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Abbreviations 

APC Antigen presenting cell 

AR Allergic rhinitis

CFU Colony forming units 

CLR C-lectin type receptor

CRS Chronic rhinosinusitis

CRSsNP  Chronic rhinosinusitis without nasal polyps 

CRSwNP Chronic rhinosinusitis with nasal polyps 

DC Dendritic cell

ENT Ear, nose, and throat 

EPOS European position paper on rhinosinusitis and nasal polyps 

FeNO Fractional exhaled nitric oxide 

GALT Gut-associated lymphoid tissue 

IFN Interferon

IL Interleukin

LAB Lactic acid bacteria 

LPS Lipopolysaccharide

MALT Mucosal-associated lymphoid tissue 

MAMP Microbe-associated molecular pattern 

MALDI-TOF Matrix-assisted laser desorption/ionization-time of flight 

MCID Minimal clinically important difference 

Mini-RQLQ Mini rhino-conjunctivitis quality of life questionnaire 

MS  Mass spectrometry 

NAC Nasal allergen challenge

NALT Nasal-associated lymphoid tissue 
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NLR NOD-like receptor 

PA Probiotic assemblage 

PAMP Pathogen-associated molecular pattern 

PNIF Peak nasal inspiratory flow 

PROM Patient-related outcome measure 

PRR  Pathogen recognizing receptor 

rRNA Ribosomal ribonucleic acid 

QoL Quality of life 

SCFA Short chain fatty acid 

SNOT-22 22-item sinonasal outcome test 

Th cell T-helper cell 

TNSS Total nasal symptom score 

TLR Toll-like receptor  

Treg cell Regulatory T-cell 
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Thesis at a glance 

Aim Design Principal finding 
Paper I 

To assess tolerability of 
nasal administration of the 
LAB H13 microbiome in 
healthy subjects. 

 

A randomized, 
placebo-controlled, 
double-blinded, 
crossover study.  

 

LAB H13 was well tolerated 
and did not induce an 
inflammatory response nor 
colonize the subjects. 

Paper II 

To examine effect of the 
LAB H13 microbiome as a 
treatment option for 
CRSsNP. 

 

A randomized, 
placebo-controlled, 
double-blinded, 
crossover study. 

 

LAB H13 was well tolerated, 
but did not affect symptoms, 
inflammatory indices, or 
commensal microbiota.  

Paper III 

To investigate effects of a 
topical PA as treatment for 
allergic rhinitis in a NAC 
model. 

 

A randomized, 
placebo-controlled, 
double-blinded, 
crossover study. 

 

The PA induced an innate 
immune response, but failed to 
affect symptoms of allergic 
rhinitis. 

Paper IV 

To study feasibility and 
effect of an upper airway 
microbiome transplant as 
intervention in CRSsNP.  

 

An open pre-post 
interventional 
study. 

 

The intervention was feasible. 
It induced lasting changes to 
the microbiota and affected 
CRSsNP symptoms. 
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Preface 

Working as an ENT, Head & Neck surgeon with a special interest in rhinology, I 
often encounter patients diagnosed with chronic rhinosinusitis (CRS). I observe that 
these patients are suffering from their conditions, and the lack of effective treatment 
options often surprises me. 

Topical corticoid sprays and saline rinses may dampen the patients’ symptoms for 
a time, but often a sudden exacerbation brings them back to the clinic. On these 
occasions, a course of antibiotics often alleviates the symptoms temporarily, but at 
the same time, a culture sample taken from the nose and coated in purulent secretion, 
will most often yield a result of “no growth of any clinically relevant bacteria”. 

Frustrated by our apparent lack of understanding of this disease, and by a feeling of 
inadequacy to help my patients, I was very excited when my colleague and 
supervisor Professor Anders Cervin asked me to join in a project aiming at better 
understanding the role of the airway microbiota in CRS. 
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Introduction 

Chronic rhinosinusitis (CRS) and allergic rhinitis (AR) are both examples of 
inflammatory diseases of the upper respiratory tract with a high prevalence in the 
Western world. Despite a considerable impact on quality of life (QoL), and 
representing substantial societal costs, both diseases are still incompletely 
understood. Recent investigations into the human commensal bacteria and their 
functions have revealed a deep connection between the human host and the 
microbiota, especially between bacteria and the immune system, locally as well as 
systemically. This nascent understanding of the importance of the human 
microbiome and its role in human health and disease offers exciting new 
perspectives to the understanding of CRS and AR and to potentially novel treatment 
options.   

The purpose of this thesis is to better the situation for patients with CRS and AR 
through studies of a few aspects of the role of the microbiome and manipulation 
thereof. In I and II, we explored the possibility that topical probiotic 
supplementation might induce bacterial interference and reduce the pathobiome in 
CRSsNP. In III, we examined the potential to induce an immunologic skewing from 
a type 2 to a type 1 dominated response in AR using a topical probiotic assemblage. 
Finally, in IV, we explored the possibility that microbiome restitution through 
transplantation of a microbiome from a healthy donor might represent a potential 
therapy for patients suffering from CRSsNP. 
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Background 

Chronic rhinosinusitis 

Epidemiology and symptoms 
CRS is an inflammatory condition of the sinonasal mucosa affecting 2-12% of the 
population (1, 2). The symptomatology includes nasal congestion, nasal discharge, 
and facial pain (1), but also hyposmia or anosmia, fatigue, sleep disturbance, 
depression, and sexual dysfunction (3), causing a severe impact on quality of life 
(QoL) comparable to congestive heart failure or chronic back pain (3, 4). CRS is 
associated with substantial societal costs, both as direct healthcare expenditures and 
as indirect productivity loss (5-7). Contrasting the large impact of CRS on QoL and 
socioeconomics, much is still uncertain regarding its underlying etiology. Indeed, 
current treatment protocols are based on observed effects rather than a mechanistic 
understanding of the disease. 

 

 
Figure 1. CRSsNP in a patient previously operated on with ethmoidectomy. 
Left-hand side nasal cavity with the nasal septum (A), concha media (B), and 
ethmoid area (C) (exposed following surgery). The condition is featured by 
purulent secretion (D) and crusting (E).  
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CRS is classically differentiated phenotypically, i.e., based on any observable 
characteristic of the disease (Figure 1), e.g., concerning whether or not polyps are 
observed, i.e., chronic rhinosinusitis with polyps (CRSwNP) or chronic 
rhinosinusitis without polyps (CRSsNP) (8). CRSsNP appears to be about two to 
four times more common than CRSwNP (2, 9). Recent studies identify different 
inflammatory patterns in patients suffering from CRS (10, 11), which now shift the 
focus of differentiation from a phenotypical towards an endotypical classification, 
i.e., reflecting distinct functional or pathobiological subsets of CRS. Arguably, 
endotypical classification is a step closer to identifying underlying causes and 
understanding the mechanisms of the disease. 

Inflammatory profiles 
The more or less detailed inflammatory endotypes of CRS are often termed types 1, 
2, and 3, and primarily reflect what type of CD4+ T-cells that are induced (12) 
(Figure 2). Type 1 is primarily induced by Th1 activation, but can also be induced 
by ILC1s; IFN-ɣ and IL-12 are important mediating cytokines (10, 12-14), type 2 is 
induced by Th2 activation, but ILC2s, eosinophils, B-cells, basophils, and mast cells 
may also be important; key mediating cytokines are IL-4, IL-5, and IL-13 (10, 12-
14). Type 3 is induced by Th17 and ILC3s; IL-17A, IL-17F, and IL-22 are important 
mediators (10, 12-14). Importantly, these endotypes can be combined, and, in CRS, 
CRSwNP is the clearest case associated with a type 2 endotype (10). 

 

 

Figure 2. Inflammatory patterns of CRSsNP and CRSwNP in the Western 
world (10). Combination (top) and prevalence of type 1, 2, and, 3 endotypes 
(bottom). Reproduced with due permission from Elsevier. 
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In current practice, only data on eosinophil presence/activity in blood and sinonasal 
mucosa aid in such decision-making (13). Knowledge of specific aspects of 
inflammatory cascades, and their use for endotype classification (as described 
above), now potentially makes it possible to tailor the use of novel monoclonal 
antibodies, i.e., “biologics” in CRS (15). Indeed, all current biologics intended for 
CRS target type 2 inflammation, and consequently a “simple” endotypical 
differentiation into type 2 or “non-type 2” inflammation is recommended (12, 13). 
To reflect this, a new phenotypical classification based on whether the disease is 
primary or secondary and whether it is diffuse or localized is suggested by the 2020 
European position paper on rhinosinusitis and nasal polyps (EPOS), possibly 
reflecting these endotypes (1, 8). 

While endotypical differentiation may offer better insight into CRS patho-
physiology compared with phenotypical classification, it still does not answer the 
question of what the underlying pro-inflammatory causes may be (13), which 
arguably is fundamental to the possibility of fully understanding and curing CRS. 
There is a large geographical variation regarding inflammatory patterns in CRS. In 
the Western world, Th2-induced inflammation is the dominant pattern, whereas Th1 
and Th17 are more common in China (16). However, data are suggesting that the 
Th2 profile is becoming more prevalent with the adoption of a Western lifestyle 
(17). 

Allergic rhinitis 

Symptoms and costs 
Allergic rhinitis is characterized by IgE-mediated symptoms of sneezes/itch, runny 
nose, and nasal blockage at exposure to allergens. Often, they are combined with 
symptoms of conjunctivitis and sometimes by post-nasal drip, itching of the palate, 
and cough (18, 19). Patients may experience reduced QoL, mainly from sleep 
disturbance secondary to other symptoms (18). A Swedish study estimated the 
annual economic burden of allergic rhinitis in 2016 to be € 961 per individual and 
year, or € 1.3 billion for the total Swedish population of 9.5 million (20). 

The hygiene and Th1/Th2 hypotheses 
Allergic rhinitis and other diseases characterized by chronic inflammation have 
become increasingly abundant in developed countries since the late 1950s (21). Up 
to 40% of the population in the Western world now suffers from either seasonal or 
perennial diseases (19). Epidemiological observations indicate that the increase 
correlates to decreased household size, increased standard of living, and improved 
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personal hygiene. These findings were put forward by Strachan in 1989 as the 
“Hygiene hypothesis” (22).  

Murine studies suggest that the balance between Th1 and Th2 lymphocyte activities 
is an important immune regulator (23). In the context of the hygiene hypothesis, 
fewer infections may lead to less activation of Th1 immune responses (characterized 
by IFN-ɣ) and, in turn, to promotion of Th2 responses (featuring IL-4 and IL-5). 
Furthermore, the hypothesis is supported by findings that, e.g., patients with 
rheumatoid arthritis, a Th1-driven disease, have a low incidence of allergy(atopy 
(24), and that successful immunotherapy for pollen allergy is accompanied by 
increased IL-12 activity  (25). 

The hygiene hypothesis is certainly interesting, but it has also been criticized for 
being oversimplistic, and, e.g., for underestimating the role of antigen-presenting 
cells (APCs) (26). Other inconsistencies are that autoimmune diseases correlated to 
increased Th1 activity, e.g., juvenile type 1 diabetes, shall become less frequent with 
a shift towards Th2 activity, but that is not the case (27, 28). Taken together, the 
Th1/Th2 hypothesis is likely not a sole immune regulatory mechanism, and 
increasing interest has recently been given to commensal microbiota, especially of 
the gastrointestinal tract, in this context (29). 

The microflora, old friends and biodiversity hypotheses 
With a negative critique of the hygiene hypothesis, alternative interpretations of the 
epidemiological information have been presented, e.g., the “Microflora hypothesis”, 
suggesting that improved hygiene standards, increased usage of antibiotics, and 
dietary changes have caused perturbations of the gastrointestinal microbiota, 
disrupting the development of early childhood immune tolerance (30). Increased 
incidence of asthma, allergy, atopic dermatitis, and type 1 diabetes, and mirrored 
decreases in incidence of childhood infectious diseases (Figure 3) (21), are 
suggested to represent causative relationships, as infections are needed to form a 
microbiota with adequate immune regulating capability (31). In contrast, a Danish 
study, examining the effects of early infections and the development of atopic 
dermatitis, shows an increased risk of atopic dermatitis associated with early 
infections, while other factors potentially associated with microbial expositions, 
such as many siblings, pet ownership, early day-care attendance, and growing up on 
a farm, all represent a risk reduction for the development of atopic dermatitis (32).  
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Figure 3. Incidence of infectious diseases and disorders associated with “type 
1” immune activity from 1950 to 2000 (21). Reproduced with ̈ permission from 
Massachusetts Medical Society. 

Focusing on exposure to pathogens/infections, Rook et al. suggested that it is 
instead exposure to common, friendly organisms that train the immune system and 
induce tolerance, and forwarded lactobacilli, saprophytic environmental myco-
bacteria, and helminths as three especially important groups of organisms in the 
“Old friends hypothesis” (33). As an extension of the hygiene and microflora 
hypotheses, the “Biodiversity hypothesis” of von Herzen et al. suggests that the 
increase in inflammatory diseases correlates with a decrease in overall biodiversity, 
as the underlying cause (34). 

