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Abstract

Emerging and re-emerging RNA viruses have been the cause of epidemics
within the past few years, raising public health concerns throughout the world.
The 2014-2016 outbreak of Ebola Virus (EBOV) resulted in over 28000 infections
with more than 11000 deaths. In 2015, a widespread epidemic of an emerging
mosquito-borne flavivirus, Zika Virus (ZIKV), was associated with the
increased incidence of neurological complications in South and Central

America.

As an early response to viral infection, type I interferon (IFN-a/B) produced by
mammalian cells exerts antiviral activity. The RIG-I-like receptors are critical
sensors for RNA viruses, including EBOV and ZIKV. The IFN response begins
with recognition of pathogen-associated molecular pattern by pattern
recognition receptors, whose activation leads to a signaling cascade resulting in
the production of IFN-a/B. Once secreted, type I IFN binds to the specific
receptor activating the IFN signaling cascade leading to the induction of
hundreds of IFN-stimulated genes (ISGs), which establish the antiviral state of
the cells, targeting specific aspects of the viral life cycle. The majority of viruses
have evolved strategies to disarm the IFN-I response: (i) blocking IFN-I
production, (ii) IFN-I signaling, (iii) ISGs action. The antagonism of the IFN
system has significant implications in both EBOV and ZIKV immune
pathogenesis and virulence. EBOV multifunctional protein VP24 is one of the
main determinants of EBOV virulence by virtue of its inhibition of the IFN
signaling cascade. ZIKV antagonism of IFN response is also correlated to
virulence, in particular mutations in residues of NSI1 and NS4B have been

associated with increased viral replication and neurovirulence in mice.




Today no approved drugs are available to treat EBOV and ZIKV infections.
Therefore, the knowledge gained by characterizing the mechanisms through
which both viruses evade the IFN response is at the base for the attenuation of
the pathogenesis, contributing to the development of countermeasures directed

against novel potential pharmacological targets.

This PhD thesis, on one hand, focuses on the study of EBOV VP24 protein and
its inhibition of the IFN signaling cascade. Being a key factor for EBOV
virulence, with the aim of identifying novel therapeutic agents against VP24, a
new cellular drug screening assay has been developed. The assay is based on
the transfection of cells with a luciferase reporter under the control of the
promoter of ISGs (pISRE-luc) and an expression plasmid for VP24 that results
in the inhibition of the IFN-mediated ISRE transcription. Addition of
compounds leads to the partial restoration of the IFN signaling cascade. We
optimized the assay to achieve excellent signal, robust performance and high

reproducibility.

Among plants components, flavonoids have been reported to be active against
many viruses, including EBOV, and to potentially bind VP24 in silico studies.
Hence, using our drug screening assay, we screened a number of flavonoids
among which Quercetin was identified to be the most active derivative against
VP24, allowing to restore the IFN response with an ICso value of 7.4 uM.
Quercetin is the first compound reported to target specifically the EBOV VP24
IFN inhibitory function, thus, being potentially able to block EBOV infection at

the early steps.

On the other hand, driven by the need for a comprehensive understanding of
the molecular pathogenesis of the newly emergent ZIKV, the present PhD thesis
aims to identify the ZIKV proteins with IFN signaling inhibitory functions. For
the first time, we describe new functions for ZIKV NS2A and NS4B as IFN
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signaling inhibitors, being able to block ISRE expression and ISGs transcripts
through the suppression of STAT1/STAT2 phosphorylation. Given their impact
on IFN response, they may represent novel and attractive targets for the further

development of antiviral therapies against ZIKV.
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Chapter 1

Introduction

1.1. The Innate Immune Response

The cellular defense mechanisms against invading pathogens involve both
innate and adaptive immunity (Figure 1). The connection between the two
responses is fundamental in controlling the infection. In fact, the magnitude and
efficiency of the adaptive immunity depend on signals derived from the first

response, the innate immunity.
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Several important innate immune functions have been reported: (i) activation of
the antiviral state of infected cells by producing type I interferons, (ii) reduction
of the number of infected cells by promoting natural killer (NK) cell-mediate
killing, and (iii) promotion of the maturation and site recruitment of the
adaptive components through production of pro-inflammatory cytokines and

chemokines (Akira et al., 2006).

The innate system is an evolutionarily ancient component, characteristic of all
multicellular organisms. This host protection is performed by hematopoietic
cells, including macrophages, dendritic cells, mast cells, neutrophils,
eosinophils, NK and NK T cells, and non-hematopoietic cells, such as epithelial
cells of the respiratory, gastrointestinal, and genitourinary tracts and the skin
(Turvey and Broide, 2010). Since it is able to recognize molecules expressed
broadly on a large number of cells, the innate immune system is poised to act
rapidly in case of a viral infection, in contrast to the adaptive cells (T and B
lymphocytes) that must proliferate after the antigen recognition to reach a
sufficient number to mount an effective response. This implicates that within
minutes of pathogen exposure, the protective inflammatory response is
activated, while a time delay is requested to generate a protective adaptive

immune response (Chaplin, 2010).

The activation of the innate immunity relies on the recognition of three different
type of invading agents: (i) damage-associated molecular patterns, molecules
released as a consequence of infection and inflammation, indicative of tissue
damage, (ii) missing self, molecules normally expressed by healthy cells whose
recognition functions as inhibitory signal to prevent activation of the immune
response against host tissues, and (iii) pathogen associated molecular patterns
(PAMPs), molecular signatures of the presence of non self organisms into the

cells (Turvey and Broide, 2010).




1.2. Host Recognition of Viral PAMPs

The term “pathogen associate molecular pattern (PAMP)" was coined about 20
years ago by Charles Janeway to define the molecular determinants encoded by
different classes of pathogens that could interact with pattern recognition
receptors (PRRs) of innate cells that, as a consequence of this recognition, are
activated for the initiation of immune functions (Kawai and Akira, 2006). Since
then, several PRRs have been discovered and demonstrated to target a wide
range of PAMPs, including lipopolysaccharide, flagellin, peptidoglycan and

microbial nucleic acids.

Several classes of PRRs are involved in the recognition of virus-specific
molecules in innate immune cells, including Toll-like receptors (TLRs), retinoic
acid-inducible gene I (RIG-I)-like receptors (RLRs), DExD/H-box proteins and
other cytosolic DNA receptors. The host PRRs recognize as PAMPs viral
genomic DNA, single-stranded RNA (ssRNA), double-stranded RNA (dsRNA),

RNA with 5’-triphosphate (5’-ppp) ends and viral proteins (Figure 2).

RNA viruses DNA viruses or bacteria
/ | \

dsRNA ssRNA ppp-ssRNA ppp-dsRNA

PLPIP

oo\

Inflammatory v Antiviral
cytokines cytokines
NUCLEUS

Figure 2. PRRs sensing of viruses (Furr and Marriott, 2012)




Extracellular viral DNA, ssRNA and dsRNA are recognized by TLR9, TLR7 and
TLR3 receptors, respectively.,, TLR9 and TLR7 are localized only in the
endosome membrane, thus being able to detect viral nucleic acids produced
during virus uncoating or by degradation of entering viral particles, while
TLR3, is localized in endosomes but also in the cell surface, thus targeting also
dsRNA present in the extracellular environment. The viral DNA is recognized
by TLR9 as non self because it is usually unmethylated (CpG), differently from
the host genomic DNA, while the recognition between TLR7 and the ssRNA is
not sequence-specific but multiple uridines are required in close proximity

(Randall et al., 2015).

As intermediates and byproducts of the viral replication and transcription,
intracellular double-stranded RNA (dsRNA), especially with the atypically-
teatured 5’-ppp termini, have no homologues in the cytoplasm and therefore is
the most efficient targets for PRRs activation. They are recognized by the family
of RLRs that includes RIG-I (Figure 2), the melanoma differentiation associated
factor-5 (MDA5) and the laboratory of genetics and physiology-2 (LGP2)
proteins (Yoneyama et al., 2004; Zinzula and Tramontano, 2013a). RIG-I and
MDADJ5 preferentially sense distinct types of dsRNA, based on their length,
bluntness and end overhangs. RIG-I optimal ligands are 5’-ppp dsRNAs shorter
than 20 bp in length, but it can also bind 5-hydroxyl (OH) blunt-ended
dsRNAs, however the presence of the 5-ppp group is critical for its proper
activation. MDAS5 optimal ligands were initially shown to be blunt-ended
dsRNA moieties longer than 1 kbp in length while a subsequent study showed
that this helicase is activated by an RNA aggregate formed by branched dsRNA
stretches. Less is known about LGP2 which was shown to bind ATP hydrolysis-
dependently blunt-ended dsRNA (Zinzula and Tramontano, 2013b).




Cytosolic DNA sensors are the less characterized among PRRs but several have
been identified to date (Goubau et al., 2013). Among them, the DNA-dependent
activator of IFN-regulatory factors (DAI) was the first to be described (Takaoka
et al., 2007). Other cytosolic DNA sensors are cGAS and the stimulator of
interferon genes (STING) (Cavlar et al., 2012; Ishikawa et al., 2009; X. D. Li et al.,
2013). Specifically, the binding with the viral DNA activates cGAS that
generates a dinucleotide, cGAMP, that serves as a second messenger, which
binds and activates (STING). The ER-localized protein STING can also function
as a direct cytosolic DNA sensor being able to directly bind DNA. STING is
hence the key for activation of downstream signaling pathways. In addition,
members of the DEAD/H-box helicases family, such as DHX9, DHX36 and
DDX41 are implicated in the recognition of cytoplasmic DNA. Differently from
TLRs and RLRs, DExD/H-box proteins involved in DNA sensing do not possess
clearly defined signaling domains. Thus, the mechanisms by which they are
able to recruit signaling adapters have to be further investigate (Dempsey and
Bowie, 2015). Finally, AT-rich DNA can be transcribed in the cytosol by RNA
polymerase (pol) III into uncapped 5 -ppp-RNA, which then activates the RLRs
pathway (Ablasser et al., 2009; Chiu et al., 2009).

1.3. The Interferon System

Recognition of viral PAMPs by host PRRs is the first step to activate the
Interferon pathway which ultimately induces the expression of hundreds of
Interferon Stimulated Genes (ISGs), whose encoded proteins are involved in the
inhibition of viral replication, transcription and translation as well as the
degradation of viral nucleic acids and the alteration of the host cells lipidic
metabolism (Kiihl and Pohlmann, 2012; Ma and Suthar, 2015; Schneider et al.,
2014).




1.3.1. An Historical Perspective: Discovery of Interferon

The notion of Interferon is strictly related to the concept of viral interference,
which implies that some cells, after infection with a virus, displays reduced
susceptibility to re-infection. The phenomenon of viral interference was firstly
described in 1935 by Magrassi who observed that the inoculation of a non-
encephalitogenic strain of Herpes Virus into the cornea of eyes of rabbits,
previously infected with an encephalitogenic strain, prevented the development
of encephalitis, and by Hoskins who noted a protective action of a neurotropic
strain of Yellow Fever Virus against infection with the viscerotropic strain of the
same virus in Macacus rhesus (Hoskins, 1935; Magrassi, 1935). Two years later,
in 1937, Findlay and MacCallum found that Rift Valley Fever Virus protected
monkeys from infection with the immunologically unrelated Yellow Fever
Virus (Findlay et al., 1937). Only twenty years later, in 1957, Isaacs and
Lindenmann (Figure 3) discovered the protein mediator of interference (Isaacs
et al., 1957). The experiment that they performed was simple but original at that
time. They incubated chicken egg chorioallantoic membranes with heat-
inactivated Influenza Virus. Then, the not adsorbed virus was removed and
membranes incubated for several hours. Membrane fragments were removed
and replace with fresh membranes. After 18-24 hours live Influenza Virus was
added but its replication was inhibited. They observed that the tissue exposed
to the inactivated virus released a factor that transferred interference, or virus

resistance, and they called it Interferon (IFN) (Isaacs et al., 1957).
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Figure 3. The fathers of Interferon: Isaacs and Lindenmann (Reuben, 2005)




1.3.2. The IFN Family

The IFNs are a family of cytokines grouped into three classes: type I, II and III
IFNs, that differ for their amino acid sequence. Type I IENSs, the first cytokines
discovered by Isaacs and Lindenmann, include a large group of molecules
secreted by mammalian cells: IFN-a, IFN-@, IFN-w, IFN-¢, IFN-k, IFN-C, IFN-d
and IFN-t. In humans there are 13 IFN-a genes and only one functional gene for
IFN-B, IFN-w, IFN-¢ and IFN-k. IFN-C is only found in mice, while a structural
homolog, IFN-9, is found in non-primate and non-rodent placental mammals.
IFN-t is expressed in ungulates where it is required for implantation of the
ovum. The IFN-a and- genes are expressed in response to viral infection,
whereas IFN-w, -¢, -k play roles in regulation of reproductive function in
placental mammals (Randall et al., 2015). Type II IFN has a single member, IFN-
v, secreted by activated T cells and natural killer (NK) after stimulation with
specific antigens or mitogens, rather than in direct response to viral infections.
Type III IFNs have been described more recently and comprise IFNA1, IFN-A2
and IFN-A3, also named IL-29, IL-28A and IL- 28B, respectively (Ank et al.,
2006). These cytokines are also induced in direct response to viral infection and
use the same cascade as the IFN- a/f3 genes to target viral infection, but, unlike
IFN- o/, the type III IFNs receptor displays a limited tissue distribution (Pestka
et al., 2004; Randall et al., 2015).

1.3.3. The IFN Production Cascade

The mechanisms of induction of IFN follow a distinct profile for the different
PRRs (Randall et al., 2015) (Figure 4). In response to TLR7 and TLR9 sensing,
the canonical IkB kinase (IKK) pathway is activated. Upon sensing of viral
ssRNA (Diebold et al., 2004) or DNA (Ashkar and Rosenthal, 2002) the adaptor

myeloid differentiation factor 88 (MyD88) is recruited and, in turn, engages a




complex containing the kinases interleukin-1 receptor-associated kinase 4
(IRAK-4), IRAK-1 and tumor necrosis factor (TNF) receptor-associated factor 6
(TRAF6) (Deguine and Barton, 2014). This complex binds directly to the IFN-
regulatory factor 7 (IRF7) which is polyubiquitinated by the ubiquitin E3 ligase
function of TRAF6. Recruited IRF7 is phosphorylated by IRAK1 and
translocates into the nucleus still in association with MyD88, TRAF6 and IRAK1
(Honda et al., 2004; Kawai et al., 2004). Into the nucleus, it binds to cellular
DNA and stimulates transcription of IFN-a/f3 promoter (Randall et al., 2015)
(Figure 4).

Viral Glycolipids Pathogenic Bacteria, Fungi, Protozoa, Viruses

DNA Unmethylated RNA Unmethylated CpG DNA

RNA Viruses

NUCLEUS IFNb Production

NF-kB Targeted Genes IFNa Isotypes Production

Figure 4. IFN production cascade (Invivogen, 2005)




The signal transduction at the base of the recruitment of dsRNA by TLR3 starts
with the dimerization and phosphorylation of TLR3 (Sarkar et al., 2004) and the
engagement of the adaptor Toll-interleukin (IL)-1-resistance (TIR) domain-
containing adaptor inducing IFN-3 (TRIF) which leads to the activation of IRF3
through its phosphorylation mediated by the TRAF family member-associated
nuclear factor-kB (NF-kB) activator (TANK)-binding kinase 1 (TBK1) and the
inducible IKK-¢ (Fitzgerald et al., 2003; Sharma et al., 2003; Yamamoto et al.,
2003). The activated IRF3 migrates to the nucleus and assemble on the IFN-f3

promoter leading to the stimulation of IFN-I transcription (Figure 4).

The recognition of viral nucleic acids by cytosolic RLRs promotes the
recruitment and activation of a mitochondrion-associated adaptor, the IFN-f3
promoter stimulator protein 1 (IPS1), also named mitochondrial antiviral
signaling protein (MAVS) (Johnson and Gale, 2006; Kawai et al., 2005; Meylan
et al., 2005; Seth et al., 2005; Xu et al., 2005). The engagement of RIG-I from the
cytosol to mitochondrial membranes is mediated by the tripartite motif 25 alpha
(TRIM25a) E3 ligase which is important for the interaction with IPS1 (Gack et
al., 2007; Liu et al., 2012). The prosecution of the cascade is characterized by
IPS1 prion-like polymerization (Hou et al., 2011) and the recruitment of two
adaptors, TRAF3 and NF-kB essential modifier (NEMO), which connect and
regulate signaling between IPS1 and the complex formed by TBK1 and IKK-&
and other scaffold proteins TANK, NAP1 (NAK-associated protein 1) or
SINTBAD (Belgnaoui et al., 2012; Fitzgerald et al., 2003; Oganesyan et al., 2005;
Wang et al., 2012; Zhao et al., 2007). The formation of the complex TBK1-IKK-e-
IPS1 is essential for IRF phosphorylation and is strongly enhanced by STING,
(Ishikawa and Barber, 2008; Sun et al., 2009; Zhong et al., 2008). Once
phosphorylated IRF3 and IRF7 homo- or heterodimerize and associate with
other transcription factors, driving the transcription of IFN-a/f promoter

(Figure 4) (Panne et al., 2007).




1.3.4. The IFN Signaling Cascade

The signaling pathway activated in response to IFN-a/f has been deeply
characterized (Platanias, 2005; Stark et al., 1998; van Boxel-Dezaire et al., 2006).
IFN-aa and IFN-B bind a heterodimeric receptor named IFN-a receptor
(IFNAR), composed of two subunits, IFNAR1 and IFNAR?2 (Figure 5).
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Figure 5. IFN signaling cascade (Platanias, 2005)

Prior to activation, IFNART1 is associated with tyrosine kinase 2 (Tyk2) and the
IFNAR?2 subunit with the tyrosine kinase JAK1. IFNAR?2 is also bound to the
signal transducer and activator of transcription 2 (STAT2) and is associated

weakly with STAT1. The IFNAR receptor conformational change caused by the
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ligand-induced dimerization results in the phosphorylation of the tyrosine 466
on IFNAR1 by Tyk2, creating a strong binding site for STAT2. Then, Tyk2 also
phosphorylates STAT2 on tyrosine 690, while JAK1 phosphorylates STAT1 on
tyrosine 701 (Stancato et al., 1996; Tang et al, 2007; Yan et al., 1996).
Phosphorylated STAT1 (P-STAT1) homo-dimerizes or hetero-dimerizes with
phosphorylated STAT2 (P-STAT2) and then binds the IFN-regulatory factor 9
(IRF9) to form a heterotrimeric complex, termed IFN-stimulated gene factor 3
(ISGF3) (Fu et al., 1990; Stancato et al., 1996; Tang et al., 2007). The translocation
of the complexes STAT1:STAT1 and ISGF3 to the nucleus is dependent on the
tyrosine phosphorylation of STAT1 which is at the base of the conformational
change resulting in the recognition by a subset of the karyopherin-a (KPNa)
tamily of nuclear transport factors (Chen et al., 1998; McBride et al., 2002). The
binding of P-STAT1 with a non-classical nuclear localization signal (ncNLS)
motif of KPNa results in the nuclear transport of the complex (Xu et al., 2015).
In the nucleus, STAT1:STAT1 and ISGF3 recognize the IFN-stimulated response
elements (ISRE), promoter of the ISGs (Fink and Grandvaux, 2013; Fu et al,,
1990; Kessler et al., 1988). Signaling in response to type III IFN is similar to that

in response to type I IFN.

The cascade in response to type II IFN differs for some aspects from these
pathways (Figure 5). The IFN-y receptor is also a heterodimeric protein, formed
by two major subunit, IFNGR1 and IFNGR2, that pre-associate weakly in not
stimulated cells. The cytoplasmic tails of the IFNGR1 and IFNGR2 receptor
subunits are associated with JAK1 and JAK2, respectively. The binding between
IFN-y and the receptor subunits triggers the receptor dimerization. This recruits
JAK1 and JAK2 and results in the activation of JAK2 which phosphorylates
JAK1 activating it. Subsequently, the activated JAKs phosphorylate a region
between tyrosine 440 and tyrosine 444 of IFNGRI, creating a binding sites for
STAT1. Two STAT1 molecules then interact with IFNGR1 and are
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phosphorylated at tyrosine 701, resulting in their activation and dissociation
from the receptor. P-STAT1 dimerizes forming a STAT1-STAT1 homodimer,
that translocates into the nucleus and binds to the gamma-activation sequence
(GAS), stimulating transcription of ISGs. The JAK/STAT cascade is essential for
mounting a massive host response against viral infections. Accordingly, mice
deficient in IFN signaling proteins, such as IFNAR, showed an increased
susceptibility to several viruses but maintain resistance to other microbial
pathogens. Similarly, humans with genetic defects in components of IFN-I

signaling (STAT1, TYK2) died for viral diseases.

