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The United States is considered a susceptible region with great potential for the introduction of the Japanese encephalitis virus (JEV) given the presence of competent mosquito vector species, susceptible maintenance avian hosts, large populations of susceptible domestic and feral swine, intensive travel and trade activities to and from JEV-endemic countries, similar climatic and environmental conditions to epidemic countries, and no active JEV surveillance in place. As pigs are considered JEV’s primary amplifying host, comprehensively reviewing the available body of evidence, and respective knowledge gaps, pertaining to the role of swine in JEV transmission can provide valuable guidance to decision-makers. Our objectives were to synthesize scientific literature on the role of domestic and feral swine in the transmission of JEV via a rapid systematic review and identify knowledge gaps to determine potential areas amenable for future research. A total of 3,638 records were initially identified. Data were extracted from 227 reports. Transmission of JEV occurs primarily via infected mosquitoes; however, some evidence of direct oronasal transmission between pigs has been reported. Despite pigs exhibiting a short-lived viremia, JEV has been demonstrated to persist longer in their tonsils. In sows, JEV infection may cause reproductive disorders, and although maternal antibodies can confer protection for several months under field conditions, naïve piglets can exhibit neurologic signs which may progress to wasting disease. Studies evaluating breed or sex reported no association with JEV seropositivity. Application of biosecurity practices and vector control are recommended as preventive measures against introduction and spread of JEV in swine farms. Although there is no JEV vaccine licensed for pigs in the United States, live attenuated vaccines were reported to elicit superior immunogenicity compared to inactivated vaccines used in endemic countries. Summarizing the current understanding of JEV infection in swine can guide researchers, stakeholders, and policymakers in prioritizing research efforts and developing effective countermeasures. This is particularly crucial in the event of an outbreak in the United States, where preemptive measures can help minimize the spread of the virus, safeguard both human and animal populations, and ensure the long-term sustainability of the swine production sector.
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1 Introduction

Japanese Encephalitis (JE) is an emerging, zoonotic disease transmitted by mosquitoes, primarily Culex but also from other genera including Aedes, carrying JEV (family Flaviviridae: genus Flavivirus). The virus is maintained and circulates among mosquito vectors and vertebrate hosts (Le Flohic et al., 2013). Ardeid wading birds, such as egrets and herons, and both domestic and feral swine are regarded as the primary natural reservoirs and amplifying hosts of JEV, respectively. Swine are considered amplifying hosts, as they can produce and maintain high levels of viremia, allowing for continued vector-borne transmission (Ricklin et al., 2016b; Ladreyt et al., 2019; Williams et al., 2019). Although the role of swine as key contributors to JEV amplification was questioned when their removal from specific endemic regions did not affect the broader transmission dynamics (van den Hurk et al., 2008), their involvement in the JEV cycle remains crucial due to its significant socioeconomic impact on humans. Clinical signs reported from JEV infection include reproductive issues in sows and boars, and fever, depression, and neurologic signs in piglets (Park et al., 2022). Other vertebrates (i.e., humans, horses, and cattle) are considered dead-end hosts, most displaying no signs of infection (except humans and horses), and producing levels of viremia that are insufficient to infect new mosquito vectors (Figure 1).
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FIGURE 1
 Schematic model highlighting the role of domestic and feral swine as amplifying hosts in the transmission cycle of Japanese encephalitis virus. *Ardeid wading birds (e.g., egrets) are maintenance hosts, but may have potential role as amplification hosts. φBats may have potential role as maintenance or amplifying hosts. ∞Other birds (e.g., ducks and chickens) may play a role as maintenance hosts. Host classifications from: Bhattacharya and Basu (2014). Created in BioRender (https://www.biorender.com).


In humans, JEV infection can cause inflammation of the brain (encephalitis), which can lead to fever, headache, respiratory distress, gastrointestinal pain, confusion, seizures, and, in some cases, death (Kumar et al., 1990; Campbell et al., 2011; Kliegman et al., 2015). Less than 1% of human cases are accompanied by symptoms, however 30% of symptomatic cases are fatal (Campbell et al., 2011). The global incidence of JE is uncertain due to variations in the effectiveness and quality of JE surveillance in endemic countries (Jayatilleke, 2020), and the availability of diagnostic testing worldwide. Researchers have estimated the yearly occurrence of human JE cases to range from 50,000 to 100,000 in countries where JEV is present (World Health Organization, 2006; Campbell et al., 2011; Quan et al., 2020). Although there are vaccines available to prevent JE, there is no specific antiviral treatment, and treatment consists of supportive care to relieve symptomology.

International trade and globalization, presence of competent vectors, susceptible amplifying and maintenance hosts, and optimal environmental conditions make the United States (U.S.) susceptible to the introduction and establishment of JEV (Oliveira et al., 2018a). As the world’s third-largest producer and consumer of pork and pork products [United States Department of Agriculture—Economic Research Service (ERS), 2024], the incursion of JEV into the United States could substantially impact the national economy. Concurrently, in the past decade, federal agencies have shown increased interest in funding research to enhance our understanding of the impact of invasive feral swine in the United States, whose population is estimated at over 6 million (United States Department of Agriculture, n.d.). This surge is driven by gaps in our knowledge about how this species affects swine disease transmission dynamics in the United States (Brown et al., 2024). Since pigs are considered an amplifying host of JEV, a systematic review of the literature and identification of knowledge gaps can inform researchers, stakeholders, and policymakers on effort prioritization, development of interventions to prevent JEV introduction, and evaluation of disease control measures in the event of a JEV incursion. While recent reviews have summarized existing knowledge regarding JEV transmission routes, patterns of viremia, and epidemiological cycles and systems (Ladreyt et al., 2019; Park et al., 2022), some knowledge gaps regarding the role of swine in JEV transmission remain. A robust understanding of the role of swine as an amplifying host for this virus is crucial for animal and public health authorities when devising interventions to curb JEV spread. The objectives of the present study were to synthesize scientific literature on the role of domestic and feral swine in the transmission of JEV, via a rapid systematic review, and identify gaps in the existing knowledge to determine potential areas amenable for future research.



2 Methods

A rapid review of the literature was conducted according to an a priori developed protocol (Veloso et al., 2023) incorporating streamlined systematic review methods proposed by Garritty et al. (2021). Post hoc changes to the protocol were incorporated as described in the protocol’s amendments section, and the updated version was made available in the same repository (K-Rex/CORE collection). This review was not registered a priori. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Page et al., 2021) were followed for reporting. We chose to utilize the systematic review label as our aim was to, not only map themes, but also synthesize data addressing specific questions which are essential to decision-makers. However, we recognize that this review’s methodology encompasses not only the principles of systematic reviews but also those of scoping reviews.

This rapid systematic review on the role of swine, both domestic and feral, in the transmission of JEV, was guided by the following research questions:

1. What are the routes of infection/transmission in swine?

2. Do swine exposed to different JEV genotypes present different macroscopic and microscopic pathological lesions?

3. Do swine exposed to different JEV genotypes exhibit variation in viral organotropism?

4. Do swine exposed to different JEV genotypes exhibit variations in clinical signs?

5. What diagnostic tests have been used to detect JEV in swine?

6. What is the sensitivity and specificity of diagnostic tests that have been evaluated for the detection of JEV in swine?

7. What is the JEV seroprevalence in swine?

8. Do swine demographics serve as risk factors for the proportion of JEV infection in swine?

9. Do the size, type, location, or other environmental characteristics of swine operations serve as risk factors for the proportion of JEV infection in swine?

10. What surveillance efforts have been conducted at the animal or farm level to detect JEV in swine?

11. Which JEV vaccines have been evaluated for their efficacy in swine?

12. What is the basic reproduction ratio (R0) for JEV in swine populations?

13. What biosecurity measures have been evaluated regarding the transmission of JEV in swine?

14. Can JEV be transmitted through/detected in pork products?


2.1 Expert and stakeholder engagement

Due to the broad scope of our objectives, expert opinion from swine producers, veterinarians, researchers, and other stakeholders from the United States and Australia with content expertise in the areas of commercial swine production and JEV was sought to prioritize research questions and identify critical outcomes. Expert opinions were gathered through emails and an electronic survey. Results from the electronic survey were strictly used to inform the review process and are not reported as a finding of this review.



