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Young age and high vitamin D plasma levels have been associated with lower SARS-CoV-2 infection risk and favourable disease
outcomes. This study investigated mechanisms associated with differential responses to SARS-CoV-2 across age groups and effects
of vitamin D.
Nasal epithelia were collected from healthy children and adults and cultured for four weeks at the air-liquid interface with and

without vitamin D. Gene expression and DNA methylation were investigated. Surface protein expression was confirmed by
immunofluorescence while vitamin D receptor recruitment to the DNA was analysed through chromatin immunoprecipitation.
HEp-2 cells were used for protein co-immunoprecipitation and luciferase reporter assays.
Compared to children, airway epithelia from adults show higher viral RNA recovery following infection. This was associated with

higher ANPEP/CD13, reduced type I interferon expression, and differential DNA methylation. In cells from adults, exposure to
vitamin D reduced TTLL-12 expression, a negative regulator of the interferon response. This was mediated by vitamin D receptor
recruitment to TTLL12, where it instructs DNA methylation through DNA methyltransferase 1.
This study links age-dependent differential expression of CD13 and type I interferon to variable infection of upper airway

epithelia. Furthermore, it provides molecular evidence for vitamin D reducing viral replication by inhibiting TTLL-12.

Mucosal Immunology (2023) xx:xxx–xxx; https://doi.org/10.1016/j.mucimm.2023.08.002
INTRODUCTION
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2),
a betacoronavirus responsible for the COVID-19 pandemic, has
caused millions of deaths worldwide1,2. Population and individ-
ual host factors influence disease severity, with age, ethnicity,
and socioeconomic status as key factors determining out-
comes1,3. Notably, most children and young people (<18 years)
experienced milder disease severity during the pandemic or
were asymptomatic. However, the exact reasons for this remain
unclear1,3.

In addition to SARS-CoV-2, the Coronaviridae family includes
Middle East Respiratory Syndrome-related Coronavirus (MERS-
CoV), SARS-CoV, and the seasonal HCoV-229E. The majority of
coronaviruses transmitted among humans originate from bats4.
They infect cells through membrane proteins such as
angiotensin-converting enzyme 2 (ACE2) or peptidases4,5.
SARS-CoV-2 binds ACE2 and enters the cell following priming
through transmembrane serine protease 2 (TMPRSS2) in a pro-
cess facilitated by neuropilin-1 (NRP1)6,7.
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Calcitriol, or 1α,25-dihydroxyvitamin D3, has immunomodula-
tory effects and may protect against viral airway infections8–11.
Low vitamin D plasma levels (<20 ng/mL) are more common
in elderly populations and can be associated with socioeco-
nomic disadvantage12,13. Epidemiological studies suggest that
individuals with low vitamin D plasma levels experience more
severe COVID-19 and poorer outcomes9,14. There have been
few studies to date on the role of calcitriol in COVID-19, but in
other conditions, it alters gene expression in immune and airway
epithelial cells15. Calcitriol binds to the vitamin D receptor (VDR),
a nuclear transcription factor. This complex then migrates to the
cell nucleus, where it binds to vitamin D response elements, and
induces epigenetic remodelling, including DNA methylation15.
These epigenetic modifications regulate chromatin accessibility
to transcription factors and RNA polymerases without altering
the underlying DNA sequence16.

