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Children generally develop a mild disease after SARS-CoV-2 infection whereas older
adults are at risk of developing severe COVID-19. Recent transcriptomic analysis showed
pre-activated innate immunity in children, resulting in a more effective anti-SARS-CoV-2
response upon infection. To further characterize age-related differences, we studied type I
and III interferon (IFN) response in SARS-CoV-2 infected and non-infected individuals of
different ages. Specifically, levels of expression of type I (IFN-a, -b, -e and -w), type III (IFN-
l1, -l2 and -l3) IFNs and of the IFN-stimulated genes, ISG15 and ISG56 were quantified
in nasopharyngeal cells from diagnostic swabs. Basal transcription of type I/III IFN genes
was highest among children and decreased with age. Among SARS-CoV-2-infected
individuals, only IFN-e and -w levels were significantly higher in children and young adults
whereas ISGs were overexpressed in infected adults. The occurrence of symptoms in
children and the need for hospitalization in adults were associated to higher transcription
of several IFN genes. Starting from a pre-activated transcription level, the expression of
type I and III IFNs was not highly up-regulated in children upon SARS-CoV-2 infection;
young adults activated IFNs’ transcription at intermediate levels whereas older adults were
characterized by higher ISGs and lower IFN-e and -w relative expression levels. Overall,
our findings contribute to recognize components of a protective IFN response as a
function of age, in the context of SARS-CoV-2 infection.
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INTRODUCTION

From December 2019 up to now, the novel coronavirus named SARS-CoV-2 has caused a huge
impact on health worldwide due to life-threatening COVID-19 disease. Risk factors predisposing to
severe COVID-19 are male sex, the presence of comorbidities and an older age, whereas children
commonly develop a mild disease after SARS-CoV-2 infection (1). The mechanisms that protect the
younger from severe COVID-19 disease are yet to be defined; reasons may be a low expression of the
org July 2022 | Volume 13 | Article 8732321
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ACE2 receptor, trained immunity, a higher capacity to
regenerate cells after viral damage but also a strong and
effective innate and/or adaptive immune response to SARS-
CoV-2 (1–3). SARS-CoV-2 replication starts in nasopharyngeal
mucosal cells and recognition of viral molecular patterns leads to
a rapid activation of antiviral and inflammatory responses (4, 5).
The antiviral response is largely mediated by the transcription of
Interferon (IFN) genes, in particular the type I (IFN-a, -b) and
type III (IFN-l1-3) that are the most important IFNs produced
by many cell types. Once the IFNs are secreted from infected cells
and bind to specific receptors, their signaling upregulates the
expression of numerous IFN-stimulated genes (ISGs). In infected
cells, SARS-CoV-2 non-structural proteins are able to inhibit the
innate immune receptor signaling and IFN production (6); on
the other hand, SARS-CoV-2 is highly sensitive to type I/III IFNs
when exogenously administered (7, 8). In patients, the key
protective role of the IFN-response was confirmed by genetic
studies showing that mutations in genes of the type I IFN
pathway are far more frequent in patients with severe COVID-
19 than in those with a mild disease (9). Moreover, circulating
auto-antibodies (Abs) against type 1 IFNs were detected in
around 10% of critically ill COVID-19 patients (10). While a
fraction of severely COVID-19 patients is highly suppressed in
their IFN production and activity due to genetic defects, the
presence of anti-IFN auto-Abs or other causes (9–12), on the
other hand, delayed and disproportionate IFN responses are
involved in the progression to severe disease (4, 13, 14). Thus, to
achieve control of SARS-CoV-2 infection, a fast and effective
mucosal innate response appears crucial (15), as seen in adults
that developed a mild COVID-19 (14–17). Consistent with this
notion, children, which usually develop asymptomatic or very
mild COVID-19, present a more robust early innate immune
response in comparison with adults (18, 19). In particular, a
higher expression of genes associated with IFN signaling was
found in SARS-CoV-2 infected children with respect to adults,
not stratified by age (18). Loske et al. found that basal levels of
several Pattern Recognition Receptors and Interferon-stimulated
genes (ISG) were pre-activated in children and that, upon SARS-
CoV-2 infection, their expression reached higher levels in
children compared to adults (19); in this study, the expression
of the IFN coding genes could not be detected. Contrastingly,
Gilbert et al. measured the mRNA levels of type I (IFN-a and -b)
and type III (IFN-l1-3) IFNs, reporting that IFN a and -b
transcript levels were induced by SARS-CoV-2 infection,
reaching more elevated levels in the adult/elderly with respect
to the pediatric age in which only IFN- l1 was comparatively
higher (20).

