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Abstract. - OBJECTIVE: Long-COVID is a
clinical syndrome characterized by the pres-
ence of symptoms related to SARS-CoV-2 in-
fection that persist for at least four weeks af-
ter recovery from COVID-19. Genetics have
been proposed to play an important role
in long-COVID syndrome onset. This study
aimed to identify genetic pathogenetic and
likely pathogenetic causative variants of Men-
delian genetic diseases in patients with Long-
COVID syndrome. Additionally, we aimed to
establish an association between these ge-
netic variants and the clinical symptoms man-
ifested during long-COVID syndrome.

PATIENTS AND METHODS: 95 patients af-
fected by long-COVID syndrome were analyzed
with a Next-Generation Sequencing (NGS) pan-
el comprising 494 genes. The analyzed genes
and the symptoms of the patients collected with
an ad-hoc questionnaire were divided into four
groups (cardiological, respiratory, immunologi-
cal, and neurological). Finally, a statistical analy-
sis comprising descriptive statistics, classifica-
tion based on reported symptoms, and compar-
ative analysis against a control group of healthy
individuals was conducted.

RESULTS: 12 patients resulted positive for ge-
netic testing with an autosomal dominance (8)
or autosomal recessive (4) inheritance, show-
ing a higher prevalence of cardiovascular genet-
ic diseases (9) in the analyzed cohort compared

to the normal population. Moreover, the onset of
the long-COVID syndrome and its cardiovascu-
lar manifestations was compliant with the onset
reported in the literature for the identified ge-
netic diseases, suggesting that COVID-19 could
manifest late-onset genetic diseases associated
with their appearance. Apart from the 12 positive
patients, 57 were healthy carriers of genetic dis-
eases. Analyzing the whole cohort, a statistical
correlation between prevalent symptomatology
and the gene class was established, suggest-
ing an association between the genetic suscep-
tibility of an individual and the possibility of de-
veloping specific long-COVID syndrome symp-
toms, especially cardiovascular symptoms. Fur-
thermore, 17 genetic variants were identified in
CFTR. Finally, we identified genetic variants in
IFNAR2 and POLG, supporting their respective
involvement in inflammation and mitochondria
mechanisms, correlated with long-COVID syn-
drome according to literature data.

CONCLUSIONS: This study proposed COVID-19
to act as a manifest of underlying late-onset ge-
netic diseases Mendelian associated with car-
rier status. Moreover, according to our results,
mutations in cardiological genes are more pres-
ent in patients who show cardiological symptoms
during the syndrome. This underscores the ne-
cessity for cardiological investigation and genetic
screening in long-COVID patients to address ex-
isting or potential clinical implications.

Corresponding Author: Cecilia Micheletti, MSc; e-mail: cecilia.micheletti@assomagi.org



Linking pathogenic and likely pathogenic gene variants to long-COVID symptoms

Key Words:

Long-COVID syndrome, Next-Generation Sequenc
ing, NGS, Mendelian disease, Respiratory disease, Cardi-
ac disease, Immunological disease, Neurological disease.

Introduction

The appearance of long-COVID syndrome and
its impact on those recovering from COVID-19
creates serious concerns in the worldwide health
community. Long-COVID syndrome is a col-
lection of symptoms that continue after the acute
phase of a SARS-CoV-2 infection has passed'.
These lasting symptoms range from incapacita-
ting weariness and anosmia to chronic shortness
of breath and cognitive deficits®. Chronic fatigue,
on the other hand, is largely defined by intense and
chronic exhaustion that severely limits everyday
activity. Though it can be triggered by a variety of
factors, it has lately received significant attention
due to its frequent relationship with long-CO-
VID syndrome: understanding the complex in-
terplay between these two conditions is crucial®.
It is critical to understand the genetic association
of long-COVID syndrome by delving into the
complexity of both multifactorial and Mendelian
genetics*. Our study investigates how neurologi-
cal, cardiological, respiratory, and immunological
symptoms manifested during long-COVID syn-
drome may be due to the presence of genetic va-
riants in genes associated with Mendelian genetic
diseases. We specifically look at the emergence of
symptoms connected to long-COVID syndrome
and the possible impact of genetic variations in
genes linked to Mendelian diseases®. Our stu-
dy focuses on genes connected to pathways for
respiratory, cardiac, immune, and neurological
diseases, all of which have been linked to the
wide range of symptoms seen in long-COVID
patients. To demonstrate the correlation between
clinical symptoms and the genetic variants found,
a statistical analysis was conducted. We seek to
gain crucial knowledge about the biological foun-
dations of long-COVID syndrome and open the
door to more specialized therapy approaches by
examining these genetic relationships.

