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In brief

An in-depth analysis of IFNs in COVID-19
reveals differences in their roles based on
anatomical location, viral load, age, and
disease severity. In the upper respiratory
tract, high levels of IFN-IlIl are protective
and result in mild disease in spite of
higher SARS-CoV-2 viral burden, while
the lower airways of patients with severe
COVID-19 demonstrate elevated IFN-I
and IFN-III, cell death, and a reduction in
IFN-stimulated genes.
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SUMMARY

Severe coronavirus disease 2019 (COVID-19) is characterized by overproduction ofimmune mediators, but the
role of interferons (IFNs) of the type | (IFN-I) or type Ill (IFN-I11I) families remains debated. We scrutinized the pro-
duction of IFNs along the respiratory tract of COVID-19 patients and found that high levels of IFN-III, and to a
lesser extent IFN-I, characterize the upper airways of patients with high viral burden but reduced disease
risk or severity. Production of specific IFN-IIl, but not IFN-I, members denotes patients with a mild pathology
and efficiently drives the transcription of genes that protect against severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2). In contrast, compared to subjects with other infectious or noninfectious lung pathologies,
IFNs are overrepresented in the lower airways of patients with severe COVID-19 that exhibit gene pathways
associated with increased apoptosis and decreased proliferation. Our data demonstrate a dynamic production
of IFNs in SARS-CoV-2-infected patients and show IFNs play opposing roles at distinct anatomical sites.

INTRODUCTION

Since the outbreak of the coronavirus disease 2019 (COVID-19)
in late 2019, the novel, severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) has infected over 188 million people
globally and caused more than 4 million deaths as of July
2021. SARS-CoV-2 infection can lead to acute respiratory
distress syndrome (ARDS) characterized by elevated levels of

proinflammatory cytokines in the bloodstream (Guan et al.,
2020; Lee et al., 2020; Lucas et al., 2020; Zhou et al., 2020a).
Mouse models and retrospective human studies suggest that
severity and death following a SARS-CoV-2 encounter is corre-
lated with exaggerated inflammation rather than viral load (Ber-
gamaschi et al., 2021; Guan et al., 2020; Karki et al., 2021; Lee
et al., 2020; Lucas et al., 2020; Ruan et al., 2020; Winkler et al.,
2020; Zhou et al., 2020a). Nevertheless, how a balance between
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the benefits (restricting viral replication and spread) and risks
(inducing a cytokine storm) of efficient immune cell activation is
achieved during COVID-19 remains a mystery.

Of the many inflammatory mediators produced upon infection
with SARS-CoV-2, interferons (IFNs) have attracted much atten-
tion since the inception of the pandemic. IFNs belong to three
major families: type | (IFN-I; mainly represented by IFN-as and
IFN-B), IFN-II (IFN-y), and IFN-IIl (IFN-A1-4). Upregulation of
IFN-II in patients with severe COVID-19 (Karki et al., 2021; Lucas
et al., 2020) is associated with increased PANoptosis, which ex-
acerbates pathology and death (Karki et al., 2021). |RlGontrast)

(ISG8)! Several studies showed that SARS-CoV-2, compared
to other viruses, boosts the production of inflammatory media-
tors while delaying and/or dampening antiviral IFN responses
in patients with severe COVID-19 (Blanco-Melo et al., 2020; Gal-
anietal., 2021; Hadjadj et al., 2020; Mudd et al., 2020). Neverthe-
less, regulation of IFN-I and IFN-IIl production following infection
with SARS-CoV-2 appears to be more complex. In fact, analyses
of nasopharyngeal swabs (Cheemarla et al., 2021; Lieberman
et al., 2020; Ziegler et al., 2021), bronchoalveolar lavage fluid
(BALF) (Zhou et al., 2020b), or peripheral blood monocytes
(Lee et al., 2020) of COVID-19 patients have revealed potent
ISG induction. Production of IFNs is also sustained in the blood
of a longitudinal cohort of severe COVID-19 patients compared
to subjects with a mild illness (Lucas et al., 2020).

Aside from the challenge of understanding the pattern of
expression of IFNs, a major unanswered question is whether
IFNs serve protective or detrimental functions in COVID-19.
Recent studies show that patients with severe COVID-19 have
defective IFN responses (Bastard et al., 2020; Combes et al.,
2021; Laing et al., 2020; Pairo-Castineira et al., 2021; Wang
et al., 2021; Zhang et al., 2020). Other studies, however, report
that heightened and prolonged production of IFNs in patients in-
fected with SARS-CoV-2 is correlated with negative clinical out-
comes (Lee et al., 2020; Lucas et al., 2020). We and others have
also recently demonstrated that the production of IFN-III, and to
a lesser extent IFN-I, impairs lung function and may trigger a se-
vere disease in mouse models of lung viral infections (Broggi
et al., 2020a; Major et al., 2020). Thus, it is urgent to fully unravel
the role of IFNs in the pathogenesis of COVID-19.

To define how IFN production impacts the progression of
COVID-19, here, we analyzed the pattern and level of expression
of IFNs and the transcriptional programs associated with the IFN
landscape in the upper or lower respiratory tract of COVID-19
patients, subjects with infectious and noninfectious lung dis-
eases, and healthy controls.

