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Abstract

Background: Fungal spores are the predominant biological
particulate in the atmosphere of Puerto Rico, yet their poten-
tial as allergens has not been studied in subjects with respi-
ratory allergies. The purpose of this study was to determine
the level of sensitization of subjects with respiratory allergies
to these particles. Methods: Serum samples were drawn
from 33 subjects with asthma, allergic rhinitis, or nonallergic
rhinitis and 2 controls with different skin prick test reactivity.
An MK-3 sampler was used to collect air samples and the re-
activity of the sera to fungal particles was detected with a
halogen immunoassay. Results: All subjects reacted to at
least 1 fungal particle. Thirty-one subjects reacted to asco-
spores, 29 to basidiospores, 19 to hyphae/fungal fragments,
and 12 to mitospores. The median percentage of haloes in
allergic rhinitis subjects was 4.82% while asthma or nonal-
lergic rhinitis subjects had values of 1.09 and 0.39%, respec-
tively. Subjects with skin prick tests positive to 3, 2, 1, or no
extract had 5.24, 1.09, 1.61, and, 0.57% of haloed particles,

respectively. If skin prick tests were positive to basidiomyce-
tes, pollen, animals, or deuteromycetes, the percentages of
haloes were 4.72, 4.15, 3.63, and 3.31%, respectively. Of all
haloed particles, 46% were unidentified, 25% ascospores,
20% basidiospores, 7% hyphae/fungal fragments, and 2%
mitospores. IgE levels and the number of positive skin prick
test extracts correlated with the percentage of haloes. Con-
clusion: In tropical environments, sensitization to airborne
basidiomycetes, ascomycetes, and fungal fragments seems
to be more prevalent than sensitization to mitosporesin sub-
jects with active allergies, suggesting a possible role in exac-
erbations of respiratory allergies.

Copyright © 2011 S. Karger AG, Basel

Introduction

Allergic respiratory diseases have been increasing
worldwide [1, 2]. According to the World Health Organi-
zation [3], the United States is among the countries with
the highest mortality rates due to asthma, and Puerto
Rico has one of the highest incidences among the 50
states and its territories [4-10]. Although many studies
suggest that a genetic predisposition is the most impor-

KA RG E R © 2011 S. Karger AG, Basel
Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

Accessible online at:
www.karger.com/iaa

Correspondence to: Dr. Benjamin Bolanos-Rosero

Department of Microbiology, School of Medicine, UPR-MSC

PO Box 365067

San Juan 00936-5067 (Puerto Rico)

Tel. +1 787 759 8228, Fax +1 787 756 8475, E-Mail benjamin.bolanos @ upr.edu



tant factor [2, 11, 12], others propose a significant role of
environmental variables including outdoor airborne al-
lergens [9, 10, 13]. For this reason, it is important to di-
rectly study the role of aeroallergens in inducing episodes
of rhinitis and asthma.

The predominant biological airborne particulates in
many temperate and tropical regions are pollen and fun-
gal spores [14-16], and some studies have revealed that
fungal fragments are also prevalent [17-21]. Furthermore,
a significant number of species of pollen and fungi have
been described as allergens or as having the potential to
be allergenic [22-24]. Nevertheless, in many geographic
locations fungal spores are the principal biological com-
ponent in the atmosphere and various studies have iden-
tified their importance in episodes of respiratory allergic
diseases [22, 23, 25-28]. Therefore, it is reasonable to ex-
pect that approximately 10% of the population could be
allergic to airborne molds. In a recently published study,
we characterized the biological airborne particulates in
the atmosphere of San Juan, Puerto Rico (S]) [14], in
which basidiospores and ascospores represented over
90% of the outdoor biological particulates and fungal
spores throughout the year. In addition, there was an in-
tradiurnal variation directly affected by the high humid-
ity and dew point but inversely affected by wind and wind
gusts. This is not the case in temperate regions, in which
mitospores (deuteromycetes or Fungi Imperfecti) such as
Cladosporium and Alternaria are the most common. Nu-
merous studies have described the allergenic potential of
these spores in temperate areas [16, 29-31], but very few
have demonstrated the same potential with basidiospores
and ascospores, or directly with airborne fungal spores,
due to the difficulty of preparing extracts [24-26, 32, 33].

Sensitization to a specific allergen can be detected in
vivo via the skin prick test (SPT) or in vitro (e.g. radioal-
lergosorbent test) by determining the presence and levels
of immunoglobulin E (IgE) when the serum of a patient
is challenged with an extract [1, 34]. One important lim-
itation of these tests is that they are dependent on the ex-
tract’s quality which is known to be affected by many
variables including intraspecies mutations, batch-to-
batch variation, and culture conditions [24, 34, 35]. In
addition, extracts are not available for many fungi or are
very difficult to prepare, which could lead to a subdiag-
nosis of fungal allergies. Testing a whole-air sample ex-
tract would not be specific because of the heterogeneity
of biological airborne particulates, and the presence of
endotoxin may lead to secondary reactions.