Patients and Methods

Patient Recruitment
Between April 2021 and October 2022, 95
adult patients (51 women and 44 men; average

age 52; youngest patient 28; oldest patient 81),
who exhibited clinical symptoms and severe
long-term COVID syndrome, were enrolled in
the study. These symptoms covered a wide ran-
ge, including exhaustion, fever, sleeplessness,
mental disorientation, memory loss, anxiety,
pain, blood pressure fluctuations, dizziness, and
loss of balance. Patients were diagnosed at least
six months after SARS-CoV-2 recovery. Blood
samples were collected from each patient.
Exclusion criteria included: significant mental
retardation, severe disabilities, or in any case
subjects unable to provide informed consent;
subjects with an oropharyngeal swab still testing
positive for COVID-19 at the time of screening;
subjects presenting negative serological from CO-
VID-19; minors (subjects under 18 years of age);
subjects suffering from pathologies that can alter
the normal functioning of nervous system (e.g.,
serious heart disease, hereditary or acquired neu-
ropathies, eating disorders, psychiatric disorders).

Informed Consent and Ethical
Considerations

A written informed consent form was obtained
from all patients at the time of enrollment, and
each of them was assigned a unique alphanume-
ric code to protect their anonymity. All research
processes were conducted according to the ethi-
cal guidelines of the Declaration of Helsinki and
its latest amendments and were approved by the
Ethical Committee of Azienda Sanitaria dell’Alto
Adige, Italy (Approval No. 132-2020).

Data Collection and Symptoms
Categorization

Patients were asked to rate their symptoms
on a 0-10 scale to reflect the symptom intensity
reported during Covid-19. With 0 denoting the
lack of symptoms and 10 denoting the presence
of severe symptoms. Four distinct domains of
symptoms were evaluated, including those rela-
ted to the cardiovascular system (e.g., arrhyth-
mias, tachycardia), the respiratory system (e.g.,
rhinorrhea, dyspnea), the nervous system (e.g.,
tremors, sleep disorders), and the immune system
(e.g., fever, diarrhea, skin manifestations). This
classification made it possible to thoroughly and
methodically examine the wide range of symp-
toms that our patient group reported. We also
noted each patient’s comorbidities. These comor-
bidities enabled us to investigate potential rela-
tionships between pre-existing medical illnesses
and the long-COVID syndrome presentation.
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Next-Generation Sequencing

We developed a Next-Generation Sequen-
cing (NGS) panel comprising 494 genes poten-
tially associated with chronic fatigue syndrome
and related fatigue syndromes (Supplemen-
tary Table I). The selection of genes for this
panel was informed by data from reputable
sources, including the Human Gene Mutation
Database (HGMD Professional), Online Men-
delian Inheritance in Man (OMIM), Orphanet,
GeneReviews, and PubMed.

DNA Probe Creation

To create the custom DNA probes for this
panel, we utilized Twist Bioscience Technology
(South San Francisco, CA, USA). Subsequently,
[lumina NGS sequencing services were con-
ducted by IntegraGen Genomic Service (Evry,
Evry-Courcouronnes, Francia).

Targeted Sequencing and Variant
Interpretation

The NGS panel targeted coding exons and
adjacent regions within each gene, with a cu-
mulative target length of 839,308 base pairs.
The interpretation of identified variants was
carried out using the already published clas-
sification algorithm®®. Variants were inter-
preted according to the American College of
Medical Genetics guidelines’.

Data Analysis and Visualization

i.  Bar graph for survey responses: we utilized a
bar graph to visualize the distribution of sur-
Vey responses across symptom categories.

ii. ANOVA test: an analysis of variance
(ANOVA) was conducted to assess the
relationship between gene class and minor
allele frequency (MAF).

iii. Regression analysis: to evaluate the rela-
tionship between inheritance types and
MAPF, a regression analysis was performed.

iv. Violin graph for MAF: we created a violin
graph to depict the distribution of MAF
based on the verdict.

v. Chi-Square test for long-COVID syndro-
me: to investigate the connection between
P and LP mutations in our population and
the occurrence of long-COVID syndrome,
a Chi-square test was employed.

These analytical tools and methodologies enabled
us to conduct a comprehensive examination of the
dataset, yielding valuable insights into the rela-
tionships among various variables of interest.

Statistical Analysis

For our analysis, we employed a combination
of data preparation techniques. Initially, data
organization and formatting were carried out in
Microsoft Excel to prepare the dataset. Subse-
quently, we used R Studio, an advanced statistical
analysis environment, to import and analyze the
dataset. In our statistical analysis, we set a signi-
ficance threshold at a p-value of less than 0.05.

