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Abstract

Background—The NHANES study identified several pollens and cat dander among the most 

common allergens that induce allergic sensitization and allergic diseases. We recently reported that 

ragweed pollen extract (RWPE) requires TLR4 to stimulate CXCL-mediated innate neutrophilic 

inflammation that facilitates allergic sensitization and airway inflammation. Myeloid 

differentiation protein-2 (MD2) is a TLR4 coreceptor, but its role in pollen and cat dander-induced 

innate and allergic inflammation has not been critically evaluated.

Objective—To elucidate the role of MD2 in inducing pollen and cat dander-induced innate and 

allergic airway inflammation.

Methods—TCMNull (TLR4Null, CD14Null, MD2Null), TLR4Hi, TCMHi cells and human 

bronchial epithelial cells with siRNA-induced downregulation of MD2 were stimulated with 

RWPE, other pollen allergic extracts, or cat dander extract (CDE), and activation of NF-κB and/or 

secretion of the NF-κB-dependent CXCL8 were quantified. Wild type (WT) mice or mice with 

siRNA knockdown of lung MD2 were challenged intranasally with RWPE or CDE, and innate and 

allergic inflammation were quantified.
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Results—RWPE stimulated MD2-dependent NF-κB activation and CXCL secretion. Likewise, 

Bermuda, rye, timothy, pigweed, Russian thistle, cottonwood, walnut and CDE stimulated MD2-

dependent CXCL secretion. RWPE and CDE challenge induced MD2-dependent, CD14-

independent innate neutrophil recruitment. RWPE induced MD2-dependent allergic sensitization 

and airway inflammation.

Conclusions—MD2 plays an important role in induction of allergic sensitization to cat dander 

and common pollens relevant to human allergic diseases.

Keywords

Allergic inflammation; Antigen; Cat dander; Pollen; MD2; Neutrophil; NF-κB; Ragweed; TLR4

Introduction

Pollens and cat dander are major causes of allergic airway disorders like rhinitis and 

asthma.1-3 The NHANES study identified several pollens and cat dander among the most 

common allergens that induce allergic sensitization and allergic diseases.2 The role of 

adaptive immune responses in induction of allergic diseases by allergens has been 

extensively studied. However, relatively little is known about innate immune receptors that 

contribute to allergic sensitization. Recent studies have identified a role of innate responses 

mediated by Toll-like receptor 4 (TLR4) in pollen-induced allergic inflammation.4-6 One 

study reported that short ragweed pollen induces allergic conjunctivitis by stimulating 

TLR4-dependent TSLP (Thymic stromal lymphopoietin) secretion in sensitized mice.4 

Another study reported that the adaptive allergic immune responses to birch pollen extract 

was reduced in Tlr4 KO mice, thus implying a role of TLR4 in induction of allergic immune 

responses.5 We recently reported that ragweed pollen extract (RWPE) challenge induces 

CXCR2 and TLR4-dependent innate recruitment of activated neutrophils to the lungs.6 We 

reported that deletion of TLR4 abrogated RWPE-induced allergic sensitization and allergic 

inflammation.6 We further demonstrated that passive transfer of neutrophils to Tlr4KO 

recipient mice reconstitutes allergic sensitization and allergic airway inflammation in 

Tlr4KO mice.6

Myeloid differentiation protein-2 (MD2) is a 160 amino acids glycoprotein.7 MD2 directly 

binds lipopolysaccharide (LPS) presented by CD14,8, 9 and stimulates TLR4 

homodimerization induced canonical inflammatory signaling.10 MD2 belongs to the ML 

(MD-2-related lipid-recognition) domain superfamily that also includes mite allergens Der p 

2 and Der f 2 in addition to MD-1, GM2 activator protein, Niemann-Pick C2 protein (Npc2), 

and phosphatidylinositol phosphatidylglycerol transfer protein (PG/PI-TP). The structural 

and functional mimicry of MD2 by Der p 2 stimulates TLR4.11 However the role of MD2 in 

pollen-induced innate and allergic airway inflammatory responses has not been reported. We 

hypothesized that because RWPE requires TLR4 to induce innate inflammation-mediated 

allergic sensitization,6 it might also require MD2 to mediate these effects. We further 

hypothesized that this pathway is shared by other common allergens relevant to human 

allergic diseases. 2, 3
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Materials and Methods

