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Abstract
Purpose of Review Neurogenesis occurring in the olfactory epithelium is critical to continuously replace olfactory neurons 
to maintain olfactory function, but is impaired during chronic type 2 and non-type 2 inflammation of the upper airways. 
In this review, we describe the neurobiology of olfaction and the olfactory alterations in chronic rhinosinusitis with nasal 
polyps (type 2 inflammation) and post-viral acute rhinosinusitis (non-type 2 inflammation), highlighting the role of immune 
response attenuating olfactory neurogenesis as a possibly mechanism for the loss of smell in these diseases.
Recent Findings Several studies have provided relevant insights into the role of basal stem cells as direct participants in 
the progression of chronic inflammation identifying a functional switch away from a neuro-regenerative phenotype to one 
contributing to immune defense, a process that induces a deficient replacement of olfactory neurons. The interaction between 
olfactory stem cells and immune system might critically underlie ongoing loss of smell in type 2 and non-type 2 inflamma-
tory upper airway diseases.
Summary In this review, we describe the neurobiology of olfaction and the olfactory alterations in type 2 and non-type 2 
inflammatory upper airway diseases, highlighting the role of immune response attenuating olfactory neurogenesis, as a pos-
sibly mechanism for the lack of loss of smell recovery.

Keywords Olfaction · Chronic rhinosinusitis · Post-viral acute rhinosinusitis · Olfactory epithelium neurogenesis · Basal 
stem cells

Introduction

Despite the remarkable regenerative capacity of olfac- 
tory stem cells in the olfactory neuroepithelium, human 
olfactory deficits are common, especially in the setting of 

chronic inflammation, remaining their underlying cellular 
and molecular basis unwell understood.

Upper airway diseases (UAD) encompass a heterogene-
ous group of pathologies, acute or chronic, whose common 
pathophysiological process is inflammation of the nasal and 
paranasal sinus mucosa. Partial (hyposmia) or total (anos-
mia) loss of smell (LoS) is one of the predominant symp-
toms in these diseases which has an extraordinary negative 
impact on the patient’s quality of life, being able to cause 
depression and put the life of the patient in danger for not 
detecting odors of dangerous substances [1••]. One of the 
key mechanisms in the pathophysiology of LoS in inflam-
matory UAD is the inflammation that occurs in the olfactory 
mucosa.

Inflammatory responses can be classified into differ-
ent inflammatory endotypes, the type 2 and the non-type 
2 (type 1 and type 3), based on a unique signature profile 
composed of specific inflammatory mediators, immune 
cells, and physiologic functions [2]. Type 2 inflammation is 
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characterized by the presence of increased levels of proin-
flammatory Th2 cytokines as interleukin (IL)-4, IL-5, and 
IL-13 derived from T-helper 2 (Th2) cells and type 2 innate 
lymphoid cells (ILC2), alarmins IL-25, IL-33, and thymic 
stromal lymphopoietin (TSLP) secreted by epithelial cells, 
as well as recruitment and activation of eosinophils, together  
with an upregulation of local IgE [3]. Type 1 inflamma-
tion is characterized by preferential expression of interferon 
(IFN)-γ produced by Th1 cells, natural killer cells (NKs), 
and ILC1 cells [3]. Type 3 inflammation cytokines IL-17 and  
IL-22 are produced by Th17 cells and ILC3 cells. Neutrophil 
recruitment, activation, and proliferation occur after type 1 
and type 3 responses are activated.

Neurogenesis occurring in the olfactory epithelium is 
critical to continuously replace olfactory neurons to maintain 
olfactory function [4, 5••, 6], but is impaired during chronic 
type 2 and non-type 2 inflammation in the upper airways 
[7••, 8••]. Several studies have provided relevant insights 
into the role of basal stem cells as direct participants in the 
progression of chronic inflammation identifying a functional 
switch away from a neuro-regenerative phenotype to one 
contributing to immune defense, a process that induces a 
deficient replacement of olfactory neurons [8••, 9–13]. The 
interaction between olfactory stem cells and immune system 
might critically underlie ongoing LoS in type 2 and non-type 
2 inflammatory UAD.

Olfactory Dysfunction in Type 2 
and Non‑type 2 Inflammatory UAD

Chronic Rhinosinusitis

Chronic rhinosinusitis (CRS) is a heterogeneous, persistent, 
and highly prevalent inflammatory disease of the paranasal 
sinuses and nasal cavities, with a prevalence of approxi-
mately 5–12% in the general population, having a significant 
impact on quality of life (QoL) [14–16]. The main pheno-
types of CRS are with (CRSwNP) or without (CRSsNP) 
nasal polyps [14]. These two phenotypes have been consid-
ered to be characterized by distinct inflammatory endotypes 
(type 2 and type 1, respectively) [14, 17]; however, recently, 
it has been considered that inflammation in both CRSwNP 
and CRSsNP is highly heterogeneous and each phenotype 
can manifest the three inflammatory endotypes based on the 
elevation of canonical T-cell cytokines [3, 17].

CRSwNP is the more debilitating of the two phenotypes 
[14, 15], with patients experiencing a range of symptoms 
including nasal congestion/obstruction, anterior/posterior 
nasal discharge, pain/facial pressure, and reduction/loss 
of smell that persist for > 12 weeks [14]. CRSwNP, with a 
prevalence of 2–4% in western countries, is a predominantly 
type 2 inflammation leading to IgE antibody production and 

recruitment and activation of eosinophils, considered a path-
ological landmark of CRSwNP [14]. Although CRSwNP 
is more commonly affecting men, women often experi-
ence more severe inflammation and are more likely to have 
respiratory comorbidities such as N-ERD (non-steroidal 
anti-inflammatory drug (NSAID)-exacerbated respiratory 
disease) and asthma [16, 18, 19]. The recurrence rate is 
more than half in patients of CRSwNP who have signifi-
cantly higher eosinophilia, particularly in those with > 5% 
of peripheral blood eosinophils [20, 21].

Olfactory dysfunction is one of the cardinal symptoms of 
CRSwNP patients with 78% of patients presenting hypos-
mia or anosmia, with an extraordinary negative impact on 
the patient’s QoL [1••, 22–24]. Patients with LoS report 
reduced enjoyment of food potentially lead to eating disor-
ders, failure to smell rotten food, difficulty assessing per-
sonal hygiene, depression and social withdrawal, and other 
comorbidities [25, 26]. LoS is one of the most difficult to 
treat symptoms in patients with CRSwNP [1••, 22, 27] and 
correlates with disease severity [28, 29••, 30], being a key 
predictor of reduced QoL [1••, 31]. Even after endoscopic 
sinus surgery, 50% of patients still have no improvement in 
LoS [32].