RESULTS

High viral loads drive the efficient production of IFN-III,
and to alesser extent IFN-I, in an age-dependent manner
in the upper airways of COVID-19 patients

We initially analyzed IFN gene expression in nasopharyngeal
swabs derived from SARS-CoV-2-positive and negative sub-
jects (Table S1; Figures S1A-S1C) and found that in subjects
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positive for SARS-CoV-2, IFNL1 and IFNL2,3 (among IFN-Ills)
and IFNB1 and IFNA2 (among IFN-Is) were significantly upregu-
lated (Figures 1A-1F). As controls, IL1B and IL6 were also
analyzed in the same cohort of subjects (Figures S1D and
S1E). To account for the bimodal distribution of cytokine gene
expression, we transformed gene expression data in discrete
variables (expressed or undetected) and obtained results similar
to what we observed with continuous gene expression (Figures
S1F-S1M).

Next, we examined the distribution of IFN levels relative to the
viral load. Of the IFN-IIl family members, IFN-A1 and IFN-22,3
positively correlated with viral load (Figures 1G-1l). Among
IFN-Is, IFN-B and IFN-04 also showed a positive correlation
with the viral load (Figures 1J-1L). Transcript levels of the proin-
flammatory cytokines IL1B and IL6 were also positively corre-
lated with the viral load (Figures STN-S10). Next, we divided
our patient cohort into terciles based on the viral load (Table
S1) and analyzed gene expression using discrete variables.
These analyses confirmed that IFN-A1, IFN-A2,3, IFN-B, inter-
leukin-1p (IL-1B), and IL-6 were preferentially expressed in high
(compared to low) viral load samples (Figures STP-S1W).

We then evaluated how IFN gene expression relates to the age
of patients, a key determinant of severity and lethality of COVID-
19 (McPadden et al., 2020; Williamson et al., 2020). Our analyses
demonstrated that IFN-IIl and IFN-I expression is significantly
associated with viral load for the cohort of patients aged <70
years (Figures 1TM-1R). In contrast, IFN expression in the cohort
of patients aged >70 years either completely lost association
with the viral load and/or showed a significantly lower correlation
coefficient compared to the <70 years cohort (Figures 1M-1R).
IL-1B and IL-6 maintained their association with viral load inde-
pendent of age and were not significantly different in the two
age cohorts (Figures S1X and S1Y). When we analyzed gene
expression as a discrete variable, we found that response pat-
terns to viral load were significantly different between elderly
(=70 years) and younger (<70 years) patients for IFN-A2,3 and
IFN-a4 (Figures S1Z-S1AE; Table S2). This analysis also showed
that only younger patients have a dose-response relationship
between IFN gene expression and viral load. In contrast to
IFNs, no difference in the dose-response relationship between
IL-1p8 and IL-6 expression and viral load was observed between
age groups (Figures S1AF and S1AG; Table S2). These results
indicate that in COVID-19 patients, the production of IFNs corre-
lates with the viral load in the upper respiratory tract and that
elderly patients, who are at risk of developing severe disease,
have dysregulated IFN induction, which correlates more loosely
with the viral load, compared to younger patients.

Mild COVID-19 is characterized by high levels of IFN-III,
but not IFN-I, in response to high viral loads in the upper
airways

To explore the link between IFN production and disease
severity, we analyzed nasopharyngeal swabs from a subset
of patients with known clinical follow-up. Disease severity
was assessed as follows: patients with mild disease manifesta-
tions discharged from the emergency room without being
hospitalized (home isolated [HI]), severe patients who required
hospitalization (hospitalized [HOSP]), and critically ill patients
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Figure 1. High viral loads drive the efficient production of IFN-IIl and, to a lesser extent, IFN-I in an age-dependent manner in the upper
airways of COVID-19 patients

(A-F) IFNL1 (A), IFNL2,3 (B), IFNL4 (C), IFNBT (D), IFNA2 (E), and IFNA4 (F) mRNA expression was evaluated in nasopharyngeal swabs from SARS-CoV-2-negative
(Swab NEG; 28) and positive (Swab POS; 155) subjects. Each dot represents a patient. Median with range is depicted. Dashed line represents limit of detection.
(G-L) IFNL1 (G), IFNL2,3 (H), IFNL4 (1), IFNB1 (J), IFNA2 (K), and IFNA4 (L) mRNA expression is plotted against mean viral RNA cycle threshold (CT) in swabs from
SARS-CoV-2-positive patients (155). Each dot represents a patient. Linear regression lines (continuous line) and 95% confidence interval (dashed line and
shaded area) are depicted in red. Spearman correlation coefficients (r) and p value (p) are indicated. Dashed horizontal black line represents limit of detection.
(M=R) IFNL1 (M), IFNL2,3 (N), IFNL4 (O), IFNB1 (P), IFNA2 (Q), and IFNA4 (R) mRNA expression is plotted against mean viral RNA CT in swabs from SARS-CoV-2-
positive patients aged >70 years (61, blue dots and lines) and <70 years (94, orange dots and lines). Each dot represents a patient. Linear regression (continuous
lines) and 95% confidence interval (dashed line and shaded area) are depicted. Spearman correlation coefficients (r) and p value (p) are indicated in blue and
orange for patients >70 and <70 years, respectively. Dashed horizontal black line represents limit of detection.