Mice

Eight- to 12-wk-old male wild type (WT) C57BL/10SNJ mice, Tlr4 knock out (KO) mice 

(C57BL/10ScNJ), WT mice (C57BL/6J), and Cd14KO mice (B6.129S-Cd14tm1Frm/J) 

were purchased from (Jackson Laboratory, Bar Harbor, ME) for these studies. The mice 

were maintained in a pathogen-free environment at the University of Texas Medical Branch 

(Galveston, TX). Animal experiments were performed according to the NIH Guide and were 

approved by the UTMB Animal Care and Use Committee.

Allergenic extracts

We have previously reported that lyophilized RWPE containing very low amount of 

endotoxin (< 0.1pg LPS /1μg allergen protein, Greer Laboratories, NC) induces a TLR4-

dependent innate neutrophilic inflammation and allergic sensitization.6 For the present study 

we purchased lyophilized RWPE, Bermuda grass, timothy grass, rye grass, firebush, 

pigweed, Russian thistle, black walnut, eastern cottonwood, mountain cedar, and cat dander 

extract (CDE) from Greer Labs (Lenoir, NC). Like our previous study,6 all tested allergenic 

extracts had very low (< 0.1pg LPS /1μg allergen protein) using LAL chromogenic 

endotoxin quantitation kit (Thermo Scientific, Hudson, NH).

Protocols used for animal studies

Mice were sedated with low dose intraperitoneal xylazine-ketamine anesthetic mixture for 

intranasal sensitization, or challenge and sacrificed by lethal anesthetic mixture overdose.12

• Single-challenge model (Fig. S1A)—WT mice were intranasally challenged with a 

single dose of RWPE or CDE (100 μg/60μl), and sacrificed after 16 hours. In additional 

experiments, one hour before RWPE challenge, WT mice were treated with or without 

intranasal administration of an NF-κB inhibitor that selectively irreversibly blocks IκBα 

phosphorylation BAY 11-7082 (Calbiochem; 10mg/kg body weight) 13, or NEMO-Binding 

Domain Binding Peptide (Calbiochem; 25μg/mouse).14 These treated mice were challenged 

with RWPE and sacrificed as described above.

• Single-challenge model after single siRNA treatment (Fig. S1B)—Two HPLC-

purified predesigned siRNA against myeloid differentiation protein-2 (Md2) (catalog no: 

s69441; Ambion Silencer) and Tlr4 (catalog no: s75206; Ambion Silencer), and control 

nonspecific siRNA oligos (catalog no: 12935-100; stealth RNAi Negative Control duplexes; 

Ambion) were diluted in 5% glucose mixed with in vivo JET-PEI (Polyplus -transfection, 

New York, NY). We selected intravenous route of siRNA administration because it has been 

shown suppress specific gene expression by 80% in airway epithelial cells, and has minimal 

toxicity unlike intranasal administration.15 40μg of each siRNA was administered in WT 

mice on day 0. The mice were challenged intranasally with 100 μg of RWPE or CDE on day 

2, and sacrificed 16 hours after challenge.

• Repeated-challenge allergy model after repeated siRNA treatment (Fig. S1C)
—WT mice were administred control siRNA oligos or siRNA against MD2 as described 
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above on day -2, 1, and 9. These mice were administered 5 intranasal doses of RWPE (100 

μg/60μl) on days 0, 1, 2, 3, 4, and 11 to mimic chronic exposure of humans to RWPE6, 16 

and sacrificed on day 14 as described above.

Processing of mouse fluid and tissue samples

Total and differential bronchoalveolar lavage fluid (BALF) cells counts were performed.16 

Lungs were perfused and fixed with Zn fixative (BD Biosciences, San Jose, CA), and 

sections stained with periodic acid-Schiff (PAS) for mucus staining.

qRT-PCR of mouse lung mRNA

RNA from mouse lung tissue was reverse-transcribed, and amplified using real-time PCR in 

ABI 7000 (Applied Biosystems, Foster City, CA). The primer sequences of MD2 were as 

follows: forward, 5'-AGCTCTGCAAAAAGAATAGTCATC-3', reverse, 5'-

ATAAGACTGAGGGGAACCAATG-3'; this primer were obtained from Integrated DNA 

Technologies (Coralville, IA).

