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Abstract
[bookmark: OLE_LINK2]Decreased exposure to microbial products, respiratory viral infections and air pollution are major risk factors for allergic asthma, yet mechanistic links between such conditions and host type 2 allergic susceptibility remain unclear. Using single-cell RNA sequencing, we characterized lung neutrophils in mice exposed to pro-allergic low or protective high doses of lipopolysaccharides (LPSlow or LPShigh) prior to house dust mite (HDM) exposure. Unlike LPShigh treatment, LPSlow exposure instructed recruited neutrophils to upregulate CXCR4, Lamp-1 and CD49d and to release neutrophil extracellular traps (NETs). Such LPSlow-induced neutrophils and NETs potentiated HDM uptake by CD11b+Ly-6C+ dendritic cells (DCs) and type 2 allergic airway inflammation to HDM. Interestingly, we found that NETs derived from CXCR4hi neutrophils were also necessary to mediate allergic asthma triggered by influenza virus infection or ozone exposure. Our study thus reveals that apparently unrelated environmental risk factors commonly shape recruited lung neutrophils to promote initiation of allergic asthma.

Introduction
Exposure to naturally occurring aeroallergens such as house dust mites (HDM), pollens or animal dander can, in some predisposed individuals, lead to allergic sensitization and the development of allergic asthma, a major public-health problem with high socio-economic impacts1,2. While genome-wide studies have identified genetic polymorphisms associated with allergic susceptibility3, the worldwide increase in the prevalence of allergies over the last decades points towards a major contribution of the environment4,5. Environmental risk factors for allergic asthma have emerged from epidemiological studies, including respiratory viral infections6, air pollutants7 or urban lifestyles associated with decreased exposure to microbes or their products such as bacterial endotoxins (lipopolysaccharide [LPS]) - known as the 'hygiene hypothesis'8,9. A better understanding of the mechanisms by which pro-allergic environmental conditions shape the lung immune system to initiate allergic airway responses is an unmet and urgent need which may open novel therapeutic avenues for allergic asthma. 
	Allergic airway inflammation, a cardinal feature of allergic asthma, is thought to result from an aberrant type 2 immune response directed against inhaled allergens10,11. The initiation of type 2 immunity to HDM, a major allergen source in humans12, involves epithelial cell-specific sensing of LPS and HDM compounds and release of pro-allergic alarmins that instruct specialized lung dendritic cells (DCs) to sample allergens, transport them to the draining lymph node (LN) and induce allergen-specific CD4 T helper type 2 (TH2) cells. Upon subsequent HDM challenge, TH2 effector cells secrete type 2 cytokines (e.g., interleukin [IL]-4, IL-5, IL-13), thereby orchestrating features of allergic airway inflammation such as airway eosinophilia and goblet cell metaplasia via IL-5- and IL-13-dependent mechanisms, respectively11,13.
	Neutrophils are granulocytes that were primarily known as first-responders specialized in pathogen clearance and as prototypic effector cells of type 17 responses. However, evidence for neutrophil complexity and functional diversity has emerged recently14,15. In the context of asthma, neutrophils have mainly been investigated in severe asthma, characterized by type 17-mediated neutrophilic inflammation16–19. In type 2 allergic asthma, studies have mainly been conducted on bulk neutrophils and have looked at their potential roles during the effector phase, not the initiation, of type 2 responses17,20. In line with this, we have reported that neutrophil-derived host DNA found in neutrophil extracellular trap (NETs), which also contain modified histone proteins (e.g., citrullinated histone H3 [Cit-H3]) and granule proteins (e.g., neutrophil elastase [NE] and myeloperoxidase [MPO])15, contributed to the manifestations of rhinovirus-induced allergic asthma exacerbations20.
	Here, using single-cell RNA-sequencing (scRNA-seq) and mouse models of allergic asthma triggered by environmental factors, we identify locally programmed NET-releasing CXCR4hi lung neutrophils as early triggers of type 2 allergic airway inflammation to HDM when mice are exposed to three distinct pro-allergic conditions. Our findings thus reveal that phenotypically and functionally distinct tissue neutrophils can act as a common determinant of environment-driven allergic asthma onset in mice.

Results

Exposure to low-dose LPS, but not high-dose LPS, potentiates HDM-induced allergic asthma

To investigate the mechanisms of environment-driven initiation of allergic asthma in mice, we used a model in which exposure to HDM does not lead to type 2 allergic sensitization per se, unless mice are pre-exposed to a pro-allergic environmental factor, namely low-dose LPS21. Groups of BALB/c mice were administered intranasally (i.n.) with increasing doses of LPS and were then exposed to HDM (Supplementary Fig. 1a). Airway eosinophilia, a feature of type 2 allergic asthma11, was virtually absent in vehicle-administered HDM-exposed mice, but reached a peak when mice were pre-exposed to 100ng LPS and returned to baseline with higher LPS doses (Supplementary Fig. 1b). Exposures to either 100ng or 10µg LPS were chosen to model a pro-allergic 'hygienic' (LPSlow) or a protective22 'non-hygienic' (LPShigh) environment, respectively (Fig. 1a). Upon HDM exposure, LPSlow-treated mice, unlike vehicle- or LPShigh-treated mice, developed cardinal features of allergic asthma, including increased bronchial hyperreactivity to methacholine, a higher secretion of the type 2-associated cytokines IL-4, IL-5 and IL-13 by LN cells upon HDM restimulation, perivascular and peribronchial leukocyte infiltration, and increased bronchial mucus production (Fig. 1b-i). 
	Thus, low-dose LPS exposure generates a particular lung environment promoting type 2 immunity to HDM and development of allergic asthma.

