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Abstract: Chronic rhinosinusitis (CRS) is a highly prevalent disease and up to 83% of CRS patients
suffer from olfactory dysfunction (OD). Because OD is specifically seen in those CRS patients that
present with a type 2 eosinophilic inflammation, it is believed that type 2 inflammatory mediators at
the level of the olfactory epithelium are involved in the development of this olfactory loss. However,
due to the difficulties in obtaining tissue from the olfactory epithelium, little is known about the true
mechanisms of inflammatory OD. Thanks to the COVID-19 pandemic, interest in olfaction has been
growing rapidly and several studies have been focusing on disease mechanisms of OD in inflamma-
tory conditions. In this paper, we summarize the most recent data exploring the pathophysiological
mechanisms underlying OD in CRS. We also review what is known about the potential capacity of
olfactory recovery of the currently available treatments in those patients.
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1. Introduction

“Olfaction” or “the sense of smell” is a chemosensory system that plays a major role
in our daily life. Besides its role in detecting environmental hazards, it also has a great
influence on our nutritional and social behaviours.

Although olfactory dysfunction (OD) is usually considered a trivial problem, it can
severely impact an individual’s quality of life. Patients encounter mood changes, difficulties
enjoying and preparing food lead to decreased appetite and weight changes, safety and
vulnerability issues arise due to the difficulty to detect spoiled food, gas, or fire-related
smoke, insecurities by not detecting their body odor, decreased ability to perform at
the workplace especially when olfaction is required, and difficulties in social and sexual
interactions [1–3]. The interest in smell and the consequences of OD grew dramatically
during the SARS-CoV-2 pandemic in 2019, when a substantial part of the population
suddenly experienced the disadvantages linked to OD. This has brought OD to the forefront
of public awareness, leading to a steep increase in scientific publications on the subject [2].

Olfactory perception may occur through two different pathways: the ortho- and
retronasal routes. Orthonasal perception occurs via odorants that are inhaled through the
nose and reach the olfactory cleft. Retronasal perception comes from odorants originating
from the oral cavity (i.e., food) that reach the olfactory cleft through the oro- and nasophar-
ynx. This retronasal perception plays an important role in flavour perception and is often
mistakenly confused with taste [2,4].

OD has been described as conductive, sensorineural, or central. Conductive OD
results from the blocking of the nasal cavity, thereby preventing odorants from reaching
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the olfactory epithelium. Sensorineural OD occurs when neurons are unable to transmit
the sensory information due to OE damage. Finally, OD is described as central if caused
by injury of the central pathways [2]. Apart from aging, the leading cause of OD is sino-
nasal diseases, defined by an inflammation of the nose and/or paranasal sinuses, being
responsible for 67% of OD in patients presenting to smell centres [5]. Among the sino-nasal
diseases, chronic rhinosinusitis (CRS) is the main cause of OD, accounting for 14–30% of
cases (Figure 1) [2,5,6]. OD is mostly a well-known hallmark symptom of CRS, with it even
being adopted in the definition of CRS [7]. OD can also occur in allergic rhinitis but is less
prevalent and less severe than in CRS [7,8].
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CRS is an inflammatory disease of the nasal mucosa and paranasal sinuses and is a
frequent health problem affecting 5 to 12% of the general population [7]. It is characterised
by symptoms of nasal congestion, rhinorrhoea, facial pressure, and smell loss lasting for
more than 12 weeks [7]. In addition to the substantial socio-economic burden, due to
healthcare costs, patients’ absenteeism at work, or patients’ loss of work productivity, CRS
is known to have a serious impact on the quality of life of affected individuals [9].

CRS can be classified into CRS with (CRSwNP) or without (CRSsNP) nasal polyps.
Interestingly, in CRSwNP patients, OD is considered as one of the most frustrating aspects
of the disease, highlighting the burden of OD [10]. Although most studies only analysed
the orthonasal perception, some others found that retronasal perception is also impacted in
CRS patients [11–13] but less than orthonasal function [11]. Unfortunately, mechanisms
of OD in CRS remain largely unknown, which hampers an adequate management of this
invalidating phenomenon.

In this review, we aim to summarize the most recent knowledge on pathophysiology
of CRS-induced OD. We also review what is known about the smell recovering capacities
of the currently available treatments for OD in CRS. By doing so, we want to highlight the
knowledge gaps and pinpoint the unmet needs in basic and clinical research.

2. Epidemiology

Olfactory dysfunction (OD) is quite common. A recent systematic review estimated
it to impact up to 29% of the general adult population [14]. This review used data from
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studies recruiting patients in the general population, not only focusing on a specific disease
or olfactory complaints.

