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Abstract: COVID-19-related persistent olfactory dysfunction (OD) presents remarkable
interindividual differences, and little is known about the host genetic factors that are
involved in its etiopathogenesis. The goal of this study was to explore the genetic factors
underpinning COVID-19-related OD through the analysis of Whole Genome Sequencing
data of 153 affected subjects, focusing on genes involved in antiviral response regulation.
An innovative approach was developed, namely the assessment of the association between
a “gene score”, defined as the ratio of the number of homozygous alternative variants within
the gene to its length, and participants’ olfactory function. The analysis highlighted how
an increased gene score in the ACE2 gene is associated with a worse olfactory performance,
while an increased gene score in the IFI44 and NDUFAF4 genes is associated with a better
olfactory function. Considering the physiological role of the proteins encoded by these
genes, it can be hypothesized that a reduced expression of ACE2 may be associated with a
protracted and severe inflammatory response in the olfactory epithelium, thus worsening
patients’ smell abilities. Conversely, an increased gene score in IFI44 and NDUFAF4 might
be associated with a decreased inflammatory response, thus correlating with a better
olfactory performance. Overall, this study identified new host genetic factors that may play
a pivotal role in determining COVID-19-related OD heterogeneity, possibly enabling more
personalized and effective clinical management for affected individuals.

Keywords: COVID-19; post-viral olfactory dysfunction; Whole Genome Sequencing; rare
variants; common variants

1. Introduction
From an evolutionary perspective, the sense of smell is the most ancient sensory sys-

tem, and it has long been crucial for the successful interaction between the individual and
the environment [1]. Indeed, the correct identification of odorants has proven essential both
for survival (i.e., recognition of potential poisons, spoiled foods, or smoke) and overall well-
being (i.e., successful social relationships and mating) [2]. Therefore, olfactory dysfunction
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(OD) can have a significant impact on health and quality of life, and it has been shown
that it may bring significant social, psychological, and emotional consequences, including
depression, anxiety, lack of self-esteem and self-confidence, social isolation, and alterations
in eating behavior [3]. Despite these considerable implications, olfactory dysfunction com-
monly goes unrecognized. In fact, with an overall population prevalence of OD of up to
24.5% [4], it has been estimated that fewer than 25% of patients are aware of their condition
until they are psychophysically tested [5,6]. OD can be secondary to a number of factors,
and, among all causes, upper respiratory tract viral infections are recognized as a major
determinant of OD. Rhinoviruses, Adenoviruses, Influenza and Parainfluenza viruses, and
Herpesviruses have long been known to be implicated in post-viral OD (PVOD) [7]. In
recent years, PVOD has been gaining increasing attention from the medical community in
consideration of its extraordinary high frequency among patients affected by Coronavirus
disease 19 (COVID-19), caused by the Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) [8,9]. Indeed, the global prevalence of OD in patients with COVID-19 has
been estimated to be 47.85%, with significant differences according to geographical area,
sex, and viral variant [10]. Several hypotheses have been formulated to explain OD in
COVID-19, since, differently from what is seen in most upper respiratory tract viral infec-
tions, patients rarely present nasal congestion, and therefore conductive anosmia resulting
from mechanical obstruction can be excluded [11]. In this light, sensorineural OD seems
more plausible, and different mechanisms may be involved. In the olfactory epithelium
(OE), the two proteins that are essential for viral entry, Angiotensin-Converting Enzyme
2 (ACE2) and transmembrane serine protease 2 (TMPRSS2), are abundantly expressed
by olfactory neurons (ONs) supporting cells, i.e., sustentacular cells and Bowman gland
cells, while they are not expressed by ONs themselves [12,13]. According to literature data,
supporting cells alteration may justify the occurrence of OD during the acute phase of
SARS-CoV-2 infection, but it does not explain why some patients experience long-lasting
smell loss, which is defined as a persistence of the symptom more than 12 weeks after the
infection [14]. Recently, the pathophysiology of persistent OD has been linked to the ability
of SARS-CoV-2 to cause an extensive inflammatory response of the innate immune system
in the OE, which can induce gene expression changes in the ONs [15].

Overall, the above-mentioned mechanism fails to explain why only a fraction of pa-
tients develops long-lasting olfactory alterations and why there is substantial variability in
their onset, progression, and possible resolution. In these circumstances, host genetic fac-
tors may play a central role in interpreting these discrepancies, as they have already proven
crucial to clarify interindividual variability in SARS-CoV-2 infection-related acute OD.
Indeed, a multi-ancestry Genome-Wide Association Study (GWAS) has highlighted how
polymorphisms in the UGT2A1/UGT2A2 locus are associated with acute OD in patients
with COVID-19 [16]. The UGT2A1 gene encodes a glucuronosyltransferase involved in
odorant metabolism that promotes the clearance of lipophilic molecules [17]; it is expressed
by sustentacular cells, thus underlining once more the central role of supporting cells in
acute anosmia pathogenesis. On the other hand, to date, very few works have explored the
host genetic factors possibly associated with persistent OD [18]. Our study aims to fill this
knowledge gap by applying an approach that has recently proven powerful in the identifi-
cation of genes associated with the host response to COVID-19 [19–21], namely the analysis
of the genetic landscape of rare and common variants. In particular, our study focuses on
the identification of rare and common biallelic variants in genes involved in the antiviral
response regulation pathway, taking advantage of Whole Genome Sequencing (WGS) data
of a cohort of deeply characterized Italian patients who suffered from COVID-19 presenting
with long-lasting OD.
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2. Materials and Methods
2.1. Ethical Statement

This study was conducted in accordance with the Declaration of Helsinki and ap-
proved by the Ethics Committee of Friuli-Venezia Giulia Region (Application No. CEUR-
2020-Os-156). Written informed consent was obtained from all participants for their partici-
pation in the study and for the collection of biological samples for research purposes.

2.2. Study Cohort and Clinical Evaluations

One-hundred and fifty-three adult patients aged 18 years or older, presenting with
self-reported persistent OD due to mild COVID-19 and lasting over three months, were
consecutively recruited by the Smell and Taste Outpatients Clinic of the Section of Otolaryn-
gology of the University of Trieste (Trieste, Italy) between September 2021 and November
2022. Eligibility required a SARS-CoV-2 infection diagnosis confirmed via a Reverse Tran-
scription Polymerase Chain Reaction (RT-PCR) test performed on a nasopharyngeal swab,
following international guidelines [22]. Mild COVID-19 was defined by the presence of
symptoms without lower respiratory disease evidence (clinical or imaging) and an oxygen
saturation level of 94% or higher [23]. Standardized self-administered questionnaires were
employed to collect basic demographic, lifestyle, and anamnestic data (i.e., age, sex, dates of
first positive and negative COVID-19 tests, date of chemosensory alteration onset, informa-
tion on comorbidities, such as hypertension, diabetes, chronic cardiovascular, liver, kidney,
or respiratory disorders, and cancer). All patients underwent fiber-optic nasal endoscopy
at enrollment. Individuals with previous head trauma, chronic rhinosinusitis, congenital
anosmia, nasal polyps, or neurodegenerative disorders like Alzheimer’s or Parkinson’s
disease were excluded from the study.

2.3. Psychophysical Assessment of Olfactory Function

Orthonasal olfactory function was measured using the extended Sniffin’ Sticks test
(SST) battery (Burghart Messtechnik, Wedel, Germany), which includes the evaluation
of odor thresholds (T), odor discrimination (D), and odor identification (I), as previously
described [24,25]. The maximum score for each of the three subsections of the SST is 16.
Results are combined for a composite TDI score (range 1–48) and categorized as anosmia
(TDI ≤ 16), hyposmia (TDI between 16.25 and 30.5), or normosmia (TDI ≥ 30.75).

