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A Protease-Activated Pathway Underlying Th Cell Type 2
Activation and Allergic Lung Diseasée'

Farrah Kheradmand,?" Attila Kiss, 2® Jie Xu,*" Seung-Hyo Lee’ Pappachan E. Kolattukudy,?
and David B. Corry 3™

The respiratory allergens that induce experimental Th cell type 2-dependent allergic lung inflammation may be grouped into two
functional classes. One class of allergens, in this study termed type |, requires priming with adjuvants remote from the lung to
overcome airway tolerogenic mechanisms that ordinarily preclude allergic responses to inhaled Ags. In contrast, the other, or type
11, allergen class requires neither remote priming nor additional adjuvants to overcome airway tolerance and elicit robust allergic
lung disease. In this study, we show in an experimental model that diverse type Il allergens share in common proteolytic activity
that is both necessary and sufficient for overcoming airway tolerance and induction of pulmonary allergic disease. Inactivated
protease and protease-free Ag fragments showed no allergenic potency, demonstrating that only active protease acting on en-
dogenous substrates was essential. Furthermore, induction of airway tolerance could be aborted and allergic lung disease estab-
lished by simply adding purified protease to a type | allergen. Thus, exogenous proteases are common to type Il allergens and may
be generally required to overcome the innate resistance of the airway to Th cell type 2 activation and allergic inflammation, raising

concern for their potential contribution to diseases such as asthma.The Journal of Immunology, 2002, 169: 5904-5911.

mation is paramount to revealing mechanisms of alergic

disease and developing improved therapies for condi-
tions such as asthma. Central to these efforts is to understand the
unique properties of respiratory alergens which initiate and sus-
tain the alergic inflammation which underlies pathologic pro-
cesses such as airway obstruction. Experimental models of respi-
ratory Ag challenge have identified two major classes of Ag
implicated in alergic lung disease. The first class, in this study
termed type |, is exemplified by chicken egg OVA which, aside
from airway hyperresponsiveness (1), is incapable of inducing a
broad spectrum of lung allergic changes which additionally in-
clude goblet cell metaplasia, mucus oversecretion, airway eosino-
philia, and peribronchovascular inflammation, if given strictly by
inhalation. However, OVA is capable of inducing all of these al-
lergic changes if given remote from the lung in a series of priming
doses, typically with aluminum-based adjuvants before intrapul-
monary challenge (2—11). In contrast, the other major class of al-
lergen, in this study termed type Il, is derived from the fungus
Aspergillus fumigatus and readily induces alergic lung inflamma-
tion when given only through the airway and without the need for
additional adjuvant (12-14). Although A. fumigatus-based aller-
gens are derived from an organism strongly linked to human a-
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lergicillness (15) and induce lung disease with aphysiologically more
relevant protocol, experimentally OVA is used far more often.

The distinction between allergen classes is further illustrated by
comparing their immune properties. OVA given only through the
airway induces a relative tolerogenic state termed IgE tolerance
(16) in which murine B cells are induced to secrete only the Ig
isotypes 1gG1 and 1gG2a (17) and Th effector responses are not
observed. Allergic inflammation of the lung is not induced when
OVA is given only through the airway (18), and lack of T effector
responses persists even with subsequent priming with the same Ag
and adjuvant (19). However, alergic reactions to other Ags are not
affected in rodents tolerized to OVA (20). Thus, rather than an
abnormal response with general effects on immunity, tolerance to
inhaled Ag may be regarded as a highly selective, Ag-specific
immune response that may have evolved as a means of protection
against inappropriate immune activation in the lung.

In contrast to OVA, immunity to type Il alergens derived from
A. fumigatus is distinctly allergic, dominated by the presence of
lung parenchymal and airway eosinophils and Th cellstype 2 (Th2
cells),* elevated serum titers of IgE, and the physiologic sequelae
of this inflammation including airway hyperresponsiveness and
airway mucus overproduction (13, 14, 21-23). T and/or B cell
tolerance is not observed and robust inflammation isinduced with-
out the need for extrapulmonary Ag challenge or additional adju-
vants. Despite these differences, the alergic lung disease induced
by both type | and Il alergens is highly stereotypical and patho-
logic airway obstruction is induced through a final common sig-
naling pathway involving IL-13 (8, 23-28).

Therefore, respiratory alergens differ immunologicaly only in
terms of their intrinsic ability to bypass induction of airway toler-
ance. Because human allergic lung disease is likely induced by
inhaled alergen, it is critical to understand the adjuvant properties
of type Il alergens which enable them to bypass normal tolero-
genic mechanisms and establish alergic disease. Pathogenic roles

4 Abbreviations used in this paper: Th2 cell; Th cell type 2; BAL, bronchoalveolar
lavage; NPP, nitrophenylphosphate.
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have previously been suggested for proteases and amylases and
other exogenous molecules common to human allergens (29-33).
However, it has not been shown that exposure by inhaation to
these microbial products is necessary to overcome airway tolero-
genic mechanisms, enable Th2 priming, and establish allergic lung
inflammation.

Using an experimental model of asthma, we have identified a
variety of type Il alergens and have determined that active pro-
tease represents a critical biochemical activity underlying intrinsic
allergenicity. We identified three distinct type Il allergens, all of
which contained active protease and amylase activities. However,
only active protease was required for Th2 commitment, Th2- and
Ag-specific Ab isotype secretion and allergic lung inflammation.
Protease-free OVA was incapable of inducing these features of
asthma, but could be converted into a type Il allergen simply by
coadministering it intranasally with a single highly purified fungal
protease. Thus, together with Ag, exogenous proteases are both
necessary and sufficient to bypass tolerogenic responses to inhaled
Ag and initiate Th2-dependent alergic lung inflammation. There-
fore, as allergenic adjuvants, proteases are implicated as important
virulence factors in diverse allergic reactions.

Materials and M ethods
Mice

Female C57BL/6 mice were used between 4 and 8 wk of age and bred at
the American Association for the Accreditation of Laboratory Animal
Care-accredited Baylor College of Medicine (Houston, TX) vivarium.
Mice were maintained under specific pathogen-free conditions and used
according to institutional guidelines.

Antigens

A. fumigatus Ag was prepared from live cultures (lot no. DC980809) as
previously described (14). Whole ragweed pollen extract alergen (rag-
weed; lot no. AK000516) was prepared by pulverizing 1 g of ragweed
pollen (Sigma-Aldrich, St. Louis, MO) in 8 ml of PBS, centrifuging at
10,000 rpm for 20 min and sterile filtering the supernatant. Aspergillus
oryzae alergen was obtained commercially (Sigma-Aldrich) and reconsti-
tuted to 10 mg/ml using sterile PBS. Chicken egg OVA (grade V; Sigma-
Aldrich) was reconstituted in sterile PBS and was either given alone or was
added in identical amount (25 pg/dose) to protease-containing preparations
immediately before administration. OVA fragments were prepared by in-
cubating OVA (1 mg/ml) with A. oryzae alergen for 90 min at 37°C
followed by centrifugation through a molecular-size exclusion column
(Centricon 10). Fragment isolation and exclusion of protease were con-
firmed by SDS-PAGE followed by silver staining and determination of
total protease activity (none detected in fragments). Mice were then ad-
ministered 25 g protein/dose intranasally. Total protein content of aller-
gens was determined using a bicinchoninic acid-based protein assay ac-
cording to the manufacturer’s instructions (Pierce, Rockford, IL).

