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reactivity, airway inflammation as well as eosinophilia and 

induced a strong Th2/Th17 response in the lung. MyD88-de-

ficient bone marrow-derived mDCs did not respond to GC 

frass treatment, suggesting a functional Toll-like receptor 

pathway was important to induce the Th2/Th17 response. 

Together, our data show that GC frass activated the innate 

immune response to augment DC recruitment and activa-

tion of mDCs which promoted robust T cell-skewing cyto-

kines and ultimately drive the development of airway in-

flammation.  Copyright © 2010 S. Karger AG, Basel 

 Introduction  

 Asthma is a chronic inflammatory condition of the 
airways, characterized by airway hyperresponsiveness 
(AHR), persistent airway inflammation, increased mu-
cus production and airway remodeling. It is accepted that 
asthma results from an inappropriate Th2-dominated 
immune response. One of the more potent allergens 
thought to be a risk factor for the development of asthma 
is cockroach. Many studies have shown a correlation with 
the levels of cockroach allergen and the severity of asth-
ma  [1–4] . We recently confirmed that airway administra-
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 Abstract 

 Cockroach exposure is a major risk factor for the develop-

ment of asthma; however, the early immune events induced 

by cockroach leading to the Th2 response are not fully un-

derstood. Exposure of naïve mice to German cockroach (GC) 

feces (frass) was sufficient to induce dendritic cell (DC) re-

cruiting and activating chemokines C-C motif ligand 20, 

granulocyte macrophage colony-stimulating factor, granu-

locyte colony-stimulating factor and macrophage inflam-

matory protein-1 �  into the airways. This corresponded with 

an increase in myeloid DCs (mDCs) in the airways as well

as increased expression of CD80 and CD86 on the mDCs. 

Plasmacytoid DCs in the lung were unchanged. Levels of

IL-5, IL-17A and IL-6 cytokines in whole lung cultures were 

significantly increased 18 h following GC frass exposure 

demonstrating the early development of a mixed Th2/Th17 

response. In addition, GC frass stimulated the production of 

IL-23, IL-6 and IL-12p70 from bone marrow-derived mDCs. 

Adoptive transfer of GC frass-pulsed mDCs induced airway 
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tion of German cockroach (GC) feces (frass), the likely 
sensitizing agent, induced a Th2 response leading to al-
lergic airway inflammation and reactivity in a mouse 
model  [5] . GC frass is complex and contains a number of 
early innate immune response activators, including en-
dotoxin, a Toll-like receptor (TLR) 4 agonist, a TLR2 ag-
onist  [6]  and active serine proteases which activate prote-
ase-activated receptor-2  [7] . However, the early events 
that facilitate the development of the pathogenic Th2 re-
sponse following initial exposure to GC frass are current-
ly unclear.

  Dendritic cells (DCs) are the most potent antigen-pre-
senting cells and are thought to bridge innate and adap-
tive immunity. Mucosal DCs form a dense network as-
sociated with the airway epithelium and can form long 
extensions into the airway lumen  [8] . While some imma-
ture DCs are normally associated with the epithelial cell 
layers, DCs are also recruited to the airways via the re-
lease of chemokines, including macrophage inflamma-
tory protein (MIP)-3 �  (also known as CCL20) and MIP-
1 � . CCL20 is the only known ligand for the CCR6 recep-
tor expressed on immature myeloid DCs at the mucosal 
surface  [9]  .  There is considerable data confirming the role 
for CCL20 in DC recruitment, including studies which 
showed CCL20 promoted DC recruitment into the air-
ways following allergen challenge in mice  [10]  and hu-
mans  [11] . Proliferation of DCs may occur by the expres-
sion of granulocyte macrophage colony-stimulating fac-
tor (GM-CSF). Intranasal exposure to house dust mite 
(HDM) induced GM-CSF release and administration of 
anti-GM-CSF neutralizing antibody decreased airway 
inflammation  [12] . Two sets of DCs, myeloid (mDCs) and 
plasmacytoid (pDCs) have been identified in humans and 
mice. mDCs (also called type 1 DCs) express CD13 and 
CD33 markers, require GM-CSF for their survival and 
produce high levels of IL-12  [13, 14] . On the other hand, 
pDC (also called type 2 DC) lack myeloid cell markers 
and express high amounts of IL-3 receptor  � -chain 
(CD123), which is required for their survival and matura-
tion and they secrete high levels of type I interferon  [15, 
16] . pDCs have been shown to be protective against the 
development of asthma  [17] . We have previously demon-
strated that the ratio of mDC/pDC may play a role in the 
development of allergic asthma in mouse models  [18] . In 
fact, an asthma-susceptible strain (A/J) was found to have 
higher mDC/pDC ratios compared to a resistant strain 
(C3H). This suggests an important role for different sub-
types of DCs in the lung that encounter allergens.

