
REVIEWARTICLE

MECHANISMSOF SARS-COV-2-ASSOCIATED
ANOSMIA

AUTHORS
Tatsuya Tsukahara, David H. Brann,
Sandeep Robert Datta

CORRESPONDENCE
srdatta@hms.harvard.edu

KEY WORDS
anosmia; COVID-19; neuroinflammation;
olfaction; SARS-CoV-2

CLINICAL HIGHLIGHTS
� Anosmia is one of the major neurological manifestations of COVID-19.
� SARS-CoV-2 infects non-neuronal cell types, induces tissue damage in the olfactory epithelium, and prompts inflamma-

tion in both the olfactory epithelium and the brain.
� Inflammation likely affects neuronal functions through local and systemic cytokine signals.
� Persistent hyposmia and anosmia could relate to aberrant regeneration and persistent inflammation.
� Reducing inflammation after infection could improve anosmia.
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Abstract

Anosmia, the loss of the sense of smell, is one of the main neurological manifestations of COVID-19. Although
the SARS-CoV-2 virus targets the nasal olfactory epithelium, current evidence suggests that neuronal infection
is extremely rare in both the olfactory periphery and the brain, prompting the need for mechanistic models that
can explain the widespread anosmia in COVID-19 patients. Starting from work identifying the non-neuronal cell
types that are infected by SARS-CoV-2 in the olfactory system, we review the effects of infection of these sup-
portive cells in the olfactory epithelium and in the brain and posit the downstream mechanisms through which
sense of smell is impaired in COVID-19 patients. We propose that indirect mechanisms contribute to altered
olfactory system function in COVID-19-associated anosmia, as opposed to neuronal infection or neuroinvasion
into the brain. Such indirect mechanisms include tissue damage, inflammatory responses through immune cell
infiltration or systemic circulation of cytokines, and downregulation of odorant receptor genes in olfactory sen-
sory neurons in response to local and systemic signals. We also highlight key unresolved questions raised by
recent findings.
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The causal agent in COVID-19, SARS-CoV-2, has
infected hundreds of millions of people, has killed mil-
lions of them, and is associated with a wide variety of
symptoms across organs, including pneumonia and
anosmia (loss of the sense of smell). SARS-CoV-2 is a
beta-coronavirus and is closely related to the highly
pathogenic strain SARS-CoV. Like SARS-CoV, SARS-
CoV-2 uses the binding of its spike proteins with a re-
ceptor ACE2 and the proteolytic processing of spike
proteins for cell entry. After binding to the respiratory
tract, SARS-CoV-2 migrates down to the airways and
enters alveolar epithelial cells in the lungs and indu-
ces an inflammatory response. Cytokine storm and its
associated respiratory failures are considered a pri-
mary cause of death in COVID-19 (1).

Although most of the symptoms associated with
COVID-19 are relatively acute, some patients have
shown long-lasting symptoms referred to as postacute
sequelae of COVID-19 (PASC) or long COVID.
Olfactory impairment is one of the most common
symptoms of COVID-19 patients and is the best pre-
dictor of SARS-CoV-2 infection (2, 3), especially
because these impairments often manifest without
rhinorrhea or conductive olfactory loss, the forms of
olfactory impairment typically observed in nasal infec-
tions like the common cold. In addition, persistent
hyposmia (weakened sense of smell) or parosmia
(aberrant sense of smell) have been reported in PASC
patients (4). Both acute and chronic impairments of

olfactory function significantly lower the quality of life
(5). Although the clinical presentation of COVID-19-
associated anosmia has been extensively docu-
mented and summarized in past reviews (6–8), the
precise molecular mechanisms through which infec-
tion with SARS-CoV-2 leads to olfactory symptoms are
poorly understood. Recent studies have shown that
infection of non-neuronal cell types results in tissue
damage, immune cell infiltration, and secretion of sig-
naling molecules, which indirectly affect the function
of olfactory sensory neurons (OSNs) and may contrib-
ute to impaired olfactory perception. Here, we review
this work with the hope that a better understanding of
the unique mechanisms through which SARS-CoV-2
infection leads to olfactory dysfunctions may guide
the development of treatments to help COVID-19
patients recover their normal sense of smell.

CLINICAL HIGHLIGHTS

� Anosmia is one of the major neurological manifestations of
COVID-19.

� SARS-CoV-2 infects non-neuronal cell types, induces tissue dam-
age in the olfactory epithelium, and prompts inflammation in both
the olfactory epithelium and the brain.

