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Abstract

Chronic rhinosinusitis (CRS) is a complex, heterogenous condition that is likely associated with
infectious and inflammatory causative factors. Renewed interest in the role that microbes play

in this condition has stemmed from advancements in microbe identification and parallel research
implicating the microbiome as having a role in other chronic inflammatory conditions. This
clinical commentary provides a review of the current literature relevant to chronic rhinosinusitis.
Particular focus is placed on factors specific to investigation of the sinonasal microbiome,
evidence for the role of dysbiosis in the disease state, and influences that may affect the
microbiome. Possible mechanisms of disease and therapeutic implications through microbial
manipulation are also reviewed, as are deficiencies and limitations of the current body of research.
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The etiopathogenesis of chronic rhinosinusitis (CRS) is multifactorial and has aroused
renewed interest in the role of microbes and, in particular, bacteria. The diverse bacteria
colonizing the sinonasal cavity are essential for physiologic host-microbial interactions
that prime the innate immune system in preparation for exposure to exogenous insult. As
with many other chronic inflammatory conditions, a consistent finding among patients with
CRS is an ecologic breakdown of the local microbiome characterized by an expansion of
pathogenic bacteria and a collapse of the commensal population.12 As such, changes in the
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sinonasal microbiome may contribute to the chronic inflammation of the sinonasal mucosa
that characterizes this condition.

Although microbiome research in CRS is increasing, the exact role of microbes in the
pathogenesis of CRS at the community and individual species levels remains poorly
understood. This clinical commentary reviews the research to date in this area and

discusses current clinical and research challenges. Specifics of investigation of the sinonasal
microbiome, influencing factors, possible mechanisms, and potential therapeutic options are
also discussed.

INVESTIGATING THE SINONASAL MICROBIOME: CONSIDERATIONS FOR
SAMPLING, SEQUENCING, AND MICROBIOME BIOINFORMATICS

Specimen collection: Specific considerations for collection of sinonasal specimens

Colonizing microbiota can, at least in part, be a function of the local microenvironmental
factors such as pH, airflow, humidity, and epithelial barrier function.? Disease features,
such as phenotype, endotype, and severity, may influence composition of the sinonasal
microbiome and perhaps even presence of tissue invasion. As a consequence, disease status,
site of sampling, and sample type are important variables to be considered in respiratory
microbiome analysis.

Sample site is an important confounding factor in studies of CRS and has been given

major consideration across studies. Most published studies have relied on samples taken
intraoperatively for patient comfort and to facilitate access to the sinus mucosa. This creates
a possible selection bias for patients with more severe disease, who require surgery. Studies
of multiple sampling sites within a single patient demonstrate variability in composition of
the microbiome across sinuses, but in general, interpersonal variability greatly outweighs
intrapersonal variability.4-8 A recent study of 225 patients with CRS and 100 controls found
that the anterior nares and middle meatus could represent the sinus microbiome,” confirming
the findings of prior smaller studies comparing the middle meatus with the maxillary and
ethmoid sinus microbiome signatures.*:6 These findings support sampling at more accessible
sinonasal sites during community visits or in the clinic.

Sampling techniques and sample type vary across studies, ranging from guarded swabs
and/or brushings, unguarded endoscopically guided swabs, mucosal biopsy, and nasal lavage
(Fig 1). Guarded or carefully performed endoscopically guided swabs may reduce the risk
of anterior nares contamination, which is particularly important in studies of a specific
sinonasal niche, where contamination may influence the interpretation of results. A small
study comparing mucosal biopsy samples and mucosal swabs from patients with CRS
demonstrated similar bacterial diversity and compositional profiles between the 2 sample
types; once again, interpersonal variation was a stronger driver of bacterial composition.8 In
light of these potential confounding factors, it is important for the investigator to practice
consistency in sample collection methods across his or her study.

Sinonasal microbiome samples can be problematic to process and analyze owing to
low microbial biomass and high host DNA contamination. Propidium monoazide can be
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used to deplete host DNA before extraction by selectively depleting exogenous DNA.°
Clustered regularly interspaced short palindromic repeats (CRISPR)-based approaches can
be used to specifically deplete host mitochondrial DNA after DNA extraction before

PCR.10 Alternatively, host DNA can be removed bioinformatically by using alignment-
based approaches. Low-microbial biomass samples may also be disproportionately affected
by exogenous contaminants, including extraction reagents, swabs, or laboratory spaces.
Therefore, it is critical that negative controls be included to assess laboratory contamination.
In silico approaches, such as use of the R package decontam, are also useful to identify true
contaminant sequences in a low—microbial biomass data set.

