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Abstract
Rationale: Mast cells (MCs) play a role in inflammation and both innate and adaptive immunity, but their involvement in severe asthma (SA) remains undefined.
Objectives: We investigated the phenotypic characteristics of the U-BIOPRED (Unbiased Biomarkers for the Prediction of Respiratory Diseases Outcomes) asthma cohort by applying published MC activation signatures to the sputum cell transcriptome.
Methods: Eighty-four participants with SA, 20 with mild/moderate asthma (MMA), and 16 healthy participants without asthma were studied. We calculated enrichment scores (ESs) for nine MC activation signatures by asthma severity, sputum granulocyte status, and three previously defined sputum molecular phenotypes or transcriptome-associated clusters (TACs) 1, 2, and 3 using gene set variation analysis.
Measurements and Main Results: MC signatures except unstimulated, repeated FceR1-stimulated and IFN-g–stimulated signatures were enriched in SA. A FceR1-IgE–stimulated and a single-cell signature from asthmatic bronchial biopsies were highly enriched in eosinophilic asthma and in the TAC1 molecular phenotype. Subjects with a high ES for these signatures had elevated sputum amounts of similar genes and pathways. IL-33– and LPS-stimulated MC signatures had greater ES in neutrophilic and mixed granulocytic asthma and in the TAC2 molecular phenotype. These subjects exhibited neutrophil, NF-B (nuclear factor-B), and IL-1/TNF- (tumor necrosis factor-) pathway activation. The IFN-–stimulated signature had the greatest ES in TAC2 and TAC3 that was associated with responses to viral infection. Similar results were obtained in an independent ADEPT (Airway Disease Endotyping for Personalized Therapeutics) asthma cohort. 
Conclusions: Gene signatures of MC activation allow the detection of SA phenotypes and indicate that MCs can be induced to take on distinct transcriptional phenotypes associated with specific clinical phenotypes. IL-33–stimulated MC signature was associated with severe neutrophilic asthma, whereas IgE activated MC was associated with an eosinophilic phenotype.
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At a Glance Commentary
Scientific Knowledge on the Subject: Mast cells play a role in inflammation and both innate and adaptive immunity, but their involvement in severe asthma remains undefined.
What This Study Adds to the Field: Gene signatures of mast cell activation allow the detection of severe asthma phenotypes and indicate that mast cells can be induced to take on distinct transcriptional phenotypes associated with specific clinical phenotypes. The IL-33–stimulated mast cell signature was associated with severe neutrophilic asthma, whereas the IgE-activated mast cell signature was associated with an eosinophilic phenotype.




Patients with severe asthma (SA) are those who require treatment with high-dose inhaled corticosteroids plus a second controller to prevent it from becoming “uncontrolled” or those who remain uncontrolled despite this treatment (1, 2). The mast cell (MC) represents an important heterogeneous population identified by cell morphology, histochemical properties, protease content, piecemeal or anaphylactic types of degranulation, and surface receptor expression (3). The close vicinity of MCs to blood vessels and terminal nerve endings exposes them to antigens or incoming pathogens or locally released mediators. This results in MCs becoming involved in acquired allergic reactions and also acting as critical sentinel cells in innate immunity (4). Consequently, MCs may drive different pathophysiologic aspects of asthma according to their response to their immediate environment, leading to the induction of specific activation pathways (3, 5).
Information on the role of MCs in asthma is limited because of the difficulty in isolating sufficient numbers from tissues for ex vivo analysis. In bronchial biopsies, MCs in the airways of patients with SA detected by conventional anti-tryptase immunohistochemical staining are reduced compared with those in healthy control subjects (6), which means that the activation status of MCs is likely to be more important.
In SA, tryptase-positive submucosal MCs predominate in the airway submucosa and epithelium, and their increased activation has been deduced by increased amounts of prostaglandin D2 (PGD2), a specific product of MCs (7). The availability of –omics platforms represents a powerful tool to analyze the potential role of MCs and has identified MC genes such as TPSB2 (tryptase b2) and CPA3 (carboxypeptidase A3) as being highly expressed in the sputum of SA patients with sputum eosinophilia (8). MC activation may result from exposure to allergen but also to bacterial or viral infections (9, 10).
MC mediators including tryptase, chymase, and CPA3 are elevated in BAL fluid in both severe atopic, T-helper cell type 2 (Th2)-high, and nonatopic Th2-low/neutrophilic asthma (11, 12). The expression of eight MC-related genes in sputum samples correlated with MC/basophil numbers in severe Th2-high asthma (13), but drivers of non-IgE MC activation remain unclear. We have previously reported molecular phenotypes or transcriptomic-associated clusters (TACs) that provide transcriptomic information regarding Th2-associated eosinophilic (TAC1), inflammasome associated neutrophilic (TAC2), and paucigranulocytic (TAC3) asthma (8).
We hypothesized that MC activation signatures will not only provide insight into determining asthma severity but also identify different asthma driver mechanisms because of their differential sensitivity to local inflammatory stimuli. We examined the contribution of distinct Th2 and non-Th2 MC activation pathways in determining the inflammatory phenotype of asthma. We used previously identified gene signatures of MCs activated not only by IgE interaction with its high-affinity IgE receptor, FceRI, but also by the alarmin IL-33, the TLR4 (Toll-like receptor 4)–activator LPS, and the innate and adaptive immune cytokine, IFN-, to examine MC activation status in the sputum cell transcriptome of the U-BIOPRED (Unbiased Biomarkers for the Prediction of Respiratory Diseases Outcomes) cohort (14).