The aim of this study was to identify molecular mechanisms
associated with milder COVID-19 severity in children and young
people (CYP) compared to adults and the possible impact of
vitamin D on epithelial immune responses to SARS-CoV-2, using
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an established primary human upper respiratory epithelium
model.17
RESULTS
SARS-CoV-2 RNA recovery is greater in airway epithelia from
adults compared to CYP prior to infection
We evaluated the ability of SARS-CoV-2 to infect and replicate in
primary human airway epithelial cells (AECs) from CYP (<18
years) and adults (>50 years) in vitro by quantifying viral RNA
in cell supernatants 48 hours after infection. When compared
to cells from CYP, viral RNA recovery was higher in AECs from
adults (3.25 × 105 vs. 4.83 × 105 copies/μL, p < 0.01, Fig. 1). No
differences were detected in viral replication between young
children (median age: 9 months, range: 7–23 months) and
young people/adolescents (median age: 11 years, range: 10–14
years) (Supplementary Fig. 2).
Fig. 1 Age-related differences in SARS-CoV-2 replication in airway
epithelial cells. Viral RNA recovery after infection with SARS-CoV-2
was quantified by RT-qPCR. Data are presented as median and
interquartile range; statistical significance was tested using the
Mann-Whitney test (n = 8). CYP = children and young people; RT-
qPCR = Quantitative reverse transcription polymerase chain
reaction.
SARS-CoV-2 recovery associates with CD13 expression
To determine whether age-related differential gene expression
in AECs promotes infection and/or virus replication, we analysed
the mRNA expression of >700 genes using the NanoString host
response panel, including additional custom probes for ACE2
isoforms (Fig. 2, Supplementary Fig. 3). While we did not detect
differences in the expression of ACE2, TMPRSS2, and NRP1 (Sup-
plementary Fig. 3), we identified three differentially expressed
genes comparing AECs from CYP and adults: CD13 (encoded
by ANPEP, 0.05 vs. 0.31 fold change, p < 0.001), HLA-DQA, and
CXCL-13 (Figs. 2A and 2B). The ANPEP gene was of particular
interest because its protein product, the alanyl aminopeptidase
CD13, had previously been reported as a receptor for seasonal
coronavirus infections18,19. Thus, we investigated CD13 surface
expression and confirmed differential CD13 protein abundance
between children and adults, considering surface receptor den-
sity and CD13+ AECs (Figs. 2C and 2D).
AECs from children exhibit robust spontaneous type I
interferon expression at baseline
The expression of type I interferons (IFNs) and interferon
response genes (ISGs) is a key factor of the innate anti-viral
response20,21. We therefore considered the expression of 30
IFN-related genes included in the NanoString host response
panel (Supplementary Methods) and calculated type I IFN
scores22. Although differences in the expression level of these
individual genes in CYP and adults did not reach statistical sig-
nificance level after correction for false discovery rate (FDR), type
I IFN scores were higher in AECs from CYP when compared to
adults (0.34 vs. 0.13, p < 0.01, Fig. 3).
DNA methylation associates with age-differential gene
expression
Epigenetic patterns change with age while regulating gene
expression without altering the underlying DNA sequence23.
Thus, we examined differential DNA methylation in AECs from
CYP and adults using Infinium 850K EPIC methylation arrays
(Fig. 4). We identified >29,000 differentially methylated positions
(DMPs). Notably, 20,819 (71.8%) were hypermethylated and
8,185 (28.2%) were hypomethylated, cumulatively affecting over
10,000 genes. Some DMPs affected ANPEP and genes included in
the type I IFN score. A total of 12 CpGs were related to ANPEP
(Figs. 4B and 4C). Notably, while 8 of 12 CpGs exhibited
increased methylation in adults and predominantly localised to
www.elsevier.com
the gene body, four CpGs exhibited increased methylation in
CYP and were located in the 50 UTR region.

We then calculated two separate IFN scores using the DNA
methylation data: one considering all the beta values of the
DMPs in the 30 IFN-related genes (Fig. 4D), and the other consid-
ering only the ones in the promoter region of the genes (Fig. 4E).
In both cases, CYP shows a higher IFN score compared with
adults.
Vitamin D alters DNA methylation and gene expression in
airway epithelia from adults prior to infection
Low vitamin D plasma levels (<20 ng/mL) have previously been
suggested to associate with increased age, increased risk for sev-
ere COVID-19 courses, and poor outcomes12,13,24. Thus, we anal-
ysed the effects of vitamin D on both DNA methylation and
mRNA expression in AECs from CYP and adults (Fig. 5). For this,
cell culture media was supplemented with 1α,25-
Dihydroxyvitamin D3 at a concentration of 10−9 M or with an
equal amount of vehicle solvent. Interestingly, we did not iden-
tify differential DNA methylation in AECs from CYP in the
absence or presence of vitamin D (Fig. 5A). Conversely, AECs
from adults exhibited 12 DMPs comparing AECs in the absence
or presence of vitamin D: six CpG positions were hypermethy-
lated and six were hypomethylated (Fig. 5B). One of the most
DMP affected the TTLL12 gene (Fig. 5C), which was associated
with differential gene expression (1 vs. 0.8 fold change,
p = 0.01, Fig. 5D).

