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ABSTRACT

Background: Zika virus (ZIKV), West Nile virus (WNV) and dengue virus (DENV) are mosquito-

borne flaviviruses that generally cause mild or asymptomatic disease in humans. However, ZIKV 

infection has been associated with fetal microcephaly and Guillain-Barrè syndrome in adults; WNV 

infection may evolve to severe neuroinvasive disease in the elderly and immunocompromised 

subjects; DENV may rarely cause neurological complications in infected individuals. In addition, 

another emerging mosquito-borne flavivirus, Usutu virus (USUV), which may cause fatal 

neuroinvasive disease in different bird species, has been recently shown to infect humans but its 

pathogenicity is unknown.

Aim of the study: In the context of the recent outbreak of ZIKV in the Americas and the increasing 

evidences of an association between ZIKV infection and the occurrence of fetal  microcephaly, aim 

of this study was to investigate the effect of ZIKV infection in human neural cells in comparison 

with other flavivirus infections. To this aim, ZIKV infectivity, replication kinetics, cytopathic effect 

(CPE), and induction of innate antiviral responses were investigated in human induced pluripotent 

stem cells (hiPSCs), hiPSCs-derived neural stem cells (NSCs) and neurons and compared with 

other flaviviruses, i.e., WNV, DENV and USUV.

Methods: NSCs and neurons were differentiated from hiPSCs. hiPSCs, NSCs, and neurons were 

infected with isolates of ZIKV Asian lineage (KU853013), WNV lineage 2 (KF179640), DENV 

serotype 2, and USUV Europe lineage 1 (AY453411). Time course experiments were performed to 

evaluate viral load by qRT-PCR and TCID50, expression of host genes involved in antiviral innate 

immunity by qRT-PCR, expression of cell differentiation markers by IF and qRT-PCR, cell 

viability and cell death by flow cytometry. The impact of ZIKV on embryogenesis and 

neurogenesis was evaluated by infection of hiPSCs and NSCs during neural differentiation and 

embryo body formation.

Results: ZIKV infected and replicated efficiently in NSCs, neurons and hiPSCs. Infection led to 

typical CPE and cell death by apoptosis. ZIKV infection of hiPSCs, NSCs, and neurons induced the 

expression of innate immune response genes, especially the cellular pattern recognition receptor 

(PRR) IFH1 gene (MDA5), IFN-induced protein with tetratricopeptide repeats 1 (IFIT1) and 2 

(IFIT2). Infected embryoid bodies were massively destroyed by ZIKV infection and infected 

hiPSCs and NSCs died before ending the neural differentiation process. ZIKV replication efficiency 

in NSCs was significantly higher that that of DENV-2 and USUV, but lower than that of WNV.  In 

particular, WNV replicated more efficiently, induced more cell death and higher levels of antiviral 

gene expression than ZIKV in NSCs, neurons and hiPSCs. The induction of innate immune 
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response genes in NSCs after infection with ZIKV and DENV-2 infection was milder than after 

infection with WNV and USUV, in agreement with the adaptation of these viruses to the human 

host and their ability to shut down the antiviral response.

Conclusion: ZIKV infects and replicates efficiently in NSCs and induces cell death abrogating 

neural development, although less efficiently than WNV. Because of the similarities between 

flaviviruses in their interactions with host neural cells, it is conceivable that infection of other 

human cells, such as those involved in the extablishment of the blood-placenta barrier, are crucial 

for ZIKV-induced damage of the fetal brain.
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1. INTRODUCTION

1.1 Introduction to vector-borne viruses

Arboviruses (acronym for arthropod-borne viruses) include viruses that require hematophagous 

arthropod vectors, such as mosquitoes and ticks, for transmission between vertebrate hosts [1]. To 

be transmitted, vector-borne viruses must replicate in the body of the arthropod vector.  Different 

vertebrates, including birds, rodents, bats, horses, or human and non-human primates, may serve as 

amplyfing hosts [2] (Fig. 1.1).

Biological transmission can be vertical with thE passage of the virus from an infected female vector 

to female or male offspring. Horizontal transmission can be venereal from a vertically infected male 

to a female vector, as well as oral from a female vector to a vertebrate host via saliva during blood 

co-feeding.

Vector-borne viruses are included in different taxonomic families, the majority belonging to the 

Flaviviridae, Bunyaviridae and Togaviridae families [2,3]. Among them, four major viral genera 

are responsible of the majority arboviral disease: Flavivirus (e. g., yellow fever, Japanese 

encephalitis, West Nile, Zika and dengue viruses), Alphavirus (e. g., chikungunya virus and equine 

encephalitis viruses), Orthobunyavirus (e. g., California encephalitis and LaCrosse viruses) and 

Phlebovirus (e. g. Rift Valley fever and sandfly fever viruses) [4].

Vector-borne viruses have a worldwide distribution, but they were first isolated in tropical areas in 

Sub-Saharian Africa, South America and in some Asian countries. In the past decades, due to 

several factors such as climatic changes, urbanization, globalization, intercontinantal travel and 

trade, the geographic distribution and the frequency of the epidemic outbreaks of vector-borne viral 
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infections have expanded across the world [3] and they account for significant global public health 

problems.

1.2 Flaviviruses

1.2.1 Introduction to Flaviviruses

The family Flaviviridae, term originated from the word “flavus” meaning yellow in latin for the 

hallmark jaundice in victims caused by the infection with yellow fever virus (YFV), is composed of 

four virus genera: Flavivirus, Pestivirus, Hepacivirus and Pegivirus [5].

A generally accepted hypothesis suggests that flaviviruses derived from a common ancestor within 

the last 100 000 years [6] with the split between mosquito- and tick-borne flaviviruses around 40 

000 years ago [7].

The genus Flavivirus consists of more than 70 virus species, many of them are the most clinically 

important arboviruses world-wide. These include YFV, through which the genus and family derive 

their name, Japanese encephalities virus (JEV), West Nile virus (WNV), dengue virus (DENV), 

Zika virus (ZIKV), tick-born encephalities virus (TBEV) [8] and several other viruses responsible 

for extensive morbidity and mortality in humans [9].

The viruses can be grouped by their pathogenicity, geographical area, antigenic complex and 

subcomplexes into clusters, clades and species, according to molecular phylogenetics [10]. 

They have a similar organization of the genome and mechanisms of replication, but there are 

differences in their host ranges and transmissibilities. In this regard, Flaviviruses can be divided into 

four large ecological clusters: mosquito-borne group (MBFV) that are commonly, but not 

exclusively, vectored by either Aedes or Culex mosquitoes, the tick-borne group (TBFV), the insect- 

specific flaviviruses only (ISFV) which are isolated from insects and the unknown vector viruses 

(NKFV) associated with either bats or rodents [11] (Fig. 1.2).
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tree of the four ecological groups of Flavivirus. 
(Villordo et al. 2016).



While tick-borne flaviviruses present a monophyletic group consisting of a single “serocomplex”, 

the mosquito-borne viruses include the JE serocomplex, YFV and members of the four DENV 

serotypes, among many other [6].

Mosquito-borne viruses infect a variety of animal species and humans. They can be further 

subdivided into Culex and Aedes clades, which differ in their vertebrate host range and pathogenesis 

mechanisms. Culex-clade viruses are transmitted by Culex spp. mosquitoes (JE serocomplex), 

usually have bird reservoirs and are neurotropic. Aedes-clade viruses are transmitted by Aedes spp. 

mosquitoes, have primate reservoirs, are not neurotropic and are mainly associated with hemorragic 

diseases [6,12,13]. Notably, the recent discovery that ZIKV, transmitted by Aedes aegypti mosquito 

spp., is responsible for neurological disease in fetuses stimulated a re-evaluation of the possible role 

of the closely related DENV and YFV on the development of neurological diseases [6]. 

1.2.2 Genome of Flaviviruses

Cryoelectron microscopy and image reconstruction techniques established that mature flavivirus 

virions are spherical and icosahedral with about 40 nm in diameter [14].

They have a non-segmented, single-stranded, positive-sense RNA genome of about 10 to 12 kb, 

which is directly translated into viral proteins [11]. The genome is complexed with multiple copies 

of the capsid C protein (C), which is surrounded by a lipid bilayer containing the envelope (E) 

protein and the membrane (M) protein. Mature virions contain the M protein produced by the 

cleavage of the membrane precursor protein (prM) by a furin-like protease located in the trans-

Golgi to form the M protein [15]. The E protein represents the major virion surface protein and is 

involved in viral entry, in particular in host cell binding and membrane fusion [15,16]. It is also the 

also the main antigenic protein of the virus [17] (Fig. 1.3).
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icosahedral nucleocapsid and genomic positive-stranded RNA.



All members in the Flavivirus genus share certain characteristics of their genome.

The positive-sense genome of flaviviruses is like an mRNA molecule within infected cells. It has a 

single open reading frame (ORF) flanked by 5’- and 3’- untranslated regions (UTRs), the 5’- end 

terminates with a type 1 cap, the 3’- end is not polyadenylated and terminates in a conserved CUOH 

[15]. The 5’ UTRs are tipically 100 nucleotides in lenght, while the 3’ UTRs are between 400 and 

700 nucleotides and only in exceptional cases they can be over 900 nucleotides [18]. 

In all flavivirus genomes, only two RNA elements are conserved: these are the Y shape stem-loop 

A structure (SLA) at the 5’ end and the small hairpin 3’ stem-loop (sHP-3’SL) at the 3’ end of the 

viral genome. These structures are essential for viral RNA synthesis[19].

The RNA genome encodes for a single polyprotein, subsequently translated into mature proteins by 

cellular and viral protease [20]. Mature proteins comprise three structural proteins contained in the 

viral particles, namely prM, C and E, and seven non-structural (NS) proteins NS1, NS2a, NS2b, 

NS3, NS4a, NS4b and NS5 [21], which enable proper replication and assembly of the virions in 

infected cells [22] (Fig. 1.4). NS3 and NS5 proteins have known enzymatic activities. Specifically, 

NS3 has trypsin-like serine protease and nucleic acid helicase activities in its N-terminal protease 

and C-terminal helicase domains, respectively [15]. NS5 has RNA capping function in the 

methyltransferase and guanylyltransferase sites of the N-terminal domain, and a RNA-dependent 

RNA-polymerase activity in the C-terminus [23].

1.2.3 Flavivirus replication cycle

Infectious cycle starts with the attachment of the Flavivirus particle to the surface of target cells  

mediated by the E protein via specific receptors and entry cofactors [24] (Fig. 1.5). The viral 

particle can enter within the infected cell by diverse mechanisms[25-29]. The acidic pH in the 

endosomal compartment triggers the fusion of the lipid envelope of the viral particle with the 

membrane of the host cell mediated by conformational rearrangements of the E protein, leading to 
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the release of the nucleocapsid and viral RNA into the cytoplasm. Viral RNA is translated into a 

polyprotein that is processed the viral serine proteases and by host proteases to generate structural 

and non-structural viral proteins.

Specifically, in the lumen of the rough ER, the C protein is budded with the associated genomic 

RNA to form the nucleocapsid [24]. Next, E and prM proteins envelope the nucleocapsid forming 

an immature virus particle that translocates into the Golgi [30]. Maturation of viral particles occurs 

in the trans-Golgi network where prM to M are cleaved by cellular furin-like protease and 

conformational rearrangements of E occur [19,31]. The mature particles exit from the host cell by 

exocytosis[32].

1.3 Neuropathogenesis of Flavivirus infections

Neurotropic virus infections are associated morbidity and mortality all over the world. Neurotropic 

viruses can alter the homeostasis, induce neurological dysfunction and result in serious 

inflammatory disease with a consequent irreversible disruption of the architecture of the CNS, 

frequently leaving the patient with a poor or fatal prognosis. 

The Flavivirus genus of the family Flaviviridae represents a group of important human pathogens, 

many of which are able to induce a range of specific CNS diseases. Neurotropic Flaviviruses 

comprise West Nile virus (WNV), Japanese encephalities virus (JEV), tick-borne encephalitis virus 

(TBEV) and  the newly emerging Zika virus (ZIKV). All these viruses share the ability to gain entry 
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to the CNS, infect neural cells and establish acute or persistent infections. They cause a spectrum of 

clinical syndromes ranging from mild fever to hemorrhagic and encephalitic manifestations [22]. 

While the neurotropic Flaviviruses WNV and JEV are associated to post-natal encephalitis and 

rarely they are responsible for congenital brain malformations such as microcephaly, contrary to 

ZIKV[33-35]. In fact, ZIKV rarely cause meningitis or encephalitis in adults, but it is responsible 

for congenital malformations, especially microcephaly and fetal death [36]. Recently, ZIKV has 

been also associated with severe diseases in adults, including Guillän Barrè syndrome [37,38].

The molecular bases of neuroinvasion and neurovirulence are still a mystery for most neurotropic 

Flaviviruses.

One route for viral entry into the CNS is through the CNS endothelium. Several viruses, including 

WNV [39], have been reported to directly infect human brain microvascular endothelial cell lines in  

vitro, promoting increased production of chemokines (such as CC-chemokine ligand 2 (CCL2) and 

CCL5, altered expression of tight junctions proteins [39] and an inceased expression of the vascular 

cell adhesion molecule 1 (VCAM1) [39]. All these alterations increase the vascular permeability, so 

the virus can entry and spread in the CNS.

Another important route is through retrograde axonal transport; numerous viruses hijack the axonal 

transport system for intracellular movement or by hematogenous entry [40,41].

Other routes to reach the CNS is either via a “Trojan horse” mechanism in which infected 

leukocytes carry pathogens from the blood across the blood brain barrier or by passive diffusion, 

although neither of these strategies has been supported by direct proof [41].

Importantly an intact immune system is vital to prevent neuroinvasion by WNV and JEV, as 

demonstrated by fatality of WNV infection of immunocompetent humans [42], or in animal models 

of JEV [43].

Very rare cases of ZIKV-induced meningoencephalitis in adults are described, but an increase in 

peripheral nervous system syndromes incidence [44], specifically Guillän Barrè syndrome have 

been detected [37]. Moreover, ZIKV is able to invade the developing brain of fetuses [33] injuring 

neural progenitor cells, while other neurotropic Flaviviruses such as JEV and WNV are not 

associated with congenital malformations [38]. One possible reason is that JEV or WNV are not 

able to cross the placental barrier in pregnant mothers before reaching the brain of the fetus. 

Notably, JEV can do this in a mouse model of infection [35], while this does not seem to happen 

with WNV in pregnant women [34]. On the other hand, ZIKV can cross the placenta and can infect 

placental stromal macrophages [45], called Hofbauer cells, as well as early trophoblast cells [46]. 

The molecular determinants for Flaviviruses neuropathogenicity are still not well elucidated. They 

seem to be spread across the whole viral genome as aminoacids substitutions wihin structural and 
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not-structural viral proteins, but their functions is not clear [41,47]. Substitution in the E envelope 

glycoprotein result in altering cellular uptake; in fact, this structural protein is the major virion 

surface protein and it is involved in host cell binding and entry of flaviviruses [48]. Its structure is 

different between flaviviruses. For example, DENV is glicosylated at Asn67 on the E protein, 

which is important for the interaction with DC-SIGN receptor [49], while ZIKV lacks this 

glycosylation site but is glycosylated at Asn154. The E protein of DENV is also glycosylated at the 

same site (Asn153) and this modification is important for virion release [50]. Similarly, the 

glycosylation of WNV E protein enhances virus neurovirulence [51]. The region surrounding this 

glycosylated site varies among Flaviviruses and represents an important determinant for antibody 

specificity.

Not all individuals infected with a neurotropic Flavivirus develop neuropathogenesis, suggesting an 

important role for host factors controlling the antiviral immune response.

 

1.4 ZIKA VIRUS (ZIKV)

1.4.1 Phylogeny

The phylogenetic analysis, based on the genome sequences of representative Flavivirus members, 

showed that ZIKV clusters with the four serotypes of DENV at a higher hierarchical level [15] (Fig. 

1.6), with approximately 43% amino acid identity across the viral polyprotein and in the 

ectodomain E [38].

9

Fig. 1.6 : Phylogenetic tree illustrating the genetic relationships between Flaviviruses that are human pathogens. 
The dendogram was constructed using the amino acid sequence of the complete polyprotein.



ZIKV is classified into the Spondweni serogroup, genus Flavivirus, including ZIKV and Spondweni 

virus, this relationship results in an individual ZIKV cluster in the phylogenetic tree [52].The full 

genome of ZIKV (the ZIKV MR 766 prototype strain) was sequenced for the first time in 2007 

[53], while the full sequences of other ZIKV strains from Brazil, Cambodia, the Central African 

Republic, French Polynesia, Guatemala, Malaysa, Nigeria, Puerto Rico, Senegal, Thailand and Yap 

state reported in GenBank (http://www.ncbi.nlm.nih.gov/GenBank/) were sequenced during the 

recent epidemics [54-57].

Nowadays, ZIKV isolates can be classified into two major lineages corresponding to the African 

lineage and the Asian lineage (comprising the American starins), both emerged from East Africa 

during the late 1800s or early 1900s and with an 89% sequence homology [57] (Fig. 1.7). 

Phylogenetic studies showed that ZIKV strains circulating in French Polynesia during the 2013-

2014 outbreak and those isolated in the Americas since 2015 belong to the Asian lineage and share 

99% sequence identity [58].

A neglected ZIKV lineage is probably present in Africa, designated African II, and represents a 

sister group to both African and Asian lineages [59,60].
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1.4.2 Routes of transmission

1.4.2.1 Vector-borne transmission

Like other flaviviruses, ZIKV is transmitted by mosquitoes, primarily of the Aedes genus. Several 

Aedes spp. have been implicated in ZIKV transmission, such as Ae. aegypti, Ae. africanus, Ae.  

hensilli, Ae. albopictus, Ae. vitatus, Ae. hirsutus, Ae. unilineatus, Ae. metallicus, Ae.  

apicoergenteus, Ae. opok, Ae. dalzieli, Ae. luteocephalus, Ae. Tayliri [61-65]. 

Monkeys probably serve as reservoir hosts for ZIKV in the sylvatic transmission cycle [64,66], 

while humans are the amplifying hosts in the urban transmission cycle and the epidemics are caused 

and sustained by the urban cycles of transmission between humans and mosquitoes.

ZIKV was isolated for the first time from Ae. africanus in 1948 [67] and the first isolate of ZIKV 

from a mosquito other than Ae. africanus was obtained from Ae. aegypti in Malysia in 1966 [68]. 

Ae. hensilli, the most abundant mosquito specie in Yap island, was conceivably the main vector for 

ZIKV transmission during the outbreak that occurred in 2007 [69]; laboratory experiments showed 

the ability of Ae. hensilli to transmit ZIKV [70]. Ae. aegypti and Ae. polynesiensis, the most 

common local mosquito species, were probably involved in ZIKV transmission in French Polynesia 

[71]. Ae. aegypti and possibly also Ae. albopictus are the vectors responsible for transmission in 

Brazil and in other countries in South and Central America [72,73]. 

ZIKV replicates in the mosquito’s midgut epithelial cells and then its salivary gland cells. After 5-

10 days, ZIKV can be found in the mosquito’s saliva which can then infect humans. If the 

mosquito’s saliva is inoculated into human skin, the virus infects epidermal keratinocytes, skin 

fibroblasts and Langherans cells [74].

1.4.2.2 Non vector-borne transmission

Unlike many Flaviviruses, ZIKV can be transmitted from human to human through different routes, 

including sexual transmission, vertical transmission, blood transfusion and organ donation [38].

Though being spread by mosquitoes, sexual transmission of ZIKV has been documented [75]. 

Sexual transmission of ZIKV is supported by the evidence of ZIKV infection in women and men 

acquired from their infected partners by unprotected vaginal, oral, or anal intercourse [76]. ZIKV 

RNA persists for a long-time in semen of infected men [76,77,78], with reports showing detection 

of ZIKV RNA in semen sample for up 6 months after symptom onset [79,80].

Similarly, ZIKV RNA has been detected in the female genital tract beyond viremia up to 3 weeks 

after the onset of illness [81-83]. 
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ZIKV RNA can be detected also in other body fluids: viral RNA and infectious virus have been 

detected in urine and saliva even after clearance of the virus from blood [84-87] and this can be 

consistent with viral replication in urogenital and oral tissues. 

Remarkably, vertical transmission of ZIKV from mother to fetus has become a major public health 

problem because, ZIKV infection during the first trimester of pregnancy may lead to fetal 

microcephaly and other brain anomalies [88].

Transplacental transmission has been extensively documented by detection of the virus in the 

amniotic fluid, in the placenta after miscarriage and in brain tissues of microcephalic fetuses [89].

While other viruses, such as cytomegalovirus or rubella virus are able to cross the placenta and 

cause microcephaly, this ability has never been associated before with flaviviruses [90,91]. 

Specifically, although perinatal transmission has already been reported for DENV [92,93] and 

WNV [94], a very low rate of DENV-induced microcephaly have been reported so far and no clear 

evidence of association between WNV infection and microcephaly have been observed [34,95].

Two cases of perinatal transmission of ZIKV were reported during the outbreak in French Polynesia 

in 2013 from pregnant women who got infected a few days before delivery [96].

ZIKV RNA was detected in the breast milk of three symptomatic mothers [96,97]. This route of 

transmission has been documented for other flaviviruses [98,99]. 

