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Chapter 1. Introduction.

Interferons and their receptors.
Interferons (IFNs) were first discovered by Isaacs and Lindenmann in

1957 as soluble factors that interfere with viral infection (Isaacs et al.
1957; lIsaacs and Lindenmann 1957). Later on, they have been
identified as antiviral proteins that are secreted by cells in response to
different stimuli (Pestka and Langer 1987).

As of today, three families of IFNs have been identified in mammals.
Type | IFNs are composed of 13 IFN-a subtypes in humans (14 in mice),
IFN-B, IFN-6, IFN-g, IFN-k, IFN-T, IFN-w, and IFN-C (McNab et al. 2015;
Pestka, Krause, and Walter 2004). Type | IFNs were the first to be
discovered (Isaacs et al. 1957; Isaacs and Lindenmann 1957). They can
be produced by almost every cell type upon stimulation of pattern
recognition receptors (PRRs). Type | IFNs all signal through the
heterodimeric type | IFN receptor (IFNAR) composed of IFNAR1 and
IFNAR2 subunits whose expression is ubiquitous.

Type Il IFNs consist of IFN-y. IFN-y was discovered in 1965 (Wheelock
1965). It is produced mainly by lymphocytes of the immune system
namely natural killer (NK) cells, natural killer T (NKT) cells and CD8+
and CD4+ T cells in the context of viral and intracellular bacterial
infections and in response to tumors (Schoenborn and Wilson 2007).
IFN-y signals through the ubiquitous IFN-y receptor (IFNGR) that is
composed of two IFNGR1 ligand-binding subunits associated with two

IFNGR2 subunits.



In humans type Ill IFNs consist of IFN-A1 (1L29), IFN-A2 (IL28A) and IFN-
A3 (IL28B) that were identified by two independent groups in 2003
(Kotenko et al. 2003) (Sheppard et al. 2003). The latest addition to the
family is IFN-A4 which was initially thought to be a pseudogene. It is
now clear that it is a gene whose expression depends on a single
nucleotide polymorphism (SNP) (ss469415590, TT/AG). The TT allele
causes a frameshift that suppresses its production while the AG allele
allows for it to be encoded (Prokunina-Olsson et al. 2013). Mice only
have functional Ifnl2 and Ifni3, while Ifnl1 and Ifnl4 are pseudogenes
(Hemann, Gale, and Savan 2017). The heterodimeric IFN-A receptor
IFNLR is composed of the specific subunit IFNLR1 (IFNLRA) and IL10RB
(IL10R2), which is shared with other cytokines of the IL-10 family (such
as IL-10, IL-22 and IL-26) and is ubiquitously expressed (Durbin,
Kotenko, and Durbin 2013). On the contrary, IFNLR1 is preferentially
expressed on cells of epithelial origin including cells of the intestinal
and respiratory tract (Ye, Schnepf, and Staeheli 2019) and on some
immune cells including neutrophils (Broggi et al. 2017), plasmacytoid
dendritic cells (pDCs) (Megjugorac, Gallagher, and Gallagher 2009),
lung DCs (Hemann et al. 2019; Koltsida et al. 2011) and B cells (de
Groen et al. 2015).



Canonical and non-canonical signaling of IFNs.
All IFN receptors activate the Janus kinase (JAK)- signal transducers

and activators of transcription (STAT) pathway (Figure 1).

IFN-I binding to their receptor activates the kinases TYK2 and JAK1
which are bound to IFNAR1 and IFNAR2 respectively. In the canonical
pathway, they phosphorylate cytosolic STAT1 and STAT2 leading to the
assembly of STAT1-STAT2 heterodimer that associates with IFN-
regulatory factor 9 (IRF9) to form IFN-stimulated gene factor 3 (ISGF3)
transcription factor. Other pathways are also activated including
STAT1 homodimers, also called gamma interferon-activated factor
(GAF), and several combinations of STAT 1/2/3/4/5/6 (Stanifer,
Pervolaraki, and Boulant 2019). The multitude of these pathways can
induce a broad range of IFN-stimulated genes (ISGs) whose promoters
are characterized by the presence of IFN-stimulated response
elements (ISRE) and/or y-activated sequence (GAS) elements that are
activated by ISGF3 or STAT1 homodimers respectively (McNab et al.
2015). Different tissue expression, binding affinities for IFNAR1 and
IFNAR2, as well as receptor density on target cells, are responsible for
the specific action of each type I IFN subtype (Jaks et al. 2007; Moraga
et al. 2009).

IFN-y also activates the JAK-STAT pathway. IFNGR subunits IFNGR1 and
IFNGR2 are associated with JAK1 and JAK2 respectively (Schroder et al.
2004). Upon activation they preferentially but not exclusively
phosphorylate STAT1 leading to the formation of STAT1 homodimers
that translocate to the nucleus, bind the GAS DNA sequence and

induce ISG transcription.



The post-receptor events elicited by type | and lll IFNs share several
similarities as well as significant differences. IFN-A binding of IFNLR1
and [L10RB activates JAK1 and TYK2. However, only JAK1 is
indispensable for type Il IFN signaling (Fuchs et al. 2016). Moreover,
JAK2 is phosphorylated downstream of IFNLR and contributes to the
response induced by IFN-III (S.-J. Lee, Kim, and Moon 2012; Odendall
et al. 2014; Broggi et al. 2017). Similarly to IFN-I, the subtypes of IFN-
[l differ in their affinity for the two receptor subunits and the stability
of the ligand-receptor complex that they form (Egli et al. 2014).

The JAK-STAT signaling cascade downstream of IFNLR is very similar to
that of IFNAR and it leads to the upregulation of a largely overlapping
set of ISGs controlled by both ISRE and GAS motifs (Ank et al. 2008) (Z.
Zhou et al. 2007). However, the induction of ISGs in response to IFN-III
is delayed compared to IFN-I (Marcello et al. 2006) (Jilg et al. 2014).
Additionally, IFN-I have been shown to trigger a more potent
inflammatory response compared to IFN-IIl (Davidson et al. 2016)
(Galani et al. 2017). This is due to a higher induction of the
proinflammatory transcription factor IRF1, a GAS motif-induced ISG,
by IFN-I than IFN-III (Forero et al. 2019). Distinct receptor expression
and regulation of receptor cell surface levels by internalization and
degradation can also differentially modulate type | and Ill IFN activity.
Moreover, their receptors have different susceptibilities to inhibitory
phosphatases and to negative regulators such as ubiquitin-specific
protease 18 (USP18) and suppressor of cytokine signaling 1 and 3
(SOCS1 and SOCS3), that are all ISGs. USP18 prevents the interaction
of IFNAR2 with JAK1 and inhibits IFN-a signaling but does not bind the

10



IFNLR (Malakhova et al. 2006) (Blumer et al. 2017). SOCS1 and SOCS3
block type | IFN whereas only SOCS1 blocks type lll IFN signaling
(Piganis et al. 2011; Blumer et al. 2017; Liu et al. 2015).

Several JAK-STAT independent pathways are activated downstream of
IFN receptors including the phosphatidyl-inositol 3-kinase (PI3K) and
the mitogen-activated protein kinases (MAPK) and can contribute to
the diversity of the responses elicited by the three classes of IFNs
(Durbin, Kotenko, and Durbin 2013).

Finally, signaling downstream of IFNLR via JAK2 was shown to have
translation-independent effects. In particular, it inhibited the activity
of the AKT kinase leading to unique IFN-A immunomodulatory

responses (Broggi et al. 2017).
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Figure 1. Canonical IFN signaling cascade. IFN-I signal through IFNAR1
and IFNAR2 heterodimers and activate JAK1 and TYK2; IFN-III signal
through IFNLR1 and IL10RB heterodimers and activate JAK1, TYK2 and
JAK2; IFN-II signals through dimers of heterodimers consisting of
IFNGR1 and IFNGR2 and activates JAK1 and JAK2. IFN-I and Il lead to
the phosphorylation and dimerization of STAT1 and STAT2 and to the
recruitment of the IFN-regulatory factor 9 (IRF9) to form the IFN-
stimulated gene factor 3 (ISGF3). IFN-Il phosphorylates STAT1.
Phosphorylated STAT1 homodimers form the gamma IFN-activated
factor (GAF). ISGF3 and GAF translocate to the nucleus and induce
expression of IFN-stimulated genes (ISGs) regulated by IFN-stimulated
response elements (ISRE) and gamma-activated sequence (GAS)
promoter elements respectively. Modified from (Akamatsu et al.

2021).
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Induction of type | / Ill IFNs.
My thesis focuses on type | and type Il IFNs that constitute a frontline

host defense system. They are among the first molecules to be induced
upon recognition of a variety of microbial signals called pathogen-
associated molecular patterns (PAMPs). PAMPs consist of nucleic acid
motifs, lipopolysaccharides, glycoproteins and proteoglycans that are
critical for microbial survival and are thus conserved and shared by
different microorganisms. They are recognized by germline-encoded
pattern recognition receptors (PRRs).

The first major distinction between IFN-I and Il is that IFN-I can be
produced and sensed by almost every cell type. Thus they can mediate
a systemic effect (McNab et al. 2015). Instead, IFN-IIl act primarily on
epithelial and immune cells at barrier surfaces (Galani et al. 2017;
Lazear, Schoggins, and Diamond 2019; Ye, Schnepf, and Staeheli 2019).
However, IFN-I and Il are upregulated downstream of the same
subsets of PRRs. In the context of RNA virus infections, they can be
induced by RIG-I-like receptors (RLRs) (Loo and Gale 2011) and Toll-like
receptors (TLRs) (Uematsu and Akira 2008).

RLRs are a family of cytosolic RNA helicases composed of retinoic acid-
inducible gene | (RIG-1), melanoma differentiation-associated factor 5
(MDADS5) and laboratory of genetics and physiology 2 (LGP-2). RIG-I and
MDAS are known to recognize viral double-stranded RNA (dsRNA)
while LGP-2 is thought to have regulatory functions (Yoneyama et al.
2005). During most viral infections dsRNA is present either as a
replicative intermediate or as it constitutes the viral genome of dsRNA

viruses (Chen and Hur 2022). RIG-I binds dsRNA with specific
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characteristics that are found in viral RNA molecules but not in host
cytosolic RNA: 5’ppp-RNA or uncapped 5’ ppRNA and with no ribose 2’-
O-methylation at the 5’ terminal nucleotide. MDAS recognizes dsRNA
filaments whose specific features have not been fully characterized
(Rehwinkel and Gack 2020).

RIG-1 and MDA-5 form filaments along the fragment of dsRNA and
oligomerize via their caspase activation and recruitment domains
(CARDs). Their oligomerized CARD domains are then able to interact
with the CARD domains on mitochondrial antiviral-signaling protein
(MAVS) that is anchored to mitochondria, mitochondrial-associated
membranes (MAMs) and peroxisomes that also oligomerize to form
filaments. MAVS activates TANK-binding kinase 1 (TBK1) and Ik
kinase-€ (IKKe) leading to the phosphorylation of IRF3 and IRF7 (Chen
and Hur 2022; Rehwinkel and Gack 2020) (Figure 2). IRF7 is an ISG and
is upregulated upon the initial wave of IFN transcription induced by
IRF3. Phosphorylated IRF3 and IRF7 together with nuclear factor kappa
B (NF-kB ) trigger the expression of type | and Ill IFNs. Localization of
MAVS on the peroxisome or on the mitochondria can favor the
production of IFN-A1 or IFN-B, respectively (Odendall et al. 2014).
TLRs are present on the cell surface or on endosomal compartments.
They are formed by an N-terminal PAMP-binding domain and a C-
terminal intracellular domain called the Toll/interleukin-1 receptor (IL-
1R) (TIR) domain that mediates signaling events. The main TLRs that
are involved in RNA virus sensing and IFN-I/Ill induction are TLR3 and
TLR7/8 which recognize dsRNA and single-stranded (ssRNA)

respectively. Additionally, TLR4 can recognize proteins present on viral
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envelopes (Uematsu and Akira 2008) (Jensen and Thomsen 2012).
Upon binding of dsRNA, TLR3 dimerizes and the two TIR domains
recruit TIR domain-containing adaptor protein inducing IFN-B (TRIF) (L.
Liu et al. 2008) (Yamamoto et al. 2003). TRIF recruits TNF receptor-
associated factor 3 (TRAF3) which activates IKKe and TBK1 that
phosphorylate IRF3 and IRF7 and induce type | and Il IFNs. TRIF also
binds to TRAF6 leading to NF-kB activation and expression of
proinflammatory genes (Kawai and Akira 2006) (Figure 2).

TLR7 binds ssRNA released by viruses in the endosomes. The adaptor
myeloid differentiation primary response gene 88 (MyD88) is recruited
to the TIR domain and it associates with interleukin-1 receptor-
associated kinase 4 (IRAK4). Ultimately this leads to IRF7
phosphorylation as well as NF-kB and activator protein 1 (AP-1)
activation that together trigger IFN-I and proinflammatory gene
expression, respectively. This pathway of IFN-I induction has mainly
been described in pDCs that constitutively express IRF7 (Uematsu and
Akira 2008) (Moynagh 2005).

TLR4 recognition of proteins of the viral envelope leads to its
dimerization. Subsequently, it can bind the TIR domain-containing
adaptor protein (TIRAP) which recruits MyD88 and induces NF-kB and
AP-1-mediated induction of proinflammatory genes. In alternative, it
can translocate to the endosomal compartment and bind the TRIF-
related adaptor molecule (TRAM) that recruits TRIF allowing for IFN-I
and Ill induction (Kagan and Medzhitov 2006) (Kagan et al. 2008)
(Odendall, Voak, and Kagan 2017).

Despite being downstream of the same PRRs there are differences in

15



the induction of type | and type Il IFNs. At the transcriptional level, it
has been shown that the promoters of IFN-A1 and IFN-B are controlled
by NF-kB, AP-1 and by either IRF3 or IRF7, whereas IFN-A2-3 and IFN-a
are more dependent on IRF7 (Osterlund et al. 2007) (Onoguchi et al.
2007). Moreover, IRF1 is required for virus-induced IFN-A1 expression
and production but dispensable for IFN-B expression (Odendall et al.
2014; Reis et al. 1994, Siegel, Eskdale, and Gallagher 2011; Ueki et al.
2013). It also appears that IFN-A1, and not IFN-B, can be induced
independently by IRFs or NF-kB and that AP-1 is dispensable for IFN-A1
expression ( Odendall et al. 2014; Thomson et al. 2009). These findings
characterize some of the distinctions in the induction of IFN-I and IlI
but additional research will be required to further explain the diversity

in cells producing them as well as in the kinetics of their expression.
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Figure 2. RLR and TLR3 dsRNA sensing and downstream signaling.
dsRNA can be detected in the endosome by TLR3 and in the cytosol by
the RIG-l1 and MDA-5. Ligand binding leads to their oligomerization and
activation of their adaptors TRIF and MAYVS, respectively. Their
signaling cascades activate TRAFs and TBK1 that lead to the
phosphorylation of IRF3 and IRF7. Phosphorylated IRF3 and IRF7
together with activated NF-kB and AP-1 induce IFN-I and IFN-III
expression. Modified from (Chen and Hur 2022).
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Type | / 1 IFNs in IAV and SARS-CoV-2 infections.
Type | and Il IFNs are critical effectors of the mucosal innate immune

system against infection with respiratory RNA viruses including
influenza A virus (IAV) and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (lwasaki and Pillai 2014; Park and Iwasaki
2020). They trigger an antiviral state in infected and bystander cells via
induction of ISGs and activate the adaptive immune response to
viruses (lvashkiv and Donlin 2014). Thus, IAV and SARS-CoV-2 have
multiple virulence factors that block IFN responses at every stage from
their induction downstream of PRRs, to their signaling, and ultimately
to the action of the antiviral effectors encoded by ISGs (Garcia-Sastre
2011; Lei et al. 2020; Park and lwasaki 2020).

IAV infection in mice deficient in type | and Il IFN signaling has shown
that only lack of both receptors makes them unable to control the
infection, suggesting that their antiviral functions are partially
redundant (Crotta et al. 2013; McNab et al. 2015; Mordstein et al.
2010; 2008; Ye, Schnepf, and Staeheli 2019). However, it is increasingly
clear that they act in a coordinated manner at different stages of 1AV
infection progression. The nasal epithelium is the port of entry of IAV.
Upon infection, nasal epithelial cells induce IFN-A more strongly and
earlier than IFN-I and are essential to promote a strong and prolonged
antiviral response in the upper airways (Galani et al. 2017; Jewell et al.
2010). In models where IAV is selectively administered to the upper

airways, IFN-A are essential to prevent viral spread to the lower
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airways and to reduce virus shedding and transmission (Klinkhammer
et al. 2018). If the infection progresses, type | IFNs are induced and
mediate a strong local and systemic antiviral response (Galani et al.
2017).

In addition to promoting cell-intrinsic antiviral responses, type | IFNs
modulate innate and adaptive cell responses to IAV and, according to
the experimental model, they enhance or inhibit them (McNab et al.
2015). Also, type Il IFNs have immunostimulatory functions during IAV
infection. They limit the expression of proinflammatory genes in
neutrophils (Galani et al. 2017) and indirectly promote protective
adaptive immune responses (Hemann et al. 2019; Koltsida et al. 2011;
Ye et al. 2019).

However, type | and Il IFNs can also contribute to immunopathology
during viral infections. IFN-I can promote uncontrolled lung
inflammation and epithelial cell apoptosis (Davidson et al. 2014;
Hogner et al. 2013a). Prolonged production of type Il IFNs also has a
detrimental effect during lung repair following IAV infection as they
induce apoptosis and reduce the proliferation of epithelial cells (Major
et al., 2020). Finally, type | and Ill IFNs increase susceptibility to post-
IAV secondary Staphylococcus aureus (S. aureus) and Streptococcus
pneumoniae (S. pneumoniae) infections (Kudva et al. 2011; Pires and
Parker 2018; Planet et al. 2016; Shahangian et al. 2009).

Exogenous administration of IFN-a and IFN-A shows that they both
restrict IAV replication but only IFN-a cause strong inflammatory side
effects that contribute to mouse morbidity (Davidson et al. 2016;

Galani et al. 2017).

19



Critical insight into the role of IFNs in SARS-CoV-2 infections can be
obtained from mouse models of two other highly pathogenic
coronaviruses: SARS-CoV and Middle East respiratory syndrome
coronavirus (MERS-CoV). SARS-CoV mouse-adapted virus causes mild
pathology in C57BL/6 and 129 and severe pathology in BALB/c mice. In
models of mild pathology, IFN-I and Il are necessary for viral control
and are thus protective (Frieman et al. 2010; Mahlakdiv et al. 2012).
On the contrary, in models with severe SARS IFN-I induction is
detrimental because it happens too late to contain the viral spread and
it contributes to inflammatory lung damage. Only administration of
IFN-B before and not after viral load peak blocks viral replication and
is protective (Channappanavar et al. 2016). In MERS-CoV, IFN-I are
protective as their induction is sufficiently early in the course of the
infection (Channappanavar et al. 2019; Zhao et al. 2014). Similarly to
SARS-CoV, also upon infection with MERS-CoV mice benefit only from
early treatment with IFN-B while its administration after viral peak
aggravates the disease (Channappanavar et al. 2019; Zhao et al. 2014).
All these studies show that the timing of IFN responses determines
their beneficial or detrimental effect during coronavirus infections
(Figure 3).

Initially, mice studies on IFN responses to SARS-CoV-2 were limited
because SARS-CoV-2 spike (S) protein from viral strains early in the
pandemic did not bind mouse angiotensin-converting enzyme 2 (ACE2)
that is required to enter host cells (Halfmann et al. 2022). Mice did not
support SARS-CoV-2 infection unless the virus was adapted to mouse

ACE2 or human ACE2 (hACE2) was expressed in transgenic mice or by

20



transduction with an adenovirus or adeno-associated virus expressing
hACE2 (Mufioz-Fontela et al. 2020). Irf37Irf77, Ifnar1”- and Stat1”
mice expressing hACE2 in the lungs via viral vectors all had impaired
ISG expression, recruitment of proinflammatory cells into the lungs
and in some models viral clearance (Israelow et al. 2020; Sun et al.
2020). Likely IFN-A also played a protective role as the strongest
phenotype of Stat1”- mice couldn’t be recapitulated by lack of type |
or type Il IFN signaling alone (Sun et al. 2020). The lack of IFN-I, IFN-III,
and even more both, increased mice susceptibility to infection with
mouse-adapted SARS-CoV-2 (Beer et al. 2022). Prophylactic and
therapeutic administration of IFN-IIl protected WT, Ifnarl”’" and
hACE2-expressing mice from infection with mouse-adapted and
original strains of SARS-CoV-2 (Dinnon et al. 2020; Sohn et al. 2021;
Beer et al. 2022). When SARS-CoV-2 strains acquired a mouse-
adapting mutation in the S protein they could be used to infect mice
in the absence of hACE2 (Halfmann et al. 2022). Ifnir1”7- mice had a
higher viral burden compared to WT mice when infected with the Beta
and Omicron SARS-CoV-2 variants (Chong et al. 2022). Only intranasal
delivery of IFN-A2 (both before and during infection) decreased viral
burden and inflammation while its subcutaneous administration did
not (Chong et al. 2022). In conclusion, IFN-I and Ill act in a concerted
and nonredundant manner in response to SARS-CoV-2. The use of IFN-
A in the upper airways early in the course of the infection or as
prophylaxis are both promising clinical approaches.

Several clinical studies have looked at the induction of IFN-I and Il in

coronavirus disease 2019 (COVID-19) patients. Autoantibodies against
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type | IFNs and inborn defects in TLR3, IRF7, IRF9 and IFNAR1 have
been identified in patients with severe COVID-19 indicating that the
inhibition of IFN responses can be a driver of disease severity (Bastard
et al. 2020; Zhang et al. 2020).

Among the papers that analyzed the peripheral production of IFNs
some show that the IFN response in serum and PBMCs of COVID-19
patients is defective (Blanco-Melo et al. 2020; Hadjadj et al. 2020).
Others detect robust IFN responses in PBMCs from COVID-19 patients
compared to healthy controls (Zhu et al. 2020) and in monocytes from
severe compared to mild COVID-19 patients (J. S. Lee et al. 2020).
When analyzing serum IFN-a and IFN-A longitudinally they were
sustained at high levels in patients with severe compared to moderate
COVID-19 (Lucas et al. 2020) or expressed only in critically ill patients
with a delayed kinetic compared to IAV patients (Galani et al. 2021).
Another set of papers looked at IFN responses at the site of infection.
The nasal ISG response was correlated with nasal SARS-CoV-2 load and
infectivity and with serum IFN-a levels, except in critically ill patients
with IFN-I autoantibodies (Lopez et al. 2021). A strong ISGs induction
was detected in the nasal mucosa of patients infected with SARS-CoV-
2 with mild symptoms compared to other viral infections (Mick et al.
2020; Ng et al. 2021). Finally, a study has shown that in the nasal
epithelium severe patients have a defective induction of IFN-
responsive and anti-viral genes (Ziegler et al. 2021). These data suggest
that when patients mount a strong IFN response at the site of infection
disease severity is contained. The impairment of IFN-mediated cell-

intrinsic immunity in the nasal mucosa can aggravate pathology, likely
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due to the consequent inability to restrict the infection to the upper
airways. Moreover, bronchoalveolar lavage fluid (BALF) samples from
patients with severe COVID-19 compared to ones with community-
acquired pneumonia and healthy controls display higher ISG
expression. This indicates that in the lower airways of severe patients
IFN responses are indeed induced and are possibly contributing to
immunopathology (Zhuo Zhou et al. 2020).

IFN-a and IFN-B have been evaluated for the treatment of COVID-19 in
several randomized control trials, often in combination with other
antivirals, but their efficacy has not been consistent (Sodeifian et al.
2022). The use of different subtypes, dosage and timing of
administration could explain these discrepancies. Even though
patients would benefit most from early-stage treatment with IFNs,
several trials have assessed their efficacy on severe patients in the
later stages of the disease (Jhuti et al. 2022; Park and Iwasaki 2020).
Subcutaneous delivery of pegylated IFN-A1 was also tested in placebo-
controlled clinical trials for COVID-19 patients. Despite being
administered in the early stages of the infection, it accelerated virus
clearance only in one (Feld et al. 2021) of the two trials (Jagannathan
et al. 2021).

Timing and location of the IFN response are crucial to promoting an
effective antiviral response to SARS-CoV-2 without aggravating disease
severity (Channappanavar 2022; Park and Iwasaki 2020). Severe
pathology can occur when IFN responses are defective either because
of host factors such as autoantibodies against IFN-1 and genetic defects

in the IFN signaling pathway (Bastard et al. 2020; Zhang et al. 2020) or
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due to the ability of SARS-CoV-2 proteins to effectively interfere with
PRR sensing, IFN production, IFN signaling and ISG effector functions
(Park and Iwasaki 2020). On the other hand, an excess or a delay in
them can also be detrimental as they can contribute to

immunopathology.

IFN response
IFN response

Viral load
Viral load

Time Tm\e‘
Early IFN response Delayed IFN response
Rapid viral clearance Viral persistence, inflammation
Mild disease Severe disease

Figure 3. Timing determines the outcome of IFN responses in
coronavirus infections. Early induction of IFNs allows for viral
clearance and does not contribute to pathology. A delayed IFN
response is incapable of containing viral replication, it contributes to
inflammation and tissue damage thus aggravating disease severity.