We then investigated whether the treatment with vitamin D
impacted viral RNA recovery after SARS-CoV-2 infection. Vitamin
D did not have an impact on viral RNA recovery in cells from
CYP. In AECs from adults, vitamin D exposure was associated
with reduced viral RNA recovery that failed to reach statistical
Mucosal Immunology (2023) xx:xxx – xxx
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Fig. 2 Airway epithelial cells from adults exhibit increased CD13 expression when compared to children at the baseline. (A) Differentially
expressed genes in airway epithelial cells from CYP and adults (p-values were corrected for false discovery rates and referred to as q-values).
(B) NanoString gene expression analysis; fold change was calculated as the ratio between the gene counts of the gene of interest and the
geometric mean of housekeeping genes counts; data are presented as median and interquartile range (n = 8). CD13 immunostaining (C) and
quantification (D); significance was tested using Mann-Whitney test. CYP = children and young people.
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significance. Notably, the difference between CYP and adults
was lost after the treatment with vitamin D (Fig. 5E).
Vitamin D promotes type I IFN expression in AECs from
adults
Previously, TTLL-12 has been suggested to negatively regulate
the RIG-I pathway, responsible for type I IFN expression in
response to RNA viruses25. Thus, we measured type I IFN scores
and type I IFN genes expression in AECs from adult donors in the
absence or presence of vitamin D. While the type I IFN score,
including 30 genes (type I IFNs and ISGs), and ISG expression
did not differ (Supplementary Figs. 4 and 5), the expression of
individual type I IFN genes was significantly increased in
response to treatment with vitamin D (Fig. 6A, Supplementary
Fig. 6).

To validate the potential role of TTLL-12, HEp-2 cells were
transfected with a pcDNA3.1 expression plasmid carrying the
cDNA sequence of TTLL12 or empty control vectors and calcu-
Mucosal Immunology (2023) xx:xxx – xxx
lated IFN scores (Fig. 6B). In agreement with what was described
in the literature, forced expression of TTLL-12 was associated
with the reduction of IFN scores25.
VDR recruitment to TTLL12 reduces gene expression
through epigenetic remodelling
Next, we investigated how vitamin D impacts TTLL12 expression.
To predict regulatory elements upstream of TTLL12, we defined
highly conserved noncoding sequences (CNS) between mouse
and human and mapped predicted consensus VDR binding sites
against them26–28. This approach delivered two putative VDR
binding elements, one in the proximal promoter region of
TTLL12 and one in a 50 CNS (Fig. 7A). To confirm VDR recruitment
to the in silico predicted binding elements, we applied chro-
matin immunoprecipitation (ChIP) followed by semi-
quantitative polymerase chain reaction (ChIP-qPCR) (Fig. 7B).
Indeed, VDR was recruited to both the predicted binding sites
www.elsevier.com
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Fig. 3 Age-differential type I interferon expression in airway
epithelial cells prior to infection. Type I IFN scores based on the
expression of 30 interferon-related genes. Significance was tested
using the Mann-Whitney test. CYP = children and young people;
IFN = interferons.
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upstream of TTLL12, which increased in response to vitamin D
exposure.

To decipher whether VDR recruitment trans-regulates TTLL12
expression, we performed luciferase reporter assays applying
constructs including the proximal TTLL12 promoter region (span-
ning 2.451 bp) or the upstream CNS region including one VDR
element (spanning 965 bp). HEp-2 cells were transfected with
Renilla luciferase plasmids (as a control), empty pGL3 vectors,
or luciferase constructs, plus/minus a pcDNA3.1 expression plas-
mid (with or without the cDNA sequence of VDR). After 5 hours
of incubation, cells transfected with pGL3 vectors, including the
TTLL12 promoter region, exhibited significantly higher luciferase
activity when compared to controls or cells transfected with
plasmids, including the CNS region (Fig. 8A). Simultaneous trans-
fection with VDR expression plasmids did not affect the lucifer-
ase activity of any of the reporter constructs (Fig. 8B).

