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Foreword

This thesis is divided in eight sections: abstract; introduction; aim of PhD project; materials and

methods; results; conclusions; bibliography and annexes.

The annexes include the related paper that has been published in relation to the thesis work and

other five papers published before and during the PhD period, but not related to this work.
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Abstract

The Bunyaviridae is a large family of RNA viruses distributed worldwide, transmitted to vertebrate
hosts by arthropods (arbo-bunyaviruses) which can cause severe pathologies in humans and
livestock (Léger & Lozach 2015). Due to climate changes and diffusion of competent arthropods
worldwide, arbo-bunyaviruses have become pathogens of major medical importance (Briant et al.
2014). While the majority of arbo-bunyavirus infections do not lead to neuroinvasive forms of
disease, they are among the most severe infectious risks to the health of the human central
nervous system (CNS) (Salimi et al. 2016). Yet transmission, tropism, receptors and cell entry
remain poorly characterized (Léger & Lozach 2015). Nowadays, Toscana virus (TOSV) a
Phlebovirus belonging to the Bunyaviridae family, is considered an emergent pathogen associated
with acute neurological disease, such as meningitis, meningoencephalitis and encephalitis,
occurring in the Mediterranean countries (principally Italy, Spain, France) during the summer
months (Valassina et al. 2003 a; Valassina et al. 2003 b; Charrel et al. 2005; Sanbonmatsu —Gamez
et al. 2009; Cusi et al. 2010). The cellular receptors employed by TOSV, for host-cell entry, have
not been identified so far, and the paucity of information on virus host interactions during the
first stages of infection may limit therapeutic and preventive approaches (Hofmann & Pohlmann

2011).

During natural transmission, TOSV is introduced into the skin through bites of infected
arthropods. In this PhD project, we determined the role of dermal dendritic cells and their
influence in the activation of humoral response after TOSV infection. Moreover, by in vitro and in
vivo studies we investigated the role of endothelial cells in the maintenance of viremia and their
involvement in viral neuroinvasion.

Finally, to better understand the mechanisms of virus-host interaction, we focused our attention
on viral glycoproteins. In this field, studies on immunological response and immunological
memory of subjects infected by TOSV, could be useful to identify the correlates of protection. In
particular, we tried to identify the viral glycoproteins’ epitopes recognized by neutralizing
antibodies. By immortalization of human memory B cells (Traggiai et al. 2004) and the “high
throughput method”, we were able to identify specific antibodies reacting with different epitopes

of the viral envelope glycoproteins.



The identification and characterization of neutralizing antibodies against TOSV envelope proteins

could suggest promising viral targets for vaccine formulation.



Chapter 1

Toscana virus: an emerging Phlebovirus



1.1 Arbovirus: emerging viruses of serious infectious diseases

“Vector-borne diseases are among the most complex of all infectious diseases to prevent and
control” (CDC, Division of Vector-borne Disease, 2016).

Arthropod borne virus (arbovirus) represent a global problem in the setting of public health and
agriculture productivity with a worldwide distribution (Léger & Lozach, 2015). Although some
arboviral infections are asymptomatic or cause mild influenza-like illness, many arboviruses are
important human and veterinary pathogens causing serious illness ranging from rash and arthritis
to encephalitis and hemorrhagic fever (Hollidge et al 2010).

Arboviruses are transmitted to vertebral hosts during blood feedings by mosquitoes, ticks, biting
flies, mites and nits (Salimi et al. 2016). Biological transmission can be vertical, involving the
passage of the virus from an infected female vector to both male and female offspring. Horizontal
transmission can be venereal, from a vertically infected male directly to a female vector, as well as
oral from a vector to a vertebrate host via the saliva during blood feeding (Weaver and Reisen
2010). Usually the dissemination of arbovirus is linked to the natural geographic distribution of
the vector, nowday climate changing, increasing globalization and habitat modification facilitate
the spreading of arboviruses to new geographic location. Consequently, the exposure of
nonimmune populations to pathogenic arboviruses and outbreak episodes seem inevitable (Léger
& Lozach 2015).

Arboviruses are found in various viral families, including Togaviridae (genus Alphavirus);
Bunyaviridae (genera Hantavirus, Nairovirus,Orthobunyavirus, Phlebovirus, and Tospovirus);
Flaviviridae (genus Flavivirus); Rhabdoviridae (genus Vesiculovirus); Orthomyxoviridae (genus
Thogotovirus); Reoviridae (genus Orbivirus); and Asfarviridae (genus Asfarvirus) (Weaver and
Reisen 2010).

The Bunyaviridae family with more than 350 viruses, is one of the largest families of RNA virus.
Except for the hantaviruses, which are transmitted by rodent excreta through areosol,
bunyaviruses are carried and transmitted by arthropods, primarily mosquitoes, ticks, sandflies or
thrips (Schmaljohn & Elliott 2014). The Bunyaviridae family includes viruses with global
distribution and the capacity to infect a wide range of hosts, including plants, invertebrates and
vertebrates.

Our attention is focused on an emerging Phlebovirus, Toscana virus (TOSV), associated with acute
neurological disease, such as meningitis, meningoencephalitis and encephalitis, occurringin most
of the Western European and Mediterranean countries (principally Italy, Spain, France) during the
summer months (Valassina et al. 2003a; Valassina et al. 2003b; Charrel et al. 2005; Sanbonmatsu

—Gamez et al. 2009; Cusi et al. 2010).



1.2 Bunyaviridae family

Structure and viral genes coding strategies

Bunyaviruses are enveloped viruses included in the family of Bunyaviridae and share spherical or
pleomorphic virions with 80 to 120 nm in diameter; they display surface glycoprotein projections
of 5 to 10 nm, which are embedded in a lipid bilayered envelope approximately 5 to 7 nm thick
(Schmaljohn & Elliott 2014). The glycoproteins interact to form surface morphologic units that
vary among viruses in different genera. Viruses in the Phlebovirus genus (e.g., Rift Valley fever,
Punta Toro, Sandfly Fever Sicilian, Toscana and Uukuniemi viruses) have round, closely packed
morphologic units (Ellis et al. 1988; Martin et al. 1985). Virions contain three single-stranded RNA
genome segments designated as large (L), medium (M), and small (S), that share similar overall
segment length and a generally common expression strategy for their encoded protein products
(Schmaljohn & Nichol 2006). The three viral RNA segments code for a minimum of four structural
proteins in a negative-sense orientation. The L and M segments have negative polarity and code
for the polymerase L and a polyprotein precursor spanning the two glycoproteins and the
nonstructural protein NSm, respectively. The S segment uses anambisense coding strategy: the
nucleocapsid protein N is thereby translated from an mRNA that is directly transcribed from the
genomic S segment, whereas the nonstructural protein NSs mRNA is transcribed from the
antigenomic S segment (Figure 1) (Wuerth & Weber 2016). The genome segments further contain
conserved complementary oligonucleotide sequences at their 5’- and 3’-ends (NTRs), allowing the
formation of “panhandle” structures and noncovalently closed circular RNAs (Schmaljohn & Elliott
2014). This terminal nucleotide sequences, which surround a single transcriptional unit, are highly
conserved among viruses within a genus, but differ from those of viruses in other genera. These
structures seem to be important for transcription mechanisms and genome replication, or for
genome packaging and for virion assembly (Valassina et al. 2003). The RNA segments are
packaged into individual ribonucleoprotein particles (RNPs) by the nucleocapsid protein N and
associated with the RNA-dependent RNA polymerase (RdRp) L, to form a single virion. The N
protein thus has an important role in the protection of the viral genetic information from
degradation (Léger & Lozach 2015). A major difference between bunyaviruses from other
enveloped viruses is that the virions are devoid of any classical matrix or capsid protein (Spiegel et
al. 2016). The matrix function is performed by the cytoplasmic tail of Gn, one of the two
glycoprotein, that not only contains a Golgi localization signal but is also involved in the initiation
of the budding process and the packaging of ribonucleoproteins (RNPs) into virus particles

(Spiegel et al. 2016).



The S segment (1869 nucleotides) of all bunyaviruses encodes the nucleocapsid (N) protein,
whose primary role is to encapsidate the viral RNA-replication products and form the
ribonucleoprotein (RNP) complex. The N protein is the most abundant viral product in virions and
infected cells. The S segments of most members of the genera Orthobunyavirus, Tospovirus and
Phlebovirus also encode a non-structural protein called NSs, that shows a low conservation across
the Phlebovirus genus compared to other viral proteins, with sequence similarities ranging only
from approximately 10% to 30% (Bichaud et al. 2016; Yu et al. 2011). The NSs protein is an
important virulence determinant, acting as an inhibitor of the antiviral type | IFN system of the
mammalian host (Boshra et al. 2011; Weber et al. 2014 a; Weber et al. 2014 b). Hantaviruses and
Nairoviruses use the negative-sense coding RNA to express a single protein N from their virion
complementary-sense RNA (cRNA) (Schmaljohn& Hooper 2001). The N and NSs proteins of
Orthobunyaviruses are translated from the same mRNA encoded by the S segment genome,
whereas the phlebovirus and tospovirus N and NSs proteins are translated from separate mRNAs
transcribed from the genomic and antigenomic strands, respectively (ambisense gene expression)
(Walter & Barr 2011). In particular, a viral complementary, subgenomic mRNA corresponding to
the 3’ half of the viral S RNA codes for the N protein, and the viral subgenomic mRNA
corresponding to the 5’ half of the viral S RNA codes for the NSs proteins. Among phleboviruses,
there is a short intergenic region (IR) (Valassina et al. 2003), a sequence stretch that is proposed
to form an irregular double-stranded RNA (dsRNA) structure in the region between the two ORFs
(Boshra et al. 2011). Formation of the RNP (ribonucleoprotein) depends on the association of viral
RNA with multiple copies of the N protein so that the RNA becomes encapsidated along its entire
length (Walter & Barr 2011). Whilst the primary role of the N protein is to provide structural
uniformity to the RNA genome, the additional roles include interaction with membrane
glycoproteins (Hepojoki et al. 2010; Overby et al. 2007; Ribeiro et al. 2009; Shi et al. 2007; Snippe
et al. 2007 b) and interaction with the viral RNA-dependent RNA polymerase (RdRp) to allow
access to the RNP during RNA synthesis (Walter & Barr 2011).

The M segment (ranging from 3,600 to 4,900 nucleotides) of all members of the Bunyaviridae
family encodes, in a single open reading frame (ORF) of cRNA, a polyprotein precursor, that is
processed into the glycoproteins Gn and Gc (referring to the amino-terminal or carboxy-terminal
coding of the proteins) (Walter & Barr 2011). The Gn/Gc precursor is translocated, due to a signal
sequence preceding Gn, from the cytoplasm into the membrane of the endoplasmic reticulum
(ER), where it is cleaved into Gn and Gc components by host-cell proteases (Schmaljohn & Elliott
2014). In the ER, Gn and Gc are decorated with N-linked glycans (Kuismanen et al. 1984;
Matsuoka et al. 1988) ofthe high-mannose type, which can be processed into hybrid and complex

forms upon import of the two glycoproteins into the Golgi apparatus (Kuismanen et al. 1984;
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Matsuoka et al. 1988; Madoff et al. 1982; Shi et al. 2005). By virtue of a retention signal, the
heavily glycosylated Gn— Gc heterodimer is retained in the Golgi, where it associates with RNPs to
mediate assembly and budding of mature virus particles, that are released from infected cells by
exocytosis. The Gn—Gc heterodimer performs critical roles in mediating virus assembly, formation
of the virus particle and attachment to new target cells (Schmaljohn & Nichol 2006). Most
members of the genera Orthobunyavirus, Phlebovirus and Tospovirus also encode an NSm
protein. The tospovirus NSm protein is translated from a separate mRNA encoded by the
antigenome, whereas the orthobunyavirus and phlebovirus NSm is cleaved by cellular proteases
from the same polyprotein precursor that yields the Gn and Gc proteins (Walter & Barr 2011).
Bunyavirus NSm protein is thought to play a role in virus assembly (Shi et al. 2007). In contrast,
the phlebovirus NSm has been shown to be non-essential (Gerrard et al. 2007), but may play
accessory roles in the regulation of apoptosis (Won et al. 2007). The M segment of tospoviruses
uses an ambisense coding strategy. The cRNA has a gene order of 5'-Gn-Gc-3', and the vVRNA
encodes NSm. There are separate, subgenomic messages for the Gc—Gn precursor and for NSm
(Law et al. 1992; Kormelink et al. 1992). Hantaviruses have an M segment cRNA gene order of 5'-
Gc-Gn-3' (Schmaljohn et al. 1987), while a gene order of 5'-Gn-Gc-3' was determined for the
nairovirus (Marriott et al. 1992). The M segment gene order and the coding strategy varies among
viruses in the Phlebovirus genus (Schmaljohn& Elliott 2014). For Rift Valley fever virus (RVFV) and
Toscana virus (TOSV), the cRNA gene order of M fragment is 5'-NSm-Gn-Gc-3' (Collett et al. 1985;
Valassina et al. 2003). In general, M-segment gene products have a cysteine content of
approximately 4% to 7%. Positions of these residues are highly conserved in the M-segment
products of related viruses, suggesting that the positions may be crucial for determining correct
polypeptide folding. In the case of TOSV, there are nine sites of glycosilation (Valassina et al.
2003). The secondary structure of the proteins is also involved in immunogenicity, as indicated by
the finding that neutralizing or protective epitopes are often nonlinear. All M-segment
polyproteins display variable numbers of predicted transmembrane regions, and a hydrophobic
sequence at the carboxy-terminus, indicative of a membrane anchor region. Therefore, the M-
segment translation products of viruses in the Bunyaviridae family are typical class | membrane
proteins, with the amino terminus exposed on the surface of the virion and the carboxy-terminus
anchored in the membrane (Schmaljohn & Elliott 2014).

The L segment (range in size from about 237kD for phleboviruses, to 459 kD for nairoviruses)
contains a single open reading frame (ORF) that encodes the viral polymerase. The L ORF is
expressed via a viral-complementary mRNA (Valassina M. et al. 2003). All L segments of viruses of
the family use conventional negative sense coding strategies (Schmaljohn & Elliott 2014).

Bunyavirus L proteins perform several complex functions that together result in the generation of
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RNA-replication and mRNA-transcription products from their respective viral templates (Walter &
Barr 2011). Primary transcription of negative-sense VRNA to mRNA is initiated by interaction of
the virion-associated polymerase (L) and the three viral RNA templates (Bouloy & Hannoun 1976;
Ranki & Pettersson 1975). Members of the Bunyaviridae family use primers cleaved from
cytoplasmic host-cell mRNAs for extension. Cleavage of the capped primers is accomplished by
endonucleolytic activity associated with virions (Patterson JL. et al. 1984). Alignments with
homologues of other members of the Bunyaviridae family indicate that L protein- associated
endonuclease domain is well-conserved, containing metal-binding and catalytic lysine residues,
and shows a high degree of sequence similarity to putative endonuclease motifs of L proteins
from other segmented, negative-stranded RNA viruses such as arenaviruses, emaraviruses and

tenuiviruses (Walter & Barr 2011).
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Figure 1. Schematic representation of genomic RNAs belonging to prototypic members of the five genera classified within the family Bunyaviridae (Walter & Barr 2011).



Replicative cycle

The Bunyaviridae family gains access to the host cell with a similar mechanism reported for many
other enveloped viruses. The first step involves an interaction between cell surface receptors and
viral glycoproteins, Gn and/or Gc. In the case of phleboviruses and hantaviruses, probably, it is
possible that dimerization of both glycoproteins can promote a conformational changes leading to
their activation and viral attachment (Schmaljohn & Elliott 2014). Many studies are focused on the
glycoprotein Gc. It belongs to the group of class Il membrane fusion proteins and seems to be
involved in the primary recognition and/or fusion on cell mebrane (Valentini et al. 2008).
However, there are various questions concerning the global interactions of the glycoproteins Gn
and Gc at the surface of virus particles (Rusu et al. 2012). To this extent, the X-ray structure of Gn
is still lacking (Léger & Lozach 2015).

After attachment, viruses of the Phlebovirus and Nairovirus genera are observed in phagocytic
vacuoles (Ellis et al. 1988; Rwambo et al. 1996). After endocytosis, acidification of the endocytic
vesiclesis thought to promote a conformational change in Gn and/or Gc that facilitates fusion of
the viral and cellular membranes, thereby allowing the viral genome and polymerase access to
the cytoplasm. For orthobunyaviruses, the Gc glycoprotein is involved in endosomic membrane
fusion (Schmaljohn & Elliott 2014). After uncoating of viral genomes, the virion-associated L
protein, which is an RNA-dependent RNA polymerase (RdRp), starts the transcription of negative-
sense VRNA to mRNA, by interaction with the three viral ribonucleocapsids (Schmaljohn & Elliott
2014). L protein, with endonuclease activity, cleaves host cell mRNAs from 12 to 18 nucleotides to
prime transcription on the virion-encapsidated RNAs (vRNAs). Transcription products are
extended at their 5' ends by the capped oligoribonucleotide sequestered (Walter & Barr 2011). A
result of this mRNA transcription is the presence of 5' terminal extensions of approximately 10 to
20 heterogeneous nucleotides that are not found in vVRNA (Bishop et al. 1983). The capped
oligonucleotides prime transcription of viral mRNA from negative-sense genes to yield mRNAs
nearly as long as the vRNA template. Analysis of the L mRNAs of the hantavirus Sin Nombre virus
(SNV) (Hutchinson et al. 1996) and RVFV and TOSV phleboviruses (Bird & Nichol 2007) showed
they were co-terminal with the L vRNA template, suggesting L mRNA synthesis terminates by run-
off of the RNA template (Schmaljohn & Elliott 2014). Analysis of M segment mRNA termination
sites for three phleboviruses (RVFV, TOSV, and (SFSV) Sandfly fever Sicilian virus) showed that
termination occurred immediately following a C-rich domain in the template (Bird & Nichol 2007).
Detailed mapping of mMRNA termination sitesfor the N and NSs mRNA of RVFV, TOSV, and SFSV
phleboviruses showed that the 3’ ends of the mRNAs contained most of the intergenic sequence
and indeed overlapped each other.This termination signal is also critical for packaging of all three

segments L, M, and S and appear to be independent for each other (Schmaljohn & Elliott 2014).
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Ambisense genes (S segments of phleboviruses and tospoviruses, and M segments of
tospoviruses) are copied to yield mRNAs complementary to the 3' portion of the vRNA template.

Replication involves primer-independent synthesis of complementary RNA (cRNA) from vRNA
templates followed by primer-independent synthesis of progeny vVRNA from cRNA templates. For
viruses that use ambisense coding strategies to express nonstructural proteins (NSs of
phleboviruses and tospoviruses and NSm of tospoviruses), the cRNA also serves as template for
mRNA synthesis. As in primary transcription, capped, host-derived oligonucleotides prime
synthesis of the ambisense mRNAs, and transcription termination occurs at a predicted hairpin
structure (Schmaljohn & Hooper 2001). The 5' end of the replication product is fundamentally
different from that of mRNAs, which implies that they are the products of different pathways and
also the added capped host sequences on the 5' ends of viral messangers may somehow prevent
encapsidation (Walter & Barr 2011).Viral polypeptides are synthesized shortly after infection, with
S and L mRNAs translated on free ribosomes, and M mRNAs translated on membrane-bound
ribosomes. Indeed the viral Gc and Gn envelope glycoproteins, processed through the Golgi, allow
virus particles to bud from the Golgi apparatus to be released from the host cell by extocytosis, as

viral particles with full infectivity (Walter & Barr 2011).

1.3 Toscana virus

Within the Bunyaviridae family (Table 1), Phlebovirus genus contains more than 80 viruses, with
about half classified into nine antigenic complexes that are regarded as species, whereas 33 are
considered as tentative species in the genus. The viruses of the genus Phlebovirus are present
throughout the world and their name is associated with their principal vector, phlebotomine
sandflies, however there are prominent exceptions, such as RVFV which is primarily associated
with Aedes species mosquitoes and Uukuniemi virus (UUKV), which is associated with the tick
Ixodesricinus (Schmaljohn & Elliott 2014).

Indeed, phleboviruses are currently divided into two groups, the sandfly fever group, members of
which are all transmitted by mosquitoes and flies, and the tick-borne Uukeniemi-like virus group
(Elliott & Brennan 2014).

Except for Toscana virus (TOSV), which has a marked tropism for central and peripheral
neurological systems, sandfly fever viruses cause moderately severe disease (Alkan et al. 2013).
Sandfly fever was first clinically described by Alois Pick in 1886, after the discovery of febbrile

illness among soldiers who had recently arrived in endemic regions. For this reason most of the
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literature on sandfly fever has been published in military journals, where the disease was named
“pappataci fever”or ““phlebotomus fever” or “three-day fever” (Alkan et al. 2013).

Among the sandfly fever viruses, the Naples serocomplex and the Sicilian serocomplex are the
two main serocomplexes associated with human diseases (Charrel et al. 2012). TOSV is a serotype
of the species Sandfly fever Naples virus that currently includes also Sabin, Tehran and Karimabad
viruses. Recently, novel phleboviruses (Massilia virus, Granada virus, Punique virus) closely related
to, but clearly distinct from TOSV, have been discovered and are likely to belong to this species
(Alkan et al. 2013).

Toscana virus was isolated in the first time in 1971, in Monte Argentario (Grosseto province,
central Italy) from two different species of sandflies, Phlebotomus perniciosus (P. perniciosus) and
Phlebotomus perfiliewi (P. perfiliewi) (Verani et al. 1988; Verani et al. 1982; Verani et al. 1984).
After the demonstration of its involvement in central nervous system (CNS) infection of
Swedishand and US citizens returning from Portugal and Italy, respectively (Chalisher et al.1989;
Ehrnst et al 1985), TOSV was isolated in the first time from a woman with aseptic meningitis, thus
confirming it as a major cause of CNS infection in Central Italy (Nicoletti et al. 1991). Many case
reports in travelers, clinical research and epidemiologic studies conducted around the
Mediterranean regions (ltaly,Spain, France, Cyprus, Portugal, Greece, Turkey, Tunisia) confirmed
that TOSV has a tropism for the CNS and is a major cause of meningitis and encephalitis in
countries in which its vector circulates (principlly from May to October) (Charrel et al. 2012). In
particular, TOSV has been reported as the leading cause of summertime CNS infections in Italy in
the 1990’s (Alkan et al. 2013).

Studies based on the L and M segments demonstrated a co-circulation of two major viral lineages
in the Mediterranean areas: genotypes A and B. The geographic distribution may be different for
each TOSV virus genotype. TOSV A genotype circulates in Italy, France, and Portugal; the TOSV B
genotype circulates in Spain, Portugal, and France (Collao et al. 2009). Recently, a studied carried
out in Croatia demonstrates the presence of new geographical lineage inside TOSV serotype,
called C, that has similar homology to TOSV sequences from lineage A an B (75-82%) (Punda-Poli¢
et al. 2012).

In the countries where TOSV is detected, it is the most prevalent virus causing meningitis during
the warm season, togheter with enteroviruses and herpesviruses (Cusi et al. 2010; Charrel et al.
2012). However, asymptomatic infections and infections without CNS involvement (about 60 %)
have also been described (Braito et al. 1997).

Despite the important role played by TOSV in CNS infections, it remains a neglected agent and is
rarely considered by physicians, despite it should be considered an emergent pathogen (Charrel

et al. 2012).
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Genus Species MNotable virus distribution Principal vector Disease
Orthoburyarirus Acara virus Acara virus SASNA Mosguitoes
Akabang wirus Akabang virus Africa, Asia Mesguitoes, culicoid Cattla
Australia flias
Algiwela virus Alajusla virus A Mosguitoes
Anophalas A wirus Anophales A virus Sh Mosguitoes
Anophales B virus Anophales B virus SA Mosguitoes
Bakaw ving Bakau virus Agia Mosguitoes
Batama ving Batama virus Africa N.D.
Banovides Wrus Banevidas vinus SA Mosguitoes
Bartioga virs Barthoga virus SA N.D.
Bimiti wirurs Bimiti wirug SA Mosguitoes
Botamby virus Botambi virus Africa Mosguitoes
Bunyamwera wius Bumpamwera vins Africa Mosguitoes Hurman
Batai virus Agia, Europa Mosguitoes Hurman
Cacha Valley virus A Mosguitoes Shesap, Cattla,
California ercephaktis California encaphalitis MA Mosquitoes Human
Vius vins
Inkna vinus Europa Mosquitoes Hurman
Jamestown Canyon A Mosgquitoes Human
vins
La Crossa virus A Mosquitoes Hurman
Lumbo wirus Africa Mosquitoes Human
Snowshoa hara virus A Mosquitoes Hurman
Tahyna vins Europa Mosquitoes Hurman
Capim wirus Capim wirus SA Mosgquitoes
Carapary vivus Caraparu virus SA, NA Mosquitoes Hurman
Apeu vins SA Mosquitoes Hurman
Os=a virus A Mosquitoes Human
Hantavirus Andas wirus Andes virus SA O goryzomys longicaudatus Human
Benmajo virus SA Ol goryomys chacoonsis Human
Lachiguanas virus SA Ohigorymmys flavescans Human
Macial vines SA Bolomys ascuris
Oran vinus: SA O goryzomys longicaudatus Human
Pergaming virus SA Akadan azrag
Bayou wirus vines MNA Oryzamys palustis Human
Biack Creek Canal wirus  Black Creak Canal MNA Sigm odon 1Wsmidus Human
virus
Cano Delgadito virus Cano Delpadito wirus SA Sigmodon alstoni
Dabrava-Balgrage viws  Dobrava virus Europs Apodarmus flavicolis Human
El Mora Canyon vius El Moro Canyon virus NA Reithrodontomys magalatis
Hantaan virus Hantaan virus Asia Apodamis agrarius corsag Human
Isla \ista virus Isla Vista wirus MNA Microtus califomicus
Khabarovsk virus Khabarovsk virus Azia Mic s mavimowicsi,
Micrafus fortis
5ir Normbre wirus EBlue Rivar virus NA Poromyscus lBucopus
Monongahela virs NA Parom yscus mamicul al s Human
Sin Nombre wirus NA Paromyscus mamiculal s Human
Thailand vins Thailand virus Aszia Bandicoéa indica
Thottapalayam wirus Thottapalayam virus Inciia SUTICLS MUTRIUS
Topografor wWius Topografov virus Asia, Europa Lammus sibincus
Tula wirs Tula virus Europs Microtus anealis,

M rossiaamaridionalis
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Geographic

Genus Species Notable virus distribution Principal vector Disease
Nairovire Crimaan-Congo Crimaan-Congo Africa, Asia, Culicoid flies, ticks Hurmain
hemarmhagic fever hemorrhagic fewver Europa
virus Vines
Harzara vinus Azia Ticks
Daora Ghazi Khan wirus Dera Ghazi Khanvius — Asia Ticks
Duigha wirus Dugbs vines Africa Ticks: Hurmean, cattio
Mairobi sheap disease  Africa, Asia Ticks. culicoid flies, Hurman, cattie
virus [Ganjam wirnus) mOsQuitnes
Hughas virus Hugheas virus MNA, 54 Ticks: Seabirds
Oalyub vins Oalyub virus Ticks
Sakhalin wirus Sakhalin virus Asia Ticks
Thiafara wirus Erve wvirug Europa N.D. Hurman
Phiabovinus Bujary wirus Bujaru vins A N.D.
Candiry ving Alanguear virus SA MND. Hurmain
Candinu virus 5A N.D. Hurman
Chikbre ving Chilibra virus Phlebotominas
Frijolos wirus Frijolas vins Phlebotominas
Purtta Toro wrus Punta Toro virus MNA, 54 Phlebotominas Hurman
Rift Valley fover vires Aift Valloy fevar virus ~ Africa Mosquitoes Hurman, cattio
Salghahad virus Salehabad virus Asia Phlebatominas
Sandfly favar Naplos Sandfly fevar Naplaz Europa, Africa,  Phlebotominas Hurmain
Wirus VNS Aszia
Sandfly fevar Sicilian Europa Phlebotominas Hurman
vinus
Toscana vines Europa Phlebotominas Hurman
Ulikurrigimi Wirus Uukunismi virus Europa Ticks: Seabirds
Taspovirus Grogndnut bud nocrosis Groundmut bud Asia Framkiniofa sohultzal Plant
Virus NEcrosis virus (Peanut Thijps pakmi
bud necrosis virus)
Grogmdnut ringspot Groundnut ringspot 54, Africa F. occidantals, Plant
wirs Vinus F. schultzei F. gemina
Growundrut pollow spot  Groundnut yellow spot Asia N.D.
Virus vinus [Peanut yellow
spat virus)
Impatiens necrotic spof  Imipatiens necrotic MNA, Europe F. occidantalis Plant
wirs spat virus
Tomaio spottod wilt Tomato spotted wilt ‘Worldwide F. hispinosa, F. cophalica Plant
Wirug Vs F. gaming, F. fusca,
F. imfonza, F. occioenials,
F. schuftzel F. selosis,
T tabaci
Watarmelon silver Watermelon silver Asia T. paimi Plant
md e virus matthe virus
Zucchin lethal Zucchini lethal 5A F. icchini Plant
chlorosis ving chborosis vinus

Table 1. Species in the family Bunyaviridae (Adapted from Bunyaviridae. In Fields Virology, 6th Edition. Vol 1)
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Epidemiology and viral vectors

Increase globalization, climate changes, intensive deforestation, and overpopulation induce
several modification in the geographic distribution of arbo-bunyavirus vectors, favoring the
exposure of nonimmune populations to these pathogenic viruses (Léger & Lozach 2015). Arbo-
bunyaviruses have provided many examples of new emerging viruses, like Schmallenberg virus
(SBV) which emerged in Europe in 2011, and some known bunyaviruses like Rift Valley Fever Virus
(RVFV), Crimean-Congo hemorrhagic fever (CCHF) viruses, that continue to emerge in new
geographical locations (Elliott & Brennan 2014).

In this setting, Toscana Virus (TOSV) represents an important emerging pathogen in Europe and
Northen Africa (Charrel et al. 2012). TOSV is the major cause of aseptic meningitis (95%) and
meningoencephalitis (4.5%) and influenza-like illness during the summer season (Hemmersbach-
Miller et al. 2004; Sanbonmatsu —Gamez et al. 2009), especially in July, August and September
when the maximum activity of the sandfly vector occurs. TOSV is transmitted to humans by
Phlebotomus, Sergentomyia and Lutzomya genera, in particular by Phlebotomus perniciosus and
Phlebotomus perfiliewi (Cusi et al. 2010). Like other arbo-bunyavirus, diffusion of TOSV is evolving
with thegeographic distribution of its vector, leading to a higher pathogenicity in non exposed
populations, outside areas of current prevalence (Mediterranean Basin) (Collao et al. 2009). TOSV
was detected both in male and in female pools of phlebotomine sandflies. The detection of virus
in pools of male flies suggests vertical and/or sexual transmission of TOSV among phlebotomine
sandflies. Transovarial transmission of TOSV in sandflies has been demonstrated in laboratory
experiment and by virus isolation from male phlebotomine flies. Venereal transmission from
infected male to uninfected female has also been demonstrated (Charrel et al. 2012). The
reservoir of TOSV is most likely the vector, indeed its animal reservoir has not yet been identified
although serological studied have found specific antibodies against TOSV in some animal species
(Navarro-Mari et al. 2011), indicating that it can also infect these animals. Although a number of
phleboviruses have been isolated from the blood of sick persons and from wild animals, the role
of vertebrates in the maintenance of the transmission cycle of these viruses remains unclear.
Transient and low-level viremia is present after phlebovirus infection in humans and in
susceptible laboratory animals (Bartelloni et al. 1976; Cusi et al. 2005). Moreover, sandflies must
ingest a large quantity of virus to become infected (Ciufolini et al. 1985).

TOSV presence is being investigated in several European countries on the Mediterranean basin,
including Italy, France, Spain, Portugal, Cyprus (Cusi et al.2010), Greece, North Africa (Tunisia,
Algeria and Morocco), Turkey and Kosovo (Charrel et al. 2012). The A genotype is circulating
mainly in Italy, but also in France and Portugal; the TOSV B genotype is circulating in Spain, France

and Portugal, probably related to the vector geographic distribution. Furthermore, a novel
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genotype, tentatively called as genotype C, is identified in patients from Croatia (Punda-Poli¢ et al.
2012). In ltaly, clinical and epidemiological studies have demonstrated human infection by TOSV
in Tuscany (Braito et al. 1998; Nicoletti et al. 1991; Terrosi et al. 2009; Valassina et al. 2003; Cusi
et al. 2010; Valassina et al.1996), Marches (Nicoletti et al. 1991), Sicily (Amodio et al. 2012;
Calamusa et al. 2012; Colomba et al. 2012; Valassina et al. 1996), Emilia Romagna (Portolani et al.
2002; Vocale et al. 2012), Piedmont (Valassina et al. 2003), Umbria (Baldelli et al. 2004; Francisci
et al. 2003),Campania (Di Nicuolo et al. 2005), Sardinia (Venturi et al. 2007), Elba island (Gabriel et
al. 2010; Sonderegger et al. 2009), and Calabria (Greco et al. 2012). Generally, people living in
endemic areas have an asymptomatic infection, instead, travelers often develop the disease. In
this setting, surveillance studies should be improved in order to prevent the spread of TOSV in
new areas (Cusi et al. 2011). Despite the important role played by TOSV in CNS infections, it
remains aneglected agent and is rarely considered by physicians in the diagnosis of CNS infections

and febrile illness during summer months (Charrel et al. 2012).

Clinical manifestations

TOSV is the only sandfly-transmitted phlebovirus with neurotropic activity. It was recognized as a
causative agent of neurological disease in humans only in 1983, when it was isolated for the first
time from a young woman with lymphocytic meningitis (Nicoletti et al. 1991). The most
documented clinical form of TOSV infection consists of neuro-invasive cases which are generally
hospitalized (Charrel et al. 2012).

A wider clinical spectrum of TOSV-associated diseases is now documented, including
asymptomatic or mild disease without CNS involvement, such as febrile erythema or influenza-like
illness, as well as unusual clinical manifestations or severe sequelae of the neurological infection
(Bartels et al. 2011; Brisbarre et al. 2011; Serata et al. 2011). The clinical manifestations of
meningitis from TOSV is quite similar to that caused by other viral agents; however Verani et al.
(2015), found that levels of anti-inflammatory and antiviral mediators were significantly higher in
cerebro spinal fluid (CSF) of TOSV-infected patients as compared to patients with other infectious
or noninfectious neurological diseases. In any case, it is not possible to define a characteristic
symptomatology for neurological infections caused by TOSV (Dionisio et al. 2003). Generally,
incubation period is influenced by the virus load, ranging from few days to 2 weeks. Disease onset
is intense with headache (100%, 18 h-5 days), fever (76%—97%), nausea and vomiting (67%—88%),
and myalgias (18%). Physical examination may show neck rigidity (53%—95%), Kernig signs (87%),

poor levels of consciousness (12%), tremors (2.6%), paresis (1.7%), nystagmus (5.2%). In most
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cases CSF contained more than 5-10 cells with normoglycorrachia and normoproteinorrachia
(Charrel et al. 2012). It is also possible to have abnormal CT or MRI (Rinaldi et al. 2011). Blood
samples may show leukocytosis (29%) or leukopenia (6%) (Charrel et al. 2005). The mean duration
of the disease is 7 days, and the outcome is usually favorable (Charrel et al. 2012). Although TOSV
infection consists of a mild disease with a favorable outcome in most cases, an outcome with
severe complications is possible, but only a small number of severe cases have been reported in
the literature. Two young brothers and a sister living in Umbria experienced TOSV infection in the
form of severe meningoencephalitis with stiff neck, deep coma, maculopapular rash, diffuse
lymphadenopathy, hepatosplenomegaly, renal involvement, skin rash with lamellar
desquamation, a tendency to bleed, and diffuse intravascular coagulopathy. CNS manifestations
occurred after 3 weeks of fever (Baldelli et al. 2004). One case of meningitis, complicated by
abducens nerve palsy, was reported (Schwarz et al. 1995). Two cases of ischemic complication
followed diagnosis of TOSV infection were reported (Klugman et al. 2009). A case of deafness as a
sequela of TOSV infection was also described (Martinez-Garcia et al. 2008). A case in which
lymphadenopathy was the main clinical finding at the presentation of symptoms and preceded
the onset of meningitis was documented (Rinaldi et al. 2011). Recently a case of psychiatric
sequelae following encephalitis due to TOSV infection was reported in a patient without personal
or family psychiatric history (Serata et al. 2011). Severe and lethal encephalitis was also reported
(Bartels & Boni 2012).

It was also postulated a correlation between nucleotide sequence of M segment of TOSV and
pathological manifestation. Valentini et al. (2008) analyzed the genetic variability of TOSV M
segment in several strains isolated from patients with meningitis from 1998 to 2004 in the region
of Tuscany. Results revealed some changes in amino acids, particularly in the Gc protein, that is
probably involved in recognition and binding to the cell receptor. But a strict correlation between
the severity of the pathology with a peculiar nucleotide sequence was not found. In this setting, it
is necessary to further investigate on other possible viral features correlated to TOSV

neurovilunce.

