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Abstract: In the last decades, the presence of flaviviruses of concern for human health in 12 

Europe has drasOcally increased, also due to climate change, which has allowed the vectors of 13 

these viruses to expand in new territories. Co-circulaOon of West Nile virus, Usutu virus, and 14 

Ock-borne encephaliOs virus represents a threat to the European conOnent, and this is further 15 

complicated by the difficulty of obtaining an early and discriminaOng diagnosis of infecOon. 16 

Moreover, the possibility of introducing non-endemic pathogens such as Japanese 17 

encephaliOs virus further complicates accurate diagnosis. Current flavivirus diagnosis is mainly 18 

based on RT-PCR and detecOon of virus-specific anObodies. Yet, both techniques suffer from 19 

limitaOons, and the development of new assays that can provide an early, rapid, low-cost, and 20 

discriminaOng diagnosis of viral infecOon is warranted. In the pursuit of ideal diagnosOc assays, 21 

flavivirus non-structural protein 1 (NS1) serves as an excellent target for developing diagnosOc 22 

assays based both on the anOgen itself and the anObodies produced against it. This review 23 

describes the potenOal of such NS1-based diagnosOc methods, focusing on the applicaOon of 24 

flaviviruses that co-circulate in Europe. 25 
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 27 

1. An introduc$on to flaviviruses  28 

Flaviviruses are arthropod-borne single-strand RNA viruses belonging to the genus Flavivirus 29 

in the Flaviviridae family, which consists of more than 70 geneOcally and anOgenically related 30 

members [1–3]. Several of them can be defined as relevant human pathogens (Figure 1a-b) 31 

capable of generaOng high morbidity and mortality rates and characterized by unpredictable 32 

and heterogeneous disease severity and long-term persistence [4]. The infecOon can range 33 

from asymptomaOc or influenza-like illness to life-threatening diseases such as hemorrhagic 34 

fever in the case of dengue virus (DENV) and yellow fever virus (YFV) or meningiOs, 35 

encephaliOs, and neurological disorders associated with Japanese encephaliOs virus (JEV), 36 

West Nile virus (WNV), and Ock-borne encephaliOs virus (TBEV) [5,6].  37 

Flaviviruses can be divided into three groups according to their dominant vector [6,7] (Figure 38 

1a):  39 

1. Ock-borne viruses;  40 

2. mosquito-borne viruses;  41 

3. and viruses for which the vector is unknown  42 

The mosquito-borne virus group can be subdivided into viruses transmiVed predominantly by 43 

Culex or Aedes mosquitoes which have different vertebrate hosts and pathogenesis. The Culex 44 

species use birds as reservoirs and are the main ones responsible for spreading neurotropic 45 

flaviviruses, which can cause severe meningoencephaliOs. Flaviviruses mainly transmiVed by 46 

Aedes mosquitoes have primate reservoirs and do not show neurotropism (except for Zika 47 

virus) and cause acute fever with arthralgias, myalgias, and, in extreme cases, hemorrhagic 48 

fever (dengue and yellow fever). The Ock-borne viruses also form two groups: one group 49 
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circulates among seabirds, while the other, the Ock-borne encephaliOs group, is primarily 50 

associated with rodents [8–10]. 51 

Serological studies enable the definiOon of different serocomplexes based on anOgenic cross-52 

reacOvity [9,10]. The majority of flaviviruses relevant to human health can be clustered into 8 53 

serocomplexes and 17 independent viruses that are not anOgenically related enough to be 54 

included in a serocomplex [11] (Figure 1c). 55 

Because of the increasing global burden of flavivirus-associated diseases, the necessity of 56 

diagnosOc methods for accurate, specific, and straighmorward discriminaOon between the 57 

different flaviviruses, which can also be used during different stages of the disease, is crucial 58 

[3]. Developing a diagnosOc test that detects a specific flavivirus remains challenging. This is 59 

especially the case in regions where anOgenically related viruses co-circulate, as tradiOonal 60 

serological assays rouOnely performed in hospitals and laboratories may suffer from cross-61 

reacOvity [12,13].  62 

This review will focus on flaviviruses that co-circulate in Europe, highlighOng the limits of the 63 

current diagnosOc methods and the potenOal of NS1-based tests to improve the diagnosis of 64 

different flaviviruses that co-circulate in the same geographic areas. 65 

 66 

2. Flavivirus epidemiology in Europe 67 

Factors such as climate change, rapid urbanizaOon, increased transportaOon, commerce, and 68 

travel increasingly contribute to changes in the distribuOon, spread, and seasonality of 69 

flaviviruses and their vectors in Europe [14,15]. Global warming further creates an 70 

environment conducive to the spread and establishment of Ocks and mosquitos in more 71 

temperate countries [10,16]. Moreover, rising temperatures are extending the seasonal 72 

acOvity of insect and Ock vectors. In this regard, mild winters can prolong Ock acOvity, leading 73 



 4 

to increased human infecOons and changes in flavivirus seasonality [14]. Furthermore, low 74 

precipitaOon in winter and warmer springs can contribute to the enhanced spread of viruses 75 

by Culex mosquitos and the increased growth rate of the mosquito populaOon, potenOally 76 

leading to an earlier start of the transmission season [17,18]. 77 

In Europe, TBEV, WNV, and Usutu virus (USUV), and to some extent also JEV, are of parOcular 78 

concern for public health. 79 

 80 

2.1. West Nile virus  81 

WNV has the widest geographical distribuOon in Europe, with the largest number of vectors 82 

and non-human hosts [8,19]. It has circulated in Europe since the 1950s, where it causes 83 

sporadic outbreaks in humans. More recently, a large outbreak was described in Romania in 84 

1996, when 390 cases of WNV were registered [20]. Two different lineages of WNV have been 85 

idenOfied as the cause of different outbreaks: lineage 1 was predominant in America and was 86 

present in southern and central Europe unOl 2010, when it was gradually replaced by lineage 87 

2. Lineage 2 has been primarily responsible for the outbreaks of WNV in Europe aoer 2010 88 

[10,21]. Today, WNV is the most widespread flavivirus in Europe and poses one of the largest 89 

infecOous disease threats to the region. Its presence has been detected in 27 European 90 

countries, mostly in the south of the conOnent, where the number of infecOons and virulence 91 

have increased in recent years [22]. As of 31 May 2023, the European Union (EU) and the 92 

European Economic Area (EEA) countries have reported 1133 human cases of WNV infecOon 93 

through the European Surveillance System (TESSy), including 92 deaths in 2022, of which 1112 94 

were locally acquired, 17 were travel-related, and 4 had an unknown importaOon status and 95 

unknown place of infecOon [23]. Around 30% of infected people develop West Nile fever, and 96 

the symptoms range from a flu-like syndrome to neuroinvasive diseases like encephaliOs, 97 
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meningiOs, and acute flaccid paralysis in less than 1% of cases. The fatality rate associated 98 

with neurological symptoms is around 10% [20,21]. 99 

WNV is principally transmiVed by Culex pipiens s.l. and Culex modestus, while different bird 100 

species act as reservoirs. Humans and equines can be accidentally infected by mosquitos and 101 

are considered dead-end hosts [20,24]. It is hypothesized that WNV has been introduced into 102 

Europe by birds migraOng from Africa. According to this hypothesis, birds are responsible for 103 

long-distance WNV spread, while mosquitos mediate short-distance diffusion [21,25]. 104 

 105 

2.2. Usutu virus 106 

USUV was first idenOfied in Europe in 1996 as the cause of death in common blackbirds found 107 

in the Tuscany region of Italy [8]. In 2001, the first large outbreak was registered in different 108 

bird species in Austria [22,26], and in 2009, the first cases of neurological symptoms 109 

associated with USUV infecOon were reported in two immunocompromised paOents in Italy 110 

[26,27]. Since 2009, USUV has been detected in 16 European countries (Austria, Belgium, 111 

CroaOa, Czech Republic, France, Germany, Greece, Hungary, Italy, the Netherlands, Poland, 112 

Serbia, Slovakia, Spain, Switzerland, and the United Kingdom) by virus isolaOon/detecOon or 113 

serologically [22].  114 

As for WNV, USUV belongs to the Japanese encephaliOs virus serocomplex of flaviviruses. 115 

These viruses mostly share the same vector and hosts and have a similar life cycle 116 

[10,20,22,24]. In contrast to WNV, USUV seems more virulent in birds, causing significant 117 

blackbird mortality, especially in central Europe, while human infecOon seems less common 118 

[20,24].	 Between 2012 and 2021, 105 cases of human USUV infecOon were reported in 119 

Europe, 12 of which showed neurological symptoms [28]. Most of the cases were found in 120 
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Italy, but USUV infecOons were also detected in CroaOa, Germany, Czechia, Austria, Hungary, 121 

and France [20,28,29]. 122 

 123 

2.3. Tick-borne EncephaliCs virus 124 

TBEV is considered the most medically significant arbovirus in Europe, infecOng over 10,000 125 

humans every year [8,30]. Its presence in Europe was reported for the first Ome in 1931 in 126 

south-eastern Austria, and today it is considered endemic in 27 European countries, mostly 127 

East-European countries with Slovenia showing the highest reported incidence [31,32]. In 128 

Europe, all three different subtypes of TBEV have been idenOfied: the European subtype 129 

