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Abstract
Background—Environmental exposures to cockroach allergen and endotoxin are recognized
epidemiological risk factors for the early development of allergies and asthma in children.
Because of this, it is important to examine the role of early life concurrent inhalation exposures to
cockroach allergen and endotoxin in the pathogenesis of allergic airways disease.

Objective—We examined the effects of repeated concomitant endotoxin and cockroach allergen
inhalation on the pulmonary and systemic immune responses of newborn and juvenile mice.

Methods—C3H/HeBFeJ mice were exposed to inhaled endotoxin and cockroach allergen via
intranasal instillation from day 2 to 21 after birth, and systemic and pulmonary responses were
examined in serum, bronchoalveolar lavage fluid, and lung tissue.

Results—Cockroach allergen exposures induced pulmonary eosinophilic inflammation, total and
allergen specific IgE, IgG1, and IgG2a production, and alveolar remodeling. Co-exposures with
endotoxin and cockroach allergen significantly increased serum IgE and IgG1, lung inflammation,
and alveolar wall thickness, and decreased airspace volume density. Importantly, compared to
exposures with individual substances, the responses to co-exposures were more than additive.

Conclusions—Repeated inhalation exposures of neonatal and juvenile mice to endotoxin and
cockroach allergen increased the pulmonary inflammatory and systemic immune responses in a
synergistic manner and enhanced alveolar remodeling in the developing lung. These data
underscore the importance of evaluating the effect of multiple, concurrent environmental
exposures, and of using an experimental model that incorporates clinically relevant timing and
route of exposures.
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INTRODUCTION
House dust is a complex mixture of mostly organic agents, ranging from inert to highly
inflammatory [1]. Inhalation exposures to house dust necessarily imply concomitant
exposures to its components, such as cockroach allergen and endotoxin; the health effects of
exposure to these agents are likely to differ with concurrent rather than individual or
sequential exposures [2]. Indoor environmental exposures to house dust containing
endotoxin are associated with early-life establishment of asthma [1-4]. Of all common
aeroallergens, early-life, environmental exposures to cockroach allergens appear to play a
particularly significant role in the pathogenesis and exacerbation of symptoms of allergic
asthma [1, 5-7].

While the individual effects of endotoxin and allergens on the respiratory system have been
studied in detail, little is known about the health effects of concurrent-inhalation exposures
[6]. Human data on concurrent endotoxin and allergen inhalation exposures are limited to
adult human subject studies of inhalation with endotoxin-contaminated allergen extracts [8].
Animal studies of concurrent allergen and endotoxin exposures show conflicting results, as
some researchers observed suppressed, while others observed amplified systemic and
pulmonary responsiveness after co-administration [9-12]. The choice of antigen may explain
the differences in the results. Studies that utilized endotoxin along with ovalbumin showed
suppressed responses [9, 10], while studies that used common environmental allergens, such
as Aspergillus fumigatus or cat allergen, showed augmented responses [11, 12]. The latter
aeroallergens are active proteases, as are some components of cockroach and house dust
mite allergen (the cysteine proteases from Group 1 in mite extracts and serine proteases in
mite – Groups 3, 6, and 9, and cockroach extracts) [13-16]. The proteolytic activity of these
allergens may enhance their trans-epithelial delivery by disrupting the airway epithelial cells
tight junctions [17]. Proteolytic allergens also exert direct pro-inflammatory effects by
promoting secretion of airway inflammatory cytokines [15] and endogenous proteases that
in turn augment the pro-inflammatory and immunogenic effects of the allergens [18].

Endotoxin inhalation alone also induces secretion of airway inflammatory cytokines,
including TNF-α, IL-6, as well as endogenous proteases [19], all of which can augment the
pro-inflammatory and immunogenic properties of aeroallergens. To this end, it is important
to examine the role of concurrent-inhalation exposures to cockroach allergen and endotoxin
in the pathogenesis of allergic airways disease, specifically during early life when such
exposures are most likely to affect the development of asthma.

