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Lower respiratory tract viral infections are a leading cause of mortality. Mounting evidence indicates that
most severe cases are characterized by aberrant immune responses and do not depend on viral burden.
Here, we assessed how type lll interferons (IFN-A) contribute to the pathogenesis induced by RNA viruses.
We report IFN-A is present in the lower, but not upper, airways of COVID-19 patients. In mice, we
demonstrate IFN-A produced by lung dendritic cells in response to a synthetic viral RNA induces barrier
damage, causing susceptibility to lethal bacterial superinfections. These findings provide a strong rationale
for rethinking the pathophysiological role of IFN-A and its possible use in the clinical practice against
endemic viruses, such as influenza virus, as well as the emerging SARS-CoV-2 viral infection.

The ability to resolve viral infections of the lung is dependent
on the actions of interferons (IFNs) and inflammatory
cytokines, yet their relative contributions to host defense and
return to homeostasis remain undefined. In particular, type
IIT IFNs (IFN-A) have attracted much attention, as they
operate primarily at mucosal surfaces (I). Recent work
established that, unlike other IFNs, IFN-A signaling induces
antiviral activities while simultaneously limiting the tissue-
damaging functions of neutrophils (2-4). When considered in
the context of respiratory viral infections where
inflammation appears to be the primary driver of life-
threatening symptoms, including the recently emerged
severe acute respiratory syndrome (SARS)-coronavirus
(CoV)-2 (5), the ability of IFN-A to limit immunopathology
but maintain antiviral activity is significant. Indeed,
discussions on the possible use of IFN-A against SARS-CoV-2
have begun (6) and a clinical trial (NCT04331899) has been
initiated. Despite this interest in the use of IFN-A to treat
viral infections, the long-term effects IFN-A on lung
physiology remain largely overlooked. For example, during
viral infections of the lung, immunopathology may
predispose the host to opportunistic bacterial infections and
IFN-X impairs bacterial control during superinfections (7, 8).
It remains unresolved whether this is due to the anti-
inflammatory activity of IFN-A, which reduces host
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resistance, or due to the capacity of IFN-A to alter lung
physiology upon a viral encounter. Indeed, superinfections
represent the first cause of lethality upon influenza virus
infection (9) and correlate with severity in coronavirus
disease (COVID)-19 patients (10).

Mouse models of SARS, middle east respiratory syndrome
(MERS) (11, 12) and influenza (I, 13) are characterized by a
robust induction of type I and III IFNs. However, the involve-
ment of these cytokines in COVID-19 is controversial (14, 15).
To directly evaluate the capacity of SARS-CoV-2 to induce
IFNs, we tested naso-oropharyngeal swabs of COVID-19 pa-
tients and healthy controls, as well as the bronchoalveolar
lavage fluid (BALF) of severe SARS-CoV-2-positive patients.
Levels of IFN mRNAs in the upper airways of COVID-19 pa-
tients were not significantly different from healthy controls.
By contrast, BALF of patients with severe disease presented
elevated levels of both inflammatory cytokines as well as type
I and III IFNs (Fig. 1, A to E).

To evaluate the contribution of IFN-A to the immuno-
pathology driven by RNA respiratory viruses uncoupled from
its effect on viral replication, we devised an experimental sys-
tem in which pattern recognition receptors (PRRs) involved
in viral sensing were stimulated with their cognate ligands.
RNA viruses are sensed via either endosomal toll-like recep-
tor (TLR)-3 and TLR-7 or cytoplasmic retinoic acid-inducible
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gene I (RIG-I) and melanoma differentiation-associated pro-
tein 5 (MDAS5) (16). We intratracheally instilled the TLR?7 lig-
and, R848, or the synthetic analog of double-stranded RNA,
polyinosine:polycytidylic acid (poly (I:C)), that stimulates
both TLR3 and the RIG-I-MDA5 pathway in vivo (7). PRRs
were stimulated over the course of 6 days to elicit prolonged
innate immune activation in the lung. Both ligands induced
hypothermia (Fig. 1F) and weight loss (fig. S1A), but only poly
(I:C) compromised barrier function (Fig. 1G and fig. S1B). IFN
mRNAs were strongly up-regulated by poly (I:C) but not R848
(Fig. 1, H and I). By contrast, R84:8 treatment induced the up-
regulation of pro-inflammatory cytokines (i.e., I71b) but this
did not correlate with barrier function decrease (Fig. 1, G to
J, and fig. S1B).