5905

Proteases

The purified 33-kDa serine protease from A. fumigatus was prepared as
described (34) and inhibited >95% by repeated addition (up to three times)
of PMSF (1 mM; Roche, Basel, Switzerland) for 2 h at room temperature
followed by overnight dialysis against PBS. Protease activity of A. oryzae
dlergen was inhibited >95% by repeated addition of phosphoramidon
(500 uM; Roche) for 2 h at room temperature followed by overnight di-
adysis against PBS.

Active proteases were detected by gelatin gel zymography as described
(23). Total protease and amylase activities were determined using
quenched fluorescein-casein and fluorescein-starch substrates, respectively
(Molecular Probes, Eugene, OR). Enzymatic release of the fluorescent sig-
nals was quantitated by a microplate fluorometer (Bio-Tek Instruments,
Watford Herts, U.K.) according to the manufacturer’ s instructions and data
were expressed as fold increase in signal above background following in-
cubation at 37°C for 1 h (Table I). Specific activity of the A. fumigatus
serine protease was determined to be 400 U of total protease activity per
nanomole of protein (400 U/nmoal).

Induction and analysis of the asthma phenotype

The Ag preparations used for these studies are listed in Table |. Doses of
Ag based on protease activity we empirically determined to yield equiva-
lent induction of the asthma phenotype following intranasal challenge (Ta-
ble | and Fig. 2). Doses of protease-inhibited allergens were adjusted based
on equivalent total protein content relative to protease-uninhibited allergen.
For intranasal Ag challenge, mice were anesthetized with metofane vapor
(Vedco, St. Joseph, MO) and alowed to inhale 50 wl of alergen following
application to the nares with a pipette every 4 days for five total challenges.
Data were collected 24 h following the final Ag challenge and were ex-
pressed as means = SEM.

Airway hyperresponsiveness by PC,q,, bronchoalveolar lavage (BAL)
cytology, serum Ab isotypes, lung histopathology and lung cytokine pro-
files by ELISPOT assay were determined as described (14). Briefly, mice
were ventilated using 100% oxygen under conditions that maintained phys-
iologic pH and arterial PCO,. After establishing a stable baseline for re-
spiratory system resistance as determined by continuously quantitating
APt/V (where APt = change in tracheal pressure and V = air flow) at 70%
tidal volume, acetylcholine chloride was administered i.v. over 1 sin es-
calating doses. The provocative concentration of acetylcholine in mi-
crogam per gram of body weight that caused a 200% increase in respiratory
system resistance, designated PC,q,, Was calculated by linear interpolation
of appropriate dose-response curves. Significant differences (defined as
p < 0.05) were calculated on the logarithm of PC,,, by ANOVA using
reference to the specified control groups. Baseline pulmonary resistance
did not differ among the various groups of mice in these studies, ensuring
reliable comparison between the different experimental groups.

BAL cells were collected by serialy ingtilling and withdrawing 2- to
1-ml diquots of PBS (pH 7.2) from the tracheal cannula. Aliquots of 10°
cells were centrifuged onto glass slides, stained using modified Giemsa,
and used to determine the absolute numbers of eosinophils.

Suspensions of whole lung cells were prepared by removing the lungs
and dissecting away lymph node and thymic tissue. Lungs were finely
minced and the fragments were pressed through a 40-um nylon mesh filter.
RBCs were lysed in hypotonic buffer and the remaining cells were washed

Table I. Ags used to induce the asthma phenotype in mice

Protease Units’Dose®  Amylase

Allergen Name Allergen Description (% inhibitable)® Units/Dose

A. fumigatus Concentrated culture filtrate prepared from 6 (50) 6
stationary cultures of A. fumigatus

Ragweed Sterile soluble extract from the pulverized pollen 60 (60) 250
of Ambrosia artemisiifolia

A. fumigatus serine  Purified 33-kDa serine protease from A. fumigatus 9(>95) 0

protease/OVA cultures and OVA

A. oryzae Commercially obtained culture filtrate prepared 425 (>95) 30
from stationary cultures of A. oryzae

OVA Commercially obtained 40-kDa protein derived 0 0

from chicken egg protein

2Doses for Ags except OVA are based on protease activity and induce comparable degrees of alergic lung disease (airway
hyperresponsiveness, airway eosinophilia, airway mucus production).
b Nos. represent maximum percentage of inhibition using a variety of inhibitor mixtures.



5906

twice, counted, and adjusted to 107 cells/ml in RPMI 1640 with 5% FBS
and antibiotics.

For ELISPOT assays, duplicate cell samples were distributed to 96-well
microtiter plates that had been precoated with mAb 11B11 anti-murine-
IL-4 Ab, seria 2-fold dilutions of the cells were conducted, and the plates
were incubated undisturbed for 18 h at 37°C. After washing away the cells,
biotinylated secondary Ab against IL-4, BVD6-24G.2 (BD PharMingen,
San Diego, CA), was added. Captured IL-4 was revealed using streptavi-
din-conjugated alkaline phosphatase (Jackson ImmunoResearch L aborato-
ries, West Grove, PA) and developed using 5-bromo-4-chloro-indolyl-
phosphate (Sigma-Aldrich) in 0.1 M 2-amino-2-methyl-1-propanol buffer
(Sigma-Aldrich) suspended in 0.6% agarose. Individual blue spots were
counted after solidification of the agar using inverted microscopy.

Serum was prepared from whole blood collected at the time of death for
determination of total IgE and OVA- specific IgG1 and 1gG2a. For total
IgE, serum diluted 1/5 and 1/50 was added to plates precoated with anti-
IgE Ab R35-72 (BD PharMingen) and developed with biotinylated Ab
R35-118 (BD PharMingen) followed by streptavidin-conjugated alkaline
phosphatase and nitrophenylphosphate (NPP; Sigma-Aldrich) substrate
and the results compared with a standard curve prepared with monoclonal
murine IgE (Sigma-Aldrich). To washed and blocked plates precoated with
OVA (100 ug/ml in PBS), serum diluted 1/5, 1/50, 1/500, and 1/5000 was
added, followed by biotinylated isotype-specific Abs (IgGl: LO-MG1
(Cadltag Laboratories, Burlingame, CA); 1gG2a: LO-MG2a (Caltag Labo-
ratories)). Plates were washed, developed with streptavidin-conjugated al-
kaline phosphatase and NPP substrate, read in a standard spectrophotom-
eter and relative concentrations were expressed as OD 44s.