Results

A comprehensive analysis of 494 genes was
conducted in a cohort of 95 patients, utilizing a
designed and validated panel developed during
this study. Within this analysis, 75 variants were
identified and subsequently classified as either
pathogenic or likely pathogenic, employing the
published interpretation algorithm®®. These no-
table variants were observed in a total of 57
patients. Significantly, these variants were disper-
sed across 45 distinct genes, further elucidating
the intricate genetic landscape associated with
long-COVID syndrome. The genes harboring
these variants include ABCA3, ABCBI, ABCCY,
APOB, AKRIC2, AKRIC4, ATPIA2, ATR, CD36,
CFTR, CHRNE, CHRNBI, DSG2, DSP, DUOX?2,
F5, FBNI, FCGR2A4, FYCOI, GPRIS8, GAL3ST2,
GDPDI, GLA, GPBARI, GRIN2D, IFNAR?2,
JSRPI, KCNAS5, KCNN3, LDLR, LRBA, LRPG,
MIBI, MYH6, NATS, ORAIll, POLG, PONS3,
PROC, PYGM, SCNIB, SCN5A, SDHA, SER-
PINAI, ST6GALNACS, TLR4, TRPVI, VAMPI,
ZFHX3, TTN, VARS2. The complete results are
reported in Supplementary Table II.

Multifactorial Analysis

Figure 1, a bar chart was crafted to present the
questionnaire responses about symptom catego-
ries. Neurological deficits emerge as the most pre-
valent, being documented in 87 cases, whereas
cardiological deficits are comparatively less com-
mon, with 62 reported cases. Respiratory deficits
were reported in 74 patients and immunological
deficits in 73 patients. The figures also draw at-
tention to the fact that the cardiological category
registers the highest number of absent responses,
followed sequentially by the immunological, re-
spiratory, and neurological categories.

To determine whether there is a significant
association between the presence of P and LP
mutations in our population and the occurrence
of long-COVID syndrome, we conducted the
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chi-square test as a better analytical tool because
it can be used with categorical data and can assess
the presence of an association between variables.

The Chi-square test (Table 1) was applied to our
dataset and yielded significant and profound results.

- The Chi-square statistic was 260. This stati-
stic measures the strength of the association
between the presence of P and LP mutations
and the onset of long-COVID syndrome.

- The test was conducted with 25 degrees of
freedom, representing the number of inde-
pendent comparisons made in the analysis.

- The p-value was approximately 5.70e-41, a
very small number. This p-value represen-
ts the probability of obtaining a Chi-square
statistic as extreme as that obtained if there
was no association between the variables.

To better understand the complex relationship
between genetics and allelic variation, we tapped in-
to the ANOVA analytic tool (Supplementary Table
IIT). Our main goal was to determine how different
gene classes might affect the variation in ‘Minor
Allele Frequency’ (MAF) values. The variance at-
tributed to “Gene Class” unveils an astonishingly
high F-value of 2.273251e+30, accompanied by an
exceedingly minute p-value of 6.798358¢-136.

In an attempt to understand the interplay
between ‘Inheritance’ and ‘Minor Allelic Fre-
quency’ (MAF) Patterns, we employed a linear
regression analysis (Supplementary Table 1V).
We aimed to understand whether the specific
types of “inheritance”, classified as “AR” (Auto-
somal Recessive) and “AD” (Autosomal Domi-
nant), had a discernible impact on the observed
variations in allele frequency.

Analyzing the scatter diagram (Supplemen-
tary Figure 1), the x-axis labels the inheritance
types ‘AD’ and ‘AR’. A surprising pattern emer-
ges: all instances of ‘AD’ have distinct MAF
values, different from those of ‘AR’.

The violin diagram (Figure 2) attempts to
illuminate the potential connections between
genetic verdicts and the distribution of allele
frequencies within our dataset.

Mendelian Analysis

To illustrate the results of the Mendelian analysis,
we have drafted 3 tables. Table II shows subjects wi-
th P or LP mutations are likely to be positive in ge-
nes with recessive or dominant inheritance. Subjects
with two variants in recessive genes or one variant
in dominant genes were therefore considered. The
table also shows the clinical signs evident for each
subject collected employing a questionnaire.

Table I. Conducting a Chi-Square Test Analysis to assess the
correlation between the presence of P and LP mutations in
our population and the incidence of long-COVID syndrome.

Statistical Analysis Value
Chi-Squared Statistics 260
Degrees of Freedom 25
p-value 5.697e-41

Supplementary Table V shows 57 carrier
subjects for Mendelian genetic disorders with
autosomal recessive and X-linked inheritance.
There are, therefore, subjects with a variant in
heterozygosis for recessive genes and two female
subjects with an X-linked variant. The table also
shows the clinical signs evident for each subject.

Supplementary Table VI shows the frequen-
cies for each gene in which we found P or LP va-
riants. Three frequencies were then calculated for
each gene: the population frequency according
to our case history, the carrier frequency based
on the population of our case history, and finally,
the carrier frequency in the general population.
The population frequency, according to our case
history, was calculated as the number of subjects
with P or LP variant of the gene/total number of
subjects in our case history. The population-ba-
sed carrier frequency of our case series was
calculated according to the Hardy-Weinberg for-
mula. The carrier frequency in the general popu-
lation was calculated according to literature data.
Where 0.1/100 is indicated, an estimate based on
the definition of a rare disease is given.