(TBEV-Eu), transmiVed by Ixodes ricinus Ocks and endemic in rural and forested areas of 130 

central, eastern, and northern Europe; the Siberian subtype (TBEV-Sib), transmiVed by Ixodes 131 

persulcatus and endemic in the Urals region, Siberia, Russia and in some areas in north-132 

eastern Europe; and the Far Eastern subtype (TBEV-FE), transmiVed by Ixodes persulcatus and 133 

mainly typical of Asia but has been found in several Eastern European countries [32,33].  134 

Approximately two-thirds of human TBEV infecOons are asymptomaOc, but 10-30% of paOents 135 

can develop non-specific symptoms such as fever, faOgue, headache, and myalgia. In rare 136 

cases, the nervous system could be involved in paOents showing meningiOs (50%), 137 

meningoencephaliOs (40%), meningoencephalomyeliOs (10%), paralysis, and radiculiOs 138 

[25,34]. TBEV-FE is associated with the most severe neurological manifestaOons and has a 139 

fatality rate of around 20%. In comparison, the European subtype shows milder disease and 140 

mortality rates below 1%, with severe neurological sequelae in up to 10% of paOents 141 

[33,35,36].  142 

Tick vectors are responsible for transmisng the virus to animals (mostly rodents and deer, 143 

which act as amplifying hosts) and humans, who act as dead-end hosts [25]. According to data 144 
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published in February 2023 in the context of the VectorNet project, the presence of Ixodes 145 

ricinus, the main vector of TBEV, was detected in all European countries. This makes it 146 

possible, at least theoreOcally, for TBEV to spread even in areas where it is not considered 147 

endemic yet [37]. In this regard, the first three autochthonous TBEV cases were reported in 148 

Belgium during the summer of 2020, but the common vector of TBEV was already widespread 149 

in the country, and TBEV anObodies were detected in animals such as dogs, caVle, roe deer, 150 

and wild boar before evidence of human infecOon [38].  151 

 152 

2.4. Japanese encephaliCs virus 153 

JEV is the prototype of the JEV serogroup that also includes WNV and USUV [39]. It is one of 154 

the leading causes of viral encephaliOs, with an annual number of cases between 30,000 and 155 

50,000 [40]. It is considered endemic in at least 24 countries in Asia and Oceania, and it is 156 

esOmated that around 3 billion people live in JEV epidemic areas [39,41].  157 

JEV infecOon generally causes mild febrile symptoms, while approximately 1% of paOents can 158 

develop a severe neuroinvasive illness characterized by high fever, headache, neck sOffness, 159 

disorientaOon, coma, seizures, and spasOc paralysis, which a mortality rate of around 30% 160 

[40,42]. The neuroinvasive disease may also be responsible for lifelong disabiliOes or cogniOve 161 

impairments in approximately 30% of paOents who recover aoer JEV infecOon [42,43].  162 

JEV is mainly spread by Culex mosquitos and circulates in various species of birds that are the 163 

natural reservoir, while pigs are considered the main maintenance or amplifying host [19]. As 164 

for WNV and USUV, humans are dead-end hosts because viremia is insufficient to transmit the 165 

infecOon to another vector [44]. 166 

The introducOon of the Japanese encephaliOs virus in Europe is a potenOal risk due to 167 

internaOonal travel and commerce with Asia and Oceania. This could lead to the introducOon 168 
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of infected mosquitoes. If the virus is introduced, it could become established in Europe due 169 

to the presence of suscepOble mosquito vectors and vertebrate hosts [40]. In 1996-97, the 170 

first evidence of JEV anObodies and RNA in Italian birds was reported [45,46]. Aoerward, JEV-171 

like sequences were detected in C. pipiens specimens in northern Italy in the summer of 2010 172 

[46]. JEV gene amplificaOon was detected in bird specimens collected in Tuscany, where JEV-173 

posiOve mosquitoes were also found. According to the epidemiological analysis, no JE paOents 174 

were found where the bird specimens were collected [39]. This suggests that there was a 175 

limited epidemic cycle of JEV between birds and mosquitoes in southern Italy. The lack of pigs, 176 

the primary hosts of JEV, may have prevented the virus from spreading on a larger scale. The 177 

detecOon of JEV in both birds and mosquitoes indicates that the virus has spread to Europe, 178 

specifically to Italy, from tradiOonal JEV epidemic areas in Asia [39,45].  179 

 180 

2.5. Flavivirus co-circulaCon in Europe 181 

The era of global change has brought significant modificaOons to the distribuOon of 182 

flaviviruses in the European conOnent, and in the coming years, the increasingly tangible 183 

global warming is expected to cause further alteraOons. In this context, the Ock species Ixodes 184 

ricinus, which is the primary vector of the European variant of TBEV, has been discovered at 185 

higher alOtudes where it was previously absent, and in greater numbers in areas where it was 186 

originally present. Similar behavior has been observed for vectors of WNV and USUV in 187 

Europe, such as mosquito species Culex pipiens s.l. and Culex modestus, which are considered 188 

the main bridge vectors of WNV from avian reservoirs to dead-end hosts, including humans. 189 

In the last decade, this thermophilic species has expanded its territory northward and has 190 

been reported in several European countries for the first Ome [14,20]. 191 
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In the last decades, WNV, TBEV, and USUV have been detected in most European countries, 192 

showing a significant co-circulaOon in the same geographic areas [8] (Figure 2). Co-circulaOon 193 

of WNV and TBEV has already been observed in central and eastern Europe. Since its first 194 

report in Europe, USUV spread in European countries has significantly overlapped with the 195 

circulaOon of WNV. Both viruses share similar vectors and amplifying hosts, as well as 196 

geographic distribuOon. This means there is potenOal for WNV to spread to areas where only 197 

USUV has been observed so far and vice versa. This is especially true considering that both 198 

WNV and USUV have been shown to infect several bird species that are at least parOally 199 

migratory [20,22]. 200 

The presence of these viruses on European territory, as well as their possible co-circulaOon, 201 

could be underesOmated by the fact that most countries have no acOve surveillance programs 202 

to detect flavivirus circulaOon both in humans and animals [22]. Furthermore, specific 203 

serology tests are lacking to study seroprevalence and do systemaOc serosurveillance [47]. 204 

Increased travel and transportaOon from endemic areas raise the risk of introducing other 205 

neurotropic flaviviruses in Europe, such as JEV [48], causing further problems in the diagnosis 206 

and surveillance of this family of viruses [25,49]. 207 

 208 

3. Diagnos$c methods to detect flavivirus infec$on 209 

Given the increasing public health risk posed by the spread of various flaviviruses in Europe, 210 

it is now more crucial than ever to be able to accurately diagnose the virus responsible for the 211 

infecOon. The early and precise diagnosis of the infecOous agent is necessary for appropriate 212 

clinical care before symptoms exacerbate (i.e., paOents can rapidly progress to life-threatening 213 

neurological complicaOons), but also for surveillance and epidemiology [3,12,50]. The ability 214 

to discriminate between different members of this family, especially when they are part of the 215 
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same serocomplex, is essenOal to understanding which viruses circulate in a given region and 216 

Ome to take appropriate precauOons, such as vector control and One Health surveillance. 217 

Furthermore, the implementaOon of a surveillance system and the possibility to detect Omely 218 

autochthonous and imported infecOons is becoming a priority in non-endemic areas to avoid 219 

new outbreaks caused by the spread of these viruses in new areas [51]. 220 

The standard method for diagnosing flavivirus infecOons involves detecOng the pathogen, its 221 

nucleic acids, or specific viral anOgens during the acute phase of the disease, followed by 222 

measuring specific anObodies present in the paOent during the convalescence phase [51,52]. 223 

  224 

3.1. Molecular diagnosCcs 225 

Flavivirus infecOon can be confirmed by the detecOon of the viruses in body fluids (usually 226 

blood, serum, or plasma, but they can also be detected in urine and cerebrospinal fluids). Viral 227 

nucleic acids can be detected by performing an RT-PCR or an RT-qPCR [51]. This is the most 228 

specific and sensiOve technique available because it can disOnguish between two different 229 

flaviviruses at the RNA level. RT-PCR allows the detecOon of the presence of infecOon from 230 

the onset of symptoms unOl 7-10 days post-infecOon, allowing for rapid diagnosis of suspected 231 

cases. It is also highly standardized and allows for a high degree of repeatability and 232 

reproducibility [15,21]. 233 

The acute viremic phase of flavivirus infecOon lasts  5-7 days on average (Figure 3) and is ooen 234 

missed due to the generic flu-like symptoms that the paOents develop during this phase, 235 

which can be confused with those of more common infecOons [1]. Usually, paOents only visit 236 

a doctor when their symptoms persist or worsen, and, at that point, viral nucleic acids are 237 

ooen no longer detectable in the blood, excluding RT-PCR  for diagnosis [8,15]. WNV, USUV, 238 

and TBEV can persist in the kidneys for extended periods and be excreted in the urine. In cases 239 
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of neuroinvasive WNV infecOon, the diagnosis from urine samples can be more reliable and 240 

effecOve than from cerebrospinal fluid. However, urine samples do not yet seem to be 241 

rouOnely collected as standard sample material [14]. Furthermore, RT-PCR is complex, 242 

expensive, and requires specialized equipment and trained personnel to be performed [12]. 243 