(A-R) Expression is plotted as log2 (gene/GAPDH mRNA + 0.5 x gene-specific minimum). Statistics by Mann-Whitney test: ns, not significant (p > 0.05); *p < 0.05;
**p <0.01; *p < 0.001; ****p < 0.0001 (A-F) or test for difference between simple linear regression slopes: ns, not significant (p > 0.05); *p < 0.05; **p < 0.01; **p <
0.001; ***p < 0.0001 (M-R). See also Figure S1 and Table S1.

admitted to the intensive care unit (ICU) (Table S3). When gene tients, this correlation was lost for IFN-A2,3 and was signifi-
expression levels were plotted against the viral load in HI  cantly reduced for IFN-A1 compared to HI patients (Figures
versus HOSP/ICU (Figures 2A-2H), patients with a mild disease = 2A and 2B). In contrast to IFN-IIl, the positive correlation be-
showed a positive correlation with expression of several mem-  tween /L6 levels and viral load was maintained only for HOSP
bers of the IFN-IIl family (Figures 2A-2C). In HOSP/ICU pa- and ICU patients (Figure 2H). When members of the IFN-I family
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Figure 2. Mild COVID-19 is characterized by high levels of IFN-III, but not IFN-I, in response to high viral loads in the upper airways

(A-M) Swabs from a cohort of SARS-CoV-2-positive hospitalized patients and ICU inpatients (HOSP, black dots; ICU, red dots; both HOSP and ICU, black lines
and analyzed together) and home-isolated patients (HI, green dots and lines) were analyzed.

(A-H) IFNL1 (A), IFNL2,3 (B), IFNL4 (C), IFNB1 (D), IFNA2 (E), IFNA4 (F), IL1B (G), and IL6 (H) mMRNA expression is plotted against mean viral RNA CT. Each dot
represents a patient. Linear regression lines (continuous line) and 95% confidence interval (dashed line and shaded area) are depicted. Spearman correlation
coefficients (r) and p value (p) are indicated in black and in green for “HOSP + ICU” and “HI” patients respectively.

() Mean viral RNA CT values are plotted against days from symptom onset (DFSO). Each dot represents a patient. Lines connect mean values for each range of DFSO.
(J) K-means clustering based on the expression of IFNA2, IFNB1 IFNL1, IFNL2,3, and IL 1B was used to determine clusters 1-3 (cluster 1, n = 13; cluster 2, n = 12;
cluster 3, n = 6). The color indicates the relative gene expression. Viral load tercile, age group, and severity are annotated. Viral load terciles (“+++,” “++,” and “+”)
are defined by mean viral RNA CT (<20, >20 and <30, and >30). Age groups are defined as <70 or >70 years.

(K) IFNL1, IFNL2,3, IFNA2, IFNB1, and IL1B mRNA expression within clusters identified in (J). Each dot represents a patient. Violin plots are depicted.

(L) Percentage of patients with the indicated disease severity within clusters identified in (J).

(M) Odds ratio of patients in cluster 2 being hospitalized or admitted to the ICU relative to patients in cluster 3 (clusters identified in J). Symbols represent the odds
ratio. Error bars represent the 95% confidence interval associated with the odds ratio.

(A-H and K) Expression is plotted as log2 (gene/GAPDH mRNA + 0.5 X gene-specific minimum). Statistics by test for difference between simple linear regression
slopes: ns, not significant (p > 0.05); *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001 (A-H); two-way ANOVA: ns, not significant (p > 0.05); *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001 (1); or chi-square test for odds ratio: ns, not significant (p > 0.05); *p < 0.05; **p < 0.01; **p < 0.001 (L). See also Figure S2 and Table S3.

or IL1B expression was analyzed, no positive correlation was assessed how the viral load varies based on the day from
found in either hospitalized or HI patients (Figures 2D-2G). To  symptom onset in patients with different disease severity (Table
control for possible differences due to random sampling, we S3) and found no significant difference (Figure 2I).
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To further investigate the distribution of IFN-IIl production in
subjects with mild, severe, or critical illness, we performed K-
mean clustering based on the expression of IFN-I, IFN-IIl, and
IL-1B. Our results reveal that cluster 3, characterized by the high-
est expression of IFN-Ill, was enriched in patients with milder
disease manifestations and high viral load (Figures 2J-2M and
S2A-S2E). Notably, patients in cluster 2 (characterized by low
levels of IFN-IIl and the highest levels of IFN-I) were 10 times
more likely to have severe illness resulting in hospitalization or
ICU admission than patients in cluster 3, and patients in cluster
1 (that presented low IFN-I and IFN-IIl expression and high IL-
1B expression) showed a similar trend (Figures 2J-2M and
S2A-S2C). Overall, these data support the hypothesis that effi-
cient production of IFN-II in the upper airways of COVID-19 pa-
tients with high viral load protects against severe COVID-19.

IFN-A1 and IFN-A3, but not IFN-A2 or IFN-I, characterize
the upper airways of patients with mild COVID-19 and
drive ISGs that protect against SARS-CoV-2
To gain more insight into the transcriptional programs linked to
expression of specific IFN members, we used targeted RNA
sequencing (RNA-seq) to examine the swabs of a subset of
COVID-19 patients (Table S4). We found that IFN-A1 and IFN-
A3 (now distinguishable from IFN-A2 because of sequencing)
segregated with subjects with mild COVID-19 and a high viral
load compared to healthy controls or more severely ill COVID-
19 patients (Figure 3A). IFN-y was expressed in patients with
mild and severe COVID-19, while IFN-I and IFN-A2 were mostly
associated with critical, and to a lesser extent severe, patients
(Figure 3A). When gene set enrichment analysis was performed,
the IFN responses were the most significantly enriched in sub-
jects with mild (compared to severe or critical) COVID-19 (Fig-
ures 3B, S3A, and S3B). When compared to swabs from
SARS-CoV-2 negative subjects, patients with mild and severe,
but not critical, COVID-19 were enriched in IFN responses (Fig-
ure S3C). To determine whether the pattern of IFNs found in HI
patients drove a protective response against SARS-CoV-2, we
tested expression of >50 ISGs that directly restrain SARS-
CoV-2 infection (Martin-Sancho et al., 2021). RNA-seq data
demonstrate that only patients with mild manifestations effi-
ciently upregulated this set of protective ISGs (Figures 3C,
S3D, and S3E) and that this set of ISGs was significantly en-
riched compared to controls (Figure S3F).