  A crucial role for the DCs in mediating allergic airway 
disease is their ability to synthesize and release many of 

the cytokines involved in T cell differentiation. IL-6 can 
drive the differentiation and expansion of Th2 cells  [19] , 
while IL-6 in the presence of tumor growth factor- �  and 
IL-23 can induce Th17 cells  [20, 21] . IL-12p70 has been 
shown to skew Th0 cells towards Th1  [22]  and this shift 
has been shown to induce allergen tolerance. IL-4 is able 
to differentiate Th0 cells into Th2 cells which are known 
to be important in asthma. A recently identified Th sub-
type, Th17, has also been implicated in asthma  [23, 24] . 
We recently showed that pulmonary mDCs played a cru-
cial role in the induction of AHR in asthma-susceptible 
mice in part through their ability to induce IL-23 produc-
tion  [18] . Thus, we hypothesize that the early events in the 
development of a Th2/Th17 response occur through the 
reprogramming of DCs by GC frass. Our objective was to 
determine the role of GC frass on the recruitment and 
activation of DCs which would ultimately lead to the de-
velopment of the asthma phenotype, and to investigate 
the role of innate immune receptors on regulating this 
process. Our findings suggest that a single exposure to 
GC frass can activate resident airway cells to induce the 
release of DC-recruiting chemokines leading to the pref-
erential increase in mDCs. GC frass can also directly 
stimulate DCs to release Th17-promoting cytokines, and 
induce resident lung cells to release Th2-skewing cyto-
kines. In addition, GC frass-stimulated mDCs adminis-
tered via the airways were sufficient to induce airway in-
flammation. Importantly, it appears that a functional 
TLR signaling pathway is required to induce mDC cyto-
kine release as MyD88-deficient bone marrow-derived 
DCs (BMDCs) fail to synthesize IL-6 or IL-23 following 
GC frass exposure. Our data clearly suggest an early im-
mune response to allergen challenge leading to preferen-
tial increases in mDC and a Th2/Th17 milieu in the lung 
within the first 24 h following a single GC frass exposure. 

  Materials and Methods 

 Cockroach Frass 
 Fecal remnants (frass) from GC were resuspended in endotox-

in-free double-distilled water (2 h at 4   °   C while rocking) and fro-
zen in aliquots for use throughout the entire study. Extracts were 
centrifuged to remove debris (13,000  g  for 5 min at 4   °   C), super-
natants were harvested and total protein was measured using the 
Bio-Rad Protein Assay Dye (Bio-Rad, Hercules, Calif., USA).

  Animals 
 Six-week-old female Balb/c, C57Bl/6 (Jackson Laboratory, Bar 

Harbor, Me., USA) and MyD88-deficient mice (S. Akira)  [25]  were 
housed in a laminar hood in a pathogen-free animal facility. The 
MyD88-deficient mice were fed Teklad Global 18% protein rodent 
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diet with 4,100 ppm of the medication Uniprim added (Harlan, 
Indianapolis, Ind., USA). Animal care was provided in accor-
dance with NIH guidelines. These studies were approved by the 
Cincinnati Children’s Hospital Medical Center Institutional An-
imal Care and Use Committee.

  GC Frass Exposure 
 Mice (8 per group) were anesthetized with ketamine (45 mg/

kg)/xylazine (8 mg/kg) prior to phosphate-buffered saline (PBS; 
40  � l) or GC frass (40  � g/40  � l) exposure by an intratracheal in-
stillation as previously described ( fig. 1 a)  [26] . Mice were given a 
lethal dose of sodium pentobarbital 18 h later and lungs were la-
vaged with Hank’s balanced salt solution without calcium or 
magnesium (Invitrogen, Carlsbad, Calif., USA). The lavage fluid 
was centrifuged (300  g  for 10 min at 4   °   C); the supernatant was 
removed for cytokine analysis and immediately stored at –80   °   C. 
Lungs were isolated 18 h following a single instillation and whole-
lung cell culture was performed. In separate experiments, mice 
were administered a single intratracheal instillation of PBS or GC 
frass and 24 h later, lungs were isolated for flow cytometry 
( fig. 1 b).