1.3.5. The IFN-Induced Antiviral State

As part of the innate immune response, the IFN system serves as first-line
protection against virus infections, inducing antiviral states in infected cells
limiting early viral replication and spread (Haller et al., 2006; Kiihl and
Pohlmann, 2012). After binding of IFN-I to IFNAR, more than 300 ISGs are
expressed (Der et al., 1998). Only some of them exert a direct antiviral function
while the majority encode for PRRs that detect viral molecules and modulate
signaling pathways, or transcription factors leading to an amplification of the
IFN production and protection from viral spread to limit infection (Sadler and
Williams, 2009). ISGs products with direct antiviral activity include proteins
that catalyze cytoskeletal reorganization, that induce apoptosis and that drive
post-transcriptional events, such as mRNA editing, splicing, RNA degradation,
protein translation and post-translational modifications. Different studies of
gene knockout mice validated ISGs encoded proteins, such as ISG15, Mx1, 2/, 5'-
oligoadenylate synthetase 1/ribonuclease L (RNaseL) and protein kinase R
(PKR), as direct antiviral effectors. In fact, increased susceptibility to virus

infection was observed in mice with mutations or deficiency in residues
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involved in the cascades triggered by these proteins (Sadler and Williams,

2009).

ISG15 is an IFN-regulated ubiquitin-like protein (Loeb and Haas, 1992) that can
be covalently attached to both host and viral proteins. Conjugation of ISG15,
commonly referred to as ISGylation, results in viral inhibition through still not
well-known mechanisms. ISG15 prevents the virus-mediated degradation of
IRF3, thereby enhancing the induction of IFNf transcription. Other ISG15
targets include the PRRs, such as RIG-I, the signaling components, JAK1 and
STAT1, and also other the antiviral effector proteins, such as MxA, PKR, and
RNasel. (Sadler and Williams, 2009). Mice deficient in ISG15 have increased
susceptibility to infection with different viruses, including the Influenza A and
B Viruses (IAV, IBV), Sindbis Virus, Herpes Simplex Virus 1 (HSV-1) and
murine y-Herpes Virus (Lenschow et al., 2005; Osiak et al., 2005). It mediates
also resistance to Ebola Virus (Malakhova and Zhang, 2008) and Human
Immunodeficiency Virus (HIV) (Okumura et al., 2006).

The Mx family GTPases comprise MxA and MxB in humans (Aebi et al., 1989).
Only MxA has been reported to have antiviral activity (Chieux et al., 2001;
Gordien et al., 2001). The MxA protein accumulates in the cytoplasm on
intracellular membranes as oligomers formed by association between the
central domain and the leucine zipper domain. During a viral infection, MxA
monomers are released and bind viral nucleocapsids or other viral components,
to trap and promote their degradation (Sadler and Williams, 2009). Several
viruses have been reported to be susceptible to the activities of Mx proteins
including  orthomyxomaviruses, = paramyxomaviruses,  rhabdoviruses,
togaviruses and bunyaviruses and also Coxsackie Virus, Hepatitis B Virus
(HBV) and Hepatitis C Virus (HCV) (Andersson et al., 2004; Chieux et al., 2001;
Gordien et al., 2001; Hijikata et al., 2000).
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2,5’ -oligoadenylate synthetase 1 (OAS1) is expressed at low constitutive levels
and is upregulated after IFN-I induction (Zhou et al., 1997). OAS1 accumulates
in the cytoplasm as an inactive monomer. Following stimulation by dsRNA, the
enzyme oligomerizes to form a tetramer that synthesizes 2’,5"-oligoadenylates
that, in turn, activate the constitutively expressed but inactive RNaseL. The
binding of 2’,5"-oligoadenylates to RNasel. promotes the dimerization of
enzyme monomers that enables RNaseL to cleave cellular and viral RNAs
(Malathi et al., 2007; Rebouillat and Hovanessian, 1999; Sadler and Williams,
2009). RNaseL-deficient mice have been shown to possess an increased
susceptibility to RNA viruses from the Paramyxoviridae, Orthomyxoviridae,
Flaviviridae Retroviridae, Picornaviridae, Reoviridae and Togaviridae families

(Silverman, 2007).

Protein kinase R (PKR) is constitutively expressed and it is also activated by
stimulation with IFN-I (Garcia et al., 2007). A kinase conserved sequence (KCS)
and IFN-stimulated response element (ISRE) are features of the PKR promoter
(Sadler and Williams, 2009; Ward and Samuel, 2002). The kinase accumulates in
the nucleus and cytoplasm as an inactive monomer, which is activated directly
by viral RNAs, and by several other ligands, such as the protein activator of the
IFN-inducible protein kinase (PACT) (Garcia et al., 2007; Sadler and Williams,
2009). Once activated, PKR monomers are phosphorylated and dimerize to
form an active form of the enzyme that inhibits translation by phosphorylation
of eukaryotic translation initiation factor 2a (EIF2a), which results in the
suppression of protein synthesis (Feng et al.,, 2007). Studies in PKR-deficient
mice demonstrated PKR role in protection against several viruses infections,
including HCV (Noguchi et al., 2001), Hepatitis D Virus (HDV) (Chen et al,,
2002), West Nile Virus (WNV) (Samuel et al., 2006), HIV-1 (Nagai et al., 1997)
and HSV-1 (Al-Khatib et al., 2003).
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1.4. Viral Evasion of the IFN system

Viruses need to replicate extensively in the infected organisms in order to
ensure transmission and survive. The coevolution of viruses and host led to the
emergence of an inverse interference. In fact, viruses have evolved multiple
viral strategies to escape the host immune response becoming resistant to the
host defense mechanisms. These strategies can be ascribed to four (i) masking of
viral PAMPs to PRRs; (ii) inhibition of IFN production pathway, (iii) block of
the IFN signaling cascade, and (iv) counteraction with the ISGs antiviral

functions (Figure 6).

1.4.1. Masking of Viral PAMPs to PRRs

A mechanism by which many viruses escape the host defense is to assemble
replication complexes and drive viral genome synthesis within a virally
induced enclosed organelle inside the host cell, called viroplasm-like structures
(VLS), that shield the nascent viral genome from the PRRs sensing. This
mechanism has been found in various RNA viruses including Corona Virus
(CoV) and flaviviruses WNV, Dengue Virus (DENV) and Japanese encephalitis
virus (JEV), but also in DNA viruses, such as the Vaccinia Virus (VACV)
(Dalrymple et al., 2015; den Boon and Ahlquist, 2010; Hwang et al., 2009). IAV,
retroviruses, and most of the DNA viruses are able to directly replicate inside
the nucleus of infected cells masking themself from cytosolic RLRs and TLRs
(Garcia-Sastre, 2017; Weber et al., 2015). Since activation of RIG-I and MDAb5
occurs upon recognizing non-self dsRNAs consisting of unmethylated 5-ppp or
diphosphate ends, different viruses have evolved phosphatases and
methyltransferases (MTases) functions that catalyze post-translational

modification of nascent mRNAs effectively hiding viral PAMPs by adding 5'-
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Figure 6. Viral evasion of IFN system
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cap structures to viral RNA mimicking eukaryotic RNA structures. Post-
translational modification of viral mRNA have been shown also for Severe
Acute Respiratory-Corona Virus (SARS-CoV) and JEV, while IAV and
bunyaviruses have been shown to use a mechanism of ‘cap snatching’. Since
they do not possess enzymes to synthetize their own RNA cap, they express
viral endonucleases with cap binding activity masking the viral RNA PAMP
(Ma and Suthar, 2015).

1.4.2. Inhibition of IFN Production Pathway

Many DNA and RNA viruses encoded a plethora of viral proteins that block
IFN production by interacting with cellular proteins at various stages of the IFN
response. For example, direct inhibition of the DNA sensor cGAS by the ORF52
protein Kaposi’s Sarcoma-Associated Herpes Virus (KSHV) has been described,
preventing the synthesis of cGAMP (Wu et al., 2015). Similarly, the binding of
the human cytomegalovirus (HCMV) UL82 tegument protein to STING
prevents the downstream signaling of IFN-I mRNA synthesis (T. Li et al., 2013).
Yellow Fever Virus (YFV) and HCV NS54B were reported to binds STING (Ding
et al., 2013; Ishikawa et al., 2009; Nitta et al., 2013), DENV NS2B/NS3 protease
complex was shown to degrade STING (Aguirre et al, 2012), while
herpesviruses and SARS-CoV have been reported to inhibit STING (Chen et al.,
2016; Sun et al., 2012). IAV NSI is able to interact with both RIG-I and MAVS
(Mibayashi et al., 2007). MAVS is also inhibited by the HCV protease NS3 and
its cofactor NS4A (Loo et al, 2006; Meylan et al., 2005). IAV NSI1 and
Thrombocytopenia Syndrome Virus (SFTSV) NSs target TRIM25, preventing
RIG-I poly-ubiquitination (Gack et al., 2007; Qu et al., 2012). DENV has been
reported to inhibit TBK1 and IKK-¢ preventing translocation of transcription

factors IRF3 and IRF7 (Dalrymple et al., 2015). N protein of arenaviruses is also
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involved in IKKe inhibition (Pythoud et al., 2012). Moreover, the ORF36 protein
murine gamma-herpesvirus binds to activated IRF3 in the nucleus blocking its
interaction with transcriptional factors to induce IFN expression (Hwang et al.,
2009). VACV C6 blocks the scaffold proteins in complex with the kinases TBK1
and IKK-¢ thus shutting down the activation of IRF3 and IRF7.

1.4.3. Block of the IFN Signaling Cascade

IFN signaling cascade is also subjected to inhibition at different steps. For
example, the IFNARI1 chain of the IFN receptor can be targeted by Vesicular
Stomatitis Virus (VSV) and HCV for degradation following phosphorylation on
specific serine residues (Liu et al., 2009). NS5 JEV and NS4B WNV inhibit
phosphorylation and activation of JAK1 (Guo et al., 2005; Lin et al., 2006). NS4B
WNV and LMP1 of Epstein-Barr Virus are able to block the phosphorylation of
TYK2 (Geiger and Martin, 2006; Guo et al., 2005). Chikungunya virus (CHIKV)
nsP2 (Jia et al., 2010; Uetani et al., 2008), IAV NS1 (Fros et al., 2010) and several
non-structural proteins of flaviviruses, such as NS2A, NS4A, NS4B and NS5
(Ma and Suthar, 2015; Munoz-Jordan et al.,, 2003), inhibit the STAT1/2
phosphorylation and their subsequent nuclear translocation. DENV NS5 has
been shown to promote the proteosomal degradation of STAT2 (Morrison et al.,
2013). YFV NS5 physically binds STAT2 blocking its function. The binding-
dependent inhibition of STAT1 and STAT2 are characteristic of a diverse range
of viruses, such as paramyxoviruses, VACV, Rabies Virus (Garcia-Sastre, 2017).
SARS-CoV evolved three mechanisms to antagonize STAT1 function: the nsp1-
dependent suppression of STAT1 phosphorylation, the ORF6-dependent
sequestration of KPNal and the papain-like protease (PLP)-dependent

induction of E3 ubiquitin ligase E2-25k, which results in the extracellular signal-
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regulated kinase 1 (Erkl) degradation and, as a consequence, in the decrease of

STAT1 phosphorylation (Ma and Suthar, 2015).

1.4.4. Counteraction with the ISGs Antiviral Functions

Viral countermeasures against the ISGs functions have also been identified. The
mouse hepatitis virus (MHV) employs a viral enzyme with 2',5-
phosphodiesterase activity to degrade the products of 2',5-OAS and effectively
block the RNaseL antiviral pathway (Zhao et al., 2012). The HCV NS5A and the
glycoprotein E2 directly counteract with the antiviral action of PKR. NS5A
binds physically to PKR while E2 acts as competitive substrate with EIF2a for
PKR binding, resulting in suppression of PKR kinase activity and in increased
HCV replication (Arnaud et al, 2010). NS2A protein of JEV also directly
interacts with PKR (Tu et al., 2012). During HIV-1 infection of lymphocytes, an
IFN-induced RNA editing enzyme that binds to PKR to shut down its activation
has been observed (Coccia and Battistini, 2015). SARS-CoV and MERS-CoV
encode for a PLP, which possesses delSGylation activity. This viral function
permits to modify cellular processes, such as the host protein localization and
activity, signal transduction allowing viruses to massively replicate increasing

the severity of infection (Clementz et al., 2010).

1.4.5. IFN Impairment and Virulence

The viruses ability to evade the immune response is strictly correlated with the
high virulence of many human infections. An example, the inhibition of the
IFN-induced phosphorylation of STAT1 and STAT2 is the cause of the high
pathogenicity of the WNV lineage 1 Texas-HC2002 strain that widely
determines encephalitis and meningitis, whereas WNV lineage 2 Madagascar-

AnMg798 strain which lacks the ability to inhibit IFN signaling is typically non-
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pathogenic, non-emergent, and geographically confined to Africa and

Madagascar (Suthar et al., 2012).

During evolution, many viruses have evolved mutations in residues principally
involved in the function of IFN antagonism that are critical for the acquisition of
virulence in animal models contributing to the severity of the infection. The
introduction of a single mutation (an alanine at position 30 to proline, A30P) in
the protein NS2A of Kunjin Virus, a WNV subtype, abrogated the viral ability
to suppress the IFN production, leading to the attenuation of viremia in mice
(Liu et al., 2006). The Rift Valley Fever Virus (RVFV) NSs mutant C395/C40S
was highly attenuated in mice. The attenuation was due to the loss of the ability
to degrade PKR (Monteiro et al.,, 2018). Among DENV-1 clinical isolates,
alanine, methionine and valine at position 116 of NS4B were identified.
Mutations with alanine and methionine resulted in enhanced virus growth in
human cells in comparison to the clone with the valine. This enhanced viral
replication was dependent on the ability of NS4B mutants to prevent host IFN
response (Bui et al., 2018). VACV mutants in which the C6L gene is deleted, or
mutated so that the C6 protein is not transcribed, were attenuated in vivo
models of infection compared to wt and revertant controls. The C6 contribution
to VACV virulence depends on the protein ability of interfere with the
inhibition of IRF3 and IRF7 activation downstream of TBK1 and IKK-e
(Unterholzner et al., 2011).

The correlation between virulence and evasion of the IFN response is
particularly evident for well-known viruses such as the deadliest Ebola Virus,
for which the IFN escaping mechanisms have been deeply investigated, but also
for newly emergent viruses, such as Zika Virus, whose strategies of IFN evasion
are still under investigation. Both viruses are able to counteract the IFN system

at various levels, using different proteins to completely shut down the host
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defense. In the next sections, the biology and pathogenesis of Ebola Virus and
Zika Virus will be described in detail focusing on their molecular mechanisms

of evading the IFN response and their contribution to virulence.

1.5. Ebola Virus
1.5.1. Epidemiology

In 1976 epidemic of hemorrhagic fever were described in southern Sudan and
subsequently in northern Zaire, now known as Democratic Republic of the
Congo (DRC) (Cox et al.,, 1983; Johnson et al., 1978; Team et al.,, 1978). An
unknown causative agent was isolated from patients in both outbreaks and
named Ebola Virus after a small river in DRC. These two epidemics were
caused by two distinct species of Ebola Virus: Sudan Ebola Virus and Zaire
Ebola Virus, respectively. In 1994, the third African Ebola Virus species, Cote
d’Ivoire Ebola Virus, was isolated in the Tai Forest reserve in Cote d’Ivoire (Le
Guenno et al,, 1995). Another Ebola Virus species, Reston Ebola Virus, was
found in the Philippines in 1989 (Centers for Disease Control, 1990), while the
latest discovery was Bundibugyo Ebola Virus, the fourth African species of
human-pathogenic Ebola virus found at 10° north and south of the equator in

Africa (Towner et al., 2008).

Ebola hemorrhagic fever is a plague for the African population with an increase
in outbreaks and cases since 2000. Almost all human cases are due to the
emergence or reemergence of Zaire Ebola Virus, the major public health
concern. The most devastating Zaire Ebola Virus West African epidemic
occurred in 2014-2016 standing as a landmark in Ebola Virus history, resulting
in more than 28000 cases and 10000 deaths (Figure 7) (World Health

Organization, 2016a).
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1.5.2. EBOV Genome and Proteins

Zaire Ebola Virus (EBOV) belongs to the family of Filoviridae in the order of
Mononegavirales (International Committee on Taxonomy of Viruses, 2012). It is
an enveloped virus with a linear, non-segmented, negative, single strand RNA
(ssRNA-) of approximately 19 kb in length, organized in seven linear genes
which encode for the nucleoprotein (NP), viral protein (VP) 35, VP40,
glycoprotein (GP), VP30, VP24 and the Large (L) RNA-dependent RNA
polymerase (Figure 8) (Feldmann and Geisbert, 2011, Wan et al., 2017). The
ribonucleoprotein (RNP) complex consists of the ssSRNA- genome encapsulated
by the nucleoprotein NP with VP35, VP30, and the RNA-dependent RNA
polymerase to form the functional transcription-replication complex. VP40 is
the matrix protein and mediates virion particles formation, while VP24 is a
structural protein associated with the membrane. The glycoprotein is the only
protein located in the surface membrane forming trimeric spikes consisting of

glycoprotein 1 (GP1) and glycoprotein 2 (GP2) (Feldmann and Geisbert, 2011).

Figure 8. EBOV viral proteins (Takada and Kawaoka, 2001)

1.5.3. EBOV Life Cycle

Viral attachment on target cells occurs through the binding of the fusogenic
virus envelope glycoprotein (GP1,2) produced by the cleavage of a precursor

(GP0) obtained by the translation of the mRNA of the homonymous fourth gene
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on the EBOV genome. EBOV entry mainly occurs through a macropinocytic
pathway characterized by actin-dependent membrane ruffling (Figure 9).

However, it is believed that also endocytic pathways can take place
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Figure 9. EBOV life cycle (Messaoudi et al., 2015)

(Empig and Goldsmith, 2002; Simmons et al., 2003; Yonezawa et al., 2005). From
the early endosome the virus is trafficked to a late endocytic compartment
containing the cysteine proteases cathepsin B (CatB) and cathepsin L (CatL)
(White and Schornberg, 2012). These proteases digest GP1,2 to a 19 kDa form,
which is then triggered to initiate fusion between the viral and endosomal
membranes (White and Schornberg, 2012). After entry and membrane fusion,
the RNP complex is released into the cytoplasm and serves for transcription
and replication of the viral genome. In the RNP, the L protein must interact
with VP35 to form a functional replicase and transcriptase complex. Moreover,
the binding of VP35 to NP promotes the release of the RNA from the NP-RNA
complex allowing RNA to be transcribed. The EBOV mRNA synthesis starts at
6—7 h post infection. The leader region of each ssRNA- is targeted by the EBOV
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RNA-dependent RNA polymerase which slides along the RNA template,
transcribing genes with a mechanism strongly dependent by VP30. Among the
seven genes, NP is the most transcribed. When enough NP is present to
encapsidate neosynthetized genomes the replication process starts. During
replication, a full-length, positive sense antigenomic RNA is synthetized and
serves as a template for production of progeny negative-sense genomes (Wang
et al, 2015). Viral particles accumulate in the perinuclear region and are
subsequently translocated to the budding sites at the plasma membrane. Virion
assembly is mediated by GP, VP24, NP, and VP40 proteins. The matrix protein
VP40 allows also the budding of the filamentous virions. The interaction of NP
with VP40 is demonstrated to be crucial for NC transport to the cell surface and
for its incorporation into virions, leading to the formation of mature virus

particles (Yu et al., 2017).

1.5.4. EBOV Transmission

EBOV is a zoonotic pathogen whose reservoir has not been definitively clarified,
possibly due to the difficulty to isolate EBOV or viral RNA in animals that are
infected at very low titer. Currently, bats are considered to be the most likely
reservoir species (Groseth et al., 2007) (Figure 10), while also plants, arthropods

and birds are considered possible viral reservoirs.

Figure 10. A bat captured for testing EBOV (Philippe Psaila/Science Photo Library)
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Traces of EBOV were found in the carcasses of gorillas and chimpanzees that
represent the principal sources of human infections (Pourrut et al., 2005).
Humans, in fact, are only occasional hosts. Animal-to-human spread mainly
happens when humans come into contact with tissues and bodily fluids of
infected animals, while human-to-human transmission occurs after direct
contact with the blood or other fluids (saliva, tears, mucus, vomit, sweat, urine,
feces, breast milk, and semen) of infected people or indirect contact with

environment contaminated with infected body fluids (Rajak et al., 2015).

1.5.5. EBOV Pathogenesis

EBOV causes a highly contagious hemorrhagic fever in humans and non-
human primates (NHPs) called Ebola virus disease (EVD). After viral
inoculation onto mucosal surfaces or skin’s injuries, EBOV targets dendritic
cells, monocytes and macrophages, then it reaches the lymphatic system from
which it spreads along multiple tissues and organs (Feldmann and Geisbert,

2011; Geisbert et al., 2003a, 2003b).