Alterations in the epithelial barrier predispose to lethal
bacterial superinfections (18). We therefore infected mice
treated with either R848 or poly (I:C) with Staphylococcus
aureus. Mice treated with poly (I:C) died upon S. aureus in-
fection (Fig. 1K) and had higher bacterial burdens (Fig. 1L),
more intense hypothermia, and greater barrier damage (fig.
S2, A and B). S. aureus infection did not alter the pattern of
cytokine expression (fig. S2, C to E). Upon poly (I:C) admin-
istration, IFN-B and IFN-A transcript and protein levels were
rapidly up-regulated and plateaued (fig. S3, A to D), while S.
aureus bacterial burden increased over time (fig. S3E). IFN-
stimulated genes (ISGs), but not pro-inflammatory cytokines,
were also sustained over time (fig. S3, F to I). These data sug-
gest that chronic exposure to IFNs aggravates bacterial su-
perinfections. Since the protein levels of IFN-A were very high
compared to IFN-B (fig. S3, C and D), we assessed if IFN-A
was sufficient to exacerbate bacterial superinfections. We ad-
ministered exogenous IFN-)\ either alone, or with R848,
which induces inflammation but not IFN production (Fig. 1,
H to J). The administration of IFN-A with R84:8, but not IFN-
A alone, was sufficient to induce sensitivity to S. aureus in-
fection (Fig. 1, M and N, and fig. S3J). Thus, in an inflamed
lung, IFN-2A is sufficient to aggravate superinfections.

In contrast to wild-type (WT) mice, mice deficient in IFN-
A receptor 1 (Ifnlrl) expression were protected from poly
(I:C)-induced morbidity and barrier damage (Fig. 2, A and B,
and fig. S4, A and B). Ifnlrl”- mice superinfected with S. au-
reus were also protected (Fig. 2C-F) compared to WT mice.
By contrast, the absence of Ifnirl did not impact mRNA or
protein levels of IFNs or pro-inflammatory cytokines (fig. S4,
C to H). We next generated reciprocal bone marrow chimeras
in which either the hematopoietic or the stromal compart-
ments were defective for IFN-A signaling. Absence of IfnirI in
the stromal compartment, but not in hematopoietic cells,
phenocopied complete Ifniri deficiency (Fig. 2, G and H, and
fig. S5). Furthermore, there was no difference in myeloid im-
mune cell recruitment in Ifnlrl”/- compared to WT mice (fig.
S6, A to D) and depletion of neutrophils did not impact

First release: 11 June 2020

WWWw.sciencemag.org

bacterial burden (fig. S6E). Thus, IFN-A signaling in epithe-
lial cells is necessary and sufficient to induce susceptibility to
a secondary infection.

A targeted transcriptomic analysis on lung epithelial cells
from mice treated with poly (I:C) revealed a potent down-
regulation of the IFN signature in Ifnlrl”- compared to WT
mice (Fig. 3, A and B, fig. S7, and data S1). This confirmed the
predominant role of IFN-A compared to type I IFNs during
prolonged viral sensing in the lung. Consistent with the ob-
served defect in barrier function, genes associated with apop-
tosis and the activation of the p53 pathway were enriched in
WT compared to Ifnlrl”/- epithelial cells (Fig. 3B). By con-
trast, pathways involved in positive regulation of the cell cy-
cle were enriched in Ifnlri”/- cells (Fig. 3C). Accordingly,
epithelial cells in Ifnlrl~/~ mice, as well as in stromal Ifnlri~-
chimeras, proliferated more efficiently after poly (I:C) admin-
istration, in the presence or absence of S. aureus (Fig. 3, D to
Q). The most down-regulated gene in Ifnlrl~/~ epithelial cells
compared to WT cells was the E3 ubiquitin-protein ligase ma-
korin-1 (MkrnlI) (Fig. 3A and data S1). This protein induces
p21 degradation and favors apoptosis via p53 under oxidative
stress conditions and after DNA damage (hallmarks of severe
viral infections) (19). Indeed, Ifnlrl~- epithelial cells showed
elevated levels of p21 (Fig. 3, H and I). Thus, the ability of
IFN-A to reduce tissue tolerance stems from its capacity to
inhibit tissue repair by directly influencing epithelial cell pro-
liferation and viability.

