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Lactic acid bacteria as probiotics for the nose?
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Summary

Several studies have recently pointed towards an
increased occurrence and prevalence of several taxa
of the lactic acid bacteria (LAB) in the microbiota of
the upper respiratory tract (URT) under healthy con-
ditions versus disease. These include several spe-
cies of the Lactobacillales such as Lacticaseibacillus
casei, Lactococcus lactis and Dolosigranulum
pigrum. In addition to physiological studies on their
potential beneficial functions and their long history
of safe use as probiotics in other human body sites,
LAB are thus increasingly to be explored as alterna-
tive or complementary treatment for URT diseases.
This review highlights the importance of lactic acid
bacteria in the respiratory tract and their potential as
topical probiotics for this body site. We focus on the
potential probiotic properties and adaptation factors
that are needed for a bacterial strain to optimally
exert its beneficial activity in the respiratory tract.
Furthermore, we discuss a range of in silico, in vitro
and in vivo models needed to obtain better insights
into the efficacy and adaptation factors specifically
for URT probiotics. Such knowledge will facilitate
optimal strain selection in order to conduct rigorous
clinical studies with the most suitable probiotic
strains. Despite convincing evidence from micro-
biome association and in vitro studies, the clinical

evidence for oral or topical probiotics for common
URT diseases such as chronic rhinosinusitis (CRS)
needs further substantiation.

Introduction

Inflammatory upper respiratory tract (URT) diseases
such as rhinitis, and acute and chronic rhinosinusitis
(CRS), impose a major burden on public health and
account for significant healthcare costs (Meltzer, 2016;
Hellings et al., 2017). Rhinitis is the most common URT
disease defined as symptomatic inflammation of the lin-
ing of the nose that is caused by infectious agents, aller-
gens or other factors (e.g., drugs and hormones)
(Bousquet et al., 2008). Allergic rhinitis (AR) represents
the most commonly encountered type of non-infectious
rhinitis, while the term rhinosinusitis is defined as inflam-
mation of the nose and paranasal sinuses, characterized
by two or more symptoms, one of which should be either
nasal obstruction or nasal discharge (Fokkens et al.,
2020). When the latter condition lasts for more than
12 weeks, it is defined as chronic rhinosinusitis (CRS)
(Fokkens et al., 2020). These disorders have in common
that inflammation, and sometimes also a disruption of
the nasal epithelial barrier, underlie the pathology. In
addition, a disbalance of the microbial communities or
dysbiosis inhabiting the airways, the ‘airway microbiota’,
has been suggested as a key factor in the pathology of
these URT diseases.

Dysbiosis in URT diseases

Recent research shows that a balanced airway micro-
biota plays an important gatekeeper role for respiratory
health, as reviewed by (Man et al., 2017), although it is
yet very difficult to determine what defines a balanced
microbiota. It is generally seen as the counterpart of dys-
biosis. Such an imbalance in the composition and meta-
bolic activity of our microbiota can appear in several
manners, for example as a loss of beneficial microorgan-
isms, or an excessive growth of potential pathobionts
(Wilkins et al., 2019). The identification of beneficial ver-
sus potential pathobionts is not always straightforward.
Bacterial genera that are commonly abundant in the
URT of healthy individuals, without clear symptoms,
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belong to Staphylococcus, Corynebacterium, Propioni-
bacterium, Dolosigranulum and Streptococcus species
(Man et al., 2017; Kumpitsch et al., 2019). These taxa
can thus be seen to contain potential beneficial strains.
Pathobionts such as Staphylococcus aureus, Streptococ-
cus pneumoniae, Haemophilus influenzae and Moraxella
catarrhalis appear to be more prevalent or abundant in
URT diseases (Van Eldere et al., 2014; Duell et al.,
2016; Mahdavinia et al., 2016; van den Broek et al.,
2019). In addition to these classic URT pathogens, other
emerging pathogens, such as Corynebacterium tubercu-
lostearicum and Stenotrophomonas, have been sug-
gested based on microbiome data (Abreu et al., 2012;
Chalermwatanachai et al., 2018; Koeller et al., 2018).
Nevertheless, it remains highly challenging to investigate
whether these changes and disruptions in the micro-
biome are either a causality or a consequence.
Although various treatment options yet exist for CRS

