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Abstract: In recent years, there has been growing interest in understanding the potential role of
microbiota dysbiosis or alterations in the composition and function of human microbiota in the
development of chronic rhinosinusitis with nasal polyposis (CRSwNP). This systematic review
evaluated the literature on CRSWNP and host microbiota for the last ten years, including mainly
nasal bacteria, viruses, and fungi, following the PRISMA guidelines and using the major scientific
publication databases. Seventy original papers, mainly from Asia and Europe, met the inclusion
criteria, providing a comprehensive overview of the microbiota composition in CRSWNP patients and
its implications for inflammatory processes in nasal polyps. This review also explores the potential
impact of microbiota-modulating therapies for the CRSwNP treatment. Despite variability in study
populations and methodologies, findings suggest that fluctuations in specific taxa abundance and
reduced bacterial diversity can be accepted as critical factors influencing the onset or severity of
CRSwNP. These microbiota alterations appear to be implicated in triggering cell-mediated immune
responses, cytokine cascade changes, and defects in the epithelial barrier. Although further human
studies are required, microbiota-modulating strategies could become integral to future combined
CRSwNP treatments, complementing current therapies that mainly target inflammatory mediators
and potentially improving patient outcomes.

Keywords: chronic rhinosinusitis with nasal polyps; human microbiota; respiratory diseases; immune
system; functional modulation of the microbiota

1. Introduction

Chronic respiratory diseases (CRDs) are persistent and non-communicable diseases
affecting the upper and lower airways that cause significant morbidity and mortality [1].
Chronic rhinosinusitis (CRS) is characterized by an inflammatory disorder involving the
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nose, paranasal sinuses, and upper airways, persisting for at least 12 weeks despite appro-
priate medical therapy. This debilitating disease affects 5-12% of the general population
and common symptoms, which might be similar to acute cases, include anterior or poste-
rior nasal discharge/congestion, facial pain or pressure, impairment of smell or anosmia,
difficulty breathing through the nose, headache, fatigue, and cough [2,3]. Anatomical
changes of the nose and paranasal sinuses contribute to the presence and recurrence of
CRS symptoms. Imaging studies have shown a significant reduction in the size of the
maxillary, sphenoid, and frontal sinuses, along with near-total opacification of these areas
and the ethmoid air cells. There is also a rarefaction of the ethmoid bony septae, as well
as the ostiomeatal units, and sphenoethmoidal recesses, and frontal outflow tracts are
compromised due to thickened mucosa and retained secretions [4-7].

The CRS incidence has increased, leading to subsequent socio-economic impacts on
healthcare systems and economies [8]. In the United States, handling CRS is projected to
cost between USD 11 billion and USD 13 billion annually, equating to USD 2609 per patient
per year. Meanwhile, CRS contributes to a direct healthcare spending increase of EUR
2500 per patient per year in Europe. Beyond direct expenses, indirect costs stemming from
absenteeism and reduced workplace productivity are substantial, with CRS ranking among
the top 10 most expensive health conditions for United States employers, surpassing USD
20 billion annually [9].

Although with significant limitations, CRS has traditionally been classified into two
phenotypes based on diagnosis with nasal endoscopy and inflammatory biomarkers: CRS
with nasal polyps (CRSWNP) and CRS without nasal polyps (CRSsNP) [2,10]. CRSWNP
is typically characterized by nasal congestion and/or congestion and loss of smell and
taste, while CRSsNP is mainly associated with rhinorrhea and facial pain or pressure [2,11].
Based on endotype dominance, CRSWNP is predominantly related to type 2 inflamma-
tory response in the general adult population in Western countries. It is characterized
by activation and recruitment of T-helper type-2 (Th2) cells, e.g., eosinophils and mast
cells, as well as increased levels of Th2 inflammatory interleukins (ILs), e.g., IL-4, IL-5,
and IL-13, and immunoglobulin E (IgE). In contrast, CRSsNP, which is more prevalent
than CRSwNP [9,11], has been associated with non-eosinophilic/non-type-2 inflammation
involving a mixture of type-1 and type-3 inflammatory response mediated by Thl and Th17
cells, respectively [9,12-14]. Since type-2 inflammation is involved in the pathogenesis of
several comorbidities, the prevalence of asthma, and/or nonsteroidal anti-inflammatory
drug-exacerbated respiratory disease (NSAID-ERD) or aspirin-exacerbated respiratory
disease (AERD) in patients with CRSwNP is higher than those with CRSsNP [15-17]. Con-
sequently, CRSWNP patients often show more severe clinical symptoms, reduced quality
of life (QOL), greater healthcare resource utilization, and direct and indirect costs, thus
making this phenotype more clinically relevant [15,18-20].

The prevalence of CRSWNP in the general population has been estimated to range from
1 to 3%, although it varies across diverse regions of the world [16,17,21]. About the diagnosis,
CRSwNP is confirmed by computed tomography scans and nasal endoscopic visualization
of nasal polyps with specific scoring systems such as the Lund—Mackay score [22,23]. Nasal
polyps or fleshy swellings result from soft tissue growth in the lining of the nose and paranasal
sinuses, probably due to chronic inflammation of unknown causes [21]. They usually manifest
as bilateral lesions, being more frequent in males (3.2-3.7%) than females (2.0-3.3%) and for
the age group ranging from 60 to 69 years [19,21,24]. Besides male sex and aging, the other
most commonly reported risk factors for developing CRSWNP include diseases associated
with a worse respiratory function, such as asthma, eosinophilia, allergy, smoking, obesity,
or variations and polymorphisms in genes related to immune response, structural proteins,
or tissue remodeling [9,21,25-28]. The presence of microbiota dysbiosis or alterations in the
composition, function, and local distribution of host microbiota also implies an increased risk
for nasal polyps [29].

The human microbiota is defined as a community of microorganisms, including mainly
a wide variety of bacterial species, as well as archaea (primitive single-celled organisms),
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eukarya, and viruses that live in and on the mucosal surfaces of the gut and skin, as well as
the respiratory and genital tract [30]. Host-microbial community interactions have been
determined to play a crucial role in developing and maintaining several vital functions,
such as regulation of the immune system, protection against pathogens, digestion of food,
biotransformation of foreign substances, or production of vitamins, among others [31-33].
However, older age; host genetic susceptibility; environmental factors; infections; and
changes in antibiotic use, diet, or lifestyle can lead the transition from host-microbiota
symbiosis to dysbiosis, contributing to the pathogenesis of a variety of inflammatory and
autoimmune diseases, including CRS [29,34,35].

Accumulating data suggest that CRSWNP immunopathogenesis can be partially ex-
plained by alterations in the host microbiota, such as reductions in bacterial diversity with
an increase in pathogenic bacteria that induce inflammatory reactions (e.g., Staphylococcus
aureus or Pseudomona aeruginosa) and a loss of beneficial bacteria with potential immune
protective properties (Lactobacillus, Dolosigranulum, and Citrobacter species). The formation
of nasal biofilms, referring to microbial communities that adhere to a surface or biological
tissue and are embedded in a matrix of self-produced extracellular polymeric substances,
can also be relevant [36]. The presence of defects in the nasal mechanical or physical barrier
with inappropriate immune response can also be a critical factor [29,37-39]. In this context,
an enhancement of the permeability due to environmental and intrinsic factors of the
nasal physical barrier, which consists of airway mucus, epithelial cells with cilia, adhesion
molecules, or apical junctional complexes (tight and adherens junctions, desmosomes, and
hemidesmosomes), as well as endogenous antimicrobial substances [37,40], was previously
associated with CRSWNP [37,41-43]. A vulnerable epithelial barrier to pathogens and
allergens/foreign material contributes toward activating an intense local Th2 response of
the adaptive immune system with an accumulation of inflammatory cells, which triggers a
remodeling of nasal mucosal tissue pattern consisting of decreased collagen and increased
fibrin. This dynamic inflammatory process leading to polyp formation is described under
the immune barrier hypothesis [29,37,39,42,44].

Considering the potential role of the host microbiota in CRSWNP and the estimation
that up to 40% of CRSwNP patients cannot achieve an acceptable level of disease control
despite adequate endoscopic sinus surgery (ESS), corticosteroid treatment, and up to
two short courses of systemic corticosteroids in the last year (difficult-to-treat patients
according to the European Position Paper on CRS (EPOS) guideline) [9,15], modulation of
the nasal and gut microbiota emerges is a promising therapeutic strategy worth exploring.
Besides ESS and oral and intranasal corticosteroids, the mainstays of treatment for patients
with CRSWNP involve other medical management/medication, including antibiotics and
antifungals, antihistamines, and monoclonal antibodies targeting interleukins, such as IL-4,
IL-5, and IL-13, or IgE (benralizumab, dupilumab, mepolizumab, and omalizumab), among
others with varying efficacy [9,21,43,45,46].

To take a deep look into the complex role of the human microbiota in the pathogenesis
of CRSWNP, we conducted a systematic literature review of the last decade, focusing on
the nasal and gut bacterial microbiota. The microbiome was also considered, which refers
to the microorganisms and their genomes occupying a reasonably well-defined habitat and
microbial structural elements, metabolites, and environmental conditions [47]. The results
of this systematic review are organized into three main sections, which provide a concise
and precise examination of the most recent publications focused on the composition of
nasal and gut microbiota in CRSwNP patients and point out the critical microbial species
associated with nasal polyps (“Microbiota Composition in CRSwINP”), on the potential
mechanism underlying microbial dysbiosis and inflammatory processes in nasal polyps
(“Relationship between Microbial Dysbiosis and Inflammation in CRSwNP”), and on the
evaluation of promising therapeutic strategies involving the modulation of the bacterial
microbiota for the CRSWNP treatment (“Effect of CRSWINP Treatment on the Modulation
of the Microbiota”). The review includes both adult and children studies and excludes
literature reviews.
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2. Materials and Methods
2.1. Study Design and Search Strategy

It is worth noting that the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) 2020 guidelines [48] and the Grading of Recommendations,
Assessment, Development, and Evaluations (GRADE) recommendations [49] were taken
into account to carry out this systematic review. PICO (Population, Intervention, Control,
and Outcome) criteria [50] were defined as follows: P = CRSwNP, intervention = host
microbiota or dysbiosis contributing to the CRSwINP pathogenesis; C = disease control
or healthy subjects, placebo, or standard-care groups, or comparisons before or after the
implementation of microbiota-related interventions; and O = outcomes related to the impact
of microbiota on CRSWNP, such as changes in symptom severity, recurrence rates, quality
of life, histological findings, or other clinically relevant measures.

The literature search was carried out between January and February 2024 in Medline
(PubMed), Wiley (Cochrane Library), Embase, and Scopus online databases using a com-
bination of terms related to “Chronic rhinosinusitis with nasal polyps” or “nasal polyps”
and “microbiota” or “microbiome” or “dysbiosis”. The selected terminology was chosen
considering MeSH and Emtree terms from Medline and Embase, respectively, incorporating
input from experienced specialists in the field and reviewing relevant literature. Avail-
able government and professional organization websites were also manually reviewed,
and a references list of included articles was used to avoid missing any relevant studies.
Supplementary Table S1 provides details of the search strategies.

2.2. Selection Criteria

All original articles and meta-analyses indexed from 2014 to February 2024 focused
on the evaluation of the microbiota in CRSWNP were identified as eligible studies using
the following inclusion criteria: (1) original study or meta-analysis written in English;
(2) studies including human subjects, both children and adults; (3) patients with CRSwNP
or nasal polyps; and (4) studies describing key microbial species, dysbiosis, or microbiota
changes in associations with disease onset, severity, prevalence, or treatment. In contrast,
the exclusion criteria were (1) animal, in vitro or in silico studies; (2) review articles, case
reports, expert-opinion articles, commentaries, or letters; (3) conference abstract published
after 1 January 2023; (4) articles mainly focused on other diseases, such as antrochoanal
polyps; and (5) articles whose full-text version was not available to us.

2.3. Review Process and Data Extraction

Three review authors carried out the initial screening of abstracts and titles retrieved
from each study, using the open-access Rayyan software [51]. The consideration of each
study for full review was based on the PICO previously described, when it was possi-
ble. Subsequently, at least two reviewers independently screened the full-text articles
selected. Any disagreements during screenings were resolved by consensus or a third
independent reviewer.

Data reported in the selected articles were collected using a standardized data-extraction
template in Microsoft Excel, allowing us to plot the information for each of this review’s
previously described main sections. The following information was extracted: information
about the article (name of the first author, years of publication, and title) and the study
(study type, objective, population/country in which the study was carried out, and sample
size), patient demographics (age, sex, and other diseases associated /comorbidities), details
of microbiota-related interventions (type/format), quantitative, and/or qualitative results
and conclusions.

A risk of bias (RoB) assessment was carried out to establish the degree of certainty
and quality of the randomized controlled studies, which included using version 2 of the
Cochrane risk-of-bias tool (RoB 2) [52]. In detail, studies were classified as “High, Moderate,
and Low RoB”. As in previous studies, the Newcastle-Ottawa Scale (NOS) tool for cohort
and case—control studies [52,53] and an adapted form of NOS for cross-sectional [54] were
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used to assess the validity of the findings of non-randomized studies. The scales assess
aspects related to study quality concerning selection (four points for cohort and case-control
studies or five points for cross-sectional studies) and comparability (two points) of study
groups, as well as assessment of outcomes or ascertainment of exposure (three points) [53].
NOS scores were again classified as “High” (zero-to-three NOS points for cohort and case—
control studies and zero-to-four points for cross-sectional studies), “Moderate” (four-to-six
or five-to-seven points), and “Low” (seven-to-nine or eight-to-ten points) RoB. It is worth
noting that a lower score was assigned to any study that referred to too-small sample size
(less than ten CRSWNP patients), was without appropriate controls, or did not clearly
describe the methodology used.

3. Results
3.1. Search Results

Before the beginning of this systemic review, the review protocol was registered
on the International Prospective Register of Systematic Reviews (PROSPERO, study ID:
CRD42024509276).

The initial database search using synonymous terms of CRSwWNP, nasal polyps, mi-
crobiota, microbiome, and dysbiosis yielded 464 references that initially met the inclusion
criteria previously described. After identifying and excluding duplicates, 300 references
were selected for title and abstract review, and, subsequently, 111 references were selected
for a full-text review. As a result, a total of 70 eligible studies (65 articles published and
5 included after manual searching) that met the inclusion criteria were finally included in
this review. Figure 1 summarizes the results of each screening stage and the selection of
studies presented as a PRISMA flow diagram.

—
& Referencesidentified Referencesidentified Referencesidentified Referencesidentified
E». through PubMed through Cochrane Library through Embase through Scopus
:E"- (n=238) (n=54) (n=227) (n=314)
E.
— I
— v Y
Total references imported to Rayyan software References excluded: non
» (n=464) elegible articles, animal, in
a . - "
= vitro, or in silico studies,
g l literature reviews, case
5 - - . - reports, expert-opinion
o) Total references atter_ eliminating duplicates articles, commentaries or
(n=300) letters, conference abstract
] (before 1 January 2023) and
¥ v articles with different finding
= References excludeq dueto Total references after title and abstract review of interest
® wrong study design, (n=111) (n=369)
53 publication date or focus of T
;'j: interest ‘ v
< (n=189) N - ; fe
Total references after full-text review References excluded due to
e (n=65) wrong study design,
e T publication type or
[ ﬂ populationand foreign
B Referencesincluded after Total references included language
2 > (n=46)
] manual searching (n=70)
& (n=5)
(=%

Figure 1. A flow diagram shows the screening and selection process of the studies through the differ-
ent stages of the present systematic review. n: number of references/studies included or excluded.

Out of 70 studies included in this systematic review (Supplementary Data S1), 68 (97.4%)
focused on the identification of the microbiota composition of CRSwNP subjects, 21 (30.0%)
on the study of the relationship between microbial dysbiosis and inflammation in CRSwNP,
and 9 (12.9%) on the evaluation of the effect of different CRSwNP treatment on the micro-
biota. Note that the studies have a publication range from 2014 to 2024, with 60 studies
published relatively recently, between 2019 and 2024 (60.0%). The most significant number
of studies was from Asia (24, 34.3%, mainly from China), and to a lesser extent from Europe
(14, 20.0%), Oceania (13, 18.6%, mainly from New Zealand), and North America (13, 18.6%,
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mainly from the USA). Only one study included was a multicenter international cohort
study across nine countries [55].