Antigenic determinants: role of glycoproteins

Phleboviruses and other bunyaviruses use their envelope proteins, Gn and Gc, for entry into
target cells and for assembly progeny particles in infected cells. Once inside the target cell,
exposure to endosomal low pH induces Gc-driven fusion of the viral envelope and the vesicle

membranes, leading the release of viral genome in the cytoplasm where the replication cycle can
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starts. Moreover, Gn and Gc facilitate also virion incorporation of the viral genome via their
intracellular domains. These glycoproteins represent a target for neutralizing antibodies and
possible antigenic determinants. Despite their important role in bunyavirus entry and release,
biogenesis and biological activities of Gn and Gc proteins are incompletely understood (Spiegel et
al. 2016). Usually, the neutralizing activity is a property of the anti Gn-Gc antibodies, as shown for
other viruses of this family like RVFV, La Crosse virus (LACV) and Hantaan virus (HTNV) (Saluzzo et
al. 1989a,b; Gonzalez-Scarano et al. 1982; Grady & Kinch 1985; Arikawa et al. 1989). In the case of
TOSV, previous studies focused the attention on the identification of the immunodominant
antigen in the human immune response. Results showed the N protein as the immunodominant
antigent, with a partial neutralizing activity of anti-N antibodies (Cusi et al. 2001) while the anti-
glycoprotein response is short lived (Cusi et al. 2002; Di Bonito et al. 2002). This suggest an
important role of N in human infection as demonstrated by the strong cytotoxic T cell response
specific for N protein, found in patients affected by virus-associated meningitis (Cusi et al. 2002).
However, it was observed that a combination of recombinant TOSV structural protein N-Gc, used
as vaccine, induces a specific and protective immune response upon viral infection in 100% of
inoculated mice (Gori Savellini et al. 2008).

The mechanisms of protection against TOSV natural infection are not known, however it could be
supposed that a virus-neutralizing antibody response against viral glycoproteins would be useful
to block the first stages of infection. For these reason, we decided to focus our attention not only
on N protein, but also on both viral glycoproteins and to identify possible conserved epitopes
target by using human monoclonal antibodies.

There are different methods to isolate monoclonal antibody: from immune individuals, from
immunized mice or from synthetic antibody libraries. The isolation of antibodies from immune
donors offer the advantage that the human immune system is exposed to all the relevant
antigens displayed by an infecting agent that consequently activated a broad response to most, if
not all, these epitopes (Lanzavecchia et al. 2007). This approach is based on the isolation of
specific monoclonal antibodies produced by memory B cells obtained from frozen PBMCs of
patient infected by the pathogen. Antigen-specific memory B cells are immortalized by EBV and
TLR9 agonist CpG (Traggiai et al. 2004) (Figure 3). These B cell clones, once activated, start the
production of pathogen-specific antibodies that are released in the supernatant and analyzed by
the use of automated liquid handling devices that allow high throughput screening of these
antibodies, using functional assays such as binding and neutralization assay (Corti et al. 2011). The
analysis of the human immune response and the isolation of neutralizing antibodies offer a good
solution to study pathogen complexity and variability (Lanzavecchia et al. 2007), as the case of

glycoproteins, possibly modified by antigenic drift events.
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This approach has been employed to isolate specific monoclonal antibodies against different
viruses, such as SARS coronavirus (Rockx et al. 2008), H5N1 (Simmons et al. 2007), HIV-1 (Corti D
et al. 2010), human Cytomegalovirus (Macagno et al. 2010), Norovirus (Lindesmith et al. 2012)
and Dengue virus (Beltramello et al. 2010).

In this way, it is possible to screen antibody repertoire of patients infected with TOSV in order to
isolate finally potent and neutralizing monoclonal antibodies against conserved epitopes of the

glycoproteins.
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Figure 3. Memory B-cell immortalization. Memory B cells (CD22" IgM", IgD”, IgA”) are isolated from peripheral blood
mononuclear cells (PBMCs). They are immortalized by EBV in the presence of a CpG. The culture supernatants are then
screened directly for specific antibodies. Positive cultures are further cloned by limiting dilution and fully human mAbs
can then be produced from the cloned B cells (Adapted from Marasco & Sui 2007).
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Toscana virus infection: serological and molecular detection

Vaccine against TOSV is not yet available, although a study carried out on mouse model, reported
that a combination of recombinant TOSV proteins, N-Gc protected 100% of mice infected with a
lethal, neurovirulent strain of TOSV (Gori Savellini et al. 2008).

Both molecular detection of viral genome and seroconversion are important information to have
a complete view of the state of the patient. Cusi (2011) gives a complete overview of the current
molecular and serological techniques routinely employed in diagnostic laboratories. The
serological investigation, by detection of IgG and IgM are important to understand the stage of
infection when low level viremia is present. These analysis have been performed using ELISA,
immunoflorescence (IFA) and/or neutralization tests. An ELISA test, based on recombinant
nucleoprotein gene, was developed and is now commercialized (Soldateschi et al. 1999).
However, cross-reactivity exists between phleboviruses. This is particularly critical among viruses
that are antigenically related to TOSV, such as the other members of the Sandfly fever Naples
virus species (Tehran, Naples, Sabin) and the viruses for which close relationships have been
demonstrated, such as Massilia, Punique and Granada viruses (Charrel et al. 2009; Collao et al.
2010; Zhioua et al. 2010).

Direct diagnosis can be performed with virus isolation or molecular detection of the viral genome
from cerebrospinal fluid samples and blood samples (Erglinay et al. 2011). The isolation of the
virus from susceptible cell cultures is possible but not routinely used due to the long time
required (Cusi &Gori Savellini 2011). The first attempts to isolate the virus from biological samples
were carried out in vivo, by intracranial injection of specimens in mice (Gonzales-Scarano &
Nathanson 1990). Successively, TOSV has been grown in cell culture where the virus can
efficiently replicate. Numerous mammalian cells line, such as Vero, BHK-21, CV-1, SW13, are good
substrates for TOSV replication with lytic cytopathic effect within a few days (Verani et al. 1984;
Karabatsos et al. 1985). But, during the acute phase of the infection, there is the necessity of a
tempestive diagnosis. For this reason, nucleic acids amplification techniques, linked to their
rapidity and sensitivity, are the methods of choice to diagnose viral meningitis. The Real-time PCR
is considered the best choice to perform a rapid and correct diagnosis, since it is less time-
consuming and it reduces the risk of contamination (Cusi & Gori Savellini 2011). In the first time,
the target of Real-time PCR amplification was the 3’ final portion of N gene, in the S segment
(Pérez-Ruiz et al.2007), subsequently, this method was adapted and improved with more specific
couples of primers and probe against another conserved portion of N gene (Weidmann et al.

2008).
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Due to the improvement of the techniques used for TOSV diagnosis and to a better awareness, a
higher number of TOSV infections has been recorded, solving many undiagnosed cases of summer

meningitis or encephalitis in the Mediterranean countries (Charrel et al. 2012).
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Chapter 2

Phlebovirus- host cell interactions

23



2.1 From arthropod vector to mammalian host

In contrast to vertebrate hosts, there is no clear evidence of pathology or lethal outcomes
following arbo-bunyaviruses infection in arthropod hosts, that is usually asymptomatic,
predominantly persistent and necessary for efficient propagation to other hosts (Léger & Lozach
2015). Complete lifecycle of an arbo-bunyavirus consists of two essential interdependent phases:
the transmission cycle between, and within, non-vertebrate and vertebrate host populations; and
the productive cycle in the host cells. The arthropod-to-mammal switch, results in important
changes like molecular composition of glycan motifs, composition of lipid membrane and the
capacity to survive at different temperatures (Léger & Lozach 2015). These modifications allow
arbo-bunyaviruses to cause a productive infection also in the mammalian host. The viral particles
transmitted by arthropods to mammals are covered by a glycan coat principally composed of
mannose residues (Schiller et al. 2013). After mammalian host infection, arbo-bunyaviruses lose
their high mannose coat to gain a more complex glycosylation, with the attachment of N-linked
oligosaccharides during the steps of maturation through the ER and the Golgi apparatus (Butler et
al. 2014). These modifications promote also the correct folding of viral glycoproteins, that once on
the surface of the mature virion, influence the interaction with mammalian receptors in a positive
way, mediating virus binding with cell surface lectin receptors and allowing the escape from the
host humoral immune response, thus influencing viral replication and infectivity (Vigerust &
Shepherd 2007).

There are substantial differences between insect and mammalian cells in terms of fatty acid
transport, metabolism and lipid composition (Canavoso et al. 2001; Stanley-Samuelson et al.
1988). It has been postulated that lipids derived from arthropod cells, contribute to a stronger
protection of the RNPs to the particle envelope, and indirectly, a higher infectivity of the virions
compared with those originating from mammalian cells (Léger & Lozach 2015).

Also, the capacity to infect hosts with different body temperatures is another point to consider.
Arbo-bunyaviruses are able to infect both arthropods, whose body temperature is the same of the
environment, and mammalian cells, whose temperature is around 37°C, in a productive way, with
functional proteins correctly folded (Léger & Lozach 2015).

Whit all these changes, arbo-bunyaviruses, once in mammalian host, are able to positively infect

and replicate, promoting subsequent progression of the disease.
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2.2 Arbovirus infection: first stages of pathogenesis

Little is known about the first stages of pathogenesis; in particular the role of the skin and its
components during the early stage of infection must be clarified.

Linked to its structure, the skin constitutes a physical and immune barrier. It is composed of the
epidermis, attached to a basement membrane, under which the dermis and a subcutaneous fatty
region are present (Heath & Carbone 2013 a).The epidermis and dermis are, in turn, populated by
a variety of cell types that together form a first line of defense against invading pathogens:
keratinocytes in the upper layer of epidermidis, the resident fibroblasts and more specific
immune cells: macrophages and dendritic cells (DCs) in the dermis (Bernard et al. 2015). Beneath
the dermis, the lowest layer consists of adipocytes surrounded by fibroblasts, nerves and blood
vessels (Briant et al. 2014). All these immuno-cells, in the presence of a pathogen, are activated
through membrane receptors, the Toll-like receptors (Toll-like receptors or TLRs) and other
recognition receptors (PRR: Pattern Recognition Receptors), and start the secretion of
inflammatory cytokines, chemokines and antimicrobial peptides. Together all these cells
coordinate the human defense, starting the response against microbial injury (Nestle et al. 2009).
During the natural transmission, arboviruses are introduced into the skin through bites, by the
blood meal of an infected female arthropod. They are released from the arthropod saliva directly
into the dermis layer and then spread in blood vessels, capillary beds, and lymphatics (Léger &
Lozach 2015). Arthropod saliva components have the capacity to modulate skin cell responses by
enhancing initial viral replication, thus allowing the establishment of systemic infection (Briant et
al. 2014). Once in the skin, arboviruses can infect different subsets of immune cells or vessels
endothelial cells, thus with an initial phase of replication, viruses can jump into the blood vessels
or lymphatics (Léger & Lozach 2015) and reach visceral organs, including the spleen and the
kidney (Salimi et al. 2016). This was also observed during TOSV infection in animal model; with
subcutaneous viral injection in mice, virus, after a first replication in the endothelial cells, could
reach the spleen (Gori Savellini et al. 2008) as a probably location for secondary viral replication,
because of its vascular structure. Afterwards, the virus can reach CNS by different ways analysed
in this thesis. In general, shortly after viremia, arboviruses enter the CNS via several mechanisms,

depending on host and viral factors (Salimi et al. 2016).
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2.3 First line of defence: dendritic cells and DC-SIGN

Dendritic cells and viral infections

DCs play a major role in immune defense against viral infections via innate and adaptive immune
mechanisms since the activation state of the DC determines the type of immune response that
gets triggered (Cunningham et al. 2010). DCs are a rare population of cells comprising only about
1% of lymphoid cells. They form an extensive interweaving network under epithelial surfaces that
are the key sites of pathogen entry to the host (Belz et al. 2009). DCs are crucial participants in
maintaining immune surveillance of the periphery and initiating primary immune responses
within the draining lymph nodes (Johnson & Jackson 2014).

DCs can perform multiple immunogenic tasks such as the cross-presentation of exogenous
antigens in the context of MHC class | molecules to CD8 + T lymphocytes, in addition to
presentation of MHC class ll-restricted peptides; the expression of special co-stimulatory surface
molecules to induce the priming of naive T cells and the capacity to polarize naive T cells to
various Th phenotypes (Freer & Matteucci 2009). Due to different origin, tissue distribution, and
expression of surface receptors, DCs have been divided into conventional (cDCs) or myeloid
(mDCs) and plasmacytoid DCs (pDCs); they differ in immunomodulatory functions and
preferentially react to distinct microbial stimuli. ¢cDCs, CD11c" MHC class II*, include migratory
cells and lymphoid-resident cells that cooperate and are essential to one another toturnona T
cell response (Freer & Matteucci 2009). cDCs are found predominantly in tissues such as the skin
and mucosal surfaces, where they enter in contact with environment pathogens (Johnson
&Jackson 2014). Indeed, cDCs are mostly devoted to taking up antigen in their steady state and
presenting it to T cells in their activated or mature state. In this setting, early antigen presentation
by lymphoid-resident DCs initiates activation and trapping of antigen-specific T lymphocytes in the
draining lymph node, while migratory DCs interact with such T cells to induce clonal expansion
(Allenspach et al. 2008). Once infected, cDCs can recognize cytoplasmic viral RNA by endosomal
Toll-like receptor (TLR)-3, binding double-stranded RNA (Alexopoulou et al. 2001), and
cytoplasmic receptors such as retinoic-acid-inducible protein | (RIG-I) and melanoma-
differentiation-associated gene 5 (MDAS5) and start type | IFN production (Kato et al. 2005; Kato et
al. 2006; Pichimair et al. 2006). The second less abundant subset of DCs are the plasmacitoid
dendritic cells (pDCs). pDCs, CD11c"° MHC class 11°%, are the first line of defense against viral and
intracellular parasite replication: they express endosomal nucleic-acid sensing TLR-7, TLR-8, and
TLR-9, that, once triggered, are mostly responsible for the release of type I IFN by these cells (Heil
et al. 2004). Therefore, pDCs are also able to quickly prime CD8+ cytotoxic activity upon

interaction with viruses (Di Pucchio et al. 2008). pDCs accumulate mainly in the blood and

26



lymphoid tissue and are thought to enter lymph nodes via postcapillary high endothelial venules
(Johnson & Jackson 2014).

With their maturation, DCs acquired the ability to migrate to lymph nodes, as well as to express
co-stimulatory molecules responsible for activating naive T cells in germinal centers. Upon
maturation, DCs become professional antigen-presenting cells, with an altered chemokine
receptor repertoire, an increased motility and responsiveness to lymph tropic chemokines
(Sallusto et al. 1998). A large variety of pro-inflammatory stimuli can induce maturation, however,
most stimuli appear to act through tumour necrosis factor-a (TNF-a) and IL-1B (Enk et al. 1992;
Enk et al. 1993; Cumberbatch et al. 1995). Maturation also leads to the expression of different
surface molecules; one of the best markers for human DC maturation is CD83, which is highly
expressed by mature DCs both in a membrane-bound and in a soluble secreted form (Freer &

Matteucci 2009).

DC-SIGN as a receptor for Phlebovirus

Recent evidence indicates that phleboviruses, including TOSV, are capable to infect cells that
express DC-SIGN, a type Il transmembrane protein (Lozach et al. 2011). Due to its highly restricted
expression, DC-SIGN is considered a dendritic cell -specific phenotypic marker (Urban & Anderluh
2010). DC-SIGN is abundantly expressed on immature DCs (iDCs); in particular it is present on
dermal DCs, interstitial DCs, a subset of blood DCs (Urban & Anderluh 2010). It is also found,
albeit down-regulated, on mature or activated DCs (mDCs), in lymphoid tissues such as lymph
nodes, tonsils and spleen (Geijtenbeek et al. 2000), in macrophages and Houfbauer cells in the
placenta (Soilleux et al. 2001) and macrophages in the lungs (Soilleux et al. 2002). However, it is
not expressed on certain DCs-types such as follicular DCs or on skin-resident Langerhans DCs
(Urban & Anderluh 2010). The lectin DC-SIGN (CD209) is a type |l transmembrane protein with an
N-terminal cytoplasmic domain, with recycling and internalization motifs, followed by a
neckdomain and a C-terminal carbohydrate recognition domain (CRD). DC-SIGN is an antigen
capturing receptor (Figure 4) (Zhang et al. 2014). The lectin domain facilitates binding to mannose
and fucose containing ligands, as those of phlebovirus Gn and/or Gc glycoproteins, in a calcium-
dependent (C-type) way. High-avidity ligand-binding depends on DC-SIGN tetramerization, which
is catalyzed by the neck domain. Clustering of DC-SIGN is thought to improve binding to viral
particles with multivalent binding sites, by providing high-avidity binding platforms, as show by
Lozach et al. (2011) for the Uukuniemi virus (UUKV). Bound ligands can be internalized due to

specific sequences in the DC-SIGN cytoplasmic domain, a di-leucine (LL) motif which triggers its
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endocytosis (Hofmann & Pohlmann 2011). DC-SIGN contains an additional tri-acidic cluster (EEE or
DDD) in its cytoplasmic tail, important for targeting to proteolytic compartments (Urban &
Anderluh 2010). Indeed, a dual role has been indicated for acidic motif as a sorting signal in the
secretory pathway and a lysosomal targeting signal in the endocytic pathway (Azad et al. 2008).
Accordingly, DC-SIGN-ligand complexes are targeted to late endosomal or Ilysosomal
compartments (Mahnke et al. 2000). In MHC class ll-positive late endosomes, DC-SIGN-ligand
complexes are processed for MHC class Il presentation to T cells. Otherwise, DC-SIGN-ligand
complexes are targeted to classical early endosome, where low pH induces release of virions from
DC-SIGN. Upon release of ligand, DC-SIGN is likely recycled to the cell surface, while virions are
trafficked into late endosomes/lysosomes (Mahnke et al. 2000). The increased acidification of late
endosomes triggers viral fusion of Gc glycoprotein with the endosomal membrane. As a
consequence, viral proteins and nucleic acids are released into the host-cell cytoplasm to start the
replicative cycle (Hofmann & Pohimann 2011).

Evidence from literature underlines the role of DC-SIGN as antigen receptor in many phatogenic
conditions. It can capture antigens for processing and presentation, such as those for human
immunodeficiency virus type 1 (HIV-1) (Geijtenbeek et al. 2000; Auwerx et al. 2009; Bashirova et
al. 2001), hepatitis C virus (HCV) (Li et al. 2009; Gardner et al. 2003; Pohlmann et al. 2003; Lai et
al. 2006), Dengue virus (Tassaneetrithep et al. 2003), Ebola virus (Gramberg et al. 2008), SARS-
CoV (Marzi et al. 2004; Chan et al. 2006), Lassa virus (Shimojima et al. 2012), Mycobacterium
tuberculosis (Tailleuxet al. 2003), Helicobacter pylori (Bergman et al. 2004), Neisseria meningitidis
(Steeghs et al. 2006), Candida albicans(Cambi et al. 2003), Aspergillus fumigatus (Serrano-Gomez
et al. 2004), Schistosoma mansoni (Meyer et al. 2005) and Leishmania parasites (Colmenareset al.
2002).

It is also observed that DC-SIGN is involved in the process of DCs migration across endothelium. It
mediates adhesion and rolling of DCs on primary human umbilical vein endothelial cells (HUVEC)
through Le"antigen expressed on ICAM-2 (Garcia-Vallejo et al. 2008).

The expression of this C type lectin on immature dermal DCs, that are present in the anatomical
site of virus transmission, suggest a concrete role of these cells as target cells in the pathogenesis
of arbo-bunyaviruses infections (Varani et al. 2015). In addition, DC-SIGN expression was sufficient
to render cell lines susceptible to phlebovirus entry (Lozach et al. 2011; Hofmann et al. 2013).
There are various examples of arbo-bunyaviruses that recognize DC-SIGN; among them RVFV,
UUKV, Punta Toro (PTV) and TOSV (Lozach et al. 2011) but also LACV and severe fever with
thrombocytopenia syndrome virus (SFTSV) (Hofmann et al. 2013). For all of these reasons,
interactions between DC-SIGN and phleboviruses are thought to be one on the first steps during

phlebovirus pathogenesis (Léger & Lozach 2015).
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Figure 4. Structure of DC-SIGN. The C-type lectins DC-SIGN is type Il transmembrane proteins. Its cytoplasmic tails
contain internalization signals (di-leucine, tyrosine, and tri-acidic) which are involved in internalization of the lectin. The
extracellular domain is composed of a carbohydrate recognition domain (CRD) and a neck domain implicated in the
oligomerization of these lectins. (Lozach et al. 2007).
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2.4 Spreading through the host: role of endothelial cells and L-SIGN

Activation of Endothelium

Blood vessels and capillary beds are spread throughout the dermis. Draining lymphatic vessels in
the dermis cross the deeper layers of the skin to eventually access the lymph nodes (Heath &
Carbone 2013b).

Afferent lymphatic capillaries in peripheral tissue are composed of interdigitating endothelial
cells, with junctions stabilized by the adherens junction protein, vascular endothelial cadherin (VE-
cadherin), the tight junction-associated proteins such as occludin, claudin-5, zonula occludens- 1
(20-1), the junctional adhesion molecule-A (JAM-A), the endothelial cell selective adhesion
molecule (ESAM), and the endothelial cell adhesion molecule CD31 (Baluk et al. 2007). These
molecules are differentially distributed at the base and tops of distinctive structures that form
discontinuous endothelial junctions in the initial lymphatic vessels and continuous junctions in the
larger collecting vessels (Johnson & Jackson 2014).

Detection of a microbial infection or tissue damage by the host is one of the earliest events in the
inflammatory response mediated by dendritic cells, macrophages, mast cells and vascular
endothelial cells (Staros et al. 2005; Arancibia et al. 2007). Exposure of these cells to stimuli such
as pathogen-associated molecular pattern (PAMP) induces secretion of pro-inflammatory
cytokines, including interleukin-1B (IL-1B), IL-6, and tumour necrosis factor-a (TNF-a) and a range
of different chemokines (Takeuchi et al. 2010; McDonald et al. 2010). In response to the release of
these inflammatory mediators, the adjacent vascular endothelium becomes activated, thus
inducing profound changes in gene expression, structural organization and functions that allow
the endothelial cells to participate in various inflammatory processes. Upon activation, the
endothelial cells present a new profile of chemokine and colony stimulating factors secretion, in
parallel with the change in chemokine receptor repertoire expressed by DCs upon maturation
(Johnson & Jackson 2014). It has been observed the up-regulation of adhesion molecules on the
luminal surface including VCAM-1, ICAM-1 and ICAM-2, that support increased DC transmigration
and transit to the draining lymph nodes, through interactions with their DC-expressed integrin
ligands (Johnson et al. 2006; Teoh et al. 2009). Other molecules are implicated in the endothelial
cells activation, such as the adhesion molecules L1 (Maddaluno t al. 2009), JAM-A (Cera et al.
2004), ALCAM (lolyeva et al. 2013), CD31 and CD99 (Torzicky et al. 2012); the TNF receptor family
member CD137 (TNFRSF9) (Teijeira et al. 2012); the lipid mediator sphinosine-1-phosphate
(Czeloth et al. 2005; Pham et al. 2010); podoplanin (Acton et al. 2012); and semaphorin 3A
(Takamatsu et al. 2010).
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Role of L-SIGN in Phlebovirus infection

L-SIGN, also known as CD209L, CD299 or DC-SIGNR, is a type || membrane protein that binds high
mannose N-glycans, including many viral glycoproteins (Pustylnikov et al. 2014; , Mitchell et al.
2001), through its C-terminal carbohydrate recognition domain (CRD) (Guo et al. 2004). The gene
coding for L-SIGN is located on chromosome 19p13.3 and forms a lectin gene cluster containing
DC-SIGN, DC-SIGNR, CD23 and LSECtin (Soilleux et al. 2000; Liu et al. 2004). L-SIGN shares 77%
amino acid sequence and 73% nucleotide sequence homology with DC-SIGN (Zhang et al. 2016). It
is expressed on the endothelial cells of the lymph node sinuses (Engering et al 2004), liver sinus
endothelial cells (Pohlmann et al. 2001; Engering et al 2004), capillary endothelial cells of the
placenta (Pohlmann et al. 2001), pulmonary endothelial cells (Chan et al. 2006, Jeffers et al. 2004)
and the endothelium of the gastrointestinal tract (Jameson et al. 2002).The N-terminal tail of DC-
SIGNR, like DC-SIGN, is located in the cytoplasm, it contains several internalization motifs and is
responsible for receptor signaling, for the binding and intra-cellular trafficking of ligand molecules
(Zhang et al. 2014). The transmembrane domain of L-SIGN consists of approximately 22 amino
acids (Soilleux et al. 2000; Liu et al. 2004). The extra-cellular portion of the receptor, like DC-SIGN,
is characterized by the presence of a C-type carbohydrate-recognition domain (CRD) and a neck
domain. The CRD domain of L-SIGN may interact with high-mannose carbohydrates, and the neck
domains of these proteins contain23-amino acid sequence repeats that support the CRD and may
influence the multimerization and the ligand-binding properties of these lectins (Figure 5)
(Soilleux et al. 2000;Koppel et al. 2005). Hydrodynamic studies found that the C-terminal portion
of the neck domain of the receptors adjacent to the CRD are important in dimer formation,
whereas portions near the N terminus are important for stabilizing the tetramers (Feinberg et al.
2005). These portions are conserved despite the variation in the length of the neck domain
between DC-SIGN and L-SIGN (Zhang et al. 2014). Also, L-SIGN may facilitate interactions with
lymphocytes allowing their migration across endothelium (Engering et al. 2004). Previous studies
showed that L-SIGN can recognize N-glycans structures of HIV-1 (Auwerx et al. 2009;Bashirova et
al. 2001), HCV (Li et al. 2009; Gardner et al. 2003; Pohlmann et al. 2003; Lai et al. 2006), SARS-CoV
(Chan et al. 2006; Jeffers et al. 2004), M. tuberculosis (Carroll et al. 2010) and influenza A viruses
(Londrigan et al. 2011). The expression of L-SIGN on endothelial cells and its capacity to bind N-
glycans on viral glycoproteins make this lectin a possible candidate receptor responsible for
phlebovirus dissemination into the host trough infecting endothelial cells. It has been proposed
that besides pleboviruses, members of the flavi- and alphavirus families, have found a way to use
L-SIGN for attachment, viral entry and infection (Pustylnikov et al. 2014; Van Breedam et al.
2014). Studies by Léger et al.(2016), showed that L-SIGN can markedly augment phlebovirus entry

into cell lines otherwise barely susceptible, after transfection of this receptor gene. In contrast to
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DC-SIGN, that is an endocytic receptor, L-SIGN mainly promotes viral attachment but not uptake
into cells (Guo et al. 2004). Thus, it is conceivable that L-SIGN promotes phlebovirus entry by
concentrating virions onto the cell surface, thereby increasing interactions with a so far
unidentified receptor. The presence of such receptor(s) is suggested by the broad cell tropism of
several phleboviruses and the relatively low cell and tissue expression of the lectins (Spiegel et al.

2016).
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Figure 5. DC-SIGN, DC-SIGNR are trans-membrane proteins. Each contains an intra-cellular domain, a trans-membrane

domain and an extra-cellular domain (Adapted from Zhang et al. 2014).
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2.5 Phleboviruses and the Central Nervous System

While the majority of arbo- bunyaviral infections do not lead to neuroinvasive forms of disease,
they are among the most severe infectious risks to the health of the human central nervous
system (CNS) (Salimi et al. 2016).

There are several arbovirus families, such as Togaviridae, Bunyaviridae, Flaviviridae and
Reoviridae, that cause neuroinvasive disease in vertebrate hosts thus, with their worldwide
distribution, contributing to systemic and neurologic infections in a variety of geographical
locations (Salimi et al. 2016). Viral CNS infections can be very difficult to treat, due to the rapid
onset of severe disease symptoms that can occur (Furr & Marriott 2012). Shortly after viremia,
arboviruses enter the CNS via several mechanisms and linked to host and viral factors, cause
severe, persisting neurologic deficits or death (Table 2).

Following CNS infection, inflammation can arise in distinct anatomical regions such as the
meninges (meningitis), brain (encephalitis), and spinal cord (myelitis), or simultaneously in
multiple regions (meningoencephalitis, encephalomyelitis) (Swanson & McGavern 2015).
However, one additional source of CNS damage comes from the immune response that develops
following CNS viral infection, indeed experimental animal models have revealed that the antiviral
immune response can also, under certain conditions, be an active contributor to disease
(Swanson & McGavern 2015).

CNS is protected by a highly complex barrier system. Three barrier layers limit and regulate
molecular exchange at the interfaces between the blood and the neural tissue or its fluid spaces:
the choroid plexus epithelium between blood and ventricular CSF (blood-cerebrospinal fluid); the
arachnoid epithelium between blood and subarachnoid CSF and the blood brain- barrier (BBB)
formed by the cerebrovascular endothelial cells between blood and brain interstitial fluid
(ISF)(Abbott et al.2004).

Despite years of intensive research, the exact mechanisms by which arboviruses enter the CNS
remain unclear (Salimi et al. 2016). Arboviruses that enter through the skin after an insect bite are
uptaken by immune cells like mDCs, which then migrate to the draining lymph nodes (Wu et al.
2000;Fernandez-Garcia et al. 2009), from where viruses are often shed into the blood stream,
resulting in systemic infection; or they directly infect vascular endothelial cell in order to reach
CNS across the blood brain barrier (BBB) (Verma et al. 2009; Moses et al 1993). Pathways of direct
viral transit across the BBB include: (1) spread of viruses across brain microvascular endothelial
cells (BMEC) tight junctions, due to high levels of viremia and inflammation (Daniels et al. 2014);
(2) direct infection of BMECs and transport of new generated viruses across basolateral

membranes (Dittmar et al. 2008). Infected hematopoietic cells can also be used as ‘Trojan horses’
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to transport virus into the CNS via the blood supply (Clay et al. 2007; Tabor-Godwin et al. 2010).
Finally, systemic viral infection can lead to inflammation-induced breakdown of the BBB (Eugenin
et al. 2006) allowing viruses to enter into the CNS.

As a second major route of CNS entry, some viruses infect and migrate through peripheral nerves.
Arboviral infections typically occur in highly innervated dermis, which may lead viral entry to the
CNS through peripheral neurons. Both in vitro and in vivo studies have shown that WNV can
spread along neurons via retrograde axonal microtubule-mediated transport (Samuel et al. 2007;
Wang et al. 2009). Also, CNS invasion via olfactory bulb has been demonstrated for several
encephalitic arboviruses such us LACV (Bennett et al. 2008).

It has been postulated that TOSV could invade CNS crossing the BBB either by passive diffusion or
by replication in BMECs (Sahni 2001), causing meningitis, meningoencephalitis or encephalitis.
Brain microvascular endothelial cells (BMECs) are the major component of the BBB and represent
the tightest vasculature in the body (Combes et al. 2012). These cells display unique features such
as tight junctions that are not found in endothelia from other vascular beds (Chan-Ling et al.
2004). There is a functional polarity on the morphology of the brain microvascular endothelium.
This polarity is evidenced by asymmetric distribution of the majority of the transport-related
enzymes and carriers, present in the luminal and abluminal ECs plasma membranes, indicating
that apical and basolateral membranes of these cells are functionally distinct (Farellet al. 1991;
Vorbrodtet al. 1993). During pathological events, such as virus infections, the BBB is capable of
modulating its own cyto-architecture, increasing permeability while retaining structural integrity,
and hence protecting the brain and maintaining homeostasis; however, this function may be lost
under extreme conditions. Indeed, many of the cell types associated with brain microvessels,
including microglia and astrocytes, and nerve terminals adjacent to the endothelial extracellular
matrix/basal lamina release vasoactive agents and cytokines which can modify tight junctions
assembly and barrier permeability (Abbott et al. 2006), which in turn lead decreased neuronal
function and brain damage (Correale & Villa 2009).

It is possible that TOSV, like other neurotropic arboviruses, could infect the microvascular
endothelial cells and cause BBB alterations with modifications in the cell-cell contacts and reach
the CNS. The conditions that increase permeability between cells, affecting the organization of
adherens junctions (Als), in particular, influencing the activity of VE-cadherin (Dejanaet al. 2008).
In this way, is possible that this protein may have a role during TOSV infection, modifying the
strength of the contact between BMECs, thus influencing the permeability and allowing the

passage of the virus through the BBB.
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Family Vims

Vecior

Neurologic diseases

Togavidae EEEV
WEEV
VEEV
CHIKV
Flaviviridae SLEV

JEV

WNV

ZIKV

DENV

MVEV
Bunyaviridae CEV

LACV

TOSV
RVFV

Mosquito (Culiseta, Aedes)

Mosquito (Culiseta, Culex)
Mosquito (Culex, dedes)

Mosquito (Aedes)

Mosquito ( Culex)
Mosquito (Culex)

Mosquito (Culex)

Mosquito (Adedes), sexual
transmission

Mosquito (Aedes)

Mosquito (Culex, dedes)
Mosquito (Aedes)

Mosquito (Aedes)
Sandfly (Phlebotonius)
Mosquito (Culex, dedes)

Geographical distribution Systemic illnesses

Eastern and Gulf coasts of [JSA, Flu-like illness with nausea
Caribbean islands, Central America, and vomiting
north-gast South America

Mid-west and western USA, Canada Febrile illness

South and Cenfral Americas, south-east  Flu-like illness
and south-west USA

Affica, India, Southeast Asia, Canbbean Fever, rash, arthralgias, myalgias
slands, south-cast USA

North, Central, and South America

Japan, North-East, South-East, and -
Central
Asia, [ndian subcontinent

Africa, Mediterranean region, Central
Asia,
India, Europe, North, Central, and
South Americas

Affica, India, South-East Asia, Caribbean Flu-like illness with arthralgias,
slands, Central, North, and South conjunctivitis
Americas

Asia, tropical and subtropical regions of  Fever, rash, headache, myalgias,

Flu-like illness with nausea

Flu-like illness

the world hemorrhagic fever
Australia, New Zealand, New Guinea  Flu-like illness with nausea
Westem USA Flu-like illness with nausea and
vomiting
Mid-west and eastern USA E

Europe, North Africa -

East and South Africa, Saudi Arabia Fever, hepatitis, hemorrhagic fever

Meningoencephalitis, coma
Encephalitis

Encephalitis

Rare encephalitis, GBS

Meningitis, encephalitis, coma
Meningoencephalitis with seizures

Meningitis, flaceid paralysis, encephalitis

Meningoencephalits, ADEM, GBS, IUGR,
microcephaly

Encephalopathy, rare encephalitis

Encephalitis
Meningoencephalitis with seizures
Meningoencephalitis with seizures

Meningitis
Encephalitis

Reoviridae CTFV  Ticks (Demmacentor) Rocky Mountains of the USA Flu-like illness with nausea, vomiting, hepatitis, rash,  Meningitis, encephalitis

hemorrhagic fever

Table 2. Arbovirus families: vectors, geographical distribution, and the ilinesses they cause. EEEV = eastern equine encephalitis virus; WEEV = western equine encephalitis virus; VEEV = Venezuelan
equine encephalitis virus; CHIKV = Chikungunya virus; GBS = Guillain-Barré syndrome; SLEV = Saint Louis encephalitis virus; JEV = Japanese encephalitis virus; WNV = West Nile virus; ZIKV = Zika virus; ADEM =
acute demyelinating encephalomyelitis; IUGR = intrauterine growth retardation; DENV = Dengue virus; MVEV = Murray Valley encephalitis virus; CEV = California encephalitis virus; LACV = La Crosse virus; TOSV =
Toscana virus; RVFV = Rift Valley fever virus; CTFV = Colorado tick fever virus. (Salimi et al. 2016).
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Chapter 3

Aim of the project
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Toscana virus (TOSV) pathogenesis is still largely unclear. Most of the attention is focused on the
identification of factors involved in the first steps of infection and the progression of the disease caused by

this virus.

An intriguing aspect is the understanding of the mechanisms involved in the virus spreading to the central
nervous system (CNS), analyzing which cell types can be infected by TOSV after the virus has entered into
the host. To this aim we wanted to analyze the susceptibility of two types of cells that the virus encounters
once in the host. We examined DCs susceptibility to TOSV infection and the role of endothelial cells in the

viral neuroinvasive process, evaluating the TOSV capability to infect endothelial cells in vitro and in vivo.