� Inflammation likely affects neuronal functions through local and
systemic cytokine signals.

� Persistent hyposmia and anosmia could relate to aberrant regen-
eration and persistent inflammation.

� Reducing inflammation after infection could improve anosmia.
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For most animals, olfaction is fundamental to life, ena-
bling animals to avoid predators, find food or mates, and
learn associations between specific smells and out-
comes. The first step of olfaction begins with the detec-
tion of odors via odorant receptors (ORs) in OSNs housed
in the olfactory epithelium (9, 10). ORs are G protein-
coupled receptors (GPCRs), and mammalian genomes
encode a large number of ORs, with �400 in humans
and >1,000 in mice. Each OSN expresses a single OR
and projects its axon through the cribiform plate directly
to the olfactory bulb in the brain. Axons of OSNs express-
ing the same OR coalesce in one or two pairs
of glomeruli, which are insular neuropil structures in the
olfactory bulb where OSNs make synaptic connections
with neurons that project olfactory information to the
brain. These circuit features convert the pattern of neuro-
nal activity across OSNs into spatial patterns of glomeru-
lar activity, which are sent by projection neurons to
downstream olfactory cortical and striatal brain areas (11).
Although humans are generally believed to have less
well developed sense of smell than, e.g., dogs and
rodents, humans are actually quite adept at detecting
and distinguishing between odorants, and olfaction has a
strong impact on various aspects of human behaviors,

including memory, emotions, and social communications
(12). Because olfaction imbues everyday life, patients with
olfactory dysfunctions frequently report symptoms of
depression (5, 13).
To understand how SARS-CoV-2 affects the olfactory

system, several studies have looked for potential target
cell types in the olfactory epithelium and the brain based
on the expression of the SARS-CoV-2 receptor ACE2
and other genes crucial to viral entry like TMPRSS2.
These studies reveal that ACE2 expression, at both the
gene and protein levels, is restricted to non-neuronal
cell types including sustentacular cells, mucus-secreting
Bowman’s gland cells, stem cells like horizontal basal
cells (HBCs), and vascular cells (FIGURE 1) (14–16). In con-
trast, ACE2 was not detected in OSNs, suggesting that
they are not permissive for SARS-CoV-2 infection.
Although OSNs do express NRP1, which has been sug-
gested to augment the role of ACE2 and TMPRSS2 to
facilitate SARS-COV-2 entry into OSNs (17), both model
organisms and autopsies from COVID-19 patients have
convincingly demonstrated that the primary target of SARS-
CoV-2 in the olfactory neuroepithelium is sustentacular
cells (18, 19), and direct infection of OSNs is either not
detected or rarely observed (20). Therefore, although

FIGURE 1. Cell types in the olfactory epithelium and potential mechanisms of COVID-19-induced anosmia. Top: schematic of the olfactory epi-
thelium with major cell types. Bottom: 3 primary effects of SARS-CoV-2 infection: loss of OSN cilia and receptor downregulation, immune cell infil-
tration, and tissue detachment (complete lesion), which activates horizontal basal cells (HBCs) and triggers regeneration. Sustentacular cells,
Bowman’s gland, and microvillar cells (colored in gray at bottom) are the primary targets of SARS-CoV-2. Image created with BioRender.com, with
permission.
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viruses like Herpes simplex virus transsynaptically trans-
duce neurons in the brain via the OSNs (21), the lack of
OSN infection makes neuroinvasion into the brain via
OSN axons unlikely. Consistent with this, infection of
neurons in the brain has only rarely been observed (22).
These results strongly suggest that neither neuronal
infection nor neuroinvasion accounts for anosmia in
COVID-19 patients.
Additionally, although multiple cell types in the olfactory

epithelium express ACE2, data from human autopsies
suggests that not all cell types are equally permissive to
SARS-CoV-2 infection (18). Similar to these findings, recent
work in nasal epithelial organoid cultures suggests a
model that depends on initial infection of cells with motile
cilia and subsequent viral egress via microvilli (both of
which are present in olfactory support cells) (23).
However, it remains to be seen whether these results will
also generalize to the olfactory epithelium or whether
there exist other molecular or biophysical features that
can account for the differential susceptibility to SARS-
CoV-2 infection across olfactory cell and tissue types (24).
Additionally, multiple SARS-CoV-2 variants have emerged
with different degrees of chemosensory alterations (25).
Consistent with clinical observations, a recent study in
hamsters revealed that the omicron variant causes less
severe damage compared with the gamma and delta var-
iants in both the olfactory epithelium and the lung (26).
Similarly, work in human explant cultures found that omi-
cron replicated faster in the bronchi but less efficiently in
the lung (27). However, there is little data on omicron
infection of the human olfactory epithelium, and further
investigations are required to dissect the mechanisms of
variant-specific phenotypes. Furthermore, although previ-
ously vaccinated individuals with breakthrough cases
from the delta variant can still present with olfactory
impairments (28), the relationship between vaccination
and anosmia remains understudied. Recent work in ani-
mal models suggests that intranasal delivery of vaccines
and unadjuvanted spike proteins can reduce viral burdens
in the nasal turbinate (29), but it remains to be seen
whether such strategies can also help prevent COVID-19-
associated olfactory dysfunctions.
The observation that SARS-CoV-2 likely does not

