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Abstract

:

Infections with arboviruses are reported worldwide. Saint Louis encephalitis (SLEV) and West Nile viruses (WNV) are closely related flaviviruses affecting humans and animals. SLEV has been sporadically detected in humans, and corresponding antibodies have been frequently detected in horses throughout Brazil. WNV was first reported in western Brazil over a decade ago, has been associated with neurological disorders in humans and equines and its prevalence is increasing nationwide. Herein, we investigated by molecular and serological methods the presence or evidence of SLEV and WNV in equines from Rio de Janeiro. A total of 435 serum samples were collected from healthy horses and tested for specific neutralizing antibodies by plaque reduction neutralization test (PRNT90). Additionally, serum and central nervous system samples from 72 horses, including horses with neurological disorders resulting in a fatal outcome or horses which had contact with them, were tested by real-time reverse transcription–polymerase chain reaction (RT-qPCR) for both viruses. Adopting the criterion of four-fold antibody titer difference, 89 (20.4%) horses presented neutralizing antibodies for SLEV and five (1.1%) for WNV. No evidence of SLEV and WNV infection was detected by RT-qPCR and, thus, such infection could not be confirmed in the additional samples. Our findings indicate that horses from Rio de Janeiro were exposed to both SLEV and WNV, contributing to the current knowledge on the distribution of these viruses flaviviruses in Brazil.
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1. Introduction


Emerging and reemerging viruses are mostly zoonotic, and among these, viruses transmitted by hematophagous arthropods (arboviruses) are of major importance, affecting both animals and humans [1]. Arboviruses are maintained in nature through sylvatic and urban transmission cycles involving vertebrates, as amplifying hosts, and hematophagous arthropods, as vectors [2].



The Flaviviridae family comprises the genera Flavivirus, Pestivirus, Hepacivirus and Pegivirus, but only Flavivirus contains arboviruses. West Nile virus (WNV) and Saint Louis encephalitis virus (SLEV) are species of the Japanese Encephalitis (JE) serocomplex [3] and are among the dozen flaviviruses of medical importance in Brazil [4,5].



SLEV and WNV are maintained in enzootic cycles of transmission mainly involving mosquito species of the genus Culex, as vectors, and some species of birds, as amplifying hosts [6,7]. Humans and domestic animals including equines are considered accidental or terminal hosts, not playing a common role in the maintenance cycle in nature. As such, they present a short and low-load viremia when infected, usually insufficient to act as source of infection for the main vectors [8,9]. Despite that, humans and equines are susceptible to clinical infection, which results in neurological disorder with a fatal outcome in some cases [10,11,12,13]. SLEV has been associated with neurological disorders, mostly in the United States and Argentina [14,15]. WNV is involved in human and equine neurological outbreaks throughout the world, with most cases being reported in the United States [16].



SLEV is an arbovirus native to the Americas and was first reported in the 1930s during a human outbreak of neurological disorder in Saint Louis, Missouri, United States [17,18]. Currently, SLEV is widespread in the Americas, from Canada to southern Argentina [19,20]. In Brazil, SLEV was first detected in mosquitoes collected in the 1960s on the Belém–Brasília highway [21]. Since then, SLEV has been isolated in different regions of the country from rodents, birds and sentinel rats [22]. SLEV has been associated with mild clinical cases of infection in humans from Pará, in north Brazil, [23] to São Paulo, in southeast Brazil [24]. In the 1970s, antibodies against SLEV were detected in children from rural areas of the state of Rio de Janeiro (RJ) [25]. SLEV has not been commonly reported to cause infection in vertebrates other than humans; however, in 2013 in southeast Brazil, it was isolated from the brain of a horse with neurological signs [26]. Several serological surveys conducted since 2005 in equines from Brazil suggest that horses have been frequently exposed to SLEV throughout the country [27,28,29,30,31,32,33].



The first evidence of WNV circulation in Brazil emerged in 2011 when specific neutralizing antibodies were detected in healthy horses from the Pantanal, a South American floodplain located in western Brazil [34]. In 2014, reports on the circulation of WNV in Brazil intensified, with serological and clinical evidence of WNV infection reported in a farmer with a neurological disorder in the state of Piauí, in northeast Brazil [35]. In 2018, WNV was detected in tissue samples of horses with neurological disease in the state of Espírito Santo in southeast Brazil [36,37]. Recently, similar reports emerged from two other states, including Minas Gerais and São Paulo from the southeast region of the country [38,39]. Furthermore, WNV was detected in the states of Ceará and Rio Grande do Sul, located in the northeast and south regions of the country, respectively [33,40]. Over a decade after the first report on its circulation in Brazil, WNV has been evidenced in all regions of the country [30,33,41,42,43].



Brazil has environmental and socioeconomic characteristics ideal for the circulation and spread of arboviruses [44,45,46]. Peculiar characteristics that favor a diverse set of mosquito populations, including species that are vectors for human and animal pathogens are seen in RJ [47]. The metropolitan area of RJ has long been affected by outbreaks of Aedes-borne arboviruses [48,49,50], and was recently hit by sylvatic yellow fever that is maintained by sylvatic Haemagogus spp. and Sabethes spp. mosquitoes [51]. RJ is divided into six mesoregions, each possessing different climatic, economic and social characteristics [52]. In North Fluminense and Coast mesoregions, four important areas with concentrations of migratory birds exist [53], which can be of particular interest for investigation of arboviruses maintained in bird–mosquito cycles of transmission [54].



