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Introduction

Asthma is the most common chronic inflammatory disease and it is characterized by leukocyte infiltration and tissue remodeling, with the latter generally referring to collagen deposition and epithelial hyperplasia. Changes in hyaluronin production have also been demonstrated, while mutations in fucosyltransferases reportedly limit asthmatic inflammation.





Methods

Given the importance of glycans in cellular communication and to better characterize tissue glycosylation changes associated with asthma, we performed a comparative glycan analysis of normal and inflamed lungs from a selection of murine asthma models.





Results

We found that among other changes, the most consistent was an increase in fucose-α1,3-N-acetylglucosamine (Fuc-α1,3-GlcNAc) and fucose-α1,2-galactose (Fuc-α1,2-Gal) motifs. Increases in terminal galactose and N-glycan branching were also seen in some cases, whereas no overall change in O-GalNAc glycans was observed. Increased Muc5AC was found in acute but not chronic models, and only the more human-like triple antigen model yielded increased sulfated galactose motifs. We also found that human A549 airway epithelial cells stimulated in culture showed similar increases in Fuc-α1,2-Gal, terminal galactose (Gal), and sulfated Gal, and this matched transcriptional upregulation of the α1,2-fucosyltransferase Fut2 and the α1,3-fucosyltransferases Fut4 and Fut7.





Conclusions

These data suggest that airway epithelial cells directly respond to allergens by increasing glycan fucosylation, a known modification important for the recruitment of eosinophils and neutrophils.
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1 Introduction

Over the past four decades, Western societies have borne witness to a dramatic and troubling trend of increased autoimmunity, allergy, and asthma. Asthma is characterized by periods of airway obstruction resulting from both inflammation and hyperreactivity to a variety of potential triggers such as airborne irritants and allergens. The increase in asthma has been so severe that it has become the most common chronic condition in children, affects nearly 10% of the total US population (1), and is associated with notable impacts on society, significant healthcare expenditures, and considerable burdens on the patient (2).

Asthma patients generally experience wheezing, coughing, and shortness of breath resulting from episodes of airway restriction triggered by a wide variety of stimuli. The underlying lung pathology can vary, but can include inflammation and infiltration of activated leukocytes, bronchial epithelia and goblet cell hyperplasia, tissue remodeling (e.g. collagen deposition), excess mucus production, thickening of the smooth muscle layer, and constrictive hyperresponsiveness to stimuli (3). Another tissue change in asthma is the increase in synthesis and deposition of hyaluronan (HA) (4–6), a polysaccharide component of the extracellular matrix that is composed of a glucuronic acid-β1,4-N-acetylglucosamine-β1,3- (GlcA-β1,4-GlcNAc-β1,3-) repeating unit (7).

Interestingly, the degree of fucosylation is also associated with greater airway disease severity. For example, the H blood group antigen composed of the fucose-α1,2-galactose (Fuc-α1,2-Gal) correlates with susceptibility to asthma exacerbation in multiple human populations (8, 9). Likewise, house dust mite (HDM)-induced asthma in mice has been correlated with increased α1,2-linked fucose residues, while a knockout of α1,2 fucosyltransferase 2 (Fut2) showed reduced disease severity (10). In addition, sulfated sialyl-LewisX antigen (Sulfo-SLeX), which includes Fuc-α1,3-GlcNAc and a sulfate on the Gal and/or GlcNAc, has been reported to be increased on peribronchial venules and capillaries (11). This is particularly important because Sulfo-SLeX is the primary ligand for L-selectin (12, 13) and therefore drives leukocyte recruitment.

