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Performance of the halogen immunoassay to assess airborne
mouse allergen-containing particles in a laboratory animal facility

Félix E. Rivera-Mariani', Elizabeth C. Matsui*® and Patrick N. Breysse'

Airborne mouse allergen is a risk factor for respiratory diseases. Conventional assessment techniques provide mass-based
exposure estimates that may not capture completely the inhalation risk of airborne allergen particles. In contrast to mass-based
estimates, the halogen immunoassay (HIA) combines immunoblotting and microscopy to directly assess allergen-containing
particles. We evaluated the HIA for the assessment of airborne mouse allergen and compared the results to the enzyme linked
immunosorbent assay (ELISA). Particulate matter (PM);o and PM, s samples (30 min, 41/m) were collected in a mouse facility
before, during, and after disturbance of soiled bedding. Concentrations of Mus m 1-positive particles (haloed particles (HPs))
and intensities of the haloes were determined with the HIA. Although HPs/m> were positively correlated with mass
concentration (statistically significant only with Mus m 1 concentration on PM,), replicates of mass concentration showed
higher variability than HPs/m>. After disturbance, most of the HPs were in the PM, 5 fraction. Mean haloes intensities were
similar before, during, and after disturbance. The HIA was able to measure allergen-containing particles with less variability than
the ELISA, detected the shift of HPs to smaller particles after disturbance, and may suggests similar halo intensity by particles
detected during and after disturbance. Our findings suggest that the HIA can be used to assess indoor concentrations of

mouse allergen particles and their morphological characteristics.
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INTRODUCTION

Exposure to airborne mouse allergen, and its impact on allergic
respiratory diseases have been described in occupational, inner-
city, suburban, and school settings."™ These studies have shown
that these environments can serve as sources for mouse allergen
exposure, which could contribute to the initiation and persistence
of allergic respiratory diseases.”

Exposure assessment to mouse allergen has been traditionally
performed by extracting allergen from air and dust samples and
measuring the mass concentration with enzyme-linked immuno-
sorbent assay (ELISA). Reservoir (dust) allergen is often an index of
allergen source, but does not necessarily measure what is being
inhaled by an individual as exposure can occur away from the
reservoir allergen as it can be aerosolized with disturbance and
thereby become airborne.®” With air samples, during normal and
undisturbed conditions, detectable levels of allergen often require
long sampling times.®® Long-term sampling may not provide a
measure of acute exposure, which is important to determine in
diseases known for rapid physiological changes such as with
allergic diseases.' In addition, incomplete allergen extraction may
lead to underestimation of allergen exposure.” Mass concentra-
tion—based exposure assessments also do not fully capture
the distribution of the aerodynamic sizes of allergen-carrying
particles, which is important as different-sized particles deposit
in different parts of the airway, and therefore elicit different
airways responses.'’ Therefore, strategies that measure not only

the allergenic protein, but can also directly assess the allergen-
containing particles may provide better measures of inhalation
risks.

The halogen immunoassay (HIA) is a method that combines
immunoblotting and microscopy to detect allergen-containing
particles. It has been used to document indoor (i.e. cat, dust mite,
cockroach),®712 occupational (i.e. latex aIIergens),13 and outdoor
allergens (i.e. pollen, fungi)."*'> In addition, the sensitivity of the
HIA has been demonstrated with previously undocumented
fungal allergens.'®'” More importantly, studies that measured
indoor allergens with the HIA were able to detect allergen-
carrying particles within short sampling times (10-15 min) or at
low concentrations that are difficult to detect with traditional
ELISA methods. Cockroach allergen, for example, is difficult to
detect in air samples in home environments using ELISA. De Lucca
et al."® was able to detect airborne cockroach allergen during both
normal disturbance (vacuuming) and undisturbed conditions in
home environments using the HIA. This was the first study to
detect airborne cockroach allergen without creating artificial
environmental disturbance. In addition, the HIA provides the
ability to determine a particle number-based (numbers of
allergen-containing particles per unit volume of air) concentration
estimate of exposure over short or long periods of time. Expert
groups reviewing air pollution research have identified the need
to explore number or count-based exposure metrics for particu-
late matter (PM) exposure assessments a research priority.'® In the
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case of allergens, number-based estimates of allergen-containing
particles may be a better predictor of inhalation risk than mass-
based exposure (i.e. ELISA) by providing concentration and
particle-size distribution of allergen-containing particles that have
the potential to deposit at different anatomical sites of the
respiratory tract. Equal masses of allergen may have different
health effects depending on the total number of particles and the
location in which they may deposit.