Methods
Subjects
We analyzed sputum transcriptomic data from 104 participants with SA who were nonsmokers (Sans), who were smokers or ex-smokers (Sasms), or who had mild/moderate asthma (MMA) and from 16 healthy participants (HVs) from the European U-BIOPRED cohort (14) (Table E1 in the online supplement). Airflow limitation was defined as postbronchodilator FEV1,75% of predicted and an FEV1/FVC ratio,0.70 (15). TAC classification was defined previously (8). The study was approved by the local ethics committees, and participants gave written informed consent.

Sputum Collection and Microarray Transcriptomics
Sputum induction was performed and differential cell counts in sputum plugs were measured (16). Sputum supernatants were assayed for proteins, cytokines, and eicosanoids. Urine eicosanoid concentrations were also measured (17). Eleven sputum and urinary eicosanoids and 12 serum markers were measured because of biological interest and relevance to severe airway disease. Details of eicosanoid measurements are given in the Supplementary Methods.
Transcriptomic analysis was performed using Affymetrix U133 Plus 2.0 (Affymetrix) (8), and the expression matrix was derived using affy R package (18).The raw transcriptomics data have been used in previous publications (8, 19). Data were hosted on tranSMART, an open-source knowledge management platform (20). We defined neutrophilic asthma as>73.6% of neutrophils and eosinophilic asthma as >1.49% of eosinophils in sputum (19).

Gene Set Variation Analysis 
Gene set variation analysis (GSVA) allows identification of differences in the expression of predefined sets of genes between heterogeneous groups by calculating a sample-wise enrichment score (ES) ranging from +1 to -1 for each gene set for each subject (21). The nine gene set signatures were derived from in vitro studies of human MCs (Table E2). The first two gene sets represented baseline unactivated MCs and MCs activated by a single exposure to IgE receptor (FceRI) cross-linking for 2 hours (signatures 1 and 2) (22). Support-vector machine learning enhanced the specificity of signatures from unstimulated human cord blood–derived MCs or after FceRI activation (23) against 20 other immune cells (22), with MC genes enriched by overlap with MCs stimulated by adenosine A3 receptor and by T-cell contact (24). Signatures 3 and 4 were from cord blood progenitor–derived MCs sensitized with IgE for 24 hours and FceRI activated with anti-human IgE for 6 hours once or repeatedly over 2 weeks (25), and signature 5 was from human umbilical cord blood CD341 progenitor–derived MCs sensitized with IgE overnight and FceR activated with anti-human IgE for 2 hours (26). Signature 6 was from single-cell RNA sequencing of MCs from asthma bronchial biopsies (MCscbb) (27). Signature 7 was obtained from blood CD341 progenitor–derived MCs cultured with stem cell factor and IL-6 and exposed to IL-33 (28). Finally, adult blood progenitor–derivedMCs activated by LPS and IFN-g provided signatures 8 and 9, respectively (29).
To ensure the specificity of these various signatures, we removed overlapping genes across the MC, granulocyte (30, 31), and TAC signatures to ensure,10% gene overlap. The only exceptions were the overlap between the IgE-activated and MCscbb signatures (16.7%, 5 of 30 genes), the IL-33–stimulated and LPS- (18.6%, 16 of 86 genes) and IFN-–stimulated (12.8%, 11 of 86 genes) signatures, and the LPS- and IFN-–stimulated signatures (12.6%, 18 of 143 genes).

ADEPT Cohort
Results from U-BIOPRED cohort were validated using an external dataset from the Airway Disease Endotyping for Personalized Therapeutics (ADEPT) cohort of patients with mild asthma (n = 52),moderate asthma (n=55), and SA(n = 51) (32). 