The exposure of horses from RJ to flaviviruses as SLEV and WNV has been rarely assessed and results of mostly based on ELISA serosurveys are ambiguous. In a ELISA-based serosurvey conducted in the South Fluminense mesoregion, no evidence of WNV was found in local horses [30]. In our preliminary investigation, using a similar approach we found serological evidence of WNV and SLEV in horses using a blocking-ELISA [55]. Thus, the main purpose of the present study was to confirm by highly specific serological and molecular methods the circulation and exposure of horses in RJ, southeast Brazil to WNV and SLEV.




2. Materials and Methods


The study was approved by the Animal Ethics Committee of Fundação Oswaldo Cruz License (CEUA-Fiocruz, 07.2016 protocol 047.2015) in compliance with the requirements of Brazilian Law 11794.2008, which regulates the scientific use of animals, including the principles of the Brazilian society of science in laboratory animals.



2.1. Sampling


For the present study, blood samples were collected from horses of stud farms, ranches and horse training centers located in different mesoregions of RJ. Additionally, we also collected and tested samples from horses that presented acute neurological syndrome without a defined cause, and horses that had close contact with sick.



2.1.1. Seroprevalence Study


Sample Size


The sample size for the serological evaluation was calculated based on the expectance of detection of at least one WNV- or SLEV-seropositive horse through the software OpenEpi [56]. We used the number of horses (heads) reported by the Brazilian Institute of Geography and Statistic Automatic Recovery System—SIDRA, 2017 [57] as a reference for the horse population in RJ, estimating the frequency of seropositivity at 50% (±5%) and a confidence limit of 5%. To obtain a confidence interval of at least 95%, 383 animals should be evaluated. In the present study, to cover all climatic, economic and social conditions in RJ, samples from 435 horses from different regions were evaluated. Sample collections were divided between six geographic mesoregions. The proportion of horses from each mesoregion reported to the population of the state was used to calculate the percentage of samples that should be collected from each mesoregion.




Study Area


Blood samples from 435 healthy horses were collected between August 2015 and March 2017 from 21 equine properties located in 16 municipalities of six different mesoregions of RJ. At least two municipalities within each mesoregion were selected. These mesoregions included Metropolitan, Northwest Fluminense, North Fluminense, Coast, Centre Fluminense and South Fluminense (Table 1, Figure 1). During the sampling, variables such as health status, breed, function, sex, age and travel records were collected from owners or workers in charge through a comprehensive questionnaire. Only horses with no history of travel outside their mesoregion were included in the study.



The 435 blood samples were collected from the jugular vein of healthy animals in tubes without anticoagulants and transported to the Laboratório de Flavivírus at Fundação Oswaldo Cruz (Fiocruz), the regional center of reference for arbovirus diagnostics belonging to the national network of laboratories of the Brazilian Ministry of Health. Blood samples were then centrifuged, and serum collected and kept at −70 °C.



Mesoregions sampled included Metropolitan (114 samples), Northwest Fluminense (80 samples), North Fluminense (76 samples), Coast (76 samples), Centre Fluminense (49 samples) and South Fluminense (40 samples) (Table 1).




Horse Categories


Horses were classified in categories according to their activities, including sport, recreation, reproduction and work. Animals were also divided by age groups including Group 1 (≤6 months old), Group 2 (>6 months and ≤24 months old), Group 3 (>24 months and ≤72 months old), Group 4 (>72 months and ≤120 months old) and Group 5 (>120 months old).





2.1.2. Horses with Neurological Disorder


A total of 72 samples from 30 horses that presented acute neurological syndrome without a defined cause, including 11 dead horses and 42 samples from equines that had close contact with sick equines, were collected from seven properties in RJ between August 2015 and May 2021. All animals had a history of vaccination for at least one of the following viruses: rabies, Madariaga, Western equine encephalitis, equid influenza and herpesvirus.



Sampled municipalities included Teresópolis, Saquarema, Friburgo, Duas Barras, Maricá and Rio de Janeiro (Table 2). Some properties located in the municipalities of Saquarema, Duas Barras and Friburgo reported cases of rabies among the horses with neurological disorders. Clinical manifestations included photosensitivity, incoordination, disorientation, ataxia in limbs, muscle tremors, exophthalmos, loss of visual ability and pedaling movements.



Different types of clinical samples were collected (Table 2). Blood samples were collected from the jugular vein and cerebrospinal fluid (CSF) from lumbosacral space, both in tubes without anticoagulants. Eleven cases were fatal, and from these, tissues from the central nervous system (CNS) including the brain and spinal cord were collected. Samples were refrigerated and transported to the laboratory, where they were kept at −70 °C.