Modified from (Park and Iwasaki 2020).
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Type I / 1 IFNs in IBD.
Inflammatory bowel diseases (IBD) are chronic inflammatory disorders

of the gastrointestinal tract that include ulcerative colitis (UC) and
Crohn’s disease (CD). CD is characterized by transmural inflammation
that usually affects the ileum but that can extend to any region of the
gastrointestinal tract. In UC inflammation is limited to the colon
mucosa. Growing evidence indicates that CD and UC are caused by a
dysregulation in the interaction between the host’s intestinal
epithelium, immune system and gut microbiota (Abraham and Cho
2009; Maloy and Powrie 2011; Nell, Suerbaum, and Josenhans 2010).
Mouse studies have investigated the involvement of IFN-I/Ill in these
pathologies. Importantly, the gut mucosa of adult mice has a
compartmentalized IFN system in which epithelial cells respond
preferentially to IFN-A and lamina propria lymphocytes mostly respond
to IFN-I (Lin et al. 2016; Mahlakdiv et al. 2015; Pott et al. 2011). A
widely used mouse model for IBD is dextran sulfate sodium (DSS)-
induced colitis. It involves an acute phase in which DSS administration
in drinking water causes chemical destruction of the intestinal
epithelium, invasion of the lamina propria by commensals and
inflammation. It is followed by a repair phase in which the epithelial
barrier is reestablished after the removal of DSS (Kiesler, Fuss, and
Strober 2015). In this model, IFN-I are protective in the acute phase as
they reduce inflammation, but are detrimental because they delay

tissue recovery (Katakura et al. 2005; Rauch et al. 2014). Type Ill IFNs
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are beneficial in the acute phase as lack of IFN-III signaling aggravates
DSS-induced colitis and administration of exogenous IFN-A2
ameliorates it (Broggi et al. 2017; Chiriac et al. 2017; Rauch et al. 2015).
This phenotype can be explained by their ability to inhibit tissue-
damaging functions of neutrophils (Broggi et al. 2017) and to induce a
STAT1-dependent increase in intestinal cell proliferation (Chiriac et al.
2017). The combined loss of IFN-I and Il signaling causes more severe
disease in DSS-induced colitis compared to the lack of individual
signaling (McElrath et al. 2021; Rauch et al. 2015). IFN-I and Il
upregulate the ISG amphiregulin that promotes intestinal barrier
repair by acting on lamina propria immune cells and epithelial cells
respectively (McElrath et al. 2021). However, IFN-IIl can also disrupt
the intestinal barrier by inducing cell death of Paneth cells, that are
pivotal for stem cell survival in small intestine crypts, via caspase
8/mixed lineage kinase domain-like (MLKL) (Glinther et al. 2019). Also,
IFN-1Il are upregulated in the ileum and colon biopsies of CD and UC
patients (Chiriac et al. 2017; Giinther et al. 2019). Moreover, genome-
wide association studies (GWAS) have identified several [BD-
associated loci that are involved in type | and Il IFN signaling (Andreou,
Legaki, and Gazouli 2020; Jostins et al. 2012; J. Z. Liu et al. 2015). The
possibility that similarly to type | IFNs, IFN-IIl might have opposing
effects according to the phase of the disease in CD and UC is still under
investigation.

The use of IFN-a and IFN-B has been tested in IBD patients with
controversial outcomes. Some studies showed a beneficial effect

(Madsen et al. 2001; E. Musch et al. 2007; Nikolaus et al. 2003) but
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other studies failed to show efficacy (Eugen Musch et al. 2005; Pena
Rossi et al. 2009; Pena-Rossi et al. 2008; Tilg et al. 2003) and the use
of IFN-a in other pathological contexts was associated with the
development of UC (Schott et al. 2007; Watanabe et al. 2006). So far,

type Il IFNs have not been evaluated for the treatment of IBD.

Antiproliferative and proapoptotic roles of type I / lll IFNs.
Among the wide array of responses induced by IFNs is their ability to

increase the susceptibility of cells to apoptosis triggers and to block
cell proliferation (Chawla-Sarkar, Lindner, and Borden 2003; Li et al.
2008; Maher et al. 2008). Indeed, IFNs can regulate both intrinsic (or
mitochondrial) and extrinsic (or death receptor-mediated) apoptosis
pathways (Parker, Rautela, and Hertzog 2016; Thyrell et al. 2002). The
antiproliferative and proapoptotic actions of IFNs enable them to
contain viral spread in infected cells and to promote antitumor effects
in malignant cells. However, enhanced apoptosis can interfere with
tissue repair in different pathological contexts.

A useful mouse model to study gut epithelium repair is gastrointestinal
damage following exposure to gamma radiation. Radiations trigger the
production of reactive oxygen species (ROS) that damage cellular
components including DNA. Total body irradiation (TBI) causes
hematopoietic and intestinal damage. Partial or sub-total body
irradiation (SBI) shields and preserves bone marrow to avoid
hematopoietic syndrome. In SBI actively replicating cells such as
intestinal stem cells and progenitor cells are more radiosensitive and

are thought to die by p53-mediated cell death (Kim, Yang, and
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Bialkowska 2017; Kirsch et al. 2010). Within the first two days from
irradiation, crypt cells undergo apoptosis resulting in crypt and villus
shortening (Kim, Yang, and Bialkowska 2017; Booth et al. 2012). This
apoptotic phase is followed by a regenerative phase between days 2
and 4 in which the surviving crypt cells regenerate crypts and finally
the system returns to homeostasis.

In this context IFNs can be induced downstream of PRRs that recognize
damage-associated molecular patterns (DAMPs). In TBI, signaling
downstream of TLR3 was shown to induce cell death of crypt cells in
an IRF3 and IFNAR-independent manner (Takemura et al. 2014).
Instead, IFN-B, and not IFN-a, downstream of cGAS-STING was shown
to promote crypt regeneration via compensatory proliferation
(Leibowitz et al. 2021). So far the role of IFN-IIl in gut repair following

radiation injury has not been evaluated.

Scope of the thesis.
Despite a striking similarity in the ISG responses elicited by signaling

via type | and Il IFN receptors, unique functions of type lll IFNs are
increasingly being identified (Ye, Schnepf, and Staeheli 2019). IFN-III
act on epithelial cells and on a restricted subset of immune cells mostly
at mucosal barriers. They are considered frontline defenders of
epithelia with the benefit of inducing less damage than IFN-I (Lazear,
Schoggins, and Diamond 2019). In the course of my PhD, | have
explored the possible contribution of IFN-IIl to immunopathology in
the context of several pathological conditions namely viral respiratory

infections, IBD and radiation-induced small intestinal damage.
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In particular, in Chapters 2 and 3, my colleagues and | have mimicked
the induction of an antiviral and tissue-damaging response in the lungs
by injecting mice intratracheally with agonists of PRRs. Using this
model, we investigated the cellular source and signaling pathways
leading to IFN-IIl induction and assessed if and how they impact
morbidity. Moreover, we measured the expression and production of
IFN-IIl and IFN-I in nasopharyngeal swabs and BALF of COVID-19
patients. We correlated their levels and the transcriptional responses
they elicit along the respiratory tract to disease severity. We also
explored the pathways of detection of SARS-CoV-2 by epithelial and
immune cells and how this impacts their differential production of
specific members of the IFN-I and Il families.

In Chapter 4 we tested if the responses elicited by IFN-IIl upon repair
of the lung epithelium could also be observed in the gastrointestinal

tract following radiation or DSS-induced injury.
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Abstract.
Viral infections of the lower respiratory tract are a leading cause of

mortality. Mounting evidence indicates that most severe cases are
characterized by aberrant immune responses and do not depend on
viral burden. In this study, we assessed how type lll interferons (IFN-A)
contribute to the pathogenesis induced by RNA viruses. We report that
IFN-A is present in the lower, but not upper, airways of patients with
coronavirus disease 2019 (COVID-19). In mice, we demonstrate that
IFN-A produced by lung dendritic cells in response to a synthetic viral
RNA induces barrier damage, causing susceptibility to lethal bacterial
superinfections. These findings provide a strong rationale for
rethinking the pathophysiological role of IFN-A and its possible use in
clinical practice against endemic viruses, such as influenza virus as well
as the emerging severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) infection.
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Introduction.
The ability to resolve viral infections of the lung is dependent on the

actions of interferons (IFNs) and inflammatory cytokines, yet their
relative contributions to host defense and return to homeostasis
remain undefined. In particular, type Il IFNs (IFN-A) have attracted
much attention, as they operate primarily at mucosal surfaces (Broggi,
Granucci, and Zanoni 2020). Recent work established that, unlike other
IFNs, IFN-A signaling induces antiviral activities while simultaneously
limiting the tissue-damaging functions of neutrophils (Blazek et al.
2015; Broggi et al. 2017; Galani et al. 2017). When considered in the
context of respiratory viral infections in which inflammation appears
to be the primary driver of life-threatening symptoms, including the
recently emerged severe acute respiratory syndrome (SARS)-
coronavirus (CoV)-2 (Merad and Martin 2020), the ability of IFN-A to
limit immunopathology but maintain antiviral activity is noteworthy.
Discussions on the possible use of IFN-A against SARS-CoV-2 have
begun (Prokunina-Olsson et al. 2020) and clinical trials have been
initiated. However, despite this interest in the use of IFN-A to treat viral
infections, the long-term effects of IFN-A on lung physiology remain
largely overlooked. For example, during viral infections of the lung,
immunopathology may predispose the host to opportunistic bacterial
infections and IFN-A impairs bacterial control during superinfections
(Planet et al. 2016; Rich et al. 2019). It remains unresolved whether
this is due to the anti-inflammatory activity of IFN-A, which reduces
host resistance, or to the capacity of IFN-A to alter lung physiology

upon a viral encounter. Indeed, superinfections represent the first
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cause of lethality upon influenza virus infection (McCullers 2014) and
correlate with severity in coronavirus disease 2019 (COVID-19)

patients (Zhang et al. 2020).

Results.
Mouse models of SARS, Middle east respiratory syndrome (MERS)

(Channappanavar et al. 2019; Frieman et al. 2010) and influenza
(Broggi, Granucci, and Zanoni 2020; Major et al. 2020) are
characterized by a robust induction of type | and Il IFNs. However, the
involvement of these cytokines in COVID-19 is controversial (Blanco-
Melo et al. 2020; Zhou et al. 2020). To directly evaluate the capacity of
SARS-CoV-2 to induce IFNs, we tested naso-oropharyngeal swabs of
COVID-19 patients and healthy controls, as well as the bronchoalveolar
lavage fluid (BALF) of SARS-CoV-2-positive patients with severe COVID-
19. Levels of IFN mRNAs in the upper airways of COVID-19 patients
were not significantly different from healthy controls. By contrast,
BALF of patients with severe disease presented elevated levels of both
inflammatory cytokines as well as type | and Il IFNs (Fig. 1A-E).

To evaluate the contribution of IFN-A to the immunopathology driven
by RNA respiratory viruses uncoupled from its effect on viral
replication, we devised an experimental system in which pattern
recognition receptors (PRRs) involved in viral sensing were stimulated
with their cognate ligands. RNA viruses are sensed via either
endosomal Toll-like receptor (TLR) 3 and TLR7 or cytoplasmic retinoic
acid-inducible gene | (RIG-1) and melanoma differentiation-associated

protein 5 (MDAS) (Iwasaki and Pillai 2014). We intratracheally instilled
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the TLR7 ligand, R848, or the synthetic analog of double-stranded RNA,
polyinosine-polycytidylic acid [poly (I:C)], that stimulates both TLR3
and the RIG-I/MDAS5 pathway in vivo (Kato et al. 2006). PRRs were
stimulated over the course of 6 days to elicit prolonged innate immune
activation in the lung. Both ligands induced hypothermia (Fig. 1F) and
weight loss (fig. S1A), but only poly (I:C) compromised barrier function
(Fig. 1G and fig. S1B). IFN mRNAs were strongly upregulated by poly
(I:C) but not R848 (Fig. 1H, 1). By contrast, R848 treatment induced the
upregulation of proinflammatory cytokines (i.e. //1b) but this did not
correlate with barrier function decrease (Fig. 1G-J and fig. S1B).

Alterations in the epithelial barrier predispose mice to lethal bacterial
superinfections (Jamieson et al. 2013). We therefore infected mice
treated with either R848 or poly (I:C) with Staphylococcus aureus. Mice
treated with poly (I:C) died upon S. aureus infection (Fig. 1K) and had
higher bacterial burdens (Fig. 1L), more intense hypothermia, and
greater barrier damage (fig. S2A, B). S. aureus infection did not alter
the pattern of cytokine expression compared to that in mice treated
with viral ligands only (fig. S2C-E). Upon poly (I:C) administration, IFN-
B and IFN-A transcript and protein levels were rapidly upregulated and
plateaued (fig. S3A-D), whereas S. aureus bacterial burden increased
with consecutive injections of poly (I:C) (fig. S3E). IFN-stimulated genes
(ISGs), but not pro-inflammatory cytokines, were also sustained over
time (fig. S3F-1). These data suggest that chronic exposure to IFNs
aggravates bacterial superinfections. Because the protein levels of IFN-
A were very high compared to IFN-B (fig. S3C, D), we assessed whether

IFN-A was sufficient to exacerbate bacterial superinfections. We
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administered exogenous IFN-A either alone, or with R848, which
induces inflammation but not IFN production (Fig. 1H-J). The
administration of IFN-A with R848, but not IFN-A alone, was sufficient
to induce sensitivity to S. aureus infection (Fig. 1M, N and fig. S3J).
Thus, in an inflamed lung, IFN-A is sufficient to aggravate
superinfections.

In contrast to wild-type (WT) mice, mice deficient in IFN-A receptor 1
(Ifnlr1) expression were protected from poly (I:C)-induced morbidity
and barrier damage (Fig. 2A, B and fig. S4A, B). Ifnlr1~/~ mice were also
resistant to superinfection with S. aureus (Fig. 2C-F). By contrast, the
absence of Ifnir1 did not affect mRNA or protein levels of IFNs or pro-
inflammatory cytokines (fig. S4C-H). We next generated reciprocal
bone marrow chimeras in which either the hematopoietic or the
stromal compartments were defective for IFN-A signaling. Absence of
Ifnirl in the stromal compartment, but not in hematopoietic cells,
phenocopied complete Ifnirl deficiency (Fig. 2G, H, and fig. S5).
Furthermore, there was no difference in myeloid immune cell
recruitment in Ifnlr1”/~ compared to WT mice (fig. S6A-D) and
depletion of neutrophils did not affect bacterial burden (fig. S6E). Thus,
IFN-A signaling in epithelial cells is necessary and sufficient to induce
susceptibility to a secondary infection.

A targeted transcriptomic analysis on lung epithelial cells from mice
treated with poly (I:C) revealed a potent downregulation of the IFN
signature in Ifnlr1”- compared to WT mice (Fig. 3A, B, fig. S7 and data
Table S1). This finding confirmed the predominant role of IFN-A as

opposed to type | IFNs during prolonged viral sensing in the lung.

55



Consistent with the observed defect in barrier function, genes
associated with apoptosis and the activation of the p53 pathway were
enriched in WT compared to Ifnlr1”~ epithelial cells (Fig. 3B). By
contrast, pathways involved in positive regulation of the cell cycle
were enriched in Ifnlr1- cells (Fig. 3C). Accordingly, epithelial cells in
Ifnir1~- mice, as well as in stromal Ifnir1~/~ chimeras, proliferated more
efficiently after poly (I:C) administration, in the presence or absence
of S.aureus (Fig. 3D-G). The most downregulated gene in Ifnlrl™/-
epithelial cells compared with WT cells was the E3 ubiquitin-protein
ligase makorin-1 (Mrkn1) (Fig. 3A, data Table S1). The protein encoded
by this gene induces p21 degradation and favors apoptosis via p53
under oxidative stress conditions and after DNA damage (hallmarks of
severe viral infections) (Lee et al. 2009). Indeed, IfnIr1~/~ epithelial cells
showed elevated levels of p21 (Fig. 3H, 1). Thus, the ability of IFN-A to
reduce tissue tolerance stems from its capacity to inhibit tissue repair
by directly influencing epithelial cell proliferation and viability.

We next investigated the cellular source and molecular pathways that
drive IFN-A production. Upon poly (1:C) administration, lung resident
dendritic cells (DCs) expressed the highest levels of IFN-A transcript,
during both the early and late phases after poly (I:C) administration
(Fig. 4A, and fig. S8A). By contrast, epithelial cells, alveolar
macrophages and monocytes, instead, expressed type | IFNs and
proinflammatory cytokines but no IFN-A transcript (fig. S8A-C).
Depletion of CD11c* DCs was sufficient to abolish the production of
IFN-A, but not type | IFNs (Fig. 4B, C, and fig. S8D-E). Alveolar

macrophages were not depleted wunder diphtheria toxin
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administration (fig. S8F) and did not produce IFN-A in response to poly
(I:C) (Fig. 4A). By using in vitro generated DCs, we found that IFN-A was
induced only when the TLR3 pathway was activated (Fig.4D, fig. S9A,
B). Consistent with in vivo data, TLR7 stimulation in vitro induced only
the upregulation of pro-inflammatory cytokines (Fig.4D, fig. S9A, B). Ex
vivo analysis showed that conventional DC1 (cDC1) are the major
producer of IFN-A (fig. S10). Activation of RIG-I and MDAS5 via
intracellular delivery of poly (I:C) (Fig.4D, fig. S9A, B) and of
triphosphate hairpin RNA (fig. S11A-E) induced high levels of type |
IFNs, but not type Ill IFNs, in a mitochondrial antiviral signaling protein
(MAVS)-dependent manner. Blockade of endosomal acidification via
chloroquine treatment confirmed the importance of TLR3 activation
for IFN-A induction (fig. S12A, B). WT mice or mice that do not respond
to TLR3 stimulation [toll-like receptor adaptor molecule 1 deficient
(Ticam17-)] were treated in vivo with poly (I:C). Only DCs sorted from
Ticam1™”/~ mice did not express IFN-A mRNA, although they still
expressed type | IFN mRNA (Fig. 4E, F). Furthermore, Ticam1™~ mice
were protected against S. aureus superinfections (Fig. 4G). Ticam1~/~
mice also showed lower IFN-A mRNA (but not type | IFN mRNA) than
WT mice (Fig. 4H, 1). Similar results were obtained when only

hematopoietic cells were deficient in Ticam1 (Fig. 4J-L).

Discussion.
The immune system evolved to protect against pathogens, but doing

so often threatens host fitness and can cause immunopathologies

(Medzhitov, Schneider, and Soares 2012). In COVID-19, SARS, MERS,
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and flu, severe symptoms and death occur late, and after the peak in
viral load, indicating a central role for the immune system in driving
the pathology (Granados et al. 2017; Memish et al. 2020; Peiris et al.
2003; Wolfel et al. 2020). In our system, we isolated the effect of
immune activation from resistance to lung viral infections and
demonstrated that sustained IFN-A is produced by DCs via TLR3. TLR3
detects replication intermediates from dying cells (Schulz et al. 2005)
and thus is insensitive to viral immune evasion. IFN-A acts on lung
epithelial cells and compromises the lung barrier function,
predisposing the host to lethal secondary bacterial infections.

Previous findings suggested that IFN-A protects against viral infections
(Ye, Schnepf, and Staeheli 2019, 20019) and increases the barrier
functions of gut epithelial cells as well as of endothelial cells (Douam
et al. 2017; Lazear et al. 2015; Odendall, Voak, and Kagan 2017). These
discrepancies may have arisen because, in those studies, the particular
cell types targeted by IFN-A were different. Furthermore, our data
support the hypothesis that the detrimental activities of IFN-A occur
only upon chronic exposure and in the presence of tissue damage.
Early administration of IFN-A in a mouse model of COVID-19 could
instead confer protection (Dinnon et al. 2020). Our data enjoin
clinicians to carefully analyze the duration of IFN-A administration and
to consider the severity of disease when IFN-A is used as a therapeutic

agent against lung viral infections.
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Figure 1. Morbidity correlates with the high expression of type | IFN
and IFN-A in the lung of COVID-19 patient BALF and of poly (I:C)-
treated mice. (A to E) IFNL2,3, IFNL1 (A), IFNB (B), IFNA2 (C), IL1B (D),
and IL6 (E) mRNA expression was evaluated in naso-oropharyngeal
swabs from SARS-CoV-2- positive (Swab CoV+) and —negative (Swab
CoV-) participants and from the BALF of intensive care unit (ICU)-
hospitalized SARS-CoV-2—positive patients (BALF CoV+) (five
participants per group). GAPDH, glyceraldehyde phosphate
dehydrogenase; ND, not detectable. (F to J) Mice were intratracheally
(i.t.) administered 2.5 mg of poly (I:C) per kilogram of body weight, 2.5
mg of R848 per kilogram of body weight, or saline daily for 6 days. (F)
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Body temperatures of the treated mice measured over time. (G)
Amount of total protein in the BALF measured after 6 days of poly (1:C)
treatment. (H to J) Ifnl2,3 (H), Ifnb1 (1), and ll1b (J) mRNA expression
was assessed in total lung lysate harvested 6 days after treatment. (K
and L) Mice treated as in (F) to (J) were infected at day 6 with 5 x 107
colony-forming units (CFU) of S. aureus administered i.t. and were
monitored for survival (K). Bacterial loads in the lungs of the treated
mice normalized to lung weight were assessed 12 hours postinfection
(hpi) (L). Mice were i.t. administered R848 (2.5 mg/kg) or a
combination of R848 and IFN-I (50 mg/kg) daily for 6 days and were
then infected as in (K). Lung bacterial burdens (M) and body
temperatures (N) before and after S. aureus infection are shown [(G)
to (J), (L) to (N)]. Each symbol represents one mouse. The median and
range are represented. (F) Means + SDs of five mice per group are rep-
resented. (G to J) Four, (L and M) five, and (N) six mice per group are
represented, and median and range are shown. (K) Survival plot of five
mice per group. (F to N) Representative data of three independent
experiments. Statistics: ns, not significant (P > 0.05); *P < 0.05; **P <
0.01; ****pP < 0.0001. Two-way analysis of variance (ANOVA) [(F) and
(N)], one-way ANOVA [(G) to (J), (L)], or two-tailed t test (M) was
performed. Logarithmic values were fitted when evaluating bacterial
load [(L) and (M)]. Log-rank (Mantel-Cox) test, corrected for multiple

comparisons, was performed to evaluate survival (K).
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Figure 2. IFN-A is necessary to increase susceptibility to bacterial
infection induced by antiviral immunity. (A and B) WT and Ifnlrl-/-
mice were i.t. treated with 2.5 mg/kg poly (I:C) or saline daily for 6
days. (A) Body temperatures of poly (I:C)-treated WT and Ifnlrl-/-
mice were recorded on day 6. (B) On day 6, mice were i.t. treated with
fluorescein isothiocyanate (FITC)— dextran (10 mg per mouse). Barrier
permeability was measured as relative fluorescent units (RFU) of FITC-
dextran leaked in plasma 1 hour after injection. (C to F) WT and
Ifnlrl-/- mice i.t. treated with 2.5 mg/kg poly (I:C) or saline for 6 days
were i.t. infected with 5 x 107 CFU of S. aureus and monitored for
survival (C). Lung bacterial burdens normalized by lung weight (D),
body temperature (E), and barrier permeability (F) [as in (B)] were
assessed 12 hpi. (G and H) Lethally irradiated WT or Ifnlr1-/- recipients
were reconstituted with donor bone marrow (Ifnlrl-/- or WT) for 6
weeks and were then treated as in (C) to (F). Resulting chimeric mice
were defective for IFN-I signaling in either the hematopoietic

compartment (Ifnlrl-/- - WT) or in the stromal compartment (WT -
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Ifnlrl-/-). Ifnlrl-/- = Ifnlr1-/-— and WT - WT chimeras were used as
controls. (G) Barrier permeability [as in (B)] and (H) lung bacterial
burdens were evaluated 12 hpi. Each symbol represents one mouse.
The median and range are represented. (C) Survival plot of five mice
per group. (A to H) Representative data of three independent
experiments. (A, E, G, and H) Four, (B) 14, and (D and F) 10 mice per
group; median and range are represented. Statistics: ns, not significant
(P >0.05); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Two-
way ANOVA [(B), (D), (F), (H)], one-way ANOVA (G), or two-tailed t test
[(A) and (E)] was performed. Logarithmic values were fitted when
evaluating bacterial load [(D) and (H)]. Log-rank (Mantel-Cox) test,
corrected for multiple comparisons, was performed to evaluate

survival (C).
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Figure 3. IFN-A signaling directly inhibits lung epithelia proliferation

and impairs repair upon viral recognition. (A to C) Targeted

transcriptome sequencing was performed on lung epithelial cells

isolated on day 6 from WT and Ifnlrl-/- mice i.t. treated with 2.5

mg/kg poly (I:C) daily for 6 days. (A) Volcano plot of differentially

expressed genes (DEGs) between WT
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and Ifnlr1-/-. DEGs (P < 0.005) with a fold change >1.5 (or <-1.5) are
indicated in red; DEGs with a fold change <1.5 (or >-1.5) are in blue.
Nonsignificant DEGs (P > 0.005) and genes not differentially expressed
are indicated in green and gray, respectively. (B and C) Dot plot
visualization of gene set enrichment analysis for pathways enriched in
(B) WT epithelial cells compared to Ifnlrl-/- and (C) Ifnlr1-/- epithelial
cells compared to WT. The color of the dots represents the adjusted P
value (significance) for each enriched pathway; dot size represents the
gene set size. FDR, false discovery rate. (D and E) Epithelial cell
proliferation was assessed as 5-ethynyl-2'-deoxyuridine (EdU)
incorporation in (D) lung epithelial cells (CD45-CD31-EPCAM+) in WT
and Ifnlrl-/- mice treated as in (A) to (C) or (E) treated as in (A) to (C)
and i.t. infected on day 6 with 5 x 107 CFU S. aureus for 12 hours. (F)
Mean fluorescence intensity (MFI) of Ki67 in CD45-CD31-EPCAM+
cells of WT and Ifnlrl-/- mice treated as in (A) to (C). (G) EdU
incorporation in lung epithelial cells of WT or Ifnlrl-/- chimeric mice
reconstituted with Ifnlrl-/- or WT bone marrow treated as in (E). (H
and ) p21 levels in lung epithelial cells (CD45-CD31-EPCAM+) from
WT and Ifnlrl-/- mice treated as in (A) to (C). Representative
histogram (H) and MFI (l) are depicted. (A to C) Four mice per
genotype. (D and E) Five and (F to I) four mice per group; median and
range are represented. (D to |) Representative data of three
independent experi- ments. Statistics: ns, not significant (P > 0.05); *P
< 0.05; **P < 0.01; ***P < 0.001. (D and E) Two-way ANOVA, (G) one-

way ANOVA, and (F and I) and two-tailed t tests were performed.
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Figure 4. Lung resident DCs produce IFN-A downstream of TLR3 upon
viral recognition. (A) Ifnl2,3 relative mRNA expression in lung
epithelial cells (EC), resident DCs (resDCs), monocyte-derived DCs
(moDCs), and alveolar macro- phages (aMacs) sorted from WT mice i.t.
treated with 2.5 mg/kg poly (I:C) or saline daily for 6 days measured
on day 6. (B and C) CD11c-DTR mice were injected with diphtheria
toxin (DTx) to deplete the CD11c+ cells in vivo. Relative 1fnl2,3 mRNA
(B) and IFN-I protein levels (C) from lung homogenates were evaluated