When looking at the different causes of OD, we have to rely on a population of patients
presenting themselves in specialized smell and taste clinics. In this population, olfactory
loss has been shown to be multifactorial, with causes being sino-nasal diseases (67%),
viral infections (14%), head trauma (6%), iatrogenic causes (3%), exposure to toxins (1%),
and congenital abnormalities (1%) (Figure 1) [5]. In 8% of the cases, no clear cause could
be detected, and those patients are addressed as suffering from idiopathic OD [5]. It is
important to mention that due to a previous lack of interest in OD, a substantial number of
OD patients never consulted a smell specialist for their problem and are managed by their
general practitioner or not managed at all. Therefore, the true real-life numbers of causal
factors might be skewed.

As mentioned above, the major sino-nasal disease that causes OD is CRS, rather than
allergic rhinitis. A systematic review showed that 78% of CRS patients were found to suffer
from OD [15]. When focusing on the different CRS phenotypes, OD prevalence rose to 94%
in CRSwNP patients [15]. Regarding the CRSsNP subgroup, numbers are lacking since
studies do not tend to report this phenotype as a distinct subgroup in their analysis [15].
It must be noted that studies investigating OD epidemiology are very heterogeneous,
assessing olfaction by means of different, and sometimes non-validated, olfactory tests.
Some of these studies are based on self-rated smell tests, which have a poor reliability
since it has been shown that the average sensitivity of self-rated OD was not higher than
20% [16].

OD associated with sino-nasal disease shows some specific characteristics compared to
other types of OD. CRS-related OD tends to occur gradually, and fluctuates over time [17].
Fluctuation of OD is found to be a factor closely associated to CRS-related OD. Also, OD in
CRS rarely improves without treatment and parosmia is not commonly present [18–20].

3. The Olfactory System in the Healthy Individual

Most of the human nasal mucosa is comprised of the non-olfactory multi-layered
respiratory mucosa [21]. The olfactory epithelium (OE) is located in the higher regions of
the nasal cavity. It covers the medial part of the superior turbinate, the anterior, middle,
and superior part of the middle turbinate, and the posterior region of the septum [22,23].
It presents different cell types: the sensory olfactory neurons (OSNs), the sustentacular
cells, the microvillar cells, Bowman’s gland, and the basal cells [21,24]. OSNs are neurons
that transmit olfactory information, sustentacular cells are supporting cells with protective
functions toward neurons, Bowman’s glands produce the mucus covering the OE, and
basal cells form the progenitor compartment of the OE. Microvillar cells have a so far
unknown, probably chemosensory, function in the OE [21,24].

When individuals breathe or swallow, odorants are carried to the OE. At the mucosal
level, these odorants bind to the olfactory binding proteins (OBPs) in order to cross the
mucus layer that covers the OE [25]. Once they reach the OE, they can bind and activate
the olfactory receptors (OR) present on the cilia of the OSNs, inducing their depolarisation.
The subsequent olfactory signal is sent to the central part of the olfactory system via the
olfactory nerves, which are formed by the axons of OSNs. OSNs express the same OR
project to the same glomerulus. Of note, odorants can bind to different receptors and
receptors recognize different odorants. The perceived odor would result from a pattern of
activation [24].

Following organization through the olfactory bulb, the information reaches the olfac-
tory cortex (consisting of the anterior olfactory nucleus, olfactory tubercle, piriform cortex,
anterior cortical amygdaloid nucleus, periamygdaloid cortex, and lateral entorhinal cortex)
and other brain regions such as the orbitofrontal cortex, the insular cortex, the thalamus,
the hypothalamus, and hippocampus [21,24].
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Due to its direct contact with the external environment, the OE is vulnerable to damage
caused by toxins, pathogens, or trauma. Those would constantly impact its olfactory
function were it not for its ability of neurogenesis [26–34].

In 1940, it was shown that the OE undergoes a continuous turnover through life and
is able to regenerate after injury. This is elicited by two types of multipotent olfactory
progenitor cells situated at the basal pole of the epithelium: globose basal cells (GBCs) and
horizontal basal cells (HBCs). Several studies demonstrated that both types of basal cells can
regenerate both neuronal and non-neuronal cells of the OE [33,35–40]. In normal and acute
conditions, GBCs are believed to be responsible for the turnover of the OE. HBCs, on the
other hand, are believed to start differentiating only in case of severe injury [24,27,35,41,42].

4. Disease Mechanisms of Olfactory Loss in Chronic Rhinosinusitis
4.1. Conductive Problems

Several decades ago, it was believed that OD in CRS was due to a conduction problem,
resulting from the obstruction of the nasal airways by nasal polyps or congestion of the nasal
mucosa [43]. Computational modelling and imaging studies have indeed demonstrated
that small changes in the volume of specific parts of the nasal cavity, such as the nasal valve
region or the upper and inferior meatus, might modify the airflow and the effectiveness
of odorants in reaching the olfactory cleft (OC) [44,45]. Some patients even present with a
specific anatomical obstruction of the OC (olfactory cleft syndrome), leading to a decreased
olfactory sensitivity [46].

