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My PhD activities

During the three years (2017-2020) of my attendance at the Doctoral School in Biochemistry and Molecular
Biology, | joined the laboratory of Microbiology and Virology at the Department of Medical Biotechnologies
of the University of Siena. The Department has been hosting the HIV Monitoring Laboratory (HML), started
as a public health service and involved in a number of Human Immunodeficiency Virus (HIV) related
research projects, since 1990. In the last few years, the HML has extended the research activity on
emerging and re-emerging flaviviruses, including Dengue (DENV), West Nile (WNV) and Zika (ZIKV) Viruses.
Moreover, due to the ongoing Coronavirus Disease 2019 (COVID-19) emergency, part of the research
activity has been also directed to the newly discovered Severe Acute Respiratory Syndrome Coronavirus-2
(SARS-CoV-2).

Viruses are important agents able to cause many human diseases, ranging from mild to moderate and in
some cases lethal infections. Generally, viral diseases can be distinguished into acute and chronic viral
diseases. An acute viral infection is usually characterized by a rapid onset of disease, with mild to severe
symptoms, followed by the resolution of the disease in a short time, with severe cases also leading to death
rapidly. Conversely, in chronic viral infections, the virus persists in specific cells of the infected host in a
variety of forms including true latency, continuous replication or alternating stages of silent and productive
infection that can lead to severe consequences for the host (Deigendesch and Stenzel, 2018).

Currently, the main strategy for combating viral infections is a combination of large-scale vaccination and
the use of antiviral drugs to treat disease cases. However, vaccines are available only for a minority of viral
pathogens, thus the demand for new antiviral strategies has significantly increased. Factors contributing to
this growing demand include the ever-increasing prevalence of chronic viral infections, the emergence of
new and more infectious viruses and the re-emergence of old viruses. Indeed, due to the globalization and
climate changes, viruses confined in specific and isolated areas are re-emerging and rapidly spreading to
new geographic areas (Pierson and Diamond, 2020). While impressive advances in de novo drug design
have significantly expedited drug discovery in the last decade, the process leading to the approval of new
drugs takes a long time and remains economically challenging. As a workaround to this issue, drug
repurposing has increasingly gained attention as a cost- and time-saving strategy to deliver safe and
effective treatment. Anyway, the assessment of antiviral effects in vitro is a key approach for the screening
of either de novo or repurposed candidate compounds. Among the variety of methods that have been
developed, cell-based assays are the most valuable methods to define antiviral activity (Boldescu et al.,
2017; Gong, 2013).

During my PhD, attending a lab with a strong focus in the area of antiviral drug discovery and a variety of
running projects, gave me the opportunity to participate to multiple antiviral drug related activities.

We developed a robust, easy-to-perform and fast flavivirus immunodetection assay, which allows the
quantification of ZIKV and DENV viral antigen in infected cells. The system uses a specific monoclonal
antibody which binds to the fusion loop of domain Il of the envelope protein, which is conserved among
flaviviruses. The protocol was thoroughly assessed in terms of precision and accuracy and validated by
determining the inhibitory effect of reference compounds (i.e. sofosbuvir and ribavirin). This assay can be
applied as the read-out of a direct yield reduction assay and viral stocks generated during the first
replication cycle can be transferred to a second cell culture in the absence of drug, to better characterize
antiviral activity exerted at steps occurring later than envelope expression (Vicenti et al., 2020a).

Some studies reported that sofosbuvir, an RNA-dependent RNA polymerase (RdRp) inhibitor licensed for
the treatment of Hepatitis C Virus (HCV) infection, exerts a measurable antiviral activity against the
flaviviruses ZIKV and Yellow Fever Virus (YFV), both in vitro and in animal models, as well as against DENV in
vitro. Since the flavivirus RdRp-coding non-structural protein 5 (NS5) is well conserved among flaviviruses,
we investigated whether sofosbuvir may have an activity against WNV. Following exhaustive in vitro



experiments, we described for the first time sofosbuvir antiviral activity against WNV in the low micromolar
range, as well as its genetic barrier through in vitro resistance selection experiments. Moreover, two
collaborations, one with the Biophysics Institute of the National Research Council (Milano) and another
with the Department of Biotechnology, Chemistry and Pharmacy of the University of Siena, allowed us to
define the in vitro enzymatic activity of sofosbuvir using the purified WNV RdRp and to assess the role of
the mutations observed during in vitro selection experiments through molecular docking experiments,
respectively (Dragoni et al., 2020).

In the area of drug discovery, the HML is currently engaged in a project titled “ORIGINALE CHEMIAE in
Antiviral Strategy” which was granted as a PRIN proposal (Progetti di Ricerca di Rilevante Interesse
Nazionale). The project is aimed at exploiting Multi-Component Chemistry to synthesize promising broad-
spectrum antivirals, which represent an attractive option to treat new emerging viral diseases. The project
consists in a network of laboratories working in antiviral drug discovery and development from different
Italian Universities (Tuscia, Parma, Roma Tor Vergata, Perugia, Siena and Roma Sapienza). The HML task in
this project is to define the antiviral activity of candidate molecules in in vitro standardized virus-cell
systems, against DENV, WNV, ZIKV, HIV-1 and the newly discovered SARS-CoV-2.

Italy has been one of the most and earliest affected countries by the SARS-CoV-2 pandemic. To trace SARS-
COV-2 evolution, an Italian network named SCIRE (SARS-CoV-2 Italian Research Enterprise) was composed,
consisting of 14 clinical centers, including the HML. The main objective of the SCIRE group was to
characterize the COVID-19 Italian outbreak by full-length SARS-CoV-2 genome analysis during the first wave
of the pandemic. Although the virus has been remarkably stable in its genetic make-up so far, molecular
surveillance is warranted to follow the epidemic and deliver knowledge on the correlation between virus
variants and clinically relevant properties, such as transmission rates, disease severity, response to
treatment (Lai et al., 2020).

The introduction and continuous progress of antiretroviral therapy (ART) has brought a dramatic
improvement of the quality and duration of life of HIV positive people, transforming HIV-1 infection from a
fatal disease to a chronic manageable condition. However, ART is not able to clear the infection, since HIV-1
is able to persist in infected cells for several years. Therefore, strategies to eradicate or control HIV-1
without ART are a high priority. In recent years, most efforts have been focused on the so-called “Shock
and kill” strategy. Few recent studies suggest that Maraviroc (MVC), the first approved anti-HIV-1 agent
targeting a cellular factor, may exert a latency reversing activity in addition to its antiviral activity, hence
representing a unique drug capable of combining the ability to awaken the latent provirus and block new
infections. However, since the potential of MVC as a latency reversing agent was based on limited
published data (Lépez-Huertas et al.,, 2017; Ldopez-Huertas et al., 2020; Madrid-Elena et al., 2018), we
investigated MVC ability to mediate HIV-1 induction in three cell line models, as well as in ex vivo CD4 T
cells collected from six patients with suppressed viremia (Vicenti et al., 2020b).



1. Introduction — Flaviviruses

1.1 General overview and epidemiology

The Flaviviridae family includes four different genera of spherical and enveloped viruses with unsegmented
positive-strand RNA. Among them, the Flavivirus genus includes more than 70 viruses, prevalently
transmitted by insect vectors, mainly the Aedes and Culex mosquitoes; thus, they are included in the
arbovirus (arthropod-borne) ecological group (Lindenbach et al., 2007; Payne, 2017). Flaviviruses include
clinically relevant human pathogens such as Dengue (DENV), West Nile (WNV), Yellow Fever (YFV) and Zika
(ZIKV) viruses. In the last years, these pathogens have dramatically increased in their incidence, disease
severity and/or geographic range (www.who.int). This epidemic potential is related to many factors, such
as adaptation of insect vectors, climatic change, deforestation and globalization. As a matter of fact, it is
estimated that half of the global population may be at risk of infection with one or more of these viruses
(Huang et al., 2014; Pierson and Diamond, 2020).

WNV was first isolated in 1937 (Smithburn et al., 1940) and since then, only few sporadic infections,
characterized by a typically self-limited and minor illness, were reported in regions of Africa, the Middle
East, Asia and Australia. However, in 1999 a WNV strain was responsible for a large and dramatic outbreak
in New York City, that caused severe neurologic disease in seven humans in the New York area, as well as a
large number of avian and equine deaths, spreading throughout the USA in the following years. Nowadays,
WNYV is endemic in Africa, Europe, Asia, north America, Australia, and the Middle East, with increasing
number of human cases reporting severe diseases (Clark and Schaefer, 2020; Pierson and Diamond, 2020;
www.who.int). Up to nine different WNV genetic lineages have been identified (Fall et al., 2017). The
strains most often involved in human outbreaks, and thus clinically relevant, belong to lineages 1 and 2.
Viruses from lineage 1 are divided in two clades, Clade 1a and Clade 1b, and they have been mostly isolated
in Africa, Europe, Middle East, Asia, Oceania and north America (Fall et al., 2017), with Clade 1a more
frequently associated to neurological outcome. Lineage 2 isolates appear to be less virulent to humans than
lineage 1 and are found prevalently in Sub Saharan Africa, even though outbreaks both in animals and
humans have been reported in central and eastern Europe (Donadieu et al., 2013; Magurano et al., 2012).

Since its discovery in 1947 (Dick et al., 1952), ZIKV remained confined to the equatorial zone across Africa
and Asia, causing sporadic mild-febrile illness in a small number of humans. However, in 2007 a severe
human outbreak was reported in Yap Island, followed by another large outbreak in French Polynesia and
other Pacific Islands (Song et al., 2017). Later on, ZIKV rapidly spread to Brazil and other regions of the
Americas, resulting in millions of infections. By March 2016, ZIKV transmission had been reported in 34
south and central American countries and territories (Faria et al., 2016; Fauci and Morens, 2016; Pierson
and Diamond, 2020). Differently from previous outbreaks, ZIKV infection caused unique clinical features,
including congenital malformations and other neurological disorders, leading the World Health
Organization (WHO) to declare ZIKV “a public health emergency of international concern” (Hastings and
Fikrig, 2017; WHO Report, 2016). Phylogenetic studies have revealed that ZIKV has evolved into African and
Asian lineages (Liu et al., 2017). The African lineage strains circulated in central Africa, Senegal, Uganda and
Nigeria and they were mainly detected from samples of enzootic vectors. The Asian lineage was mainly
isolated throughout southeast Asia as Micronesia, Cambodia and French Polynesia. Following the
introduction of ZIKV into the Americas, a new lineage within this cluster (lately defined as American strain)
emerged, which has been responsible for the recent epidemics (Weaver et al.,, 2016). Interestingly,
compared with the pre-epidemic strains from Asian lineage, the American epidemic strain has undergone
the A188V substitution of NS1 protein, likely responsible for enhanced pathogenicity and increased disease
severity (Liu et al., 2017; Pierson and Diamond, 2020; Xia et al., 2018). In 2019, all over the Americas about
35,000 ZIKV infections were reported (www.paho.org).

DENV is endemic in more than 100 countries of the southeast Asia, the Americas, the western Pacific, Africa
and the eastern Mediterranean regions (www.who.int). Over the past 70 years, the number of people
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infected has increased about 30-fold, making DENV the most prevalent arthropod-borne viral disease in the
world. DENV causes an estimated 390 million total infections, 100 million clinically apparent cases and
500,000 presentations of severe dengue per year worldwide, and frequent DENV outbreaks have
progressively increased in recent years (Bhatt et al., 2013; Maria G. Guzman and Harris, 2015; Pierson and
Diamond, 2020). DENV is classified into four serotypes (DENV-1, DENV-2, DENV-3 and DENV-4) sharing
limited homology (around 60-75%) at amino acid level. Within the same serotype, viruses differ about 3%
at amino acid level, 6% at nucleotide level and are phylogenetically divided into genotypes and clades.
Genetic variations between serotypes and clades are important determinants of differential viral fitness,
virulence, and epidemic potential (M.G. Guzman and Harris, 2015; Weaver and Vasilakis, 2009). All four
DENV serotypes circulate together in tropical and subtropical regions; however, the serotype 2 seems to be
associated with increased disease severity (Chen et al., 2007; Vaughn et al., 2000).

1.2 Genome organization and structure

Flavivirus virions are around 50 nm in diameter, surrounded by a lipid envelope with surface proteins
arranged in icosahedral-like symmetry and containing a single genomic RNA of positive-sense polarity of
nearly 11 kb in length. The flavivirus genome (Fig 1) contains a single open reading frame, which is flanked
by 5’ and 3’ untranslated regions (UTR), encoding a large polyprotein that is post-translationally cleaved by
host and viral proteases (Lindenbach et al., 2007; Pierson and Diamond, 2020).

Y ¥ ¥ ¥ NSI2B Yy 2K y
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Fig 1. Flavivirus genome organization and structure. The genome is translated as a polyprotein, which is subsequently
cleaved by viral and host cell proteases, which are indicated in the figure. (Adapted from Pierson and Diamond, 2020)

The non-coding 5'UTR of flaviviruses is around 100 nucleotides in length and is not well conserved among
different flaviviruses. It contains a methyl-G-cap structure and two conserved stem-loop regions with
secondary structures within this region, modulating viral RNA synthesis and translation. The non-coding
3'UTR ranges from 400 to 700 nucleotides in length, depending on the virus species, but sharing similar
patterns of conserved sequence and structures among flaviviruses. 3'UTR can be divided into three
domains and is important for the interaction with host and viral proteins (Lindenbach et al., 2007; Ng et al.,
2017).

The N-terminal region of the polyprotein encodes for the three structural proteins, capsid (C), precursor
membrane (prM) and envelope (E) which are present in the virion particle, while the C-terminal region
includes the seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) which accomplish
essential steps during infection but are not present in the viral particle (Laureti et al., 2018; Lindenbach et
al., 2007; Pierson and Diamond, 2020). The NS proteins are involved in the post-processing of structural
proteins and are essential in viral replication, virion assembly, and defense against the host immune
response (Lindenbach et al., 2007; Morrison et al., 2012).

The E protein is the major surface glycoprotein (=53 kDa) and is involved in viral entry, pathogenesis and
immune response. The mature virion is constituted by ninety dimers of the E glycoprotein arranged in a
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herringbone pattern with icosahedral-like symmetry (Roby et al., 2015). The E protein is a three-domain
structure, which is modified post-translationally by the addition of one or two asparagine-linked
carbohydrates. Once glycosylated, it is involved in cell attachment. The folding of the E protein in the
endoplasmic reticulum (ER) is facilitated by interactions with the structural prM protein shortly after
synthesis (Mukhopadhyay et al., 2005; Pierson and Diamond, 2020; Rey et al., 2017; Zhang et al., 2004).

Flavivirus prM is a membrane glycoprotein of approximately 19-21 kDa mainly acting as a chaperone to
promote folding and assembly of the E proteins (Konishi and Mason, 1993; Lorenz et al., 2003). Together
with the E protein, prM forms an integral part of the flavivirus envelope that, in the mature form (M), is
combined under a well-organized icosahedral architecture. Cleavage of prM to M is mediated by a host
furin-like serine protease during the transit of immature virions through the trans-Golgi network. This step
is required for the formation of infectious mature virions (Li et al., 2008). Since the Golgi compartment has
a pH around 5.5, to avoid the premature fusion with the host membranes of the newly assembled virions,
the prM peptide is not readily released from the virus surface, but it remains bound to the E protein,
guaranteeing correct release of new virions (Yu et al., 2008; Zheng et al., 2014).

The nucleocapsid (N) viral core is formed by C protein subunits complexed with the single-stranded RNA
viral genome. C protein is a small (14 kDa) cytosolic protein with structurally conserved a-helices, able to
bind either viral nucleic acids or host lipids and it is necessary for the incorporation of the viral genome into
the virion (Jones et al.,, 2003; Pierson and Diamond, 2020). C protein incorporation into the virion is
regulated further by the coordinated cleavage of the polyprotein by the viral NS2B—NS3 serine protease.

Among non-structural proteins, NS1 is highly conserved with a molecular weight of 46-55 kDa, depending
on the extent of glycosylation. The glycosylation of NS1 is fundamental for efficient secretion, virulence and
viral replication (Somnuke et al., 2011). Indeed, in vivo experiments have shown that loss of N-linked
glycans on NS1 results in attenuated DENV and WNYV infection in mice (Pryor and Wright, 1994; Whiteman
et al., 2010). NS1, in all its forms, is a multifaceted protein that hijacks the host replication system and
interferes with the host immune response (Muller and Young, 2013). Indeed, soluble NS1 interacts both
with the complement system and Toll-like receptor 4 (TLR4) to guarantee the survival of secreted virus
progeny (Conde et al., 2016) and to initiate the inflammation process, respectively. This process further
induces peripheral blood mononuclear cells (PBMCs) and macrophages to activate the inflammatory
response (Muller and Young, 2013).

NS2 consists of two subunits, NS2A and NS2B. NS2A is a relatively small (=22 kDa) protein containing
several transmembrane domains and it is an activator of NS1. Besides its apparent roles in RNA replication
and virus assembly, DENV-2 and WNV NS2A have also been shown to act as an interferon (IFN) antagonist
by inhibiting IFN signaling during infection (Liu et al., 2006; Mufioz-Jordan et al., 2003). NS2B is a small
membrane-associated protein (14 kDa) that forms a stable complex with NS3 and acts as a cofactor for the
NS2B-NS3 serine protease (Clum et al., 1997; Lindenbach et al., 2007).

The NS4A and NS4B are small proteins (16 kDa and 27 kDa, respectively) participating to the virus
replication complex formation on the ER membrane. NS4A consists of four transmembrane helices and an
N-terminal cytosolic region. NS4A induces the rearrangements of ER membranes and interacts with NS1
(McLean et al., 2011; Miller et al., 2007), while NS4B colocalizes with NS3 and viral dsRNA in ER-derived
membrane structures presumed to be sites of RNA replication (Lindenbach et al., 2007).

NS3 is a large (=70 kDa) multifunctional protein which is well-conserved among the Flavivirus genus, with a
sequence identity of approximately 65% among WNV, DENV and ZIKV (Lindenbach et al., 2007; Weber et
al.,, 2015). NS3 has protease, helicase, nucleoside triphosphatase (NTPase) and RNA triphosphatase
(RTPase) enzymatic activities. The N-terminal region of the NS3 protein constitutes the serine protease
domain (NS3°™). Proper folding and catalytic activity of the NS3P™ domain require NS2B as cofactor. NS3"®
comprises three subdomains and harbours the enzymatic activities of NTPase and RTPase as well as dsRNA
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unwinding activity (Wengler and Wengler, 1993, 1991). Some evidences suggest that one of these
subdomains mediates the interaction between NS3 and NS5; disruption of this interaction could affect viral
replication (Brooks et al., 2002; Tay et al., 2015). The RNA helicase is responsible for the unwinding of
dsRNA intermediates in order to release the newly generated viral genome and to make the negative
strand available as template for another round of viral genome synthesis. Moreover, NS3"' removes
secondary structures from the viral RNA, especially in the 5" and 3’ untranslated regions, facilitating the
RTPase mediated capping. NTPase hydrolysis provides the chemical energy to power the translocation and
unwinding processes, although the precise mechanism coupling these two activities remains elusive (Wang
et al., 2009; Wengler and Wengler, 1991).

NS5 is the largest (103 kDa) and most conserved of the flavivirus proteins with a sequence identity of
approximately 68% among WNV, DENV and ZIKV. It contains an N-terminal methyltransferase (MTase) and
a C-terminal RNA-dependent RNA polymerase (RdRp), coupled via a short linker (Duan et al., 2019;
Dubankova and Boura, 2019). The MTase domain (residues 1-=265, 30 kDa) is responsible for capping the
viral RNA through the guanylyl transferase and the N7 and 2’-O-ribose methylation activity, both of which
are required to increase the stability and to prevent degradation by 5'—3' exoribonucleases of the newly
synthesized RNAs (Devarkar et al., 2016; Zist et al., 2011). Additionally, the 2’-O-methylation protects viral
RNA from being recognized by host cell sensors that stimulate the production of IFNs (Hyde and Diamond,
2015). The interaction of the MTase and the RdRp domains affects the replication activity, since full-length
NS5 has higher polymerase activity than the RdRp alone for efficient viral replication (Duan et al., 2019;
Potisopon et al., 2014; Saw et al., 2019).

Flavivirus RdRp carries out new RNA synthesis from the 3’ end of the viral templates without any primer (de
novo initiation). The structure of the RdRp is well conserved among flaviviruses (Dubankova and Boura,
2019; Godoy et al., 2017; Lu and Gong, 2017; Malet et al., 2007; Yap et al., 2007). RdRp (residues =272-900,
73 kDa) is divided in seven conserved motifs (from A to G) and it adopts a classic “right-hand” structure
consisting of three subdomains with fingers, palm and thumb. Together, these regions are organized in a
flat structure with three channels (the template entry, dsRNA, and the NTP entry channels) (Duan et al.,
2019; Dubankova and Boura, 2019; Malet et al., 2007). Motifs A-B-C-D are located in the highly conserved
palm domain and are important for dNTPs binding and catalysis; moreover, motif C, as well as motif E,
interact with the backbone of the RNA product. Motif F, located in the finger domain, consists of 3-4 sub-
motifs depending on the viral species and it is involved in the stabilizing of the nascent base pair. Motif G is
proposed to regulate access of the ssRNA substrate to the template channel and/or RdRp translocation
(Dubankova and Boura, 2019; Malet et al., 2007; Sebera et al., 2018; Yap et al., 2007; Zhao et al., 2017). In
addition, a priming loop identified in the thumb subdomain is thought to play a major role in both ensuring
correct de novo initiation and in controlling the conformational changes during the RdRp activity (Duan et
al., 2019; Sahili and Lescar, 2017). RdRp appears to be responsible for the NS3-NS5 interaction in several
flaviviruses, however the exact function of cooperation between these two enzymatic proteins is not
completely understood (Duan et al., 2019; Lindenbach et al., 2007; Tay et al., 2015).

1.3 Flavivirus replication cycle

The flavivirus replication cycle (Fig 2) initiates with the stable attachment of the virion to the surface of the
target cells, mainly keratinocytes, dermal fibroblast and Langerhans cells of the epidermis, through the
interaction between viral surface E protein and host attachment/receptor molecules (Neufeldt et al., 2018).
Host proteins defined as receptors are essential for the entry of viruses, since they catalyze conformational
events. Although several host factors that increase the efficiency of flavivirus binding and infection of cells
have been identified, they are not required to trigger the structural transitions that lead to membrane
fusion. Therefore, these are defined as attachment factors (Pierson and Diamond, 2020). Indeed, a number
of attachment factors/receptors have been identified for flaviviruses, including avB3 integrin, GRP78/BiP,
CD14 or a closely related molecule (Mukhopadhyay et al., 2005). The most extensively studied attachment
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factor is the C-type lectin dendritic cell-specific ICAM-grabbing non-integrin (DC-SIGN), mainly present at
the surface of dermal dendritic cells and macrophages.

TAM TIM Mannose DC-SICN

\
/ receptor

»
Flavivirus

Fig 2. Flavivirus replication cycle. DC-SIGN: C-type lectin; TIM: T cell immunoglobulin mucin domain protein 1; TAM:
tyrosine protein kinase receptor 3 (TYRO3)-AXL—-MER; HSPG: heparan-sulfate proteoglycans. (Adapted from Neufeldt
et al. 2018).

In addition, highly sulfated glycosaminoglycan, such as heparan-sulfate proteoglycans, act as attachment
factors and have the function to concentrate viral particles at the target cell surface before their interaction
with primary receptors. Recent studies show that several cellular receptors, as protein of TIM (T cell
immunoglobulin and mucin domain) and TAM (TYRO3, AXL and MER) receptor families can mediate
flavivirus entry through interactions occurring only between negatively charged lipids such as
phosphatidylserine in the viral membrane (Diamond and Pierson, 2015; Hamel et al., 2015; Meertens et al.,
2012; Mercer and Helenius, 2010; Pierson and Diamond, 2020).

After attachment, flaviviruses are internalized via clathrin-coated pits and transferred to a pre-lysosomal
endocytic compartment. The low pH environment triggers viral E protein rearrangement, driving the fusion
of the viral lipid envelope with cellular endosome membranes. After membrane fusion, the viral genomic
RNA is released into the cytoplasm where the viral replication starts in vesicle packets, which contain the
small hydrophobic NS proteins, dsRNA, nascent RNA and, presumably, some host factors (Payne, 2017). The
penetration of the capped ssRNA(+) viral genome into the cytoplasm allows for the direct translation of the
viral polyprotein on the rough ER. Replication occurs on virus-induced invaginations of the ER: NS1, prM
and E are translated into the ER lumen, the transmembrane domains of NS2A, NS2B, NS4A and NS4B are
translated into the ER membrane, whereas C, NS3 and NS5 remain in the cytoplasm. NS5 mediates the
beginning of replication with the synthesis of a full genome-length ssRNA(-), followed by the formation of a
dsRNA replication intermediate, which then serves as a template for the synthesis of additional ssSRNA(+).
Concomitantly, NS3 helicase interacts with NS5 to unwind the dsRNA. The progeny ssRNA (+) is
subsequently capped at its 5’ end and methylated to form the cap RNA structure. Following RNA synthesis,
newly copied RNA molecules are either recycled for translation and replication or alternatively, extruded
from the vesicle to bud out on ER membranes and packaged into nascent virions. The newly synthesized
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immature flavivirus particles are produced by budding of the C protein and the associated genomic RNA,
which forms the nucleocapsid into ER-derived membranes and is studded with prM and E proteins. These
immature particles traffic along the secretory pathway across the Golgi complex, where undergo the
cleavage of the pr portion from M protein by a trans-Golgi resident furin-like protease, that promotes
particle maturation prior to their release from the infected cell (Arakawa and Morita, 2019; Payne, 2017,
Pierson and Diamond, 2020).

1.4 Transmission

The evolution and the epidemiological characteristics of flaviviruses are associated to a combination of
limitations imposed by the arthropod vector, the vertebrate hosts, the ecology and the influence of human
commercial activities.

DENV and ZIKV transmission is mainly associated with the mosquito vector Aedes aegypti and Aedes
albopictus; WNV is mostly transmitted by the members of the Culex pipiens spp (Ciota, 2017; Huang et al.,
2014).

The African ZIKV lineage is thought to be maintained via the enzootic transmission cycle primarily between
non-human primate and mosquitoes, with humans as incidental hosts. However, the Asian ZIKV lineage has
gained the ability to sustain transmission in a human-endemic cycle (sub-urban transmission cycle), thus
allowing humans to serve as the carrier, multiplier, and source of ZIKV for uninfected mosquitoes (Althouse
et al., 2016). Differently, DENV is the only known arboviruses that has fully adapted to humans, having lost
the need for an enzootic cycle for maintenance (Payne, 2017; www.who.int). WNV enzootic cycle is
between mosquitoes and birds, the latter regarded as “amplifier hosts” and with mammals serving as
“dead-end” hosts, since generally they do not develop high levels of virus in their bloodstream (Pierson and
Diamond, 2020).

Despite vector-borne transmission is the favorite route for ZIKV, DENV and WNV infections, transmission
through transplanted organs, transfused blood, contact with body fluids from a highly viremic patient,
transplacental transmission and occupational transmission have been observed (lwamoto et al., 2003;
Julander et al., 2006; Musso et al., 2017; Swaminathan et al., 2016; Williamson et al., 2017; Wiwanitkit,
2009). ZIKV sexual transmission is possible from both asymptomatic and symptomatic infections and the
duration of infectivity of genital fluids is unknown (Hastings and Fikrig, 2017; Musso et al., 2015). Recently,
ZIKV vertical transmission has been extensively investigated and a high risk of fetal injury connected to ZIKV
infection during the first trimester of pregnancy has been evidenced (Cauchemez et al., 2016; Honein et al.,
2017).

1.5 Clinical manifestations and pathogenesis

Although flavivirus infections in humans are asymptomatic in the 80% cases, clinical manifestations range
from influenza-like symptoms, frequently misdiagnosed, to severe conditions leading eventually to death.
After the bite of an infected mosquito, the duration of the incubation period lasts a few days (average 4 to
7 days) (Gubler, 1998; Sejvar, 2016; Slavov et al., 2016).

It is estimate that 1 in 4 DENV infections are symptomatic, showing mild to moderate acute febrile illness.
However, approximately 5% of symptomatic cases of DENV infection progress to a more severe disease,
whose clinical progression can be differentiated into three phases: febrile phase, critical phase and
recovery phase. The febrile phase, also named Dengue Fever, may cause, over the classical flu-like
symptoms, transient maculopapular rash and mild-hemorrhagic illness. The critical phase occurs at the end
of febrile phase before the appearance of specific antibodies, and could be associated to Dengue
Hemorrhagic fever (DHF) which has four severity grades, with the more severe grades (Il and 1V) classified
as dengue shock syndrome (DSS) (Rodriguez-Roche and Gould, 2013). Common manifestations include skin
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hemorrhages such as petechiae, purpuric lesions and ecchymosis. Concomitantly, severe plasma leakage
can lead to shock or fluid accumulation with respiratory distress, severe bleeding, which may further
develop into multi-organ failure with fatal outcome (Kalayanarooj, 2011). Although the appearance of
DHF/DSS might occur at any DENV exposure, it seems to be more frequent in secondary DENV infections,
particularly in children or in newborns who are partially protected by maternal antibodies (Jain and
Chaturvedi, 2010).

Symptomatic ZIKV clinical manifestations occur as acute onset of fever lasting for several days to a week,
along with maculopapular rash in most of the patients. Other commonly reported symptoms include
myalgia, arthralgia, headache and conjunctivitis. Although severe disease requiring hospitalization is
uncommon, during the recent outbreak in the Americas, ZIKV infection has been associated to severe
neurological complications, such as (i) the Guillain-Barré syndrome (GBS), a serious and life-threatening
neurological disorder characterized by progressive muscular weakness, encephalitis and myelitis in adults
and (ii) microcephaly and other severe fetal brain defects in fetuses and neonates caused by maternal ZIKV
infection (Grossi-Soyster and Desiree La Beaud, 2017; Kazmi et al., 2020).

WNV infections cause disease in approximately 20% of infected humans; the vast majority of WNV
symptomatic patients develops an acute, systemic febrile illness (West Nile fever, WNF) and less than 1%
develops neuroinvasive disease including aseptic meningitis, encephalitis, or an acute poliomyelitis-like
syndrome. The WNF is the predominant clinical syndrome and generally occurs with the abrupt onset of
fever, headache, fatigue, myalgia and rash. The rash may be transient and appears to be more frequently
seen in WNF than in more severe illness manifestations (Bai et al., 2019; Zannoli and Sambri, 2019).

Flavivirus virions released after a mosquito bite are able to infect a large variety of human target cells such
as fibroblasts, keratinocytes, dendritic cells, monocytes, and endothelial cells.

DENV and ZIKV both initially infects cells in dermis and epidermis, such as immature Langerhans cells and
keratinocytes. Infected cells migrate to the lymph nodes, triggering the recruitment of monocyte-
macrophage lineage cells. As a result, the number and variety of infected cells increase and disseminate
throughout the lymphatic system (Martina et al., 2009).

Concerning DENV infection, mononuclear cells are stimulated to produce cytokines and chemokines that
provide an essential protective role during DENV infection. However, this “storm” of inflammatory
cytokines and other inflammatory mediators acts on the endothelium and alters normal fluid barrier
functions, leading to increased plasma leakage (Harapan et al., 2020; Martina et al., 2009). In addition, NS1
released from infected cells is proposed to modulate complement signaling cascade, that triggers cellular
reactions further stimulating the production of inflammatory cytokines (Avirutnan et al., 2006; Diamond
and Pierson, 2015). In addition to innate immunity, cellular and humoral immunity play an essential role
too. During the infection, T cells and cross-reactive memory T cells are produced, as well as antibodies
targeting the principle DENV epitopes (i.e. E, NS1 and pre-M proteins). However, whether these immune
responses protect against or exacerbate subsequent infections is still controversial. Indeed, if the
antibodies are not completely neutralizing against the new DENV strain, they can facilitate viral entry into
Fc receptor-positive cells during a subsequent infection. Such phenomenon, defined as antibody-
dependent enhancement (ADE), is associated with both increased DENV infectivity and the suppression of
host immune responses. Indeed, is likely that severe dengue may occur in those experiencing a secondary
infection with heterotypic strain of DENV and in infants who are born to dengue-immune mothers with
primary anti-DENV antibody responses (Harapan et al., 2020; Valentine et al., 2020).

Following infection, ZIKV triggers innate immunity responses that exert antiviral and pro-inflammatory
effects. The over activation of the immune and inflammatory pathways, such as T- and B-cells mediated
immunity, leukocyte-mediated immunity and cytokine production, may attract T cells and other leukocytes
to the site of infection, leading to tissue damage (Wang et al., 2017). The humoral response may drive the
predisposition to severe illness too; indeed, it was observed in cell culture that the rates of ZIKV infection
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can be enhanced by the cross-reactive anti-DENV antibodies (Priyamvada et al., 2016). In addition, cross-
reactive human anti-ZIKV antibodies can enhance DENV infection (ADE activation) in cell culture and in
mice (Stettler et al., 2016) and also in humans, as described recently (Katzelnick et al., 2020).