Statistical Analysis
Analyses were performed primarily in R version 3.5.0 (33). Comparisons of clinical data were performed between “high”- and “low”-enriched groups of patients defined using ES cut offs of greater than or equal to 0 or less than 0, respectively. All categorical variables were analyzed using Fisher exact test. Student’s t test was used for continuous variables with normal distribution; otherwise, Wilcoxon rank sum test was used.
To correct for testing of multiple clinical variables between groups, P values were adjusted for by using an optimized version of the false discovery rate through the q value package (34). Pairwise Wilcoxon rank sum tests were used to analyze the ES differences between groups with Hommel multiple testing correction using the rstatix package (https://cran.r-project.org/web/packages/rstatix/index.html). Plots were generated in ggplot2 (35), and statistics were displayed using the ggpubr package (36).
We identified differentially expressed genes (DEGs) in sputum between high- and low-enriched groups using Limma (Ritchie ME Nucleic acid Res). Statistical significance was determined by log2 fold change greater than or equal to 1 or less than or equal to +1 and a Benjamini-Hochberg false discovery rate of less than or equal to 0.05. Pathway analysis was performed using STRING database (www.string-db.org) andEnrichr (https://maayanlab.cloud/Enrichr/) and visualized in Cytoscape (https://cytoscape.org).


Results
Expression of MC Signatures according to Severity
Only the 2-hour FcRI-activated MC (signature 2) and the MCscbb (signature 6) signatures were enriched in subjects with MMA compared with those in HVs (Figure 1). In contrast, all MC signatures were significantly enriched in subjects with SA compared with those with MMA and HVs except for the repeated unstimulated, the FcR1-stimulated, and the IFN–stimulated signatures (Figure 1). There was no significant difference between the ES of any MC signature between SAns and SAsms (Figure E1 in the online supplement).
All MC-activated signatures were enriched in SAns compared with those with MMA and/or HVs with the exception of the IFN–stimulated, the repeated FceR1-stimulated, and the unstimulated signatures. Furthermore, signature 2 (2-h FcRI activated), signature 3 (6-h single FcR1 activated), signature 5 (2-h FcR1 activated), and signature 8 (LPS stimulated)were enriched in SAsms compared with subjects with MMA and/or HVs (Figure E1).
All MC signatures were significantly enriched in subjects with asthma with airflow limitation compared with those without airflow limitation, with the exception of the unstimulated (signature 1), the repeated FcR1-stimulated (signature 4), and IFN–stimulated (signature 9) MC signatures (Figure E2). The unstimulated MC signature (signature 1) and the MCscbb signature (signature 6) ESs did not correlate with sputum MC numbers (r=0.028 and r=20.014, respectively) or percentages (r = 0.0102 and r=20.018, respectively) (Figure E3). Furthermore, these signatures are clearly detecting distinct entities, as they do not align with respect to asthma severity, sputum granulocyte status, or molecular phenotype enrichment.
Other recently published single-cell MC signatures (37, 38) did not correlate with sputum MC numbers, suggesting that the signatures represent distinct MC activation states (Figure E3). However, the Dwyer MC2 and MC4 single-cell signatures, but not the IL-4–stimulated MC signature, (37) gave a better correlation with airway smooth muscle–associated, but not epithelial- or submucosal-associated, MC numbers, but these did not reach significance (Figure E3).
The nine MC signatures all had weak correlations with tissue MCs. The murine single-cell MC signature from Hamey and coworkers (38) provided the only significant correlation with tissue MC numbers in airway smooth muscles (r = 0.5988; P = 0.005). This signature has a 45% overlap with the human single-cell MC signatures, suggesting that the non-overlap genes may drive this correlation.

MC Signatures according to Sputum Granulocytic Inflammation
MC signatures were enriched in subjects with eosinophilic, neutrophilic, and mixed granulocytic asthma (Figures 2A–2E). In particular, the acute 2-hour FcRI-activated (signature 2) (Figure 2B) and the single 6-hour FcR1-activated (signature 3) (Figure 2C) MC signatures were enriched in the groups with eosinophil and mixed granulocytic asthma compared with those in subjects with paucigranulocytic asthma, whereas the MCscbb signature was enriched in the eosinophil and mixed groups compared with that in HVs (Figure 2F). As expected, the LPS-stimulated MC signature was highly significantly enriched in the subjects with neutrophilic and mixed granulocytic asthma compared with that of both HVs and subjects with paucigranulocytic asthma (Figure 2H), and a similar enrichment in groups with neutrophilic and mixed asthma was observed with the repeated FcR1, single FcR1-activated (2-hour) (signature 5), and IL-33–stimulated MC signatures (Figures 2D, 2E, and 2G). Both the IL-33– and LPS-stimulated signatures were also enriched in subjects with eosinophilic asthma compared with those in HVs. Unstimulated and IFN-–stimulated signatures were not enriched in any group.

