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IFN Stimulates ACE2 Expression in Pediatric Airway
Epithelial Cells

To the Editor:

The coronavirus disease (COVID-19) pandemic has highlighted
the critical need to understand the pathobiology of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) in human
nasal airway epithelial (AE) cells, the point of entry and initial growth
of this virus (1–3). ACE2 (angiotensin-converting enzyme 2) is
the primary receptor of SARS-CoV-2, and studies in adult human
AE cells have found that IFN enhances ACE2 expression (4, 5).
This shifts the paradigm for SARS-CoV-2 pathogenesis and therapy
by identifying that this virus may enhance its spread by exploiting
host IFN antiviral responses. However, IFN-induced expression
of ACE2 has not been demonstrated in nasal AE cells of infants,
an age group linked to milder COVID-19 (6) and reduced ACE2
airway expression (7). Examining this is needed to address the
possibility that the immaturity of pediatric AE cells protects
them from SARS-CoV-2 owing to lower IFN-induced expression
of ACE2 or by mechanisms independent of IFN-stimulated
ACE2 expression. Accordingly, in this study, we examine the ability
of the human infant AE cells to upregulate ACE2 in response
to IFN-g, IFN-l, and synthetic viral mimic and IFN inducer
(poly (I:C)).

Methods
Primary nasal AE cells collected from human infants (n= 3;
aged 8, 10, and 14 mo) were cultured in submerged monolayers
as described (8). Two of the donors were males, two were
Black/African American, and none had prior evidence of respiratory
symptoms, atopy, or tobacco exposure. Human infant AE cells
were exposed to IFN-g (100 ng/ml), IFN-l (100 ng/ml IL-29),
or poly(I:C) (10 ng/ml) for 24 hours. Transcriptome profiling
was performed via Clariom-S microarrays (ThermoFisher), and
subsequent validation of ACE2 expression was conducted using
qRT-PCR, Western blotting, and confocal microscopy. Gene
expression array data have been deposited to the Gene Expression
Omnibus (GSE153428). Approval for human subject research was
granted by the Institutional Review Board of Children’s National
Hospital in Washington, DC, and included parental informed
consent.

Results
We found that IFN-g, IFN-l, and poly(I:C) exposure robustly
increased the expression of IFN-stimulated genes (ISGs) in nasal AE

cells from infants (Figure 1A). These treatments also robustly
stimulated the expression of ACE2, which was among the top
ISGs in each case (Figures 1A and 1B). Because administering
exogenous IFN is being considered as therapy for SARS-CoV-2
infection (9–11), we next examined if administering IFN-g or IFN-l
may alter ACE2 upregulation in AE cells after exposure to a
synthetic viral mimic (poly(I:C)). These experiments demonstrated
that poly(I:C) elicited greater ACE2 induction in infant AE
cells than IFN treatments, and poly(I:C)-induced ACE2 expression
was not increased further by exogenous IFN administration
(Figure 1B).

We next evaluated the effect of IFN-g in ACE2 protein
expression using Western blotting (Figure 2A). As was recently
reported (11), we identified a large and small isoform of ACE2, with
the smaller isoform being more abundant in these pediatric AE cells
(Figure 2A). IFN-g treatment increased expression of both these
isoforms (Figure 2A). Using direct immunofluorescence labeling of
ACE2, we next found that ACE2 localizes both at the surface and
intracellularly, and IFN-g stimulation increases both these pools of
ACE2 protein and does so in all cells (Figures 2B and 2C). Together,
these new results directly demonstrate IFN-stimulated upregulation
of ACE2 transcript and protein.

Previous studies have identified transcription factor (TF)
binding sites for STAT1, STAT3, IRF8, and IRF1 upstream of the
human ACE2 transcription start site (5). To examine the potential
role of these TFs in the IFN-driven induction of ACE2 in human
infant AE cells, we next correlated ACE2 levels across different
treatments with the expression of these TFs as well as with
the expression of an unrelated TF induced by IFN (IRF3). As
shown in Figure 2D, we found that the expression of ACE2 was
significantly correlated with the expression of IRF1, IRF8, and
STAT3, whereas little or no correlation was observed with IRF3
and STAT1.

Discussion
By using IFNs and a synthetic IFN inducer (poly(I:C)), our
results identify that similar to other known ISGs, ACE2 is robustly
activated by IFN-g and IFN-l in human infant AE cells. This
establishes that ACE2 is an ISG in human infant AE cells, as was
recently found in adults (4, 5). Although lower ACE2 expression
has been reported in nasal AE cells from children (7), our findings
indicate that lack of IFN-stimulated ACE2 expression is unlikely
to be the basis for the protective advantage observed in these
immature pediatric AE cells. Thus, mechanisms independent of
IFN-stimulated ACE2 expression may be implicated in the
reduced clinical severity observed in young children during
SARS-CoV-2 infections (6).