The halogen immunoassay, initially developed by
O’Meara et al. [36] to detect inhaled cat allergen, de-

Sensitization to Airborne Fungal
Particulates

scribed in detail by Tovey et al. [37], and later refined for
fungal allergens by Mitakakis et al. [38] and Green et al.
[19-21, 35, 39, 40] is an immunoblotting method with
some similarities to the enzyme-link immunosorbent as-
say and Western blot techniques. Advantages of this tech-
nique are that it is not dependent on any extract and the
particle to be tested is induced to elute allergen. In addi-
tion, the assay is performed on a sealed protein binding
membrane that captures the allergen-IgE complexes that
can be observed under the microscope. It has been used
to test various mitosporic fungi and nonfungal allergens
(e.g. cat) and, more importantly, it can also be used to test
against air samples collected with a volumetric air sam-
pler.

Given the importance of airborne fungal spores in al-
lergic respiratory diseases and their predominance in
many geographical areas, the purpose of this study was
to determine the sensitization of sera from subjects with
asthma, allergic rhinitis, or nonallergic rhinitis to air-
borne fungal particulates present in the atmosphere. Be-
cause of our previous aerobiological study in SJ, our hy-
pothesis was that the predominant airborne spores in our
atmosphere (basidiospores and ascospores) have higher
percentages of reactivity compared to mitosporic fungi.

Materials and Methods

Recruitment of Volunteers

With the approval of the Institutional Review Board (IRB) of
the University of Puerto Rico, Medical Sciences Campus (UPR-
MSC), participants were selected from among staff and students
of the UPR-MSC and patients seen by UPR-MSC faculty-physi-
cians at external allergy clinics. Inclusion criteria for the study
were a self-reported history of suffering from nasal allergies or
asthma, having had a stable medical regimen for the previous 30
days, being noninstitutionalized, and being >15 years of age. Ex-
clusion criteria were the current use of oral steroids for the treat-
ment of asthma or being in an immunosuppresor regimen, any
type of cancer within the last 6 months, infection of the upper
respiratory tract within the last 2 weeks, being a smoker, having
dementia or other conditions that would not allow the accurate
self-reporting of data, having self-reported poor compliance with
any medical therapy, being institutionalized, and being pregnant.
The purpose of the study was explained to each individual in un-
derstandable terms and subjects were presented with an in-
formed-consent form. Thirty-three participants consented to be-
ing part of the study. All of them were >22 years of age, with fe-
male volunteers being predominantly represented (30 females and
3 males). Allergic rhinitis was diagnosed based on the history of
the current use of medications for rhinitis or nasal symptoms as
determined by the nasal symptoms score and/or physician-diag-
nosed allergic rhinitis in addition to a positive skin test to relevant
antigens based on the subject’s history. Nonallergic rhinitis was
diagnosed in the presence of current nasal symptoms, medication
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use, and a negative skin test. Negative controls were asymptom-
atic subjects who did not use any medications for rhinitis and who
had negative skin test results. Asthma was diagnosed based on
pulmonary symptoms of wheeze, cough, and shortness of breath,
as well as on medication use and physician diagnosis. Chronic
obstructive pulmonary disease (COPD) was diagnosed based on
pulmonary symptoms and smoking history. When arranging
subjects into groups based on the diagnosed disease, those who
had allergic rhinitis and asthma were placed in the asthma group.
The only subject with COPD was classified with asthmatics as this
subject was also suffering from asthma.

Human Sera

Serum samples were drawn by trained medical technicians
from 33 subjects (table 1) with no respiratory disease, asthma, or
allergic or nonallergic rhinitis. SPT were performed using com-
mercial and crude basidiospore extracts and the samples were
stored at —-80°C until analysis. In the SPT, a wheal 3 mm larger
than that of the negative control was considered positive. In addi-
tion, the IgE levels were determined at a reference laboratory us-
ingan Advia Centaur® CP Immunoassay System (Bayer Diagnos-
tics, Greenburgh, N.Y., USA). In 4 of the subjects (with allergic
rhinitis) the volume of sera was insufficient to determine both the
IgE titer and the reactivity with a halogen immunoassay; for these
participants, only the halogen immunoassay was used. The bat-
tery of SPT extracts included commercial extracts (Greer Labora-
tories, Lenoir, N.C., USA) of mitosporic fungi (Penicillium spp.,
Aerobasidium spp., Alternaria spp., Cladosporium spp., Acremo-
nium spp., Fusarium spp., and Aspergillus spp.), 1 ascomycete
(Chaetomium spp.), animals (dog, cat, mite, and cockroach), pol-
len (Bermuda, Johnson, Bahia, and trees), and crude extracts from
basidiomycetes’” spore prints (Ganoderma applanatum, Chloro-
phyllum molybdites, and Pleurotus ostreatus) which were prepared
as previously described by Horner et al. [32].

