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Emerging and re-emerging viral infections have been an important public 

health problem in recent years. The Bunyavirales order is one of the largest 

groups of segmented negative-sense single-stranded RNA viruses, which 

includes many pathogenic strains that cause severe human diseases. Toscana 

virus (TOSV), a Phlebovirus belonging to the Phenuiviridae 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 –Gàmez et al., 2009; Cusi et al., 2010). 

The mechanisms of protection against natural infection of Phlebovirus are 

not known, however it is supposed that a virus neutralizing antibody 

response against the viral glycoproteins could be needed to block the first 

stages of infection. Neutralizing antibody responses are critical components 

of the host defense against viral infections and are recognized as a key 

element in the protective immune response against infection elicited by 

many prophylactic vaccines (Burton et al., 2012; Corti et al., 2013). In this 

setting, we focused our attention on TOSV glycoproteins (Gn and Gc). In a 

previous work, Prof. Cusi's group was able to localize three neutralizing 

epitopes on Gn glycoprotein using human mAbs obtained by 

immortalization of B cells from a subject infected with TOSV. It was 

postulated that these 3 aminoacid sequences, separated in the primary 

structure of the protein, had probably a neutralizing activity in the 

tridimensional structure, in which peptides 1- 2 could be part of a 

conformational epitope without peptide 3; which instead, is necessary to 



 

2 
 

strengthen the neutralizing activity and hinder the virus replication, by 

blocking the binding of Gn to the receptor.  

The present study was aimed to confirm in vivo the immunogenic efficacy 

of these three epitopes in various combinations in mouse model and to test 

if the mice serum obtained show any cross reactivity with other members of 

Phlebovirus (such as SFNV, PUNV, SNVF, CYPR) and eventually, to 

evaluate if these cross-reactive sera are also neutralizing against other 

Phlebovirus. Moreover, these results could be used to design epitopes that 

can serve as potential targets for the production of epitope-based diagnostics 

and vaccines against TOSV and other related Phlebovirus. 

The study also developed monoclonal antibodies against TOSV NSs protein 

by immortalization of human B cells by a modified methodology. These 

monoclonals could be used for better understanding the role of NSs in viral 

infection of the host and eventually in passive immunization. 
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1.1 Arbovirus 

Newly emerging or re-emerging infections continue to pose significant global public 

health threats. Arthropod-borne pathogens account more than 17% of infectious 

diseases, affect millions of people around the world each year, causing over 700,000 

deaths annually and comprise a significant proportion of emerging human pathogens 

(Jones et al., 2008; Woolhouse et al., 2008; Rosenberg et al., 2013; WHO Fact Sheet 

2020). 

A high proportion of arboviruses associated with human and animal disease circulate 

in tropical and subtropical regions, where arthropods tend to be abundant. However, 

many arboviruses also circulate among wildlife species in temperate regions of the 

world. Despite the global distribution of viruses such as West Nile virus (WNV), 

Dengue Virus (DENV) and Chikungunya Virus (CHIKV), most of the arboviruses 

are generally endemic but limited to specific regions of the world. Nevertheless, 

even within this relatively localized distribution, diffusion to distant locations can 

occur via animal or vector migration (Liang et al., 2015). 

Arboviruses already have a well-known history of emergence and will undoubtedly 

continue to emerge in the future. There are many unidentified arboviruses that, due 

to their high mutation rates, may emerge as pathogens although they are not present 

as epidemic strains in the wild environment (Marchi et al.,2018) yet. Considering 

the history of emergence of some arboviruses, these epidemics have occurred 

globally as a result of climate and socio-economic changes that have allowed the 

spread to new geographical areas of viruses previously confined to specific 

ecological niches. Usually, their dissemination is linked to the natural geographic 

distribution of the vector, nevertheless climate change and the increasing 

globalization and habitat modifications, are already resulting in changing 
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epidemiology of a variety of arboviruses and facilitate their spreading to new 

geographic locations (Whitehorn et al.,2019). Through spillover transmission from 

enzootic amplification cycles, humans can be infected as incidental and dead-end 

hosts. By contrast, some arboviruses undergo urban cycle involving humans as 

amplifying hosts and causing several epidemics in urban areas (Weaver et al., 2010; 

Coffey et al., 2013; Agarwal et al., 2017). 

 

 

Figure 1: Arbovirus Outbreak. Venezuelan equine encephalitis virus (VEEV), Zika 
virus (ZIKV), West Nile virus (WNV), tick-borne encephalitis virus (TBEV), 
Japanese encephalitis virus (JEV), dengue virus (DENV), Rift Valley fever virus 
(RVFV), Crimean-Congo hemorrhagic fever virus (CCHV), Mayaro virus (MAYV), 
Chikungunya virus (CHIKV), and Yellow fever virus (YFV).   
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The majority of arboviruses circulate in nature between an amplifying vertebrate 

host and a vector arthropod without causing harm to either of them. More than 100 

arboviruses are known to infect humans and over 40 to infect domestic animals. In 

general, these represent ‘dead-end infections’ in unnatural vertebrate hosts. 

Examples of important human pathogens include the four dengue viruses (dengue 

virus 1–4), West Nile virus, Rift Valley fever, Yellow fever virus, and Japanese 

encephalitis virus. Nairobi sheep disease, Venezuelan equine encephalitis, and 

Bluetongue virus are examples of veterinary diseases caused by infection with 

arboviruses. With the single exception of African swine fever virus, arboviruses 

have RNA genomes consisting of linear or segmented, positive-sense or negative-

sense, and single- or double-stranded molecules. (Miller, 2008). 

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). Arthropod-borne viruses (arboviruses) are transmitted 

biologically among vertebrate hosts by hematophagous (blood feeding) arthropod 

vectors such as mosquitoes and other biting flies, and ticks. 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 from a vector to a 

vertebrate host via the saliva during blood feeding. This transmission is the most 

common for the majority of arboviruses and involves infection of the vector 

alimentary tract following a viremic blood meal, dissemination of the virus in the 

vector, and eventual virus replication in the salivary glands (Serena et al., 2018). 

Most of the arboviruses that cause human/animal diseases belong to four virus 

families: Togaviridae (genus Alphavirus), Flaviviridae (genus Flavivirus), 

Bunyaviridae (genera Orthobunyavirus, Phlebovirus and Nairovirus) and 

Reoviridae (genera Coltivirus and Orbivirus) (Agarwal et al., 2017; Powers 2009). 

In 2016, the family of Bunyaviridae was changed to Bunyavirales order (Virus 

Taxonomy: 2016 Release, EC 48, Budapest, Hungary, August 2016; Virus 

Taxonomy) to accommodate related viruses with segmented, linear, single-stranded, 
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negative-sense or ambisense RNA genomes and classified into twelve families 

(ICTV 2019 release, https://talk.ictvonline.org/taxonomy/). 

1.2 Bunyavirales 

The Bunyavirales order is one of the largest groups of segmented negative-sense 

single-stranded RNA viruses, which includes many pathogenic strains that cause 

severe human diseases. It is subdivided into 12 families: Arenaviridae, Cruliviridae, 

Fimoviridae, Hantaviridae, Leisbuviridae, Mypoviridae, Nairoviridae, 

Peribunyaviridae, Phasmaviridae, Phenuiviridae, Tospoviridae and Wupedeviridae 

comprising of 46 genera. Four families contain members that cause life-threatening 

diseases in humans: Hantaviridae, Nairoviridae, Peribunyaviridae and 

Phenuiviridae (Wichgers et al., 2018; Abudurexiti et al., 2019). These families 

include the species Bunyamwera virus (BUNV), Crimean-Congo haemorrhagic 

fever virus (CCHFV), Hantaan virus (HTNV), La Crosse virus (LACV), Rift Valley 

fever virus (RVFV), Severe fever with thrombocytopenia syndrome virus (SFTSV), 

and Sin Nombre virus (SNV). Three families within Bunyavirales contain members 

that infect plants as their primary host: Fimoviridae, Phenuiviridae, and 

Tospoviridae. Within these families, there is one genus of plant infecting viruses: 

Emaravirus, Tenuivirus, and Orthotospovirus respectively (Herath et al., 2020). 

Most bunyaviruses are transmitted by insects or ticks, with the exception of 

members from the family Hantaviridae that are entirely rodent borne (Zhang, 2014). 

Viruses in the order Bunyavirales infect arthropods, plants, protozoans, and 

vertebrates. Their RNA genomes are segmented and exhibit negative or ambisense 

polarity. Depending on the family and genus, bunyaviruses (now referring to all 

members of the Bunyavirales) has a fixed number of genome segments which range 

from two to eight, with plant viruses having the largest numbers of segments. 

(Herath et al., 2020). 

The viral particles have a diameter of 80 to 120 nm and are composed of helicoidal 

nucleocapsids containing three RNA segments that code for a minimum of four 

structural proteins in a negative-sense orientation named small (S), medium (M) and 
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large (L), reflecting their relative nucleotide length. Viruses within each genus share 

similar overall segment length and a generally common expression strategy for their 

encoded protein products (Schmaljohn & Nichol, 2006). The genetic organization 

of the segments is similar across all genera; each template strand further contains 

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). These 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). There are 

differences in the patterns of sizes of the viral RNAs and structural proteins between 

the different genera, and the expression strategy of non-structural proteins also 

differs between different genera. (Elliot et al., 2014). 

The coding regions of each genome segment lie between terminal non-translated 

sequences that vary in length. The 3’ and 5’ genomic RNA termini are essential for 

RNA synthesis and are typically invariant.  

A major difference between bunyaviruses from other enveloped viruses is that the 

virions are devoid of any classical matrix or capsid protein. The matrix function is 

performed by the cytoplasmic tail of Gn, one of the two glycoproteins, 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). 
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Figure 2: Consensus nucleotide sequence of the 3’ and 5’ termini for each genomic 

segment of Bunyaviriales.  

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 

forms 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 I 

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 
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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), 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) 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 

Phenuiviridae 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 glycosylated with N-linked glycans (Kuismanen et 

al., 1984;Matsuoka et al., 1988) of the high-mannose type, which can be processed 
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into hybrid and complex forms upon import of the two glycoproteins into the Golgi 

apparatus (Kuismanen et al., 1984; 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 vRNA 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 glycosylation (Valassina et al., 2003). All M-segment 
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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 

Phenuiviridae family are typical class I 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 459kD 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 RNA-replication 

and mRNA-transcription products from their respective viral templates (Walter & 

Barr 2011). Primary transcription of negative-sense viral RNA 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 

Phenuiviridae 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 Phenuiviridae 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). 

1.3 Phenuiviridae 

Phenuiviridae is a virus family belonging to the order Bunyavirales established in 

2016. Members of Phenuiviridae are enveloped viruses with helical capsid 

morphology. Envelope glycoproteins of these viruses are distributed with 

icosahedral symmetry (T=12) 

[http://viralzone.expasy.org/7101?outline=all_by_species]. Phenuiviridae is a 
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negative single stranded RNA (-ssRNA) virus family 

[https://www.uniprot.org/taxonomy/1980418]. Phenuiviridae family members 

include human and animal pathogenic viruses transmitted by arthropod vectors, 

including phlebotomine sandflies, mosquitos and ticks (Matsuno et al., 2015; 

Palacios et al., 2013). They can cause a variety of clinical syndromes ranging from 

a brief, self-limiting febrile illness, to retinitis, encephalitis, meningoencephalitis 

and fatal haemorrhagic fever (Liu et al., 2003). 

Replication begins with the attachment of viral proteins to host receptors and entry 

of virus by endocytosis. Acidification of endocytic vesicles causes uncoating of the 

virus which is followed by fusion of viral membranes with that of the host 

endosomes. Primary transcription of viral complementary mRNA occurs and the L, 

M and S mRNAs are translated. Transcription starts by viral RNA dependent RNA 

polymerase (L) binding to a promoter on each encapsidated segment, and is 

terminated by a strong hairpin sequence at the end of each gene. These are capped 

by L protein during synthesis using cap snatching, but are not polyadenylated. S- 

segment uses ambisense strategy to encode for several proteins: both genomic and 

antigenomic RNA are transcribed. The hairpin sequence is a stop polymerase signal 

which prevents ambisense transcription from producing dsRNA. M segment 

encodes for several polyproteins by leaky scanning, which are cleaved by host 

protease into Nsm, Gn and Gc proteins. This is followed by RNA replication and 

morphogenesis. Mature virions are released by fusion of virus-containing 

cytoplasmic vesicles with the plasma membrane and budding. (David et al.,2007; 

https://viralzone.expasy.org/7101?outline=all_by_species) 
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Figure:3 Structure of a Phenuiviridae virion (https://viralzone.expasy.org) 

 

Figure:4 Replicative cycle of a Phenuiviridae virion 

(https://viralzone.expasy.org) 
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Table:1 Taxonomical Classification of Phenuiviridae family 

Family Phenuiviridae 
Genus Species Notable Viruses 

Banyangvirus 

Guertubanyangvirus Guertu virus (GTV) 
Heartland banyangvirus Heartland virus (HRTV) 

Huaiyangshanbanyangvirus Severe Fever with Thrombocytopenia Syndrome Virus (SFTSV) 

Beidivirus Dipteran beidivirus Húběidiptera virus 3 (HbDV-3) 

Goukovirus 

Cumutogoukovirus Cumuto virus (CUMV) 

Gouleakogoukovirus Gouléako virus (GOLV) 
Yichang insect goukovirus Yíchāng insect virus (YcIV) 

Horwuvirus Horsefly horwuvirus Wǔhàn horsefly virus (WhHV) 

Hudivirus Dipteran hudivirus Húběidiptera virus 4 (HbDV-4) 

Hudovirus Lepidopteran hudovirus Húběi lepidoptera virus 1 (HbLV-1) 

Kabutovirus 
Huangpikabutovirus Huángpí tick virus 2 (HpTV-2) 

Kabuto mountain kabutovirus Kabuto mountain virus (KAMV) 

Laulavirus Laurel Lake laulavirus Laurel Lake virus (LLV) 

Mobuvirus Mothramobuvirus Mothra virus (MTHV) 

Phasivirus 
Badu phasivirus Badu virus (BADUV) 

Phasi Charoen-like phasivirus PhasiChaeron-like virus (PCLV) 
Wutai mosquito phasivirus Wǔtái mosquito virus (WtMV) 

Phlebovirus 

Bujaruphlebovirus 
Bujaru virus (BUJV) 
Munguba virus (MUNV) 

Candiru phlebovirus 

Alenquer virus (ALEV) 
Ariquemes virus (ARQV) 
Candirú virus (CDUV) 
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Itaituba virus (ITAV) 
Jacundá virus (JCNV) 
Maldonado virus (MLOV) 
Morumbi virus (MR(M)BV) 
Mucura virus (MCRV/MRAV) 
Nique virus (NIQV) 
Oriximiná virus (ORXV) 
Serra Norte virus (SRNV) 
Turuna virus (TUAV) 

Chilibrephlebovirus 
Cacao virus (CACV) 
Chilibre virus (CHIV) 

Frijoles phlebovirus 
Frijoles virus (FRIV) 
Joá virus (JOAV) 

Mukawaphlebovirus Mukawa virus (MKWV) 

Punta Toro phlebovirus 

Buenaventura virus (BUEV) 
Campana virus (CMAV) 
Capira virus (CAPIV) 
Coclé virus (CCLV) 
Leticia virus (LTCV) 
Punta Toro virus (PTV) 

Rift Valley fever phlebovirus Rift Valley fever virus (RVFV) 

Salehabadphlebovirus 

Adana virus (ADAV) 
Adria virus (ADRV) 
Alcube virus 
Arbia virus (ARBV) 
Arumowot virus (AMTV) 
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Bregalaka virus (BREV) 
Medjerda Valley virus (MVV) 
Odrénisrou virus (ODRV) 
Olbia virus (OLBV) 
Salehabad virus (SALV) 
Zaba virus (ZABAV) 

Sandfly fever Naples phlebovirus 

Arrábida virus (ARRV) 
Balkan virus (BALKV) 
Fermo virus (FERV) 
Gordil virus (GORV) 
Granada virus (GRV = GRAV) 
Massilia virus (MASV) 
Punique virus (PUNV) 
Saddaguia virus (SADV) 
Saint-Floris virus (SAFV) 
Sandfly fever Naples virus (SFNV) 
Tehran virus (THEV) 
Toscana virus (TOSV) 
Zerdali virus (ZERV) 

Uukuniemi phlebovirus 

Chizé virus (CHZV) 
EgAN 1825–61 virus (EGAV) 
Fin V 707 virus (FINV) 
Oceanside virus (OCV = OCEV) 
Pontevès virus (PTVV) 
St. Abbs Head virus (SAHV) 
Uukuniemi virus (UUKV) 
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ZalivTerpenyia virus (ZTV) 

Pidchovirus Pidgeypidchovirus Pidgey virus (PGYV) 

Tenuivirus 

Echinochloa hoja blancatenuivirus Echinochloa hoja blanca virus (EHBV) 
Iranian wheat stripe tenuivirus Iranian wheat stripe virus (IWSV) 

Maize stripe tenuivirus Maize stripe virus (MStV = MSpV) 
Rice grassy stunt tenuivirus Rice grassy stunt virus (RGSV) 
Rice hoja blancatenuivirus Rice hoja blanca virus (RHBV) 

Rice stripe tenuivirus Rice stripe virus (RSV = RStV) 
Urochloa hoja blancatenuivirus Urochloa hoja blanca virus (UHBV) 

Wenrivirus Shrimp wenrivirus Wēnzhōu shrimp virus 1 WzSV-1 

Wubeivirus 
Dipteran wubeivirus Húběidiptera virus 5 (HbDV-5) 

Fly wubeivirus Wǔhàn fly virus 1 (WhFV-1) 
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1.4 Toscana Virus 

Within the Phenuiviridae family of Bunyavirales order, 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). 

Among sandfly-transmitted viruses, three serotypes have been identified: Naples, 

Sicilian and Toscana serocomplex. Naples and Sicilian serotypes have the widest 

geographical distribution which is related to the distribution of the vector (P. 

pappatasi) and they have been isolated from sandflies in Africa, central Asia, the 

Americas and Europe. 

Toscana Virus (TOSV) was first isolated in 1971 in central Italy (in Monte 

Argentario, Grosseto Province) from two different species of sandflies, 

Phlebotomus perniciosus (P. perniciosus) and Phlebotomus perfiliewi (P. 

perfiliewi) (Verani et al., 1982; Verani et al., 1984; Verani et al.,1988); and it was 

registered in the International Catalogue of Arbovirus, belonging to the Phlebovirus 

genus, in 1980. Other strains of Toscana virus were isolated from P. perfiliewi, in 

other parts of Italy where the insect vectors were present (Verani et al., 1982, 

1984a, 1988; Ciufolini et al., 1985). The virus can be transmitted transovarially in 

the insect vectors, but its animal reservoir has not been identified yet. TOSV 

isolation from the brain of a bat (Pipistrellus kuhli) has been the only evidence of 

the possible involvement of this species in the ecology of the virus (Verani et al., 

1982, Verani et al., 1984, Ciufolini et al., 1985). However, serological 

investigations have shown that anti-TOSV specific IgG has been detected in some 
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animal species, indicating that this virus can also infects animals (Ciluna et al., 

2007). 

TOSV belongs to the Naples serocomplex and is the only virus associated with 

neuroinvasive infections.  

1.4.1 Epidemiology 

TOSV is widespread in the Mediterranean basin, and evidence of human infection 

has been found in Italy, France, Spain, Portugal, Cyprus, and Turkey. Phylogenetic 

analysis has distinguished two genotypes of TOSV, A and B; the first is circulating 

mainly in Italy, France, Algeria, Tunisia, Turkey, and the second in Spain, France, 

Portugal, Morocco, Turkey indicating a different geographic distribution possibly 

related to the vector. A third lineage, C, has been recently added and identified in a 

strain circulating in Croatia and Greece (Punda-Polić et al., 2012). As already seen 

for other arbo-bunyavirus, the diffusion of TOSV is expanding with the geographic 

distribution of its vector, leading to a higher pathogenicity in non-exposed 

populations of areas outside the current prevalence (Mediterranean basin) (Collao 

et al.,2009). This distribution, evolving with the climate, globalization and habitat 

modification, has implications for the epidemiology of TOSV. 

TOSV represents an important emerging pathogen in Europe and Northern Africa 

(Charrel et al., 2012).The first case of TOSV infection reported from Spain 

occurred in a Swedish tourist after a visit to Catalonia and was documented by 

plaque reduction neutralization test (PRNT) (Eitrem et al., 1991), whereas the 

presence of the virus in Portugal was suspected on the basis of a strain isolated from 

the cerebrospinal fluid (CSF) of a Swedish patient who was returning to his home 

country from Portugal (Ehrnst et al., 1985). A large epidemiological study 

conducted in the province of Granada by a Spanish group (Sanbonmastu et al., 

2005) established TOSV as one of the most important etiological agents of CNS 

diseases. The first case of TOSV infection acquired in France was reported in a 

German traveler who was returning from southern France (Dobler et al., 1997). An 
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interesting study on seroprevalence was conducted in volunteer blood donors in 

France, showing that 12% of sera from healthy donors and 18.9% of sera from 

patients hospitalized for CNS infection were IgG positive for TOSV, confirming 

that TOSV circulates in southeastern France and that a significant proportion of 

healthy blood donors has a history of TOSV infection (De Lamballerie et al., 2007).  

Seroconversion to TOSV was observed in Swedish United Nations soldiers based 

in Cyprus without any clinical manifestations (Eitrem et al., 1990). Similarly, 

populations living on the Ionian Islands and western mainland of Greece also 

showed a seroprevalence of 60% and 35% respectively (Charrel et al., 2005). 

Although the seroprevalence of antibodies to TOSV was found to be low in 

Germany, TOSV infection could be considered in patients returning from virus-

endemic areas who had fever and headaches or symptoms of meningitis (Schwarz 

et al., 1995). Some infections imported into Germany by people returning from a 

vacation in Tuscany, France, Spain or Portugal have been reported (Dobler et al., 

1997; Ehrnst et al., 1985; Schwarz et al., 1995; Imirzalioglu et al., 2006; Kuhn et 

al., 2005; Defuentes et al., 2005; Schwarz et al., 1996). Another case of imported 

TOSV infection has been recorded in the Netherlands, where a patient with 

meningoencephalitis was hospitalized after a vacation in central Italy during the 

summer (Beersma et al., 2004). Other imported TOSV infections acquired by 

travelers have been reported during the past few years. In Switzerland, a case of 

meningitis due to TOSV infection was reported in a tourist who had stayed on the 

coast of Tuscany (Elba Island) during August (Sonderegger et al., 2008). The 

presence of sandfly fever virus was also investigated in Bosnia and Herzegovina in 

a serological study of the local population. The presence of specific anti-TOSV 

antibodies was revealed in a group of patients during 2006-2008 (Hukic et al., 

2009). 

In Italy, 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 
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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).The rate of TOSV associated meningitis during summer in Italy was 

demonstrated by an epidemiological study conducted on hospitalized patients 

residing in Tuscany during the 1995-1998 period. About eighty percent of cases of 

aseptic meningitis were due to TOSV infection during summer period (Valassina 

et al., 2000). 

All studies agree regarding the monthly distribution of human cases of TOSV 

infections: the highest risk of acquiring TOSV is in August, then July and 

September, and finally June and October. Populations living in rural areas and with 

high levels of outdoor activity are at the greatest risk of TOSV infection. 