Due to the high sequence identity of the IFN-IIl family mem-
bers (Broggi et al., 2020b), we next compared the capacity of

Cell

lated human bronchial epithelial cells (hBECs) with different
IFN-llls and found that IFN-A1 induces and sustains the tran-
scription of several ISGs more efficiently than IFN-A2 and, to
some extent, IFN-A3 (Figures 3D-3G). Overall, our data demon-
strate that specific members of the IFN families associate with
mild or severe COVID-19, that the landscape of IFNs determines
the ISGs induced in the upper airways, and that IFN-A1 is
uniquely capable of inducing potent anti-SARS-CoV-2 ISGs in
patients with mild COVID-19.

Members of the IFN-IIl and IFN-I families are
overrepresented in the lower airways of COVID-19
patients

A detailed analysis of the IFNs produced in the lower airways of
SARS-CoV-2-infected subjects is lacking. We thus analyzed
BALF samples derived from COVID-19 HOSP patients, including
ICU-admitted subjects, and, as controls, samples derived from
patients with noninfectious lung pathologies (see Table S5 and
Figures S4A-S4C for details regarding sex and age distribution).

Transcripts of IFN-22,3, IFN-B, IFN-¢.2, and IFN-a4 were signif-
icantly upregulated in COVID-19 patients compared to controls
(Figures 4A-4F), while a similar percentage of subjects ex-
pressed the genes analyzed (Figures S4D-S4l). No difference
was observed for IL1B transcripts, while /L6 mRNA levels ap-
peared to be slightly increased in controls compared to
COVID-19 patients (Figures 4G, 4H, S4J, and S4K).

We next compared the expression of IFNs between the lower
and upper airways of COVID-19 patients with similar disease
severity. Sex and age were distributed as reported in Table S5.
We found that, except for IFN-A1, levels of IFNs in severe-to-crit-
ical patients were higher in the lower compared to the upper
airways (Figures 41-4N), while a similar percentage of patients
expressed IFNs in the upper or lower respiratory tract, except
for IFN-a4 (Figures S4L-S4Q). IL1B mRNA levels were not
different in the upper and lower airways of hospitalized COVID-
19 patients, while /L6 transcripts appeared to be predominantly
expressed in the nasopharyngeal swabs compared to the BALF
(Figures 40, 4P, S4R, and S4S). These data demonstrate that
selected members of both IFN-IIl and IFN-I families are overrep-
resented in the lower airways compared to the upper airways of
hospitalized COVID-19 patients.

Critical COVID-19 is characterized by the induction of a
similar IFN landscape in the upper and lower airways
We next performed RNA-seq of the BALF of a subset of ICU-iso-

IFN-A1, IFN-22, and IFN-A3 to induce specific ISGs. We stimu- lated patients and of subjects with noninfectious Ilung

Figure 3. IFN-A1 and IFN-A3, but not IFN-A2 or IFN-I, characterize the upper airways of patients with mild COVID-19 and drive ISGs that
protect against SARS-CoV-2

(A-C) Targeted RNA-seq of nasopharyngeal swabs from SARS-CoV-2-negative (NEG; 3) and positive patients with known disease severity: home-isolated
patients (HI; 5), hospitalized patients (HOSP; 7), ICU inpatients (ICU; 3). (A) Heatmap depicting expression of IFN-I/IFN-II/IFN-III. The color is proportional to the Z
score. (B) Bubble plot visualization of gene set enrichment analysis (GSEA) for pathways enriched in HI, HOSP, and ICU patients. Normalized enrichment score
(NES) is depicted. Color coding corresponds to —log10 (p adjusted value [padj]). Pathways with padj < 0.05 in either group are represented. (C) Heatmap de-
picting expression of ISGs that protect against SARS-CoV-2. The color is proportional to the Z score.

(D-G) Human bronchial epithelial cells (hBECs) were treated with human recombinant IFN-A1, IFN-A2, or IFN-A3 at a concentration of 2 ng/mL for 4 or 24 h. RSAD2
(D) IFIT3 (E), LYBE (F), and APOL2 (G) mRNA expression was evaluated. Each dot represents a biological replicate. Median with range is depicted. FC, fold change
compared to untreated cells. Statistics by two-way ANOVA: ns, not significant (p > 0.05); “p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001. See also Figure S3 and
Table S4.
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Figure 4. Members of the IFN-IIl and IFN-I families are overrepresented in the lower airways of COVID-19 patients

(A-H) IFNL1 (A), IFNL2,3 (B), IFNL4 (C), IFNB1 (D), IFNA2 (E), IFNA4 (F), IL1B (G), and /L6 (H) mRNA expression was evaluated in BALF from SARS-CoV-2-positive
(BALF POS; 26, red dot) and negative (BALF NEG CTRL; 24) patients with noninfectious lung involvement such as fibrosis (8, blue dot), sarcoidosis (8, green dot),
or lung transplant (8, purple dot).
(I-P) IFNLT (1), IFNL2,3 (J), IFNL4 (K), IFNBT1 (L), IFNA2 (M), IFNA4 (N), IL1B (O), and IL6 (P) mRNA expression was evaluated in BALF (BALF POS; 26) and swabs
(Swab POS; 21) from SARS-CoV-2-positive subjects who were either hospitalized (HOSP; black dots) or ICU inpatients (ICU; red dots).