Like other flaviviruses, ZIKV can potentially be transmitted through blood transfusion and several 

affected countries have developed strategies to screen blood donors [100]. The virus was detected in 

3% of asymptomatic blood donors in French Polynesia [101], and cases of ZIKV transmission 

through blood transfusions have been reported in Brazil [102,103].

1.4.3 Epidemiology

The very first known case of ZIKV fever was in a sentinel Rhesus monkey stationed on a tree 

platform in the Zika Forest in Uganda in 1947 [64], while the first human cases were reported in 

Nigeria in 1954 [104]. A few outbreaks have been reported in tropical Africa and in some areas in 

Southeast Asia [105]. In 1977–1978, ZIKV infection was described as a cause of fever in Indonesia 

[106]. Before 2007, there were only 13 reported natural infections with ZIKV, all with a mild, self-

limited febrile illness [107]. 
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1.4.3.1 Yap Islands outbreak, 2007

The first major outbreak, with 185 confirmed cases, was reported in 2007 in the Yap Islands of the 

Federated States of Micronesia. The most common symptoms were rash, fever, arthralgia, and 

conjunctivitis, and no deaths were reported. While the way of introduction of the virus on Yap 

Island remains uncertain, it is likely to have happened through introduction of infected mosquitoes 

or a human infected with a strain related to those in Southeast Asia [69] . This was also the first  

time Zika fever had been reported outside Africa and Asia [108].

1.4.3.2 2013-2014 Oceania outbreaks 

In October 2013, there was an outbreak of Zika fever in French Polynesia, the first outbreak of 

several Zika outbreaks across Oceania[109]. During this outbreak, for the first time, an increased 

incidence of Guillain-Barré syndrome and other severe neurological complications, including cases 

of fetal microcephaly, were observed [110]. Then, the virus spread to other islands in the Pacific  

Region, with outbreaks recorded in 2014 in New Caledonia, Cook Islands, and Vanuatu [109]. It is 

thought that the 2013–2014 outbreak involved introduction of a ZIKV strain from Southeast Asia, 

independent from the Yap island outbreak [111].

1.4.3.3 2015-2016 epidemic 

Since its first appearance in the Western hemisphere in February 2014, ZIKV has rapidly spread 

throughout South and Central Americas. In May 2015, the virus was detected in an HIV-infected 

patient from Rio de Janeiro, Brazil, who had no travel history and presented with rash, myalgia, and 

conjunctivitis [112]. In June 2015, another case of ZIKV infection was reported in an Italian 

traveler who returned from Brazil in March 2015 and had symptoms of diffuse rash, fever, and 

conjunctivitis [113]. In May 2015, Brazil officially reported its first 16 cases of the illness and, 

following the outbreak of Zika fever in North-eastern Brazil, physicians observed a very large surge 

of reports of infants born with microcephaly, with 20 times the number of expected cases. 

Subsequently, ZIKV rapidly spread from Brazil to other countries of South and Central America, 

such as Colombia, which was also highly affected by ZIKV disease [114]. Phylogenetic analysis of 

partial and full ZIKV genome sequences showed relatedness with ZIKV strain isolated in French 

Polynesia, suggesting that the virus was introduced from the Pacific Islands [110,115]. Several 

cases of imported ZIKV infection have been recorded in Europe, North America, and Asia, 

including infections in pregnant women. In addition, autochthonous ZIKV infections due to 

possible sexual transmission were recorded in the USA and Europe [116]. In February 2016, the 

World Health Organization (WHO) declared the outbreak a Public Health Emergency of 

International Concern as evidence grew that ZIKV is a cause of birth defects and neurological 
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problems [117]. In April 2016, WHO stated there was a scientific consensus, based on preliminary 

evidence, that ZIKV is a cause of microcephaly in infants and Guillain-Barré syndrome in adults. 

Studies of the current and prior outbreaks found Zika infection during pregnancy to be associated 

with early pregnancy loss and other pregnancy anomalies [118]. 

1.4.4 Clinical manifestations

Infection with ZIKV is often asymptomatic, but in 20% of cases it can cause an influenza-like viral 

illness similar in the early stages to that caused by other arboviruses, such as DENV and 

chikungunya virus (CHIKV)[119]. Common symptoms are fever accompanied macular or papular 

rash, arthritis or arthralgia, non-purulent conjunctivitis, myalgia, headache, retro-orbital pain, edema 

and vomiting [120]. The period of incubation is not yet known, probably it is up to 10 days from the 

mosquito inoculation [69,121]. Generally, symptoms last less than seven days [122] and the disease 

is usually mild enough that people do not have to go to the hospital [117]. (Fig. 1.8)

1.4.4.1 Neurologic complications in adults

A temporal and geographic relationship was observed between Guillan-Barrè syndrome (GBS) and 

ZIKV outbreak in French Polynesia, an increase in the number of patients with GBS was reported 

[123]. GBS is a rapid-onset muscle weakness caused by the immune system damaging the 

peripheral nervous system and which can progress to paralysis [37]. Other arboviruses, such as 

WNV [124], DENV [125] and JEV [126] have been associated with GBS. 

A case-control study on 42 GBS patients diagnosed after a ZIKV outbreak in French Polynesia 

between October 2013 and April 2014 demonstrated a strong association between GBS and 

previous ZIKV infection. All GBS patients had neutralizing antibodies against ZIKV compared to 

56% in the control group of patients without GBS. Most patients with GBS experienced a transient  

illness in a median of 6 days before the onset of neurological symptoms, suggesting a recent ZIKV 

infection [127].

Other neurological conditions have been associated with ZIKV infection, such as acute 

meningoencephalitis [44] and acute myelitis [128], with detection of ZIKV RNA in cerebrospinal 

fluid (CSF). (Fig. 1.8)

1.4.4.2 Neurological complications in newborns

The infection may also be vertically transmitted and can cause multiple problems, most notably 

microcephaly in the fetus, a condition in which the brain does not develop properly resulting in a 
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smaller than normal head [88]. The association between ZIKV infection and microcephaly was 

supported by a retrospective analysis of the outbreak in French Polynesia in 2013-14, which 

demonstrated an incidence of microcephaly of 0.95% in women infected in the first trimester, while 

the baseline prevalence was 0.02% [129]. In 2014-2015, a two-fold increase of cases of congenital 

cerebral malformations and a 31- fold increase of brainstem dysfunction were also observed in 

French Polynesia. Microcephaly was clearly associated with ZIKV infection because of the 

detection of viral RNA or infectious ZIKV in the amniotic fluid of some fetuses [110]. The 

association of ZIKV infection with microcephaly and other neurological defects was also supported 

by several case reports and case series of laboratory-confirmed ZIKV infection during pregnancy, 

including a fetus with microcephaly recovered after elective termination at 32 weeks of gestation, 

with almost complete agyria, hydrocephalus, and microcephaly, with ZIKV RNA and viral particles 

detected at high titer in the brain but not in other tissues [89]. Decreased fetal head circumference 

and abnormal intracranial anatomy with enlarged ventricles and short corpus callosum were 

reported in a case of ZIKV infection that occurred during pregnancy at the 11 th week of gestation; 

post-mortem examination showed apoptosis and calcification in intermediately differentiated 

neurons of the neocortex; high ZIKV RNA load was demonstrated in brain tissue, placenta, and 

fetal membranes, while lower amounts of viral RNA were detected in fetal muscle, liver, and lung. 

Notably, the mother had prolonged viremia both at 16 weeks and at 21 weeks of gestation, but not 

after delivery, thus suggesting that the persistent viremia was a consequence of viral replication in 

the fetus or placenta [130]. The reported microcephaly cases may represent only the severe end of 

the disease spectrum [131]. Ocular findings in infants with presumed ZIKV-associated 

microcephaly have been also described. Approximately 30% of children with suspected ZIKV 

infection in utero had evidence of significant retinal and optic nerve abnormalities, the most 

common of which were focal pigment mottling of the retina and chorioretinal atrophy[132]. Other 

severe anomalies in infants born from women infected with the virus were reported, such as 

hydrops fetalis, a condition in which the fetus is characterized by an accumulation of fluid in at least 

two fetal compartments [133]. (Fig. 1.8 )
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1.4.5 Models of ZIKV infection

Even before the first suspected cases of neurological disorders associated with ZIKV, some studies 

reported the neurotropism of ZIKV strains isolated in Uganda [134-135]. They described the 

presence of neuropathological changes, such as the severe neuronal degeneration or reactive 

astrocytosis in the hippocampus of newborn and adult mice inoculated with ZIKV. 

Recently, after the outbreak of ZIKV in South and Central America, the scientific world started to 

investigate the vulnerability of neural cells to ZIKV infection.

1.4.5.1 In vitro model of ZIKV infection in Central Nervous System 

In order to find the connection between ZIKV exposure and neurological defects or diseases, human 

induced pluripotent stem cells (hiPSCs) were employed to study the neurovirulence of ZIKV after 

differentiation in different types of human neural stem cells (NSCs), neural progenitor cells (NPCs) 

and their progeny as in cerebral organoids [33,136,137,138]. Also, viral neurotropism was analyzed 

in human organotypic fetal brain slices [139,140], human NPCs derived from fetal brain [140-142] 

and immortalized cell lines.

The ZIKV MR766 strain (African lineage from Uganda) was used to infect hiPSC-derived 

forebrain-specific NPCs grown in monolayer cultures. Infection led to cell-cycle dysregualtion and 

increase of apoptosis and affected signaling pathways, including downregulation of cell cycle genes 
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and upregulation of apoptosis genes. At variance, hiPSCs and immature neurons exhibited lower 

permissiveness to ZIKV infection [33]. Following this first report, other studies demonstrated 

similar results of ZIKV infection and its pathological effects in hiPSC- and fetal brain tissue-

derived neural progenitors grown in monolayer and 3D neurosphere cultures. Garcez et al. [137] 

observed that both ZIKV MR766 strain and DENV-2 16681 strain infected hNSCs, but only ZIKV 

increased cell death in NSCs, impaired the formation of neurospheres and reduced the growth rate 

of human brain organoids. 

In further studies, brain organoids appeared an interesting platform for analysis of ZIKV-induced 

neural damage [138,143-146]. In fact, iPSCs-derived brain organoids can reproduce the endogenous 

human brain development with similar structural organization and molecular signatures [147-150]. 

Brain organoids allowed to investigate the consequences of ZIKV infection on cortical layer 

tickness, cell-type specificity in the complex tissue and human-specific and developmental stage – 

specific features. Quian and colleagues [145] showed that in a forebrain-specific human brain 

organoid model, transient exposure to ZIKV MR766 resulted in preferential infection of radial glial 

cells, although the virus could be detected to a lesser extent in immature neurons, intermediate 

progenitor cells and astrocytes. Infected early stage organoids showed decreased proliferation and 

increased cell death, enlarged ventricules and thinner ventricular zone and neuronal layer, which are 

the hallmarks of microcephaly [89,151]. 

Another important study exploited brain organoids with a mixture of cell types of different brain 

regions [148] to compare the impact of different viruses and viral strains. Results showed that 

DENV [137] and YFV [138] were not implicated in microcephaly development and they did not 

affect the size of brain organoids. The Brazilian ZIKV strain reduced neuronal layer tickness in 

human cerebral organoids more than the African strain. Interestingly, brain organoids derived from 

non-human primates iPSC (chimpanzee) were not susceptible to the Brazilian ZIKV strain, 

suggesting a potetial strain- and species-specific impact of ZIKV [138].

It is worthy to underline that the first studies were performed using the prototype ZIKV strain 

MR766 of African origin and the basic results were confirmed with recent clinic isolates of Asian 

origin, such as the Cambodian strain FSS13025 [152a] and strains isolated from Brazil [138], 

Mexico [153] and Puerto Rico [154]. At the moment, the ability of different ZIKV strains to cause 

human neurological abnormalities remains unclear. Quantitative differences in NPC proliferation, 

cell death and gene expression have been detected in cellular models [152,138]. Moreover, it is 

important to consider any strain-specific phenotypes in experimental models in the context of the 

passage histories of the strain. For example, the prototype MR766 strain has gained adaptive 
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properties due to the extensive passages in suckling mouse brain, while other strains from the recent 

outbreak in the Americas have been passaged a few times in the laboratory.

1.4.5.2 Mechanisms of ZIKV entry in human cells and host antiviral response

In vitro studies demonstrated that ZIKV enters and infects target cells using adhesion factors such 

as DC-SIGN and phosphatidylserine binding receptors [138,155]. AXL receptor was described as 

the candidate receptor for the entry in human skin fibroblasts [156], radial glia cells [157], 

astrocytes [139,158] and  microglia [158] in the developing human brain; blood-brain barrier 

endothelial cells [159] and trophoblast progenitors in placenta [160], which correlates with the high 

efficiency of infection in these cell types.

Despite the high expression level of AXL in NSCs and NPCs [138, 140, 157-159], AXL does not  

seem to be an exclusive entry receptor for ZIKV in NPCs and cerebral organoids, since it is 

reported that ZIKV can still infect AXL-deficient human NPCs in monolayer or organoid cultures 

[158]. Whether TAM receptors, including the family members AXL, act as entry receptors remain 

controversial even for the other flaviviruses WNV and DENV. TAM receptors are required for 

WNV and DENV [161] attachment and entry; however TAM receptors do not seem to be necessary 

for the entry of these viruses, although viral replication was less efficient because TAM receptor 

binding downregulates type I interferon responses [162]. More recently, an in vivo study of 

flavivirus pathogenesis in TAM-receptor deficient animals showed an increased WNV infection of 

cells in the brain associated with alterations of blood-brain barrier permeability [163].

ZIKV infection increases expression of the innate immune receptor Toll-like 3 (TLR3) in human 

fibroblasts leading to type I and II interferon (IFN) responses [156]. ZIKV, also, is sensed by TLR3 

in iPSC-derived human brain organoids and neurospheres [146]. ZIKV induces an innate immune 

response in human fetal brain microglia [164] and other cell types. Moreover, in human skin 

fibroblasts [156] and lung epithelial A549 cells [165] ZIKV induced expression of the transcription 

factor IRF7 and other interferon-stimulated genes.

Other studies, however, reported that ZIKV infection did not induce a type I interferon response and 

cytokine secretion in NPCs and THP-1 human monocytic cells [142], while downregulation of 

several immune response genes was detected in ZIKV-infected human microglia cell line [166].

Activation of apoptosis through caspase 3 was frequently observed in ZIKV-infected neural 

progenitors in vitro and in animal models of infection [140,138,145,146,152,167-170].
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1.4.5.3 In vivo models of ZIKV infection in the central nervous system 

ZIKV can block type I IFN receptor signalling in primate and human cells, but not in mouse cells 

[171]. Most of recent studies relied on mice deficient for type I (A129 mice) or type I/II interferon 

receptors (AG129) to avoid encountering an innate immune response that would prevent robust 

infection in juvenile and adult models. Aliota and colleagues [172] reported that subcutaneous 

injection of a French Polynesian strain of ZIKV in AG129 mice caused lethal infection 

characterized by early viremia, high viral loads in several organs, illness and brain degeneration. 

Acute neutrophilic encephalopathy developed in AG129 mice after intraperitoneal inoculation of 

ZIKV MR766; in this model of infection, mice were euthanized at 14 days post-inoculation [173]. 

Julander et al. [174] showed that subcutaneous infection of AG129 mice using a Malaysian strain of 

ZIKV caused encephalities, inflammatory lesions in the cerebellum and myelitis, with death within 

21 days after infection.  

Similar results were observed in A129 mice infected with an African strain (MP1751), a 

Cambodian strain (FSS13025) [175] or a French Polynesian strain (H/PF/2013) [176] of ZIKV.

Infection of A129 mice showed similar results. Rossi and colleagues [175] found that AG129 mice 

developed more severe neurological symptoms than A129 mice after infection with a Cambodian 

strain of ZIKV, so it seems that type II interferon signaling affects some aspects of the disease.

Two studies used triple knockout mice deficient for IRF3, IRF5, IRF7. The first study [176] 

reported that triple knockout mice were more susceptible to the intravenous injection of French 

Polynesian strain of ZIKV than A129 mice, and, also, this viral strain was more pathogenic to A129 

mice compared to the African strain. The second study [177] demonstrated the neurotropism of 

ZIKV for NPCs and immature neurons in adult brain.

Immunocompetent mouse strains (CD1, C57BL/6 and 129Sv/Ev mice) were resistant to 

subcutaneous or intraperitoneal inoculation of ZIKV and did not developed disease [175,176,178]. 

Disease occurred only when mice were infected during the neonatal period [176,179]. Fernandes 

and colleagues [179] found that newborn swiss mice infected with ZIKV (brasilian strain SPH 

2015) through intracerebral route exhibited a more severe brain injury than the animals inoculated 

through the subcutaneous route.

Intracerebral inoculation of ZIKV MR766 was performed in C57BL/6 mice at postnatal day 7 and 

21. In 7-day-old infected mice, the number of proliferating cells in the ventricular zone decreased 

and neuronal apoptosis was observed, while mice infected at postnatal day 21 had severe paralysis, 

but a less prominent neuronal apoptosis [180]. 

Three studies reported the effects of ZIKV infection after direct injection into the embryonic lateral 

ventricles or early postnatal brain [181].The analyses revealed death of immature and mature 
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neurons, reduction of NPC proliferation and differentation resulting in a thinner cortical layer; also, 

the virus was mainly located in the ventricular zone and striatum of newborn mice.

Mouse models of sexual and vertical transmission were employed to understand the ability of ZIKV 

to cross the placental barrier and the developing or developed blood-brain barrier (BBB). Miner et  

al. [182] crossed A129 female mice with wild-type (WT) males and infected pregnant mice with 

ZIKV (H/PF/2013 strain) through subcutaneous routes on embryonic day 6.5. High levels of viral 

RNA were detected in the placenta, as well as placenta abnormalities and fetal demise. Fetuses 

showed intra-uterine growth restriction and apoptotic cells in the brain.

In vivo models allowed to demonstrate that the brain and testes are the main sites of ZIKV 

replication in young A129 and AG129 mice [175,176]. Testicular damage was evident in A129 

mice after intraperitoneal inoculation of ZIKV (Asian strain SMGC-1) and in wild-type (WT) mice 

after intratesticular injection [183].

Replication of ZIKV (Cambodian strain FSS13025) in the vaginal tract of WT mice after vaginal 

inoculation was reported by Yockey’s group, suggesting the possibility of viral transmission 

through sexual contact. In this study, A129 mice developed paralysis and died within 9 days, while  

WT mice did not develop the disease. In addition, intravaginal infection lead to intra-uterine growth 

restriction of the fetus if infection occured in the early phase of pregnancy.

1.5 WEST NILE VIRUS (WNV)

1.5.1 Molecular classification and phylogeny

The first classifications of WNV were based on cross-neutralization reactions and revealed that 

WNV belongs to the JE serocomplex, including other neurovirulent viruses such as Murray Valley 

encephalitis virus (MVEV), St. Louis encephalitis virus (SLEV) and Usutu virus (USUV)[184]. 

Even though WNV has a single serotype, it has a considerable genetic variability [185].

Phylogenetic classification of WNV remains dynamic, with the large increase in genome sequence 

and surveillance data available in recent years. Present analyses support that WNV aligns into at 

least seven different lineages (Fig. 1.9) [186], on the basis of nucleic acid homology, with the major 

lineages diverging by 25%-30% nucleotide differences [187,188]. 
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WNV strains that cause disease in humans and horses belong to the major lineages 1 and 2 

[189,190], while other lineages have been sporadically detected in mosquitoes and birds but not 

associated with human disease [191].

Lineage 1, the largest and the most widespread, contains WNV strains isolates from Europe, Africa, 

Australia, Asia, North and Central America, Middle East and Oceania (Kunjin strains)  [186]. 

Lineage 1 can be subdivided into three different clades: 1a, 1b, and 1c. Clade 1a is the most widely 

distributed and contains strains from the Americas (including the NY99 strain), Europe, Africa, the 

Middle East and Israel. Until recently, clade 1a comprises most of the isolates associated with 

outbreaks of human encephalities, including the ongoing epidemic in North America [192].

Lineage 2 WNV, until the mid-2000s, was predominantly limited to sub-Saharan Africa and 

Madagascar, where it has been a cause of mild febrile illness in humans, rarely progressing to 

severe disease and typically not associated with outbreaks [193]. However, in 2004 and 2005, WNV 

strains belonging to lineage 2 were first identified in wild birds in Hungary, with subsequent rapid 

spread to central Europe [194,195]. Since 2004, WNV lineage 2 has been observed in central and 

Eastern Europe. In 2010 it caused outbreaks in Romania and Greece and in 2011 it was detected for 
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the first time in Italy [196]. These lineage 2 viruses have been implicated in avian, equine, and 

human cases of neuroinvasive disease with associated deaths, including cases reported in Russia, 

Hungary, Italy, and Greece [187, 188,197,198]. 

The phylogenic classification does not consistently correlate with the geographical distribution of 

WNV, which may be attributed to the broad dissemination of the virus by migrating bird species 

[199]. 

1.5.2 Epidemiology

The epidemiology of WNV is continuously changing. WNV was first isolated in December 1937 

from the blood of a 37 year-old febrile woman in the West Nile district in the Northern Province of  

Uganda, currently the Ardua district, during an epidemiological study defining the endemic zone of 

YFV [200].

