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Abstract
It is becoming increasingly clear that innate immune mediators play a role in regulating adaptive
immune responses in asthma pathogenesis. Cockroach exposure is a major risk factor for the
development of asthma. In this study we asked whether German cockroach (GC) feces (frass)
could initiate an innate immune response. Naive BALB/c mice were challenged with a single
intratracheal inhalation of GC frass. Proinflammatory cytokines were significantly increased in the
bronchoalveolar lavage fluid at 3 h and were maintained at higher than baseline levels for at least
24 h. Neutrophil migration into the airways was evident as early as 3 h but was maximal between
6 and 24 h postinhalation. The early increase in cytokine expression was independent of TLR2 or
TLR4. Newly infiltrated airway neutrophils were responsible for maintaining high levels of
cytokines in the airways. Using neutrophils as an early marker of the innate immune response, we
show that show that neutrophils isolated from the airways following GC frass inhalation express
TLR2 and release cytokines. GC frass directly affected neutrophil cytokine production via TLR2,
but not TLR4, as evidenced by the use of TLR-neutralizing Abs and neutrophils from TLR-
deficient mice. Activation of cytokine expression occurred via GC frass-induced NF-κB
translocation and DNA binding. These data show that GC frass contains a TLR2 agonist and, to
our knowledge, this is the first report of an allergen directly activating cells of the innate immune
system via TLR2 and suggests an important link between innate and adaptive immunity.

The incidence and severity of asthma has risen dramatically over the past two decades.
There is growing evidence that the indoor environment may play an important role in the
pathogenesis of childhood asthma. Cockroach, house dust mite, and cat exposure are the
most commonly associated with asthma exacerbations (1). Cockroach allergens are
important sensitizing agents, particularly in individuals who live in substandard, multi-
family dwellings located in highly populated areas (2). A few studies have suggested that
sensitization to cockroach might be more important than other allergens. Children who were
both allergic to cockroach allergen and exposed to high levels of this allergen had greater
hospitalization rates, unscheduled medical visits, and more days of wheezing than children
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allergic to and exposed to dust mites or cat dander (3). A prospective birth cohort study of
children of asthmatic/allergic parents showed that the level of cockroach allergen, but not
that of dust mite or cat allergen, was a significant predictor of recurrent wheeze (4). Fecal
remnants (frass) are a likely source of allergen exposure, because desiccated frass is thought
to integrate into dust particles and become deposited into the airways (5). These studies
highlight the importance of cockroach in the asthma phenotype and substantiate the use of
German cockroach (GC)3 frass in the current study.

Although the specific cytokines that induce Th1 vs Th2 responses are well described, the
early innate response to allergen is not fully understood. An early and transient infiltration of
neutrophils into the airways was shown following allergen challenge in humans and
following OVA challenge in mice (6). In a model of OVA-sensitized mice, allergen
challenge resulted in increased airway neutrophilia at 8 h with resolution at 48 h. The initial
neutrophilia was followed later by an influx of eosinophils and lymphocytes and much later
by airway hyperresponsiveness (7). The factor(s) regulating transient neutrophil influx into
the airways are not well defined. Using the neutrophil as an early marker of innate immune
responses, we asked whether GC frass may have a direct effect on innate immunity.

The innate immune response has evolved to recognize pathogen-associated molecular
patterns (PAMPs), which are common to many classes of pathogens. PAMPs are recognized
by pathogen recognition receptors, which include TLRs. TLRs recognize conserved
microbial molecular signatures. For example, TLR2 recognizes peptidoglycan and
lipoteichoic acid from Gram-positive bacteria, TLR4 recognizes Gram-negative bacterial
LPS, TLR5 recognizes flagella, and TLR9 recognizes unmethylated DNA. TLRs are
expressed on most cell types; however, their expression does not guarantee recognition of
the pathogen because coreceptors and adaptor molecules may also be required. It has
recently been shown that polymorphisms in TLR2 were a major determinant of allergy and
asthma susceptibility in children of European farmers (8). A few studies have examined the
role of TLR2 on experimentally induced murine models of asthma by sensitizing mice with
a TLR2 agonist (9 –11). The results of these studies were contradictory. In this study we
investigated whether GC frass could directly induce early innate immune responses via
TLR-dependent activation in early responding immune cells. To our knowledge, an allergen
has never been shown to activate TLR signaling.