2.4. Biological Sample Collection and WGS Analysis

A peripheral whole blood sample was collected, and genomic DNA was extracted
using the QIAsymphony® SP instrument with the QIAsymphony® Midi Kit (Qiagen, Venlo,
The Netherlands), following the manufacturer’s instructions. DNA quality was verified
with 1% agarose gel electrophoresis, and concentration was determined employing the Nan-
odrop ND 1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA).

WGS was performed using the Illumina NovaSeq 6000 platform with the Illumina
DNA Prep Kit (Illumina Inc., San Diego, CA, USA), according to the manufacturer’s pro-
tocol. After sequencing, FASTQ files were generated and analyzed through a standard
pipeline. This pipeline comprises several steps, including (1) quality control performed
with Fastqc software (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/, last
accessed on 19 July 2024) and Fastp software (v0.21.0) [26], retaining only reads with
Q > 20, (2) sequence alignment to Human Genome Reference build 38 (GRCh38p.13) using
BWA-mem (v2.1) [27], and (3) PCR duplicate removal and Base Quality Score Recalibration
performed using, respectively, Sambamba (v1) [28] and GATK (v4.1.9.0) [29]. Joint variant
calling was performed using a GATK haplotype caller and GenomicsDBImport [29], gener-
ating gVCF files. Afterwards, a quality check was performed applying Variant Quality Score

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Recalibration with GATK and the following filter thresholds: Hardy–Weinberg equilibrium
(p-value < 10−8), missing rate (missing rate > 0.05), heterozygosity rate (p-value < 10−8),
coverage (coverage pre variant calling ≥ 20), and singletons distribution (singletons distri-
bution mean >3 standard deviations). Finally, data were phased using Eagle (v2.4.1) [30]
and annotated using the Variant Effect Predictor (v106) [31].

2.5. Gene Selection

Coding variants that mapped within a list of 298 genes described in the literature as
involved in antiviral response regulation were extracted from WGS data.

This list was created employing Ingenuity Pathway Analysis software (Ingenu-
ity System Inc., Redwood City, CA, USA; https://digitalinsights.qiagen.com/products-
overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/, accessed
on 23 September 2024) and then manually curated selecting only the genes described
in the Online Catalog of Human Genes and Genetic Disorders (OMIM) classification
(https://www.omim.org/, accessed on 23 September 2024). The complete list of the ana-
lyzed genes is reported in Table S1.

For each gene of the antiviral response list, the length was calculated extracting the
position from BioMart (GRCh38.p12, Ensembl) [32].

2.6. Statistical Analysis

The following minor allele frequency (MAF) cutoffs were considered for the analysis
and studied separately: (1) MAF ≤ 1%; (2) MAF between 1% and 5%; (3) MAF between 5%
and 10%; and (4) MAF > 10%. Variants were coded 1 for alternative homozygotes and 0
for reference homozygotes and heterozygotes. For each individual and for each gene, a
gene score was calculated, defined as the ratio of the number of homozygous alternative
variants within the gene to its length in 100 kb.

For each gene, we tested the association between the gene score (independent variable)
and orthonasal olfactory function tests results (dependent variables) with linear regression
models. All models were corrected for sex and age. All analyses were performed on
the entire cohort and on women and men separately; for X-linked genes, the analyses
were performed only on women and men separately. All p-values were adjusted using
the Benjamini–Hochberg method for each MAF group. An adjusted p-value of <0.05 was
considered statistically significant. Statistical analyses were performed using the R software
version 4.1.2 (R Foundation for Statistical Computing, Vienna, Austria).

3. Results
3.1. Demographic and Clinical Data

One hundred and fifty-three individuals affected by persistent OD after mild SARS-
CoV-2 infection were enrolled in this study. All participants were of Caucasian origin, as
confirmed by Principal Component Analysis. The complete study workflow is reported
in Figure 1.

The mean age of the total cohort was 49.2 years, and the majority of the study sample
was composed of female individuals (72.4%). In anamnesis, 13% of the patients, 14 women
and five men, respectively, reported arterial hypertension, while 5.2% of the cohort was
affected by cardiovascular diseases. Four women reported diabetes, and another female
participant referred a tumor diagnosis. Finally, one female and two male participants were
affected by a chronic respiratory disease. None of the enrolled subjects reported being
affected by chronic liver or kidney disease (Table 1).

https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/
https://www.omim.org/
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Figure 1. Study workflow. 1. A cohort of 153 patients presenting with persistent post-COVID-19 OD was 
selected. 2. Olfactory function was psychophysically assessed through the TDI score. 3. WGS analysis 
was performed, and biallelic variants in 298 genes involved in the antiviral response pathway were ex-
tracted. 4. Association analyses between gene score and olfactory performance were performed. 

The mean age of the total cohort was 49.2 years, and the majority of the study sample 
was composed of female individuals (72.4%). In anamnesis, 13% of the patients, 14 women 
and five men, respectively, reported arterial hypertension, while 5.2% of the cohort was 
affected by cardiovascular diseases. Four women reported diabetes, and another female 
participant referred a tumor diagnosis. Finally, one female and two male participants 
were affected by a chronic respiratory disease. None of the enrolled subjects reported be-
ing affected by chronic liver or kidney disease (Table 1). 

Table 1. Demographic data and comorbidities of patients previously affected by COVID-19. The 
table reports the mean age of the cohort, described as mean and standard deviation (SD), and the 
main comorbidities, described as frequency and percentage (N (%)) for categorical variables. 

Demographic Data and 
Comorbidities Total, N = 153 Females, N = 111 Males, N = 42 

Age    
Mean (SD) 49.2 (14.3) 51.1 (14.0) 44.2 (14.2) 

Range 18.0, 90.0 18.0, 90.0 20.0, 76.0 
Hypertension    

No 131 (87.3%) 95 (87.2%) 36 (87.8%) 
Yes 19 (12.7%) 14 (12.8%) 5 (12.2%) 

Not reported 3 2 1 
Diabetes    

No 147 (97.4%) 106 (96.4%) 41 (100%) 
Yes 4 (2.6%) 4 (3.6%) 0 (0%) 

Not reported 2 1 1 
Cardiovascular disease    

Figure 1. Study workflow. 1. A cohort of 153 patients presenting with persistent post-COVID-
19 OD was selected. 2. Olfactory function was psychophysically assessed through the TDI score.
3. WGS analysis was performed, and biallelic variants in 298 genes involved in the antiviral response
pathway were extracted. 4. Association analyses between gene score and olfactory performance
were performed.

Table 1. Demographic data and comorbidities of patients previously affected by COVID-19. The table
reports the mean age of the cohort, described as mean and standard deviation (SD), and the main
comorbidities, described as frequency and percentage (N (%)) for categorical variables.

Demographic Data and Comorbidities Total, N = 153 Females, N = 111 Males, N = 42

Age
Mean (SD) 49.2 (14.3) 51.1 (14.0) 44.2 (14.2)

Range 18.0, 90.0 18.0, 90.0 20.0, 76.0

Hypertension
No 131 (87.3%) 95 (87.2%) 36 (87.8%)
Yes 19 (12.7%) 14 (12.8%) 5 (12.2%)

Not reported 3 2 1

Diabetes
No 147 (97.4%) 106 (96.4%) 41 (100%)
Yes 4 (2.6%) 4 (3.6%) 0 (0%)

Not reported 2 1 1

Cardiovascular disease
No 143 (94.7%) 104 (94.5%) 39 (95.1%)
Yes 8 (5.3%) 6 (5.5%) 2 (4.9%)

Not reported 2 1 1

Active cancer
No 150 (99.3%) 109 (99.1%) 41 (100.0%)
Yes 1 (0.7%) 1 (0.9%) 0 (0%)

Not reported 2 1 1

Chronic respiratory disease
No 148 (98.0%) 109 (99.1%) 39 (95.1%)
Yes 3 (2.0%) 1 (0.9%) 2 (4.9%)

Not reported 2 1 1
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Each individual underwent a careful evaluation of the orthonasal olfactory function
through the threshold, discrimination, and identification subtests; the results of the three
tests were combined to obtain the overall TDI score. Complete results of the psychophysical
tests in the total cohort stratified according to sex are reported in Table 2. Overall, 17%
(26/153) of the total cohort were anosmic, 70.6% (108/153) were hyposmic, and, notably,
12.4% (19/153) obtained a final score within the normosmic range.