The pathogenesis of LoS in CRSwNP remains unknown; 
however, several studies demonstrated that its severity is 
strongly associated with the expression of type 2 inflam-
mation biomarkers [33, 34, 35••, 36]. In this line, increased 
eosinophilia in the olfactory mucosa have been correlated 
with the degree of LoS [37, 38]. Moreover, in CRSwNP 
patients, elevated levels of Th2-drive proinflammatory 
cytokines, such as IL-2, IL-5, IL-6, IL-10, IL-13, and IgE 
in the mucus collected from the olfactory cleft, have been 
associated with reduced scores for smell test identification 
[34, 35••, 38].

Although existing studies have greatly improved our 
understanding of the role of inflammation in LoS in 
CRSwNP patients, the specific underlying cellular and 
molecular mechanisms are still not clear.

Post‑viral Acute Rhinosinusitis

Acute rhinosinusitis (ARS) is an acute inflammatory sinona-
sal disease that almost 100% of the population suffers yearly, 
with a duration of symptoms < 12 weeks [14, 39], mainly 
caused by a viral infection (parainfluenza, influenza, rhinovi-
rus, adenovirus, severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV2, coronavirus disease 2019 (COVID-19))  
that can be prolonged on time (post-viral). ARS main symp-
toms are nasal congestion/blockage/obstruction or rhinor-
rhea (anterior or post-nasal drip), while the others could be 
either facial pain/pressure or LoS. The prevalence of ARS 
in the general population is between 6 and 15%, having a 
significant impact on QoL [40, 41]. Type 1 inflammation is 
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mainly underlying viral ARS, which is associated with the 
production of IFN-γ [17, 42••]. Viral infection is one of the 
most common causes LoS and accounts for 18–45% of all 
cases [43, 44].

During the first waves of the COVID-19 pandemic, LoS 
was reported as a frequent clinical sign with a prevalence 
greater than 47% in the acute phase of the infection [45–48]. 
LoS caused by other viruses in previous pandemics resulted 
at a much lower rate [49••, 50], primarily by nasal conges-
tion and obstruction, or by loss of smell as a sequel after the 
acute infection. However, the rapid onset and severity of LoS 
in SARS-CoV-2 infection in association with a relative lack 
of conductive blockade would exclude a conductive patho-
genesis [44, 51, 52], suggesting sensorineural underlying 
mechanisms.

LoS in SARS-CoV-2 infection may occur before, during, 
or after the occurrence of common symptoms [45]. LoS in 
SARS-CoV-2 infection has a rapid onset and patients present 
a severe LoS with relatively nasal congestion [44], which 
would argue against a conductive pathogenesis [44]. These 
alterations are often transient; however, a percentage of 
patients with COVID-19 exhibits LoS that lasts months to 
years (long COVID-19) [53, 54••, 55, 56]. Recently, it has 
been described that 5.2% of patients infected during the first 
wave of COVID-19 and 7.9% of those who had an alteration 
of smell or taste during the acute phase of the disease remain 
with symptoms 3 years after COVID-19 [56]. It remains 
unclear the specific underlying cellular and molecular mech-
anisms involved in SARS-CoV-2 persistent LoS.

Olfactory Neuroepithelium Cell Populations 
and Neurogenesis

The olfactory neuroepithelium (OE) is a pseudostratified 
epithelium located in the dorsal part of the nasal cavity. It 
contacts with volatile odorant entering the nose, an interac-
tion that represents the first step in the transduction process 
of a given smell. The OE contains three major cells types 
including bipolar olfactory neurons (ONs), sustentacular 
cells, and basal cells. Neural stem cells include horizontal 
(HBCs) and globose (GBCs) basal cells, which reside in 
the basal layer of OE, possess robust regenerative capacity 
to replenish ONs lost throughout life to maintain ongoing 
neurogenesis during adult life [5••, 6, 57].

The sense of smell is mediated in the OE by ONs that 
detect odorants, transmitting the information to the brain 
[58]. Bipolar ONS extends a dendrite, which ends in mul-
tiple and long specialized cilia in contact with the outside 
world, being covered with odorant receptors. Moreover, 
each ON extends a single axon that crosses the cribriform 
plate reaching the glomerular structure of the olfactory bulb, 
where they synapse with the second-order neurons that in 
turn project into the olfactory cortex [59]. Mature ONs are 

enwrapped by sustentacular cells, which play key roles in 
odor processing and preservation of epithelial integrity, pro-
viding structural and metabolic support to OSNs impacting 
the way that ONs detect odorants [60–62].

Normal olfactory function depends on cellular regenera-
tion of the OE. The half-life of ONs is of 30 days, and the 
OE has the ability to regenerate, with normal ONs produc-
tion through stem basal cells proliferation and differentiation 
[4, 5••, 6, 63]. GBCs are the main actively proliferating cell 
population in the OE, being not only responsible for the self-
renewal of ONs, but they also are the main cells for regen-
eration of ONs after minor and selective injury. HBCs are 
considered to be a reservoir for stem cells that remain inac-
tive in OE homeostasis, being activated by direct and severe 
epithelial injury and differentiated, mainly into GBCs, which 
differentiate into almost all epithelial cell types including 
ONs, and sustentacular cells [5••, 64–67]. All these data 
suggest a transition in basal cells from unipotent specified 
differentiation to multipotent state when the OE is subjected 
to injury [67].

Interestingly, it has been described that supporting/sus-
tentacular cells may affect basal stem cell activation and sub- 
sequent OE regeneration [67]. Thus, the ablation of support-
ing cells but not neuronal depletion in the OE is sufficient for  
the HBC activation [68, 69]. In this line, it has been shown 
that the C-X-C chemokine receptor 4 (CXCR4), an essential 
regulator of olfactory neurogenesis [70], which signaling in 
tissues depends critically on the levels of its ligand, C-X-C 
motif chemokine ligand 12 (CXCL12) [71], is regulated by 
sustentacular cells [72].

Despite the remarkable regenerative capacity of long-
lived olfactory stem cells, human olfactory deficits are com-
mon, especially in the setting of chronic inflammation, and 
the cellular and molecular basis remains elusive.

Effects of Type 2 and Non‑type 2 
Inflammation on Olfactory Epithelium Cell 
Populations

Chronic Rhinosinusitis

In CRS, as result of chronic inflammatory damage and the 
infiltrating eosinophils, OE loses its normal structure and 
function [62, 73••, 74]. Eroded OE has been shown to be the 
most prevalent in CRS patients with anosmia and the highest 
density of eosinophil infiltration [73••].