Materials and Methods
Cockroach frass

The frass from one cage of GCs was transferred to a sterile container and stored at 4°C.
Frass was resuspended in endotoxin-free, double-distilled water (2 h at 4°C while rocking)
and frozen in aliquots for use throughout the entire study. Extracts were centrifuged to
remove debris (13,000 × g for 5 min at 4°C), supernatants were harvested, and total protein
was measured using the Bio-Rad protein assay dye (Bio-Rad). Endotoxin levels were
determined by Charles River Laboratories using the Limulus amebocyte lysate assay.

Animals
Six-week-old female BALB/c, C57BL/6, C3H/HeOuJ (control), and C3H/HeJ (spontaneous
mutation in TLR4) mice were obtained from The Jackson Laboratory and housed in a
laminar hood in a virus-free animal facility. TLR2-deficient mice were obtained from Dr. S.

3Abbreviations used in this paper: GC, German cockroach; BAL, bronchoalveolar lavage; MPO, myeloperoxidase; Pam3CSK4, (S)-
[2,3-bis(palmitoyloxy)-(2-RS)-pro-pyl]-N-palmitoyl-(R)-Cys-(S)-Ser-(S)-Lys4-OH, 3HCl; PAMP, pathogen-associated molecular
pattern.
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Akira (12). In some experiments, mice were injected i.p. with the anti-granulocyte mAb
RB5-8C5 (also referred to as Ly6g; BD Pharmingen) at a concentration of 100 μg/mouse
(13) 24 h before inhalation. In all experiments, mice were anesthetized with ketamine (45
mg/kg)/xylazine (8 mg/kg) before PBS or GC frass (40 μg/40 μl) exposure by a single
inhalation as previously described (14). Mice were given a lethal dose of sodium
pentobarbital 3–24 h later (in most studies after 18 h). Animal care was provided in
accordance with National Institutes of Health guidelines. These studies were approved by
the Cincinnati Children’s Hospital Medical Center Institutional Animal Care and Use
Committee (Cincinnati, OH).

Assessment of airway inflammation
Lungs were lavaged thoroughly with 1 ml of HBSS without calcium or magnesium. The
lavage fluid was centrifuged (1,800 rpm for 10 min) and the supernatant was removed for
cytokine analysis and immediately stored at −80°C. Total cell numbers were counted on a
hemocytometer. Smears of bronchoalveolar lavage (BAL) cells prepared with a Cytospin II
centrifuge (Shandon Thermo) were stained with Diff-Quick (Thermo Electron) solution for
differential cell counting.

Myeloperoxidase (MPO) assay
Whole lungs were snap frozen in liquid nitrogen and homogenized in a solution containing
0.5% hexadecyltrimethylammonium bromide dissolved in 10 mM potassium phosphate
buffer (pH 7) and centrifuged for 30 min at 20000 × g at 4°C. An aliquot of the supernatant
was allowed to react with a solution of tetramethylbenzidine (1.6 mM) and 0.1 mM H2O2.
The rate of change in absorbance was measured by spectrophotometry at 650 nm. MPO
activity was defined as the quantity of enzyme degrading 1 μmol of hydrogen peroxide per
minute at 37°C and expressed in units per 100-mg weight of tissue (15).

Cell culture
HL-60 promyelocytic leukemia cells (American Type Culture Collection) were cultured in
RPMI 1640 medium supplemented with 10% FBS, 50 μg/ml streptomycin, 2 U/ml
penicillin, and 2 mM L-glutamine. For differentiation, cells (1 × 106/ml were incubated in
the presence of 1% DMSO for 4 days. Cells were centrifuged, washed, and deprived of
serum for 6 h. In some cases cells were pretreated with isohelenin (30 μM for 1 h; EMD
Biosciences) or neutralizing Abs against TLR2, TLR4, or isotype control (10 μg/ml;
eBioscience) before the addition of GC frass (100 ng/ml) for 16 h. Selected cells were also
treated with LPS from Escherichia coli (O111:B4; Sigma-Aldrich) that had been purified by
ion exchange chromatography or with 1 μg/ml (S)-[2,3-bis(palmitoyloxy)-(2-RS)-propyl]-N-
palmitoyl-(R)-Cys-(S)-Ser-(S)-Lys4-OH, 3HCl (Pam3CSK4; Calbiochem).