As mentioned above, vitamin D exposure altered the DNA
methylation of TTLL12 (Fig. 5C). To understand how VDR recruit-
ment alters DNA methylation, we tested whether VDR physically
interacts with DNA methyltransferases (DNMT), namely DNMT 1
and DNMT3A, using protein co-immunoprecipitation (Co-IP)
under resting conditions and following forced expression of
VDR in HEp-2 cells. Protein quantification through western blot
suggested interactions between VDR and both DNMTs
(Fig. 8C). To confirm that this interaction is relevant for TTLL12,
we mapped VDR, DNMT1, and DNMT3A recruitment to the
TTLL12 proximal promoter and the upstream CNS region in
HEp-2 cells under resting conditions and after forced expression
of VDR, using ChIP. Notably, under resting conditions and espe-
cially after VDR over-expression, DNMT1 co-recruited to the
TTLL12 proximal promoter and, to a lesser extent, the upstream
CNS element (not reaching statistical significance) (Fig. 8D). This
suggests that vitamin D exposure mediates VDR recruitment to
TTLL12, where it does not result in the trans-regulation of gene
expression but controls DNA methylation through interactions
with DNMT1 (Fig. 8E).
www.elsevier.com
DISCUSSION
Increasing age associates with a higher risk of symptomatic
SARS-CoV-2 infection and severe COVID-19 with increased mor-
bidity, hospitalisation rates, and mortality3,29,30. While severe
COVID-19 can occur in CYP, it is rare compared to adults and
most frequently associated with pre-existing comorbidities31.
This study provides evidence for molecular mechanisms that
underlie this phenomenon. We show increased viral RNA recov-
ery and replication of SARS-CoV-2 in primary AECs from adults
compared to CYP. This may allow for a more efficient transition
to lower airway involvement and/or systemic disease instead of
being cleared in the upper airways. In fact, AECs from CYP exhib-
ited reduced expression of ANPEP/CD13 in the presence of
increased type I IFNs expression.

The CD13 surface protein is a co-receptor that has previously
been linked with seasonal coronavirus infections. The seasonal
coronavirus HCoV-229E, through the spike protein that is con-
served within the Coronaviridae family, recruits to CD13 within
so-called lipid rafts, thereby propagating infection19. Moreover,
increased spontaneous expression of type I interferons and
interferon response genes (ISGs), that were quantified as inter-
feron signature, may add another protective layer in CYP.
Indeed, increased type I interferon and ISG expression has previ-
ously been linked with robust protection from RNA virus infec-
tions in airway epithelia21.

Interestingly, we did not find differences in ACE2, TMPRSS2,
and NRP1 genes expression when comparing data from CYP
and adults. Notably, both the presence and the absence of dif-
ferential expression of these genes between age groups have
previously been reported, and gene expression may differ not
only between age groups but also between regions within the
respiratory tract32,33. In this study, we focused our attention on
the upper airways (isolating cells only from nasal brushings),
where ACE2, TMPRSS2, and NRP1 expression had been reported
to be stable across age groups33.

Furthermore, previous studies suggested comparable infec-
tion efficacy of primary AECs between children and adults34.
Notably, in their project, Stolting et al. used primary human res-
piratory epithelial cells isolated from bronchial brushings. Nasal
cells collected here represent upper airway epithelial. Indeed,
two studies previously reported differences in SARS-CoV-2
receptor protein expression in a different section of the respira-
tory tract, which explains differential infection efficacy between
studies32,33.

Gene expression patterns can change in cells and tissues with
increasing age and have been associated with changing suscep-
tibility to autoimmune and infectious diseases, including COVID-
1935,36. This has been linked to changes in epigenetic patterns,
particularly DNA methylation23. This study links both increased
CD13 expression and reduced IFN scores in adults with differen-
tial DNA methylation patterns, providing a molecular explana-
tion behind altered gene expression. Increased DNA
methylation was seen across ANPEP proximal regulatory ele-
ments in CYP, which associated with increased DNA methylation
within the gene body. Indeed, reduced DNA methylation of reg-
ulatory regions, including promoter regions, sufficiently explains
increased gene expression37. Increased DNA methylation within
the gene body can be associated with increased gene expres-
sion37. Differential methylation of type I IFNs and ISGs in AECs
from CYP versus adults also suggests a role of DNA methylation.
However, methylation patterns appear more complex when
Mucosal Immunology (2023) xx:xxx – xxx
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Fig. 4 Differential DNA methylation associates with variable gene expression in airway epithelial cells prior to infection. (A) Heat map showing
differentially methylated positions (DMPs) in airway epithelial cells (AECs) from adults and children and young people (CYP) (FDR < 0.01,
|Δβ| > 0.1). Red indicates reduced DNA methylation and yellow indicates increased DNA methylation. (B) Map of the ANPEP gene displaying 12
differentially methylated positions (DMPs). (C) Beta values of 12 DMPs in ANPEP (p-values were corrected for false discovery rates (FDR) and all
remained p < 0.001). (D) and (E) Type I IFN methylation scores considering 30 interferon-related genes (Supplementary methods). Significance
was calculated using Mann-Whitney tests. CYP = children and young people; IFN = interferons.
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Fig. 5 Vitamin D alters DNA methylation, TTLL12 expression and viral RNA recovery. (A) and (B) Differentially methylated positions in AECs
from CYP (A) and adults (B) in response to vitamin D (p-values were corrected for false discovery rates). (C) Beta values of the CpG located in
TTLL12 in AECs from adult donors in response to vitamin D; (D) Effects of vitamin D on TTLL12 expression in AECs from adults; gene expression
was evaluated via quantitative RT-PCR; fold change is displayed and was calculated as ratio between gene expression in cells treated with
vitamin D over cells treated with solvent vehicle; median and interquartile range (n = 7). (E) SARS-CoV-2 recovery was quantified using
quantitative RT-PCR; median and interquartile range (n = 8); significance was tested using the Mann-Whitney test. AEC = airway epithelial cells;
CYP = children and young people; RT-PCR = reverse transcription-polymerase chain reaction.
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compared to ANPEP because regions of increased and reduced
methylation coexist38.