on day 6. NT, no toxin. (D) DCs differentiated from bone marrow cells
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in the presence of FMS-like tyrosine kinase 3 ligand (Flt3I) for 9 days
from WT, Ticam1-/-, or Mavs-/- mice were treated with 50 mg/ml
poly (I:C), 1 mg transfected poly (I:C) per 106 cells, or 50 mg/ml R848
for 3 hours. Relative Ifnl2,3 mRNA expression was evaluated by
quantitative polymerase chain reaction. (E and F) Ifnl2,3 (E) and Ifnb1
(F) relative mRNA expression in lung EC, resDCs, and moDCs sorted
from WT and Ticam1-/- mice treated as in (A) was measured on day
6. (G to ) WT and Ticam1-/- mice were treated with poly (I:C) as in (A)
and subsequently i.t. infected with 5 x 107 CFU of S. aureus on day 6
for 12 hours. Lung bacterial burden normalized by lung weight (G),
Ifnl2,3 (H), and Ifnb1 (1) relative mRNA expression were evaluated. (J
to L) WT chimeric mice recon- stituted with Ticam1-/- bone marrow
(Ticam1-/- > WT) or WT bone marrow (WT = WT) were treated as in
(G) to (I). Lung bacterial burden normalized by lung weight (J) and
Ifnl2,3 (K) and Ifnbl (L) relative mRNA expression 12 hpi were
evaluated. Representative data of three independent experiments are
shown. Statistics: ns, not significant (P > 0.05); *P < 0.05; **P < 0.01;
***p < 0.001; ***P < 0.001 (two-way ANOVA). Four mice per group;
median and range are depicted [(A) to (C), (E) to (L)]. Means + SEMs of
four mice [(A) to (C), (E), and (F)] and of three independent

experiments (D) are depicted.
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Supplemental Figures.
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Figure S1. Intratracheal poly (I:C) treatment induces morbidity and
lung damage. (A) Weight change and (B) LDH released in BALF of WT
mice treated i.t. with 2.5 mg/kg poly (1:C), 2.5 mg/kg R848, or saline
daily for 6 days. Statistics: ns, not significant (P>0.05); *P<0.05,
**p<0.01 and ***P<0.001 (A) two-way ANOVA, (B) one-way ANOVA.
(A) Mean +/- SEM of five mice per group is depicted. (B) Each mouse

represents one point. Median and range are depicted.
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Figure S2. Intratracheal poly (I:C) treatment increases lung
susceptibility to bacterial infection. WT mice were treated i.t. with 2.5
mg/kg poly (I:C), 2.5 mg/kg R848, or saline daily for 6 days and infected
i.t. with 5x107 CFU of S. aureus on day 6. (A) Body temperature, (B)
total protein in the BALF and Ifnl2,3 (C), Ifnb1 (D), and ll1b (E) relative
MRNA expression in total lung lysates were evaluated 12 hpi. Statistics:
ns, not significant (P>0.05); *P<0.05, **P<0.01 and ***P<0.001 (one-
way ANOVA). Each mouse represents one point. Median and range are

depicted.
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Figure S3. IFN-A protein levels correlate with susceptibility to
bacterial infections. (A-H) WT mice were treated i.t. with 2.5 mg/kg
poly (I:C) daily for 1, 3, 5 or 6 days, or with saline for 6 days, and
infected i.t. with 5x107 CFU of S. aureus for 12 hours. Total lung
homogenates were analyzed by qPCR for Ifnl2,3 (A), Ifnb1 (B), Cxcl10
(F), Rsad2 (G), and Il1b (H) relative mRNA expression. Protein levels of
IFN-A (C), IFN-B (D), and TNF-a (1) were evaluated by ELISA on lung
homogenates. (E) Bacterial burden was evaluated in total lung
homogenate. (J) Bacterial burden in mice i.t. administered with saline
alone, or saline with IFN-A daily for 6 days and infected i.t. with 5x10’
CFU of S. aureus were measured in total lung homogenates. Statistics:
ns, not significant (P>0.05); *P<0.05, **P<0.01 and ***P<0.001 (one-
way ANOVA compared to saline treatment). Each mouse represents

one point. Median and range are depicted.
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Figure S4. IFN-A signaling is necessary to confer poly (I:C)-induced
morbidity and susceptibility to bacterial infections. WT and Ifnir1~/~
mice were treated i.t. with 2.5 mg/kg poly (I:C) daily for 6 days and
infected i.t. with 5x107 CFU of S. aureus for 12 hours. (A) Weight
change, (B) total protein in the BALF, Ifnl2,3 (C), Ifnb1 (D), and //1b (E)
relative mRNA expression, and IFN-A (F), IFN-B (G) and TNF (H)
production in total lung homogenate were evaluated. Statistics: ns,
not significant (P>0.05); *P<0.05, **P<0.01 and ***P<0.001 (two-way
ANOVA). Each mouse represents one point. Median and range are

depicted.
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Figure S5. IFN-A acts on epithelial cell to induce lung damage. Barrier
function of Ifnlrl”->Ifnlrl™”-, WT=>Ifnlr1”~, Ifnlr1/~>WT, and
WT->WT chimeric mice was measured as the RFU of FITC-dextran in
the plasma after mice were treated i.t. with 2.5 mg/kg poly (I:C) daily
for 6 days and infected i.t. with 5x10” CFU of S. aureus for 12 hours.
Statistics: ns, not significant (P>0.05); *P<0.05, **P<0.01 and
***¥P<0.001 (one-way ANOVA). Each mouse represents one point.

Median and range are depicted.
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Figure S6. IFN-A dependent loss of tolerance against bacterial
infections is independent of neutrophil function or alteration in
immune cell recruitment. Total number of (A) neutrophils (PMN), (B)
monocyte and monocyte-derived cells (Mo), (C) alveolar macrophages
(aMacs), and (D) resident DCs (resDCs) in lungs of WT and Ifn/r1”~ mice
treated i.t. with 2.5 mg/kg poly (I:C) or saline daily for 6 days and
infected with S. aureus as in Fig. 1K. (E) Wild-type mice were treated
with either isotype or anti-Ly6G antibody to deplete Ly6G* neutrophils
in vivo. Mice were treated with poly (I:C) or saline for 6 days and
infected with i.t. 5x107 CFU of S. aureus for 12 hours. Bacterial loads in
the lungs were calculated as CFU per gram of lung weights. Statistics:
ns, not significant (P>0.05); *P<0.05, **P<0.01 and ***P<0.001 (two-
way ANOVA). Each mouse represents one point. Median and range are

depicted. Logarithmic data are fitted when depicting bacterial load (E).
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Z-score

Figure S7. Differentially expressed genes in WT versus Ifnlr17/~ lung
epithelial cells from poly (I:C)-treated mice. Heatmap of genes with a
P value <0.005 and a fold change greater than 1.75 (or lower than

-1.75) between Ifnlr1”~and WT lung epithelial cells.
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Figure S8. Lung resident DCs are the primary producers of IFN-A upon
poly (1:C) treatment. Lungs of mice treated i.t. with 2.5 mg/kg poly (I:C)
or saline for 3 days or, 6 days were sorted for epithelial cells (EC),
resident DCs (resDCs), monocyte-derived DCs (moDCs), and/or
alveolar macrophages (aMacs) and assessed for (A) Ifn/2,3 relative
MRNA expression after 3 days, and (B) //1b and (C) Ifnb1 relative mRNA
expressions after 6 days. CD11c-DTR mice depleted for CD11c* cells in

vivo by DTx injections were treated daily with i.t. 0.5 mg/kg poly (I:C)
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or saline for 6 days. Total lung lysates of the treated mice were
analyzed for (D) Ifnb1 relative mRNA expression, and (E) IFN-B protein
expression by ELISA. (F) Cd11c*MHC-II* DCs and CD11c*Siglec-F* aMacs
populations in the lungs of the mice treated with DTx (right panels) or
not (left panels) were analyzed by flow cytometry. Percentage of total
and standard deviations are depicted. Statistics: ns, not significant
(P>0.05); *P<0.05, **P<0.01 and ***P<0.001 (two-way ANOVA). Mean

+/- SEM of five mice per group are depicted.
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Figure S9. FIt3I-DCs responses to TLR3, RIG-1 or TLR7 ligands. FIt3I-DCs
from WT, Ticam1™~ or Mavs™”~ mice were treated with 50 pg/ml poly
(1:C), 1 pg transfected poly (I:C) per 108 cells, or 50 pug/ml R848 for 3
hours. Ifnb1 (A), and //1b (B) relative mRNA expression were evaluated
by qPCR. Statistics: ns, not significant (P>0.05); *P<0.05, **P<0.01 and
***P<0.001 (two-way ANOVA). Mean and SEM of three independent

experiments is depicted.
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Figure S$10. cDC1 are the primary producers of IFN-A. In vivo
differentiated splenic FIt3I-DCs were treated with 50 pug/ml poly (I:C)
or, left untreated for 3 hours and sorted for cDC1
(CD197B220°CD11c*MHC-II*CD8a*) and cDC2
(CD197B220"CD11c*MHC-II*CD8a"). Ifnl2,3 (A), and Ifnb1 (B) relative
MRNA expression in the sorted cells was evaluated by gPCR.

Representative data of three independent experiments.
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Figure S11. FIt3I-DCs upregulate IFN-A uniquely upon activation of
TLR3 signaling, and not in response to the RIG-I specific ligand 3p-
hpRNA. FIt3l-DCs from WT, Ticam1™~ or Mavs”~ mice were treated
with 50 pg/ml poly (1:C), or 1 pg transfected 3p-hpRNA per 106 cells for
3or6hours. Ifnl2,3 (A), Ifnb1 (B), and /l1b (C) relative mRNA expression
were evaluated by gPCR after 3 hours. IFN-A (D), and IFN- (E) levels in
the supernatants were evaluated by ELISA after 6 hours. Mean +/-

SEM of three independent experiments is depicted.
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Figure S12. The endosomal TLR inhibitor Chloroquine inhibits poly
(I:C) dependent IFN-A expression in FIt3|-DCs. FIt3|-DCs from WT mice
were treated with 50 pg/ml poly (I:C), or 1 ug transfected poly (I:C) per
108 cells for 3 hours in the presence or absence of 10 ug/ml
Chloroquine. Ifni2,3 (A), and Ifnb1 (B) relative mRNA expression were

evaluated by qPCR. Mean +/- SEM of three independent experiments
is depicted.
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Figure S13. Sorting and cytofluorimetry strategy. Depiction of gating

strategy for cell sorting. Cells were gated on FSC and SSC to eliminate

debris, on FSC-A and FSC-H to select single cells and cells negative for

live/dead dye and lineage markers (CD3, CD19, and Ter119). Epithelial

cells (EC) were gated as CD45"EpCAM*CD31". The EpCAM" cells were

sorted for
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immune cells as follows:

aMacs were gated as



CD45*Ly6g CD11c"'Siglec-F*, moDCs were gated as CD45*Ly6g Siglec-
F-Ly6C* CD11c*MHC-IIM, and resDCs were gated as CD45*Ly6g Siglec-
F-Ly6C CD11c*MHC-IIM,
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Table S1. Flow cytometry antibodies and viability dyes.

Markers | Clone | Fluorochrome | Concentration | Provider

CD45.1 A20 PE 1:200 Biolegend

CD45.2 104 PerCP 1:200 Biolegend

CD45 30-F11 | AF-700 1:200 Biolegend

EpCAM G8.8 BV605 1:100 Biolegend

CD31 MEC13. | APC 1:200 Biolegend
3

CD24 M1/69 | PE-CF594 1:200 Biolegend

MHC-II I- | M5/11 | FITC 1:5000 Biolegend

A/I-E 4.15.2

Ly6G 1A8 APC 1:200 Biolegend

Ly6C HK1.4 PerCP 1:200 Biolegend

CD11b M1/70 | PE-Cy5 1:5000 Biolegend

CD11c N418 BV785 1:500 Biolegend

CDh64 X54- BV711 1:200 Biolegend
5/71

Siglec F S$17007 | APC 1:200 Biolegend
L

CD8a 53-6.7 | PE/Cy7 1:500 Biolegend

B220 RA3- APC 1:200 Biolegend
6B2

CD3 45.2C1 | PE-CF594 1:200 Biolegend
1

CD19 6D5 PE-CF594 1:200 Biolegend

Erythroid | Terl19 | PE-CF594 1:200 Biolegend

cell

marker

Ki67 16A8 PE 1:200 Biolegend

p21 F-5 PE 1:200 Santa Cruz
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Table S2. g-RT-PCR Probes and Primers.

Gene Probes or Primers Assay ID

Mouse

Gapdh | Mouse Gapdh Endogenous Control #4352932E
(TagMan™)

Ifnl2/3 | TagMan® Gene Expression Assays MmO00663660 gl

Ifnb1 TagMan® Gene Expression Assays MmO00439552 s1

I11b TagMan® Gene Expression Assays Mm00434228 m1

Rsad2 | TagMan® Gene Expression Assays MmO00491265_m1

Gapdh | IDT PrimeTime® Predesigned qPCR Mm.PT.39a.1
Assays

Rsad2 | Sigma KiCqStart™ Primers M_Rsad2_1

Cxcl10 | Sigma KiCgStart™ Primers M_Cxcl10_1
Human

IFNA2 | TagMan® Gene Expression Assays Hs00265051_s1

IFNB1 | TagMan® Gene Expression Assays Hs01077958 s1

IL6 TagMan® Gene Expression Assays Hs00174131 ml

IL1b TagMan® Gene Expression Assays Hs01555410_m1

IFNL1 TagMan® Gene Expression Assays Hs01050642 gH

IFNL2,3 | TagMan® Gene Expression Assays Hs04193048 gH
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Table S3. Age and sex of patients.

Sample Type | Age | Sex
BALF Pos 1 58 | M
BALF Pos 2 63 | M
BALF Pos 3 48 | M
BALF Pos 4 76 | M
BALF Pos 5 65 | M
Swab Pos 1 80 |F
Swab Pos 2 51 |F
SwabPos3 |42 |F
Swab Pos 4 30 | F
Swab Pos 5 50 | M
SwabNegl (48 | M
SwabNeg2 |44 |F
SwabNeg3 |43 |F
SwabNeg4 |40 |F
SwabNeg5 |40 |F
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Materials and Methods.
Mice.

C57BL/6J) (Jax 00664) (wild-type; WT), B6.SJL-Ptprca Pepcb/Boy)
(CD45.1; Jax 002014), C57BL/6J-Ticam1*$2/) (Ticam1~~; Jax 005037),
B6;129-Mavst™i4c/) (Mavs™~; Jax 008634, B6.FVB-
1700016L21RikTg(Itgax-DTR/EGFP)57Lan/) (CD11c-DTR, Jax 004509)
mice were purchased from Jackson Labs. C57BL/6 IL-28R™~ (Ifnlr17")
mice were provided by Bristol-Myers Squibb. Mice were housed under
specific pathogen-free conditions at Boston Children’s Hospital.
Staphylococcus aureus infections were conducted in the Biosafety
Level-2 facility at Boston Children’s Hospital. All procedures were
approved under the Institutional Animal Care and Use Committee
(IACUC) and conducted under the supervision of the department of
Animal Resources at Children’s Hospital (ARCH).

Reagents and antibodies.

Antibodies used in flow cytometry and sorting experiments are listed
in Table S1. Live/dead cell markers, Zombie Red™ (423109) or Zombie
Violet™ (423113) dyes were purchased from Biolegend. For in vitro
and/or in vivo studies, poly (I1:C) HMW (tIr-pic), R848 (tIr-r848) and 3p-
hpRNA (tlrl-hprna) were purchased from Invivogen. For in vivo
administration of type Ill IFN, we used polyethylene glycol-conjugated
IFN-A2 (PEG-IFN-A) (gift from Bristol-Myers Squibb). Diphtheria toxin
(unnicked) from Corynebacterium diphtheriae was purchased from
Cayman Chemical. Anti-Ly6G antibody, clone 1A8 (BEO075-1) and rat
lgG2a isotype control (BE0089) for in vivo administration was

purchased from Bioxcell. 2'-Deoxy-5-ethynyl uridine (EdU) was
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purchased from Carbosynth (NE08701). Chloroquine (PHR1258),
fluorescein isothiocyanate (FITC), dextran (MW:10,000da) (FD10S),
deoxyribonuclease (DNAse) | from bovine pancreas (DN25) and
dispase Il (D4693) were purchased from MilliporeSigma.

In vivo treatments and infection.

Intratracheal instillations (i.t.) were performed on anaesthetized mice
(3% isoflurane) suspended by their incisors on an angled intubation
stand with their tongue held to the side of the mouth by forceps.
Inocula were dispensed in the oral cavity using a pipette. 2.5 mg/kg of
poly (I:C) HMW, R848 or saline were administered i.t. daily for 6 days
or as indicated in the figure legends. Where indicated, mice were
treated i.t. with recombinant 50 pg/kg PEG-IFN-A in combination with
saline or R848 stimulation. Staphylococcus aureus subsp. aureus
Rosenbach (ATCC® 25904™) was grown at 37°C in Tryptic Soy Broth
(TSB) for 16 hours to the autolytic phase, then subcultured and grown
to an optical density (ODeoo) of 0.4, centrifuged and resuspended in
PBS immediately prior to infection. Each mouse was infected by i.t.
instillation of 5x10” CFU of S. aureus and sacrificed 12 hours post-
infection, except for in survival studies. Rectal temperature and body
weights were monitored daily.

Survival study and endpoints.

Mice were deemed to have reached endpoint at 75% of starting weight
or after reaching body temperature of 25°C or lower.

Generation of bone-marrow chimeras.

To generate mice with hematopoietic-specific deletion of Ifnirl or

Ticam1, 6-week-old CD45.1* mice were exposed to lethal whole-body
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irradiation (950 rads per mouse) and were reconstituted with 5x10°
donor bone marrow cells from 6-week-old wild-type, Ifnlr1”~ or
Ticam1™~ mice. Mice were treated with sulfatrim in the drinking water
and kept in autoclaved cages for 2 weeks after reconstitution. After 2
weeks, mice were placed in cages with mixed bedding from wild-type,
and Ifnlr1”~ or Ticam1™~ mice to replenish the microbiome and were
allowed to reconstitute for two more weeks. A similar procedure was
used to generate bone-marrow chimeras with stromal cells-specific
deletion in Ifnirl. Here, recipient WT or Ifnlr1”7~ mice underwent
irradiation and were reconstituted with BM cells derived from CD45.1*
mice similarly as described above. To evaluate the percentage of
chimerism, a sample of peripheral blood was taken from chimeric mice
after 4 weeks of reconstitution and stained for CD45.1 and CD45.2
(antibodies as identified under “Reagents and antibodies”) and were
analyzed by flow cytometry.

Depletion of dendritic cells and neutrophils.

In order to deplete CD11c* cells, CD11c-DTR mice received 16 pg/kg
diphtheria toxin (DTx) intravenously starting one day before TLR ligand
or saline administration and continuing every other day until day 6
post-treatment to maintain depletion. In vivo depletion of neutrophils
was carried out by injecting anti-Ly6G antibody (100 pg/mouse)
intraperitoneally, starting one day before treatments and then
continuing every other day through the duration of the treatment. As
controls for no depletion, mice were injected with rat IgG isotype

control.
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Barrier permeability assessment.

To assess lung permeability, treated mice were administered FITC-
dextran (10 pg/mouse) i.t. before or after S. aureus infection. After 1
hour of dextran instillation, blood was collected from the retro-orbital
sinus, and the plasma was separated by centrifugation. Leakage of
dextran in the bloodstream was measured as FITC fluorescence in the
plasma compared to plasma from mock-treated mice.

BALF and lung collection.

Mice were euthanized by COzinhalation. A capillary tube was inserted
intratracheally, 3 ml of PBS were fluxed into the lungs (1ml at the time)
and approximately 3 ml of BALF were collected. Samples were
centrifuged (450g) and the supernatants were used for total protein
measurement (Pierce BCA Protein Assay, Thermo Fisher Scientific
#23227) and LDH quantification (Pierce LDH Cytotoxicity Assay,
Thermo Fisher Scientific #C20301). Lungs were excised and used for
RNA extraction using TRl Reagent (Zymo Research #R2050-1-200) (as
described in “qRT-PCR and ELISA”).

Bacterial load and lung cytokine production measurement.

The left lobe of the lung was weighed and homogenized in 1 ml of
sterile deionized water in a Fisherbrand™ Bead Mill 24 Homogenizer.
To calculate bacterial load, homogenate was serially diluted and plated
on TSB-Agar plates in duplicate. Colonies were counted after a 16
hour-incubation, and bacterial burden in the lungs was calculated as
CFU normalized to individual lung weight. Cytokines production in the
lungs was measured in the supernatants collected after centrifuging

the lung homogenates.
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Flow cytometry and cell sorting.

Mice were euthanized by CO;inhalation and perfused by injection of
10 ml of PBS in the right ventricle. 2 ml of warm dispase solution (5
mg/ml) were instilled i.t. into the lungs followed by 0.5 ml of 1% low-
melt agarose (Sigma #A9414) at 40°C and allowed to solidify on ice.
Inflated lungs were incubated in dispase solution, for 30 min at RT. The
lungs were then physically dissociated, incubated for 10 min with
DNAse | (50 pug/ml), and filtered through 100-pum and 70-um strainers.
Red blood cells were lysed using ACK buffer. Single cell suspensions
were stained with Zombie Red or Zombie Violet to discriminate
between live and dead cells. Cells were then stained with antibodies
against surface antigens diluted in PBS 0.2% BSA for 20 min at 4°C. Cells
were then washed, fixed with 3.7% paraformaldehyde for 10 min at
room temperature, washed again, and resuspended in PBS + 0.2% BSA.
Samples were acquired on a BD LSRFortessa flow cytometer and data
were analyzed using FlowJo v.10 software (BD Biosciences).
CountBright Absolute Counting Beads (Invitrogen #C36950) were used
to quantify absolute cell numbers.

For cell sorting, FACS samples were prepared as described above,
excluding fixation, and sorted on Sony MA9Q0 Cell Sorter following the
sorting strategy indicated in fig. S12. The sorted cells were collected
directly into TRl Reagent for RNA extraction. To detect cell
proliferation, fixed cells were treated to assess 5-ethynyl-2'-
deoxyuridine (EdU) incorporation as described below (“Epithelial cell
proliferation”) before being stained with antibodies against cell-

surface antigens. Intracellular staining of Ki67 and p21 were carried
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out using FoxP3 Fix/Perm Buffer set (Biolegend #421403) following the
manufacturer’s instructions.

Epithelial cell proliferation.

Proliferation of lung epithelial cells was monitored by assessing the
incorporation of EdU (100 mg/kg, intraperitoneally, 12h before end-
point euthanasia), and analyzed by flow cytometry or histology.
Briefly, single cell suspensions of lung cells from mice injected with
EdU were isolated as described before (“Flow cytometry and cell
sorting”). Single cell suspensions were assessed for live/dead and fixed
using 3.7% PFA. Staining for EdU was carried out by Click-chemistry
reaction. Fixed cells were permeabilized with 0.1% Triton X100
(Millipore-Sigma) for 15 min. After permeabilization cells were washed
and incubated with 4 mM Copper sulphate (Millipore-Sigma), 100 mM
Sodium ascorbate (Millipore-Sigma) and 5 uM sulfo-Cyanine3-azide
(Lumiprobe #A1330) in Tris Buffered Saline (TBS) 100mM, pH 7.6, for
30 min at room temperature.

lon torrent.

For targeted transcriptome sequencing, 20 ng of RNA isolated from
sorted cells was retro-transcribed to cDNA using SuperScript VILO
cDNA Synthesis Kit (ThermoFisher Scientific). Barcoded libraries were
prepared using the lon AmpliSeq Transcriptome Mouse Gene
Expression Kit as per the manufacturer’s protocol and sequenced using
an lon S5 system (ThermoFisher Scientific). Differential gene
expression analysis was performed using the Transcriptome Analysis
Console (TAC) software with the ampliSeqRNA plugin (ThermoFisher

Scientific).
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Genes were called ‘expressed’ (n=11,294) if they had average log>
expression of 2 or greater in either WT or Ifnir1”~. Differentially
expressed genes (DEGs) between WT and Ifnlr17~ were selected by
thresholding on fold change (+1.5) and P value (0.005). In heatmaps,
DEGs were Z-scaled and clustered (Euclidean distance, Ward linkage).
Pathway analysis was performed with the R package hypeR, using
Gene Set Enrichment Analysis on genes ranked according to their
Logz(Fold Change).

Cell culture.

In vitro FMS-like tyrosine kinase 3 ligand-differentiated dendritic cells
(FIt3I-DCs) were derived from bone marrow cells in Iscove’s Modified
Dulbecco’s Media (IMDM; Thermo Fisher Scientific), supplemented
with 30% B16-FIt3I| derived supernatant and 10% fetal bovine serum
(FBS) for 9 days.

Splenic FIt3l-DCs were obtained by injecting mice subcutaneously with
2x10° B16-FIt3I cells and monitoring for tumor growth for two weeks.
Spleens of the tumor-bearing mice were harvested, dissociated in PBS,
filtered and the red blood cells were lysed. Cells from each spleen were
resuspended in 3.5 ml Solution A (2.5 ml Dulbecco’s Modified Eagle’s
Medium (DMEM) + 1 ml Opti-Prep (Millipore Sigma)), 4.5 ml Solution
B (3.5 ml Buffer (0.88% NaCl, 1mM EDTA, 10mM HEPES, 0.5% BSA) + 1
ml Opti-Prep) and 2 ml Solution C (DMEM), in that order without
disturbing the solution interfaces. The cells were centrifuged at 850 g
for 20 min without brakes. Splenic FIt3|-DCs were obtained at the

interface of Solutions C and B.
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FIt3I-DCs were stimulated with poly (I:C), R848, or 3p-hpRNA. Where
indicated, poly (I:C) and 3p-hpRNA were transfected with
lipofectamine 300 (Invitrogen  #L3000015) according to
manufacturer’s instructions at the concentrations indicated in the
figure legends. Where indicated poly (I:C) stimulated cells were pre-
treated with 10 pg/ml chloroquine for 5 min prior to stimulations. For
sorting into cDC1 and cDC2, stimulated splenic FIt3I-DC were prepared
similarly as described above (“Flow cytometry and cell sorting”). cDC1
were sorted as B220°CD11c*MHC-II'CD8a* and cDC2 as
B220"CD11c*MHC-II*CD8a".

gqRT-PCR and ELISA.

RNA was isolated from cell cultures using a GenelJET RNA Purification
Kit (Thermo Fisher Scientific #K0731) according to manufacturer’s
instructions. RNA was extracted from excised lungs by homogenizing
them in 1 ml of TRI Reagent. RNA was isolated from TRI Reagent
samples using phenol-chloroform extraction or column-based
extraction systems (Direct-zol RNA Microprep and Miniprep, Zymo
Research #R2061 and #R2051) according to the manufacturer’s
protocol. RNA concentration and purity (260/280 and 260/230 ratios)
were measured by NanoDrop (Thermo Fisher Scientific).

Purified RNA was analyzed for gene expression on a CFX384 real-time
cycler (Bio-Rad) using a TagMan RNA-to-CT 1-Step Kit (Thermo Fisher
Scientific) or SYBR Green (Bio-Rad). Probes specific for Ifnl2/3, Ifnb1,
I11b, Rsad2 and Gapdh were purchased from Thermo Fisher Scientific,
and SYBR-Green primers for Rsad2, Cxcl10, Gapdh were purchased
from Sigma (See Table S2).
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Cytokine analyses were carried out using homogenized lung
supernatants, and cell supernatants from stimulated FLT3L-DCs.
Mouse IFNA2/3 ELISA (R&D Systems DY1789B) and mouse IFNB, IL1B,
IL-6, and TNFa ELISAs (Invitrogen) were performed according to
manufacturer’s instructions.