 244 

3.2. Serological diagnosis 245 

Serological assays to detect anObodies are the preferred diagnosOc method in most 246 

laboratories or hospitals. IgM is detectable from the first week post-infecOon, and Oters start 247 

to decline in the following 2 to 3 months (Figure 3). However, in the case of WNV infecOon, 248 

IgM has been reported to persist even for a year [15]. IgG levels, instead, can be measured 249 

with a few days delay relaOve to IgM but usually remain detectable for several months or years 250 

aoer exposure to the anOgen [51] (Figure 3). During secondary infecOon, instead, the rise of 251 

IgM levels is ooen delayed compared to IgG, which can be rapidly detected within 2 days aoer 252 

the onset of the disease [15].  253 

DetecOon of anObody levels against flaviviruses is the most widely used diagnosOc method 254 

due to its rapidity, sensiOvity, reproducibility, and affordability. It is cheaper than an RT-PCR 255 

and does not require complex equipment [8,21]. IgM Ab-capture immunoassay (MAC-ELISA) 256 

can be performed to detect an acute infecOon, while IgG indirect ELISA is more useful to 257 

diagnose a secondary infecOon [8]. The main problems with anObody detecOon as a diagnosOc 258 

method are that the very early phase of infecOon might not be accurately detected as 259 

anObodies might not be produced yet, and the presence of high cross-reacOvity found 260 

between different flaviviruses, parOcularly those belonging to the same serocomplex, such as 261 

for example WNV and USUV [53,54]. These viruses share a high degree of structural and 262 

sequence homology, which results in a similar anObody response that causes extensive cross-263 



 12 

reacOvity [1,55]. This can lead to incorrect interpretaOon of diagnosOc results and can also 264 

result in underesOmaOng the presence of a flavivirus in a given geographic area, as may be 265 

happening in Europe for USUV, which, being less known and studied than WNV, could be 266 

confused with the laVer [20]. TBEV and WNV show lower cross-reacOvity compared to WNV 267 

and USUV, probably because they are not part of the same serocomplex, and they also have 268 

different vectors and amplificaOon hosts. Despite this, cross-reacOvity between WNV and 269 

TBEV was observed in Greece during the WNV outbreak in 2010, confirming that the 270 

possibility of cross-reacOon also exists with more distantly related viruses [56]. Since both IgM 271 

and IgG anObodies circulate for mulOple months following the onset of the infecOon, it can be 272 

challenging to determine if the posiOve anObody Oter is the result of an acute infecOon or if it 273 

is the remnant of a previous infecOon or vaccinaOon [8].  274 

The diagnosis made by anObody detecOon can be further complicated by the fact that paOents 275 

could have previously been vaccinated against one or more flaviviruses. In Europe, human 276 

vaccines are available only for TBEV, JEV, and YFV [57,58]. JEV and YFV vaccinaOon is not 277 

rouOnely performed, and they are recommended only in case of travel to endemic areas, such 278 

as tropical and subtropical regions of Africa, South America, or Southeast Asia [8]. In contrast, 279 

TBEV vaccinaOon is recommended and implemented in the countries in which TBEV is 280 

considered endemic. A cross-secOonal study conducted in 2015 found that the average TBE 281 

vaccinaOon rate of all the European countries evaluated was 25% of the total sample. Finland 282 

and Slovakia had the lowest vaccinaOon rates (∼10%) [59], while Austria is the European 283 

country with the highest vaccinaOon coverage, corresponding to 88% [8]. In general, the 284 

vaccinaOon rates in Europe are highly variable from country to country, with an overall low 285 

vaccinaOon coverage [59]. Since the serological tools are not able to disOnguish between 286 
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naturally infected and vaccinated people, vaccinaOon history and rates in a country should be 287 

invesOgated when interpreOng diagnosOc results [60].  288 

When the samples are not disOnguishable by anObody detecOon-based methods, it is 289 

recommended to perform a plaque-reducOon neutralizaOon assay (PRNT), which is 290 

considered the gold standard in flavivirus serological diagnosis [12]. This method requires the 291 

manipulaOon of live flaviviruses at a biosafety laboratory level (BSL) 2 for USUV or 3 for WNV, 292 

TBEV, and JEV, which can be performed rouOnely only in a few laboratories in Europe [8,20]. 293 

Moreover, the use of live viruses leads to high variability between assays and between 294 

laboratories due to the differences in cell lines used, the virus strain, other inter-laboratory 295 

variaOons, and overall lack of internaOonal standardizaOon [12].  296 

 297 

3.3 Viral anCgen capture 298 

Viral anOgens can be used to diagnose viral infecOons in the early stages of the disease by 299 

detecOng viral anOgens directly in the clinical specimen [61]. Viral anOgen detecOon by ELISA 300 

is a cost-effecOve, rapid, and accurate diagnosOc assay that could facilitate early viral detecOon 301 

[62]. However, viral anOgen detecOon kits are commercially available only for dengue 302 

diagnosis [63], while for WNV, USUV, TBEV, or JEV, the kits are limited to research purposes 303 

and not suitable for diagnosis in clinical sesngs. The potenOal and limitaOons of this 304 

methodology will be discussed in detail in the next secOon.  305 

 306 

Different flavivirus diagnosOc methods have some advantages but also several limitaOons 307 

(listed in Table 1). It is evident that there is an urgent need to introduce on the market new 308 

diagnosOc tests for flavivirus infecOon that can be easily implemented without expensive 309 

equipment, show high specificity and sensiOvity, allow the diagnosis during the acute phase 310 
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of the disease, and are not affected by the cross-reacOvity of co-circulaOng flavivirus. In 311 

Europe, there is a clear necessity to have a diagnosOc tool that can discriminate principally 312 

between WNV, TBEV, and USUV that co-circulate. Furthermore, other viruses that are 313 

anOgenically related, such as JEV, could potenOally be introduced into Europe. These viruses 314 

show cross-reacOvity with WNV and USUV, and it is crucial to accurately differenOate between 315 

them. 316 

 317 

Table 1. Methods for the diagnosis of flaviviruses circulaOng in Europe 318 

Methods Advantages Limita$ons 

RT-(q)PCR • Provides an early diagnosis 

• Specific and sensitive 

• Highly standardized 

• Qualitative/quantitative 

• PosiOvity limited to the acute 
phase (< 10 days) 

• Requires expensive 
instruments and trained 
personnel 

AnObody detecOon 
• Rapid diagnostic test (RDT) kits 

• Low cost 

• High cross-reactivity 

• Not suitable for early phase 

Plaque-reducOon 
neutralizaOon assay 
(PRNT) 

• Less cross-reactivity than 
antibody detection 

• Golden standard for serological 
diagnosis of flaviviruses 

• Requires Biosafety 
Laboratories (levels 2 to 3) 
and trained personnel 

• InternaOonal standardizaOon 
lacking 

Viral anOgen capture • Slightly extended time window 
in comparison with RT-(q)PCR 
(acute phase) 

• Less cross-reactivity compared 
to antibody detection 

• Low cost 

• Possibility to have rapid 
diagnostic test (RDT) kits 

• Not available for flaviviruses 
circulaOng in Europe 

• Less sensiOve than RT-PCR 

• Possible reduced sensiOvity in 
secondary infecOons 

 319 
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4. NS1 an$gen capture for West Nile, Usutu, $ck-borne encephali$s, and Japanese 320 

encephali$s diagnosis 321 

In the search for an ideal diagnosOc assay that can discriminate between different flavivirus 322 

infecOons, non-structural protein 1 (NS1) is a key viral protein that can be used to develop 323 

new diagnosOc assays for flavivirus infecOons [3].  324 

The flavivirus genome is composed of a single-strand RNA of posiOve polarity, which is non-325 

segmented and around 10-11 kbp in length. The genome encodes a large polyprotein 326 

precursor, which is co- and post-translaOonally processed by viral and host-derived proteases 327 

into three structural proteins (Capsid, prM, and Envelope) and seven non-structural proteins 328 

(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) [5,64]. The structural proteins are responsible 329 

for the assembly of the virion, while the non-structural proteins contribute to viral replicaOon 330 

[1,57].  331 

NS1, a conserved glycoprotein with a molecular weight ranging from 46-55 kDa depending on 332 

the extent of glycosylaOon among the non-structural proteins of flavivirus, has been found in 333 

various intracellular compartments in infected cells as membrane-bound protein (mNS1) and 334 

secreted protein (sNS1) [3,13]. Aoer the NS1 protein is synthesized in cells, it forms a dimer 335 

that is transported to the plasma membrane with its C-terminals in a head-to-head 336 

configuraOon. In the Golgi apparatus of infected cells, the NS1 dimer is processed by 337 

glucosidase and glycosyltransferase to remove complex sugars. As a result, NS1 becomes 338 

soluble and is secreted [65].  339 

The intracellular form of NS1 is central to viral replicaOon, whereas the secreted one can be 340 

detected in serum and other body fluids and plays a role in immune evasion. A study idenOfied 341 

a unique mutaOon in NS1 that causes the protein to lose its secretory capacity while retaining 342 

its role in viral genome replicaOon, suggesOng that sNS1 plays a role in the parOcle formaOon 343 
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of flaviviruses through its interacOon with the lipid membrane [68]. NS1 is also crucially 344 

involved in the pathogenesis of flaviviruses, directly causing endothelial dysfuncOon and 345 

sOmulaOng immune cells to produce proinflammatory cytokines [69]. Soluble NS1 could re-346 

aVach itself to the surface of both infected and uninfected cells, which can affect the integrity 347 

of the endothelium and, hence, the permeability of blood-Ossue barriers  [70,71]. Moreover, 348 

the immune response to NS1 may harm endothelial cells due to the cross-reacOon of 349 

anObodies and the formaOon of immune complexes [72]. This can trigger the producOon of 350 

autoanObodies that react with platelets and extracellular matrix proteins [65]. The presence 351 

of specific anObodies to mNS1 and sNS1 can further intensify the acOvaOon of the 352 

complement system [72]. While it is thought that extracellular NS1 plays a role in disease 353 

progression during infecOon, it also sOmulates an immune response and triggers the 354 

producOon of anObodies. Monoclonal anObodies specifically targeOng NS1 have been 355 

idenOfied and have been shown to protect against lethal challenge models for viruses such as 356 