2.2 Information sources

Searches of information sources were performed between August and October 2022. The bibliographic databases used were Scopus and Web of Science, which includes the following databases: Web of Science Core Collections, KCI-Korean Journal Database, MEDLINE, and SciELo Citation Index. Due to the limited peer-reviewed literature available on feral swine, we performed additional hand-searches to capture records on feral swine that may not have been indexed in the bibliographic databases. The other sources searched were United States government websites [United States Department of Agriculture (USDA) Animal and Plant Health Inspection Service (APHIS), Centers for Disease Control and Prevention (CDC), and USDA National Institute of Food and Agriculture (NIFA) Current Research Information System (CRIS)] and a repository (USDA Wildlife Services Digital Collection) as well as two citation searches. The first citation search was an author citation search of Dr. Vienna Brown’s google scholar profile, given her contributions to the field of feral swine management, and the second was a search of the reference list of the WHA fact sheet on Japanese encephalitis (Wildlife Health Australia, 2022), which reported information about JEV in wildlife in response to the latest JEV outbreak in Australia. All sources queried, dates searched, search terms, and the number of records are reported in Supplementary Table S1.



2.3 Eligibility criteria

Using a Population, Outcome, and Study design (POS) framework, two sets of eligibility criteria were designed, one for the reports from the bibliographic databases and one for reports gathered from the other sources, as the population of interest was different for the reports from the bibliographic databases (i.e., domestic and feral swine) and reports gathered from other sources (i.e., feral swine only). All criteria are summarized in Table 1.



TABLE 1 Eligibility criteria for inclusion in the rapid systematic review on domestic and feral swine’s role in the transmission of Japanese encephalitis virus (JEV).
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2.4 Search strategy

Our search strategies were informed by the POS framework described above and in Table 1. The full search strategies for the bibliographic databases are presented in Supplementary Table S1, but in brief, we searched for “Japanese encephalitis virus” and “swine” and restricted to reports written in English. Given the broad themes/questions covered and the limited search capabilities of some of the websites searched, we trialed multiple combinations of “Japanese encephalitis virus” and its synonyms (i.e., “Japanese encephalitis,” “Japanese B encephalitis,” “JEV,” “JE,” “summer encephalitis,” “viral encephalitis,” “viral meningitis,” “Russian autumnal encephalitis,” “viral encephalitis”) along with “feral swine” and synonyms for feral (i.e., “wild,” “game,” “free range,” “ranging,” “free-roaming,” “undomesticated,” “non-domesticated”) and swine (i.e., “pig,” “hog,” “boar,” “pork,” “Sus scrofa”). Based on these preliminary searches, we identified the combinations of search terms that yielded the most relevant records, unique to each website. For the hand-searching of citations, titles from reference lists were searched for language referring to “Japanese encephalitis virus” and “feral swine” or relevant synonyms.



2.5 Selection process

Records from the bibliographic databases were downloaded as Research Information Systems (RIS) files and then uploaded into Covidence (Covidence systematic review software, Veritas Health Innovation, Melbourne, Australia). Covidence’s deduplication tool was used to remove duplicate records before screening. Relevance screening of records was performed by two reviewers (VH, CH). One reviewer (VH) screened all records utilizing the following questions as a screening tool: (1) Are the title and abstract written in English? (2) Does the study population consist of swine (Sus scrofa or Sus domesticus)? (3) Does the abstract describe aspects of JEV? (4) Does the abstract describe a peer-reviewed article? (5) Does the abstract describe original research, a Systematic Review, or a Meta-analysis? (6) Does the study involve a transmission aspect of JEV in swine species, diagnostic test performance for JEV, or JEV vaccine efficacy? and (7) Is this abstract/article relevant? To each question, potential answers included “yes,” “no,” or “unclear.” A “no” answer for any question resulted in the exclusion of the record. If a record received an “unclear” answer for any question, the full report was retrieved and was screened with the previously described screening tool by another reviewer (CH). If a consensus about a record’s relevance could not be achieved, at any point in the screening process, then a tertiary reviewer (NC) was consulted.

To screen the records from the government websites and repository, a primary reviewer evaluated records for eligibility (ME) based on title only. The record title had to include a reference to JEV and feral swine, or their synonyms. If a record received an “unclear” or “yes” answer, the full report was retrieved and screened by two reviewers (ME, VH) using the previously described screening tool, except the population in question 2 was restricted to Sus scrofa. Disagreements between the primary and secondary reviewer were resolved via consensus, or through a tertiary reviewer (NC, CH) when a consensus could not be achieved.



2.6 Data collection process

A data collection tool was designed using Microsoft Excel (Microsoft Office Professional Plus 2019). Data were collected from eligible reports in duplicate by pairs of reviewers working independently (VH, CH, SE, NC, AT, and TM). Discrepancies were resolved by consensus or by a tertiary reviewer (VH, CH, and NC).



2.7 Data items

All key variables identified for data collection and any data simplifications are described in Supplementary Table S2. Citation information was extracted at the report level, while the remaining data items were extracted at the study level, considering that one report could contain descriptions of multiple studies. For each study, characteristics of the study population (breed, sex, and age), study characteristics (study type and location, sample size, design structure, and JEV case definition), and the study outcome measures that were relevant to our research questions were extracted. The extraction of the data items was tailored to the study design structure. For observational studies, risk factors were extracted. For experimental studies, interventions (e.g., vaccination, preventive/biosecurity measures, and surveillance strategy) and the route of exposure to JEV [i.e., challenge (along with dose, strain, and route) or natural] were extracted. Relevant outcomes including transmission routes, pathological lesions and viral organotropism, clinical signs, seroprevalence, and the basic reproduction ratio were extracted at the reported outcome level (i.e., animal or herd level). For studies evaluating diagnostic test performance, the outcomes of relevance included sample type, diagnostic sensitivity, diagnostic specificity, analytical sensitivity, analytical specificity and cross-reactivity.



2.8 Data synthesis methods

Data were summarized by outcomes for each research question by filtering on key data items using the R language or Microsoft Excel, and presented in either a tabular format or as text depending on the number of relevant reports. Below we describe the criteria used to synthesize data by theme/research question. If a research question was addressed by a systematic review identified through our search strategy, and no further substantial information was found, we refer the reader to the previous review. This was the case for the research questions regarding seroprevalence and routes of transmission for JEV in swine populations.


2.8.1 Pathological lesions and viral organotropism

Reports containing studies that described gross pathology, histopathology, and/or viral organotropism results were synthesized and organized by JEV genotype, system affected, type of exposure, inoculation route, and dose. Included in the synthesis table were reports that described vaccine efficacy studies; however, only animals that were challenged with JEV, but not given a vaccine (i.e., a positive control), were included in the synthesis table.



2.8.2 Clinical signs

Reports containing studies that reported clinical signs in unvaccinated swine infected with JEV were summarized. Synthesized data were organized by clinical sign category, by age category (i.e., nursing, weaning, finishing, or mature), then by JEV genotype, and within genotype, alphabetically by strain, and then inoculation route. Summarized data include report counts, population description, infection strain (genotype), infection route and dose, number and percentage of animals affected out of the total observed, and respective references.



2.8.3 Diagnostic tests

Two questions were evaluated regarding diagnostic tests for JEV. To evaluate the research question of “What diagnostic tests have been used to detect JEV in swine?,” any reported diagnostic test used to detect JEV in swine was summarized and organized by the diagnostic test method category. The categories used were adapted from the list of approved tests for detection of JEV as outlined in the World Organisation of Animal Health’s (WOAH) Manual of Diagnostic Tests and Vaccines for Terrestrial Animals (World Organisation for Animal Health, 2023). The table details the test name, test description, sample type used for the diagnostic test, and respective references.