Recent advances in technology and the bioinformatics pipeline for microbiome research
have the potential to alleviate many prior concerns (Fig 1).

In summary, for sampling patients, the authors recommend use of guarded flocked swabs
taken from a consistent location representative of the sinus microecology, such as the middle
meatus. The site of sampling should be consistent with the hypothesis to be tested. In terms
of analysis, the authors currently recommend amplicon sequencing of the hypervariable
region of the 16S ribosomal RNA (rRNA) gene for bacteria and the 18S rRNA gene or
internal transcribed spacer region for fungi. However, it is likely that as next-generation
sequencing technology evolves, these recommendations will change.

SINONASAL MICROBIOME IN HEALTH AND CRS

The core microbiome is defined as organisms or genes that are shared across unrelated
individuals.1! Identifying a core sinonasal microbiome offers insight into both the stability
of microbial communities and potential drivers of disease. A finding of the International
Sinonasal Microbiome Study, the largest sinonasal microbiome study to date, was that
Corynebacterium, Staphylococcus, Moraxella, Streptococcus, and Haemophilus were the
most abundant genera within the middle meatus of patients with or without CRS.12
Although similar bacterial genera exist between health and disease states, disturbances
resulting in changes to the relative and absolute abundances of these taxa may be an
etiologic risk factor or potential disease modifier in CRS.

Functional gene predictions from amplicon data using phylogenetic investigation of
communities by reconstruction (PIC-RUSt) bioinformatic software and /n vitro studies of
bacterial isolates from patients with CRS suggest that the CRS microbiome is altered.13
These studies suggest the CRS microbiome is significantly richer in genes involved

in antigen processing and presentation, nucleotide binding and oligomerization domain
(NOD)-like receptor signaling pathways, mismatch repair, peptidoglycan biosynthesis,
peptidases, and DNA replication proteins. Another study found that CRS samples were

less functionally diverse than healthy samples and were significantly enriched in bacterial
virulence pathways and antimicrobial metabolite production.4 A further study found that
CRS samples were significantly enriched in mucin degrading genes'® and that the core taxa
driving mucin degradation were Prevotella, Fusobacterium, and Streptococcus. Degradation
of mucin by these genera augmented the growth of Staphylococcus aureus. These studies
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have provided useful insights into the functional capacity of the CRS microbiome, but no
consistent core of CRS-associated genes have been described.

EVIDENCE FOR BACTERIAL DYSBIOSIS IN CRS AND FACTORS THAT MAY
INFLUENCE THE MICROBIOME

CRS-associated bacterial dysbiosis is typically described relative to a healthy cohort, and

it is characterized by a reduction in diversity, an increase in overall bacterial load, loss of
keystone species, fragmentation between networks, and an increase in pathobionts. Accepted
criteria for dysbiosis have not been defined. Nor is it known whether dysbiosis can be
remediated by treatment or whether remediation of dysbiosis translates to resolution of
disease. Nonetheless, research has begun by identifying factors that may influence the
composition, stability, and resilience of the sinonasal microbiota.

Demographics

The effects of age, sex, and ethnicity on the CRS bacterial community compaosition and
CRS-associated dysbiosis are unclear.3 As is the case in adults, infants and children who
are colonized with Dolosigranulum spp and Lactobacillus spp tend to have better overall
respiratory health and responses to respiratory syncytial viral illness.16-19 However infant
upper respiratory tract (URT) profiles that are dominated by H influenzae or Streptococcus
are at risk of developing both acute and chronic URT illnesses.29-22 A recent reanalysis
of the Human Microbiome Project data set based on sex found significant differences

in composition of the bacterial community of the anterior nares, which the authors
hypothesized could influence autoimmune-related diseases.?® Despite these findings, no
significant microbiome-demographic associations were observed in analysis of the diverse
large cohort of the international sinonasal microbiome study.12