The overstimulation of the immune system and the consequent cascade of pro-inflammatory cytokines play
a role in the pathogenesis of GBS; indeed, it was suggested that high levels of CXCL10 in ZIKV patients may
contribute to neuronal damage, potentially targeting peripheral nerves (Maucourant et al., 2019; Naveca et
al., 2018). The increase of microcephaly in infants caused by maternal ZIKV infection, suggests that ZIKV is
capable of bypassing the placental barrier and infect human placental macrophages, resulting in the
disruption of the placenta by strong activation of antiviral immune response (Wen et al., 2017). Moreover,
ZIKV has the capacity to infect human neural progenitor cells and the microglia triggering their apoptosis
(Ferraris et al., 2019; Zheng et al.,, 2015). Activation of microglia leads to the production of pro-
inflammatory cytokines and cytotoxic molecules, such as nitric oxide, that contribute to neuronal damage
during the fetal brain development (Maucourant et al., 2019).

Following an infectious mosquito bite, WNV replicates locally at the injection site in the keratinocytes and
Langerhans cells of the epidermis. The local virus replication is enhanced due to the immune modulation of
the host response by the mosquito saliva. It has been hypothesized that infected Langerhans cells migrate
to the draining lymph nodes in which the virus replicates, further spreading the infection through the
lymphatic system. Following WNV infection, a cascade of proinflammatory cytokines are upregulated as
part of the innate immune response. However, overexpression and continuous upregulation of
inflammatory cytokine genes may be detrimental by enhancing the severity of infection and/or
inflammation. The exact mechanism of neuroinvasion by WNV is still unknown, despite several routes of
entry have been proposed. Likely, free virus particles are able to across the disrupted blood-brain barrier
(BBB) through a “transudative” mechanism, due to the increased vascular permeability caused by pro-
inflammatory cytokines and chemokine (Suen et al., 2014). Alternatively, entry might occur via the “Trojan
horse” mechanism, mediated by infected leukocytes trafficking into the central nervous system (CNS)
through the leaking BBB (Lim et al., 2011), or by the “transneural” mechanism consisting in the virus
migration following motor and sensory nerves from the point of entry (i.e. peripheral somatic nerves into
the CNS and from the olfactory nerve into the CNS) (Habarugira et al., 2020). Following invasion of CNS, the
virus directly infects neurons, and less frequently astrocytes, leading to neuronophagia and cell
death. While nearly all brain regions may be affected, WNV appears to have a specific neurotropism for
neurons in the basal ganglia, thalamus, and brainstem (Stonedahl et al., 2020).

1.6 Current status of antivirals and vaccines development
1.6.1 Antivirals development

Clinical availability of effective antivirals for the management of severe flavivirus diseases is an unmet
medical need. Despite the increase of incidence of viral diseases, neither specific treatments nor
immunoprophylaxis are currently available and the clinical management of symptomatic patients remains
based on supportive care (i.e. intravenous infusion of fluids, respiratory support, and prevention of
secondary infections, as suggested by WHO and CDC current guidelines) (www.who.int; www.cdc.gov).
Several promising drug candidate molecules have been reported via high-throughput compound library
screening, by de novo design targeting viral or host proteins.

The most promising viral targets for de novo design are the NS5 RdRp and the NS3 protease, and, to a lesser
degree, E-glycoprotein, C, NS4B, NS3 helicase and NS5 MTase (Boldescu et al., 2017). A different
therapeutic approach is targeting cellular factors required for the viral life cycle. Targeting a cellular factor
rather than a viral protein is an attractive solution, since host cellular proteins are less prone to mutations,
as opposed to the high rate of mutations of viral proteins, hence overcoming the emergence of resistance
mutations. On the other hand, targeting a cellular host factor has a higher potential for the development of
side effects. Options for successful host targeting agents include blocking a function which is redundant for
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the cell but essential for the virus or selectively impairing a cellular pathway only in virus-infected cells.
Examples of molecules that target host factors exerting antiviral activity on flavivirus are mycophenolic acid
(MPA) and cyclosporines, inhibiting the cellular enzyme inosine monophosphate dehydrogenase and
cyclophilin A (CyPA), respectively (Barrows et al., 2016; Diamond et al., 2002; Morrey et al., 2002; Qing et
al., 2009), and lovastatin a cholesterol synthesis inhibitor, thought to limit membrane mobilization required
for the assembly of the viral replication complex (Espafo et al., 2019; Mackenzie et al., 2007; Martinez-
Gutierrez et al., 2011). A wide range of host factor involved in virus infection cycle are currently under
investigation for de novo design of antiviral compounds (Brai et al., 2019, 2016; DeWald et al., 2020;
Giovannoni et al., 2020; Yang et al., 2020)

Since the discovery and approval of new drugs takes a long time, an increasing trend is to take advantage of
the cost- and time-saving benefits of drug repurposing. There are some relevant examples of drug
repurposing in the flavivirus antivirals field. Ribavirin, a synthetic guanosine nucleoside analogue and one of
the first broad-spectrum antivirals licensed by Food and Drug Administration (FDA) against several viruses
(Fernandez et al., 1986; Khan et al.,, 1995; Lau et al., 2002), has been shown inhibitory activity in vitro
against ZIKV (Kim et al., 2018; Vicenti et al., 2018), DENV (Koff et al., 1982) and WNV (Anderson and Rahal,
2002; Jordan et al., 2000). However, ribavirin was not effective for treating WNV disease (Chowers et al.,
2001) and the possible use against ZIKV infection is contraindicated in pregnancy due to its teratogenic
properties. With the same strategy, the anti-HCV nucleoside analogue targeting RdRp, sofosbuvir, has
shown anti-ZIKV activity in vitro (Sacramento et al.,, 2017; Vicenti et al., 2018) and in animal models,
preventing the vertical transmission of ZIKV in pregnant mice (Mesci et al., 2018), as well as anti-DENV
activity in vitro (H. T. Xu et al., 2017), and anti-YFV activity both in vitro and in vivo (de Freitas et al., 2019).
Exploiting a similar mechanism of action, BCX4430, an adenosine analogue originally designed as an anti-
HCV agent, exerts antiviral activity against a wide range of RNA viruses including flaviviruses and filoviruses
such as Ebola virus. The broad-spectrum potency of BCX4430 has been proved against ZIKV both in vitro
and in vivo and against WNV in vitro (Eyer et al., 2017; Julander et al., 2017a).

1.6.2 Vaccines development

More than 80 years ago, the development of YFV 17D live-attenuated vaccine was considered a landmark in
the history of flavivirus vaccines (Barrett, 2017). Effective anti-flavivirus vaccines are also available for
active immunization against Japanese encephalitis and tick-borne encephalitis virus (Heinz and Stiasny,
2012), even if with some safety concerns (Chong et al., 2019).

To date, there are several open clinical trials testing a range of ZIKV vaccine candidates, including DNA
vaccines, peptides, mRNA vaccines, purified inactivated vaccines and recombinant viral-vector vaccines
(www.who.int; Chong et al., 2019). One of the most important goals of a ZIKV vaccine is to prevent the
congenital ZIKV syndrome. Currently, some progress has been documented on nonhuman primates as
preclinical pregnancy models to test vaccine efficacy (Nguyen et al., 2017; Waldorf et al., 2016).

Despite the lack of WNV vaccines for humans, several vaccines have been successfully developed and
licensed for veterinary use. Among them, two are whole inactivated WNV equine vaccines (West Nile
Innovator by Pfizer and Vetera by Boehringer Ingelheim). Another commercialized vaccine is the
recombinant canarypox-vectored vaccine, expressing the prM and the E protein of the NY99 strain
(Recombiteck Equine West Nile Virus Vaccine by Merial-Sanofi Aventis) (Brandler and Tangy, 2013). Among
the WNV human vaccine candidates, progress has been made in the DNA-delivered subunit and chimeric
vaccines (Chong et al., 2019; Habarugira et al., 2020). Two live chimeric/recombinant vaccines and one
DNA-vectored vaccine entered phase | clinical trial, while one YFV-17D backbone expressing WNV prM/E
recombinant vaccine entered phase Il clinical trial (Amanna and Slifka, 2014; Habarugira et al., 2020).
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Considering the severe clinical outcomes following DENV infections, huge efforts have been made in its
vaccine field. On 1st May 2019, FDA has approved Dengvaxia® (CYD-TDV) produced by Sanofi Pasteur, as
the first dengue vaccine, already licensed in several countries including European Union, Latin America and
Asia. CYD-TDV was constructed using recombinant DNA technology by replacing the sequences encoding
prM and E proteins of the YFV 17D vaccine with those encoding the homologous prM and E gene sequences
of the four DENV serotypes. The indication of CYD-TDV is for individuals aged from 9 to 45, living in DENV
endemic areas and it is not suggested for individuals not previously infected by any DENV serotype or for
whom this information is unknown. As a matter of fact, its use has some significant controversies, since an
increased risk of severe DENV infection was showed during primary infection of dengue-naive individuals
following vaccination; such phenomenon may be explained by ADE mechanism. Indeed, serological studies
demonstrated that individuals that were DENV-seropositive at the time of vaccine administration
experienced benefit from CYD-TDV, whereas DENV-naive individuals were at increased risk for severe
disease over this interval. For this reason, research to find other possible dengue vaccines is still underway
and to date, two other live-attenuated tetravalent DENV vaccines are in advanced stages of clinical trials
(Chong et al., 2019; Harapan et al., 2020; Pierson and Diamond, 2020).

1.7 Methods to define antiviral activity

Assessment of antiviral effects in vitro is a key approach for the screening of either de novo or repurposed
candidate compounds. Among the variety of methods that have been developed (Gong, 2013), cell-based
assays are the most predictive methods to define antiviral activity. Several cell-based assays have been
developed and can be classified into: i) assays using live viruses, ii) assays that use sub-genomic viral
replicons (VRPs), containing a subset of viral genes that are required for replication, and iii) assays using
virus-like particles (VLPs), containing viral E protein and prM glycoproteins but no viral RNA (Boldescu et al.,
2017).

Assays using live viruses are the reference standard for antiviral screening but with some drawbacks, as the
need of high-level biosafety containment facilities, dedicated personnel training, high costs and times to
execution. In contrast, VRP and VLP assays can overcome safety concerns and are prevalently based on
convenient readouts, such as luminescence and fluorescence. However, since they do not simulate the
complete virus life cycle, they are not amenable for the screening of compounds with unknown targets;
moreover, VRP and VLP assay results must be validated carefully to avoid false-positive hits.

Assays using live viruses are based on several types of readouts, each characterized by a different degree of
accuracy, complexity and cost. Indeed, following virus infection, measurement of virus replication can be
performed in different ways, such as quantitative polymerase chain reaction (qPCR) (Gong et al., 2013;
Vicenti et al., 2018), microscopy monitoring of cytopathic effect (H. T. Xu et al.,, 2017) and
immunofluorescence-based assays, such as the fluorescence focus assay and the most advanced
fluorescence-activated cell sorting assay (Kraus et al.,, 2007; Payne et al.,, 2006). Despite these
advancements, the classical plaque reduction assay (PRA) is still considered as the gold standard for
antiviral screening of compounds against viruses causing cytopathic effect and it is also commonly used for
antibody titration in plaque reduction neutralization tests (Cordeiro, 2019). Nevertheless, it has several
drawbacks including high labor, long-turnaround time and low throughput, making it not suitable for the
analysis of large numbers of compounds or sera. Consequently, the development of accurate, easy-to-
perform, and fast cell-based assays is highly valuable to test candidate inhibitors of flavivirus replication.
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2. Introduction — SARS-CoV-2

2.1 General overview and epidemiology

Coronaviruses (CoVs) are positive sense, single stranded, enveloped RNA viruses with a propensity to cross
species barriers and causing disease in humans and animals (Chan et al., 2013). Within the order of
Nidovirales and the suborder of Coronavirineae, lies the family Coronaviridae. The latter is further specified
into the subfamily of Orthocoronavirinae, which consists of four genera: the alpha, beta, gamma and delta
CoV (Fehr and Perlman, 2015). Whereas alphacoronaviruses and betacoronaviruses exclusively infect
mammalian species, gammacoronaviruses and deltacoronaviruses have a wider host range that includes
avian species (V’'kovski et al., 2020).

Prior to the recent outbreaks, CoVs were only though to cause mild, seasonal, self-limiting respiratory
infection in humans associated with symptoms of the ‘common cold’. Two of these human coronaviruses
(HCoVs) are alphacoronaviruses, HCoV-229E and HCoV-NL63, while the other two are betacoronaviruses,
HCoV-0C43 and HCoV-HKU1. HCoV-229E and HCoV-HKU1 were isolated nearly 50 years ago (Hamre and
Procknow, 1966), while the last two were recently identified (Fehr and Perlman, 2015). In contrast to the
mentioned CoVs, Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV), Middle East Respiratory
Syndrome Coronavirus (MERS-CoV) and the newly emerged SARS-CoV-2, all belonging to the
betacoronavirus genera, subgenus Sarbecovirus, Merbecovirus and Sarbecovirus, respectively, are highly
pathogenic and able to cause severe respiratory infection among humans (Gorbalenya et al., 2020; V'kovski
et al., 2020).

During November 2002 an epidemic of pneumonia caused by SARS-CoV occurred in the Guangdong
province of China and rapidly spread around the globe. Overall, SARS-CoV infected 8,098 people and
caused 774 fatalities in 29 different countries by the end of the epidemic (Zumla et al., 2016).

Later, during April-June 2012, in Saudi Arabia several patients developed severe pneumonia and following
analyses revealed that MERS-CoV caused the outbreak. The spread of MERS-CoV continued beyond the
Middle East, causing further reports of infected individuals. Until 2020, 2,468 cases and 851 fatalities had
been reported globally (Killerby et al., 2020).

During December 2019, several patients with atypical pneumonia were reported by local health facilities in
Wuhan, China. The patients were found epidemiologically linked to the seafood market in Wuhan. Later,
the infectious agent was confirmed and reported as a novel CoV, SARS-CoV-2, the causative agent of
COVID-19 (Zhu et al., 2020). The incidence of COVID-19 grew dramatically in China and the virus rapidly
spread to more than 200 countries since late February 2020. On March 11, 2020, the WHO declared the
COVID-19 outbreak a global pandemic and as of 1 November 2020, nearly 46 million cases and 1.2 million
deaths have been reported globally, with global death-to-cases ratio 2.6%, with these numbers still on the
rise in most countries (www.who.int).

As SARS-CoV and MERS-CoV, SARS-COV-2 is a zoonotic pathogenic CoV derived from a spillover
transmission from animal to human. While for SARS-CoV and MERS-CoV the primary host (bat) and the
intermediate hosts have been identified (civets and camels respectively) (Krishnamoorthy et al., 2020), the
source, reservoir, and cause of transmission of SARS-CoV-2 are still not well understood. However, given
the similarity of SARS-CoV-2 to bat SARS-CoV-like CoVs, it is likely that bats served as reservoir hosts
(Andersen et al., 2020; Krishnamoorthy et al.,, 2020), whereas pangolins as the probable intermediate
hosts, since common features with CoVs of these animals have been identified (Lam et al., 2020; Zhang et
al., 2020).

The SARS-CoV-2 whole genome share about 82% sequence identity with SARS-CoV and MERS-CoV and
>90% sequence identity for essential enzymes and structural proteins (Naqvi et al., 2020).

Several nomenclatures have been introduced for SARS-CoV-2, including Nextstrain, Global Initiative on
Sharing Avian Influenza Data (GISAID) and Phylogenetic Assignment of Named Global Outbreak LINeages
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(PANGOLIN) (Alm et al., 2020; Rambaut et al., 2020). While Nextstrain and GISAID clade nomenclatures aim
at providing a general categorization of globally circulating diversity, the lineages are meant to correspond
to outbreaks.

To date, around 171,000 genome sequences have been submitted to GISAID. Sequences can be divided into
2 lineages (A and B, further specifications are given by a numerical value e.g. lineage A.1 or lineage B.2), 5
clades (19B, 19A, 20A, 20C and 20B) and 7 clades (S, L, O, V, G, GH and GR), according to the PANGOLIN,
NextStrain and GISAID classification, respectively (Alm et al., 2020).

As other RNA viruses, even if with lower frequency, SARS-COV-2 introduces mutations in RNA sequence
which can be positively selected because advantageous for the host pathogenesis. Among the variants
detected, strains containing the spike D614G mutation became predominantly in the pandemic, dominating
the large outbreaks in Europe and later in the Americas. Interestingly, the G614 variant seems to be
associated with greater infectivity as well as higher viral loads. However, evidences of G614 variant on
disease severity and on association with hospitalization status were not yet found (Eaaswarkhanth et al.,
2020; Korber et al., 2020).

In the early summer 2020, a novel SARS-CoV-2 variant, characterized by the spike A222V mutation, has
been rapidly spreading within Europe. Further data about this variant are still under research.

2.2 Genome organization and life cycle

SARS-CoV-2 virions are spherical, with a diameter of 70-100 nm conforming to the typical
CoVs diameter (Kumar et al., 2017; Neerukonda and Katneni, 2020; Park et al., 2020). A prominent feature
of the CoV virions is the club-shaped spike projections emanating from the surface of the virion, which
prompt the name by resembling the appearance of a solar corona. CoVs have helically symmetrical
nucleocapsids, which is uncommon among positive-sense RNA viruses, but far more common for negative-
sense RNA viruses (Fehr and Perlman, 2015).

The genome of SARS-CoV-2 (Fig 3) is a single-stranded positive-sense RNA of about 29.9 kb and its structure
follows the specific gene characteristics of known CoVs: (i) a highly conserved genomic organization with a
large replicase gene, (ii) expression of many non-structural genes by ribosomal frameshifting, (iii) several
enzymatic activities encoded within the large replicase-transcriptase polyprotein, (iv) expression of
downstream genes by synthesis of 3’ nested subgenomic mRNAs. The genome is flanked by two UTRs,
similar to those of other betacoronaviruses, with nucleotide identities of > 83.6% (Y. Chen et al., 2020;
Changtai Wang et al., 2020).
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Fig 3. Genomic organization of SARS-CoV-2. (Adapted from Kumar et al., 2020)

The SARS-CoV-2 genomic RNA contains a 5-cap structure and a 3'-poly-A tail, that allow immediate
translation upon viral entry, to produce two coterminal replicase polyproteins from two large open reading
frames (ORFla and ORF1b), by utilizing a ribosomal frameshifting mechanism. Replicase polyproteins are
subsequently cleaved by the action of two viral cysteine proteases, nsp3-PLpro and nsp5-Mpro, into the
individual nsps, nspl-11 and nspl-16, respectively, which are necessary for the formation of the
replication-transcription complex (RTC). Of note, nsp12 encodes for the RdRp, nsp13 for the viral helicase
and nspl4 for the 3’-5’ exonuclease with proofreading activity. The latter seems to have a peculiar role in
the preservation of the CoV genome, which is larger in respect to other RNA viruses: the maintenance of
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such genome may be related to the special features of the CoV RTC, in particular for the presence of the
3'-5' exoribonuclease (Y. Chen et al.,, 2020; Naqvi et al., 2020; Neerukonda and Katneni, 2020). The
accessory and structural proteins constitute only the remaining 10kb of viral genome. Structural proteins
include spike (S), E, M and N proteins.

The S glycoprotein plays a significant role in pathogenesis, by binding to the host cell through its receptor
binding domain (RBD), which represents the most variable part of the CoV genome. It can be divided into
S1 and S2 subunits, with the S1 domain containing the RBD that specifically engages the host cell receptor,
thereby determining virus cell tropism and pathogenicity, while the transmembrane S2 domain containing
the fusion peptide, which mediate the fusion of viral and cellular membranes upon extensive
conformational rearrangements (Naqvi et al., 2020; Qing and Gallagher, 2020). A notable feature of SARS-
CoV-2 is the polybasic cleavage site (RRAR) at the junction of S1 and S2, with the additional insertion of a
leading proline, thus constituting the PRAAR site. This site seems to have a role in determining viral
infectivity and host range and interestingly, such polybasic cleavage site has not been observed in related
lineage B betacoronaviruses (Andersen et al., 2020; Coutard et al., 2020).

The E protein plays a significant role in the viral morphogenesis, pathogenesis, assembly and budding. This
protein has a N-terminal ectodomain and a C-terminal endodomain and it is also act as ion-channelling
viroporin, assembling into the host membrane to arrange protein-lipid pores involved in iontransport
(Bianchi et al., 2020; Schoeman and Fielding, 2019).

The M protein has three transmembrane domains and it functions in concurrence with E, N, and S proteins,
playing a major role in providing a distinct shape to the virus. M proteins are the most abundant viral
proteins of CoVs (Naqvi et al., 2020).

The N protein constitutes the only protein present in the nucleocapsid. It plays an important role in the
packaging of viral RNA into the ribonucleocapsid, by interacting with the viral genome, nsp3 and M protein
during assembly. The heavy phosphorylation of N protein triggers structural changes enhancing the affinity
for viral versus non-viral RNA. N protein of SARS-CoV-2 is highly conserved, sharing ~90% sequence identity
with that of SARS-CoV (Cong et al., 2019; Naqgvi et al., 2020).

SARS-CoV-2 has an RBD that binds with high affinity the angiotensin-converting enzyme 2 (ACE2) that can
be found in humans, ferrets, cats and other species. ACE2 is a type | membrane glycoprotein which is
mainly expressed in lungs, heart, intestines, and kidneys (Andersen et al., 2020; Hoffmann et al., 2020;
Neerukonda and Katneni, 2020) and its binding is required as the initial step of CoV infection (Fig 4).
Following receptor binding, the proteolytic cleavage of CoV S proteins by host cell-derived proteases is
essential to permit fusion. The protease used by SARS-COV-2 to gain access to host cell cytosol, is the
TMPRSS2, a cell-surface serine protease expressed mainly in the human respiratory tract; the S cleavage
operated by TMPRSS2 represents a key event in SARS-CoV-2 replication cycle, because inhibition of
TMPRSS?2 is sufficient to prevent SARS-CoV-2 entry in lung cell lines and in primary lung cells (Hoffmann et
al., 2020; V’kovski et al., 2020). As previously described, a peculiar feature of the SARS-CoV-2 S protein is
the acquisition of a polybasic cleavage site (PRRAR) at the S1-S2 boundary, whose cleavage results in
enhanced infection and it has been proposed to be a key event in SARS-CoV-2 evolution. Indeed, this pre-
processing of the SARS-CoV-2 S protein may contribute to the expanded cell tropism and zoonotic potential
and might increase transmissibility (Neerukonda and Katneni, 2020; V'kovski et al., 2020).

Following fusion and endocytosis, the SARS-CoV-2 genomic RNA is immediately translated. The newly
formed nsps are assembled into the RTC, which begins to generate anti-sense genomic copies functioning
as templates for genomic and sub-genomic RNAs. The nsps also promote membrane rearrangement of
rough ER membranes, in which replication and transcription processes occur.
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Fig 4. Binding, viral entry and replication cycle of SARS-CoV-2. (Adapted from Cascella et al., 2020)

Structural proteins translated from sub-genomic RNAs are inserted into the ER and pass along the secretory
pathway to the ER-Golgi intermediate compartment. There, the newly synthesized genome forms a
complex with the N protein to generate virions. Following assembly with the other structural proteins,
virions are transported to the cell surface in vesicles and released outside the cell through exocytosis
(Hoffmann et al., 2020; Neerukonda and Katneni, 2020; V’'kovski et al., 2020).

2.3 Transmission

SARS-CoV-2 is mainly transmitted through symptomatic humans, while the role of asymptomatic people in
the transmission is still debated (Gao et al., 2020; He et al., 2020; Oran and Topol, 2020), by respiratory
droplets and aerosols and/or contact of mucosae with virus-contaminated fomites. Therefore,
environmental factors, including temperature, humidity, stability on fomites, ventilation and filtering
systems, could have a significant influence on the infection (Azuma et al.,, 2020; Y. Chen et al., 2020;
Sungnak et al., 2020). Adequate control of these environmental factors and proper human behavior play a
significant role in preventing the spread of COVID-19.

Interestingly, viral RNAs or live infectious viruses have been detected in feces and urine of patients with
COVID-19. Binding of SARS-CoV-2 to the ACE2 is a vital pathway for the virus entry into human cells, whose
presence is not limited to the respiratory mucosa, but is also extended to the esophageal epithelium as well
as in the enterocytes from ileum and colon (Barbosa da Luz et al., 2020; Sun et al., 2020; Wang et al., 2020;
Xiao et al., 2020). Therefore, a fecal-oral route of transmission for SARS-CoV-2 may be hypothesized; to
date, however, there have been no published reports of transmission of SARS-CoV-2 through feces or
urine. Some studies have also reported detection of SARS-CoV-2 RNA in either plasma or serum. However,
the role of bloodborne transmission remains uncertain; anyway, low viral titers in plasma and serum
suggest that the risk of transmission through this route may be low (Chang et al., 2020; Wang et al., 2020).
There is no evidence for intrauterine transmission of SARS-CoV-2 from infected pregnant women to their
fetuses, neither of breastfeeding transmission, even if viral RNA fragments have been found in a few breast
milk samples, but no viable virus. As a matter of fact, WHO recommends that mothers with suspected or
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confirmed COVID-19 should be encouraged to initiate or continue to breastfeed (www.who.int). Moreover,
clinical course of COVID-19 in most women is not severe, and the infection does not significantly influence
the pregnancy. Indeed, in most cases the disease does not threaten the mother, and vertical transmission
has not been clearly demonstrated (Di Toro et al., 2020).

On this basis, to prevent SARS-CoV-2 diffusion, the WHO suggests physical distancing policy, the use of face
masks in public places and frequent hand hygiene (www.who.int). Indeed, a drastic reduction of social
contacts and total lockdown periods have been implemented in many countries with outbreaks of SARS-
CoV-2, leading to rapid reductions in basic reproduction number (RO), defined as the average number of
secondary infections produced by a typical case of an infection in a population where everyone is
susceptible. In absence of measures preventing transmission, the estimate for the RO is between 2 and 3,
and the median incubation period is 6 days (range 2-14 days).

2.4 Clinical manifestations and pathogenesis

The clinical spectrum of COVID-19 can vary from asymptomatic (40-45% of infections) and mild
symptomatic, to an adverse clinical condition characterized by severe respiratory failure, requiring
mechanical ventilation and hospitalization (He et al., 2020; Oran and Topol, 2020). The most important risk
factors for a severe disease are age, hypertension, diabetes, immunodeficiency and chronic cardiovascular
and pulmonary diseases. Countries throughout the world have reported different mortality rate, ranging
from 1 to 10%, with the incidence of mortality rising after the sixth decade of life (www.who.it; John
Hopkins University https://coronavirus.jhu.edu/data/mortality).

Mild COVID-19 illness symptoms are those typical of an upper respiratory tract viral infection, including
mild fever, dry cough sore throat, nasal congestion, malaise, headache and muscle pain. Moreover, nausea,
vomiting, abdominal pain and diarrhea may occur. As the disease become more severe, patients display
symptoms such as dyspnea, respiratory distress and hypoxia with oxygen saturation levels under 90%.
Patients with sudden onset of respiratory failure or impaired lung function can experience SARS and require
hospitalization and mechanical ventilation. Critically ill patients have systemic symptoms characterized by
sepsis, septic shock, and multiple organ dysfunction syndromes (Neerukonda and Katneni, 2020).

As we currently know, severe COVID-19 symptoms are a consequence of dysregulated immune responses.
Indeed, the rapid and uncontrolled viral replication of SARS-CoV-2 is able to evade the host innate immune
response during its initial steps. Consequently, the quick activation of the cell-mediated response provokes
an increased pro-inflammatory status with a massive release of cytokines, causing acute lung injury and
contributing to the clinical manifestation of SARS (Khalaf et al., 2020). Indeed, in severe COVID-19 cases, as
opposed to mild cases, an aberrant recruitment of inflammatory macrophages and the infiltration of T
lymphocytes and neutrophils have been measured in the lungs.

The accumulating evidence of dysregulated pro-inflammatory responses during SARS-CoV-2 infections has
led to the use of immune modulators to inhibit hyperactivated pathogenic immune responses, such as
corticosteroids and tolicizumab (V’'kovski et al., 2020). Corticosteroids are used to mitigate the host
inflammatory response which contributes acute respiratory distress syndrome in severe pneumonia cases.
However, these agents are responsible for some adverse effects, that include delayed viral clearance and
enhanced risk of secondary infection (McCreary and Pogue, 2020; Neerukonda and Katneni, 2020).
Tocilizumab is an approved humanized monoclonal antibody that inhibits IL-6 receptor, originally approved
for the treatment of rheumatoid arthritis. IL-6 is a key driver of dysregulated inflammation that contributes
to the pulmonary pathology and the organ damage observed in COVID-19 patients. Theoretically,
antibodies targeting its receptor could reduce the IL-6 signal transduction and downstream inflammation,
thus improving clinical outcomes (Neerukonda and Katneni, 2020; Xu et al., 2020).
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2.5 Current status of antivirals and vaccines development

Considering the devastating economic and social impact of the SARS-CoV-2 pandemic, there is an
unprecedently urgent need for effective therapeutics to reduce the clinical consequences of SARS-CoV-2
infection and to contain viral transmission. In addition to the use of anti-inflammatory drugs, it is necessary
to develop drugs active against viral target to halt viral replication. For de-novo design of candidate
compounds, therapeutic agents targeting nucleosides, nucleotides, viral nucleic acids, and
enzymes/proteins involved in the replication and transcription (especially RdRp and viral proteases) of CoVs
can be promising strategies (Artese et al., 2020; Khan et al., 2020). Drug repurposing has been used in
response to emerging infectious diseases to rapidly identify potential therapeutics. The repurposing of
drugs approved for treatment of other pathogens is a feasible and attractive strategy to deliver at least a
partially effective agent(s) and mitigate SARS-CoV-2 pathology and spread. Indeed, recycling FDA approved
compounds dramatically shortens the development time and cost allowing immediate drug testing in
clinical trials. Viral enzymes are favourite targets for drug repurposing because specific domains are
conserved within the Coronaviridae family and may show homology with other positive sense RNA viruses
(Amin and Jha, 2020).

Among the variety of drugs that have been tested to determine whether they may have an activity against
SARS-CoV-2, some of the most interesting attempts of drug repurposing are linked to the use of
chloroquine, lopinavir/ritonavir and remdesivir.

Chloroquine is an anti-malarial drug approved by FDA in 1949 (www.fda.gov) with anti-inflammatory and
immunomodulatory properties. It prevents endosomal acidification and interferes with glycosylation of
viral entry receptors. Despite chloroquine and its derivative hydroxychloroquine demonstrated potent in
vitro activity against SARS-CoV-2 (Wang et al., 2020; Yao et al., 2020), recent clinical trials (NCT04322123,
NCT04381936) and preliminary results of others, showed evidences of little or no benefit compared to
standard care for the treatment of COVID-19 (Cavalcanti et al., 2020); moreover, cardiotoxicity concerns
limited the use of chloroquine in the USA (McCreary and Pogue, 2020). Hence, potential prevention and/or
clinical benefits of chloroquine and hydroxychloroquine remain to be determined.

Lopinavir is a potent antiretroviral protease inhibitor used in combination with ritonavir to treat patients
with HIV infection. Lopinavir/ritonavir has also been proposed as a possible treatment against SARS-CoV-2.
Despite the promising in vitro activity (Choy et al., 2020; Jeon et al., 2020), the results of clinical trials
(NCT02845843, NCT04252885) showed that the use of lopinavir/ritonavir had no significant benefit beyond
standard-care, in either reduction of viral load or overall mortality (Cao et al., 2020; Li et al., 2020). Hence,
the “COVID-19 Treatment Guidelines Panel” recommended the use of lopinavir/ritonavir with or without
ribavirin for the treatment of SARS-CoV-2 infections only in the context of clinical trials, because of
unfavorable pharmacodynamics and negative clinical trial data
(https://www.covid19treatmentguidelines.nih.gov/).

Remdesivir is an adenosine analogue that function as a viral RNA chain terminator, initially developed for
the management of the Ebola virus. Remdesivir has showed a high activity against SARS-CoV-2 in vitro
(Sanders et al., 2020; Wang et al., 2020), as well as against SARS-CoV and MERS-CoV (Sheahan et al., 2017).
Yet, results from clinical trials are conflicting. In a randomized trial involving more than 1000 patients
(NCT04280705), remdesivir was superior to placebo in shortening the time of recovery in hospitalized
adults (Beigel et al., 2020). Conversely, another clinical trial (NCT04292899) showed no significant
difference in patients treated with remdesivir, whereas side effects such as nausea and respiratory
problems were observed; however, such study were partially limited by the lack of a placebo control group
(Goldman et al., 2020). An additional clinical trial (NCT04257656) reported no significant improvement in
the clinical status, mortality, or time to clearance of virus in patients with serious COVID-19 compared with
placebo (Wang et al., 2020). Therefore, clinical benefits of remdesvir remain to be further elucidated.
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Recently, a large clinical trial involving 4 different treatments (remdesivir, hydroxychloroquine,
lopinavir/ritonavir and IFN), the so-called Solidarity Trial (www.who.int, NCT04315948), found that all the 4
treatments had little or no effect on overall mortality, initiation of ventilation and duration of hospital stay
in COVID-19 hospitalized patients.

Currently, no approved antivirals by FDA are available against SARS-CoV-2, with the exception of
remdesivir, approved on October 2020 by FDA and also on July 2020 by the European Medicine Agency
(EMA), despite the controversial results of clinical trials.