Aside from asthma, changes in glycan structure are well documented in association with inflammatory conditions. For example, the loss of sialylation and galactosylation on the conserved N-glycan at N297 on IgG has been reported for autoimmune as well as infectious diseases such as rheumatoid arthritis and tuberculosis respectively (14). At the cell surface, loss of the β1,6-GlcNAc branch on N-glycans through ablation of the Mgat5 locus leads to hyperresponsive T cells and autoimmunity (15), while loss of complex N-glycans through ablation of Mgat2 leads to a loss of commensal-derived polysaccharide antigen presentation to regulatory T cells (16). These and numerous other studies demonstrate the close relationship between glycosylation and the immune system (17, 18), prompting us to explore the changes in tissue glycosylation in multiple models of murine asthma.

Here we report the use of three separate and commonly used murine models of asthma to characterize tissue-localized changes in cellular glycosylation. We found consistent changes in fucosylation and model-specific alterations in terminal β-linked galactose, N-glycan branching, total GlcNAc, sulfated galactose, and poly-N-acetyl-lactosamine (poly-LacNAc). Alignment of these changes with infiltration of activated leukocytes further revealed that difference in glycosylation seemed to precede the majority of cellular recruitment. Finally, using the human lung cell line A549, we found similar but not identical changes in glycosylation when stimulated with the same agonists used with the murine in vivo models. In total, our data demonstrate consistent and model-specific changes in tissue glycans associated with asthma, and that at least some of these changes are likely to assist in the recruitment of leukocytes to the site of inflammation through the formation of selectin ligands.




2 Materials and methods



2.1 Mice

All mice used herein were wild type C57Bl/6 mice (stock #000664) originally obtained from the Jackson Laboratory and bred in specific pathogen free conditions according to the guidelines and protocol established and approved by the Institutional Animal Care and Use Committee of Case Western Reserve University.




2.2 Asthma models



2.2.1 HDM acute model

Age and sex-matched mice were challenged with house dust mite antigen (HDM, D. farinae, GREER, Lenoir, NC) by intranasal delivery of 20 µg HDM/dose in PBS or PBS vehicle control under isoflurane anesthesia on days 0-4 and 7-11 and sacrificed on day 14 unless otherwise indicated (19, 20). A total of 35 negative control and 40 HDM-challenged mice are represented in the presented data unless otherwise specified. No prior sensitization was performed for this model.




2.2.2 TAC acute model

Mice were first sensitized with all three antigens. 20 µg ovalbumin (OVA, albumin from chicken egg white, Millipore Sigma, Darmstadt, Germany), 2.5 µg cockroach antigen (CRA, American, Periplaneta americana, GREER, Lenoir, NC), and 2.5 µg HDM were combined in 100 µl PBS and injected intraperitoneally a total of three times, two weeks apart. Day 0 represents the start of intranasal challenge two weeks after the third sensitizing i.p. dose, performed using alternating dosing of 20 µg each antigen on days 0-4 and 7-11. Harvest and analysis was performed on day 14 unless otherwise indicated. For this model, 5 negative control and 5 TAC-challenged mice are represented in the presented data unless otherwise specified.




2.2.3 TAC chronic model

Using the same sensitization as the TAC acute model, intranasal challenges were performed twice a week, with different antigen alternating each week as previously described (20). For this model, 5 negative control and 5 TAC-challenged mice are represented in the presented data unless otherwise specified. For all models, animals were anesthetized with 3% isoflurane (Baxter, Deerfield, IL) with an anesthesia system (VetEquip, Livermore, CA) for intranasal antigen administration. Phosphate buffered saline (PBS) was used as the vehicle/negative control. Euthanasia, BALf recovery, and lung tissue preparation was performed as previously reported (21, 22). BALf automated differentials were acquired by a HemaVet 950 Hematology Analyzer.





2.3 Histology and microscopy

Harvested lungs were inflated and fixed in 10% formalin (VWR, Radnor, PA) for 24 hours and sent to AML Laboratories (Jacksonville, FL) for paraffin embedding, sectioning and Hematoxylin and Eosin (H&E) staining. Unstained tissue sections were also obtained and stained with FITC-conjugated ConA (Vector Laboratories, Newark, CA) and a panel of biotinylated lectins. Biotinylated lectins were detected using AlexaFluor647-conjugated streptavidin (ThermoFisher Scientific, Waltham, MA). Coverslips were mounted using VECTASHIELD HardSet Antifade mounting medium (Vector Laboratories, Newark, CA), and samples imaged on a Leica SP5 Laser-Scanning Confocal Microscope. Images were quantified using ImageJ Software to determine the mean pixel intensity of each lectin. Each dot on the lectin quantitation graphs generally represents one lung section, with both lungs represented when available, making the number of quantified images larger than the number of mice in some cases.