In CRS patients with LoS, ONs show alterations in 
morphology with degeneration of dendrites and/or axons 
[73••], similar to the ones described in animal models of 
nasal inflammation induced by lipopolysaccharide [75] or by 
Staphylococcus aureus [76]. These observations suggest that 
ONs morphologic changes, and the consequent decreased 
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olfactory receptors, may interfere with the normal function 
of ONs leading to the development of LoS in CRS patients. 
In addition to morphologic changes, the number of ONs is 
reduced in CRS patients with LoS [73••, 74]. The number 
of sustentacular cells has also been shown to be decreased in 
the injured OE of CRS patients [74, 77], as occurs in animal 
models of inflammation induced by S. aureus [76].

Regarding stem basal cells, their number and function are 
also affected by type 2 inflammation. In a rodent model of 
Th2-mediated allergic CRS, a decreased number of imma-
ture ONs were found in the OE, in association with increased 
levels of IL-4, IL-5, and IL-13 and eosinophil infiltration, 
suggesting a decreased ONs regeneration [7••]. In this line, 
proliferating HBCs have been found decreased in the OE 
of CRS patients [8••]. In addition, the ability of HBCs to 
differentiate is affected since the number of HBCs that are 
restricted to an undifferentiated state is increased in the OE 
of CRS patients [8••].

Early research on the mechanisms underlying post-viral 
LoS consistently shown morphological changes in the OE 
consisting in a disorganization of the OE architecture with 
ONs possessing dendrites that did not reach the surface of 
the epithelium or that were devoid of sensory cilia, reduc-
tion in the number of ONs, and respiratory metaplasia [78]. 
However, the level of reduction in number of neurons does 
not fully correlate with LoS [79], so further studies have 
sought to ascertain the effect of viral infection on the func-
tion of the remaining ONs.

The high prevalence of LoS after SARS-CoV-2 infection 
has provided an opportunity to study the underlying patho-
physiologic mechanisms of post-viral LoS. Several potential 
mechanisms for LoS in SARS-CoV-2 infection have been 
considered, including congestion of the nasal mucosa and 
obstruction of the olfactory cleft, ONs infection and death, 
altered ONs function due to cytokine release, immune-medi-
ated downregulation of odorant receptors, and infection and 
death of sustentacular cells [80–82].

However, several of these mechanisms are now consid-
ered improbable [49••] since, for example, the olfactory 
cleft is not obstructed in most COVID-19 patients with LoS 
[81, 83, 84]. In addition, LoS in COVID-19 has a sudden 
start, and, in animal models, it has been shown that a loss of 
more than 95% of the ONs is required for LoS [85]; however, 
in anosmic COVID-19 patients, the number of ONs is not 
reduced to such level [49••, 80, 84]. Regarding the possibil-
ity of ONs infection, it is necessary to take in consideration 
that ONs do not express the virus entry proteins [49••, 80, 
81], and although infection of ONs has been suggested in 
living [86] and deceased COVID-19 patients [87], the frac-
tions of infected ONs were extremely low, being improbable 
as an underlying mechanism for anosmia [88]. The small 
number of infected ONs and the lack of evidence of viral 
replication, due to the very limited neurotropic potential of 

SARS-CoV-2, suggest that ONs are not the virus main target 
[78, 79, 82, 86]. Other mechanisms aside from ONs degen-
eration might be underlying LoS in SARS-CoV-2 infection.

Evidences in experimental models and in human samples 
have confirmed that sustentacular cells are the main target 
for SARS-CoV-2 [88, 89••, 90]. Angiotensin-converting 
enzyme 2 (ACE2) and transmembrane serine protease 2 
(TMPRSS2), the entry point for SARS-CoV-2, are expressed 
in the sustentacular cells being more susceptible than ONs 
to early infection [89••, 90, 91••]. The lack of ONs sup-
port due to the death of infected sustentacular cells may 
compromise neuronal function leading to LoS in COVID-19 
[49••, 92]. It has been suggested that since cell death and 
regeneration occur much faster in sustentacular cells than 
in ONs, and thus, this mechanism would be consistent with 
a sudden LoS in COVID-19, and its rapid recovery in the 
majority of COVID-19 cases [49••, 80, 91••].

Although the underlying mechanisms of persistent LoS 
remain less clear, the observation of axonal degeneration in 
olfactory bulbs and tract tissues in the absence of viral infec-
tion in a postmortem study suggests an involvement of a pro-
gressive inflammation and immune system activation [93].

Neurogenesis vs Immune Response in Type 2 
and Non‑type 2 Inflammatory UAD

Several studies have provided significant insights into the 
role of basal stem cells as direct participants in the progres-
sion of chronic inflammation and identify a concomitant 
functional switch away from a neuro-regenerative phenotype 
to one contributing to immune defense (Fig. 1), a process 
that induces a deficient replacement of ONs [8••, 9, 13, 17, 
49••, 54••, 91••, 94]. This finding suggests that interac-
tion between olfactory stem cells and immune system might 
critically underlie ongoing LoS in type 2 and non-type 2 
inflammatory UAD.

The role of the stem cell–derived chemokines as a poten-
tial candidate underlying immune recruitment during inflam-
mation in the olfactory system has been highlighted [8••]. 
Thus, in an inducible-olfactory inflammation rodent model 
through the proinflammatory cytokine tumor necrosis factor 
(TNF) expression from sustentacular cells, the administra-
tion of doxycycline resulted in an inflammatory response 
transforming over the course of weeks an acute phase char-
acterized by cytokine/chemokine induction, neutrophil infil-
tration, and continuous ONs replacement to an unresolv- 
ing phase with intense leukocytic (CD45 +) infiltrates and 
a complete loss of ONs [8••]. Since chronic inflammation 
resulted in ONs loss, these authors hypothesized that a dys-
function of stem cells may mediate the loss of replacement. 
They characterized the involved molecular mechanisms 
observing that both, the TNF and downstream transcription 
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factor NF-κB pathways, which are involved in cell prolif-
eration and immune responses, were enriched in the HBCs, 
being also upregulated some mediators that regulate immune 
cell trafficking such as the chemokines CCL19, CCL20, and 
CXCL19 [8••].