It has previously been suggested that vitamin D modulates
immune responses, thereby mediating protection against virus
infections10. Supportive evidence for this comes from epidemio-
logical studies showing an increased risk of SARS-CoV-2 infection
and severe disease in individuals with low vitamin D plasma
levels9,11. Furthermore, exposure to vitamin D enhances type I
IFN responses both in COVID-19 patients and in peripheral blood
mononuclear cells in vitro11. To identify potential molecular
mechanisms contributing to protective effects mediated by vita-
min D, we exposed AECs from children and adults to vitamin D
for four weeks39. Supporting preliminary reports, vitamin D
exposure resulted in reduced viral RNA recovery in AECs from
adults (but not CYP), eliminating age-related differences8,10.
www.elsevier.com
Because vitamin D has been linked with trans-regulation and
epigenetic remodelling of genes relevant to immune responses,
we investigated its effect on DNA methylation in AECs26,27.
Indeed, vitamin D exposure altered DNA methylation of several
genes in AECs from adult but not paediatric donors, including
TTLL12. The TTLL12 gene encodes for a negative regulator of
the innate antiviral RIG-I pathway25. RIG-I is a cytoplasmic sensor
for RNA viruses that, upon activation, triggers the expression of
type I interferons resulting in virus containment and elimina-
tion20. This study delivers molecular evidence for the involve-
ment of this pathway in vitamin D-mediated effects that
provide protection from SARS-CoV-2 infection. The VDR is
recruited to TTLL12 regulatory elements in the proximal pro-
moter where it does not trans-regulate gene expression but
co-recruits DNMT1, thereby instructing epigenetic remodelling
Mucosal Immunology (2023) xx:xxx – xxx
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Fig. 6 Vitamin D promotes IFNα expression through silencing of TTLL12. (A) Expression of IFNα isoforms, fold change in AECs from adults
treated or not treated with vitamin D; statistical significance was tested with the Wilcoxon test (n = 8 each); (B) Forced expression of TTLL-12
reduces type I IFN scores; significance was tested using the Mann-Whitney test, data are presented as individual values and median (n = 4).
IFN = interferon.

Fig. 7 Vitamin D receptor recruits to TTLL12. (A) Map of the TTLL12 gene, including the differentially methylated CpG (M, cg16123583), a
predicted VDR binding element in the proximal promoter (P), and a putative VDR binding site in an upstream CNS region (U). (B) VDR ChIP-
qPCR analysis of AECs from adult donors in the presence or absence of vitamin D. Immunoprecipitation with VDR antibodies was normalised
against a control IgG; significance was tested using the Kruskal-Wallis test; data are presented as median and interquartile range (n = 4). ChIP-
qPCR = chromatin immunoprecipitation followed by semi-quantitative polymerase chain reaction; CNS = conserved noncoding sequences;
Ig = immunoglobulin VDR = vitamin D receptor.
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and silencing of gene expression. Forced expression of TTLL-12
in epithelial cells resulted in reduced type I interferon expres-
sion, confirming its role as a suppressor of antiviral responses25.
Indeed, different studies investigating effects of vitamin D on
COVID-19 delivered contrasting results. Although some studies
reported that vitamin D did not impact SARS-CoV-2 infection
Mucosal Immunology (2023) xx:xxx – xxx
and disease, a large meta-analysis of randomised controlled tri-
als suggested that it reduces RT-PCR positivity rates in individu-
als exposed to the virus and that it improves disease
outcomes40–42. Data presented in this manuscript suggest that
vitamin D contributes to a reduction of virus recovery through
increased type I interferon expression. This supports arguments
www.elsevier.com
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Fig. 8 Vitamin D receptor instructs DNA methylation at TTLL12. (A, B) TTLL12 promoter constructs exhibit increased luciferase activity when
compared to empty pGL3 vectors or plasmids including a 50 CNS region. (B) Forced expression of VDR (as effector) does not alter luciferase
activity of the constructs investigated. (C) Co-immunoprecipitation and western blot analysis performed in HEp-2 cells transfected with VDR
expression plasmids or the empty vectors (pcDNA3.1), using anti-VDR antibodies and IgG controls. Western blots were performed for DNMT1,
DNMT3A, VDR and GAPDH. (D) ChIP performed in HEp-2 cells in the absence or presence of VDR overexpression, mapping VDR, DNMT1, and
DNMT3A recruitment; statistical significance was tested using the Friedman test; data are presented as median and interquartile range (n = 4).
(E) Proposed mechanism of VDR-mediated DNA methylation at TTLL12. ChIP = chromatin immunoprecipitation; DNMT = DNA methyltrans-
ferase ; M = methyl group; VDR = vitamin D receptor.
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for prophylactic vitamin D supplementation in adults to protect
(somewhat) against virus infections.

