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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). In contrast,
the roles of IFN-I and IFN-IIl during SARS-CoV-2 infection have
been a matter of debate. Indeed, IFN-I and IFN-IIl exert potent
antiviral functions via the induction of IFN-stimulated genes
(ISGs). 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-IlIs)
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 TM-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
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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

¢ CellP’ress

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.

Cell 184, 4953-4968, September 16, 2021 4965



¢? CellPress

OPEN ACCESS

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Clinical samples for gene expression analysis and tar-
geted RNA-sequencing
O Clinical samples for cytokine quantification in BALF
and plasma
Isolation of human phagocytes
SARS-CoV-2 propagation and titration
O Evaluation of SARS-CoV-2 RNA amount in clinical
samples
O Culture of primary NHBE
cells (hLECs)
e METHOD DETAILS

o O

(hBECs) and Calu3

O In vitro stimulation and SARS-CoV-2 infection
of hBECs

O Measurement of cytokine levels on BALF and plasma
samples

O In vitro stimulation of human phagocytes with PRR ag-
onists and supernatant from SARS-CoV-2-in-
fected hLECs

O RNA extraction protocol and Real-Time PCR from clin-
ical samples and hBECs

O Targeted Transcriptomics

o QUANTIFICATION AND STATISTICAL ANALYSIS
o ADDITIONAL RESOURCES

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.cell.
2021.08.016.

ACKNOWLEDGMENTS

We thank the members of the Zanoni and Mancini laboratories for thoughtful
discussion and comments on the project. I.Z. is supported by NIH grants
2R01AI121066, 5R01DK115217, and NIAID-DAIT-NIHAI201700100 and the
Lloyd J. Old STAR Program (CRI3888) and holds an Investigators in the Path-
ogenesis of Infectious Disease Award from the Burroughs Wellcome Fund.
N.M. is supported by IRCSS San Raffaele Hospital Program Project Covid-
19 funds. Research done in the Wack lab was funded in whole, or in part, by
the Wellcome Trust (FC001206). For the purpose of Open Access, the author
has applied a CC BY public copyright license to any author accepted manu-
script version arising from this submission. S.C. and A.W. were supported
by the Francis Crick Institute, which receives its core funding from Cancer
Research UK (FC001206), the UK Medical Research Council (FC001206),
and the Wellcome Trust (FC001206). We thank Dr. Renato Ostuni (TIGET, Hos-
pital San Raffaele) for granting access to the ViiA7 Real-Time PCR System,
Saira Hussain (Francis Crick Institute) for preparing the virus stock used in
lung epithelial cell infection experiments, and Drs. Daniele Lilleri and Chiara
Fornara (IRCCS Policlinico San Matteo Foundation) for granting the use of
the cytofluorimeter. R.S. thanks the UCLA Institute for Quantitative and

4966 Cell 184, 4953-4968, September 16, 2021

Cell

Computational Biosciences (QCBio) Collaboratory community directed by
Matteo Pellegrini.

AUTHOR CONTRIBUTIONS

B.S. and A. Broggi designed, performed, and analyzed experiments and edi-
ted the text; L.P., V.F., L.S., A. Bottazzi, T.F., C.R., F.M., and S.B. performed
protein analyses on the BALF fluids; S.C. and A.W. designed and performed
analyses on human lung epithelial cells; A.A., E.L., E.T., and A.E.P. helped
with statistical analyses; R.F., S.S., N.C., M.C., L.M., and F.A.F. helped in
the analyses of the gene quantification from the swabs; N.C. and E.C. de-
signed, performed, and analyzed experiments with infected epithelial cells
and cDCs; J.M.L. performed gPCR analyses in vitro and edited the text;
R.S., S.W,, and J.C. helped with targeted RNA-seq analyses; N.M. designed
the experiments, supervised the project, and edited the text; I.Z. conceived
and supervised the project, designed the experiments, and wrote the paper.

DECLARATION OF INTERESTS
1.Z. reports compensation for consulting services with Implicit Biosciences.

Received: March 10, 2021
Revised: July 19, 2021
Accepted: August 12, 2021
Published: August 19, 2021

REFERENCES

Banerjee, A.K., Blanco, M.R., Bruce, E.A., Honson, D.D., Chen, L.M., Chow,
A., Bhat, P., Ollikainen, N., Quinodoz, S.A., Loney, C., et al. (2020). SARS-
CoV-2 Disrupts Splicing, Translation, and Protein Trafficking to Suppress
Host Defenses. Cell 183, 1325-1339.e21.

Bastard, P., Rosen, L.B., Zhang, Q., Michailidis, E., Hoffmann, H.H., Zhang, Y.,
Dorgham, K., Philippot, Q., Rosain, J., Béziat, V., et al.; HGID Lab; NIAID-
USUHS Immune Response to COVID Group; COVID Clinicians; COVID-
STORM Clinicians; Imagine COVID Group; French COVID Cohort Study
Group; Milieu Intérieur Consortium; CoV-Contact Cohort; Amsterdam UMC
Covid-19 Biobank; COVID Human Genetic Effort (2020). Autoantibodies
against type | IFNs in patients with life-threatening COVID-19. Science 370,
eabd4585.

Bergamaschi, L., Mescia, F., Turner, L., Hanson, A.L., Kotagiri, P., Dunmore,
B.J., Ruffieux, H., De Sa, A., Huhn, O., Morgan, M.D., et al.; Cambridge Insti-
tute of Therapeutic Immunology and Infectious Disease-National Institute of
Health Research (CITIID-NIHR) COVID BioResource Collaboration (2021).
Longitudinal analysis reveals that delayed bystander CD8+ T cell activation
and early immune pathology distinguish severe COVID-19 from mild disease.
Immunity 54, 1257-1275.e8.

Blanco-Melo, D., Nilsson-Payant, B.E., Liu, W.C., Uhl, S., Hoagland, D., Mgller,
R., Jordan, T.X., Qishi, K., Panis, M., Sachs, D., et al. (2020). Imbalanced Host
Response to SARS-CoV-2 Drives Development of COVID-19. Cell 187, 1036-
1045.€9.

Broggi, A., Ghosh, S., Sposito, B., Spreafico, R., Balzarini, F., Lo Cascio, A.,
Clementi, N., De Santis, M., Mancini, N., Granucci, F., and Zanoni, |.
(2020a). Type Il interferons disrupt the lung epithelial barrier upon viral recog-
nition. Science 369, 706-712.

Broggi, A., Granucci, F., and Zanoni, I. (2020b). Type Il interferons: Balancing
tissue tolerance and resistance to pathogen invasion. J. Exp. Med. 2717, 217.

Cheemarla, N.R., Watkins, T.A., Mihaylova, V.T., Wang, B., Zhao, D., Wang,
G., Landry, M.L., and Foxman, E.F. (2021). Dynamic innate immune response
determines susceptibility to SARS-CoV-2 infection and early replication ki-
netics. J. Exp. Med. 278, e20210583.