Genetic factors, of course, also play a key role in the development of allergic 
diseases. Family history is the most dependable criteria for prognosticating whether 
a child will develop allergic rhinitis or not, and if more than one first-degree relative 
has allergic rhinitis the risk of developing the disease is more than three times 
greater than average. Multiple genes/loci have been associated with allergic rhinitis 
(35, 36), but there is only a risk of about 50% in the development of allergic rhinitis 
between monozygotic twins, indicating that while genetics play a big role, 
environmental factors are also important (37). 

Pathophysiological and immunological aspects 
APCs, such as dendritic cells (DCs), incorporate allergens and present peptides from 
these onto the major histocompatibility complex (MHC) class II. Naïve CD4+ T-
cells bind to the MHC and differentiate into allergen-specific Th2-cells (Figure 4). 
Activated Th2-cells produce cytokines, such as IL-4 and IL-13, which induce B-
cells to produce allergen-specific IgE. IgE binds to the high-affinity Fc receptor for 
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IgE (FcɛR) on mast cells, leading to their activation and the release of histamines, 
proteases, leukotrienes, prostaglandins, and other mediators. 

Histamine, as an example of an important mediator, reacts with H1-receptors on 
nerves, which leads to itching of the nose, eyes, and palate as well as sneezing. 
Similarly, its effects on nasal mucosal blood vessels and glands result in 
vasodilatation, plasma exudation, and glandular secretion, which is reflected by 
nasal blockage and rhinorrhea. An early phase typically occurs within 20 min after 
exposure to an allergen, while a late-phase response, initiated by cytokines such as 
IL-4 and IL-5 that promote attraction and activation of T-cells, eosinophils, 
basophils, neutrophils, and monocytes, occurs after 4-6 hours (19). 

 

Figure 4. Graphic illustration of type 2 reaction. Adapted from Nur Husna et 
al. (19) and reprinted with permission under the Creative Commons Attribution 
License. 
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The sinonasal microbiome 

Definitions 
 “Microbiota” is the assemblage of microorganisms in a defined environment (38). 
In contrast, there is no accepted definition of the term “microbiome” (39). Whipps 
et al. provided a first definition in 1988 and described the microbiome as a 
combination of the terms “micro”, referring to “a characteristic microbial 
community”, and “biome”, “a defined habitat with distinct bio-physio-chemical 
properties”. Therefore, the microbiome encompasses not only the microbiota, but 
also their “theatre of activity” (Figure 5) (40). “Sinonasal microbiome” in this text 
will refer to the microbiota of the nasal cavity and paranasal sinuses as well as its 
proteins, peptides, lipids, polysaccharides, nucleic acids, and microbial metabolites, 
proposed by Berg et al. (39). 

 

 
Figure 5. Microbiome encompassing both the microbiota and their “theatre of 
activity” in a defined habitat. Adapted from Berg et al. (39) and reprinted with 
permission under the Creative Commons Attribution License. 

The sinonasal microbiome in health 
In 1950, Björkwall published “Bacteriological examinations in maxillary sinusitis” 
(41), including a study on samples obtained from the maxillary sinuses of 54 healthy 
individuals. Bacteriological cultures demonstrated no growth, concluding, as for most 
previous findings, that “healthy maxillary antra are sterile” (41). In 1981, Brook was 
the first to present contradictory findings when he reported cultures of both aerobic 
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and anaerobic bacteria from the sinuses of twelve healthy subjects (42), and similarly 
Su et al. in 1983 reported growth of aerobic bacteria from seven healthy sinuses (43). 

Perhaps because of the small sample sizes or perhaps of methodological criticism 
(42, 43), the belief that healthy paranasal sinuses are sterile persisted until 1999 
when Jiang et al. published a report of bacterial growth in both swabs and biopsies 
from endoscopically normal maxillary sinuses (44). This is often referred to as the 
observation that showed that the healthy sinuses are not sterile, but as late as 2004 
Otolaryngology–Head and Neck Surgery published a consensus statement regarding 
rhinosinusitis stating that “the paranasal sinuses are believed to be sterile under 
normal conditions” (45). 

With the development of new genomic methods for analyzing the microbiome, a 
great number of studies have examined the sinonasal microbiota. In 2013, 
Ramakrishnan et al. examined the microbiota in 28 subjects without CRS using 
qPCR 16S ribosomal ribonucleic acid (rRNA) gene analysis. Bacteria were found 
in all samples representing the phyla Actinobacteria, Firmicutes, and Proteobacteria. 
Bacteroidetes were identified in 83% of samples, but at a significantly lower relative 
abundance. At species level, Staphylococcus epidermidis, Staphylococcus aureus, 
and Propionibacterium acnes were the most abundant along with several species of 
Corynebacteria (46). 
In the same year, Yan et al. reported on the microbiota of three locations in twelve 
healthy subjects at four time-points (47). Similar to Ramakrishnan et al. (46), 
Actinobacteria, Firmicutes, and Proteobacteria were the most common phyla 
identified. The two intranasal locations, i.e., the middle meatus and the spheno-
ethmoidal recess, lined by ciliated pseudo-stratified columnar epithelium, had an 
almost identical bacterial composition, while the anterior nares, lined by a non-
keratinized squamous cell epithelium, showed a greater proportion of 
Actinobacteria and Firmicutes, with less Proteobacteria and other phyla. The results 
by Ramakrishnan et al. and Yan et al. were supported by Bassis et al. in 2014 and 
Hoggard et al. in 2016 (46-49). 

In a large multicentre study, the findings of what bacterial phyla constitute the 
healthy sinonasal microbiome, were refined to a “core microbiome” consisting of 
five bacterial genera, Corynebacteria, Staphylococcus, Streptococcus, 
Haemophilus, and Moraxella, where Corynebacteria and Staphylococcus appeared 
particularly dominant (50). This “core microbiome” was fairly consistent in 
participating centres across the world. Similar to these findings, another multicentre 
study found Staphylococcus, Corynebacteria, and Moraxella to be the most 
prevalent genera across the upper respiratory tract and that subjects, age, and sex 
had a statistically significant impact on the composition of the microbiota (51). 
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The sinonasal microbiome in chronic rhinosinusitis 
Su et al. reported growth of anaerobic bacteria in sinusitis (43). The finding was 
confirmed in the first study involving genomic detection to evaluate the microbiota 
in CRS compared to healthy sinuses (52). More important than anaerobic bacteria 
as potential pathogens in CRS, they also reported on a vastly broader range of 
bacteria than traditional culture techniques and that accepted notions of bacteriology 
of CRS and normal sinuses needed to be re-evaluated (52). 

Using the new genomic technique, in 2012, Feazel et al. and Abreu et al. compared 
CRS patients to healthy controls. Both reported differences in bacterial composition 
between the groups: Feazel an altered bacterial composition in CRS; Abreu a 
significantly reduced diversity, evenness, and abundance of the microbiota in CRS 
as well as an increased relative abundance of Corynebacterium tuberculostearicum 
(53, 54). Together, the studies indicate that a depleted or dysbiotic composition of 
the natural microbiota may be a promotor of CRS. 

 

 
 
Figure 6. Plot of the most abundant bacterial phyla in CRS (n=131) and healthy 
(n=58) samples (55). The plot illustrates a high degree of interindividual 
variation of the microbiota as well as a clear similarity on the group level. 
Reproduced with permission from John Wiley & Sons. 

Since then, several studies have examined the microbiota in patients with CRS in 
comparison to healthy controls. Often slight differences in diversity or relative 
abundance of various bacterial species have been reported, but none of these 
findings have been consistent (49-51, 56-60). A meta-analysis by Wagner-
Mackenzie et al. of eleven studies showed large interindividual variations in the 
composition of the sinonasal microbiota for both CRS patients and healthy subjects, 
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but very similar results regarding the microbiota composition between groups 
(Figure 6) (55). 

The current view on the sinonasal microbiome was recently summarized by Psaltis 
et al. as a “core microbiota” consisting of the five genera Corynebacteria, 
Staphylococcus, Streptococcus, Haemophilus, and Moraxella is emerging, where 
Corynebacteria and Staphylococcus appear particularly dominant. This “core 
microbiota” appear consistent for the paranasal sinuses and the nasal cavity 
including the anterior nares (61). However, there are no consistent findings of 
increased or lowered abundance or diversity in health compared to CRS and no 
confirmed specific pathogenic or protective bacterial species (61).  

The interest in the sinonasal microbiome has led to an increase in both the number 
of studies as well as the size of the studies. However, they have almost exclusively 
focused on bacteria. Accordingly, studies on archaea and fungi, are less common. 
Aurora et al. examined the microbiome including fungi and archaea in CRS and 
healthy controls. They reported an increased bacterial load and an increased 
bacterial diversity in CRS patients compared to healthy controls. Furthermore, the 
same association was found also for archaea and fungi: archaea made up 43% of the 
bacterial abundance (62).  

Two other studies examining CRS patients identified archaea in 17/19 (89%) and 
4/28 (14%) of them, with a maximum relative abundance of 2.4% and mean relative 
abundance of 0.04% (46, 63). Boase et al. as well as Aurora et al. concluded that 
the role of fungi in CRS is limited (62, 64). Regarding CRS and viruses, the 
literature shows divergent results. Three studies detect respiratory viruses more 
often in CRS patients than in healthy controls: 64% vs. 30%, 15% vs. 7% and 24% 
vs. 0% (65-67). The two with the highest (75%) and lowest (0%) detection rates 
show no difference between CRS and healthy controls (68, 69). Two studies 
explored seasonal variations and showed significantly higher viral detection rates in 
the winter than in the summer (66, 70). While it is clear that respiratory viruses 
cause upper airway inflammation per se, nothing regarding a potential role for 
viruses, fungi, or archaea in CRS can be concluded. 

The sinonasal microbiome in allergic rhinitis 
Choi et al. examined the nasal microbiota in patients with seasonal allergic rhinitis 
before and during allergy season compared to non-allergic controls. No difference 
was observed outside of pollen season, but during pollen season patients with 
allergic rhinitis had an increased microbial diversity of the meatus media 
microbiota, which correlated with an increase in nasal eosinophils (71). In another 
study of the intranasal microbiota, no difference between healthy subjects and 
patients with allergic rhinitis could be found, but this study was conducted without 
consideration of seasonal pollen exposure (59). No persistent differences between 
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the microbiome of healthy subjects and patients with allergic rhinitis appear to exist 
but, probably transient changes linked to inflammation during pollen season.  

The development of the sinonasal microbiome 
Though no specific examinations regarding the fetal sinonasal microbiota have been 
conducted, recent findings show that already in utero, lungs, and gut harbor several 
culturable bacterial genera such as Gardnerella, Lactobacillus, Staphylococcus, and 
Streptococcus, and that these affect the developing immune system (72). Sampling 
24 hours postpartum shows a dominance of Streptococcus, which during the first 
week of life develops into a sinonasal niche-specific microbiota dominated by 
Moraxella, Streptococcus, Haemophilus, Staphylococcus, Corynebacterium, and 
Dolosigranulum (73, 74). 

The microbiota in infancy is affected by the mode of delivery and feeding, but 
differences are transient (74-76). A high proportion of Corynebacteria and 
Dolosigranulum in the microbiota is associated with vaginal delivery and 
breastfeeding, while cesarean delivery and formula feeding delay the decline of the 
proportion of Streptococcus. In turn, a Corynebacteria/Dolosigranulum-dominated 
microbiota is associated with fewer airway infections during infancy than a 
Streptococcus-dominated profile (75, 77). From childhood to adulthood, the 
microbiota changes from dominated by Streptococcus, Dolosigranulum, Moraxella, 
Haemophilus, Neisseria, and Bacteroidetes to Corynebacteria, Propionibacteria, 
and Turicella (78). 

The microbiome and the immune system 

The mucosal firewall 
A great part of the function of the immune system is dedicated to containing a 
commensal microbiota. Accordingly, an important strategy is to keep it away from 
the epithelial cells. To achieve this, epithelial cells produce mucus and antimicrobial 
peptides (79). Furthermore, dendritic cells react to commensal microbial antigens 
and interact with B-cells to produce commensal-specific IgA. This localized 
mucosal function allows for a strong immune response to commensal microbes that 
penetrate the epithelia and, at the same time, does not trigger a systemic immune 
response (80). 



26 

Nasal mucosal immunity 
Mucosal-associated lymphoid tissue (MALT) is present at mucosal surfaces 
throughout the body. In the gut, they constitute Peyer’s patches, referred to as gut-
associated lymphoid tissue (GALT). The GALT in germ-free mice is reduced, 
suggesting the important role of microbiota in shaping mucosal immunity (79). 
Similar to the studies of GALT in germ-free mice, other murine studies suggest the 
importance of the microbiome also in the development of nasal mucosal immunity 
(81). The nasal mucosal immune system consists of inductive sites and effector sites. 
The inductive sites make up of mucosal lymphoid follicles and are referred to as 
nasal-associated lymphoid tissue (NALT). 

In humans, NALT makes up the adenoid and the lingual/palatine tonsils. It consists 
of epithelial cells and invaginated microfold (M) cells, which function as a 
transmembrane transport of antigens encapsulated in vesicles. As the vesicles are 
emptied on the basolateral aspect of the M-cells, antigens are sensed by APCs such 
as dendritic cells, macrophages, and B-cells (82, 83).  