2.4 Cell culture

Similar to previous studies (23–25), 3.0 x 105 A549 human lung adenocarcinoma cells (ATCC, Manassas, VA) were cultured in 75 cm2 flask at no more than 80% confluency in advanced Dulbecco’s Modified Eagle Medium (Gibco/Fisher Scientific, Waltham, MA) supplemented with 5% Australian-produced heat-inactivated fetal bovine serum, 55 µM β-mercaptoethanol, 100 U/mL and 100 µg/mL Penicillin/Streptomycin, and 0.2 mM L-glutamine (Gibco/Fisher Scientific, Waltham, MA) at 5% CO2, 37°C. Stimulation was performed for 24 hours with the indicated agonists at the indicated concentrations. All agonists were diluted in medium.




2.5 Flow cytometry

A549 cells were harvested after stimulation and stained with SYTOX live/dead stain as well as a panel of FITC-conjugated lectins diluted in Carbohydrate-free blocking solution (Vector Laboratories, Newark, CA). Cells were analyzed using the Attune NxT in the Cytometry and Imaging Microscopy Shared Resource of the Case Comprehensive Cancer Center. Flow data was analyzed using FlowJo Software (BD Biosciences, Franklin Lakes, New Jersey). Cell death was calculated by the ratio of SYTOX positive and negative cells among single cells. Lectin mean fluorescence intensity was determined among the SYTOX negative (i.e. alive) population, thereby excluding dead cells from the analysis.




2.6 Quantitative PCR

mRNA for qPCR was purified using the RNeasy Mini kit (Qiagen, Hilden, Germany) as instructed by the manufacturer. Reverse transcription to cDNA was performed using the High-Capacity cDNA Reverse Transcription kit (ThermoFisher Scientific, Waltham, MA). qPCR was performed using primers for FUT2, FUT4, FUT7, FUT8, and GAPDH with SYBR Green Supermix (Bio-Rad, Hercules, CA) in a CFX96 I-Cycler (Bio-Rad, Hercules, CA). The primer sequences were as follows, and ΔCt, relative to GAPDH, is shown for each case:

	FUT2 forward: 5’-GTGGTGTTTGCTGGCGATGG-3’

	FUT2 reverse: 5’-AAAGATTTTGAGGAAAGGGGAGTCG-3’

	FUT4 forward: 5’-AGAAAGGTGAGGAGGGCAGT-3’

	FUT4 reverse: 5’-CCAAGGACAATCCAGCACTT-3’

	FUT7 forward: 5’-CCTCACCTTGGGCAGAGATA-3’

	FUT7 reverse: 5’-CCAGCATTATTCATCCACAGTC-3’

	FUT8 forward: 5’-ACTGGTGGATGGGAGACTGTAT-3’

	FUT8 reverse: 5’-AGGACGGGGATGAAGACTGT-3’

	GAPDH forward: 5’-GAACATCATCCCTGCCTCTACT-3’

	GAPDH reverse: 5’-CCTGCTTCACCACCTTCTTG-3’






2.7 Data analysis

Data were visualized and statistically evaluated using Prism v9.0 (GraphPad Software, San Diego, CA). Pairwise comparisons with two groups were performed by a Student’s T test and with multiple groups by an ANOVA. Statistical significance was determined at 95% confidence (p<0.05).





