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Résumé: Linfection par le virus Zika (ZIKV)
chez I'Homme peut provoquer de multiples
conséquences, de labsence de symptomes
cliniques a des complications neurologiques ou
des microcéphalies aprés des infections intra-
utérines. En utilisant le Collaborative Cross (CC),
une collection de lignées de souris consanguines
avec une large diversité génétique, mon laboratoire
a précédemment démontré pour la premiére fois
importance de la génétique de I'héte dans la
variabilité clinique de la maladie provoquée par
ZIKV, et a identifié CC071 comme la lignée la plus
sensible, car elle présentait une forte charge virale
dans le sang, des symptdmes sévéres et de la
mortalité.

Durant ma these, j'ai d'abord étudié l'origine
génétique de la sensibilité de la lignée CCO71 dans
un modele in vitro. Des fibroblastes embryonnaires
de souris (MEFs) de CC071 montraient une forte
réplication virale associée a une induction des
interférons de type | (IFN-I) retardée. Une analyse
de quantitative trait locus (QTL) sur des MEFs
dérivés d'un backcross entre CC071 et la lignée
résistante CC001 a permis lidentification d'une
mutation perte de fonction dans le géne Irf3,
spécifique de la lignée CCO71. Des analyses
fonctionnelles ont montré que cette mutation est
entierement responsable pour le défaut d'induction
des IFN-I et la forte réplication virale dans les MEFs
de CCO71. Cependant, apres une infection in vivo
par le virus ZIKV, les souris CC071 avaient une plus
forte sensibilité que des souris C57BL/6] (B6) Irf3
KO, démontrant que d'autres génes de sensibilité
sont impliqués dans la pathologie des souris CC071
apres une infection in vivo.

Afin d'identifier ces genes, jai analysé un
backcross entre CCO071 et B6 Irf3 KO, et une F2
entre CC0O71 et la lignée 129/SvPas (129) Ifnar1 KO.
Leur analyse a permis l'identification de six QTLs

significatifs et vingt-trois QTLs suggestifs, associés
avec la charge virale, perte de poids, symptémes
cliniques et mortalité.

Jai aussi étudié les loci qui modifient la
sensibilité a linfection par ZIKV de souris Ifnar1
KO. Ce KO existe sur deux fonds génétiques, et
mon laboratoire a précédemment démontré que
les souris de la lignées B6 Ifnar1 KO sont plus
sensibles a l'infection par ZIKV, avec des symptomes
séveres et de la mortalité, que les souris 129 Ifnar1
KO, qui ne montrent que des symptomes légers.
Pour identifier les génes responsables de cette
différence, j'ai produit et analysé un backcross entre
les lignées B6 Ifnar1 KO et 129 Ifnar1 KO. Huit
QTLs significatifs et dix-neuf QTLs suggestifs ont été
associés avec la charge virale, la mortalité, la perte
de poids et les symptdémes cliniques des souris
backcross.

Pour faciliter I'analyse des quatre croisements
étudiés pendant mon projet de these, j'ai développé
stuart, un package R en acces libre qui permet
la curation des données de génotypage génome-
entier de croisements a deux générations produits
par puce pour une analyse QTL.

Mon travail a permis de mettre en évidence les
facteurs génétiques impliqués dans la sensibilité
a linfection par le virus ZIKV chez ces modeles
souris. De futures études affineront les intervalles
des QTLs pour identifier et prioriser des geénes
candidats en utilisant une combinaison d'approches
décrites dans cette thése. L'identification des génes
sous-jacents a ces QTLs apportera de nouvelles
connaissances sur les mécanismes de pathogénie
de linfection par ZIKV. Enfin, puisquil a été
récemment démontré que la lignée CCO71 est
également sensible a l'infection par d'autres virus,
cette lignée sera utile dans le futur pour les études
sur les maladies infectieuses.
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Abstract: Infection of humans by Zika virus
(ZIKV) can result in variable outcomes, from the
absence of clinical symptoms to severe neurological
complication or microcephaly after intra-uterine
infection. Using the Collaborative cross, a collection
of mouse inbred strains with large genetic diversity,
my lab has previously demonstrated for the first
time the importance of host genetic factors in this
clinical variability, and identified CC071 as the most
susceptible strain, with high viral loads in the blood,
severe symptoms and mortality.

During my PhD thesis, | have first investigated
the genetic origin of CC071's susceptibility using
an in vitro model. Mouse embryonic fibroblasts
(MEFs) from CC071 showed enhanced viral
replication associated with delayed induction of
type-l interferons (IFN-I). A quantitative trait locus
(QTL) mapping analysis on MEFs derived from
a backcross between CC071 and the resistant
strain CCO01 led to the identification of a loss
of function mutation in the /rf3 gene, specific to
CCO071. Functional analyses demonstrated that this
mutation fully explains the defective IFN-I induction
and uncontrolled viral replication in CCO71 MEFs.
However, after in vivo ZIKV infection, CCO71 mice
exhibited higher susceptibility than C57BL/6) (B6)
Irf3 KO mice, demonstrating the involvement of
other susceptibility genes in the disease of CC071
mice in vivo.

To identify such genes, | analyzed a backcross
between CC071 and B6 Irf3 KO, and an F2 between
CCO071 and 129/SvPas (129) Ifnar1. Their analysis
led to the identification of six significant QTLs and
twenty-three suggestive QTLs, associated with the

viral load, body weight loss, clinical symptoms, and
mortality.

| also investigated the loci which modify the
susceptibility to ZIKV infection of Ifnar7 KO mice.
This KO exists on two genetic backgrounds, and my
laboratory previously demonstrated that B6 Ifnar1
KO mice are more susceptible to ZIKV infection, with
severe symptoms and mortality, than 129 Ifnar1 KO
mice, which show only mild symptoms. To identify
the genes responsible for this difference, | produced
and analyzed a backcross between the B6 Ifnar1 KO
and 129 Ifnar1 KO strains. Eight significant QTLs and
nineteen suggestive QTLs were associated with the
viral load, mortality, body weight loss and clinical
symptoms of backcross mice.