Seroprevalence studies performed in southern Europe indicate that a significant 

proportion of the exposed population (5 to 50%, depending on the studies and on 

the regions) possess antibodies that react with Toscana virus. According to these 

data, TOSV is the most prevalent arthropod-borne virus in Europe far ahead of tick-

borne encephalitis virus, West Nile virus, or dengue virus. Hence there is a great 

need to draw attention to TOSV (Charrel et al., 2005). 
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Figure:5 Toscana Virus in the Mediterranean Basin (Charrel, 2014) 

1.4.2 Clinical manifestations of TOSV infection 

TOSV infections have an incubation period of three to six days (Sonderegger et al., 

2009). The clinical picture is variable. In addition to meningitis and 

meningoencephalitis, few cases of encephalitis without meningitis have been 

described (Dioniso et al., 2001). The high seroprevalence suggests that 

asymptomatic infection is rather common and TOSV therefore is probably under-

recognized. In a study performed in the area around Florence, Siena and Arezzo, 

forestry workers with high occupational risk of TOSV infection showed a 

seropositivity rate of over 75% with negative history of neurological symptoms 

(Valassina et al., 2003). This confirms that TOSV infection can be very mild or 

even completely free of symptoms. TOSV is the major cause of aseptic meningitis 

(95%) and meningoencephalitis (4.5%) and influenza-like illness during the 

summer season, especially in July, August and September when the maximum 
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activity of the sandfly vector occurs (Hemmersbach-Miller et al., 2004; 

Sanbonmatsu –Gàmez et al., 2009). 

TOSV 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, it is found that levels of anti-inflammatory and antiviral mediators were 

significantly higher in cerebrospinal fluid (CSF) of TOSV-infected patients as 

compared to patients with other infectious or noninfectious neurological diseases 

(Varani et al., 2015).  

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%, 18h–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 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). 
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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 (Martínez-García 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). Serata 

et al., 2011 reported a case of psychiatric sequelae following encephalitis due to 

TOSV infection in a patient without personal or family psychiatric history. Severe 

and lethal encephalitis was also reported (Bartels & Boni, 2011). 

A retrospective study on the antibody prevalence rates of Toscana virus (TOSV) 

among children and adults was performed in a population living in Tuscany during 

1999-2006. The seroprevalence rate was 19.8% in adults and 5.8% in children, 

showing an age-dependent increase in TOSV specific immunity. Moreover, 

correlating seroprevalence to the clinical profile, the study indicated that 

asymptomatic TOSV infection is more frequent in young people (91%) than in 

adults (31.4%), in whom a higher incidence of severe signs of neurological 

disorders correlated to TOSV infection are present (Terrosi et al., 2009). 

Although the vast majority of cases have a favorable outcome, some severe cases 

of TOSV infections were described (Depaquit et al., 2010; Charrel et al., 2005; 

Baldelli et al., 2004; Cusi et al., 2010; Vocale et al., 2012). Various studies have 

reported a larger extent for neurological symptoms than initially identified. Other 
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neurological manifestations such as deafness, (Martinez-Garcia et al., 2008; Paul 

et al., 1995) persistent personality alterations (Serata et al., 2011), fasciitis and 

myositis (Doudier et al., 2011) and speech disorders and paresis (Sanbonmastu-

Gamez et al., 2009) were also reported. 

1.4.3 TOSV infection and role of glycoproteins      

TOSV virus genome is composed of three single-strand RNA segments named S, 

M and L. The S segment is 1869 nucleotides long and codes for a 253 aminoacid 

protein, the N protein, in viral complementary sense and for a 316 amino acid 

protein, a non-structural protein, NSs, in analogy to other members of the same 

genus (Giorgi et al., 1991). The M segment is 4215 nucleotides long, it has only 

one open reading frame (ORF) in the viral complementary sense, coding for a 

putative protein of 1339 amino acid (Gro et al., 1997) co-translationally processed 

in three proteins: the 30 kDa non structural protein, NSm, and the envelope 

glycoproteins, Gn and Gc (Di Bonito et al., 1997). Sequence analysis of the L 

segment showed that it is 6404 nucleotides long and it contains a single ORF, in 

the viral complementary sense, coding for a protein of 2095 amino acids with a 

deduced molecular mass of 239 kDa (Accardi et al., 1993) supposed to be the viral 

polymerase. 

TOSV like Phleboviruses and other bunyaviruses use their envelope proteins, Gn 

and Gc, for entry into target cells and for assembly of progeny particles in infected 

cells. The glycoproteins are involved in the first step of the bunyavirus replication 

cycle mediating the viral entry into host cells and are the targets for neutralizing 

antibodies. Once inside the target cell, exposure to endosomal low pH induces Gc-

driven fusion of the viral envelope with the vesicle membranes, leading the release 

of viral genome in the cytoplasm where the replication cycle starts. Moreover, Gn 

and Gc also facilitate virion incorporation of the viral genome via their intracellular 

domains and Gn and Gc interactions allow the formation of a highly ordered 

glycoprotein lattice on the virion surface. (Spiegel et al., 2016). 
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Gn and Gc are synthesized as a precursor protein, in the secretory pathway of 

infected cells. The cleavage step is executed by a cellular enzyme, signal peptidase 

(Lober et al., 2001; Gerrard et al., 2007; Andersson et al., 1997), during import of 

the Gn/Gc precursor into the endoplasmic reticulum (ER). In the ER, both Gn and 

Gc are decorated with N-linked glycans (Kuismanen et al., 1984; Matsuoka et al., 

1988) of the high-mannose type, which can be processed into hybrid and complex 

forms upon import into the Golgi apparatus (Kuismanen et al., 1984; Shi et al., 

2005; Madoff et al., 1982) which is the site of bunyavirus budding (Kuismanen et 

al., 1982; Fontana et al., 2008; Smith et al., 1982; Salanueva et al., 2003; Murphy 

et al., 1973). This process is facilitated by Gn and Gc, which play a key role in 

particle morphogenesis and genome incorporation (Piper et al., 2011; Overby et al., 

2006; Novoa et al., 2005; Spiropoulou et al., 2001; Cifuentes et al., 2014). Finally, 

infectious particles with Gn and Gc are released from the infected cell by 

exocytosis. 

Considerable progress has been made over the last three decades in understanding 

the role of the glycoproteins in phlebovirus entry. Although the processing of 

phlebovirus glycoproteins by signal peptidase is a pivotal step of glycoprotein 

maturation, only limited experimental data concerning this process is currently 

available. The subsequent steps in phlebovirus glycoprotein maturation, i.e., 

disulfide bond formation and N-glycosylation are even less well characterized. 

Furthermore, the mechanism of how glycoproteins and RNPs interact during virus 

assembly is poorly understood. 

In some phleboviruses, antigenic sites involved in virus neutralization in vitro have 

been mapped on the envelope glycoproteins and are thought to be conformational 

(Pifat et al., 1988; Besselaar and Blackburn,1991). The human antibody response 

against linear epitopes of the envelope glycoproteins has not been studied 

extensively. In the infection of humans by Sin Nombre hantavirus, an IgG and IgM 

response is directed almost exclusively against a linear epitope of 31 amino acids 
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of G1, the glycoprotein located at the 3’ end of the M genomic segment (Hjelle et 

al.,1994). 

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). Various studies have been attempted 

to identify the immunodominant antigen involved in the human immune response 

against TOSV. The important role of N protein in human infections has been 

demonstrated by the presence of a strong cytotoxic T cell response against N in 

patients affected by viral associated meningitis (Cusi et al.,2002). The N protein is 

considered an important immunogenic antigen, with a partial neutralizing activity 

of anti-N antibodies (Cusi et al., 2001) but also the anti-glycoproteins response 

plays a fundamental role to develop a protective immune response, although it 

apparently seems  short lived (Cusi et al., 2002; Di Bonito P. et al., 2002). Despite 

this, a study (Gori Savellini et al., 2008) demonstrated that a combination of TOSV 

protein N-Gc, used as vaccine, was able to protect 100% of animals from a lethal 

intracranial challenge with a neurovirulent strain of the virus. 

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 

reasons, we decided to focus our attention not only on the N protein, but also on the 

Gn viral glycoprotein and to identify possible conserved epitopes that can induce a 

neutralizing activity. 
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Emerging and re-emerging viral infections have been an important public health 

problem in recent years. The pathogenesis of the Toscana virus (TOSV), circulating 

in the Mediterranean area, which is responsible for aseptic meningitis, 

meningoencephalitis and encephalitis is still largely unclear and the mechanisms of 

protection against this natural infection are still not known, but despite this, the 

humoral response is thought to help with the cell mediated immune response in 

order to fight the infection. In particular, a virus-neutralizing antibody response 

against viral glycoproteins, which are involved in the initial stages of Phlebovirus 

entry, replication cycle and release, would be necessary to inhibit the first steps of 

infection.  

In a previous work carried out in Prof. Cusi’s laboratory, it was possible to localize 

three neutralizing epitopes on Gn glycoprotein using human mAbs obtained by 

immortalization of B cells from a subject infected with TOSV. It was hypothesized 

that these 3 aminoacid sequences, which are separated in the primary structure of 

the protein, had probably a neutralizing activity once exposed near one another as 

a conformational epitope in the natural structure of the protein.  

Based on this idea, the aim of this thesis was to in vivo evaluate the immunogenic 

efficacy of the three peptides in various combinations in a mouse model. The study 

also aimed at determining the possible cross reactivity of the mice sera immunized 

with different combinations of the peptides, against viruses such as SFNV, PUNV, 

SNSV, CYPR which are antigenically related to TOSV. These results could be used 

to design epitopes that can serve as potential targets for the production of epitope-

based diagnostic tools. In addition, the analysis of the possible cross-reactivity with 

other viruses could be exploited   for the design of a vaccine against TOSV and 

antigenically related other Phleboviruses. 
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Finally, the study also aimed at producing monoclonal antibodies against TOSV 

NSs protein by a modified EBV immortalization protocol. These monoclonal 

antibodies could be useful for a better characterization of the NSs protein.   
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3.1 Cells and Viruses 

Vero cells (ATCC CCL-81) 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 

(HyCloneEurope, Milan, Italy) at 37°C. Toscana virus (TOSV) strain 1812 cultured 

on Vero cells (isolated from a clinical specimen S.Maria alle Scotte Hospital, Siena, 

Italy) was plaque purified and propagated for viral stocks preparation. B95.8 cells 

were grown in RPMI 1640 (Hyclone, Cramligton, UK) supplemented with 10% 

FBS (Lonza) and 100 U/ml penicillin-streptomycin at 37°C with 5% CO2. The 

supernatant containing Epstein Barr Virus (EBV) was collected, centrifuged at 

1800 rpm for 10 min to remove the cells and filtered through a 0.22 filter. The 

filter sterile EBV was then stored at -80°C until further use. 

3.2 Human PBMC 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 

10min. at RT. Cells were finally resuspended in RPMI 1640 medium and counted. 

The cells were either cultured or freezed in liquid nitrogen in 10% DMSO. 

3.3 Plasmid Construction 

Viral RNA was extracted from TOSV-infected Vero cells using a QIAamp viral 

RNA minikit (Qiagen). Plasmid vector pGex-2T (Amersham Biosciences) was 

used for the construction of a plasmid containing the peptide 1 and peptide 2 
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sequences of TOSV Gn glycoprotein. The gene sequence was amplified from the 

purified viral RNA by reverse transcriptase PCR (RT-PCR) using specific primers. 

The reaction was carried out using the Super Script III 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°Cand 1 min at 

68°C) and 5 min at 68°C. The primers used were: 

Forward Primer: 5’- AAGGATCCGGAAGTGATATGTCG - 3’ 

Reverse Primer: 5’- GGGGAATTCTCATCTTCATCTGCTC- 3’ 

The amplified gene was then cloned into pGex-2T vector linearized with Bam HI 

and EcoRI. The plasmid was named as GC683. 

Another plasmid named GC727 containing peptide 1, 2 and 3 sequences of TOSV 

Gn glycoprotein was constructed by fusing peptide 3 sequence with GC683. 

Infusion cloning was performed as per the manufacturer’s instructions (Takara Bio 

Inc). Briefly, the GC683 was linearized with EcoRI restriction enzyme and the 

linearized vector was gel eluted using E.Z.N.A.® MicroElute Gel Extraction Kit 

(Omega Bio-tek), following manufacturer’s instructions. The sequence shown 

below, used for Infusion cloning, was purchased from Integrated DNA 

Technologies. The sequence was designed in such a way to introduce a 5 alanine 

sequence (highlighted) upstream of peptide 3 that was fused with the linearized 

vector. 

5’- GAG CAG ATG AAG ATG AGA ATT CAT GCG GCGGCGGCGGCG TCC 

TGT GAG GTT AGC AGC TGC CTA TTC TGT GTG CAC GGA CTG CTT 

AAC TAC CAG TGC CAC ACC TGA CTC GAG GAA TTC ATC GTG ACT 

GAC TGA CGA - 3’ 

The fused construct was obtained by PCR using a mix of the digested plasmid, In-

Fusion HD Enzyme Premix (Takara bio) and the DNA sequence encoding peptide 

3. The reaction mix was incubated for 15 min at 50 °C and then placed in ice for 15 

min. 
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3.4 Plasmid Transformation 

The GC683 and GC727 plasmids were respectively transformed in XL10 Gold and 

Top10 competent cells via the heat shock procedure (Froger et al., 2007) and 

screened for selection. The integrity of the sequence of both constructs was 

confirmed by sequencing (Sanger et al., 1977).  

Protein expression was induced by 1mM IPTG (Thermo Fisher Scientific), until the 

cultures reached an optical density of 0.5-0.6 at 600 nm measured with the 

spectrophotometer (Ultrospec 2100 pro, Amersham Biosciences). Cultures were 

allowed to grow for 3 h, and the cells were harvested by centrifugation at 4500 rpm, 

for 20 minutes and stored at -80°C. 

3.5 Protein Purification from Inclusion Bodies 

The protein was isolated from the pellet of IPTG induced cells. The cell pellets 

were resuspended in STE (50 mM Tris, 150 mM NaCl, 1 mM EDTA) containing 

0.1% Triton Buffer and incubated for 30 minutes, with in-between sonications and 

then centrifuged at 5000 rpm for 15 minutes. Supernatant was discarded while the 

pellets were resuspended in STE Buffer containing 4 M UREA pH 8.0 (Panreac 

AppliChem) and incubated for 40 minutes. The supernatant obtained following 

centrifugation of the incubated mixture was removed, while the pellet was 

resuspended in STE + 1% Triton Buffer and incubated for 30 minutes. The 

supernatant obtained after centrifugation was discarded and the pellet was washed 

with dH2O until the supernatant became clear. The pellet was then resuspended in 

10 ml of STE Buffer containing 8M UREA (pH 8.0) and incubated overnight.  

The overnight sample was then filtered through a 30 kDa cutoff filter (Millipore 

Sigma) by centrifugation at 10,000 rpm for 15min; the flowthrough was discarded 

and the filtered protein was washed twice with PBS. The purified protein obtained 

was then quantified by Bradford reagent (Avantor®) in a spectrophotometer at 595 

nm. All the incubations were made in ice and the centrifugations set at 4°C in order 

to guarantee protein stability.  
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SDS PAGE was then performed to evaluate the purity of the protein by staining the 

gel with Coomassie Brilliant Blue (CBB) (Bio-rad). The specificity of the protein 

was confirmed by Western-blot analysis. Protein was then stored at -80°C until 

further use. 

3.6 Western Blot 

The proteins separated in the gel were transferred onto a nitrocellulose membrane 

by electroblotting (Trans-Blot® TurboTM Transfer System, Bio-Rad) with 

Transfer Buffer 1X (25 mM Tris, 192 mM glycine, 10% methanol) containing 20% 

ethanol. The nitrocellulose membrane (Santa Cruz Bio- technology, Heidelberg, 

Germany) was then blocked with 5% milk (in PBS) at room temperature for 1 hour 

to block the possible non-specific interactions.  

Anti- Goat-GST (Sigma, Milan, Italy), diluted 1:1000, was used as primary 

antibody and incubated with the membrane overnight. Subsequently, the membrane 

was washed 3 times with PBS-Tween 0.1% and incubated for 1 hour in dark with 

the secondary antibody, anti-Goat HRP-conjugated, (Santa Cruz Bio- technology, 

Heidelberg, Germany), diluted 1:2000. After washing off the unbound secondary 

antibody, the substrate (TMB One Component HRP Membrane Substrate, Tebu-

Bio laboratories) was added and the presence of specific band was evaluated. 

3.7 Animal Studies 

Four-week-old female BALB/c mice (Charles River, Milan, Italy) were used in the 

immunization experiments. Each experiment was repeated three times to assess the 

reproducibility of results. Twelve groups of five mice each were immunized every 

2 weeks with four intraperitoneal (IP) injections of 100 μg/mice of Gn peptides in 

different combinations. 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/EUDirective of the European Parliament and the Council for the 

Protection of Animals Used for Scientific Purposes. 
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(http://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:276:0033:0079:EN:P

DF)  

Peptide 1, 2 and 3 as single units conjugated with the KLH carrier were purchased 

from Peptide Facility (CRIBI – Centro di Biotecnologie Università di Padova). 

Peptides 1 and 2 were expressed and purified in a prokaryotic system by a plasmid 

named GC683 whereas peptides 1, 2 and 3 by a plasmid named GC727. All the 

combinations of antigens as described in Table 2 contained an equal volume of 

Montanide as adjuvant. Two weeks after the last immunization, all mice were 

sacrificed, blood was drawn and serum o was collected and stored at -20 °C for 

further analysis. 

Table: 2 Mice Immunization Chart 

Groupof 
mice 

Antigens injected for immunization  

Group 1 Peptide 1-KLHas a single peptide  

Group 2 Peptide 2-KLH as a single peptide 

Group 3 Peptide 3-KLH as a single peptide 

Group 4 Peptide 1-KLH and peptide 2-KLH as a single peptide alternatively 

Group 5 Peptide 1-KLH and peptide 3-KLH as a single peptide alternatively 

Group 6 Peptide 2-KLH and peptide 3-KLH as a single peptide alternatively 

Group 7 Peptide 1-KLH, peptide 2-KLH and peptide 3-KLH as a single peptide 
combined 

Group 8 Pep GC683purified 

Group 9 Pep GC683 purified + Peptide 3-KLH as single peptide 

Group 10 GC727purified 

Group 11 rGn 

Group 12 PBS 

100g of each antigen was used for immunization at two weeks interval with 
Montanide as adjuvant. 
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3.8 Enzyme Linked Immunosorbent Assay (ELISA) 

Microtiter plates (Labsystem, Helsinki, Finland) were coated with 100μl per well 

of either purified whole TOSV or purified TOSV Gn glycoprotein protein (1μg/ml 

conc) in 0.1 M carbonate buffer (pH 9.6) and incubated overnight at 4°C. After 

three washing steps with phosphate buffer solution (PBS)containing 0.05% Brij, 

either 100μl of mice sera diluted 1:50 in dilution buffer (PBS + 0.05% Brij + 10% 

FBS) or 100μl of supernatant from EBV immortalized PBMC diluted 1:2 in dilution 

buffer (for mAbs screening), were added to each well and the plates were incubated 

at 37°C for one hour.  

After washing, 100μl of either peroxidase conjugated anti-mouse IgG (diluted 

1:333) (Sigma-Aldrich) or anti-human IgG + IgM (diluted 1:8000) were added 

followed by incubation at 37°C for one hour in dark. The plates were then washed 

and 100μl of 3,3’,5,5’-tetramethylbenzidine (TMB One Component HRP 

Microwell Substrate, tebu-bio laboratories) was added to each well for 15 min. The 

reaction was stopped by adding 1NH2SO4 solution and the plates were read 

immediately at 450 nm. Dilution buffer was used as negative control and human 

serum from a positive TOSV patient (diluted 1:20 in dilution buffer) was used as a 

positive control.  

3.9 Neutralization Test 

Virus neutralization was carried out on Vero cells in a 96 well microplate. Briefly, 

two-fold serial dilutions (25μl) of mouse sera were added to an equal volume of a 

TOSV dilution containing 200 TCID50 and incubated for 90 min at 37°C, then 30 

min at 4°C. Fifty microliters of cells (106/ml) suspended in MEM (InVitrogen, 

Milan, Italy) with 5% FCS was added to each well. Five days after incubation at 

37°C, the cultures were examined microscopically for the presence of cytopathic 

effect. The 50% end point titer of the serum neutralizing dose was calculated using 

the Reed and Muench method (Reed & Muench, 1938). 
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3.10 Indirect Immunofluorescence Assay 

Cells infected with TOSV strain 1812 were spotted on slides and fixed for 10 min 

at room temperature with cold methanol/acetone. Mice sera diluted 1:50 were 

added and the slides were incubated for 30 minutes at 37°C. Subsequently, the 

slides were washed with PBS + 20% Tween for 5 minutes to remove the unbound 

primary antibody in the mouse sera. FITC-conjugated anti-mouse secondary 

antibody (Sigma, Milan, Italy) diluted 1:320 was added to the slides and then 

incubated for 20 minutes at 37°C in dark. After the final wash, immunofluorescence 

was visualized using a Diaplan microscope (Leica Microsystems, Milan, Italy). 

3.11 Cross reactivity Analysis 

The cross reactivity of mouse sera was tested using a commercially available kit 

“Sandfly fever virus Mosaic 1 types: Sicilian, Naples, Toscana, Cyprus IFA” 

(EUROPattern) following the manufacturer’s instructions. Briefly, the mouse sera 

were diluted 1:50 and added to the titer plane slides. The Biochips provided with 

the test fields coated with the 4 viruses, were positioned above and incubated for 

30 minutes at room temperature. After a PBS-Tween wash, the attached antibodies 

were stained with FITC conjugated anti-mouse secondary antibody for 30 minutes 

at room temperature in dark. Followed by washing, the results were then evaluated 

by a Diaplan microscope (Leica Microsystems, Milan, Italy). 

3.12 Immortalization of PBMC 

PBMC was isolated upon informed consent, from the blood of a patient with 

meningitis, infected by TOSV. Using a modified standardized protocol (Steinitz et 

al., 1977; Corti et al., 2014), Epstein Barr Virus (EBV) was used to immortalize B 

cells. Isolated PBMC was cultured overnight on a 6 well plate at a cell density of 

4x106 cells per well in RPMI supplemented with 10% heat inactivated serum 

supplemented with cyclosporin (Sigma) at a concentration of 1g/ml. The 

supernatant cells were then collected and resuspended in filter purified B95.8 

supernatant containing EBV and incubated for one hour at 37oC with 5% CO2. 
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Following incubation, RPMI medium supplemented with 10% heat inactivated 

serum was added to the cell suspension containing EBV and plated onto a 96 well 

plate at a cell density of 5x105 cells per well. The cells were then incubated for 

three weeks at 37oC with 5% CO2 and were routinely monitored for the formation 

of clones.  

After three weeks, the supernatant was tested for the presence of specific antibodies 

by ELISA. The cells from the ELISA positive wells were then serially diluted and 

plated on to a 96 well plate at a cell density of 1 cell per well. Following incubation 

at 37oC with 5% CO2 for another three weeks, the supernatant from each well was 

again tested for specific monoclonal antibodies by ELISA. 