Discussion

Multifactorial Analysis

Table 1 presents compelling evidence from
the Chi-square test, conclusively demonstrating
a profound and non-random correlation between
the presence of P and LP mutations and the onset
of long-COVID syndrome. This statistical vali-
dation forms a critical foundation for advancing
future research initiatives, emphasizing the ne-
cessity to explore both the clinical and biological
implications of long-COVID syndrome. With a
remarkably low p-value of 5.70e-41, significantly
below the conventional significance threshold of
0.05, we can hypnotize that there is an associa-
tion between the presence of P and LP mutation
and the development of long-COVID syndrome.
This robust rejection of the null hypothesis firmly
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Table Il. Genes with AD or AR inheritance and P or LP Verdict. The patients with two variants for AR genes and one variant for AD genes are considered likely positive for Mendelian respiratory,
cardiac, immunological, and neurological diseases.

Inheri- Respiratory  Cardiological Neurological Immunological

ID Gene Gene Class and gene OMIM tance Verdict deficit deficit deficit deficit Comorbidity

1  ABCC9 Cardiology (OMIM: 601439) AD Likely Pathogenic X X X Cardiovascular deficit, dyslipidemia

1 ABCC9 Cardiology (OMIM: 601439) AD Likely Pathogenic X X X Cardiovascular deficit, dyslipidemia

2 CFTR  Respiratory (OMIM: 602421) AR Likely Pathogenic X Dyslipidemia

2 CFTR  Respiratory (OMIM: 602421) AR Pathogenic X Dyslipidemia

13 POLG  Neurology (OMIM: 174763) AR Likely Pathogenic X X X Dyslipidemia

13 POLG  Neurology (OMIM: 174763) AR Likely Pathogenic X X X Dyslipidemia

21 DSP Cardiology (OMIM: 125647) AR Likely Pathogenic X X X X

21 DSP Cardiology (OMIM: 125647) AR Likely Pathogenic X X X X

26 SCNIB Cardiology (OMIM: 600235) AD Likely Pathogenic X X X Hypertension arteriosa

33 TTIN Cardiology (OMIM: 188840) AD Likely Pathogenic X X X X Hypertension

37 KCNAS5 Cardiology (OMIM: 176267) AD Likely Pathogenic X X X X

40 MYH6 Cardiology (OMIM: 160710) AD Likely Pathogenic X X X X Cardiac insufficiency, dyslipidemia,
obesity

42 LRP6 Cardiology (OMIM: 603507) AD Likely Pathogenic X X X Cardiac insufficiency, hypertension,
dyslipidemia

46 POLG  Neurology (OMIM: 174763) AR Pathogenic X X X X

46 POLG  Neurology (OMIM: 174763) AR Pathogenic X X X X

50 DSG2  Cardiology (OMIM: 125671) AD Likely Pathogenic X

53 DES Cardiology (OMIM: 125660) AD Likely Pathogenic X X Cardiac insufficiency
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Figure 1. Creating a Bar Graph to illustrate the distribution of survey responses categorized by symptoms.
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Figure 2. Utilizing a Violin Plot to elucidate potential links between genetic findings and the distribution of allele
frequencies in our dataset.
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establishes a non-random relationship between
these variables. Supplementary Table III illu-
strates how different gene classes may influence
the variation in Minor Allele Frequency (MAF)
values. The insights are succinctly summarized
in the ANOVA results: comparison of MAF
across Gene Classes’ table weaves a compel-
ling narrative. The variance attributed to ‘Gene
Class’ reveals a high F-value of 2.273251e+30,
accompanied by an exceedingly small p-value of
6.798358e-136. These remarkable statistics col-
lectively underscore a profound distinction in
MAF values across diverse gene classes. The
negligible residuals, characterized by minuscule
sums of squares and mean squares, signal the
substantial contribution of gene classes to the
observed allelic variance. The remarkably low
p-value serves as a testament to the pivotal role of
gene classes in orchestrating MAF variation, sug-
gesting unique genetic attributes that contribute
to the observed heterogeneity in allele frequen-
cies. Furthermore, the substantial F-value rein-
forces the notion that these observed disparities
are not transient anomalies but rather indicative
of substantial genetic influences. As indicated in
Table I, these findings collectively underscore a
profound distinction in Minor Allele Frequency
(MAF) values across different gene classes. The
presence of negligible residuals, characterized by
small sums of squares and mean squares, highli-
ghts the substantial influence of gene classes on
the observed allelic variance. The notably low
p-value serves as a testament to the pivotal role
played by gene classes in shaping MAF variation,
suggesting the presence of unique genetic attribu-
tes that contribute to the observed heterogeneity
in allele frequencies. Moreover, the substantial
F-value reinforces the notion that these observed
disparities are not transient anomalies but rather
indicative of significant genetic influences.
Supplementary Table 1V, titled ‘Results of the
Regression Analysis’ presents intriguing findings.
About the intercept term, the coefficient suggests a
minor shift in the Minor Allele Frequency (MAF),
represented as 1.915e-04, albeit accompanied by
a substantial standard error of 4.986e+09. No-
tably, the corresponding #-value and p-value both
underscore the insignificance of the intercept’s
contribution to the model explanation. In statisti-
cal terms, this implies that the intercept does not
substantially contribute to explaining the model’s
variability. Turning our attention to ‘Inheritance-
AR’ the coefficient estimate stands at 1.758e+09,
with a standard error of 5.263e+09. The associated

t-value of 0.334 indicates a moderate deviation
from the null hypothesis. However, the p-value of
0.74 accentuates the lack of statistical significance,
suggesting that the observed variation in ‘Inheri-
tanceAR’ is not a random occurrence.