Primary human neutrophil isolation
Polymorphonuclear leukocytes were isolated from blood collected from healthy volunteers.
Blood was drawn into heparin and then subjected to dextran T500 sedimentation, Ficoll-
Histopaque density gradient centrifugation, and hypotonic erythrocyte lysis (16). All steps
during the neutrophil isolation were maintained constant and all assays were performed
immediately after isolation was complete. Polymorphonuclear cells were resuspended in
serum-deprived medium before treatment with GC frass (10 –100 ng/ml) for 4 h (for RNA
isolation and real-time PCR experiments) or 18 h (for cytokine ELISA experiments) with
continual rocking.
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Primary mouse bone marrow-derived neutrophils
Femurs and tibias were removed from C57BL/6 or TLR2-deficient mice. Bone marrow was
isolated and rinsed and RBCs were lysed. Resuspended cells were layered onto a three-step
Percoll gradient (52, 64, and 72%) and centrifuged (1,000 rpm for 30 min at room
temperature). Neutrophils contained in the bottom layer (64 –72%) were collected, counted,
and plated.

Isolation of neutrophils from mouse BAL fluid
Naive mice were administered a single intratracheal inhalation of GC frass, and BAL fluid
was harvested 18 h later. Neutrophils were magnetically labeled with an anti-Ly-6G
microbead kit (Miltenyi Biotech). Neutrophils were isolated by placing the magnetically
labeled sample on a column placed in the magnetic field of a MACS separator. Magnetically
labeled Ly-6G+ cells were retained on the column while non-labeled cells were run through.
After removal of the column from the magnetic field, the neutrophils were counted and
either stained for flow cytometry or placed in culture for determination of cytokine
expression. Over 90% of the cells were neutrophils as determined by differential cell
counting using Diff-Quick solution (Thermo Electron).

Flow cytometry
Neutrophils (1 × 106) isolated from the BAL fluid of mice were washed and incubated with
PE-labeled isotype control or PE-labeled anti-mouse TLR2 Abs (eBioscience) for 1 h on ice.
Cells were washed to remove unbound Ab and fixed with 1% paraformaldehyde (EM
Sciences). Samples were analyzed on the FACSCalibur flow cytometer using the CellQuest
Pro software for analysis.

ELISA
Cell supernatants were collected and clarified (13,000 rpm for 10 min at 4°C) before being
analyzed for IL-8, IL-6, or TNF-α by ELISA according to the manufacturer’s specifications
(Amersham Biosciences).

Immunoblot analysis
Differentiated HL-60 cells were cultured in 6-well plates and serum-starved for 24 h before
treatment. Selected wells were treated with frass, and cell lysates were harvested and
resolved electrophoresis on a 10% SDS- poly-acrylamide gel as previously described (17).
After incubation with an anti-IκBα (Santa Cruz Biotechnology), signals were amplified and
visualized using ECL.

EMSA
Differentiated HL-60 cells were treated with GC frass (100 ng/ml) for 1 h. Cells were
harvested and nuclear proteins were isolated as previously described (18). All nuclear
extraction procedures were performed on ice with ice-cold reagents. Protein concentrations
were determined by Bradford assay (Bio-Rad) and stored at −70°C until use.

The probe was labeled with [γ-32P]ATP using T4 polynucleotide kinase (Invitrogen) and
purified in MicroBiospin chromatography column. The gel was run using 10 μg of nuclear
protein as previously described (18). In some instances, Abs against p65 (Rel A) or p50
(NF-κB1; Santa Cruz Biotechnology) were added (10 min at room temperature). An
oligonucleotide probe encoding the consensus sequence of NF-κB was purchased from
Santa Cruz Biotechnology. Cold-specific or nonspecific probes were added at 5× the
concentration of the radiolabeled probe. Gels were transferred to Whatman 3M paper, dried
under a vacuum at 80°C for 1 h, and exposed using a PhosphorImager (GE Healthcare).
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Statistical analysis
When applicable, statistical significance was assessed by one-way ANOVA. Differences
identified by ANOVA were pinpointed by the Student-Newman-Keuls multiple range test.