Combes, A.J., Courau, T., Kuhn, N.F., Hu, K.H., Ray, A., Chen, W.S., Chew,
N.W., Cleary, S.J., Kushnoor, D., Reeder, G.C., et al.; UCSF COMET Con-
sortium (2021). Global absence and targeting of protective immune states in
severe COVID-19. Nature 597, 124-130.


https://doi.org/10.1016/j.cell.2021.08.016
https://doi.org/10.1016/j.cell.2021.08.016
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref1
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref1
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref1
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref1
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref2
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref2
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref2
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref2
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref2
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref2
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref2
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref2
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref3
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref3
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref3
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref3
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref3
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref3
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref3
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref4
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref4
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref4
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref4
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref5
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref5
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref5
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref5
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref6
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref6
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref7
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref7
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref7
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref7
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref8
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref8
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref8
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref8

Cell

Galani, I.E., Rovina, N., Lampropoulou, V., Triantafyllia, V., Manioudaki, M.,
Pavlos, E., Koukaki, E., Fragkou, P.C., Panou, V., Rapti, V., et al. (2021). Un-
tuned antiviral immunity in COVID-19 revealed by temporal type I/Ill interferon
patterns and flu comparison. Nat. Immunol. 22, 32-40.

Gu, Z., Eils, R., and Schlesner, M. (2016). Complex heatmaps reveal patterns
and correlations in multidimensional genomic data. Bioinformatics 32,
2847-2849.

Guan, W.J., Ni, Z.Y., Hu, Y., Liang, W.H., Ou, C.Q., He, J.X, Liu, L., Shan, H.,
Lei, C.L., Hui, D.S.C., et al.; China Medical Treatment Expert Group for Covid-
19 (2020). Clinical Characteristics of Coronavirus Disease 2019 in China.
N. Engl. J. Med. 382, 1708-1720.

Hadjadj, J., Yatim, N., Barnabei, L., Corneau, A., Boussier, J., Smith, N., Péré,
H., Charbit, B., Bondet, V., Chenevier-Gobeaux, C., et al. (2020). Impaired type
| interferon activity and inflammatory responses in severe COVID-19 patients.
Science 369, 718-724.

Karki, R., Sharma, B.R., Tuladhar, S., Williams, E.P., Zalduondo, L., Samir, P.,
Zheng, M., Sundaram, B., Banoth, B., Malireddi, R.K.S., et al. (2021). Syner-
gism of TNF-a and IFN-vy Triggers Inflammatory Cell Death, Tissue Damage,
and Mortality in SARS-CoV-2 Infection and Cytokine Shock Syndromes. Cell
184, 149-168.e17.

Konno, Y., Kimura, ., Uriu, K., Fukushi, M., Irie, T., Koyanagi, Y., Sauter, D.,
Gifford, R.J., Nakagawa, S., and Sato, K.; USFQ-COVID19 Consortium
(2020). SARS-CoV-2 ORF3b Is a Potent Interferon Antagonist Whose Activity
Is Increased by a Naturally Occurring Elongation Variant. Cell Rep. 32, 108185.

Korotkevich, G., Sukhov, V., Budin, N., Shpak, B., Artyomov, M.N., and Ser-
gushichev, A. (2021). Fast gene set enrichment analysis. bioRxiv, 060012.

Laing, A.G., Lorenc, A., Del Molino Del Barrio, I., Das, A., Fish, M., Monin, L.,
Mufoz-Ruiz, M., McKenzie, D.R., Hayday, T.S., Francos-Quijorna, I., et al.
(2020). A dynamic COVID-19 immune signature includes associations with
poor prognosis. Nat. Med. 26, 1623-1635.

Lee, J.S., Park, S., Jeong, H.W., Ahn, J.Y., Choi, S.J., Lee, H., Choi, B., Nam,
S.K., Sa, M., Kwon, J.S., et al. (2020). Immunophenotyping of COVID-19 and
influenza highlights the role of type | interferons in development of severe
COVID-19. Sci. Immunol. 5, eabd1554.

Lei, X., Dong, X., Ma, R., Wang, W., Xiao, X., Tian, Z., Wang, C., Wang, Y., Li, L.,

Ren, L., et al. (2020). Activation and evasion of type | interferon responses by
SARS-CoV-2. Nat. Commun. 77, 3810.

Lieberman, N.A.P., Peddu, V., Xie, H., Shrestha, L., Huang, M.L., Mears, M.C.,
Cajimat, M.N., Bente, D.A., Shi, P.Y., Bovier, F., et al. (2020). In vivo antiviral
host transcriptional response to SARS-CoV-2 by viral load, sex, and age.
PLoS Biol. 18, €3000849.

Liu, G., Lee, J.H., Parker, Z.M., Acharya, D., Chiang, J.J., van Gent, M., RiedI,
W., Davis-Gardner, M.E., Wies, E., Chiang, C., and Gack, M.U. (2021). ISG15-
dependent activation of the sensor MDAS5 is antagonized by the SARS-CoV-2
papain-like protease to evade host innate immunity. Nat. Microbiol. 6,
467-478.

Lucas, C., Wong, P., Klein, J., Castro, T.B.R., Silva, J., Sundaram, M., Elling-
son, M.K., Mao, T., Oh, J.E., Israelow, B., et al.; Yale IMPACT Team (2020).
Longitudinal analyses reveal immunological misfiring in severe COVID-19. Na-
ture 584, 463-469.

Major, J., Crotta, S., Llorian, M., McCabe, T.M., Gad, H.H., Priestnall, S.L.,
Hartmann, R., and Wack, A. (2020). Type | and Il interferons disrupt lung
epithelial repair during recovery from viral infection. Science 369, 712-717.

Marongiu, L., Protti, G., Facchini, F.A., Valache, M., Mingozzi, F., Ranzani, V.,
Putignano, A.R., Salviati, L., Bevilacqua, V., Curti, S., et al. (2021). Maturation
signatures of conventional dendritic cell subtypes in COVID-19 suggest direct
viral sensing. Eur. J. Immunol. Published online August 1, 2021. https://doi.
org/10.1002/eji.202149298.

Martin-Sancho, L., Lewinski, M.K., Pache, L., Stoneham, C.A., Yin, X., Becker,
M.E., Pratt, D., Churas, C., Rosenthal, S.B., Liu, S., et al. (2021). Functional
landscape of SARS-CoV-2 cellular restriction. Mol. Cell 87, 2656-2668.€8.
McPadden, J., Warner, F., Young, H.P., Hurley, N.C., Pulk, R.A., Singh, A., Du-
rant, T.J., Gong, G., Desai, N., Haimovich, A., et al. (2020). Clinical Character-

¢? CellPress

OPEN ACCESS

istics and Outcomes for 7,995 Patients with SARS-CoV-2 Infection. medRxiv,
2020.2007.2019.20157305.

Mudd, P.A., Crawford, J.C., Turner, J.S., Souquette, A., Reynolds, D., Bender,
D., Bosanquet, J.P., Anand, N.J., Striker, D.A., Martin, R.S., et al. (2020).
Distinct inflammatory profiles distinguish COVID-19 from influenza with limited
contributions from cytokine storm. Sci. Adv. 6, eabe3024.

Newman, A.M., Steen, C.B., Liu, C.L., Gentles, A.J., Chaudhuri, A.A., Scherer,
F., Khodadoust, M.S., Esfahani, M.S., Luca, B.A., Steiner, D., et al. (2019).
Determining cell type abundance and expression from bulk tissues with digital
cytometry. Nat. Biotechnol. 37, 773-782.

Onodi, F., Bonnet-Madin, L., Meertens, L., Karpf, L., Poirot, J., Zhang, S.Y.,
Picard, C., Puel, A., Jouanguy, E., Zhang, Q., et al. (2021). SARS-CoV-2 in-
duces human plasmacytoid predendritic cell diversification via UNC93B and
IRAK4. J. Exp. Med. 278, €20201387.

Overholt, K.J., Krog, J.R., Zanoni, I., and Bryson, B.D. (2021). Dissecting the
common and compartment-specific features of COVID-19 severity in the
lung and periphery with single-cell resolution. iScience 24, 102738.