In order to determine which IFNs are activated during an
effective anti-SARS-CoV-2 immune response in the upper
respiratory tract, we sought to compare this response among
different age groups, with respect to negative controls of the same
age. Specifically, we measured mRNA expression levels of genes
encoding type I (including the less studied IFN-e and -w) and
type III IFNs, and IFN-stimulated genes in nasopharyngeal cells
from subjects of ages ranging from 3 to 90 years, that were
evaluated also for symptoms and the need for hospitalization.
Frontiers in Immunology | www.frontiersin.org 2
MATERIALS AND METHODS

Study Subjects
Children/adolescents attending a pediatric ambulatory clinic of
the “Umberto I”, Sapienza University Hospital in Rome, to
performSARS-CoV-2 molecular tests , were enrolled
(September-December 2020) after parent’s written consent
(N=47). Children/adolescents were tested because of a previous
contact with a SARS-CoV-2 positive case within their family or
at school, or for the occurrence of respiratory symptoms.
Moreover, medicine students and post-graduates practicing in
the pediatric clinic were tested in the same period. Adults
attending the “Umberto I” Emergency Departments (ED) were
recruited during two periods (March-May 2020 and September-
December 2020); they were health workers attending routinely
testing for SARS-CoV-2 infection or subjects presenting to the
ED with fever and/or respiratory symptoms. A total of 145 adults
(>16 years of age) were enrolled following informed consent.
SARS-CoV-2 detection was performed in the same virology
diagnostic laboratory, from nasopharyngeal (NP) swabs, using
RealStar® SARS-CoV-2 RT-PCR Kit 1.0 (Altona Diagnostics,
Germany), targeting E and S viral genes. All SARS-CoV-2
positive patients were infected with the original D614G SARS-
CoV-2 strain that was the only one circulating until late
December 2020 when the Alpha variant was firstly detected in
Italy. For subject tested at the ED, the threshold cycle (Ct) value
from the diagnostic RT-PCR was obtained. Residual NP samples
were stored for up to 3 hours at 4°C, then centrifuged, pellets
added with guanidine isothiocyanate reagents and stored at -80
C; they were included in the study as cases if tested positive for
SARS-CoV-2 or controls if negative. The occurrence of
symptoms was reported by children’s parents and self-reported
by adolescents and adults. Children/adolescents were categorized
in symptomatic (those presenting one or more of the following
symptoms: fever, cough, sore throat, dyspnea, ageusia, anosmia,
vomiting, diarrhea) or asymptomatic. Contrastingly, nearly all
SARS-CoV-2 positive adults presented with COVID-19 related
symptoms and were retrospectively categorized on the base of
the need for hospitalization. Demographic data, SARS-CoV-2 Ct
values, the occurrence of symptoms, and the need for
hospitalization were recorded de-identified. The study was
approved by the Institutional Review board and the Ethics
Committee (Policlinico Umberto I Hospital, Sapienza,
University of Rome, Rif. 5836, Prot. 0690/2021).

Gene Expression Measurement
De-frozen residual NP cells were centrifuged and pellets used for
total RNA extraction using RNA-extraction kits (Norgen Biotek
Corporation, Canada), 2 µl of purified RNA was quantified on a
NanoDrop Spectrophotometer (Thermo Fisher Scientific, Rome,
Italy) to determine concentration and purity. Reverse transcription
was performed on 300 ng of purified RNA using the High Capacity
cDNA Archive Kit (Applied Biosystems, Monza, Italy). From
cDNA, the expression levels of genes coding for IFNs type I
(IFN-a, -b, -e and -w) and type III (IFN-l1, -l2 and -l3) and
for ISG15 and ISG56, well-known markers of type I/III IFNs’
July 2022 | Volume 13 | Article 873232
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activation, previously analysed in SARS-CoV-2 infections (11, 17,
21), were measured by quantitative Reverse Transcription-Real
time PCR assays. Briefly, IFN genes transcripts were detected in
co-amplification with the beta-glucuronidase (GUS) invariant gene,
using the target specific primers and hydrolysis probes listed in
our previous study (21), with the addition of primers
and probes targeting IFN-e (Hs.PT.58.4812867.g) and IFN-w
(Hs.PT.20160308.g) purchased from IDT (Integrated DNA
Technologies, Coralville, Iowa, US). Transcript level of each gene
was calculated using the threshold cycle (Ct) relative quantification
to the GUS Ct of the same sample (the 2−DCt method). A gene
transcript was considered not detectable when the Ct value was > 40
and was assigned a value of one tenth of the limit of detection.
Residual cDNAs from SARS-CoV-2 negative samples were tested
for the presence of 13 other respiratory viruses (influenza viruses A
and B, respiratory syncytial virus, the human CoVs: OC43, 229E,
NL63 and HKU1, adenovirus, rhinovirus, parainfluenza viruses 1-3,
metapneumovirus), using a panel of home-made PCRs (22).