3.13 Statistical Analysis 

All experiments were carried out in triplicate. The statistical analysis of differences 

between means was performed using Stat View statistical software 

(AbacusConcepts, Berkeley, CA, USA). Neutralization titers are presented as 

geometric mean±standard deviation. P<0.05 was considered significant. 
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4.1 Expression and Purification of GC683 and GC727 

Previous studies (Gandolfo et al., 2019) have identified three regions on TOSV Gn 

glycoprotein recognized by most of the neutralizing monoclonal antibodies isolated 

from a patient who was serologically positive to TOSV for both IgM and IgG. The 

first two regions, Pep 1 and Pep 2, are localized in the amino-terminal of the Gn 

glycoprotein, while the third region, Pep 3, is positioned close to the transmembrane 

region, as in Fig.7 

The immunogenicity of these three identified peptide sequences were tested in vivo 

in different combinations either as a single peptide or in combinations. To this aim, 

Peptide 1 and Peptide 2 were cloned into a prokaryotic expression vector system 

and named as GC683. Similarly, Peptides 1, 2 and 3 were cloned into another 

prokaryotic expression vector named GC727. Both the vectors had GST as a carrier 

sequence. Both the plasmids were expressed in XL10 Gold and Top10 E-coli cells 

respectively, and proteins were isolated. The concentration of the isolated proteins 

determined by Bradford method was 5.1g/l for Pep-GC683 and 576ng/l for 

Pep-GC727. The specificity of the isolated protein was analyzed by western blot   

using either anti-goat GST or TOSV positive human sera (Fig.8 ). 
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Figure: 7 The three peptide regions of TOSV Gn protein  

1NHLLNWPGNG AYTLSDFAES TCTLAYGSEC KSWEHQLDEL SFPFFHSNLD KYSMLEAATE 

61 TIPILNKSSA VCTISPSTHS SNACGREASL IKKKCGSDMS AFFYVNLAGQ ITVVKCDTNH 

121 VLSNDCGNCI SKTLSGQKIY TPVQDMFCQK GWSESIPSTR YSKDLCSIGL HTVKECKIGT 

181 TNFERVGFIV VKGRKMYIEQ MKMRSRQEFS EDQFLCYKSE GSSGSSVKLK KVKVESCKGV 

241 TTSSASKCSG DEYFCSRYPC ETANVEAHCI LRRHSAVIEV NVNGVWVVPR CIGYEEVLVR 

301 RTSLKVEDTS SRECDTCLWE CGKNKLIVKT HGPKIVYATA CSHGSCKSVM QKPATFVYLP 

361 YPGNSEIVGG DIGVHMTEES SPSNIHMVAH CPAKDSCEVS SCLFCVHGLL NYQCHTLFSA 

421 LLISTTVMSI LTLLLLLVKG AKDLVKRLFY WLITPLCWLS VFCGWMIRSW KKRVGSAISR 

481 TNDTIGWRDN SRRGQDIERA QYTGGAPGAK YSFYGVMILG LLGNVHS 

GSDM  - Peptide 1 
HTVK  - Peptide 2 
SCEVS  - Peptide 3 
LFSAL  - Transmembrane Region 

Figure: 8 Western Blot Analysis of the purified proteins. 

(A)       (B) 

 

 

 

 

 

 

(A) Pep-GC683 (39kDa) (peptide 1-2) 

(B) Pep-GC727 (42kDa) (peptides 1-2-3) 
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4.2 Humoral Immune response elicited to the peptides in vivo  

Peptides 1, 2 and 3 either as a single peptide coupled with KLH as carrier or purified 

proteins as Pep-GC683 and Pep-GC727 or a combination of both were used to 

immunize 4 weeks-old female BALB/c mice intraperitoneally. Four consecutive 

immunizations of 5 mice/group were performed at two weeks interval with the 

peptides and constructs as described in table 2. 

Two weeks after the last immunization, mice were sacrificed and the antibody 

response to the different combinations of peptides were evaluated. Sera obtained 

from each group were tested for the presence of antibodies against both Gn protein 

and purified whole TOSV by ELISA. All the mice elicited, at a different extent, an 

antibody response to Gn after immunization with most of the combinations of the 

peptides; only pep1-KLH developed a low level of antibodies, while  pep2-KLH or 

other combinations of peptides containing peptide 2 were able to induce a high 

amount of antibodies reacting with Gn. ELISA results, using the purified whole 

TOSV as antigen,  showed positivity for all the immunized mice groups, although 

at varying levels. Moreover, the mice group immunized with Pep-GC683 and the 

combination of Pep-GC683 + Peptide 3-KLH showed a comparatively better 

response than mice immunized with single combination of peptides or with the 

recombinant Gn. Immunized mice sera from each group were also tested by 

immunofluorescence on TOSV infected Vero cells. All the mice immunized with 

different combinations of peptides elicited antibodies recognizing the Gn 

glycoprotein in TOSV infected cells, by immunofluorescence. 

A neutralization assay was also performed to determine the specific neutralizing 

activity against TOSV. The mice groups immunized with the single peptides 1, 2 

and 3 showed low neutralization titers of 1/10, 1/23 and 1/5 respectively. Similarly, 

the groups immunized with a combination of all the three single peptides also 

produced a titer value of 1/8. The mice group immunized with a combination of 

peptide 2-KLH + peptide 3-KLH showed a titer of 1/24. Likewise, sera from the 

mice immunized with Pep GC727 containing the sequence of peptides 1, 2 and 3 
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showed a titer of 1/28, letting us suppose that peptide 2 and 3 are necessary to 

induce neutralizing antibodies. Indeed, the mice group immunized with a 

combination of pep-GC683 (sequence of peptides 1 and 2) and peptide 3-KLH (as 

a single peptide) showed a significantly higher titer of 1/183, supporting the 

hypothesis that for inducing a neutralization response, a proper conformation of the 

epitope was required. We could infer from these results that pep-GC683 containing 

peptide 1 and peptide 2 was able to elicit a low neutralizing antibody titer (1/10), 

but the titer was strongly increased, up to 1/183, with the addition of peptide 3-

KLH to pep-GC683. This result was presumably due to the conformation of the 

protein, in particular, peptides 1 and 2 seemed to constitute a conformational 

epitope   recognized by NT antibodies, but not sufficient to block the virus. On the 

contrary, the addition of peptide 3 allowed the block of the virus (NT Ab titer 

1/183), probably hindering the binding site to the cell receptor. Indeed, antibodies 

to peptide 3, located close to the protein transmembrane fragment, recognized both 

the Gn and the whole virus very well, but did not show NT activity (NT titre 1/5)   

by themselves. 

Thus, it appeared that the two identified regions, peptide 1 and peptide 2 could be 

part of a conformational epitope capable to induce neutralizing antibodies, and Pep 

3 could strengthen this activity, contributing to enhance the neutralizing response 

in vivo.  In particular, they might act in synergy reacting with distinct domains of 

the Gn glycoprotein and induce a steric hindrance at the binding site with the 

receptor, a phenomenon already proven (Hlavacek et al., 1999). Thus, this event 

could block the virus entry into the cell and consequently, the viral replication. The 

mean values of the results of ELISA, immunofluorescence and neutralization assay 

are shown below in the table 3. 
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Table: 3 Evaluation of humoral response in mice immunized with different 
peptides 

GROUPS 
ELISA (MEAN±SD) 

IFA 
NT 
(GMT) Gn TOSV 

Group 1 (peptide 1-KLH) 0.676±0.15 0.860±0.12 + 1/10 
Group 2 (peptide 2-KLH) 2.745±0.26 0.653±0.05 + 1/23 
Group 3 (peptide 3-KLH) 1.149 ±0.55 1.542±0.02 + 1/5 
Group 4 (peptide 1-KLH + peptide 2-KLH) 1.793 ±0.54 0.998±0.17 + 1/10 
Group 5 (peptide 1-KLH + peptide 3-KLH) 1.070 ±0.74 1.256±0.07 + 1/8 
Group 6 (peptide 2-KLH + peptide 3-KLH) 2.658±0.41 0.904±0.10 + 1/24 
Group 7 (peptide 1-KLH + peptide 2-KLH 
+ peptide 3-KLH) 

2.683±0.46 0.624±0.03 
+ 

1/8 

Group 8 (Pep-Gc 683) 1.519±0.37 2.305±0.16 + 1/10 
Group 9 (Pep-Gc 683+peptide 3-KLH) 1.764±0.64 2.115±0.06 + 1/183 
Group 10 (Pep-Gc 727) 2.330±0.66 1.191±1.01 + 1/28 
Group 11 (rGn) >3.00 0.798±0.05 + 1/660 
Group 12 (PBS) 0.101±0.006 0.056±0.001 - < 1/4 

Values of ELISA are given as Mean±SD. Neutralisation titer is represented as 
geometric Mean Titre  (GMT). 

4.3 Serological cross reactivity of immunized mice with other Phleboviruses 

Cross-reactivity is often seen among phleboviruses, particularly between viruses 

belonging to the same complex, and especially when ELISA or 

immunofluorescence assays are used (De Lamballarie et al., 2007). Schwartz et al., 

demonstrated that TOSV-specific IgG cross-react with other members of the genus 

Phlebovirus, and Tesh et al., showed that TOSV is recognized by SFNV-specific 

antibodies in the complement fixation test (Schwartz et al., 1996; Tesh et al., 1982). 

Cross reactivity is associated with linear as well as conformational epitopes (Rizk 

et al., 2008). The well documented serological relationships among viruses of the 

same genus provides the rationale to identify conserved epitope regions on viral 

proteins (Elliot et al., 2014) and their use for diagnostic as well as treatment 

purposes. Considering the fact that cross-reactivity among the phlebovirus genus is 

generally known/frequent (Cleton et al., 2012), the possible cross-reactivity of 
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immunized mice sera with other viruses belonging to the Phlebovirus genus was 

also evaluated in the study.  

The sera of all the groups of mice were tested by immunofluorescence to assess the 

cross-reactivity with some viruses of this genus, such as Sandfly Fever Naples 

Virus (SFNV), Sandfly Fever Sicilian Virus (SFSV), Sandfly fever Cyprus virus 

(CYPR) and Punique Virus (PUNV). 

From the results of the cross reactivity (Table 4), it is evident that considerable 

cross reactivity existed among the members of the Phlebovirus. Since SFNV shows 

more than 90% sequence similarity with all the three peptides, it was cross reacting 

with all the different combinations of immunized mice sera. Punique virus has 70% 

sequence similarity with peptide 3. This could explain its cross reactivity with only 

the mice sera immunized either with peptide 3 alone or its combinations. Although 

SFSV and CYPR do not show a considerable sequence similarity among all the 

three peptides, we could see cross reactivity with mice sera immunized with peptide 

1.  

However, this cross-reactivity was random, since it was not revealed in all the 

peptide combinations containing peptide 1, thus it seems that the reactivity was 

aspecific. It would be interesting to study further whether these cross-reacting sera 

could neutralize different members of the phlebovirus group in order to find, in 

addition to a valid diagnostic tool for many members of the phlebovirus genus, the 

epitopes useful to produce a polyvalent vaccine. 
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Table: 4 Cross-reactivity among mice sera with Phleboviruses 

Groups 
Cross-Reactivity 

SFNV SFSV CYPR PUNV 
Group 1 (peptide 1) + - + - 
Group 2 (peptide 2) + - - - 
Group 3 (peptide 3) + - - + 
Group 4 (peptide 1+peptide 2) + + + - 
Group 5 (peptide 1+peptide 3) + - - + 
Group 6 (peptide 2+peptide 3) + - - + 
Group 7 (peptide 1+peptide 2+peptide 3) + - - + 
Group 8 (Gc 683) + - - + 
Group 9 (Gc 683+peptide 3) + - - + 
Group 10 (Gc 727) + - - + 
Group 11 (rGn) - - - - 
Group 12 (PBS)  - - - - 
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Generation of Human Monoclonal antibody 

Although the original hybridoma technique has proved to be extremely 

reproducible, new strategies were introduced to improve the production of 

monoclonal antibodies in general and of human monoclonal antibodies in 

particular. 

Immortalization of B lymphocytes by Epstein-Barr virus (EBV) is an effective 

procedure for inducing long term growth of certain human B lymphocytes. EBV is 

a member of B-lymphotropic gamma herpes virus family that infects B-cells 

(Middeldorp et al., 2003; Young and Rickinson, 2004). EBV infection leads to 

proliferation and transformation of B-cells into immortalized lymphoblastoid cells 

(LCL) (Price and Luftig, 2013). This unique ability of EBV is extensively used for 

the generation of immortalized B-cells that can produce antigen-specific human 

mAbs (Traggiai 2012; Yousefi et al., 2013a, b). However, the EBV life cycle and 

transformation of different B-cell sub-sets progress with various efficiencies. 

Only a portion of the circulating B cells (∼1 in 100) is immortalized by EBV 

(Sugden and Mark, 1977), and resting B lymphocytes are immortalized in 

preference to activated B lymphocytes (Aman et al., 1984). Since T cells from EBV 

seropositive individuals suppress B cell immortalization by EBV in culture 

(Rickinson et al., 1979), immortalization by EBV occurs with greater frequency 

when the immune T cells are either physically removed from culture or functionally 

inactivated; e.g., with cyclosporin A (Tosato et al., 1982). EBV-immortalized B 

cell lines are initially polyclonal and secrete all major classes of immunoglobulins. 

After prolonged culture in vitro, EBV-immortalized cell lines become oligoclonal 
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or monoclonal, reflecting the outgrowth of selected cell clones (Nilsson and Klein, 

1982). Typically, EBV-immortalized B cell lines are infected latently with EBV 

and produce little or no infectious viral particles (Sugden et al., 1979). 

Several methods have been reported to improve the efficiency of EBV 

transformation, including the use of irradiated fibroblast cells or culture medium 

supplemented with human plasma to improve the survival and proliferation of EBV 

infected B-cells (Pelloquin et al., 1986; Manor 2008). Although Toll like receptor 

(TLR) agonists improve the efficiency of transformation in purified B-cells by a 

magnitude of 5–6 (Bourke et al., 2003; Iskra et al., 2010), the most evident 

enhancement of efficiency of transformation has been observed with memory B-

cells treated with a TLR-9 agonist. 

 Younesi et al., 2014 showed that EBV infection of B-cells in combination with a 

TLR 7/8 agonist was more efficient than CpG in producing antigen-specific human 

mAbs. It seemed memory B-cells are the main target of EBV and probably the most 

competent sub-sets for EBV transformation (Babcock et al., 1998, Steinitz, 2014).   

A significant advantage of the EBV-based method is that the immortalized B cells 

secrete high amounts of antibodies but also maintain expression of BCR, although 

at a low and variable level. EBV immortalized B-cell clones maintain constant 

productivity with antibodies typically recovered in the culture supernatants at 

concentrations ranging from 5 to 50μg/ml in static cultures. (Corti et al., 2014). 

Monoclonal antibodies produced by the EBV method resemble the antibody 

repertoire of the donor of the lymphocytes. Human monoclonal antibodies are 

promising reagents for passive immunization. Hence, in the present study we 

decided to develop monoclonal antibodies against TOSV NSs protein with the 

intention to better understand the role of NSs in viral infection. 
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Figure:6. B cell immortalization with Epstein-Barr virus. (1) Isolation of 

peripheral blood mononuclear cells (PBMC) by density gradient. (2) Addition of 

B95-8 culture supernatant containing the EBV. (3) EBV infect B cells 

specifically through CR2/CD21 receptor. (4) Once inside, EBV transform B 

lymphocytes into B-lymphoblastoid cell lines (B-LCL). (5) The rest of PBMC that 

have not been infected die. (6) When they are transformed/immortalized, B-LCL 

proliferate, expand and produce antibodies. 
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RESULTS 

Modified protocol for the generation of monoclonal antibodies against TOSV 

NSs 

PBMC isolated from TOSV infected patient was cultured overnight with 1g/ml of 

cyclosporin to eliminate T cells and monocytes. The B cells in suspension was 

immortalized with filter sterilized EBV and cultured for two weeks in a 96 well 

plate at a cell density of 50,000 cells per well.  This protocol is a modified version 

of the methodology adopted by Corti et al., 2014 and Steinitz et al., 1977. 

Compared with the standard protocol, CpG, which stimulates the proliferation of B 

cells was avoided. Also irradiated B cells which act as a feeder layer was also 

omitted as we saw a decrease in the viability of clones in the presence of the feeder 

layer debris. As the lymphoblastoid cells need to be in close proximity to grow 

better, the culture plate was tilted at approximately 450 so that the cells slide down 

to the corner of the plate. 

After three weeks, the cell supernatant was analyzed from each well for the 

presence of antibodies against TOSV NSs by ELISA. The cells positive for the 

presence of anti NSs antibodies, were serially diluted to a density of one cell per 

well in a 96 well plate using JANUS automated work station. After three weeks of 

culture, we obtained 8 wells which were positive for NSs. These cells were then 

expanded  and analysed. Further analyses are in course to characterize these human 

antibodies obtained in vitro. 
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Figure 9: EBV Immortalized B cells
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Currently, the prospect of newly emerging viruses in Phenuiviridae family is a 

cause of public concern. Among the viruses belonging to Phlebovirus genus, 

Toscana virus is responsible for aseptic meningitis, meningoencephalitis, and 

encephalitis associated with fever, myalgia and severe frontal headache with 

usually a benign course, followed by a medium to long convalescence (Nicoletti et 

al., 1991; Braito et al., 1998; Valassina et al., 1998; 2000; Dionisio et al., 2001). 

In subjects infected by TOSV , antibodies to glycoproteins are detected in about 

one third of the patients; some serum samples with neutralizing activity have even 

undetectable levels of antibodies to Gn and Gc (Di Bonito et al., 1999). Despite 

their important role in viral entry and release, biological activities of TOSV Gn and 

Gc glycoproteins are not completely understood. These data raise some questions 

about antigenic variability and relevant neutralization epitopes of TOSV 

glycoproteins. The mechanisms of protection against phlebovirus natural infection 

are not known, however it could be supposed that a virus-neutralizing antibody 

response against viral glycoproteins would be useful to interfere with the first stages 

of infection and support the cell mediated immunity. 

Focusing on Gn glycoprotein of TOSV, previous studies have identified three 

epitope regions by pepscan analysis which showed an antibody reactivity with the 

peptides present in the amino-terminal and near the transmembrane region of the 

protein, leading us to hypothesize that these sequences are part of a conformational 

epitope. The current study was focused on identifying the immunogenic efficacy of 

these peptides in vivo and their possible conformation to elicit a neutralizing 

activity.  

Two weeks old female BALB/c mice were immunized with the three identified 

peptides either as a single antigen or as purified protein expressed in a prokaryotic 
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system or in a combination. Mice humoral immune response to the immunized 

peptides were analysed by ELISA and Neutralization Assay. The results of the 

study underline the hypothesis that peptides 1 and 2 could form a conformational 

epitope, while peptide 3 is necessary to strengthen the neutralizing activity. 

Similar studies have been performed on other phleboviruses. Wu et al., 2017 has 

deduced crystal structures of the Gn head domain from both SFTSV and RVFV, 

which display a similar compact triangular shape overall, while the three 

subdomains (domains I, II, and III) making up the Gn head display different 

arrangements, indicating that domain III, is an ideal region recognized by specific 

neutralizing antibodies, while domain II is probably recognized by broadly 

neutralizing antibodies. However, the arrangements of the three domains could be 

different among the members of the family. So far, the real pattern of the 

arrangement of viral glycoproteins into a functional complex on the virus surface 

has not been determined. 

The possible serological cross-reactivity of the immunized sera against other 

viruses belonging to the same Sandfly Fever Naples serogroup such as SFNV, 

SFSV, CYPRUS, PUNV was also analysed in order to see if any of the tested 

combinations could act as a shared epitope for all these Phleboviruses, useful for 

the development of a diagnostic assay or the starting point for the development of 

a vaccine. The immunofluorescence results showed cross reactivity for SFNV and 

PUNV as they share 90% and 70% sequence similarity respectively with TOSV 

glycoproteins.  

 Moreover, the identification of   shared neutralizing epitopes among them could 

be exploited for the development of a plurivalent vaccine protective against several 

sandfly viruses. 

The study also developed monoclonal antibodies against TOSV NSs protein using 

a modified EBV mediated immortalization protocol from PBMC isolated from a 

patient infected with TOSV. Our modified methodology could produce efficiently 

TOSV NSs specific monoclonal antibodies without the use of CpG or irradiated 
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feeder cells. Similar methodology can also be used for the production of 

monoclonal antibodies against other immunogenic proteins of the virus. In recent 

years, passive immunization with human or humanized monoclonal antibodies 

(MAbs) specific to viral proteins has been tested in animal models and clinical 

trials, providing evidence of the effectiveness of MAbs for prophylaxis or treatment 

of infectious diseases (Both et al., 2013). Since the emergence of SARS-CoV-2, 

several groups have reported the isolation of neutralizing antibodies from survivors 

that target the S protein (Rogers et al., 2020; Wec et al., 2020; Zost et al., 2020). 

However, a larger scaled up culture has to be done with the monoclonal antibody 

producing clones so that purified quantifiable monoclonal antibody could be 

obtained which can be used to better characterize the NSs protein and study its role 

in viral infection.  
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Abstract

It is known that the non-structural protein (NSs) of Toscana virus (TOSV), an emergent

sandfly-borne virus causing meningitis or more severe central nervous system injuries in

humans, exerts its function triggering RIG-I for degradation in a proteasome-dependent

manner, thus breaking off the IFN-β production. The non-structural protein of different mem-

bers of Bunyavirales has recently appeared as a fundamental protagonist in immunity eva-

sion through ubiquitination-mediated protein degradation targets. We showed that TOSV

NSs has an E3 ubiquitin ligase activity, mapping at the carboxy-terminal domain and also

involving the amino-terminal of the protein. Indeed, neither the amino- (NSsΔN) nor the car-

boxy- (NSsΔC) terminal-deleted mutants of TOSV NSs were able to cause ubiquitin-medi-

ated proteasome degradation of RIG-I. Moreover, the addition of the C-terminus of TOSV

NSs to the homologous protein of the Sandfly Fever Naples Virus, belonging to the same

genus and unable to inhibit IFN-β activity, conferred new properties to this protein, favoring

RIG-I ubiquitination and its degradation. NSs lost its antagonistic activity to IFN when one of

the terminal residues was missing. Therefore, we showed that NSs could behave as an

atypical RING between RING (RBR) E3 ubiquitin ligases. This is the first report which identi-

fied the E3 ubiquitin ligase activity in a viral protein among negative strand RNA viruses.

Author summary

Toscana virus is an emergent sandfly-borne virus mainly transmitted to humans by phle-

botomine sandflies, which can cause meningitis or more severe central nervous system

injuries in some subjects. As many other RNA viruses, it counteracts IFN-β expression by

its non-structural protein. Our results expanded our knowledge about the molecular

mechanisms by which TOSV exerts its activity as an E3 ubiquitin ligase. This is the first

example of a viral protein presenting this activity among negative-strand RNA viruses.

Thus, the recognition of this activity and its substrates among viruses are of primary

importance to understand how viruses can alter their fitness by the ubiquitin pathway and

provide an attractive target for the development of antiviral therapies.
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Introduction

Toscana virus (TOSV; Phenuiviridae family, Phlebovirus genus) is an emergent sandfly-borne

virus mainly transmitted to humans by phlebotomine sandflies [1–3]. A large number of infec-

tions is asymptomatic, however, TOSV infection is the leading cause of meningitis or more

severe central nervous system (CNS) injuries, such as encephalitis and ischemia during the

summer season in southern Europe [4–5]. The viral genome is composed of the large (L),

medium (M) and small (S) segments [6]. The L segment encodes an RNA-dependent RNA-

polymerase, the M segment encodes the envelope glycoproteins (Gn and Gc) and a non-struc-

tural protein (NSm) and the S segment encodes a nucleocapsid (N) protein and a non-struc-

tural (NSs) protein [6, 7, 8, 9]. The NSs protein of some members of the Phenuiviridae family

represents an important virulence factor being a potent antagonist of type I interferons (IFN-

α/β), the main protagonists of the host innate immunity against viral infections. The signaling

pathway leading to the secretion of IFN-β and the establishment of an antiviral state are

achieved by the induction of the cytoplasmic viral sensors RIG-I (Retinoic-acid Inducible

Gene I) and MDA-5 (Melanoma Differentiation Associated gene-5) able to recognize dsRNA

molecules generated during viral replication [10]. In order to overcome this first-line defense

implemented by the host, viruses have evolved protein(s) able to block IFN-β production and

its downstream activity at different steps in the signaling cascade. Among Bunyavirales,

Toscana virus (TOSV), the Bunyamwera Virus (BUNV), La Crosse Virus (LACV), Sin Nom-

bre (SNV), Tula (TULV) and Puumala (PUUV) Hantaviruses, Rift Valley Fever Virus (RVFV)

and Severe Fever with Thrombocytopenia Syndrome Virus (SFTSV), express the NSs protein

acting as a suppressor of IFNs [11–21]. Along with this evidence, previous studies have shown

that TOSV NSs could exert its function by triggering RIG-I for degradation in a proteasome-

dependent manner, thus breaking off the IFN-β production and blocking the establishment of

an efficient antiviral state [21, 22]. The proteasomal degradation of proteins by ubiquitination

is a process consisting of a covalent attachment of ubiquitin to target proteins. The molecular

machinery which leads to the assembly and linkage of poly-Ub chains to the target protein

consists of three enzymes defined as ubiquitin-activating enzymes (E1), ubiquitin-conjugating

enzymes (E2) and ubiquitin-ligases (E3), which work sequentially in a cascade. In this context,

the E3 ubiquitin ligase is the only enzyme which confers specificity to this system by recogniz-

ing a selected target protein [23, 24, 25]. E3 ligases are distinguished in RING (Really Interest-

ing New Gene), HECT (Homologous to the E6-AP Carboxy Terminus) and RBR (RING

Between RING). A notable distinction in the mechanism among the classes is that RING E3

catalyzes a direct transfer of ubiquitin from E2 to the target protein, whereas a transfer of ubi-

quitin by HECT E3 involves an intermediate step where the ubiquitin is first transferred from

E2 to an active cysteine residue on HECT E3 ligase, then it is conjugated to the target protein

[26–35]. RBR combines properties of RING and HECT E3s to conjugate Ub to target proteins.