2.2. Laboratory Tests


2.2.1. Plaque Reduction Neutralization Test (PRNT90)


Serum samples of healthy horses were tested for WNV and SLEV using the plaque reduction neutralization test (PRNT). Shortly thereafter, the presence of specific neutralizing antibodies in serum samples was determined by screening followed by endpoint titer PRNT, as previously described [58].



Samples were heat-inactivated in a water bath at 56 °C for 30 min. After that, samples were two-fold serially diluted in medium 199 containing 5% bovine fetal serum. Viral stock of SLEV and WNV were diluted. Diluted samples were mixed in equal volume of viral suspension containing ~80 plaque forming units (PFU), and then incubated for 1 h at 37 °C. After incubation, 100 µL serum and virus solution was inoculated in six-well plates with VERO cells (ATCC CCL-81) and further incubated for 1 h at 37 °C in 5% CO2 atmosphere. Cell plates inoculated with viral suspensions were assigned as viral control and used to determine the percentage of virus neutralization from each sample. Cell plates inoculated with viral suspension and diluted sera were overlaid by a 0.5% agarose solution. Overlaid plates were incubated for four days and then overlaid again with a neutral red agarose solution. The next day, the number of plaques was counted and compared to the viral control. Serum samples were initially screened at a single dilution (1:10). Samples that neutralized 90% or more plaques (PRNT90) were then tested in duplicate at higher dilutions, in serial two-fold dilutions from 1:10 to 1:2560. The endpoint titers were determined as the reciprocal of the highest dilution that had 90% or more plaques neutralized. Archived serum samples of horses that were seropositive and seronegative for SLEV and WNV in previous studies were used as positive and negative controls, respectively.



Serum samples that presented PRNT90 titers equal to or higher than 10 for WNV and SLEV were then sequentially tested for the following other flaviviruses: Zika (ZIKV), Dengue (DENV-1) and Ilheus (ILHV), as previously described [28,32].



Samples with PRNT90 titer equal to or higher than 20 for WNV or SLEV and <10 for all other flaviviruses tested were considered seropositive in monotypic reactions. Additionally, samples that presented heterologous reactions, with PRNT90 titers for SLEV or WNV at least four times higher than that observed for the other flaviviruses tested, were also considered seropositive [32]. Samples that presented a titer less than four-fold greater for any flavivirus were considered seropositive for undifferentiated flaviviruses. Samples that presented PRNT90 titer 10 for any flavivirus tested—SLEV, WNV, DENV-1, ILHV or ZIKV—were considered inconclusive. Samples with PRNT90 < 10 for all flaviviruses were considered seronegative (Figure 2).




2.2.2. Horses with Neurological Disorder


Sera, cerebrospinal fluid and CNS tissues from equines with neurological disorder were tested by real-time reverse transcription–polymerase chain reaction (RT-qPCR) for WNV and SLEV. Equines that had close contact with sick equines were also sampled and tested. In brief, samples of solid tissues (30 mg) were macerated in 600 μL of lysis buffer, centrifuged and the supernatant submitted to RNA extraction using QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Extracted RNA was then tested by specific RT-qPCR for WNV and SLEV based on the amplification of a region of the envelope gene, as previously described [59,60].





2.3. Statistical Analysis


Categorical variables including seropositivity for WNV and SLEV in horses, mesoregion, function, sex and horses’ age groups are displayed as numbers and percentages (%). We chose to examine the relation between seropositivity and the other categorical variables with Pearson’s Chi-squared test and Fisher’s exact row test to compare the prevalence between groups (screenings and final PRNT results). Statistical significance was defined as values of two-tailed p  <  0.05. All analyses were performed using RStudio Software (version 2021.09.2) [61] and Excel version 2016 (Microsoft, Redmond, WA, USA). Frequencies and seroprevalences were mapped using QGIS (version 3.22).





3. Results


A total of 435 healthy horses were sampled between August 2015 and March 2017 in 16 municipalities of six different mesoregions of RJ (Figure 2). Healthy horse samples, then tested by specific serological and molecular methods for WNV and SLEV.



No animal had a history of journey outside of the given mesoregion where they were sampled. Furthermore, despite their existence and use since 2002 in some parts of the world, no vaccines for WNV are licensed in Brazil by the Office Veterinary Service. Thus, no animal had history of vaccination for WNV.



3.1. Sampling and Zootechnical Features


Of the 435 healthy horses sampled, 71.3% (n = 310) were female and 28.7% (n = 125) male. The horses were classified according to their activities: 218 (50.1%) individuals were for sport, 40 (9.2%) for recreation, 175 (40.2%) for reproduction and 2 (0.5%) for work.



Furthermore, healthy horses were divided into five groups by age: 7 (1.6%) belonged to Group 1 (up to 6 months old), 63 (14.5%) to Group 2 (between 7 and 24 months old), 130 (29.9%) to Group 3 (between 25 and 72 months old), 141 (32.4%) to Group 4 (between 73 and 120 months old), and 94 (21.6%) to Group 5 (animals over 120 months old).



A total of 72 serum samples were collected from the horses with history of neurological disorder or those in contact with such horses. Other samples from these horses included six samples of CNS tissues, five of CSF and six of spinal cords (Table 2). Among these horses, 23 (31.9%) individuals were females and 49 (68%) males. Regarding activity, 61 (84.7%) were classified as “for sport” and 11 (15.3%) “for reproduction”. These samples were tested only by RT-qPCR.