  Flow Cytometry 
 Following exposure, whole lungs were placed in RPMI 1640 

containing Liberase CI (0.5 mg/ml; Roche Diagnostics, Indianap-
olis, Ind., USA) and DNase I (0.5 mg/ml; Sigma, St. Louis, Mo., 
USA) at 37   °   C for 45 min. The tissue was forced through a 70-mi-
cron cell strainer, and red blood cells were lysed with ACK lysis 
buffer (Invitrogen). Cells were washed with RPMI containing 
10% fetal bovine serum (FBS), counted and 5  !  10 5  cells were 
used for staining. Staining reactions were performed at 4   °   C fol-
lowing incubation with Fc block (monoclonal antibody 2.4G2) for 
30 min. Myeloid DCs (CD11c + , CD11b + , Gr1 neg , CD317 neg ) and 
plasmacytoid DCs (CD11c + , CD11b neg , Gr1 low , CD317 + ) were 
quantified using anti-CD11c-APC (HL3), anti-CD11b-PE-Cy7 
(M1/70) and anti GR-1-APC-Cy7 (RB6-8C5). Co-stimulatory 
molecule expression was examined using PE-conjugated mono-
clonal antibodies to CD86 (GL1) and CD80 (16-10A1). Dead cells 
were excluded using 7-AAD. All antibodies were purchased from 
eBioscience (San Diego, Calif., USA). Data were acquired with an 
LSRII flow cytometer (BD Biosciences, San Jose, Calif., USA). 
Spectral overlap was compensated using the FACSDiVa software 
(BD Biosciences) and analyzed using FlowJo software (Treestar 
Inc., Ashland, Oreg., USA).

  Isolation and Development of Mature, GC Frass-Pulsed 
BMDC 
 Mice were given a lethal dose of sodium pentobarbital prior to 

removal of tibias and femurs. Bone marrow cells (1.5  !  10 7  cells 
per ml) were cultured on complete RPMI supplemented with GM-
CSF (10 ng/ml; Peprotech, Rocky Hills, N.J., USA). Fresh media 
was added along with GM-CSF (10 ng/ml) on day 3. On day 6, cells 
were washed, counted and plated (1  !  10 6  cells/ml) for experi-
mentation. Cells were then treated with endotoxin-free PBS or GC 
frass (1  � g/ml) for 18 h. Cytokine levels were measured following 
clarification of the cell culture media (13,000  g  for 5 min at 4   °   C).

  Adoptive Transfer of BMDC 
 BMDC cultures were grown as indicated above. On day 6, cells 

were treated with endotoxin-free PBS or GC frass (1  � g/ml) for

18 h. Cells were washed, counted and resuspended at 2.5  !  10 6  
cells/ml. Forty microliter of BMDC suspension (1  !  10 6  cells) was 
administered to anesthetized mice. Fourteen days later, mice were 
exposed to either PBS (40  � l) or GC frass (40  � g/40  � l). Three 
days later, airway responses were measured ( fig. 1 c).

  Assessment of Allergic Airway Inflammation 
 Allergen-induced AHR was determined as previously de-

scribed  [27] . Briefly, mice were anesthetized 72 h after the last GC 
frass exposure, intubated and ventilated at a rate of 120 breaths 
per minute with a constant tidal volume of air (0.2 ml) using a 
low-dead-space ventilatory system  [28] , and paralyzed with deca-
methonium bromide (25 mg/kg). After establishment of a stable 
airway pressure, 25  � g/kg weight of acetylcholine was injected 
intravenously and dynamic airway pressure (airway pressure
time index in cm H 2 O  !  s –1 ) was followed for 5 min. Lungs were 
 lavaged with 1 ml of Hank’s balanced salt solution without cal-
cium or magnesium. The lavage fluid was centrifuged (300  g  for 
10 min at 4   °   C); the supernatant was removed for cytokine analy-
sis and immediately stored at –80   °   C. Cells were resuspended in
1 ml PBS containing 10% FBS, and total cell numbers were count-
ed on a hemocytometer. Bronchoalveolar liquid (BAL) cells were 
centrifuged (64  g  for 5 min at room temperature) onto a micro-
scope slide using Cytospin II (Shandon Thermo, Waltham, Mass., 
USA). Slides were subsequently stained with Diff-Quick (Thermo 
Electron Corporation, Pittsburg, Pa., USA) solution for differen-
tial cell counting. BAL fluid was stored at –80   °   C for cytokine 
analysis. 

  Total Lung Cell Homogenate Culture 
 Whole lungs were isolated from mice, minced and placed in 

RPMI 1640 containing Liberase CI (0.5 mg/ml; Roche Diagnos-
tics) and DNase I (0.5 mg/ml; Sigma) at 37   °   C for 45 min. The tis-
sue was forced through a 70-micron cell strainer, and red blood 
cells were lysed with ACK lysis buffer (Invitrogen). Cells were 
washed with RPMI containing 10% FBS, counted and plated 
(250,000 cells per well in 300  � l final volume) in a 96-well plate. 
In some cases, cells were incubated at 37   °   C in 5% CO 2  incubator 
for 18 h at which time cell supernatants were removed, clarified 
and stored at –80   °   C for ELISA. In other cases, these cells were 
stained for flow cytometry.

  Histology 
 Whole lungs were removed and formalin fixed. Lungs were 

embedded in paraffin, sectioned and stained with hematoxylin 
and eosin and periodic acid Schiff (PAS).