Additionally, we investigated the role of viral glycoproteins, Gn and Gc, as antigenic determinants for
humans. By studying the immunological memory of a patient with meningitis infected by TOSV, our aim
was to isolate and characterize human neutralizing monoclonal antibodies directed to conserved
glycoprotein epitopes. The identification of these regions could consequently suggest the most promising

viral targets for vaccine formulation.
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Materials and Methods
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Viruses and cells

Human humbelical vein endothelial cells (HUVECs) (Cambrexcorp.,Walkersville, MD) were cultured and
subcultured in endothelial basal medium (EBM-2) (Cambrex. Cp) supplemented with 10 % FCS, hydrocortisone
(1 mg/ml), human epidermal growth factor (EGF) (0.1 mg/ml) and bovine brain extract (BBE) (1 mg/ml) in 5 %
CO2 at 37 °C. PBMCs were isolated from a buffy coat of TOSV seronegative healthy donors, upon informed
consent, by Ficoll-Hypaque gradient separation and resuspended in RPMI 1640 medium (Hyclone, Cramligton,
UK) supplemented with 10 % FCS (Life Technologies, Milan, Italy) and IL-2 (50 Ul/ml) (CHIRON, Emervylle, CA,
USA).Vero (ATCC CCL-81) cells were grown as a monolayer in Dulbecco’s modified Eagle’s medium (DMEM)
(Lonza,Milan, Italy) supplemented with 5% heat-inactivated fetal calf serum(FCS) (Lonza) and 100 U/ml
penicillin-streptomycin (HyClone Europe,Milan, Italy) at 37°C. Human embryonic kidney (HEK)-Lenti-X 293 cells
(Clontech,Milan, Italy) were grown as a monolayer in DMEM (Lonza,Milan, Italy) supplemented with 10% heat-
inactivated FCS (Lonza), 100U/ml penicillin-streptomycin (HyClone Europe) at 37°C. Spodoptera frugiperda cells
(Sf9) were propagated in SF-900ll medium (GIBCO InVitrogen, Milan, ITALY) containing streptomycin (100
mg/ml; Life Technologies), and penicillin (100 Ul/ml; Life Technologies). Toscana virus, strain 1812(TOSV)
(isolated from a clinical specimen in the Virology laboratory of S.Maria delle Scotte Hospital, Siena, Italy), was
plaque purified and propagated on Vero cells. Sandfly Fever Naples virus (SFNV strain Sabin, provided by ISS),
Punique virus (PUNV, strain P1_B4_2008, isolated from sandflies pool collected in Tunisia) and Sandfly Fever
Sicilian virus (SFSV, strain Sabin, provided by ISS) were grown on Vero cells at the Virology laboratory,

University of Siena.

Human PBMCs isolation

PBMCs were isolated from human blood, diluted in an equal volume of phosphate buffered saline (PBS) and
further separated on Ficoll-Hypaque gradient by centrifugation at 1800 rpm for 20 minutes at RT. Cells were
collected from the plasma/Ficoll interface and resuspended in PBS and centrifuged at 1300 rpm for 10 min. at

RT. Cells were finally resuspended in RPMI 1640 medium (Hyclone, Cramligton, UK) and counted.

Generation of human monocyte-derived dendritic cells

Monocyte-derived dendritic cells (moDCs) were generated by culturing human PBMCs in the presence of
granulocyte—-macrophage-colony stimulating factor (GM-CSF) (50 ng/ml) and IL-4 (for 0.5 ng/ml) (R & D
Minneapolis, MN, USA) for 7 days, as described elsewhere (Bell et al. 1999). To estimate immature monocyte-
derived dendritic cells phenotype, cultures were examined for the expression of CD11c and CD83 (Chemicon,

Germany) as described below.
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TOSV infection of endothelial and dendritic cells in vitro

HUVECs and moDCs were seeded in 6-well culture plates at a density of 5x10° and 1x10° cells per well,
respectively, and incubated at 37 °C in 5 % CO, atmosphere. Cells were then infected with TOSV at a
multiplicity of infection (MOI) of 1, 3 or 5 and, after 90 min at 37 °C, washed with medium. 24, 48, 72 and 96 h
later, cells were collected and assayed by indirect immunofluorescence assay (IFA). Briefly, cells were spotted
on slides and fixed for 10 min at room temperature with cold methanol/acetone. Cells were then incubated for
1 h at 37 °C with anti-TOSV N protein (provided by DIESSE Srl, Siena, Italy; diluted at 1:200). After washing with
PBS, fluorescein-labelled anti-mouse IgG (Sigma, Milan, Italy) was added for 1 h at 37 °C. Immunofluorescence
was visualised using a Diaplan microscope (Leica Microsystems, Milan, Italy). Infected moDCs were also
analysed by cytofluorimetric analysis, as described elsewhere (Lozach et al. 2011). After fixation and
permeabilization with phosphate buffered saline (PBS) containing 0.5 % saponin and 2 % FCS, cells were stained
with anti- TOSV N protein monoclonal antibody (diluted at 1:50) for 30 min on ice. After two washing steps,
cells were incubated with FITC-conjugated anti-mouse IgG (Sigma, Milan, Italy, diluted at 1:100) and anti-hCD4-
PE mAb (Sigma, Milan, Italy, diluted at 1:10) or anti-hCD8-PerCy5 mAb (Chemicon, Germany, diluted at 1:10),
anti-hCD11c-PE mAb (Chemicon, Germany, diluted at 1:10), anti-hCD14-PE mAb (Chemicon, Germany, diluted
at 1:10), anti-hCD19-PE mAb (Chemicon, Germany, diluted at 1:10), or anti CD83 (Chemicon, diluted 1: 50).
Stained cells were washed in PBS and analysed using a FACSCalibur with CellQuest software (BD Biosciences,
San Jose, CA). The supernatant of infected HUVECs and moDCs was collected 1, 2, 3,and 4 days after infection

for virus titration.

TOSV titration

Briefly, the supernatant of infected cells was diluted tenfold and titrated by plaque assay on a 6-well plate of
Vero cells and incubated at 37 °Cin 5 % CO, for 1 h (Hemmersbach-Miller et al. 2004). The medium was then
removed, and 3.5 ml of overlay medium containing 3 % purified agar (Oxoid, Milan, Italy) was added. After 5
days, the cell sheet was stained with neutral red, and the viral titre was determined as plaque forming units/ml
(PFU/ml). Mock-infected cells were included in each experiment as controls. All experiments were repeated

three times.

Cytokine assay

Supernatants of HUVECs and moDCs collected 24, 48, 72 and 96 h after TOSV infection were tested for the
presence of interleukin-6 (IL-6) and tumour necrosis factor-a (TNF-a) by ELISArray (SABiosciences Corp.
Frederick, MD, USA) following the manufacturer’s instructions. To determine interferon-B (IFN-B), the
supernatant was assayed at the same time points using the human IFN-B ELISA kit (PBL Interferon Source,

Piscataway, NJ, USA) according to the manufacturer’s protocol.
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Permeability assay

Permeability assays were performed on 24-well plates with polycarbonate filters (3 um pore and 6 mm
diameter (Corning Life Sciences, The Netherlands) coated with HUVECs (5x10* cells per cm’) in 300 pl of
complete EBM2 medium (upper compartment) and cultured until confluence (2 days). Lower compartments
contained 700 pl of medium. Before the permeability assay, HUVECs were washed with medium and
transferred to a new plate. Cells were then infected in triplicate with TOSV at an MOI of 1 and incubated at
37°C for 5 h. Human PBMCs (2><104), previously isolated as described, were then added to each well coated
with infected HUVECs and incubated at 37 °C for 24 h. Finally, FITC-dextran (4 KDamolwt, Sigma, Milan, Italy)
(0.5 mg/ml) was added to the upper chamber of the filter, and after 3 h, the fluorescence intensity of
transmigrated FITC-dextran was measured in the upper and lower chambers using a Perkin-Elmer fluorimeter
(490-nm excitation, 530 nm emission). Uninfected HUVECs, uninfected HUVECs + PBMCs and TOSV-infected
HUVECs were used as controls. In order to monitor TOSV infections, endothelial cell monolayers in 96-well
plates were infected at the same MOI as the Transwell plates. At 24 h post-infection, cells were fixed and
tested for the presence of virus by immunofluorescence. The assay was repeated three times. The FITC dextran
transmigrated across the membrane was calculated as the ratio of fluorescence units/ml in the upper and
lower chambers for all experimental samples. A t test for in vitro permeability assay was performed using a

SigmaStat (San Jose, California), and p values of <0.05 were considered significant.

Animal infection

Four-week-old female BALB/c mice (Charles River, Milan, Italy) were used for TOSV infection. Groups of four
mice were subcutaneously (sc.) injected with 200 ul of TOSV 1812 V (3><106 PFU/mI) (Cusi et al. 2005). Blood
was drawn from mice 24 h and 3 and 6 days after infection for viral genome detection. Mouse blood samples
were centrifuged at 1600g for 5 min. Plasma was recovered, while the buffy coat and erythrocytes were mixed
with an equal volume of phosphate buffered saline and further separated by Ficoll-Hypaque gradient for
purifying peripheral blood mononuclear cells. Moreover, pieces of mouse epidermis and brain were removed
and processed for histology. Each experiment was repeated three times in order to assess the reproducibility of
results. All animal experiments were approved by the local Ethics Committee and carried out in strict
compliance with the Institutional Animal Care and Use Committee (IACUC) guidelines and in accordance with

the 2010/63/EU Directive (http://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=

0J:L:2010:276:0033:0079:EN:PDF) of the European Parliament and the Council for the Protection of Animals

Used for Scientific Purposes.

Histological and immunohistochemical analysis of tissues

After removal, organs were post-fixed in phosphate buffered 10 % formalin. After fixation, fragments of
epidermis and coronal slices of brain were embedded in paraffin. Serial sections from each organ slice were

partly stained with haematoxylin and eosin (HE), thionin, Bielschowski and luxol fast blue (Kliver-Barrera) and

42


http://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri

partly processed for immunohistochemistry or immunofluorescence. A commercial kit (Super Sensitive
Bioptica, Milan, Italy) was used to perform immunohistochemistry in order to detect virus antigen distribution
and to identify the infected cell types. After deparaffinization, sections were washed in Tris—HCI buffer (pH 7.6)
and incubated for 8 min with UltraV Block. After washing, the anti-N TOSV mAb (diluted 1:400) was applied for
1 h, and a secondary biotinylated goat anti-mouse antibody (NeoMarkers, BioOptica, Milan, Italy) was applied
for 20 min at room temperature. Sections were washed again and then incubated for 20 min with Streptavidin
Alk-Phos or streptavidin-HRP (NeoMarkers) at room temperature. Conjugates were visualised with brown
staining, using a diaminobenzidine solution (NeoMarkers) as chromogen, after 8 min incubation. Haematoxylin
was used for counterstaining. In order to colocalize TOSV and endothelial cells, a double immunofluorescence
stain was performed in tissue sections treated with mouse FITC-labelled anti-TOSV mAb (DIESSE, srl, diluted
1/200) and rabbit Alexa Fluor 647 labelled anti-mouse CD31 (diluted 1/200; BioLegend, Milan, Italy). The nuclei
were counterstained by incubating sections for 10 min with 4,6-diamidino-2-phenylindole (DAPI) as described
elsewhere (Tini et al. 2015). Images were acquired and analysed with a Leica AFCTR6500HS microscope (Leica

Microsystems, Milan, Italy).

RT-PCR

Separated blood components (plasma, PBMCs) or whole blood of infected mice were subjected to RNA
extraction using a total RNA isolation kit (Promega, Mannheim, Germany). Total RNA was amplified by RT-PCR;
reverse transcription was performed at 37 °C for 30 s, followed by 35 cycles of amplification (94 °C for 1 min, 52

°C for 30 s and 72 °C for 40 s), as previously described (Cusi et al. 2005).

Immortalization of human memory B cells

Peripheral blood mononuclear cell (PBMC) and plasma samples were obtained, upon informed consent, from a
patient with meningitis, infected by TOSV, during the acute phase and one year after the infection. At the
Institute for Research in Biomedicine (Bellinzona Switzerland), frozen peripheral blood mononuclear cells
(PBMCs) were thawed and 1gG" memory B cell were isolated and immortalized, using EBV in the presence of
CpG, as previously described (Traggiai et al. 2004). Culture supernatants were harvested after 14 days and
assayed by Intellicyt Cytometer against VERO cells infected with TOSV. Positive cultures were collected,
expanded and cell culture supernatants, containing mAbs, were send to our laboratory for subsequent

screening.

ELISA a-N TOSV

Microtiter plates (Labsystem, Helsinki, Finland) were coated with TOSV purified recombinant N protein (1
pg/ml), (100 pl/well) in 0.1 M carbonate buffer (pH 9.6) overnight at 4 °C. After three washing steps with

phosphate buffer solution (PBS) containing 0.05% Brij, 100 pl of undiluted mAbs were added to the wells in
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duplicate and the plates were incubated at 37°C for 1h. After washing, 100 pl of peroxidase-conjugated anti-
human IgG (diluted 1:75,000; Sigma-Aldrich) was added and the plates were incubated at 37°C for 1 h. Finally,
the plates were washed as described above and the immunocomplex formation was developed by adding 100
ul of 3,3,5,5-tetramethylbenzidine (Sigma-Aldrich) for 15 min. Then, the reaction was stopped by adding 1

NH,SO, solution and the plates were read at 450 nm. Negative and positive controls were included in each test.

Neutralization test

Virus neutralization was carried out on Vero cells in a 96 wellmicroplate. Briefly, two-fold serial dilutions (25ul)
of mAbs or human positive sera were added to an equal volume of a TOSV dilution containing 200 TCIDs, and
incubated for 90 min at 37 °C, then 30 min at 4 °C. Fifty pl of cells (106/ml) were suspended in MEM
(InVitrogen, Milan, Italy) with 5% FCS and added to each well. Five days after incubation at 37 °C, the cultures
were examined microscopically for the presence of cytophatic effect. The 50% end point titre of the serum

neutralizing dose was calculated using the Reed and Muench method (Reed & Muench 1938).

Plasmid

Viral RNA was extracted from TOSV-infected Vero cells using a QlAamp viral RNAminikit (Qiagen). The Gn
coding gene (GenBank accession no.JF330280) was amplified by reverse transcriptase PCR (RT-PCR) from
purified viral RNA with sense (nt 831 to 854) 5'-GGATCCATGAGAAACCATGTGCGTAGACCA-3’ and antisense (nt
2470 to 2445) 5-CTCGAGTTATTTAGCCCCTGGAGCTCCTCCTGT-3’ primers (Sigma-Aldrich, Milan, Italy). The
reaction was carried out using the SuperScript Ill one-step RT-PCR mix (Invitrogen) by one cycle of reverse
transcription at 50°C for 30 min and 94°C for 2 min, followed by 40 cycles of PCR (15 min at 94°C, 30 s at 56°C,
and 1 min at 68°C ) and 5 min at 68°C. The gene was cloned in pcDNA3.1 (+) plasmid (Invitrogen) at the BamHI-
Xhol unique site. This resulted in plasmid GC-182.

Reactivity evaluation of human monoclonal antibodies to TOSV Gn and Gc proteins

Recombinant baculovirus expressing the ectodomains of TOSV Bac-Gn and Bac-Gc were kindly provided by P. Di
Bonito from Istituto Superiore di Sanita in Rome (Di Bonito et al. 2002). Sf9 cells were infected with Bac-Gn and
Bac-Gc at a multiplicity of infection (MOI) of 0.1, as described elsewhere (Di Bonito et al. 1997), collected five
dayspost-infection and tested for protein expression by immunofluorescence (IFA) using a mouse polyclonal
anti-Gn or anti-Gc serum (Di Bonito et al. 1997).

Transfections of Lenti-X HEK293 were performed using the Geneluice reagent (Merck-Millipore, Milan, Italy) by
following the manufacturer’s instructions. Cells were seeded in a 6-well culture plate at a density of 1x10°cells
per well and incubated at 37°C in a 5% CO, atmosphere. Cell monolayers were transfected with 1 ug of Gn-
expressing plasmids. Forty-eight hours post-transfection, cells were collected and assayed for indirect

immunofluorescence (IFA).
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Briefly, both types of cells expressing the recombinant proteins were analyzed by IFA with undiluted human
mAbs and with mouse anti-Gc or anti-Gn for the positive controls. A negative control represented by a pool of
human TOSV seronegative sera was also included in the assay. Immunofluorescence was visualized by a Diaplan

microscope (Leica Microsystems, Milan, Italy).

SPOT peptide synthesis

A set of 82 overlapping peptides of 15 aa, shifted by five residues, spanning aa 1-416 of TOSV Gn glycoprotein
(GenBank accession no: AEM36009.1 from aa 308—-834) was synthesized as an array on derivatized cellulose-
based membranes in Prof L. Bracci’s Lab, Department of Medical Biotechnologies, University of Siena, using
SPOT technology (Hilpert et al. 2007; Winkler & Campbell, 2008). In the sequence, the cysteines were replaced
by serine. The membrane immobilized peptides were first saturated in MBS (pH 7.0) containing 2% of milk
power, 0,05% Tween 20 in TBS o/n at 4°C. After three washing steps with TBS containing 0,05% Tween 20 (T-
TBS), peptides were probed with each individual mAb at a concentration of 5 ug/ml in MBS for 90 minutes at
37°C. Following other three washing steps, membrane was incubated with HRP-conjugated goat antimouse IgG
(Sigma) at 1 : 8000 dilution and, after three washing steps, an enhanced chemiluminescent substrate kit was
used for detection of HRP development (Thermo SCIENTIFIC), according to the manufacturer’s instructions. The
spots were evaluated with a gray scale of intensity, after imagine acquisition by using ImageQuantTL, as

described (Lin et al. 2010).

Statistical analysis
All experiments were carried out in triplicate; mean differences were statistically analysed using Stat View

statistical software (Abacus Concepts, Berkeley, CA). Differences of P values <0.05 were considered significant.
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5.1 Toscana virus pathogenesis: a way to reach the Central Nervous System

Related Pubblication:

Toscana virus infect dendritic and endothelial cells opening the way for the central nervous system

Maria Grazia Cusil, Claudia Gandolfol, Chiara Terrosil, Gianni Gori Savellinil, Giuseppe Belmontez, Clelia Miracco®

In this first section we focus our attention on the identification of TOSV cell targets relying on in
vitro and in vivo studies. The aim is to provide a description of possible mechanisms involved in

TOSV spreading into the host.

TOSV infection: in vitro studies

We observed that dendritic cells (DCs) and endothelial cells were susceptible to viral infection
without any sign of cytopatic effect. Both monocyte-derived DCs (moDCs) and HUVECs support
viral replication as confirmed by virus titration in their medium, with a peak titre at 48 h post-
infection (Figure 6). Endothelial cells were more susceptible to TOSV infection than DCs. In fact,
while HUVECs, infected with 1 MOI resulted positive by immunofluorescence 24 h post- infection
(Figure 7), moDCs, infected with the same virus amount, showed positivity only by a more
sensitive FACS analysis. A clear result was obtained at 48 h with higher MOI (29,8% with 5 MOI),
indicating that the infection was multiplicity dependent. We also realized that the infection
induced DC activation, as demonstrated by FACS analysis, with the increase of expression of the

CD83 activation marker (Figure 8).

To evaluate the effect of TOSV infection on endothelial permeability, we used a standard
permeability assay, based on the evaluation of the FITC-dextran passage across the endothelial
monolayer, in a transwell-system, in the presence or absence of PBMCs. Compared with the
controls, only the addition of PBMCs, 5 h post endothelium infection, increased endothelium

permeability (Figure 9).

Since exposure of DCs and vascular endothelial cells to pathogen stimuli, induces secretion of pro-
inflammatory cytokines, such as interleukin-1p (IL-1B), IL-6, and tumour necrosis factor-a (TNF-a)
(Takeuchi et al. 2010; McDonald et al. 2010), we investigated the presence of these inflammatory
cytokines in the supernatant of infected moDCs and HUVECs. Only IL-6 was produced by HUVECs,
reaching a peak (3365 * 183 pg/ml) at 72 h post infection. On the contrary, moDCs constantly

produced IL-6 throughout the experiment, and TNF-a at high level, with a peak at 96 h post-
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infection (1553 201 pg/ml). The supernatant of these cells was also analyzed by ELISA, to
evaluate the presence of IFN-B in order to determine the activation of the innate immune
response. HUVECs produced a high amount of IFN-B at 48 h post-infection (165 + 1,7 pg/ml),

while moDcs produced it at a lower amount in the first 3 days post- infection (7 to 10 pg/ml).
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Figure 6. Titration of TOSV in cell culture supernatant. Cell culture supernatants were collected from HUVECS (== A ==)

or moDCs (=—=m==) infected with TOSV at an MOI of 3 at 24-96 h p.i. for virus titration. Titer values, expressed as
PFU/ml, represent the average of at least three independent infections.

Figure 7. Immunofluorescence assay on HUVECs infected by TOSV (MOI 1) and observed at 24 h p.i. (400x).
The cells were fixed and stained with anti TOSV mabs (DIESSE).(A) TOSV infected HUVECs or (B) mock-infected cells.
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Figure 8. Quantification of fluorescence in TOSV-infected moDCs by FACS analysis, as described in Experimental
procedures. Histograms show uninfected control cells (...) and TOSV-infected cells with 5 MOI (—), 3 MO| (==m==), and 1
MO (=== ==) at 24, 48 and 72 h p.i., as indicated. FL1-H is the measurement of fluorescence intensity. Human moDCs
were also analysed for CD11c+ (APC) and CD83+ (PE) cells. A Mock-infected moDCs, B TOSV-infected moDCs.
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Figure 9. FITC-dextran permeability assay on HUVECs after TOSV infection. The assay was performed at 24 h p.i. A.
mock-infected HUVECs, B. TOSV-infected HUVECs, C. HUVECs+PBMC, D. TOSV infected HUVECs+PBMC. FICT-dextran
emission was measured and reported as the ratio of the fluorescence units/ul in the upper and lower chamber. The
data are representative of three independent experiments.
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TOSYV infection: in vivo studies

In order to understand how TOSV disseminates through the host, we analyzed blood samples
taken 1, 3 and 6 days after infection from mice sc. inoculated with TOSV. Whole blood, plasma
and PBMCs were analyzed by RT-PCR in order to find viral genome. The virus genome was
revealed only in the whole blood and in the plasma but not in PBMCs, (Figure 10), underling that
the virus can circulate in the blood as free virus. It has been in vitro demonstrated that moDCs
and endothelial cells are infected by TOSV. Next aim was to evaluate this cell infection also in vivo.
Histological analysis of skin biopsies of infected mice revealed TOSV presence in endothelial cells
of sub-cutaneous post-capillary venulae (Figure 11 A, G-l). It was also possible to high light a
leakage in endothelium with an alterated elastic lamina and an inflammatory infiltrate (Figure 11
B), mainly CD8+ T lymphocytes, in some tissue sections of the epidermis (Figure 11 C). Also brain
sections of these mice showed the presence of TOSV in the endothelium of venulae, but, in this
area, without inflammatory cells (Figure 11 D), suggesting that virus, when inoculated by the
natural route (subcutaneously) can reach CNS, without causing serious damage in mouse, which is

not the natural host.

Day 1 Day 3 Day 6 controlmice

| | | |

[ | N | N | N |

B P PBMCs B P PBMCs B P PBMCs B P PBMCs K+ K-

<«—TOSVN

T - — - . <— GAPDH

Figure 10. TOSV detection in infected mice. The presence of TOSV genomic RNA was investigated by RT nested-PCR on
whole blood (B), plasma (P) or peripheral-blood mononuclear cells (PBMCs) samples collected from mice at 1, 3 and 6
days after infection. The same samples drawn from mock-infected mice (control mice) were assayed at the 3rd day p.i.
A positive control (K+) and blank (K-) were included in the assay (upper panel). All the samples were tested for GAPDH
(glyceraldehyde-3 phosphate dehydrogenase) as internal control (lower panel).
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Figure 11. Immunohistochemistry and IF of tissues of TOSV-inoculated mice. Virus immunohistochemistry of skin (A)
and brain (D) tissues drawn from mice sc. inoculated with TOSV. Brown-stained endothelial cells of cutaneous (A) and
brain (D) venulae (arrow), positive for TOSV. Lymphocyte infiltrate of a cutaneous venula wall (B, arrow). Vasculitis does
not affect arteriolae (B, the asterisk indicates the lumen of an arteriole) and partly destroys venular elastic lamina (C,
arrow head). Skin (E) and brain tissue (F) of a mock-infected mouse (the arrows indicate TOSV-negative vessels). A, D, E,
F Immunohistochemistry; original magnification (OM): A, D, F x400; E x200; B haematoxylin and eosin;0OMx200; C
Orcein-Giemsa stain,0Mx200. Immunofluorescence of TOSV and CD31 on endothelial cells of the skin of a sc. Infected
mouse: positivity to CD31 (J) and TOSV (K); | the merged image shows co-localization of CD31 and TOSV. G-I IFA
performed with the same antibodies on the skin of a negative control mouse (magnification x630).
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In conclusion, we investigated which type of cells were infected by the virus once into the host.
Previous studies demonstrated that TOSV doesn’t infect peripheral blood mononuclear cells, such
as B and T lymphocytes (Lozach et al 2010, 2011), but during the infection, the virus encounters
other subsets of cells, such as dendritic cells (DCs) and endothelial cells, which can be infected.
We have demonstrated that TOSV is able to infect and replicate in moDCs and endothelial cells
before entering the bloodstream, where it is free to move as revealed by the absence of viral
genome in any blood cell population. We observed that DCs infection is dose dependent, and
induces DCs maturation leading to the activation of innate and adaptive immune response.
Indeed, the production of high amount of TNF-a by TOSV infected DCs, is probably involved in the
process of antigen presentation and in the activation of a local inflammatory response, thus
mediating leukocytes migration across endothelium.

Endothelial cells are more susceptible to TOSV infection than DCs. Viral infection induces the
activation of the innate immune response, as confirmed by the high amount of IFN-B produced by
these cells just after 48 h post infection. Moreover, the production of IL-6 in the supernatant of
infected HUVECs suggests that leukocytes migration is activated during TOSV and is also
responsible for the increased endothelial permeability, as confirmed by the permeability assay.

In vivo studies confirmed that TOSV is able to reach the CNS without causing particular vessel
damage. The virus probably crosses the BBB, altering the barrier function at endothelium level,

thus causing the infiltration of leukocytes, such as CD8+ lymphocytes.
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5.2 Identification of TOSV Gn glycoprotein epitopes: epitope mapping by

using human monoclonal antibodies

In this second section, we investigated the role of TOSV glycoproteins as targets for neutralizing
monoclonal antibodies obtained from a patient infected by TOSV. With the immortalization of
patient IgG* memory B cells, a high amount of monoclonal antibodies obtained were analyzed by
pepscan analysis, in order to select neutralizing monoclonal antibodies directed to TOSV

glycoproteins, and identify those epitopes recognized by these monoclonal antibodies.

Isolation and screening of a panel of TOSV human monoclonal antibodies

A patient affected with meningitis, selected for serological positivity (IgM*and 1gG’) to TOSV
infection was used in this study. This patient’s PBMCs and serum were collected during the acute
phase and one year post infection. IgG* memory B cells were obtained from frozen PBMCs and
immortalized with EBV in the presence of CpG according to a previously described method
(Traggiai et al. 2004). To detect antibodies recognizing TOSV antigens, B cell culture supernatants

were screened by high throughput FACS analysis using VERO cells infected with TOSV.

Based on this first screening, 112 mAbs positively reactive against TOSV infected cells, were
selected. Among them, 7 antibodies were derived from PBMCs of the acute phase (identified as
TVA mAbs), while 105 were from PBMCs collected one year post infection (TVB mAbs). Whole
mAbs were firstly screened against recombinant TOSV N protein by ELISA test (Table 3). Two
mAbs of the acute phase and 52 mAbs of the convalescent phase were positive to N protein,
while 58 mAbs that did not react with the N protein, were screened with the envelope
glycoproteins, in order to isolate a representative panel of TOSV-neutralizing antibodies. These
mAbs were screened by neutralization assay with TOSV strain 1812 (Table 4).We did not find any
monoclonal antibody with neutralizing activity in the acute phase, although the serum had a
neutralizing titre of 1:161. On the contrary, mAbs derived from the convalescent phase had a high
neutralizing activity. Afterwards, both negative and neutralizing mAbs were analyzed by
immunofluorescence with Sf9 cells infected with the recombinant baculovirus, Bac-Gn or Bac-Gc,
expressing the ectodomains of TOSV Gn and Gc proteins respectively (Figure 12). We also
included in the test, two mAbs, positive to the N protein (TVB 38 and TVB 39), as negative control.
Thirteen out of 58 mAbs, were positive to Sf9-Gn, 2 showed an uncertain positivity to Sf9-Gn and
5 showed positivity to Sf9-Gc, 38 resulted negative to both the proteins (Table 5). It is possible

that some of these negative mAbs recognized epitopes present in the extracellular region near
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the transmembrane domain of the glycoproteins that was not expressed by recombinant
Baculovirus in Sf9 cells. For this reason, we analysed only those mAbs, having a neutralization
titre> 1:128, by IFA with Lenti-X HEK293 cells, transfected with plasmids expressing the whole
glycoproteins. Our attention was first addressed to the Gn glycoprotein, because all the mAbs
with a high neutralization titre were positive to the Gn glycoprotein (Table 5). In addition, we
noticed that some mAbs, previously negative by IFA on Sf9-Gn cells, were, instead positive on
Lenti-X HEK293-Gn, suggesting that the region near the transmembrane domain could include

same epitopes recognized by neutralizing antibodies.

55



Table 3. Results of ELISA using recombinant TOSV N protein. The highlighted values are considered positive, comparing

with the value of the negative controls.

1 year post infection

mAbs ID ELISA a-N

TVB 95 0,203

TVB 98 0,021

Acute phase

mAbs ID ELISA a-N mAbs ID ELISA a-N
TVA 49 0,145 TVB 2 0,05
TVA 73 0,049 TVB 10 0,044
TVA 83 0,024 TVB 22 0,018
TVA 96 0,011 TVB 25 0,026
TVA 106 0,029 TVB27 0,012

‘ TVB 28 0,012

TVB117 0,014

0,023

TVB 103 0,013

mAbs ID

ELISA a-N

TVB179

TVB182

0,017

TVB183

0,017

TVB187 0,018

TVB191

0,022

TVB105

0,017

0,014

TVB 57

TVB127

0,01

TVB 59

TVB 63

0,015
0,043

TVB 71 0,016

TVB150 0,027

0,013

0,026

0,017

0,011

0,017

TVB193

0,029

TVB197

TVB211

0,062

TVB213

TVB216 0,03
TVB218 0,026
TVB219 0,02
TVB220 0,021

TVB226

TVB237 0,021

TVB254 0,044

TVB262

0,039




Table 4. Results of the neutralization assay with mAbs and sera, using TOSV strain 1812.

Acute phase

mAbs ID NT titre
TVA 49 -
TVA 73 -
TVA 83 -
TVA 96 -

TVA 106 -

NT titre
Serum Acute phase

Serum 1 year later

Sf9-Ac Gn

Sf9-Ac Gc

NT titre

mAbs ID
TVB 2
TVB 10
TVB 11
TVB 22
TVB 25
TVB27
TVB 28
TVB 31
TVB 37
TVB 41
TVB 43
TVB 57
TVB 59
TVB 63
TVB 71
TVB 73
TVB 77
TVB 78

1:161
1:323

TVB 164

1:6

NT titre

1:512

1:161

1:645

1:181

>1:512

1:128

>1:512
>1:512

TVB 161

1:645

1 year post infection

mAbs ID
TVB 80
TVB 84
TVB 95
TVB 98

TVB 103
TVB105
TVB117
TVB127
TVB140
TVB147
TVB150
TVB161
TVBl64
TVB165
TVB169
TVB170
TVB173
TVB174

NT titre

1:181

>1:512

>1:512

1:645
>1:512
1:645
1:6
1:8
1:32

1:128

TVB 27

1:161

mAbs ID
TVB179
TVB182
TVB183
TVB187
TVB191
TVB193
TVB197
TVB211
TVB213
TVB216
TVB218
TVB219
TVB220
TVB226
TVB237
TVB254

TVB262

TVB 98

NEGATIVE

NT titre

1:512

1:203
1:645
1:16
1:4

1:4
1:323

1:645
1:4

Figure 12. Immunofluorescence with Sf9-Gn and Sf9-Gc cells with human mAbs and with a mouse polyclonal anti-Gn or
anti-Gc serum for the positives controls (200x).
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Table 5. Immunofluorescence assay of mAbs with Sf9 and Lenti-X HEK293 cells expressing recombinant proteins.

Acute phase

1 year post
infection

mAbs ID

TVA 49
TVA73
TVA 83
TVA 96
TVA 106

TVB 2

TVB 10
TVB 11
TVB 22
TVB 25
TVB27
TVB 28
TVB 31
TVB 37
TVB 41
TVB 43
TVB 57
TVB 59
TVB 63
TVB 71
TVB 73
TVB 77
TVB 78
TVB 80
TVB 84
TVB 95
TVB 98
TVB 103
TVB105
TVB117
TVB127
TVB140
TVB147
TVB150
TVB161
TVB164
TVB165
TVB169
TVB170
TVB173
TVB174
TVB179
TVB182
TVB183
TVB187
TVB191
TVB193
TVB197
TVB211
TVB213
TVB216
TVB218
TVB219
TVB220
TVB226
TVB237
TVB254
TVB262

NT Titre

1:512
1:161

1:645

1:181
>1:512

1:128

1:512
>1:512

1:181

>1:512
>1:512

1:645
>1:512
1:645
1:6
1:8
1:32

1:128
1:512

1:203
1:645
1:16
1:4

1:4
1:323

1:645
1:4

$f9-Gn

+

Sf9-Gc

Lenti-X
HEK293- Gn
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Identification of neutralizing TOSV Gn epitopes by pepscan analysis

SPOT peptide synthesis (Frank 2002) was used to generate membranes of 82 spots of 15 aa—long
peptides shifted by 5 residues, covering Gn glycoprotein of TOSV from aa 1 to aa 416 (GenBank
accession no: AEM36009.1 from aa 308—834) (Figure 13; Table 6).

These membranes were used to identify Gn epitopes recognized by previously selected
neutralizing mAbs reacting to Gn glycoprotein. In the first screening we tested both patient sera,
one mADbs positive to Gc glycoprotein (TVB 98) and two non neutralizing mAbs, one mAb of the
acute phase (TVA 73) and one of the convalescent phase (TVB 71) as negative controls and five
mAbs with a neutralization titre> 1: 512. To set the background, we probed the membrane with
only the secondary antibody (Figure 14).

We identified the same three regions of the Gn protein recognized by most of the neutralizing
mAbs tested (Table6). Two of these linear peptides were localized in the first half of the protein,
one was instead close to the transmembrane region of the glycoprotein (Figure 15), leading us to
suppose that it could concern a larger conformational epitope. We noticed that those mAbs
reacting with the soluble form of Gn showed a lower reactivity than those reacting with the whole
protein, thus it seems that the epitope (close to the transmembrane region) present only in the
whole protein could affect the strength of the binding. The three regions identified by the
neutralizing mAbs are also recognized by both sera with a higher reactivity, confirming the results
obtained with mAbs. Studies are in course, in order to analyse and, possibly, measure the affinity
strength of these mAbs. Furthermore, the serum drawn during the convalescent phase showed a
higher reactivity against the spotted peptides, compared with the serum of the acute phase. This
result is probably due to an effect of the activation of the immune system with the production of
more specific mAbs with a higher affinity.