Lung neutrophils induced by a pro-allergic low-dose LPS are transcriptionally distinct from the high-dose LPS counterparts

Polymorphonuclear neutrophils were massively recruited into the lungs upon airway LPS exposure (Supplementary Fig. 1c,d). To investigate their transcriptional identity and diversity at the single-cell level, we performed scRNA-seq on lung neutrophils isolated from control, LPSlow- and LPShigh-exposed mice (Fig. 2a and Supplementary Figs. 2, 3). Non-linear dimensional reduction and graph-based clustering of single cells pooled from the 3 conditions identified 6 transcriptionally distinct clusters of neutrophils (Fig. 2b and Supplementary Fig. 4). Lung control neutrophils were homogenous and included in one cluster (Cluster 0, grey, Fig. 2c-e) that expressed high levels of genes associated with neutrophil aggregation, chemotaxis and migration as compared to the other clusters (Supplementary Fig. 5a-d). Conversely, LPS-induced neutrophils were heterogeneous and segregated into 5 additional clusters (Clusters 1-5, Fig. 2c-e). First, we identified, within the genes that were significantly upregulated in each of the LPS-induced clusters as compared to Cluster 0, a common dose-independent LPS-induced signature that was associated with biological processes such as LPS signaling, granulocyte differentiation and extravasation (Supplementary Fig. 5e,f). Next, we looked for cluster-specific gene signatures. Cluster 4 (khaki) was equally distributed between LPShigh- and LPSlow-induced neutrophils (Fig. 2 c-e) and exhibited an 'anti-viral-like' response characterized by high expression of type I interferon(IFN)-inducible genes (Supplementary Fig. 5g,h). Looking for mechanisms of environment-triggered allergic asthma, we especially focused our attention on the clusters that were differentially abundant in LPSlow- vs. LPShigh-exposed lungs. Clusters 2, 3 and 5 (blue clusters) were almost exclusively present in lungs of LPShigh-exposed mice (Fig. 2c-e). When analyzed separately and compared to the other clusters, none of the blue clusters expressed any specific genes in addition to those included in the common LPS signature (data not shown). When such LPShigh-induced clusters were pooled together and compared to the others, a specific signature of 25 genes was identified (blue dots, Fig. 2f) and was significantly enriched in processes such as complement receptor-mediated signaling pathways and response to type I/II IFNs (Fig. 2g,h). Interestingly, neutrophils from Cluster 1 (red cluster) were almost uniquely found within lungs of mice exposed to a pro-allergic environment (i.e. in LPSlow-treated mice) (Fig. 2c-e) and significantly upregulated expression of 97 genes in addition to the common LPS signature (red dots, Fig. 2f). Among them, we identified a significant enrichment in genes involved in endoplasmic reticulum stress, reactive oxygen species synthesis, oxidative stress and ERK1/2 cascade (Fig. 2g,i), responses that have all been implicated in the formation and release of NETs15,23.

Low-dose LPS exposure locally triggers lung CXCR4hi neutrophils that release NETs 

We sought to validate our scRNA-seq findings and identify such LPSlow-induced neutrophils in vivo (Fig. 3a). Lamp1 and Cxcr4 being among the significantly upregulated genes in LPSlow-induced neutrophils as compared to the LPShigh counterparts (Fig. 2f) (log2 fold-change [FC] = 0.48 and 0.64; adjusted P value [Padj] = 1.26.10-27 and 1.39.10-29, respectively), we assessed their expression by flow cytometry and found a significant upregulation of CXCR4 and Lamp-1 specifically on neutrophils from LPSlow-exposed lungs, but not on those from control or LPShigh-exposed lungs (Fig. 3b,c). Since Lamp-1 detection required cell fixation and permeabilization, we looked for an additional surface marker to discriminate LPSlow-induced neutrophils and found that they also expressed higher levels of the integrin CD49d, as reported previously for CXCR4hi neutrophils24 (Fig. 3b,c). Next, we performed time-course analyses of CXCR4 expression on lung, blood and bone marrow neutrophils isolated from control, LPSlow- and LPShigh-exposed mice. In the lung, neutrophil CXCR4 expression started to increase 18 hours after low-dose LPS, reached a peak at 24 hours and returned to baseline after 48 hours (Fig. 3d). Conversely, CXCR4 expression on LPShigh-induced neutrophils was similar to that of control neutrophils (Fig. 3d). Of note, while we detected a rhythmic oscillation of CXCR4 expression on blood neutrophils25, such oscillation was not affected by a pulmonary pre-exposure to LPS, regardless of the dose (Fig. 3e). Moreover, CXCR4 expression on bone marrow neutrophils was not differentially regulated on LPSlow-induced neutrophils as compared to controls (Fig. 3f). These data support that low-dose LPS instructs neutrophils locally, but not at distant sites, to imprint their phenotype. 
Morphologically, FACS-sorted LPSlow-induced CXCR4hiCD49dhi neutrophils were smaller and displayed a higher nucleus/cytoplasm ratio and a hypersegmented nucleus as compared to LPShigh-induced CXCR4loCD49dlo neutrophils (Fig. 3g and Supplementary Fig. 6). 
[bookmark: _GoBack]	Functionally, concordant with their transcriptomic profile, CXCR4hiCD49dhi neutrophils sorted from LPSlow-exposed mice were uniquely able to release NETs ex vivo, unlike their control or LPShigh-induced CXCR4loCD49dlo counterparts (Fig. 3h and Supplementary Fig. 7). Importantly, we also found strong evidence of NET formation in the lungs 24 hours after LPSlow treatment. First, levels of free double-stranded DNA (dsDNA), a major NET component15, were higher in the broncho-alveolar lavage fluid (BALF) of LPSlow-treated mice as compared to control and LPShigh-treated counterparts (Fig. 3i). Second, levels of Cit-H3, a modified form of histone H3 implicated in chromatin decondensation and NET formation15, were specifically increased in the lungs of LPSlow-exposed mice (Fig. 3j,k). Third, NE/DNA complexes, characteristic of NETs, were only significantly detected in LPSlow-treated lungs (Fig. 3l). Fourth, high-resolution confocal microscopy showed a massive presence of extracellular MPO+Cit-H3+ NETs in LPSlow-exposed lungs, unlike in control or LPShigh-exposed lungs (Fig. 3m,n). Notably, neutrophil depletion with anti-Ly-6G (-Ly-6G) antibodies was associated with an absence of NETs in our model (Supplementary Fig. 8), demonstrating that NETs are exclusively derived from neutrophils. Consistent with the upregulation of CXCR4, such NETs were present as early as 18 hours after LPS exposure but were not detectable anymore 48 hours after low-dose LPS (Supplementary Fig. 9). 
	So far, our results support that neutrophils recruited to the lungs upon exposure to pro-allergic low doses of LPS exhibit a particular phenotype that is triggered locally, and are prone to release NETs. Conversely, neutrophils recruited after exposure to a protective dose of LPS22 are phenotypically similar to steady-state neutrophils and do not release NETs.