(A-P) Expression is plotted as log2 (gene/GAPDH mRNA + 0.5 x gene-specific minimum). Each dot represents a patient. Median with range is depicted. Statistics
by Mann-Whitney test: ns, not significant (p > 0.05); *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. See also Figure S4 and Table S5.
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Figure 5. Critical COVID-19 is characterized by the induction of a similar IFN landscape in the upper and lower airways

(A-E) Targeted RNA-seq of BALF from SARS-CoV-2-positive patients (BALF ICU; 7), patients with noninfectious lung pathologies (BALF NEG CTRL; 5), and
nasopharyngeal swabs from SARS-CoV-2-positive patients who were either ICU inpatients (Swab ICU; 3), hospitalized (Swab HOSP; 7), or HI (Swab HI; 5). The
color is proportional to the Z score. (A) Bubble plot visualization of GSEA for pathways enriched in BALF ICU compared to BALF NEG CTRL samples. NES is
depicted. Color coding corresponds to —log10(p adjusted value [padj]), and size corresponds to the number of genes detected for each pathway. Pathways with
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pathologies (Table S6). Gene set enrichment analysis confirmed
that IFN responses characterize COVID-19 patients compared to
non-microbially infected patients (Figures 5A and 5B). In keeping
with the capacity of IFNs to increase apoptosis and facilitate lung
tissue damage (Broggi et al., 2020a; Major et al., 2020), gene
enrichment also revealed that the p53 pathway is significantly
upregulated in COVID-19 patients (Figures 5A and 5C). Notably,
the IFN landscape in the upper and lower airways of critical pa-
tients was strikingly similar (Figure 5D). Also, the induction of
ISGs that protect against SARS-CoV2 was significantly
decreased in the lower airways of critical COVID-19 patients
compared with the upper airways of patients with milder, as
well as similar, disease severity (Figures S5A-S5C). The gene
signatures in the upper airways of mildly ill patients, compared
with either the upper or lower airways of critical patients, were
enriched for pathways associated with the induction of ISGs
and other inflammatory pathways, (Figure 5E). In keeping with
the capacity of IFNs to dampen cell proliferation and delay tissue
repair (Broggi et al., 2020a; Major et al., 2020), gene programs
linked to proliferation were significantly downmodulated in the
lower airways of critical patients compared to the upper airways
of subjects with a mild disease (Figure S5D).

Overall, these data demonstrate that a unique IFN signature
characterizes severe-to-critical COVID-19 patients along the
respiratory tract and that the induction of unique set of IFNs is
coupled with the induction of either protective ISGs or gene pro-
grams associated with apoptosis and reduced proliferation.

A unique protein IFN signature characterizes the lower
airways of COVID-19 patients compared to patients with
other ARDS or noninfectious lung pathologies

Our data show unique patterns of IFN gene expression in the
lower airways of severe COVID-19 patients. However, whether
the relative distribution of the IFN members, as measured by
mRNA transcripts, correlates with their protein levels remains
unknown. We thus assessed protein levels of IFNs and other in-
flammatory cytokines in the BALF of subjects infected with
COVID-19 compared to the BALFs of patients with ARDS not
driven by SARS-CoV-2 or patients with noninfectious lung
involvement including fibrosis, sarcoidosis, or lung transplant
(hereafter referred to as “controls”) (Table S7). In keeping with
results of the transcriptional analyses, the levels of IFN-IIl and
IFN-I measured in BALF from patients with COVID-19 were
elevated (Figures 6A-6D; STAR Methods) and, among IFN-III,
showed a predominant induction of IFN-A2,3 compared to IFN-
A1 (Figure S6A). IFN-IIl and IFN-I were also significantly upregu-
lated in COVID-19 patients relative to controls and when
compared to patients with ARDS of different etiologies (except
for IFN-A1) (Figure 6A-6D; STAR Methods). Also, we found no
correlation between age and protein levels in the lower airways
of severe COVID-19 patients (Figures S6B-S6H; STAR
Methods).
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When we compared the protein levels in the BALF and plasma
of a subset of COVID-19 patients (STAR Methods), no correlation
between these levels for any protein analyzed was found (Fig-
ures 6E-6J and S6l), confirming at the protein level the transcrip-
tional differences recently highlighted between the peripheral
blood and the lungs of COVID-19 patients (Overholt et al., 2021).

When we performed unbiased K-means clustering of the pro-
tein analyzed, we found that COVID-19 patients were signifi-
cantly enriched in cluster 3, which is characterized by a unique
signature of IFNs (which encompasses all three IFN families)
and IL-10 production (Figures 6K-60; STAR Methods). Many
proinflammatory cytokines are also upregulated in cluster 2,
which is enriched in patients who have ARDS that is not driven
by SARS-CoV-2 (Figures 6L and S6J); most of these patients
also express IFN-A1, but not other IFNs. Control patients were,
in contrast, enriched in cluster 1, characterized by low proinflam-
matory cytokine and IFN responses (Figures 6L and S6K).

Overall, these data demonstrate that COVID-19 patients are
characterized by a unique IFN signature in the lower airways rela-
tive to patients with ARDS of different etiology.

