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Exposure to airborne pollen, fungal allergens, and dust mite
allergens is associated with the development of allergic
rhinitis. Biologic function of allergens is considered to be a
key determinant for allergenicity, and many clinically impor-
tant allergens have been shown to possess enzymatic activ-
ity. It is proposed that by enabling allergens to breach the
integrity of the airway epithelial barrier, proteolytic activity
plays an adjuvant pro-allergic role influencing immunogenic-
ity. In this review, current evidence regarding enzymatic
activity of aeroallergens is described, and the potential role
of aeroallergens in allergic rhinitis is discussed.

Introduction
Characterization of allergens at the molecular level by
cloning techniques has identified that many clinically
important allergens are biochemically active. This has led
to the suggestion that in addition to intrinsic properties,
including the integrity of the allergenic protein, resistance
to degradation, binding capacity, and the degree of
sequence similarity to host proteins, biologic function may
be a key determinant for allergenicity [1,2]. Based on bio-
logic function, allergens can be divided into several diverse
groups: enzymes; enzyme inhibitors; and binding, struc-
tural, and regulatory proteins [3¢]. Many clinically signifi-
cant airborne allergens are hydrolytic enzymes, including
proteases from the house dust mite family and proteases,
carbohydrases, and ribonucleases from fungi. Nonhydro-
lytic enzymes include mite glutathione-S-transferase and
amylase; plant pectin lyase; and fungal enolase, alcohol
dehydrogenase, and aldolase, few of which are recognized
as major allergens [4,5].

It is proposed that protease activity leads to enhanced
allergenicity, as proteolytically active allergens can compro-
mise airway barrier function by reversibly disrupting inter-

cellular epithelial adhesion [6e,7]. Having facilitated their
access to immunocompetent cells, several studies indicate
that the proteolytic activity of allergens enables them to sys-
temically perturb immunologic signaling, promoting IgE
synthesis directly, through cleavage of CD23, the low affin-
ity IgE receptor found on the surface of B cells, and indi-
rectly, through cleavage of CD25 and CD40 [8-10].

In this article, we describe the enzymatic activity of pol-
len, fungal, and mite allergens and critically review their
potential role in allergic rhinitis, focusing on their impact
on airway epithelial function.

Pollen Allergens

Airborne allergens from plant pollens are important trig-
gers for intermittent allergic rhinitis [11]. High local airway
concentrations of pollen solutes (50 mg/mL) are achieved
when pollen grains impact on the mucosal surface, as
approximately 25% of the pollen mass is considered to be
released following rapid hydration [12e]. Pollens contain a
variety of enzymes, including proteases, but, to date, data
regarding whether allergenic pollen proteins possess pro-
teolytic activity is conflicting, and any putative role of pol-
len proteases in the disruption of epithelial barrier
function remains unclear [12¢,13-16].