YFV, DENV, ZIKV, JEV, and WNV in mice. Moreover, mice vaccinated with NS1 were protected 357 

from lethal infecOon in mulOple flavivirus models. NS1 represents thus a capOvaOng target to 358 

develop new vaccinal or therapeuOc strategies against flavivirus infecOon antagonizing NS1 359 

pathogenic effects [69,71,73–75].  360 

An extended version called NS1’ has a molecular weight of 52-53 kDa and was discovered 361 

during JEV, WNV, and DENV infecOon. Its presence seems to correlate with flavivirus neuro-362 

invasiveness [3].  363 

 364 

4.1. DetecCon of NS1 anCgen 365 

NS1 can be detected in the blood even before the onset of symptoms, generally as early as 366 

the detecOon of viral RNA (Figure 3). Thus, an NS1 anOgen capture assay that evaluates the 367 
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presence of NS1 in serum samples has the potenOal to be a valuable tool for early diagnosis 368 

of flavivirus infecOons [76] (Table 2).  369 

While the detecOon of NS1 using an anOgen capture assay seems to be less sensiOve than 370 

detecOng viral RNA using RT-PCR, the assay can be performed with a simple laboratory setup 371 

that can process hundreds of samples relaOvely quickly and with minimal effort [77,78]. 372 

AddiOonally, the NS1 anOgen capture assay is a semi-quanOtaOve test that is easier to perform 373 

and requires a lower level of complexity in laboratory infrastructure and staff training than RT-374 

PCR quanOfying viral RNA [77,79]. NS1 can be used as a biomarker to develop rapid tests 375 

according to the World Health OrganizaOon  “ASSURED” criteria. These criteria describe the 376 

ideal characterisOcs of a diagnosOc test that can be used at all levels of the healthcare system: 377 

affordable, sensiOve, specific, user-friendly, rapid, equipment-free, and delivered to those 378 

who need it. Rapid tests can serve as a cost-effecOve method for paOent screening during 379 

regular medical check-ups, helping to detect asymptomaOc infecOons in individuals residing 380 

in endemic regions. This plays a vital role in epidemiological monitoring, which is crucial for 381 

both paOent treatment and epidemic preparedness [80].  382 

However, previous studies have reported difficulty in detecOng NS1 in secondary infecOons, 383 

which could represent a disadvantage compared to RT-PCR. In primary infecOons, NS1 can be 384 

found in infected serum or plasma samples unOl 9-12 days aoer disease onset, while during a 385 

secondary infecOon with the same virus, the IgG present in the blood could react with the 386 

protein forming immune complexes and making it impossible to detect NS1 in secondary-387 

infected paOents beyond 5-7 days aoer onset of symptoms [13]. To avoid the issue, NS1 388 

detecOon can be supported by the measurement of specific IgM anObodies [13,77]. 389 

Furthermore, a study shows that acid treatment to dissociate immune complexes has been 390 

found to increase NS1 detecOon from 27% to 78% in secondary infecOons [81], while another 391 
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study indicates no staOsOcally significant difference in NS1 detecOon rates between primary 392 

and secondary infecOons [82]. NS1 can also be detected in urine at a later stage than in serum 393 

samples, remaining consistent unOl day 14. This extends the Ome window during which a 394 

flavivirus infecOon can be diagnosed using an NS1 anOgen-capture assay [72]. In addiOon, 395 

using a urine sample could be a less invasive way to diagnose an infecOon without having to 396 

resort to a blood draw [14]. 397 

NS1 has been suggested as a marker for viremia because its concentraOon in the blood seems 398 

directly correlated with the viral Oter [13,78]. Therefore, it may be used to predict the risk of 399 

developing severe symptoms and allow the clinicians to determine the most appropriate 400 

treatment for the paOents, acOng promptly towards paOents with increased risk for severe 401 

disease and avoiding hospitalizaOons and unnecessary treatment for those at low risk. 402 

However, the correlaOon between NS1 levels in serum and disease severity has not been 403 

clearly demonstrated yet [72]. 404 

NS1 anOgen-capture ELISA  can limit the issue of cross-reacOvity between anObodies of 405 

homologous and heterologous flavivirus anOgens [78]. However, the effecOveness of 406 

immunoassays is largely determined by the quality of the anObodies employed and the 407 

disOncOveness of the epitopes that those anObodies target. The specificity of these assays can 408 

be weakened by the presence of fewer unique epitopes, parOcularly when anObodies 409 

produced against anOgenic domains of related pathogens show varying affiniOes towards the 410 

targeted epitope regions [76,77].  411 

  412 

4.2. DetecCon of anC-NS1 anCbodies 413 

Not only can NS1 itself be used as a diagnosOc tool, but the anO-NS1 anObodies can also be 414 

used to develop useful diagnosOc tests (Table 2). The relaOve type-specificity of the anObody 415 
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responses has led to the creaOon of ELISA-based tests that can determine the infecOng 416 

serotype, whether the infecOon is primary or secondary, and differenOate between different 417 

flaviviruses [13]. Evidence has been provided that the use of recombinant NS1 proteins for the 418 

detecOon of IgM/ IgG anObodies is less prone to cross-reacOvity if compared to commercial 419 

kits based on Envelope (E) protein or whole virus anObody detecOon [50,87]. However, 420 

contradictory results related to cross-reacOvity sOll hinder the detecOon of IgM anObodies in 421 

paOents from flavivirus-endemic regions, fueling debates over the usefulness of NS1 as an 422 

anOgen for anObody detecOon [50]. 423 

 424 

Table 2. List of diagnosOc assays based on NS1 and anO-NS1 anObody detecOon. 425 

Virus Method Source 

WNV NS1 antigen capture ELISA Macdonald et al., (2005) [88] 

NS1 antigen capture ELISA Saxena et al., (2013) [84] 

NS1 antigen capture ELISA Ding et al., (2014) [89] 

Lateral flow immunoassay for NS1 
detection 

Jia et al., (2021) [90] 

NS1 Protein IgM ELISA kit (Cat.  Number: 
910-395-WNM) 

NS1 Protein IgG ELISA kit Cat.  Number: 
910-390-WNG) 

Alpha diagnosOcs 

 

NS1 Antigen ELISA Development Kit (Cat. 
Number: DEIAY10297) 

CreaOve diagnosOcs® 

NS1 IgG Antibody ELISA Kit (Cat. Number: 
VACY-1022-CY633) 

NS1 IgM Antibody ELISA Kit, Human (Cat. 
Number: VACY-1022-CY632) 

CreaOve biolabs® 

USUV rNS1-based ELISA for IgM/G Caracciolo et al., (2020) [91] 

TBEV Anti NS1 IgG ELISA Girl et al., (2020) [92] 
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JEV NS1 antigen capture ELISA Kumar et al., (2011) [79] 

NS1 antigen capture ELISA Li et al., (2012) [43] 

Lateral flow immunoassay for NS1 
detection 

Roberts et al., (2022) [93] 

NS1 mAb-based blocking ELISA Zhou et al., (2019) [87] 

 

NS1 Protein IgM ELISA kit (Cat.  Number: 
910-175-JEM) 

NS1 Protein IgG ELISA kit Cat.  Number: 
910-170-JEG) 

Alpha diagnosOcs 

 

* All the kits and lab-based diagnosOc tests listed in the table are intended for research use 426 

only, not for use in diagnosOc procedures. 427 

 428 

4.3. NS1 in West Nile virus diagnosis 429 

Today, an NS1 anOgen capture ELISA for WNV is available only for avian and mosquito 430 

surveillance but not for human diagnosis [8]. 431 

NS1 presence in the serum can be detected between days 3 and 8 post-infecOon, and during 432 

this window, no significant difference is observed between results obtained through the NS1 433 

assay and RT-PCR. AddiOonally, the NS1 assay is superior to IgM or plaque assay techniques. 434 