Epithelial and immune cells dictate the IFN landscape
Based on the heterogenous induction of IFNs along the respira-
tory tract of COVID-19 patients with different disease severity,
we hypothesized that different populations of cells contribute
to production of specific IFNs by activating discrete pattern
recognition receptors (PRRs). Our finding that the mRNA for
IFNL1 is absent in the lower airways of COVID-19 patients (Fig-
ure 4A), but protein levels for IFN-A1 are present at the same
anatomical site (Figure 6A), suggests that cells that actively pro-
duce the mRNA for IFNL1 are underrepresented in the BALF.
However, IFNL1 is one of the most upregulated genes in the up-
per airways, supporting the hypothesis that the cells that pro-
duce it are highly represented in the swabs. We thus explored
the cellular composition of the swabs and BALF by deconvolut-
ing our bulk RNA-seq data (Figures 7A-7C, S7A, and S7B). We
found that the epithelial compartment, represented by several
epithelial cell lineages, is more represented than the hematopoi-
etic compartment in swabs from SARS-CoV-2-negative and
positive subjects (Figures 7A, 7C, and S7A). In contrast, BALF
from both SARS-CoV-2-negative and positive patients presents
very diversified hematopoietic populations (Figures 7B and S7B)
that are more represented than epithelial cells (Figure 7C).

We thus explored how epithelial cells, or phagocytes, differen-
tially contribute to the production of IFNs during a SARS-CoV-2
encounter (Figure 7D). We confirmed that polarized hBECs of
healthy individuals are sensitive to SARS-CoV-2 infection (Fig-
ure S7C) and respond by expressing IFNs (Figures 7E-7H) and
proinflammatory cytokines (Figures S7D and S7E). Notably, hBECs
infected with SARS-CoV-2 mostly produced IFN-A1 compared to
other IFNs (Figures 7E-7H). Among human phagocytes, plasmacy-
toid dendritic cells (pDCs) respond to SARS-CoV-2 by producing

p value (pval)< 0.05 are depicted. (B and C) GSEA enrichment plot for genes belonging to the interferon alpha response (B) and p53 pathway (C) in BALF ICU and
BALF NEG CTRL samples. (D) Heatmap depicting expression of IFN-I/IFN-II/IFN-IIl IFNs in BALF ICU and Swab ICU samples. (E) Dot plot visualization of GSEA
for pathways enriched in the lower airways of critical patients (BALF ICU) and the upper airways of patients with different disease severity (Swab HI, Swab HOSP,
and Swab ICU). NES is depicted. Color coding corresponds to —log10(padj). Pathways with padj < 0.05 in any of the groups are depicted. See also Figure S5 and

Table S6.
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mainly IFN-1 (Onodi et al., 2021). Based on the potent induction of
IFN-11l in patients with mild COVID-19, we focused our attention on
conventional DCs (cDCs) that we recently described as major pro-
ducers of IFN-IIl in the lungs of mice (Broggi et al., 2020a). Human
cDCs isolated from the blood of healthy donors did not produce
IFNs or other inflammatory cytokines when exposed to SARS-
CoV-2 in vitro (data not shown). To test the possible involvement
of cDCs during COVID-19, we infected a human lung epithelial
cell (hLEC) line with SARS-CoV-2 and exposed cDCs to the super-
natant of these cells. We found that only cDCs exposed to the su-
pernatant of virally infected hLECs upregulated the expression of
IFN-22,3 (but not IFN-A1), members of the IFN-I family, as well as
IL-1B and IL-6 (Figures 71-7L, S7F, and S7G).

To identify the PRRs involved in the production of IFNs by
either human epithelial cells or cDCs, we tested different PRR li-
gands (Figure 7M). In keeping with a central role of the RIG-I/
MDA-5 pathway in epithelial cells for sensing SARS-CoV-2 (Liu
et al., 2021; Wu et al., 2021; Yin et al., 2021), stimulation of the
RIG-I pathway, and to a lesser extent of TLRS, in epithelial cells
potently induced the transcripts of IFN-IIl and IFN-I, but not of
other proinflammatory mediators (Figure S7H; STAR Methods).
The analysis of protein levels confirmed the transcriptional
data (Figures 7N, S7I, and S7J; STAR Methods). In keeping
with SARS-CoV-2 infection, epithelial cells were more potent
producers of IFN-A1 compared to IFN-A2,3 upon stimulation of
TLR3, RIG-I and MDA-5 pathways (Figures 7N and S7I).

We next evaluated the response of cDCs. As a comparison, we
also treated bulk peripheral blood mononuclear cells (PBMCs),
monocytes isolated from PBMCs, and monocyte-derived DCs
(moDCs). While PBMCs were particularly able to produce IFN-II
in response to viral and bacterial ligands, cDCs were uniquely
capable of producing very high levels of IFN-A2,3 and, to a lesser
extent, IFN-A1, solely in response to TLR3 stimulation (Figures 70
and S7K-S7M; STAR Methods). Monocytes and moDCs were
poor producers of IFNs in response to all the stimuli tested.
When these analyses were extended to other inflammatory medi-
ators, each cell type revealed a unique pattern of protein produc-
tion (Figure S7N; STAR Methods), underscoring the complexity
and cell specificity of the inflammatory response.

Collectively, these data demonstrate that epithelial cells pref-
erentially produce IFN-A1 upon SARS-CoV-2 infection and sug-
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gest that IFN production is driven via RIG-I/MDA-5 or TLR3
stimulation, that cDCs only respond to the supernatant of
SARS-CoV-2-infected cells, and that TLR3 is the major driver
of IFN-IIl production by human cDCs.

