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Chronic rhinosinusitis with nasal polyps (CRSwNP) is a complex and heterogeneous disease, typically diagnosed through endoscopy and computed tomography and treated with glucocorticoid or surgery. There is an urgent need to develop molecular-level diagnostic or prognostic tools to better understand the pathophysiology of CRSwNP. Proteomics and metabolomics, emerging fields, offer significant potential in elucidating the mechanisms underlying CRSwNP. Mass spectrometry, a powerful and sensitive tool for trace substance detection, is broadly applied for proteomics and metabolomics analysis in CRSwNP research. While previous literature has summarized the advancement of mass spectrometry-based CRSwNP proteomics from 2004 to 2018, recent years have seen new advances in this field, particularly about non-invasive samples and exosomes. Furthermore, mass spectrometry-based CRSwNP metabolomics research has opened new avenues for inquiry. Therefore, we present a comprehensive review of mass spectrometry-based proteomics and metabolomics studies on CRSwNP conducted between 2019 and 2022. Specifically, we highlight protein and metabolic biomarkers that have been utilized as diagnostic or prognostic markers for CRSwNP. Lastly, we conclude with potential directions for future mass spectrometry-based omics studies of CRSwNP.
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1 Introduction

Chronic rhinosinusitis (CRS) is a prevalent disease characterized by nasal blockage, nasal discharge, facial pain, and loss of smell, lasting 12 weeks or longer (1). It affects 5-12% of the general population and can be triggered by various factors, including genes, family history, region, air pollution, occupational exposures, and smoking tobacco (2). Moreover, CRS is associated with asthma (3), allergy (4), and other diseases, leading to an increased health burden on patients.

Based on the presence or absence of nasal polyps, CRS is divided into chronic rhinosinusitis with nasal polyps (CRSwNP) and chronic rhinosinusitis without nasal polyps (CRSsNP). CRSwNP is characterized by a T-helper (Th) 2 predominant inflammatory pattern, while CRSsNP is characterized by a Th1 predominant inflammatory pattern (5). Furthermore, CRSwNP can be categorized as eosinophilic CRSwNP (eCRSwNP) or non-eosinophilic CRSwNP (neCRSwNP) based on the percentage of tissue eosinophils, with eCRSwNP exhibiting a higher recurrence rate than neCRSwNP (6, 7). However, these classifications fail to fully reflect the cellular or molecular immunological profile. Hence, it is necessary to diagnose and classify CRS subtypes at the molecular level. One study has indicated geographical and ethnic differences in CRSwNP (8). Moreover, the diagnostic criteria for eCRSwNP, that is, the cutoff value for the percentage of eosinophils per high-pressure field in tissue samples, ranged from 5 to 50. However, the European Position Paper on Rhinosinusitis and Nasal Polyps 2020 (EPOS 2020) suggested that the cutoff value should be 10 or higher.

Proteomics and metabolomics have emerged as promising fields for diagnosing diseases, including CRS (9–11). Compared with genes and RNA, proteins are the ultimate carriers of biological functions, and the proteome represents the state of organisms performing direct functions, reflecting the true expression of gene transcription; whereas the metabolome is the downstream of the transcription-expression network as well as the protein-action network, which can reflect changes in the state of the phenotypes of the organisms and explore the metabolic mechanisms of the whole organism. Therefore, proteomics and metabolomics can help to better understand the pathophysiology of CRSwNP. For the discovery of disease biomarkers, proteins and metabolites are intuitive and easily detectable molecules. The proteomic samples of CRSwNP include nasal polyps, nasal mucosa, and nasal mucus (e.g., nasal swabs, and nasal lavage fluid), while metabolomic samples are mainly polyp tissues and nasal mucosa. Both proteomic and metabolomic analysis of CRSwNP have made significant progress. Particularly, in proteomics, a study systematically summarized proteomic studies on nasal mucus and nasal mucosa from 2004 to 2018 and identified 2962 validated proteins (12), some of which are already utilized as diagnostic markers (13). Notably, the shift from invasively obtained (e.g., nasal polyps) to non-invasively obtained (nasal secretions) proteomic samples have reduced the risk of patient infections, while also reflecting the disease status (14).