[32]. Based on the linkage generated between ubiquitin moieties, the cognate proteins undergo

regulation of their physiological functions, although the role of some chains is still elusive [36–

41]. The non-structural protein of different members of Bunyavirales has recently appeared as

a fundamental protagonist in virus replication and immunity evasion through ubiquitination-

mediated protein degradation [22, 42–45]. To better understand the interaction between the

ubiquitin system and TOSV NSs, we investigated whether this viral protein could be responsi-

ble for ubiquitin modifications of specific targets. In this study, we showed that TOSV NSs has

an E3 ubiquitin ligase activity mapping at the carboxy- and the amino-terminal domains of the

protein. Indeed, it appears to promote the transfer of ubiquitin to RIG-I, thus favoring its pro-

teasome-dependent proteolysis. During the course of evolution and adaptation, many of the

large DNA viruses have shown to encode their own Ub modifying machinery to facilitate viral

Toscana virus NSs protein mediates RIG-I ubiquitination
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replication through regulating immune responses. Here, we present the first report which

identifies the E3 ubiquitin ligase activity in a viral protein among negative-strand RNA viruses,

to mediate host–virus interactions.

Results

NSs and RIG-I expression in Toscana virus infected cells

Previous results have shown that TOSV was able to induce a RIG-I-mediated IFN-β expression

in infected cells, likely because NSs was expressed at a low level and relatively late during the

viral replication cycle [18]. Therefore, only the in vitro over-expression of NSs could evidence

its properties mediating a decrease of RIG-I, due to the ubiquitination and proteasomal degra-

dation of RIG-I after their interaction [21]. To better characterize the role of NSs during

TOSV infection, the IFN-β competent cell line, Lenti-X 293T, was infected and analysed. The

immunoblotting evaluating the expression of endogenous RIG-I performed on cell lysates of

mock-infected, TOSV infected, or poly(I:C) stimulated cells showed that RIG-I was induced as

revealed at 24h and 48h post-infection (p.i.), alongside with the NSs protein. To better address

whether the lack of endogenous RIG-I degradation in TOSV infected cells was due to the low

amount of the non structural protein in the early phase of replication, an over-expression of

NSs was performed by transient transfection in infected cells. The immunoblotting of these

cell lysates confirmed that the level of endogenous RIG-I was reduced in the presence of a

higher amount of NSs (S1 Fig, S1 Dataset). Therefore, as previously reported [18], we might

hypothesize that the fast replication of TOSV was able to trigger an early innate immune

response by inducing IFNs, and that the NSs protein could not counteract this effect, as it was

produced later during the virus replication cycle. (S1 Fig, S1 Dataset). As expected, stimulation

with poly(I:C) strongly induced cellular accumulation of RIG-I in the selected cell line and the

over-expression of TOSV NSs was able to contrast poly(I:C) effects (S1 Fig, S1 Dataset).

NSs contains an E3 ubiquitin ligase activity in vitro
Previous results [18, 21, 22] have shown that TOSV NSs presented inhibitory properties versus

the IFN-β mediated immune response. In particular, RIG-I was targeted for proteasomal-deg-

radation through the action of NSs, and its functional activity was related to the carboxyl-ter-

minus of the protein itself [22], however, assuming that other domains could also be involved.

Therefore, we also tested the activity of the amino-terminus (71 aa.) deleted NSs protein

(NSsΔN) (S2 Fig) towards RIG-I. Surprisingly, we found a behavior similar to the one

observed for the carboxy-terminus deleted NSs (NSsΔC). NSsΔN significantly lost its degrad-

ing activity on RIG-I upon co-transfection of cells with the respective plasmids (Fig 1A, S2

Dataset). Moreover, RIG-I-mediated IFN-β promoter activation was not affected by NSsΔN,

as shown by the luciferase reporter assay (p = 0.638) (Fig 1A, S2 Dataset). Since the treatment

with the proteasome inhibitor MG-132 reversed RIG-I degradation by NSs [21], the possibility

of a ubiquitin-mediated proteasomal degradation was evaluated. A growing number of viruses

was found to weaponize the ubiquitin modification system to suppress IFN [11–21]. Thus,

looking for a tool to identify a functional site of the protein, we submitted the NSs protein

sequence to the Phyre2 prediction software (www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi) [46],

which provided an alignment of 15 residues (aa. 277–292) and a confidence of 30.7% between

NSs and RNF31, the E3 ubiquitin-protein ligase. Considering the potentiality of NSs both to

act as an E3 ligase and its ability to induce proteasome degradation of RIG-I, we investigated

whether TOSV NSs could have this activity in vitro. The His-tagged recombinant NSs protein

was produced in bacteria, purified and tested for the E3 ubiquitin ligase activity, as described

in Materials and Methods. In such reactions, the ability of a protein to promote a ubiquitin-

Toscana virus NSs protein mediates RIG-I ubiquitination
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Fig 1. NSs acts as E3 ubiquitin ligase on RIG-I CARDs. Toscana virus NSs inhibits the IFN-β promoter activation through the RIG-I

signalling pathway mediating its degradation. Lenti-X 293T cells were transfected (A) with IFN-β promoter-driven FireFly Luciferase

(p125-FFLuc) reporter plasmid, expression plasmid encoding FLAG-RIG-I and wild-type (wt-) NSs, as well as deleted NSs expression

plasmids, as indicated. In addition, pSV40-RenLuc plasmid was added as internal control. Luciferase activity was analyzed at 48h post-

transfection by the Dual-Luciferase Reporter assay as described by the manufacturer (Promega). Relative luciferase activities were measured

as fold induction (relative to the basal level of reporter genes in the presence of empty vector after normalization with co-transfected

RenLuc activities). Values represent means of triplicate independent experiments ± standard deviations (SD). Representative western blot

showing the protein expression levels in the reporter gene assay samples was done on whole cell extracts, resolved by sodium dodecyl sulfate

Toscana virus NSs protein mediates RIG-I ubiquitination
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protein ligation was indicative of an E3 ligase activity. For this purpose, an in vitro biochemical

assay was performed with E1, E2, rNSs and recombinant full-length RIG-I (FL-rRIG-I). When

the wt-NSs was used as a source of E3 Ub ligase in the assay, a shift in RIG-I molecular weight,

corresponding to its ubiquitinated form, was revealed by immunoblotting using anti-Ub or

anti-RIG-I antibodies (S3 Fig). In subsequent experiments, the recombinant N-terminus of

RIG-I containing two tandem-repeated CAspase Recruitment Domains (CARDs), necessary

and sufficient to activate RIG-I and induce the recruitment of downstream signaling mole-

cules, were tested. Likewise, when the E3 Ub ligase was substituted by the wt-NSs in the assay,

higher molecular weight ubiquitinated bands were revealed by immunoblotting on rRIG-I

CARDs, using anti-Ub or anti-RIG-I antibodies (Fig 1B). In order to better evaluate which

domain of NSs could have a role in the ubiquitination process, the His-tagged recombinant

NSs protein, NSsΔC and NSsΔN deleted proteins were produced in bacteria, purified and

tested for the E3 ubiquitin ligase activity. Ubiquitinated rRIG-I CARDs bands were not present

when NSsΔC, NSsΔN or TOSV nucleocapsid (N) proteins were added in place of NSs (Fig 1B),

indicating that NSs possessed an E3 Ub ligase activity directed to RIG-I. Furthermore, as this

activity was not observed in deletion mutants, it was likely located in the amino- and carboxy-

terminus regions. In the attempt to investigate the potential substrate specificity of TOSV NSs

protein, we tested NSs with the recombinant human p53 protein, known to be ubiquitinated

by many different E3 ligases. The co-expression of NSs and p53 plasmids in cells did not reveal

any decrease of the p53 protein, in comparison with the control represented by cells trans-

fected with p53 plasmid alone, as evidenced by immunoblotting and immunofluorescence (Fig

1C). Moreover, in biochemical assays, p53 was ubiquitinated by Mdm2 E3 Ub ligase, and not

by NSs (Fig 1C), indicating that its activity appeared to be target specific. Finally, ubiquitinated

products were not detected in the negative controls, when E3 ubiquitin ligase was omitted or

substituted by TOSV N protein in the reaction (Fig 1C).

E3 ubiquitin ligase activity is associated with the C-terminus of NSs

In order to confirm whether NSs E3 ubiquitin ligase activity, required for targeting RIG-I to

proteasomal degradation, mapped to the C-terminal sequence of the NSs, we adopted a ‘twist’

strategy and constructed a TOSV-Sandfly Fever Naples Virus (SFNV) NSs chimeric protein.

Toscana virus and Sandfly Fever Naples virus (SFNV) belong to the same viral genus and

share a high sequence homology in the non-structural protein (54%) (S4 Fig). However, SFNV

NSs lacks the last 78 aa, present in TOSV NSs. Since this domain was proved to be strikingly

associated to TOSV NSs degrading activity on RIG-I [22], we generated a chimeric SFNV NSs

(cSFNV) protein by fusing the C-terminus of TOSV NSs onto the NSs of the related SFNV. In

comparison with TOSV NSs, SFNV NSs was well expressed in transfected cells and did not

(SDS)-polyacrylamide gel electrophoresis (PAGE) and analyzed by immunoblotting with the FLAG-RIG-I, 6xHis-NSs and β-Actin specific

antibodies and densitometric analysis (Supplement data 2). (B) Recombinant proteins were used in the in vitro ubiquitination assay using

UbcH5b/c as E2 and wt-rNSs, rNSsΔC or rNSsΔN as source of E3 ubiquitin ligase. The negative controls were represented by rRIG-I

CARDs tested with the ubiquitination reagents except for E3 Ub ligase or TOSV nucleoprotein (rN) in place of E3 Ub ligase. The

ubiquitinated rRIG-I CARDs were detected with anti-ubiquitin (left panel) or anti-RIG-I (right panel) antibodies. The ubiquitinated forms

of rCARDS (indicated by asterisk) are present only in the samples containing wt-rNSs, as demonstrated by mass-spectrometry (S4 Fig). The

band indicated by arrowhead (left panel) corresponding to the ubiquitinated-E2 (Ub-E2) intermediate present in all the tested samples,

comigrates with the monoubiquitinated-rRIG-I CARDs in presence of rNSs. (C) NSs does not affect p53 expression in cells transfected with

HA-p53 and 6xHis-NSs expressing plasmids (left panel). Immunofluorescence was performed with indicated specific antibodies; positive

cells were counted. The bars depict the average number of p53 positive cells in the presence or absence of wt-NSs. The mean ± SD of three

independent experiments is shown. The specificity of the E3 ubiquitin ligase activity of wt-NSs was evaluated in the in vitro ubiquitination

assay using UbcH5b/c as E2 and recombinant p53 protein as acceptor target for ubiquitination (right panel). Poly-ubiquitinated forms were

detected by anti-6xHis tag and anti-ubiquitin antibodies. Higher molecular weight bands corresponding to ubiquitinated p53 were detected

only in the reaction supplemented with Mdm2 E3 ubiquitin ligase, but not in the samples containing wt-rNSs or rN.

https://doi.org/10.1371/journal.ppat.1008186.g001
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show any RIG-I-mediated IFN-β inhibition, since unable to mediate RIG-I degradation

(p = 0.166) (Fig 2A and 2B). Thus, we supposed that the addition of TOSV C-terminus to

SFNV NSs could confer new properties to this protein. Analysing the cSFNV NSs expression

by immunofluorescence and immunoblotting, no significant difference was evidenced with

the wild-type counterpart (p = 0.255) (Fig 2A). On the other hand, the addition of a partial

TOSV sequence completely altered the SFNV NSs function. Indeed, an evident decrease of

RIG-I was revealed in cSFNV and FLAG-RIG-I plasmids transfected cells, showing few RIG-I

positive cells by immunofluorescence (p = 0.00006) and a faint band of RIG-I by immunoblot-

ting (Fig 2A, S3 Dataset). Furthermore, the newly acquired IFN-β antagonistic property of

cSFNV NSs was confirmed by luciferase reporter assay, demonstrating a strong inhibition of

RIG-I-mediated IFN-β promoter activation (Fig 2B) and endorsing the hypothesis of an E3

ubiquitin ligase activity related to the C-terminal domain of TOSV NSs. This data was also

supported by the in vitro ubiquitination assay of rRIG-I CARDs in the presence of the recom-

binant cSFNV NSs protein. As shown in Fig 2C, rRIG-I CARDs were ubiquitinated when the

chimeric protein was added in the reaction, in place of the E3 Ub ligase. On the contrary,

SFNV NSs protein did not have any effect on rRIG-I CARDs (Fig 2C). Moreover, the mass

spectrometry, performed on the products of the in vitro ubiquitination reactions, identified

RIG-I CARDs ubiquitinated at the lysine residues 115 and 172 (S5 Fig). Since Ub-CARDs spe-

cific peptides were only identified in the wt-NSs and cSFNV containing samples, the E3 ubi-

quitin ligase activity of TOSV NSs and the incisive role of its C-terminal domain were further

confirmed.

Cysteine 27 at the N-terminus of NSs is also involved in the ubiquitination

process

Since we have demonstrated that NSsΔC and NSsΔN did not have any inhibitory activity to

RIG-I mediated IFN-β promoter activation (Fig 1A), we hypothesized that both the C- and N-

terminus of NSs might be involved in the ubiquitination of RIG-I. We suspected that NSs

could behave such as an RBR E3 Ub ligase, which transfers ubiquitin to a catalytic cysteine on

the E3 ligase and then to the substrate. Therefore, a mass spectrometry analysis was performed

on the wt-NSs protein, recovered from transfected Lenti-X 293T cells, to see whether a cysteine

of NSs was ubiquitinated. The analysis revealed a ubiquitinated cysteine at position 27, in the

N-terminal of TOSV protein (S6 Fig). In the recent years, several new modes of ubiquitin

chain attachment have emerged and even the thiol groups of cysteine residues could be

employed as sites of ubiquitination [47]. However, the potential importance of this ‘non-

canonical ubiquitination’ and its roles still need to be elucidated [48]. Therefore, in order to

understand the role of this cysteine in the ubiquitination process, we mutated Cys27 to Gly in

the wt-NSs and tested the new construct in the in vitro ubiquitination assay of rRIG-I CARDs.

rNSs-C27G was unable to ubiquitinate rRIG-I CARDs (S7 Fig) and the result was supported by

immunofluorescence, immunoblotting (Fig 3A, S4 Dataset) and luciferase assays (Fig 3B),

which revealed a behaviour of rNSs-C27G similar to the one observed for NSsΔN and NSsΔC,

and indicated the fundamental role elicited by this amino-acid, interfering with cell signaling.

Therefore, this result also validated the involvement of the NSs N-terminus in the ubiquitina-

tion process.

Discussion

Innate immunity is fundamental to protect host cells against pathogens. In turn, viruses have

developed different strategies to counteract host innate immune response [11–21, 42–45].

New mechanisms of viral evasion of host immune response, exploiting the ubiquitin system,

Toscana virus NSs protein mediates RIG-I ubiquitination
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Fig 2. C-terminus of TOSV NSs is linked to E3 ubiquitin ligase activity. The fusion of TOSV NSs C-terminus to Sandfly Fever

Naples Virus (SFNV) NSs conferred it a different behaviour. (A, left panel) The chimeric protein cSFNV NSs was tested for its

degrading activity on RIG-I co-transfected cells, by immunofluorescence, using specific antibodies [RIG-I (□), NSs (■)]. Graphs are

based on the mean values of three independent experiments ± SD. (A, right panel) A more accurate analysis of cellular RIG-I

degradation was performed in co-transfected cells by immunoblotting on the whole cell lysates using anti-FLAG or anti-6xHis

antibodies. The intensity of the RIG-I band was quantified by densitometry (Supplement data 3). (B) Lenti-X 293T cells were

transfected with IFN-β reporter plasmid, FLAG-RIG-I expression plasmid along with TOSV wt-NSs, SFNV wt-NSs or chimeric

cSFNV NSs expressing plasmids. Luciferase activities were measured after poly(I:C) treatment. Fold induction was calculated for

Toscana virus NSs protein mediates RIG-I ubiquitination
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each sample with respect to the basal empty plasmid transfected sample, after normalization of the signal with the pSV40-RenLuc

internal control. The mean values of at least three sets of experiments ± SD are presented. C) cSFNV NSs showed E3 ubiquitin ligase

activity in the biochemical reaction, in association with UbcH5b/c as E2. Poly-ubiquitinated bands of rRIG-I CARDs were detected

by immunoblotting using anti-RIG-I or anti-Ub antibodies when cSFNV or TOSV NSs was used in the reaction in place of E3 Ub

ligase. No ubiquitination activity was shown when SFNV NSs was used.

https://doi.org/10.1371/journal.ppat.1008186.g002

Fig 3. Effects of TOSV NSs N-terminal domain on E3 ubiquitin ligase activity. (A) The involvement of NSs Cystein27 in the ubiquitination of RIG-I

was evaluated by immunofluorescence on cells co-transfected with RIG-I and NSs plasmids. Cells were stained with anti-FLAG antibody and RIG-I

positive cells were counted on different fields. Mean values ± SD of more than three independent experiments were plotted (left panel). Results were

validated by immunoblotting (right panel) using total cell lysates of co-transfected cells and semi-quantitative analysis was done by densitometry

(supplement data 4). (B) Lenti-X 293T cells were transfected with IFN-β reporter plasmid (p125-FFLuc) along with RIG-I and pSV40-RenLuc plasmids

in addition with the wild type-NSs, or C27G-NSs mutant or empty plasmids. After stimulation with poly(I:C), luciferase activity was analyzed. For each

sample, luciferase was normalized to the RenLuc reporter activity. Data are representative of three independent experiments and are expressed as

mean ± SD of normalized luciferase activity.

https://doi.org/10.1371/journal.ppat.1008186.g003
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have recently been described. Indeed, some viruses encode proteins that manipulate the ubi-

quitin pathway, inhibiting the immune signaling and forwarding the degradation of host pro-

teins [49–53]. Examples are provided by members of the Herpesviridae family; Varicella Zoster

virus (VZV) encodes ORF61 containing a RING domain, which inhibits the IFN expression,

by targeting IRF3 degradation [54]. Similarly, Herpes virus type 1 (HSV-1) has a RING

domain in the ICP0 protein that confers E3Ub ligase activity for the degradation of host

proteins involved in the innate immunity [55]. Poxviruses behave in a similar way [56]. Thus,

ubiquitination has an important role in regulating signal transduction during the immune

response [53, 57, 58]. Although viral E3 Ub ligases have been identified in large DNA viruses,

some RNA viruses have developed mechanisms to interact with host molecules involved in the

ubiquitination pathway. Influenza NS1 protein binds and inactivates the TRIM-25 and Riplet

E3 ubiquitin ligase, preventing the downstream activation by K63 poly-Ub chain moiety of

RIG-I [59, 60, 61]. Likewise, the Paramyxovirus V protein interacts with RIG-I/TRIM-25 regu-

latory complex by inhibiting RIG-I signaling [62]. Hepatitis C virus NS3-4A protein targets

Riplet for degradation [57]; Rotavirus NSP1 triggers the degradation of targets by hijacking a

subset of E3 Ub ligases, the cullin-RING ligases [63]. Among Phenuiviridae members, Rift Val-

ley fever virus (RVFV) is the most investigated virus for the antagonistic effects of its NSs pro-

tein on the innate immune response and recently, the involvement of ubiquitin system,

particularly the SCF E3 ubiquitin ligase complex, has been elucidated [44, 58]. Ubiquitin-pro-

teasomal degradation of p62 subunit of the transcription factor TFIIH is a consequence of the

interaction between RVFV NSs and the F-box protein FBXO3-SKP1-Cullin1/7 SCF multi-pro-

tein complex [43]. Furthermore, RVFV NSs is able to recruit the F-box protein FBXW11 and

induce ubiquitination and proteasomal degradation of the antiviral protein PKR [44, 58]. In

this study, we have shown how TOSV NSs protein was inducing RIG-I degradation upon their

binding [21]. In particular, TOSV NSs revealed an E3 ubiquitin ligase activity related to both

the carboxy- and amino-terminal domains of the protein, promoting the transfer of ubiquitin

to RIG-I and favoring its proteasome-dependent proteolysis. Indeed, TOSV NSs mutants,

such as those deleted at the amino- or carboxy-terminal (NSsΔN, NSsΔC), unlike wt-NSs,

were not able to activate IFN induction. This data conferred a new role to the protein terminal

sequences and suggested an involvement of these protein regions in the E3 ligase activity. Ini-

tially, an E3 ubiquitin ligase activity appeared to be localized at the NSs carboxy-terminal;

thus, in order to demonstrate it, the amino-acid stretch 248–316 was fused to the carboxy-ter-

minus of the SFNV NSs, sharing a homology of 54% with TOSV NSs, and lacking this

sequence (S4 Fig). SFNV NSs did not show any degrading activity to RIG-I; on the contrary,

the obtained chimeric protein acquired the features of TOSV NSs, becoming capable to

degrade RIG-I. Then, we demonstrated that neither NSsΔC nor NSsΔN were able to ubiquiti-

nate RIG-I in vitro. Thus, it appeared that both the amino-acid ends of TOSV NSs could be

involved in an E3 ubiquitin ligase activity. Indeed, NSs, but not NSsΔC or NSsΔN, could trans-

fer ubiquitin to the RIG-I substrate, as shown in the in vitro reaction in which ubiquitination

process only occurred in the presence of E1, E2 and wt-NSs in place of the E3 Ub ligase. The

results were also confirmed by mass spectrometry analysis, which revealed the presence of ubi-

quitin at positions 115 and 172 of rRIG-I CARDS after the in vitro reaction, in the presence of

NSs. Moreover, this reaction was specific for RIG-I CARDs, since NSs did not show this activ-

ity with a different target, such as the onco-suppressor protein p53. Therefore, it was interest-

ing to understand which type of E3 ubiquitin ligase could be ascribed to TOSV NSs. While

some RING or HECT E3 ligases appear to interact directly with the substrate and E2 [25, 26,

29, 31, 64], others require additional components and interact with the substrate only indi-

rectly, as part of a multi-subunit CRL complex [26–35]. Both RING and HECT E3 ligases

transfer ubiquitin to a lysine residue on the substrate, RING E3s act as a platform to allow a
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direct transfer of ubiquitin from the E2 to the substrate [64]. On the other hand, HECT E3s

accept ubiquitin from E2 to form a ubiquitin-thioester intermediate with an active cysteine,

then transfer ubiquitin to both the ε-amino groups of lysine side chains of the substrate [25,

31]. Thus, cysteine may play a significant role, particularly in the ubiquitin modification for

signaling. In our study, the finding of a ubiquitinated cysteine, a non-canonical site [47, 48], at

position 27 of TOSV NSs, led us to suppose that this residue could also be involved in the E3

ubiquitin ligase activity, in addition to the C-terminal sequence of the same protein. Indeed,

even the C27G mutant of NSs was no more able to degrade RIG-I and could induce an IFN

promoter in transfected cells, although at a lower level, in comparison to the NSsΔN. There-

fore, we hypothesized that NSs could behave as an atypical RBR that has elements of both

HECT and RING ligases: one RING domain binds the charged E2, while the other domain

accepts the ubiquitin molecule before transferring it onto the substrate [32]. We hypothesized

that ubiquitin-conjugated E2, bound to the carboxyl-terminus of NSs, transferred the ubiqui-

tin to Cys27 (thioester intermediate), in the amino-terminal, as demonstrated by mass spec-

trometry, and, from there, to RIG-I, linked to NSs (Fig 4). This model might explain why NSs

was losing its antagonistic activity to IFN, when one of the two amino-acid ends was lost. At

present, we do not know why cSFNV NSs showed a ubiquitin E3 ligase activity, despite not

having a cysteine at position 27, but it is possible that cysteine at position 39 of SNFV NSs was

processed in the same way. Further investigations are ongoing in order to better determine the

dynamics of the steps in this ubiquitination process; however, this is the first study showing a

viral protein with an E3 ubiquitin ligase activity among negative strand RNA viruses. Although

viruses have acquired tactics to minimize host antiviral responses by co-evolving with their

hosts, RING E3s, encoded or hijacked by viruses for evading immune responses, are largely

undiscovered and can clarify how viruses play this game with their host.