To elucidate the role of simultaneous exposures with endotoxin (lipopolysaccharide, LPS)
and cockroach allergen, and to model human indoor environmental exposures utilizing
timing and route of exposures relevant to humans, we developed a model in young mice
with exposures to an endotoxin and cockroach allergen mixture. We hypothesized that
responses induced by these simultaneous-inhalation exposures would exceed those induced
by allergen exposures alone. Our experiments were designed to test for interaction between
endotoxin and cockroach allergen in the development of airways inflammation, systemic
sensitization in early life, and structural remodeling of the alveolar regions of the lungs in
young mice.

Some of the results of these studies have been previously reported in the form of abstracts
[20-23].

Kulhankova et al. Page 2

Clin Exp Allergy. Author manuscript; available in PMC 2012 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



METHODS
Animals

C3H/HeBFeJ mice (Jackson Laboratories, Bar Harbor, ME), strain extensively utilized in
our endotoxin responsiveness studies [24 - 26] were maintained and bred in a pathogen-free,
AAALAC-approved animal facility, and were provided food and water ad libitum. All
protocols were approved by the Institutional Animal Care and Use Committee; all animal
care and housing requirements of the National Institutes of Health Committee on Care and
Use of Laboratory Animals were followed.

Neonatal and Juvenile Inhalation Exposures with Endotoxin and Cockroach Allergen
Mice, under short-term isoflurane-induced anesthesia, were exposed to 300 EU/day (30 ng)
endotoxin (lipopolysaccharide from Escherichia coli O111:B4, Sigma-Aldrich, St. Louis,
MO); an average of 10 ng/day of cockroach allergen extract (CRA, Allergenic Extract 0048,
German Cockroach, Blatella germanica, Allermed Laboratories, Inc., San Diego, CA); or
both substances concurrently by intranasal instillation (i.n.) [24, 25] daily from day two to
twenty one after birth. The dose of 300 EU was selected based on previous studies of
endotoxin exposures to adult mice [24 - 26], taking into consideration the anatomical and
physiological features of newborn mice, such as body mass, size and shape of the upper and
lower airways, and ventilation rate. We aimed to deliver approximately 10-15 EU to the
lungs, the level reported for optimal pulmonary responsiveness in mice [26]. Using
published methods to estimate lung deposited dose and the range of endotoxin measured in
airborne house dust in homes, this level also falls within the range of estimated human
indoor endotoxin exposures (0.05 – 163 EU/day—range of estimated endotoxin dose
deposited in the lower respiratory tract) [25, 27].

In order to render the model more physiologically valid and representative of human
exposures, these studies did not include systemic sensitization or use of an exogenous
adjuvant. Age-matched unexposed sentinel animals and animals exposed to a vehicle
solution (solution, in which the cockroach allergen was supplied: 0.25% sodium chloride,
0.125% sodium bicarbonate, 0.4% phenol, and 50% glycerol, N=3) served as controls. Mice
were euthanized and biological samples collected 2-4 hours after the last exposure on day
21. Each treatment group consisted of 6-8 animals. Experiments were conducted on a second
set of 6-8 animals per group and confirmed the findings. Data from one representative
experiment are presented.

Endotoxin contamination of commercially available allergen extracts is an acknowledged
phenomenon that has been linked to altered pulmonary responses upon inhalation [12].
Therefore we measured the endotoxin concentration in cockroach allergen extract and
examined the lungs for evidence of endotoxin-specific inflammatory changes in non-
sensitized mice inhaling cockroach allergen alone. Cockroach allergen extract was serially
diluted in endotoxin-free LAL water with 0.05% Tween 20, and assayed using the kinetic
chromogenic Limulus Amebocyte Lysate (LAL) assay (Kinetic-QCL; Cambrex Bio
Science, Inc., Walkersville, MD) modified as previously described [6]. Endotoxin
concentration was determined based upon the maximum slope of absorbance versus time
from the concentrations falling in the linear range of the standard curve. We determined that
the 25 μl of cockroach allergen extract solution that we used for intranasal challenges
contained 76 EU (7.6 ng) of endotoxin. Exposure with cockroach allergen extract solution
containing this amount of endotoxin only slightly increased the total, but not the neutrophil
bronchoalveolar lavage (BAL) cell counts over sentinel mice (BAL neutrophils, mean ±
SEM: 3 ±2%, CRA; 1 ± 1%, sentinels), suggesting that the endotoxin content of the
cockroach allergen inhalation solution was too low to induce endotoxin-specific lung
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inflammation. Taking into consideration the amount of endotoxin contained in the
cockroach allergen solution, the Figure legends reflect the amounts of endotoxin in each
inhalation dose as follows: Endo = 300 EU (30 ng) of endotoxin; CRA = 10 ng of cockroach
allergen extract with 76 EU (7.6 ng) endotoxin; Endo + CRA = 10 ng of cockroach allergen
extract and 376 EU (37.6 ng) of endotoxin.