Table 2. Olfactory performance data of patients previously affected by COVID-19. The table summa-
rizes the main results of the olfactory performance assessment data, described as mean and standard
deviation (SD).

Olfactory Performance Data Total, N = 153 Females, N = 111 Males, N = 42

Odor Threshold Test
Mean (SD) 4.5 (2.9) 4.8 (2.8) 3.9 (3.2)

Range 0.0, 11.3 0.0, 11.3 0.0, 10.5

Odor Discrimination Test
Mean (SD) 9.4 (2.7) 9.5 (2.6) 9.1 (2.7)

Range 2.0, 14.0 2.0, 14.0 4.0, 14.0

Odor Identification Test
Mean (SD) 9.4 (3.2) 9.5 (3.3) 9.0 (3.0)

Range 1.0, 16.0 1.0, 16.0 3.0, 15.0

Combined TDI Score
Mean (SD) 23.3 (7.0) 23.8 (6.9) 22.0 (7.1)

Range 4.0, 37.5 4.0, 35.5 7.0, 37.5

The association between the gene score and the psychophysically assessed olfactory
performance was evaluated considering both the total score obtained by the enrolled
subjects at the combined TDI test and the separate scores obtained at the threshold, dis-
crimination, and identification subtests. Statistically significant associations were identified
in the MAF ≤ 1% and MAF > 10% groups and are discussed in detail in the following
paragraphs. Conversely, in the groups of MAF between 1% and 5% and MAF between
5% and 10%, no significant associations were found. A block diagram summarizing the
analysis steps and the obtained results is displayed in Figure 2.
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MAF cutoffs were considered and analyzed separately: (1) MAF ≤ 1%; (2) MAF between 1% and 5%;
(3) MAF between 5% and 10%; and (4) MAF > 10%. Afterwards, for each individual and for each
gene, a gene score was calculated, and the association between the gene score and the orthonasal
olfactory function tests results were assessed with linear regression models. For each MAF group,
statistically significant results are detailed.

3.2. Association Analyses Between Rare Variants and Olfactory Performance

In order to evaluate the possible contribution of rare genetic variants in modulating the
olfactory ability of patients previously affected by COVID-19, a gene score was calculated
considering all biallelic variants with a MAF ≤ 1% within each gene of the antiviral response
genes list.

In the female group, two statistically significant associations were detected regarding
the ACE2 gene, encoding the Angiotensin-Converting Enzyme 2 (Table 3); specifically, an
increased gene score within the ACE2 gene is associated with a worse olfactory performance,
both for the odor discrimination (p = 0.03) test, and combined TDI score (p = 0.03).

Table 3. Association between genes and olfactory performance (MAF ≤ 1.0%). The table reports
the significative results of the association analyses. β Gene: effect size of the association. Adjusted
p-value: p-value of the association adjusted using the Benjamini–Hochberg method.

Group Olfactory Function Test Gene β Gene Adjusted p-Value

Female Odor Discrimination Test ACE2 −8.21 0.03
Female Combined TDI Score ACE2 −21.70 0.03

For the male group, no statistically significant associations were identified.

3.3. Association Analyses Between Common Variants and Olfactory Performance

To pinpoint the role of common genetic variants in olfactory ability regulation in
patients previously affected by COVID-19, a gene score was calculated considering all
biallelic variants with a MAF > 10% within each gene of the analyzed list.

In males, two statistically significant associations were detected, involving IFI44 and
NDUFAF4 genes (Table 4). In particular, an increased gene score within IFI44 gene was as-
sociated with a better performance (p = 0.01) in the odor discrimination test; the same effect
was observed for the NDUFAF4 gene homozygous alternative variant carries (p = 0.004).
No statistically significant associations were detected for females and the total cohort.

Table 4. Association between genes and olfactory performance (MAF > 10%). The table reports
the significative results of the association analyses. β Gene: effect size of the association. Adjusted
p-value: p-value of the association adjusted using the Benjamini–Hochberg method.

Group Olfactory Function Test Gene β Gene Adjusted p-Value

Male Odor Discrimination Test IFI44 0.39 0.01
Male Odor Discrimination Test NDUFAF4 0.26 0.004

4. Discussion
Although most patients fully recover from SARS-CoV-2 infection, a substantial fraction

of subjects develop long-lasting symptoms, which have been collectively defined as “long
COVID” or “post-acute sequelae of COVID-19” (PASC) [33]. Long COVID can manifest
with a broad variety of symptoms, with gastrointestinal, respiratory, and neurological ones
being the most common, together with joint pain and fatigue. Additionally, chemosensory
alterations, namely olfactory and gustatory dysfunction, have been reported to be consid-
erably frequent, with a prevalence of 13–24% [34,35]. Several risk factors for persistent
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post-COVID-19 OD have been enumerated, such as lower severity of the acute illness, ad-
vanced age, and female gender [36]. However, despite a few studies have been conducted,
full knowledge of COVID-19-related OD is far from being reached.

On the one hand, acute OD pathogenesis has been thoroughly dissected. Indeed, it has
been postulated that the disruption of OE supporting cells could cause both a reduction in
mucus production, with consequent impediment in the diffusion of odorant molecules to
the ONs, and a decrease in glucose transport towards the ONs, which results in impairment
of energy-dependent olfactory signal transduction [37]. Additionally, supporting cells are
fundamental for ON cilia development and maintenance, and it has been demonstrated
that sustentacular cell damage can result in the rapid retraction of cilia, ensuing complete
abolishment of the signal transduction cascade [38]. In this context, ON damage is not
direct but appears as a consequence of supporting cells infection, which compromises their
metabolic and structural functions and, by extension, the physiological ONs activity. On the
other hand, the extensive inflammatory response of the innate immune system in the OE
seems to be the major driver of COIVD-19-related persistent OD. Inflammation markedly
reduces the expression of genes encoding odorant receptors and other proteins involved
in olfactory signal transduction through extensive chromatin reorganization due to an
alteration in the neuronal nuclear architecture [39,40]. Furthermore, it has been argued
that immune cell infiltration in the OE can lead to an increased apoptosis rate of epithelial
cells, including ONs; if the immune response becomes chronic, it could cause considerable
delay in OE regeneration, which, in some patients, may not occur at all, thus explaining
the persistent OD [41]. However, not all patients develop long-lasting olfactory alterations,
and, whenever they do, they present substantial variability in their onset, progression, and
possible resolution, and these differences have still been poorly explored. In this light, this
study focused on a cohort of 153 patients deeply characterized from a clinical and genetic
point of view to identify novel host genetic factors associated with persistent OD. The
availability of WGS data allowed us to select rare and common biallelic variants separately
within a list of 298 genes involved in the antiviral response and calculate, for each gene, a
gene score. Analyses of the accumulation of rare and common variants have increasingly
been employed to deepen the knowledge of the genetic architecture of complex disorders;
indeed, indeed, they particularly allow to further assess how rare and low-frequency
variants contribute to the genetic landscape of these conditions [42–44]. Furthermore, this
approach has also recently been successfully applied to study the contribution of common
variants to multifactorial conditions, emphasizing how combining the contribution of
both rare and common variants could highlight their additive role to the phenotype of
interest [45]. As there is a growing body of literature data supporting the potential role of
the host immune response in the pathophysiology of persistent OD [15,39–41], in this study
the role of both rare and common variants was deepened, considering a list of 298 genes
involved in the antiviral response regulation and, for the first time to our knowledge, was
specifically aimed at the analysis of biallelic variants.