Therefore, the objective of this study was to evaluate the utility
of the HIA to detect and quantify airborne mouse allergen parti-
cles by collecting air samples in a mouse facility and compare
number-based (HIA) and mass-based (ELISA) concentration
estimates. We also evaluated the halo-intensity of the airborne
mouse allergen particles.

METHODS
Air Samples

Air sampling was performed during two different days in a mouse allergen
facility. Air samples were collected with personal environmental monitors
(M200 PEM) (MSP, Shoreview, MN, USA) for PM 10 um or smaller (PM;o)
and 2.5 um or smaller (PM;s). All sampling heads were loaded with 37-mm
diameter, 0.8 um pore size mixed-cellulose-ester protein-binding mem-
branes (MCE-PBM; Millipore, Billerica, MA, USA), and attached to a BGI
pump (SKC, Eighty Four, PA, USA) calibrated at 41/m. The samplers were
located 1.5m from ground level, 2m from the entrance of the mouse
facility, and 1 m from the walls. Air samples were collected for 30 min,
before, during, and 1h after artificial disturbance of mouse allergen
particles (shaking a bin with soiled mouse bedding for 1 min every 15 min
during 1h). Mice moved freely inside their cages during all stages of
sampling. After the samples were collected, the sampling heads were
brought to the laboratory and the filters divided in half: one half was
analyzed with the ELISA and the other half with the HIA (Figure 1). The half
of the MCE-PBM analyzed with ELISA was kept in sterile Petri dishes at
room temperature until analyzed (2 weeks after being collected). The half
to be analyzed with the HIA was sealed with strips of ABgene™ QPCR
sealing film (Thermo Scientific, Waltham, MA, USA) and pressure applied to
remove air bubbles. Sealed membranes were stored in Petri dishes at room
temperature until analyzed with the HIA.

ELISA

[

ELISA for Mus m 1

MCE-PBMs were extracted with 1.5 ml of 0.15mM PBS with 0.1% Tween 20
and shaken overnight at 4°C° The concentration of mouse allergen was
quantified using sandwich ELISA with polyclonal rabbit anti-Mus m 1.2
Concentrations of mouse allergen with the ELISA were expressed as ng/m?>.
The limit of detection (LOD) was determined to be 1.4 ng/m3.

To assess the recovery of Mus m 1 from MCE filters, we applied two
different concentrations (2.8 mg and 0.28 mg) of lyophilized Mus m 1 to
MCE filters. The spiked MCE filters were extracted and analyzed with ELISA
as above. In both cases, the recovery was >85% (data not shown).

HIA for Mus m 1

Sealed MCE-PBM were cut into 5-mm squares, in triplicate, and transferred
into wells of a 12-well Falcon tissue culture plate (Becton Dickinson,
Franklin Lakes, NJ, USA) containing 800 ul of borate buffer. The membranes
were incubated overnight at 4 °C to allow the elution of allergen onto the
surroundings of the particles of origin. The HIA (Figure 1) was performed as
previously described®® to immunodetect Mus m 1-containing particles.
Developed membranes were stored in deionized water at 4°C and
microscopically analyzed within 3 days. Field blanks were analyzed, and no
immunostained particles were detected (data not shown).