Geographic, environmental, and temporal factors

Data from the collaborative International Microbiome Study of more than 400 patients from
13 centers in 5 different continents indicated that that although the bacterial composition

of the core microbiota was preserved across the different sites, significant differences in
both alpha and beta diversity occurred according to geography.12 Furthermore, bacterial
composition also varied between centers. The most distinct microbial distribution was
observed in samples collected from The Netherlands, with depletion of the relative
abundances of Corynebacterium and overrepresentation of Staphylococcus. Interestingly,
antibiotic use in The Netherlands is among the lowest in the Developed World, with

tight regulation of the prescription of antistaphylococcal antibiotics possibly explaining this
finding.24

Seasonal changes and temporal effects can affect composition and load of the sinonasal
bacterial, fungal, and viral communities,2® although few data exist. There are no published
studies describing changes in the viral composition and load of patients with CRS at
multiple time points. However, it is well known that exposure to and infection with viruses
such as influenza and rhinovirus are strongly influenced by season,26-28 and URT viral
infections are known to modulate the bacterial community.2 During the winter and autumn
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months, significant increases in viral load and detection are noted in both patients with CRS
and patients with acute seasonal viral illnesses.30

Most of our knowledge about microbial stability is derived from studies of healthy

patients. Longitudinal studies have shown that bacterial composition in healthy participants
remains reasonably constant over time, but each subject maintains an identifiable microbial
pattern that is very different between subjects.3! The relative abundance and presence of
some bacterial taxa such as Acidocella, Hyphomicrobiaceae, Asticcacaulis, Staphylococcus
epidermidis, and Cutibacterium acnes can change over time.2532 These shifts are
unpredictable and are likely linked to many factors. Fungal groups are much more dynamic
and heavily influenced by changes in seasonal factors such as precipitation, humidity,
temperature, and atmospheric pressure.2>

Clinical factors and phenotypes

In addition to being a well-known risk factor for the development of CRS, firsthand and
secondhand smoking can also affect the sinonasal microbiome. Smoking directly alters

the sinonasal epithelium, decreases mucociliary clearance, and increases inflammatory
markers.33:34 In 1 study, patients with CRS without nasal polyps (CRSsNP) who were
smokers at the time of sampling or who had ever smoked had significantly reduced
bacterial richness and complexity.3> Smokers with CRS were colonized by significantly
more pathogenic bacteria than were nonsmokers with CRS, and smokers with CRSsNP also
had increased relative abundances of potentially pathogenic Bacteroides and Fusobacteria.3®
An in vitro study demonstrated that bacterial isolates from smokers with CRS readily
produced biofilms in response to exposure to whole tobacco smoke38; however, in another
study biofilm formation was not associated with smoking status of patients with CRS.37
Together, these studies suggest that smoking significantly alters CRS disease severity and
may promote dyshiosis.

Comorbid conditions such as asthma, atopy, eczema, aspirin-exacerbated respiratory
disease, and cystic fibrosis may worsen the bacterial dysbiosis already associated with
CRS. A common theme of these studies is that patients with CRS and comorbid
respiratory conditions are characterized by an additional increased prevalence and relative
abundance of pathogenic microbes, increased bacterial load, decreased bacterial diversity
and richness, and decreased abundances of commensals such as Cutibacterium.?38

For example, when compared with patients with CRS without asthma, patients with

CRS and comorbid asthma have been observed to experience decreases in the relative
abundances of Corynebacterium,3® Peptoniphilus,? and Anaerococcus,? as well as increases
in Staphylococcus, Ralstonia, and Acinetobacter*° Notably, the bacterial communities in
patients with CRS with cystic fibrosis tend to be dominated by a single pathogen such as S
aureus or Pseudomonas aeruginosa.t>2539

Therapeutics

The impact of pharmaceutical and surgical interventions on the sinonasal microbial
community is unpredictable® and variable.*! Furthermore, a recently performed
randomized controlled trial demonstrated that clinical outcomes following treatments with
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different medical agents were independent of the microbial outcomes.#? In a recent
meta-analysis, short-term and cumulative antibiotic use did not contribute significantly

to variation in composition of the sinonasal bacterial community, and few changes were
observed versus in patients to whom antibiotics were not prescribed.*3 These observations
mirror the results from smaller randomized controlled trials showing only modest effects
on individual bacterial sequence variants and no significant changes in richness or diversity
in patients with CRS who received 7-day courses of doxycycline or roxithromycin versus
in controls with CRS.444% The effect of topical corticosteroid therapy on the sinonasal
microbiome has been less well studied. In their randomized controlled trial, Cherian et al
did, however, demonstrate a significant but transient increase in bacterial diversity in patients
treated with topical budesonide.#2

