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1. Introduction 

1.1 Zika Virus: Molecular Virology 

Zika virus (ZIKV) is a positive-sense RNA virus with a 10.8 kilobase (kb) genome that 

comprises a single open reading frame (ORF) flanked by two structured untranslated 

regions (UTR). The single viral polyprotein encoded by the ORF is processed by host and 

viral proteases into three structural proteins (capsid (C), precursor of 

membrane/membrane (prM/M) and envelope (E) and seven non-structural proteins (NS1, 

NS2A, NS2B, NS3, NS4A, NS4B and NS5). The non-structural proteins are involved in 

viral replication, assembly, and suppression of the host’s antiviral response.  

The structural proteins form the virus particle. The C protein builds the nucleocapsid, 

which protects the viral genome. The outer membrane of the virion consists of a lipid 

bilayer containing the E and M proteins. The E protein mediates cellular attachment, entry 

and fusion and serves as the main target of neutralizing antibodies (Dai et al. 2016; Sirohi 

et al. 2016; Sirohi and Kuhn 2017). 

Zika virus exhibits a broad cellular tropism, infecting a wide range of cell types including 

dermal fibroblasts, epidermal keratinocytes, neuronal progenitor cells, placental and 

testicular cells, as well as immune cells like dendritic cells and macrophages (Cugola et 

al. 2016; Hamel et al. 2015a; Mansuy et al. 2016; Miner et al. 2016; Miner and Diamond 

2017a). This broad tropism is attributed to ZIKV’s interactions with specific cellular 

receptors that facilitate viral entry (Hamel et al. 2015a; Meertens et al. 2017; Miner and 

Diamond 2017a; Richard et al. 2017). 

The entry of ZIKV into host cells is initiated by the attachment of E protein to specific 

cellular receptors. The primary receptors identified for ZIKV are members of the Tyro3-

AXL-MER (TAM) receptor family, with AXL recognized as a predominant factor (Hamel et 

al. 2015a). However, studies in mice have shown that ZIKV can infect cells independently 

of TAM receptors, indicating alternative entry mechanisms (Hastings et al. 2017; Z.-Y. 

Wang et al. 2017). Additionally, C-type lectins such as Dendritic Cell-Specific Intercellular 

adhesion molecule-3-Grabbing Non-integrin (DC-SIGN) and the T-cell immunoglobulin 

mucin (TIM) family are implicated in ZIKV binding (Hamel et al. 2015a). Recent findings 

indicate a relevant role for the epidermal growth factor receptor (EGFR) in viral entry 

(Sabino et al. 2021). ZIKV enters the cell through clathrin-mediated endocytosis 
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(Owczarek et al. 2019). Inside the endosome, the acidic environment triggers 

conformational changes in the E protein, promoting membrane fusion and release of the 

nucleocapsid into the cytoplasm (Kaufmann and Rossmann 2010; Persaud et al. 2018). 

Upon entry, viral RNA translation occurs at the surface of the endoplasmic reticulum (ER), 

resulting in the formation of a polyprotein, which is then cleaved into structural and non-

structural proteins (Barrows et al. 2019; Reid et al. 2018). The replication process involves 

reorganization of the ER, forming specialized replication factories (RFs) where viral RNA 

is synthesized. During replication, these RFs also recruit membranous components from 

other organelles, such as autophagosomes, to optimize viral replication (Chiramel and 

Best 2018; Cortese et al. 2017; Hamel et al. 2015a). The replication complex synthesizes 

a complementary RNA strand, serving as a template for generating multiple viral 

genomes. During the assembly phase, the newly synthesized RNA associates with capsid 

proteins and prM-E heterodimers, resulting in the budding of immature viral particles into 

the ER lumen (Barnard et al. 2021; X. Zhang et al. 2019). These particles subsequently 

mature as they pass through the Golgi apparatus, where a furin protease cleaves the pr 

peptide. The mechanisms of ZIKV release are less well understood (L. Li et al. 2008; 

Sager et al. 2018). Evidence suggests that virions leave the cell within vesicular carriers 

that may contain one or more particles (Sager et al. 2018). These carriers then fuse with 

the plasma membrane, releasing either free viral particles or virions that are enclosed 

within secreted vesicles. The presence of ZIKV in extracellular vesicles (EVs) is 

particularly relevant, as this mode of release can protect the virus from neutralising 

antibodies and facilitate its spread across restrictive barriers, such as the placenta and 

the blood-brain barrier (Martínez-Rojas et al. 2025). The origin of these vesicles appears 

to be heterogeneous and involves secretory autophagy and exosomal pathways. In some 

cases, there is overlap, such as in amphisome formation. The dominant route of release 

can vary depending on the infected cell type, highlighting the capacity of ZIKV to exploit 

different secretory pathways across cell types (Martínez-Rojas et al. 2025; Sager et al. 

2018). 

1.2 Historical Background and Global Emergence of Zika Virus 

Zika virus was first isolated in 1947 from the blood of a rhesus monkey during studies 

investigating yellow fever transmission in Uganda's Zika Forest, from which the virus 
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derives its name (G. W. Dick 1953; G. W. A. Dick et al. 1952) . Prior to 2007, Zika virus 

infection was not considered a significant public health threat, with only 14 documented 

cases worldwide, including 13 natural infections and one laboratory acquired infection 

(Wikan and Smith 2016). The virus had been isolated sporadically from mosquitoes and 

humans in sub-Saharan Africa and Southeast Asia, and interest in it was limited to a small 

group of specialized researchers. As a result, ZIKV was neglected by the wider scientific 

community for over 50 years (Jamrozik and Selgelid 2018; Sarkar and Gardner 2016). 

This view changed after the 2007 outbreak on the island of Yap in Micronesia, which 

marked the beginning of increasingly frequent Zika outbreaks (Duffy et al. 2009; Lanciotti 

et al. 2008). In 2013, the virus caused a significant outbreak in French Polynesia, where 

it was first linked to severe complications like Guillain-Barré Syndrome (GBS) and 

neurodevelopmental disorders, including microcephaly (Cao-Lormeau et al. 2014, 2016; 

Cauchemez, Besnard, Bompard, Dub, Guillemette-Artur, Eyrolle-Guignot, Salje, 

Kerkhove, et al. 2016; Oehler et al. 2014). Until this point, Zika infections were typically 

associated with mild symptoms, such as fever, muscle pain, conjunctivitis, headache, and 

rash, lasting 3–5 days, with no reported hospitalizations or fatalities (Azevedo et al. 2016; 

Duffy et al. 2009; Lanciotti et al. 2008; Paniz-Mondolfi et al. 2016; Rodriguez-Morales 

2015). 

By 2013, ZIKV had reached Latin America, and a major outbreak in Brazil in 2015 drew 

global attention due to its association with microcephaly in newborns (Faria et al. 2016; 

Schuler-Faccini et al. 2016; Zanluca et al. 2015; Q. Zhang et al. 2017). It is possible that 

ZIKV had been circulating in Brazil earlier but went undetected, as infections are often 

asymptomatic and symptomatic cases are typically mild. Moreover, in endemic regions 

the clinical picture, characterised by fever, rash, arthralgia, and headache, overlaps with 

that of other arboviral infections like dengue (DENV) and chikungunya virus (CHIKV) 

(Azevedo et al. 2016; Duffy et al. 2009; Lanciotti et al. 2008; Paniz-Mondolfi et al. 2016; 

Rodriguez-Morales 2015). 

As ZIKV spread across the Americas and beyond, numerous cases were also 

documented in non-endemic regions, primarily attributed to travelers carrying the virus 

from affected areas. These cases were reported in several European countries, the United 

States, and other countries such as Japan, Canada, China, and Australia (Canada 2023b; 

CDC 2024a; De Smet et al. 2016; Díaz-Menéndez et al. 2018; Duijster et al. 2016; 
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Kutsuna 2017; Maria et al. 2016; Nicastri, Pisapia, et al. 2016; Pyke et al. 2016; Yin et al. 

2016; Zé-Zé et al. 2016).  

In response to the growing concern, especially about the risk of birth defects, many 

countries issued travel advisories specifically warning pregnant women against travel to 

affected regions (Canada 2023a; CDC 2024b, 2024f). 

In February 2016, the World Health Organization (WHO) declared ZIKV a Public Health 

Emergency of International Concern (PHEIC) as a result of its rapid spread and the severe 

impact on newborns, particularly in Brazil, where between 440,000 and 1.3 million 

infections were reported during the outbreak (ECDC 2015; Heymann et al. 2016). 

Retrospective analysis of the 2013 outbreak in French Polynesia also linked previously 

unassociated cases of microcephaly to ZIKV infection (Cauchemez, Besnard, Bompard, 

Dub, Guillemette-Artur, Eyrolle-Guignot, Salje, Van Kerkhove, et al. 2016). 

The 2013 and 2015 outbreaks brought the first documented associations between ZIKV 

and more severe complications like GBS and congenital abnormalities (Calvet et al. 2016; 

Driggers et al. 2016; Mlakar et al. 2016; Oehler et al. 2014). The 2016 PHEIC lasted for 

eight months before being lifted due to a decline in reported ZIKV cases (WHO 2016). 

After the major epidemic, only a few smaller outbreaks occurred in countries such as Cuba 

and Angola (Grubaugh et al. 2019; Hill et al. 2019). ZIKV transmission continued to 

decline, with the number of cases decreasing by 2017. However, new cases have 

continued to appear sporadically, including an increase in India in 2021, where 237 cases 

were reported by December, mostly in the state of Kerala (Fleiss 2021; WHO 2022). Brazil 

continues to report ZIKV infections, including both symptomatic and asymptomatic cases, 

indicating that the virus maintains low level circulation (da Conceição et al. 2022). 

Overall, mapping ZIKV transmission has revealed that a total of 92 countries and 

territories have been affected since it emerged (WHO 2024) (Figure 1). 
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Figure 1. Countries and Territories With Current or Past Zika Virus Transmission. 
Countries marked in red indicate documented Zika virus transmission, either through local outbreaks or confirmed cases, 
from the time of its discovery to recent years. The map reflects the global spread of the virus across Africa, Asia, the 
Americas, and parts of Europe. Map created with mapchart (mapchart.net 2025).
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1.3 Taxonomy and Classification 

Zika virus belongs to the family Flaviviridae and the genus Flavivirus, which includes other 

highly pathogenic viruses such as dengue (DENV), West Nile (WNV), Japanese 

encephalitis (JEV) and yellow fever virus (YFV) (Heinz and Stiasny 2017; Simmonds et 

al. 2017).  

As ZIKV spread globally, the virus diversified into two main lineages - African and Asian 

(Alera et al. 2015; Haddow et al. 2012). The African lineage of ZIKV is divided into two 

distinct groups: the East African cluster, which includes the original isolated strain 

(MR766) and its genetic variants, and the West African cluster, comprising strains specific 

to that region, such as the Nigeria strain (Faye et al. 2014). Meanwhile, the Asian lineage 

includes all ZIKV strains from Southeast Asia, the Pacific Islands, and the American 

variants (Lanciotti et al. 2016). This division reflects the geographical and evolutionary 

divergence observed between these two lineages, with the Asian lineage representing a 

later spread of the virus outside of Africa. The ZIKV strains from the African and Asian 

lineages exhibit approximately 89% nucleotide sequence identity and 96.5% amino acid 

levels similarity (Lanciotti et al. 2008). Despite this high degree of genetic conservation, 

the African lineage has been rarely associated with human infections and has not been 

detected outside of Africa. No neurological complications have been reported in 

connection with this lineage. Notably, the Zika outbreak and cases of Congenital Zika 

Syndrome reported in Angola in 2016 were linked to the Asian lineage (Hill et al. 2019).  

Although ZIKV had circulated in Africa for decades without any documented clinical 

relevance, it is unclear whether genetic change might have resulted in a greater capacity 

of neurovirulence or whether ZIKV has always been teratogenic and severe cases have 

not been documented before 2013 (Jaeger et al. 2019a; Meda et al. 2016; Tabari et al. 

2020).  

1.4 Transmission Mechanisms 

Zika virus is an arbovirus transmitted primarily via two distinct cycles: the sylvatic and 

urban cycles (Jorge et al. 2020; Weaver et al. 2016). In the sylvatic cycle, ZIKV circulates 

between non-human primates and Aedes mosquitoes, while in the urban cycle, humans 
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are the primary hosts, with transmission mainly through Aedes aegypti and Aedes 

albopictus, which are adapted to urban environments (Chouin-Carneiro et al. 2016). 

Transmission begins when an infected mosquito, typically Aedes aegypti, bites a human 

and introduces the virus through its saliva. During this process, keratinocytes, the 

predominant cells in the outer layer of the skin, are an early target of ZIKV. The virus 

replicates within the mosquito, accumulating in its salivary glands before being transmitted 

to new hosts through subsequent bites (Azar and Weaver 2019; Kim et al. 2019; Kramer 

and Ciota 2015). While Aedes albopictus can also transmit ZIKV and is widespread in 

temperate regions like North America and Europe, it plays a lesser role compared to 

Aedes aegypti, the principal vector in tropical and subtropical regions such as Africa, Asia, 

the Americas, and Oceania. Aedes aegypti is particularly prevalent in densely populated 

urban areas, making it a significant vector for ZIKV transmission (Gutiérrez-Bugallo et al. 

2019; Kraemer et al. 2015; Vazeille et al. 2019). Other species, such as Aedes 

polynesiensis, have been linked to localized outbreaks, notably in French Polynesia 

(Oliveira Melo et al. 2016). However, Aedes aegypti remains the most important vector 

globally. As climate change and urbanization expand the habitats of these mosquitoes, 

the likelihood of future ZIKV outbreaks increases. 

In addition to vector-borne transmission, several cases of direct human-to-human 

transmission of ZIKV have been documented. Maternal-foetal transmission during 

pregnancy, through the placenta, is well-documented and associated with Congenital Zika 

Syndrome (CZS) (Oliveira Melo et al. 2016). Perinatal transmission during childbirth has 

also been reported, and while ZIKV RNA has been detected in breast milk, transmission 

via breastfeeding remains unconfirmed (D’Ortenzio et al. 2016; Dupont-Rouzeyrol et al. 

2016). Sexual transmission is another notable route, primarily male-to-female, likely due 

to prolonged viral persistence in semen. ZIKV can remain in semen for up to six months 

post-infection, distinguishing it from other arboviruses. However, sexual transmission 

accounts for a small fraction of cases (Barzon et al. 2016; Nicastri, Castilletti, et al. 2016; 

Paz-Bailey et al. 2018). Blood transfusion and organ transplantation are additional 

transmission routes, though less common (M. Aubry et al. 2015; Nogueira et al. 2017). 

These routes pose a risk due to the asymptomatic nature of many ZIKV infections, 

complicating donor screening (Gallian et al. 2017). An overview of the main modes of 

ZIKV transmission is summarized in Figure 2. 
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Figure 2. Transmission Routes of ZIKV.  
ZIKV is primarily transmitted through Aedes mosquitoes, though it can also be transmitted 
via sexual contact and vertical transmission from mother to foetus during pregnancy. 
Reproduced from Pierson et al., Nature 560, 573–581 (2018), with permission from 
Springer Nature (Pierson and Diamond 2018). 
 

1.5 Clinical Manifestations and Pathogenesis 

Zika virus infections are predominantly asymptomatic; however, when clinical 

manifestations do occur, they typically include mild fever, maculopapular rash, arthralgia, 

conjunctivitis, myalgia, fatigue, and headache (Halani et al. 2021). The incubation period 

is typically between 3 and 14 days, with symptoms generally persisting for 2 to 7 days 

(Baud et al. 2017; Duffy et al. 2009; Musso and Gubler 2016). Despite its generally mild 

presentation, ZIKV has been associated with serious neurological and congenital 

complications (Figure 3).  