Clinical samples.

BALF were obtained from five intensive care unit (ICU)-hospitalized
SARS-CoV-2-positive patients. In parallel, five naso-oropharyngeal
swabs were collected from both SARS-CoV-2-positive and -negative
subjects. The negative swabs were obtained from subjects undergoing
screening for suspected social contacts with COVID-19 subjects. Age
and sex of patients is indicated in Table S3. Swabs were performed by
using FLOQSwabs® (COPAN) in UTM® Universal Transport Medium
(COPAN). All samples were stored at —80°C until processing. The study
involving human participants was reviewed and approved by San
Raffaele Hospital IRB in the COVID-19 Biobanking project. The patients
provided informed written consent.

RNA extraction protocol and Real-Time PCR of clinical samples.

RNA extraction was performed by using PureLink™ RNA Thermo Fisher
Scientific according to manufacturers’ instruction. In particular, 500 pl
for each BALF and swab analyzed sample were lysed and homogenized
in the presence of RNase inhibitors. Ethanol was then added to
homogenized samples, which were further processed through a
PureLink™ Micro Kit Column for RNA binding. After washing, purified
total RNA was eluted in 28 ul of RNase-free water. Reverse

transcription was then performed according to SuperScript™ Il First-
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Strand Synthesis System (Invitrogen™) protocol by using 8 ul of RNA
extracted from each BALF and swab sample. qRT-PCR analysis was
then carried out to evaluate IL6, IL1B, IFNB1, IFNA2, IFNL1 and IFNL2
expression. All transcripts were tested in triplicate for each sample by
using specific primers. GAPDH was also included. Probes were
purchased from Thermo Fisher Scientific (See Table S2). Real-time
analysis was then performed according to manufacturer instructions
by using TagMan® Fast Advanced Master Mix (Applied Biosystems™ by
Thermo Fisher Scientific). Real-Time PCR Analysis was performed on
ABI 7900 by Applied Biosystems.

Statistical Analyses.

Statistical significance for experiments with more than two groups was
tested with one-way ANOVA, and Dunnett’s multiple-comparison tests
were performed. Two-way ANOVA with Tukey’s multiple-comparison
test was used to analyze kinetic experiments. Two-way ANOVA with
Sidak’s multiple-comparison test was used to analyze experiments
with two grouped variables (i.e. treatment, genotype). Statistical
significance for survival curves were evaluated with the log-rank
(Mantel-Cox) test and corrected for multiple comparisons with
Bonferroni’s correction. To establish the appropriate test, normal
distribution and variance similarity were assessed with the D’Agostino-
Pearson omnibus normality test using Prism8 (Graphpad) software.
When comparisons between only two groups were made, an unpaired
two-tailed t-test was used to assess statistical significance. To
determine the sample size, calculations were conducted in nQuery

Advisor Version 7.0. Primary outcomes for each proposed experiment
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were selected for the sample size calculation and sample sizes
adequate to detect differences with an 80% power were selected. For
animal experiments, 4-10 mice per group were used, as indicated in

the figure legends.
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Abstract.
Severe coronavirus disease 2019 (COVID-19) is characterized by

overproduction of immune mediators, but the role of interferons
(IFNs) of the type | (IFN-I) or type IlI (IFN-11I) families remains debated.
We scrutinized the production of IFNs along the respiratory tract of
COVID-19 patients and found that high levels of IFN-IIl, 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-
[, 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.
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Introduction.
Since the outbreak of the coronavirus disease 2019 (COVID-19) in late

2019, the novel, severe acute respiratory syndrome coronavirus 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 pro-inflammatory cytokines in the bloodstream
(Guan et al. 2020; Lee et al. 2020; Lucas et al. 2020; F. Zhou et al. 2020).
Mouse models and retrospective human studies suggest that severity
and death following SARS-CoV-2 encounter is correlated with
exaggerated inflammation rather than viral load (Bergamaschi 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; F. Zhou et al. 2020).
Nevertheless, how a balance between 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 attention since
the inception of the pandemic. IFNs belong to three major families:
IFN-I (mainly represented by IFN-as and IFN-B), IFN-II (IFN-y), and IFN-
[l (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 exacerbates pathology and death (Karki et al.
2021). In contrast, the roles of IFN-I and IFN-Ill during SARS-CoV-2

infection have been a matter of debate. Indeed, IFN-I and IFN-IIl exert
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potent anti-viral 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 mediators, while
delaying and/or dampening anti-viral IFN responses in patients with
severe COVID-19 (Blanco-Melo et al. 2020; Galani et al. 2021; Hadjadj
et al. 2020; Mudd et al. 2020). Nevertheless, regulation of IFN-I and
IFN-III production following infection with SARS-CoV-2 appears to be
more complex. In fact, analyses of the nasopharyngeal swabs
(Cheemarla et al. 2021; Lieberman et al. 2020; Ziegler et al. 2021), the
bronchoalveolar lavage fluid (BALF) (Z. Zhou et al. 2020), or the
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
infected with SARS-CoV-2 is correlated with negative clinical outcomes
(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 of
IFN-I, impairs lung function and may trigger a severe disease in mouse

models of lung viral infections (Broggi et al. 2020; Major et al. 2020).
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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 non-infectious lung diseases and healthy controls.

Results.

High viral loads drive the efficient production of IFN-IIl, and to a
lesser extent of 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 subjects (Table S1 and
Supplemental Figure 1A-C) and found that, in subjects positive for
SARS-CoV-2, IFNL1 and IFNL2,3 (amongst type lll interferons) and
IFNB1 and IFNA2 (amongst IFN-1) were significantly upregulated
(Figure 1A-F). As controls, IL1B and IL6 were also analyzed in the same
cohort of subjects (Supplemental Figure 1D, E). 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 (Supplemental Figure 1F-M).

Next, we examined the distribution of IFN levels relative to the viral
load. Of the IFN-IIl family members, IFN-A1 and IFN-A2,3 positively
correlated with viral load (Figure 1G-1). Amongst IFN-I, IFN- and IFN-
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a4 also showed a positive correlation with the viral load (Figure 1J-L).
Transcript levels of the proinflammatory cytokines IL1B and IL6 were
also positively correlated with the viral load (Supplemental Figure 1N-
0). 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, IL-1B and IL-6
were preferentially expressed in high, compared to low, viral load
samples (Supplemental Figure 1P-W).

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 the viral load for the < 70 cohort (Figure 1IM-R). In
contrast, IFN expression in the 270 patient cohort either completely
lost association with the viral load and/or showed a significantly lower
correlation coefficient compared to the < 70 cohort (Figure 1M-R). IL-
18 and IL-6 maintained their association with the viral load
independent of age and were not significantly different in the two age
cohorts (Supplemental Figure 1X, Y). When we analyzed gene
expression as a discrete variable, we found that response patterns to
viral load were significantly different between elderly (270) and
younger (<70) patients for IFN-A2,3 and IFN-a4 (Supplemental Figure
1Z-AE and 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-1p and IL-6 expression and viral load

109



was observed between age groups (Supplemental Figure 1AF, AG, and
Table S2). These results indicate that in COVID-19 patients the
production of IFNs correlates 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-IIl, 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 manifestations discharged from the emergency
room without being hospitalized (home-isolated, HIl); severe patients
that required hospitalization (HOSP); and critically ill patients admitted
to the intensive care unit (ICU) (Table S3). When gene expression
levels were plotted against the viral load in HI vs. HOSP/ICU (Figure 2A-
H), patients with a mild disease showed a positive correlation with
expression of several members of the IFN-IIl family (Figure 2A-C). In
HOSP/ICU patients this correlation was lost for IFN-A2,3 and was
significantly reduced for IFN-A1 compared to HI patients (Figure 2A, B).
In contrast to IFN-III, the positive correlation between /L6 levels and
viral load was maintained only for HOSP/ICU patients (Figure 2H).
When members of the IFN-I family, or IL1B expression, were analyzed,
no positive correlation was found in either hospitalized or HI patients

(Figure 2D-G). To control for possible differences due to random
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sampling, we assessed how the viral load varies based on the day from
symptom onset in patients with different disease severity (Table S3)
and found no significant difference (Figure 2I).

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 highest expression of IFN-IIl, was
enriched in patients with milder disease manifestations and high viral
load (Figure 2J-M, Supplemental Figure 2A-E). Notably, patients in
cluster 2 (characterized by low levels of IFN-IIl and the highest levels
of IFN-1) 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 (Figure 2J-M,
Supplemental Figure 2A-C). Overall, these data support the
hypothesis that efficient production of IFN-IIl in the upper airways of
COVID-19 patients 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
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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 as well as IFN-A2
were mostly associated with critical, and to a lesser extent with severe,
patients (Figure 3A). When gene set enrichment analysis was
performed, the IFN responses were the most significantly enriched in
subjects with mild, compared to severe or critical, COVID-19 (Figure
3B and Supplemental Figure 3A, B). When compared to swabs from
SARS-CoV-2 negative subjects, only patients with mild and severe, but
not critical, COVID-19 were enriched in IFN responses (Supplemental
Figure 3C). To determine whether the pattern of IFNs found in Hl
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 efficiently upregulated this set of
protective I1SGs (Figure 3C and Supplemental Figure 3D, E). and that
this set of ISGs was significantly enriched compared to controls
(Supplemental Figure 3F).

Due to the high sequence identity of the IFN-IIl family members
(Broggi et al., 2020b), we, next, compared the capacity of IFN-A1, IFN-
A2, and IFN-A3 to induce specific ISGs. We stimulated human bronchial
epithelial cells (hBECs) with different type Ill IFNs and found that IFN-
Al induces and sustains the transcription of several ISGs more
efficiently than IFN-A2, and, to some extent, than IFN-A3 (Figure 3D-
G). Overall, our data demonstrate that specific members of the IFN

families associate with mild or severe COVID-19. Also, that the
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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 over-represented 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 hospitalized patients, including ICU-admitted
subjects, and, as controls, samples derived from patients with non-
infectious lung pathologies (sex and age distribution reported in Table
S5 and Supplemental Figure 4A-C).

Transcripts of IFN-A2,3, IFN-B, IFN-a2 and IFN-a4 were significantly
upregulated in COVID-19 patients compared to controls (Figure 4A-F),
while a similar percentage of subjects expressed the genes analyzed
(Supplemental Figure 4D-l). No difference was observed for /L1B
transcripts, while /L6 mRNA levels appeared to be slightly increased in
controls compared to COVID-19 patients (Figure 4G, H and
Supplemental Figure 4J, K).

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-critical patients were
higher in the lower compared to the upper airways (Figure 41-N), while
a similar percentage of patients expressed IFNs in the upper or lower
respiratory tract, except for IFN-a4 (Supplemental Figure 4L-Q). /L1B

mMRNA levels were not different in the upper and lower airways of
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hospitalized COVID-19 patients, while /L6 transcripts appeared to be
predominantly expressed in the nasopharyngeal swabs compared to
the BALF (Figure 4 O, P and Supplemental Figure 4R, S). These data
demonstrate that selected members of both IFN-IIl and IFN-I families
are over-represented 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-isolated
patients and of subjects with non-infectious lung pathologies (Table
$6). Gene set enrichment analysis confirmed that IFN responses
characterize COVID-19 patients, compared to non-microbially infected
patients (Figure 5A, B). In keeping with the capacity of IFNs to increase
apoptosis and facilitate lung tissue damage (Broggi et al. 2020; Major
et al. 2020), gene enrichment also revealed that the p53 pathway is
significantly upregulated in COVID-19 patients (Figure 5A, C). Notably,
the IFNs landscape in the upper and lower airways of critical patients
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
(Supplemental Figure 5A-C). 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
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delay tissue repair (Broggi et al. 2020; 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 (Supplemental Figure 5D).

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 either protective ISGs, or gene programs 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 non-
infectious 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 inflammatory 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 non-
infectious lung involvement including fibrosis, sarcoidosis, or lung
transplant (going forward, referred to as “controls”) (Table S7). In
keeping with results of the transcriptional analyses, the levels of IFN-
[l and IFN-I measured in BALF from patients with COVID-19 were
elevated (Figure 6A-D and STAR Methods), and, among IFN-III,
showed a predominant induction of IFN-A2,3 compared to IFN-A1

(Supplemental Figure 6A). IFN-IIl and IFN-I were also significantly
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upregulated in COVID-19 patients relative to controls, as well as when
compared to patients with ARDS of different etiologies (except for IFN-
A1) (Figure 6A-D and STAR Methods). Finally, we found no correlation
between age and protein levels in the lower airways of severe COVID-
19 patients (Supplemental Figure 6B-H and STAR Methods).

When we compared the protein levels in the BALF and in the plasma
of a subset of COVID-19 patients (STAR Methods), no correlation
between these levels for any protein analyzed was found (Figure 6E-J
and Supplemental Figure 6l), confirming at the protein level the
transcriptional 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 protein
analyzed, we found that COVID-19 patients were significantly enriched
in cluster 3 which is characterized by a unique signature of IFNs (which
encompasses all three IFN families) and IL-10 production (Figure 6K-O
and 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 (Figure 6L and Supplemental Figure
6J); most of these patients also express IFN-A1, but not other IFNs.
Control patients were, in contrast, enriched in cluster 1, characterized
by low pro-inflammatory cytokine and IFN responses (Figure 6L and
Supplemental Figure 6K).

Overall, these data demonstrate that COVID-19 patients are
characterized by a unique IFN signature in the lower airways relative

to patients with ARDS of different etiology.
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Epithelial and immune cells dictate the IFN landscape.

Based on the heterogenous induction of IFNs along the respiratory
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 (Figure 4A), but protein levels for
IFN-A1 are present at the same anatomical site (Figure 6A) suggests
that cells that actively produce the mMRNA for [FNL1 are
underrepresented in the BALF. However, IFNL1 is one of the most
upregulated genes in the upper airways, supporting the hypothesis
that the cells that produce it are highly represented in the swabs. We,
thus, explored the cellular composition of the swabs and BALFs by
deconvoluting our bulk RNAseq data (Figure 7A-C and Supplemental
Figure 7A, B). We found that the epithelial compartment, represented
by several epithelial cell lineages, is more represented than the
hematopoietic compartment in swabs from SARS-CoV-2 negative and
positive subjects (Figure 7A, C and Supplemental Figure 7A). In
contrast, BALFs from both SARS-CoV-2 negative and positive patients
present very diversified hematopoietic populations (Figure 7B and
Supplemental Figure 7B) that are more represented than epithelial
cells (Figure 7C).

We, thus, explored how epithelial cells, or phagocytes, differentially
contribute to the production of IFNs during SARS-CoV-2 encounter
(Figure 7D). We confirmed that polarized hBECs of healthy individuals

are sensitive to SARS-CoV-2 infection (Supplemental Figure 7C) and
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respond by expressing IFNs (Figure 7E-H) and pro-inflammatory
cytokines (Supplemental Figure 7D, E). Notably, hBECs infected with
SARS-CoV-2 mostly produced IFN-A1 compared to other IFNs (Figure
7E-H). Among human phagocytes, plasmacytoid (p)DCs respond to
SARS-CoV-2 by producing mainly IFN-I (Onodi et al. 2021). Based on
the potent induction of IFN-IIl in patients with mild COVID-19, we
focused our attention on conventional (c)DCs that we recently
described as major producers of IFN-IIl in the lungs of mice (Broggi et
al. 2020). 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 ¢DCs during COVID-19, we infected a human lung epithelial cell
(hLEC) line with SARS-CoV-2 and exposed cDCs to the supernatant of
these cells. We found that only cDCs exposed to the supernatant of
virally-infected hLECs upregulated the expression of IFN-A2,3 (but not
IFN-A1), members of the IFN-I family, as well as IL-1B and IL-6, (Figure
71-L and Supplemental Figure 7F, G).

To identify the PRRs involved in the production of IFNs by either
human epithelial cells or cDCs, we tested different PRR ligands (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 TLR3, in epithelial cells potently induced the transcripts of IFN-III
and IFN-I, but not of other pro-inflammatory mediators (Supplemental
Figure 7H, and STAR Methods). The analysis of protein levels

confirmed the transcriptional data (Figure 7N, Supplemental Figure 71,
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J, and 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 (Figure 7N,
Supplemental Figure 71).

We next evaluated the response of cDCs. As a comparison, we also
treated bulk peripheral blood mononuclear cells (PBMCs), monocytes
isolated from PBMCs, as well as monocyte-derived DCs (moDCs). While
PBMCs were particularly able to produce IFN-Il 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 of IFN-A1, solely in response
to TLR3 stimulation (Figure 70, Supplemental Figure 7K-M, and 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 mediators, each cell type revealed a unique
pattern of protein production (Supplemental Figure 7N, and STAR
Methods), underscoring the complexity and cell-specificity of the
inflammatory response.

Collectively, these data demonstrate that epithelial cells preferentially
produce IFN-A1 upon SARS-CoV-2 infection and suggest that IFN
production is driven via RIG-I/MDA-5 or TLR3 stimulation. Also, 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 devastating

societal and economic effects. Notwithstanding the efficacy of the
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COVID-19 vaccines, a better understanding of the molecular
underpinnings that drive the severe disease in patients 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 anti-viral 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
evidence has complicated our view of the role played by members of
the IFN-I and IFN-III families during SARS-CoV-2 infection.

We found that in the upper airways of patients with mild
manifestations, the presence of IFN-A1 and IFN-A3, but not IFN-A2 or
IFN-I, was associated with the induction of ISGs known to efficiently
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 a mild disease or healthy controls. These patients show a reduced
induction of protective ISGs and, in general, of IFN responses. Two
non-mutually exclusive explanations for this behavior may be that: i)
the pattern of IFN expression of critically ill patients is less capable of
inducing the protective ISGs; ii) 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-IIl in the upper

airways of younger and/or milder patients, but also that severely ill
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COVID-19 patients are characterized by the highest levels of IFNs (at
the mRNA as well as protein levels) in the lower airways. These data
support the hypothesis that IFNs 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 airways, 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 human
bronchial epithelial cells, 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 supernatant of
lung epithelial cells previously infected with SARS-CoV-2, or in
response to dsRNA. These data suggest that cDCs, despite not

responding directly to SARS-CoV-2 infection, may play fundamental

121



roles in recognizing intermediates of viral replication and/or DAMPs
released by dying cells.

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
Iwasaki 2020), represents the best way to exploit the anti-viral
activities of IFNs.

In conclusion, our data define the anatomical map of inter and intra-
family production of IFNs during COVID-19, and 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-III,
compared to IFN-I, at mucosal surfaces during life-threatening viral
infections. These findings will be fundamental for designing
appropriate pharmacological interventions to prevent infection with
SARS-CoV-2 or to dampen the severity of COVID-19 and will help to
better understand how the IFN landscape affects human immune

responses to respiratory viral infections.
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Limitations of the Study.
Our findings shed new light on the nature of the IFNs and on the

molecular pathways that drive intrinsic immunity. The capacity of lung
epithelial cells to recognize and respond to viral components is
confounded by the presence of SARS-CoV-2 effector proteins which
block immune recognition and IFN production (Banerjee et al. 2020;
Konno et al. 2020; Lei et al. 2020; Wu et al. 2021). We show that high
viral load in the upper 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 to a protective immune response in young individuals,
whilst eliciting a dysregulated inflammatory 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, to 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 respond to SARS-CoV-2 encounter (Marongiu et al. 2022), but
the capacity of these subtypes to produce specific IFNs remains an
open question. Furthermore, understanding the specific contribution
of different PRRs to the IFN response elicited in patients infected with

SARS-CoV-2 also requires further analyses.
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Figure 1. High viral loads drive the efficient production of IFN-III, and
to a lesser extent of IFN-I, in an age-dependent manner in the upper
airways of COVID-19 patients. (A-F) IFNL1 (A), IFNL2,3 (B), IFNL4 (C),
IFNB1 (D), IFNA2 (E), IFNA4 (F) 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. (G-L)
IFNL1 (G), IFNL2,3 (H), IENL4 (1), IENB1 (J), IENA2 (K), IFNA4 (L) mRNA

expression is plotted against mean viral RNA CT in swabs from SARS-

CoV-27 patients. Each dot represents a patient. Linear regression lines

(continuous line) and 95% confidence interval (dashed line and shaded
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area) are depicted in red. Spearman correlation coefficients (r) and p-
value (p) are indicated. (M-R) IFNL1 (M), IFNL2,3 (N), IFNL4 (O), IFNB1
(P), IFNA2 (Q), IFNA4 (R) mRNA expression is plotted against mean viral

RNA CT in swabs from SARS-CoV-2* 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) and 95% confidence interval (dashed line and shaded area) are
depicted. Spearman correlation coefficients (r) and p-value (p) are
indicated in blue and in orange for 270 and <70 year-old patients
respectively. (A-R) Expression is plotted as log2 (gene/GAPDH mRNA +
0.5 x gene-specific minimum). Statistics: (A-F) Mann-Whitney test: ns,
not significant (P>0.05); *P<0.05, **P<0.01, ***P<0.001, and
***%¥P<0.0001. (M-R) Test difference between simple linear regression
slopes: ns, not significant (P>0.05); *P<0.05, **P<0.01, ***P<0.001,
and ****P<0.0001. See also Figure S1 and Table S1.
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Figure 2. Mild COVID-19 is characterized by high levels of IFN-III, not

IFN-I, in response to high viral loads in the upper airways. (A-M)

Swabs from a cohort of SARS-CoV-2* patients with known disease
severity 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) mRNA 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”
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patients respectively. (I) 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, IL1B 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 (“+++”,
“++”, “+") are defined by mean viral RNA CT (<20, >20 and <30, > 30).
Age groups are defined as <70 or >70-year old patients. (K) /IFNL1,
IFNL2,3, IFNA2, IFNB1, IL1B mRNA expression within clusters identified
in Figure 2J. Each dot represents a patient. Violin plots are depicted.
(L) Percentage of patients with the indicated disease severity within
clusters identified in Figure 2J. (M) Odds ratio of patients in Cluster 2
being hospitalized or admitted to the ICU relative to patients in Cluster
3 (Clusters identified in Figure 2J). Symbols represent the odds ratio.
Error bars represent the 95% confidence interval associated to the
odds ratio. (A-H, K) Expression is plotted as log2 (gene/GAPDH mRNA
+ 0.5 x gene-specific minimum). Statistics: (A-H) Test difference
between simple linear regression slopes: ns, not significant (P>0.05);
*P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001. (I) Two-way
ANOVA: ns, not significant (P>0.05); *P<0.05, **P<0.01, ***P<0.001,
and ****P<0.0001. (L) Chi Square test for odds ratio: ns, not significant
(P>0.05); *P<0.05, **P<0.01, ***P<0.001. See also Figure S2 and Table
S3.
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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-sequencing of

nasopharyngeal swabs from SARS-CoV-2 negative (NEG, 3) and
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positive patients with known disease severity: home-isolated patients
(HI, 5), hospitalized patients (HOSP, 7), ICU inpatients (ICU, 3). (A)
Heatmap depicting expression of type | / Il / lll IFNs. 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). Pathway with padj val <0.05
in either group are represented. (C) Heatmap depicting expression of
ISG genes 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, IFN-A3 at a
concentration of 2ng/ml for 4 or 24 hours. RSAD2 (D) IFIT3 (E), LY6E
(F), 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: (D-G) Two-way ANOVA: ns, not
significant  (P>0.05); *P<0.05, **P<0.01, ***P<0.001, and
****P<0.0001. See also Figure S3 and Table S4.
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and IFN-I families are over-

represented in the lower airways of COVID-19 patients. (A-H) /FNL1
(A), IFNL2,3 (B), IFNL4 (C), IFNB1 (D), IFNA2 (E), IFNA4 (F), IL1B (G), and

IL6 (H) mRNA expression was evaluated in BALF from SARS-CoV-2-

positive (BALF POS, 26, black dot) and -negative (BALF NEG CTRL, 24)

patients with non-infectious lung involvement such as fibrosis (8, blue

dot), sarcoidosis (8, green dot) or lung transplant (8, purple dot). (I-P)

IFNL1 (1), IFNL2,3 (), IFNL4 (K), IFNB1 (L), IFNA2 (M), IFNA4 (N), IL1B

(0), and IL6 (P) mRNA expression was evaluated in BALF (BALF PQOS,
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26) and swabs (Swab POS, 21) from SARS-CoV-2-positive subjects that
were either hospitalized (black dots) or ICU inpatients (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: (A-P) Mann-Whitney test: ns, not significant
(P>0.05); *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001. See also
Figure S4 and Table S5.
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@ Size

QO 60
O ®w
O 100

INTERFERON_ALPHA_RESPONSE 0.4-
PEROXISOME
PI3K_AKT_MTOR_SIGNALING
P53_PATHWAY

APICAL_JUNCTION

enrichment score
o
N
v

o
o

UV_RESPONSE_UP i 1 H H i
0 2000 4000 6000 8000

ESTROGEN_RESPONSE_EARLY

-Log10(pval)
TNFA_SIGNALING_VIA_NFKB rank
XENOBIOTIC_METABOLISM 1 NES = 1.39 p value =0.016
HYPOXIA 17 P53 Pathway BALF ICU vs. NEG CTRL
05 cmccce g mr e mr e o=
MTORC1_SIGNALING i (oS o
APOPTOSIS i
15 2 03-
ESTROGEN_RESPONSE_LATE § -
INTERFERON_GAMMA_RESPONSE . 14 = 0.2-
@
136 E 01-
2
s 00
' ' ' ' '
0 2000 4000 6000 8000
rank
D E NES = 1.32 p value =0.018
Sairiples BALLAARK TERFERON,ALPHA RESFONGE ® ¢ o
HALLMARK INTERFERON_GAMMA_RESPONSE @ o o
HALLMARK TNFA_SIGNALING VIA NFKB ® © o
Sample HALLMARK IL8_JAK_STAT3. SIGNALING O e @
s HALLMARK_ INFLAMMATORY RESPONSE S ® e
naLarx anorocen resronse - (@D O @ ®
NAIS; wwmncccrer seecion, @ O @ @
F s WALLMARK TGF_BETA SIGNALNG | ()
IFNA2  Z-score i "1 e o e o ~Log10(pad)
o I HALLMARK 12 STATS SIGNALING e o
: HALLWARK AROPTOSSS e @
IFNAT 3 HALLMARK UV_RESPONSE UP e O 2
A2 B2 HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY e @
rlerons. HALLAARK_PISK_AKT_AfTOR. SIGNALING e o
(EHa4 R;Z’:I HALLMARK_KRAS_SKGNALING_UP o @ d
IFNAS Type-1il HALLMARK_PROTEIN SECRETION [ ] o
e Sk HALLMARK COMPLEMENT e @
W BALFICU HALUWARK_UNFOLDED. PROTEI REsPonse | () e @
2 IFNA10 § Swab ICU HALLMARK_HYPOXIA e ©
% IFNAS HALLMARIK_MTORC1_SIGNALING e ©
] HALLMARK P53 psrrvay () e @
IFNA17
ranAk cHowesTEROL HomeosTiss @ @ @ @
IFNA13 HALLMARK_MYC_TARGETS V1 (@] O ) )
i ek oxove mrossioron Y @ O @ @
HALWARK ESTROGEN RESPONSE WTEY. @ @ @ @
IFNAZZP e ancTon] @ @ e @
IFNL2 waswak monc seeoie @ @ 0 0o @
Haenk e sensousn . @ O e @
IFNK
HALWARK ESTROGEN RESPONSEEMY Y @ @ 0 @
IFNA7 HALLMARK FATTY ACID METABOUSM S @ © ° o
FNLS HALLMARK ADiPocENESS @ @ . [ )
HALLMARK DNA_ FEPAIR .
L *—9 L]
IFNG 0@ OGJQ \o\) \Q\)
Interferons D}fb N3 q{?’ ‘bvs?
)
)