To facilitate genetic analysis of the four crosses
analyzed in my PhD project, | have developed stuart,
an open-source R package which curates whole-
genome genotyping data of second generation
crosses produced by arrays for subsequent QTL
mapping.

My work highlighted the genetic factors
involved in the susceptibility to ZIKV infection in
these mouse models. Future work will refine these
QTL intervals to identify and prioritize candidate
genes using a combination of approaches described
in this work. Identifying genes underlying these
QTLs will provide new insight into the mechanisms
of pathogenesis of ZIKV infection. Lastly, as
the CCO71 strain was recently reported to be
susceptible to the infection by other viruses, this
strain will be increasingly useful for the study of
infectious diseases.
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Communicable diseases are still one of the leading causes of death worldwide, particularly in
low-income countries where they account for six of the top ten causes of death, versus only three
at the global level (WHO 2020). Viruses are the most diverse group of pathogens. Their genomes
can be either DNA or RNA, single- or double-stranded, segmented or not, and enveloped or not.
They are responsible for acute (e.g. influenza, enteroviruses) or chronic (e.g. herpesviruses, human
immunodeficiency virus (HIV)) infections; for severe (e.g. Ebola, rabies), moderate (e.g. smallpox)
or debilitating (e.g. poliovirus) conditions, or induce cancers (e.g. hepatitis B virus (HBV), Epstein-
Barr virus (EBV), papillomaviruses). They can be transmitted by various modes: direct contact with
an infected person (e.g. herpesviruses), spread of aerosols by sneezing or coughing (e.g. influenza,
rhinoviruses), through vehicles such as food and water (e.g. hepatitis A virus (HAV)), vertically from
the mother to the fetus (e.g. HIV, herpesviruses) or by vectors such as mosquitoes (e.g. yellow fever
virus (YFV), dengue virus (DENV), West Nile virus (WNV)) or ticks (e.g. tick-borne encephalitis virus
(TBEV)). Although vaccines are the most effective preventive measures against viral infections, many
viruses still lack vaccines such as HIV, hepatitis C virus (HCV), and Chikungunya virus.

Viral genomes are highly mutable, especially those of RNA viruses, whose mutation rates can
be a million times higher than those of their vertebrate hosts. Faster genome replication provides
a selective advantage to the virus, but faster RNA polymerases make more mistakes and therefore
increase mutation rates (Duffy 2018). These mutations allow viruses to expand their host range and
to evade post-infection and vaccine-induced immunity, triggering the emergence or re-emergence
of viral infection, and leading to epidemics and pandemics. This was recently exemplified with SARS-
CoV-2, which most probably originates from a bat coronavirus (Alwine et al. 2023). Successive variants
have shown increased host range and transmissivity, but decreased pathogenicity (Balint et al. 2022;
Montagutelli et al. 2021b). Moreover, the vaccine efficacy against COVID-19 depends on the virus
variant (Andrews et al. 2022). Other examples of viruses transmitted from animals to humans include
HIV, which originates from simian immunodeficiency virus (SIV) (Sharp and Hahn 2011), and influenza
Avirus (IAV), which transmits from farm animals (poultry and swine) to humans and vice versa (Kessler
et al. 2021).

Vector-borne viral diseases are a major concern due to global warming. Rising temperatures
are expected to promote the spread of mosquito vectors to new geographic areas and to extend
the viral transmission season. Indeed, reported cases of DENV infection have risen from 500,000
in 2000 to more than 5 million in 2019 (WHO 2023). In addition, many of these viruses can infect
both humans and various animal species (WNV infects birds, TBEV infects small vertebrates such as
rodents), which are reservoirs responsible for spillover events to humans. Climate change will also
affect these reservoirs. For example, it is affecting bird diversity, which may favor species of birds
with high WNV transmission potential (Rockldv and Dubrow 2020; Fay et al. 2022).

Zika virus (ZIKV) is a mosquito-borne virus of the genus flavivirus which includes DENV, YFV and
WNV, among others. ZIKV was first isolated from a rhesus monkey in Uganda in 1947, and the first
case of human infection was reported in this country in 1964 (Talero-Gutiérrez et al. 2018). For 50
years, the circulation of the virus was mostly detected by serological surveillance, and only a few
cases of ZIKV infection in humans were reported (Musso and Gubler 2016). However, since 2007,

several outbreaks have been described, first in the Pacific Islands (Duffy et al. 2009), before a major
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epidemic occurred in Brazil in 2015 and eventually spread to 48 countries in the Americas (lkejezie
2017). While cases of human ZIKV infection have globally declined since 2017, ZIKV transmission
continues in endemic regions (Yakob 2022). Moreover, new regions are reporting ZIKV infections:
the first cases of autochthonous infection in Europe were reported in 2019 in Southern France (Giron
et al. 2019), and two outbreaks occurred in India in 2018 and 2021 (Bardhan et al. 2021).

ZIKV infection is usually asymptomatic or causes mild symptoms such as rash, fever, muscle and
joint pain, and headache. In rare cases, ZIKV infection can cause neurological complications such as
Guillain-Barré syndrome, which clinical manifestations include bilateral and unilateral facial palsies,
limb weakness and paresthesia (i.e. feeling of tingling) (Carod-Artal 2018). During the epidemic in
Brazil, ZIKV infection in pregnant women was associated with fetal microcephaly, with more than
8000 cases reported between December 2015 and July 2016 (Carod-Artal 2018). To date, there is no
specific treatment or vaccine against ZIKV (WHO 2022).