Since that time, the virus was not observed again until the 1950s, when there were some sporadic 

reports of WNV circulation in Albania, Bulgaria, Belarus, Ukraine and Moldavia [201] and the first 

WNV epidemics occurred in Israel and Egypt [202,203]. Neuroinvasive cases (West Nile 

neuroinvasive disease, WNND) were recorded in 1957 and 1962 [204]. More recent outbreaks were 

reported in South Africa in 1974, when WNV caused approximately 10 000 human fever cases 

[205]. Since that time, only sporadic outbreaks with low clinical incidence occurred and WNV was 

rarely seen and was considered of only minor importance to public health, but in the mid-1990s, the 

epidemiology of WNV apparently changed. Epizootics and epidemics of severe neurologic disease 

in horses, birds and humans began to occur with increasing frequency [206-209]. The first cases of 

WNV in its lethal encephalitic form were reported in Algeria in 1994 with a total of 50 cases of 

human infections including 20 WNND and one death [210]. In 1996, the first large-scale epidemic 

took place in Bucarest, Romania, where WNV emerged as major cause of arboviral encephalitis. 

This outbreak was characterized by a high number of neuroinvasive cases with 393 recognized 

human cases of encephalitis and 17 deaths recorded in people over 50 years of age [211]. After 

1996, outbreaks of West Nile encephalitis in people and horses were reported with increasing 

frequency in the Mediterranean basin [212], Russia [206] and Australia [213]. WNV activity, with 

or without recorded human or horses clinical cases, have been lately reported in Algeria, Marocco, 

Egypt, Israel, Romania, Russia, Poland, Czech Republic, Hungary, Croatia, Serbia, France, 

Portugal, Spain, and Italy, which overall have accounted for hundreds of cases and dozen of deaths 

[214]. Since 2008, in Europe there has been an increased WNV activity in Hungary (2008-2009) 

[215], Italy (2008-2009) [216], and Greece, including the emergence of WNV lineage 2, with a 
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rapid rise in the number of cases of neuroinvasive disease in animals and humans [217].

In 1999, WNV caused an outbreak in New York City marking its first appearance in the Americas. 

Subsequently, WNV has spread rapidly throughout the Western Hemisphere, including the USA, 

Caribbean, Mexico, Canada and as far south as Argentina and Brazil [218]. In North America, the 

virus has caused thausands of cases of meningitis, encephalitis, and poliomyelitis, resulting in 

significant morbidity and mortality. 

1.5.2.1 Epidemiology of WNV in Italy

Notwithstanding the evidence of the presence of WNV in Italy at least since 1998, with the equine 

outbreak in Tuscany region [219], human disease due to WNV infection was not documented for a 

decade, until the first human case of WNV neuroinvasive disease was diagnosed in 2008 [220]. The 

first human cases of WNND and WNF were detected in the Po river area in northeeastern Italy 

(Emilia-Romagna [216] and Veneto [221] regions) in September-October 2008, following the alert 

from the veterinary surveillance that reported equine cases of WNND in the same areas [222]. 

Phylogenetic analyses demonstrated that the WNV strains responsible for the Italian outbreaks in 

2008-2009 belonged to lineage 1 [223]. In 2009, WNV circulation was reported in larger area near 

the Po river that involved Veneto, Emilia-Romagna and Lombardy regions, with occurence of 

several human cases(214,224). During 2010, there was a decrease of WNV activity as a result of 
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effective vector control measures applied in the areas of WNV circulation surrounding the Po river 

[225]. In 2012, largest human outbreak ever recorded in Italy occurred in Northeastern Italy, with 

25 confirmed cases of WNND, 17 of WNF and 14 positive blood donors [226]. Human cases of 

WNV neuroinvasive infections in 2011 and 2012 registered in Veneto and Friuli-Venezia-Giulia 

Regions were caused by a new lineage 1 strain [216] (Fig. 1.11) [227].

In Italy, the onset of WNV disease in humans ranged from late July to late October, with peaks of 

cases reported in late August and early September. In patients with WNND, the fatality rate was 

approximately 10% and death occurred mainly in elderly and immunocompromised patients [198].

1.5.3 Routes of transmission

WNV is maintained in nature in an enzootic transmission cycle between avian hosts and 

ornithophilic mosquito vectors. Mosquitoes become infected by feeding on infected birds [190]. 

WNV can be incidentally transmitted to mammals, including horses and humans [228], which are 

incidental or “dead-end” hosts for WNV, as the low viremia is usually insufficient to infect a 

feeding naïve mosquito and maintaining the transmission cycle [229]. Although human cases occur 

primary after mosquito inoculation, infections after blood transfusion, organ transplantation, and 

intrauterine transmission have been reported [64]. 
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1.5.3.1 Vector-borne transmission

The ability of different mosquito species to acquire and transmit WNV is highly variable [230]. At 

least over 60 species of mosquitoes from 11 different genera have been described as competent 

vectors. Mosquitoes of the Culex genus are the predominant vectors in the enzotic cycle, although 

the particular species of Culex varies according to geographic locations [231].

In North America, Cx. pipiens, Cx. restuans, Cx. quinquefasciatus, Cx. salinarus, Cx. tarsalis, and 

Cx. nigripalpus have been described as the most efficient competent vectors; although other species 

such as Aedes albopictus, may also play role in viral transmission as bridging vectors that can 

transmit the virus to mammals [232]. In Europe, the virus has been isolated from more than 40 

different species, being again those of the Culex species the main vectors [233].

1.5.3.2 Non vector borne transmission

Even though the main mode of WNV transmission to vertebrate hosts is via infected mosquito bite, 

it has been documented that alternative less common modes of non-vector-borne transmission in 

humans also exist: through solid organ transplantation from an infected donor to healthy recipient; 

through the placenta from an infected mother to her fetus (vertical transmission), and through 

transfusion of infected blood and blood products [190]. The first case of virus transmission through 

transfusion of red blood cells, platelets and fresh-frozen plasma was reported in 2002 [234] which 

drove implementation of screening of blood units with NAT test in 2003 and subsequent years. 

In addition, in 2002, WNV transmission was reported through solid organ transplantation from an 

organ donor, probably infected through blood transfusion, to four transplant recipient [235].

In the same year, the first case of transplacental WNV transmission was reported: a WNV-infected 

woman delivered at term a live infant that was positive for WNV-specific IgM and neutralizing 

antibodies with severe cerebral abnormalities (white matter loss, focal cerebral destruction) [236]. 

In 2002, another case of probable non-vector-borne transmission of WNV through breast milk was 

reported, but since there was no further confirmed cases of transmission [64,237,238].

Sexual transmission of WNV has not been documented, but recently a report described the 

development of WNV meningoencephalitis in a middle aged woman within two weeks of 

unprotected vaginal intercourse with her infected husband. The husband had flu-like illness and rash 

the day after the sexual contact and there was no reported mosquito bite exposure [239].

1.5.4 Pathogenesis

Understanding the full range of WNV pathogenesis in humans has been difficult, mainly due to the 
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difference in virulence between WNV strains and the high prevalence of asymptomatic or sub-

clinical infections.

The vast majority of our current knowledge regarding WNV pathogenesis resulted from animal 

models (mostly rodent) infected under controlled conditions with a known amount of needle-

inoculated virus. On the basis of these studies, three distinct phases of WNV pathogenesis have 

been identified: 

1. an early phase, with initial infection and spread; 

2. a visceral-organ dissemination phase, characterized by peripheral viral amplification;

3. a central nervous system (CNS) phase, characterized by neuroinvasion. 

These phases may not accurately reflect the course of a natural infection in humans, but this 

sequence is thought to recapitulate the stages of pathogenesis in humans, following infection by a 

mosquito [240]. 

Briefly, following a subcutaneous bite of an infected mosquito, WNV replicates in keratinocytes 

[241] and skin-resident dermal dendritic cells (DCs) and Langherans cells. Infected DCs migrate to 

the regional draining lymph node and seed the virus within this node [242]. Replication within the 

draining lymph node leads to viremia and subsequent infection of peripheral organs, including 

spleen, heart, liver and kidneys. Between 6 and 8 days after infection, WNV is cleared from 

peripheral organs and infectious virus is detected within the brain and spinal cord, in part owing to 

the virus crossing the blood-brain barrier, where it is responsible for inflammation of the brain and 

the spinal cord [240]. 

The specific target cells for WNV infection in the spleen and other peripheral tissues are not well 

defined, but are thought to be substes of DCs, macrophages and possibly neutrophils [243,244].

1.5.5 Clinical manifestations 

It is generally estimated that the majority (75 to 80%) of WNV infections in humans are 

asymptomatic. Of those who develop symptoms, approximately 20% of the infected people develop 

an acute, systemic febrile illness, termed WN fever (WNF), and less than 1% develop neurologic 

illness, which is primarily attributed to the neuroinvasive disease (WNND), with viral infection of 

the CNS.

1.5.5.1 West Nile fever (WNF)

West Nile fever is the predominant clinical syndrome seen in most WNV-infected persons that 

develop symptoms.

Following an incubation period of approximately 2-14 days, infected persons typically show sudden 

onset of fever (usually >39°C), headache, fatigue, myalgia, rash, often accompanied by 
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gastrointestinal complaints, including nausea and vomiting that may lead to dehydration [245].

Most patients experience complete recovery [246]; however some otherwise healthy persons may 

continue to experience a prolonged fatigue, headaches, and difficulties concentrating for days or 

weeks following infection [247].

1.5.5.2 West Nile neuroinvasive disease (WNND)

Severe WNND is associated with neurological involvement that varies from meningitis and/or 

encephalities to poliomyelitis-like condition with acute paralysis [248].

Aseptic meningitis (West Nile meningitis, WNM) is similar to that of other viral meningitides. It 

involves infection of the meninges and makes up the largest percentage of the neuroinvasive disease 

in younger age groups.

Encephalitis (West Nile encephalitis, WNE) involves viral infection of the brain parenchyma itself 

and is more typically manifested in older persons, particularly over the age of 55 years [249], or 

immunocompromised individuals. It ranges in severity from a mild self-limited confusional state to 

severe encephalopaty, coma, and death.

Acute poliomyelitis-like syndrome (West Nile poliomyelitis, WNP) results from viral infection of 

the anterior horn cells of the spinal cord, leading to acute flaccid limb weakness [245]. 

Importantly, other forms of acute flaccid paralysis (AFP) associated with West Nile virus infection 

include Guillan-Barrè syndrome (GBS) and other demyelinating neuropathies [124].

1.5.6 Neuroinvasion

WNV is both neuroinvasive and neurotropic and invasion of the CNS tissues constitutes the third 

phase, where the virus targets and replicates in neuronal cell subsets. To establish infection in 

neurons of the brain, WNV first must cross the BBB, a highly regulated interface between the blood 

and the brain composed of four main cellular components: endothelial cells and their basement 

membrane (composed of collagen IV, laminin, proteoglycans, and glycoproteins), astrocytes, 

microglial cells and pericytes (PCs) [250]. Endothelial cell models have been developed to study 

the mechanism of WNV translocation across BBB in vitro. These models demonstrated the 

transcellular transport of virions across the infected endothelial cells and an increased permeability 

of the BBB, which can facilitate paracellular entry of WNV into the brain parenchyma [41]. In any 

case, the mechanisms by which the virus gains entry into the CNS remains poorly understood. 

The mechanism by which WNV cross the BBB may depend on the infection route and the 

pathogenicity of the WNV strain. Several models have been proposed for WNV entry into CNS: 

 crossing of the BBB likely occurs through a hematogenous route: according to literature, 

increased viral burden in the serum correlates with greater and more rapid WNV entry into the 
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CNS [251] and for this reason the hypothesis of hematogenous dissemination of WNV into the 

CNS has been a common focus of investigation; 

 viral entry via passive diffusion of cell-free virions as result of blood-brain barrier (BBB) 

breakdown: The hypothesis of viral entry into CNS across a more permeable BBB due to 

intravascular levels of pro-inflammatory cytokine, which are produced during peripheral 

immune response. This cytokine response can mediate increased vascular permeability, but may 

also allow WNV to cross the BBB and infect neurons [252]. In particular, WNV infection in 

peripheral tissues induces TLR3-mediated secretion of pro-inflammatory cytokines, including 

IL1β, IL-6, IL8 and TNF-α, which may disrupt the BBB. Among these, secreted TNF-α 

modulates BBB permeability by altering endothelial cell tight junctions, which may allow WNV 

to cross the BBB and infect neurons [253]. The flux of WNV into CNS can be also enhanced 

through degradation of the tight junction proteins of the BBB extracellular matrix by activation 

of matrix metalloproteinases;

 The ‘Trojan Horse’ mechanism, v i a infected inflammatory cells: WNV is transported by 

infected immune cells (e.g., neutrophils or CD4+ or CD8+ T cells) across paracellular junctions 

between endothelial cells into the brain parenchyma [254]. The ‘Trojan Horse’ hypothesis has 

been proposed in many reviews [255-258];

 WNV may penetrate into the CNS through a transneural route and two neuroanatomical areas 

have been hypothesized to be involved in this mechanism: from the peripheral somatic nerves or 

from the olfactory nerves into the CNS [259]. In this regard, reports underline the susceptibility 

of peripheral neurons to infection by WNV [260];

 Infection or passive transport through choroid plexus epithelial cells that have been documented 

in animal models [261] or direct infection of brain microvascular endothelial cells [262].

Considering in vivo and in vitro data, the route of WNV neuroinvasion may be much more complex 

than one distinct path from the peripheral site of inoculation to the CNS and WNV may enter the 

brain though a combination of mechanisms. Also, the ability of WNV to invade the CNS may 

depend on the route of transmission and the pathogenicity of the WNV strain [41,263].

1.5.7 Tropism

The skin cells that are targeted in vivo by WNV are unknown; however, it is believed that WNV 
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infects Langerhan cells (LCs), resident dendritic cells (DCs) and keratinocytes [241]. Importantly, 

LCs are in vivo cell targets also for DENV [264] and DCs are susceptible to WNV infection in vitro  

[265]. 

WNV replication is tipically restricted to the skin, draining lymph nodes, spleen, and CNS in 

humans and in wild-type mouse models [240,241].

Regarding the neurotropism, studies in humans and mice have demonstrated that neurons are the 

primary cells targeted by WNV [266]. In humans, WNV is most often detected in neurons in the 

cerebral cortex, thalamus, brainstem, basal ganglia, cerebellar Purkinje cells, and spinal cord 

(mainly anterior horn), and, in some cases, infection has been detected in the olfactory bulb and 

hippocampus. WNV has been detected in the same regions of the brain of experimentally infected 

mice as in humans, indicating a similar tropism of WNV in humans and animal models [267]. 

Moreover, WNV-positive brain microvascular endothelial cells and astrocytes have been detected in 

birds and humans, respectively, suggesting that these cells may serve as secondary targets in vivo 

[268,269]. Astrocytes and endothelial cells form with neurons the neurovascular unit (NVU), which 

regulates blood flow, the integrity of the BBB, and neuronal activity [266]. In vitro studies 

demonstrated that pathogenic strains of WNV replicate within all NVU cell types, though 

replication in astrocytes was the most restricted [39,270]. Moreover, although with several 

differences, neurons and astrocytes were found to support productive WNV infection, whereas 

microglial cells were poorly permissive to viral growth [271]. 

Examination of WNV replication within neurons, endothelial cells and astrocytes demonstrated that 

high and low neuropathogenic strains of WNV replicate with similar kinetics and to equivalent 

levels in brain microvascular endothelial cells and neurons. However, astrocytes exhibited lower 

susceptibility to the low neuropathogenic strain compared to the high neuropathogenic strain, 

suggesting a possible role for this cell type in limiting WNV replication within the CNS [270]. 

1.5.8 Innate immune response

The innate immune system acts as the first line of defense against invading viral pathogens and it is 

critically important for contrlling WNV infection [272]. Innate immune response is mediated by 

specialized cellular proteins termed pattern-recognition receptors (PRRs). PRRs are expressed by a 

variety of cells which are responsible for sensing the presence of pathogens invasion through 

evolutionary conserved viral components, known as pathogen-associated molecular patterns 

(PAMPs) that are broadly shared by different microorganisms and essential to the infectivity of the 

pathogen. Currently, three classes of PPRs have been shown to be involved in the recognition of 

PAMPs, namely: retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), Toll-like receptors 

(TLRs), and nucleotide oligomerization domani (NOD)-like receptors (NLRs). Among these 

29



receptors types, RLRs and TLRs detect pathogen structures in immune cells and activate 

intracellular signalling cascades that lead to production of type I interferons (IFNs),  

proinflammatory cytokines and stimulate the expression of antiviral genes.

WNV-host interaction within the innate immune signalling network and the antiviral effector genes 

that control WNV infection were identified by several groups in the scientific world. (Fig. 1.12 ) 

[256]. 

The RIG-I like receptors are cytosolic proteins consisting of three members: RIG-I (also known as 

DDX58), melanoma differentation-associated antigen 5 (MDA5) and laboratory of genetics and 

physiology-2 (LGP2) [273]. They are critical sensor of viral RNA in the cytoplasm and they are 

expressed basally in nearly all cell types in the body [274]. They recognize PAMPs and activate 

downstream effectors which drive the transcription of IFNβ, IFNα, proinflammatory cytokines, and 

interferon-stimulated genes (ISGs) [275]. Fredericksen and colleagues reported the activation of 

RIG-I and MDA5 in primary mouse cells infected with WNV ex vivo [276], suggesting that WNV 

presents viral PAMPs that can trigger RIG-I and MDA5 signalling.

In addition to RLRs, TLRs are important for recognizing WNV infection. They are transmembrane 

proteins suitable for detecting distinct viral PAMPs outside the cells, in cytoplasmic vacuoles after 

phagocytosis or endocytosis [277]. More than ten TLR proteins exist in mammals; among these 

receptors, TLR2 and TLR4, which are located in the plasma membrane, are involved in the 
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recognition of viral envelope proteins on the cell surface. TLRs 3, 7, 8 and 9 reside on cytoplasmic 

vescicles such as endosomes and ER and recognize microbial nucleotides [277]. TLRs activate a 

signaling pathway that leads to the production of type I IFNs and pro-inflammatory cytokines [278].

TLR3 and TLR7/8 are important in regulating immunity to WNV, but unlike the RLRs, they fuction 

in a cell- and tissue-specific manner. TLR3 signalling in cortical neurons, but not in macrophages or 

DCs, promotes type I IFN production [279]. TLR7/8 signalling is important for triggering type I 

IFN and proinflammatory cytokine production within neurons, macrophages and keratinocytes, but 

not DCs [280].

NOD-like receptors are essential for the fomation of the inflammasome complex, which promotes 

viral clearance through secretion of pro-inflammatory cytokines of the IL-1β family. Activation of 

the NLRP3 inflammasome and subsequent secretion of IL-1β family pro-inflammatory cytokines 

are involved in cell protection against WNV [281]. Increased levels of IL-1β are observed in 

humans during the course of WNV disease and mice lacking IL-1β signalling are more susceptible 

to WNV infection [281].

Both RLR and TLR signalling activate IRF transcription factors, in particular IRF3 and IRF7, 

which are essential for regulating type I IFN response following viral infections [240,282,283].

1.6 DENGUE VIRUS

1.6.1 Classification and epidemiology

Dengue virus is the most important arbovirus known to affect the mankind and represents a 

significant public health problem, in particular in the developing world.

Neutralization assay data distinguished four antigenically closely related DENV serotypes termed 

DENV-1, DENV-2, DENV-3, and DENV-4 [284,285], which share approximately 65% of their 

genome [286]. This classification was based on sequencing of the E gene within each serotype 

[287]. (Fig. 1.13 ) .

Recently, dengue virus serotype 5 (DENV-5) was identified [288]; the discover was based on an 

atypical virus isolated in 2007 from a patient in Borneo. This virus is phylogenetically distinct and 

elicits a different antibody response from that initiated by DENV serotypes 1-4; also, the virus 

seems to circulate among non human primates [289].
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DENV-1 and DENV-2 were isolated during World War II in the Pacific [296], while DENV-3 and 

DENV-4 were isolated in the 1950s during epidemics in the Philippines and Thailand [290]. 

Currently, more than 100 countries, in the World Health Organzation (WHO) regions of Africa, 

South-East Asia, the Americas, the Eastern Mediterranean and the Western Pacific are endemic 

with DENV [291]. In 2014, Japan reported its first outbreak of the disease in 70 years [292].

It is estimated that 400 million infections occur each year and there are 3,6 billion people at risk of 

getting infected [293]. 

The first well-characterized clinical description of dengue disease was noted in 1780 during the 

outbreak in Philadelphia [294]. Subsequently, DENV spread during the 18th and 19th centuries in 

areas of Asia and Africa [295] and after World war II, many Asian countries became hyperendemic 

with DENV infection [296]. 

In recent decades, dengue incidence in South America and the Carribean has increased 

significantly. In addition, the high movement of people through travel provides continuing exposure 

to DENV infection in North America and Europe [297].

The map below (Fig. 1.4) [298] illustrates dengue risk areas worldwide
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1.6.2 Dengue virus transmission

The primary vector of DENV transmission is represented by Aedes aegypti, while Aedes albopictus 

acts as a secondary vector [295, 299]. DENV is acquired by Aedes spp. when they bite humans or 

primates infected with DENV, so these species can transmit DENV through biting another host. The 

preference for human blood exhibited by Aedes spp. increases the possibility of disease 

transmission [300].