Secreted airway mucin was quantitated using the mucin- binding lectin,
jacalin (35), as described (23). A total of 40 ul of BAL diluted 1/100 and
1/1000 were added to individual wells of microtiter ELISA plates (Dyna-
tech Laboratories, Chantilly, VA) and incubated 2 h at 37°C. Plates were
washed and blocked with 3% I-block (Applied Biosystems, Foster City,
CA) followed by addition of 0.002% biotinylated jacalin (Calbiochem, La
Jolla, CA). After incubation for 1 h at 37°C, plates were washed and de-
veloped with streptavidin-conjugated akaline phosphatase and NPP. Re-
sults were quantitated by comparison with a mucin (Sigma-Aldrich) stan-
dard curve.

Satistics

All data are representative of at least three independent experiments with
four to five mice in each in vivo experiment and are expressed as means =
SEM. Significant differences (p = 0.05) were determined using Student’s
t test (log PC,q0) Or Mann-Whitney U test (all other data).

Results
Allergenic potential of fungal and pollen-derived allergens

Allergens prepared from A. fumigatus, A. oryzae and the pollen of
Ambrosia artemisiifolia (ragweed) were compared with chicken
OVA for their ability to induce the asthma phenotype in mice
when given intranasally. Allergens were administered over a broad
range of protease activities (1-500 protease U/dose) and OVA was
administered between 1 pg/dose and 1 mg/dose. The data in Fig.
1 are selected to show only maximal sublethal responses as greater
amounts of allergen generaly resulted in unacceptable (>20%)
mortality, although OV A aoneinduced neither allergic disease nor
mortality at any dose.

Compared with a previously standardized dose of the A. fumiga-
tus alergen (14), the other fungal- and pollen-derived allergens
yielded comparable induction of airway hyperresponsiveness and
BAL eosinophilia (Ref. 14; Fig. 1). The fungal-derived allergens
further induced comparable degrees of peribronchovascular in-
flammation and airway goblet cell metaplasia (Fig. 2, b and c).
Similar results were obtained with allergens administered intra-
dermally or i.p. followed by intranasal challenge (Refs. 13 and 14
and data not shown). These findings document that three diverse
Ag preparations are potent type Il alergens, all containing an ac-
tivity or property which overcomes the innate resistance of the
airway to immune activation in response to Ag challenge.

PROTEASE-DEPENDENT Th2 ACTIVATION AND ALLERGIC LUNG DISEASE
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Protease
Activity(U) 425 60 6.0
FIGURE 1. Comparison of three protease-containing allergens. Mice
were intranasally sensitized with allergens derived from A. oryzae, rag-
weed pollen, and A. fumigatus (A. fum) without or with OVA (indicated
by — or +, respectively) given on a schedule of every 4 days for five total
challenges and compared with saline-challenged control mice (far left
bars). Allergen doses are listed in units (U) of protease activity. Upper
panel, Provocative concentration of acetylcholine chloride that induced a
200% rise in respiratory system resistance from baseline (PC,q,). Lower
panel, Total eosinophils influxing into BAL. Data are representative of
three independent experiments simultaneously comparing the three aler-
gens. *, p = 0.05 relative to saline-challenged mice.

Enzymatic activities of type Il allergens and their requirement
for allergic lung disease

The previous findings are remarkable given that they were ob-
tained using amouse strain that is resistant to allergic lung disease
(18, 36) and other Th2-dependent phenomena (37), and were in-
duced by delivery of an allergen through a mucosal route that
normally elicits only tolerance (16, 38). Therefore, we sought to
identify afactor common to these allergens that is capable of over-
coming induction of tolerance and inducing strong lung alergic
reactions in resistant mice. Further analyses confirmed in all three
allergens the presence of protease and amylase activities (Fig. 3
and Table I) which have both been linked to allergens and allergic
phenomena (39-51). Using a variety of inhibitor mixtures, we
determined the maximum degree of protease inhibition achievable
for subsequent in vivo studies. As shown, full inhibition of pro-
tease activity was possible only with the A. oryzae alergen
(Table l).

To explore the alergenic potential of amylases and proteases,
we performed additional experiments with the A. oryzae allergen
prepared with OVA and administered intranasally in doses of 10-
fold increasing concentration based on protease content. This pro-
tocol induced progressively severe alergic lung disease as as-
sessed by airway hyperresponsiveness, airway eosinophilia, and
secreted airway mucin equivalent at the highest dose to that elic-
ited by apreviously standardized dose of the A. fumigatus allergen
(Fig. 4). In contrast, no induction of these alergic parameters was
observed in mice challenge with vehicle (saline) or OVA alone,
whereas an intermediate dose of A. oryzae alergen without OVA



The Journa of Immunology

FIGURE 2. Representative periodic acid-Schiff-stained histologic sec-
tions of murine lungs. Arrowheads point to mucus-producing goblet cells
within the airway epithelium, and arrows indicate significant peribroncho-
vascular inflammation. All images include representative bronchovascular
bundles at X200 magnification. a—f, C57BL/6 mice were intranasally chal-
lenged with saline, A. fumigatus allergen with OVA, A. oryzae alergen
with OVA, protease-inactive A. oryzae allergen with OVA (total protease
activity 6% compared with preparation used in c), OVA aone, or A
oryzae-hydrolyzed OVA (OVA peptides), respectively. Goblet cells and
inflammation are seen only in mice receiving active protease (b and c).

showed no significant alteration in allergenic activity. Thus, the
quantity of active protease, not OVA, determined the degree of
expression of allergic disease induced by the A. oryzae allergen.

We conducted additional studies to understand if the protease
and amylase enzymes present in the A. oryzae/OV A alergen were
required for alergic lung disease. For these studies, the protease
activity of A. oryzae alergen was inhibited by >95% using phos-
phoramidon and the dose of inactivated A. oryzae alergen was
adjusted to contain the equivalent quantity of total protein as the
protease-active allergen. This protocol, which left largely intact the
amylase activity, resulted in reduced expression of all aspects of
the asthma phenotype, including airway hyperresponsiveness, mu-
cin secretion, and airway eosinophilia by 90-100% depending on
the parameter (Fig. 4). Furthermore, such treatment abrogated the
robust peribronchovascular inflammation and airway goblet cell
metaplasia induced by the A. oryzae allergen (Fig. 2, c and d). To
confirm that protease activity, and not exogenously derived diges-
tion products, is alergenic we compared reactivity of A. oryzae
alergen aone to a preparation containing only allergen-hydro-
lyzed OVA (OVA peptides). As expected, A. oryzae alergen re-
constituted airway hyperresponsiveness and airway eosinophilia
while the OV A peptides showed no potential to induce the asthma
phenotype or elicit lung inflammation (Figs. 2f and 4). These stud-
ies demonstrate that the protease present in the A. oryzae allergen,
not the amylase, was required for alergic disease.
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FIGURE 3. Demonstration of proteases in allergens by zymography.
Allergens derived from ragweed pollen (Ragweed), A. fumigatus (A. fum)
and A. oryzae were subjected to gelatin gel zymography and protease bands
were revealed following Coomassie blue staining. All three allergens pos-
sessed significant quantities of active protease as indicated by clear bands
within the gels.