As illustrated in Supplementary Figure 1,
the ‘Inheritance’ type profoundly impacts the
landscape of allele frequencies. These distinct
trends unequivocally underscore the pivotal role
of genetic inheritance patterns in shaping the
landscape of allelic diversity.

Upon close examination of the violin graph
(Figure 2), noteworthy patterns come to the fore-
front. In the LP category, we observe two distinct
violins. The first spans a wide MAF range, ran-
ging from 0.000111 to 0.008, indicating signifi-
cant variability in allele frequencies. In contrast,
the second, distinctly higher violin also extends
over the same MAF range but reaches a substan-
tially higher peak of 61538461538.461502. This
contrast underscores a substantial variability of
allele frequencies within the LP category. Con-
versely, the ‘Pathogen’ category is represented
by a single, dominant violin. This violin spans
from the lowest MAF value to the highest point,
indicating a more concentrated distribution and
suggesting a potentially more coherent pattern
of allele frequencies. These findings underscore
the intricate relationship between genetic verdi-
cts and allele frequencies. The differing shapes
of the violins within the ‘Likely Pathogenic’
category suggest varying genetic dynamics that
may influence the prediction of pathogenicity.
Furthermore, the prominence of the single high
violin in the ‘Pathogenic’ category hints at a
distinct genetic signature, warranting further
in-depth investigation.

Mendelian Analysis

In 57 patients, the genetic analysis unveiled 75
Pathogenic or Likely Pathogenic variants in genes
linked to Mendelian genetic illnesses (Supplemen-
tary Table II). We divided the reported symptoms
of the patients and the genes into four different
categories — respiratory, cardiovascular, neurolo-
gical, and immunological deficit — to thoroughly
assess the effects of these genetic variations.

Table II lists a group of 12 patients with one P
or LP variant in a gene with autosomal dominan-
ce inheritance or two variants in a gene with au-
tosomal recessive inheritance who are most likely
to have latent Mendelian genetic disorders that
manifested as clinical symptoms after COVID-19
infection. In the context of long-COVID syndro-
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me, it is possible that COVID-19 infection played
a role in the development and clinical manife-
station of several Mendelian genetic disorders.
These genetic disorders may have been latent or
had mild signs before the infection. COVID-19
may have catalyzed the discovery of these under-
lying genetic predispositions and their eventual
manifestation as clinical symptoms because of its
complex effects on the human body.

Supplementary Table VII presents patients
identified as carriers of genes associated with Men-
delian genetic diseases characterized by recessive
inheritance patterns. These individuals carry a
variant in genes that exhibit recessive inheritance,
which means they are not afflicted by a Mendelian
genetic disease. Notably, two patients were identi-
fied as carriers of variants in a gene with X-linked
(XL) inheritance, as clinical data indicated that
they were women. It is well-documented in the
literature that women with variants in XL genes
typically exhibit very mild symptoms or, in some
cases, remain asymptomatic. Therefore, further
clinical verification is warranted for these cases.

We also focused on investigating patients pre-
senting cardiological symptoms. Predisposition
to cardiological diseases carries significant cli-
nical and practical implications, impacting both
patient outcomes and management in clinical
practice. Our analysis revealed the presence of
Pathogenic (P) and Likely Pathogenic (LP) va-
riants in 16 genes related to the cardiological
pathway among 18 patients. Except for five pa-
tients, the remaining individuals reported cardio-
vascular deficits as their predominant symptom.
In some cases, these cardiological symptoms were
pre-existing conditions. Notably, 9 patients were
classified as ‘probably positive’ as they possessed
P or LP variants in genes with autosomal domi-
nant transmission (ABCCY, SCNIB, TTN, KCNAS5,
MYH6, LRP6, DSG2, DES), or they exhibited two
P or LP variants in genes with autosomal recessive
transmission (DSP). In summary, among our total
cohort of 95 patients, 25% presented P or LP varian-
ts in cardiological genes. Within this subgroup, 8%
exhibited cardiological symptoms, some of which
were pre-existing, and received a likely positive dia-
gnosis for genetic diseases within the cardiological
field, as depicted in Supplementary Table I1.