To evaluate the research question “What is the sensitivity and specificity of diagnostic tests that have been evaluated for the detection of JEV in swine?,” we synthesized results from reports where the diagnostic sensitivity and specificity of novel (i.e., new) diagnostic tests for detecting JEV in swine were evaluated. For inclusion in the synthesis table, researchers needed to compare the novel test to a reference test. Reports were organized by the WOAH test method categories, and within each category reports were organized alphabetically by test name. Summarized information included the test method and name, sample type used, microbial species evaluated for test cross-reactivity, cross-reactivity of the test to Flavivirus spp., analytical sensitivity of the novel test, name of the reference test, diagnostic sensitivity and specificity of the novel test, and the respective references. A separate table was created for results from reports that met the inclusion criteria, but only reported analytical sensitivity and failed to report diagnostic sensitivity and specificity.



2.8.4 Risk factors

Reports including studies reporting a statistical test evaluating the association between animal-level (i.e., sex, breed, and/or age) or farm-level (e.g., environmental, management) characteristics with JEV seroprevalence, seroconversion, or viremia were synthesized. Studies evaluating swine demographic risk factors of breed, sex, and age were synthesized and organized in chronological order of publication, within each swine purpose category (domestic swine presented first followed by feral swine) by risk factor. Risk factors for domestic swine operations were grouped by farm location/geography, farm management, resources, and infrastructure, or host and vector presence around the farm. Studies are presented in chronological order of publication within each risk factor group. Summarized data include the total number of reports that evaluated each risk factor, risk factor level of stratification, swine population description, sample size, seroprevalence and/or odds ratio for JEV positivity, statistical significance of differences, and respective reference.



2.8.5 Surveillance and biosecurity

Reports including studies that statistically evaluated the effect of a surveillance strategy or biosecurity intervention on any component of JEV transmission in swine were synthesized. Results are discussed in the text.



2.8.6 Vaccine efficacy

Reports that assessed vaccine efficacy by comparing JEV vaccinated and challenged swine to positive controls, in experimental studies, were synthesized. Reports within the synthesis table are organized by type of vaccine evaluated (live-attenuated, killed, or other), then within each type in chronologically ascending order, and alphabetically by author within year. Summarized data include vaccine information, including strain and producer, study design and challenge strain, population and sample size of vaccinated swine, evidence used to determine efficacy, and respective references.



2.8.7 Basic reproduction ratio

Reports where authors modeled JEV transmission and estimated the basic reproduction ratio were synthesized. Information regarding model compartments, the control strategy evaluated (when applicable), the outcomes measured to evaluate the corresponding control strategy, the location, and the respective report references was included in the synthesis table. Reports are organized based on the similarity of the compartments evaluated across populations.



2.8.8 Pork products

Reports describing JEV detection in sample types of processed pork or pork products were sought for synthesis; however, no reports were obtained through our search strategy. Therefore, our findings regarding the existing knowledge gap pertaining to the safety and potential transmission of JEV via pork products are reported in the text.




2.9 Identification and characterization of knowledge gaps

Identification and characterization of knowledge gaps was performed using the framework proposed by Robinson et al. (2013), which was developed to identify and classify research gaps in systematic reviews. After adapting the knowledge gaps worksheet from Robinson et al. (2013) into a Microsoft excel worksheet (Supplementary material 2), reviewers (NC, AD, CH, and VH) identified knowledge gaps in the evidence synthesized for each research question and characterized the reasons for the gaps individually, each addressing a different research question. A knowledge gap synthesis was not performed when few or no reports were identified regarding the research question (i.e., surveillance, biosecurity, and pork products), or when the research question was not amenable for the knowledge gap tool utilization (i.e., diagnostic tests used, diagnostic tests evaluated, and vaccine efficacy). The following categories were utilized to classify the reason for the gap: insufficient or imprecise information, inconsistent or unknown consistency, and not the right information. Details of the explanation for each category can be found in Robinson et al. (2013) and in the Key section of the knowledge gap tool.




3 Results


3.1 Study selection

A total of 3,638 records were identified, including 3,163 from bibliographic databases and 475 from other sources. Two-hundred and twenty-six reports identified from the bibliographic database search and one report from other sources were included in the review for a total of 227 reports, describing 353 studies. A flow chart detailing the results of the screening process is presented in Figure 2.
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FIGURE 2
 PRISMA flow diagram from Page et al. (2021). For more information, visit: http://www.prisma-statement.org/. 1Language: Report was not published in English. 2Population: Report did not describe outcomes of interest in swine. 3Exposure: Report did not describe JEV-related outcomes. 4Peer-review: Report was not published in a peer-reviewed publication. 5Study design: Report did not describe original research or a systematic review. 6Outcome: Report did not include data on an outcome of interest.




3.2 Study characteristics

All reports which were included in this rapid review are organized by study design in Supplementary Table S3 and, with detailed citation references listed in Supplementary material 3. Ninety-nine reports described 162 experimental studies, 135 described 180 observational studies, 10 detailed JEV modeling studies, and five reports were systematic reviews. The reports included in this review were published between 1947 and 2022 (median 2009). Nearly 40% of the reports originated from JEV endemic countries (Bangladesh, Cambodia, China, Indonesia, Laos, Malaysia, Myanmar, Philippines, Singapore, Sri Lanka, Thailand, and Vietnam), 37% were from JEV epidemic countries (Australia, Japan, North and South Korea, Nepal, and Taiwan), 16% were from India (where the northern region experiences JEV peak seasons, while the southern region observes year-round transmission), and the remaining reports were from JEV-free countries. All systematic reviews were published within the past 10 years (between 2015 and 2022). The oldest reports included in this review (i.e., 1947–1970) primarily focused on describing infection routes, pathological lesions, organotropism, and clinical signs. Reports evaluating risk factors associated with the proportion of JEV infection in swine populations were more recent, with the majority published between 2009 and 2021.



3.3 Syntheses of results

The information gathered on each research question of interest is described below and in synthesis tables, which are detailed in Table 2 along with the number of reports synthesized. Knowledge gaps associated with each research question are detailed in their respective sections, summarized in Table 2, and the completed tools are in Supplementary material 2.



TABLE 2 Research questions, location of knowledge synthesis table and number of reports (N) identified and extracted per research question, and summary of knowledge gaps, identified as per Robinson et al. (2013), associated with each research question.
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3.3.1 Transmission routes

The mechanisms of JEV transmission in pigs have been comprehensively summarized in the systematic review by Ladreyt et al. (2019), and our review of the literature did not uncover any additional research warranting an updated synthesis on transmission routes in swine. None of the reports included in this review described studies investigating JEV excretion and transmission through abortion fluid, a knowledge gap highlighted by Ladreyt et al. (2019). Lastly, the transmission of JEV through artificial insemination, via semen, or by the transfer of embryos derived from JEV positive animals, remains to be evaluated since the detection of JEV in swine semen and embryos by Ogasa et al. (1977) and Yoshida et al. (1981).



3.3.2 Pathological lesions and viral organotropism

Twenty-four reports describing macroscopic, microscopic pathological findings, and/or viral organotropism, associated with JEV genotype (GI, GIII, or unknown) and inoculation route and dose, were identified and are summarized in Supplementary Table S4. Pathological lesions and/or organotropism associated with JEV GI infection in swine was described in five reports, GIII infection was described in 14 reports, and nine reports described pathological and/or viral organotropic results from a JEV infection with a strain of unknown genotype.


3.3.2.1 Central nervous system

Hemorrhages in the brain and spinal cord of nursing pigs naturally exposed to either JEV GI or JEV of an unknown genotype were described by Cao et al. (2011) and Burns (1950), respectively. Yamada et al. (2004, 2009) reported brain edema in weaning aged pigs on days 3- or 7-day post inoculation, but this result was not consistent across studies or among JEV challenge strains (unknown genotype). Meiklejohn et al. (1947) also reported the inconsistent observance of hyperemia and necrosis in the brain of finishing aged pigs challenged with JEV (unknown genotype). No reports described macroscopic pathological lesions of the CNS system associated with JEV GIII infection.