Peripheral Blood and BAL Fluid Collection and Processing
Mice were euthanized by an injection of Nembutal. Blood was collected from the
retroorbital venous plexus and serum aliquots were stored at -80°C. BAL fluid was collected
and processed as described previously [24]. Briefly, lungs were washed with total of 1.8 - 2
ml sterile pyrogen-free saline and recovered BAL fluid was centrifuged (2,400 rpm for 5
min at 4°C); supernatant was aliquoted and stored at -80°C, and cell pellets were processed
for total and differential cell counts.

Cytokine and chemokine levels in the BAL fluid were determined by bead-based multiplex
assay (Bio-Rad Laboratories, Inc., Hercules, CA) in individual mice according to
manufacturer's specifications. Briefly, beads were plated in 96-well filter plates pre-wetted
with assay buffer and washed thrice by vacuum filtration. Fifty μl of samples, serially-
diluted cytokine/chemokine standards, and blanks were added and incubated overnight at
4°C. The plate was vacuum washed 3x, detection antibody solution was added followed by
3x vacuum wash; streptavidin-PE solution was added followed by 3x vacuum wash; finally
the beads were reconstituted with 125 μl of assay buffer and the plate was read on the Bio-
Plex System (Bio-Rad Laboratories, Inc., Hercules, CA). Because the volume of the BAL
fluid varied slightly between mice, we normalized the cytokine and chemokine levels by
calculating the total amount of cytokine and chemokine produced by each mouse (pg/
mouse).

Total IgE, IgG1 and IgG2a, and CRA-specific IgE were assayed with commercially available
ELISA reagents (IgE: BD OptEIA™, BD Biosciences, Pharmingen, San Diego, CA; IgG1
and IgG2a: Bethyl Laboratories, Inc, Montgomery, TX) according to manufacturer's
specifications and as previously described [28] with the following modification: For CRA-
specific IgE, the ELISA plate was coated with 100 ul cockroach allergen extract diluted
1:100 with PBS and incubated overnight at 4° C. The plate was washed and blocked with
PBS containing 10% FCS for 1 h at room temperature (RT). Serially-diluted sera were
added to plate and incubated for 2 h at RT. Plate was washed and incubated sequentially
with biotinylated anti-IgE detection antibody, then avidin-HRP reagent for 1 h at RT. The
plate was washed; substrate solution was added and incubated for 30 min. The reaction was
stopped by adding 0.18M H2SO4, and the absorbance was read at 450 nm with 570 nm
wavelength correction.

Histological and Morphometric Evaluation of the Lungs
Lungs were perfused via the trachea with zinc formalin at a pressure of 20 cm H2O, excised
from the chest cavity, processed, and embedded in paraffin. Five μm thick sections were
stained with hematoxylin and eosin and examined in a blinded manner [24]. Periodic acid-
Schiff stain was used to visualize the mucus-containing cells [19]. Lung morphometric
analyses were performed as described previously [29]. Briefly, three randomly chosen non-
overlapping alveolar tissue fields of H&E stained lung sections of all animals in each group
were photographed at 200X. Uniformly enlarged photographic prints were overlaid with
transparent measuring grids and the morphometric measurements were performed by an
investigator blinded to the treatment assignment. The volume densities of airspaces and
tissue were calculated [29], and alveolar wall thickness was determined. Means and SEMs
were calculated for each treatment and statistical analysis was performed.
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Statistical Analysis
Results were expressed as mean ± standard error of the mean (SEM). Statistically significant
differences (P≤ 0.05) between groups were determined by analysis of variance using Fisher's
protected least significant difference test and unpaired Student's t test (SAS 9.1, Cary, NC),
or Mann-Whitney Rank Sum test for non-parametric data (SigmaStat 3.0.1., SPSS Inc.,
Chicago, IL).