3.2. PRNT90 Results


Among the 435 screened healthy horses, 38% (n = 165) presented PRNT90 ≥ 10 for WNV and/or SLEV and the corresponding samples were selected for determining endpoint titers, while 62% (n = 270) presented PRNT90 < 10 and were considered seronegative.



Among the samples that were reactive in the screening, 32.9% (n = 143) were reactive for SLEV, with 19.3% (n = 84) being monotypic for SLEV. Regarding WNV, 18.4% (n = 80) were reactive in the screening and among these, 4.8% (n = 21) had WNV monotypic results. A total of 13.5% (n = 59) of all serum samples tested presented seropositivity for both SLEV and WNV.



Among individuals reactive in the screening, 21.6% (n = 94) were seropositive for SLEV (20.4%, n = 89) or WNV (1.1%, n = 5). A total of 7.4% (n = 32) of samples were seropositive for an undifferentiated flavivirus, and 6.4% (n = 28) of samples were inconclusive. Among the samples that were seropositive for SLEV or WNV, 70.8% (n = 63) and 60.0% (n = 3), respectively, were monotypic results. From the total of 435 samples, 14.5% (n = 63) were seropositive for SLEV and 0.7% (n = 3) were seropositive for WNV.



From the total of 435 tested samples, 64.6% (n = 281) were seronegative. These samples were also seronegative for ZIKV, DENV-1 and ILHV (Figure 3, Table 3).



A total of 89 serum samples that were seropositive for SLEV had serum neutralizing antibody titers ranging from 20 to 320, with 70.7% (n = 63) monotypic and 34.9% (n = 26) heterotypic reactions. Of the 63 samples with monotypic reaction for SLEV, 22 had a neutralizing antibody titer of 20, 16 a titer of 40, 13 a titer of 80, 10 a titer of 160 and two samples presented titer of 320. Among the 26 heterotypic samples, the titers ranged between 40 (n = 9), 80 (n = 11), 160 (n = 5) and 320 (n = 1). Furthermore, 23% (n = 6) of them presented anti-WNV antibody titers ≥ 20, one sample with 80, another with 40 and four samples with 20 titer. The others 20 samples had titers lower than 20 (Table S1).



The five samples seropositive for WNV had serum neutralizing antibody titers of 20 (n = 2), 320 (n = 2) and 2560 (n = 1), with 60% (n = 3) monotypic and 40% (n = 2) heterotypic reactions. Serum specimens from the two horses with serum antibody titers of 40, as well as one of the two samples that had a titer of 320, had monotypic reactions for WNV. The other serum samples with a titer of 40, one with a titer of 2560 and one with a titer of 10 for SLEV had heterotypic reactions.



A total of 32 samples were seropositive for undifferentiated flavivirus; of these, 18 (56.2%) had antibody titers ≥ 20 for SLEV, and 15 (46.8%) for WNV. Serum neutralizing antibody titers were: 10 (n = 14), 20 (n = 7) and 40 (n = 11) for SLEV; and 10 (n = 17), 20 (n = 10), 40 (n = 2) and 80 (n = 3) for WNV (Table S2).



Results by Geographic Location, Sex, Activities and Age Group


Mesoregions that had SLEV-seropositive equines were North Fluminense with 30% (n = 23), Northwest Fluminense with 27.5% (n = 22), Coast with 23.7% (n = 18), Centre Fluminense with 30.6% (n = 15) and Metropolitan with 9.6% (n = 11). The differences between regions were statistically significant (p < 0.001). In these regions, the corresponding seropositive samples with monotypic reactions were: 65.2% (n = 15), 81.8 % (n = 18), 66.6% (n = 12), 60% (n = 9) and 81.8% (n = 9), respectively. In all municipalities where samples were collected from, except for São Fidélis in the North Fluminense region, there were positive monotypic and heterotypic results for SLEV (Figure 4).



The five samples seropositive for WNV had monotypic antibodies and four-fold greater antibody titer for this virus than for others flaviviruses that were tested for, and were distributed in four municipalities of three mesoregions: Macaé in North Fluminense with 1.3 % (n = 1), Bom Jesus do Itabapoana in Northwest Fluminense with 2.5% (n = 2) and Saquarema and Araruama in Coast mesoregion with 2.5% (n = 2). The differences between regions were not statistically significant (p = 0.39). The monotypic reactions among the seropositive samples in each mesoregion were 50% (n = 1) in Northwest Fluminense, São Fidélis and 100% (n = 2) in the Coast mesoregion in Saquarema and Araruama (Figure 4, Table 3).



Horses seropositive for undifferentiated flavivirus were found in all mesoregions sampled including North Fluminense with 11.8% (n = 9), Northwest Fluminense with 10.0% (n = 8), Coast with 6.6% (n = 5), Centre Fluminense with 4.1% (n = 2), Metropolitan with 5.3% (n = 6) and South Fluminense with 5.0% (n = 2); the differences were not statistically significant (p = 0.42) (Figure 4 and Figure 5, Table 3). The South Fluminense mesoregion was the only one that had no equines seropositive for SLEV and WNV.