3 Results

One of the most commonly used murine asthma models is the acute house dust mite model. Using a two-week stimulation schedule of intranasal HDM or saline control administration (20), we harvested lung tissues at day 14 and compared tissue glycosylation by staining with a panel of lectins with a variety of specificities (Table S1). When normalized to ConA staining, which we found does not change (not shown), we found increased presence of Fuc-α1,3-GlcNAc, Fuc-α1,2-Gal, N-glycan branching, core α1,6-linked fucose, and total GlcNAc motifs as measured by the lectins AAL, UEA-I, PHA-L, LCA, and STL respectively (Figure 1). In general, these increases were seen primarily in the major bronchial epithelial cells rather than among cells lining the alveolar spaces. Conversely, we found significant but modest decreases in α2,6-linked sialic acids, Gal-β1,3-GlcNAc, and the pentasaccharide N-glycan core as measured by SNA, PNA, and GNL respectively (Figure 1). Interestingly, the change in GNL staining was predominantly in the alveolar space. In contrast, we found many glycan features that were unchanged at day 14 (Figure S1). These were LacNAc-containing N-glycans with or without α2,3-linked Neu5Ac (DSL), α-linked galactose (GSL-I), β-linked GlcNAc (LEL), sulfated galactose (MAL-I), GalNAc and α-linked galactose (SBA), GalNAc and β-linked galactose (WFL), and poly-LacNAc (WGA).




Figure 1 | Acute HDM asthma leads to changes in airway glycans. The acute HDM model of murine asthma was used to induce airway inflammation. On day 14, lungs were harvested, inflation fixed, and then stained with a broad panel of fluorescent lectins. Lung images from multiple animals were quantified and compared to PBS negative controls as a ratio to ConA in order to normalize across samples. ConA is shown in green and the other lectins in red. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.



Terminal β-linked galactose, as measured by ECL, was more variable. In the image shown in Figure S1, it appeared that ECL staining was increased. However, when averaged over many images and regions, no statistical difference was apparent. We hypothesized that there may be time-dependent changes within this model. In order to explore this possibility, we first confirmed that by day 14 lungs in this study were inflamed, as determined by H&E stained tissue pathology (Figure 2A) and bronchoalveolar lavage cell infiltration analysis (Figure 2B). Next, the HDM model was repeated, but tissue harvest was conducted across 12 times points ranging from 1 to 35 days. HDM administration was stopped in the first two weeks as in the standard acute model in order to visualize lung recovery over 3 subsequent weeks. Consistent with our prior data, we found that Fuc-α1,2-Gal (UEA-I) motifs were increased at day 14, with changes already apparent within 24 hours and peaking between days 9 and 12 (Figures 2C, E). For terminal β-linked galactose (ECL), changes were not apparent in the tissue until day 8 and peaked at day 11 (Figures 2D, E). Consistent with the lack of change in ECL staining at day 14 (Figure S1), we found that most of the changes had reverted to baseline at around day 12, suggesting that the variability in ECL reflects slight differences in when each animal returns to baseline. Finally, using cellular differentials in bronchoalveolar lavage samples from the same animals peaked at days 12-14, with granulocytes peaking at day 12 and lymphocytes at day 14, which was later than the glycan changes (Figure 2E). This pattern suggests that glycan changes may be involved with leukocyte recruitment, although these data do not directly demonstrate that relationship.




Figure 2 | Acute HDM changes in fucose and terminal galactose positively correlate with cellular infiltration. The acute HDM model was used, with abatement of HDM challenge on day 11 followed by recovery to day 35. (A) H&E stained lung sections at day 14 of the acute HDM model. (B) Bronchoalveolar lavage infiltrates at day 14. (C) Changes in the Fuc-α1,2-Gal motif as detected by UEA-I (red) over time. (D) Changes in terminal β-linked galactose as detected by ECL (red) over time. (E) Overlay of bronchoalveolar lavage cellular differentials (left axis) and the ratios of both ECL/ConA and UEA-I/ConA (right axis). ****p<0.0001.