Composition of the bacterial community may affect surgical outcomes, and surgery

may alter composition of the bacterial community. In 1 study, patients with better
postoperative outcomes had significantly increased diversity and richness and increased
relative abundances of Corynebacterium before surgery.*® The presence of S aureus biofilms
and intracellularly localized S aureus are strong predictors of recalcitrant disease and poorer
postoperative outcomes.4”49

The effect of endoscopic sinus surgery on bacterial community composition, richness, and
diversity is less clear. Some studies have suggested that bacterial diversity and richness
increase, whereas others report that endoscopic sinus surgery results in decreased bacterial
diversity.051 These inconsistencies may be due to interpersonal differences in patients with
CRS, postoperative management, and time from surgery to sampling.

POTENTIAL MECHANISMS OF DISEASE

Numerous microbiota-regulated processes exist to maintain the stability of the sinonasal
environment (Fig 2). The most intuitive mechanism to consider is pathogen exclusion by
commensal populations. Increased microbial diversity is often a hallmark of health, with
commensal microbes acting as niche occupiers that symbiotically ingest local nutrients and
exclude overpopulation of pathogenic organisms. This theory is supported by the observed
low abundance of pathobionts in healthy subjects®? and the reduced diversity with pathogen
dominance in patients with CRS.53:54 Further evidence includes the network instability

that results from depletion of particular commensal bacteria and observation of direct
commensal-pathogen interaction.} Yan et al®® studied the relationship between S aureusand
Corynebacterium in the human nasal cavity and demonstrated that Corynebacteria can be
involved in either mutualistic or inhibitory interactions with S aureus. Direct interactions
between these 2 microbes have also been demonstrated by other groups researching

CRS.%8 This supports the findings of Bassiouni et al,>’ who observed 3 main sinonasal
“microbiotypes” in their analysis of the large International Microbiome Study cohort:

the first is Corynebacterium-dominated, the second is Staphylococcus-dominated, and the
third is dominated by the other core genera of the sinonasal microbiome (Streptococcus,
Haemophilus, Moraxella, and Pseudomonas). Prior work has also demonstrated negative
correlation between S aureusand S epidermidis in the nasal cavity,>8 and recent work

has uncovered direct inhibition by an S epidermidis-derived metabolite.5® Although the
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aforementioned findings support the dysbiosis hypothesis, causal demonstration in CRS still
remains elusive.

Another mechanism of direct microbiome influence on tissue processes occurs through
microbial metabolism. Early attempts applying predictive metagenomics to evaluate the
microbiome of samples from patients with CRS and controls identified functionally distinct
microbiomes and host immune responses in patients with CRS.14 The various dysfunctional
metabolic and pathophysiologic processes identified in these studies included synthesis of
ansamycin (an antibiotic metabolite), LPS biosynthesis, tryptophan metabolism, peroxisome
proliferator—activated receptor gamma (PPAR-y) signaling, and invasion of epithelial cell
pathways.50

Diverse microbe-derived molecules instruct varied and far-reaching /immunologic
processes.51.82 Notably, B-cell maturation and production of both IgA and 1gG isotypes
have recently been reported extranodally within nasal polyps in adults with CRS.83
Consistent with the importance of commensal organisms in gut-associated lymphoid tissue
development, histologic observation of the nasal cavity from germ-free mice shows mucosal
thinning, loss of goblet cells, increased collagen levels, and loss of nasal-associated
lymphoid tissue.54 The influence of pathobionts on immunologic processes is well
documented, particularly in the case of toxin release and superantigen production from S
aureus.®

Multiple studies have shown correlations between sinonasal microbiota profiles and selected
inflammatory markers. Cope et al'# correlated microbiota-based clustering with selected
inflammatory markers, associating Corynebacterium-dominant clusters with IL-5 and IFN-y»
in patients with CRS with nasal polyps (CRSWNP). Bachert et al®6 observed correlations
between S aureus presence and IL-5 positivity in patients with CRSwWNP and patients

with cystic fibrosis with nasal polyps. In another cluster, P aeruginosa colonization was
associated with a high TNF-a level in patients with CRSsSNP.56 More recently, Vickery

et al%’ defined disease-specific networks of interacting microbiota and host metabolites
through targeted profiling of lipid mediators, suggesting yet another potential mechanism for
regulation of local immune and inflammatory processes. These studies remain correlative,
and further work is needed to understand the meaning of such associations.