Mucin production

Mucin production was assessed by two investigators who were blinded to the treatment 

groups using a modification of a method reported6, 16 on a subjective scale of 0, 1, 2, 3, and 

4 corresponding to none, mild, moderate, marked, or severe mucin deposition, respectively. 

The data were expressed as mean of score recorded by two blinded investigators.6, 16

Measurement of IL-5, IL-13, IL-33, and TSLP in BALF

The BALF from the WT mice in repeated-challenge allergy model were assayed for IL-5, 

IL-13, IL-33, and TSLP using a DuoSet ELISA development kit (R&D Systems, 

Minneapolis, MN) according to the manufacturer's instructions.

Measurement of RWPE-specific serum IgE

RWPE-specific IgE was measured using a previously described method.6, 16 Briefly, 96-well 

plates were coated with 100ug/ml of RWPE protein overnight. After thrice washing, the 

plates were blocked with Sea Block blocking buffer (Pierce Biotechnology, Inc, Rockford, 

IL). Diluted sera from the mice were added to the plates and incubated overnight. After 

washing, the plates were incubated with biotin-conjugated rat IgE (clone R35-72; BD 

Biosciences, San Jose, CA) for 2 hours at room temperature, washed and incubated with 

avidin-conjugated alkaline phosphatase for 45 minutes at 4°C. After washing, fluorometric 

values for each well were measured after addition of AttoPhos substrate solution (Promega, 

Madison, WI).

Studies involving HEK 293 cell lines and HBEC

Three HEK 293 cell lines TCMNull (TLR4Null, CD14Null, MD2Null), TLR4Hi (TLR4Hi, 

CD14Null, MD2Null) and TCMHi (TLR4Hi, CD14Hi, MD2Hi) (InvivoGen, San Diego, CA) 

were used. In some experiments, hTERT immortalized normal human bronchial epithelial 

cells (HBEC) were used as previously described.17
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• NF-κB dual luciferase reporter assays—TCMNull, TLR4Hi, and TCMHi cells were 

transiently transfected with pGL4.32[luc2P/NF-κB-RE/Hygro] (Promega, Madison, WI) 

vector containing multiple NF-κB response elements (NF-κB-RE) that drives transcription 

of the luciferase reporter gene luc2P (Photinus pyralis) and pRL-SV40 Renilla Luciferase 

Reporter Vector (Promega, Madison, WI) using Lipofectamine 2000 (Invitrogen, Carlsbad, 

CA). 24 hours after transfection, the cells were stimulated with RWPE or PBS for 6 hours, 

and cell lysates were assessed with the Dual-Luciferase™ Reporter Assay System (Promega, 

Madison, WI).

• Transfection with MD2, or sham transfection—In some experiments, TLR4Hi cells 

were transfected with 2μg of plasmid encoding MD2 (TLR4Hi-MD2) (plasmid 13028, 

Addgene, Cambridge, MA) using Lipofectamine 2000, or sham transfected with 

Lipofectamine 2000 (TLR4Hi-ST). 24 hours post transfection, the cells were stimulated with 

pollen allergenic extracts or CDE for 18 hours, and CXCL8 in cell supernatant was 

quantified.

• Transfection with siRNA against MD2—HBEC were transfected with siRNA against 

human MD2 siRNA (Life Technologies, Carlsbad, CA) with Lipofectamine 2000 or sham 

transfected with Lipofectamine 2000.

• Measurement of CXCL8 in cell supernatants—TCMNull, TLR4Hi, TCMHi, 

TLR4Hi-ST, or TLR4Hi-MD2 cells were stimulated with RWPE, Bermuda grass, rye grass, 

pigweed, mountain cedar, cat dander, LPS, or Amb a1 at 100μg/ml for 18 hours. In some 

experiments, HBEC, HBEC transfected with siRNA against MD2, or HBEC sham 

transfected were starved for 24 hours, and stimulated with RWPE, Bermuda grass, rye grass, 

timothy grass, pigweed, Russian thistle, cottonwood, walnut, and cat dander allergenic 

extracts. Cell supernatants were assayed for CXCL8.