Image Analysis

Image analysis was performed as previously described'” with additional
modifications. Processed MCE-PBMs were fixed onto microscope slides
with an adhesive (generously provided by Dr. Euan Tovey) mixed with
acetone. The acetone allowed slight clearance of the MCE-PBM mem-
branes, which facilitated the visualization of the haloed particles. Fixed
membranes were examined in a Nikon Eclipse E800 (Nikon, Melville, NY,
USA) microscope connected to a SPOT RT3 (Diagnostic Instruments,
Sterling Heights, MI, USA) camera synchronized to a computer. Ten
images/membrane were captured at x 200 magnification with the
software SPOT Advanced (Diagnostic Instruments) by scanning through
a horizontal transverse through the middle of the sealed MCE.

Haloed particles (HPs) on each image were detected and counted using
the image analysis software Image) (National Institutes of Health,
Bethesda, MD, USA; Figure 2). This open-source software has been
previously used with the HIA."” To detect and count HPs, each image was
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Protocol for the analysis of collected air samples. (1) Membranes with air samples were divided for enzyme-linked immunosorbent

assay (ELISA) and halogen immunoassay (HIA) analysis. (2) The half for the HIA was sealed and squares prepared, which were (3) incubated
with buffer to elute allergens from the immobilized particles. (4) The eluted allergen was detected with polyclonal antibody (Ab), and (5) after
incubating with conjugate, (6) the membranes were developed with the conjugate’s substrate to obtain haloes (allergen—antibody com-
plexes). (7) Images were acquired and image analysis performed. BCIP/NBT, 5-bromo-chrloro-3’-indolyphosphate/nitro-blue tetrazolium.
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Image analysis protocol. Acquired images were analyzed with ImageJ. (1) Haloed particles on the image were isolated (2) based on

their difference in brightness from that of the background. (3) After determining the size range of the particles to include, (4) the
concentration of haloed particles in the image was automatically determined by the software, together with integrated densities of each halo.

color-segmented to isolate the particle of interest (particle with purple
haloes) from the background. Overlapping haloes were separated by
applying the special segmentation feature of the software known as
watershed separation. With this function, the software estimates the
distance from the center to the edge based on equidistance (i.e. uses
points on same particle that are not overlapping with another particle)
(http://www.macbiophotonics.ca/imagej/particle_analysis.htm). Given that
the integrated density of the haloes is a measure of the color intensity of
the stain and the size of the halo,'®?' the software was set to determine
both the total number of HPs and the integrated density (intensity of the
haloes) of the halo surrounding each particle. The integrated density of the
haloes was reported as the product of size of the halo (pixels?) and the
color intensity (pixels).

Concentration of HPs
To calculate the number of total HPs per filter (N,), the following equation

was used,*?
HPs Nt
Ne (222} 1Y g
t(filter) Ar

in which Nf is the average particles per field, A, is the area of the filter
(962mm?), and A; is the area of the microscopic field at 200 x
(0.2954mm?). To convert the number of HPs per filter into HPs per m?
of air (Ceoral) the equation below was used, in which Q is the flow rate
(4 x 103> m3/m) and t is the sampling time (30 min).

Crotal = Ntotal/(QXt)

Based on counting 1 particle in 10 fields (0.1 particles/field), the LOD for
the HIA at x 200 would be 2.8 x 10*HPs/m>® from a 30-min sample
collected at a flow rate of 41/min.

Statistical Analysis

The statistical analysis was performed with Minitab 16.1. 1 (Minitab, State
College, PA, USA). The means of the triplicates for the concentration of
HPs/m> were plotted against the mass concentration of Mus m 1
determined with ELISA. An Anderson-Darling normality test was
performed to determine normal distribution of the concentrations of

© 2014 Nature America, Inc.

HPs/m3, mass-concentration of Mus m 1, and integrated densities of
haloes. HPs/m? were graphed with mass-concentration of Mus m 1 (ng/m3)
in a scatterplot. The Spearman rank correlation was calculated to
determine the level of correlation between the concentrations of HPs/m*
and ng/m? of Mus m 1. Before testing for significant differences between
the geometric means with one-way ANOVA, integrated densities of haloes
were log-transformed owing to their non-parametric distribution. P<0.05
was considered statistically significant.