1.6.2.1 Aedes aegypti species

Aedes aegypti originated from Sub Saharan Africa; it is known as the principle vector of DENV. 

The official common name for Aedes aegypti is “yellow fever mosquito” as this species was 

previously known as the vector of YFV. Besides DENV and YFV, this species can also transmit 

CHIKV [301]. Aedes aegypti inhabits tropical and subtropical climates, with the geographic range 

spanning all continents except Antarctica [302]. Aedes albopictus, also known as the “Asian tiger 

mosquito”, it is the secondary vector of DENV transmission. It was identified as a vector of DENV 

in 1931 [303]. 

1.6.2.2 Aedes albopictus species

Currently, Aedes albopictus can be found in temperate regions in its area of origin (Asia), Europe, 

America, Africa and a number of locations in the Pacific and Indian Oceans [304-306]. The 

widespread distribution of Aedes albopictus is likely because it inhabits a more temperate 

enviroment than the tropical Aedes aegypti [307]; this may lead to an increased risk of DENV 

transmission as it brings a greater number of dengue-suscetible persons in contact with vectors. 

Other factors such as uncontrolled urbanisation and global warming also affect the density, larval 

33



development rate, and survival of adult Aedes albopictus, increasing the vector capacity and DENV 

transmission [308].

In experimental conditions it was demonstrated that DENV can be transmitted by other Aedes 

species, including Ae. polynesiensis, Ae. scutellaris and Ae. Japonicas [309,310]. Ae. polynesiensis 

is implicated in the natural transmission of DENV, but the contribution of these mosquitoes to 

overall transmissionhad not been quantified, but probably negligible [311].

1.6.3 Clinical manifestations of dengue virus

DENV infection causes wide range of clinical symptoms from asymptomatic to mild febrile illness, 

to classical dengue fever, to severe manifestations such as dengue haemorrhagic fever (DHF) and 

dengue shock syndrome (DSS) [312].

Classical dengue fever consists of an acute febrile illness characterized by fever, headache, 

myalgias, arthralgias, nausea, vomiting and rash. It has an incubation period of 4-7 days and a 

convalescence of several weeks.

The severe form of dengue (DHF and DSS) are vascular leak syndromes characterized by an 

increased vascular permeability, leakage, hypovolemia, shock and death if not corrected.

Probably, it is caused by a phenomenon known antibody-dependent enhancement (ADE), which 

occurs in a secondary dengue infection and it consists of an immunological cascade beginning with 

the infection of cells of the monocytic lineage, with a subsequent production of cytokines and other 

chemical mediators [313].

1.6.3.1 Neurological complications

Less commonly, other severe disease manifestations can occur, for example organ failure and 

neurological disease similar to viral encephalitis [314].

During the recent years, an increase of neurological complications after DENV infections were 

reported [315-317]. In general neurological dengue is characterized by a wide variety of CNS 

manifestations including non-specific alterations of consciousness, seizures, headache and 

meningeal signs; in analogy with WNV and JEV, paralytic or Parkinsonian symptoms may appear.
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1.6.3.2 Neuropathogenesis

Much of the knowledge on the neuropathogenesis of dengue derived from animal models aimed at 

studying hemorrhagic disease. In these models, DENV induced neurological syndromes, so they 

were exploited to understand viral neuropathogenic mechanisms [318]. DENV probably enters the 

CNS through a cytokine-mediated breakdown of the BBB or a Trojan-horse mechanism [319-320].

DENV showed tropism for neurons of the anterior horns, hippocampus, cerebral cortex and 

olfactory bulb in vivo and induced apoptosis in human and murine neurons both in vivo and in vitro 

[321-323]. 

1.6.4 Innate immune response

Dengue virus induces the activation of innate immunity in infected cells.Interferon-dependent 

innate immune response is necessary for protection against DENV infection. Type I IFNs (IFN-α/β) 

are produced within an hour after infection and induce antiviral activity. In vitro studies revealed 

that DENV infection stimulates interferon secretion [324] and pretreatment with inteferon is able to 

control DENV infection [325]. In vivo studies demonstrated that these IFNs are highly activated in 

uncomplicated cases, yet they are less effective in severe disease [326].

Type II interferon (IFN-γ) is mainly produced by T cells and NK cells. The IFN-γ receptors are 

highly expressed on monocytes, macrophages and endothelial cells. IFN- γ production by DENV-

specific T lymphocytes has been revealed in vitro [327]. Importantly, the effect of IFN- γ on DENV 

infection in vitro remains obscure since both stimulatory and inhibitory consequences have been 

reported. A massive production of cytokines (TNF-α, IL1β, etc) is stimulated by T cells activation 

and infected keratinocytes, DCs, and endothelial cells can release cytokines [328,329].

1.6.5 In vitro MODEL OF INFECTION

A large variety of cell lines have been studied in vitro for their relative permissiveness for DENV 

infection, including endothelial cells, fibroblasts, myeloid-derived cells, and lymphocytes [330]. 

However, in vivo, few human cell types can support DENV replication.

Since DENV is delivered to its host through mosquito bite to the skin, keratinocytes [331] and 

human Langherans dendritic cells (DCs) represent a relevant target for DENV infection. Many 

studies showed that these cells are permissive to DENV [332-338]. In addition, apoptotic DCs and 

keratynocites are present in skin explant after transcutaneus infection [331].

35



Monocytes/macrophages [339] and lymphocytes [340] in humans and murine models support 

DENV replication and are considered the major sites of DENV replication in vivo.

Other cells of non–hematopoietic lineages including endothelial cells, hepatocytes [341], Kupffer 

cells, neurons and microglia are also permissive to DENV infection. The permissiveness of 

endothelial cells to DENV can contribute to the pathogenesis of the disease by increasing viremia 

and cytokine secretion [329,342,343].

1.6.6 In vivo MODELS OF INFECTION

Like ZIKV, DENV is not able to block type I IFN receptor signalling in mouse cells. Many studies 

reported that laboratory mouse strains support DENV infection and replication, but do not develop 

disease and viral titer in tissues is low. Thus, mouse models are not suitable to study cells  

permissive for DENV infection. [344,345] demonstrated that mouse adaptation of DENV strains 

resulted in loss of human pahogenic properties, so the use of wild type mouse models did not reflect 

the nature. At the moment, the A/J mouse strain represents the most promising model of 

immunocompetent mouse [346]. The knockout AG129 mouse strain also shows increased 

susceptibility to DENV infection, suggesting the involvement of IFNs in dengue pathogenesis in 

humans [347] .

Non-human primates are the animal species besides humans that are naturally infected and can be 

experimentally infected by the parenteral route. They are acceptable animal models to study 

virological and immunological aspects in DENV infections [348-349]. Furthermore, a study [350] 

reported the recapitulation of human dengue hemorrhagic fever in Rhesus monkey through viral 

intravenous administration.

1.7 Usutu Virus (USUV) 

1.7.1 Transmission, epidemiology and clinical presentations

USUV belongs to the JE serocomplex, like WNV, and its transmission involves ornithophilic 

mosquitoes as vectors and birds as the main amplifying hosts [351], while mammals represent 

incidental or “dead-end” hosts. Although USUV has been found in nine mosquito species, Culex 

pipiens is considered to be the most common vector [351]. USUV has been detected in 62 bird 

species in African and European countries among which some wild migratory species are 

considered responsible for USUV introduction into Europe from Africa (e.g. Falco tinnunculus), 

and others for USUV dissemination through Europe (e.g. Pica pica, Passer domesticus, Gallus  
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gallus and Turdus merula) [352]. Birds may show symptoms ranging from mild to severe, such as 

encephalitis, myocardial degeneration, and necrosis of liver and spleen [353]. Neurological signs, 

such as incoordination and inability to fly are associated with brainstem and cortical neuron 

necrosis [353]. Moreover, USUV infection has been proved in different mammalian species, 

especially bats, horses, dogs and red deer [352]. 

USUV was first isolated in 1959 from a pool of Culex neavei mosquitoes collected in Ndumu, 

South Africa [354]. In the following years, USUV was reported in several mosquito species in other 

African countries including Uganda, Senegal, Central African Republic (RCA) and Tunisia (2014) 

[351,352]. In the past, USUV was not considered as a potential threat for humans because the virus 

had never been associated with severe or fatal diseases. In Europe, USUV emerged in 1996 causing 

high number of bird deaths, as demonstrated by the retrospective analysis of archived tissue 

samples from dead Eurasian Blackbirds in Tuscany, Italy [355].

During summer 2016, a large USUV epizootic was reported in Belgium, Germany, France and for 

the first time in the Netherlands [356]. Moreover, USUV infection has been demonstrated 

serologically in birds in England, Poland and Greece, and in a horse in Serbia [352]. 

USUV frequently co-circulates with WNV in many European countries, not only geographically but 

also in terms of host and vector species [357]. 

Up to now, few cases of USUV infections in humans have been registered in Africa and Europe. 

Infected patients may be asymptomatic or present a wide range of symptoms [352]. The first case of 

USUV infection in humans was reported in RCA in 1981 (which is also the first virus isolate from 

humans), and the second case in Burkina Faso in 2004. They presented mild symptoms including 

fever, rash and jaundice [358]. 

From 2008 to 2016, USUV-specific antibodies have been detected in healthy blood donors among 

Italy, Germany and Serbia, with seroprevalence ranging from 0,02% to 1,1% [352]. Between July 

and August 2017, seven out of 12,047 blood donations from eastern Austria reacted positive at 

WNV NAT, and six of these resulted to be USUV infections [359]; moreover, retrospective 

analyses of four blood donors diagnosed as WNV-infected in 2016 showed that one was USUV-

infected [359]. 

1.7.2 Phylogeny

USUV strains are classified into African and European groups, according to the geographical origin 

of isolation, and each group is in turn sub-classified into several lineages. The African group 

involves three lineages (Africa 1 to 3), while the European group involves five lineages (Europe 1 

to 5) [356]. Comparative analysis between USUV genomes revealed specific amino acidic 

mutations related to geographical source of isolation and hosts [352]. In particular, two specific 
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mutations (in E and NS5 proteins) in Bologna/09 strain (representing the first human isolate from 

an immunocompromised patient with neuroinvasive disease) have been hypothesized to be 

associated with altered tropism for human neural cells and neuroinvasive capacity [360]. Moreover, 

the Bologna/09 strain substitutions are common to DENV, JEV, WNV and MVEV flaviviruses that 

also threaten human health [351]. When comparing USUV with other JE serocomplex viruses, the 

closest relative is MVEV that exhibits 73% and 82% identity at the nucleotide and amino acid 

levels, respectively, while WNV exhibit 68% identity with USUV at the nucleotide level and 75% 

at amino acid level. 

1.7.3 Tropism, pathogenesis and innate immune response in non-neural cells

USUV host range, pathogenesis and triggered innate immune response are largely unknown.

In 2013, Scagnolari et al. demonstrated that USUV was able to infect a variety of human cell lines 

completing the replication cycle in Hep-2 and Vero cells within 48 h [361]. In addition, in 2015, 

Cacciotti et al. published data showing the capacity of USUV and WNV lineage 1 and 2 to grow in 

immature monocyte-derived dendritic cells (DCs); however, USUV replication peak began earlier 

than that of WNV and USUV viral titer was significantly lower than that recorded for WNV [362].  

In 2016, K.L. Barr et al. found that both USUV and ZIKV replicated well in cells from multiple 

animal species [363]. 

In 2013, Scagnolari et al. showed that pre-treatment of Vero and Hep-2 cells with IFNs type I and 

III significantly inhibited USUV replication, but the inhibitory effects considerably dropped if IFN 

was added after viral infection had been initiated [361]. In particular, the potential of IFN lambda 1-

3 to inhibit USUV replication was lower than that of type I IFNs in Hep-2 cells [361]. Furthermore, 

USUV weakly induced types I and III IFNs in Hep-2 cells only after 24 and 48 h p.i., even though 

IFN alpha subtypes were less induced than other subtypes at both time points [361]. In 2015, 

Cacciotti et al. published an interesting study where IFN activity in USUV-infected immature and 

mature DCs was found to be greater than that induced by both WNV lineage 1 and 2, suggesting 

that USUV may be not as efficient as WNV to counteract cellular early antiviral immune response 

[362]. This hypothesis was supported by the detection of high levels of IFN alpha subtypes only in 

USUV-infected mature DCs [362]. Furthermore, ISG15 pathway underwent a significantly higher 

activation in USUV- infected DCs than WNV, and USUV yield reduction through IFN 

administration was higher than that recorded for WNVs [362]. All in all, besides the ability of 

USUV to trigger IFN production and specific ISGs more efficiently than WNV, it seems to be also 

more sensitive to types I and III IFNs than WNV. 
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1.7.4 Neurotropism, neuropathogenesis and innate immune response: preliminary studies

1.7.4.1 In vivo models

USUV was demonstrated to be neuroinvasive in suckling mice [364]. Hence, after USUV infection 

of 1-week-old suckling mice by intraperitoneal inoculation, clinical signs, e.g. depression, 

disorientation, paraplegia, paralysis and coma were observed [364]. There was widespread neuronal 

apoptosis, especially in the brainstem but also in white matter (cerebellum, medulla and spinal 

cord), frequently accompanied by multifocal demyelination [364]. Differently from other 

flaviviruses, neuroinvasion occurred only in animals that were not older than 1 week at the time of 

injection [364]. In contrast, adult mice survived to USUV infection, independently of the infecting 

dose inoculated [365]. However, mice deficient in the alpha/beta interferon receptor (IFNAR (−/−) 

mice) were highly susceptible to USUV infection and were shown to represent a potential model for 

the study of host-virus interactions and for lethal challenge DNA vaccine testing [366].

1.7.4.2 In vitro models

A n in vitro study on USUV (Vienna2001-blackbird, 939/01 strain) neural tropism and neural 

damage demonstrated that USUV efficiently infects several neural cells, i.e. murine neurons, 

astrocytes and microglia, thus suggesting a broad neurotropism for USUV in the murine CNS, 

possibly associated with neuronal toxicity [367]. Notably, USUV could replicate in human 

astrocytes more efficiently than ZIKV, it reduced cell proliferation and elicited a strong anti-viral 

response. Moreover, iPSC-derived human neural stem cells (NSCs) were to be highly permissive to 

USUV infection and underwent caspase-dependent apoptosis. Here below, the experimental 

evidences of this study are described deeper into details [367]. 

• Murine CNS cells 

After infection with USUV of slices of hippocampus obtained from mouse brains, a strong pan-

flavivirus staining was observed in astrocytes, microglial cells and neurons. The presence of USUV 

antigens was also demonstrated in infected primary hippocampal neurons, in both soma and axons, 

and viral titer confirmed efficient replication. At late time-points post-infection, neuronal damage 

(refringent cell bodies and neurite destruction) was observed. Moreover, after infection of spinal 

glial cells, containing ~80% astrocytes and ~20% microglial cells, USUV antigens were observed 

and very efficient replication assessed by titration. 

• Primary human astrocytes 

After infection of astrocytes with USUV and ZIKV, USUV-infected condition showed sparser 
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cellular population than non-infected and ZIKV-infected conditions. Interestingly, USUV-infected 

astrocytes showed a decrease in proliferation. Moreover, pan-flavivirus staining was found in 48% 

of cells infected by USUV and 41% by ZIKV, with endoplasmic reticulum localization, a 

characteristic site for flavivirus replication. As regards the growth kinetics of the two viruses, 

USUV reached a plateau in replication between 24 h and 96 h p.i. and it was followed by a drop in  

viral titer, whereas ZIKV viral titer was significantly lower than USUV and the plateau started 

earlier and lasted longer. The results of pre-incubation of astrocytes with either anti- AXL or anti-

DC-SIGN antibodies before infection, confirmed that blocking AXL decreased ZIKV replication to 

a higher extent compared to blocking DC-SIGN, and demonstrated that USUV replication was not 

affected by blocking either proteins. A PCR array of 84 genes involved in several antiviral 

pathways, such as the IFN response and the cellular PRR, showed that 33 genes were significantly 

upregulated (more than two-fold) by USUV in astrocytes. Several cytokines, chemokines and PRR 

genes were found upregulated upon both USUV and ZIKV infection, but in a stronger way 

following USUV than ZIKV infection, up to 100 times for CCL5 and CXCL10 chemokines and for 

IFN-Β. Other genes, such as TLR9 PRR, CCL3, CD40 and CTSB chemokines and FOS and IRF7 

transcription factors, were specifically upregulated in USUV-infected astrocytes.

• Human iPSCs-derived NSCs 

Pan-flavivirus antibody staining was detected in human iPSCs-derived NSCs two days after 

infection with USUV and ZIKV at MOI of 2; specifically, in 77% of USUV- infected cells and only 

in 21% of ZIKV-infected cells. USUV titer was significantly higher than ZIKV titer. Apoptotic 

death was observed in USUV-infected NSCs 4 days p.i., characterized by round-up morphology and 

condensed nuclei, ~80% trypan blue- positive cells, and activated-caspase 3. Furthermore, USUV-

associated cellular death was strongly decreased by treating NSCs with the anti-apoptotic agent Z-

VAD (pan- caspase inhibitor) prior to USUV infection. 

1.8 Induced pluripotent stem cells

Induced pluripotent stem cells (iPSCs) are a type of pluripotent stem cell that can be generated 

directly from adult cells. They resemble embryonic stem cells(ESCs) [368], so they are able to self-

renew and to make cells from all three basic body layers (pluripotency).

The breakthrough of iPSCs showed that the introduction of four specific transcription factors could 

convert adult cells into pluripotent stem cells [369]. iPSCs derived by introducing Oct-4, SOX2, 

Myc, and KLF4, as set of pluripotency-associated genes (reprogramming factors), into a given cell 
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type. 

Oct-4 (octamer-binding transcription factor 4) also known as POU5F1 (POU domain, class 5, 

transcription factor 1) is a homeodomain transcription factor of POU family. This protein is 

critically involved in the self-renewal of undifferentiated embryonic stem cells [370]. Oct4 

expression is associated with an undifferentiated phenotype [371] and its knockdown promotes 

differentiation [372].

SOX2 (SRY (sex determing region Y)-box 2) is a transcription factor essential for maintaining self-  

renewal of undifferentiated ESCs . SOX2 binds to DNA cooperatively with Oct4 at non-

palindromic sequences to activate the transcription of key pluripotency factors [373]. 

KLF4 (Kruppel-like factor 4) is a member of the KLF family of transcription factors and regulates 

proliferation, differentiation, apoptosis and somatic cell reprogramming [374]. 

Myc is a regulator gene coding for a multifunctional, nuclear phosphoprotein acting as transcription 

factor and playing a role in cell cycle progression, apoptosis and stem cell self-renewal. 

1.8.1 Reprogramming techniques 

First attempts to generate induced pluripotent stem cells relied on the use of integrating viruses, as 

retroviral vectors [369] and constitutive lentiviral vectors [368]. Retroviral vectors showed an 

efficiency of reprogramming of about 0,01% in human fibroblasts, whereas lentiviral vectors had 

approximately 0,1% efficiency [368,369], but lentiviruses do not shut down their expression when 

the pluripotent state is achieved. The development of reprogramming techniques led to the use of 

inducible lentiviruses, that could be silenced once the pluripotency was achieved [375-377]. 

However, these methods have been criticized for the permanent integration into the genome, that 

can result in alteration of gene function [378] and reactivation of viral transgenes, implicated in 

tumorigenesis [379]. Other approaches have been developed to avoid this problem, employing non-

integrative vectors as adenoviruses, that transiently express the reprogramming factors, even if with 

very low efficiency (0,0006%) and so not practical for iPSC generation [379], or “zero footprint” 

Sendai-virus based vectors, with higher efficiencies [380]. The first method that evolved without 

the use of viral vectors was employing expression plasmids, that don’t integrate into the genome 

and don’t require viruses in any part of the reprogramming process [381,382]. Other viral-free 

methods that showed to make reprogramming possible are recombinant proteins [383,384], and 

modified RNAs [385].

1.8.2 Applications

As hiPSCs are capable of self-renewal and differentiation, they represent a suitable tool both for 

generating “disease in a dish” models to study the mechanisms of pathogenesis, and for obtaining 
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different cell types required for drug development. Indeed, hiPSCs can be differentiated into a 

variety of cell types, including neurons, cardiomyocytes, hepatocytes, keratinocytes, and 

hematopoietic cells [386]. There are different strategies to initiate hiPSC differentiation based on 

the delivery of key factors regulating the events of cell differentiation during embryonic 

development: one way to differentiate them is to generate embryoid bodies (EBs), i.e. three-

dimensional (3D) aggregates of pluripotent stem cellsrecapitulating the stages of embryological 

development [387]; other approaches include growth on particular feeder layers [388] or on 

extracellular matrix (ECM) proteins [389].

1.8.2.1 Drug discovery

An important role offered by the use of hiPSCs-based technology is their application in drug 

discovery or toxicity prediction. This approach allows to avoid the use of animals or animal cells to 

test efficacy and toxicity of drugs, bypassing the limits due to their inability to recapitulate the exact 

human physiology. Since hiPSCs represent a theoretically unlimited source of cells which can be 

turned into any type of somatic cells, large libraries can be generated to predict toxicology and 

therapeutic responses of newly discovered drugs in high- and low-throughput drug testing. This 

represent an advantage since in vitro primary cultures obtained from patients can only grow for few 

passages before becoming senescent [386]. 