The Ome period during which NS1 was present in the serum is found to coincide with the 435 

appearance of clinical symptoms [88,94].  436 

Different aVempts to develop an NS1 anOgen capture ELISA have been made using a 437 

recombinant WNV NS1 protein to generate specific anObodies that recognize the protein 438 

present in the serum [95].  439 

In vivo studies in WNV-infected hamsters have shown the secreOon level of NS1 anOgen ranges 440 

from 100 to 8,000 ng/ml. These levels are significantly higher than the detecOon limit of the 441 
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ELISA system developed by Saxena et al., which can detect up to 5 ng/ml of NS1 anOgen. The 442 

sensiOvity and specificity of the recombinant NS1 sandwich ELISA in this study suggest that 443 

the test can be used as a cost-effecOve and accurate tool for surveillance and early diagnosis 444 

of WNV infecOon in endemic areas [84]. The main limit of this assay is that it does not 445 

effecOvely disOnguish between WNV and other flaviviruses because it is based on flavivirus 446 

NS1 protein cross-reacOve monoclonal anObodies (mAbs). Even if the WNV NS1 is used as the 447 

anOgen to generate monoclonal anObodies, they can sOll show cross-reacOvity with other 448 

flaviviruses, such as JEV and USUV, which are part of the same serocomplex. These mAbs 449 

should be tested against at least the flaviviruses that are more prevalent in a specific region. 450 

This could allow for the exclusion of a large part of the anObodies that show cross-reacOvity, 451 

helping to increase the specificity of the assay for the WNV NS1 protein. Based on these 452 

consideraOons, Ding et al. developed an NS1 anOgen capture ELISA using two monoclonal 453 

anObodies that recognized disOnct epitopes of the NS1 protein of WNV and showed no cross-454 

reacOvity with JEV and TBEV, while no data are available regarding potenOal cross-reacOvity 455 

with USUV. The detecOon limit of the anOgen-capture ELISA was as low as 15 pg/ml, which 456 

was much more sensiOve than the WNV-NS1 ELISA reported by Saxena et al. and WNV-NS1 457 

could be detected in the serum one day aoer infecOon. Ding’s NS1 anOgen-capture ELISA 458 

displayed greater sensiOvity than real-Ome RT-PCR from 1 to 7 days in WNV-infected mouse 459 

serum samples, which might be aVributed to the short duraOon of viremia and low viral RNA 460 

Oters aoer WNV infecOon [89].  461 

In both Saxena and Ding’s assays, the formaOon of NS1-immune complexes affected the 462 

sensiOvity of the capture ELISA under standard condiOons by prevenOng the detecOon of free, 463 

soluble NS1. TreaOng plasma with an alkaline soluOon and a non-ionic detergent parOally 464 

dissociated NS1 immune complexes and improved the sensiOvity of the capture ELISA. 465 
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DisrupOng immune complexes in plasma samples seemed to extend the Ome window for 466 

measuring the anOgen beyond the detecOon of viral RNA by quanOtaOve RT-PCR [84,89,94]. 467 

The monoclonal anObodies developed by Ding et al. were also used to develop a portable 468 

surface-enhanced Raman scaVering (SERS)–lateral flow immunoassay (LFIA) detector for the 469 

detecOon of recombinant NS1 that shows a visual detecOon limit of 10 ng/ml besides high 470 

sensiOvity and specificity for WNV when it was compared to Dengue, Yellow fever, and Zika 471 

[90]. 472 

 473 

4.4. NS1 in Usutu virus diagnosis 474 

USUV has only recently been idenOfied as a pathogen of concern and hence diagnosOc 475 

soluOons for this infecOon are sOll limited. No aVempts have been made so far to create an 476 

assay to measure the presence of NS1 in infected paOents, although, in theory, all the 477 

consideraOons made for WNV should also apply to USUV, as the two viruses belong to the 478 

same serocomplex and are therefore anOgenically very similar. This similarity could also have 479 

repercussions on WNV diagnosOc tests, leading to false posiOves that cause a USUV infecOon 480 

to be misdiagnosed as a WNV infecOon. UnOl now, USUV was considered a pathogen of 481 

marginal importance for human health and was not frequently included among the 482 

flaviviruses to test for cross-reacOvity with WNV.  483 

Only the EuroImmun USUV IgG ELISA is available on the market, while for IgM detecOon, there 484 

are no commercially available assays. The EuroImmun USUV IgG ELISA is based on the viral 485 

structural E protein, and it suffers from broad anOgenic cross-reacOvity between anO-flavivirus 486 

anObodies [27]. DetecOon of IgG anObodies using purified NS1 instead of E protein has been 487 

reported to show a low degree of cross-reacOvity between related viruses. Thus, IgM/G ELISA 488 

based on recombinant NS1 for USUV is being established and tested in comparison with the 489 
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highly homologous and geographically overlapping WNV. Careful analysis in immunized mice 490 

allowed a beVer characterizaOon of sensiOvity and specificity, showing that immune IgM sera 491 

targeOng TBEV and WNV did not cross-react with USUV, while some cross-reacOvity for WNV 492 

IgG was detected [91]. 493 

 494 

4.5. NS1 in Cck-borne encephaliCs virus diagnosis 495 

NS1 is mainly studied in mosquito-borne flaviviruses, while the informaOon available for TBEV 496 

is limited, and no studies have been conducted on NS1 as a possible marker for early detecOon 497 

of the infecOon during the acute phase. 498 

Regarding the anObody response against NS1, a study evaluated the sensiOvity and specificity 499 

of the recombinant NS1-based ELISA test for the detecOon of IgM/IgG anObodies from a 500 

cohort of paOents infected by TBEV. The results showed that the recombinant NS1-based 501 

ELISA test had high sensiOvity and specificity for the detecOon of TBEV-specific IgG anObodies 502 

[96]. 503 

Another study reported the development and validaOon of a TBEV NS1 IgG ELISA that 504 

facilitates precise idenOficaOon of TBEV infecOons and the differenOaOon of TBEV infecOons 505 

from vaccinaOon anObody responses [50,92]. The study used an IgG ELISA to detect the 506 

presence of TBEV NS1 protein in paOents’ sera. Since the available vaccines (FSME Immun® by 507 

Pfizer and Encepur® previously by GSK, now divestment to Bavarian Nordic) are highly purified 508 

and inacOve, there is no replicaOon of TBEV and thus no formaOon of NS1 protein or NS1-509 

specific anObodies [32,92]. The absence of NS1 IgG in vaccinated paOents makes it possible to 510 

discriminate between infecOon and vaccinaOon leading to a beVer understanding of TBEV 511 

infecOon rate and epidemiology. The cross-reacOvity of anObodies specific to TBEV NS1 with 512 

other flaviviruses appears to be lower than that of commercial whole-virus ELISAs. This may 513 
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be due to the low degree of similarity between the NS1 proteins of different flaviviruses 514 

compared to the envelope (E) protein [92]. InteresOngly, TBEV NS1 IgG ELISA showed cross-515 

reacOvity with serum from paOents vaccinated against YFV, but this was limited, probably 516 

because TBEV and YFV NS1s share the greatest homology. As YFV vaccine is a live-aVenuated 517 

vaccine, NS1 can be produced in the same way that occurs during a natural infecOon, and 518 

anObodies against NS1 can be detected both in vaccinated and infected paOents [50,92]. 519 

 520 

4.6. NS1 in Japanese encephaliCs virus diagnosis 521 

There is an urgent need to develop a rapid diagnosOc method for the detecOon of JEV infecOon 522 

to detect possible outbreaks, not only in humans but also in swine, which are the principal 523 

amplificaOon hosts. Swine serum can be used to screen for the JEV NS1 protein for early 524 

detecOon, surveillance, and prevenOon of human outbreaks, as the virus is known to 525 

seroconvert in swine 2-4 weeks before human infecOon [93,97]. 526 

NS1 anOgen capture ELISA can be used to diagnose JEV infecOon as early as on the first day of 527 

illness, and NS1 can be detected even when viral RNA is not found by RT-PCR or in the presence 528 

of IgM anObodies. In addiOon, the assay is quanOtaOve, considerably stable, and less affected 529 

by variaOons in physical condiOons than the quanOficaOon of viral RNA [79]. 530 

Li et al. developed a JEV-specific and quanOtaOve NS1 anOgen-capture ELISA using a flavivirus-531 

specific and a JEV-specific mAb, respecOvely, and they analyzed NS1 secreOon in JEV-infected 532 

cell culture and NS1 in sera of JEV-infected mice and paOents. The capture assay could detect 533 

protein levels as low as 0.2 ng/ml. However, only 29.3% of human sera and 10.5% of CSF tested 534 

posiOve for NS1 protein, likely due to late sample collecOon aoer the mosquito bite, as 535 

indicated by the presence of anO-JEV IgM anObodies. Further research on early virus detecOon 536 

during febrile illness may increase the chances of virus recovery and NS1 capture [98]. A recent 537 
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study using NS1-capture sandwich ELISA on sera and CSF during the acute phase of JEV 538 

infecOon showed a 97% agreement with RT-PCR [79]. 539 

Recently, a colorimetric sandwich-based lateral flow assay (LFA) has been developed using 540 

gold nanoparOcles (AuNPs) labeled with the JEV NS1 specific polyclonal anObody for rapid, 541 

sensiOve, and specific NS1 detecOon in serum samples. This portable, cost-effecOve, and 542 

disposable immunochromatographic strip has a visual detecOon limit of 10 pg/ml for JEV NS1 543 