Pairo-Castineira, E., Clohisey, S., Klaric, L., Bretherick, A.D., Rawlik, K.,
Pasko, D., Walker, S., Parkinson, N., Fourman, M.H., Russell, C.D., et al.; Ge-
nOMICC Investigators; ISARIC4C Investigators; COVID-19 Human Genetics
Initiative; 23andMe Investigators; BRACOVID Investigators; Gen-COVID In-
vestigators (2021). Genetic mechanisms of critical iliness in COVID-19. Nature
591, 92-98.

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

Prokunina-Olsson, L., Alphonse, N., Dickenson, R.E., Durbin, J.E., Glenn, J.S.,
Hartmann, R., Kotenko, S.V., Lazear, H.M., O’Brien, T.R., Odendall, C., et al.
(2020). COVID-19 and emerging viral infections: The case for interferon
lambda. J. Exp. Med. 217, e20200653.

Ruan, Q., Yang, K., Wang, W., Jiang, L., and Song, J. (2020). Clinical predictors
of mortality due to COVID-19 based on an analysis of data of 150 patients from
Wuhan, China. Intensive Care Med. 46, 846-848.

Wang, E.Y., Mao, T., Klein, J., Dai, Y., Huck, J.D., Jaycox, J.R., Liu, F., Zhou,
T., Israelow, B., Wong, P., et al. (2021). Diverse functional autoantibodies in pa-
tients with COVID-19. Nature. 595, 283-288.

Wauters, E., Van Mol, P., Garg, A.D., Jansen, S., Van Herck, Y., Vanderbeke,
L., Bassez, A., Boeckx, B., Malengier-Devlies, B., Timmerman, A., et al.; CON-
TAGIOUS collaborators (2021). Discriminating mild from critical COVID-19 by
innate and adaptive immune single-cell profiling of bronchoalveolar lavages.
Cell Res. 31, 272-290.

Williamson, E.J., Walker, A.J., Bhaskaran, K., Bacon, S., Bates, C., Morton,
C.E., Curtis, H.J., Mehrkar, A., Evans, D., Inglesby, P., et al. (2020). Factors
associated with COVID-19-related death using OpenSAFELY. Nature 584,
430-436.

Winkler, E.S., Bailey, A.L., Kafai, N.M., Nair, S., McCune, B.T., Yu, J., Fox,
J.M., Chen, R.E., Earnest, J.T., Keeler, S.P., et al. (2020). SARS-CoV-2 infec-
tion of human ACE2-transgenic mice causes severe lung inflammation and
impaired function. Nat. Immunol. 27, 1327-1335.

Wu, J., Shi, Y., Pan, X., Wu, S., Hou, R., Zhang, Y., Zhong, T., Tang, H., Du, W.,
Wang, L., et al. (2021). SARS-CoV-2 ORF9b inhibits RIG-I-MAVS antiviral
signaling by interrupting K63-linked ubiquitination of NEMO. Cell Rep. 34,
108761.

Xia, H., Cao, Z., Xie, X., Zhang, X., Chen, J.Y., Wang, H., Menachery, V.D.,
Rajsbaum, R., and Shi, P.Y. (2020). Evasion of Type | Interferon by SARS-
CoV-2. Cell Rep. 33, 108234.

Yin, X., Riva, L., Pu, Y., Martin-Sancho, L., Kanamune, J., Yamamoto, Y., Sa-
kai, K., Gotoh, S., Miorin, L., De Jesus, P.D., et al. (2021). MDA5 Governs the
Innate Immune Response to SARS-CoV-2 in Lung Epithelial Cells. Cell Rep.
34, 108628.

Zhang, Q., Bastard, P., Liu, Z., Le Pen, J., Moncada-Velez, M., Chen, J.,
Ogishi, M., Sabli, .K.D., Hodeib, S., Korol, C., et al.; COVID-STORM Clinicians;
COVID Clinicians; Imagine COVID Group; French COVID Cohort Study Group;

Cell 184, 4953-4968, September 16, 2021 4967



http://refhub.elsevier.com/S0092-8674(21)00990-9/sref9
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref9
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref9
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref9
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref10
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref10
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref10
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref11
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref11
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref11
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref11
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref12
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref12
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref12
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref12
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref13
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref13
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref13
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref13
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref13
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref14
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref14
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref14
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref14
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref15
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref15
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref16
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref16
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref16
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref16
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref17
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref17
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref17
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref17
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref18
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref18
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref18
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref19
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref19
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref19
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref19
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref20
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref20
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref20
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref20
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref20
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref21
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref21
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref21
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref21
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref22
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref22
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref22
https://doi.org/10.1002/eji.202149298
https://doi.org/10.1002/eji.202149298
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref24
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref24
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref24
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref25
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref25
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref25
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref25
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref26
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref26
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref26
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref26
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref27
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref27
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref27
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref27
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref28
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref28
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref28
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref28
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref29
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref29
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref29
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref30
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref30
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref30
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref30
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref30
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref30
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref31
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref31
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref31
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref32
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref32
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref32
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref32
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref33
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref33
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref33
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref34
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref34
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref34
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref35
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref35
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref35
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref35
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref35
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref36
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref36
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref36
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref36
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref37
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref37
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref37
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref37
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref38
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref38
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref38
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref38
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref39
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref39
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref39
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref40
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref40
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref40
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref40
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref41
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref41
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref41

¢? CellPress

OPEN ACCESS

CoV-Contact Cohort; Amsterdam UMC Covid-19 Biobank; COVID Human Ge-
netic Effort; NIAID-USUHS/TAGC COVID Immunity Group (2020). Inborn errors
of type | IFN immunity in patients with life-threatening COVID-19. Science 370,
eabd4570.

Zhou, F., Yu, T., Du, R., Fan, G., Liu, Y., Liu, Z., Xiang, J., Wang, Y., Song, B.,
Gu, X., et al. (2020a). Clinical course and risk factors for mortality of adult inpa-
tients with COVID-19 in Wuhan, China: a retrospective cohort study. Lancet
395, 1054-1062.

4968 Cell 184, 4953-4968, September 16, 2021

Cell

Zhou, Z., Ren, L., Zhang, L., Zhong, J., Xiao, Y., Jia, Z., Guo, L., Yang, J.,
Wang, C., Jiang, S., et al. (2020b). Heightened Innate Immune Responses in
the Respiratory Tract of COVID-19 Patients. Cell Host Microbe 27,
883-890.e2.