Materials and methods

Cells and viruses

Vero cells (ATCC CCL-81) and human embryonic kidney Lenti-X 293T cells (Clontech,

Milan, Italy) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, Milan,

Fig 4. Model for NSs E3 Ub ligase function. Schematic model for TOSV NSs which carries out an unconventional E3

Ub ligase activity (RING between RING; RBR) by a RING-HECT-hybrid mechanism. The model proposes the transfer

of ubiquitin from the charged E2 Ub conjugating enzyme, bound to the C-terminal of NSs, to Cysteine 27 located at the

N-terminal of the protein. Then, ubiquitin is transferred to the lysine residues of RIG-I target protein, interacting with

the central region of TOSV NSs, and leading to its proteasome-dependent degradation.

https://doi.org/10.1371/journal.ppat.1008186.g004
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Italy) supplemented with 100 U/mL penicillin/streptomycin (Hyclone Europe, Milan, Italy)

and 10% heat-inactivated foetal calf serum (FCS) (Lonza), respectively, at 37 ˚C. Toscana virus

(TOSV) strain 1812 [18] was used for all the experiments described.

Reagents and antibodies

Transient transfections were performed with GeneJuice Transfection reagent (Novagen,

Milan, Italy), according to the manufacturer’s instruction, or standard calcium phosphate

method [65]. Chemicals were all purchased from AppliChem GmbH (Germany). The protea-

some inhibitor MG-132 was purchased from Sigma-Aldrich (Milan, Italy). Mouse anti-6xHis

tag antibody (GE Healthcare, Milan, Italy), anti-RIG-I (DDX58) polyclonal antibody (Ori-

Gene, Rockville, MD, USA), mouse anti-FLAG M2 monoclonal antibody (Agilent Technolo-

gies, Milan, Italy), mouse monoclonal anti-HA tag antibody, fluorescein (FITC)-labeled anti-

mouse IgG and anti-mouse IgG HRP-conjugated were purchased from Sigma-Aldrich. Anti-

rabbit IgG HRP-conjugated was supplied by Santa Cruz Biotechnology Inc. (Heidelberg,Ger-

many) Ni-NTA sepharose was purchased from Novagen (Milan, Italy) and anti-Ub FK2 clone

from Enzo Life Sciences (New York, USA).

RIG-I expression in TOSV infected cells

Lenti-X 293T cells were grown in a 24-wells plate (5x105/ml). After 24h, cell monolayers were

infected with TOSV 1812, by using a multiplicity of infection (MOI) of 1. After 1h adsorption

at 37 ˚C, viral inoculum was removed and replaced by complete growth medium. Cells were

collected at 24h and 48h post-infection (p.i.). Where indicated, infected cells were transfected

with 1 μg of NSs expression plasmid or empty plasmid, 5h after infection. Positive control was

obtained by stimulating cell with poly(I:C) for 18h. Cell lysates were collected in RIPA buffer;

50 μg of total proteins were resolved by SDS-PAGE and then transferred to nitrocellulose

(NC) membrane (Santa Cruz Biotechnology, Heidelberg, Germany). After blocking with 5%

non-fat dry milk, filters were incubated O/N at room temperature with anti-RIG-I (1:5000

dilution), anti-NSs (1:200 dilution) or anti-N (1:200 dilution) mouse sera. After being washed

with PBS 0.2% Tween-20 (PBS-T), membranes were incubated with anti-mouse HRP-conju-

gated secondary antibody (1:5000 dilution) and proteins were detected with TMB Enhanced

One Component HRP Membrane Substrate (Tebu-bio, Milan, Italy).

Plasmids

Toscana virus full-length, NSsΔC (nt: 1–861) expressing plasmids were cloned in pcDNA4His-

Max (Life Technologies, Milan, Italy) as described elsewhere [22]. Similarly, NSsΔN (nt: 217–

537) expressing plasmid was generated by PCR with NSsΔN BamHI sense (nt 217–231) 5’-

CGCGGATCCCCATGGCTGTACTGGGGCCT-3’ and NSs EcoRI antisense (nt 948–931) 5’-

CCGGAATTCTAAGGGTGGGTAGTGGGG -3’ primers (Sigma-Aldrich). The gene was

cloned in pcDNA4HisMax-A plasmid (Invitrogen) at the BamHI-EcoRI unique sites of the

polylinker in frame with the 6xHis tag. The Cysteine27 mutant was obtained by using Quik-

Change II Site-Directed Mutagenesis Kit (Agilent Technologies, Milan, Italy), according to the

manufacture’s instruction. Sandfly Fever Naples Virus (SFNV), strain Sabin (GenBank Acces-

sion N˚ EF201829) chimeric NSs gene carrying the TOSV C-terminal domain (cSFNV) was

generated by PCR using, as reverse primer, a synthetic DNA fragment (gBlock: Integrated

DNA Technologies) consisting of the C-terminus of TOSV NSs gene (nt: 739–951) partially

overlapping to the 3’-end of SFNV NSs ORF, and a SFNV-NSs sense primer (primers

sequences available upon request). The chimeric gene was cloned in the pcDNA4HisMax plas-

mid (Life Technologies) by standard procedure. Full-length Toscana virus NSs gene was also
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cloned in the bacterial expression plasmid pET15b (Novagen), while ORFs coding for all the

NSs mutants and RIG-I RIG-I CARDs were cloned in pRSET plasmid (Life Technologies). All

the recombinant plasmids were confirmed by sequencing. The reporter plasmid encoding

Firefly Luciferase downstream the complete interferon-beta promoter (p125-Luc) was kindly

provided by Takashi Fujita (Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan)

[66], while the Renilla Luciferase reporter plasmid (pSV40-RL) was purchased from Promega

(Promega, Milan, Italy). Plasmids for FLAG-tagged human RIG-I, RIG-I N-terminal RIG-I

CARDs domain (RIG-IN), HA- human p53 and the HA-tagged human ubiquitin were kindly

provided by A. Garcı́a-Sastre (Mount Sinai School of Medicine, New York), T. Fujita (Tokyo

Metropolitan Institute of Medical Science, Tokyo, Japan), M. Tommasino (International

Agency for Research on Cancer, Lyon, France) and D. Arnoult (Inserm, France), respectively.

Recombinant proteins expression and purification

Recombinant proteins production was achieved by induction of transformed BL21(DE3)-pLys

(Novagen) cells with 1 mM IPTG for 3h at 37 ˚C. TOSV NSs was recovered from inclusion

bodies via solubilisation with 50 mM Tris-HCl [pH 7.5]; 300 mM NaCl; 0.3% w/v N-laurylsar-

cosine (SRK) and 6xHis tagged fusion proteins were purified by using Ni-NTA sepharose fol-

lowing manufacturer’s instruction. 6xHis-RIG-I CARDs were purified from IPTG induced

BL21(DE3)-pLys (Novagen) bacterial culture as described above, with SRK omission. Purified

protein fractions were analysed by SDS-PAGE and pure protein containing fractions were

pooled, diluted ten-folds with 10 mM Tris-HCl [pH 8.0] and dialysed against the same buffer

O/N at room temperature. Recovered proteins were concentrated by using ultrafiltration

devices, quantified by BCA reagent (Pierce, Milan, Italy) and stored at -80 ˚C in aliquots.

TOSV recombinant nucleoprotein N was produced and purified as described elsewhere [67].

Recombinant human full-length RIG-I was purchased by BPS Bioscience Inc. (San Diego, CA,

USA).

Immunofluorescence

Lenti-X 293T cells, seeded in 24-wells culture plate, were transfected with 0.5 μg of wt-,

deleted- or mutated-NSs expressing plasmids, alone or in combination with 0.05 μg of FLA-

G-RIG-I or HA-p53 expressing plasmids. Cells were collected and stained with anti-6xHis

antibody (1:2000 dilution), anti-HA antibody (1:500 dilution) or with anti-FLAG M2 antibody

(1:500 dilution). FITC-labeled anti-mouse IgG (1:320 dilution) was used as secondary anti-

body. Immunofluorescence was visualized by a Diaplan microscope (Leica Microsystems,

Milan, Italy). RIG-I and NSs positive cells were counted in three different fields of the same

slide. The mean value of positive cells was calculated with respect to the total number of spot-

ted cells (3.5x105/well).

Luciferase reporter gene assay

2x105 Lenti-X 293T cells were seeded in 24-well plates and transfected with indicated plasmids

as previously described. Briefly, 0.2 μg of p125-FFLuc, 0.05 μg of RIG-I and, where indicated,

0.5 μg of wt-NSs or NSs mutants expressing plasmids were co-transfected. Empty plasmid was

used to normalize total DNA amount. Twenty ng of pSV40-RL were co-transfected as internal

control. Thirty-six hours post-transfection, cells were stimulated with 2 μg/ml of poly(I:C).

After additional 12h, cells were collected and luciferase activities were measured on lysates by

using dual Luciferase reporter assay reagent (Promega), according to the manufacturer’s

instructions. Cell lysates were stored at -20 ˚C for further analysis by immunoblotting. Results

are given as mean values of several experiments ± standard deviations (SD).

Toscana virus NSs protein mediates RIG-I ubiquitination
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Immunoblot analysis

Fifty μg of total cell lysates of co-transfected cells were resolved by SDS-PAGE and then trans-

ferred to nitrocellulose membrane. Immunoblotting was performed as described above, by

using anti-HA (1:1000 dilution), anti-FLAG (1:2000 dilution) or anti-6xHis (1:1000 dilution).

Quantitative comparison among samples was performed by densitometric analysis using the

ImageJ software as reported in Supplement data.

In vitro ubiquitination assay

To evaluate TOSV NSs E3 ubiquitin ligase activity, purified recombinant wt-NSs or its

mutants were used in the in vitro protein Ubiquitination assay (Enzo Life Science). Experi-

mental reactions and controls were added as suggested by the manufacturer. Briefly, 100 nM

ubiquitin activating enzyme (E1); 2.5 μM of ubiquitin conjugating enzyme (E2) UbcH5b/c;

1 μM of rNSs protein or its mutants as source of E3 ligase, 2.5 μM of biotinylated ubiquitin

and 1 μM of recombinant purified RIG-I, RIG-I CARDs or p53 were incubated at 37 ˚C for 4-

6h. Negative control reactions lacking rNSs or containing 1 μM of TOSV rN in place of E3 ubi-

quitin ligase were included in the experiment set. Reactions were quenched by adding 5X gel

loading buffer and analysed by western blotting for ubiquitinated RIG-I CARDs by anti-

DDX58 polyclonal antibody (1:500 dilution) or anti-Ub FK2 clone (1:1000 dilution).

Mass spectrometry detection of ubiquitinated protein residues

Lenti-X 293T seeded in T25 flasks were transfected with 3 μg of wt-NSs plasmid in combina-

tion with 1 μg of plasmid encoding for HA-tagged ubiquitin. At 36h post-transfection, cells

were treated with MG-132 to a final concentration of 1 μM for additional 12h and collected at

48 h post-transfection. Pull-down for NSs was achieved by Immobilized Metal Affinity Chro-

matography (IMAC) under denaturing conditions. Briefly, cell pellets were lysed in 5 M guani-

dine-HCl; 10 mM HEPES [pH 8.0] with sonication. His-tagged NSs was bound to Ni-NTA

sepharose for 3h at room-temperature. Beads were collected and extensively washed with 10

mM HEPES [pH 8.0], 1 M NaCl, 0.3% w/v SRK, 50 mM imidazole. Bound proteins were eluted

with Laemmli denaturing sample buffer, loaded on SDS-PAGE and stained with Bio-safe Coo-

massie stain (Bio-Rad, Milan, Italy). Protein bands were cut from gel and prepared for mass-

spectrometry analysis as carried out by Cogentech Proteomics/MS (Cogentech S.c.a.r.l., Milan,

Italy), by using the nLC-ESI-MS/MS QExactive-HF system. Similarly, the rRIG-I CARDs ubi-

quitination was confirmed by mass-spectrometry performed on the in vitro ubiquitination

reaction products.

Statistical analysis

The mean differences were statistically analyzed using Stat View statistical software (Abacus

Concepts, Berkeley, CA). Immunofluorescence and luciferase reporter gene assay results were

expressed as the mean ± SD of determinations made in three different experiments. Probabil-

ity (p) values were calculated by t-test. A p value of less than 0.05 was considered statistically

significant.

Supporting information

S1 Fig. Toscana virus infection leads to RIG-I production. Endogenous RIG-I protein

level was observed by western blotting. Lenti-X 293T cells were stimulated with polyI:C

transfection for 18h, mock-infected or infected with TOSV (MOI = 1). Where indicated,

stimulated or infected cells were either transfected with empty plasmid or plasmid
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expressing wt-NSs. Cell lysates were prepared at indicated times post-infections and 50 μg of

total proteins were resolved by SDS-PAGE and assessed for RIG-I expression by specific

antibody. TOSV NSs expression, along with nucleoprotein N, was determined on the same

lysates to confirm viral infection and replication. Band intensity was determined by densito-

metric analysis performed on at least three independent experiments. Results are given in

Supplement data 1.

(TIF)

S2 Fig. TOSV NSs amino-acid sequence. Full-length NSs amino-acidic sequence showing the

amino-terminal (NSsΔN) and the carboxy-terminal (NSsΔC) deleted mutants of the protein.

The functional active Cysteine residue at position 27 is shown in bold.

(TIF)

S3 Fig. Toscana virus NSs protein retains E3 ubiquitin ligase activity on RIG-I. Recombi-

nant NSs and RIG-I proteins were used in combination with E1 ubiquitin activating enzyme,

UbcH5b/c E2 ubiquitin conjugating enzyme and wt-rNSs, as source of E3 ubiquitin ligase, in

the ubiquitination assay in vitro. Target protein for ubiquitination was represented by the full-

length human rRIG-I. Negative controls, including the recombinant TOSV viral nucleoprotein

(rN) or the omission of ATP energy source, were included. The presence of poly-ubiquitinated

rRIG-I was revealed with anti-ubiquitin or anti-RIG-I antibodies represented by an increase of

the specific molecular weight.

(TIF)

S4 Fig. Sequence alignment of TOSV and SFNV NSs proteins. Comparison of the amino

acid sequences of Toscana virus (TOSV; strain 1812, GenBank Accession N˚ ABY19522.1) and

Sandfly Fever Naples virus (SFNV; strain Sabin, GenBank Accession N˚ EF201829) NSs show-

ing the homology (54%) between the two related viral proteins and the lack of TOSV C-termi-

nal domain in SFNV NSs.

(TIF)

S5 Fig. Tracking of RIG-I CARDs ubiquitination by mass spectrometry. Confirmatory

results of RIG-I CARDs ubiquitination by TOSV NSs were obtained by the mass spectrometry

analysis. The� 40 KDa fraction of the biochemical reaction products revealed the presence of

ubiquitinated RIG-I peptides only in samples supplemented with wt-rNSs or cSFNV NSs.

Moreover, this approach allowed the identification of RIG-I CARDs lysine residues 115 and

172 as target for ubiquitination by the NSs.

(TIF)

S6 Fig. Mass spectrum of Toscana virus NSs protein. A cell line derived from Lenti-X 293T

cells stably expressing Toscana virus NSs protein was used for purification under denaturing

conditions of the viral protein. The enriched substrate protein was subjected to mass spectrum

showing the identification of TOSV NSs peptide containing the ubiquitinated Cysteine residue

at position 27 (Cys27).

(TIF)

S7 Fig. C27G-NSs mutant is unable to mediate RIG-I rCARDs ubiquitination. The key role

of C27 in the N-terminus of TOSV NSs was further investigated by in vitro ubiquitination of

RIG-I rCARDs. Higher molecular weight bands corresponding to rCARDs ubiquitinated

forms were detected by both anti-RIG-I and anti-Ub antibodies only when the wt-NSs was

used in the biochemical reaction. On the contrary, C27G-NSs mutant was unable to mediate

RIG-I rCARDs ubiquitination, confirming a direct involvement of the C27 in the ubiquitina-

tion process. Asterisk in the sample containing wt-NSs indicates ubiquitinated rRIG-I CARDs,
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as reported by mass spectrometry (S5 Fig). On the contrary, the corresponding immune-reac-

tive bands evidenced in other samples were identified as the E2-Ub intermediate.

(TIF)

S1 Dataset. Evaluation of TOSV effects on endogenous RIG-I expression. Immunoblotting

for detection of endogenous RIG-I expression in TOSV infected, poly(I:C) and NSs transfected

Lenti-X 293T cells were subjected to densitometric analysis. Raw dataset of RIG-I, TOSV NSs

and actin band intensity was reported from three independent experiments. After normaliza-

tion with respect to relative actin values, a comparison was performed and protein expression

levels ± standard deviation (SD) were calculated as fold induction. A p value of less than 0.05

was considered statistically significant.

(XLS)

S2 Dataset. Ubiquitination activity of wt NSs and NSs deleted variants. Lenti-X 293T cells

were transfected with RIG-I or p53 expressing plasmids, alone or in combination to wt-NSs or

its deleted mutants. Quantification of RIG-I or p53 expression levels was performed by densi-

tometric analysis on immunoblotting and raw dataset of RIG-I, p53, NSs and actin band inten-

sity were reported from three independent experiments. After normalization with respect to

relative actin values, a comparison was performed and protein expression levels ± standard

deviation (SD) were calculated as fold induction. Moreover, specificity of wt-NSs was assessed

by immunofluorescence in p53 plasmid co-transfected cells. Both p53 or NSs positive cells

were counted and percentage was calculated ± standard deviation (SD). The influence of NSs

deleted mutants on RIG-I-mediated IFN-β promoter activation was assessed by Luciferase

reporter gene assay. Fold induction of IFN-β promoter activation was reported from three

independent experiments ± standard deviation (SD). A p value of less than 0.05 was considered

statistically significant.

(XLS)

S3 Dataset. C-terminal domain of TOSV NSs is associated to its ubiquitination function.

Quantification of RIG-I cellular accumulation was performed by densitometric analysis on

immunoblotting from Fig 2. Raw dataset of RIG-I, TOSV or SFNV NSs, chimeric cSFNV

NSs and actin band intensity was listed from three independent experiments. After normaliza-

tion with respect to relative actin values, fold induction/decrease in protein expression

levels ± standard deviation (SD) was calculated. Immunofluorescence data referring to RIG-I

or NSs positive cells were given and final results were expressed as percentage of positive cells

with respect to the total number of spotted cell. A more accurate analysis was performed by

Luciferase reporter gene assay by which the effects of different NSs variants on RIG-I-mediated

IFN-β promoter activation was evaluated. Fold induction was calculated for each sample with

respect to the basal empty plasmid transfected sample, after normalization of the signal with

the pSV40-RenLuc internal control. The mean values of at least three sets of experiments ± SD

were presented. For all the experimental procedures a p value of less than 0.05 was considered

statistically significant.

(XLS)

S4 Dataset. C27 residue at the TOSV NSs N-terminal domain is critical for its E3 ubiquitin

ligase activity. RIG-I expression levels were quantified by densitometric analysis on immuno-

blotting performed on cell lysates of RIG-I and NSs, wild-type or cystein mutant, co-trans-

fected cells. Raw dataset represented the band intensity for RIG-I, wt-NSs, NSsC27G and actin.

Fold induction/decrease in protein expression levels was calculated after actin normalization.

Immunofluorescence results performed for RIG-I or NSs immune-staining were given. Posi-

tive cells for both RIG-I or NSs were counted; results were expressed as percentage of positive
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cells with respect to the total number of tested cells. Reporter gene assay was used to determine

the effects of cysteine mutated NSs on RIG-I-mediated IFN-β promoter activation. Luciferase

reporter gene assay was performed and fold induction in IFN-β promoter activation was calcu-

lated for each sample after normalization of the signal with the pSV40-RenLuc internal con-

trol. For all the experimental procedures, results were collected from three independent

experiments and expressed as mean values ± standard deviations (SD). A p value of less than

0.05 was considered statistically significant.

(XLS)
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Abstract: The non-structural protein NSs of the Phenuiviridae family members appears to have a
role in the host immunity escape. The stability of Toscana virus (TOSV) NSs protein was tested by
a cycloheximide (CHX) chase approach on cells transfected with NSs deleted versions fused to a
reporter gene. The presence of intrinsically disordered regions (IDRs) both at the C- and N-terminus
appeared to affect the protein stability. Indeed, the NSs∆C and NSs∆N proteins were more stable
than the wild-type NSs counterpart. Since TOSV NSs exerts its inhibitory function by triggering
RIG-I for proteasomal degradation, the interaction of the ubiquitin system and TOSV NSs was
further examined. Chase experiments with CHX and the proteasome inhibitor MG-132 demonstrated
the involvement of the ubiquitin-proteasome system in controlling NSs protein amount expressed
in the cells. The analysis of TOSV NSs by mass spectrometry allowed the direct identification of
K104, K109, K154, K180, K244, K294, and K298 residues targeted for ubiquitination. Analysis of NSs
K-mutants confirmed the presence and the important role of lysine residues located in the central
and the C-terminal parts of the protein in controlling the NSs cellular level. Therefore, we directly
demonstrated a new cellular pathway involved in controlling TOSV NSs fate and activity, and this
opens the way to new investigations among more pathogenic viruses of the Phenuiviridae family.

Keywords: ubiquitin-proteasome system; NSs protein; protein stability

1. Introduction

Toscana virus (TOSV) is a member of the Phenuiviridae family (Phlebovirus genus) classified as an
emergent sandfly-borne virus. It is mainly transmitted to humans by Phlebotomus perfiliewi, P. perniciosus,
and P. papatasi sandfly species [1–3]. Although pauci-symptomatic infections are described in endemic
countries [4], TOSV infection is mostly associated to meningitis or more severe central nervous system
(CNS) injuries, such as encephalitis and cerebral ischemia [4–6]. Nowadays, TOSV is widely present in
the Mediterranean basin [7–11] and represents a significant public health threat.