• Determination of LPS binding analysis by FACS—In some experiments TLR4Hi, 

TLR4Hi-MD2, TLR4Hi-ST or TCMHi cells were incubated with 1 μg/ml LPS-Alexa-568 for 

30 min, and cell-bound LPS-Alexa-568 was detected by flow cytometry (BD Biosciences, 

San Jose, CA).

• BODIPY-RWPE conjugate preparation and flow cytometry—RWPE was labeled 

with BODIPY® FL STP Ester (B10006, Life technologies) and excess unbound dye was 

removed by column purification. TCMNull, TLR4Hi, TCMHi, TLR4Hi-ST, and TLR4Hi-MD2 

cells were incubated with 100μg /ml BODIPY-RWPE conjugates for 30 mins on ice, 

washed, then subjected to flow cytometric analysis.

Statistical Analysis

Results of the study are presented as means ± SEM. Difference between two groups were 

analyzed by unpaired t-test. Multiple comparisons were analyzed by ANOVA. The software 

package GraphPad Prism 6 (GraphPad Software, San Diego, CA) was used for all data 

analyses and preparation of graphs. All statistical analyses considered data significant at p < 
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0.05. In all figures, data is expressed as means ± SEM. The p values are designated with the 

following asterisk: * = P < .05, ** = P < .01, *** = P < .001, **** = P < .0001.

Results

RWPE activates NF-κB and stimulates secretion of CXCL8 in TCMHi cells

We have recently shown that a single RWPE challenge in naïve mice induces TLR4 and 

CXCL-mediated neutrophil recruitment, and this neutrophil recruitment is critical for 

induction of allergic sensitization and allergic airway inflammation.6 Here we hypothesized 

that RWPE may require CD14 and/or MD2 in addition to TLR4 to stimulate cells. To test 

this hypothesis, we initially selected HEK 293 cells for our studies because their inherent 

property of lacking TLR4, CD14 or MD2 has been extensively utilized in the literature to 

define TLR4 innate responses.18, 19 Three types of HEK 293 cells, TCMNull, TLR4Hi, and 

TCMHi were cultured with BODIPY-labeled RWPE for 30 mins and subjected to FACs 

analysis. Compared to TCMNull and TLR4Hi cells (<3%), TCMHi cells demonstrated higher 

BODIPY-RWPE staining (12.9%) (Fig. 1A). We have recently shown that RWPE challenge 

induces TLR4-dependent CXCL chemokine secretion.6 Building on this published 

observation, taken together with our observation in the current study that TCMHi cells 

demonstrate higher BODIPY-RWPE staining, we hypothesized that RWPE should increase 

CXCL chemokines only in TCMHi cells. Consistent with our hypothesis, RWPE induced 

CXCL8 secretion from TCMHi but not from TCMNull cells or TLR4Hi cells (Fig. 1B), 

validating our hypothesis. These results also suggest that RWPE requires CD14 and/or MD2 

in addition to TLR4 to induce CXCL chemokine secretion. Amb a 1 is a major allergen in 

RWPE; like RWPE, it also induced CXCL8 secretion only in TCMHi cells (Fig. 1C), 

indicating that a single protein in RWPE can also stimulate this pathway. Since TLR4 

signaling stimulates NF-κB activation, next we examined whether RWPE requires TLR4 

along with either CD14 and/or MD2 to activate NF-κB. TCMNull, TLR4Hi cells, and 

TCMHi, were thus transfected with an NF-κB luciferase construct. Stimulation with RWPE 

induced NF-κB in TCMHi but not TCMNull or TLR4Hi cells (Fig. 1D). These studies suggest 

that RWPE requires CD14 and/or MD2 in addition to TLR4 to stimulate NF-κB and induce 

CXCL chemokine secretion. To elicit the in vivo role of NF-κB activation in mounting 

RWPE-induced innate inflammatory response in the lungs, IκB kinase inhibitor, BAY 

11-7082 or NEMO-binding domain binding peptide were administered to mice prior to 

intranasal RWPE instillation (Fig. S1A). Both NF-κB inhibitors decreased RWPE-challenge 

induced neutrophil recruitment into the airways (Fig. 1E), indicating a critical role of the 

NF-κB pathway in RWPE-induced innate inflammatory responses.