Collection of Air Samples

An 80 X 20 mm strip of ABgene PCR sealing film (Fisher Sci-
entific, New Hampton, N.H., USA) was attached, with the adhesive
surface facing upwards, to a microscope slide. The prepared slide
was placed in an Allergenco® MK-3 sampler (Environmental Mon-
itoring Systems, Inc., Charleston, S.C., USA) situated on the roof
top of the main building of the UPR-RCM (~100 m above ground
level) located in SJ. Outdoor air samples were collected at a volume
of 15 liters/m® of air in March, May, June, and December of 2009
and in January of 2010. Air sampling was done only on days during
these months when participants were recruited and sera were avail-
able for testing. The samples were collected from 4 p.m. to 8 a.m.,
which are the hours with the highest fungal concentration in the
SJ atmosphere, at intervals of 10 min of sampling every 110 min of
relapse. Although these hours may not reflect actual periods of in-
dividual exposure, we wanted to test as many fungal spores and
particulates as possible. Sampling during daytime hours would
have yielded very few spores or other nonbiological particulates. At
8 a.m. the slide was removed from the sampler and processed with
the halogen immunoassay. In the afternoon (4 p.m.) of the same
day another slide with adhesive tape was placed in the sampler. The
same procedure was repeated on the days on which sera was drawn
until enough air samples had been collected for all of the sera be-
cause on 1 adhesive film a limited number of mixed-cellulose ester
protein binding membrane squares could be attached.
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Table 1. Clinical data, IgE levels, and SPT results of the patients
included in the study

Pa- Condition Disease IgE SPT (+)
tient code (IU/ml)
1 NAR 472 ND Gano, Chlor, grass
2 AR,COPD  477.8 107.1  Mite, grass
3 AR 477.8 ND Mite, trees
4  AR,asthma 493 117.8  Mite, grass
5 AR 477.8 16.6 Mite
6 AR 477.8 ND Gano, mite, cat
7 AR 477.8 ND Pen, mite, cockr, cat
8 AR, asthma, 493 49.6  Mite, Gano
conjunct
9  Negctrl control 5.7  None
10 NAR 472 49 None
11 Negectrl control 8.7  Fusarium
12 AR, asthma 493 6.5  Pleu, cockr
13 NAR 472 1 None
14 Chronic 472 29 Unable to be
rhinitis determined
15 NAR 472 435 Gano
16 NAR 472 1.5 None
17 AR 477.8 338.8 Pen
18 AR, asthma 493 27.5  Mite
19 NAR 472 648.1 None
20 NAR, AD 472 461.9 None
21 AR, asthma 493 64.6  Cockr
22 NAR 472 14.4 None
23 AR, asthma 493 210.4  Pleu, Gano
24 AR, asthma 493 491.6  Gano
25 AR 477.8 242.8  Pen, mite
26 NAR 472 79.4  None
27 NAR 472 12.3  Gano, Chlor, Pleu, mite
28 AR 477.8 755.3  Grass
29  Asthma 493 1,442 Mite, grass, Asp, Alt,
Gano, Chlor, mite
30 AR 477.8 307.7  Grass
31 AR 477.8 100.5  Grass
32 AR 477.8  2,017.1  Asp, Alt, Gano, mite,
grass, Chlor, Pleu
33 Asthma 493 1,101.4  Grass

AD = Atopic dermatitis; AR = allergic rhinitis; conjunct = con-
junctivitis; COPD = chronic obstructive pulmonary disease;
NAR = nonallergic rhinitis; neg ctrl = negative control; Alt = Al-
ternaria spp.; Asp = Aspergillus spp; Chlor = Chlorophyllum
molybdites; cockr = cockroach; Gano = Ganoderma applanatum;
Pleu = Pleurotus ostreatus.

Halogen Immunoassay

The patients’ sera were blindly analyzed with the halogen im-
munoassay (fig. 1a) before the clinical, IgE level, and SPT data
were provided. The assay was performed as described by Green et
al. [39] but instead of the air sample being collected on the mem-
brane it was collected on the adhesive tape as mentioned above.
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Fig. 1. a Numbered diagram of the halogen immunoassay, adopt-
ed from that of Green et al. [35], with the modification that the air
sample is collected on the adhesive tape. b Numbered diagram
with the sequence of images obtained when counting the total
particulates. b1 is the original image, and b2 is the image con-
verted to a binary image (2-tone) with Image], in which the color
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Binary (2 tones) image