and AR, there is a lack of broadly applicable and effec-
tive treatment approaches (Hellings et al., 2017; Meng
et al., 2019). Current options include mainly nasal irriga-
tions with saline solutions, systemic and/or topical corti-
costeroid treatment, antihistamines (in AR) (Meng et al.,
2019), antibiotic treatments (often macrolides because
they also have anti-inflammatory actions) and functional
endoscopic sinus surgery or FESS (in CRS) (Fokkens
et al., 2020). The latter surgery has the aim to clear the
diseased mucosa, eliminate the infection, relieve the
obstruction and restore the sinus ventilation (Piromchai
et al., 2013). However, patients do not always respond
to the current treatment options and patients often
relapse, even after the surgery. For example, CRS
patients often receive multiple antibiotic treatments, lead-
ing to several disadvantages, such as microbiota disrup-
tion and multidrug-resistant bacteria (Szaleniec et al.,
2019). Also for otitis media (OM), the most common
URT infection in children, antibiotic prescription rates are
high despite clinical guidelines limiting their use to strict
indications (reviewed in van den Broek et al., 2019).
There is thus a clear need for alternative or complemen-
tary treatment options for these highly prevalent URT
diseases. In this review, we will describe the current
knowledge on the potential of lactic acid bacteria as topi-
cal probiotics for the URT, with a focus on the probiotic
properties and adaptation factors that are needed for a
bacterial strain to exert its beneficial activity in the URT.
In addition, future perspectives and challenges for URT
probiotics will be addressed.

The potential of probiotics for the URT

Probiotics have been predominantly used to improve
intestinal health with many promising clinical results up
to date (Sanders et al., 2019). However, it is only

recently that we start to explore the potential for other
applications. Yet, the definition of probiotics, as formu-
lated by an expert panel of the International Scientific
Association on Probiotics and Prebiotics (ISAPP) is not
limited to gut applications. Probiotics are ‘live microor-
ganisms that, when administered in adequate amounts,
confer a health benefit on the host’ (Hill et al., 2014).
Most probiotics studied so far are lactic acid bacteria
(LAB) (order Lactobacillales), with some of the most
promising probiotic strains belonging to the Lactobacil-
laceae family, recently reclassified (Zheng et al., 2020).
Lactobacilli are an interesting choice as probiotics, since
they have a long history of safe use for over 100 years
by people of all ages on a daily basis in dairy products,
fermented foods and food supplements (Salvetti and
O’Toole, 2017). Yet, their potential as URT probiotics is
not yet widely considered.