Regarding horse function, of 89 SLEV-seropositive horses, 49% (n = 44) were classified “for reproduction”, 42% (n = 37) “for sport”, and 9% (n = 8) “for recreation”. Neither of the two horses classified as “for work” were seropositive for SLEV (Table 3). Of 175 horses classified as “for reproduction”, 25.1% (n = 44) were seropositive for SLEV, with 63.6% (n = 28) presenting monotypic reactions. Meanwhile, 20% (n = 8) and 17% (n = 37) of the horses classified as “for recreation” (n = 40) and “sport” (n = 218), respectively, were seropositive for SLEV. Seropositive samples had 87.5% (n = 7) and 75.6% (n = 28) monotypic reactions, respectively. The seroprevalence for SLEV was substantially higher in reproduction horses when compared to work horses although the difference was not statistically significant (p = 0.21). However, of 175 horses classified as “for reproduction”, only 2.3% (n = 4) were seropositive for WNV, with 50% (n = 2) having monotypic reactions. From the two horses classified as “for work”, one was seropositive (50%) and had a monotypic reaction (n = 100%).



The seroprevalence for SLEV was 2.2% (n = 2) in Group 1, 12.3% (n = 11) in Group 2, 22.4% (n = 20) in Group 3, 38.2% (n = 34) in Group 4 and 25% (n = 22) in Group 5 (p > 0.05). Within each group, horses with monotypic antibodies against SLEV were: 100% (n = 2) for Group 1, 90.9% (n = 10) for Group 2, 60% (n = 12) for Group 3, 70.5 % (n = 24) for Group 4 and 68.1% (n = 15) for Group 5. Among the horses seropositive for SLEV, 62 (70%) were female and 27 (30%) were male. Of all the 310 females tested, 62 (20%)—and of all the 125 male horses, 27 (21.6%)—were seropositive for SLEV. The difference between the two groups was not statistically significant (p > 0.05) (Table 3). Among the seropositive horses, 70.9% (n = 44) of the females and 70.3% (n = 19) of the males had monotypic reactions.



Five horses were seropositive for WNV; one (20%) was from the group of two horses classified as “for work” and four (80%) from the group of 175 horses classified as “for reproduction” (p > 0.05). Among these, two horses classified as “for reproduction” (50%) and one classified as “for work” (100%) had monotypic reactions. Regarding age, among the five WNV-seropositive horses, three (60%) were from Group 4 and two (40%) from Group 5 (p > 0.05), and within each group, 66.6% (n = 2) from Group 4 and 50% (n = 1) from Group 5 had a monotypic reaction for WNV. Of five horses that were seropositive for WNV, one (20%) was male and four (80%) were female. Among 125 males, 1 (0.8%) was seropositive for WNV, while among 310 females, 4 (1.3%) were seropositive for WNV (p > 0.05) (Table 3). Among the seropositive horses, two (50%) of the females and one (100%) of the males had monotypic reactions.





3.3. Real-Time Reverse Transcription–Polymerase Chain Reaction (RT-qPCR) Results


A total of 130 animals, including 32 horses with neurological disorder and 98 horses which had contact with them, tested negative for SLEV and WNV as assessed by RT-qPCR.





4. Discussion


The recent outbreaks of flaviviruses highlight their transmission potential and may be a cause for a dynamic state of emergence. Flaviviruses and other arboviruses need to be identified and continuously monitored as an instrumental public health strategy, which will provide us with measures to respond rapidly to emerging and re-emerging viral epidemics.



Human and equine cases of SLEV and WNV infection have been reported in Brazil [26,35,37,62,63]. Serosurveys of arboviruses conducted throughout the country have shown that healthy horses in different regions have been exposed to both flaviviruses [27,28,29,30,64,65]. Equines attract mosquito vectors and, therefore, are frequently exposed to mosquito-borne flaviviruses that trigger a humoral response, which ultimately makes equines an instrumental tool for enzootic arbovirus circulation [66]. In the present study, specific neutralizing antibodies for SLEV and WNV were assessed by PRNT90 in horses from different mesoregions of RJ. We used a conservative criterion of seropositivity to reduce the chances of cross-reactivity and the most specific serological method for the detection of flavivirus-neutralizing antibodies [67]. We report the titers using a 90% cutoff. In seropositive samples with a four-fold greater titer for one of the flaviviruses than for others, we additionally determined the monotypic responses, as previously reported [28].



We considered monotypic serologic responses to be the most reliable, as these samples reacted with just one of all viruses employed in the tests with no indication of cross-reaction. This stringent criterion is particularly valuable in areas where several flaviviruses co-circulate, because of the high potential for cross-reactivity mainly on secondary infections [68]. Samples that had a heterotypic response were classified as seropositive for SLEV or WNV, or as undifferentiated for flavivirus which could indicate more than one exposure in the animal.