Requirement of protease for Th2 commitment and Ag-specific Ab
secretion

In prior studies, we showed that the Ag-induced asthma phenotype
is dependent on the generation of Th2 cells and not other effector
cellssuch asCD8™ T cells (52), NK-T cells (52), and B cells (14).
Thus, consistent with induction of the asthma phenotype that is
itself a robust indicator of Th2 effector development, we detected
Th2 cells following challenge with A. oryzae/OV A alergen. OVA
added to allergenic preparations permitted detection of Ag-specific
1gG1, which in the mouse islargely Th2- and IL-4-dependent (53—
56) and 1gG2a, an IFN-y-dependent isotype (57). Similar to indi-
ces of alergic lung disease, relative quantities of total IgE and
OV A-specific 1gG1 titrated according to the strength of A. oryzae/
OVA allergen administered and were comparable at the highest
dose to those achieved with A. fumigatus OVA allergen (Fig. 5).
IgE and, in contrast to prior studies (16, 17), 1gG1, were largely
absent from sera of mice receiving protease-inactive A. oryzae/
OVA allergen or OVA aone, consistent with induction of Ag-
specific tolerance. Furthermore, |L-4-producing cells, consisting of
predominantly Th2 cells and eosinophils, were only detected in
lungs of mice receiving active protease (Fig. 6). In contrast, 1gG2a
was expressed to the highest degree in mice receiving only OVA
(16). Together, these studies demonstrate that, in addition to aller-
gic lung disease, A. oryzae/OVA allergen induced an Ag-specific
Th2 response dependent only on the presence of active protease.

Effect of adding protease to a type | allergen

The preceding studies establish that the protease present in the A.
oryzae allergen is required for Th2 activation, total IgE and Ag-
specific IgG1 production and allergic lung disease, whereas OVA
alone is insufficient for these endpoints. However, it remains un-
clear if these are properties unique to the A. oryzae protease or if
other proteases possess similar adjuvant properties. To demon-
strate that these findings are applicable to other proteases and dis-
tinct alergens, we combined OVA with the secreted serine pro-
tease purified from the extracellular fluid of A. fumigatus cultures
(34), the same serine protease contained in the A. fumigatus aller-
gen. When administered intranasally to mice according to the same
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FIGURE 4. Requirement of protease activity for alergic lung re-
sponses. C57BL/6 mice were intranasally challenged with saline (—), or
the indicated combinations of OVA (indicated by +), A. oryzae or A.
fumigatus (A. fum) allergens according to the schedule as in Fig. 1. A.
oryzae allergen was given in increasing amounts from 4.2—425 U of pro-
tease activity/dose and following phosphoramidon inactivation of an inter-
mediate dose originally containing 42 U of protease activity (protease ac-
tivity: 0). A. oryzae-hydrolyzed fragments of OVA (indicated by (+)) were
also administered as an additional control. a, Airway hyperresponsiveness
by PC,q0. b, Total BAL eosinophils. ¢, BAL mucin concentration. Data are
representative of three independent experiments; #, p = 0.05 relative to
sdline-chalenged mice

protocol as used with previous alergens, A. fumigatus serine pro-
tease/ OV A induced airway hyperresponsivenessidentical with that
elicited by the more complex A. fumigatus allergen and significant
eosinophilia (Fig. 7). A 10-fold more active protease dose of A.
fumigatus serine protease further induced airway eosinophilia
comparable to levels observed in A. fumigatus allergen-challenged
mice (4.1 X 10° + 1.6 X 10°vs5.3 X 10° + 3.6 X 10° total BAL
eosinophils, respectively). We further documented recruitment of
IL-4-producing cells to the lungs of A. fumigatus serine protease/
OV A-challenged mice in numbers consistent with results obtained
with other allergens (Fig. 6). In contrast, no significant induction of
these alergic parameters was observed following challenge with
saline, OVA aone, protease alone, or OVA and protease inacti-
vated >95% by PMSF (a serine class protease inhibitor). These
studies demonstrate that an active protease distinct from that
present in the A. oryzae alergen is sufficient for induction of al-
lergic lung disease. Furthermore, our findings demonstrate that ac-
tive protease in combination with Ag is both necessary and suffi-
cient to overcome the innate resistance of the airway to Th2
activation and allergic lung disease.

PROTEASE-DEPENDENT Th2 ACTIVATION AND ALLERGIC LUNG DISEASE
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FIGURE 5. Effect of exogenous protease on Ab responses. Relative
concentrations of OV A-specific serum 1gG1 and 1gG2a (A and B, respec-
tively) in OD units and total serum IgE in micrograms per milliliter (C)
were determined in the same treatment groups as in Fig. 4. Data are rep-
resentative of three independent experiments; *, p < 0.05 relative to saline-
challenged mice.

Discussion

Our studies demonstrate that type Il alergens, which do not re-
quire additional adjuvants or immune priming remote from the
lung to €licit alergic lung inflammation, are not unique to A. fu-
migatus, but rather are easily derived from diverse species relevant
to human atopy. We have further shown that active protease ac-
counts for the intrinsic alergenic activity of the A. oryzae allergen
and that a highly purified protease derived from A. fumigatus is
sufficient to convert the type | alergen OVA to a type Il when
combined with protease. Therefore, regarding the type |1 allergens
explored in this study, active proteases are the essential adjuvant
factor responsible for alergic potency.

Although absolute protease activity varied considerably in dif-
ferent preparations having equivalent alergenic activity, only pro-
tease activity correlated with disease induction; complete inacti-
vation of protease in the A. oryzae alergen abrogated both
inflammation and Th2 activation. Neither OVA (atype| alergen),
a purified active protease (A. fumigatus serine protease), nor a
protease-inactive alergen complex (A. oryzae allergen) was suffi-
cient to induce the asthma phenotype if given intranasally. Re-
markably however, a combination of only two molecules, a pro-
tease and type | allergen, was sufficient to induce alergic lung
disease in a manner dependent only on the dose of active protease.
Therefore, active protease, in combination with a type | allergen,
is sufficient to bypass airway tolerance induction, stabilize Th2
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FIGURE 6. LungIL-4 responsesto allergens. C57BL/6 mice were chal-
lenged with saline (—), 25 ug of OVA (+), or the indicated combinations
of OVA and nine protease units (U) of A. fumigatus serine protease (A.
fumigatus SP), 6 U of A. fumigatus allergen, 425 U of A. oryzae allergen
or protease-inactive A. oryzae allergen (original protease activity 425 U)
given every 4 days for five total challenges. Twenty-four hours after the
final challenge, single-cell suspensions were prepared from lungs from
which IL-4-producing cells were enumerated by ELISPOT. Fewer than
1000 IFN-y-producing cells were detected in al mice. Data are represen-
tative of at least three independent experiments. *, p =< 0.05 relative to
saline-challenged mice.

effector commitment to the type | alergen, and sustain alergic
lung inflammation.