MC Signature Enrichment in the ADEPT Cohort
We showed similar trends regarding the enrichment of specific MC signatures in this cohort. The 2-hour FcRI-activated signature (signature 2) was enriched in patients with eosinophilic asthma compared with that in HVs and patients with paucigranulocytic asthma (Figure E4B). The MCscbb signature was highest in the patients with eosinophilic asthma and showed a significant reduction in patients with neutrophilic asthma (Figure E4F).
However, no enrichment was seen with the single FceR1-activated (6-h) stimulated signature (signature 3) or with the unstimulated or IFN-–stimulated signatures (Figures E4A, E4C, and E4I). In contrast, the signatures for repeated FceR1 stimulation (signature 4), single FceR1-activated (2-h signature 5), and IL-33– (signature 7) and LPS-stimulated (signature 8) signatures all showed enrichment in the subjects with neutrophilic and mixed granulocytic asthma but did not reach significance except for the repeated FcR1-stimulated signature (Figure E4).

Expression of MC Signatures according to TACs
As described above, TACs are sputum transcriptomic phenotypes that are associated with Th2-associated eosinophilic (TAC1), inflammasome-associated neutrophilic (TAC2), and paucigranulocytic (TAC3) asthma. The unstimulated MC signature (signature 1) was not enriched in any TAC group (Figure 3A).We discerned greater differences among the TACs, with a general enrichment of FcRI-activated MCs and MCscbb in TAC1 (Figures 3B, 3C, and 3F). In contrast, TAC2 participants had a greater enrichment for MCs stimulated by repeated FcR1 challenge or overnight IgE sensitization/2-hour FcRI activation (signatures 4 and 5) (Figures 3D and 3E), IL-33 (signature 7), and LPS (signature 8) (Figures 3G and 3H) compared with TAC1 and TAC3 subjects. The IFN-–stimulated MC signature had the greatest ES in TAC2 and TAC3 compared with TAC1 (Figure 3I).

Characteristics of IgE-activated MC Signature High/Low
We first examined the clinical characteristics between participants with asthma with a high versus low expression of IgE-activated MCs (Table 1). The participants with asthma enriched for the FcRI-activated MC signature (signature 2) had lower lung function (FEV1% predicted and FEV1/FVC, higher sputum and blood eosinophils, and higher amounts of serum periostin and IL-13) (Table 1). Sputum eicosanoid amounts of 15-hydroxyeicosatetraenoic acid (15-HETE), leukotriene E4 (LTE4), and PGD2 were also elevated in the subjects highly enriched for this 2-hour FcRI-activated MC signature (Table 1).
These clinical differences were associated with the 35 upregulated DEGS in sputum (Table E3) that were enriched for pathways such as cytokine–cytokine receptor interaction, viral protein interaction with cytokine and cytokine receptor, selective expression of chemokine receptors during T-cell polarization, purinergic signaling, and inflammation mediated by chemokine and cytokine signaling pathway. Significant gene ontologies included regulation of immune system process, response to stimulus, cellular response to stimulus, and regulation of T-cell activation and signaling (Figure 4A and Table E4).

Other MC High/Low Signature Enrichment Associated with Eosinophilic Asthma
The patients with asthma highly enriched compared with those lowly enriched for the single FcRI-activation (6-h) MC signature (signature 3) had similar clinical features to those highly enriched for 2-hour FcRI activated MCs (signature 2) (Table E7). In particular, these patients had a lower lung function, higher sputum and blood eosinophil counts, and higher amounts of sputum LTE4. The 12 upregulated sputum DEGs that differentiated high- versus low enriched patients for the single FcRI-IgE receptor–stimulated (6-h) MC signature (signature 3) (Figure E5A) were mostly a subset of those within the 2-hour FcRI stimulated DEGs (signature 2) (Table E3).
These DEGs are associated with type 2 (T2) inflammatory pathways including MC activation without degranulation and eosinophil survival by cytokine signalling together with gene ontologies linked to endopeptidase activity and receptor signalling via JAK/STAT (Janus kinase/signal transducers and activators of transcription) (Figure E5A).
Signature 6 (MCscbb) was also enriched in eosinophilic asthma and had greater amounts of sputum eosinophils, reduced expression of sputum lymphocytes, increased serum periostin, and elevated amounts of sputum 15-HETE and LTE4 (Table E8). 
The nine significantly upregulated sputum DEGs that differentiated high- and low-enriched patients for signature 6 (MCscbb) (Figure E5B) were a subset of those seen with 2-hour FcRI-activated MCs (signature 2) and represented pathways including metabolism of -linolenic acid, eicosanoid synthesis, eicosanoid metabolism via lipoxygenases, synthesis of leukotrienes and eoxins, and IL-5 regulation of apoptosis. Gene ontologies were highly enriched for regulation of activated T-cell proliferation, regulation of signal transduction, and negative regulation of adaptive immune response (Figure E5B).