RESULTS
BAL Pleocytosis Reflects Synergistic Interaction between Cockroach Allergen and
Endotoxin

We determined the number and type of the inflammatory cells recovered from the BAL fluid
to assess the inflammatory processes in the lungs. Inhalation of endotoxin, cockroach
allergen, and the mixture of the two all resulted in a significant influx of total inflammatory
cells into the airways (all P<0.001, compared to sentinels) (Figure 1A). The mixture induced
3.5-fold more total BAL cells than cockroach allergen alone, and 5.5-fold more than
endotoxin alone (both P<0.02). Eosinophils, the principal effector cells in allergic lung
inflammation, constituted 61% of BAL cells in animals exposed to cockroach allergen
(Figure 1B). Neutrophils, on the other hand, constituted 28% of BAL cells in endotoxin-
exposed animals. Cockroach allergen exposure also induced recruitment of macrophages
and neutrophils (both P<0.05). Endotoxin exposure produced an increase in BAL fluid
macrophages (P<0.01) and eosinophils (P<0.05) compared to sentinels (Figure 1C).

While inhalation of the mixture resulted in recruitment of all BAL cell types into the airways
compared to endotoxin alone or cockroach allergen inhalation alone, this increase was
significant only for neutrophils and macrophages (Figure 1C). Specifically, the absolute
number of neutrophils increased about 10-fold in mixture-exposed animals compared to
mice exposed to endotoxin alone (P<0.01). This change represents about a 2-fold increase in
the proportion of neutrophils among all BAL cells (P<0.001). While the number of
eosinophils in BAL after inhalation of the mixture also increased, the change was not
statistically significant (P=0.1).

LPS and CRA Synergistically Up-regulate Secretion of Inflammatory Cytokines and
Chemokines in the Lungs

Secretion of cytokines by activated inflammatory and epithelial cells in the airways
contributes to exacerbation of asthmatic airways disease. Inhalation of endotoxin and
cockroach allergen individually induced secretion of numerous inflammatory cytokines and
chemokines in the lungs, many of which have been implicated in pathogenesis of asthma.
Specifically, BAL of mice exposed to cockroach allergen alone and endotoxin alone showed
elevated levels of IL-6, TNF-α, IL-12(p40), IL-1β, G-CSF, RANTES, MIP-1α, and KC
(Figure 2). Inhalation of the LPS+CRA mixture enhanced the secretion of all these cytokines
and chemokines several-fold. Specifically, levels of TNF-α increased 18-fold after co-
exposure compared to endotoxin only, and the levels of the other cytokines and chemokines
(except IL-1β) increased by 4-fold to 12-fold. The increase was statistically significant for
all (compared to CRA), or most (compared to endotoxin) of these cytokines and chemokines
(P<0.05) (Figure 2).

Cockroach allergen also induced secretion of IL-4 (P<0.05), a cytokine important for
stimulation of activated B cells and differentiation of T cells to Th2 lineage and IL-5
(P<0.005), a Th2 cytokine playing an important role in eosinophil function. Inhalation of the
mixture increased the levels of IL-4 and IL-5 by more than 2-fold.
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Endotoxin Augments Cockroach Allergen Induced Systemic IgE and IgG1 Production
Nasal mucosal exposures to cockroach allergen resulted in systemic allergic sensitization, as
evidenced by increased levels of total IgE (P<0.001), cockroach allergen-specific IgE
(P=0.002), and total IgG1 (P<0.003) (Figure 3). In addition, inhalation of cockroach allergen
induced significant production of IgG2a (P<0.002). On the other hand, repeated inhalation of
endotoxin did not affect the serum immunoglobulin levels compared to sentinels. When
endotoxin was added to the cockroach allergen inhalation exposures, secretion of IgE and
IgG1, but not IgG2a was significantly enhanced. Specifically, the levels of total IgE were 3-
fold higher (P<0.03), the allergen-specific IgE levels were 2.5-fold higher (P<0.04), and the
IgG1 levels were 2.2-fold higher (P<0.03) in the group exposed to the mixture compared to
allergen alone. In contrast, the levels of IgG2a were not different between the mixture and
cockroach exposure group. Thus, as evidenced by systemic levels of immunoglobulins IgE,
IgG1 and IgG2a, the addition of endotoxin to inhaled cockroach allergen augmented
primarily the Th2 systemic immune response.