Apart from antiviral compounds, therapy research is also addressed to the use of neutralizing antibodies,
using of convalescent plasma from recovered patients (Artese et al., 2020; Khalaf et al., 2020; Teimury and
Khaledi, 2020) or use of human monoclonal antibodies, the latter showing promising results (Andreano et
al., 2020; P. Chen et al., 2020; Chunyan Wang et al., 2020).

Simultaneously to antiviral development, vaccine research has been extensive too. Indeed, a vaccine is
urgently needed to control the current exploding global pandemic of COVID-19 and to prevent recurrent
epidemics. Currently, more than 180 vaccine candidates are in development against SARS-CoV-2. They are
based on different methodologies including: (i) inactivated or live-virus vaccines, (ii) recombinant protein
vaccines, (iii) vectored vaccines and (iv) RNA and DNA vaccines (Krammer, 2020). At the moment of this
thesis, among all the candidate vaccines, more than 30 are under assessment in clinical trials, with 10 in
phase 3 trial. Currently, phase 3 candidate vaccines can be grouped as follows: 3 are inactivated vaccines
(the CoronaVac produced by Sinovac, the BBIBP-CorV of the Beijing Institute of Biological Products and one
unnamed by Sinopharm in collaboration with the Wuhan institute of Biological Products), 4 are viral
vectored vaccines (the ChAdOx1-S by University of Oxford/AstraZeneca; an AdV5-based vaccine by CanSino
Biological; the Ad26COVS1 by Janssen; an AdV5/AdV26-based vaccine by the Gamaleya Research Institute),
1 is a recombinant spike-protein-based vaccine (NVX CoV2373 by Novavax) and 2 are RNA based vaccines
(mRNA-1273 by Moderna; BNT162 produced by Pfizer in collaboration with BioNTech) (Dong et al., 2020;
Jain et al., 2020; Krammer, 2020). Notably, preliminary data of phase 3 trials have been recently published
for the RNA based vaccine BNT162, showing promising results with more than 90% of efficacy in preventing
COVID-19 in participants.
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3. Introduction — HIV-1

3.1 General Overview and Epidemiology

Human immunodeficiency Virus (HIV) was isolated for the first time in 1983 (Barré-Sinoussi et al., 1983) and
later recognized as the causative agent of Acquired Immunodeficiency Syndrome (AIDS). HIV belongs to the
Lentivirus group of the family Retroviridae (Chiu et al., 1985) and it is able to infect CD4 T cells causing a
progressive depletion of CD4 T lymphocytes.

HIV continues to be a major global public health concern. Since the beginning of the epidemic, more than
76 million of people have been infected and almost 33 million people have died so far. At the end of 2019,
there were an estimated 38 million people living with HIV (PLWH), and despite the pathogenicity of the
virus is well known, in 2019 the numbers of new infections were about 1.7 million. Most of the PLWH live in
low- and middle- income countries and, more precisely, 66% live in Sub-Saharan Africa.

Extensive efforts have been made to counteract the HIV epidemic. Indeed, in 2016 the Joint United Nations
Programme on HIV/AIDS (UNAIDS), along with 11 united Nations Organizations, planned to end AIDS by
reaching the 90-90-90 targets by 2020 (90% of people infected with HIV known about their conditions,
90% of all diagnosed people receiving antiretroviral therapy, 90% of all people receiving antiretroviral
therapy having viral suppression). Even if remarkable progresses have been achieved (currently 81% of
PLWH known their status, 67% are on treatment and 59% have their viral load suppressed), the global 90-
90-90 target is unlikely to be met (www.unaids.org, update report 21.09.2020). According to WHO, at the
end of 2019 25.4 million HIV-1 positive people were accessing ART, 19 million more in respect to 2009.
However, basing on these results, the main and ambitious goal aimed to the ending of the HIV epidemic by
2030, may still be achieved.

According to the different genetic composition, two types of HIV, HIV-1 and HIV-2, originated from distinct
cross-species transmission of nonhuman primate lentiviruses (Sharp and Beatrice H. Hahn, 2011), have
been characterized so far and they are differently distributed worldwide. HIV-1 is responsible of the global
pandemic, while HIV-2 is characterized by a reduced virulence and occurs mainly in west Africa region with
sporadic cases in Europe, India and United States (Campbell-Yesufu and Gandhi, 2011).

One of the characteristic features of HIV is its exceptional genetic diversity. Genetic variability depends on
three different factors: error-prone reverse transcriptase (RT), high replication rate and genetic
recombination (E. Fenales-Belasio, M. Raimondo, B. Suligoi, 2010; Santoro and Perno, 2013).

Basing on genetic homology, HIV-1 is divided into four groups: M (main), N (non-M, non-0), O (outlier) and
P, which have different geographic distributions, but all produce similar clinical symptoms (Santoro and
Perno, 2013).

Group O correspond to less than 1% of global HIV-1 infection and it is mainly diffused in west and central
African countries; group N is even less present then group O and group P, the last identified, is very
infrequent; both of them are rarely identified in Cameroon (Alessandri-Gradt et al., 2018; Sharp and
Beatrice H. Hahn, 2011).

Group M accounts for the most common circulating subtypes of HIV-1 and it is responsible for the global
epidemic. According to accurate classification of HIV-1 sequences, 9 subtypes (A, B, C, D, F, G, H, J and K)
belong to group M; in addition, some subtype can be additionally divided into distinct clusters (e.g. the
subtypes A is subdivided into A1, A2, A3, A4, A5 and A6). However, the classification of such sequences is
complicated by the HIV-1 high mutation rate and propensity to develop new recombinant forms. Indeed, in
addition to pure subtypes, at least 102 circulating recombinant forms (CRFs) has been detected so far
(http://www.hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.html, last accessed 30 September 2020) as well
as multiple unique recombinant forms (URFs). CRFs indicate the case in which two unrelated subtypes of
HIV-1, after sharing their genetic material, create a new hybrid mosaic virus and infect the same cell and
they are identified in three or more epidemiologically unlinked individual. URFs are mosaic viruses which
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have not spread from their original location (E. Fenales-Belasio, M. Raimondo, B. Suligoi, 2010; Rhee and
Shafer, 2018; Santoro and Perno, 2013; Taylor et al., 2008; Tongo et al., 2016).

Despite the vast majority of data and research deal with subtype B, subtype C predominates worldwide
with a prevalence of about 50%. It is mainly found in the southern African region, the Indian sub-continent,
but also in east African countries, Brazil and the southern provinces of the People’s Republic of China,
whereas HIV-1 subtype B is most prevalent in north America, western Europe, Australia and Japan (Jacobs
et al., 2014) and it is responsible for 12.1% of infections, followed by subtype A (10.3%), CRFO2_AG (7.7%),
CRFO1_AE (5.3%), subtype G (4.6%), and subtype D (2.7%); Subtypes F, H, J, and K accounted for 0,9% of
infections (Hemelaar et al., 2019) and the remaining are composed by other CRFs and URFs.

HIV-2 is divided into eight lineages (from A to H) and of these, only A and B had infected people in a
relevant way (Sharp and Beatrice H. Hahn, 2011).

3.2 Genome organization and life cycle

By electron microscopy, the virion measures around 120 nm in diameter and is characterized by an
icosahedral structure with a tapered inner electron-dense core, surrounded by an outermost structure that
forms the envelope. The envelope is acquired during the virion budding and is made up of a phospholipid
bilayer, on which are anchored the two major glycoprotein: gp120 (surface glycoprotein) and gp41
(transmembrane glycoprotein). The surface of the envelope exhibits 72 projections (spikes) formed by the
heterodimers of the surface glycoproteins. The central core is composed of four viral proteins: the capsid
protein (p24), the matrix protein (p17), the nucleocapsid (p7) and p6 (Hahn et al., 2014; Seitz, 2016).

The genome consists of two identical copies of single-stranded positive RNA of about 9,4 kb, which are
capped at their 5’ end and polyadenylated at their 3’ end (Fig 5). At both 5’ end and 3’ end there is the
presence of 150-200-nt repeated sequence (R); adjacent to them, unique regions called U5 (80-200 nt) and
U3 (240-1200 nt), found at the 5’ end and 3’ end, respectively. The 5' LTR region codes for the promotor for
transcription of the viral genes. The two identical long terminal repeats (LTR) regions are produced, during
the translation process, at each terminus of the genome by juxtaposition with the U3-R-U5 orientation.

As for the other retroviruses, from 5’ to 3’ the viral genome contains the gene gag, encoding the proteins
of the outer core membrane; the gene pol coding for the enzymes protease (PR), RT, RNase H and integrase
(IN), and finally the gene env responsible for the production of the two envelope glycoproteins gp120 and
gp4l (King, 1994). All the viral enzymes are produced by proteolytic cleavage from a large precursor
molecule. The synthesis of a Gag-Pol precursor protein (p180) occurs during translation, by a ribosomal
frameshift, between the open reading frame of the two genes. Subsequent cleavages of p180 yields the
Gag proteins and PR (p10), RT/RNase H (p66/p51) and IN (p32).

MA CA p2 NC pl pb6

ORFl g i I e

ORF2 Gag Pol tat 11 vou e rm
ORF3 PR RT IN vpr I
L] L] L] L] L] L] LI LI T | |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 9719

Fig 5. Schematic representation of the HIV-1 genome with its 9 coding genes. (Adapted from Cervera et al., 2019)
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HIV PR is an aspartyl protease responsible for the post-translational processing of the viral Gag and Gag-Pol
polyproteins and functions as a homodimer composed of two non-covalently associated monomers (Freed,
1998; Kaplan et al., 1994).

HIV RT is a heterodimer made up of p66 and p51 subunits. The p51 subunit is composed of the first 450
amino acids of the RT serving as a scaffold for p66 subunit. The latter is composed of all 560 amino acids of
the entire RT-RNAseH protein, providing both to the RdRp and the specific degradation of RNA in RNA-DNA
hybrid duplexes (Beard et al., 1994; Sluis-Cremer et al., 2004).

The 32-kDa IN protein is the C-terminal cleavage product of the pol region and catalyzes the insertion of
viral cDNA into the host cell genome by cleaving the host DNA, then joining the linear double stranded form
of the viral DNA creating covalent bonds between the ends of generated fragments. HIV IN comprises three
structural domains: the N-terminal domain, the catalytic core domain and the C-terminal domain
(Engelman and Cherepanov, 2012; Esposito and Craigie, 1999). Recently, it has been suggested that IN can
also influence viral particle maturation, by interacting with the viral RNA genome during particle
morphogenesis. Loss of IN-RNA binding leads to mislocalization of the viral genome in virions and prevents
viral replication in target cells (Kessl et al., 2016).

The 55-kd Gag myristylated precursor is cleaved into the matrix (MA, p17), C (p24), N (p7), and p6 proteins
during or after the release of progeny virions; as previously said, these proteins compose the central core.

Finally, the protein product of the env gene is synthesized in the endoplasmic reticulum (ER) as an 88-kDa
polypeptide. This protein undergoes heavy glycosylation trough the ER and Golgi network. The resulting
molecule, gp160, is cleaved by the cellular serine protease, furin, to generate the transmembrane (gp41)
and surface (gp120) subunits; such cleavage is required for viral infectivity (Willey et al., 1991).

In addition to gag, pol and env, tat and rev genes products have been identified as regulatory proteins
absolutely required for virus replication.

The 14-kDa trans-activating protein, Tat, is required for HIV-1 transcription and accumulates inside the
nucleus. It enhances the rate of transcription through the binding of the transactivation response element
found at the 5 end of beginning HIV transcript, and by recruiting cellular factors that improve the
processivity of the cellular RNA polymerase Il complex (Musinova et al., 2016; Wei et al., 1998).

The 18 kDa Rev protein mediates the transport to the cytoplasm of singly spliced and unspliced viral RNAs
by the nuclear exportation system (Malim et al., 1989). Rev was also found to stimulate protein expression
levels, to enhance encapsidation of the genomic RNA into virions (Blissenbach et al., 2010; Seitz, 2016) and
interestingly, to inhibit the integration of the viral genome and thus playing a role in prevention of cellular
superinfection (Grewe and Uberla, 2010).

The other encoded four small proteins (nef, vpr, vif and vpu in HIV-1 or vpx in HIV-2) are referred to as
“auxiliary” or “accessory” since, although they play a significant role in vivo, their expression is usually
dispensable for virus growth in many in vitro systems.

Vif is a 193-amino acid protein presents in the cytoplasm and incorporated in the virion. It interferes with
the activity of cellular protein APOBEC3G, inducing its ubiquitination and degradation by proteasomes.
APOBEC3G is involved in the innate immune response and introduces mutations in the viral genome during
transcription causing a reduction in the virus infectivity (Reddy et al., 2016).

Vpr is a 100-amino acid protein that is expressed late during the infection cycle and
is packaged in significant quantities into virus particles through a specific interaction with the P6 domain of
the viral Gag precursor. It has two main functions: (i) to prevent the proliferation of the host cells by
arresting the cell cycle at the G2 phase, thus inducing cell death and progression of viral gene expression;
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(i) to allow the infection of non-dividing cells by helping the transport of the viral genome into the nucleus
of the host cells (Fabryova and Strebel, 2019; Miiller et al., 2000), as well as inducing proteasomal
degradation of the DNA repair enzymes HLTF, UNG2 and MUS81 to prevent the restriction of viral cDNA RT
products (Nodder and Gummuluru, 2019).

Vpu is an 81-amino acid single-pass trans-membrane protein that is only present during the late stages of
HIV-1 infection. It prevents superinfection by inducing CD4 degradation and promotes virus release by
antagonizing the restriction factor tetherin (Gonzélez, 2015). Moreover, recently Vpu has been found to
hijack DNA repair mechanisms to promote degradation of nuclear viral cDNA in cells that are already
productively infected (Volcic et al., 2020). Vpu is absent in HIV-2, whereas its genome contains Vpx.

Nef is a 210-amino acid protein located at the inner face of the plasma membrane. It is responsible for
several effects, as the downregulation of CD4 receptor by promoting its endocytosis and lysosomal
degradation; the support in virus budding by removing the Env receptor from the cell surface; in reducing
the expression of major histocompatibility complex class | on the cell's surface, thus limiting the ability of
infected cells to be cleared by the immune system. It also activates T cells, inducing the translocation
of transcription factors to the nucleus, leading to greater HIV transcription (Furler et al., 2019).

The entire replication cycle of HIV-1 is completed, in vitro and in vivo, in approximately 24 hours and can be
divided into the following steps: binding and entry, uncoating, reverse transcription, provirus integration,
viral protein synthesis and assembly, budding (Fig 6) (Kim et al., 1989).
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Fig 6. Schematic representation of the HIV life cycle inside a host cell. (Adapted from Cervera et al., 2019)

The binding and the entry pathways consist in a multi-step process that starts with the binding of the viral
protein gp120 to the host cell CD4 receptor, which is expressed on the cell surface of macrophages, T-
helper lymphocytes, hematopoietic/lymphoid lineage, dendritic cells and microglial cells. This action causes
structural changes in the virus envelope, leading to the exhibition on the gp120 of a specific domain
responsible of the binding with chemokine receptors and cell membrane of the virus. The interaction
between the viral envelope glycoprotein, gp120, and the cellular receptor molecule, CD4, is the first step of
the HIV-1 replication cycle. Although binding of virions to CD4 is essential for HIV infectivity, their
subsequent interaction with a coreceptor, belonging to seven membrane-spanning CC or CXC families of
chemokine receptors, is required for membrane fusion and entry (Choe et al., 1996). The most important
chemokine coreceptors involved in the fusion of virion particles to the cell membrane are the CXCR4
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(primarily localized in memory and naive T cells, hematopoietic cells and thymocytes) and CCR5 (primarily
used by macrophage and dendritic cells). Dual-tropic (R5X4) isolates can interact with either CCR5 or CXCR4
and can therefore infect both T cell lines and macrophages. Because primary lymphocytes express both
CCR5 and CXCR4, they can be infected by X4, R5, and R5X4 isolates (E. Fenales-Belasio, M. Raimondo, B.
Suligoi, 2010; Kuritzkes, 2009). In physiological conditions, the chemokines RANTES, MIP-1-a and MIP-1-B
are the ligands for the CCR5 receptor, whereas the a-chemokine SDF-1 is the ligand for CXCR4.

Since the formation of a gp120/CD4/co-receptor complex, gp41 adopts a conformation that allows the
interaction and the fusion between the viral and cellular membranes (Engelman and Cherepanov, 2012; Wu
et al., 1996). Following entry, viral particles are partially uncoated in the cytoplasm and the viral RNA is
reverse transcribed into a double strand of DNA (cDNA) by RT.

Conversion of RNA to DNA happens in the cytoplasm, starting at the primer-binding site of the viral RNA,
involving involves two enzymatic activities of RT: polymerase and RNase H activities. The copying of the
viral RNA into a minus-strand DNA is initiated at the 5’ end of the primer binding sequence region using a
tRNALys acting as a primer. The resulting RNA-DNA duplex is almost completely degraded by RNase H
activity. Only the 3’ polypurine tract, found to the left of U3 sequence, is resistant to RNase H degradation
allowing its use as the primer for the plus-strand DNA synthesis during the reverse transcription process.
The final result is the proviral DNA, a linear, double-stranded DNA longer than the RNA genome because of
the presence of LTR regions at both ends generated during the retrotranscription process (Cimarelli and
Darlix, 2014; Malet et al., 2019). Interestingly, it has been recently described that that nuclear import
occurs relatively rapid, preceding the completion of reverse transcription in target cells, demonstrating that
reverse transcription may be completed in the nucleus (Dharan et al.,, 2020). Following reverse
transcription, IN, together with pre-integration complex with cellular and viral proteins made of both
cellular and viral proteins, catalyses insertion of the viral DNA into the genome of the host cell through two
sequential reactions: 3’ processing and strand transfer (E. Fenales-Belasio, M. Raimondo, B. Suligoi, 2010;
Malet et al., 2019).

Host enzymes complete the integration process by repairing the single-strand gaps abutting the unjoined
viral DNA 5' ends, resulting in establishment of a stable provirus (Engelman and Cherepanov, 2012). As IN
associates with the ends of the HIV DNA, the internal HIV sequence can be also defective or deleted,
making the HIV proviral integration highly diverse in an individual. The exact sites of viral cDNA integration
into the host genome is still to be defined; however, studies report that HIV integration site preferences
include actively transcribed genes, gene rich regions of chromosomes, introns over exons, and generally
exclude promoter regions (Anderson and Maldarelli, 2018).

Once inside, the proviral DNA is replicated together with DNA host. Activation of HIV transcription and gene
expression is dependent on the activity of both cellular (Sp1, NFkB, and others) and viral (Tat) factors. The
primary transcript is spliced by a finely regulated strategy to generate over 30 species of alternative viral
MRNAs. The early proteins Tat, Rev and Nef increase the level of viral transcription, promoting transcription
of other genes and exportation of viral mRNA from the nucleus into the cytoplasm.

The virion assembles at the plasma membrane when the genomic RNA is associated with the nucleocapsid
proteins. The specificity of HIV-1 genome encapsidation results from an interaction between N and an
approximately 120-nt sequence, known as the packaging signal or -site, located between the 5’ LTR and
the Gag initiation codon (Berkowitz et al., 1996). The immature virion acquires its envelope by budding
from the cell surface. In this step, in addition to the viral encoded proteins, virions incorporate several
cellular proteins, including major histocompatibility antigens, intercellular cell adhesion molecules such as
ICAM-1 and cyclophilin A. This strategy is believed to enhance the infectivity of the new viral particles.

HIV buds from specialized regions of the plasma membrane which are enriched in cholesterol and
glycolipids. Presumably this envelope modified lipid composition facilitates virion morphogenesis and the
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fusion with target cells (Nguyen and Hildreth, 2000). The final step of the viral life cycle is mediated by PR
and occurs concomitant with or soon after budding, converting immature particles to infectious virions via
the proteolysis of the precursor peptides Gag and Gag-Pol to yield the structural components MA, C and N,
and the enzymes PR, RT and IN (Engelman and Cherepanov, 2012).

3.3 Route of transmission and natural history of infection

HIV-1 infection is the result of direct inoculation across a mucosal surface that may occur in case of sexual
contact, parenteral or vertical transmission. Nowadays, the sexual transmission is the most common route,
due to the exchange of semen, genital secretion or blood from an infected individual to the uninfected
partner; however, the transmission from contaminated blood, blood products or transplantation of
infected tissues account for the greatest risk (with as much as 95% persons becoming infected). Vertical
transmission from mother to child occurs occasionally during pregnancy (intrauterine infection), during
childbirth or during breast-feeding. The risk of mother-to-child transmission is 25 to 60% in untreated
women, but it is dramatically reduced by prophylactic treatment of the mother with antiretroviral drugs
and with bottle feeding (Abrams, 2004; Shaw and Hunter, 2012).

The natural history of HIV-1 infection can be divided into three phases: primary or acute infection,
asymptomatic or paucisymptomatic period and symptomatic stage or opportunistic diseases stage. After
the inoculation, HIV pass through mucosal, submucosal and lymphoreticular tissue while it is replicating.
During the initial phase the virus directly infects and kills susceptible cells, eventually producing a high
viremia that spreads the virus throughout the body (Melhuish and Lewthwaite, 2018). The time from
exposure to the onset of signs and symptoms is approximately 10 to 30 days. A typical presentation may
include acute onset of fever, lethargy, maculopapular rash, myalgia, headache, sore throat, cervical
lymphadenopathy, arthralgia, oral ulcers, photophobia, oral candida, and rarely meningoencephalitis. The
CD4 T cell count usually diminishes, reflecting both virus induced CD4 T cell depletion and sequestration of
circulating CD4 T cells in lymphoid organ. After the acute illness resolves, CD4 T cell counts generally rise
again but usually not to pre-infection levels. Typically, viremia decreases to a virus-host specific plateau
level defined as the viral “set-point”. Virus specific CD8 T lymphocytes appear early and help to reduce the
level of circulating virus through the lysis of infected cells and also through the release of chemokines,
which inhibit HIV-1 entry. At this point the CD8 T cells count is increased, and there is an inversion in the
CD4/CDS8 ratio, a hallmark of HIV-1 infection that will never be restored to normal levels even in the
presence of successful therapy (McCune, 1995; Sabin and Lundgren, 2013).

Primary HIV-1 infection is followed by an asymptomatic period, characterized by a virologic quasi-steady
state. The clinical latency is caused by a latent reservoir made up of proviruses integrated into the host cell
genome and not transcriptionally active. The most important feature of this period is the gradual loss of
CD4 T cells, caused by continuous viral replication. The arise in viral load is proportional to CD4 T cells loss,
and the CD4 T cells count reflects the degree of impairment of immunological function and the consequent
risk of opportunistic infections. The duration of this phase is highly variable, depending on still
ununderstood virus and host genetic factors. A very small number of individuals called long-term non
progressor, instead, can remain in the asymptomatic phase for decades even without taking antiretroviral
therapy (ART) treatment. Due to some genetic mutations or immune system modifications, there are
capable to maintain their CD4 T cells count stable and levels of viremia low, probably due to a natural
control of HIV replication by the immune system (E. Fenales-Belasio, M. Raimondo, B. Suligoi, 2010).

The last phase is a clinically symptomatic stage, which is consequence of the progressive and profound
deterioration of the immune system. When the CD4 T cell count drops to AIDS-defining levels (CD4 T cell
count less than 200/ul) opportunistic infections, neoplastic diseases, and wasting syndrome can occur often
being the cause of death in untreated individuals (Melhuish and Lewthwaite, 2018).
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3.4 Antiretroviral therapy and current guidelines

The primary goals of ART are to improve the quality of survival and prolong the duration of life by restoring
the immunological function, reducing the HIV-associated morbidity and maximally suppressing plasma HIV
viral load.

Since ART introduction, the death of infected people decreased of 80% in industrialized countries. The
drugs are divided in seven classes include the nucleoside/nucleotide RT inhibitors (NRTIs), non-nucleoside
RT inhibitors (NNRTIs), protease inhibitors (Pls), integrase strand transfer inhibitors (INSTIs), a fusion
inhibitor, a CCR5 antagonist and two attachment inhibitors. In addition, two drugs, ritonavir and cobicistat
are used as pharmacokinetic enhancers (or boosters) to improve the pharmacokinetic profiles of PIs and
the INSTI elvitegravir. All these drugs have a different target during the viral life cycle (Melhuish and
Lewthwaite, 2018; Rathbun, 2018).

NRTIs: NRTIs inhibit the synthesis of viral DNA carried out by the RT. NRTIs are active against both HIV-1
and HIV-2. NRTIs mimic the structure of the DNA nucleoside bases, thus they are able to be incorporated
into the proviral DNA chain with higher affinity than natural bases and to stop its elongation (Cihlar and
Ray, 2010). Due to their low genetic barrier to the development of drug resistance, NRTIs are always
administrated with other antiretrovirals (Geretti and Easterbrook, 2001; Luber, 2005).

NNRTIs: this class of drugs includes compounds active against only HIV-1 due to the specificity of the
substrate. Differently to NRTIs, NNRTIs bind to the p66 subunit of the RT, inducing a conformational change
in the enzyme that inhibit the enzymatic activity of reverse transcriptase (De Clercq and Li, 2016; Rathbun,
2018). A recently approved NNRTI, doravirine, seem to have a distinct resistance profile with respect to the
other NNRTIs (Colombier and Molina, 2018).

Pls: this class of drug represents one of the most important elements in the combination therapy
considering their potency in viral replication inhibition. They act against both HIV-1 and HIV-2 (De Clercq
and Li, 2016). Pls imitate the substrate transition state, creating an interaction between its hydroxyl group
and the carboxyl group of the active site of the protease, inhibiting the cleavage of polypeptides and
resulting in the generation of not infectious viral particles. First-generation Pls were characterized by a
modest antiviral activity but a low genetic barrier. However, second-generation Pls (e.g. darunavir) have
overcome these limitations, showing a more favourable safety profile and a greater antiviral potency, as
well as an increased genetic barrier (Fernandez-Montero et al., 2009; Wensing et al., 2010).

INSTIs: molecules belonging to this class block the strand-transfer step of viral DNA integration into the
host genome through competitive binding with cellular DNA to the active site of the enzyme. Despite first
generation INSTIs were characterized by a moderate genetic barrier, second generation INSTIs (e.g.
dolutegravir) have overcome this problem (Max, 2019). Second-generation INSTIs are recommended in
ART-naive HIV-infected patients, based on their improved tolerability and once-daily dosing for many
patients (De Clercq and Li, 2016; Malet et al., 2019; Rathbun, 2018).

Fusion inhibitor: enfuvirtide is the only approved fusion inhibitor and is able to prevent the fusion between
cellular and viral membranes (Reeves et al., 2005). Enfuvirtide is no longer used, since it requires a twice-
daily subcutaneous injections and the occurrence of side effects at the site of injection (Rathbun, 2018).

CCR5 antagonist: this drug class is represented by maraviroc (MVC), approved in the 2007 (Yost et al.,
2009). This small molecule binds to the CCR5 coreceptor, avoiding the interaction between the V3 loop and
therefore the fusion with the cellular membrane. MVC is effective only in patients harboring CCR5 tropic
viral populations, while no efficacy was observed against CXCR4 tropic viruses (Rathbun, 2018), hence a
tropism test is strictly recommended.
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Attachment inhibitor: this class is represented by two compounds, ibalizumab and fostemsavir. Ibalizumab
is @ monoclonal antibody recently approved for the treatment of multidrug resistant HIV-1. Ibalizumab
avoids the viral entry by halting the formation of CD4-HIV envelope complex through its binding to CD4
extracellular domain 2; ibalizumab is active against both CCR5 and CXCR4 tropic viruses (Emu et al., 2018;
Kufel, 2020). Fostemsavir, a prodrug of the attachment inhibitor temsavir, binds directly to the gp 120
subunit within the HIV envelope and selectively inhibits the interaction between the virus and cellular CD4
receptors, preventing attachment. Fostemsavir has been approved for the treatment of HIV-1 patients on
2020 by FDA, but currently is not licensed by EMA (Markham, 2020).

Current guidelines recommend that ART should be start immediately or as soon as possible after diagnosis,
regardless of CD4 count, in order to improve the rate of virologic suppression among persons with HIV and
to reduce the risk of HIV transmission. Drug resistance test is recommended at diagnosis to guide
treatment selection depending on the presence of transmitted drug resistance mutations
(http://aidsinfo.nih.gov/guidelines; European AIDS Clinical Society, version 10.1, 2020).

The initial ART regimen generally consists of two NRTIs plus a second generation INSTI (dolutegravir or
bictegravir), or an NNRTI (rilpivirine or doravirine), or a boosted PI (darunavir). As shown in many clinical
trials, this strategy has resulted in suppression of HIV replication and in increased CD4 count in most people
with HIV. Additional data now support the use of the two-drug regimen composed by the INSTI dolutegravir
plus the NRTI lamivudine for initial treatment of people with HIV RNA <500,000 copies/mL (Cahn et al.,
2020)(http://aidsinfo.nih.gov/guidelines 2019; European AIDS Clinical Society, version 10.1, 2020).

Drugs belonging to other classes are mainly recommended in second line regimen and/or in patients who
lack sufficient treatment options to construct a fully suppressive regimen, mainly due to their adverse
effects or costs.

In patients with suppressed viremia, meaning HIV-viral load < 50 copies/mL for at least 6 months, several
clinical trials have explored switching or simplification strategies. The objectives of treatment modification
should ideally eliminate or decrease adverse events, thus improving the quality of life. In particular, there is
growing evidence that some two-drug simplification regimens are effective in maintaining virologic control
in patients who initiated therapy and achieved virologic suppression with three-drug regimens, especially
switching on dual regimens containing dolutegravir. Monotherapy for treatment simplification is not
recommended by several guidelines. However, studies have assessed its efficacy and safety in patients with
no baseline mutations or prior virologic failure (Pandit et al., 2019).

3.5 HIV-1 latency and eradication strategies

A hallmark of retroviruses, and a key step in the HIV-1 replication cycle, is the integration of the HIV-1 DNA
into the host genome. Despite the success of ART to block viral replication and halt disease progression,
ART is not a cure and cannot completely clear the infection, since HIV-1 is able to persists in blood and
anatomic compartments for years (Anderson and Maldarelli, 2018; Ventura, 2020). Indeed, viral rebound
from the latent reservoir following ART cessation is rapid, leading to detectable viremia within weeks of
therapy interruption (Chun et al., 1999; Davey et al., 1999).

Despite the concept of reservoir is known from the introduction of the ART (Chun et al., 1997, 1995; Finzi et
al., 1997), the molecular mechanisms leading to the establishment of reservoir and HIV persistence have
still to be completely elucidated.

The latent reservoir is established when cells harboring proviral DNA are reverted to a resting phenotype
with reduced gene expression, causing the cell to be non-permissive for HIV-1 production but providing a
sanctuary to evade the immune response and ART (Thomas et al., 2020). The majority of the reservoir
exists as defective provirus (about 90% are defective), unable to support HIV-1 infection due to deletions,
insertions and hypermutation introduced into the genome during reverse transcription or by genes
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activated by innate immunity such as APOBEC3G (Bruner et al., 2016a; Ho et al., 2013). However, defective
HIV-1 proviruses have a role in the infection too: interestingly, the majority of them conserve intact
promoter function, with the potential to express viral antigens upon stochastic reactivation, providing an
important source for chronic immune activation.

Due to the extremely long half-life (~ 43-44 months) of some cellular population permissive for HIV
infection, the natural decay of the latent reservoir in the absence of viral replication has been estimated in
about 73 years. Therefore, all HIV-1-infected individuals need to take life-long ART (Anderson and
Maldarelli, 2018; Liu et al., 2020). Indeed, if antiretroviral treatment is interrupted, viremia rebounds to
near pre-therapy levels within weeks in most patients (Anderson and Maldarelli, 2018; Ventura, 2020).

Even if HIV-1 infects numerous host cell types of lymphocyte and myeloid lineage in diverse anatomic
compartments (Anderson and Maldarelli, 2018; Wong and Yukl, 2016), the main cellular reservoir consists
of resting memory CD4 T cells, since they contain 16-fold more integrated HIV DNA than naive cells
(Anderson and Maldarelli, 2018; Pinzone and O’Doherty, 2018). Memory T cells can be categorized into five
general groups: central memory cells, transitional memory, effector memory cells, tissue-resident memory,
and stem cell memory. Each group is defined phenotypically by the surface expression of specific
chemokine and homing receptors (Vanhamel et al., 2019; Ventura, 2020) and studies have shown that the
different CD4 memory T cell subsets are infected to a different extent and may support viral persistence
through various mechanisms (Avettand-Fenoél et al., 2016).

Since its discovery, the stability of the latent reservoir was believed to be due to the natural longevity of
different subsets of resting memory CD4 T cells. However, recent works suggest that HIV-1- infected cells
undergo clonal expansion, with the proportion of clonally expanded HIV-1-infected cells increasing over
time: this suggests that the persistence of HIV-1-infected cells is not due to the same infected cells that
remain unchanged over the course of ART, but rather that even if the size of the HIV-1 latent reservoir does
not change over time, the cells that maintain this reservoir expand over time (Liu et al., 2020; Thomas et al.,
2020). Also other factors may contribute to the persistence of reservoirs, for instance residual viral
replication during suppressive ART may indirectly maintain the latent reservoir (Anderson and Maldarelli,
2018; Ventura, 2020).