The variable presentation of ZIKV disease reflects the general case of viral infections which
severity often depends on the viral strain, inoculum, and route of infection, as well as host-related
factors, including genetics, age, sex, comorbidities, nutrition, stress, immune competence, pre-
existing immunity, microbiome, and environmental factors such as hygiene conditions and pollution
among others (Zsichla and Mduller 2023). Host genetic variants can contribute significantly to the
susceptibility to developing severe conditions as shown for example for dengue hemorrhagic fever
(Pare et al. 2020) and COVID-19 (Niemi et al. 2022). Variants in immune response genes are often
associated with viral disease outcome (Kenney et al. 2017; Manet et al. 2018; Zhang et al. 2020;
Bourdon et al. 2020), but genetic studies have also revealed the role of genes involved in other
biological processes. Indeed, human genetic studies have found association between viral disease
severity and variants in genes involved in protein transport (SNX8 and ANKRD27 for measles virus) and
post-translational modifications (PRMT6 for HIV), mitochondrial protein translation (MRPL10 and TSFM
for measles virus), chromatin remodeling (METTL21B for IAV and measles virus) and lipid metabolism
(SOATT for measles virus, AMACR for rubella virus, CPT2 for IAV) (Chen et al. 2005; Le Clerc et al. 2009;
Mak et al. 2011; Zhu et al. 2023).

Four studies in humans have identified genetic factors associated with microcephaly in children
born to mothers infected with ZIKV during pregnancy, in genes involved in innate immunity (Santos et
al. 2019; Aguiar et al. 2020), extracellular matrix organization (Aguiar et al. 2020), mTOR pathway (De
O. da Silva et al. 2021) and adenylate cyclase pathway (Rossi et al. 2019), but genetic factors involved
in disease severity in infected adults have not been reported. The study of genetic susceptibility to
viral infections in humans is hampered by variable infection parameters (viral strain, dose, and mode
of infection), and other host factors that impact disease severity such as previous or coinfection,
microbiome, and lifestyle (Leist and Baric 2018). Mouse models, on the other hand, allow for
experimental infections, in which these factors are controlled. However, mice are not a natural host
for ZIKV infection since, unlike humans, they are able to mount a protective type | interferon (IFN-
) response following ZIKV infection. Thus, the study of ZIKV infection in mice requires the use of
immunodeficient mice, usually lacking the IFN-I receptor (Ifnar1 deficient mice), or mice sensitized
with a monoclonal antibody blocking this receptor (Sheehan et al. 2006; Lazear et al. 2016).

Previous work from our laboratory has investigated the influence of host genetic diversity on the
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susceptibility to ZIKV in mouse models (Manet 2019). Genetically diverse mouse strains were used,
either carrying Ifnar1 deficiency: C57BL/6)-Ifnar1” (B6-Ifnar1) and 129S2/SvPas-Ifnar1”- (129-Ifnarf),
or sensitized immunocompetent mice from the Collaborative Cross (CC), a collection of mouse strains
with large genetic variability. Differences in susceptibility were observed between these strains: B6-
Ifnar1 mice were more susceptible than 129-Ifnar1 mice, with severe clinical signs and high mortality
rate, despite similar peak viral load in the plasma. In the 35 CC strains tested, CC071/TauUnc (CC071)
mice were the most susceptible with severe clinical symptoms, mortality, and high viral load in the
plasma, and CCO71 fibroblasts displayed high viral replication and delayed IFN-I induction after in vitro
infection. The aim of my PhD project was to dissect the susceptibility of these strains to identify genes
associated with increased severity following ZIKV infection, using genetic and functional method, in

in vitro and in vivo models.
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I1.1. The role of type | interferon response in viral infections
11.1.1. Sensing of viral infections

Innate immunity is the first line of defense against infections, and provides immediate, broad,
but non-specific response. It is activated by the recognition of conserved microbial features called
pathogen associated molecular patterns (PAMPs). Viral PAMPs, notably DNAs and RNAs, are
recognized as non-self as they differ from host molecules. For instance, double-stranded RNA
(dsRNA) viral genomes are identified as being of pathogenic origin since mammalian cells do not
normally produce long dsRNAs (Takeuchi and Akira 2009). Viral single-stranded RNAs (ssRNAs) are
poorly processed and do not carry the same post-transcriptional modifications as cellular mRNAs
such as the 5’ cap structure (Gebhardt et al. 2017). Viral DNAs are unmethylated which allows to
distinguish them from host DNA molecules (Kumagai et al. 2008).

Viral PAMPs are recognized by two families of pathogen recognition receptors (PRRs): RIG-I-like
receptors (RLRs) and Toll-like receptors (TLRs). Two out of the three RLRs recognize viral RNA: DDX58
(also known as RIG-1) senses uncapped ssRNA, while IFIH1 (also known as MDAS5) senses long dsRNA.
The third RLR, DHX58 (also known as LGP2), is a regulator of DHX58 and IFIH1 signaling (Takeuchi
and Akira 2009). TLRs recognize viral and bacterial molecules. Among them, three bind viral RNA:
TLR3 (dsRNA), TLR7 and TLR8 (ssRNA). TLR9 recognizes unmethylated viral DNAs (Kumagai et al.
2008; Takeuchi and Akira 2009). Once these receptors sense viral molecules, they induce a signaling

cascade leading to the expression of interferons (IFNs) (Levy et al. 2011).

11.1.2. Induction of IFN-I expression

IFNs were first described in 1957 by Isaacs and Lindenmann as factors capable of interfering with
viral replication (Isaacs and Lindenmann 1957). There are 3 families of IFNs, the largest one being
type | interferons (IFN-1) with 17 members in humans and 18 in mice (Lazear et al. 2019). IFN-I are
highly conserved across animals as they are present in mammals, birds and fish (Zhou et al. 2014;
Boudinot et al. 2016). The other types of IFN are type Il IFN (IFN~), and type Il IFN (IFNA). IFN~y
stimulates adaptive antiviral response by favoring antigen presentation and maturation of dendritic
cells and macrophages (Lee and Ashkar 2018). IFNX are more similar to IFN-I as they are induced by
the same transcription factors and they induce essentially the same repertoire of antiviral molecules
(Donnelly and Kotenko 2010).