The effect of microbes on epithelial barrier function is well described. Commensal
bacteria have been shown to enhance the barrier function in the gut and respiratory

tract, whereas numerous pathogenic organisms are known to degrade barrier function.58 A
leaky barrier can result in bacterial translocation into the sinus mucosa, with a resulting
chronic inflammatory response and tissue damage.59 This effect may be a causative

factor in the development of CRS, or it may serve to propagate the disease into its

chronic state.” This phenomenon has been studied the most with S aureus, in which

case induction of immunologic and mechanical barrier disruption promotes defective
mucociliary clearance leading to bacterial invasion and degradation of intercellular tight
junction proteins.”>:72 This underlying effect may help explain the repeated observation
that commensals inversely associated with Staphylococcus, such as Corynebacterium and
Dolosigranulum, are associated with improved healing after sinus surgery in CRS and less
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disease recalcitrance in CRSWNP.”2 Fig 2 summarizes potential mechanisms for microbiota-
regulated processes in CRS.

THERAPEUTIC IMPLICATIONS

Microbial manipulation

Probiotics are defined as “live microorganisms that when administered in adequate amounts,
confer a health benefit on the host” as proposed by the International Scientific Association
for Probiotics and Prebiotics. The consistent finding of a high prevalence of the genus
Corynebacterium in the sinuses of healthy patients, a significant reduction in its relative
abundance in patients with CRS versus in controls, and a seemingly inverse relationship to
the presence of S aureust?:57 supports the probiotic potential for species in this bacterial
genus. The presence of 1 species, namely, Corynebacterium accolens, limits the growth

of S aureus and other nasal pathobionts. /n vitrowork by Menberu et al evaluated the
effect of CRS-derived isolates of C accolens against methicillin-sensitive S aureus and
methicillin-resistant S aureus pathogens that were also isolated from the sinuses of patients
with CRS.5¢ Almost all of the C accolens isolates exhibited antimicrobial activity against
methicillin-sensitive S aureus and methicillin-resistant S aureus in both planktonic and
biofilm forms.

The results of the study by Menberu et al®6 were in agreement with those of a previously
published clinical trial showing a 71% eradication of S aureus from the nasal cavity of
human carriers after topical implantation of a strain of Corynebacterium spp.’* The exact
mechanism of antibiotic action remains unknown but is thought to be due to the release

of a yet to be characterized protein. C accolens has similar activity against Streptococcus
pneumonia, another common nasal pathobiont.”>78 The mechanism of action against S
pneumonia is mediated through degradation of triacylglycerol by C accolensto produce free
fatty acids, in particular oleic acid, which interferes with the growth of S pneumoniae in the
nasal cavity. /n vivo studies evaluating the utility of these probiotic candidates in patients
with established CRS has yet to be confirmed.

The only published human studies evaluating probiotic rinses for the treatment of
established CRS have been performed by using Lactococcus lactis W136. This bacterium,
although not highly prevalent in healthy sinuses, has an established safety profile for oral
consumption in humans. In a small, nonblinded, and noncontrolled study, Endam et al”’
reported the safety and feasibility of topical application of L /actis W136 in patients with
CRS. Although they reported a clinical benefit in symptom reduction in these patients, few
significant changes to bacterial profiles were observed following treatment. Lambert et al’8
also evaluated a probiotic solution containing L /actis W136. In their nonblinded, controlled,
crossover study comparing saline, xylitol, and L /actis \W136 solutions, no significant
difference in symptom scores were observed between the groups and no meaningful
difference in the sinus microbiome was seen. Although their study was not limited to

this particular strain of Lactococcus, Martensson et al’® similarly reported no significant
changes to clinical outcomes, bacterial community composition, or inflammatory profiles
following irrigation fluid containing lactic acid—producing bacteria in patients with CRS.7®
Interestingly, despite these findings, commercial preparations of L /actis are now available
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for CRS “treatment.” The release of such products into the commercial market may be
premature, not only given their lack of objective benefit but also given the possibility of their
promoting growth of pathogenic strains of bacteria, such as Paeruginosa, as was observed in
a coculture study by Cho et al.80

Animal models of sinusitis have also been used to explore the role of probiotic candidates,
although similar human trials have not yet been performed. Cleland et al® investigated the
development of sinusitis in mice that had been inoculated with S aureus alone or in the
presence of the known commensal S epidermidis. In mice coinoculated with the commensal
and pathogenic bacteria, there were significantly fewer markers of inflammation typically
associated with CRS than in those receiving S aureus alone, supporting the probiotic effect
of S epidermidis. In another murine model for sinusitis, Abreu et al®® utilized Lactobacillus
Sakei, a commensal identified as being depleted in human patients with CRS, to defend
against Corynebacterium tuberculostearicum sinus infection in the context of a depleted
sinus bacterial community.