After an incubation period of generally 2-21 days, the first stages of the
infection include an asymptomatic incubation followed by the onset of
nonspecific symptoms consisting of fever, chills, fatigue, headache, myalgia and
general malaise (Baseler et al, 2017; Feldmann and Geisbert, 2011). EVD
subsequent manifestations are characterized by a multisystem involvement
with systemic, gastrointestinal, respiratory, vascular and neurological disorders.
During the peak of the illness, the hemorrhagic complications (macropapular
rash, petechiae, ecchymosis, mucosal hemorrhages) occur followed, in later
stages, by shock, convulsions, severe metabolic disturbances, and death
typically within about 10 days of symptom for hypovolemic shock and

multiorgan failure (Feldmann and Geisbert, 2011).
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1.5.6. EBOV Therapeutics

A number of antiviral compounds have shown to be efficacious in both in vitro
and in vivo studies and some of these were administered to EVD patients, or to
people undergoing clinical trial evaluation, in particular during the 2014-2016
West African epidemic. Anti-EBOV agents include small molecules, antisense
therapies and immunotherapeutics and can be categorized based on their
proposed mechanism of action against the specific steps of the viral life cycle
(Figure 11) (Fanunza et al., 2018a). Most of the identified EBOV inhibitors target

the entry, transcription and replication steps.
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Figure 11. EBOV Inhibitors targeting the viral life cycle (Fanunza et al., 2018a)

Madrid et al. showed that the anti-malarial chloroquine inhibited EBOV entry
in both viral pseudotype entry and replication assays with ECso values of 4.7
uM and 16 puM, respectively (Madrid et al., 2013). Treatment of infected mice
with 90 mg/kg of chloroquine 4 hours before infection was able to significantly
reduce mortality, leading to a 90% survival benefit 13 days post infection.
Chloroquine has been shown to directly perturb virus trafficking, partially due

to its inhibitory effects on the pH-dependent CatB and CatL, which have been
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shown to play a crucial role in EBOV GP1,2 processing events prior to fusion

(Madrid et al., 2013).

Among GP antibody therapies, ZMAb (Defyrus/PHAC) and ZMapp have
demonstrated in animal models some of the most significant therapeutic
potential for treating EVD, showing to be highly effective in post-exposure
prophylaxis of NHPs against EBOV. Administration of 25 mg/kg murine mAb
cocktail ZMab to NHPs 24 h after EBOV challenge showed 100% effectiveness,
while 50 mg/kg ZMapp treatment showed 100% protection when administered
3 days post infection (Qiu et al., 2012). ZMAb and ZMapp cocktails were used
under emergency compassionate protocols in humans to treat EBOV infections
during the 2014 EVD outbreak. Among seven patients treated with ZMapp, five
surved, while all six patients treated with ZMAb survived (Davidson et al.,
2015; Mora-Rillo et al., 2015; Schibler et al., 2015). In the PREVAIL II study
during the 2014-2016 outbreak, a randomized controlled trial performed in the
countries of Guinea, Liberia, Sierra Leone and the USA, ZMapp was
administered to patients (often in combination with other therapies), however,
due to low enrollment numbers, the study did not produce any statistically

definitive conclusions concerning the efficacy of ZMapp treatment (Davey et al.,

2016).

Most of the advanced therapeutics to counteract EVD are small molecules
inhibiting the viral L protein. Among them, G5-5734, a monophosphoramidate
prodrug of an adenosine analogue that is rapidly converted to its
pharmacologically active triphosphate form, showed anti-EBOV activity (ECso =
0.086-0.14 pM). In a NHP EBOV model an intravenous administration of
10 mg/kg for 12 days resulted in 100% animal survival (Warren et al., 2016).
Moreover, Brincidofovir (CMX001), the 3-hexadecyloxy-1-propanol (HDP) lipid

conjugate of the acyclic nucleoside phosphonate cidofovir, originally studied as
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a treatment for double-stranded DNA viruses, has been demonstrated to inhibit
EBOV replication in vitro (ECso = 120 nM-1.3 uM) (McMullan et al., 2016).
Brincidofovir has been experimentally used in emergency situations to treat one
of the first EBOV patients and underwent Phase II clinical trial that was
however halted due to the limited number of enrolled patients (Dunning et al.,

2016; Florescu et al., 2015; Warren et al., 2014).

Despite the tremendous efforts spent in the discovery of therapeutics, no EBOV-
specific therapy has conclusively achieved regulatory approval for use in
humans (Bixler et al.,, 2017). A promising vaccine candidate, the rVSVAG-
ZEBOV-GP, has been granted Breakthrough Therapy Designation by the U.S.
Food and Drug Administration (FDA) and PRlority Medicines status from the
European Medicines Agency (Merck Press Release, 25 Jul 2016) and is currently
awaiting a license (Cardile et al., 2016). The vaccine showed 100% protection
during a ring vaccination trial in Guinea, Sierra Leone and Conakry and now it
is still in use in the ongoing outbreak of Democratic Republic of Congo (May

2018) (Cardile et al., 2016).

1.6. EBOYV Suppression of the IFN Response

The severity of EVD is mainly due to the massive viral replication and
dissemination that are strictly dependent on the EBOV efficiency to evade the
host innate immune response, particularly the IFN system (Basler, 2015;
Feldmann and Geisbert, 2011). The first evidences were observed in human
umbilical vein endothelial cells where the induction of several
immunomodulatory genes, including the major histocompatibility complex
class I (MHC-I) family of genes, 2’-5" oligoadenylate synthetase, interleukin-6
(IL-6), PKR, IRF-1, and intercellular adhesion molecule-1 (ICAM-1) by dsRNA

polyinosinic acid:polycytidylic acid (PIC) was dramatically suppressed by
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infection with EBOV and not by other negative-stranded RNA viruses
(Harcourt et al., 1998). In mock-infected cells, PIC induced the formation of
protein-DNA complexes that specifically target the ISRE or GAS promoters,
while infection with EBOV strongly blocked the formation of these PIC-induced
complexes, suggesting a possible inhibition of STAT-1a function (Harcourt et
al., 1998). Moreover, the same EBOV infection did not induce these genes

(Harcourt et al., 1999, 1998).

Addition of IFN-y or IFN-« or their combination in EBOV infected cells led to a
complete inhibition of IFN induction resulting in a level of MHC protein
expression lower than that in the mock-infected not stimulated cells (Harcourt
et al,, 1999). After these preliminary studies, much work has been done to
deeply investigate the viral proteins responsible for the IFN inhibition and now
it is well known that they are VP35 and VP24 (Basler, 2015; Basler et al., 2003,
2000; Cannas et al., 2015; Cardenas et al., 2006; Fanunza et al., 2018c; Hartman et
al., 2008a; Leung et al., 2010c, 2009; Luthra et al., 2013; Mateo et al., 2010; Prins
et al.,, 2010; Ramanan et al., 2011; Reid et al., 2006, 2007, 2005, Zinzula et al.,
2012, 2009; Zinzula and Tramontano, 2013b).

1.6.1. VP35 and IFN Inhibition

The EBOV-encoded protein VP35, whose gene is positioned second on the 19 kb
EBOV linear genome, is a protein of 340 amino acid residues long with a
molecular mass of ~35 kDa. VP35 is a dsRNA binding protein that fulfills
several important functions in the viral life cycle, acting i) as a component of the
replication and transcription holoenzyme, ii) as an assembly factor of EBOV
viral particles and iii) as a powerful antagonist of the host antiviral innate
immune response (Basler et al.,, 2000; Leung et al., 2010b; Miihlberger, 2007;
Miihlberger et al., 1999).
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VP35 allows the efficient impairment of the host defenses and the viral
replication blocking the IFN-a/f production pathway at several points, both
hiding and directly hitting the components of the pathway (Figure 12) (Basler,
2015; Versteeg and Garcia-Sastre, 2010).

Host cell infection

"o IFN-alp
- A
' »
35
5-ppp dsRNA J
R ri—+(amn;———* UREa)
:::: = >
N U wFan )
() — G — _.I I_ Pheso ) =g
l m)\ «F se !
iz = 1 " mran
T
CHIOELaSH NOATEN prometer NA —

NUCLEUS

Mitochondrion

Figure 12. Mechanisms of VP35 inhibition of IFN system (Fanunza et al., 2018b)

The VP35 C-terminal domain is involved in suppression of the IFN response as
demonstrated by the fact that this domain alone is sufficient to exert this
property; therefore, it was named interferon inhibitory domain (IID) (Leung et
al., 2009). In addition, the N-terminal coiled-coil domain provides a critical
VP35 oligomerization function enhancing IFN inhibition as its deletion or

mutation abrogates IFN suppression (Reid et al., 2005).

VP35 was found to act at the cascade upper levels, hiding the presence of
dsRNA replicative intermediates to the sensory action of RIG-I and MDAS. The

central basic patch (CBP) of VP35 IID is involved in the interaction with
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dsRNAs, differently from the first basic patch (FBP) important for VP35
function in the replication complex. Crystallographic analyses solved the
structures of EBOV IID in complex with 8 bp dsRNA (Leung et al., 2010a) and
revealed that VP35 uses a bimodal strategy to bind the dsRNA. The terminal
nucleotides and the proximal phosphate backbone are bound by a VP35
monomer, while the sugar-phosphate backbone is bound by a second VP35
monomer. The two binding modes, named “end-capping” and “backbone-
capping”, allow the two VP35 monomers to assemble as an asymmetric dimer
that binds with very high affinity to both blunt-ended and 5-ppp dsRNA
molecules and in a sequence-independent mode (Cardenas et al., 2006; Feng et
al., 2007; Kimberlin et al.,, 2010; Zinzula et al.,, 2012, 2009). The structural
characteristics of the VP35 IID revealed the contribution of several amino acids
for the dsRNA binding function. Residues lying within the highly conserved
CBP R305, K309, R312 and K339 directly interact with the dsRNA phosphate
backbone. In addition, protein—protein interactions occur between the R312,
K319, R322 and K339 and the dimer interface. In the end-capping monomer 1340
and F239 interact with the K339, Q274 and 1278 residues, which bind dsRNA
terminal nucleotides (Figure 13) (Kimberlin et al., 2010; Leung et al., 2010a).
Mutations in residues R305, K309, R312, K319, R322, F239 and K339 correspond
to a diminished or abolished suppression of IFN-f3 induction (Cardenas et al.,
2006; Hartman et al., 2008b, 2008a, 2006, 2004; Leung et al., 2010a; Prins et al.,
2010; Zinzula et al., 2012). In fact, while upon infection of guinea pigs with
wild-type VP35 a massive viral replication with death of all animals is observed
within 5 to 7 days postinfection, the VP35 double mutant R319A/ K322A (KRA)
EBOV has been shown to be completely avirulent in this model. No viral RNA
at 3, 5, or 17 days or later post-infection and any disease symptoms were
detected upon infection with EBOV/VP35KRA, suggesting a very low virus
replication in animals. Of note, when EBOV/VP35KRA infected guinea
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Figure 13. EBOV VP35 IID (gray) in complex with 8 bp dsRNA (blue). The “end-
capping” and “backbone-capping” are labelled in red and pink, respectively.

pigs were challenged with lethal EBOV wt, all animals survived through 28
days postchallenge, confirming the EBOV/VP35KRA induction of an anti-EBOV

state (Prins et al., 2010).

Beyond the sequestration and hiding of RLR-activating RNAs, VP35 also
employs several “hit” strategies to suppress the downstream RIG-I pathway
and IFN-a/f induction (Zinzula & Tramontano, 2013). EBOV VP35 was shown
to block the Sendai virus-induced activation of ISG54 and ISG56 promoters
which are directly activated by IRF-3, whose phosphorylation, dimerization and
nuclear accumulation were also inhibited (Basler et al. 2003). Further, it was
demonstrated that VP35 blocked IRF-3 phosphorylation and nuclear
translocation induced by TBK-1 and IKKe overexpression (Prins et al., 2009).
Notably, co-immunoprecipitation (co-IP) studies revealed VP35 ability to
directly interact with TBK-1 and IKKe, via their more conserved kinase
domains located within the N-terminal domain of the two proteins, decreasing

their catalytic activity and, acting as substrate being phosphorylated by these
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kinases. The overexpression of VP35 resulted in a disruption of IKK-e
interactions with IRF-3, IRF-7 and MAVS (Prins et al., 2009). In addition, the N-
terminal half of VP35 physically interact with both IRF-3 and IRF-7 to promote
their ubiquitin (Ub)-like modification by the two members of the small Ub-like
modifier (SUMO) cascade PIAS1 (the SUMO E3 ligase protein, inhibitor of
activated STAT) and Ubc9 (the SUMO E2 enzyme), thereby inhibiting the IRFs
transcriptional function and subsequently suppressing the activation of IFN-f3

promoter (Chang et al., 2009; Kiihl and Péhlmann, 2012).

VP35 also inhibits the RIG-I-induced TRIM6-mediated IFN-I production by
counteracting the host ubiquitin system (Chen and Sun, 2009; Oudshoorn et al.,
2012; Rajsbaum and Garcia-Sastre, 2013) (Rajsbaum and Garcia-Sastre, 2013).
VP35 IID K309 ubiquitinated interacts with TRIM6, a member of the E3-
ubiquitin ligase tripartite motif family that promotes the synthesis of
unanchored poly-Ub chains required for activation of IKKe kinase, thus

blocking its IFN induction function (Bharaj et al., 2017; Rajsbaum et al., 2014).

Furthermore, VP35 interacts with RNA-activated protein kinase (PKR) activator
(PACT), a cellular dsRNA binding protein involved in stimulation of RIG-I
ATPase activity thus facilitating its activation by dsRNA (Leung et al., 2010b;
Luthra et al., 2013). EBOV VP35 interacts with PACT disabling its interaction
with RIG-I so that PACT activation of RIG-I and induction of IFN-a/f gene
expression is impaired. Interestingly, mutations of residues that abolished VP35
dsRNA binding activity resulted in the disruption of VP35-PACT interaction
and in the VP35 inability to block PACT-RIG-I interaction. This provides
evidence that the same VP35 residues mediating the binding with dsRNA are

also involved in the direct interaction with PACT (Luthra et al., 2013).

Finally, VP35 counteracts IFN-a/f3 induction inhibiting the activation of the
dsRNA-activated kinase PKR (Feng et al., 2007; Schumann et al., 2009). PKR is
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activated by autophosphorylation upon binding to dsRNA or phosphorylation
by PACT. In normal conditions, PKR is expressed at basal level, but upon IFN
induction its expression is upregulated and acts as an intracellular PRR,
enhancing the IFN production (Dalet et al., 2015; McAllister and Samuel, 2009;
Zhang and Samuel, 2008). After the interaction with dsRNA, the activated PKR
phosphorylates the residue S51 of the a subunit of translation initiation factor
elF-2 (elF-2a), which blocks protein synthesis (Feng et al., 2007). The VP35 IID
involved in dsRNA binding and IRF3 inhibition also mediates the inhibition of
PKR enhancing the protein synthesis, but the mechanism seems to be dsRNA-
binding independent (Schumann et al., 2009). Despite PACT is a PKR activator,
no direct relation has been shown between the VP35 inhibition of PACT and

PKR (Basler, 2015).

1.6.2. VP24 and IFN Inhibition

EBOV VP24 is also one of the seven proteins encoded by the viral genome.
VP24 has been demonstrated to participate in different levels of the EBOV life
cycle, including nucleocapsid formation, assembly and budding of the viral
particles and viral replication (Han et al., 2003; Huang et al., 2002; Mateo et al.,
2011a; Noda et al., 2007, 2006, Watanabe et al., 2007, 2004). Moreover, VP24 is
known to contribute to the EBOV high virulence (Mateo et al., 2011b), in
particular for its role in modulating the host response to infection (Ebihara et
al., 2006). Using reverse genetics, Ebihara et al. identified VP24 mutations
correlated to the ability to evade type I IFN response that were responsible for
the acquisition of high virulence of the adapted Mayinga strain in mice (Ebihara
et al., 2006). The main mechanism by which VP24 is able to hinder the cellular
antiviral defense is the efficient suppression of the both IFN-a/B and IFN-y
signaling (Reid et al., 2006). This reflects the protein ability to interact with a

step that is common to both cascades: the binding of karyopherin-a (KPNa) to
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phosphorylated STAT1 (P-STAT1) which is essential for the P-STAT1 nuclear

translocation and hence activation of transcription of ISGs (Figure 14).
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Figure 14. VP24 inhibition of IFN signaling (Fanunza et al., 2018b)

In particular, VP24 binds specifically to the NP1-1 subfamily of KPNa (al, ab
and a6) while it does not interact with KPNa2, KPNa3 and KPNa4 (Mateo et
al., 2010; Reid et al., 2006), which are not involved in STAT1 nuclear transport.
Mutation analysis with truncated KPNal demonstrated that residues 425 to 538
are implicated with the binding to P-STAT1, while residues 458 to 504 bind
VP24, revealing that there is a competition between the two proteins for the
binding to the same region of KPNal (Reid et al., 2007). Subsequent studies
identified two VP24 domains (26 to 50 and 142 to 146) responsible for blocking
IFN-B gene expression and P-STAT1 nuclear translocation (Mateo et al., 2010).
Combining a mutation in the first domain (W42A) and mutations at residues
142 to 146, ISGs promoter expression was increased more than 90% compared
with wtVP24 and the interaction with KPNal decreased. Complete loss of

binding was observed with the VP24 mutant K142A (Mateo et al., 2010).
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The crystal structure of KPNab interacting with VP24 has been determined (Xu
et al., 2015). Analysis of these residues demonstrated the hydrophobic property
of the interface. KPNab5 residues 308-509 (KPNa5C) located in armadillo (ARM)
repeats 7-10 are sufficient for binding to VP24 even if the minimal binding
region is included within ARMs 8-10. Three clusters of VP24 are mainly
involved in the binding to KPNa5C and include residues N130, T131, N135,
R137, T138 and R140 (Cluster 1), residues Q184, N185, H186 (Cluster 2) and
L201, E203, P204, D205 and 5207 (Cluster 3) (Figure 15).

Figure 15. EBOV VP24 (blue) in complex with KPNa5C (gray). Residues implicated
in the binding are grouped in Cluster 1 (pink), Cluster 2 (green) and Cluster 3 (red),
while the other residues contributing to IFN signaling inhibition are shown in yellow.

Other residues required for the binding are L115, L121, D124, W125, T128 and
T129. Mutations of residues 142 to 146 due to their proximity to cluster 1
probably contribute to conformational change of the binding site and

consequent loss of IFN inhibitory function.

The ability of VP24 to inhibit the P-STAT1 nuclear transport is explained by the

finding that VP24 specifically recognizes a non-classical nuclear localization
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signal (ncNLS) binding site on KPNab that partially overlaps with the ncNLS
binding site for P-STAT1 (Xu et al., 2015). Another suggested mechanism is the
direct binding of VP24 with STAT1 (Figure 14) (Zhang et al., 2012). Using an in
vitro binding assay, Zhang et al. reported that a purified EBOV VP24 bound
directly a truncated form of STAT1 lacking the phosphorylation site at Y701,
although it was not determined for full length non-phosphorylated STAT1 or P-
STAT1 (Zhang et al., 2012). The finding, however, was not confirmed by cell-
based experiments that did not detect interaction between VP24 and non-

phosphorylated STAT1 or P-STAT1 (Xu et al., 2015).

In addition to its role within the JAK/STAT cascade, it has been shown that
VP24 blocks the cellular response to type I IFN also counteracting the p38 MAP
kinase pathway inhibiting the IFN-B-induced phosphorylation of p38-a
(Halfmann et al., 2011). The p38 MAP kinase cascade is activated after hepatitis
C virus infection inducing the cellular antiviral state. The finding that also VP24
blocks this response suggests that at least two mechanisms are possible for the
IFN inhibition by VP24. There are, in fact, mutations critical for virulence in
mouse-adapted EBOV not affecting the JAK/STAT cascade that might be related
to this other IFN inhibitory function (Reid et al., 2007).

1.7. Zika Virus
1.7.1. Epidemiology

Zika virus (ZIKV) was firstly isolated in 1947 from a Rhesus monkey in the Zika
Forest (Uganda) (Figure 16) (Dick, 1952). In 1948, ZIKV was identified in Aedes
africanus mosquitoes in the same forest. ZIKV has been described as causing
sporadic human infections in Africa and Asia (Zanluca and Nunes, 2016). In
2007, the first documented ZIKV outbreak outside of Africa and Asia was

reported on Yap Island, Micronesia (Duffy et al., 2009). No deaths were
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associated with this outbreak. Other ZIKV infections occurred in Cambodia in
2010 (Heang et al., 2012), Philippines in 2012 (Alera et al., 2015) and Thailand in
2012-2014 (Buathong et al., 2015), but the rate of infection in these countries is
unknown. In 2013 an outbreak of ZIKV disease initiated in French Polynesia
where about 29.000 people underwent medical care (Paz et al., 2016). It was the
first time that ZIKV was associated with severe disease, including neurological
or autoimmune complications, although no deaths were observed (Oehler et al.,
2014). In 2013, ZIKV was isolated from a German traveller returning from
Thailand, representing the first imported case of ZIKV in Europe (Tappe et al.,
2014). In 2014, the first autochthonous outbreak of ZIKV with fifty-one cases

was reported in Easter Island, South Pacific (Tognarelli et al., 2016).