Since cross-reactivity of sera among Phleboviruses is quite common, we decided to analyze the
capacity of some TOSV glycoproteins mAbs to neutralize viruses of the same genus of TOSV, such
as Sandfly Fever Naples Virus (SFNV), Sandfly Fever Sicilian Virus (SFSV), and Punique Virus
(PUNV). A preliminary screening on some mAbs, detected one anti TOSV mAb able to neutralize
SFNV. Unfortunately, because of a low amount of patient sera, we could not test them against
other phleboviruses. On the contrary, mAbs screened with SFSV and PUNV were all negative

(Table 8). However, these data must be confirmed on a larger number of samples.
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Figure 13. TOSV Gn glycoprotein (GenBank accession no: AEM36009.1 from aa 308-834), aa 1-416 were used to
generate membranes of 82 spots.
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*ITNFERVGFIVVKGRK'”
5y GFIVVKGRKMYIEQ™®
“IVKGRKMYIEQMKMRS®
**MYIEQMKMRSRQEFS™*°
*'MKMRSRQEFSEDQFL**

220

%RQEFSEDQFLSYKSE
*MEDQFLSYKSEGSSGS™
1o SYKSEGSSGSSVKLK?®
21GSSGSSVKLKKVKVE®®
255VKLKKVKVESSKGV>*
BIKVKVESSKGVTTSSA™

B65SKGVTTSSASKSSG™

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

2 TTSSASKSSGDEYFS™
**%SKSSGDEYFSSRYPS™™
! DEYFSSRYPSETANV?®®
**°SRYPSETANVEAHSI®
'ETANVEAHSILRRHS*”
S EAHSILRRHSAVIEV**®
7' LRRHSAVIEVNVNG®
7SAVIEVNVNGVWVVPR®®
'NVNGVWVVPRSIGYE*®®
*8WVVPRSIGYEEVLVR®®
**'SIGYEEVLVRRTSLK*”
*EVLVRRTSLKVEDTS™
' RTSLKVEDTSSRESD"
*%5EDTSSRESDTSLWE*®
*1SRESDTSLWESGKNK®>
S5 TSLWESGKNKLIVKT®®
*ISGKNKLIVKTHGPKI**®
*LIVKTHGPKIVYATA*
*'HGPKIVYATASSHGS**
3BVYATASSHGSSKSVM®™
*#15SHGSSKSVMQKPAT>®
*45SKSVMQKPATFVYLP*®
*1QKPATFVYLPYPGNS**®
***FVYLPYPGNSEIVGG®"®

73
74
75
76
77
78
79
80
81
82

**1YPGNSEIVGGDIGVH"
*EIVGGDIGVHMTEES*®
7' DIGVHMTEESSPSNI**®
S MTEESSPSNIHMVAH>*
*81SPSNIHMVAHSPAKD*”
8 HMVAHSPAKDSSEVS*®
*%1SPAKDSSEVSSSLFS*®
*%SSEVSSSLFSVHGLL*®
*'SSLFSVHGLLNYQSH*®
*%SLFSVHGLLNYQSHT*

Table 6. 82 peptides 15 aa—long shifted by 5 residues, covering TOSV Gn glycoprotein aa 1-416 (GenBank accession no: AEM36009.1 from aa 308-723).
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Figure 14. Membrane probed with: mAbs with a neutralization titre> 1: 512; patient sera (acute and 1 year post-infection); one mAbs positive to Gc glycoprotein (TVB 98); two non
neutralizing mAbs positive to Gn, one mAb of the acute phase (TVA 73) and one of the convalescent phase (TVB 71) and only the secondary antibody (K-). The circles indicate the three

regions of interest.
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Table 7. Analysis of spots reactivity.

| Reactivity 0% <25% | 25-50% >75%
mAbs
NT Titre | >1:512 >1:512 >1:512 >1:512 1:645 NEG NEG NEG 1:161 1:323
Acute Serum
Overlappingpeptides TVB 73 TVB 105 TVB 150 TVB 191 TVB 193 TVB 71 TVA73 TVB 98 Serum 1 year later
infection

Al 1 "NHLLNWPGNGAYTLS"™

A2 2 *WPGNGAYTLSDFAES™

A3 3 T AYTLSDFAESTSTLA”

Ad 4 °DFAESTSTLAYGSES®

A5 5 ZITSTLAYGSESKSWEH™

A6 6 YGSESKSWEHQLDEL™

A7 7 I SWEHQLDELSFPFF®

A8 8 **QLDELSFPFFHSNLD™ +

A9 9 “ISFPFFHSNLDKYSML> +
A10 | 10 *HSNLDKYSMLEAATE®™
A1l | 11 >IKYSMLEAATETIPIL®
A12 | 12 EAATETIPILNKSSA™

Bl | 13 IT|PILNKSSAVSTIS” + + +

B2 | 14 *NKSSAVSTISPSTHS™

B3 | 15 "IVSTISPSTHSSNASG™

B4 | 16 7 PSTHSSNASGREASL™”

B5 | 17 FISNASGREASLIKKKS™

B6 | 18 REASLIKKKSGSDMS™

B7 | 19 51 IKKKSGSDMSAFFYV™™

B8 | 20 ®GSDMSAFFYVNLAGQ™ ¥ + + n +

B9 | 21 OIAFFYVNLAGQITVVK™ Py + + +

B10 | 22 %NLAGQITVVKSDTNH'® +

B11 | 23 " TVVKSDTNHVLSND >

B12 | 24 5 DTNHVLSNDSGNSI™®

c1 | 25 2y LSNDSGNSISKTLS ™ +

c2 | 26 1265 GNSISKTLSGQKIY™®

3 | 27 BISKTLSGQKIYTPVQD™ +
c4 | 28 35GQKIYTPVQDMFSQK™

cs | 29 | *'TPVQDMFSQKGWSES™

6 | 30 B MFSQKGWSESIPSTR™® + + +

c7 | 31 PLGWSESIPSTRYSKDL™ + + +
c8 | 32 >51pSTRYSKDLSSIGL'® + + +
c9 | 33 "*TYSKDLSSIGLHTVKE™” + + +

c10 | 34 %55 SIGLHTVKESKIGT ™ + + + + +

c11 | 35 THTVKESKIGTTNFER™ +

c12 | 36 78S KIGTTNFERVGFIV'™® + + +

p1 | 37 ITNFERVGFIVVKGRK™” + + + +

D2 | 38 S5V GFIVVKGRKMYIEQ™ + + +

D3 | 39 | "'VKGRKMYIEQMKMRS*”

D4 | 40 " MYIEQMKMRSRQEFS™™ + +

D5 | 41 “'MKMRSRQEFSEDQFL’™ + +

*

REGION 1

REGION 2

63



206, 220

D6 | 42 RQEFSEDQFLSYKSE

D7 | 43 “EDQFLSYKSEGSSGS™

D8 | 44 155 YKSEGSSGSSVKLK™

D9 | 45 21GSSGSSVKLKKVKVE™®

D10 | 46 225SVKLKKVKVESSKGV>*

D11 | 47 ZIKVKVESSKGVTTSSA™

D12 | 48 Z8SSKGVTTSSASKSSG™"

E1 | 49 2 TTSSASKSSGDEYFS™”

2 | 50 *SKSSGDEYFSSRYPS™™

E3 | 51 BIDEYFSSRYPSETANVZ

E4 | 52 2P SRYPSETANVEAHSI>"

E5 | 53 *'ETANVEAHSILRRHS” +
E6 | 54 PP EAHSILRRHSAVIEV?® +
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F1 | 61 O RTSLKVEDTSSRESD™

2 | 62 %5V EDTSSRESDTSLWE>>

F3 | 63 *ISRESDTSLWESGKNK®”

F4 | 64 FToTSLWESGKNKLIVKT™ + &
F5 | 65 3215 GKNKLIVKTHGPKI®>® +

F6 | 66 3L IVKTHGPKIVYATA™ +

F7 | 67 PTHGPKIVYATASSHGS ™™ +
F8 | 68 3V YATASSHGSSKSVM® +
F9 | 69 *1SSHGSSKSVMQKPAT®™
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1 NHLLNWPGNG AYTLSDFAES TCTLAYGSEC KSWEHQLDEL SFPFFHSNLD KYSMLEAATE
61 TIPILNKSSA VCTISPSTHS SNACGREASL IKKK(]
121 VLSNDCGNCI SKTLSGQKIY TPVQDMFCQK GWSESIPSTR YSKDLCSIGL
181_MYIEQ MKMRSRQEFS EDQFLCYKSE GSSGSSVKLK KVKVESCKGV
241 TTSSASKCSG DEYFCSRYPC ETANVEAHCI LRRHSAVIEV NVNGVWVVPR CIGYEEVLVR
301 RTSLKVEDTS SRECDTCLWE CGKNKLIVKT HGPKIVYATA CSHGSCKSVM QKPATFVYLP
361 YPGNSEIVGG DIGVHMTEES SPSNIHMVAH CPAKD_LFSA 3
421LLISTTVMSI LTLLLLLVKG

Figure 15. In red, the three regions identified by pepscan analysis. In yellow, the transmembrane region of TOSV Gn
glycoprotein (LFSALLISTTVMSILTLLLLLVK), (aa 724—746 of TOSV polyprotein).

Table 8. Neutralization assay with SFNV,PUNV and SFSV.

mAbsID NT CPE 50%

1 year post infection TOSV SFNV PUNV SFNV
TVB27 1:161 1:25 - -
TVB73 >1:512 = = =
TVB 98 - - - -

TVB147 1:645 - - -
TVB161 1:645 - - -
TVB164 1:6 - - -
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By using an improved memory B cells immortalization method (Traggiai et al. 2004), combined
with parallel high throughput screening for TOSV antigens, we could isolate a panel of human
mAbs which we characterized with regard to epitope specificity and neutralizing activity.

We demonstrated that most of the neutralizing antibodies are directed to TOSV glycoproteins and
they mature with time, in fact they were all obtained from PBMCs of the convalescent phase
serum. Focusing on Gn glycoprotein, an important neutralizing epitope is probably present near
the transmembrane region, as demonstrated by some neutralizing mAbs that resulted reactive
against Gn only when expressed on the surface of Lenti-X HEK293.

These data are in agreement with pepscan analysis which showed an antibody reactivity with the
peptides present in the first half and near the transmembrane region of the protein, leading us to
hypothesize that these sequences are part of a conformational epitope. The specificity of these
regions were also confirmed by membrane probed with both patient’s sera. Furthermore, a
higher reactivity of the convalescent serum was observed in comparison with that of the serum
drawn at the acute phase, either for intensity and number of spots. This is in line with the
increase specificity that was acquired after the activation of the immune response and also
confirm the results obtained with the neutralization screening where no mAbs of the acute phase
have neutralizing activity while all neutralizing mAbs were derived from the convalescent phase.
Finally we evaluated the possible serological cross-reactivity of some TOSV mAbs to viruses
belonging to the same Phlebovirus genus. We found, among 6 mAbs tested by neutralization
assay for SFNV, SFSV and PUNV, only one (TVB 27) showed reactivity with SFNV. This is only a
preliminary screening and a larger analysis must be carried out. It could be interesting to detect
epitopes shared by other phleboviruses that could be exploited for a potential vaccine protecting

against several sandfly viruses.
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In the recent years, several arboviruses have become increasingly important human pathogens
causing neurologic disease. Among them, Toscana virus (TOSV) belonging to the Bunyaviridae family,
is considered an emergent phlebovirus, etiologic agent of acute neurological disease, such as
meningitis, meningoencephalitis and encephalitis, occurring in the Mediterranean countries
(principally Italy, Spain, France) during the summer months (Valassina et al. 2003a; Valassina et al.
2003b; Charrel et al. 2005; Sanbonmatsu —Gamez et al. 2009; Cusi et al. 2010). TOSV is transmitted to
humans by sandflies of Phlebotomus species, in particular Phlebotomus perniciosus and Phlebotomus
perfiliewi. Changes in the natural distribution and density of these arthropod vectors, influenced by
climate change and environmental modifications, can allow the spread of this phlebovirus to new
geographic areas and may facilitate the transmission to humans, leading frequently to disease that is

not diagnosed by physicians.

Aim of this PhD project was to understand the basis of TOSV pathogenesis, with the identification of
permissive cells where viral replication occurs, allowing TOSV to reach the CNS; subsequently with
the characterization of envelope glycoproteins as pathogenic determinants, we tried to identify

conserved epitopes targeted by human specific neutralizing monoclonal antibodies.

In the first part of results, we have demonstrated that TOSV, before entering the bloodstream, is able
to infect and replicate both in moDCs and in endothelial cells. TOSV, indeed, is free to move in the
blood and it is not vehiculated by specific blood mononuclear cells, as revealed by the absence of
viral genome in specific blood cells. These results were in vivo confirmed using mouse as animal
model. Mice were subcutaneously infected by TOSV, in order to reproduce the natural route of
human infection. The virus migrated from the skin, infecting DCs causing their activation, to the
draining lymph nodes and, after replication in the endothelial cells, it reached the spleen (Gori
Savellini G. et al. 2008) where, probably, a secondary virus replication occurred. Further, through
unidentified mechanisms, TOSV could enter the central nervous system (CNS) and cause neurological
disease. We have noticed in in vivo experiments that the endothelial cells in the brain sections of
infected mice were positive to TOSV antigen few days after infection, providing the proof of concept
that the virus can reach the CNS without causing disease. In these infected mice, at the vascular level
(particularly the venulae in derma), we noticed the presence of inflammatory cell infiltrates,
monocytes and, particularly, CD8+ lymphocytes, probably involved in the alteration of vascular
permeability. In fact, as previously demonstrated, dysregulation of the blood-brain barrier (BBB) is a
hallmark feature of numerous viral neurologic disorders (Koyuncu et al. 2013), and CD8+ cells are a
cell population that can promote vascular permeability in these conditions. These data were also

confirmed in vitro by testing supernatants of infected DCs and endothelial cells. A high amount of
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TNF-a was detected in the supernatant of TOSV infected DCs, indicating an activation of the immune
system. Moreover, a significant increase of IL-6, an inflammatory cytokine involved in vascular
damage or inflammation of the vascular wall, was detected in the supernatant of infected HUVECs.
Its presence led us to suppose that it could have an important role in the modulation of brain
endothelium structure during TOSV infection. The virus, in this way, might indirectly act by triggering
the release of proinflammatory lymphokines, inducing leukocyte activation, that in turn, would
activate or damage endothelial cells themselves. Due to these changes, the virus could cross the BBB
either destroying the lining of the endothelium or by passive passage through the endothelial cells.
Crossing the endothelium, the virus may enter the cerebrospinal fluid (CSF). Thus, once in the CSF,
TOSV may remain limited to the meninges, causing meningitis or meningoencephalitis or it may enter
the brain parenchyma, causing the neurological disease. All these data could partly provide an
explanation to some events described as serious manifestations of this infectious disease, such as
ischemic complication and lethal encephalitis (Sanbonmatsu —Gamez S. et. al 2009). These results
also, indicate that replication in the endothelium may be important either for the maintainance of
viremia and as a grow- through mechanism for neuroinvasion.

Future prospects will focus on a better understanding of the molecular mechanisms of virus
neuroinvasion. However, we better defined the role of inflammatory cell infiltrates, mainly CD8+
lymphocytes, in the alteration of vascular permeability of the infected tissues. Finally, the role of L-
SIGN molecule is under investigation as possible TOSV candidate receptor on endothelial cells, since
some studies have recognized this molecule as receptor for other phleboviruses (Pustylnikov et al.

2014; Van Breedam et al. 2014; Léger et al. 2016).

In the second section, we investigated TOSV glycoproteins as targets for neutralizing monoclonal
antibodies. Despite their important role in viral entry and release, biological activities of TOSV Gn and
Gc glycoproteins are incompletely understood. The glycoproteins mediate the first step in
phlebovirus replication cycle and are targets for neutralizing antibodies (Spiegel et al. 2016). The
analysis of the human immune response with the isolation of neutralizing antibodies offer a solution
to identify conserved epitopes within viral glycoproteins. To this aim, we selected a patient with
meniningitis diagnosed with TOSV infection. Memory B cells obtained from PBMCs during the acute
phase and convalescent phase were immortalized for the isolation of B cell clones producing
monoclonal antibodies. The antibodies secreted in the culture supernatants were examined against
TOSV antigens in order to characterize their specificity and to select those with neutralizing activity.
We excluded mAbs reactive to TOSV N-protein and we focused on mAbs reacting with TOSV

glycoproteins. Among the viral glycoproteins binding antibodies, we selected those having
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neutralizing activity. The high prevalence of antibodies reactive against TOSV Gn allowed us to first
characterize Gn sites reacting with neutralizing mAbs, using pepscan analysis. Overlapping peptides
covering the Gn aminoacidic sequence, excluding the transmembrane region, were spotted on
cellulose-based membranes and probed with neutralizing mAbs. Three different aminoacidic regions
were identified as reacting to the mAbs, but they were not overlapping. This feature let us to
hypothesize that these regions are part of a larger conformational epitope that can be recognized
when exposed on the viral envelope. These peptides are also recognized by both sera, with a higher
reactivity of the serum drawn one year before infection. These results are justified by the selection,
during the maturation of the immune response, of antibodies with increased affinity produced after
specific B lymphocytes clonal expansion, class switch and somatic hypermutation (Rajewsky 1996).
Finally, we tested mAbs cross-reactivity to other phleboviruses related to TOSV (Charrel RN et al.
2009; Collao X et al. 2010 Zhioua E et al. 2010). A preliminary neutralization test of some human
mAbs against SFNV, PUNV and SFSV, highlighted only one mAb cross-reactive to SFNV. However,
these are very preliminary data and a higher number of mAbs are under analysis.

The next step will be to characterize other specific Gn mAbs with pepscan analysis, in order to
confirm or identify new neutralizing epitopes, then to broaden the study, we will start to characterize
the Gc glycoprotein mAbs. Moreover, it is worthy to note that these results were based only on the
screening of mAbs derived from one patient. Thus, this study will be opened to other TOSV positive
patients, to characterize further antibodies and enlarge the spectrum of functional epitopes.
Additionally, selected mAbs will be analyzed for their cross-reactivity to antigens related TOSV virus
and other phleboviruses, with the aim to isolate mAbs able to confer cross-protection to viruses of
the same species. In the future, based on these findings, it would be ideal to formulate a cocktail of
two to three antibodies with broadly neutralizing activity, thus providing broad protection against
TOSV and serological related viruses (Traggiai et al. 2008; Rockx et al. 2008). Finally, the
characterization of these conserved epitopes could give important clues for a vaccine design against

Phleboviruses.
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Immune-modulating effects of bevacizumab in metastatic
non-small-cell lung cancer patients

EC Martino', G Misso?, P Pastina', S Costantini®, F Vanni', C Gandolfo®, C Botta®, F Capone®, A Lombardi?, L Pirtoli', P Tassone®,

C Ulivieri®, P Tagliaferri’>, MG Cusi*, M Caraglia? and P Correale’

The mPEBev is an anticancer regimen which combines a chemotherapy doublet, based on cisplatin and oral etoposide (mPE), with
bevacizumab (mPEBev), a mAb targeting the vasculo-endothelial growth factor (VEGF). In previous studies, this regimen showed
powerful anti-angiogenetic effects and significant antitumor activity in metastatic non-small-cell lung cancer (MNSCLC) patients.
We also recorded the best benefit in patients exhibiting low-systemic inflammatory profile at baseline. On these bases, we
hypothesized that mPEBev antitumor activity could be partially related to bevacizumab-associated immunological effects. For this
reason, we performed an immunological monitoring in 59 out of 120 stage lllb-IV NSCLC patients enrolled in the BEVA2007 phase |l
trial, who received fractioned cisplatin (30 mg/sgm days 1-3g21) and oral etoposide (50 mg, days 1-15g21) (mPE doublet)

+ bevacizumab. In this group of patients, 12 received the mPE doublet alone and 47 the doublet in combination with bevacizumab
(5 mg/kg on the day 3g21; mPEBev regimen). Blood cell counts, serum analysis, multiplex cytokine assay and
immunocytofluorimetric analysis, performed on baseline and post-treatment on blood samples from these patients, revealed that
bevacizumab addition to the doublet decreased levels of pro-angiogenic (VEGF, Angiostatin-1 and Follistatin) and inflammatory
cytokines (interferon (IFN)y, IL4 and IL17), improved in vivo and in vitro cytotoxic T-lymphocytes (CTL) response and promoted
dendritic cell activation. These results suggest that the mPEBev regimen improve the micro-environmental conditions for an
efficient antigen-specific CTL response, making it a feasible candidate regimen to be assessed in combination with immune-

checkpoint inhibitors in NSCLC patients.

Cell Death Discovery (2016) 2, 16025; doi:10.1038/cddiscovery.2016.25; published online 3 October 2016

Non-small-cell lung cancer (NSCLC) is the most common
malignancy and the leading cause of cancer death worldwide.'
The majority of NSCLC patients who cannot undergo curative
surgery and who are diagnosed with advanced disease, have a
poor prognosis with a survival time that usually does not exceed
8-10 months.” The standard treatment for metastatic (m) NSCLC
patients is based on doublets of platinum derivatives in
combination with a second cytotoxic drug,>® or molecular
target-specific inhibitors for patients presenting activating EGFR
mutations (Erlotinib, Gefitinib and Afatinib) or EML-ALK transloca-
tions (Crizotinib, etc).*® The efficacy of poly-chemotherapy in
non-squamous NSCLC has been further improved by a multidrug
combination with bevacizumab, a humanized IgG1 to the vascular
endothelial growth factor (VEGF).>” More recently, active immu-
notherapy and immune-checkpoint inhibitors are entering in the
treatment of mNSCLC. In particular, two monoclonal antibodies
(mAbs), Nivolumab and Pembrolizumab, have shown evidence of
antitumor activity in these patients.®2'* Nivolumab and Pembro-
lizumab are two mABs directed to the programmed cell death
receptor (PD)1, commonly expressed on activated antigen-specific
cytotoxic T lymphocytes (CTLs), residual of a pre-existing tumor-
specific immune-response.®'®> PD1 binding with its specific
ligands (PDL-1 and 2) in tumor tissue, leads to the immediate
deactivation of the effector cells®'® and, therefore, it represents a
powerful inhibitory immune-checkpoint and a formidable

mechanism of immune-escape for cancer cells.®'* In this context,
it has been shown that the VEGF deprivation induced by
bevacizumab may stimulate immunological alterations, which
could contribute to enhance the efficacy of chemotherapy and the
survival of cancer patients."*'® In fact, VEGF is a soluble dimeric
protein family with multiple bio-regulative activities, mainly
released in hypoxic and inflammatory conditions by mature
granulocytes and platelets.'?* It is worldwide known for its
ability in inducing endothelial proliferation, neo-vessel formation
and normalization in cancer patients; however, its bio-regulative
activity is very pleyotropic and complex, and also involves the
anticancer immune-system. In fact, its effects are mediated
throughout the binding to five different membrane receptors,
which are, in turn, expressed on endothelial precursors and other
cell lineages including myeloid precursors, dendritic cells (DCs),
lymphocytes and mesencephalic neurons.'>*> Therefore, VEGF
release might exert multiple and different functions, including
both neutrophils’ and inhibitory myeloid cells’ maturation, as well
as inhibitory effects on DC maturation and CTL precursors’
activation.”'® We have previously designed a phase I/Il clinical
trial (BEVA 2007 study) aimed to investigate the toxicity and the
biological and antitumor activity of a novel metronomic bio-
chemotherapy regimen (mPEBev) in mNSCLC patients. This
regimen combined a previously described mPE doublet of
cisplatin and oral etoposide, with bevacizumab (Bev). Our
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preliminary results showed that the addition of bevacizumab
to the metronomic doublet was safe and very active in term
of antitumor activity.>?® We also found that the mPEBev
administration was followed by a rapid decline in the primary
tumor blood flux (perfusional CT scan)®® paralleled by a sign-
ificant decline in VEGF, angiopoietin-1, thrombospondin-1 serum
levels®® and systemic inflammatory markers (NLR, CRP, LDH and
myeloperoxidase).>>*® An additional study carried out by our
group, demonstrated that the best advantage on progression-free
survival and overall survival were recorded in patients who
presented a lower systemic inflammatory profile before the
beginning of the treatment?” These findings suggested that
bevacizumab and, therefore, VEGF deprivation could synergize
with the cytotoxic drug doublet through different mechanisms:
(i) direct anticancer effects, (ii) anti-angiogenetic activity and
(iii) immune-modulating activity. On these bases, with the present
study we have evaluated immunological alterations in serum and
peripheral blood mononuclear cells (PBMCs) derived from 59
patients who had received mPE doublet +bevacizumab from
September 2012 to May 2015. We also performed a fuctional
ex vivo study on antigen-specific T-cell lines generated from
patients’” PBMCs isolated at baseline and after two and four
treatment courses.

RESULTS

Demography

The BEVA2007 was a phase |l trial, designed on translational bases
and approved by the Siena University Ethical committee on March
2007. It was performed to assess toxicity, biological activity and
antitumor activity of the mPE doublet + bevacizumab in mNSCLC
patients. One-hundred and fifteen, stage lllb-IV NSCLC, patients
signed an informant consent and were enrolled in the BEVA2007
trial since April 2007. All of them received the chemotherapy
doublet, alone (30 patients; PE group) or combined with
bevacizumab (85 patients; mPEBev group). We subsequently
performed a pre-ordered immune-biological investigation, on the
peripheral blood of 59 (51%) of these patients. Twelve out 59
patients had received the mPE doublet alone, whereas 47 had
received the doublet combined with bevacizumab (mPEBev).
Blood cell counts, serum analysis, multiplex assays and flow
cytometry analysis were performed on blood samples isolated at
baseline and after two and four treatment courses. The clinical
features of these patients are shown in the Table 1.

Pro-angiogenic factors

Our multiplex assays detected a significant decline in the serum
levels of multiple pro-angiogenic factors in the group of patients
who received the mPEBev regimen, where it was found a

Table 1. Patients enrolled in the BEVA2007 trial undergone the
immune-biological monitoring
mPE mPEBev
Patient number 12 47
Age 69 (range 59-83) 62 (range 33-82)
Gender
Male 10 37
Female 2 10
Hystology
Adenocarcinoma
Squamous

Undifferentiated

NP WU
ENENY

Not specified
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significant decrease in VEGF (early event), angiopoietin-2 and
follistatin (late events). For these patients, we were unable to
demonstrate any significant change in the levels of other factors
potentially involved in both tumorigenesis and neo-angiogenesis,
such as HGF, PECAM-1, Leptin, PDGF-BB, G-CSF and IL8 (Figure 1).

Inflammatory cytokine release

We performed, in the same patients, an additional multiplex assay
to detect possible treatment-associated changes in serum levels of
cytokines involved in different immunological and inflammatory
profiles. We found a significant decrease of IFNy (Tp1), IL4 (T2)
and IL17 (T,17) levels only in the group of patients who received
the bevacizumab-based treatment and not in those who received
the mPE doublet. The latter group of patients, conversely, showed
a trend to increase IL8 and IFNy levels, even though without
reaching statistical significance. Finally, both groups of patients
showed a trend to increase IL10 and G-CSF levels, also in this case,
without reaching statistical significance (Figure 2).

Immunocytofluorimetric analysis

A multicolour flow cytometry study was carried out on the PBMCs
from these patients, showing a parallel and coordinate increase in
activated (CD8*CD62L*), central-memory (CD8"C45RA"CCR7%;
T.m) and long-term memory (CD8"C45RA"CCR7*CD27%) CTLs; a
trend to increase regulatory T cells (T.g) was recorded only in
patients who received the mPEBev regimen. On the other hand,
patients who received the metronomic doublet alone; showed a
significant increase in TS (Figure 3a). In this set of patients, both
treatment regimens did not induce significant changes in the
levels of CD3*CD4", CD3*CD8* and natural killer cells (CD3'CD16*
CD56%;NK) cells (P> 0.05).

In PBMcs we also evaluated the effects of treatments on
professional antigen-presenting cells, like DCs and myeloid
derivative inhibitory cells (MDICs). We found that only mPEBev
treatment, was associated with a significant increase in the

FOLD CHANGE TI BASELINE VALUES

Pro-angiogenetic factors

Figure 1. A multiplex analysis concerning the dosage of multiple
pro-angiogenetic factors in the serum of mMNSCLC patients enrolled
in the BEVA2007 trial who have received the mPE doublet alone (m)
or combined with bevacizumab (). Results are expressed as fold
induction relative to baseline indicated as 1 (+S.E.). Asterisks
represent statistical significance to the correspondent baseline
values (*P < 0.05; **P < 0.01).

© 2016 Cell Death Differentiation Association



5 9
B4
P
= 3
%
<
[a]
O
3]
53]
E )
|©]
q
*
© 11 -
%
0 -
TNFa IFNy IL12 iL10 L4 17 L8 G-CSF
Cytokines

I mPE | mPEBev

Figure 2. A multiplex analysis concerning the dosage of Tyl
(IFNy, TNFa and IL12), T2 (IL4 and IL10), Ty17 and inflammatory
cytokines (IL8 and G-CSF) in the serum of mNSCLC patients enrolled
in the BEVA2007 trial who have received the mPE doublet alone (m)
or combined with bevacizumab (m). Results are expressed as fold
induction relative to baseline indicated as 1 (+S.E.). Asterisk
represents statistical significance to the correspondent baseline
values (*P < 0.05).
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percentage of activated DCs (CD37CD19°CD11¢c"CD14*CD157),
expressing either CD83 or CD80. Conversely, an increasing trend,
even if not significant, was observed in the percentage of
activated MDICs (CD11b*CD147CD15") in both groups of patients
(Figures 3b and 4).

Ex vivo characterization of patients-derived antigen-specific
T-cell lines
We performed an ex vivo study on PBMCs isolated from patients
at the baseline and after four treatment courses with mPE
(four patients) or mPEBev (four patients), to verify whether these
regimens were able to interfere with the generation of active
antigen-specific CTLs. We evaluated multiple T-cell functions
which could be potentially affected by the metronomic doublet
+bevacizumab. Thus we cyclically stimulated ex vivo PBMCs
collected from patients with three antigens with completely
different features: (i) streptococcal-B-superantigen (SEB), a bacter-
ial antigen able to over-stimulate both CD3*CD8" and CD3"CD4*
subsets;*® (i) immune-reconstituted influenza virosome (IRIV), an
antigenic influenza virus membrane envelope, expressing high-
immunogenic flow antigens and multiple T helper epitopes®® and
(iii) thymidylate synthase poly-epitope peptide vaccine (TSPP), a
27-mer peptide which assembles multiple class I-HLA restricted
CTL epitopes of the thymidylate synthase, a tumor-associated
enzyme commonly overexpressed in colo-rectal and NSCLC cancer
patients.>® TSPP was tested in previous preclinical studies showing
the ability of generate an efficient antitumor in vitro CTL response,
both in mice and in cancer patients.3'32

After multiple in vitro stimulations (IVSs), we evaluated the
percentage of proliferative T cells (CD3*CD8*Ki67*) and Th1/Th2
cytokine release in response to the three antigens. In our setting,

I mPE || mPEBev
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Peripheral T cells
Figure 3.

DCs / MDICs

A flow cytometric analysis concerning the expression of (a) different T-cell subsets and (b) myeloid derivative cells (activated DCs

and MDICs) in the PBMCs of mMNSCLC patients enrolled in the BEVA2007 trial who have received the mPE doublet alone (=) or combined with
bevacizumab (ml). Results are expressed as fold induction relative to baseline indicated as 1 (+ S.E.). Asterisks represent statistical significance

to the correspondent baseline values (*P < 0.05; **P < 0.01).
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Figure 4.
treatment courses with mPE doublet and bevacizumab (c and d).

the T-cell lines derived from PBMCs isolated at the baseline,
showed a minimal proliferative response to the three antigens
(data not shown and Figure 5a). On the other hand, T-cell lines
derived from PBMCs isolated after four treatments courses,
showed a minimal proliferative response to TSPP and SEB (data
not shown) and a higher response to IRIV (Figure 5a). Moreover,
we observed a greater percentage of proliferative antigen-specific
precursors in T-cell lines derived from patients receiving the
mPEBev regimen, compared with the others (fold change to
baseline values, mPE versus mPEBev =2.2 (+0,55) versus 4. 1 (+0,4),
P=0.049; Figure 5a). The functional antigen-specific cytokine
response of these T-cell lines also showed a powerful T,,1 response
with parallel tumor necrosis factor (TNF)a and IFNy release, only in
T cells derived from both mPEBev-treated patients and normal
donors. Furthermore, there was no different response to the three
antigens used for each specific T-cell line in vitro sensitization
(Figures 5b-d). These experiments also showed that T cells
derived from the mPEBev-treated patients had a greater IL10
release in response to IRIV and TSPP. On the other hand, patients
receiving the chemotherapy doublet alone, prevalently showed a
non-cytotoxic T,,2 immune-response with an increased antigen-
specific release of IL4 (Figures 5b-d).

DISCUSSION

In the present manuscript, we report the results of an
immunological study performed on 59 patients, enrolled in the
BEVA2007 trial, who received frontline treatment according to
the mPE doublet +bevacizumab. We show that the addition of
the mAb to the chemotherapy in mNSCLC patients, as partially
observed in our previous studies,>™® decreases their systemic
inflammatory status and promotes anticancer immune-
modulating effects. In fact, we found that the mPEBev regimen
causes, in patient's serum, significant reduction in the levels of
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CD14

Flow cytometry dot plots of two representative patient PBMCs: activated DCs, isolated at the baseline (a and b) and after four

VEGF and other anti-angiogenetic factors, including Angiopietin 2
and Follistatin, an inhibitor of both TGF-8 superfamily activin and
FGF-2R angiogenesis inducer.*® These events were paralleled by a
progressive decline in NLR (data not shown),%® and IFNy, IL4 and
IL17 serum levels. All together these cytokines are expression of
cancer-associated systemic inflammation, that is paralleled by
immune-suppression and neo-angiogenesis;*>**3# therefore, it is
possible to hypothesize that a parallel and progressive reduction
of pro-angiogenic factors can have a role in the ultimate antitumor
effects of the mPEBev regimen. Bevacizumab is commonly
considered an anti-angiogenic agent because it subtracts free
VEGF that, in turn, promotes endothelial precursors’ recruitment
and neo-angiogenesis in tumor tissues. However, it has to be
considered that VEGF effects are not limited to endothelial cells. In
fact, VEGF is not produced only by tumor, but it is also transported
to tumor tissues by platelets and inflammatory cells (i.e.
neutrophils and monocytes) during cancer-associated inflamma-
tion and hypoxic status.'®?? VEGF, in addition, promotes
activation and differentiation of neutrophils, monocytes and
MDICs, and impairs the immune-system by affecting DCs and
specific T-cell subsets.'®?2 These findings support the hypothesis
that a systemic inflammation state at the baseline (before the
beginning of treatment) is strongly predictive of poor prognosis
in cancer patients receiving bevacizumab and/or other
immunological-based treatments. Moreover, it has also been
reported that IL17, a pro-inflammatory cytokine produced by T,17
subsets upon stimulation by IFNy, promotes immune-suppressive
chronic inflammation that can be present in both auto-immune
diseases and cancer. In fact, IL17 attracts neutrophils, myeloid
derivative inhibitory cells and increases VEGF levels in tumor
micro-environment. High IL17 levels are strictly involved in
tumorigenesis, metastatization and in promotion of VEGF-
independent neo-angiogenesis in different malignant diseases.
In the case of lung cancer development, IL17 serum levels

© 2016 Cell Death Differentiation Association
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(a) A flow cytometric analysis concerning the expression of CD8*Ki67" cells in T-cell cultures undergone multiple in vitro stimulation

with IRIV and derived from the PBMCs of normal donors (ND) or mNSCLC patients isolated at the baseline (=) and after four treatment courses
(mm) with the mPE doublet alone or combined with bevacizumab (mPEBev). Further panels describe the ELISA dosage of Ti,1 (IFNy, TNFa ) and
Th2 (IL4 and IL10) cytokines in the supernatant of T-cell cultures in vitro stimulated with SEB (b), IRIV (c) and TSPP (d), and derived from the
PBMCs of normal donors (ND) or mNSCLC patients and isolated at the baseline (m) or after four treatment courses (M) with the doublet alone
(mPE) or combined with bevacizumab (mPEBev). Results are expressed as fold induction relative to baseline indicated as 1 (+S.E.). Asterisk
represents statistical significance to the correspondent baseline values (*P < 0.05).

correlate to poor prognosis and serum VEGF levels.>” Moreover,
IL17 promotes angiogenesis by stimulating VEGF production of
NSCLC cells via the STAT3/GIV signaling pathway.>® The results of
our study also revealed that bevacizumab combination with the
anti-blastic doublet is correlated with a significant increase
in activated (CD8"CD62L") CTLs, long-term effector memory
(CD8*CD27") and central-memory (CD8"C45RA'CCR7") CTLs. In
addition, our ex vivo investigation was on line with these findings;
in fact, antigen-specific T-cell proliferation, as well as a greater
antigen-specific Th1 response with potential cytotoxic activity,
was recorded only in PBMCs derived from patients who had
received the mPE doublet plus bevacizumab. On the other hand,
the homologs T cells lines derived from mPE group showed a poor
antigen-specific proliferative response and a non-cytotoxic, pro-
humoral Th; response. In our experiments, the antigen-specific
IL10 production suggests an immune-response as a possible
inhibitory  feed-back response to antigen-specific over-

© 2016 Cell Death Differentiation Association

stimulation.®® In the present study, we were unable to identify
possible effects of mPEBev on MDICs expression in patients’ blood
samples; on the contrary, mPEBev regimen was able to increase
the percentage of activated and mature myeloid derived DCs, as
shown by a significant increase in CD83" and CD80"-positive cells.
The latter findings suggest that VEGF deprivation can improve
antigen presentation by promoting DC expression and activation;
this, in turn, can induce the expansion of the effector T-cell
compartment with long-term memory and high-tumor-specific
killing activity and enable to achieve distant lymph-nodes and
tumor sites, producing the chemotactic chemokines 19 and 21
recognized by the chemokine receptor (CCR)-7 expressed on the
surface of these CTLs.3%%°

It is commonly accepted that in condition of hypoxia and
chronic inflammation, granulocyte produce high levels of VEGF
that, in turn, by interacting with the FLT-1/VEGFR1, promotes neo-
angiogenesis for tissue repair, and the expansion and maturation
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of additional myeloid cells.*"*> MDICs family is a blood cell
lineage population dependent by VEGF, IL10 and IL-13 levels.
Once activated, MDICs may exerts a powerful immunological
inhibitory activity affecting the activation of both DCs’ and
antigen-specific CTLs' precursors.*’*? On this light, we
have previously reported that VEGF deprivation, induced by the
mPEBev regimen, is associated to a progressive decrease in the
number and maturation of neutrophils.*’*? In the present study,
we were unable to demonstrate possible treatment-associated
changes in the percentage of CD14"CD15"CD11b*CD66b* MDICs
in patients' peripheral blood, mostly due to the significant
heterogeneous results obtained in these patients' samples.
However, the present finding do not exclude that the inhibitory
activity of these cells is repressed by VEGF deprivation, as
suggested by the results on DC activation, CTL response and
ex vivo results on antigen-specific CTLs. Additional experiments
are presently ongoing to evaluate the effective role of MDICs
deactivation in patients receiving bevacizumab and platinum
based doublets. In previous studies, in line with the results of
other authors, we have observed that patients receiving mPEBev
treatment may develop parenchimal fibrosis and cavitations in
lung sites apparently not involved by the tumor and more rarely
in lethargic encephalitis.>>"2¢4*** These events can be, at least in
part, explained by the occurrence of autoimmunity or of excessive
immune-effector-mediated  response  to  subclinical viral
infections.**** On the basis of these results, we can hypothesize
that the immunological effects associated to bevacizumab
administration could, at least theoretically, synergize with
chemotherapy in enhancing the final antitumor effect in mNSCLC
patients. In this light, it has been proposed that necrosis, massive
antigen release and the formation of apoptotic bodies, caused by
cytotoxic drugs in tumor tissues, could decrease the levels of
immune-response inhibition mediated by PD-1/PD-1 ligand
interactions. The latter effect can, in turn, cause a powerful
immunological danger signal, thus leading to an increase of
efficient antigen-specific CTL response with long-term memory.
This observation has represented the bases for the combination of
chemotherapy and/or radiotherapy with immune-adjuvant cyto-
kines, active-specific immunotherapy and checkpoint inhibitors, in
the treatment of human malignancies.**' Previous results from
us and others have already shown preclinical evidence that both
chemotherapy and bevacizumab administration may affect
MDICs and T.gs' expansion”®>' whereas the present study
demonstrate that it may also improve DC maturation and enhance
CTL response, thus producing a more complex and efficacious
antitumor effect. Moreover, the long-term effects of bevacizumab
on the effector memory T cells and T,1 lymphocyte subsets
could have a positive impact on patients’ survival because
the antitumor specific immune-response can be auto-sustained
after the end of the treatment.’®*' In conclusion, bevacizumab
immune-modulating effects, together with its anti-angiogenetic
properties, could equally contribute to define the ultimate
antitumor effects in cancer patients, thus increasing their survival.
Our results suggest that the mPEBev regimen promotes the best
conditions for an efficient antigen-specific CTL response and
makes the mPEBev a potential candidate regimen to be assessed
in combination with immune-checkpoint inhibitors in NSCLC
patients.

