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  LIPOPOLySACCHARIDE INHIbITS TH2 LuNG INFLAMMATION

 INDuCED by HOuSE DuST MITE ALLERGENS IN MICE

Abstract

The complex biology of asthma compels the use of more relevant human allergens, such as 

house dust mite (HDM), to improve the translation of animal models into human asthma. LPS 

exposure is associated with aggravations of asthma, but the mechanisms remain unclear. Here, 

we studied the effects of increasing LPS doses on HDM-evoked allergic lung inflammation. To 

this end, mice were intranasally sensitized and challenged with HDM with or without increas-

ing doses of LPS (0.001–10 μg). LPS dose-dependently inhibited HDM-induced eosinophil re-

cruitment into the lungs and muc us production in the airways. LPS attenuated the production 

of Th2 cytokines (IL-4, IL-5, IL-10, and IL-13) in HDM-challenged lungs, while enhancing the 

HDM-induced release of IL-17, IL-33, IFN-γ, and TNF-α. The shift toward a Th1 inflammatory 

response was further illustrated by predominant neutrophilic lung inflammation after LPS 

administration at higher doses. LPS did not influence HDM induced plasma IgE concentra-

tions. Although LPS did not significantly affect the activation of coagulationor complement in 

HDM-challenged lungs, it reduced HDM-initiated endothelial cell activation. This study is the 

first to provide insights into the effects of LPS in an allergic lung inflammation model making 

use of a clinically relevant allergen without a systemic adjuvant, revealing that LPS dose-de-

pendently inhibits HDM-induced pulmonary Th2 responses.

 

Introduction

Asthma is a chronic lung disease, characterized by episodes of reversible airflow obstruction, 

with a high prevalence of 5 to 10% in most Western countries1. Asthma symptoms are associ-

ated with allergic lung inflammation and include complaints of recurrent dyspnea, intermit-

tent wheezing, coughing, and chest tightness. New asthma drug targets may be discovered 

when the biological mechanisms underlying the pathogenesis of asthma are further clarified2. 

Instead of the often used but less relevant allergen in asthma pathology ovalbumin (OVA), 

current animal asthma models tend to study allergic lung inflammation using allergens that are 

more important in human asthma3.

House dust mite (HDM) allergens are an important cause of allergic lung inflammation in pa-

tients with asthma4, 5. The prevalence of specific antibodies against HDM allergens is high, and 

can reach up to 40–85% in populations of patients with asthma5, 6. The allergic potential of HDM 

allergens involves the result of multiple mechanisms that (besides the highly immunogenic 

epitopes of HDM allergens and fecal pellets) include the ability to activate the innate immune 

system, as reviewed by Gregory and Lloyd6. Furthermore, among HDM allergens, cysteine and 

serine proteases may destroy epithelial tight junctions and activate proinflammatory protease-

activated receptors7, 8. Epithelial damage by HDM allergens leaves the tissue more vulnerable 

during subsequent exposure to allergens9 and air toxins (biotoxins) such as endotoxin (LPS).

LPS is a component of the outer membrane of Gram-negative bacteria and an environmental 

pollutant associated with asthma severity and the occurrence of asthma exacerbations(10, 11). 

Although the effects of LPS have been extensively investigated in different human pulmonary 

settings12, 13, the exact role of LPS in asthma is still not well understood, and reports provide 

contradictory results12, 14–16, with differences in LPS responses that are possibly related to the 

timing of exposure in life and genetic factors17. Moreover, the LPS response is positively linked 

to atopy17–19. LPS and allergen coexposure has been investigated in OVA models, but seldom in 

combination with other allergens. The skewing of eosinophilic Th2 to neutrophilic Th1 in-

flammation by using a combination of allergens and LPS in a murine asthma model has been 

shown for OVA16, 20–22 and cockroach allergens23, but to the best of our knowledge, no data in this 

respect have involved the effects of LPS on HDMdriven asthmatic responses in mice. Here we 

studied the effects of increasing LPS doses on lung inflammation induced by HDM in a murine 

model wherein all challenges were administered via the airways, without systemic adjuvants.