However, the conductive hypothesis alone cannot explain all ODs observed in CRS,
since we know that a substantial number of patients retain an OD despite surgery to remove
polyps or increase the nasal airflow [7].

The problem of odorant conduction might also be at the level of the OC mucus
(Figure 2). The mucus layer that covers the OE contains proteins such as OBPs that
facilitate the penetration of odorants through the mucus layer, or olfactory metabolizing
enzymes that eliminate odorants. These proteins are known to play an important role
in transmitting the olfactory signal [47,48]. A study on 30 CRS patients found an altered
proteomic profile of the OC mucus in both CRSwNP and CRSsNP patients, showing fewer
OBPs and metabolizing enzymes in CRS compared to controls. One can speculate that
this alteration of OC mucus proteome in CRS might lead to an inadequate transmission of
odorants to the OE, resulting in OD [25].

4.2. Local Inflammation

In addition to odorant conduction problems, other studies suggest that inflamma-
tion at the level of the sino-nasal mucosa plays a role in the development of OD in CRS
(Figure 2) [43,49–51]. As mentioned above, CRS is characterized by two phenotypes, CR-
SwNP and CRSsNP. In the more recent guidelines, this phenotype-based classification has
shifted to a categorization based on the sino-nasal inflammatory endotype [7]. Endotypes
are defined as either type 2 (T2) or type 1/type3 (non-T2) inflammation, depending on
the primary cytokines and effector cells involved. T2 inflammation is characterized by the
presence of type 2 innate lymphoid cells (ILC2s) and T helper (Th) 2 cells that produce
IL-4, IL-5, and IL-13 and recruit eosinophils to the nasal and sinus mucosa. Non-T2 inflam-
mation is characterized by the secretion of more general inflammatory cytokines such as
IL-8, IFNy, and IL-6 but also IL-17 and IL-22, being produced, respectively, by Th1, Th17,
or Th22 cells. They typically recruit neutrophils to the nasal and sinus mucosa [52]. It is
important to note that mixed endotypes exist and that the association between endotypes
and phenotypes varies according to geographical regions. In Western countries, CRSwNP
is usually associated with a T2 inflammation, and Western CRSsNP patients present with
a 50-50 division among the two endotypes [53,54]. Asian CRSwNP patients, however,
present more frequently with a non-T2 endotype, as do patients that present with CRSwNP
and a cystic fibrosis background [55,56].
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A biopsy study from 2000 has shown that the OE of CRS patients is capable of mount-
ing an inflammatory response involving the influx of inflammatory cells such as lympho-
cytes, macrophages, and eosinophils [43]. The presence of these inflammatory cells was,
in most cases, linked to a defective olfactory function, as measured by the UPSIT smell
test. The authors also showed degeneration of the OE that was overlying pockets of these
inflammatory cells, suggesting that this chronic inflammation can be toxic to OSNs, leading
to cell death and subsequent OD [43]. The toxic features might depend on the type of
inflammation present at the level of the OE.

4.2.1. Type-2 Inflammation

Eosinophils are the major effector cells of the T2-inflammation endotype [57]. Eosinophils
are known to release proteins that are cytotoxic for epithelia, such as major basic protein
(MBP), eosinophil cationic protein (ECP), and eosinophil peroxidase (EPO) (Figure 2) [58,59].
In his biopsy study from 2000, Kern showed the presence of eosinophils in the lamina
propria of the OE, as well as extensive inflammatory response around the nerve bundles
in a severe CRSwNP patient [43]. A study in 65 CRSwNP patients demonstrated that a
positive correlation existed between SST scores and blood eosinophilia [60]. In a biopsy
study from 2017, the presence of eosinophils in superior turbinate biopsies of 73 CRS
patients was shown to correlate with OD, as measured by SST, even after controlling for
nasal polyps’ status [61]. Eosinophils are also known to produce galectin-10, a protein that
forms Charcot Leyden crystals, which are a marker of cell death and are mostly seen in
patients with severe CRSwNP (Figure 2) [62]. Liu and colleagues found elevated galectin-10
levels in the OC mucus and superior turbinate biopsies of CRS patients presenting with
OD when compared to CRS patients without OD, as well as a negative correlation between
galectin-10 level and olfactory score, as measured by SST [63]. T2-associated cytokines
could also contribute to the destruction of the OE (Figure 2). A clinical study looking at
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nasal secretions showed a link between nasal IL-5 levels and psychophysical tested smell
reduction in CRS patients [64]. A second study on a Chinese population demonstrated that
the presence of T2 inflammatory cytokines IL-4 and IL-5 in mucus from the middle meatus
of CRSwNP patients positively correlated with the severity of OD measured by SST [65].

