals from each of these
assays were also determined in eosinophil-depleted white
blood cell populations subsequently enriched with defined
numbers of eosinophils (WBC/Eos®). In all cases, manual cell
counts and differentials (>500 cells/slide) were used to
determine the presence vs. absence of eosinophils as well as
the absolute number of eosinophils present in each population.
EPX-based ELISA assessments of peripheral white blood cells
clearly demonstrated the eosinophil specificity of this assay
with virtually no response above the assay's detection limit
using cell extracts devoid of eosinophils (Fig. 4(A), left panel).
In addition, ELISA-based EPX levels increased linearly as a
function of the number of eosinophils present in the enriched
white blood cell populations examined (WBC/Eos*), indepen-
dently demonstrating the eosinophil-specificity of this assay
(Fig. 4(A), right panel). It is also noteworthy that this lack of
signal in white blood cell populations devoid of eosinophils
demonstrated that the EPX-based ELISA is EPX specific, showing
no cross-reactivity with the other prominent leukocyte-derived
peroxidase, MPO (Winterbourn et al., 2000; Klebanoff, 2005).

In contrast to EPX-based ELISA, neither of the two commer-
cially available assays detecting EDN and ECP displayed
eosinophil-specific responses (Fig. 4(B) and (C), respectively).
These assays (left panels) detected the presence of significant
amounts of EDN and ECP even in white blood cell populations
devoid of eosinophils (WBC/Eos®), 46.5% of TWBC and 23.6% of
TWABC, respectively. Nonetheless, these assays displayed linear
increases in signal as a function of eosinophil number in the
enriched white blood cell populations examined (right panels).
Thus, significant levels of EDN and ECP are clearly found in
eosinophils; however, the EDN and ECP assays also detect the
presence of these proteins in one or more other white blood cell
lineages (i.e., they are quantitatively responsive to the presence
of eosinophils but they are not eosinophil-specific, particularly
in cases where eosinophils are only a minority population).

3.3. EPX-based ELISA allows for the detection and quantification
of eosinophil degranulation using ex vivo cell culture assays

Eosinophils were isolated from the blood of healthy control
donors and stimulated in culture to elicit degranulation (Fig. 5).
The EPX-based ELISA allowed for the detection (i.e., relative to
background control (BKG)) of induced EPX release from
eosinophils following stimulation with PAF alone. In addition,
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practical in a high throughput format (4 pg/ml of capture and 0.8 pg/ml of detection antibody) resulted in the final EPX-based ELISA assay shown (dashed line in

the lower right-hand panel).

this ELISA displayed a >2-fold increase above this PAF signal
following stimulation with PAF +Iono (33 ng/ml vs. 73 ng/ml,
respectively), suggesting that this assay is capable of quantify-
ing the degranulation events occurring in response to various
experimental stimuli. Interestingly, the EPX-based ELISA was
also capable of detecting and quantifying degranulation from
eosinophils cultured without stimulation (ie, media with
vehicle (DMSO0)). It is also noteworthy that the concentrations
of PAF and/or lonomycin used to stimulate eosinophils were at
the very low end of the range (<10%) typically used (see for
example (Dyer et al.,, 2010)) and yet the assay's sensitivity was
sufficient to quantify the induced degranulation. An additional
consequence of the absolute cell specificity of EPX-based ELISA
is an ability to use this assay to estimate the concentration of
EPX per eosinophil. That is, it is possible to use the standard
curves derived from the EPX-based ELISA representing assay
responsiveness with eosinophil cell extracts vs. purified protein
as a means of approximating the EPX content of individual
eosinophils. Compilation of data derived from the blood
leukocytes of five subjects (2 healthy controls, 1 allergic asthma

patient, 1 subject with scleroderma and 1 atopic dermatitis
patient) showed that the estimated concentration of EPX in
peripheral blood eosinophils is 33 + 8.6 pg/eosinophil.

3.4. EPX-based ELISA provides a sensitive and quantitative assay
for the detection of eosinophil degranulation using
clinically-derived fluid samples from patients

3.4.1. Provocation of asthma patients revealed that EPX levels in
BAL fluid following segmental allergen challenge are a surrogate
biomarker for the induced airway eosinophilia

The responsiveness of EPX-based ELISA was demonstrated
(Fig. 6) in a post hoc assessment of BAL fluid obtained from
asthma subjects 48 h after segmental allergen challenge (Liu et
al., 2002). This assessment showed that in contrast to the
nearly undetectable pre-challenge EPX levels, the EPX-based
ELISA demonstrated significant increases in the same airway
segments following allergen challenge (Fig. 6(A)). BAL levels of
EPX following segmental allergen challenge also increased as a
function of the induced BAL eosinophilia (r=0.93), suggesting
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Fig. 3. EPX-based ELISA is an assay whose sensitivity is comparable to the
commercially available ELISA kits assessing ECP and EDN. The assay response of
EPX-based ELISA was evaluated in a side by side comparison with the
commercially available ECP and EDN ELISA kits. In each panel, ELISA responses
(optical density) were plotted as a function of input purified eosinophil granule
protein (nM). The identified point within each curve (dashed lines) was chosen
arbitrarily to provide a visible comparative reference of the relative sensitivities
of each assay at aninput of 0.1 nM of each eosinophil granule protein. All assays
were run as either duplicate or triplicate samples in two independent
experiments. The data are presented as means 4- SEM.

that EPX-based ELISA is a reproducibly accurate metric

representative of the number of airway eosinophils (Fig. 6(B)).

