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Abstract 

Background  Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a novel coronavirus that caused an 
ongoing pandemic of a pathology termed Coronavirus Disease 19 (COVID-19). Several studies reported that both 
COVID-19 and RTEL1 variants are associated with shorter telomere length, but a direct association between the two is 
not generally acknowledged. Here we demonstrate that up to 8.6% of severe COVID-19 patients bear RTEL1 ultra-rare 
variants, and show how this subgroup can be recognized.

Methods  A cohort of 2246 SARS-CoV-2-positive subjects, collected within the GEN-COVID Multicenter study, was 
used in this work. Whole exome sequencing analysis was performed using the NovaSeq6000 System, and machine 
learning methods were used for candidate gene selection of severity. A nested study, comparing severely affected 
patients bearing or not variants in the selected gene, was used for the characterisation of specific clinical features 
connected to variants in both acute and post-acute phases.

Results  Our GEN-COVID cohort revealed a total of 151 patients carrying at least one RTEL1 ultra-rare variant, which 
was selected as a specific acute severity feature. From a clinical point of view, these patients showed higher liver func-
tion indices, as well as increased CRP and inflammatory markers, such as IL-6. Moreover, compared to control sub-
jects, they present autoimmune disorders more frequently. Finally, their decreased diffusion lung capacity for carbon 
monoxide after six months of COVID-19 suggests that RTEL1 variants can contribute to the development of SARS-CoV-
2-elicited lung fibrosis.

Conclusion  RTEL1 ultra-rare variants can be considered as a predictive marker of COVID-19 severity, as well as a 
marker of pathological evolution in pulmonary fibrosis in the post-COVID phase. This notion can be used for a rapid 
screening in hospitalized infected people, for vaccine prioritization, and appropriate follow-up assessment for subjects 
at risk.
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Background
Severe Acute Respiratory Syndrome Coronavirus 2 
(SARS-CoV-2) is a new coronavirus that became pan-
demic in 2019. The disease caused by this virus was 
named Coronavirus Disease 2019 (COVID-19) [1]. The 
course of SARS-CoV-2 infection is unpredictable, with 
symptoms ranging from absent to severe, sometimes 
even with a lethal outcome [2].

In addition to demographic risk factors, such as old 
age and/or male sex, the neutrophil to lymphocyte ratio 
(NLR) has been shown to have the greatest predictive 
value for poor outcomes in patients with COVID-19. 
Genetic markers of severity and susceptibility to infec-
tion were also considered [3, 4]. In particular, telomere 
shortening is associated with a higher risk of develop-
ing severe COVID-19 [5]. Different studies reported 
that COVID-19 associates with shorter telomere length, 
revealing that severe COVID-19 survivors have shorter 
telomeres compared with patients recovered from milder 
COVID-19 [5, 6]. The critical shortness of telomeres 
results from permanent DNA damage, with the induc-
tion of cell senescence and apoptosis [7]. Several human 
pathologies are characterized by telomere shortening. 
Fibrosis in the lung, liver, or kidney is often associated 
with dysfunction in telomere-binding proteins and gen-
erally with pathogenic variants in genes relevant to the 
homeostasis of telomeres, such as RTEL1 [8].

Pathogenic variants in RTEL1 gene, encoding for a heli-
case that regulates telomere elongation, have been iden-
tified in rare interstitial pneumoniae, called Idiopathic 
Pulmonary Fibrosis (IPF) [9]. Moreover, RTEL1-mutated 
pulmonary fibrosis families display a precocious onset of 
pulmonary disease, concomitant liver pathologies, and 
in some cases early reversible neutropenia [10]. Some 
of these patients also present autoimmune conditions, 
suggesting that, in heterozygous carriers of RTEL1 aber-
rations, fibrosis results from the combination of such 
monogenic defects with environmental factors and auto-
immune diseases [11, 12]. Cellular and molecular path-
ways, including TGF-beta and IL-6 over-production 
[13, 14], are shared between IPF and COVID-19. From 
a genetic point of view, GWAS studies identified some 
tens of quantitative loci involved in COVID-19 sever-
ity/susceptibility [3]. Common, low-frequency, rare, and 
ultra-rare coding variants were also found to contribute 
to COVID-19 severity [15]. Limited data are now avail-
able regarding telomere length and COVID-19 pro-
gression [16, 17]; RTEL1 variants, however, have never 

been investigated as a possible mechanistic connection 
between the two. This study aims to describe the clinical 
characteristics of an Italian cohort of COVID-19 patients, 
either bearing ultra-rare variants of RTEL1 or not.