Thus, during chronic inflammation in order to enhance 
pathogen removal, NF-κB-mediated transcription in HBCs 
may prioritize immune-related functions rather than pro-
liferation, maintaining the HBCs in an undifferentiated 
state [8••]. In this line, after doxycycline removal, HBCs 
underwent under proliferation and differentiation replac-
ing ONs, suggesting that during inflammation, HBCs 
participate in immune recruitment and modulation, at the 
expense of ONs replacement [8••]. These authors identi-
fied previously unrecognized roles of stem cells in orches-
trating immune cell infiltration and local proliferation, 
elucidating the mechanisms through which HBCs switch 
off their regenerative function in response to prolonged 
inflammation. Interestingly, an increase of CD45 + inflam-
matory cells was observed in the olfactory mucosa form 
CRS patients consistent with the observation in the genetic 
model [8••]. The number of immature neurons (tubulin 
III +) in the OE was slightly increased in CRS patients with 

moderate inflammation, whereas a decrease in these cells 
was observed in CRS patients with severe inflammation 
[8••]. The number of proliferating basal cells in the OE was 
decreased in CRS patients in association with an increased 
expression of CCL20 in HBCs [8••]. These observations 
establish a mechanism of inflammation-associated loss of 
smell, caused by a functional switch of OE stem cells from 
regeneration to immune defense and highlight the role of 
NF-κB in the basal stem cells functional switch, a process 
which directly blocks neurogenesis, leading to LoS in CRS.

Inflammation after SARS-CoV-2 infection have also been 
implicated in attenuating neurogenesis [95, 96••]. It is now 
considered that sustentacular cells may be the main source 
of cytokines or may contribute among various other cel- 
lular sources [83, 84]. Proinflammatory cytokines upregu-
lated during acute and post-acute phases of COVID-19 
infection including IL-1β, TNF-α, IL-8, IL-6, IL-15, and 
the chemokine CCL11 are known to target neural stem cells 
attenuating neurogenesis [97–101]. Thus, SARS-CoV-2 
infection may impair neural stem cell activity resulting in 
hyposmia/anosmia by impeding olfactory neurogenesis. A 
link between LoS in COVID-19 and virus-mediated inflam-
matory disturbance of neurogenesis in the olfactory bulb has 

Fig. 1  Illustration of how olfactory stem cells control immune 
response in type 2 and non-type 2 inflammation. In basal conditions, 
globose basal cells (GBCs) allow olfactory neurons (ONs) replace-
ment differentiating in immature and mature ONs and maintaining 

olfactory function. After chronic type 2 and non-type 2 inflammation, 
horizontal basal cells (HBCs) are activated triggering a functional 
switch from a neuro-regenerative phenotype to one contributing to 
immune defense
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been described [102]. Interestingly, the authors associate this 
deficit with regenerative failure of dopaminergic neurons 
replenishment in bulbs and OE [102], which are relevant for 
the maintenance of olfactory function [103]. The impaired 
olfactory neurogenesis may prevent recovery in the subset of 
COVID-19 patients with persisting LoS [54••, 96••].

Recently, localized immune cell responses driving pheno-
typic changes in sustentacular cells and ONs leading to loss 
of ONs, especially mature neurons, have been described in 
OE from hyposmic post-COVID-19 patients [54••]. In these 
patients, severe inflammation appears absent; however, inter-
feron response signatures in the sustentacular cells along  
with the presence of local lymphocyte populations express- 
ing IFN-γ have been described [55, 91••]. Host immune 
responses may induce downregulation of genes involved  
in olfactory signal contributing to the persistence of LoS 
[49••]. Since chronic immune responses in the OE appear to 
delay regeneration of the OE [8••], this may explain why a  
5% of COVID-19 patients with LoS recover from chemosen-
sory dysfunction late or not at all [49••, 104]. These data  
provide ongoing mechanistic insights regarding the etiology 
of SARS-CoV-2-induced long-term LoS.

Understanding the underlying immune mechanisms of 
the OE in LoS may aid in the development of improved 
medical treatments for inflammatory type 2 and non-type 
2 UAD diseases.

Conclusions

Olfactory basal stem cells may be directly involved in the 
progression of chronic inflammation. A functional switch 
away from a neuro-regenerative phenotype to one contrib-
uting to immune defense, a process that induces a deficient 
replacement of olfactory neurons, has been described in hor-
izontal basal cells. This observation suggests that interaction 
between olfactory stem cells and immune system might criti-
cally underlie persistent loss of smell in type 2 and non-type 
2 inflammatory upper airway diseases.

Author Contribution CM and JM wrote the main manuscript text 
and prepared the figure ;IA, ML and CR revised the manuscript criti-
cally; All authors reviewed the manuscript.

Funding Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature.

Data Availability No datasets were generated or analysed during the 
current study.

Declarations 

Competing interests The authors declare no competing interests.

Human and Animal Rights and Informed Consent This article does not 
contain any studies with human or animal subjects performed by any 
of the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Papers of particular interest, published recently, have 
been highlighted as:  
• Of importance  
•• Of major importance

 1.•• Mullol J, Mariño-Sánchez F, Valls M, Alobid I, Marin C. The 
sense of smell in chronic rhinosinusitis. J Allergy Clin Immu-
nol. 2020;145:773–6. Loss of smell is one of the predominant 
symptoms in chronic rhinosinusitis, being a key predictor of 
reduced quality of life.

 2. Marin C, Hummel T, Liu Z, Mullol J. Chronic rhinosinusitis and 
COVID-19. J Allergy Clin Immunol Pract. 2022;10:1423–32.

 3. Stevens WW, Peters A, Tan BK, Klingler A, Poposki JA, Hulse 
KE, et al. Associations between inflammatory endotypes and 
clinical presentations in chronic rhinosinusitis. J Aller Clin 
Immunol Pract. 2019;7:2812–20.

 4. Leung CT, Coulombe PA, Reed RR. Contribution of olfactory 
neural stem cells to tissue maintenance and regeneration. Nat 
Neurosci. 2007;10:720–6.

 5.•• Schwob JE, Jang W, Holbrook EH, Lin B, Herrick DB, Peter-
son JN, et  al. Stem and progenitor cells of the mammalian 
olfactory epithelium: Taking poietic license. J Comp Neurol. 
2017;525:1034–54. Description of the robust capacity of 
the olfactory epithelium to replenish olfactory neurons lost 
throughout life to maintain ongoing neurogenesis during 
adult life.

 6. Holbrook EH, Wu E, Curry WT, Lin DT, Schwob JE. Immu-
nohistochemical characterization of human olfactory tissue. 
Laryngoscope. 2011;121:1687–701.

 7.•• Rouyar A, Classe M, Gorski R, Bock MD, Le-Guern J, Roche S, 
et al. Type 2/Th2-driven inflammation impairs olfactory sensory 
neurogenesis in mouse chronic rhinosinusitis model. Allergy. 
2019;549–59.  Alteration of neurogenesis induced by type 2 
inflammation.