3.4.2. EPX levels in sputum derived from subjects with allergic
asthma correlate with airway eosinophilia

EPX-based ELISA was performed as a post hoc assessment of
sputum from respiratory subjects (Pizzichini et al, 1996).
These assessments showed that EPX levels in cell-free super-
natants were significantly higher in allergic asthma patients

relative to otherwise healthy volunteer subjects (Fig. 7). These
data further showed that the increased sputum EPX levels
observed in asthma patients were a valid surrogate biomarker
of the significant airway eosinophilia that occurred in these
subjects.

3.4.3. EPX levels in nasal lavage of chronic rhinosinusitis
patients are a potentially useful surrogate biomarker for the
presence of eosinophilia in nasal polyps

The utility of EPX-based ELISA as a discriminatory marker
stratifying rhinitis patients was demonstrated (Fig. 8) in a post
hoc assessment of nasal lavage fluid derived from cohorts of
subjects in a study of chronic rhinosinusitis (CRS) patients
(Kato et al., 2008; Schleimer et al., in press). These data showed
that EPX levels in CRS patients who lacked nasal polyps were
increased five-fold relative to the nominal levels observed in
nasal lavage from healthy control subjects. Moreover, the
presence vs. absence of an asthma diagnosis in patients with
non-polypoid disease did not affect the observed levels of EPX
in these nasal lavage samples. These assessments, however,
showed that the presence of nasal polyps in CRS patients
(irrespective of an asthma diagnosis) was linked with signif-
icant increases in nasal EPX levels, and in turn eosinophils,
confirming observations first identified in the original study of
CRS patients (Schleimer et al,, in press).

4. Discussion

Eosinophil-associated diseases appear to be ever-increasingly
common, expanding in some cases at almost epidemic pro-
portions (Bloom and Cohen, 2007; Pleis and Lethbridge-Cejku,
2007). However, our understanding of eosinophils and their
associated effector functions have also increased exponentially.
Thus, this more complete understanding of the varied contribu-
tions of eosinophils in health and disease, together with the
higher prevalence of eosinophil-associated diseases, has dramat-
ically increased demand for assays detecting the presence vs.
absence of these cells and/or their activities. Two prominent
examples highlighting this increase are the direct assessments of
airway eosinophils as a diagnostic metric in the management of
asthma patients (reviewed in (Hargreave and Nair, 2011)) and a
near total dependence on identifying eosinophils in biopsies for
the diagnosis of eosinophilic esophagitis (Furuta et al., 2007). It is
noteworthy that this greater appreciation of the importance of
eosinophils has also led to the adoption and, in some cases, wide
use of surrogate biomarkers for eosinophil mediated inflamma-
tion such as assessments of FEyg in asthma patients (reviewed in
(Smith et al., 2005)).

Unfortunately, logistical/technical uncertainties have been
linked with all of the available assays assessing eosinophils and
their activities, including questions regarding assay specificity
(Metso et al., 2002) as well as the correlative significance of
particular surrogate biomarkers (Berlyne et al., 2000). These
uncertainties have renewed interest among investigators for
alternative diagnostic strategies based on the detection and
quantification of eosinophils. Our continued investigations of
eosinophil-specific expression of EPX in mouse models of
human diseases (Denzler et al., 2001; Lee et al., 2004; Ochkur et
al., 2012) and the subsequent characterization of EPX-based
diagnostics in the characterization of patients in clinical settings
(Protheroe et al., 2009; Willetts et al., 2011) have been driven, in
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histogram. The linear plots on the right panels show the responses from these assays as a function of the percent eosinophils in a series of white blood cell extracts
generated from cell populations with equal cell concentrations (167 cells/ul) created by adding purified eosinophils back to the white blood cell population
previously devoid of eosinophils (WBC/Eos™). All assays were run as either duplicate or triplicate samples in two independent experiments. The data are

presented as means + SEM. *P<0.05.

part, because of this renewed interest. These evolving studies
provide an alternative strategy for the unambiguous detection
and quantification of eosinophils. Specifically, our development
of a sensitive high throughput EPX-based ELISA solves many of
the logistical/technical issues that have plagued the currently
available assays for the assessment of eosinophils and their
activities from patient-derived fluid samples:

1. EPX-based ELISA has a large response range whose assay
sensitivity was equivalent to that of the only available
commercial kits for other prominent eosinophil granule
proteins, ECP and EDN.