The main IFN-I are IFNa (13 subtypes in humans and 14 in mice) and IFNj3. Genes coding for IFN-I
are expressed at low levels in basal condition, but are quickly induced after the recognition of PAMPs
by PRRs. Once these receptors bind PAMPs, they recruit adaptor proteins (MAVS for RLRs, MYD88
or TICAM1/2 for TLRs) which activate kinases (IRAK1, TBK1 and IKKe). These kinases phosphorylate
interferon regulatory factors (IRFs) which dimerize and enter the nucleus to bind the promoters
of IFN-I genes and induce their expression (Bourdon et al. 2020). This signaling pathway is more
thoroughly detailed in section 11.1.4.2.

Once produced, IFN-I are secreted and bind their receptor IFNAR, either on the cell that produced
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them or on neighboring cells, thus signaling in an autocrine and paracrine manner (Lazear et al.
2019). IFNAR is composed of two subunits IFNART and IFNAR2, which are associated with the kinases
TYK2 and JAK1, respectively. The binding of IFN-I on IFNAR induces the phosphorylation of TYK2
and JAK1, which in turn phosphorylate the transcription factors STAT1 and STAT2 (Zanin et al. 2021).
Once activated, STAT1 and STAT2 dimerize and recruit IRF9 to form the interferon-stimulated gene
factor 3 (ISGF3) complex. ISGF3 translocates into the nucleus to induce the expression of interferon-

stimulated genes (ISGs), which are the actors of this antiviral pathway (Paul et al. 2018).

11.1.3 . The antiviral properties of Interferon Stimulated Genes

ISGs are defined as genes upregulated by IFN signaling. 1SGs are abundant in mammalian
genomes: they are thought to number between 400 and more than 1,000 depending on the
species or cell type (Schoggins and Rice 2011; Mostafavi et al. 2016; Shaw et al. 2017; Schoggins
2019). Interestingly, a cross-species RNA sequencing (RNA-seq) study identified 90 genes that were
upregulated after IFN treatment in primary fibroblasts of 9 mammalian species, including 62 also
present in chicken (Shaw et al. 2017). Moreover, IFN-I signaling also leads to the downregulation
of genes called interferon-repressed genes (IRGs). The same study identified 479 IRGs in humans
and 157 in mice. These genes are less conserved than ISGs, as none of them were shared by the 10
species studied (Shaw et al. 2017).

ISGs possess various functions to combat viral infection, such as inhibition of viral replication,
antigen presentation, cell signaling and apoptosis (Shaw et al. 2017). Most of them are known
to inhibit viral replication by targeting different stages of the viral cycle: entry, trafficking, protein
production, genome replication, assembly and exit (Schoggins 2019) (Figure 1). Here are several
examples of ISGs with different antiviral mechanisms.

11.1.3.1. Viral entry

IFITM3 is an endosomal transmembrane protein that inhibits the release of enveloped viruses
into the cytoplasm. Enveloped viruses enter host cells by endocytosis and then fuse their envelope
with endosomal membranes to release their genome into the cell for subsequent replication and
protein production. IFITM3 possesses an amphipathic a-helix, i.e., with one hydrophilic side and one
hydrophobic side, which locates in the cytoplasmic leaflet of the endosomal membrane (Jiménez-
Munguia et al. 2022). This helix alters the curvature of the endosomal membrane, thereby inhibiting
its fusion with the viral envelope. Since the fusion is blocked, the endosome progresses to the
lysosome where the virus is degraded. IFITM3 has been shown to act against several enveloped
viruses including IAV, HIV, DENV, ZIKV and SARS-CoV-2 (Das et al. 2021).
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Figure 1: ISGs targeting different steps of the viral replication cycle.
Viral replication steps are depicted on the left boxes. Examples of ISGs targeting each step are indicated on the
right (from Schoggins 2019).

11.1.3.2.. Nucleoprotein trafficking
MXA, encoded by the Mx7 gene, is the first anti-IAV host restriction factor identified. IAV viral

genome replication requires the import of nucleoproteins (i.e.,, complexes with IAV RNA genome
fragments and proteins) into the nucleus. MXA possesses a disordered loop which binds viral
nucleoproteins and inhibits their nuclear import, thereby blocking mRNA synthesis and genome
replication (Haller and Kochs 2020).

The antiviral properties of MXA were discovered thanks to the use of a rare mouse inbred strain,
A2G, which, unlike most common laboratory strain, showed poor viral replication after infection with
IAV. Indeed, most laboratory strains possess a defective allele for Mx7, making them susceptible to
IAV infection, while A2G mice carry a functional Mx1 allele (Horisberger et al. 1983). Therefore, Mx7is a
major host genetic factor controlling IAV infection outcome in mice. Polymorphisms in MX7 in humans
have not been associated with IAV susceptibility, but no complete loss-of-function mutations was
reported (Ciancanelli et al. 2016; Haller and Kochs 2020). However, a single nucleotide polymorphism
(SNP) in MX1 was associated with symptomatic WNV infection (Bigham et al. 2011).
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11.1.3.3. Viral protein production

SLFN11 is a protein of the Schlafen family with multiple functions related to its three domains:
endoribonuclease, protein-interacting, and helicase/ATPase. SLFN11 is known to inhibit cancer
cells proliferation by interacting with ribosomal proteins and thereby inhibiting signaling pathways
involved in cell growth (Jo and Pommier 2022). SLFN11 was also shown to inhibit HIV protein
translation. In infected cells, HIV induces changes in the transfer RNA (tRNA) pool, presumably to
cope with the differences in codon usage between host and viral genes. These changes in tRNA
composition are inhibited by SLFN11, which binds tRNAs through its endoribonuclease domain. Thus,
SLFN11 selectively inhibits viral protein translation (Li et al. 2012). The mouse ortholog of human
SLFN11 is thought to be SIfn9, but this remains to be functionally demonstrated (Jo and Pommier
2022).