Proteases have previously been linked to alergic asthma and
many of the Ags most frequently implicated in disease are either
proteases or strongly associated with protease activity. These in-
clude Der P1 (29), the Ag most commonly linked to asthmaworld-
wide (58), Fel d | (59), the most important allergen derived from
the domestic cat and many pollens (48, 60, 61). Fungi are aso
implicated in alergic disease, and as shown in this study and else-
where (62, 63), are potent sources of active protease. Intriguingly,
occupational outbreaks of asthma are associated with the handling
of bacterial-derived proteases used in the manufacture of detergent
products, although it is not clear from these investigations which of
severa bacterial products were etiologic (64, 65).

A pathogenic role for exogenous protease, especialy Der P I,
has previously been suggested through cleavage of a variety of
endogenous proteins, including the low-affinity IgER (CD23; Ref.
29) and the IL-2Ra chain (30), and by modifying the balance
between IFN-y and IL-4 (66, 67). Furthermore, the proteolytic
activity of Der P | enhances titers of IgE specific for the protease
(68) and bystander Ags such as OVA (69). However, the impor-
tance of exogenous proteases regarding Th effector development
and alergic lung disease have not been investigated until now.
Because proteases distinct from Der P | are both necessary and
sufficient for the complete spectrum of alergic lung disease in-
duced by the parent allergen, the data together suggest that the lung
responds to exposure to divergent proteases by activating a ste-
reotypical alergic effector response. The mechanism by which
proteases accomplish this is the subject of ongoing investigation,
but it isunlikely to involve Toll-like receptors, as mice deficient in
all Toll-like receptor signaling have diminished Thl, but not Th2,
responses (70). A more likely mechanism may involve C proteins.
We have recently shown that C protein 3, which undergoes exten-
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FIGURE 7. Induction of allergic lung disease by addition of exogenous

protease to intranasal OVA. C57BL/6 mice were challenged intranasally
with saline (=), 25 ng of OVA (+), or theindicated combinations of OVA,
nine protease units of the secreted serine protease derived from A. fumiga-
tus cultures (A. fum SP), protease-inactive A. fumigatus SP, or A. fumigatus
alergen. Each challenge was given every 4 days for five total challenges
and the asthma phenotype was determined 24 h after the final challenge.
Upper panel, Airway hyperresponsiveness by PC200. Lower panel, Total
BAL eosinophils. Data are representative of three independent experi-
ments. *, p < 0.05 relative to saline-challenged mice.

sive proteolytic modification by a variety of exogenous proteases
(71-74), is necessary for Th2 commitment and robust allergic lung
disease in response to a proteolytically active type I alergen (75).

Exogenous proteases have also been shown to degrade proteins
comprising the tight junctions of airway epithelium. Although this
facilitates Ag presentation (31), 1gG2a responses and IgE toler-
ance, both Ag-specific processes induced by intranasal OVA, pro-
ceed in the complete absence of airway protease challenge and,
thus, proteolytic disruption of the epithelium. Thus, active protease
is not required for airway Ag presentation, only allergic responses
to Ag. Although protease and amylase activities were common to
all of our alergens and numerous additional molecules (32, 33)
potentially relevant to alergic disease are doubtless present in the
A. oryzae alergen, only protease was required for disease. Thus,
while many microbial factors may contribute to expression of
some features of experimental allergic disease, our data strongly
suggest that only protease is necessary for the asthma phenotype.

Although our findings establish a potential link between aller-
genic proteases and human allergic disease, many atopic patients
show serum reactivity to Ags with no known protease activity,
raising questions as to the true relevance of protease to human
illness (76). We demonstrated that fungal proteases are specifically
capable of conferring allergenic potential to otherwise innocuous
type | alergens applied to the respiratory tract. Thus, in response
to inhaled allergens, Th2 activation and allergic lung disease re-
quire at least two exogenous signals. an Ag and allergenic adju-
vant. Although the same molecule may represent these immune
elements, we have shown that distinct molecules may just as likely
express them. Interestingly, fungal proteases, some of which are
excellent alergenic adjuvants as shown in this study, inexplicably
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make poor Ags for some heavily exposed patients, a property
which likely explains why protease alone did not induce significant
alergic lung diseasein this study (43). Therefore, demonstrationin
allergic patients of serum reactivity to nonprotease allergens fails
to account for potential concomitant exposure to an alergenic ad-
juvant, particularly when the latter is not serologically identifiable.
Although these studies alone cannot exclude the existence of pro-
tease-inactive allergenic adjuvants, our data more importantly
demonstrate the possibility that Th2 commitment and allergic phe-
nomena arising from airway allergen exposure are ultimately
driven by a protease-based mechanism.

Additiona studies are required to define the protease virulence
factors relevant to human allergic disease. Secreted endogenous
proteases are abundant in normal human lung and airway secre-
tions, but are tightly regulated through various means. Therefore,
exogenous allergenic proteases that are uniquely capable of trig-
gering inflammatory responses likely escape the regulatory pro-
cesses which govern the activity of endogenous enzymes. Addi-
tional proinflammatory properties of exogenous proteases
potentially include relative stability under a wide variety of envi-
ronmental conditions and insensitivity to the effects of endogenous
inhibitors. Another critically important issue is the relative abun-
dance of free protease activity in combination with defined Agsin
human environments, a subject about which little is known. Our
study establishes that such analyses are now feasible and that in
addition to serologically defined Ags, protease activity should be
correlated in future studies with the incidence, prevalence and se-
verity of a variety of human allergic conditions. Such studies
promise to provide additional pathophysiologic and therapeutic in-
sight into common allergic ailments such as asthma.

Acknowledgments
We thank A. Clinton White, J. R. Rodgers, and R. Wetsel for helpful
discussions, and V. Kurup for providing the A. fumigatus isolate.

References

1. Renz, H., H. R. Smith, J. E. Henson, B. S. Ray, C. G. Irvin, and E. W. Gelfand.
1992. Aerosolized antigen exposure without adjuvant causes increased IgE pro-
duction and increased airway responsiveness in the mouse. J. Allergy Clin. Im-
munol. 89:1127.

2. Gulbenkian, A. R., R. W. Egan, X. Fernandez, H. Jones, W. Kreutner, T. Kung,
F. Payvandi, L. Sullivan, J. A. Zurcher, and A. S. Watnick. 1992. Interleukin-5
modul ates eosinophil accumulation in alergic guinea pig lung. Am. Rev. Respir.
Dis. 146:263.