Ag in JEV negaOve serum and can detect JEV NS1 Ag in clinical swine serum samples within 10 544 

minutes. It shows negligible non-specific binding with other flavivirus NS1 and may be 545 

developed into a point of care (PoC) diagnosOc kit for rapid mass screening, especially in rural 546 

areas with limited laboratory resources. At the moment, this assay is limited to swine NS1 547 

detecOon, but it could represent an interesOng soluOon even for human diagnosis [93]. 548 

NS1 sOmulates high levels of anObody producOon in vivo. When Zhou et al. tested for the JEV 549 

NS1 anObody in five immunized swine, four had detectable NS1 anObodies seven days post-550 

immunizaOon, while only one was found to be posiOve for the Envelope (E) protein anObody. 551 

Based on this evidence, they developed a blocking ELISA using a high-affinity anO-JEV NS1 552 

mAb for serological monitoring of JEV infecOon and evaluaOon of the immune status of swine 553 

following JEV vaccinaOon. 80% of newly JEV-vaccinated swine showed seroconversion within 554 

7 days post-immunizaOon, while the commercial envelope-protein-based indirect ELISA 555 

detected seroconversion in only 20% of the newly vaccinated swine [87].  556 

 557 

5. Concluding remarks 558 

WNV, USUV, and TBEV co-circulaOon in Europe is rapidly becoming a maVer of concern, and 559 

the limited availability of precise surveillance and diagnosOc systems might exacerbate the 560 



 26 

problem in the future. This might especially hold true if other flaviviruses, such as JEV, are 561 

introduced into Europe.  562 

In this context, the need to introduce effecOve diagnosOc methods that can clearly 563 

discriminate between flaviviruses is relevant and urgent. With currently available diagnosOc 564 

methods either on the market or used in laboratories, it is difficult to diagnose flavivirus 565 

infecOons at their onset, and above all, it is complex to unequivocally idenOfy the responsible 566 

pathogen due to high cross-reacOvity between members of this family. Cross-reacOvity 567 

represents a major obstacle because, in addiOon to the uncertainty in diagnosis, it can also 568 

lead to an incorrect definiOon of the epidemiology of these viruses in areas where co-569 

circulaOon is observed.  570 

NS1 currently represents the most promising diagnosOc marker that would allow an early 571 

diagnosis, as it can be detected in the blood during the acute phase of flavivirus infecOon. 572 

Furthermore, NS1 diagnosis has the potenOal to reduce the problem of cross-reacOvity, as 573 

anObodies against this protein seem more specific than those directed against the E protein 574 

on which commercially available assays are based. NS1 anOgen capture ELISAs have already 575 

been commercialized for Dengue diagnosis, and several studies show that WNV can be 576 

diagnosed in a highly specific manner using the same type of assay. Further invesOgaOons 577 

need to be conducted on USUV and TBEV, for which currently liVle or no informaOon is 578 

available regarding the use of NS1 as a marker for early diagnosis. However, developing 579 

monoclonal anObodies that are highly specific for the NS1 of a given flavivirus and do not 580 

show cross-reacOvity with members of the same serocomplex remains a major challenge. 581 

Moreover, in addiOon to being used in rapid anOgen tests (or capture ELISA) to detect the NS1 582 

anOgen, these specific anObodies can be used for the detecOon of flavivirus anObodies by 583 

compeOOve ELISA, expanding the Ome frame in which a specific diagnosis can be made. The 584 
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development of such monoclonal anObodies and further research in this area could provide a 585 

concrete soluOon to the problem of early, specific, rapid, and low-cost diagnosis of WNV, 586 

USUV, and TBEV in Europe. 587 

 588 

Declara$on of interest 589 

The authors declare no compeOng interests.  590 

 591 

References 592 

 1. Chong, H.Y. et al. (2019) Flavivirus infecOon—A review of immunopathogenesis, 593 

immunological response, and immunodiagnosis. Virus Research 274, 197770 594 

2. Kimura, T. et al. (2010) Flavivirus EncephaliOs: Pathological Aspects of Mouse and Other 595 

Animal Models. Vet Pathol 47, 806–818 596 

3. Rastogi, M. et al. (2016) Flavivirus NS1: a mulOfaceted enigmaOc viral protein. Virol J 13, 597 

131 598 

4. Holbrook, M. (2017) Historical PerspecOves on Flavivirus Research. Viruses 9, 97 599 

5. van Leur, S.W. et al. (2021) Pathogenesis and virulence of flavivirus infecOons. Virulence 600 

12, 2814–2838 601 

6. Gaunt, M.W. et al. (2001) PhylogeneOc relaOonships of flaviviruses correlate with their 602 

epidemiology, disease associaOon and biogeography. Journal of General Virology 82, 603 

1867–1876 604 

7. Kuno, G. et al. (1998) Phylogeny of the Genus Flavivirus. J Virol 72, 73–83 605 

8. Beck, C. et al. (2013) Flaviviruses in Europe: Complex CirculaOon PaVerns and Their 606 

Consequences for the Diagnosis and Control of West Nile Disease. IJERPH 10, 6049–6083 607 



 28 

9. Rathore, A.P.S. and St. John, A.L. (2020) Cross-ReacOve Immunity Among Flaviviruses. 608 

Front. Immunol. 11, 334 609 

10. Khare, B. and Kuhn, R.J. (2022) The Japanese EncephaliOs AnOgenic Complex Viruses: 610 

From Structure to Immunity. Viruses 14, 2213 611 

11. Calisher CH et al. (1989) AnOgenic relaOonships between flaviviruses as determined by 612 

cross-neutralizaOon tests with polyclonal anOsera. Journal of General Virology 70 (Pt 613 

1):37-43 614 

12. Chan, K.R. et al. (2022) Serological cross-reacOvity among common flaviviruses. Front. Cell. 615 

Infect. Microbiol. 12, 975398 616 

13. Muller, D.A. and Young, P.R. (2013) The flavivirus NS1 protein: Molecular and structural 617 

biology, immunology, role in pathogenesis and applicaOon as a diagnosOc biomarker. 618 

AnCviral Research 98, 192–208 619 

14. Čabanová, V. et al. (2023) Co-CirculaOon of West Nile, Usutu, and Tick-Borne EncephaliOs 620 

Viruses in the Same Area: A Great Challenge for DiagnosOc and Blood and Organ Safety. 621 

Viruses 15, 366 622 

15. Kerkhof, K. et al. (2020) Reliable Serological DiagnosOc Tests for Arboviruses: Feasible or 623 

Utopia? Trends in Microbiology 28, 276–292 624 

16. Bellone, R. and Failloux, A.-B. (2020) The Role of Temperature in Shaping Mosquito-Borne 625 

Viruses Transmission. Front. Microbiol. 11, 584846 626 

17. Barzon, L. et al. (2022) Early start of seasonal transmission and co-circulaOon of West Nile 627 

virus lineage 2 and a newly introduced lineage 1 strain, northern Italy, June 2022. 628 

Eurosurveillance 27 629 

18. Giesen, C. et al. (2023) A systemaOc review of environmental factors related to WNV 630 

circulaOon in European and Mediterranean countries. One Health 16, 100478 631 



 29 

19. Huang, Y.-J. et al. (2014) Flavivirus-Mosquito InteracOons. Viruses 6, 4703–4730 632 

20. Zannoli and Sambri (2019) West Nile Virus and Usutu Virus Co-CirculaOon in Europe: 633 

Epidemiology and ImplicaOons. Microorganisms 7, 184 634 

21. LusOg, Y. et al. (2018) Surveillance and Diagnosis of West Nile Virus in the Face of Flavivirus 635 

Cross-ReacOvity. Front. Microbiol. 9, 2421 636 

22. Nikolay, B. (2015) A review of West Nile and Usutu virus co-circulaOon in Europe: how 637 

much do transmission cycles overlap? Trans R Soc Trop Med Hyg 109, 609–618 638 

23. Epidemiological update: West Nile virus transmission season in Europe, 2022[Online]. 639 

Available: hVps://www.ecdc.europa.eu/en/news-events/epidemiological-update-west-640 

nile-virus-transmission-season-europe-2022. [Accessed: 27-Jun-2023] 641 

24. Pierson, T.C. and Diamond, M.S. (2020) The conOnued threat of emerging flaviviruses. Nat 642 

Microbiol 5, 796–812 643 

25. Kaaijk, P. and Luytjes, W. (2018) Are we prepared for emerging flaviviruses in Europe? 644 

Challenges for vaccinaOon. Human Vaccines & ImmunotherapeuCcs 14, 337–344 645 

26. Vázquez, A. et al. (2011) Usutu virus – potenOal risk of human disease in Europe. 646 

Eurosurveillance 16 647 

27. Saiz, J.-C. and Blazquez, A.-B. (2017) Usutu virus: current knowledge and future 648 

perspecOves. VAAT Volume 9, 27–40 649 

28. Angeloni, G. et al. (2023) Epidemiology, surveillance and diagnosis of Usutu virus infecOon 650 

in the EU/EEA, 2012 to 2021. Eurosurveillance 28 651 

29. Cadar, D. et al. (2017) Blood donor screening for West Nile virus (WNV) revealed acute 652 

Usutu virus (USUV) infecOon, Germany, September 2016. Eurosurveillance 22 653 

30. Esser, H.J. et al. (2022) ConOnued CirculaOon of Tick-Borne EncephaliOs Virus Variants and 654 

DetecOon of Novel Transmission Foci, the Netherlands. Emerg. Infect. Dis. 28, 2416–2424 655 