Materials and methods

Animals

C57Bl/6 mice, aged 8–9 weeks (sex-matched and age-matched), were purchased from Charles 

River, Inc. (Maastricht, The Netherlands), and housed in standardized specific pathogen–free 

conditions. The Animal Care and Use Committee of the University of Amsterdam approved all 

experiments.

HDM and LPS 

A crushed whole-body HDM allergen extract was used (Greer Laboratories, Lenoir, NC), as  

derived from the common European HDM species Dermatophagoides pteronyssinus (Der p), 

containing all major Der p allergens. LPS contamination of the HDM extract entailed approxi-

mately 3.4 Х 10
_

6 μg LPS (0.0034–0.034 endotoxin units)/μg HDM. For LPS treatment, we used 

ultrapure Escherichia coli 0111:B4 LPS (Invivogen, San Diego, CA). 

Murine Asthma Model

Lung inflammation was provoked in mice by an intranasal inoculation of HDM and/or LPS 

(dissolved in 20 μl saline) during isoflurane anesthesia. Nine experimental groups were studied 

(please see Figure E1 in the online supplement). One group received saline only, one group re-

ceived HDM (25 μg) only, and one group received LPS (10 μg) only. Six additional groups re-

ceived HDM (25 μg) with increasing amounts of LPS (0.001–10 μg). On Days 0, 1, and 2, mice 
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received 100% of the HDM and/or LPS dose indicated (sensitization phase). On Days 14, 15, 

18, and 19, mice received 25% of the HDM and/or LPS dose indicated (challenge phase). All 

mice were killed on Day 21 for the analyses that will be described. The protocol was deduced 

from existing OVA and HDM protocols (20, 24). Experiments were performed twice in which 

samples of bronchoalveolar lavage fluid (BALF) were obtained in the first experiment, and 

samples for lung pathology and lung homogenate were obtained in the second experiment. 

Sampling methods are described in the online supplement. In each experiment, five mice per 

group were used, except for the saline control group (n ₌ 8).

Immunohistochemistry

Lungs were fixed in 10% formalin and embedded in paraffin, and 4-μm thick sections were 

stained with hematoxylin and eosin or periodic acid Schiff (PAS)–D to quantify mucus and 

major basic protein (MBP; kindly provided by Dr. Nancy Lee and Prof. James Lee, Mayo Clinic 

Arizona, Scottsdale, AZ) in lung eosinophils. Quantification by an experienced histopatholo-

gist, blinded to the treatment group and methods of imaging analysis, is detailed in the online 

supplement.

Assays

Please see the online supplement for details.

Statistical Analysis

All values are expressed as means ± SEMs. Differences between the saline control group and the 

groups challenged with either HDM or LPS only were tested according to the Mann-Whitney 

U test. The effect of increasing doses of LPS on HDM-induced responses was serially tested us-

ing the Kruskal-Wallis test. P values in RESULTS and in the figures represent the overall LPS ef-

fect (0.001–10 μg) obtained from this assessment, unless otherwise indicated. Correlations 

were determined according to the Spearman r test. All analyses were performed using GraphPad 

Prism, version 5.0 (GraphPad Software, San Diego, CA). P < 0.05 was considered statistically 

significant.

Results

LPS Dose-Dependently Inhibits HDM-Induced Eosinophil Recruitment into  

the Lungs

The intranasal administration of HDM elicited an increase in total leukocyte numbers in BALF 

(Figure 1A; P < 0.01 versus saline control group), which was predominantly caused by a marked 

influx of eosinophils (Figure 1B; P < 0.01 versus saline control group). The instillation of HDM 

via the airways also induced an increase in neutrophils (Figure 1C; P < 0.01 versus saline control 

group), whereas macrophage numbers decreased upon HDM exposure (Figure 1D; P < 0.01 ver-

sus saline control group). The concurrent administration of LPS at increasing doses did not in-

fluence total leukocyte numbers in BALF. However, LPS caused a dose-dependent inhibition of 

eosinophil recruitment into BALF (Figure 1B; P < 0.001), with a concurrent increase in neu-

trophil influx (Figure 1C; P < 0.0005), effects that especially were observed after instillation of 

LPS doses between 1 and 10 μg. The intranasal instillation of 10 μg LPS alone (without HDM) 

resulted in a modest rise in BALF neutrophil counts (P < 0.01 versus saline control group). A 

concurrent LPS instillation reversed the HDM-induced decrease in BALF macrophage numbers 

(Figure 1D; P < 0.05).HDM exposure resulted in an increase in lymphocyte numbers in BALF 

(Figure 1E, P < 0.01), and this increase was not influenced by a concomitant administration of 

LPS.