Pregnant women infected with ZIKV are at higher risk of adverse outcomes, including 

miscarriage, preterm birth, and stillbirth (Brasil et al. 2016; Meaney-Delman et al. 2016). 

Furthermore, ZIKV is strongly linked to a spectrum of congenital anomalies collectively 

termed Congenital Zika Syndrome (CZS). CZS primarily affects the nervous system, but 

can also involve musculoskeletal, ophthalmological, and auditory defects (Brasil et al. 
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2016; Freitas et al. 2020; Ventura et al. 2016). One of the most notable manifestations of 

CZS is microcephaly, a condition characterised by a significantly smaller head size in a 

newborn compared to what would be expected for their age. This condition is frequently 

associated with an underdeveloped brain, which can result in impaired motor and 

cognitive functions, extra cranial malformations, and facial deformities (Passemard et al. 

2013; von der Hagen et al. 2014). ZIKV preferentially infects neuronal progenitor cells 

(NPCs), leading to disruption of their proliferation, differentiation, and migration (J. Dang 

et al. 2016; Tang et al. 2016). This leads to impaired brain development, resulting in 

cortical thinning, structural brain abnormalities, and microcephaly (Cugola et al. 2016; 

Garcez et al. 2016). Neurological damage, including motor impairments, has also been 

observed in children who did not exhibit abnormalities at birth, particularly in those 

exposed to ZIKV during the later stages of gestation (López-Medina et al. 2021). 

Moreover, ZIKV infection has been linked to the development of Guillain-Barré syndrome 

(GBS) in adults. GBS is an acute immune-mediated polyneuropathy affecting the 

peripheral nervous system, resulting in progressive muscle weakness and, in severe 

cases, paralysis. While the majority of GBS cases resolve without significant sequelae, 

approximately 20% result in severe disability, respiratory failure or death. The mechanism 

behind ZIKV-induced GBS is thought to involve molecular mimicry, whereby the immune 

system mistakenly attacks nerve cells, causing damage (Acosta-Ampudia et al. 2018; 

Parra et al. 2016).  

Other neurological complications associated with ZIKV include meningoencephalitis and 

acute myelitis, highlighting the potential of the virus to cause severe nervous system 

damage (Carteaux et al. 2016; Halani et al. 2021; Mécharles et al. 2016). Moreover, recent 

evidence suggests a connection between ZIKV infection and the development of 

inflammatory demyelinating diseases affecting the central nervous system, including 

conditions with clinical features similar to multiple sclerosis (MS) (Alves-Leon et al. 2019, 

2021; da Silva et al. 2023). Transcriptomic studies have shown that ZIKV infection and 

MS share molecular signatures, particularly in oxidative stress and immune-inflammatory 

pathways (da Silva et al. 2023).  

Taken together, although the clinical spectrum of ZIKV-associated neurological disease 

is well documented, the precise mechanisms through which ZIKV causes neurological 

complications and congenital disorders have not yet been fully elucidated. 
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Figure 3. Clinical Manifestations of ZIKV Infection.  
The majority of ZIKV infections are asymptomatic. In cases where symptoms do occur, 
patients often present with mild flu-like symptoms. When infection occurs during 
pregnancy, it may lead to microcephaly, CZS, or foetal death. In some adults, ZIKV 
infection has been associated with GBS. Reproduced from Pierson et al., Nature 560, 
573–581 (2018), with permission from Springer Nature (Pierson and Diamond 2018). 
 

1.6 Treatment and Prevention 

At present, there are no approved treatments or vaccines for ZIKV, and the primary focus 

of management is on relieving symptoms (CDC 2024c). Several potential ZIKV vaccines 

are currently undergoing clinical trials, including mRNA and DNA-based candidates. 

Among the most advanced candidates, an mRNA-based vaccine (mRNA-1893) has 

shown neutralizing antibody responses in early trials, with a sustained response for up to 

one year. The vaccine has now progressed to Phase 2 trials (Bollman et al. 2023). 

Similarly, a purified inactivated vaccine (PIZV/TAK-426) has demonstrated favourable 

safety and immunogenicity profiles, with high-dose regimens producing immune 

responses comparable to those observed in individuals who have recovered from ZIKV 

infection (Baldwin et al. 2018; Han et al. 2021). Concurrently, monoclonal antibodies 
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(mAbs) such as ZIKV-117 are being tested in preclinical studies (Erasmus et al. 2020; 

Nkolola et al. 2024).  

Despite this progress, significant barriers remain. The decline in ZIKV cases has made it 

difficult to test clinical efficacy, while unresolved questions about the mechanisms of 

immunity and the risk of antibody-dependent enhancement (ADE), add further complexity. 

ADE occurs when antibodies from a previous ZIKV or DENV infection enhance, rather 

than neutralize, subsequent viral infections. The cross-reactivity between ZIKV and DENV 

has the potential to complicate immune responses and may contribute to an increase in 

the severity of illness. It has been demonstrated that pre-existing immunity to one virus 

affects the immune response and disease outcome of the other. This interaction poses 

significant difficulties in designing vaccines that can safely and effectively protect against 

ZIKV, particularly in regions where both viruses co-circulate (Halstead and O’Rourke 

1977; Littaua et al. 1990; Miner and Diamond 2017b; Rodrigo et al. 2006; Woodson and 

Morabito 2024). 

In the absence of specific antiviral treatments or vaccines, prevention through vector 

control measures, including mosquito bite avoidance and safe sexual practices, remains 

the most effective strategy to mitigate ZIKV transmission and its associated risks, 

particularly for pregnant women (CDC 2024d, 2024e; Staples et al. 2016). 

1.7 microRNAs  

Zika virus can cause irreversible neurological damage, and, in this context, it becomes of 

great importance to explore the underlying molecular pathways that contribute to this 

neurodevelopmental disruption. One such pathway involves microRNAs (miRNAs), which 

are key regulators of various physiological processes including those critical for 

neurodevelopment. These small, non-coding RNA molecules play a crucial role in 

controlling gene expression by modulating protein translation. Functionally, miRNAs 

regulate their target mRNAs by binding to the 3′ UTR or ORF, leading to either mRNA 

degradation or inhibition of translation (Bartel 2018; Mendell 2005). 

miRNA biogenesis begins with the transcription of primary miRNA (pri-miRNA) by RNA 

polymerase II (Gregory et al. 2004, 2005). These long transcripts are then cleaved by the 

RNase III enzyme Drosha and DGCR8, forming precursor miRNAs (pre-miRNAs), which 

are hairpin-shaped structures. Pre-miRNAs are exported from the nucleus to the 
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cytoplasm via the exportin-5-Ran-GTP complex. Once in the cytoplasm, the enzyme 

DICER further cleaves the pre-miRNAs into mature miRNA duplexes of approximately 22 

nucleotides in length. From the mature miRNA duplex, one strand, known as the guide 

strand, is incorporated into the Argonaute (AGO) proteins, forming the miRNA-induced 

silencing complex (miRISC). This complex targets mRNA molecules by binding to 

complementary sequences in their 3’ UTR, resulting in either the repression of protein 

production or the degradation of the mRNA itself. Though the passenger strand of the 

miRNA duplex is also produced, it is less frequently involved in the miRISC (Gregory et 

al. 2004, 2005).  

miRNAs are involved in a wide range of biological processes, including cell proliferation, 

differentiation, metabolism, and host responses to viral infection (Barbu et al. 2020; Fu et 

al. 2013; Liu et al. 2019; Yao 2016). They are estimated to regulate over 60% of protein-

coding genes post-transcriptionally (Friedman et al. 2009). Dysregulation of miRNAs has 

been implicated in various diseases, including neurological diseases (S. Li et al. 2022). In 

viral infections, interference with miRNA biogenesis has been reported. The ZIKV core 

protein has been shown to bind and inhibit Dicer, impairing the processing of pre-miRNAs 

into mature miRNAs (Zeng et al. 2020). More recently, however, it has also been shown 

that host factors such as ILF3 and DHX9 can enhance Dicer processing of ZIKV-derived 

small RNAs, thereby contributing to antiviral defence (Lei et al. 2025). These findings 

highlight the complex interplay between ZIKV and the host RNA interference machinery, 

in which the virus can both suppress and be targeted by Dicer-dependent pathways. 

miRNA-mediated regulation has emerged as an important mechanism in ZIKV 

pathogenesis, but the specific changes induced by infection and their impact on cellular 

processes are still poorly characterised (Mousavi et al. 2024). 

1.8 microRNAs and Extracellular Vesicle-Mediated Communication 

miRNAs can be incorporated into extracellular vesicles (EVs) and mediate cell-to-cell 

communication (Gurunathan et al. 2019). EVs are classified into three main types: 

exosomes (30–150 nm), microvesicles (100–1000 nm), and apoptotic bodies (1 μm) 

(Borges et al. 2013; Yáñez-Mó et al. 2015; Zaborowski et al. 2015). These vesicles differ 

based on their size, biogenesis, release mechanisms, and cargo. Exosomes originate 

from the inward budding of endosomal membranes, forming multivesicular bodies (MVBs), 
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which then fuse with the plasma membrane to release the enclosed exosomes into the 

extracellular space (Bebelman et al. 2018; Raposo and Stoorvogel 2013; Simons and 

Raposo 2009; Yáñez-Mó et al. 2015). Microvesicles form directly from the outward 

budding of the plasma membrane (Zaborowski et al. 2015). Apoptotic bodies are released 

during programmed cell death and contain cellular fragments, such as organelles and 

nuclear material (Borges et al. 2013). 

EVs protect their cargo from degradation, including miRNAs, which are otherwise 

vulnerable to the extracellular environment, where RNases would typically degrade 

unprotected RNAs. The stability of miRNAs in biological fluids such as blood, urine, and 

saliva is enhanced by their encapsulation within EVs, ensuring their functional delivery to 

target cells (Caby et al. 2005; Grigor’eva et al. 2016; Hornick et al. 2015; Street et al. 

2012; Vojtech et al. 2014).  

The release of miRNAs through EVs plays important roles in both normal physiological 

and pathological processes, including viral infections. The cargo packaged within EVs can 

be altered under diseased and infected states (Chahar et al. 2015; Salomon et al. 2013; 

Vora et al. 2018). For example, in the context of viral diseases, exosomal miRNAs can 

modulate host immune responses and contribute to viral pathogenesis. Viruses may 

exploit these EVs to transfer viral RNA or proteins to uninfected cells, thereby aiding in 

the spread of infection (Chahar et al. 2015). This ability to manipulate the host's cellular 

environment highlights the importance of miRNA-EV interactions in intercellular 

communication and disease development. 

1.9 Oxidative Stress and Nrf2 Signalling 

Oxidative stress is a condition in which the balance between the production of reactive 

oxygen species (ROS) and the body's ability to detoxify them through antioxidant defences 

is disrupted. This imbalance leads to the accumulation of ROS, which can cause damage 

to essential cellular components such as lipids, proteins, and DNA (Pizzino et al. 2017; 

Sies 2015). ROS encompass superoxide anions (O2•−), hydroxyl radicals (OH•), and 

hydrogen peroxide (H2O2) and are byproducts of cellular metabolic processes. They play 

key roles in various intracellular signalling pathways, including the regulation of cytokines, 

growth factors, and the immune response to pathogens (Geiszt and Leto 2004). Also, 

ROS are highly reactive and unstable, and elevated levels can lead to cellular damage 
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affecting DNA, lipids, and proteins (Halliwell and Cross 1994). Maintaining ROS levels is 

essential for cellular balance, with the antioxidant system serving as a protective 

mechanism against oxidative stress.  

During viral infections, an increase in ROS production can trigger the host cell's antiviral 

inflammatory response, thereby influencing viral pathogenesis (Z. Zhang et al. 2019). 

Several viruses, including DENV and hepatitis C virus (HCV), induce oxidative stress as 

part of their infection strategy. This process can help viruses to manipulate host cellular 

pathways to promote viral replication or evade immune detection (Valadão et al. 2016). 

In response to oxidative stress, cells activate several defence mechanisms, with one of 

the most critical being the nuclear factor erythroid 2-related factor 2 (Nrf2) / antioxidant 

response element (ARE) signalling pathway. Nrf2 is a transcription factor that regulates 

the expression of genes involved in detoxification and antioxidant defence, helping to 

maintain cellular redox balance (Kobayashi et al. 2009). Under unstressed conditions, 

Nrf2 is bound by the actin-binding protein Keap1 (Kelch-like ECH-associated protein 1), 

which promotes its ubiquitination and subsequent degradation. Upon exposure to 

oxidative stress, Nrf2 is released from Keap1, translocates to the nucleus, and forms a 

complex with small Maf proteins. This complex then binds to antioxidant response 

elements (AREs) within the promoter regions of target genes, driving the expression of 

antioxidant and cytoprotective genes (Yamamoto et al. 2018). These genes include those 

encoding detoxifying enzymes such as NAD(P)H oxidoreductase 1 (NQO1), glutathione 

S-transferases (GSTs), and glutamate-cysteine ligase (GCL), which are involved in the 

synthesis of glutathione, a major cellular antioxidant. Activation of these genes enhances 

the cell’s ability to neutralize ROS and maintain redox balance (Jaiswal 2004; Kobayashi 

and Yamamoto 2005). 

In addition to its role in regulating antioxidant defences, Nrf2 is also involved in other 

protective cellular processes, including the regulation of autophagy, which helps remove 

damaged cellular components (Komatsu et al. 2010). Several flaviviruses exploit this 

pathway; for example, in HCV infection, viral suppression of Nrf2 activity leads to elevated 

oxidative stress and triggers autophagy, which in turn facilitates viral particle release 

(Medvedev et al. 2017). Taken together, Nrf2 plays a critical role in the regulation of 

cytoprotective genes during oxidative stress and in autophagy-related pathways. 
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1.10 Relevance and Aim of this Study 

Zika virus poses a persistent and unpredictable threat to global public health due to its 

potential to cause severe neurological complications, such as microcephaly in newborns 

and Guillain-Barré syndrome in adults. Despite a decline in incidence following the 2015-

2016 outbreak, the risk of ZIKV re-emergence remains high, particularly in regions where 

Aedes mosquito vectors are prevalent or expanding due to climate change (Woodson and 

Morabito 2024).  

For prevention and improved management of ZIKV infection, molecular insights into virus-

host interactions are crucial. A better understanding of how ZIKV alters host miRNA 

profiles may provide a foundation for developing biomarkers, improving 

neurodevelopmental risk assessment, and informing future therapeutic or prevention 

strategies.  

The aim of this study was therefore to characterise ZIKV-induced changes in host miRNA 

and mRNA expression. To gain representative results for the situation in humans, two 

relevant human cell lines were selected that reflect key sites of infection and pathology. 

Long-term neuroepithelial stem cells (lt-NES®) were used as a model of early neural 

development, which is especially vulnerable to ZIKV-associated disruption. HaCaT 

keratinocytes served as a model of skin epithelium, the likely initial site of viral entry 

following mosquito transmission (Hamel et al. 2015a).  

By profiling host miRNA and mRNA transcriptomes and conducting integrative analyses, 

this work seeks to identify ZIKV-associated molecular signatures and regulatory networks. 