While this study identifies age-related differences in AECs,
allowing increased infection and virus replication in cells
from adults, it has limitations. Because of the complex and
time-consuming cell culture system, only a relatively small
cohort of donors was accessed (n = 8 per age group), and all
individuals had the same ethnic background (White European).
Future studies will include samples from additional ethnicities
to identify associated differences. Another limitation is the use
of panel analyses and not unbiased whole transcriptome and
DNA methylome analysis (such as RNA sequencing or RRBS/re-
duced representation bisulfite sequencing), which may have
resulted in oversight of additional differentially regulated genes.
CONCLUSIONS
This study provides evidence for increased SARS-CoV-2 recovery
in AECs from adults when compared to children. This partially
explains the increased incidences and severity of COVID-19 in
adult populations. In addition, AECs from adults exhibit
increased expression of CD13, a surface co-receptor promoting
coronavirus infection, and reduced spontaneous type I inter-
feron production, an innate antiviral immune mechanism. The
study furthermore suggests putative mechanisms behind the
potential beneficial effects of vitamin D that amplify anti-viral
responses in AECs from adults through the induction of DNA
methylation and associated transcriptional suppression of
TTLL12, thereby restoring the expression of type I interferons.
METHODS
Cell culture
Primary human AECs were isolated from nasal brushings of
healthy donor CYP (<18 years) and adults (>50 years) (Table 1).
Cells were co-cultured for one week with mitotically inactivated
3T3-J2F cells, as previously described by Smith and colleagues17.
AECs were seeded at 150,000 cells/cm2 on collagen-coated 0.4
μm pore trans-well inserts (cat. 662641, Greiner Bio-One, Fricken-
hausen, Germany) and grown at the air-liquid interface (ALI) at
37 °C and 5% CO2 for four weeks to allow their full differentia-
tion. Some cells were cultured with 10−9 M 1α,25-
Dihydroxyvitamin D3 (the biologically active form of vitamin
Table 1. Donor demographics.

Donor Age Sex

D28 23 months M
D30 10 months F
D53 7 months F
D54 8 months M
D22 10 years M
D23 10 years F
D26 14 years M
D34 12 years F
D46 60 years F
D49 59 years M
D52 64 years F
D50 55 years F
D51 51 years F
D55 55 years M
D62 61 years M
D9 50 years M

CYP = children and young people; F = Female; M = Male.

Mucosal Immunology (2023) xx:xxx – xxx
D), which represents the estimated physiological concentration
in healthy airways (Supplementary Fig. 1), as indicated43,44. Vita-
min D (cat. D1530, Sigma, Gillingham, UK) was added for the
entire culture duration to resemble prolonged physiological
exposure and compared to “low” D levels (cultures without
addition of vitamin D). Ethanol in the same concentration as in
the vitamin D preparation was used as vehicle control
(1 × 10−6%). The absence of pre-existing viral and mycoplasma
infection was respectively verified using the Biofire RP2.1 plus
platform (bioMérieux, Salt Lake City, UT, USA) or targeted PCR.
Cell viability was evaluated each week by measuring trans-
epithelial electric resistance.