The effector sites are where the immune response of B- and T-cells take place, and 
include the lamina propria and the intraepithelial layer of the respiratory mucosa 
(82).  

Innate and adaptive immunity 
Innate sensing of microbes, pathogens, or associated products is mediated through 
activation of PRRs recognizing molecules usually found on microbes, MAMPs, or 
pathogens, PAMPs. PRRs include Toll-like receptors (TLRs), C-type lectin 
receptors (CLRs), Nod-like receptors (NLRs), RIG-I-like receptors, and cytosolic 
DNA-receptors. (84, 85). Upon ligand binding, PRRs induce intracellular signaling 
pathways resulting in different expressions of pro-inflammatory and polarizing 
cytokines. PRRs are of essential importance to the induction of Th1 and Th17 
responses. Contrasting this, Th2-mediated responses can be induced in the absence 
of PRR-induced signaling (86). 

Commensals train and regulate the development and maturation of the adaptive 
immune system. Homeostasis depends on adaptive immune cells, especially 
regulatory T (Treg)-cells and T follicular helper (TfH)-cells, coordinating with 
dendritic cells (DCs), IgA-producing B-cells, and innate lymphoid cells (ILCs), to 
maintain homeostasis and a mutualistic relation between host and microbiota (87-
89). Activation of mucosal adaptive immunity also allows for the training of local 
tissue-resident memory (TRM) T-cells, central to mucosal immunity. Local TRM 
T-cells allow for a faster local immunologic response than through systemic 
immunity, and can be utilized to make vaccines for airway pathogens more 
effective, e.g., Covid-19 vaccines (82). 
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How the immune system differentiates the activation of PRRs by ligands between 
commensal and pathogens is not fully understood, but may reflect pathogenicity and 
localization (90). The differentiation of commensals from pathogens is probably 
contextual (79), and that PRR activation leads to an inflammatory response may 
very well be the exception rather than the rule. (90). 

Metabolites 
An increasing body of evidence points towards microbes regulating the host 
immune system through crosstalk via metabolites and host receptors (61). Indeed, 
metabolites appear to have a greater effect on microbe-host interaction than the 
microbes themselves (91). Their effects on the immune system may be divided into 
three categories. 1. Metabolites produced by microbial metabolism. 2. Metabolites 
produced by the host and biochemically altered by microbes. 3. Metabolites 
synthesized de novo by microbes (61). 
The human genome encodes 17 enzymes for carbohydrate degradation. In contrast, 
the genomes of certain bacteria, e.g., Bacteroides thetaiotaomicron, encodes more 
than 250 such enzymes. With the commensal microbiota comprising hundreds of 
different bacterial species, the enzymatic combinations available to break down 
carbohydrates for nourishment are enough to digest most carbohydrates in the diet 
and to provide a large number of metabolites (92). 

Microbial metabolization of carbohydrates, specially studied in the gut, but present 
also in the sinuses (93), produce short-chain fatty acids (SCFAs), which act as 
ligands to several cell surface receptors expressed by myeloid cells such as 
neutrophils, macrophages, and dendritic cells (92). Furthermore, SCFA affects tight 
junctions of epithelial cells (94). Bacteria from different phyla tend to produce 
different SCFAs. For example, Bacteroidetes produce acetate and propionate, while 
Firmicutes produce butyrate. 

Many microbes are efficient also at metabolizing proteins, resulting in oligopeptides 
and amino acids functioning as ligands to the aryl hydrocarbon receptor precursor 
(AhR). Through AhR, these metabolites can affect ILC3 and the production of IL-
22 (90). Retinoic acid is a lipid metabolite from the degradation of vitamin A, which 
exerts immune regulation both through its ability to control Treg cell development 
through TGF-β and through the production of IgA by B-cells and which in turn also 
affects the activity of Th17-cells (90). 

Metabolites produced by the host, and biochemically altered by commensal 
microbiota, are well described for gut bacteria, where bile salts are converted from 
primary to secondary bile salts and exert immune-modulatory functions on 
monocytes, macrophages, and dendritic cells. Bile salts, and their immune 
regulatory properties, are suggested to play an important role in the development of 
inflammatory bowel disease and in the development of immunotolerance (92, 95). 
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Adenosine triphosphate (ATP), a metabolite produced de novo by necrotic or 
stressed microbes induces release of proinflammatory cytokines from immune cells, 
mainly with pro-inflammatory effects (95). Polysaccharide A (PSA), a metabolite 
produced de novo by bacteria in the gut, regulates the release of the anti-
inflammatory cytokine IL-10 from CD4+ T-cells and activates TLR-2 on dendritic 
cells, causing a release of cytokines and driving production of IL-10 by T-cells (95). 

Probiotics 

History and definitions 
The idea that consumed microorganisms may have a beneficial effect on human 
health was first suggested by Metchnikoff in 1907, proposing that Bulgarian farmers 
lived long due to eating yogurt (96). The term “probiotics” was introduced by Lilly 
& Stillwell in 1965 (97). Since then, many definitions of what constitutes probiotics 
have been forwarded. The current definition of the International Association for 
Probiotics and Prebiotics (ISAPP) is: “live microorganisms that, when administered 
in adequate amounts, confer a health benefit on the host” (98). Later, ISAPP 
concluded that probiotics are a defined consortium and that the microorganisms 
must be viable (98). 
The idea that probiotic bacteria must be viable has proved to be problematic in a 
commercial context and has led to the development of “post- and parabiotics”. 
Postbiotics are defined as “non-viable bacterial or metabolic products from micro-
organisms that have biological activity in the host”, while parabiotics, a.k.a. ghost 
or inactivated probiotics, are “non-viable microbial cells (intact or broken) or crude 
cell extracts, which when administered (orally or topically) in adequate amounts, 
confer a benefit on the human or animal consumer” (99). Historically, mainly 
Lactobacillus and Bifidobacterium strains have been used as probiotics (100). These 
are, for healthy persons, generally considered safe (101, 102). 
Current research is exploring other genera for probiotic use such as e.g., 
Streptococcus, Dolosigranulum, Bacteroides, and Clostridium (99, 100), which will 
require individual safety assessments depending on species and intended use (101). 
Another option for manipulating the commensal microbiota is through prebiotic 
supplementation. Prebiotics are molecules, usually nutrients, that affect the 
composition and function of the microbiota in a beneficial way, which can be used 
alone or in addition to probiotics (103, 104).  
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Ecologic concepts for microbiome restitution 
Existing concepts speak of two important types of colonizers. “Pioneers” are 
microbiota that are the first to colonize a newly established (pristine) microbiome 
or a microbiome reorganizing itself after disturbance (succession). “Keystone” 
bacteria are microbiota exerting an effect on the community that is much more 
significant than their abundance. Both pristine and succession are considered 
favorable conditions to reseed the microbiota (105, 106). 

Probiotic interactions with the host 
Probiotics interact with the host either via PRRs present on the epithelial surface or 
by affecting epithelial integrity via the proteins that hold the epithelial cells together, 
i.e., tight junctions (TJs), adherence junctions (AJs), and desmosomes (Figure 7). 
Specifically, probiotics increase claudin 1 and zonula occludens and decrease 
occludin, strengthening tight junctions. Also, probiotics increase E-cadherin and β-
cadherin, and reduce protein kinase C, strengthening adherence junctions (100, 
107).  

Probiotics may also affect the immune system through interaction with innate 
immune cells present between epithelial cells or in the submucosal region, e.g.,  in 
the case of bacterial translocation (100). Thus, probiotics modulate host immune 
responses locally and systematically via MAMPs and PRRs. MAMPs include LPS, 
flagellin, CpG-DNA, and other surface proteins. PRRs include TLRs, CLRs, NLRs, 
RIG-I-like receptors, and cytosolic DNA-receptors (100, 108). Probiotics may also 
dampen the inflammatory cascade by stimulating the production of anti-
inflammatory mediators, e.g., SCFAs, which exert anti-inflammatory functions 
through regulation of NF-κB activity (105, 109).  
Probiotics affect the immune system of the host in several ways. Probiotics are 
capable of modulating Th1/Th2 balance and regulatory T-cell immune responses, 
leading to a reduction in Th2 inflammatory cytokine levels (IL-5 and IL-13). 
Immunomodulatory functions also include stimulation of mucosal IgA and allergy-
specific B- and T-cells (100, 110). Probiotics have been shown both to increase and 
decrease type 1 immunity, to increase or decrease the production of cytokines (IFN-
ɣ, IL-6, and TNF-α) (100, 109), and to downregulate type 2 immunity by reducing 
allergy-specific IgE and pro-allergic cytokine production (IL-4, IL-5, and IL-13), 
switching to IgG and IgA production (109). Finally, probiotics can restore the 
function of allergy-specific FoxP3+ Treg-cells and increase the production of 
regulatory cytokines IL-10 and TGF-β, causing an anti-inflammatory effect (100, 
101, 108, 109). 
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Figure 7. Probiotics express various sets of surface proteins, termed MAMPs, 
e.g., lipopolysaccharides (LPS), cell wall-associated polysaccharides (CPS), 
and lipoteichoic acid (LTA), which cause strain-specific interactions with the 
host when recognized by PRRs (e.g., TLRs, CLRs, and NLRs) of epithelial 
and immune cells. Specific signaling cascades trigger different molecular 
responses that induce activation of Tregs and affect Th1 and Th2 activity (100). 
Reproduced with permission from John Wiley & Sons. 

Probiotic interactions with the microbiome  
Probiotics can influence the existing microbiome through competition (105). A 
bacterial species is classified as competitive if it exhibits features that are negative 
to a competing species. Competition is divided into active, where the bacteria are 
actively damaging each other, or passive, where one species hinders another by 
consumption of nutrients or altering conditions that impact another species 
negatively (111). 
For bacterial competition to occur certain conditions must be met, such as a high 
degree of overlap in terms of nutritional or spatial needs, a bacterial density enough 
to create a lack of resources, and a bacterial diversity enough to create competition. 
Bacterial competition in turn helps form stability either by a winner, resulting in a 
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persisting monoculture, or by the establishment of nutritional or spatial bacterial 
niches (111). Ecologic stability is usually viewed as a desired state but can be 
problematic when trying to induce a probiotic species or to restitute a dysbiotic state 
(112). Bacteria compete in several different ways including competition of 
nutrients, e.g., iron (106, 111, 112). Other means of competition include the 
production of quorum-sensing molecules that help compete with other bacterial and 
fungal species, production of molecules that interfere with the quorum-sensing of 
other bacterial species (106, 111), or the production of antimicrobial products, such 
as bacteriocins or microcins, which target specific bacterial species competing for a 
particular niche. These molecules can either be secreted in the area surrounding the 
bacteria or by contact-dependent methods to inject the molecules directly into other 
bacteria and promote cell lysis (105, 106, 111-113). Bacteria can compete for 
adhesion to the host cell surface by producing surfactants or other adhesion and anti-
adhesion molecules (105, 106, 111, 112). Further bacteria can gain a competitive 
advantage by producing products to alter the environment, e.g., the production of 
lactic acid to lower Ph (105, 111). 

In conclusion, probiotics overall have demonstrated abilities to affect both the host 
directly, commensal microbiota, and potential pathogens in a variety of ways, but 
effects are strain-specific as well as dependent on the resident microbiome and host 
genetics (114).  
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Aims 

Purpose 
To improve the situation for patients with CRS and AR through manipulation of the 
sinonasal microbiome using probiotics or microbiome transplantation. 

Specific aims 
I. To assess effects of a single nasal administration of the PA LAB H13 in healthy 
subjects focusing on tolerability, inflammatory indices, and impact on the 
commensal microbiota. 

II. To examine effects of the PA LAB H13 as a topical treatment option for patients 
suffering from CRSsNP, with regard to symptoms, inflammatory indices, and 
impact on the existing microbiota. 

III. To study effects of a topical PA as a treatment option for allergic rhinitis in a 
NAC model, focusing on symptoms, nasal PIF, inflammatory indices, and 
colonization. 

IV. To explore feasibility and effect of sinonasal microbiome transplantations from 
healthy donors to patients with recalcitrant CRSsNP, with regards to symptoms, 
inflammatory indices, and impact on the existing microbiota. 
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Materials and methods 

Paper I 
On safety and tolerability of topical, nasal PA LAB H13 in healthy subjects. For this 
randomized, placebo/sham-controlled, and double-blinded study of crossover design, 
22 subjects were recruited. The subjects had no history of chronic upper respiratory 
tract disease or recent nasal symptoms in the four weeks leading up to the study. 

An E-swab from the middle meatus was collected to assess the microbiota, 
symptoms were measured using the SNOT-22 questionnaire, and a nasal lavage was 
performed for analysis of inflammatory markers. The subjects then received the 
probiotic LAB H13 (1x1011 CFU/mL) or placebo using a spray device. 