2. EPX-based ELISA is the only assay among these detection
options to display an unambiguous specificity for eosino-
phils. In particular, the data presented showed that ECP
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Fig. 5. EPX-based ELISA provides an easy-to-use high throughput assay for ex
vivo assessments of eosinophil degranulation. Scatter plots of cell-free EPX
released by stimulating eosinophils with the secretagogues platelet activating
factor (PAF) or PAF and Ionomycin (PAF+Iono) are presented relative to the
assay's background response with media alone (BKG). Culture supernatants
from eosinophils incubated in DMSO containing media served as a vehicle
control for secretagogue-induced EPX release (DMSO). The resulting absolute
values of EPX (ng/ml) corresponding to each assessment were derived from
assay-specific standard curves using purified EPX. All assays were run as either
duplicate or triplicate samples in three independent experiments. The data are
presented as means + SEM. “P<0.05.

and EDN were also present in one or more other leukocyte
populations. Significantly, the wider pattern of cell ex-
pression exhibited by ECP and EDN did not affect the
utility of these assays to quantify eosinophils/activities
when these granulocytes were present in large numbers in
the populations examined. However, clearly when the
number of eosinophils is limited, the contribution from
other sources dominated the response derived from these
assays.

3. A direct consequence of the unique eosinophil-specificity
displayed by EPX-based ELISA is that this assay does not
recognize the myeloid cell specific myeloperoxidase
prominent in neutrophils and monocytes/macrophages
(reviewed in (Winterbourn et al., 2000; Klebanoff, 2005)).
Thus, the EPX-based ELISA alone represents a unique
opportunity to assess even nominal eosinophil-mediated
activities from mixed cell populations that were previous-
ly not amenable because of the lack of cell specificity
(i.e., cross-reactivity) of the other available ELISA (i.e., ECP
and EDN) or enzymatic (i.e., ribonucleases and peroxidase
activities) assay systems.

4, Human fluid samples with diverse biochemical composi-
tions were sampled as part of this report, demonstrating
the unique ability and, in turn, the utility of EPX-based
ELISA in a variety of clinical settings.

A demonstrably significant value of EPX-based ELISA was its
utility as a surrogate biomarker representative of eosinophil
infiltration/activation in clinical settings. Three distinct clinical
applications linked with the care of upper (nasal) and lower
(lung) respiratory patients were presented that demonstrated
usefulness of this assay to overcome several confounding
issues, including assessments of samples derived from mixed
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Fig. 6. EPX levels correlate with the observed airway eosinophilia induced by
allergen challenge of asthmatic patients. (A) Post hoc assessments of bronch-
oalveolar lavage (BAL) fluid from asthma patients (n= 10) undergoing segmental
allergen provocation as part of an investigatory study in a pulmonary clinic setting
(Liu et al, 2002). EPX levels (ng/ml) in BAL fluid increased significantly 48 h
following segmental allergen challenge (Post-Challenge (®)) relative to the levels
observed in these same patients prior to allergen challenge (Pre-Challenge ([J)).
*P<0.01 (Pre-Challenge Mean 4 SEM/Median=0.3+0.3/0.0; Post-Challenge
Mean + SEM/Median = 146.8 - 100.3/44.5). (B) EPX levels (ng/ml) observed in
BAL fluid recovered from asthma patients (pre- and post-aeroallergen challenge)
were plotted relative to the number of eosinophils in these same BAL fluids
(identified by manual cell counts and differentials of >300 cells/slide). The data
points represent individual patients ((O) = normal and non-allergen challenged
control allergic asthmatics and (®) = allergic asthmatics 48 h following
segmental allergen challenge). All assays were run as duplicate samples
performed as a single experiment. The line derived from a linear regression of
the collective data set comparing BAL EPX levels vs. BAL eosinophilia (r=0.93,
p=0.001).

cell populations, responsiveness in samples where the range of
eosinophil presence varied by order of magnitudes, and an
ability not only to detect but to quantify the level of eosinophil
activity in different patient samples. The extent of this assay's
utility to stratify these patients as part-of-point of care
strategies is yet to be fully realized thus warranting validation
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Fig. 7. ELISA-based assessments of sputum EPX levels represent a surrogate
biomarker representative of the airway eosinophilia occurring in asthmatic
patients. Post hoc assessments of induced sputum from asthma patients (n=4)
and otherwise healthy control subjects (n=7) recovered as part of therapeutic
clinical studies in a hospital/medical center setting (Pizzichini et al., 1996). The
histograms presented showed that EPX levels in cell-free sputum supernatants
(ng/ml-gram of sputum) were significantly higher than the levels observed in
healthy control subjects. The overlaid scatter plots (@) of sputum eosinophil
numbers observed in these patients (identified by manual cell counts and
differentials of >200 cells/slide) demonstrated that the increased sputum EPX
levels correlated with the induced airway eosinophilia occurring in asthma
patients. All assays were run as duplicate samples performed as a single
experiment. *P<0.05.

assessments in controlled studies as a means of potentially
identifying unique subpopulations of patients to direct better
available therapeutic treatment options. There is also no reason
a priori to assume that the utility of this assay is limited to

respiratory patients. Indeed, we expect that this assay will
fulfill a critical need for the assessment of eosinophils and/or
eosinophil activities in a variety of subjects suffering with
eosinophil-associated diseases.
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