Characteristics of IL-33–activated MC Signature High/Low
The IL-33–stimulated MC signature was associated with neutrophilic asthma rather than eosinophilic asthma. The subjects with a high IL-33MC signature ES, compared with the subjects with a low IL-33 MC signature ES, had lower lung function, higher sputum neutrophils, lower sputum macrophages, and elevated amounts of serumCRP (C-reactive protein) andMCP4 (monocyte chemoattractant protein-4) (Table 2). These differences were associated with 110 upregulated DEGs in sputum (Table E7) which were enriched for pathways such as NF-B (nuclear factor-B) signalling pathway, cytokine–cytokine receptor interaction, TNF (tumor necrosis factor) signaling pathway, glucocorticoid receptor pathway, IL-1 signaling, and cytokine signaling in immune system(Table E8). Significant gene ontologies include neutrophil degranulation and activation, response to LPS, and responses to bacteria (Figure 4B and Table E8). 

Other MC High/Low Signature Enrichment Associated with Neutrophilic Asthma 
Four signatures in addition to that for IL-33–stimulated MCs were also enriched in neutrophilic asthma (Figure 2). The subjects with high versus low ES for the repeated FceRI-stimulated (signature 4) only showed elevated sputum neutrophils (Table E9).
There were 76 upregulated sputum DEGs that distinguished these subjects with high versus low enrichment, associated with gene ontologies including IL-8 signaling, TNF- regulation, and IFN production (Figure E6A). Similarly, the patients with asthma who had high ESs for FcRI stimulated (overnight IgE sensitization, 2-h FcRI activation)MCs (signature 5) had sputum neutrophilia and reduced sputum macrophages (Table E10). There were 63 upregulated sputum DEGs associated with IL-1 activation together with pathways indicating immune and T-cell activation and cytokine release and regulation of the T2 immune response (Figure E6B).
The patients with asthma who were highly enriched compared with those lowly enriched for the LPS-stimulated MC signature (signature 8) had lower lung function and higher sputum neutrophils but lower amounts of sputum lymphocytes and macrophages (Table E11), with higher amounts of serum CRP and sputum11-dehydro-thromboxane B2 (11-dehydro-TXB2).
There were 122 upregulated sputum DEGs that differentiated patients who were highly versus lowly enriched for LPS-stimulated MCs signature, and these reflected pathways associated with LPS responses, TLR signaling, Th1 cytokine production, and neutrophil function, as well as IL-1b, IL-6, IL-18, and TNF- expression (Figure E6C).
The IFN-stimulated MC signature (signature 9) was also enriched in subjects with neutrophilic asthma in the most enriched compared with the less enriched subjects, as the LPS-stimulated MCs had elevated amounts of sputum neutrophils, reduced amounts of sputum macrophages, and enhanced amounts of sputum11-dehydro-TXB2 (Table E12). There were 55 upregulated sputum DEGs that differentiated patients with high versus low enrichment for IFN-stimulated MC signature. These reflected pathways associated with expected IFN responses, including regulation of RNase activity, cellular responses to IFN-, type 1 IFN signaling, viral response, response to IFN-, and response to LPS (Figure E6D).

Association of MC Signatures with Sputum and Blood Granulocytes 
To address the question as to whether these MC signatures merely detect eosinophils or neutrophils, we compared the gene overlap between the nine MC signatures and published peripheral blood eosinophil (30) and neutrophil signatures (31) and correlated these MC and granulocyte signatures with sputum eosinophil and neutrophil cell counts. There was no significant gene overlap between any of the MC signatures with neutrophil and eosinophil signatures (all gene overlaps ranged from 0 to <5%) (Table E13).
Although there was no overlap between the MC signatures and transcriptomic signatures from purified neutrophils or eosinophils, there is a correlation between MC signatures and the proportion of eosinophils (signatures 2, 3, and 6) or neutrophils (signatures 4, 5, 7, and 8) in sputum but not in blood (Table E14). We also show that the MC activation status identified using MC gene signatures does not correlate with sputum MC counts (Table E14).