Furthermore, mass spectrometry techniques (MS) (14) have been widely used in CRS proteomics and metabolomics, providing high resolution, high throughput, and mass accuracy for the clinical disease analysis. Many studies have reported on the diagnostic, therapeutic, or prognostic role of mass spectrometry in various diseases (10, 15). The most commonly used mass spectrometry platform is liquid chromatography combined with tandem mass spectrometry (LC-MS/MS). For proteomics specifically, data acquisition modes include data-dependent acquisition (DDA) and data-independent acquisition (DIA). DDA, a traditional technology, has been extensively used in proteomics. The traditional DIA proteomic method involves using DDA for building a spectrum library and DIA is used to obtain protein profiles. Recently, a novel proteomic method incorporated parallel reaction monitoring (PRM) scanning after traditional DIA to verify key proteins. This method has been successfully applied in CRSwNP (16).

In recent years, significant progress has been made in proteomics and metabolomics of CRSwNP, with numerous proteins and metabolites being used as biomarkers. In this review, we provide a summary of mass spectrometry-based proteomic and metabolomic studies in CRSwNP from 2019 to 2022, spotlighting proteins and metabolites that are used as biomarkers. Additionally, we provide future directions for CRSwNP research.




2 Mass spectrometry-based proteomics of chronic rhinosinusitis with nasal polyps



2.1 Sample collection

Nasal samples include tissues (i.e., nasal polyps and mucosa) and mucus (e.g., nasal secretions, and nasal lavage fluid). Several protein extraction methods are available for diverse samples, and here we just introduce the main workflow of protein extraction.



2.1.1 Tissue

Tissue samples include nasal polyps and nasal mucosa (17, 18). Generally, tissues obtained surgically need to be immediately frozen with liquid nitrogen or dry ice until extracting protein. The main steps of extracting proteins from tissues are as follows (19), initially, an equivalent weight of tissue is weighed, lysis solution is added, and homogenization is performed using a tissue grinder. Subsequently, centrifugation is performed to obtain the supernatant. Finally, the protein concentration is measured.




2.1.2 Mucus

As a non-invasively obtained sample, mucus is often used as a subject for proteomic analysis of CRSwNP. Mucus can be obtained in several ways, Parra-Ferro et al. summarized the methods used for nasal mucus collection in recent years and discussed the advantages and shortcomings of each method (20). Polyurethane foam, commonly used for mucus collection, has a high secretion and protein recovery (21). Filter paper, used for collecting nasal secretions, is highly specific for olfactory binding proteins (14). For nasal lavage fluid, normal saline is instilled into the middle meatus of the nasal cavity using a syringe, then, lavage fluid is recollected into a sterilized conical tube (22). Following collection, the main protein extraction steps from mucus are as follows, ultrapure water is added to the mucus extraction vessel (except for nasal lavage fluid), mixed at room temperature, centrifuged, and the supernatant collected for protein concentration measurement.





2.2 Applications of mass spectrometry-based proteomics in chronic rhinosinusitis with nasal polyps

Proteomics is a powerful tool to reveal changes in proteins at the molecular level in CRSwNP patients. Numerous articles have reported on proteomic analysis of CRSwNP, which have identified differentially expressed proteins (DEP) that are associated with immune responses, programmed cell death, and vesicle-mediated transport (19, 23). Recently, new progress has been made in the proteomics of CRS. Here, we summarize mass spectrometry-based proteomics studies of CRSwNP from 2019 to 2022 and highlight proteins as biomarkers for diagnosis or prognosis (Table 1).


Table 1 | Mass spectrometry-based proteomics studies of CRSwNP from 2019 to 2022.



Kim’s team has been working on the proteomics of CRSwNP. They performed DDA and DIA proteomic analysis on nasal secretions from CRSwNP, CRSsNP, and normal control, respectively, and identified 2020 proteins and the expression of interleukin (IL)-7, IL-9, IL-17A and IL-22 and neutrophil-mediated immune responses were significantly increased in CRSwNP compared to control (14). This result is consistent with the regional specificity of CRSwNP and provides new insights into the endotypes of CRS. Additionally, they studied the relationship between the nasal microbiome and nasal secretion proteome in CRSwNP patients after taking antibiotics 3 months ago. They found that antibiotics could have stronger effects on their associations in patients with CRSwNP than in CRSsNP (24).