Total particles counted

of all particles present on the image was changed to only black and
the background is all white to facilitate the total particle count by
the software. After the smallest and largest pixel area and circu-
larity ranges were set, the total particles were counted with Image]J
as is shown in b3. Notice that the particles in all 3 images are in
the same location.
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The adhesive tapes containing the air sample were sealed against
a l-cm square (1 for each serum) of mixed-cellulose protein-bind-
ing membrane (MCE-PBM) (Millipore Corp., Billerica, Mass.,
USA) and air bubbles were removed to seal the membrane. Each
membrane covered 4 traces (impacts) of the air sample captured
on the tape. The sealed MCE-PBM were transferred, with the tape
side facing upwards, into the wells (1 membrane per well) of a
12-plate tissue culture Falcon plate (Becton Dickinson) contain-
ing 800 pl of borate buffer. The membranes were left overnight at
4°C to elute allergens onto the surroundings of their particles of
origin and to bind to the MCE-PBM-tape sandwich. To remove
the buffer, the membranes were washed 3 times (for 10 min at each
washing) with 800 wl phosphate-buffered saline (PBS) with 0.05%
Tween 20 (Fisher Scientific) on a shaker (all washing steps fol-
lowed this same protocol). The extraction with borate buffer was
followed by the addition of 400 .l of 5% skim milk/PBS/0.05%
Tween 20 to each well and this was left on the shaker for 45 min
atroom temperature. This step prevented the nonspecific binding
of serum IgE and secondary conjugated antibodies by blocking
areas of the membrane in which there was no antigen. The mem-
branes were again washed for 10 min 3 times before the addition
of 400 pl of human serum (diluted 1:3 in 2% skim milk/PBS/
Tween 20) to the corresponding wells and were allowed to react
overnight at room temperature. The membranes were washed 3
times for 10 min, and 400 pl of phosphatase-conjugated goat an-
ti-human IgE (Kierkegaard and Perry Laboratories, Gaithers-
burg, Md., USA) diluted 1:500 in 2% skim milk/PBS/0.05% Tween
20 was added to each well and incubated for 90 min on a shaker
at room temperature. The unbound conjugated antibody was re-
moved by washing 3 times for 10 min. After the third wash, the
membranes were left overnight in 800 .l PBS/0.05% Tween 20 at
-4°C. The next day the membranes were washed once before the
addition of 400 wl of 5-bromo-4-chloro-3-indolyl-phosphase/ni-
troblue tetrazolium (BCIP/NBT) (Kierkegaard and Perry Labora-
tories) to each well and placed on the shaker. The reaction was
monitored every 10 min for staining until a purple coloration was
observed (approx. within 10-30 min). If after 30 min there was no
purple color, the reaction was stopped.

Image Analysis

The membranes were examined with a Nikon Eclipse 80 mi-
croscope (Nikon Instruments, Huntington, N.Y., USA) to which
a Nikon DXM 120 F camera (Nikon Instruments, Inc.) was at-
tached, and this camera was connected to a computer. Because the
particulates that the Allergenco MK-3 collected appeared as verti-
cal traces on the tape and only 4 traces were able to be covered by
the 1-cm square of MCE-PBM, 4 fields per membrane (1 field for
each trace on the membrane) were photographed at a 10X mag-
nification with ImagePro Plus® version 5.6.2.9 (Media Cybernet-
ics, Inc., Bethesda, Md., USA). The membranes were examined at
this magnification to cover a broader field and to avoid obtaining
blurred images. The contrast, exposure, and illumination en-
hancements were performed with Adobe Photoshop CS4 Extend-
ed software (Adobe Systems Corporation, San Jose, Calif., USA).

The total particles photographed on each field were calculated
as shown in figure 1b using image analysis software Image]® (Re-
search Service Branch, National Institute of Mental Health, Na-
tional Institutes of Health, Bethesda, Md., USA). Because the par-
ticles in the images varied in color, each image was segmented and
converted to binary images (2 tones). With this adjustment, any
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particle present on the membrane turned black while all of the
background acquired a white color. Before proceeding to count
the particles, the pixel area (square pixels) was set to cover the
smallest (1) and largest (3,000) pixel area range and circularity in
the range of 0.00-1.00. With these modifications, it was easier for
the software to count the particles of interest as they were of only
1 color without any interference from the background. After these
adjustments, all particles of interest were counted and the result
for each image recorded. The total particulates for each subject
were the sum of the total of the 4 images corresponding to each
membrane, and the percentage haloes was calculated by dividing
the total haloes (the sum of the haloes of the 4 images) by the total
particulates. The percentage of haloes was used throughout the
analysis to normalize for the differences in the concentrations of
the total particulates on the membranes.

To confirm and identify the particles with haloes we used
Adobe Photoshop CS4 Extended, with the aid of the plug-in Blow-
Up 2.0.4 (Alien Skin Software, Raleigh, N.C., USA). Haloes were
confirmed by inverting the image (fig. 2d). In this manner, the
white background, which often interfered with the identification
of haloes, was eliminated and true haloes appeared as blurred ar-
eas of light blue. For particle identification, regions of the nonin-
verted images with haloes were enlarged by 400% (from a 10X
magnification to a 40X magnification) with the plug-in men-
tioned above in order to increase the size of the particle, allowing
a better resolution with minimal loss of pixel detail (fig. 2e). For
particles hidden by the haloes, edges were highlighted as shown
in figure 2f. In this manner, the halo disappeared and only the
edge of the particle(s) was visible.