Statistical Analysis
For categorical variables (sex, age group, occurrence of
symptoms, need for hospitalization), Pearson’s Chi square was
used to test the statistical difference in proportion among
independent groups. Age in years, mRNA expression values
(non-normally distributed data) were compared using the non-
parametric Kruskal–Wallis (KW) test among three or more
independent groups or using the non-parametric Mann–
Whitney test between two groups with Bonferroni correction
for multiple comparisons. The Jonckheere-Terpstra (JT) test, a
rank-based nonparametric test, was also used for determine
significant trends in gene expression levels among the ordered
age groups. Spearman’s rho coefficient was calculated to assess
the correlation between age and expression level of the studied
Frontiers in Immunology | www.frontiersin.org 3
genes. The significance was fixed at the 5% level; the analysis was
performed with SPSS v.27.0 for Windows.
RESULTS

Out of 192 individuals (114 males and 78 females) enrolled in
this study, 106 tested positive for SARS-CoV-2 RNA and 86
resulted negative to SARS-CoV-2 and to the other respiratory
viruses. Levels of expression of genes coding for type I (IFN-a,
-b, -e and -w), type III (IFNs l1-3) and for ISG15 and ISG56
were measured in 192 NP samples. Transcript levels of all study
genes were significantly higher levels in the SARS-CoV-2
positive- than in the negative- samples (p<0.001 for
comparisons of all genes between the two groups; Figure 1).
Males and females had comparable gene expression levels when
considering all samples together or when comparing by sex
SARS-CoV-2 negative and positive-samples separately (data
not shown). To understand the impact of age on IFN genes
expression during SARS-CoV-2 infections, samples were
stratified in age groups: children up to 16 years of age (y),
young adults (17-40 y), middle-aged adults (41-60 y), older
adults (>60 y) and on the base of SARS-CoV-2 negative- or
-positive test. Demographic and other data of enrolled subjects
stratified by age groups are reported in Table 1. Median and
interquartile range values for each study gene in the 8 groups are
shown in Table 2.

Basal Transcriptional Level of IFN Genes
Is Elevated in Children and Decrease
With Age
We first compared results from SARS-CoV-2 negative samples
stratified by age groups (Table 2). All study genes, with the
FIGURE 1 | SARS-CoV-2 infection induced activation of IFN genes in nasopharyngeal cells. Relative mRNA expression values (y-axis), calculated using the threshold
cycle relative quantification (2-DCt), are reported for each gene; values are depicted as open circles for SARS-CoV-2 negative- and as filled circles for SARS-CoV-2
positive samples, triangles indicate samples with Ct values >40. Horizontal lines indicate the median value of the group indicated below the X-axis. All p-values,
calculated using Mann-Whitney tests for comparison of each gene between SARS-CoV-2 negative and positive samples, are <0.001.
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exception of ISG15, were far more expressed in children with
progressively lower values found in young- and middle-aged
adults and in the elderly (p<0.001). Uninfected young adults had
levels of IFN-a, IFN-e, IFN-w, and IFN-l3 transcripts at
intermediate values between children and older adults; the
level of IFN-b transcript was comparable to those found in the
older adults’ groups, whereas IFN-l1 and –l2 were comparable
to those in the children group (Table 2). These results were
strengthened by the significant negative correlation between age
and IFN-a, -b, -e, -w; the IFNs l1-3; ISG56 (Figure 2).
Contrastingly, ISG15 levels showed little difference among
groups (p=0.049), with no significant correlation with age.