HEp-2 cells (ATCC) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM, cat. 41966029 Gibco, Paisley, UK) supple-
mented with 10% FBS (cat. 10270106, Gibco, Brazil) and
Penicillin-Streptomycin (100 U/mL, cat. 15140-122, Gibco, Pais-
ley, UK) at 37 °C and 5% CO2.

SARS-CoV-2 infection and viral RNA recovery
AECs were infected with SARS-CoV-2 in vitro. The isolate used
(SARS-CoV-2/Human/Liverpool/REMRQ0001/2020) was acquired
from nasopharyngeal swabs collected from a patient in Liver-
pool and passaged a further four times in VERO E6 cells. The viral
RNA sequence has previously been submitted to Genbank
(Accession No. MW041156). Primary AECs were infected after
28 days of culture at the ALI. The infection was performed at
MOI 5 in 200 μL. Cultures were incubated at 37 °C for 48 hours,
and supernatants were collected and stored at −80 °C for subse-
quent RNA extraction. Viral RNA recovery was evaluated using
quantitative RT-qPCR of the viral gene Orf-1ab (cat. Z-Path-
COVID-19-CE, genesig, Primerdesign, UK).

Gene expression and IFN scores
Total RNA was isolated from AECs and HEp-2 cells using the All-
Prep DNA/RNA Mini kit (cat. 80204, Qiagen, Germantown, MD,
USA). RNA concentration was then measured using the Qubit
(Thermo Fisher Scientific, Waltham, MA, USA).

Gene expression was measured using 100 ng of RNA with the
NanoString (NanoString Technologies, Seattle, WA, USA) nCoun-
ter Human Host Response Panel at the University of Liverpool
Centre for Genomic Research (CGR). Data were normalised and
Ethnicity Sample group

White European CYP
White European CYP
White European CYP
White European CYP
White European CYP
White European CYP
White European CYP
White European CYP
White European Adults
White European Adults
White European Adults
White European Adults
White European Adults
White European Adults
White European Adults
White European Adults

www.elsevier.com
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analysed using R (version 4.2.2) and the NanoStringDiff package
(Supplementary methods)45.

The expression of TTLL12 was evaluated using Taqman RT-
qPCR. RNA was extracted from cells, reverse transcribed into
cDNA, and then analysed with Applied Biosystem Taqman
probes: TTLL12 Hs00209450_m1 (FAM-MGB) and GAPDH
Hs02786624_g1 (FAM-MGB).

IFN scores were calculated using the formula suggested by
Tesser et al.22. Gene counts were normalised to positive and neg-
ative controls using the nSolver software (NanoString Technolo-
gies, Seattle, WA, USA):

IFN score¼median
Counts genes of interestð Þ

Geometric mean of the housekeeping genes counts

� �

A total of 30 IFN-related genes included in the NanoString
panel were considered (Supplementary methods).

DNA methylation profiling
DNA was isolated using the AllPrep DNA/RNA Mini kit (cat.
80204, Qiagen, Germantown, MD, USA). DNA methylation profil-
ing was performed on a minimum of 250 ng DNA using Illumina
MethylationEPIC BeadChip microarrays (cat. G02090000, Diagen-
ode, Seraing, Belgium). Data were filtered, normalised, and anal-
ysed using R (version 4.2.2) as described in the Supplementary
methods. IFN scores were calculated using the following
formula:

IFN score ¼ median Beta values DMPs in the genes of interestð Þ
Immunostaining
AECs grown on transwell inserts for 28 days were fixed with 1%
paraformaldehyde (PFA) for 2 hours at room temperature and
stored at 4 °C. Cells were rinsed with 1XPBS (Phosphate Buffered
Saline) and incubated overnight at 4 °C with 1:300 anti-CD13
(ab7417, Abcam, Cambridge, UK) antibody diluted in 5% FCS
1XPBS. The following day, samples were rinsed three times with
1XPBS and incubated with 1:500 AlexaFluor 488 (cat. A31577,
Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) sec-
ondary antibody for 2 hours at room temperature. Cells were
then washed and mounted onto a glass slide using DAPI-
containing mounting medium (ab104139, Abcam, Cambridge,
UK). Immunofluorescence images were taken using the Leica
TCS SPE Confocal Microscope, ACS APO 40x/1.15 OIL, and the
LAS X acquisition software (Leica Microsystems, Germany), and
analysed using ImageJ software (ImageJ, U.S. National Institutes
of Health, Bethesda, MD, USA).