The fungal particles with haloes were grouped as basidio-
spores, ascospores, hyphae/hyphal fragments (germinating
spores or free fragments), deuteromycetes or Fungi Imperfecti
(e.g. Fusarium spp., Alternaria spp., Cladosporium spp., and Epi-
coccum spp.), and unidentified (unID; any haloed particle not able
to be identified or classified into any of the previous groups). Each
haloed particle was identified and counted on each image based
on the following criteria: for basidiospores, being globose, elliptic,
or asymmetrical, usually having a <4:1 length/width ratio, an off-
center hilar appendage, sometimes the presence of an apical germ
pore, and no branch, scar, or septum; for ascospores, symmetry,
no scar, usually having a >4:1 length/width ratio, and often being
in groups of 8; for hyphae/fragment, germinating spores or free
fungal fragments; for deuteromycetes, based on their characteris-
tic mitospores as described by Smith [41], and for the unidentified
group, any haloed particle not able to be classified into any of the
previous groups.

Statistical Analysis

The statistical analyses were performed using Minitab Statisti-
cal Software version 15.1.30 (Minitab, Inc., State College, Pa.,
USA). Because most of the parameters included were not normal-
ly distributed, they were expressed as median values. Box plot
graphs show the median (horizontal line within the box), the in-
terquantile ranges (box’s edges), the ranges of all values within
interquantile 1.5, and any outlier value of the graphed data. A
2-proportion test was used to compare the percentage of subjects
that reacted to each particulate category when grouped by disease,
SPT reactivity, or SPT positive extracts. The nonparametrical
Mann-Whitney U test was used to compare the percentages of
haloes according to the particulate category and when subjects
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d Inverted image. e Sections of the image enlarged 400% with
Adobe Photoshop with the Blow-up plug-in. f Highlighted edges
of the particles that were hidden by the halo.
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were group by disease, SPT allergen source, and number of SPT
extracts to which the subjects were positive. The Pearson product-
moment correlation coefficient and regression analysis were used
to find any correlations between predictors (concentrations of to-
tal particles, condition, number of positive extracts, and IgE lev-
els) and the percentages of haloed particles. Each respiratory con-
dition was number-identified according to the International Clas-
sification of Diseases developed by the World Health Organization
(ICD9): nonallergic rhinitis (472), allergic rhinitis (477), and asth-
ma (493). p < 0.05 was considered statistically significant.

Results

For each patient, the serum was challenged against an
outdoor air sample via the halogen immunoassay. Ta-
ble 1 reports the test subjects, including their condition
(asthma, allergic rhinitis, or nonallergic rhinitis), SPT re-
sults, and IgE levels, as well as the 2 control subjects. Di-
agrams of the halogen immunoassay and image analysis
to count the total particulates are shown in figure 1; fig-
ure 2 shows examples of negative (fig. 2a) and positive
(fig. 2b) membranes, an inverted image to confirm a halo
(fig. 2d), an enlarged section of a positive membrane
(fig. 2e), and the highlighted edges of reactive particles
(fig. 2f). Of all haloed particles, 25% were ascospores,
20% basidiospores, 7% hyphae and fungal fragments, 2%
mitospores, and 46% unID (fig. 3). Of all subjects, 94%
(n = 31) reacted to ascospores, 88% (n = 29) to basidio-
spores, 58% (n = 19) to hyphae/fungal fragments, and
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36% (n = 12) to mitospores (fig. 4a). Significant differ-
ences were found with a 2-proportion test when subjects
that were positive to basidiospores and ascospores were
compared to those who were positive to hyphae/frag-
ments and deuteromycetes. When subjects were grouped
by disease (fig. 4b), by SPT positive to a specific allergen
source (fig. 4¢c), or by the number of extracts positive in
the SPT (fig. 4d), similar patterns were observed. A sig-
nificant difference was found in the percentages of ha-
loes to hyphae/fragments when subjects who reacted to
3 or more SPT extracts were compared to those who were
positive to 1 extract (fig. 4d).

The percentages of haloed particles among subjects
with asthma, allergic rhinitis, or nonallergic rhinitis
were determined and a Mann-Whitney U test performed
to find statistically significant differences between the
groups. Figure 5a shows the median percentages of the ha-
loes for the 3 groups, in which 1.09, 4.82, and 0.39% cor-
responded to subjects with asthma, allergic rhinitis, and
nonallergic rhinitis, respectively. There was a significant
difference between subjects with allergic rhinitis and those
with nonallergic rhinitis. There was no significant differ-
ence, however, between groups with asthma and nonaller-
gic rhinitis or those with asthma and allergic rhinitis.

The percentages according to the number of positive
extracts (0, 1, 2, or 3 or more) and according to positivity
to a particular SPT-allergen source (basidiomycetes, deu-
teromycetes, pollen, or animal allergen) were examined.
As shown in figure 5b, the percentages of haloes were
5.24,1.09, 1.61, and 0.57% if the participant was SPT pos-
itive to 3 or more, 2 or 1 extract or negative to all extracts.
There were significant differences between subjects posi-
tive to 3 or more extracts and the remaining groups.
When subjects were grouped by SPT allergen source, the
percentage of reaction was greatest for subjects who were
SPT positive to basidiomycetes (4.74%) as compared to
pollen (4.15%), animal allergens (3.63%), and deuteromy-
cetes (3.31%) as shown in figure 5¢, but there were no sig-
nificant differences between the groups.