Ziegler, C.G.K., Miao, V.N., Owings, A.H., Navia, A.W., Tang, Y., Bromley, J.D.,
Lotfy, P., Sloan, M., Laird, H., Williams, H.B., et al. (2021). Impaired local
intrinsic immunity to SARS-CoV-2 infection in severe COVID-19. bioRxiv,
2021.2002.2020.431155.


http://refhub.elsevier.com/S0092-8674(21)00990-9/sref41
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref41
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref41
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref41
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref42
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref42
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref42
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref42
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref43
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref43
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref43
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref43
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref44
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref44
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref44
http://refhub.elsevier.com/S0092-8674(21)00990-9/sref44

Cell

¢? CellPress

OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-human BioLegend Cat#325621; RRID: AB_893252
CD14 (clone HCD14)

Mouse monoclonal anti-human BioLegend Ca#307617; RRID: AB_493587
HLA-DR (clone L243)

Mouse monoclonal anti-human CD11c (clone 3.9) BioLegend Cat#301607; RRID: AB_389350
Mouse monoclonal anti-human CD141 (clone M80) BioLegend Cat#344103; RRID: AB_1877220

Bacterial and virus strains

SARS-CoV-2 Isolate England/02/2020

SARS-CoV-2 Isolate hCoV-19/Italy/UniSR1/2020

Respiratory Virus Unit,
Public Health England, UK

San Raffaele Hospital (Milan, Italy)

GISAID accession number: EPI_ISL_407073

GISAID accession number: EPI_ISL_413489

Biological samples

Nasopharyngeal swabs of 155
SARS-CoV-2 positive patients

Nasopharyngeal swabs of 28
SARS-CoV-2 negative patients

BALF of 26 SARS-CoV-2 positive patients
BALF of 26 SARS-CoV-2 positive patients
BALF of 29 SARS-CoV-2 positive patients

BALF of 63 SARS-CoV-2 negative patients
(5 ARDS H1IN1+, 4 ARDS H1N1-, 18
Fibrosis, 18 Sarcoidosis, 18 Transplant)

Blood collars from 11 healthy donors

Blood collar from 1 healthy donor

San Raffaele Hospital (Milan, Italy)

San Raffaele Hospital (Milan, Italy)

San Raffaele Hospital (Milan, Italy)
San Raffaele Hospital (Milan, Italy)
Luigi Sacco Hospital (Milan, Italy)

IRCCS Policlinico San
Matteo Foundation (Pavia, Italy)

Boston Children’s Hospital
(Boston, MA USA)

San Raffaele Hospital (Milan, Italy)

N/A

N/A

N/A
N/A
N/A
N/A

N/A

N/A

Chemicals, peptides, and recombinant proteins

LPS

Poly (1:C) HMW

R848

CpG(C)

2'3'cGAMP

3p-hpRNA/LyoVec

Lipofectamine 3000 Transfection Reagent
Recombinant human IFN-A1
Recombinant human IFN-A2
Recombinant human IFN-A3

RPMI 1640 medium + GlutaMAX
Penicillin-Streptomycin

FBS

DMEM

MEM non-essential amino acids solution
HEPES buffer

MEM

Histopaque

GM-CSF

IL-4

ENZO
Invivogen
Invivogen
Invivogen
Invivogen
Invivogen
Invitrogen
Peprotech
Peprotech
R&D
GIBCO
GIBCO
GIBCO
GIBCO
GIBCO
GIBCO
GIBCO
Sigma
PeproTech
PeproTech

Cat# ALX-581-013-L002
Cat# tir-pic

Cat# tIr-r848

Cat# tIrl-2395

Cat# tirl-nacga23-02
Cat# tirl-hprnalv
Cat# L3000-008
Cat# 300-02L

Cat# 300-003K
Cat# 5259-IL

Cat# 72400-047
Cat# 15140122
Cat# 10437-028
Cat# 11965-92

Cat# 11140050
Cat# 15630-080
Cat# 41090036
Cat# 1077-1

Cat# 300-03

Cat# 200-04

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

FLOQSwabs COPAN Cat# 306C

Universal Transport Medium COPAN Cat# 306C

Cobas SARS-CoV-2 Test Roche Cat# P/N 09175431190
LEGENDplex BioLegend Cat# 740390

CD14 MicroBeads
CD141 (BDCA-3) MicroBead Kit

Miltenyi Biotec
Miltenyi Biotec

Cat# 130-050-201
Cat# 130-090-512

Pure Link RNA Micro Scale kit Invitrogen Cat# 12183016

SuperScript Ill First-Strand Synthesis System Invitrogen Cat# 18080051

Tagman Fast Advanced Master Mix Applied Biosystems Cat# 4444963

Power SYBR Green RNA-to-CT 1-step kit Applied Biosystems Cat# 4389986

SuperScript VILO cDNA Synthesis Kit Invitrogen Cat# 11754-05

lon AmpliSeq Transcriptome Human lon Torrent Cat# A26325

Gene Expression Kit

Deposited data

Targeted transcriptomics raw data This study GEO Series accession number:
https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE182569

Targeted transcriptomics normalized This study Mendeley Data: https://doi.org/

read matrix 10.17632/pczgwbkizk.1

qPCR gene expression matrix This study Mendeley Data: https://doi.org/
10.17632/pczgwbkfzk.1

Cytokine expression matrix (BALF) This study Mendeley Data: https://doi.org/
10.17632/pczgwbkfzk.1

Cytokine expression matrix (Plasma) This study Mendeley Data: https://doi.org/
10.17632/pczgwbkfzk.1

Cytokine expression and gene This study Mendeley Data: https://doi.org/

expression matrix (hBECs) 10.17632/pczgwbkfzk.1

Cytokine expression matrix (Human Phagocytes) This study Mendeley Data: https://doi.org/
10.17632/pczgwbkfzk.1

FACS plot of sorted and differentiated This study Mendeley Data: https://doi.org/

human phagocytes 10.17632/pczgwbkizk.1

Experimental models: Cell lines

NHBE Lonza Cat# CC-2540

Vero C1008 (Vero 76, clone E6, Vero E6) ATCC Cat# CRL-1586

Calu-3 ATCC Cat# HTB-55

Oligonucleotides

IFNL1 Tagman Gene Expression Assay
IFNL2,3 Tagman Gene Expression Assay
IFNL4 Tagman Gene Expression Assay
IFNB1 Tagman Gene Expression Assay
IFNA2 Tagman Gene Expression Assay
IFNA4 Tagman Gene Expression Assay
IL1B Tagman Gene Expression Assay
IL6 Tagman Gene Expression Assay
GAPDH Tagman Gene Expression Assay
HPRT1 Tagman Gene Expression Assay

RSAD2 forward primer
(GCTCTAAGAGAAGCAGAAAG)

RSAD2 reverse primer
(CATCTTCTGGTTAGATTCAGG)
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Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Sigma

Sigma

Cat# Hs01050642_gH
Cat# Hs04193047_gH
Cat# Hs04400217_g1
Cat# Hs01077958_s1
Cat# Hs00265051_s1
Cat# Hs01681284_sH
Cat# Hs01555410_m1
Cat# Hs00174131_m1
Cat# Hs99999905_m1
Cat# Hs99999909_m1
N/A

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
IFIT3 forward primer (ATGAGTGAGGTCACCAAG) Sigma N/A
IFIT3 reverse primer Sigma N/A
(CCTTGAATAAGTTCCAGGTG)

LY6E forward primer (CATTGGGAATCTCGTGAC) Sigma N/A
LYBE reverse primer Sigma N/A
(CACTGAAATTGCACAGAAAG)

APOL2 forward primer Sigma N/A
(GAGAGCAGTATCTTTATTGAGG)

APOL2 reverse primer Sigma N/A
(CAGTTGTAGCAGATTCTCTC)

UBC forward primer (CGTCACTTGACAATGCAG) Sigma N/A
UBC reverse primer Sigma N/A
(TGTTTTCCAGCAAAGATCAG)

SARS-CoV-2 E gene forward primer Tib-Molbiol N/A
(ACAGGTACGTTAATAGTTAATAGCGT)

SARS-CoV-2 E gene probe (FAM-ACACTA Tib-Molbiol N/A

GCCATCCTTACTGCGCTTCG-BBQ) (FAM: 6-
carboxyfluorescein; BBQ: blackberry quencher)

SARS-CoV-2 E gene reverse primer Tib-Molbiol N/A
(ATATTGCAGCAGTACGCACACA)

Software and algorithms

Transcriptome Analysis Console (TAC) ThermoFisher N/A
software with ampliSegRNA plugin

CIBERSORTXx Newman et al., 2019 N/A
Fast Gene Set Enrichment Analysis package (fGSEA) Korotkevich et al., 2021 N/A
ComplexHeatmap package Gu et al., 2016 N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, lvan Zanoni
(ivan.zanoni@childrens.harvard.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

e Targeted transcriptomics data have been deposited at GEO and are publicly available as of the date of publication. Accession
numbers are listed in the Key resources table.

o Gene expression matrix from targeted transcriptomics, Gene expression matrix from gPCR experiments, cytokine expression
matrix from multiplex analysis of BALF, Plasma and supernatants of phagocytes are deposited at Mendeley and are publicly
available as of the date of publication. The DOl is listed in the Key resources table.

