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At a Glance Commentary

Scientific Knowledge on the Subject

There is now a growing body of evidence that children are less susceptible to SARS-CoV-2
infection compared to adults and if infected, children are more likely to develop an
asymptomatic infection. The reasons for this remain unclear. In particular, the role of the
pediatric nasal epithelium, the primary point of viral entry into the human host, in this
differential susceptibility has yet to be investigated.

What This Study Adds to the Field

Our study indicates that pediatric nasal epithelial cells produce a more vigorous anti-viral and
pro-inflammatory response to SARS-CoV-2 compared to adult cells. This is associated with
reduced SARS-CoV-2, but not influenza virus, replication in pediatric epithelial cells. We
also show that on a protein level SARS-CoV-2 receptor expression on nasal epithelial cells is
not significantly different between children and adults. These data provide an important

insight into pediatric infections with SARS-CoV-2.
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Abstract:

Rationale: Young children (typically those <10 years old) are less susceptible to SARS-CoV-
2 infection and symptoms compared to adults. However, the mechanisms that underlie these
age-dependent differences remain to be determined and could inform future therapeutics for
adults.

Objective: To contrast the infection dynamics of SARS-CoV-2 in primary nasal epithelial
cells from adults and children.

Methods: Viral replication was quantified by plaque assay. The cellular transcriptome of
infected and uninfected cells was assessed by RNA-seq. ACE2 and TMPRSS2 protein
expression were quantified by Western Blot.

Measurements and Main Results: We report significantly higher SARS-CoV-2
replication in adult compared to pediatric nasal epithelial cells. This was restricted to SARS-
CoV-2 infection, as the same phenomenon was not observed with influenza virus infection. The
differentiational SARS-CoV-2 replication dynamics were associated with an elevated type |
and III interferon response, and a more pronounced inflammatory response in pediatric cells.
No significant difference between the two age groups was observed in the protein levels of
ACE2 and TMPRSS2.

Conclusions: Our data suggest that the innate immune response of pediatric nasal epithelial
cells, and not differential receptor expression, may contribute to the reported reduced SARS-
COV-2 infection and symptoms reported amongst children.

Keywords: SARS-CoV-2; pediatric nasal epithelial cells; anti-viral response; innate immune

response; susceptibility to SARS-CoV-2 infection
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Introduction

SARS-CoV-2 (the causative agent of COVID-19) causes a broad range of clinical symptoms,
ranging from asymptomatic infection to potentially fatal acute respiratory distress syndrome
(ARDS). Children typically experience mild symptoms of COVID-19 when compared to adults
(1). However, there is now a growing body of evidence that children may also be less
susceptible to SARS-CoV-2 infection. Specifically, a low rate of pediatric SARS-CoV-2
infections has been observed in multiple countries including China (2), Italy (3), the U.S.A (4),
Spain (5, 6) and Poland (6, 7). However, this may be underrepresented since SARS-CoV-2
infections in children are frequently asymptomatic and may therefore go undetected in
screening studies of symptomatic individuals (8). To overcome this potential confounder, an
Icelandic study tested 5069 healthy adults and 433 healthy children (or those with only a mild
cold) for SARS-CoV-2 (9). Whilst more adults were tested than children, positive infection in
children was lower compared to adults (9). These data are in line with those from Vo’, Italy
(10). Here, all age groups were homogenously sampled, yet no children tested positive for
SARS-CoV-2 infection, despite the fact that at least 13 of these children lived together with
infected family members (10). Similarly, in a meta-analysis of SARS-CoV-2 household
transmission clusters, children were significantly less likely to contract SARS-CoV-2 from
infected family members compared to adult members of the household (11). These findings
have been echoed in multiple single site studies where, both within and outside of households,
the infection rate of SARS-CoV-2 amongst children <10 years old is significantly lower than
that of adults (12). Reduced SARS-CoV-2 infection and transmission is also observed in
juvenile ferrets compared to their older counterparts (13).

The reasons for less frequent SARS-CoV-2 infection and symptoms in children remain
unclear and may be influenced by a multitude of factors. Pre-existing immunity to SARS-CoV-

2 (likely derived from seasonal coronaviruses) may offer some form of cross-protection from
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infection in children (14). SARS-CoV-2 spike glycoprotein reactive antibodies in SARS-CoV-
2 uninfected individuals are more prevalent amongst children and adolescents (14). It is also
striking to note that this differential susceptibility is somewhat unique to SARS-CoV-2. For
example, children have been identified as having the highest influenza virus infection rate of
any age group and pay a major role in the spread of the virus (15).

It is possible that pediatric nasal epithelial cells (NECs) (the initial target of SARS-CoV-
2 infection) are fundamentally different from those of adults. Gene expression studies from the
nasal epithelium of healthy individuals suggests that the SARS-CoV-2 receptor, ACE2, is
expressed at lower levels in the nasal cavity of children compared to adults (16). However, this
has yet to be validated on a protein level. Moreover, this does not appear to be the case in all
patient cohorts (17, 18). Following binding of the SARS-CoV-2 spike (S) protein to ACE2, the
host surface protease TMPRSS2 cleaves the full-length S protein at its S2' site, facilitating the
fusion of viral and cellular membranes to deliver the viral RNA into the cytosol (19). Low levels
of TMPRSS2 trigger viral entry via a less efficient pathway, that is dependent on endosomes
and cathepsin mediated spike cleavage (20). The nasal cavities of children express less
TMPRSS?2 than those of adults, which may explain the less frequent pediatric infections with
SARS-CoV-2 (21). However, this has also yet to be confirmed at a protein level.

In addition to differential receptor expression, pediatric and adult NECs may also mount
fundamentally different innate immune response to SARS-CoV-2. The induction of type I and
IIT interferon (IFNs) in the respiratory tract is essential for protection against viral disease (22).
SARS-CoV-2 is a poor inducer of the type I and III interferon response (23), and the
significance of interferons in controlling SARS-CoV-2 infection is best demonstrated by the
fact that the presence of neutralising anti-type I IFNs antibodies increases the risk of severe
COVID-19 (24). Recent RNA sequencing of the whole epithelium from pediatric and adult

proximal airways suggest that there is a higher expression of genes associated with interferon
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alpha and gamma responses in children compared to adults (25). However, whether this results
in reduced replication of SARS-CoV-2 in the nasal epithelium of children remains to be
determined.