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-sequencing of BALF from SARS-CoV-2 positive patients (BALF ICU,
7), from patients with non-infectious lung pathologies (BALF NEG
CTRL, 5) 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). The color is

proportional to the Z Score (A) Bubble plot visualization of gene set
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enrichment analysis (GSEA) for pathways enriched in BALF ICU
compared to BALF NEG CTRL samples. Normalized enrichment score
(NES) is depicted. Color coding corresponds to -Logl10(p adjusted
value), size corresponds to the number of genes detected for each
pathway. Pathways with pval <0.05 are depicted. (B-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 type | / Il / Ill IFNs in BALF ICU and
Swab ICU samples. (E) Dot plot visualization of gene set enrichment
analysis (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, Swab ICU). NES is depicted.
Color coding corresponds to -Log10(p adjusted value). Pathways with
padj<0.05 in any of the groups are depicted. See also Figure S5 and
Table S6.
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Figure 6. A unique protein IFN signature characterizes the lower
airways of COVID-19 patients compared to patients with other ARDS
or non-infectious lung pathologies. (A-D) IFN-A1 (A), IFN-A2,3 (B), IFN-
B (C), IFN-a2 (D) protein levels were measured in the BALF of COVID-
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19 (BALF PQS, 29, are depicted with red dots), ARDS (BALF NEG ARDS,
5 were diagnosed HIN1 and are depicted with orange dots, 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-A2,3 (F), IFN-B (G), IFN-a2 (H), IL-1B (1), 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 (r) and p-value (p) are indicated. (K) Heatmap
comparison of IFN-a2, IFN-B, IFN-y, IFN-A1, IFN-A2,3, IL-10, CXCL-10, IL-
1B, IL-6, TNF-a, IL-8, 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 Logl10 transformed value of
the amount of cytokine normalized for sample volume (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 Figure 6K. (M-O) 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 Figure 6J). Statistics: (A-D) Kruskal-Wallis test

with Dunn’s post-hoc test: ns, not significant (P>0.05); *P<0.05,
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**Pp<0.01, ***P<0.001, and ****pP<0.0001. (L-M) Chi Square test for
odds ratio: ns, not significant (P>0.05); *P<0.05, **P<0.01,
***P<0.001. See also Figure $S6 and Table S7.
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Figure 7. Epithelial and immune cells dictate the IFN landscape. (A-C)

Targeted RNA-sequencing of nasopharyngeal swabs from SARS-CoV-2

positive patients that were either ICU inpatients (Swab ICU, 3)

hospitalized (Swab HOSP, 6) or home-isolated (Swab Hl, 4) and from
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SARS-CoV-2 negative (Swab NEG, 2) patients, and BALF from SARS-
CoV-2 positive patients (BALF POS, 7) and from patients with non-
infectious lung pathologies (BALF NEG CTRL, 3) was performed. Data
was deconvoluted based on publicly available scRNAseq datasets
(Ziegler et al. 2021) using CIBERSORTx (Newman et al. 2019) to
extrapolate the relative cellular composition of samples. (A-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 hours. hLECs were
infected with SARS-CoV-2 for 72 hours. cDCs were treated with
supernatants from hLECs, infected or not, for 24 and 48 hours. 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 hours 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 hours 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 hours
with 3p-hpRNA/LyoVec, cGAMP, CpG(C), LPS, Poly (I:C), R848 for
stimulation of RIG-I, STING, TLR9, TLR4, TLR3, TLR7/8 respectively.
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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-a2, IFN-B, IFN-y,
IFN-A1 and IFN-A2,3 production by hBECs (N), cDCs (O) 24 hours after
treatment. The color is proportional to the Logl0 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. (E-L) Expression is
plotted as log2 (gene/GAPDH mRNA + 0.5 x gene-specific minimum).
Statistics: (C) Two-way ANOVA: ns, not significant (P>0.05); *P<0.05,
**p<0.01, ***P<0.001, and ****P<0.0001. (E-L) 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 Figure S7 and
STAR Methods.
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Supplemental Figure 1. High viral loads drive the efficient production
of IFN-I1I, and to a lesser extent of IFN-I, in an age-dependent manner

in the upper airways of COVID-19 patients. Related to Figure 1. (A-C)
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Age distribution (A), number (B) and percentage (C) of females and
males in cohorts of patients (Swab NEG, Swab POS) analyzed in Figure
1A-L and Supplemental Figure 1D-O. (A) Each dot represents a
patient. Violin plots are depicted. (D, E) /L1B (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), IFNB1 (1), IFNA2 (3), IFNA4 (K), IL1B (L), and IL6
(M) in Swab POS and Swab NEG cohorts. (N-O) /L1B (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), IENB1 (S), IFNA2 (T), IFNA4 (U), IL1B (V), and IL6 (W) in
viral load tercile cohorts (“+”, “++”, “+++”). (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 (r) and p-value (p) are indicated in blue and in

orange for 270 and <70 year-old patients respectively. (Z-AG) Odds
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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 270 (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 Table
S1, S2.
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Supplemental Figure 2. Mild COVID-19 is characterized by high levels
of IFN-IIl, 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 (Hl=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

” “" ” o"

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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Supplemental 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. 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 HlI,
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.
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Supplemental Figure 4. Members of the IFN-IIl and IFN-I families are
over-represented 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
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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 (1),
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), IENL4 (N), IFNB1 (O), IFNA2 (P), IENA4 (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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Supplemental Figure 5. 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 Hl and BALF ICU. (A-

D) NES: Normalized enrichment score. See also Table S6.
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Supplemental Figure 6. 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-A2,3 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-
v (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-1) 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
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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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Supplemental Figure 7. 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-
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2. Each dot represents a biological replicate. Median with range is
depicted. Dashed line represents limit of detection. (F-G) IL1B (D), IL6
(E) mRNA expression was evaluated in cDCs 24 and 48 hours after
treatment with supernatants 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. Each dot represents a technical replicate. Median with
range is depicted. (H) Heatmap representation of IFNL2,3, IFNLI,
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-A2,3
production by hBECs treated for 24h with PRR ligands. Poly (1:C) (TLR3),
3p-hpRNA/LyoVec (RIG-1) and transfected Poly (I:C) (RIG-I/MDA5)
were used. Each dot represents a biological replicate. Median with
range is depicted. (J) Heatmap representation of IL-8, CXCL10, IL-6 and
IL-1B production 24 hours after stimulation. The color is proportional
to the Logl0 transformed concentration (pg/ml) of each cytokine.
Rows in each group represent a biological replicate. (K-M) Heatmap
representation of IFN-a2, IFN-B, IFN-y, IFN-A1 and IFN-A2,3 production
by PMBCs (K), Monocytes (L), moDCs (M) 24 hours after treatment.
The color is proportional to the Logl0 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
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hours after treatment. (J-N) The color is proportional to the Logl0
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/GAPDH mRNA +
0.5 x gene-specific minimum). Statistics: (C-E, F,G, I) One-Way ANOVA
with Dunnett’s post-hoc test: ns, not significant (P>0.05); *P<0.05,
**¥Pp<0.01, ***P<0.001, and ****P<0.0001. See also STAR Methods.
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Swab NEG Swab POS total Swab POS + Swab POS ++ Swab POS +++

les (#) 28(183) 155(183) 51(155) 46(155) 58(155)
ini 23 10 17 10 26
Maximum 86 98 93 98 97
Q1 46 44 46 46 48
Q3 72 80 83 80 79
IQR 26 36 37 34 31
Age Median 56 58 68 55 61
Mean 57 60 62 58 62

270 (#) 8(28) 61(155) 25(51) 16(46) 20(58)

<70 (#) 20(28) 94(155) 26(51) 30(46) 38(58)
2 70 (%) 29 39 49 35 34
<70 (%) 71 61 51 65 66

F (#) 15(28) 85(155) 27(51) 27(46) 31(58)

Sex M (#) 13(28) 70(155) 24(51) 19(46) 27(58)
F (%) 54 55 53 59 53
M (%) 46 45 47 41 47

Supplemental Table 1. Patient information for Swab NEG and Swab
POS samples used for gene expression. Related to Figure and
Supplemental Figure 1. Age, sex and severity characteristics of patient
cohorts analyzed in Figure 1 and Supplemental Figure 1.
Nasopharyngeal swabs from SARS-CoV-2-negative (Swab NEG) and -
positive (Swab POS total) subjects, that were further divided in viral
load terciles (“Swab POS +”, “Swab POS++”, “Swab POS+++”), were
analyzed by gPCR. Ql=quartile 1, Q3=quartile 3, IQR=interquartile
range, > 70=over or equal to 70 years old, <70=under 70 years old,

F=female, M=male, #=number of samples, %=percentage of samples.
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Age <70 Age 270
o] Viral load tercile 0Odds ratio P value 0Odds ratio P value P value for i

IFNA2 n Reference(1.0) Reference(1.0) 0.38
++ 0.7(0.3,2.2) 0.59 0.5(0.1,2.1) 0.36
et 3.2(1.1,9.2) 0.03 0.9(0.2,3.6) 0.89

IFNA4 ¥ Reference(1.0) Reference(1.0) 0.03
+ 1.1(0.2,5.5) 0.92 0.5(0.1,2.4) 0.38
- 10.7(2.4,47.9) 0.002 0.8(0.2,3.0) 0.70

IFNB1 ¥ Reference(1.0) Reference(1.0) 0.14
++ 0.5(0.1,1.5) 0.19 0.5(0.1,1.8) 0.29
e 8.8(2.6,30.2) <0.001 1.7(0.4,6.8) 0.49

IFNL1 + NE NE 0.06
++ Reference(1.0) Reference(1.0)
++ 48.0(5.8,399.0) <0.001 2.1(0.5,8.9) 0.33

IFNL2,3 + Reference(1.0) Reference(1.0) <0.001

++ 1.0(0.3,3.9) 0.96 0.8(0.2,3.0) 0.80
o 22.1(6.0,82.0) <0.001 1.0(0.3,3.5) 0.95

IFNL4 n Reference(1.0) Reference(1.0) 013
+ NE 0.6(0.1,3.2) 0.47
- 4.2(1.0,17.6) 0.049 0.6(0.2,2.1) 0.39

IL1B ¥ Reference(1.0) Reference(1.0) 013
-+ 5.3(1.6,17.6) 0.005 0.8(0.2,3.6) 0.73
e 11.5(3.1,42.6) <0.001 NE

IL6 ¥ Reference(1.0) Reference(1.0) 0.80

++ 2.7(0.3,27.8) 0.40 7.8(0.8,79.3) 0.08
++ 28.1(3.4,233.1) 0.002 83.90(8.2,857.3) <0.001

Supplemental Table 2. Odds ratio of expressing/not each gene across
viral load terciles and age groups in swabs from SARS-CoV-2 positive
patients. Related to Figure Supplemental 1.0dds ratio of expressing
IFNL1 in “+++” with respect to “++” and IFNL2,3, IFNL4, IFNB1, IFNA2,
IFNA4, IL1B, and IL6 mRNA in “+++” and “++” with respect to “+” swabs
from SARS-CoV-2 positive = 70 and < 70 patients was calculated. Odds
ratio column indicates the odds ratio and associated 95% confidence
interval in brackets. P value column indicates the associated P value
for each cohort of patients. Interaction between viral load terciles and

age groups (270 years vs <70 years) was tested and P values for

interaction are indicated. NE=not estimable.
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Gene Expression Mean Viral RNA CT progression

HI HOSP ICU HI HOSP Icu
(#) 9(31) 19(31) 3(31) 6(12) 5(12) 1(12)
22 38 60 50 32 NA
78 97 69 84 84 NA
Q1 42 57 64 54 51 NA
Age Q3 51 85 69 73 81 NA
IQR 9 29 5 19 30 NA

Median 47 76 68 68 73 91

Mean 50 71 66 66 64 91
F (#) 4(9) 9(19) 1(3) 3(6) 2(5) 1(1)
sex M (%) 5(9) 10(19) 2(3) 3(6) 3(5) 0(1)
F (%) 44 47 33 50 40 100

M (%) 56 53 67 50 60 0

Supplemental Table 3. Patient information for HI, HOSP and ICU
Swab samples for gene expression and for Mean Viral RNA CT
progression analysis. Related to Figure 2 and Supplemental Figure 2.
Age, sex and severity characteristics of patient cohorts analyzed in
Figure 2 and Supplemental Figure 2. Nasopharyngeal swabs from
SARS-CoV-2 positive subjects that were either home-isolated (Hl),
hospitalized (HOSP)) or hospitalized and admitted to the ICU (ICU)
were analyzed by gPCR for gene expression or were analyzed
longitudinally for mean viral RNA CT. Ql=quartile 1, Q3=quartile 3,
IQR=interquartile range, F=female, M=male, #=number of samples,

%=percentage of samples.
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Swab NEG Swab POS
Samples (#) 3(18) 15(18)
+ (#) NA 3(15)
Viral load tercile ++ (#) NA 6(15)
+++ (#) NA 6(15)
HI (#) NA 5(15)
Severity HOSP (#) NA 7(15)
ICU (#) NA 3(15)
Minimum 29 42
Maximum 86 96
Ql 51 51
Age Q3 80 77
IQR 29 27
Median 73 68
Mean 63 65
F (#) 1(3) 6(15)
M (#) 2(3) 9(15)
Sex F (%) 33 40
M (%) 67 60

Supplemental Table 4. Patient information for swab samples used for
RNA-Seq. Related to Figure and Supplemental Figure 3. Age and sex
characteristics of patient cohorts analyzed in Figure 3 and
Supplemental Figure 3. Nasopharyngeal swabs from SARS-CoV-2
positive patients divided in viral load terciles (“+++”, “++”, “+”) and
that were either home-isolated (HI), hospitalized (HOSP)) or
hospitalized and admitted to the ICU (ICU) were analyzed by RNA-Seq.
Ql=quartile 1, Q3=quartile 3, IQR=interquartile range, = 70=over or

equal to 70 years old, <70=under 70 years old, F=female, M=male,

#=number of samples, %=percentage of samples.
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BALF NEG CTRL BALF POS Swab POS
Samples (#) 24(72) 26(72) 22(72)
. HOSP (#) NA 5(26) 19(22)
Severity ICU (#) NA 21(26) 3(22)
Fibrosis (#) 8(24) NA NA
Diagnosis Sarcoidosis (#) 8(24) NA NA
Transplant (#) 8(24) NA NA
Minimum 33 47 38
Maximum 100 86 97
Ql 50 61 58
Age Q3 64 71 84
IQR 14 10 27
Median 57 66 69.5
Mean 59 65 70
F (#) 12(24) 4(26) 12(22)
M (#) 12(24) 22(26) 10(22)
Sex
F (%) 50 15 55
M (%) 50 85 45

Supplemental Table 5. Patient information for swab and BALF

samples used for gene expression.

Supplemental Figure 4. Age and sex characteristics of patient cohorts
analyzed in Figure 4 and Supplemental Figure 4. Nasopharyngeal
swabs and BALF from SARS-CoV-2 positive patients that were either
home-isolated (HI), hospitalized (HOSP)) or hospitalized and admitted
to the ICU (ICU) and BALF from SARS-CoV-2 negative patients were
analyzed by gPCR. Ql=quartile 1, Q3=quartile 3, IQR=interquartile

range, , F=female, M=male, #=number of samples, %=percentage of

samples.
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BALF NEG CTRL BALF POS Swab POS
Samples (#) 5(27) 7(27) 15(27)
+ (#) NA NA 3(15)
Viral load tercile ++ (#) NA NA 6(15)
+++ (#) NA NA 6(15)
Fibrosis (#) 1(5) NA NA
Diagnosis Sarcoidosis (#) 2(5) NA NA
Transplant (#) 2(5) NA NA
HI (#) NA 0(7) 5(15)
Severity HOSP (#) NA 0(7) 7(15)
ICU (#) NA 7(7) 3(15)
Minimum 45 48 42
Maximum 64 72 96
Ql 53 66 51
Age Q3 63 71 77
IQR 10 5 27
Median 63 69 68
Mean 58 66 65
F (#) 2(5) 3(7) 6(15)
M (#) 3(5) 4(7) 9(15)
Sex
F (%) 40 43 40
M (%) 60 57 60

Supplemental Table 6. Patient information for swab and BALF
samples used for RNA-Seq. Related to Figure and Supplemental
Figure 5. Age and sex characteristics of patient cohorts analyzed in
Figure 5 and Supplemental Figure 5. Nasopharyngeal swabs and BALF
from SARS-CoV-2 positive patients that were either home-isolated
(HI), hospitalized (HOSP)) or hospitalized and admitted to the ICU (ICU)
and BALF from SARS-CoV-2 negative patients were analyzed by RNA-
Seq. Ql=quartile 1, Q3=quartile 3, IQR=interquartile range, , F=female,

M=male, #=number of samples, %=percentage of samples.
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COvVID-19

ARDS H1N1+

ARDS H1N1-

Fibrosis

Sarcoidosis

Transplant

Samples (#)

29(68)

5(68)

4(68)

10(68)

10(68)

10(68)

Age

Minimum

28

42

44

64

35

35

Maximum

79

67

76

83

77

67

Q1

56

54

54

66

39

53

Q3

66

62

70

74

53

58

IQR

10

8

16

8

14

5

Median

60

59

63

70

46

56

Mean

61

57

61

71

50

53

Sample

BALF (#)

29(29)

5(5)

4(4)

10(10)

10(10)

10(10)

Plasma (#)

17(29)

0(5)

0(4)

0(10)

0(10)

0(10)

Supplemental Table 7. Patient information for BALF and plasma

samples used for cytokine quantification. Related to Figure and

Supplemental Figure 6. Age and type of collected sample of patient

cohorts analyzed in Figure and Supplemental Figure 6. BALF and

plasma from patients with COVID-19 was analyzed. BALF from patients

suffering from: non-COVID-19 ARDS (divided in HIN1 Influenza A virus

positive or not), fibrosis, sarcoidosis, and that received lung transplant

was analyzed. Ql=quartile 1, Q3=quartile 3, IQR=interquartile range.
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Materials and Methods.
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.

e Gene expression matrix from targeted transcriptomics,
Gene expression matrix from qPCR 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.

e 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)
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from 155 SARS-CoV-2 positive patients and from 28 negative subjects
undergoing screening for suspected social contacts 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 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 Table S1, S3, S4,
S5, S6 for patient information. All samples were stored at -80°C until
processing. 500 ul 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
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total, 5 of which were diagnosed HIN1 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 bacterial 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 stimulations
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 presence of GM-CSF 20ng/ml

(PeproTech Cat# 300-03) and IL-4 20ng/ml (PeproTech Cat# 200-04)
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for 7 days. MoDCs differentiation was tested for CD14 downregulation
and HLA-DR expression. cDCs were positively selected from PBMCs
with CD141 (BDCA-3) MicroBead Kit (Miltenyi Biotec Cat# 130-090-
512) by MACS technology. Purity and differentiation were assessed by
FACS and representative 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
propagated 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 (BLS-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.
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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 accepting 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).

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 (ALl). At ALl day 15, cells were stimulated with LPS (100
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ng/ml), R848 (10 ug/ml), CpG(C) (1 uM), Poly (I:C) (50 pg/ml), Poly (I:C)
(1 pg/108 cells) + Lipofectamine, 3p-hpRNA/LyoVec (100 ng/ml), and
cGAMP (10 pg /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 400g 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/ml), 3p-
hpRNA/LyoVec (2.5 pug/ml), and cGAMP (10 pg/ml). Supernatants were

collected 24 hours post treatment and stored at — 20 °C until analysis.
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cDCs were also stimulated with conditioned media from hLECs. hLECs
were infected or not with SARS-CoV-2 at an MOI of 107 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 (Invitrogen 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™ Il First-Strand
Synthesis System (Invitrogen Cat# 18080051) according to
manufacturer’s instruction. gRT-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). qRT-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)
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for the following genes: UBC, RSAD2, IFIT3, LY6E, APOL2. Expression
was assessed with respect to the housekeeping UBC. SARS-CoV-2 E
gene expression 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 Table 4 and Table 6 was retro-transcribed
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 Transcriptome 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 reference 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; Ziegler et al. 2021).
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Gene set enrichment analysis and enrichment plot were generated in
R using the Fast Gene Set Enrichment Analysis package (fGSEA)
(Korotkevich et al. 2021). Heatmaps were generated in R and
visualized with the ComplexHeatmap package (Gu, Eils, and Schlesner
2016). Clustering analysis was performed using Euclidean distances on
individual z-scores. Code available upon request.

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 variance 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.
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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 (270 years vs <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 (Graphpad) software or SAS version 9.4 (SAS Institute). All
statistical analyses are indicated in figure legends. Throughout the
paper significant 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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Abstract.
Tissue damage and repair are hallmarks of the inflammatory process.

Despite a wealth of information focused on the mechanisms that
govern tissue damage, mechanistic insight on how inflammatory
immune mediators affect the restitution phase is lacking. Here, we
investigated how interferons influence tissue restitution after damage
of the intestinal mucosa driven by inflammatory or physical injury. We
found that type lll, but not type |, interferons serve a central role in
the restitution process. Type lll interferons induce the upregulation of
ZBP1, caspase activation, and cleavage of gasdermin C, and drive
epithelial cell death by pyroptosis, thus delaying tissue restitution. We
also found that this pathway is transcriptionally regulated in IBD
patients. Our findings highlight a new molecular signaling cascade
initiated by the immune system that affects the outcome of the
immune response by delaying tissue repair and that may have

important implications for human inflammatory disorders.
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Introduction.
The immune system evolved to protect the host from external or

internal threats, as well as to maintain homeostasis of the organs and
tissues. The strong interrelationship between these two functions of
the immune system is best exemplified during the restitution phase
that follows mucosal damage, occurring as a consequence of an
immune response. The skin, the lungs, the gut, and other mucosae are
constantly exposed to microbial and/or physical perturbations and
harbor multiple immune and non-immune cells that sense the
presence of hostile environmental or endogenous factors and mount
a defensive response. The causative agent of this response, the
response itself, or both, may lead to tissue damage. Tissue damage
sensing by tissue-resident as well as newly recruited cells initiates a
complex cascade of cellular and molecular processes to restore tissue
functionality and homeostasis, or to adapt to persistent perturbations
(Meizlish et al. 2021).

The gastrointestinal tract represents an ideal tissue to explore the
mechanisms underlying the exquisite balance between tissue damage
and repair orchestrated by the immune system. In the intestine,
immune cells, epithelial cells, and commensal microbes are in a
dynamic equilibrium. A monolayer of highly specialized epithelial cells
separates the gut lumen from the underlying lamina propria. The
interplay between microbiota-derived inflammatory cues and the host
cells in the intestine profoundly impacts the biology of the gut, both
during homeostasis, inflammation, and damage responses. The lamina

propria hosts a large variety of immune and non-immune cells that
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detect alterations in the functioning as well as in the integrity of the
epithelial barrier and mount an immune response. The fine
equilibrium between the microbiota, the epithelial barrier, and the
immune system is lost during inflammatory bowel diseases (IBDs).
IBDs are a group of heterogeneous diseases, whose pathogenesis is
associated with genetic and environmental factors, that are
characterized by a dysregulated immune response (Danese and Fiocchi
2011; Roda et al. 2020). Along with a heightened inflammatory
response, IBDs are characterized by the breach of the intestinal barrier
and a defective repair response that compromises mucosal
homeostasis. Therefore, the ability of immune mediators to influence
epithelial repair has an important impact on the pathogenesis of IBDs.
Indeed, the promotion of mucosal healing has been recognized as a
major therapeutic challenge for the management of IBDs (Pineton de
Chambrun et al. 2010).

We previously showed that a group of interferons (IFNs), known as
type Il IFNs or IFN-A (Kotenko et al. 2003; Sheppard et al. 2003;
Prokunina-Olsson et al. 2013), limits inflammation in a mouse model
of colitis by dampening the tissue-damaging functions of neutrophils
(Broggi et al. 2017). IFN-A, as type | IFNs, plays potent anti-microbial
roles, but, in contrast to type | IFNs, also preserves gut functionality by
limiting excessive damage (Broggi, Granucci, and Zanoni 2020). The
limited damage is largely explained by the fact that the expression of
the IFN-A receptor (IFNLR) is mainly restricted to epithelial cells and
neutrophils. In contrast, type | IFNs act systemically and play potent

inflammatory activities on immune and non-immune cells thanks to
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the broad expression of the type | IFN receptor (IFNAR). The local
activity of IFN-A at mucosal tissues, thus, limits the extent of activation
of immune cells, preventing excessive tissue damage, while preserving
the anti-microbial functions of IFN-A (Broggi, Granucci, and Zanoni
2020).

Although we and others have shown that IFN-A limits intestinal tissue
damage, the involvement of this group of IFNs during tissue restitution
of the gut is more controversial. Indeed, IFN-A and type | IFNs have
been shown to function in a balanced and compartmentalized way to
favor re-epithelization by acting, respectively, on epithelial cells or
immune cells resident in the lamina propria (McElrath et al. 2021). IFN-
A has been also proposed to facilitate the proliferation of intestinal
epithelial cells via STAT1 signaling (Chiriac et al. 2017) and to partially
enhance gut mucosal integrity during graft versus host disease
(Henden et al. 2021). On the other hand, though, IFN-A and/or the
IFNLR were found to be upregulated in IBD patients (Chiriac et al. 2017;
Glinther et al. 2019). Also, systemic and prolonged overexpression of
IFN-A in mice favored the death of Paneth cells, a group of cells that
can facilitate epithelial cell regeneration by acquiring stem-like
features (Schmitt et al. 2018), and by regulating the balance of
epithelial growth factors in the stem cell niche (Sato, van Es, et al.
2011).