MD2 is the critical co-receptor of TLR4 that induces RWPE-mediated innate inflammatory 
responses

To elicit the role of CD14 in RWPE-induced innate inflammation, a single-challenge model 

with RWPE was performed in WT and Cd14KO mice, and mice were sacrificed 16 hours 

later. RWPE challenge induced the same level of neutrophil recruitment in the BALF from 

Cd14KO as WT mice (Fig. 1F), indicating that CD14 is not an essential co-receptor for 

TLR4 to induce RWPE-induced innate response in the lungs. To validate the role of MD2 in 

pollen-induced CXCL chemokine synthesis, TLR4Hi cells were sham–transfected 
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(TLR4Hi-ST) or transfected with a plasmid to overexpress MD2 (TLR4Hi-MD2). FACs 

analysis of TLR4Hi-ST and TLR4Hi-MD2 cultured with BODIPY-labeled RWPE 

demonstrated higher BODIPY-RWPE staining in TLR4Hi-MD2 than TLR4Hi-ST cells (Fig. 
1G). Stimulating TLR4Hi cells (data not shown) and TLR4Hi-ST cells with RWPE failed to 

induce CXCL8 secretion (Fig. 1H). By contrast, stimulating TLR4Hi-MD2 cells with RWPE 

induced CXCL8 secretion (Fig. 1H). Next we sought to determine the relevance of these 

data from HEK 293 cells to human bronchial epithelial cells, HBEC.17 Stimulation of 

HBEC with RWPE induced CXCL8 secretion (Fig.1I). Suppression of Md2 in HBEC by 

siRNA inhibited RWPE-induced CXCL8 secretion (Fig.1I). To test the in vivo relevance of 

MD2 in stimulating RWPE-induced innate immune response, we first tested the efficacy of 

siRNA against Md2 or Tlr4 in suppressing lung expression of these genes. The siRNA 

against Md2 or Tlr4 (Fig. S1B) suppressed Md2 or Tlr4 mRNA expression in the lungs by 

60% or 71%, respectively (data not shown). Similar to our previously reported observations 

in Tlr4KO mice6, suppression of Tlr4 mRNA by siRNA administration inhibited RWPE-

induced neutrophil recruitment (Fig. 1J), validating this strategy as a tool to test the in vivo 
role of MD2. Consistent with our studies in HEK cells, in vivo suppression of Md2 by 

siRNA administration (Fig. S1B) reduced RWPE-induced neutrophil recruitment (Fig. 1J). 

These studies indicate an important role of MD2 in mediating the innate immune responses 

to RWPE.

Pollen extracts from diverse plant families utilize MD2 as a critical co-receptor of TLR4 to 
stimulate CXCL chemokine secretion

Next we examined the broader role TLR4, CD14 and MD2 in stimulating CXCL chemokine 

in response to culture with allergenic pollen extracts from diverse plant families. Pollen 

allergenic extracts belonging to diverse families – grasses (Bermuda and rye) and weeds 

(pigweed) – induced CXCL8 secretion from TCMHi but not TCMNull cells or TLR4Hi cells 

(Fig. 2A). By contrast, ten replicates stimulated with tree pollen extract (mountain cedar) 

failed to induce CXCL8 secretion, demonstrating the specificity of innate immune 

recognition of allergenic extracts. Like RWPE, stimulating TLR4Hi cells (data not shown) 

and TLR4Hi-ST cells with these pollen allergenic extracts failed to induce CXCL8 secretion 

(Fig. 2B). By contrast, stimulating TLR4Hi-MD2 cells with Bermuda, rye, firebush, and 

pigweed, but not mountain cedar, induced CXCL8 secretion (Fig. 2B). This pattern of 

CXCL8 secretion was similar to TCMHi cells (Fig. 2A), demonstrating reproducibility and 

specificity of innate recognition of diverse allergens. By contrast, very high concentration of 