IFN-e and -w are defective and ISGs
Overexpressed in SARS-CoV-2
Infected Adults
The comparison of expression levels reached by IFN genes
among SARS-CoV-2 positive age groups showed interesting
differences. Regarding type I IFNs, transcripts of IFN-a and
IFN-b did not differ among age groups (Table 2) and their values
were not significantly correlated to age (Figure 2). Contrastingly,
levels of IFN-e and -w were similarly high in children and young
adults and much lower in the older age groups (p=0.007; p=0.021
in JT test for trends, respectively; Table 2) and were negatively
correlated with age (Figure 2B). IFNs l1-3 transcripts were
comparable among the four age groups with no significant
relationship with age (Table 2, Figure 2B). Notably, ISG56
Frontiers in Immunology | www.frontiersin.org 4
and ISG15 were expressed at lower levels in the younger, and
progressively increased with age (p=0.020; p<0.0001, in JT test
for trends, respectively; Table 2); a moderate significant positive
correlation between age and ISG56 and ISG15 was
found (Figure 2B).

IFN Genes Are Differentially Upregulated
During SARS-CoV-2 Infection Depending
on Age
To dissect the age specific extent of activation of the type I/III
IFN response to SARS-CoV-2 infection, a comparison between
SARS-CoV-2 negative and -positive samples was performed
within each age-group (Figure 3). In children, IFN-a
(p=0.008) and ISG56 (p=0.012) were the only transcripts to be
significantly higher in the SARS-CoV-2 positive with respect to
the negative; there was a tendency to higher levels of IFN-w
(p=0.079) and ISG15 (p=0.057) whereas the other transcripts
were comparable in SARS-CoV-2-positive and -negative
children (Figure 3). In young adults, comparisons between
SARS-CoV-2 negative and -positive samples showed a
significant activation of IFN-b, IFN-e and ISG56 (p=0.024;
p=0.017; p=0.018, respectively) and a trend toward higher
levels of IFN-a, IFN-w, IFN-l2, IFN-l3 and ISG15 (p=0.078;
p=0.100; p=0.078; p=0.084; p=0.064, respectively) in the SARS-
CoV-2-positive with respect to the -negative whereas IFN-l1
levels were comparable between groups (Figure 3). As regards
the groups of middle-aged adults and older adults, all study genes
TABLE 2 | Gene expression results of study samples (N=192) stratified by SARS-CoV-2 infection and age group.

SARS-CoV-2 negative samples by age group p valueb SARS-CoV-2 positive samples by age group p valueb

Gene a <16y 16-40y 41-60y >60y <16y 16-40y 41-60y >60y
IFN-a 2.03 (0.58) 1.37 (1.87) 0.35 (1.58) 0.07 (0.54) <0.001 2.39 (0.79) 1.94 (1.80) 2.30 (2.28) 1.75 (2.00) 0.076
IFN-b 1.40 (0.49) 0.46 (1.43) 0.33 (1.05) 0.11 (0.35) <0.001 1.43 (0.52) 1.65 (1.67) 1.60 (1.73) 1.35 (1.53) 0.821
IFN-e 2.30 (0.43) 1.38 (1.85) 0.26 (1.72) 0.20 (0.70) <0.001 2.43 (0.72) 2.39 (2.60) 0.90 (2.64) 1.11 (2.45) 0.037
IFN-w 2.43 (1.04) 1.08 (2.42) 0.23 (1.81) 0.10 (0.75) <0.001 2.75 (0.66) 2.87 (2.60) 1.72 (2.80) 1.80 (2.60) 0.067
IFN-l1 0.06 (0.03) 0.06 (0.05) 0.02 (0.03) 0.01 (0.03) <0.001 0.06 (0.02) 0.07 (0.04) 0.06 (0.05) 0.05 (0.05) 0.415
IFN-l2 2.22 (0.52) 2.06 (2.82) 0.17 (1.52) 0.10 (0.29) <0.001 2.16 (0.87) 2.50 (2.80) 1.09 (2.76) 1.32 (2.53) 0.170
IFN-l3 4.38 (1.70) 2.32 (4.31) 0.90 (2.68) 0.52 (1.60) <0.001 4.32 (0.90) 4.84 (1.84) 3.93 (2.47) 3.77 (1.45) 0.100
ISG15 1.44 (0.54) 2.06 (4.88) 1.92 (2.57) 1.20 (2.33) 0.049 1.87 (0.92) 3.42 (4.08) 5.30 (36.51) 7.70 (20.41) <0.001
ISG56 0.51 (0.23) 0.52 (0.33) 0.36 (0.23) 0.23 (0.33) <0.001 0.66 (0.23) 0.75 (0.95) 0.96 (2.68) 0.82 (3.20) 0.046
July 2022 | Volume 13 | Articl
aExpression levels, calculated using 2-DCt, are indicated as median (interquartile range) of the group;
bp-values for comparisons among the age groups are calculated using Kruskal-Wallis tests.
TABLE 1 | Demographic and virologic data of study subjects (N=192) stratified by age groups.