® The code used to analyze the data is available upon request to the corresponding authors.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Clinical samples for gene expression analysis and targeted RNA-sequencing

Nasopharyngeal swabs were collected using FLOQSwabs® (COPAN Cat#306C) in UTM® Universal Transport Medium (COPAN
Cat#306C) from 155 SARS-CoV-2 positive patients and from 28 negative subjects undergoing screening for suspected social con-
tacts with SARS-CoV-2 positive subjects. Nasopharyngeal swabs were collected at San Raffaele Hospital (Milan, Italy) from April to
December 2020. BALF was obtained from 26 SARS-CoV-2-positive patients hospitalized at San Raffaele Hospital (Milan, Italy) from
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March to May 2020. BALF was obtained from 24 non-infected patients: lung fibrosis patients (8) were collected from May 2018 to
September 2020; sarcoidosis patients (8) were collected from August to July 2020; lung transplant patients (8) were collected
from January 2018 to September 2020 by IRCCS Policlinico San Matteo Foundation (Pavia, Italy). See Tables S1-S6 for patient in-
formation. All samples were stored at —80°C until processing. 500 pL of each BALF and swab sample were lysed and used for RNA
extraction (see RNA extraction protocol and Real-Time PCR for clinical samples and hBECs).

Clinical metadata were obtained from the COVID-BioB clinical database of the IRCCS San Raffaele Hospital. The study was
approved by the Ethics Committee of San Raffaele Hospital (protocol 34/int/2020). All of these patients signed an informed consent
form. Our research was in compliance to the Declaration of Helsinki.

Clinical samples for cytokine quantification in BALF and plasma
BALF from 29 SARS-CoV-2 positive patients hospitalized in the Intensive Care Unit (ICU) at Luigi Sacco Hospital (Milan, Italy) were
collected from September to November 2020. The total volume for each lavage was 120ml. Blood from 17 of these patients was also
collected on the same day. BALF from patients affected by ARDS (9 in total, 5 of which were diagnosed H1N1 influenza A virus) were
collected from February 2014 to March 2018. Samples from: lung fibrosis patients (10) were collected from May 2018 to September
2020; sarcoidosis patients (10) were collected from August to July 2020; lung transplant patients (10) were collected from January
2018 to September 2020 by IRCCS Policlinico San Matteo Foundation (Pavia, Italy). The total volume for each lavage was 150ml.
None of the patients affected by lung fibrosis, sarcoidosis or that received lung transplant was diagnosed a respiratory viral or bac-
terial infection. See Table S7 for patient information.

Research and data collection protocols were approved by the Institutional Review Boards (Comitato Etico di Area 1) (protocol
20100005334) and by IRCCS Policlinico San Matteo Foundation Hospital (protocol 20200046007). All patients signed an informed
consent form. Our research was in compliance to the Declaration of Helsinki.

Isolation of human phagocytes
Human phagocytes were isolated from collars of blood received from Boston Children’s Hospital blood donor center for in vitro stim-
ulations and from San Raffaele Hospital blood donor center for SARS-CoV-2 infections. Briefly, blood was diluted 1:2 in PBS and
PBMCs were isolated using a Histopaque (Sigma Cat# 1077-1) gradient. Monocytes were positively selected from PBMCs with
CD14 MicroBeads (Miltenyi Biotec Cat# 130-050-201) by MACS technology. MoDCs were differentiated from monocytes in the pres-
ence of GM-CSF 20ng/ml (PeproTech Cat# 300-03) and IL-4 20ng/ml (PeproTech Cat# 200-04) for 7 days. MoDCs differentiation was
tested for CD14 downregulation and HLA-DR expression. cDCs were positively selected from PBMCs with CD141 (BDCA-3) Mi-
croBead Kit (Miltenyi Biotec Cat# 130-090-512) by MACS technology. Purity and differentiation were assessed by FACS and repre-
sentative plots are available on Mendeley (see Key resources table)

hBECs were expanded in a T-75 flask to 60% confluence and then trypsinized and seeded either on 48 well plates (2x10° cells/well)
for IFN stimulations or (3x10* cells/transwell) onto 0.4 um pore size clear polyester membranes (Corning Cat# 3470) coated with a
collagen solution for PRR agonist stimulations and SARS-CoV-2 infections.

SARS-CoV-2 propagation and titration

For hBECs infection experiments with SARS-CoV-2, the isolate England/02/2020 (GISAID accession ID: EPI_ISL_407073) was prop-
agated and titrated in Vero E6 cells (ATCC Cat# CRL-1586). For cDCs infection experiments with SARS-CoV-2 the isolate hCoV-19/
Italy/UniSR1/2020 (GISAID accession ID: EPI_ISL_413489) was propagated and titrated in Vero E6 cells (ATCC Cat# CRL-1586). All
infection experiments were performed in a biosafety level-3 (BSL-3) laboratory.

Evaluation of SARS-CoV-2 RNA amount in clinical samples

The viral load was inferred on nasopharyngeal swabs through cycle threshold (Ct) determination with Cobas® SARS-CoV-2
Test (Roche Cat# P/N 09175431190), a real-time PCR dual assay targeting ORF-1a/b and E-gene regions on SARS-CoV-2
genome. The mean between ORF-1a/b and E Ct was used as an indirect measure of the viral load. Non-infectious plasmid
DNA containing a specific SARS-CoV-2 sequence and a pan-Sarbecovirus sequence is used in the test as positive control.
A non-Sarbecovirus related RNA construct is used as internal control. The test is designed to be performed on the automated
Cobas® 6800 Systems under Emergency Use Authorization (EUA). The test is available as a CE-IVD test for countries accept-
ing the CE-mark.

Culture of primary NHBE (hBECs) and Calu3 cells (hLECs)
NHBE (hBECs) were expanded in a T-75 flask to 60% confluence and then trypsinized and seeded either on 48 well plates (2x10°
cells/well) for IFN stimulations or (3x10* cells/transwell) onto 0.4 um pore size clear polyester membranes (Corning Cat# 3470) coated
with a collagen solution for PRR agonist stimulations and SARS-CoV-2 infections.