The objective is to uncover specific miRNA signatures and associated gene expression 

changes that may contribute to neurodevelopmental disruption during ZIKV infection and 

that could serve as a basis for future biomarker and therapeutic development. 
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2. Materials and Methods  

2.1 Cell Culture 

2.1.1 lt-NES® Cells 

Long-term self-renewing neuroepithelial-like stem cells (lt-NES®) utilized in this study 

serve as a reductionist in vitro model for investigating early human neural stem cell 

differentiation (Koch et al. 2009). These cells, derived from both hESCs (Koch et al. 2009) 

and iPSCs (Falk et al. 2012), maintain stable neurogenic and gliogenic potential even after 

long-term proliferation. lt-NES® cells used in this study were generated from the iPSC line 

iLB-C-31f (Rehbach et al. 2019), which originated from a female donor in her mid-20s 

through retroviral reprogramming. Both the generation and cultivation of these cells were 

performed by the research group of Prof. Oliver Brüstle at the Life & Brain Center.  

The generation of lt-NES® cells followed a previously established protocol (Koch et al. 

2009) with minor modifications. The lt-NES® cells were maintained on 6-well plastic cell 

culture dishes coated with 1× poly-L-ornithine and 10 μg/mL laminin (Merck, Darmstadt, 

Germany). Cells were cultured in Dulbecco’s Modified Eagle’s/F12 medium (DMEM/F12; 

Thermo Fisher Scientific, Waltham, MA, USA) supplemented with N2 Supplement (PAA 

Laboratories, Pasching, Austria), 10 ng/mL basic fibroblast growth factor 2 (FGF2), 10 

ng/mL epidermal growth factor (EGF) (both from R&D Systems, Minneapolis, MN, USA), 

and B-27 Supplement (1:1000; Thermo Fisher Scientific, Waltham, MA, USA). 

Passaging was performed every 2–3 days at a 1:2 split ratio. For enzymatic dissociation, 

cells were incubated with 0.125% trypsin (Thermo Fisher Scientific, MA, USA) for 5–10 

minutes at room temperature. Trypsin activity was neutralized by adding trypsin inhibitor 

(Thermo Fisher Scientific, MA, USA). The cell suspension was centrifuged at 300 x g for 

3 minutes. The supernatant was discarded, and the cell pellet was resuspended in fresh 

maintenance medium for continued culture. 

2.1.2 HaCaT Cells 

Human adult low-calcium high-temperature (HaCaT) keratinocytes were cultured in 75 

cm² tissue culture flasks (TPP, Trasadingen, Switzerland) designed for adherent cell 

growth. Cells were maintained in high-glucose Dulbecco’s Modified Eagle Medium 
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(DMEM; Thermo Fisher Scientific, Waltham, USA), supplemented with 10% foetal bovine 

serum (FBS Superior; Biochrom, Merck, Berlin, Germany), 1% L-glutamine (Thermo 

Fisher Scientific, Waltham, USA), and 1% penicillin-streptomycin (Pen/Strep; Biowest, 

Nuaillé, France). The culture medium was exchanged twice weekly by aspirating the spent 

medium and replacing it with fresh, pre-warmed medium under sterile conditions. 

Cell confluency was routinely monitored, and subculturing was performed when cultures 

reached approximately 75% confluency, typically every 5–7 days. For enzymatic 

dissociation, the medium was aspirated, and the cells were washed with 10 ml phosphate-

buffered saline (PBS; Biowest, Nuaillé, France). After removal of PBS, 2 ml of TrypLE 

Express (Thermo Fisher Scientific, Waltham, USA) was added per flask and incubated at 

37 °C for 5–10 minutes. Cell detachment was assisted by gently tapping the bottom of the 

flask. 

Once detached, 10 ml of fresh complete medium was added to stop enzymatic activity, 

and the cells were resuspended by gentle pipetting. The suspension was transferred to a 

50 ml conical tube and centrifuged at 600 × g for 5 minutes. After centrifugation, the 

supernatant was discarded, and the cell pellet was washed with 10 ml PBS (Biowest, 

Nuaillé, France). Cells were then resuspended in 1 ml of complete medium, and a 10 µl 

aliquot of the suspension was used for cell counting using an automated cell counter (Bio-

Rad, Hercules, USA). Cells were subsequently seeded into new 75 cm² tissue culture 

flasks (TPP, Trasadingen, Switzerland) at a density of 4 × 10⁵ cells per flask and 

maintained under standard culture conditions. 

2.2 Infection 

2.2.1 ZIKV Infection of lt-NES® Cells 

This study employed two Zika virus (ZIKV) strains: ZIKV Uganda 976, obtained from the 

European Virus Archive, and ZIKV PF13/251013-18 from French Polynesia, kindly 

provided by Professor Musso (Institute Louis Malardé, Tahiti) and the European Virus 

Archive (Figure 5). The Uganda strain is not known to be associated with severe clinical 

outcomes, whereas the French Polynesian strain has been linked to neurological 

complications and congenital Zika syndrome (Cauchemez, Besnard, Bompard, Dub, 

Guillemette-Artur, Eyrolle-Guignot, Salje, Van Kerkhove, et al. 2016). Virus stocks were 
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prepared and titrated by collaborators at the Paul-Ehrlich-Institut (Langen, Germany), as 

described in the virus stock production section. 

lt-NES® cells were seeded into 6-well plates at a density of 1 × 10⁶ cells per well. Infections 

were performed using serum-free virus stocks at a multiplicity of infection (MOI) of either 

0.1 or 1. The higher MOI (1) was selected in some experiments to enhance the likelihood 

of observing more pronounced cellular effects. Both infected and uninfected control cells 

received daily medium changes at 24, 48, and 72 hours post-infection. Supernatants were 

collected 8 hours after each medium change for subsequent analysis by plaque assay. In 

parallel, cells were harvested at 24, 48, and 72 hours post-infection. 

Figure 4. Experimental Design for ZIKV Infection and Sampling Time Points. 
Overview of experimental setup showing infection conditions (ZIKV Uganda, ZIKV French 
Polynesia, and uninfected controls) across 24, 48, and 72 hours post-infection. Each 
condition was performed in triplicate. 

2.2.2 ZIKV Infection of HaCaT Cells 

HaCaT cells were seeded into 6-well plates and infected with ZIKV Uganda (976) or ZIKV 

French Polynesia (PF13/251013-18) at a multiplicity of infection (MOI) of 0.1. The viral 

inoculum was prepared in serum-free medium and incubated with the cells for 16 hours. 

After incubation, the inoculum was removed, and cells were gently washed once with pre-
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warmed PBS (Biowest, Nuaillé, France). Fresh complete medium (3 mL per well) was 

then added. Two hours post-infection, cells were treated with 20 ng/mL recombinant 

human fibroblast growth factor 7 (FGF7) or left untreated as controls. The culture medium 

containing FGF7 (or control medium) was replaced every 24 hours. 

Cells were harvested for total RNA extraction at 24, 48, and 72 hours post-infection. 

2.3 Virus Stock Production and Titration 

ZIKV virus stocks used in this study were generated and titrated by colleagues at the Paul-

Ehrlich-Institut (Langen, Germany), as described below. 

For virus stock production, Vero cells were infected with the respective ZIKV strain in 

Dulbecco’s Modified Eagle Medium (DMEM) high glucose (BioWest, Nuaillé, France) 

supplemented with 10% foetal bovine serum superior (FBS; “DMEM complete”, Biochrom 

GmbH, Berlin, Germany), 2 mM L-glutamine (Biochrom GmbH), and 100 U/mL penicillin 

with 100 µg/mL streptomycin (Paul-Ehrlich-Institut, Langen, Germany). Three days post-

infection, cells were washed once with PBS (Biowest, Nuaillé, France). For virus stocks 

intended for HaCaT cell infections, cultures were maintained in DMEM complete. For virus 

stock intended for lt-NES® cell infections, the FBS-containing medium was replaced with 

DMEM containing 10% KnockOut™ Serum Replacement (Thermo Fisher Scientific, 

Waltham, USA) to ensure compatibility with stem cell culture conditions. On day 7 post-

infection, the supernatant was harvested, clarified by centrifugation at 1000 × g for 5 

minutes to remove cellular debris, and stored at –80 °C until further use in plaque assays. 

To determine viral titers, plaque assays were performed on Vero cells. Cells were seeded 

in 6-well plates at a density of 3 × 10⁵ cells per well. Serial 10-fold dilutions of viral 

supernatants were prepared, and 100 µL of each dilution was added per well. After 2 

hours of incubation at 37 °C the inoculum was removed and cells were overlaid with 0.4% 

SeaPlaque™ agarose (Lonza, Basel, Switzerland) in complete DMEM. Following a five-

day incubation, the agarose overlay was removed, and cells were fixed with 4% 

formaldehyde (Carl-Roth, Karlsruhe, Germany) in PBS for 20 minutes at room 

temperature. Plaques were visualized by staining with 0.1% crystal violet in 20% ethanol 

(Merck, Darmstadt, Germany) for 15 minutes, washed with distilled water, air-dried, and 

counted. Viral titers were calculated as plaque-forming units per millilitre (PFU/mL). 
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2.4 miRNA: Sequencing and Data Analysis 

2.4.1 RNA Isolation 

For the analysis of intracellular miRNAs, total RNA was extracted from previously infected 

and uninfected lt-NES® cell samples at 24, 48, and 72 hours post-infection (hpi) using the 

miRNeasy Mini Kit® (Cat. No. 217004, Qiagen, Hilden, Germany) following the 

manufacturer’s protocol (Figure 5). Cells were lysed in QIAzol Lysis Reagent, followed by 

chloroform-mediated phase separation. The aqueous phase was combined with ethanol 

and transferred to a silica membrane spin column to bind total RNA, including small RNAs. 

After washing, RNA was eluted in RNase-free water and stored at -80 °C until further use. 

Biological triplicates had been established during the infection setup, with three replicates 

per condition and time point (i.e., uninfected controls and cells infected with either ZIKV 

Uganda or ZIKV French Polynesia, each at 24, 48, and 72 hpi). 

For the analysis of extracellular vesicle (EV)-derived miRNAs, cell culture supernatants 

from previously established infected and uninfected lt-NES® cell samples were collected 

at 24, 48, and 72 hours post-infection. EV-associated miRNAs were extracted using the 

exoRNeasy Serum/Plasma Kit (Cat. No. 77064, Qiagen, Hilden, Germany) following the 

manufacturer's instructions. Briefly, 1 mL of cell-free supernatant was mixed with a binding 

buffer and applied to a membrane affinity spin column to capture extracellular vesicles. 

After washing, EVs were lysed on-column, and total RNA was eluted for downstream 

applications. 

As with intracellular RNA samples, three biological replicates per condition and time point 

were processed, corresponding to uninfected controls and cells infected with either ZIKV 

Uganda or ZIKV French Polynesia at 24, 48, and 72 hpi.  

RNA concentrations were quantified using the Qubit RNA High Sensitivity Assay Kit 

(Thermo Fisher Scientific, Waltham, USA) according to the manufacturer's instructions. 

2.4.2 miRNA Library Preparation and Size Selection 

To prepare libraries for miRNA sequencing, the NEBNext® Multiplex Small RNA Library 

Prep Set for Illumina (E7300S, New England Biolabs, Frankfurt, Germany) was used. The 

protocol includes the ligation of 3′ and 5′ adapters specifically designed for small RNA 
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molecules, followed by reverse transcription and polymerase chain reaction (PCR) 

amplification using indexed primers to enable multiplexing. 

After PCR amplification, the resulting double-stranded complementary DNA (cDNA) was 

quantified using the Qubit dsDNA High Sensitivity Assay Kit (Thermo Fisher Scientific, 

Waltham, USA) according to the manufacturer's protocol. The libraries were then purified 

using the QIAquick PCR Purification Kit (Cat. No. 28104, Qiagen, Hilden, Germany) to 

remove excess primers and buffer components. 

Purified libraries from 12 indexed samples were pooled, mixed with 6× loading dye, and 

separated on a 10% denaturing polyacrylamide gel in 1× TBE buffer. Electrophoresis was 

performed for 1 hour and 20 minutes at 100 V. Gels were stained with ethidium bromide, 

and the ~147 bp band corresponding to adapter-ligated miRNAs was excised. To avoid 

UV-induced degradation, only one reference lane containing a marker was exposed to UV 

light, and this was used to guide the cutting of corresponding bands in the other gel lanes. 

Excised gel pieces were shredded by centrifugation and incubated twice with gel elution 

buffer at room temperature to extract the cDNA. The eluate was purified via gel filtration 

columns, ethanol-precipitated in the presence of sodium acetate and linear acrylamide, 

and the resulting pellet was resuspended in TE buffer. Library size and concentration were 

assessed using the Agilent 2100 Bioanalyzer and the High Sensitivity DNA Kit (5067-

4626, Agilent, Santa Clara, CA, USA). The assay allows accurate quantification and sizing 

of DNA fragments within the range of 50–7000 bp. Only libraries displaying a distinct peak 

at approximately 147 bp were considered of sufficient quality and submitted for 

sequencing. 

2.4.3 miRNA Sequencing 

Prepared miRNA libraries were sequenced using the Illumina® MiSeq system with the 

MiSeq Reagent Kit v2 (50 cycles) (MS-102-2001, Illumina, CA, USA), following the 

manufacturer’s protocol for small RNA libraries. 

Prior to sequencing, libraries were denatured and diluted to the required loading 

concentration. Indexed sample libraries were first diluted with TE buffer to a final 

concentration of 2 nM. Then, 10 µL of the 2 nM libraries were mixed with 10 µL of freshly 

prepared 0.2 N NaOH, vortexed briefly, and centrifuged at 280 x g for 1 minute. After 5 

minutes of incubation at room temperature to achieve complete denaturation, 20 µL of 
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denatured libraries were diluted in 980 µL pre-chilled HT1 buffer, yielding a 20 pM library. 

A final dilution to 15 pM was prepared by mixing 10 µL of the 20 pM library with 750 µL 

HT1 buffer. A denatured PhiX control library was spiked into the sequencing mix as an 

internal control. For this, 2 µL of PhiX were diluted with 8 µL of 10 mM Tris-Cl (pH 8.5) 

containing 0.1% Tween-20. The mixture was denatured by adding 10 µL of 0.2 N NaOH, 

followed by a 5-minute incubation at room temperature. The denatured PhiX was diluted 

in two steps to a final concentration of 12.5 pM: first, 20 µL PhiX was added to 980 µL 

HT1 buffer, then 625 µL of that mixture was further diluted with 375 µL HT1. To prepare 

the final loading mix, 10 µL of 12.5 pM PhiX library was combined with 990 µL of 15 pM 

denatured sample libraries. From this, 600 µL was loaded into the sample reservoir of a 

new sequencing cartridge, which included all required reagents. A new flow cell was 

rinsed with RNase-free water, followed by 100% ethanol, and allowed to dry before 

insertion into the MiSeq instrument along with the loaded cartridge and a fresh bottle of 

wash buffer. The MiSeq was programmed for 36 cycles to generate single-end reads, 

which is sufficient for sequencing adapter-ligated miRNAs. 

2.4.4 miRNA Data Analysis 

Following the completion of the sequencing run, raw sequencing data were extracted as 

FASTQ files using the MiSeq® Reporter Software (Illumina, San Diego, CA, USA). Each 

FASTQ file contained single-end reads corresponding to individual miRNA-derived cDNA 

fragments. 