To determine whether there was any relationship be-
tween the percentages of haloes and predictors, Pearson
product-moment correlation coefficients were deter-
mined. As shown in table 2a, there seem to be correla-
tions, although not very strong ones, between the total
haloes and the number of positive SPT extracts and IgE
levels. A linear regression analysis (table 2b) was per-
formed between these 2 predictors, and the number of
positive extracts was the most significant. Table 2c shows
that there was no correlation between each predictor and
the percentages of each group of haloed particles.
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Discussion tizations and allergic respiratory diseases in relation to

Fungal spores are the biological airborne agent most
predominant in many areas [12, 23, 24, 29, 42-44], and in
others fungal fragments have been demonstrated to be
reactive in subjects with allergies [19-21]. A significant
number of them are small enough to penetrate into the
upper and lower airways and induce immunological re-
actions in subjects with rhinitis and asthma [17]. How-
ever, it has been difficult to provide direct evidence that
these particles could react with the immune system of
individuals with allergic respiratory diseases because ex-
tracts are not available for many fungi or fungal frag-
ments. Using whole-air extracts would be nonspecific
and may yield secondary reactions. For these reasons, the
halogen immunoassay was used to directly test the reac-
tivity of sera from subjects with different types of sensi-

Sensitization to Airborne Fungal
Particulates

airborne allergens.

Particles that were not able to be identified had the
highest percentage of haloes, but this category alone was
not above 50%. Particles of fungal origin (ascospores, ba-
sidiospores, hyphae/fragment, and deuteromycetes) to-
gether accounted for more than 50% of all halo reactions.
The origin of the unID particles could be any organic
source with aerodynamic and allergenic attributes. Its
identification might be possible with modifications to the
halogen immunoassay (e.g. more sensitive image acquisi-
tion hardware and/or software, a higher magnification,
and more optically sensitive adhesive film). Nevertheless,
fungal spores that predominate in the SJ atmosphere,
such as basidiospores and ascospores, reacted with the
subjects’ sera at a higher percentage than mitosporic fun-
gi (fig. 3, 4a). In addition, the same pattern was observed
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Table 2. Pearson product-moment correlation coefficients and
linear regression of the percentages of haloes with predictors

a Pearson’s correlation between the percentages of haloes and
the predictors

Percentage of haloes

Total particulate

Pearson’s correlation coefficient  -0.386

p value 0.026
Condition

Pearson’s correlation coefficient 0.103

p value 0.581
Number of positive extracts

Pearson’s correlation coefficient 0.649

p value 0.000
Total IgE

Pearson’s correlation coefficient 0.554

p value 0.002

b Linear regression of the percentages of haloes with IgE levels
and positive extracts

Constant  Condition  IgE Positive

levels extracts
t value 0.0310 -0.270 1.060 2.280
p value 0.763 0.790 0.220 0.031

c¢ Pearson’s correlation between percentages of particles with
haloes and predictors

Disease Extracts IgE levels
unlD 0.059 -0.093 -0.057
0.754 0.608 0.768
Asco 0.000 0.084 -0.059
1.000 0.643 0.761
Basidio -0.060 0.031 0.129
0.750 0.865 0.506
H/F 0.015 0.037 -0.036
0.934 0.836 0.855
Deutero -0.036 0.042 0.093
0.847 0.819 0.630

Asco = Ascospores; basidio = basidiospores; H/F = hyphae and
fragments; deutero = deuteromycetes. p < 0.05 was considered
significant.

12.00

10.00 —

8.00 +

6.00 +

Haloes (%)

4.00 +

2.00 +

Control ! NAR ‘ AR ‘ AS

a Allergic respiratory disease

12.00

10.00 —

8.00 +

6.00 +

Haloes (%)

4.00 —|

2.00 +

= =

0 extracts 1 extract 2 extracts
b Positive SPT extracts

3 extracts

12.00

10.00 —

8.00 +

6.00 +

Haloes (%)