Considering MAF ≤ 1%, an increased gene score related to the ACE2 gene was associ-
ated with worse olfactory performance in females. The ACE2 gene encodes Angiotensin-
Converting Enzyme 2, a dipeptidyl carboxydipeptidase that cleavages angiotensin I and
angiotensin II into their active forms [46]. It has extensively been linked to SARS-CoV-2
infection, as viral engagement of ACE2 is essential for its entry into cells [12]. Alteration in
ACE2 expression has been associated with COVID-19 severity; in particular, virus-mediated
down-regulation of ACE2 fosters a pro-inflammatory response, which, in the acute phase
of the infection, might lead to a more severe illness [47]. Additionally, its sustained
dysregulation in several tissues has already been implicated in long COVID pathogene-
sis [48,49]. Conversely, previous studies have demonstrated how, physiologically, ACE2
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has an immune regulatory function, as, by reducing angiotensin II, it decreases monocyte
and endothelial cell activation [50], and, by producing Angiotensin-(1-7), it exerts powerful
anti-inflammatory effects [51]. Overall, the expression pattern of ACE2 might be critical
not only for COVID-19 susceptibility but also for overall patient outcome in terms of possi-
bility to develop PASC. In particular, in the OE, ACE2 long-term down-regulation causes
vasoconstriction, increased oxidative stress, tissue fibrosis, and inflammation, through an
overproduction of pro-inflammatory cytokines, such as interleukin-1β (IL-1β), interleukin-
6 (IL-6), interleukin-12 (IL-12), and interferon gamma (IFN-γ) [52]. Biopsies of the OE of
patients with PASC have shown that this pro-inflammatory response is mainly mediated
by T-cells and dendritic cells and directly affects sustentacular cells, thus impairing their
role in ON maintenance [53]. Furthermore, it has been demonstrated that horizontal basal
cells, which physiologically express ACE2 and serve as precursor cells of ONs, also show
a down-regulation of genes involved in epithelial renewal and differentiation, thus con-
tributing to a decrease in the overall number of functional ONs in the OE [53]. In this
light, despite the fact that ACE2 dysregulation has not yet been directly associated with
long-term OD, based on the above-mentioned data, it can be argued that individuals with
a higher presence of rare biallelic variants in the ACE2 gene may develop a protracted and
more severe inflammatory response in the OE. The inflammatory microenvironment has
already been shown to undermine the regeneration rate of the OE, which, in some patients,
may not occur at all [36,41], thus leading to persistent olfactory alteration.

As concerns the MAF > 10% threshold, our study also highlighted how an increased
gene score in the IFI44 and NDUFAF4 genes was associated with better olfactory perfor-
mance. The IFI44 gene, encoding Interferon Induced Protein 44, belongs to the subset of
Interferon-stimulated genes (ISGs), and, despite it has been shown to regulate the innate
immune response, little is known about its precise physiological function. ISGs have a
powerful antiviral activity, being effective against positive-, negative-, and double-stranded
RNA viruses, DNA viruses, and intracellular bacteria and parasites; however, recent ev-
idence also suggests that ISGs may also negatively regulate the antiviral response, thus
preventing excessive damage to the organism [54]. IFI44 is a cytoplasmatic protein that
induces an antiproliferative state in cells. It has already been implicated in host response
to viral infections, as it was shown that IFI44 silencing inhibits the replication of multiple
viruses, whereas its overexpression inhibits the antiviral response due to negative regula-
tion of the interferon pathway mediated by IRF-3 and NF-κB [55]. Concerning COVID-19,
a recent study has demonstrated its upregulation in patients with severe SARS-CoV-2
acute infection, together with several interferon, cytokine, and immune-related genes [56].
Additionally, it has been reported that, through the involvement of dendritic cells, it is
implicated in SARS-CoV-2 replication and immune escape in patients affected by rheuma-
toid arthritis [57]. The NDUFAF4 gene encodes the NADH:Ubiquinone Oxidoreductase
Complex Assembly Factor 4, an assembly factor of the mitochondrial respiratory chain
specifically involved in the assembly of NADH dehydrogenase (complex 1) [58]. The role
of this gene in the host viral response is still poorly elucidated; however, both increased
activity and inhibition of the different mitochondrial respiratory chain complexes have
been shown to affect the replication and pathogenesis of many viruses [59]. Furthermore,
mitochondria are involved in the production of oxygen reactive species, which are involved
in the antiviral response through different mechanisms, including the IRF-3 and NF-κB
signaling pathways [60]. Regarding the possible association with COVID-19, recent data
show that NDUFAF4 is differentially regulated in the immune cells of patients affected by
long COVID in comparison with healthy controls [61]. Neither IFI44 nor NDUFAF4 have
already been associated with persistent OD; however, considering literature data, it may
be hypothesized that individuals with a higher accumulation of biallelic variants in both
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genes may present more efficient viral clearance during the acute phase of COVID-19 and
therefore develop a decreased inflammatory response in the OE that thus correlates with a
better outcome in olfactory performance.

Literature evidence highlights how COVID-19-related OD has shown to be related
not only to increased personal and social burden, as it may provoke a loss of appetite,
body weight changes, personal hygiene concerns, depression, and decrease in social and
professional interactions, but also to potential harmful effects on overall individual health,
as it causes an inability to recognize spoiled food with a subsequent feeling of decreased
safety [62–65]. In this light, it is of paramount importance to better understand the patho-
physiological mechanisms underlying this condition to identify possible therapeutic options
that could improve patients’ quality of life. Many different factors have been implied in the
etiology of persistent OD, and the ability of SARS-CoV-2 to cause extensive inflammatory
response in the OE seems to be one of the most endorsed hypotheses. Nevertheless, it
does not explain marked interindividual differences in the development of chemosensory
dysfunction. In this context, our study has permitted the identification of new host genetic
factors that may play a pivotal role in determining this heterogeneity. In order to addition-
ally confirm the role of the identified genes, it would be interesting to perform a clinical
follow-up for all enrolled participants to verify whether there have been further changes
in their olfactory abilities and to extend the phenotypic characterization and the genetic
analyses to other family members to assess possible familial aggregation.