After challenges with JEV GI intravenously (Park et al., 2018) and subcutaneously (Fan et al., 2018), CNS organs including nervous tissue, cerebellum, thalamus, and frontal and temporal lobe tested positive for JEV RNA 3-day post inoculation, and brain tested positive for JEV RNA 8-day post inoculation, respectively. Park et al. (2018) also isolated infectious virus from CNS tissues. However, at 11-day post inoculation, after both an intradermal and intravenous challenge, Ricklin et al. (2016a) reported that no viral RNA was detected in brain tissue. A similar pattern was found in the results of challenges with JEV GIII; JEV RNA detection and virus isolation in CNS organs varied depending on the organ, inoculation route, and dose. Sazawa et al. (1969a) reported viral isolation from both the brain and spinal cord after inoculation intracerebrally, just in the brain after intranasal inoculation, and in neither the brain nor spinal cord after a subcutaneous inoculation. Ricklin et al. (2016a) detected JEV RNA in the thalamus and basal nuclei after an oronasal inoculation, a result corroborated by the findings of García-Nicolás et al. (2017), however Ricklin et al. (2016a, 2016b) detected little to no viral RNA in the meninges, choroid plexus, and spinal cord after a joint intradermal, intravenous inoculation.



3.3.2.2 Lymphatic system

Only Burns (1950) described macroscopic pathological lesions in the lymphatic system, specifically lymphadenomegaly of the thoracic and mesenteric lymph nodes as well as splenic necrosis, following a natural JEV infection (unknown genotype) in nursing aged pigs. No reports described macroscopic pathological lesions of the lymphatic system associated with any specified JEV genotype infection.

All reports (Ricklin et al., 2016a; Fan et al., 2018; Park et al., 2018) describing viral organotropic results in organs of the lymphatic system after challenges (intradermal, intravenous, and subcutaneous) with JEV GI reported JEV RNA detection in bone marrow, lymph nodes, spleen, thymus, and/or tonsils 3–11-day post inoculation and at 25-day post inoculation in tonsils. Ricklin et al. (2016a) and Park et al. (2018) also isolated JEV from tonsils after intravenous inoculations at 106 and 107 TCID50, respectively. Similarly, all reports describing challenges with JEV GIII via intradermal, intranasal, both intradermal and intravenous, oronasal, and/or subcutaneous inoculation (Ricklin et al., 2016a, 2016b; García-Nicolás et al., 2017; Fan et al., 2018; Redant et al., 2020) reported the detection of JEV RNA in lymphatic organs, specifically bone marrow, lymph nodes, spleen, thymus, and/or tonsils 5–11-day post inoculation and at 21-day post inoculation in tonsils. Ricklin et al. (2016b) also reported isolating live virus in the tonsils up to 11-day post inoculation using a combination intradermal and intravenous inoculation method totaling 107 TCID50. Live JEV was isolated from lymph nodes, consistently, 2, 3, and 4 days after intracerebral, intranasal, and subcutaneous inoculation, and in spleens 2, 3, and 4 days after intracerebral inoculation, and up to 6 days after intranasal and subcutaneous inoculation (Sazawa et al., 1969a). However, Redant et al. (2020) reported no infectious virus in prescapular lymph nodes and spleen following intranasal inoculation at 105 TCID50.



3.3.2.3 Reproductive system

Shimizu et al. (1954) and Desingu et al. (2016) both described JEV GIII infection of pregnant sows resulting in the delivery of mummified fetuses or stillborn piglets with encephalitis and lymph node congestion in a portion of the affected litters. Piglets that were born alive from the infected sows were described as either normal or presenting with hydrocephalus and subcutaneous edema. Yoshida et al. (1981) described the recovery of affected embryos from JEV GIII infected sows. Similar macroscopic pathological findings were reported in sows infected with JEV strains of an unknown genotype along with reports of placental hemorrhage and necrosis (Fujisaki et al., 1975; Takashima et al., 1988). No reports described macroscopic pathological lesions of the reproductive system associated with JEV GI infection.

Only one report described organotropic results of GI infection in the reproductive system (Nie et al., 2022); they reported that testicular fluid and placenta and umbilical cords of aborted fetuses from naturally exposed, symptomatic boars and sows, respectively, tested positive for JEV RNA. Six reports described organotropic results of GIII infection in the reproductive system; three described studies with a natural exposure (Fan et al., 2010a; Teng et al., 2013; Desingu et al., 2016) and three described studies with a challenge of an unknown route (i.e., not reported clearly by authors) (Shimizu et al., 1954; Yoshida et al., 1981; Zheng et al., 2019). These reports describe similar results to those where viral GI RNA was detected. In addition, four reports reported isolation of JEV from fetuses and placentas from a challenged sow (Shimizu et al., 1954; Yoshida et al., 1981), fetal cerebral fluid from fetuses of naturally exposed sows (Fan et al., 2010a; Teng et al., 2013), and seminal fluid from naturally exposed boars (Teng et al., 2013). In addition, Zheng et al. (2019), reported that spermatogenic and Sertoli cells were positive for JEV E-antigen after a challenge.



3.3.2.4 Multiple systems

Pleural effusion was reported in five of 12 weaning aged pigs 5- and 7-day post inoculation with JEV GIII (Ricklin et al., 2016b), as well as in nursing aged pigs (Burns, 1950). Burns (1950) also reported subcutaneous edema, hepatic necrosis, and petechial hemorrhages of serosal membranes in nursing aged pigs.

Ricklin et al. (2016a) were the only authors to report on JEV GI RNA detection in other systems; detecting viral RNA in the ileum, kidney, liver, and skeletal muscle 3–11-day post inoculation either intradermally or intravenously at 106 TCID50. After inoculation (intracerebral, intranasal, and subcutaneous) with JEV GIII, infectious virus was isolated from lungs, livers, and/or kidneys (Sazawa et al., 1969a). However, Redant et al. (2020) reported that no JEV RNA was detected in liver and kidneys at 10- and 14-day post inoculation intranasally or intradermally with 105 TCID50. Whereas Ricklin et al. (2016b) reported JEV RNA detection in the distal ileum, liver, and kidneys up to 11-day post inoculation, low to negative JEV RNA detection in skeletal muscles at 3, 5, and 7 days post inoculation, and low RNA detection in peripheral blood at 3 days post inoculation with a combined intradermal and intravenous method at 107 TCID50. Ricklin et al. (2016a) also reported detecting JEV RNA in the ileum after oronasal inoculation. In addition to corroborating this data, García-Nicolás et al. (2017) detected JEV RNA in the jejunum, and detected low levels of RNA in urine from one animal.



3.3.2.5 Knowledge gaps

Our research question was to compare the pathological and organotropic effects between JEV genotypes in swine. The only identified genotypes used in laboratory challenge and natural exposure studies with domestic swine were genotypes I and III, although there were several challenge strains used with unknown genotypes. This creates a knowledge gap of the pathological and organotropic effects of infection with genotypes II, IV, and V in domestic swine of any age and breed. Additionally, we did not identify any reports describing pathological lesions or organotropism associated with any JEV infection in feral swine.

Only five reports identified the JEV genotype associated with the macroscopic pathological lesions described within the reports. No reports contained a direct comparison of macroscopic pathological lesions between genotypes I and III, nor did any reports describe lesions associated with JEV GI infection in any system apart from the CNS system. The limited number of reports creates a knowledge gap for comparing macroscopic pathological lesions among JEV genotypes.

There were a number of reports that examined organotropism in swine after JEV infection with genotypes I and III, however patterns from comparing the two could not be made descriptively as there likely are a number of confounding elements, such as inoculation route, dose, incubation period, and organ system investigated, that need to be considered. A further meta-analysis of this outcome is needed to close this knowledge gap.