Discussion
MCs are one of the most transcriptionally variable cell types of the immune system, being responsive to environmental factors such as IgE, IL-33, LPS, and IFN- within their vicinity (39).We showed differential patterns of distribution and amounts of enrichment of nine different MC signatures in relation to asthma severity, granulocytic inflammation, and molecular phenotype. All the MC signatures except for unstimulated (signature 1), repeated FcR1-stimulated (signature 4), and IFN-stimulated (signature 9) had higher ESs in groups with SA compared with those with MMA or healthy subjects. Smoking had no significant impact on the ES for SA. Only the 2-hour FcRI activated (signature 2) and the MCscbb (signature 6) signatures were enriched in patients with MMA compared with healthy subjects. Greater segregation was observed when analyzed according to sputum granulocyte status and TAC molecular phenotype. Single FcR1-IgE receptor–stimulated (signatures 2 and 3) and MCscbb signatures were enriched in eosinophilic and mixed granulocytic asthma and the TAC1 molecular phenotype. In contrast, there was higher enrichment of IL-33–stimulated (signature 7), LPS-stimulated (signature 8), repeated FcR1-stimulated, and FcRI-activated (signature 5) signatures in neutrophilic and mixed granulocytic asthma, and together with the IFN–stimulated signature, these are enriched in the TAC2 phenotype (8). These findings were validated in the ADEPT cohort of patients with moderate asthma to SA.
A refined 11-gene single-cell MC signature acts as a surrogate for MC numbers in asthmatic bronchial biopsies (40). We were unable to correlate either the unstimulated (signature 1) or the single-cell (MCscbb) signature ES with sputum MC numbers or percentages. This may reflect the fact that sputum MCs represent many different states of activation compared with those in sputum, which have trafficked through the airway and may sense distinct environments compared with that in the bronchial biopsies. TheMCscbb signature is derived from patients who have allergies and asthma (27), which may explain why this signature is expressed preferentially in those with severe eosinophilic or TAC1 asthma. Whether single-cell signatures from other asthma subtypes will reflect different patient characteristics will need to be confirmed in future studies.
This concept is further supported by the indication that neutrophils or eosinophils purified from blood may have a transcriptome that is quite different from their counterparts in sputum as previously suggested (41, 42). These blood cell–derived granulocyte signatures have only a weak correlation with blood cell counts, again suggesting that the local environment is distinct from that “seen” by the isolated cells.
This suggests that single-cell RNA sequencing analysis should be used to determine MC and granulocyte signatures from the sputum and blood of healthy subjects to enable a better comparison with sputum and blood signatures in subjects with asthma. Although the current analysis associates some MC signatures with MC counts, use of single-cell RNA-sequencing signatures would also enable confirmation as to whether the signatures we have used represent distinct MC states that reflect the local environment or whether they are derived not from MCs themselves but from co-isolated cell types.
The three MC signatures enriched in severe eosinophilic asthma (2-h FcRI activated [signature 2], 6-h FcR1-activated [signature 3], and MCscbb) were associated with similar, but not identical, clinical characteristics associated with eosinophilic asthma, including low lung function, sputum and blood eosinophilia, and the presence of sputumand blood. For example, the 2-hour FcRI-activated signature (signature 2) was linked with enhanced serum amounts of periostin and IL-13 and with increased sputum15-HETE, PGD2, and LTE4.
Urinary LTE4 and PGD2metabolites, biomarkers of T2 asthma (17), were also elevated. These patients also required increased oral corticosteroid use in agreement with these signatures being enriched in TAC1 phenotype characterized by eosinophilic inflammation with airflow obstruction and high usage of oral corticosteroid se (8). The similarity in the clinical features associated with these three signatures was reflected in the sputum DEGs and activated pathways detected. The DEGs for the latter two signatures were subsets of those seen in the patients enriched for the 2-hour FceRI-activated MC signature (signature 2) and contained genes linked to MCs (CPA3, TPSB2, and PRSS33 [serine protease 33]) and others linked to eosinophilia (CLC [Charcot-Leyden crystal] and IL1RL1 [IL-1 receptor like 1]), whereas eosinophils are likely to be the source of LTE4 and 15-HETE.
Subjects with asthma enriched for the MC signatures 2 and 5 (26) also exhibited a degree of enrichment for sputum neutrophilic inflammation and a trend toward higher serum amounts of CRP. The presence of both eosinophilic and neutrophilic inflammation in these subjects with asthma reflects cross-talk between MCs and eosinophils with concomitant release of neutrophil chemoattractants such as IL-6 and CXCL8 (C-X-C motif chemokine ligand 8), under the control of MAPK (mitogen activated protein kinase) and NF-B signaling pathways (43, 44). The specific stimulus and its duration appear to affect this cross-talk, and future studies should investigate this further.