The prevalence of undifferentiated flavivirus results can be attributed to the cross-reactive commonly observed among flaviviruses [69]. In addition, in individuals who are sequentially infected by a heterologous flavivirus species, the antibody levels against the original virus can increase, producing cross-reactive heterologous antibodies [70]. Considering the co-circulation of flaviviruses in RJ [48,49,50,51], the difference in antibody titers between the flaviviruses tested may have resulted in difference of less than four-fold, and thus, the respective sample may not have been classified as seropositive to a determined flavivirus. That would be the case especially among the samples that had high titers for both viruses, as we had in this study, but did not reach to the criteria threshold limit of four-fold titer.



Of the 32 horses seropositive for an undetermined species of flavivirus, 18 (56.2%) had antibody titers for SLEV ≥ 20, and 15 (46.8%) had antibody titers for WNV ≥ 20. Furthermore, these samples might have had contact with both viruses, SLEV and WNV. Among the 89 seropositive samples to SLEV, 26 (29.2%) had heterotypic reactions and their titers were 40 (n = 9), 80 (n = 11), 160 (n = 5) and 320 (n = 1). Most of these samples (n = 20) also had a low titer for WNV with only six having a titer ≥ 20, more precisely: 80 (n = 1), 40 (n = 1) and 20 (n = 4). The same happened with the heterotypic samples seropositive for WNV—one of them, with a high titer for WNV (2560), also had low titer for SLEV (10). Another one, with a titer of 320 for WNV, also presented a titer of 40 for SLEV, indicating an infection with SLEV. In all cases, some seropositive samples might have been overlooked in the seroprevalence calculation.



The seroprevalence for SLEV observed in the present study was higher than that observed for WNV. Eighty-nine (20.4%) equines were confirmed seropositive for SLEV, and five (1%) for WNV. Similar rates of infection with SLEV and WNV were reported by other studies applying the same conservative criterion of seropositivity [28]. Despite the differences in the diagnostic methods used in serosurveys conducted throughout the country, WNV has a lower prevalence than SLEV in various regions of Brazil [33]. A serological survey using in-house ELISA, assessing samples collected from horses in RJ between 2004 and 2009, found no seropositivity for IgG WNV and a prevalence of 6% for SLEV [30,68]. In a study using a similar diagnostic approach, the same seroprevalence for SLEV was found in horses from Minas Gerais, in the southeast of Brazil [31]. In Brazil, SLEV infection has been evidenced in humans for decades, and reports on its existence in equines have been increasing [25,26,27,28,29,62,63,71].



Regarding WNV, reports on its circulation throughout the country are emerging. If the increase of reports is related to a more sensitive surveillance or to a recent dissemination of WNV throughout the country remains unknown. Recent cases have been reported in humans and horses mainly from the northeast [32,35,40,41,72] and southeast [36,37,38,39] regions of the country, thus increasing its importance and visibility in Brazil. In one of the first serosurveys for WNV conducted in the Pantanal wetlands located in western Brazil, 3% of the studied equines presented neutralizing antibodies for WNV while over 5% were seropositive for SLEV [34]. In another study conducted in the same region, 8% of the equines presented neutralizing antibodies for WNV [42]. Between 2004 to 2009, 1% of the serum samples collected from horses from different states in Brazil were seropositive for WNV [68].



In 2018, WNV was detected in horses with neurological disorders in Espírito Santo, a state that geographically borders RJ [37]. The seroprevalence for WNV in RJ reported in the present study confirms the spread of WNV within the Brazilian territory. Considering the potential circulation of other flaviviruses in Brazil, which could ultimately result in false-positive results owing to cross-reactions, we included as differential diagnoses other flaviviruses commonly found in Brazil: ZIKV, ILHV and DENV-1 [32]. Although there is no information regarding equines acting as amplifying hosts of these arboviruses, they are exposed and mount humoral responses to these viruses [73,74]. In the present study, none of the equine samples presented neutralizing antibodies for ZIKV, ILHV or DENV-1. These results were expected for DENV and ZIKV despite their circulation during the period of sampling, as both arboviruses are transmitted by Aedes aegypti, a vector that feeds preferentially on humans. Conversely, ILHV, which is an enzootic flavivirus, has presented high seroprevalence in other serosurveys of arboviruses conducted on horses in western Brazil [28,65]. The negative results suggest no exposure of the tested horses to these flaviviruses and reduce the chances for false positive results owing to the detection of cross-reactive antibodies [73].



In this study, 435 samples were collected from horses in all the mesoregions of RJ, regions with different climatic, economic and social characteristics [52]. No horse included in this study had a history of traveling outside its mesoregion. Thus, viral prevalence could be correctly assigned to each mesoregion. The animals that presented neurological manifestations were not selected under the same criteria and were not included in the assessment of regional seroprevalence.



Despite variation in seropositivity for both viruses among the mesoregions, differences were statistically significant only for SLEV. The mesoregions with the highest seroprevalence for SLEV and WNV were Northwest Fluminense and Coast (for SLEV, p < 0.001). In the same mesoregions, including the north of RJ, we observed higher prevalence of monotypic reactions. Besides high humidity and temperature, both of these mesoregions are also characterized by recent increases in development and urbanization [75]. South Fluminense was the only mesoregion that had no evidence of SLEV or WNV infection and presented a low prevalence of undifferentiated flaviviruses. The WNV results in the South Fluminense mesoregion corroborate the findings presented by a previous ELISA-based study conducted with horses from the same mesoregion [30].