Here, we use primary NECs, differentiated at an air-liquid interface, to investigate
differential infection kinetics and antiviral responses to SARS-CoV-2 infection in children and

adults.

Methods

Cell collection and ethics statement

Primary NECs were collected from healthy individuals by placing a sterile nasal mucosal
curette (Arlington Scientific Inc., USA) in the mid-inferior portion of the inferior turbinate.
This study was approved by the University of Queensland’s Human Research Ethics Committee
(2020001742). Additional detail is provided in the online supplement.

Cell culture

African green monkey kidney epithelial Vero cells and Madin-Dkarby Canine Kidney (MDCK)
cells were obtained from American Type Culture Collection (ATCC; Virginia, USA). Primary
NECs were expanded in PneumaCult EX Plus media (STEMCELL Technologies Inc, Canada)
and seeded on 6.5 mm transwell polyester membranes with 0.4um pores (Corning Costar, USA)
and were maintained with PneumaCult ALI S Medium (26) for at least 3 weeks until fully
differentiated. Additional detail is provided in the online supplement.

Viral stocks and viral infection

SARS-CoV-2 isolate hCoV-19/Australia/QLD02/2020 was provided by Queensland Health
Forensic & Scientific Services, Queensland Department of Health. A/Auckland/4/2009

(Auckland/09; HIN1) stocks were prepared in embryonated chicken eggs as previously
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described (27). Fully differentiated adult and pediatric NECs were infected with mock (PBS),
SARS-CoV-2 or Auckland/09 at a multiplicity of infection (MOI) of 3 for each virus.
Additional detail is provided in the online supplement.

Quantification of infectious virus

SARS-CoV-2 titres in cell culture supernatants were determined by plaque assay on Vero cells,
as described previously (28). Influenza virus titers in cell culture supernatants were determined
by plaque assay on MDCK cells, as described previously (29).

Histology

Fixed cells on a transwell membrane were routine processed and embedded in paraffin,
sectioned at Sum and subsequently stained with hematoxylin and eosin (H&E). Sections were
assessed for cellular morphology by a veterinary pathologist (H.B.) blinded to the experimental
design.

RNA extraction and quantitative Reverse Transcription PCR (qRT-PCR)

RNA was extracted from NECs and transcribed into cDNA using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) according to the manufacturer’s instructions.
Real time PCR was performed with SYBER Green (Invitrogen) and gene expression was
normalized relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression.
Additional detail is provided in the online supplement.

Quantification of NP, ACE2 and TMPRSS2 protein expression

For comparison of protein expression in respond to pediatric versus adult NECs infection with
SARS-CoV-2 during the viral replication, we performed western blot and immunolabeling.
Additional detail is provided in the online supplement.

RNA Sequencing analysis

Deferentially expressed genes (DEGs) were identified using DESeq2 (30) in R. The R package

fast gene set enrichment analysis (FGSEA) (31) was used for gene set enrichment analysis using
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hallmark gene sets (version 7.2) (32). Gene Ontology enrichment analysis was performed using
the R package GOseq. Additional detail is provided in the online supplement.

Statistical analysis

Unless otherwise indicated, outliers of continual variables were removed using ROUT’s test
(Q = 1%). Data were tested for normality using the Shapiro-Wilk test. Where data were
normally distributed, data was analyzed using an unpaired two-tailed student’s t-test. Where
data were not normally distributed, data was analyzed using a Mann-Whitney U test.

Significance was set at p<0.05.

Results

Pediatric nasal epithelial cells are phenotypically different to adult nasal epithelial cells

To investigate the role of NECs in SARS-CoV-2 infection, adult and pediatric NECs were
differentiated at an air-liquid interface. The phenotype and transcriptome of these cells at
baseline (prior to infection) was then assessed. Adult NECs grew as a pseudostratified columnar
epithelium with scattered goblet cells and ciliated epithelial cells (Figure 1A). Pediatric NECs
also grew as a pseudostratified columnar epithelium with ciliated epithelial cells and goblet
cells. However, scattered cells with pyknotic nucleus and condensed cytoplasm were also
observed, leaving pseudocysts in the epithelium (Figure 1A). This is potentially indicative of
higher cell turn-over and metabolic rate in the pediatric epithelial cells (33, 34). To characterize
the transcriptional difference between these cells, RNASeq was performed. Principle
component analysis suggested that pediatric and adult NECs formed distinct groups based on
their transcriptome (Figure 1B). DEGs of naive pediatric NECs compared to adult cells were
identified and listed in Table E1l in the online data supplement (Fig. 1C). Numerous gene

signatures associated with metabolism (e.g., Ox Phos, MTORCI, glycolysis) and cell


https://doi.org/10.1101/2021.03.08.434300

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.08.434300; this version posted March 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

replication (e.g., MYC targetsand DNA repair) were upregulated in pediatric cells, consistent
with the observed morphology. Moreover, relative to adult cells, pediatric epithelial cells
upregulated genes associated with pro-inflammatory pathways such as tumor necrosis factor
alpha (TNF-a) signaling via NFkB, Complement, IFN alpha response and IFN gamma response
(Figure 1D and Figure E1 in the online data supplement). Together, these data indicate that
even in the absence of a viral infection, pediatric NECs in vitro have a different and more pro-

inflammatory transcriptome compared to adult NECs.
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Figure 1. Pediatric nasal epithelial cells are phenotypically different to adult nasal
epithelial cells. A) Representative Hematoxylin & Eosin stained sections of pediatric and adult NECs
culture differentiated at an air-liquid interface (representative of 2 adult and 3 pediatric donors). B)
Principal component analysis for the global transcriptional response of naive pediatric and adult NECs.
Data points represent different donors (N=10). C) Volcano plot illustrating differentially expressed
genes (DEGs) of naive pediatric NECs compared to adult cells. DEGs statistically different between the
two patient groups with a fold change of >1.5 are shown in orange. DEGs statistically different between
two groups with a fold change of <1.5 are shown in purple. DEGs not statistically different between two
groups with a fold change of >1.5 are shown in green. NS = not significant. D) Gene enrichment pathway
analysis were performed on the DEGs of naive pediatric NECs compared to adult cells by using gene
set enrichment analysis (GSEA) to interrogate the Hallmarks dataset from MSIgDB. Top 20 pathways
shown indicate those upregulated in pediatric samples relative to those of adults (see Figure E1 for full

list). For pathways with a false discovery rate (FDR) <0.05, normalized enrichment scores are shown.