Materials and methods
Study design and populations
A cohort of 2246 SARS-CoV-2-positive subjects, col-
lected within the GEN-COVID Multicenter study 
(https://​sites.​google.​com/​dbm.​unisi.​it/​gen-​covid), was 
used in this work. The application of the post-Men-
delian model allowed us to extract the genetic fea-
tures contributing to the COVID-19 phenotype [15]. 
Patients were classified using a modified version of 
the World Health Organization COVID-19 outcome 
scale [18]. The following six categories of severity were 
identified: (1) death; (2) hospitalized, receiving inva-
sive mechanical ventilation; (3) hospitalized, receiving 
continuous positive airway pressure (CPAP) or bilevel 
positive airway pressure (BiPAP) ventilation; (4) hos-
pitalized, receiving low-flow supplemental oxygen; (5) 
hospitalized, not receiving supplemental oxygen; and 
(6) not hospitalized. In order to obtain a clinical clas-
sification as independent as possible from age and sex, 
that allowed us to define a cohort in which the genetic 
features were more relevant to determine the severe/
mild phenotype, we performed an adjustment starting 
from the clinical categories. We applied two ordered 
logistic regression, separately for males and females 
cohort, and cases who received a treatment higher than 
expected by age were classified as severe, while patients 
who received a treatment less severe than expected 
by age were considered not severe; subjects match-
ing the expected treatment outcomes according to age 
were excluded from the model [20]. A subset of 512 
COVID-19 patients, for which all clinical and labora-
tory parameters were available, was selected. This sub-
set of patients is stratified based on RTEL1 genotype: 
a case group of 151 mutated patients (126 hospitalized 
patients and 25 not-hospitalized patients) is defined, 
composed of 92 males and 59 females from various 
regions of Italy; 361 non-mutated patients became 
our control group, subdivided among 222 males and 
139 females and monitored at the COVID-19 wards of 
the Siena University Hospital from March 1st, 2020 to 
July 1st, 2021. SARS-CoV-2 positivity was confirmed 
by a nasopharyngeal antigenic swab, performed upon 
admission. All data were collected prospectively at the 

http://www.clinicaltrial.org
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time of hospitalization and gathered in an electronic 
database in anonymous form. For each patient clini-
cal, radiological, immunological, laboratory, and sur-
vival information has been collected. Functional data, 
including the percentages of forced vital capacity (FVC) 
and the diffusing capacity of the lung for carbon mon-
oxide (DLCO), were also collected at 6 (± 1) months of 
follow-up, monitored at Siena University Hospital. This 
longitudinal study was conducted in a sub-subset of the 
512 cohort, namely, RTEL1 mutated patients attend-
ing Siena hospital (12) and 18 non-mutated patients 
matched for age and sex. The GEN-COVID Multi-
center study was performed in accordance with all rel-
evant international, European, Italian, and institutional 
guidelines, and approved in advance by the University 
Hospital (Azienda Ospedaliero-Universitaria Senese) 
Ethical Review Board, Siena, Italy (Prot n. 16917, dated 
March 16th, 2020).

Whole exome sequencing (WES) analysis
WES was performed using the NovaSeq6000 System 
(Illumina, San Diego, CA, USA) with at least 97% cov-
erage at 20×, as previously described [19]. Data were 
represented in a binary mode on a gene-by-gene basis 
[15, 19, 20].

Statistical analysis
The LASSO logistic regression machine learning 
approach used in the post-Mendelian model allow us 
to extract relevant genetic features associated with 
COVID-19 clinical outcome, as already described [15, 
20].

In this study, we consider only ultra-rare (Minor Allele 
Frequency < 0.001) autosomal dominant gene variants 
(presence of at least one variant) as Boolean features.

Clinical data were stored in Microsoft Excel. Results 
were expressed as means plus/minus a standard devia-
tion (M ± SD), or medians and quartiles (25th and 75th 
percentiles) for continuous variables as necessary. The 
Shapiro–Wilk test was applied to evaluate the normal 
distribution of data. Chi-square tests or Fisher exact 
tests were used for categorical variables as appropriate. 
Comparisons between control and patient groups were 
conducted by Student’s t-test or Mann–Whitney U test, 
while for multiple comparisons a one-way ANOVA or 
non-parametric tests (Kruskal–Wallis test and Dunn 
test) were performed. Statistical analysis and graphic 
representation of the data were performed using dedi-
cated software, namely GraphPad Prism 9.4.2 (Graphpad 
Holdings, LLC, San Diego, CA, USA) and Jamovi (ver-
sion 1.8.1) [Computer Software] (Retrieved from https://​

www.​jamovi.​orgc). For all tests, p-values of less than 0.05 
were considered statistically significant.