Calu-3 (hLECs, ATCC Cat# HTB-55) were cultured in MEM (GIBCO Cat# 41090036) and supplemented with MEM non-essential
amino acids solution (GIBCO Cat#11140050), Penicillin-Streptomycin (GIBCO Cat#11140050), Sodium Pyruvate and 10% FBS
(GIBCO Cat#10437-028).

e4 Cell 184, 4953-4968.e1-e6, September 16, 2021



Cell ¢? CellPress

OPEN ACCESS

METHOD DETAILS

In vitro stimulation and SARS-CoV-2 infection of hBECs

IFN stimulations were performed one day after seeding by treating cells with 2ng/ml IFN-A1, IFN-A2 and IFN-A3 for 4 and 24 hours.
Cell lysates were processed for RNA extraction as described below. For PRR agonist stimulations and SARS-CoV-2 infections
cells were grown in submersion until confluent, and then exposed to air to establish an air-liquid interface (ALI). At ALI day 15,
cells were stimulated with LPS (100 ng/ml), R848 (10 pg/ml), CpG(C) (1 pM), Poly (I:C) (50 pg/ml), Poly (I:C) (1 ug/10° cells) + Lip-
ofectamine, 3p-hpRNA/LyoVec (100 ng/ml), and cGAMP (10 ng /ml). Supernatants and cell lysates were collected 24 hours post
treatment. Supernatants were processed with LEGENDplex™ (BioLegend Cat# 740390) according to manufacturer’s instructions
and read by flow cytometry. Lysates were processed for RNA extraction as described below. For SARS-CoV-2 infections on day
15 of ALl cells were washed apically with PBS and infected at a multiplicity of infection (MOI) of 10~ for 30 minutes at 37°C. The
inoculum was then removed, and cell lysates were collected at 24 or 48 hours post infection for RNA extraction as
described below.

Measurement of cytokine levels on BALF and plasma samples

BALF specimens from COVID-19 patients were managed in a biosafety level 3 laboratory until viral inactivation with a 0.2% SDS and
0.1% Tween-20 solution and heating at 65 °C for 15 min. Cell-free BALF supernatants were stored at — 20 °C until analysis. Blood
was centrifuged at 400 g for 10 minutes without brake and plasma was stored at — 20 °C until analysis. Samples were processed with
LEGENDplex™ (BioLegend Cat# 740390) according to manufacturer’s instructions and read by flow cytometry.

In vitro stimulation of human phagocytes with PRR agonists and supernatant from SARS-CoV-2-infected hLECs
PBMCs, monocytes, moDCs and cDCs were stimulated with LPS (100 ng/ml), R848 (10 ug/ml), CpG(C) (1 uM), Poly (I:C) (50 pg/mi),
3p-hpRNA/LyoVec (2.5 ng/ml), and cGAMP (10 ug/ml). Supernatants were collected 24 hours post treatment and stored at — 20 °C
until analysis. cDCs were also stimulated with conditioned media from hLECs. hLECs were infected or not with SARS-CoV-2 at an
MOI of 10~ and supernatant was collected 72 hours post infection. Cell lysates were collected 24 and 48 hours after treatment for
RNA extraction as described below.

RNA extraction protocol and Real-Time PCR from clinical samples and hBECs

RNA was extracted from nasopharyngeal swabs, BALFs, hBECs (stimulated with PRR agonists, with IFNs and infected with SARS-
CoV-2) lysates and cDCs (stimulated with supernatant from SARS-CoV-2 infected hLECs) using Pure Link RNA Micro Scale kit (In-
vitrogen Cat# 12183016) according to manufacturer’s instruction, including in-column DNase treatment. Reverse transcription was
performed on all samples except IFN-treated hBECs using SuperScript™ IIl First-Strand Synthesis System (Invitrogen Cat#
18080051) according to manufacturer’s instruction. qRT-PCR analysis was then carried out with Tagman™ Fast Advanced Master
Mix (Applied Biosystems Cat#4444963) by using specific Tagman™ Gene Expression Assays from Thermo Fisher. IFNL1
(Hs01050642_gH), IFNL2,3 (Hs04193047_gH), IFNL4 (Hs04400217_g1), IFNB1 (Hs01077958_s1), IFNA2 (Hs00265051_s1), IFNA4
(Hs01681284_sH), IL1B (Hs01555410_m1) and /L6 (Hs00174131_m1) expression was assessed with respect to the housekeeping
gene GAPDH (Hs99999905_m1) or HPRT1 (Hs99999909_m1). gRT-PCR was performed on IFN-treated hBECs with Power SYBR
Green RNA-to-CT 1-step kit (Applied Biosystems Cat#4389986) from Thermo Fisher using primers (Sigma) for the following genes:
UBC, RSAD2, IFIT3, LYBE, APOL2. Expression was assessed with respect to the housekeeping UBC. SARS-CoV-2 E gene expres-
sion in infected hBECs was quantified by real-time reverse transcription PCR. All transcripts were tested in triplicate for each sample
on ViiA7 Real-Time PCR System (Thermo Fisher) for clinical samples, on Quantastudio 3 Real-Time PCR System (Thermo Fisher) for
hBECs stimulated with PRR agonists and infected with SARS-CoV-2 and on CFX384 real time cycler (Bio-rad) for hBECs stimulated
with IFNs and cDCs infected with SARS-CoV-2.

Targeted Transcriptomics

For targeted transcriptome sequencing, RNA (15ng) isolated from clinical samples described in Tables S4 and S6 was retro-tran-
scribed to cDNA using SuperScript VILO cDNA Synthesis Kit (Invitrogen Cat# 11754-05). Barcoded libraries were prepared using
the lon AmpliSeq Transcriptome Human Gene Expression Kit (lon Torrent Cat# A26325) as per the manufacturer’s protocol and
sequenced using an lon S5 system (lon Torrent Cat# A27212). Differential gene expression analysis was performed using the Tran-
scriptome Analysis Console (TAC) software with the ampliSegRNA plugin (ThermoFisher Scientific).

We used CIBERSORTx (Newman et al., 2019) to estimate the abundances of epithelial end hematopoietic cell types using using
bulk gene expression data as an input and scRNaseq signature matrices from single-cell RNA sequencing data to provide the refer-
ence gene expression profiles of pure cell populations. The scRNaseq signature matrix used to deconvolute RNaseq dataset from
swabs or BALFs were derived from Wauters et al. (2021) and Ziegler et al. (2021).

Gene set enrichment analysis and enrichment plot were generated in R using the Fast Gene Set Enrichment Analysis pack-
age (fGSEA) (Korotkevich et al., 2021). Heatmaps were generated in R and visualized with the ComplexHeatmap package (Gu
et al., 2016). Clustering analysis was performed using Euclidean distances on individual z-scores. Code available upon
request.
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QUANTIFICATION AND STATISTICAL ANALYSIS

One-way ANOVA with Turkey’s post hoc test was used to compare continuous variables among multiple groups. Kruskal-Wallis test
with Dunn’s post hoc test or Multiple Mann-Whitney tests with Holm-Sidak method were used instead when data did not meet the
normality assumption. Fisher’s exact test was used to compare categorical variables. Spearman correlation analysis was used to
examine the degree of association between two continuous variables. To establish the appropriate test, normal distribution and vari-
ance similarity were assessed with the D’Agostino-Pearson omnibus normality test.

Cluster analysis with unbiased K-mean methods based on the expression of IFN-I, IFN-IIl and the proinflammatory cytokine IL-1
were used to classify a subset of COVID-19 patients into 3 exclusive clusters.

Cluster analysis with unbiased K-mean methods based on the expression of Interferons and pro-inflammatory cytokines in the
BALF were used to classify COVID-19 patients, non-COVID-19 ARDS patients, and controls into 3 exclusive clusters. Heatmaps
and K-mean clustering were generated in R and visualized with the ComplexHeatmap package. Clustering analysis was performed
using Euclidean distances. Estimated (K) value was selected based on the elbow point cluster number. Logistic regression models
were performed to estimate the association of gene expression as binary outcome within viral load terciles (defined by mean viral
RNA CT < 20, > 20 and < 30, > 30), and clusters (cluster 1, cluster 2 and cluster 3). Interaction between viral load terciles and age
groups (=70 years versus < 70 years) were tested to detect significant difference between elder patients and young patients in their
gene expression response to different levels of viral load. All statistical analyses were two-sided and performed using Prism9 (Graph-
pad) software or SAS version 9.4 (SAS Institute). All statistical analyses are indicated in figure legends. Throughout the paper signif-
icant is defined as follows: ns, not significant (p > 0.05); *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.