For genes involved in cardiologic pathways,
age at enrollment, symptoms manifested during
long-COVID, and comorbidities were considered
for each patient. Gene-related pathology and age of
disease onset were also considered. The following
are the considerations of our interest. In patient

RX1037.2022 (ID 1), two dominant variants of
the ABCCY gene emerged. This gene is associated
with dilated cardiomyopathy and atrial fibrillation;
for both diseases, transmission is autosomal domi-
nant. Frameshift mutations in the ABCC9 gene ha-
ve been described in the literature in patients with
dilated cardiomyopathy'’. The age of onset of the
disease is between 40 and 60 years (OMIM). The
subject was 57 years old at the time of enrollment.
Furthermore, he did not report cardiovascular defi-
cit during the infection, but as a comorbidity.

In subject RX1081.2022 (ID 26), a dominant
variant in the SCNIB gene emerged. The gene
is associated in OMIM with atrial fibrillation
with an onset age between 25 and 45 years.
The subject was 60 years old at the time of
enrolment and manifested cardiological deficits
during COVID-19. The subject also reported
hypertension as a comorbidity''.

In the case of subject RX1103.2022 (ID 37), a
variant with autosomal dominant inheritance was
identified in the KCNAS5 gene. This gene is linked
to atrial fibrillation, typically manifesting between
the ages of 25 and 45. However, it is important to
note that the subject was 75 years old at the time of
enrollment and reported cardiovascular deficits'?.

A variant with autosomal dominant inheritance
inthe 7TN gene was found in subject RX1092.2022
(ID 33). The gene is associated with dilated car-
diomyopathy, which occurs up to the age of 50.
The subject was 53 years old at the time of en-
rolment. The patient also reported cardiovascular
deficits, such as hypertension as a comorbidity".

A variant with autosomal dominant inheri-
tance in the MYH6 gene was found in subject
RX1133.2022 (ID 40). The gene is associated
with dilated cardiomyopathy, which occurs up
to the age of 50. The subject was 53 years old at
the time of enrolment. The patient also reported
a cardiovascular deficit. In the medical record,
heart failure, dyslipidemia, and obesity were
reported as comorbidities'.

A variant with autosomal dominant inheri-
tance in the LRP6 gene was found in subject
RX1135.2022 (ID 42). The gene is associated
with coronary artery disease, which occurs
over the age of 45. The subject was 49 years
old at the time of enrolment. The patient re-
ported no cardiovascular deficit. In the medical
record, heart failure, hypertension, and obesity
were reported as comorbidities'!.

A variant with autosomal dominant inheri-
tance in the DSG2 gene was found in subject
RX1150.2022 (ID 50). The gene is associated
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with arrhythmogenic right ventricular dysplasia.
The subject was 73 years old at the time of en-
rolment. The patient reported no cardiovascular
deficit and no comorbidities®.

In subject RX1164.2022 (ID 54) a variant with
autosomal dominant inheritance was found in the
DES gene. The gene is associated with dilated
cardiomyopathy, which occurs up to the age of 50.
The subject was 55 years old at the time of enrol-
ment. The patient also did not report cardiovascu-
lar deficit during infection but as a comorbidity™.
Considering each subject’s age, the age of onset
of symptoms, and the reported comorbidities,
COVID-19 may have triggered a cardiological
disease from which those subjects were already
suffering. It is also advisable to investigate the
patients’ course through genetic testing.

Below are some considerations made for parti-
cularly relevant genes and of interest to us. In the
patient RX1037.2022 (ID 1), a single-copy varia-
tion in the /FFNAR?2 gene that is linked to recessive
inheritance was found. One of the two chains of
the receptor responsible for identifying interferon
alpha and beta is formed by a type I membrane
protein that is encoded by the /FNAR?2 gene. Even
though it has generally been linked to immuno-
deficiency, recent research shows its potential
relevance in the context of long-COVID syn-
drome. According to previous research!', those
who have IFNAR2 gene variations may expe-
rience more severe symptoms after contracting
COVID-19, which would add to the complexity of
long-COVID syndrome presentations. /FNAR2’s
importance stems from its function in the innate
immune system, namely in the response to viral
infections. This receptor’s activation sets off a
cascade of immunological and antiviral respon-
ses. Genetic variations in /FNAR2, such as those
linked to COVID-19 severity, may influence the
expression and function of the receptor, impacting
the body’s capacity to fight viral infections like
SARS-CoV-2. Additionally, the investigation goes
beyond just genetic variations. It explores soluble
IFNAR?2 (sIFNAR?2) plasma levels, an important
factor in controlling the interferon response. The
observed decreased levels of s/IFNAR2 in those
with severe COVID-19 may indicate a dysregula-
ted interferon response, which would relate the ge-
netic and plasma-level characteristics of /FNAR2
to the severity of long-COVID syndrome!"'2,

Two autosomal recessive variants within the
CFTR gene were identified in patient R X1038.2022
(ID 2). The CFTR gene is responsible for cystic
fibrosis and follows an autosomal recessive inhe-

ritance pattern. Interestingly, despite carrying
these variants, the subject exhibited no respi-
ratory deficits. It is important to note that the
Minor Allele Frequency (MAF) values for both
variants are 0.009 and 0.007, respectively. These
frequencies are notably high, which could poten-
tially indicate a false positive result. This finding
aligns with the absence of respiratory deficits and
comorbidity reported by the subject’®.