Forced expression of genes
Empty pcDNA3.1 plasmid (as a control) and pcDNA3.1 vector
carrying the cDNA sequence of VDR (Genscript, Accession No:
NM_000376.3, Clone ID: OHu25453D) or of TTLL12 (Genscript,
Accession No: NM_015140.4, Clone ID: OHu26655D) were trans-
fected using Lipofectamine2000 (cat. 11668030, Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) following the man-
ufacturer’s protocol.

ChIP
AECs grown on transwell inserts or transfected HEp-2 cells were
fixed with 1% PFA for 20 minutes at room temperature, washed
twice with 1XPBS, scraped off the membrane, pelleted, and
resuspended in 100 μL of lysis buffer supplemented with pro-
www.elsevier.com
tease inhibitors (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA). Chromatin was fragmented using the Bioruptor Pico
Sonicator (Diagenode, Seraing, Belgium). Immunoprecipitation
was carried out using the Invitrogen MAGnify Chromatin
Immunoprecipitation System (cat. 492024, Thermo Fisher
Scientific, Waltham, MA, USA) with anti-VDR (ab109234, Abcam,
Cambridge, UK), anti-DNMT1 (PA530581, Thermo Fisher Scien-
tific, Waltham, MA, USA), and anti-DNMT3 (PA1882, Thermo
Fisher Scientific, Waltham, MA, USA) antibodies following the
manufacturer’s protocol. 10% of the sheared chromatin was kept
and used as input control. Semi-quantitative PCR was performed
with recovered ChIP-DNA using the PrimerDesign PrecisionPLUS
qPCR Master Mix (Z-PPLUS-SY-20, Primerdesign, UK) and the fol-
lowing primers: TTLL12 promoter (P) forward 50-CACTTCTGGCT
CCTGTGAGG-30 reverse 50-CCCCAACTCATGACTTCTGCT-30,
TTLL12 upstream CNS (U) forward 50-CCCTGTCAGAGCCTCA
CATT-30 reverse 50-GGTACACACCTAGTGCACCTC-30. Data were
normalised to the rabbit IgG control. Primers were designed
after the identification of putative consensus VDR binding sites
within in silico identified non-coding sequences conserved
across species (CNS) (VISTA genome browser; https://genome.
lbl.gov/vista/index.shtml)26,27,46.
VDR protein co-IP
HEp-2 cells were lysed 17 hours after transfection with pcDNA3.1
empty vector or VDR expression plasmids. Cells were lysed using
200 μL of lysis buffer supplemented with protease inhibitors (cat.
78425, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA).
Co-IP was carried out using the Pierce Crosslink Magnetic IP/Co-
IP Kit (cat. 88805, Thermo Fisher Scientific, Waltham, MA, USA)
and anti-VDR antibody (ab109234, Abcam, Cambridge), follow-
ing the manufacturer’s instructions. Input lysate and IP samples
were analysed via western blotting using the following antibod-
ies: anti-DNMT1 (PA530581, Thermo Fisher Scientific, Waltham,
MA, USA), anti-DNMT3A (PA1882, Thermo Fisher Scientific, Wal-
tham, MA, USA), anti-VDR (ab109234, Abcam, Cambridge), and
anti-GAPDH (ab8245, Abcam, Cambridge).
Luciferase assays
2.5 × 104 HEp-2 cells were transfected with pGL3 plasmids
(empty vectors and plasmids including the TTLL12 proximal pro-
moter or a 50 CNS region as indicated) using Lipofectamine2000
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). For
some experiments, pcDNA3.1 expression plasmids were added,
including the cDNA sequence of VDR (Genscript, OHu25453D
Accession No: NM_000376.3). The ratio between effector and
reporter plasmids was 2.5:1. Each experiment included 0.1 ng
of Renilla luciferase constructs as an internal control. Five hours
after transfection, cells were lysed, and luciferase activity was
measured with the Promega Dual Luciferase Assay System
(E1910, Promega, Fitchburg, WI, USA) following the manufac-
turer’s instructions.
Data analysis
Gene expression and DNA methylation analyses were performed
using R (version 4.2.3) (Supplementary methods). Data were
analysed using GraphPad Prism 9 (San Diego, CA, USA) for all
other experiments and shown on graphs as individual values
or medians with interquartile ranges. As described in figure
legends, statistical comparisons were performed with Mann-
Whitney, Wilcoxon, Friedman, or Kruskal-Wallis tests.
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