11.1.3.4 . Genome replication and degradation

2'-5' oligoadenylate (OAS) synthetases are a family of proteins encoded by genes clustered on
chromosome 12 in humans, and on chromosome 5 in mice (Mashimo et al. 2008; Choi et al. 2015).
OAS proteins are activated by the binding of viral dsRNA, and polymerize ATP into 2'-5' adenosine
oligomers. These oligomers can activate the ribonuclease RNase L, capable of degrading viral RNA.
In human, the OAS family consists of OAS1, OAS2, OAS3 and 2 OAS-like proteins: OASLa and OASLDb,
which do not possess oligoadenylate synthetase function (Choi et al. 2015). In mice, the Oas cluster
contains one Oas2, one Oas3, and 10 Oas1 genes designated Oas’a to Oas’j (Mashimo et al. 2008).

Among the genes encoding OAS proteins, Oas7b in mice and OAS7 in humans are important
host genetic factors controlling susceptibility to flaviviruses, in particular WNV. OAST polymorphism
was associated with increased risk of encephalitis and paralysis following WNV infection in humans
(Bigham et al. 2011).

In mice, WNV infection is lethal in classical laboratory strains, since they carry a mutation in Oas7b
leading to a premature stop codon and a truncated non-functional protein. On the opposite, mice
of wild-derived strains have a functional OAS1B protein and survive WNV infection (Mashimo et al.
2002). Interestingly, a recent study showed that the lack of RNase L in mice carrying a functional
Oas1b allele did not alter their ability to survive WNV infection. This result indicates that RNase L is

dispensable for OAS1B antiviral properties (Madden et al. 2019).

11.1.3.5. Viral egress

There are less known ISGs targeting the late stages of the viral replication cycle. One example is
Tetherin (encoded by the BST2 gene), a transmembrane protein which prevents enveloped viruses
from budding. Tetherin possesses two membrane anchors, one of them attached to the plasma
membrane, while the second one can be incorporated in the viral envelope, thereby inhibiting the
budding and release of new virions (Sauter 2014). Tetherin was shown to inhibit the budding of
multiple enveloped viruses such as HIV (Neil et al. 2008), Lassa virus (Sakuma et al. 2009), Marburg
virus (Sakuma et al. 2009), vesicular stomatitis virus (Weidner et al. 2010) and herpes simplex virus 1
(HSV-1) (Blondeau et al. 2013).
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11.1.3.6 . ISGs not affecting the viral cycle

Other ISGs do not target the viral replication cycle. For instance, Tumor Necrosis Factor-Related
Apoptosis Inducing Ligand (TRAIL) is a protein inducing apoptosis. TRAIL is expressed in immune cells
following stimulation by cytokines. Notably, IFN-I stimulate TRAIL expression in monocytes, dendritic
cells, T lymphocytes and NK cells. Soluble or membrane TRAIL can bind several receptors (death
receptors 4 and 5, and decoy receptors 1 and 2), which activate a signaling cascade leading to the
activation of caspases and subsequent cell death (Cummins and Badley 2009). Interestingly, mock-
infected cells were shown to be resistant to TRAIL-induced apoptosis. Therefore, TRAIL selectively
induces cell-death in infected cells (Sato et al. 2001).

ISG15 is an ubiquitin-like protein which binds substrate proteins in a process called ISGylation.
Like ubiquitin, ISG15 is covalently linked to target proteins with a system involving 3 enzymes: the
activating enzyme E1, the catalyzing enzyme E2 and the ligase E3 (Zhang and Zhang 2011). It was
shown recently that the interferon induced RNF213 protein acts as an ISGylation sensor after being
ISGylated by ISG15. Although the fate of ISGylated proteins sensed by RNF213 remains unknown,

RNF213 overexpression was shown to lower viral infection levels (Thery et al. 2021).

11.1.3.7 . Regulation of IFN-I expression

Several genes of the IFN-I induction pathways, such as DDX58, IFIH1 and IRF7, are I1SGs, and are
responsible for an auto-amplification of IFN-I production (Schoggins and Rice 2011).

However, excess in IFN-I signaling is deleterious and can lead to autoinflammatory diseases called
interferonopathies (Crow and Stetson 2022). Therefore, inhibitory control of IFN-I expression is
critical to maintain immune homeostasis. Socs7 is an ISG encoding a negative regulator of IFN-I
signaling. It binds TYK2, resulting in the internalization of IFNAR1, and, therefore, inhibition of the
IFN-1 signaling (Piganis et al. 2011).

11.1.4 . The roles of the genes of the IFN-I induction pathway in viral infections

IFN-I are critical actors of the antiviral response through the induction of ISGs (Schoggins 2019).
IFN-I production depends on an activation cascade which actors have been studied using several
hypothesis-driven approaches, in humans and in mice. In such instances, dysfunction of these genes

results in increased susceptibility to viral infection.

11.1.4.1 . Reverse genetics studies

In mice, reverse genetics methods can be used in vitro and in vivo to study the role of a specific
gene. Reverse genetics approaches consist in altering the coding or regulatory sequence of a
gene of interest to study the resulting phenotype and gain insight into the function of the gene.
Reverse genetics approaches include the induction of gain-of-function mutation (e.g. by insertional
transgenesis) or loss-of-function mutation (by deleting part of the coding sequence) also called
knockout (KO) mutation (Kherraf et al. 2018).