Lactic acid bacteria have a habitat in the respiratory tract

In the recent decade, members of LAB, including Lacti-
caseibacillus, Dolosigranulum and Lactococcus species,
have been described as part of the normal URT micro-
biota of healthy adults and/or children (Bogaert et al.,
2011; Laufer et al., 2011; Jensen et al., 2013; Ling
et al., 2013; Stearns et al., 2015). Lactobacilli are for
instance detected in the nasopharynx of Chinese (Ling
et al., 2013; Gan et al., 2019), Canadian (Stearns et al.,
2015), and Belgian individuals (De Boeck et al., 2020)
and the tonsillar crypts of children and adults (Jensen
et al., 2013). The pilot study by Abreu and colleagues
was one of the first that reported that certain LAB taxa,
including Latilactobacillus sakei, was decreased in CRS
patients, pointing towards a potential benefit for sinus
health. Furthermore, they developed a murine model of
sinus infection, where they demonstrated that L. sakei
ATCC15521 can protect the sinus mucosa from C. tu-
berculostearicum-induced pathogenesis after nasal inoc-
ulation, using goblet cell hyperplasia and mucin
hypersecretion as outcome parameters (Abreu et al.,
2012). These results were obtained in a not yet widely
applied murine model with only small sample sizes
(n = 3) and have to the best of our knowledge not yet
been confirmed in larger sample sizes. In our recent
microbiome comparison study between healthy controls
and CRS patients, various genera of the Lactobacil-
laceae including Lactiplantibacillus, Latilactobacillus and
Lacticaseibacillus were also found to be more prevalent
and abundant in healthy controls compared with CRS
patients (De Boeck et al., 2019,2020) (Figure 1). Simi-
larly, a lower abundance of lactobacilli was recently
reported within the nasal microbiome of AR patients
compared with healthy controls (Gan et al., 2020). Com-
pared with other human body sites, such as the vagina
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(Petrova et al., 2015) and the gastrointestinal tract (Hee-
ney et al., 2018), the abundances of lactobacilli in the
URT (Abreu et al., 2012; Ling et al., 2013; Stearns et al.,
2015; De Boeck et al., 2020), are much lower (Figure 1).
Yet, this does not exclude their potentially important eco-
logical and health-promoting role as we will pinpoint in
the next paragraphs.
In contrast to Lactobacillaceae, other LAB taxa are

more prevalent in the URT. The less explored species
Dolosigranulum pigrum has particularly gained interest
as potential next-generation URT probiotic, because it is
found in high abundances that can range up to 50% in
the healthy URT (Laufer et al., 2011; Biesbroek, Tsivtsi-
vadze, et al., 2014; Hasegawa et al., 2017; Gan et al.,
2019). It is also often more prevalent or more dominant
in healthy subjects than in diseased individuals and is
therefore believed to be associated with URT health
(Biesbroek, Tsivtsivadze, et al., 2014; Hasegawa et al.,
2016; De Boeck et al., 2019; Gan et al., 2019). Of note,
based on presence and relative abundance, vaginal
delivery and breastfeeding are associated with this
potential health-promoting bacterium (Biesbroek et al.,
2014a; Bosch et al., 2016). In addition, a lower incidence
of parental-reported URT infections was reported in chil-
dren that had higher numbers of Dolosigranulum (Bies-
broek, Tsivtsivadze, et al., 2014). A lower likelihood of
bronchiolitis was also observed in children with higher
relative abundances of Dolosigranulum detected in their
bacterial profiles (Hasegawa et al., 2017). Gan and col-
leagues observed a significantly higher abundance of
the genus Dolosigranulum in the middle meatus of a
control group (mean relative abundance of 8.52%) com-
pared with the same sites sampled in subjects with CRS
with nasal polyps (CRSwNP) (mean relative abun-
dance < 1%) (Gan et al., 2019). Our recently published
microbiome study also identified D. pigrum to be more

associated with the anterior nares and nasopharynx of
healthy controls compared with CRS patients (De Boeck
et al., 2019). Interestingly, a higher abundance of Dolosi-
granulum was also observed in the nasopharyngeal
microbiomes of healthy children compared to those with
recurrent acute OM, suggesting that the link of Dolosi-
granulum with health might extend beyond the nasal
cavity (Lappan et al., 2018).
Based on these microbiome studies, several taxa of

the Lactobacillaceae and Dolosigranulum are thus
promising URT taxa to further explore their potential as
probiotics for the URT, both mechanistically and in clini-
cal trials, which is at the moment still a rather uncharted
field. However, insights from probiotic research at other
human body sites such as the gut can help to define the
requirements and considerations that are needed to
select the most suitable strains for clinical trials.