In order to determine if similar glycan changes occur in other models of asthma, we employed an alternative and more severe triple antigen cocktail (TAC) acute asthma model in which the antigen exposure alternated between HDM, cockroach antigen (CRA), and ovalbumin (OVA) on a daily basis, though the time course was the same at 14 days as our standard HDM model. We harvested lungs at day 14 and confirmed tissue inflammation by H&E tissue sections (Figure 3A) and bronchoalveolar lavage infiltration differentials (Figure 3B). We then compared the tissue glycans as before. As we found in the acute HDM model, Fuc-α1,3-GlcNAc (AAL) and Fuc-α1,2-Gal (UEA-I) were robustly increased in the major airways (Figure 3C). The change in terminal β-linked galactose (ECL) was much greater in this model compared to the HDM alone model and a significant change in sulfated galactose (MAL-I) was also found, yet no change in N-glycan branching (PHA-L) was apparent (Figure 3C). Between both acute models, the consistent changes were the increases in Fuc-α1,3-GlcNAc and Fuc-α1,2-Gal on bronchial epithelial cells.




Figure 3 | Acute TAC asthma leads to similar fucose changes in the airway. The acute TAC model of murine asthma was used to induce airway inflammation. On day 14, lungs were lavaged, harvested, inflation fixed, and then stained with a panel of fluorescent lectins. (A) H&E stained lung sections at day 14 of the acute TAC model. (B) Bronchoalveolar lavage infiltrates at day 14. (C) Confocal lung images from multiple animals were quantified and compared to PBS negative controls as a ratio to ConA in order to normalize across samples. ConA is shown in green and the other lectins in red. ns=not significant; *p<0.05, ***p<0.001; ****p<0.0001.



Acute murine asthma models, including HDM and TAC, frequently do not induce robust tissue remodeling or airway hyperresponsiveness; however, we have previously employed the TAC model over many weeks to more closely replicate characteristics of human asthma. We have previously reported that this chronic TAC model yields lung inflammation, epithelial hyperplasia, collagen deposition, and airway hyperresponsiveness (20). Using this model, we harvested lungs on the eighth week after the start of disease induction and again confirmed tissue inflammation by H&E pathology (Figure 4A), measured bronchoalveolar lavage infiltration (Figure 4B), and analyzed the tissue glycans. A similar pattern of changes was observed. Fuc-α1,3-GlcNAc (AAL) and especially Fuc-α1,2-Gal (UEA-I) were increased along with terminal β-linked galactose (ECL), sulfated galactose (MAL-I), N-glycan branching (PHA-L), total GlcNAc (STL), and even some poly-LacNAc structures (WGA) (Figure 4C). As before, the majority of these changes were apparent only in the major bronchial epithelium rather than in the alveolar space. No discernable change in O-GalNac glycans (Jacalin; Figure 4), core α1,6-linked fucose (LCA), β-linked GlcNAc (LEL), Gal-β1,3-GlcNAc (PNA), and GalNAc-contained glycans (VVL) (Figure S2).




Figure 4 | Chronic TAC asthma induces strong fucose changes in lung tissue. The chronic TAC model of murine asthma was used to induce airway inflammation. On day 64, lungs were lavaged, harvested, inflation fixed, and then stained with fluorescent lectins. (A) H&E stained lung sections at day 64 of the chronic TAC model. (B) Bronchoalveolar lavage infiltrates at day 64. (C) Confocal lung images from multiple animals were quantified and compared to PBS negative controls as a ratio to ConA in order to normalize across samples. ConA is shown in green and the other lectins in red. ns=not significant; **p<0.01; ***p<0.001; ****p<0.0001.



Finally, with the lack of change seen in O-GalNAc glycans as stained by Jacalin, we quantified mucin production in our samples. While there was a small but significant reduction in Muc1, we found an increase in Muc5AC in acute HDM but not chronic TAC (Figure 5).