Cockroach Allergen- and Endotoxin-Induced Inflammatory Changes in the Lungs
We examined lung histology to determine the effect of exposures on lung tissue in situ.
Compared to non-exposed sentinel animals (Figure 4A), mice inhaling endotoxin developed
neutrophilic inflammatory infiltrates surrounding primarily the small airways (Figure 4B).
Mice inhaling cockroach allergen demonstrated pulmonary accumulation of eosinophils
predominantly in perivascular regions of the lungs (Figure 4C). Mice inhaling a mixture of
both endotoxin and allergen developed more extensive dense perivascular and
peribronchiolar inflammatory infiltrates compared to mice inhaling either substance alone
(Figure 4D). Finally, we noted the presence of numerous periodic acid-Schiff-positive goblet
cells in lungs from mice given cockroach allergen alone and mice given the mixture of
endotoxin and allergen (Figure 5), but not endotoxin alone (not shown).

Inhaled Cockroach Allergen and Endotoxin Induce Alveolar Remodeling in Young Mice
Airways remodeling is an important consequence of asthmatic airways inflammation [30].
Repeated inhalation exposures to endotoxin and cockroach allergen during early life induced
profound changes in the alveolar structure of the lungs. Morphometric analysis revealed
significantly increased alveolar wall thickness in all the exposed groups with the greatest
changes occurring in concomitantly exposed animals (expressed as mean ± SEM μm;
endotoxin, 18.1 ± 0.6; cockroach allergen, 19.1 ± 0.9; co-exposure, 20.3± 0.7 μm; all
P<0.003, compared to sentinel animals, 15.2 ± 0.4) (Figure 6). Furthermore, the airspace
volume density was significantly decreased in endotoxin-exposed (mean % volume density
± SEM; 55±1.1 %; P<00.01), cockroach allergen-exposed (59±1.5 %; P<0.01), and, greater
yet, in co-exposed animals (54±1.9 %; P<0.001), compared to sentinels (64±1.1 %) (Figure
6).

DISCUSSION
Our findings have three important ramifications. First, cockroach allergen alone, when
administered by inhalation and without alum adjuvant, can induce systemic sensitization,
allergic lung disease, and airway remodeling. Secondly, concurrent inhalation of endotoxin
with cockroach allergen synergistically augments the immune, pulmonary inflammatory and
remodeling responses. Thirdly, these data demonstrate the value of an animal model of
allergic airways disease that utilizes concurrent inhalation of two common indoor
environmental pollutants to mimic relevant early-life environmental exposures.

Exposure to cockroach allergen and endotoxin are independent major risk factors for the
early development of allergies and asthma in inner-city children [1-7]. Inhalation exposures
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to these indoor-air pollutants begin in early infancy and may be especially relevant for
children younger than 5 years [1, 3, 5]. As important constituents of house dust, endotoxin
and cockroach allergen are most likely to be inhaled concurrently [1, 4]. The pulmonary and
systemic effects of inhaled endotoxin have been thoroughly documented [24-26]. However,
there is little information on the pulmonary and systemic effects of inhaled cockroach
allergen. Nor is there information on the effect of concurrent exposures to endotoxin and
cockroach allergen under conditions that mimic children's exposure— inhalation during
early life.

To address this gap, we developed a model of early-life exposure to asthma triggers and
examined the pulmonary and systemic immune responses to inhaled endotoxin and
cockroach allergen, individually and combined. To model the relevant route and timing of
children's exposures to house dust endotoxin and allergens we employed repeated intranasal
exposures, initiated from early after birth to 3 weeks of age. Importantly, we limited
exposure to the intranasal route. We demonstrated that exposure to inhaled cockroach
allergen alone—in the absence of prior immunization with alum adjuvant— induced airway
remodeling, pulmonary eosinophilia and neutrophilia, Th1-, Th2-associated cytokines, and
innate cytokine and chemokine responses, and systemic production of class IgE, IgG1 and
IgG2a immunoglobulins. Concurrent inhalation of cockroach allergen and endotoxin
synergistically augmented lung innate immune responses and systemic IgE and IgG1
responses.