 8.•• Chen M, Reed RR, Lane AP. Chronic inflammation directs an 
olfactory stem cell functional switch from neuroregeneration to 
immune defense. Cell Stem Cell. 2019;25:501–13. Olfactory 
stem basal cells in the olfactory mucosa are activated trigger-
ing a functional switch from a neuro-regenerative phenotype 
to one contributing to immune defense in an animal model 
of inflammation and in chronic rhinosinusitis patients.

http://creativecommons.org/licenses/by/4.0/


217Current Allergy and Asthma Reports (2024) 24:211–219 

 9. Rustenhoven J, Kipnis J. Smelling danger: olfactory stem cells 
control immune defense during chronic inflammation. Cell Stem 
Cell. 2019;25:449–51.

 10. Bryche B, Baly C, Meunier N. Modulation of olfactory signal 
detection in the olfactory epithelium: focus on the internal and 
external environment, and the emerging role of the immune sys-
tem. Cell Tissue Res. 2021;384:589–5.

 11. Lakshmanan HG, Miller E, White-Canale A, McCluskey LP. 
Immune responses in the injured olfactory and gustatory sys-
tems: a role in olfactory receptor neuron and taste bud regenera-
tion? Chem Senses. 2022;47:1–19.

 12. Imamura F, Hasegawa-Ishii S. Environmental toxicants-induced 
immune responses in olfactory mucosa. Front Immunol. 
2016;7:475.

 13. Wellford SA, Moseman EA. Olfactory immune response to 
SARS-CoV-2. Cell Mol Immunol. 2024;21:134–43.

 14. Fokkens WJ, LundVJ, Hopkins C, Hellings PW, Kern R, Reitsma 
S, et al. European position paper on rhinosinusitis and nasal 
polyps. Rhinology. 2020;58:1–464.

 15. Orlandi RR, Kingdom TT, Smith TL, Bleier B, DeConde 
A, Luong A, et al. International consensus statement on rhi-
nology and allergy: rhinosinusitis. Int Forum Aller Rhinol. 
2021;11:213–39.

 16. Mullol J, Azar A, Buchheit KM, Hopkins C, Bernstein JA. 
Chronic rhinosinusitis with nasal polyps: quality of life in the 
biologics era. J Aller Clin Immunol Pract. 2022;10:1434–53.

 17. Kato A, Schleimer RP, Bleier BS. Mechanisms and patho-
genesis of chronic rhinosinusitis. J Aller Clin Immunol. 
2022;149:1491–503.

 18. Kowalski ML, Agache I, Bavbek S, Bakirtas A, Blanca M, 
Bochenek G, et al. Diagnosis and management of NSAID-
exacerbated respiratory disease (N-ERD)-a EAACI position 
paper. Allergy. 2019;74:8–39.

 19. Bachert C, Bhattacharyya N, Desrosiers M, Khan AH. Bur-
den of disease in chronic rhinosinusitis with nasal polyps. J 
Asthma Aller. 2021;14:127–34.

 20. Tokunaga T, Sakashita M, Haruna T, Asaka D, Takenno S, 
Ikeda H, et al. Novel scoring system and algorithm for clas-
sifying chronic rhinosinusitis: the JESREC study. Allergy. 
2015;70:995–3.

 21. Fokkens WJ, Lund V, Bachert C, Mullol J, Bjermer L, Bous-
quet J, et al. EUFOREA consensus on biologics for CRSwNP 
with or without asthma. Allergy. 2019;74:2312–9.

 22. Hummel T, Whitcroft KL, Andrews P, Altundag A, Cinghi C, 
Costanzo RM, et al. Position paper on olfactory dysfunction. 
Rhinology Suppl. 2017;54:1–30.

 23. Kohli P, Naik AN, Harruff EE, Nguyen SA, Schlosser RJ, 
Soler ZM. The prevalence of olfactory dysfunction in chronic 
rhinosinusitis: olfactory dysfunction in chronic sinusitis. 
Laryngoscope. 2017;127:309–20.

 24. Macchi A, Giorli A, Cantone E, Pipolo GC, Arnone F, Barbone 
U, et al. Sense of smell in chronic rinosinusitis: a multicentric 
study on 811 patients. Front Aller. 2023;4:1083964.

 25. Simopoulos E, Katomichelakis M, Gouveris H, Tripsianis G, 
Livaditis M, Danielides V. Olfaction-associated quality of life 
in chronic rhinosinusitis: adaption and validation of an olfac-
tion-specific questionnaire. Laryngoscope. 2012;122:1450–4.

 26. Chung JH, Lee YJ, Kang TW, Kim KR, Jang DP, Kim IY, et al. 
Altered quality of life and psychological health (SCL-90-R) 
in patients with chronic rhinosinusitis with nasal polyps. Ann 
Otol Rhinol Laryngol. 2015;124:663–70.

 27. Passali GC, Passali D, Cingi C, Ciprandi G. Smell impairment 
in patients with chronic rhinosinusitis: a real-life study. Eur 
Arch Otorhinolaryngol. 2022;279:773–7.

 28. Croy I, Nordin S, Hummel T. Olfactory disorders and quality 
of life-an updated review. Chem Senses. 2014;39:185–94.

 29.•• Litvack JR, Mace JC, Smith TL. Olfactory function and dis-
ease severity in chronic rhinosinusitis. Am J Rhinol Aller. 
2009;23:139–44. Loss of smell in chronic rhinosinusitis 
correlates with disease severity.

 30. Mullol J, Bachert C, Amin N, Desroisers M, Hellings PW, 
Han JK, et al. Olfactory outcomes with dupilumab in chronic 
rhinosinusitis with nasal polyps. J Aller Clin Immunol Pract. 
2022;10:1086–95.

 31. Mattos JL, Rudmik L, Schlosser RJ, Smith TL, Mace JC, Alt 
J, et al. Symptom importance, patient expectations, and sat-
isfaction in chronic rhinosinusitis. Int Forum Aller Rhinol. 
2019;9:593–6.

 32. Haxel BR. Recovery of olfaction after sinus surgery for chronic 
rhinosinusitis: a review. Laryngoscope. 2019;129:1053–9.

 33. Schlosser RJ, Mulligan JK, Hyer JM, Karnezis TT, Gudis DA, 
Soler ZM. Mucous cytokine levels in chronic rhinosinusitis-
associated olfactory loss. JAMA Otolaryngol-Head Neck Surg. 
2016;142:731–7.