3.3.3 Clinical signs

A total of 27 reports describing clinical signs associated with JEV infection in domestic swine were identified and are summarized in Table 3. The description of clinical signs was highly variable across swine age categories and among reported JEV genotypes (GI, GIII, and unknown). Fever observed at 2–11-days post infection was the most frequently reported clinical sign across age categories but was not reliably observed in all animals within a study population. Similarly, reproductive failure (including aborted litters and stillborn fetuses) in mature females was commonly reported, but also was not always observed in a large proportion of the study populations. Anorexia observed at 3–6-day post infection, neurological signs observed 3–27-day post infection, and depression lasting up to 13-day post infection were all reported in at least a portion of the study populations of nursing, weaning, and finishing-aged pigs with no discernible association with any JEV genotype. The occurrence of conjunctivitis (Meiklejohn et al., 1947), decreased fecal output (Ricklin et al., 2016a, 2016b), and weight loss (Park et al., 2018) were each only reported by a single research group within a single age category. In contrast to the other reports, four reports described a complete absence of clinical signs in all the pigs within their study populations (Shimizu et al., 1954; Yang et al., 2004a; Cappelle et al., 2016; Xie et al., 2022).



TABLE 3 Clinical signs associated with Japanese encephalitis virus (JEV) infection in swine from experimental and observational studies.
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Only two reports directly compared differences in clinical signs in domestic swine infected with JEV GI versus GIII (Fan et al., 2018, 2019). In those reports, fever in weaning-aged pigs was consistently reported following JEV GI infection, whereas the presence of fever in weaning-aged pigs following JEV GIII infection was dependent on the challenge dose. However, sample sizes were small in these studies with three or four animals per treatment group.

No reports (0/27) describing clinical signs in feral swine were identified during this review. Small sample sizes, reporting deficiencies, and inconsistency in observed clinical signs were the most frequent limitations for drawing conclusions for specific age categories of swine. There were no studies detailing clinical signs associated with JEV genotypes II, IV, or V in any swine population.



3.3.4 Diagnostic tests

A total of 211 reports described the use of a diagnostic test (n = 51) to detect evidence of JEV exposure in biological samples from swine (Supplementary Table S5). According to WOAH (World Organisation for Animal Health, 2023), the hemagglutination inhibition test (HI) is the only recommended test for determining an animal’s freedom from infection, determining immune status post-vaccination, and surveilling for JEV. For confirmation of clinical cases, WOAH also recommends virus isolation, real time reverse-transcription PCR (RT-PCR), or a virus neutralization (VN)/plaque reduction neutralization test (PRNT), in addition to HI. Real time RT-PCR, enzyme-linked immunosorbent assay (ELISA), and VN and PRNT are recommended, with limitations, for surveillance and determination of an animal’s freedom from infection. Among reports included in this review, 97 utilized HI, with publication dates ranging from 1958 to 2021. This is the third longest method in use, surpassed only by virus isolation (1957–2022) and virus neutralization tests (1947–2022). ELISA tests have been reported in published literature since 1982 and RT-PCR since 2001. For virus detection, using a combination of testing methods is recommended. Among reports included in this review, 71 used multiple testing methods to detect JEV.

Thirty-seven reports evaluated the performance of 43 novel diagnostic tests against a reference test. Diagnostic test sensitivity and/or specificity were reported for the novel tests in 28 of these reports. The diagnostic test type, sample type tested, microbial species tested for cross-reactivity, cross-reactivity results to other flaviviruses, analytical sensitivity, the reference test name, and diagnostic sensitivity and specificity for the novel test are reported in Supplementary Table S6a, and a condensed table of these results is reported in Table 4. Nine reports only included results for analytical sensitivity and cross-reactivity of the novel test, and not diagnostic sensitivity and specificity. These results are summarized in Supplementary Table S6b.



TABLE 4 Diagnostic sensitivity and specificity of diagnostic tests evaluated against a reference test for the detection of Japanese encephalitis virus (JEV) and JEV antibodies.
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Thirteen novel tests were designed for virus detection, 85% (n = 11) of which utilized molecular methods. Twenty-one tests were designed to detect antibodies, 71% (n = 15) were ELISAs. Five reports published in the early 1980’s first described the evaluation of ELISAs and reported diagnostic sensitivity values ranging from 82.9 to 100% and diagnostic specificity values ranging from 16.9 to 100%. The remaining reports evaluating ELISAs were published after 2005 and report diagnostic sensitivity values of 62.8–100% and diagnostic specificity values of 78.9–98.6%. Reports that evaluated molecular tests have all been published since 2012 and report variable diagnostic sensitivity values.

Eight of the novel tests were assessed for cross-reactivity to other flaviviruses, specifically Dengue, West Nile, Yellow Fever, and Zika viruses (Dhanze et al., 2015; Kolhe et al., 2015; Wu et al., 2017; Pantawane et al., 2019; Wang et al., 2020), only one of which reported cross-reactivity to WNV (Kolhe et al., 2015). Twenty-six of the 43 evaluated tests reported the results of cross-reactivity assessment to other viruses and bacteria (Supplementary Tables S6a,b).

Two reports (Konishi and Yamaoka, 1982, 1983) used multiple different swine sample types to compare standard ELISA and HI methods with a rapid ELISA; however, because the authors only reported the correlation coefficients for these comparisons, these reports were not included in the summary tables.



3.3.5 Seroprevalence

The seroprevalence of JEV in swine populations, both domestic and feral, has been extensively examined, documented, and summarized elsewhere. This review identified five systematic reviews which have summarized JEV seroprevalence in swine populations, both domestic and feral, across different endemic regions and years (Lopez et al., 2015; Oliveira et al., 2017; Oliveira et al., 2018b; Ladreyt et al., 2019; Suresh et al., 2022).

Two of the 12 reports identified in this review, which described studies conducted in feral swine populations, were not included in prior reviews. These reports described observational studies, conducted in 2019, in JEV-endemic countries (China, Japan), with the primary outcome being evidence of JEV exposure in feral swine, as demonstrated by detecting JEV antibodies (Guo et al., 2019; Yonemitsu et al., 2019). While most studies on feral swine populations described the level of JEV antibody seroprevalence in serum samples, Yonemitsu et al. (2019) utilized heart and diaphragm meat juice as the diagnostic sample. After comparing results obtained from serum samples, the authors concluded that meat juice is a suitable specimen for detection of anti-JEV antibodies using ELISA (Yonemitsu et al., 2019). When evaluating knowledge gaps for this, and other, research questions of interest, it became evident that research on JEV in feral swine populations was largely unavailable.



3.3.6 Risk factors


3.3.6.1 Swine demographic risk factors

Summaries and specifics of the studies that evaluated the association between animal breed, sex, and/or age with JEV seroprevalence in swine are reported in Table 5. No significant association between domestic swine breeds and JEV seroprevalence was reported in any of the six studies in which it was evaluated. In five of the six studies, local or indigenous breeds were compared to unspecified commercial and cross breeds, whereas one study compared Vietnamese Duroc, Landrace, Yorkshire, and hybrid breeds. No significant association between sex and JEV seroprevalence was reported in any of the five studies where it was evaluated, two of which were conducted in feral swine populations (Table 5).



TABLE 5 Results from observational studies examining associations between population demographics (breed, sex, and age) and Japanese encephalitis virus (JEV) seropositivity in swine, including the number of reports that evaluated each risk factor, risk factor levels, population description, sample size, model-adjusted seroprevalence or odds ratio for JEV positivity, statistical significance of differences, and respective references.
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Seven of 11 studies reported a risk of increased JEV seroprevalence with increasing age in domestic swine. Three studies compared groups of animals younger than 12 months, three compared animals younger than 12 months to animals 12 months and older, and one study evaluated age as a continuous variable (3 to >12 months; Henriksson et al., 2021). Alternatively, one study (Kumar et al., 2018) reported increased age as a protective factor for JEV seropositivity in domestic swine, comparing “young” and “adult” animals, defined by the authors as younger than 6 months and 6 months and older, respectively. One study (Ohno et al., 2009) evaluated the association of age and JEV seroprevalence in feral swine and reported no significant association. The age groups compared, “juvenile” and “adult,” were determined by animal weight, less than 50 kg and over 50 kg, respectively.