Figure 16. Zika forest in Uganda (Credit: Isaac Kasamani / Getty)

In 2015, the autochthonous transmission of ZIKV was confirmed by the
Ministry of Health of Brazil, where cases of a flu-like illness associated with
fever, conjunctivitis and arthralgia were reported (Zanluca et al., 2015). During
this epidemic, ZIKV was associated with fetal malformations and death
(Zanluca et al., 2015). The autochthonous spread of ZIKV continued in other 30
American countries and territories, being the largest ZIKV outbreak ever

reported. On 1st February 2016, the World Health Organization (WHO)

39



declared the global public health emergency (World Health Organization,
2016b).

1.7.2. ZIKV Genome and Proteins

ZIKV is an arthropod-born virus that belongs to the family of Flaviviridae
(International Committee on Taxonomy of Viruses, 2015). Like the other
flaviviruses, ZIKV has a positive-sense, single-stranded RNA genome (ssRNA+)
of approximately 10.7 kb in length, which is in complex with multiple copies of
the capsid protein. The genome encodes a single polyprotein that is processed
by viral and cellular proteases into three structural proteins, the capsid (C),
membrane (prM) and envelope (E) proteins that mediate virus attachment,
entry and encapsidation, and seven non-structural (NS) proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B and NS5), which function in viral replication and

polyprotein processing (Figure 17) (Barzon et al., 2016).
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Figure 17. Genome and encoded proteins of ZIKV (Ming et al., 2016)

1.7.3. ZIKV Life Cycle

ZIKV is introduced into the cytoplasm of the target cell after fusion of the
envelope with endosomal membranes (Figure 18). ZIKV has been shown to
entry into the infecting cells using the lectin DC-SIGN. Additional receptors
have been reported such as T-cell immunoglobulin and mucin domain (TIM1)

TYRO3, and AXL. During endocytosis, acidification is required to allow the
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Figure 18. ZIKV life cycle (Acosta-Ampudia et al., 2018)

dissociation of the E protein dimers, exposing the fusion loop, and E monomers
are rearranged into trimers. In this active form, they can be inserted into the
endosomal membrane, inducing the fusion of the viral envelope and release of
the viral RNA into the cytoplasm. At this point, the translation of the ssSRNA+
can start. This process occurs at the endoplasmic reticulum membrane. The
polyprotein is cleaved by viral and host proteases; most cleavages between
nonstructural proteins are catalyzed by the NS2B/3 protease complex.
Invaginations of the ER give rise to clusters of vesicles designated vesicle
packets (VPs), which are the presumed sites of viral RNA replication. The
ssRNA+ genome is copied to give a ssRNA- molecule, which serves as the
template for synthesis of the full-length positive-sense genomic RNA. During
this process, a replicative intermediate of double-stranded RNA is formed.
Synthesis of viral genome is mediated by a replication complex that includes
the NS5 RNA-dependent RNA polymerase and other NS proteins. The new

genomes are packaged by the C protein which contains an RNA-interacting
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domain and acquire the envelope while budding from the ER. These immature
virions are transported through the acidic compartment of the trans-Golgi
network, where E glycosylation and cleavage of prM by host protease furin
occurs resulting in the rearrangement of the virion surface and formation of
mature virions that are released by exocytosis (Barzon et al., 2016; Medin and

Rothman, 2017).

1.7.4. ZIKV Transmission

ZIKV is maintained in a sylvatic environment, in a zoonotic cycle between
mosquitoes (Aedes spp. and other species) and non-human primates (Figure 19)
(Paz et al., 2016). ZIKV has been isolated from different mosquito species: Aedes
africanus, Aedes aegypti, Aedes furcifer, Aedes hirsutus, Aedes luteocephalus, Aedes
taylori, Aedes metalicus, Aedes vittatus, Aedes unilineatus, Aedes dalzieli, Anopheles
coustani, Mansonia uniformis and Culex perfuscus (Zanluca and Nunes, 2016). In
the urban transmission (mosquito-human-mosquito) ZIKV is transmitted to
humans through the bite of an infected female of Aedes spp mosquitoes. The
virus is acquired by the arthropod during a blood meal, and after replication in
the body of the mosquito, it reaches the salivary gland and is transferred at the
subsequent meal into the skin of the new host. Also cases of perinatal
transmission have been reported and viral RNA has been detected in breast
milk (Besnard et al., 2014). ZIKV has been isolated from the semen of a patient
various weeks after the acute phase of the disease and a case of sexual
transmission has been recorded (Musso et al., 2015b). Moreover, viral RNA and
proteins has also been detected in urine, saliva, amniotic fluid and placental
tissues, suggesting the possibility of multiple mechanisms of transmission
(Gourinat et al., 2015; Hiller et al., 2015; Musso et al., 2015a; Oliveira Melo et al.,
2016).
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Figure 19. ZIKV sylvatic and urban cycles (Renwick, 2016)

1.7.5. ZIKV Pathogenesis

The first site of viral replication is represented by the skin at the site of
inoculation. Human primary dermal fibroblasts, epidermal keratinocytes and
immature dendritic cells have been demonstrated to permit ZIKV infection and
replication (Hamel et al., 2015). From the skin, the virus circulates to the
draining lymph node and the bloodstream, disseminating to peripheral tissues
and visceral organs. ZIKV has also been shown to infect placental macrophages,
cytotrophoblasts and human neural progenitor cells (Bayer et al., 2016; Quicke
et al., 2016).

ZIKV infection is asymptomatic in the 80% of the cases. However, when
symptoms occur, they appear 3-11 days after the mosquito bite. ZIKV disease is
similar to a febrile illness without severe complications. Papular rash, fever,
arthralgia, fatigue, conjunctivitis, myalgia and headache are the frequent

symptoms (Barzon et al., 2016).

During the outbreaks in French Polynesia and in Brazil high incidences of
neurological complications have been registered. It has been observed a

temporal association between the increase in cases of microcephaly in fetus
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born from women presenting ZIKV-compatible clinical symptoms during early

pregnancy (Figure 20).

Figure 20. A father holds his son who is affected by microcephaly (VOA, 2016)

The first trimester of pregnancy represented the period of major risk for
microcephaly. Some of the typical malformations reported in infected fetuses
and newborns include intrauterine growth restriction, cerebral and placental
calcifications, agenesis of corpus callosum, hydrocephalus and brain atrophy.
ZIKV infection has also been linked with the Guillain—Barré syndrome, an
autoimmune disease causing flaccid paralysis, acute meningoencephalitis and

myelitis in adults (Barzon et al., 2016).

1.7.6. ZIKV Therapeutics

Nowadays, no antiviral agents against ZIKV have been approved. However, a
great effort has been carried out to test several drug candidates directed against
viral or host targets (da Silva et al., 2018). Among compounds targeting the
early stages of the ZIKV life cycle, Chloroquine, also mentioned as anti-EBOV
agent, has been reported to inhibit ZIKV with ECsovalues between 9.8 and 14.2
uM, possibly acting during the fusion of the E protein to the endosome
membrane (Delvecchio et al., 2016). Chloroquine was also reported to protect
fetal mice from microcephaly caused by ZIKV infection (Li et al., 2017).
Antivirals directed against the RNA-dependent RNA polymerase NS5 have also

been investigated. Among them, the nucleoside analog BCX4430 has been
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reported to inhibit ZIKV replication with ECso values of 3.8 to 11.7 uM,
andadministration of 300 mg/kg/day of compound protected 7 out of 8 ZIKV-
infected AG129 mice compared with vehicle-treated animals (Julander et al.,
2017). Sofosbuvir, a nucleotide analog approved by the FDA for the treatment
of HCV, efficiently blocked ZIKV replication with ECso values between 0.4 and
1.9 uM. Treatment with Sofosbuvir at 33 mg/kg/day for 7 days to ZIKV-infected
mice resulted in a 50% survival rate compared with the 20% of vehicle-treated
mice (Mesci et al., 2018). Due to the relevance of its function in the ZIKV life
cycle, also the protease NS2B/3, represents a target for anti ZIKV treatment
(Kang et al., 2017). Analyzing 71 small molecules already screened for HCV
infection, it was found that 10 of them showed ICso values < 50 uM, with ICso
values of compounds named 2 and 3 of 5.2 uM and 4.1 uM, respectively (H. Lee
et al., 2017). Furthermore, Bromocriptine, used to treat Parkinson’s disease, was
tested for the ability to block ZIKV infection showing to be active against NS2B-

NS3 protease activity in a dose-dependent manner (Chan et al., 2017).

1.8. ZIKV and IFN Response

ZIKV infection results in the production of type I, II and III IFNs as well as the
activation of several ISGs (Bayer et al., 2016; Chaudhary et al., 2017; Hamel et
al., 2016, 2015; Quicke et al., 2016). Secretion of type III IFNs by placental
trophoblasts was reported to provide protection against ZIKV infection in
placenta and neuroinvasion in other related flaviviruses (Bayer et al., 2016;
Lazear et al., 2015). Infection of human fibroblasts resulted in the increased
expression levels of RIG-I, MDA-5, TLR3 and IRF7 as well as ISGs (ISG15, OAS2
and MX1) transcription (Hamel et al., 2016). The expression of ISGs such as
IFITM1 and IFITM3 led to the inhibition of ZIKV replication (Savidis et al.,

2016). Additionally, another ISG named viperin is able to restrict infection in
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human hepatoma cells; and viperin knockout mouse embryonic fibroblast cells

produce higher ZIKV titers than wt infected cells (Van Der Hoek et al., 2017).

However, dependent on cell type and viral strain, ZIKV infection can result in
induction or evasion of the IFN system. For example, human dendritic cells are
permissive to productive infection by the contemporary ZIKV strain Puerto
Rican (Bowen et al., 2017). Treatment with a highly specific RIG-I agonist,
strongly restricted ZIKV replication, suggesting that this strain was acting on
the IFN signaling cascade, in particular at level of STAT1/STAT2
phosphorylation (Bowen et al., 2017). ZIKV, like the other member of its family,
is able to dampen the IFN system employing different mechanisms to interfere

at both level of the cascade: IFN production and IFN signaling (Figure 21).
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Figure 21. ZIKV evasion of IFN system

1.8.1. ZIKYV Evasion of IFN Production

ZIKV NS1 and NS4B proteins are able to block type I IFN induction through
inhibition of RIG-I-like receptor signaling. Overexpression of both proteins
inhibited induction of IFN- reporter activation mediated by cytoplasmic
poly(I:C), poly(dA:dT) as well as Sendai Virus (SeV) in 293T cells.
Phosphorylation of TBK1 and IRF3 and the expressions of IFN{3 and ISGs were
also inhibited by NS1 and NS4B after SeV infection. Co-immunoprecipitation
studies demonstrated that NS1 and NS4B directly interacted with TBK1
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impairing its function by blocking its oligomerization (Wu et al., 2017). Five
non-structural proteins, NS2A, NS2B, NS4A, NS4B, and NS5 were also reported
to significantly block the IFN-[3 promoter expression (Kumar et al., 2016; Xia et
al., 2018). All five proteins inhibited the promoter transcription induced by
ectopic expression of RIG-I (2CARD), MAVS, IKK-¢, or TBK1, while only NS5
was also able to block IRF3 induced IFN-3 promoter activation. In fact, NS2A,
NS2B, and NS4B were reported to inhibit TBK1 phosphorylation; NS4A
suppresses IRF3 phosphorylation; while NS5 counteracts a step downstream of

IFR3 phosphorylation by binding it (Xia et al., 2018).

1.8.2. ZIKYV Evasion of IFN Signaling

A recent study reported the ability of the ZIKV protease complex, NS2B3, to
suppress the IFN signaling pathway. NS2B3, in fact, has shown shown to be
able to interact with JAK1 promoting its degradation, resulting in the inhibition
of STAT1 phosphorylation and in the reduced expression of ISGs such as ISG15,
IFIT1, IFIT2 and viperin in NS2B3 overexpression cells upon stimulation with

IFNB (Wu et al., 2017).

The JAK/STAT cascade is targeted also by ZIKV NS5. As observed for DENV,
ZIKV NS5 is able to bind and degrade STAT2 (Grant et al., 2016; Kumar et al.,
2016). However, the two proteins act through a different mechanism. In the case
of DENV NS5, it binds to STAT2 and co-opts the host E3 ubiquitin ligase UBR4,
which mediates the specific NS5 N-terminus degradation. By contrast,
proteolytic processing of ZIKV NS5 did not require an authentic N terminus

and UBR4 interaction (Grant et al., 2016).
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1.8.3. Correlation between ZIKV IFN Antagonism and Virulence

The 2016 outbreak ZIKV strains have accumulated mutations in residues
involved in anti-host countermeasures that promote the viral antagonism of
innate response, resulting in increased viral replication and pathogenesis in
humans. These mutations occur faster than others in the flavivirus genome. A
report by Mlakar et al. described that a full-length ZIKV genome isolated
during the recent Brazil outbreak had polymorphisms within the ORF
compared with the 2013 French Polynesian isolate. Interestingly, the amino acid
changes were found in NS1 and NS4B, known to be involved in immune
evasion, and in the Fts]-like methyltransferase region (M2634V) of NS5, a
domain involved in hiding the viral RNAs from host recognition in WNV
(Mlakar et al.,, 2016). The A188V substitution in the NS1 gene of the ZIKV
strains isolated after 2012 enabled the protein to inhibit the IFN- induction, in
contrast with NS1 of the pre-epidemic strains. The mutation allows the binding
between NS1 and TBK1 resulting in decreased IRF3 phosphorylation. Massive
viral replication, high brain viral titers, neurovirulence and increased mortality
rate were observed after intracranial infection of mice with A188V mutant
virus, compare to that infected with wt (Xia et al., 2018). A mouse-adapted
strain of ZIKV with a substitution (G18R) in the NS4B protein was generated by
Gorman et al. The introduction of the mutation was associated with reduced
IFN-B production and ISGs expression and resulted in increased viral
replication in neuronal stem cells and greater brain infection in mice infected

with the mutant strain (Gorman et al., 2018).
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1.9. Objectives

This thesis explores the details of the molecular mechanisms at the base of the
IFN signaling inhibition mediated by i) EBOV and ii) ZIKV, with a final
common objective for the two different types of viruses: the identification of a
novel and specific antiviral strategy based on the restoration of the IFN
response. However, the gained knowledge on understanding IFN evasion is
undoubtedly different comparing both viruses. While the modes of EBOV IFN
escape have been deeply investigated, very little is known about a new
emergent virus such as ZIKV. The process of antivirals identification involves
the following steps: target identification and validation, assay development,
screening, lead optimization, preclinical testing and clinical trials (Figure 22).
Even though EBOV and ZIKV lines of research converge in the same objective,
they necessary initiate from different starting points (arrows in Figure 22). In
the context of EBOV, the viral protein responsible for IFN signaling inhibition is
VP24, which has been validated as pharmacological target. Thus, the EBOV
project will address the following points: i) development of a drug screening
assay able to quantify the effect of VP24 on the IFN induction cascade (Chapter
3); ii) screening of natural compounds as potential inhibitors of VP24 (Chapter
4). The ZIKV project (Chapter 5), instead, aims to exploit the details of ZIKV
IFN signaling evasion bringing to light novel potential pharmacological targets,
which is the first step directed toward the development of an anti-ZIKV

therapeutic strategy.
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Figure 22. Work flow diagram of the thesis
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Chapter 2

Materials and Methods

2.1. Cells and Reagents

HEK293T cells were grown in Dulbecco’s modified Eagle’s medium (Gibco)
supplemented with 10% fetal bovine serum (Gibco) and 1%
penicillin/streptomycin (Sigma). Cells were incubated at 37 °C in a humidified
5% CO2 atmosphere. Plasmid pISRE-luc was kindly provided by Prof Ian
Goodfellow (University of Cambridge, UK). Plasmid pcDNA3-V5-VP24 was a
kind gift of Dr St Patrick Reid (University of Nebraska Medical Center, USA).
pcDNA3-NS1 was kindly given by Prof Stephan Ludwig (University of
Miinster, Germany). pRL-TK was purchased from Promega. T-Pro P-Fect
Transfection Reagent was from T-Pro Biotechnology. Human Recombinant IFN-
a was purchased from PeproTech. Gossypetin, Taxifolin, Tricetin were
purchased from Extrasynthese. Myricetin and Dihydromyricetin were kindly
provided by Prof Lijia Xu (IMPLAD, Beijing, China), Luteolin, Apigenin,
Quercitrin and Quercetin by Prof. Mauro Ballero (University of Cagliari, Italy),
Wogonin and Baicalein by Prof. Ming Ye (University of Beijing, China). Mouse
monoclonal anti-FLAG M2 was obtained from Sigma. Rabbit antibodies against
P-STAT1, P-STAT2, GAPDH and the anti-rabbit HRP-linked IgG were
purchased from Cell Signaling. Rabbit anti-STAT1 and P-JAK1, HRP-linked
anti-mouse IgG, goat anti-mouse IgG Alexa Fluor 488, goat anti-rabbit IgG
Alexa Fluor 594 and Pierce ECL Western Blotting Substrate were from Thermo

Fischer Scientific.
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2.2. Construction of Mammalian Expression Plasmids

The EBOV VP24 expression plasmid was kindly given us by Marco Sgarbanti
(Superior Institute of Health, Rome, Italy). The VP24 cDNA, was obtained by de
novo gene synthesis (GenScript USA Inc. Piscataway, NJ) using the sequence of
VP24 from the Zaire Ebolavirus isolate H.sapiens-wt/GIN/2014/Gueckedou-
CO05, Sierra Leone/guinea. The FLAG epitope, present in frame at the NH:
terminus of VP24 sequence, and the HindIII and EcoRV restriction sites at both
ends, used for the sub-cloning in the pcDNA 3.1 (+) (Invitrogen), were also part
of the entire sequence obtained by de novo gene synthesis. Each ZIKV NS gene
was amplified from the strain Brazil/ 2016/INMI1, an Asian lineage isolated at
the Spallanzani hospital (Rome) from sera of a traveller returning from Brazil to
Italy. The coding sequences with a C-terminal Flag tag were subcloned into the
pcDNA3.1 (+) using Nhel and EcoRI as restriction enzymes. Our library
included the non-structural proteins: NS1, NS2A, NS4B and the fusion proteins
NS2B/3 and NS3/4A. The NS4B construct used in these studies contains the 2K
signal peptide. The primer pairs used for subcloning are listed in Table 1.

Table 1. Primers for subcloning

Primer name? Sequence (5" to 3’)

NS1_F GTGGGGTGTTCGGTGGACTTC
NSI_R AAGGGAGAAGTGATCCATGTG
NS2A_F GGAGTGCTTGTGATTCTGCTC
NS2A_R GGGCCAGCTCCGCTTCCCACT
NS2/B3_F CCTAGCGAAGTACTCACAGCT
NS2/B3_R AGCCGCTCCTCTTTTCCCAGC
NS3/4A_F ACCACAGATGGAGTGTACAGA
NS3/4A_R TCTTTGCTTTTCTGGCTCAGG
2K/NS4B_F TCTCCCCAGGACAACCAAATG
2K/NS4B_F ACGTCTCTTGACCAAGCCAGC

aF, forward; R, reverse.
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2.3. Luciferase Reporter Gene Assay

HEK293T cells (1.5 x 10* cells/well) were seeded in 96-well plates 24 h before
transfection. Plasmids pISRE-luc, pRL-TK were mixed in reduced serum
medium Optimem (Gibco) and incubated with T-Pro P-Fect Transfection
Reagent for 20 min at room temperature (RT). Transfection complexes were
then gently added into individual wells of the 96-well plate. For inhibition
assay the construct pISRE-luc was cotransfected with EBOV VP24 or ZIKV NS
proteins expression plasmids. 24 h after transfection, cells were stimulated with
IFN-a and incubated for 8 h at 37 °C in 5% CO:a:. Then, cells were harvested with
50 pL of lysis buffer (50 mM Na-MES [pH 7.8], 50 mM Tris-HCl [pH 7.8], 1 mM
dithiothreitol, and 0.2% Triton X-100). To lysates were added 50 pL of luciferase
assay buffer (125 mM Na-MES [pH 7.8], 125 mM Tris-HCl [pH 7.8], 25 mM
magnesium acetate, and 2.5 mg/mL ATP). Immediately after addition of 50 puL
of 1 mM D-luciferin, the firefly luminescence was measured in Victor3
luminometer (Perkin Elmer). An equal volume, 50 pL, of coelenterazine assay
buffer (125 mM Na-MES [pH 7.8], 125 mM Tris-HCl [pH 7.8], 25 mM
magnesium acetate, 5SmM KH:POs, 10 uM coelenterazine) was added and the
bioluminescence was read. The relative light units (RLU) were normalized as
the fold induction over unstimulated controls. Luciferase activity was expressed
as the percentage of ISRE expression in viral proteins transfected samples
normalized to the empty vector samples (indicated as 100% of activation). Each

assay was performed in triplicate.