The studies collected data from more than 7450 subjects, of whom approximately
4000 were CRSWNP patients ranging in age from 13 to 88 years. Forty-nine studies (70%)
were relatively small (initial sample size less than 100 subjects), and only ten studies
showed results from more than 100 CRSWNP patients (14.3%). Considering the studies that
reported the gender data, men (2665 subjects of whom 2103 were patients with CRSwWNP)
were more abundant than women (1451 subjects, 927 patients with CRSwINP). Disease-
control (non-CRS) and/or healthy subjects were also included in 41 studies (58.6%), and
CRSsNP patients in 39 studies (55.7%). Seven studies distinguished CRSwNP patients
as eosinophilic (ECRSwNP) and non-eosinophilic (NECRSwNP) based on the infiltration
of eosinophils in inflamed tissues (proportion of eosinophils more than ten percent and
less than ten percent of inflammatory cells, respectively) [56-63]. Comorbidities, such as
atopy, allergy, allergic rhinitis, aspirin sensitivity, acetylsalicylic acid sensitivity, AERD, and
asthma—the most commonly reported—were also included in 49 studies (70%). A total of
26 studies (37.1%) reported that all subjects or a majority of them had not taken antibiotics
and/or corticosteroids—two of the most commonly used drugs for CRSWNP [21]—at least
the month before the analysis.

Regarding the study design, most of them (64, 91.4%) were identified as non-randomized
studies of frequency (cohort or cross-sectional designs) or exposure (cohort and case—
control studies), with only 6 (8.6%) being randomized controlled trials. In detail, 52 (74.3%)
cross-sectional, 10 (14.3%) cohort, and 2 (2.9%) case—control studies were included in this
review. Considering the prospective studies (one randomized controlled trial and nine
cohort studies) that reported the follow-up time, the average follow-up was 10.4 months,
with the shortest and longest follow-up time of two weeks and five years, respectively.

As previously described, the current version of the RoB 2 was used to performed
a RoB assessment for randomized controlled trials and NOS tools to assess the validity
of the findings of non-randomized controlled studies. The main concern regarding the
RoB assessment referred to a well-defined selection of CRSWNP patients, a justified and
satisfactory sample size, appropriate controls, or healthy subjects, or the description of
the methodology selected to achieve the intended results. Considering that the RoB 2
tool showed that one (16.7%) randomized controlled trial was classified as “L.ow RoB”
and four (66.7%) and “Some concerns”, mainly referred to the randomization process and
deviations from intended interventions. One study (16.7%) accomplished the criteria for
“Low RoB” because there were deviations from the intended intervention which arose
because of the experimental context and some concerns about the randomization process
(Figure 2a and Supplementary Data S2). By using NOS questionnaires, 44 of 64 (68.8%)
non-randomized controlled studies included were considered “High quality”, whereas
17 (26.6%) and three (4.7%) met the criteria of “Moderate and Low quality”, respectively
(Figure 2b and Supplementary Data S3). Of note, 27 (42.2%) studies did not include disease
(non-CRS) or healthy control subjects, 2 (3.1%) had no reference to the number of CRSwNP
patients included, and 7 (10.9%) referred to less than ten CRSwINP patients. All of them
described the methodology used. Overall, the assessment of outcomes or ascertainment of
exposure was the better-scored category.
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Figure 2. (a) Bar graph showing results of risk of bias (RoB) assessment obtained for the randomized
controlled trials (1 = 6) included in this review, using version 2 of the Cochrane risk-of-bias tool (RoB
2) [52]. (b) Bar graph showing results of quality assessment obtained for the non-randomized con-
trolled studies (n = 64) included in this review, using the Newcastle-Ottawa Scale (NOS) tool [53,54].

3.2. Study Analysis
3.2.1. Microbiota Composition in CRSWNP

Table 1 summarizes the most relevant information extracted from the studies included
in this systematic review and focuses on the microbiota composition analysis in CRSWNP
patients. Out of 66 studies, 61 (92.4%), 9 (13.6%), and 3 (4.5%) studies reported data about
the bacterial, fungal, and viral composition from nasal samples, respectively, mainly taken
from middle meatus (41, 62.1%). Only one study also focused on the gut microbiota from
fecal samples [61]. Of note, two articles showed the same results of nasal microbiota
composition obtained for the same CRSwNP patients [64,65].

The microbiota composition analyses were carried out using both molecular techniques
(47, 71.2%), based mainly on marker-gene sequencing analysis with clustering of the
sequencing reads into operational taxonomic units (OTUs) at a fixed similarity threshold
(>97%), as well as standard microbiological techniques (40.9%), such as bacterial culture,
typical colony morphology analysis, Gram staining, or biochemical test, among others.

Regarding the results for bacteria, it is worth noting that six out of seven studies with
culture-positive patient data showed that the positive-culture rate was relatively high in
CRSwNP patients (over 63.0%) [38,57,58,66-69]. The three studies focused on the character-
izing of bacterial biofilm on the nasal mucosa in CRSwNP patients also showed a prevalence
of over 44.2% [70-72]. Overall, the bacterial composition of the core microbiota found was
dominated by the phylum Firmicutes, highlighting the bacterial genera Staphylococcus
and Streptococcus, followed by Proteobacteria, with the genera Haemophylus and Enterobac-
ter; and Actinobacteria, with Corynebacterium and Propionibacterium (Cultibacterium). The
most frequently identified bacterial species were Staphylococcus aureus, coagulase-negative
staphylococci (CoNS) or Staphylococcus epidermidis, Streptococcus pneumoniae, Escherichia coli,
Pseudomona aeruginosa, Enterobacter aerogenes, Klebsiella neumoniae, and Propionibacterium
acne (Cultibacterium acne) (Figure 3).

In the case of the results for fungal microbiota, different studies showed low isolation
or identification of fungi [38,72-75]. All fungi reported were from the phyla Basidiomycota
or Ascomycota, highlighting the following fungal genera: Aspergillus, Malassezia, and Can-
dida [73,74,76-79]. About the few results obtained for the virus [80-82], note that human
herpesvirus 6 (HHV-6), Epstein-Barr virus (EBV), cytomegalovirus (CMV), and Herpes
simplex virus type 1 (HSV-1) showed the highest prevalence in 21 CRSWNP patients [80].
Significantly elevated IgG and IgA antibodies to influenza A virus (H3N2 and HIN1) and
rhinovirus were also identified in CRSWNP patients [82].
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I Firmicutes I I Proteobacteria | I Actinobacteria I
| Staphylococcus | | Haemophilus | | Corynebacterium |
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| I Enterobacter I | Propionibacterium (Cultibacteirum) |
Streptococcus |
E. aerogenes P. acne (C. acne)
S. pneumoniae
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| Lactobacillus | I TR I
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| Kebsielta |

K. pneumoniae
K. oxycota

Figure 3. Dominant bacterial phyla, genera, and species found in CRSWNP patients.

Out of 24 studies that compared the results obtained in CRSwNP patients with those
in disease control patients (non-CRS) or healthy subjects, 6 studies reported the lack
of significant differences in the bacterial species or the number of different isolates ob-
tained [73,83]; the total bacterial load [24]; both the alpha diversity (intra-community
diversity mainly assessing through Chaol index, focused on total species richness, and the
Shannon index, assessing evenness in addition to richness) and beta diversity (intersample
variability) [84]; the mycobiome composition [75]; or the whole microbiome identified [85].
The results shown in the rest of these studies are controversial regarding data interpre-
tation. However, the most common differences reported were related to a decrease in
alpha diversity [24,60,61,75,86-89], along with an underabundance of the bacterial genera
Corynebacterium [55,64,65,86,88,90] and Dolosigranulum [64,65,84,86], as well as an overabun-
dance of different bacteria of the phylum Proteobacteria, such as Haemophylus, Moraxella,
or Pseudomonas [24,38,40,88,89,91]. Differences between both groups in the abundance
or prevalence of specific Firmicutes species were also found [24,40,55,60,89,90]. The only
study that compared the fungal microbiota of sinus mucosa between CRSwWNP patients
and control subjects obtained a significantly greater abundance of Alternaria and Ranularia
and a significantly lower abundance of Cutaneotrichosporon in CRSWNP patients than in
controls [75].

The studies evaluating the sinus microbiota of ECRSWNP and NECRSwNP patients
showed differences in bacterial composition mainly at the genus level [59-63,86]. Re-
markably, a higher abundance of Moraxella was found in the ECRSWINP group [60,61,63].
Likewise, prospective cohort studies through the post-operative follow-up of CRSwNP pa-
tients for one or five years showed no significant differences in microbial diversity between
patients with recurrence or non-recurrence of nasal polyps (NPs). However, a notable
variation in the abundance of specific bacterial genera was also observed [64,92].

Finally, significant differences in the nasal microbiota composition at different sample
types but not at sample sites have been reported [90,93,94]. Gender-specific differences
were also found in CRSwWNP patients who used intranasal corticosteroid spray, obtaining
a significantly higher abundance of Corynebacterium in men than in females [95]. Three
studies showed that the bacterial spectrum changed after functional endoscopic sinus
surgery (FESS) [38,79,96], and specific bacterial genera were significantly correlated with
the disease severity measured using the Lund-Mackay score in computed tomography
(CT) scans [65,86,94]. There was controversy about the relationship between the microbiota
and clinical characteristics of CRSWNP patients, such as asthma, allergy, and sensitivity to
drugs [24,38,97,98].
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Table 1. Summary of the main findings of the included studies focused on the microbiota composition analysis in CRSwWNP patients.

Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
CRSwNP) CRSwNP)
The most common bacteria were
Coagulase-negative staphylococci
(CoNS), Streptococcus,
To compare the Corynebacterium spp.,
g;i?’;ri?g;?ctal 537 (285 Staphylococcus aureus, and
profiles in the C:’rgpl)eted the 18-80 M: 185 (109 with élsa:sMI\(Ilr?) with MMSS collected ﬁ“e"@”’ ?;l.“s ”chll'ffef”m‘?' o Notf‘““t’“’t?és or
[73] CSs middle meatus stucy. China CRSwNP: 18-78 CRSwNP) w o0 €O ecte SMT 0 signinicant ditterences i the corticosteroids in
R CRSwNP: 165 . AL: 11 (10) during ESS species or the number of different  the previous two
of Chinese CRSsNP: (45.2) F: 100 (56) AsS: b ial isol. b k.
CRSwNP and Dlé ZTP 76 sS:1(1) Cei%erla Plso gt]e)sc etween weeks
CRSsNP patients ’ Ve V}’N fan o lated:
and DC subjects. ery few fungi were isolated: one
case each of Penicillium notatum,
Verticillium, Aspergillus, and
Schizophyllum.
To evaluate
EZ;nzzviruses 60% of patients (21/35) were
(HI—II)V) 1-6 and positive for at least one virus in at
community- least one specimen studied.
acquired 35 CRSWNP:23-77  M: (25) AS: (8) Bioptic samples — yrp peg ang The highest prevalence was
[80] CSs . ’ Italy . | of NP collected found for herpesviruses 6 NA
respiratory CRSwNP: 35 (50.3) F: (10) AL: (15) during FESS qPCR) HHV-6), E in-B .
viruses (CARVS) uring ( -6), Epstein-| arr virus
rovalence in (EBV), cytomegalovirus (CMV),
}éRSwNP and Herpes simplex virus type 1
patients (HSV-D).
undergoing FESS
To evaluate the The most common bacteria were
efficacy of 66 SMT S. aureus, Streptococcus
- e Geare g, 187 s ke MuSS eSS Ly Bl Edwidnal
completes R : and post- icroscan wa corticosteroids
? antibiotic 55 completed ussta 487 F:30 : d post-FESS Mi 1k 3uosa, & i id.
therapy to the study) AERD: 27 away 40) Enterobacter aerogenes.
prevent y y The bacterial spectrum changed
recurrence of NP significantly after surgery.
Most of the patients (55/71,
77.5%) showed positive culture
results.
To ev;’ilga;e the The most common bacteria were
associatio . . S. epidermidis, Propionibacterium
between * Patients with a Maxill . b ; dE
bacterial 71 Republic of M: 42 history of axillary sinus acne, Corynebacterium, and E.
[66] CSs pacter p NA . Y samples after SMT aerogenes. NA
infection an wNP: orea : asthma were " ”
f d CRSwNP: 71 K F:29 h MM Th 11l s
reical excluded antrostomy e “normal flora group ( -
f)?lt%omes epidermidis and Corynebacteriunt)
following FEES had the worst prognosis of

postoperation, while the
“culture-negative group” had the
best prognosis.
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Table 1. Cont.

Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
CRSwNP) CRSwNP)
To compare the
diversity of nasal
microbiota and 11 19-67 (43.1) Nasal lavage The major bacterial genera were No antibiotics or
their secreted CRSwWNP: 5 Republic of , M: 8 (4) . . & MT (sequencing,  Pseudomonas, Haemophilus, corticosteroids in
[99] CSss . CRSwNP: 23-67, ; AT: 3 (1) fluid samples )
extracellular CRSsNP: 3 Korea (35.6) F:3(1) durine ESS OTUs) Staphylococcus, Moraxella, the previous
vesicles between DC:3 . & Enterobacter, and Fusobacterium *. month
CRSwWNP
patients and DCs
To determine
whether
smoking affects
CT score, Patients with a
bacterial 64 history of The most common bacteria were ~ No antibiotics in
diversity of the CRSwNP: 20 . CRSwNP: 22-76 asthma, atopy, .
[100] CSS upper airways, CRSsNP: 17 Slovakia (49.6) NA and aspirin MMSS SMT (CZONS, bS aurets, and. the pﬁekus
and distribution DC: 27 intolerance were orynebacteriiim species. mont
of inflammatory excluded
cells in nasal
mucosa in CRS
patients
To compare the
efficacy of
topical nasal 44 Scanning No antibiotics
corticosteroids CRSwNP: 44 M: 26 electron In the initial baseline SEM and/or
[70] RCT either as (34 com leted Turkey NA F-18 NA NP microscopic examination, biofilm prevalence corticosteroids in
monotherapy or th p ’ (SEM) was 68.0% (23/34). the previous
. ; e study) Lo
combined in examination month
eradicating the
biofilm of NP
To determine the
presence of
respiratory The presence of viruses
viruses in the 35 AS: 15 (11) (Coronavirus) was detected in
paranasal CRSwNP: 13 . M:19 (9) y o .
[81]  CSs B s of CRoeNP: § USA CRSWNP: (55.3)  ©¢ AR: 19 (11) MMSS MT (RT-PCR) only 7.7% of patients (1/13). NA
’ ’ AERD: 2 (2) None of the controls had a
CRSwWNP and DC: 14 iti reen
CRSsNP patients posttive sc )
compared to
DCs
To determine the
presence of 100
bacterial biofilm CRwNP: 18
71] ccs on the sinus ACP: 12 India NA NA NA Nasal—smus SMT Bactfrlal b1of11m was detected in NA
mucosa of CRSsNP: 20 tissue sample 66.7% of patients (12/18).
CRSwNP and '
CRSsNP patients DC: 50

and DCs
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Table 1. Cont.

Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
8 CRSWNP) CRSWNP)
To determine
whether
Gram-negative )
bacterial %arriage AS: aprox. 200 Ehie\;smf;t common;actgpz ‘;';’elfe
impacted disease 337 NA AL: 215 OoNS, S. aureus, and C. diphtheriae.
71 Css evolution and CRSwNP: 337 Canada (approx. 50) NA ASA: 101 MMSS SMT b aerugindss carriage was NA
inflammatory (self-reported) aslsfoma ed with a higher
profile in self-reported incidence of asthma.
CRSwNP
patients
TO eVatl ueflte {he The most abundant bacteria were
i;ip é;C'ci(?n ziélne Propionibacterium,
topigcal quynechterium, S. aureus, S. o
corticosteroids 42 22-77 M:15 3) Nasal cavity and MT (sequencing, eﬁ;dé;r:izs, and Staphylococcus Ii:;;:;;zsgzss ?;
[95] CSss on the CRSwNP: 14 USA CRSwNP: 27-65 E '27 (11) NA maxillary swab 165 RNA gene pAhi h ‘r roportional abundan the previous t
ost-surgical DC: 28 (52.0) ’ samples sequences) gher proportio; 1 ce € previous two
Sinonasal of Corynebacterium, Serratia, and months
microbiota of Finegoldia was found in men than
CRSwWNP in women who used intranasal
patients and DCs steroid spray.
The most abundant genera were
Staphylococcus, Corynebacterium,
To determine the Carnobacteriaceae, and
association Streptqcoccus.
between Smoking had a stronger effect on
smoking histor 101 MT (PCR and the microbiota at the phylum No systemic
[101] css and singnasal y CRSwNP: 22 USA >18 M: 59 AS: 31 MMSS collected sequencin level (Bacteroides, Firmicutes, and corticosteroids
microbiome CRSsNP: 48 F: 42 AR 60 during ESS O%Us) & Proteobacteria). for at least one
alterations in DC: 31 Cigarette-smoking history was month
both CRS associated with less bacterial
tients and DCs diversity, with a significant
patients a decrease in the phylum Firmicutes
and an increase in the genera
Carnobacteriaceae.
To determine the 28
presence of CRSwNP: 15 Ethmoid and Malassezia spp., M. restricta, and
specific fungal Allergic fungal . M:17 (9) AS: 12 (10) . . M. globosa were identified in ten,
76l S5 n}:icrobial sﬁgecies rhino%inusiti: 3 UsA CRSWNP: (49.0) .77 (6) AsS: 4 (4) maxillary sinus MT (qPCR) sevin, and four CRSwNP NA

in CRS patients
and DCss

Fungus ball: 3
DC: 7

brush samples

patients, respectively.
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Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
CRSwNP) CRSwNP)
Positive cultures (52/60) mainly
for pathogenic bacteria (47/60)
were found in most of the
patients (86.7% and 78.3%,
respectively).
Todefinethe 163 bactera oot o
bacteriology of CRSwNP: 60 M: (37) Gram-positive bacteria was No antibiotics in
[67] CSs CRSwNP and CRSsNP: 50 Israel CRSwNP: (51.2) E "(23) NA MMSS pre-FESS SMT found p the previous
CRSsNP patients ~ DC: 26 ' The pa . . month
and DCs HC: 27 e pathogemc bacteria most
frequently isolated were S. aureus,
Citrobacter diversus, Proteus
mirabilis, Enterobacter,
Pseudomonas, Klebsiella oxytoca, S.
pneumoniae, and Klebsiella
pneumoniae.
To define the
bacteriology of Endosinusal pus
SoaNrnd abiepsies s S5 ofpateni 0710 dd o
L ’ ) M: 26 (13) (sequencing, 16S g p .
[68] Css complication of CRSwNP: 16 Italy CRSwNP: (49,4) F: 18 (3) NA polyps and RNA S. aureus and other staphylococci, NA
dental disease or ~ SCDDT: 28 ’ fungus balls gene Peptostreptococcus spp., E. coli, and
& . sequences) prostrep PP e
treatment” collected during Bacteroides spp., were identified.
(SCDDT) surgery
patients
Swab samples at
To compare the four different No significant differences in
nasal microbiota regions along the global bacterial profiles at the
in regard to 79 nasal passage . sampling sites. a.
healt% state, CRSwNP: 15 18-79 . M: 50 (13) AS'_ 64) (ar\terfor an%i MT (sequencing, SignIi)ficagnt differences between No a.nt1b1ot1cs at
[93] CSS . . Germany CRSwWNP: 20-77 . AR: 23 (5) . 16S RNA gene . the time of
anatomical CRSsNP: 27 (52.0) F:29(2) AsS: 3 (3) posterior sequences) the bacterial assemblages and samplin
region, and DC: 37 i : vestibules and ! diversity measured for different ping
sampling inferior meatus sample types
strategy and MM) and (tissue biopsies and swabs).
tissue biopsies
To determine the
association
between the 36 Nasal lavage and
sino-nasal CRSwNP: 11 18-84 (43.9) : . sino-nasal MT (qPCR and Pseudomonas, Haemophilus, -
[102]  CSss microbiota and CRSsNP: 9 ge:i’an d CRSwNP: 18-71 1;{1'2124(4(3) 25522(?3) mucus samples sequencing, Enterobacter, and Staphylococcus g?danrté];ﬁt;gie
toll-like receptor ~ CRS/CF: 6 (41.1) ’ : collected during OTUs) were the dominating genera. P
(TLR) activation DC: 10 ESS

in DCs and CRS
patients
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Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
CRSwNP) CRSwNP)
To determine the
association of
distinct Most of patients
pathogenic sinus 76 (69 completed Sinus brushing . (30/32, 93.8%)
microbiota with the study) 18-88 (46.6) X . MT (qPCR and Most of the patients clustered
103]  CSS ific innat CRSwNP: 32 USA CRSwNP: 19-88  M:40(21) AS:18 (12) samples i into a sub typicall had taken
[103] specific innate wNP: wNP: F:29 (1) CF:9 (7) collected during sequencing, into a subgroup typically pre-operative
and adaptive CRSsNP: 27 (48.4) ' ' OTUs) dominated by Corynebacteriaceae o
p ESS y antibiotics (<3
immune DC: 10
responses and months)
the relative risk
of NP
No differences in phylogenetic
;rr?i:r%rgg iel;eotfhtie 65 (48 for diversity or Shannon diversity
P mapping between MM and inferior
MM anc'l inferior intrasubject meatus-associated microbiota. g .
meatus in HCs, microbiot No differences in beta diversit No antibiotics
AR, and CRS divce;)sito snd MM and inferior MT (sequencin ac(r)oss eﬁles;lf'sects e ety and/or
[90] Css patients and Ve USA NA * NA * NA meatus swab q & . Jects. corticosteroids in
. composition) OTUs) Taxa enriched included .
characterize . samples . the previous
; CRSwNP: 18 Staphylococcus and Alloiococcus, as
intra- and ) Uasl bund month
inter-subject and CRSsNP: 15 well as low-abundance
inter-grou AR: 11 Corynebacterium, Haemophilus,
diff rgn p HC: 4 Prevotella, and Porphyromonas
erences compared to HC.
To analyze and
quantify the
sinonasal . . o
mycobiomein ko b oy MMSS SMT and MT oo Z(;gf)t((ﬁtse it
[74] CSS HC and CRS CRSSNP: '32 Australia NA NA AS and AL intra-operatively  (sequencing, lgas;‘iuin dwi thp ‘% £ ’ NA
patients in an DC: 527 ' collected OTUs) icilentiﬁe é)a nd without fungus
attempt to better ) ’
elucidate its role
in sinus disease
To study the
association
between New Most of the
inflammatory . . . patients (35/39,
110 Zealand , L Patients were grouped in subject o
cells and CRSwNP: 46 (Mostof the ~ 18-84 AS: 48 (28) Tissuebiopsies  yrr( pCRand  clusters mainly associated with oo/ /) had not
signalin . : ) M: 55 (25) S, collected from T v . taken
104] €SS snang CRSsNP hyl b
[104] K : sNP: 46 patients CRSwNP: 18-71 . AsS: 14 (40) he bull sequencing, Staphylococcus, Corynebacterium, N .
markers of CRS . F: 55 (14) . the bulla pre-operative
CRS/CE:7 were (48.0) AERD: 11 (11) . OTUs) Streptococcus, and I
endotypes and ethmoidal g ; antibiotics and
. DC:17 European Propionibacterium. . .
the sinonasal (31/38)) corticosteroids
bacterial (<3 months)
community

patterns
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Sex Other Disease
Ref. Study Type Objective Sample Size Country f}\%/eerage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
CRSwNP) CRSwNP)
To describe the
effect of oral Bacterial communities were
antibiotics and typically dominated by No antibiotics
corticosteroids 26 N 22-67 (48.9) M: 13 (7) MT (qPCR and Corynebacterium and and systemic
[105] RCT on the bacterial CRSwNP: 13 Z«:a‘q’an d CRSwWNP: 29-64 F: '13 ©) NA MMSS sequencing, Staphylococcus and at lower corticosteroids in
microbiome CRSsNP: 13 (49.5) ’ OTUs) abundance by Streptococcus, the previous
within the Dolosigranulum, Haemophilus, and month
paranasal mucus Moraxella.
in CRS patients
To det?CF Discharge from Two patients with a history of a C.a ses with a
bacteria in . : . . history of a
lture- ti 20 the sinus and SMT and MT previous sinus surgery yielded . .
cuittremnegative . mucosal biopsies an Staphylococcus spp. by qPCR previous sinus
[106]  CCS cases of CRS CRSwNP: 15 India NA NA NA (qPCR and o surgery also had
using 16S rRNA CRSsNP: 5 from the MM sequencing) (2/15,13.3%). history of prior
& ' region collected q 8 MRSA was isolated from one of Y ol pri
gene PCR and . treatment with
. during FESS them. . .
sequencing corticosteroids
Most patients (120/136, 88.4%)
showed a positive culture result.
The most abundant bacteria were
CoNS, Corynebacterium, and S.
epidermidis.
The isolate rate of fungi was very
low (3.7%).
The strains were mainly
Gram-positive aerobic and
facultative anaerobic bacteria
(69.8%).
To compare the Patients with asthma showed a
microbiological significantly lower isolation rate No antibiotics
features in 251 of Corynebacterium and P. and
middle meatus CRSwNP: 136 . : M: 154 (89) AS: 41 (37) aeruginosa. glucocorticoids
[38] ccs sCaRrrS1ples fron:1 CIéSsNP: 66 China CRSWNP: (45.4) F: 96 (47) AR: 85 (61) MMSS pre-ESS SMT Pa}tliints c;/\/ith a hfis‘cory1 oi ESS at lea;t l;)r}e
WNP an DC: 49 exhibited a significantly lower month before
CRSsNP patients isolation rate of CoNS, and a surgery
and DCs significantly higher isolation rate

of P. aeruginosa.

A relatively high proportion of
Citrobacter was observed
compared with DCs.

The isolation rate of S. aureus in
the subgroup of patients with an
increased percentage of
eosinophils (>5%) in peripheral
blood was higher than that in the
subgroup with a standard
percentage of eosinophils.
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Table 1. Cont.

Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
CRSwNP) CRSwNP)
63.0% of patients (63/100)
To investigate showed positive culture result.
the relevance of The most common bacteria were
the bitter-taste S. epidermidis, S. aureus, and
receptor Enterobacteriaceae (Klebsiella spp.,
TAS2R38 genetic SMT and Citrobacter koseri, and Serratia
7 cs :Lalglcaerpl)ttsﬂiﬁitt};eto 100 Ttal CRSwWNP: (53.0 M: (68) NA Sinonasal 1 confon?al laser gz;e?;eggé sample was found a Ic\(I)(r)t?cn()t;]tjell(‘)(gfiSs(i)xr't
7] bacterial CRSwNP: 100 taly wWINP: (53.0) F: (32) muc]gggss amples scanming mixed microbiota composed of the previous
infections pre- TMICTOSCopy Candida albicans with S. aureus. month
associated with assay 19 of 43 samples (44.2%) were
in vivo biofilm biofilm-positive.
formation in Biofilms were associated with
CRSWNP Kilebsiella, Citrobacter, Haemophilus,
patients Kocuria, S. aureus, and S.
epidermidis.
Enterobacteria, Staphylococci,
To evaluate the 18 coryneform bacteria,
bactenal_ CRSWNP: 5 PropmmbaFterla, V1r1dans' All patients had
community CRSsNP: 5 MMSS and streptococci, and Haemophilus eosinophilia
composition on CRS with 132570 M: 8 tissue samples SMT and MT were identified. (>5%)
[85] CSS the distinct types i Germany . » NA pie (sequencing, The most common bacteria were T,
unilateral CRSwNP: 1329  F:10 collected during . o No antibiotics in
of CRS purulent ESS OTUs) S. epidermidis, P. acnes, and the previous
compared to maxillary: 5 Corynebacterium spp. month
healthy bacterial DC: 3 ¥ No significant differences were
communities ) found in the microbiome between
patients and DCs.
HCs and CRSWNP patients had
about the same total bacterial
load, but the bacterial diversity
and evenness were significantly
To compare the lower in the CRSWNP group,
bacterial especially the CRSwNP-A group
communities of (both evenness and Shannon’s
HCs with 58 MMSS and diversity), compared with HCs. No antibiotics or
N SN SOV ey @ NN e, epmbomnd ot
(CR- CRSwNP-A: 21) CRSwNP-A: 47.5 :27(19) AaS: (7) collected during s) were more abundant than in HCs.  the previous

SwNP+A)/without HC *: 17

ESS

In contrast, Staphylococcus xylosus

(CRSwWNP-A) and Bifidobacterium longum were
comorbid less prevalent and abundant than
asthma in the HCs.

The most abundant species in
CRSWNP-A was S. aureus, and E.
coli was found in high amounts in
CRSwNP+A.

three months *
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Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) gle;iﬂ;\]P) (CnRv;itlll\IP) Sample Type Methodology Results/Conclusion Observ.
w A\
To characterize Most of the
the sinonasal New patients had not
fungal . 144 Zealand At the phylum level, taken antibiotics
communities CRSwNP: 49 (Mostofthe ¢ g, Basidiomycota and Ascomycota (41/49, 83.7%)
[77] css (mycobiota) in CRSSNP: '50 patients CRSwWNP: 18-71 M: 72 (29) AS: 58 (35) MMSS collected MT (sequencing, showed the highest RA and A
CRS patients and CRS CF: 7 were 50.0 ’ F: 72 (19) AsS: 18 (15) during ESS ZOTUs) Th b gd £ - . id
DCs via the /CF: European (50.0) e most abundant fungi were corticosteroids
fungal ITS2 DC: 38 (111/ 144 Malassezia, followed by Davidiella. ~ (44/49, 89.8%) in
marker amplicon 77.1%)) ’ the previous
sequencing ) month
To investigate
the safety and
preliminary o5
fficacy of .
i/lanuka hone CRSwNP: 20 (10 New 27_86 M: 14 AS: 10 Sinonasal swab The most common and abundant
[107]  RCT . y with useful . » AR: 12 samples SMT bacteria were S. aureus and NA
(MH) with X . Zealand CRSwNP: 49-69 F: 11 .
ted information) AsS: 2 post-EES Pseudomonas.
augmer CRSsNP: 5
methylglyoxal
(MGO) rinses in
recalcitrant CRS
The most common bacteria were
To describe th Staphylococcus spp. (S. aureus and
si(r)m:sr;icrf)bigta Aspiration S. epidermidis), Pseudomonas spp.,
of acute samples of Haemophilus spp. Enterobacter Some patients
exacerbations in 143 AS: 56 (38) purulent spp., and Corynebacteritm spp. (no data) had
CRSwNP: 55 (52.7) M: 75 (33) . N MT (sequencing,  Staphylococcus spp., Pseudomonas e s
[108] CSs CRSwNP, CRSSNP: 65 USA CRSwNP: (53.2) F: 59 (22) AL: 66 (33) secretions from OTUs) s “nd Streptocoeciis s taken antibiotics
CRSsNP, and AFRS: 14 o ' AsS:9 (7) within the MM D e i RA PP and
allergic fungal ’ or previously An average of 3 taxa per corticosteroids
rhinosinusitis opened sinus verag lated hp dal
(AFRS) patients specimen isolated showed a low
level of diversity in acute
exacerbation CRSWNP
Most of the patients (23/29,
g?f?e e;rer;loﬁr;sltrate 79.3%) showed positive culture
expression of results, of which 15 had isolated Patients had
treI?oil famil pathogenic bacteria and 8 taken
factor (TFF)y Nasal and sinus nonpathogenic bacteria (S. corticosteroids in
rotein genes in 4 21-69 M: 30 (16) swab samples epidermidis). the previous
[69] cs EZRS & CRSwWNP: 29 Croatia CRSwWNP: 26-69 v AERD: (3) pres SMT * Pathogenic bacteria isolated: S. three weeks and
WNP DC: 25 (53.4) F: 24 (13) collected during aureus, E. coli, Group B S some cases had
atients and the . . FESS , E. coit, pbBS. -
fm act of haemolyticus, Morganella morganii, ~ also taken
bagerial Enterobacter spp., Serratia antibiotics (no

colonization on
their expression.

marcescens, P. mirabilis,
Enterobacter freundii, and K.
oxytoca.

data)
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Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
CRSwNP) CRSwNP)
To identify a The most common bacteria
microbiome 20 M: 9 Nasal tissue MT (sequencin. (phyla) were Proteobacteria,
[109] CCS profile in CRSwNP: 10 Indonesia 18->50 E11 NA sample collected OTU )q & Firmicutes, Cyanobacteria, NA
CRSwWNP and CRSsNP: 10 . during FESS s Fusobacteria, Actinobacteria, and
CRSsNP patients Bacteoidetes.
73.9% of patients (278/376)
showed positive culture results.
The most common bacteria were
To identify Purulent CoNS (S. epidermidis),
trends in bacteria 510 discharge in the gtrep fococcuis spp., ; No antibiotics or
. . ; orynebacterium, Propionibacterium .
isolated and CRSwNP: 376 AS: (33) maxillary and Haemophilus S. aureus systemic
[57] CS their antibiotic (ECRSwNP: 36 Korea >18 NA AT: G1) ethmoid sinuses SMT Sp}c)i.,Kl bsi llp 1S Spp., o fuTeus, corticosteroids
resistance from NECRSwNP: 22) ' samples esme ; d:r;lziiig Sgog nebacterium for at least the
Korean adults CRSsNP: 134 collected during g dE / b Y previous month
with CRS ESS Spp., an ntero ac'ter Spp. were
significantly associated with
ECRSwWNP, and Haemophilus spp.,
Klebsiella spp., and P. aeruginosa
with NECRSwNP.
To stratify CRS
patients based
Srgctﬁ)elgal Staphylococcus, Streptococcus,
. . . Propionibacterium, and .
community 31 Ethmoidal sinus C ; . No antibiotics or
o . ) orynebacterium were prevalent in .
compositions CRSwNP: 8 biopsy . L systemic
. New . MT (sequencing,  a majority but at low RA. . Sy
[110]  CSss using a CRSsNP: 8 >18 NA NA specimens corticosteroids in
e Zealand . OTUs) In CRSWNP, Moraxella and .
probabilistic CRS/CE:7 collected during S I domi the previous
modeling DC: 8 FESS tenotrophomonas were dominant month
approach and but showed less Streptococcus and
t}lfg)tra ditional Veillonella than DC.
phenotypic
approach
To identify
reactive 51 Moraxella catarrhalis
allergens of IgE ECRSwNP: 46 (4 ECRSwNP: M: (2) . Swab and NP . ¢
[y Css antibodies finally included) ~ J2Pa0 39-77 (53.3) F: (2) AS:(3) samples SMT Cory, ”Bh’m”.lém °PP 'aand 5. NA
produced locally ~ DC: 15 aureus were identified.