These findings from human studies are also supported by murine data. A company-
sponsored study demonstrated impaired neurogenesis in a validated mouse model of T2
CRS based on ovalbumin (OVA) and S. aureus enterotoxin administration [66]. Although
they were unable to prove OD in these mice by using an olfactory encephalogram and
behavioural tests, transcriptomic and histology analyses indicated an increase in OSN
apoptosis in the eosinophilic-rich OE with decreased numbers of immature olfactory
neurons, possibly due to a decreased cell renewal.

Another more recent murine study using a model of OVA/Aspergillus induced T2
CRS was able to show an OD by means of behavioural testing, and confirmed the presence
of T2 inflammation at the level of the olfactory bulb with the presence of reduced matures
olfactory sensory neurons [67].

4.2.2. Non-Type 2 Inflammation

The non-T2 inflammation endotype, which is mostly seen in CRSsNP, is typically
characterized by an influx of neutrophils in the sino-nasal mucosa [68]. Neutrophils
produce granulocyte-macrophage colony-stimulating factor (GM-CSF) and oncostatin M
(OSM). GM-CSF is a chemoattractant for neutrophils; it will induce their production of
OSM and increase their survival. Chronic production of OSM was shown to induce barrier
dysfunction of nasal epithelial cells (Figure 2) [69].

To our knowledge, no studies have been performed that demonstrate the presence
of neutrophils in the OE of (non-T2) CRS patients. This can be explained by the fact that
from the few studies that have been performed, most of them focused on T2 CRSwNP
patients. Animal studies, however, have shown (for example, in hamsters) that neutrophilic
influx of the OE after SARS-CoV-2 infection in hamsters was the driving factor for epithelia
disruption [70]. Therefore, it can be speculated that the OE from non-T2 or mixed-type CRS
patients might be invaded with neutrophils that contribute to the epithelial destruction and
subsequently to OD.

One study in the Chinese CRS population has investigated the role of non-T2 cytokines
in CRS-related OD. They found a negative correlation between the presence of the T1-
inflammatory cytokine TNF-α in mucus from the middle meatus of CRSwNP patients and
SST results [65]. A 4-month treatment with TNF-α inhibitors was also shown to significantly
improve the olfactory function, measured by SST, of 12 patients suffering from another
inflammatory disease, inflammatory bowel disease [71].

This finding is also supported by data from animal experiments. A mouse model
of inducible olfactory inflammation, through controlled expression of TNF-α in the OE,
showed decreased odorant response by electro-olfactogram recordings and loss of OSNs.
The histologic changes observed were reversible once the inflammation was not induced.
Authors hypothesized that inflammatory cytokines act on neuronal sensitivity through a
calcium-mediated pathway or induce recruitment of inflammatory cells leading to damage
of OSNs axons by macrophages and apoptosis (Figure 2) [72]. Furthermore, the knocking-
out of the TNF-α receptor 1 (TNFR1) or receptor 2 (TNFR2) in the same mouse model
prevented neuronal loss [73,74]. OSN apoptosis due to TNF-α simulation was also observed
previously in vitro in organotypic cultures developed from rat olfactory mucosa [75].

TNF-α regulates cell proliferation, differentiation, and apoptosis through the NF-
κB and JNK pathway and caspase cascade [76,77]. In a more recent study using the
same inducible inflammation mouse model, the inflammatory TNF-α effect on OE was
shown to be mediated through the NF-κB pathway. During chronic inflammation, HBCs
would prevent the regeneration of the olfactory epithelium by shifting from differentiating
to dormant state. They also participate actively in the inflammation by producing NF-
κB-related chemokines, themselves recruiting inflammatory cells such as macrophages
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(Figure 2). The authors hypothesized that this mechanism would be a strategy adopted by
the cells to maintain their ability to efficiently repair the epithelium once the inflammation
is resolved [78]. Inhibition of basal progenitor cell proliferation could be mediated through
TNFR2 activation [74].

4.3. Other Potential Mechanistic Drivers

In addition to the inflammatory mediators and conduction problems, the microbiome
might also play a role in CRS-induced OD. Although it has been shown that the general
number of microbes in the nose and sinuses is similar between CRS patients and controls,
CRS is characterized by a reduced microbial diversity at the level of the sino-nasal tract,
which is defined as dysbiosis (Figure 2) [49]. Dysbiosis has already been shown in OD
patients with a significantly decreased diversity in anosmic patients compared to hyposmic
and normosmic, but only when focusing on the discrimination score of the SST [79].
Interestingly, in CRS patients, this reduction in microbial diversity has shown to be more
pronounced in patients with OD compared to patients without OD, as measured by SST;
their composition differs between the two groups [49].