The impact of LPS on HDM-induced eosinophil influx was further investigated in lung tissue 

by immunostaining, using an eosinophil-specific anti-MBP antibody (Figure 2). These analyses 

showed that LPS significantly influenced HDM-induced eosinophil accumulation in lung tis-

sue (P < 0.05 for the overall LPS effect). Whereas low LPS doses exerted a minor effect on eosi-

nophil numbers in the lung, 5 and 10 μg LPS clearly reduced HDM-elicited pulmonary 

eosinophil recruitment. Of note, the overall lung pathology score, as determined by the semi-

quantitative scoring system described in MATERIALS AND METHODS, increased in HDM-

challenged mice exposed to increasing LPS doses (P < 0.005; Figure 3), indicating that LPS 

influences both the extent and the type of lung inflammation induced by HDM. Together 

Figure 1. Influx of cells in bronchoalveolar lavage fluid. (A) Total cell count. (B) Eosinophils. (C) Neutrophils. (D) Alveolar 

macrophages. (E) Lymphocytes. Data are expressed as means ± SEs of cells/ml. *P < 0.05 and **P < 0.01 for the difference 

with the saline control group. P values in the figure relate to the effects of LPS on the house dust mite (HDM) response.
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these data clearly show that exposure of the airways to HDM causes an eosinophilic inflamma-

tion in the lungs that is inhibited and shifted to a neutrophil-dominated inflammatory re-

sponse by concurrent exposure to increasing doses of LPS.

LPS Inhibits HDM-Induced Mucus Production in the Airways

An intranasal instillation of HDM resulted in mucus production in the airways, as visualized 

by the PAS-D staining of lung tissue (Figure 4). The concurrent administration of LPS exerted a 

significant impact on this HDM effect (P < 0.05 for the overall LPS effect). Whereas low LPS 

doses exerted a minor or even slightly aggravating influence on HDM-induced mucus produc-

tion, high LPS doses clearly inhibited this HDM effect. LPS administered without HDM did not 

induce the production of mucus. Hence, these results show that HDMelicits mucus production 

in the lungs, a response that is dose-dependently inhibited by LPS. 

Effects of LPS on HDM-Induced Cytokine Production in Lungs 

An intranasal administration of HDM caused an increase in concentrations of IL-4, IL-5, IL-6, 

IL-10, IL-13, IL-17, IL-33, IFN-γ, TNF-α, and keratinocyte chemoattractant (KC) in whole-lung 

homogenates (Figure 5; all P < 0.05 versus saline control group). LPS given at increasing doses 

significantly altered these HDM-induced cytokine responses (all P < 0.05 for the overall LPS 

response). The effects of LPS were primarily evident at high doses, which diminished the release 

of the Th2 cytokines IL-4, IL-5, IL-10, and IL-13 elicited by HDM, while enhancing TNF-α, IL-

17, and KC production. High-dose LPS also attenuated the HDM-induced production of IL-6, 

IL-33, and IFN-γ. The instillation of 10 μg LPS only (without HDM) induced elevated lung 

concentrations of all cytokines measured (P < 0.05 versus saline control group), except for IL-4 

and TNF-α. Hence, these data suggest that LPS preferentially inhibits the production of Th2 

cytokines induced by HDM.

LPS Does Not Influence HDM-Induced Plasma IgE Concentrations

The intrapulmonary delivery of HDM resulted in elevated plasma IgE concentrations (P < 0.01 

versus saline; Figure 6). LPS did not influence this response (P ₌ 0.08 for the overall LPS effect). 