In this context, developing strategies to eradicate or control HIV-1 without ART are a high priority.
Currently, only two people have been cured, the so-called Berlin and London patients, both tested negative
for viral rebound for over 10 and 2 years, respectively, without ART (Gupta et al., 2019; Hiitter et al., 2009).
Both patients were affected by leukemia: during pretransplant therapy the infected cell pool was
significantly depleted, followed by stem cell transplantation with homozygous CCR5A32 mutation donor
cells (Liu et al.,, 1996). However, due to the relative paucity of these donor cells and the unique
circumstances predetermining these cases, this type of cure is not feasible for widespread use (Thomas et
al., 2020).

The majority of current efforts are concentrated on the so-called ‘Shock and kill’ strategy, a method
proposed to eliminate latently infected cells, involving the use of small molecules, named latency reversal
agents (LRAs), to induce viral transcription (shock), followed by the clearance of the reactivated cells (kill)
(Walker-Sperling et al., 2016; W. Xu et al., 2017) (Fig 7). Reactivating HIV-1 latent cells exposes them to
attack by the host immune system, but native responses may need to be enhanced in order to achieve full
eradication of the reservoir. Different approaches involving the use of small molecules and broadly
neutralizing antibody immunotherapies have been proposed as killing agents (Ventura, 2020). Currently,
several compounds are being considered as LRAs in latently infected cells, and can be divided in six
different groups basing on their mechanism of action: histone post-translational modification modulators,
non-histone chromatin modulators, NF-kB stimulators, TLR agonists, extracellular stimulators, and a
miscellaneous category of unique cellular mechanisms (Abner and Jordan, 2019). Unfortunately, many
compounds able to exert a latency reversal activity in vitro are mitogenic compounds (e.g.
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phytohaemagglutinin and phorbol myristate acetate, PMA) and cannot be used in vivo therapies (Spina et
al., 2013).
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Fig 7. The schematic idea of the “shock and kill"” strategy. (Adapted from Kim et al., 2018).

One effective single-compound in CD4 T cells was the protein kinase C (PKC) agonist bryostatin-1, which
unfortunately resulted to be clinically toxic (Bullen et al., 2014). Additionally, clinical trials using the Histone
deacetylase inhibitor valproic acid also failed to show significant reduction of the latent reservoir in treated
patients (Archin et al., 2010; Siliciano et al., 2007). Alternative approaches for reservoir reactivation include
targeting innate immune recognition pathways. Indeed, TLR-7 activation by the agonist GS-9620 has been
demonstrated to promote profound reactivation of CD4 T cells via increased levels of type Il IFN (Tsai et al.,
2017).

Undoubtedly, a major challenge in this approach is the ability to achieve broad and efficient latency
reversal without eliciting toxic side effects. Perhaps, combinations of LRAs could have improved effects by
acting on different mechanisms; indeed, synergy between multiple combinations of LRAs has so far been
identified in vitro (Thomas et al., 2020).

Recently, a novel cure strategy called “block and lock” has been proposed. Rather than inducing latency
reversal, this strategy is aimed to reinforce latency to prevent viral rebound following ART interruption,
utilizing small interfering RNAs to induce transcriptional gene silencing (Méndez et al., 2018; Mousseau et
al., 2015). Even if this approach may offer an alternative cure mechanism to “shock and kill”, its
development is still in preliminary stages and is yet to be tested in human trials.

Another curative strategy is represented by promising gene editing tools, such as CRISPRCas9 and zinc-
finger nucleases. Gene editing approaches have the advantage of highly specific gene targeting, so unlike
LRAs, can produce the desired outcome without global physiological impact. Nevertheless, off-target
effects have been observed in several studies and may affect the safety of these methods (Kimberland et
al., 2018).

Finally, therapeutic vaccination aims to eliminate or significantly diminish rebound viremia by administering
the vaccine regimen during sustained ART in patients with viral suppressed viremia, followed by a period of
ART interruption. However, Davenport et al. suggest that, even with highly efficacious vaccines, rebound
viremia would likely emerge within 5 weeks following ART interruption (Davenport et al., 2019).

However, to achieve clinically significant effects, all these mechanisms must affect the majority of the

latent reservoirs, which is a major challenge considering the variety of anatomical compartments hosting a
significant proportion of latently infected cells (Thomas et al., 2020).
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3.6 Methods to assess viral latent reservoirs

Measuring the results of HIV-1 cure and vaccine strategies requires highly sensitive and accurate assays and
there is currently no consensus of the most appropriate method to utilize. Several technical challenges limit
the ability to measure accurately the size of the latent reservoirs.

Existing methods able to assess latent reservoirs can be divided in two different categories: cell culture-
based assays and PCR-based assays.

Among the cell culture-based assays, the viral outgrowth assay (VOA) is regarded as the gold standard for
the measure of the replication competent provirus. In this assay, dilutions of CD4 T cells are stimulated to
reverse latency and drive HIV-1 expression from integrated provirus (Laird et al., 2013; Siliciano and
Siliciano, 2005). Following activation, viral outgrowth is supported by incubation with CD4 T cells from HIV-
1 negative donors for 2—3 weeks and measured via the detection of p24 capsid antigen. Cell positive are
qguantified and the frequency of cells latently infected with intact provirus is determined based on Poisson
distribution and expressed as infectious units per million cells. The major drawback of VOA is the
underestimation the size of the intact latent reservoirs by ~25 to 60-fold due to the presence of non-
inducible replication competent viral proviruses (Bruner et al., 2016b; Ho et al., 2013). Furthermore, it is
expensive, labor and resource intensive and it requires the presence of a biosafety level 3 facility. Recently,
extensive analysis of VOA performance using the same samples across different labs has indicated
significant variability of results (Rosenbloom et al., 2019).

Several improvements of the VOA have attempted to overcome these limitations, including the use of
continuous cell lines to improve reproducibility (Badia et al., 2018; Buzon et al., 2014; Fun et al., 2017; Laird
et al., 2013; Massanella et al., 2018), the use of gPCR to detect HIV-1 RNA (Laird et al., 2013) or utilizing
improved p24 ELISA to increase sensitivity (Passaes et al., 2017).

Similar to VOA, another recently developed culture-based assay is the TZM-bl cell-based assay (TZA). This
assay utilizes the TZM-bl cell line, which stably expresses CD4, CCR5, and CXCR4, and carries an integrated
copy of the B-galactosidase and luciferase genes under control of the HIV-1 LTR promoter, allowing the
detection of inducible replication-competent HIV-1. This assay is regarded as more sensitive (the inducible
latent HIV-1 reservoir is approximately 70-fold larger than previous estimates), cost-efficient, and faster
than the VOA (Gupta et al.,, 2017; Sanyal et al., 2019). However, this method is quite recent and lack of
robust data necessary for comparative analyses.

Conversely, PCR-based assays offer a more practical, fast and relatively inexpensive approach to measure
the size of the viral reservoir by the quantification of the total amount of HIV-1 DNA (Ho et al., 2013;
Thomas et al., 2020). Total HIV-1 DNA quantification has been shown to predict viral rebound (Williams et
al., 2014) and differential methods have been improved, offering the potential to identify different DNA
forms, such as integrated HIV-1 DNA, non-integrated HIV-1 DNA (2-LTR and 1-LTR circular forms) (Avettand-
Fenoél et al., 2009; Friedrich et al., 2010; Mexas et al., 2012; Vandergeeten et al., 2014). Anyway, several
factors affect the specificity, accuracy and reproducibly of HIV-1 DNA assays and in absence of standardized
methods the reproducibility of results between different laboratories must be investigated. Another key
determinant of the accuracy and specificity of HIV-1 DNA quantification assays is the genomic location at
which the primers and probes anneal; indeed, primer mismatches in target regions may result in false
negative quantification. Moreover, amplification efficiency may be affected by the DNA input and the
presence of inhibitory contaminants (Rutsaert et al., 2018b; Thomas et al., 2019). Digital droplet PCR
(ddPCR) platform partially overcome these issues, since it provides absolute quantification of samples as
well as showing a higher accuracy, precision and reproducibility; furthermore, factors that reduce PCR
efficiency should not impair the accuracy of quantification. For these reasons ddPCR is becoming
increasingly popular in HIV-1 research and clinical trials (Rutsaert et al., 2018a; Trypsteen et al., 2016).

In addition, PCR based assays rely on amplification of short genomic regions to quantify the amount of HIV-
1 DNA. As a matter of fact, they are not able to distinguish between intact and defective provirus and
therefore overestimate the size of the latent reservoir (Bruner et al., 2016b; Eriksson et al., 2013; Ho et al.,
2013). Several assays have been developed to overcome this limitation. Quantification of cell associated
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HIV-1 RNA (CAR) following CD4 T cell activation may be used as a surrogate for measuring the size of the
inducible latent reservoir (Cillo et al., 2014; Pasternak et al., 2012; Shan et al., 2013); moreover, as well as
CAR, by measuring cell-free HIV-1 RNA (CFR) from culture supernatant, indicative of virus release from cells,
it is possible to more closely predict replication competence (Cillo et al., 2014; Massanella et al., 2018).
However, these methods are prone to false positive results, since cells harboring defective provirus are still
capable of producing HIV-1 mRNA following T cell activation, despite being unable to generate infectious
virions.

A novel assay, the tat/rev induced limiting dilution assay (TILDA), has been developed to enhance accuracy
and to reduce limitations of CAR and CFR quantification. TILDA relies on measurement of tat/rev transcripts
from cells plated in limiting dilution, following activation with strong inductors; results obtained from TILDA
guantification correlate well with HIV-1 DNA quantification, but not with those obtained from VOA, hence
still susceptible to overestimating the size of the latent reservoirs due to the possibility that these
transcripts arise from cells with defective HIV-1 genomes (Procopio et al., 2015).

More recently, a novel assay known as the intact proviral DNA assay (IPDA) has been developed. IPDA
consists of a multiplexed ddPCR to measure the size of the intact latent reservoirs, relying on the presence
of regions that are frequently mutated in defective genomes; the presence or absence of these regions is
sufficient to distinguish 90% of defective genomes (Bruner et al.,, 2019) By determining replication
competence based on DNA composition, this assay is not dependent on T cell stimulation and is therefore
not impaired by the presence of non-inducible, intact proviruses that contribute to underestimation in the
VOA. However, as for all PCR based HIV-1 assays, primer mismatches in target regions may result in false
negative quantification.
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4. Development of a Cell-Based Immunodetection Assay for Simultaneous
Screening of Antiviral Compounds Inhibiting Zika and Dengue Virus Replication

Considering the potential impact on public health, the worldwide emergence of arboviral infections
constitutes a global challenge to both high and low/middle-income countries. However, despite the urgent
need for effective treatment, specific antiviral therapy for the management and the transmission control of
flavivirus diseases is an unmet medical need (Silva et al., 2018).

High-throughput screening of libraries of small molecules is a powerful tool to identify novel flavivirus
antivirals and several promising drug candidate molecules have been synthesized by de novo design
targeting viral or host proteins. Parallelly, repurposing of “old” drugs to identify compounds with novel
activity can be a useful tool to overcome the high cost and the time required for the antiviral drug-
discovery pipeline (Balasubramanian et al., 2016; Boldescu et al., 2017).

In the area of drug discovery, the development of methods for the assessment of antiviral effects in vitro is
a key approach for the screening of either de novo or repurposed candidate compounds. Indeed, following
in silico analyses, in vitro screening is an essential step of every candidate compounds before the in vivo
assessment. Among the variety of methods that have been developed (Gong, 2013), cell-based assays are
the most predictive methods to define antiviral activity. Candidate antiflavivirus compounds are usually
screened on monkey (VERO E6) or insect (C6/36) cell lines; however in vitro screening and analysis of
candidate antiviral drugs is best performed by using human cell lines, which are more representative for in
vivo drug therapy (Julander et al., 2017b; Sacramento et al., 2017).

In this context, the development of robust, easy-to-perform, and fast cell-based assays is highly valuable to
test candidate inhibitors. Despite PRA is considered the gold standard method for titration of flavivirus and
for the determination of antiviral activity of investigational compounds, this procedure is not amenable for
high-throughput screening of candidate antivirals (Boldescu et al., 2017).

Consequently, in this study we developed a fast and accurate flavivirus immunodetection assay (IA) which
allows the simultaneous quantification of ZIKV and DENV viral antigen in infected human hepatoma Huh7
cell line, using a specific monoclonal antibody which binds to the fusion loop of domain Il of protein E,
which is conserved among flaviviruses. This assay was applied as the read-out of a direct yield reduction
assay (YRA), to determine the inhibitory effect of reference compounds. To validate the assay, sofosbuvir
and ribavirin half-maximal inhibitory concentrations (ICsp) were determined in direct YRA using different
viral inputs (100, 50 and 25 50% tissue culture infectious dose, TCIDso) and compared with values obtained
by PRA and with values previously reported in the literature. In the direct YRA, at 100, 50, and 25 TCIDsy,
sofosbuvir ICso values were 5.0+ 1.5, 2.7 £ 0.5, 2.5 + 1.1 uM against ZIKV and 16.6 + 2.8, 4.6 £+ 1.4,2.6 £ 2.2
UM against DENV; ribavirin 1Cso values were 6.8 + 4.0, 3.8 £ 0.6, 4.5 + 1.4 uM against ZIKV and 17.3 £ 4.6,
7.6 £1.2,4.1 +2.3 uM against DENV. Based on reproducibility within replicates and correlation with PRA,
the viral input corresponding to 50 TCIDso was set as the optimal amount to perform the direct YRA.

In addition, viral stocks generated in the direct YRA can be transferred to a second cell culture in the
absence of drug (secondary YRA), to better characterize antiviral activity exerted at steps occurring later
than envelope expression. To evaluate the ability of the system to discriminate between early and late
antiviral effects, the I1Cso of celgosivir, an a-glucosidase inhibitor acting at late steps of DENV infection, was
determined by both a direct and secondary YRA, as well as by the reference PRA against both viruses. In
agreement with the proposed mechanism of late action, no antiviral activity was reported for the direct
YRA, while celgosivir was able to inhibit DENV replication in the secondary YRA (IC50 11.0 £ 1.0 uM), really
close to PRA ICs0 (10.1 £ 1.1 uM) and to literature results.

In summary, the IA developed in this work combines several advantages with respect to the gold standard
PRA and/or to other methods aimed to define antiflavivirus activity, including i) the use of the same
protocol for two different viruses, (ii) the ability to distinguish between early and late antiviral effects, (iii)
an automated readout directly proportional to virus production and consequently to virus inhibition,
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opposed to manual and error-prone counting, (iv) the possibility to perform the entire assay within 6 days,
compared to 8 and 13 days for ZIKV and DENV, respectively.

Thus, the system provides an opportunity to expand the potential for fast cell-based screening of multiple
compounds for anti-flavivirus therapy.

All data can be found in the attached paper at the end of the thesis (Vicenti et al., 2020a).
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5. Evaluation of sofosbuvir activity and resistance profile against West Nile virus in vitro

Parallelly to ZIKV and DENV, no therapy is available also for WNV, which can cause severe neurological
disease in a small portion of infected patients. Hence, the identification of therapeutic options would
achieve a strong reduction in WNV-associated morbidity and mortality (Kok, 2016).

Sofosbuvir is a nucleotide analog licensed for the treatment of HCV infections, which target the HCV RdRp
and it is able to exert a potent inhibitory activity against this virus (Gotte and Feld, 2016). Given the high
degree of structural homology observed among RdRp enzymes within the Flaviviridae family (Lim et al.,
2013), the antiviral activity of sofosbuvir has been recently evaluated as an anti-flavivirus lead candidate,
showing inhibitory activity against ZIKV and YFV both in vitro and in animal models, as well as against DENV
in vitro (de Freitas et al., 2019; Mesci et al., 2018; Sacramento et al., 2017); in addition an antiviral activity
has been detected also against the alphavirus Chikungunya (CHIKV) both in vitro and in animal models
(Ferreira et al., 2019).

In this context, since the NS5 amino acid residues predicted to interact with sofosbuvir shares
approximately 80% conservation among WNV, DENV and ZIKV, the aim of this work was to determine for
the first time sofosbuvir activity against WNV in vitro, as well as its resistance profile through in vitro
resistance selection experiments.

To set up the antiviral assay, the WNV strain was first propagated in different cell lines, including human
hepatic (Huh-7), neuronal (LN-18 and U87) and pulmonary (A549) cell lines, as well as the reference
monkey (VERO EB6) cell line. Since all the cell lines were permissive to WNV infection, antiviral activity was
tested only in the human cell lines, due to the better ability to mimic the virus human tropism.

Inhibitory activity was performed by the gold standard PRA, as well as an adapted version of the IA
developed for the screening of anti-ZIKV and anti-DENV antiviral activity. Sofosbuvir was active in the low
micromolar range in Huh-7 cell line (ICsp 1.2 £ 0.3 puM) and in both neuronal U87 (ICsp 5.3 + 0.9 uM) and LN-
18 (ICs0 7.8 £ 2.5 uM) cell lines, while a reduced activity was observed in A549 cell line (ICs063.4 + 9.0 uM).
The antiviral activity of sofosbuvir was also tested by IA, with ICso results similar to those obtained by PRA,
confirming the efficacy of sofosbuvir in inhibiting WNV replication in the human hepatic and neuronal cell
lines in the low micromolar range.

The efficiency of sofosbuvir to inhibit WNV replication was also confirmed by an in vitro enzymatic assay
using purified WNV RdRp, resulting in an ICso of 11.1 £ 4.6 uM, consistent with data obtained by cell lines
experiments.

During in vitro resistance selection experiments, sequence of viral stocks collected at the sofosbuvir
concentration of 80 uM revealed several mutations in the NS5 gene. Among the variants appeared, the
S604T mutation was detected, which corresponds to the well-known S282T sofosbuvir resistance mutation
in HCV NS5B (Dutartre et al., 2006), providing the hypothesis that sofosbuvir interacts with the same
conserved domain across flavivirus and hepacivirus RdRp. Notably, such mutation resulted in a modest
increased fold resistance with respect to the WNV wild type virus. Molecular docking experiments
confirmed that the S604T mutation within the catalytic site of RdRp is able to affect the binding mode of
sofosbuvir.

In conclusion, this works strongly support the studies in animal models to confirm the relevance of these
findings, speculating about sofosbuvir as a treatment option for WNV itself or as a lead structure for further

development against multiple flaviviral infections.

All data can be found in the attached paper at the end of the thesis (Dragoni et al., 2020).
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6. ORIGINALE CHEMIAE in Antiviral Strategy - Origin and Modernization of Multi-
Component Chemistry as a Source of Innovative Broad Spectrum Antiviral Strategy

Background

General consensus exists on the fact that Multi-Component Chemistry (MCC) had been the pristine
chemistry for the origin of nucleic acids and heterocyclic secondary metabolites on our Planet. This
chemistry was characterized by the capability of generating high chemical diversity, setting the molecular
evolution for the emergence of the Last Universal Common Ancestor (LUCA) (Shirt-Ediss et al., 2017). Even
if viruses are representing simple organisms, they have evolved from the same prebiotic world leading to
the emergence of LUCA. This makes reasonable and attractive the hypothesis that MCC can generate novel
antivirals.

Viral pathogens, including old re-emerging viruses and new emerging viruses, still represent a serious
threat for global health. Enhanced globalization and climate changes contribute to increase the worldwide
spreading of different viruses, which are no longer confined to geographically limited risk areas. Despite a
number of vaccines and antiviral drugs have been developed in the last century, several viruses belonging
to different families are still untreatable (Clercq and E., 2016). The availability of broad-spectrum antivirals
(BSAs) acting on a highly conserved target (viral or host) may offer the possibility to immediately initiate
prophylactic as well as therapeutic treatments against viral pathogens for which no drugs have been
developed so far. In addition, BSAs may offer better treatment options for multi-species co-infections. The
original MCC has been recently reproduced in the lab (Rotelli et al., 2016) and nowadays the modernization
of the MCC associated innovative chemical techniques can speed-up the production of complex
heterocyclic derivatives (Radi et al., 2010). In this context, MCC may represent an innovative approach for
the discovery of BSAs. To investigate this hypothesis, a network composed by a panel of experienced
laboratories in antiviral drug discovery and development has been formed to fulfill the objectives of the
“ORIGINALE CHEMIAE in Antiviral Strategy” project, aimed to explore the modern MCC approaches to
generate innovative antiviral molecule.

Among the laboratories involved in the project, our task was to define the antiviral activity of molecules
generated by the different research groups in standardized virus-cell systems.

Materials and Methods

Antiviral activity of the generated candidate antiviral molecules was firstly determined against: i) the
flaviviruses DENV serotype 2 strain and WNV lineage 1 strain, ii) the lentivirus HIV-1 NL4-3 strain. Following
the recent pandemic, the project was also extended to the newly discovered coronavirus SARS-CoV-2,
which strain was kindly provided by the University of Milan.

To assess the antiviral activity of candidate molecules against DENV, WNV and HIV-1, cell-based assays
were performed as previously published (Dragoni et al., 2020; Saladini et al., 2018; Vicenti et al., 2020a).
The immunodetection assay was used as read-out in the infected Huh7 cells to quantify the flaviviruses E
protein, while for HIV-1, the luciferase activity was determined in infected TZM- bl reporter cell line. For
SARS-CoV-2, a new virus-cell line system has been optimized, employing the human colon adenocarcinoma
Caco-2 cell line (ATCC HTB-37). Cytotoxicity was evaluated as described in Vicenti et al. (Vicenti et al.,
2020a) with minor modification. Briefly, serial twofold dilutions of compounds were diluted in infection
medium (EMEM supplemented with 1% FBS) and after 48 h of incubation, drug cytotoxicity was measured
by using the CellTiter-Glo 2.0 Luminescent Cell Viability Assay. The luminescent signal generated by cells
treated with the test compound was compared with that generated by cells treated with DMSO/water to
determine the half-maximal cytotoxic concentration (CCsp). The ICso was determined through an
immunodetection assay. Briefly, Caco-2 cells were infected using 0.01 MOI of the viral stock; after 1h
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30min, the viral stock was removed, and serial dilutions of the candidate molecules were added onto the
cells. Following 48h of incubation, cells were fixed and treated as previously described in immunodetection
assay (Vicenti et al., 2020a), but using a specific monoclonal antibody able to recognize the N protein of
CoVs, including SARS-CoV-2. Absorbance values were used to determine ICsg by a nonlinear regression
analysis of the dose—response curves generated with the GraphPad PRISM software version 6.01. The SARS-
CoV-2 antiviral assay was validated using the nucleoside inhibitor remdesivir, which has shown potent anti-
SARS-COV-2 activity in vitro (Sanders et al., 2020; Wang et al., 2020).

Molecules identified by the acronym MR were provided by the research group of Prof. Marco Radi from the
University of Parma, whereas the remaining were provided by the research group of Prof. Lorenzo Botta
from the University of Tuscia.

Results and discussion

Among a panel of 66 candidate molecules, 7 compounds were not soluble, thus their antiviral activity could
not be assessed.

Anti-WNV and anti-DENV activity: a total of 59 candidate molecules were screened to determine a potential
antiviral effect against WNV and/or DENV. One compound showed cytotoxicity in the Huh7 cell lines.
Among the 58 compounds tested, 16 showed WNV antiviral activity with median ICso value of 9.7 uM (IQR
5.6-21.1), while 17 showed DENV antiviral activity with median ICso value of di 6.1 uM (IQR 4.4-12.3) (Tab
1).

Anti-HIV-1 activity: among the panel of candidate molecules, no relevant cytotoxicity was observed in the
H9 cell line for the 59 compounds tested. Of these, 5 showed anti-HIV-1 activity with median ICso value of
8.6 uM (IQR 5.2-14.8) (Tab 1).

Anti-SARS-CoV-2 activity: among 54 candidate molecules, of which 41 also tested against WNV/DENV/HIV-
1, 2 compounds were cytotoxic in Caco-2 cells. Of the remaining 52, 23 are still under investigation, while 4
of 25 showed anti-SARS-CoV-2 activity with median ICsp value of 9.1 uM (IQR 5.9-12.1) (Tab 1).

Among the active candidate compounds, 8 were able to simultaneously inhibit WNV and DENV (namely
MR326, MR380, MR47, SC97, ART41, ART21, MR423, MR429). Notably, the MR333 compound was able to
inhibit in the micromolar range both WNV and DENV, as well as the newly discovered SARS-CoV-2, hence
likely targeting a common feature shared by viruses belonging to different families. Moreover, MR333
showed a remarkable selectivity index (Sl), defined as the ratio between the CCso and the ICsq, against both
WNV and DENV. The compound MR379 shares the same pattern of activity of MR333, but since the
molecule used for SARS-CoV-2 experiments is derived from a different batch of compounds, experiments
must be repeated for DENV and WNV using the same batch to ensure its broad antiviral effect.
Interestingly, different compounds showed inhibitory activity against viruses belonging to different classes
with remarkable differences in their replication cycle (Tab 1). This is the case of MR418 and MR421 which
active against DENV and HIV-1 and, of MR422 and MR425 which showed antiviral activity against both the
flaviviruses tested and HIV-1.
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Tab 1. Antiviral activity of candidate molecules against WNV, DENV, HIV-1 and SARS-CoV-2, expressed as the mean of the ICs5 + the standard deviation
(SD). Only molecules showing activity at least against one viral strain tested have been reported. Sofosbuvir, raltegravir and remdesivir were used as
positive controls for WNV/DENV, HIV-1 and SARS-CoV-2 inhibitory activities, respectively.

WNV DENV HIV-1 SARS-CoV-2
CMP ID ICso (M) + SD S ICso (UM) + SD Sl ICso (M) + SD Sl ICso (UM) + SD |
MR326 22.7+3.8 8.8 9.6+25 20.9 - - NT
MR333 3.9+0.7 51 2.6+0.3 77 - - 59+1.8 13.8
MR376 25.2+8.1 9.9 - - - - NT
MR377 16.7+4.3 15.0 - - - - NT
MR378 6.6+ 0.6 37.9 - - - - NT
MR379 13.9+11.8 11.5 18.2+6.9 8.8 - - **9.1+5.0 3.6
MR380 7.9+0.7 31.6 41.6+16.4 6.0 - - NT
MR381 22.5+18.0 11.1 - - - - NT
MR47 5214 28.8 33.9+22.8 4.4 - - NT
SC97 1.1+£0.1 8.3 1.2+0.4 7.3 - - NT
SC105 - - - - - - 12.1+1.1 33.0
ART 41 7.8+3.1 3.2 43+3.2 5.9 - - - -
ART 48 - - 15.0+£0.1 2.7 - - - -
ART 21 42+04 4.8 45+1.3 4.5 - - - -
AF 4,3 - - - - - - *0.02 £ 0.001 2.0
MR 418 - - 1.1+0.1 13.6 86+7.1 4.7 ul
MR 421 - - 49+2.6 51.5 40+1.3 12.6 ul
MR 422 28.3+2.0 3.2 6.6+0.7 13.6 13.9+14 2.7 ul
MR 423 10.9+3.8 2.3 6.1+3.9 4.1 - - Ul
MR 424 - - 6.5+0.1 10.1 - - Ul
MR 425 8.5+6.6 3.1 4.8+1.8 5.4 6.3+0.6 6.3 Ul
MR 426 - - 6.7+1.1 8.9 - - Ul
MR 429 12.1+9.6 2.5 5.0+0.9 6.1 - - ul
MR 430 - - - - 15.6+4.8 6.4 ul
Sofosbuvir 1.7+£0.5 205.9 46+1.4 76.1 NT NT
Raltegravir NT NT 0.006 + 0.003 >1000 NT
Remdesivir NT NT NT 0.01+0.006 8000

-, no antiviral activity was observed; NT, Not Tested; Ul, the compound is currently Under Investigation; SI, Selectivity Index, defined as the ratio between
the CCsp (not shown) and the ICs,.
*results are expressed in mg/ml; **new batch of compound.
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Conclusions

A first panel of candidate antiviral compounds was screened and antiviral activity was assessed against WNV,
DENV, HIV- 1 and SARS-CoV-2 viruses. A total of 24 of the 66 molecules synthesized reported a measurable
inhibitory activity against at least one of the viruses tested. However, one of the main objectives of the
“ORIGINALE CHEMIAE in Antiviral Strategy” project was aimed at identifying BSAs. Indeed, the development of
pan-viral drugs capable of inhibiting multiple viruses belonging to different families is an attractive option to
immediately treat new emerging and re-emerging viral diseases, as well as widespread viral infections when
effective antiviral therapy is not yet available.

Notably, among the 24 active compounds, 10 were able to inhibit simultaneously at least two different viruses,
while 4 showed antiviral activity against 3 different viruses. In particular, the MR333 compound reported a
promising broad-spectrum antiviral activity with ICso in the low micromolar range for WNV, DENV and SARS-
CoV-2, and a remarkable SI for WNV and DENV. Next steps of the project will be addressed at defining the
antiviral activity of these leading compounds against flavivirus ZIKV too, as well as at the screening of a second
panel of candidate antiviral molecules.
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7. Molecular Tracing of SARS-CoV-2 in Italy in the First Three Months of the
Epidemic

Following the rapid spread of the new coronavirus SARS-CoV-2 worldwide, Italy was one of the countries
most and earliest affected by the COVID-19 pandemic. To improve the knowledge on SARS-COV-2 lItalian
spreading, 14 clinical centers and their associated laboratories created an Italian network named SCIRE.
One of the main objectives of the SCIRE group was to conduct a longitudinal analysis to evaluate the
COVID-19 epidemic in Italy by means of next-generation sequencing (NGS) whole genome sequencing of
the circulating strains. Molecular characterization of the viral genome is useful not only to understand the
ongoing SARS-CoV-2 epidemic and its evolution, but also to provide new basic knowledge which could be
related to increased disease severity, different response to treatment and finally help to population control
of SARS-CoV-2 infection.

In this context, the first study performed by SCIRE was aimed at the characterization and genomic tracing
by phylogenetic analyses of 59 new SARS-CoV-2 Italian isolates, obtained from patients of north and central
Italy during the first wave of the epidemic, specifically from the end of February until the end of April 2020.

All but one of the newly characterized genomes belonged to a single clade, corresponding to the lineage
B.1 (the old Nextstrain 2A clade, corresponding to the new Nextstrain clades 20A and 20B). At that
moment, the clade was the most frequently reported in European countries, including Italy. This finding
matched with the first autochthonous European cluster of SARS-CoV-2 transmission in Bavaria (Germany),
originated by the introduction of a strain from Shanghai. The only strain excluded belonged to the lineage
B, the same lineage of the first 2 cases imported into Italy from the Hubei region, China, at the end of
January 2020. However, the transmission of this lineage remains unexplained, since the patient didn’t
report any recent trip outside Italy or contacts with subjects affected by COVID-19 and further
investigations of its transmission are required.

Interestingly, the substitution D614G in the S protein was present in all the isolates belonging to the lineage
B.1, as well as in the strain belonging to lineage B. This substitution has been already characterized and it
emerged during the SARS-COV-2 spreading from Asia to Europe (Eaaswarkhanth et al., 2020; Korber et al.,
2020).

The genetic distances among the Italian strains were relatively short, corresponding to an average of about
6.4 mutations per viral genome. After grouping the sequences according with the sampling months, a
higher heterogeneity was observed among the strains isolated in February, in respect to those of March
and April; however, the genetic distance between different months increased with time. This observation
confirmed a continuous evolution of the viral genome (with the emergence of new divergent variants)
mainly driven by genetic drift.

In conclusion, this study shows that the initial outbreak in Italy was mainly attributable to a single
introduction of the virus and its uncontrolled circulation for a period of about four weeks. Such findings
reaffirm the strategic importance of continuous surveillance and timely tracing to define effective

containment measures.

All data can be found in the attached paper at the end of the thesis (Lai et al., 2020).
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8. MVC as a potential HIV-1 latency-reversing agent in cell line models and ex vivo
CDA T cells

The main obstacle to an HIV cure is the formation of stable reservoirs following integration of the HIV DNA
into the host genome. Despite the success of ART to block viral replication and halt disease progression,
ART is not a cure and cannot completely clear the infection, since HIV-1 is able to persist in blood and
anatomic compartments for years and consequently, treatment needs to be taken life-long (Anderson and
Maldarelli, 2018). Therefore, developing strategies to eradicate or control HIV-1 without ART are a high
priority. Most current efforts are concentrated on the so-called ‘Shock and kill’ strategy (W. Xu et al., 2017).
MVC, the first approved anti-HIV-1 agent targeting a cellular factor, binds to the CCR5 chemokine receptor,
preventing target cell recognition by CCR5-tropic viruses (Wood and Armour, 2005). Apart from its antiviral
activity, the binding of MVC to CCR5 triggers a series of cellular events per se, independently from the virus
coreceptor tropism or even from the HIV-1-positive status (Woollard and Kanmogne, 2015). Indeed, the
interaction of CCR5 with its natural ligands plays an important role in priming the adaptive immune
responses and in promoting the migration of CCR5-expressing cells to sites of infection and inflammation;
therefore, blockade of this receptor by treatment with MVC has the potential to combine the antiviral and
the immunomodulatory effect, as observed in pivotal studies, in which MVC treatment was associated to a
decreased immune activation and to an increase in CD4 T cells (Asmuth et al., 2010; Funderburg et al.,
2010). Following CCR5 binding, MVC seems to activate the PKC-mediated pathway, resulting in an increased
expression of NF-kB. NF-kB is a key T cell transcription factor that is known to able to regulate HIV-1
transcription and replication and is a preferential target of other candidate LRAs targeting PKC pathways
(Jiang and Dandekar, 2015). This activity, if confirmed, would make MVC a unique drug, combining the
ability to awaken the latent provirus and block new infections. Interestingly, a latency reversal effect of
MVC could explain the apparently unfavorable effect on viremia shown in MVC simplification studies,
particularly when HIV-1 relapses occurred at low level and/or transiently (Pett et al., 2016; Rossetti et al.,
2017). Indeed, such viremia blips could be attributed to release of virus from reservoir following MVC-
mediated induction rather than true virologic failure.