 30 

31. Geographic DistribuOon | Tick-borne encephaliOs | CDC[Online]. Available: 656 

hVps://www.cdc.gov/Ock-borne-encephaliOs/geographic-distribuOon/index.html. 657 

[Accessed: 27-Jun-2023] 658 

32. Amicizia, D. et al. (2013) Epidemiology of Ock-borne encephaliOs (TBE) in Europe and its 659 

prevenOon by available vaccines. Human Vaccines & ImmunotherapeuCcs 9, 1163–1171 660 

33. Hoornweg, T.E. et al. (2023) Rescue and in vitro characterizaOon of a divergent TBEV-Eu 661 

strain from the Netherlands. Sci Rep 13, 2872 662 

34. Factsheet about Ock-borne encephaliOs (TBE)[Online]. Available: 663 

hVps://www.ecdc.europa.eu/en/Ock-borne-encephaliOs/facts/factsheet. [Accessed: 27-664 

Jun-2023] 665 

35. Gould, E. and Solomon, T. (2008) Pathogenic flaviviruses. The Lancet 371, 500–509 666 

36. Sips, G.J. et al. (2012) Neuroinvasive flavivirus infecOons: Neuroinvasive flavivirus 667 

infecOons. Rev. Med. Virol. 22, 69–87 668 

37. Ixodes ricinus - current known distribuOon: February 2023[Online]. Available: 669 

hVps://www.ecdc.europa.eu/en/publicaOons-data/ixodes-ricinus-current-known-670 

distribuOon-february-2023. [Accessed: 27-Jun-2023] 671 

38. Stoefs, A. et al. (2021) Autochthonous Cases of Tick-Borne EncephaliOs, Belgium, 2020. 672 

Emerg. Infect. Dis. 27, 2179–2182 673 

39. Gao, X. et al. (2019) Changing Geographic DistribuOon of Japanese EncephaliOs Virus 674 

Genotypes, 1935–2017. Vector-Borne and ZoonoCc Diseases 19, 35–44 675 

40. Factsheet about Japanese encephaliOs[Online]. Available: 676 

hVps://www.ecdc.europa.eu/en/japanese-encephaliOs/facts. [Accessed: 25-Jul-2023] 677 



 31 

41. Geographic DistribuOon of Japanese EncephaliOs Virus | Japanese EncephaliOs | 678 

CDC[Online]. Available: hVps://www.cdc.gov/japaneseencephaliOs/maps/index.html. 679 

[Accessed: 25-Jul-2023] 680 

42. Mulvey, P. et al. (2021) The Ecology and EvoluOon of Japanese EncephaliOs Virus. 681 

Pathogens 10, 1534 682 

43. Li, Y. et al. (2010) Japanese EncephaliOs Disease Burden and Clinical Features of Japanese 683 

EncephaliOs in Four CiOes in the People’s Republic of China. The American Journal of 684 

Tropical Medicine and Hygiene 83, 766–773 685 

44. Srivastava, K.S. et al. (2023) Japanese EncephaliOs Virus: An Update on the PotenOal 686 

AnOvirals and Vaccines. Vaccines 11, 742 687 

45. Platonov, A.E. et al. (2012) Does the Japanese encephaliOs virus (JEV) represent a threat 688 

for human health in Europe? DetecOon of JEV RNA sequences in birds collected in Italy. 689 

Eurosurveillance 17 690 

46. Ravanini, P. et al. (2012) Japanese encephaliOs virus RNA detected in Culex pipiens 691 

mosquitoes in Italy. Eurosurveillance 17 692 

47. Vista, F.E.S. et al. (2023) Trends in ELISA-Based Flavivirus IgG Serosurveys: A SystemaOc 693 

Review. TropicalMed 8, 224 694 

48. Reppel, M. et al. (2009) Japanese encephaliOs in Western Europe. Clinical Neurology and 695 

Neurosurgery 111, 373–375 696 

49. Giacomo Rossi, M.C. (2013) European Monitoring Plans for the Management of Outbreak 697 

of JEV(Japanese EncephaliOs Virus). Occup Med Health 01 698 

50. Mora-Cárdenas, E. et al. (2020) ComparaOve specificity and sensiOvity of NS1-based 699 

serological assays for the detecOon of flavivirus immune response. PLoS Negl Trop Dis 14, 700 

e0008039 701 



 32 

51. Musso, D. and Desprès, P. (2020) Serological Diagnosis of Flavivirus-Associated Human 702 

InfecOons. DiagnosCcs 10, 302 703 

52. Dias, B.D.P. et al. (2023) Challenges in Direct DetecOon of Flaviviruses: A Review. 704 

Pathogens 12, 643 705 

53. Lelli, D. et al. (2012) West Nile virus: characterizaOon and diagnosOc applicaOons of 706 

monoclonal anObodies. Virol J 9, 81 707 

54. Gomes Da Silva, P. et al. (2023) Serological Cross-ReacOvity in ZoonoOc Flaviviral InfecOons 708 

of Medical Importance. AnCbodies 12, 18 709 

55. Saron, W.A.A. et al. (2018) Flavivirus serocomplex cross-reacOve immunity is protecOve by 710 

acOvaOng heterologous memory CD4 T cells. SCIENCE ADVANCES 711 

56. Papa, A. et al. (2011) Acute West Nile virus neuroinvasive infecOons: Cross-reacOvity with 712 

dengue virus and Ock-borne encephaliOs virus. J. Med. Virol. 83, 1861–1865 713 

57. DuVa, S.K. and Langenburg, T. (2023) A PerspecOve on Current Flavivirus Vaccine 714 

Development: A Brief Review. Viruses 15, 860 715 

58. Collins, M.H. and Metz, S.W. (2017) Progress and Works in Progress: Update on Flavivirus 716 

Vaccine Development. Clinical TherapeuCcs 39, 1519–1536 717 

59. Erber, W. and SchmiV, H.-J. (2018) Self-reported Ock-borne encephaliOs (TBE) vaccinaOon 718 

coverage in Europe: Results from a cross-secOonal study. Ticks and Tick-borne Diseases 9, 719 

768–777 720 

60. Könenkamp, L. et al. (2022) AnObody raOos against NS1 anOgens of Ock-borne encephaliOs 721 

and West Nile viruses support differenOal flavivirus serology in dogs. Transbounding 722 

Emerging Dis 69 723 

61. Grandien, M. (1996) Viral diagnosis by anOgen detecOon techniques. Clinical and 724 

DiagnosCc Virology 5, 81–90 725 



 33 

62. Yadegari, H. et al. (2023) DiagnosOc performance of a novel anOgen-capture ELISA for the 726 

detecOon of SARS-CoV-2. AnalyCcal Biochemistry 666, 115079 727 

63. Guzman, M.G. et al. (2010) Dengue: a conOnuing global threat. Nat Rev Microbiol 8, S7–728 

S16 729 

64. Viranaicken, W. et al. (2017) Recombinant Zika NS1 Protein Secreted from Vero Cells Is 730 

Efficient for Inducing ProducOon of Immune Serum Directed against NS1 Dimer. IJMS 19, 731 

38 732 

65. Zhao, R. et al. (2021) Flavivirus: From Structure to TherapeuOcs Development. Life 11, 615 733 

66. Shu, B. et al. (2022) CryoEM structures of the mulOmeric secreted NS1, a major factor for 734 

dengue hemorrhagic fever. Nat Commun 13, 6756 735 

67. Benfrid, S. et al. (2022) Dengue virus NS1 protein conveys pro-inflammatory signals by 736 

docking onto high-density lipoproteins. EMBO Reports 23, e53600 737 

68. Tamura, T. et al. (2022) Secretory glycoprotein NS1 plays a crucial role in the parOcle 738 

formaOon of flaviviruses. PLoS Pathog 18, e1010593 739 

69. Modhiran, N. et al. (2021) A broadly protecOve anObody that targets the flavivirus NS1 740 

protein. Science 371, 190–194 741 

70. Wessel, A.W. et al. (2021) Levels of CirculaOng NS1 Impact West Nile Virus Spread to the 742 

Brain. J Virol 95, e00844-21 743 

71. Biering, S.B. et al. (2021) Structural basis for anObody inhibiOon of flavivirus NS1–triggered 744 

endothelial dysfuncOon. Science 371, 194–200 745 

72. Fisher, R. et al. (2023) The Role of NS1 Protein in the Diagnosis of Flavivirus InfecOons. 746 

Viruses 15, 572 747 

73. Wessel, A.W. et al. (2021) Human Monoclonal AnObodies against NS1 Protein Protect 748 

against Lethal West Nile Virus InfecOon. mBio 12, e02440-21 749 



 34 

74. Wessel, A.W. et al. (2020) AnObodies targeOng epitopes on the cell-surface form of NS1 750 

protect against Zika virus infecOon during pregnancy. Nat Commun 11, 5278 751 

75. Sharma, M. et al. (2020) Magnitude and FuncOonality of the NS1-Specific AnObody 752 

Response Elicited by a Live-AVenuated Tetravalent Dengue Vaccine Candidate. The Journal 753 

of InfecCous Diseases 221, 867–877 754 

76. Tan, L.K. et al. (2019) Flavivirus Cross-ReacOvity to Dengue Nonstructural Protein 1 AnOgen 755 

DetecOon Assays. DiagnosCcs 10, 11 756 

77. Qiu, L. et al. (2009) Development of an AnOgen Capture Immunoassay Based on 757 

Monoclonal AnObodies Specific for Dengue Virus Serotype 2 Nonstructural Protein 1 for 758 