RESULTS
Concentration of HPs and Mass Allergen Concentration

Airborne particles were collected in a mouse facility before,
during, and after artificial disturbance on 2 separate days. The
concentration of mouse allergen particles was determined with
the HIA (HPs/m®) and the mass concentration of mouse allergen
by ELISA (ng/m® of Mus m 1). For PM;o samples (Table 1), the
concentrations of HPs before disturbance were at the LOD
(2.8 x 10> HPs/m>, equivalent to counting a single particle in 10
fields). The concentration of HPs increased by 2-3 orders of
magnitude during disturbance and decreased by a factor of about
2 after disturbance. A similar temporal pattern of mouse allergen
concentration was observed for ELISA-based mass concentration
results. Mouse allergen was undetectable by ELISA in one of the
two pre-disturbance samples. In addition, ELISA-based allergen
concentrations were low in the after-disturbance samples
compared to the change in concentration estimated by the HIA.
The concentration of HPs detected with the HIA and ELISA-based
mass allergen concentrations for PM;, were significantly corre-
lated (Figure 3a; r=0.90, P=0.02). Nevertheless, the percent
difference between samples taken on different days, but under
the same disturbance conditions, was higher for mass concentra-
tions (61% and 86%) than for HPs (10% and 24%).

The estimates of allergen particle number and mass concentra-
tions in the PM, 5 fraction (Table 2) were lower than the PM;, results.
However the overall temporal pattern is the same as determined
for PM;o. During disturbance, the concentration of HPs in PM,s
comprised approximately 30% (34% in day 1, 27% in day 2) of
total HPs, but after-disturbance HPs in PM, s comprised a majority
of the mouse-positive particles (58% in day 1, 85% in day 2).
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Table 1.
and the percentage of total HPs or mass allergen.

PM;, concentration of HPs/m® and Mus m 1 (ng/m®) before, during, and after disturbance, percentage of differences between both days,

PM;o HIA (HPs/m°) ELISA (ng/m>)
Day 1 Day 2 % Difference between days Day 1 Day 2 % Difference between days
Before disturbance 2.8 x10° 2.8x10° — <05 83.0 —
During disturbance 1.0 x 10° 9.0x 10° 10% 666.7 250.0 61%
After disturbance 1.7 x 10° 1.1x10° 24% 116.7 16.7 86%
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Figure 3. Correlation of haloed particles (HPs)/m* and Mus m 1 (ng/m°). (a and b) Concentration of HPs and mass concentration of allergen for
PM;, and PM, s samples were plotted and Spearman rank correlation determined. P<0.05 was considered statistically significant.

Table 2.
and the percentage of total HPs or mass allergen.

PM, s concentration of HPs/m® and Mus m 1 (ng/m?) before, during, and after disturbance, percentage of differences between both days,

PM;s HIA (HPs/m’)

ELISA (ng/m°)

% Difference between

% Difference between

Day 1 Day 2 day 1 and 2 % Total HPs/m®>  Day 1 Day 2 day 1 and 2 % Total ng/m’
Before disturbance <28 x10®° 28x10° - Day 1 (0%) <05 50 - —
Day 2 (100%)
During disturbance 3.4 x 10* 2.5x%10° 23% Day 1 (3%) 133.3 2333 43% Day 1 (20%)
Day 2 (27%) Day 2 (93%)
After disturbance 9.8 x 10* 1.1x10° 26% Day 1 (58%) 16.7 333 46% Day 1 (15%)

Day 2 (100%) Day 2 (NA)

Abbreviation: NA, not available.
Total percentage of allergen of PM, s was higher than that of PM;,.

The correlation (Figure 3b) between the HIA and ELISA from
PM,s samples yielded a positive coefficient (r=0.77), but the
correlation was borderline significant (P=0.07). In addition, as
with PM,,, the between-day percent difference was higher for
mass concentration compared with HP concentration (23% and
26% for HPs; 43% and 46% for mass concentrations).