 34. Wu J, Chandra RK, Li P, Hull BP, Turner JH. Olfactory and 
middle meatal cytokine levels correlate with olfactory function 
in chronic rhinosinusitis. Laryngoscope. 2018;128:E304–10.

 35.•• Soler ZM, Yoo F, Schlosser RJ, Mulligan J, Ramakrishnana VR, 
Beswick DM, et al. Correlation of mucus inflammatory proteins 
and olfaction in chronic rhinosinusitis. Int Forum Aller Rhinol. 
2020;10: 343–55. In chronic rhinosinusitis with nasal polyps 
(CRSwNP) patients, elevated levels of Th2-driven proinflam-
matory cytokines in the mucus collected from the olfactory 
cleft have been associated with reduced scores for smell test 
identification.

 36. Saraswathula A, Liu MM, Kulaga H, Lane AP. Chronic interleu-
kin-13 expression in mouse olfactory mucosa results in regional 
aneuronal epithelium. Int Forum Aller Rhinol. 2023;13:230–41.

 37. Lavin J, Min JY, Lidder AK, Huang JH, Kato A, Lam K, 
et  al. Superior turbinate eosinophilia correlates with olfac-
tory deficit in chronic rhinosinusitis patients. Laryngoscope. 
2017;127:2210–8.

 38. Wu D, Li Y, Bleier BS, Wei Y. Superior turbinate eosinophilia 
predicts olfactory decline in patients with chronic rhinosinusitis. 
Ann Aller Asthma Immunol. 2020;125:304–10.

 39. Jaume F, Quintó L, Alobid I, Mullol J. Overuse of diagnos-
tic tools and medications in acute rhinosinusitis in Spain: a 
population-based study (the PROSINUS study). BMJ Open. 
2018;8:e018788.

 40. Stjärne P, Odelbäck P, Ställberg B, Lundberg J, Olsson P. High 
costs and burden illness in acute rhinosinusitis: real-life treat-
ment patterns and outcomes in Swedish primary care. Prim Care 
Respir J. 2012;21:174–9.

 41. Jaume F, Valls-Mateus M, Mullol J. Common cold and acute rhi-
nosinusitis: up-to-date management in 2020. Curr Aller Asthma 
Rep. 2020;20:28.

 42.•• Staudacher AG, Peters AT, Kato A, Stevens WW. Use of endo-
types, phenotypes, and inflammatory markers to guide treatment 
decisions in chronic rhinosinusitis. Ann Aller Asthma Immu-
nol. 2020;124:318–25. Description of the three inflammatory 
endotypes (type 1, type 2, and type 3) and their biomarkers.

 43. Seiden AM. Postviral olfactory loss. Otolaryngol Clin North 
Am. 2004;37:1159–66.

 44. Liu ZY, Vaira LA, Bosccolo-Rizzo P, Walker A, Hop-
kins C. Post-viral olfactory loss and parosmia BMJMED. 
2023;2:e000382.

 45. Lechien JR, Chiesa-Estomba CM, Vaira LA, De Riu G, Cam-
maroto G, Chekkoury-Idrissi Y, et al. Epidemiological, otolar-
yngological, olfactory and gustatory outcomes according to 
the severity of COVID-19: a study of 2579 patients. Eur Arch 
Otorhinolaryngol. 2021;278:2851–9.



218 Current Allergy and Asthma Reports (2024) 24:211–219

 46. Saniasiaya J, Islam MA, Abdullah B. Prevalence of olfactory 
dysfunction in coronavirus disease 2019 (COVID-19): a meta-
analysis of 27,492 patients. Laryngoscope. 2021;131:865–78.

 47. Vaira LA, Lechien JR, Khalife M, Petrocelli M, Hans S, Distin-
guin L, et al. Psychological evaluation of the olfactory function: 
European multicenter study on 774 COVID-19 patients. Patho-
gens. 2021;10:62.

 48. Izquierdo-Domínguez A, Rojas-Lechuga MJ, Chiesa-Estomba 
C, Calvo-Henríquez C, Ninchritz-Becerra E, Soriano-Reixach 
M, et al. Smell and taste dysfunction in COVID-19 is associated 
with younger age in ambulatory settings: a multicenter cross-sec-
tional study. J Investig Allergol Clin Immunol. 2020;30:346–57.

 49.•• Butowt R, Bilinska K, von Bartheld CS. Olfactory dysfunction 
in COVID-19: new insights into the underlying mechanisms. 
Trends Neurosci. 2023;46:75–9. A review of the potential 
mechanisms that may explain the loss of smell.

 50. Haehner A, Marquardt B, Kardashi R, de With K, Röβler S, 
Landis BN, et  al. SARS-CoV-2 leads to significantly more 
severe olfactory loss than other seasonal cold viruses. Life. 
2022;12:461.

 51. Eliezer M, Hamel AL, Houdart E, Herman P, Housset J, Jour-
daine C, et al. Loss of smell in patients with COVID-19: MRI 
data reveal a transient edema of the olfactory clefts. Neurology. 
2020;95:e3152.

 52. Niesen M, Trotta N, Noel A, Coolen T, Fayad G, Leurkin-Sterk 
G, et al. Structural and metabolic brain abnormalities in COVID-
19 patients with sudden loss of smell. Eur J Nucl Med Mol Imag-
ing. 2021;48:1890–901.

 53. Boscolo-Rizzo P, Hummel T, Hopkins C, Dibattista M, Menini 
A, Spinato G, et al. High prevalence of long-term olfactory, 
gustatory, and chemesthesis dysfunction in post-COVID-19 
patients: a matched case-control study with one-year follow-up 
using a comprehensive psychological evaluation. Rhinology. 
2021;59:517–27.

 54.•• Finlay JB, Brann DH, Abi-Hachem R, Jang DW, Oliva AD, Ko 
T, et al. Persistent post-COVID-19 smell loss is associated with 
immune cell infiltration and altered gene expression in olfac-
tory epithelium. Sci Transl Med. 2022;14:eadd0484. T cells 
expressing interferon-γ and a shift in myeloid cell popula-
tion composition are observed in the olfactory epithelium 
from human post-mortem samples long after SARS-CoV-2 
infection.

 55. Karamali K, Elliot M, Hopkins C. COVID-19 related olfac-
tory dysfunction. Curr Opin Otolaryngol Head Neck Surg. 
2022;30:19–25.

 56. Boscolo-Rizzo P, Spinato G, Hopkins C, Marzolin R, Cavic-
chia A, Zucchini S, Borsetto D, Lechien JR, Vaira LA, Tirelli 
G. Evaluating long-term smell or taste dysfunction in mildly 
symptomatic COVID-19 patients: a 3 year follow-up study. Eur 
Arch Oto-Rhinol-Laryngol. 2023;280:5625–30.