SUBJECTS AND METHODS

Study design

The study protocol code #BEVA2007 was performed in accordance to the
good clinical practice guidelines and was approved by the Bioethics
Committee of the University of Siena. All patients provided a written
informed consent. The inclusion criteria were: histological diagnosis of
mNSCLC, performance status (ECOG) from 0 to 2, normal renal and hepatic
function, WBC count >2500/mm3, hemoglobin >9 g/dl, platelet cell
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count >90 000/mm?> and normal cardiac function. The exclusion criteria
were: central tumors with high risk of bleeding (excavated with large
necrosis and infiltration of large arterial and venous structures) for
bevacizumab use, a history of other severe cardiovascular disease,
arrhythmia, second malignant tumors and signs of active infections.

Treatment schedule

All of the patients received every 3 weeks, iv. cisplatinum (30 mg/sqm) on
days 1-3, daily oral etoposide (50 mg) on days 1-15 and bevacizumab at
5mg/kg on the day 3, for a maximum of four consecutive cycles.
Subsequently, all patients who did not show a progression of disease,
received erlotinib administration (150 mg/die) until progression of disease,
starting 1 week after last chemotherapy course.

Biological analysis and blood sampling

Peripheral blood samples (10 ml) were withdrawn at baseline and 1h
before any treatment cycle, for either serum and PBMC isolation. Serum
derived from standard peripheral blood centrifugation and PBMCs
obtained by Ficoll-Hypaque (Celbio S.P.A, Italy) gradient separation
medium, form heparinized blood samples, were immediately frozen and
stored as described in previous studies®® Lymphocytes, platelets,
neutrophils and monocytes were evaluated by hemocytometric cell
counts, while their feature was evaluated by microscope analysis. Flow
cytometry was perfomed on patients’ PBMCs by carrying out standard
multicolor immuno-cytoflurimetric analysis with conjugated anti-CD3, CD4,
CD8, CD27, CD62L, CD19, CD16, CD56, CD25, FoxP3, CCR7, CD45Ra, CD11b,
CD11¢, CD14 and CD15, all purchased by eBioscience, USA.

Bio-Plex assay

Blood samples were collected from a peripheral vein at baseline and after
3 treatment courses and kept on ice. Serum was collected by centrifuga-
tion (3000 r.p.m. for 10 min at 4 °C), aliquoted and stored at —80 °C until
analyzed. A multiplex biometric ELISA-based immunoassay, containing
dyed microspheres conjugated with a monoclonal antibody specific for a
target protein was used according to the manufacturer’s instructions
(Bioplex, Bio-Rad Lab., Inc., Hercules, CA, USA). Soluble molecules were
measured using either commercially available kits or customized kits for
the evaluation of the following cytokines: Interleukin(IL)4, IL8, IL10, IL12,
IL17, IFNy, TNFa, VEGF, granulocyte colony-stimulating factor, angiopoie-
tin-2, HGF, PECAM-1, Leptin, PDGF.BB and Follistatin. Each experiment was
performed in duplicate using the same procedure described in previous
papers.>® Serum levels of all proteins were determined using a Bio-Plex
array reader (Luminex, Austin, TX, USA) that quantifies multiplex
immunoassays in a 96-well plate with very small fluid volumes. The
analyte concentration was calculated using a standard curve, with software
provided by the manufacturer (Bio-Plex Manager Software, Hercules, CA,
USA).

In vitro stimulation of patients’ PBMC
PBMCs were isolated from four different patients who had received the
mPEBev regimen and three patients who had received the mPE treatment.
Blood samples taken at baseline and after three treatment courses were
seeded in 24-multi-well plate at the final concentration of 10° cells/ml in
complete medium (AIM-V) with 5% heat inactivated human AB serum.
As previously described,*® PBMCs were in vitro stimulated every 15 days
with autologous irradiated PBMCs loaded with SEB (1 ug/ml), IRIV (5 ug/ml)
or TSPP (10 pug/ml), in complete medium containing IL4 (0.5 ng/ml),
granulocyte macrophage colony-stimulating factor (15 ng/ml) for 5 days,
and then followed by 10 days of culture in the presence of IL2 (25 Ul/ml)
before being restimulated with the same modalities.

Flow cytometry was performed on T-cell lines after three IVS with IRIV,
whereas cytokine assays were performed by Bioplex analysis on the
supernatant T cells after 4 IVS with the specific antigen.

Statistical analysis

The between-mean differences were statistically analyzed using Stat View
statistical software (Abacus Concepts, Berkeley, CA). The results were
expressed as the meanzS.D. of four determinations made in three
different experiments, and the differences determined using the two-tail
Student’s t-test for paired samples. A P-value of 0.05 or less was considered
statistically significant.

© 2016 Cell Death Differentiation Association
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Abstract Toscana virus (TOSV) is a Phlebovirus responsible
for human neurological infections in endemic Mediterranean
areas. The main viral target is the central nervous system, with
viremia as a way of dissemination throughout the host. This
study was aimed at understanding the spread of TOSV in the
host by identifying the cell population infected by the virus
and the vehicle to the organs. In vivo studies provided evi-
dence that endothelial cells are infected by TOSV, indicating
their potential role in the diffusion of the virus following vi-
remic spread. These results were further confirmed in vitro.
Human peripheral mononuclear blood cells were infected with
TOSV; only monocyte-derived dendritic cells were identified
as susceptible to TOSV infection. Productive viral replication
was then observed in human monocyte-derived dendritic cells
(moDCs) and in human endothelial cells by recovery of the
virus from a cell supernatant. Interleukin-6 was produced by
both cell types upon TOSV infection, mostly by endothelial
cells, while moDCs particularly expressed TNF-«, which is
known to induce a long-lasting decrease in endothelial cell
barrier function. These cells could therefore be implicated in
the spread of the virus in the host and in the infection of tissues
that are affected by the disease, such as the central nervous
system. The identification of in vitro and in vivo TOSV cell
targets is an important tool for understanding the pathogenesis
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of the infection, providing new insight into virus—cell interac-
tion for improved knowledge and control of this viral disease.

Keywords Toscana virus - Target cells - Infection

Introduction

Toscana Virus (TOSV), belonging to the Bunyaviridae family,
has been associated with the occurrence of acute neurological
diseases, such as meningitis, meningoencephalitis and en-
cephalitis, in the Mediterranean countries (mainly Italy,
Spain and France) during summer months (Valassina et al.
2003a, b; Charrel et al. 2005; Cusi et al. 2010,
Sanbonmatsu-Gamez et al. 2009). In the countries where
TOSV is present, it is among the most prevalent viruses caus-
ing meningitis during the warm season, together with entero-
viruses and herpesviruses (Cusi et al. 2010; Charrell et al.
2012). TOSV is transmitted by Phlebotomine sandflies, but
its animal reservoir has not yet been identified, although sero-
logical studies have found anti-TOSV-specific antibodies in
some animal species (Navarro-Mari et al. 2011), indicating
that it can also infect these animals. Asymptomatic infection
and infection without central nervous system involvement
(Charrel et al. 2005) have also been described; thus, the path-
ogenesis of Toscana virus is still largely unclear (Cusi et al.
2005). Most attention has been focused on the identification of
factors involved in the progression of the disease. An intrigu-
ing aspect is the understanding of the mechanisms involved in
the spread of the virus into the central nervous system (CNS).
It has been postulated that arboviruses invade the CNS across
the blood-brain barrier either by passive diffusion or by rep-
lication in microvascular endothelial cells (Dropulic and
Masters 1990; Sahni 2007); consequently, the level of viremia
may be critical in determining the chances of the virus passing
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into the brain. This study aimed at analysing which cell types
can be infected by TOSV after the virus has entered the host.
For this purpose, we infected human peripheral blood mono-
nuclear cells (PBMC) in vitro with TOSV in order to identify
the cell populations that might be susceptible to the virus.
Moreover, we evaluated the ability of the virus to infect
in vivo mouse brain microvascular endothelial cells, in order
to investigate their role in the viral neuroinvasive process.

Materials and methods
Virus and cells

Vero cells were grown as a monolayer in Dulbecco’s modified
Eagle’s medium (DMEM) (Lonza, Milan, Italy) supplemented
with 5 % heat-inactivated foetal calf serum (FCS) (Lonza) and
100 U/mL penicillin/streptomycin (Hyclone Europe, Milan,
Italy) at 37 °C. Toscana virus, strain 1812 (TOSYV, isolated
from the cerebrospinal fluid (CSF) of a patient with meningi-
tis) was propagated on Vero cells as previously described
(Cusi et al. 2005). Human humbelical vein endothelial cells
(HUVECs) (Cambrex corp., Walkersville, MD) were cultured
and subcultured in endothelial basal medium (EBM-2)
(Cambrex. Cp) supplemented with 10 % FCS, hydrocortisone
(1 mg/ml), human epidermal growth factor (EGF) (0.1 mg/ml)
and bovine brain extract (BBE) (1 mg/ml) in 5 % CO2 at
37 °C. PBMCs were isolated from a buffy coat of TOSV
seronegative healthy donors, upon informed consent, by
Ficoll-Hypaque gradient separation and resuspended in
RPMI 1640 medium (Hyclone, Cramligton, UK) supplement-
ed with 10 % FCS (Life Technologies, Milan, Italy) and IL-2
(50 Ul/ml) (CHIRON, Emervylle, CA, USA).

Generation of human monocyte-derived dendritic cells

Monocyte-derived dendritic cells (moDCs) were generated by
culturing human PBMCs in the presence of granulocyte—mac-
rophage-colony stimulating factor (GM-CSF) (50 ng/ml) and
IL-4 (for 0.5 ng/ml) (R & D Minneapolis, MN, USA) for
7 days, as described elsewhere (Bell et al. 1999). To estimate
immature monocyte-derived dendritic cells phenotype, cul-
tures were examined for the expression of CD11¢ and CD83
(Chemicon, Germany) as described below.

TOSY infection of endothelial and dendritic cells in vitro

HUVECs and moDCs were, respectively, seeded in 6-well
culture plates at a density of 5x10° and 1x10° cells per well
and incubated at 37 °C in 5 % CO, atmosphere. Cells were
then infected with TOSV at a multiplicity of infection (MOI)
of 1, 3 or 5 and, after 90 min at 37 °C, washed with medium.
Twenty-four, 48, 72 and 96 h later, cells were collected and
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assayed by indirect immunofluorescence assay (IFA). Briefly,
cells were spotted on slides and fixed for 10 min at room
temperature with cold methanol/acetone. Cells were then in-
cubated for 1 h at 37 °C with anti-TOSV N protein (provided
by DIESSE Srl, Siena, Italy; diluted at 1:200). After
washing with PBS, fluorescein-labelled anti-mouse IgG
(Sigma, Milan, Italy) was added for 1 h at 37 °C.
Immunofluorescence was visualised using a Diaplan micro-
scope (Leica Microsystems, Milan, Italy). Infected moDCs
were also analysed by cytofluorimetric analysis, as described
elsewhere (Lozach et al. 2011). After fixation and perme-
abilization with phosphate buffered saline (PBS) containing
0.5 % saponin and 2 % FCS, cells were stained with anti-
TOSV N protein monoclonal antibody (diluted at 1:50) for
30 min on ice. After two washing steps, cells were incubated
with FITC-conjugated anti-mouse IgG (Sigma, Milan, Italy,
diluted at 1:100) and anti-hCD4-PE mAb (Sigma, Milan,
Italy, diluted at 1:10) or anti-hCD8-PerCy5 mAb
(Chemicon, Germany, diluted at 1:10), anti-hCD11¢c-PE
mAb (Chemicon, Germany, diluted at 1:10), anti-hCD14-PE
mAb (Chemicon, Germany, diluted at 1:10), anti-hCD19-PE
mAb (Chemicon, Germany, diluted at 1:10), or anti CD83
(Chemicon, diluted 1: 50). Stained cells were washed in
PBS and analysed using a FACSCalibur with CellQuest soft-
ware (BD Biosciences, San Jose, CA). The supernatant of
infected HUVECs and moDCs was collected 1, 2, 3,and 4 days
after infection for virus titration.

TOSY titration

Briefly, the supernatant of infected cells was diluted tenfold
and titrated by plaque assay on a 6-well plate of Vero cells and
incubated at 37 °C in 5 % CO, for 1 h (Hemmersbach-Miller
et al. 2004). The medium was then removed, and 3.5 ml of
overlay medium containing 3 % purified agar (Oxoid, Milan,
Italy) was added. After 5 days, the cell sheet was stained with
neutral red, and the viral titre was determined as plaque
forming units/ml (PFU/ml). Mock-infected cells were includ-
ed in each experiment as controls. All experiments were re-
peated three times.

Cytokine assay

Supernatants of HUVECs and moDCs collected 24, 48, 72
and 96 h after TOSV infection were tested for the presence
of interleukin-6 (IL-6) and tumour necrosis factor-oc (TNF-x)
by ELISArray (SABiosciences Corp. Frederick, MD, USA)
following the manufacturer’s instructions. To determine
interferon-3 (IFN-(3), the supernatant was assayed at the same
time points using the human IFN-f3 ELISA kit (PBL
Interferon Source, Piscataway, NJ, USA) according to the
manufacturer’s protocol.
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Permeability assay

Permeability assays were performed on 24-well plates with
polycarbonate filters (3 um pore and 6 mm diameter
(Corning Life Sciences, The Netherlands) coated with
HUVECs (5x10* cells per cm?) in 300 ul of complete
EBM2 medium (upper compartment) and cultured until con-
fluence (2 days). Lower compartments contained 700 pl of
medium. Before the permeability assay, HUVECs were
washed with medium and transferred to a new plate.

Cells were then infected in triplicate with TOSV at an MOI
of 1 and incubated at 37 °C for 5 h. Human PBMCs (2x 10%),
previously isolated as described, were then added to each well
coated with infected HUVECs and incubated at 37 °C for
24 h. Finally, FITC-dextran (4 KDa mol wt, Sigma, Milan,
Italy) (0.5 mg/ml) was added to the upper chamber of the
filter, and after 3 h, the fluorescence intensity of transmigrated
FITC-dextran was measured in the upper and lower chambers
using a Perkin-Elmer fluorimeter (490-nm excitation, 530 nm
emission). Uninfected HUVECsS, uninfected HUVECs+
PBMCs and TOSV-infected HUVECs were used as controls.
In order to monitor TOSV infections, endothelial cell mono-
layers in 96-well plates were infected at the same MOI as the
Transwell plates. At 24 h post-infection, cells were fixed and
tested for the presence of virus by immunofluorescence. The
assay was repeated three times. The FITC dextran
transmigrated across the membrane was calculated as the ratio
of fluorescence units/ml in the upper and lower chambers for
all experimental samples. A ¢ test for in vitro permeability
assay was performed using a SigmaStat (San Jose,
California), and p values of <0.05 were considered significant.

Animal infection

Four-week-old female BALB/c mice (Charles River, Milan,
Italy) were used for TOSV infection. Groups of four mice
were subcutaneously (sc.) injected with 200 pl of TOSV
1812 V (3x10° PFU/ml) (Cusi et al. 2005). Blood was drawn
from mice 24 h and 3 and 6 days after infection for viral
genome detection. Mouse blood samples were centrifuged at
1600g for 5 min. Plasma was recovered, while the buffy coat
and erythrocytes were mixed with an equal volume of phos-
phate buffered saline and further separated by Ficoll-Hypaque
gradient for purifying peripheral blood mononuclear cells.
Moreover, pieces of mouse epidermis and brain were removed
and processed for histology. Each experiment was repeated
three times in order to assess the reproducibility of results.
All animal experiments were approved by the local Ethics
Committee and carried out in strict compliance with the
Institutional Animal Care and Use Committee (IACUC)
guidelines and in accordance with the 2010/63/EU Directive
(http://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=
0J:L:2010:276:0033:0079:EN:PDF) of the European

Parliament and the Council for the Protection of Animals
Used for Scientific Purposes.

Histological and immunohistochemical analysis of tissues

After removal, organs were post-fixed in phosphate buffered
10 % formalin. After fixation, fragments of epidermis and
coronal slices of brain were embedded in paraffin. Serial sec-
tions from each organ slice were partly stained with
haematoxylin and eosin (HE), thionin, Bielschowski and luxol
fast blue (Kliiver-Barrera) and partly processed for immuno-
histochemistry or immunofluorescence. A commercial kit
(Super Sensitive Bioptica, Milan, Italy) was used to perform
immunohistochemistry in order to detect virus antigen distri-
bution and to identify the infected cell types. After
deparaffinization, sections were washed in Tris—HCI buffer
(pH 7.6) and incubated for 8 min with UltraV Block. After
washing, the anti-N TOSV mAbD (diluted 1:400) was applied
for 1 h, and a secondary biotinylated goat anti-mouse antibody
(NeoMarkers, BioOptica, Milan, Italy) was applied for 20 min
at room temperature. Sections were washed again and then
incubated for 20 min with Streptavidin Alk-Phos or
streptavidin-HRP (NeoMarkers) at room temperature.
Conjugates were visualised with brown staining, using a di-
aminobenzidine solution (NeoMarkers) as chromogen, after
8 min incubation. Haematoxylin was used for counterstaining.

In order to colocalize TOSV and endothelial cells, a double
immunofluorescence stain was performed in tissue sections
treated with mouse FITC-labelled anti-TOSV mAb
(DIESSE, srl, diluted 1/200) and rabbit Alexa Fluor 647 la-
belled anti-mouse CD31 (diluted 1/200; BioLegend, Milan,
Italy). The nuclei were counterstained by incubating sections
for 10 min with 4,6-diamidino-2-phenylindole (DAPI) as de-
scribed elsewhere (Tini et al. 2015). Images were acquired and
analysed with a Leica AFCTR6500HS microscope (Leica
Microsystems, Milan, Italy)

RT-PCR

Separated blood components (plasma, PBMCs) or whole
blood of infected mice were subjected to RNA extraction
using a total RNA isolation kit (Promega, Mannheim,
Germany). Total RNA was amplified by RT-PCR; reverse
transcription was performed at 37 °C for 30 s, followed by
35 cycles of amplification (94 °C for 1 min, 52 °C for 30 s and
72 °C for 40 s), as previously described (Cusi et al. 2005).

Statistical analysis
All experiments were carried out in triplicate; mean differ-
ences were statistically analysed using Stat View statistical

software (Abacus Concepts, Berkeley, CA). Differences of P
values <0.05 were considered significant.
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Results
Virus growth in human cells

In this study, we demonstrated that Toscana virus does not
infect specific subsets of peripheral blood human mononucle-
ar cells, such as T and B lymphocytes and monocytes, which
were negative by flow cytometry (FACS) or immunofluores-
cence assay (IFA) 2—4 days after in vitro infection (Lozach
etal. 2010, 2011). On the contrary, we were able to infect both
monocyte-derived DCs and human umbilical vein endothelial
cells in vitro, which appeared susceptible to TOSV infection
and able to support its replication. Infected cells did not show
an evident viral cytophatic effect; however, their supernatant,
collected at 1-4 days post-infection, confirmed virus growth
when tested for TOSV titration. The virus reached a peak titre
at 48 h post-infection and then decreased in both cell types on
the following days, as shown in Fig. 1. Endothelial cells were
more susceptible to this virus infection than moDCs. Indeed,
while HUVECs infected at 1 MOI were positive to TOSV,
after 24 h by IFA, no signal was detected in infected moDCs
(data not shown). Only a more sensitive cytofluorimetric anal-
ysis allowed us to demonstrate that moDCs were TOSV in-
fected after 24 h, but at a very low level (2.7-3.7 %) indepen-
dently of the MOI used. TOSV-positive moDCs were clearly
detectable 48 h post-infection, when higher MOI were used,
as previously described by Lozach et al. (2011). Indeed, as
shown in Fig. 2, a higher percentage (29.8 %) of infected
moDC was observed when an MOI of 5 was used to infect
them, indicating that this cell infection is multiplicity depen-
dent. Moreover, infected DCs were activated, as demonstrated
by an increase in CD83 at FACS, after TOSV infection
(Fig. 2a, b) (Prazma et al. 2007; Prechtel et al. 2007; Prazma

35000 -
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25000

20000

PFU/ml

15000 -

10000 -

5000

0

24 48 72 96
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Fig. 1 Titration of TOSV in cell culture supernatant. Cell culture

supernatants were collected from HUVECs (==A==) or moDCs

(==m==) infected with TOSV at an MOI of 3 at 24-96 h p.i. for virus

titration. Titer values, expressed as PFU/ml, represent the average of at

least three independent infections
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and Tedder 2008). These results confirmed that TOSV can
infect both endothelial cells and DCs in which the virus is able
to replicate, thus providing a model for studying this virus
infection.

Effects of PBMCs on the permeability of TOSV-infected
endothelial cells

In order to study the effect of TOSV on endothelial permeabil-
ity, we used a standard cell permeability assay which monitors
the passage of FITC-dextran across cell monolayers, and we
evaluated the effect of the presence of PBMCs on TOSV-
infected endothelial cells. TOV-infected HUVECs did not
show a decrease in permeability in comparison to uninfected
cells; a similar result was obtained when uninfected cells were
added with PBMCs. On the contrary, the addition of PBMCs
to endothelial cells, 5 hours after infection, increased the per-
meability across HUVECs (p=0.01) (Fig. 3).

TOSYV detection in infected mice

Previous results were confirmed in vivo by analysing blood
cells drawn from mice sc. inoculated with TOSV 1, 3 and
6 days after infection. Blood was centrifuged in order to sep-
arate plasma from cells. RT-PCR was performed on each sam-
ple to detect the TOSV genome. The virus was revealed only
in plasma or in the whole blood samples, 3 and 6 days after
mice infection (Fig. 4). No virus was detected in circulating
PBMC:s, indicating that these cells are not a target for TOSV
replication. On the contrary, mouse endothelial cells resulted
positive for TOSV infection. Indeed, the histological analysis
of skin biopsies drawn from mice sc. inoculated with the virus
revealed positivity for TOSV in endothelial cells of the sub-
cutaneous post-capillary venulae (Fig. 5a, g—i). Moreover, in
some mice, findings consistent with lymphocytic vasculitis
were observed in several venulae, showing a leakage in the
endothelium with the elastic lamina partially destroyed by the
inflammatory infiltrate (Fig. 5b), mainly represented by CD8+
T lymphocytes (Fig. 5c). However, the arteriolaec were less
altered or unaffected by this phenomenon. Interestingly, brain
sections of sc. infected mice also showed TOSV positivity in
the endothelium of venulae, without inflammatory cells,
indicating that the virus could reach the central nervous
system (Fig. 5d) without causing symptomatology or or-
gan damage in the animal. TOSV positivity of dendritic
cells had been previously observed in the same animals
(Cusi et al. 2005). Skin and brain tissue of mock-infected
mice did not present any positive cells (Fig. 5e—f, l-n).
TOSV-infected DCs were also revealed in humans, in par-
ticular in a patient infected with TOSV and lymphadenop-
athy (Ranaldi et al. 2011).
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Fig. 2 Quantification of fluorescence in TOSV-infected moDCs by
FACS analysis, as described in Experimental procedures. Histograms
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Cytokine expression following in vitro TOSV infection

Inflammation plays a role in the pathogenesis of some viral
diseases (Dionisio et al. 2001; Valassina et al. 2003a, b; Gori
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moDCs were also analysed by immunofluorescence gating for CD11c+
(APC) and CD83+ (PE) cells. a Mock-infected moDCs, b TOS V-infected
moDCs. ¢, d Immunofluorescence assay on HUVECs infected by TOSV
(MOI 1) and observed at 24 h p.i. The cells were fixed and stained with
anti TOSV mabs (DIESSE)

Savellini et al. 2011); thus, inflammatory cytokines such as
IL-1 b, IL-6 and TNF- were tested in the supernatant of
HUVECs and moDCs after TOSV infection. Among these
cytokines, only IL-6, a proinflammatory cytokine with

A B

Fig. 3 FITC-dextran permeability assay on HUVECs after TOSV
infection. The assay was performed at 24 h p.i. a mock-infected
HUVECs, b TOSV-infected HUVECs, ¢ HUVECs+PBMC, d TOSV-

C D

infected HUVECs+PBMC. FICT-dextran emission was measured and
reported as the ratio of the fluorescence units/ul in the upper and lower
chamber. The data are representative of three independent experiments
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Fig. 4 TOSV detection in infected mice. The presence of TOSV
genomic RNA was investigated by RT nested-PCR on whole blood (B),
plasma (P) or peripheral-blood mononuclear cells (PBMCs) samples
collected from mice at 1, 3 and 6 days after infection. The same
samples drawn from mock-infected mice (control mice) were assayed at

antiviral effects, was produced by human endothelial cells,
reaching a peak (3365+183 pg/ml) at 72 h post-infection.
On the contrary, heat-inactivated TOSV was not able to elicit
IL-6 synthesis in the same cells. These findings show that this
virus is capable of modulating the in vitro production of IL-6,
amplifying leukocyte recruitment and thus playing a positive
role in vascular inflammatory reactions. However, in addition
to IL-6 which was constantly produced during the entire time
considered (445+59.11 pg/ml; CI 370-504), MoDcs were
able to express the pro-inflammatory cytokine TNF-«, partic-
ularly at 96 h (1553+201 pg/ml) after TOSV infection, lead-
ing to an enhanced inflammatory response and further activa-
tion of antigen presentation.

TOSV-infected cells show an innate antiviral response

In order to determine the presence or absence of an innate
immune response to TOSV infection, we performed IFN-f3
ELISA on supernatants from infected HUVECs and moDCs.
HUVECs were able to produce IFN-{3 at a higher amount at
48 h post-infection (165+1.7 pg/ml), while moDCs produced
it at a lower amount in the first 3 days post-infection (7 to
10 pg/ml), confirming that TOSV is an inducer of in vitro
IFN-{ (Gori Savellini et al. 2011). The UV-inactivated virus
was unable to induce IFN-f3 in the same cells.

Discussion

Since only some subjects infected by TOSV develop a neuro-
logical disease (Valassina et al. 2003a, b; Sanbonmatsu-
Gamez et al. 2009) and no particular genotype has yet been
associated with neurovirulence, it is fundamental to discover
the bases of viral pathogenesis in order to understand why
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the 3rd day p.i. A positive control (K+) and blank (K—) were included in
the assay (upper panel). All the samples were tested for GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) as internal control (lower

panel)

clinical manifestation occurs in only a few subjects. Lozach
et al. (2011) showed that several Phleboviruses
(Bunyaviridae) exploit DC-SIGN to infect dendritic cells. In
this study, we have demonstrated that TOSV is able to infect
and replicate in moDCs and endothelial cells before entering
the bloodstream. It should be noted that infection of DCs is
dose dependent and only a high load of virus is able to trigger
and induce a productive infection in these cell types. This
feature could represent an important factor for determining
the development of a serious neurological disease.
Moreover, this observed upregulation of CD83, a marker of
DC maturation, in TOSV-infected DCs could play an essential
role in the initiation of the immune response, regulating innate
and adaptive immune responses and mediating the activation
of T cells by DCs. Therefore, the role of infected DCs in
spreading the virus in the host or activating T cells still needs
to be clarified. Furthermore, TOSV is free to move throughout
blood and it is not vehiculated by any specific blood mono-
nuclear cell type, as revealed by the absence of the viral ge-
nome in blood cell sub-populations and by its presence in
plasma of sc. infected mice. Once it has entered the host,
TOSV migrates from the skin, where it can infect dendritic
cells, towards the draining lymph nodes and, after further rep-
licating in endothelial cells, through the primary viraemia it
reaches the spleen (Cusi et al. 2010) finding an ideal location
for a secondary replication phase due to the vascular structure
of this organ. In most cases, TOSV infection causes mild dis-
eases and innate immunity can resist infection by producing
IFN-f3, as shown in vitro. However, in some cases, TOSV can
enter the central nervous system (CNS) and cause neurologi-
cal disease through unidentified mechanisms (Dionisio et al.
2001; Valassina et al. 2003a, b; Hemmersbach-Miller et al.
2004; Baldelli et al. 2004; Sanbonmatsu-Gamez et al. 2009).
We cannot exclude the role of the innate immune response as a



J. Neurovirol. (2016) 22:307-315

313

Fig. 5 Immunohistochemistry and IF of tissues of TOSV-inoculated
mice. Virus immunohistochemistry of skin (a) and brain (d) tissues drawn
from mice sc. inoculated with TOSV. Brown-stained endothelial cells of
cutaneous (a) and brain (d) venulae (arrow), positive for TOSV.
Lymphocyte infiltrate of a cutaneous venula wall (b, arrow). Vasculitis
does not affect arteriolae (b, the asterisk indicates the lumen of an
arteriole) and partly destroys venular elastic lamina (¢, arrow head).
Skin (e) and brain tissue (f) of a mock-infected mouse (the arrows

co-pathological factor in causing CNS diseases. As already
shown for La Crosse Virus, a member of the Bunyaviridae
family, on one hand, innate immunity stimulates the anti-
viral recognition pathway and inhibits systemic viral replica-
tion, but on the other, it activates the same signaling pathway
in the CNS, contributing to neuronal cell death (Taylor and
Peterson 2014). Thus, the activation of the same pathway at
the systemic level and in the CNS results in protective and
pathogenetic mechanisms, respectively (Denizot et al. 2012).
Although TOSV possesses a non-structural (NSs) protein

indicate TOSV-negative vessels). a, d, e, f Immunohistochemistry;
original magnification (OM): a, d, f x400; e x200; b haematoxylin and
eosin; OM x200; ¢ Orcein-Giemsa stain, OM x200. Immunofluorescence
of TOSV and CD31 on endothelial cells of the skin of a sc. infected
mouse: positivity to CD31 (j) and TOSV (k); 1 the merged image shows
co-localization of CD31 and TOSV. g—i IFA performed with the
same antibodies on the skin of a negative control mouse (magnification
x630)

capable of inhibiting type I IFN, the virus itself is responsible
for its induction. We still do not know the contribution of the
type I IFN response to the disease pathogenesis in specific
tissues after TOSV infection. Although it is not known how
well the mouse model mimics the disease in humans, it is still
a valid model that provides remarkable insights into different
aspects of TOSV infection. We noticed in in vivo experiments
that the endothelial cells of brain sections of sc. infected mice
can be a target for TOSV few days after infection, without
causing vessel damage and neurological signs but indicating
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that the virus can reach the central nervous system.
However, we do not know how the virus is able to cross
the blood brain barrier (BBB) in humans and cause neu-
rological disease. TOSV infection likely exerts changes in
the barrier function of the vascular endothelium either di-
rectly, by damaging cell adherence, or indirectly, by trig-
gering the release of proinflammatory lymphokines and
inducing leukocyte activation (Visseren et al. 1999;
Valbuena and Walker 2006; Combes and Grau 2006). It
has been shown that inflammatory cell infiltrates, mono-
cytes and particularly CD8+ lymphocytes can be found at
the vascular level, such as skin venulae (Fig. 5), altering
vascular permeability (Clark 2007). Although TNF-«,
which is produced by infected DCs, increases acute phase
protein production and acts in synergy with other factors
to induce microbicidal activity during phagocytosis
(Monaco et al. 2002), it also has the capacity to induce
the upregulation of endothelial adhesion molecules, which
in turn signal to chemotactic peptides and lipid mediators,
then facilitating leukocyte recruitment, which may result in
plasma leakage. Thus, TOSV may target these cells, which
would have a significant impact on immune modulation.
Moreover, we demonstrated a significant increase of IL-6
in the supernatant of infected HUVECs in vitro. It is
possible that a local secretion of this cytokine by TOSV-
infected endothelial cells may augment the recruitment of
leukocytes and activate or damage the same endothelial
cells. To confirm this, we have shown that the addition
of PBMCs to TOSV-infected HUVECs in vitro caused
increased permeability of endothelial cells, suggesting that
during this infection, leukocytes play a critical role in
mediating endothelial permeability and other cellular
mechanisms related to vascular leakage. The presence of
a transient rash (Zanelli et al. 2013) in some patients
affected by TOSV infection could be explained by these
underlying mechanisms.

In this study, we demonstrated that TOSV replication in the
endothelium may be important for the maintenance of viremia
and it may represent a grow-through mechanism for
neuroinvasion. Although host factors, genetic susceptibility
and immune status may be involved in controlling the disease,
the capability of TOSV to infect and replicate in dendritic cells
and, particularly, in human endothelium, represents an impor-
tant pathway by which the virus can enter the central nervous
system.
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Thymidylate synthase (TS) is a tumor-associated enzyme critical for DNA replication and
main 5’-fluorouracil (5’-FU) target. TSPP/VACL1 is a multi-arm trial phase-1b trial program
aimed to investigate the toxicity and biomodulatory activity of a poly-epitope-peptide
vaccine to TS (TSPP) in cancer patients (pts). Here, we present the results of the
TSPP/VACl/arm C trial aimed to evaluate TSPP in combination with chemo-
immunotherapy in pretreated metastatic colo-rectal cancer (MCRC) pts. Twenty-nine pts,
14 males and 15 females, received poly-chemotherapy with gemcitabine {1,000 mg/sgm,
day-1]; oxaliplatin [BOmg/sgm, day-2]; levofolinate [LOOmg/sgm, days 1-2], bolus/infusional
5’-FU [400mg/800 mg/sgm, days 1-2], sargramostim [50ug, days 3-7/q30] and interleukin-
2 [sc. 0.5 MIU twice a day, days 8-14/18-30] [GOLFIG-regimen]. Seventeen pts received
sc. TSPP injections at escalating dosage [3 pts, 100ug (DL-1); 3 pts, 200 ug (DL-2) and
11pts, 300 pg (DL-3)] one week after each chemotherapy cycle (concomitant module),
while 10 out 12 pts received TSPP (300 pg) after 12 GOLFIG courses [dose level (DL)-0]
(sequential module). TSPP MTD. was not achieved. Adverse events consisted in
swelling/erythema at injection sites (17 cases), G1-2 haematological (16 cases) and
gastro-enteric events (12), fever, rhinitis, conjunctivitis, and poly-arthralgia and rise in auto-
antibodies [ANA, ENA; c-ANCA, p-ANCA in the DL1-3 pts]. Both treatment-modules
showed immunomodulating and antitumor activity (disease-control-rate, DL1-3 and DLO
were 70.6% and 83.3%, respectively) with a better survival recorded in the second group
[median OS DL1-3 vs DLO= 8 vs 16 months, P=0.049]. The promising long term survival

produced by the sequential treatment module deserves further phase Il evaluation.
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Colon cancer, Thymidylate synthase, peptide vaccine, CTLs, epitope peptides, GOLFIG
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Introduction

Active specific immunotherapy (ASI) is a re-emerging anticancer treatment strategy and
immune-checkpoint regulator monoclonal antibodies (mAbs) and tumor-associate-antigen
(TAA)-specific vaccine formulations are currently under active investigation in cancer pts [1-
5]. In the last 15 years, several attempts have been made to combine different therapeutic
modalities with ASI in the treatment of solid malignancies in order to improve its antitumor
efficacy. Radio- and chemo-immunotherapy have produced promising results in both

preclinical and clinical studies [6-11].