Group 1 grass pollen allergens are major allergens,
accounting for IgE reactivity in 95% of pollen-sensitized
individuals. The primary sequence of these 30-kDa glyco-
proteins is highly conserved among various grass species,
sharing between 85% and 95% homology. The group 1
grass allergens belong to the family of B-expansins and act
as mediators of cell-wall loosening, which is essential for
growth. Grobe et al. [14,17] have proposed that these
highly immunogenic allergens are proteases. Phl p 1, a
group 1 allergen from timothy grass (Phleum pratense),
expressed in Pichia pastoris, along with affinity-chromato-
graphy purified natural allergen was shown to degrade a
nitroanilide substrate in a colorimetric protease assay and
to cleave a casein zymogram. Proteolysis was inhibited by
the presence of iodoacetamide and phenylmethanesulfo-
nyl fluoride, inhibitors of cysteine and serine proteases but
not by specific metalloproteinase or aspartic peptidase
inhibitors [14]. A literature search for conserved protease
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sequences identified that Phl p 1 could be aligned with
three functionally important motifs, including active-site
cysteine and histidine residues, defining the C1 papain-like
cysteine proteases. Further investigation by this group
demonstrated that the B-expansins exhibit sequence simi-
larity with the cysteine protease cathepsin B [17], and that,
similar to C1 proteinases, the expansins are secreted and
exported to the cell walls in an inactive proform, share a
similar molecular mass and optimum functional pH, and
require activation by reducing agents. The authors con-
clude that this intrinsic proteolytic activity of the B-
expansins may mediate plant cell wall loosening and, theo-
retically, promote increased permeability of airway epithe-
lium. These findings, however, have been directly
contended by Li et al. [15]. In a series of experiments, three
purified native group 1 allergens from timothy grass, rye-
grass, and maize were studied; results of a protease assay,
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and native PAGE zymography, and diges-
tion of agarose gels containing casein, all demonstrated a
lack of proteolytic activity. Additionally, amino acid analy-
sis dismissed sequence similarity between the expansins
and cysteine proteases. These results led to the proposal
that the group 1 grass pollens are not proteases and that
the proteinase activity observed by Grobe et al. was a result
of trace contamination. However, further evidence in sup-
port of pollen proteinases stems from work conducted by
Raftery et al. [12¢]. Proteolytic activity of diffusates from
grass pollens was assessed using a fluorogenic substrate
and by zymography. In corroboration with findings from
Widmer et al. [18], Bermuda grass diffusates demonstrated
predominant serine protease activity, whereas Kentucky
and rye-grass diffusates exhibited both cysteine and serine
activity. High-performance liquid chromatography (HPLC)
electrospray mass spectrometry/mass spectrometry (MS/
MS) analysis of tryptic peptides derived from two-dimen-
sional gel electrophoretically separated Bermuda grass dif-
fusates, in conjunction with zymography, confirmed that
the major proteolytically active protein observed was the
group 1 allergen Cyn d 1.

In addition to group 1 grass allergens, group 5 and 13
allergens have also been shown to exhibit enzymatic activ-
ity. The crystal structure of the group 5 major allergen Phl p
5b has been elucidated and identified as a ribonuclease
[19]. The role of such enzymatic activity in pollen is not
fully understood, but may have a defensive function
against viral infection. Group 13 grass pollen allergens
bind IgE in the sera of 50% of sensitized subjects, and Phl
p 13 has been identified as a polygalacturonase playing an
important role in cell-wall lysis of stylus tissue [20].

The clinical relevance of these findings in allergic air-
ways disease remains unknown. A limited number of stud-
ies have been undertaken to assess the potential role of
these putative proteolytically active allergens in the disrup-
tion of epithelial barrier function in rhinitis. Hassim et al.
[16] attempted to assess the effect of pollen diffusates on

cultured murine airway epithelial cells. Primary cell cul-
tures were established from mouse tracheal explants and
seeded onto a collagen matrix. Following exposure to pol-
len diffusates prepared using 100 mg/mL of pollen, cell
detachment measured using a methylene blue dye binding
assay was found to be between 30% and 90%. Detachment
of cells from the substratum was inhibited by the addition
of serum, leading to the conclusion that cell detachment
was likely to be mediated by proteolytic activity of the dif-
fusates, although the role of nonenzymatic components
could not be excluded. Interestingly, in this study the cells
were treated only 2 hours after they had been seeded. At
this time, 95% or more had attached to the substratum;
whether the cells had reached confluency is not stated, and
transepithelial electrical resistance (TEER) was not mea-
sured. TEER is a measure of barrier function and correlates
with the permeability of epithelial tight junctions to inor-
ganic ions. It has been shown that cultured human bron-
chial epithelial cells take up to 6 to 8 days to develop
maximum TEER [21], and, hence, after only 2 hours, exag-
gerated cell detachment in response to proteases may have
been seen.