Additionally, some potential diagnostic biomarkers have been found in recent studies, and different studies have obtained similar findings confirming the confidence. Wang et al. collected exosomes in nasal lavage fluid and found that mucin 5AC is upregulated in CRSwNP patients. Then, they discovered that mucin 5AC enriched exosomes from CRSwNP patients could increase the expression of cyclooxygenase-2 (COX-2), vascular endothelial growth factor (VEGF), and matrix metalloproteinase-9 (MMP-9) in CRSsNP-derived fibroblasts. They reported that mucin 5AC may promote tissue remodeling and angiogenesis in nasal polyps and therefore, it may be a potential therapeutic target for nasal polyps (25). Additionally, Workman et al. studied the CRSwNP transcriptome and proteome by the SomaLogic SOMAscan platform and found that messenger RNA (mRNA) expression differences differed more from protein expression differences and that predicting mechanistic changes in disease from mRNA levels alone is less reliable (29). Several genes canonically thought to be overexpressed in CRSwNP, including IL-5, IL-13, thymic stromal lymphopoietin (TSLP), chemokine C-C motif ligand (CCL)13, and CCL26, showed substantial increases in mRNA transcription, but had minimally or unchanged protein expression. Others, including immunoglobulin (Ig)E, periostin, CCL18, and cystatin (CST)1/2, were increased at both the transcriptomic and proteomic levels. Chung et al. found that apolipoprotein E and periostin are potential biomarkers of nasal mucosal inflammation by in vivo and in vitro analysis (22). This study has important implications for the clinical diagnosis of nasal mucosal inflammatory diseases, such as CRS, and future attention should be paid to the practical application to clinical diagnosis. Similarly, a study by Ninomiya et al. found that periostin could be a novel biomarker for postoperative recurrence of CRSwNP (13). Both of these studies confirmed the usefulness of periostin in nasal inflammation. In addition, for recurrent CRSwNP, Wang et al. found elevated levels of eotaxin, IL-17A, and regulated upon activation normally T expressed and presumably secreted (RANTES) in recurrent patients compared to primary patients by extracting cytokines from their serum. Notably, serum eotaxin (Area under the curve (AUC) = 0.729) and RANTES (AUC = 0.776) showed a pronounced ability to predict CRSwNP postoperative recurrence (30). Therefore, eotaxin and RANTES might serve as potential prognostic biomarkers for postoperative recurrence.

To understand the pathological process of CRSwNP in-depth, Kao et al. found that patients with CRS have dysfunctional immune pathways, reduced cell signaling, increased cell metabolism, and associated tissue remodeling pathways by comparative proteomic analysis of mucus from normal subjects and patients with CRS (27). In particular, the tissue remodeling pathway and the epithelial-to-mesenchymal transition biologic process were more significantly upregulated in CRSwNP patients compared to CRSsNP. Loss of smell is a main symptom of CRS, and alterations of olfactory cleft (OC) mucus may reflect olfactory dysfunction in CRS patients. Soler et al. studied OC mucus proteins from CRSwNP, CRSsNP, and controls. They found that Lipocalin-1 and Lipocalin-15 which are thought to play a role in odorant binding, and glutathione S-transferases (GSTs), alcohol dehydrogenases, and other oxidizing enzymes, which are thought to play a role in odorant metabolism were downregulated in CRSwNP (28). Their findings suggest OC mucus dysregulation may indeed be associated with olfactory dysfunction in CRS patients.

Furthermore, more and more studies focused on exosomes. Muellere et al. isolated exosomes from nasal mucus, performing exosomes proteome analysis by SOMAscan™ platform, then they found that cystatin-SN, peroxiredoxin-5, and glycoprotein V showed good accuracy for predicting CRSwNP (AUC> 0.99). The result also has been confirmed in tissue samples (31). Zhou et al. reported that exosomes may lead to the remodeling of the sinonasal mucosa in patients with CRSwNP (26). And the key protein signaling pathway was p53.

In conclusion, recent proteomic studies of CRSwNP have revealed some potential diagnostic biomarkers and therapeutic biomarkers. In recent years, most study samples are non-invasively obtained mucus, which is more convenient and less invasive. Exomics, a new field of proteomics, has also achieved some progress in CRSwNP proteomics. At the parallel, we can see an increasing number of studies focusing on the relationship between the transcriptome, the nasal microbiome, and the proteome. Multi-omics analysis can reveal the complex physiological and pathological processes of CRSwNP and provide a better understanding of the disease.