Pediatric and adult nasal epithelial cells produce similar amounts of ACE2 and TMPRSS2
protein

Previous mRNA expression studies suggest that pediatric NECs express lower levels of ACE2
and TMPRSS2 compared to their adult counterparts (16, 21). However, these findings remains
controversial (18). Indeed, our RNASeq data showed that there was no significant difference
the expression level of ACE2 and TMPRSS2 (p value > 0.05; data not shown). To investigate
the levels of ACE2 and TMPRSS2 protein between adult and pediatric NECs Western blots
were performed on uninfected cells (Figure 2). Whilst some donor-to-donor variation was
observed there was no significant difference in the protein levels of ACE2 and TMPRSS2

between adult and pediatric donors (p = 0.2 and p = 0.5 respectively).
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Figure 2. Pediatric nasal epithelial cells do not express lower levels of ACE2 and
TMPRSS2 protein relative to adult nasal epithelial cells. A) Relative ACE2 protein levels
compared to GAPDH in pediatric and adult NECs. B) Relative TMPRSS2 protein levels
compared to GAPDH in pediatric and adult NECs. Each data point represents a different
donor. Mean + SEM is shown. C) Representative western blot of NECs from three adult and
three pediatric donors blotted for ACE2, TMPRSS2 and GAPDH.

Pediatric nasal epithelial cells are less permissive to SARS-CoV-2 replication

Given the enhanced inflammatory response of nasal epithelial cells, and despite the absence of
differential ACE2 and TMPRSS2 levels, we next sought to determine if pediatric epithelial
cells were less susceptible than adult cells to SARS-COV-2 replication. Strikingly, significantly
reduced SARS-CoV-2 replication was observed in pediatric NECs at 24 and 72 h.p.i (Figure
3A). Reduced western blot signal for SARS-CoV-2 NP was also observed in pediatric NECs at
72 hours post-infection, although this did not reach significance (p = 0.07; Figure 3B and C,
Figure E2 in the online data supplement).To determine if decreased viral replication was
specific to SARS-CoV-2, these experiments were repeated using influenza A virus, which is

known to be highly transmissible amongst children (15, 35). Strikingly, there was a trend
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towards increased influenza A virus replication in pediatric NECs compared to adult cells at

24-, 48- and 72-hours post-infection (Figure 3D).
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Figure 2. Pediatric and adult nasal epithelial cells produce similar amounts of ACE2
and TMPRSS2 proteins. A) Relative ACE2 protein levels compared to GAPDH in pediatric and
adult NECs (as determine by densitometry). B) Relative SARS-CoV-2 NP levels compared to
GAPDH in pediatric and adult NECs. Each data point represents a different donor (as determined by
densitometry). C) Representative western blot of adult and pediatric donor blotted for SARS-CoV-2
NP at various timepoints post-infection. All of the western blot results (N= 3 adults and n = 3 children)
for SARS-CoV-2 NP is shown as Figure E2 in the online data supplement. D) Plaque forming units
(PFU) of influenza A virus from the apical surface of NECs at various timepoints post-infection.
Matching colours indicate samples derived from the same donor. Mean = SEM is shown. p <0.05%, p
<0.01%%, p <0.001***,
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Pediatric nasal epithelial cells mount a strong anti-viral response to SARS-CoV-2

To gain a further insight into the anti-viral response of pediatric NECs to SARS-CoV-2, RNA
Seq was performed on adult and pediatric cells 72 hours post-SARS-CoV-2 infection. A global
analysis of the transcriptome of infected cells (independent of donors’ age) suggested that
infection was associated with the expression of interferon stimulated genes (ISGs) (Online data
supplement Figure E3 and Table E3). However, there was no clear clustering of infected and
uninfected cells by PCA (Figure E3). In contrast, when DGEs (Table E4 in the online data
supplement.) in infected cells was analyzed by controlling for the effect of the age group, adult
and pediatric cells formed distinct clusters by PCA (Figure 4A). Relative to infected adult cells,
infected pediatric cells upregulated numerous pathways associated with the inflammatory
response, including complement and inflammatory response (Figure 4B & C). Strikingly, gene
ontology (GO) enrichment analysis (Figure 4D) demonstrated a strong interferon response in
infected pediatric cells, with GO terms such as ‘viral process’, ‘type I interferon signaling’,
‘response to virus’, ‘regulation of defense response to virus’, ‘negative regulation of viral
genome replication’, ‘defense response to virus’ and ‘cellular response to interferon alpha’
being significantly upregulated in infected pediatric epithelial cells. None of these GO terms
were identified amongst top differentially expressed GO terms in adult cells infected with
SARS-CoV-2 (Online data supplement Figure E5).

To determine if this interferon response was specific to SARS-CoV-2 infection, the
expression of three ISGs (/FIT1, CXCL10, ISG15; identified as DEG in RNA Seq analysis) was
assessed in pediatric and adult NECs infected with either SARS-CoV-2 or influenza virus by
qPCR (Figure 4E). Globally, there was a reduced IFN response to SARS-CoV-2 compared to
influenza virus, in line with previous reports (36) (Figure 4E). Consistent with our RNA-seq
data, IFIT1 and ISG15 were significantly upregulated in SARS-CoV-2 infected pediatric NECs

compared to adult cells at 48 hours post-infection. Akin to the situation with SARS-CoV-2,
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pediatric epithelial cells infected with influenza A virus had increased expression of CXCL10

(24- and 48-hours post-infection) and ISG15 (24 hours post-infection).
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Figure 4. Pediatric nasal epithelial cells mount a strong anti-viral response to SARS-
CoV-2. A) Principal component analysis for the global transcriptional response from SARS-CoV-2
infected pediatric and adult NECs (72 hours post-infection). B) Volcano plot illustrating differentially
expressed gens (DEGs) of pediatric NECs relative to adult cells at 72 hours post-infection. DEGs
statistically different between the two patient groups with a fold change of >1.5 are shown in orange.
DEGs statistically different between the two patient groups with a fold change of <1.5 are shown in
purple. DEGs not statistically different between the two patient groups with a fold change of >1.5 are
shown in green. NS = not significant. C) Gene enrichment pathway analysis of DEGs of SARS-CoV-2
infected pediatric NECs (72 hours post-infection) compared to adult cells was performed by using gene
set enrichment analysis (GSEA) to interrogate the Hallmarks dataset from MSIgDB. For pathways with
adjusted p value <0.05, normalized enrichment scores are shown. Top 20 pathways shown indicate those
upregulated in pediatric samples relative to those of adults (see Figure E4 for full list). D) Gene ontology
(GO) analysis of DEGs in pediatric NECs were displayed by the bar chart. The bars of significantly GO
enriched results were marked in red, x-axis reflects the gene count hits as a percentage over genes in a
given GO category; y-axis reflects different GO terms. E) Relative expression of genes identified as DE
in SARS-CoV-2 infected pediatric cells by RNA-Seq in influenza virus and SARS-CoV-2 infected
NECs. Matching colours indicate samples derived from the same donor. Gene expression (fold change)
is calculated using the AACt method relative to GAPDH expression. Mean £ SEM is shown. p <0.05%,
p <0.01**, p <0.001%**,
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Discussion