Results
A single intratracheal inhalation of GC frass increased cytokine expression and
neutrophilia in BALB/c mice

Naive BALB/c mice were given a single intratracheal inhalation of PBS or GC frass (40 μg)
and killed 3, 6, 18, or 24 h later. Within 3 h there was a statistically significant increase in
the level of KC in the BAL fluid of GC frass-treated mice compared with PBS-treated mice
(Fig. 1A). The levels of KC began to decrease at 6 h but were still significantly higher at 18
h compared with levels in the PBS control. TNF-α levels were maximal between 3 and 6 h,
after which time the levels began to decrease but were still significantly higher than in the
PBS controls (Fig. 1B). IL-6 was also significantly increased at 3, 6, and 18 h following
inhalation of GC frass compared with PBS (data not shown). The increase in cytokines
preceded the increase in neutrophilia, which was small but statistically significant at 3 h
postinhalation of GC frass, reached maximal levels around 6 h, and remained stable for 24 h
(Fig. 1C). At the 18-h time point MPO levels in whole lung were significantly increased in
the GC frass-treated mice compared with PBS-treated mice (12.9 ± 1.9 U per 100 mg of
tissue for PBS-treated mice compared with 119.6 ± 4.6 U per 100 mg of tissue for frass-
treated mice).

The initial increase in cytokine production is not mediated by TLR2 or TLR4
Because innate immune responses are thought to be regulated by TLRs, we asked whether
TLR2 or TLR4 played a role in the initial cytokine release into the airways 3 h
postinhalation. Although the trend toward a decrease was detected, there was no significant
difference between neutrophil infiltration (Fig. 2A) or the levels of KC and IL-6 in the
airways of wild-type or TLR2- or TLR4-deficient mice (Fig. 2, B and C). Because GC frass
contains endotoxin (923 ng/mg frass; a 40-μg inhalation of GC frass contained ~37 ng of
endotoxin), these data also suggest that the endotoxin alone in GC frass is not responsible
for the activation of cytokines. In addition, these data suggest that GC frass-mediated early
release of cytokines occurred independently of TLR2 or TLR4.

Maintenance of cytokine levels in the airways is dependent on neutrophil recruitment
We hypothesized that neutrophils played a role in maintaining the cytokine levels in the
BAL fluid of mice. To investigate this, we pretreated mice with R6B-8C5 (an Ab that
depletes circulating neutrophils) 24 h before a single intratracheal challenge. We measured
cytokine levels 18 h following PBS or GC frass treatment, because this time point correlated
with high levels of BAL fluid neutrophilia. Pretreatment with the R6B-8C5 Ab totally
abolished neutrophil recruitment into the BAL fluid as expected (Fig. 3A). Importantly, the
increase in KC and TNF-α expression following GC frass inhalation was completely
abolished in the RB6 – 8C5-pretreated mice compared with mice pretreated with isotype
control Ab (Fig. 3, B and C). Of note, we also measured cytokine production 3 h following
PBS or GC frass treatment and found that although R6B-8C5 abolished neutrophil
infiltration, cytokine expression in the BAL fluid was only slightly reduced (data not
shown). These data suggest that there is a population of cells that secrete cytokines for the
immediate attraction of neutrophils and, once neutrophils infiltrate into the airways, they
play a significant role in regulating cytokine expression.
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TLR2, but not TLR4, regulated GC frass-induced cytokine maintenance
We next asked whether TLR2 or TLR4 played a role in GC frass-induced cytokine release
into the airways 18 h postinhalation. To this end, we treated naive wild-type (C3H/HeOuJ or
C57BL/6), TLR4-deficient (C3H/HeJ), or TLR2-deficient (TLR2−

/
−) mice with a single

inhalation of PBS or GC frass and measured cytokine production and cellular infiltration
into the airways 18 h later. Neutrophil infiltration into the airways was unaffected following
GC frass treatment in TLR4- and TLR2-deficient mice compared with their wild-type
controls (Fig. 4A). Interestingly, cytokine expression was significantly attenuated in the
TLR2-deficient mice compared with the TLR4-deficient mice (Fig. 4, B and C). These data
suggest that although TLR2 is not required for neutrophil recruitment into the airways, it is
necessary for neutrophil-derived cytokine expression. This led us to hypothesize that GC
frass directly affected neutrophil function via TLR2.

Mouse neutrophils express TLR2 and secrete cytokines
Naive BALB/c mice were administered a single intratracheal inhalation of GC frass and
BAL fluid was recovered 18 h later. Neutrophils were magnetically labeled with anti-Ly-6G
microbeads and isolated using a magnetic column. Ninety-five percent of the newly
infiltrated neutrophils express TLR2 on their cell surface as determined by flow cytometry
(Fig. 5) and secrete TNF-α (300.6 ± 36 pg/ml × 106 cells) and KC (43 ± 2 pg/ml × 106

cells). These data demonstrate that neutrophils recruited into the airways following GC frass
inhalation express TLR2 and are secreting cytokines.