24. Drug Screening EBOV VP24 Assay

After transfection with pISRE-luc, pRL-TK and VP24 expression plasmid, cells
were stimulated with 1 ng/mL of IFN-a and treated with 10 uM of either

Gossypetin, Taxifolin, Tricetin, Myricetin, Dihydromyricetin, Quercitrin,
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Quercetin, Wogonin, Luteolin, Baicalein or Apigenin. After 8 h of stimulation,
cells were harvested and luciferase assay buffer and D-luciferin were added.
The firefly luminescence was measured. After addition of coelenterazine assay
buffer the renilla luminescence was read. Luciferase activity was expressed as
the percentage of ISRE inhibition in VP24 cells treated with compounds
normalized to the VP24 not treated cells (indicated as 100% of inhibition). Each

assay was performed in triplicate.

2.5. Luciferase Assay Data Analysis

2.5.1. ICso Calculations

To determine the concentration of IFN-a that provide the maximal activation of
JAK-STAT pathway, the concentration of EBOV VP24, ZIKV NS2A and NS4B
plasmid required to inhibit 50% of IFN-a stimulation (ICs) and ICso of
Quercetin, we used the log agonist concentration versus response, variable

slope algorithm in GraphPad Prism software where:

Y = Bottom + (Top — Bottom)/(1+ 107((LogIC50))) (1)

ICs0 values were calculated based on three independent experiments performed

in triplicate.

2.5.2. Z- and Z’'-factor Calculations
The Z- and Z’-factor values were calculated from the following equations

developed by Zhang et al (Zhang et al., 1999)

(3*SDy+3*SD,)

7 =
M, — M,|

()
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where SD and M are standard deviation and mean, s and c represent sample
and control, c+ and c- positive and negative controls, respectively. For ISRE
activation assay we calculated the Z’-factor, considering c+ and c- as stimulated
control and not stimulated control respectively. For VP24 assay we considered
the Z-factor, where s are samples cotransfected with pISRE-luc and VP24 and ¢
are cells cotransfected with pISRE-luc and empty vector. All experiments were

repeated at least three times. Quantitative data were expressed as the mean +

SD.

2.6. Quercetin Cytotoxicity assay

HEK293T (1.5 x 10* cells/well) were seeded in 96-well plates. After 24 h, cells
were treated with 3-100 uM of Quercetin and incubated 8 h at 37 °C in 5% CO..
Then, 15 uL of PrestoBlue Cell Viability Reagent (Thermo Fisher Scientific)
were added to each well. The plate was incubated for 1 h at 37 °C in 5% CO2

and fluorescence was read in the Victor3 luminometer.

2.7.  Immunoblot Analysis

To detect EBOV VP24 expression levels, HEK293T cells were seeded in 6-well
plates (4 x 10° cell/mL) and transfected with pISRE-luc and increasing
concentrations of EBOV FLAG-VP24 plasmid. 24 h post-transfection, the
medium was replaced with IFN-a. 8 h post-IFN addition, cells were harvested
and lysed in radioimmunoprecipitation (RIPA) buffer (50 mM Tris-HCI [pH 8],
150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium

dodecyl sulfate, 1 mM phenylmethylsulfonyl fluoride, 1x Roche complete
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protease inhibitor cocktail, 1 mM sodium orthovanadate). Total cell extracts
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to a polyvinylidene difluoride (PVDF)
membrane by standard methods. Membranes were blocked with 3% nonfat dry
milk in TBS (50 mM Tris-HCL, 0.138 M NaCl, 2.7 mM KCl, pH 8.0) and probed
with mouse monoclonal anti-FLAG M2 and rabbit monoclonal anti-GAPDH.
Secondary antibodies were HRP-linked anti-mouse IgG and HRP-linked anti-
rabbit IgG. Detection was performed using Pierce ECL Western Blotting

Substrate and Chemidoc MP Imaging System (Biorad).

2.8. Immunofluorescence

For immunostaining, HEK293T cells were seeded in 6-well plates (3 x 10°
cell/well) and cotransfected with Lipofectamine 2000 transfection reagent
(Invitrogen) with 2.5 pg/well of pcDNA3.1 or plasmids for EBOV VP24 and
ZIKV proteins. After 24 h of transfection, cells were treated with IFN-a for 30
minutes and then fixed with 4% paraformaldehyde in PBS for 15 minutes at RT.
Permeabilization was performed with ice-cold 100% methanol for 10 minutes,
washed three times for 5 minutes with PBS, and blocked in blocking buffer (PBS
containing 0.2% Triton X-100, 10% normal goat serum and 3% bovine serum
albumin) for 1 h at RT. The cells were then incubated with the primary
antibodies: anti-Flag (1:500), anti-P-STAT1 (1:400), anti-P-STAT2 (1:200), anti P-
JAK1 (1:250), anti-STAT1 (1:100) for 1 h. After three washes with PBS, cells were
incubated with secondary antibodies conjugated to Alexa Fluor 488 and Alexa
Fluor 594 (1:500; Invitrogen) for 1 h and then 1 min with Hoechst (Thermo
Fischer Scientific). Stained cells were mounted on glass slides with Glycerol
Mounting Medium with DABCO as anti-fade reagent and observed with an

Olympus BX61 microscope, equipped with epifluorescence illumination, and
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digital images were captured with a Leica DF 450C camera. The cultures were
examined at 40x magnification. At this magnification, the total number of

microscopic fields per culture was between 30 and 50.

2.9. RNA Extraction and Quantitative Real-Time PCR

To determine the effect of VP24, NS2A and NS4B on the expression of ISGs,
ISG15 and OAS1, HEK293T cells in 6-well plates (3 x 10° cell/well) were
transfected with 2.5 pg/well of empty vector or expression plasmids for EBOV
and ZIKV proteins using Lipofectamine 2000 transfection reagent (Invitrogen).
After 24 h, the cells were treated with IFN-a (10 ng/mL) for 24 h. Total RNA
was extracted from transfected cells with TRIzol reagent (Invitrogen). RNA was
then reverse transcribed and amplified using Luna Universal One-Step RT-
qPCR kit (New England Biolabs). Quantitative real-time PCR (RT-qPCR)
experiments were performed in triplicate. mRNA expression levels were
normalized to the level of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). For ZIKV experiments, results are shown as folds induction of
stimulated over not stimulated samples. Results of Quercetin experiment are
expressed as percentage of mRNA transcript levels of treated cells versus not

treated cells. All qPCR primers used in this study are listed in Table 2.

Table 2. Primers used for RT-qPCR

Primer name? Sequence (5" to 3’)

GAPDH_F GAGTCAACGGATTTTGGTCGT
GAPDH_R TTGATTTTGGAGGGATCTCG
ISG15_F TCCTGGTGAGGAATAACAAGGG
ISG15_R CTCAGCCAGAACAGGTCGTC
OAS1_F AGCTTCATGGAGAGGGGCA
OAS1_R AGGCCTGGCTGAATTACCCAT

aF, forward; R, reverse.
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2.10. Docking Ligand Preparation

The 2D coordinate structure-data file (SDF) file of Quercetin ligand was
downloaded from Pubchem compound repository. Then, it was prepared with
Maestro GUI and subject to conformational analysis by means of MacroModel
program version 9.2 (Mohamadi et al., 1990). Merck molecular force fields
(MMFFs) (Halgren, 1996) was applied as force field and it was considered the
implicit solvation model Generalized Born/Surface Area (GB/SA) water
(Kollman et al, 2000). Therefore the compound geometry was energy
minimized using Polak-Ribier Conjugate Gradient (PRCG) method, 5000
iterations and a convergence criterion of 0.05 kcal/(mol A). The compound

global minimum conformation was considered for the docking studies.

2.11. Docking Protein Preparation

The coordinates for VP24 were taken from the RCSB Protein Data Bank
(Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N.; Weissig, H.;
Shindyalov, I. N.; Bourne, 2000) considering the pdb model 4M0Q (Edwards et
al., 2014). The protein was prepared by means of Maestro Protein Preparation
Wizard (Maestro, Schrodinger L. L. C.,, New York, N., USA, 2018). Original
water molecules were removed. The bond orders, hydrogen atoms and formal
charges were added in the structure. After preparation, the structure was
refined in order to optimize the hydrogen bond network using OPLS_2005 force
field (Kaminski et al., 2001).

2.12. Docking Experiments

Docking inner and outer grids were defined around the refined structure by

calculating the centroid of clustered residues interacting with KPNab5 (Xu et al.,
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2015). The coordinates Grid point’s level for X, y, z axis are -2,06, -21,53, -12,16.
The inner box side was increased to 15 A while the outer was left of 20 A. The
box resulted a cube of 35 A for side.

The extra precision (XP) docking algorithm was applied for scoring theoretical

poses (Friesner et al., 2006). The other settings were left as default.

2.13. Post-Docking

In order to better take into account the induced fit phenomenon occurring at the
ligand binding domain, the most energy favored generated complexes were
tully optimized with 10000 steps of the Polak-Ribier conjugate gradient (PRCG)
minimization method considering OPLS_2005 force field and GB/SA implicit
water. The optimization process was performed up to the derivative

convergence criterion equal to 0.1 kJ/(mol*A).

2.14. Graphics

The resulting complexes were considered for the binding modes graphical
analysis with Pymol (The PyMOL Molecular Graphics System Versionl.7,
Schrodinger, L. L. C.) and Maestro Ligand Interaction visualization (Maestro,
Schrodinger L. L. C., New York, N., USA, 2018). Graphics of other experiments
were performed using GraphPad Prism software 6.01 (GraphPad software, Inc,

2012).

2.15. Multiple Alignments
Pairwise and multiple alignments of Flaviviridae amino acid sequences (from

UniProt database) were generated with Geneious bioinformatics software

58



platform, version 8.1.4 (Kearse et al., 2012) using MAFFT algorithm FFT-NS-i
x1000 (Katoh and Standley, 2013) with default parameters.

2.16. Phylogenetic Analysis

All phylogenetic trees were built from manually optimized multiple alignments
using Mega Software, version 6 (Tamura et al., 2013) and neighbor joining
statistical method. Amino acid sequences NJ trees were built using the Poisson
model and applying pairwise deletion option. Phylogenies were tested by the

bootstrap method with 1000 replicates.
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Chapter 3

Development and Validation of a Novel Dual Luciferase
Reporter Gene Assay to Quantify EBOV VP24 Inhibition
of IFN Signaling

3.1. Introduction

EBOV VP24 inhibits signaling downstream of both IFN-a/f and IFN-y by
sequestering KPNa proteins (al, a5 and a6) and preventing nuclear transport
of activated P-STAT1 (Mateo et al., 2010; Reid et al., 2006, 2007). In addition,
VP24 also binds directly P-STAT1 (Zhang et al., 2012). EBOV evasion of IFN
signaling by VP24 is a critical event in the pathogenesis of the infection.
Mutations in VP24 correlated to IFN evasion are responsible for the acquisition
of high virulence in animal models (Ebihara et al., 2006). Being a key factor in
the EBOV virulence, VP24 is a potential target for the development of new
drugs. In the absence of approved drugs specific for VP24, the identification of
molecules able to inhibit VP24, restoring and possibly enhancing the IFN
response, is a goal of concern. We describe here the development of a novel
artificial dual cell-based gene reporter screening assay able to quantify IFN
induction and its inhibition by VP24. HEK293T cells transiently express the
ISRE promoter driving a luciferase reporter gene. Stimulation with IFN-«
activates the IFN signaling cascade leading to the expression of ISGs genes. This
system may be a suitable cellular model to reproduce the effect of VP24 on IFN
signaling and to test VP24 inhibitors. The enzymatic activity of firefly luciferase
provides a susceptible, stable and rapid mean to quantify transcriptional
activity of ISRE. We optimized the assay evaluating different parameters to

achieve excellent signal. Further, the normalization with a Renilla luciferase
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control allows to minimize variability between experiments providing an high

reproducibility of our dual drug screening assay.

3.2.  Results
3.21 Establishment of a Miniaturized Cell-Based Assay for Evaluating
VP24 Inhibition of JAK/STAT Cascade Activation

To monitor the activation status of IFN signaling, we transfected HEK293T cells
with pISRE-luc, a reporter plasmid that is widely used to evaluate the
transcription effect of activated JAK/STAT pathway by type I IFNs (Strnadova
et al., 2015; Subba-Reddy et al., 2011). Treatment with human recombinant IFN-
a of the transiently transfected HEK293T cells activates the IFN signaling
pathway leading to a luminescent signal. To use this assay to test a considerable
number of compounds, we performed it in 96-well plates. For initial assay
development, we analyzed the concentration of luciferase plasmid to use for
transfection. Hence, HEK293T cells were transfected with various amounts of
plasmid per well. Results showed that the optimal concentration for reporter
vector was 60 ng/well (Figure 23a). To assess the optimal time of stimulation,
we performed a time-course analysis. HEK293T cells exhibited an IFN-a
treatment time for maximal signal between 12 and 24 h (Figure 23b). We chose
the 8 h time point that allows to have a strong stimulation, with a luciferase

activity increased by 27-fold compared to the no IFN treated cells.

It has been demonstrated the ability of EBOV VP24 to inhibit the IFN signaling
pathway (Mateo et al., 2010; Reid et al., 2006, 2007). Given the contribution of
VP24 to EBOV virulence (Ebihara et al., 2006; Mateo et al., 2011b), the protein
could be a very important target for drug development. For this reason, we
wanted to evaluate its inhibitory effect in our system, to provide a suitable

model for screening a large quantity of potential inhibitors. HEK293T were
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Figure 23. Miniaturized luciferase reporter gene assay in 96-well plates. (a) HEK293T
cells were transfected with 15, 30, 60 and 240 ng of pISRE-luc per well. 24 h after
transfection, cells were stimulated (S) or not (NS) with IFN-a for JAK/STAT pathways
activation. After 8 h, cells were lysed and luciferase activity was measured. (b)
HEK293T cells were transfected with pISRE-luc (60 ng/well). 24 h after transfection,
cells were stimulated with IFN-«a. After 4, 8, 12, 24, 48 h, cells were harvested and
luciferase activity was measured. Results are shown as pISRE-luc fold induction of
stimulated cells over not stimulated control. Error bars indicate the mean + SD.

cotransfected with pISRE-luc reporter and empty vector pcDNA3.1(+), or
expression plasmid for the FLAG- or V5-tagged VP24. We cotransfected cells
also with the expression plasmid for IAV NSI, a previously demonstrated
inhibitor of IFN signaling, as positive control (Jia et al., 2010). Cells were
stimulated with IFN-a for 8 h. A 30-fold induction in ISRE activity was
observed in IFN-a treated samples transfected with pISRE-luc with or without
empty vector. This activation was inhibited in cells expressing either FLAG- or
V5-tagged VP24 protein and in cells expressing NS1, but with different
percentages (Figure 24a). In order to demonstrate that the inhibitory effect of
ISRE transcription was effectively due to VP24 expression at protein level, we
performed a western blot of the samples transfected with EBOV VP24-FLAG or
empty vector treated or not with IFN-a and, in parallel, assayed the luciferase
activity. Results clearly showed that higher amounts of expressed VP24
corresponded to higher inhibition of the pathway (Figure 24b), demonstrating
that the dose-dependent inhibition of the luciferase activity was due to the

dose-dependent expression of VP24.

62




0. 120 - +IFN
32 100 -
21001 g 5
p £ 80 |
g 2
S 80 8
g 5 60
Q -
§ 60 =40 A
= &
E 404 = 20
[¥p]
o i 0
anti-FLAG [~ & @]
0- anti-GAPDH [w= == s ==
SRS N OO
éegk&@“ oF S 2 T aF
C'Q \?" < qu 9 Q'\?( w”?"
< N TTLHE

(a) (b)

Figure 24. EBOV VP24 inhibition assay. (a) HEK293T cells were transfected with
PISRE-luc and 60 ng/well of empty vector pcDNA3.1(+), or expression plasmid for
EBOV FLAG- or V5-tagged VP24 and IAV NSI1. 24 h after transfection, cells were
stimulated with 10 ng/mL of IFN-« or left untreated (NS). After 8 h, cells were lysed
and luciferase activity was measured. (b) Expression of EBOV VP24 at protein level.
HEK293T were seeded in 6-well plate. After 24 h, cells were transfected with pISRE-luc
and pcDNA3.1 (1 pg/well) and 0.25 and 1 pg/well of EBOV VP24-FLAG. The day after
cells were incubated or not with IFN-a for 8 h and subsequently lysed and examined
for luciferase activity and protein expression by Western blotting. Results are shown as
percentage of pISRE-luc activation in VP24 transfected cells over empty vector
transfected controls. Each experiment was done in triplicate. Error bars indicate the
mean + SD.

3.22 Optimization of Stimulation Conditions and Evaluation of VP24 ICso

Normalization with an internal control is crucial to reduce variability between
experiments and to develop a drug screening assay. In order to assess the
optimal concentration of IFN-a to use for quantifying the dose-dependent effect
of VP24 in our inhibition assay, we performed a curve of IFN-a using Renilla
luciferase as internal control for transfection. As shown in Figure 25a, IFN-a
activated the ISRE reporter gene expression concentration dependently. For
inhibition assay the concentration of agonist required to achieve a “maximum”
signal response corresponds to the 80% of stimulation, accordingly with

acceptance criteria for assay validation (P. W. Iversen et al., 2012). Hence, we
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used the concentration at the initial inflexion of the IFN curve (1 ng/mL), to
perform the VP24 dose-response assay. Cotransfection of HEK293T with
concentrations between 0.46 and 120 ng/well were utilized to create the dose-
dependence inhibition curve (Figure 25b) and the ICs0 value was calculated (30

ng/well). Thus, we chose this concentration for further drug screening assay

development.
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Figure 25. IFN stimulation assay and VP24 inhibition curve. (a) HEK293T cells were
transfected with pISRE-luc (60 ng/well), RL-TK (10 ng/well) and pcDNA3.1 (30
ng/well). 24 h after transfection, cells were stimulated with different concentrations of
IFN-a between 0.3 and 1000 ng/mL or left unstimulated. The medium was changed
after 8 h, and luciferase activity was measured. Results are shown as pISRE-luc fold
induction of stimulated cells over not stimulated control. Firefly luciferase activity is
normalized to the Renilla luciferase internal control. Error bars indicate the mean + SD.
(b) Regression curve of VP24 inhibition was obtained transfecting HEK293T cells with
reporter vector at the fixed concentration of 60 ng/well, RL-TK (10 ng/well) and EBOV
VP24-FLAG or empty vector in concentrations between 0.46 and 60 ng/well. Results are
shown as percentage of pISRE-luc activation in VP24 transfected cells over empty
vector transfected controls. Firefly luciferase activity is normalized to the Renilla
luciferase internal control. Error bars indicate the mean + SD.

3.2.3. Luciferase Assay Signal Stability

The stability of luciferase signal is a rilevant factor supporting drug
screening applications. The time-dependent decay of RLU generated from
our firefly luciferase activity was explored. After adding D-luciferin, the

luminescent signal generated from cells transfected with ISRE alone and
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with ISRE and VP24 was recorded every 5 minutes. As it is shown by the
luminescence decay curve (Figure 26a) the maximum level of

bioluminescence was reached 5 minutes after substrate addition, followed

by slow decay during 1 h.
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Figure 26. Time-dependent decay of luciferase activity. HEK293T cells cotransfected
with pISRE-luc and empty vector or pISRE-luc and VP24 were lysed. (a) After addition
of D-luciferin, luciferase signal was read over 1320 minutes. The relative decay is
reported by plotting RLU as a proportion of the RLU at to(100%). (b) Addition of D-
luciferin was performed at 0, 5, 10, 15 minutes after incubation with luciferase assay
buffer. The luciferase signal is reported by plotting RLU as a proportion of the RLU at t
= 0 minutes after addition of luciferase buffer (100%).

Because of reading a 96-well plates requires the readout signal to be stable
for about 20 minutes (10 sec/well), to minimize timing effects we decided to
read lines two by two, avoiding the problem of decay of the signal. The
time needed by the luminometer for reading two lines is 4.30 minutes, time
in which the signal is perfectly stable. We wanted to verify that the addition
of luciferase substrate at 0, 5, 10, 15 minutes after the incubation with
luciferase assay buffer for lines 1-2, lines 3-4, lines 5-6, lines 7-8 respectively
do not affect the intensity of signal obtained. In figure 26b we show that
even if harvesting and luciferase assay buffer are present for longer time in
the other lines compared to the first two, the intensity of the signal does not
change. Luminescence signal is expressed as percentage over the time = 0
minutes (to) value (100%) that represents the lines 1-2 where D-luciferin is

immediately added.
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3.2.4. Assay Validation

To achieve optimization, coefficients of variation (CV) were calculated for the
not stimulated controls (Min signal), for cells cotransfected with pISRE-luc and
pcDNA3.1 (Max signal) or VP24 (ICs0) (Mid signal) after stimulation with the
maximum signal response concentration of IFN-a (1 ng/mL). Representative
results are provided in Table 3. CV’s for each signal are less than 20% indicating

achieved acceptance criteria (P. W. Iversen et al., 2012).