Another phenomenon that could contribute to the CRS-induced OD is olfactory meta-
plasia (Figure 2). It has been demonstrated that after injury of the OE, some areas are not
regenerated, and instead show some squamous or respiratory morphology. This condi-
tion is seen in sino-nasal disease when recurrent infection or epithelial damage induces
irreversible damage, resulting in permanent OD [80]. In a biopsy study from 2010, both
nasal biopsies of CRS patients and healthy controls showed a heterogeneous OE with squa-
mous metaplasia by immunohistochemistry [81]. However, severe squamous metaplasia,
determined qualitatively by observation of OE layers and cells shape, was only observed
in CRS patients. Results also showed differences in the number of normal OSNs with 24%
in CRS patients compared to 45% in healthy controls as well as a more severe erosion of
the OE in CRS patients [81]. A more recent study observed OE regeneration after surgical
lesion of rat OE [82]. Resections of the olfactory mucosa present on the nasal septum
were analysed by immunohistochemistry at 0, 30, and 90 days after surgery. The authors
observed regeneration of the OE after 30 days followed by its degeneration into squamous
or ciliated epithelia after 90 days with presence of connective tissue [82]. Furthermore, the
influx of macrophages in the tissue was higher after 90 days than after 30 days, questioning
the role of inflammation in metaplasia [82]. This OE metaplasia was also shown in a rat
lesioned OE. Rats were exposed to methylbromide gas for 6 h in order to injure their OE.
Results showed increased cellular proliferation after 1 or 2 days followed by a regeneration
of a morphologic normal OE after 8 weeks [33]. However, some areas present impaired
regeneration of OE and transition to a respiratory epithelium [33].

4.4. Central Abnormalities

It needs to be noted that OD in CRS is also associated with an alteration of the central
olfactory system since it was demonstrated that the olfactory bulb volume was diminished
in CRS patients. The most probable explanation is a bottom-up effect resulting from sensory
deprivation and/or injury of the OSNs decrease projections to the olfactory bulb, reducing
its volume [83]. A second study investigating volumetry of central olfactory-related brain
regions showed no difference in OB volume in CRS patients compared to healthy controls
but a reduced volume of grey matter in some regions of the secondary olfactory cortex,
such as the orbitofrontal cortex, the right insula, and the left thalamus in CRS patients with
severe OD [84]. Processes behind the impairment of the central regions remain unknown
but it may contribute especially to long-lasting smell loss in CRS patients.

4.5. Trigeminal System

In addition to the olfactory bulb system, the nasal mucosa is also innervated by a
second sensory nerve, the trigeminal system. Many odorants also activate the intranasal
chemosensory trigeminal system where they produce cooling and other somatic sensations
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such as tingling, burning, or stinging [85]. In addition to odorants, the trigeminal nerve is
also activated by all kinds of chemical, mechanical, and thermal stimuli that are entering
the nose [85]. As is seen for the olfactory system, several studies showed a decreased
trigeminal sensitivity in CRS patients [86–89] probably due to an increase in the trigeminal
threshold [89]. They showed that the effect of inflammation on the trigeminal system could
depend on the duration of the inflammation with acute inducing hypersensibility and
chronic hyposensibility [90]. Another explanation might be the acquired olfactory loss that
has shown to lead to reduced trigeminal sensitivity [89].

5. Current Treatment Options for CRS-Induced OD and Their Impact on
Olfactory Recovery

Management of CRS, including olfactory symptoms, is based on either European [7]
or American [91] guidelines. The guidelines are generally built around three main pillars
of treatment modalities: standard medical therapy, surgery, and biotherapy [2].

5.1. Standard Medical Therapy

Due to its general and potent anti-inflammatory characteristics, corticosteroids by
different administration routes are considered to be the mainstay therapy of CRS [7]. The
most recent position paper on OD recommend the use of systemic (short courses) and/or
intranasal (long-term) corticosteroids for managing OD in patients with CRS [2], taking
into account the potential and well-known side effects of these drugs [92].

5.1.1. Topical Intranasal Corticosteroids

A large systemic review including 18 randomised controlled trials and more than 2700
CRS patients found moderate quality evidence for the use of intranasal corticosteroids in
the improvement of CRS-induced OD [93]. However, the included studies reported very
inconsistent results.

This variable effect of topical corticosteroids on OD could be explained by the fact that
the narrow OC is situated in the superior apex of the nasal cavities around 7 cm away from
the vestibulum, and the resulting difficulty to be reached by topical drugs. This could be
worsened by the presence of anatomical abnormalities such as septal deviations. Several
studies have investigated this issue [93], showing that nasal spray is mostly deposited in
the anterior part of the nasal cavity, while drops can reach further parts of the nasal cavity
depending on the head position [93–95]. In the Kateiki position, where the patient lies on
his/her side with the head tilted and chin turned upwards [93], nasal drops have been
shown to reach the OC in 96% of decongested noses and in 75% of the non-decongested
noses, and therefore seems to be the preferred choice. High-volume devices that deliver
more than 50 mL to the nasal cavities, such as squeeze bottles and irrigation devices, might
perform better [93], as shown by two studies where irrigation reached the olfactory cleft in
most cases [95,96].