LPS Does Not Influence HDM-Induced Complement Activation

Several lines of evidence have implicated the complement system in asthma25. To obtain in-

sights into the effects of HDM on the local activation of complement and the influence of 

concurrent LPS hereon, we measured C3a and C5a in BALF (Figure E2). HDM clearly activated 

the complement system, as reflected by elevated concentrations of C3a and C5a (both P < 0.05 

versus saline control group). The concurrent instillation of LPS did not alter these HDM-

induced responses.

Figure 2. Eosinophil influx in lung tissue. (A) Mean (± SE) pathology scores were determined by major basic protein 

staining and digital imaging, as described in Materials and Methods. *P < 0.05 and **P< 0.01 for the difference with the 

saline control group. P value in the figure relates to the effects of LPS on the HDMresponse. Lung-tissue slides are representa-

tive of mice exposed to saline (B), HDM (C), HDM1 10 μg LPS (D), or 10 μg LPS (E). Original magnification, Х200.

Figure 3. Lung pathology. (A) Mean (± SE) pathology scores were determined by the semiquantitative scoring system de-

scribed in Materials and Methods. **P< 0.01 for the difference with the saline control group. P value in the figure relates to 

the effects of LPS on the HDM response. Lungtissue slides are representative of mice exposed to saline (B), HDM (C), HDM 1 

10 μg LPS (D), or 10 μg LPS (E). Hematoxylin and eosin staining. Original magnification, Х200.
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Effects of HDM and LPS on Coagulation and Endothelial Cell

Activation in the Lungs

Asthma is associated with local activation of the coagulation system in the lungs26. We meas-

ured thrombin–antithrombin complex (TATc) concentrations in whole-lung homogenates as 

an index for local coagulation activation27. Both HDM and LPS (10 μg) induced a modest rise in 

lung TATc concentrations, but the difference with saline control mice did not reach statistical 

significance (Figure 7A). The combined administration of HDM and LPS resulted in increased 

lung TATc concentrations when compared with the saline control groups, but the overall effect 

of LPS on the HDM response was not statistically significant (P ₌ 0.18). Of interest, pulmonary 

TATc concentrations strongly and positively correlated with the extent of lung pathology, as 

determined by the semiquantitative scoring system described in MATERIALS AND METHODS 

(r ₌ 0.5022, P < 0.001; Figure 7B). HDM administration resulted in an activation of endothelial 

cells, as reflected by an increase in E-selectin concentrations in whole-lung homogenates 

(Figure 7C). In addition, total protein concentrations increased in BALF (Figure E3) as a marker 

of combined epithelial and endothelial damage. The coadministration of LPS diminished en-

dothelial cell activation (P < 0.005 for the overall LPS effect), and E-selectin concentrations did 

not correlate with lung pathology (Figure 7D). LPS given without HDM did not increase 

whole-lung E-selectin concentrations. Finally, LPS did not exert any impact on the HDM-

induced protein leak (Figure E3).

Discussion

Until recently, most animal asthma models made use of OVA as allergen, usually combined 

with the systemic administration of an adjuvant such as alum to promote the development of a 

Th2 response28. OVA, however, is rarely implicated in human asthma, and recent animal models 

have used more relevant allergens and a natural route of allergen deliverance, without concur-

rent adjuvant administration29, 30. Although OVA asthma models and most asthma immuno-

therapies are focused on pure Th2 eosinophilic inflammation, multiple clinical phenotypes 

with different inflammatory forms can be distinguished in patients with asthma, including 

noneosinophilic neutrophilic asthma31, 32. Besides exposure to allergen, the presence of viral or 

bacterial infection and/or pollutants may affect the manifestations of asthma. LPS is ubiquitous 

in the environment, and LPS exposure has been linked to reduced atopy on the one hand, and 

an increased risk of asthma and asthma severity on the other10, 11, 33. Here, we studied the effects of 

increasing LPS doses on lung inflammation induced by the clinically relevant allergen HDM in 

a model using airway exposure only. We showed that the repeated administration of HDM 

causes clear allergic inflammation, characterized by an influx of eosinophils, enhanced mucus 

production in the lungs, and elevated plasma IgE concentrations. The concurrent administra-

tion of LPS at doses greater than 1 μg reduced these effects of HDM in the lungs without influ-

encing plasma IgE concentrations, suggesting similar sensitization. Increasing LPS doses 

shifted the predominant eosinophilic lung inflammation induced by HDM to a neutrophil-

dominated inflammation, reproducing conditions of mixed eosinophilic and neutrophilic in-

filtrations within the airways of some patients with asthma. Our study is the first to report on 

the effects of increasing LPS doses on HDM-induced pulmonary inflam mation.