To ensure high-quality data, raw reads were first processed using Cutadapt, a tool for 

trimming adapter sequences. The 3′ adapter, which had been ligated during library 

preparation, was removed to enable accurate alignment. Additionally, sequencing reads 

shorter than 15 nucleotides after trimming were discarded to minimize false-positive 

alignments and improve mapping specificity. Trimmed reads were then aligned to the 

human reference genome (hg38) using the alignment tool Bowtie2, allowing identification 

of genomic origin. Initially, alignment was performed across the entire genome to capture 

all potentially relevant loci. Successfully mapped reads were then used to identify 

precursor (hairpin) and mature miRNAs based on annotations from miRBase. 

Count data for all detected miRNAs were compiled and imported into the R statistical 

environment for differential expression analysis using the DESeq2 package. 
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Within DESeq2, read counts were normalized to account for differences in sequencing 

depth across samples. Differential expression was calculated using the Wald test, and p-

values were adjusted for multiple testing using the Benjamini-Hochberg method. To focus 

on miRNAs with higher biological relevance and reduce the influence of technical 

variability, miRNAs with fewer than 100 read counts across all samples were excluded 

from further analysis (tenOever 2013). 

To interpret the potential biological functions of differentially expressed miRNAs, gene 

ontology (GO) and pathway enrichment analyses were conducted using the DIANA-

miRPath v3 tool (Kanehisa and Goto 2000; Vlachos et al. 2015). This platform allowed for 

the identification of enriched biological processes and signaling pathways using the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database and GO annotations. Predicted 

gene targets were obtained using the microT-CDS algorithm with a threshold score of 0.8, 

ensuring high-confidence predictions. Additionally, experimentally validated interactions 

were included from the TarBase database (Reczko et al. 2012). For both sources, only 

targets with a p-value below 0.05 were considered for enrichment analysis. 

All miRNA sequencing datasets generated in this study have been deposited in the Gene 

Expression Omnibus (GEO) under the accession number GSE157532. 

2.5 Microarray-Based Gene Expression Analysis 

Gene expression analysis was performed using the SurePrint G3 Human Gene 

Expression 8x60K Microarray Kit (Agilent Technologies, Santa Clara, CA, USA), following 

Agilent's one-color microarray protocol. For each sample, 100 ng of total RNA (extracted 

using the miRNeasy Mini Kit, Qiagen) was used as input. Amplification and labeling with 

Cyanine-3 (Cy3) were performed using T7 promoter-based in vitro transcription, according 

to the manufacturer’s instructions. 

Labelled complementary RNA (cRNA) was purified using the RNeasy Mini Kit (Qiagen, 

Hilden, Germany), and dye incorporation and RNA concentration were assessed using a 

NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, USA). Samples with a 

specific activity of at least 6 pmol Cy3 per µg cRNA were considered suitable and used 

for hybridization. Labelled samples were hybridized to microarray slides, incubated for 17 

hours at 60 °C, washed, and scanned using the Agilent SureScan Microarray Scanner. 

Raw image data were extracted with Agilent Feature Extraction Software (v10). 
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Data analysis was conducted using GeneSpring GX 14.9.1 (Agilent Technologies). After 

background correction and normalization, signal intensities below 50 were excluded. 

Differential expression was determined using a two-way analysis of variance (ANOVA) 

with Benjamini–Hochberg correction for multiple testing. 

Differentially expressed genes were cross-referenced with predicted miRNA targets from 

PiCTar, TarBase, TargetScan, and miRDB (Agarwal et al. 2015; Krek et al. 2005; 

Sethupathy et al. 2006; X. Wang 2008). Pathway and network enrichment analysis was 

performed using Reactome (version 73) (Croft et al. 2014). 

Gene expression profiling was conducted using three biological replicates per condition 

and time point. This included lt-NES® cells and HaCaT cells that were either uninfected or 

infected with ZIKV Uganda or ZIKV French Polynesia at 24, 48, and 72 hours post-

infection (Figure 5). Additionally, for HaCaT cells, three biological replicates were 

analysed for cells infected with ZIKV French Polynesia and treated with FGF7, as well as 

for uninfected HaCaT cells treated with FGF7 at each corresponding time point. 

The microarray data sets are deposited in GEO (GSE157532). 
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Figure 5. Schematic Overview of the Experimental Workflow. 
lt-NES® cells and HaCaT keratinocytes were infected with ZIKV strains from French 
Polynesia or Uganda. Following infection, RNA was isolated for transcriptome analysis. 
Gene expression profiling in both cell types was performed using microarrays, while 
intracellular and exosomal miRNA profiling was conducted in lt-NES® cells using next-
generation sequencing. An integrative analysis of mRNA and miRNA datasets was 
performed to identify ZIKV-associated molecular changes. 
 

2.6 Real-Time Quantitative PCR 

Quantitative real-time PCR (qRT-PCR) was used to validate selected miRNAs and 

mRNAs identified in the sequencing and microarray analyses. Complementary DNA 

(cDNA) was synthesized from total RNA using the miScript II RT Kit (Cat. No. 218161, 

Qiagen, Hilden, Germany) for miRNA validation and the QuantiTect Reverse Transcription 

Kit (Cat. No. 205311, Qiagen) for mRNA analysis, following the respective manufacturer’s 

protocols. For miRNA analysis, 500 ng of total RNA per sample was reverse transcribed 
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using the HiFlex Buffer. For mRNA validation, 1000 ng of total RNA was used, and an 

integrated genomic DNA elimination step was included prior to reverse transcription, as 

recommended by the QuantiTect protocol. 

qPCR reactions were carried out using the SYBR Green PCR Kit (Cat. No. 204145, 

Qiagen) on a LightCycler 480 Real-Time PCR System (Roche, Basel, Switzerland). qPCR 

reactions were carried out using the SYBR Green PCR Kit (204145, Qiagen, Hilden, 

Germany) on a Roche LightCycler 480 instrument (Roche, Basel, Switzerland). The 

amplification program was identical for both miRNA and mRNA analyses and consisted 

of an initial activation step at 95 °C for 15 minutes, followed by 40 amplification cycles of 

94 °C for 15 seconds (denaturation), 55 °C for 30 seconds (annealing), and 70 °C for 30 

seconds (extension). A final melting curve analysis was performed from 60 °C to 95 °C 

with a gradual temperature increase of 0.1 °C/second to verify amplification specificity. 

miScript Primer Assays were used for the detection of miRNAs (Hs_miR-205_1, Hs-miR-

182_2, Hs_miR-4792_1, Hs-miR-16_2; Qiagen). miR-16 served as the reference gene for 

normalization of miRNA expression. For mRNA validation, expression levels of selected 

genes (ASNS, FOXC1, SESN2) were quantified using QuantiTect Primer Assays 

(Hs_ASNS_1_SG, Hs_FOXC1_2_SG, Hs_SESN2_1_SG, and Hs_GAPDH_1_SG; 

Qiagen). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the 

reference gene. Fold changes in expression were calculated using the comparative ΔΔ 

cycle threshold (Ct) method, where Ct values for target RNAs were first normalized to 

those of the respective internal control (miR-16 for miRNAs or GAPDH for mRNAs), 

resulting in ΔCt values. These were then compared to the corresponding control samples 

to determine ΔΔCt, and relative expression levels were calculated using the formula 2–

ΔΔCt (Schmittgen and Livak 2008). 

2.7 Oxyblot 

Carbonylation of proteins, an indicator of oxidative protein damage, was analysed using 

the OxyBlot™ Protein Oxidation Detection Kit (Merck, Darmstadt, Germany) following the 

manufacturer’s protocol. This assay is based on the detection of carbonyl groups that are 

introduced into protein side chains by reactive oxygen species (ROS). These carbonyl 

groups are derivatized by reaction with 2,4-dinitrophenylhydrazine (DNPH), resulting in 
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the formation of stable 2,4-dinitrophenyl (DNP) hydrazone adducts, which can be detected 

by immunoblotting using anti-DNP antibodies (Figure 6). 

 

 
 

Figure 6. Principle of the OxyBlot™ Protein Carbonylation Assay.  
Proteins oxidized under conditions of oxidative stress are derivatized with DNPH, 
converting carbonyl groups into DNP adducts. These are subsequently detected by anti-
DNP antibodies via Western blotting. 

 

ZIKV-infected and uninfected control lt-NES® cells were harvested at 24, 48, and 72 hours 

post-infection and washed with PBS. Cells were lysed in radioimmunoprecipitation assay 

buffer (50 mM Tris-HCl pH 7.2, 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 1% 

sodium deoxycholate, 1% Triton X-100) supplemented with protease inhibitors including 

aprotinin (serine protease inhibitor), leupeptin (serine and cysteine protease inhibitor), 

pepstatin (aspartic protease inhibitor), and phenylmethylsulfonylfluoride (serine and 

cysteine protease inhibitor), all from Applichem (Darmstadt, Germany). 

Equal amounts of total protein (15 µg per sample) were derivatized with DNPH according 

to the kit protocol. Samples were denatured by mixing 1:1 with 10% SDS solution and 

separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using manually 

prepared stacking and separating gels composed of standard components (all from Carl 

Roth, Karlsruhe, Germany; see Table 1 for compositions).  
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Table 1. Composition of SDS-PAGE Gels 

Component Separation Gel (80 ml) Stacking Gel (30.5 ml) 
4 x Gel Buffer 20 mL (1.5 M Tris-HCl, pH 8.8, 

0.4% SDS) 

7.5 mL (0.5 M Tris-HCl, pH 

6.7, 0.4% SDS) 

Rotiphorese® Gel 40 24 mL 3 ml 

ddH₂O 36 ml 20 ml 

Ammonium persulfate 800 µL 300 µL 

TEMED 80 µL 30 µL 

 

After polymerization, samples were loaded onto the gel, and SDS-PAGE was run at 80 V 

through the stacking gel and at 120 V through the separating gel. Proteins were then 

transferred onto nitrocellulose membranes for subsequent detection. After protein 

transfer, membranes were blocked for 1 hour at room temperature using the blocking 

buffer provided in the OxyBlot™ kit, according to the manufacturer’s instructions. 

Following blocking, membranes were incubated with primary anti-DNP antibodies and 

corresponding secondary antibodies for chemiluminescent detection. Band intensities 

were quantified using Image Studio Lite Software Version 5.2 (LI-COR Biosciences, 

Lincoln, NE, USA), enabling the comparative analysis of protein oxidation levels between 

samples. 

2.8 Immunofluorescence Microscopy 

To investigate the localization of proteins within the cells and assess potential 

colocalization of viral and host proteins, immunofluorescence staining followed by 

confocal microscopy was performed. Cells were cultured on sterile glass coverslips under 

standard conditions and fixed at 24, 48, or 72 hours post-infection using 4% formaldehyde 

(Carl-Roth, Karlsruhe, Germany) in phosphate-buffered saline (PBS) for 20 minutes at 

room temperature. After three washes with PBS (5 minutes each), cells were 

permeabilized with 0.5% Triton X-100 for 10 minutes and washed again three times. To 

reduce nonspecific antibody binding, cells were blocked with 1% bovine serum albumin 

(BSA) in PBS for 30 minutes. Cells were incubated for 1 hour at room temperature with 

the following primary antibodies diluted in PBS: anti-ZIKV NS1 (1:1000; Biofront 

Technologies, Tallahassee, FL, USA) and anti-MafG (1:300; Abcam, Cambridge, UK). 
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After three additional PBS washes, cells were incubated for 1 hour in the dark with the 

corresponding fluorophore-conjugated secondary antibodies: anti-mouse IgG-Alexa 488 

(1:1000; Thermo Fisher Scientific, MA, USA) and anti-rabbit-Cy3 (1:400; Jackson 

Immunoresearch,West Grove, PA, USA). Cell nuclei were stained with 4′,6-diamidino-2-

phenylindole (DAPI; Carl Roth, Karlsruhe, Germany). Coverslips were mounted onto glass 

slides using Mowiol mounting medium (Merck, Darmstadt, Germany) and stored at 4 °C 

until imaging. Fluorescence imaging was performed using the confocal laser scanning 

microscope LSM 510 Meta and ZEN 2009 software (Carl Zeiss, Oberkochen, Germany).  

2.9 Data Analysis and Tools 

Statistical analyses were conducted using R - statistical computing environment (version 

4.2.2), GraphPad Prism 8 (GraphPad Software, San Diego, USA), and analysis tools 

provided by sequencing and microarray platforms as follows:  

For miRNA sequencing, differential expression was analysed using the DESeq2 package 

in R. Read counts were normalized to account for differences in library size, and miRNAs 

with fewer than 100 reads across all samples were excluded to minimize background 

noise. The Wald test was used for statistical comparison, and p-values were adjusted for 

multiple testing using the Benjamini–Hochberg method. miRNAs with an adjusted p-value 

≤ 0.05 were considered significantly differentially expressed.  

Microarray gene expression data were analysed using a two-way ANOVA to assess 

differences across infection conditions and time points. As with the miRNA data, multiple 

testing correction was applied using the Benjamini-Hochberg method, and genes with an 

adjusted p-value ≤ 0.05 were considered significant.  

For qRT-PCR validation experiments, expression levels were calculated using the ΔΔCt 

method, with GAPDH (for mRNA) and miR-16 (for miRNA) used as internal reference 

genes. Comparisons between groups were made using two-tailed, unpaired Student’s t-

tests.  

Results are shown as mean ± standard deviation (SD) with significance defined at p ≤ 

0.05. 

Schematic illustrations were created using ChemDraw (PerkinElmer, version 20.0). 
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3. Results 

3.1 Strain-Specific Differences in Gene Expression Modulation by ZIKV Uganda and 

Polynesia in HaCaT and lt-NES® Cells 

To investigate strain-specific effects of Zika virus (ZIKV) on host gene expression, two 

human cell models were used, chosen for their relevance to infection and pathogenesis: 

lt-NES® cells, representing the developing neural environment, and HaCaT keratinocytes, 

modelling the skin’s epithelial barrier as the primary site of viral entry following a mosquito 

bite (Hamel et al. 2015b). Both cell lines were infected with either the African-lineage ZIKV 

Uganda strain (MP-976) or the Asian-lineage ZIKV French Polynesia strain 

(PF13/251013-18) at a multiplicity of infection (MOI) of 0.1. Total RNA was extracted at 

24, 48, and 72 hours post-infection (hpi) for transcriptomic profiling. The experiment aimed 

to capture temporal and strain-specific differences in host gene expression dynamics.  

 

In lt-NES® cells, the ZIKV Uganda strain exhibited a higher impact on gene expression 

compared to ZIKV Polynesia (Figure 7a). By more than 2-fold, ZIKV Uganda significantly 

upregulated 1,280 genes and downregulated 1,208 genes at 72 hpi, whereas only 258 

genes were upregulated, and 12 genes were downregulated by ZIKV Polynesia at the 

same time point. Plaque-forming assays confirmed the production of a significantly higher 

number of infectious particles by ZIKV Uganda at 24 and 48 hpi, though no significant 

difference was observed between the two strains by 72 hpi (Figure 8). 