However, the potential of MVC as an LRA is based on limited published data. A recent work showed that
intensified MVC administration in vivo caused an increase in unspliced HIV-1 RNA levels in resting CD4 T
cells, in association with enhanced expression of NF-kB-dependent genes. Unfortunately, no control group
was included to rule out stochastic changes in HIV transcription independently of MVC treatment (Madrid-
Elena et al., 2018). These findings are supported by in vitro data from two other studies, in which the effect
of MVC in the reactivation of cell latent HIV-1 models treated with IL-7 or CCL19 was significant at different
MVC concentrations (Lopez-Huertas et al., 2017), and with no alterations in the viability of CD8 T cells
(Lopez-Huertas et al., 2020).

In this context, the aim of this study was to define MVC-mediated HIV-1 induction in three cell line models
and in ex vivo CD4 T cells collected from six patients with suppressed viremia.

HIV-1 induction was evaluated after 24h in cell line models using scalar concentration of MVC; results were
compared to a non-induced cell control and to cells treated with the combination of known strong-inducers
(ionomycin and PMA, ION+PMA) as a positive control, for each cell line. As a readout of the induction, in
TZM-bl cells the HIV-1 LTR-driven luciferase expression was measured, whereas in ACH-2 and U1 latently
infected cell lines the CFR and CAR HIV-1 RNA was quantified by qPCR, along with the NF-kB p65 expression
in all cell lines nuclear extracts. No LTR activation was observed in TZM-bl cells at any MVC concentration.
Significant differences of HIV-1 expression were only detected at 80 uM MVC, specifically on HIV-1 CFR in
U1 (3.110.9; P=0.034) and ACH-2 cells (3.9+1.4; P=0.037). NF-kB activation was only modestly upregulated
(1.60.4) in TZM-bl cells with 5 uM MVC.

Ex-vivo induction experiments were performed on CD4 T cells, collected from six HIV-1-positive patients
with suppressed viremia, that were induced for 24h using 5 uM MVC. For each sample a positive control
(ION+PMA) and a non-treated cell control were added.

CAR, CFR and cell-associated DNA (CAD) were quantified by gPCR at baseline and 1-7-14 days post-
induction (T1, T7, T14); moreover, at T7 and T14, the infectivity of the CD4 T cells co-cultured with MOLT-
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4/CCR5 cells was evaluated in modified version of the TZA. Although no consistent pattern of MVC-
mediated activation was observed in ex vivo experiments, substantial activation values were detected
sparsely on individual samples with different parameters. In summary, in ex vivo CD4 T cells, MVC appeared
to exert a weak stimulation but without a consistent pattern in specific indicators or at defined time points.
Notably, in sample two, MVC stimulated all parameters at T7 (2.3£0.2 CAD, 6.8+3.7 CAR, 18.7+16.7 CFR,
7.310.2 TZA).

While progress with LRAs is certainly ongoing, there is still much to investigate. In this study, MVC was able
to variably induce HIV-1 production in some cell line latency models, whereas in ex vivo CD4 T cells, MVC
may exert patient-specific HIV-1 induction. However, a defined role for the MVC as a LRA with clinically
relevant patterns remain to be defined.

All data can be found in the attached paper at the end of the thesis (Vicenti et al., 2020b).
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9. Concluding remarks

Acute and chronic viral infections, both emerging and re-emerging, significantly affect human health. A
significant number of viral pathogens remain without effective treatment or cure, with only a limited
number of infections that can be prevented by vaccines. Thus, development of new antivirals is a high
priority.

Flaviviruses infections caused by WNV, ZIKV and DENV have increasingly spread worldwide affecting a large
number of human beings, causing considerable morbidity. Nowadays, DENV is considered the most
prevalent flavivirus, infecting an estimated 400 million people each year, whereas WNV and ZIKV are
endemic in different areas. Arboviral infections are indeed a serious threat affecting both high and
low/middle-income countries. HIV-1 is a well-known pathogen and the most intensively studied virus ever,
it has killed more than 33 million people so far and, despite major advances in treatment, still represents a
major global public health concern. Indeed, at the end of 2019, there were an estimated 38 million of
PLWH, and about 2 million of new infections are reported each year. The new SARS-COV-2 causing the
COVID-19 disease, was isolated at the beginning of 2020 and in few months spread worldwide, leading the
WHO to declare the new pandemic in March 2020. As of 1 November 2020, nearly 46 million cases and 1.2
million deaths have been reported globally, and these numbers are still rising every day.

Antiviral treatments, along with vaccination, are necessary to cure, prevent and mitigate the diseases
caused by these pathogens. In the area of drug discovery, both de novo design and drug repurposing, the
assessment of antiviral effects in vitro is a key approach for the screening of candidate compounds.
Therefore, the setup of accurate, robust and convenient laboratory assays able to assess the antiviral
activity of candidate molecules is highly relevant. In this context, we developed an easy-to-perform and fast
flavivirus 1A, which overcomes the relevant limitations of the gold standard PRA allowing a semi-automated
readout through microplate reading. Other advantages of this homebrew method are the use of a pan-
flaviviral monoclonal antibody, allowing the simultaneous application for different viruses, as well as the
ability to distinguish between early and late antiviral effects. In synthesis, this IA can expand the potential
for convenient cell-based screening of multiple compounds candidate for anti-flaviviral therapy.

Drug repurposing is an increasingly attractive trend, significantly saving cost and time with respect to the
discovery and approval of new drugs. Genome characterization and protein structures of the Flaviviridae
family have unveiled substantial homology in the RdRp enzyme. Recently, the activity of sofosbuvir, a
nucleotide analog licensed for HCV infection, has been documented in vitro and in animal models against
ZIKV and YFV and in vitro against DENV, as well as against the alphavirus CHIKV both in vitro and in animal
models. Since the RdRp homology is shared also by WNV, we investigated whether sofosbuvir may exert an
activity also against WNV. After the initial set-up of cell-based and enzymatic assays which were adapted to
WNYV features, we were able to describe for the first time the sofosbuvir antiviral activity against WNV in
the low micromolar range. Since sofosbuvir high genetic barrier to resistance is a prominent hallmark of the
anti-HCV treatment, we investigated the sofosbuvir genetic barrier against WNV. In vitro selection and
molecular docking experiments indicated that HCV and WNV share a similar sofosbuvir resistance pattern.

Another promising direction to counteract viral diseases is the develop of BSAs, which may offer the
possibility for the treatment of multi-species co-infections, as well as the treatments against novel viral
agents or pathogens for which no drugs have been developed so far. In this scenario, the “ORIGINALE
CHEMIAE in Antiviral Strategy” project aims to take advantage of the MCC strategy to identify promising
BSAs. Even if the project is still ongoing, we were able to determine the activity of 2 compounds able to
inhibit viral replication against two different families of viruses (DENV/WNV and SARS-CoV-2), as well as 2
compounds showing an antiviral activity against viruses with remarkable differences in their replication
cycle (DENV/WNV and HIV-1).
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Molecular characterization of the viral genome may provide useful information related to increase in
disease severity and/or to a different response to therapy. Hence, during the first wave of SARS-CoV-2 in
Italy, our laboratory has been included into the SCIRE Italian network, with the main objective to increase
knowledge on the SARS-CoV-2 circulating strains, by means of NGS whole genome sequencing. We
identified that the initial outbreak in Italy was mainly attributable to the SARS-CoV-2 lineage B.1 and to its
uncontrolled circulation for an estimated period of 4 weeks.

Even if a therapy can improve the quality of survival and prolong the duration of life, it may not be
sufficient to completely eradicate a chronic infection. This is the case of HIV-1, which is able to persist
indefinitely in blood and other anatomic compartments and to rebound from the latent reservoir following
ART cessation. Therefore, developing strategies to eradicate or control HIV-1 without ART are a high
priority. In recent years, it has been hypothesized a double role for the CCR5 antagonist MVC, which may
be able to combine the ability to awaken the latent provirus and to block new infections. Anyway, very few
works have investigated such hypothesis. Thus, we defined MVC-mediated HIV-1 induction in three cell line
models and in ex vivo CD4 T cells, since these models had not previously been used. Moreover, we explored
a wider set of indicators compared to the previous works to better define any latency reversing activity of
MVC. An increased expression of HIV-1 was detected in all the parameters observed at the highest MVC
concentration in two of the three cell line models tested. In ex vivo CD4 T cells, no consistent pattern of
MVC-mediated activation was observed, but MVC-mediated induction was detected sparsely on individual
samples with different parameters. Such evidences suggest the role of MVC as a weak LRA of the HIV-1
provirus induction.

Control of viral infections is a continuous challenge for science and public health. New viruses can emerge
or re-emerge under partly unpredictable circumstances. Technology in different biomedical areas has made
impressive advancements, making it possible to characterize new pathogens and complex virus-host
interactions at unprecedented speed and depth. Nevertheless, viruses will continue the explore the
biosphere, occasionally attacking humans and any kind of living organisms. The inability to clear HIV
infection despite >35 years of intensive work and the current disaster caused by SARS-CoV-2 are notable
examples of the intrinsic limitations of our defense system. Drug design has also improved dramatically in
the ability and speed to develop highly effective and selective antivirals. Virology remains at the core of the
multidisciplinary effort required to cope with viral threatens, connecting drug design with final delivery of
drugs protecting from clinically relevant infections.
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10. Abbreviations

ACE2 Angiotensin-Converting Enzyme 2
ADE Antibody-Dependent Enhancement
AIDS Acquired Immunodeficiency Syndrome
ART Antiretroviral Therapy

BBB Blood-Brain Barrier

BSA Broad-Spectrum Antiviral

C Capsid (protein)

CAD Cell-Associated DNA

CAR Cell Associated HIV-1 RNA

CCso Half-Maximal Cytotoxic Concentration
CFR Cell-Free HIV-1 RNA

CHIKV Chikungunya Virus

CNS Central Nervous System

CoV Coronavirus

COVID-19 Coronavirus Disease 2019

CRF Circulating Recombinant Form
DC-SIGN Dendritic cell-specific ICAM-grabbing non-integrin
ddPCR Digital Droplet PCR

DENV Dengue Virus

DHF Dengue Hemorrhagic Fever

DSS Dengue Shock Syndrome

E Envelope (protein)

EMA European Medicine Agency

ER Endoplasmic Reticulum

FDA Food and Drug Administration

GBS Guillain-Barré syndrome

GISAID Global Initiative on Sharing Avian Influenza Data
HCoV Human Coronavirus

HCV Hepatitis C Virus

HIV Human Immunodeficiency Virus

HML HIV Monitoring Laboratory

1A immunodetection assay

ICso Half-Maximal Inhibitory Concentration
IFN Interferon

IN Integrase

INSTI Integrase Strand Transfer Inhibitor
ION lonomycin

IPDA Intact Proviral DNA Assay

LRA Latency Reversing Agent

LTR Long Terminal Repeat

LUCA Last Universal Common Ancestor

M Membrane (protein)

MA Matrix

MCC Multi-Component Chemistry
MERS-CoV Middle East respiratory syndrome coronavirus
MTase Methyltransferase

MVC Maraviroc

N Nucleocapsid (protein)
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NGS Next Generation Sequencing

NNRTI Non-Nucleoside RT Inhibitor

NRTI Nucleoside/Nucleotide RT Inhibitor
NS-nsp Non-structural (protein)

NT Not Tested

NTPase nucleoside triphosphatase

ORF Open Reading frame

PANGOLIN Phylogenetic Assignment of Named Global Outbreak LINeages
PBMC Peripheral Blood Mononuclear Cell

Pl Protease Inhibitor

PKC Protein Kinase C

PLWH People Living With HIV

PMA Phorbol Myristate Acetate

PR Protease

PRA Plague Reduction Assay

prM Precursor Membrane

gPCR Quantitative Polymerase Chain Reaction
R Repeated sequence

RO basic Reproduction Number

RBD Receptor Binding Domain

RdRp RNA-dependent RNA polymerase

RT Reverse Transcriptase

RTC Replication-Transcription Complex
RTPase RNA triphosphatase

S Spike (protein)

SARS-CoV Severe Acute Respiratory Syndrome Coronavirus
SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus-2
SCIRE SARS-CoV-2 Italian Research Enterprise
S| Selectivity Index

TAM Tyrosine protein kinase receptor 3 (TYRO3)-AXL-MER
TCIDso 50% Tissue Culture Infectious Dose
TILDA Tat/Rev Induced Limiting Dilution Assay
TIM T-cell immunoglobulin and mucin domain
TLR Toll-like Receptor

TZA TZM-bl Cell Based Assay

ul Under Investigation

UNAIDS United Nations Programme on HIV/AIDS
URF Unique Recombinant Form

USA United States of America

UTR Untranslated Region

VLP Virus-Like Particle

VOA Viral Outgrowth Assay

VRP Viral Replicon

WHO World Health Organization

WNF West Nile fever

WNV West Nile Virus

YFV Yellow Fever Virus

YRA Yield Reduction Assay

ZIKV Zika Virus
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Abstract

Practical cell-based assays can accelerate anti-Zika (ZIKV) and anti-dengue (DENV) virus drug discovery. We developed an
immunodetection assay (lA), using a pan-flaviviral monoclonal antibody recognizing a conserved envelope domain. The final
protocol includes a direct virus yield reduction assay (YRA) carried out in the human Huh7 cell line, followed by transfer
of the supernatant to a secondary Huh7 culture to characterize late antiviral effects. Sofosbuvir and ribavirin were used to
validate the assay, while celgosivir was used to evaluate the ability to discriminate between early and late antiviral activity.
In the direct YRA, at 100, 50, and 25 TCID,,, sofosbuvir IC; values were 5.0 = 1.5, 2.7 = 0.5, 2.5 * |.] pM against
ZIKV and 16.6 = 2.8,4.6 = 1.4,2.6 = 2.2 uM against DENV; ribavirin IC,, values were 6.8 = 4.0,3.8 = 0.6,4.5 * |4
MM against ZIKV and 17.3 = 4.6, 7.6 = 1.2, 4.1 = 2.3 uM against DENV. Sofosbuvir and ribavirin IC values determined
in the secondary YRA were reproducible and comparable with those obtained by direct YRA and plaque reduction assay
(PRA). In agreement with the proposed mechanism of late action, celgosivir was active against DENV only in the secondary
YRA (IC,; 11.0 = 1.0 uM) and in PRA (IC,, 10.I = I.I pM). The assay format overcomes relevant limitations of the
gold standard PRA, allowing concurrent analysis of candidate antiviral compounds against different viruses and providing
preliminary information about early versus late antiviral activity.

Keywords
ELISA, plaque assay, antiviral, flavivirus, cell-based assay

Introduction outbreak, has renewed the interest in ZIKV. Consequently,
the WHO has ranked DENV as the most critical mosquito-
borne viral disease and ZIKV as an international public
health emergency.

Despite the urgent need for effective treatment, no spe-
cific antiviral therapy is available to control ZIKV or DENV
infection and transmission.®? In addition, increasing rates
of co-infections with different flaviviruses co-circulating
within the same vector complicate the clinical outcome and

Dengue (DENV) and Zika (ZIKV) viruses are related mem-
bers of the Flaviviridae family, transmitted by mosquitoes of
the Aedes genus.'> Multiple factors, such as globalization,*
environmental changes favoring reproduction of the vector,’
and viral adaptation to the urban setting,® have recently
spread these viruses to novel areas. DENV is the most preva-
lent arboviral infection in humans, as indicated by the World
Health Organization (WHO) (https://www.who.int/dengue-
control/disease/en/), causing severe flu-like illness and occa-
sionly lethl dengue hemorhagc ever o dengue shock D e Srcte it oS S,
synd.rome. Over the I?St 50 years, the 1pc1dence of DENV Toscana, Italy ' & Y TOSPI ’

has increased dramatically with an estimated 400 million

new infections per year occurring mainly in tropical and
subtropical areas.! Since the first recognized large outbreak
of ZIKV in Micronesia in 2007, ZIKV has also spread rap- Supplemental material is available online with this article.

idly to many countries in the Americas affecting millions of Corresponding Author:
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treatment options.'? Potential targets for antiflavivirus com-
pounds include viral proteins, such as protease or poly-
merase, and host cell functions essential for virus replication,
such as a-glucosidase and proteins involved in nucleoside
biosynthesis. !>

High-throughput screening (HTS) of libraries of small
molecules is a powerful tool to identify novel flavivirus
inhibitors;'3'> however, measurement of virus replication
can be cumbersome, expensive, and prone to inaccuracy. To
date, a variety of methods have been developed, including
the classical plaque reduction assay (PRA),'*"!® microscopy
monitoring of cytopathic effect (CPE),'" and immunofluo-
rescence-based assays such as the fluorescence focus assay
and the most advanced fluorescence-activated cell sorting
assay.”%?! Cell-based assays using live viruses, such as PRA
or CPE, are indicated as the reference standard for antiviral
screening, despite poor reproducibility, the requirement of
experienced technicians, and high-turnaround times.®
Consequently, the development of accurate, easy-to-
perform, and fast cell-based assays is highly valuable to test
candidate inhibitors of ZIKV and DENYV replication.

In this study, we describe a fast and accurate cell-based
flavivirus immunodetection assay (IA) allowing quantifica-
tion of ZIKV and/or DENV antigen by a specific monoclonal
antibody to the fusion loop of the E protein domain II, which
is shared among different flaviviruses. The assay is applied as
a readout of a direct yield reduction assay (YRA) measuring
inhibition of virus replication in the initially infected cell cul-
ture. In addition, viral stocks generated in the direct YRA can
be transferred to a second cell culture in the absence of drug,
to better characterize antiviral activity exerted at steps occur-
ring later than envelope expression. To validate the assay,
sofosbuvir and ribavirin half-maximal inhibitory concentra-
tions (IC,,) were determined and compared with values
obtained by a standardized PRA?? and with values previously
reported in the literature.>2° To evaluate the ability of the
system to discriminate between early and late antiviral
effects, the IC,, of celgosivir, an a-glucosidase inhibitor act-
ing at late steps of DENV infection and recently evaluated in
a phase Ib/Ila randomized clinical trial (NCT01619969),2728
was determined by both a direct and a secondary YRA, as
well as by the reference PRA against both viruses. In the lit-
erature, celgosivir anti-DENV effects were also determined
in vitro*>° and in animal models.3! Even though a possible
activity of celgosivir against ZIKV has been hypothesized
based on the high similarity between ZIKV and DENV,?® in a
recently published work® celgosivir was not active in vitro
against ZIKV when a monkey cell line (VERO) was used.

Materials and Methods

Cells

Vero E6 (African green monkey kidney cell line; ATCC,
Manassas, VA, USA, CRL-1586), A549 (human lung carcinoma

cell line; ATCC CCL-185), Huh7 (human hepatoma cell line;
kindly provided by Istituto Toscano Tumori, Core Research
Laboratory, Siena, Italy), and LN-18 (glioblastoma cell
line; ATCC CRL-2610) cells were used to titrate ZIKV and
DENYV viral stocks by IA. The C6/36 (Aedes albopictus
mosquito; ATCC CRL-1660) cell line was used to expand
DENYV, and the VERO E6 cell line was used to expand
ZIKV. The cell propagation medium was Dulbecco’s modi-
fied Eagle’s medium (DMEM), high glucose with sodium
pyruvate, and L-glutamine (Euroclone, Milan, Italy) supple-
mented with 10% fetal bovine serum (FBS; Euroclone)
and 1% penicillin/streptomycin (pen/strep; Euroclone).
Additional L-glutamine (2 mM) and HEPES (25 mM) were
used only in C6/36 medium. The cell infection medium was
the same as the propagation medium but with 1% FBS. The
mammalian cells were incubated at 37 °C in a humidified
incubator supplemented with 5% CO,, whereas the mos-
quito cell line was maintained at 28 °C.

Viruses

The H/PF/2013 ZIKV strain, belonging to the Asian lin-
eage, and the New Guinea C DENV serotype 2 strain were
kindly provided by the Istituto Superiore di Sanita, Rome,
Italy. Once expanded in VERO E6 (ZIKV) and C6/36
(DENV) cells, viral stocks were titrated by plaque assay?? in
A549 and VERO E6 cells, yielding viral titers of 400,000
and 20,000 plaque-forming units (PFU) per milliliter,
respectively. Briefly, confluent cells in six-well plate format
were infected with three 10-fold dilutions of viral stock, and
after 1 h viral adsorption at 37 °C with 5% CO,, cells were
washed with PBS and infection medium with 0.75% Sea
Plaque Agarose (Lonza, Rockland, ME, USA) was added to
each well. After 5 days’ incubation at 37 °C, the monolayers
were fixed with 10% formaldehyde (Carlo Erba Chemicals,
Milan, Italy) and stained with 0.1% crystal violet (Carlo
Erba Chemicals). After at least 3 h of incubation, the agar
overlay was removed by water washing and PFU were
counted.

Antivirals

The FDA-approved anti-hepatitis C virus compounds so-
fosbuvir  (B-p-2'-deoxy-2'-a-fluoro-2'--C-methyluridine;
MedChemExpress, Monmouth Junction, NJ, USA, cat.
HY-15005) and ribavirin (1-f-p-ribofuranosyl-1,2,4-triazole-
3-carboxamide; Sigma Aldrich, St. Louis, MO, USA, cat.
R9644) were used to validate the system. The inhibitor of
viral protein glycosylation celgosivir (6-O-butanoyl castano-
spermine; Sigma Aldrich cat. SML2314), acting at the late
stage of DENV replication, was used to evaluate the ability of
the assay to discriminate between early and late antiviral
effects. All reference compounds were supplied as powder;
ribavirin and sofosbuvir were dissolved in 100% DMSO,
while celgosivir was dissolved in bi-distilled sterile water.
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Cytotoxicity Assay

Serial twofold dilutions of antivirals in infection medium
(propagation medium supplemented with 1% FBS) were
added to Huh7 cells seeded at 7000 cells/well in a 96-well
plate. After 72 h of incubation, drug cytotoxicity was mea-
sured by using the CellTiter-Glo 2.0 Luminescent Cell
Viability Assay (Promega, Madison, WI, USA) according to
the manufacturer’s protocol. The luminescent signal gener-
ated by cells treated with the test compound was compared
with that generated by cells treated with DMSO/water to
determine the half-maximal cytotoxic concentration (CCy).

Setup of the Immunodetection Assay

Optimal experimental conditions for the detection of viral
antigen by IA were defined by growing viral stocks in human
cell lines (A549, Huh7, and LN-18) and in the reference
monkey line (VERO EO6) that were titrated at 48, 72, and 96
h. The day before infection, each cell line was seeded in a
96-well plate format at the appropriate concentration to
obtain 90% confluence at the time of antigen detection. Serial
twofold dilutions of viral stocks were adsorbed to target cells
in quadruplicate for 1 h at 37 °C in a humidified incubator
with 5% CO,. After removal of the virus inoculum, DMEM
infection medium with 1% or 3% FBS was added to cultures
to be maintained for 48/72 h or 96 h, respectively.

For the immunodetection of virus antigen, the superna-
tant was removed and cells were fixed for 30 min with 10%
formaldehyde (Carlo Erba Chemicals), rinsed with 1%
PBS, and permeabilized for 10 min with 1% Triton X-100
(Carlo Erba). Following washing with PBS containing
0.05% Tween 20 (Carlo Erba Chemicals), cells were incu-
bated for 1 h with monoclonal antiflavivirus mouse anti-
body (clone D1-4G2-4-15; Novus Biologicals, Centennial,
CO, USA, NBP2-52709) diluted 1:400 in blocking buffer
(PBS containing 1% BSA and 0.1% Tween 20). After wash-
ing four times, cells were incubated for 1 h with a poly-
clonal horseradish peroxidase (HRP)-coupled anti-mouse
IgG secondary antibody (Novus Biologicals NB7570)
diluted 1:10,000 in blocking buffer. Next, cells were washed
five times and the 3,3',5,5'-tetramethylbenzidine substrate
(Sigma Aldrich) was added to each well. After 15 min of
incubation in the dark, the reaction was stopped with one
volume of 0.5 M sulfuric acid. All incubation steps were
performed at room temperature. Absorbance was measured
at 450 nm optical density (OD,,) using the Absorbance
Module of the GloMax Discover Multimode Microplate
Reader (Promega) and adjusted by subtracting the back-
ground value, established as twofold the mean OD,, value
of quadruplicate uninfected cells. The 50% tissue culture
infectious dose (TCID,,) of each virus was calculated
according to Reed and Muench.?

Direct Yield Reduction Assay

The direct YRA is based on the infection of cells in the pres-
ence of serial drug dilutions followed by absorbance mea-
surement by IA. Since the readout is based on the detection
of the E protein, the system allows us to measure interfer-
ence with the virus life cycle up to protein production but
not at later steps. To define the optimal virus inoculum,
7000 Huh7 cells/well were infected with ZIKV or DENV at
100, 50, and 25 TCID,,, as determined by the IA described
above. Viral adsorption was performed in 96-well plates for
1 hat 37 °C with 5% CO,. After virus removal, serial dilu-
tions of sofosbuvir or ribavirin were added to the cell media
at final concentrations ranging from 0.03 to 100 uM and the
plates were incubated at 37 °C with 5% CO,. All drug con-
centrations were tested in triplicate and three independent
experiments at each TCID,, used were performed to deter-
mine the assay reproducibility. Infected and uninfected cells
without antivirals were used to calculate 100% and 0% of
viral replication, respectively. After 72 h, supernatants were
harvested and stored at —80 °C for subsequent analysis, and
IA was performed on cell monolayers as described above.
Based on initial experiments, each IA run was validated
when the OD,, value in the virus control culture was above
1. This value was taken as 100% replication and IC,,, values
were calculated based on this reference by a nonlinear
regression analysis of the dose—response curves generated
with the GraphPad PRISM software version 6.01 (La Jolla,
CA, USA). The activity of celgosivir against ZIKV and
DENYV was determined by YRA with 50 TCID as described
above.

Secondary Yield Reduction Assay

The secondary YRA is designed to measure viral protein
production driven by the virus generated in the first round
in the presence of drug. Thus, antiviral effects exerted at
late steps of the virus life cycle, for example, virus glyco-
sylation and assembly, not detected by the direct YRA, can
be measured. The secondary YRA was carried out by infect-
ing 7000 Huh7 cells/well in a 96-well plate with ZIKV and
DENYV viral supernatants generated by direct YRA with ref-
erence compounds. Triplicate viral stocks derived from the
direct YRA were used and two independent runs of the sec-
ondary YRA were performed to assess the reproducibility
of results. After 72 h of incubation at 37 °C with 5% CO,,
cells were fixed, and IA was performed to determine the
IC,, value for each drug as described in the “Direct Yield
Reduction Assay” section (Suppl. Fig. S1). The DENV gly-
cosylation inhibitor celgosivir was chosen as a reference
compound to assess the ability of assay to discriminate
between early and late antiviral effects.
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Figure |. Titration of ZIKV and DENYV viral stocks in Huh7, A549, LN-18, and VERO E6 cells at 48, 72, and 96 h by IA.

Plaque Reduction Assay of ZIKV
and DENV on Reference Compounds

The PRA on reference compounds was performed as previ-
ously described.?? Briefly, Huh7 cells were infected with
ZIKV or DENV at 0.1 multiplicity of infection (MOI), as
determined by plaque assay quantification, in the presence
of'serial fivefold drug dilutions, with a final drug concentra-
tion ranging from 0.03 to 100 uM for sofosbuvir and ribavi-
rin and from 0.02 to 50 pM for celgosivir. After 72 h of
incubation, three 10-fold dilutions of cell supernatant were
used to infect in duplicate A549 (ZIKV) and VERO E6
(DENV) cells. Each experiment included a positive control
(original viral stock) and a mock-infected well with infec-
tion medium only (Suppl. Fig. S2). Viral plaques were
visualized 5 and 10 days following infection for ZIKV and
DENYV, respectively, and the viral titers were calculated by
PFU counting. IC,, values were calculated by nonlinear
regression analysis of the dose—response curves generated
with the GraphPad PRISM software version 6.01.

Results

Choice of Cell System and Incubation
Time for IA

Titration of ZIKV and DENV viral stocks by IA was possi-
ble at 48, 72, and 96 h in VERO E6 and Huh7 cell lines (Fig.
1). Despite a visible CPE at 48 h in A549 cells and the ability
of both viruses to produce plaques in LN-18 cells (data not
shown), ZIKV infection in these cell lines gave negative
results by IA, while a weak signal of DENV infection was
detected at 72 and 96 h in A549 cells (viral stock titrated as
564 and 22 TCID,,/mL, respectively) and at 96 h in LN-18

cells (566 TCID,/mL). The increasing amount of FBS in
infection medium (3% instead of 1%), required to keep cells
healthy after 96 h of incubation, probably decreased viral
infectivity, as also suggested by the lack of increase of ZIKV
viral titers in VERO E6 cells and DENV viral titers in A549,
Huh7, and VERO E6 cells. Although the ZIKV viral titer
increased up to 96 h in Huh7 (6.6-fold increase with respect
to 72 h), the virus yield assay was finally set at 72 h of incu-
bation to maintain the infection medium at 1% FBS concen-
tration and standardize the procedure with both viruses.
Huh?7 cells, rather than VERO E6 cells, were chosen since
human-derived cell lines are more appropriate for the screen-
ing of antiviral compounds expected to be used for the treat-
ment of human viral infections, particularly when cellular
factors are targeted. The linear dynamic range in such exper-
imental conditions covered 4 logs for both ZIKV and DENV.
ZIKV and DENYV stocks, titrated in Huh7 at 72 h and subse-
quently used by direct YRA, were 30,000 and 29,000
TCID,,/mL, respectively.

Performance of the Direct and Secondary
YRA in Determining the Antiviral Activity
of Reference Compounds

Reference compounds showed no cytotoxicity in the tested
concentration range (0.78-200 uM) (Suppl. Fig. S3). The
activity of the reference compounds against ZIKV and
DENYV was first assessed by PRA. Sofosbuvir IC,, values
were 2.0 £ 1.1 uM against ZIKV and 3.8 = 1.1 uM against
DENV; ribavirin IC,, values were 2.2 * 1.2 against ZIKV
and 4.1 = 1.1 uM against DENV. In PRA, the celgosivir
IC,, value was 10.1 = 1.1 uM against DENV, while the
compound was not active against ZIKV (Fig. 2). The
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Figure 2. Activity of sofosbuvir and ribavirin against ZIKV and DENV as determined by PRA at 0.1 MOI.

Table I. IC of Sofosbuvir and Ribavirin against ZIKV and DENV.

Sofosbuvir Ribavirin
ZIKV DENV ZIKV DENV

TCID,, viral 100 50 25 100 50 25 100 50 25 100 50 25
input

IC;, mean = 50+ 1.5 27205 25 1.1 16628 46+ 14 26 +22 68+40 38206 4514173 +4676=*12 41*23
SD (uM)?

IC,, direct 2.6 1.4 1.3 4.4 1.2 0.7 3.1 1.7 2.1 4.2 1.9 1.0
YRA/PRA

“Values are derived from three independent experiments.

antiviral activities of sofosbuvir and ribavirin for each =~ TCID,, was set as the optimal amount of viral input to per-
virus as determined by the direct YRA are shown in Table  form the YRA. In the direct YRA, celgosivir was inactive
1. Based on reproducibility within replicates (i.e., lowest ~ not only against ZIKV but also against DENV, since the
coefficient of variation) and correlation with PRA (i.e., step expected to be targeted in the virus life cycle occurs
ratio of direct YRA IC,, to PRA IC,, closest to 1), 50  after synthesis of the viral E protein that is detected by IA.
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Figure 3. Activity of sofosbuvir and ribavirin against ZIKV and DENV in the direct and secondary YRA.

Table 2. IC, Values of Sofosbuvir, Ribavirin, and Celgosivir against ZIKV and DENV.

Sofosbuvir Ribavirin Celgosivir
ZIKV DENV ZIKV DENV DENV ZIKV
IC,, mean = SD (uM)? 3207 47 0.7 44 +0.6 40+ 0.6 11.0 = | Not active
Secondary YRA IC,,/PRA IC,, ratio® 1.6 1.2 2.0 1.0 .1 NA
IC,, secondary YRA/IC, direct 1.2 0.8 1.2 0.5 NA NA

YRA ratio®

NA, not applicable.
“Values are derived from three independent experiments.
bThe ratio is expressed in fold of differences.

In the secondary YRA, using viral stocks generated in the
direct YRA to reinfect Huh7 cell lines, sofosbuvir and riba-
virin IC,, values against ZIKV and DENV were reproduc-
ible and comparable to those obtained by direct YRA and
PRA (Fig. 3). In addition, celgosivir was active against
DENV with a mean IC,;, value comparable to those
obtained in PRA (11.0 = 1.0 uM and 10.1 = 1.1 puM,
respectively), confirming the value of the secondary YRA
to preliminarily identify candidate compounds acting at
late steps of viral replication (Table 2 and Fig. 4).