From our data synthesis, the associations between breed or age and JEV seroprevalence in swine are not knowledge gaps, although there are some specific caveats which limit external validity. Breed is not statistically associated with JEV seroprevalence in domestic swine when comparing local indigenous breeds versus imported breeds in JEV endemic areas. With limited studies (n = 5), the association between sex and JEV seroprevalence in feral and domestic swine remains inconclusive and therefore, a knowledge gap. Given the number of studies (n = 11) and consistency between them, we concluded that increased age is a risk factor for increased JEV seroprevalence in domestic swine in JEV endemic areas, however there are too few studies (n = 1) in feral swine to make any conclusions and this remains a knowledge gap. Reports on demographic risk factors in both domestic and feral swine focused solely on JEV seroprevalence. However, evaluating demographic risk factors using outcome measures that include a time component, such as incidence rate, remains necessary for a complete understanding of swine population susceptibility to JEV infection.



3.3.6.2 Swine operation risk factors

Only four reports included studies that statistically evaluated the association between farm-level risk factors and JEV seroprevalence in swine. The specific risk factors evaluated were: elevation, locality, proximity to a rice paddy, proximity to stagnant water (farm location), vehicular access, farm water source, animal source, toilet-related amenity, electricity in the home, piped water at home, waste management, feed type, swine housing type, size of operation, floor type, mosquito control (farm management, resources, and infrastructure), presence of mosquitoes, presence of ardeid birds, and presence of other animals (host and vector presence around the farm). Summaries of the associations between these risk factors and JEV seroprevalence in swine are reported in Table 6.



TABLE 6 Results from observational studies examining associations between farm location and management with Japanese encephalitis virus (JEV) seropositivity in domestic swine, including the number of reports that evaluated each risk factor, risk factor levels, population description, sample size, model-adjusted seroprevalence or odds ratio for JEV positivity, statistical significance of differences, and respective references.
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Two reports (Thakur et al., 2012; Kumar et al., 2018) were responsible for most of the risk factor evaluations of farm location, farm management, resources, and infrastructure, and host and vector presence around the farm. The other two reports included studies evaluating housing types as a risk factor. Three of the four studies did not find a statistical association between swine housing type and JEV seroprevalence in swine (Table 6). Conlan et al. (2012) evaluated the association between housing type and JEV seroprevalence in the dry and wet seasons, reporting that during the dry season, free-range swine had lower JEV seroprevalence than penned swine. In addition to the associations reported in Table 6, Thakur et al. (2012) reported results on vehicular access, electricity in the home, piped water at home, waste management, swine feed type, size of operation, pen-floor type, mosquito control, and presence of other animals around the farm, but none were significantly associated with swine JEV seroprevalence in univariable models.

For all factors evaluated, the limited number of studies precludes general conclusions from being made. The sole risk factor with more than two studies, housing type, is relatively consistent, in that no significant association was found between housing type and JEV seroprevalence; however, the interaction of seasonality from the Conlan et al. (2012) studies and discrepancy between the types of housing utilized in Ladreyt et al. (2020) also limits the general conclusions that can be drawn from the broad category of housing type.




3.3.7 Surveillance

This review did not identify any reports evaluating the effectiveness of surveillance strategies (e.g., serological surveillance or systematic surveys of herds) for JEV detection in swine populations. Our search strategies and screening process would have precluded reports evaluating strategies that surveilled other species (i.e., mosquitoes) or other species used as sentinels to detect JEV presence/levels in swine populations. Although the lack of reports on the effectiveness of specific surveillance strategies in swine populations indicates a knowledge gap in this area for both domestic and feral swine in JEV endemic and non-endemic areas, a more specific search on surveillance strategies is needed to understand the scope of the gap.



3.3.8 Vaccine efficacy

Supplementary Table S7 describes the results of 19 reports evaluating the efficacy of 23 JEV vaccines in swine based on challenge studies. The results of the efficacious vaccines (n = 16), from 16 reports, are summarized in Table 7. The types of vaccines evaluated included live attenuated, killed, and other types such as recombinant, chimeric, and virus-like particles. Four reports described comparisons of the efficacy of multiple vaccine types, and a single report detailed the results of a passive immunization with monoclonal antibodies (Young et al., 2020).



TABLE 7 Vaccine information, including strain and manufacturer, study design and challenge strain, population and sample size of vaccinated swine, evidence used to determine efficacy, and record information of efficacious vaccine studies for domestic swine organized by vaccine type (live attenuated, killed, multiple type comparisons, and other) and year of publication within vaccine type.
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Six reports described challenges from natural exposure, while the remaining 13 challenges were conducted in a laboratory setting. The genotypes used for the laboratory challenges were GI (n = 3 reports), GIII (n = 6 reports), and unknown (n = 4 reports). Only two reports evaluated cross-protection between multiple genotypes. Fan et al. (2013) reported limited cross-protection of a vaccine derived from the GIII genotype against a GI challenge strain; Fan et al. (2018) reported that pigs vaccinated twice with a GI JEV virus-like particles vaccine had neutralizing antibodies against both GI and GIII JEV, with the GI antibody titer being almost 2x higher.

Sixteen vaccines were reported by the authors to be efficacious (live attenuated = 8, killed = 3, other = 5). Seven vaccines had inconclusive efficacy results (live attenuated = 2, killed = 3, other = 2), and one killed vaccine was reported as not efficacious. Fujisaki et al. (1975) found their live attenuated S- strain vaccine to be efficacious in finishing-aged Landrace pigs after vaccination and a booster, though its efficacy was inconclusive in finishing-aged Landrace and growing-aged research pigs after a single vaccination (no booster). However, they also reported that this vaccine was efficacious in mature, female, Landrace pigs after a single vaccination. Nine additional reports described the use of a JEV vaccine in swine, but failed to meet the inclusion criteria for the summary table, as the vaccinated pigs were not challenged with JEV (Sheng et al., 2016; De Wispelaere et al., 2015; Xu et al., 2011; Fei-fei et al., 2008; Xu et al., 2004; Nam et al., 2002; Konishi et al., 2000; Ogata et al., 1971; Yang et al., 2022). Authors in two of these reports indicated that disease challenge studies were not permitted at their institution (Sheng et al., 2016; De Wispelaere et al., 2015).

Commercially available vaccines were utilized in the studies from nine reports, but only five of these reports identified the vaccine manufacturer. Four reports indicated that the vaccine used was for veterinary use, though only Ueba et al. (1972) specified the manufacturer (tradename). Imoto et al. (2010) used a partial dose of a human-approved vaccine (JEVAX; Takeda Pharmaceutical Osaka, Japan), but no other tradenames were provided.



3.3.9 Basic reproduction ratio

Ten reports used mathematical equations and/or compartment models to describe JEV transmission and the results are summarized in Supplementary Table S8. However, only six of the 10 reports presented the basic reproduction ratio (R0) for JEV incorporated in swine as hosts, under specific modes of transmission (i.e., vector-borne and/or pig-to-pig) and different control strategies/scenarios (Table 8). All reports modeled vector-borne transmission routes; whereas only two reports included direct transmission (i.e., pig-to-pig), in addition to vector-borne transmission in their models, with the objective of modeling the contribution of direct transmission to the JEV epidemiological cycle in Cambodia (Diallo et al., 2018) or assessing the mechanism behind the JEV skip-and-resurgence patterns from 2003 to 2017 in Hong Kong (Zhao et al., 2018).



TABLE 8 Description of Japanese encephalitis virus (JEV) infectious disease models (compartments evaluated in pigs are highlighted in bold), control strategies evaluated, location and reported basic reproduction number.
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Most of the reports (n = 5) evaluated different control strategies, primarily human and swine vaccination and mosquito control, with the goal of controlling disease in human populations. Only one report explicitly modeled the transmission of JEV in feral pigs using various bird migration parameters and mosquito vectorial capacities, however researchers did not report R0; this is the only report that modeled the transmission of JEV in the United States (Riad et al., 2017). All other reports modeled transmission in endemic or epidemic areas, specifically in Bangladesh, Cambodia, Hong Kong, India, Indonesia, and Japan.