 

In HaCaT cells, a similar trend was observed with ZIKV Uganda showing an overall greater 

influence on gene expression compared to ZIKV Polynesia. At 24 hpi, both strains 

upregulated over 2,500 genes, while ZIKV Uganda downregulated nearly 1,000 genes, 

almost twice as many as ZIKV Polynesia. By 48 hpi, the Uganda strain upregulated 2,209 

genes, whereas ZIKV Polynesia upregulated 1,889. In contrast, downregulation was more 

pronounced in ZIKV Polynesia-infected cells. At 72 hpi, upregulation was comparable 

between the strains, while downregulation was higher in ZIKV Uganda-infected cells 

(Figure 7b). 
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Figure 7. Differentially Expressed Genes Following ZIKV Infection.  
Number of ≥ 2-fold, significantly (p-value ≤ 0.05) differentially expressed genes at 24, 48, 72 
hours post infection with ZIKV Polynesia and ZIKV Uganda in a) lt-NES® cells (Tabari et al. 
2020) and b) HaCaT cells. 
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Figure 8. Plaque Forming Assays.  
Quantification was performed in Vero cells by plaque-forming assays and the number of 
infectious viral particles is expressed in plaque forming units per mL (PFU/mL). Error bar 
represents the mean ± SEM of n = 3 biological replicates; *p < 0.05.  Quantification of the 
number of extracellular infectious viral particles from lt-NES® cells infected with either the 
Polynesia or the Uganda strain at 24, 48 and 72 hpi at MOI of 0.1 (Tabari et al. 2020). 
 

3.2 FGF7-Mediated Modulation of Innate Immune Response in ZIKV-Infected HaCaT 

Cells 

ZIKV transmission through mosquito bites introduces the virus directly into the skin, where 

local injury occurs and wound-healing pathways are activated. Fibroblast growth factor 7 

(FGF7) is a key mediator of epithelial repair and is known to be upregulated during skin 

regeneration, acting primarily through FGFR2b and, to a lesser extent, FGFR1b 

(Maddaluno et al. 2020). To investigate whether FGF7 modulates the host response to 

ZIKV infection, HaCaT keratinocytes were treated with FGF7 after infection. This model 

aimed to simulate the local wound-healing environment potentially present during natural 

ZIKV transmission.  

HaCaT cells were infected with ZIKV Uganda or ZIKV French Polynesia (MOI = 0.1), and 

FGF7 (20 ng/mL) was added 2 hours post-infection. Transcriptomic profiling was 
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conducted at 24, 48, and 72 hpi and compared to untreated infected and uninfected 

controls. 

Gene ontology analysis of differentially expressed genes in ZIKV-infected HaCaT cells 

revealed a significant enrichment of immune-related processes in response to ZIKV 

infection, including type I interferon signalling, viral defence, and cytokine-mediated 

signalling pathways (Figure 9). Overall, a significant upregulation of immune response 

genes following ZIKV infection was observed. Notably, bone marrow stromal antigen 2 

(BST2, also known as tetherin), a viral restriction factor, exhibited elevated expression. In 

addition, several interferon-stimulated genes (ISGs), including those with antiviral 

functions, were significantly upregulated.  

In FGF7-treated ZIKV-infected HaCaT cells, ISG expression remained elevated compared 

to uninfected controls but was consistently lower than in untreated ZIKV-infected cells. 

For example, interferon-induced protein 44-like (IFI44L) showed a 41.4-fold increase in 

ZIKV Polynesia + FGF7-treated cells at 72 hpi, versus 69.2-fold in ZIKV Polynesia-infected 

cells without FGF7 treatment. Similarly, MX dynamin-like GTPase 2 (MX2) was 

upregulated 24.6-fold in FGF7-treated cells at 72 hpi, compared to 54.4-fold in untreated 

cells. This pattern of reduced ISG upregulation with FGF7 treatment was consistently 

observed across multiple genes at 72 hpi (Table 2). Taken together, ZIKV infection led to 

an upregulation of innate immune response genes in HaCaT cells, particularly ISGs, while 

FGF7 treatment mitigated the extent of this upregulation. 
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Figure 9. Gene Ontology Enrichment of Upregulated Genes in ZIKV-Infected HaCaT Cells 
at 72 hpi. 
Top enriched biological processes identified by Gene Ontology analysis of ≥ 2-fold 
upregulated genes in HaCaT cells infected with ZIKV Polynesia and ZIKV Uganda at 72 
hpi. Pathways ranked by significance based on -log10 p-values.
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Table 2. Top Upregulated Genes in HaCaT Cells. 

GeneSymbol FC 
ZIKV 

Polynesia 
24 hpi 

FC 
ZIKV Poly + 

FGF7 
24 hpi 

FC 
ZIKV 

Uganda 24 
hpi 

FC 
ZIKV 

Polynesia 
48 hpi 

FC 
ZIKV Poly + 

FGF7 
48 hpi 

FC 
ZIKV 

Uganda 
48 hpi 

FC 
ZIKV 

Polynesia 
72 hpi 

FC 
ZIKV Poly 

+ FGF7 
72 hpi 

FC 
ZIKV 

Uganda 72 
hpi 

IFI44L 2.3 3.1 19.1 144.2 172.8 640.4 69.2 41.4 128.8 

IFNB1 -1.1 1.6 2.0 11.2 11.1 21.3 20.8 15.9 84.9 

CXCL10 1.6 2.8 5.2 4.1 4.6 17.1 35.5 24.4 82.8 

IFNL1 -1.2 1.8 2.8 8.2 6.6 19.5 19.1 16.0 77.7 

CMPK2 1.0 1.0 2.0 9.9 9.6 20.9 51.2 30.1 76.1 

MX2 2.9 2.3 14.2 250.3 193.0 758.2 54.4 24.6 74.4 

IFNL2 1.5 1.6 3.5 7.1 8.5 16.8 15.8 13.4 64.2 

BST2 2.7 2.3 6.4 30.8 23.7 183.0 34.4 18.3 51.4 

CXCL11 1.3 1.3 1.7 4.1 2.7 14.6 23.9 14.6 48.5 

BATF2 1.7 1.6 2.9 11.6 8.2 27.8 21.3 11.3 46.8 

BST2 3.3 1.9 6.8 28.0 21.6 157.0 29.5 15.8 45.5 

RSAD2 1.4 1.3 3.2 24.3 19.6 57.4 36.1 17.6 43.4 

MX1 2.6 2.2 8.1 42.8 42.7 85.2 35.2 22.1 41.4 
 

Top upregulated genes in HaCaT cells following infection with ZIKV Polynesia and ZIKV Uganda at 24, 48, and 72 hpi, with 
and without treatment with FGF7.
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3.3 Dysregulation of Genes Involved in Antiviral Responses and Cell Cycle Processes in 

lt-NES® Cells Following ZIKV Infection 

In lt-NES® cells, pathway analysis using the Reactome Pathway Database revealed 

significant alterations in gene expression following infection with both ZIKV Uganda and 

ZIKV Polynesia strains. Both strains primarily affected pathways related to antiviral 

responses, with a focus on interferon signalling and innate immune responses (Figure 11). 

These pathways included the upregulation of genes associated with the interferon-

stimulated gene (ISG) network, antiviral defence mechanisms, and cellular stress 

responses. Specifically, genes involved in the ER stress response and the unfolded 

protein response (UPR) were notably upregulated across both strains, consistent with 

previous reports (J. W. Dang et al. 2019; Kozak et al. 2017). The majority of 

downregulated genes were related to signal transduction, cell cycle regulation, and gene 

expression (Figure 12, Figure 13, Table 3, Table 4). Among the most significantly affected 

processes by ZIKV Uganda were cell cycle-related pathways, including G1/S-specific 

transcription (Figure 13).  

A detailed analysis of differentially expressed genes using the Comparative 

Toxicogenomics Database (Davis et al. 2017) identified five genes associated with 

microcephaly that were exclusively dysregulated in ZIKV Uganda-infected cells (Table 5). 

One gene, ASNS (asparagine synthetase), was upregulated by both ZIKV Uganda and 

ZIKV Polynesia strains, as confirmed by RT-qPCR (Figure 10). The five microcephaly-

associated genes dysregulated only by ZIKV Uganda included COL4A1, MIR17HG, 

TUBA1A, SLC2A1, and STAMBP, all of which exhibited ≥ 2-fold changes in expression 

level (Table 5). These genes are known to play crucial roles in neural development and 

cell division. 

An overall increase in innate immune response-related genes was observed over time, 

with BST2 showing substantial upregulation, exhibiting a 10.2-fold increase in ZIKV 

Polynesia-infected cells and a 26.6-fold increase in ZIKV Uganda-infected cells by 48 

hours (Table 6 and Table 7).  

In summary, the data demonstrate that both ZIKV Uganda and Polynesia strains modulate 

gene expression in lt-NES® cells, primarily dysregulating genes involved in interferon 

signalling and cell cycle processes, potentially contributing to ZIKV pathogenesis. 
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Table 3. Downregulated Genes by ZIKV Polynesia at 72 hpi. 
GeneSymbol Fold Change 

ZIKV Polynesia 72 hpi 
YBX1 -2.6 

PIAS1 -2.2 

RAD1 -2.1 

AGPAT9 -2.1 

ADAMTS8 -2.0 

LRP2 -2.0 

 

Table 4. Top Downregulated Genes by ZIKV Uganda at 72 hpi. 
GeneSymbol Fold Change 

ZIKV Uganda 72 hpi 
LSP1 -7.4 

COL9A1 -5.6 

MIR670HG -5.1 

CTSC -4.6 

HES5 -4.4 

CCDC177 -4.4 

SMOC1 -4.2 

HES3 -4.2 

KCNS3 -4.0 

RNASE4 -4.0 

AGPS -3.9 

LIX1 -3.9 

L3MBTL3 -3.8 

GAL3ST3 -3.8 

TRHDE-AS1 -3.8 

OVOS2 -3.8 

TPM3 -3.8 

TARDBP -3.7 
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Table 5. Comparative Toxicogenomics Database Screening. 

GeneSymbol Fold Change 
ZIKV 

Uganda 

p-value 
ZIKV 

Uganda 

Fold Change 
ZIKV 

Polynesia 

p-value 
ZIKV 

Polynesia 
COL4A1 -2.1 0.0093 -1.2 0.635 

MIR17HG -2.3 0.0497 -1.3 0.749 

TUBA1A -2.2 2.56E-04 -1.5 0.256 

SLC2A1 -2.3 0.0239 1.0 0.806 

ASNS 9.6 0.0314 2.9 0.006 

STAMBP 2.5 1.07E-04 1.4 0.975 
 

Genes dysregulated by ZIKV Uganda > 2-fold and by ZIKV Polynesia, which are 
associated with microcephaly according to Comparative Toxicogenomics Database 
(Davis et al. 2017; Tabari et al. 2020).  

 

 
 
Figure 10. Dysregulation of ASNS by ZIKV Uganda and Polynesia in lt-NES® Cells.  
Relative ASNS mRNA levels measured by qRT-PCR presented as fold change 
compared to uninfected control cells at 72 hpi at MOI of 0.1. Error bar represents the 
mean ± SEM of n = 3 biological replicates; *p < 0.05; **p < 0.01 (Tabari et al. 2020). 
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Figure 11. Top 20 Enriched Pathways Identified by Functional Reactome Analysis. 
Pathway analysis of ≥ 2-fold up- and downregulated genes upon infection with either (a) 
ZIKV Polynesia or (b) ZIKV Uganda. Pathways ranked according to -log10 p-value (Tabari 
et al. 2020). 
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Figure 12. Pathway Enrichment Network of Downregulated Genes in ZIKV Polynesia-Infected lt-NES® Cells. 
Genome-wide overview pathway analysis of ≥ 2-fold downregulated genes for ZIKV Polynesia. Pathway over-representation is 
indicated by increased line intensity within the network structure (Tabari et al. 2020). 
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Figure 13. Pathway Enrichment Network of Downregulated Genes in ZIKV Uganda-Infected lt-NES® Cells. 
Genome-wide overview pathway analysis of ≥ 2-fold downregulated genes for ZIKV Uganda. Pathway over-representation is 
indicated by increased line intensity within the network structure (Tabari et al. 2020). 
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Table 6. Top Upregulated Genes by ZIKV Uganda. 

GeneSymbol Fold Change 
ZIKV Uganda 24 hpi 

Fold Change 
ZIKV Uganda 48 hpi 

Fold Change 
ZIKV Uganda 72 hpi 

OASL 1.6 49.9 766.7 

CH25H 2.5 46.8 611.3 

IFNB1 2.3 37.9 554.3 

CXCL10 -1.3 40.8 521.3 

IFIT2 1.0 30.7 218.8 

IFIH1 2.1 38.1 176.4 

PRDM16 8.1 23.5 141.9 

CCL5 -1.3 10.3 117.1 

CXCL11 1.1 12.8 104.1 

GSC 1.2 9.0 60.4 

BST2 1.8 26.6 59.0 

IFI44 2.4 20.8 55.5 

PKD1L2 2.8 9.6 49.9 

DHX58 1.3 8.3 46.3 

ATP4A 1.1 3.7 38.3 

TMEM71 2.5 8.7 35.8 

CEACAM1 1.4 6.8 35.8 

NEURL3 1.2 10.5 34.0 

IFI6 1.0 9.1 33.8 
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Table 7. Top Upregulated Genes by ZIKV Polynesia. 

GeneSymbol Fold Change 
ZIKV Polynesia 24 

hpi 

Fold Change 
ZIKV Polynesia 48 

hpi 

Fold Change 
ZIKV Polynesia 72 

hpi 
BST2 1.2 10.2 459.5 

OAS1 -1.0 2.7 261.2 

IFIH1 1.5 11.8 219.1 

IFNB1 1.4 4.3 211.2 

OASL -1.1 6.3 193.1 

CXCL10 1.0 4.2 147.1 

IFITM1 1.4 4.8 133.1 

HERC6 1.1 3.2 130.7 

CH25H 1.5 3.0 126.7 

IFI44 2.1 11.6 124.7 

IFI6 -1.0 3.7 118.3 

SAMD9L -1.0 6.2 105.6 

IFIT2 1.3 5.1 96.8 

MX1 1.1 4.3 90.2 

ISG15 -1.0 5.1 67.5 

OAS2 -1.1 2.4 54.4 

DDX60 1.0 4.3 52.0 
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3.4 miRNA Dysregulation and Neurodevelopmental Implications in ZIKV-Infected lt-NES® 

Cells 

Following the transcriptomic analysis to investigate ZIKV’s effects on gene expression, 

miRNA regulation was also profiled in lt-NES® cells infected with ZIKV strains from 

Uganda and French Polynesia at 24, 48, and 72 hpi at an MOI of 0.1. Both ZIKV strains 

induced widespread miRNA dysregulation, with a greater number of miRNAs being 

upregulated than downregulated (Figure 14a). A notable overlap was observed between 

the two strains, with both dysregulating the same 70 miRNAs (Figure 14b, Table 8). Of 

these, 69 miRNAs were upregulated, and only one, miR-182-5p, was consistently 

downregulated by both strains. 

 

 
 

Figure 14. Overview of Dysregulated miRNAs in ZIKV-Infected lt-NES® Cells.  
(a) Number of more than 2-fold, significantly (p-value ≤ 0.05) dysregulated miRNAs by 
ZIKV Polynesia and Uganda at 24, 48, 72 hpi. (b) Significantly more than 2-fold 
dysregulated miRNAs by ZIKV Polynesia and Uganda including all time points (Tabari et 
al. 2020). 
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To further investigate the role of these differentially regulated miRNAs, potential target 

genes were predicted using the microRNA Target prediction in Coding DNA Sequences 

(microT-CDS, v5.0) database, followed by Gene Ontology analysis, which focused on 

biological processes. The dysregulated miRNAs shared between the two strains were 

implicated in pathways such as the neurotrophin tropomyosin receptor kinase receptor 

signalling pathway, synaptic transmission, and the mitotic cell cycle (Figure 15a). These 

pathways were also enriched among the 30 miRNAs dysregulated only by ZIKV Uganda 

(Table 9, Figure 16). 