Properties that mediate the activity of probiotics in the
URT

In order for a probiotic to exert beneficial health-promot-
ing effects in the targeted host site, it must possess an
appropriate set of beneficial properties, as well as prop-
erties that help the microorganism to adapt and thrive –
at least temporarily –in the target site (Lebeer et al.,
2008). The first set of properties can be classified as
probiotic factors because they are directly involved in the
health benefits, while the second set refers more to
adaptation factors. Both set of factors are important for
effective probiotics. To screen for and select the most
suitable probiotic candidates, it is important that the
specific ecological and physiological conditions of the
target site are well-understood. Bacterial strains that col-
onize the URT for instance will experience different
selective pressures compared with bacteria in the

Fig. 1. Mean relative abundances of Dolosigranulum (red bars) and Lactobacillaceae (blue bars) as part of the microbiome in different human
body habitats. Based on our research (De Boeck et al., 2019,2020) and available literature (Laufer et al., 2011; Biesbroek et al., 2014a; Stearns
et al., 2015; Hasegawa et al., 2017; Gan et al., 2020), Dolosigranulum and Lactobacillus are proposed as indicator taxa for health. Using the
curatedMetagenomicData R-package based on publicly available shotgun sequencing data data (Pasolli et al., 2017), their mean relative abun-
dances were calculated in the URT, skin, gut and vagina. N.d., not detected.
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gastrointestinal tract. Interactions with the host cell types
and mucus, specific components of the innate and adap-
tive respiratory immune system, exposure to medical
treatments and competition with other bacterial/microbial
members are different at the various body sites. Conse-
quently, strains from the URT itself might hold specific
advantages, compared with the probiotics that are
already available on the market and mainly originate
from the human gut or food. For example, in a study of
M�artensson et al. (2017), the effects of a LAB spray in
CRS patients without nasal polyps were tested. They did
not observe beneficial effects of the used probiotic spray
on the disease outcomes, but could show that the spray
was well-tolerated and safe to use. It is tempting to
speculate that this lack of efficacy might be linked to the
fact that the LAB strains that were used in the study
originate from honeybee and might be not adapted to
the human URT (M�artensson et al., 2017). While probi-
otic factors related to immune modulation and antimicro-
bial action might be more conserved across different
human body habitats, adaptation factors are more deter-
mined by the specific habitat where the probiotic are
applied. Figure 2 gives a schematic representation of
the probiotic and adaptation factors, which we rational-
ized for the URT in comparison with the gastrointestinal
tract based on the available evidence. In the following
two paragraphs, the probiotic and adaptation factors will
be discussed into more detail.

Adaptation factors relevant to the URT. Based on the
available physiological and anatomic information on the
URT (reviewed in Man et al., 2017) and how many
pathogens adapt to the URT, several potential
adaptation mechanisms can be envisaged for potential
probiotic bacteria. First, a strong adherence capacity to
the human nasal epithelium would be an important

requirement for an URT probiotic, in order to be able to
cope with the mechanism of nasal mucociliary clearance
(Deborah and Prathibha, 2014). In addition, sufficient
adherence of probiotic candidates is also of interest for
competition with URT pathobionts, since adherence is
often essential in their pathogenesis. S. aureus for
instance produces several surface proteins, such as
clumping factors B (ClfB) and fibronectin-binding protein
(FnBP), involved in adhesion to human airway
epithelium (Mongodin et al., 2002; Corrigan et al., 2009).
In probiotic research, knowledge on the adherence
capacity of probiotic strains is mainly limited towards the
gastrointestinal tract and much remains to be explored
for the URT. In gastrointestinal probiotic strains,
adherence was shown to be facilitated via pili or surface
adhesin proteins. For instance, in the model strain
Lactocaseibacillus rhamnosus GG, SpaCBA pili have
been described that mediate adhesion to intestinal
mucus and epithelial cells (Kankainen et al., 2009).
Recently, we also demonstrated that these pili are one
of the key factors promoting its adhesion to human
epithelial keratinocytes and interfering with adhesion of
S. aureus (Spacova et al., 2020a,2020b) showing that
the SpaCBA pili are adaptation factors in other body
sites than the gut. For the URT, relatively good
adherence of L. rhamnosus GG to the respiratory
epithelial cell line Calu-3 and nasal epithelial cells of
patients and healthy controls was observed (De Boeck
et al., 2020). Yet, a particular related URT isolate,
named Lacticaseibacillus casei AMBR2 was isolated that
outperformed L. rhamnosus GG in adaptation and
adherence to URT epithelia. This strain from a healthy
nasopharynx expresses another type of fimbriae,
putatively encoded by a secA2/secY2 gene cluster. The
adherence capacity was also documented in vivo in
healthy volunteers, as we found that L. casei AMBR2