3. Elwood, W., J. O. Lotval, P. J. Barnes, and K. F. Chung. 1992. Effect of dexa-
methasone and cyclosporin A on alergen-induced airway hyperresponsiveness
and inflammatory cell responses in sensitized Brown-Norway rats. Am. Rev. Re-
spir. Dis. 145:1289.

4. Brusselle, G. G., J. C. Kips, J. H. Tavernier, J. G. van der Heyden, C. A. Cuvelier,
R. A. Pauwels, and H. Bluethmann. 1994. Attenuation of alergic airway inflam-
mation in IL-4 deficient mice. Clin. Exp. Allergy 24:73.

5. Watanabe, A., P. Rossi, P. M. Renzi, L. J. Xu, R. D. Guttmann, and J. G. Martin.
1995. Adoptive transfer of alergic airway responses with sensitized lymphocytes
in BN rats. Am. J. Respir. Crit. Care Med. 152:64.

6. Lilly, C. M., R. W. Chapman, S. J. Sehring, P. J. Mauser, R. W. Egan, and
J. M. Drazen. 1996. Effects of interleukin 5-induced pulmonary eosinophilia on
airway reactivity in the guinea pig. Am. J. Physiol. 270:L368.

7. Irvin, C. G, Y. P. Ty, J. R. Sheller, and C. D. Funk. 1997. 5-Lipoxygenase
products are necessary for ovalbumin-induced airway responsiveness in mice.
Am. J. Physiol. 272:L1053.

8. Grunig, G., M. Warnock, A. E. Wakil, R. Venkayya, F. Brombacher,
D. M. Rennick, D. Sheppard, M. Mohrs, D. D. Donaldson, R. M. Locksley, and
D. B. Corry. 1998. Requirement for IL-13 independently of IL-4 in experimental
asthma. Science 282:2261.

9. Cohn, L., R. J. Homer, H. MacLeod, M. Mohrs, F. Brombacher, and K. Bottomly.
1999. Th2-induced airway mucus production is dependent on IL-4Re, but not on
eosinophils. J. Immunol. 162:6178.

10. Hadeiba, H., D. B. Corry, and R. M. Locksley. 2000. Baseline airway hyperre-
activity in A/J mice is not mediated by cells of the adaptive immune system.
J. Immunol. 164:4933.

11. Kanwar, S., C. W. Smith, F. R. Shardonofsky, and A. R. Burns. 2001. The role
of Mac-1 (CD11b/CD18) in antigen-induced airway eosinophilia in mice.
Am. J. Respir. Cell Mol. Biol. 25:170.

12. Mehlhop, P. D., M. van de Rijn, A. B. Goldberg, J. P. Brewer, V. P. Kurup,
T. R. Martin, and H. C. Oettgen. 1997. Allergen-induced bronchial hyperreac-

13.

14.

15.

16.

18.

19.

20.

21.

22.

24,

25,

26.

27.

28.

29.

30.

31

32.

33.

35.

36.

37.

38.

PROTEASE-DEPENDENT Th2 ACTIVATION AND ALLERGIC LUNG DISEASE

tivity and eosinophilic inflammation occur in the absence of IgE in a mouse
model of asthma. Proc. Natl. Acad. Sci. USA 94:1344.

Grunig, G., D. B. Corry, M. W. Leach, B. W. P. Seymour, V. P. Kurup, and
D. M. Rennick. 1997. Interleukin-10 is a natural suppressor of cytokine produc-
tion and inflammation in a murine model of alergic bronchopulmonary aspergil-
losis. J. Exp. Med. 185:1089.

Corry, D. B., G. Grunig, H. Hadeiba, V. P. Kurup, M. L. Warnock, D. Sheppard,
D. M. Rennick, and R. M. Locksley. 1998. Requirements for allergen-induced
airway hyperreactivity in T and B cell-deficient mice. Mol. Med. 4:344.
Zhaoming, W., and R. F. Lockey. 1996. A review of allergic bronchopulmonary
aspergillosis. J. Investig. Allergol. Clin. Immunol. 6:144.

Seymour, B. W., L. J. Gershwin, and R. L. Coffman. 1998. Aerosol-induced
immunoglobulin (1g)-E unresponsiveness to ovalbumin does not require CD8™ or
T cell receptor (TCR)-y/8" T cells or interferon (IFN)-y in a murine model of
alergen sensitization. J. Exp. Med. 187:721.

. van Halteren, A. G., M. J. van der Cammen, D. Cooper, H. F. Savelkoul,

G. Kraal, and P. G. Holt. 1997. Regulation of antigen-specific IgE, 1gG1, and
mast cell responses to ingested allergen by mucosal tolerance induction. J. Im-
munol. 159:3009.

Corry, D. B., H. G. Folkesson, M. L. Warnock, D. J. Erle, M. A. Matthay,
J. P. Wiener-Kronish, and R. M. Locksley. 1996. Interleukin 4, but not interleukin
5 or eosinophils, is required in a murine model of acute airway hyperreactivity.
J. Exp. Med. 183:109.

Tsitourg, D. C., R. H. DeKruyff, J. R. Lamb, and D. T. Umetsu. 1999. Intranasal
exposure to protein antigen induces immunological tolerance mediated by func-
tionally disabled CD4" T cells. J. Immunol. 163:2592.

Hurgt, S. D., B. W. Seymour, T. Muchamuel, V. P. Kurup, and R. L. Coffman.
2001. Modulation of inhaled antigen-induced IgE tolerance by ongoing Th2 re-
sponses in the lung. J. Immunol. 166:4922.

Kurup, V. P., H. Choi, P. S. Murali, and R. L. Coffman. 1994. IgE and eosinophil
regulation in amurine model of allergic aspergillosis. J. Leukocyte Biol. 56:593.
Kurup, V. P., H. Choi, P. S. Murali, A. Resnick, J. N. Fink, and R. L. Coffman.
1997. Role of particulate antigens of Aspergillus in murine eosinophilia. Int.
Arch. Allergy Immunol. 112:270.

. Corry, D. B., K. Rishi, J. Kanellis, A. Kiss, L.-Z. Song, J. Xu, L. Feng, Z. Werb,

and F. Kheradmand. 2002. Decreased alergic lung inflammatory cell egression
and increased susceptibility to asphyxiation in MM P2-deficiency. Nat. Immunol.
3:347.

Ford, J. G., D. Rennick, D. D. Donaldson, R. Venkayya, C. McArthur, E. Hansell,
V. P. Kurup, M. Warnock, and G. Grunig. 2001. 11-13 and IFN-y: interactions in
lung inflammation. J. Immunol. 167:1769.

Mattes, J., M. Yang, A. Siqueira, K. Clark, J. MacKenzie, A. N. McKenzie,
D. C. Webb, K. I. Matthaei, and P. S. Foster. 2001. IL-13 induces airways hy-
perreactivity independently of the IL-4R « chain in the alergic lung. J. Immunol.
167:1683.