3 Mass spectrometry-based metabolomics of chronic rhinosinusitis with nasal polyps



3.1 Sample collection

Most samples for CRSwNP metabolomics are tissues (i.e., nasal polyps, nasal mucosa). These samples could reflect the local pathophysiological changes in patients with CRSwNP. To avoid metabolite degradation, tissues obtained surgically need to be immediately frozen with liquid nitrogen or dry ice. The metabolite extraction protocols for tissue samples are similar across different labs. Chetwynd et al. described in detail the tissue sample preparation for metabolomics (32). One thing that should be noted is that the weight of the tissue samples used for extraction can only vary by 5-10%, which is important for parallel experiments and later mass spectrometry analysis. The extraction reagents used in recent experiments include 4 mL/g of cold methanol and 0.85 mL/g of cold water (33, 34), cold methanol (35, 36), and cold methanol/acetonitrile/H2O at 2:2:1 (v/v/v) (37).




3.2 Applications of mass spectrometry-based metabolomics in chronic rhinosinusitis with nasal polyps

Metabolomics in CRSwNP is an emerging field and is less extensive than proteomics. Currently, most metabolomics studies in CRSwNP utilize an untargeted approach to identify differentially expressed metabolites, aiming to reveal the underlying molecular-level pathological processes of the disease. Here, we summarize mass spectrometry-based metabolomics studies of CRSwNP from 2019 to 2022 and highlight metabolites as biomarkers for diagnosis or prognosis (Table 2).


Table 2 | Mass spectrometry-based metabolomics studies of CRSwNP from 2019 to 2022.



Recent studies demonstrated that fatty acid metabolism may be associated with CRSwNP. The inflammatory resolution process in patients with CRSwNP is dependent on specialized pro-resolving lipid mediators (SPM) derived from omega-3 and omega-6 polyunsaturated fatty acids (40). SPM could offer new therapeutic opportunities for CRSwNP patients (41). Maresins are a family of essential fatty acid-derived lipid mediators that display protective activities in airway inflammation. Beegun et al. found that in plasma, Maresins’ concentrations were significantly downregulated in the CRSwNP patient group, whereas in nasal secretions, Maresins’ concentrations were significantly upregulated in the CRSwNP patient group, by comparing the lipid profiles of CRSwNP patients and controls (i.e., healthy volunteers, patients with an upper respiratory tract infection) (38). These mediators were associated with quality-of-life scores, which may indicate the potential of Maresins as diagnostic biomarkers of CRSwNP. Additionally, in incubated peripheral blood cells, it was found that Maresins 1 could regulate phagocyte activation, which may indicate pro-resolving therapeutics contribute to limiting inflammation in CRSwNP patients. Miyata et al. found significant dysregulation of fatty acid metabolism in eosinophils in nasal polyps of eCRSwNP patients through a multi-omics study (39). Lipidomics revealed a unique lipid mediator profile in eCRSwNP patients, cysteinyl leukotriene (CysLT) biosynthetic pathway products, leukotriene D4 (LTD4) was much enhanced and LTC4 and E4 were significantly decreased. And eCRSwNP patients with CysLT-related enzymes in proteomics and transcriptomics, gamma-glutamyltransferase 5 and arachidonate 5 lipoxygenase-activating protein were upregulated, while dipeptidase-2 was downregulated. These results reveal that eCRSwNP patients have a unique inflammatory phenotype of dysregulated fatty acid metabolism. Enzymes and metabolites associated with fatty acid metabolism may be potential therapeutic targets. Additionally, by comparing the targeting lipid profiles of CRSwNP, CRSsNP, and control, Vickery et al. found that resolvin D2 was upregulated in both CRSwNP (p=0.00076) and CRSsNP (p=0.030) compared with controls and lipoxin A4 was significantly increased in CRSwNP compared with CRSsNP (p=0.000033) and controls (p=0.044) (36). These results suggested that dysregulated SPM may contribute to persistent inflammation in CRS. Li et al. found elevated levels of unsaturated fatty acid oxidation in eCRSwNP patients, increased uric acid in neCRSwNP patients, and decreased 3-adenosine monophosphate in CRSsNP patients compared to controls (33). They also conducted a follow-up on the CRS patients after surgery, and 9 of the patients had developed refractory CRS. Further study showed an upregulation of glutathione disulfide (GSSG) in these refractory CRS patients. Notably, GSSG could serve as a reliable predictor for refractory CRS (AUC = 0.832). Furthermore, the accumulation of GSSG exacerbates inflammation, which may explain the upregulated GSSG profile in patients with refractory CRS (42). These results indicated that different subtypes of CRS disease have different metabolomic profiles.