Female/Male(Female %) Age a SARS-CoV-2Ct valueb Symptoms Hospitalized

SARS-CoV-2 Neg <16y (n=21) 8/13 (38.1%) 8.9 ± 3.4 NAc NA NA
SARS-CoV-2 Pos <16y (n=26) 9/17 (34.6%) 10.5 ± 3.4 NRd 15/26 (57.7%)** 0/26 (0%)**
SARS-CoV-2 Neg 16-40y (n=21) 13/8 (61.9%) 28.9 ± 6.9 NA NA NA
SARS-CoV-2 Pos 16-40y (n=24) 12/12 (50.0%) 27.1 ± 7.4 27.6 ± 6.2 21/24 (87.5%)** 7/24 (29.2%)**
SARS-CoV-2 Neg 41-60y (n=25) 11/14 (44.0%) 50.5 ± 5.2 NA NA NA
SARS-CoV-2 Pos 41-60y (n=28) 8/20 (28.6%) 53.1 ± 4.4 27.9 ± 6.6 28/28 (100%)** 24/28 (85.7%)**
SARS-CoV-2 Neg >60y (n=19) 8/11 (42.1%) 64.5 ± 2.5* NA NA NA
SARS-CoV-2 Pos >60y (n=28) 9/19 (32.1%) 73.3 ± 8.5* 26.7 ± 5.3 28/28 (100%)** 22/28 (78.6%)**
aAge in years (y) is expressed as mean ± standard deviation of each group.
bThe diagnostic test Ct value is expressed as mean ± standard deviation in adults’ groups.
cNA, not applicable.
dNR, not reported. *p < 0.01, for age comparison between SARS-CoV-2 negative vs positive older adults; **p < 0.001, for comparisons among the SARS-CoV-2 positive age groups.
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were significantly activated in the SARS-CoV-2 positive subjects
with respect to the negative of the same age group (p<0.005 for
all comparisons, with the exception of ISG15 in the middle-aged
adults, p=0.015; Figure 3).

It appears that children, starting from relatively high basal
transcriptional levels, activate IFN genes comparatively less than
adults upon SARS-CoV-2 infection, to reach transcript levels
similar or higher with respect to the other age groups. In young
adults, IFN genes’ basal expression and extent of transcription
activation are intermediate between children and middle-aged/
older adults; the latter groups are characterized by defective
expression of IFN-e and IFN-w, and by higher ISGs
transcription, upon SARS-CoV-2 infection.
Frontiers in Immunology | www.frontiersin.org 5
SARS-CoV-2 RNA Amount Was Related to
the Level of ISG Transcription

SARS-CoV-2 diagnostic Ct values were obtained for 67/80 adults
(83.75%) and were used as a proxy for viral load (a low Ct value
reflects a high target RNA concentration) in relation to subjects’
data. Ct values did not differ (p=0.371) between males [mean ±
standard deviation ( ± SD) = 27.9 ( ± 6.1)] and females [mean ( ±
SD) = 26.3 ( ± 5.3)] nor among the three adults’ age groups
(Table 1); Ct values recorded in samples from hospitalized
patients [mean ( ± SD) = 27.9 ( ± 5.9)] were slightly higher
than those in not-hospitalized adults [mean ± (SD) = 24.9 ( ±
5.6), p=0.093]. The level of expression of type I and III IFN-genes
A

B

FIGURE 2 | Correlation between gene expression and age, in SARS-CoV-2 negative and positive subjects. Relative mRNA expression values (y-axis) are calculated
using the threshold cycle relative quantification (2-DCt); Spearman’s rho coefficient and p-values are reported in the upper right corner. Panel A: correlation of gene
expression with age in years of SARS-CoV-2 negative subjects. Panel B: correlation of gene expression with age in years of SARS-CoV-2 positive subjects.
July 2022 | Volume 13 | Article 873232
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had no correlation with Ct values whereas a moderate negative
correlation with ISG15 and ISG56 levels (r= -0.370, p=0.003; r=
-0.342, p=0.007, respectively) was found.