 57. Durante MA, Kurtenbach S, Sargi ZB, Harbour JW, Choi R, 
Kurtenbach S, et al. Single-cell analysis of olfactory neuro-
genesis and differentiation in adult humans. Nat Neurosci. 
2020;23:323–6.

 58. Buck L, Axel R. A novel multigene family may encode odor-
ant receptors: a molecular basis for odor recognition. Cell. 
1991;65:175–87.

 59. Smith TD, Bhatnagar KP. Anatomy of the olfactory system. 
Handb Clin Neurol. 2019;164:17–8.

 60. Vogalis F, Hegg CC, Lucero MT. Electrical coupling in susten-
tacular cells of the mouse olfactory epithelium. J Neurophysiol. 
2005;94:1001–12.

 61. Liang F. Sustentacular cell enwrapment of olfactory receptor 
neuronal dendrites: an update. Genes. 2020;11:493.

 62. Song J, Wang M, Wang C, Zhang L. Olfactory dysfunction in 
chronic rhinosinusitis: insights into the underlying mechanisms 
and treatments. Exp Rev Clin Immunol. 2023;8:993–4.

 63. Choi R, Goldstein BJ. Olfactory epithelium: cells, clinical disor-
ders, and insights from an adult stem cell niche. Laryngoscope 
Investig Otolaryngol. 2018;3:35–4.

 64. Child KM, Herrick DB, Schwob JE, Holbrook EH, Jang W. The 
neuroregenerative capacity of olfactory stem cells is not limit-
less: implications for aging. J Neurosci. 2018;38:6806–24.

 65. Herrick DB, Guo Z, Jang W, Schnittke N, Schwob JE. Canonical 
Notch signaling directs the fate of differentiating neurocompe-
tent progenitors in the mammalian olfactory epithelium. J Neu-
rosci. 2018;38:5022–37.

 66. Li Z, Wei M, Shen W, Kulaga H, Chen M, Lane AP. Sox2 regu-
lates globose basal cell regeneration in the olfactory epithelium. 
Int Forum Allergy Rhinol. 2022;12:288–92.

 67. Ren W, Ma Z, Wang L, Feng X, Yu H, Yu Y. Lgr5+ cells are 
required and dynamically participate in olfactory epithelium 
regeneration: a revisiting shows Lgr5 expression in multiple 
cell lineages. Theranostics. 2022;13:5631–44.

 68. Herrick DB, Lin B, Peterson J, Schnittke N, Schwob JE. 
Notch1 maintains dormancy of olfactory horizontal basal 
cells, a reserve neural stem cells. Proc Natl Acad Sci USA. 
2007;114:E5589–E55.

 69. Peterson J, Lin B, Barrios-Camacho CM, Herrick DB, Hol-
brook EH, Jang W, et al. Activating a reserve neural stem cell 
population in vitro enables engraftment and multipotency after 
transplantation. Stem Cell Reports. 2019;12:680–95.

 70. Senf K, Karius J, Stumm R, Neuhaus EM. Chemokine signal-
ing is required for homeostatic and injury-induced neurogen-
esis in the olfactory epithelium. Stem Cells. 2021;39:617–35.

 71. Lau S, Feitzinger A, Venkiteswaran G, Wang J, Lewellis SW, 
Koplinski CA, et al. A negative-feedback loop maintains opti-
mal chemokine concentrations for directional cell migration. 
Nat Cell Biol. 2020;22:266–73.

 72. Dietz A, Senf K, Karius J, Stumm R, Neuhaus EM. Glia cells 
control olfactory neurogenesis by fine-tuning CXCL12. Cells. 
2023;12:2164.

 73.•• Yee KK, Pribitkin EA, Cowart BJ, Vainius AA, Klock CT, 
Rosen D, et al. Neuropathology of the olfactory mucosa in 
chronic rhinosinusitis. Am J Rhinol Aller. 2010;24:110–
20. Description of the structural alterations and loss of 
olfactory neurons in chronic rhinosinusitis.

 74. Marin C, Tubita V, Langdon C, Fuentes M, Rojas-Lechuga MJ, 
Valero A, et al. ACE2 downregulation in olfactory mucosa: 
eosinophilic rhinosinusitis as COVID-19 protective factor? 
Allergy. 2021;76:2904–7.

 75. Hasegawa-Ishii S, Shimada A, Imamura F. Lipopolysaccha-
ride-initiated persistent rhinitis causes gliosis and synaptic 
loss in the olfactory bulb. Sc Rep. 2017;7:11605.

 76. Ge Y, Tsukatani T, Nishimura T, Furukawa M, Miwa T. Cell 
death of olfactory receptor neurons in a rat with nasosinusi-
tis infected artificially with Staphylococcus. Chem Senses. 
2002;27:521–7.

 77. Yee KK, Pribitkin EA, Cowart BJ, Rosen D, Geng P, Rawson 
NE. Analysis of the olfactory mucosa in chronic rhinosinusitis. 
Ann NY Acad Sci. 2009;1170:590–5.

 78. Yamagishi M, Hasegawa S, Nakano Y. Examination and 
classification of human olfactory mucosa in patients with 
clinical olfactory disturbances. Arch Otorhinolaryngol. 
1988;245:316–20.

 79. Yamagishi M, Nakamura H, Suzuki S, Hasegawa S, Nakano 
Y. Immunohistochemical examination of olfactory mucosa in 
patients with olfactory disturbance. Ann Otol Rhinol Laryngol. 
1990;99:205–10.



219Current Allergy and Asthma Reports (2024) 24:211–219 

 80. Butowt R, von Barthield CS. Anosmia in COVID-19: underly-
ing mechanisms and assessment of an olfactory route to brain 
infection. Neuroscientist. 2021;27:582–60.

 81. Liang F, Wang Y. COVID-19 anosmia: high prevalence, plu-
ral neuropathogenic mechanisms, and scarce neurotropism of 
SARS-CoV-2? Viruses. 2021;13:2225.

 82. Xydakis MS, Albers MW, Holbrook EH, Lyon DM, Shih 
RY, Frasnelli JA, et  al. Post-viral effects of COVID-19 in 
the olfactory system and their implications. Lancet Neurol. 
2021;20:753–61.

 83. Karimian A, Behjati M, Karimian M. Molecular mechanisms 
involved in anosmia induced by SARS-CoV-2, with a focus 
on the transmembrane serine protease TMPRSS2. Arch Virol. 
2022;167:1931–46.