One miRNA of particular interest, miR-7704, was upregulated by both ZIKV strains and 

was associated with developmental processes, including neural tube formation (Figure 

15b). An integrative analysis cross-referencing differentially expressed mRNAs with 

miRNA target predictions revealed several downregulated genes, such as EPHB4 (Ephrin 

Receptor B4) and CNP (2',3'-Cyclic Nucleotide 3' Phosphodiesterase), which are involved 

in neurodevelopment and may be regulated by the upregulated miRNAs. Thus, multiple 

miRNAs could potentially affect the same mRNA targets. 

 

Additionally, miRNA profiling identified two miRNAs, miR-433-5p and miR-205-5p, that 

were significantly downregulated only by ZIKV Polynesia (Figure 17). Notably, miR-205-

5p was predicted to target the upregulated gene ASNS (Asparagine Synthetase). 

However, further experiments are necessary to validate the interaction between miR-205-

5p and ASNS in lt-NES® cells. 

 

Overall, these findings indicate that ZIKV infection significantly alters miRNA regulation in 

lt-NES® cells, with both ZIKV Uganda and ZIKV Polynesia showing similar patterns of 

miRNA dysregulation. The dysregulated miRNAs may play key roles in 

neurodevelopmental and cell cycle-related pathways and could be involved in ZIKV 

pathogenesis. 
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Table 8. Intracellular mature miRNAs dysregulated by ZIKV Polynesia and Uganda. 

miRNA ID 
 

log2 Fold Change 
ZIKV Polynesia 

log2 Fold Change 
ZIKV Uganda 

hsa-miR-6786-5p 9.20 11.32 
hsa-miR-6090 8.58 10.18 

hsa-miR-6746-3p 8.02 9.67 
hsa-miR-5690 7.96 9.55 
hsa-miR-6075 7.93 10.32 
hsa-miR-718 7.78 9.55 

hsa-miR-6084 7.55 9.75 
hsa-miR-3195 7.08 9.20 

hsa-miR-4667-5p 6.88 9.86 
hsa-miR-6126 6.75 9.53 
hsa-miR-3659 6.56 8.21 

hsa-miR-4763-5p 6.48 8.94 
hsa-miR-3621 6.47 8.68 

hsa-miR-211-5p 6.46 9.56 
hsa-miR-4634 6.37 8.46 

hsa-miR-887-3p 6.36 7.92 
hsa-miR-4800-5p 6.27 8.47 

hsa-miR-638 6.23 9.04 
hsa-miR-7161-3p 6.21 8.05 
hsa-miR-4787-5p 6.18 8.09 
hsa-miR-186-3p 6.07 7.36 

hsa-miR-3614-3p 5.99 8.94 
hsa-miR-4459 5.95 8.82 
hsa-miR-6088 5.88 8.40 
hsa-miR-6087 5.77 8.32 

hsa-miR-4662a-5p 5.74 6.52 
hsa-miR-3692-5p 5.70 7.67 

hsa-miR-4449 5.69 7.33 
hsa-miR-4516 5.57 8.12 

hsa-miR-6509-5p 5.54 8.19 
hsa-miR-6724-5p 5.46 8.30 

hsa-miR-1181 5.41 7.39 
hsa-miR-3960 5.37 7.62 
hsa-miR-611 5.36 6.87 

hsa-miR-3656 5.27 7.22 
hsa-miR-1343-5p 5.25 8.61 

hsa-miR-3141 5.24 7.15 
hsa-miR-4792 5.14 7.60 
hsa-miR-5787 5.07 7.16 

hsa-miR-4743-5p 5.06 6.69 
hsa-miR-6836-3p 5.01 7.30 

hsa-miR-4654 4.98 7.41 
hsa-miR-6510-5p 4.67 6.38 
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Table 8. Intracellular mature miRNAs dysregulated by ZIKV Polynesia and Uganda. 

miRNA ID 
 

log2 Fold Change 
ZIKV Polynesia 

log2 Fold Change 
ZIKV Uganda 

hsa-miR-6089 4.65 7.09 
hsa-miR-759 4.47 6.47 

hsa-miR-874-5p 4.21 7.92 
hsa-miR-6836-5p 4.09 6.74 
hsa-miR-6873-3p 4.08 6.19 
hsa-miR-4800-3p 4.07 5.77 

hsa-miR-1469 4.00 5.60 
hsa-miR-6793-5p 3.93 6.67 
hsa-miR-875-5p 3.86 6.57 

hsa-miR-6876-3p 3.84 5.14 
hsa-miR-4508 3.81 5.71 

hsa-miR-6861-5p 3.78 6.99 
hsa-miR-663a 3.78 5.99 

hsa-miR-6870-5p 3.69 6.39 
hsa-miR-6790-3p 3.56 5.91 
hsa-miR-5585-5p 3.53 7.04 

hsa-miR-4739 3.49 4.95 
hsa-miR-4497 3.24 4.94 

hsa-miR-183-5p 3.01 4.63 
hsa-miR-7641 2.84 6.26 
hsa-miR-4771 2.76 5.86 

hsa-miR-589-5p 2.06 4.22 
hsa-miR-92a-1-5p 1.88 3.12 

hsa-miR-1261 1.20 3.59 
hsa-miR-125b-1-3p 1.19 3.90 

hsa-miR-7704 3.91 6.14 
hsa-miR-182-5p -1.51 -1.40 
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Table 9. Intracellular mature miRNAs dysregulated by ZIKV Uganda. 

miRNA ID 
ZIKV Polynesia 

log2 Fold Change 
ZIKV Uganda 

hsa-miR-5701 6.15 
hsa-miR-619-5p 3.48 
hsa-miR-212-5p 2.82 
hsa-miR-99b-3p 1.69 
hsa-miR-99b-5p 1.35 

hsa-let-7e-5p 1.28 
hsa-miR-181a-2-3p 1.18 
hsa-miR-125a-5p 1.09 

hsa-miR-21-5p 1.00 
hsa-miR-1180-3p -1.13 
hsa-miR-92b-3p -1.16 
hsa-miR-127-3p -1.18 
hsa-miR-493-5p -1.21 

hsa-miR-543 -1.21 
hsa-miR-4652-3p -1.26 
hsa-miR-335-3p -1.26 
hsa-miR-654-3p -1.27 
hsa-miR-92a-3p -1.30 
hsa-miR-30c-5p -1.33 
hsa-miR-431-5p -1.34 
hsa-miR-28-5p -1.40 

hsa-miR-301a-5p -1.44 
hsa-miR-328-3p -1.47 
hsa-miR-1260b -1.49 
hsa-miR-4456 -1.56 

hsa-miR-411-3p -1.59 
hsa-miR-484 -1.68 

hsa-miR-151a-5p -1.76 
hsa-miR-4473 -2.15 
hsa-miR-4455 -3.12 



60 
 

 

  

 
Figure 15. Gene Ontology Analysis of Potential Target Genes of miRNAs Altered by ZIKV 
Polynesia and Uganda.  
(a) GO analysis of biological processes of putative targets of miRNAs which were 
dysregulated in lt-NES® cells during infection with ZIKV Polynesia and Uganda. (b) GO 
analysis of biological processes of putative targets of miR-7704, which was upregulated by 
ZIKV Polynesia and Uganda (Tabari et al. 2020). 
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Figure 16. Gene Ontology Analysis of Potential Target Genes of miRNAs Altered by ZIKV 
Uganda. 
GO analysis of biological processes of potential target genes of miRNAs, which were 
dysregulated in lt-NES® cells only during infection with ZIKV Uganda (Tabari et al. 2020). 
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Figure 17. Dysregulation of miR-205 by ZIKV Uganda and Polynesia.  
Relative miR-205 levels measured by qRT-PCR presented as fold change compared to 
uninfected control cells at 48 hpi at a MOI of 0.1. Error bar represents the mean ± SEM of 
n = 3 biological replicates; *p < 0.05 (Tabari et al. 2020). 
 

3.5 Modulation of miRNAs in Extracellular Vesicles Following ZIKV Infection 

Given the essential role of extracellular vesicle (EV)-derived miRNAs in intercellular 

communication, and their potential involvement in viral dissemination and pathogenesis, 

EV-associated miRNAs were analysed at 24, 48, and 72 hpi in lt-NES® cells infected with 

ZIKV Uganda and ZIKV Polynesia strains at a MOI of 1 (Gurunathan et al. 2019; Martínez-

Rojas et al. 2025). Uninfected cells under the same conditions served as controls. 

ZIKV Uganda infection led to a time-dependent increase in the levels of EV-associated 

miRNAs, while ZIKV Polynesia showed a stronger effect on EV miRNA signatures at 48 

hpi (Figure 18a). A total of five miRNAs were identified with altered levels in EVs in 

response to both ZIKV strains (Figure 18b). 
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Figure 18. Altered EV-derived miRNA Levels Following ZIKV Infection. 
(a) Significantly ≥ 2-fold dysregulated mature miRNAs, which were incorporated into EVs 
during infection of lt-NES® cells with either ZIKV Polynesia or Uganda. (b) EV-derived 
miRNAs with levels altered (≥ 2-fold) following infection with ZIKV Polynesia and Uganda 
at any time point (Tabari et al. 2020). 
 

KEGG pathway analysis of potential targets for these altered miRNAs, performed using 

the Diana mirPath v3 tool, revealed significant enrichment in pathways involved in 

neurodevelopmental processes, including Wnt signalling, Pi3K-Akt signalling, and 

pluripotency regulation of stem cells (Figure 19). Both ZIKV strains also modulated EV-

associated miRNAs implicated in FoxO signalling and axon guidance pathways. 

One miRNA of particular interest, miR-4792, exhibited a significant increase in EVs 

following infection with both ZIKV Polynesia (1.4-fold) and ZIKV Uganda (2.9-fold) at 48 

hpi. Additionally, intracellular levels of miR-4792 were upregulated by both strains at 

various time points, and this upregulation was validated using RT-qPCR (Figure 20). Gene 

Ontology analysis of predicted miR-4792 targets, based on experimentally validated data 

from the Tarbase database, indicated that these targets are involved in processes such 

as in utero embryonic development and negative regulation of oxidoreductase activity 

(Table 10). 
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Previous studies have demonstrated interactions between miR-4792 and forkhead box 

C1 (FOXC1) in various cell lines (Y. Li and Chen 2015; Liu et al. 2019). To explore this in 

the context of ZIKV infection, FOXC1 mRNA expression was analysed in lt-NES® cells, 

revealing slight downregulation after infection with both ZIKV strains (Figure 21). However, 

further research is required to determine whether this downregulation is directly mediated 

by the upregulation of miR-4792 in response to ZIKV infection in lt-NES® cells. 

 

In summary, ZIKV infection alters the secretion of host miRNAs in extracellular vesicles, 

particularly miR-4792, which is linked to oxidative and neurodevelopmental pathways. 

These changes suggest a potential role for EV-associated miRNAs in ZIKV-induced 

neuropathogenesis. 

 

Table 10. miR-4792: Diana mirPath v3 Gene Ontology Analysis 

GO Category p-value #genes 
gene expression 2.49E-05 12 

cellular nitrogen compound 

metabolic process 

0.00013 37 

macromolecular complex assembly 0.00162 13 

protein complex assembly 0.01012 11 

cellular component assembly 0.01986 14 

biosynthetic process 0.02673 28 

biological process 0.02901 90 

negative regulation of 

oxidoreductase activity 

0.03821 2 

in utero embryonic development 0.03821 7 

Biological processes, in which potential targets of miR-4792 are involved, as predicted 
by TarBase. 
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Figure 19. KEGG Pathway Enrichment of Predicted Targets of EV-Derived miRNAs. 
KEGG Pathway analysis of potential targets of EV-derived miRNAs that were differentially 
incorporated following infection with (a) ZIKV Polynesia and (b) ZIKV Uganda (Tabari et 
al. 2020). 
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Figure 20: Dysregulation of miR-4792 by ZIKV Uganda and Polynesia.  
(a) Relative intracellular miR-4792 levels measured by qRT-PCR presented as fold 
change compared to uninfected control cells at 72 hpi at MOI of 0.1. Error bar represents 
the mean ± SEM of n = 3 biological replicates; **p < 0.01; ****p < 0.0001. (b) Relative 
EV-derived miR-4792 levels measured by qRT-PCR presented as fold change compared 
to uninfected control cells at 48 hpi at MOI of 1. Error bar represents the mean ± SEM of 
n = 3 biological replicates; *p < 0.05; **p < 0.01 (Tabari et al. 2020). 
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Figure 21. Dysregulation of FOXC1 by ZIKV Uganda and Polynesia.  
Relative FOXC1 mRNA levels measured by qRT-PCR presented as fold change 
compared to uninfected control cells at 72 hpi at MOI of 0.1. Error bar represents the 
mean ± SEM of n = 3 biological replicates; ***p < 0.001 (Tabari et al. 2020). 
 

 

3.6 Regulation of Oxidative Stress in ZIKV-Infected Cells 

Previous studies have linked ER stress and increased ROS to Flaviviridae pathogenesis 

and to the induction of autophagy, which can facilitate viral morphogenesis (Bender and 

Hildt 2019; Medvedev et al. 2017). In this context, the effect of ZIKV infection on miRNA-

dependent regulation of genes related to oxidative and ER stress was investigated. To 

evaluate whether ZIKV induces oxidative stress, the carbonylation of proteins by ROS 

was quantified using oxyblots. ZIKV Uganda and ZIKV Polynesia infections significantly 

increased the levels of oxidative modified proteins compared to uninfected cells at 48 and 

72 hpi, indicating the induction of oxidative stress during ZIKV infection (Figure 22, Figure 

23). 
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Figure 22. Increased Protein Oxidation in ZIKV-Infected lt-NES® Cells.  
Oxyblot analysis of lysates derived from uninfected lt-NES® cells and lt-NES® cells, which 
were infected with ZIKV Uganda and ZIKV Polynesia at MOI of 1 at 24, 48, 72 hpi. Protein 
oxidation was analysed by incubation with 2,4,-dinitrophenylhydrazine (DNPH) for 
covalent modification of oxidative modified proteins. Error bar represents the mean ± 
SEM of n = 3 biological replicates; *p < 0.05; **p < 0.01 (Tabari et al. 2020). 
 

 
Figure 23. OxyBlot of Oxidized Proteins in ZIKV-Infected lt-NES® Cells. 
Oxyblot analysis of lysates derived from lt-NES® cells, which were infected with ZIKV 
Polynesia and Uganda at MOI of 1 and from uninfected lt-NES® cells. Protein oxidation 
was analysed by incubation with 2,4,-dinitrophenylhydrazine (DNPH) for covalent 
modification of oxidative modified proteins (Tabari et al. 2020). 
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Next, the impact of ZIKV on the Nrf2/ARE-regulated antioxidant response was 

investigated. As Nrf2 requires nuclear small musculoaponeurotic fibrosarcoma (sMaf) 

proteins to drive antioxidant gene expression, their localization was analysed to assess 

whether ZIKV perturbs this interaction (Yamamoto et al. 2018). Immunofluorescence 

analysis showed colocalization of ZIKV Uganda and Polynesia envelope proteins with 

sMaf, along with an enrichment of sMaf in perinuclear regions post-infection (Figure 24).  

 

 

 
Figure 24. Increased Amount of sMaf Proteins in ZIKV Infected Cells.  
Confocal immunofluorescence microscopy of ZIKV-positive cells (ZIKV Uganda at 48 hpi 
and ZIKV Polynesia at 24 hpi) or negative control cells (24 hpi). The immunofluorescence 
staining was performed using the polyclonal sMaf-specific serum and an envelope specific 
antibody. Nuclei were stained with DAPI (Tabari et al. 2020). 
 