ADDITIONAL RESOURCES

A subset of samples included in this study were obtained from the following clinical trial: NCT04318366, https://www.clinicaltrials.
gov/ct2/show/NCT04318366.
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Figure S1. 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, related to Figure 1

(A-C) Age distribution (A), number (B) and percentage (C) of females and males in cohorts of patients (Swab NEG, Swab POS) analyzed in Figures 1A-1L and
Figures S1D-S10. (A) Each dot represents a patient. Violin plots are depicted. (D, E) IL1B (D), and /L6 (E) mRNA expression was evaluated in nasopharyngeal
swabs from SARS-CoV-2-negative (Swab NEG) and -positive (Swab POS) subjects. Each dot represents a patient. Median with range is depicted. Dashed line
represents limit of detection. (F-M) Percentage of patients that express (Expressed, black bars) or not (Undetected, red bars) IFNL1 (F), IFNL2,3 (G), IFNL4 (H),
IFNBT1 (1), IFNA2 (J), IFNA4 (K), IL1B (L), and IL6 (M) in Swab POS and Swab NEG cohorts. (N-O) IL1B (N), and /L6 (O) mRNA expression is plotted against mean
viral RNA CT in Swab POS cohorts. 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. (P-W) Percentage of patients that express (Expressed, black bars) or
not (Undetected, red bars) IFNL1 (P), IFNL2,3 (Q), IFNL4 (R), IFNB1 (S), IFNA2 (T), IFNA4 (U), IL1B (V), and IL6 (W) in viral load tercile cohorts (“+,” “++,” “+++7). (X,
Y) IL1B (X), and IL6 (Y) mRNA expression is plotted against mean viral RNA CT in swabs from SARS-CoV-2 positive patients over 70-year-old (> 70, blue dots and
lines) and below 70-year-old (< 70, orange dots and lines). Each dot represents a patient. Linear regression (continuous lines), 95% confidence interval (dashed
line and shaded area), Spearman correlation coefficients () and p value (p) are indicated in blue and in orange for > 70 and < 70 year-old patients respectively. (Z-
AG) Odds ratio of expressing IFNL1 (Z) mRNA in “+++” with respect to “++” SARS-CoV-2 positive swabs and IFNL2,3 (AA), IFNL4 (AB), IFNB1 (AC), IFNA2 (AD),
IFNA4 (AE), IL1B (AF), and IL6 (AG) mRNA in “+++” and “++” with respect to “+” SARS-CoV-2 positive swabs in > 70 (blue dots and lines) and < 70 (orange dots
and lines) patients. Symbols represent the odds ratio. Error bars represent the 95% confidence interval associated to the odds ratio. NE: not estimable, AB) no
patient in group expresses IFNL4, AF) all patients in group express IL1B. (D, E, N, O, X, Y) Expression is plotted as log2 (gene/GAPDH mRNA + 0.5 x gene-specific
minimum). Statistics: (A) Unpaired t test: ns, not significant (p > 0.05); *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001. (D, E) Mann-Whitney test: ns, not
significant (p > 0.05); *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001. (F-M and P-W) Fisher’s exact test with Bonferroni correction: ns, not significant (p >
0.05); *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001. (Z-AG) Odds ratio: ns, not significant (p > 0.05); #p < 0.05, ##p < 0.01, ###p < 0.001. Interaction
analysis: ns, not significant (p > 0.05); *p < 0.05, *p < 0.01, **p < 0.001. See also Tables S1 and S2.



Cell ¢ CelPress

OPEN ACCESS

A D E
15 B ¢ 100 15
8 10 HI Cluster 1 H—e—iNs  Cluster 1 —ei—i ns ® ++ 8 10 ++
s HOSP 2 50 w2 i
3 5 v Clust Cluster 2 S g 5
g uster 3 [] uster L NS 2
’ 01 1 10 100 0.01 01 1 10 ’ °
> N9 . A . 5 N9 5 N9
& 8 8 & 8 8 @ 8
¥ AT P F P T F P P
[l [ e [l e

Figure S2. 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, related to
Figure 2

(A) Number of samples from each disease severity group (HI = home-isolated, HOSP = hospitalized and ICU = Intensive care unit) within each cluster identified in
Figure 2J. (B-C) Odds ratio of patients in Cluster 1 being hospitalized or admitted to the ICU relative to patients in Cluster 3 (B) and Cluster 2 (C) (Clusters identified
in Figure 2J). Symbols represent the odds ratio. Error bars represent the 95% confidence interval associated to the odds ratio. (D-E) Percentage (D) and number
(E) of samples from each viral load tercile (“+++,” “++,” “+”) within each cluster identified in Figure 2J. Viral load terciles (“+++,” “++,” “+”) are defined by mean
viral RNA CT (< 20, > 20 and < 30, > 30). Statistics: (B-C) Chi Square test for odds ratio: ns, not significant (p > 0.05); *p < 0.05, **p < 0.01, **p < 0.001. See also
Table S3.
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Figure S3. 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, related to Figure 3

(A-F) Targeted RNA-sequencing 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-B) Gene set enrichment analysis (GSEA) enrichment plot for genes belonging to the
interferon alpha response (HALLMARK Pathways) between HOSP and HI (A) and ICU and HI (B) cohorts of patients. (C) Normalized enrichment score (NES) and p
value of interferon alpha response geneset (HALLMARK Pathways) in HI, HOSP and ICU patients as compared to NEG. (D-E) GSEA enrichment plot for protective
ISG geneset (Curated Geneset derived from Martin-Sancho et al., 2021) between HOSP and HI (D) and ICU and HI (E) cohorts of patients. (F) Normalized
enrichment score (NES) of protective ISG geneset in HI, HOSP and ICU patients as compared to NEG. See also Table S4.



D
IFNL1
ns
100
m Expressed
[
% B Undetected
€ 50
@
2]
X
0
QO% «Qy
& O
» &
¥
N
%v
H IFNA2
*
100
B Expressed
"
%_ B Undetected
£ 50
I
2]
B
0]
QO% &Qy
& O
» &
¥
N
@v
L IFNL1
ns
100
B Expressed
w
2 B Undetected
€ 50
@
2]
ES
0]
& &
K
2 )
P
IFNA2
ns
100
B Expressed
%}
3 B Undetected
€ 50
3
ES
0
9 9
&L L
& &

30
38 20
Q
£
& 10
I+
0
S N O
((QO C’}Q‘ QO
N o &
¥ & o
XK o
&
@v
IFNL2,3
ns
100
[}
K]
Q.
£ 50
&
N
0
O% &Qy
AR
» &
Q ~
X
@v
IFNA4
ns
100
[}
K]
Q.
£ 50
&
N
0
S N
((Qo &
» &
Q) ~
&
%v
IFNL2,3
ns
100
[72]
Ko}
Q.
£ 50
3
N
0
& &
N
X
IFNA4
*
00
(%]
K
Q.
£ 50
&
N
0
5 o
QQO L
& &