1.8.2.2 Regenerative medicine

A potential application of hiPSCs in the next future could be in the field of regenerative medicine.  

In this case an injured or damaged tissue will be replaced with a new one generated from patient-

specific hiPSCs. This approach will overcome the problems due to immunorejection or scarce 

availability of donors, often encountered in transplantational medicine. In the case of patients with 

monogenic diseases, patient-specific hiPSCs might be first corrected by homologous recombination, 

and then differentiated into specific cell types involved in the disease, and transplanted into the 

body of the patient from which the cells were first isolated. The correction can be carried out by 

genome editing techniques employing zinc finger nucleases (ZFNs), transcription activators-like 

effector nucleases (TALENs), and clustered regularly interspaced short palindromic repeats 

(CRISPR)/CRISPR-associated (Cas) nucleases, as systems for the introduction of specific insertions 

or deletions. 

1. 8. 2. 3 Disease modeling

hiPSCs have been applied to the modeling of a variety of human diseases, such as degenerative 

disorders and infectious diseases [390]. For studying degenerative disorders, adequate controls are 
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of course required to distinguish disease-specific phenotypes from inter-individual or technical 

variabilities related to hiPSCs generation. Again, controls for monogenic disease models may be 

obtained by rescuing the mutated gene by targeted gene correction, achieved through homologous 

recombination using nucleases [391]. These techniques can also be used to introduce specific 

mutations in hiPSCs to generate disease-specific genotypes [392].The complex host-pathogen 

interaction typical of infectious diseases can be studied with the aid and the advantages of hiPSCs. 

In fact, human in vitro model system of such diseases can be unavailable due to tissue 

inaccessibility and challenges in primary culture growth [393] while animal model-based systems 

might contain a mixture of cell types that can be resistant to infection, or, upon infection, present a 

phenotype differing from that of humans. Infectious agents could be, moreover, strictly species-

specific or can grow only in a limited set of human cell types [392]. hiPSCs can, therefore, be 

employed as an in vitro model to study virus-host interactions, such as those of ZIKV, investigating 

infectivity, tropism, replication, and inflammatory responses in stem cells, neural progenitors and 

neurons systems. 

1.9 Modelling susceptibility to infectious disease 

There is a clear evidence that some individuals respond differently to infectious agents compared to 

others. Epidemiological studies have highlighted the role of host genetic factors as determinants of 

the spectrum of clinical phenotypes. Since the early 1940s, twin studies have demonstrated that 

infectious diseases such as TB, leprosy, malaria and pneumonia have a heritable component to them 

[9,394-396] making the basis for further studies to identify the specific genes involved [397]. 

Recently, unbiased whole-genome approaches have revealed robust associations between genetic 

markers and susceptibility to disease. 

Flaviviruses can cause severe clinical manifestations only in a small percentage of infected 

individuals. At the moment, the reasons have not been completely elucidated, but host-dependent 

genetic factors might be important.

1.9.1 Human genetic traits associated with the risk of severe WNV infection

It is notable that of those infected with WNV only 1 in 150 infected individuals develops meningitis 

or encephalitis [398]. The most common host risk factor identified for severe illness is age. For the 

elderly, the risk is most likely related to a compromised immune system or pre-existing medical 

conditions, such as autoimmune diseases, diabetes and obesity that increase accessibility of 

infection to the CNS [397]. The existence of rare, extreme outcomes to WNV infection has 

stimulated the interest in host genetic risk factor [256,399].

Currently, a limited number of host genetic factors have been linked with susceptibility to WNV 
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infection. Studies in mouse (genus Mus) models have shown that susceptibility to WNV correlates 

with the occurance of a point mutation responsible for the truncation of the 2’-5’-oligoadenylate 

synthetase (2’-5’-OAS) L1 isoform, suggesting the relevance of the enzyme in WNV restriction in 

target tissues [400]. OAS is a member of the IFN-regulated gene family, and the OAS gene cluster 

consists of three genes, OAS1, OAS2 and OAS3 which encode various forms of the 2',5'-

oligoadenylate synthase, a protein that activates latent RNase L, resulting in viral RNA degradation 

and inhibition of viral replication. In human studies of WNV infection, 23 single nucleotide 

polymorphisms (SNPs) in the OAS genes were identified at a higher frequency in symptomatic 

individuals. In another study, an allele of OAS1 (‘A’ allele at SNP rs10774671) that enhanced 

mRNA splicing was more common in WNV-infected individuals than in uninfected controls [401]. 

A 32-base-pair deletion in the gene encoding the chemokine receptor CCR5 (producting a truncated 

form of the protein that eliminates its surface expression) has been associated with more severe 

disease following flavivirus infection [402]. CCR5Δ32 homozygous individuals had an early 

clinical presentation of the disease and a higher frequency of systemic disease with 

lymphadenopathy, neurological deficits and gastrointestinal complications [403].

TLR-3 modulates the immune response by recognition of dsRNA and induces the production of 

IFN type I and the subsequent induction of the pro-inflammatory cytokine TNF-α. This gene has 

been studied as a genetic risk factor for WNV infection [404]. Elevated levels of TLR3 result in an 

elevation of cytokine levels and may contribute to the increased permeability of the BBB that has 

been observed in elderly individuals, suggesting another possible mechanism for the increased 

severity of WNV infection. Finally, significant associations between WNV infection and SNPs in 

IRF3 and MX1 innate immune response and effector genes have been reported [405]. Thus, genetic 

variations in the interferon (IFN) response pathway appear to correlate with the risk of symptomatic 

WNV infection in humans; but further investigation is needed to better define how these 

polymorphisms within the coding region alter protein expression and function during WNV 

infection. 

In vitro model systems to study the host-pathogen interactions are limited because of tissue scarcity 

and challenges in primary culture. hiPSCs-derived differentiated cells hold immense promise for the 

development of cell system for the investigation of the genetic basis of infectious disease 

susceptibility in humans.

So patient-specific iPSCs provide a potentially valuable tool for understanding the genetic basis and 

the mechanisms of individual susceptibility or resistance to infectious disease. 

44



2. AIM

Susceptibility of the CNS to viral infection is a major determinant to clinical outcome, but little is 

known about the molecular factors involved in this vulnerability. Neurotropic viruses use different 

mechanisms to infect and spread among neural cells, to establish acute or persistent infection, and 

to cause neural cell injury. 

An understanding of viral infection in neural cells and cellular response to viral infection might be 

useful to identify shared and virus-specific mechanisms of neural injury and to identify potential 

molecular targets for therapy. 

Zika virus (ZIKV) has recently drawn attention due to the major 2015-16 outbreaks. The virus can 

be transmitted vertically from the mother to her fetus and infection during the first trimester of 

pregnancy may lead to fetal microcephaly and other brain anomalies [88].

West Nile virus (WNV), a well-known neurotropic Flavivirus, can cause severe disease in a 

minority of infected humans, mostly immunocompromised and elderly individuals. 

Recently, there has been an increasing number of reported cases of neuroinvasive diseases caused 

by viruses, such as dengue virus (DENV) which usually are associated to hemorragic disease.

The emerging Usutu virus (USUV) may cause lethal neuroinvasie disease in a variety of bird 

species. Cases of asymptomatic human infection have been reported and a few cases of infection in 

humans affected by meningoencephalitis. Its pathogenicity for humans is unknown.

Advances in human induced pluripotent stem cell (hiPSC) technology have paved the way of 

disease modeling in vitro, which can be used to study infectious disease pathogenesis, such as 

ZIKV, WNV, DENV or USUV disease.

Aim of this study was to investigate the infectivity, tropism, and replication kinetics of ZIKV, in 

comparison with WNV, DENV and USUV in hiPSCs, hiPSCs-derived neural stem cells (NSCs) 

and neurons, and the effect of infection on host innate antiviral responses. The comparative analysis 

between ZIKV and other flaviviruses should provide the opportunity to identify virus-specific 

features of the neural-tropism mechanisms and damage involved in human disease. To accomplish 

this task, protocols to differentiate hiPSCs into neural stem cells (NSCs) and neurons were 

optimized; these cells were used to characterize virus-host interactions; NSCs and neurons were 

generated from patient-specific iPSCs and used to model individual susceptibility to neuroinvasive 

viral infection.
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3. MATERIALS AND METHODS

3.1 Cell lines

3.1.1 Vero cells

African green monkey kidney (Vero) cells were maintained at 37°C in Dulbecco’s modified Eagle 

medium (DMEM, Thermo Fisher Scientific, USA) supplemented with 10% Fetal Bovine Serum 

(FBS, Thermo Fisher Scientific, USA).

3.1.2 Peripheral blood mononuclear cells (PBMCs)

Blood mononuclear cells (BMCs) are circulating cells such as monocytes, macrophages and 

lymphocytes, characterized by having a round nucleus. Due to the fact that they are derived from 

blood, they are cultured in suspension with expansion medium (EM, see table 3.3) in order to select 

erythroblasts population. To gain an in vitro neural model, blood from a healthy individual was 

obtained and processed. 

3.1.3 Irradiated MEFs 

Mouse embryonic fibroblasts (MEFs, Global Stem, USA) were employed as a feeder layer to grow 

human Induced pluripotent stem cells (hiPSCs), for their ability to maintain the undifferentiated 

state of Embryonic Stem cells (ESCs) and iPSCs. They are derived from the CF1 lineage and 

rendered mitotically inactive via irradiation treatment. To seed MEFs, a frozen vial was rapidly 

thawed in a water bath at 37°C, centrifuged at 1100 rpm for 5 minutes at room temperature (RT) 

and resuspended in MEF medium (see table n. 3.1). MEFs were then plated in 6-well plates, at a 

concentration of approximately 1,5x105
 
cells/well and incubated at 37°C, 5% CO2. They were ready 

to use after 24 hours. 

3.1.4 human Induced Pluripotent Stem Cells (hiPSCs)

hiPSCs were generated, through Sendai Virus vectors transduction, starting from erythroblasts of a 

healthy donor (BD-B clone). hiPSCs colonies were grown on MEFs-feeder layer with iPS medium 

(see paragraph 3.1.3 and Table n. 3.2) or on Geltrex substrate (Thermo Fisher Scientific, USA) with 

serum-free StemMACS medium (Miltenyi Biotec, Germany) supplemented with 1% 

Penicillin/Streptomycin (Pen/Strep, Thermo Fisher Scientific, USA) (see paragraph 3.1.4.2).

3.1.4.1 Culture of hiPSCs on MEF feeder 

To maintain and expand hiPSCs colonies, cells were cultured with iPS medium (see table n. 3.2),  

with a daily medium change. To expand colonies, cells were detached from the feeder with an 
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enzymatic method using collagenase IV (Thermo Fisher Scientific, USA). After a wash with PBS, 1 

mg/ml of collagenase IV was added to the cells and incubated at 37°C for 10 minutes, then the  

enzyme was discarded and 1 ml of iPS medium without basic fibroblast growth factor (b-FGF) was 

added. Cells were then scraped to detach the clumps from the well; the medium containing the cell 

suspension was then aspirated and centrifuged at 1100 rpm for 5 minutes at RT to allow the 

removal of supernatant; clumps were then resuspended in iPS medium with 10 ng/ml of b-FGF and 

plated at the desired concentration in MEFs pre-coated multiwells plates. 

3.1.4.2 Culture of iPSCs clones on Geltrex

Geltrex (Thermo Fisher Scientific, USA) has been employed as an alternative to MEFs when a 

feeder-free layer was necessary, to avoid MEFs contamination and for differentiation protocols. 

Geltrex is a soluble form of basement membrane purified from Engelbreth-Holm-Swarm (EHS) 

mouse tumor cells. The major components of Geltrex Matrix include laminin, collagen IV, entactin 

and heparin sulfate proteoglycan. It is used to maintain the pluripotent and undifferentiated state of 

hiPSCs. StemMACS medium (Miltenyi Biotec, Germany) was employed in combination with 

Geltrex. This medium has the advantage of being serum-free and containing bovine albumin that 

helps cells in their metabolic and biosynthetic activity, proliferation and survival.

Geltrex is normally kept at -80°C; in order to use it, it was thawed overnight at 4°C, resuspended in  

DMEM/F12 (concentration 10 μl/ml) and then plated into the multiwell plate; after one hour 

Geltrex was replaced with StemMACS medium. Depending on the need of hiPSCs growing in 

single cells or colonies, two enzymatic methods were used. If clumps were needed, colonies were 

washed with PBS, then 2 U/ml of dispase (Thermo Fisher Scientific, USA) was added and cells 

were incubated at 37°C for 5 minutes after which dispase was discarded and colonies were detached 

from the well using a scraper. Cells were then centrifuged at 1100 rpm for 5 minutes at RT, 

supernatant was eliminated and clumps were resuspended in StemMACS medium and plated at the 

desired concentration in new wells pre-coated with Geltrex. 

If single cells were required, colonies were washed once with PBS and accutase (Thermo Fisher 

Scientific, USA) was added and incubated for 10 minutes at 37°C; 5 volumes of PBS were then 

added and cells were pelleted by centrifugation at 1100 rpm for 5 minutes at RT. At this point, 

StemMACS medium supplemented with 10 μM Rock Inhibitor (Y-27632, Miltenyi Biotec, 

Germany) was used to resuspend the cells, that could be plated on a well previously coated with 

Geltrex. From the day after, medium had to be changed daily. 

3.1.4.3 Freezing/thawing of hiPSCs clones 

To freeze hiPSCs, colonies were detached from MEF cultures using collagenase IV as previously 
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described, then resuspended in 1 ml of freezing solution, composed by 500 μl of iPS medium 

without b-FGF and 500 μl of freezing solution containing filtered FBS and 20% of dimethyl 

sulfoxide (DMSO; Sigma-Aldrich, USA). Cells were aliquoted into cryovials and placed into a 

cooler at -80°C. After 24 hours, cells could be moved into liquid nitrogen at - 200°C for long time 

storage. 

In order to thaw hiPSCs, cells were recovered from liquid nitrogen and rapidly thawed at 37°C, then 

resuspended in 9 ml of iPS medium to dilute DMSO, centrifuged for 5 minutes at 1100 rpm at 4°C 

and resuspended in iPS medium with 10 ng/ml of b- FGF and Rock Inhibitor 10 μM, then plated on 

MEF coated wells. 

3.2 Reprogramming of erythroblasts

3.2.1 Isolation of circulating mononuclear cells 

Venous blood was drawn from a healthy donor in 0,129 M trisodium citrate to avoid platelet 

aggregation. PBMCs were separated from other blood components (plasma, erythrocytes, platelets) 

using Histopaque
 
-1077, density 1,077 g/ml (Sigma-Aldrich, USA). Whole blood was first mildly 

centrifuged at 1000 rpm for 10 minutes at RT without brake to separate platelet-rich plasma (PRP) 

from other blood components. 

Blood cells were diluted with PBS and carefully added on the top of the Histopaque-1077 solution,  

avoiding to mix the phases, then centrifuged 30 minutes at 1800 rpm at RT, without brake, to let red 

blood cells (RBCs) separate from PBMCs. Buffy coat containing PBMCs was recovered and 

diluted with further PBS, then centrifuged at 1500 rpm at RT for 10 minutes to recover cells. Two 

washes were performed with PBS and then cells were resuspended in EM (see table n. 3.3.). 

Medium was changed every 3 days. After 8-10 days most of the cells were at the erythroblast stage. 

3.2.2 Reprogramming with Sendai virus

hiPSCs colonies were obtained by transduction with Sendai Virus-based vectors. Transduction was 

done using the CytoTune-iPS Sendai Reprogramming Kit (Gibco, Invitrogen, USA), that provided 

four vectors, each expressing one of the four Yamanaka factors (Oct3/4, Sox2, Klf4 and c-Myc). 

The vials contained about 100 μl of the reprogramming vectors at a concentration of about ≥3×107 

cell infectious units/ml (CIU/ml). 

Transduction with Sendai virus vectors was performed after 8 days of PBMCs culture in EM, to 

have a large population of erythroblasts. Reprogramming protocol published by Yang et al. [406] 

was applied with some modification.

Erythroblasts were collected and counted. 2x105
 
cells were transduced with the 4 viral vectors at a 
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multiplicity of infection (MOI) of 10. After addition of viral vectors, cells were plated in 6-well  

plate with EM and were spinoculated at 2250 rpm for 90 minutes at RT in order to help 

transduction, then incubated for 2 hours at 37°C. After that, cells were collected in a 15 ml tube and 

centrifuged at 1500 rpm for 10 minutes at RT to eliminate the excess of viral vectors. After 

discarding the supernatant cells were finally resuspended into EM and plated on MEF coated wells. 

The plate was centrifuged at 500 rpm for 30 minutes at RT in order to enhance cells adhesion. Next, 

cells were incubated at 37°C, 5% CO2. Two days after transduction, medium was switched with 

FBS-iPS medium (see table n. 3.4) with the addition of growth factors as in expansion medium (see 

table n. 3.3). On the 4th
 
day post transduction (p.t.), medium was switched to FBS-iPS medium 

without growth factors and on the 6th
 
day p.t., from this to 1:1 FBS-iPS and iPS media. After 8 days, 

cells were fed only with iPS medium (see table n. 3.2) that was changed daily. When colonies 

started to emerge, they were picked with a pipette, plated into a MEF-coated 6 well with iPS 

medium plus b-FGF and Rock Inhibitor 10 μM and expanded. Fig. n. 3.1 summarize the main steps 

of the reprogramming protocol.
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3.3 Media

3.3.1 MEF Medium

MEF medium was used to thaw and seed MEFs.

3.3.2 iPS medium

IPS medium was employed to grow colonies on MEF feeders.

MEF MEDIUM
DMEM (Dulbecco’s Modified Eagle Medium)
Filtered FBS (Fetal Bovine Serum, Life Technologies) 10%
GlutaMax 100x (Gibco, invitrogen) 1%
Penicilin/Streptomycin (Life Technologies) 1%

iPS MEDIUM
DMEM/F-12, GlutaMAX supplement (Gibco, invitrogen)
KnockOut Serum Replacement (Gibco) 20%
Non-Essential Amino Acids (NEAA, Life Technologies) 1%
GlutaMax 100x (Gibco, invitrogen) 1%
Penicilin/Streptomycin (Life Technologies) 1%
β-mercaptoethanol (Sigma-Aldrich) 0.1%
basic-FGF had to be added daily not to lose its activity, in a 

concentration of 10 ng/ml
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3.3.3 Expansion medium (EM)

EM was used to expand PBMCs towards the erythroblasts lineage.

3.3.4 FBS-iPS medium

FBS-iPS medium was used in the first days after reprogramming.

Expansion Medium
Iscove Modified Eagle Medium (Euroclone)
L-Ascorbic Acid (Sigma-Aldrich) 50 ug/ml
Stem Cell Factor (SCF, ORF Genetics) 25 ng/ml
IL-3 (r&D Systems) 10 ng/ml
Erythropoietin (EPO, R&D Systems) 2U/ml
IGF-1 (R&D Systems) 40 ng/ml
Dexamethasone (Sigma-Aldrich) 1uM

FBS-iPS medium
DMEM/F-12, GlutaMAX supplement (Gibco, invitrogen)
Filtered FBS (Fetal Bovine Serum, Life Technologies) 20%
Non-Essential Amino Acids (NEAA, Life Technologies) 1%
GlutaMax 100x (Gibco, invitrogen) 1%
Penicilin/Streptomycin (Life Technologies) 1%
β-mercaptoethanol (Sigma-Aldrich) 0.1%
b-FGF (ORF Genetics) 10 ng/ml
L-Ascorbic Acid (Sigma-Aldrich) 50 ug/ml
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3.4 Differentiation of hiPSCs into Neural Stem Cells 

Feeder-free-growing hiPSCs at 15-25% of confluency were treated with Neural Induction Medium 

(Gibco, Life Technologies, USA) and maintained with an every-other-day medium change of 

2.5mL/well on 6-well plates, for 7 days. Neural Induction Medium contains Neurobasal Medium 

(Gibco, Life Technologies, USA), Neural Induction Supplement 50X (Gibco, Life Technologies, 

USA), and 1% Pen/Strep (Gibco, Life Technologies, USA). On day 7, neural stem cells (NSCs) 

were ready to be expanded. The neural expansion stage comprised a medium switch, replacing 

Neural Induction Medium with Neural Expansion Medium, changed daily. Neural Expansion 

Medium contains 50% Neurobasal medium (Gibco, Life Technologies, USA), 50% Advanced 

DMEM/F-12 (Gibco, Life Technologies, USA), Neural Induction Supplement 50X (Gibco, Life 

Technologies, USA), and 1% Pen/Strep (Gibco, Life Technologies, USA). 

At 90% confluency, usually on days 4-6 after plating, NSCs were ready to be passaged. After 

removing Neural Expansion Medium from the wells and washing with 1mL of PBS, cells could be 

detached in single-cells using 1mL/well of Accutase (Thermo Fisher Scientific, USA). Incubation 

with Accutase lasted 10 minutes at 37°C and then 5 volumes of PBS were added to dilute the 

enzyme. Cells were then centrifuged for 5 minutes at 1100 rpm at RT, the supernatant discarded, 

and the cells resuspended in Neural Expansion Medium with 5μM RI and plated on Geltrex-coated 

wells. RI was used to avoid apoptosis until passage 4.