In keeping with a possible detrimental role of IFN-A during an
inflammatory response at mucosal surfaces, we and others have
recently demonstrated that IFN-A delays the proliferation of lung

epithelial cells in murine models of persistent viral infections (Broggi
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et al. 2020; Major et al. 2020). Also, that IFN-A production in the lower
respiratory tract of COVID-19 patients is associated with increased
apoptotic and decreased proliferative transcriptional programs, and
characterizes SARS-CoV-2-infected individuals with severe-to-critical
outcomes (Sposito et al. 2021). Whether IFN-A plays similar roles in the
intestine, and the molecular mechanisms initiated by this group of IFNs
to exert their functions during gut restitution, remain unknown.

Here, by exploiting conditional knock-out mice that do not respond to
IFN-A only in intestinal epithelial cells or in neutrophils, ex vivo
transcriptomics, and biochemical assays, as well as intestinal
organoids in vitro, we dissected the role of IFN-A during tissue repair
secondary to either an inflammatory insult or to radiation damage.
Our data reveal a new molecular cascade initiated by IFN-A that
culminates in the activation of ZBP1 and of gasdermin C (GSDMC), in

the induction of pyroptosis and results in delayed gut restitution.

Results.
IFN-A delays tissue repair of the inflamed gut.

We previously showed that, in the acute inflammatory phase of the
dextran sulfate sodium (DSS) model of colitis, IFN-A signaling in
neutrophils dampens reactive oxygen species production and
neutrophil degranulation, and thus restrains intestinal damage (Broggi
et al. 2017). To assess the involvement of IFN-A during the restitution
phase of the DSS colitis model, we injected, or not, recombinant (r)IFN-
A in mice after DSS-induced inflammation has peaked. We confirmed

that rIFN-A administration upregulated interferon-stimulated genes

184



(ISGs) in the colon of DSS-treated mice (Figure S1A). Mice
administered rIFN-A, but not vehicle controls, showed persistent
weight loss, reduced colon length, and prolonged tissue damage as
measured by histology (Figure 1A-C). These data suggest that IFN-A
delays tissue restitution in mice encountering colitis.

Next, we tested whether the endogenous IFN-A, which is produced
during colitis development (Broggi et al. 2017), also affects the
restitution phase. After the peak of the inflammatory process induced
by DSS administration, mice were treated with a blocking antibody
directed against IFN-A and compared to mice treated with DSS, in the
presence or absence of rIFN-A. Our data demonstrated that inhibition
of endogenous IFN-A facilitates tissue restitution as measured by
increased weight gain and colon lengthening (Figure 1D, E). Notably,
we found that ISG levels in epithelial cells were significantly decreased
in mice treated with the anti-IFN-A antibody (Figure S1A), suggesting
that IFN-A, rather than type | IFNs, plays a major role in driving gene
transcription during the repair phase of colitis. To directly test the
involvement of type | IFNs in the restitution phase of DSS-induced
colitis, we either blocked type | IFN signaling using an anti-IFNAR
antibody, or added rIFNPB, 7 days after DSS administration. In keeping
with a key role of IFN-A in regulating mucosal epithelial responses,
none of the treatments aimed at targeting type | IFNs affected tissue
repair (Figure 1F, G). Accordingly, ISG levels in colonocytes were not
altered under these experimental conditions compared to control

mice (Figure S1B).
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While intestinal epithelial cells are the major effector cell type during
mucosal restitution, other cells, including immune cells, can
participate in modulating tissue repair. Since intestinal epithelial cells
and neutrophils are the two cell types that respond to IFN-A in the gut
of mice (Broggi et al. 2017), we used conditional knock out mice that
do not express the IFNLR either in intestinal epithelial cells
(VilREIfnir1?f mice) or neutrophils (Mrp8FEifniri?/f mice). Ifnir1/f
(WT) littermates were used as controls. In contrast to WT littermates,
administration of rIFN-A to VilFElfnir1™/f mice did not delay tissue
restitution as measured by weight change (Figure 1H). VilF€|fnir1/fl
mice in which intestinal epithelial cells do not respond to IFN-A showed
a faster recovery as measured by a significant increase in colon length,
regardless of the presence or absence of rIFN-A (Figure 1l). In contrast
to VilREIfnIr1™/f mice, Mrp8FElfnir1f! behaved similarly to their WT
counterpart, in the presence or absence of rIFN-A (Figure S1C). These
data demonstrate that, in contrast to the acute inflammatory phase of
colitis, epithelial cells, not neutrophils, are the major responders to
endogenous, as well as exogenous, IFN-A and that IFN-A signaling in
epithelial cells delays tissue restitution.

IFN-A delays the tissue restitution phase that follows radiation
damage.

Repair of the gut epithelial monolayer is a complex process, and the
regenerative capacity of intestinal stem cells (ISCs) plays a critical role
(Blanpain and Fuchs 2014). To target ISCs and assess the direct
involvement of IFN-A during gut restitution, we employed a well-

characterized model of epithelial damage resulting from exposure to
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ionizing radiations (Kim, Yang, and Bialkowska 2017). In this model,
radiation induces widespread epithelial cell death in the small
intestine, with a particularly dramatic effect on cycling ISCs that reside
at the bottom of the small intestinal crypt. Cell death is followed by
repair of the damaged epithelial crypts and return to homeostasis.
Three to four days after radiation injury, during the peak of the repair
response, crypt regeneration was assessed in WT mice, WT mice
administered exogenous rIFN-A, or Ifnlr1”’- mice. We found that mice
that received rIFN-A showed reduced regeneration of the crypts, while
Ifnir1’- mice had an increased number of crypts (Figure 2A). Notably,
in the small intestine of irradiated mice, similarly to what we observed
in the colon of mice exposed to DSS, endogenous IFN-A, but not type |
IFN, signaling caused the delay in tissue restitution (Figure 2B).
Similarly, ISG induction in epithelial cells was dependent on IFN-A,
rather than type | IFNs (Figure S2A).

Next, we assessed the nature of the cell types that respond to IFN-A in
the irradiated small intestine. When VilRElfnir1/f mice and WT
littermates were used, we found that the number of crypts three days
post-radiation was significantly increased in VilRElfnir?f mice
compared to WT mice (Figure 2C, S2B). We also demonstrated that
exogenous rIFN-A does not affect the number of crypts in VilRElfnir17/f
mice, while delaying tissue restitution in WT littermates (Figure 2C,
S2B). In keeping with a key role for epithelial cells, but not neutrophils,
in responding to IFN-A during tissue restitution, we found that
Mrp8<FEifnir1™/f mice didn’t show significant differences compared to

their WT littermates (Figure S2C). No differences were measured in
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the number of crypts of non-irradiated mice regardless of their
capacity to respond, or not, to IFN-A (Figure S2D). Finally, we followed
over time irradiated VilFElfnIr1/f mice or WT littermates, treated or
not with rIFN-A. We found that WT mice irradiated and treated with
rIFN-A lost significantly more weight than irradiated WT mice, and all
died (Figure 2D, E). Notably, WT littermates lost significantly more
weight compared to VilFElfnir1/f mice, treated or not with rIFN-A
(Figure 2D). In contrast, VilFElfnIr1/f mice treated or not with rIFN-A
showed a very similar behavior (Figure 2D, E). Overall, these data
demonstrate that epithelial cell regeneration and tissue restitution in
the small intestine of irradiated mice is inhibited in the presence of
IFN-A. Also, that IFN-A delays repair by acting on intestinal epithelial
cells.

IFN-A dampens regenerative and proliferative transcriptional
programs in intestinal epithelial cells.

To determine the transcriptional programs initiated by IFN-A to delay
tissue restitution, we isolated intestinal crypts from the small intestine
of VilFElfnir1™# mice or WT littermates that have been irradiated and
performed targeted transcriptomics analysis (RNAseq). In keeping
with a major role of IFN-A-dependent responses in the intestine, when
we performed gene ontology (GO) enrichment analyses, IFN-signaling
related pathways, as well as anti-viral or anti-bacterial pathways, were
highly enriched in WT epithelial cells, compared to VilfIfnir1//f
(Figure 3A). In contrast, GO terms associated with cell migration and

extracellular remodeling, which are linked to higher efficiency in the
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closure of mucosal wounds (Quirés and Nusrat 2019), were mostly
represented in epithelial cells that do not respond to IFN-A (Figure 3A).
Gene set enrichment analysis (GSEA) confirmed that genes associated
with IFN responses were significantly enriched in WT, compared to
knock-out, epithelial cells (Figure 3B, S3A). We next assessed the
relative enrichment of a previously identified colitis-associated
regenerative epithelial gene-set (Yui et al. 2018), as well as gene-sets
associated with epithelial cell proliferation. Both gene-sets were
significantly enriched when epithelial cells did not respond to IFN-A
(Figure 3C, D, S3B, C).

To assess whether IFN-A-dependent delayed tissue restitution is
characterized by reduced cell proliferation in vivo, we administered
the thymidine analog 2’-deoxy-5-ethynyluridine (EdU) two hours
before mice were euthanized and measured cell proliferation in either
WT littermates or VilFElfnir1™# mice, administered or not rIFN-A. We
found that exogenous rIFN-A reduced the number of EdU-positive cells
per crypt in WT but not VilFE[fnlr1™/f mice (Figure 3E). Also, that
VilREIfnIr17/f mice had a significant increased number of proliferating
cells per crypts, compared to WT littermates, irrespectively of the
administration of rIFN-A (Figure 3E).

During tissue repair that follows radiation damage (Metcalfe et al.
2014) or colitis (VanDussen, Sonnek, and Stappenbeck 2019),
specialized ISCs drive re-epithelialization by massively proliferating.
Therefore, the decreased number of proliferating epithelial cells we
observed in WT mice may reflect the lack of reparatory ISCs that

proliferate. To assess whether endogenous
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IFN-A affected the cellular composition of the small intestine in WT or
VilREIfnIr1®/f mice that were irradiated, we used CIBERSORTXx
(Newman et al. 2019) and deconvoluted our bulk RNAseq data based
on single-cell RNAseq data previously published (Haber et al. 2017).
Our deconvolution analysis revealed that, while most epithelial cell
types did not present major significant differences, the ISC
compartment was significantly expanded in mice that were irradiated
and whose epithelial cells do not respond to IFN-A (Figure 3F). In
keeping with retro-differentiation of transit-amplifying (TA) cells to
replenish the ISC compartment upon ISC depletion (Wang et al. 2019;
Ohara, Colonna, and Stappenbeck 2022), TA cells were significantly
decreased in the small intestine of VilRElfniIr1®/f mice, compared to WT
controls (Figure 3F). The expansion of the Lrg5* compartment in mice
that do not respond to IFN-A was confirmed by qPCR (Figure S3D). We
also confirmed that the major epithelial cell populations analyzed
were not different under homeostatic conditions in VilfElfnir1/f mice
or WT littermates (Figure S3E). Overall, these data demonstrate that
IFN-A initiates a transcriptional program that reduces tissues
restitution, limits ISC cell expansion, and, thus, dampens the overall
capacity of epithelial cells to proliferate.

IFN-A controls the expression of ZBP1 and the activation of
Gasdermin C.

The reduced expansion of ISC can be driven either by increased cell
death of ISCs and/or TA cells, reduced proliferative programs, or both.
To determine the molecular mechanisms regulated by IFN-A to

dampen tissue restitution, we identified the genes that were
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significantly differentially regulated in epithelial cells derived from
irradiated Vil®€[fnir1™/f, compared to WT, mice (Figure 4A). As
expected, multiple ISGs were among the genes significantly
downregulated in cells that cannot respond to IFN-A (Figure 4A).
Intriguingly, Zbp1 was among these genes. ZBP1 is a key component in
the multiprotein complex PANoptosome, which encompasses
effectors of several forms of cell death, and is an important regulator
of cell fate (Kuriakose and Kanneganti 2018). We also found that
protein levels of ZBP1, as well as another ISG such as RSAD2, were
upregulated in epithelial cells of the small intestine upon in vivo
administration of rIFN-A in non-irradiated WT mice (Figure S4A).
Upregulation of these proteins was prevented in epithelial cells
derived from VilFE|fnlr17/f mice and was not different in the absence
of rIFN-A in the two backgrounds (Figure S4A). Among other genes
significantly downregulated in cells that do not respond to IFN-A there
were two members of the gasdermin C (GSDMC) family. GSDMs are
critical effectors of pyroptosis, a form of inflammatory cell death
(Kovacs and Miao 2017). Compared to other GSDMs, very little is
known about the functions of GSDMC, and scattered reports have
involved GSDMC in the lytic death of tumor cells (Hou et al. 2020;
Zhang et al. 2021), or of enterocytes during helminth infections (Xi et
al. 2021). Of note, non-irradiated mice administered with rIFN-A do not
show upregulation of the GSDMC protein (Figure S4A), demonstrating
that additional pathways associated with irradiation and/or tissue
damage and repair regulate Gsdmc gene expression and/or protein

synthesis.
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IBD patients present increased levels of IFN-A and/or Ifnirl (Glnther
et al. 2019; Chiriac et al. 2017). Prompted by our findings in irradiated
mice, we assessed the expression levels of ZBP1 and GSDMC (the only
GSDMC present in humans) in the biopsy derived from a cohort of IBD
patients with active or inactive disease, or non-IBD controls (see
Material and Methods for details). We found a significant increase in
the expression of ZBP1 as well as GSDMC in patients with active IBD,
compared to non-IBD controls (Figure 4B). Similar expression trends
were observed in RNAseq datasets derived from rectal mucosal
biopsies from ulcerative colitis (UC) pediatric patients (PROTECT
cohort) and from ileal biopsies from Crohn’s disease (CD) pediatric
patients (RISK cohort) in two independent cohorts previously
published (Haberman et al. 2014; 2019) (Figure S4B). In keeping with
a key role of IFNs also in IBD patients, we found that genes regulated
in response of IFNs (evaluated as mean expression of genes that
belong to the “HALLMARK _IFN_ALPHA_ RESPONSE” gene-set
(Liberzon et al. 2015) and indicated as “IFN response score”) were
significantly enriched in IBD patients with active disease, compared to
controls or patients with inactive disease (Figure 4B). In support of a
role of IFN-A in modulating GSDMC expression, GSDMC levels
positively correlated with the IFN response score in patients with
active disease, but not in the other subjects analyzed (Figure 4C).
These data indicate that IFN induction and upregulation of the genes
that encode for ZBP1 and GSDMC are hallmarks of intestinal damage

both in mice and humans.
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GSDMs exert their pyroptotic function upon cleavage by caspases
(Kovacs and Miao 2017), when the N-terminal cleavage product
oligomerizes to form lytic pores in the cell membrane, leading to the
loss of ionic homeostasis and cell death (Broz, Pelegrin, and Shao
2020). We, thus, tested whether GSDMC-2/-3 were cleaved in
epithelial cells of the small intestine upon irradiation and confirmed
that irradiated, but not non-irradiated, mice not only showed
increased levels of GSDMC-2/-3, but also that GSDMC-2/-3 were
efficiently cleaved in WT, but not Vilf€ifnIr1f/f, mice (Figure 4D). In
contrast, another key effector of pyroptosis, GSDMD, was not
activated.

GSDMC is primarily cleaved by Caspase-8 (Hou et al. 2020; Zhang et al.
2021). Indeed, the pattern of bands of cleaved GSDMC-2/-3 is
compatible with the activity of Caspase-8 (Julien and Wells 2017). We
thus investigated the activation of Caspase-8. Caspase-8 was not
activated in WT or VilFElfnlr1™/f mice in the absence of irradiation
(Figure S4A). In contrast, epithelial cells derived from irradiated WT
littermates, but not VilFElfnir1™/f mice, efficiently activated Caspase-8
(Figure 4D). Of note, we found that expression of CASP8 was increased
in patients with active IBD compared to non-IBD controls (Figure 4B,
S4B). In keeping with the capacity of ZBP1 to control the activation of
multiple caspases (Kuriakose and Kanneganti 2018), we found that a
similar pattern of activation was also true for Caspase-3 (Figure 4D).
Overall, these data demonstrate that IFN-A initiates in the small
intestine of irradiated mice a signaling cascade that allows the

upregulation of ZBP1, the activation of Caspase-8/-3, and the
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induction and cleavage of GSDMC, an executor of pyroptosis. Also,
that similar programs are transcriptionally upregulated in IBD patients
with active disease.

The ZBP1-GSDMC axis induced by IFN-A controls epithelial cell death
and proliferation.

To assess directly the role of the signaling cascade initiated by IFN-A in
driving cell death, we used intestinal organoids. Mouse and human
small intestinal organoids seeded in the presence of rIFN-A died
between 48 and 72h from treatment (Figure 5A, S5A). Dying cells
assumed typical changes associated with pyroptosis including swelling
and sudden disruption of the plasma membrane and liberation of
nuclear DNA (Figure 5A). By using organoids derived from WT or Stat1
/- mice, we also confirmed that gene transcription induced by IFN-A
was necessary to induce cell death (Figure 5B). No differences were
observed between the two genotypes in the absence of rIFN-A (Figure
5B). Similar to what we observed in irradiated epithelial cells in vivo,
we found that rIFN-A administration to small intestine organoids
profoundly diminished the level of Lgr5 expression, suggesting a
defect in the maintenance and/or proliferation of ISCs (Figure S5B). In
agreement with a reduced number of ISCs that proliferate, we also
found that cell proliferation (as measured by EdU incorporation) was
significantly decreased in IFN-A-treated mouse, as well as human
organoids (Figure 5C, S5C).

To assess the involvement of ZBP1 in these processes, we derived
organoids from either WT or Zbpl’/ mice. Organoids were

differentiated in the presence or absence of IFN-A and their survival
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and/or growth was followed for 72h. Survival and growth of organoids,
derived either from the small or large intestine, differentiated from
WT, but not Zbpl”:, mice were significantly reduced upon the
administration of rIFN-A (Figure 5D, S5D). In agreement with the
capacity of IFN-A to activate a ZBP1/Caspase-8/GSDMC axis, organoids
grown for 6 days and then administered with rIFN-A showed ZBP1
upregulation and cleavage of GSDMC-2/-3 and Caspase-8 and
Caspase-3 (Figure 5E). Furthermore, inhibition of caspase activity with
the pan-caspase inhibitor Z-VAD-FMK protected the organoids from
cell death induced by IFN-A (Figure 5F). To directly assess the
involvement of GSDMC in this process, we knocked down Gsdmc-2 and
Gsdmc-3 in small intestine organoids and found that, similar to Zbp1~/-
organoids, upon exposure to rIFN-A, survival of organoids that do not
express Gsdmc2, 3 was significantly increased compared to controls
(Figure 5G).

To better reflect the cycles of injury and repair characteristic of IBD
and mouse models of colitis, we implemented a previously described
model of long-term organoid culture (Wang et al. 2019). We grew
organoids in a two-dimensional (2D) epithelial monolayer system and
exposed their apical side to air, to obtain a self-organizing monolayer
that mimics cells in homeostasis. This monolayer can then be re-
submerged in medium (to elicit damage response mimicking in vivo
epithelial injuries) and re-exposed to air (which induces epithelial
regeneration responses) (Figure 5H). When we treated with IFN-A the

epithelial monolayer after re-exposure to air, the proliferative repair
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response was curbed, as demonstrated by the failure to incorporate
EdU (Figure 51).

Overall, our data demonstrate that IFN-A signaling induces a ZBP-1-
GSDMC axis that controls epithelial cell survival, and dampens the

capacity of ISCs to proliferate and orchestrate tissue restitution.

Discussion.

In our work, we revealed that IFN-A restrains the restitution of the
intestinal mucosae secondary to either inflammatory damage or
ionizing radiations toxicity. We reveal the capacity of IFN-A to initiate
a previously overlooked molecular cascade in intestinal epithelial cells
that allows the induction of ZBP1, the activation of caspases, and the
induction and cleavage of GSDMCs. We also found that similar
pathways are transcriptionally upregulated in IBD patients with active
disease. Induction of epithelial cell death via the ZBP1-GSDMC axis
reduces the number of ISCs, and dampens the proliferation and
restitution of epithelial cells, thus affecting the re-epithelization of the
injured intestine. Finally, we revealed that IFN-A, but not type | IFNs,
are the major drivers of the delayed restitution in vivo in mouse
models of gut damage.

The immune system is endowed with the capacity not only to protect
against pathogen invasion but also to maintain tissue homeostasis.
Fundamental to exert these activities, is the fine balance between anti-
microbial functions of the immune system that can drive tissue
damage, and the regenerative capacity of organs and tissues. Many

cellular and molecular mediators of the immune system are involved
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in exerting anti-microbial and potentially damaging functions, but
several can also modulate mucosal repair. Here, we focused our
attention on a group of IFNs, known as type Il IFNs or IFN-A. IFN-A
activities at mucosal surfaces are essential to limit pathogen spread
while reducing inflammation and immune cell infiltration (Broggi,
Granucci, and Zanoni 2020). IFN-A and type | IFNs regulate very similar
transcriptional programs, but the limited expression of the IFNLR
restricts the activity of IFN-A to epithelial cells, hepatocytes,
neutrophils and few other cell types and, thus, reduces the extent of
the inflammation (Broggi, Granucci, and Zanoni 2020). The limited
number of cells that respond to IFN-A signaling, and the reduced
capacity of IFN-A, compared to type | IFNs, to activate IRF1 (Forero et
al. 2019) allow to preserve the functionality of mucosal tissues during
animmune response. Although the protective functions of IFN-A in the
gut, and in general at mucosal surfaces, are well known (Broggi,
Granucci, and Zanoni 2020), much less is known about the functions of
this group of IFNs during the healing phase that follows intestinal
tissue damage. Our data reveal the unique capacity of IFN-A, compared
to type | IFNs, to negatively affect tissue restitution in the intestine,
possibly opening new ways of therapeutic intervention for individuals
that encounter tissue damage such as IBD patients or subjects exposed
to radiation therapies.

A common feature revealed by our analyses is that IFN-A affects the
survival of the cells, decreases the number of ISCs, and dampens the
proliferation of the cells in the crypts, both in vivo in mice and in vitro

in both human and mouse organoids. Tissue restitution in the gut is
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regulated by a complex crosstalk between epithelial cells, immune
cells, microbial stimuli, and mesenchymal cells and culminates in the
proliferation of ISCs. Treatment with ionizing radiation induces
widespread epithelial damage and targets in particular proliferating
ISCs in the intestinal crypt, making it an ideal model to understand the
dynamics of ISCs proliferation and intestinal healing. Lrg5* ISCs support
normal cell turnover as well as injury-induced restitution (Metcalfe et
al. 2014). When ISC are depleted by radiation, or by immune-mediated
tissue-damaging events, TA cells retro-differentiate and acquire new
stem-like properties in the small, as well as in the large, intestine
(Wang et al. 2019; Ohara, Colonna, and Stappenbeck 2022). These cells
then proliferate to allow the re-epithelization of the damaged tissue.
We and others previously described the capacity of IFN-A to dampen
lung epithelial cell proliferation (Broggi et al. 2020; Major et al. 2020)
and to instruct anti-proliferative transcriptional programs in the lung
of patients infected with SARS-CoV-2 (Sposito et al. 2021).
Nevertheless, our new findings in the gut suggest that decreased
proliferation assessed at transcriptional and cellular levels is due to
augmented cell death, possibly occurring in newly generated ISCs or in
TA cells. If similar processes also take place in the lung, it remains an
open question that will require further investigation.

Another interesting observation we made is that exogenous
administration of IFN-A does not induce caspase or GSDMC activation
in vivo in the absence of tissue damage, although it induces ZBP1
upregulation at the transcriptional as well as protein level. ZBP1is a Z-

DNA binding protein, and is part of the PANoptosome, a multiprotein
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complex that governs the cell fate (Place, Lee, and Kanneganti 2021).
PANoptosis is a form of cell death that encompasses pyroptosis,
apoptosis, and necroptosis. ZBP1 can interact directly or indirectly
with proteins that regulate cell death and drive the activation of
apoptotic caspases 8, 3 and 7, the necroptosis effector MLKL, or
pyroptosis effectors Casp-1, 11 and GSDMD. So far, GSDMC was not
associated with ZBP1 and/or PANoptosis. Our data highlight the
existence of a ZBP1-GSDMC axis that appears to be the preferential
pathway of cell death that is active during cycles of intestinal epithelial
damage and restitution. Upregulation of ZBP1 alone is not sufficient to
trigger the full activation of the PANoptosome, which is consistent
with our inability to detect toxic effects of IFN-A in the absence of
inflammation or tissue damage. Conversely, ZBP1 can be activated
both by binding microbial-derived nucleic acids (Kuriakose et al. 2018;
Muendlein et al. 2021) or by binding host-derived Z-DNA following
oxidative damage of the mitochondria (Szczesny et al. 2018). It is, thus,
possible that in vivo, under tissue-damaging conditions, either
microbiota- or host-derived DNA becomes available to induce the
assembly and activation of the PANoptosome downstream of ZBP1. In
contrast to our in vivo data, administration of IFN-A to murine or
human intestinal organoids induces the ZBP1-GSDMC axis and drives
cell death. We, thus, speculate that under our in vitro experimental
conditions a “tissue damage” signal, e.g. Z-DNA from dying cells that
are differentiating in vitro, is available, thus making additional signals

unnecessary.
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Linked to the above-mentioned observations, we also found that the
ISC compartment is not altered under homeostatic conditions in
VilREIfnir1™f mice compared to WT mice, suggesting that the basal
level of IFNs present during homeostasis (Van Winkle et al. 2022) does
not affect the normal turnover of gut epithelial cells. Intriguingly, it has
been recently shown that IFN-A-dependent responses at homeostasis
are restricted to pockets of mature enterocytes in the small intestine
and in the colon (Van Winkle et al. 2022). In contrast, when mice are
injected with rIFN-A, or infected with murine rotavirus, a type of virus
potently controlled by IFN-A (Walker, Sridhar, and Baldridge 2021),
responses to IFN-A broadly distribute along the epithelial layer. These
data, together with our new findings, suggest that the
compartmentalization of IFN-A signaling at homeostasis preserves the
functions of ISCs and the normal turnover of gut epithelial cells.

Our models of intestinal damage either of the colon, in the DSS-colitis
model, or of the small intestine, in the radiation model, highlight the
centrality of IFN-A and its capacity to delay tissue restitution. Two
previous studies suggested that IFN-A may play an opposite role and
favor tissue restitution during colitis (Chiriac et al. 2017; McElrath et
al. 2021). Nevertheless, both studies were performed by inducing
colitis in total Ifnlr1”/- mice and thus they suffer the confounding
activity of IFN-A on neutrophils. The absence of IFN-A signaling in
neutrophils potentiates tissue damage (Broggi et al. 2017), making it
hard to compare the tissue restitution phase with WT mice that start
from a different level of damage. Indeed, we always administered or

blocked IFNs in our colitis model after the peak of the inflammatory
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phase. Alternatively, we used mice deficient for the IFNLR only in
epithelial cells. Total knock-out mice were solely used in the radiation
model in which damage and/or inflammation are not driven by
neutrophils but by the ionizing radiations. The compartmentalized
activity of IFN-A in different cell types appears to be, thus, a key feature
of this group of IFNs.