Early and Rapid IdenOficaOon of Dengue Virus Serotype 2 InfecOons. Clin Vaccine Immunol 759 

16, 88–95 760 

78. Xu, H. et al. (2006) Serotype 1-Specific Monoclonal AnObody-Based AnOgen Capture 761 

Immunoassay for DetecOon of CirculaOng Nonstructural Protein NS1: ImplicaOons for 762 

Early Diagnosis and Serotyping of Dengue Virus InfecOons. J Clin Microbiol 44, 2872–2878 763 

79. Kumar, J.S. et al. (2011) Monoclonal anObody-based anOgen capture immunoassay for 764 

detecOon of circulaOng non-structural protein NS1: ImplicaOons for early diagnosis of 765 

japanese encephaliOs virus infecOon. J. Med. Virol. 83, 1063–1070 766 

80. Bosch, I. et al. (2017) Rapid anOgen tests for dengue virus serotypes and Zika virus in 767 

paOent serum. Sci. Transl. Med. 9, eaan1589 768 

81. Koraka, P. et al. (2003) Elevated levels of total and dengue virus-specific immunoglobulin 769 

E in paOents with varying disease severity. J. Med. Virol. 70, 91–98 770 

82. Castro-Jorge, L.A. et al. (2010) Clinical evaluaOon of the NS1 anOgen-capture ELISA for 771 

early diagnosis of dengue virus infecOon in Brazil. J. Med. Virol. 82, 1400–1405 772 



 35 

83. Puerta-Guardo, H. et al. (2019) Flavivirus NS1 Triggers Tissue-Specific Vascular Endothelial 773 

DysfuncOon ReflecOng Disease Tropism. Cell Reports 26, 1598-1613.e8 774 

84. Saxena, D. et al. (2013) Development and evaluaOon of NS1 specific monoclonal anObody 775 

based anOgen capture ELISA and its implicaOons in clinical diagnosis of West Nile virus 776 

infecOon. Journal of Clinical Virology 58, 528–534 777 

85. Zeng, Q. et al. (2023) Making sense of flavivirus non-strctural protein 1 in innate immune 778 

evasion and inducing Ossue-specific damage. Virus Research 336, 199222 779 

86. Akey, D.L. et al. (2014) Flavivirus NS1 Structures Reveal Surfaces for AssociaOons with 780 

Membranes and the Immune System. Science 343, 881–885 781 

87. Zhou, D. et al. (2019) Development and applicaOon of a monoclonal-anObody-based 782 

blocking ELISA for detecOon of Japanese encephaliOs virus NS1 anObodies in swine. Arch 783 

Virol 164, 1535–1542 784 

88. Macdonald, J. et al. (2005) NS1 Protein SecreOon during the Acute Phase of West Nile 785 

Virus InfecOon. J Virol 79, 13924–13933 786 

89. Ding, X.-X. et al. (2014) Development of a Double AnObody Sandwich ELISA for West Nile 787 

Virus DetecOon Using Monoclonal AnObodies against Non-Structural Protein 1. PLoS ONE 788 

9, e108623 789 

90. Jia, X. et al. (2021) AutomaOc and sensiOve detecOon of West Nile virus non-structural 790 

protein 1 with a portable SERS–LFIA detector. Microchim Acta 188, 206 791 

91. Caracciolo, I. et al. (2020) Comprehensive response to Usutu virus following first isolaOon 792 

in blood donors in the Friuli Venezia Giulia region of Italy: Development of recombinant 793 

NS1-based serology and sensiOvity to anOviral drugs. PLoS Negl Trop Dis 14, e0008156 794 



 36 

92. Girl, P. et al. (2020) Tick-Borne EncephaliOs Virus Nonstructural Protein 1 IgG Enzyme-795 

Linked Immunosorbent Assay for DifferenOaOng InfecOon versus VaccinaOon AnObody 796 

Responses. J Clin Microbiol 58, e01783-19 797 

93. Roberts, A. et al. (2022) Immuno-chromaOc probe based lateral flow assay for point-of-798 

care detecOon of Japanese encephaliOs virus NS1 protein biomarker in clinical samples 799 

using a smartphone-based approach. Nanoscale Adv. 4, 3966–3977 800 

94. Chung, K.M. and Diamond, M.S. (2008) Defining the levels of secreted non-structural 801 

protein NS1 aoer West Nile virus infecOon in cell culture and mice. J. Med. Virol. 80, 547–802 

556 803 

95. Lorch, M.S. et al. (2019) ProducOon of recombinant NS1 protein and its possible use in 804 

encephaliOc flavivirus differenOal diagnosis. Protein Expression and PurificaCon 153, 18–805 

25 806 

96. Reusken, C. et al. (2019) An evaluaOon of serological methods to diagnose Ock-borne 807 

encephaliOs from serum and cerebrospinal fluid. Journal of Clinical Virology 120, 78–83 808 

97. Mei, L. et al. (2012) Development and applicaOon of an anOgen capture ELISA assay for 809 

diagnosis of Japanese encephaliOs virus in swine, human and mosquito. Virol J 9, 4 810 

98. Li, Y.Z. et al. (2012) A specific and sensiOve anOgen capture assay for NS1 protein 811 

quanOtaOon in Japanese encephaliOs virus infecOon. Journal of Virological Methods 179, 812 

8–16 813 

99. Saitou N. and Nei M. (1987). The neighbor-joining method: A new method for 814 

reconstrucOng phylogeneOc trees. Molecular Biology and EvoluOon 4:406-425 815 

100. Nei M. and Kumar S. (2000). Molecular EvoluOon and PhylogeneOcs. Oxford University 816 

Press, New York 817 



 37 

101. Tamura, K. et al. (2021) MEGA11: Molecular EvoluOonary GeneOcs Analysis Version 11. 818 

Molecular Biology and EvoluCon 38, 3022–3027 819 

102. Stecher, G. et al. (2020) Molecular EvoluOonary GeneOcs Analysis (MEGA) for macOS. 820 

Molecular Biology and EvoluCon 37, 1237–1239 821 

 822 

Figures 823 

Figure 1. Geographic distribuOon of most relevant flaviviruses and their anOgenic 824 

relaOonships. (a) The map shows the global distribuOon of the most prevalent neurotropic 825 

flaviviruses. The data are lacking for the grey areas. (b) The map shows the global distribuOon 826 

of the most prevalent hemorrhagic flaviviruses. The data are lacking for the grey areas. The 827 

figures were generated using an online tool, URL: hVps://mapchart.net. (c) The phylogeneOc 828 

tree shows the anOgenic relaOonships among flaviviruses. The flavivirus names are colored 829 

based on their respecOve serocomplex (legend on the right), while the arced lines cover the 830 

viruses that share the same vector. The full-length polyprotein amino acid sequences from 831 

various flaviviruses were obtained from the NCBI database and pairwise aligned using Muscle. 832 

PhylogeneOc analysis was inferred using the Neighbor-Joining method [99]. The evoluOonary 833 

distances were computed using the p-distance method [100] and are in the units of the 834 

number of amino acid differences per site. The analyses were conducted in MEGA11 835 

[101,102]; 836 

 837 

Figure 2. Geographic distribuOon of flaviviruses in Europe. The map shows the countries in 838 

which WNV, USUV, and TBEV have been detected and their paVern of co-circulaOon. The 839 

figure was generated using an online tool, URL: hVps://mapchart.net. 840 

 841 



 38 

Figure 3. Flavivirus anObody, NS1, and viremia levels detectable in blood during the phases of 842 

the infecOon. The viral RNA (pink line) can be detected even before the onset of the symptoms 843 

and approximately 7-10 days post-infecOon. IgM anObodies (yellow dashed line) are 844 

detectable from the first week post-infecOon, and Oters start to decline in the following 2 to 3 845 

months, even if, in some cases, IgM has been reported to persist even for a year. IgG (green 846 

dashed line) levels can be measured with a few days delay relaOve to IgM but usually remain 847 

detectable for several months or years aoer exposure to the anOgen. NS1 (purple line) can be 848 

detected as early as the detecOon of viral RNA, and it lasts unOl 9-12 post infecOon. The image 849 

is created using BioRender. 850 

 851 

Figure 4. Structures of NS1 in its different oligomerizaOon states. (a) structure of dimeric NS1 852 

(PDB: 4O6B). One monomer is represented in grey, while in the other one, the β-roll domain 853 

(residues 1–29) is colored in orange, the wing domain (residues 30–180) is colored in blue, 854 

and the β-plamorm domain (residues 181–352) is colored in magenta. (b) Surface 855 

representaOon of NS1 stable tetramer (PDB7: WUT). (c) Surface representaOon of NS1 loose 856 

tetramer (PDB: 7WUU). (d) Surface representaOon of NS1 loose hexamer (PDB: 7WUV). In the 857 

hexameric structure, the density of the central core is weak. Therefore, it is not possible to 858 

disOnguish the β-roll conformaOon [66]. In NS1 oligomeric structures, the domains of the 859 

protein are colored following the same color code used for the dimer.  860 