Regarding sex as a risk factor, we found no association between sex and seropositivity for SLEV (p > 0.05). The analysis of sex as risk factor for WNV infection was not performed because of the low number of samples.



The prevalence of SLEV infection was 25.1%, 20% and 17% in animals destined for reproduction, recreation and sports, respectively (p = 0.21). The difference in exposure to WNV between animals destined for work (50%) and reproduction (2.3%) was statistically significant (p < 0.001). The difference in seroprevalence between the two groups could be attributed to the management of horses belonging to each group. This variation could ultimately increase or decrease exposure to vectors, which is an important risk factor for arthropod-borne virus infections [44]. Furthermore, the distribution of samples collected between the categories was uneven, and some groups had a very small number of individuals when compared to others. For instance, only two horses were categorized as “for work”, while 218 individuals were classified as “for sport”. That factor may have impacted the statistical analysis of the differences in seroprevalence among the different categories of usage.



The seroprevalence for SLEV, WNV and undifferentiated flavivirus was directly proportional to the age group. Seroprevalence increased with age, which can be related to the longer exposure to both arboviruses during the lifetime. Serological surveys conducted in the southern region of Brazil had similar results, suggesting that age is a risk factor for detection of antibodies [76]. Comparable results are commonly seen in equine serosurveys not only for flaviviruses, but also for alphaviruses [27,28,77]. The evidence of exposure to SLEV and WNV observed in individuals aged 6 months or less, reported herein, suggests recent circulation of these flaviviruses. However, the detection of passively transferred maternal antibodies instead of exposure cannot be completely ruled out [78].



The negative results obtained when using molecular methods can be attributed to the absence of a current infection or to the brief and low viremia usually observed in dead-end hosts [79]. In the present study, no SLEV- or WNV-RNA was detected in serum, cerebrospinal fluid or CNS samples collected from horses with neurological disorders in RJ between 2015 and 2021. To increase the chances of detection, direct diagnostic methods using the serum samples of terminal hosts and collection of samples during the short period of viremia, which may peak before the onset of neurological clinical signs, should be performed [32]. However, it should be mentioned that SLEV-RNA has been detected by RT-PCR in brain samples of a horse with neurological disorder, and in a recent study, genetic evidence of WNV was found in equine red blood cells by portable nanopore sequencing [26,39]. Therefore, the negative molecular results presented here do not fully rule out the possibility that the infection with SLEV or WNV was the underlying cause of the neurological disorders of equines in RJ.



Epizootiological surveillance for arboviruses maintained in bird–mosquito cycles should always comprise not only molecular detection, but also serological investigation in local birds. Species of birds that act as amplifying hosts for WNV have long-lasting high-level viremia and persistent viral infection, and therefore, are easier to identify by molecular methods [7,80]. In 2019, during the epidemiological and epizootiological investigation of WNV in the state of Ceará, evidence of WNV exposure was found in distinct species of free-ranging passerines after the occurrence of a WNV fatal horse case [32]. In the present study, only horses were tested. The investigation of migratory species could also be particularly interesting for the detection of infection caused by arboviruses that occur in other regions. In Brazil, important migratory bird concentration sites exist. The Atlantic route is the main one and runs along the entire length of the Brazilian coast. In RJ, migratory bird stopovers include Lagoa da Ribeira and Lagoa Feia in the Norte Fluminense region and Restinga de Maçambaba and Ilha de Cabo Frio in the Coast mesoregion. Bird species migrate to South America and remain in the region from September to May [53,81].




5. Conclusions


Several reports on the circulation of WNV in Brazil emerged in the last decade, which could indicate the establishment of enzootic transmission cycles in the country. The higher prevalence for SLEV and WNV found in horses from the North Fluminense, Northwest Fluminense and Litoral mesoregions from RJ may also be related to local climatic and ecological conditions that favor enzootic cycles of transmission. The findings presented herein demonstrate the need to intensify the epidemiological surveillance of these arboviruses in Brazil and highlight the importance of future epizootiological investigations including both vectors and hosts, with particular interest in regions where cases of neurological syndromes have occurred in horses. The results obtained in this study imply SLEV and WNV previously circulated in horses from RJ, and should serve as an alarm to human and veterinary health professionals.
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Figure 1. (A) Geographic location of RJ (white) in Brazil; (B) Geographic mesoregions of RJ; (C) Municipalities within RJ where horses were sampled (gray) between August 2015 and March 2017 and tested for WNV and SLEV. 
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Figure 2. Seropositivity criteria used for SLEV and WNV in horses from RJ. 
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Figure 3. PRNT90 results for SLEV and WNV in horses evaluated from RJ. 
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Figure 4. Comparative results of samples seropositive for WNV and SLEV in mesoregions of RJ, by PRNT90. 






Figure 4. Comparative results of samples seropositive for WNV and SLEV in mesoregions of RJ, by PRNT90.