DISCUSSION

COVID-19 has caused millions of deaths and has had devas-
tating societal and economic effects. Notwithstanding the effi-
cacy of the COVID-19 vaccines, a better understanding of the
molecular underpinnings that drive the severe disease in pa-
tients infected with the SARS-CoV-2 virus is imperative to
implement effective additional prophylactic and/or therapeutic
interventions. IFN-I and IFN-IIl are potent antiviral cytokines,
and the potential of using clinical grade recombinant IFN-I or
IFN-IIl as therapeutics has raised much hope and interest
(Prokunina-Olsson et al., 2020). To date, though, opposing ev-
idence has complicated our view of the role played by mem-
bers of the IFN-I and IFN-IIl families during SARS-CoV-2
infection.

We found that in the upper airways of patients with mild man-
ifestations, the presence of IFN-A1 and IFN-A3, but not IFN-A2 or
IFN-I, was associated with the induction of ISGs known to effi-
ciently contain SARS-CoV-2. Our data also demonstrated that
critically ill patients express high levels of IFN-I (and IFN-A2)
compared to subjects with mild disease or healthy controls.
These patients show a reduced induction of protective ISGs
and, in general, IFN responses. Two non-mutually exclusive ex-
planations for this behavior may be that (1) the pattern of IFN
expression of critically ill patients is less capable of inducing
the protective ISGs; or (2) other factors, such as the production
of specific antibodies that block ISG induction (Combes et al.,
2021) or viral adaptation to evade control by IFN-I (Lei et al,,
2020; Xia et al., 2020), restrain the capacity of this set of IFNs
to mount a strong response.

The present in-depth analysis shows not only that high viral
loads of SARS-CoV-2 induce the efficient production of IFN-III
in the upper airways of younger and/or milder patients but also
that severely ill COVID-19 patients are characterized by the high-
est levels of IFNs (at the mRNA as well as protein levels) in the
lower airways. These data support the hypothesis that IFNs

Figure 6. A unique protein IFN signature characterizes the lower airways of COVID-19 patients compared to patients with other ARDS or
noninfectious lung pathologies

(A-D) IFN-A1 (A), IFN-22,3 (B), IFN-B (C), and IFN-a2 (D) protein levels were measured in the BALF of COVID-19 (BALF POS; 29, depicted with red dots), ARDS
(BALF NEG ARDS; 5 were diagnosed H1N1 and are depicted with orange dots, and the remaining 4 are depicted with brown dots), non-microbially infected (BALF
NEG CTRL; 10 affected by fibrosis are depicted with blue dots, 10 affected by sarcoidosis are depicted with green dots, and 10 transplant patients are depicted
with purple dots). Each dot represents a patient. Median with range is depicted.

(E-J) IFN-A1 (E), IFN-22,3 (F), IFN-B (G), IFN-a.2 (H), IL-1 (I), and IL-6 (J) protein levels in the BALF of COVID-19 patients (17) are plotted against protein levels in the
plasma of the same patient. Each dot represents a patient. Linear regression lines (continuous line) and 95% confidence interval (dashed line and shaded area) are
depicted in red. Spearman correlation coefficients () and p value (p) are indicated.

(K) Heatmap comparison of IFN-a2, IFN-B, IFN-v, IFN-)1, IFN-22,3, IL-10, CXCL-10, IL-1B, IL-6, tumor necrosis factor (TNF), IL-8, and IL12p70 protein levels in
the BALF of COVID-19 (29), ARDS (9), transplant (10), fibrosis (10), and sarcoidosis (10) patients. The color is proportional to the log10 transformed value of the
amount of cytokine normalized for sample volume (picograms [pg]/lavage) of each cytokine. Rows in each group represent different patients. Unbiased K-means
clustering was performed. Diagnosis, mortality, and age are annotated.

(L) Percentage of patients with the indicated diagnosis within clusters identified in (K).

(M-0) Odds ratio of containing COVID-19 patients in cluster 3 as compared to cluster 2 (M) and cluster 1 (N) and in cluster 2 as compared to cluster 1 (O) (clusters
identified in J).

Statistics by Kruskal-Wallis test with Dunn’s post hoc test: ns, not significant (p > 0.05); *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (A-D) or chi-square test for
odds ratio: ns, not significant (p > 0.05); *p < 0.05; **p < 0.01; **p < 0.001 (L-M). See also Figure S6 and Table S7.
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have opposing roles along the respiratory tract and reconcile
some of the seemingly contradictory findings on IFNs in
COVID-19 patients. Efficient initiation of IFN production in the
upper airways can lead to a more rapid elimination of the virus
and may limit viral spread to the lower airways, as suggested
by studies that report defects in IFN signaling of severe
COVID-19 patients (Bastard et al., 2020; Pairo-Castineira et al.,
2021; Wang et al., 2021; Zhang et al., 2020). On the other
hand, when the virus escapes immune control in the upper air-
ways, the IFN production that is potently boosted in the lungs
likely contributes to the cytokine storm and associated tissue
damage that are typical of patients with severe-to-critical
COVID-19, characterized by reduced proliferation and increased
pro-apoptotic p53 transcriptional signatures.

Another novel finding in the present study is that the type of IFN
produced in response to different PRR pathways varies according
to cell types. In keeping with ACE2" cells being the primary cells
infected by SARS-CoV-2, we measured a potent immune
response in hBECs, but not in cDCs, infected with SARS-CoV-2.
Nevertheless, we found that cDCs efficiently express specific
members of the IFN-IIl and IFN-I families when exposed to the su-
pernatant of lung epithelial cells previously infected with SARS-
CoV-2 or in response to double-stranded RNA (dsRNA). These
data suggest that cDCs, despite not responding directly to
SARS-CoV-2 infection, may play fundamental roles in recognizing
intermediates of viral replication and/or damage-associated mo-
lecular patterns (DAMPs) released by infected cells that are dying.