in NPs
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Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
8 CRSwNP) CRSwNP)
The predominant bacterial phyla
were Firmicutes, Proteobacteria,
Actinobacteria, Bacteroidetes, and
Fusobacteria.
The predominant bacterial genera
were Lactobacillus,
Corynebacterium, Staphylococcus,
Streptococcus, Erysipelotrichales,
Escherichia-Shigella, Haemophilus,
Enterobacter, Propionibacterium,
To characterize and Pseudomonas.
the differences in CRSwNP had a lower nasal No antibiotics
microbiom 86 M: 53 (35) AS: 12 (1) MMSS collected ~ MT (sequencing, ~ Microbiome richness than DC. and
[86] CSsSs Cf.(f % tiv CRSwNP: 59 China CRSwNP: (46.4) E: '33 o AR" 16 (14 duri ;(;ESQSC € OTUseque cng, The RA of Actinobacteria corticosteroids in
PC)rIgSI eIs\TPe N pcio7 $33 (24) +16 (14) urng s) (predominantly Corynebacterium),  the previous
atieﬁts and DCs and Dolosigranulum was month
P significantly lower in CRSwNP
than in DC.
Lactobacillus, Escherichia—Shigella,
Turicibacter, Clostridium,
Enterococcus, and Romboutsia were
positively correlated with the
severity of CRSWNP
(Lund-Mackay CT score).
Smoking status, asthma, or
allergic rhinitis did not change
the microbiome distribution.
To compare
bacterial . geviz d The most common bacteria were Most of the
community d 54 I\?Ia an £ th Corynebacterium, Haemophilus, patients had
cc];m}lnosmon an CRSwWNP: 18 ( ost of the M: 31 MT (qPCR and Staphylococcus, and taken antibiotics
[12] €SS absolute WINP: patients CRSwWNP: (53.2) : AS: 14 (10) MMSS sequencing, Dolosigranulunt. and
abundances of S.  CRSsNP: 22 were F:23 OTU CRSwNP had a sienifi 1 . ids i
aureus and S. DC: 14 European s) RSw ad a signif icantly cortlcos’tgrm sin
; g higher overall bacterial load than  the previous
epidermidis (44/54, DCs ear
between CRS 81.5%)) . Y

patients and DCs
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Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
CRSwNP) CRSwNP)
To investigate 82.1% of patients (82.1%) showed
the expression of . M: 91 (65, AS: (8, positive culture.
lipopolysaccha- 162 (CEIESI;NSI:IVI;\H}B_H ECRSwNP: 28, ECRSwNP: 5, Swab sampl The positive rate of bacterial No
ride (LPS) and its =~ CRSwNP: 112 . ’ NECRSwNP: 37)  NECRSwNP: 3) ab samples culture of different groups was corticosteroids in
(58] CsS relationship with ~ (ECRSwNP: 49 China %\?15251{(546191)1’ F:71 (47, AT: (5, and_éggmmens SMT not different. the previous two
glucocorticoid NECRSwNP: 63) 1371 ¢ 4‘2’ o) ECRSwNP: 21, ECRSwNP: 4, pre The main bacterial strains were S.  weeks
receptors (GRs) ’ NECRSwWNP: 26) NECRSwNP: 1) epidermidis, CoNS, E. coli, S.
in CRSWNP pneumoniae, and K. pneumoniae.
To verify if
topical
administration
of Lactobacillus
lactis W136 to the . . No antibiotics
nasal and sinus fge(ifu??rﬂeted M: 11 AS: 18 brachima 2@ SMT and MT O e oS, § and
[113] CS cavities would y USA (54.9) ' : & (sequencing, pharyng it re corticosteroids in
be safe for CRS CRSwNP: 17 F:13 AL:5 samples pre-ESS OTUs) aureus, and P. aeruginosa were the the previ
© sate 1o CRSsNP: 7 and post-ESS s most common bacteria. ¢ previous
patients month
refractory to
medical and
surgical
treatment
To investigate New Phyla Euryarchaeota and
the prevalence, N Thaumarchaeota were detected.
diversity, and 60 Zealand The most abundant bacteria were Most of the
4 : (Most of the . . patients (13/16,
abundance of CRSwNP: 16 subiects M: 37 (14) MMSS collected MT (sequencing,  Corynebacterium, Staphylococcus, 81.3%) had not
[87] CSS archaea in the CRSsNP: 15 ) CRSwNP: (52.8) » AS: 19 (6) . ASVs; and Moraxella, Lawsonella, and -0 7o) e 1O
human sinuses DC:9 were F:232) during ESS digital PCR) Haemophilus. Faken antlbphcs
and any HC: 20 atir/oé%ean CRSwWNP subjects showed mn thtehprevmus
associations with 73.39% )’) significantly decreased alpha mon
B o

disease state

diversity than HCs.
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Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
& CRSwNP) CRSwNP)
To establish New
associations 236 Zealand The most common bacteria were Most of the
amgng CRSwWNP: 79 (M;)st of the 18-82 M: 100 26) MMSS and X T goryl;rzelhucterium and g;tgle/n)ti1 ((317 /78,
) medication L subjects . : . tissue samples sequencing, taphylococcus .9%) had not
(4] €SS usage, the sinus gIéSZIgH) “ were gfg%‘;VNP 1875 F: 136 (53) AS:78(72) intra-operatively ~ ASVs) The number of observed ASVs taken antibiotics
microbiota, and HC'- 35 European : collected was significantly lower when in the previous
patients’ clinical ' (191/236, compared to HCs. month.
outcomes 80.9%))
To analyze the
bacterial flora of
the nose Tnd The most common bacteria was S.
l:;fj?:ssian CRS 529 (269 aureus. No antibiotics
3 completed the . There were no statistically and systemic
patients who M: 147 AS, AL, and MMSS collected c e . . P
[115]  CSss underwent ESS study) Poland >18 F-122 AERD durine FSS SMT significant differences between corticosteroids in
over 65 vears of CRSwNP: 150 ’ 8 the occurrence of a particular the previous
Y CRSsNP: 119 type of bacteria and the presence ~ month
age compared to of NP in both age groups.
a younger group
of patients (<40
years)
The most common bacteria were
Firmicutes (mainly Staphylococci),
Actinobacteria (mainly
Corynebacterium, Bifidobacterium,
and Propionibacterium species),
and Proteobacteria (mainly
Moraxella, Pseudomonas,
AT: (13 Enterobacter and Aggregatibacter).
To investigate ECRS‘A;NP' 10 ECRSWNP: RA of Anaerococcus,
whether the 37 NECRSWNP' 3’_) Tepidimonas, and Mesorhizobium No antibiotics
sinus microbiota ~ CRSwNP: 31 Republic of ECRSwNP: (50.6) AS: (8 ’ MT (sequencin. were significantly decreased and ~ and systemic
[59] CSss in CRSwNP is (ECRSWNP: 21 KoIr)ea NECRSwNP: NA ECi{Sx,/vNP' 8) MMSS OTUs) q & Lachnoclostridium increased corticosteroids
associated with NECRSwNP: 10) (37.3) * Patients V\lfith compared to those in DCs. for at least the
eosinophilic DC:6 AERD were ECRSWNP patients had higher previous month
inflammation excluded asthma incidence and clinical

severity scores.

NECRSwNP: RA of
Lachnospiraceae was increased
compared with that in DCs.
Deinococcus, Sphingomonas, and
Lactobacillus were positively
correlated with serum
extracellular vesicles (EVs).
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particular flora and the
multiplicity of operations.

Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
CRSwNP) CRSwNP)
To characterize
th'e normal Australia
microbiome,
assess for any I;:;i]and The most abundant bacteria were
gﬁrol;gralphlcal or fgz f(;;l(i r(teacheci Thailand Corynebacterium, Staphylococcus,
¢ fl ca d el a )S age o India MMSS collected MT ( . Streptococcus, Haemophilus, and Clinicians were
[55] CSss INIIUETICES, any ana’ysis Brazil 20-75 NA AS and AsS o0 Coecte sequencing, Moraxella. Corynebacterium was free to treat
identify any CRSwNP: 172 Chil during ESS ASVs) ronifi Iy reduced and .
changes CRSsNP: 99 ile significantly reduced an patients
; . ; The Nether- Streptococcus increased compared
associated with DC: 139
i lands to DCs.
CRS within and
across Canada
. USA
geographical
sites
Gram-negative intestinal bacilli
To compare the Enterobacteriaceae, CoNS and
bacterial:i flora in streptococci, and S. aureus were
CRSWNP and AS: 104 (83) the most common bacteria.
CRSsNP patients 470 (458 AL: 87 (52) No statistically significant

SN completed the AsS and other relationship was found between No antibiotics in
and investigate a . MMSS collected . .

. . study) non-steroidal . bacterial flora and the presence of  the previous
possible link CRSwWNP: 245 . during ESS hma. h o d h
between the type WNP: 'antl— asthma, hypersensitivity to drugs, = mont

£ bacterial fl CRSNsNP: 213 inflammatory or allergy.
(a)n dat;:rla ora drugs: 53 (44) No statistical significance

. between the occurrence of a
coexistence

To characterize
the microbiome
dysbiosis in
AERD patients

AERD: 17
HC: 17

Inferior
AERD: (17) turbinate swab
samples

MT (sequencing,

AERD subjects showed reduced
bacterial diversity (fewer species
per sample and lower Shannon
Diversity indexes).

Moraxella, Corynebacterium,
Pseudomonas, Staphylococcus,
Sphingomonas, Streptococcus,
Propionibacterium, and Eikenella
showed the highest RA.
Overabundance of Eikenella
corrodens, M. catarrhalis, and
Pseudomonas (Proteobacteria
phylum) and underabundance of
Corynebacterium in AERD patients
compared to HCs.

No recent use of
antibiotics and
corticosteroids
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Ref. Study Type Objective

Sample Size

Country

Age
(Average)

Sex
(n with
CRSwNP)

Other Disease
(n with
CRSwWNP)

Sample Type Methodology

Results/Conclusion

Observ.

To analyze the
effects of
antibiotics on the 99

nasal CRSwNP: 40
CRSsNP: 30

[89] Css microbiome and

secreted DC:29
proteome in CRS
patients

Republic of
Korea

CRSwWNP: (48.8)

M: 67 (27)
W32 (13)

AS: 4 (2) Nasal secretion
AT 31 (13) samples from
AR: 33 (8) MM

MT (sequencing,
OTUs)

Corynebacterium (Actinobacteria),
Staphylococcaceae (Firmicutes),
Streptococcaceae (Firmicutes),
Burkholderiaceae (Proteobacteria),
Lachnospiraceae (Firmicutes),
Veillonellaceae (Firmicutes),
Propionibacteriaceae
(Actinobacteria), and Moraxellacea
(Proteobacteria) showed the
highest level of RA.

Shannon and Simpson indexes
were significantly decreased
across CRSWNP to DCs.

The sinonasal microbiota of the
CRSwWNP showed significantly
decreased bacterial diversity.
Firmicutes and Bacteroidetes
(Prevotellaceae) were significantly
decreased compared to DCs.
Cyanobacteria, Staphylococcaceae,
Propionibacteriaceae, and
Moraxellaceae were significantly
increased compared to DCs.

In the NABX (subjects who had
not taken antibiotics three
months before sampling) group,
the Shannon and Simpson
indexes were significantly
decreased compared to DCs.
Shannon and Simpson indexes
were significantly lower in the
ABX group than in the NABX
group.

Streptococcaceae, Lachnospiraceae,
and Neisseriaceae were
significantly decreased in the
ABX group compared to the
levels in the NABX group.

Some patients
(24/40, 60%) had
not taken
antibiotics in the
previous three
months
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Ref.

Study Type

Objective

Sample Size

Country

Age
(Average)

Sex
(n with
CRSwNP)

Other Disease
(n with
CRSwWNP)

Sample Type

Methodology

Results/Conclusion

Observ.

[60]

Css

To evaluate the
bacterial
community
composition on
distinct types of
CRSwNP
patients
(ECRSwWNP and
NECRSwNP)

73

CRSwNP: 34
(ECRSWNP: 16
NECRSwNP: 18)
HC *: 39

China

ECRsWNP:
(48.3)

NECRSwNP:

(28.5)

M: 36 (18,
ECRSwNP: 11,
NECRSwNP: 7)
F: 37 (16,
ECRSwNP: 5,
NECRSwNP: 11)

AS: (2,
ECRSwWNP: 2)
* Patients with
AERD were
excluded

MMSS collected
during FESS

MT (sequencing,
OTUs)

The most common bacteria were
Firmicutes, Actinobacteria,
Proteobacteria, and Bacteroidetes.
The most abundant genera were
Staphylococcus, Corynebacterium,
and Dolosigranulum.

The diversity of sinus microbiota
(Chaol and Shannon indexes)
was significantly lower in the
CRSwNP than in DC.
ECRSwNP: Firmicutes,
Actinobacteria, and Proteobacteria.
Staphylococcus, Corynebacterium,
and Moraxella. NECRSwNP:
Firmicutes, Actinobacteria and
Bacteroidetes. Staphylococcus,
Dolosigranulum, and
Corynebacterium.

Staphylococcus was significantly
lower in the ECRSWNP compared
to HC.

The Shannon index significantly
decreased only in the
NECRSwNP, but not in the
ECRSwNP, compared to HCs.
Staphylococcus (S. auretis)
abundance was the lowest in the
ECRSwNP.

The abundance of S. aureus was
the highest in the NECRSWNP.
The abundance of Moraxella was
significantly decreased in the
NECRSwNP compared with that
in the ECRSWNP.

The abundance of Haemophilus
was significantly increased in the
NECRSwWNP compared to HC.

No antibiotics or
corticosteroids in
the previous
month
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Ref.

Study Type

Objective Sample Size

Age

Country (Average)

Sex
(n with
CRSwNP)

Other Disease
(n with
CRSwWNP)

Sample Type Methodology

Results/Conclusion

Observ.

[64]

CS

147

To explore nasal CRSwWNP: 77

microbial
diversity effects
on the
pathogenesis
and prognosis of
CRSwNP

12, NP

65)
CRSsNP: 36
DC: 34

(NP recurrent:

non-recurrent:

CRSwNP: (46.4)
(NP recurrent:

China (48.6), NP
non-recurrent:
(49.7))

M: 86 (43, NP
recurrent: 5, NP
non-recurrent:
36)

F: 61 (34, NP
recurrent: 7, NP
non-recurrent:
29)

AS: 14 (11, NP
recurrent: 3, NP
non-recurrent: 8)
AR: 22 (14, NP
recurrent: 4, NP
non-recurrent:
10)

MMSS collected
during ESS and
MM secretions
after 1-year
post-ESS

MT (sequencing,
OTUs)

The most abundant bacteria were
Lactobacillus, Corynebacterium,
Staphylococcus, Streptococcus,
Escherichia-Shigella, Enterobacter,
Haemophilus, Moraxella, and
Propionibacterium.

The RA of Actinobacteria
(Corynebacterium), Chlamydia, and
Dolosigranulum was significantly
lower than that in DCs.
Lactobacillus, Escherichia—Shigella,
Turicibacter, Clostridium,
Enterococcus, and Romboutsia were
positively correlated with the
severity of CRSWNP
(Lund-Mackay CT score).
Smoking status, asthma, or
allergic rhinitis did not change
the microbiome distribution.
Faecalibaculum had a significant
negative correlation with the
TNSS of patients with CRSwNP.
The abundance of Actinobacteria
after surgery was significantly
higher than before in the NP
non-recurrent group, while there
was no significant change in nasal
flora in the NP recurrent group.