4.00 +

2.00 +

0 —=

T T
Deuteromycetes Basidiomycetes Animals Pollen

C SPT positive to allergen groups

330 Int Arch Allergy Immunol 2011;155:322-334

Fig. 5. a Box plot of the percentages of haloes according to respi-
ratory disease. NAR = Nonallergic rhinitis; AR = allergic rhinitis;
AS =asthma. b Box plot of the percentages of haloes according to
the number of positive extracts. ¢ Box plot of the percentages of
haloes if positive to a particular allergen group in the SPT. * Out-
lier; * p < 0.05.
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in the 4 scenarios presented in figure 4 when subjects
were grouped by disease (fig. 4b) and SPT results (fig. 4c,
d). These findings suggest that these spores, which have
many attributes causing them to be considered allergenic
[44], could be active inducers of exacerbations of rhinitis
and asthma during seasons in which their concentrations
are very high. Nevertheless, epidemiological and clinical
studies must be performed to fully support their active
role in respiratory allergies. However, in figure 4d an in-
teresting overlap was observed because subjects who were
reactive to 3 or more SPT extracts had a higher percent-
age of haloes to hyphae/fragments and deuteromycetes,
although this was not significant in the latter group. A
possible explanation might be that the airborne fragment
and mitosporic fungi to which they were reactive in the
halogen assay may have allergens similar to those of the
SPT extracts to which they were positive. This scenario
should be further studied because a previous report by
Green et al. [35] in which sensitization was examined for
mitosporic fungi by different methods found a correla-
tion between halogen assay and allergen-specific IgE lev-
els, but no correlation was found with the SPT.

It seems that for higher degrees of hypersensitivity to
airborne allergens, subjects must have high levels of IgE
or multiple-allergen sensitization. This is supported by
the fact that patients with allergic-rhinitis, positive SPT
reactivity to 3 or more extracts, or high levels of serum
IgE had the highest percentages of haloes. These findings
are in accordance with various studies in which subjects
with atopy and patients suffering from allergic respira-
tory diseases seemed to react more than nonatopic pa-
tients to fungal allergens [23, 35, 38]. Nevertheless, it is
feasible that those suffering from nonallergic rhinitis may
be also affected by airborne allergens resulting from local
sensitization or the expression of immunoglobulin-free
light chains that may not be detected by the SPT or assays
using IgE, which test for systemic sensitization [46, 47].
Although there are different classifications of nonallergic
rhinitis [48], studies have demonstrated that in some sub-
jects with diagnosed nonallergic rhinitis in whom the
SPT was negative, nasal challenges show sensitization.

Asthma subjects in this study had lower median per-
centages of haloes compared to allergic rhinitis subjects
and a higher median percentage of haloes (though this
was statistically insignificant) compared to nonallergic
rhinitis subjects. A lack of sensitization to fungi or low
serum levels of IgE could not explain these results be-
cause these subjects had high IgE levels and various pos-
itive extracts, including fungi. A possible explanation for
this finding could be the sample size because the percent-

Sensitization to Airborne Fungal
Particulates

ages of haloes among this group of subjects were not
parametrically distributed and some of them demon-
strated a higher percentage compared to allergic rhinitis
subjects. Also, their serum IgE could be specific for aller-
gens other than those captured at the time of the air sam-
ple collection. We must keep in mind that subjects were
exposed to somewhat different levels of airborne particu-
lates because air samples were collected on different days.
Although it may be interesting to examine the sera air
samples collected on the same days, it is extremely diffi-
cult to duplicate an air sample unless multiple samplers
have the same location and operate at the same time.

Subjects seem to react to airborne fungal allergens in
a specific manner not dependent on the total amount of
particulate as there was no correlation between the total
particulates and the percentage of haloed (total or indi-
vidually) particles. This may suggest that subjects with
asthma and rhinitis experience exacerbations on days
when the diversity of the fungal air spores shifts to a par-
ticular allergen(s). There are few reports related to fungal
spores or to allergenic sensitivity to these particulates in
tropical climates although ascospores and basidiospores
seem to be the most prevalent outdoor fungal spores in
tropical environments [14-16]. For this reason, epidemio-
logical studies are needed to confirm that susceptible in-
dividuals may experience episodes of asthma and rhinitis
when these groups of spores are in very high concentra-
tions in the atmosphere.

One interesting observation was that sera from more
than half of the subjects were also reactive to hyphae and
hyphal fragments (fig. 4a). Few studies have described
these as possible allergens [17-21] even though most of
the described fungal allergens in the literature originate
from induced systems expressed when a spore is meta-
bolically active and germinating or when the hyphae is
elongating [24]. As previously described by Green et al.
[21], fungal fragments can retain allergens when airborne
and participate as possible inducers of allergic respiratory
diseases. Furthermore, it is important to mention that
they have been previously described as biocontaminants
[18] and, as stated by Cho et al. [17], they have aerody-
namic properties, can become airborne indoors and out-
doors, and deposit in the respiratory mucosa. Aerody-
namically, one may think that they might not reach the
lower airways because of their length. However, it is pos-
sible that submicron fungal fragments are released and
suspended in the air and reach the upper and lower respi-
ratory tract. Finally, the widths of many fungal fragments
do not reach 5 pum, increasing the possibility of reaching
the lower respiratory tract.
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Although the percentages of haloes were low, it should
be taken into consideration that, for technical reasons,
only an area was analyzed instead of the whole mem-
brane. It was almost impractical to photograph the mem-
brane at a lower resolution for a broader field or to acquire
images from the complete MCE-PBM with higher mag-
nifications. The former would have yielded images with
little detail of the reacting particles while with the latter
would have produced lots of images and time limitations
would have prevented analysis of these data. Time limita-
tions also supported our decision to use image analysis
(i.e. ImageJ, Adobe Photoshop® CS4 Extended, and the
Blow-up® plug-in) to automatically count the total par-
ticles in each image, taking a percentage of the sample
and identifying only the reacting particles, and to iden-
tify the reactive particulates. It must be borne in mind,
however, that humans take in approximately 10,000 liters
of air per day [49]. An extrapolation of the results from
the sample analyzed in this study’s assay indicates that
the amount of fungal particulates that a susceptible indi-
vidual breathes daily could be significant.