 84. Zazhytska M, Kodra A, Hoagland DA, Frere J, Fullard JF, 
Shayya H, et al. Non-cell-autonomous disruption of nuclear 
architecture as a potential cause of COVID-19-induced anosmia. 
Cell. 2022;185:1052–64.

 85. Youngentob SL, Schwob JE, Sheehe PR, Youngentob LM. Odor-
ant threshold following methyl bromide-induced lesions of the 
olfactory epithelium. Phsyiol Behav. 1997;62:1241–52.

 86. de Melo G, Lazarini F, Levallois S, Hautefort C, Michel V, Lar-
rous F, et al. COVID-19-related anosmia is associated with viral 
persistence and inflammation in human olfactory epithelium and 
brain infection in hamsters. Sci Transl Med. 2021;13:eabf8396.

 87. Meinhardt J, Radke J, Dittmayer C, Franz J, Thomas C, Mothes 
R, et al. Olfactory transmucosal SARS-CoV-2 invasion as a port 
of central nervous system entry in individuals with COVID-19. 
Nature Neurosci. 2021;24:168–75.

 88. Khan M, Yoo SJ, Clijsters M, Backaert W, Vanstapel A, Spele-
man K, et al. Visualizing in deceased COVID-19 patients how 
SARS-CoV-2 attacks the respiratory and olfactory mucosae but 
spares the olfactory bulb. Cell. 2021;184:5932–49.

 89.•• Brann DH, Tsukahara T, Weinreb V, Lipovsek M, Van den 
Berge K, Gong, B, et al. Non-neuronal expression of SARS-
CoV-2 entry genes in the olfactory system suggests mecha-
nisms underlying COVID-19-associated anosmia. Svi Adv. 
2020;6:eabc5801. Description of the entry proteins required 
for the sustentacular infection by SARS-CoV-2.

 90. Bryche B, St Albin A, Murri S, Lacôte S, Pulido C, Ar Gouilh M, 
et al. Massive transient damage of the olfactory epithelium asso-
ciated with infection of sustentacular cells by SARS-CoV-2 in 
golden Syrian hamsters. Brain Behav Immun. 2020;89:579–86.

 91.•• Chen S, Wang S. The immune mechanism of the nasal epi-
thelium in COVID-19-related olfactory dysfunction. Front 
Immunol. 2023;14:1045009. This paper aims to elucidate 
how immune responses of the nasal contribute to COVID-
19-related loss of smell.

 92. Verma AK, Zheng J, Meyerholz DK, Perlman S. SARS-CoV-2 
infection of sustentacular cells disrupts olfactory signaling path-
ways. JCI Insight. 2022;7:e160277.

 93. Ho CY, Salimian M, Hegert J, O’Brien J, Choi SG, Ames H, 
et al. Postmortem assessment of olfactory tissue degeneration 

and microvasculopathy in patients with COVID-19. JAMA Neu-
rol. 2022;79:544–53.

 94. Klingler AI, Stevens WW, Tan BK, Peters AT, Poposki JA, 
Grammer LC, et al. Mechanisms and biomarkers of inflamma-
tory endotypes in chronic rhinosinusitis without nasal polyps. J 
Allergy Clin Immunol. 2021;147:1306–17.

 95. Vanderheiden A, Klein RS. Neuroinflammation and COVID-19. 
Curr Opin Neurobiol. 2022;76:102608.

 96.•• Kumaria A, Noah A, Kirkman MA. Does COVID-19 impair 
endogenous neurogenesis? J Clin Neurosci. 2022;105:79–85. 
Review focusing in the hypothesis that SARS-CoV-2 infection 
may impair endogenous neural stem cell activity. COVID-
19-associated impairment in neural stem cell activity may 
contribute to hyposmia. Therapeutic upregulation of neural 
stem cell activity may improve symptoms of long COVID.

 97. Garber C, Vasek MJ, Vollmer Ll, Sun T, Jiang X, Klein RS. 
Astrocytes decrease adult neurogenesis during virus-induced 
memory dysfunction via IL-1. Nat Immunol. 2018;19:151–61.

 98. Villeda SA, Luo J, Mosher KI, Zou B, Britschgi M, Bieri G, et al. 
The ageing systemic milieu negatively regulates neurogenesis 
and cognitive function. Nature. 2011;477:90–4.

 99. Normandin E, Holroyd KB, Collens SI, Shaw BM, Siddle KJ, 
Adams G, et  al. Intrathecal inflammatory responses in the 
absence of SARS-CoV-2 nuclei acid in the CSF of COVID-19 
hospitalized patients. J Neurol Sci. 2021;430:120023.

 100. Pilotto A, Masciocchi S, Volonghi I, De Giuli V, Caprioli F, 
Mariotto S, et al. Severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) encephalitis is a cytokine release syndrome: 
evidences from cerebrospinal fluid analyses. Clin Infecc Dis. 
2021;73:e3019–26.

 101. Fernández-Castañeda A, Lu P, Geraghty AC, Song E, Lee MH, 
Wood J, et al. Mild respiratory COVID can cause multi-lineage 
neural cell and myelin dysregulation. Cell. 2022;185:2452–68.

 102. Rethinavel HS, Ravichandran S, Radhakrishnan RK, Kandasamy 
M. COVID-19 and Parkinson’s disease: defects in neurogenesis 
as the potential cause of olfactory system impairments and anos-
mia. J Chem Neuroanat. 2021;115:101965.

 103. Marin C, Laxe S, Langdon C, Alobid I, Berenguer J, Fuentes M, 
et al. Olfactory training prevents olfactory dysfunction induced 
by bulbar excitotoxic lesions: role of neurogenesis and dopamin-
ergic interneurons. Mol Neurobiol. 2019;56:8063–75.

 104. Tan HQM, Pendolino Al, Andrews PJ, Choi D. Prevalence of 
olfactory dysfunction and quality of life in hospitalised patients 
1 year after SARS-CoV-2 infection: a cohort study. BMJ Open. 
2022;12:e054598.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Type 2 and Non-type 2 Inflammation in the Upper Airways: Cellular and Molecular Alterations in Olfactory Neuroepithelium Cell Populations
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Olfactory Dysfunction in Type 2 and Non-type 2 Inflammatory UAD
	Chronic Rhinosinusitis
	Post-viral Acute Rhinosinusitis
	Olfactory Neuroepithelium Cell Populations and Neurogenesis


	Effects of Type 2 and Non-type 2 Inflammation on Olfactory Epithelium Cell Populations
	Chronic Rhinosinusitis

	Neurogenesis vs Immune Response in Type 2 and Non-type 2 Inflammatory UAD
	Conclusions
	References