GC frass increased IL-8 and TNF-α expression in primary human neutrophils and
differentiated HL-60 cells

To address whether GC frass would directly affect neutrophil function, we used primary
human neutrophils from normal healthy donors. We confirmed that >98% of the cells
isolated were neutrophils. Incubation of isolated neutrophils with GC frass resulted in a
dose-dependent increase in IL-8 and TNF-α protein expression (Fig. 6, A and B). GC frass
treatment increased IL-8 and TNF-α mRNA levels in primary human neutrophils (4.3- and
11.6-fold, respectively when cells were treated with 100 ng/ml GC frass for 4 h), suggesting
transcriptional up-regulation. Incubation of cells with 100 ng/ml frass resulted in the
addition of 92 pg/ml endotoxin. However, treatment of the cells with 100 pg/ml column-
purified endotoxin did not increase IL-8 expression, nor did polymyxin B have an effect on
GC frass-induced IL-8 protein expression (Fig. 6C). We acknowledge that the addition of
purified endotoxin from E. coli to cells should be interpreted with caution, as this may not
represent the same source of endotoxin or the complexity of components in GC frass (i.e.,
TLR4 adaptor molecules or coreceptors). However, combined with the polymyxin B
experiments and the in vivo data in TLR4 mutant mice, together these data suggest that GC
frass can mediate cytokine expression and release from neutrophils independently of
endotoxin. In addition, treatment of cells with boiled frass (boiled for 1 h before use)
attenuated GC frass-induced IL-8 production from primary human neutrophils, suggesting
that the TLR2 agonist activity is heat sensitive (Fig. 6C). Lastly, treatment of cells with the
TLR2 agonist Pam3CSK4 increased IL-8 expression in neutrophils, confirming the
activation of TLR2 on primary human neutrophils (Fig. 6C).

We also tested the effects of GC frass on DMSO-differentiated HL-60 cells. We found a
similar level of IL-8 activation (100 ng/ml GC frass increased IL-8 levels from a baseline of
6.0 ± 0.6 ng/ml to 35.2 ± 5.3 ng/ml, n ± 7; p < 0.001). Because we were obtaining a similar
cytokine regulation using HL-60 cells compared with primary human neutrophils, we
performed the remaining mechanistic studies using HL-60 cells.
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GC frass regulates cytokine production via TLR
To assess the roles of TLR2 and TLR4 in GC frass-mediated cytokine expression, we
pretreated differentiated HL-60 cells with a neutralizing Ab against TLR2 or TLR4 before
treatment with GC frass. GC frass-mediated IL-8 expression was inhibited by the TLR2-
neutralizing Ab, but not the TLR4-neutralizing Ab (Fig. 7A). To further test this, we isolated
bone marrow derived-neutrophils from TLR2-knockout and wild-type mice and treated them
ex vivo with GC frass. Neutrophils from wild-type mice were responsive to GC frass as
depicted by the significant increase of TNF-α (Fig. 7B). In contrast, neutrophils from TLR2-
knockout mice did not respond to GC frass, suggesting the importance of TLR2 for GC
frass-mediated activation of neutrophils. Importantly, these data suggest that GC frass
contains a TLR2 agonist.

GC frass increased NF-κB translocation and transactivation in human neutrophils
We initially investigated the role of NF-κB in GC frass-induced cytokine expression by
using a chemical inhibitor of the NF-κB signaling pathway. We found that pretreatment of
DMSO-differentiated HL-60 cells with isohelenin completely abolished GC frass-induced
IL-8 release (Fig. 8A). To determine the role of NF-κB in GC frass-mediated cytokine
expression in HL-60 cells, we asked whether GC frass regulated IκBα degradation. As
would be expected with NF-κB activation, frass induced degradation of IκBα in a time-
dependent fashion (Fig. 8, B and C). Next, we treated HL-60 cells with GC frass for 1 h and
nuclear extracts were harvested for EMSA. GC frass increased the binding of nuclear
proteins to an oligonucleotide encoding the consensus sequence NF-κB binding site.
Coincubation of nuclear extracts with Abs against p65 RelA and p50 NF-κB1 each induced
a supershift of the DNA binding complex, demonstrating the presence of these NF-κB
family transcription factors (Fig. 8D). Taken together, these data suggest that GC frass
increased neutrophil-derived cytokine expression in a NF-κB-dependent manner.