The first KO methods relied on homologous recombination between the endogenous gene and
an homologous DNA sequence injected into mouse embryonic stem cells (Kumar et al. 2009). This

technique is tedious and has a low success rate (Kherraf et al. 2018). Generation of KO mice has
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Figure 2: The CRISPR/Cas9 system for KO and point mutations

After the Cas9 induced a double strand break at the desired site defined by a guide RNA, the non-homologous
end joining (NHEJ) mechanism (left) potentially induces indels (red) leading to a frameshift and premature stop
codon (black). The homology-directed repair (HDR) mechanism (right) repairs the break using a DNA template
with homology arms. Here, the DNA template contained a point mutation (blue) that was inserted in the
genome.

become increasingly simple thanks to the CRISPR/Cas9 technique (Hall et al. 2018). This method
creates a double strand break at a position of interest by the use of a guide RNA which attracts
the Cas9 to the target site. This break can be resolved by a NHEJ event that fixes the break but
creates small deletions or insertions. These indels, which are not necessarily multiple of 3 base pairs,
can induce a frameshift or a premature stop codon. CRISPR/Cas9 methods have also facilitated the
development of models with point mutations, which have been used to study the role of a nucleotide
in a gene. An oligonucleotide template with sequence homology with the targeted gene is added to
trigger HDR and insert a mutation in the sequence of interest (Figure 2, Inui et al. 2014; Kherraf et al.
2018).

Without modifying the sequence of the genomic DNA, knockdown (KD) methods allow to reduce
the amount of mMRNA of a specific gene. These methods, which can be used in mouse and human
cells, rely on RNA interference with either small interfering RNAs (siRNAs), micro RNA (miRNA) or
small hairpin RNAs (shRNAs). These non-coding RNA molecules bind mRNA by their complementary
sequence and induce mRNA degradation (Rao et al. 2009; Lam et al. 2015).

Examples of using hypothesis-driven methods in mouse and in human to study the genes of the
IFN-I induction pathway are presented in section 11.1.4.2.
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11.11.4.2. The role of mouse and human genes of the IFN-I induction pathway in the
susceptibility to viral infections

As an introduction to my experimental work, we published in the journal Genes and Immunity a
review on the induction pathway of IFN-I and how genes of this pathway contribute to host genetic
susceptibility to viral diseases (Bourdon et al. 2020).

This review first details each step of the IFN-I induction from the PAMP recognition by PRRs to the
activation of specific transcription factors. Then, it presents the current knowledge on host genetic

susceptibilities to viral infections in human and in mice associated with genes of this pathway.

Title

Host genetic susceptibility to viral infections: the role of type | interferon induction

Abstract

The innate immune response is the major front line of defense against viral infections. It involves
hundreds of genes with antiviral properties which expression is induced by type | interferons (IFNs)
and are therefore called interferon stimulated genes (ISGs). Type | IFNs are produced after viral
recognition by pathogen recognition receptors, which trigger a cascade of activation events. Human
and mouse studies have shown that defective type | IFNs induction may hamper the ability to control
viral infections. In humans, moderate to high-effect variants have been identified in individuals with
particularly severe complications following viral infection. In mice, functional studies using knock-out
alleles have revealed the specific role of most genes of the IFN pathway. Here, we review the role of
the molecular partners of the type | IFNs induction pathway and their implication in the control of
viral infections and of their complications.
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Abstract

The innate immune response is the major front line of defense against viral infections. It
involves hundreds of genes with antiviral properties which expression is induced by type I
interferons (IFNs) and are therefore called interferon stimulated genes (ISGs). Type I IFNs
are produced after viral recognition by pathogen recognition receptors which trigger a cascade
of activation events. Human and mouse studies have shown that defective type I IFNs
induction may hamper the ability to control viral infections. In humans, moderate to high-
effect variants have been identified in individuals with particularly severe complications
following viral infection. In mice, functional studies using knock-out alleles have revealed the
specific role of most genes of the IFN pathway. Here, we review the role of the molecular
partners of the type I IFNs induction pathway and their implication in the control of viral

infections and of their complications.

Introduction

Interferons (IFNs) are cytokines that represent one of the first innate immune barriers
against viruses. They were discovered in 1957 and were named after their capacity to
"interfere" with virus replication. Recognition of non-specific viral molecules such as viral
proteins, DNA and RNA leads to their expression. After recognition of virus components by
pathogen recognition receptors (PRR), an induction cascade leads to the activation of
interferon regulatory factors (IRFs), the transcriptional factors responsible for IFN genes
expression'. IFNs are glycoproteins that are secreted into the extracellular medium and act as
autocrine and paracrine factors. The binding to their receptors induces the expression of
interferon stimulated genes (ISGs) with antiviral properties. Non exhaustively, ISGs can

inhibit nuclear import of nucleic acids, synthesis of RNA and proteins, or can enhance virus
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degradation'. Several proteins involved in IFN production and response are inhibited by non-
structural proteins of various viruses which therefore escape host innate defense’.

IFNs are grouped in three types depending on their sequence, structure and function.
IFNY is the only type II IFN. It is produced by natural killer cells and binds the IFNYy receptor
(IFNGR) composed of two subunits (IFNGRI1/IFNGR?2). This receptor recruits the Janus
kinases 1 (JAK1) and 2 (JAK2), which activate the signal transducer and activator of
transcription 1 (STAT1). STATI acts as homodimers® and binds gamma-activated sites
present in the target ISGs promoters'. Type III IFNs include four IFN lambda numbered
IFNA1 to IFNA4. The receptor to type III IFNs is composed of interleukin 28 receptor subunit
alpha (IL-28Ra) and interleukin 10 receptor subunit 2 (IL-10R2). It induces the activation of
the interferon-stimulated gene factor 3 (ISGF3), composed of STAT1, STAT2 and IRF9, that
binds to IFN-stimulated response elements on the promoter of target ISGs®. This review
focuses on type I IFNs (IFN-I) which are among the first cytokines produced after viral
infection®. IFN-I usually refer to IFNo and IFNP, but also include other cell- and species-
specific molecules. All IFN-I signal through the IFNa receptor composed of two subunits
(IFNAR1 and IFNAR2), which recruit JAK1 and non-receptor tyrosine-protein kinase
(TYK?2). These kinases activate ISGF3 which binds to IFN-stimulated response elements”.