Fungal Allergens

A number of fungal allergens implicated in the patho-
genesis of allergic rhinitis are enzymatically active. Aller-
gens from Alternaria alternata and Cladosporium herbarum
are known aldehyde dehydrogenases and enolases
whereas allergens from Aspergillus species exhibit serine,
aspartate, and metalloprotease activities [22,23]. How-
ever, studies investigating the effects of enzymatic activ-
ity of fungal proteases in rhinitis are limited. Kauffman et
al. [24e] quantified proteolytic activity in various fungal
extracts and assessed their ability to induce cell desqua-
mation in an airway-derived cell line (A549) and in pri-
mary cultures of nasal epithelial cells, and to stimulate
cytokine production. Alternaria and Aspergillus extracts
induced cell shrinking and desquamation in the A549
but not in the primary nasal cell cultures, and, together
with Cladosporium, they induced secretion of interleukin
(IL)-6 and IL-8 in both cell lines. These findings were
dependent on the proteolytic activity of the extracts and
not seen in the presence of protease inhibitors. Cultured
bronchial and nasal epithelial cells have been shown to
be similar in their morphology, growth characteristics,
and ciliary activity [25], and, as such, the reason for the
difference in cell desquamation seen between the A549
and primary nasal cells is unclear.

Dust Mite Allergens

Exposure to allergens from the house dust mite family is
associated with persistent allergic rhinitis [11]. To date, 19
different allergens from dust mite have been characterized
and found to exhibit varying degrees of immunoglobulin E
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(IgE) reactivity and T-cell proliferative responses [26]. The
group 1 mite allergens are 25 kDa acidic to neutral aller-
genic proteins, synthesized by cells lining the mite gas-
trointestinal tract and secreted as preproproteins, which
function as digestive enzymes. Additionally, allergens from
groups 3, 6, and 9 have also been identified as digestive
enzymes exhibiting serine protease activity. These mite
proteases are carried on fecal particles of respirable diame-
ter, which can become airborne and deposited onto airway
mucosa. They are classified as major allergens, and a
mounting body of evidence links their allergenic potency
to proteolytic activity.

Dermatophagoides pteronyssinus 1 (Der p 1), considered
to be the most immunodominant allergen involved in the
expression of IgE-mediated dust mite sensitivity, has been
the focus of many studies in this field. Herbert et al. [27]
observed that Der p 1 and unfractionated spent growth
medium extract (SGME), from which it was purified, were
able to detach cultured Madin-Darby canine kidney
(MDCK) cells and canine tracheal epithelial cells grown on
artificial and natural biopolymer substrata, causing visible
disruption of the epithelial architecture. Both Der p 1 (300
pg-mL ') and SGME also led to an increase in albumin
flux across isolated sheets of bovine bronchial mucosa.
Tomee et al. [28] applied D. pteronyssinus extract to human
alveolar type II epithelial-like cells and primary nasal epi-
thelial cultures; cell detachment occurred at concentrations
of 40 and 400 pg-mL!, respectively, and could be inhib-
ited by the presence of protease inhibitors. A subsequent
study separated the cysteine and serine protease activities
of mite fecal pellets using ammonium sulphate fraction-
ation and demonstrated that both protease fractions led to
a concentration-dependent increase in mannitol perme-
ability across cultured epithelial cell monolayers [29].
These effects were negated by the presence of class-specific
protease inhibitors. These early studies highlighted that
proteolytic activity of mite allergens led to an increase in
the permeability of epithelium in vitro. However, concen-
trations of purified allergen and extracts used were in the
range of several hundred pg/mL. In contrast, exposure to
Der p 1 during sleep has been measured to be only approx-
imately 2 ug per year [30].