The non-structural protein (NSs) of the Phenuiviridae and Bunyaviridae family members represents
an important virulence factor, inhibiting the host innate immunity to viral infections, mainly mediated
by type I interferons (IFN-α/β) [12–21]. In order to overcome this first-line defense implemented by
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the host, viruses evolved protein(s) able to block the IFN-β production and its downstream activity at
different steps in the signaling cascade.

However, TOSV is the first Phlebovirus described to date, whose behavior is different from that
observed among the Bunyaviridae or Phenuiviridae members, since interferons are not inhibited during
viral infection and replication, despite its NSs protein. TOSV NSs protein is rapidly degraded by the
ubiquitin-proteasome system, as previously demonstrated [19–21]. Therefore, during TOSV infection
in humans, the ubiquitination and degradation of the NSs protein occur very early in virus replication
to prevent IFN-β inhibition in the host.

The proteasomal degradation of proteins is triggered by ubiquitination, a process consisting of
covalent attachment of poly-ubiquitin (poly-Ub) chains at lysine residues on the target protein.
The assembly of poly-Ub chains to the target protein is accomplished by the cooperation of
ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin-ligases (E3),
which work in a sequential cascade [22–34]. A well-characterized cellular complex, which mediates
ubiquitination of target proteins, is represented by the Skp, Cullin, and F-box (SCF)-containing
complex. Cullin activity is regulated by their NEDdylation, which is the covalent attachment of the
small ubiquitin-like protein NEDD8 (neural precursor cell expressed developmentally downregulated
8) to the cullin subunit via the NEDD8 activating enzyme (NAE) [25,26]. In this context, the E3
ubiquitin ligase is the only enzyme that confers specificity to this system by recognizing selected target
proteins [24–26].

The structure of the poly-Ub chain assembled by the E3 ligase is crucial for target protein fate and
function [22,33]. Covalent bonding between ubiquitin monomers occurs at one of the seven lysine
residues in the previously attached ubiquitin molecule, resulting in the formation of ubiquitin chains
containing distinctive linkages between the ubiquitin moieties, thus creating a different structure.
Based on the linkage generated between ubiquitin moieties, the cognate proteins undergo regulation
of their physiological functions, although the role of some chains is still elusive [34–38]. Notably, Lys48

(K48) ubiquitin linkage has been reported to be involved in targeting proteins for degradation by the
26S proteasome, while the Lys63 (K63) linkage has been proved to regulate protein functions, especially
those involved in signal transduction, cell cycle, and gene expression [23,28,31]. So far, the involvement
of the ubiquitin system in virus replication, latency, oncogenic properties, and immunity escape has
been widely demonstrated [39–59].

Among Phenuiviridae members, Rift Valley fever virus (RVFV) is the most investigated virus
in terms of antagonistic effects of its NSs protein. The involvement of the ubiquitin system, and in
particular of the SCF E3 ubiquitin ligase complex, has been recently elucidated [59–61]. However,
despite the involvement of RVFV NSs in the ubiquitin-proteasome control of cellular components,
no direct evidence of its ubiquitination and fate/function regulation has been shown.

Regarding TOSV, the involvement of the ubiquitin system in controlling its NSs activity was
further demonstrated by a recent work, where an E3 ubiquitin ligase activity has been attributed to the
viral protein. Similarly to RVFV, this E3 ligase activity was necessary to mediate RIG-I ubiquitination
and proteasomal degradation and, consequently, impede IFN-β production [57]. The only evidence
that Bunyaviridae NSs protein could be subjected to ubiquitination has been investigated in the
Bunyamwera virus [62,63]. Indeed, analysis of recombinant virus carrying lysine knockdown NSs
variant highlighted the increased stability of the mutated protein.

However, no significant advantage in virus growth and virulence in mice were reported, suggesting
that NSs ubiquitination is not essential for the virus life cycle [62].

Here, we reported the first evidence of TOSV NSs ubiquitination. Mass spectrometry analysis
allowed the identification of lysine residues 104, 109, 154, 180, 244, 294, and 298 on the NSs targeted for
ubiquitination. The influence of these sites on protein stability was deeply investigated to evidence
their role in protein function and stability, along with the effects of disordered regions located at the C-
and N-terminus of the protein.
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2. Materials and Methods

2.1. Cells and Viruses

Human embryonic kidney Lenti-X 293T cells (Clontech, Milan, Italy) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, Milan, Italy) supplemented with 100 U/mL
penicillin/streptomycin (Hyclone Europe, Milan, Italy) and 10% heat-inactivated fetal calf serum (FCS)
(Lonza), at 37 ◦C. Toscana virus (TOSV) strain 1812 [64] was used as a template source for NSs cloning
described where the N-terminal deleted (NSs∆N) NSs protein variant was generated.

2.2. Reagents and Antibodies

Transient transfections were performed with GeneJuice® Transfection reagent (Novagen,
Milan, Italy), according to the manufacturer’s instructions, or standard calcium phosphate method.
The proteasome inhibitor MG-132 and cycloheximide (CHX) were purchased from Sigma-Aldrich
(Milan, Italy). Mouse anti-6×His tag antibody (GE Healthcare, Milan, Italy), mouse monoclonal
anti-HA tag antibody, and HRP-conjugated anti-mouse IgG were purchased from Sigma-Aldrich.
Ni-NTA sepharose was from Novagen (Milan, Italy).

2.3. Plasmids

Six His-tagged full-length TOSV NSs expression vector was described elsewhere [58].
Amino-terminal-deleted (NSs∆N) and carboxy-terminal-deleted (NSs∆C) NSs protein variants were
generated by cloning the nt: 217–948 and nt: 1–537 sequences on TOSV 1812 strain (GenBank:
EU327772.1) in-frame into the pcDNA4HisMax (Life Technologies, Milan, Italy) expression plasmid.
Having arginine instead of lysine 104, 108, 109, 150, 154, and 179, NSs mutant (NSs-6KR) was generated
by using QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies, Milan, Italy) according
to the manufacturer’s instructions. NSs variants with lysine residues at the N-terminus (9, 17, 36,
57, 59, and 69) mutated to arginine (NSs-NKR and NSs-6KR-NKR) were generated substituting the
N-terminal part with a mutated synthetic fragment (gBlocks, IDT Integrated DNA technologies,
Leuven, Belgium). To measure NSs mutant proteins’ stability, FireFly Luciferase (FFLuc) fused proteins
were generated. FFLuc-NSs and FFLuc-NSs∆C were already described elsewhere [58]. A similar
approach was used to obtain the FFLuc-NSs new variants. Briefly, the NSs recombinant plasmids
were linearized with BamHI and the FFLuc coding gene was inserted upstream and in frame with the
NSs gene by the InFusion system (Clontech, Milan, Italy) following the manufacturer’s instructions.
All the recombinant plasmids were verified by sequencing. The Renilla Luciferase reporter plasmid
(pSV40-RL) was purchased by Promega (Promega, Milan, Italy). HA-tagged ubiquitin expressing
plasmid was a kind gift of D. Arnoult (Inserm, France) while K48-only and K63-only ubiquitin plasmids
were purchased from Addgene (Teddington, UK).

2.4. Cycloheximide Chase Analysis and NSs Protein Stability

Lenti-X 293T cells were seeded in 6-well plates and, after 24 h, transfected with the FFLuc-fused
wt-; deleted or mutated NSs expressing plasmids along with 200 ng of pRL-SV40 (Promega) for
normalization. Twenty-four hours later, transfected cells were split in a 24-well plate, in triplicate and,
after additional 12 h, cells were treated with 25 µM MG-132 for 30 min or untreated. After the inhibitor
treatment, in order to start protein expression quantification (T0), cell samples were collected, while the
remaining samples were exposed to 100 µg/mL of CHX, or 25 µM MG-132 or 25 µM MG-132 along with
100 µg/mL of CHX. Samples were collected 1.5 and 3 h later for time course quantification. FFLuc-fusion
protein amount, detected after translation inhibition by CHX, was quantified by measuring FFLuc
activities. Lysates and assay set-up were prepared according to Dual-Luciferase reporter assay
(Promega). Relative FFLuc values were normalized with respect to the corresponding RL activities
(FFLuc/RL), then fold changes of each sample were calculated with regard to the corresponding T0,
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mock-treated, sample. The deduced half-life of each protein was calculated with tools available on the
web (https://www.calculator.net/half-life-calculator.html).

2.5. Pull-Down and Immunoblot Analysis

Lenti-X 293T cells, seeded in T25 flasks, were transfected with 4 µg of NSs expressing plasmid and,
where indicated, with HA-tagged ubiquitin mutants by using standard calcium phosphate precipitation
protocol [65]. Thirty-six hours later, cells were treated with 1 µM MG-132 for additional 12 h and
collected 48 h post-transfection. Enrichment of the NSs protein was achieved by Immobilized Metal
Affinity Chromatography (IMAC) under denaturing conditions [66]. Briefly, cell pellets were lysed in
5 M guanidine-HCl; 10 mM HEPES (pH 8.0) with sonication to share genomic DNA. His-tagged NSs was
bound to Ni-NTA sepharose overnight (o/n) at 4 ◦C. Beads were collected and washed three times with
10 volumes of 10 mM HEPES (pH 8.0), 1 M NaCl, 0.3% w/v N-lauroylsarcosine (SRK), 20 mM imidazole.
Bound proteins were eluted by washing buffer supplemented with 500 mM imidazole. An aliquot
of eluted sample was loaded on SDS-PAGE, transferred to nitrocellulose membrane (Santa Cruz
Biotechnology, Heidelberg, Germany) and processed for immunoblotting. Briefly, membrane blocking
was accomplished with 5% non-fat dry milk, then filters were incubated o/n at 4 ◦C with anti-NSs
(1:200 dilution) or mouse anti-HA monoclonal antibody (1:1000 dilution) (Sigma-Aldrich). After being
washed with PBS 0.2% Tween-20 (PBS-T), membranes were incubated with a selected secondary
antibody (1:5000 dilution). Immunocomplexes were detected with TMB Enhanced One Component
HRP Membrane Substrate (Tebu-bio, Milan, Italy). Ubiquitin modification of the NSs was evidenced
by a shift in its MW (10 kDa for mono-ubiquitination, 20 kDa for di-ubiquitination, 10.5 multiples for
poly-ubiquitination).

2.6. Mass Spectrometry Detection of NSs Ubiquitination

NSs protein was enriched from Lenti-X 293T-transfected cells. Proteins were separated by
SDS-PAGE and stained with Bio-safe Coomassie stain (Bio-Rad, Milan, Italy). Protein bands
corresponding to potentially ubiquitinated NSs isoforms were manually cut from gel and prepared
for mass-spectrometry analysis. Each band was first destained with 2.5 mM ammonium bicarbonate
and 50% acetonitrile, and dehydrated in 100% acetonitrile. A reduction and alkylation procedure
was then applied, using 10 mM DTE in 25 mM ammonium bicarbonate for 1 h at 56 ◦C, followed by
incubation in 55 mM iodoacetamide and 25 mM ammonium bicarbonate at room temperature
for 45 min, in dark room. Protein bands were rinsed for 10 min with 50 mM ammonium
bicarbonate and dehydrated, again, with 100% acetonitrile. Dried gels were rehydrated in trypsin
solution (Sigma Aldrich, Italy) and in-gel protein digestion was performed overnight at 37 ◦C.
Protein identification was carried out by Peptide Mass Fingerprinting (PMF) on an ultrafleXtreme™
MALDI-TOF/TOF mass spectrometer (Brucker Corporation, Billerica, MA, USA). In total, 0.75 µL of
each digested protein supernatant were spotted onto the MALDI target and allowed to dry. Then,
0.75 µL of matrix solution (5 mg/mL alpha-ciano 4-hydroxycynnamic acid in 50% v/v acetonitrile and
0.5% v/v trifluoroacetic acid) were added to the dried sample and air-dried again. A PMF search
was performed in NCBInr databases using MASCOT search engine available on-line (Matrix Science
Ltd., London, UK, http://www.matrixscience.com). The following parameters were used: taxonomy
was limited to viruses, mass tolerance was 100 ppm, the acceptable number of missed cleavage sites
was set to two, alkylation of cysteine by carbamidomethylation was assumed as a fixed modification,
and oxidation of methionine was considered as a possible modification. The criteria used to accept
identifications included the extent of sequence coverage (>15%), the number of matched peptides (>4),
and the MASCOT algorithm assigned probabilistic score (>60 or p < 0.001). Confirmatory results were
also obtained by analysis of the same samples, carried out by Cogentech Proteomics/MS (Cogentech
S.c.a.r.l., Milan, Italy) and the mass spectrometry facility at the Toscana Life Sciences (TLS, Siena, Italy)
by using the nLC-ESI-MS/MS QExactive-HF system.

https://www.calculator.net/half-life-calculator.html
http://www.matrixscience.com
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3. Results

3.1. NSs Stability Is Influenced by Disordered Regions

Putative intrinsically disordered regions (IDRs) were identified in TOSV NSs by on-line tools
(http://prdos.hgc.jp). Based on a predictive algorithm, two IDRs were mapped at aa 1–17 of the
N-terminus and aa 295–316 of the C-terminus of the protein. Previous results already showed the
important role of the C-terminus, since its deletion influenced protein stability [58]. Next, we assessed
the role of the N-terminus on the NSs protein stability by deleting the first 72 aa (Figure 1).
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Figure 1. Schematic representation of the of TOSV NSs full-length (wt-NSs) sequence, N-(NSs∆N),
or C-terminus deleted (NSs∆C) variants. Green dots indicate the lysine residues with a high predictive
score for ubiquitination.

Immunoblotting and densitometric analysis of lysates of Lenti-X 293T cells transfected with
NSs expressing plasmid showed a 9-fold increase of NSs∆N protein accumulation compared to the
wt-NSs protein (p ≤ 0.0005) (Figure 2A), confirming the presence of a disordered instable region at
the N-terminus.

To better address the involvement of N-terminus IDR on the NSs stability, Firefly Luciferase
(FFLuc) fusion proteins were generated. Afterwards, cycloheximide (CHX) chase experiments were
performed to compare protein stability among the NSs∆N, NSs∆C, and wt-NSs. Luciferase activities
were measured in transfected CHX-treated cells. After normalization with respect to the constitutively
expressed Renilla luciferase (pSV40-RenLuc), a considerable reduction of the Luciferase activities,
consistent with NSs degradation, was reported in wt-NSs lysates just 1.5 h after CHX treatment in
comparison with the mock-treated sample. On the contrary, the detection of a higher Luciferase signal
for NSs∆N and NSs∆C demonstrated a significant increased protein stability at both 1.5 and 3 h after
CHX treatment (Figure 2B). Moreover, based on the CHX chase experiment datasets, the deduced
half-lives of NSs∆N (t1/2 8.7 h) and NSs∆C (t1/2 4.8 h) were significantly longer (p < 0.0001) than those
observed for wt-NSs (t1/2 1.6 h) (Data not shown). These data support the prediction of intrinsic
disordered sequences located at the terminal ends of the NSs, thus the deleted variants of the protein
acquired greater stability and cytoplasmic accumulation in transfected cells.

http://prdos.hgc.jp


Viruses 2020, 12, 1153 6 of 16

A

0

2

4

6

8

10

12

14 NSs ACT

wt-NSs              NSsΔC                NSsΔN

D
en

sit
om

et
ri

c 
Fo

ld
 

In
cr

ea
se

 ±
SD

p=0.0004

p=0.0001

0.00

0.50

1.00

1.50

2.00

Mock CHX 1.5h CHX 3hB

FF
Lu

c 
M

ea
n 

Fo
ld

 ch
an

ge
 ±

SD

wt-NSs                      NSsΔC                      NSsΔN

p=0.0237

p=0.0151

p=0.018

p=0.004

6xHis (NSs)

α−ACT

wt-NSs  NSsΔC   NSsΔN      Ctr- MW 

40

35

25

40

2

1.5

1

0.5

0

Figure 2. Domains affecting TOSV NSs stability. (A) The involvement of TOSV NSs C- and N-terminal
regions on protein stability was demonstrated by generating deleted NSs proteins (NSs∆C and NSs∆N).
The behavior of the deleted NSs variants was tested by immunoblotting on the whole-cell lysates
(50 µg) of Lenti-X 293T-transfected cells. Specific proteins were detected by using anti-6×His (NSs)
monoclonal antibody (left figure). Loading control was represented by actin (α-ACT) detection
(left figure). Quantitative assessment of deleted NSs variants was determined by densitometric analysis
(right figure). (B) Lenti-X 293T cells were transfected with FFLuc NSs∆N and NSs∆C fusion constructs
and Renilla Luciferase as an internal control. Transfected cells were mock-treated or treated with
cycloheximide (CHX) and collected at 1.5 and 3 h. Fold induction was obtained by luciferase activity
normalization with respect to Renilla luciferase values and comparison to the relative mock-treated
sample. Results were expressed as mean fold change values collected in at least three independent
experiments ± standard deviation.

3.2. Ubiquitin-Dependent NSs Proteasomal Degradation

Previous results have shown that TOSV NSs retains antagonistic function on host innate immunity
to viral infection [20,21,58] exhibiting an E3 ubiquitin ligase activity on RIG-I [57]. Therefore, we also
investigated the effect of ubiquitination on the fate and function of the viral protein. Similarly to
Bunyamwera virus, TOSV NSs protein stability was also evaluated analyzing its possible ubiquitination,
since its accumulation into the cell cytoplasm was strongly enhanced by the exposure to the proteasome
inhibitor MG-132 [20,21]. Indeed, a significant increase of protein stability (p < 0.05) was noticed when
the inhibitor MG-132 was included during the CHX chase experiments, with a fold increase of protein
accumulation at 3 h treatment of 2.3 for the wt-NSs, 6.1 for NSs∆C, and 3.9 for NSs∆N (Figure 3).
Moreover, the immunoblotting confirmed the enhanced protein accumulation in the cell cytoplasm
when the transfected cells were exposed only to MG-132 (Figure 3).
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Figure 3. Effects of the proteasome inhibitor MG-132 on NSs deleted mutants were evaluated.
(Upper panel) wt-NSs, NSs∆N, and NSs∆C expressing cells were treated with 25 µM of the inhibitors
along with 100µg/mL of CHX and collected at 1.5 and 3 h. Cell lysates were subjected to a dual-luciferase
assay in order to estimate the stability of NSs protein variants. A significant increase of protein stability
over time was noticed for wt-NSs, NSs∆C, and NSs∆N. (Lower panel) The immunoblotting with
anti-6×His antibody or anti-ACT performed on MG-132 and CHX treated cells confirmed the stabilizing
properties of the MG-132 on the NSs proteins tested. The error bars represent the standard deviation
from the mean values obtained in independent experiments.

Furthermore, the positive effects of the proteasome inhibitor were evidenced by the deduced
half-life of NSs∆C (t1/2 22 h) and NSs∆N (t1/2 26.4 h), which was significantly higher (p < 0.05) with
respect to the untreated counterparts. This evidence confirmed the ubiquitinated status of TOSV NSs,
suggesting that the stability of TOSV NSs was also controlled by ubiquitination and proteasomal
degradation and that lysine residues target for ubiquitination were at least located in the central region
of the protein, common to the three constructs.

3.3. Evidence of TOSV NSs Ubiquitination

To understand whether TOSV NSs was directly ubiquitinated, the presence of polyubiquitin
chains linked to the viral protein was investigated. The denaturant pull-down assay performed on
NSs and HA-Ub co-transfected cells allowed the efficient inactivation of de-ubiquitinating enzymes
(DUBs), preserving NSs ubiquitinated forms [60]. The ubiquitination status of the affinity purified NSs
was detected by immunoblotting using anti-6×His and anti-HA antibodies, demonstrating that NSs
protein underwent a robust ubiquitination. Indeed, high-molecular-weight migrating bands with a
constant increase were detected with anti-HA monoclonal antibody, corresponding to mono-, multi-,
or poly-ubiquitinated forms of NSs (Figure 4A). Unfortunately, the anti-6×His monoclonal weakly
detected these bands due to a lower sensitivity of the antibody.

As shown in Figure 4A, both the N- and C-terminal-truncated proteins underwent ubiquitination
at a similar extent to that observed for the wt-NSs. On the basis on these results, it appears that
lysine residues target for ubiquitination are located in the central region of the protein. We further
investigated the ubiquitin-linkage type present on the NSs protein, particularly the K48- or K63-chain.
These experiments demonstrated that both K48- and K63-ubiquitination moiety occurs in both wt- and
the deleted NSs variants (Figure 4B). Indeed, anti-HA reactive bands corresponding to mono-, multi-,
or poly-ubiquitinated forms of the NSs were detected in all the samples tested. These data supported
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the idea that both K63 and K48 ubiquitin linkages take place, thus this type of post-translational
modification does not only influence NSs stability, but it could also affect NSs protein activity.Viruses 2020, 12, x FOR PEER REVIEW 8 of 16 
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As shown in Figure 4A, both the N- and C-terminal-truncated proteins underwent 
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or K63-chain. These experiments demonstrated that both K48- and K63-ubiquitination moiety occurs in 
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Figure 4. TOSV NSs undergoes ubiquitination. NSs ubiquitination was evaluated by immunoblotting.
(A) Lenti-X 293T cells were transfected with wt-, ∆C-, or ∆N-expressing plasmids, along with the
plasmid expressing HA-tagged wild-type ubiquitin (Ub). Cells treated with the proteasome inhibitor
MG-132 were collected at 48 h post-transfection and NSs protein enrichment was performed on cell
lysates by pull-down (PD) experiments using Ni-NTA agarose beads. 6×His-NSs-enriched samples
were subjected to immunoblotting for Ub (α-HA) or NSs (α-6×His) detection. The ubiquitinated status
of the three NSs forms was evaluated as a modification of the targeted substrate, causing a shift in MW
of ~10 kDa (mono-ubiquitination) or multiples. Asterisk represents ubiquitinated NSs forms. (B) The
rate on K48-and K63-moiety ubiquitination was assessed by PD assay and immunoblotting. Lenti-X
293T cells were transfected with wt-, ∆C, or ∆N NSs expressing plasmids, along with the plasmid
expressing HA-tagged K48-only or K63-only ubiquitin mutants. Twenty-four hours later, cells were
treated with MG-132 and collected after additional 24 h. Lysates were prepared and PD with Ni-NTA
agarose beads. Isolated proteins were separated by SDS-PAGE and probed by immunoblotting for
NSs (α-6×His) and Ub-K48 and Ub-K63 (α-HA) detection. Asterisk indicates ubiquitinated forms of the
NSs proteins.

3.4. Specific NSs Lysine Residues Undergo Ubiquitination

The identification of specific NSs lysine residues targeted for ubiquitination was mapped by mass
spectrometry analysis. NSs protein was enriched from transfected Lenti-X 293T cells under denaturing
conditions. The recovered protein was resolved by SDS-PAGE and Coomassie staining. The gel portion
of interest was processed for mass spectrometry analysis. NSs peptides generated by trypsin digestion
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were subjected to mass spectrometry analysis. Some lysines carrying the Gly-Gly signature di-peptide
were detected and assigned as being bound to ubiquitin [67]. Three lysine residues at position 104,
109, and 154, located in the central part of the NSs, were recognized as a target for ubiquitin on the
recovered protein (Figure 5).
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Figure 5. The NSs protein, enriched from cell lysate of transfected cells, was analyzed by mass
spectrometry in an attempt to identify lysine residues targeted for specific ubiquitination. (A) MS1
mass spectrum (Department of Life Sciences, University of Siena, Siena) showing the identification
of TOSV NSs peptide containing the ubiquitinated lysine residue at position 154 and (B) MS2 mass
spectrum (Cogentech S.c.a.r.l., Milan, Italy) showing TOSV NSs peptides ubiquitinated on lysines at
positions 109 and 104.