Table 3. Well to well reproducibility of VP24 inhibition assay

Signal Coefficients of Variation, CV (%)
Min 6.1
Mid 4.6
Max 3.3

In order to assess the plate uniformity and to evaluate the signal variability
between different days, we performed inter-plate and inter-day tests. Plate-to-
plate or day-to-day variation in the 50% percent activity needs to be assessed
during a validation of a drug screening assay (P. W. Iversen et al., 2012). Thus,
we performed the tests evaluating as mid-point the signal obtained transfecting
cells with 30 ng/well of VP24 plasmid corresponding to the ICso value. In Table 4
are indicated the percentages of ISRE expression in presence of VP24 (ICso
value). The fold shift is not higher than 2 for both inter-day and inter-plate test,

confirming acceptance criteria for validation.

Table 4. Inter-plate and Inter-day tests for VP24 inhibition assay

Inter-plate Test pPISRE-luc pPISRE-luc
L. Inter-day Test ..
activation (%) activation(%)
Plate 1 52.4 Plate 1 49.3
Plate 2 50.8 Plate 2 49.0

Using the optimized reaction conditions previously calculated, the assay

procedures were validated in a Z-factor experiment. The Z-factor is a measure
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of assay quality that takes into account the standard deviation, the dynamic
range between positive and negative controls and the signal variation amongst
replicates. A scale of 0-1 is used, with values greater than or equal to 0.5
indicative of an excellent assay. For ISRE activation assay we calculated the Z’-
factor using HEK293T cells untreated or treated with IFN-a as negative and
positive controls, respectively. For inhibition assay, the Z-factor was measured
considering the difference in signal between cells cotransfected with pISRE-luc
and empty vector or pISRE-luc and VP24 expression plasmid. As shown in
Figure 27, the Z’- and Z-value for each assay plate were 0.62 for stimulation

assay and 0.53 for inhibition assay, indicating the robustness of the system.
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Figure 27. Z' and Z-factor determination for IFN-a stimulation and VP24 inhibition
assays. Firefly luciferase activity is normalized to the Renilla luciferase internal control.
Results are expressed as pISRE-luc fold induction over the unstimulated control. Z’-
and Z-factor were calculated as described in methods. (a) HEK293T cells were seeded
in 96-well plate and transfected with pISRE-luc (60 ng/well) and pcDNA3.1 (30
ng/well). 24 h post-transfection, 48 wells (S) were incubated with 1 ng/mL of IFN-a and
48 wells were left untreated (NS). (b) HEK293T cells seeded in 48 wells were
transfected with pISRE-luc (60 ng/well) and pcDNA3.1 (30 ng/well), and the ones in
other 48 wells were transfected with pISRE-luc and expression plasmid for VP24 (60
ng/well). 35 wells for each sample were stimulated with 1 ng/mL of IFN-a and 12 were
not stimulated.
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3.2.,5. Designing the Drug Screening Assay

For drug screening assay, HEK293T cells (1.5 x 10* cells/well) are
cotransfected with pISRE-luc and empty vector or VP24 expression plasmid. At
24 h post transfection, the cells are mocked treated or treated with IFN-«a in the
presence of compound at three different concentrations or DMSO. The
concentration of IFN-a (0.3 ng/mL) in the linear range of the IFN-a dose
response curve is used. At 8 h post-treatment, cells are harvested, and firefly
and renilla luciferase activities are measured. Positive controls of inhibition are
cells cotransfected with pISRE-luc and VP24 in presence of DMSO, negative
controls of inhibition are cells cotransfected with pISRE-luc and empty vector in
presence of DMSO. Luciferase activity is calculated as folds induction of
stimulated versus not stimulated controls as well as percentage of pISRE-luc
activation in VP24 transfected cells over empty vector transfected controls. A
plate map illustrating the layout of the screening plate, including well locations

of compounds, positive and negative controls, is represented in Figure 28.

Not
stimulated

pISRE-luc
+pcDNA3.1
+ DMSO

pISRE-luc
+ VP24
+ DMSO

Figure 28. Representative scheme of 96-well plate for drug screening
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3.2.6. IFN-a Partially Reverts VP24 Inhibition of JAK/STAT Cascade

The lack of inhibitors for VP24 inhibition of the JAK/STAT cascade does not
allow to have a positive control of restoration of the JAK/STAT cascade
activation in presence of VP24. However, to investigate the suitability of the
assay for drug screening, we evaluated the reversion of the effect of VP24 on
PISRE-luc activation mediated by IFN-a. HEK293T cells were cotransfected
with pISRE-luc and empty vector or VP24 expression plasmid at 30 ng/ml (ICso
value). In addition to the standard amount of IFN-a (0.3 ng/mL), we added
increasing concentrations of IFN-a (0.7, 3, 9.7 ng/mL). As shown in Figure 29,
IFN-a is able to partially revert the ISRE expression in presence of VP24,

demonstrating its inhibitory effect against the viral protein.
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Figure 29. Effect of IFN-a on VP24 inhibition of IFN signaling. HEK293T cells were
cotransfected with pISRE-luc (60 ng/well), RL-TK (10 ng/well) and pcDNA3.1 (30
ng/well). 24 h after transfection, cells were stimulated with 0.3 ng/mL of IFN-a. Then,
increasing concentrations of IFN-a were added. After 8 h of stimulation, the medium
was changed and luciferase activity was measured. Results are shown as percentage of
ISRE expression in VP24 transfected cells over empty vector transfected control. Firefly
luciferase activity is normalized to the Renilla luciferase internal control. Error bars
indicate the mean + SD.
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3.3. Discussion

Ebola virus has evolved multiple strategies to antagonize the IFN-a/[3 responses
in target cells such as macrophages, monocytes and dendritic cells, resulting in
total impairment of the innate immune system. An important contribution to
EBOV virulence is given by the protein VP35 through its suppression of IFN
production (Basler et al., 2003; Cardenas et al., 2006; Luthra et al., 2013; Prins et
al., 2009; Ramanan et al., 2011), but a crucial role is exerted by another viral
protein, VP24, that disables cells to contrast viral replication and propagation
by interfering with the IFN signaling (Basler and Amarasinghe, 2009; Ebihara et
al., 2006; Mateo et al., 2010; Reid et al., 2006, 2007; Wong et al., 2017; Zhang et
al., 2012). The early control of viremia is one of the keys for survival, thus
blocking EBOV VP24 action on the cellular immune response, is an important

subject for investigation and, hence, a validated pharmacological target.

Much work has been done in the last years to elucidate the function of EBOV
VP24 in IFN antagonism. These efforts have been conducted employing
different methods. Immunofluorescence analysis with multiple epitope tags,
such as phospho-specific antibodies for P-STAT1 or STAT1 fused to green
fluorescent protein (GFP), were used to demonstrate the ability of VP24 to
inhibit IFN-induced nuclear localization and tyrosine phosphorylation of
human STAT1. An equivalent effect was confirmed after EBOV infection of cells
(Mateo et al., 2010; Reid et al., 2006, 2007). Coimmuonoprecipitation studies
revealed that VP24 selectively interacts with KPNA (a1, a5 and a6), competing
with P-STAT1 for the same binding (Reid et al., 2006, 2007) and in vitro ELISA
assays were used to show that purified EBOV VP24 could also bind directly to
purified truncated STAT1 (Zhang et al., 2012). Subsequently, characterization of
the binding of EBOV VP24 to KPNa was performed by isothermal titration
calorimetry (ITC), in vitro pull down assay with recombinant expressed

proteins and computational analysis (Xu et al., 2015). In addition, X-ray
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crystallization analysis allowed the determination of the complex structure (Xu
et al, 2015). Affinity tagging coupled to label-free quantitative mass
spectrometry was used to identify potential interacting partners of VP24 and
confirmed the binding with KPNa (Garcia-Dorival et al., 2014). Reverse genetics
was used to identify the mutations correlated with the ability to evade type I
IFN responsible for the acquisition of the high virulence of adapted EBOV
Mayinga strain in mice (Ebihara et al., 2006). Among the variety of techniques,
the use of luciferase reporter assays to measure viral antagonist activity against
the IFN system has long been established to be robust and biologically relevant
(Mateo et al., 2010; Reid et al., 2006, 2007).

Our group has previously developed a luciferase assay gene reporter able to
quantify the inhibition of IFN system by EBOV VP35 that is used for testing
compounds against this protein (Cannas et al., 2015). Since with such system we
could study the inhibition of the first cascade of IFN production, the RIG-I
pathway, we decided to develop a new miniaturized luciferase assay that could
be used to study the second cascade of the IFN system, the JAK-STAT pathway.
We report here its use to measure the EBOV VP24 inhibition of the IFN
signaling in HEK293T cells, to be used as a screening system to identifying
EBOV VP24 inhibitors as well as to dissecting the interaction between EBOV

VP24 and its cellular partners.

Experiments were carried out in 96-well plates always at least in triplicates
allowing good statistical evaluation of the results and showing good
reproducibility. In addition, the use of 96-well plates allows to perform the
entire assay in only one plate avoiding a more complex experimental approach.
Luciferase assays done in 6-, 12-, 24-, 48- well plates imply that cell lysates are
moved from a big plate to another with more passages and the risk to lose

material. One advantage of this assay is that the luminescence signal derives
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effectively from all cells in the well and that the technique is absolutely faster

than traditional methods.

Various parameters of the microtransfection method were optimized: amount
of plasmids, amount of IFN-a and stimulation time. Measurements of luciferase
activity performed at various times yielded optimal results between 8 and 24 h
post transfection. Thus, the shorter 8 h incubation was chosen. In literature,
luciferase assay performed to evaluate EBOV VP24 inhibition requires at least
16 h of stimulation to measure the luminescence signal (He et al., 2017; Mateo et
al., 2011b; Reid et al., 2006, 2007; Schwarz et al., 2017). The present method
allows data to be obtained more rapidly. Conventional transfection assays also
require the use of high quantities of plasmids and reagents (Mateo et al., 2011b;
Reid et al., 2006, 2007), while in the present system, as little as 60 ng/well for
plasmid reporter can be used, compared to 1- 0.5 ug/well in 6-well plate (Mateo
et al, 2011b; Reid et al.,, 2006). Hence, the present method appears to be
extremely sensitive and allows a considerable economy of all reagents.
Moreover, the use of home-made reagents for reading luciferase activity is a
convenient and ultra-low-cost system compared to the use of highly expensive

commercial kits.

Our assay provides a convenient tool for large scale screening studies to
identify selective EBOV VP24 inhibitors as well as compounds subverting VP24
block of the IFN cascade. In fact, all acceptance criteria for drug screening
validation, including the Z’-factor analysis, were satisfied. In addition, the
expression of Renilla luciferase offers an internal control value with which the
tirefly luciferase reporter gene is normalized, providing a decrease in variability
and an increase in consistency. We confirmed the feasibility of the present assay
to be used for a rapid and quantitative evaluation of anti-EBOV VP24 agents.

Indeed, the experiment with the increasing concentrations of IFN-a suggested
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that it is possible to override the inhibitory effect of VP24 and partially restore

the IFN signaling in our system.

In conclusion, the development of a new dual cell-based assay able to quantify
the inhibition of IFN signaling by EBOV VP24 could have important
implications for future studies since it represents a suitable model for screening
compounds against a viral target for which no drugs are currently approved.
The enzymatic activity of luciferase and its normalization with the Renilla
internal control allows to achieve a robust assay performance as Z- and Z'-
factor calculations demonstrate. Overall, the present method offers multiple
advantages such as 100- to 1000-fold reduction in cells, plasmids and reagents
required, shorter time assay, reduced costs and rapid detection of molecules

anti-EBOV VP24.
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Chapter 4

Flavonoid Derivatives Inhibit EBOV VP24 Impairment of
the IFN Signaling Pathway

4.1. Introduction

It has been demonstrated that mutations of EBOV VP24 residues principally
involved in its IFN antagonism function, such as the substitution T50I, are
critical for the acquisition of the high virulence in animal models and thus can
contribute to the progression of the infection even in humans (Ebihara et al.,
2006). Finding a therapy targeting the IFN inhibitory function of VP24 leading
to the restoration of the IFN response has an obvious impact in the treatment of
EVD. Although the increasing and constant effort in the identification of VP24
inhibitors and despite recent progresses have been made in developing novel
techniques to test its function, nowadays no approved drugs are available
against such promising pharmacological target (Fanunza et al., 2018c). Several
in vitro, in vivo and in silico approaches have been attempted to identify
potential inhibitors among FDA-approved drugs, oligomers, peptides and
natural compounds (Daino et al., 2018; P. L. Iversen et al., 2012; Plesko et al,,
2015; Qiu et al., 2016; Raj and Varadwaj, 2016; Setlur et al., 2017; Shah et al., 2015;
Song et al., 2017; Tanaka et al., 2018; Zhao et al., 2016).

4.1.1. Repositioning of FDA Approved Drugs

Using a pharmacophore based virtual screening and docking study, the FDA-
approved Deslanoside and Digoxin with their respective analogues

(ZINC85911633 and ZINC77291634) have been identified, among 56 FDA-
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approved drugs, to possess in silico high binding affinity for VP24 (Shah et al.,
2015). Another FDA approved drug, Indinavir, known to inhibit the HIV
protease, was identified in silico to potentially interact with VP24 (PDB ID:
4M0Q) (Edwards et al., 2014) involving the same atoms to form hydrogen
bonds with both HIV protease and VP24 (Zhao et al., 2016).

4.1.2. Oligomers and Peptides

AVI-7537, a Phosphorodiamidate Morpholino Oligomer containing five
positively charged linkages (PMOplus) was designed based on the EBOV VP24
sequence (P. L. Iversen et al., 2012). AVI-7537 acts as steric inhibitor of gene
expression by physically blocking the binding of translation complex elements
to the VP24 transcript RNA. The suppression of VP24 translation by AVI-7537
resulted in mice and guinea pigs protection against EBOV lethal challenge (P. L.
Iversen et al., 2012). AVI-6003, a combination of PMOs AVI-7287 (targeting
VP24) and AVI-7288 (targeting NP) led to a survival of 100% in NHPs (P. L.
Iversen et al., 2012). Another strategy to identify novel viral proteins inhibitors
is the use of the RaPID system that allows the selection of high-affinity binders
from an mRNA library of non-standard peptides (Song et al., 2017). By this
approach, recently, a macrocyclic peptide binder for VP24, namely eVpeD2, has
been identified. It represents the first molecule that has been shown to inhibit
the VP24-KPNADJ5 protein—protein interaction (PPI) in a biochemical study with
an ICso value of 9 uM (Song et al., 2017).

Furthermore, Tanaka et al. used the capillary electrophoresis-systematic
evolution of ligands by exponential enrichment (CE-SELEX) to generate natural
and artificial nucleic acid aptamers with high-affinity for VP24. Since the

aptamers shared a common binding site with KPNA1 for the interaction with
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VP24, they showed to antagonize VP24 binding to KPNAI at sub-nanomolar
range (Ka = 0.1 nM) (Tanaka et al., 2018).

4.1.3. Natural Compounds

Three small molecules extracted from Indian medicinal plants, Limonin,
Samarcandin and Gummosin were reported to have in silico high docked
energy in complex with VP24 (Setlur et al.,, 2017). In addition, docking studies
revealed a high binding affinity of the VP24-KPNab complex (PDB ID: 4U2X) to
plant polyphenols such as Epigallocatechin gallate, 1,2,3,6-Tetragalloyl glucose
(1,2,3,6-TGG) and Theaflavin-3,3’-digallate (Plesko et al., 2015).

4.1.3.1. Flavonoids

Flavonoids are polyphenol chemical compounds characterized by a benzo-y-
pyrone structure (C6-C3-C6) in which the two aromatic rings are joined by a
three carbon chain, typically organized as an oxygenated heterocycle. The
interest in the research on flavonoids from plant sources is increasing due to
their versatile health benefits. In fact, among plant components, they have been
shown to possess a wide range of biological properties: antioxidant,
hepatoprotective, antibacterial, anti-inflammatory (Kumar and Pandey, 2013;
Umesh et al, 2018) and also antiviral activity (Cushnie and Lamb, 2005;
Sritularak et al., 2013). It has been shown that they are active against different
viruses such as Japanese encephalitis virus (Johari et al., 2012), Hepatitis B virus
(Guo et al., 2007), Dengue virus type-2 (Zandi et al., 2011), Herpes simplex virus
(S. Lee et al., 2017), Influenza virus (Bang et al., 2017; Liu et al., 2008) and
Human immunodeficiency virus (Esposito et al., 2013; Pasetto et al., 2014; Sanna
et al.,, 2018). Flavonoids have been reported to be active against EBOV entry or
to directly target EBOV viral proteins (Daino et al., 2018; Qiu et al., 2016).
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While no single flavonoid molecule has been tested against VP24 in vitro, recent
in silico studies reported that a number of them are potentially able to bind
different EBOV targets, including VP24 (Plesko et al., 2015; Raj and Varadwaj,
2016). In particular, Raj et al. described that Gossypetin (ST059622), Taxifolin
(ST060285) and Tricetin (ST101866) (Table 1) possess high docked energy in
complex with VP24, being potentially able to impair VP24 ability to disrupt the
JAK/STAT signaling pathway.

Starting from this observation we evaluated their activity in the biological assay
described in the previous chapter and we also performed a screening of
flavonoids with similar structure to Gossypetin, Taxifolin and Tricetin finding
some of them able to block VP24 leading to the restoration of the IFN signaling
cascade. They are the first compounds able to interfere specifically with the IFN

inhibitory function of VP24 in vitro.

Table 5. Chemical structures of Gossypetin, Taxifolin and Tricetin

Compounds  Structure

Gossypetin

Taxifolin

Tricetin
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4.2. Results

4.2.1. Gossypetin, Taxifolin and Tricetin Suppress VP24 IFN Inhibitory

Function

Using the dual-luciferase reporter system previously described in Chapter 3
(Fanunza et al., 2018c), we firstly wanted to verify whether Gossypetin,
Taxifolin and Tricetin were effectively able to affect VP24 anti-IFN function in
vitro. In brief, HEK293T cells were cotransfected with pISRE-luc, pRL-TK and
the expression plasmid for VP24. The stimulation with IFN-a resulted in 100%
of ISRE expression in cells not cotransfected with VP24, while VP24
cotransfected cells showed about 50% of inhibition of the IFN response. The
treatment of VP24 cotransfected cells with 10 uM of Gossypetin, Taxifolin and
Tricetin resulted in the partial restoration of the ISRE expression, demonstrating
that all three compounds were able to block VP24 inhibitory effect on IFN

signaling cascade in vitro (Figure 30).
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Figure 30. Inhibition of VP24 by Gossypetin, Taxifolin and Tricetin. HEK293T cells
were seeded in 96-well plate and cotransfected with pISRE-luc (60 ng/well), RL-TK (10
ng/well) and pcDNA3.1 (30 ng/well) or VP24 expression plasmid (30 ng/well). 24 h
after transfection, cells were stimulated for 8 h with 1 ng/mL of IFN-a and 10 uM of
Gossypetin, Taxifolin, Tricetin were added. Then, luciferase activity was measured.
Results are shown as percentage of ISRE expression in VP24 transfected cells over
empty vector transfected control. Firefly luciferase activity is normalized to the Renilla
luciferase internal control. Error bars indicate the mean + SD. *P<0.05, **P<0.01,
asterisks indicate a significant difference (two-tailed unpaired Student’s t-test, n=3).
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4.2.2. Quercetin and Wogonin Are Active Compounds Against VP24

To the aim of identifying more active compounds, we decided to screen a series
of other flavonoids such as Myricetin, Dihydromyricetin, Quercitrin, Quercetin,
Wogonin, Luteolin, Baicalein and Apigenin (Table 6) that share a similar
structure with Gossypetin, Taxifolin and Tricetin. Results showed that, when
tested in our dual-luciferase reporter system, two out of eight of the tested
flavonoids, namely Quercetin and Wogonin, significantly suppressed the IFN
inhibitory function of VP24 restoring IFN stimulation (Figure 31). In particular,
quercetin was able to restore, at 10 uM concentration, the ISRE expression from

~ 50% up to ~ 80%, in VP24 cotransfected cells, while Wogonin restored the

Table 6. Chemical structures of screened flavonoids

Compounds Structure Compounds  Structure
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pathway up to ~ 70% (Figure 31). Overall, among all tested flavonoids

Quercetin was the most effective in restoring the IFN stimulation at 10 uM

concentration.
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Figure 31. Effect of screened flavonoids on EBOV VP24 inhibition of IFN signaling.
HEK293T cells were transfected with pISRE-luc (60 ng/well), RL-TK (10 ng/well) and
pcDNA3.1 (30 ng/well) or EBOV VP24 expression plasmid (30 ng/well). 24 h after
transfection, cells were treated with 1 ng/mL of IFN-a and 10 uM of Myricetin,
Dihydromyricetin, Quercitrin, Quercetin, Wogonin, Luteolin, Baicalein or Apigenin.
After 8 h of stimulation, the medium was changed and luciferase activity was
measured. Results are shown as percentage of ISRE expression in VP24 transfected
cells over empty vector transfected control. Firefly luciferase activity is normalized to
the Renilla luciferase internal control. Error bars indicate the mean = SD. *P<0.05,
**P<0.01 and ***P<0.005, asterisks indicate a significant difference (two-tailed unpaired
Student’s t-test, n=3).