We generated and characterized new vaccine constructs able to direct an effective immune-
response to molecular structures which are over-expressed in cancer cells and, at the same
time, are critical for their growth, survival, and diffusion, as the Epidermal growth Factor
Receptor [EGFR], the parathyroid hormone related peptide [PTHrP] and thymidylate
synthase [TS] [6-9]. TS, in particular, is a cancer-associated target enzyme, inhibited by
several anti-cancer drugs (antimetabolites) such as 5’-fluorouracil [5’-FU], a cytotoxic drug
which is a basic component of different regimens for the treatment of colorectal cancer
(mCRC) and other .common . malignancies [10-12]. 5-FU is a pro-drug, that upon
transformation to5-FAUMP, binds and permanently inhibits the catalytic site of TS in the
presence of levo-folinate. TS is responsible for deoxy-uridine monophosphate (dUMP)
methylation to. thymidylate, a crucial component for DNA synthesis and repair, whose
expression.is S phase specific, and is often over-expressed in tumor tissue. TS is a mMRNA
binding protein which auto-regulates its expression depending on the intracellular levels of
metabolites, cofactors, and substrates. Therefore, cancer cell exposure to 5’-FU, by inducing
thymidylate depletion, promotes transient TS over-expression within 24/48 hours in the
surviving cells. TS-over-expression in tumor tissue, is finally predictive of 5’-FU resistance

and poor prognosis in mMCRC pts [10-12]. We previously demonstrated that TS is a potential
3
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candidate target for ASI, and identified three TS-derived epitopes with HLA-A(*)02.01 amino-
acid anchorage motifs (TS-1, TS-2 and TS-3), recognized by human cytotoxic- T-
lymphocytes (CTLs) [8]. We also characterized a 27-mer peptide, designated as TSPP
(Thymidylate synthase poly-epitope peptide), which combines the amino-acidic sequences
of these peptides [9]. We showed that TSPP elicits a powerful multi-epitope specific. CTL
response with anti-tumor activity in vitro [9,13] and was safe and immunogenic in HHD mice
(transgenic for the expression of HLA-A(*)02.01 and human CD8a). In this murine model,
TSPP vaccination prevented and/or eradicated tumors after injection of syngeneic EL4/HHD
lymphoma cells [9,13]. As an additional finding, TSPP anti-tumor activity, was greatly
enhanced when used in combination with 5’-FU-based chemotherapy [9,13]. Indeed, we
observed the better results when TSPP immunizations were weekly administered in
alternate combination with the GOLF poly-chemotherapy [13], a previously characterized
multidrug regimen with gemcitabine (GEM), oxaliplatin (OX), levofolinic acid (LF) and
infusional 5’-FU [14,15]. 5’-FAUMP binds TS and promotes its ubiquitination and proteolysis
by the proteasome system [12]. TS processing by the proteasomes, in turn, promotes the
assembling of class-1 HLA/TS-epitope peptides which are subsequently transported to the
membrane becoming-ravailable for recognition by specific CTL precursors [9,13].
Additionally, thymidine depletion in cancer cells also promotes TS over-expression, thus
augmenting-the amounts of TS epitopes available for CTL recognition. We already
demonstrated. that tumor cell exposure to GOLF regimen increases the expression of
multiple TAA (like TS, CEA and EGFR), enhances the expression of danger signals and
“eat-me” molecules, and induces immunogenicity in colon and breast cancer cell models in
vitro [9,13, 14,16-19]. These preclinical findings provided a clear rationale to investigate the
GOLF regimen in combination with an immune-adjuvant 1G-1 cytokine regimen (sc.
Interleukin (IL)-2 and sc. Granulocyte-Macrophage colony-stimulating-factor(GM-CSF)

(GOLFIG chemo-immunotherapy regimen) in colon cancer pts and successively, in
4
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combination with TSPP based immunotherapy. The GOLFIG regimen has been already
evaluated in mCRC pts, resulting safe, with significant immune-modulating effects and
powerful antitumor activity [15,20,21]. On these bases, we designed a multi-arm phase Ib
trial program (TSPP/VAC-1) to investigate the toxicity and immune-biological activity of
TSPP vaccination in cancer pts. Each arm of the program was defined on a dose-finding
setting, and aimed to test TSPP vaccination alone (Arm A) or associated with GM-CSF and
IL-2 (Arm B) or in combination with the GOLFIG regimen (Arm C). The results obtained in
the first two arm trials suggested that TSPP is safe, produces self-limiting auto-immunity
signs, is able to generate a TS-specific CTL response with significant rise in serum auto-
antibodies (AAbs) such as anti-nuclear Abs (ANA); extractable nuclear antigen Abs (ENA);
anti-proteinase-3 anti-neutrophil cytoplasmic Abs (P-ANCA), and anti-myeloperoxidase anti-

neutrophil cytoplasmic Abs (C-ANCA)] [22].

In the present study, we report the results. concerning the arm C trial of the TSPP/VAC-1
program. This part of the study was planned to enroll pretreated mCRC pts, who received
TSPP vaccination concomitantly. (alternate weeks) or sequentially (after 12 GOLFIG

courses) to the GOLFIG chemo-immunotherapy.

Patient and Methods

The TSPP/VAC-1 is a multi-arm phase Ib trial program designed to test the toxicity and
immunological activity of TSPP, a new poly-epitope cancer vaccine to TS, in different
therapeutic conditions and in advanced cancer pts. The protocol consisted of three parallel
and independent trial arms designed to test TSPP vaccination alone (Arm A) and in
combination with immune-adjuvant 1G-1 regimen (Arm B) and in combination with GOLFIG

chemo-immunotherapy regimen (Arm C). The latter trial arm was reserved to mCRC pts only
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and evaluated the effects of peptide vaccination, administered concomitantly with the GOLFIG regimens (DL1-

3) and/or sequentially (DLO) after 10/12 courses of this regimen.

Ethical considerations and study design: the study was designed according to good clinical practice (GCP)
recommendations, authorized by the Italian National Institute of Health (Istituto Superiore di Sanita) and by
the Italian Ministry of Health, approved by the University of Siena Ethical Committee Board (equivalent to
Human Subject Committee of Investigational Review Board) and registered with the TSPP/VAC-1 code,
Eudract: # 2009-016897-33. This phase Ib study was planned as a dose escalation trial program, in three
parallel and independent arms (A, B and C). TSPP dose-escalation was planned according to the Fibonacci’s
series. The first cohort of pts received 100 ug of peptide (DL1), the second, 200 pug (DL2), and the third 300 ug
(DL3), every 21 days. New pts could be enrolled in higher dose level cohorts, only if no Grade IV event were
demonstrated in pts treated with lower doses. Pts assigned to the arm A received treatment with vaccine
peptide alone, those of arm B received TSPP and sc.'GM-CSF (Sargramostim / Leukine®, Berlex, USA) (50 ug
days 1-5) and sc. IL-2 (Proleukin®, Novartis, Switzerland) (0.5 MIU bi-daily, days 6-15), while those of arm
C/DL1-3 received peptide vaccination seven days after the beginning of the chemo-immunotherapy cycle with
gemcitabine 1g/sgm on the day 1, oxaliplatin 85.mg/sgm on the day 2, Levofolinic acid 100 mg/sgm on the
days 1 and 2, bolus 5’-FU 400 mg/sqm on days 1 and 2 and infusional 5’-FU 800 mg/sqm on days 1 and 2,
every 15 days. These pts also received sc. GM-CSF (50 pg days 3-7) and sc. recombinant (r) IL-2 (Aldesleukine,
0.5 MIU bi-daily on days 8-14 and 17-29). Pts in arm C/DLO were aimed to receive TSPP vaccination alike arm

B, after they had received 12 GOLFIG courses [15, 23].

TSPP Vaccine:. TSPP (YMIAHITGLFLDSLGFSTTLGDAHIYL) was synthesized and characterized by good
manufacturing practice (GMP) procedures by the American Peptide Ltd (Rockville, MD,USA). The aseptic vial
filling process was performed by the Pharmacy of the Azienda Ospedaliera Universitaria Senese,
which also performed the stability study, endotoxin evaluation and chemical related toxicity
analysis of the product. TSPP was dissolved in DMSO (1.5 mg peptide in 1 ml DMSO). The

exact peptide dose (100, 200 or 300 pg), was diluted with PBS in a volume of 250 pl, and
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then 1:2 diluted with Montanide ISA 720 VG ST (Seppic, Milan, Italy) as adjuvant. The final

volume of the vaccine was 500 pl/dose.

Patients: The study-arm-C trial was planned to evaluate the immunological activity and
toxicity of TSPP in combination with GOLFIG chemo-immunotherapy, in mCRC pts, .who had
received at least two standard treatment lines. The primary endpoints of the study were the identification of
the maximal tolerated dose (MTD) and most effective biological dose (MEBD) of TSPP peptide, by evaluating
the frequency of adverse events per dose level and predefined immune-biological events in three cohorts of
three pts each. Evidence of anti-tumor activity was a secondary endpoint. The inclusion criteria were: written
informed consent, histological diagnosis of malignant disease, at least two previous chemotherapy lines for
advanced disease, measurable disease (according to WHO tumor response criteria), ECOG performance
status < 2, normal renal and hepatic functions, white blood cell count = 2,500/mm?,
hemoglobin levels = 9 g/dl, platelet cell count = 100,000/mm?, and normal heart function.
The exclusion criteria were: any major organ failure, unstabilized central nervous system
involvement, second malignancies, active infectious disease, major inflammatory and
autoimmune rheumatic diseases, and acquired immune-suppression. Treatment allocation
was not masked. Standard clinical and laboratory evaluation (clinical history, physical
examination, blood count. and chemistry, serum dosage of C-reactive protein (CRP),
erythrocyte-sedimentation rate (ESR), lactate dehydrogenase (LDH), rheumatoid factor,
carcinoembryonic ‘antigen (CEA) and CA19.9 assays, chest x-rays and ultrasound
abdominal scans, were performed at baseline and repeated every six weeks. Pts’ sera were
tested. for ANA by IFA, (starting dilution 1:160) (SSA HEp2000, ImmunoConcepts),
EliASymphony screening (Thermo Fisher Scientific), and further ELIA tests were performed
for single ANA specificities; ANCA; p-ANCA; C-ANCA ENA were tested on Phadia250
instrument; ANCA were measured by indirect immunofluorescence using INOVA substrate.

Contrast CT scans were scheduled every three months. Pts enrolled in the arm C/DL1-3
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received combined TSPP/GOLFIG treatment for a maximal of 12 cycles, then those who did
not progress, received TSPP vaccination every 21 days at the dosage of 300 pg until
disease progression, occurrence of unacceptable toxicity, clinical judgment, or withdrawal of
consent. Any further treatment decision after disease progression was left to the physician in
charge. Adverse events, toxicity and treatment response were evaluated according to WHO

classification.

ELISA assays and Multiplex analysis: serum levels of Interferon(IFN)-y, Tumor necrosis
factor (TNF)-a, IL10, IL4, IL12, IL10 and IL17 cytokines were measured using Bio-Plex
human cytokine multiplex kits (Bio-Rad Inc., Hercules, CA). The fluorescence intensity of the
beads was measured by using the Bio-Plex array reader. Bio-Plex Manager software with
five-parametric-curve fitting was used for data analysis. Serum levels of IL6 and IL8 were
measured by using human cytokine ELISA kits ‘and analyzed according to the

manufacturer’s protocol (Bio-Rad Inc., Hercules, CA).

Fluorescence-activated cell sorting analysis of patient peripheral blood mononuclear cells
(PBMC): The pts’ PBMCs were purified by Ficoll-Hypaque (Celbio S.P.A., Italy) gradient
separation of buffy coats of heparinized blood samples and analyzed by Fluorescence-
activated cell sorting (FACS) analysis, as described in previous studies [24,25].

PBMC were stained with different pools of labeled monoclonal antibodies (mAbs) (CD4V450,
CD45RAPE, CD62LFITC, CCR7PE-Cy7, Pharmingen;CD8PerCPCy 5.5, CD45ROAPC,
CD3FITC, CD19FITC, CD14FITC, CD11cAPC, CD16PE, Rat IgG2aFITC, Mouse IgG1,
Becton Dickinson, Italy; CD56 APC, Mouse IgG2a APC Immunotools, DE; CD15 PE
ABCam, UK; CD25 PE, FoxP3 FITC, eBioscence, UK) and examined by a FACScalibur BD
instrument. Ki67 positive cells and TS were analyzed after intracellular immune-staining
according to the manufacturer’s protocol (eBioscience). Cytofluorimetric analysis was carried

out by using the FlowJo®software.


http://www.dartmouth.edu/~dartlab/uploads/Bio-RadTechNote2861_principles_of_curve_fitting.pdf
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Statistical analysis: the statistical analysis was carried out by the GraphPadinstat 3.2
statistical software. The results were expressed as the mean +/- standard deviation (SD) of 4
determinations made in three different experiments, and analyzed by the 2-tail Student’s t-
test. A p-value of 0.05 or less was considered statistically significant. Kaplan Meier

descriptive statistics was performed by the use of SPSS statistical package.

Results

Demographics, chemo-immunotherapy, peptide vaccination and dose- escalation

Twenty-nine pts with mCRC, 14 males and 15 females, with a good performance status
(ECOG 0-1), who had received at least two treatment lines (standard poly-chemotherapy
+/- cetuximab and/or bevacizumab) signed an informed consent and were enrolled
between May 2011 and July 2013 (Table 1). According to the pre-established platform
(see pts and methods), all of them received GOLFIG poly-chemo-immunotherapy.
Seventeen pts, received sc. TSPP vaccination at escalating dosage [3 pts entered the DL-
1; 3, the DL-2; 11, the DL-3 cohort] on biweekly bases, starting one week after each
chemotherapy cycle (concomitant treatment). Twelve pts received GOLFIG chemo-
immunotherapy alone(DLO) for-12 courses and then maintenance therapy including TSPP
vaccination every 3 weeks. Two of them were excluded from the study, due to early
disease progression.and decline in performance status. Maintenance therapy included
TSPP vaccination [(300 ug on the day 1 every 3 weeks) sc.GM-CSF (50 ug at day, days 1-

5 every 3 weeks), sc.riL2 (0,5 MIU twice at day, days 6-15 every 3 weeks).

Antitumor activity — Within the 17 pts, who received the concomitant TSPP/GOLFIG
treatment (DL1-3), we recorded progression of disease (PD) in 9 (52.9%), a partial
response (PR) in 3 (17.64%), and stable disease (SD) in 5 (29.4%) subjects, including 4

pts (CLCDL2; SACDL2; BGCDL3; MUCDL3) (23.5%) surviving over 12 months. On the
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other hand, in the 12 pts who were enrolled in the sequential treatment group, we recorded
2 PDs occurring before the planned TSPP vaccination, 4 PRs (25%), and 6 SDs (50%).
Seven (63.6%) of these pts (SRCDLO, BLDLO, MLDLO, PGDLO, MACDLO, PACDLDO,

DLCDLO) survived more than 12 months. (Table 1)

Although this trial was not designed on a comparative setting in term of antitumor_ activity,
we performed an exploratory descriptive Kaplan Meyer and a Log-Rank test'to compare
PFS and OS in pts who received concomitant or sequential treatments,.finding a better
performance in term of OS in the latter group (Figure 1 A and-B). In our series the
Univariate analysis did not find any significant correlation of k-ras mutational status and
HLA-A2" haplotype with either PFS (wt-k-ras vs. k-ras mut status, p:0.063; HLA-A2" vs
HLA.A2  haplotype, p:0.682) or OS (wt-k-ras vs. k=ras mut status p:0.203; HLA-A2" vs

HLA.A2" haplotype, p: 0.601) of these pts (data not shown in figure).
Toxicity profile

The treatment was safe also in this setting of advanced and largely pre-treated pts. There
were no lethal adverse events and there was no statistical correlation between frequency
of adverse events and TSPP dosage or absence of concomitant TSPP vaccination (DLO).
Similarly, there .was. no.significant difference when the two groups of pts, receiving
concomitant (DL1-3) or sequential TSPP/GOLFIG treatment (DLO) were compared. The
majority of adverse events were strictly related to the poly-chemotherapy and consisted in
moderate (Grade I-1l) hematologic (anaemia and thrombocytopenia) and gastro-enteric
(mucositis) toxicity. A reaction to oxaliplatin was observed in 4 pts, who continued the
treatment without this drug. There was no TSPP dose-dependent difference in adverse
event frequency (Table 2). However, it should be underlined that pts who received a

concomitant TSPP/GOLFIG treatment showed higher frequency of grade 1-2 asthenia,
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fever, poly-arthralgia, and biochemical signs of hypothyroidism (6 cases) (rise in TSH

levels) (Table 2).

Twelve out of 17 pts who received concomitant treatment and 8 pts who received TSPP
maintenance showed a local reaction at the vaccine injection site, which reflected the
occurrence of delayed hypersensitivity with appearance of erythematous reactions with
swelling and induration still present 72-96 hours later. TSPP vaccination,. therefore,
resulting safe and well tolerated did not increase the frequency of grade 3-4 adverse
events associated with GOLFIG regimen. Finally, the frequency_of adverse events per
dose level did not allow to identify a MTD for TSPP (DLO-3) in .combination with GOLFIG

poly-chemo-immunotherapy. (Table 2)

Immunobiological monitoring

Hemocytometric analysis - GOLFIG poly-chemotherapy induced a slight but progressive
decline in neutrophil counts, which was not affected by TSPP vaccination (Table 3). We
also detected a progressive rise in lymphocyte, monocyte and eosinophil counts which,
again, was not influenced by concomitant TSPP vaccination. When the hemocytometric
monitoring curves of ptstin DL1-3 and DLO groups were compared, we were unable to
demonstrate any: statistical difference in lymphocyte (P= 0.605), monocyte (P= 0.807) and

eosinophil (P="0.199).count monitoring (Figure 1 C, D, and E).

Serologic analysis of systemic inflammatory markers- An analysis of serological
inflammatory markers revealed a trend to progressive decline in CRP and an increase in
ESR in both group. Pts who received the sequential treatment (DLO), however, showed
lower levels of inflammatory markers CRP (P= 0.041) and ESR (P< 0.001) at baseline and

along the treatment (Table 3).

Serologic analysis of auto-antibodies

11
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The serum monitoring of AAbs potentially indicative of autoimmunity, showed a
progressive and significant increase in ENA, p-ANCA, and c-ANCA only in the group of pts
who received the concomitant treatment (DL1-3) and no change in the other group (DLO).
Differences in ANA, ENA, c-ANCA and p-ANCA values between the concomitant and
sequential treatment groups resulted statistically significant (P values for ANA and ENA, c-
ANCA, p-ANCA value curves were 0.049, 0.0345, 0.0163 and 0.0412, respectively) (Table
3 and Figure 1 F, G, and H). Our analysis did not reveal particular changes in other AAbs

such as ASMA, ANCA and anti-thyroid Abs.
Flow cytometry

Flow cytometry analysis performed on the peripheral blood of the pts receiving the
concomitant and sequential treatment modules did not show differences and changes in
the percentages of peripheral CD3+CD4+ (DL1-3 vs DLO group; P= 0.22) and CD3+CD8+ CTLs (DL1-3 vs
DLO group; P= 0.145). A further analysis of these T cells, similarly, did not show differences in the
percentages of CD3+CD4+CD45- memory T cells (DL1-3 vs DLO group; P= 0.301). Both group of pts receiving
the concomitant and sequential treatment module showed an early increase in peripheral
CD4"CD25"FoxP3" regulatory-T=cells (TzS) which was lost on the long term (Figure 2).
There was no difference between the two groups of pts (DL1-3 vs DLO, P= 0.21)
suggesting that this effect was related to the presence of GM-CSF and IL-2 in the GOLFIG
regimen_and not to TSPP administration. The group of pts receiving the concomitant
treatment module instead, showed an increase in central memory (CD8+CD45RA-CCR7+) T cells (Tcm),

while that receiving the sequential module showed an progressive increase in effector memory T cells

(Tem) (CD8*CD45RA CCR7) (Figure 2 and 3).

Finally, it was also recorded a trend to increase in peripheral Natural Killer (NK) cells (CD3"
CD56°CD16") in both groups of pts, which achieved statistical significance only in the DLO

group. Differences between the two pts’ groups were not significant (DL1-3 vs DLO,
12
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P=0.49) (Table 3). The increase in this cell subpopulation seems to be related to the
presence of immune-adjuvant cytokines in the GOLFIG regimen and not to the TSPP

vaccination.

Cytokine analysis

A cytokine analysis performed on the serum of these pts showed a completely, different
profile between the two groups of pts receiving concomitant and sequential treatment
module. Our analysis showed no changes in TNFa, IL12 levels (data not shown), IL6 and
IL8 (Table 3) while, a significant and progressive increase in IFNy and.lL-4 was observed
in the pts who received the concomitant treatment (DL1-3) (Figure 2). In the same group
there was also a trend increase in IL10, which did not achieve statistical significance
probably, for the small sample of pts. We finally, observed a significant increase in IL17
levels during the maintenance treatment.in both group of pts which seems strictly related
to the TSPP vaccination (Figure_.2). The ability of TSPP vaccination to increase the
precursors frequency of TSPP specific CTL precursors was demonstrated by IFNy
ELISPOT assay in the previous study and was not correlated with either dosage of

combined treatment [22 and data not shown]

Discussion

Our results confirm the safety and immune-modulating activities of TSPP in concomitant
and sequential combination with GOLFIG chemo-immunotherapy. The MTD of this peptide
could not be identified, while its MEBD was recognized at the dosage of 300 ug which was
associated with the highest frequency of biomodulatory effects and longer survival. TSPP
vaccination was associated to a high frequency of local immune-reactions at the vaccine
injection site, rhinitis, conjunctivitis and poly-arthralgia as shown in the previous study [22].

TSPP vaccination did not increase the frequency and severity of the adverse events

13
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associated with the GOLFIG chemo-immunotherapy, which occurred with the same
frequency in the groups of pts who received either the concomitant or the sequential
treatment modules. On the whole, the frequency of adverse events was similar to that
reported in previous clinical trials investigating the GOLFIG regimen alone in pretreated
MCRC pts [15,19,20]. The results of the present study suggest that the TSPP vaccine in
combination with GOLFIG poly-chemotherapy is a feasible treatment for pretreated mCRC
pts. The sequential treatment appeared to be more active than the concomitant in terms of
OS (P=0.049), and in both cases, it was not affected by k-ras mutational status and HLA-
A2 haplotype . These results appear intriguing, although with significant limitation related
to the small number of enrolled pts. We have previously demonstrated that the GOLFIG
regimen is a very active treatment, that enhances TS specific CTL precursors and
promotes an effective anticancer CTL response .correlated with the occurrence of
autoimmunity and longer survival in mCRC pts [20,21]. These features lead us to believe
that the GOLFIG regimen, which combines. poly-chemotherapy and immune-adjuvant
cytokines, when supported by TSPP vaccination, in addition to a significant reduction of
tumor burden, could also promote a mechanism of antigen cascade and cross-

presentation triggering-an efficient specific immune-response with poly-antigen specificity.

In the present study, TSPP vaccination given concomitantly with GOLFIG treatment was
associated 'with systemic and clinical signs of immune-activation. This assumption was
supported by the finding of a coordinate and progressive rise in lymphocytes, monocytes,
and appearance of AAbs such as ANA, ENA pANCA e cANCA which are associated with
the most common autoimmune-diseases. Consistent with the last finding, we also detected
clinical signs of autoimmunity like poly-artharalgia, hypothyroidism, rhinitis, conjunctivitis,
and fever in some pts. Some of these events were sporadically observed also in pts who

received GOLFIG chemo-immunotherapy alone, as shown in previous studies [20,21,26],

14
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and similarly, in the pts enrolled in the DLO group of the present trial, prior receiving TSPP
vaccination. By comparing the concomitant with sequential treatment groups, we also
recorded a significant difference in term of systemic inflammatory status with much higher
serum level of CRP e ESR in the first group. This finding could be indicative of chronic
inflammation which, in turn, may affect the immunological activity of TSPP vaccination as
described in literature [27-31]. The reasons explaining the difference in inflammatory
status in the two groups of pts are not clear. It could be either related to an effect of the
combined treatment or just to a specific feature of the pts enrolled in the study and
deserves to be further investigated with a more homogenous_patient population. In line
with previous results performed on mCRC pts who had received the GOLFIG regimen, we
also detected an increase in TS in both patient groups which'is lost on the long term. The
treatment associated-rise in TS, as reported by other authors [32], can be considered as
an inhibitory feedback response to an efficient antigen specific immune-reaction in order to
avoid dangerous over-reactions and auto-immunity, which mainly occur in a chronic
inflammatory status under selective cytokine pressure, or dependent by the IL-2
administration. [27-32]. In both groups of pts, T rise was however, lost after the first 10-
12 treatment courses; as probably caused by GOLFIG regimen [15,20]. This finding,
together with lower. systemic inflammatory status, could contribute to explain the more
significant antitumor activity of TSPP vaccine in the sequential treatment group (DLO). In
fact, these pts received vaccination when the Ty population is exhausted and therefore,
unable to.affect the immunological activity of TSPP [27, 28, 32]. The results of the
immunological analysis, which showed a general treatment-associated increase in
peripheral lymphocyte counts, provides a further support to this hypothesis. In this context,
there was no difference in the percentages of CD3"CD4" or CD3"CD8" T cells, however, in
the DLO group we found an increase of the Tem subset during TSPP vaccination (started

after 12 GOLFIG courses), which was not detected in the concomitant treatment group.
15
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This is a very efficient CTL subset which derives by T.n maturation in the presence of
immune-specific micro-environmental conditions (cytokines, chemokines, adhesion
molecules, etc) [33-37]. This hypothesis is supported in our pts, by the data concerning the
treatment-related increase of IL-17, a cytokine which is able to sustain a local immune-
reaction in the tumor site. In our patients, we also detected a treatment-related increase of
IL-4 and trend increase of IL-10, which could be related to T,y Stimulation-and/or of an
intrinsic ability of TSPP vaccine to promote a Th2 humoral response as confirmed by a
systemic progressive increase of AAbs in these pts. Additionally, we also found a
significant increase in IFN-y, a Thl cytokine, which is strongly involved in the antigen
specific CTL response in the DL1-3 group pts. A last consideration concerns the
expansion of peripheral NKs in both groups of pts during the first ten treatment courses.
This finding, which seems to be sustained by GM-CSF and IL-2 cytokines, both present in
the GOLFIG regimen, suggests that this treatment is a valid support to TSPP vaccination.
NK cells in fact, together with an innate ability.to kill metastatic cancer cells, are also able
to produce IFN-y and enhance the antigen presenting ability of peripheral DCs [38].
We can conclude that TSPP-vaccination in combination with the GOLFIG chemo-
immunotherapy is saferand immune-biologically active in pretreated mCRC pts. We have
also provided preliminary evidence of a promising antitumor effect in both groups of pts
receiving either the concomitant or the sequential treatment. The latter group of pts in
particular, showed an unexpected PFS and OS median of 7 and 16 months, respectively,
which resulted significantly much longer than that reported in other clinical trials
investigating newest drugs in pre-treated mCRC pts, which rarely show a median PFS and
OS longer of 2 and 6 months, respectively. We believe that our results provide the
rationale to design further trials in mMCRC pts aimed to investigate the antitumor activity of

TSPP vaccine in pts who have received a frontline chemo-immunotherapy line.
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Table 1

CODE | Se | ECO Metastatic sites Previo | K- | HLA GOLFIG MAN Type of Overa
X G us ra | -A2 courses T response Il
treatme | s Serviv
nt lines al
Month
S
F 2 Peritoneum, lung, 2 M 6 2 PD
LM/C/D liver ut | A24 5
L1
CVICID | M 1 Peritoneum, lung, 6 M 5 0 PD
L1 liver ut | A3.2 4
4
BF/C/ID | M 2 Peritoneum, lung, 3 M 3 0 PD
L1 liver ut [ All. 2
6
CL/C/D F 0 Peritoneum, nodes 3 M 12 1 PD
L2 ut | A2 19
FA/C/D F 2 Colon, lung, liver 6 Wt 11 0 SD
L2 Al1l. 6
6
SA/C/D M 0 Lung, liver, nodes 5 Wt 10 6 PR
L2 A2 11
SS/C/ID F 0 Brain, lung, liver, 5 M 12 3 PR
L3 nodes ut | A23. 8
2
BA/C/D F 1 Colon, lung, liver, 2 M 11 0 SD
L3 nodes ut | A2 7
SA/C/D F 2 Peritoneum, lung, 5 M 12 0 PD
L3 liver ut | A2 6
DA/C/D F 2 Peritoneum, lung, 4 M 10 0 PD
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L3 liver ut | A1.1 6
1
MP/C/D Peritoneum, lung, M 6 0 SD
L3 liver ut | A2 14
PM/C/D Peritoneum, lung, M 11 3 SD
L3 liver ut | All. 9
2
MU/C/D Soft tissue, nodes Wt 12 32 SD
L3 A24. 42+
2
PA/C/D Peritoneum, lung, Wit 11 3 PR
L3 liver A2 8
CA/C/D Peritoneum, lung, M 6 0 PD
L3 liver ut NA 13
BG/C/D Peritoneum, lung, Wit 10 8 SD
L3 liver A2 2
Peritoneum, lung, m 3 0 PD 2
NR/C/D liver ut | A2
L3
SR/C/D Lung, liver wt 12 5 SD
LO A23. 12
2
DG/C/ID Lung, liver wt 10 5 PR
LO A33 10
BL/C/D Lung, liver wt 10 9 SD
LO A3.2 15
9
ML/C/D Peritoneum, lung, m 10 9 SD
LO liver ut | A2 8
VP/C/D , lung, liver wt 7 1 SD
LO A2 16
PG/C/ID lung, liver Wt 9 12 SD
LO A24. 32+
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SA/C/D Peritoneum, lung, wit 7 0 PD
LO liver Al1.3 5
MA/C/D lung, liver m 9 32 PR
LO ut | Al 33+
PA/C/D lung, liver wit 11 14 PR
LO A3.2 17
4
DL/C/D Peritoneum, lung, wt | A2 9 4 SD 13
LO liver
Peritoneum, lung, m | A23, 10 7 PR
VC/C/D liver ut 2 7
LO
PA/C/D Peritoneum, lung, wt | 23.2 9 4 SD
LO liver 6 16
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Table 2

Frequency of adverse

events
ADVERSE DLO (11 DL1 (3 pts) DL2 (3 DL3 (12 Pts)
EVENTS pts) pts)
G[G] G G[G] G3 G1|] G2 [G3 G1 | G]G3[G4
112 3 1|2 2
Leukocytopeni | 2 | 4 2 3 5 1
a
Anemia 4 |8 1 (2 2 1| 5 2
Thrombocytop 2 2 2 2 1 1
enia
Nausea/Vomit | 1 | 3 1 1, 2
Preaffable pain | 1 2| 2
Addominal 2 1 3
pain
Diarrhea 2|1 1 0 O
Conjunctivitis | 1 2 1 1} 4
Cutaneous 1 1 1
reaction
Cough 1 1 1 0 O
Hiccup 1 1
Nettle rash 1 1
Dyspnea 1 1
Poliarticular 3 2 1, 3
syndrome
Infection/ sepsi | 2 1 2 1

27




Downloaded by [University of Regina] at 10:16 21 December 2015

Fever

Asthenia

Sensorial

Neurotoxicity

Transaminase

rise

Hypothyroidis

m

Hypotension

Hypertension

Nether arts

edema

28




Downloaded by [University of Regina] at 10:16 21 December 2015

Table 3 Treatment groups

DL1-3 (17 pts)

DLO (12 pts)

Baseline | Post 3 Post 6 Post Baseline | Post 3 | Post 6 Post 12 P
12
Neutrophils | 4.7+-0.7 | 4.1 +- |35 +4-| 2.84- 4.4+4/- 4.3+/- | 3.0+/0.65* | 4.6+/-0.7 0,6
0.75 0.2* 0.2* 0.4 0.3
migl/mm?®
CPR 3.5+/-0.9 | 3.9+/-1.2 | 2.3+/0.47 | 4.5+/- | 2.16+/0.9 | 1.6 +/- | 1.4 +/-0.6 | 1.0+/-0.2 0.041
11 0.6
mg/ml
ESR 69.9+/8.3 | 75.3+/10.4 | 79.1+/7.5 | 85.4+/- | 40.7+/7.8 | 52.8+/-.| 56.1 +/9.9 | 58.1+/11.6 | 0.00018
11.2 8.2
mm/h
ANA 2/17 2/17 6/17 5/17 0/12 0/12 0/12 1/12 <0.05
positive
patients
NK 5.41+-5 | 8.3+-1.2 9.6+/-7.6 | 8.6+/- | 5.7+-3.5 | 10.7+/- | 11 +/- | 7.9+/-1.4 0.49
1.9 1 4.4*
% of
plotted
cells
IL6 48+/-2 | 6.4 +-2 55+4/-1 | 4.4 +/-| 1.1+/- 5.2+- | 3.1+/-13 | 3.5+/-0.2 0.09
2 0.6 2.4
pg/ml
IL8 36.8 +- | 54 +/-18 17+/-2 13.3 56.6 62.7+- | 16 +/-1.1 | 37.6 0.82
8 +-4.4 | +/12.3 11.3 +/12.2
pg/ml

Neutrophils — DL-1-3, baseline vs. 6'

course, P=0.05.
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CPR- DL-1-3 values, baseline vs. 6, P =0,049: DLO values, baseline vs. 6" vs. 12"

course, P<0.05.

NK- DLO values, baseline vs. 6™ course, P=0.04.
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Figure 1 Kaplan Meyer descriptive for statistics Panels A-B represent median PFS (A) and OS
(B) in pts enrolled in the concomitant (DL1-3) and sequential (DLO) treatment modules.
Median PFS, DL1-3 vs. DLO:<3 #4/- 0.738 (95%IC: 2.55-5.44) months vs. 7 +/- 0.818
(95%IC:4.64-7.85), P="0.340; median OS, DL1-3 vs. DLO: 8 +/- 0.038 (95%IC: 6.13-12.69)
months vs. 16 +/<1.67 (95%IC: 10.17-17.05) months; P= 0.049 by log rank test. Panels C-E
represent peripheral blood cell counts in mCRC pts enrolled in the TSPP/VAC1 arm-C trial,
at baseline and.before each treatment course. Lymphocyte counts (C), monocyte counts (D),
eosinophil'counts (E). Results are expressed a number of cells x 10%/sqmm +/standard error.
Panels F-H represent serum auto-antibodies in mCRC pts enrolled in the TSPP/VAC1 arm-C
trial, at baseline and before each treatment course. ENA (F); c-ANCA (G), and p-ANCA (H).
Results are expressed as a units/ml +/- standard error. Symbols represent the groups of pts
who received TSPP vaccination as concomitant (m) or sequential treatment modules (). Pts

in the DL1-3 group received concomitant TSPP vaccination and GOLFIG chemo-
31
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immunotherapy and then TSPP maintenance starting after 12 courses (Post-12). Pts in the
DLO group received GOLFIG chemo-immunotherapy alone and then TSPP maintenance
starting after 12 courses (Post-12). Statistical significance (P<0.05) with the co-respective

baseline value is represented by an asterisk.
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performing the one-way Anova analysis of variance, post-test Bonferroni with 95% IC. Post-
3, -6, -12, -15 and -18 represent the number of treatment courses received by the pts. Pts in
the DL1-3 group received concomitant TSPP vaccination and GOLFIG chemo-
immunotherapy and then TSPP maintenance starting after 12 courses (Post-12). Pts in the
DLO group received GOLFIG chemo-immunotherapy alone and then TSPP maintenance

starting after 12 courses (Post-12).
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Figure 3 Flow cytometry analysis: Central memory T cells (Tcw. CD45RA'CCR7Y) and
effector memory T cells. (Tem: CD45RA'CCR7’) gated on CD3'CD8" lymphocytes (A) of
representative patient PBMCs (DL3), isolated at the baseline (C) and after six treatment
lines (D) Regulatory Tcells (Treg; CD25"Foxp3*) gated on CD3"CD4" lymphocytes (B) of

representative patient PBMCs, isolated at the baseline (E) and after six treatment lines (F).
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Toscana Virus (TOSV) is a Phlebovirus responsible for central nervous system (CNS) injury in humans. The
TOSV non-structural protein (NSs), which interacting with RIG-I leads to its degradation, was analysed in
the C terminus fragment in order to identify its functional domains. To this aim, two C-terminal trun-
cated NSs proteins, A1C-NSs (aa 1-284) and A2C-NSs (aa 1-287) were tested. Only A1C-NSs did not
present any inhibitory effect on RIG-I and it showed a greater stability than the whole NSs protein.
Moreover, the deletion of the TLQ aa sequence interposed between the two AC constructs caused a
greater accumulation of the protein with a weak inhibitory effect on RIG-I, indicating some involvement
of these amino acids in the NSs activity. Nevertheless, all the truncated proteins were still able to interact
with RIG-], suggesting that the domains responsible for RIG-I signaling and RIG-I interaction are mapped
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on different regions of the protein.