CXCR4hi neutrophils trigger LPSlow-driven allergic airway inflammation to HDM

To address whether the potentiating effect of low-dose LPS on HDM-induced allergic airway inflammation was mediated by CXCR4hi neutrophils in the 'hygienic' model, we performed two sets of experiments. First, we treated mice orally with an antagonist of the chemokine receptor CXCR2 (-CXCR2, i.e., Sch52712326) during the LPS exposure and sensitization phase in order to inhibit LPS-induced neutrophil recruitment to the lung27 (Fig. 4a-c). Notably, LPSlow-exposed mice that were treated with -CXCR2 exhibited significantly reduced airway eosinophilia, HDM-specific type 2 immune responses, perivascular and peribronchial inflammation and mucus cell production as compared to the vehicle-treated counterparts (Fig. 4d-j). Second, we adoptively transferred neutrophils isolated from PBS-, LPSlow- and LPShigh-exposed lungs into the trachea of naive recipients prior to HDM exposures (Fig. 4k). Importantly, transfer of LPSlow-induced neutrophils was sufficient to trigger airway eosinophilia, HDM-specific type 2 immunity, peribronchial inflammation and increased mucus production in HDM-treated recipient mice, while all these features were either absent or significantly lower in mice transferred with neutrophils isolated from PBS- or LPShigh-treated mice (Fig. 4l-r). Altogether, these results support that CXCR4hi neutrophils are necessary and sufficient to mediate the pro-allergic effects of low-dose LPS on HDM-induced allergic asthma onset. 

NETs are necessary for low-dose LPS-triggered type 2 allergic airway responses to HDM

To test the contribution of NETs to LPSlow-triggered initiation of allergic airway inflammation, we aimed to target NETs during the sensitization phase by 3 pharmacological treatments: DNAse, which degrades NETs20,28, as well as a neutrophil elastase inhibitor (NEi)15 and an inhibitor of protein arginine deiminase 4 (PAD4), Cl-amidine29, which interfere with NET formation (Fig. 5a-c and Supplementary Fig. 10). Interestingly, nearly all features of type 2 allergic airway inflammation were significantly reduced in DNAse-, NEi - or Cl-amidine-treated mice, except for IL-4 and IL-13 levels in DNAse- and NEi-treated mice, respectively, and mucus production in NEi-treated mice (Fig. 5d-j). These results support that NETs mediate the onset of type 2 allergic airway responses in this model.

NETs from LPSlow-induced CXCR4hi neutrophils directly promote HDM uptake by CD11b+Ly-6C+ dendritic cells