Apart from FcRI receptors through which IgE binds, MCs express other receptors that allow them to respond to other stimuli, such as IL-33, LPS, and IFN-, enabling the induction of an MC-driven innate immune response to external infections, including bacteria, viruses, and fungi (9, 45). The alarmin IL-33 is the ligand of the ST2 receptor complex expressed on MCs (46). It is released by epithelial cells exposed to fungi (47) and necrotic cells (48) and induces the production of proinflammatory mediators such as IL-1, TNF, and PGD2 (49), together with MC degranulation (50).
The highest enrichment of the IL-33–MC signature was associated with higher blood and sputum neutrophil counts, sputum11-dehydro-TXB2 and PGE2, and serumCRP amounts. Elevated sputum11-dehydro-TXB2 amounts are associated with neutrophilic patients with asthma (51), and sputumPGE2 amounts have been correlated with sputum neutrophilia (52). This is compatible with the network analysis of the DEGs between the high and low groups showing IL-1, TNF, and NF-B signalling and, importantly, with neutrophil degranulation and activation. Thus, we did not observe the exacerbation of allergen driven Th2 inflammation that occurs in asthma with IL-33–mediated MC activation, as previously reported (53). IL-33 activation of a non-eosinophilic response corresponds with the recent clinical trial results with the anti-ST2 antibody Astegolimab, which showed a reduction in exacerbation rates in T2-low patients with low blood eosinophil counts (54).
Analysis of LPS- and IFN-–stimulated MC signatures enabled us to investigate MC activation in response to potential bacterial and viral infections (9, 55). We found high enrichment of the LPS-activated MC signature in subjects with SA compared with that in healthy volunteers. High expressors were characterized by a greater neutrophilic inflammatory response with high serum CRP and sputum 11-dehydro-TXB2 and greater airflow obstruction and reduced lung function. DEGs in these highly enriched patients indicate enhanced expression of LPS response, TLR signaling, and neutrophil activation pathways. This indicates changes that would occur with activation of the TLR4 receptor in the presence of a gram-negative bacterial infection potentially in response to bacterial dysbiosis (56). There was no difference, however, in the expression of the MC-activated IFN- signature across asthma severity with enrichment in TAC2 and TAC3 compared with TAC1 patients. The group expressing a high IFN- signature had evidence of high sputum 11-dehydro-TBX2 amounts and IFN and antiviral responses validating the enrichment, although no measures of viral infection were recorded in these patients. The observations related to LPS agree with previous findings that LPS enhances the production of type 1–associated cytokines such as IL-6 and TNF with IgE sensitization of MCs (57, 58). LPS and IFN- may inhibit the baseline state of T2 activation induced by MCs in subjects with SA by mechanisms involving the inhibitory effect of type 1 cytokines on T2 inflammation.
Although GSVA is a powerful approach to examine cell activation states according to overall gene expression enrichment and provides useful insights into the role of MCs in SA, these findings need to be confirmed in additional cohorts, and ideally, protein signatures need to be examined. Our data also emphasize the importance of using optimized GSVA signatures with minimal overlap with those representing other cell types or activation states. This will necessitate single-cell analysis of MCs, together with wet laboratory experiments of MCs isolated from the airways/lungs of patients with SA compared with patients with MMA and healthy volunteers. In addition, although we have used a variety of MC stimulators, there are other activators of MCs not covered in this analysis that are likely playing a role in SA. The activation of MCs during exacerbations after viral or bacterial infections and the effect on cross-talk between TLRs, FceR1, IFN- receptor, and ST2 receptors should be examined. This approach should also be undertaken in other obstructive lung diseases such as chronic obstructive pulmonary disease to elucidate the role of differentially activated MCs.
In summary, we show that the detection of MCs by transcriptomic analysis has a greater power to detect relevant subsets of patients with SA than counting sputum MC cell numbers per se. We assume that the transcriptomic signatures measured in the sputum reflect MC activity and therefore indicate that MCs can be induced to take on distinct transcriptional phenotypes that reflect the local microenvironment and are associated with distinct clinical phenotypes of SA. Thus, patients with high ESs for FcRI-activated MC signatures have distinct characteristics associated with severe eosinophilic asthma, whereas IL-33–activated MCs are associated with a severe neutrophilic phenotype. Future studies using single-cell RNA sequencing should confirm whether these transcriptional phenotypes involve different sputum MC subsets or different MC states induced by discrete extracellular signals._
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Table 1. Clinical and Biological Parameters between the Group with High and Low ESs for FcRI MC–activated Signature 2
Definition of abbreviations: 8,12-iso-iPF2a-VI = isoprostane; ACQ-5= Asthma Control Questionnaire score (mean of 5); Adj. = adjusted; BMI=body mass index; ES =expression score; FENO= fractional exhaled nitric oxide; hCRP=high-sensitivity C-reactive protein; HETE=hydroxyeicosatetraenoic acid; LTB4=leukotriene B4; LTE4=leukotriene E4; MC=mast cell; MCP4=monocyte chemoattractant protein 4; MMP3= matrix metalloproteinase-3; NS= not significant; OCS=oral corticosteroid; PGD2=prostaglandin D2; PGDM= prostaglandin DM; PGE2=prostaglandin E2; PGEM=prostaglandin E metabolite; PGF1 =prostaglandin F1a; PGF2a =prostaglandin F2; TNF- = tumor necrosis factor-a; TXB2= thromboxane B2.