Large clinical data sets and systematic reviews suggest that children are less often infected with
SARS-CoV-2 than adults (11, 37-39). However, the mechanisms driving these observations
have been unclear. Here, we have provided the first evidence that the innate immune response
of pediatric nasal epithelium may play an important role in reducing the susceptibility of
children to SARS-CoV-2 infection.

Previous studies have suggested that the reduced susceptibility of children to SARS-CoV-
2 infection is due to reduced expression of ACE2 and TMPRSS2 mRNA. Specifically, it has
been hypothesized that the lower level of ACE2 and TMPRSS2 in pediatric upper airways
epithelial cells limits viral infectivity in children (16), although this has remained somewhat
controversial (17, 18). In the present study we showed that ACE2 and TMPRSS2 protein
expression level were not modulated with age. These data suggest that mRNA expression does
not always correlate to protein expression and it is important to quantify protein level expression
across a broader number of studies.

Despite similar expression of ACE2 and TMPRSS2, we observed a significant reduced
replication decrease of SARS-CoV-2 in pediatric nasal cells compared to those of adults.
Given that the nasal epithelium is the first site of SARS-CoV-2 infection these data are
consistent with the reduced number of SARS-CoV-2 infected children recorded in
epidemiological studies (40, 41). There have been previous suggestions that nasopharyngeal
SARS-CoV-2 titers in children and adolescents are equivalent to those of adults (42, 43).
However, reanalysis of the aforementioned studies have shown that young children (<10
years old) did indeed have a significantly lower viral load (44), or that the comparison was
being performed between children in the first 2 days of symptoms and hospitalized adults
with severe disease (45) or that the dataset included few children younger than 16 years (46).

Other such studies (47) have been questioned in relation to the unusually low cycle threshold
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(Ct) values recorded (48, 49). Moreover, decreased viral replication in pediatric epithelial
cells is consistent with experimental studies in ferrets where aged ferrets showed higher viral
load and longer nasal virus shedding (50). Therefore, it is currently difficult to ascertain if
there is or is not an age-dependent difference in SARS-CoV-2 nasal titres in infected
individuals.

Consistent with reduced SARS-CoV-2 replication in the nasal epithelium of children,
pediatric epithelial cells had a more pronounced pro-inflammatory response (compared to adult
cells) prior to and following a SARS-CoV-2 infection. In particular, a pronounced interferon
response and the expression of ISGs was detected in infected pediatric, but not adult NECs.
Increased ISG expression, and the subsequent anti-viral response may contribute to the reduced
viral replication observed in pediatric cells. These findings are consistent with those of
Maughan et al, who analysed transcriptional profile of airway (tracheobronchial) epithelium
and observed upregulated type I and II IFNs associated genes expression levels in children (25).
Similarly, in the nasal fluid of children and adults presenting to the Emergency Department
with SARS-CoV-2 there were significantly higher levels of IFN-a2 in the fluid derived from
children. Increased interferon signaling was also recorded in the nasopharyngeal transcriptome
of children compared to that of adults (17). The question remains as to why pediatric epithelial
cells mount a stronger inflammatory and anti-viral response to SARS-CoV-2 compared to adult
cells. This may represent an adaptation to the increased antigenic challenge observed in
childhood. Alternatively, it is possible that increased antigenic exposure in childhood ‘trains’
nasal epithelia in children to mount a stronger pro-inflammatory response to any antigenic
challenge. Finally, we cannot exclude the possibility that any metabolic differences between
pediatric and NECs (as potentially suggested by the different morphologies of the cells) could

alter gene expression. It is also important to recognize that these data may not be applicable to
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all patient populations as previous studies of children and adults hospitalized with COVID-19
did not find an age dependent difference in the interferon response (51).

A pronounced pro-inflammatory and anti-viral response in pediatric cells was not
restricted to SARS-CoV-2 infection and a similar result was observed following influenza
virus infection. However, influenza virus replicated equally as well (if not better) in pediatric
cells compared to adults. These data are consistent with the high sensitivity of children to
influenza virus infection (35). These data are also seemingly discordant with the increased
inflammatory response of pediatric cells. However, SARS-CoV-2 is highly sensitive to
interferon treatment, more so than influenza A virus (23, 52). Therefore, we speculate that
whilst the differential interferon response between children and adults is sufficient to inhibit
SARS-CoV-2 replication, it is not sufficient to inhibit influenza virus replication.

These data potentially have important clinical implications. Specifically, the use of
recombinant IFNs as a treatment in SARS has been identified as a promising therapeutic
candidate (53). The data presented here support this notion. Further investigation as to the
clinical efficacy of interferon therapy in COVID-19 is warranted.

Finally, it is important to recognize the limitations of this study. Due to the difficulties
associated with obtaining NECs from children only a limited number of donors could be used.
However, as donors were not selected on susceptibility to respiratory viral infection their
responses should be broadly representative of other healthy children. Furthermore, our data
focused on the role of nasal epithelial cells in age-dependent differences in SARS-CoV-2
infection. However, there can be a number of other mechanisms to explain the reduced
susceptibility of children to SARS-CoV-2 infection that were not measured in the present study.
For example, children and adolescents have much higher titres of preexisting antibodies to
SARS-CoV-2 compared to adults (14, 54). This study is unable to ascertain if this plays a more

significant role than the nasal epithelium in protecting children from infection in vivo. Finally,
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it is important to recognize that these in vitro studies were performed with an early SARS-CoV-
2 isolate and therefore did not represent the viral mutations that are currently circulating in the
community. This remains an area of ongoing research in our laboratory.