Twenty-four hours after the LAB H13 administration, the subjects were reassessed 
for nasal symptoms using TNSS, another E-swab was collected to assess the 
microbiota, and a nasal lavage was performed for analysis of inflammatory markers. 
Thirteen days later, the subjects were again sampled using an E-swab for microbiota 
and SNOT-22 for symptoms.  

After a two weeks’ wash-out period, the study continued with the subjects who 
received LAB H13 the first time now receiving placebo and vice versa. 

E-swab samples were diluted and cultured in aerobic and anaerobic conditions. 
Bacterial colonies were counted and then identified using MALDI-TOF MS using 
the Skåne University Hospital Bacterial Library. Nasal lavage fluid samples were 
analyzed using Luminex profiling with a multiplex human cytokine panel. 

The study was approved by the regional Ethics committee in Lund, Sweden 
(2013/487). 

Paper II 
On effects of topical, nasal PA LAB H13 as treatment-option for CRSsNP. For this 
randomized, placebo-controlled, and double-blinded study of crossover design, 20 
patients were recruited. Inclusion criteria were CRSsNP, according to the 2012 
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EPOS guidelines. Treatment with antibiotics in the last 14 days before the study 
start and findings of nasal polyps were exclusion criteria. 

Patients were assessed for symptoms using SNOT-22, examined by an ENT 
specialist, sampled from the middle meatus using an E-swab for microbiota, and 
subjected to a nasal lavage for inflammatory indices. They then started treatment 
with either LAB H13 (1x1011 CFU/mL) or placebo twice daily. After 14 days’ 
treatment, they were once again examined as described above.  

After four weeks’ wash-out, the study continued, with patients receiving spray 
containing H13 LAB the first time now receiving placebo and vice versa. 

E-swab samples were diluted and cultured in aerobic and anaerobic conditions. 
Bacterial colonies were counted and identified using MALDI-TOF MS, using the 
Skåne University Hospital Bacterial Library. Nasal lavage fluid samples were analyzed 
using Luminex profiling with a multiplex human cytokine inflammation panel. 

The study was approved by the regional Ethics committee in Lund, Sweden 
(2013/487). 

Paper III 
On effects of a topical, nasal PA in a NAC-model as a treatment option for seasonal 
allergic rhinitis. For this randomized, placebo-controlled, and double-blinded study 
of crossover design, 24 patients were recruited. Patients were examined by an ENT 
specialist, sampled from the middle meatus using an E-swab for microbiota, and 
subjected to allergen titration for the NAC-model. 

Baseline data for Mini-RQLQ, TNSS, FeNO, and PNIF were collected as well as 
blood for total and allergen-specific IgE and nasal lavages for analysis of 
inflammatory markers. The patients then started treatment with either a PA, of 
Lactobacillus rhamnosus SP1, Lactobacillus paracasei 101/37, and Lactococcus 
lactis L1A at 9.5x1010 CFU/mL, or placebo. After two weeks’, the measurements 
described above were repeated. A NAC-series then started with recordings of PNIF 
and TNSS 10 minutes after each NAC. 

After four weeks’ wash-out, the study continued, with patients receiving spray 
containing the PA the first time now receiving placebo and vice versa. 

E-swab samples were diluted and cultured in aerobic conditions. Bacterial colonies 
were identified using MALDI-TOF MS to detect colonization by any strains of the 
probiotic assemblage. Nasal lavage fluid samples were analysed using Luminex 
profiling with a multiplex human cytokine panel. 

The study was approved by the Swedish Ethical Review Authority (2019/04204).  
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Paper IV 
On effects of an upper airway microbiome transplant as an intervention for 
CRSsNP. For this study of an open pre-post interventional design, 22 patients were 
recruited along with 22 healthy donors. Inclusion criteria were according to the 2012 
EPOS guidelines plus a continued uncontrolled disease despite maximal medical 
therapy and sinus surgery with bilateral middle meatus antrostomies and 
ethmoidectomies. Exclusion criteria were antibiotics in the last four weeks, nasal 
polyposis, and immunodeficiency.  

The recruited donors had no history of airway disease other than episodes of the 
common cold for the last two years, and no treatment with antibiotics for the last 
four weeks leading up to the study. Furthermore, all donors (as well as patients) had 
to match on a pre-treatment pathogen scan to minimize the risk of transferring any 
infections. 

Patients were examined and evaluated with SNOT-22, TNSS, E-swab sampling of 
the middle meatus, and nasal lavage. The patients were also filmed via an 
endoscope. They then started a 13 days’ course of antibiotics. Thirteen days later, 
examinations were repeated, and the first of five daily transplant procedures were 
performed. The examinations were performed 10 and 90 days after the last 
transplant procedure. 

The transplant procedure involved the donor holding 15 ml saline inside the nasal 
cavity for 5 minutes using a Nasaline device. The lavage was then collected, split 
into two halves, and diluted with another 15 ml saline. The patient then, using half 
of the diluted transplant for each side, held the saline in the nasal cavity for five 
minutes on each side using a Nasaline device. 

Endoscopic recordings were graded by an experienced ENT surgeon, according to 
the Lund-Kennedy endoscopic grading scale. E-swab samples were frozen and sent 
for DNA extraction and 16S rRNA gene analysis. Nasal lavage fluid samples were 
analyzed using a multiplex human cytokine panel. 

The study was approved by the regional Ethics committee in Lund, Sweden 
(2016/674) and registered at clinicaltrials.gov (NCT03122795). 
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Results 

Paper I 
A single nasal administration of the probiotic did not produce any symptoms as 
measured with TNSS or SNOT-22 compared to sham (p=0.154) (Figure 8). 
Furthermore, it did not induce any inflammatory response, as reflected by 
unaffected immunological markers in nasal lavage fluids. The probiotic did neither 
affect the commensal microbiota nor colonized the upper respiratory tract. 

 

 

Figure 8. No statistically significant differences in individual SNOT-22 
scores two weeks after the challenge with the probiotic LAB H13. Reprinted 
with permission from John Wiley & Sons. 
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Paper II 
Two weeks’ treatment with a nasal spray containing the probiotic LAB H13 twice 
daily did not affect symptoms as measured with SNOT-22 compared to placebo 
(p=0.082) (Figure 9). Neither did it affect the composition of the microbiota 
(p=0.097) (II) or local inflammatory activity (Figure 10). 

 

 
Figure 9 No statistically significant difference in individual SNOT-22 scores 
after two weeks’ treatment with the probiotic LAB H13. Reprinted with 
permission from John Wiley & Sons. 

 

 

Figure 10. No statistically significant differences in inflammatory markers 
in nasal lavage fluids were observed between LAB H13 and placebo: IL-6 
(p=0.890), IL-8 (p=0.074), TNF-α (p=0.380), IFN-ɣ (p=0.391), and MPO 
(p=0.966). Reprinted with permission from John Wiley & Sons. 
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Paper III 
Two weeks’ treatment with a PA before and during one week’ NAC series did 
neither affect Mini-RQLQ (p=0.84), Mini-RQLQ nasal domain (p=0.94), TNSS 
(p=0.98), nor PNIF (p=0.86) compared to placebo (Figure 11 and 12). Neither was 
any statistically significant difference observed for FeNO, total IgE, or specific IgE 
(III). 

 

 
Figure 11. No significant differences were observed for TNSS or Mini-
RQLQ between treatment with the PA and placebo at baseline, after two 
weeks’ treatment, or after one week’ NAC series. Reprinted with permission 
from John Wiley & Sons. 

 

 

Figure 12. No significant differences were observed for TNSS or PNIF 
between treatment with the PA or placebo at baseline, after two weeks’ 
treatment, or after one week’ NAC series (marked green). The analysis during 
the NAC series was based on the last three days (dark green). Reprinted with 
permission from John Wiley & Sons. 
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Regarding immunological markers in nasal lavage fluids, a slight increase in IL-
17/IL-17A after 2 weeks’ treatment with the PA was observed compared to placebo. 
Statistically significant increases were seen for TNF-α, MIP-1α, MIP-1β, MCP-1, 
IL-6, IL-8, IL-10, and ST2 in the PA run compared to baseline, while statistically 
significant increases for MCP-1 and IL-6 were observed in the placebo run 
compared to baseline. 

Paper IV 
Three months after treatment with 13 days of antibiotics followed by five 
consecutive days of sinonasal transplant procedures from healthy donors, 16 out of 
22 patients with CRSsNP reported a decrease greater than the MCID in SNOT 22 
(Figure 13). For the SNOT-22 nasal domain, 21 out of 22 patients reported a 
decrease greater than the MCID. None reported increased symptoms greater than 
the MCID. No statistically significant changes were observed for TNSS or 
endoscopic grading. 

 

 

Figure 13. Symptoms at inclusion (V1), after antibiotics (V2), 10 days after 
the transplant procedure (V7), and at 90 days (V8), showed a decrease in 
symptoms from V1 to V8 as measured by SNOT-22 (p=0.000035) and its 
rhinologic domain (p=0.000071). Reprinted with permission from John 
Wiley & Sons. 

Analysis of immunological markers in nasal lavages at the end of the study 
compared to at the start of the study showed reduced IL-10 (p=0.0223) and increased 
IL-17A (p=0.0454), IP-10 (p=0.0471), MIP-1α (p=0.0367) and, IFN-ɣ (p=0.0205). 

For the microbiota (Figure 14), bacterial abundance increased after antibiotic 
treatment and this increase persisted until the end of the study. Similarly, bacterial 
diversity increased after antibiotic treatment and this increase also persisted to the 
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end of the study, when it was still statistically significantly greater compared to at 
the start of the study (p=0.0079). 

 

Figure 14. Wenn diagram of identified bacterial species for donors (D) at 
visit 1 and patients (P) at visits 1, 2, 7, and 8 (top). Relative bacterial 
abundance (middle) with each colored line representing a single bacterial 
genus. Bacterial diversity (bottom) as indicated by the Shannon index. 
Reprinted with permission from John Wiley & Sons. 
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Discussion 

An evolving understanding of the microbiome 
The understanding of the microbiome in health and disease has improved 
considerably since the days Björkwall declared that “healthy maxillary antra are 
sterile” (41). This is particularly due to technological advances, notably the 
introduction of genomic-based methods for microbiota assessment. The current 
view is that there are no clear compositional differences between the microbiome of 
healthy subjects and patients diagnosed with CRS (50, 51, 55, 61). This is in line 
with the findings in IV, where no difference regarding overall bacterial abundance 
or diversity between the healthy donors and the patients suffering from CRSsNP 
was observed at the start of the study. Looking at bacterial species identified at 
different time points, the absolute majority of species were identified in the donor 
as well as the patient groups at all time-points. The high degree of interindividual 
variation of the microbiota composition in health, along with the similarity of the 
composition of microbiota between patients suffering from CRS and healthy 
individuals on a group level, have led to questioning of the validity of the dysbiosis 
concept and of the usefulness of further descriptive studies of the microbiota (115). 
Instead, studies focusing on the effects of a microbiome or of its manipulation have 
been suggested (100, 115), which was our strategy in II, III, and IV. 

Despite the similarities between the microbiomes in health and disease, an aspect 
suggested as a possible difference concerns the stability of microbiomes. Studies 
on patients with inflammatory bowel disease, an inflammatory condition suggested 
to be influenced by the local microbiome, have demonstrated that the patients’ 
microbiomes are unstable over time, particularly during bouts of inflammation 
(116). Similar observations have been made in patients with CRS (117, 118). A 
future option to better understand the microbiome may therefore include methods 
to evaluate microbial features, e.g., protein expression and generation of metabolic 
products, and functions (Figure 15) (39). Taken together, our understanding of the 
commensal microbiome has undergone rapid improvement during the past 15 
years. Still, much is unknown about the microbiota, even though these cells make 
up at least half of the cells in the human body. Previous studies have indicated 
microbial high diversity as a factor associated with health. While this is in line with 
our findings in IV, the later reported lack of difference in diversity between 
microbiomes in health and disease may render this connection questionable. 
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Perhaps added microbiological sampling would have shown increased 
microbiological stability associated with the reduction of SNOT-22 scores. This is 
indeed an aspect worth exploring in future studies.  

 

 
Figure 15. “Omics” offer a potential to investigate the microbiome for DNA, 
assessing what bacteria are present, as well as for RNA, proteins, and 
metabolites, reflecting the possible actions of the microbiota. Adapted from 
Berg et al. (39) and reprinted with permission under the Creative Commons 
Attribution License. 

Selection of probiotics 
The selection of bacterial species for use in probiotics is difficult, because of the 
various bacterial traits that must be considered. Our primary concern when selecting 
probiotics for our studies was safety. LABs have been used historically in fermented 
foods and for commercial probiotic supplementation for many years with very few 
anecdotal reports of serious adverse events (101, 102, 119). The PA LAB H13 is 
sensitive to antibiotics and may therefore, e.g., in the case of unwanted colonization, 
be preferred (98). The aims of I and II were to evaluate the safety and to reduce 
sinonasal pathogens in CRS through bacterial interference without affecting the 
commensal microbiota. The PA LAB H13 has such effects in vitro and matches our 
safety criteria (120, 121). Furthermore, the PA LAB H13 is a multispecies 
consortium, which is suggested to represent a more robust treatment than single-
species options (106). The doses were chosen by looking at the dose used by 
Skovbjerg et al., who also studied probiotic supplementation using nasal spray 
(122). Authorities in Canada and Italy have regulated that an amount of at least 
1x109 CFU/dose is required to be classified as a probiotic for food (98). Dosings in 
the present studies were 4x1010 CFU administered locally as a single dose (I) or 
twice daily (II). Another relevant property that we would have liked to be able to 
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decide on was adhesion-capacity. Unfortunately, this was not studied for the PA 
LAB H13 at the time. A lack of adhesive capabilities might be a reason why neither 
untoward symptoms, signs of inflammation, nor effect on CRS symptoms was 
observed. 