5.1.2. Oral Corticosteroids

Systemic corticosteroids have generally been shown to be more effective than topical
corticosteroids in the treatment of CRS-related OD. A systematic review from 2014 found
eight randomized control trials including more than 400 CRS patient with OD [97]. Sub-
jective improvement of olfaction after a short course of oral steroids was reported over
placebo in seven of them. Two of these studies also included psychophysical smell testing,
confirming the beneficial effect of oral steroids over placebo. Five of these studies investi-
gated the combination of a two-week course of oral steroids followed by a course of topical
steroids of a variable duration. Considering psychophysical smell testing, they all failed to
show a beneficial effect at more than 12 weeks after stopping the oral steroid course.

The only study that showed a beneficial effect of oral steroids in the long-term is a
more recent Greek study of 140 CRSwNP patients that was published after the systematic
review. They showed that CRSwNP patients treated with 1 week of oral dexamethasone



Int. J. Mol. Sci. 2024, 25, 4460 9 of 18

(0.1 mg/kg/d) and oral omeprazole (20 mg/d), followed by 12 weeks of budesonide nasal
spray (200 ug/d) and nasal douches, presented a significant improvement of psychophysi-
cal tested olfaction compared to CRSwNP patients treated with the budesonide spray and
nasal douching only. This difference between both groups was significant after 2 weeks and
remained so after 12 and 24 weeks of treatment [98]. According to these results, it seems
that the combination of oral and intranasal corticosteroids significantly improves olfaction
in CRSwNP patients at least in the short term.

Little is known about the potential regenerative effect of corticosteroids on the OE.
In general corticosteroids diffuse across the cell membranes to bind to the glucocorticoid
receptor. This will lead to the transcription of anti-inflammatory genes leading to an inhibi-
tion of inflammatory cells and mediators [99]. At the level of the respiratory epithelium,
they have also been shown to increase the epithelial integrity and barrier effect [100,101]. At
the level of the OE, however, no data are available in the human setting. In an in vitro study
with murine OE, it has been shown that the application of dexamethasone on neurospheres
derived from mouse OE cells showed a reduced neurosphere formation in steroid-treated
cells [102]. Authors showed the impact of the steroids on the mTOR pathway, leading to
impaired protein synthesis. Although these results should be interpreted with caution
because of the ex vivo non-human setting and the difficulties translating local drug concen-
trations, these results might indicate that corticosteroids could have a negative effect on the
regenerative capacities of the OE. More studies are needed to confirm these findings in and
ex vivo and to determine whether this is a true phenomenon.

5.1.3. Other Medical Treatments

Apart from steroids, long-term antibiotics are included in the guidelines as a possible
treatment option of CRS in case of failure of other medical treatments. To our knowledge,
only one study investigated the effect of oral doxycycline on olfactory loss in CRSwNP
patients. Patients were treated for 20 days (decreasing from 200 to 100 mg/d), and their
olfaction was measured at baseline and after 1, 2, 4, 8, and 12 weeks. Results did not show
any effect of treatment on olfaction after 12 weeks compared to baseline and placebo [103].
The MACS study also evaluated the effect of one antibiotic, azithromycin, on olfactory
function in CRSwNP and CRSsNP patients and did not find any significant difference
either between treatment and placebo after 12 weeks [104].

Another possible treatment is targeting fungi that are thought to exaggerate the
inflammatory response in CRS. A study on 116 CRS patients, testing their sense of smell by
mean of a visual analogue scale, did not show any significant difference between placebo
and treatment with amphotericin B after three months [105].

Finally, the effect of two months of herbal treatment on olfactory loss in patients with
sino-nasal disease was also tested as an alternative treatment but no significant difference
was seen between treated and control groups [106].

5.2. Surgery

For CRS patients remaining symptomatic despite adequate medical treatment, func-
tional endoscopic sinus surgery (FESS) is the treatment of choice. The goal of this surgery
is to remove diseased and/or polypoid tissue and to open up the sinus cavities between
the orbits and the skull base in order to have better access of topical treatments to the sinus
mucosa. Apart from polyp debulking, the region of the OC is generally left untouched.
Although Cochrane reviews have been published on the effectiveness of surgery in CRS,
olfaction is not readily discussed as an outcome. Despite this, a meta-analysis on studies
assessing olfaction after FESS for CRS showed that olfaction improved in CRS patients un-
dergoing FESS according to nearly every measure of subjective and objective olfaction [107].
Differences were seen based on polyp state and the severity of preoperative OD. The sur-
gical benefit seemed to be better in CRSwNP compared to CRSsNP. In addition, anosmic
patients seemed to show a better OD improvement compared to hyposmic and normosmic
patients [108]. Primary FESS patients showed a stronger improvement in olfactory function
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compared to patients undergoing revision surgery [109]. The updated position paper on
OD currently recommends FESS for OD caused by all types of CRS [2].