[image: Viruses 14 02459 g004]







[image: Viruses 14 02459 g005 550] 





Figure 5. Location of equines that were seropositive (using PRNT90) for WNV (A), SLEV (B) and undifferentiated flavivirus (C) in RJ. Higher color intensity indicates higher seroprevalence (%). 
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Table 1. Number of properties in RJ where healthy horses were sampled between August 2015 and March 2017.
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	Regions
	Municipalities
	Properties
	Horses Sampled Per Municipality
	Total Horses Sampled Per Region





	Metropolitan
	Duque de Caxias

Cachoeiras de Macacú

Teresópolis
	1

3

2
	17

54

43
	114



	Northwest Fluminense
	Bom Jesus do Itabapoana

Itaperuna
	1

1
	38

42
	80



	North Fluminense
	Campo dos Goytacazes

São Fidelis

Macaé
	1

2

1
	6

24

46
	76



	Coast
	Araruama

Saquarema

Casimiro de Abreu
	1

1

1
	22

30

24
	76



	Centre Fluminense
	Cantagalo

Paraíba do Sul

Areal
	1

1

1
	20

16

13
	49



	South Fluminense
	Barra do Piraí

Resende
	2

1
	17

23
	40



	Total:
	16
	21
	435
	435
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Table 2. Number of properties and horses with neurological disorder in RJ sampled between August 2015 and May 2021 and tested for WNV and SLEV.
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Type and Number of Collected

Samples

	




	
Municipalities

	
Properties

	
Cases

	
Fatal Cases

	
Contact Cases

	
CSF

	
CNS

Tissues

	
Spinal Cord

	
Serum

	
Horses Sampled






	
Teresópolis

	
2

	
13

	
2

	
10

	
1

	
0

	
0

	
23

	
23




	
Saquarema

	
1

	
1

	
1

	
10

	
1

	
1

	
1

	
11

	
11




	
Friburgo

	
1

	
1

	
1

	
0

	
0

	
0

	
0

	
1

	
1




	
Duas Barras

	
1

	
7

	
3

	
0

	
1

	
3

	
3

	
7

	
7




	
Maricá

	
1

	
3

	
2

	
22

	
2

	
2

	
2

	
25

	
25




	
Rio de Janeiro

	
1

	
5

	
2

	
0

	
0

	
0

	
0

	
5

	
5




	
06

	
07

	
30

	
11

	
42

	
5

	
06

	
06

	
72

	
72
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Table 3. Prevalence of neutralizing antibodies for WNV and SLEV in horses from RJ, sampled between August 2015 and May 2021.
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PRNT90 Final Result

	

	




	

	
N (%)

	
WNV (%)

	
p-value

	
SLEV (%)

	
p-value

	
Undifferentiated

flavivirus (%)

	
p-value






	
Mesoregions

	

	

	
0.39

	

	
<0.001

	

	
0.42




	
Metropolitan

	
114 (26.2)

	
0

	

	
11 (9.6)

	

	
6 (5.3)

	




	
Northwest Fluminense

	
80 (18.4)

	
2 (2.5)

	

	
22 (27.5)

	

	
8 (10.0)

	




	
North Fluminense

	
76 (17.5)

	
1 (1.3)

	

	
23 (30.0)

	

	
9 (11.8)

	




	
Coast

	
76 (17.5)

	
2 (2.6)

	

	
18 (23.7)

	

	
5 (6.6)

	




	
Centre Fluminense

	
49 (11.3)

	
0

	

	
15 (30.6)

	

	
2 (4.1)

	




	
South Fluminense

	
40 (9.2)

	
0

	

	
0

	

	
2 (5.0)

	




	
Function

	

	

	
<0.001

	

	
0.21

	

	
0.66




	
Sport

	
218 (50.1)

	
0

	

	
37 (17.0)

	

	
14 (6.4)

	




	
Recreation

	
40 (9.2)

	
0

	

	
8 (20.0)

	

	
2 (5.0)

	




	
Reproduction

	
175 (40.2)

	
4 (2.3)

	

	
44 (25.1)

	

	
16 (9.1)

	




	
Work

	
2 (0.5)

	
1 (50.0)

	

	
0

	

	
0

	




	
Sex

	

	

	
0.99

	

	
0.80

	

	
0.49




	
Female

	
310 (71.3)

	
4 (1.3)

	

	
62 (20.0)

	

	
25 (8.1)

	




	
Male

	
125 (28.7)

	
1 (0.8)

	

	
27 (21.6)

	

	
7 (5.6)

	




	
Age group

	

	

	
0.36

	

	
0.36

	

	
0.27




	
Group 1

	
7 (1.6)

	
0

	

	
2 (28.6)

	

	
0

	




	
Group 2

	
63 (14.5)

	
0

	

	
11 (17.5)

	

	
2 (3.2)

	




	
Group 3

	
130 (29.9)

	
0

	

	
20 (15.4)

	

	
7 (5.4)

	




	
Group 4

	
141 (32.4)

	
3 (2.1)

	

	
34 (24.1)

	

	
13 (9.2)

	




	
Group 5

	
94 (21.6)

	
2 (2.1)

	

	
22 (23.4)

	

	
10 (10.6)
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