For III, the aim was to induce a desired type 1 response to skew the immune 
response, potentially reducing the type 2 reaction of allergic rhinitis, similar to the 
effect previously observed by us of nasal administration of a TLR7-agonist (123, 
124). Besides choosing the LAB PA for safety reasons, the strains were selected 
based on previous findings on the reduction of responses to grass and birch pollen 
after intranasal challenge in murine models (125, 126). Unfortunately, the two 
species that showed promising results in mice were patented, and our requests to 
utilize them were rejected. Therefore, we selected two similar strains and added a 
third, a Lactococcus strain since Lactococci had previously shown a capacity to 
attenuate “allergic asthma” in a murine model (127). The LAB PA contained 
9.5x1010 CFU/ml in a ratio of 1:1:1 of the three selected strains and was 
administered as a nasal spray of two hundred µl per nostril twice daily adding up to 
a dose of 3.8x1010 CFU twice daily. 

The results in III suggested a minor innate immune response, but this change failed 
to reach statistical significance. Arguably, this might reflect that the selected strains 
(or the dose/dosage) were less efficient than those originally intended might be. Or 
maybe the reason was a lack of adhesion, and strains native to the human upper 
respiratory tract would yield a better result. Furthermore, a higher dose might have 
skewed the immune response in a more marked type 1 direction. Alternatively, the 
lack of effect simply reflects that (“artificial”) mouse disease-models do not fully 
mimic human disease. Indeed, a successful selection of probiotics depends on many 
variables with the genetics of the host being a key factor, arguably making animal 
studies less useful for predicting their effects on humans. Searching for probiotic 
candidates in bacterial species already acting as commensals in humans may 
increase the chance of a good result. Traditional probiotic bacterial strains of LAB 
are safe in almost all healthy humans, but any probiotic candidates from other 
bacterial strains will have to be thoroughly investigated for safety. 

Sinonasal microbiome transplants 
Microbiome transplants differ from probiotics in that they represent a transfer of a 
whole microbiome and do therefore not fit the probiotic definition of a defined 
consortia (98). Furthermore, probiotics generally do not colonize the recipient for 
more than a transient period, while microbiome transplants have been reported to 
induce long-lasting changes to the recipients’ microbiota (119, 128, 129). 
Accordingly, in I-III, no remaining probiotic bacteria could be identified after a 
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wash-out period, verifying our option for a crossover design, while in IV the 
duration of effect of the transplant procedure was not estimated in advance and 
hindered a direct utilization of a crossover design Another difference between 
classical probiotics and microbiome transplants concerns safety. Risks can be 
divided into a risk of transferring infectious pathogens, which in the case of fecal 
transplants has been documented to cause infections and even deaths (130), and a 
risk of transferring negative traits: as the microbiome composition is suggested to 
play a role in several diseases and risk of transferring such conditions has been 
suggested yet never reported (130). The suggested management of these risks is by 
thorough donor screening. 

In IV, we handled this using a pathogen screening protocol and by registering 
allergy and asthma as possible traits that could be transferred. Furthermore, we 
prioritized donors who already had a relationship with the patients, such as a spouse. 
Theoretically, this might be an advantage as the donor and the patient have similar 
living conditions, yet the microbiota of the donor is associated with health (131). 
On the other hand, spouses already have an increased similarity of their respective 
gut microbiomes (132), and possibly also of their sinonasal microbiomes. Therefore, 
transplantation of a microbiome from an unrelated donor may theoretically offer a 
greater possibility of a change. 

Studies of fecal and vaginal microbiome transplants have reported very high 
effectiveness in conditions with a defined microbiological pathogen such as 
Clostridioides difficile or Gardnerella species (bacterial vaginosis) (129, 133, 134). 
For inflammatory bowel disease, a condition that similar to CRS is characterized by 
inflammation without any defined pathogen, gut microbiome transplantations have 
reported effectiveness of 25% for ulcerative colitis and 61% for Crohn’s disease 
(135). 

Taken together, compared to probiotics, microbiome transplants are less well-
defined and thus offer both a higher risk of infection and also a theoretical risk of 
transferring unwanted traits. It has the potential to induce lasting changes to the 
microbiome and has well-documented effects against defined pathogens and 
inflammatory disease, indicating the microbiome’s importance in these conditions.  

Methodological considerations 
Studying the role of probiotics and the microbiome in inflammatory diseases such 
as CRS is challenging. Immunological endotyping suggests several underlying 
inflammatory variants (11) and the microbiome itself shows large interindividual 
variations (55). Furthermore, the inflammation, the microbiome, and the immune 
system all affect each other and interact with the host. This may to some degree be 
controlled in animal models, whereas external factors such as temperature, smoking, 
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medication, and allergens exposure affect both inflammation and microbiome in 
humans (Figure 16). Therefore, the question of cause and effect is important. Does 
an altered microbiota cause inflammation or does the milieu of an inflamed mucosa 
cause changes to the abundance and diversity of the microbiota? 

 

 
Figure 16. The interplay between inflammation, microbiome, and immune 
system and effects by genetics and external factors. Figure created with 
BioRender. 

Study designs 
Studies I-III were of randomized, placebo-controlled, double-blinded, and 
crossover designs. This has advantages as it accounts for a placebo-effect and lets 
each subject act as their own control, thus being perfectly matched. In I-III, we 
utilized wash-out periods to reset the subjects before the second half of the study. 
For IV, we instead chose a longitudinal design because a crossover design would 
have required double the time of participation of patients as well as donors and 
might nevertheless be affected by carry-over effects. Instead, we opted to use 
objective measures to validate any subjectively reported symptom-reducing effects. 
As IV indicated that sinonasal microbiome transplantation was feasible and possibly 
effective, we now aim for a following study of a more complex placebo-controlled 
design. 

Study subjects 
For I and III, recruitment was not a problem. Study I focused on healthy subjects 
and III on subjects with pollen allergy, which is a common condition. While 
epidemiological data suggest that CRS has a prevalence of up to 12% of the 
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population, CRSsNP-patients with previous surgery and uncontrolled disease 
despite maximal medical therapy are not common and, for that reason, larger 
sample-sizes than in II and IV would have required additional participating centres 
or patients being recruited over a longer period.  

Patient-related outcome measures (PROMs) 
PROMs were used as the primary outcome variable for all studies in this thesis. For 
I, II, and IV, SNOT-22 was used. This is the most commonly used and validated 
instrument to track symptoms of patients with CRS, but it is of course based on a 
patient’s subjective impression and is therefore, e.g., also subject to any placebo 
effect. A more unexpected problem was that one patient in study II, though suffering 
from CRSsNP as diagnosed by clinical findings, reported very low scores at the start 
of the study and therefore had little possibility to report any clinically significant 
improvement. This could have been amended by setting a minimum SNOT-22 score 
as an inclusion criterion. For study III, we planned to use mini-RQLQ as a primary 
objective, but it turned out to be ill-suited for a NAC-series setting and, instead, the 
analysis focused on TNSS and PNIF. A strength of PROMs is that a measured 
improvement is of direct importance to the patient, while this is not necessarily so 
for other measured outcomes. 

Inflammatory markers 
Inflammatory processes are dependent on many different cytokines, mediators, 
other proteins, and cells, and measuring these indicates the potential for 
inflammatory activity in the mucosa. Sampling of tissue, and analysis of markers as 
mentioned above, may by some be considered as a “gold standard”, but nasal lavage, 
and analysis of cytokines/mediators, is a valid alternative. The nasal lavage 
technique is widely used, it reflects to a large degree the underlying mucosal 
inflammation, and it is practical (atraumatic, easy to use, etc.). As such it has 
previously been utilized in CRS as well as AR (136, 137).  

Examined cytokine patterns were useful to assess whether or not any inflammatory 
response was induced by the PA in I and III, and also for comparisons between the 
healthy donors and patients in IV, to verify that the inflammatory condition of the 
patients reflected the pattern expected for CRSsNP. However, II, III, and IV 
examined either patients with an ongoing inflammatory condition (CRSsNP) or an 
expected inflammatory response produced by the NAC series (allergic rhinitis), and 
then attempts to affect these responses by intervention with probiotics or sinonasal 
transplants that may induce effects of their own. The interpretation of the changes 
in inflammatory markers in these settings proved to be very difficult and no firm 
conclusions could be drawn from the data.  
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Microbiological examinations 
As the microbiome encompasses various forms of microbiota as well as many 
different forms of bacterial products, no single method today can be used to 
investigate the entire microbiome at once. Instead, a method must be chosen 
depending on what aspect of the microbiome that is the focus of interest. The main 
interest in I, II, and III was to investigate whether or not the PAs colonized the 
nasal airway. As all the species of the PAs were culturable, we opted for culture 
followed by MALDI-TOF as this offered a good resolution to identify the individual 
species of the PAs at a reasonable cost. Also, it provided information about 
culturable species of the microbiota, but as only a minority of all species in the 
microbiome are culturable we could not draw any conclusions about effects on 
diversity or abundance. 

In IV, the objective of the microbiological examinations was to assess changes to 
the composition of the microbiome and 16S rRNA gene sequencing was used. This 
provided a broader view of the microbiota and allowed for analysis of abundance 
and diversity, but at the cost of a much lower resolution regarding the identification 
of individual bacterial species. Another limitation of the 16S rRNA method is that 
it is unaffected by the viability of the bacteria detected. Newer methods, such as 
whole genome sequencing for better resolution and viability PCR to distinguish 
between dead and viable bacteria, offer means to help handle these problems in 
future studies. 

Verification or not of previous findings and hypotheses 
In I and II, we sought to assess if probiotic supplementation using the LAB H13 
was tolerable and if it could help rebalance a dysbiosis of the commensal microbiota, 
by reducing the pathobiome through bacterial interference, to avoid damage to the 
commensal microbiota, as such effects had been indicated in vitro (120, 121). The 
PA was well tolerated, but did neither affect symptoms, immunologic markers, nor 
the commensal microbiota.  

Building on this, we investigated the effect of a sinonasal microbiome transplant in 
patients with CRSsNP (IV), as studies on microbiome transplants in the gut focusing 
on specific pathogens (129) as well as inflammatory bowel disease (131) had shown 
encouraging disease-modifying results. Similar to probiotic supplementation, 
sinonasal microbiome transplants were well tolerated, but the patients reported a 
significant reduction of symptoms associated with a significant and lasting increase 
in both the abundance and diversity of the sinonasal microbiota. These findings will 
now be further investigated. 
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In III, we aimed to use a PA to induce a type 1 immune response similar to that 
previously demonstrated by us using a TLR7 receptor agonist, which was associated 
with symptom-reducing effects in AR (123, 124). Furthermore, studies in mice 
using different probiotic species had also shown an inflammatory skewing leading 
to a reduction in “allergic” symptoms and that intranasal administration was 
superior to intragastric administration (125, 126). In III, the PA was well tolerated, 
but it failed to induce a significant type 1 immune reaction, and no reduction in AR 
symptoms was observed. 

In summary, the key findings of this thesis are that topical sinonasal probiotics as 
well as sinonasal microbiome transplants are well tolerated.  The PAs investigated 
showed no effect on symptoms or composition of the commensal microbiota, while 
the sinonasal transplant procedure was associated with a significant reduction of 
symptoms in patients suffering from CRSsNP as well as significant and lasting 
changes of the commensal microbiota. 
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Conclusions 

Paper I  
A single nasal administration of the probiotic LAB H13 is safe and does neither 
produce any untoward nasal symptoms nor induce any inflammatory reaction, or 
affect the commensal microbiota, compared to sham. 

Paper II  
Two weeks’ topical nasal administration of the probiotic LAB H13 to patients with 
CRSsNP does not affect symptoms, local inflammatory activity, or microbiota 
composition, compared to placebo. 

Paper III  
Three weeks’ topical nasal administration of a PA comprising Lactobacillus 
Rhamnosus SP1, Lactobacillus paracasei 101/37, and Lactococcus lactis L1A was 
well tolerated, likely invoked a mild innate immune response, but did not affect 
symptoms of allergic rhinitis in a NAC model, compared to placebo. 