Blease, K., C. Jakubzick, J. Westwick, N. Lukacs, S. L. Kunkel, and
C. M. Hogaboam. 2001. Therapeutic effect of I1L-13 immunoneutralization during
chronic experimental fungal asthma. J. Immunol. 166:5219.

Tomkinson, A., C. Duez, G. Cieslewicz, J. C. Pratt, A. Joetham, M. C. Shanafelt,
R. Gundel, and E. W. Gelfand. 2001. A murine IL-4 receptor antagonist that
inhibits IL-4- and IL-13-induced responses prevents antigen-induced airway eo-
sinophilia and airway hyperresponsiveness. J. Immunol. 166:5792.

Walter, D. M., J. J. Mcintire, G. Berry, A. N. J. McKenzie, D. D. Donaldson,
R. H. DeKruyff, and D. T. Umetsu. 2001. Critical role for IL-13 in the develop-
ment of allergen-induced airway hyperreactivity. J. Immunol. 167:4668.
Hewitt, C. R., A. P. Brown, B. J. Hart, and D. I. Pritchard. 1995. A major house
dust mite allergen disrupts theimmunoglobulin E network by selectively cleaving
CD23: innate protection by antiproteases. J. Exp. Med. 182:1537.

Schulz, O., H. F. Sewell, and F. Shakib. 1998. Proteolytic cleavage of CD25, the
« subunit of the human T cell interleukin 2 receptor, by Der p 1, a major mite
allergen with cysteine protease activity. J. Exp. Med. 187:271.

Wan, H., H. L. Winton, C. Soeller, E. R. Tovey, D. C. Gruenert, P. J. Thompson,
G. A. Stewart, G. W. Taylor, D. R. Garrod, M. B. Cannell, and C. Robinson.
1999. Der p 1 facilitates transepithelial allergen delivery by disruption of tight
junctions. J. Clin. Invest. 104:123.

Wan, G. H., C. S. Li, and R. H. Lin. 2000. Airborne endotoxin exposure and the
development of airway antigen-specific allergic responses. Clin. Exp. Allergy
30:426.

Wan, G. H., C. S. Li, S. P. Guo, R. Rylander, and R. H. Lin. 1999. An airbone
mold-derived product, 3-1,3-p-glucan, potentiates airway alergic responses. Eur.
J. Immunol. 29:2491.

. Kolattukudy, P. E., J. D. Lee, L. M. Rogers, P. Zimmerman, S. Ceselski, B. Fox,

B. Stein, and E. A. Copelan. 1993. Evidence for possible involvement of an
elastolytic serine protease in aspergillosis. Infect. Immun. 61:2357.

Bannwarth, S., V. Giordanengo, J. Lesimple, and J. C. Lefebvre. 1998. Molecular
cloning of anew secreted sulfated mucin-like protein with a C-type lectin domain
that is expressed in lymphoblastic cells. J. Biol. Chem. 273:1911.

Zhang, Y., W. J. Lamm, R. K. Albert, E. Y. Chi, W. R. Henderson, Jr., and
D. B. Lewis. 1997. Influence of the route of allergen administration and genetic
background on the murine alergic pulmonary response. Am. J. Respir. Crit. Care
Med. 155:661.

Locksley, R. M., F. P. Heinzel, M. D. Sadick, B. J. Holaday, and K. D. Gardner,
Jr. 1987. Murine cutaneous leishmaniasis: susceptibility correlates with differen-
tial expansion of helper T-cell subsets. Ann. Inst. Pasteur Immunol. 138:744.
McMenamin, C., and P. G. Holt. 1993. The natural immune response to inhaled
soluble protein antigens involves major histocompatibility complex (MHC) class
|-restricted CD8" T cell-mediated but MHC class Il-restricted CD4* T cell-



The Journa of Immunology

39.

40.

41.

42.

45.

46.

47.

49.

50.

51

52.

53.

55.

56.

57.

dependent immune deviation resulting in selective suppression of immunoglob-
ulin E production. J. Exp. Med. 178:889.

Lake F.R., L. D. Ward, R. J. Simpson, P. J. Thompson, and G. A. Stewart. 1991.
Allergenicity and physicochemical characterization of house dust mite derived
amylase. Int. Arch. Allergy Appl. Immunol. 94:357.

Lake F.R., L. D. Ward, R. J. Simpson, P. J. Thompson, and G. A. Stewart. 1991.
House dust mite-derived amylase: allergenicity and physicochemical character-
ization. J. Allergy Clin. Immunol. 87:1035.

Quirce, S., M. Cuevas, M. Diez-Gomez, M. Fernandez-Rivas, M. Hinojosa,
R. Gonzalez, and E. Losada. 1992. Respiratory alergy to Aspergillus-derived
enzymes in bakers asthma. J. Allergy Clin. Immunol. 90:970.

Tomeg, J. F., H. F. Kauffman, A. H. Klimp, J. G. de Monchy, G. H. Koeter, and
A. E. Dubois. 1994. Immunologic significance of a collagen-derived culture fil-
trate containing proteolytic activity in Aspergillus-related diseases.
J. Allergy Clin. Immunol. 93:768.

. Moser, M., G. Menz, K. Blaser, and R. Crameri. 1994. Recombinant expression

and antigenic properties of a 32-kilodalton extracellular alkaline protease, rep-
resenting a possible virulence factor from Aspergillus fumigatus. Infect. Immun.
62:936.

. Sarlo, K., E. R. Fletcher, W. G. Gaines, and H. L. Ritz. 1997. Respiratory alerge-

nicity of detergent enzymes in the guinea pig intratracheal test: association with
sensitization of occupationally exposed individuals. Fundam. Appl. Toxicol. 39:44.
Sarlo, K., H. L. Ritz, E. R. Fletcher, K. R. Schrotel, and E. D. Clark. 1997.
Proteolytic detergent enzymes enhance the allergic antibody responses of guinea
pigs to nonproteolytic detergent enzymes in a mixture: implications for occupa-
tional exposure. J. Allergy Clin. Immunol. 100:480.

Pepys, J. 1973. Immunological and clinical findings in workers and consumers
exposed to enzymes of Bacillus subtilis. Proc. R Soc. Med. 66:930.

Pepys, J, |I. D. Wells, M. F. D’ Souza, and M. Greenberg. 1973. Clinica and
immunological responses to enzymes of Bacillus subtilis in factory workers and
consumers. Clin. Allergy 3:143.

. Widmer, F., P. J. Hayes, R. G. Whittaker, and R. K. Kumar. 2000. Substrate

preference profiles of proteases released by allergenic pollens. Clin. Exp. Allergy
30:571.

Kanny, G., and D. A. Moneret-Vautrin. 1995. «-Amylase contained in bread can
induce food allergy. J. Allergy Clin. Immunol. 95:132.