We next investigated the cellular source and molecular
pathways that drive IFN-A production. Upon poly (I:C) ad-
ministration, lung-resident dendritic cells (DCs) expressed
the highest levels of IFN-A transcript, both during the early
and late phases following poly (I:C) administration (Fig. 4A
and fig. S8A). By contrast, epithelial cells, alveolar macro-
phages, and monocytes expressed type I IFNs and pro-inflam-
matory cytokines but no IFN-A transcripts (fig. S8, A to C).
Depletion of CD11c* DCs was sufficient to abolish the produc-
tion of IFN-X but not type I IFNs (Fig. 4, B and C, and fig. S8,
D and E). Alveolar macrophages were not depleted under our
experimental conditions (fig. S8F) and did not produce IFN-
A (Fig. 4A). By using in vitro-generated DCs, we found that
IFN-A was induced only when the TLR3 pathway was acti-
vated (Fig. 4D and fig. S9, A and B). Consistent with in vivo
data, TLR7 stimulation in vitro induced only the up-regula-
tion of pro-inflammatory cytokines (Fig. 4D and fig. S9, A and
B). Ex vivo analysis showed that conventional (¢)DC1 are the
major producer of IFN-A (fig. S10). Activation of RIG-I/MDA5
via intracellular delivery of poly (I:C) (Fig. 4D and fig. S9, A
and B) and of 3-phosphate-hairpin-RNA (3p-hpRNA, fig. S11,
A to E) induced high levels of type I IFNs, but not type III
IFNs in a mitochondrial antiviral signaling protein (MAVS)-
dependent manner. Blockade of endosomal acidification via
chloroquine treatment confirmed the importance of TLR3 for
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IFN-A induction (fig. S12, A and B). WT mice or mice that do
not respond to TLR3 stimulation (Toll-like receptor adaptor
molecule 1 deficient (Ticaml~~)) were treated in vivo with
poly (I:C). Only DCs sorted from TicamlI”~ mice did not ex-
press IFN-A mRNA although they still expressed type I IFN
mRNA, Fig. 4, E and F). Furthermore, Ticaml”~ mice were
protected against S. aureus superinfections (Fig. 4G). Ti-
caml”’~ mice also showed lower IFN-A (but not type I IFN)
mRNA levels (Fig. 4, H and I). Similar results were obtained
when only hematopoietic cells were deficient in TicamI (Fig.
4, J to L).

The immune system evolved to protect against pathogens
but doing so often threatens host fitness and can cause im-
munopathologies (20). In COVID-19, SARS, MERS, and flu,
severe symptoms and death occur late, and after the peak in
viral load, indicating a central role for the immune system in
driving the pathology (21-24). In our system, we isolated the
effect of immune activation from resistance to lung viral in-
fections and demonstrated that sustained IFN-X is produced
by DCs via TLR3. TLR3 detects replication intermediates
from dying cells (25) and is, thus, insensitive to viral immune
evasion. Thus, IFN-A acts on lung epithelial cells and com-
promises lung barrier function predisposing the host to lethal
secondary bacterial infections.