3.5 Differentiation of NSCs into neurons 

Feeder-free-growing NSCs were detached by Accutase treatment when confluency of 50% was 

reached. Cell suspension was then plated on a poly- L-ornithine (20ug/ml) and laminin (10ug/ml) 

(all Sigma-Aldrich, USA) -coated culture plate in Neural Expansion Medium. 24h after the passage, 

the medium was replaced with Neural Differentiation Medium and it was changed every 3-4 days, 

substituting half of the medium with fresh one. At day 20, neurons (p.0) were ready to be plated for  

further experiments. Neural Differentiation Medium consists of Neurobasal Medium (Gibco, Life 

Technologies, USA) supplemented with 2% B-27 (Gibco, Life Technologies, USA), GlutaMAX 

100X 2mM (Gibco, Life Technologies, USA), and 1% Pen/Strep (Gibco, Life Technologies, USA). 

Below it is reported a schematic representation (Fig. 3.2) of the neural differentiation protocol of 

hiPSCs.
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3.6 Alkaline phosphatase test 

Alkaline phosphatase has been shown to be upregulated in undifferentiated cells, such as embryonic 

stem cells, embryonic germ cells and iPSCs. Its detection can be considered an early proof of the  

stemness of reprogrammed cells, being also faster than antibody-based assays. For this test the 

Alkaline Phosphatase Live Stain (Thermo Fisher Scientific, USA), was employed. . hiPSCs grown 

on MEF were washed twice with DMEM/F12. The AP Live Stain was prepared by diluting the 

500X stock in DMEM/F12 1:500, and it was added to cells and incubated for 20-30 minutes at RT 

in the dark. The solution was then discarded and cells were washed twice for 5 minutes with 

DMEM/F12 to prevent background signals. To observe fluorescence, DMEM/F12 was added and 

cells were analyzed with a fluorescence microscope with standard FITC filter (Leica). The 

fluorescence fades away after 60-70 minutes. After the test, medium was changed to iPS medium 

with b- FGF.  

3.7 Analysis of gene expression by RT-PCR and qRT-PCR 

3.7.1 RNA extraction, quantification and Reverse transcription

Total RNA was extracted from cell pellets using RNeasy Mini Kit (Qiagen, Netherlands), with 

silica-membrane spin columns, following the manufacturer’s protocol. The final elution volume 

was 35 μL. RNA quantification was assessed with NanoDrop 1000 spectrophotometer (Thermo 

Fischer Scientific, USA) that permits to quantify RNA concentration starting from 2 μL of sample.

To eliminate any residue of DNA, a DNase treatment was performed on the samples using TURBO 

DNA-free kit (Ambion, Thermo Fisher Scientific, USA) following the producer’s instructions. 

After the treatment, another quantification of RNA concentration was done with Nanodrop 1000.

Reverse transcription was performed with 1 μg of extracted RNA , using, for each sample, the mix 

of table n. 3.5. All reagents were from Applied Biosystem.
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Reagente Quantità
Buffer 10X 6 μL
MgCl2 Solution 11 μL
dNTPs 1 μL
Random examers 2 μL
Rnasi inibitor 1 μL
M u l v e R e v e r s e 

Trascriptase

1.25 μL

To reach the final volume 60 μL DEPC water was added. To allow the reaction, the thermocycler 

was set as in table n. 3.6.

3.7.2 RT-PCR analysis

RT- PCR was performed to evaluate the expression of the following markers:

 Pluripotency genes: OCT4, NANOG, DNMT3B,TERT, REX1 and SOX2;

 Differentiation genes of the three germ layers : TUBB, PAX6 (ectoderm), PECAM, CDH5,  

GATA2, FLK1 (mesoderm), AFP, GATA4 (endoderm);

 Neural Stem Cells genes: NESTIN, PAX6, SOX1, SOX2;

 Neurons genes: TUBB, MICROTUBULE ASSOCIATED-PROTEIN 2 (MAP-2), NEURON-

SPECIFIC ENOLASE (NSE);

The reaction mix was prepared in 45 μL with 5 μL of template cDNA (table n. 3.6). All reagents 

were from Applied Biosystem.

25 °C 48 °C 95 °C 4 °C
10 

minutes
60 minutes 5 minutes ∞
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Table n 3.5.: Reverse Trascription reagent mix

Table 3.6 : Temperature and times for RT reaction



A RT-PCR reaction was moreover done to verify the expression of the housekeeping gene ACTIN. 

The thermocycler was set with the following parameters:

Stage 1 95 °C for 10 minutes
Stage 2

35-40 cycles

95 °C for 30 seconds (denaturation phase)

XX °C for 30 seconds (annealing phase)

72 °C for 30 seconds  (elongation phase)
Stage 3 72°C for 7 minutes

The annealing temperature (XX) and the number of cycles were different according to the type of 

primers employed.

RT-PCR products were resolved by electrophoresis on 1,5% agarose gel and then visualized by UV 

exposition via the GelDoc 2000 (Bio-Rad, CA) device and analyzed with Image Lab 4.1 software. 

3.7.3 Real-time quantitative PCR

qPCR analysis was performed using the 7900HT Fast Real-Time PCR System instrument (Applied 

Biosystem- Life Technologies).

For each reaction, 5 μL of cDNA were used in a total volume of 25 μL  with a mix composed 

of Fast SYBR Green Master Mix (Thermo Fisher Scientific, USA) and the primer pairs (10 μM). 

Samples were analyzed with primers amplifying IFIT1, IFIT2, MDA5, RIG-I, TLR3, TLR7, IL-1β,  

IRF3, IRF7, VIPERIN, IFN-α and IFN-β immune response genes.

To allow the reaction to occur, the thermocycler was set as follows:

Reagente Quantità

Buffer 10X 5 μL
dNTPs 4 μL
MgCl2 Solution 3 μL
Primer Fw  1 μL
Primer RW 1 μL
AmpliTaq GoldTM polimerasi 0.25 μL
Milli-Q water 30.8  μL
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Stage 1 50 °C for 2 minutes

95°C for 10 minutes (polymerase activation)
Stage 2

40 cycles

95 °C for 15 seconds (denaturation phase)

60 °C for 1 minute (annealing and elongation 

phase)
Stage 3 Gradient: 60-95 °C for 30 minutes (melting)

All results were normalized to Human Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 

analyzed using  ΔΔCt method [407].

3.8 Indirect Immunofluorescence assays (IIF)

Cells were fixed with 4% paraformaldehyde (PFA; Sigma-Aldrich, USA) in phosphate-buffered 

saline (PBS, Thermo Fisher Scientific, USA) for 20 minutes at RT. For membrane  

permeabilization, cells were washed three times with PBS/0.05% Tween 20 (Sigma-Aldrich, USA) 

and then treated with PBS/0.1% Triton X-100 (Sigma-Aldrich, USA) for 15 minutes at RT. After 

washing three times with PBS/0.05% Tween 20, they were blocked with 4% Bovine Serum 

Albumin (BSA, Sigma-Aldrich, USA) in PBS at RT for 1h and incubated at 4°C ON with the 

primary antibodies diluted in PBS with 4% BSA. Primary antibodies specific for Flavivirus 

Envelope protein E (1:500, Merck Millipore, USA), PAX6 (1:100, Sigma-Aldrich, USA), Nestin 

(1:100, Abcam, England), β-Tubulin (1:1000, Abcam), MAP-2 (1:250, Abcam), OCT4 (1:200, 

Santa Cruz Biotechnology), SSEA3 (1:50, Abcam), SSEA4 (1:50, Abcam), KLF4 (1:50, Santa Cruz 

Biotechnology), SOX2 (1:50, Merck Millipore) were used. To remove the unbounded antibodies, 

three washes of PBS/0.05% Tween 20 were performed and the corresponding secondary antibody 

anti-mouse IgG FITC (Chemicon international, USA) or anti-rabbit IgG Alexa Fluor-546 

(Invitrogen, Thermo Fisher Scientific) diluted 1:250 in PBS 1X was added and incubated in the 

dark at RT for 1h. At the end three washes were performed with PBS/0.05% tween 20 and then cell 

nuclei were stained with the intercalating 1000x 4’,6-diamidino-2-phenylindole (DAPI, Invitrogen, 

Thermo Fisher Scientific,USA) or DRAQ5 Fluorescent probe solution (Thermo Fisher Scientific, 

USA).

Cells were visualized under a fluorescent microscope (Leica) with 20x magnification or a confocal 

microscope (Leica) with 63x magnification. 
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3.9 Embryoid bodies test

The embryoid bodies (EBs) test is an assay that evaluates the ability of iPSC clones to differentiate 

into the three germ lineages: ectoderm, mesoderm and endoderm. This is achieved through 

formation of embryoid bodies, i.e. aggregates of pluripotent stem cells that differentiate randomly 

towards all lineages.

hiPSC clones growing on MEFs were washed with PBS and detached from the well with 

collagenase IV as previously described, then they were resuspended with iPS medium without b-

FGF to prevent retention of staminality and plated in Ultra Low Attachment Plates (Corning, 

Corning Incorporated, USA), to let them grow in suspension. The medium was changed every three 

days; after seven days, EBs were collected with a pipette and moved to a 6-well plate coated with 

porcine gelatin 0,1% (Merck Millipore, Germany). Briefly, 1 ml per well of porcine gelatin was 

added to a 6-well plate and let polymerize for 20 minutes at RT; after this incubation, gelatin 

solution was removed and DMEM 10% FBS (Thermo Fisher Scientific, USA) was added to the 

well. Medium was changed every three days. After a week, cells were incubated with 0,05% 

trypsin-EDTA (Gibco, Life Technologies) for 5 minutes at 37°C and diluted with two volumes of 

DMEM 10% FBS medium. Cells were then centrifuged at 1200 rpm for 5 minutes at RT to 

eliminate the solution, washed with PBS and centrifuged another time to obtain a pellet. RNA was 

extracted as previously described and reverse transcribed to cDNA. RT-PCRs allowed to assess 

expression of the three germ layers markers: Ectoderm, Mesoderm and Endoderm (see paragraph 

3.7.2).

3.10 Viral strains and infections

The following flavivirus strains, grown on the permissive Vero cell line, were employed for 

infection experiments:

• ZIKV: Asian lineage, strain DOM/2016/PD2 (GenBank KU853013), human isolate from 

the Dominican Republic, 2016 [408], titer 1 × 106 TCID50/mL;

• WNV: lineage 2, strain AUT/2008 (GenBank KF179640), goshwak isolate from Austria, 

2008; kindly provided by Prof. N. Nowotny, titer 1.7 × 107 pfu/mL;

• DENV: serotype 2 strain, clinical isolate, kindly provided by M. Niedrig, Robert Koch 

Institute in Berlin, titer  2 x 105 TCID50/mL;

• USUV: lineage Europe 1, strain Vienna 2001 (GenBank AY453411), Eurasian Blackbird 

isolate 939/01 from Vienna, kindly provided by Prof. N. Nowotny, University of  Vienna, 

titer 5 x 106 TCID50/mL.

57



For infection experiments, cells were seeded in tissue culture well plates and  incubated at 37 °C 

and 5% CO2 . The next day, growth medium was removed and replaced with infection medium, 

containing the virus diluted in DMEM with 1% Pen/Strep at the specified MOI. After incubation at 

37 °C and 5% CO2 for 1h and 30 minutes, the infection medium was replaced with growth medium 

and cells were maintained at 37 °C and 5% CO2. A lysate from uninfected Vero cells was used as 

mock control in all infection experiments.

3.10.1 Analysis of virus replication kinetics

The kinetics of virus replication was measured in cell culture supernatants and cell lysates collected 

at different time points post-infection (p.i.) by using quantitative real-time RT-PCR (qRT-PCR), 

plaque assay and TCID50 assay. 

3.10.1.1 Quantitative real-time RT-PCR (qRT-PCR)

For qRT-PCR analysis, nucleic acid purification from cell supernatants and cell lysates was 

performed on a Roche MagNA Pure 96 System (Roche Diagnostic, USA), followed by one-step 

RT-PCR using primers and TaqMan-probe sets specific for ZIKV NS5 [55], WNV NS5 [409], 

DENV NS5 [410] and USUV NS5 [411] on a 7900HT Fast Real-Time PCR System instrument 

(Thermo Fisher Scientific, USA).

3.10.1.2  50% Tissue Culture Infective Dose (TCID50) 

Supernatants of infected cells were collected at different time points p.i. and serially diluted, 

ranging from 10-1 to 10-8, in DMEM with 1% Pen/Strep, and inoculated on Vero-P cells seeded in 96 

well tissue culture plate (1,5x104/well) in triplicate. After an incubation of 1h 30 minutes at 37 °C in 

5% CO2, DMEM with 6% FBS and 1% Pen/Strep was added to each well and the incubation 

continued for 5 days. Next, crystal violet fixing/staining solution (Sigma-Aldrich, USA) was added 

to each well and incubated at RT for 30 minutes, the plates were washed two times in tap water by 

immersion in a large beaker. The plates were allowed to air dry at RT. TCID50 was assessed by 

presence or absence of the deep purple color in each well. The viral titer was calculated by 

Sperman-Kärber algorithm.

T=10
1+d(S-0,5)+1 

TCID50/mL
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Where d represents Log10 of the diluition and S is the sum of wells with CPE for a specific 

diluition factor.

3.10.1.3 Plaque Forming Assay

Viral titer was expressed as Plaque-Forming Units per mL (PFU/mL). Monolayers of Vero cells 

was seeded in duplicate in 6 well plates and after 24h they were infected with serial 10-fold 

dilutions of infected cells supernatants and incubated for 1h 30 minutes at 37°C in 5% CO 2 . The 

inoculum was removed and MEM 2X containing 4% FBS (all of Thermo Fisher Scientific, USA) 

and 50% agarose (Lonza, Switzerland) was added to each well and incubated at 37°C. After 72h, 

MEM 2X containing 4% FBS and 50% agarose with 0.003% Neutral Red Dye (Sigma-Aldrich, 

USA) was added to each well followed by an incubation at 37°C for 24 h and the plaques were 

counted.

3.11 Apoptosis assay

The activity of Caspase 3 was measured at 72h and 96h p.i. in mock and infected NSCs plated in 12 

wells tissue culture plates (7x104/well) in quadruplicate. For each virus a MOI of 1 was adopted.

Cells on Geltrex were washed with PBS and detached from the well with Accutase as previously 

described (see paragraph 3.1.4.2), then they were fixed with 4% PFA (Sigma-Aldrich, USA) in PBS 

(Thermo Fisher Scientific, USA) for 10 minutes at 37°C and 1 minute on ice. PFA was removed 

and the cells were permeabilized in 90% methanol for 30 minutes on ice and stored at -20°C ON.

The next day, cells were washed twice with incubation buffer (PBS with BSA 0.05%) and then, 

incubated 1h at RT with anti-cleaved Caspase-3 primary antibody (Cell Signaling Technology, 

USA) diluted 1:100 in incubation buffer. After washing three times with incubation buffer, cells 

were resuspended in PBS for data acquisition with Becton Dickinson LSR II Flow Cytometer (BD 

Bioscience, USA) and analysis using Flowing software.

3.12 Cell viability assay MTT

Cell survival was evaluated by MTT assay in mock and infected NSCs plated in 96 well tissue 

culture plate (8x103 /well). Upon viral infection with a MOI of 1, cell viability was analyzed at 72h 

and 96h p.i..
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Freshly dissolved solution of MTT (5mg/mL, AppliChem) in PBS was added to each well and 

incubated 4h at 37 °C. Then, a solubilization solution (10% sodium dodecyl sulfate (SDS) and 0.01 

M HCl) was added and, after an ON incubation at 37 °C, absorbance was read at 620 nm. 

All data of mock and infected samples were normalized to blank corresponding to medium without 

cells. The ratio between infected sample and mock, after normalization, provided the percentage of 

cell survival.

3.13 Statistical analysis

Data were presented as mean value ± standard deviation (SD). Statistical analysis was conducted 

using an unpaired Student’s t-test and the statistical significance was defined as p < 0.05. 
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4. RESULTS

4.1 Human induced pluripotent stem sells (hiPSCs) were derived from erythroblasts using 

Sendai virus vectors approach

Peripheral blood mononuclear cells (PBMCs) were isolated from blood of a healthy donor, 

expanded and differentiated for 10 days in EM medium in order to obtain the erythroblast 

population.

For the reprogramming, 2x105 cells were transduced with non-integrating Sendai virus vectors 

expressing the four Yamanaka factors (Oct4, Sox2, Klf4 and c-Myc) at a MOI of 10. Clones 

derived from the reprogramming were manually picked, expanded and frozen for back-up purposes. 

One of these derived hiPSC clones, named BD-B-hiPSCs, was characterized to confirm the 

pluripotency state and employed for neural differentiation experiments.

4.1.1 Characterization of iPSCs clone confirmed the pluripotency status 

The pluripotency features of the derived clone were analyzed by alkaline phosphatase (AP) 

expression test, RT-PCR and indirect immunofluorescence (IIF) for expression of the pluripotency 

markers, and embryoid bodies (EBs) assay.

Alkaline phosphatase is a typical marker expressed by undifferentiated cells. Colonies, grown on 

MEF-feeder layer, were treated with AP Live stain solution (see paragraph 3.6), a fluorescent stain 

that emits a signal detected by a fluorescence microscope with standard FITC filters. As shown in 

Figure  4.1, the undifferentiated state of hiPSCs was demonstrated by the expression of the enzyme. 
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Fig. 4.1: Alkaline phosphatase (AP) analysis performed on BD-B-
hiPSC clone . BF: Bright Field; 10X magnification.



To evaluate the expression of pluripotency genes in BD-B-hiPSCs, cells were cultured on Geltrex in 

StemMACS, to avoid murine contamination derived from MEF feeder-cells. After 7 days in culture, 

hiPSCs were collected and RNA was extracted, reverse transcribed to cDNA, and amplified by RT-

PCR to detect expression of the pluripotency genes DNMT3B, TERT, NANOG, OCT4, REX1 and 

SOX2, as described in paragraph 3.7.1-3.7.2. Gel electrophoretic analysis showed the expression of 

all the analyzed markers, confirming the pluripotency of the hiPSCs clone (Fig. 4.2A). 

In order to further assess the pluripotency of the clone, hiPSCs were grown on MEF-coated 24-well 

plates for 5 days and analyzed for pluripotency markers expression by IIF as described in paragraph 

3.8. An intense fluorescent signal when observed at a fluorescent microscope, indicating the 

expression of pluripotency markers OCT4, Nanog, KLF4, SSEA3, SSEA4, TRA-1-60 and SOX2 

(Fig.  4.2B). 

In order to assess the potential of hiPSCs to differentiate into the derivatives of the three germ 

layers (ectoderm, mesoderm and endoderm), an embryoid bodies (EBs) test was performed. hiPSCs 

were grown in suspension in iPS medium (see paragraph 3.9) without b-FGF to allow EBs 

formation. After 7 days of culture, cells started to aggregate, to increase in dimensions and to 

assume a spherical shape (Fig. 4.3A). Once formed, the EBs were transferred into 0.1% gelatin pre-

coated 6-well plates with MEF medium, to allow their growth in adhesion (Fig. 4.2B). Cells were 

harvested after 7 days to verify by RT-PCR the expression of differentiation markers belonging to 

the three germ layers: ectoderm (TUBB, PAX6), mesoderm (KLF1, GATA2, PECAM, CDH5) and 

endoderm (AFP, GATA4). As shown in Fig. 4.3B, gel electrophoresis analysis revealed the 

expression of all the analyzed genes, thus further confirming the pluripotency of the characterized 

hiPSC line.
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Fig. 4.2 : BD-B- hiPSCs pluripotency markers analysis. (A) RT-PCR products derived from amplification of pluripotency genes. (B) IIF 
analysis of pluripotency proteins expression. Nuclei were stained with DAPI.10X magnification.



4.2 Differentiation process of hiPSCs into neural stem cells (NSCs) and neurons

To generate an in vitro model of flavivirus infection of human neural cells, hiPSCs were 

differentiated into neural cells. The BD-B-hiPSC clone was grown on Geltrex with StemMACs 

medium and, at 15-25% of confluency, culture medium was switched to Neural Induction Medium 

(see paragraph 3.4). Approximately 7 days after the medium switch, cells with rounded immature 

neural morphology (i.e., NSCs) appaired and started to grow in monolayer (Fig. 4.4B). Then, NSCs 

were further differentiated into immature neurons. To this purpose, NSCs, seeded on poly-L-

ornithine and laminin- coated plate, were maintained in Neural Differentiation Medium. As shown 

in Fig. 4.4C, after 20 days of differentiation cells acquired an elongated shape characteristic of 

neurons with soma, dendrites and axons.
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Fig. 4.3 : Embryoid bodies (Ebs) test performed on hiPSCs clone. (A) EBs in suspension for the first 7 days (left panel) and  EBs 
after adhesion on gelatin-coated surfaces (right panel) (10x magnification). (B) RT-PCR products derived from the amplification 
of markers belonging to the three germ layers. 

Fig. 4.4: Differentiation of hiPSCs into NSCs and neurons. A) hiPSCs cultured in a feeder-free layer. B) NSCs 
obtained from hiPSCs after 7 days of differentiation and C ) neurons derived from NSCs after 20 days of 
differentiation. 