Fig. 2. Probiotic and adaptation factors in the URT compared with the gastrointestinal tract. Probiotic factors related to antipathogenic effects,
immunomodulation and barrier protection are more conserved across different human body sites, while each body site has its own unique fea-
tures that determine the adaptation factors that are needed for a probiotic to be effective in that body site. Figure adapted from (Lebeer et al.,
2008; Man et al., 2017) and created with BioRender.com 121 9 64 mm (300 9 300 DPI)
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was able to temporally colonize the URT in healthy
volunteers after nasal administration (De Boeck et al.,
2020).
Second, specific environmental conditions are inherent

to the URT, such as higher oxygen levels, a lower tem-
perature and higher pH compared with instance the gas-
trointestinal tract. The body temperature in the
nasopharynx is 34°C, while this is even lower in the
anterior nares (Man et al., 2017). In addition, the pH dif-
fers significantly between different human body habitats
and should be taken into account. In the URT, the pH is
approximately pH 6.3 in the nasal cavity and is slightly
higher (pH 7) in the nasopharynx (Man et al., 2017). For
comparison, in the healthy vagina, the pH is rather acidic
(pH 3.8 – pH 4.3), while along the gastrointestinal tract,
the pH changes drastically ranging from pH 2 in the
stomach to pH 8.5 in duodenum. Finally, higher levels of
oxygen (partial pressures up to 160 mmHg pO2) are
encountered in the URT (Man et al., 2017), especially
when compared with the anaerobic conditions of the gut.
As part of the host normal cellular metabolism, the use
of oxygen leads to the formation of reactive oxygen spe-
cies (ROS) such as hydrogen peroxide and superoxide,
that can cause oxidative stress for colonizing microbiota
that are anaerobic. Many URT pathogens are known to
adapt to increasing ROS associated with higher oxygen
levels by different antioxidant defence mechanisms such
as the resistance via catalase or superoxide dismutase
enzymes (Harrison et al., 2012; Eason and Fan, 2014).
For the URT strain L. casei AMBR2, a haeme- and man-
ganese-dependent catalase gene were identified and its
oxygen tolerance was confirmed in vitro. Whether the
presence of antioxidant defence mechanisms is common
in URT probiotics is however currently underexplored.
LAB are aerotolerant, so oxidative stress may not be
induced in the URT. In addition, commensals like LAB
may not induce the production of ROS by the host
defences. Also, for D. pigrum, factors involved in its
adaptation to the URT remain to be investigated.

Probiotic modes of action relevant in the URT. Probiotic
modes of action are generally divided into at least three
broad mechanisms of action: (i) modulating microbe-
microbe interactions, (ii) immunomodulation and (iii)
epithelial barrier protection (Lebeer et al., 2008).
Microbe-microbe interactions include both inhibitory and
stimulatory interactions, but for most probiotic
applications, inhibition of pathogens is often the key
desired property. This can be obtained in different ways,
for example, via the production of antimicrobial
substances or competition for limiting resources and
binding sites known as competitive exclusion.
Lacticaseibacillus rhamnosus GG for instance is able to
interfere with the adherence of the prominent respiratory