However, we could not exclude that other lysine residues subjected to ubiquitination were located
in other regions of the NSs protein. Therefore, we expressed and tested the NSs-6KR protein variant,
consisting of a full-length NSs protein with mutated lysine in the core region (K104; K108; K109; K150;
K154; and K179), for the protein degradation rate. As evidenced by CHX chase, the 6KR mutant
protein was highly stable compared to wt-NSs (p = 0.003), suggesting that lysine residues targeted for
ubiquitination were located in the core region of the protein (Figure 6A).
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Figure 6. Effects of lysine residues in the core region on protein stability. (A) A new NSs mutant
(NSs-6KR), consisting of arginine substitution at lysine 104, 108, 109, 150, 154, and 179 position, was
generated and tested for protein stability. CHX chase experiments evidenced a significantly increased
stability for the NSs mutant with respect to the wt-NSs protein. (B) The NSs-6KR mutant still responded
to MG-132, as shown by the chase experiments. Transfected cells were treated with CHX in combination
with 25 µM of MG-132 and then residual luciferase activities were measured. Graphs represent mean
values ± standard deviations (SD) of three independent experiments.

Moreover, the estimated half-life of the NSs-6KR was double (p = 0.0069) than that of wt-NSs
(t1/2 3.7 h vs. t1/2 1.6 h). Notwithstanding, MG-132 still affected NSs-6KR protein degradation by
increasing its accumulation into the cells, leading to the conclusion that lysine residues other than
those in the core region could undergo ubiquitination (Figure 6B).

We then evaluated the presence of specific lysines, which might undergo ubiquitination in the N-
or C-terminal part of the NSs protein. Two NSs variants were generated, mutating the lysine residues
9, 17, 36, 57, 59, and 69 at the amino-terminus of the wt protein (NSs-NKR) or of the NSs-6KR mutant
(NSs-6KR-NKR). The CHX chase assessed to determine variations in protein stability showed that
lysine residues located at the N-terminus did not significantly influence the turnover of the protein.
Indeed, compared to the relative counterpart NSs∆N (Figure 2B) and NSs-6KR (Figure 6), the new NSs
proteins did not exhibit a remarkable increase (p > 0.05) of protein accumulation after exposure to CHX
(Figure 7A), suggesting that those sites were not critical in determining the NSs protein fate.
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Figure 7. Effects of amino-terminal lysine residues on protein stability. (A) Lysates of NSs-NKR and
NSs-6KR-NKR-transfected cells were collected at different time points after CHX exposure and subjected
to the dual-luciferase assay in order to estimate the stability of NSs protein variants by measuring the
FFLuc residual activities. (B) Cells expressing new NSs mutants, treated with 25 µM of MG-132, along
with 100 µg/mL of CHX, evidenced the activity of the inhibitor on both NSs-NKR and NSs-6KR-NKR.
Cells were collected at 1.5 and 3 h post-treatment and lysates were subjected to a dual-luciferase assay
in order to estimate the stability of NSs protein variants. The error bars represent the standard deviation
from the mean values obtained in independent experiments ± standard deviations (SD).
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As expected, the chase experiments conducted in the presence of the proteasome inhibitor MG-132
and CHX evidenced that the NSs-NKR responded to inhibitor (p = 0.008), as lysines in the core
region were maintained. However, even the NSs-6KR-NKR variant responded to the drug (p = 0.039)
(Figure 7B), indicating that some lysine residues targeted for ubiquitination were still present in the
protein besides these sequences. Furthermore, supporting the previous data, the inhibitor substantially
(p = 0.036) augmented NSs-6KR-NKR protein mean half-life (t1/2 19.6 h) compared to the relative
mock-treated sample (t1/2 9.8 h). A further investigation by mass-spectrometry revealed the presence
of four more lysine residues, located in the C-terminal of the protein, which underwent ubiquitination.
In particular, we found ubiquitinated lysines at the 180, 244, 294, and 298 position (Table 1).

Table 1. The enriched NSs protein was analyzed by mass spectrometry in an attempt to identify lysine
residues targeted for specific ubiquitination. MS2 mass spectrometry results (TLS, Siena, Italy) are
reported, showing the identification of TOSV NSs peptide containing the ubiquitinated lysine residues
at position 180, 244, 294, and 298.

Lysine
Position

Percentage
Sequence
Coverage

Peptide Sequence
Peptide

Identification
Probability

Mascot
Ion Score

Mascot
Identity

Score

Mascot
Delta Ion

Score

Variable
Modifications

Identified
by

Spectrum

180 7.21% VLIEGKkHGLTAFDLPGNDILGDICVVQAAR 99.70% 58.6 60.3 36.67597403 K7:GlyGly
(+114.04)

180 7.21% VLIEGKkHGLTAFDLPGNDILGDICVVQAAR 99.70% 45.9 33.3 32.14675325 K7:GlyGly
(+114.04)

180 6.94% kHGLTAFDLPGNDILGDICVVQAAR 99.70% 63.2 48.6 55.33246753 K1:GlyGly
(+114.04)

244 3.80% KEDk 99.70% 55.4 60 21.31764706 K4:GlyGly
(+114.04)

244 6.33% KEDkRAKAKGLmSmCAAR 99.70% 51.2 43.7 31.05 K4:GlyGly
(+114.04)

244 6.33% EDkRAKAKGLMSMCAAR 99.70% 48.7 50.4 30.65454545 K3:GlyGly
(+114.04)

294–298 6.59% TDLGFRETALSTFWAKDWPTPQETILSDkRcLkEDMR 99.70% 48.6 36 34.75324675

K29:GlyGly
(+114.04)

K33:GlyGly
(+114.04)

294–298 6.33% DWPTLQETILSDkRcLkEDmRVTK 99.70% 52.6 38 43.26406926

K13:GlyGly
(+114.04)

K17:GlyGly
(+114.04)

294 6.33% ETALSTFWAKDWPTPQETILSDk 99.70% 60.9 65.5 23.27176471 K23:GlyGly
(+114.04)

298 6.33% CLkEDMRVTKWLPSPPHYPPL 99.70% 45.8 38.3 27.21315789 K4:GlyGly
(+114.04)

298 6.33% CLKEDMRVTKWLPSPPHYPPL 99.70% 44.2 45.9 27.91753247 K23:GlyGly
(+114.04)

4. Discussion

The non-structural NSs protein of many Bunyaviridae and Phenuiviridae family members has
been shown to be an important virulence factor, able to counteract host innate immunity to viral
infections [13–21,57,58].

An important factor affecting protein behavior resides in its stability and turnover. Indeed,
a tight control of cell proteins’ half-life is required in order to support an efficient cellular homeostasis,
death/survival, and replication. Most of the viral proteins exert their activity by interfering in critical
cellular processes, such as signal transduction and cell-cycle progression. Thus, their function is tightly
controlled through several viral and cellular mechanisms.

One aspect that determines protein fate is the presence of unfolded domains, which confer a
reduced stability and a rapid degradation via lysosome or proteasome systems [68–70]. The intrinsically
disordered region (IDR) with an unfolded structure described for Bunyamwera virus (BUNV) NSs was
associated with the reduced viral protein stability in infected cells [62,63].
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Previously, we demonstrated that the C-terminus of TOSV NSs could retain an IDR with a negative
effect on protein turnover [58]. In the present work, a deeper investigation of TOSV NSs protein
properties was pursued. New data suggest that TOSV NSs shares similarities with BUNV NSs, since its
stability is strongly influenced by IDR located at the N-terminus (NSs∆N), along with that at the
C-terminal (NSs∆C) part of the protein. The increased stability of NSs∆N and NSs∆C, demonstrated
by semi-quantitative immunoblotting, suggested that these domains are important in order to maintain
protein stability. Indeed, the cycloheximide (CHX) chase assay allowed us to confirm that external
NSs IDRs are strikingly related to protein half-life, and NSs∆N exhibited a longer half-life. Therefore,
the unfolded NSs N-terminus drastically compromised protein stability, along with the C-terminus,
which, in turn, had a minor effect.

Nevertheless, apart from protein IDRs, other mechanisms involved in protein stability
were proposed. Based on Bunyamwera virus (BUNV) studies where the involvement of the
ubiquitin-proteasome system in controlling NSs fate was described [62], post-translational modifications
(PTMs) in TOSV NSs were considered. Contrary to RVFV and BUNV, TOSV NSs presented many
lysine residues that could undergo ubiquitination.

Under specific experimental conditions, we provided direct evidence of TOSV NSs ubiquitination
both by immunoblotting and mass spectrometry (MS). We identified the ubiquitin linkage at lysine
residue 104, 109, and 154, as they were modified by the signature peptide ‘Gly-Gly’ derived from
ubiquitin by MS. Surprisingly, identified PTM sites were located in the core region of the protein,
suggesting an incisive role of this region in the protein fate.

However, TOSV NSs ubiquitination on other sites of the protein could be neither demonstrated
nor excluded. Despite being more stable, the NSs mutant, lacking all the core lysine residues (NSs-6KR),
was still susceptible to MG-132 treatment. This suggested the presence of additional lysine residues,
located outside the core region, subjected to ubiquitination. In an attempt to better characterize the NSs
post-translational modification by ubiquitination, a deeper investigation was conducted. The mutation
of lysine residues located at the amino-terminal part of the protein (NSs-NKR) excluded the presence
of ubiquitination targets in this region, since the mutation did not affect the protein degradation rate or
half-life, as demonstrated by the CHX chase (Figure 7A).

Further experiments using the NSs-6KR-NKR, lacking all the lysines at the N-terminus and core
regions, evidenced the presence of additional ubiquitination sites in the C-terminal part. The CHX
chase in the presence of the proteasome inhibitor MG-132 revealed that the NSs-6KR-NKR mutant
still responded to the inhibitor, thus ubiquitination still occurred on the protein. More comprehensive
analysis by MS identified the ubiquitin-derived ‘Gly-Gly’ signature peptide linked at lysine residues
180, 244, 292, and 298, as they were modified by ubiquitin.

These data open the way to new cellular mechanisms responsible for TOSV NSs functions and to
its role in TOSV pathogenicity. Indeed, during the first phases of viral replication, the rapid degradation
of the NSs protein by the proteasome could be a regulatory mechanism of cell defense, thus inhibiting
RIG-I degradation and allowing the expression of IFN-β in the infected host (Figure 8).Viruses 2020, 12, x FOR PEER REVIEW 13 of 16 
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Abstract: An increase in measles cases worldwide, with outbreaks, has been registered in the last few
years, despite the availability of a safe and highly efficacious vaccine. In addition to an inadequate
vaccination coverage, even in high-income European countries studies proved that some vaccinated
people were also found seronegative years after vaccination, thus increasing the number of people
susceptible to measles infection. In this study, we evaluated the immunization status and the
seroprevalence of measles antibodies among 1092 healthy adults, either vaccinated or naturally
infected, in order to investigate the persistence of anti-measles IgG. Among subjects who received
two doses of measles vaccine, the neutralizing antibody titer tended to decline over time. In addition,
data collected from a neutralization assay performed on 110 healthy vaccinated subjects suggested
an inverse correlation between neutralizing antibody titers and the time elapsed between the two
vaccinations, with a significant decline in the neutralizing titer when the interval between the two
doses was ≥11 years. On the basis of these results, monitoring the serological status of the population
10–12 years after vaccination could be important both to limit the number of people who are potentially
susceptible to measles, despite the high efficacy of MMR vaccine, and to recommend a booster vaccine
for the seronegatives.

Keywords: measles virus; vaccine; neutralizing antibodies; seroprevalence

1. Introduction

Measles virus (MV) is a negative single-stranded RNA virus belonging to the Morbillivirus genus,
Paramixoviridae family [1]. It is the causative agent of a highly contagious acute infectious disease,
typical of infancy, characterized by fever, skin rash, cough, coryza, conjunctivitis and a generalized
immune suppression [1]. The virus is transmitted by large respiratory droplets, it spreads in the
respiratory route and in regional lymph nodes, thus resulting in lymphatic and hematic dissemination
with appearance of first clinical signs after 9–19 days [2]. Recovery is followed by lifelong immunity
to measles. In rare cases, severe measles-associated central nervous system (CNS) complications
may develop [3]. MV infection is also responsible for a transient immune suppression that may last
longer than two years after infection and it leads to opportunistic infections [4] and to life-threatening
complications, such as pneumonia and/or gastrointestinal disease [5,6]. Nevertheless, this disease
is associated with the induction of a strong and specific life-long immune response to the virus [7].
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There is no specific antiviral treatment against measles, thus the prophylactic vaccine is considered
the best strategy to prevent this virus infection [8]. Furthermore, the monotypic nature of the virus
and the lack of an animal reservoir make measles a considerable candidate for eradication [9]. In Italy,
a single-antigen measles vaccine became commercially available in 1976 and its administration has
been recommended by the Ministry of Health since 1979, with one dose for children aged 15 months.
In the early 1990s, the trivalent measles-mumps-rubella (MMR) vaccine containing a live attenuated
Edmonston B strain was recommended for administration at 12 months of age. Since 2003, the national
vaccination schedule has recommended two doses of MMR vaccine in all Italian regions: The first at
12–15 months and the second at six years or older, only for those who had already received one dose
and were older than six years at that date [10,11]. Subsequently, due to the lower MMR vaccination
coverage (<90%) in Italy, especially among infants and adolescents [12], and the occurrence of a large
measles outbreak in January 2017, a new law was passed and adopted in July 2017. This law extended
the number of mandatory vaccines from four to ten, including MMR, administered at 13–15 months
and six years [13]. Since then, the attenuated varicella strain has been included in the formulation of
the vaccine. This can be administered at the same session as trivalent anti-measles-mumps-rubella
plus the monovalent anti-varicella vaccine or as quadrivalent MMRV combined vaccine [14].

In spite of this, according to the latest update on measles circulation by ECDC, 29 EU/EEA Member
States reported 13,331 cases of measles, from October 2018 to September 2019, 10,541 (79%) of which
were laboratory-confirmed. No countries reported zero cases during the 12-month period. The highest
number of cases were reported by France (2699), Italy (1845), Poland (1811), and Romania (1485),
accounting for 20%, 14%, 12%, and 11% of all cases, respectively [15]. Measles outbreaks mostly
occurred in unvaccinated individuals, thus a high vaccination coverage is the most important goal
to prevent the disease. Epidemiologic studies have shown that the level of functional neutralizing
antibodies at the time of exposure to the wild-type (WT) virus during a measles outbreak is a good
correlate of protection from infection, with higher titers needed to prevent infection rather than to
prevent the disease [16]. According to literature, levels of anti-measles antibodies tend to decline
over the life course, as demonstrated by measuring the level of measles neutralizing antibodies in the
subjects’ sera at different times after vaccination [17–20]. Moreover, this phenomenon appears to occur
faster following vaccination rather than after naturally acquired infection [21,22]. Thus, it is important
to better understand vaccine-induced antibody persistence and how persistence patterns may influence
the risk of vaccine failure. In this study, we report data concerning the seroprevalence of a healthy
population sample, analyzing 1092 sera among healthy adults, the immunogenicity of the vaccine and
the protective antibody levels to measles virus after vaccination or natural exposure to the virus.

2. Materials and Methods

2.1. Study Population

The participants in this observational study were students, postgraduates, medical doctorsand
health care workers subjected to routine analysis for the biological risk assessment at the Center of
Preventive Medicine and Health Surveillance of the University Hospital ‘Santa Maria alle Scotte’ in
Siena between January 2018 and May 2019. Among the participants, some subjects presented their
history of vaccination against measles, some had never been vaccinated and others had a history of
measles infection. This research was carried out according to the principles of Helsinki declaration.
Ethical approval was obtained from the local Ethical Committee for clinical trials (approval n◦

11466_2017) (Comitato Etico Regione Toscana-Area Vasta Sud Est) in terms of General Data Protection
and Regulation (GDPR) upon written informed consent signed by all subjects prior to participating in
this study [23,24]. A total of 1092 subjects, 361 males and 731 females, (mean age 27.1 years; CI 95%
26.6–27.6) were screened for anti-measles IgG. All subjects born before 1977 declared to have contracted
measles infection; the others, born later, were distinguished into three groups, according to their
vaccination records: vaccinated with one or two doses and nonvaccinated (Figure 1). Lastly, among
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those born after 1977, 110 sera of subjects (mean age 24.9 years; CI 95% 24.1–25.7) vaccinated with two
doses of measles vaccine, either monovalent (Moraten, Istituto sieroterapico e vaccinogeno svizzero,
Berna, Switzerland) or trivalent (measles, mumps and rubella (MMR) Priorix (GlaxoSmithKline, Verona,
Italy) were analyzed for the titer of specific neutralizing antibodies. These titers were compared
with 100 samples of subjects (mean age 48.6 years; CI 95% 46.2–51.1), who had been exposed to
natural infection.

Vaccines 2020, 8, x FOR PEER REVIEW 3 of 12 

groups, according to their vaccination records: vaccinated with one or two doses and nonvaccinated 
(Figure 1). Lastly, among those born after 1977, 110 sera of subjects (mean age 24.9 years; CI 95% 
24.1–25.7) vaccinated with two doses of measles vaccine, either monovalent (Moraten, Istituto 
sieroterapico e vaccinogeno svizzero, Berna, Switzerland) or trivalent (measles, mumps and rubella 
(MMR) Priorix (GlaxoSmithKline, Verona, Italy) were analyzed for the titer of specific neutralizing 
antibodies. These titers were compared with 100 samples of subjects (mean age 48.6 years; CI 95% 
46.2–51.1), who had been exposed to natural infection.  

 

Figure 1. Flow diagram of the study population. Schematic representation of the study population 
enrolled in the study with the relative number of subjects in each group. 

2.2. Cells and Viruses  

Vero cells (ATCC CCL-81) were grown as a monolayer in Dulbecco’s modified Eagle’s 
medium (DMEM) (Euroclone, Milan, Italy) supplemented with 100 U/mL penicillin/streptomycin 
(Euroclone) and 5% heat-inactivated fetal calf serum (FCS) (Euroclone) at 37 °C in a humidified 5% 
CO2 atmosphere. Measles virus Edmonston B strain (ATCC VR-24) was propagated on Vero cells 
until a cytopathic effect (CPE) appeared. Viral stocks were prepared, titrated on Vero cells, and 
stored at −80 °C for long term. 

2.3. Measles IgM/IgG Antibody Detection 

Sera obtained from subjects were analyzed for the presence of measles specific IgM/IgG 
antibodies to the recombinant MV nucleoprotein, by LIAISON XL (Liaison Measles IgG/IgM, 
DiaSorin, Saluggia, Italy), a chemiluminescence analyzer using paramagnetic solid phase 
microparticles. Threshold IgG values regarded as positive immune status were >16.5 AU (Arbitrary 
Unit)/mL, with detection limit of 13.5 AU/mL; while IgM threshold for the presence of measles 
infection was >1.1 AU/mL, with detection limit at 0.9 AU/mL. 

2.4. Measles Microneutralization Test 

The measles virus neutralization assay was carried out on Vero cells in a 96-well microplate. 
Twenty-five microliters of 2-fold serial dilutions (1:8 to 1:1024) of vaccinated or naturally infected 
people sera were added to an equal volume of the Edmonston B strain MV containing 250 TCID50 

and incubated for 90 min at 37 °C. Finally, 50 μL of Vero cells suspension (2 × 105 cells/mL) 
prepared in a complete DMEM (Euroclone) medium were added to each well. Five days after 
incubation at 37 °C, the cultures were microscopically examined for the presence of CPE. The 50% 
end point titer of the serum neutralizing titer was calculated using the Reed and Muench method 

Figure 1. Flow diagram of the study population. Schematic representation of the study population
enrolled in the study with the relative number of subjects in each group.

2.2. Cells and Viruses

Vero cells (ATCC CCL-81) were grown as a monolayer in Dulbecco’s modified Eagle’s medium
(DMEM) (Euroclone, Milan, Italy) supplemented with 100 U/mL penicillin/streptomycin (Euroclone)
and 5% heat-inactivated fetal calf serum (FCS) (Euroclone) at 37 ◦C in a humidified 5% CO2 atmosphere.
Measles virus Edmonston B strain (ATCC VR-24) was propagated on Vero cells until a cytopathic effect
(CPE) appeared. Viral stocks were prepared, titrated on Vero cells, and stored at −80 ◦C for long term.

2.3. Measles IgM/IgG Antibody Detection

Sera obtained from subjects were analyzed for the presence of measles specific IgM/IgG antibodies
to the recombinant MV nucleoprotein, by LIAISON XL (Liaison Measles IgG/IgM, DiaSorin, Saluggia,
Italy), a chemiluminescence analyzer using paramagnetic solid phase microparticles. Threshold IgG
values regarded as positive immune status were >16.5 AU (Arbitrary Unit)/mL, with detection limit of
13.5 AU/mL; while IgM threshold for the presence of measles infection was >1.1 AU/mL, with detection
limit at 0.9 AU/mL.

2.4. Measles Microneutralization Test

The measles virus neutralization assay was carried out on Vero cells in a 96-well microplate.
Twenty-five microliters of 2-fold serial dilutions (1:8 to 1:1024) of vaccinated or naturally infected
people sera were added to an equal volume of the Edmonston B strain MV containing 250 TCID50 and
incubated for 90 min at 37 ◦C. Finally, 50 µL of Vero cells suspension (2 × 105 cells/mL) prepared in a
complete DMEM (Euroclone) medium were added to each well. Five days after incubation at 37 ◦C,
the cultures were microscopically examined for the presence of CPE. The 50% end point titer of the
serum neutralizing titer was calculated using the Reed and Muench method [25]. Serum samples with
neutralizing titers of less than eight were considered negative [26]. A positive and negative control
serum (Liaison Measles IgG Ctr) were included in each assay.
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2.5. Statistical Analysis

Seroprevalence was calculated as the ratio between the number of positive test results and the
number of performed tests. Geometric mean titers (GMTs), obtained by the neutralization assay, were
calculated as log-transformed reciprocal titers and reported as back-transformed for each subclass.
Differences between vaccination status, sex, time elapsed between dose one and two of the vaccine
and time elapsed since the second dose of vaccine, and the last serological measles investigation, were
evaluated. Furthermore, statistical significances were assessed with the two-tailed chi-squared test.
Results were considered statistically significant at p < 0.05. Spearman’s rank correlation coefficient was
used to assess correlations of log-transformed continuous variables by the group.

3. Results

3.1. Study Group

We enrolled 1092 subjects, who were screened for specific anti-measles IgG. Out of 1092 subjects,
843 (77.2%) were seropositive and 249 (22.8%) seronegative to the measles virus (Figure 1). The mean
age of vaccinated subjects was 24.9 years (CI 95% CI 24.1–25.7). Among the nonvaccinated subjects,
seropositives (naturally infected) and seronegatives (never exposed to the virus) had, respectively, a
mean age of 39.0 years (95% CI 37.1–40.9) and 26.1 years (95% CI 24.6–27.4) (p < 0.00001). Vaccination
coverage with one or two doses of vaccine of this population sample was estimated 77.1% (842/1092),
lower than the 90%–95% threshold required for achieving herd immunity. The enrolled people were
lately divided according to their vaccination history (one or two doses) or nonvaccinated (naturally
infected or nonexposed to the virus) (Figure 1). Surprisingly, among those who received two doses of
vaccine (as recommended by the Italian Ministry of Health since 2003), 161 out of 682 subjects (23.6%)
were seronegative after vaccination. Except for one subject, who had not responded to the trivalent
vaccine, the others were seropositive to mumps and rubella viruses, indicating that these individuals
had responded to the vaccine. Surprisingly, this percentage was similar to that observed for vaccines
with only one dose (40/160, 25%) (Figure 1). No significant differences in the seroprevalence rates were
found in all the groups with respect to gender (p > 0.05).