Roche et al. [31] demonstrated that proteolytically
active Der p 1 altered epithelial permeability by increasing
paracellular conductance as opposed to transcellular con-
ductance in intact airway tissues. Paracellular channels are
normally sealed by tight junctions (TJ), which form the
most apical element of the junctional complex between
polarized epithelial cells. Wan et al. [6¢,29,32,33] were the
first to demonstrate that Der p 1 was able to disrupt barrier
function through the degradation of TJ proteins, and fur-
ther studies have shown that both cysteine and serine pro-
teases from D. pteronyssinus can precipitate the disassembly
of TJ. In these experiments, cultured MDCK, Calu-3, and
16HBE140- cells (immortalized cell lines derived from
human bronchial epithelial cells) were treated with pro-

teolytically active preparations of the mite allergens, and
the morphology of TJs and desmosomes were studied by
fluorescent antibody labeling. 2-Photon molecular excita-
tion microscopy (2-PMEM), in conjunction with custom-
written software, allowed quantification of breaks in fluo-
rescence to be measured. Immunopurified Der p 1 and
serine proteases from mite fecal pellets evoked a time-
dependent decrease in TJ staining that could be detected
within 30 minutes of exposure. Permeability to mannitol
was measured following treatment with Der p 1 and mite
serine proteases, and the observed increase paralleled the
total number of breaks visualized by immunostaining.
Immunoblotting confirmed that reduction in fluorescence
intensity was a result of proteolysis of the transmembrane
proteins occludin and claudin and of the cytoskeletal pro-
tein ZO-1. In these studies, degradation of the TJ proteins
and the resulting increase in transepithelial permeability
were dependent upon the protease activity of the allergens
and could be inhibited by the presence of protease inhibi-
tors. Wan et al. [33] have concluded that by accessing para-
cellular permeation routes and facilitating their delivery to
dendritic antigen presenting cells, the opening up of TJ by
environmental proteases may be an important early step in
the development of sensitization and may contribute to
ongoing symptoms of allergic airways disease.

Interpretation of such studies conducted in cell culture
and extrapolation to in vivo scenarios with intact airway
mucosa must be made with caution. In these studies, vary-
ing concentrations of allergen with different levels of pro-
teolytic activity were applied to monolayers of cells.
Comparable levels of activity in experiments yielded dis-
parate levels of junctional breakdown [6¢,32]. In one
study, mite serine proteases from fecal-pellet enriched D.
pteronyssinus culture medium were applied to cell monolay-
ers seeded on 13-mm coverslips with a protease activity
quoted as equating to 1200 dust mite fecal pellets [33].
Using personal intranasal air samplers, it has been calcu-
lated that the average individual inhales approximately 60
fecal particles during sleep per night [30]. Therefore, treat-
ment with activity of 1200 pellets seems excessive. These
cell-culture experiments have recently been repeated in our
laboratory using pug/mL concentrations of allergen. Degra-
dation of TJ] was seen with immunopurified Der p 1 and
commercially available D. pteronyssinus immunotherapy
solution, but, surprisingly, proteolytically active extract
from spent D. pteronyssinus culture had no effect on T] mor-
phology (Unpublished data). This crude extract, which was
not toxic to the cells, provides the closest representation to
natural exposure of all the allergen preparations used.
Therefore, the lack of effect seen questions the clinical rele-
vance of results obtained by applying laboratory-purified
allergens to cultured cells.

MDCK cells are considered to be the gold standard epi-
thelial cell line in the evaluation of junctional complexes.
Parental MDCK cells form a heterogeneous line, and two
subclones, type I and I cells, are now also available from the
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Figure 1. ZO-1 immunostaining in Der p 1-treated MDCK cells. Images A and B are taken from the same cell monolayer using 2-PMEM. In
image A, no disruption in ZO-1 staining, which forms contiguous rings circumscribing each of the cells, is seen following exposure to the mite
protease. Image B shows marked degradation of ZO-1 together with some disruption of the desmosomal protein desmoplakin. MDCK— Madin-

Darby canine kidney; PMEM—photon molecular excitation microscopy.