Data are shown as mean±SD; otherwise, data with only one number represent number of subjects.
*Adjusted for false discovery rate.
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Table 2. Clinical and Biological Parameters between the Group with High and Low ESs for MC Stimulated by IL-33 Signature (Signature 7)
Definition of abbreviations: 8,12-iso-iPF2a-VI = isoprostane; ACQ-5= Asthma Control Questionnaire score (mean of 5); Adj. = adjusted; BMI=body mass index; ES =expression score; FENO= fractional exhaled nitric oxide; hCRP=high-sensitivity C-reactive protein; HETE=hydroxyeicosatetraenoic acid; LTB4=leukotriene B4; LTE4=leukotriene E4; MC=mast cell; MCP4=monocyte chemoattractant protein 4; MMP3= matrix metalloproteinase-3; NS= not significant; OCS=oral corticosteroid; PGD2=prostaglandin D2; PGDM= prostaglandin DM; PGE2=prostaglandin E2; PGEM=prostaglandin E metabolite; PGF1 =prostaglandin F1a; PGF2a =prostaglandin F2; TNF- = tumor necrosis factor-a; TXB2= thromboxane B2.
Data are shown as mean±SD; otherwise, data with only one number represent number of subjects.
*Adjusted for false discovery rate.
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Figures and Figure legend
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Figure 1. Box plot of enrichment scores for mast cell (MC) signatures according to clinical category. Box plots of gene set variation analysis show enrichment scores for gene signatures according to sputum transcriptomic data of individual subjects using the following signatures: (A) unstimulated MCs, (B) 2-hour FcRI-activated MCs, (C) single FcR1–IgE receptor–stimulated (24-h IgE sensitization/6-h FcRI activation) MCs, (D) repeated FcR1-stimulated MCs, (E) FcRI-activated MCs (overnight IgE sensitization/2-h FcRI activation), (F) single MC bronchial biopsy signature, (G) MCs stimulated by IL-33, (H) MCs stimulated by LPS, and (I) MCs stimulated by IFN-. The box-and-whisker plots show the median and interquartile range, with diamonds representing the mean and whiskers representing the maximum and minimum values. *P<0.05, **P<0.005, ***P<0.0005, and ****P<0.00005 between groups. HC= healthy nonsmoking control subject; MCscbb=single-cell RNA sequencing of MCs from asthma bronchial biopsies; MMA=mild/moderate asthma; SA=severe asthma; Sig= signature.
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Figure 2. Box plot of mast cell (MC) signature enrichment scores according to sputum granulocytes in the U-BIOPRED cohort. Gene set variation analysis plots of U-BIOPRED participants’ individual enrichment scores for (A) unstimulated MCs, (B) 2-hour FcRI-activated MCs, (C) single FcR1-activated MCs (24-h IgE sensitization/6-h FcRI activation), (D) repeated FcR1-stimulated MCs, (E) FcRI-activated MCs (overnight IgE sensitization/2-h FcRI activation), (F) single MC bronchial biopsy signature, (G) MCs stimulated by IL-33, (H) MCs stimulated by LPS, and (I) MCs stimulated by IFN- are shown according to sputum granulocyte status. The box-and-whisker plots show the median and interquartile range, with diamonds representing the mean and whiskers representing the maximum and minimum values. *P<0.05, **P<0.005, ***P<0.0005, and ****P<0.00005. E =eosinophilic; HC= healthy control subject; M=mixed; MCscbb= single-cell RNA sequencing of MCs from asthma bronchial biopsies; N=neutrophilic; P= paucigranulocytic; Sig =signature.
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Figure 3. Mast cell (MC) signature enrichment scores according to TAC. Gene set variation analysis plots of U-BIOPRED participants’ individual enrichment scores are shown for (A) unstimulated MCs, (B) 2-hour FcRI-activated MCs, (C) single FcR1-activated MCs (24-h IgE sensitization/6-h FcRI activation), (D) repeated FcR1-stimulated MCs, (E) FcRI-activated MCs (overnight IgE sensitization/2-h FcRI activation), (F) single MC bronchial biopsy signature, (G) MCs stimulated by IL-33, (H) MCs stimulated by LPS, and (I) MCs stimulated by IFN-. The box-and-whisker plots show the median and interquartile range, with diamonds representing the mean and whiskers representing the maximum and minimum values. *P<0.05, **P<0.005, ***P<0.0005, and ****P<0.00005. MCscbb= single-cell RNA sequencing of MCs from asthma bronchial biopsies; Sig= signature; TAC=transcriptomic-associated cluster
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Figure 4. Figure 4. Protein–protein interaction network analysis of differentially expressed genes in sputum. (A and B) The enriched pathways identified by differentially expressed genes in the sputum from participants with asthma with high enrichment compared with low enrichment for mast cell signatures of 2-hour FcRI-activated (signature 2) mast cells (A) and IL-33–activated mast cells (B). Pathways were identified in the STRING database (www.string-db.org) and visualized in Cytoscape 3.8.2 (https://cytoscape.org/). The nodes are labeled with the gene names, and key gene ontologies and pathways are indicated by the colored arcs around the hubs. A list of genes within each ontology is also shown in A, identifying genes linked to eosinophils and mast cells representative of allergic asthma. IL-33–associated pathways include those associated with neutrophil and cytokine function.
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