  ELISA 
 ELISA kits for CCL20, MIP-1 � , GM-CSF, granulocyte colony-

stimulating factor (G-CSF), IL-6, IL-10, IL-12p70, IL-17A and 
IFN- �  were purchased from R&D Systems (Minneapolis, Minn., 
USA) and used according to the manufacturers’ specifications.

  Statistical Analysis 
 When applicable, statistical significance was assessed by one-

way analysis of variance (ANOVA). Differences identified by 
ANOVA were pinpointed by Student-Newman-Keuls’ multiple 
range test.
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  Results 

 GC Frass Induced DC Chemokine Expression 
 To determine if a single exposure to GC frass was suf-

ficient to induce the expression of chemokines and cyto-
kines important in DC recruitment and proliferation, we 
exposed naïve mice to GC frass and measured CCL20, 
MIP-1 � , GM-CSF and G-CSF levels in the BAL fluid
18 h after instillation. Compared to PBS-treated mice, ex-
posure to GC frass significantly induced the DC-attract-
ing chemokines CCL20 ( fig. 2 a) and MIP-1 �  ( fig. 2 b) in 
the BAL fluid. In addition, GM-CSF and G-CSF, both of 
which are important for DC differentiation were signifi-
cantly increased following exposure to GC frass ( fig. 2 c, 
d). These data suggest that GC frass can induce the re-
lease of chemokines responsible for the recruitment and 
proliferation of DCs.

  GC Frass Induced DC Recruitment into the Airways 
and Upregulation of Co-Stimulatory Molecule 
Expression 
 To test whether a single exposure to GC frass could 

induce DC migration, we quantified pulmonary mDCs 
and pDCs 18 h following GC frass exposure. We classified 
the mDCs as CD11c + , CD11b + , Gr1 neg  and CD317 neg , and 
the pDCs as CD11c + , CD11b neg , Gr1 low  and CD317 +  
( fig. 3 a). Exposure to GC frass led to an increased number 
and overall frequency of pulmonary mDCs in the lung 
( fig. 3 b, c). There was no change in either the total number 
( fig. 3 d) or percentage ( fig. 3 e) of pDCs in the lung follow-

ing GC frass exposure. Consistent with the in vivo che-
mokine data, these data show that a single exposure to 
GC frass induced the preferential recruitment of mDCs 
into the airways of mice.

  Next, we investigated the regulation of the co-stimu-
latory molecules CD80 and CD86 on the lung mDC and 
pDC population following GC frass instillation. GC frass 
exposure significantly induced the number of CD86 and 
CD80 molecules (as indicated by mean fluorescence in-
tensity) on the surface of mDCs, as well as increased the 
proportion of CD86- and CD80-expressing mDCs ( ta-
ble 1 ) demonstrating activation and maturation of these 
cells. While GC frass increased the number of CD86 mol-
ecules on pDCs, the activation of pDCs was not robust 
since the percentage of CD86-positive pDCs or the ex-
pression of CD80 (mean fluorescence intensity and per-
centage) were not altered. These data indicate that a single 
exposure to GC frass upregulated the amount and activa-
tion of mDCs in the lung, while having little effect on 
pDCs.

  GC Frass Directly Activated Cytokine Production
from DCs 
 To determine if GC frass could directly activate DCs, 

we generated BMDCs by culturing bone marrow cells in 
the presence of GM-CSF for 6 days. At the end of the cul-
ture, these cells were over 95% mDC as characterized by 
flow cytometry (CD11c + , CD11b + , Gr1 neg , CD317 neg ; data 
not shown). BMDCs were treated ex vivo with GC frass 
(1  � g/ml) for 18 h and cytokine expression was measured 
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  Fig. 1.  Mouse exposure protocols.  a  Mice 
were exposed to a single intratracheal
(i.t.) instillation of PBS (40  � l) or GC frass
(40  � g/40  � l) and BAL fluid was harvested 
18 h later. Lungs were isolated and cultured 
for an additional 24 h in the absence of ad-
ditional stimulation.  b  Mice were exposed 
to a single intratracheal instillation and 
lungs were harvested 24 h later for analysis 
by flow cytometry.  c  PBS- or GC frass-
pulsed BMDC were instilled intratrache-
ally at day 0; 14 days later, mice received an 
intratracheal instillation of either PBS or 
GC frass. On day 17, airway measurements 
were performed. 
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by ELISA. Exposure to GC frass induced a significant re-
lease of IL-6 ( fig. 4 a) and IL-23 ( fig. 4 b) from DCs, which 
could potentially lead to Th17-skewing response. IL-
12p70, which skews towards a Th1 response, was also in-
creased following GC frass treatment ( fig. 4 c); however, 
these levels were quite low and were dwarfed in compar-
ison to the release of IL-6. IL-10 levels were below the 
level of detection (data not shown). These data confirm 
that GC frass can directly activate BMDCs to synthesize 
and secrete T cell-skewing cytokines, and GC frass sig-
nificantly induces IL-6 and IL-23 expression.