In our model, we adhered to intranasal challenges with LPS, mimicking the natural route  

of exposure. LPS is ubiquitous in the environment, making combined HDM–LPS exposure a 

Figure 4. Mucus production in lung tissue. (A) Mean (± SE) mucus production scores were determined by the semiquanti-

tative scoring system described in Materials and Methods. *P < 0.05 for the difference with the saline control group. P 

value in the figure relates to the effects of LPS on the HDM response. Lung-tissue slides are representative of mice exposed to 

saline (B), HDM (C), HDM + 10 μg LPS (D), or 10 μg LPS (E). Arrows indicate mucus-filled vesicles. Periodic acid Schiff–D 

staining. Original magnification, x200.

Figure 5. Cytokine concentrations in whole-lung homogenates and complement proteins in bronchoalveolar lav-

age fluid. Data are expressed as means (6 SEs). *P < 0.05 and **P< 0.01 for the difference with the saline control group. P 

values in the figure relate to the effects of LPS on the HDM response. KC, keratinocyte chemoattractant.
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realistic event. Furthermore, colonization of the hypopharyngeal region with Gram-negative 

bacteria can constitute an additional source of pulmonary LPS exposure. A large study in ne-

onates found associations between bacterial colonization of the hypopharynx and increased 

wheezing and asthma at 5 years of age, which included colonization with the Gram-negative, 

LPS-containing bacteria Haemophilus influenzae and Moraxella catarrhalis34. Patients with 

asthma have increased concentrations of soluble and membranebound CD14 (the LPS core-

ceptor) in induced sputum, further implicating the importance of LPS in allergic lung inflam-

mation35, 36. Finally, epithelial damage by HDM allergens can cause subepithelial exposure to 

LPS 7, which is likely to be more proinflammatory than LPS contact with intact lung epithelium. 

Our focus on the effects of LPS on HDM-evoked lung inflammation is at variance with experi-

mental setups that explore the possible role of LPS in the development of asthma in early life. 

We did not seek to address how decreased environmental LPS exposure can be associated with 

an increased prevalence of asthma (the “hygiene hypothesis,” reviewed in Renz and col-

leagues37), and therefore we applied the combination of HDMand LPS during the full length of 

the model.

Previous studies using OVA as allergen have established that LPS can produce different inflam-

matory phenotypes, depending on the route of administration, timing, and dosing, as reviewed 

by Zhu and colleagues16. In our model, increasing amounts of LPS shifted the cellular composi-

tion of HDM-evoked lung inflammation from a predominantly eosinophilic to a neutrophilic 

phenotype. In accordance, in studies using OVA-based allergen models, pulmonary exposure 

to LPS decreased the OVA phenotype21, 38, 39. LPS also suppressed the OVA-induced Th2 response22, 

which is in line with our current data showing that LPS dose-dependently attenuated HDM-

induced Th2 cytokine production in the lungs. In addition, we demonstrated that the HDM-

evoked increase of bronchial mucus production is decreased by LPS in a dose-dependent 

manner. We expect predominantly Th2 cells to be the source of cytokines, but other cell types, 

such as mast cells and alveolar macrophages, cannot be excluded as additional sources. Of 

note, whereas LPS exposure at 5 to 10 μg inhibited the HDM-elicited Th2 response (i.e., the 

decrease in eosinophil influx, Th2 cytokines, and mucus production), these LPS doses aggra-

vated HDM-induced lung pathology (with enhanced neutrophil influx). In our model of 

HDM-induced lung inflammation, low-dose LPS (up to 0.1 μg) did not exert a consistent effect. 