Previous findings suggested that IFN-A protects against
viral infections (26) and increases the barrier functions of gut
epithelial cells as well as of endothelial cells (27-29). These
discrepancies can be explained by the fact that the particular
cell types targeted by IFN-A in those studies were different.
Furthermore, our data support the hypothesis that the detri-
mental activities of IFN-A only occur upon chronic exposure
and in the presence of tissue damage. Indeed, the early ad-
ministration of IFN-A in a mouse model of COVID-19 could
confer protection (30). In conclusion, our data enjoin clini-
cians to carefully analyze the duration of IFN-A administra-
tion and to take into consideration the severity of disease
when IFN-2 is used as a therapeutic agent against lung viral
infections.
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Fig. 1. Morbidity correlates with the high expression of type | IFN and IFN-A in the lung of COVID-19 patient
BALF and of poly (I:C)-treated mice. (A to E) IFNL2,3, IFNL1 (A), IFNB (B), IFNA2 (C), IL1B (D), and IL6 (E)
mMRNA expression was evaluated in naso-oropharyngeal swabs from SARS-CoV-2-positive (Swab CoV*) and -
negative (Swab CoV-) subjects and from the BALF of intensive care unit (ICU)-hospitalized SARS-CoV-2-
positive patients (BALF CoV*) (Five subjects per group). (F to J) Mice were intratracheally (i.t.) administered
2.5 mg/kg poly (I:C), 2.5 mg/kg R848, or saline daily for 6 days. (F) Body temperatures of the treated mice
measured over time are represented. (G) Amount of total protein in the BALF was measured at day 6 post
treatment. (H to J) Ifnl2,3 (H), Ifnbl (1), and llIb (J) mMRNA expression were assessed in total lung lysate
harvested 6 days post treatment. (K and L) Mice treated as in (F) to (J) were infected at day 6 with 5 x 107 CFU
of S. aureus administered i.t. and were monitored for survival (K). Bacterial loads in the lungs of the treated
mice normalized to lung weight were assessed 12 hours post infection (hpi) (L). Mice were i.t. administered
R848 (2.5 mg/kg) or a combination of R848 and IFN-A (50 pg/kg) daily for 6 days and were then infected as in
(K). Lung bacterial burdens (M) and body temperatures (N) before and after S. aureus infection are shown [(G)
to (J), (L) to (N)]. Each symbol represents one mouse. The median and range are represented. (F) Mean + SD
of five mice per group is represented. (G to J) Four, (L and M) five, and (N) six mice per group are represented
and median and range are shown. (K) Survival plot of five mice per group. (F-N) Representative data of three
independent experiments. Statistics: ns, not significant (P > 0.05); *P < 0.05, **P < 0.01, ***P < 0.001, and
**¥*¥P < 0.0001. Two-way ANOVA [(F) and (N)], one-way ANOVA [(G) to (J), (L)], or two-tailed t test (M) were
performed. Logarithmic values were fitted when evaluating bacterial load [(L) and (M)]. Log-rank (Mantel-Cox)
test, corrected for multiple comparisons was performed to evaluate survival (K).
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Fig. 2. IFN-A is necessary to increase susceptibility to bacterial infection induced by antiviral immunity. (A
and B) WT and Ifnlr1~ mice were i.t. treated with 2.5 mg/kg poly (I:C) or saline daily for 6 days. (A) Body
temperatures of poly (I:C)-treated WT and Ifnirl1~~ mice were recorded on day 6. (B) On day 6, mice were i.t.
treated with FITC-dextran (10 pg/mouse). Barrier permeability was measured as relative fluorescent units
(RFU) of FITC-dextran leaked in plasma 1 hour after injection. (C to F) WT and Ifnlr1~~ mice i.t. treated with 2.5
mg/kg poly (1:C) or saline for 6 days, were i.t. infected with 5 x 107 CFU of S. aureus and monitored for survival
(C). Lung bacterial burdens normalized by lung weight (D), body temperature (E), and barrier permeability (F)
(asin (B)) were assessed 12 hpi. (G and H) Lethally irradiated WT or Ifnlr1~~ recipients were reconstituted with
donor bone marrow (Ifnlr1~~ or WT) for 6 weeks and were then treated as in (C) to (F). Resulting chimeric mice
were defective for IFN-A signaling either in the hematopoietic compartment (Ifnlrl~= — WT) or in the stromal
compartment (WT - Ifnlr1™). Ifnlr1~~ = Ifnlr1~~, and WT - WT chimeras were used as controls. (G) Barrier
permeability (as in (B)) and (H) lung bacterial burdens were evaluated 12 hpi. Each symbol represents one
mouse. The median and range are represented. (C) Survival plot of five mice per group. (A to H) Representative
data of three independent experiments. (A, E, G, and H) Four, (B) fourteen, and (D and F) ten mice per group,