Considering the crucial role of IFN-I in host responses to invading viruses, the
inability to induce their expression often leads to severe symptoms. The variable outcome of
viral infections has triggered genetic studies in humans and in mice® °. Unsurprisingly,
genetic variants or deficiencies in IFN-I induction pathway genes were associated with
susceptibility to diverse viruses. Here we provide a general presentation of the partners of this
pathway, and we review the genetic susceptibilities to viral infections associated with these

genes.
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Molecular mechanismsof typel IFN induction
Typel interferons

IFN-I is the largest family of IFN proteins. They have a common helical structure
composed of 5 o-helices and are encoded by genes clustered on chromosome 9 in humans and
on chromosome 4 in mice’.

The two main IFN-I are IFNow and IFNP. These proteins are not constitutively
expressed but are up-regulated during viral infection following the activation of the
transcription factors IRF3 and IRF7°. Most animal species have multiple IFNo. genes, 13
genes with 80% nucleotide identity in human and 14 genes in mice. IFNos are produced by
plasmacytoid dendritic cells and hematopoietic cells (mostly leucocytes). Each type of [FNo
has a different affinity for its receptor, and thus may trigger type-specific responsesg. IFNS is
encoded by a single gene, IFNBL, and is also present in most animal species. It is produced by
fibroblasts, dendritic cells and epithelial cells’.

Other IFNs-I have been described in animal species or in humans. Each of them is
encoded by a single gene’. IFNEe is constitutively expressed in the brain, lungs, small intestine
and reproductive tissues. It is regulated by hormones and not during infections. IFN¥ is
present in a few species including humans and mice. It is constitutively expressed in
keratinocytes and can be up-regulated after exposure to double-stranded RNA (dsRNA).
IFNw is present in humans but not in mice. It is expressed mainly in leukocytes. IFN(, also
called limitin, is an IFN-like molecule present only in mice. It is expressed in mature T
lymphocytes, bronchial, epithelial and salivary duct cells. IFNT and IFNO have been described

but are not expressed in humans or in mice.

Virus recognition by PRR
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The production of IFNB and IFNa is induced by PRRs that recognize molecules
present in pathogens called pathogen-associated molecular patterns. PRRs include Toll-like
receptors (TLRs) and RIG-I-like receptors (RLRs). PRRs recognize components from
bacteria, viruses and fungi and have specific ligands. During viral infections, TLR3
recognizes dsRNA while TLR7 and TLR8 recognize single-stranded RNA (ssRNA) and
TLRY recognizes DNA molecules. These TLRs are produced in the endoplasmic reticulum
and sense their ligands in endosomes after virus entry into host cells'®. TLR2 and TLR4 are
present at the cell surface and recognize viral proteins'" '2. Replication of viruses with
positive ssRNA genome produces dsRNA which is recognized by TLR3 and RLRs'.

Three RLRs recognize viral RNA. While DDX58 (also known as RIG-I) senses 5°-
phosphorylated RNA, IFIH1 (MDAS5) recognizes long dsRNA. DHX58 (LGP2) facilitates
viral RNA recognition by DDX58 and IFIH1"* and enhances RLR-dependent IFN induction'*.

Viral recognition by TLRs and RLRs triggers a cascade of molecular activations

which results in the production of IFN-I. This pathway is summarized in Figure 1.

TLR pathway

TLR3 recognition of viral RNA induces its own phosphorylation which allows the
recruitment of the adaptor protein Toll-interleukin receptor (TIR) domain-containing adapter
molecule 1 (TICAMI, also called TRIF)". Interaction between TLR3 and TICAMI is
enabled by the phosphorylation of two TLR3 tyrosine residues '°. TLR4 also can induce the
expression of IFN-I by recognizing viral proteins present in the extracellular medium and
signalling through the adaptors myeloid differentiation primary response protein (MYDS88)
and myelin and lymphocyte protein (MAL). Once activated, TLR4 is endocytosed and
recruits TICAMI1 and TIR domain-containing adapter molecule 2 (TICAM?2, also called

TRAM) in the endosomes'®. TICAMI recruits the TNF receptor associated factor 3
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(TRAF3)", which then activates the kinases responsible for the activation of the IRFs.
TICAMI1 is targeted by the viral 3C protease of hepatitis A virus and coxsackievirus B3
(CVB3) which allows these viruses to escape the host immune response'’.

TLR2 also activates the expression of IFN-I, but the mechanisms are incompletely
understood. Signalling by TLR2 requires MAL, TICAM2 and MYDS88 which, once activated,
relocate to the endosomes and induce a signalling cascade resulting in IRF7 activation and
IFN-I expression. Therefore TLR2 and TLR4 likely use similar mechanisms to induce IFN-I
production'?.

TLR7, TLR8 and TLRY also induce IFN-I expression, but only in plasmacytoid
dendritic cells which are known to produce high levels of IFN after viral infection. These
TLRs use the MYDS88 adaptor which, in plasmacytoid dendritic cells, forms a complex with
IRF7. This complex allows the phosphorylation and activation of IRF7 by interleukin 1

receptor associated kinase 1 (IRAK 1) and triggers the expression of IFNs'’.