In sum, the data presented here suggest that the nasal epithelium of children is distinct and

that it may afford children some level of protection from SARS-CoV-2 infection.

References

1. Lu X, Zhang L, Du H, Zhang J, Li YY, Qu J, Zhang W, Wang Y, Bao S, Li Y, Wu C, Liu H, Liu D, Shao J,
Peng X, Yang Y, Liu Z, Xiang Y, Zhang F, Silva RM, Pinkerton KE, Shen K, Xiao H, Xu S, Wong
GWHK. SARS-CoV-2 Infection in Children. New England Journal of Medicine 2020; 382: 1663-
1665.

2. Lee P-I, Hu Y-L, Chen P-Y, Huang Y-C, Hsueh P-R. Are children less susceptible to COVID-19? J
Microbiol Immunol Infect 2020; 53: 371-372.

3. Lanari M, Chiereghin A, Biserni GB, Rocca A, Re MC, Lazzarotto T. Children and SARS-CoV-2
infection: innocent bystanders...until proven otherwise. Clin Microbiol Infect 2020; 26: 1130-
1132.

4. Team CC-R. Coronavirus Disease 2019 in Children - United States, February 12-April 2, 2020.
MMWR Morb Mortal Wkly Rep 2020; 69: 422-426.

5. Idele P, Anthony D, You D, Luo C, Mofenson L. The evolving picture of SARS-CoV-2 and COVID-19 in
children: critical knowledge gaps. BMJ Glob Health 2020; 5: e003454.

6. Tagarro A, Epalza C, Santos M, Sanz-Santaeufemia FJ, Otheo E, Moraleda C, Calvo C. Screening and
Severity of Coronavirus Disease 2019 (COVID-19) in Children in Madrid, Spain. JAMA Pediatr
2020.

7. Kuchar E, Zateski A, Wronowski M, Krankowska D, Podsiadty E, Brodaczewska K, Lewicka A, Lewicki
S, Kieda C, Horban A, Kloc M, Kubiak JZ. Children were less frequently infected with SARS-
CoV-2 than adults during 2020 COVID-19 pandemic in Warsaw, Poland. European Journal of
Clinical Microbiology & Infectious Diseases 2020.

8. Dingens AS, Crawford KHD, Adler A, Steele SL, Lacombe K, Eguia R, Amanat F, Walls AC, Wolf CR,
Murphy M, Pettie D, Carter L, Qin X, King NP, Veesler D, Krammer F, Dickerson JA, Chu HY,
Englund JA, Bloom JD. Serological identification of SARS-CoV-2 infections among children
visiting a hospital during the initial Seattle outbreak. Nature Communications 2020; 11: 4378.


https://doi.org/10.1101/2021.03.08.434300

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.08.434300; this version posted March 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

9. Gudbjartsson DF, Helgason A, Jonsson H, Magnusson OT, Melsted P, Norddahl GL, Saemundsdottir
J, Sigurdsson A, Sulem P, Agustsdottir AB, Eiriksdottir B, Fridriksdottir R, Gardarsdottir EE,
Georgsson G, Gretarsdottir OS, Gudmundsson KR, Gunnarsdottir TR, Gylfason A, Holm H,
Jensson BO, Jonasdottir A, Jonsson F, Josefsdottir KS, Kristjansson T, Magnusdottir DN, le
Roux L, Sigmundsdottir G, Sveinbjornsson G, Sveinsdottir KE, Sveinsdottir M, Thorarensen EA,
Thorbjornsson B, Love A, Masson G, Jonsdottir I, Moéller AD, Gudnason T, Kristinsson KG,
Thorsteinsdottir U, Stefansson K. Spread of SARS-CoV-2 in the Icelandic Population. N Engl J
Med 2020; 382: 2302-2315.

10. Lavezzo E, Franchin E, Ciavarella C, Cuomo-Dannenburg G, Barzon L, Del Vecchio C, Rossi L,
Manganelli R, Loregian A, Navarin N, Abate D, Sciro M, Merigliano S, De Canale E, Vanuzzo
MC, Besutti V, Saluzzo F, Onelia F, Pacenti M, Parisi SG, Carretta G, Donato D, Flor L, Cocchio
S, Masi G, Sperduti A, Cattarino L, Salvador R, Nicoletti M, Caldart F, Castelli G, Nieddu E,
Labella B, Fava L, Drigo M, Gaythorpe KAM, Brazzale AR, Toppo S, Trevisan M, Baldo V,
Donnelly CA, Ferguson NM, Dorigatti I, Crisanti A, Ainslie KEC, Baguelin M, Bhatt S, Boonyasiri
A, Boyd O, Cattarino L, Ciavarella C, Coupland HL, Cucunubd Z, Cuomo-Dannenburg G,
Djafaara BA, Donnelly CA, Dorigatti |, van Elsland SL, FitzJohn R, Flaxman S, Gaythorpe KAM,
Green WD, Hallett T, Hamlet A, Haw D, Imai N, Jeffrey B, Knock E, Laydon DJ, Mellan T,
Mishra S, Nedjati-Gilani G, Nouvellet P, Okell LC, Parag KV, Riley S, Thompson HA, Unwin HIT,
Verity R, Vollmer MAC, Walker PGT, Walters CE, Wang H, Wang Y, Watson OJ, Whittaker C,
Whittles LK, Xi X, Ferguson NM, Imperial College C-RT. Suppression of a SARS-CoV-2 outbreak
in the Italian municipality of Vo’. Nature 2020; 584: 425-429.

11. Zhu Y, Bloxham CJ, Hulme KD, Sinclair JE, Tong ZWM, Steele LE, Noye EC, Lu J, Xia Y, Chew KY,
Pickering J, Gilks C, Bowen AC, Short KR. A meta-analysis on the role of children in SARS-CoV-
2 in household transmission clusters. Clin Infect Dis 2020.

12. Goldstein E, Lipsitch M, Cevik M. On the Effect of Age on the Transmission of SARS-CoV-2 in
Households, Schools, and the Community. The Journal of Infectious Diseases 2020.

13. Hua C-Z, Miao Z-P, Zheng J-S, Huang Q, Sun Q-F, Lu H-P, Su F-F, Wang W-H, Huang L-P, Chen D-Q,
Xu Z-W, Ji L-D, Zhang H-P, Yang X-W, Li M-H, Mao Y-Y, Ying M-Z, Ye S, Shu Q, Chen E-F, Liang
J-F, Wang W, Chen Z-M, Li W, Fu J-F. Epidemiological features and viral shedding in children
with SARS-CoV-2 infection. Journal of Medical Virology 2020; 92: 2804-2812.