infect neurons in the nose and the brain constrains the
possible mechanisms for olfactory dysfunction observed
in COVID-19 patients. Recent studies have identified
three potential causes: 1) tissue damage and immune
responses in the olfactory epithelium, 2) altered gene
expression in OSNs via cell-nonautonomous mecha-
nisms, and 3) inflammatory responses in the brain.
Mechanistic insight into the sources of olfactory dysfunc-
tion has largely benefited from work in animal models.
However, since mouse ACE2 is not sufficient for viral
entry, work in mouse models has required either

transgenic models expressing human ACE2 or engi-
neered mouse-adapted SARS-CoV-2 variants (30–32),
both of which may not accurately reflect the biology and
pathophysiology in vivo in humans. In contrast, hamsters
are efficiently infected by SARS-CoV-2 (26, 33), and
recent studies in hamster models have unveiled the
time course of phenotypes that ensue after SARS-
CoV-2 infection (FIGURE 2). Studies from human
autopsies have also provided definite evidence to
help arbitrate between possible models, but such
samples and studies are limited. In addition, work in
human COVID-19 patients with anosmia or hyposmia
can directly link objective measures of olfactory sys-
tem function with biological samples. Although the
three potential causes mentioned above are neither
exhaustive nor mutually exclusive, below we review
these three mechanisms individually and summarize
key outstanding questions.
Work in hamsters has provided a detailed account of

the downstream consequences of sustentacular cell
infection by SARS-CoV-2. Bryche et al. (34) revealed that
SARS-CoV-2 infection of sustentacular cells led to mas-
sive tissue damage in the olfactory epithelium; similar
findings have also been observed in other studies (35,
36). Damage to the olfactory epithelium was observed
as early as 2 days postinfection (DPI), with most of the
olfactory epithelium disappearing by 4 DPI. At 14 DPI
the olfactory epithelium partially recovered, but com-
plete regeneration took a month or longer. Interestingly,
like SARS-CoV-2, the antithyroid drug methimazole also
targets sustentacular cells and Bowman’s gland cells
and causes severe damage to the olfactory epithelium
that regenerates at roughly the same time course (37),
but whether methimazole recapitulates the precise epi-
thelial response to SARS-CoV-2 remains uncertain. Prior
work has shown that ACE2 is expressed in activated

FIGURE 2. Experimental models used in COVID-19-related studies.
Hamsters have been used as an animal model because their ACE2
can bind to SARS-CoV-2 spike protein and wild-type animals can be
efficiently infected with SARS-CoV-2. Mice have also been used but
researchers need to use either 1) transgenic animals that express
human ACE2 from KRT18 promoters (active in epithelial cells) or from
endogenous mouse Ace2 promoter or 2) SARS-CoV-2 variants that
have mutations in the spike protein and other viral genes that allow
for binding to mouse ACE2 and facilitate cell entry. Human autopsies
and biopsies have also been used, but samples from anosmic
COVID-19 patients are limited. Image created with BioRender.com,
with permission.
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stem cells (HBCs) during methimazole-induced regener-
ation (14), suggesting the possibility that infection of
those stem cells could affect the pattern of regeneration
and contribute to long-term or permanent smell loss.
Especially for the subset of human COVID-19 patients
who report parosmia or other distortions to their sense
of smell, it is possible that tissue regeneration is either
incomplete or altered in a way that perturbs the spatial
activity patterns in olfactory bulb glomeruli in the brain
that are evoked by triggering odors (38).
Hamsters have significant anosmia even at 2 DPI, sug-