Given the predominant role played by DCs in the induction of acquired Th2 responses to HDM30,31, we looked at their behavior upon exposure to low or high doses of LPS (Fig. 6a,b). We found that lungs of LPSlow-treated mice exposed to fluorescent-labeled HDM contained greater numbers of CD11b+Ly-6C+ DCs that incorporated HDM, and to a lesser extent of HDM+CD11b+Ly-6C- DCs, as compared to the lungs of vehicle- or LPShigh-treated counterparts (Fig. 6c,d). Of note, such numbers of lung HDM+CD11b+Ly-6C+ DCs were significantly reduced in DNAse, NEi or Cl-amidine-treated mice as compared to the vehicle-treated counterparts (Fig. 6e,f), suggesting that NETs directly or indirectly promote HDM uptake by CD11b+Ly-6C+ DCs in vivo, thus potentiating subsequent type 2 sensitization to HDM.
	To assess whether CXCR4hi neutrophils can directly modulate HDM uptake by CD11b+Ly-6C+ DCs through NET release, we developed an ex vivo model in which FACS-sorted LPSlow-induced neutrophils were co-cultured with bone-marrow derived DCs (BMDCs) (Fig. 6g). BMDCs contained both CD11b+Ly-6C+ and CD11b+Ly-6C- DCs (Fig. 6h) and are able to induce type 2 sensitization to HDM when pulsed with HDM and reinjected into recipient animals32. Interestingly, we found that LPSlow-induced neutrophils were very potent in increasing HDM uptake by CD11b+Ly-6C+ DCs, and to a lesser extent by CD11b+Ly-6C- DCs, reminiscent of what we observed in vivo (Fig. 6i,j). Such effect was partially dependent on NETs, especially for CD11b+Ly-6C+ DCs, as it was significantly diminished when DNAse was added to the co-culture (Fig. 6i,j). We also found that LPSlow-induced neutrophils could upregulate the expression of the pro-TH2 co-stimulatory molecule CD8633,34 on CD11b+Ly-6C+ DCs, but this effect was not affected by  DNAse treatment (Fig. 6k). Thus, CXCR4hi neutrophils can act on CD11b+Ly-6C+ DCs to promote HDM uptake via NET-dependent mechanisms, an important step in the initiation of HDM-specific type 2 responses.

CXCR4hi neutrophils and NETs are induced locally by other pro-allergic factors 

We postulated that NET-prone CXCR4hi neutrophils might also be associated with additional pro-allergic environmental conditions. Besides decreased exposure to microbial products, respiratory viral infections6 and air pollution7 also represent risk factors for allergic asthma in humans. Moreover, in mice, acute respiratory infection with influenza virus35 or exposure to ozone36 have been previously shown to promote allergic airway inflammation to HDM or ovalbumin, respectively. Hence, we used two additional models of influenza virus infection (PR8 strain, Supplementary Fig. 11) and ozone exposure, which were both associated with the pulmonary recruitment of neutrophils (Supplementary Fig. 12). Interestingly, such neutrophils shared phenotypical similarities with LPSlow-induced neutrophils, as they exhibited significantly increased expression of CXCR4, Lamp-1 and CD49d as compared to those from control mice (Fig. 7 a-d). In addition, such particular phenotype was only confined to the lung compartment and was absent on blood and bone marrow neutrophils, supporting a local imprinting of neutrophils rather than a systemic effect (Fig. 7e,f). NETs were also found in the lungs of mice exposed to such pro-allergic factors, with a preferential localization in the airway lumen upon ozone exposure (Fig. 7g-l and Supplementary Fig. 13). These results support the conclusion that, upon exposure to other unrelated pro-allergic triggers, NETs are released from lung-shaped CXCR4hi neutrophils, which may sensitize the host to mount type 2 airway allergic responses once in contact with HDM allergens.

Targeting NETs during influenza virus infection or ozone exposure diminishes features of HDM-induced allergic airway inflammation 

To confirm the pro-allergic potential of influenza virus infection35 and ozone exposure36 in our model, we administered influenza virus-infected or ozone-exposed BALB/c mice with HDM i.n. (Fig. 8a,h). In both models, while mice administered solely with HDM did not develop features of allergic airway inflammation, a prior infection with influenza virus infection or exposure to ozone significantly increased their susceptibility to mount HDM-specific type 2 allergic airway responses, which was also associated with higher numbers of lung CD11b+Ly6C+ DCs that incorporated HDM (Fig. 8 and Supplementary Fig. 14). In order to test the contribution of NETs to PR8- and ozone-triggered allergic airway inflammation, we used similar pharmacological approaches as in the 'hygienic' model and found that all features of allergic airway inflammation and numbers of HDM+CD11b+Ly6C+ DCs were substantially decreased upon DNAse, NEi or Cl-amidine treatments in PR8-infected or ozone-exposed HDM-treated mice, except for IL-13 in PR8-infected DNAse-treated mice (Fig. 8 and Supplementary Fig. 14). Altogether, these results support the conclusion that NETs mediate DC-dependent initiation of allergic airway inflammation triggered by these two environmental factors.