For JEV R0 in domestic swine derived from vector-borne transmission scenarios, the range of effect sizes was very wide. However, given the specificity of R0 to the parameters and scenarios modeled, it is difficult to evaluate the consistency of these reports collectively. Yet, we were able to identify two knowledge gaps specific to JEV R0: a lack of reports evaluating R0 in domestic swine from direct transmission scenarios, and a lack of reports evaluating R0 in feral swine under any transmission scenarios.



3.3.10 Biosecurity

Only one study evaluating biosecurity measures was identified. Dutta et al. (2011) evaluated the effect of insecticide treated mosquito net placement (i.e., covering only human beds, only pig pens, human beds and pig pens, or no nets at all) on JEV seroconversion in mature domestic pigs. In this study authors reported that covering pig pens alone or both pig pens and human beds with insecticide treated mosquito nets significantly reduced the relative risk of JEV seroconversion in pigs. Given the single study on the use of insecticide treated mosquito nets as a biosecurity intervention, the use and efficacy of this and other biosecurity measures to reduce JEV transmission in domestic swine is a knowledge gap.



3.3.11 Pork products

No reports on JEV detection in processed pork or pork products, or transmission from raw by-products, were obtained through our search. The lack of literature evaluating or discussing the risk of JEV detection in, or transmission through processed pork or pork products is a critical knowledge gap for understanding introduction routes and economic impacts, when considering pork products derived from JEV-infected animals.





4 Discussion

In this review, we synthesized published literature on the role of domestic and feral swine in JEV transmission and identified knowledge gaps. Whereas swine have been questioned as key contributors to JEV amplification in some regions where their removal did not alter broader transmission dynamics (van den Hurk et al., 2008), their involvement in the JEV cycle remains critical due to their capacity to maintain high levels of viremia and the resulting socioeconomic implications of JEV outbreaks in swine herds. Analyzing the epidemiological features of JEV in the context of swine populations provides crucial insights into transmission dynamics that directly impact human health and economic stability. The unveiling of knowledge gaps from this synthesis can assist stakeholders with research prioritization, enhance preparedness, and develop countermeasures to mitigate the impact of JEV outbreaks on public health and the swine industry.


4.1 Transmission routes

Research has shown that JEV can be transmitted to pigs through either vertical or horizontal routes (both indirectly by mosquito vectors and potentially by direct contact). Transmission to swine primarily occurs after a pig is bitten by an infected mosquito. Although this vector-mediated transmission route (horizontal, indirect) of JEV is well described in the literature, and remains the most commonly reported means of transmission, evidence of direct vector-free transmission, described by Ricklin et al. (2016a), prompted a reevaluation of the role of swine in the JEV transmission cycle. Vertical transmission from infected sows to their offspring has been reported, although it is also considered a less common route compared to mosquito-borne transmission. Furthermore, despite the detection of JEV in swine semen (Ogasa et al., 1977; Teng et al., 2013; Wu et al., 2017; Xiao et al., 2018), neither experimental nor observational evaluation of JEV transmission through artificial insemination was described in any of the reports identified in this review.

Once infected, domestic and feral swine can serve as amplifying hosts, typically experiencing viral titers of 104 infectious units per mL, viremia levels described as sufficient for transmission to mosquito vectors (Scherer et al., 1959; Sasaki et al., 1982; Takashima et al., 1988; Imoto et al., 2010; cited by Ladreyt et al., 2019). The viremia period for JEV in pigs has been reported to start as soon as 1 day post infection (Ricklin et al., 2016a), and the duration of the viremia window varies depending on the route of infection, dose of inoculum, and the viral strain. In subcutaneously challenged pigs, viremia has been reported to last anywhere from 1 to 8 days (Sazawa et al., 1969a; Yoshida et al., 1981; Ricklin et al., 2016a; García-Nicolás et al., 2017) and from 2 to 4 days following natural infection (Williams et al., 2001). Evidence of differences in the length of viremia among different genotypes, which could provide a fitness advantage for transmission, was not directly evaluated during this review. An evaluation of the onset, duration, and magnitude of viral titers enabling a comparison among genotypes warrants a comprehensive meta-analysis.

Researchers have reported that JEV can remain detectable in the tonsils of swine for over 21 days post infection (Ricklin et al., 2016a, 2016b; Park et al., 2018; Redant et al., 2022), a period 5x longer than the average 4-day viremia period. However, the implications of this persistence in tonsils and the subsequent impact on transmission are poorly understood. Although JEV latency and reactivation has been demonstrated in mice (Mathur et al., 1986), this process has yet to be described regarding the persistent JEV in swine tonsils.



4.2 Pathological lesions, viral organotropism, and clinical signs

Japanese encephalitis virus infection can be clinically identified in swine herds when reproductive disorders are present in adults, including fetal abnormalities (mummified and stillborn fetuses) and abortions in sows, or by observing neurological signs in young animals. The similarity of JEV clinical manifestations to other endemic viruses, such as the porcine circovirus type 2 (PCV-2) or porcine reproductive and respiratory syndrome virus (PRRSV), presents a potential challenge for early disease detection in the event of a JEV incursion in the United States.

Despite reproductive clinical signs being well reported for sows, a lack of reports describing clinical signs in mature boars constitutes a knowledge gap in this area. Notably, JEV detection in the semen and “testicular fluid” of boars manifesting swollen testicles was reported in Teng et al. (2013) and Nie et al. (2022), respectively. Both studies used convenience samples based on abnormal clinical signs, and thus were not included in the clinical sign synthesis table of this review. However, these potential clinical signs warrant further investigation.

Our review added new evidence to the topic of macro- and microscopic lesions to what it has been previously summarized (Ladreyt et al., 2019) and compared differences in pathological lesions and viral organotropism within systems or organs, between JEV genotypes and study subject demographics; however, available published information was limited to genotypes I and III. Pathological lesions and organotropism were predominantly observed in the central nervous, lymphatic, and reproductive systems, with multiple other systems also affected. An especially intriguing aspect is the involvement of the olfactory bulb as a site for JEV infection. The potential for the olfactory bulb or other structures implicated in organotropic findings to serve as primary entry points into the central nervous system during non-vector transmission remains unclear, but it raises important questions about their role in altering the progression of the infection.

Although we did not identify any reports describing pathological lesions and organotropism of JEV in feral swine populations at the time of our search, a recent study conducted in Sinclair miniature pigs with a feral phenotype observed pathological outcomes consistent with those found in domestic swine after intradermal inoculation with genotype Ib (Park et al., 2023).



4.3 Diagnostic tests

Our review presents a detailed compilation of diagnostic tests evaluated or used for the detection of JEV in swine up to August 2022. Based on our findings, molecular tests, including RT-PCR assays, varied substantially in their diagnostic sensitivity and specificity estimates when detecting JEV in swine-derived samples. However, these assays exhibited high analytical sensitivity and specificity compared to alternatives such as viral antigen capture, or agglutination assays. When Williams et al. (2001) investigated the effect of prior exposure to Murray Valley encephalitis and Kunjin viruses on levels of neutralization and monoclonal antibodies against JEV, via microtiter serum neutralization test and a series of blocking enzyme-linked immunosorbent assay (B-ELISA) tests, serologic cross-reaction of swine antibodies was observed, leading the authors to conclude that these diagnostic tests were inadequate for JEV surveillance in areas where other related flaviviruses are present. More recently, Chan et al. (2022) recognized that the broad antigenic cross-reactivity of antibodies to flaviviruses, specifically dengue viruses, Zika virus, West Nile virus, and JEV, poses a challenge in interpreting serological results in regions where multiple flaviviruses are endemic. Despite these limitations among serological assays, including neutralization tests, enzyme-linked immunosorbent assay, hemagglutination-inhibition test, Western blot, and immunofluorescence test, neutralization tests are still considered the gold standard to differentiate these flaviviruses (Chan et al., 2022; World Organisation for Animal Health, 2023).