4.2.1 Characterization of hiPSCs-derived neural cells 

NSCs and neurons differentiated from hiPSCs were analyzed for the expression of neural markers 

by RT-PCR analysis and IIF to confirm NSCs identity. Expression of the neural stem cell genes was 

evaluated in cells cultured on Geltrex in Neural Expansion Medium. When cells reached sub-

confluency, cells were harvested and the RNA was extracted and reverse transcribed to cDNA (see 

paragraph 3.7.1-3.7.2). cDNA was employed to amplify the NSCs genes NESTIN, PAX6, SOX1,  

a n d SOX2. Furthermore, in order to prove the loss of the pluripotency, expression of the 

pluripotency marker OCT4 was examined. Gel electrophoresis (Fig. 4.5A) showed positivity for all 

neural markers, validating NSCs identity. As expected, the stem cell marker gene OCT4 was not 

expressed.

NSCs grown on Geltrex-coated 24 well plates in Neural Expansion Medium were also analyzed for 

neural markers expression by IIF (paragraph 3.8). As shown in Fig. 4.5B, an intense fluorescent 

signal was observed in NSCs stained for Nestin and PAX6, while the pluripotency marker OCT4 

was not detected, proving the loss of the pluripotency.

4.2.2 Characterization of NSCs-derived immature neurons 

In order to confirm the identity of immature neurons, cells were maintained in Neural 

Differentiation Medium on poly-L-ornithine and laminin-coated 24 well plates (see paragraph 3.5) 

and expression of neural marker genes was examined through RT-PCR analysis. Expression of 

neuron-specific genes, i.e. the microtubule protein β-Tubulin (TUBB), Microtubule Associated 

Protein 2 (MAP-2) and Neuron-Specific Enolase (NSE), was demonstrated in differentiated cells 

(Fig. 4.6A). As shown in Fig. 4.6B, expression of TUBB and MAP-2 was also confirmed by IIF 
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Fig. 4.5: Characterization of hiPSCs-derived NSCs. (A) bands on agarose gel obtained from amplification by 
RT-PCR of NSCs markers and pluripotent marker OCT4.(B) IIF for NSCs markers expression Nestin and 
PAX6 on NSCs. Nuclei were stained with DAPI.20X magnification.

 



(see paragraph 3.8). Neurons stained positive for both markers, while no immunostaining was 

detected for the pluripotency protein OCT4 (Fig. 4.6B). 

4.3 Viral infection and replication kinetics in hiPSCs, NSCs, and neurons

To evaluate the permissiveness of hiPSCs, hiPSCs-derived NSCs and neurons to ZIKV infection in 

comparison with other flaviviruses, cells were exposed to ZIKV, WNV, USUV and DENV-2 at the 

specified moltiplicity of infection (MOI). At different days post infection (dpi), supernatants and/or 

cell pellets were harvested for subsequent analysis. 

4.3.1 ZIKV, WNV, USUV and DENV infect hiPSCs, NSCs, and neurons

HiPSCs, NSCs and neurons were incubated with ZIKV, WNV, USUV and DENV-2 at MOI 1 and 

the percentage of infected cells was evaluated by immunofluorescence staining with antibodies 

against viral envelope (E) glycoprotein. Briefly, infected cells were fixed in PFA 4%, permeabilized 

with Triton X-100, and blocked in BSA. At 72h pi, cells were immunostained with a Panflavivirus 

antibody targeting Flavivirus E protein. To verify that all cell types retained their identity after 
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Fig. 4.6 : Characterization of NSCs-derived immature neurons. (A) agarose gel electrophoresis of 
amplification products of neuron markers (ENO, MAP-2, TUBB) and the pluripotent marker OCT4. (B) IIF 
for the neuron markers MAP-2 and β-Tubulin in hiPSC-derived immature neurons. Nuclei were stained with 
DAPI. Magnification 20×.



infection, immunostaining against OCT4 for hiPSCs, PAX6 for NSCs and β-Tubulin for neurons 

was also perfomed. As shown in the panels (Fig. 4.7), positive anti-E immunostaining was detected 

in NSCs infected with ZIKV, WNV, USUV and DENV-2. 

Fig 4.7 Flavivirus infection of NSCs. ZIKV, WNV, DENV-2 and USUV envelope E glycoprotein (goat anti-mouse 

IgG H&L FITC-conjugated, green) and NSCs marker PAX6 (goat anti-rabbit IgG AlexaFluor546-conjugated, red) 

stained by IIF in NSCs at 72 hpi with ZIKV, WNV and DENV, and at 96 hpi with USUV (MOI 1). (A) ZIKV, WNV 

and DENV-2 merge at 60× magnification zoomed two times. (B) ZIKV, WNV, DENV-2, and USUV details at 60× 

magnification zoomed four times. Nuclei were stained with DRAQ5 (blue); confocal fluorescence microscope.

An intense fluorescent signal was detected in about 25%, 70%, 40% and 15% of NSCs infected 
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with ZIKV, WNV, USUV and DENV-2. The immunostaining was observed in proximity of the 

nucleus, probably in correspondence of the endoplasmic reticulum (ER) and Golgi apparatus, which 

are the main sites of flavivirus replication. Each virus was associated with a different pattern of 

intracellular immunostaining, probably correponding to different rearrangements of cell membranes 

to create an adequate enviroment for viral replication.

Immature neurons derived from NSCs also supported ZIKV and WNV infection, with about 20% 

and 40% of cells, respectively, showing positive anti-E immunostaining (Fig. 4.8).

Furthermore, hiPSCs were permissive to ZIKV and WNV infection. Also in this cells WNV 

infection was more efficient than ZIKV infection (Fig. 4.9). 

Expression of cell type-specific markers OCT4 (Fig 4.9), PAX6 (Fig 4.7) and β-Tubulin (Fig 4.8) 

was confirmed in infected iPSCs, NSCs and neurons, respectively. In each infection experiment, 

mock infected cells were negative for E protein expression
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Fig.4.8 : WNV and ZIKV envelope E protein and the neuron marker β-TUBULIN (red) stained by IF in infected neurons. 
Nuclei were stained with DAPI (blue). Magnification 20×.



4.3.2 Replication kinetics of flaviviruses in hiPSCs, NSCs, and neurons 

Replication kinetics was evaluated in time-course experiments of infection at different MOIs (0.01, 

0.1, and 1) in hiPSCs, NSCs, and undifferentiated neurons. Viral RNA load was measured by qRT-

PCR in supernatants of infected cells collected every 24 h until death of most cells. Results are 

summarized in figure 4.10. ZIKV replication was more efficient in NSCs than in hiPSCs and 

neurons, as demonstrated by both qRT-PCR and TCID50 assay (Fig. 4.10A-B-C). 
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Fig. 4.9: WNV and ZIKV infection of iPSCs. (A) WNV infection of iPSCs at MOI 1; IF for  flavivirus 
envelope E protein and the pluripotency marker OCT4 was perfomed at 72 hpi; nuclei stained with 
DAPI; magnification 10×. (B) ZIKV infection of iPSCs at MOI 0.1; IF for flavivirus envelope E protein 
and OCT4 was perfomed at 96 hpi; nuclei stained with DAPI; magnification 20×. 
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Fig. 4.10: Replication kinetics of ZIKV in hiPSCs, NSCs, and neurons. (A) ZIKV RNA load measured by qRT-PCR in 
cells infected with ZIKV at MOI 0.01, 0.1, and 1. (B) ZIKV titer measured by TCID50 assay in hiPSCs, NSCs, neurons 
infected at MOI 0.01, 0.1, and 1. (C) Comparison of ZIKV replication kinetics, measured by qRT-PCR, hiPSCs, NSCs, 
and neurons. 
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WNV replicated very efficiently in NSCs and rapidly reached high viral load, while replication was 

slower in differentiated neurons (Figure 4.11).   

Comparison between ZIKV and WNV showed was higher replication efficiency of WNV than 

ZIKV in all cell types, i.e., hiPSCs, NSCs, and neurons (Figure 4.12). In particular, in neurons, 

WNV RNA load rapidly increased during the first days post infection, followed by a plateau, while 

ZIKV RNA load increased slowly and progressively during the time course experiment up to day 

11 pi (Figure 4.13).  

The kinetics of DENV-2 and USUV replication was also evaluated in NSCs. Both viruses could 

replicate in NSCs, but DENV-2 replication was shower than that of USUV, characterized by a rapid 

increase of viral load up to 48 hpi, followed by a plateau.  

Comparison of replication kinetics of the different flaviviruses showed that WNV had the highest 

efficiency, as shown by a more rapid increase in viral titer, followed by ZIKV, while DENV-2 and 

USUV showed the lowest replication efficiency in NSCs (Fig. 4.15).
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Fig. 4.11: Replication kinetics of WNV in hiPSCs, NSCs, and neurons. (A) WNV RNA load measured by qRT-PCR in NSCs 
infected at different MOI. (B) WNV RNA load measured by qRT-PCR in neurons infected at different MOI. (C) Comparison 
of WNV replication efficiency in hiPSCs, NSCs, and neurons after infection at MOI 0.01; WNV RNA load was measured by 
qRT-PCR.
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Fig. 4.12: Comparison of replication kinetics of ZIKV and WNV in hiPSCs, NSCs, and neurons after infection with 
MOI 0.01. Viral RNA load was measured by qRT-PCR and reported as threshold cycle (Ct) value.

Fig. 4.13: Comparison of replication kinetics of ZIKV and WNV in neurons after infection with MOI 0.01, 0.1, and 1. 
Viral RNA load was measured by qRT-PCR and reported as threshold cycle (Ct) value.
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Fig. 4.14: Replication kinetics of DENV-2 and USUV in NSCs. Viral RNA load was measured by qRT-PCR in cells 
infected with different MOIs. 

Fig. 4.15: Comparison of replication kinetics of ZIKV, WNV, USUV and DENV-2 in NSCs after infection with different MOIs. 
Viral RNA load was measured by qRT-PCR.
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4.4 Cytopatic effects and cell death by apoptosis in infected cells

ZIKV exerted a cytopatic effect (CPE) not only in NSCs, but also in hiPSCs and neurons infected at 

different MOI (0.01, 0.1, 1; Fig. 4.16). Microscopic analysis showed in all infected cell types the 

presence of rounded cells, nuclear and citoplasmatic inclusion bodies and lysis plaques that 

increased in number with time. At 96 hpi, detachment of cell monolayers from the substrate was 

observed. 

An aggressive CPE was observed also in WNV-infected cells, while no CPE was apparent in 

DENV-2- and USUV-infected cells at 96 hpi.

Cell death by apoptosis was evaluated in NSCs infected with ZIKV, WNV, and DENV-2 (MOI 1) 

at 72 hpi and 96 hpi. Briefly, collected cells were fixed with PFA 4% solution, permeabilized in 

90% methanol and incubated with anti-cleaved Caspase-3 primary antibody prior to flow cytometer 

measurement. As shown in the graphs (Fig. 4.12), a 3-fold and 6-fold increase of caspase-3 activity 

was demonstrated in ZIKV- and WNV-infected NSCs, respecetively, compared to mock-infected 

control NSCs at 96 hpi, while at 72 hpi caspase-3 activity was not significantly higher than in the 

control. Furthermore, at 96 hpi, no significant changes in cell apoptosis were measured in DENV-2-

infected NSCs. 
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Fig. 4.16: images of ZIKV cytopatic effect (CPE) in hiPSCs, NSCs and neurons at 96h p.i.  
(MOI 0.01, 0.1, 1).
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The MTT test was performed to determine NSC viability after ZIKV, WNV, USUV, and DENV-2 

infection at MOI 1. Briefly, cells were incubated with a solution of MTT and after 4 hours with a  

solubilization solution; the next day, the absorbance was read at 620 nm. Figure 4.18 shows the 

percentage of cell viability at 72 hpi and 96 hpi. At 72 hpi with ZIKV, NSCs were still viable, while 

at 96h p.i. infection induced a moderate decrease (about 10%) in cell viability. Contrarwise, after 

WNV infection, only 15% of NSCs were viable at 72 hpi and no viable cells were detected at 96 

hpi. 
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Fig. 4.18:  MTT assay attesting viability of ZIKV- and WNV- infected NSCs (MOI 1) at 72 hpi and 96 hpi.

Fig. 4.17:  (A) Flow cytometry analysis for detection of activated Caspase-3 in NSCs after mock, DENV, ZIKV, and WNV (MOI 
1) infection (96 hpi). (B) Activity of Caspase-3 in ZIKV-, WNV-, and DENV-2-infected NSCs (MOI 1) at 72 hpi and 96 hpi. 



4.5 Innate antiviral immune response gene expression in infected cells 

The modulation of genes involved in innate antiviral immune response was analyzed by qRT-PCR 

on hiPSCs, NSCs and neurons after infection with ZIKV (MOI 1), WNV (MOI 0.01), USUV (MOI 

1), and DENV-2 (MOI 1) at 96 hpi. Briefly, infected-cells were detached by Accutase treatment, 

and RNA was extracted, quantified and reverse-transcribed. cDNA was used to amplify IFIT1,  

IFIT2, MDA5, RIG-I, TLR3, IL-β and VIPERIN mRNA; expression fold change was calculated by 

the ΔΔCt method. 

In NSCs, all flaviviruses significantly up-regulated the PRR IFH1 (MDA5), IFN-induced protein  

with tetratricopeptide repeats 1 (IFIT1) and 2 (IFIT2) genes (Fig. 4.19). WNV, although used at 

lower MOI than the other flaviviruses, induced in NSCs the highest levels of innate immune 

response gene transcripts with a particularly strong stimulation of IFIT2, a critical mediator 

involved in antiviral immunity. USUV also strongly induced expression of innate immune response 

genes, with particularly high levels of IFIT1, IFIT2, MDA5, and RIG-I. DENV-2 and ZIKV 

infection was associated with lower levels of innate antiviral response gene expression than WNV- 

and USUV-infected NSCs. In DENV-2-infected NSCs, MDA5 and IFIT1 mRNA levels were 

significantly higher than in ZIKV-infected NSCs. Notably, DENV and ZIKV did not significantly 

change TLR3 expression.
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In neurons, WNV infection, althoug at lower MOI, induced significantly and markedly higher 

mRNA levels of innate immune response genes than ZIKV, with the exception of TLR3, which has 
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Fig. 4.19: qRT-PCR analysis of innate antiviral immune response gene expression in NSCs infected with ZIKV 
(MOI 1), WNV (MOI 0.01), USUV (MOI 1), and DENV-2 (MOI 1) at 96 hpi. Data are represented as mean ± SD. 
* p< 0.05.



higher mRNA levels in ZIKV-infected neurons than in WNV-infected neurons. Also in neurons, 

IFIT1, IFIT2 and MDA5 showed the highest increase of expression (Fig. 4.15).
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Fig. 4.20: qRT-PCR analysis of innate antiviral immune response gene expression in ZIKV- and WNV- 
infected neurons at 96 hpi. Data are represented as mean ± SD. * p< 0.05 vs- mock infection.

Fig. 4.21: qRT-PCR analysis of the innate antiviral immune response gene expression in  ZIKV- and WNV- 
infected hiPSCs at 96h p.i.. Data represented as mean ± SD. * p< 0.05 vs. mock infection.



4.6 ZIKV infection and replication during neurogenesis 

In order to evaluate the impact of ZIKV infection during neurogenesis, hiPSCs and NSCs were 

infected with ZIKV and then differentiated into NSCs, and neurons, respectively. 

4.6.1 ZIKV infection during hiPSC differentiation into NSCs 

In order to monitor the differentiation of hiPSCs into NSCs upon infection, about 105 hiPSCs/well 

were plated on Geltrex-coated wells and infected at MOI 0.1 and 1 for 90 min, by the end of which 

the neural induction process was triggered. Supernatants were harvested every 24 hours until 7 days 

pi for viral titration by qRT-PCR and TCID50 assay. 

As early as day 1 pi, ZIKV titer in cells infected with MOI 1 was 102 TCID50/mL, while viral titre 

was still undetectable for the lower MOI 0.1. From day 2 pi onward, viral titers progressively 

increased with peaks at 6 and 7 dpi for MOI 1 and 0.1, respectively, when peak titers of about 10 9 

TCID50/mL were reached (Fig. 4.22A). In agreement with TCID50 measurements, ZIKV RNA 

copies/mL increased rapidly from day 1 p.i., in a MOI- and time-dependent fashion, reaching peak 

titers at 7days p.i. (Fig. 4.22B). 

ZIKV infection induced massive cell death, starting from 48 hpi, with a CPE characterized by 

shrinking and detachment of cells that increased with time (Fig. 4.23A). 

The presence of ZIKV in infected cells was confirmed by IF assay for the E protein at 7 dpi, when 

the neural induction was almost completed. As shown in Fig. 4.18B at 7 dpi, most infected cells 
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Fig. 4.22: ZIKV replication kinetics in hiPSCs during differentiation into NSCs. Infection at MOI 0.1 and 1; viral titer evaluated 

from 1 to 7 dpi. ZIKV RNA load was measured in cell supernatant by qRT-PCR (A) and TCID50 (B).
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were positive for ZIKV E protein. Expression of PAX6, a marker of the early ectoderm, 

demonstrated that differentiation process was successful. Thus, ZIKV infection did not seem to 

affect cell differentation process.

4.6.2 ZIKV infection of NSCs during differentiation into neurons 

In order to monitor the neurogenesis process upon infection, about 105 NSCs/well were plated on 

poly-L-ornithine- and laminin-coated wells and infected at MOI of 0.1, and 1. The differentiation 

process started as soon as the virus adsorption ended. At different dpi, cells were harvested for viral 

titration by qRT-PCR and TCID50 assay. 

Supernatants of infected NSCs were collected at days 2, 3, 6, and 8 pi, for viral titration by TCID50. 

Infectious viral titer in the supernatant of cells infected at MOI 1 reached a peak of 109 TCID50/mL 

at 6 dpi, while peak titer for MOI 0.1 was reached at 8 dpi, with 106 TCID50/mL. At 8 dpi, for MOI 

1, a decrease of infectious viral titer was observed, due to massive cell death (Fig. 4.24A). 

Viral load was also measured by qRT-PCR in supernatants collected every 24 hours until day 8 pi, 

and at days 11, 14, and 16 pi. Viral RNA copy number increased starting from 2 dpi in a MOI- 

dependent fashion, reaching the peak titer of 1010 copies/mL in supernatant of differentiating NSCs 

infected at a MOI of 1, at 6 dpi. Viral load was not measured after day 8 pi due to the lack of live  

cells. For MOI 0.1, peak titer was reached at 11 dpi, with 109 copies/mL, trending to a plateau in the 

following dpi. (Fig. 4.24B). 
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Fig. 4.23: (A) CPE of ZIKV-infected differentiating hiPSCs (MOI 0.1 and 1) at 2, 4, and 6dpi. (B) IF assay assessing the expression of E 

protein (green) and Pax6 (red) in ZIKV-infected differentiating hiPSCs (MOI 0.1, and 1) at 7dpi. Nuclei were stained with DAPI. 20× 

magnification. 
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Expression of E protein was confirmed by IF at days 8 and 20 pi, respectively, i.e. at early and late  

phases of the neuron induction process (Fig. 4.25). Notably, infection did not block the neural 

differentation process, since IF assay confirmed the expression of the neuron-specific protein β-

Tubulin in infected cells (Fig. 4.25).
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Fig. 4.24: (A) ZIKV titer on infected differentiating NSCs (MOI 0.1 and 1) at 2, 3, 6, and 8 dpi. (B) ZIKV replication 

kinetics in infected differentiating NSCs (MOI 0.1, and 1) by qRT-PCR from 1 to 8, and at 11, 14, and 16 dpi. 

Fig. 4.25: IF assay assessing the presence of E protein in ZIKV-infected differentiating NSCs (MOI 0.1 and 1) at 8 and 20 

dpi. Nuclei stained with DAPI. 20× magnification. 



ZIKV infection caused as early as day 6 pi the appearance of cell death that increased with time, 

leading to a complete cell loss before completion of the differentiation process after infection at 

MOI 1 (Fig. 4.26). 

4.6.3 ZIKV infection and replication in embryoid bodies 

hiPSCs were infected at MOI 1 and, after 2 days, cells were detached by collagenase IV treatment 

in order to initiate differentiation of embryoid bodies (EBs), i.e., micro-tissue similar to native 

tissue elements. Briefly, detached infected hiPSC colonies were resuspended in iPSC medium 

without bFGF supplementation to prevent stemness retention, and grown in suspension for 7 days. 

At day 7, growing EBs were plated on 0.1% porcine gelatin in order to allow them to grow in 

adhesion (see paragraph 3.9). 

Viral infection was monitored collecting the supernatants of infected cells and analyzing viral RNA 

copies number by qRT-PCR at different time points pi. Viral RNA load increased with time, 

reached a peak at 5 dpi and then decreased in parallel with the decrease of the number of live cells 

(Fig. 4.27). 
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Fig. 4.26: CPE of ZIKV-infected differentiating NSCs (MOI 0.1 and 1) at 2, 4, 6, 10, 13, and 20 days p.i.. 
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As shown in the Fig. 4.28, ZIKV infection of hiPSCs and subsequent random differentiation into 

EBs growing in suspension, outlined a progressive reduction in the volume and number of the EBs 

that displayed jagged edges when compared to mock controls. When the adhesion stimuli were 

added, infected EBs were not able to fully attach to the gelatin-coated plastic. Surviving adherent 

infected cells started to die with subsequent detachment. 
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Fig. 4.27: ZIKV replication kinetics in infected EBs (MOI 1) by qRT-PCR 

from 2 to 16 dpi. 