Our findings of pulmonary eosinophilia, Th2 cytokines in the BAL, and systemic allergen-
specific IgE in response to inhaled cockroach allergen alone are comparable to studies of
house dust mite allergen-inhalation induced lung disease [30, 32], which similarly do not
require prior immunization. Our cockroach allergen model and the house dust mite allergen
model stand in sharp contrast to the OVA-induced lung disease mouse model, which
requires intraperitoneal or subcutaneous immunization with antigen plus alum adjuvant prior
to OVA inhalation in order to elicit ovalbumin-specific IgE and eosinophilic response in the
lungs [28]. In the latter model, repeated inhalation with OVA alone fails to elicit ovalbumin-
specific responses, inducing mucosal and systemic antigen-specific tolerance instead [31].

It has been hypothesized that the enzymatic activity of an allergen is an important factor in
its ability to induce allergen-specific IgE responses [16, 33]. The reports of allergic
sensitization to inhaled Der p 1, a house dust mite allergen with protease activity, as well as
the reports of immune tolerance to inhaled OVA, which lacks protease activity, support the
“enzyme hypothesis” [13, 14, 16, 31, 32]. Moreover, blocking the proteolytic activity of Der
p 1 reduces allergen-specific inflammatory effects [13], and adding an exogenous protease
to inhaled OVA promotes an allergic inflammatory response [14]. However, many important
allergens do not have enzymatic activity [16].

Whether the enzyme hypothesis can extend to cockroach allergen extract remains open to
debate. Proteolytic activity has not been reported for the cockroach allergens cloned so far
[16]; for example, the cockroach allergen Bla g 2 which is an aspartic protease homolog,
showed no activity in a standard aspartic protease assay [33]. However, serine protease
activity has been measured in extract of whole body of American cockroach [34, 35].
Furthermore, the ability of commercial preparations of whole body German cockroach
extract to augment secretion of IL-6 and IL-8 by in vitro cultured human epithelial airway
cells depended on serine protease activity [15]. These data suggest that cockroach extract
contains allergens with active serine proteases. We point out that we utilized whole body
German cockroach extract as our allergen.
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In our model, cockroach allergen extract inhalation induced predominantly eosinophilic
pulmonary inflammation with a neutrophilic component, secretion of numerous pro-
inflammatory cytokines and chemokines in the airways, and systemic production of IgG1,
IgG2a, and total and cockroach allergen-specific IgE immunoglobulins. Types of secreted
cytokines and chemokines indicated that the both lung innate and adaptive immune
responses were activated. Our finding of increased levels of TNF-α, IL-12(p40), IL-1β,
IFN-γ, IL-4, G-CSF, RANTES, and KC in response to inhaled cockroach allergen is novel.
We also detected increased production of MIP-1α, IL-5, and IL-6 in BAL in response to
inhaled cockroach allergen, confirming previous reports [36, 37].

We detected significantly higher levels of IL-4, IL-5, and IFN-γ cytokine in BAL fluid of
cockroach allergen-treated mice compared to sentinel mice, albeit at levels in the picogram/
BAL range. Rarely did we detect lymphocytes in BAL of treated mice. Therefore the
relative contribution of Th2 and Th1 cellular immunity to the local pulmonary response to
cockroach allergen is difficult to ascertain from sampling of the BAL. Future studies of
allergen-specific cytokine production by lymphocytes isolated from lung tissue would help
clarify the role that local allergen-specific Th2 and Th1 CD4+ T-cells play in our model.

On the other hand, the total and allergen-specific IgE, and IgG1 antibodies levels indicate a
role for Th2 cells in the systemic response. Cockroach-allergen treated mice showed
increased levels of circulating allergen-specific IgE as well as total IgE and IgG1. Total IgE
and IgG1 are valid surrogate markers for allergen-specific IgE and IgG1 [38]. Although we
also measured increased levels of total IgG2a in cockroach-allergen treated mice, total IgG2a
does not predict allergen-specific IgG2a levels [38]. Moreover, IgG2a production does not
always require the Th1 cytokine, INF- γ [39, 40].

Co-exposure to endotoxin and cockroach allergen resulted in a synergistic increase in airway
neutrophilia, most innate immune cytokines and chemokines, and the Th2-associated
immunoglobulins (total and allergen-specific IgE and total IgG1) compared to endotoxin or
cockroach allergen alone. Co-exposure also resulted in higher IL-4, IL-5 and IFN-γ levels in
the BAL, though the increase was not synergistic.