Finally, our findings highlight the importance of the timing of
production and/or administration of IFNs during COVID-19 and
suggest that early administration (before infection or early after
symptom onset) of specific recombinant IFN-IIl may be an
effective therapeutic intervention and that targeting the upper
airways, while avoiding systemic administration as previously
proposed (Park and lwasaki, 2020), represents the best way to
exploit the antiviral activities of IFNs.

In conclusion, our data define the anatomical map of inter-
and intra-family production of IFNs during COVID-19 and
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highlight how IFN production is linked to the different clinical
outcomes, based on the location of the IFN response. Our
findings reconcile a large portion of the literature on IFNs
and further stress the key role played by IFN-IIl, compared
to IFN-I, at mucosal surfaces during life-threatening viral
infections. These findings will be fundamental for designing
appropriate pharmacological interventions to prevent infec-
tion with SARS-CoV-2 or dampen the severity of COVID-19
and will help to better understand how the IFN landscape
affects human immune responses to respiratory Vviral
infections.

Limitations of the study

Our findings shed new light on the nature of the IFNs and the
molecular pathways that drive intrinsic immunity. The capacity
of lung epithelial cells to recognize and respond to viral com-
ponents is confounded by the presence of SARS-CoV-2
effector proteins that block immune recognition and IFN pro-
duction (Banerjee et al., 2020; Konno et al., 2020; Lei et al.,
2020; Wu et al., 2021). We show that high viral load in the up-
per airways of COVID-19 patients induces a potent immune
response and that viral loads are not correlated per se with
disease severity. High viral loads in the upper airways may
therefore be associated with a protective immune response
in young individuals while eliciting a dysregulated inflamma-
tory response in older patients, as observed in our study.
Nevertheless, additional studies are needed to directly link
specific IFNs to particular cell types and, above all, specific
protective or detrimental immune cell functions. As an
example, our data suggest that cDCs do not directly sense
SARS-CoV-2. Intriguingly, a recent report showed that specific
cDC subtypes may instead directly respond to SARS-CoV-2
(Marongiu et al., 2021), but the capacity of these subtypes
to produce specific IFNs remains an open question. Further-
more, understanding the specific contribution of different
PRRs to the IFN response elicited in patients infected with
SARS-CoV-2 also requires further analyses.

Figure 7. Epithelial and immune cells dictate the IFN landscape

(A-C) Targeted RNA-seq of nasopharyngeal swabs from SARS-CoV-2-positive patients who were ICU inpatients (Swab ICU; 3), hospitalized (Swab HOSP; 6), or
home-isolated (Swab HI; 4); SARS-CoV-2-negative (Swab NEG; 2) patients; and BALF from SARS-CoV-2-positive patients (BALF POS, 7) and patients with
noninfectious lung pathologies (BALF NEG CTRL; 3) was performed. Data were deconvoluted based on publicly available single-cell RNA-seq (scRNA-seq)
datasets (Ziegler et al., 2021) using CIBERSORTx (Newman et al., 2019) to extrapolate the relative cellular composition of samples. (A and B) Each cell population
in swab (A) and BALF (B) samples is depicted as a fraction of total cells. (C) Fraction of epithelial or hematopoietic cells in swab and BALF samples is depicted.
Each dot represents a patient. Median with range is depicted.

(D) Schematic of experimental setup. hBECs were infected with SARS-CoV-2 for 24 and 48 h. hLECs were infected with SARS-CoV-2 for 72 h. cDCs were treated
with supernatants from hLECs, infected or not, for 24 and 48 h. Gene expression was evaluated in hBECs and cDCs (created with BioRender).

(E-H) IFNL1 (E), IFNL2,3 (F), IFNB1 (G), and IFNA4 (H) mRNA expression was evaluated in hBECs 24 and 48 h after infection with SARS-CoV-2. Each dot
represents a biological replicate. Median with range is depicted. Dashed line represents limit of detection.

(I-L) IFNL1 (1), IFNL2,3 (J), IFNB1 (K), and IFNA4 (L) mRNA expression was evaluated in cDCs 24 and 48 h after treatment with supernatants of uninfected or SARS-
CoV-2-infected hLECs. Each dot represent a technical replicate. Median with range is depicted. Dashed line represents limit of detection. ND, not detected.
(M) Schematic of experimental setup. hBECs, PBMCs, monocytes, cDCs, and moDCs were treated for 24 h with 3p-hpRNA/LyoVec, cGAMP, CpG(C), LPS, poly
(I:C), or R848 for stimulation of RIG-1, STING, TLR9, TLR4, TLR3, or TLR7/8, respectively. Cytokine expression was evaluated on RNA extracted from cell lysates,
and cytokine production was evaluated in supernatants (created with BioRender).

(N-O) Heatmap representation of IFN-a.2, IFN-B, IFN-v, IFN-A1, and IFN-A2,3 production by hBECs (N) or cDCs (O) 24 h after treatment. The color is proportional
to the log10-transformed concentration (pg/mL) of each cytokine. (N) Rows in each group represent a biological replicate. (O) Rows in each group represent
different donors as depicted in the annotation.

Expression is plotted as log2 (gene/HPRT1 or GAPDH mRNA + 0.5 x gene-specific minimum) (E-L). Statistics by two-way ANOVA: ns, not significant (p > 0.05);
*p<0.05; *p <0.01; **p < 0.001; ***p < 0.0001 (C) or one-way ANOVA with Dunnett’s post hoc test: ns, not significant (p > 0.05); *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001 (E-L). See also Figure S7 and STAR Methods.
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