Discussion

Neutrophils are not merely considered as first-responders implicated in host defense, and deciphering the complexity of neutrophil biology is currently a matter of intense investigations14. The current study sheds unexpected light on neutrophil biology in the context of type 2 immunity and reveals an important link between apparently unrelated pro-allergic environmental conditions and host type 2 allergic susceptibility. Our work in mice uncovered that, upon airway exposure to three distinct pro-allergic factors, lung neutrophils were programmed in the tissue to become CXCR4hi neutrophils that released NETs, a common host-derived factor promoting HDM uptake by DCs and susceptibility to allergic asthma (Supplementary Fig. 15).
	LPS measurements have been widely used in epidemiological studies related to the 'hygiene hypothesis', reporting that growing up in a LPS-rich environment is associated with reduced risk of atopy and asthma, while LPS-poor environments represent risk factors for asthma development8,37. Our 'hygienic' model is an adaptation of a model previously developed by Eisenbarth and colleagues21, who showed that a priming with a low or high LPS dose biased the immune response to ovalbumin towards a TH2 or TH1 profile, respectively. Here, we found in BALB/c mice that exposure to a low LPS dose (100ng) potentiated HDM-induced type 2 allergic asthma. However, priming with a higher LPS dose (10µg), which has been shown to be protective against allergic asthma22, had no substantial effect in our model, except increasing IFN- production by HDM-restimulated LN cells, likely reflecting a previously described TH1 bias21.
	Airway exposure to LPS triggered an early and massive infiltration of neutrophils into the lungs of mice. By characterizing lung neutrophil heterogeneity and identity by unbiased scRNA-seq, we found that a particular neutrophil cluster was almost exclusively present in LPSlow-exposed lungs, which was distinct from those found in LPShigh-exposed or control lungs. Notably, LPSlow-induced neutrophils were phenotypically and functionally distinct from control and LPShigh-induced counterparts, as they were upregulating CXCR4, Lamp-1 and CD49d expression and uniquely released NETs. 
Such NET-releasing CXCR4hi neutrophils, specifically induced by low-dose LPS, shared similarities with the so-called 'aged' neutrophils, an active subset of NET-prone CXCR4hi neutrophils subjected to rhythmic oscillations in the blood24,25. We thus wondered whether LPSlow-induced CXCR4hi neutrophils represented a distinct neutrophil subset already present in the blood or the bone marrow and acutely recruited to the lungs, or whether they were programmed locally and transiently in the tissue to acquire particular phenotypical and functional properties. Kinetic analyses of CXCR4 expression on lung, bone marrow and lung neutrophils supported the second scenario, namely that neutrophils were first recruited to the lung and them instructed locally by the lung microenvironment to become NET-releasing CXCR4hi neutrophils. Our data thus suggest that CXCR4hi neutrophils do not represent a true subset, but are rather in a particular activation state in the lung, which appears to be transient and dependent on the presence of a local stimulus (i.e., low-dose LPS). Interestingly, our scRNA-seq data indicated that neutrophils present in the lungs of LPSlow-exposed mice segregated into two main clusters, the ‘red’ cluster being specifically induced by low-dose LPS and the ‘grey’ cluster being shared with steady-state neutrophils. While speculative, these data are consistent with the idea that neutrophils belonging to the ‘grey’ cluster and present in LPSlow-treated mice may have just extravasated from the blood vasculature and will subsequently be instructed locally to become NET-prone CXCR4hi neutrophils. Altogether, we provide additional evidence that neutrophils are heterogenous, plastic and able to adapt to tissue- and context-specific cues to exert particular functions14. In this regard, we sought to address the function of LPSlow-induced CXCR4hi neutrophils in the context of type 2 allergic asthma by inhibiting their recruitment to the lung or by adoptively transferring them into recipient mice. Unexpectedly, we have demonstrated that such locally instructed neutrophils represented early and critical players in the initiation of type 2 allergic airway inflammation against house dust mite allergens. Given the central role of epithelial-derived alarmins, including IL-33, IL-25 and TSLP in the initiation of allergic type 2 immunity38, it would be interesting to test their respective contributions to the imprinting of CXCR4hi neutrophils. 
We reasoned that the induction of NET-releasing CXCR4hi neutrophils in the lungs of mice exposed to a pro-allergic low dose of LPS may not be unique to this particular model but may also be observed upon exposure to unrelated pro-allergic environmental factors and thus represent a common determinant of environment-driven allergic asthma in mice. Hence, we employed two additional models of HDM-induced allergic asthma triggered either by an influenza virus infection or by a pulmonary ozone exposure. Similar to the LPS model, we detected the presence of NET-releasing CXCR4hi neutrophils that were programmed locally in the lungs. The precise identification of the shared pathways and micro-environmental signals shaping lung CXCR4hi neutrophils in the three distinct models is likely to be context-specific and will require further investigations.
	In 2004, Brinkmann and colleagues have discovered the ability of neutrophils to NETs, a finding that has arguably contributed to the renewed interest in neutrophils. In our models, we showed that NETs were released upon exposure to three distinct pro-allergic conditions, and we used three different pharmacological approaches to assess their functional importance in the initiation of allergic airway inflammation. While such pharmacological approaches circumvent the risk of genetic compensation in genetically modified animals39, they also have limitations. First, none of these approaches are fully specific for NETs36. The case of Cl-amidine, which inhibits the activity of the enzyme PAD4, implicated in chromatin reorganization, is worth discussion. Indeed, PAD4 is expressed in many cell types, and the effects of Cl-amidine treatment may be linked to a decreased activity or immunogenicity of citrullinated histone proteins rather than NET impairment19. In addition, PAD4-independent NET formation has been reported48. Second, the biological activity of the inhibitors may not be optimal in the tissue and could be influenced by factors that are inherent to the experimental models used, which might account for the differential effects observed on type 2 cytokine production by LN cells. Nevertheless, each of the three treatments, which are thought to affect NETs by distinct mechanisms, impaired NETs in our models and gave rise to the same global outcome on the subsequent development of HDM-induced allergic airway inflammation, supporting the conclusion that NETs were actually mediating the onset of allergic airway inflammation to HDM in the three independent models.
	Mechanistically, we observed that low-dose LPS exposure, influenza virus infection and pulmonary ozone exposure were each associated with an increased uptake of fluorescent-labelled HDM by CD11b+Ly-6C+ DCs, an important step in the initiation of HDM-specific type 2 responses30,31. We found that these potentiating effects on allergen uptake were significantly reduced in NET-targeted mice, supporting that NETs can directly or indirectly modulate this process. Our ex vivo co-culture experiments between lung CXCR4hi neutrophils and BMDCs further supported that NETs derived from CXCR4hi neutrophils could directly promote HDM uptake by CD11b+Ly-6C+ DCs without substantial effect on the expression of CD86, a pro-TH2 co-stimulatory molecule33,34. Of note, NETs have been shown to bias the T cell proliferative ability of human monocyte-derived DCs towards a Th2 phenotype40. While the precise mechanisms involved remain to be determined, our results are in accordance with our previous work supporting that extracellular host DNA, the main NET component, is a potent signal promoting DC activation and type 2 immune responses20,41. 
Whether CXCR4hi neutrophils and NETs can trigger type 2 sensitization against HDM or other type 2-inducing stimuli (e.g., fungal and plant proteases, pollen or food allergens, venoms, helminths) in BALB/c mice, or mice from a different genetic background, or exposed to additional pro-allergic factors (e.g. other respiratory viruses, exhaust particles, cigarette smoke) represent interesting open questions for future research that will undoubtedly contribute to a better appreciation of the role of neutrophils to allergic and protective type 2 immune responses17.
	In humans, neutrophils are important immune-modulating cells in the effector phase of severe asthma, characterized by neutrophilic inflammation, high IL-17 levels and resistance to corticosteroids16–19. Whether particular NET-releasing neutrophils contribute to the initiation (i.e., sensitization phase) of type 2 allergic asthma remains unknown, but several pieces of evidence support this possibility. First, a prospective study including 313 Danish children investigated the association between respiratory infection episodes in early life and later asthma and found that the number of respiratory infections in early life, but not the particular viral trigger, was associated with asthma development42. This observation led the authors postulate that a host-derived factor, which, according to our study, may be related to neutrophils and NETs, might underlie the increased allergic susceptibility42. Supporting this, we have previously reported a significant correlation between the airway release of NET compounds upon rhinovirus infection and the exacerbation of type 2 allergic inflammation in humans20. Second, a recent study has shown that blood neutrophils from Hutterite children, who are raised in an environment poor in LPS and are prone to develop allergies, exhibited higher levels of CXCR4 on their surface as compared to those from Amish children, who live in LPS-rich homes and are less susceptible to allergies37. While the phenotype and the functionality of lung or airway neutrophils have not been assessed in this report, it is tempting to speculate that, in humans, environmental risk factors may promote allergic airway sensitization by inducing NET-prone CXCR4hi neutrophils, which increase host susceptibility to mount type 2 allergic responses towards inhaled aeroallergens.
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Figure legends