Discussion

In the absence of effective vaccines and therapeutic options,
supportive care is the only available option for the treatment

of flavivirus infections.>* Assessment of antiviral effects in
cultured cells is a key approach for screening candidate
compounds. Several cell-based phenotypic assays have
been developed, including assays using live virus, subge-
nomic viral replicons, or virus-like particles.>> The main
disadvantage of the live-virus assays is the obvious neces-
sity for high-level biosafety containment. Subgenomic viral
replicons and virus-like particles can overcome safety con-
cerns and are prevalently based on convenient readouts,
such as luminescence and fluorescence; however, they do
not recapitulate the complete virus life cycle and thus are
not amenable for the screening of compounds with unknown
targets. Moreover, these assays must be validated carefully
to avoid false-positive hits resulting from cytotoxicity or
interaction with the luciferase readout.® Among live-virus
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Figure 4. Activity of celgosivir against DENV as determined by
the secondary YRA.

assays, PRA has long been considered the gold standard for
antiviral screening and is commonly used for anti-DENV
and anti-ZIKV antibody titration in plaque reduction neu-
tralization tests.>® However, PRA has several drawbacks,
including high labor, long-turnaround time, and low
throughput, making it not suitable for the analysis of large
numbers of compounds or sera.

This study describes the development and validation of
an [A-based yield reduction test to simultaneously deter-
mine the antiviral activity of candidate compounds against
ZIKV and DENV in vitro. To define the best experimental
conditions, both viruses were propagated in four different
cell lines (Huh7, A549, LN-18, and VERO E6) and the viral
titer was determined by IA at different time points. The most
effective combination of shorter propagation time and better
maintenance of cell health was obtained with Huh7 cells, a
widely used human hepatoma cell line, and with VERO E6,
the monkey cell line mostly used for the propagation and
titration of flaviviruses. However, differences in drug metab-
olism in monkey cells with respect to human cells*” impact
the activity of sofosbuvir and ribavirin against ZIKV and
DENV,?*38 as well as West Nile virus (WNV).3° Thus, Huh7
was chosen as the model cell line for assay validation. In
addition, human cell lines are clearly preferred when assay-
ing candidate host targeting agents for a possible antiviral
effect.

The antiviral activity of sofosbuvir and ribavirin was
determined by a direct YRA in which the immunodetection
of the E protein is directly performed on cells infected with
viral stocks and subjected to drug pressure. In the secondary
YRA, the antiviral activity is determined by measuring the
infectivity of viral stocks generated in the direct YRA. Both
drugs were shown to be active against ZIKV and DENV in

the low-micromolar range with IC, values that were com-
parable in both the direct and secondary YRA performed in
this work and in previously reported studies.!’****2¢ The
secondary YRA can additionally screen compounds exert-
ing antiviral activity at the late stage of the viral cycle (i.e.,
assembly and maturation of viral particles) that would go
undetected or only partially detected by direct YRA. For
example, a similar two-step system is adopted to measure
the anti-HIV activity of drugs acting at different steps of
virus replication.***! Thus, the combined use of the direct
and secondary YRA can not only measure antiviral activity
but also help characterize the mechanism of action. As
proof of concept, we tested celgosivir, an inhibitor of endo-
plasmic reticulum (ER) a-glycosidases, found to be active
against DENV both in vitro, with IC, values ranging from
the sub- (0.2 uM) to low- (5.7 uM) micromolar range,>**?
and in vivo in a mouse model, demonstrating the reduction
of viremia and inducement of protection against virus-
induced mortality.’*3! Celgosivir impairs viral protein gly-
cosylation affecting virus assembly and egress, inducing
ER stress and the unfolded protein response.** We observed
that celgosivir did not interfere with the expression of viral
E protein at each drug concentration tested in the direct
YRA, while a dose-dependent effect of celgosivir on the
expression of the E protein was detected in the secondary
YRA (Fig. 4). The mean celgosivir IC, values against
DENY, calculated in the secondary YRA (11.0 uM) or PRA
(10.1 uM), were comparable to the values obtained in pri-
mary human macrophages (5.2 uM) but significantly higher
with respect to the IC, values obtained in BHK-21 cells,*
reinforcing the importance of antiviral testing in human cell
lines for proper assessment of antiviral activity. Globally,
these data support the ability of the direct and secondary
YRA in the determination of antiviral activity according to
the mechanism of action, suggesting that the secondary
YRA can be successfully adopted when the mechanism of
action of investigational compounds is expected to involve
the late phase of viral replication or is unknown.
Importantly, the IA format overcomes relevant limita-
tions of the gold standard PRA. The direct YRA and the
secondary YRA are completed in 72 and 144 h, respectively,
compared with 192 h for ZIKV and 312 h for DENV
required by PRA. In addition, the readout is automated
through microplate reading as opposed to manual and error-
prone counting in PRA. The use of a pan-flaviviral mono-
clonal antibody allows use of the same system for different
viruses, and indeed similar systems have been described for
screening antiviral candidates against DENV.2%* However,
several of these procedures rely on high-content fluores-
cence imaging, which may be not easily available, and none
are designed to simultaneously screen multiple viruses or to
distinguish between early and late antiviral effects.*4¢
Some published protocols were adapted to HTS of large
libraries of compounds.’?>*’ However, these systems are



SLAS Discovery 00(0)

based on CPE readout, an indirect measurement of viral
infectivity possibly confounded by cell death caused by
candidate compounds, as opposed to direct estimates of
virus activity like PRA and IA. In terms of turnaround time
(about 4 h for 12 compounds analyzed simultaneously for
ZIKV and DENV), our system can be defined as a medium-
throughput screening assay suitable for testing small to
medium libraries of candidate compounds. In summary, the
system described here combines several advantages with
respect to previously published work, including (1) the use
of the same protocol for two different viruses, (2) the ability
to distinguish between early and late antiviral effects, (3) a
readout directly proportional to virus production and conse-
quently to virus inhibition, and (4) the completion of the
assay within 6 days. Thus, the system provides an opportu-
nity to expand the potential for fast cell-based screening of
multiple compounds for antiflavivirus therapy.
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ABSTRACT

Sofosbuvir, a licensed nucleotide analog targeting hepatitis C virus (HCV) RNA-dependent RNA polymerase (RdRp), has been recently evaluated as a broad anti-
Flavivirus lead candidate revealing activity against Zika and Dengue viruses both in vitro and in animal models. In this study, the in vitro antiviral activity of
sofosbuvir against West Nile virus (WNV) was determined by plaque assay (PA) and Immunodetection Assay (IA) in human cell lines and by enzymatic RdRp assay.
By PA, the sofosbuvir half-maximal inhibitory concentration (ICso) was 1.2 *+ 0.3 uM in Huh-7,5.3 + 0.9uMinU87,7.8 = 2.5uMinLN-18 and 63.4 = 14.1 yM
in A549 cells. By IA, anti-WNV activity was confirmed in both hepatic (Huh-7, 1.7 + 0.5 uM) and neuronal (U87, 7.3 + 2.0 uM) cell types. Sofosbuvir was
confirmed to inhibit the purified WNV RdRp (ICsp 11.1 * 4.6 pM). In vitro resistance selection experiments were performed by propagating WNV in the Huh-7 cell
line with two-fold increasing concentrations of sofosbuvir. At 80 uM, a significantly longer time for viral breakthrough was observed compared with lower con-
centrations (18 vs. 7-9 days post infection; p = 0.029), along with the detection of the S604T mutation, corresponding to the well-known S282T substitution in the
motif B of HCV NS5B, which confers resistance to sofosbuvir. Molecular docking experiments confirmed that the S604T mutation within the catalytic site of RdRp
affected the binding mode of sofosbuvir. To our knowledge, this is the first report of the antiviral activity of sofosbuvir against WNV as well as of selection of mutants

in vitro.

1. Introduction

West Nile virus (WNV) is a neurotropic Flavivirus preferentially
transmitted by the Culex spp. Mosquitoes (Chancey et al., 2015). While
most WNV infections are asymptomatic or paucisymptomatic, occa-
sional patients experience severe neurological disease, including me-
ningitis, encephalitis and flaccid paralysis (Sejvar, 2014). Due to lack of
vaccine and specific antiviral drugs, only symptomatic treatment or
supportive care is available for WNV disease (Kok, 2016).

Viral enzymes are attractive targets for the development of antiviral
therapeutics against WNV and other flaviviruses (Acharya and Bai,
2016; Boldescu et al., 2017). The nonstructural protein 5 (NS5) is the
key Flavivirus replication enzyme, about 900 amino acids in length,
composed of two different domains: the N-terminal methyltransferase
(MTase) and the C-terminal RNA dependent RNA-dependent RNA
polymerase (RdRp). The MTase domain mediates both guanine-N7 and
nucleoside-2’-O methylation of the cap structure, increasing the stabi-
lity of newly synthesized RNA, facilitating the translation of the viral
polyprotein and influencing the RdRp domain, which is essential for
viral RNA replication. The structure of the WNV RdRp resembles the
classical viral RdRp architecture with thumb, palm and fingers sub-
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domains and consists of six catalytic motifs (A-F), plus a G-loop (Malet
et al., 2008, 2007; Zhang et al., 2008).

Given the high degree of structural homology observed among
RdRp enzymes within the Flaviviridae family (Lim et al., 2013), so-
fosbuvir, a nucleotide analog licensed for hepatitis C virus (HCV) in-
fection (Gotte and Feld, 2016), has been recently evaluated as an anti-
Flavivirus lead candidate. Indeed, the inhibitory activity of sofosbuvir
has been documented in vitro against Zika virus (ZIKV) and Dengue
virus (DENV) and in animal models against ZIKV (Mesci et al., 2018;
Sacramento et al., 2017; H. T. Xu et al., 2017a). In addition, sofosbuvir
has shown activity against the Alphavirus chikungunya (CHIKV), both
in vitro and in an animal model (Ferreira et al., 2019). Since the NS5
amino acid residues predicted to interact with sofosbuvir show ap-
proximately 80% conservation among WNV, DENV and ZIKV (Appleby
et al., 2015), sofosbuvir could also be active against WNV, providing a
treatment option by itself or a lead structure for further development.
The aim of this work was to determine for the first time sofosbuvir
activity against the purified WNV RdRp and against WNV replication in
a yield reduction system as measured by plaque assay (PA) and by
Immunodetection Assay (IA) using different cell lines, as well as its
resistance profile through in vitro resistance selection experiments.
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2. Materials and methods
2.1. Cells and virus

VERO E6 (African green monkey kidney cell line; ATCC® CRL-
1586™), A549 (human lung carcinoma cell line; ATCC® CCL-185™),
Huh-7 (human hepatoma cell line; kindly provided from Istituto
Toscano Tumori, Core Research Laboratory, Siena, Italy), LN-18 (glio-
blastoma cell line; ATCC® CRL-2610™) and U87 (astroglioma cell line;
NIBSC 044) were maintained in Dulbecco's Modified Eagle's Medium
High Glucose with sodium pyruvate and L-Glutamine (DMEM;
Euroclone) supplemented with 10% Fetal Bovine Serum (FBS;
Euroclone) and 1% Penicillin/Streptomycin (Pen/Strep, Euroclone) at
37 °C with 5% CO,. The same medium was used but with a lower FBS
concentration for viral propagation and drug susceptibility testing (1%)
and for in vitro selection experiments (3%). The WNV lineage 1 strain
Italy/2009 (Magurano et al., 2012) was kindly provided by the Istituto
Superiore di Sanita, Rome, Italy. Once expanded, WNV viral stock was
titrated in VERO E6 cells by PA, as described below, yielding
4.2 x 107 PFU/ml.

2.2. Drugs and cytotoxicity assay

The FDA-approved anti-HCV compounds sofosbuvir (3-d-2’-deoxy-
2’-a-fluoro-2’-f-C-methyluridine; MCE® cat. HY-15005), its active 5’-
triphosphate metabolite (SOF-TP; MCE® cat. HY-15745), and ribavirin
(1-B-D-Ribofuranosyl-1,2,4-Triazole-3-Carboxamide; Sigma Aldrich cat.
R9644), used as reference compound, were supplied as powder and
dissolved in 100% dimethyl sulfoxide (DMSO). Drug cytotoxicity was
measured by the CellTiter-Glo 2.0 Luminescent Cell Viability Assay
(Promega), according to the manufacturer's protocol. After 48 h in-
cubation, the luminescent signal generated by the cells treated with the
test compound was compared to that generated by the cells treated with
DMSO to determine the 50% cytotoxic concentration (CCsp).

2.3. WNV propagation in different cell lines

Propagation of the titrated viral stock was tested in different cell
lines and at different time points (24, 48 and 72 h).

For the PA readout, the day before infection each cell line (VERO
E6, A549, Huh-7, LN-18 and U87) was seeded in 6-well plate to obtain
90% confluence at the time of collection of supernatants. Viral stock
was diluted in infection medium and used to infect cells in duplicate for
each time point at 0.1 multiplicity of infection (MOI). After 1 h ad-
sorption at 37 °C, the viral stock was removed and replaced by infection
medium, then the cells were incubated for 24, 48 and 72 h. For each
time point, the PA was performed on harvested supernatants as pre-
viously described with minor modifications (Vicenti et al., 2018).
Briefly, confluent cells in 6-well format were infected with three tenfold
dilutions of viral stock and after 1 h adsorption at 37 °C, the cells were
washed with PBS and 0.75% Sea Plaque Agarose (Lonza) was added to
each well. After 3 days incubation at 37 °C, the monolayers were fixed
with 10% formaldehyde (Carlo Erba Chemicals) and stained with 0.1%
crystal violet (Carlo Erba Chemicals). After 3 h incubation, the agar
overlay was removed by water washing and PFU were counted.

For the IA readout, the day before infection each cell line (Huh-7
and U87) was seeded in 96-well plate to obtain 90% confluence at the
time of antigen detection. Serial two-fold dilutions of viral stocks were
adsorbed to the target cells in quadruplicate for 1 h at 37 °C. After
removal of the virus inoculum, DMEM infection medium was added to
the cultures and the cells were incubated for 24, 48 and 72 h.

For the immunodetection of virus antigen, the supernatant was re-
moved and the cells were fixed for 30 min with 10% formaldehyde
(Carlo Erba), rinsed with 1% PBS and permeabilized for 10 min with
1% Triton X-100 (Carlo Erba). After washing with PBS containing
0.05% Tween 20 (Carlo Erba), the cells were incubated for 1 h with a
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monoclonal anti-flavivirus mouse antibody (clone D1-4G2-4-15; Novus
Bio NBP2-52709) diluted 1:400 in blocking buffer (PBS containing 1%
BSA and 0.1% Tween 20). After washing, the cells were incubated for
1 h with a polyclonal HRP-coupled anti-mouse IgG secondary antibody
(Novus Bio NB7570) diluted 1:10,000 in blocking buffer. Next, the cells
were washed and the 3,3’,5,5-Tetramethylbenzidine substrate (Sigma
Aldrich) was added to each well. After 15 min incubation in the dark,
the reaction was stopped with one volume of 0.5 M sulfuric acid. All the
incubation steps were performed at room temperature. Absorbance was
measured at 450 nm optical density (OD450) using the Absorbance
Module of the GloMax® Discover Multimode Microplate Reader
(Promega) and adjusted by subtracting the background value estab-
lished as 2-fold the mean OD450 value of quadruplicate uninfected
cells. The 50% tissue culture infectious dose (TCIDsg) of each virus was
calculated according to Reed and Munch (Reed and Muench, 1938).

2.4. Determination of sofosbuvir and ribavirin antiviral activity in cell line
models

The antiviral activity of sofosbuvir and ribavirin against WNV was
determined by PA in A549, Huh-7, U87 and LN-18 cells using 0.1 MOI
based on published work (Escribano-Romero et al., 2017) and con-
firmed by IA in U87 and Huh-7 cells using 100, 50 and 25 TCIDs to
assess the reproducibility of the ICs, values using different virus inputs.
For PA, the cells were pre-seeded in 96-well plate to obtain 90% con-
fluence at the time of supernatant collection; for IA, the cells were pre-
seeded in 96-well plate to obtain 10,000 cells for each well at the time
of infection. The cells were then incubated in propagation medium at
37 °C. After 24 h, each cell line was infected with the specified input of
viral stock and after 1 h adsorption the virus inoculum was removed
and 5-fold dilutions of each drug (from 100 to 0.032 uM) were added to
the cell monolayer. For PA, the viral supernatants were collected at 24 h
for A549, at 48 h for Huh-7 and U87 and at 72 h for LN-18 cells ac-
cording to the propagation experiments and PA was performed as
previously indicated (paragraph 2.3). For the IA, the Huh-7 and
U87 cell lines were incubated at 37 °C for 48 h, then the plates where
fixed and stained as described in paragraph 2.3. Each drug concentra-
tion was tested in triplicate and infected and uninfected cells were
tested as reference; three independent experiments were performed.
ICso values were calculated by a non-linear regression analysis of the
dose-response curves generated with the Graphpad PRISM software
version 6.01 (La Jolla, California, USA).

2.5. In vitro engymatic inhibition assay with WNV RdRp

The WNV RdRp protein was expressed and purified as already de-
scribed (Tarantino et al., 2016). RdRp activity was assessed following
the synthesis of dsRNA from a single-stranded poly(C) template (10 ug)
and 100 uM GTP in a reaction mixture containing 20 mM Tris/HCI (pH
7.5), 1 mM DTT, 25 mM NaCl, 5 mM MgCl,, 0.3 mM MnCl,, 2U Ri-
boLock Ribonuclease inhibitor (Life technologies), 1 pl PicoGreen
Quantitation Reagent (Life technologies) as already described (Gong
et al., 2013; Tarantino et al., 2016; Van Dycke et al., 2018). WNV RdRp,
at the concentration of 1 uM, was added to the reaction mixture to-
gether with SOF-TP (ranging from 0 to 250 pM). The PicoGreen fluor-
escence (excitation/emission = 485/530 nm) was measured at 30 °C
for 30 min (Varian, Cary Eclipse Fluorescence Spectrophotometer).
RdRp activity (i.e. linear slope of fluorescence increasing over time, Y)
vs. inhibitor concentration (X) was used to estimate the ICsq of the SOF-
TP using the equation Y = (Range/(1 + (X/ICso)) where Range is the
difference between the values observed for the uninhibited and com-
pletely inhibited RdRp.

2.6. In vitro selection experiments

In vitro selection experiments were performed in Huh-7 cells at 70%
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confluence in T25 flasks with 0.05 and 0.01 MOI, each in duplicate.
After 1 h adsorption at 37 °C, the virus inoculum was removed and the
cells were incubated with 5 uM sofosbuvir, corresponding to about 4-
fold IC50. The cell cultures were monitored every 24 h, and when 80%
of viral cytopathic effect (CPE) was observed, the cells and supernatants
were freeze-thawed, cleared by centrifugation and used to re-infect
fresh pre-seeded Huh-7 in the presence of 2-fold higher sofosbuvir
concentration. At each step, negative (cells with drug) and positive
(cells with virus for each MOI) controls were included. Sanger se-
quencing of the WNV NS5 region was performed to detect emergent
mutations at each drug increment. Mutant viruses were titrated by IA
and sofosbuvir IC50 was measured as described above using 25 TCID50,
in triplicate experiments. Fold changes (FC) values were calculated as
the ratio between the IC50 of the mutant virus stock and the IC50 of the
paired wild type control grown without drug pressure under the same
experimental conditions (no-drug control).

2.7. Viral RNA amplification and sequencing

All the viral stocks collected during in vitro selection experiments
were analyzed by population sequencing to detect emergent mutations
in the NS5 region. Briefly, 150 pl of viral stocks were extracted using
the ZR Viral RNA Kit (Zymo Research) according to the manufacturer's
protocol. ¢cDNA was generated by random hexamer-driven reverse
transcription using 10 pl of RNA extract, 664 uM dNTPs, 6 pl of 5X
ImProm-II TM Reaction Buffer, 50 ng Hexanucleotides, 1.5 mM MgCl,,
20U RNasin® Plus RNase Inhibitor and 1U of ImProm-II™ Reverse
Transcriptase (Promega) in a final volume of 30 pl. The reactions in-
cluded an initial 5-min step at 25 °C, followed by 30 min at 37 °C and a
5-min final step at 80 °C. cDNA was used as the template for PCR
amplification of the whole NS5 gene, using the Q5 Hot Start High-
Fidelity DNA Polymerase (NEB) protocol. To design primers with a high
degree of conservation, the WNV alignment available at the NCBI web
site was used (https://www.ncbi.nlm.nih.gov/genomes/
VirusVariation); the primer sequences and coordinates, as referred to
the WNV strain NY99 (GenBank accession no. DQ211652) are indicated
in Table 1. Bidirectional DNA sequencing was performed using the
BrilliantDye TM Terminator Kit v1.1 (Nimagen) with 8 different pri-
mers spanning the whole NS5 region (Table 1). The sequencing reac-
tions were treated with the X-Terminator® Purification kit (Applied
Biosystems) in a 96-well plate as suggested by the manufacturer, re-
solved by capillary electrophoresis on the 3130 XL Genetic Analyzer
(Applied Biosystems) and analyzed with the DNAStar Lasergene 7.1.0
SeqMan Pro module.

2.8. Statistical analysis

Results of the replicate antiviral activity measurements were re-
ported as mean and standard deviation (SD). The difference in time for
viral growth under different experimental conditions was analyzed by
Mann Whitney U test. Statistical analysis was performed using
GraphPad PRISM software version 6.01.
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2.9. Molecular docking experiments

Since the crystal structure of the whole WNV NS5 is not available,
the crystallographic structures of RNA-free WNV RdRp (PDB-ID: 2HCN)
(Malet et al., 2007) and RNA-bound HCV RdRp (PDB-ID: 4WTD)
(Appleby et al., 2015) were used as structural templates to build a
homology model of WNV RdRp according to Sebera (Sebera et al.,
2018). WNV RdRp sequence was retrieved from UniProtKB (P06935).
Chimeric homology models were generated by PrimeX software (Bell
et al, 2012). The 793VPTGRTTWSIHAKGEWMTT810 loop was re-
moved from the WNV RdRp template as it was overlapping with the
RNA. Each model was solvated in TIP3P type water molecules and the
total charge was neutralized by counter ions. The solvent was first
energy minimized for 500 steps by the steepest descent algorithm (SDA)
and 1500 steps by the conjugated gradient algorithm (CGA). Subse-
quently, the whole system was energy minimized for 1500 steps SDA
and 8500 steps CGA. Amberl8 software was used in energy mini-
mization (Case et al., 2018), with the following force fields: i) ff14SB for
the protein; ii) OL3 for RNA; iii) GAFF for ADP (partial charges and
bond parameters were retrieved from the AMBER parameter database
(Meagher et al., 2003).

Docking simulations were carried out with GOLD program (Jones
et al., 1997), using the CHEMPLP as a scoring function. The binding site
was centered on Tyr610 with a radius of 13 A. The protonation state of
sofosbuvir was assigned by FixpKa (OpenEye Scientific Software Santa
Fe, NM) QUACPAC version 2.0.0.3 using default parameters and the
molecule was energy minimized by Szybki (OpenEye Scientific Soft-
ware Santa Fe, NM) version 1.10.0.3 using the MMFF94S force field
(http://www.eyesopen.com).

3. Results

3.1. Viral propagation and determination of sofosbuvir and ribavirin
antiviral activity

All the cell lines tested were permissive to WNV infection, as shown
in Fig. 1a. By PA, the peak virus production was observed at 24 h in
A549 cells (1.7 x 107 2.0 x 10° PFU/ml), at 48 h in Huh-7
44 x 10°x32 x 10 PFU/ml), VERO E6
27 x 107x16 x 10° PFU/ml) and US87
(1.7 x 107 + 4.9 x 10° PFU/m) cells, and at 72 h in LN-18 cells
(9.4 x 10° + 8.8 x 10° PFU/ml). When WNV was quantified in Huh-7
and U87 cells by IA, a similar trend in viral growth was observed in
both cell lines (Fig. 1b). Based on these results, the yield reduction
assays to determine antiviral activity were specifically set at the peak of
virus production of each cell line. Antiviral activity was tested only in
the human cell lines, based on better ability to mimic the virus human
tropism in different tissues.

In the range tested (0.78-400 uM), sofosbuvir and ribavirin showed
no cytotoxicity in all the cell lines evaluated (Supplementary Fig. 1).
The antiviral activity of sofosbuvir and ribavirin, measured by PA at 0.1
MO]J, is shown in Fig. 2 and Table 2. Sofosbuvir was active in the low
micromolar range in Huh-7 (1.2 + 0.3 pM) cells and in both neuronal

Table 1

Primer used to sequence the whole NS5 region.
PRIMER SEQUENCE SENSE GENE From To
P882 GACTYTGYCACATCATGCGTG Forward NS4B 7589 7609
P883 GCAGCACCGTCTACTCAACTTC Reverse 3’UTR 10532 10553
P884 CAGCTGGTGAGRATGATGGAAGG Forward NS5 9541 9563
P885 GAGATGGTGGATGAGGAGCG Forward NS5 8983 9002
P886 TTGGTGAARGTGTTYAGGGCGTA Reverse NS5 9508 9530
P887 GAAGATGTMAACTTGGGAAGTGGAA Forward NS5 8446 8470
P88s CTRCCGTGRTAGTTCCAGGTTCT Reverse NS5 8587 8609
P890 CTCCRCTCTTCATGGTGACAATGTT Reverse NS5 8044 8068
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Fig. 1. (a) WNV propagation as measured by Plaque Assay in four different human cell lines Huh-7, A549, U87 and LN-18 and in the monkey VERO E6 cell line;
results were expressed as Plaque Forming Units per ml (PFU/ml). (b) WNV propagation as measured by Inmunodetection Assay in Huh-7 and U87 cells; results were

expressed as Tissue Culture Infectious Doses per milliliter (TCID50/ml).

cell lines U87 (5.3 = 0.9 uM) and LN-18 (7.8 = 2.5 uM), while a
reduced activity was observed in A549 cells (63.4 = 9.0 uM). Riba-
virin was less active than sofosbuvir in Huh-7 (6.7 = 0.6 uM), LN-18
(10.7 = 0.5 uM) and U87 (60.5 = 11.8 uM) cells, with 1.4- to 11.4-
fold difference. Conversely, ribavirin was more active than sofosbuvir
in A549 cells (6.2 vs. 63.4 uM, respectively). The antiviral activity of
both compounds was also determined by IA in Huh-7 and U87 cells
using three different viral inputs (Table 3). The IA ICso was closest to
the PA ICs, at the lowest viral input used, i.e. 25 TCIDso. Globally, IA
confirmed the results obtained with PA showing the efficacy of so-
fosbuvir in inhibiting WNV replication in the human hepatic and neu-
ronal cell lines in the low micromolar range.

The inhibitory effect of SOF-TP on WNV was determined also in
vitro using the purified recombinant WNV RdRp in a de novo RdRp
assay synthesizing dsRNA from the single-stranded poly(C) template.
Sofosbuvir inhibited the WNV RdRp activity in a dose-dependent
manner, with an ICsg of 11.1 = 4.6 pM.
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a
]
S 504
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X
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Table 2

Antiviral activity of sofosbuvir and ribavirin against WNV as measured by PA
using the MOI of 0.1 in different human cell lines. Three independent experi-
ments for each cell line were performed.

Cell line Sofosbuvir Ribavirin
Mean ICso (UM) = SD Mean ICsy (UM) * SD
Huh-7 1.2 = 0.3 6.7 £ 0.6
us7 53 = 0.9 60.5 + 11.8
A549 63.4 = 9.0 6.2 + 1.3
LN-18 7.8 = 25 10.7 = 0.5

ICs0: Half maximal inhibitory concentration; SD: Standard Deviation.
3.2. WNV In vitro selection experiments under sofosbuvir drug pressure

Two WNV inputs (0.01 and 0.05 MOI), each in duplicate, were used
to infect Huh-7 cells in the presence of increasing concentration of
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Fig. 2. Normalized antiviral activity of sofosbuvir and ribavirin as determined by Plaque Assay at 0.1 MOI in four different human cell lines (Huh-7, A549, U87 and
LN-18). The non linear fitting curve as calculated by GraphPad Prism is depicted in red.
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Table 3

Antiviral activity of sofosbuvir and ribavirin against WNV as measured by IA in
Huh-7 and U87 cells using three different viral inputs in three independent
experiments for each cell line.

Cell line  Sofosbuvir Ribavirin

TCIDsy  Mean IC5o (uM) * SD  TCIDsg  Mean IC5o (UM) * SD
Huh-7 100 3.1 = 0.6 100 144 = 3.6

50 20 = 0.1 50 135 = 3.1

25 1.7 = 05 25 9.5 = 4.0
us7 100 15.1 = 2.0 100 92.0 * 13.8

50 106 = 2.1 50 73.0 £ 32.6

25 7.3 = 2.0 25 61.6 + 13.7

TCIDsp: Tissue Culture Infectious Dose; ICsy: Half maximal inhibitory con-
centration; SD: Standard Deviation.

sofosbuvir, starting from 5 uM, corresponding to about 4-fold the so-
fosbuvir ICso as measured by PA in the same cells. Drug pressure sig-
nificantly delayed viral growth with respect to the no-drug control.
Indeed, around 80% of CPE was reached at 7-9 days post infection (dpi)
with 5-40 uM sofosbuvir while the no-drug control virus was con-
sistently collected at 3 dpi (p = 0.029). With 80 uM sofosbuvir, a sig-
nificantly longer time for viral breakthrough was required (18 dpi for
all experiments), with respect to lower concentrations, (p = 0.029) and
several NS5 mutations emerged (Table 4). Notably, the S604T muta-
tion, corresponding to the well-known S282T sofosbuvir resistance
mutation in HCV NS5B (Wu et al., 2015; H. T. Xu et al., 2017b), was
detected in three of four experiments, alone or in association with other
mutations. Mutations detected in the MTase domain (Malet et al., 2008)
included G2E, K76R and T216M, all occurring only once. The RdRp
mutation A483G, detected in 2 experiments, is located in the finger
domain, highly conserved among flaviviruses (Dubankova and Boura,
2019). In the experiment 4, the only without S604T, the A483G mu-
tation was accompanied by M479K and L721M, located in a conserved
domain of the motif F in the RdRp finger domain (Dubankova and
Boura, 2019; Malet et al., 2007) and in the motif E of the RARp thumb
close to residues involved in the binding site of Zn, . ion, respectively
(Malet et al., 2008).

To assess whether emergent NS5 mutations were associated with
drug resistance, sofosbuvir ICs, was measured against the mutant
viruses collected at 80 uM as well as the wild type viruses collected at
40 uM sofosbuvir, to exclude FC variation independent by the NS5
substitutions. As indicated in Table 4, no changes in FC were observed
in the absence of the NS5 mutations. In the presence of the NS5 mu-
tations, ICso values consistently increased with respect to the paired no-
drug control virus (median FC 7.7, IQR 5.5-9.7). The maximum in-
crease in FC was observed in experiment 1, where S604T was associated
with the K76R and T216M MTase mutations.

Table 4
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Fig. 3. Docking-based binding mode of sofosbuvir in the catalytic site of (a)
wild type WNV RdRp, (b) S604T WNV RdRp, and (c) M479K/A483G/L721M
WNV RdRp. Polar contacts are highlighted by magenta dashed lines. Residues
involved in polar and non-polar interactions with sofosbuvir are shown as sticks
and are labelled. Mg2+ ions and water molecules bound to Mg2+ ions are
shown as green and red spheres, respectively. For the sake of clarity, in panel
(c) only the M479K and A483G mutations, which are located near the catalytic
site, are visible.

3.3. Molecular docking of sofosbuvir in wild type and mutant viruses

Available structures of RNA-free WNV RdRp and RNA-bound HCV
RdRp were used as structural templates to generate the homology
model of wild type, as well as S604T and M479K/A483G/L721M

Changes in NS5 amino acid sequence detected at virus breakthrough with increasing sofosbuvir concentration in duplicate sample at MOI of 0.01 and of 0.05. The
sofosbuvir half maximal inhibitory concentration (ICs) of viral strains growth at the selective pressure of 40 and 80 uM was determined by IA in three independent

assays for each experiment.

Experiment MOI Increasing sofosbuvir concentration

[5,10,20 uM] [40 uM] [80 uM]

Mutations Mutations Mean ICso (UM) =+ FC Mutations Mean ICso (UM) = SD FC
1 0.01 None None 33 = 07 1.4 K76RK, T216MT, S604T 20.1 = 29 10.3
2 0.01 None None 23 = 0.2 1.0 G2EG, A483GA, S604T 104 = 2.7 5.3
3'WT 0.01 None None 23 = 1.1 1.0 None 20 = 04 1.0
4 0.05 None None 22 * 0.4 1.0 M479KM, A483G, L721M 144 = 1.8 6.5
5 0.05 None None 1.6 = 09 0.7 S604T 19.5 = 6.2 8.8
6"WT 0.05 None None 22 = 15 1.0 None 22 = 04 1.0

FC: Fold-change with respect to the wild type control virus (WT); NM: None.
2 WT were not subjected to sofosbuvir drug pressure.
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variants of WNV RdRp. Docking results showed that the bioactive tri-
phosphate form of sofosbuvir (Murakami et al., 2010) binds the cata-
lytic site of WNV RdRp wild type by pairing the uracil from RNA
template in a wobble-like conformation. The hydroxyl group of the
drug establishes two H-bonds with Asp541 and Asn613, while phos-
phate groups are H-bonded to Arg474 and coordinated to catalytic
Mg®* ions (Fig. 3a). Probably, because of the steric hindrance of
Thr604, which partially occludes the catalytic pocket, in WNV RdRp
S604T sofosbuvir establishes only one H-bond with the uracil from the
RNA template, while phosphate groups are H-bonded to Arg474.
Moreover, only o and B phosphate groups coordinate to Mg®* ions
(Fig. 3b). Similarly, docking to the WNV M479K/A483G/L721M triple
RdRp mutant showed that sofosbuvir binds within the catalytic site by
establishing only one H-bond with the uracil from RNA template and
losing the wobble base pairing. The hydroxyl group is H-bonded to
Asp541 and Asn613, while phosphate groups are H-bonded to Arg474,
although only a and y phosphate groups coordinate to Mg2* ions
(Fig. 3c). Overall, docking results suggest that mutations within the
catalytic site affect its overall shape and pharmacophoric features, and
impair the binding mode of sofosbuvir particularly with respect to the
base pairing with uracil from RNA template. This latter interaction
seems to play a crucial role in the inhibition of WNV RdRp catalytic
activity by sofosbuvir.