gesting that anosmia might occur either before or in parallel
with the gross desquamation of the olfactory epithelium.
Interestingly, immunohistological and ultrastructural studies
at these time points demonstrate that SARS-CoV-2 infection
can result in the pervasive loss of OSN cilia (34, 39, 40),
evenwhen the overall tissue structure is largely normal. The
vast majority of key signaling components of OSN signal
transduction such as ORs, G proteins, adenylyl cyclase
(Adcy3), and cyclic nucleotide-gated ion channels (Cnga2/4)
are localized to the cilia, and OSNs cannot detect odors
and transduce signals without their cilia (10). Therefore, one
possible model is that loss of OSN cilia contributes to acute
olfactory dysfunctions in COVID-19 patients, even in cases
without large-scale tissue damage (7). Similarly, local disrup-
tion to sustentacular cells and Bowman’s gland cells could
indirectly affect OSN function, as infection of sustentacular
cells could lead to accumulation of toxic substances, insuffi-
cient glucose levels in OSNs, and/or aberrant local ionic bal-
ance (41–43), and infection of Bowman’s gland cells could
also lead to abnormal composition of themucus (44). As the
relationships between support cells and OSNs are not well
understood, the contribution of their interactions to olfactory
system function and pathophysiology is a fruitful avenue for
future research.
OSNs also induce a wide range of cellular changes in

response to local infection of non-neuronal cells, despite
not being directly infected by SARS-CoV-2. Zazhytska
et al. (19) examined the effects of SARS-CoV-2 infection
on OSN gene expression and chromosomal organization
and observed large-scale reconfiguration of OSN tran-
scriptomes in infected hamsters. For example, at 3 DPI,
antiviral response genes such as Igs15 and Irf7/9 were
strongly induced in OSNs, whereas many genes relevant
to odor signal transduction such as ORs and Adcy3 were
downregulated. Although most antiviral response genes
went back to baseline levels at 10 DPI, the changes in
odor signal transduction genes were more persistent.
Consistent with these changes, the authors also observed
changes in nuclear organization. OR gene clusters from
multiple chromosomes are known to form OSN-specific
genomic compartments that are crucial for stable and
singular OR expression (45). Interestingly, SARS-CoV-2
infection weakened chromosomal interactions between

OR clusters, which was observed as early as 1 DPI and
persisted at 10 DPI. Deficits in nuclear organization pre-
ceded OR gene expression changes, suggesting a
causal relationship that may be important for subse-
quent olfactory dysfunction; consistent with this possibil-
ity, olfactory epithelial tissues from COVID-19 patients
exhibited both OR downregulation and reduced interac-
tions between OR gene clusters. Importantly, this study
also showed that irradiated serum from infected ham-
sters at 3 DPI can disrupt nuclear organization, which
provides support for a model in which secretory signals
like cytokines induced by SARS-CoV-2 infection of non-
neuronal cells induce widespread gene expression
changes in OSNs. Interestingly, downregulation of ORs
and signal transduction factors has also been observed
after SARS-CoV-2 infection in mouse and zebrafish
models (30, 40, 46). However, it remains unclear what
kind of cytokines are detected by OSNs, which signaling
pathways play key roles in disrupting nuclear architec-
ture, and if, how, and when OR gene expression recov-
ers to normal levels.
SARS-CoV-2 infection in both hamsters and humans

dramatically increases the number of immune cells like
monocytes/macrophages and neutrophils in the olfactory
epithelium (19, 34, 47). Infiltration of immune cells and
increased cytokine levels could affect the OSN functions in
an indirect fashion or could ultimately lead to the gross tis-
sue damage observed in hamster models. Although
PASC-associated anosmia has been understudied com-
pared with acute anosmia, Finlay et al. (48) examined the
olfactory epithelium in PASC patients reporting olfactory
dysfunction persisting for at least 4 months since the onset
of COVID-19, at a time point when viral RNAs were unde-
tected. This study revealed that resident CD81 T cells
were highly enriched in patients with hyposmia. This T-cell
subtype expressed an inflammatory cytokine interferon-
gamma, whose receptors were expressed in both sus-
tentacular cells and OSNs. Additionally, the authors
also observed changes in the composition of other my-
eloid cell types, including an enrichment of CD2071

dendritic cells and a reduction of CD1621 M2 macro-
phages. Furthermore, sustentacular cells showed a
sustained transcriptional immune response pheno-
type, and the total number of mature OSNs was
reduced. In contrast, despite the overall reduction in
the number of OSNs, OSN gene expression patterns in
these patients were considerably more modest, with
roughly normal levels of ORs and signaling genes.
Together, this study suggests that PASC-associated ol-
factory dysfunctions are the combined consequence of
persistent immune cell infiltration and cytokine release,
which alter gene expression patterns in sustentacular
cells and HBCs and cause an overall reduction of mature
OSNs. However, the precise mechanisms through which
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the persistent presence of immune cells and cytokines
affects OSN function remains unclear.
Multiple lines of evidence in humans and model