No antibiotics or
corticosteroids in
the previous
month

[94]

CSS

To assess the
microbial
composition in
CRS patients,
comparing
different
sampling
methods and
disease subtypes

22
CRSwNP: 8
CRSsNP: 6
DC: 8

Republic of 21-76
Korea CRSwWNP: (48)

M: 12 (3)
F: 10 (5)

AS:2(2)
AT: 6 (1)

MMSS, tissue
biopsied from
the uncinate
process (UT) and
NP tissue
collected during
ESS

MT (sequencing,
165 rRNA)

Bacteroidetes, Firmicutes,
Proteobacteria, Actinobacteria, and
Fusobacteria were the dominant
phyla.

The Shannon index was
significantly decreased in NP
compared to UT.

Firmicutes was remarkably
reduced in NP, whereas
Proteobacteria was more abundant
in NP than in UT. Sphingomonas
and Sediminibacterium were
enriched in the NP, while
Ralstonia was reduced in NP.
Prevotella was significantly and
inversely correlated with disease
severity.

No antibiotics
and systemic
corticosteroids in
the previous
month
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Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
CRSwNP) CRSwNP)
In the airway: Reduced alpha
diversity in comparison to HCs.
Moraxella, Parvimonas, and
Porphyromonas increased more in
the ECRSWNP than in the
NECRSwNP. These bacteria were
positively correlated with CT
To investigate scores and severe dilseqse.
the changes in Prevotella 9, Succmz’vzbrlo, )
the clinical Lawsonella, and Exiguobacterium
histo athoio i M: 26 (20 significantly decreased in
cal aI; d 8 58 CRSwWNP: (34.7) EéRSwI\fP' 13 AS: (4 ECRSwNP. These bacteria were No antibiotics or
h ! tological CRSwNP: 46 (ECRSWNP' 3'4 8 NECRSWNP' é) EC.RS‘,/VNP‘ 4) MMSS (17) and MT (sequencin negatively associated with CT systemic
[61] CSS emato og (ECRSwWNP: 32 Sudan o ) ’ R ’ fecal samples q & scores and endoscopic score corticosteroids in
properties and NECRSwNP: 14) NECRSwNP: F: 32 (26, AL: (1, (10) OTUs) eosinophil percentage the previous
the gut and He1o (34.7)) ECRSWNP: 19, ~ ECRSwNP: 1) I e piase b
airway H NECRSwNP: 7) n t. e gut microbiome: ) mont]
microbiota in Actinobacteria phylum anf:l its
CRSWNP major genus (Bifidobacteria) were
endotypes remarkably reduced in CRSWNP,
mainly in ECRSWNP.
Bifidobacterium and Barnesiell were
negatively associated with CT
score and endoscopic score. The
abundance of Enterobacterales;
Enterobacteriaceae; and several
genera, such as Enterobacter,
increased in NECRSwNP.
Zgr;lgfee}f(t;l;fvae The most abundant bacterial
multi-omics genera were‘Staphylocolccus,
assessment of Corynebacterium, Dolosigranulum,
. New Anaerococcus, and o
NP tissue Zealand (all Propionibacterium. chiantlbwncs
transcriptome, 3 patients . M: (3) . . MT (sequencing,  The most abundant fungal genera and, s
[78] (@3] proteome, and CRSwWNP: 3 were of CRSwNP: 46-59 F: (0) AS: (1) NP tissue ZOTUs) were Malassezia: Candida: corticosteroids in
associated . European . Rhodotorula; anci unclass{fied the previous
bacterial and P J ) month
fungal ancestry) members of Malasseziales,
microbiome in ?/Iothzdezmy cleltes, d
CRSwNP ycosphaerellaceae, an,

patients

Phaeophaeriacea.
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Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
CRSwNP) CRSwNP)
The most abundant bacteria were
Firmicutes, Proteobacteria,
Actinobacteria, Bacteroidetes,
Fusobacteria, and Spirochaetae.
Actinobacteria, Corynebacterium,
and Dolosigranulum were
significantly lower than in DCs.
There was no significant
T lore th M: (34, NP AS: (11, NP difference in nasal microbiome
o explore the 77 and DC recurrent: 5, NP recurrent: 3, NP richness between NP recurrent a.
effects of nasal - CRSwNP: (NP ¥ X No antibiotics
microbial CRSwNP: 77 recurrent (48.6) non-recurrent: non-recurrent: 8  MMSS and NP and non-recurrent groups. and
[65] cs diversity and (NP recurrent: China NP o 29) AR: (14, NP tissue and MM MT (sequencing, At the genus level, the dominant corticosteroids in
; . ty 12, NP F: (43, NP recurrent: 4 and secretions after OTUs) bacteria were Lactobacillus, .
inflammatory . non-recurrent . the previous
non-recurrent: recurrent: 7, NP NP 1-year post-ESS Staphylococcus, Streptococcus, and
types on the 62 (49.7)) t " Bacteroid month
rognosis of NPs ) non-recurrent: non-recurrent: acteroides. '
p 36) 10) Faecalibaculum was negatively
correlated with the overall nasal
symptoms.
The RA of Actinomycetes and
Corynebacterium was significantly
higher, and Staphylococci was
significantly lower, in the NP
non-recurrent group than in the
NP recurrent group.
To identify and
characterize
prophages S. aureus clinical isolates were
presentin S. 67 obtained
aureus from CRSwNP: 30 Samples (in silico: intact prophages
[116]  CSS patients CRSsNP: .28 Australia NA NA NA collected during SMT * encoding human immune NA
suffering from DC:9 ESS evasion cluster genes and more
CRS, concerning ’ frequent in patients with more
CRS disease severe disease).
phenotype and
severity
Iﬁeargiil(}),iei;};ie Pre-FESS cultures: MRSA
sinonasal 35 predominantly, followed by S. Postoperatively
. it . ’ . M: 19 MMSS pre-FESS aureus, Pseudomonas, E. coli, and patients were
[79] CS microbiome in CRSwNP: 20 India 12-76 (40.0) . NA SMT . .
. F:16 and post-FESS Aspergillus. prescribed
CRSwNP and CRSsNP: 15 . o
; Post-FESS culture: S. aureus and antibiotics
CRSsNP patients E. coli
after FESS T
To investigate
the potential role 390 (274 . . .
[117]  CSS of Pantoea completed the Taiwan 20-99 (53.6) M: 156 AS:8 Nasal swab SMT Seven CRSWNP patients had NA
di . F: 118 AR: 75 samples culture growth of P. dispersa.
ispersa in study)

rhinosinusitis
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Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
8 CRSWNP) CRSWNP)
The most common bacteria were
To examine the Actinobacteria (Corynebacterium)
bacterial Sphenoidal sinus and Staphylococcus spp.
communities of 36 CRSwWNP: 30-63 M: 18 9) surface mucosa S. pneumoniae and H. influenza No antibiotics in
[40] CSS the sphenoidal CRSwNP: 18 Iran @2.7) ’ F: b18 ®) AS: 6 swab samples MT (qPCR) were not detected in any of the the previous
sinus in Iranian DC: 18 . ’ collected during samples. month
patients with FESS S. haemolyticus and P. aeruginosa
and without CRS were significantly more prevalent
than DCs.
There was no significant
difference in community diversity
(OTUs, Shannon diversity index,
and Chao richness), but both
groups (recurrence and
non-recurrence) showed distinct
composition.
Genera from the Proteobacteria
and Firmicutes phyla were the
. major taxa that differed in
ggrfglgét?hnical abundance between both groups.
information for Campylokacter, Bdellovibrio, and
To determine the M: (64, recurrent: Agg reéqatzflzflter Wetr}f more
whether altered establishment of CRSwNP: 18-73 28, ;r;?p ant than In the recurrence
nasal microbiota a predictive (46.4) (NP non-recurrent: . L No antibiotics or
[92] cs constituents model of China recurrent: (46.2), 36) Irtziuilrz;llt\nl)S NP MMSS collected MT (sequencing, ﬁs:zzzﬁ;ﬂngriggz;;f dant in corticosteroids in
could be used as CRSwNP NP F: (21, NP ~ o 5 during ESS * OTUs) i the previous
biomarkers to recurrence) non-recurrent recurrent: 11, NP non-recurrent: 2) ISIEH rectlllr renfieij eptostrept month
predict CRSWNP  CRSwNP: 85 (46.5) non-recurrent: exﬁzilﬁlirtls daaagecrergfez;np ococeus
recurrence (NP recurrent: 10) . .
39 NP abun;lance, and Friedmanniella,
no,n—recurrent: Curvibacter, and
46) Pseudoxanthomonas were more

abundant in recurrence than
non-recurrence.

Porphyromonas, Bacteroides,
Moryella, Aggregatibacter,
Butyrivibrio, Shewanella,
Pseudoxanthomonas, Friedmanniella,
Limnobacter, and Curvibacter were
the most important taxa
discriminating recurrence from
non-recurrence specimens.
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Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( Ag rage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
verage CRSwNP) CRSwNP)
To explore the
difference
between sinus
bacteriology in
CRSWNP and Ethmoid sinus
CRSsNP patients 448 (40.0) M: (96) and MMSS The most common bacteria were No antibiotics or
[118] CSSs and to analyze CRSwNP: 160 Jordan CRS ; . NA lected duri SMT MRSA, followed by CoNS and S. corticosteroids
. . . wNP: (39.7) F: (64) collected during
the differencesin ~ CRSsNP: 288 FESS aureus. before surgery
culture results
from swabs
taken from the
MM versus the
ethmoid sinus
The most common bacteria were
Staphylococcus, Corynebacterium,
Porphyromonas, Serratia,
Pseudomonas, Fusobacterium,
Carnobacterium, Dolosigranulim,
Secreti Cultibacterium (formerly
To investigate cgﬁreectlgc??rom Propionibacterium acnes), and
the changes in 36 the middle nasal Lawsonella. No
microbiota and . X . . Beta diversity was significantly . i
[119] CSss cytokines levels ggngP. 12 China CRSwNP: (47.3) M: 24 (9) NA cgnal, maxillary MT (sequencing, different between CRSWNP and cortlcostgrmds mn
) sNP: 10 F: (13/3) sinus, and OTUs) the previous
in CRSwNP and 1 DC.
DC: 15 ethmoid sinus . month
CRSsNP ) . The abundance of C. propinquum
X intra-operatively .
patients. collected and Carnobacterium
maltaromaticum in CRSWNP
differed from that in DC.
Lawsonella, Moraxella,
Corynebacterium, Carnobacterium,
and Hafnia—Obesumbacterium
were different at the genus level.
To examine
evidence of
microbial
exposure in .
subjects by hg%;s P d CIRSWBAP patients §hp wed inst S No antibiotics
probing serum 118 %\I l_ 'OC:S'ed elevated sero-reactivity against S. 4
[82] CSS samples of CRS CRS: 39 USA NA NA NA Serum samples ucteie Acl aureus. . corticosteroids in
. - Programmable Influenza A virus (HIN1 and .
patients and DC: 79 Protein A. H3N?) and rhinovirus B4 the previous
trols for rotein Array ;i .)‘ and rhinovirus were month
con (NAPPA)) identified.

seroreactivity to
microbial
protein-directed
IgG and IgA
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Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
8 CRSWNP) CRSwNP)
The major abundant phyla were
To demonstrate Firmicutes, Proteobacteria,
the role of Bacteroidetes, and Actinobacteria.
bacteria in the The abupdancg of TM7 .
athogenesis of (Saccharimonadia), Chloroflexi, and
D otball (D) Bacteroidete significantly differed
5 between the CRSWNP and DC
versus CRSWNP 0 J groups N
and investigate MM an . : . No antibiotics in
[91] CSS the differen%es in SEI; S4V;NP' 10 China CRSwNP: (41.3) 11\:/[2185 % NA superior meatus MT (sequencing,  The RA of Rummococ‘ca‘cea from the previous
microbiome : 128 (3)) swab samples OTUs) the phylum of clostridia and month
rofiles through DC: 4 Comamonadaceae from the phylum
gcom arativég of Burkholderiales was
anal in)s of significantly higher, while that of
micr}(;bial Lactobacillus, Bacteroides S24-7,
it and Desulfovibrio was
ac?mml..tnl y significantly lower than DC.
tversity The RA of Haemophilus was
increased in CRSwNP.
The most common bacteria were
To compare the AS: (14, S. aureus and CoNS.' )
nasal ECRSwNP: 9, Culture rates were similar
bacteriology NECRSwNP: 5) between ECRSwNP and No antibiotics in
[62]  Css between CRSwNP: 295 Taiwan CRSWNP:20-84  M: (205) AR: (124, MMSS pre-FESS ~ SMT NECRSWNP. . the previous
ECRSwWNP and (46.1) F: (90) ECRSwNP: 70, Gra}m—negatlve aerobes (malnly week
nECRSWNP NECRSwNP: 54) H. influenzae and C. koseri) were
atient AsS: (1, significantly more isolated from
patients NECRSwNP: 1) the NECRSwNP than the
ECRSwNP.
Corynebacteria and staphylococci
showed the highest RA in both
CRSwNP and AERD.
No alpha and beta diversity
To evaluate the difference was observed between
microbial the DC, the CRSWNP, and the
composition in 80 AS: 42 AERD groups.
the context of the CRSwNP: 20 M: 50 (CRSWNP:  (CRSwNP: 16, Anterior naris Dolosigranulum was less No
184] css inflammatory CRSSNP: '20 Austria CRSwNP: (49.4) 16, AERD: 12) AERD: 20) swab samples MT (sequencing,  prevalent, and Lawsonella was corticosteroids in
environment in AERD: 2'0 AERD: (46.8)) F: 30 (CRSWNP: AL: 32 and MMSE ASV) more prevalent in patients with the previous two
patients DC: 20' 4, AERD: 8) (CRSwNP: 8, NP than in DCs. weeks
suffering from ’ AERD: 8) A higher RA of staphylococci in
CRSwWNP, AERD, the MM in AERD patients
and CRSsNP compared to CRSWNP was

observed, as well as of Lawsonella
in patients suffering from
CRSwNP in MM and anterior
naris compared to DC.
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Table 1. Cont.

Ref.

Study Type

Objective Sample Size

Country

Age
(Average)

Sex
(n with
CRSwNP)

Other Disease
(n with Sample Type
CRSwNP)

Methodology

Results/Conclusion

Observ.

[63]

CSS

To characterize
nasal dysbiosis
in a cohort of
ECRSwNP
patients and
compare their
nasal
microbiomes
with those of
HCs

88
ECRSwNP: 34

CRSwNP: 10
HC: 44

Patients without

China

18-79
ECRSwNP:
18-67 (43.8)

M: 69 (30)
F: 19 (4)

AS: 7 MM brush
AT:7 samples

MT (sequencing,
ASVs, and
OTUs)

ECRSwNP had higher bacterial
alpha diversity (Shannon and
Chaol indexes, intra-individual
bacterial diversity).

The most dominant phyla were
Actinobacteria and Firmicutes.
ECRSwWNP was defined by
increased RA of Sphingomonas,
Moraxellaceae, Bacteroides,
Bifidobacterium, Ruminococcus, and
Faecalibacterium, as well as by
decreased abundances of
Ralstonia, Propionibacterium, and
Propionibacter.

Sphingomonas was more abundant
in ECRSwWNP than in HCs.
Parabacteroides, Akkermansia,
Devosia, Sutterella, and
Desulfovibrio positively correlated
with the SNOT-20 score.

The abundances of Dyella,
Gordonia, and Moraxella were
positively correlated with LM
(Lund-Mackay) CT scores,
whereas the abundances of
Gemmiger, Faecalibacterium,
Anaeroplasma, Sutterella, Blautia,
Geobacillus, Bifidobacterium,
Sphingomonas, Dorea, Roseburia,
and Ruminococcus negatively
correlated with LM CT scores.

No antibiotics
and
corticosteroids in
the previous
week

[83]

RCT

To assess the
longitudinal
effect of
corticosteroid
therapy on sinus
microbiota in
CRSwNP
patients

44
CRSwNP: 29
DC: 15

Canada

NA

M: 25 (14)
W 18 (14)

AS: 18 (18)

AsS: 11 (1) MMSS

SMT and MT
(microbiotyping
using MALDI-
TOF-MS)

The most prevalent organisms
were Staphylococcus and
Corynebacterium. The difference in
the number of isolated organisms
and the difference between
Gram-positive and
Gram-negative isolates were not
statistically significant between
HCs and CRSwNP patients.

No antibiotics
and/or
corticosteroids
for at least the
previous month
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Table 1. Cont.