© 2015 Elsevier Inc. All rights reserved.

Introduction

Innate immune responses represent the primary defense against
virus infections, and the type I interferon (IFN-at/p) system plays one of
the most important roles in immunity. Among type I IFNs, IFN-f is
secreted by most cells upon viral infection and triggered by two major
sensor proteins located in the cytoplasm, RIG-I and MDA-5 (Sato et al.,
2000; Yoneyama and Fujita, 2008). However, most viruses have
evolved viral proteins capable of overcoming the innate immune
response and interfering with the type I IFN response in order to
replicate and persist in the host. This antagonizing activity has been
observed in several non-structural viral proteins (Haller et al., 2006;
Mibayashi et al., 2007; Opitz et al, 2006; Van Knippenberg et al.,
2010), by mechanisms which exploit different targets in the IFN sig-
naling pathway. Among the RNA viruses, several members of the
Bunyaviridae family possess an NSs protein involved in evading innate
immune responses in mammalian hosts (Weber et al., 2001; Jddske-
ldinen et al., 2007; Bridgen et al., 2001; Weber et al., 2002; Blakqori et
al., 2007; Léonard et al., 2006). Toscana Virus (TOSV) is an arthropod-
borne virus of the Phlebovirus genus of the Bunyaviridae family. Like all
bunyaviruses, it is an enveloped virus containing a tri-segmented,
single strand negative-sense RNA genome: the large (L), the medium
(M) and the small (S) segment coding for the structural proteins (L, Gc,
Gn, and N) and two non-structural proteins (NSm and NSs). In most
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Siena, V.le Bracci, 1 53100 Siena, Italy. Fax: +39 577 233870.
E-mail address: cusi@unisi.it (M.G. Cusi).
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cases, TOSV infection consists of a mild disease with a favorable out-
come, but some severe cases of CNS infections have been reported in
the literature (Kuhn et al., 2005; Bartels and Heckmann, 2012). TOSV is
considered an emerging pathogen and the major etiologic agent of
aseptic meningitis and encephalitis in the Mediterranean area (Braito
et al.,, 1997; Valassina et al., 1998, 2000; Echevarria et al., 2003; Calisher
et al,, 1987; Charrel et al., 2005; Dobler et al., 1997; Ehrnst et al., 1985;
Eitrem et al,, 1991; Endris and Perkins, 1987; Huki¢ and Salimovic¢-
Besic¢, 2009; Sonderegger et al., 2009; Epelboin et al., 2008; Bahri et al.,
2010; Papa et al., 2010). The pathological mechanisms of TOSV infec-
tion are still unclear. Previous data have shown that Toscana Virus,
conversely to other phleboviruses, such as Rift Valley Fever Virus
(RVFV) and Punta Toro Virus (PTV) (Billecocq et al., 2004; Mendenhall
et al, 2009; Kalveram et al, 2011), triggers IFN-f production after
infection, although expressing a non-structural NSs protein with IFN-3
antagonistic properties (Gori Savellini et al., 2011). It was demonstrated
that TOSV NSs, when transiently over-expressed in mammalian cells,
exerted its inhibitory effect on the host innate immunity by interacting
with RIG-I and mediating its degradation. The mechanisms by which
TOSV NSs controls RIG-I activity are still largely unknown. A hypo-
thetical mechanism is based on the activation of cellular proteases
after NSs-RIG-I interaction and formation of a protein complex that
leads to its degradation. In fact, the MG-132 proteasome inhibitor
could revert NSs induced RIG-I degradation, as previously described
(Gori Savellini et al., 2013). In the present study, we have more thor-
oughly investigated the function of TOSV NSs, with respect to RIG-I
down-regulation and IFN-f} inhibition. Deleted forms of NSs protein
were generated in an attempt to identify the protein domain
(s) involved in functional properties which could be important for
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understanding the pathogenesis of TOSV infection in humans. For this
purpose, we constructed two C-truncated forms of NSs protein that
were more stable than the whole protein. Moreover, a short sequence
(TQL) at the C-terminus of NSs was identified as an important element
showing a partial inhibitory activity on RIG-I. In fact, ATLQ-NSs was
shown to be much less active in mediating RIG-I degradation, although
it bound RIG-I1 CARDs, as observed by co-immunoprecipitation assay.
These findings suggest that functional sites and interacting domain
(s) are located in different regions of the NSs protein.

Results

C-terminal region of TOSV NSs retains functions involved in RIG-I
degradation

Previous results showed that TOSV NSs protein is poorly expre-
ssed during viral replication in cell cultures and its role during the

G. Gori Savellini et al. / Virology 486 (2015) 255-262

infection is largely unknown. However, when transiently over-
expressed by transfection, the NSs counteracts IFN-f3 production
by interacting with RIG-I and mediating its degradation (Gori
Savellini et al., 2011, 2013). A C-terminal deleted NSs protein (aa 1-
277) was tested in a previous study, showing that it had no inhibi-
tory effect on IFN-f3 promoter activation and that it was able to
retain the ability to interact with RIG-I (Gori Savellini et al., 2013). In
the present study, we decided to analyse more thoroughly the
sequence(s) involved in this function. Thus, to better characterise the
TOSV NSs protein and its role in the IFN-f pathway, carboxyl-
terminal deleted forms of NSs protein were tested. After a pre-
liminary screening of some deleted forms of multiples of ten amino
acids from the C-terminal of NSs, we analysed the two closer C-
truncated forms of NSs, A1C-NSs (aa 1-284) and A2C-NSs (aa 1-
287) (Fig. 1A) which appeared to show a different behavior vs RIG-I.
As shown in Fig. 1B, the over-expression of A2C-NSs, lacking the 29
C-terminal aa, led to RIG-I degradation (Relative Density 0.45), just
as that which occurred with the wild-type NSs protein (Relative
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Fig. 1. The involvement of TOSV NSs C-terminal region on RIG-I degradation and IFN-p inhibition was demonstrated by generating deleted NSs proteins: A1C-NSs (aa 1-284)
and A2C-NSs (aa 1-287) (A). The behavior of these deleted NSs forms was investigated by immunoblot on lysates of cells transfected with FLAG-RIG-I, alone or in combination
with wt-NSs, A1C-NSs or A2C-NSs. Specific proteins were detected by using anti-FLAG M2, anti-NSs and anti-actin antibodies (B). Densitometric analysis was performed on
reactive protein bands. These results were further confirmed by measuring the RIG-I-mediated IFN-B promoter activation in a Luciferase reporter assay (C). Results are shown
as the mean value of Luciferase activities normalized with respect to Renilla luciferase values collected in at least three independent experiments + standard deviation.
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Density 0.42). On the contrary, the A1C-NSs, lacking the 32 C-
terminal aa, significantly lost its degrading activity on RIG-I (Relative
Density 0.91) upon co-transfection of cells with the respective
plasmids (Fig. 1B). These results were further confirmed by Lucifer-
ase reporter assay, showing that A2C-NSs inhibited the IFN-§ pro-
moter upon poly(l:C) stimulation (p=0.72), like the wild-type viral
protein, while A1 C-NSs had completely lost its inhibitory effect on
RIG-I mediated IFN-f3 promoter activation (p=0.031) (Fig. 1C).
Since the two C-terminus deleted forms showed a different
behavior, we hypothesized that the amino acid sequence, TLQ
(aa 285-287), interposed between the two constructs, could be
responsible for the functional effect. Thus, we analysed the effect of
point mutations in the sequence coding for this amino acid triplet.

Generation of NSs with mutated TLQ sequence

The fundamental role of the TLQ selected peptide was first
demonstrated by its deletion in the wt-NSs protein, analyzing RIG-I
protein accumulation in cells by immunofluorescence and immuno-
blotting. The resulting ATLQ-NSs protein showed properties similar to
A1C-NSs, indicating that this sequence could have an important role
in the activation of RIG-I signaling. As shown in Fig. 2A, a significant
increase of RIG-I positive cells was observed in RIG-I and ATLQ-NSs
co-transfected cells, compared to those expressing RIG-I in combina-
tion with wt-NSs (p < 0.001). Moreover, RIG-I was not degraded as
shown by immunoblot and densitometric analysis, when Lenti-X 293T
cells where co-transfected with ATLQ-NSs (Relative Density 0.8)
(Fig. 2B). It appeared that this string of amino acids could be involved
in the RIG-I degradation process. Moreover, IFN-3 promoter induction
was restored upon poly(I:C) stimulation of RIG-I and ATLQ-NSs
transfected cells, as shown by luciferase assay (Fig. 2C). To better
understand TLQ function, we substituted the two polar amino acids, T
(aa 285) and Q (aa 287) of the triplet, with G, a non polar amino acid,
in order to evaluate the consequences of these amino acid substitu-
tions. We found that both changes could be partly responsible for RIG-
[ degradation. In fact, these amino acid substitutions led to an increase
in the number of RIG-I positive cells (Fig. 3B) as also shown by western
blot. In fact, cells transfected by T/Q mutated NSs showed a similar
profile (p=0.59). Moreover, the fold induction of IFN- promoter
activity was significantly higher in cells co-transfected with RIG-I and
Q235/G or T,g7/G NSs compared to RIG-I and wt-NSs (p=0.02) (Fig. 3C).

Deletion alters NSs protein stability

We also evaluated the expression levels of the deleted NSs
forms described above. By counting fluorescent cells or by semi-
quantitative immunoblotting, differences in cytoplasmic accumu-
lation of NSs protein were observed. By immunofluorescence, an
increased cytoplasmic accumulation of A1C-NSs was noticed
compared to the wt and A2C-NSs proteins, indicating that the last
32aa at the C-terminus could influence the stability of the entire
protein (Fig. 4A). The high number of cells expressing A1C-NSs
reflected the high amount of protein detected by immunoblot
(Fig. 4A). To better understand the role of TLQ sequence on NSs
stability, NSs variants fused with Firefly Luciferase (FF-Luc) were
generated. These FF-Luc NSs proteins retaining their functional
activity on RIG-I (data not shown) were tested for their stability
by measuring luciferase activity in transfected, cycloheximide
(CHX)-treated cells. A significant decrease in Luciferase activity,
in parallel with NSs disappearance, was detected in A2C-NSs and
wt-NSs lysates 4 h after CHX treatment (p < 0.001) (Fig. 4B). On
the contrary, A1C-NSs was able to maintain Luciferase activity up
to 6 h after CHX treatment of the cells, thus confirming its stability,
further validated by immunoblotting (Fig. 4B). These data support
the hypothesis that the TLQ sequence could be involved in NSs
protein stability. Moreover, an mRNA quantitation analysis of the
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Fig. 2. The fundamental role of the TLQ peptide (285-287 aa) of the TOSV NSs
protein was investigated in Lenti-X 293T cells transfected with FLAG-RIG-I alone or
in combination with wt-NSs or ATLQ-NSs coding plasmids. Transfected cells were
collected and tested by immunofluorescence with anti-FLAG M2 and anti-His
antibodies. RIG-I (o) and NSs (=) positive cells were counted (A). Graph bars
represent mean results from different experiments + standard deviation. Quanti-
tative analysis of cytoplasmic RIG-I in the presence of wt-NSs or ATLQ-NSs was
performed by immunoblotting with anti-FLAG M2 antibody (B) and densitometric
evaluation. Loading control was represented by actin detection (a-ACT) and NSs
expression was evaluated by using anti-NSs antibody. The ability of TLQ deletion to
abolish NSs RIG-I degradation activity and an IFN-p antagonistic effect was further
investigated by Luciferase reporter assay (C), evaluating the activation of the IFN-f
promoter. Luciferase activities were measured in each sample and results were
reported as the mean value + standard deviation, of normalised data from three
independent experiments.
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Fig. 3. The effect of T,g5/G and/or Q.g7/G point mutations on NSs protein activity
was investigated in Lenti-X 293T cells transfected with RIG-I and NSs plasmids. The
cellular levels of RIG-I in the presence of different NSs forms were analysed by
immunoblotting with anti-FLAG M2 antibodies. NSs expression was confirmed by
anti-NSs antibody. Loading control was represented by actin (a-ACT) detection (A).
Cells were collected and also tested by indirect immunofluorescence with anti-
FLAG M2 and anti-His, counting RIG-I (=) and NSs (=) positive cells, respectively (B).
Error bars represent the standard deviation of the mean value obtained in at least
three independent experiments. The ability of NSs mutants to revert the protein
inhibitory effects on RIG-I-mediated IFN-B signaling was further investigated by
Luciferase reporter assay, evaluating the activation of the IFN- promoter in the
presence of wt or mutated NSs proteins (C). Luciferase activities were measured in
each sample and results were reported as the mean value. Error bars show standard
deviations in the Renilla Luciferase normalized data from at least three indepen-
dent experiments.

NSs protein forms did not reveal any significant difference, indi-
cating that the different amount of protein present in the cells was
due to a greater stability and cytoplasmic accumulation of the
A1C-NSs protein itself and not to a higher mRNA expression (data
not shown).

Interaction of C-deleted forms of NSs with RIG-I

Previous results showed that TOSV NSs may exhibit its inhibi-
tory effects on the host innate immune response by interacting
with RIG-], in particular with the CARD domains (Gori Savellini et
al., 2013). In this study, we more thoroughly investigated the RIG-I
interaction properties of deleted NSs proteins in order to identify
which NSs domain is involved in the interaction and whether
this is associated to its inhibitory activity. C-deleted NSs proteins

were tested for their ability to bind the RIG-I CARDs (RIG-IN) by
co-immunoprecipitation (Co-IP). As shown in Fig. 5, all the
recombinant NSs proteins were able to bind the RIG-IN protein, as
previously tested (Gori Savellini et al., 2013) indicating that the
C-terminal region of the NSs does not appear essential for RIG-I
binding. These results suggest that it is likely that the NSs domain
interacting with RIG-I is different from that involved in the inhi-
bition/degradation of RIG-L

Discussion

Among Phleboviruses, some show different levels of patho-
genicity; some can cause fatal disease, and others can even cause
asymptomatic illness. The non-structural protein, expressed by the
small segment of the RNA genome (Giorgi et al., 1991; Bishop,
1986), is considered an important virulence factor, having the
activity shared with other members of the Bunyaviridae family, to
inhibit IFN induction through different pathways (Billecocq et al.,
2004; Habjan et al., 2009; Ikegami et al., 2009; Le May et al., 2004,
2008; Léonard et al., 2006; Thomas et al., 2004). The mechanisms
by which TOSV NSs can block IFN induction in cells are not com-
pletely clear, however, we previously demonstrated that when NSs
is over-expressed, it is able to antagonize IFN-f} response by tar-
geting RIG-I for degradation (Gori Savellini et al., 2013). Moreover,
we recognized the involvement of the C-terminus of the NSs
protein in this activity. For this reason, aiming at identifying
the sequence(s) responsible for NSs functional properties, two
C-terminus truncated forms of NSs, A1C-NSs and A2C-NSs, were
synthesized and tested for their stability and involvement in RIG-I
degradation activity. We found that a 32 aa deletion at the
C-terminus (A1C-NSs) conferred greater stability to the protein
itself, as demonstrated by pulse-chase experiments and reporter
gene assay. A higher Luciferase activity was detected several hours
after cycloheximide treatment of cells expressing Firefly Luciferase
fused A1C-NSs, in agreement with a longer life-time of the trun-
cated NSs protein. No increase of specific mRNA was detected,
indicating that the higher amount of recombinant NSs was due
to a greater stability of the protein. On the contrary, A2C-NSs
resulted less stable than A1C-NSs, suggesting that the interp-
osed TLQ sequence might play a crucial role in this function.
In fact, by the prediction of disordered sequences (http://prdos.
hgc.jp/cgi-bin/top.cgi), the C-terminus of NSs contains intrinsically
disordered regions. Usually, disordered proteins are present in
relatively low levels and for short periods of time compared to
structured proteins (Babu et al., 2011). Moreover, these regions
frequently interact with their targets with relatively high specifi-
city and low affinity, suggesting that they can associate rapidly and
initiate a signaling process and at the same time dissociate easily
when the task is accomplished. In this study, however, the deletion
of the predicted disordered sequence, corresponding to the last
16-17 aa at the C-terminus of the protein which was not even
present in the A2C-NSs construct, neither increased protein sta-
bility nor contrasted with RIG-I degradation. Only the further
deletion of the TLQ triplet allowed a change in NSs behavior.
A similar result was obtained when one of the polar amino acids
T or Q was mutated, indicating that these amino acids might have
an important effect on the protein function. A prediction analysis
(http://elm.eu.org) of conserved domains in the NSs sequence
identified the TLQ peptide as part of a TRAF2-ligand motif, which
is associated with proteins involved in signal transduction, parti-
cularly those mediating RIG-I/MAVS/TRAFs signaling pathways.
Thus, we can speculate that this functional domain, present in the
NSs protein, could be partly involved in its inhibitory properties
versus the IFN-f} mediated immune response.
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Nevertheless, the deleted forms of NSs were still able to bind
RIG-I, as demonstrated by immunoprecipitation assay using RIG-
IN, indicating that the domain(s) responsible for this interaction is/
are not located in the C-terminus of the viral protein. Taken
together, these results indicate that the 32 aa at the NSs C-
terminus may be critical for suppressing an IFN expression
response in host cells and for conferring greater stability to the
NSs protein. Moreover, the TLQ triplet might have a relevant
involvement in the IFN-f inhibition activity mediated by NSs,
since its deletion or the mutation of T/Q could suppress the inhi-
bitory effect of NSs. We do not know whether this triplet is
involved in addressing the protein itself to the proteasome or
whether it targets RIG -I to the proteasome. However, since cell
treatment with MG 132 further increased the accumulation of
A1CNSs in the cytoplasm (data not shown), it seems that other
domains not located in the C-terminal sequence might be

potential targets for ubiquitylation and degradation of NSs. This
triplet might affect the biological function of NSs, probably due to
the lack of conformational domains. In fact, ATLQ, as well as the
T/Q mutated forms were able to partially restore RIG-I activity
(Figs. 2 and 3C). It is noteworthy that Rift Valley Fever (RVFV),
although it belongs to the same genus of TOSV, has an NSs protein
whose conformational integrity is important for its stability,
because truncation of NSs causes mis-folding and mis-localization
of the protein, abolishing its biological functions (Head et al., 2012;
Indran et al, 2013). Consequently, it appears that the non-
structural protein of these phylogenetically close viruses appears
to have a “joint” factor of virulence, but the mechanisms by which
it carries out its activities are different and they merit exploration
in order to counteract the pathogenicity of these viruses and to
prevent infection.
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fected with FLAG-tagged RIG-I CARDs (RIG-IN) along with 6xHis-tagged wild-type
(wt) or A1C-; A2C- or ATLQ- deleted TOSV NSs. Clarified lysates were subjected to
Co-IP by using anti-FLAG M2 magnetic beads. The presence of either RIG-IN and
NSs proteins in the immune-precipitated complex was revealed by immunoblot
with anti-FLAG M2 or anti-NSs antibodies, respectively. In the lower panel, 20% of
the whole cell lysates were analysed to confirm NSs and RIG-IN expression (input).

Materials and methods
Cells, viruses and chemicals

Vero (ATCC CCL-81) cells and human embryonic kidney Lenti-X
293T cells (Clontech, Milan, Italy) were grown as a monolayer in
Dulbecco's modified Eagle's medium (DMEM) (Lonza, Milan, Italy)
supplemented with 100 U/mL penicillin/streptomycin (Hyclone
Europe, Milan, Italy) and 5% or 10% heat-inactivated fetal calf
serum (FCS) (Lonza), respectively, at 37 °C. Toscana Virus (TOSV),
strain 1812, was isolated from a clinical specimen, plaque-purified
and propagated on Vero cells (Gori Savellini et al., 2008). Trans-
fections were performed using SuperFect Transfection Reagent
(Qiagen, Milan, Italy) following the manufacturer's instruction. The
MG-132 proteasome inhibitor was purchased from Sigma-Aldrich
(Milan, Italy).

Plasmids

Viral RNA was extracted from a cell culture supernatant of
TOSV-infected Vero cells by using a QIAamp viral RNA mini kit
(Qiagen). The NSs coding gene (GenBank Accession no. EU327772
nt 57-1007) was amplified by reverse transcriptase-polymerase
chain reaction (RT-PCR) from purified viral RNA with NSs BamHI
sense (nt 1-15) 5-GGATCCACACAAAGACCTCCC-3’ and NSs Xhol
antisense (nt 993-1017) 5'-CTCGAGTCATAAGGGTGGGTA-3' pri-
mers (Sigma-Aldrich). The reaction was carried out using the
SuperScript IIl One-Step RT-PCR with Platinum Taq (Invitrogen) by
one cycle of reverse transcription at 50 °C for 30 min and at 94 °C
for 2 min followed by 40 cycles of PCR (1 min at 94 °C; 30s at
60 °C; 1 min at 72 °C). The gene was cloned in pcDNA4HisMax-A
plasmid (Invitrogen) at the BamHI-Xhol unique sites of the poly-
linker in frame with the 6xHis tag. C-terminal deleted NSs protein
expression plasmids were generated by cloning the nt 1-852
(A1C-NSs) and 1-861 (A2C-NSs) ORFs in pcDNA4HisMax-A plas-
mid, as 6xHis fusion proteins, Firefly Luciferase fused versions of
the deleted NSs proteins were generated by cloning the FF-Luc

gene at the BamHI site of the constructs above described. The TLQ
deleted NSs coding gene was generated by using overlapping
primers in PCR. T285/G and Q287/G NSs mutants were generated
by QuikChange II XL Site-Directed Mutagenesis (Agilent Technol-
ogies, Milan, Italy). The correct constructs were confirmed by
sequencing. The reporter plasmid encoding Firefly Luciferase
downstream the complete interferon-beta promoter (p125-Luc)
and the plasmid coding the RIG-I CARD domains (RIG-IN) were
kindly provided by Prof. Takashi Fujita (Tokyo Metropolitan Insti-
tute of Medical Science, Tokyo, Japan) (Yoneyama et al., 1996). The
human RIG-I expression plasmid fused with the FLAG tag was
kindly provided by Prof. A. Garcia-Sastre (Mount Sinai School of
Medicine, New York) (Mibayashi et al., 2007). The Renilla Lucifer-
ase reporter plasmid was purchased from Promega (Promega,
Milan, Italy).

Transient expression of NSs and RIG-I

Lenti-X 293T cells were seeded in a 24-wells culture plate at a
density of 2 x 10° cells per well and incubated at 37 °C in 5% CO,
atmosphere. Cell monolayers were transfected with 0.5 pg of wild-
type (wt) or deleted NSs expressing plasmids, and 0.05 ug of FLAG-
RIG-I plasmid by using SuperFect Transfection reagent (Qiagen),
as suggested by the manufacturer. Where indicated, 36 h post-
transfections cells were treated-or mock-treated with 2.5 pM MG-
132 for an additional 12 hours. Cells were collected and assayed for
indirect immunofluorescence (IFA). Briefly, cells were spotted on
slide and fixed for 10 min at room temperature with cold metha-
nol/acetone. Cells were then incubated for 1 h at 37 °C with mouse
anti-6xHis antibody (GE Healthcare, Milan, Italy) or with mouse
anti-Flag M2 polyclonal serum (Agilent Technologies) (1:500
dilution). After washing with PBS containing 0.05% Tween-20
(PBS-T), fluorescein-labeled anti-mouse IgG (Sigma-Aldrich) was
added for 30 min. at 37 °C. Immunofluorescence was visualized by
a Diaplan microscope (Leica Microsystems, Milan, Italy). RIG-I and
NSs positive cells were counted.

Luciferase reporter assay

2 x 10° Lenti-X 293T cells were seeded in 24-well plates and
allowed to grow at 37 °C in 5% CO, atmosphere. The next day, cell
monolayers were transfected with indicated plasmids by using
SuperFect Transfection Reagent following the manufacturer's
instructions. Briefly, 0.2 pg of p125-Luc, 0.050 pg of RIG-I and,
where indicated, 0.5 pg of NSs expressing plasmids were used for
co-trasfensfection. The total DNA amount was kept constant with
empty plasmid. All cells were co-transfected with 20 ng of Renilla
Luciferase reporter plasmid (pRL-SV40) (Promega) to normalize
results. Thirty-six hours post-transfection, cells were stimulated
with 0.1 pg of poly(I:C) by transfection. Twelve hours later, cells
were collected, lysed and luciferase activities were measured with
dual Luciferase reporter assay reagent (Promega), according to the
manufacturer's instructions. Cell lysates were analysed by immu-
noblotting to detect RIG-I and NSs proteins.

Pulse-chase analysis and NSs stability

Lenti-X 293T cells were seeded in 24-well plates and trans-
fected, in triplicate, with the FF-Luc-NSs or the two FF-Luc-deleted
NSs expressing plasmids, along with 20 ng of Renilla Luciferase
reporter plasmid (pRL-SV40) (Promega) to normalize results.
Forty-two hours after transfection, cells were mock-treated or
treated with 100 pg/ml of cycloheximide (CHX) (Sigma-Aldrich,
Milan, Italy). Samples were collected 4 h and 6 h post-CHX treat-
ment. Lysates were prepared according to Dual-Luciferase reporter
assay (Promega) and Luciferase activities were measured. Relative
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FF-Luc values were normalized with respect to the Renilla luci-
ferase activity and fold induction of each sample was calculated
with respect to the corresponding mock-treated sample.

Immunoprecipitation

Cells transfected with RIG-IN, alone or in combination with wt-
NSs or deleted/mutated NSs plasmids, were subjected to co-
immunoprecipitation (Co-IP). Cellular pellets were resuspended
in lysis buffer consisting of 50 mM Tris—HCI [pH 7.5]; 150 mM
NaCl: 1 mM EDTA and 1% Triton X-100 supplemented with a
complete protease inhibitor cocktail (Roche, Milan, Italy). After
clarification by centrifugation, extracts were incubated for 3 hours
at room temperature with anti-FLAG M2 magnetic beads (Sigma-
Aldrich). Beads were extensively washed with lysis buffer, resus-
pended in 20 pl of denaturing loading buffer and assayed by
sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis
(PAGE) and western blotting in order to identify the precipitated
proteins.

Western blot analyses

Lysates from Luciferase reporter gene assay were analysed by
immunoblotting for RIG-I and NSs protein expression. Protein
concentration was determined by BCA assay (Pierce, Milan, Italy).
Fifty ug of total proteins were separated by SDS-PAGE and trans-
ferred to NitroBind nitrocellulose membranes (Santa Cruz Bio-
technology, Heidelberg, Germany). After blocking with 5% non-fat
dry milk, the filters were incubated O/N at room temperature with
anti-Flag M2 (1:2000) or anti-NSs (1:200) antibodies. After being
washed three times with PBS-T, membranes were incubated with
horseradish peroxidise (HRP)-conjugated secondary antibody
(Santa Cruz Biotecnology). After extensive washes, the immune-
complexes were developed with ECL western blotting substrate
(Pierce). Quantitative comparison among samples was performed
by densitometric analysis using the Image] software (http://ima
gej.nih.gov/ij). Results were expressed as a fold-change value of
test samples compared to the reference samples, upon normal-
ization with relative actin values.

Relative quantification of NSs mRNA by real-time PCR

Total RNA was extracted from Lenti-X 293T cells transfected
with different NSs recombinant plasmids using the RNeasy Mini
Kit (Qiagen) and treated with DNasel (Promega). A real time PCR
assay was performed for quantitation of NSs mRNA using 100 ng of
RNA of each sample and the AgPath-ID One-Step RT-PCR kit
(Applied Biosystems, Monza, Italy), in ABI Prism 7000 Sequence
Detection System (Applied Biosystems). The reaction consisted of
reverse transcription at 50 °C for 30 min, an initial denaturation
step at 95°C for 10 min followed by 45 PCR cycles (95 °C for
20 sec; 60 °C 30 sec). Primers and labeled probe for Toscana Virus
NSs, strain 1812 (GenBank Accession no. EU327772.1) were: NSs
forward 5-TGATCTCCCAGGAAATGACA-3' (nt: 558-577); NSs
reverse 5'-CATCAGATGGGTGTCTCTGG-3’ (nt: 631-650); NSs probe
5-FAM-CACCCGTGCTGCTTGGACC-TAMRA-3’ (nt: 597-615). A
human B-actin Probe dye VIC-MGB (Applied Biosystems) was used
for housekeeping gene quantification. To quantify the products, a
normalization algorithm was used. Each sampling point was run in
triplicate and the relative quantifications of IFN-f§ and RIG-I were
determined. The Ct values of positive amplicons were analysed
using the AACt method (Livak and Schmittgen, 2001) to get the
relative fold increase of the deleted or mutated NSs genes cali-
brated to the housekeeping gene and normalized with the wt-NSs
expressing cells control.

Statistics

The mean differences were statistically analyzed using Stat
View statistical software (Abacus Concepts, Berkeley, CA). p Values
were calculated by Mann Whitney test. A probability (p) value of
less than 0.05 was considered statistically significant.
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Abstract Thymidylate synthase (TS) poly-epitope pep-
tide (TSPP) is a 27-mer peptide vaccine containing the
amino acidic sequences of three epitopes with HLA-A2.1-
binding motifs of TS, an enzyme overexpressed in cancer
cells, which plays a crucial role in DNA repair and rep-
lication. Based on the results of preclinical studies, we
designed a phase Ib trial (TSPP/VACI1) to investigate, in a
dose escalation setting, the safety and the biological activ-
ity of TSPP vaccination alone (arm A) or in combination
with GM-CSF and IL-2 (arm B) in cancer patients. Twenty-
one pretreated metastatic cancer patients, with a good per-
formance status (ECOG < 1) and no severe organ failure
or immunological disease, were enrolled in the study (12
in arm A, nine in arm B) between April 2011 and January
2012, with a median follow-up of 28 months. TSPP resulted
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safe, and its maximal tolerated dose was not achieved. No
grade 4 toxicity was observed. The most common adverse
events were grade 2 dermatological reactions to the vac-
cine injection, cough, rhinitis, fever, poly-arthralgia, gastro-
enteric symptoms and, to a lesser extent, moderate hyper-
tension and hypothyroidism. We detected a significant rise
in auto-antibodies and TS-epitope-specific CTL precur-
sors. Furthermore, TSPP showed antitumor activity in this
group of pretreated patients; indeed, we recorded one par-
tial response and seven disease stabilizations (SD) in arm
A, and three SD in arm B. Taken together, our findings
provide the framework for the evaluation of the TSPP anti-
tumor activity in further disease-oriented clinical trials.
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ANCA Anti-neutrophil cytoplasmic antibodies

APC Antigen-presenting cell

ASMA Anti-smooth muscle antibodies

CEA Carcinoembryonic antigen

CRP C-reactive protein

CTL Cytotoxic T lymphocyte

DC Dendritic cell

DMSO Dimethyl sulfoxide

ECOG Eastern Cooperative Oncology Group

ELISA Enzyme-linked immune absorbance assay

ELISPOT Enzyme-linked immunospot assay

ENA Extractable nuclear antigen antibodies

ESR Erythrocyte sedimentation rate

FACS Fluorescence-activated cell sorting

GCP Good clinical practice

GM-CSF  Granulocyte—macrophage colony-stimulating
factor

GMP Good manufacturing practice

VS In vitro stimulation

LDH Lactate dehydrogenase

mAb Monoclonal antibody

MEBD Most effective biological dose

MPX Myeloperoxidase

MTD Maximal tolerated dose

NK Natural killer

NSCLC Non-small cell lung cancer

oS Overall survival

PBMCs Peripheral blood mononuclear cells

PD Progressive disease

PFS Progression-free survival

PHA Phytohemagglutinin

PR Partial response

QoL Quality of life

RECIST  Response evaluation criteria in solid tumors

RSV Respiratory syncytial virus

SD Stable disease

TAA Tumor-associated antigens

Tem Central memory T cell

Tom Effector memory T cell

Tree Regulatory T cell

TS Thymidylate synthase

TSPP Thymidylate synthase poly-epitope peptide

Introduction

Peptide vaccine-based immunotherapy is emerging as an
investigational therapeutic strategy for human cancer [1-5].
It relies on the concept that synthetic tumor-associated
antigen (TAA)-derived peptides may be recognized by
cytotoxic T lymphocyte (CTL) precursors and used to gen-
erate a specific antitumor immune response [5-8]. Differ-
ent well-known TAAs play critical functions in tumor cell

@ Springer

proliferation and survival, and their loss, under selective
pressure exerted by antigen-specific CTLs, might impair
tumor progression. Thymidylate synthase (TS) is a 36-kDa
enzyme commonly overexpressed by cancer cells that play
an essential role for thymidylate synthesis, which is crucial
for DNA synthesis and repair [9—11]. During the normal cell
cycle, the TS expression is restricted at the beginning of S
phase, and its synthesis is under control of genes involved
in cell cycle progression, often deregulated in cancer cells
[9, 10]. Additionally, TS has self-regulatory properties, and
intracellular metabolites, cofactors and substrates can modu-
late its expression. Indeed, tumor cell exposure to anticancer
drugs such as pemetrexed or 5'-fluorouracil (5’-FU), which
act by inhibiting TS activity, generates a rapid positive feed-
back which leads to enzyme overexpression [9]. Tumor cells
with high intracellular levels of TS become resistant to 5’-FU
representing a major cause of 5'-FU treatment failure [9, 10].
TS overexpression in tumor tissues has been investigated
and recognized as a marker of poor prognosis in colon and
gastric cancer patients [10]. On this basis, we carried out a
preclinical characterization of a novel immunogenic 27-mer
poly-epitope peptide, designated as TSPP (thymidylate syn-
thase poly-epitope peptide). This peptide was synthesized by
assembling amino acidic sequences of three known CTL-
specific TS-epitopes (TS-1; TS-2 and TS-3) with HLA-A2.1
anchorage motifs, and it was found to be immunogenic
with an efficient antitumor T cell response in vitro [12, 13].
Indeed, preclinical findings revealed that TSPP-sensitized
CTLs were able to kill HLA-A2.1 target cells pulsed with
the three single TS-epitopes, and HLA-A2.1* human breast
and colon carcinoma cells in vitro [12]. Furthermore, CTL
toxicity was higher against tumor cells previously exposed
to sublethal doses of 5-FU which enhanced TS expression
[12]. TSPP immunological and antitumor activity was also
demonstrated in HLA-A(*)02.01/human-CD8a transgenic
(HHD) mice [12] inoculated with syngeneic lymphoma
EL4/HHD cells, showing antitumor effects in both preven-
tive and therapeutic studies, with additive interaction with
5’FU-based chemotherapy. Pathology studies showed that
TSPP vaccination +5'-FU-based chemotherapy was associ-
ated with enhanced CTL (CD3TCD8") tumor infiltration,
decline in regulatory T cells (T,,s) (CD4*CD25*FoxP3™)
and disappearance of TS-overexpressing tumor cells, as
compared to controls. The latter finding, in particular, sug-
gested that TSPP vaccination could potentially restore tumor
cell sensitivity to 5-FU [12, 14]. This phase Ib trial evaluated
the safety and biological activity of TSPP administered alone
or in combination with an immune-adjuvant regimen (IG-
1) containing granulocyte—-macrophage colony-stimulating
factor (GM-CSF) and interleukin (IL)-2 [15], in advanced
cancer patients. The rationale to combine TSPP with 1G-1
regimen derived from preclinical in vitro findings [12, 14,
16, 17] and previous clinical studies, where the IG-1 regimen
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alone [15] or in combination with 5'FU-based chemotherapy
was found to be safe, able to generate activated dendritic
cells (DCs) and to promote an efficient antigen-specific T
cell response [18, 19].

Patients, materials and methods
TSPP vaccine

TSPP (YMIAHITGLFLDSLGFSTTLGDAHIYL) was
synthesized and characterized according to the good manu-
facturing practice (GMP) procedures by the American Pep-
tide (USA) and aseptically vialed by the Pharmacy of the
“Azienda Ospedaliera Universitaria Senese” (Siena, Italy),
which also performed the stability study, endotoxin evalu-
ation and chemical-related toxicity analysis. TSPP (100,
200 or 300 pg), dissolved in dimethyl sulfoxide (DMSO)
(1.5 mg peptide in 2 ml DMSO), was suspended in 250 w1l
of PBS and then diluted (1:2 ratio) with Montanide ISA
720 VG ST (Seppic, Milan, Italy) in a final injection vol-
ume of 500 wl. DMSO was approved for clinical use, and
its dosage was within the safety limits [20].