To gain more insight into the pathological process of CRSwNP, more and more studies are focusing on eCRSwNP and neCRSwNP. Xie et al. compared the serum metabolomics profiles of eCRSwNP patients, and neCRSwNP patients, and found that citrulline, linoleic acid, adenosine, and 4-guanidinobutyric acid exhibited good accuracy for distinguishing eCRSwNP (AUC > 0.7), and that these significant metabolites related metabolic pathways included arginine and proline metabolism; linoleic acid metabolism; and purine metabolism (35). Especially, linoleic acid levels were negatively correlated with tissue eosinophils percentage. Another study investigating the nasal polyps’ tissues of eCRSwNP by metabolomics reported similar results: linoleic acid levels were negatively correlated with the eosinophil count and percentage in the polyp tissue (37). And the study suggested that linoleic acid contributed most to the differentiation of the eCRSwNP and other groups.

In conclusion, recent studies showed that dysregulated fatty acid metabolism may contribute to the development of nasal polyps in CRSwNP, and Maresins could be potential diagnostic biomarkers and therapeutic targets. SPM could be potential therapeutic targets as well. Additionally, some studies focused on eCRSwNP and found that linoleic acid may be a potential diagnostic biomarker for eCRSwNP.





4 Conclusions and perspectives

This review is the first to summarize MS-based proteomics and metabolomics in the field of CRSwNP. Firstly, the review describes the diverse protein and metabolite extraction methods used in studies. Secondly, the review summarizes the most recent mass spectrometry-based CRSwNP proteomics and metabolomics studies from 2019 to 2022. In proteomic studies, potential diagnostic biomarkers like apolipoprotein E, periostin, and Mucin 5AC as potential diagnostic biomarkers for CRSwNP were identified, while other studies reported a range of protein biomarkers such as IgE, cytokines (i.e., IL-4, IL-5, IL-13, IL-25, IL-33), TSLP, p-glycoprotein, C-X-C motif chemokine ligand (CXCL)-12/CXCL-13, IgG and IgA autoantibodies, IgE antibody to S. aureus, enterotoxin, matrix metalloproteinases, and oncostatin M (43). Additionally, bone morphogenetic protein-2 was found to be a potential prognostic biomarker for refractory CRSwNP (44). Pertaining to metabolomics, Maresins, SPM, and linoleic acid were recognized as potential diagnostic or therapeutic biomarkers of CRSwNP or eCRSwNP, and GSSG was a potential prognostic biomarker for refractory CRS.

Multi-omics studies combining proteomics and metabolomics are promising for enhancing the understanding of CRSwNP pathological processes. A study demonstrated the potential of combining these two omics to identify associations between amino acid metabolism, mitochondrial dysfunction, and CRSwNP pathogenesis (16). Furthermore, considering the regional and ethnic specificity of eCRSwNP, stratification and diagnosis at the molecular-level could significantly influence patient care and treatment.

Finally, we propose future directions for MS-based omics in CRSwNP to concentrate on the following facets. The first consideration is sample types. Proteomics has seen substantial advancements and nasal mucus dominated the CRSwNP proteomics samples in recent studies. In contrast, metabolomics samples are mostly tissues and plasma, and in the future, more attention should be paid to extracting intact metabolites from non-invasive obtained samples, such as nasal mucus, for analysis. The second consideration is the subtype of CRS. The EPOS 2020 classifies CRS more clearly, with CRSwNP designated as a primary CRS tissue diffuse type 2 endotype. Central compartment allergic disease (CCAD) and allergic fungal rhinosinusitis (AFRS) also fall under this category. However, there is a paucity of proteomic and metabolomic research on these two subtypes, thus making it a focus area. The third consideration is the small sample cohort. Many studies have the limitation of a small sample cohort. As a non-invasive sample, nasal mucus is more accessible, so future efforts should aim at improving collection methods and the protocols for target extraction of nasal mucus. This allows for the collection and analysis of large cohort samples to draw more universal conclusions. The fourth consideration is the validation of results. After performing untargeted multi-omics analysis, in vivo or in vitro experiments should be performed for validation. The last one is the implementation of spatially resolved metabolomics techniques. Mass spectrometry imaging techniques are used to discern associations between metabolite distribution and pathological changes within tissues.
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