Age Sex Other Disease
Ref. Study Type Objective Sample Size Country ( A%/ erage) (n with (n with Sample Type Methodology Results/Conclusion Observ.
8 CRSWNP) CRSWNP)
To evaluate the
nasal
microbiome, NP No antibiotics
inflammation . and
. 77 . ; M: (34) AS: (11) MMSS collected MT (sequencing, = The most common genus was . .
[120] CSss medmtors, and CRSWNP: 77 China CRSwNP: 46.4 F: (43) AL: (14) during ESS OTUs)q & Enterobacter. g corticosteroids
inflammatory for at least the
cell infiltration in previous month
CRSwNP
patients
Two patients (2/31, 6.5%) had
positive fungal cultures.
The mycobiome composition was
not significantly different
between HC and CRSWNP.
Saccharomycetales and
To investigate Cutaneotrichosporon were lower
the fungal and among CRSWNP, and Alternaria
bacterial 92 Ethmoid tissue z&eg;e};] vf)/ere higher among
[75]1  Css g;fszi‘;esgfln gﬁgﬁp '3311 USA (50.0) 11:/_['4‘;7 AS: 32 (20) z‘gﬁesclz:clilc'l’jjfn I\A/ISTV(:)‘*quem“g' Beta diversity at the ASV and the ~ NA
CRSwWNP and HC:30 ' ESS & genus level differed significantly
CRSsNP patients ’ between CRSwNP and HC.
P CRSwWNP had a significantly
versus HC

greater abundance of Alternaria
and Ramularia and a significantly
lower abundance of
Cutaneotrichosporon than HC.
CRSwWNP had significantly lower
alpha diversity compared with
HC.

RCT, randomized controlled trial; CCS, case—control study; CS, cohort study; CSS, cross-sectional study; NP, nasal polyp; CRSWNP, chronic rhinosinusitis with nasal polyps; ECRSwNP,
eosinophilic CRSwNP; NECRSwNP, non-eosinophilic CRSwNP; CRSsNP, chronic rhinosinusitis without nasal polyps; ACP, antrochoanal polyps; DC, disease control patient; HC, healthy
control subject; M, men with CRSWNP; F, females with CRSWNP; AS, subjects with asthma; AT, subjects with atopia; AL, subjects with allergy; AR, subjects with allergic rhinitis; AsS,
subjects with aspirin sensitivity; ASA, subjects with acetylsalicylic acid sensitivity; AERD, subjects with aspirin-exacerbated respiratory disease; CF, cystic fibrosis; MM, middle meatus;
MMSS, MM Swab samples; ESS, endoscopic sinus surgery; FESS, functional ESS; SMT, microbial identification using standard microbiological techniques; MT, microbial identification
using molecular techniques; OTU, operational taxonomic unit; ZOTU, zero-radius out; ASV, amplicon sequence variant; PCR, polymerase chain reaction; qPCR, quantitative polymerase
chain reaction; RT-PCR, reverse-transcriptase PCR; RA, relative abundance; MRSA, methicillin-resistant Staphylococcus aureus; CT, computed tomography; SNOT: Sinonasal Outcome
Test; TNSS, total nasal symptom scores; NA, not applicable. *: Information not fully confirmed.
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3.2.2. Relationship between Microbial Dysbiosis and Inflammation in CRSWNP

The most relevant information extracted from the 21 studies that reported results
about the relationship between nasal microbiota and inflammation in CRSwWNP patients
is summarized in Table 2. Information about each study about the study type, objective,
sample size, population/country, age, sex, and other comorbidities of the patients included,
as well as sample type and methodology used or other observations, is detailed in Table 1,
with the only exception of two studies [121,122] (Supplementary Data S1). The methodol-
ogy employed to identify or measure included molecular techniques such as polymerase
chain reaction (PCR) assays, immunoassays, histological analysis, or cytometry, among
other techniques.

Studies mainly focused on the bacterial microbiota, including only one ex vivo
study with information on nasal fungi and viruses and no study on viruses. In detail,
enzyme-linked immunosorbent assay (ELISA) showed that Aspergillus niger stimulation in-
creased the pro-inflammatory cytokines tumor necrosis factor-alpha (TNF-c), granulocyte-
macrophage colony-stimulating factor (GM-CSF), and IL-6. In contrast, Cladosporium
sphaerospermum, Alternaria alternata, and Penicillium notatum stimulation reduced TNF-o
and IL-6 but induced under a dose-dependent remodeling of transforming growth factor
beta 1 (TGF-$1) and basic fibroblast growth factor (bFGF) [121].

Among the most remarkable bacterial results, Gram-negative bacteria were associated
with an increase in blood eosinophils and serum IgE levels, just as CRSWNP patients
with activity of toll-like receptors (TLRs) [73,97,102]. The peripheral blood levels of the
Gram-negative bacterial product lipopolysaccharide (LPS) were also positively correlated
with the expression of the glucocorticoid receptor-beta (GR-f3) involved in inflammation
modulation [58]. Bacterial biofilm was more frequently found in samples from subjects
with non-functional taste receptor 2 member 38 (TAS2R38), a protein associated with the
innate bacterial defense mechanism of the human upper airway [72]. Associations between
specific bacterial groups of the core microbiota of CRSwINP patients and inflammation
patterns were also reported. Thus, bacteria taxa commonly found in CRSwNP patients,
including Corynebacterium or Staphylococcus, were associated with peroxisome proliferator-
activated receptor gamma (PPAR-y) and retinoic acid-inducible gene I (RIG-I) signaling
pathways involved in the eosinophil activation [103], as well as elevated levels of multiple
inflammatory cells and cytokines [104]. A higher concentration of bacteria of the Enter-
obacteriaceae family was found in patients with IL-5-positive NPs [64,120] and associated
with higher levels of IL-8 [122]. At the genus level, Enterobacter was positively correlated
with neutrophils in NP [120]. Several studies also showed a positive correlation between
Bacteroides and tissue eosinophils count [63,120], and Moraxella was associated with an
increase in T and B lymphocytes and macrophages [110], just as negatively correlated with
blood eosinophils [120]. The relative abundance of Anaerococcus was negatively correlated
with IL-5 levels in tissues and IL-5-producing innate lymphoid cells (ILC2) [59], although
this genus was also negatively associated with tissue proteins and positively correlated
with collagen proteins (COL6A3 and COL1A2) in other studies [78]. Streptococcus positively
correlated with immunoglobulin proteins (immunoglobulin kappa constant, IGKC; and
immunoglobulin heavy constant gamma 1, IGHG1) [78]. At the species level, it is notable
that Corynebacterium accolens was negatively correlated with eosinophilic cationic protein
(ECP) [24] and Eotaxin-3 [84], while CRSwNP patients with S. epidermidis isolated showed
an upregulation of trefoil family factor peptide 3 (TFE3), involved in the preservation of
epithelial surface integrity, in middle nasal turbinate and NPs [69].
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Table 2. Summary of the main findings of the included studies focused on the study of the relationship between microbial dysbiosis and inflammation in CRSWNP.

Sample type and methodology employed to identify or measure the microbiota and the different types of cells or factors involved in regulating the immune response.

Ref. Sample Type Methodology Results/Conclusion
More Gram-negative aerobic and facultative anaerobic bacteria in the
(731 MMSS + blood samples SMT +NA normal subgroup than in the subgroup with increased blood eosinophils.
MMSS + tissue samples from the uncinated . . . . Differences in the distribution of neutrophils and macrophages in nasal
. e SMT + histological analysis (hematoxylin and o . . .
[100] processor posterior part of the inferior nasal eosin staining) mucosa were significant between smokers with pathogenic bacteria and
turbinate & non-smokers without pathogenic bacteria.
CRSwWNP patients colonized with Gram-negative bacteria have a similar
SMT + standard hospital protocol to inflammation pattern to those colonized with only Gram-positive bacteria.
571 MMSS + blood samples determine serum biomarkers Higher serum IgE levels were associated with non-Pseudomonas
Gram-negative bacteria.
Aspergillus niger stimulation increased pro-inflammatory cytokines tumor
necrosis alpha (TNF-«), granulocyte-macrophage colony-stimulating
factor (GM-CSF), and interleukin- (IL-6), while having little effect on the
. remodeling cytokines basic fibroblast growth factor (bFGF) and
[121] (Ex vivo) NP tissues ELISA and nasal polyp explant tissue transforming growth factor beta 1 (TGF-b1).

stimulation model

Cladosporium sphaerospermum, Alternaria alternata, and Penicillium notatum
stimulation reduced pro-inflammatory cytokines TNF-oc and IL-6 but
induced a dose-dependent increase in remodeling cytokines bFGF and
TGF-b1.

[102] (Ex vivo)

Nasal lavage and sino-nasal mucus samples

MT + transfected human embryonic kidney
(HEK293) cells

Two patients only showed toll-like receptor 4 (TLR4) activation correlated
positively with TNF and with a more elevated bacterial abundance but
lower bacterial diversity than non-activated samples.

The microbiota of samples with TLR activity was mainly composed of
Gram-negative bacteria (Gammaproteobacteria, including the genera
Haemophilus or Moraxella).

Samples without TLR activity showed microorganisms commonly
implicated in CRSWNP (Staphylococcus, Corynebacterium, or Moraxella).

[103]

Sinus brushing samples

MT + qRT-PCR

Most of the CRSWNP patients cluster into a subgroup typically dominated
by Corynebacterium.

Most of the CRSWNP patients cluster into a subgroup associated with
peroxisome proliferator-activated receptor gamma (PPAR-y) and retinoic
acid-inducible gene I (RIG-I) signaling pathways and a significant increase
in IL-5.
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Table 2. Cont.

Ref.

Sample Type

Methodology

Results/Conclusion

[104]

Tissue biopsies collected from the bulla
ethmoidalis

MT + Cytometric Bead Array (CBA) and
transfected human embryonic kidney
(HEK293) cells

CRSwNP patients were grouped in subject clusters associated with
Staphylococcus, Corynebacterium, Streptococcus, and Propionibacterium.

IL-8, cluster of differentiation (CD68)-positive macrophages, eosinophils,
neutrophils, plasma cells, and IL-5 were significantly elevated in CRSWNP
patients.

[72]

Sinonasal mucosa samples + saliva or venous
blood

SMT and confocal laser scanning microscopy
assay + qRT-PCR and genotyping

Bacterial biofilms were more frequently found in samples from subjects
with nonfunctional taste receptor 2 member 38 (TAS2R38).

MMSS + nasal tissue samples

MT + UniCAP systems

IgE and IL-5 were negatively correlated with Geobacter

anodireducens / sulfurreducens and Pelomonas puraquae.

IL-5 was negatively correlated with Corynebacterium macginleyi and
eosinophil cationic protein (ECP) with Corynebacterium accolens,
Corynebacterium macginleyi, and S. pneumoniae.

ECP and IL-5 were positively correlated with E. coli (CRSWNP+AS
patients).

Specific IgE to staphylococcal enterotoxins (SE-IgE) was significantly more
frequent in CRSWNP with asthma and correlated with disease severity.

Nasal and sinus swab samples + tissue
samples

SMT + qPCR and immunochemistry

Patients with normal flora (S. epidermidis) showed a significant seven-fold
upregulation of the trefoil factor 3 (TFF3) gene in middle nasal turbinate
and nasal samples compared to the same tissue specimen from patients
with sterile swabs.

[110]

Ethmoidal sinus biopsy specimens

MT + histological analysis

CRSwWNP were dominated by Moraxella and Stenotrophomonas but had less
Streptococcus and Veillonella than DCs.

T and B lymphocytes and macrophages were significantly elevated in the
CRSwNP cohort compared to DCs.

Swab samples and specimens pre-ESS + blood
samples

SMT + limulus amoebocyte lysate (LAL) assay,
immunohistochemistry, and
immunofluorescence

An abundant lipopolysaccharide (LPS) was found in the peripheral blood,
especially for NECRSwNP patients.

LPS levels were positively correlated with glucocorticoid receptor-beta
(GR-B) expression in CRSwINP.

Neutrophils and macrophages were the principal inflammatory cells
containing LPS.

[59]

MMSS + NP tissues

MT + flow cytometry and ELISA

The RA of Lachnoclostridium showed a positive correlation with
IL-5-producing innate lymphoid cells (ILC2s) and IL-5 levels.

In contrast, the RA of Anaerococcus showed a negative correlation with
IL-5-producing ILC2 and IL-5 levels in tissues.
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Ref.

Sample Type

Methodology

Results/Conclusion

[122]

Middle nasal passage swab samples + blood
serum and nasal lavage fluid

SMT + enzyme immunoassay

The level of cytokines in the nasal lavage fluid (IL-8) and blood serum
(IL-1B) was correlated with the total number of microorganisms and the
concentration of Enterobacteriaceae and Staphylococci.

MMSS and MM secretions + NP tissues

MT + immunoassay

Enterobacter in patients with the IL-5-positive NP group was higher than
that of the IL-5-negative NP group.

[78]

NP tissues

MT + transcriptome (RNA sequencing) and
proteome analysis

Corynebacterium and Anaerococcus were negatively associated with tissue
structural proteins (vimentin (VIM) and histoneHIST1H4A), actin beta
(ACTB), and glyceraldehyde 3 phosphate dehydrogenase (GAPDH).
Anaerococcus positively correlated with collagen proteins COL6A3 and
COL1A2.

Streptococcus positively correlated with immunoglobulin kappa constant
(IGKC) and immunoglobulin heavy constant gamma 1 (IGHG1).

MMSS + NP tissues

MT + immunoassays and
immunohistochemical staining

The RA of Actinomycetes and Corynebacterium was significantly higher, and
Staphylococci was significantly lower in the NP non-recurrent group than
in the NP recurrent group.

The median expression levels of IFN-vy, IL-8, IL-17A, IL-17E, and IL-18
were significantly higher in the NP recurrent group than in the NP
non-recurrent group.

[119]

Secretions collected from the middle nasal
canal, maxillary sinus, and ethmoid sinus

MT + ELISA

The abundance of Cultibacterium acnes was positively related to IL-2 level,
while Staphylococcus caprae negatively correlated with IFN-vy.

[84]

Anterior naris and MMSS + nasal-secretion
samples

MT + electrochemiluminescence technology

Corynebacteria and Staphylococci were the most abundant taxa in all
patient groups.

Dolosigranulum was also less prevalent, and Lawsonella was more
prevalent in patients with NP than in DCs. AERD patients showed an
increased RA of Staphylococcus and a decreased RA of Corynebacterium
compared to other patient groups.

Elevated levels of type 2 response-associated cytokines IL-5, IL-9, and
Eotaxin-3 in patients with NP.

Eotaxin, chemokine CCL17, and IL-6 levels were significantly elevated in
CRSwNP patients compared to DCs.

Staphylococcus and IL-5 showed a moderately strong correlation, while
Corynebacterium accolens and Eotaxin-3 were negatively correlated.
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Ref. Sample Type Methodology Results/Conclusion
Sphingomonas, Akkermansia, Blautia, Devosia, Desulfovibrio, Parabacteroides,
and Bacteroides were positively correlated with absolute tissue eosinophil
[63] MM brush samples + NP MT + histological analysis count.

The abundances of Bifidobacterium, Blautia, Desulfovibrio, Gemmiger, and
Bacteroides were positively correlated with the percentage of tissue
eosinophils.

MT + immunoassays and
hematoxylin-and-eosin staining,
immunohistochemical staining, and flow
cytometry

[120] MMSS + NP tissue samples + blood samples

Enterobacter was significantly higher in the IL-5-positive NP group than in
the IL-5-negative NP group.

IL-17 and IL-27 were negatively correlated with Enterobacter and
Anaerococcus.

IL-8 was negatively correlated with Enterobacter and Staphylococcus.

IL-18 was positively correlated with Candidatus—Arthromitus and
Arthrofilaria and negatively correlated with Haemophilus.

IL-27 was positively correlated with Faecalibaculum.

Arthrofilaria was positively correlated, and Moraxella and Peptostreptococcus
were negatively correlated with blood neutrophil counts.

Lactobacillus and Enterobacter were positively correlated with the degree of
neutrophil infiltration in NP tissue. Porphyromonas was negatively
correlated with tissue neutrophil infiltration.