Overall, our data unveiled a new axis between IFN-A, ZBP1 and GSDMC
that governs tissue restitution in the gut and open new perspectives

to future therapeutic interventions.
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Figure 1. IFN-A inhibits tissue recovery after DSS-colitis. (A-C) WT mice
were treated with 2.5% DSS for 7 days (dotted line indicates the end
of DSS administration). Upon DSS withdrawal on Day 7, mice were
injected intraperitoneally (i.p.) with 50 pg kgday™ of rIFN-A for five
consecutive days. Weight (A), colon length (B), histological score and
representative histology images (C) are depicted. (D, E) WT mice were
treated with DSS for 7 days as in (A-C). Upon DSS withdrawal mice
were injected i.p. with either 50 pug kg-1day-1 of rIFN-A or 12.5 mg kg~
'day? of anti-IFN-A2,3 antibody. Weight (D), and colon length (E) are
depicted. (F, G) Mice were treated with DSS as in (A-C). Upon DSS
withdrawal mice were injected i.p. with 50 mg kg'day? of rIFN-B or
12.5 mg kg'day? of anti-IFNAR1 antibody. Weight (F), and colon
length (G) are depicted. (H, 1) WT (H, left panel) or Vil®Eifnlr1?/f mice

(H, right panel) were treated with 2.5% DSS for seven days (dotted
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line). Upon DSS withdrawal mice were injected i.p. with 50 pg kg'day
L of rIFN-A. Weight (H), and colon length (1) are depicted.

(A, D, F, H) Mean and SEM of 5 mice per group are depicted. Two-way
ANOVA with Tukey correction for multiple comparisons was utilized.
(B, C, E, G, I) Box plots are depicted. Each dot represents a mouse.
Median, range and interquartile range are depicted. Statistics: (B, C)
Unpaired t test. (E, G) One-way ANOVA with Dunnett correction for
multiple comparisons. (I) Two-way ANOVA with Sidak correction for
multiple comparisons. Data representative of 3 independent
experiments. ns= not significant (p > 0.05); *p < 0.05;**p < 0.01; ***p
< 0.001; ****p < 0.0001.
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Figure 2. IFN-A impairs epithelial regeneration after radiation
damage. (A) WT mice and Ifnir1”" received 11 Gy ionizing radiation,
with lead shielding of the upper body. WT mice were either
administered 50 mg kglday?® of rIFN-A (WT + rIFN-A), or the same
volume of saline vehicle (WT + Veh). Tissue repair in the small intestine
was evaluated 96h after irradiation by counting the number of intact
crypts per histological section (Crypts/section). Left panel:
Representative histological images; right panel: quantification. (B) WT,
Ifnlr1”, or Ifnarl”- mice were irradiated as in (A). Quantification of
intact crypts per histological section is depicted. (C) VilRE Ifnir1"f mice
or WT mice were irradiated as in (A) and treated with either 50 mg kg
tdayof rIFN-A (rIFN-A), or saline vehicle (Veh). Quantification of intact
crypts per histological section is depicted. (D, E) VilFE Ifnlr1™/f mice or
WT mice were treated with 14 Gy of ionizing radiation and treated with
either 50 mg kg*day™ of rIFN-A (rIFN-A), or saline vehicle (Veh) and
followed over time. Weight (D) and survival (E) are depicted. Statistical

comparison between “WT+ Veh” and “Vilfifnlr1/f + Veh” are
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depicted as (*), comparison between “WT+ Veh” and “WT + rIFN-A" is
depicted as (§).

(A-C) Box plots are depicted. Each dot represents a mouse. Median,
range and interquartile range are depicted. (D) Mean and SEM are
depicted. Statistics: (A, B) One-way ANOVA with Dunnett correction
for multiple comparisons. (C) Two-way ANOVA with Sidak correction
for multiple comparison. (D) Two-way ANOVA with Tukey correction
for multiple comparisons. ns= not significant (p > 0.05); *p < 0.05;**p

<0.01; ***p < 0.001; ****p < 0.0001.
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Figure 3. IFN-A signaling induces an antiproliferative program in small
intestine epithelia. (A-D, F) VilRE [fnIr1%/f mice or WT mice received 11
Gy ionizing radiation, with lead shielding of the upper extremities.
Targeted transcriptomics was performed on small intestinal crypts
isolated 96h after irradiation. (A) Dot plots of Gene Ontology (GO)
enrichment analysis. GO terms enriched in crypts from WT mice (upper

panel) or VilFE [fnir1?/® mice (lower panel) are shown. Gene ratio (x
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axis), adjusted p-value (color) and gene count (dot size) are depicted.
(B-D) GSEA enrichment plots of the
HALLMARK_IFN_ALPHA_RESPONSE (B), REGENERATIVE SIGNATURE
(as previously described (Yui et al. 2018)) (C), and the GO biological
process Cell Population proliferation (“GOBP_CELL_POP_PROLIF) (D)
are depicted. padj: adjusted p-value, NES: Normalized enrichment
score, SIZE: size. (E) VilFE [fnlr1%/® mice or WT mice were irradiated as
in (A-D) and treated with either 50 mg kg*day™ of rIFN-A (rIFN-A), or
saline vehicle (Veh). After 96h mice were pulsed with EdU for 2h.
Number of EdU* cells per crypt quantified by immunohistochemistry
(IHC) (left panel), and representative IHC sections (right panel) are
depicted. (F) Targeted transcriptomics data from WT or VilRE [fnlr17/f
small intestinal crypts were deconvoluted based on publicly available
single-cell RNA-seq (scRNA-seq) datasets (Haber et al. 2017) using
CIBERSORTx (Newman et al. 2019) to extrapolate the relative cellular
composition of samples. Paneth: Paneth cells; Stem: Intestinal stem
cells; Enterocytes: small intestine enterocytes; TA: Transit amplifying
cells; Goblet: Goblet cells; Tuft: tuft cells; EEC: Enteroendocrine cells;
EP: Enterocyte progenitors. (E) Box plots are depicted. Each dot
represents a mouse. Median, range and interquartile range are
depicted. (F) Mean and SEM of 4 samples (WT) and 3 samples (VilRE
Ifnlr1®f) are depicted. Statistics: (E, F) Two-way ANOVA with Sidak
correction for multiple comparisons. ns= not significant (p > 0.05); *p

< 0.05;**p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 4. IFN-A controls the expression of ZBP1 and the activation of
gasdermin C. (A) VilRE IfnIr1%/f mice or WT mice were irradiated as in
Figure 2A. Targeted transcriptomics was performed on freshly isolated
small intestinal crypts. Volcano plot depicting differentially expressed
genes (DEGs) between VilRE [fnlr1/f and WT small intestinal crypts.
DEGs (P< 0.005) with a fold change >2 (or <-2) are indicated in red;
DEGs with a fold change <2 (or >-2) are indicated in blue.
Nonsignificant DEGs (P> 0.005) and genes not differentially expressed
are indicated in green and gray, respectively. Positive values represent
genes overexpressed in VilRE [fnlr1®/f negative values represent genes

overexpressed in WT. (B) RNA sequencing was performed on colon
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biopsies from control patients, IBD patients with inactive disease, and
IBD patients with active disease, (see Materials and Methods). Square
symbols represent controls, round symbols represent ulcerative colitis
(UC) patients, triangles represent Crohn’s disease patients (CD). Box
plots with median, range and interquartile range are depicted. Each
symbol represents one patient. Expression of GSDMC (top left panel),
ZBP1 (top right panel), CASP8 (bottom right panel) expressed as
normalized log2 count is depicted. Mean expression of genes
belonging to the GSEA HALLMARK_IFN _ALPHA_RESPONSE gene set
(IFN Response score), is depicted (bottom left panel). (C) Dot plot
depicting the correlation between GSDMC expression and the IFN
Response score performed on the same samples as (B). Each point
represents a patient, solid lines represent linear regression, shaded
area depicts the confidence interval. Spearman correlation coefficient
(rho) and the relative p-value (pval) are indicated for each graph. (D)
Small intestinal crypts were isolated from VilRE Ifnir1%/f mice or WT
mice irradiated as in Figure 2A (Irrad +) or not (Irrad -). Immunoblot
analysis of the indicated proteins was performed. GSDMC-2/-3 FL p50:
full length 50 kDa GSDMC-2/3; GSDMC-2/-3 CL p30: N-terminal 30 kDa
cleaved protein; GSDMD FL p50: full length GSDMD 50 kDa; GSDMD CL
p30: N-terminal 30 kDa cleaved protein; CASP-8 FL: full length CASP-8;
CASP-8 p18: 18 kDa CASP-8 cleavage fragment; CASP-3 FL: full length
CASP-3; CASP-3 p17: 17 kDa CASP-3 cleavage fragment; CASP-3 p12:
12 kDa CASP-3 cleavage fragment. Each lane represents one mouse.
Representative data of 3 independent experiments is depicted.

Statistics: (B) Kruskal Wallis test with Dunn correction for multiple
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comparisons was performed. ns= not significant (p > 0.05); *p <

0.05;**p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 5. IFN-A inhibits epithelial proliferation and survival in

intestinal organoids in vitro. (A) Mouse small intestinal organoids

were seeded from freshly isolated crypts and allowed to grow for 48h.

Organoids were then treated with 200ng/ml of rIFN-A in the presence

of 1ug/ml propidium iodide (Pl) and imaged every 12h over 72h.
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Percentage of live organoids (/eft panel) was calculated as percentage
of PI" organoids over the total number of live organoids in each well.
Representative image of 3 independent experiments is depicted (right
panel). (B) Small intestinal organoids derived from WT or Stat1”7- mice
were seeded and treated as in (A). Percentage of live organoids was
calculated as percentage of Pl organoids over the total number of live
organoids in each well. (C) Small intestinal organoids were seeded and
treated as in (A) for 72h. Organoids were pulsed with EdU for 6h.
Organoids were stained for EdU incorporation (RED), and DAPI (BLUE).
Mean fluorescence of EdU staining (left panel), relative organoid
growth (middle panel) and representative images (right panel), are
depicted. The relative growth of organoids is measured as the % of
their area over untreated control organoids. (D) Small intestinal
organoids derived from WT or Zbp1”- mice were seeded and treated
with 200ng/ml of rIFN-A and imaged at 48h. The relative growth of
organoids measured as in (C) is depicted. (E) Small intestinal organoids
were treated as in (A) for 24, 48 and 72h. Immunoblot analysis of the
indicated proteins was performed. GSDMC-2/-3 FL p50: full length
50kDa GSDMC-2/-3; GSDMC-2/-3 CL p30: N-terminal 30kDa cleaved
protein; c-CASP-8 p43: 43 kDa CASP-8 cleavage fragment; c-CASP-8
p18: 18 kDa CASP-8 cleavage fragment. Representative blot of three
independent experiments. (F) Small intestinal organoids were seeded
as in (A) and either treated with 200ng/ml of rIFN-A alone (rIFN-A) or
with rIFN-A in the presence of the pan caspase inhibitor Z-VAD-FMK
(40uM). Organoids were then followed for 72h and % of live organoids

was evaluated as in (A). Statistical comparison between “rIFN-A" and
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“Veh” are depicted in red (*), comparison between “rIFN-A + Z-VAD-
FMK” and “rIFN-A" is depicted in grey (§). (G) Small intestinal organoids
were either left untreated (WT) or infected with a lentivirus expressing
GFP and either a Gasdermin-2/Gasdermin-3 targeting (Gsdmc2, 3*P)
small harpin (sh)RNA, or a scrambled control shRNA (Scramble).
Organoids were grown for 5 days and then treated with 200ng/ml of
rIFN-A or vehicle control for 48h. Survival of WT controls or lentiviral-
infected GFP* cells was assessed by cytofluorimetry by staining with
Zombie dye and calcein. % of dead cells represent cells positive for
Zombie dye staining and negative for calcein. (H) Experimental scheme
for the establishment of 2D Air Liquid Interface (ALI) organoid cultures
and modeling of damage and repair responses. Organoids were
seeded in transwells and grown to confluence. The apical side was
then exposed to air up to 14 days, which favored differentiation of a
homeostatic monolayer. Organoids were then submerged for 7 days
to induce damage responses. After 7 days they were re-exposed to air
to stimulate repair responses. Concomitantly with re-exposure to air,
organoids were treated with 200ng/ml of rIFN-A for 3 days. (l)
Organoids treated as in (H) were pulsed with EdU for 2h to mark
proliferating cells. Quantification of the percentage of EAU* cells per
field of view (lelft panel) and representative images (right panel) are
depicted. Edu (MAGENTA), and DNA stain DAPI (CYAN) are depicted.
Representative image of 3 independent experiments. (A, F) Mean and
SEM of 3 (A) and 5 (F) biological replicates per group are depicted. (B,
C) Box plots are depicted. Each dot represents a biological replicate.

Median, range and interquartile range are depicted. (D, G, l) Scatter

214



plots are depicted. Each dot represents a biological replicate.
Statistics: (A, F) Two-way ANOVA with Tukey correction for multiple
comparisons. (B, C, D, G, 1) Two-way ANOVA with Sidak correction for
multiple comparison. (C) Unpaired t test. ns= not significant (p > 0.05);
*or §p < 0.05;**or §§p < 0.01; ***or §§§p < 0.001; ****or §§§§p <
0.0001.
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Supplemental Figures.
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Figure S1. IFN-A inhibits tissue recovery after DSS-colitis. (A) WT mice
were treated with 2.5% DSS for 7 days. Upon DSS withdrawal mice
were injected i.p. with either 50 pug kg-1day-1 of rIFN-A or 12.5 mg kg
'day? of anti-IFN-A2,3 antibody for five days. Rsad2 relative mRNA
expression in colonocytes on Day 14 is depicted. (B) Mice were treated
with DSS as in (A). Upon DSS withdrawal mice were injected i.p. with
either 50 mg kgiday™ of rIFN-B or 12.5 mg kglday® of anti-IFNAR1
antibody. Rsad2 relative mRNA expression in colonocytes on Day 14 is
depicted. (C) WT (left panel) or Mrp8<Eifnir1"f mice (right panel) were
treated with 2.5% DSS for seven days. Upon DSS withdrawal mice were
injected i.p. with 50 pg kglday? of rIFN-A. Weight is depicted. (A, B)
Box plots are depicted. Each dot represents a mouse. Median, range
and interquartile range are shown. (C) Mean and SEM of 5 mice per
group are depicted. Statistics: (A, B) One-way ANOVA with Dunnett
correction for multiple comparisons. (C) Two-way ANOVA with Tukey
correction for multiple comparisons. ns= not significant (p > 0.05); *p

< 0.05;**p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure S2. IFN-A impairs epithelial regeneration after radiation
damage. (A) WT, Ifnlr1”, or Ifnarl”- mice received 11 Gy ionizing
radiation, with lead shielding of the upper body. Rsad2 relative mRNA
expression in small intestinal crypt cells was evaluated 96h after
irradiation. (B) ViIRE Ifnir1"/f mice or WT mice were irradiated as in (A)
and treated with either 50 mg kgday™? of rIFN-A (rIFN-A), or saline
vehicle (Veh). Tissue repair in the small intestine was evaluated 96h
after irradiation. Representative histological images of the small
intestine are depicted. (C) WT mice and Mrp8Eifnir1fl were
irradiated as in (A). Tissue repair in the small intestine was evaluated
96h after irradiation by counting the number of intact crypts per
histological section (Crypts/section). (D) Number of small intestinal
intact crypts per histological section (Crypts/section) was evaluated in
WT and Ifnir1”- (left panel) and WT and VilRElfnir1?/f (right panel) mice

at homeostasis. (A) Box plots are depicted. Each dot represents a
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mouse. Median, range and interquartile range are depicted. (C, D)
Scatter plots are depicted. Each dot represents a mouse. Mean with
SEM are depicted. Statistics: (A) One-way ANOVA with Dunnett
correction for multiple comparisons. (B) Unpaired t test. ns= not
significant (p > 0.05); *p < 0.05;**p < 0.01; ***p < 0.001; ****p <
0.0001.
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Figure S3. IFN-A signaling induces an antiproliferative program in
small intestine epithelia. (A-D) Vil’t Ifnlr1?/f mice or WT mice
received 11 Gy ionizing radiation, with lead shielding of the upper

body. (A, B) Targeted transcriptomics was performed on small
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intestinal crypts isolated 96h after irradiation. (A) Heatmap depicting
expression of genes in the leading edge of the enriched
HALLMARK_IFN_ALPHA RESPONSE gene set. The color is proportional
to the Z Score. (B) Heatmap depicting expression of genes in the
leading edge of the REGENERATION SIGNATURE gene set. The color is
proportional to the Z Score. (C) Heatmap depicting expression of genes
in the leading edge of the enriched
GOBP_CELL_POPULATION_PROLIFERATION gene set. The color is
proportional to the Z Score. (D) Lgr5, Lyz1, Muc2, Chga relative mRNA
expression in small intestinal crypt cells was evaluated 96h after
irradiation. (E) Lgr5, Lyz1, Muc2, Chga relative mRNA expression in
small intestinal crypt cells isolated from VilRE [fnir1®/f mice or WT mice
at homeostasis was evaluated. (D, E) Box plots are depicted. Each dot
represents a mouse. Median, range and interquartile range are
depicted. Statistics: (D, E) Unpaired t test. ns= not significant (p > 0.05);
*p < 0.05;**p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure S4. IFN-A controls the expression of ZBP1 and the activation of
Gasdermin C. (A) VilFE [fnIr1®/f mice or WT mice were treated with
either 50 mg kglday? of rIFN-A (rIFN-A), or saline vehicle (Veh).
Immunoblot analysis of the indicated proteins was performed. Each

lane represents one mouse. GSDMC-2/-3 FL p50: full length 50 kDa
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GSDMC-2/-3; GSDMC-2/-3 CL p30: N-terminal 30 kDa cleaved protein;
GSDMD FL p50: full length 50 kDa GSDMD; GSDMD CL p30: N-terminal
30 kDa cleaved protein; CASP-8 FL: full length CASP-8; CASP-8 p18: 18
kDa cleavage fragment. (B) Expression (defined by normalized
transcript counts; Transcripts Per Kilobase Million [TPM] for PROTECT
cohort and Reads Per Kilobase Million [RPKM] for RISK cohort) of the
indicated genes was assessed in bulk RNA-seq data from the PROTECT
(pediatric UC) and RISK (pediatric ileal CD) cohorts and comparisons
made between control patients, uninflamed IBD and inflamed IBD
patients. P-values are based on non-parametric t-testing between

assessed groups (Wilcoxon test).
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Figure S5. IFN-A inhibits epithelial proliferation and survival in
intestinal organoids in vitro. (A) Human duodenoids were seeded and
treated (rIFN-A), or not (Veh) with 200ng/ml of human IFN-A2 for 72h.
Cell viability was measured with CellTiter-Blue. Percentage of live
organoids in rIFN-A treated wells compared to Veh is depicted. (B)
Mouse small intestinal organoids were grown for 6 days and then
treated with mouse recombinant IFN-A2 (rIFN-A) at the indicated
concentrations. Lgr5 relative mRNA expression is depicted. (C) Human
duodenoids were seeded and treated with 200ng/ml of IFN-A2 for 72h.
Organoids were pulsed with EdU for 6hr. Organoids were stained for
EdU incorporation. Mean fluorescence of EdU staining (left panel),
relative organoid growth (right panel), are depicted. The relative
growth of organoids is measured as the % of their area over untreated
control organoids. (D) Colon organoids derived from WT or Zbp1”

mice were seeded and treated with 200ng/ml of rIFN-A and imaged at
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24h, 48h and 72h. The number of formed organoids is depicted. (C)
Box plots are depicted. Each dot represents a biological replicate.
Median, range and interquartile range are depicted. (D) Scatter box
with bars are depicted. Each dot represents a biological replicate.
Mean and SEM are depicted. Statistics: (C) Unpaired t-test. (D) Two-
way ANOVA with Sidak correction for multiple comparisons. ns= not
significant (p > 0.05); *p < 0.05;**p < 0.01; ***p < 0.001; ****p <
0.0001.
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Materials and Methods.
Mouse strains. C57BL/6J (Jax 00664) (wild-type), Ifnar1”- (Jax 028288),

CRE CRE

Mrp8 recombinase (Jax 021614), and Vil"~ recombinase (Jax
004586) mice were purchased from Jackson Labs. C57BL/6 IL-28R™"
(Ifnlr1~/-) mice were provided by Bristol-Myers Squibb. Cells from the

intestine of C57BL/6 prl'/' mice were kindly provided by Dr. A
Poltorak. Cells from the intestine of B6.129S(Cg)-Stat1tm1Dlv
(Statl-/-, JAX 012606) were kindly provide by Dr. S.B. Snapper. The
mutant mouse line Ifnir1tm1a(EUCOMM)Wtsi was provided by the
Wellcome Trust Sanger Institute Mouse Genetics Project (Sanger
MGP) and its funders (funding and associated primary phenotypic
Information, http://www.sanger.ac.uk/mouseportal). Mice were
housed under specific pathogen-free conditions at Boston Children’s
Hospital, and all the procedures were approved under the Institutional
Animal Care and Use Committee (IACUC) and operated under the
supervision of the department of Animal Resources at Children’s
Hospital (ARCH).

Reagents and antibodies. To treat murine organoids in vitro and for in
vivo administration, we used recombinant mouse IFNA-2 (rIFN-A)
attached to polyethylene glycol (provided by Bristol-Myers Squibb),
mouse recombinant IFN-B (12401-1; PBL interferonsource), anti-IFN-
A2-3 (MAB17892; R&D systems) and anti-IFNAR1 (BE00241; BioXCell),
the pan caspase inhibitor Z-VAD-FMK (HY-16658B; MedChem Express),
EdU (NEO8701; Carbosynth). To treat human organoids in vitro we
used recombinant human IFNA-2 (300-02K; Peprotech). The following
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antibodies were wused for immunoblotting: B-Actin (Mouse
monoclonal; A5441; AC-15 clone; Lot# 127M4866V; Sigma-Aldrich),
Rsad2 (Mouse monoclonal custom made; Biolegend) Zbpl (Mouse
monoclonal; AG-20B-0010-c100; Lot# A28231605; AdipoGen),
gasderminC-2/-3 (Rabbit monoclonal; 229896; Lot# GR3317481-6;
abcam), gasdermin D (Rabbit polyclonal; 20770-1-AP; Proteintech),
Caspase 8 (D35G2; 4790; Lot#2; CST), Caspase 3 (9662; Lot# 19; CST),
cleaved caspase 8 (Rabbit monoclonal; Asp387; D5B2; 8592; Lot#4;
CST), cleaved caspase 3 (Rabbit monoclonal; D175; 5A1E; 9664;
Lot#22; CST).

DSS-colitis induction. To induce colitis, mice were given 2.5% (w/v)
dextran sulfate sodium (DSS, Affymetrix) in drinking water for 7 days
and were then administered water for 7 days. Where indicated in the
figure legends, mice were received daily intraperitoneal injections of
50 mg kgtday™ rIFN-A or rIFN-B, and, to deplete endogenous IFN-A or
to block type | IFN signaling, mice received daily intraperitoneal
injections of 12.5 mg kg*day! of anti-IFN-A2-3 or anti-IFNAR1 antibody
respectively. Body weight, stool consistency and the presence of blood
in the stool were monitored daily. Weight change was calculated as
percentage of initial weight.

Partial body irradiation. Mice were sedated with a mix of ketamine
(100 mg/ml) and xylazine (20 mg/ml) intraperitoneally. Mice then
received gamma irradiation in a Best Theratronics Gammacell 40
Cesium 137-based irradiator with lead shielding of the head, thorax,
and upper extremities to prevent bone marrow failure. In one sitting

mice received either 11 Grey of gamma irradiation to assess tissue
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restitution in small intestinal crypts or 14 Grey of gamma irradiation
for survival experiments. To assess proliferation, mice were
intraperitoneally administered a 100 mg/kg dose of EdU in saline, final
volume 500pl.

Histological Analysis and Immunofluorescence. For morphologic
analysis of irradiation experiments, fragments of the small intestine
were fixed overnight in 4% paraformaldehyde (PFA) and embedded in
paraffin for sectioning. Intestinal sections were stained with
hematoxylin and eosin. Images were acquired with an EVOS M7000
(Thermo Fisher Scientific). Intact crypts were counted in 3 sections per
animal blindly with Imagel software. Proliferation was assessed by
measuring the number of EdU* cells per intestinal crypt. A minimum
of 10 crypts per section and 3 sections per mouse were evaluated. For
Immunofluorescence analysis, paraffin sections were deparaffinized
with sequential washes in xylene and ethanol. Deparaffinized sections
were then stained for EdU incorporation. All quantifications were
executed in a blinded fashion.

For histology of DSS-colitis experiments, colons were flushed with PBS,
flattened and rolled into a ‘Swiss roll’. Colon rolls were fixed in 10%
formalin (Fisher Scientific), dehydrated in 70% Ethanol and embedded
in paraffin. Paraffin sections were stained with hematoxylin and eosin
and histological features were evaluated. Histological scoring was
performed in a blinded fashion by assignment of a score of 1-5 to
segments of the colon roll (1, presence of leukocyte infiltrate, loss of
goblet cells; 2, bottom third of the crypt compromised; 3, two thirds

of the crypt compromised; 4, complete crypt architecture loss; 5,

227



complete crypt loss and lesion of the epithelial layer). Each segment
was then measured with Imagel software, and the final histological
score of each sample was obtained by ‘weighting’ the score of each
segment against the length of the segment and divided by the total
length of the colon roll.

EdU incorporation staining. Deparaffinized slides or organoids fixed
on transwell were stained for 30 minutes with 2mM Sulfo-Cyanine5-
azide (Lumiprobe) in the presence of 1ImM CuSO4and 2mg/ml Sodium
ascorbate, in PBS. After EdU staining, slides were stained with DAPI
(Sigma) to detect nuclei, and mounted with ProLongGold antifade
reagent (Thermo Fisher Scientific).