pathogen Moraxella catarrhalis to the human Calu-3
airway epithelial cells by approximately 50% (van den
Broek et al., 2018). In addition, spot antimicrobial assays
showed that L. rhamnosus GG is able to inhibit the
growth of M. catarrhalis (van den Broek et al., 2018).
Such antimicrobial effects are also observed for URT
strain L. casei AMBR2 against M. catarrhalis, H.
influenzae and S. aureus (De Boeck et al., 2020). Also
for D. pigrum strains, antimicrobial effects against S.
aureus have been described (Brugger et al., 2020).
Immunomodulatory effects can be achieved via direct
interaction between probiotic microbe-associated
molecular patterns (MAMPs) and the pattern recognition
receptors (PRRs) of host epithelial and immune cells on
one hand (Lebeer et al., 2010, 2018), or via the release
of microbial soluble factors and metabolites that trigger
signaling cascades in host cells (Oelschlaeger, 2010).
Finally, certain probiotic strains could enhance and/or
regulate the epithelial barrier function at different body
sites (Martens et al., 2018). For instance,
Lactiplantibacillus plantarum MB452 has been shown to
increase the expression of tight-junction genes in vitro in
intestinal epithelial cells (Anderson et al., 2010). Also in
human primary keratinocytes, it has been shown that
tight-junction barrier function was enhanced by the
addition of bacterial lysate from L. rhamnosus GG,
Limosilactobacillus reuteri and L. plantarum (O’Neill
et al., 2013). The L. casei AMBR2 isolate (De Boeck
et al., 2020) was also able to restore disruption of the
airway epithelial barrier in primary cells from CRSwNP
patients and differentiated Calu-3 cells (Martens et al.
accepted in principle AAIR, De Rudder et al., 2020).

Future perspectives and challenges for the use of
urt probiotics

Substantiating the efficacy of URT probiotics in vitro and
in vivo

Despite promising evidence, based on microbiome
research that lactic acid bacteria are important for URT
health, confirmation of these findings in patients with
URT disease are lacking and studies investigating topi-
cal application with lactobacilli are scarce. For CRS in
particular, the EPOS2020 (European Position Paper on
Rhinosinusitis and Nasal Polyps) steering group recently
concluded, based on the small studies with limited sam-
ple sizes that are conducted up to now, that there is cur-
rently no evidence for the use of oral or topical URT
probiotics as treatment option for CRS patients (Fokkens
et al., 2020). It should be noted however that analysing
probiotic interventions is highly challenging, and sweep-
ing generalizations on their efficacy based on this limited
amount of available studies is difficult, as also mentioned
by the EPOS2020 steering group, considering the
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probiotic strain-specificity and multifactorial mechanisms
of action that furthermore depend on the application site
(Spacova et al., 2020a,2020b). Such screenings for pro-
biotic efficacy and safety demands a dedicated pipeline,
where a combination of in silico, in vitro and in vivo mod-
els are advised. Such dedicated pipelines can help to
further distinguish the role of the microbiome and poten-
tial of probiotics for CRS.

Traditional and advanced in vitro screening

Traditional in vitro screening methods are the first step
to evaluate the probiotic efficacy and safety (Irina Spa-
cova et al., 2020a,2020b). In addition, whole-genome
sequencing of probiotic candidate strains followed by
detailed in silico analysis at gene level can detect poten-
tial probiotic and adaptation factors, as well as virulence
and antibiotic resistance genes (Salvetti et al., 2016).
State-of-the-art research is increasingly focused on the
development of complex human cell models (Shah et al.,
2016; De Rudder et al., 2018; Xu et al., 2018) as an
important alternative for simple in vitro models and ani-
mal models for transition of probiotic efficacy to the
clinic. Recently, several promising polymicrobial and
multicellular models for the human respiratory tract have
been described (e.g., De Rudder et al., 2020). Examples
of such models include organoids, which are 3D tissues
in vitro that can be derived from embryonic stem cells,
induced pluripotent stem cells, adult stem cells and can-
cer cells (Xu et al., 2018). Successful healthy organoids
have for instance been developed from the human lungs
(Dye et al., 2015; Chen et al., 2017; Zacharias et al.,
2018) and they have been used in microbial infection
studies (Quantius et al., 2016; Shen et al., 2017). How-
ever, their use to study effects of beneficial bacteria
have so far mostly been limited to other body niches,
such as the gut (Han et al., 2019).