The aforementioned studies highlight the difficulties in identifying promising probiotic
microbes and the need for large, well-controlled clinical trials that demonstrate significant
improvements in clinical, microbiologic, and inflammatory outcomes in CRS. As evidenced
from previous sections of this review, high-fidelity resolution of the microbiome at the
species and strain levels is still lacking. Poor taxonomic resolution combined with such high
interpersonal variation and the numerous endogenous and exogenous influences exerted on
the sinonasal microbiome further complicate progress in this area.

CURRENT LIMITATIONS OF RESEARCH

The main challenge facing the field of CRS microbiome—focused research, and other human
microbiome-related research in general, is moving beyond taxonomic associations and
toward the establishment of causality.82 Awareness of causal effects, even if only in a few
specific scenarios®3 such as a particular microbe, mechanism, and disease phenotype or
endotype, will be requisite before attempting to intervene with novel therapeutic approaches
(Table I).

As a heterogeneous human disease with an unclear etiopatho-genesis, variable and
fluctuating natural history, soft boundaries for phenotyping and novel endotyping,
susceptibility to infection and local immune dysfunction, and numerous trials of varied
therapies before diagnosis, sorting out a possible microbiome role in CRS is a large task.

To date, most work related to the CRS microbiome has utilized the case-control study
design, which cannot be used to determine whether the microbiome drives the disease
process, whether the disease is altering the microbiome, or whether both are influenced by
other confounders. Additionally, the microbiome may not be causative of the disease; rather,
it could serve as disease modifier in some critical aspect. Although the varied temporal
aspect of disease development and response to therapies has limited the opportunity for
longitudinal study of pathogenesis before disease onset, it has afforded the potential to study
the microbiome’s role in disease evolution and response to interventions.
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Cross-sectional sinonasal microbiome studies are also limited by large intersubject variation
and the numerous confounding variables that may exist in human subjects with CRS or
atopic disease. Before study enrollment, patients recruited for these studies have been
subjected to repeated disease interventions that are known to alter the microbiome (eg,
antibiotic or steroid therapies), and they exhibit deficiencies in local epithelial barrier

and immune function.%9:84 Additionally, the high degree of interpersonal variability is a
challenge to overcome, given the relatively small cohorts included in studies. CRS is a
broad disease that is clinically defined by a constellation of particular symptoms with

an objective finding of inflammation, and it has recently been further characterized by
disease phenotype and molecular approaches to endotyping, much like what has been done
for asthma. It is apparent that different immunologic process may predominate in certain
patients at certain times (ie, type 1, 2, or 3 inflammation or diminished regulatory T—cell
function). Direct and indirect host-microbial interactions are present in each of these CRS
subcategories, and although little is known at this point, it is certainly possible that the
importance of the microbiome and mechanistic insights will be different in at least 1 group.
Studies characterizing microbiota relevance by disease endotype are under way, and the
introduction of targeted biologics to type 2—dominant CRS offers exciting an opportunity for
an intervention study. As we continue to define CRS subtypes beyond the simple phenotype
differences, larger sample sizes and narrowly defined disease categories will be required for
studies so as to limit the potential for type Il error, as in recent trials delineating the role

for surgery and biologics in CRS.84 Teasing apart the intricacies within the complex set of
features known to exert influences on the microbiome is key to understanding whether, and
to what degree, observed changes represent bystander effects.