Paper IV  
Microbiome transplants from healthy donors to patients with CRSsNP were well 
tolerated and resulted in a significant and lasting decrease in symptoms. 
Furthermore, significant and long-lasting increases in the abundance and diversity 
of the patients’ microbiota were observed. 
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Future perspectives and  
closing remarks 

The holobiont theory describes that a eukaryote host and its microbiome have co-
evolved and are interdependent, so that which affects one will also affect the other 
(138). Our perspective of the human microbiome is undergoing a vast reformation, 
from beliefs that the various sites of the human body are sterile or occupied by 
commensals without any real effect on the host, to the current view of its key roles 
in infectious and inflammatory diseases as well as in cancer and neuropsychiatric 
disorders. The microbiome is the subject of intense research to which I hope that the 
papers of this thesis have contributed. Looking to the future, applications for 
microbiome-directed therapy may border on science fiction yet seem very feasible. 
However, we still lack an understanding of fundamental aspects, such as how to 
differentiate between a healthy and a diseased microbiome. Answering this key 
question will provide a much-needed foundation for further research and as of today 
examinations of stability over time and metabolomics both appear as promising 
alternatives to investigate. Furthermore, explorations into the utilization in the 
treatments of various conditions are warranted. An example of an immediate 
continuation of the present series of studies is a placebo-controlled study on the 
effects of microbiome transplantations in CRS. 
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Populärvetenskaplig sammanfattning 
på svenska 

Kronisk rinosinuit (”bihåleinflammation”) kännetecknas av en inflammation i näs- 
och bihåleslemhinnan, vilken ger nästäppa och varig snuva samt ibland smärta i 
ansiktet, dålig sömn och uttalad trötthet. Sjukdomen drabbar 2-12% av befolkningen 
och medför försämrad livskvalitet. Fynd i status (t.ex. ibland polyper, ibland inte), 
och studier av den underliggande inflammationen, talar för att det finns flera 
bakomliggande orsaker. Idag saknas det dock kunskap om vilka dessa är, och vi har 
inte någon specifik behandling. I stället handlar det om att dämpa inflammationen 
med kortison och antibiotika eller att med kirurgi förändra förhållandena i 
bihålesystemet för att minska symptom, skapa åtkomst för lokal behandling och 
eventuellt minska den underliggande drivkraften till inflammationen. Under många 
år trodde man att bihålorna var sterila hos friska personer, men forskning har visat 
att det finns en naturlig bakterieflora. Man spekulerar nu i att det är störningar i 
denna och dess samspel med immunförsvaret som är orsaken till kronisk 
bihåleinflammation. 

Säsongsallergisk rinit (”hösnuva”) kännetecknas också av inflammation i den övre 
luftvägen, men – till skillnad från kronisk rinosinuit – är orsaken känd: pollen 
interagerar med immunförsvaret, vilket ger en ”överdriven reaktion” för det 
egentligt ofarliga pollenet. Detta ger nysningar, snuva och nästäppa, men även 
försämrad livskvalitet. Behandlingen består i att försöka undvika pollen och att 
dämpa sjukdomen, t.ex. med antihistamin och kortison. I epidemiologiska studier 
har man sett att en västerländsk livsstil är förknippad med ökad förekomst av allergi: 
idag drabbas ca. 40%. Liksom för kronisk rinosinuit finns det för allergi data som 
talar för att vår naturliga bakterieflora liksom de bakterier vi utsätts för har 
betydelse. Vid allergi gäller detta främst i barndomen och har betydelse för 
immunförsvarets utveckling, men det finns också experimentella studier som talar 
för att lokal behandling med probiotika kan dämpa en etablerad allergisk 
inflammation. Probiotika är bakterier som när de tillförs i en adekvat mängd ger en 
positiv hälsoeffekt: probiotika kan interagera både med immunförsvaret och med 
den naturliga bakteriefloran. 

I en serie studier (I-IV) har vi nu undersökt effekten av lokal administration 
(”nässpray”) av två olika probiotika till över luftvägen och framför allt studerat om 
de ger eller påverkar symptom och om de ger eller påverkar en inflammation. När 
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probiotika ges till friska försökspersoner så accepteras den väl och ger inget tydligt 
inflammatoriskt svar (I). När den ges till patienter med kronisk bihåleinflammation 
så påverkas inte de symptom som karakteriserar sjukdomen och inte heller den 
underliggande inflammationen (II). När probiotika ges till patienter med 
säsongsallergisk rinit så ger den en mild icke-allergisk inflammation – som 
teoretiskt skulle kunna dämpa en allergisk inflammation – men i den modell vi 
använder påverkas inte allergisymptomen (III). I en separat studie har vi försökt 
transplantera (”flytta”) normala bakterier från näsan hos friska personer till 
patienter med kronisk bihåleinflammation. Vi ser då en minskning av symptomen 
som vi åtminstone delvis tillskriver transplantationen (IV). 

Sammanfattningsvis visar vi att lokal administration av probiotika till näsan, liksom 
transplantation av normalt förekommande bakterier till patienter med kronisk 
bihåleinflammation, är möjliga och tolereras väl. Någon effekt av lokal behandling 
med probiotika kunde inte påvisas, medan transplantation av hela bakteriefloran 
från friska donatorer var associerat med symptomlindring. Transplantation av 
mikrobiom framstår därmed som en möjlig framtida behandling, även om ytterligare 
forskning behövs för att renodla och verifiera resultaten. 



53 

Acknowledgment 

Over the years it has taken me to complete this thesis, I have met many new and 
fascinating people who have helped contribute to the papers presented and with 
whom I have had tons of fun. Thank you all! To name a few: 

Anders Cervin, my supervisor. Always interested in trying new things and newer 
any hesitations. Thank you for enrolling me in that first united airway study that 
crashed but sparked my research interest and for helping me keep that interest alive 
through all the projects in this thesis. 

Lennart Greiff, my (co)-supervisor. Structured and knowledgeable with an eye for 
detail and a love of linguistics. Thank you for tons of true constructive criticism, 
immense amounts of time spent helping me edit the texts and figures of the papers 
and of this thesis, and for supporting my research by letting me use the research 
department in Lund and the help of the staff. 

The staff of the research department in Lund. Lena Glantz-Larsson, a fantastic 
help during the studies we did in Lund, and Charlotte Cervin-Hoberg, my constant 
co-researcher through all the studies and all the snot therein. I could not have done 
this without you.  

Malin Lindstedt, Milad Abolhalaj and Christina Sakellariou for helping me with 
the immunological analyses and statistics through all the studies and for the tougher 
job of explaining them to me. 

Alejandra Vazquez, Tobias Olofsson, Sepideh Lamei and Anette Mårtensson 
for letting me use the LAB H13 in studies I and II and for all practical help with 
microbiological analyses in those studies.  

Eva Grahn Håkansson at Essum AB for helping me select the probiotic strains for 
study III and for helping me navigate the commercial side of the probiotic industry 
to get hold of them. And also, for all the help with the practical work with that 
study’s probiotics and microbiological analyses. 

Flavia Huygens for all the microbiological analyses in study IV and for tirelessly 
explaining the results of them to me. 

Franziska Nordström, my co-researcher in study III. Working with you was great. 
Loads of fun and a lot less work. I hope we can do it again. 



54 

The patients and healthy subjects for contributing their time and noses to selflessly 
help further our knowledge about probiotics. 

My fellow rhinology co-workers in Helsingborg and Lund for helping me find 
suitable patients for my studies and also to all my other fantastic co-workers at ÖNH 
Helsingborg for making this such an amazing and friendly place to work. 

My boss Daniel Nordanstig and scheduler Frida Blixt for letting me take time off 
to work on the studies and this thesis and to the Gorthon’s and Zoéga’s research 
funds for helping me afford to do so. 

To Ulla-Britt Karlsson and Simon Heissler for fantastic and speedy help with all 
funding and IT questions. 

Till mina föräldrar Ulla och Krister som alltid uppmuntrat och ibland tvingat mig 
att studera och alltid varit förtjusta i den akademiska världen. Jag saknar dig pappa 
och hade så gärna velat dela detta med dig. Jag vet att du hade varit stolt. 

Min syster Karin och hennes familj, min bäste vän Daniel och alla övriga släktingar 
och vänner som ger mig perspektiv på att det finns annat i livet som är lika kul och 
fascinerande som att spraya bakterier i folks näsor. 

Erik, Anna and Edward som senaste månaderna mest fått se sin pappa sitta och 
jobba framför datorn i stället för att leka med er. Jag lovar att bättra mig och, ni vet 
vad…  

Sist men absolut inte minst, Kerstin. Tack för att du står ut med mig och alla projekt 
jag kastar mig in i. Jag älskar dig!  

Funding 
Stig and Ragna Gorthon’s Foundation, Helsingborg, Sweden (I, II, III, and IV). 
Thelma Zoéga’s Foundation, Helsingborg, Sweden (III and IV). Skåne County 
Council, Sweden (I-IV). Aptar Pharma, Radolfzell, Germany donated nasal spray 
devices (I, II, and III). ENTPro AB, Stockholm, Sweden donated Nasaline devices 
(III and IV). 



55 

References 

1. Fokkens WJ, Lund VJ, Hopkins C, Hellings PW, Kern R, Reitsma S, et al. European 
position paper on rhinosinusitis and nasal polyps 2020. Rhinology. 2020;58(Suppl 
S29):1-464. 

2. Sedaghat AR, Kuan EC, Scadding GK. Epidemiology of chronic rhinosinusitis: 
prevalence and risk factors. J Allergy Clin Immunol Pract. 2022;10(6):1395-403. 

3. Rudmik L, Smith TL. Quality of life in patients with chronic rhinosinusitis. Curr 
Allergy Asthma Rep. 2011;11(3):247-52. 

4. Gliklich RE, Metson R. The health impact of chronic sinusitis in patients seeking 
otolaryngologic care. Otolaryngol Head Neck Surg. 1995;113(1):104-9. 

5. Bhattacharyya N. Incremental health care utilization and expenditures for chronic 
rhinosinusitis in the United States. Ann Otol Rhinol Laryngol. 2011;120(7):423-7. 

6. Goetzel RZ, Hawkins K, Ozminkowski RJ, Wang S. The health and productivity cost 
burden of the "top 10" physical and mental health conditions affecting six large U.S. 
employers in 1999. J Occup Environ Med. 2003;45(1):5-14. 

7. Wahid NW, Smith R, Clark A, Salam M, Philpott CM. The socioeconomic cost of 
chronic rhinosinusitis study. Rhinology. 2020;58(2):112-25. 

8. McCormick JP, Thompson HM, Cho DY, Woodworth BA, Grayson JW. Phenotypes 
in chronic rhinosinusitis. Curr Allergy Asthma Rep. 2020;20(7):20. 

9. Benjamin MR, Stevens WW, Li N, Bose S, Grammer LC, Kern RC, et al. Clinical 
characteristics of patients with chronic rhinosinusitis without nasal polyps in an 
academic setting. J Allergy Clin Immunol Pract. 2019;7(3):1010-6. 

10. Stevens WW, Peters AT, Tan BK, Klingler AI, Poposki JA, Hulse KE, et al. 
Associations between inflammatory endotypes and clinical presentations in chronic 
rhinosinusitis. J Allergy Clin Immunol Pract. 2019;7(8):2812-20. 

11. Tomassen P, Vandeplas G, Van Zele T, Cardell LO, Arebro J, Olze H, et al. 
Inflammatory endotypes of chronic rhinosinusitis based on cluster analysis of 
biomarkers. J Allergy Clin Immunol. 2016;137(5):1449-56. 

12. Lee K, Tai J, Lee SH, Kim TH. Advances in the knowledge of the underlying airway 
remodeling mechanisms in chronic rhinosinusitis based on the endotypes: a review. 
Int J Mol Sci. 2021;22(2):910. 

13. Huang Y, Zhang N, Xu Z, Zhang L, Bachert C. The development of the mucosal 
concept in chronic rhinosinusitis and its clinical implications. J Allergy Clin 
Immunol Pract. 2022;10(3):707-15. 



56 

14. Kato A, Peters AT, Stevens WW, Schleimer RP, Tan BK, Kern RC. Endotypes of 
chronic rhinosinusitis: relationships to disease phenotypes, pathogenesis, clinical 
findings, and treatment approaches. Allergy. 2022;77(3):812-26. 

15. Bachert C, Zhang N, Hellings PW, Bousquet J. Endotype-driven care pathways in 
patients with chronic rhinosinusitis. J Allergy Clin Immunol. 2018;141(5):1543-51. 

16. Wang X, Zhang N, Bo M, Holtappels G, Zheng M, Lou H, et al. Diversity of T(H) 
cytokine profiles in patients with chronic rhinosinusitis: a multicenter study in 
Europe, Asia, and Oceania. J Allergy Clin Immunol. 2016;138(5):1344-53. 

17. Katotomichelakis M, Tantilipikorn P, Holtappels G, De Ruyck N, Feng L, Van Zele 
T, et al. Inflammatory patterns in upper airway disease in the same geographical area 
may change over time. Am J Rhinol Allergy. 2013;27(5):354-60. 

18. Czech EJ, Overholser A, Schultz P. Allergic Rhinitis. Prim Care. 2023;50(2):159-78. 
19. Nur Husna SM, Tan HT, Md Shukri N, Mohd Ashari NS, Wong KK. Allergic 

rhinitis: a clinical and pathophysiological overview. Front Med (Lausanne). 
2022;9:874114. 