Baur, X., Z. Chen, and |. Sander. 1994. Isolation and denomination of an im-
portant allergen in baking additives: a-amylase from Aspergillus oryzae (Asp o
I1). Clin. Exp. Allergy 24:465.

Hole, A. M., A. Draper, G. Jolliffe, P. Cullinan, M. Jones, and A. J. Taylor. 2000.
Occupationa asthma caused by bacillary amylase used in the detergent industry.
Occup. Environ. Med. 57:840.

Brown, D. R.,, D. J. Fowell, D. B. Corry, T. A. Wynn, N. H. Moskowitz,
A. W. Cheever, R. M. Locksley, and S. L. Reiner. 1996. 3,-microglobulin-de-
pendent NK1.1" T cells are not essential for T helper cell 2 immune responses.
J. Exp. Med. 184:1295.

Snapper, C. M., F. D. Finkelman, and W. E. Paul. 1988. Differential regulation
of 1gG1 and IgE synthesis by interleukin 4. J. Exp. Med. 167:183.

. Finkelman, F. D., I. M. Katona, J. F. Urban, Jr., J. Holmes, J. Ohara, A. S. Tung,

J. V. Sample, and W. E. Paul. 1988. IL-4 is required to generate and sustain in
Vvivo IgE responses. J. Immunol. 141:2335.

Finkelman, F. D., . M. Katona, J. F. Urban, Jr., and W. E. Paul. 1989. Control
of in vivo IgE production in the mouse by interleukin 4. Ciba Found. Symp.
147:3.

Stevens, T. L., A. Bossie, V. M. Sanders, B. R. Fernandez, R. L. Coffman,
T. R. Mosmann, and E. S. Vitetta. 1988. Regulation of antibody isotype secretion
by subsets of antigen-specific helper T cells. Nature 334:255.

Finkelman, F. D., I. M. Katona, T. R. Mosmann, and R. L. Coffman. 1988. IFN-y
regulates the isotypes of 1g secreted during in vivo humoral immune responses.
J. Immunol. 140:1022.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

5911

Platts-Mills, T. A., and M. D. Chapman. 1987. Dust mites: immunology, allergic
disease, and environmental control. J. Allergy Clin. Immunol. 80:755.

Ring, P. C., H. Wan, C. Schou, A. Kroll Kristensen, P. Roepstorff, and
C. Robinson. 2000. The 18-kDaform of cat alergen Felis domesticus 1 (Fel d 1)
is associated with gelatin- and fibronectin-degrading activity. Clin. Exp. Allergy
30:1085.

Matheson, N., J. Schmidt, and J. Travis. 1995. Isolation and properties of an
angiotensin |1-cleaving peptidase from mesquite pollen. Am. J. Respir. Cell Mol.
Biol. 12:441.

Bagarozzi, D. A., Jr., and J. Travis. 1998. Ragweed pollen proteolytic enzymes:
possible roles in alergies and asthma. Phytochemistry 47:593.

Ramesh, M. V., T. D. Sirakova, and P. E. Kolattukudy. 1995. Cloning and char-
acterization of the cDNAs and genes (mep20) encoding homologous metallopro-
teinases from Aspergillus flavus and A. fumigatus. Gene 165:121.

Markaryan, A., |I. Morozova, H. Yu, and P. E. Kolattukudy. 1994. Purification
and characterization of an elastinolytic metalloprotease from Aspergillus fumiga-
tus and immunoel ectron microscopic evidence of secretion of this enzyme by the
fungus invading the murine lung. Infect. Immun. 62:2149.

. Flindt, M. L. 1969. Pulmonary disease due to inhalation of derivatives of Bacillus

subtilis containing proteolytic enzyme. Lancet 1:1177.

Cullinan, P, J. M. Harris, A. J. Newman Taylor, A. M. Hole, M. Jones, F. Barnes,
and G. Jolliffe. 2000. An outbreak of asthma in a modern detergent factory.
Lancet 356:1899.

Comoy, E. E., J. Pestel, C. Duez, G. A. Stewart, C. Vendeville, C. Fournier,
F. Finkelman, A. Capron, and G. Thyphronitis. 1998. The house dust mite aller-
gen, Dermatophagoides pteronyssinus, promotes type 2 responses by modulating
the balance between IL-4 and IFN-vy. J. Immunol. 160:2456.

Ghaemmaghami, A. M., A. Robins, L. Gough, H. F. Sewell, and F. Shakib. 2001.
Human T cell subset commitment determined by the intrinsic property of antigen:
the proteolytic activity of the major mite allergen Der p 1 conditions T cells to
produce more IL-4 and less IFN-vy. Eur. J. Immunol. 31:1211.

Gough, L., O. Schulz, H. F. Sewell, and F. Shakib. 1999. The cysteine protease
activity of the major dust mite allergen Der p 1 selectively enhances the immu-
noglobulin E antibody response. J. Exp. Med. 190:1897.

Gough, L., H. F. Sewell, and F. Shakib. 2001. The proteolytic activity of the
major dust mite allergen Der p 1 enhances the IgE antibody response to a by-
stander antigen. Clin. Exp. Allergy 31:1594.

Schnare, M., G. M. Barton, A. C. Holt, K. Takeda, S. Akira, and R. Medzhitov.
2001. Toll-like receptors control activation of adaptive immune responses. Nat.
Immunol. 2:947.

Kania, S. A., S. L. Reed, J. W. Thomford, R. H. BonDurant, K. Hirata,
R. R. Corbeil, M. J. North, and L. B. Corbeil. 2001. Degradation of bovine
complement C3 by trichomonad extracellular proteinase. Vet. Immunol. Immu-
nopathol. 78:83.

Yamakami, K., F. Hamajima, S. Akao, and T. Tadakuma. 1995. Purification and
characterization of acid cysteine protease from metacercariae of the mammalian
trematode parasite Paragonimus westermani. Eur. J. Biochem. 233:490.
Brittingham, A., C. J. Morrison, W. R. McMaster, B. S. McGwire, K. P. Chang,
and D. M. Mosser. 1995. Role of the Leishmania surface protease gp63 in com-
plement fixation, cell adhesion, and resistance to complement-mediated lysis.
J. Immunol. 155:3102.

Marikovsky, M., R. Arnon, and Z. Fishelson. 1988. Proteases secreted by trans-
forming schistosomula of Schistosoma mansoni promote resistance to killing by
complement. J. Immunol. 141:273.

Drouin, S. M., D. B. Corry, J. Kildsgaard, and R. A. Wetsel. 2001. Cutting edge:
the absence of C3 demonstrates a role for complement in Th2 effector functions
in a murine model of pulmonary allergy. J. Immunol. 167:4141.

Vaenta, R., and D. Kraft. 2001. Recombinant allergen molecules: tools to study
effector cell activation. Immunol. Rev. 179:119.