Figure 5 | Mucin glycoprotein changes are characteristic of acute HDM asthma. (A) Comparison of Muc1 production in acute HDM mice at day 14. (B) Comparison of Muc5AC production in acute HDM mice at day 14. (C) Comparison of Muc5AC production in chronic TAC mice at day 64. ns, not significant; *p<0.05.



Overall, our in vivo asthma models reveal robust and model-independent changes in fucosylation in the form of Fuc-α1,3-GlcNAc and Fuc-α1,2-Gal within the major airway epithelial cells, suggesting that upon exposure, epithelial cells can directly respond to allergen stimuli. In order to test this hypothesis, we stimulated the human epithelial-like lung adenocarcinoma cell line A549 with varied concentrations of HDM or CRA for 24 hours and measured cell surface glycans by flow cytometry compared to an LPS positive stimulation control. The results were not perfectly concordant with the murine in vivo findings in that Fuc-α1,3-GlcNAc (Figure 6A) and poly-LacNAc structures (Figure 6B) were decreased and α2,6-linked sialic acid (Figure 6C) was increased, but terminal β-linked galactose (Figure 6D), sulfated galactose (Figure 6E), and Fuc-α1,2-Gal (Figure 6F) increased similar to the murine system. These changes were not accompanied by any obvious change in cellular survival (Figure 7A), interferon-γ (Figure 7B), or IL-6 (Figure 7C). Increases in the α1,2-fucosyltransferase Fut2 and the α1,3-fucosyltransferases Fut4 and Fut7 expression as measured by qPCR were seen after stimulation with LPS (Figure 8A), while the α1,6-fucosyltransferase Fut8 was increased by HDM (Figure 8B). No significant change in Fut expression was seen in response to CRA (Figure 8C). These findings suggest that lung epithelial cells can respond directly to the asthma inducing challenges used in vivo, especially through the synthesis of glycans carrying Fuc-α1,2-Gal, but that the full change in glycosylation may also require the presence of activated and inflammatory leukocytes.




Figure 6 | Human A549 cells alter surface glycosylation in response to stimulation. Human lung adenocarcinoma A549 cells were stimulated in culture for 24 hours with the indicated concentration of either LPS, HDM, or CRA and then stained with lectins and analyzed by flow cytometry. Shown is the mean fluorescence intensity (MFI) for (A) AAL, (B) RCA, (C) SNA, (D) ECL, (E) MAL-I, and (F) UEA-I lectins. ns=not significant; *p<0.05; **p<0.01; ***p<0.001; N=3 for all conditions.






Figure 7 | Stimulated A549 cells fail to produce cytokines. Human lung adenocarcinoma A549 cells were stimulated in culture for 24 hours with the indicated concentration of either LPS, HDM, or CRA. Cell viability (A) was determined by Sytox staining quantified by flow cytometry and culture media was harvested and analyzed by ELISA for (B) IFNγ and (C) IL-6. ns, not significant; N=3 for all conditions.






Figure 8 | Stimulated A549 cells transcriptionally upregulate the fucosyltransferases FUT2, FUT4, FUT7, and FUT8. Human lung adenocarcinoma A549 cells were stimulated in culture for 24 hours with the indicated concentration of either (A) LPS, (B) HDM, or (C) CRA. For each concentration and stimulus, cells were harvested and mRNA extracted. Quantitative PCR was used to determine changes in fucosyltransferase transcription. ****p<0.0001; N=3 for all conditions.






4 Discussion

Glycans play myriad roles in biology, ranging from tissue architecture and cell-cell communication to driving key responses in the immune system and minute manipulation of glycoprotein function. In the lung, asthma-associated increases in hyaluronin have been well documented (4–6), while ablation of fucosyltransferases significantly limit murine asthma pathology (8–10). Here, we surveyed lung tissue from multiple murine asthma models for changes in glycan abundance and localization. We found profound time and model-dependent alterations that were predominantly localized to the epithelium of the major bronchial airways and are consistent with the upregulation of selectin glycan ligands that are responsible for attracting leukocytes upon stimulation. Consistent with this notion, time course results show that glycosylation changes precede immune infiltration and human epithelial cell culture experiments show that glycan changes can arise in the absence of immune cells. In total, our data support a model in which the initial pathologic response to asthma-inducing stimulants occurs at the interface of the major airways and not in the alveolar space, and that it is characterized by changes in cellular glycosylation potentially to drive immune infiltration to the bronchi.