NP, nasal polyp; CRSWNP, chronic rhinosinusitis with nasal polyps; ECRSWNP, eosinophilic CRSwNP; NECRSwNP, non-eosinophilic CRSwNP; CRSsNP, chronic rhinosinusitis without
nasal polyps; DC, disease control patient; AERD, subjects with aspirin-exacerbated respiratory disease; MM, middle meatus; MMSS, MM swab samples; SMT, microbial identification
using standard microbiological techniques; MT, microbial identification using molecular techniques; ELISA, Enzyme-Linked Immunosorbent Assay; PCR, polymerase chain reaction;
gPCR, quantitative polymerase chain reaction; qRT-PCR, quantitative reverse-transcriptase PCR; RA, relative abundance; NA, not applicable.
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3.2.3. Effect of the Modulation of the Microbiota on the CRSwWNP Treatment

According to the PICO criteria, Table 3 summarizes the evidence found in nine studies
in the present systematic review of the impact of different treatments on the nasal microbiota
in CRSWNP patients. Again, further information for each of the studies included can be
found in Table 1 or (Supplementary Data S1). The studies mainly evaluated the effect of
mixed medical treatments including antibiotics, such as clarithromycin, doxycycline or
amoxicillin—clavulanate; nasal saline irrigation; or oral and systemic corticosteroids, such
as mometasone furoate or prednisone [70,83,95,96,105], as well as different alternative to
the antibiotics: a natural compound (Manuka honey) [107], a probiotic (Lactococcus lactis
W136) [113], and a bacteriophage mixture (Otofag) [122]. Three studies involved placebo
control groups [105,107,122], two studies included disease control patients [83,95], and only
one did not include placebo control [113]. In the rest of the studies, a group of patients who
had not taken the primary evaluation treatment was used for comparison. The duration of
the treatments ranged from seven days to six months.

Regarding the main results obtained, a significant decrease in alpha diversity and
specific bacteria was observed in CRSwNP patients who had taken antibiotics [83,89].
Adding clarithromycin to mometasone furoate spray was also associated with significantly
eradicating biofilm formation [70]. The total number of bacteria significantly decreased af-
ter the administration of intranasal gel with bacteriophages [122]. Topical administration of
alive L. lactis W126 reduced the abundance of multiple species of Staphylococcus, Peptostrep-
tococcae, and Enterobacialles. It increased the abundance of Dolosigranulum pigrum [113],
while Manuka honey reduced the standard semiquantitative bacterial culture rate (mainly
about S. aureus) in half of the CRSWNP patients [107]. The rest of the studies reported
no significant changes in the nasal microbiota [95,96,105]. Some clinical benefits in the
experimental groups were reported in three studies [96,113,122].
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Table 3. Summary of the main findings from the included studies focused on the evaluation of microbiota modulation in the CRSwNP treatment.

Ref Population Intervention Comparison Outcome
) (P) (I ©) (0)
No significant changes in the nasal microbiota: The proportion
of clarithromycin-resistant strains remained constant
[96] CRSwWNP patients underwent Clarithromycin + MFNS MENS throughout the antibiotic treatment.
bilateral FESS Duration: Three or six months Some clinical benefits were observed in the antibiotic-treated groups:
lower CT scores and eosinophil cationic protein (ECP) levels than the
control group.
Adding clarithromycin to MENS was associated with a
significant eradication in biofilm formation (six of 12
. Clarithromycin + MFNS biofilm-positive samples before surgery turned negative) when
[70] CRSWNP patients underwent ESS Duration: Eight weeks MENS compared to MENS alone (one of 11 biofilm-positive samples).
It was not demonstrated that combined therapy was superior in
improving tomography (CT) and symptom (SNOT-20) scores.
Treatment of nasal saline irrigation
or intranasal corticosteroid spray of
[95] Post-surgical CRSwINP patients any type DCs No significant changes in the nasal microbiota associated with
with patent maxillary antrostomy * CRSWNP patients who used saline saline irrigation or intranasal corticosteroid spray.
irrigation also used topical
corticosteroids (spray or irrigation)
Doxycycline or prednisone
CRSwNP and CRSsNP patients for Duratlor.l: Seven d@ys . ‘ .In 1nd1V1F1ua1 patients, doxycychne was assoc1a.ted with an
[105] - * All patients continued with daily Placebo increase in RA of Corynebacterium and Haemophilus compared to
whom ESS was indicated . . . .
topical corticosteroids nasal sprays prednisone and untreated controls.
and regular sinonasal saline lavage
Manuka honey (MH) with
augmented methylglyoxal (MXO) 50% of patients had a reduction in standard semiquantitative
. sinonasal rinses bacterial culture rate (mainly about S. aureus) after the MH +
[107] CRSWNP and CRSsNP patients Duration: Two weeks and ten days Placebo MXO treatment.

underwent ESS

of placebo tablets or (saline sinonasal rinses)

culture-directed oral antibiotic
tablets (control group)

A statistically significant reduction in LKS (Lund—Kennedy score)
outcome was also observed after the treatment.
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Ref Population Intervention Comparison Outcome
) ®) D © 0)
. .. . . Treatment was associated with a reduced abundance of multiple
Topical administration of live . .
. species of Staphylococcus, Peptostreptococcae, and Enterobacialles,
. Lactococcus lactis W126 ' . .
CRSwWNP and CRSsNP patients - . as well as an increased abundance of Dolosigranulum pigrum.
[113] . . Duration: Two weeks No placebo control was included o .
with previous ESS . - . . The response pattern showed progressive improvement during the
* All patients continued with saline .
L treatment and post-treatment (SNOT-22 scores, nasal congestion,
irrigation .
post-nasal drip, and need to blow nose).
Alpha diversity (Shannon and Simpson indexes) was
significantly lower in patients who had taken antibiotics than in
CRSwNP, CRSnNP patients, and Oral antibiotics treatment within I patients who had not.
[89] . No antibiotics treatment ) L
DCs three months before sampling Streptococcaceae, Lachnospiraceae, and Neisseriaceae were
significantly decreased in patients who had taken antibiotics
compared to patients who had not.
The total number of bacteria significantly decreased in the
experimental group compared to the placebo group. In detail, a
. . significant decrease in the number of Streptococci and
Intranasal gel with bacteriophage Enterobacteriaceae was observed in the experimental grou
[122] * CRSwNP patients underwent FESS ~ mixture (Otofag) Placebo . L P e sroup:
Duration: Ten weeks The decrease in cytokines in the nasal lavage fluid (IL-8) and
’ blood serum (IL-1B) was proved by the total number of
microorganisms and by the concentration of Enterobacteriaceae
and Staphylococci.
. Non-significant changes in the nasal microbiota. Micrococcus
Prednisone + .
s was isolated before both treatments but not post-treatment.
amoxicillin-clavulanate or . .
rednisone alone After three months from treatment, an increase in the prevalence
p . - of Corynebacterium was observed in the group treated with
Duration: Prednisone for three rednisone and amoxicillin—clavulanate, as well as in
[83] CRSwNP patients weeks and amoxicillin—clavulanate = DCs p ’

for two weeks

* All patients were concurrent to
their baseline intranasal saline
irrigation and topical corticosteroid

Gram-negative (Pseudomonas) and Staphylococcus genera in the

group treated only with prednisone.

Both treatments showed significant short-term (after one month from
treatment) improvement (SNOT-22), but not in the long term (after

three months).

CRSWNP, chronic rhinosinusitis with nasal polyps; CRSsNP, chronic rhinosinusitis without nasal polyps; DC, disease control patient; ESS, endoscopic sinus surgery; FESS, functional
ESS; MFNS, mometasone furoate nasal spray; CT, computed tomography; SNOT, Sinonasal Outcome Test. *: Additional information. Reported clinical benefits are shown in italics.
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4. Discussion

In recent years, the human microbiota has been identified as a contributing factor in the
development and maintenance of diverse pathologies and in the modulation of the immune
system. This systematic review comprises original studies focused on the characterization
of the host microbiota composition and the study of its influence on inflammatory processes
in CRSWNP patients. The results of the evaluation of promising strategies aimed to promote
changes in microbiota composition to restore a healthier profile were also included. After
reviewing the literature published between January 2014 and February 2024, 70 articles
that focused mainly on nasal microbiota were finally included. Although compositional or
functional alterations in the gut microbiota play a role in upper-airway diseases such as
CRSwNP [29,123], only one study focused on the gut microbiota from fecal samples [61].
The fact that nasal microbiota directly interacts with the nasal epithelial barrier, potentially
modulating the local immune response and influencing polyp development [77], as well as
constituting a potential therapeutic target [92], can explain the almost absence of studies
that comprised gut-microbiota results.

All the variables that could potentially impact the final appreciation of the results
included in this review were initially considered: study type, sample size, population,
country, patient characteristics (age, sex, and comorbidities), type of sample, and method-
ology used. It is worth noting that most of the studies were identified as cross-sectional,
providing data at a single point in time, unlike the longitudinal studies in which the rel-
ative impact of host and environmental factors on human microbiota cannot be further
clarified. Evidence of the limitations of this kind of study aimed to identify significant
microbiota—disease (CRSWNP) links for helpful diagnostic purposes has previously been
described, notably when high inter-subject variability is reported [114,124]. Numerous
studies showed high inter-patient variability within the CRSWNP cohort and other cohorts
evaluated [55,75,77,88,92,94,102,105,114]. The relatively small sample size of most studies
(initial sample size less than 100 subjects) may have led to substantial variability between
samples [125,126].

In this context, differences in microbiota composition and inflammatory profile can
also be explained by geographical factors, including diet; climate; lifestyle habits, such
as smoking; antibiotics; corticosteroid-prescribing patterns; or other environmental expo-
sures [55,75,84,104]. By way of example, previous studies have reported a lower isolation
rate of S. aureus in patients from China than in Caucasian patients, as well as a different pat-
tern of association for IL-5, nasal polyps, and eosinophilia between European and Chinese
patients [4,73]. As mentioned above, the highest number of the studies included were from
Asia and Europe. However, in agreement with the results obtained with the only multicen-
ter international cohort study included [55], the composition of the nasal core microbiota
appears to be preserved across the countries evaluated. In-depth, the nasal microbiota
of CRSwNP patients was primarily composed of the bacterial phyla Firmicutes, followed
by Proteobacteria, Actinobacteria, and Bacteroidetes, corresponding to the most predominant
microbial communities that colonize the upper respiratory tract [127].

Regarding remarkable patient characteristics, on the one hand, the number of male
subjects enrolled was slightly higher than that of females, obtaining an average gender ratio
(females/males) of 0.85 for the general population and 0.75 for CRSWNP patients. Only one
study reported a gender-specific difference in CRSWNP patients, obtaining a significantly
higher abundance of Corynebacterium in men than in females [95]. On the other hand, the
age range was relatively large (from 13 to 88 years), although the age means reported
were mainly comprised between 40 and 50 years. Changes in the microbial community
composition during aging, probably due to the result of immunosenescence [128], can be
observed [127,129]. Although the more frequent occurrence of NPs in older patients was
confirmed, Leszczyniska et al. [115] found no statistically significant differences between
the occurrence of a specific type of bacteria and the presence of NPs in both patients over
65 years of age and younger patients (from 18 to 40 years).
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CRSwNP patients showed a high incidence of asthma, among other comorbidities,
such as hypersensitivity to drugs or allergy, being, in some cases, significantly higher than
other groups evaluated (CRSsNP patients or control subjects) [114]. Despite being crucial
factors for the composition of the microbial core [130-132], smoking, history of recurrent
exacerbations, endoscopic sinus surgery, or even disease severity could not be analyzed
because a significant number of studies evaluated did not detail these data. In contrast,
the majority of the studies reported antibiotic- and/or corticosteroid-prescribing patterns.
The general criterium in the studies was no antibiotic use within one month before sample
collection, as one month appears to be enough time to return the microbiota to a steady
level [86,133].

Concerning methodology aspects, first, different types of samples from distinct nasal
sites were taken at different moments, before, during, or after surgery, with the middle
meatus swab samples and tissue biopsies standing out. As previously mentioned, the
microbiota analysis may be more influenced by the sampling technique than the anatomical
sampling site [90,93,94]. Swabs taken from the middle meatus are the traditional method
of sampling because of their ease of collection, and they likely accurately reflect the sinus
microbiological profile, as the middle meatus is the drainage area for the anterior ethmoid
sinus, the maxillary sinus, and the frontal sinus, as well as the nasal polyps that usually
originate from the uncinate process, ethmoid bulla, or middle turbinate [73,74,118]. In
the case of the maxillary sinuses, of note, it is involved in heating and humidifying the
air, in the development of odontogenic sinusitis, and in different types of regenerative
techniques to treat bone atrophies [134]. In contrast, other studies justified the use of
tissue specimens because they incorporate bacterial biofilms that grow on the surface and
penetrate the mucosal epithelium [94], whereas sampling from the middle meatus may
provide inadequate information [132,135]. The risk of possible sample contamination when
using swabs in the sampling method has been described [73].

The authors used culture-dependent techniques, focused on traditional direct growth
and identification, and culture-independent techniques, focused on sequencing and molec-
ular analyses. Because most of the human microbiota cannot be cultured, it is necessary
to use molecular techniques, which can provide more detailed information on microbiota
abundance and diversity [40,74,106]. However, these methods for microbiological character-
ization have limitations, such as the inability to differentiate between viable and non-viable
or commensal and inhaled microorganisms, extensive training, and higher costs [83]. In
this context, the differences in the bioinformatics analysis could explain the discrepancies
observed between the studies based on the sequencing technology (mainly bacterial 16S
ribosomal RNA (rRNA) and fungal internal transcribed spacer (ITS) gene sequencing) [114].
Most studies in the present review analyzed sequencing data by clustering sequences into
OTUs at over a 97% sequence similarity threshold. Although OTU clustering is standardly
accepted for quantifying microbiological diversity [29,136], it can give misleading results,
as it is study-specific and, therefore, not comparable between different datasets [114,137].
It was observed that amplicon sequence variants (ASVs), sequence entities that can be
comparable across datasets and provide better resolution and accuracy than the OTU
method [137], were employed by more recent studies [55,63,75,84,87,114].

4.1. Microbiota Composition in CRSwNP

Although discrepancies were also found, likely due to the limitations described above,
the dysbiosis hypothesis as a potential critical explanatory factor of the CRSwNP patho-
genesis may be supported by the results of different studies included [55,61,86]. The most
predominant microbiota alterations observed in CRSWNP patients compared to controls
highlight a trend of lower alpha diversity or level of bacterial diversity within individual
samples described with the observed richness (number of bacterial taxa mainly obtained
using Chaol index) and evenness or the relative abundance of those taxa (Shannon or
Simpson indexes) [138]. Decreased alpha diversity of the nasal and gut microbiota has been
previously associated with the development of inflammatory airway diseases, including
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asthma or chronic obstructive pulmonary disease (COPD) [139-145]. Host and environ-
mental factors, such as antibiotics, can directly affect the composition of human microbiota,
enhancing the prevalence of this kind of disease [105,140,145-148]. Nevertheless, the lower
diversity mentioned in the present review cannot be explained by the use of antibiotics,
as most studies reported that no CRSwNP patients received antibiotics for at least the last
month before sampling [24,60,61,75,86-89].

Enrichment of specific bacteria from the phyla Proteobacteria in CRSWNP patients
compared with controls—precisely, bacteria from the genera Haemophilus, Moraxella, and
Pseudomonas—was also reported across multiple studies [24,38,40,88,89,91]. Considered
opportunistic pathogens [139,149], these bacteria have been related to lower-respiratory dis-
ease control with increased exacerbation risk [139,140,150]. On the one hand, Haemophilus
and Moraxella, belonging to the class Gammaproteobacteria, can induce epithelial damage
and expression of host inflammatory pathways [150,151]. A greater abundance of Moraxella
was found in the CRSWNP subgroup characterized by eosinophil-dominant inflammatory
cell infiltration in NPs [60,61,63]. On the other hand, a pathogenic role of Pseudomonas
and other aerobic and facultative Gram-negative roads has been suggested, as they are
infrequently identified from middle meatus from healthy subjects [152]. In this context,
it has been described that lipopolysaccharide, the main chemical component of the outer
layer of the Gram-negative bacteria cell wall, can induce persistent mucosal inflammation
and cause tissue remodeling [153].

In contrast, a decrease in the abundance of Corynebacterium and Dolosigranulum was
also observed [55,64,65,84,86,88,90]. Both respiratory commensal bacteria include specific
species that may play a protective role in the nasal airways, modulating the innate immune
response and providing better resistance to bacterial and viral pathogens [24,55,139,154].
An improvement in the levels of respiratory cytokines and immune cell populations critical
for host defense against microbial infection associated with specific strains of these bacteria
has been shown [154]. Commensal bacteria can also exclude pathogens both passively, by
competing for space and nutrients, and actively, by secreting antimicrobial compounds [58].