IFN Coding Genes Are More Expressed
in Symptomatic Children and in
Hospitalized Adults
Among SARS-CoV-2 positive children, 11 were completely
asymptomatic and 15 had fever and/or respiratory symptoms;
none required hospitalization (Table 1). There was no difference
in age and sex between asymptomatic and symptomatic children
(data not shown). Type I IFN genes were slightly more expressed
in children presenting symptoms with respect to the
asymptomatic (p-values for comparisons between the two
groups of IFN-a, -b, -e, and -w are: p=0.032, p=0.087,
p=0.069, p=0.032, respectively, Figure 4A); type III IFN
transcripts were far higher in the symptomatic group (p-values
for IFN-l1, -l2, -l3 are: p=0.001, p=0.020, p=0.009, respectively,
Figure 4A). Contrarily, ISG56 levels were higher in the
asymptomatic, p=0.047) and ISG15 levels were comparable in
the two groups (Figure 4A).

Nearly all adult patients experienced fever and respiratory
symptoms (77/80, 96.25%), 27/80 (33.75%) had a mild COVID-
19 disease and were observed at home whereas 53 were
hospitalized (66.25%); none was admitted to an intensive care
unit or died (Table 1). Hospitalized patients were significantly
older (p<0.001) than those not hospitalized but did not differ by
sex (Table 1). When analyzing transcripts levels in relation to the
need of hospitalization, we observed a significant up-regulation
of type I IFNs, IFN-a, -b, -e, and a trend of higher levels for IFN-
w as well, in the hospitalized adults (p=0.008, p=0.005, p=0.005,
Frontiers in Immunology | www.frontiersin.org 6
p=0.057, respectively); the IFNs l1-3 and the ISGs were not
different between the two groups (Figure 4B).
DISCUSSION

Recent studies proposed that the mild course of SARS-CoV-2
infections in children is associated with their ability to mount an
early and effective antiviral response (18, 19, 23, 24). Their
common finding was pre-activated levels of innate immunity
genes in the nasal epithelium of healthy children compared to
adults (18, 19, 23, 24). Our results confirm that IFN basal levels
are up-regulated in children comparing with adults of different
age groups, provide further insights into this response in the,
less-studied, young adults group, and novel findings regarding
IFN-e and IFN-w expression.

We detected elevated basal expression of type I/III IFN genes
in children and observed age-related decrease of their expression.
In particular, basal expression of type I IFNs in young adults was
intermediate (IFN-a, IFN-e and IFN-w) with respect to pediatric
and older adults ages, or similar to that in older adults (IFN-b);
among type III IFNs, basal expression of IFN-l1 and -l2 was
similar between children and young adults whereas IFN-l3
values in the young were intermediate to those found in the
other groups. Collectively, these differences in basal
transcriptional levels suggest that, in the NP mucosa, IFN
types are differently regulated by age.

Upon SARS-CoV-2 infection, children upregulated
transcription of IFN-a and ISG56, and moderately also IFN-w
and ISG15; young adults showed moderate transcriptional
activation of all study genes with the exception of IFN-l1,
FIGURE 3 | Age-specific activation of IFN genes. Relative mRNA expression values (y-axis), calculated using the threshold cycle relative quantification (2-DCt), are
depicted as open circles for SARS-CoV-2 negative and as filled circles for SARS-CoV-2 positive samples, triangles indicate samples with Ct values >40. Horizontal
lines represent the median value of the group indicated below the X-axis. P-values, calculated using Mann-Whitney tests for comparison between SARS-CoV-2
negative and positive samples of the same age group, are shown with symbols representing: °0.1<p>0.05, *0.05<p≥0.001, **p<0.001.
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whereas all study genes were significantly upregulated at older
ages. Considering that transcript levels of the IFNs coding genes
showed more differences with age in healthy controls than in
infected individuals, it is plausible to speculate that IFNs are
produced during SARS-CoV-2 infection at any age but are more
readily available in the respiratory mucosa at younger ages than
in the older. This scenario is coherent with the current view that
pre-activated levels of the IFN genes are essential to a fast and
effective anti-SARS-CoV-2 response as seen in children and in
young adults (18, 19, 24) whereas delayed and sustained IFN
activation may be detrimental to the respiratory mucosa and
associated to the worsening of respiratory symptoms (4). In
accordance with this hypothesis, we observed that several IFN
genes reached higher levels in children presenting symptoms
with respect to the asymptomatic, and in hospitalized patients
with respect to not-hospitalized adults.