LPS (1μg/ml) failed to bind (Fig.S2) or induce CXCL8 secretion (Fig. 2B) from 

TLR4Hi-MD2 cells. Together, these observations indicate that diverse pollen allergenic 

extracts require MD2 in addition to TLR4 to mount innate immune responses characterized 

by secretion of CXCL chemokines, and utilize a mechanism that is distinct from LPS to 

induce this secretion. Next we sought to validate our results by using human bronchial 

epithelial cells, HBEC.17 Stimulation with diverse pollen allergenic extracts like Bermuda, 

rye, timothy, pigweed, Russian thistle, eastern cottonwood, and black walnut induced 

CXCL8 secretion (Fig. 2C). Suppression of Md2 by siRNA inhibited pollen allergenic 

extract-induced CXCL8 secretion (Fig. 2C). Firebush and mountain cedar did not induce 

CXCL8 secretion from HBEC (data not shown), indicating specificity of innate immune 

recognition of these pollen extracts.

Hosoki et al. Page 7

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cat dander extract requires MD2 in addition to TLR4 to induce CXCL8 secretion and 
neutrophil recruitment

Next we examined whether CDE, an allergenic extract completely unrelated to pollen 

extracts, stimulates an MD2-dependent innate immune response. Similar to RWPE and other 

pollen allergens, CDE induced CXCL8 secretion in TCMHi but not TCMNull cells or 

TLR4Hi cells (Fig. 3A). Intranasal challenge with CDE induced the same level of neutrophil 

recruitment in the BALF from Cd14KO as WT mice (Fig. 3B). These results indicated that 

CD14 is not an essential co-receptor for TLR4 for CDE to induce innate recruitment of 

neutrophils. Stimulating TLR4Hi-ST cells with CDE failed to induce CXCL8 secretion (Fig. 
3C). By contrast, stimulating TLR4Hi-MD2 cells with CDE induced CXCL8 secretion (Fig. 
3C). Likewise, stimulation of HBEC cells with CDE induced CXCL8 secretion (Fig. 3D), 

and suppression of MD2 by siRNA inhibited the CDE-induced CXCL8 secretion from these 

cells (Fig. 3D). siRNA suppression of lung Md2 prior to intranasal single-challenge model 

with CDE (Fig. S1B) inhibited CDE-induced neutrophil recruitment (Fig. 3E). Together 

these studies indicate that CDE requires MD2 in addition TLR4 to induce CXCL chemokine 

secretion and induce recruitment of neutrophils to the airways.

MD2 facilitates RWPE-induced allergic sensitization and allergic airway inflammation

Building on our observation that MD2-mediates pollen and CDE-induced CXCL chemokine 

secretion and neutrophil recruitment, taken together with our recent report that RWPE 

challenge-induced TLR4 and CXCL-mediated neutrophil recruitment is critical for induction 

of allergic sensitization and allergic airway inflammation,6 we hypothesized that MD2 is 

important for inducing allergic sensitization and allergic inflammation to pollen and cat 

dander. To test this hypothesis, we utilized RWPE as a model system. An siRNA against 

Md2 was administered to WT mice before and during RWPE instillations in the repeated-

challenge model (Fig. S1C). Compared to administration of control siRNA, administration 

of siRNA against Md2 strongly attenuated RWPE-induced allergic sensitization and allergic 

airway inflammation. This inhibition consisted of a decrease in recruited eosinophils and 

total inflammatory cells (Fig. 4A), a decrease in the accumulation of mucin in epithelial 

cells (Fig. 4B and C), a decrease in IL-5, IL-13, IL-33, and TSLP in BALF (Fig. 4D), and a 

decrease in RWPE-specific serum IgE (Fig. 4E). These observations indicate that MD2 

facilitates RWPE-induced allergic sensitization and allergic airway inflammation.