organisms demonstrate that SARS-CoV-2 targets the
olfactory epithelium, but the extent to which COVID-19-
associated anosmia is exclusively a result of peripheral
effects is less well understood. Although most studies
suggest that direct neuronal infection is extremely rare
in the brain, as it is for OSNs in the olfactory epithelium,
it remains possible that altered neural functions in the
brain via cell-nonautonomous mechanisms like inflam-
mation might contribute to olfactory dysfunctions (49,
50) (FIGURE 3). SARS-CoV-2 mainly targets ACE2-
expressing vascular cell types like pericytes (51), which
express ACE2 and may therefore still invade into the
brain parenchyma through blood vessels (FIGURE 3).
However, by using a postmortem bedside surgical pro-
cedure that allows for the collection of tissue and fluid
samples from deceased COVID-19 patients right after
death, Khan et al. (52) presented strong evidence that
SARS-CoV-2 is not detected in the parenchyma of the
olfactory bulb, in the frontal lobe, or in cerebrospinal
fluid (CSF). This study further revealed that perineurial ol-
factory nerve fibroblasts, which enwrap OSN axons and
olfactory ensheathing cells, form an anatomical barrier
that blocks the entry of SARS-CoV-2 through vulnerable
interfaces like the cribriform plate. In hamster models,
despite the anosmia symptoms and gross damage to
the olfactory epithelium, most studies have not detected
any viral RNAs in the olfactory bulb (34). Therefore,
although other studies have identified gene expression
signatures of persistent inflammation in the olfactory
bulb and several other brain regions of hamsters intrana-
sally inoculated with SARS-CoV-2 (53–55), such signa-
tures are likely the result of systemic signals either

diffusing through the cribriform plate or circulating in the
blood that can induce inflammation phenotypes in the
brain (56) (FIGURE 3). Large-scale neuroimaging studies
have also observed changes in brain structure in the ol-
factory cortex (57), but whether these structural changes
are a cause or a consequence of olfactory dysfunction
and persistent inflammation in the brain is still unclear.
Further studies are required to understand the link
between changes in cellular states in the brain and
COVID-19-induced anosmia, as well as the relationship
between anosmia and other neurological phenotypes
like the “brain fog” observed in patients with PASC (58–
60). Interestingly, a recent study in hamsters revealed
that SARS-CoV-2, but not influenza A, induces a persis-
tent inflammatory gene expression signature in several
brain areas (53), suggesting that some of these neuro-
logical phenotypes might be unique to SARS-CoV-2.
Altogether, these recent studies have provided new

insight into possible mechanisms through which SARS-
CoV-2 infection leads to COVID-19-associated anosmia.
Although it is clear that direct infection of neurons in the
nose or brain is rare and unlikely to account for the wide-
spread anosmia in COVID-19 patients, the relative contri-
butions of tissue damage and immune responses in the
olfactory epithelium, altered gene expression in OSNs,
and inflammatory responses in the brain to olfactory
dysfunctions require future investigation. Moreover, as
there are still significant numbers of COVID-19 and
PASC patients who suffer from both short-term andmore
persistent olfactory dysfunction, future work is required to
understand the commonalties and differences in the mech-
anisms that account for such acute and chronic symptoms.
To date, however, there have been relatively few studies
with primary data from anosmic or parosmic COVID-19
patients. Finally, olfactory dysfunctions are a hallmark of

FIGURE 3. Effects of SARS-CoV-2 infection in the brain.
Top: schematic of human brain with vasculature, with the
olfactory bulb highlighted in yellow and the structure and
cell types of the vasculature depicted on right. Bottom: 3
possible central mechanisms that may contribute to COVID-
19-associated anosmia. Although both direct infection to
neurons and viral invasion to the brain are unlikely based
on recent studies, inflammatory responses due to microglial
activation and cytokine circulation are suggested to affect
neurological functions in COVID-19 patients. Image created
with BioRender.com, with permission.
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many neurological disorders including Alzheimer’s dis-
ease and Parkinson’s disease (61), which, coincidentally,
are also associated with inflammation. Therefore, future
studies to elucidate mechanisms of COVID-19 may pro-
vide general insight into the neuroimmunological basis
of other disorders affecting the sense of smell.
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