Integrated Density of Haloes

The halo density, which is the product of area of the halo and
intensity of the stain,'®?' was measured with the image analysis
software Imagel. For PM;, and PM, 5 samples (Table 3), there were
no significant differences in the geometric means of the log;o-
transformed integrated densities of the detected haloes.

DISCUSSION

In this study, we present the first assessment of airborne mouse
allergen concentrations using the HIA. Although the HIA and ELISA
are both immunoassays, the HIA detects number of particles
carrying allergen, whereas the ELISA measures the mass
concentration. We characterized mouse allergen particle-number
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concentrations during low- and relatively high-concentration
conditions over relatively short-term (30-min) sampling intervals.
Although the HIA has been previously used to detect other
allergens, in this study we demonstrated the utility of HIA to
detect mouse allergen particles even under conditions where the
concentration was low (no disturbance condition).

At least for one of the sampling events, the HIA was able to
detect allergen-containing particles when the ELISA mass
concentration was below the LOD, demonstrating the utility of
the HIA for short-term low-concentration settings. In a study by
Poulos et al.,'? air samples were collected for 10 min at a low flow
rate (21/m) to measure Der p 1-carrying particles in homes during
different activities (i.e. dust raising, no disturbance, low allergen
facility). Similar to our study, the ELISA was not able to detect
airborne Der p 1 in the same samples in which Der p 1-positive
particles were detectable with the HIA. The ELISA is a highly
sensitive assay commonly used to measure allergen concentra-
tions and while optimizations have been made to further increase
its sensitivity,>?>** in low allergen concentration settings, long
sampling periods are often still required.>%242°

In addition, in low allergen or disturbance scenarios with small
loads of allergen-carrying particles, some allergen could remain

© 2014 Nature America, Inc.
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3.95 (2.54-5.88)
3.87 (2.44-5.11)

During disturbance
After disturbance

Table 3. Integrated densities of haloes before, during, and after disturbance.
Sample PM;o (pixel) PM,5 (pixels®)°
Day 1 Day 2 Day 1 Day 2
Before disturbance 4.02 (3.84-4.37) 4.57 (3.97-4.95) NAP 4.43°

3.93 (2.04-6.47)
3.77 (2.71-5.26)

3.94 (2.89-5.59)
3.86 (2.47-4.74)

3.78 (2.61-5.84)
3.55 (1.90-5.22)

a . .

Data presented in geometric means (range).
ENA, not available. HPs/m* below LOD.
‘Integrated density for only one HP.

embedded in the filter and fail to be extracted and detected with the
ELISA? In our study, this may explain why in day 1 before
disturbance of PM;, the ELISA did not detect mouse allergen.
Another explanation could be a function of sampling in which HIA
samples captured a particle, but the samples corresponding to the
ELISA did not. For diseases in which the immunological and
physiological outcomes can occur during short-time intervals, such
as allergic respiratory diseases,'®'® accurate assessment of recent and
short aeroallergen exposures are warranted. There are many cases
where shorter-term task-based sampling is needed to identify
sources of allergen exposure. Task-based sampling, for example
during vacuuming or animal transport, will often require sample
times <30min. The HIA is well suited for this type of exposure
assessment.

An important finding in the current study was the different
percentage of allergen-carrying particles on the PM, 5 and PM;,
fractions during and after disturbance. It is known that cat
allergen-carrying particles can range in size, with the majority
being within 1-20 um in diameter and small particles being able
to remain airborne for long periods.'®*® Particles carrying dog
allergens have been reported to be within this size range, with
>80% being carried in small particles (<5um)2"*? Studies
characterizing rodent (i.e. rats, mice) allergens have reported
similar particle size distribution, with particles diameters ranging
within 3-10 um in settings with high particle content (i.e. rat or
mouse facilities), and smaller particle sizes in areas with no evident
source of allergens.3*** Comparing the HP concentrations in the
PM;o and PM, ;5 size fractions during disturbance indicates that
approximately 30% of the allergen particles are in the PM,s
fraction and 70% are in the coarse fraction (PMiy_>5). Interest-
ingly, after disturbance the majority of HPs shifted to the PM, s
size fraction. This finding suggests that the HIA can detect small
allergen-carrying particles that can remain airborne after a
disturbance event. This is important because the size of
allergen-carrying particles is a determinant of the early and late
bronchial responses of allergen exposure.!' Therefore, the HIA
may be a useful tool for the assessment of indoor inhalation risk of
different size of allergen-containing particles during different
conditions of particle disturbance.