Our combinatorial analyses show that neither IFN-g nor IFN-l
further enhance ACE2 expression after inducing antiviral responses
with poly(I:C) in nasal infant AE cells. Although antiviral AE
responses involve multiple pathways (e.g., TLR7, TLR-4, RIG-I, or
cGAS-STING), our findings related to potential TLR3 activation
(by poly(I:C)) suggest that exogenous IFN treatment may extend
their potential antiviral benefits without significantly enhancing viral
entry. The latter is further supported by studies demonstrating
that IFN type I (a/b) and type III (l) can restrict SARS-CoV-2
infection (11, 12). Given that individuals with severe SARS-CoV-2
infections present milder IFN responses (10, 13), several IFN-based
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therapies are currently being tested for COVID-19 (9–11). However,
there is also recent evidence that prolonged type I and type III IFN
signaling may disrupt lung epithelial integrity upon virus recognition
and during recovery from viral infection (14, 15). Accordingly,
additional studies may still be needed to ensure the safety of IFN-
based therapies in patients with COVID-19.

Future research is needed to define the mechanism
mediating IFN-induced ACE2 expression in the AE.
Our initial studies identified significant correlation between
IFN-induced ACE2 expression and the ISG-regulatory
TFs IRF1, IRF8, and STAT3. However, additional mechanistic
experiments are required to appropriately address the role
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Figure 1. IFN-induced upregulation of ACE2 (angiotensin-converting enzyme 2) in human nasal infant airway epithelial cells (AECs). (A) Heatmaps
of top differentially regulated genes (61.5 logFC, adjusted P, 0.05) demonstrating that ACE2 is consistently coexpressed with IFN-stimulated
genes in the human nasal AECs of infants (n = 3 donors). (B) Box plots represent RT-PCR validation results comparing the effect of IFN-l,
IFN-g, and/or poly(I:C) in the expression of ACE2 (n = 3 donors). *P, 0.05 relative to untreated, **P, 0.01 relative to untreated, and
†P, 0.05 relative to IFN-l or IFN-g alone. Poly(I:C) alone was not significantly different than the combination with IFN-l (P = 0.9) or IFN-g
(P = 0.2). APOBEC3A = apolipoprotein B mRNA editing enzyme catalytic subunit 2; GBPS = guanylate-binding proteins; HLA-DRA =major
histocompatibility complex, class II, DR alpha; IFI44L = interferon induced protein 44 like; IFIT1 = interferon induced protein With tetratricopeptide
repeats 1; MX2 =MX dynamin like GTPase 2; RSAD2 = radical S-adenosyl methionine domain containing 2; USP41 = ubiquitin specific
peptidase 41.
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of each of these IRFs on the expression of ACE2.
Identifying the precise molecular targets for IFN-driven
induction of ACE2 and other ISGs that provide the
beneficial antiviral function will help in more targeted

design of therapies that can maintain this delicate
balance between beneficial and harmful effects of IFNs
during SARS-CoV-2 infection in both younger and older
patients. n
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Figure 2. ACE2 protein expression in human nasal infant AECs and correlation of IFN-induced ACE2 upregulation with IFN-stimulated
gene transcription factors. (A) AECs were left untreated or treated for 24 hours with IFN-g (100 ng/ml), and cell lysates were probed for
ACE2 (antibody catalog number AF933; R&D) or a-Tubulin (antibody catalog number sc-5286; Santa Cruz) proteins. The numbers adjacent
to the large and the small ACE2 bands represent the normalized fold change in ACE2 level in the IFN-g–treated samples compared with
control. (B) Image showing ACE2 location in an untreated cell in an untreated cell and (C) plot showing mean value with 95% confidence
interval for ACE2 immunostaining after IFN-g treatment (n = 600 cells each). Scale bar, 10 mm. (D) Scatter plots showing the correlation
(Spearman Rho) of ACE2 expression and transcription factors with binding sites at the ACE2 locus after exposure to IFN-l, IFN-g, and/or poly(I:C)
(n = 3 donors). A.U. = arbitrary units; IRF = interferon regulatory factor; MW=molecular weight; STAT = signal transducer and activator of
transcription.
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Retraction: TREM-1 Attenuates RIPK3-mediated
Necroptosis in Hyperoxia-induced Lung Injury in
Neonatal Mice

This article (1) has been retracted by its authors. Anomalies
were discovered in the images of b-actin blots in Figure 6B,
GAPDH in Figures 5I and 5J, and the photomicrographs in
Figures 2M and the online supplement Figure E6. The authors
acknowledge that the above anomalies compromise the scientific
integrity of the paper. All the authors have agreed to the
decision to retract this paper; they apologize to the Journal and
its readers. n
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