3.2. Age-Specific IgG prevalence

In order to analyze the IgG prevalence trend, the enrolled subjects have also been divided into
groups according to their age, regardless of their vaccination status. There was no significant difference
in the percentage of seronegatives (p > 0.05) among the groups aged 19–42 (Figure 2). On the contrary,
a consistent increase of seropositives, up to almost 100%, was observed in subjects over 43 years old,
therefore born before the introduction of measles vaccine in Italy. As far as seronegativity rates are
concerned, some differences among the age groups are also worthy of being mentioned. All negative
subjects in the 37–42 age group had never been exposed to the virus; most of the subjects aged 31–36 had
been vaccinated with just one dose, while the majority of the 19–24 age group had been vaccinated with
two doses. Regarding the group aged 25–30, the percentage of seronegatives was equally distributed
between those vaccinated with one or two doses of vaccine.
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3.3. Decline of Humoral Response to Measles after Vaccination

Figure 3 reports the seroprevalence analyzed during the period of 8–18 years after two doses
of vaccination in 562 subjects within the same range of age (mean age 24.4 years; CI 95% 24.2–24.6).
Although the number of tested subjects decreased over time, it was evident that an increasing number
of vaccinees became seronegative in parallel with the increase of time post-vaccination. We noticed a
higher percentage of seronegative subjects between 13 and 16 years after vaccination, suggesting that
the decrease of the humoral response could be due to a measles-specific antibody titer after vaccination
lower than after natural infection. However, this hypothesis could not be endorsed since the antibody
titers after vaccine administration were not available. Extending the monitoring time, the trend was
similar, although the serological profile appeared variable, probably due to the limited number of
tested samples. No specific IgM were detected in any tested sample.
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3.4. Evaluation of Neutralizing Ab Titers

One hundred and ten sera of seropositive subjects who had received two doses of the measles
vaccine and 100 sera of randomly selected subjects who had contracted a natural infection were tested
for the presence of neutralizing antibodies against the virus. With regard to naturally infected subjects,
the GMT of the tested samples was 570.6 and no substantial differences were found between males and
females (p = 0.46). Among those vaccinated with two doses of measles vaccine, the GMT was 172.1,
which was considerably lower than that recorded in naturally infected subjects (p < 0.00001). Moreover,
no gender related significant differences in GMT were found during this analysis (p = 0.38) (Figure 4).
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3.5. Decline of Neutralizing Ab Titers

Since previous studies reported that the measles protective antibody titer was decreasing over
time after the administration of the second dose of MMR vaccine [17–21], our aim was to evaluate this
phenomenon in our cohort. The vaccinated subjects (110) were divided into three groups, on the basis
of the time elapsed since the administration of the second dose of vaccine: eleven years (35 subjects),
12–14 years (39 subjects) and ≥15 years (36 subjects). Results showed a significant decrease in GMT
between the groups tested at 1–11 and 12–14 years after vaccination (232.4 vs. 147.4; p < 0.05) (Figure 5),
thus confirming a possible decline of the protective antibody response against measles during their
lifetime. No further difference was evidenced after ≥15 years since vaccination.
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Subjects vaccinated with two doses were further studied on the basis of the time elapsed between
the first and second dose of vaccine: 1–6 y (49 subjects), 7–10 y (34 subjects), and ≥11y (27 subjects).
Spearman’s rank correlation analysis showed a statistically significant (p = 0.004) inverse correlation
(r = −0.270), between neutralization titers of subject sera and time elapsed between the two-dose
vaccination. Indeed, the GMT comparison among the three groups evidenced a decrease of neutralizing
GMTs, 215.5 in the 1–6 y, 165.6 in the 7–10 y, and 120.1 in the ≥11 y groups (p < 0.05) (Figure 6),
particularly relevant in subjects receiving the second dose of vaccine over 10–11 years since the first
vaccination (p < 0.05). No significant differences related to the gender were found in this analysis either.
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Figure 6. Effect of time elapsed between the two doses of measles vaccine on the neutralizing antibody
response. The whiskers represent the values from the 5th to the 95th percentiles; the median, the 25th
and 75th percentiles are depicted by the horizontal lines in the boxes. Individual data points are shown;
outlier values are shown as black circles or squares. GMTs are shown above the population columns.
The difference in GMTs between the first (1–6) and the third (≥11) group is statistically significant
(p ≤ 0.05).
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3.6. Neutralizing Antibody GMT in Natural Infected Subjects

No GMT differences were found in serum samples of naturally infected subjects during their
childhood, either in those born before (GMT 571.7; mean age 54.8) or after (GMT 552.9; mean age 31.0)
the introduction of measles vaccine (Figure 7). These data confirmed a more pronounced tendency of
the protective immune response to wane in vaccinated people than in naturally infected people.
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Figure 7. Differences in neutralizing antibody titers in naturally infected subjects born before (A) and
after (B) 1977 (one year after the introduction of measles vaccine in Italy). The whiskers represent the
values from the 5th to the 95th percentiles; the median, the 25th and 75th percentiles are depicted by
the horizontal lines in the boxes. Individual data points are shown; outlier values are shown as black
circles or squares. GMTs are shown above the population columns. Difference in GMT between the
two groups is not significant (p > 0.05).

4. Discussion

Measles morbidity and mortality have been reduced since the implementation of enhanced
vaccination strategies [27], and in several countries the interruption of indigenous transmission of
measles disease has been reported [28]. Unfortunately, the measles disease continues to be difficult
to eradicate, especially in European countries where recurrent outbreaks have been described [29].
In Italy, although a significant reduction of measles infection has been obtained since the introduction
of the measles vaccine in 1976, the goal of measles eradication fixed by WHO Europe has still not been
met. A new law, adopted in Italy in July 2017 [13], extended the number of mandatory vaccines from
four to 10 vaccines for those aged 0–16. This law allowed the vaccine coverage for MMR vaccine to
increase up to 94.1% (range 82.2–97.5) but still with geographical variations throughout the country [30].
This program aimed at preventing widespread measles transmission [31], by inducing a specific
humoral response in the community, which is a good indicator of protection from infection.

In this study, we evaluated the immunization status and the seroprevalence of measles antibodies
among a healthy adult population after vaccination or natural infection. In particular, the aim of this
study was to investigate the persistence of anti-measles IgG among vaccinated and naturally infected
people. Collected data showed that, out of the 1092 enrolled subjects, 682 (62.45%) had received
two doses of measles vaccine (monovalent and/or MMR) and among these, only 24 subjects received
as first dose the monovalent vaccine, since this was replaced in the early 1990s by the combined
measles–mumps–rubella (MMR). We noted that 23% of the subjects who received two doses of measles
vaccine did not show IgG response, similarly to those receiving only one dose of vaccine (25%)
(Figure 1). This percentage appeared higher than that reported by other authors [17,20,32,33], thus,
it is advisable to monitor the immune status of vaccines 10–15 years since vaccination, in order to
evaluate the immune protection against measles and, eventually, implement a possible prophylactic
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measure. On the other hand, a long-term high rate of seropositivity persisted after natural infection;
indeed, subjects enrolled in this study who reported measles infection history were all seropositive.
Therefore, we evaluated the presence of the neutralizing antibody response to the virus in naturally
infected subjects and in those vaccinated with two doses. The geometric mean titer to measles was high
(GMT 552.9) in naturally infected people, versus a GMT of 172.1 in vaccines of the same age cohort,
indicating that the antibody titer decline was more evident in the vaccinated people, probably because
the starting antibody titer after vaccination was lower than that induced after natural infection [34].
This finding is also supported by the observation that a measles virus antibody titer decrease has
been revealed in source plasma donors after the introduction of measles vaccination in the United
States [35], resulting in a high level of immunity and limited spread of the virus, but lower antibody
level in the population. Indeed, in this study, the neutralizing antibody titer inversely correlated
with the time elapsed between the second dose of vaccine and the blood drawn. This trend was
confirmed (r = −0.11) by a gradual decrease of GMT titers (Figure 4), concomitant with the increase
of years spent since vaccination, particularly over 12–14 years (GMT 232.4 vs. 147.4). Finally, a new
interesting factor considered in this analysis was that most of the subjects had been vaccinated at
different lifetimes with two doses, because of the change of the national vaccination schedule in 2003.
Therefore, this parameter was analyzed to understand whether the interval of time elapsed between
the two doses of vaccine could influence the immune response. It is known that schedules which
have longer intervals between vaccine doses usually lead to higher immune responses [36–38]. On the
contrary, our results, obtained by the neutralization assay on serum samples of subjects vaccinated
with two doses (Figure 5), showed a different picture. An inverse correlation between neutralizing titer
and time elapsed between the two vaccinations was evidenced (r = −0.27) with a significant decline of
the GMT when the interval was ≥11 years in comparison to that observed within the 1–6 years interval
(p = 0.02). The result could be very useful for the formulation of the vaccination schedule, because
this finding is not valid for all vaccinations and represents a further variable factor to be considered
when new vaccinations are requested. We did not find the gender factor as a variable for the immune
response to measles vaccination, since no significant difference was recorded. Nowadays, measles can
be easily prevented through a two-dose vaccination; however, the estimated rate of antibody decline
along the time upon vaccination might represent a factor to be taken into account to limit the number
of people susceptible to measles infection in the future. In this work, we only based our study on
the humoral response to measles, without considering the role of cell-mediated immunity for the
induction of protective immunity [39], which might be present and re-stimulated in a subject who does
not apparently reveal a specific antibody response. The above discussed data suggest that there is
still a small nonimmunized portion of adults, thus it is necessary to continue the monitoring of the
level of protection in the population in order to limit the endemic circulation and outbreaks of measles.
Finally, it is interesting to examine the immune response in depth and in its entirety and evaluate the
possibility of a booster vaccination, reassessing the multiple factors that can affect and improve the
immunogenicity and efficacy of the vaccine.

5. Conclusions

Although MMR vaccine is very efficacious to induce a protective response against measles,
considering that a physiological decline of the humoral response has been revealed in some studies [35],
it could be important to monitor the population 10–15 years after vaccination, in order to revaccinate
the seronegatives. However, since booster revaccination might not induce a sustainable increase of
MV antibodies [40], it could be advisable to implement the prophylaxis with alternative vaccines that
could obviate this possibility.
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Abstract

Data regarding antibody responses to severe acute respiratory syndrome

coronavirus‐2 (SARS‐CoV‐2) in patients infected with COVID‐19 are not yet

available. In this study, we aimed to evaluate serum antibody responses in patients

regardless of the outcome. We measured the circulating immunoglobulin G (IgG)

antibody levels in 60 subjects with a certified history of SARS‐CoV‐2 infection by

using immunoenzymatic, chemiluminescent, and Neutralization assays. Half patients

had a severe infection, the other half were pauci‐symptomatic. We analyzed their

antibody response to see the trend of the humoral response. Our results showed a

significant difference in circulating IgG level among the two groups. The neutralizing

antibody response against SARS‐CoV‐2 was significantly higher among those who

had severe disease. Furthermore, ten subjects from each group were screened

twice, and a declining antibody trend was observed in pauci‐symptomatic

individuals. These findings provide evidence that humoral immunity against

SARS‐CoV‐2 in pauci‐symptomatic people is weak and may not be long‐lasting. This
may have implications for immunity strategy and prevention, since it is still not clear

whether a time‐dependent decrease of both circulating and neutralizing antibodies

to nonprotective levels could occur in a longer time span and whether potential

vaccines are able to induce a herd immunity and a durable response.

K E YWORD S

coronavirus, humoral immunity, neutralization

1 | INTRODUCTION

In December 2019, a cluster of patients with pneumonia of unknown

cause was identified in Wuhan, Hubei Province, China.1 On January

7, 2020, China centers for disease control and prevention identified a

novel beta‐coronavirus from lower respiratory tract samples of

patients with pneumonia.2 This novel coronavirus was later named

“severe acute respiratory syndrome coronavirus‐2” (SARS‐CoV‐2).
As an emerging acute respiratory infectious disease, SARS CoV‐2
primarily spreads through the respiratory tract, by droplets,

respiratory secretions, and direct contact,3 with a high human‐to‐
human transmissibility.

Most adults or children with SARS‐CoV‐2 infection present mild

flu‐like symptoms; only a minority of patients have a severe outcome

and rapidly develop acute respiratory distress syndrome, respiratory

and multiple organ failure, bleeding and coagulation dysfunction,

even death.4 So far, the golden clinical diagnostic method of

COVID‐19 is nucleic acid detection in the nasopharyngeal swab or

other lower respiratory tract samplings by real‐time PCR, which can

be further confirmed by next‐generation sequencing.
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Apart from RT‐PCR testing, serological testing is an additional

emerging option in COVID‐19 diagnostics5 primarily as a proof

of past infection but also to support the diagnosis of suspected

COVID‐19 patients.6,7 Serological assays for the evaluation of the

humoral responses against Spike (S) and Nucleoprotein (N) in

COVID‐19 patients have been assessed, because of their high im-

munogenicity. Spike plays an important role in viral binding and entry

into target cells,8 while the Nucleoprotein in viral replication and

assembly.9 The kinetics of anti‐N response has been described as

similar to that of the anti‐S, although N responses might appear

earlier.7 Anti‐SARS‐CoV‐2 antibody titers seem to correlate with

disease severity, likely reflecting higher viral replication rates and/or

immune activation in patients with severe outcome.10

In hospitalized patients, seroconversion is typically detected

between 5 and 14 days postsymptoms onset, with a median time of

5–12 days for anti‐S immunoglobulin M and 14 days for im-

munoglobulin G (IgG), and immunoglobulin A.6,7,11,11,12

Neutralizing antibodies have been detected in symptomatic in-

dividuals13,14 and their potency seems to be associated with high

levels of circulating antibodies. On the other hand, despite re-

presenting the majority of SARS‐CoV‐2 infections, asymptomatic

infections are currently poorly documented15 and whether this im-

munity is mediated by neutralizing antibodies remains an out-

standing question.
16

Moreover, it is still unknown how long SARS‐CoV‐2 infected

subjects could maintain long‐term immunity and long‐lasting pro-

tective antibodies, regardless of the outcome.

In this study, we measured the circulating IgG antibody levels in

60 subjects with a certified history of SARS‐CoV‐2 infection, by using

three different assays based on different methods. Subjects were

equally divided into two groups: those hospitalized, who had a severe

outcome, and those pauci‐symptomatic. We analyzed their antibody

response to see the trend of the humoral response in individuals with

different disease outcomes. Moreover, 10 patients of each group

were screened a second time to evaluate the persistence of anti‐
SARS‐CoV‐2 antibody 2 months after symptoms onset.

2 | MATERIALS AND METHODS

2.1 | Study design and participants

The participants in this study were subjects with an assessed history

of SARS‐CoV‐2 infection, between March and May 2020. Half of

them were hospitalized in “Santa Maria alle Scotte” University

Hospital, in Siena with a severe outcome. Instead, the other half

consisted of pauci‐symptomatic subjects reporting mild signs com-

patible with COVID‐19 (fever, cough), who were placed in isolation

at home. All infections were confirmed by RT‐qPCR Test

(nasopharyngeal swab) (in case of current infection) and/or by

serological testing (for past infections). This research was carried out

according to the principles of Helsinki declaration, with reference to

BIOBANK‐MIU‐2010 document approved by the Ethics Committee

with amendment No 1, on February 17, 2020 in terms of General

Data Protection and Regulation. A total of 60 subjects, 30 who had a

severe outcome and 30 who had mild infection were screened for

the presence of anti‐SARS‐CoV‐2 IgG antibodies. Moreover,

10 subjects selected from each group were screened twice, respectively,

30 and 60 days after symptoms, to evaluate the trend of their immune

response.

2.2 | Cells and viruses

Vero E6 cells (ATCC CRL‐1586M) were cultured in Dulbecco's

modified Eagle's medium (DMEM) (Euroclone) supplemented with

100U/ml penicillin/streptomycin and 5% heat‐inactivated fetal calf

serum (Euroclone) at 37°C in a humidified 5% CO2 atmosphere.

SARS‐CoV‐2 virus (SARS‐CoV‐2/human/ITA/Siena‐1/2020; GenBank:

MT531537.2), isolated from a COVID infected patient in the Virology

lab at “S. Maria alle Scotte” Hospital, was propagated on Vero E6 cells

until a cytopathic effect (CPE) appeared. Viral stocks were prepared,

titrated on Vero E6 cells, and stored at −80°C.

2.3 | SARS‐CoV‐2 IgG antibody detection

Subjects' sera were analyzed using two separate immunoassays. The

Abbott SARS‐CoV‐2 IgG chemiluminescent microparticle im-

munoassay (CMIA) (Abbott Laboratories) was performed on an

Abbott Architect i2000 (Abbott Diagnostics) according to the man-

ufacturer's instructions. This method is a qualitative assay that de-

tects IgG binding to an undisclosed epitope of the SARS‐CoV‐2
nucleocapsid protein, with the results expressed as relative light

units. The other assay was the Enzywell SARS‐CoV‐2 IgG (DIESSE

Diagnostica Senese; Monteriggioni), an enzyme‐linked im-

munosorbent assay (ELISA)‐based 96‐well plate format assay which

detects anti‐SARS‐CoV‐2 IgG directed against the inactivated native

virus, with the result given in optical density at 450 nm. The final

interpretation of positivity was determined by the ratio above a

threshold value, with positive ratio ≥1.4 or negative ratio less

than 1.4 for CMIA assay, and a positive ratio ≥1.1, borderline ratio

more than 0.9 and less than 1.1, or negative ratio less than 0.9 for the

ELISA. Each value represented the mean of triplicate determinations.

2.4 | SARS‐CoV‐2 microneutralization test

SARS‐CoV‐2 virus neutralization assay was carried out on Vero E6

cells in a 96‐well microplate. Twenty‐five microliters of twofold serial

dilutions (1:8–1:1024) of sera samples were added to an equal vo-

lume of the SARS‐CoV‐2 strain containing 150 TCID50 and incubated

for 90min at 37°C. Finally, 50 μl of Vero E6 cells suspension (2 × 105

cells/ml) prepared in complete DMEM were added to each well. After

incubation at 37°C, the cultures were daily examined at the micro-

scope (Olympus IX51) for the presence of the CPE. The 50% end
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point titer was calculated using the Reed‐Muench method.17 A po-

sitive and negative control serum were included in each assay.

Geometric mean titers (GMTs) of the neutralization assay were

calculated.

2.5 | Statistical analysis

The differences between age, time of blood sample collection, cir-

culating IgG levels, and neutralizing titers were evaluated and the

statistical significances assessed with two‐tailed χ2 test. Results were

considered statistically significant at p < .05. Spearman's rank

correlation coefficient was used to assess correlations of

log‐transformed continuous variables between the groups.

3 | RESULTS

3.1 | Study group

We analyzed sera from 60 subjects with a certified history of

SARS‐CoV‐2 infection. Half of them had a severe infection and

needed hospital recovery (H) and the other half was pauci‐
symptomatic with mild signs (fever and/or cough). Mean age was

66.1 years for the hospitalized (95% confidence interval [CI]:

61.0–71.0) and 45.0 for the pauci‐symptomatic (95% CI: 38.6–51.4)

subjects (p < .0001). All these subjects were screened for the pre-

sence of specific anti‐SARS‐CoV‐2 IgG antibodies either by indirect

ELISA or CMIA. Blood samples were collected about 30 days since

symptoms onset (T0). Finally, only 10 subjects of each group were

screened twice (T0 = average 30 days; T1 = average 60 days) for the

presence of both circulating IgG levels and specific anti‐SARS‐CoV‐2
neutralizing antibodies.

3.2 | Anti‐SARS‐CoV‐2 specific IgG

Results obtained by ELISA and CMIA, respectively, showed a sig-

nificant difference in circulating IgG level among patients with a

severe outcome and those with mild symptoms at T0 (n = 30; 7.31 vs.

4.06; p = .0018 and 6.21 vs. 4.95; p = .048) (Table 1A).

Concerning those subjects who were screened twice (n = 10+10),

no significant differences in IgG levels were found between the two

samplings (T0, T1) of both the groups, using both ELISA and CMIA

(p > .05), although a lower IgG level was noticed among those with

mild symptoms (Table 1B).

On the contrary, regarding the neutralizing activity, an evident

GMT difference was found between the two groups at T0 (Figure 1);

indeed, a higher titer was present in severe cases in comparison with

those having mild disease (87.7 vs. 23.3; p = .0002). This difference

was also confirmed for the patients tested twice (p = .046), although

no significant difference in neutralizing antibody titer was found

between the first and the second samples drawn 1 month apart from

the same subjects, probably due to the limited number of samples

(Table 1B). It is worthy mentioning that a different trend of antibody

response was observed in the H group, where the tendency of

neutralizing antibodies was increasing over time, while it was de-

creasing in pauci‐symptomatic individuals.

3.3 | Neutralizing antibody titer and correlation
with circulating IgG levels

We correlated the IgG titers obtained in the two serological assays,

ELISA and CMIA, to the neutralizing antibody titers, to evaluate

whether circulating IgG antibody levels could partly be associated to

a neutralizing activity. As expected, we observed a moderate positive

correlation between the neutralizing response and circulating IgG by

using the whole virus proteins‐based ELISA (r = .60) and a weak

correlation using SARS CoV‐2 N antigen‐based CMIA (r = .44) (data

not shown).

4 | DISCUSSION

In this study, we analyzed the titer of anti‐SARS‐CoV‐2 IgG anti-

bodies with three different serological assays in a cohort of subjects

with a certified history of COVID‐19, equally distributed with a se-

vere outcome or mild symptoms.

Despite the limited number of subjects, the most remarkable

finding of this study was the significantly lower antibody titer in

patients who experienced mild infection with respect to those af-

fected by a severe respiratory syndrome. Both ELISA and CMIA,

although based on different antigens, such as all virus proteins in the

first assay and the nucleoprotein in the second one, showed an

antibody response, which was significantly higher in patients with

severe disease than in pauci‐symptomatic subjects in the same time

frame since symptoms onset.

Previous studies on humoral response in SARS and MERS de-

monstrated that the humoral response could wane over time.18,19

We do not know how long this immunity could last in individuals

affected by COVID‐19.20 However, although the decay of total

specific IgG was similar in both the groups, we noticed that the

neutralizing antibodies, representing the protective response, only

raised in severe cases 2 months after symptoms onset. On the

contrary, the neutralizing response was very low in pauci‐
symptomatic individuals (GMT: 29.2) with an evident decrease after

2 months (GMT: 21.52). These data raise concern that humoral im-

munity against SARS‐CoV‐2 may not be long‐lasting in people with

mild illness, threatening their protective status. Moreover, neu-

tralizing antibody titers from all study subjects did not show a good

correlation with the level of circulating IgG antibodies evaluated in

ELISA or CMIA. In particular, only a modest correlation (r = .60) was

found with ELISA values, while weak correlation (r = .44) was shown

with CMIA. This can be easily explained on the basis of the antigen

used in each test. Indeed, ELISA was based on all the viral proteins,
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including the Spike protein, responsible for cell binding to the re-

ceptor and containing the sequence recognized by neutralizing an-

tibodies. CMIA was only using the immunogenic nucleoprotein, to

which the humoral response is promptly mounted in the host, but it

is not involved in the neutralizing activity. The observational time

considered in this study was quite short, but the preliminary results

indicated that a part of the population, particularly young people

who presented a very mild disease, developed a weak humoral re-

sponse, mainly characterized by a low neutralizing activity that could

wane over time. For this reason, patients with high levels of circu-

lating antibodies, especially those who had a severe outcome, could

be more likely protected, while subjects with a favorable outcome,

who showed low levels of neutralizing antibodies, may not maintain a

long‐lasting response and be susceptible to reinfection. Therefore, it

could be important to keep monitoring both kind of subjects and see

whether a time‐dependent decrease of both circulating and neu-

tralizing IgG antibodies to nonprotective levels could occur in a

longer time course.

This finding may have implications for immunity strategy and

prevention, since it is still not clear whether the immunity is long‐
lasting and the potential vaccines, based on the spike antigen, are

able to induce a durable response and herd immunity. Further stu-

dies are necessary to understand the role of cellular immune re-

sponse and identify the correlates of protection for COVID‐19.
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