In a model of sensitization and challenge with LPS-depleted OVA, LPS at a dose of 0.1 μg was 

required for the induction of eosinophilic inflammation and Th2 cytokine production, 

whereas LPS at 10 μg elicited Th1 inflammation with neutrophil influx. Thus, although the 

effects of high LPS doses are similar in both models, the instillation of HDM (with very limited 

LPS contamination, i.e., < 0.0001 μg per HDM dose) is sufficient to reproduce the effects of 

OVA plus low-dose LPS. These findings are in line with investigations reporting that signaling 

via Toll-like receptor–4, which can be triggered by HDM in addition to LPS40, is required for the 

induction of optimal Th2 responses during allergic lung inflammation20, 41. Together, these re-

sults correlate with clinical observations that asthma can be associated with both eosinophilic 

and neutrophilic inflammation, especially in patients with severe disease31, 32. The role of neu-

trophils in human asthma is at least partly orchestrated by Th17 cells producing IL-17. IL-17 

concentrations are increased in the lungs of patients with asthma42. The main effects of IL-17 

include an increase in IL-6 and IL-8, the production of prostaglandin E2, and increased pro-

Figure 6. IgE concentrations in plasma, presented as means (± SEs). *P < 0.05 and **P < 0.01 for the difference with 

the saline control group. P value in the figure relates to the effects of LPS on the HDM response.

Figure 7. Activation of coagulation and endothelial activation in lung tissue. (A) Mean (± SE) thrombin–antithrombin 

complex (TATc) concentrations. (B) Correlation between TATc in lung tissue (ng/μl) and semiquantitative lung pathology 

scores. (C) Mean (±SE) E-selectin concentrations. (D) Correlation between E-selectin in lung (pg/ml) and semiquantitative 

lung pathology scores. *P < 0.05 for the difference with the saline control group. P values in A and C relate to the effects of 

LPS on the HDM response. 
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duction of chemokines that attract neutrophils, such as chemokine (C-X-C motif) ligand 1 and 

2 (CXCL1 and CXCL2), as reviewed by Park and Lee43. In murine asthma models, LPS44 or 

HDM45 administration via the airways increased the Th17 response and the production of IL-

17. In accordance, in our model, HDM and LPS increased IL-17 concentrations in the lungs, 

with the strongest effect after a combined administration of HDM with high-dose LPS. These 

data suggest that IL-17 may be involved in the initiation of neutrophilic inflammation upon 

concurrent HDM and LPS inhalation. In addition, the LPS-induced enhancement of the neu-

trophil attracting chemokine KC release may have contributed to this response.

The activation of coagulation within the lungs may be implicated in the pathogenesis of 

asthma26. Therefore, we investigated the effects of combined HDM and LPS exposure on pul-

monary coagulation, using TATc concentrations in whole-lung homogenates as readouts27. In 

human volunteers, increased coagulation was detected after an intrabronchial instillation of 

LPS46. Of interest, in our model, lung TATc concentrations strongly correlated with the extent 

of lung pathology, suggesting that pulmonary coagulation in this model is primarily driven by 

Th1 inflammation (enhanced in high-dose LPS groups), and not by Th2 inflammation (re-

duced in high-dose LPS groups). In contrast, the activation of endothelial cells in the lungs, 

measured as total lung concentrations of the selective endothelial cell marker E-selectin47, was 

especially enhanced in mice treated with HDM only, whereas LPS dose-dependently reduced 

this response.Hence, these data indicate that the activations of coagulation and of endothelial 

cells are independent phenomena during allergic lung inflammation.

Aeroallergens and LPS are ubiquitous in the living environment, and combined exposure to 

both products via the airways is likely a common event. This is the first study to examine the 

effects of inhaled LPS on allergic lung inflammation, using a model with a clinically relevant 

allergen without the systemic administration of an adjuvant. The concurrent administration 

of LPS resulted in a clear inhibition of HDM-induced Th2 lung inflammation, as reflected by a 

dose-dependent reduction in eosinophil influx,mucus production, and Th2 cytokine release, 

while increasing neutrophil recruitment. These results further implicate the involvement of 

LPS in asthma phenotypes characterized by mixed eosinophilic and neutrophilic 

inflammation.

Author disclosures are available with the text of this article at www.atsjournals.org.
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