Our finding of synergistically augmented innate immune responses in the lungs and Th2
responses in sera to inhaled mixture of endotoxin and cockroach allergen is novel. Previous
murine studies of concurrent allergen and endotoxin exposures have reported either
suppressed or enhanced systemic and pulmonary inflammatory responses depending on the
type of allergen and route of exposure [9 - 12]. Ormstad et al. reported that concurrent
administration of endotoxin and cat allergen induced significantly greater levels of allergen
specific IgE, IgG1, and IgG2a [11]. However, the authors utilized subcutaneous injection
into the footpad for the route of allergen and endotoxin exposure rather than inhalation, and
they did not measure pulmonary responses. Studies utilizing co-exposures with endotoxin
and ovalbumin have previously found lower immune responses in mice. For example,
exposure to endotoxin-containing ovalbumin resulted in reduced allergic airway
inflammation, decreased airway hyper-reactivity, and lower IgE production compared to the
endotoxin-free ovalbumin [9, 10]. In the present studies we limited our investigation to the
C3H/HeBFeJ because this strain has been extensively utilized in our endotoxin
responsiveness studies in the past [24 - 26]. Future studies comparing the responses between
C3H/HeBFeJ and BALB/c mice would be important to determine whether our findings are
generalizable to allergy-prone strains.

Several mechanisms have been proposed by which endotoxin may augment responses to
allergens. Specifically, engagement and activation of the LPS receptor TLR4 yields an
enhanced dendritic cell maturation and expression of dendritic cell co-stimulatory molecules
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CD80 and CD86 [41]. This results in improved antigen presentation and more effective T-
cell priming [42, 43]. Furthermore, endotoxin up-regulates expression and function of LPS-
binding protein (LBP) that plays a crucial role in the process of allergic sensitization, as both
TLR4- and LBP-knockout mice were unresponsive to allergen [44]. In addition,
pretreatment of airway epithelial cells with TNF-α increased secretion of allergen-specific
cytokines upon stimulation with cockroach allergen [15]. Finally, the endogenous
proteolytic enzymes secreted by LPS-activated neutrophils can further augment allergen-
specific immune and inflammatory responses. Specifically, neutrophil elastase and matrix
metalloproteinase-9 secreted by activated neutrophils and other inflammatory cells
contribute to destruction of epithelial tissues and facilitate transepithelial allergen delivery,
thus perpetuating the inflammatory and immunogenic processes [18]. Altogether, this
evidence suggests that endotoxin-induced inflammatory mediators can up-regulate allergen-
specific pulmonary inflammation.

Interestingly, we noted nearly a 10-fold increase of neutrophils in BAL from mice exposed
to the mixture compared to mice exposed to endotoxin alone. This increase exceeds what
one would expect from the additional endotoxin content of the cockroach allergen. Because
pulmonary neutrophilia is a common response to inhaled endotoxin [45, 46], our results
suggest that cockroach allergen augmented the inflammatory effects of endotoxin.
Compared to well-documented evidence for the role of endotoxin in augmenting the allergen
responsiveness, there is relative paucity of data on allergen-driven augmentation of
endotoxin-specific responses. Several mechanisms underlying this phenomenon have been
proposed. Inhalation of proteolytic allergens, such as pollen and house dust mite, were
documented to increase expression of CD14 on macrophages and neutrophils, and secretion
of soluble CD14 (sCD14) into the airways lumen [47, 48]. Ragweed allergen, in addition,
induced airway secretion of lipopolysaccharide binding protein [48]. Being important
mediators of LPS-responsiveness, CD14, sCD14, and LBP facilitate LPS-TLR4
engagement, and up-regulate production of inflammatory cytokines, such as TNF-α and
IL-6, among others.

Consistent with BAL indicators of lung inflammation, the magnitude of histological changes
was significantly more pronounced after inhalation of the mixture. Importantly, we
documented that inhalation of endotoxin and cockroach allergen both individually and as a
mixture resulted in significant alveolar remodeling in the lungs. Animals exposed to LPS
and CRA had significantly thicker alveolar walls and significantly decreased airspace
volume density. Similar findings were described by others in mice inhaling endotoxin or
house dust mite allergen, but not ovalbumin [30, 49]. Moreover, pulmonary remodeling
changes in these studies were chronic and irreversible, persisting long after cessation of
inhalation exposures, and resulted in pulmonary hyperresponsiveness [30]. Altogether, these
findings are consistent with evidence in humans that suggests that airway remodeling begins
early in life in infants with asthmatic airways disease, and is the basis for altered pulmonary
responsiveness later in life [30].