O Females
B Males

B Expressed
B Undetected

B Expressed
B Undetected

W Expressed
B Undetected

B Expressed
B Undetected

100
- O Females
2 B Males
€ 50
3
=
0]
O o O
QO C,}Q‘ QO
Sy
N2 )
5
@?‘
IFNL4
*kk
100
B Expressed
(%]
%_ B Undetected
£ 50
3
3
0]
S N
((QO (,}Q-
O
Y &
¥
N
@v
IL1B K
*kk
100
B Expressed
0
2 B Undetected
£ 50
3
X
0]
= N
QQO C,)\Q‘
)
SR
X &
N
Y.
2
IFNL4
ns
100

B Expressed
B Undetected

0
& &
Sy
X &
IL1B
ns
100
B Expressed
12}
2 B Undetected
£ 50
&
X
0
S S
&L
& &

-

% samples

% samples

-

% samples

-

% samples

¢ CellP’ress

OPEN ACCESS

IFNB1
*
00
m Expressed
B Undetected
50
0
<20% 6@5/
& &
Q! ((é
M
@V‘
IL6
*kkk
00
m Expressed
B Undetected
50
0
QO% C}Q&
&
Q! ((é
M
@V
IFNB1
ns
00
m Expressed
50 B Undetected
0
& &
Ny
X &
IL6
*%*
00
B Expressed
B Undetected
50
0]
] ]
&L L
) @
X o
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Figure S4. Members of the IFN-IIl and IFN-I families are overrepresented in the lower airways of COVID-19 patients, related to Figure 4
(A-C) Age distribution (A), number (B) and percentage (C) of females and males in cohorts of patients (BALF POS, BALF NEG CTRL and Swab POS) analyzed in
Figure 4A-P. (A) Each dot represents a patient. Violin plots are depicted. (D-K) Percentage of patients in BALF from SARS-CoV-2-positive (BALF POS, 26) and
-negative (BALF NEG CTRL, 24) that express (Expressed, black bars) or not (Undetected, red bars) IFNL1 (D), IFNL2,3 (E), IFNL4 (F), IFNB1 (G), IFNA2 (H), IFNA4
(), IL1B (J), and IL6 (K). (L-S) Percentage of patients (BALF POS, 26) and swabs (Swab POS, 21) from SARS-CoV-2-positive subjects that express (Expressed,
black bars) or not (Undetected, red bars) IFNL1 (L), IFNL2,3 (M), IFNL4 (N), IFNB1 (O), IFNA2 (P), IFNA4 (Q), IL1B (R), and IL6 (S). Statistics: (D-S) Fisher’s exact
test: ns, not significant (p > 0.05); *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001. See also Table S5.
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Figure S5. Critical COVID-19 is characterized by the induction of a similar IFN landscape in the upper and lower airways, related to Figure 5
(A-C) Targeted RNA-sequencing of BALF from SARS-CoV-2 positive patients (BALF ICU, 7), and from nasopharyngeal swabs from SARS-CoV-2 positive patients
that were either ICU inpatients (Swab ICU, 3) hospitalized (Swab HOSP, 7) or home-isolated (Swab HI, 5). (A-C) GSEA enrichment plot for protective ISG genes
(curated Geneset derived from Martin-Sancho et al., 2021) between Swab ICU and BALF ICU (A), Swab HOSP and BALF ICU (B), Swab Hl and BALF ICU (C). (D)
GSEA enrichment plot for genes involved in the G2M checkpoint (HALLMARK Pathways) between Swab HI and BALF ICU. (A-D) NES: Normalized enrichment
score. See also Table S6.
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Figure S6. A unique protein IFN signature characterizes the lower airways of COVID-19 patients compared to patients with other ARDS or
non-infectious lung pathologies, related to Figure 6
(A) IFN-A1 and IFN-22,3 protein levels were measured in the BALF of COVID-19 patients (29). Each dot represents a patient. Median and range are depicted.
Dashed line represents limit of detection. (B-H) IFN-A1 (B), IFN-A2,3 (C), IFN-B (D), IFN-a2 (E), IL-1B (F), IL-6 (G) and IFN-vy (H) protein levels in the BALF of COVID-
19 patients (29) are plotted over age. (l) IFN-y protein levels in the BALF of COVID-19 patients (17) are plotted against protein levels in the plasma. (J-K) Odds ratio
of containing ARDS patients in Cluster 2 as compared to Cluster 3 (J) and of containing non-microbially infected control patients in Cluster 1 as compared to
Cluster 3 (K) (Clusters identified in Figure 6J) (B-l) 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. Statistics: (A) Unpaired t test: ns, not significant (p > 0.05);
*p <0.05, *p <0.01, **p < 0.001, and “****p < 0.0001. (J-K) Chi Square test for odds ratio: ns, not significant (p > 0.05); *p < 0.05, **p < 0.01, **p < 0.001. See also

Table S7.
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Figure S7. Epithelial and immune cells dictate the IFN landscape, related to Figure 7

(A-B) Sunburst plots representing cell population fractions in Swabs (A) and BALF (B) as identified in Figure 7A, B. (C-E) SARS-CoV-2 E gene (C), IL1B (D), IL6 (E)
mRNA expression was evaluated in hBECs 24 and 48 hours after infection with SARS-CoV-2. Each dot represents a biological replicate. Median with range is
depicted. Dashed line represents limit of detection. (F-G) IL1B (F), IL6 (G) mRNA expression was evaluated in cDCs 24 and 48 hours after treatment with su-
pernatants of uninfected or SARS-CoV-2-infected hLECs. Each dot represents a biological replicate. Median with range is depicted. Dashed line represents limit
of detection. (H-J) hBECs were treated with 3p-hpRNA/LyoVec, cGAMP, CpG(C), LPS, Poly (I:C) and R848 for stimulation of RIG-I, STING, TLR9, TLR4, TLR3 and
TLR7/8 respectively. (H) Heatmap representation of IFNL2,3, IFNL1, IFNB1, IFNA2, CCL5, OASL1, IL6, TNF and IL1B mRNA expression 24 hours after treatment.
The color is proportional to Log2 (Fold Change) of each gene. Rows in each group represent biological replicates distributed as indicated in the legend. (I) IFN-A1
and IFN-12,3 production by hBECs treated for 24h with PRR ligands. Poly (1:C) (TLR3), 3p-hpRNA/LyoVec (RIG-I) and transfected Poly (I:C) (RIG-I/MDAS) were
used. Each dot represents a biological replicate. Median with range is depicted. (J) Heatmap representation of IL-8, CXCL10, IL-6 and IL-1p production 24 hours
after stimulation. The color is proportional to the Log10 transformed concentration (pg/ml) of each cytokine. Rows in each group represent a biological replicate.
(K-M) Heatmap representation of IFN-a.2, IFN-B, IFN-v, IFN-x1 and IFN-A2,3 production by PMBCs (K), Monocytes (L), moDCs (M) 24 hours after treatment. The
color is proportional to the Log10 transformed concentration (pg/ml) of each cytokine. (N) Heatmap representation of IL-1B, IL-6, TNF-a, IL-8, IL-12p70, GMCSF,
IL-10 and CXCL10 production cDCs 24 hours after treatment. (J-N) The color is proportional to the Log10 transformed concentration (pg/ml) of each cytokine.
Rows in each group represent different donors as depicted in the annotation on the right. (C-E, F, G) Expression is plotted as log2 (gene/HPRT1 or GAPDH
mRNA + 0.5 x gene-specific minimum). Statistics: (C-E, F,G, ) One-Way ANOVA with Dunnett’s post hoc test: ns, not significant (p > 0.05); “p < 0.05, **p < 0.01,
***p < 0.001, and ***p < 0.0001. See also STAR Methods.
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