It has to be noted that this study, conducted on a cohort of 153 Caucasian patients with
mild COVID-19 while excluding severe cases, limits the generalizability of the findings to
broader and more diverse populations. Despite the limited sample size, the detailed clinical
and molecular characterization of the enrolled subjects allowed for a precise analysis of
a homogeneous group, reducing variability linked to disease severity and ethnicity. In
the future, it would be valuable to extend the analysis through the recruitment of not
only Caucasian subjects but also other geographical origins in order to verify results
reproducibility and possibly identify different major genetic factors that might play a
prominent role in different ethnicities. A potential limitation of this study is represented
by the predominance of female subjects within the cohort. Literature data show that
women are more likely to develop COVID-19-related OD [66], and different hypotheses
have been formulated to explain this event; for instance, it has to be considered that
women present better baseline olfactory performance than men [67], thus showing greater
sensitivity and a higher subjective feeling of impairment. Furthermore, immune-related
X-linked genes present different expression in the immune cells of women in comparison
to men [68], therefore possibly influencing the severity of the inflammatory response. In
the future, it would be of paramount importance to expand the cohort of male subjects to
provide a deeper characterization of the genetic factors involved in men. While focusing
on 298 genes associated with antiviral response regulation excludes other potential genetic
or environmental factors, this targeted approach successfully identified significant genetic
associations, shedding light on the mechanisms underlying OD. In the future, it would
be intriguing to further explore the possible involvement of other genetic factors through
the analysis of additional genes, as, for instance, those involved in OE regeneration and
maintenance. The lack of longitudinal follow-up limits the ability to track changes in
olfactory function over time, but the cross-sectional design provides a clear and detailed
snapshot of the relationship between genetics and olfactory performance. Lastly, although
the absence of greater ethnic diversity and environmental factor analysis is a limitation, the
focused scope of this study offers a basis for further research and validation in additional
independent cohorts.
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5. Conclusions
In conclusion, the results of this study contribute to shed light on the genetic architec-

ture of long-lasting OD, offering a valuable model to investigate other forms of PASC as
well and opening new possibilities to better clarify the molecular mechanisms underlying
the complex physiology of the olfactory system. Indeed, as OD can be considered a multi-
factorial disorder that recognizes different pathophysiological mechanisms (i.e., infections,
trauma, neurodegenerative disorders, aging), understanding its molecular bases could
enable a more personalized and effective clinical management for affected individuals.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/life15010056/s1, Table S1: List of 298 genes involved in antiviral
response regulation.

Author Contributions: Conceptualization, B.S., P.B.-R. and G.G.; methodology, A.P., M.P.C., A.S. and
G.G.N.; validation, M.P.C. and A.S.; formal analysis, B.S., A.P., M.P.C. and A.S.; investigation, B.S.,
A.P., A.S., A.D., G.T. and P.B.-R.; data curation, B.S., A.P. and R.R.; writing—original draft preparation,
B.S.; writing—review and editing, B.S., A.P., M.P.C., A.S., R.R., G.G.N., A.D., G.T., P.B.-R. and G.G.;
visualization, B.S. and A.S.; supervision, G.G.; project administration, M.P.C. and G.G.; funding
acquisition, G.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by D70-RESRICGIROTTO to G.G.

Institutional Review Board Statement: This study was conducted in accordance with the Decla-
ration of Helsinki and was approved by the Ethics Committee of the Friuli-Venezia Giulia Region
(Application No. CEUR-2020-Os-156, approved on 16 June 2020).

Informed Consent Statement: Informed consent was obtained from all of the subjects involved in
this study.

Data Availability Statement: The data underlying this article will be shared on reasonable request to
the corresponding author.

Acknowledgments: The authors wish to thank all the patients for their participation in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Boesveldt, S.; Parma, V. The importance of the olfactory system in human well-being, through nutrition and social behavior.

Cell Tissue Res. 2021, 383, 559–567. [CrossRef] [PubMed]
2. Boesveldt, S.; Postma, E.M.; Boak, D.; Welge-Luessen, A.; Schöpf, V.; Mainland, J.D.; Martens, J.; Ngai, J.; Duffy, V.B. Anosmia—

A Clinical Review. Chem. Senses 2017, 42, 513–523. [CrossRef] [PubMed]
3. Croy, I.; Nordin, S.; Hummel, T. Olfactory Disorders and Quality of Life—An Updated Review. Chem. Senses 2014, 39, 185–194.

[CrossRef] [PubMed]
4. Yang, J.; Pinto, J.M. The Epidemiology of Olfactory Disorders. Curr. Otorhinolaryngol. Rep. 2016, 4, 130–141. [CrossRef] [PubMed]
5. Landis, B.N.; Hummel, T.; Hugentobler, M.; Giger, R.; Lacroix, J.S. Ratings of Overall Olfactory Function. Chem. Senses 2003,

28, 691–694. [CrossRef]
6. Whitcroft, K.L.; Altundag, A.; Balungwe, P.; Boscolo-Rizzo, P.; Douglas, R.; Enecilla, M.L.B.; Fjaeldstad, A.W.; Fornazieri, M.A.;

Frasnelli, J.; Gane, S.; et al. Position paper on olfactory dysfunction: 2023 Executive Summary. Rhinology 2023, 61, 1–108.
[CrossRef] [PubMed]

7. Liu, Z.Y.; Vaira, L.A.; Boscolo-Rizzo, P.; Walker, A.; Hopkins, C. Post-viral olfactory loss and parosmia. BMJ Med. 2023, 2, e000382.
[CrossRef] [PubMed]

8. Spinato, G.; Fabbris, C.; Polesel, J.; Cazzador, D.; Borsetto, D.; Hopkins, C.; Boscolo-Rizzo, P. Alterations in Smell or Taste in
Mildly Symptomatic Outpatients With SARS-CoV-2 Infection. JAMA 2020, 323, 2089–2090. [CrossRef]

9. Boscolo-Rizzo, P.; Hummel, T.; Invitto, S.; Spinato, G.; Tomasoni, M.; Emanuelli, E.; Tofanelli, M.; Cavicchia, A.; Grill, V.;
Vaira, L.A.; et al. Psychophysical assessment of olfactory and gustatory function in post-mild COVID-19 patients: A matched
case-control study with 2-year follow-up. Int. Forum. Allergy Rhinol. 2023, 13, 1864–1875. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/life15010056/s1
https://www.mdpi.com/article/10.3390/life15010056/s1
https://doi.org/10.1007/s00441-020-03367-7
https://www.ncbi.nlm.nih.gov/pubmed/33433688
https://doi.org/10.1093/chemse/bjx025
https://www.ncbi.nlm.nih.gov/pubmed/28531300
https://doi.org/10.1093/chemse/bjt072
https://www.ncbi.nlm.nih.gov/pubmed/24429163
https://doi.org/10.1007/s40136-016-0120-6
https://www.ncbi.nlm.nih.gov/pubmed/30613439
https://doi.org/10.1093/chemse/bjg061
https://doi.org/10.4193/Rhin22.483
https://www.ncbi.nlm.nih.gov/pubmed/37454287
https://doi.org/10.1136/bmjmed-2022-000382
https://www.ncbi.nlm.nih.gov/pubmed/37841969
https://doi.org/10.1001/jama.2020.6771
https://doi.org/10.1002/alr.23148
https://www.ncbi.nlm.nih.gov/pubmed/36852674


Life 2025, 15, 56 12 of 14

10. Saniasiaya, J.; Islam, M.A.; Abdullah, B. Prevalence of Olfactory Dysfunction in Coronavirus Disease 2019 (COVID-19):
A Meta-analysis of 27,492 Patients. Laryngoscope 2021, 131, 865–878. [CrossRef]

11. Krishnakumar, H.N.; Momtaz, D.A.; Sherwani, A.; Mhapankar, A.; Gonuguntla, R.K.; Maleki, A.; Abbas, A.; Ghali, A.N.; Al Afif,
A. Pathogenesis and progression of anosmia and dysgeusia during the COVID-19 pandemic. Eur. Arch. Oto.-Rhino.-Laryngol.
2023, 280, 505–509. [CrossRef]

12. Jackson, C.B.; Farzan, M.; Chen, B.; Choe, H. Mechanisms of SARS-CoV-2 entry into cells. Nat. Rev. Mol. Cell Biol. 2022, 23, 3–20.
[CrossRef] [PubMed]

13. Hernandez-Clavijo, A.; Gonzalez-Velandia, K.Y.; Rangaswamy, U.; Guarneri, G.; Boscolo-Rizzo, P.; Tofanelli, M.; Gardenal, N.;
Sanges, R.; Dibattista, M.; Tirelli, G.; et al. Supporting Cells of the Human Olfactory Epithelium Co-Express the Lipid Scramblase
TMEM16F and ACE2 and May Cause Smell Loss by SARS-CoV-2 Spike-Induced Syncytia. Cell. Physiol. Biochem. 2022, 56, 254–269.
[CrossRef] [PubMed]