4. Discussion

WNV spreading, together with expanded transmission (Chancey
et al., 2015) and increased virulence (Patel et al., 2015), prompts for
intensive antiviral drug discovery efforts. Repurposing of licensed drugs
can dramatically reduce the developing time for drug testing and va-
lidation. Sofosbuvir, a key agent in HCV treatment, has already been
considered for the treatment of ZIKV and DENV infection, showing ef-
ficacy in vitro and in mouse models (Mesci et al., 2018; Sacramento
et al.,, 2017; H. T. Xu et al., 2017a). We investigated the anti-WNV
sofosbuvir activity in vitro in multiple human cell lines. Considering
WNV tropism and pathogenesis, we included astroglioma (U87) and
glioblastoma (LN-18) cell lines, in addition to epithelial and hepatic
cells commonly used for WNV propagation (Ma et al., 2009;
Urbanowski and Hobman, 2013). Sofosbuvir was active in the low
micromolar range in all human cell lines tested except for the A549 cell
line (around one log lower activity). These data, measured by the gold
standard PA, were confirmed by the more convenient IA performed in
the representative Huh-7 and U87 cells. On the other hand, the lack of
sofosbuvir and ribavirin activity in A549 and U87 cells, respectively,
underlines the need to choose a suitable cell substrate when testing
candidate antiviral agents. The inhibitory activity of sofosbuvir against
the purified WNV RdRp measured in a de novo enzymatic assay
(Tarantino et al., 2016) was in the low micromolar range, comparable
to the results previously reported with ZIKV (Xu et al., 2017b).

In vitro sofosbuvir resistance selection experiments have been per-
formed with HCV (Lam et al., 2012; Xu et al., 2017), but not with any
flavivirus. Based on homology with the HCV NS5B S282T selected by
sofosbuvir, Xu et al. (H. T. Xu et al., 2017b) introduced the S604T
mutation in ZIKV NS5 and documented 4.9-fold resistance to sofosbuvir
in a biochemical assay. Our work definitely demonstrates that S604T is
a major pathway of WNV escape to sofosbuvir pressure in vitro. Indeed,
the S604T mutation emerged in three of four resistance selection ex-
periments, resulting in 5.3- to 10.3-fold resistance which is comparable
to the extent of sofosbuvir resistance described for the HCV replicons
harboring S282T (Han et al., 2019). Both Ser604 and Gly605 are highly
conserved residues among flaviviruses, located in the motif B of the
RdRp palm (Dubankova and Boura, 2019). Despite limited sequence
identity between Flavivirus and HCV RdRp (Malet et al., 2008), these
residues are also conserved in HCV, corresponding to S282 and G283
(Appleby et al., 2015; Wu et al., 2015). In addition, a homolog S600T
substitution in DENV RdRp has been reported to be involved in
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resistance to nucleotide inhibitors in vitro (Latour et al., 2010).

Few other mutations were detected in association with the S604T
(Table 4) mutation, all as mixtures with the wild type codon, possibly
reflecting adaptation of the enzyme to compensate for loss of fitness
consequent to selection of the key S604T resistance mutation, with
minimal impact on resistance level. Of note, one experiment generated
a 6.5-fold resistant mutant without S604T but harboring three muta-
tions (M479K, A483G, L721M) which have no known counterpart in
HCV. This highlights that alternative sofosbuvir escape pathways may
occasionally occur.

An atomistic picture of the interaction between sofosbuvir and WNV
RdRp was described by molecular modeling. Given the lack of experi-
mental structural information, the 3D structures of catalytically com-
petent wild type and mutant WNV RdRp forms in complex with RNA,
metals and ADP were generated by homology modeling, and used as
receptors in molecular docking simulations. Compared to the wild type
WNV RdRp, in both mutant forms sofosbuvir loses the wobble-like base
pairing with the uracil from the RNA template, as well as additional
interactions with the catalytic Mg®* ions. These binding modes might
account for the different efficacy of sofosbuvir against the three variants
of WNV RdRp and highlight the key pharmacophores in WNV RdRp
inhibition by small molecules.

To our knowledge, these data show for the first time that sofosbuvir
is active against WNV in vitro in human hepatic and neuronal cell lines
in the low micromolar range, at levels comparable to those reported for
ZIKV and DENV. Based on selection of the S604T mutation, sofosbuvir
appears to interact with the same conserved domain across Flavivirus
and Hepacivirus RdRp. Studies in animal models are required to con-
firm the relevance of these findings and better define opportunities for
sofosbuvir use or further development against multiple flaviviral in-
fections.
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Abstract: The aim of this study is the characterization and genomic tracing by phylogenetic analyses
of 59 new SARS-CoV-2 Italian isolates obtained from patients attending clinical centres in North and
Central Italy until the end of April 2020. All but one of the newly-characterized genomes belonged to
the lineage B.1, the most frequently identified in European countries, including Italy. Only a single
sequence was found to belong to lineage B. A mean of 6 nucleotide substitutions per viral genome
was observed, without significant differences between synonymous and non-synonymous mutations,
indicating genetic drift as a major source for virus evolution. tMRCA estimation confirmed the
probable origin of the epidemic between the end of January and the beginning of February with
a rapid increase in the number of infections between the end of February and mid-March. Since
early February, an effective reproduction number (R¢) greater than 1 was estimated, which then
increased reaching the peak of 2.3 in early March, confirming the circulation of the virus before the
first COVID-19 cases were documented. Continuous use of state-of-the-art methods for molecular
surveillance is warranted to trace virus circulation and evolution and inform effective prevention and
containment of future SARS-CoV-2 outbreaks.

Viruses 2020, 12, 798; doi:10.3390/v12080798 www.mdpi.com/journal/viruses
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1. Introduction

Italy is one of the countries most- and earliest-affected in Europe by the COVID-19 pandemic (https:
//gisanddata.maps.arcgis.com/apps/opsdashboard/index.html#/bda7594740£fd40299423467b48e%ecf6).
The first autochthonous cases of Coronavirus 2019 Disease (COVID-19) were observed starting from
21 February 2020 in Codogno (Lodi province), determining on 22 February 2020 the establishment of
a “red zone” to contain the epidemic, encompassing 11 municipalities. Thereafter, in a short time,
it became evident that the epidemic had already involved a large part of Lombardy region and
then spread to neighboring regions and, substantially less, to the rest of the country. On 9 March
lockdown was declared for the entire country. The rapidly increasing number of patients who required
hospitalization in the intensive care unit suggested that the virus may have circulated for a long period
and caused thousands of contagions before the epidemic became manifest [1].

SARS-CoV-2 was first detected in Italy in a couple of Chinese tourists coming from Wuhan on
31 January [2]. Subsequent evaluations have not shown a relationship between the sequence of these
strains and those implicated in the epidemic in Lombardy [3].

On the contrary, the Codogno strains resulted strictly related with a strain of SARS-CoV-2 coming
from Shanghai which caused a small outbreak in Munich around 20 January [1] and was probably
spread later to other European countries and beyond the Atlantic [4]. These sequences are part of a
clade initially defined as a European clade, the old Nexstrain A2a subclade, which is currently the
most widespread outside China and probably responsible for most of the world pandemic [5].

In the face of more than 240,000 notified cases in Italy, the entire genomes available in public
databases are still scarce (77 at the time of this study). The availability of large numbers of sequences
collected over time is necessary for molecular surveillance of the epidemic and for evaluation and
planning of effective control strategies. To perform this study, a network of Italian Clinical centres and
Laboratories across Italy generated additional 59 full-length SARS-CoV-2 sequences from COVID-19
patients ranging from the end of February to the end of April. This contribution helps to trace the
temporal origin, the rate of viral evolution and the population dynamics of SARS-CoV-2 in Italy

by phylogeny.
2. Materials and Methods

2.1. Patients and Methods

A total of 59 SARS-CoV-2 whole genomes were newly-characterized from an equal number of
patients affected by COVID-19, attending different clinical centres in Northern and Central Italy, from
the beginning of the epidemic (22 February 2020) until 27 April 2020 (Table S1).

All of the data used in this study were previously anonymized as required by the Italian Data
Protection Code (Legislative Decree 196/2003) and the general authorizations issued by the Data
Protection Authority. Ethics Committee approval was deemed unnecessary because, under Italian law,
all sensitive data were deleted and we collected only age, gender and sampling date (Art. 6 and Art. 9
of Legislative Decree 211/2003).

Eighteen sequences were obtained after isolating the virus in Vero E6 cells while the remaining 41
were obtained directly from biological samples such as nasopharyngeal swabs or broncho-alveolar
lavages (39 and 2, respectively).

SARS-CoV-2 RNA was extracted using the Kit QIAsymphony DSP Virus/Pathogen Midi kit on the
QIAsymphony automated platform (QIAGEN, Hilden, Germany) (n = 9) and manually with QIAamp
Viral RNA Mini Kit (QIAGEN, Hilden, Germany) (n = 50).
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Full genome sequences were obtained with different protocols by amplifying 26 fragments
as previously described (n = 42) [1] or using random hexamer primers (n = 8) or Ion AmpliSeq
SARS-CoV-2 Research Panel (Thermo Fisher Scientific, Waltham, Massachusetts, USA) (n = 9). The PCR
products were used to prepare a library for Illumina deep sequencing using a Nextera XT DNA
Sample Preparation and Index kit (Illumina, San Diego, California, USA) in accordance with the
manufacturer’s manual, and sequencing was carried out on a Illumina MiSeq platform for 50 samples,
while the remaining nine were sequenced on Ion GeneStudio™ S5 System instrument following
the Ion AmpliSeq™ RNA libraries protocol (Thermo Fisher Scientific, Waltham, Massachusetts,
USA). The results were mapped and aligned to the reference genome obtained from GISAID (https:
/[www.gisaid.org/, accession ID: EPI_ISL_412973) using Geneious software, v. 9.1.5 (Biomatters,
Auckland, New Zealand) (http://www.geneious.com) [6] or Torrent Suite v. 5.10.1 (Euformatics Oy,
Espoo, Finland) or BWA-mem and rescued using Samtools alignment/Map (Hinxton, UK) (v 1.9).

2.2. Sequence Data Sets

The newly-characterized 59 genomes plus three previously characterized isolates by us
(EPI_ISL_417445-417447) [1] were aligned with a total of 77 Italian sequences available in public
databases (GISAID, https://www.gisaid.org/) on 13 May 2020 and 452 genomes sampled in different
European and Asian countries (513 and 16, respectively) representing all the different viral clades
described in the Nextstrain platform (https:/nextstrain.org/). The final data set thus included
588 sequences. Due to the large amount of available sequences, we focused the analysis on European
strains by randomly selecting sequences from each country and by excluding identical strains or strains
with more than 5% of gaps. We sampled the data in order to have no temporal gaps, by grouping the
sequences by country/week/clade and randomly selecting the sequences in each group. We choose
15 sequences for clade A2 and 5 sequences for other clades (therefore including A and B Pangolin
lineages and different sublineages) for each European country. For countries with less than the required
sequence number we kept all the sequences. The sampling dates of the entire dataset ranged from
30 December 2019 to 27 April 2020. Table S2 shows the accession IDs, sampling dates and locations of
the sequences included in the dataset.

A subset of sequences assigned to the old Nextstrain A2 clade (classified as B lineage for Pangolin),
was generated for dating the epidemic, including all the Italian sequences, one German (EPI_ISL_406862)
and three Chinese isolates from Shanghai, ancestral to the A2 clade (EPI_ISL_416327, EPI_ISL_416334
and EPI_ISL_416386). Coalescent and birth-death phylodynamic analyses were performed on the 136
Italian A2 sequences only.

Alignment was performed using MAFFT [7] and manually cropped to a final length of 29,779 bp
using BioEdit v. 7.2.6.1 (http://www.mbio.ncsu.edu/bioedit/bioedit.html).

2.3. Genetic Distance, Recombination, and Selection Pressure Analyses

The MEGA X program was used to evaluate the genetic distance between and within Italian
sequences on the full length genome, with variance estimation performed using 1000 bootstrap
replicates [8].

The RDP5 software was used to investigate the presence of potential recombination [9].

All of the genes were tested for selection pressure using Datamonkey (https://www.datamonkey.
org/). Amino acid changes were evaluated using EPI_ISL._402123 as reference strain.

2.4. Phylogenetic and Phylodynamic Analyses

The simplest evolutionary model best fitting the sequence data was selected using the JmodelTest
v.2.1.7 software [10], and proved to be the Hasegawa-Kishino-Yano model with a proportion of invariant
sites (HKY+I).

The phylogenetic analysis for clade assignment was performed by RaxML [11] on the entire
dataset of 588 genomes. During the period in which we were carrying out the study, the SARS-CoV-2
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clade nomenclature system changed. In particular, Rambaut et al. proposed a dynamic nomenclature
based on phylogenetic lineages, called Pangolin (Phylogenetic Assighment of Named Global Outbreak
LINeages) [12]. For this reason, we used the old Nextstrain and the new Pangolin (freely available at https:
//pangolin.cog-uk.io/) systems for strain classification. The new Nextstrain classification was performed
by using the available script (https://github.com/nextstrain/ncov/blob/master/docs/running.md).

The virus’ phylogeny, evolutionary rates, times of the most recent common ancestor (tMRCA)
and demographic growth were co-estimated in a Bayesian framework using a Markov Chain Monte
Carlo (MCMC) method implemented in v.1.10.4 and v.2.62 of the BEAST package [13,14].

A root-to-tip regression analysis was made using TempEst in order to investigate the temporal
signal of the dataset [15].

Different coalescent priors (constant population size and exponential growth and Bayesian
skyline) and strict vs. relaxed molecular clock models were tested by means of path sampling
(PS) and stepping stone (SS) sampling [16]. The evolutionary rate prior normal distribution, after
informing the mean evolutionary rate, was set at mean 0.8 x 10~3 substitutions/site/year (http:
//virological.org/t/phylodynamic-analysis-176-genomes-6-mar-2020/356).

The MCMC analysis was run until convergence with sampling every 10,000 generations.
Convergence was assessed by estimating the effective sampling size (ESS) after 10% burn-in using
Tracer v.1.7 software (http://tree.bio.ed.ac.uk/software/tracer/), and accepting ESS values of 200 or more.
The uncertainty of the estimates was indicated by 95% highest marginal likelihoods estimated [17] by
path sampling/stepping stone methods [16].

The final trees were summarized by selecting the tree with the maximum product of posterior
probabilities (pp) (maximum clade credibility or MCC) after a 10% burn-in using Tree Annotator
v.1.10.4 (included in the BEAST package), and were visualized using FigTree v.1.4.2 (http://tree.bio.ed.
ac.uk/software/figtree/). Posterior probabilities >0.7 were considered significant.

2.5. Birth-Death Skyline Estimates of the Effective Reproductive Number (R.)

The birth-death skyline model implemented in Beast 2.62 was used to infer changes in the effective
reproductive number (R.), and other epidemiological parameters such as the death/recovery rate (),
the transmission rate (A), the origin of the epidemic, and the sampling proportion (p) [18]. Given
that the samples were collected during a short period of time, a “birth-death contemporary” model
was used.

The analyses were based on the previously selected HKY substitution model and the evolutionary
rate was set to the value of 0.8 x 103 subs/site/year, which corresponds to the mean substitution rate
estimated using a relaxed clock under the exponential coalescent model as transformed into units
per year.

For the birth-death skyline analysis, from one to two R, intervals and a log-normal prior with a
mean (M) of 0.0 and a variance (S) of 1.0 were chosen, which allows the R. values to change between
<1(0.193) to >5. A normal prior with M = 48.7 and S = 15 (corresponding to a 95% interval from 24.0 to
73.4) was used for the rate of becoming uninfectious. These values are expressed as units per year and
reflect the inverse of the time of infectiousness (5.3-19 days, mean 7.5) according to the serial interval
estimated by Li et al. [19]. Sampling probability (p) was estimated assuming a prior Beta (alpha = 1.0
and beta = 999), corresponding to a minority of the sampled cases (between 107> to 10~3). The origin
of the epidemic was estimated using a normal prior with M = 0.1 and S = 0.05 in units per year.

The MCMC analyses were run for 100 million generations and sampled every 10,000 steps.

Convergence was assessed on the basis of ESS values (ESS > 200). Uncertainty in the estimates
was indicated by 95% highest posterior density (95%HPD) intervals.

The mean growth rate was calculated on the basis of the birth and recovery rates (r = A — 9),
and the doubling time was estimated by the equation: doubling time = In(2)/r [20].
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3. Results

3.1. Phylogenetic Analysis of the Whole Dataset

No recombination events were observed in the entire dataset according to analyses with
RDPS5 software.

Phylogenetic analysis by maximum likelihood showed that the Italian sequences were included
in a single SARS-CoV-2 clade (the old Nextstrain A2 clade, corresponding to new Nextstain clades 20A
and 20B) with the exception of three sequences: Two from Chinese patients visiting Italy at the end of
January 2020 after being infected in Wuhan and one characterized by us from an Italian subject, living
in Padua, sampled in March 2020, not reporting any recent trip outside Italy or contacts with subjects
affected by COVID-19 (pp = 0.99) (Figure 1, clade 19A).

204
W 20e

20¢
1A

[ R
B italy

8.0E-5

Figure 1. Maximum likelihood tree of the full dataset including 588 SARS-CoV-2 genomes. Nextstrain
classification is indicated by colors as reported in the legend. Italian strains are highlighted in red.

Recently, new nomenclature systems have been proposed for the SARS-CoV-2 clades. The new
lineage assignment of 62 Italian isolates is reported on Table 1 with the correspondence to other naming
systems (old and new Nextstrain). All of our isolates belonged to the lineage B.1, only one isolate was
classified as lineage B.

Table 1. Pangolin lineage classification of 62 Italian strains included in the study.

(I}ai::gez;‘;;) Total % From Nextstrain New Nextstrain Old
B 1 1.6 PD (1) 19A nd
b1 g oms  MEOANOMCOPDEE0, g g an
B.1.1 11 17.7 MI (4), PD (1), SI (4), GR (1), AR (1) 20B A2a
B.1.34 1 1.6 MI (1) nd A2a
B.1.5 2 32 MI (1), BG (1) 20A A2a

PD: Padua, MI: Milan, PS: Pesaro, AN: Ancona, MC: Macerata, BG: Bergamo, CR: Cremona, SI: Siena, AR: Arezzo,
GR: Grosseto, BS: Brescia, nd: not determined.
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3.2. Genetic Distances Analysis

The overall mean p-distance between all the Italian isolates was 2.3 (SE:0.3) s/10,000 nts,
corresponding to a mean of 6.4 (SE: 0.8) substitutions per genome. The non-synonymous distance
(dN) was 2.0 (SE: 0.4) non-syn s/10,000 non-syn nts while the overall synonymous mean distance (dS)
was equal to 2.4 (SE: 0.05) syn s/10000 syn nts (dN/dS = 0.83). A higher heterogeneity was observed
through months as, stratifying the genetic distances on the basis of the sampling time, we observed a
higher heterogeneity among the strains isolated in February (n = 19) compared to those collected in
March (1 = 96) or April (n = 21) (Table 2).

Table 2. Mean genetic divergence within and between Italian strains according to the sampling time
(substitutions per 10,000 sites).

Time Within Time Between
pDistance  Nudeotide  gs(sE) N (sE) pDlstance  Nucleotide  4s(sp)  aN(sB)
February (3:2) (?:g) (:15:?) (3:2) February vs. March (3:1) g:;) (g:z) (g:i)
March (éig) (gig) (éé) ((1):451) March vs. April (3:2) (g:g) (éé) (ég
April ((2):431) ((6):2) ((1):;) (tz):é) February vs. April (3:;) (11 g) (é:g) (312)

SE: Standard error, dS: synonymous distance, dN: non-synonymous distance.

3.3. Differences in Amino Acids

Considering only the non-synonymous mutations and comparing the Italian genomes with the
common ancestor (China, EPI_ISL._402123), there were 159 amino acid substitutions affecting different
viral genes, (112 in ORF 1a/lb, 19in S, 12 in ORF 3a, 4 in M, 3 in ORF7a, 6 in N, and one each in
Orf7b, 8 and 10) of which only 15 (9.4%) were observed in 2 or more isolates, as summarized in Table 3.
No amino acid changes were observed in the E gene. The previously described substitution D614G in
the Spike protein was present in all the isolates belonging to the lineage B.1 and in the strain from
Padua belonging to lineage B.

Table 3. SARS-CoV2 mutations identified in Italian strains.

Genome Region Mutation n/Total Percentage (%)
S443F 2/135 1.5
H3076Y 2/135 1.5
L3606F 3/131 23
ORF1ab P4715L 133/136 97.8
E5689D 2/135 1.5
R5919K 2/123 1.6
A570D 2/129 1.6
S D614G 128/130 98.5
G1046V * 3/134 22
OREF 3a G251V 3/134 22
M D3G 21/133 15.8
OREF 7a G70C 2/134 1.5
N R203K-G204R 52/133 39.1
V2461 3/136 22

* mutation under significant selective pressure.

Considering the Italian isolates, only 1 site resulted under significant selecting pressure by three
different methods (MEME, FEL, FUBAR): Site 1,046 in the Spike protein that was present in three
isolates from Padua. This G1046V mutation is located in the S2 subunit, between heptad repeat 1 and 2
domains. Mutations R203K-G204R in N gene were always simultaneously detected. It appears that
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these mutations discontinue a serine-arginine (S-R) dipeptide by introducing a lysine in-between them,
having impacts on structure and function in the mutated N protein.

Fifty-two sequences in our dataset carried these mutations, particularly 11 of the 59 whole genome
newly-characterized; six of these were from Tuscany, four from Milan and one from Padua.

3.4. Time Reconstruction of the SARS-CoV-2 Italian Lineage B.1 Phylogeny

Root-to-tip regression analysis of the temporal signal from the Italian B.1 subset revealed a
weak association between genetic distances and sampling days (a correlation coefficient of 0.31 and a
coefficient of determination (R?) of 9.9 x 1072).

Comparison by BF test of the marginal likelihoods obtained by path sampling (PS) and stepping
stone sampling (SS) of the strict vs. relaxed molecular clock (uncorrelated log-normal) showed that
the second performed better than the former (strict vs. relaxed molecular clock BF(PS) = —71.9 and
BF(SS) = —71.4 for relaxed clock). Comparison of the different demographic models showed that the
BSP and the exponential growth models best fitted the data (BSP vs. constant population size BF(PS)
= 27.9 and BF(SS) = 30.2 for BSP; constant population size vs. exponential growth BF(PS) = 7.3 and
BF(SS) = 8.6) (Table S3).

The mean tMRCA of the tree root (Figure 2) was estimated at 107 days before present (BP)
(95%HPD: 91.2-113.1), corresponding to 11 January 2020 (from 5 January to 27 January). The tMRCA
of the subclade including all the Italian sequences was estimated to be 92.4 (95%HPD: 76.6-95) days BP,
corresponding to 25 January (between 23 January and 10 February).

Figure 2. SARS-CoV-2 tree of 136 Italian strains plus one German and three Chinese isolates from
Shanghai, showing statistically-significant support for clades along the branches (posterior probability
>0.7). Large red and purple circles indicated highest posterior probability ranging from 1 to 0.9.
Calendar dates of the tree root and the Italian clade were showed in red. The light blue box highlighted
the three Padua isolates carrying G1046V mutation in S protein.

The Bayesian tree of the Italian sequences showed 15 small significant subclades including two to
ten isolates (Figure 2).

3.5. Phylodynamic Analysis of the Italian Dataset

The Bayesian skyline plot of the Italian isolates showed an increase in the number of infections in
the period between late February and mid-March 2020, with a rapid exponential growth between 4
and 16 March when it reached a plateau continuing until the last sampling time (Figure 3).
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Figure 3. Bayesian Skyline plot of the SARS-CoV-2 outbreak. The Y axis indicates effective population
size (Ne) and the X axis shows the time in fraction of years. The thick solid line represents the median
value of the estimates, and the grey area the 95% HPD.

The Bayesian birth-death skyline plot of the R, estimates with 95%HPD with a single R group
(corresponding to Ry) estimated a mean value of 2.25 (1.5-3.1). Figure 4 (panels a and b) shows the
changes of Re since the origin of the epidemic and suggests that Re was higher than 1 since the early
days (mean initial Re = 1.4, 95%HPD: 0.08-2.9). The curve started to grow in early February and
peaked to a mean value of 2.3 (95%HPD: 1.5-3.5) in the first half of March, and has since remained at
this value. The curve obtained with three Re groups showed a slight decrease at mid-March (Figure 4,
panel b).

2020-03-13
2020-02-24

2020-02-05

T T T T T T
2020.05 2020.10 2020.15 2020.20 2020.25 2020.30

Time

2020-03-04

2020-03-13

2020-02-24

2020-02-05

T T T T T T
2020.05 2020.10 2020.15 2020.20 2020.25 2020.30

Time
Figure 4. Part A: birth-death skyline plot of the SARS-CoV-2 outbreak allowing one R, intervals. Part B:
birth-death skyline plot of the SARS-CoV-2 outbreak allowing three R, intervals. The curves and the
orange areas show the mean R, values and their 95% confidence intervals. The Y and X axes indicate R
values and time in years, respectively.
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The origin of the epidemic was estimated at a mean 80.3 days BP (credibility interval: 60-109),
corresponding to 7 February (between 9 January and 27 February). The recovery rate was estimated
about 7.26 days (CI 4.7-16.0 days), and the transmission rate (A) increased from 71.7 to 115.96 in units
per year (corresponding to a growth rate of 0.06 and 0.18 year~—!). On the basis of these data, the doubling
time decreased from 5.1 days to 3.1 days in the period between early February and mid-March.

4. Discussion

Molecular tracing of SARS-CoV-2 coupled with advanced Bayesian and Maximum likelihood
phylogenetic analysis provide detailed information about the epidemiology and evolution of emerging
infections and helps to improve our understanding on the mechanisms of spreading of the epidemic.

In a previous study [1], we characterized the viral sequences obtained from the first three patients
coming from the Codogno area who were hospitalized at the very beginning of the epidemic in
Italy. The Codogno strains correlated with an isolate from an outbreak occurred in Bavaria around
20 January [4]. The present analysis shows that all but one of 62 SARS-CoV-2 sequences obtained from
22 February to the end of April in different Northern and Central Italian areas belong to a single clade,
corresponding to the Pangolin lineage B.1, the old Nextstrain subclade A2a and the new Nextstrain
clades 20A and 20B (https://nextstrain.org/blog/2020-06-02-SARSCoV2-clade-naming) [1,12]. About
1 out of 4 isolates were classified in different descendant lineages, always included in the main B.1
lineage (such as B.1.1 and B.1.5), most on a temporal basis, being these lineages more represented
among the genomes sampled in the second half of March and April (9/14, 64%), while B.1 lineage was
more represented in the genomes obtained in February and first half of March (33/47, 70.2%).

This observation was also confirmed by other Italian studies [1,3]. The same clade is now the most
widespread in the world and includes most of the published genomes [5]. The genetic distances among
the Italian strains were relatively short, corresponding to an average of about 6.4 mutations per viral
genome, even if single isolates may have a higher number of changes. After grouping the sequences
according with the sampling months, while the within group mean genetic distances were higher in
February compared to subsequent months, the genetic distance between different months increased
with time. This observation confirms a continuous evolution of the viral genome (with the emergence of
new divergent variants) mainly driven by genetic drift. No significant difference was observed between
the non-synonymous and the synonymous substitutions (dn/ds = 0.8), suggesting the absence of
relevant selective forces driving the evolution of the viral genome. This observation is further confirmed
by the analysis of site-specific selective pressure in the Italian strains, which only showed a single site
under significant positive selection in the S protein (position 1046) observed in three strains from Padua.
Including in the phylogenetic tree 3 isolates from Shanghai and one from the first patient of the Bavarian
cluster, being at the root of the B.1 lineage, the dated tree obtained suggests that SARS-CoV-2 entered
Italy between late January and early February 2020. This timing matches with the first autochthonous
European cluster of SARS-CoV-2 transmission in Bavaria (Germany), originated on 20 January [1,4,21]
by the introduction of a strain carried by the index patient coming from Shanghai, where the virus
had been circulating since January. The skyline plot analysis of the Italian clade shows an exponential
increase of the effective number of infections from late February to mid-March, in excellent agreement
with the known epidemiological data (https://www.epicentro.iss.it/coronavirus/sars-cov-2-dashboard).
In particular, a very rapid growth of the epidemic was detected between the beginning of March and
the middle of the same month, when the curve reaches a plateau up to the end of sampling (27 April).
The mean value of Ry was estimated as 2.25 (1.5 to 3.1) in the entire period. A similar result was
obtained by Stadler et al. on a smaller sample of 11 sequences mainly from patients with known
travel history to Italy (https://virological.org/t/phylodynamic-analyses-based-on-11-genomes-from-
the-italian-outbreak/426). The estimated basic reproduction number (Rg) for SARS-CoV-2 has ranged
mainly from 2 to 4, according to the different methods employed for the evaluation [22]. In Italy, values
between 2.4 and 3.6 have been estimated in the early phase of COVID-19 epidemic before the control
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measures were taken [23-25]. Predictive mathematical models are fundamental to understand the
dynamics of the epidemic, plan effective control strategies and verify the efficacy of those applied.

Using a birth-death skyline, we analyzed the changes of Re during the epidemic in Italy over the
entire period. We observed that the R, was >1 since the first decade of February, suggesting that the
infection was circulating within the population before the first notified (hospitalized) COVID-19 cases.
The Re skyline plot reached a value of 2.3 in the first days of March, together with the rapid increase
observed in the number of infections by BSP, and slightly decreased thereafter, in agreement with the
official data on the course of the epidemic. Between February and March the estimated doubling time
of the epidemic decreased from 5.1 to 3.1 days. This value was smaller than that obtained by us for
the epidemic in China [26] and might be interpreted as a consequence of a delayed application of
more stringent containment measures in Italy. In fact, a slight decrease of the R value was observed
only after mid-March, when a more rigorous social distancing was enforced across the entire country.
The persistence of a Re value higher than one until April, in partial contrast with the epidemiological
data (https://covstat.it/), could be due to the fact that our estimate was influenced by the circulation of
the virus in the community, which is larger than the number of the officially registered clinical cases. It
is well known that only a small minority of SARS-CoV-2 infections require hospitalization and that in
Italy the number of cases of infection has widely exceeded the number of official reports. In a recent
study, the prevalence of anti-SARS-CoV-2 antibodies in asymptomatic blood donors living in Milan
was shown to increase from February to April, when the prevalence reached its maximum (about 7%)
(https://www.medrxiv.org/content/10.1101/2020.05.11.20098442v2). However, in Italy the numbers of
active cases began to decrease only in the second half of April, when the present study had already
been stopped. Further studies on extended data collection will be required to estimate the effects of the
containment measures.

The only one genome characterized in our study not belonging to lineage B.1 was isolated in
a 76-year-old man living in the province of Padua (Veneto), who survived to serious COVID-19
manifestations despite old age and the presence of several comorbidities. He denied any contact with
infected subjects and did not travel abroad. This virus belongs to the same lineage (B) of the first
2 cases imported into Italy from the Hubei region, China, at the end of January 2020, before Italy
suspended flights from China. The couple landed at the Milan airport and travelled to other locations
in Northern and Central Italy before the onset of symptoms requiring hospitalization in Rome, but
they had not travelled to Padua. Thus, the origin of such a strain remains unexplained and further
investigations are underway to evaluate whether this strain may have played a role in causing an
epidemic, at least locally. It would also be interesting to investigate whether the currently predominant
strain was for some reasons more epidemic than the initial strain, or if the spread of the latter was
limited by random factors.