Coherently with our findings, in the more recent and larger
transcriptome study (24) of cells from NP swabs, the most
striking difference by age in gene expression signature was
observed in the IFN-a signaling that was pre-activated in not-
infected children and only slightly induced after SARS-CoV-2
infection; adults (not differentiated by age in that study) showed
very low basal levels of IFN-a related genes but these were
strongly activated upon infection (24). In contrast with our data,
Yoshida et al. (24) found, in adults’ epithelial cells, a higher IFN-
a in mild COVID-19 compared to severe disease. In this regard,
it should be underlined that while a protective role of IFNs in the
first phases of SARS-CoV-2 replication in the nasal mucosa is
well documented, the issue of a favorable or detrimental role of
sustained IFN production in older hospitalized patients is still
Frontiers in Immunology | www.frontiersin.org 7
debated and conflicting results have been published on
comparative levels of IFNs and ISGs induction found in mild
vs severe COVID-19 (13, 14, 20, 25).

Remarkably, we detected age-related differences, not
previously reported, also in the expression of IFN-e and IFN-w.

IFN-ϵ is dissimilar from other type I IFNs mainly due its
regulation; its expression is constitutively high mainly in the
epithelial cells of the female reproductive tract (26). In addition,
in vitro studies demonstrated its ability to restrict HIV
replication in epithelial cells, monocyte derived macrophages
and T cells (26, 27); in mouse lung, IFN-ϵ is constitutively
expressed and able to stimulate an antiviral response upon
infection (28) but no such data have been published on IFN-ϵ
expression in human respiratory mucosal cells. Thus, we showed
for the first time in NP cells, higher basal levels of IFN-ϵ in
children compared to adults with no difference according to sex.
Interestingly, upon SARS-CoV-2 infection, IFN-ϵ activation was
more intense in young adults, reaching levels observed in SARS-
CoV-2 positive children If confirmed in a larger number of cases,
IFN-ϵ elevated levels at younger ages may suggest its possible
role with regards to a successful antiviral response. On the other
hand, as seen for the other type I IFNs, more IFN-ϵ was
expressed in those who were hospitalized, leading to
detrimental effects; interestingly, IFN-e expression can be
upregulated by TNF-a, one of the pro-inflammatory cytokine
commonly upregulated in the course of COVID-19 (29).

As regards IFN-w expression at baseline and upon SARS-
CoV-2 infection, differences by age were similar to those seen for
IFN-ϵ. Even in the absence of experimental evidences, a potential
anti-SARS-CoV-2 activity of IFN-w was hypothesized (15) based
A B

FIGURE 4 | IFN genes are more expressed in symptomatic children and in hospitalized adults. Relative mRNA expression values (y-axis), calculated using the
threshold cycle relative quantification (2-DCt), are shown in box plot graphs: the box represents the lower and upper quartiles, the line in the box represents the
median, the whiskers show the lowest and highest values, and the outliers are represented by open circles. Above box plot pairs, p-values calculated using Mann-
Whitney tests for comparisons are shown with symbols representing: °0.1<p>0.05, *0.05<p≥0.001. (A) IFN genes expression in asymptomatic vs symptomatic
children. (B) IFN genes expression in not-hospitalized vs hospitalized adults.
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on detection of anti-IFN-w auto-Abs in a fraction of severe
COVID-19 patients together with anti IFN-a2 auto-Abs (10, our
submitted data). IFN-w shares ∼60% amino acid similarity to
IFN-a, the type I IFN more phylogenetically close; in humans
only one IFN-w is produced compared to the 13 IFN-a subtypes
(30). Intriguingly, IFN-w is still diversifying in many species,
including bats and pigs and protect them from excessive tissue
damage following infection by several viruses, including
Coronaviridae and Orthomixoviridae that can cause severe
diseases in humans (30, 31). Further data are needed to
confirm IFN-w induction in respiratory mucosal cells and its
possible role as an anti-SARS-CoV-2 weapon in our
innate responses.