14. Ng KW, Faulkner N, Cornish GH, Rosa A, Harvey R, Hussain S, Ulferts R, Earl C, Wrobel AG, Benton
DJ, Roustan C, Bolland W, Thompson R, Agua-Doce A, Hobson P, Heaney J, Rickman H,
Paraskevopoulou S, Houlihan CF, Thomson K, Sanchez E, Shin GY, Spyer MJ, Joshi D, O'Reilly
N, Walker PA, Kjaer S, Riddell A, Moore C, Jebson BR, Wilkinson M, Marshall LR, Rosser EC,
Radziszewska A, Peckham H, Ciurtin C, Wedderburn LR, Beale R, Swanton C, Gandhi S,
Stockinger B, McCauley J, Gamblin SJ, McCoy LE, Cherepanov P, Nastouli E, Kassiotis G.
Preexisting and de novo humoral immunity to SARS-CoV-2 in humans. Science 2020; 370:
1339-1343.


https://doi.org/10.1101/2021.03.08.434300

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.08.434300; this version posted March 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

15. Weycker D, Edelsberg J, Elizabeth Halloran M, Longini IM, Nizam A, Ciuryla V, Oster G. Population-
wide benefits of routine vaccination of children against influenza. Vaccine 2005; 23: 1284-
1293.

16. Bunyavanich S, Do A, Vicencio A. Nasal Gene Expression of Angiotensin-Converting Enzyme 2 in
Children and Adults. JAMA 2020; 323: 2427-2429.

17. Pierce CA, Sy S, Galen B, Goldstein DY, Orner E, Keller MJ, Herold KC, Herold BC. Natural Mucosal
Barriers and COVID-19 in Children. medRxiv 2021: 2021.2002.2012.21251310.

18. Wark PAB, Pathinayake PS, Kaiko G, Nichol K, Ali A, Chen L, Sutanto EN, Garratt LW, Sohal SS, Lu
W, Eapen MS, Oldmeadow C, Bartlett N, Reid A, Veerati P, Hsu ACY, Looi K, losifidis T, Stick
SM, Hansbro PM, Kicic A. ACE2 expression is elevated in airway epithelial cells from older and
male healthy individuals but reduced in asthma. Respirology 2021; n/a.

19. Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler T, Erichsen S, Schiergens TS, Herrler
G, Wu N-H, Nitsche A, Miiller MA, Drosten C, P6himann S. SARS-CoV-2 Cell Entry Depends on
ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell 2020; 181:
271-280.e278.

20. Laporte M, Stevaert A, Raeymaekers V, Van Berwaer R, Martens K, P6hlmann S, Naesens L. The
SARS-CoV-2 and other human coronavirus spike proteins are fine-tuned towards
temperature and proteases of the human airways. bioRxiv 2020: 2020.2011.2009.374603.

21. Saheb Sharif-Askari N, Saheb Sharif-Askari F, Alabed M, Temsah M-H, Al Heialy S, Hamid Q,
Halwani R. Airways Expression of SARS-CoV-2 Receptor, ACE2, and TMPRSS2 Is Lower in
Children Than Adults and Increases with Smoking and COPD. Molecular Therapy - Methods &
Clinical Development 2020; 18: 1-6.

22. Sa Ribero M, Jouvenet N, Dreux M, Nisole S. Interplay between SARS-CoV-2 and the type |
interferon response. PLoS Pathog 2020; 16: e1008737-e1008737.

23. Blanco-Melo D, Nilsson-Payant BE, Liu W-C, UhI S, Hoagland D, Mgller R, Jordan TX, Qishi K, Panis
M, Sachs D, Wang TT, Schwartz RE, Lim JK, Albrecht RA, tenOever BR. Imbalanced Host
Response to SARS-CoV-2 Drives Development of COVID-19. Cell 2020; 181: 1036-1045.e1039.

24. Bastard P, Rosen LB, Zhang Q, Michailidis E, Hoffmann H-H, Zhang Y, Dorgham K, Philippot Q,
Rosain J, Béziat V, Manry J, Shaw E, Haljasmagi L, Peterson P, Lorenzo L, Bizien L, Trouillet-
Assant S, Dobbs K, de Jesus AA, Belot A, Kallaste A, Catherinot E, Tandjaoui-Lambiotte Y, Le
Pen J, Kerner G, Bigio B, Seeleuthner Y, Yang R, Bolze A, Spaan AN, Delmonte OM, Abers MS,
Aiuti A, Casari G, Lampasona V, Piemonti L, Ciceri F, Bilguvar K, Lifton RP, Vasse M, Smadja
DM, Migaud M, Hadjadj J, Terrier B, Duffy D, Quintana-Murci L, van de Beek D, Roussel L,
Vinh DC, Tangye SG, Haerynck F, Dalmau D, Martinez-Picado J, Brodin P, Nussenzweig MC,
Boisson-Dupuis S, Rodriguez-Gallego C, Vogt G, Mogensen TH, Oler AJ, Gu J, Burbelo PD,
Cohen JI, Biondi A, Bettini LR, D'Angio M, Bonfanti P, Rossignol P, Mayaux J, Rieux-Laucat F,


https://doi.org/10.1101/2021.03.08.434300

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.08.434300; this version posted March 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Husebye ES, Fusco F, Ursini MV, Imberti L, Sottini A, Paghera S, Quiros-Roldan E, Rossi C,
Castagnoli R, Montagna D, Licari A, Marseglia GL, Duval X, Ghosn J, Tsang JS, Goldbach-
Mansky R, Kisand K, Lionakis MS, Puel A, Zhang S-Y, Holland SM, Gorochov G, Jouanguy E,
Rice CM, Cobat A, Notarangelo LD, Abel L, Su HC, Casanova J-L. Autoantibodies against type |
IFNs in patients with life-threatening COVID-19. Science 2020; 370: eabd4585.

25. Maughan EF, Nigro E, Pennycuick A, Gowers KHC, Denais C, Gdmez-Lopez S, Lazarus KA, Butler
CR, Lee DDH, Orr JC, Teixeira VH, Hartley BE, Hewitt RJ, Yaghchi CA, Sandhu GS, Birchall MA,
O’Callaghan C, Smith CM, De Coppi P, Hynds RE, Janes SM. Cell-intrinsic differences between
human airway epithelial cells from children and adults. bioRxiv 2020:
2020.2004.2020.027144.