20. Cardell LO, Olsson P, Andersson M, Welin KO, Svensson J, Tennvall GR, et al. 
TOTALL: high cost of allergic rhinitis-a national Swedish population-based 
questionnaire study. NPJ Prim Care Respir Med. 2016;26:15082. 

21. Bach JF. The effect of infections on susceptibility to autoimmune and allergic 
diseases. N Engl J Med. 2002;347(12):911-20. 

22. Strachan DP. Hay fever, hygiene, and household size. BMJ. 1989;299(6710):1259-
60. 

23. Mosmann TR, Coffman RL. TH1 and TH2 cells: different patterns of lymphokine 
secretion lead to different functional properties. Annu Rev Immunol. 1989;7:145-73. 

24. Schulze-Koops H, Kalden JR. The balance of Th1/Th2 cytokines in rheumatoid 
arthritis. Best Pract Res Clin Rheumatol. 2001;15(5):677-91. 

25. Hamid QA, Schotman E, Jacobson MR, Walker SM, Durham SR. Increases in IL-12 
messenger RNA+ cells accompany inhibition of allergen-induced late skin responses 
after successful grass pollen immunotherapy. J Allergy Clin Immunol. 
1997;99(2):254-60. 

26. Kidd P. Th1/Th2 balance: the hypothesis, its limitations, and implications for health 
and disease. Altern Med Rev. 2003;8(3):223-46. 

27. Cavell B, Stenhammar L, Ascher H, Danielsson L, Dannaeus A, Lindberg T, et al. 
Increasing incidence of childhood coeliac disease in Sweden. Results of a national 
study. Acta Paediatr. 1992;81(8):589-92. 

28. Dahlquist G, Mustonen L. Childhood onset diabetes-time trends and climatological 
factors. Int J Epidemiol. 1994;23(6):1234-41. 

29. Wold AE. The hygiene hypothesis revised: is the rising frequency of allergy due to 
changes in the intestinal flora? Allergy. 1998;53(46 Suppl):20-5. 

30. Noverr MC, Huffnagle GB. The 'microflora hypothesis' of allergic diseases. Clin Exp 
Allergy. 2005;35(12):1511-20. 

31. Scudellari M. Cleaning up the hygiene hypothesis. Proc Natl Acad Sci USA. 
2017;114(7):1433-6. 



57 

32. Benn CS, Melbye M, Wohlfahrt J, Björkstén B, Aaby P. Cohort study of sibling 
effect, infectious diseases, and risk of atopic dermatitis during first 18 months of life. 
BMJ. 2004;328:1223. 

33. Rook GA, Martinelli R, Brunet LR. Innate immune responses to mycobacteria and 
the downregulation of atopic responses. Curr Opin Allergy Clin Immunol. 
2003;3(5):337-42. 

34. von Hertzen L, Hanski I, Haahtela T. Natural immunity. Biodiversity loss and 
inflammatory diseases are two global megatrends that might be related. EMBO Rep. 
2011;12(11):1089-93. 

35. Ortiz RA, Barnes KC. Genetics of allergic diseases. Immunol Allergy Clin North 
Am. 2015;35(1):19-44. 

36. Aldakheel FM. Allergic diseases: a comprehensive review on risk factors, 
immunological mechanisms, link with COVID-19, potential treatments, and role of 
allergen bioinformatics. Int J Environ Res Public Health. 2021;18(22):12105. 

37. Nystad W, Røysamb E, Magnus P, Tambs K, Harris JR. A comparison of genetic and 
environmental variance structures for asthma, hay fever and eczema with symptoms 
of the same diseases: a study of Norwegian twins. Int J Epidemiol. 2005;34(6):1302-
9. 

38. Marchesi JR, Ravel J. The vocabulary of microbiome research: a proposal. 
Microbiome. 2015;3:31. 

39. Berg G, Rybakova D, Fischer D, Cernava T, Vergès MC, Charles T, et al. 
Microbiome definition re-visited: old concepts and new challenges. Microbiome. 
2020;8(1):103. 

40. Whipps J LK, Cooke R. Mycoparasitism and plant disease control. In: M B, editor. 
Fungi Biol Control Syst: Manchester University Press; 1988. p. 161-87. 

41. Björkwall T. Bacteriological examinations in maxillary sinusitis. Acta Otolaryngol 
Suppl. 1950;83:9-58. 

42. Brook I. Aerobic and anaerobic bacterial flora of normal maxillary sinuses. 
Laryngoscope. 1981;91(3):372-6. 

43. Su WY, Liu C, Hung SY, Tsai WF. Bacteriological study in chronic maxillary 
sinusitis. Laryngoscope. 1983;93(7):931-4. 

44. Jiang RS, Liang KL, Jang JW, Hsu CY. Bacteriology of endoscopically normal 
maxillary sinuses. J Laryngol Otol. 1999;113(9):825-8. 

45. Meltzer EO, Hamilos DL, Hadley JA, Lanza DC, Marple BF, Nicklas RA, et al. 
Rhinosinusitis: establishing definitions for clinical research and patient care. 
Otolaryngol Head Neck Surg. 2004;131(6 Suppl):1-62. 

46. Ramakrishnan VR, Feazel LM, Gitomer SA, Ir D, Robertson CE, Frank DN. The 
microbiome of the middle meatus in healthy adults. PLoS One. 2013;8(12):e85507. 

47. Yan M, Pamp SJ, Fukuyama J, Hwang PH, Cho DY, Holmes S, et al. Nasal 
microenvironments and interspecific interactions influence nasal microbiota 
complexity and S. aureus carriage. Cell Host Microbe. 2013;14(6):631-40. 

48. Bassis CM, Tang AL, Young VB, Pynnonen MA. The nasal cavity microbiota of 
healthy adults. Microbiome. 2014;2:27. 



58 

49. Hoggard M, Biswas K, Zoing M, Wagner Mackenzie B, Taylor MW, Douglas RG. 
Evidence of microbiota dysbiosis in chronic rhinosinusitis. Int Forum Allergy 
Rhinol. 2017;7(3):230-9. 

50. Paramasivan S, Bassiouni A, Shiffer A, Dillon MR, Cope EK, Cooksley C, et al. The 
international sinonasal microbiome study: a multicentre, multinational 
characterization of sinonasal bacterial ecology. Allergy. 2020;75(8):2037-49. 

51. De Boeck I, Wittouck S, Martens K, Claes J, Jorissen M, Steelant B, et al. Anterior 
nares diversity and pathobionts represent sinus microbiome in chronic rhinosinusitis. 
mSphere. 2019;4(6):e00532-19. 

52. Stephenson MF, Mfuna L, Dowd SE, Wolcott RD, Barbeau J, Poisson M, et al. 
Molecular characterization of the polymicrobial flora in chronic rhinosinusitis. J 
Otolaryngol Head Neck Surg. 2010;39(2):182-7. 

53. Abreu NA, Nagalingam NA, Song Y, Roediger FC, Pletcher SD, Goldberg AN, et al. 
Sinus microbiome diversity depletion and Corynebacterium tuberculostearicum 
enrichment mediates rhinosinusitis. Sci Transl Med. 2012;4(151):151ra124. 

54. Feazel LM, Robertson CE, Ramakrishnan VR, Frank DN. Microbiome complexity 
and Staphylococcus aureus in chronic rhinosinusitis. Laryngoscope. 
2012;122(2):467-72. 

55. Wagner Mackenzie B, Waite DW, Hoggard M, Douglas RG, Taylor MW, Biswas K. 
Bacterial community collapse: a meta-analysis of the sinonasal microbiota in chronic 
rhinosinusitis. Environ Microbiol. 2017;19(1):381-92. 

56. Biswas K, Hoggard M, Jain R, Taylor MW, Douglas RG. The nasal microbiota in 
health and disease: variation within and between subjects. Front Microbiol. 
2015;9:134. 

57. Cleland EJ, Bassiouni A, Vreugde S, Wormald PJ. The bacterial microbiome in 
chronic rhinosinusitis: richness, diversity, postoperative changes, and patient 
outcomes. Am J Rhinol Allergy. 2016;30(1):37-43. 

58. Cope EK, Goldberg AN, Pletcher SD, Lynch SV. Compositionally and functionally 
distinct sinus microbiota in chronic rhinosinusitis patients have immunological and 
clinically divergent consequences. Microbiome. 2017;5(1):53. 

59. Lal D, Keim P, Delisle J, Barker B, Rank MA, Chia N, et al. Mapping and comparing 
bacterial microbiota in the sinonasal cavity of healthy, allergic rhinitis, and chronic 
rhinosinusitis subjects. Int Forum Allergy Rhinol. 2017;7(6):561-9. 

60. Rom D, Bassiouni A, Eykman E, Liu Z, Paramasivan S, Alvarado R, et al. The 
association between disease severity and microbiome in chronic rhinosinusitis. 
Laryngoscope. 2019;129(6):1265-73. 

61. Psaltis AJ, Mackenzie BW, Cope EK, Ramakrishnan VR. Unraveling the role of the 
microbiome in chronic rhinosinusitis. J Allergy Clin Immunol. 2022;149(5):1513-21. 

62. Aurora R, Chatterjee D, Hentzleman J, Prasad G, Sindwani R, Sanford T. 
Contrasting the microbiomes from healthy volunteers and patients with chronic 
rhinosinusitis. JAMA Otolaryngol Head Neck Surg. 2013;139(12):1328-38. 

63. Joss TV, Burke CM, Hudson BJ, Darling AE, Forer M, Alber DG, et al. Bacterial 
communities vary between sinuses in chronic rhinosinusitis patients. Front 
Microbiol. 2015;6:1532. 



59 

64. Boase S, Foreman A, Cleland E, Tan L, Melton-Kreft R, Pant H, et al. The 
microbiome of chronic rhinosinusitis: culture, molecular diagnostics and biofilm 
detection. BMC Infect Dis. 2013;13:210. 

65. Cho GS, Moon BJ, Lee BJ, Gong CH, Kim NH, Kim YS, et al. High rates of 
detection of respiratory viruses in the nasal washes and mucosae of patients with 
chronic rhinosinusitis. J Clin Microbiol. 2013;51(3):979-84. 

66. Goggin RK, Bennett CA, Bialasiewicz S, Vediappan RS, Vreugde S, Wormald PJ, et 
al. The presence of virus significantly associates with chronic rhinosinusitis disease 
severity. Allergy. 2019;74(8):1569-72. 

67. Rowan NR, Lee S, Sahu N, Kanaan A, Cox S, Phillips CD, et al. The role of viruses 
in the clinical presentation of chronic rhinosinusitis. Am J Rhinol Allergy. 
2015;29(6):e197-200. 

68. Liao B, Hu CY, Liu T, Liu Z. Respiratory viral infection in the chronic persistent 
phase of chronic rhinosinusitis. Laryngoscope. 2014;124(4):832-7. 

69. Wood AJ, Antoszewska H, Fraser J, Douglas RG. Is chronic rhinosinusitis caused by 
persistent respiratory virus infection? Int Forum Allergy Rhinol. 2011;1(2):95-100. 

70. Lima JT, Paula FE, Proença-Modena JL, Demarco RC, Buzatto GP, Saturno TH, et 
al. The seasonality of respiratory viruses in patients with chronic rhinosinusitis. Am J 
Rhinol Allergy. 2015;29(1):19-22. 

71. Choi CH, Poroyko V, Watanabe S, Jiang D, Lane J, deTineo M, et al. Seasonal 
allergic rhinitis affects sinonasal microbiota. Am J Rhinol Allergy. 2014;28(4):281-6. 

72. Mishra A, Lai GC, Yao LJ, Aung TT, Shental N, Rotter-Maskowitz A, et al. 
Microbial exposure during early human development primes fetal immune cells. 
Cell. 2021;184(13):3394-409.e20. 

73. Bomar L, Brugger SD, Lemon KP. Bacterial microbiota of the nasal passages across 
the span of human life. Curr Opin Microbiol. 2018;41:8-14. 

74. Bosch A, Levin E, van Houten MA, Hasrat R, Kalkman G, Biesbroek G, et al. 
Development of upper respiratory tract microbiota in infancy is affected by mode of 
delivery. EBioMedicine. 2016;9:336-45. 

75. Biesbroek G, Bosch A, Wang X, Keijser BJ, Veenhoven RH, Sanders EA, et al. The 
impact of breastfeeding on nasopharyngeal microbial communities in infants. Am J 
Respir Crit Care Med. 2014;190(3):298-308. 

76. Chu DM, Antony KM, Ma J, Prince AL, Showalter L, Moller M, et al. The early 
infant gut microbiome varies in association with a maternal high-fat diet. Genome 
Med. 2016;8(1):77. 

77. Hasegawa K, Linnemann RW, Mansbach JM, Ajami NJ, Espinola JA, Petrosino JF, 
et al. Nasal airway microbiota profile and severe bronchiolitis in infants: a case-
control study. Pediatr Infect Dis J. 2017;36(11):1044-51. 

78. Oh J, Conlan S, Polley EC, Segre JA, Kong HH. Shifts in human skin and nares 
microbiota of healthy children and adults. Genome Med. 2012;4(10):77. 