Results
RTEL1 ultra‑rare variants associate with severity 
in COVID‑19
The LASSO logistic regression extracted RTEL1 ultra-
rare variants as one of the most important features 
associated with severity [15]. Exome analysis of 2246 
SARS-CoV-2 infected subjects of different severity, 
belonging to GEN-COVID cohort, stratified by sex and 
adjusted by age, shows an association between RTEL1 
ultra-rare variants and severity with an OR = 1.63 (95% 
CI 1.04 to 2.58; p-value = 0.03), (Table  1). In the total 
cohort, 151 patients carried one RTEL1 ultra-rare vari-
ant, 126 being hospitalized, and 25 being not. The spe-
cific variants are illustrated in Additional file 1: Table S1a, 
b.

RTEL1 mutated patients are younger and require more 
respiratory support and duration of hospitalization
Demographic, clinical and survival data are reported in 
Table  2. No differences in terms of gender distribution, 
in the frequencies of bilateral pneumonia on chest X-ray, 
and in survival rate are identified relating to RTEL1 geno-
type. RTEL1 mutated patients, on the other hand, result 
to be younger than other patients, with fewer duration of 
hospitalization. Similarly, the percentage of patients that 
required respiratory support with CPAP during hospi-
talization is significantly higher among wildtype (WT) 
patients than the cohort of patients with RTEL1 ultra-
rare variants, because the latter underwent more often 
intubation.

RTEL1‑mutated patients have more autoimmune diseases 
as comorbidity
The number and type of comorbidities in RTEL1-
mutated versus WT individuals are reported in Table 2. 
The number of comorbidities affecting each patient is 
similar for the two groups. However, RTEL1-mutated 
patients are more affected by autoimmune diseases 
(12% in mutated patients and 6% in WT patients) and 
hypertension (40% in mutated patients and 29% in WT 
patients) compared to other patients. Diabetes, lung 

Table 1  Chi Square test in the GEN-COVID cohort

OR = 1.63, (95% CI 1.04–2.58), p-value = 0.03

Phenotype Ultra-rare variants 
(%)

Wild type (%) Total

Severe 59 (66.3) 931 (54.7) 990

Not severe 30 (33.7) 772 (45.3) 882

Total 89 1703 1792

https://www.jamovi.orgc
https://www.jamovi.orgc


Page 4 of 9Bergantini et al. Respiratory Research          (2023) 24:158 

disease, cancer, dyslipidemia, and hypothyroidism show 
similar incidences in the two cohorts.

Impaired liver function and NLR
Concerning laboratory findings, total bilirubin, Alanine 
aminotransferase (ALT), and IL-6 levels in the blood are 
significantly higher in the population with RTEL1 vari-
ants. The concentrations of Aspartate aminotransferase 
(AST) showed a similar trend, although without reaching 
statistical significance (Table 3).

With respect to controls, carriers of RTEL1 ultra-rare 
variants also showed a significant decrease in creati-
nine, D-dimer, fibrinogen, and c-reactive protein (CRP), 
(Table 3).

As Fig.  1A shows, NLR is significantly higher in the 
unmutated population. Particularly after cohort strati-
fication by survival rate, higher NLRsreported in dead 
patients irrespective of their RTEL1 genotype (Fig.  1B). 
Interestingly, grouping by age highlighted that patients 
older than 65 years and bearing an ultra-rare RTEL1 vari-
ant had higher values of these parameters (Fig. 1C).

NLR and CRP levels were also analyzed based on ven-
tilatory support. Among RTEL1-mutated patients, NLR 
is significantly higher in intubated, compared to those 
who did not require oxygen or used nasal cannulas; in 
the same way, CRP is relevantly more concentrated in 
patients requiring either CPAP ventilation or intubation 
(Fig. 1D, E).

Table 2  Demographic, Clinical and survival data

RTEL1 mutation RTEL1 WT p values

Gender (M/F) (% of male) 92/59 (61) 222/139 (61) ns

Age (M ± S.D.) 59.11 ± 16.32 65.5 ± 14.22 < 0.0001

Days of Hospitalization (M ± S.D.) 22.15 ± 16.08 27.28 ± 34.48 0.048

Bilateral pneumoniae (yes/no) (%yes) 51 (34) 137 (38) ns

Oxygen Administration (yes/no) (%yes) 104 (69) 332 (92) 0.0023

Type of oxygen Therapy

 Nasal cannula (%) 72 (48) 166(46) 0.0117

 CPAP/High Flows (%) 46 (31) 148 (41)