These limitations associated with /n situ studies in patients are further compounded by
deficiencies of the small animal models created for study of CRS.85 Compelling microbiome
research has utilized animal experiments that include antibiotic depletion, gnotobiotic mice,
and microbial transfer approaches. Although acute airway responses can be ascertained

in animal models, establishing chronic upper airway inflammation representative of CRS
remains elusive. As described in the European Position Paper on Rhinosinusitis and Nasal
Polyps88 “Currently available animal models are either allergic models or genetically
manipulated animals that artificially generate an inflammatory response and again, do

not answer the cause of the disease.” In rodents, the surface area of the nasal cavity is

small and there are no true sinuses. Additionally, nearly half of the nasal epithelium is
olfactory epithelium, and rodents express different antimicrobial peptides and mucins than
humans do.8” Unsurprisingly, the baseline colonizing microbes are distinct from those of
the human upper airway. Furthermore, immune responses in mice are notably different

from those in humans.88 Alternatively, the rabbit maxillary sinus model was developed

for study of biofilm formation by use of obstruction of sinus outflow by a foreign

body,8% and it was more recently utilized for microbiome study.8% Other accepted /n vitro
approaches such as cell culture with microbial exposure carry limitations, including absence
of multicellular interaction (ie, epithelial-immune interaction), absent tissue architecture,
inability to maintain cells and many microbes under the same culture conditions, and limited
duration of live microbe and cellular coexistence.
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FUTURE DIRECTIONS

Sinonasal microbiome research is still largely in a descriptive phase. It is likely that the
microbial profiles that have been described to date are the culmination of the complex
interplay between the environment, microbiota, and the host immune system. /n vitro and

in vivo studies examining microbial interaction of known pathobionts and commensals in
patients with CRS, as well the interaction between microbes and the host’s local immune
cells, are clearly needed. Furthermore, without researching and understanding the early

and intermediary stages of the disease process, resolving whether the microbiome changes
observed are a cause, a disease modifier, or a result of disease is impossible. Ideally,
generational, longitudinal cohort studies documenting the microbiome from health to disease
could be performed to help resolve this question.

Short sequences have offered limited insights into function, and they limit important
taxonomic assignments to species or strain. Long-read sequencing may be adapted to
confidently distinguish the species- and strain-level differences between the microbiota of
healthy subjects and patients with CRS. Future studies should also focus on distinguishing
changes between healthy individuals and patients with CRS in the core genetic components
transcriptome and proteome. Although some small, cross-sectional studies in each of these
areas have been performed, larger and more definitive studies will be required.
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FIG 1.
Considerations for analysis of the sinonasal microbiota. A, Investigators must consider the

clinical feasibility, benefits, and limitations of the site in the sinonasal cavity. B, Different
sampling techniques must also be considered carefully. Negative controls (extraction blanks
and blank swabs) can help to identify and reduce contamination. C, Commonly used
techniques for microbiome analyses can be used to answer distinct research questions.
Amplicon sequencing (eg, 16S rRNA gene sequencing) can yield insights into community
composition. Shallow shotgun metagenomics allows for high resolution of the microbial
species and strains, whereas deep shotgun metagenomics can yield insights into the putative
functions in a community. Gene expression can be analyzed via RNA sequencing (of
reverse-transcribed cDNA) to determine which microbial and host genes are expressed in

a given condition. Functional analyses can quantify protein production (proteomics) or host-
and microbiome-derived metabolites (metabolomics).
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FIG 2.

Potential mechanisms for microbiota-regulated processes in CRS. A, Commensal bacteria
are niche occupiers precluding colonization or overgrowth of potential pathogens. This

can occur directly through the production of bacteriocins, or it may occur indirectly

by competition for local resources or induction of various antimicrobial peptides from

the apical epithelium. B, Commensal organisms are critical for immune maturation, as

has been documented in mouse gut and upper airway studies. Gain of pathogens may
direct proinflammatory imbalance over anti-inflammatory homeostatic immune activities. C,
Commensal organisms may provide several metabolic actions in the complex apical surface
milieu, including biosynthesis of important proteins, degradation of airborne or locally
produced toxins to innocuous byproducts, and digestion of mucins into energy sources such
as short chain fatty acids. D, Breakdown of the epithelial barrier is a hallmark of CRS,

with translocation of microbes into the subepithelial compartment. This can propagate the
proinflammatory state. PRR, Pathogen recognition; 7reg, regulatory T.
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Table I.

Key questions, unresolved issues, and next steps

Do correlations reflect causation or action as a disease modifier?
In which phenotypes or endotypes is the microbiome important?
What is the mechanism by which microbiome changes contribute to the disease process?

Is there sufficient sinonasal biomass to affect local mechanistic action?

a A W N P

What are the most important comparisons to include in analysis? At what level of statistical change do observations in cohort or
intervention studies reflect clinically meaningful findings?

6 How can the microbiome serve as a therapeutic target, and is there an optimal stage for intervention?
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