  GC Frass Induced Th Cell Cytokine Production 
 To determine the cytokine milieu in the lung follow-

ing a single exposure to GC frass, we isolated the lungs 
from PBS and GC frass-exposed mice 18 h after instilla-
tion. The lungs were digested and cultured in media for 
an additional 24 h in the absence of additional stimuli as 
a way to determine what the cells are secreting following 
a single allergen exposure. Th1 cytokine (IFN- �  and IL-
12p70), Th2 cytokine (IL-4, IL-5 and IL-13), and Th17 
cytokine (IL-6, IL-23 and IL-17A) levels in the whole lung 
were measured by ELISA. GC frass induced a significant 
increase in IL-5 ( fig. 5 a), IL-17A ( fig. 5 b) and IL-6 ( fig. 5 c), 
suggesting a skewing towards a mixed Th2/Th17 pheno-
type. The levels of IL-12p70, IL-4 and IL-13 were below 
the levels of detection. There was a trend toward increased 
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  Fig. 2.  A single exposure to GC frass in-
duced DC chemokine release from resi-
dent airway cells. Naïve mice were admin-
istered a single intratracheal instillation of 
PBS (40  � l) or GC frass (40  � g/40  � l) and 
BAL fluid was harvested 18 h later and an-
alyzed by ELISA. In all cases, means  8  
SEM are reported for each chemokine in 
pg/ml (n = 8 mice per group) and statisti-
cal analysis was performed by ANOVA.
 a  CCL20 ( *   p  !  0.001).  b  MIP-1 �  ( *   p  !  
0.001).  c  GM-CSF ( *  p = 0.003).  d  G-CSF 
( *  p = 0.003). 

Table 1.  Co-stimulatory molecule expression on pulmonary DC 
populations following allergen exposure

Treatment mDC pDC

CD80 
MFI

CD80 Freq 
of parent

CD80 
MFI

CD80 Freq 
of parent

PBS 208812 4.180.6 199821 6.180.4
GC frass 1,128860 38.583.3 194841 6.780.6
p value <0.001 <0.001 ns ns

Treatment mDC p DC

CD86 
MFI

CD86 Freq 
of parent

CD86  
MFI

CD86 Freq 
of parent

PBS 48083 10.680.6 188829 7.281.3
GC frass 1,134859 22.781.1 361821 8.180.2
p value <0.001 <0.001 0.007 ns

Naï ve mice were administered a single intratracheal inhala-
tion of PBS (40 �l) or GC frass (40 �g/40 �l) and whole lungs were 
isolated 24 h later. Cells were dissociated from the lungs, and 
stained for flow cytometry analysis. mDC (CD11c+, CD11b+, 
Gr1neg, CD317neg) and pDC (CD11c+, CD11bneg, Gr1low, CD317+) 
populations were analyzed for CD86 and CD80 expression. Mean 
fluorescent intensity (MFI) and percentage of cells expressing the 
co-stimulatory molecules are shown. Values are means 8 SEM, 
n = 8 mice/group and statistical analysis was performed by
ANOVA.
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  Fig. 3.  DC subsets in the lungs following 
mucosal exposure to PBS. Naïve mice were 
administered a single intratracheal instil-
lation of PBS (40  � l) or GC frass (40  � g/40 
 � l) and whole lungs were isolated 24 h lat-
er. Cells were dissociated from the lungs 
and stained for flow cytometry analysis.
   a  A representative flow cytometry plot 
showing the characterization of mDCs 
(CD11c + , CD11b + , Gr1 neg , CD317 neg ) and 
pDCs (CD11c + , CD11b neg , Gr1 low , CD317 + ). 
     b  Total mDCs.  c  Percentage of mDCs.
 d  Total pDCs.  e  Percentage of pDCs. Val-
ues are means  8  SEM, n = 16 mice/group; 
statistical analysis was performed by 
ANOVA (   *  p  !  0.001 vs. PBS).         
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IFN- � , however, this did not reach statistical significance 
( fig. 5 d). Together, these data show that a single exposure 
to GC frass can alter the lung cytokine milieu in a man-
ner that is conducive for an asthma phenotype.