Animal models. An important discussion point in
probiotic and other therapeutic research remains
whether or not it is necessary to perform animal studies
before probiotic candidate strains can be tested in
humans, especially for probiotic candidates with a well-
established safety status. The relevance and necessity
of animal models can be debated, as it remains
extremely challenging to translate results obtained in
animal models towards humans and it requires ethical
considerations for animal welfare.
Several factors should however be considered when

using animal models of URT disease. In particular for
CRS, the available animal models do not represent all
aspects of the pathology of CRS relevant for microbiome
research. Development of mouse models is especially
challenging due to significant differences within their

respiratory system, including sinonasal anatomy that is
not representative for humans (Wenzel and Holgate,
2006; Al-Sayed et al., 2017; Kolanjiyil et al., 2019; Lux
et al., 2019). In addition, mice are obligated nose-only
breathers, whereas humans breathe via their nose and/
or mouth (Kolanjiyil et al., 2019). These differences are
also reflected in the microbiota that colonizes the murine
and human respiratory tract, which can have a profound
impact on the outcomes of probiotic interventions (Mal-
donado-G�omez et al., 2016). Recently, a rabbit model
for CRS was described by Cho and colleagues (Cho
et al., 2017). The sinonasal anatomy of rabbits is more
similar to the human anatomy compared with the anat-
omy of mice, and the inventors of the model also
reported that some of the detected dominant bacterial
taxa, for example Corynebacterium or bacteria from the
order Burkholderiales and Pseudomonadales, resemble
the dominant genera in humans. It should be noted that
this comparison was mainly done at the phylum and
order level and no other studies have investigated the
similarities of the rabbit and human respiratory tract
microbiota. Some higher animal models such as pigs
and sheep can be considered as well, as they show
more anatomical URT similarities with humans (Lux
et al., 2019). The paranasal sinuses of pigs are for
instance largely similar to humans, with two main com-
plexes, that is, maxillary and frontal sinuses, and the
sphenoid and lacrimal sinuses as smaller sinuses, mak-
ing them a feasible model for sinonasal research (Wang
et al., 2013). However, more strict ethical regulations,
more expensive housing facilities and differences in
microbiota composition represent the main limitations of
higher animal models in URT disease research.
Overall, for next-generation probiotics, such as the

more recently suggested D. pigrum, the safety profile is
less well-known and animal studies are thus of more
interest to evaluate the safety before clinical studies are
performed (Cordaillat-Simmons et al., 2020; Rouanet
et al., 2020). The more traditional strains, especially
strains that belong to the Lactobacillaceae, are already
used on a large scale and have an established safety
profile, hence animal studies might not be essential
before proceeding to clinical trials in humans.