4.2.3. Active Compounds Specifically Target VP24 Not Altering ISRE

Expression

In order to verify whether these flavonoids acted by targeting specifically VP24
and not by enhancing the IFN response employing some VP24-independent
mechanisms, we tested them in the absence of the viral protein (Figure 32a and
32b). Results showed that none of the screened compounds enhanced the ISRE
expression in HEK293T cells, confirming that active compounds could

specifically interact with VP24. Of note, Myricetin and Dihydromyricetin
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reduced ISRE activation (Figure 32b). Indeed, Myricetin has been reported to
inhibit STAT1 phosphorylation (Scarabelli et al., 2009), and this can explain the
inhibition of the ISRE transcription. While no direct data are available for
Dihydromyricetin, and considering its structural diversity from Myricetin,

further studies are needed to understand its mechanism of action.
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Figure 32. Effect of screened compounds on ISRE expression. After 24 h of
cotransfection with pISRE-luc (60 ng/well), RL-TK (10 ng/well) and pcDNA3.1 (30
ng/well), HEK293T were stimulated for 8 h with 1 ng/mL of IFN-a and 10 pM of
Gossypetin, Taxifolin, Tricetin (a), Myricetin, Dihydromyricetin, Quercitrin, Quercetin,
Wogonin, Luteolin, Baicalein or Apigenin (b). Then, luciferase activity was read.
Results are shown as percentage of ISRE expression in compounds treated cells over
not treated control. Firefly luciferase activity is normalized to the Renilla luciferase
internal control. Error bars indicate the mean + SD of three independent experiments.

4.2.4. Dose-dependent Effect of Quercetin on VP24 Inhibition

Next, we wanted to better evaluate the effect of the most active compound,
Quercetin, on the VP24 block of the IFN signaling by performing a dose-
response curve in the presence of the same amount of VP24 plasmid. Of note,
Quercetin exhibited a dose-dependent reversion of the VP24 inhibition of the
ISRE IFN-dependent stimulation (Figure 33a) showing an ECso value of 7.4 uM

(Figure 33a). Quercetin cytotoxicity in HEK293T cells was also assessed,
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yielding 100% cell viability at concentrations between 3 uM and 30 pM and a
CC50 value >100 uM (Figure 33b), hence Quercetin showed a selectively index
(SI, CCs0/ICs0) >13.
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Figure 33 Quercetin dose-dependently inhibits VP24 IFN inhibitory function. (a)
HEK293T cells were cotransfected with pISRE-luc (60 ng/well), RL-TK (10 ng/well) and
VP24 plasmid (30 ng/well). 24 h after transfection, cells were stimulated with 1 ng/mL
of IFN-a and Quercetin (3 uM, 10 uM, 30 uM, 100 uM) was added to VP24 cotrasfected
cells. After 8 h, cells were lysed and luciferase was read. Results are shown as
percentage of VP24 inhibitory activity on ISRE expression using as positive control of
inhibition (100%) cells not treated with Quercetin. Firefly luciferase activity is
normalized to the Renilla luciferase internal control. Error bars indicate the mean + SD
of three independent experiments. (b) HEK293T cells were seeded in 96 well plate.
After 24 h, cells were treated with Quercetin (3 uM, 10 uM, 30 uM, 100 uM) and
cytotocicity was measured. Results are shown as percentage of cells counts treated
with Quercetin over not treated cells. Error bars indicate the mean = SD of three
independent experiments.

4.2.5. Quercetin Treatment Affects ISG15 mRNA Expression

We then wanted to examine the effect of Quercetin on the VP24 block of the IFN
signaling by using a different end-point, i.e. by assessing its efficacy on the
ISG15 gene expression. The high induction of ISG15 in response to IFN
stimulation suggests an important role for ISG15 in antiviral defense and, in fact,
ISG15 has been demonstrated to have a broad antiviral effect including
suppression of EBOV viral particles budding (Skaug and Chen, 2010). For this

reason ISG15 has been used as marker for IFN stimulation in a number of
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studies (Au et al., 1995; Loeb and Haas, 1992; Reich et al., 1987). Indeed, the
inhibition of the IFN signaling by viral proteins has been shown to determine to
the down-regulation of ISGs expression levels, including ISG15 (Guerra et al.,
2008; Jia et al., 2010; Mesman et al., 2014). Accordingly, our analysis confirmed
that VP24 was effectively able to inhibit ISG15 mRNA transcription in IFN-
stimulated cells as compared to cells transfected with an empty vector (Figure
34). Results also showed that Quercetin significantly restored the IFN-induced
ISG15 gene expression down-regulated by VP24 confirming that the compound

was effectively blocking VP24 function (Figure 34).
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Figure 34. Effect of Quercetin on ISG15 mRNA expression. HEK293T cells were
seeded in 6-well plate and transfected with pcDNA3.1 (30 ng/well) or VP24 plasmid (30
ng/well). After 24 h, cells were stimulated with 1 ng/mL of IFN-a and treated or not
with 30 uM of Quercetin. After 24 h, total RNA was extracted and RT-qPCR was
performed. Results are shown as percentage of ISG15 mRNA expression in VP24
cotrasfected cells (treated or not with Quercetin) over empty vector control. Error bars
indicate the mean + SD of three independent experiments. **P<0.01, two-tailed
unpaired Student’s t-test, n=3.

4.2.6. Evaluation of Quercetin Binding Mode on VP24-KPN«a Complex

Asking for more details on Quercetin/VP24 interaction, in cooperation with
Prof. Simona Distinto of the University of Cagliari, we performed in silico

molecular docking experiments to evaluate the putative binding mode of
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Quercetin on VP24. Among the available VP24 crystal structures, 4M0Q
(Edwards et al., 2014) currently has the best resolution (1.92 A) and, therefore,
we selected it for docking experiments performed by means of Glide-XP
(Friesner et al., 2006). The grid was set on the centroid of clustered residues
(reported above) interacting with KPNab (coordinates Grid point’s level for x,
y, z axis: -2,06, -21,53, -12,16). The default size of the box was increased of 5A for
both inner and outer box covering almost the whole protein. Then, the best
docking complexes were subjected to a post-docking procedure based on
energy minimization applying molecular mechanics generalized Born/surface
area (MM-GBSA) method and continuum solvation models (Kollman et al.,
2000). The most stable binding mode was analyzed showing that Quercetin
occupies a central position in the reported contact area between VP24 and

KPNa5 (Figure 35).

Figure 35. Three-dimensional representation of the putative binding mode obtained
by blind docking experiments of Quercetin into VP24.

The complex VP24- Quercetin resulted to be stabilized by hydrogen bonds with
the VP24 key residues N130, L201, E203, while additional residues are involved
in anchoring the compound i.e L127, W92 by hydrogen bonds and K218 by

cation—m interaction (Figure 36).
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Figure 36. Relative 2D representation of the complexes stabilizing interactions

Such in silico analysis allowed us to propose that the presence of Quercetin in such a
VP24 pocket, would prevent KPNa5 ARMs 7-10 to move close to VP24, ultimately

inhibiting the VP24 binding to KPNa5 (Figure 37).
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Figure 37. Alignment of Quercetin-VP24 complex obtained by docking experiment
with VP24 — KPNab5 reported in 4U2X PDB model (Xu et al., 2015)

4.2.7. Quercetin Blocks VP24 Inhibition of P-STAT1 Nuclear Transport

It is well known that KPNa5 is required for P-STAT1 transport to the nucleus
and the induction of the ISGs transcription. To demonstrate that, as suggested
by our in silico model, Quercetin was able to effectively interfere with the

binding between VP24 and KPNab, we evaluated the effect of the compound on
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P-STAT1 nuclear transport after a rapid (30 min) and massive stimulation with
IFN-a (150 ng/mL). As expected, in empty vector transfected cells, 100% of IFN-
stimulated cells were positive for nuclear P-STAT1, indicating the activation of
the IFN signaling cascade after IFN-a stimulation (Figure 38a and 38b).
Differently, in IFN-stimulated VP24 transfected cells P-STAT1 nuclear transport
was inhibited so that no P-STAT1 was detectable in the nuclei of these cells
(Figure 38a). Notably, in IFN-stimulated VP24 transfected cells treated with
Quercetin, there was a significant 20% of cells positive for nuclear P-STAT1
(Figure 38a and 38b). The fact that the compound was incubated only for 30 min
(instead of 8 h as in the dual-luciferase reporter assay) and with a robust dose of

IFN-a confirms that Quercetin rapidly blocks VP24 anti-IFN function.

FLAG P-STAT1 Nuclei Merge

EV

+
IFN-o.
VP24

+
IFN-o.
VP24

+ * *
IFN-o.

+

Quercetin
(a)

EV

86



1201 + IFN-a

<
< 1001
L}
% 801
7
o 60
Y-
§ 407
9 A
2 20- =
O‘ T T
> L8 $
?'33 QQ, ég’}
A &
Q° (©>
X
(»%
K

(b)

Figure 38. Effect of Quercetin on VP24 inhibition of P-STAT1 nuclear translocation.
(a) Row 1-2: Immunofluorescence of HEK293T cotrasfected with 2.5 ug/well of empty
vector (EV) not stimulated (row 1) or stimulated (row 2) with IFN-a (150 ng/mL) for 30
min. Row 3-4: Immunofluorescence of HEK293T cotrasfected with 2.5 pug/well of VP24
plasmid stimulated with IFN-a (150 ng/mL) for 30 min and not treated (row 3) or
treated (row 4) with Quercetin. Asterisk indicated P-STAT1 in the nucleus of a VP24
cell treated with Quercetin. All cells were stained for P-STAT1. Scale bar, 10 um. (b)
Percentage of positive cells for nuclear P-STAT1. Error bars represent the mean of three
individual experiments. ****P<0.0001, two-tailed unpaired Student’s t-test, n=3.

4.3. Discussion

Among the diversified antiviral strategies developed to contrast the different
steps of the viral life cycle, (Abner et al., 2018; Esposito and Tramontano, 2014;
Gastaminza et al., 2010; Sheahan et al.,, 2017; Van De Klundert et al., 2016),
interfering with the initial phases of the infection, such as the viral evasion of
the IFN system, is an attractive therapeutic approach against several types of
viruses (Jones et al., 2017; Khiar et al., 2017; Pizzolla et al., 2017; Zinzula and
Tramontano, 2013b). Since the EBOV inhibition of IFN response massively
contributes to the viral pathogenesis (Ebihara et al., 2006; Prins et al., 2010),
restoring the IFN system could represent an ideal strategy for EBOV control.

Several mutational studies confirm, in fact, VP24 as a therapeutic target
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(Darapaneni, 2014; Pinto et al., 2015; Plesko et al., 2015; Raj and Varadwaj, 2016;
Setlur et al., 2017; Zhao et al., 2016). However, few antiviral agents have been
tested in vitro against VP24 and only two molecules have been reported to
interfere with its binding to KPNab (Garcia-Dorival et al., 2014; P. L. Iversen et
al., 2012; Song et al., 2017; Tanaka et al., 2018; Warren et al., 2015). In this study
we showed for the first time that flavonoids are able to interfere with the ability
of VP24 to block the IFN signaling in cellular systems, and that Quercetin is the

most active compound among the ones that have been tested.

While the majority of the studies on Quercetin and its derivatives focused on
their therapeutic use against inflammation and cancer, also an antiviral activity
has been demonstrated on different viruses, including HCV (Khachatoorian et
al., 2012), Mayaro virus (Dos Santos et al., 2014), IAV (Kim et al., 2010), CHIKV
(Lani et al., 2015) and EBV (Lee et al., 2015). In this study, Quercetin was shown
to inhibit EBOV VP24 effects on IFN-induced stimulation with ICs value in the
low macromolar range, and to significantly restore the ISRE expression and the
ISG15 mRNA transcription. Docking studies on its putative binding mode
suggest that Quercetin locates in the interface between VP24 and KPNab
preventing their binding. This was confirmed by the ability of Quercetin to
rapidly affect the VP24 inhibition of P-STAT1 nuclear transport even in
presence of a high amount of IFN. Overall, given its anti-VP24 properties and
its selective index, Quercetin surely represents a very promising lead

compound for the development of novel EBOV therapeutics.
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Chapter 5

ZIKV NS2A and NS4B Inhibition of the Interferon
Signaling

5.1. Introduction

As described in the introduction, ZIKV is able to escape the IFN response using
different mechanisms and adopting multiple viral proteins to overcome the
host defense. While much work has been done to characterize the role of ZIKV
proteins in the inhibition of the IFN production cascade, little is known about
the proteins involved in the evasion of the IFN signaling pathway. ZIKV
NS2B/3 (Wu et al., 2017) and NS5 (Grant et al., 2016; Kumar et al., 2016) are the
only proteins already known to interfere with the JAK/STAT cascade, acting by
degradation of JAK1 and STAT2, respectively. In the attempt to identify
potential ZIKV-encoded IFN signaling antagonists, we evaluated the effect of
individual non-structural protein of ZIKV in our luciferase assay (see Chapter
3). We identified two novel ZIKV proteins able to inhibit the IFN signaling
pathway, NS2A and NS4B, and we further characterized their molecular

mechanism of action.

5.1.1. NS2A protein

NS2A is a small protein (20 kDa) associated with the endoplasmic reticulum. It
is implicated in multiple steps of the viral life cycle including virion assembly
(Leung et al., 2008) and genome replication (MacKenzie et al., 1998). In ZIKV,

NS2A relevantly contributes to the developing of the pathogenesis, disrupting
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mammalian cortical neurogenesis by degradation of adherens junction proteins
(Yoon et al.,, 2017). As already mentioned in Chapter 1, flaviviral NS2A is
implicated in the modulation of the host IFN response. Its role as interferon
antagonist has been described for DENV-2 (Munoz-Jordan et al., 2003), KUNV
(Liu et al., 2006, 2005, 2004), JEV (Tu et al., 2012) and also ZIKV (Kumar et al.,
2016; Wu et al., 2017; Xia et al., 2018). NS2A is responsible for the suppression of
IFN-B transcription, being an important determinant of virulence in KUNV (Liu
et al.,, 2006). In ZIKV, NS2A is known to interfere at the level of TBK1
phosphorylation blocking the IFN production (Kumar et al., 2016; Xia et al,,
2018). In JEV, it acts blocking PKR (Tu et al., 2012), while in DENV and WNYV, it
is reported to inhibit the IFN-a/f signaling (Liu et al., 2005; Munoz-Jordan et al.,
2003).

5.1.2. NS4B protein

NS4B is a highly hydrophobic protein with a molecular weight of about 27 kDa
and, like NS24, it is integrated in the endoplasmic reticulum membrane. NS4B
is a component of the viral replication complex (Westaway et al., 1997; Zou et
al., 2014). In addition, it mediates the virus-host interactions, by suppression of
the host RNA interference (Kakumani et al.,, 2013) and the IFN responses
(Cumberworth et al., 2017). N54B is known to block RIG-I pathway through an
interaction with STING during YFV infection (Ishikawa et al., 2009). Also in
ZIKV NS4B counteracts the via of RIG-I (Wu et al., 2017). It has been
demonstrated that a single mutation in ZIKV NS4B that causes greater disease
in mice was associated with a decreased IFNf3 production and diminished ISGs
expression, confirming the importance of NS4B as determinant of pathogenesis
(Gorman et al., 2018). Flaviviral NS4B is also implicated in IFN signaling

inhibition. DENV NS4B acts by suppressing the phosphorylation and nuclear
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transport of STAT1/STAT2. This function has also been reported for YFV and
WNV (Munoz-Jordan and Fredericksen, 2010). The first N-terminal 125 amino
acids are requested for IFN-I inhibition in DENV. It has been suggested that
residues 77-103 interact with cellular components involved in the IFN antiviral
defense (Munoz-Jordan et al., 2003; Munoz-Jordan and Fredericksen, 2010). In
addition, the anti-IFN function of NS4B depends on the presence of an N-
terminal signal peptide, named 2K. However, the 2K segment is not directly
involved in blocking IFN[ signaling, since its sequence is not specific and can
be substituted without loss of the IFN inhibitory function (Mufioz-Jordan et al.,
2005). In WNV NS4B amino acids 22 and 24 have been shown to be essential for

inhibition of the IFN response (Cumberworth et al., 2017).

5.2. Results
5.2.1. Effect of ZIKV Proteins on the IFN-a-induced ISRE Expression

To the aim of identifying ZIKV proteins able to inhibit the IFN signaling
pathway, we prepared a library of expression plasmids for the individual
proteins of ZIKV (NS1, NS2A, NS2B/3, NS3/4A, NS4B) and tested them for their
ability to suppress the IFN-a-induced ISRE-driven transcription in our dual-
luciferase reporter assay. In brief, HEK293T were cotransfected with pISRE-luc,
RL-TK and each plasmid for the ZIKV proteins. Then, cells were stimulated
with IFN-a and the luciferase activity was read (see Chapter 2 for details). As
positive control of inhibition, we used EBOV VP24 and ZIKV NS2B/3, known
inhibitors of the JAK/STAT cascade (Reid et al., 2006; Wu et al., 2017). Results
showed that, as expected, transfection with empty vector did not have any
effect on IFN-a-induced ISRE-driven transcription, while transfection with the
positive controls VP24 and NS2B/3 showed a high suppression of the luciferase

reporter activity (Figure 39). Notably, substantial suppression of IFN-a-induced
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ISRE expression was observed in cells expressing the NS2A and NS4B genes but
not in cells expressing the NS1 or NS3/4A genes (Figure 39). NS2A resulted
more efficient than NS4B reducing the ISRE transcription (~ 40% versus ~ 55%

of ISRE activation, respectively, with 60 ng/well of plasmid).
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Figure 39. Cotransfection with ZIKV NS2A and NS4B results in inhibition of ISRE
expression. HEK293T cells were transfected with pISRE-luc (60 ng/well), RL-TK (60
ng/well) and 60 ng/well of empty vector (EV) pcDNA3.1(+), or expression plasmid for
EBOV VP24 or ZIKV proteins. After 24 h, cells were stimulated with 10 ng/mL of IFN-«
for 8 h. Then, luciferase activity was read. Results are shown as percentage of pISRE-
luc activation in VP24/ZIKV proteins transfected cells over EV control. Each
experiment was done in triplicate. Error bars indicate the mean + SD. **P<0.01 and
***P<0.005, (two-tailed unpaired Student’s t-test, n=3).

5.2.2. NS2A and NS4B Suppress ISG15 and OAS1 mRNA Transcription

To confirm the inhibitory effect of NS2A and NS4B on ISRE transcription,
mRNA expression levels of two common ISGs, ISG15 and OAS1, were detected
by gRT-PCR in HEK293T cells cotransfected with the two proteins. Results
showed that the mRNA levels of ISG15 and OAS1 induced by IFN-a were
significantly reduced in cells cotransfected with NS2A and NS4B, compared to

empty vector cotransfected cells (Figure 40). NS2A expression resulted in the
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most dramatic reduction in both ISG15 and OAS1 mRNAs levels (Figure 40),

confirming the higher efficiency compared to NS4B in inhibiting the pathway.
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Figure 40. Effect of NS2A and NS4B on ISGs mRNA expression. HEK293T cells were
transfected with pcDNA3.1 (2.5 ug/well) or ZIKV NS2A or NS4B plasmid (2.5 ug/well).
After 24 h, cells were stimulated with 10 ng/mL of IFN-a. After 24 h, total RNA was
extracted and RT-qPCR was performed for evaluation of (a) ISG15 or (b) OAS1
transcript levels. Results are shown as fold inductions of ISG15/OAS1 mRNA
expression in IFN-a stimulated over not stimulated cells. Error bars indicate the mean
+ SD of three independent experiments. *P<0.05 and ***P<0.005, two-tailed unpaired
Student’s t-test, n=3.