Figure 1. Low-dose LPS exposure potentiates HDM-induced type 2 allergic asthma. a, Experimental outline. b, Dynamic airway resistance upon methacholine inhalation. c, BALF eosinophilia. d-e, Cytokine production by bronchial LN (BLN) cells restimulated ex vivo with HDM. f-g, Perivascular and peribronchial inflammation. f, Inflammatory score quantified from H&E-stained lung sections. g, Representative H&E staining of lung sections. h-i, Mucus production in the airways. h, Quantification of PAS-stained cells per bronchi. i, Representative PAS staining of lung sections. (b-e,g,i) Data show mean + SEM and are pooled from (b) 2 independent experiments, (c-f,h) ≥3 independent experiments, each symbol representing (c,f,h) individual mice (n=12/group) or (d,e) the mean of one experiment in which cells from 3-5 mice were pooled by group. P values were calculated using (b) a mixed effects model with Geisser greenhouse correction or (c-f,h) a one-way ANOVA with Tukey's post hoc test. *P<0.05; **P<0.01; ***P<0.001. AHR, airway hyperreactivity; BALF, bronchoalveolar lavage fluid; i.n., intranasal. Scale bar = 32 µm. 


Figure 2. Single cell RNA-sequencing analysis of the lung neutrophil compartment upon pro-allergic low-dose or protective high-dose LPS exposure. a, Experimental outline. Additional details can be found in the Online Methods. b-c, tSNE plots depicting the neutrophils analyzed by scRNA-seq. Neutrophils from (b) the three merged and (c) each experimental condition(s) are depicted. d, Pie charts depicting the average percentage of neutrophils among total lung cells and the relative contribution of each neutrophil cluster to the indicated groups. e, Absolute numbers of lung neutrophil clusters. f, Volcano plot depicting the differentially expressed genes between LPShigh-induced (Clusters 2,3,5) and LPSlow-induced (Cluster 1) neutrophils. Genes characteristic of the LPSlow- and LPShigh-specific signatures are colored in red and blue, respectively, while dots in black are part of the common LPS-induced transcriptomic signature. g, PANTHER GO statistical enrichment tests on the genes of the LPShigh (left) and LPSlow (right) signature. Number of genes (histograms) and -log P value (grey squares) of the enriched biological processes are plotted. h-i, Dot plots showing average expression of the indicated genes and percentage of cells expressing the indicated genes within neutrophil clusters. Examples of genes of the (h) LPShigh and (i) LPSlow signatures involved in the biological responses shown in g are depicted. Data in (e) show mean + SEM (n=5 mice/group). P values were calculated using a two-way ANOVA with Tukey's post hoc test. The symbol ° within a given cluster in (e) indicates that neutrophil numbers in that cluster are significantly different from the ones of the same cluster in the two other experimental conditions. °°°P<0.001. i.n., intranasal. 