Mechanistically, ESS improves the conduction of the odorants towards the OE by
removing the obstructive polyps and therefore allowing the odorants to reach the OC. It also
facilitates the contact of topical nasal steroids with the OE after surgery. Interestingly, two
studies showed that post-operative olfactory improvement in CRS patients after FESS was
associated with an increase in bulb volume [110] and a functional and structural plasticity
of the central olfactory system at the level of the orbitofrontal cortex, anterior cingulate
cortex, insular cortex, and temporal poles with an increased activity but a decreased volume
of grey matter [111]. This suggests that surgery may facilitate neurogenesis at the olfactory
mucosa with an additional effect on the central olfactory system.

5.3. Biotherapy

Monoclonal antibodies are increasingly being used in the treatment of CRS. Because of
their pricing and unknown adverse effects in the long-term, they are reserved for patients
with severe and uncontrolled disease, despite maximal medical and surgical therapy. Cur-
rently, three monoclonal antibodies have been approved by European Medicines Agency
and Food and Drug Administration for the treatment of type 2 CRSwNP: omalizumab
(anti-IgE), mepolizumab (anti-IL5), and dupilumab (anti-IL4Rα) [112].

Omalizumab blocks the activity of circulating IgE and has shown to significantly
improve olfaction of CRSwNP patients in the POLYP1 and POLYP2 studies [113]. Their
sense of smell was assessed by The University of Pennsylvania Smell Identification Test
(UPSIT) at baseline and after 8 weeks, 16 weeks, and 24 weeks of treatment. UPSIT scores
significantly improved after omalizumab treatment until the end of screening compared to
placebo and baseline [113]. Omalizumab was also shown to significantly improve subjective
olfaction in CRSwNP treated patients compared to placebo-treated patients progressively
until week 16 [114].

Dupilumab is an antibody directed towards the IL-4 receptor alpha subunit (IL-4Rα),
which is a part of both IL-4 and IL-13 receptors and has therefore a dual inhibitory function
on these T2 related cytokines. The SINUS-24 and SINUS-52 studies evaluated the effect of
dupilumab on CRSwNP patient’s olfaction. The study showed a significant and pronounced
reduction of smell loss in CRSwNP patients compared to baseline and placebo-treated
patients as measured by the UPSIT at 24 weeks [115].

Mepolizumab is a third monoclonal antibody that binds and blocks circulating IL-
5, the main cytokine for eosinophil recruitment and activation. In the SYNAPSE study,
CRSwNP were given mepolizumab or a placebo in combination with standard care, and
olfaction was assessed using the UPSIT every 8 weeks [116]. Interestingly, this treatment
did not show a significant effect on olfactory function after 52 weeks.

Currently, there are no head-to-head studies available that compare the effects of
these monoclonal antibodies on olfactory function. However, two recent meta-analyses,
including RCTs and real-world studies, suggest a superior effect of dupilumab over both
other biotherapies regarding both subjective and objective smell recovery [117,118].

All three of these antibodies are known to block the T2 inflammatory cascade by
targeting a different molecule of the T2 pathway. Why blocking the IL-4Rα seems to be
more effective in recovering olfactory function than blocking IL-5 or IgE remains unknown.
Preliminary evidence has shown that murine OSNs and immature neurons express the
IL-4Rα [119]. These researchers also demonstrated that both IL-4 and IL-13 significantly
increased calcium uptake in murine OSNs and that intranasal administration of IL-4, but
not IL-13, induced anosmia in mice. These findings suggest a potential beneficial effect of
blocking IL-4 actions on OD.
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5.4. Saline Nasal Irrigation

Guidelines in the management of CRS also include nasal irrigation that might improve
nasal mucosa function by mechanical clearing, enhancement of mucociliary function,
washing of antigens, biofilms and inflammatory mediators, and hydration [7].

Saline nasal irrigation was shown to improve the olfactory dysfunction of CRS patients,
as shown by two studies observing a significant improvement of psychophysical tested
smell in CRS patients after 1 month of hypertonic Dead Sea salt irrigation or isotonic
saline [120,121].