14. Krishna, B.; Wills, M.; Sithole, N. Long COVID: What is known and what gaps need to be addressed. Br. Med. Bull. 2023,
147, 6–19. [CrossRef] [PubMed]

15. Tan, Z.W.; Toong, P.J.; Guarnera, E.; Berezovsky, I.N. Disrupted chromatin architecture in olfactory sensory neurons: Looking for
the link from COVID-19 infection to anosmia. Sci. Rep. 2023, 13, 5906. [CrossRef] [PubMed]

16. Shelton, J.F.; Shastri, A.J.; Fletez-Brant, K.; Aslibekyan, S.; Auton, A. The UGT2A1/UGT2A2 locus is associated with COVID-19-
related loss of smell or taste. Nat. Genet. 2022, 54, 121–124. [CrossRef]

17. Neiers, F.; Jarriault, D.; Menetrier, F.; Faure, P.; Briand, L.; Heydel, J.-M. The odorant metabolizing enzyme UGT2A1: Immunolo-
calization and impact of the modulation of its activity on the olfactory response. PLoS ONE 2021, 16, e0249029. [CrossRef]

18. Ren, J.; Zhang, Y.; Guo, W.; Feng, K.; Yuan, Y.; Huang, T.; Cai, Y.-D. Identification of Genes Associated with the Impairment of
Olfactory and Gustatory Functions in COVID-19 via Machine-Learning Methods. Life 2023, 13, 798. [CrossRef] [PubMed]

19. Matuozzo, D.; Talouarn, E.; Marchal, A.; Zhang, P.; Manry, J.; Seeleuthner, Y.; Zhang, Y.; Bolze, A.; Chaldebas, M.; Milisavljevic,
B.; et al. Correction: Rare predicted loss-of-function variants of type I IFN immunity genes are associated with life-threatening
COVID-19. Genome Med. 2024, 16, 6. [CrossRef]

20. Khadzhieva, M.B.; Gracheva, A.S.; Belopolskaya, O.B.; Kolobkov, D.S.; Kashatnikova, D.A.; Redkin, I.V.; Kuzovlev, A.N.; Grechko,
A.V.; Salnikova, L.E. COVID-19 severity: Does the genetic landscape of rare variants matter? Front. Genet. 2023, 14, 1152768.
[CrossRef]

21. Adimulam, T.; Arumugam, T.; Gokul, A.; Ramsuran, V. Genetic Variants within SARS-CoV-2 Human Receptor Genes May
Contribute to Variable Disease Outcomes in Different Ethnicities. Multidiscip. Digit. Publ. Inst. 2023, 24, 8711. [CrossRef]

22. Binny, R.N.; Priest, P.; French, N.P.; Parry, M.; Lustig, A.; Hendy, S.C.; Maclaren, O.J.; Ridings, K.M.; Steyn, N.; Vattiato, G.; et al.
Sensitivity of Reverse Transcription Polymerase Chain Reaction Tests for Severe Acute Respiratory Syndrome Coronavirus 2
Through Time. J. Infect. Dis. 2023, 227, 9–17. [CrossRef] [PubMed]

23. Li, K.; Fang, Y.; Li, W.; Pan, C.; Qin, P.; Zhong, Y.; Liu, X.; Huang, M.; Liao, Y.; Li, S. CT image visual quantitative evaluation and
clinical classification of coronavirus disease (COVID-19). Eur. Radiol. 2020, 30, 4407–4416. [CrossRef] [PubMed]

24. Oleszkiewicz, A.; Schriever, V.A.; Croy, I.; Hähner, A.; Hummel, T. Updated Sniffin’ Sticks normative data based on an extended
sample of 9139 subjects. Eur. Arch. Oto.-Rhino.-Laryngol. 2019, 276, 719–728. [CrossRef] [PubMed]

25. Boscolo-Rizzo, P.; Hummel, T.; Menini, A.; Maniaci, A.; Uderzo, F.; Bigolin, L.; Tirelli, G. Adherence to olfactory training improves
orthonasal and retronasal olfaction in post-COVID-19 olfactory loss. Rhinol. J. 2024, 62, 681–688. [CrossRef] [PubMed]

26. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [CrossRef]
[PubMed]

27. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows–Wheeler transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef] [PubMed]

28. Tarasov, A.; Vilella, A.J.; Cuppen, E.; Nijman, I.J.; Prins, P. Sambamba: Fast processing of NGS alignment formats. Bioinformatics
2015, 31, 2032–2034. [CrossRef]

29. McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.; Gabriel, S.; Daly, M.;
et al. The genome analysis toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res.
2010, 20, 1297–1303. [CrossRef]

30. Loh, P.-R.; Danecek, P.; Palamara, P.F.; Fuchsberger, C.; Reshef, Y.A.; Finucane, H.K.; Schoenherr, S.; Forer, L.; McCarthy,
S.; Abecasis, C.F.G.R.; et al. Reference-based phasing using the Haplotype Reference Consortium panel. Nat. Genet. 2016,
48, 1443–1448. [CrossRef] [PubMed]

31. McLaren, W.; Gil, L.; Hunt, S.E.; Riat, H.S.; Ritchie, G.R.S.; Thormann, A.; Flicek, P.; Cunningham, F. The Ensembl Variant Effect
Predictor. Genome Biol. 2016, 17, 122. [CrossRef]

32. Smedley, D.; Haider, S.; Ballester, B.; Holland, R.; London, D.; Thorisson, G.; Kasprzyk, A. BioMart–biological queries made easy.
BMC Genom. 2009, 10, 22. [CrossRef]

https://doi.org/10.1002/lary.29286
https://doi.org/10.1007/s00405-022-07689-w
https://doi.org/10.1038/s41580-021-00418-x
https://www.ncbi.nlm.nih.gov/pubmed/34611326
https://doi.org/10.33594/000000531
https://www.ncbi.nlm.nih.gov/pubmed/35670331
https://doi.org/10.1093/bmb/ldad016
https://www.ncbi.nlm.nih.gov/pubmed/37434326
https://doi.org/10.1038/s41598-023-32896-8
https://www.ncbi.nlm.nih.gov/pubmed/37041182
https://doi.org/10.1038/s41588-021-00986-w
https://doi.org/10.1371/journal.pone.0249029
https://doi.org/10.3390/life13030798
https://www.ncbi.nlm.nih.gov/pubmed/36983953
https://doi.org/10.1186/s13073-023-01278-0
https://doi.org/10.3389/fgene.2023.1152768
https://doi.org/10.3390/ijms24108711
https://doi.org/10.1093/infdis/jiac317
https://www.ncbi.nlm.nih.gov/pubmed/35876500
https://doi.org/10.1007/s00330-020-06817-6
https://www.ncbi.nlm.nih.gov/pubmed/32215691
https://doi.org/10.1007/s00405-018-5248-1
https://www.ncbi.nlm.nih.gov/pubmed/30554358
https://doi.org/10.4193/Rhin24.233
https://www.ncbi.nlm.nih.gov/pubmed/39254484
https://doi.org/10.1093/bioinformatics/bty560
https://www.ncbi.nlm.nih.gov/pubmed/30423086
https://doi.org/10.1093/bioinformatics/btp324
https://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1093/bioinformatics/btv098
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1038/ng.3679
https://www.ncbi.nlm.nih.gov/pubmed/27694958
https://doi.org/10.1186/s13059-016-0974-4
https://doi.org/10.1186/1471-2164-10-22