In our case series, 11 dominant and recessi-
ve variants in the POLG gene were found in 9
subjects. Subject RX1060.2022 (ID 14) has two
autosomal recessive variants in the POLG gene,
as does subject RX1141.2022 (ID 47).

The POLG gene in OMIM is associated with
Mitochondrial DNA Depletion syndrome 4A,
Mitochondrial DNA Depletion syndrome 4B,
Mitochondrial Recessive Ataxia syndrome, and
Progressive External Ophthalmoplegia: each
syndrome has an autosomal recessive inheri-
tance pattern. In addition, the gene is associa-
ted with Progressive External Ophthalmoplegia
with autosomal dominant inheritance!. While
there is limited evidence linking the POLG
gene to long-COVID syndrome, recent insights
suggest that mitochondria may play a pivotal
role in the host’s response to viral infections
and immune reactions. Notably, a recent study'’
has detected the presence of the SARS-CoV-2
genome within the host cell’s mitochondria.
The mitochondrion assumes a central role in
orchestrating cellular responses during stress,
including its role in inducing the formation of
vesicles that facilitate communication between
the mitochondrion and the endoplasmic reti-
culum (ER). In the context of viral infections,
the replication of coronaviruses involves the
formation of double-membrane vesicles derived
from the ER. These vesicles serve as sites for
viral replication while aiding in the evasion of
the host’s cellular defenses'”.

This intricate interplay between mitochon-
dria and the ER highlights the multifaceted
nature of host-virus interactions and may shed
light on the mechanisms underlying long-CO-
VID syndrome, even in genes like POLG with
limited direct evidence of association.

Subject RX1060.2022 (ID 14) reported a car-
diological deficit, neurological deficit, and im-
munological deficit. He also reported dyslipi-
demia as a comorbidity. Subject RX1141.2022
(ID 47) reported respiratory deficit, cardiova-
scular deficit, neurological deficit, and immu-
nological deficit as a comorbidity.
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Since mitochondrial diseases usually show
immunological and neurological deficits, this
could be compatible with what our patients
reported. The symptoms of progressive exter-
nal ophthalmoplegia have an age of onset in
adulthood. Since patient RX1060.2022 (ID 13)
is 63 years old, this could not be compatible
with developing symptoms. On the other hand,
patient RX1141.2022 (ID 46), being 43, could be
compatible with the manifestation of the symp-
toms of external ophthalmoplegia.

In the case of subject RX 1071.2022 (ID 22),
two recessive variants interpreted as Likely Pa-
thogenic (LP) were identified within the DSP
gene. The DSP gene is associated in OMIM
with various conditions, including arrhythmoge-
nic right ventricular dysplasia (AD), dilated car-
diomyopathy with woolly hairs and keratoderma
(AR), dilated cardiomyopathy with woolly hairs,
keratoderma, and dental agenesis (AD), lethal
acantholytic bullous epidermolysis (AR), and
striated palmoplantar keratosis (AD). Typically,
these diseases manifest symptoms until the age
of 37. However, it is noteworthy that the subject
was 43 years old at the time of enrollment and
reported cardiological and immunological defici-
ts, including brittle nails and hair loss. Given the
patient’s age, age of symptom onset, and the re-
ported symptoms, it is likely that the COVID-19
event triggered the manifestation of the disease'.

Two subjects (RX1084.2022, ID 9 and RX
1145.2022, ID 49) with a variant of the GLA gene
with X-linked inheritance were also included.
The subjects were found to be female and were
therefore considered to be unaffected carriers''.
A single-copy variant in the /FNAR2 gene with
recessive inheritance was detected in subject
RX1037.2022 (ID 1). The protein encoded by
this gene is a type | membrane protein that for-
ms one of the two chains of an interferon alpha
and beta receptor. In OMIM, it is associated wi-
th immunodeficiency, with autosomal recessive
inheritance. Little evidence has emerged in the
literature concerning the association between /F-
NAR?2 and post-COVID syndrome. However, this
evidence shows that if an individual has variants
in the /FNAR2 gene, he or she manifests more
severe symptoms in post-COVID syndrome'*!3,
In the subject RX1070.2022 (ID 21), a variant in
the ABCA3 gene and a variant in the POLG gene
were found, respectively: both variants, present
in a single copy, were interpreted as LPs, and the
genes show recessive inheritance. The ABCA3
gene is associated with a lung disease invol-

ving dysfunction in surfactant metabolism. The
subject reported respiratory deficit as a clinical
sign, and mutations in the ABCA3 gene have be-
en associated in the literature with dysregulation
mechanisms in alveolar epithelial cells.