26. Hou YJ, Okuda K, Edwards CE, Martinez DR, Asakura T, Dinnon KH, 3rd, Kato T, Lee RE, Yount BL,
Mascenik TM, Chen G, Olivier KN, Ghio A, Tse LV, Leist SR, Gralinski LE, Schafer A, Dang H,
Gilmore R, Nakano S, Sun L, Fulcher ML, Livraghi-Butrico A, Nicely NI, Cameron M, Cameron
C, Kelvin DJ, de Silva A, Margolis DM, Markmann A, Bartelt L, Zumwalt R, Martinez FJ,
Salvatore SP, Borczuk A, Tata PR, Sontake V, Kimple A, Jaspers |, O'Neal WK, Randell SH,
Boucher RC, Baric RS. SARS-CoV-2 Reverse Genetics Reveals a Variable Infection Gradient in
the Respiratory Tract. Cell 2020; 182: 429-446.e414.

27. Brauer R, Chen P. Influenza virus propagation in embryonated chicken eggs. J Vis Exp 2015.

28. Gordon DE, Jang GM, Bouhaddou M, Xu J, Obernier K, White KM, O’Meara MJ, Rezelj VV, Guo JZ,
Swaney DL, Tummino TA, Hiittenhain R, Kaake RM, Richards AL, Tutuncuoglu B, Foussard H,
Batra J, Haas K, Modak M, Kim M, Haas P, Polacco BJ, Braberg H, Fabius JM, Eckhardt M,
Soucheray M, Bennett MJ, Cakir M, McGregor MJ, Li Q, Meyer B, Roesch F, Vallet T, Mac Kain
A, Miorin L, Moreno E, Naing ZZC, Zhou Y, Peng S, Shi Y, Zhang Z, Shen W, Kirby IT, Melnyk JE,
Chorba JS, Lou K, Dai SA, Barrio-Hernandez I, Memon D, Hernandez-Armenta C, Lyu J, Mathy
CJP, Perica T, Pilla KB, Ganesan SJ, Saltzberg DJ, Rakesh R, Liu X, Rosenthal SB, Calviello L,
Venkataramanan S, Liboy-Lugo J, Lin Y, Huang X-P, Liu Y, Wankowicz SA, Bohn M, Safari M,
Ugur FS, Koh C, Savar NS, Tran QD, Shengjuler D, Fletcher SJ, O’Neal MC, Cai Y, Chang JCJ,
Broadhurst DJ, Klippsten S, Sharp PP, Wenzell NA, Kuzuoglu-Ozturk D, Wang H-Y, Trenker R,
Young JM, Cavero DA, Hiatt J, Roth TL, Rathore U, Subramanian A, Noack J, Hubert M, Stroud
RM, Frankel AD, Rosenberg OS, Verba KA, Agard DA, Ott M, Emerman M, Jura N, von Zastrow
M, Verdin E, Ashworth A, Schwartz O, d’Enfert C, Mukherjee S, Jacobson M, Malik HS,
Fujimori DG, Ideker T, Craik CS, Floor SN, Fraser JS, Gross JD, Sali A, Roth BL, Ruggero D,
Taunton J, Kortemme T, Beltrao P, Vignuzzi M, Garcia-Sastre A, Shokat KM, Shoichet BK,
Krogan NJ. A SARS-CoV-2 protein interaction map reveals targets for drug repurposing.
Nature 2020; 583: 459-468.

29. Siegers JY, Novakovic B, Hulme KD, Marshall RJ, Bloxham CJ, Thomas WG, Reichelt ME, Leijten L,
van Run P, Knox K, Sokolowski KA, Tse BWC, Chew KY, Christ AN, Howe G, Bruxner TIC,
Karolyi M, Pawelka E, Koch RM, Bellmann-Weiler R, Burkert F, Weiss G, Samanta RJ,
Openshaw PJM, Bielefeldt-Ohmann H, van Riel D, Short KR. A High-Fat Diet Increases


https://doi.org/10.1101/2021.03.08.434300

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.08.434300; this version posted March 8, 2021. The copyright holder for this preprint

30.

31.

32.

33.

34.

35.

36.

37.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Influenza A Virus-Associated Cardiovascular Damage. The Journal of Infectious Diseases 2020;
222: 820-831.

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq

data with DESeq2. Genome Biol 2014; 15: 550.

Korotkevich G, Sukhov V, Budin N, Shpak B, Artyomov MN, Sergushichev A. Fast gene set

enrichment analysis. bioRxiv 2021: 060012.

Liberzon A, Birger C, Thorvaldsdéttir H, Ghandi M, Mesirov JP, Tamayo P. The Molecular

Signatures Database (MSigDB) hallmark gene set collection. Cell Syst 2015; 1: 417-425.

Bardanzellu F, Fanos V. How could metabolomics change pediatric health? Italian Journal of

Pediatrics 2020; 46: 37.

Yazicioglu T, Muhlfeld C, Autilio C, Huang CK, Bar C, Dittrich-Breiholz O, Thum T, Pérez-Gil J,

Schmiedl A, Brandenberger C. Aging impairs alveolar epithelial type Il cell function in acute
lung injury. Am J Physiol Lung Cell Mol Physiol 2020; 319: L755-1769.

Kondrich J, Rosenthal M. Influenza in children. Curr Opin Pediatr 2017; 29: 297-302.

Lee JS, Park S, Jeong HW, Ahn JY, Choi SJ, Lee H, Choi B, Nam SK, Sa M, Kwon JS, Jeong SJ, Lee HK,

Park SH, Park SH, Choi JY, Kim SH, Jung I, Shin EC. Immunophenotyping of COVID-19 and
influenza highlights the role of type | interferons in development of severe COVID-19. Sci
Immunol 2020; 5.