Figure 3. Exposure to pro-allergic low-dose LPS instructs recruited lung neutrophils to upregulate CXCR4, CD49d and Lamp-1 expression and release NETs. a, Experimental outline for panels b-f,i-m. b-c, Lung neutrophil phenotyping 24 hours after LPS. b, Representative flow cytometry histograms of CXCR4, CD49d and Lamp-1 expression by CD11b+Ly-6G+ lung neutrophils. c, Bar graphs showing quantification of expression of the indicated markers. d-f, Kinetic analysis of (d) lung, (e) blood and (f) bone marrow neutrophil CXCR4 expression after LPS exposure. g-h, FACS-sorted CXCR4loCD49dlo and CXCR4hiCD49dhi neutrophils isolated from vehicle, LPSlow- and LPShigh-treated mice were analyzed. g, Representative photographs of the indicated populations. h, High-resolution confocal microscopy pictures of ex vivo-cultured neutrophils (Cit-H3 [red]; MPO [green]; DAPI [blue]). NETs are identified as extracellular areas staining triple positive for DAPI, Cit-H3 and MPO. Pictures are representative of one of 3 independent sorting experiments, each of them giving similar results. i-n, NET detection in the lungs. i, Levels of extracellular dsDNA in the BALF. j-k, Levels of Cit-H3 assessed by Western blot of lung protein extracts. j, Representative blots. HSP90 was used as a loading control. k, Bar graph showing quantification of normalized Cit-H3 levels. l, Relative levels of NE/DNA complexes in the BALF assessed by ELISA. m, High-resolution confocal microscopy of lung sections from the indicated groups of mice (Cit-H3 [red]; MPO [green]; DAPI [blue]). NETs are identified as extracellular areas staining double positive for Cit-H3 and MPO. Pictures are representative of one of >6 lungs analyzed, each of them giving similar results. n, Three-dimensional modeling of NETs on lung sections from the indicated groups of mice. (m,n) Pictures are representative of one of >6 lungs analyzed, each of them giving similar results. Data show mean + SEM and (c, i, k, l) are pooled from 3 independent experiments, each symbol representing individual mice (n=6-9/group), or (d-f) are pooled from 2 independent experiments per time point analyzed (n=5-6/group). P values were calculated using a one-way ANOVA with Tukey's post hoc test. *P<0.05; **P<0.01; ***P<0.001. BALF, bronchoalveolar lavage fluid; i.n., intranasal; OD, optical density; ns, not significant. Scale bar = 10 µm.


Figure 4. LPSlow-induced CXCR4hi neutrophils are necessary and sufficient to mediate susceptibility to allergic airway inflammation to HDM. a, Experimental outline for panels b-j. b-c, Oral gavage with the CXCR2 antagonist prevents LPSlow-triggered lung neutrophil recruitment. b, Representative dot plots of Ly-6G+CD11b+ lung neutrophils. Insets indicate % of cells within the gate. c, Lung neutrophil numbers 24 hours after LPS . d-j, Assessment of HDM-induced allergic airway inflammation. d, BALF eosinophilia. e-f, Cytokine production by HDM-restimulated bronchial LN (BLN) cells. g-h, Perivascular and peribronchial inflammation. g, Inflammatory score quantified from H&E-stained lung sections. h, Representative H&E staining of lung sections. i-j, Mucus production in the airways. i, Quantification of PAS-stained cells per bronchi. j, Representative PAS staining of lung sections. k, Experimental outline for panels l-r. l, BALF eosinophilia. m-n, Cytokine production by HDM-restimulated BLN cells. o-p, Perivascular and peribronchial inflammation, as in g-h. q-r, Mucus production in the airways, as in i-j. (c-g,i,l-o,q) Data show mean + SEM and are pooled from (c-g,i) 2 independent experiments, each symbol representing individual mice (n=6/group) or (l-o,q) ≥3 independent experiments, each symbol representing (l,o,q) individual mice (n=9/group) or (m,n) the mean of one experiment in which cells from 2-3 mice were pooled by group. P values were calculated using using a (c,l-o,q) one-way ANOVA with Tukey's post hoc test, (d) a two-tailed unpaired Student's t test or (e-g,i) a Mann-Whitney test. *P<0.05; **P<0.01; ***P<0.001. ns, not significant. BALF, bronchoalveolar lavage fluid. i.n., intranasal; i.t., intra-tracheal. Scale bar = 32 µm.

Figure 5. NETs mediate low-dose-LPS-triggered type 2 allergic airway inflammation to HDM. a, Experimental outline. Also see Methods for additional details. b, Three-dimensional modeling of NETs (i.e., extracellular areas staining double positive for Cit-H3 and MPO) on lung sections from the indicated groups of mice. Pictures are representative of one of 6 lungs analyzed, each of them giving similar results and whose quantification is shown in c. c, Quantification of NET volume. d, BALF eosinophilia. e-f, Cytokine production by bronchial LN cells restimulated ex vivo with HDM. g-h, Perivascular and peribronchial inflammation. g, Inflammatory score quantified from H&E-stained lung sections. h, Representative H&E staining of lung sections. i-j, Mucus production in the airways. i, Quantification of PAS-stained cells per bronchi. j, Representative PAS staining of lung sections. (c) Data show mean + SEM as well as individual mice (n=6/group). (d-j) Data show mean + SEM and are pooled from 3-4 independent experiments, (d,g,i) each symbol representing individual mice (n=9-12/group) or (e,f) the mean of one experiment in which cells from 3-5 mice were pooled by group. P values were calculated using a one-way ANOVA with Tukey's post hoc test. *P<0.05; **P<0.01; ***P<0.001. BALF, bronchoalveolar lavage fluid; i.n., intranasal; ns, not significant. Scale bars = (b) 10 µm; (h,j) 32 µm.