As regards type III IFNs, we found that their expression was
higher in children at baseline as well as upon infection; their
levels were not related to SARS-CoV-2 viral load nor to the
occurrence of symptoms in children nor with hospitalization in
adults. Specifically, IFN-l1 relative expression was very low
compared to that of IFN-l2 and -l3 in all tested samples but
the age-related differences in SARS-CoV-2-negative and
-positive samples and their relative levels of activation were
similar among type III IFNs. In the study by Sposito et al,
IFN-l1 was the more potent ISGs inducer with respect to l2 and
- l3 and to type I IFNs in mild COVID-19 adults’ patients; IFN-
l1 potency could be a reason to keep its basal expression and its
activation low upon infections. In fact, besides being a first line
defense against mucosal pathogens, type III IFNs can also exert
harmful effects during respiratory viral infections including
SARS-CoV-2, in particular by lowering lung epithelial repair
(32–34). Indeed, a well-balanced baseline expression of type I/III
IFNs’ is involved in the physiological regulation of anti-microbial
response in the intestinal, cervical and respiratory mucosa (35–
37). A scenario is emerging in which coordinated, quick and
effective antiviral actions, relying on pre-activated IFNs’
expression, can halt SARS-CoV-2 replication in the first days
post-infection in the nasal mucosa, leading to asymptomatic or
mild course whereas a later response, triggering high and
persistent expression of antiviral genes, may be less effective
and cause respiratory damage (14–19, 24, 38).

As concerns basal ISG expression, ISG56 level was higher in
children and young adults than in older adults while ISG15 level
was lower only in the elderly. Upon SARS-CoV-2 infection, the
two ISGs reached far higher levels in adults, coherently with the
overall lower IFN activation at younger ages than in adults.
Moreover, ISGs transcripts were related to the amount of SARS-
CoV-2 RNA as estimated by the diagnostic Ct value in adult
patients. The latter finding agrees with previous studies finding a
relationship between ISG combined levels and viral loads (11, 17,
21); our analysis focused only on two of the very numerous ISG
stimulated by type I and III IFNs and also by IFN-independent
pathways and cannot add much to this issue. Nonetheless, the
biological value of testing two ISGs only is strengthened by
transcriptomic analysis reporting that ISGs expression was co-
regulated in SARS-CoV-2 infected respiratory cells (11, 17, 19).

Our study has several limitations: no information on days
since SARS-CoV-2 infection; lack of follow-up samples; the
Frontiers in Immunology | www.frontiersin.org 8
relatively low amount of NP cells obtained by residual
d iagnost ic spec imens that l imi ted the number of
measurements. Regarding this last point, it may have been
informative to measure the expression of Pattern Recognition
Receptors genes and those triggered in their signaling cascade, as
these genes were shown to be up-regulated in children with
respect to adults (19). Another limitation due to low amount of
NP specimens is that we could not evaluate cell types
composition. Indeed, the relative abundance of resident
immune cells in the NP mucosa is higher in the younger
compared to adults (39); accordingly, the pre-activated innate
immune response in children may be due to differential
transcriptional programs in epithelial cells and/or in immune
cells. In this study, activation of the IFN-response was measured
on mixed NP cells and this method may appear basic and less
informative with respect to state of the art single cell RNA
sequencing techniques. Nevertheless, Real time PCR assays
performed with gene-specific probes are reliable, not-
expensive, quantitative tests that allowed to analyze nearly two
hundred of residual diagnostic samples from different age groups
and add to the existing knowledge.

In conclusion, we could confirm in NP samples including all
ages, higher basal levels of type I and III IFNs in children and
suggest that the IFN response is partially pre-activated also in
young adults.

Moreover, we recognized a possible anti-SARS-CoV-2 role of
the less well-characterized IFN-ϵ and IFN-w, that should be
further investigated in vitro and in vivo. On the other hand, IFN-
ϵ and IFN-w seem to be no exception to the rule that IFNs may
also exert detrimental roles and tissue damage. These data
encourage further investigation on the possible protective
effects of several different IFN types against severe COVID-19.
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