Discussion
In this study we found that a single intratracheal inhalation of GC frass in naive mice
significantly increased neutrophil recruitment into the airways in a TLR2- and TLR4-
independent manner. A novel finding in this study is that GC frass contains a TLR2 agonist
and that an allergen directly regulated neutrophil function via TLR2. Direct proof of this
came from the following findings: 1) neutralizing Abs against TLR2, but not TLR4,
inhibited GC frass-mediated cytokine production in differentiated HL-60 cells; and 2) bone
marrow-derived neutrophils from TLR2-deficient mice treated ex vivo with GC frass failed
to increase cytokine production compared with neutrophils from wild-type mice. In addition,
GC frass-induced cytokine expression in neutrophils was shown to be dependent on NF-κB
activation. One limitation of this study is that the NF-κB studies were performed in the
differentiated HL-60 cell line and not in primary human neutrophils because the isolation of
neutrophils resulted in autoactivation, as evidenced by increased IκBα activation (K. Page,
unpublished observations). Nevertheless, these data present strong evidence that GC frass
contains a TLR2 agonist that directly activated neutrophils via TLR2 and NF-κB and
suggests a link between innate and adaptive immunity to GC frass.

Neutrophils are important regulators of airway cytokine expression, as inhibition of
neutrophil infiltration abrogated BAL cytokine expression following GC frass inhalation.
The influx of neutrophils into the airways occurred independently of TLR2 agonists as
evidenced by the increase in BAL neutrophils in GC frass-treated TLR2-knockout mice.
Although neutrophil recruitment into the airways appeared to be unaffected by TLR2,
maintenance of airway cytokine levels is dependent on TLR2. Increased levels of these
cytokines may be important to maintain neutrophil recruitment, prolong the life of the
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neutrophil, or attract other inflammatory regulatory cells. A recent study showed that
neutrophils treated with the TLR2-specific agonist Pam3CSK4 had increased IL-8
production and phagocytosis (19), suggesting an important role for TLR2 in regulating
innate immune functions. In another study, stimulation of TLR2 with Pam3CSK4 increased
neutrophil function as determined by increased respiratory burst, enhanced IL-8 generation,
and prolonged life span in highly purified neutrophils (20). Our data confirm the role of
TLR2 agonists in regulating neutrophil cytokine production. Although we did not study all
of the parameters of neutrophil function (i.e., phagocytosis, chemotaxis, and respiratory
burst), our data suggest an important role for GC frass in mediating neutrophil function in
the airways.

The first cells to respond to GC frass inhalation and secrete cytokines to mediate immune
and inflammatory reactions would most likely be airway epithelial cells or resident alveolar
macrophages, both of which express TLR2 (21–23). Our preliminary data suggest that
although mouse tracheal epithelial cells respond to GC frass by secreting cytokines, the
cytokine levels in TLR2-deficient mice are not significantly altered (K. Page, unpublished
observation). Although it has been shown that both alveolar epithelial cells and
tracheobronchial epithelial cells express TLR2, the presence of TLR2 does not guarantee
participation in responding to a pathogen. Consider that airway epithelial cells express TLR4
but are not responsive to endotoxin due to low levels of an essential adaptor molecule,
MD-2 (24). It is not completely clear what additional adaptor proteins or coreceptors are
involved in amplifying TLR2 signaling. It is known that TLR2 forms a heterodimer with
either TLR1 or TLR6. In the current study, we did not investigate the effect of GC frass on
either TLR1- or TLR6-deficient mice. It is possible that the presence of adaptor proteins or
the profile of TLR2 heterodimers in airway epithelium compared with neutrophils may be
important factors in GC frass-induced signaling.

The role of TLR2 in asthma is controversial. Previous studies have suggested that TLR2
agonists administered during sensitization enhanced allergic inflammation (10, 11), while
other studies have suggested these agonists inhibit allergic airway inflammation (9, 25). It
was shown that priming with the TLR2 agonist Pam3CSK4 increased OVA-induced
experimental asthma in mice (10). Two studies have recently shown that Pam3CSK4
induced a Th2 bias in murine bone marrow-derived dendritic cells (10) and uncommitted,
immature human monocyte-derived dendritic cells (26) as determined by increased Th2-
associated effector molecules and up-regulation of costimulatory molecules. This would
implicate an important role for the TLR2 agonist in GC frass, as activation of TLR2 could
mediate allergic asthma. These data, along with our recent study, suggest that the TLR2
agonist in the allergen GC frass could be the signal that skews the immune response toward
Th2 and the allergic phenotype.