Discussion

Neutrophils have long been viewed as terminally differentiated cells that clear extracellular 

pathogens. However, a growing body of literature indicates that neutrophils have numerous 

additional effects that regulate innate and adaptive immune responses.20, 21 Neutrophil 

recruitment is a hall mark of innate immune responses,22 and innate recruitment of 

neutrophil to the skin through leukotriene B4 (LTB4) is critical for induction of subsequent 

allergic skin inflammation.22, 23 We recently reported that RWPE challenge induces CXCR2 

and TLR4-dependent innate recruitment of activated neutrophils to the airways, and these 

recruited neutrophil are critical for induction of allergic sensitization and allergic airway 

inflammation.6 In the present study, we extend our earlier observations by demonstrating a 
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broad role of MD2 in induction of innate and allergic airway inflammation and allergic 

sensitization by CDE, RWPE and extracts of pollens from grasses, weeds and trees.6

Similar to the present study, several earlier studies reported neutrophil influx in response to 

allergen challenge in human asthma subjects.24-26 One interpretation of neutrophil 

recruitment after allergen exposure is that endotoxin contamination of allergenic extracts or 

stimulation of TLR4/MD2 signaling by allergen-LPS complex could explain neutrophil 

recruitment after pulmonary allergen challenge in those studies and in the present study.27, 28 

However several lines of evidence strongly indicate that endotoxin contamination/signaling 

cannot explain the observations in the present study. First, in the present study all allergenic 

extracts had very low (< 0.1pg LPS /1μg allergen protein) endotoxin levels, well below the 

no-azide low-endotoxin neutralizing antibodies used in numerous cell culture and in vivo 

studies (BD Biosciences, San Jose, CA). Second, we demonstrate in this manuscript that 

RWPE and CDE utilize a CD14-independent pathway to induce an innate neutrophilic 

airway inflammation, distinguishing it from LPS-induced inflammatory response. Third, 

using TLR4Hi-MD2 cells that do not bind or respond to very high concentrations of LPS, we 

show that RWPE, CDE and other allergenic extracts induce CXCL chemokine secretion. 

Finally, we have reported that repeated RWPE challenges together with passive transfer of 

neutrophils from donor mice to Tlr4 KO recipient mice (that lack the major receptor to 

respond to LPS) overcomes the blockade of RWPE-induced allergic sensitization and airway 

inflammation observed in TLR4 null mice.6 Together these data indicate that allergenic 

extracts directly induce CD14-independent, MD2 and TLR4-dependent innate immune 

responses in the lungs, possibly using a mechanism similar to HIV-1 Tat that binds TLR4-

MD2 and stimulates an innate cytokine response independent of CD14.29 This MD2/TLR4-

induced innate neutrophil recruitment facilitates allergic sensitization and allergic airway 

inflammation.6, 23

In the present study, even though the pattern of stimulation of CXCL8 by pollen extracts in 

TCMHi cells was similar to TLR4Hi-MD2, the levels of CXCL8 chemokine was 20-50-fold 

higher in TCMHi cells. This striking difference in pollen extract-induced CXCL8 secretion 

between two cell types may reflect cell damage to TLR4Hi-MD2 cells during transient 

transfection with plasmid DNA and lipofection vs. no damage in stably transfected TCMHi 

cells. Alternatively, transient transfection of TLR4Hi-MD2 may have induced relatively low 

levels of MD2 expression compared to long-term stably transfected and selected TCMHi 

cells.

We have recently reported that BAL neutrophil numbers distinguishes controlled asthma 

from uncontrolled asthma, and correlates inversely with FEV1.30 Likewise, the dominance 

of neutrophils has been reported in the airways in severe asthma 31 and sudden-onset fatal 

asthma.32 Future studies will have to investigate whether stimulation of MD2-TLR4 

signaling by allergens, as elucidated in the present study, provides a molecular mechanism 

basis of neutrophilic inflammation in the earlier studies. If proven correct, additional 

carefully conducted mechanistic studies will be required to determine whether these 

recruited neutrophils contribute to severe asthma and sudden-onset fatal asthma by 

stimulating allergic sensitization and allergic inflammation.6, 23
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Our data indicate that diverse allergenic extracts require both MD2 and TLR4 to induce 

innate and allergic inflammation,6 distinguishing pollen extracts and CDE from several 

TLR4 ligands such as lipid A,33 taxol,34 nickel and cobalt that stimulate TLR4 without 

MD2.35 Der p2, the major component of house dust mite (HDM), shows structural 

homology with MD2 and enhances allergic inflammation by facilitating TLR4 

signaling.11, 36 Since Amb a1 that has no structural similarity with MD2 but can stimulate 