The two most significant and consistent signals to change in our study were UEA-I and AAL binding, which predominantly correspond to Fuc-α1,2-Gal and Fuc-α1,3-GlcNAc motifs respectively. By virtue of these specificities, UEA-I binds to H antigen and LewisY antigen (26) and AAL binds to sialyl-LewisX antigen (27). Similarly, MAL-I binds primarily to glycan structures that include sulfated galactose residues. Importantly, this includes sulfo-sialyl-LewisX. These glycans are well-known to serve as selectin ligands that drive leukocyte recruitment and retention to sites of inflammation.

Selectin ligands are most commonly associated with the endothelium. They facilitate leukocyte homing by slowing leukocyte movement, a process called rolling, that enables signaling and movement arrest by integrin binding. However, selectin ligands have been reported in other cells. For example, L-selectin ligands are found in the human endometrium, particularly on the luminal epithelium during blastocyst implantation (28). Sialyl-LewisX has been reported on epithelial cells of salivary glands in Sjögren’s syndrome patients (29), and eosinophils migrate to the apical surface of the intestinal epithelium in an L-selectin-dependent fashion (30). Our discovery that glycan changes characteristic of selectin ligands is predominantly localized to the bronchial epithelium is consistent with these previous findings as well as the fact that most leukocytes are found encircling the airways in our previous asthma studies (21, 22).

It is also important to note that airway epithelial cells have been known to express the pattern recognizing Toll-like receptor family for two decades (31–33) and are generally thought to play key roles in lung immune responses (34, 35). The timing of the changes in glycans and the subsequent increase in leukocyte infiltration reported here suggested to us that the epithelium was responding directly to the HDM, CRA, and OVA stimulations in vivo. Human A549 cell culture experiments further suggest that these immunogens can indeed induce a response in lung epithelial cells in the absence of immune cells. Thus, our data suggests that one role for the changes in cellular glycosylation at the epithelium is to attract activated leukocytes to the region as a direct response to immunogen exposure in the bronchi.

The appearance of selectin ligands was not the only change noted in this study. Of particular interest is the increase in WGA staining, which reports on poly-LacNAc motifs. Galectin-3 (Gal-3) is a glycan binding protein known to bind well to LacNAc and especially poly-LacNAc structures (36). Consistent with our findings, an increase in Gal-3 is documented as being highly pro-inflammatory in murine asthma (37). Ablation of Gal-3 significantly reduces tissue damage, immune infiltration, and even hyper-responsiveness (38). While the role for epithelial Gal-3 ligands is unknown, these data suggest that Gal-3 exerts at least some of its impact directly upon the epithelial barrier of the bronchi.

It is surprising that more consistent and robust change in the mucins was not observed. It is possible that the lung lavage used to harvest immune infiltrates washed away release mucins prior to microscopic analysis. However, mucus over-production is generally clear in periodic acid-Schiff (PAS) staining within goblet cells lining the bronchi, thus secreted mucins should not be strictly necessary for our approach. We conclude that these murine models simply do not show major changes in mucin production, as seen in human lung disease.

In summary, we have found significant changes in the lung glycans associated with asthma. These changes are consistent with but significantly expand previous findings through demonstrating changes to not only fucosylation, but also selectin ligands and galectin ligands directly upon the bronchial epithelium. Moreover, our data suggest that glycan changes likely result in leukocyte infiltration and tissue damage rather than being a result of immune infiltration. Our study promotes the need to better understand the regulation of glycan composition in the airway as a means to identify drugable targets in the epithelium to prevent changes that lead to immune-mediated disease in the lung.
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