Cockroach feces (frass) are likely sources of allergen exposure (27), as desiccated fecal
remnants may easily incorporate into dust particles. It has been shown that after disturbance,
dust particles containing cockroach proteins >10 μm in diameter may be deposited in the
airway (5). GC frass is a complex mixture of a variety of biologically active molecules,
including the allergens Bla g 1 and Bla g 2 (27) and active serine proteases and endotoxin
(28). Interestingly, our data do not show a role for endotoxin or TLR4 in either neutrophil
recruitment or activation. The fact that GC frass contains a TLR2 agonist suggests a possible
mechanism by which cockroach may be a potent allergen, i.e., it contains not only the Ag
but a TLR agonist (a PAMP) that may help induce the asthma phenotype. Interestingly it has
been shown that Ag exposure in the absence of PAMPs failed to induce lung DC maturation
(29). It is currently thought that lipopeptides and lipoproteins from microorganisms and also
peptidoglycans derived from Gram-positive bacteria are TLR2 agonists (30). Although we
have not yet identified the TLR2 agonist in GC frass, it is possible that frass contains
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peptidoglycans or lipoproteins from digestive processes or from microbial life in the
cockroach gut.

During status asthmaticus, neutrophils are the dominant leukocyte subpopulation within the
airways (31). In fact, the importance of neutrophilia in the asthma phenotype is suggested by
the finding of a closer correlation of neutrophils to airway obstruction and severity of
asthma than eosinophils in some studies (31, 32). We have found that once inhaled GC frass
maintains its activity in the airways for at least 3 h (K. Page, unpublished observation),
suggesting that GC frass would have an opportunity to interact with neutrophils in the
airways. Through this investigation we have found that GC frass contains a TLR2 agonist,
that has a direct effect on neutrophils to regulate cytokine expression in a NF-κB-dependent
manner. This suggests not only a link between innate and adaptive immune responses but
also suggests that in a severe asthma state in which neutrophils are present in the airways,
inhalation of GC frass could directly activate infiltrated neutrophils and exacerbate airway
inflammation.
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FIGURE 1.
A single inhalation of GC frass induced cytokine expression and airway neutrophilia.
BALB/c mice were administered a single intra-tracheal inhalation of PBS or GC frass and
harvested 3, 6, 18, 24 h later. BAL fluid was harvested and clarified and neutrophils were
quantified following differential staining. BAL fluid was analyzed by ELISA. In all cases,
means ± SEM (n = 5–7 mice per group) are reported. Statistical significance of the frass-
treated mice compared with PBS-treated mice was determined by ANOVA. A, KC levels in
the BAL fluid of mice. B, TNF-α levels in the BAL fluid. C, Neutrophil influx into BAL
fluid expressed as mean cell number.
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FIGURE 2.
The early response to GC frass is not mediated through TLR4 or TLR2. Wild-type (C3H/
HeOuJ) and TLR4-deficient (C3H/HeJ) mice and wild-type (C57BL/6) and TLR2-deficient
(TLR2−

/
−) mice were given a single intratracheal inhalation of PBS (40 μl) or GC frass (40

μg/40 μl). Three hours later, mice were given a lethal dose of sodium pentobarbital and BAL
fluid was harvested and clarified and neutrophils were quantified following differential
staining. In all cases, means ± SEM (n = 4 – 6 mice per group) were reported. Statistical
significance of the frass-treated mice compared with PBS-treated mice was determined by
ANOVA (ns, not significant). A, Neutrophil influx into BAL fluid. B, KC ELISA of BAL
fluid. C, IL-6 ELISA of BAL fluid.
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FIGURE 3.
Neutrophil recruitment directly affected cytokine production. BALB/c mice were given a
single injection of control Ab or RB5-8C5 (100 μg/mouse) 24 h before a single intratracheal
inhalation of PBS (40 μl) or GC frass (40 μg/40 μl). Eighteen hours following the challenge
with PBS or GC frass, mice were given a lethal dose of sodium pentobarbital and BAL fluid
was harvested and clarified and neutrophils were quantified following differential staining.
In all cases, means ± SEM (n = 5–7 mice per group) were reported. Statistical significance
of the frass-treated mice compared with PBS-treated mice was determined by ANOVA (nd,
none detected). A, Neutrophil influx into BAL fluid (*, p < 0.001). B, KC ELISA of BAL
fluid (*, p < 0.001). C, TNF-α ELISA of BAL fluid (*, p < 0.001).
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FIGURE 4.
Neutrophil accumulation and cytokine levels in the airways of TLR4 and TLR2 mutant
mice. Wild-type (C3H/HeOuJ) and TLR4-deficient (C3H/HeJ) mice or wild-type (C57BL/6)
and TLR2-deficient (TLR2−