4.7 Modelling patient-specific susceptibility to West-Nile neuroinvasive disease

Once validated, the hiPSCs-based infection model was employed to set up patient-specific in vitro  

infection models to investigate the mechanisms of individual susceptibility to severe disease 

outcome.

4.7.1  Reprogramming and characterization of patient-specific hiPSCs

hiPSCs were obtained by reprogramming from peripheral blood mononuclear cells (PBMCs) of 

patients who experienced WNV asymptomatic infection and WNV neuroinvasive disease without 

co-morbidities. PBMCs were expanded and differentiated into erythroblasts for 10 days in EM 

medium. Then, 2x105 cells were transduced with non-integrating Sendai virus vectors expressing 

the four Yamanaka factors (Oct4, Sox2, Klf4 and c-Myc) at MOI 10. Approximately 20 days after 

transduction, colonies exhibiting typical human stem cell morphology appeared. Then, colonies 

were manually picked, expanded, frozen for back-up purposes and characterized.
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Fig. 4.28: CPE of ZIKV-infected EBs (MOI 1) during differentation process.10x magnification.



In order to test the pluripotency state, clones were seeded onto Geltrex feeder-free substrate, 

cultured in StemMACS medium and the main pluripotency markers (OCT4, Dnmt3b, NANOG, 

TERT) were analyzed by RT-PCR. As seen in Figure 4.22A, all hiPS clones expressed the stemness 

genes, confirming their pluripotency status. Immunostaining also confirmed expression of the 

pluripotency proteins Oct4, Klf4 and SSEA4 in all hiPS clones (Fig. 4.29B). In this case, cells were 

cultivated on MEF-coated 24-well plates and analyzed for marker expression by immunofluorescent 

staining. 

To test the differentation potential of patient-specific hiPSCs, EB assay was performed. Cells were 

cultured in suspension for 7 days in iPS medium without b-FGF to allow their differentiation and 

for further 7 days in adhesion on 0,1% gelatine layer in DMEM 10% FBS medium. (Fig. 4.30A). 

The EBs formation test showed that hiPSCs could spontaneously differentiate into cells that highly 

expressed TUBB, PAX6 (ectoderm), FLK1, GATA2, PECAM, CDH5 (mesoderm), AFP, GATA4 

(endoderm) (Fig. 4.30B). These results confirmed that hiPSCs were pluripotent and could 

differentiate into all three germ layers.
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Fig. 4.29: Characterization of patient-specific hiPSCs. (A) RT-PCR analysis of pluripotency marker genes expression in hiPSCs. (B) 
Immunofluorescence assay for pluripotency protein expression. Nuclei were stained with DAPI. 20x magnification



4.7.2  Neural differentation of patient-specific hiPSCs

Patient-specific hiPSCs were differentiated into NSCs to generate an in vitro human model of 

infection. hiPSCs seeded on Geltrex in StemMACs medium were cultured using Neural induction 

medium (see paragraph n. 3.4). After 7 days, NSCs proliferated and generated a monolayer of cells 

with a typical neural morphology (Fig. 4.31A). NSCs were expanded, frozen for backup purpose 

and characterized.

RT-PCR results demonstrated expression of NSCs markers NESTIN, PAX6, SOX1 and SOX2 in 

hiPSCs-derived NSCs. As attended, the stem cell gene OCT4 was not expressed (Fig. 4.31B).

NSCs generated from iPSC differentiation were immunostained for t h e intermediate filament 

protein Nestin and the transcription factor PAX6. To prove the loss of the pluripotency, expression 

of the pluripotency marker OCT4 was examined. An intense fluorescent signal, when observed at a 

fluorescent microscope, indicated the expression of Nestin and PAX6, while pluripotency protein 

OCT4 was not detected. (Fig. 4.31C).
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Fig. 4.30: (A) iPSCs grown in suspension form EBs that produced all kind of cells coming from embryonic three germ layers when cultured in 
adhesion. (B) RT-PCR products derived from amplification of three germ layers differentiation genes.

Fig. 4.31:  Characterization of patient-specific hiPSCs-derived NSCs. (A) Neural stem cells (p1) at the end of the neural induction 
phase. (B) RT-PCR analysis of the neural marker genes expression in NSCs. (C) Immunofluorescence assay for the NSCs proteins. 
Nuclei were stained with DAPI. 20x magnitude. 



4.7.3  Susceptibility of patient-specific NSCs to WNV infection

Preliminary studies, exploiting this in vitro patient-specific hiPSCs-derived neural model, were 

performed to investigate the mechanisms of susceptibility to WNV in patients who experienced 

viral asymptomatic infection and neuroinvasive disease.

Patient-specific NSCs were seeded into 24 well plates (5x104 /well) in quadruplicate and next day 

they were infected with WNV at MOI 0.01. Viral replication kinetics was analyzed by quantifying 

the viral load in a time-point experiment (24 h, 48 h, 72 h, 96 h pi) using qRT-PCR on RNA 

extracted from supernatants collected from infected cells. A progressive increase of WNV RNA 

load was demonstrated in both cell lines, but viral titers were higher in the NSCs derived from the 

patient with neuroinvasive disease than in the NSCs derived from the asymptomatic blood donor 

(Fig. 4.32).

The effect of WNV infection on cell viability was analyzed at 96 hpi by MTT test in patient-

specific NSCs infected at MOI 1, 0.1 and 0.01. At 96 hpi, higher viability was demonstrated in 

NSCs derived from the asymptomatic patient than in cells derived from the patient with 

neuroinvaasive disease (Fig. 4.33A). In fact, at MOI 1, the MTT test detected about 15% viable 

NSCs from the asymptomatic donor and only 3.5% viable NSCs from the case with neuroinvasive 

disease. The ability of WNV to induce cell death by apoptosis in NSCs was evaluated at 96h p.i.  

Flow cytometry analysis detected a four-fold increase of caspase-3 activity in WNV-infected NSCs 

derived from the patient compared to mock-infected control cells (Fig. 4.33B-C).
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Fig. 4.32:  Replication kinetics of WNV (MOI 0.01) in NSCs derived from a patient with a previous 
neuroinvasive disease (WNND) and from an asymptomatic donor.
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Fig. 4.33: WNV infection induces cell viability and apoptotic cell death in patient-specific NSCs. (A) MTT assay attesting cell viability in NSCs 
derived from asymptomatic and neuroinvasive disease patients at different MOIs at 96 hpi. (B) Flow cytometry analysis for detection of 
activated caspase-3 in neuroinvasive disease patient-specific NSCs after mock and WNV (MOI 1) infection at 96h p.i. (C-D) Flow cytometry 
analysis showing the percentage of NSCs with activated caspase-3 in mock-infected and WNV-infected NSC cultures.



5. DISCUSSION

ZIKV, WNV, and DENV are important human pathogens, members of the Flavivirus genus in the 

Flaviviridae family of positive-stranded RNA viruses [412]. Although most human infections are 

asymptomatic, symptoms may occur, ranging from relatively mild fever to severe hemorrhagic and 

encephalitic disease [9]. In addition, the emerging mosquito-borne flavivirus Usutu virus (USUV) 

may cause fatal neuroinvasive disease in different bird species and it has been recently shown to 

infect humans but its pathogenicity is unknown. These viruses belong to the mosquito-borne group, 

with ZIKV and DENV transmitted by Aedes spp. mosquitoes and amplified in primates, while 

WNV and USUV are transmitted by Culex spp. mosquitoes and birds represent the amplifying 

hosts.

DENV is the most widespread flavivirus with approximately 500 million infections per year, of 

these 1 million are clinically severe, including DHF and DSS, while neurological complications 

have been rarely reported [316,317]. WNV and ZIKV have recently emerged as important human 

pathogens and associated neurological complications. WNV causes neuroinvasive disease in about 

1 out of 150 infected individuals, mostly immunocompromised and elderly patients [413]. ZIKV 

infection has been recently associated with Guillän Barrè syndrome and fetal microcephaly [414].

Experimental studies have clarified some mechanisms of ZIKV pathogenesis: in vivo studies in 

newborn and pregnant mice showed that the virus is able to infect NSCs and affect brain 

development [169,179]; neurotropism was also confirmed in knockout mice with defects of 

interferon signalling, showing how interferon plays a key antiviral innate immune response [176]. 

An in vitro study on hiPSC-derived NPCs demonstrated that these cells are highly susceptible to 

ZIKV infection, which dysregulated the cell-cycle and induced apoptosis [33]. Many other studies 

exploited both hiPSC-and fetal brain tissue-derived neural progenitor cells in monolayer, 3D 

neurosphere cultures and brain organoids [137,138,146] as models of ZIKV infection in the CNS. 

These studies demonstrated ZIKV neurotropism, targeted cell-types, cytopathic effects, and 

impairment of neurogenesis. 

In the epidemiological context of WNV emergence in Europe and ZIKV epidemics in the Americas, 

aim of this project was to set up in vitro models of viral infection in human NSCs and neurons and 

to use these models to investigate and compare ZIKV and WNV infection and pathogenesis. In 

addition, patient-specific iPSCs-derived NSCs and neurons were generated to investigate the 

mechanisms of individual susceptibility to severe neuroinvasive disease.  

Similarly to the accumulating evidences reporting infection of NSCs by ZIKV [33,137,145,146], 

this study confirmed the permissiveness of hiPSCs-derived NSCs to ZIKV infection by detection of 
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E protein expression in infected cells and by demonstration of a progressive increase of viral load in 

cell supernatant during time-course experiments. 

Immature neurons and hiPSCs also supported ZIKV replication, although replication efficiency in 

these cell types was lower than in NSCs. These data are in contrast to a previous study by Tang and 

colleagues [33] who showed that infection of undifferentiated hiPSCs and immature neurons was 

inefficient. Different observations were reported in other studies [415] that demonstrated 

permissiveness of developing immature neurons to ZIKV infection as well as relative resistence of 

mature neurons in adult human brains. 

DENV-2 and WNV also infected NSCs and neurons. DENV-2 infected hNSCs with a similar rate 

as ZIKV, in agreement with the results described by Garcez and colleagues [137]. At variance, 

WNV infected and replicated in all cell types with significantly higher efficiency than ZIKV. 

Notably, WNV was able to infect hiPSCs and immature neurons, contrary to what was reported by 

Shresta B. and colleagues [416], who showed the resistence of mouse embryonic stem cells (ESCs) 

and ESC-derived immature neurons to WNV infection, but in agreement with other reports on the 

permissivenes neurons to WNV infection. In particular, Luca and colleagues described the 

susceptibility of mouse neuron-enriched cultures to WNV infection, displaying 90% infected cells, 

cytophatic changes and cell death [417]. USUV could also infect and replicate in NSCs, with a 

rapid increase in the viral load till 48h p.i., followed by a plateau.

The discrepancy of these results with the literature data on ZIKV infection of stem cells might be 

due to differences in experimental design, laboratory conditions and cells cultures (hiPSCs grown in 

clumps versus hiPSCs grown in single cells for ZIKV infection; mouse ESCs versus hiPSCs for 

WNV infection). Different viral strains were also used: in this study, a ZIKV strain belonging to the 

Asian lineage was used, while Tang and colleagues [33] used African lineage ZIKV MR766 strain; 

in this study WNV lineage 2 was used, while Shresta B. and colleagues [415] used WNV lineage 1.

Both ZIKV and WNV exerted CPEs in hiPSCs, NSCs and neurons, leading to massive cell death,  

due in part to apoptosis mediated by activation of caspase-3, in agreement with reports in the 

literature [33,136]. At variance, DENV-2 infection had milder CPEs on NSCs and did not induce 

cell apoptosis, confirming results in literature [137]. Also USUV-infected NSCs presented no 

morphological cytophatic effect and their viability was not affected, as shown by the MTT assay. 

Cell viability assays demonstrated that WNV induced massive cell death with 100% of cell loss at 

96h p.i., while only 10% reduction of NSC viability was observed after ZIKV infection. These 

findings suggest that ZIKV replication is slower and the virus can persist for a longer time in 

infected cells. 
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Regarding the innate antiviral response during ZIKV infection, many studies based on different cell 

types and viral strains led to different observations. In primary human skin fibroblasts, ZIKV Asian 

lineage induced the upregulation of three important PRRs known to be activated by viral dsRNA, 

specifically TLR3, DDX58 (RIG-I), IFIH1 (MDA5) and, also, other factors involved in downstream 

pathways, such as IFN regulatory factor 7 (IRF7), IFNα, IFNβ and C-C motif chemokine ligand 5 

(CCL5) [156]. Frumence and colleagues reported that ZIKV (H/PF/2013) stimulated the production 

of type-I IFN, ISGs and pro-inflammatory cytokines, in particular IL-1β, in the human lung 

epithelial cell line A549 [418].

In the CNS, TLR3 was upregulated in cerebral organoids and human neurospheres after ZIKV 

MR766 infection, and TLR3 activation was associated with cell apoptosis, organoid shrinkage and 

dysregulation of neurogenesis induced by ZIKV infection [146]. However, Hanners and colleagues 

[142] described that ZIKV Asian lineage induced partial CPE and did not stimulate cytokine 

secretion in human fetal neural progenitors. 

Our study showed that ZIKV, WNV, DENV-2 and USUV infection induced the expression of a set 

of antiviral innate immune response genes in NSCs, neurons and hiPSCs, especially MDA5 and the 

IFN-induced protein with tetracopeptide repeats 1 (IFIT1) and 2 (IFIT2) genes. The highest 

expression levels of the antiviral genes was observed in cells infected by WNV, flowed by USUV-

infected cells, while ZIKV and  DENV infections had milder effects on host innate antiviral 

response. 

MDA5 is a cytoplasmic helicase able to detect intracellular viral products such as viral RNA 

genome to signal IFNα and IFNβ production in infected cells [419]. IFIT1 and IFIT2 are important 

interferon-stimulated genes (ISGs); they belong to the IFIT gene family whose members function to 

restrict virus infection through alteration of cellular protein synthesis [420]. 

Previous studies demonstrated an antiviral function of IFIT2 in controlling viral replication in the 

CNS [420,421] and IFIT2 has been suggested to have antiviral activity against WNV [422]. 

However, WNV uses the 2’ O-mehylation of the 5’ guanosine cap as a mechanism to evade the 

antiviral effects of IFIT1 and IFIT2 [423]. This is consistent with our observations in infected cells, 

where WNV infection led to a stronger upregulation of IFIT2 than ZIKV and DENV-2 infection. 

Also IFIT2 triggers a mitochondrial pathway of apoptosis accompanied by the pro-apoptotic 

proteins Bax and Bak with the activation of caspase 3 [424]. Accordingly, in our study we could 

observe overexpression of IFIT2 in infected NSCs and activation of caspase-3.

The literature reports absent or low levels of innate immune response against viral infection in 

mESCs [425], hESCs [426] and, also, in hiPSCs [425]. At variance, our data demonstrate that 

hiPSCs infected by WNV and ZIKV are able to activate an innate antiviral response characterized 
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by upregulation of MDA5, IFIT1, IFIT2 and other ISGs. Therefore, innate immunity represents an 

uncharacterized property of pluripotent stem cells that requires further studies to elucidate the 

molecular mechanisms.

Neurogenesis is most active during pre-natal development, and this could explain why ZIKV can 

provoke neurological complications in fetuses, and rarely in adults. Since a normal brain develops 

from NSCs and differentiated neural cells, microcephaly could be likely associated with the 

abnormal function of these cells due to ZIKV infection. Recent reports demonstrated that ZIKV 

directly infects NSCs of the fetus and impairs growth in mice [168]. ZIKV has a negative impact on 

neurogenesis either by abrogating it completely or by disrupting neural cell organization [137,146].

To further investigate if ZIKV could impair the formation of neural precursors and neurons, the 

effect of viral infection during the neural differentation process, which is critical for brain 

development, was analyzed. Our experiments showed that ZIKV infected and replicated in hiPSCs 

during their differentiation into NSCs, inducing CPE and cell death, but it did not affect the 

differentation process, as demonstrated by the maintenance of the NSC marker Pax6 at the end of 

the neural induction phase. Likewise, in NSCs infected prior to their differentation into neurons, 

ZIKV did not block neuronal development, as confirmed by the expression of the neuron marker β-

tubulin during neurogenesis. In these cells, ZIKV induced massive cell death that increased with 

time leading to a complete disruption of cell monolayer, so the neurogenesis process could not be 

completed.

Similar findings were reported by Garcez and colleagues [137] who demonstrated that ZIKV 

infection of human NSCs growing as neurospheres and brain organoids reduced cell viability and 

growth, abrogating neurogenesis. Inhibition of NSCs dfferentation, as a consequence of ZIKV 

infection, resulted in cortical thinning and microcephaly in embryonic mouse brain [169]. Similar 

results were achieved by Cugola et al. [138], who demonstrated that ZIKV infects human cortical 

progenitor cells in organoids, leading to an increase in cell death, a reduction of proliferative zones 

and disruption of cortical layers.

Since 2D in vitro studies on hiPSCs and NSCs do not present organizational features typical of 3D 

structures, making more difficult to address the link between ZIKV and microcephaly, EBs, i.e. 3D 

aggregates of pluripotent stem cells, were exploited to investigate the effect of ZIKV infection 

during embryogenesis. Cells forming EBs exhibit heterogeneous patterns of differentiated cell types 

from the three germ lineages and are able to respond to similar cues that direct embryonic 

development [427]. Therefore, this 3D structure enables differentation and morphogenesis yielding 

micro-tissues similar to native tissue structures. Upon ZIKV infection of hiPSCs, the EB formation 

process was triggered. ZIKV infected EBs leading to a reduction in their volume and number. 
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Consequently, the surviving EBs were not able to fully attach to the substrate and died. In the 

literature, the negative effects of ZIKV on neurodevelopment have been also demonstrated on 

infected immature human organoids, when the emergence of the neuro-epithelial layer coincides 

with the transition from EBs to cerebral organoid structure. On these types of structure, a significant 

decreased size of the neuro-epithelium and overall organoid was observed [146]. In a model of 

forebrain organoids, ZIKV led to reduced organoid size and tickness, and enlarged lumen, 

resembling the dilated ventricles observed in microcephalic fetuses [145]. Other studies on 3D 

structures have been done on neurospheres, i.e., free-floating clusters of NSCs that present the very 

early characteristics of neurogenesis. ZIKV-infected neurospheres had morphological  

abnormalities, cell detachment, and apoptosis. These findings suggest that ZIKV abolishes 

neurogenesis during early human brain development [428]. 

Recently McGrath and colleagues [429] describes a cell-strain-dependent response of hNSCs to 

Asian ZIKV infection, suggesting that human fetal brain-derived-NSCs of different individuals vary 

in neuronal differentation potential following ZIKV infection. This could explain why a higher 

number of fetal microcephaly cases are reported than the number of Guillän Barrè syndrome cases, 

why only some fetuses or newborns of infected pregnant women developed neurological 

abnormalities and why NSCs had a higher susceptibility to ZIKV in the first trimester of the  

gestation [430] during the neural development.

In summary, this study demonstrated that ZIKV infects and replicates in NSCs, neurons and hiPSCs 

in vitro, leading to CPE and massive cell death and abrogating cell differentation and EBs 

formation, which can explain the CNS damage tipically observed in fetuses with ZIKV infection. 

Also, the virus induced an innate antiviral response characterized by the upregulation of MDA5, 

IFIT1 and IFIT2 genes. On the other hand, DENV infection had similar effect on NSCs, while 

WNV replication as well as the effects on neural cell viability and antiviral responses in NSCs, 

neurons, and hiPSCs were higher than ZIKV and DENV.

In conclusion, these findings highlight high similarities in ZIKV, WNV, and DENV mechanisms of 

infection of neural cells and induction of cell damage, thus suggesting a role for other virus-specific 

mechanisms of crossing the blood-placenta barrier by ZIKV. Thi study also validate this in vitro 

infection model, which will be used in future research to analyze and characterize particular 

molecular aspects of ZIKV and other flavivirus infection: for example, to explain the reasons of the 

upregulation of IFIT2 gene and to investigate other possible mechanisms of cell death induced by 

ZIKV infections, such as autophagy and pyroptosis [431,432].

In the second part of this study, this in vitro infection model was employed to investigate virus-host 

interactions in patient-specific hiPSCs-derived NSCs from patients with different clinical 
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presentation of WNV infection (asymptomatic infection or neuroinvasive disease) in order to 

highlight individual susceptibility to severe infectious disease.

Flaviviruses, such as the neurotropic WNV, cause severe clinical manifestations only in a small 

percentage of infected individuals; the reasons are probably numerous and have not completely 

elucidated, but host-dependent genetic factors might be important. Regarding WNV severe 

complications, candidate gene studies have associated WNV symptomatic infection with single 

nucleotide polymorphisms (SNPs) in the 2’-5’ oligoadenylate synthetase (OAS) gene family 

[401,433] and in IRF3 and MX1 innate immune response and effector genes [434]. Moreover a 32-

bp deletion within the monocyte and T lymphocyte chemokine receptor type 5 (CCR5) coding 

sequence was correlated with an increased susceptibility to WNV infection and death [401,402].  

In this study, preliminary data demonstrated that NSCs derived from patients who experienced 

severe neuroinvasive disease were more susceptible to WNV infection and cell damage than cells 

derived from blood donors who experienced asymptomatic infection. These results support the 

hypothesis of individual genetic traits predisposing to neurological complications of WNV 

infection.
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