 

Additionally, RT-qPCR revealed a significant upregulation of the antioxidant gene Sestrin 

2 (SESN2, Figure 25a). Notably, a significant downregulation of miR-182-5p was 

observed during ZIKV infection (Figure 25b), and this miRNA is predicted to target SESN2, 

a gene involved in antioxidant regulation, as reported by Lin et al. (Lin et al. 2018). 
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Figure 25. Dysregulation of Sestrin2 and miR-182 by ZIKV Uganda and Polynesia.  
(a) Relative SESN2 mRNA levels measured by qRT-PCR presented as fold change 
compared to uninfected control cells at 72 hpi at MOI of 0.1. Error bar represents the mean 
± SEM of n = 3 biological replicates; *p < 0.05; ***p < 0.001. (b) Relative miR-182-5p levels 
measured by qRT-PCR presented as fold change compared to uninfected control cells at 
72 hpi at MOI of 0.1. Error bar represents the mean ± SEM of n = 3 biological replicates; 
*p < 0.05; ****p < 0.0001 (Tabari et al. 2020). 
 

Gene Ontology analysis was conducted to identify differentially expressed genes in ZIKV 

Polynesia-infected cells associated with oxidative stress and ER stress. Nineteen 

upregulated genes were identified, including DDIT3 (DNA-damage-inducible transcript 3), 

XBP1 (X-box binding protein 1), and EIF2AK2 (eukaryotic translation initiation factor 2-

alpha kinase 2) (Table 11, Table 12). To assess potential miRNA regulation of these 

genes, an integrative analysis using Tarbase was performed, revealing that miR-205-5p, 

downregulated at the intracellular level, could potentially target activating transcription 

factor 3 (ATF3) in addition to ASNS. Furthermore, several EV-associated miRNAs were 

found to have decreased levels following infection with ZIKV Polynesia, potentially 

regulating the same mRNA targets involved in oxidative and ER stress pathways (Table 

13). 
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Taken together, ZIKV infection induces oxidative stress and modulates potential miRNA-

mRNA interactions related to oxidative and ER stress. These differentially regulated 

miRNAs may contribute to the pathogenesis of ZIKV by influencing stress-related 

pathways. 

 
 

Table 11. DEGs During Infection with ZIKV Polynesia at 72 hpi, Which Were 
Annotated to GO-term ‘Response to Oxidative Stress’. 

DEG Fold Change ZIKV Polynesia 
PNPT1 3.36 

FOS 5.18 
XBP1 2.06 

PPARGC1A 2.06 
KLF4 6.28 
PML 3.76 

TNFAIP3 4.96 
STAT1 17.09 

SLC7A11 2.11 
JUN 2.10 

 
 
 

Table 12. DEGs During Infection with ZIKV Polynesia at 72 hpi, Which Were 
Annotated to GO-term ‘Response to Endoplasmic Reticulum Stress’. 

DEG Fold Change ZIKV Polynesia 
XBP1 2.06 

EIF2AK2 4.72 
ASNS 2.13 
TRIB3 2.84 
DDIT3 5.17 
ATF3 5.56 

HERPUD1 2.48 
PPP1R15A 2.31 

FBXO6 2.33 
CHAC1 4.46 
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Table 13. EV Associated miRNAs with Reduced Levels and Their Potential mRNA 
Targets. 

miRNA ID Gene Targets (ID) 
hsa-miR-26b-5p TRIB3, FOS, HERPUD1, TNFAIP3, JUN, ASNS, CHAC1, ATF3 

hsa-let-7g-5p TRIB3, FBXO6, CHAC1 
hsa-miR-17-5p FOS, TNFAIP3, JUN, KLF4 
hsa-miR-221-3p FOS, PPP1R15A 
hsa-miR-16-5p HERPUD1, PML, EIF2AK2, JUN, ASNS, PPP1R15A, CHAC1, STAT1 

hsa-miR-106b-5p TNFAIP3 
hsa-miR-374a-5p TNFAIP3, EIF2AK2 
hsa-miR-93-5p TNFAIP3, JUN 
hsa-miR-20a-5p TNFAIP3 
hsa-miR-186-5p EIF2AK2, JUN, ASNS, CHAC1 
hsa-miR-32-5p JUN, KLF4 
hsa-miR-218-5p CHAC1 
hsa-miR-340-5p PPARGC1A 
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4. Discussion 

4.1 Antiviral Responses and Immune Evasion in ZIKV-Infected HaCaT Cells 

ZIKV infection has been linked to severe neurodevelopmental disorders, yet the 

mechanisms underlying its pathogenesis remain incompletely understood. Characterising 

ZIKV-induced molecular alterations may not only advance our understanding of key 

pathogenic processes but also highlight candidate signatures that could support 

biomarker discovery and guide therapeutic intervention. This study investigated molecular 

pathways and cellular processes affected by ZIKV infection in two distinct cell types: 

HaCaT keratinocytes, representing the primary site of viral entry, and lt-NES® cells, a 

model for studying neurodevelopmental effects. 

ZIKV infection of HaCaT keratinocytes elicited a robust innate immune response, 

characterised by significant upregulation of interferon-stimulated genes (ISGs), including 

IFI44L and MX2, which are key mediators of the antiviral response (Reikine et al. 2014). 

However, treatment with fibroblast growth factor 7 (FGF7) markedly attenuated this ISG 

response, indicating that FGF7 exerts a suppressive effect on the innate immune 

response. This finding is particularly relevant in the context of tissue repair, as FGF7 is 

known to be upregulated at sites of skin injury, such as those resulting from mosquito bites 

(Maddaluno et al. 2017). The observed suppression of ISG expression is consistent with 

previous evidence that FGF signalling interferes with type I interferon (IFN) pathways 

predominantly via FGFR2b, with a minor contribution from FGFR1b, in a kinase-

dependent manner that involves proteasomal degradation, independent of direct 

interactions with IFN receptors (Maddaluno et al. 2020). Maddaluno et al. demonstrated 

that FGFs suppress ISG transcription, and that inhibition of FGFR signalling restores ISG 

expression while reducing viral replication. Their findings also showed that this 

suppression enhances the replication of several viruses, including ZIKV, highlighting the 

importance of FGF-mediated modulation of the antiviral response (Maddaluno et al. 2020). 

In the context of ZIKV infection, elevated FGF7 levels at mosquito bite sites may alter the 

local immune environment by reducing ISG responses, thereby facilitating the initial 

establishment of viral infection. While FGF7 supports wound healing and promotes tissue 

regeneration, its ability to suppress the innate immune response suggests a dual role that 
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could favour viral replication (Finch and Rubin 2004). The therapeutic potential of FGFR 

inhibitors, which have been shown to counteract FGF-mediated ISG suppression and 

reduce viral replication, may offer a promising approach for enhancing antiviral immunity 

in the skin (Maddaluno et al. 2020). 

Microarray analysis identified bone marrow stromal antigen 2 (BST2), which encodes the 

restriction factor tetherin, as significantly upregulated in both ZIKV-infected HaCaT and lt-

NES® cells. Tetherin is an interferon-stimulated protein known to restrict the release of 

enveloped viruses by tethering budding virions to the cell membrane, thus inhibiting their 

spread (Kaletsky et al. 2009; Le Tortorec et al. 2011; Neil et al. 2008; Sakuma et al. 2009). 

The upregulation of BST2 in the microarray analysis suggested a potential role for tetherin 

in the host response to ZIKV infection.  

To explore this further, Herrlein et al. performed additional experiments and investigated 

the interaction between ZIKV and tetherin (Herrlein et al. 2022). In their study, ZIKV 

infection strongly induced BST2 mRNA expression, consistent with its role as an 

interferon-stimulated gene. However, this transcriptional upregulation did not result in an 

increase in tetherin protein levels. Instead, tetherin protein levels were reduced due to 

accelerated lysosomal degradation, highlighting a viral strategy to evade restriction. This 

degradation was independent of early autophagic processes but relied on components of 

the endo-lysosomal system. These results support the hypothesis that the upregulation of 

BST2 observed in the microarray analysis represents an antiviral response to ZIKV 

infection. However, the virus effectively counteracts this defence mechanism. By 

manipulating the degradation process, Herrlein et al. demonstrated that stabilizing tetherin 

- either by inhibiting lysosomal acidification or depleting the ESCRT-0 protein HRS 

(endosomal sorting complexes required for transport-0 protein hepatocyte growth factor-

regulated tyrosine kinase substrate) - led to a marked reduction in ZIKV release. These 

findings suggest that HRS could be a potential target for antiviral treatments. 

Immunofluorescence studies performed by Herrlein et al. further revealed that ZIKV 

virions were trapped in tetherin-positive compartments, suggesting that tetherin inhibits 

the release of ZIKV by retaining virions within intracellular vesicular structures. These 

results underscore tetherin's role as a restriction factor that directly impacts the ZIKV life 

cycle (Herrlein et al. 2022).  



75 
 

 

  

4.2 Mechanisms of ZIKV Pathogenesis in lt-NES® Cells and Neurodevelopmental 

Implications 

Despite the important role of miRNAs in the pathogenesis of Flavivirus infections (Lowey 

et al. 2019; Zhu et al. 2014), the way in which ZIKV alters global miRNA regulation and 

contributes to pathogenesis and microcephaly has not yet been fully elucidated (Azouz et 

al. 2019; J. W. Dang et al. 2019; Kozak et al. 2017). In this study, transcriptomic and 

miRNA analyses were performed in ZIKV-infected lt-NES® cells and their extracellular 

vesicles, revealing key alterations that may contribute to disrupted neurogenesis and ZIKV 

pathogenesis. 

Global miRNA transcriptome analyses showed substantial overlap in intracellular miRNA 

profiles altered by the ZIKV strains Uganda and French Polynesia. However, ZIKV 

Uganda induced more pronounced mRNA and miRNA dysregulation, likely due to its 

higher infection level (J. W. Dang et al. 2019). Both ZIKV strains induced dysregulation in 

multiple pathways associated with neurodevelopment and cell cycle control, suggesting a 

potential role in the development of the microcephaly phenotype. Notably, infection with 

ZIKV Uganda resulted in differential expression of several genes, including COL4A1, 

MIR17HG, TUBA1A, SLC2A1 and STAMBP, which have been linked to microcephaly 

based on data from the Comparative Toxicogenomics Database (Davis et al. 2017). 

 

These findings highlight the potential of ZIKV to disrupt critical neurodevelopmental 

pathways but also raise questions about the differences in pathogenic mechanisms 

between ZIKV lineages. While ZIKV was first associated with microcephaly in 2013, which 

involved the Asian lineage, accumulating evidence suggests that African ZIKV strains can 

induce neuronal damage comparable to or exceeding that caused by Asian lineages 

(Jaeger et al. 2019a; Nutt and Adams 2017). The findings of this study support the 

hypothesis that the ZIKV Uganda strain may also affect neurodevelopment, and that 

clinical cases may have gone undetected prior to 2013 due to limited diagnostic capacity 

in Africa (Meda et al. 2016; Simonin et al. 2016). Both African and Asian lineages have 

been shown to cross the placental barrier and induce congenital defects (Jaeger et al. 

2019b; Vermillion et al. 2017). A key distinction between the two lineages appears to be 

their cytopathic effects and overall pathogenic potential. African strains generally show 

higher viral fitness and replication efficiency, with higher mosquito transmissibility and 
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increased lethality in immunocompromised adult mice, suggesting a more virulent 

phenotype (F. Aubry et al. 2021). In contrast, Asian lineage strains appear less cytotoxic, 

potentially enabling persistent infection within the central nervous system rather than 

inducing rapid cell death (Anfasa et al. 2017; Sheridan et al. 2018; Simonin et al. 2017). 

These differences may influence disease outcomes, with African strains potentially 

leading to early pregnancy loss, while Asian strains may allow foetal survival but increase 

the risk of congenital abnormalities. Consistent with this, increased cell death was 

observed in ZIKV Uganda-infected lt-NES® cells in this study, further supporting the idea 

that African strains may induce stronger cytopathic effects. ZIKV Uganda exerted broader 

and more pronounced influence on host gene expression compared to the French 

Polynesia strain. This greater impact on host regulatory networks was consistent with the 

higher number of infectious particles produced by ZIKV Uganda at early stages of 

infection. These findings indicate that the Uganda strain replicated more efficiently and 

induced a stronger host response, whereas the Polynesia strain exerted a comparatively 

moderate effect, potentially favouring longer-term persistence and secondary spread.  

It has been proposed that, over time, Asian lineage strains underwent attenuation, shifting 

from high foetal mortality to a greater incidence of Congenital Zika Syndrome (CZS). This 

evolutionary change could explain the absence of documented CZS cases associated 

with African ZIKV strains (Jaeger et al. 2019b). The re-emergence of ZIKV in outbreak 

regions was likely not driven by viral adaptation alone, but rather by a combination of 

epidemiological factors, including increased global travel, high vector densities, and 

immunologically naive populations (F. Aubry et al. 2021; Weaver 2017). These conditions 

may have facilitated the spread of ZIKV, contributing to large-scale outbreaks in 

susceptible populations. 

 

Moving from the broader implications of ZIKV lineage differences, this study also identified 

specific genes and miRNAs that may play a critical role in ZIKV-induced 

neurodevelopmental disruption. 

The gene ASNS was identified as differentially expressed by both strains and has been 

previously linked to developmental disorders, including microcephaly (Lomelino et al. 

2017; Schleinitz et al. 2018). ASNS encodes the protein asparagine synthetase, a 

metabolic enzyme that catalyses the ATP-dependent conversion of aspartate and 
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glutamine into asparagine and glutamate (Richards and Kilberg 2006). Dysregulation of 

the balance of amino acid in the brain induced by ZIKV may contribute to the microcephaly 

phenotype (Lomelino et al. 2017; Schleinitz et al. 2018). The overexpression of ASNS 

following ZIKV infection may be linked to the downregulation of miR-205-5p, which is 

predicted to target ASNS, although further experiments should be performed to study this 

interaction in lt-NES® cells. 

 

In addition to miR-205-5p, other miRNAs were found to be dysregulated that could play 

antiviral roles, suggesting a complex interplay between ZIKV and host defence 

mechanisms. 

In this study, miR-3614-5p was found to be upregulated at the intracellular level in lt-NES® 

cells at 72 hpi by both ZIKV Uganda and Polynesia strains. This finding aligns with 

previous research on Dengue virus (DENV), where miR-3614-5p was upregulated in 

macrophages exposed to DENV and identified as an antiviral factor that restricts viral 

replication. Interestingly, miR-3614-5p was also shown to inhibit West Nile virus (WNV), 

suggesting that it may act as a broad antiviral regulator against flaviviruses (Diosa-Toro 

et al. 2017). 

The observed upregulation of miR-3614-5p in ZIKV-infected lt-NES® cells suggests that 

ZIKV may induce an antiviral response similar to DENV, potentially through a shared 

immune strategy aimed at limiting viral replication. However, further investigation is 

needed to assess whether miR-3614-5p plays a functional role in controlling viral 

replication in neural stem cells. This could provide insight into a common antiviral miRNA-

mediated defence strategy against flaviviruses (Diosa-Toro et al. 2017). 

  

While some miRNAs appear to act as antiviral factors, others may be downregulated by 

ZIKV as part of its strategy to evade host defences. 