MD2-dependent CXCL chemokine secretion, it utilizes a mechanism that is distinct from the 

structural mimicry of MD2 used by HDM.11

MD2 has been reported as one of seven SNPs in six genes associated with asthma.37 Our 

data suggest that future studies should investigate whether MD2 inhibitor or antagonists, like 

curcumin,38 prenylated flavonoids,39 rifampin,40 and Eritoran41 can inhibit allergic 

disorders, particularly those induced by ragweed, Bermuda, rye, timothy, pigweed, Russian 

thistle, cottonwood, and cat dander extracts. Future studies should investigate whether use of 

specific inhibitors of MD2 pathway could be a strategy to prevent neutrophil-dominant 

forms of asthma, such as severe asthma.31
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Abbreviations used

BALF bronchoalveolar lavage fluid

CDE cat dander extract

DCs dendritic cells

HDM House dust mite

LPS lipopolysaccharide

LTB4 Leukotriene B4

MD2 myeloid differentiation protein-2

RWPE Ragweed pollen extract

TCMHi HEK 293 cells that stably overexpress TLR4, CD14 and MD2

TCMNull HEK 293 cells that do not express TLR4, CD14 or MD2 cells

TLR4 Toll-like receptor 4
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TLR4Hi HEK 293 cells that overexpress TLR4, but not CD14 and MD2

TLR4Hi-MD2 TLR4Hi cells were transfected with plasmid encoding MD2.

TLR4Hi-ST TLR4Hi cells were sham transfected.
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Clinical Implications

Blocking MD2 may be a novel strategy of inhibiting allergic sensitization and allergic 

inflammation induced by common allergenic pollens and cat dander.
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Capsule summary

Specific pollens and cat dander require MD2 in addition to TLR4 to stimulate innate 

inflammation, allergic sensitization and allergic airway inflammation.
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Fig. 1. RWPE requires MD2 to induce NF-κB activation, CXCL8 secretion, and recruitment of 
neutrophils
(A) FACS of HEK cells cultured with BODIPY-RWPE. (B, C) RWPE (B) and Amb a 1 (C) 

induce CXCL8 secretion from TCMHi cells. (D) RWPE activates NF-κB in TCMHi cells. (E, 
F) Effect of NF-κB inhibition (E) and CD14 (F) on RWPE- innate inflammation. (G) FACS 

of HEK cells cultured with BODIPY-RWPE. (H) RWPE induces CXCL8 secretion from 

TLR4Hi-MD2 cells. (I) Md2 siRNA suppresses RWPE-induced CXCL8 secretion from 

HBEC. (J) Tlr4 or Md2 siRNAs suppress RWPE- innate inflammation.
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Fig. 2. Diverse pollen allergens requires MD2 in addition to TLR4 to induce CXCL8 secretion
(A) Specific pollen extracts stimulate CXCL8 secretion from TCMHi cells. (B) Specific 

pollen extracts stimulate CXCL8 secretion from TLR4Hi-MD2 cells. (C) Md2 siRNA 

suppresses pollen extract-induced CXCL8 secretion from HBEC cells.
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Fig. 3. Requirement of MD2 for cat dander extract-induced recruitment of neutrophils
(A) CDE requires CD14 and/or MD2 in addition to TLR4 to induce CXCL8 secretion. (B) A 

CDE single-challenge induces similar neutrophil recruitment in WT and Cd14KO mice. (C) 

CDE induces CXCL8 secretion from TLR4Hi-MD2 cells. (D) Effect of MD2 siRNA 

suppression on CDE induced-CXCL8 secretion from HBEC. (E) Effect of siRNA 

knockdown of MD2 on CDE-induced innate inflammation.
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Fig. 4. Effect of disrupting MD2 on RWPE-induced allergic inflammation
(A-E) Effect of suppression of MD2 by administration of siRNA on allergic inflammation 

induced in RWPE repeated-challenge model. (A) Number of total inflammatory cells and 

eosinophils in BALF, (B,C) mucin secretion in airway epithelial cells. (B) Original 

magnifications, X400. (D) BALF level of IL-5, IL-13, IL-33, and TSLP. (E) Serum RWPE-

specific IgE.
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