Life 2025, 15, 56 13 of 14

33. Thaweethai, T.; Jolley, S.E.; Karlson, E.W.; Levitan, E.B.; Levy, B.; McComsey, G.A.; McCorkell, L.; Nadkarni, G.N.; Parthasarathy,
S.; Singh, U.; et al. Development of a Definition of Postacute Sequelae of SARS-CoV-2 Infection. JAMA 2023, 329, 1934–1946.
[CrossRef] [PubMed]

34. Groff, D.; Sun, A.; Ssentongo, A.E.; Ba, D.M.; Parsons, N.; Poudel, G.R.; Lekoubou, A.; Oh, J.S.; Ericson, J.E.; Ssentongo, P.; et al.
Short-term and Long-term Rates of Postacute Sequelae of SARS-CoV-2 Infection: A Systematic Review. JAMA Netw. Open 2021,
4, e2128568. [CrossRef]

35. Garg, M.; Maralakunte, M.; Garg, S.; Dhooria, S.; Sehgal, I.; Bhalla, A.S.; Vijayvergiya, R.; Grover, S.; Bhatia, V.; Jagia, P.; et al. The
conundrum of “long-covid-19”: A narrative review. Dove. Med. Press Ltd. 2021, 14, 2491–2506. [CrossRef]

36. Park, J.W.; Wang, X.; Xu, R.-H. Revealing the mystery of persistent smell loss in Long COVID patients. Int. J. Biol. Sci. 2022,
18, 4795–4808. [CrossRef] [PubMed]

37. Butowt, R.; Bilinska, K.; von Bartheld, C.S. Olfactory dysfunction in COVID-19: New insights into the underlying mechanisms.
Trends Neurosci. 2023, 46, 75–90. [CrossRef] [PubMed]

38. de Melo, G.D.; Lazarini, F.; Levallois, S.; Hautefort, C.; Michel, V.; Larrous, F.; Verillaud, B.; Aparicio, C.; Wagner, S.; Gheusi, G.;
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. [CrossRef]

39. Rodriguez, S.; Cao, L.; Rickenbacher, G.T.; Benz, E.G.; Magdamo, C.; Gomez, L.R.; Holbrook, E.H.; Albers, A.D.; Gallagher, R.;
Westover, M.B.; et al. Innate immune signaling in the olfactory epithelium reduces odorant receptor levels: Modeling transient
smell loss in COVID-19 patients. medRxiv 2020. [CrossRef]

40. Zazhytska, M.; Kodra, A.; Hoagland, D.A.; Frere, J.; Fullard, J.F.; Shayya, H.; McArthur, N.G.; Moeller, R.; Uhl, S.; Omer, A.D.;
et al. Non-cell-autonomous disruption of nuclear architecture as a potential cause of COVID-19-induced anosmia. Cell 2022,
185, 1052–1064. [CrossRef]

41. Lane, A.P.; Turner, J.; May, L.; Reed, R. A Genetic Model of Chronic Rhinosinusitis-Associated Olfactory Inflammation Reveals
Reversible Functional Impairment and Dramatic Neuroepithelial Reorganization. J. Neurosci. 2010, 30, 2324. [CrossRef]

42. Bomba, L.; Walter, K.; Soranzo, N. The impact of rare and low-frequency genetic variants in common disease. Genome Biol. 2017,
18, 77. [CrossRef] [PubMed]

43. Venkataraman, G.R.; Rivas, M.A. Rare and common variant discovery in complex disease: The IBD case study. Hum. Mol. Genet.
2019, 28, R162–R169. [CrossRef] [PubMed]

44. Russo, A.; Di Gaetano, C.; Cugliari, G.; Matullo, G. Advances in the genetics of hypertension: The effect of rare variants. Int. J.
Mol. Sci. 2018, 19, 688. [CrossRef] [PubMed]

45. Urpa, L.; Kurki, M.I.; Rahikkala, E.; Hämäläinen, E.; Salomaa, V.; Suvisaari, J.; Keski-Filppula, R.; Rauhala, M.; Korpi-Heikkilä,
S.; Komulainen-Ebrahim, J.; et al. Evidence for the additivity of rare and common variant burden throughout the spectrum of
intellectual disability. Eur. J. Hum. Genet. 2024, 32, 576–583. [CrossRef]

46. Turner, A.J. Chapter 25-ACE2 Cell Biology, Regulation, and Physiological Functions. In The Protective Arm of the Renin Angiotensin
System (RAS); Unger, T., Steckelings, U.M., Santos, R.A.S.D., Eds.; Academic Press: Boston, MA, USA, 2015; pp. 185–189.
[CrossRef]

47. Banu, N.; Panikar, S.S.; Leal, L.R.; Leal, A.R. Protective role of ACE2 and its downregulation in SARS-CoV-2 infection leading to
Macrophage Activation Syndrome: Therapeutic implications. Life Sci. 2020, 256, 117905. [CrossRef]

48. Oudit, G.Y.; Wang, K.; Viveiros, A.; Kellner, M.J.; Penninger, J.M. Angiotensin-converting enzyme 2—At the heart of the COVID-19
pandemic. Cell 2023, 186, 906–922. [CrossRef] [PubMed]

49. Ahmed, G.; Abdelgadir, Y.; Abdelghani, A.; Simpson, P.; Barbeau, J.; Basel, D.; Barrios, C.S.; A Smith, B.; Schilter, K.F.; Udani, R.;
et al. Reduction in ACE2 expression in peripheral blood mononuclear cells during COVID-19–implications for post COVID-19
conditions. BMC Infect. Dis. 2024, 24, 663. [CrossRef]

50. Ekholm, M.; Kahan, T.; Jörneskog, G.; Bröijersen, A.; Wallén, N.H. Angiotensin II infusion in man is proinflammatory but has no
short-term effects on thrombin generation in vivo. Thromb. Res. 2009, 124, 110–115. [CrossRef] [PubMed]

51. Ferrario, C.M.; Trask, A.J.; Jessup, J.A. Advances in biochemical and functional roles of angiotensin-converting enzyme 2 and
angiotensin-(1–7) in regulation of cardiovascular function. Am. J. Physiol.-Heart Circ. Physiol. 2005, 289, H2281–H2290. [CrossRef]
[PubMed]

52. Khazaal, S.; Harb, J.; Rima, M.; Annweiler, C.; Wu, Y.; Cao, Z.; Khattar, Z.A.; Legros, C.; Kovacic, H.; Fajloun, Z.; et al. The
Pathophysiology of Long COVID throughout the Renin-Angiotensin System. Molecules 2022, 27, 2903. [CrossRef] [PubMed]

53. Finlay, J.B.; Brann, D.H.; Hachem, R.A.; Jang, D.W.; Oliva, A.D.; Ko, T.; Gupta, R.; Wellford, S.A.; Moseman, E.A.; Jang, S.S.;
et al. Persistent post-COVID-19 smell loss is associated with immune cell infiltration and altered gene expression in olfactory
epithelium. Sci. Transl. Med. 2022, 14, eadd0484. [CrossRef] [PubMed]