The results obtained for bacteria from the phyla Firmicutes were controversial [24,40,
55,60,89,90]. It is worth noting that, unlike other Staphylococcus species, S. aureus colony
formation in the nasal mucosa tissue can be essential in the sustained inflammatory re-
sponse of CRS [39,155]. Although multiple authors have suggested that alterations of
bacterial community may play a more significant role in the development of CRSsNP than
CRSwNP [57,85,102,109,156,157], S. aureus is more prevalent in the latter clinical pheno-
type [39]. The staphylococcal superantigen hypothesis postulates that S. aureus secretes
relevant enterotoxins, which induce the local inflammatory response, promoting an increase
in cytokines and other inflammatory mediators” synthesis and eosinophil infiltration in
epithelial tissue and inducing an increase in IgE levels [39,63,115,155]. The disruption of
intercellular adhesion factors and damage to the epithelial ciliary transport system pro-
moting mucosal barrier defects could also be associated with the colonization of intranasal
S. aureus. Barrier dysfunction can contribute to bacterial invasion and biofilm formation,
resulting in an intensification of local inflammation and polyp development [39,155].

The limited number of results obtained concerning nasal fungal and viral communities
suggests that these microbial taxa are unlikely to play a direct pathogenic etiological
role in CRSWNP. Further research focused on differentiating whether the identified nasal
mycobiota might be a local functional community or simply reflect inhaled environmental
fungal material, which has been previously indicated [77]. In the case of respiratory viruses,
viral respiratory infection may play a minor role in symptom exacerbation in CRSwNP than
CRSsNP [81]. Despite that, viral and fungal dysbiosis may exacerbate the inflammatory
process and, thus, contribute to CRSwNP symptomatology through an indirect/secondary
role, influencing the bacterial microbiota, deteriorating the epithelial barrier, or persisting
in the mucosal inflammation [75,77,158].

Regarding the controversy found in the influence of the simultaneous presence of
relevant comorbidities on the nasal microbiota, it is notable that multiple studies obtained



Int. J. Mol. Sci. 2024, 25, 8223

43 of 54

differences in the nasal microbiota of CRSWNP patients with and without asthma [24,38,97],
the most common comorbidity reported. An intimate association between the gut and
respiratory microbial communities, host immune development, and the pathogenesis and
manifestation of asthma has been previously suggested [159]. Likewise, it is remarkable
that there is a higher abundance of Moraxella in the CRSWNP subtype, in which tissue
eosinophils predominate among inflammatory cells (ECRSwNP) [60,61,63]. A greater risk
of NP recurrence, as well as a worse prognosis post-surgery, have been found in patients
with tissue eosinophilia [65,158,160]. Evidence suggests that eosinophils contribute to
histological tissue remodeling and, thus, NP development by releasing mediators, pro-
inflammatory cytokines, and toxic proteins such as ECP [161]. Finally, although different
demographics or biological parameters were not found to be statistically significant in
causing the recurrence of polyposis in a recent study [162], differences in the abundance of
specific bacterial genera between recurrent and non-recurrent groups were reported [64,92].

4.2. Relationship between Microbial Dysbiosis and Inflammation in CRSwNP

The present systematic review also revised possible connections between nasal dys-
biosis and inflammation markers. Gram-negative bacteria have been one of the most
extensively analyzed mediators for inflammatory reactions. In detail, members of this
group of bacteria were positively associated with the activity of transmembrane recep-
tors, such as TLRs, with a prominent role in recognizing pathogens’ components, thus
stimulating inflammatory factors’ production and immune cell activity [102]. By way of
example, the same author found, in two different studies, a clear correlation between
Enterobacter and patients with NPs positive for IL-5, a major cellular inflammatory factor
in eosinophil-mediated Th2-type inflammation [64,120]. It has been suggested that this
commonly conditional pathogen in the human gut can trigger the release of IL-5 when
colonizing the nasal cavity, leading to a cascade activation and eosinophil recruitment,
further aggravating the Th2 inflammatory response [120].

Likewise, different Gram-positive bacterial genera, such as Staphylococcus, Lachnoclostrid-
ium, or Streptococcus, were positively associated with eosinophilic inflammation, elevated
levels of type 2 response-associated cytokines and immunoglobulin proteins [59,78,84,104].
A negative association with tissue structural proteins was also reported, which could be
linked to a loss of mucosal epithelial disruption, a predisposition toward eosinophil in-
filtration, and increased permeability to diverse microorganisms into submucosa [104].
Thus, an epithelial barrier with compromised integrity can expose more TLRs to pathogens,
promoting the initiation of the inflammation response [110]. Tissue-related effects of spe-
cific common airborne fungal species, mainly inducing and remodeling pro-inflammatory
cytokines, have been shown in ex vivo NP tissue [121].

On the other hand, specific bacterial species with a potential protective function were
negatively correlated with cytokines and other mediators of the host defense response, as
in the case of C. accolens with eotaxin-3 [84] and ECP [24]. The antimicrobial potential of
C. accolens against S. aureus and methicillin-resistant S. aureus (MRSA) clinical isolates or
S. pneumoniae has also been shown [163,164]. Similarly, a higher expression of peptides in-
volved in preserving epithelial surface integrity was associated with S. epidermidis [69]. This
commensal bacterium, found in great abundance in human skin and mucosa, has a well-
documented role in the control and inhibition of respiratory tract pathogens through the
secretion of antimicrobial compounds or the stimulation of the host immune response [165].

As previously suggested, the lower bacterial diversity commonly found in CRSwWNP
could also contribute to the host’s innate and adaptive immune response [102]. The
presence of bacterial biofilm, with a detection rate reaching over 44% of the cases, can
also be implicated as an essential feature of sinonasal infections in CRSWNP, acting as a
reservoir of pathogenic bacteria and conferring high resistance to host antimicrobial defense
strategies [29,72].

Remarkably, the geographic and ethnic variations in the CRSWNP pathophysiology,
with a predominance of eosinophilic inflammation involving mainly Th2 cytokines in
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European and American patients and a predominance of non-eosinophilic and mixed
Th1, Th2, and Th17 cytokines patients from East Asia, could explain the differences in
the immune response and cytokine profiles associated with specific bacterial groups [119,
120]. Apart from this, it seems clear that the role of the nasal microbiota in the CRSWNP
pathophysiology causes an onset of cell-mediated immune responses, changes in the
cytokine cascade, and defects in the epithelial barrier. However, other non-microbial
and host factors, such as innate immune deficiencies, anatomic abnormalities, genetic
predisposition, or the co-occurrence of comorbidities, must be considered as modulators
influencing disease establishment and severity, as previously noted [139].

4.3. Effect of the Modulation of the Microbiota on the CRSwNP Treatment

Taking into account the evidence of a relationship between alterations in the micro-
biota and CRSwNP, different studies have assessed the effect of different treatments and
adjuvants commonly employed in CRSWNP therapy, such as antibiotics, corticosteroids, or
nasal saline irrigation, as well as other novel alternative strategies, including microbiome-
based therapeutics, on the modulation of the dysbiotic nasal microbiota. As previously
mentioned [122], the efficacy of these treatments is not primarily dependent on pathogen
removal. Instead, their focus is on restoring a healthy microbial balance or eubiosis.

Due to their anti-inflammatory properties, corticosteroids and antibiotics have been
recommended as a first-line CRS therapy. In addition to antimicrobial properties, the
current literature implies that long-term macrolide and doxycycline treatment can inhibit
neutrophilic and eosinophilic inflammation or even reduce polyp size [165]. Considering
the results collected in the present review, no significant changes in microbial communities
in CRSwNP patients were found before and after nasal saline irrigation or corticosteroid
therapies [70,83,95,105]. Different potential benefits in the sinonasal mucosa of both treat-
ment options have been previously proposed, such as the alteration and elimination of
antigens, biofilms, and inflammatory mediators, as well as the contribution to a diverse
and balanced sinonasal microbiota [166,167].

The combined treatment of clarithromycin with mometasone furoate nasal spray did
not cause significant changes in the nasal microbiota in the study carried out by Varvyan-
skaya and collaborators [96]. In contrast, a significant eradication in biofilm formation
was observed in another study, even with a shorter treatment but different initial daily
dose [70]. A decrease in the alpha diversity in patients who had taken antibiotics during
the three months before sampling compared to those without antibiotic treatment was also
reported [89], denoting the importance of considering antibiotic use when evaluating the
association between microbiota and a specific disease state. Based on these results and
the trend of a lower alpha diversity observed in CRSWNP patients compared to controls,
the antibiotics can negatively affect the microbiota and, consequently, the host physiology,
increasing the risk of airway inflammation [159].

Even though, the proportion of clarithromycin-resistant strains remained constant
throughout the antibiotic therapy in a study previously cited [96], long-term antibiotic
treatment, as well as the repeated use of antibiotics in recalcitrant, difficult-to-treat patients,
can increase the risk of inducing significant bacterial resistance to this kind of drug. Thus,
given the general trend to dispense with antibiotics in situations where there is an apparent
lack of infection according to clinical practice guideline recommendations [9,83], the search
for novel antimicrobial alternatives to conventional treatments is an increased area of
interest. Changes, but non-significant, in the abundance of multiple bacterial species, total
number, and culture rate associated with administering this kind of treatment were found
in fewer studies [107,113,122], reflecting the need for more research. Regarding probiotics
with a therapeutic potential because of their well-known role in decreasing the density of
specific microbial pathogens and modulating the immune response [29], it is necessary to
note that their use through intranasal irrigation can also become problematic in specific
contexts. For example, probiotic strains can represent pathogen agents after surgery, since
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the anatomical barriers have been removed, or in patients with significant defects in the
epithelial barrier with inappropriate immune response [113].

Finally, the fact that treated groups reported improved sinonasal symptoms despite no
significant changes in the nasal microbiota supports the hypothesis that these treatments
also show non-microbiological mechanisms. Enhancements in the different natural defense
mechanisms of the host respiratory tract, including mucociliary clearance, and the reduction
in specific inflammatory mediators associated with these treatments likely contribute to
their beneficial effects [95].

5. Conclusions

The literature related to human microbiota and CRSwINP from the last ten years was
evaluated in the present systematic review. Our primary focus was on the microbiota
composition found in CRSwINP patients and the significance of microbiota dysbiosis or
alterations in the composition and function of the inflammatory processes in CRSwINP.
Studies investigating current and promising therapeutic approaches to manipulate the
microbiota in CRSwNP were also included.

As discussed above, the main limitation of this review was related to the absence of
uniformity in both the populations studied and the methodologies employed. Nevertheless,
the results of the included studies suggest that nasal microbiota dysbiosis can be accepted as
a critical factor influencing the onset or severity of CRSwNP. Thus, as has been previously
reported for other chronic inflammatory diseases, CRSwWNP appears to be a complex
interplay, involving innate immune deficiencies, anatomic abnormalities, and genetic
predisposition, influenced by the alterations in microbiota composition and diversity.

To sum up, this review provides a valuable understanding of the relationship between
nasal microbiota and CRSwNP pathophysiology. Although biological therapies targeting
inflammatory mediators, such as the monoclonal antibodies dupilumab, omalizumab, or
mepolizumab, have currently been found to be effective in CRSwNP patients, approaches
aimed at modulating the host microbiota could become an essential part of combined
CRSwNP treatment. Indeed, it is important to remark that further studies into humans
are clearly needed to understand the contribution of both nasal and gut microbiota in
respiratory diseases as the design of potential therapeutic options based on microbiota
modulation.

6. Future Directions

A high abundance of several pathogen-related taxa and low microbial diversity, asso-
ciated with changes in the host’s innate and adaptive immune response and defects in the
epithelial barrier, seem characteristic of CRSWNP patients. However, the specific bacterial
taxa changes and the associated immune response and cytokine profiles were not always
consistent across studies. These observations allow for speculation on the future directions
for microbiological diagnosis and treatment of CRSWNP. It seems conceivable that future
research focused on the geographic and ethnic variations in host microbiota could provide
insights into the influence of environmental and intrinsic factors on CRSwNP, thereby
identifying commonly relevant microbial targets and region-specific considerations. In this
context, further longitudinal studies that provide an overview of microbiota changes over
time would help to clarify whether dysbiosis is a cause or effect of the disease and identify
key microbial taxa preceding CRSwINP onset. Future studies should also investigate the
roles of nasal viruses and fungi and gut microbiota, providing a more comprehensive
view of the CRSWNP aetiology. Advanced omics technologies, such as metagenomics,
transcriptomics, or metabolomics, could elucidate how gut microbiota influences nasal
health and the mechanistic underlying microbiota, immune response, and barrier integrity.

Finally, the identification of specific microbiota profiles as potential diagnostic biomark-
ers could lead to non-invasive methods for the early detection and monitoring of CRSWNP.
Well-designed clinical trials with extensive CRSwWNP patient recruitment could enable
researchers to develop appropriate and personalized microbiota-modulating strategies
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adapted to specific microbiota profiles, enhancing treatment efficacy and minimizing ad-
verse effects.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/1jms25158223 /s1.

Author Contributions: M.G.-G., A.G.-S,, M.E,, LD. and C.S. designed and performed the systematic
review, analyzed and validated the data, and co-wrote the original draft; M.G.-G., EM.-]. and N.M.
performed bioinformatics analyses; A.G.-S., M.G.-M., ] P-P,, M.E., M.1.-G,, L.D. and C.S. supervised
the review, revising it critically, and gave the final approval of the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was funded by the projects PI23 /00446 and PI20/00268, funded by Carlos III Health
Institute (ISCIII) and co-funded by the European Union; RD21/0002/0054 and PMP22/00124, funded by
ISCIII and the European Union’s NextGeneration EU, Mecanismo para la Recuperacion y la Resiliencia
(MRR); IMP /00009, funded by ISCIII and European Regional Development Fund “A way to make Eu-
rope”; and by the Grant PID2021-1251170B-100 funded by MCIN/AEI/10.13039/501100011033 and by
ERDF “A way of making Europe”. MG-G is a recipient of a Sara Borrell postdoctoral fellowship from
the ISCIII (CD23/00185), co-funded by the European Social Fund. EM-] is a recipient of a predoctoral
grant PFIS, funded by ISCIII through the project “FI-21/00048” and co-funded by the European Union.
NM is a recipient of a contract financed by “Programa Investigo” funded by the European Union’s
NextGenerationEU, Recovery and Resilience Facility (RRF) (2022 C23.101.P03.50020-0000205).

Conflicts of Interest: A.G.-S. has received payment for lectures from Leti. M.E. has received payment
for lectures from SANOFI in the last three years. M.G.-M. has received payment for lectures from
Astra-Zeneca, GSK, and Sanofi. I.D. has received payment for lectures, including service on speaker’s
bureaus from Allergy Therapeutics, Astra-Zeneca, Chiesi, Diater, GSK, Leti, Novartis, and Sanofi; for
a consultancy from Allergy Therapeutics, ALK-Abello, Astra-Zeneca, GSK, Merck, MSD, Novartis,
and Sanofi; and grants for Thermofisher Diagnostics. The rest of the authors declare no conflict of
interest. The funders had no role in the study’s design, in the collection, analysis, or interpretation of
data; in the writing of the manuscript; or in the decision to publish the results.

Abbreviations

AERD aspirin-exacerbated respiratory disease

ASV amplicon sequence variant

bFGF casic fibroblast growth factor

CMV cytomegalovirus
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CRSsNP chronic respiratory disease without nasal polyps

CRSwNP chronic respiratory disease with nasal polyps

CT computed tomography

EBV Epstein-Barr virus
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ECRSwNP eosinophilic chronic respiratory disease with nasal polyps

ELISA enzyme-linked immunosorbent assay

EPOS European Position Paper on chronic rhinosinusitis

ESS endoscopic sinus surgery

FESS functional endoscopic sinus surgery

GM-CSF granulocyte-macrophage colony-stimulating factor

GR glucocorticoid receptor

GRADE Grading of Recommendations, Assessment, Development, and
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HHV-6 human herpesvirus 6

HSV-1 herpes simplex virus type 1

IgE immunoglobulin E
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IGKC ommunoglobulin kappa constant
IL interleukin
ILC innate lymphoid cells
ITS internal transcribed spacer
LPS lipopolysaccharide
MRSA methicillin-resistant Staphylococcus aureus
NECRSwNP non-eosinophilic chronic respiratory disease with nasal polyps
NOSs Newcastle-Ottawa Scale
NP nasal polyp
NSAID-ERD nonsteroidal anti-inflammatory drug-exacerbated respiratory disease
OTU operational taxonomic unit
PCR polymerase chain reaction
PICO Population, Intervention, Control, and Outcome
PPAR peroxisome proliferator-activated receptor
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PROSPERO International Prospective Register of Systematic Reviews
QOL quality of life
RIG-I retinoic acid-inducible gene I
RoB risk of bias
RoB 2 version 2 of the Cochrane risk-of-bias tool
rRNA ribosomal ribonucleic acid
TAS2R38 taste receptor 2 member 38
TFF3 trefoil family factor peptide 3
Th2 T-helper type 2
TLR Toll-like receptors
TNF tumor necrosis factor
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