  GC Frass-Pulsed DCs Regulate Allergic Airway 
Inflammation 
 To confirm the crucial role for DCs in mediating al-

lergic airway inflammation, we cultured BMDCs for 6 

days in the presence of GM-CSF. BMDCs were then treat-
ed with PBS or GC frass for 18 h and adoptively trans-
ferred into the lungs of naïve BALB/c mice. Fourteen days 
later, mice were challenged with intratracheal instillation 
of PBS or GC frass and airway responses were measured 
72 h after challenge. Adoptive transfer of GC frass-ex-
posed BMDCs induced AHR to acetylcholine challenge 
( fig. 6 a). Next, we cultured whole-lung homogenates to 
assess the ability of GC frass-pulsed BMDCs to induce 
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  Fig. 4.  GC frass-induced BMDC cytokine production. BMDC 
were cultured in the presence of GM-CSF for 6 days prior to treat-
ment with GC frass (1  � g/ml); 18 h later, cell supernatants were 
collected, clarified and analyzed by ELISA. In all cases, means      8  

SEM are reported for each chemokine in pg/ml (n = 4–6 experi-
ments) and statistical analysis was performed by ANOVA (                   *  p  !  
0.001.    a  IL-6 levels.  b  IL-23 levels.  c  IL-12p70 levels.       
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  Fig. 5.  A single exposure to GC frass in-
duced cytokine production in the whole 
lung. Naïve mice were administered a sin-
gle intratracheal instillation of PBS (40  � l) 
or GC frass (40  � g/40  � l) and whole lungs 
were isolated 18 h later. Cells were dissoci-
ated and cultured for an additional 24 h
in the absence of additional stimuli. Cell 
supernatants were collected, clarified and 
analyzed by ELISA. In all cases, means  8  
SEM are reported for each chemokine in 
pg/ml (n = 8 mice/group) and statistical 
analysis was performed by ANOVA (                   *  p  !  
0.001 vs. PBS).  a  IL-5 levels.  b  IL-17A levels. 
 c  IL-6 levels.  d  IFN-   �  levels (not signifi-
cant).                   
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Th2, Th1 and Th17 cytokine production. Adoptive trans-
fer of GC frass-stimulated BMDCs induced Th2-associ-
ated cytokines IL-4 ( fig.  6 b), IL-5 ( fig.  6 c) and IL-13 
( fig.  6 d) as well as the Th17-associated cytokine Th17 
( fig. 6 e). Interestingly, the Th1-associated cytokine IFN- �  
( fig. 6 f) was also significantly increased with exposure to 
GC frass-pulsed BMDCs. Adoptive transfer of GC frass-
pulsed mDCs also increased total cellular infiltration as 
well as the levels of neutrophils, eosinophils and lympho-
cytes ( table 2 ). Assessment of the airways showed that GC 
frass-pulsed mDCs were sufficient to induce increased 
perivascular and peribronchiolar infiltrates into the lung 
and increase the amount of mucin production as deter-
mined by PAS staining ( fig. 7 ). Together, these data sug-
gest that GC frass-pulsed naïve mDCs are sufficient to 
airway inflammation and T cell skewing in vivo.

  MyD88-Deficient BMDCs Do Not Respond to GC Frass 
 Since GC frass contains endotoxin, a TLR4 agonist as 

well as an agonist of TLR2, we queried the role of TLR 
activation on DC cytokine production. We isolated 
BMDC from wild-type and MyD88-deficient mice and 
measured cytokine production following GC frass expo-
sure. GC frass-induced release of IL-6, IL-23 and IL-
12p70 were all abolished in MyD88-deficient BMDCs 
compared to wild-type BMDCs ( fig. 8 ). These data sug-
gest the importance of TLR engagement, specifically the 
activation of MyD88 signaling, to the establishment of 
BMDC cytokine production and skewing towards a Th2/
Th17 cytokine milieu. 
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  Fig. 6.  Adoptive transfer of PBS- or GC fra-
ss-pulsed mDCs to naïve mice induced 
AHR and a Th2/Th17 phenotype. Naïve 
mice were sensitized with PBS- or GC 
 frass-pulsed BMDC on day 0. Mice were 
challenged with PBS (40  � l) or GC frass 
(40  � g/40  � l) on day 14. On day 17, mice 
were anesthetized and acetylcholine was 
injected after establishment of a stable air-
way pressure. In all cases, means  8  SEM 
are reported for each chemokine in pg/ml 
(n = 8 mice/group) and statistical analysis 
was performed by ANOVA.  a  AHR was 
measured as airway pressure time index 
(APTI) in cm H 2 O                              !  s –1  (compared to 
PBS,    *   p    !  0.001). Lungs from the mice 
were excised, cells dissociated and main-
tained in a single suspension culture for 3 
days in the presence of ConA (10  � g/ml). 
Cell supernatants were collected, clarified 
and analyzed by ELISA.  b  IL-4 levels
(     *  p  !  0.001 vs. PBS).  c  IL-5 levels ( *  p  !  
0.001 vs. PBS).  d  IL-13 levels ( *  p  !  0.001 
vs. PBS).  e  IL-17A levels ( *   p  !  0.001 vs. 
PBS).  f  IFN- �  levels ( *  p  !  0.001 vs. PBS). 
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Table 2.  Differential cell count in BAL fluid of mice adoptively transferred with mDCs pulsed with PBS or GC frass