Ethical considerations and study design

This trial was designed according to good clinical prac-
tice (GCP) recommendations and authorized by the Ital-
ian National Institute of Health (Istituto Superiore di San-
ita) and by the Italian Ministry of Health, and approved
by the University of Siena Ethical Committee (equivalent
to Human Subject Committee of Investigational Review
Board); the trial has been registered with the TSPP/VAC-1
code, Eudract: #2009-016897-33. TSPP/VAC-1 was a
phase IB trial, planned on dose escalation setting and subdi-
vided in two parallel and independent arms (A and B) with
unmasked treatment allocation; patients were consequently
enrolled in arm A (nine patients in three doses) and then
in arm B (nine patients in three doses). Three additional
patients, according to the trial protocol, were enrolled
in the highest dose level of arm A after the end of arm B
enrollment. Patients were grouped into three doses follow-
ing a standard dose escalation using a Fibonacci series (n,
2n and 3n) [21].

The first cohort of patients received three-weekly sub-
cutaneous (sc) injections of 100 pg of peptide [dose level
(DL)1)], the second one, 200 pg (DL2), and the third
one, 300 pg (DL3). New patients could be enrolled in
higher-dose cohorts only if no grade 3/4 events had been
recorded in lower-dose cohorts. Patients in arm A received
peptide vaccination alone, while those in arm B received
peptide vaccination (day 3/q21) combined with the IG-1
regimen [GM-CSF (Sagramostim/Leukine®, Berlex, USA)

(50 pg days 1-5) and IL-2 (Aldesleukine, Proleukin®,
Novartis, Switzerland) (0.5 MIU bi-daily, days 6-15)].

The study was designed to investigate the toxicity and
biological activity of TSPP. Its primary endpoint was the
definition of TSPP maximal tolerated dose (MTD) and
most effective biological dose (MEBD). Evaluation of anti-
tumor activity was a secondary endpoint.

Eligibility and outcome measures

The inclusion criteria were as follows: written informed
consent, histological diagnosis of malignant disease, at
least two previous treatments for advanced disease, clini-
cal and imaging-confirmed progressive disease, ECOG
performance status <1, no major organ or hematological
impairment. The exclusion criteria were as follows: sec-
ond malignancies, active infectious disease and acquired
immunosuppression.

Standard clinical (clinical history, physical examination)
and laboratory evaluation [blood cell counts and chemistry
and carcinoembryonic antigen (CEA) monitoring] were
performed prior to each TSPP injection. Chest X-rays,
ultrasound abdominal scans and computerized tomography
(CT) scans were carried out at baseline and after 3 months
(or at the appearance of clinical signs of progression) to
evaluate treatment response (complete response, CR; par-
tial response, PR; disease stabilization, SD; progressive
disease, PD) according to the RECIST criteria. Patients
remained on treatment until disease progression, occur-
rence of unacceptable toxicity, clinical judgment or with-
drawal of consent. Progression-free survival (PFS) was
measured as the time elapsed between enrollment and PD
or death, while overall survival (OS) was measured as the
time elapsed between enrollment and death. A quality-of-
life (QoL) evaluation test, a psychometric analysis designed
to measure the patients’ compliance to the treatment and to
detect subjective reactions to potential side effects, symp-
toms and changes in social interaction was performed at
each immunization.

Serum inflammatory and autoimmune markers

Patient serum was withdrawn prior to each TSPP vaccina-
tion and immediately frozen. Serum levels of C-reactive
protein (CRP), erythrocyte sedimentation rate (ESR), lac-
tate dehydrogenase (LDH) and rheumatoid factor were
included in the routine blood chemistry analysis. Serum
myeloperoxidase (MPX) was evaluated by enzyme-
linked immune absorbance assay (ELISA) (Calbiochem,
Milan, Italy), antinuclear antibodies (ANA) by indirect
fluorescence antibody (SSA HEp2000, ImmunoConcepts)
through ElIA™ Symphony screening (Thermo Fisher
Scientific); further EliA tests were performed for single
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ANA specificities; anti-neutrophil cytoplasmic antibod-
ies (ANCA) to proteinase-3 (p-ANCA), ANCA to MPX
(c-ANCA) and extractable nuclear antigen antibodies
(ENA) were tested on Phadia250 instrument; ANCA and
anti-smooth muscle antibodies (ASMA) were evaluated by
indirect immunofluorescence using INOVA substrate. The
presence of TS and TSPP peptide-specific antibodies in the
patients’ serum was evaluated by ELISA on flat-bottom
microtiter plates coated with 100 pl/well of TS (5 pg/
ml) or TSPP peptide (5 pg/ml) diluted in coating buffer
(0.05 M NaHCO3/Na2CO3, pH 9.6). Anti-human IgG
peroxidase- conjugated antibodies (Sigma, Milan, Italy)
were added to each well. Colorimetric conversion of the
substrate (tetramethylbenzidine, TMB) was measured at
450 nm in a microplate spectrophotometer. Sera were con-
sidered positive if showing an optical density at least twice
the background represented by a pool of sera of healthy
1-year-old children. A positive control was represented by
an anti-TS mAb (Chemicon, DE).

Blood samples

Peripheral blood was collected from patients at baseline and
prior each TSPP vaccination. Peripheral blood mononuclear
cells (PBMCs) were isolated by density gradient centrifu-
gation using Ficoll-Hypaque (Celbio S.P.A., Italy), re-sus-
pended in FBS with 10 % DMSO, and immediately stored
in nitrogen liquid, as described elsewhere [22, 23]. Viabil-
ity of the thawed cells, assessed by trypan blue stain before
each experiment, was greater than 90 %. Plasma samples
were also collected by centrifugation and stored at —80 °C.

Cytokine multiplex analysis

Serum levels of interferon (IFN)-y, tumor necrosis factor
(TNF)-a, IL10, IL4, IL12(p70) and IL17 cytokines were
measured at baseline and 20 days after the third vaccination
using Bio-Plex human cytokine multiplex kits (Bio-Rad
Inc., Hercules, CA). The Beads’ fluorescence intensity was
measured and analyzed by using the Bio-Plex array reader
and the provided manager software with five-parametric-
curve fittings.

Fluorescence-activated cell sorting (FACS) analysis

PBMCs were analyzed by FACS analysis (BD FACSCanto
II flow cytometer, CA, USA) as described in previous stud-
ies [19, 22] after staining with different combinations of
conjugated monoclonal antibodies (mAbs) (CD4-V450,
CD45RA-PE, CD62L-FITC, CCR7-PE-Cy7, Pharmingen;
CD8-PerCPCy 5.5, CD45Ra-APC, CD3-FITC, CD19-FITC,
CD16-PE, Rat 1gG2a-FITC, Mouse IgG1, Becton—Dickin-
son, Italy; CD56-APC, Mouse 1gG2a-APC Immune-tools,
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DE; CD25-PE, FoxP3-FITC, eBioscence, UK). Tregs were
analyzed after FoxP3 intracellular staining according to the
manufacturer guidelines (eBioscience). Statistical analysis

was carried out by using the FlowJo® software.
ELISPOT analysis

IFN-y ELISPOT (Enzyme-Linked ImmunoSPOT) assays
were performed according to the provider guidelines
(U-Cytech Bioscience CM-Utrech TCH the Netherlands
#CT230-PB2, Human IFN-y ELISPOT KIT) [24] and
the results evaluated by an ELISPOT reader (A.EL.VIS
Gmbh, Hannover, Germany; ELISPOT analysis software
V 5.1, Roxio creator 2009 License #13413). The assay, as
described in previous studies [12, 13, 22], evaluates a T cell
response in TSPP-sensitized PBMCs withdrawn at baseline
and before the fourth and sixth TSPP vaccination. Briefly,
TSPP-sensitized PBMCs were co-cultured with autologous
DCs (1:5, DC/lymphocyte ratio) loaded with 10 pg/ml
of the following antigen peptides: recombinant TS (rTS),
TS1, TS2, TS3 and TSPP, and Respiratory Syncytial Virus
(RSV) antigen (Meridian, Bioscience, Milan, IT).

To enhance the frequency and the detectability of TSPP-
specific T cell precursors in the assays, patients’ PBMCs
were sensitized to this peptide by two in vitro stimulations
(IVS) prior to carrying out the assay. Each IVS consisted of
a 5-day PBMCs’ co-incubation with TSPP peptide-loaded
autologous DCs, followed by 10-day culture in rIL-2
(10 IU/ml)-enriched medium [12, 22].

Dendritic cells used for the ELISPOT assay and IVS
were generated as described in previous studies [12, 22].
In each assay, fresh AIM-V medium with 5 % AB human
serum (medium) was used as negative background control,
Respiratory Syncytial Virus Antigen peptide (RSV) was
used as an irrelevant antigen peptide control, while PHA
was used as an unspecific positive control.

Results were expressed as the mean number of spot-
forming units (spots) per 10° cells. According to Moodie
et al. [25], we considered a cytokine response as positive
if 40 spots/10° cells were detected and the mean number
of spots/10°® cells was at least twofold higher than that in
the negative control wells [26]. Differences in response
between time points were assessed by comparing spot
number averages by using a paired Student’s 7 test.

Statistical analysis

Statistical analysis was carried out by using GraphPadlInstat
PRISM 3.2 statistical software. The results were analyzed
by performing the Student’s ¢ test (two-tailed), which was
paired when used to evaluate variable modulation during
the treatment in the same patients, and unpaired when used
to compare intergroup differences.
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Results
Patients’ characteristics

Twenty-one patients, whose baseline characteristics
are summarized in Table 1, were enrolled in the TSPP/
VACI trial between April 2011 and January 2012, with a
median follow-up of 28 (4+2.94) months. Twelve patients,
six males and six females, with a median age of 57 years
(range 46-70), were enrolled in arm A, and nine, five
males and four females, with a median age of 65 years
(range 56-76) in arm B. Eighteen patients enrolled in the
study had previously received multiple treatment lines
and presented clinical and imaging-confirmed PD. Three
patients had received one previous chemotherapy line
only, due to the lack of a standard second-line treatment
(MA/A/DL3, gallbladder carcinoma; RV/B/DL1, gastric
cancer) or to the refuse of a further chemotherapy regimen
(AR/A/DL3, NSCLC). In agreement with ethical commit-
tee, we decided to offer to these patients the possibility to
be enrolled in this trial.

Patients enrolled in arm A received TSPP vaccination
every 3 weeks, while those enrolled in arm B received
TSPP vaccination (on day 3) and immune-adjuvant
cytokines according to IG-1 regimen [15]. Patients in both
arms were subdivided into three cohorts, receiving esca-
lating TSPP doses. A code, composed by name initials,
enrollment arm (A or B) and DL (1, 2 or 3), was assigned
to each patient. The study was not restricted to patients
with a HLA-A2.1 haplotype. This decision was based on
the knowledge that TSPP processing by antigen-presenting
cells (APCs) produces multiple cryptic epitopes potentially
able to bind different class I HLA molecules (as indicated
by a HLA-binding prediction algorithm), with the potential
of producing an immune response in 90 % of the human
individuals ([12] and personal communication). HLA typ-
ing was, however, mandatory, and nine out 21 patients
(seven in arm A and two in arm B) showed a HLA-A2.1"
haplotype.

Adverse events and clinical monitoring

No treatment-related death or life-threatening toxic-
ity occurred during treatment. The most frequent adverse
events included grade 1-2 hypersensitivity and skin reac-
tions at the site of vaccine injection, rhinitis, cough, vom-
iting, diarrhea, fever and diffuse arthralgia (Table 1). Five
patients, under treatment with angiotensin-converting
enzyme inhibitors showed a grade 1-2 arterial hypertension
episode, while other five presented slight hypothyroidism.
A bacterial infection, with complete recovery upon antibi-
otic treatment, was diagnosed in four patients (two in arm

a: one in DL2 and one in DL3; and two in arm B: one in
DLI1 and one in DL2). A patient in arm A (AR/A/DL3) pre-
sented an ab ingestis pneumonia due to previous lung sur-
gery and refused to continue the vaccination program after
he received the second vaccine dose. Finally, a NSCLC
patient (OA/A/DL2) with irradiated brain metastases
showed progressive cognitive impairment and a reversible
episode of narcolepsy (fifth vaccine course). This patient
received corticosteroid treatment and was withdrawn from
the study.

TSPP vaccination resulted safe; there was no statisti-
cal correlation between frequency of adverse events and
TSPP dose level; thus, we were unable to identify the
MTD. However, it was observed a greater discomfort in
arm B patients as evaluated by the quality-of-life (QoL) test
[27]. Indeed, average QoL score in arm A, showed a late
improvement [average QoL score 60.4 (4+14.88) at base-
line vs. 62.96 (£21.91), after three treatment courses, Vs.
76.2 (£10.60) after six treatment courses (score at Base-
line vs. sixth treatment course; p = 0.045)], while a score
decrease was observed in arm B [average QoL score 60.4
(£27.55) at baseline vs. 59.37 (4+26.67), after three treat-
ment courses, vs. 50 (£31.43) after six treatment courses
(score at Baseline vs. sixth treatment course; p = 0.06)].
This finding could be related to either effects of cytokine
administration, or different tumor-type distributions in the
two arms, or different responses to vaccine treatment.

Blood cell counts and serologic analysis

An initial increase in neutrophil counts was observed; no
change in lymphocyte, basophil, and platelet counts, and a
slight and progressive reduction in monocyte and eosino-
phil counts were recorded in arm A. Progressive increase
in neutrophil and eosinophil counts, no change in lympho-
cyte, basophil and platelet counts and again a decline in
monocyte counts were, instead, observed in arm B (Fig. 1).
Monitoring of systemic inflammatory markers showed an
opposite trend for CRP and ESR in the two arms (Fig. 1);
indeed, both were found to decrease in arm A and to
increase in arm B. Serum levels of MPX, a protein released
during neutrophil and monocyte degranulation, which
reflects tissue damage and inflammation [28], showed sig-
nificant rise in both arms (arm A: values at baseline vs.
third and vs. sixth treatment course = 1600 vs. 3000 vs.
2700 U/ml, p < 0.05; arm B: values at baseline vs. third and
vs. sixth treatment course = 1800 vs. 1700 vs. 6000 U/ml,
p < 0.05) (Fig. 1). Serum LDH levels finally showed a sig-
nificant reduction in both arms with no inter-arm difference
(data not shown).

The research of specific IgGs commonly associated with
autoimmune disease revealed a progressive increase in
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Table 1 Patients characteristics, adverse events and response

ID Age/sex HLA Site of primary =~ Metastatic sites Previous treat-  Vaccinations Adverse events Clinical PFS/OS
tumor ments (number) (number) (grading) response

ArmA

MF/A/DL1 48/F A2 Colorectal cancer Liver, lung 11 3 Erythema (G1), SD 5/6
cough (G1),
rhinitis (G2),
hypertension
(G2)
RA/A/DL1 59/F A2  Colorectal cancer Abdomen, nodes 7 3 Erythema (G1), PD 3/3
rhinitis (G2),
diarrhea (G2),
hypothyroidism
(GD
AS/A/DL1  56/M A2  Colorectal cancer Liver, lung 3 3 Hypertension (G2) PD 4/4

LV/A/DL2 70/M All Colorectal cancer Lung, nodes 7 6 Erythema (G2), SD 7/30+
headache (G2),
vomiting (G2),
fever (G1)

OA/A/DL2 53/M Al NSCLC Brain, bone, liver, 3 5 Erythema (G2), SD 5/9
lung cough (G2),
rhinitis (G2)

SG/A/DL2  46/M A25 Colorectal cancer Abdomen, nodes 4 6 Erythema (G1), SD 7/16
hives (G2),
fever (G2)

ZS/A/DL3  70/F A2  Colorectal cancer Nodes, adrenal 3 32 Arthritis (G2), SD 30 +/30+
diarrhea (G2)

MA/A/DL3 54/F A23  Gallbladder Peritoneum, nodes 1 28 Erythema (G2), PR 24/29+
Carcinoma hives (G2),
edema (G2),
coughing (G2),
rhinitis (G2)
CM/A/DL3 70/F A2 Breast cancer Lung, skin, pleura 3 12 Erythema (G1), SD 4/15
hives (G2),
arthritis (G2),
diarrhea (G2),
hypertension
(G2)
AR/A/DL3 66/M A2 NSCLC Lung, nodes 1 2 Erythema (G1), PD 3/7
Infection (G2),
cough (G2),
rhinitis (G2)
hypothyroidism
(G2)
PN/A/DL3 61/F Al  Colorectal cancer Lung, bone 3 3 Erythema (G1), SD 4/8
cough (G2),
rhinitis (G2)
hypothyroidism
(G2)
SN/A/DL3 51/M A2  Colorectal cancer Liver, lung 3 3 Fever (G2), PD 3/3
infection (G2),
hypertension
(G2)
Arm B

PL/B/DL1 63/F Al  NSCLC Lung, nodes 4 5 Hypothyroidism SD 5/6
(G2), asthenia
(G2), vomiting
(G2)

RV/B/DL1 76/M A2 Gastric cancer Liver, peritoneum 1 3 Fever (G2) PD 2/3
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Table 1 continued

ID Age/sex HLA Site of primary  Metastatic sites Previous treat- Vaccinations Adverse events Clinical PFS/OS
tumor ments (number) (number) (grading) response
PG/B/DL1 62/M A26 NSCLC Brain, lung, 3 3 Coughing (G2), SD 3/5
nodes fever (G2)
GL/B/DL2 42/F A24 Colorectal cancer Liver, abdomen No PD 3/4
PP/B/DL2  70/F A2  Colorectal cancer Lung, liver, Fever (G1), PD 3/4
peritoneum vomiting (G2)
FG/B/DL2 81/M A24 Colorectal cancer Peritoneum, 3 3 Erythema (G1), PD 3/5
nodes hives (G2), hypo-
thyroidism (G2),
diarrhea (G2)
SF/B/DL3  73/F A24 NSCLC Liver, abdomen 3 15 Hypertension SD 13/16
(G2), cough
(G2), rhinitis
(G2), diarrhea
(G2), vomiting
(G2)
MM/B/DL3 56/M Al Colorectal cancer Lung, liver, 4 3 Headache (G2), PD 3/7
peritoneum cough (G1)
BA/B/DL3 50/F A30 NSCLC Peritoneum, 2 3 Vomiting (G2), PD 3/9
nodes depression
(G2)

The enrollment code was composed by patient’s initials/arm of enrollment (A or B)/dose level (DL). NSCLC non-small cell lung cancer, SD sta-

ble disease, PR partial response, PD progression disease

the mean serum level of ENA, c-ANCA and p-ANCA in
both arms (Fig. 1). We also detected the presence of ANA
(Ab titer: 1/640; normal value titer: 1/160) in five patients
of arm A and four patients of arm B, after three treatment
courses, and the occurrence of ASMA in a good responder
patient of arm A, after six TSPP immunizations (ZS/A/
DL3). Only two patients, ZS/A/DL3 and MA/A/DL3 pro-
duced IgGs reacting with TSPP after 13 treatment courses.

Taken together, these data suggest that TSPP vaccina-
tion is associated with the occurrence of serological signs
of autoimmunity with rise in multiple autoantibodies.
However, the finding of a progressive and parallel rise in
neutrophils, eosinophils, CRP, ESR and MPX in arm B
[differences among arm A and arm B patients for these
parameters were statistically significant (p < 0.05)] sug-
gests that the use of TSPP in combination with immune-
adjuvant cytokines compared with TSPP alone ignites a
stronger systemic inflammatory response in cancer patients.

Analysis of lymphocyte subpopulations

A FACS analysis of patients’ PBMCs did not show any
significant treatment-related changes of CD3*tCD4% and
CD3"7CD8" lymphocytes, CD3tCD4TCD45Ra™ (memory)
T cells, effector memory (CD8TCD45Ra~CCR77) T cells

(T,,s) or activated CTLs (CD3"CD8TCD62L"Tcells) in
either arms (data not shown). Furthermore, we observed a sig-
nificant increase in central memory (CD8tCD45Ra~CCR7;
baseline vs. third course values, p = 0.048) T cells (T,,,s)
and natural killer cells (NK, CD3"CD167CD56™; baseline
vs. third course values, p = 0.05) in arm A patients (Fig. 2).
For what concerns possible changes in immunosuppressive
blood cell lineages, we found a significant treatment-related
increase in regulatory CD4"CD25"FoxP3™T cells (Ti,s)
(p = 0.035) in arm B patients (Fig. 2).

Cytokine analysis

The baseline serum levels of TNF-a, and IFN-y, IL12(p70),
IL17A, IL10 and IL4 in the enrolled patients resulted very
heterogeneous. We then evaluated modulations in cytokine
levels after three treatment courses. There was no treat-
ment-related change in the serum levels of IL10 and IL4
(Th2 cytokines) in both treatment arms (Fig. 3). On the
other hands, patients in arm A showed a slight decline in
TNFa, and no change in IFN-y, IL12 and IL17, while those
in arm B, showed a significant increase in IFN-y, IL12(p70)
[Thl cytokines], and IL17 (p < 0.05). Again these results
suggest effective engagement of an inflammatory response
associated with TSPP and IG cytokine treatment.
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Fig. 1 a Peripheral blood cell counts, serum inflammation markers
in cancer patients enrolled in the TSPP/VACTI trial arm A (diamond)
and arm B (dark gray square), at baseline and before each treatment
course. Asterisk represents statistical significance when arm A and
arm B values were compared (p < 0.05). CRP C-reactive protein,
ESR erythrocyte sedimentation ratio, MPX myeloperoxidase. b Sero-

TS specific CTL precursors
IFN-y ELISpot analysis performed on patients’ TSPP-

sensitized PBMCs revealed a treatment-associated T
cell response to either rTS or TSPP peptide (Fig. 3) in
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logical evaluation of c-ANCA, p-ANCA and ENA immunoglobulins
in peripheral blood samples of patients enrolled in arms A and B at
baseline (black square) and after the third (light gray square) and
sixth (dark gray square) treatment course (+Standard error). Aster-
isks indicate statistical significance of post-treatment versus baseline
values (p < 0.05)

both arms. When performed in HLA-A2.17 patients, this
analysis showed a treatment-associated CTL response
only to the TS-1 and TS-3 epitopes (Fig. 3). The small
sample of evaluated patients which just includes four
patients in arm A and two patients in arm B could have
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Fig. 2 Baseline (pre) and post-TSPP vaccination (20 days after the
third vaccination) (post) flow cytometric analysis of PBMCs from
patients enrolled in arm A (black square) and B (gray square). NK
natural killer cells (CD3-CD56%™CD16%), T,,s central memory

affected the sensitivity of this assay. Our test did not
record any change when complete AIM-V medium with
5 % human AB serum (background), PHA (positive

10
CcD25

T cells (CD3"CD8"CD45RA™CCRT7Y), T,,s regulatory T cells
(CD3TCD4*tCD25 FoxP3%). Asterisks indicate statistical signifi-
cance of post-treatment versus baseline values (p < 0.05)

control) or RSV (negative antigen peptide control) were
used to stimulate patients’ TSPP-sensitized PBMCs in
vitro (Fig. 3).
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Fig.3 a Represents fold-change (FC) modulation (baseline vs.
20 days after the third vaccination) in serum level of TNFa, IFNy,
1IL12, IL17, IL10 and IL4 of the patients enrolled in arms A and B
(£Standard error). b Shows a gamma-interferon ELISPot assay per-
formed on the PBMCs isolated at baseline (light gray square) and
after three treatment courses (20 days after the last vaccination)
(dark gray square), from patients enrolled in arm A and arm B of the

Antitumor activity

A PR and a SD were, respectively, recorded in one and
seven cases in arm A (on a total of 12 patients), while
a SD was recorded in three out nine patients in arm B
(Table 1; Fig. 4). Nine patients, three in arm A (AS/A/
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trial. PBMCs derived from two different normal donors (solid lines)
were used as a control group. Results are expressed as average of
the number of spots x 10° cells per group + Standard error. PHA,
phytohemagglutinin; rTS, recombinant thymidylate synthase; RSV,
respiratory syncytial virus antigen peptide; TS1, TS2, TS3, thymi-
dylate synthase epitopes 1, 2 and 3; TSPP, thymidylate synthase poly-
epitope peptide

DL1, SN/A/DL3 and AR/A/DL?3) and six in arm B (RV/B/
DLI1, FG/B/DL1, GL/B/DL2, PP/B/DL2, BA/B/DL3 and
MM/B/DL3) discontinued the treatment because of rapid
PD or refuse. Mean PFS was 6.4 (95 % CI 3.66-9.2)
months in arm A and 3.69 (95 % CI 1.55-5.82) months
in arm B, while mean OS was 10.98 (95 % CI 7.56-14.4)
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months in arm A and 5.9 (95 % CI 4.11-7.69) months in
arm B. Six patients in arm A (50 %) and one patient in
arm B (11 %) survived more than 12 months (Table 1); in
particular, two patients in arm A had a PFS of more than
20 months.

Correlations between antitumor activity
and inflammatory status

We further evaluated correlations between survival and
inflammatory parameters in arms A and B. We found that
patients in arm A surviving more than 10 months (median
of the group) presented a low inflammatory status at
baseline, with a significant lower serum CRP level, ESR
and neutrophil-to-lymphocyte ratio (NLR) and a signifi-
cant higher lymphocyte count. Furthermore, lymphocyte
count at baseline linearly correlated with patients’ survival
(Fig. 5). Conversely, in arm B, none of such parameters
was found to correlate with patients’ survival (Supplemen-
tary Fig. 1). These preliminary findings are in line with
the current idea that inflammatory status at baseline (or
induced by the exogenous administration of pro-inflam-
matory cytokines) may impair the capability of patient’s
immune system to mount an effective response against
cancer [29].

100%
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10% ®pPD
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armA armB

Fig. 4 TSPP vaccination activity in terms of clinical responses. The
two representative TC scans included in this picture showed the PR
obtained in the patient affected by gallbladder carcinoma (MA/A/

Discussion

In this phase I study, TSPP vaccine-based immunother-
apy demonstrated to be relatively safe and did not affect
patients’ quality of life as shown by our psychometric
monitoring, thus fulfilling the primary endpoint of our trial.
There were no G4 adverse events, while the most common
(grades 1 and 2) side effects were local reactions to vac-
cine injections, acute inflammatory disease-related symp-
toms and/or self-limiting autoimmune reactions. Immune
monitoring revealed direct and indirect signs of TSPP-
dependent immune activation/autoimmunity (changes in
peripheral blood cell lineages, serum inflammatory markers
and specific cytokine production) in both arms, a finding in
line with the results of other authors, who reported similar
effects in different immunotherapy trials [30-34]. Indeed,
the occurrence of autoimmunity and/or inflammatory dis-
ease following a specific immune-treatment appears to be
consequent to active and complex immunological phenom-
ena occurring in the tumor microenvironment [35]. These
events can cause tissue damage, acute inflammation, anti-
gen release/cross-presentation, which in turn trigger a pro-
cess of antigen cascade with the final result of a more effi-
cient multi-antigen-specific response [19, 22, 31, 33, 36].
Furthermore, the occurrence of autoimmunity following

DL3) and an impressive 30-month disease stabilization in a patient
affected by metastatic colorectal cancer (ZS/A/DL3)
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Fig. 5 Correlation analysis performed in arm A to evaluate the asso-
ciation between baseline inflammatory status and survival after vac-
cination. a Shows the linear correlation between baseline lymphocyte
count and patients’ OS. b Evidences the differences between different

patient immunotherapy revealed to be a strong favorable
outcome and prolonged survival predictor in different clini-
cal trials [19, 31, 33].

IFN-y ELISpot assays further confirmed the immu-
nological activity of TSPP vaccination on patients CTL
precursors. Indeed, the treatment was associated with a
significant ex vivo T cell response to rTS, TSPP and TS1
and TS3 epitopes in patients’ PBMCs, with no significant
differences between the two treatment arms. However,
in spite of immune activation, we found different results,
in terms of outcome, between patients enrolled in arm A
and B. Specifically, the outcome of patients who received
TSPP vaccine alone was found to be greatly influenced
by the baseline inflammatory status; indeed, patients with
low inflammatory status at baseline experienced the long-
est survival. Conversely, the administration of pro-inflam-
matory cytokines appeared to exacerbate patients’ systemic
inflammation, in spite of their baseline status, with a poten-
tial detrimental effect on the therapeutic activity of TSPP
vaccination.

Several studies in this field demonstrated that a sys-
temic chronic inflammatory status with high neutrophil
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baseline clinical laboratory parameters associated with inflammation
in patients surviving more or less than 10 months (median OS of the
group)

counts at baseline is predictive of poor prognosis in
patients with different malignant disease [37-39] and
in a recent phase III chemo-immunotherapeutic trial on
metastatic colorectal cancer patients we observed that
patients with low baseline neutrophil counts presented a
survival advantage over those with high baseline neutro-
phil counts [40].

In our opinion, these results underline the dual and
conflicting role of GM-CSF in both improving immune
response, through eliciting DC maturation [41], and induc-
ing immune suppression, by generating and mobilizing
immune-suppressive populations such as myeloid-derived
suppressor cells [42]. Such counterbalancing effects may
indeed rely on patients’ systemic inflammatory status and
tumor microenvironment. As a further observation, in arm
B, the treatment-associated increase in systemic inflam-
mation markers was coupled with an uncoordinated Thl/
Th2/Th17 cytokine response. In this setting, the ability of
Thl cells to promote an efficient CTL response to cancer
cells may be mostly counteracted by an enhanced presence
of Th17 [43]. This important point, however, is presently
under active investigation by our group, and further studies
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are needed to elucidate the potential predictive/prognostic
role of the chronic inflammatory response on OS in vac-
cine patients. Furthermore, in this trial, we cannot exclude
that part of the above-reported biological events are related
to a higher frequency of NSCLC patients in arm B com-
pared to arm A. Further differences in the two arms were
also recorded in terms of specific T cell response. Indeed,
we found a significant increase in T,s and NK cells with
cytotoxic phenotype in arm A and a significant increase in
T,ees in arm B patients. T, lymphocytes represent a fresh
source of CTLs expressing the CCR7 receptor, a surface
molecule which allows them to follow the gradient of their
ligands, the chemotactic chemokines (CCL) 19 and 21,
produced by inflammatory cells in lymph nodes and tumor
sites [44] where these cells may differentiate in highly
cytotoxic effector cells or acquire long-lasting memory
[45]. We have recently shown that their overexpression in
the primary tumor is strongly predictive of favorable prog-
nosis in metastatic colorectal cancer patients [46, 47]. The
T,cgs rise observed in patients on arm B could instead be
dependent on the presence of IL-2 in the combined TSPP/
IG-1 cytokine treatment arm [48]. Even though antitumor
activity was a secondary endpoint of this trial, we recorded
a disease control rate (PR 4+ SD) of 66.7 % (¢ 12) in arm
A and 33.3 % (three out nine) in arm B, with two patients
(two in arm A and one in arm B) who remained free of
progression for more than 12 months, and two additional
patients (in arm A) who showed a survival longer than
12 months.

Taking account that the majority of these patients pre-
sented multiple metastatic sites and that they had received
multiple treatment lines prior to receiving TSPP vaccina-
tion, we can consider our results encouraging in terms of
antitumor activity. Additionally, the finding that patients
experiencing the longest survival also presented a low base-
line inflammatory status leads us to believe that the phar-
macological modulation of systemic inflammatory response
could be a promising candidate approach to improve anti-
cancer immunotherapy.

In conclusion, the findings of this clinical study sug-
gest that the TSPP vaccine is safe (its MTD could not be
reached in both arms) and is associated with both bio-mod-
ulatory and antitumor activity. The immunological analysis
showed that TSPP vaccination induces effects with poten-
tial anti-tumor activity at the dosage of 2-300 g (MEBD),
while the addition of GM-CSF and IL2 does not provide
any clinical or immunological advantages. These results
offer the rationale to investigate TSPP anti-tumor activity
in disease-oriented phase II trials.
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Abstract

Toscana virus is the main phlebovirus circulating in Tuscany during the warm season, thus, a seroprevalence
study was performed in the same area to estimate the antibody prevalence rates for sandfly fever Sicilian virus
(SFSV) that is endemic in the Mediterranean countries. The low seroprevalence observed in this study shows that
this virus does not play an important role in the etiology of febrile illness in central Italy.
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Introduction

SANDFLY FEVER VIRUSES CAUSE HUMAN illness and are
transmitted by sandfly vectors (Phlebotomus spp.). Phle-
boviruses, in particular, the Sandfly Naples (SENV), Sandfly
Sicilian (SFSV), and Toscana (TOSV) viruses circulate in the
Mediterranean basin (Izri et al. 2008, Calamusa et al. 2012,
Ergiinay et al. 2011, Guler et al. 2012). In endemic areas,
these infections occur during the warm season, in parallel
with the highest activity of sandfly vectors. TOSV has been
considered the etiologic agent of acute meningitis, menin-
goencephalitis, or encephalitis. Naples and Sicilian serotype
viruses are the etiologic agents of a usually mild, self-lim-
ited disease characterized by fever, myalgia, headache, and
muscle and joint pain, and patients generally recover within
a week. SFSV, which is specially transmitted by Phlebotomus
papatasi (Karabatos 1985) was discovered in Italy (Palermo,
Sicily) where it affected Allied Army troops in World War II
after landings in Sicily in 1943. In Italy, P. papatasi is scarce,
but it was abundant before dichlorodiphenyltrichloroethane
(DDT) was used in the 1940s, and it may have been
substituted by other vectors belonging to the subgenus
Larroussius for SFSV transmission.

More recently, 37 cases of SFSV infection were recorded in
Swedish tourists returning from Cyprus between 1986 and
1989 (Eitrem et al. 1990), and an outbreak affecting 286 Greek
soldiers stationed in Cyprus occurred in 2002 (Konstantinou
et al. 2007). This virus and SFSV-like viruses are now circu-
lating in Italy, Egypt, Cyprus, Iran, Israel, Algeria, Tunisia,
and Pakistan (Depaquit et al. 2012). A recent seroepi-
demiological study conducted on a population sample in
Sicily showed that 9.2% of the subjects were positive for SFSV

immunoglobulin G (IgG), and this percentage was about 2-
fold higher in subjects over the age of 64 (15.9%) compared to
the youngest (7%) (Calamusa et al. 2012). It seems likely that
the oldest subjects were heavily exposed to P. papatasi, the
main SFSV vector, when they were young, after which the
sandfly was markedly suppressed by the extensive use of
DDT (Calamusa et al. 2012).

Data for SFSV seroprevalence in northern and central Italy
are lacking, thus our aim was to investigate the ser-
oepidemiology of SFSV in Tuscany, where TOSV is widely
diffused. All consecutive serum samples (1 =365) submitted
to the laboratory of “S. Maria delle Scotte” Hospital in Siena
during the winter season 2011, collected from people of dif-
ferent ages for pathologies not related to neurological forms,
were included in the study. They were divided into 3 groups
of subjects by age: (1) Aged 0-20 years (1 =104, median age, 12
years); (2) aged 21-60 years (1=120, median age, 41 years);
and (3) aged >60 years (n=141, median age, 74 years). The
tested population was composed of 195 males and 170 fe-
males. All patients in the study lived in Siena or its suburbs.
Sera were analyzed for the presence of specific anti-SFSV IgM
and IgG antibodies by indirect immunofluorescence assay
(EuroImmun, Germany). None of the serum was positive
for IgM, but 4 samples (1.09 %) were IgG positive to SFSV
(Table 1).

A comparison of these data with that observed in Sicily
showed that the virus is not circulating in Tuscany, whereas it
is still present in Sicily, where seropositivity to SFSV has been
recorded in the analyzed population (Calamusa et al. 2012).
We could hypothesize that the virus is not present in central
Italy or that its vector is not circulating in the area considered
in this study. Currently, phlebotomine sandflies are the main
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TABLE 1. SEROPREVALENCE OF SFSV ANTIBODIES
IN PEOPLE LIVING IN SIENA
Subjects SFESV positive SFSV negative
Group 1 (0-20 years) 0 104
Group 2 (21-60 years) 0 120
Group 3 (>60 years) 4 137

vector of Toscana virus, which is widely diffuse in central
Italy, and it is possible that P. papatasi, the vector of SFSV, is
less diffuse among the species of the Phlebotomidae family,
due to the past use of insecticides; however, this feature does
not justify the low seroprevalence rate, because other sand-
flies have been recognized as vectors for the SFSV (Cusi et al.
2010, Moureau et al. 2010). The 4 patients that resulted posi-
tive for SFSV IgG were over 70 years old; thus, we do not
know whether they acquired the infection outside Tuscany or
if their seropositivity dates back to their youth when the virus
might have been circulating in central Italy.

SFSV-like viruses are diffuse in the Mediterranean ba-
sin and some recent reports have described the presence of
these new viruses by serological analyses on the human
population (Izri et al. 2008, Ergiinay et al. 2011, Calamusa
et al. 2012, Guler et al. 2012). The results obtained in Tuscany
are in line with those observed in the south of France, where
SFSV does not appear to be circulating (Bichaud et al. 2011).
The seroprevalence to TOSV in central Italy and Tuscany is
quite high (20-21%) (Terrosi et al. 2009); thus, it was inter-
esting to analyze the seroprevalence of another sandfly
virus transmitted by the same vectors in the same area.
This study shows that SESV is not endemic in Tuscany and,
unlike Sicily, seroprevalence is rather low, confirming that
this virus does not play an important role in the etiology of
febrile illness in central Italy during the warmest months of
the year.
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