79. Belkaid Y, Hand TW. Role of the microbiota in immunity and inflammation. Cell. 
2014;157(1):121-41. 



60 

80. Macpherson AJ, Slack E. The functional interactions of commensal bacteria with 
intestinal secretory IgA. Curr Opin Gastroenterol. 2007;23(6):673-8. 

81. Date Y, Ebisawa M, Fukuda S, Shima H, Obata Y, Takahashi D, et al. NALT M cells 
are important for immune induction for the common mucosal immune system. Int 
Immunol. 2017;29(10):471-8. 

82. Nian X, Zhang J, Huang S, Duan K, Li X, Yang X. Development of nasal vaccines 
and the associated challenges. Pharmaceutics. 2022;14(10):1983. 

83. Kumpitsch C, Koskinen K, Schöpf V, Moissl-Eichinger C. The microbiome of the 
upper respiratory tract in health and disease. BMC Biol. 2019;17(1):87. 

84. Molloy MJ, Bouladoux N, Belkaid Y. Intestinal microbiota: shaping local and 
systemic immune responses. Semin Immunol. 2012;24(1):58-66. 

85. Moreno CM, Boeree E, Freitas CMT, Weber KS. Immunomodulatory role of oral 
microbiota in inflammatory diseases and allergic conditions. Front Allergy. 
2023;4:1067483. 

86. León B. Understanding the development of Th2 cell-driven allergic airway disease in 
early life. Front Allergy. 2022;3:1080153. 

87. Wang L, Zhu L, Qin S. Gut microbiota modulation on intestinal nucosal adaptive 
immunity. J Immunol Res. 2019;2019:4735040. 

88. Honda K, Littman DR. The microbiota in adaptive immune homeostasis and disease. 
Nature. 2016;535:75-84. 

89. Tai J, Han MS, Kwak J, Kim TH. Association between microbiota and nasal mucosal 
diseases in terms of immunity. Int J Mol Sci. 2021;22(9):4744. 

90. Levy M, Thaiss CA, Elinav E. Metabolites: messengers between the microbiota and 
the immune system. Genes Dev. 2016;30(14):1589-97. 

91. Aggarwal N, Kitano S, Puah GRY, Kittelmann S, Hwang IY, Chang MW. 
Microbiome and human health: current understanding, engineering, and enabling 
technologies. Chem Rev. 2023;123(1):31-72. 

92. Kim CH. Immune regulation by microbiome metabolites. Immunology. 
2018;154(2):220-9. 

93. Cho DY, Hunter RC, Ramakrishnan VR. The microbiome and chronic rhinosinusitis. 
Immunol Allergy Clin North Am. 2020;40(2):251-63. 

94. Rooks MG, Garrett WS. Gut microbiota, metabolites and host immunity. Nat Rev 
Immunol. 2016;16(6):341-52. 

95. Postler TS, Ghosh S. Understanding the holobiont: how microbial metabolites affect 
human health and shape the immune system. Cell Metab. 2017;26(1):110-30. 

96. Metchnikoff E. The prolongation of life : optimistic studies / by Élie Metchnikoff ; 
English translation ed. by P. Charles Mitchell. Mitchell PC, editor. London: William 
Heinemann; 1907. p.161-83. 

97. Lilly DM, Stillwell RH. Probiotics: growth-promoting factors produced by 
microorganisms. Science. 1965;147(3659):747-8. 



61 

98. Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, et al. Expert consensus 
document. The International Scientific Association for Probiotics and Prebiotics 
consensus statement on the scope and appropriate use of the term probiotic. Nat Rev 
Gastroenterol Hepatol. 2014;11(8):506-14. 

99. Nataraj BH, Ali SA, Behare PV, Yadav H. Postbiotics-parabiotics: the new horizons 
in microbial biotherapy and functional foods. Microb Cell Fact. 2020;19(1):168. 

100. Martens K, Pugin B, De Boeck I, Spacova I, Steelant B, Seys SF, et al. Probiotics for 
the airways: potential to improve epithelial and immune homeostasis. Allergy. 
2018;73(10):1954-63. 

101. Sanders ME, Akkermans LM, Haller D, Hammerman C, Heimbach J, 
Hörmannsperger G, et al. Safety assessment of probiotics for human use. Gut 
Microbes. 2010;1(3):164-85. 

102. Zawistowska-Rojek A, Tyski S. Are probiotic really safe for humans? Pol J 
Microbiol. 2018;67(3):251-8. 

103. Gibson GR, Roberfroid MB. Dietary modulation of the human colonic microbiota: 
introducing the concept of prebiotics. J Nutr. 1995;125(6):1401-12. 

104. Kaczynska A, Klosinska M, Chmiel P, Janeczek K, Emeryk A. The crosstalk 
between the gut microbiota composition and the clinical course of allergic rhinitis: 
the use of probiotics, prebiotics and bacterial lysates in the treatment of allergic 
rhinitis. Nutrients. 2022;14(20):4328. 

105. Cope EK, Lynch SV. Novel microbiome-based therapeutics for chronic 
rhinosinusitis. Curr Allergy Asthma Rep. 2015;15(3):504. 

106. Nagalingam NA, Cope EK, Lynch SV. Probiotic strategies for treatment of 
respiratory diseases. Trends Microbiol. 2013;21(9):485-92. 

107. Psaltis AJ, Wormald PJ. Therapy of sinonasal microbiome in CRS: a critical 
approach. Curr Allergy Asthma Rep. 2017;17(9):59. 

108. Schwartz JS, Peres AG, Mfuna Endam L, Cousineau B, Madrenas J, Desrosiers M. 
Topical probiotics as a therapeutic alternative for chronic rhinosinusitis: a preclinical 
proof of concept. Am J Rhinol Allergy. 2016;30(6):202-5. 

109. Ciprandi G, Tosca MA. Probiotics in allergic rhinitis management: is there a 
positioning for them? Allergies. 2022;2(3):119-27. 

110. Jakubczyk D, Górska S. Impact of probiotic bacteria on respiratory allergy disorders. 
Front Microbiol. 2021;12:688137. 

111. Bauer MA, Kainz K, Carmona-Gutierrez D, Madeo F. Microbial wars: competition 
in ecological niches and within the microbiome. Microb Cell. 2018;5(5):215-9. 

112. Foster KR, Schluter J, Coyte KZ, Rakoff-Nahoum S. The evolution of the host 
microbiome as an ecosystem on a leash. Nature. 2017;548(7665):43-51. 

113. Fijan S. Probiotics and their antimicrobial effect. Microorganisms. 2023;11(2):528. 
114. Casaro MB, Thomas AM, Mendes E, Fukumori C, Ribeiro WR, Oliveira FA, et al. A 

probiotic has differential effects on allergic airway inflammation in A/J and C57BL/6 
mice and is correlated with the gut microbiome. Microbiome. 2021;9(1):134. 

115. Olesen SW, Alm EJ. Dysbiosis is not an answer. Nat Microbiol. 2016;1:16228. 



62 

116. Lloyd-Price J, Arze C, Ananthakrishnan AN, Schirmer M, Avila-Pacheco J, Poon 
TW, et al. Multi-omics of the gut microbial ecosystem in inflammatory bowel 
diseases. Nature. 2019;569:655-62. 

117. Douglas RG. CRS Update [Video]. Youtube. 
https://www.youtube.com/watch?v=sH7YBA-Lhtw&t=1050s. Published April 4, 
2022. Accessed May 4, 2023. 

118. Wagner Mackenzie B, Chang K, Zoing M, Jain R, Hoggard M, Biswas K, et al. 
Longitudinal study of the bacterial and fungal microbiota in the human sinuses 
reveals seasonal and annual changes in diversity. Sci Rep. 2019;9(1):17416. 

119. Gueimonde M, Salminen S. New methods for selecting and evaluating probiotics. 
Dig Liver Dis. 2006;38 Suppl 2:S242-7. 

120. Butler É, Oien RF, Lindholm C, Olofsson TC, Nilson B, Vásquez A. A pilot study 
investigating lactic acid bacterial symbionts from the honeybee in inhibiting human 
chronic wound pathogens. Int Wound J. 2016;13(5):729-37. 

121. Olofsson TC, Butler È, Markowicz P, Lindholm C, Larsson L, Vásquez A. Lactic 
acid bacterial symbionts in honeybees - an unknown key to honey's antimicrobial and 
therapeutic activities. Int Wound J. 2016;13(5):668-79. 

122. Skovbjerg S, Roos K, Holm SE, Grahn Håkansson E, Nowrouzian F, Ivarsson M, et 
al. Spray bacteriotherapy decreases middle ear fluid in children with secretory otitis 
media. Arch Dis Child. 2009;94(2):92-8. 

123. Greiff L, Ahlström-Emanuelsson C, Alenäs M, Almqvist G, Andersson M, Cervin A, 
et al. Biological effects and clinical efficacy of a topical Toll-like receptor 7 agonist 
in seasonal allergic rhinitis: a parallel group controlled phase IIa study. Inflamm Res. 
2015;64(11):903-15. 

124. Greiff L, Cervin A, Ahlström-Emanuelsson C, Almqvist G, Andersson M, Dolata J, 
et al. Repeated intranasal TLR7 stimulation reduces allergen responsiveness in 
allergic rhinitis. Respir Res. 2012;13(1):53. 

125. Pellaton C, Nutten S, Thierry AC, Boudousquié C, Barbier N, Blanchard C, et al. 
Intragastric and intranasal administration of lactobacillus paracasei NCC2461 
modulates allergic airway inflammation in mice. Int J Inflam. 2012;2012:686739. 

126. Spacova I, Petrova MI, Fremau A, Pollaris L, Vanoirbeek J, Ceuppens JL, et al. 
Intranasal administration of probiotic Lactobacillus rhamnosus GG prevents birch 
pollen-induced allergic asthma in a murine model. Allergy. 2019;74(1):100-10. 

127. de Lacerda LB, Rios WM, Masson AP, Brandão IT, Milani TM, Borges MC, et al. 
Oral administration of Hsp65-producing Lactococcus lactis attenuates allergic 
asthma in a murine model. J Appl Microbiol. 2021;130(6):2075-86. 

128. Kristensen NB, Bryrup T, Allin KH, Nielsen T, Hansen TH, Pedersen O. Alterations 
in fecal microbiota composition by probiotic supplementation in healthy adults: a 
systematic review of randomized controlled trials. Genome Med. 2016;8(1):52. 

129. van Nood E, Vrieze A, Nieuwdorp M, Fuentes S, Zoetendal EG, de Vos WM, et al. 
Duodenal infusion of donor feces for recurrent Clostridium difficile. N Engl J Med. 
2013;368(5):407-15. 



63 

130. Merrick B, Allen L, Masirah MZN, Forbes B, Shawcross DL, Goldenberg SD. 
Regulation, risk and safety of faecal microbiota transplant. Infect Prev Pract. 
2020;2(3):100069. 

131. Wang ZK, Yang YS, Chen Y, Yuan J, Sun G, Peng LH. Intestinal microbiota 
pathogenesis and fecal microbiota transplantation for inflammatory bowel disease. 
World J Gastroenterol. 2014;20(40):14805-20. 

132. Kiecolt-Glaser JK, Wilson SJ, Madison A. Marriage and gut (microbiome) feelings: 
tracing novel dyadic pathways to accelerated aging. Psychosom Med. 
2019;81(8):704-10. 

133. Lahtinen P, Mattila E, Anttila VJ, Tillonen J, Teittinen M, Nevalainen P, et al. Faecal 
microbiota transplantation in patients with Clostridium difficile and significant 
comorbidities as well as in patients with new indications: a case series. World J 
Gastroenterol. 2017;23(39):7174-84. 

134. Lev-Sagie A, Goldman-Wohl D, Cohen Y, Dori-Bachash M, Leshem A, Mor U, et 
al. Vaginal microbiome transplantation in women with intractable bacterial 
vaginosis. Nat Med. 2019;25(10):1500-4. 

135. Lopez J, Grinspan A. Fecal microbiota transplantation for inflammatory bowel 
disease. Gastroenterol Hepatol (N Y). 2016;12(6):374-9. 

136. König K, Klemens C, Eder K, San Nicoló M, Becker S, Kramer MF, et al. Cytokine 
profiles in nasal fluid of patients with seasonal or persistent allergic rhinitis. Allergy 
Asthma Clin Immunol. 2015;1:26. 

137. König K, Klemens C, Haack M, Nicoló MS, Becker S, Kramer MF, et al. Cytokine 
patterns in nasal secretion of non-atopic patients distinguish between chronic 
rhinosinusitis with or without nasal polys. Allergy Asthma Clin Immunol. 
2016;12:19. 

138. Bordenstein SR, Theis KR. Host biology in light of the microbiome: ten principles of 
holobionts and hologenomes. PLoS Biol. 2015;13(8):e1002226. 

 




	Blank Page
	Blank Page


<<
  /ASCII85EncodePages false
  /AllowTransparency true
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 25%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 10
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 250
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 250
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 250
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 250
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.20000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /SVE ()
    /ENU <FEFF004600f6007200200074007200790063006b00200068006f00730020004d0065006400690061002d0054007200790063006b>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        14.173230
        14.173230
        14.173230
        14.173230
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA39 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