Total cells Mac Epi Neut Eos Lymph

PBS-pulsed BMDCs 20.883.8 15.384.2 2.180.6 2.481.8 0.0880.07 0.980.3
GC frass-pulsed BMDCs 47.883.7 13.381.6 2.180.1 24.485.7 4.681.7 3.380.5
p value 0.043 ns ns 0.011 0.036 0.006

a b

c d

  Fig. 7.  Histological assessment of lung sections. Naïve mice were 
sensitized with PBS- or GC frass-pulsed BMDCs on day 0. Mice 
were challenged with PBS (40  � l) or GC frass (40  � g/40  � l) on 
day 14. On day 17, lungs were isolated and fixed in formalin. He-
matoxylin and eosin staining of sectioned lungs from PBS-pulsed 

BMDC-exposed mice (   a ) and GC frass-pulsed BMDC-exposed 
mice ( b ). PAS staining of sectioned lungs from PBS-pulsed
BMDC-exposed mice ( c ) and GC frass-pulsed BMDC-exposed 
mice ( d ). Representative slides are shown of sections from 4 mice 
per group.                                                                              

N aïve mice were sensitized with PBS- or GC frass-pulsed 
 BMDCs on day 0. Mice that received PBS-pulsed BMDCs were 
challenged with PBS (40 �l) and mice that received GC frass-
pulsed BMDCs were challenged with GC frass (40 �g/40 �l) on 
day 14. All mice were sacrificed 72 h later, BAL fluid was harvest-

ed and differential cell counts performed.  These data represent 8 
mice per group and are expressed as mean 8 SEM cell number 
!103. Statistical significance between GC frass and PBS exposure 
was determined by ANOVA.
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  Discussion 

 In this report, we describe the early response to a sin-
gle exposure of GC frass and show that GC frass directly 
activated DC chemokine production in resident airway 
cells leading to the preferential accumulation of mDCs 
into the lungs. In addition, these mDCs were activated as 
determined by increased co-stimulatory molecule ex-
pression. In the whole-lung cultures, we detected cyto-
kine skewing towards a Th2/Th17 phenotype which oc-
curred within 18 h of GC frass exposure. We confirmed 
that GC frass could directly activate BMDCs in vitro by 
releasing high levels of IL-6, along with increased levels 
of both IL-23 and IL-12p70. To confirm the importance 
of DC activation on the initiation of allergic airway dis-
ease, we adoptively transferred BMDCs treated ex vivo 
with GC frass and found that a single exposure of GC 
frass-treated mDCs was sufficient to induce airway 
 inflammation in naïve mice. Lastly, we present compel-
ling evidence that TLR stimulation is crucial for GC 
 frass-induced BMDC activation since MyD88-deficient
BMDCs do not respond to GC frass stimulation. This is 
important as GC frass has been shown to contain both 
endotoxin and a TLR2 agonist  [6] , both of which require 
a functional MyD88 for signaling. Collectively, these data 
show that GC frass is sufficient to alter the cytokine/che-
mokine expression to induce cellular recruitment and al-

ter the local cellular milieu within the lung and this is due 
in part to activation of TLRs. 

  An early response to GC frass exposure is the signifi-
cant upregulation of chemokines and cytokines (CCL20, 
MIP-1 � , GM-CSF and G-CSF) involved in DC recruit-
ment and differentiation. Importantly, the fact that these 
mediators are synthesized by the airway epithelium fol-
lowing allergen exposure implicates the airway epitheli-
um as an initiator of the adaptive immune response. Am-
bient particulate matter  [29]  and HDM  [30]  have been 
shown to increase CCL20 mRNA and protein secretion 
from human airway epithelium. GM-CSF and G-CSF re-
lease was also shown to be significantly increased in pri-
mary human bronchial epithelial cells and epithelial cell 
lines following HDM exposure  [31, 32] . Thus, the chemo-
kine milieu present in the lung following allergen expo-
sure may be set up very rapidly by epithelial cells, hence 
implicating the importance of the epithelium in shaping 
the nature of the adaptive immune response.