54. Schneider, W.M.; Chevillotte, M.D.; Rice, C.M. Interferon-stimulated genes: A complex web of host defenses. Annu. Rev. Inc. 2014,
32, 513–545. [CrossRef] [PubMed]

https://doi.org/10.1001/jama.2023.8823
https://www.ncbi.nlm.nih.gov/pubmed/37278994
https://doi.org/10.1001/jamanetworkopen.2021.28568
https://doi.org/10.2147/IJGM.S316708
https://doi.org/10.7150/ijbs.73485
https://www.ncbi.nlm.nih.gov/pubmed/35874953
https://doi.org/10.1016/j.tins.2022.11.003
https://www.ncbi.nlm.nih.gov/pubmed/36470705
https://doi.org/10.1126/scitranslmed.abf8396
https://doi.org/10.1101/2020.06.14.20131128
https://doi.org/10.1016/j.cell.2022.01.024
https://doi.org/10.1523/JNEUROSCI.4507-09.2010
https://doi.org/10.1186/s13059-017-1212-4
https://www.ncbi.nlm.nih.gov/pubmed/28449691
https://doi.org/10.1093/hmg/ddz189
https://www.ncbi.nlm.nih.gov/pubmed/31363759
https://doi.org/10.3390/ijms19030688
https://www.ncbi.nlm.nih.gov/pubmed/29495593
https://doi.org/10.1038/s41431-024-01581-3
https://doi.org/10.1016/B978-0-12-801364-9.00025-0
https://doi.org/10.1016/j.lfs.2020.117905
https://doi.org/10.1016/j.cell.2023.01.039
https://www.ncbi.nlm.nih.gov/pubmed/36787743
https://doi.org/10.1186/s12879-024-09321-0
https://doi.org/10.1016/j.thromres.2008.12.040
https://www.ncbi.nlm.nih.gov/pubmed/19195683
https://doi.org/10.1152/ajpheart.00618.2005
https://www.ncbi.nlm.nih.gov/pubmed/16055515
https://doi.org/10.3390/molecules27092903
https://www.ncbi.nlm.nih.gov/pubmed/35566253
https://doi.org/10.1126/scitranslmed.add0484
https://www.ncbi.nlm.nih.gov/pubmed/36542694
https://doi.org/10.1146/annurev-immunol-032713-120231
https://www.ncbi.nlm.nih.gov/pubmed/24555472


Life 2025, 15, 56 14 of 14

55. Dediego, M.L.; Nogales, A.; Martinez-Sobrido, L.; Topham, D.J. Interferon-induced protein 44 interacts with cellular fk506-binding
protein 5, negatively regulates host antiviral responses, and supports virus replication. Am. Soc. Microbiol. 2019, 10, e01839-19.
[CrossRef] [PubMed]

56. Jain, R.; Ramaswamy, S.; Harilal, D.; Uddin, M.; Loney, T.; Nowotny, N.; Alsuwaidi, H.; Varghese, R.; Deesi, Z.; Alkhajeh, A.; et al.
Host transcriptomic profiling of COVID-19 patients with mild, moderate, and severe clinical outcomes. Comput. Struct. Biotechnol.
J. 2021, 19, 153–160. [CrossRef]

57. Zheng, Q.; Wang, D.; Lin, R.; Lv, Q.; Wang, W. IFI44 is an immune evasion biomarker for SARS-CoV-2 and Staphylococcus aureus
infection in patients with RA. Front. Immunol. 2022, 13, 1013322. [CrossRef]

58. Balsa, E.; Marco, R.; Perales-Clemente, E.; Szklarczyk, R.; Calvo, E.; Landázuri, M.O.; Enríquez, J.A. NDUFA4 Is a Subunit of
Complex IV of the Mammalian Electron Transport Chain. Cell Metab. 2012, 16, 378–386. [CrossRef]

59. Pan, W.; Shen, Z.; Wang, H.; He, H. The host cellular protein Ndufaf4 interacts with the vesicular stomatitis virus M protein and
affects viral propagation. Virus Genes 2021, 57, 250–257. [CrossRef]

60. West, A.P.; Shadel, G.S.; Ghosh, S. Mitochondria in innate immune responses. Nat. Rev. Immunol. 2011, 11, 389–402. [CrossRef]
61. Peppercorn, K.; Edgar, C.D.; Kleffmann, T.; Tate, W.P. A pilot study on the immune cell proteome of long COVID patients shows

changes to physiological pathways similar to those in myalgic encephalomyelitis/chronic fatigue syndrome. Sci. Rep. 2023,
13, 22068. [CrossRef] [PubMed]

62. Coelho, D.H.; Reiter, E.R.; Budd, S.G.; Shin, Y.; Kons, Z.A.; Costanzo, R.M. Quality of life and safety impact of COVID-19
associated smell and taste disturbances. Am. J. Otolaryngol. 2021, 42, 103001. [CrossRef] [PubMed]

63. Santos, D.V.; Reiter, E.R.; DiNardo, L.J.; Costanzo, R.M. Hazardous Events Associated with Impaired Olfactory Function.
Arch. Otolaryngol. Head Neck Surg. 2004, 130, 317–319. [CrossRef] [PubMed]

64. Blomkvist, A.; Hofer, M. Olfactory Impairment and Close Social Relationships. A Narrat. Review. Chem. Senses 2021, 46, bjab037.
[CrossRef] [PubMed]

65. Hummel, T.; Nordin, S. Olfactory disorders and their consequences for quality of life. Acta Otolaryngol. 2005, 125, 116–121.
[CrossRef] [PubMed]

66. Imam, S.A.; Lao, W.P.; Reddy, P.; Nguyen, S.A.; Schlosser, R.J. Is SARS-CoV-2 (COVID-19) postviral olfactory dysfunction (PVOD)
different from other PVOD? World J. Otorhinolaryngol. Head Neck Surg. 2020, 6, S26–S32. [CrossRef] [PubMed]

67. Sugiura, M.; Aiba, T.; Mori, J.; Nakai, Y. An Epidemiological Study of Postviral Olfactory Disorder. Acta Otolaryngol. 1998,
118, 191–196. [CrossRef]

68. Gemmati, D.; Bramanti, B.; Serino, M.L.; Secchiero, P.; Zauli, G.; Tisato, V. COVID-19 and individual genetic susceptibil-
ity/receptivity: Role of ACE1/ACE2 genes, immunity, inflammation and coagulation. might the double x-chromosome in females
be protective against SARS-COV-2 compared to the single x-chromosome in males? Int. J. Mol. Sci. 2020, 21, 3474. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1128/mBio.01839-19
https://www.ncbi.nlm.nih.gov/pubmed/31455651
https://doi.org/10.1016/j.csbj.2020.12.016
https://doi.org/10.3389/fimmu.2022.1013322
https://doi.org/10.1016/j.cmet.2012.07.015
https://doi.org/10.1007/s11262-021-01833-0
https://doi.org/10.1038/nri2975
https://doi.org/10.1038/s41598-023-49402-9
https://www.ncbi.nlm.nih.gov/pubmed/38086949
https://doi.org/10.1016/j.amjoto.2021.103001
https://www.ncbi.nlm.nih.gov/pubmed/33773440
https://doi.org/10.1001/archotol.130.3.317
https://www.ncbi.nlm.nih.gov/pubmed/15023839
https://doi.org/10.1093/chemse/bjab037
https://www.ncbi.nlm.nih.gov/pubmed/34351415
https://doi.org/10.1080/00016480410022787
https://www.ncbi.nlm.nih.gov/pubmed/15880938
https://doi.org/10.1016/j.wjorl.2020.05.004
https://www.ncbi.nlm.nih.gov/pubmed/32837756
https://doi.org/10.1080/00016489850182918
https://doi.org/10.3390/ijms21103474

	Introduction 
	Materials and Methods 
	Ethical Statement 
	Study Cohort and Clinical Evaluations 
	Psychophysical Assessment of Olfactory Function 
	Biological Sample Collection and WGS Analysis 
	Gene Selection 
	Statistical Analysis 

	Results 
	Demographic and Clinical Data 
	Association Analyses Between Rare Variants and Olfactory Performance 
	Association Analyses Between Common Variants and Olfactory Performance 

	Discussion 
	Conclusions 
	References