In conclusion, our data show the importance of molecular and phylogenetic evolutionary
reconstruction in the surveillance of emerging infections. Of note, it appears that the outbreak in Italy,
which involved hundreds of thousands of people, is mainly attributable to a single introduction of
the virus and its uncontrolled circulation for a period of about four weeks. These results reaffirm the
strategic importance of continuous surveillance and timely tracing to define and rapidly implement
effective containment measures for a possible second wave of the pandemic.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/8/798/s1,
Table S1: Data of Italian Patients characterized in the present study, Table S2: Accession IDs, sampling dates and
location of sequences included in the dataset, Table S3: Comparison among different demographic models based
on Path Sampling (PS) and Stepping Stone (SS) sampling.
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Abstract

Recent studies have suggested that the CCR5 antagonist maraviroc (MVC) may exert an HIV-1 latency reversal effect. This study
aimed at defining MVC-mediated induction of HIV-1 in three cell line latency models and in ex vivo CD4 T cells from six patients
with suppressed viraemia. HIV-1 induction was evaluated in TZM-bl cells by measuring HIV-1 LTR-driven luciferase expression,
and in ACH-2 and U1 latently infected cell lines by measuring cell-free (CFR) and cell-associated (CAR) HIV-1 RNA by gPCR.
NF-kB p65 was quantified in nuclear extracts by immunodetection. In ex vivo CD4 T cells, CAR, CFR and cell-associated DNA
(CAD) were quantified at baseline and 1-7-14 days post-induction (T1, T7, T14). At T7 and T14, the infectivity of the CD4 T cells
co-cultured with MOLT-4/CCR5 target cells was evaluated in the TZM-bl assay (TZA). Results were expressed as fold activation
(FA) with respect to untreated cells. No LTR activation was observed in TZM-bl cells at any MVC concentration. NF-xB activation
was only modestly upregulated (1.6+0.4) in TZM-bl cells with 5uM MVC. Significant FA of HIV-1 expression was only detected at
80 UM MVC, namely on HIV-1 CFRin U1 (3.1£0.9; P=0.034) and ACH-2 cells (3.9+1.4; P=0.037). CFR was only weakly stimulated at
20uMin ACH-2 (1.7£1.0FA) cells and at 5uM in U1 cells (1.9£0.5 FA). Although no consistent pattern of MVC-mediated activation
was observed in ex vivo experiments, substantial FA values were detected sparsely on individual samples with different param-
eters. Notably, in one sample, MVC stimulated all parameters at T7 (2.3+0.2 CAD, 6.8+3.7CAR, 18.7£16.7CFR, 7.3+0.2TZA). In
conclusion, MVC variably induces HIV-1 production in some cell line models not previously used to test its latency reversal
potential. In ex vivo CD4 T cells, MVC may exert patient-specific HIV-1 induction; however, clinically relevant patterns, if any,

remain to be defined.

INTRODUCTION

HIV-1 latency is the hallmark of persistent infection because
cells, mostly long-lived CD4 memory T cells, harbouring
integrated replication-competent virus, are not targeted by
either antiretrovirals or immune attack, preventing HIV-1
eradication even with prolonged fully suppressive therapy [1].
Currently, several compounds, including drugs licensed for
treatment of conditions different from HIV-1 infection, are
being considered as agents awakening virus in latently infected
cells and eventually leading to cell death as a consequence of
virus production and/or immune attack [2]. Reversing HIV-1

latency coupled with potent fully suppressive antiretrovirals
and possibly therapeutic vaccination is the conceptual basis
for the shock and kill eradication strategy [3]. Recent data
suggested that maraviroc (MVC), the first approved anti-
HIV-1 agent targeting a cellular factor, may exert an HIV-1
latency reversal effect at least under some experimental condi-
tions [4, 5], resulting in the inclusion of MVC in the list of
potential latency-reversing agents (LRAs) [6].

MVC binds to the CCR5 chemokine receptor, preventing
target cell recognition by CCR5-tropic, or briefly R5, virus
[7]. Although the rationale for MVC use remains the
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demonstration of a susceptible R5 virus population through
HIV-1 genotyping or phenotyping, the binding of MVC to
CCR5 triggers a series of cellular events per se, independently
from the virus coreceptor tropism or even from the HIV-1-
positive status, and hence MVC is being considered in the
treatment of other diseases, including cancer, graft versus
host and inflammatory diseases [8]. Indeed, the interaction
of CCR5 with its natural ligands modulates T cell response
[9, 10] and the blockade of this receptor by treatment with
MVC has the potential to combine the antiviral and the
immunomodulatory effect. This hypothesis was based on
results from pivotal trials when MVC treatment was shown to
increase CD4 T cell counts even in the context of virological
failure [11] and to decrease immune activation and inflamma-
tion markers more than the efavirenz comparator arm [12].
In a small observational study, MVC seemed to be involved
in a larger recovery of CD4 T cells with respect to darunavir/
ritonavir, both coupled with raltegravir and etravirine [13].
Adding MVC to standard therapy at primary HIV-1 infection
also resulted in a time-dependent CD4 cell increase indepen-
dently of co-receptor usage [14]. In HIV-1-associated neuro-
cognitive disease, the reduction of HIV-1-related chronic
inflammation induced by MVC translates into improvement
of neurocognitive test performance [15, 16]. In vitro, MVC
interferes with CCR5 and CCR?2 internalization, impairing
T-cell chemotaxis [17], and modulates cell surface expression
of different molecules involved in immune recognition and
function, resulting in a global effect thought to be beneficial
through decreased inflammation and immune activation [18].
However, MVC-induced benefits independent of its antiviral
activity were later questioned due to the unfavourable effect
on the CD4-to-CDS8 cell ratio as a consequence of reduced
decrease or even an increase in CD8 T cell counts [19-22].

A possible role for MVC in the reduction of the latent HIV-1
reservoir has been investigated in several intensification
studies. While beneficial effects on immunological activa-
tion were confirmed in most [23-25] but not all [19] studies,
in the majority of cases MVC intensification did not lead to
a significant change in HIV-1 reservoir [24-30]. Notably,
these studies differed considerably in their design, including
cases where MVC was used in combination with other
drugs and/or immunomodulatory factors, preventing or
confounding the measurement of net MVC effects [26-29].
Two independent groups from Spain have indeed shown a
modest reduction in HIV-1 reservoir following intensifica-
tion of treatment with MVC alone, either in patients with
recent HIV-1 infection [31] or in patients with suppressed
viraemia [23].

As a follow-up of the latter work, Madrid-Elena et al. [5]
showed that MVC increased unspliced HIV-1 RNA levels in
resting CD4 T cells in association with enhanced expression
of NF-kB-dependent genes. NF-xB is a key T cell transcrip-
tion factor that regulates HIV-1 transcription and replication
and is a preferential target of candidate latency-reversal agents
(LRAs) targeting protein kinase C (PKC) pathways [32]. These
findings are supported by in vitro data from using IL-7-treated
CD4 T cells as a model for HIV-1 latency [4].

This study aimed at defining MVC-mediated HIV-1 induction
in three cell line latency models and in ex vivo CD4 T cells
collected from six patients with suppressed viraemia.

METHODS
Cell lines and drugs

Cell lines were purchased by Centre for AIDS Reagents,
NIBSC. TZM-bl adherent cell lines (ARP 5011) were propa-
gated in Dulbecco’s modified Eagle’s medium (DMEM,; Euro-
clone) supplemented with 10% foetal bovine serum (FBS;
Euroclone) and 1% penicillin/streptomycin (PS; Euroclone).
ACH-2 (ARP 138) and U1/HIV-1 (ARP 139), two latently
infected cell lines carrying one and two copies of HIV-1
provirus, respectively, were propagated in RPMI 1640 (Euro-
clone) supplemented with 2mM L-glutamine (Euroclone),
1% PS and 10% FBS. All cells were grown in a humidified
incubator at 37°C with 5% CO.,.

MVC (AIDS Reagent Program, catalogue no. 11580),
ionomycin (ION; Sigma, catalogue n0.19657), phorbol-12-
myristate-13-acetate (PMA; Sigma, catalogue no.P8139) and
phytohaemagglutinin (PHA; Sigma, catalogue no. L8754)
were provided as powder, resuspended in DMSO (MVC,
ION, PMA) or phosphate-buffered saline (PBS; PHA) and
stored at —20°C.

Determination of coreceptor CCR5 expression by
flow cytometry

TZM-bl, U1/HIV-1 and ACH-2 cells were seeded (1x10°cells/
well) in V-bottom 96-well plates (Sarstedt) and incubated for
30 min at 4 °C with BV421-conjugated anti-CCRS5 (clone 2D7/
CCRS5, BD Biosciences), at the proper dilution, previously
titrated. Samples were fixed with BD Cytofix according to the
manufacturer’s instructions (BD Biosciences) and acquired
on a BD LSR Fortessa X20 flow cytometer (BD Biosciences),
storing ~5-10x10° for each sample. Data analysis was
performed using Flow]Jo v10 (TreeStar).

Cytotoxicity assay

Drug cytotoxicity was measured on ACH-2, U1/HIV-1 and
TZM-bl cell lines and CD4 T cells derived from uninfected
donors using the CellTiter-Glo 2.0 Luminescent Cell Viability
Assay (Promega), according to the manufacturer’s protocol.
CD4 T cells were prepared from peripheral blood mononu-
clear cells (PBMCs) as described below. After 24 h incubation,
the luminescent signal generated by the cells treated with the
test compound was compared to that generated by the cells
treated with DMSO to determine the 50% cytotoxic concen-
tration (CC,).

Cell line stimulation and measurement of HIV-1
induction

One million ACH-2 and U1/HIV-1 and 20000 pre-seeded
TZM-bl were induced with fourfold serial MVC dilutions (80,
20, 5,1.25,0.31 uM), with PHA (10 ug ml™") or with ION (1 pg
ml™") plus PMA (50 ng ml™") (ION+PMA). Experiments were
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performed in quadruplicates for TZM-bl and in triplicates
for ACH-2 and U1/HIV-1. Control cells (CCs) were treated
with 0.16% DMSO and HIV-1 induction was evaluated after
24 h of stimulation.

TZM-bl adherent cell line induction was evaluated by
measuring HIV-1 LTR-driven luciferase expression. Briefly,
after medium removal, cells were lysed by Glo-Lysis Buffer
(Promega) as indicated by manufacturer and transferred into
a white luminescence plate, adding one volume of Bright-
Glo Luciferase Reagent (Promega). Relative luminescence
units (RLU) were acquired by the GloMax Discover Reader
(Promega). The RLU of treated cells were compared to those
of the negative control and activation of HIV-1 LTR was
reported as FA with respect to the CCs.

HIV-1 expression in ACH-2 and U1 were evaluated by meas-
uring cell-free (CFR) and cell-associated HIV-1 RNA (CAR)
by quantitative real-time PCR (qPCR). After 24 h stimulation,
cell pellets and supernatants were collected and DNA was
extracted, treated with DNase and quantified by qPCR, as
described below. CAR copies were normalized per million
cells, whereas CFR copies were normalized per ml. Normal-
ized copies were compared to those of the negative control
and activation was reported as FA with respect to the CCs.

NF-KB measurement

NF-xkB MVC-mediated induction was evaluated at 3, 6 and
24h in TZM-bl, and at 24h in U1, ACH-2 and donor CD4
T cells. After induction, cells were collected and NE-PER
Nuclear and Cytoplasmic Extraction Reagents (Thermo
Scientific) were used to obtain the nuclear extracts as
described by manufacturer. During the first lysis step, the
total protein amount was determined by a Bradford protein
assay (Bio-Rad). NF-xB DNA-binding activity was detected
in nuclear extracts by the NF-xB (p65) Transcription Factor
Assay kit (Cayman Chemical). Absorbance values derived
from three independent experiments were normalized to
the total amount of protein detected by the Bradford assay.
Normalized absorbance values were compared to those of the
negative control and activation of NF-xB was reported as FA
with respect to the CCs.

Patient selection and induction of CD4 T cells

Access to residual anonymized blood samples derived from
clinical practice was initially obtained through informed
patient consent as approved by the local Ethics Committee at
the University Hospital of Siena and at the Hospital Amedeo
Savoia of Turin. Patients’ adherence to therapy was estimated
to be optimal as measured by pharmacy refill records at both
clinical units. The six HIV-1-positive blood samples chosen
were derived from patients with undetectable viraemia (below
50 copies ml™) for at least 2 years. A variable volume of blood
was collected at subsequent visits from each patient to allow
induction experiments. The final quantity of CD4 T cells
ranged from 1.3x107to 3.4x10".

PBMCs were collected from fresh blood by density gradient
centrifugation using Lympholyte-H (Cedarlane), according to

the manufacturer’s protocol. CD4 T cells were isolated from
total PBMCs by negative immunomagnetic selection using
the EasySep Human CD4 T Cell Isolation kit (StemCell Tech-
nologies). CD4 T cells were propagated at 37 °C with 5% CO,
in lymphocyte medium composed of RPMI 1640 medium
supplemented with 2mM L-glutamine, 10% FBS, 1% PS, 20
U ml™" human Interleukin-2 and 12.5mM HEPES.

After 36h culturing, before induction, 1x10°CD4 T cells
were collected from each culture to perform CAR, CFR and
cell-associated HIV-1 DNA (CAD) baseline analyses (T0).
Then, CD4 T cells were divided in three different T25 flasks
and induced with 5pM MVC, with ION+PMA (1 pg ml™!
plus 50 ng ml™) used as positive control and 0.16% DMSO
used as control. After 24h (T'1), 1x10°CD4 T cells and 2 ml of
supernatant were collected from each flask to perform CAR,
CAD and CFR analyses. The remaining cultures were centri-
fuged, washed with PBS 1x to remove any residue of inductors
and resuspended in lymphocyte medium with 5 ug ml™ of
hexadimethrine bromide (polybrene, Sigma). Subsequently,
induced CD4 T cells were co-cultured with MOLT-4/CCR5
cells in a 10:1 ratio to permit viral outgrowth, as adapted
from Buzon et al. and Laird et al. [33, 34]. After 7 and 14 days
post-induction, the same procedure was repeated to perform
CAR, CFR and CAD T7 and T14 analyses, respectively. At
T7 and T14, the infectivity of co-cultures was determined
using a modified version of the TZM-bl cell-based assay
(TZA) developed by Sanyal et al. [35]. Briefly, 1x10°cells
(CD4 T cells and MOLT-4/CCR5) were collected from each
flask, diluted fivefold and added to pre-seeded TZM-bl in a
96-well plate. After 48 h, the luciferase activity was measured
as reported above. As described by Sanyal et al. [35], a nega-
tive control made of CD4 T cells derived from uninfected
donors co-cultivated with MOLT-4/CCR5 was induced and
treated in parallel and subjected to the TZA. Data analysis was
performed as suggested, and the maximum likelihood esti-
mate was applied to determine the infectious units per million
(i.u.p.m.) cells by using the online system available at http://
silicianolab.johnshopkins.edu. The results were expressed as
i.u.p.m. ml™ with 95% upper and lower confidence intervals.

Nucleic acids extraction, reverse transcription and
quantification

Total nucleic acid extraction from infected cells and from
supernatant was performed using the ZR Viral RNA kit
(Zymo Research) according to the manufacturer’s instruc-
tions. Supernatants were enriched by centrifugation for 1h
and 30min at 16000 g at 4°C, prior to extraction. CAD was
determined on cellular extracts by qPCR as described by
Vicenti et al. [36], with minor modifications. Briefly, HIV-1
DNA and the housekeeping albumin gene were co-amplified
in a duplex qPCR to normalize the total HIV-1 DNA amount
as copies per million cells [37]. The reaction mixture included
5ul of cellular nucleic acid extract, 12.5pl Premix Ex Tag
(probe qPCR) (Takara), 10 pmol each HIV-1 primer, 5pmol
each albumin primer, and 2.5 pmol each HIV-1 and albumin
probe in a final volume of 25 pul. The reaction was run in the
Light Cycler 96 system (Roche) for 45 cycles, each including
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10s at 95°C and 30s at 60 °C after the first denaturation step
(90s at 95°C). Based on Probit analysis, the analytical sensi-
tivity of the qPCR assay was 0.9 and 1.6 HIV-1 DNA copies
per reaction as defined by the 50% and 95% hit rate. Data
acquisition and handling were carried out using Light Cycler
96 software version 1.1.0.1320. To quantify CAR and CFR,
cellular and supernatant extracts, respectively, were treated
with DNase (DNase I Amplification Grade, Sigma) and cDNA
was generated by random hexamer-driven reverse transcrip-
tion using 20 pl of DNase-treated RNA as template, 664 uM
dNTPs, 6 pl of 5x ImProm-II Reaction Buffer, 50 ng hexanu-
cleotides, 1.5 mM MgClz, 20 U RNasin Plus RNase Inhibitor
and 1U of ImProm-II Reverse Transcriptase (Promega) in a
final volume of 30 ul. The reactions included an initial 5min
step at 25°C, followed by 45min at 37°C and a 5min final
step at 80 °C. CAR and CFR qPCR reactions were performed
as indicated for CAD, using 5 ul of cDNA; all qPCR reactions
were performed in duplicate. CAR results were normalized
as copies per million cells considering the input of total DNA
used, as determined by albumin quantification.

Determination of co-receptor usage and subtype
assignment

Co-receptor tropism of clinical isolates was measured
phenotypically by a homebrew single-cycle assay as previ-
ously published [38] and genotypically by sequencing the
V3 loop region. Subtype was determined by sequencing the
integrase gene. Briefly, 500 ng of DNA obtained by whole
blood extraction (High Pure Viral Nucleic Acid kit, Roche)
were amplified in a two-step PCR protocol using GoTaq Hot
Start Polymerase (Promega). Primer details are provided
in Table S1, (available in the online version of this article).
Nested PCR products were evaluated by electrophoresis on an
agarose gel and bidirectional DNA sequencing was performed
using the BrilliantDye Terminator kit v1.1 (Nimagen) with
the same primers as used in the nested PCR. Sequencing
reactions were treated with the X-Terminator Purification
kit (Applied Biosystems) in a 96-well plate and resolved by
capillary electrophoresis on the 3130xl Genetic Analyzer

(Applied Biosystems). Following sequence analysis and
editing (DNAStar Lasergene 7.1.0 Seqman Pro module),
coreceptor tropism was predicted by Geno2Pheno (http://
coreceptor.geno2pheno. org/index.php), setting 10% as the
false-positive rate cut-off. Subtype was assigned using the
Stanford prediction algorithm (https://hivdb.stanford.edu/).

Statistical analysis

GraphPad Prism 5.0 (GraphPad, San Diego, CA, USA)was
used for statistical analyses and plotting of results. Data are
expressed as mean+sp unless indicated otherwise. Induction
was expressed as FA with respect to untreated cells. Differ-
ences among inducers were analysed by the Kruskal-Wallis
test in the cell line experiments. In ex vivo CD4 cell experi-
ments, activation by MVC and by the reference ION+PMA
was analysed at T1, T7 and T14 by the Wilcoxon signed rank
test. P values of <0.05 were considered statistically significant.

RESULTS
HIV-1 induction in cell line models

MVC was not cytotoxic in the tested range (160-0.31 pM) in
any of the three cell lines evaluated or in purified CD4 T cells
from blood donors. CCR5 was clearly expressed on 99.9%
of TZM-bl, 99.1% of U1/HIV-1 and 20.1% of ACH-2 cells
(Fig. 1). The potential role of MVC as LRA was evaluated in
TZM-bl by measuring the LTR-driven luciferase expression
and in low (ACH-2) and high (U1/HIV-1) CCR5-expressing
lymphoblastoid cell lines by measuring CAR and CFR produc-
tion. NF-«B expression was evaluated in nuclei of stimulated
cells by assessing the DNA-binding activity of the p65 active
form. The effects of HIV-1 inducers were measured at 24 h to
reduce exposure to drugs: this time is sufficient to obtain a
good stimulation of HIV-1 RNA and it is also the best time-
condition to observe NF-kB activity, as determined in set-up
experiments performed at 3, 6 and 24 h (data not shown).

No LTR activation was observed in TZM-bl cells at any
MVC concentration (Fig. 2). Similar results were obtained

ACH-2 ul

Unlabelled cells

CCRS5 stained cells

Normalized events
1

CCR5

Fig. 1. CCR5 co-receptor expression on cell lines. ACH-2, U1/HIV-1 and TZM-bl adherent cell lines were propagated in RPMI 1640 or
DMEM/FBS and stained with BV421-conjugated anti-CCR5 monoclonal antibody. Red histograms indicate CCR5-positive cells, while
overlaid blue histograms indicate unstained controls. Data shown are representative from three independent experiments.
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Fig. 2. HIV-1 induction in TZM-bl cell line by MVC, ION+PMA and PHA,
as measured by luciferase reporter and NF-xB expression. Results are
expressed as fold activation (FA) (*P <0.05) with respect to the control
cells (CCs), represented graphically by a dashed red line. Experiments
were performed in quadruplicate for luciferase and in triplicate for NF-
KB.

with PHA (1.0+0.1 FA), while the reference LRA combina-
tion ION+PMA exerted a substantial activation (4.3+0.1 FA).
NF-xB binding activity in TZM-bl cells was only modestly
upregulated at 5uM MVC (1.6+£0.4 FA). The combination of
ION+PMA induced NF-kB expression (3.9+0.8 FA). However,
PHA (1.0+£0.0 FA) was also not active, further demonstrating
that PHA has no latency reversal activity in this model. (Fig. 2,
Table S2).

At 80 uM, MVC induced significant HIV-1 CFR expression
in U1/HIV-1 cells (3.140.9FA; P=0.034) and ACH-2 cells

(3.9+1.4FA; P=0.037), and at the same concentration minimal
induction of CAR was observed in ACH-2 (1.7+0.7FA). A
weak MVC induction of CFR was only observed at 20 uM
in ACH-2 (1.7£1.0FA) and at 5uM in U1l/HIV-1 cells
(1.9£0.5FA). NF-xB expression was not upregulated at
any MVC concentration in either UI/HIV-1 (0.5+0.1FA)
or ACH-2 (0.6+0.1 FA). The effects of PHA were small and
comparable to those of MVC and much smaller than those
of ION+PMA, which significantly increased all induction
measurements in both cell lines (Fig. 3, Table S2). Although
5puM MVC minimally activates HIV-1 expression (only in
U1/HIV-1 cells as measured by CFR), this concentration
was selected for ex vivo experiments on patient CD4 T cells
because it is closer to the plasma concentrations achieved in
vivo during therapy [39].

HIV-1 induction in ex vivo CD4 T cells from HIV
patients

The median duration of virological suppression (plasma
HIV-1 RNA <50 copies ml™) for the six patients included in
the study was 8.5 years (IQR 7.00-12.25). The median baseline
CD4 T cells count was 679 (IQR 654-929) cells mm. Two
patients started antiretroviral treatment during acute HIV-1
infection. Four patients had a subtype B virus infection and
only one harboured an X4 virus. (Table 1).

CAD, CAR and CFR levels were determined at baseline (TO0,
before stimulation). CAD was detectable in five patients
(median 220 copies per 10°CD4 T cells, IQR 179-224), CAR
was detectable in all samples (median 341 copies per 10°CD4
T cells, IQR 191-440) and CFR was only detectable in two
patients (7 and 11 copies ml™"). Notably, patient 2 had the
lowest CAR value and no detectable CAD and CFR (Table 2).

Cells were stimulated with MVC or ION+PMA or not stimu-
lated (CCs) and CAR, CAD and CFR were measured at each
time point (T1, T7 and T14), while TZA was performed at

ACH-2 cell line

]

Fold activation
Fold activation

Drug concentration [M]
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98 ¢
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Fig. 3. HIV-1 induction in ACH-2 and U1/HIV-1 by MVC, ION+PMAand PHA, as measured by cell-associated HIV-1 RNA (CAR), cell-free
HIV-1 RNA (CFR) and NF-kB expression. Results are expressed as fold activation (FA) (*P <0.05and **P <0.01) with respect to the control
cells (CCs), represented graphically by a dashed red line. Experiments were performed in triplicate.
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Table 1. Clinical features of the six patients included in the ex vivo study

Sample ID Age (years) Sex Duration of virological CD4 T cells at baseline (cells Current treatment Subtype  Tropism
suppression (years) mm-)
1 48 Male 7 649 TAF/FTC/RPV B R5
2 80 Male 13 1009 ATV/c+3TC B X4
3 72 Male 10 670 3TC+DTG+MVC B R5
4 46 Male 15 1307 3TC+DTG+MVC F R5
5 50 Male 7 689 TAF/FTC/RPV C R5
6 46 Male 6 434 TAF/FTC/RPV B R5

3TC, lamivudine; ATV/c, atazanavir-boosted cobicistat; DTG, dolutegravir; FTC, emtricitabine; MVC, maraviroc; RPV, rilpivirine; TAF, tenofovir

alafenamide.

T7 and T14, as described in the Methods section. Raw data
are reported in Table S3. Comparing the values for MVC or
ION+PMA with respect to CCs at each time point in whole
samples, significant activation, expressed as median (IQR),
was detected with ION+PMA at T1, as measured by CAR
[2872 (1174-5599) vs 40 (1-94) copies ml™!, P=0.028], at
T7 by CAD [105 (41-282) vs 60 (3-151) copies per 10°cells,
P=0.043], CAR [658 (371-973) vs 45 (14-95) copies per
10° cells, P=0.028] and CFR [420 (52-1108) vs 13 (2-66) copies
ml™, P=0.043], at T14 by CAD [92 (48-111) vs 2 (0-161)
copies per 10°cells, P=0.046] and CFR [85 (21-30197) vs
1 (0-3) copies ml™!, P=0.028]. By contrast, MVC did not
significantly activate HIV-1 expression at any time point as
measured by any of the four parameters (Fig. S1).

When inspecting MVC induction readouts in samples
from individual patients (Fig. 4), substantial FA values were
detected sparsely with different parameters. In sample 1, MVC
increased CAD expression 21.7-fold at T14, CFR expression
3.0-fold at T1 and virus infectivity at T7 and T14 as measured
by TZA (2.9 and 3.5 FA, respectively). In sample 2, MVC
stimulated all parameters at T7 (2.3-fold for CAD, 6.8-fold
for CAR, 18.7-fold for CFR and 7.3-fold for TZA) and CFR
at T14 (27.6-fold). The MVC-mediated stimulation observed

Table 2. HIV-1 cell-associated RNA (CAR), cell-associated DNA (CAD)
and cell-free RNA (CFR) measured at 36h of CD4 T cell culture, before
induction. CAR and CAD were expressed as copies/10¢ CD4 T cells,
while CFR was expressed as copies ml™'. Results are shown as the
mean+sD of duplicate experiments

Sample ID CAR CAD CFR
1 378+111 482+116 ND*
2 107+10 ND* ND*
3 461+209 220+99 7+1
4 896+288 179+28 1145
5 154+7 156+80 ND*
6 304+11 224426 ND*

*ND, not detected.

with sample 3 was weak as detected by CAD (only 2.2-fold at
T1) and TZA (2.6-fold at T7) and more substantial at T7 and
T14 with CAR (29.5-fold and 4.2-fold, respectively).

In sample 4, MVC increased CAR expression 3.7-fold at T7,
CEFR expression 2-fold and virus infectivity at T14 as meas-
ured by TZA (3.2-fold). Notably, this sample was an outlier
in terms of ION+PMA induction, with FA values spanning
10° to 10° for all indicators, far greater than in all other cases.
The same sample also had the highest CAR/CAD ratio at
T0. MVC only induced CAD expression at T7 (19.2-fold)
in sample 5 and at T7 and T14 in sample 6 (21.0-fold and
2.1-fold, respectively).

DISCUSSION

While some candidate HIV-1 provirus LRAs have shown
measurable in vitro activity, none has been substantially effec-
tive in vivo [40]. Therefore, the search for clinically relevant
LRAs remains open. Recently, MVC, an HIV-1 entry inhibitor
already approved for clinical use, was included in the list of
potential LRAs [6]. This activity would make MVC a unique
drug, combining the ability to awaken the latent provirus and
block new infections. This would open up multiple possibili-
ties for MVC, including administration in acute HIV-1 infec-
tion to limit the virus reservoir [41], as well as use in pilot
eradication studies based on the shock and kill strategy. In
addition, a latency reversal effect of MVC could explain the
apparently unfavourable effect on viraemia shown in MVC
simplification studies, particularly when HIV-1 relapses
occurred at low level and/or transiently [42, 43]. Indeed, such
relapses could be attributed to release of virus from reser-
voir following MVC-mediated induction rather than true
virological failure. This could reposition MVC as an effective
agent in treatment simplification.

However, the potential of MVC as an LRA is presently based
on limited published data, derived from a single study in
vivo [5] and supported by preliminary in vitro data [4]. In
the work by Lopez Huertas et al. [4], MVC-mediated HIV-1
stimulation was evaluated with two cell models: (i) CD4 T
cells transiently transfected with the pLTR-LUC construct
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Fig. 4. MVC (5 uM)-mediated HIV-1 induction in ex vivo CD4 T cells from the six patients included in the study. ION+PMA was used as
positive control for HIV-1 latency reversal. Cell-associated HIV RNA (CAR), cell-free HIV RNA (CFR) and cell-associated HIV-1 DNA (CAD)
were measured by real-time PCR; infectivity was determined by TZA. Experiments were performed in duplicate for CAD, CAR and CFR
and in quadruplicate for TZA. Results are expressed as fold activation (FA) with respect to the control cells (CCs), represented graphically

by a dashed red line.

driving HIV-1-inducible luciferase expression and (ii) HIV-1
latency models based on CD4 T cells treated with CCL19 or
IL-7. In the first model, LTR-dependent transcription was
only enhanced sevenfold in CD4 T cells treated with 5uM
MVC (P <0.005); in the second one, the effect of MVC in
the reactivation of latent HIV-1 was statistically significant
at different MVC concentrations, but only in cells treated
with IL-7. Madrid Elena et al. [5] studied the LRA effect of
MVC in vivo in a group of 20 patients whose antiretroviral
treatment was intensified for 10 days with MVC: the amount
of unspliced RNA increased significantly (P=0.014) following
intensification with respect to baseline. Unfortunately, no
control group was included to rule out stochastic changes in
HIV transcription independently of MVC treatment.

To further investigate the potential role of MVC as an LRA,
we designed a combined study including an expanded set of in
vitro cell line models as well as a pilot ex vivo analysis of CD4
T cells obtained from patients under prolonged suppressive
therapy. These models had not previously been used to test
MVC as an LRA.

In TZM-blI cells, MVC did not stimulate HIV-1 LTR-driven
expression and a minimal increase in NF-kB expression was
obtained at 5uM MVC. Comparably higher NF-kB activa-
tion was previously reported in HeLa overexpressing CCR5
following MVC induction for 2-6 h at the same concentration
[5]. The lack of MVC-mediated LTR activation in TZM-bl
cells does not exclude MVC effects in the context of active
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HIV-1 infection, considering that this cell line produces a
reporter signal that is proportional to the amount of Tat.
However, in this cell system, the combination of ION+PMA
results in fourfold induction of HIV LTR transcription in a
Tat-independent fashion. Similar data were obtained in the
same system with TNF-alfa [44]. In the two lymphoblastoid
cell lines harbouring inducible proviral HIV-1 DNA (U1/
HIV-1 and ACH-2), MVC significantly increased HIV-1
expression only at the highest concentration tested (80 uM)
and only minimally activated latent HIV-1 at lower concen-
trations in the U1/HIV-1 cell line, which expresses the CCR5
coreceptor far more than ACH-2 cells. Globally, MVC effects
in vitro were generally modest but greater than those observed
for PHA induction. The data obtained in this and previous
works suggest that the effects of MVC on latent HIV-1 are
cell line-specific, depending on the expression of CCR5,
the nature of virus latency and the intracellular milieu. This
means that insights derived from a specific cell line model are
not generalizable or directly applicable to the in vivo setting.

In ex vivo CD4 T cells, MVC appeared to exert a weak stimu-
lation but without a consistent pattern in specific indicators
or at defined time points. Actually, we detected a wide range
of FA for any given indicator in different samples, suggesting
that MVC induction can be patient-specific, possibly associ-
ated with CCRS5 surface expression. Due to the need for repli-
cate analysis in the key experiments, we were not able to save
material for measuring CCR5 expression levels in patient-
derived CD4 T cells, thus it was not possible to assess the
role of inter-individual variability in CCR5 expression in the
response to MVC induction. In addition, the small number
of patients included in this part of the study may have missed
the opportunity to demonstrate minor MVC effects. On the
other hand, our study comprehensively considered a wider set
of indicators compared to previous works [4, 5]. In particular,
we expanded the investigation on the amount and nature of
the virus produced following induction by measuring CFR
and assaying virus infectivity by TZA, respectively, because
virus production has more relevant implications than CAR
or CAD variations following exposure to LRAs. Interestingly,
control CD4 T cell cultures in the absence of stimulation had
negligible CFR levels at TO through T14, although infectious
particles were revealed when supernatants were passed onto
the CD4/MOLT-4 CCR5 virus amplification co-culture
system used in TZA. This highlights the need to control for
spontaneous HIV-1 reactivation in any experiment on latency
reversal, both in vitro [45] and in vivo [46].

As a more general perspective, profiling patients under
prolonged suppressive therapy in terms of virus inducibility is
of clinical interest. For example, ex vivo experiments showing
ease of virus induction may advise against lowering drug
pressure, such as in a switch from triple to dual therapy, a
practice gaining popularity after successful clinical studies
[47]. By contrast, patients showing poor ex vivo HIV-1
induction should be considered as ideal candidates for pilot
eradication studies. Reference in vitro HIV-1 inducers, such
as ION+PMA, can be used for this purpose without the need
to restrict the choice to drugs that can be used in vivo. For

example, ION+PMA induced HIV-1 expression in CD4 T
cells from patient 4 far more than any other case in our study
(FA values ranging from 10° to 10°), suggesting an excellent
response to shock and kill strategies. While progress with
LRAs is certainly ongoing, there is still much to investigate to
define the best in vitro model(s) predicting response to proto-
cols aiming at disrupting HIV-1 latency in vivo. Cell line-
based systems can be helpful for selecting the best candidate
LRAs and setting up reliable assays. However, further essential
steps should be made with ex vivo systems to fully appreciate
the predictably high impact of inter-patient variability and
guide the development of effective eradication strategies.
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