In conclusion, to our knowledge this is the first report of using a clinically relevant exposure
model to examine the effect of co-administered endotoxin and cockroach allergen on
pulmonary and systemic responses. In this model of juvenile experimental lung disease,
newborn and juvenile inhalation exposures with mixture of endotoxin and cockroach
allergen induced an allergic pulmonary inflammation with significant neutrophilic
component, alveolar remodeling, and robust systemic allergic sensitization. The effects of
these combined exposures significantly exceeded effects induced by endotoxin and
cockroach allergen inhaled individually. Importantly, effects of the combined exposures
were greater than the sum of the individual effects, suggesting synergistic interaction
between the endotoxin and cockroach allergen in development of airways disease and
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systemic allergic sensitization. The augmentation process between the endotoxin and
cockroach allergen was bi-directional, with endotoxin augmenting allergen-specific effects
and cockroach allergen augmenting endotoxin-specific effects, possibly employing diverse
complementary mechanisms. Our findings underscore the importance of evaluating the
effects of multiple and simultaneously acting environmental risk factors of asthma as they
occur in real human environments. Such experimental designs will enhance the relevancy to
human environmental exposures leading to environmentally-induced asthma and allergies.
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Figure 1.
BAL fluid total (A) and differential (B and C) cell counts following repeated intranasal
exposures of young mice. Data are means ± SEM (A and C) of the absolute number of cells
in BAL fluid. * P< 0.05 compared with Sentinel (Sent); # P< 0.05 compared with Endotoxin
(Endo); & P<0.05 compared with Cockroach Allergen (CRA) Group. N=6-7 animals per
group; Vehicle exposed animals (Veh, N=3).
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Figure 2.
Cytokines and chemokines (pg/mouse) measured in BAL fluid of young mice exposed to
inhaled endotoxin, cockroach allergen (CRA) and the mixture of endotoxin and CRA. Data
are expressed as mean + SEM. Symbols are: < below the indicated level of detection; *
P<0.05 compared with Sentinels; # P<0.05 compared with Endotoxin; & P<0.05 compared
with CRA Group.
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Figure 3.
Levels of immunoglobulins (total IgE, IgG1, and IgG2a), in serum of mice exposed by
inhalation to endotoxin, cockroach allergen, or mixture of the two. Inset: cockroach
allergen-specific IgE in serum. Data are expressed as mean + SEM. Symbols are: neg =
negative; * P<0.01, compared with Sentinels (S); # P<0.05 compared with Endotoxin (E); &
P<0.05, compared with Cockroach Allergen Group (CRA).
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Figure 4.
Representative photomicrographs of lung sections from an animal of each treatment group.
Areas selected by the rectangle are shown at higher magnification (magnifications 20X and
100X, respectively). A – Sentinels; B – Endotoxin induced peribronchiolar (open arrow)
neutrophilic infiltrates; C – Cockroach allergen induced predominantly perivascular (closed
arrow) eosinophilic infiltrates; D – Mixture of endotoxin and cockroach allergen induced
thick focal, both perivascular and peribronchiolar inflammatory infiltrates. H&E staining.
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Figure 5.
Representative photomicrographs of lung sections from an animal of each treatment group:
Sentinels (A); the epithelial cells metaplasia in juvenile mice exposed to cockroach allergen
(B) and mixture of endotoxin and cockroach allergen (C). Periodic acid-Schiff staining;
mucin producing goblet cells stain bright purple; magnification 20X.
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Figure 6.
Results of morphometric analysis of the alveolar tissues in the juvenile lungs. Alveolar wall
thickness and airspace volume density were evaluated following repeated inhalation
exposures with endotoxin, cockroach allergen, or the mixture of the two. Data are expressed
as mean + SEM. Symbols are: *, P<0.05 compared with Sentinels; # P<0.05 compared with
Endotoxin; & P<0.05, compared with CRA.
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