In this study, miR-431-5p was found to be downregulated in lt-NES® cells following 

infection with ZIKV Uganda. Interestingly, recent work by Yuan et al. has identified miR-

431-5p as an antiviral factor in mesenchymal stem cell-derived extracellular vesicles 

(EVs), where its overexpression significantly reduced ZIKV replication by targeting Cluster 

of differentiation 95 (CD95) and enhancing nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB)-mediated antiviral responses (Yuan et al. 2024). The observed 
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downregulation of miR-431-5p in ZIKV-infected lt-NES® cells may indicate a viral strategy 

to evade host antiviral defences, potentially allowing the virus to suppress immune 

signalling pathways that would otherwise limit replication.  

Further supporting this, a recent study by Bagasra et al. on chronically ZIKV-infected 

neuroblastoma cells also reported miR-431-5p downregulation and identified a sequence 

homology between miR-431-5p and the ZIKV nucleocapsid gene (Bagasra et al. 2021). 

Given its role in modulating antiviral immunity, further research is needed to determine 

whether miR-431-5p downregulation in neural cells contributes to a weakened host 

response or other ZIKV-associated pathogenic effects in the central nervous system 

(CNS). 

 

In addition, miR-4497 was found to be upregulated following infection of lt-NES® cells by 

ZIKV Polynesia at 48 hpi and 72 hpi, as well as by ZIKV Uganda at the same time points. 

Bagasra et al. similarly observed miR-4497 upregulation following ZIKV infection of 

neuroblastoma cells and identified a sequence homology between miR-4497 and the ZIKV 

NS1 gene (Bagasra et al. 2021). This suggests a potential virus-host interaction 

mechanism, where ZIKV may modulate miR-4497 regulation to influence cellular 

pathways relevant to infection. Further research is needed to clarify the implications of 

these interactions and their role in ZIKV pathogenesis. 

 

Beyond intracellular miRNA changes, ZIKV infection also alters the miRNA content of 

extracellular vesicles, which may play a role in intercellular communication and 

pathogenesis. Viruses are known to exploit EV pathways by packaging viral proteins or 

genomes into vesicles and by redistributing host cargo, thereby facilitating dissemination, 

immune evasion, and modulation of host responses (Chahar et al. 2015). Although EV-

associated miRNAs have been implicated in several viral infections, their alteration during 

ZIKV infection remains poorly characterised (Mao et al. 2023; Slonchak et al. 2019; 

Yoshikawa et al. 2019). In this study, ZIKV infection of lt-NES® cells was found to modify 

the profile of EV-associated miRNAs. The differentially incorporated miRNAs in EVs 

produced in response to ZIKV infection were linked to biological processes related to 

neural and embryonic development, including axon guidance and FoxO signalling 

pathways.   
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Among these changes, miR-103a-3p was significantly enriched in EVs at 72 hpi following 

infection with ZIKV Uganda, while otubain deubiquitinase 4 (OTUD4) was notably 

downregulated in infected lt-NES® cells at this time point. These findings are consistent 

with the study by Ye et al. (2022), which demonstrated that miR-103a-3p enhances ZIKV 

replication in human alveolar basal epithelial cells (A549) by targeting OTUD4, a negative 

regulator of the p38 mitogen-activated protein kinase (MAPK) signalling pathway. The 

MAPK pathway plays a crucial role in cellular stress responses and has been linked to 

increased viral replication when activated. While Ye et al. observed intracellular 

upregulation of miR-103a-3p, the present study found that ZIKV infection leads to miR-

103a-3p enrichment in EVs, rather than intracellular accumulation. This suggests that 

ZIKV may regulate miRNA distribution as part of its interaction with host cells, potentially 

influencing signalling pathways in both infected and recipient cells (H. Ye et al. 2022). EVs 

may act as vehicles for both redistribution of host miRNAs and viral dissemination, thereby 

modulating key cellular pathways in infected and neighbouring cells. 

 

Another miRNA of interest, miR-4792, was found to be enriched in EVs secreted from 

ZIKV-infected cells and exhibited significant upregulation at the intracellular level in 

response to both ZIKV strains.  

Previous studies by other groups have reported that miR-4792 overexpression 

suppresses nasopharyngeal tumour growth in mice, induces cell cycle arrest, and 

promotes apoptosis in A459 cells (Y. Li and Chen 2015; Liu et al. 2019). The observed 

upregulation of miR-4792 following ZIKV infection may contribute to cell death in neural 

stem cells, with potential transmission via EVs affecting neighbouring uninfected cells, 

thereby representing a possible mechanism underlying impaired brain development. 

Additionally, miR-4792 has been identified as a direct regulator of the transcription factor 

forkhead box C1 (FOXC1) in both nasopharyngeal carcinoma and A549 cells (Y. Li and 

Chen 2015; Liu et al. 2019). FOXC1 is essential for normal cerebellar development, and 

its dysfunction has been implicated in Dandy-Walker syndrome (Aldinger et al. 2009, p. 1; 

Haldipur et al. 2017), a brain malformation associated with ZIKV infection (Pool et al. 

2019). Given that FOXC1 was downregulated in lt-NES® cells following ZIKV infection, its 

suppression may play a role in the pathogenesis of congenital ZIKV syndrome. 
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FOXC1 is also involved in the oxidative stress response, whereby reduced FOXC1 mRNA 

and protein levels have been observed in HTM cells subjected to oxidative stress (Ito et 

al. 2014, p. 1). 

Oxidative stress is implicated in numerous neurodegenerative diseases (Singh et al. 

2019), and several members of the Flaviviridae family are known to trigger reactive 

oxygen species (ROS) accumulation while disrupting antioxidant defence mechanisms, 

thereby influencing both viral replication and cellular metabolism (Medvedev et al. 2017; 

Olagnier et al. 2014). Hepatitis C virus (HCV) suppresses the nuclear factor erythroid 2-

related factor 2 (Nrf2) mediated antioxidant response, which in turn favours the release of 

viral particles. In HCV-infected cells, small musculoaponeurotic fibrosarcoma proteins  

(sMafs) are bound to the non-structural protein NS3 and are delocalized from the nucleus 

to the replicon surface, sequestering Nrf2 and preventing its entry into the nucleus (Bender 

and Hildt 2019; Carvajal-Yepes et al. 2011; Medvedev et al. 2017). This impairment of 

Nrf2/ARE signalling leads to elevated ROS levels, which in turn activate autophagy, a 

pathway commonly exploited by positive-strand RNA viruses to enhance replication and 

release. The crosstalk between oxidative stress and autophagy can further support 

exosome-mediated viral particle release, as both processes involve membrane trafficking 

and are functionally interconnected (Choi et al. 2018; Dreux and Chisari 2010; Medvedev 

et al. 2017; Tabari et al. 2020). 

In this study, a significant increase in oxidatively modified proteins was observed following 

ZIKV infection, indicating oxidative stress induction. Immunofluorescence analysis 

revealed colocalization of sMaf proteins with the envelope proteins of both ZIKV Uganda 

and ZIKV Polynesia strains, along with sMaf accumulation in perinuclear regions. Similar 

to HCV, ZIKV may interfere with sMafs to suppress ARE-dependent gene expression. 

Notably, key Nrf2 target genes, including HO-1, NQO1, GCL, GST remained unaffected 

despite oxidative stress induction, suggesting potential regulatory interference by ZIKV; 

(Itoh et al. 1997; Rushworth et al. 2008; Vasiliou et al. 2006). Unlike HCV, where sMafs 

interact with non-structural proteins such as NS3, the present study investigated the 

colocalization of sMafs with ZIKV structural envelope proteins. Previous work by other 

groups has similarly shown that ZIKV suppresses Nrf2 activity, leading to impaired 

antioxidant responses. A study by Almeida et al. demonstrated that ZIKV infection 

significantly reduces ARE-driven transcription and decreases antioxidant enzyme activity 
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in neuronal and hepatic cells, suggesting an active viral mechanism to disrupt oxidative 

homeostasis. Their findings also indicated increased oxidative stress markers in ZIKV-

infected brain and liver tissues in vivo, highlighting the potential role of oxidative imbalance 

in ZIKV-induced pathology (Almeida et al. 2020). 

In line with these observations, recent transcriptomic analyses by da Silva et al. have 

shown that ZIKV infection activates activator protein 1 (AP-1) signalling, with upregulation 

of Jun proto-oncogene (JUN) and Fos proto-oncogene (FOS) observed in both infected 

cells and multiple sclerosis (MS) patient samples. Da Silva et al. identified JUN and FOS 

as key regulatory factors in both ZIKV infection and MS, suggesting a shared molecular 

signature between viral-induced oxidative stress and inflammatory demyelination (da 

Silva et al. 2023). Consistent with these findings, JUN and FOS were also upregulated in 

the present study following infection of lt-NES® cells by both ZIKV strains, further 

supporting the idea that ZIKV-induced oxidative stress may drive inflammatory pathways 

linked to neuropathology. These results indicate that oxidative imbalance, combined with 

AP-1 activation, could be a key factor in the long-term neurological consequences of ZIKV 

infection (da Silva et al. 2023). 

 

While in the present study oxidative stress-related cytoprotective genes were not 

significantly altered, expression of the antioxidant gene Sestrin 2 (SESN2) was 

significantly upregulated following ZIKV infection. SESN2 expression can be induced in 

response to ER stress by the transcription factors ATF4 (Activating Transcription Factor 

4) or ATF6 (Activating Transcription Factor 6) and via the Nrf2/ARE pathway (Ding et al. 

2016; Jegal et al. 2017; Shin et al. 2012; Tabari et al. 2020). Consistent with these 

findings, Carr et al. recently reported SESN2 upregulation following infection with 

Japanese encephalitis virus and ZIKV Uganda in neuroblastoma cells (Carr et al. 2019). 

SESN2 plays a crucial role in ROS regulation and autophagy activation through 

mechanistic target of rapamycin complex 1 (mTORC1) inhibition, making it a potential 

biomarker and therapeutic target in various diseases. Altered SESN2 levels have been 

observed in patients with neurodegenerative disorders, where its plasma concentrations 

correlate with disease severity (Soontornniyomkij et al. 2012; Xiao et al. 2019; J. Ye et al. 

2017). Additionally, suppression of miR-182-5p has been shown to induce SESN2 

expression in glioma and adenocarcinoma cell lines (Lin et al. 2018). Notably, miR-182-



82 
 

 

  

5p was downregulated in lt-NES® cells following ZIKV infection, potentially contributing to 

the observed SESN2 upregulation. However, further gain- and loss-of-function studies are 

necessary to assess the interaction between miRNAs and mRNAs. 

Overall, multiple dysregulated host miRNAs and mRNAs were identified in response to 

ZIKV infection, particularly those involved in neurodevelopment and oxidative stress, 

which may contribute to a better understanding of the neurodegenerative phenotype 

induced by ZIKV infection.  

4.3 Conclusion 

In conclusion, this study provides critical insights into the molecular and cellular 

mechanisms underlying ZIKV infection and its impact on neural development. By 

investigating two distinct cell types - HaCaT keratinocytes and lt-NES® cells - key 

pathways through which ZIKV modulates host responses were identified, including innate 

immunity, miRNA regulation, and oxidative stress. In HaCaT cells, ZIKV infection elicited 

a robust innate immune response, characterised by the upregulation of ISGs. The 

upregulation of BST2 in both cell types indicated an antiviral response, but this defence 

was counteracted by ZIKV by promoting tetherin degradation, underscoring the virus's 

ability to evade host immunity. In lt-NES® cells, ZIKV infection disrupted 

neurodevelopmental pathways, with differential expression of genes and miRNAs linked 

to microcephaly and other neurodevelopmental disorders. Notably, African and Asian 

ZIKV lineages exhibited distinct pathogenic profiles, with African strains inducing stronger 

cytopathic effects, underscoring the need for further research into their differential impact 

on neurodevelopmental outcomes. The dysregulation of miRNAs, including miR-205-5p, 

miR-3614-5p, miR-431-5p, miR-103a-3p, and miR-4792, highlighted the complex 

interplay between ZIKV and host defence mechanisms, with some miRNAs acting as 

potential antiviral factors while others were suppressed to potentially facilitate viral 

replication. Additionally, ZIKV-induced oxidative stress and the modulation of antioxidant 

pathways, including the upregulation of SESN2, suggested a role for oxidative imbalance 

in ZIKV-associated neuropathology. These findings advance the current understanding of 

ZIKV pathogenesis and highlight potential therapeutic targets that may mitigate viral 

replication and neurodevelopmental damage. Future investigations are needed to 

elucidate the functional roles of dysregulated miRNAs and oxidative stress pathways in 
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ZIKV infection, as well as the broader implications of lineage-specific differences in viral 

pathogenicity. Collectively, these findings enhance the growing body of knowledge about 

ZIKV, highlighting molecular signatures that may inform future biomarker and therapeutic 

development. 
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5. Abstract 

Zika virus (ZIKV) is a mosquito-borne Flavivirus capable of causing severe neurological 

complications, including congenital Zika syndrome (CZS) in newborns and Guillain-Barré 

syndrome (GBS) in adults. Although incidence has declined following the 2015–2016 

epidemic in the Americas, ZIKV continues to circulate at low levels and poses a persistent 

health concern, particularly in regions where Aedes mosquito vectors are endemic or 

expanding due to climate change.  

While the clinical consequences of ZIKV infection are well recognized, the underlying 

molecular mechanisms driving impact on host development remain poorly understood. 

Given the emerging roles of microRNAs (miRNAs) and extracellular vesicles (EVs) in gene 

regulation and intercellular communication, this study primarily investigated how ZIKV 

modulates host miRNA and mRNA expression in biologically relevant human cell models. 

Transcriptomic and miRNA profiling were conducted in long-term neuroepithelial-like stem 

cells (lt-NES®), representing early neural development. In parallel, gene expression 

changes were analysed in HaCaT keratinocytes, which model the skin epithelium as the 

likely initial site of viral entry. Cells were infected with ZIKV strains from the African 

(Uganda) and Asian (French Polynesia) lineages. The Asian strain is linked to 

microcephaly, whereas the neuroteratogenic potential of the African strain remains 

unclear. Host mRNA responses were assessed by microarray, and intracellular as well as 

EV-associated miRNAs were profiled by next-generation sequencing. Integrative 

analyses were conducted to identify regulatory networks and molecular signatures 

associated with infection. 

ZIKV infection resulted in widespread and strain-specific dysregulation of host transcripts 

and miRNAs. In lt-NES® cells, infection altered genes and miRNAs involved in 

neurodevelopmental and oxidative stress pathways, with the African strain inducing 

stronger cytopathic effects and broader gene expression changes than the Asian strain. 

Key dysregulated miRNAs, including miR-205-5p, miR-4792, and miR-431-5p, were 

linked to neuronal differentiation, antiviral defence, and redox regulation. ZIKV infection 

induced oxidative stress, as indicated by Sestrin 2 (SESN2) upregulation and increased 

protein carbonylation. In HaCaT cells, a robust induction of interferon-stimulated genes 



85 
 

 

  

was observed, including BST2 (tetherin), which was modulated by fibroblast growth factor 

7 (FGF7) treatment.  

These findings provide new insights into the molecular mechanisms of ZIKV 

pathogenesis, revealing transcriptional and post-transcriptional host responses across 

relevant human cell types. The identification of lineage-specific molecular profiles and 

regulatory networks enhances the understanding of ZIKV-induced neuropathology and 

provides candidate molecular signatures that could guide future biomarker discovery and 

the development of targeted antiviral strategies. 
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