European Collection of Cell Cultures. These cells have been
shown to exhibit markedly different TEER. MDCK parental
line cells develop a TEER of 225 to 250 Qcm?2, whilst type I
cells are reported to display a high electrical resistance of
more than 1000 Qcm? and type II cells only 100 Qcm? [34].
In comparison, TEER maintained by healthy tracheobron-
chial epithelium measures 200 to 700 Qcm? [35]. Baseline
TEER developed by cultured cells will influence the ability of
proteases to permeate paracellular channels, and we have
demonstrated differences in the effect of Der p 1 on TJ of
these three MDCK cell lines. Wan et al. [21,36] have pub-
lished data showing that the MDCK cells used in their work
developed TEER of only 50 Qcm2. Our own studies have also
highlighted difficulties in quantifying changes in immunof-
luorescent staining. Loss of TJ-protein staining was found to
be heterogeneous across cell monolayers, and Figure 1 dem-
onstrates images obtained from the same monolayer depict-
ing markedly different degrees of junctional protein
degradation. 2-PMEM in conjunction with specific software
enables changes in the intensity of fluorescence and detec-
tion of visible breaks in the contiguity of staining around a
cell. However, the outcome of studies still critically depends
on the apparently arbitrary selection of which cells in a
given monolayer are imaged.

To evaluate the role of proteolytically active allergens in
allergic rhinitis, it is essential that these studies examining
tight junctions in MDCK cells and bronchial epithelial
cells are replicated in primary nasal epithelial cell cultures

or in ex vivo biopsy samples. Several reports imply that, in
view of the presence of coexisting inflammation, increased
nonspecific bronchial hyperreactivity in both diseases, and
the existence of the nasal-bronchial reflex, allergic rhinitis,
and asthma should be viewed as a single syndrome [37-
39]. However, Kauffman et al. [24¢] demonstrated a differ-
ential response of bronchial cells and nasal cells to fungal
proteases, and Tomee et al. [28] found that much higher
concentrations of mite allergen were needed to increase
permeability in primary nasal cells, compared with cul-
tured bronchial cells. In addition, changes in the morphol-
ogy of junctional proteins and airway permeability
following allergen challenge in vivo will further assist in
our understanding of the role of enzymatically active aller-
gens in allergic rhinitis. Greiff et al. [40] examined nasal
absorption of desmopressin in patients with persistent
house dust mite allergic rhinitis and in healthy subjects in
vivo. Desmopressin was instilled intranasally for a period
of 15 minutes and the amount excreted in a 24-hour urine
collection calculated. This study showed that absorption of
desmopressin was not increased in allergic rhinitis com-
pared with healthy nonatopics and that, in contradiction
to the in vitro study data, the integrity of epithelial barrier
function was maintained.

Future studies also need to take the possible cytoprotec-
tive effect of antiproteases into account. Hewitt et al. [41]
demonstrated that ol-antitrypsin was able to inhibit the
protease activity of Der p 1, and our own studies support
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inhibition of Der p 1 by secretory leukocyte protease inhibi-
tor, the dominant antiprotease of the nose and upper airway.

Conclusions

Exposure to airborne pollen, fungal allergens, and dust
mite allergens is associated with the development of atopic
sensitization. Experimental evidence supports the view that
continued exposure to these allergens in sensitized individ-
uals contributes to the airway inflammation and symptoms
seen in allergic rhinitis and asthma [11,42]. It has been pro-
posed that protease activity of allergens enhances allergen-
icity. To date, however, evidence with regard to pollen
allergens possessing proteolytic activity remains conflicting,
and studies evaluating the protease activity of fungal aller-
gens remains limited. Four proteases from the dust mite
family have been well characterized and are recognized
major allergens. Proteolytic activity of these allergens has
been shown to enhance allergenicity, but experiments in
cell culture show that their impact on epithelial cell mono-
layers in vitro is variable and, to date, in vivo intranasal
effects have not been confirmed. Furthermore, it is difficult
to imply clinical relevance from such experiments at current
human exposure levels. Although enzymatic activity may
play a role in modulating allergenicity, current evidence
would suggest that it is not a pre-requisite for allergy, and
this is supported by the finding that many allergens impli-
cated in allergic rhinitis, including cat, birch pollen, and
Der p 2, are non-enzymatically active.
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