Tonshoff B, Miiller B, Elling R, Renk H, Meissner P, Hengel H, Garbade SF, Kieser M, Jeltsch K,

Grulich-Henn J, Euler J, Stich M, Chobanyan-Jirgens K, Zernickel M, Janda A, Wélfle L,
Stamminger T, Iftner T, Ganzenmueller T, Schmitt C, Gorne T, Laketa V, Olberg S, Plaszczyca
A, Cortese M, Bartenschlager R, Pape C, Remme R, Huzly D, Panning M, Weigang S, Giese S,
Ciminski K, Ankerhold J, Kochs G, Schwemmle M, Handgretinger R, Niemeyer CM, Engel C,
Kern WV, Hoffmann GF, Franz AR, Henneke P, Debatin K-M, Krausslich H-G. Prevalence of
SARS-CoV-2 Infection in Children and Their Parents in Southwest Germany. JAMA Pediatrics
2021.

38. Stringhini S, Wisniak A, Piumatti G, Azman AS, Lauer SA, Baysson H, De Ridder D, Petrovic D,

Schrempft S, Marcus K, Yerly S, Arm Vernez |, Keiser O, Hurst S, Posfay-Barbe KM, Trono D,
Pittet D, Gétaz L, Chappuis F, Eckerle |, Vuilleumier N, Meyer B, Flahault A, Kaiser L, Guessous
I. Seroprevalence of anti-SARS-CoV-2 IgG antibodies in Geneva, Switzerland (SEROCoV-POP):
a population-based study. Lancet 2020; 396: 313-319.

39. Lachassinne E, de Pontual L, Caseris M, Lorrot M, Guilluy C, Naud A, Dommergues MA, Pinquier D,

Wannepain E, Hausherr E, Jung C, Gajdos V, Cohen R, Zahar JR, Brichler S, Basmaci R, Boelle
PY, Bloch-Queyrat C, Aupiais C. SARS-CoV-2 transmission among children and staff in daycare


https://doi.org/10.1101/2021.03.08.434300

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.08.434300; this version posted March 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

centres during a nationwide lockdown in France: a cross-sectional, multicentre,
seroprevalence study. Lancet Child Adolesc Health 2021.

40. Mehta NS, Mytton OT, Mullins EWS, Fowler TA, Falconer CL, Murphy OB, Langenberg C,
Jayatunga WJP, Eddy DH, Nguyen-Van-Tam JS. SARS-CoV-2 (COVID-19): What Do We Know
About Children? A Systematic Review. Clin Infect Dis 2020; 71: 2469-2479.

41. Zimmermann P, Curtis N. Why is COVID-19 less severe in children? A review of the proposed
mechanisms underlying the age-related difference in severity of SARS-CoV-2 infections.
Archives of Disease in Childhood 2020: archdischild-2020-320338.

42. Jacot D, Greub G, Jaton K, Opota O. Viral load of SARS-CoV-2 across patients and compared to
other respiratory viruses. Microbes Infect 2020; 22: 617-621.

43. Baggio S, L'Huillier AG, Yerly S, Bellon M, Wagner N, Rohr M, Huttner A, Blanchard-Rohner G,
Loevy N, Kaiser L, Jacquerioz F, Eckerle |. SARS-CoV-2 viral load in the upper respiratory tract
of children and adults with early acute COVID-19. Clin Infect Dis 2020.

44, Li X, Xu W, Dozier M, He Y, Kirolos A, Theodoratou E. The role of children in transmission of SARS-
CoV-2: A rapid review. J Glob Health 2020; 10: 011101.

45. Yonker LM, Neilan AM, Bartsch Y, Patel AB, Regan J, Arya P, Gootkind E, Park G, Hardcastle M, St
John A, Appleman L, Chiu ML, Fialkowski A, De la Flor D, Lima R, Bordt EA, Yockey LJ, D'Avino
P, Fischinger S, Shui JE, Lerou PH, Bonventre JV, Yu XG, Ryan ET, Bassett |V, Irimia D, Edlow
AG, Alter G, Li JZ, Fasano A. Pediatric Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2): Clinical Presentation, Infectivity, and Immune Responses. J Pediatr 2020; 227:
45-52.e45.

46. Singanayagam A, Patel M, Charlett A, Lopez Bernal J, Saliba V, Ellis J, Ladhani S, Zambon M, Gopal
R. Duration of infectiousness and correlation with RT-PCR cycle threshold values in cases of
COVID-19, England, January to May 2020. Euro Surveill 2020; 25.

47. Heald-Sargent T, Muller WJ, Zheng X, Rippe J, Patel AB, Kociolek LK. Age-Related Differences in
Nasopharyngeal Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Levels in
Patients With Mild to Moderate Coronavirus Disease 2019 (COVID-19). JAMA Pediatrics 2020;
174: 902-903.

48. Guterres A. Viral Loads of SARS-CoV-2 in Young Children. JAMA Pediatrics 2021.

49. Finlay-Morreale H. Viral Loads of SARS-CoV-2 in Young Children. JAMA Pediatrics 2021.

50. Young-Il K, Kwang-Min Y, June-Young K, Eun-Ha K, Se-Mi K, Eun Ji K, Mark Anthony C, Rare R,
Seung-Gyu J, Min-Suk S, Su-Jin P, Hye Won J, Eung-Gook K, Younho C, Shin-Ae L, Su-Hyung P,

Jae UJ, Young Ki C. Age-dependent pathogenic characteristics of SARS-CoV-2 infection in
ferrets. Research Square 2021.


https://doi.org/10.1101/2021.03.08.434300

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.08.434300; this version posted March 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

51. Koch CM, Prigge AD, Anekalla KR, Shukla A, Do-Umehara HC, Setar L, Chavez J, Abdala-Valencia H,
Politanska Y, Markov NS, Hahn GR, Heald-Sargent T, Sanchez-Pinto LN, Muller WJ, Misharin
AV, Ridge KM, Coates BM. Immune response to SARS-CoV-2 in the nasal mucosa in children
and adults. medRxiv 2021: 2021.2001.2026.21250269.

52. Wu W, Metcalf JP. The Role of Type | IFNs in Influenza: Antiviral Superheroes or
Immunopathogenic Villains? Journal of Innate Immunity 2020; 12: 437-447.

53. Park A, Iwasaki A. Type | and Type Il Interferons - Induction, Signaling, Evasion, and Application to
Combat COVID-19. Cell Host Microbe 2020; 27: 870-878.

54. Sallard E, Lescure F-X, Yazdanpanah Y, Mentre F, Peiffer-Smadja N. Type 1 interferons as a
potential treatment against COVID-19. Antiviral research 2020; 178: 104791.


https://doi.org/10.1101/2021.03.08.434300

	Cell collection and ethics statement
	Cell culture
	Viral stocks and viral infection