Nasal irrigation is also recommended after surgery. Results of the effect on OD of
irrigation following surgery are disputed. Significant improvement of olfactory function
was shown in CRS patients following 1 month of saline solution irrigation using both bottle
and nasal spray [122], and after 4 months of hypertonic saline irrigation [123]. A third
study obtained the same results after analyzing the effect of 6 weeks of saline irrigation,
lactated Ringer’s irrigation, or hypertonic saline [124]. All solutions showed a significant
improvement, while lactated Ringer’s irrigation showed a significantly better one. On
the contrary, two studies analyzing the effect of 2-month treatment with electrolyzed acid
water or saline, or 12 weeks treatment with isotonic Sterimar™ or Sinus Rinse™, did not
find any significant effect on the sense of smell of CRS patients [125,126].

5.5. Olfactory Training

Another safe and effective treatment option that is now widely used for the manage-
ment of non-sino-nasal OD is olfactory training (OT). OT is the act of regularly sniffing or
exposing oneself to robust aromas with the intention of regaining the sense of smell in case
of OD [127].

In patients suffering from post-viral, post-traumatic, or idiopathic OD, 12 weeks of OT
improved olfactory function in 30% of patients [128]. Another study took into consideration
the same causes of OD, adding 12 patients with sino-nasal diseases. These patients were
treated with either OT in combination with topical corticosteroids or OT only for 8 months.
Olfaction was assessed by SST at baseline and after 4 and 8 months. While the OT and
topical corticosteroids group showed a significant improvement of OD after 8 months,
patients that received OT only showed a small and non-significant increase of olfactory
function after 4 months that was maintained after 8 months [129]. Differences in results
between both studies could result from the inclusion of the sino-nasal diseases in the
analysis, for which OT effect appears to be limited.

However, the potential positive effect of OT in CRS-induced OD was shown by another
study that looked at CRS (with and without nasal polyps) undergoing FESS. The authors
showed a significantly higher improvement in olfactory function 3 months after surgery
in those patients that followed OT compared to patients that did not perform OT [130].
Interestingly, pre-operative anosmic patients showed more improvement than hyposmic
patients [130].

So far, nothing is known about the mechanistic effect of OT in CRS patients with OD.
It is, however, known that exposure to odorants can influence the regenerative capacity of
the olfactory system [131–133], which forms the base of the concept of OT in non-sino-nasal
OD. It can be speculated that the persisting inflammatory environment might hamper the
effect of OT in sino-nasal OD patients. More studies that examine this very safe and cheap
management option for CRS-related OD are definitely needed, possibly in combination
with other treatment modalities such as steroids, surgery, and/or biologicals.

5.6. Aspirin Desensitization in Non-Steroidal Anti-Inflammatory Drug (NSAID)-Exacerbated
Respiratory Disease (NERD)

A certain proportion of CRSwNP suffer from N-ERD and they generally present as
the most severe subgroup, with the highest levels of T2 inflammation. Most of them suffer
from concomitant asthma and their respiratory symptoms are typically provoked by the
ingestion of aspirin or NSAIDs [134]. In these individuals, aspirin or NSAIDs trigger an
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abnormal immune response, leading to the overproduction of leukotrienes and subsequent
inflammation. This reaction is believed to be mediated by the enzyme cyclooxygenase-1
(COX-1), which is inhibited by aspirin and NSAIDs, leading to a shift in arachidonic acid
metabolism toward the production of leukotrienes.

The management of NERD patients with CRSwNP is similar to what has been de-
scribed above, in conjunction with strict avoidance of any NSAID or cross-reactive drugs.

In addition, it has been shown that this condition could be improved by aspirin
desensitization, which has also an impact on the OD experienced by those patients [7].
Aspirin treatment after desensitization with oral aspirin (ATAD) was shown to signifi-
cantly improve olfactory function in CRS patients after 6 months of treatment in several
studies [135–137].

6. Conclusions

OD is highly prevalent in patients suffering from CRS and especially those presenting
with nasal polyps. Despite the regenerative ability of the OE, olfaction remains chronically
impaired in most CRSwNP patients. The pathophysiology is not well understood because of
a lack of studies, partially due to the difficulties of taking biopsies, but interest in OD seems
to be rising. Different mechanisms such as conduction problems and OE inflammation
probably lie at the base of this invalidating phenomenon, but other mechanisms such as
microbial dysbiosis and epithelial metaplasia might also play a role.

For now, different treatments for CRS are available that deal, in a variable way, with
OD, which remains one of the most frustrating symptoms for these patients. We believe that
more studies are needed to gain a better insight into disease mechanisms of CRS-induced
OD as well as to recovery mechanisms. This will help us to improve our treatment selection
and to find better or more cost-effective treatments for affected patients.

The limitation of this review is that it was not addressed in a systematic way. We
searched the PubMed, ScienceDirect, and Scopus databases, using the terms “olfactory
dysfunction”, “chronic rhinosinusitis”, “mechanisms”, and “treatments”. Hand searching
of reference lists was also performed on included studies.
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