Translation to clinical studies. As described above, the
transition from in vitro screening to the clinic in the
probiotic field is not always straightforward. In particular
for CRS and AR, clinical studies investigating
the potential of topical URT probiotics are limited. The
L. casei AMBR2 strain that we have tested in a nasal
spray in healthy volunteers showed to be safe, and the
strain was able to temporally colonize the URT, which
we hypothesize can be attributed to its adaptation
potential to the URT. Further application of this strain in
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CRS patients is thus of great interest and is currently
being explored by our research group. To the best of our
knowledge, only two published studies have yet
investigated the effects of topical probiotic treatment in
CRS patients, by using a probiotic nasal spray
(M�artensson et al., 2017) or sinus irrigations (Endam
et al., 2020). The randomized, double-blinded study by
M�artensson and colleagues investigated the previously
mentioned nasal spray device with a mixture of 13
honeybee LAB (1011 CFU ml-1) in CRSsNP patients, of
which 14 out of 20 participants had previously
undergone surgery, compared with placebo (M�artensson
et al., 2017). SNOT-22 questionnaires, changes in the
microbial community and inflammatory markers in nasal
lavage fluids were monitored, but no differences
between probiotic treatment and control groups were
observed. As previously described, a possible
explanation might be that the LAB strains that were used
are not adapted to the URT. In the other study, CRS
patients with previous undergone FESS were recruited
and received intranasal irrigation with Lactococcus lactis
W136 for two weeks (Endam et al., 2020). The origin of
L. lactis W136 is not well-described in the paper, but
Lactococcus is often detected in URT microbiome
studies in healthy subjects (Laufer et al., 2011; Pettigrew
et al., 2012; De Boeck et al., 2017). Moreover,
Desrosiers and colleagues postulate that the cocci form
could be important, since the common nasal commensal
coccus Staphylococcus epidermidis has been shown to
have probiotic potential against URT pathogen S. aureus
in a mouse model (Cleland et al., 2014). However, due
to safety reasons, the authors mention that the use of
this potential pathogenic S. epidermidis is not ideal for
CRS. The nasal irrigations with L. lactis W136 were
overall found to be well tolerated. During and up to two
weeks after the treatment, significant improvements in
symptoms and quality of life were noted based on
several parameters including the sinonasal outcome test
22 (SNOT-22). Mean SNOT-22 scores significantly
reduced from 41 at day 0 to 36 at day 28 (95% CI:
27.28–46.87). In comparison, the study of M�artensson
and colleagues also evaluated SNOT-22 scores but did
not observe significant differences between the treated
groups (M�artensson et al., 2017). Both studies thus
highlight the feasibility for topical administration of LAB
in the URT, but also pinpoint that proper selection of
probiotic strains is essential. In addition to possible
strain-specific effects, also other considerations should
be addressed, such as the dose and formulation of the
probiotic strains (Broeckx et al., 2017; Kiekens et al.,
2019; Jokicevic et al., 2020). According to the definition,
an ‘adequate amount’ of the probiotic is needed;
however, the set-up of dose-response curves for
probiotics is difficult (Ouwehand, 2017) and clinical

studies on probiotic dose-response curves in the URT
are currently lacking.

Regulatory framework. The future of probiotics in the
field of human diseases is currently highly challenging
due to the lack of a well-designed regulatory framework
for probiotic and microbiome-derived products. The route
of probiotic administration has a direct impact on the
regulatory framework for the product. While oral
probiotics with nutritional or physiological health claims
are regulated by the European Food Safety Authority
(EFSA), for example as functional foods, for clinical URT
applications probiotics would rather be regulated as
medical or pharmaceutical products in Europe by the
European Medicines Agency (EMA). Such regulations
typically require rigorous testing to demonstrate
appropriate quality, efficacy and safety evidence of the
product. Currently, the European pharmaceutical
regulation is not adapted for the marketing of products
containing active microorganisms. In the United States,
the regulation falls under the FDA that introduced a
guidance document for the use of life biotherapeutic
products (LBPs) in early clinical trials (FDA, 2016). In
this document, an LBP is defined as a biological product
that (i) contains live organisms, such as bacteria; (ii) is
applicable to the prevention, treatment or cure of a
disease or condition of human beings and (iii) is not a
vaccine. So the term LBPs is more used for medical
claims and purposes. Changes in the current regulation
are thus inevitable as the probiotic field evolves towards
topical application in novel body niches, such as the
URT.

Conclusion

The need for alternative therapies for CRS and other
URT diseases, such as OM, is high among the general
population. URT probiotics, including both the traditional
Lactobacillales and next-generation candidate probiotics
(e.g., Dolosigranulum), can offer a natural solution to
standard treatment options that often fail or have known
side effects. Although the field is still rather uncharted
compared with for instance gut probiotic research, the
use of topically applied probiotics is of interest since they
can broadly act on different aspects of URT diseases
due to their multifactorial modes of action: microbiome
restoration, antimicrobial activity, immunomodulation and
barrier enhancement.
To substantiate the choice and efficacy of URT probi-

otics, clinical studies investigating the targeted applica-
tion of probiotics in the URT are urgently needed, as
well as adjusted preclinical pipelines that include com-
plex in vitro screening models as alternative to animal
models. This review aimed to emphasize that future
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studies should focus not only on the probiotic properties,
but also on the use of probiotic isolates that are adapted
to the unique environment of the URT and can thus pro-
vide temporary colonization and site-specific beneficial
effects.
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