RLR pathway

Viral RNA binding on RLRs DDX58 and IFIH1 induces a conformational change of
these receptors which exposes their caspase activation and recruitment domains (CARD).
These domains interact with the CARD of the mitochondrial antiviral signalling protein
(MAYVS, also called IPS-1). Subsequently, DDX58 and IFIH1 promote the formation of
prion-like MAVS aggregates, which induce TRAF3 recruitment'®. Several proteins of the
RLR pathway are targeted by viruses. Influenza A virus (IAV) NS1 protein and respiratory
syncytial virus NS1 protein bind DDX58 and MAVS, respectively, and block their signalling.
IFIH1 is degraded following poliovirus infection, and encephalomyocarditis virus (EMCV)

3C protease can degrade DDX58'°.
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Activation of IRFs

TRAF3 recruits two kinases, TANK binding kinase 1 (TBK1) and inhibitor of nuclear
factor kappa-B kinase subunit epsilon (IKK¢), to phosphorylate and activate IRF3 and IRF7.
Once phosphorylated, IRF3 and IRF7 form homodimers or heterodimers, translocate to the

nucleus and promote IFN-I transcription'> '

. Viral proteins also target these factors. Ebola
virus VP35 protein binds and blocks TBK1 and IKKe. The hepatitis C virus NS3/4A protease
degrades IRF3 while viral homologues of IRFs, such as Kaposi’s sarcoma-associated
herpesvirus vIRFs, bind host IRFs and inhibit IFN-I transcription '°.

IFNP expression is regulated by four positive regulatory domains (PRD). NFkB and
AP1 bind PRDII and PRDIV, respectively, and promote basal expression of |IFNB1. After
viral infection, IRF3 and IRF7 are activated and bind PRDI and PRDIII to induce IFNB1
overexpression”’. IFNo. genes have only PRDI- and PRDIII-like elements and their
expression is therefore controlled exclusively by IRF3 and IRF7. IRF3 has more affinity for
IFNB1 while IRF7 has more affinity for IFNo genes. IRF3 is constitutively abundant but
inactive while IRF7 is an ISG present at low levels before infection and up-regulated by IFN-I
signalling. Therefore, in the early phase after infection, IFN-I expression is induced by IRF3,
resulting in predominant IFNf production. IFN signalling induces |RF7 expression resulting
in IFNo production in a later phase®. IRF1 and IRF5 can also induce IFN-I expression,
however both are dispensable and their role remains unclear®. Furthermore, TLRs and RLRs
also activate the NFxB pathway after infection through TICAMI1, MYD88 and MAVS to

induce the production of inflammatory cytokines'’.

Genetic susceptibility to viral infections

Several of the genes described above have been associated with susceptibilities to viral

infections. These studies are summarized in Table 1 and Table 2 for human and mouse genes,
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respectively. Human studies split into case studies and association studies. Case studies aim to
identify mutations which strongly impact the severity of viral infection but are rare in the
population. Association studies seek common genetic variants generally associated with a
moderate impact. Genome-wide association studies require the analysis of large cohorts
which can rarely be assembled in infectious diseases. However, statistical power is increased
by limiting the variants tested to a reduced set of candidate genes. This approach has led
Zhang et al. to identify association between variants at 13 loci governing TLR3- and IRF7-
dependent IFN-I immunity and the severity of COVID-19 by comparing 659 patients with
life-threatening pneumonia and 534 patients with mild or no symptoms®'. Likewise, Bigham
et al. investigated 86 genes regulating immune function and identified association between
three of them and the severity of West Nile virus (WNV) infection®.

In mice, forward and reverse genetics are used to analyze resistance to viral
infections®. Reverse genetics aims at characterizing the function of a given gene by altering
its sequence. Many studies have reported modified susceptibility to viral infections in mice
carrying loss-of-function mutations (gene knock-outs, KO) in IFN-I pathway. Forward
genetics starts with a difference of susceptibility between two strains and aims at identifying
the causal genetic variants. Differences may result from random chemical mutagenesis** or
from natural variants between genetically diverse mouse strains such as the Collaborative
Cross®. Interestingly, studies performed on the same virus can be compared to assess the
specific or overlapping roles of the genes of the IFN-I cascade in the severity of a viral

infection and in its complications.

TLR-TICAM1 pathway
As TLR3 is the primary TLR involved in IFN-I expression after virus recognition, the

effects of its variants on the susceptibility to viral infections were extensively studied. In
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humans, association studies and case studies identified TLR3 variants linked to increased

30-32
, measles

susceptibility to IAV>>?® hepatitis B virus®’, herpes simplex virus 1 (HSV-1)
virus® and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)*'. Two SNPs
associated with susceptibility to IAV are in intronic regions upstream exon 4> *°. Since this
exon contains the signal induction transmembrane protein domain, these SNPs might alter
TLR3 signalling. Other variants are in the luminal leucine-rich repeats of TLR3*" 27 28 30. 32
3 This region forms a solenoid critical for RNA binding®* and virus recognition. Lastly,

3213931 1 particular, a non-sense

mutations were identified in the TIR domain of TLR
mutation was identified in a case of herpes simplex encephalitis (HSE), a complication of
HSV-1 infection. This mutation removes the TIR domain which is required for the
recruitment of TICAM1 and downstream signalling®’.

In contrast, a common variant in TLR3 was associated with increased resistance to
human immunodeficiency virus (HIV). The L412F allele, present in approximately 30% of
Europeans and over-represented in a cohort of HIV-exposed seronegative individuals, leads to
reduced viral replication and overexpression of inflammatory cytokines in vitra*, likely by
increasing TLR3 signalling. However, the same variant showed positive association with
subacute sclerosing panencephalitis, a severe complication of measles virus infection®. The
increased inflammatory response due to this mutation may be advantageous in the case of
HIV infection, but deleterious in the case of measles virus infection. Variants in the TLR
adaptor TICAM1 can also alter susceptibility to viruses. In humans, four mutations were
identified in patients suffering from HSE and three in patients with life-threatening COVID-
19, all of them leading to decreased IFN-I expression®'>>>°,

The TLR-TICAMI1 pathway has been also extensively studied in mouse viral