median and range are represented. Statistics: ns, not significant (P> 0.05); *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < (0.0001. Two-way ANOVA [(B), (D), (F), (H)], one-way ANOVA (G), or two-tailed t test [(A) and (E)]
were performed. Logarithmic values were fitted when evaluating bacterial load [(D) and (H)]. Log-rank
(Mantel-Cox) test, corrected for multiple comparisons was performed to evaluate survival (C).
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Fig. 3. IFN-A signaling directly inhibits lung epithelia proliferation and impairs repair upon viral recognition.
(A to C) Targeted transcriptome sequencing was performed on lung epithelial cells isolated on day 6 from WT
and Ifnlrl™~ mice i.t. treated with 2.5 mg/kg poly (I:C) daily for 6 days. (A) Volcano plot of differentially
expressed genes (DEGs) between WT and Ifnlrl1~~. DEGs (P < 0.005) with a fold change >1.5 (or <-1.5) are
indicated in red. Non-significant DEGs (P > 0.005) are indicated in green. (B and C) Dot plot visualization of
gene set enrichment analysis (GSEA) for pathways enriched in (B) WT epithelial cells compared to /fnirl~~ and
(C) Ifnirl~~ epithelial cells compared to WT. The color of the dots represents the adjusted P-value (significance)
for each enriched pathway and its size represents the percentage of genes enriched in the total gene set. (D
and E) Epithelial cell proliferation was assessed as 5-ethynyl-2'-deoxyuridine (EdU) incorporation in lung
epithelial cells (CD45"CD31"EPCAM™) in WT and Ifnir1~~ mice treated as in (A to C) (D), or treated as in (A to C)
and i.t. infected on day 6 with 5 x 107 CFU S. aureus for 12 hours (E). (F) Mean fluorescent intensity (MFI) of
Ki67 in CD45-CD31"EPCAM* cells of WT and Ifnlr1~~ mice treated as in (A) to (C). (G) EdU incorporation in lung
epithelial cells of WT or Ifnirl~~ chimeric mice reconstituted with Ifnlr1~~ or WT bone marrow treated as in (E).
(Hand ) p21 levels in lung epithelial cells (CD45"CD31"EPCAM*) from WT and Ifnirl~~ mice treated as in (A) to
(C). Representative histogram (H) and MFI (1) are depicted. (A to C) Four mice per genotype. (D and E) Five,
and (F to ) four mice per group, median and range are represented. (D to |) Representative data of three
independent experiments. Statistics: ns, not significant (P > 0.05); *P < 0.05, **P < 0.01, ***P < 0.001, and
**¥*¥P < 0.0001. (D and E) Two-way ANOVA, (G) one-way ANOVA, (F and I), and two-tailed t test (l) were
performed.
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Fig. 4. Lung resident DCs produce IFN-A downstream of TLR3 upon viral recognition. (A) Ifnl2,3 relative mRNA
expression in sorted lung epithelial cells (EC), resident DCs (resDCs), monocytes derived DCs (moDCs), and alveolar
macrophages (aMacs) sorted from WT mice i.t. treated with 2.5 mg/kg poly (I:C) or saline daily for 6 days was
measured on day 6. (B) CD11c-DTR mice were injected with diphtheria toxin (DTx) to deplete the CD11c* cells in vivo.
Relative Ifnl2,3 mRNA (B) and IFN-a protein levels (C) from lung homogenates were evaluated on day 6. (D) DCs
differentiated from bone marrow cells in the presence of FMS-like tyrosine kinase 3 ligand (FIt3l) for 9 days (FIt3I-DCs)
from WT, Ticaml~~, or Mavs™~ mice were treated with 50 pg/ml poly (I:C), 1 pg transfected poly (I:C) per 10° cells, or
50 pg/ml R848 for 3 hours. Relative Ifnl2,3 mRNA expression was evaluated by gPCR. Ifnl2,3 (E), and Ifnbl (F) relative
mMRNA expression in sorted lung epithelial cells (EC), resDCs, and moDCs sorted from WT and TicamI™~~ mice treated
as in (A) was measured on day 6. (G to I) WT and Ticaml1~~ mice were treated with poly (I:C) as in (A) and subsequently
i.t. infected with 5 x 107 CFU of S. aureus on day 6 for 12 hours. Lung bacterial burden normalized by lung weight (G),
Ifnl2,3 (H), and Ifnbl (I) relative mRNA expression were evaluated. (J and L) WT chimeric mice reconstituted with
Ticam1~~ bone marrow (Ticaml™~ - WT) or WT bone marrow (WT - WT) were treated as in (G) to (I). Lung bacterial
burden normalized by lung weight (J), Ifnl2,3 (K) and Ifnbl (L) relative mRNA expressions 12 hpi were evaluated.
Representative data of three independent experiments. Statistics: ns, not significant (P > 0.05); *P < 0.05, **P < 0.01,
**¥P < (0.001, and ***P < 0.001 (Two-way ANOVA). (Gto L) (Ato C, Eto L) Four mice per group, median and range are
depicted. (A to F) Mean £ SEM of four mice (A to C, E, F), and of three independent experiments (D) are depicted.
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