/
−) mice were given a single intratracheal inhalation of PBS (40

μl) or GC frass (40 μg/40 μl) and 18 h later BAL fluid was harvested and clarified and
neutrophils were quantified following differential staining. BAL fluid was analyzed by
ELISA. In all cases, means ± SEM (n = 4 –7 mice per group) were reported. Statistical
significance of the frass-treated mice compared with PBS-treated mice was determined by
ANOVA (ns, not significant). A, Neutrophil influx into BAL fluid expressed as mean cell
number. B, KC levels in the BAL fluid of mice. C, IL-6 levels in the BAL fluid of mice.
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FIGURE 5.
TLR2 is expressed on the cell surface of neutrophils recruited into the airways. BALB/c
mice were given a single intratracheal inhalation of GC frass (40 μg/40 μl) and BAL fluid
was harvested 18 h later. Neutrophils were magnetically labeled and isolated before staining
with either PE-conjugated isotype control (line) or PE-conjugated TLR2 (filled area) Abs.
This experiment was repeated twice.
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FIGURE 6.
GC frass increased IL-8 and TNF-α protein abundance in primary human neutrophils.
Primary human neutrophils were isolated and treated with increasing concentrations of GC
frass (10 –100 ng/ml) for 18 h. Supernatant was harvested and clarified and run on an
ELISA for cytokine expression. A, IL-8 ELISA. Data are expressed as means ± SEM for
four experiments (*, p = 0.003; **, p < 0.001; ANOVA). B, TNF-α ELISA. Data are
expressed as means ± SEM for four experiments (*, p = 0.008; **, p < 0.001; ANOVA). C,
Primary human neutrophils were pretreated with polymyxin B (50 mg/ml for 1 h) before
treatment with GC frass (100 ng/ml) for 18 h. Some cells were treated with LPS (100 pg/
ml), boiled frass (100 ng/ml, boiled for 1 h), or Pam-3-Cys (1 μg/ml). IL-8 ELISA was
performed. Data are expressed as means ± SEM for four experiments (compared with
control (cont); *, p = 0.009; **, p = 0.011; ***, p = 0.007; ANOVA).
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FIGURE 7.
TLR2 is required for GC frass-induced regulation of cytokine production from neutrophils.
A, Differentiated HL-60 cells were pretreated with neutralizing Abs against TLR2, TLR4, or
isotype control Abs for 1 h before stimulation with GC frass (100 ng/ml). Cell medium was
harvested at 18 h and analyzed by ELISA for IL-8 production. Data are expressed as means
± SEM for four experiments. GC frass increased IL-8 production in the presence of the
isotype control and TLR4 Abs, but not the TLR2 Ab (*, p < 0.001; ANOVA). B, Primary
bone marrow-derived mouse neutrophils were treated with GC frass. Cell medium was
harvested at 18 h and analyzed by ELISA for TNF-α production. Data are expressed as
means ± SEM for three experiments. GC frass increased TNF-α production compared with
control treatment (*, p < 0.001; ANOVA).
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FIGURE 8.
GC frass regulated NF-κB activation. A, HL-60 cells were pretreated with isohelenin (30
μM) for 1 h before treatment with GC frass for 18 h. Supernatants were harvested, clarified,
and run on IL-8 ELISA. Data are expressed as means ± SEM for four experiments (*, p <
0.001; ANOVA). B, HL-60 cells were treated with frass (100 ng/ml) for the times as
indicated (0 –120 min). Cell lysate was harvested, run on a Western blot, and probed for
IκBα. These data are representative of four separate experiments. C, Quantification of the
IκBα Western blots. Data are expressed as percentage of IκBα remaining compared with the
untreated sample (means ± SEM, n = 4; *, p = 0.046; **, p = 0.023; ANOVA). D, HL-60
cells were treated with GC frass for 1 h and nuclear extracts were harvested for EMSA.
Coincubation of nuclear extracts from frass-treated cells with Abs against p65 Rel A and
p50 NF-κB1 were also performed. These data are representative of three separate
experiments.
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