Another limitation of this study was the size of the
sample studied and the controls included. We acknowl-
edge that this may have had an impact on the strength of
the statistical analysis and the interpretation of the re-
sults. However, with the limited number of subjects stud-
ied, differences in reactivity to different fungal particles
were observed, and in some cases these were statistically
significant. Furthermore, in previous studies in which
the halogen immunoassay has been used, researchers
have captured particles directly on the membrane, as was
described for cat and fungal allergens [19, 35, 36, 38, 40].
In this study, the air samples had to be collected on the
sticky side of the tape. Initially, we conducted air sam-
pling and particles did not adhere to the surface of the
membrane. While collecting air samples, the particles
bounced as the surface did not have an adhesive side. Al-
though it may have prevented the germination of fungal
spores, germinating spores and fungal fragments were
observed as seen in figure 2b although they did not cor-
respond to the fungal particles with highest percentage of
haloes. Finally, one may question the reliability of the
identification of the particles, as the magnification used
(only 10X) may have been a limitation for the detection
of small fungal spores. This magnification was used to
obtain a larger field and to limit the images analyzed. Al-
though small spores may have been missed, the Blow-up
plug-in worked well in enlarging. As mentioned in Mate-
rials and Methods and illustrated in figure 2f, for identi-
fication purposes (Whenever possible as not all particles
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were able to be identified and were thus classified as
unID) the edges of the reacting particle were highlighted
allowing the visualization of its symmetry (if any); based
on the criteria mentioned previously, the particle was
then classified as either an ascospore, a basidiospore, a
fragment/germinating spore, a mitospore, or unlD. In
addition, the sections with haloes of the images were en-
larged nearly 400% without damaging pixel details; this
allowed us to detect small hyaline basidiospores as shown
in figure 2e. Interestingly, we did not observe pollen or
any identifiable pollen particulates in any of the sealed
membranes. This does not necessarily rule out that pol-
len did not react with the sera as submicroscopic grains
and that small fungal spores such as those of Aspergillus/
Penicillium may have been missed.

Itis also important to discuss the fact that monoclonal
antibodies have been used in previous studies to detect
levels of sensitization to other allergens, including those
cases in which halogen and other immunological assays
have been used [19, 36, 38, 40]. These antibodies allowed
the detection and quantification of sensitization to spe-
cificand characterized allergens; however, this is not pos-
sible with many airborne allergens, including fungal
spores and fragments, as there are only monoclonal anti-
bodies to few fungi. In the case of basidiomycetes, aller-
gens have been fully described in just a few cases [32, 33]
and, to our knowledge, there are no published studies of
monoclonal antibodies to basidiomycete allergens.

It could also be questioned that the sera in this study
reacted to carbohydrate instead of protein determinants
of airborne fungal spores. There have been numerous
studies with different types of allergen sources in which
the significance of carbohydrate determinants has been
studied [11, 50-53]. Several of these investigations have
concluded that these epitopes participate in the cross-
reactivity between allergen sources, while in other cases
they have been useful in the characterization of certain
proteins. In our case, we cannot disregard this possibil-
ity as studies of carbohydrate determinants in basidio-
mycetes have not been carried out. In addition, we do not
think that cross-reactivity has occurred between mito-
sporic fungi or basidiomycetes or between these groups
and basidiomycete or ascomycete allergens because this
phenomenon has not been described to in this scenario.
This possibility is worth being studied as it has been re-
ported that cross-reactivity is more common than previ-
ously thought in fungi. Finally, we should point out that
the controls showed some reactivity to the fungal par-
ticulates. Fungi can produce alkaline phosphatase, and
some can do this in a constitutive manner [54-56]; how-
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ever, although this is not shown, we did perform control
tests excluding human serum, the conjugate, or the sub-
strate, and no purple color characteristic of a halo was
observed.

In summary, we described the allergenic potential of
the airborne fungal particulate that predominates in the
atmosphere of SJ in individuals suffering from allergic
respiratory diseases. To our knowledge, this is the first
time in which it has been documented that airborne ba-
sidiospores and ascospores, which predominate in our
setting, were directly tested with a pool of subjects and
were demonstrated to be reactive to the immune systems
of subjects with allergic respiratory diseases. This work
provides additional evidence of the possible significance
of outdoor airborne fungal allergens and their effect on
the susceptible population, and it could lead to further
investigation with respect to the participation of basid-
iomycetes and ascomycetes in allergic respiratory dis-
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