Crypt extraction. Small intestines were longitudinally cut and rinsed in
PBS. Mucus was washed away by incubation with 1mM DTT at 4°C for
5 minutes. The tissue was moved to 10mM EDTA, 1% FBS, 1% sucrose
at 37°C for 5 minutes. Samples were vortexed and small intestine
fragments were moved to a new tube with 10mM EDTA, 1% FBS, 1%
sucrose at 37°C for 10 minutes. Samples were vortexed. The
supernatant was filtered through a 70uM strainer and kept on ice.
Small intestine fragments were moved to a new tube with 10mM
EDTA, 1% FBS, 1% sucrose at 37°C for 10 minutes. Samples were
vortexed and the supernatant was combined with the previous
fraction. The isolated crypts were resuspended in Trizol for RNA
extraction and in RIPA Buffer with protease and phosphatase

inhibitors for Western Blot analysis.
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Measure cytokine gene expression in the colon, small intestine crypts
and organoids. Samples were collected in Trizol (Thermo Scientific)
and RNA was isolated using phenol-chloroform extraction. Purified
RNA was analyzed for gene expression by gPCR on a CFX384 real-time
cycler (Bio-rad) using Power SYBR™ Green RNA-to-Ci™ 1-Step Kit
(Thermo Scientific, 4389986) and pre-designed KiCgStart SYBR Green
Primers (MilliporeSigma) specific for Rsad2 (RM1_Rsad2 and
FM1_Rsad2), Lgr5 (RM1_Lgr5 and FM1_Lgr5) and IDT PrimeTime
Predesigned gPCR Assays specific for Gapdh (Mm.PT.39a.1;).

RNA sequencing. For targeted transcriptome sequencing, RNA (15ng)
isolated from small intestinal crypts was retro-transcribed to cDNA
using SuperScript VILO cDNA Synthesis Kit (11754-05; Invitrogen).
Barcoded libraries were prepared using the lon AmpliSeq
Transcriptome Mouse Gene Expression Panel, Chef-Ready Kit (A36412;
Thermo Scientific) as per the manufacturer’s protocol. Sequencing,
read alignment, de-multiplexing, quality control and normalization
was performed using an lon S5 system (A27212; lon Torrent). The
generated count matrixes were analyzed using custom scripts in R (v
4.1.1). Differential Expression of Gene analysis was performed using
the R package DEseq2 (v 1.34) with shrinkage of log2 fold changes.
Volcano plots were created using the R package EnhancedVolcano (v
1.12). The differentially expressed genes with an adjusted p-value
lesser that 0.1 and a log2 fold change greater than 1.5 were selected
for downstream analysis. Functional enrichment analysis in Gene
Ontology was performed using the R package ClusterProfiler (v 4.2)

with the Biological Process terms and Benjamin-Hochberg multi-test
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correction with 5% of FDR threshold. Geneset Enrichment Analysis
(GSEA) of hallmarks was performed using the R package fgsea (v 1.20)
using the hallmark genesets (v 7.4) from the Broad Institute MSigDB or
custom genesets. Leading edges of the different selected genesets
were selected to build heatmaps of their expression in the different
conditions and samples. The R package ComplexHeatmap (v 2.10) was
used to plot the heatmaps. We used CIBERSORTx (Newman et al. 2019)
to estimate the abundances of epithelial cell types using using bulk
gene expression data as an input and scRNAseq signature matrices
from single-cell RNA sequencing data to provide the reference gene
expression profiles of pure cell populations. The scRNAseq signature
matrix used to deconvolute RNAseq dataset from small intestine
crypts was taken from (Haber et al. 2017). Code available upon
request.

Western blot. Western blot was performed with standard molecular
biology techniques. Blots were probed for: B-Actin, Rsad2, Zbp1l,
gasdermin C-2/-3, gasdermin D, caspase 8, caspase 3, cleaved caspase
8 and cleaved caspase 3.

RNAseq on IBD patient’s biopsies. The IBD biobank was generated
starting with biopsy samples collected from patients suffering from CD
or UC and diagnosed as clinically quiescent or in an active phase of the
disease with various degrees. Controls were taken from non-
inflammatory healthy portions of the colon. This investigation was
registered under ClinicalTrials.gov Identifier: NCT02304666. A detailed
description of the biobank as well as the RNAseq studies are described

elsewhere (V. Millet et al.,, submitted). All raw and processed
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sequencing data generated in this study are accessible on the NCBI
Gene Expression Omnibus (GEO) under the meta-series GSE174159:
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174166
Samples were divided in three groups according to the disease status
of the patient: control, inactive and active. The mean of genes for the
tested hallmarks were computed by mean of their expression across
the samples of each group. Linear regression analyses were performed
using the geom_smooth function of the R package ggplot (v 3.3.5) with
the "Im" method. Correlation analysis were performed by a Spearman
test using the cor.test function of the R base package stats.

Bulk RNA-seq sequencing data was downloaded from NCBI GEO for the

RISK (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi; TPM-

normalized counts matrix) and PROTECT

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109142;

RPKM-normalized count matrix) cohorts. For the RISK data, samples
with “undetermined” histopathology data were excluded from the
analysis, and IBD samples labeled as macroscopically or
microscopically inflammation were categorized as “Active” with the
rest as “Inactive”. For the PROTECT cohort, samples lacking histology
scores were excluded from the analysis and all other IBD samples were
categorized as “Active” if they had a Histology Severity Score (for
chronic and active acute neutrophil inflammation) > 1 and “Inactive” if
they had a Histology Severity Score of 0-1 (Boyle et al. 2017). Group
comparisons between healthy controls, inactive and active IBD were
performed using non-parametric t-testing (Wilcoxon test) and p values

reported.
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Organoid culture and stimulation. Mouse intestinal spheroids were
derived and maintained as previously described (Miyoshi and
Stappenbeck 2013). Briefly, 1cm long segments of the small intestine
were incubated in 5 ml of 2mM EDTA for 30 min at 4°C under rotation.
Following the incubation period, the tubes were vigorously shaken,
and the supernatant was passed through a 70um strainer to collect
small intestinal crypts and exclude villi fragments. The crypt
compartment was collected by centrifugation, washed with advanced
DMEM/F12 media (Thermo Fisher Scientific), resuspended in cold
Matrigel (Corning) and plated in 40ul domes with 50% L-WRN (Wnt3,
R-spondin, Noggin) supplemented medium.

Human organoids derived from healthy patients’ duodenal biopsies
were kindly provided by Dr. Jay Thiagarajah. Duodenal biopsy samples
were obtained from routine diagnostic endoscopy under Boston
Children’s Hospital IRB protocol P00027983 and cultured with
methods modified from (Sato, Stange, et al. 2011). Briefly, crypts were
dissociated from duodenal biopsy samples obtained from age-
matched (<3 years) healthy control individuals. Isolated crypts were
suspended in Matrigel and plated in 50uL domes with 50% L-WRN
supplemented media.

For maintenance, organoids were liberated from the extracellular
matrix by incubating in cell recovery solution (Corning) at 4°C for 30
minutes, then a single cell preparation was obtained by incubating in
TrypLE express (Thermo Fisher Scientific) at 37°C for 5 minutes. Single
cells were then re-plated in Matrigel with 50% L-WRN supplemented
media and 10mM Rock inhibitor Y-27632. For western blot
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experiments, organoids were plated for 6 days. Organoids were then
treated as indicated in the figure legends by adding cytokines and
reagents to the medium overlaying the organoids. At the indicated
timepoints, organoids were liberated from the extracellular matrix and
lysed in RIPA buffer (Sigma). For microscopy of 3D organoids, freshly
isolated crypts were seeded in 10uL of extracellular matrix in p-Slide
Angiogenesis (lbidi) and overlayed with 45 pl of 50% L-WRN
conditioned medium supplemented with 10mM Rock inhibitor Y-
27632 for 24 hours. After 24 hours organoids were treated according
to the figure legend in the presence of 1ug/ml Propidium lodide (PI)
(Sigma), and incubated in the video microscope “Observer Z.1 Zeiss
with Hamamatsu ORCA Flash 4.0 LT”, equipped with a temperature-
controlled and CO; chamber. Wells were scanned every 12 hours and
mosaic brightfield and fluorescence images were taken. Organoids
were identified by Image) and were followed over time for PI
incorporation as hallmark of cell death. % of live organoids was
expressed as % of organoids that never incorporated Pl. Where
indicated in the figure legends, organoids viability was measured with
CellTiter-Blue (Promega) according to the manufacturer’s instruction.
Percentage of live organoids is expressed based on relative CellTiter-
Blue signal compared to untreated organoids.

For experiments with 2D organoids in Air-Liquid Interface (ALI), we
followed a previously described protocol (Wang et al. 2019). Briefly,
cultured mouse small intestinal organoids were dissociated in single
cells and seeded on polycarbonate transwells, with 0.4uM pores

(CORNING). Initially, cells were seeded in the presence of 50% L-WRN
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media with 10uM Rock inhibitor Y-27632 in both the lower and the
upper chamber. After 7 days, the media was removed from the upper
chamber to create an ALI. Cells were maintained in these conditions
for 14 days to establish a homeostatic monolayer. The ALI culture was
then resubmerged with 200puL 50% L-WRN medium, for 7 days and re-
exposed to air for 3 days in the presence or absence of rIFN-A, as
indicated in the figure legends. After 3 days from re-exposure to air,
cells were pulsed with 10 uM EdU for 2 hours, fixed in 10% formalin
and stained for EdU incorporation. Samples were examined using a
Zeiss LSM 880 confocal microscope (Carl Zeiss) and data were
collected with fourfold averaging at a resolution of 2100 x 2100 pixels.
The percentage of EdU-positive-cells was calculated as the ratio of the
number EdU-positive foci and DAPI-positive foci.

Gsdmc-2 and Gsdmc-3 knock down in small intestine organoids and
analysis by cytofluorimetry. GSDMC knockdown (Gsdmc2, 34P) stable
cell lines were produced using commercially designed lentivirus
particles targeting mouse Gsdmc2 (NM_001168274.1) and Gsdmc3
(NM_183194.3) (Origene #HC108542): shRNA HC1008542A—
AGTATTCAATACCTATCCCAAAGGGTTCG, HC108542B—
AGTTGTGTTGTCCAGTTTCCTGTCCATGC and scrambled negative
control non-effective shRNA (Origene Item no: TR30023). Lentivirus
was packaged by co-transfecting shRNA and psPAX2 and pVSVG
packaging plasmids into HEK293T cells. Transfection efficiency was
monitored by GFP fluorescence, media was changed 24 hours post
transfection and lentivirus particles were harvested in cell culture

media 72 hours after transfection. Lentivirus particles were
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concentrated with Lenti-X™ Concentrator (Takara 631232) with the
manufacturers protocol. Concentrated particles were resuspended in
100% WRN conditioned media and titers were checked using Lenti-X™
GoStix™ Plus (Takara 631280). Only high titer lenti-particles were used
to transduce duodenoids. For transduction, duodenoids were
removed from Matrigel with Cell Recovery Solution and dissociated
into single cells in Trypsin-EDTA for 10 minutes. Debris was removed
by filtering over a 70uM Cell strainer (Stem Cell Technologies #27260)
and single cells isolated at 300RCF for 10 minutes. Single cells were
resuspended in 1ml of Organoid Growth Media + 500ul of
concentrated lentivirus particles in a 15ml conical tube supplemented
with 4ug/mL polybrene. Cells were spin-transduced in a pre-warmed
32C centrifuge in a swinging bucket rotor at 500 x g for 1 hour.
Organoid pellet was resuspended in matrigel, plated onto a Corning 24
Well plate, and incubated in a 37C +5%CO02 incubator for 2 hours. After
two hours 500ul of organoid growth media was added. Media was
changed every other day. Transduction efficiency was assessed by GFP
fluorescence, and positively transduced wells were expanded. Vehicle
(Veh) treated, scramble shRNA, and Gsdmc2, 3P duodenoids were
treated with 200ng/ml of rIFN-A in Organoid Growth Media. After 48
hours duodenoids were removed from Matrigel in Cell Recovery
Solution for 1hr at 42C, washed with PBS and resuspended in Organoid
FACS Buffer (1X PBS+ 1%BSA + 2mM EDTA + 10uM Y27632).
Duodenoids were stained with Zombie Aqua (Biolegend) and Calcein
Red AM (Thermofisher) in Organoid FACS buffer, diluted according to

manufacturer’s protocol. Cells were washed twice with PBS and
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mechanically disrupted by pipetting with a P200 pipet tip, then
incubated with prewarmed Trypsin-EDTA for 10 minutes at 37C. After
10 minutes trypsin was quenched with Organoid FACS buffer, cells
were spun at 300 x g for 10 minutes at 42C, and resuspended in
Organoid FACS Buffer for flow cytometry. Fluorescent positive gates
were positioned relative to vehicle-treated and DMSO treated
controls.

Quantification and Statistical Analysis. Statistical significance was
assessed by: Unpaired t-test to compare two groups, One-way ANOVA
with Dunnett correction for multiple comparisons to compare 3 or
more independent groups, Two-way ANOVA with Turkey or Sidak
correction for multiple comparisons to compare two groups with two
conditions. Kruskal-Wallis test with Dunn’s post hoc test was used to
compare 3 or more independent groups when data did not meet the
normality assumption. Spearman correlation analysis was used to
examine the degree of association between two continuous variables.
To establish the appropriate test, normal distribution and variance
similarity were assessed with the D’Agostino-Pearson omnibus
normality test. Statistical analyses were two-sided and performed
using Prism9 (Graphpad) software or using custom scriptsin R (v 4.1.1)
and details are indicated in figure legends. Throughout the paper
statistical significancy is defined as follows: ns, not significant (p >

0.05); *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Chapter 5. Summary, Conclusions and Future Perspectives.

Summary.
In the past years, IFN-Ill have been labeled as the family of IFNs in

charge of protecting mucosal barriers. They induce similar responses
to IFN-I with the peculiarity of being less proinflammatory and of
mediating a local and not systemic response (Broggi, Granucci, and
Zanoni 2020; Lazear, Schoggins, and Diamond 2019). For this reason,
IFN-1Il are considered promising alternatives to IFN-I as they hold the
potential for similar therapeutic benefits, for example as antivirals,
with limited side effects (Lazear, Nice, and Diamond 2015). However,
in the course of my thesis, | have identified tissue-damaging effects of
IFN-IIl during the restitution of respiratory and gastrointestinal
epithelia that challenge their role as frontline defenders of barrier
mucosae.

In Chapter 2 my colleagues and | uncovered that prolonged exposure
to IFN-A produced by lung dendritic cells downstream of TLR3 induces
mouse morbidity. We found that IFN-A inhibit epithelial repair
following lung injury leading to increased susceptibility to secondary
bacterial infections.

In Chapter 2 and more thoroughly in Chapter 3 we measured RNA and
protein levels of specific members of type | and type lll IFNs along the
respiratory tract of COVID-19 patients. First, we noted that IFN-I/III
expression levels in nasopharyngeal swabs correlate with viral load.
Elderly patients, that have a higher risk of developing severe COVID-
19, have a much lower correlation suggesting that their IFN responses

are differently regulated. In the upper airways of patients with mild
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pathology, we observed a strong IFN-A1 and IFN-A3 induction together
with high expression of antiviral ISGs that likely restrict viral spread to
the lower airways. IFN-I, and surprisingly IFN-A2, characterized the
upper and lower airways of severe COVID-19 patients and were
associated with antiproliferative and proapoptotic gene signatures,
revealing their possible contribution to immunopathology. Moreover,
we confirmed that conventional dendritic cells, despite not being
infection-permissive, contribute to the production of IFN-III via TLR3
sensing of factors released by infected lung epithelial cells, such as
viral replication intermediates.

In Chapter 4 we found that IFN-IlIl delay the restitution of gut
epithelium in the colon after DSS-induced colitis and in the small
intestine during the regenerative phase following radiation injury.
Treatment of intestinal organoids with IFN-A also inhibit their
proliferation and survival. Our data suggest that IFN-IIl contribute to
the formation of a novel protein complex that includes ZBP1 and

GSDMC, which triggers the pyroptotic death of gut epithelial cells.
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Conclusions.
A paradox remains unsolved: the dual nature of IFNs. The literature is

polarized between the protective and detrimental functions of IFNs in
all the pathological contexts that we assessed. The concept of host
defense as a combination of resistance and tolerance can be extremely
useful to explain some of these conflicting results. Upon viral
infections host immune responses must trigger inhibition of virus
replication, a resistance mechanism, and in parallel minimize tissue
damage caused by the immune response itself, thus promoting
tolerance (Schneider and Ayres 2008). Pathological outcomes can be
caused by a failure in either of these responses. If disease severity (in
a mouse model or a cohort of patients) is driven by a lack of resistance
mechanisms leading to excessive viral load, blocking IFN-I or IFN-III
signaling will likely be detrimental and their exogenous administration
beneficial as they can increase host resistance by inducing an antiviral
state. Importantly, this does not always apply. If defective resistance
is due to autoantibodies against IFN-I or to inborn errors in IFNAR or
IRF9 then IFN-I administration would not ameliorate disease but also
not aggravate it (Bastard et al. 2020; Zhang et al. 2020). On the
contrary, if disease severity is triggered by insufficient tolerance such
as an excessive lung inflammation that is independent of viral load, the
use of IFN therapy can be counterproductive as it potentiates
resistance mechanisms in a setting where they are contributing to
pathology (Russell and Clohisey Hendry 2022). Understanding if
resistance or tolerance are drivers of disease is not trivial nor

necessarily predictable. Resistance and tolerance can be driven by
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similar players, they regulate each other and their relevance often
varies throughout disease progression. IFNs represent obvious
effectors of resistance to viral infections due to their induction of
antiviral ISGs but they can also suppress tissue-damaging immune-
mediated functions (Seo et al. 2011; Duerr et al. 2016; Broggi et al.
2017).

In conclusion, the multiple members of the IFN-I and IFN-III families
exert opposite functions (also in terms of resistance and tolerance)
according to the location and cell type that express, and/or respond
to, them and to the stage of disease development. To maximize the
clinical benefits of IFN-I and Il it is pivotal to identify the drivers of
disease severity to define first of all if a patient is going to benefit from
an IFN therapy and, if so, what are the optimal route and timing of
intervention. For example, our work, together with several others,
suggests that early or prophylactic administration of IFN-A1 (or IFN-A3)
targeted to the nasal epithelium is a promising approach to treat SARS-
CoV-2 infections as opposed to treatment of critically ill patients with
systemic IFN-A2 or any |IFN-l that could contribute to

immunopathology.
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Future Perspectives.
The benefits of having a multitude of type | and Ill IFN subtypes that

converge on a single receptor for each family and trigger similar gene
responses have yet to be fully understood. Evolutionary analyses show
that most of the members within each IFN family have evolved under
strong selective constraints suggesting that they each play essential
and nonredundant roles (Manry et al. 2011). Different members can
be produced preferentially by distinct cell types and tissues upon
recognition of different PAMPs (Hoffmann, Schneider, and Rice 2015).
The kinetics of their expression and production can vary. Furthermore,
each specific member binds the two subunits of its corresponding
receptor with different affinities (Egli et al. 2014; Jaks et al. 2007). This
affects the stability of the IFN-receptor complex, downstream
signaling and ultimately the transcriptional (and possibly non-
transcriptional) responses, qualitatively and in terms of duration
(Hoffmann, Schneider, and Rice 2015). These differences confer
distinct biological functions to each specific subtype, despite sharing
signaling via the same receptor. A parallel and systematic analysis of
each member of these families could explain some of the
contradictory results that have been obtained by using mouse models
that abolish the activity of an entire family of IFNs by knocking out their
receptor. Finally, it can guide the selection of the best candidate within

each IFN family for specific clinical needs.

248



References.

1.

Bastard, Paul, Lindsey B. Rosen, Qian Zhang, Eleftherios
Michailidis, Hans-Heinrich Hoffmann, Yu Zhang, Karim Dorgham,
et al. 2020. “Autoantibodies against Type | IFNs in Patients with
Life-Threatening COVID-19.” Science (New York, N.Y.) 370
(6515): eabd4585. https://doi.org/10.1126/science.abd4585.
Beer, Julius, Stefania Crotta, Angele Breithaupt, Annette
Ohnemus, Jan Becker, Benedikt Sachs, Lisa Kern, et al. 2022.
“Impaired Immune Response Drives Age-Dependent Severity of
COVID-19.” Journal of Experimental Medicine 219 (12):
€20220621. https://doi.org/10.1084/jem.20220621.

Broggi, Achille, Francesca Granucci, and lvan Zanoni. 2020. “Type
Il Interferons: Balancing Tissue Tolerance and Resistance to
Pathogen Invasion.” Journal of Experimental Medicine 217 (1):
€20190295. https://doi.org/10.1084/jem.20190295.

Broggi, Achille, Yunhao Tan, Francesca Granucci, and Ivan
Zanoni. 2017. “IFN-A Suppresses Intestinal Inflammation by Non-
Translational Regulation of Neutrophil Function.” Nature
Immunology 18 (10): 1084-93. https://doi.org/10.1038/ni.3821.
Duerr, Claudia U., Connor D. A. McCarthy, Barbara C. Mindt,
Manuel Rubio, Alexandre P. Meli, Julien Pothlichet, Megan M.
Eva, et al. 2016. “Type | Interferon Restricts Type 2
Immunopathology through the Regulation of Group 2 Innate
Lymphoid Cells.” Nature Immunology 17 (1): 65-75.
https://doi.org/10.1038/ni.3308.

Egli, Adrian, Deanna M Santer, Daire O’Shea, D Lorne Tyrrell, and
Michael Houghton. 2014. “The Impact of the Interferon-Lambda
Family on the Innate and Adaptive Immune Response to Viral
Infections.” Emerging Microbes & Infections 3 (1): 1-12.
https://doi.org/10.1038/emi.2014.51.

Hoffmann, Hans-Heinrich, William M. Schneider, and Charles M.
Rice. 2015. “Interferons and Viruses: An Evolutionary Arms Race
of Molecular Interactions.” Trends in Immunology 36 (3): 124—
38. https://doi.org/10.1016/].it.2015.01.004.

Jaks, Eva, Martynas Gavutis, Gilles Uzé, Jacques Martal, and
Jacob Piehler. 2007. “Differential Receptor Subunit Affinities of
Type | Interferons Govern Differential Signal Activation.” Journal

249



10.

11.

12.

13.

14.

15.

of Molecular Biology 366 (2): 525-39.
https://doi.org/10.1016/j.jmb.2006.11.053.

Lazear, Helen M., Timothy J. Nice, and Michael S. Diamond.
2015. “Interferon-A: Immune Functions at Barrier Surfaces and
Beyond.” Immunity 43 (1): 15-28.
https://doi.org/10.1016/j.immuni.2015.07.001.

Lazear, Helen M., John W. Schoggins, and Michael S. Diamond.
2019. “Shared and Distinct Functions of Type | and Type llI
Interferons.” Immunity 50 (4): 907-23.
https://doi.org/10.1016/j.immuni.2019.03.025.

Manry, Jérémy, Guillaume Laval, Etienne Patin, Simona
Fornarino, Yuval Itan, Matteo Fumagalli, Manuela Sironi, et al.
2011. “Evolutionary Genetic Dissection of Human Interferons.”
Journal of Experimental Medicine 208 (13): 2747-59.
https://doi.org/10.1084/jem.20111680.

Russell, C D, and S Clohisey Hendry. 2022. “Defining Resistance
and Tolerance Traits in Covid-19: Towards a Stratified Medicine
Approach.” QIM: An International Journal of Medicine 115 (8):
513-19. https://doi.org/10.1093/gjmed/hcac143.

Schneider, David S., and Janelle S. Ayres. 2008. “Two Ways to
Survive Infection: What Resistance and Tolerance Can Teach Us
about Treating Infectious Diseases.” Nature Reviews.
Immunology 8 (11): 889-95. https://doi.org/10.1038/nri2432.
Seo, Sang-Uk, Hyung-Joon Kwon, Hyun-Jeong Ko, Young-Ho
Byun, Baik Lin Seong, Satoshi Uematsu, Shizuo Akira, and Mi-Na
Kweon. 2011. “Type | Interferon Signaling Regulates Ly6Chi
Monocytes and Neutrophils during Acute Viral Pneumonia in
Mice.” PLOS Pathogens 7 (2): e1001304.
https://doi.org/10.1371/journal.ppat.1001304.

Zhang, Qian, Paul Bastard, Zhiyong Liu, Jérémie Le Pen, Marcela
Moncada-Velez, Jie Chen, Masato Ogishi, et al. 2020. “Inborn
Errors of Type | IFN Immunity in Patients with Life-Threatening
COVID-19.” Science (New York, N.Y.) 370 (6515): eabd4570.
https://doi.org/10.1126/science.abd4570.

250



Chapter 6. Publications.

1. Broggi, Achille, Sreya Ghosh, Benedetta Sposito, Roberto
Spreafico, Fabio Balzarini, Antonino Lo Cascio, Nicola Clementi,
et al. 2020. “Type Il Interferons Disrupt the Lung Epithelial
Barrier upon Viral Recognition.” Science 369 (6504): 706—12.
https://doi.org/10.1126/science.abc3545.

2. Sposito, Benedetta, Achille Broggi, Laura Pandolfi, Stefania
Crotta, Nicola Clementi, Roberto Ferrarese, Sofia Sisti, et al.
2021. “The Interferon Landscape along the Respiratory Tract
Impacts the Severity of COVID-19.” Cell 184 (19): 4953-4968.e16.
https://doi.org/10.1016/j.cell.2021.08.016.

3. Sposito, Benedetta, Julien Mambu, Katlynn Bugda Gwilt, Lionel
Spinelli, Natalia Andreeva, Franck Galland, Philippe Naquet, et al.
2022. “Type Il Interferons Induce Pyroptosis in Gut Epithelial
Cells and Delay Tissue Restitution upon Acute Intestinal Injury.”
BioRxiv, March. https://doi.org/10.1101/2022.03.04.482997.

251



	Chapter 1. Introduction.
	Interferons and their receptors.
	Canonical and non-canonical signaling of IFNs.
	Induction of type I / III IFNs.
	Type I / III IFNs in IAV and SARS-CoV-2 infections.
	Type I / III IFNs in IBD.
	Antiproliferative and proapoptotic roles of type I / III IFNs.
	Scope of the thesis.
	References.

	Chapter 2. Type III interferons disrupt the lung epithelial barrier upon viral recognition.
	Abstract.
	Introduction.
	Results.
	Discussion.
	Acknowledgments.
	Authors contributions.
	Figures.
	Supplemental Figures.
	Materials and Methods.
	References.

	Chapter 3. The interferon landscape along the respiratory tract impacts the severity of COVID-19.
	Abstract.
	Graphical Abstract.
	Introduction.
	Results.
	Discussion.
	Limitations of the Study.
	Acknowledgments.
	Author Contributions.
	Figures.
	Supplemental Figures.
	Materials and Methods.
	References.

	Chapter 4. Type III interferons induce pyroptosis in gut epithelial cells and delay tissue restitution upon acute intestinal injury.
	Abstract.
	Introduction.
	Results.
	Discussion.
	Acknowledgements.
	Author contributions.
	Figures.
	Supplemental Figures.
	Materials and Methods.
	References.

	Chapter 5. Summary, Conclusions and Future Perspectives.
	Summary.
	Conclusions.
	Future Perspectives.
	References.

	Chapter 6. Publications.