Figure 6. NETs released by LPSlow-induced neutrophils directly promote HDM uptake by CD11b+Ly-6C+ dendritic cells. a, Experimental outline for panels b-d. b, Representative gating strategy from a LPSlow- and HDM-exposed mouse is shown. DCs were defined as CD45+CD3e-CD19-NK1.1-SiglecF-MHC-II+CD11c+ cells. DCs were further divided into CD11b-CD103+ DCs (type 1 conventional DCs or 'cDC1'), CD11b+Ly-6C- DCs (type 2 conventional DCs or 'cDC2'), and CD11b+Ly-6C+ DCs (monocyte-derived DCs or 'mo-DCs'). c, Numbers of HDM+ lung DC subsets 24 hours after i.n. instillation of AF647-HDM in LPS-exposed and control mice. d, Representative dot plots of HDM+CD11b+Ly-6C+ DCs. Insets indicate % of cells within the gate. e, Experimental outline for panel f. f, Numbers of lung HDM+ CD11b+ Ly-6C+ DCs 24 hours after i.n. instillation of AF647-HDM in the indicated groups of mice. g, Experimental outline for panels h-k. h, Gating strategy of BMDCs. DCs were defined as MHC-II+CD11c+ cells and further divided into CD11b+Ly-6C- and CD11b+Ly-6C+ DCs. i-j, HDM uptake by DC subsets assessed by (left panel) the MFI of AF-647 HDM or (right panel) the % of HDM+ cells among the indicated DC subsets. k, CD86 expression among DC subsets. Data show mean + SEM and are pooled from ≥3 independent experiments, each symbol representing (c,f) the mean of one experiment in which cells from 3-5 mice were pooled by group or (i-k) the mean of independent co-culture experiments. P values were calculated using (b) a two-way or (f,i-k) a one-way ANOVA with Tukey's post hoc test. *P<0.05; **P<0.01; ***P<0.001. BMDCs, bone marrow-derived dendritic cells; i.n., intranasal; MFI, mean fluorescence intensity; ns, not significant.

Figure 7. Additional pro-allergic factors instruct recruited lung CXCR4hi neutrophils to release NET. a, Experimental outline for panels c,e,g-i. b, Experimental outline for panels d,f,j-l. c-d, Lung neutrophil phenotyping after (c) influenza virus (PR8) infection or (d) ozone exposure. (Top) Representative flow cytometry histograms of CXCR4, Lamp-1 and CD49d expression by CD11b+Ly-6G+ lung neutrophils and (bottom) bar graphs showing quantification of expression of the indicated markers are depicted. e-f, Kinetic analysis of CXCR4 expression on lung, blood and bone marrow neutrophil after (e) PR8 infection or (f) ozone exposure. g-l, NETs detection after (g-i) PR8 infection or (j-l) ozone exposure. g,j, Levels of extracellular dsDNA in the BALF. h,k, Relative levels of NE/DNA complexes in the BALF assessed by ELISA. i,l, High-resolution confocal microscopy of lung sections from the indicated groups of mice (Cit-H3 [red]; MPO [green]; DAPI [blue]). NETs are identified as extracellular areas stained double positive for Cit-H3 and MPO. Pictures are representative of one of >5 lungs analyzed, each of them giving similar results. Data show mean + SEM, as well as individual mice in (c-d,g-h,j-k), and are pooled from 2-3 independent experiments (n=5-8/group). P values were calculated using (c-d,g-h,j-k) an unpaired two-tailed Student's t test or (e,f) a one-way ANOVA. **P<0.01; ***P<0.001. BALF, bronchoalveolar lavage fluid; i.n., intranasal; ns, not significant; OD, optical density; PFU, plaque forming unit. Scale bars = 50 µm. 

Figure 8. NETs mediate influenza virus- and ozone-potentiated HDM-induced allergic airway inflammation. a, Experimental outline for panels b-g. Also see Methods for additional details. b, BALF eosinophilia. c, Serum levels of HDM-specific IgG1. d-e, Cytokine production by bronchial LN (BLN) cells restimulated ex vivo with HDM. f-g, Mucus production in the airways. f, Quantification of PAS-stained cells per bronchi. g, Representative PAS staining of lung sections. h, Assessment of lung HDM+CD11b+Ly-6C+ DCs 8 days after PR8 infection and 24 hours after i.n. instillation of AF647-HDM in the indicated groups of mice. i, Experimental outline for panels j-o. Also see Methods for additional details. j, BALF eosinophilia. k, Serum levels of HDM-specific IgG1. l-m, Cytokine production by BLN cells restimulated ex vivo with HDM. n-o, Mucus production in the airways, as in f-g. p, Assessment of lung HDM+CD11b+Ly-6C+ DCs 2 days after the last ozone exposure and 24 hours after i.n. instillation of AF647-HDM in the indicated groups of mice. Data show mean + SEM and are pooled from 2-3 independent experiments, (b,c,f,j,k,n) each symbol representing individual mice (n=6-9/group) or (d,e,h,l,m,p) the mean of one assay in which cells from 3-5 mice were pooled by group. P values were calculated using a one-way ANOVA with Tukey's post hoc test. *P<0.05; **P<0.01; ***P<0.001. BALF, bronchoalveolar lavage fluid; a.u., arbitrary unit; ns, not significant; PFU, plaque forming unit. Scale bar = 32 µm.
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