  Classically it was thought that only Th2 cytokines 
drove allergic airway disease. However, Th17 cells may 
also contribute to the pathogenesis of T cell-mediated al-
lergic reactions. Our data show that GC frass induced a 
mixed Th2/Th17 cytokine profile within 18 h of a single 
exposure. We have previously shown that GC frass in-
duced significant airway neutrophilia within 18 h of a 
single exposure  [6] , and while we did not quantify the 
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  Fig. 8.  MyD88-deficient BMDCs do not respond to GC frass. 
 BMDCs from wild-type (C57Bl/6) or MyD88-deficient mice were 
cultured in the presence of GM-CSF for 6 days prior to treatment 
with GC frass (1  � g/ml). 18 h later, cell supernatants were col-
lected, clarified and analyzed by ELISA. In all cases, means      8  

SEM are reported for each chemokine in pg/ml (n = 4 experi-
ments) and statistical analysis was performed by ANOVA.  a  IL-6 
levels (                         *  p  !  0.001 vs. PBS;            +  p        !  0.001 vs. frass).    b  IL-23 levels 
(     *  p  !  0.001 vs. PBS;  +  p      !  0.001 vs. frass).  c  IL-12p70 levels ( *  p  !  
0.001 vs. PBS;  +  p      !  0.001 vs. frass).     
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amount of IL-17A released by neutrophils, a recent study 
has confirmed that neutrophils are a significant source of 
IL-17A  [33] . Recent studies have implicated Th17 in aller-
gic asthma. HDM-driven AHR was associated with a 
mixed Th2/Th17 cytokine profile  [18] . Allergic sensitiza-
tion through the airways was shown to prime Th17 cells 
to release IL-17 into the airway when challenged with al-
lergen  [34] . IL-17 was shown to regulate allergic airway 
inflammation in mouse models  [35–37] . In humans, spu-
tum IL-17A and IL-17F levels have been shown to corre-
late with AHR  [23, 38] . Thus, it is not surprising that GC 
frass exposure was sufficient to induce IL-17A in the air-
ways of mice. It is possible that activation of Th17 cells 
may amplify allergic airway inflammation and that acti-
vation of Th17 may not be sufficient to induce asthma, 
but may be required for increased severity of symptoms.

  Interestingly, we found a trend towards increased IFN-
 �  levels following a single exposure to GC frass, as well as 
a significant increase in IFN- �  levels in the lung follow-
ing adoptive transfer of GC frass-pulsed BMDCs and 
challenge with GC frass. This is in contrast to our other 
work showing that sensitization and challenge to GC
frass lead to decreased IFN- �  levels in the lungs  [5, 39] . It 
is possible that a single exposure of GC frass is sufficient 
to induce IFN- �  but that these levels are not maintained 
long term. In our previous studies, mice were sensitized 
and challenged with multiple exposures to GC frass, 
whereas in the adoptive transfer experiment, the sensiti-
zation was to GC frass-pulsed BMDC and there was only 
a single challenge with GC frass. It is possible that an 
early increase in Th1 is common and may be suppressed 
by high levels of Th2 or Th17 cytokines following mul-
tiple allergen exposures. This concept is supported by a 
recent study showing that ragweed extract concurrently 
upregulated Th1-associated genes with Th2-associated 
genes and the authors propose that allergen-induced air-
way inflammation is activated by both Th1 and Th2 gene 
regulation  [40] . They argue that an unopposed Th1 gene 
upregulation would resolve allergic airway inflamma-
tion. In our current studies, we find that sensitization of 
naïve mice with GC frass-pulsed BMDCs induced a Th1/
Th2/Th17 profile of cytokines in the lung. 

  GC frass exposure resulted in an increased percentage 
of mDCs and no change in the percentage of pDCs in the 
lung. This would suggest that GC frass can trigger the 
preferential recruitment or proliferation of the subtype of 
DCs important in the promotion of asthma. In this re-
port, we did not study the proliferation of resident lung 
DCs, but others have shown that GM-CSF suppressed the 
development of pDCs  [41] , while increasing the prolifera-

tion of mDCs. mDCs can induce a variety of T cell re-
sponse (Th1, Th2, Th17) depending on where they are 
isolated and what stimuli they received  [42, 43] , while 
pDC can induce Th1, Th2 or regulatory T cell develop-
ment depending on the stimulus  [44, 45] . Our recent 
work revealed that susceptibility to AHR was associated 
with mDC allergen uptake while resistance to allergen-
derived AHR was associated with pDC allergen uptake 
 [18] . Interestingly, however, in human data, the percent-
age of pDCs was higher than mDCs following allergen 
challenge  [46, 47] . Thus, further understanding the 
mechanism by which mDCs and pDCs are recruited into 
the lungs may be of therapeutic potential. 

  The airway response to GC frass highlights the com-
plex interactions incorporated in the regulation of the 
inflammatory responses seen in respiratory diseases, 
particularly asthma. Furthermore, our data suggest that 
an allergen exposure may influence the maturation of 
airway mucosal DCs and also provides a potential mech-
anism by which airway epithelial cells may directly affect 
the dynamics of the DCs. Finally, the evidence presented 
here provides compelling evidence for the role of the in-
nate immune response in the development of the adap-
tive Th2 immune response. Further understanding of 
the complexity of the allergen and its interaction with the 
respiratory mucosa will help to further elucidate the mo-
lecular interplay between airway epithelial cells and 
DCs. 
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