 Intubation (%) 33 (21) 46 (13)

Survival (Death) (%death) 12 (8%) 22 (6%) ns

Number of comorbidities ns

 No comorbidities 59 46

 1 18 28

 2 12 13

 3 10 9

 > 4 1 4

Table 3  Laboratories parameters of analyzed cohort

RTEL1 mutation RTEL1 WT p values

Total bilirubin (mg/dl) 20.91 ± 42.17 15.62 ± 3.076 < 0.0001

AST (U/L) 53.99 ± 61.09 48.15 ± 82.9 0.0555

ALT (U/L) 63.11 ± 55.61 54.61 ± 74.70 0.0084

Creatinine (mg/dl) 2.2 ± 8.8 1.26 ± 3.34 0.0512

D-Dimer (ng/dl) 1888 ± 2774 2722 ± 7040 0.0534

Fibrinogen (mg/dl) 485.3 ± 203.7 597.6 ± 160.9 0.0007

IL-6 (pg/ml) 17.35 ± 33.29 6.46 ± 16.69 0.0159

Platelets (103/mm3) 208.3 ± 82.64 222.6 ± 101.7 ns

CRP (mg/dl) 51.35 ± 131 83.9 ± 276.3 < 0.0001

LDH (U/L) 428.4 ± 329.2 348.1 ± 370.2 ns

Lypase (U/L) 56.37 ± 52.32 65.14 ± 18.5 ns

Pancreatic Amylase (U/L) 46.65 ± 22.16 56.65 ± 83.64 ns

Gamma Glutamin Transferase (U/L) 86.29 ± 103.8 70.69 ± 133.4 ns
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NLR did not correlate with ventilatory support in 
the WT population, while CRP showed the same trend 
reported for RTEL1-mutated, namely showing higher 
values for intubated and CPAP-treated patients (Fig. 1F, 
G).

Decreased diffuse lung capacity in RTEL1‑mutated patients 
at six months post‑SARS‑CoV‑2 infection
To understand the role of RTEL1 on fibrotic develop-
ment, post-COVID-19 pulmonary function tests were 
performed in a group of twelve patients with ultra-rare 
RTEL1 variants. Exams included FVC, DLCO, and labo-
ratory analyses. The cohort was matched for age and sex 
to 18 patients with WT RTEL1 variants. Comparison 
analyses unveiled a relevant DLCO decrease for RTEL1 
mutants (71.8 ± 14.4% versus 92.12 ± 5.6, respectively; 
p = 0.02). No differences are found for other parameters 
under consideration.

Discussion
The current COVID-19 pandemic represents a major 
public health concern, with more than 600 million 
cases worldwide at the time of writing (https://​covid​
19.​who.​int/). The number of survivors improved in the 
last period, due to the development and deployment 
of vaccinations and other treatments [21]. Follow-up 

pneumological evaluations on people surviving severe 
COVID-19 evidenced a 40% chance of developing pul-
monary sequelae with the potential for a neat decrease in 
life quality [22].

The development of pulmonary fibrosis following 
COVID-19 remains an open challenge for research. Lit-
tle information is present in the literature, and no clear 
correlation emerged between the severity of COVID-19 
and the development of fibrosis within the first year of 
post-infection monitoring [23]. Known shared molecular 
pathways between pulmonary fibrosis and COVID-19 are 
almost limited to those pertaining aberrant inflammation 
in association with dysregulated repair mechanisms and 
fibrogenesis [14]. Regarding genetic alterations, some 
similarities emerged between pulmonary fibrosis and 
altered lung functions following COVID-19. MUC5B and 
SFTPD are considered interesting loci associated with 
COVID-19 severity, and both genes are strongly corre-
lated with pulmonary fibrosis onset [24]. Shorter telom-
eres are linked to worse COVID-19 symptoms, among 
which appears a delayed resolution of radiographic lung 
abnormalities [6, 25]. Telomere shortening is consistently 
observed in older adults, and therefore it is considered a 
reliable marker of aging associated with an increased risk 
of developing cardiovascular diseases and other disorders 
[26], including pulmonary fibrosis [27]. In COVID-19, 

Fig. 1  A Values of N/L ratio in WT (red) and RTEL1-mutant (blue). B Values of N/L ratio after stratification for survival rate (dead/live) and C for age 
(< 65 years and > 65 years) in WT (red) and RTEL1-mutant (blue). D The values of N/L ratio and E CRP in RTEL1-mutant after the stratification based on 
ventilatory support. F The values of N/L ratio and G CRP in WT patients after the stratification based on ventilatory support. H The percentages of 
FVC and DLCO in RTEL1-mutant versus WT individuals after 6 months of follow-up. NL neutrophil to lymphocytes, HF high flows. *p < 0.05 **p < 0.01 
***p < 0.001 ****p < 0.0001

https://covid19.who.int/
https://covid19.who.int/
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shorter telomeres in peripheral blood cells are associ-
ated with less favorable prognosis [5], while this aspect 
does not seem to be influenced by age in post-COVID-19 
analyses, possibly indicating that SARS-CoV-2 infection 
reduces telomere length directly [6].