De Lucca et al.'® measured and characterized cockroach
allergen particles with the HIA and found a correlation between
particle size and intensity of the halo. In their study, particles were
collected on an IOM sampler and particles’ sizes examined
microscopically with a graticule. The image analysis software
used in the current study (Imagel) provides for the automatic
measurement of morphological characteristics and geometrical
measurements of the particle, such as area, diameter, and
circularity, among others. Unfortunately, the definition obtained
with the image acquisition hardware and software was not
sufficient to isolate the particles from the haloes in cases in which
the haloes obscured the particle of origin, precluding us from
conducting analysis similar to De Lucca et al. Comparing
the haloes’ integrated densities to that of haloes of known

© 2014 Nature America, Inc.

microdotted concentrations of allergen may have provided a
better way to examine the relation of allergen concentration
carried on each immunostained particles3> Nevertheless, it
remains to be determined whether the consistent integrated
densities seen before, during, and after disturbance in this study
suggest that individuals may be exposed to airborne particles with
similar allergen-carrying potentials in different size fractions with
or without particle disturbance.

A limitation of this study was that we collected samples during
a narrow set of conditions making it difficult to extrapolate these
finding too broadly. Owing to the restricted access to the mouse
facility, we were limited to 2 days of sampling. In addition, we
recognize that the MCE-PBM used to collect air samples is not the
conventional sampling media for mass allergen concentration
measurements. Teflon or glass fiber filters are commonly used for
allergen collection and extraction. Because we wanted to examine
allergen-carrying particles in the same collection media in which
mass concentration was evaluated, we conducted the sampling in
the same MCE filter and conducted the analysis on filters divided
into equal halves. It is possible that the proteins (allergens) may be
more tightly bound to the MCE than Teflon filters making
extraction more difficult. However, the extraction procedure
based on Hollander et al’ using a protein-based buffer plus
surfactant should minimize such losses. In addition, we were able
to extract >85% of mouse allergen from spiked filters, suggesting
that a bias associated with filter type is small (data not shown).
Future studies will include a comparison of HIA using MCE filters
and ELISA using Teflon filters.

We acknowledge that the sampler used in our study may have
discriminated against larger particles (>PM;,) that could carry
more allergen, which may have affected the results of image
analysis of the haloes. We wanted to sample in particle size ranges
commonly assessed in exposure assessment studies and which
may be more relevant in bronchial responses.*'%'"

This study demonstrates the utility of the HIA to measure
airborne mouse allergen particles. To our knowledge, this is the
first study in which the HIA has been applied to assess airborne
mouse allergen. Furthermore, although previous studies with the
HIA have used image analysis to detect intensity of the haloes, this
is the first study in which image analysis was used to calculate
concentration of HPs and measure the halo intensity concurrently.
Interestingly, when there was a small concentration of airborne
allergen-containing particles, the HIA was able to detect allergen
concentrations below the LOD of the ELISA method. In addition,
with the aid of size-selective samplers we were able to evaluate
HPs in different size fractions (PM;, and PM,s) and illustrate
the shift of HPs to small particle sizes after disturbance.
Taken together, we provide evidence that the HIA can be a
useful assessment methodology for mouse allergen exposures in
indoor environments. The modifications of the HIA applied to
the current study could be expanded for the study of other
allergens or biological compounds to which specific antibodies are
available. Future studies will expand on this work to compare
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count- and mass-based exposure indices in epidemiological
studies.
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