5.2.3. NS2A and NS4B Inhibit the IFN-a-induced ISRE Transcription Dose-
Dependently and with Addictive Effect

Our gene reporter assay showed that transfection with NS2A resulted in the
strongest inhibition of IFN-a stimulation of ISRE compared to NS4B protein.
We performed a dose-response curve cotransfecting cells with increasing
concentration of each expression plasmid for the two proteins (1.8- 120 ng/well).
Calculating the ECs value, we found that NS2A and NS4B were able to dose-
dependently suppress the ISRE transcription, showing a ECso values of 40.15
ng/well and 93 ng/well, respectively (Figure 41), suggesting a higher potency of
NS2A inhibiting the system. In addition we tested the combined effect of the

two proteins and observed that the antagonistic effects of these proteins in the
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IFN signaling was stronger when these proteins were coexpressed with an ECso
value of 14.42 ng/well for both plasmids (synergistic effect).
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Figure 41. Dose-response curve of NS2A, NS4B and their combination. (a) Cells were
transfected with pISRE-luc (60 ng/well), RL-TK (60 ng/well) and empty vector (EV) or
NS2A/NS4B or both plasmids together (1.8-120 ng/well). After 8 h of IFN-«a stimulation,
luciferase activity was read. Results are shown as percentage of ISRE activation in viral
proteins transfected cells over EV control. Each experiment was done in triplicate.
Error bars indicate the mean + SD. (b) Isobolographic analysis diagram of the
interaction between NS2A and NS4B. The ECso values (red point for NS2A and green
point for NS4B) were the dose at 50% of ISRE inhibition. The straight line (additive line)
is made by dose NS2A and dose NS4B (ECso values). A value of combination (ECso
NS2A + NS4B) (blue point above additive line) indicated that the interaction is
synergistic.

5.2.4. NS2A Inhibits the IFN-a-Mediated STAT1 Phosphorylation

ZIKV NS2A exhibited the highest inhibitory effects on ISRE promoter
activation. Thus, given its impact on IFN signaling, we firstly focused on NS2A
for detailed analyses of its mechanism of action. As detailed in the introduction,
the induction of type I IFN occurs through the activation of a signal cascade
which results in the phosphorylation and translocation of the transcription
factors, STAT1 and STAT?2, from cytoplasm to the nucleus where they switch on
the ISRE promoter. To identify the key cellular targets of NS2A in the IFN
response pathway, we firstly examined phosphorylation of STAT1 at Tyr701
and its subcellular localization by immunofluorescence. HEK293T were

transfected with empty vector or expression plasmids for NS2A or EBOV VP24,
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known inhibitor of STAT1 nuclear transport (Reid et al., 2006). After
transfection, cells were incubated with IFN-a for 30 min and then were stained
for FLAG and P-STAT1 (green and red signals, respectively) (Figure 42). Results
showed that in cells transfected with empty vector and stimulated with IFN-a,
P-STAT1 was detectable in the nuclei (Figure 42, row 2), while - as expected - in
not stimulated cells no P-STAT1 was observed (Figure 42, row 1). Notably, in
cells transfected with NS2A plasmid, P-STAT1 was not detectable upon IFN-«
stimulation (Figure 42, row 3), while in cells transfected with EBOV VP24
plasmid P-STAT1 was observed only in the cytoplasm (Figure 42, row 4). This
clearly demonstrated that ZIKV NS2A is acting differently from EBOV VP24,

inhibiting STAT1 phosphorylation and not only P-STAT1 nuclear transport.

5.2.5. NS2A Suppress STAT1 Phosphorylation Not Degrading STAT1

The inhibition of STAT1 phosphorylation can be due to two events: the NS2A
binding and/or degradation of (i) STAT1 or (ii) inhibition of P-JAK1, the IFNAR
associated kinase responsible for the tyrosine phosphorylation of STATI. To
test the first hypothesis, we evaluated the presence of STAT1 in stimulated or
not stimulated empty vector/NS2A transfected cells, incubating them with an
antibody for total STAT1. Non-phosphorylated STAT1 is a constitutive
transcription factor expressed in the cytoplasm, even without IFN stimulation
(Ramana et al., 2000), as observed in empty vector cotransfected cells (Figure 43,
row 1). Upon IFN stimulation, STAT1 is activated and P-STAT1 enters into the
nucleus to promote the ISGs transcription (Figure 43, row 2). If NS2A was
inducing STAT1 degradation, a reduction in STAT1 signal would have been
observed in both stimulated and not stimulated NS2A cotransfected cells.

However, our results showed that in NS2A cotransfected cells STAT1 signal
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Figure 42. Inhibition of STAT1 phosphorylation mediated by NS2A.
Immunofluorescence of HEK293T cells with empty vector (EV) stimulated (row 2) or
not (row 1) with IFN-a. NS2A (row 3) and VP24 (row 4) transfected cells were
stimulated with IFN-a. FLAG (green) and P-STAT1 (red) signals were detected. Nuclei
(blue) were stained with Hoechst. Scale bar, 10 um.
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FLAG STAT1 Tot Nuclei Merge

Figure 43. NS2A was not degrading STAT1. Immunofluorescence of HEK293T cells
with empty vector (EV) stimulated (row 2) or not (row 1) with IFN-a. NS2A
transfected cells were stimulated (row 4) or not (row 3) with IFN-a. FLAG (green) and
total STAT1 (red) signals were detected. Nuclei (blue) were stained with Hoechst. Scale
bar, 10 pm.




was detectable, as in the sample cotransfected with the empty vector, regardless
of which stimulated condition was considered (Figure 43, rows 3 and 4). Of note,
in stimulated cells transfected with the NS2A plasmid the STAT1 signal was
detectable only in the cytoplasm, indicative of the presence of only non-
phosphorylated STAT1, since its nuclear transport did not occur (Figure 43, row
4). Thus, we confirmed that NS2A was blocking STAT1 phosphorylation but
not by the degradation of STATI.

5.2.6. NS2A Directly Targets P-JAK1

To further trace the upstream steps of NS2A inhibition of the IFN signaling
cascade, we examined whether JAK1 phosphorylation was also suppressed by
NS2A. The IFN-a binding to the IFNAR receptor results in activation through
phosphorylation of JAK1 to catalyze the sequential phosphorylation of STAT1.
We incubated IFN-a stimulated or not stimulated cells with the antibody for P-
JAK1 (Figure 44). As expected, P-JAK1 was distributed in the cytoplasm of only
stimulated cells, confirming the IFN-a-mediated activation of the JAK/STAT
pathway (Figure 44 row 2). Results also showed that in cells expressing NS2A
P-JAK1 was detectable, confirming that NS2A is not inhibiting the
phosphorylation of JAK1 or mediating its degradation. However, P-JAK1 was
found in colocalization with the NS2A signal (Figure 44 row 3), strongly
suggesting that NS2A is directly interacting with P-JAKI.

5.2.7. NS2A Blocks Nuclear Translocation of P-STAT?2

To further analyze the inhibition of IFN signaling by NS2A, we tested whether
NS2A was affecting the IFN-a-mediated phosphorylation of STAT2. We probed
HEK?293T cells with the antibody for P-STAT2. Results showed that, while no P-
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Figure 44. NS2A colocalizes with P-JAK1. Immunofluorescence of HEK293T cells with
empty vector (EV) stimulated (row 2) or not (row 1) with IFN-a. NS2A transfected cells
were stimulated (row 3) with IFN-a. NS2A FLAG (green) and P-JAK1 (red) signals
were detected. Nuclei (blue) were stained with Hoechst. Scale bar, 10 pm.




STAT2 was present in not stimulated cells (Figure 45, row 1), STAT2 was
phosphorylated in both IFN-a-stimulated empty vector (Figure 45, row 2) and
NS2A cells (Figure 45, row 3). This indicates that STAT2 phosphorylation is not
suppressed by the ZIKV NS2A protein. However, in cells transfected with
NS2A P-STAT2 was localized in the cytoplasm and not in the nucleus (Figure
45, row 3), in contrast with cells transfected with empty vector in which P-
STAT2 had a nuclear localization (Figure 45, row 2). A possible explanation of
this result is that the inhibition of STAT1 phosphorylation impedes the
assembly of the heterotrimeric complex, ISGF3, constituted by P-STAT1, P-
STAT2 and IRF9, thus P-STAT2 alone cannot enter into the nucleus (Banningeri
and Reich, 2004). Notably, our results revealed also that P-STAT2 was
colocalizing with the NS2A signal, suggesting a potential interaction also

between NS2A and P-STAT?2.

FLAG P-STAT2 Nuclei Merge

EV
+
IFN-o.

Figure 45. Nuclear transport of NS2A is blocked after NS2A expression.
Immunofluorescence of HEK293T transfected with empty vector (EV) (rows 1 and 2) or
NS2A (row 3) plasmids. After stimulation with IFN-«, cells were probed for FLAG
(green) and P-STAT2 (red). Nuclei (blue) were stained with Hoechst. Scale bar, 10 um.
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5.2.8. NS4B Effect on STAT1 and STAT2 Phosphorylation

Subsequently, the NS4B mechanism of IFN signaling inhibition was examined.
We evaluated the effect of NS54B on the IFN-mediated STAT1 and STAT2
phosphorylation. Results showed that, while NS4B weakly inhibit the STAT1
phosphorylation (data not shown), it was able to strongly inhibit the STAT2

phosphorylation (Figure 46 row 2).

FLAG P-STAT2 Nuclei Merge

EV

IFN-o

NS4B

IFN-o.

Figure 46. Effect of NS4B on IFN signaling cascade. Inmunofluorescence of HEK293T
cells transfected with empty vector (EV) (row 1) and NS4B (row 2) expression
plasmids, stimulated with IFN-a and stained for P-STAT?2. Scale bar, 10 pm.

5.3. Discussion

Our results showed two novel mechanisms adopted by ZIKV to hinder the IFN
signaling cascade. Viral proteins NS2A and NS4B were found to be responsible
for that effect. In fact, expression of NS2A and NS4B resulted in the dose-
dependent inhibition of the ISRE transcription and in the significant reduction
of the transcript levels of ISG15 and OAS1. NS2A was demonstrated to be more
efficient than NS4B in blocking the IFN-a-induced ISRE in the dual-luciferase
assay as well as the ISGs mRNA transcription. In addition, the combination of
the two proteins resulted in a substantial reduction of the ISRE transcription,

revealing a synergistic effect of the two viral proteins. This was also observed
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after coexpression of DENV-2 NS2A, NS4A and NS4B that implicated an
enhanced replication of an IFN-sensitive virus (Munoz-Jordan et al., 2003).
Examining the mechanism of action of NS2A, it was observed that it
counteracts with two steps of the JAK/STAT pathway: (i) interacting with P-
JAK1, thus blocking the STAT1 phosphorylation, (ii) interacting with P-STAT2,
thus blocking its nuclear transport. The observation that NS2A targets multiple
steps of the cascade may explain the stronger effect in inhibiting the IFN
signaling as compared to N54B, which was shown to strongly inhibit only the
STAT2 phosphorylation.

NS2A is a known antagonist of the IFN-«a/f3 signaling in other flaviviruses. The
only reported NS2A mechanism of action is the suppression of the nuclear
translocation of P-STAT2 by KUNV (Liu et al.,, 2005). Immunofluorescence
analysis with anti-STAT2 antibody revealed no presence of STAT2 in the
nucleus after IFN-f3 treatment in A549 cells transfected with KUNV NS2A,
demonstrating its ability to interfere not a level of STAT2 phosphorylation but
at the step of P-STAT2 nuclear transport (Liu et al., 2005). This is consistent with
our results, in which also ZIKV NS2A is able to block the same step. The
phylogenetic analysis of ZIKV NS2A and the other flaviviruses, including
KUNYV, supported the strong correlation between ZIKV NS2A and KUNYV,
showing a 97% bootstrap value (Figure 47). However, the alignment of ZIKV
and KUNV NS2A amino acid sequence showed a low identity (34.26%) that
could be explained by the fact that such identity was calculated taking into
consideration the entire protein and not only the isolated anti-IFN function

domain, which was not possible since it is not well characterized yet.

In regards to the flaviviral protein NS4B, it has been shown that it is able to
interfere with both STAT1 and STAT2 phosphorylation. NS4B of DENV-2
(16681 strain), WNV (NY strain), and YFV (YF vaccine 17D, YFV1) were found
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Figure 47. Neighbor joining tree of flaviviral NS2A. The phylogenetic relationship
between flaviviral NS2A was analyzed through the construction of phylogenetic trees
using a neighbor-joining (NJ) method. The red lines belong to the subgroup of ZIKV
NS2A, which includes our NS2A sequence and KUNV NS2A (red triangles).
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to block STAT-1 phosphorylation and thus ISG induction (Munoz-Jordan et al.,
2003; Mufioz-Jordan et al., 2005). In KUNV, NS4B was reported to block STAT1
but also STAT2 phosphorylation (Liu et al., 2005) with E22 and K24 residues
reported to control IFN resistance in cells expressing subgenomic replicons
(Evans and Seeger, 2007). In fact, substitution of these residues with alanine
exhibited stimulation of the IFN pathway in cells transfected with the mutant
NS4B, as seen by induced STAT1 phosphorylation. The residue E22 (but not
K24 that in ZIKV lysine substituted with alanine) is present also in ZIKV NS4B

sequence, suggesting that this residue could be involved in the IFN inhibition.

However, the characterization of the IFN signaling inhibition mediated by
NS4B in different flaviviruses is complicated because of the strain-specific
differences. For example, some DENYV strains with different serotypes (TSV01-
DENV-2, SG167-DENV-1, MY02569-DENV-1, MY10340-DENV-2) were not
reported to block STAT1 IFN-f-mediated phosphorylation, while NGC-DENV-
2, MY10245-DENV-1, MY22563-DENV-2, and MY22713-DENV-4 serotypes
showed this inhibitory activity. Our phylogenetic analysis of ZIKV NS4B
showed a statistical correlation with DENV with 84% of bootstrap value, even if
the amino acid conservation was moderate, being the sequence identity
between the entire ZIKV NS4B protein and DENV-1, DENV-3 and DENV-4
NS4B proteins in the range of 25-33% (Figure 48). A higher NS4B amino acid
identity (41-45%) was observed between ZIKV and different strains of DENV-2.
It would be important to deeply investigate NS54B domains involved in P-

STAT1 or P-STAT2 inhibition since the full scenario is still missing (Figure 48).

Overall, these results give significant insights into the role of ZIKV NS2A and
NS4B proteins as IFN signaling antagonists. Given that the IFN inhibition
contributes to ZIKV pathogenicity, NS2A and NS4B proteins may be potential

targets for the development of new antiviral agents.

104



‘)7(” DEN26
;); L DEN27
gal- N
+ DENZ28
100/l pENDY
i DEN2P
04 - DEN2Q
56, DEN4H
DEN4P
ﬁ DEN4T
100 3 DEN4D
o0~ DEN4S
54- DEN1S
1001 DEN1W
- DEN1B
TS 8()] DEN3M
84 - DEN3S
l(mL’ DEN3I
6 DEN3C
65 DEN3P
100, A ZIKVKU991811
11)(1!*] ZIKVF
% L— ZIKV
100 ’l» SPOV ADA1I9RZV1
)

43

SPOVADA1I9RZV2
“';. SPOV AOA2L1GGB4
55 SPOVCBXPB6

99— KUNV

100 E WNVO
WINV

100 —— USWV
J JEV1
|

100

94, YFVU
I YFVE
YFVN
YFVT
YFVF
YFVI
YFVC
YFV1
YFVA
—— POWVL
- LGTV TP21
100 L] — TBEVS
' TBEVH
g9t TBEVW

— JEVS
L
0L Ew

100

94
61

51

46

o8t

0.1

Figure 48. Neighbor joining tree of flaviviral NS4B. The phylogenetic relationship
between flaviviral NS4B was analyzed through the construction of phylogenetic trees
using a NJ method. The green lines belong to the subgroup of ZIKV NS4B.
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Chapter 6

Conclusions

The IFN system is of crucial importance preventing viral recognition and thus
the progression of infection. A number of RNA viruses, including EBOV and
ZIKV, encode proteins that display IFN-antagonism properties circumventing
the host innate immune system. The impact of this counteraction is particularly
evident for EBOV since the fatal outcome has been related to the viral ability to
subvert the type I IFN response helping the systemic spread of the virus and
causing the excessive production of cytokines and mediators that lead to the
impairment of the vascular system and failure of adaptive immunity (Bray,
2005). Also ZIKV impairment of the IFN response contributes to the severity of
the disease (Gorman et al., 2018; Xia et al., 2018). This is clear since it has been
demonstrated that the more virulent strains of ZIKV have evolved several
mutations in proteins involved in IFN evasion resulting in an increased

virulence compared to old strains.

Several antiviral agents have been tested against EBOV and ZIKV (da Silva et
al., 2018; Fanunza et al., 2018a). They are mainly directed against viral entry and
replication. However, none of them has been approved. The lack of efficacious
therapies highlights the need to identify novel antiviral approaches especially
targeting the initial stages of the viral infection. The aim of my project was to
focus on the EBOV and ZIKV host interactions, characterizing their molecular
mechanisms of IFN evasion in order to develop a specific antiviral strategy

based on the restoration of the IFN response.

To this aim, a novel dual gene reporter assay was firstly established. This cell-

based assay represents an efficient model to evaluate the IFN induction and its

106




inhibition by viral proteins. In brief, HEK293T cells are transfected with the
PISRE-luc, in which firefly luciferase gene expression is regulated through the
ISRE element, and the activation of the ISRE expression is mediated by the
exogenous stimulation with IFN-a. This system provides excellent specificity
and high reproducibility that allowed to validate the assay for drug screening

(Fanunza et al., 2018c).

Among EBOV encoded proteins, VP24 is a valuable pharmacological target
(Ebihara et al., 2006). In fact, its suppression of type I IFN signaling is of great
importance since it crucially contributes to the EBOV high virulence (Ebihara et
al., 2006). Hence, we firstly tested the effect of VP24 in the ISRE stimulation
assay in order to optimize all the conditions to use the system for screening
compounds against VP24. Results showed that VP24 was inhibiting dose-
dependently the ISRE transcription with a VP24 plasmid ICs value of 30
ng/well. The assay validation included the observation that the strong pathway
inhibition by VP24 could be restored by adding increasing amounts of IFN-a,
confirming the possibility to revert the effect of VP24 by compounds (Fanunza

et al., 2018¢).

It is well known that plants have shown promise to treatment of a number of
viral infections (Di Petrillo et al, 2017; Sanna et al.,, 2018). Among plants’
components, flavonoids exert several biological properties: anti-inflammatory,
antioxidant, hepatoprotective, antibacterial (Kumar and Pandey, 2013; Umesh
et al., 2018) and also antiviral activity (Cushnie and Lamb, 2005; Sritularak et al.,
2013). Flavonoids have been shown to be active against EBOV entry and also to
directly target EBOV viral proteins such as VP35 (Qiu et al., 2016; Daino et al.,
2018). Based on in silico studies, a few flavonoid compounds have been
proposed to be potentially active on VP24 (Raj and Varadwaj, 2016), however

none of them has been tested against VP24 in vitro. Hence, in order to identify
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potential VP24 inhibitors, we screened different flavonoids and found for the
tirst time compounds effectively targeting VP24 in vitro blocking its function on
IFN signaling. Among them, Quercetin was the most active compound.
Combining cell-based and computational analysis, we demonstrated that
Quercetin was specifically blocking the VP24 IFN inhibitory function. The
compound almost completely restored the IFN signaling cascade, showing an
ICs value of 7.4 pM in the dual-luciferase assay, and reverted the ISG15
transcript levels expression. We showed that the binding of Quercetin to VP24
compromised the interaction between the viral protein and KPNa5, which is
the key element for VP24 IFN inhibitory effect (Mateo et al., 2010; Reid et al.,
2006, 2007). This was confirmed by the fact that in presence of Quercetin the
nuclear transport of STAT1 was significantly restored in VP24 expressing cells.
Based on these evidences, Quercetin represents a very promising hit for the

development of anti-EBOV drugs.

Finally, the third part of the thesis comprises the first study describing a novel
function for the accessory proteins of ZIKV NS2A and NS4B and shows that
they play an important role in viral antagonism of the type I IFN response. In
fact, NS2A and NS4B dose-dependently inhibited the ISRE transcription and
the mRNA transcription of ISG15 and OASI interfering at the levels of STAT1
and STAT2 phosphorylation. The two proteins are known antagonists of the
IFN signaling in other member of the same family of ZIKV, including DENV,
WNV and YFV (Ye et al., 2013). However, since the entire NS2A and NS4B
sequence are not highly conserved among flaviruses, further studies are
requested to understand if at least their IFN-inhibitory domains are well

conserved.

In conclusion, this thesis exploits diverse strategies of IFN evasion adopted by

two viruses, EBOV and ZIKV, belonging to different families, Filoviridae and
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Flaviviridae, displaying both IFN antagonist properties. To the best of our
knowledge, for the first time, results from this dissertation identified new
antiviral candidates against EBOV VP24 and novel pharmacological targets
among ZIKV proteins. These studies provide the groundwork for a new
prospective area in the field of EBOV and ZIKV research, in particular in the
development of an antiviral countermeasure addressed to the restoration of IFN

response as a powerful approach to early control viral infections.
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