In this paper, we demonstrated a relationship between 
RTEL1 genotype and COVID-19 phenotype, both in the 
acute and post-acute phase of the disease. Genetic altera-
tions on RTEL1 may account for up to 8.6% of hospital-
ized patients. Recent but sound evidence identifies the 
gene as a major driver of interstitial lung disease (ILD) 
and heterozygous variants have been reported in about 
5–9% of familial ILD [12, 28]. Our interpretation of these 
data is that SARS-CoV-2 infection triggers the under-
neath genetic susceptibility due to RTEL1 variants, lead-
ing to both a need for higher respiratory support in the 
acute phase, as well as to a chronic fibrotic process, which 
may eventually result in open ILD depending on specific 
(often private) variant (see Additional file 1: Table S1).

Our analyses found that RTEL1-mutated patients are 
younger, although with comparatively prolonged hospi-
talization and more frequent need for invasive ventila-
tion. We believe this all makes RTEL1 a valid prognostic 
marker for COVID-19. Moreover, the mutated cohort 
more often presented impaired liver function and unde-
sirable NLR in peripheral blood. Borie et  al., described 
liver involvement for ILD subjects with RTEL1 altera-
tions. Interestingly, these patients are seemingly less 
prone to develop pathological extrapulmonary pheno-
types [29].

Both neutropenia and lymphocytosis can result in an 
NLR decrease. Previous studies do not generally men-
tion neutropenia and lymphocytosis as a manifestation 
of COVID-19 infection. To the best of our knowledge, 
the phenomenon is only described in a few case reports 
[30, 31], or in patients with a concomitant hematologi-
cal malignancy or solid tumor [32–34]. Kannengiesser 
et al. describe an early reversible neutropenia after cyclo-
phosphamide treatment in pulmonary fibrosis patients 
with RTEL1 variants [10]. Among hematological abnor-
malities, the incidence of lymphopenia ranged from 40 
to 80%, with increased NLR [35] associated with higher 
mortality rates, especially for severe cases of COVID-19 
[36, 37]. We hypothesize that NLR alterations stem from 
the invasiveness of ventilation procedures. Exclusively for 
RTEL1 mutated, NLR trends reflected ventilation treat-
ments better than CRP, which is currently the most used 
prognostic biomarker for COVID-19 [38–40].

Our RTEL1-mutated patients showed a higher preva-
lence of autoimmune COVID-19 comorbidities. This is 
in line with results from another cohort of individuals 
concomitantly presenting interstitial pneumoniae, auto-
immune diseases, and RTEL1 variants in heterozygosity 

[41]: similarly to COVID-19 population, such patients 
also showed clinical manifestation related to a telomere 
syndrome, such as hematological abnormalities (i.e., neu-
trophil and lymphocyte alterations) and liver pathologies, 
along with an earlier manifestation of the pulmonary dis-
ease [42, 43].

Finally, the decreased DLCO after six months of 
COVID-19 suggests that RTEL1 variants can contribute 
to the development of lung fibrosis following COVID-
19. However, this data needs to be confirming in a larg-
est cohort also considering HRCT and other clinical and 
functional parameters. It is well demonstrated that in the 
majority of patients, DLCO and respiratory symptoms 
tend to normalize or improve one year after hospitaliza-
tion [44]. There are, however, about 33% cases in which 
respiratory dysfunction persists, requiring prolonged 
follow-up. RTEL1 variants are reportedly the first genetic 
risk factor for the prediction of lung impairment after 
COVID-19. A wider cohort is needed for an accurate 
early identification of these patients.

Conclusion
In conclusion, our findings establish shared clinical risk 
factors between COVID-19 and pulmonary fibrosis. 
RTEL1 ultra-rare variants can be considered as a predic-
tive marker of COVID-19 severity, as well as a marker of 
pathological evolution for pulmonary fibrosis in the post-
COVID phase. This notion can be exploited for rapid 
screening in hospitalized infected people, for vaccine pri-
oritization, and for appropriate follow-up assessment in 
subjects at risk.
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