In this particular case, the presence of variants in
both the POLG and ABCA3 genes in a patient expe-
riencing respiratory stress highlights the potential
additive effect of multiple genetic variations on an
individual’s health. Mutational burden underscores
the complex interplay between genetic factors and
disease susceptibility. It suggests that the cumu-
lative impact of multiple genetic variants, even
if individually considered benign or with limited
clinical significance, can collectively contribute to
the manifestation of clinical symptoms or diseasel7.
In subject RX1100.2022 (ID 37), a single-copy
variant was found in the VARS2 gene, which shows
recessive inheritance. The patient reported cardio-
logical and neurological deficits and heart failure
as a comorbidity. There is a publication in the
literature that correlates the VARS2 gene with car-
diomyopathy and pulmonary hypertension'®. The
same variant associated with the VARS2 gene was
also found in subject RX1096.2022 (ID 36). The
subject reported cardiac deficit as a clinical sign and
obesity as a comorbidity. It subsequently emerged
that subject RX1096.2022 (ID 36) is the mother of
RX1100.2022 (ID 37). This could be compatible wi-
th the inheritance of the gene. This is the only case
of familiarity in our case history whereby two va-
riants were found in common, although it is still un-
clear whether the two variants have a pathogenetic
effect and whether they may influence each other.

Furthermore, a single-copy variant in the
SDHA gene, associated with mitochondrial de-
ficiency and cardiomyopathy, was found in both
subjects. There are articles in the literature con-
firming this association. The simultaneous pre-
sence of SDHA and VARS?2 in RX1096.2022 (ID
36) and RX1100.2022 (ID 37) could confirm the
involvement of the genes in the mitochondrial and
cardiological pathways. Subject RX1092.2022 al-
so has a variant in the VARS2 gene and reported
cardiological, neurological, respiratory, and car-
diovascular deficits as clinical signs'®°.

Supplementary Table VI presents the frequen-
cies of carriers bearing variants linked to Mende-
lian genetic diseases within our case series exce-
eding those observed in the general population.
This provides evidence that long-COVID syn-
drome is significantly associated with carriers of
Mendelian genetic illnesses. When comparing the
frequency of these genetic variations in our com-
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munity with that anticipated in a cohort without
a family history of genetic illnesses, our analysis
indicates a striking disparity. The higher percenta-
ges we found in our group may provide clinicians
managing long-COVID patients with important
information. Healthcare professionals can better
understand the genetic characteristics that might
predispose people to long-COVID symptoms that
are more severe by identifying these elevated fre-
quencies of genetic variations linked to cardiologi-
cal, pulmonary, immunological, and neurological
pathways. With this information at hand, clinicians
can adjust how they approach diagnosis, treatment,
and care, ultimately resulting in more individuali-
zed and effective management strategies for pa-
tients with long-COVID syndrome.

In addition, the CFTR and POLG genes, re-
spectively have a higher frequency in our cohort
than in the general population:

- CFTR in our population has a frequency of
17/95, corresponding to a carrier incidence
0f 49/100 vs. 1/25 in the general population;

- POLG in our population has a frequency of
11/95, which corresponds to a carrier inci-
dence in our population of 45/100 against
the literature figure of 1/10020%';

- DUOX2 in our population has a frequency
of 5/95, corresponding to a carrier inci-
dence of 34/100 vs. 1.8/100 in the general
population??,

Limitations

Despite the significant insights our study has
provided, several limits must be acknowledged
and considered. The genetic disorders found in
our patient necessitate a further evaluation using
specialized diagnostic techniques.

Conclusions

Long-COVID syndrome presents a complex
and multifaceted medical challenge characteri-
zed by a range of persistent symptoms following
SARS-CoV-2 infection. This syndrome has
far-reaching implications for the affected indivi-
duals and healthcare systems worldwide.

The purpose of our project was to enroll patien-
ts with long-COVID syndrome for NGS analysis
to investigate the association between genetic
variants and the development of symptoms linked
with the condition. We have uncovered associa-
tions between genes and cardiological, respira-
tory, immunological, and neurological symptom:s.

Our analysis revealed the presence of Patho-
genic and Likely Pathogenic variants in 16 genes
related to the cardiological pathway among 18
patients. 9 patients were classified as ‘probably
positive’ as they possessed P or LP variants in
genes with autosomal dominant transmission or
they exhibited two P or LP variants in genes with
autosomal recessive transmission.

We observed a higher presence of mutations
than we expected from the general population in
CFTR, POLG and INFT2 genes, which underli-
nes the importance of further exploring the link
between mutations and symptom manifestation.

In conclusion, we identified a significant asso-
ciation between symptoms and genetic mutations
in long-COVID patients, suggesting that the dise-
ase has an important genetic basis and therefore
that patients presenting long-COVID symptoms
have a genetic predisposition due to variants in
genes associated with Mendelian diseases. This
suggests that long-COVID syndrome is involved
in the manifestation of underdiagnosed or undia-
gnosed Mendelian diseases in apparently healthy
patients before infection.
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