Currently, the proposed draft of the U.S. Disease Response Strategy: Japanese Encephalitis (United States Department of Agriculture - Animal and Plant Health Inspection Service (APHIS), 2023) references the intention to implement no-cost diagnostic testing for clinically affected animals as an initial outbreak response measure. The National Veterinary Services Laboratories, Foreign Animal Disease Diagnostic Laboratory, plans to use a reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assay capable of detecting JEV genotypes I-IV, as well as sequencing methods for identification and confirmation of JEV in suspect samples. As the United States advances its strategies for disease response and preparedness concerning JEV, including surveillance and diagnostic testing infrastructure, it is imperative to address issues of cross-reactivity and test capacity. Furthermore, additional information regarding testing throughput and cost estimates would significantly benefit decision-makers as they develop response strategies and evaluate diagnostic alternatives. Portable, rapid diagnostic tests are becoming essential tools for quick, cost-effective, on-site diagnosis, particularly in remote or resource-limited settings (Mohsin et al., 2022). As diagnostic technologies advance, these portable assays can offer significant improvements in JEV surveillance. For instance, Roberts et al. (2022) developed a portable sandwich-type lateral flow assay for detecting JEV in pig serum on-site, whereas You et al. (2024) introduced a portable one-pot RPA-EsCas13d detection system for rapid field detection of JEV. These tools are especially valuable in swine farms, where early detection is crucial to prevent virus spread. To keep recommendations relevant and accurate, future reviews incorporating more recent advancements, particularly those published post-2022, are necessary to provide up-to-date guidance for JEV detection in both endemic and at-risk areas.



4.4 Seroprevalence

Serosurveys from endemic countries provide valuable insights into annual disease epidemic patterns. Ladreyt et al. (2019) reported a thorough overview of epidemiological patterns of JEV seroprevalence in swine, encompassing both domestic and feral populations, from 16 of the 25 countries where JEV has been identified. Although these data are specific to the climate and geographical regions of collection, their patterns can be studied and compared to those observed for other closely related flaviviruses present in the United States, such as WNV (Johnson et al., 2015; Kretschmer et al., 2023), to predict JEV behavior and prepare for an incursion. However, predictions based on data from past climate patterns may be unreliable in the face of ongoing climate changes and its effects on disease dynamics. To support reliable prediction, an up-to-date repository for surveillance data on these epidemiologically complex diseases would not only support research endeavors in monitoring endemic flaviviruses in the United States, but also facilitate contemporary understanding of mosquito population dynamics. This, in turn, would provide a foundation for the creation of efficient preparedness and intervention plans in the event of a JEV introduction to the United States.



4.5 Risk factors


4.5.1 Swine demographic risk factors

There was no evidence of a significant association between breed or sex with JEV seroprevalence. However, older pigs were consistently reported to have greater odds of being seropositive for JEV compared to younger animals. Based on seroprevalence alone, it is not possible to conclude whether this is due to a higher likelihood of exposure over their longer lifespan or an actual greater susceptibility to infection. This ambiguity is a result of utilizing JEV seroprevalence as the outcome measure, which describes a static state of seropositivity in a specific population but lacks the temporal aspect of disease onset. Seroprevalence was the primary outcome utilized in reports evaluating demographic risk factors in both domestic and feral swine. Incidence rate, often preferred for evaluating risk factors in epidemiological studies because it provides a time-specific measure of new cases in the population at risk, was not described in any of the reports included in this review regarding demographic risk factors (i.e., sex, breed, and age).



4.5.2 Swine operation risk factors

When investigating environmental risk factors for JEV seropositivity in swine, our review summarized available literature from regions where JEV is present. The small number of reports evaluating environmental risk factors limits our understanding of those risk factors to the specific swine production settings represented in these studies. Furthermore, the applicability or extrapolation of findings to the United States swine production system is limited due to the complex interaction of environmental factors impacting JEV infection risk for a particular geographic location.

Reports describing studies specifically designed to evaluate farm risk factors associated with JEV infection in swine herds were limited. Additionally, incomplete or inconsistent reporting of results, including statistical significance, and unclear reporting of comparison groups or study design hindered our ability to draw meaningful conclusions about these risk factors. Lee et al. (2020), Lindahl et al. (2013), and Di Francesco et al. (2018) reported outcome values descriptively rather than analytically. Zhou et al. (2019) focused on validating a new diagnostic test for detection of JEV in swine-derived samples, and although samples were collected from swine groups at farms with different production stages, results were not reported or compared among these groups. Yamanaka et al. (2010) aimed to evaluate the association of pig density on two islands with JEV seroprevalence in swine farms, however, sampling was performed during the rainy season on one island and the dry season on the other, biasing their estimations.

Furthermore, reports in which seroprevalence or related outcomes in swine populations located in areas with varying levels of JEV risk were evaluated often did not explicitly discuss or describe these intrinsic characteristics and differences among study groups; therefore, comparative outcomes could not be extracted. Consequently, these reports were not included in the synthesis process.

Lastly, of the swine operation risk factors included in our synthesis, most were evaluated in only one study, except for swine housing type, which was evaluated by two different studies. The four reports summarized in this knowledge synthesis used a proportion of pigs that were JEV seropositive out of the total number of pigs at risk of JEV exposure as the outcome measure, which, as previously discussed, only depicts a static state of disease in a particular study population. Additional studies investigating the association between environmental risk factors and JEV infection in swine, via seroprevalence or other outcome measures, would not only strengthen the body of evidence supporting previously identified farm-level risk factors, but also help identify additional risk factors relevant to other production systems.




4.6 Surveillance

Given the recent expansion of JE’s geographic range throughout the Australian mainland, the World Health Organization (WHO) has recognized the need for strengthened surveillance efforts to assess the disease burden (World Organisation for Animal Health, 2022). Effective surveillance systems are crucial for timely detection of diseases, maximizing the efficiency of response efforts in resource-constrained environments. However, no reports evaluating the effectiveness of surveillance strategies in relation to swine, were identified in this review. Because swine species are considered amplifying hosts for JEV, their use as sentinels is not ideal for indicating the presence of JEV activity. High cost, ambiguous serology caused by cross-reacting antibodies to other flaviviruses, occupational risk associated with swine blood sampling, and increased public health risk of JEV transmission when sentinel pigs become viremic were highlighted as major disadvantages for the use of sentinel pigs (Ritchie et al., 2007). Testing feral swine during the hunting season has been also proposed as a monitoring strategy for JEV endemic areas, though the effectiveness of this approach has not been demonstrated (Nidaira et al., 2014).

Reports evaluating strategies in other species, and their potential effectiveness, although not covered in this review, are available. Mackenzie et al. (2022) described the JEV surveillance strategies in mainland Australia, prior to JEV GIV emergence and spread, which ultimately failed to provide early evidence of JEV activity. These surveillance measures included testing of sentinel chickens and field-caught mosquitoes, combined with predictive modeling of climatic conditions (Mackenzie et al., 2022). Furthermore, although Mackenzie et al. (2022) did not address the effectiveness of surveillance systems, previous literature was contrasted to present a comprehensive discussion of the pros and cons regarding the effectiveness and costs of swine-alternative species—such as chickens, cattle, goats, dogs, and field-caught mosquitoes—for use in animal sentinel systems. Monath (2023) also discussed the recent JEV outbreak in Australia and speculated that JEV had likely spread southwards undetected in birds, feral pigs, and potentially bat populations for months before being detected in commercial pig farms located in southern Australia. A similar scenario could occur in other countries suitable for an incursion and lacking an active JEV surveillance system. Experts suggest that should a JEV epidemic occur in the United States, as it did in mainland Australia, abortion storms in swine could serve as the initial indicator of the disease. However, due to the clinical resemblance to other endemic swine diseases, recognition of a foreign animal disease may be delayed. Diagnostic challenges for a similar flaviviral incursion occurred during the emergence of West Nile virus (WNV) in the United States, resulting in delayed diagnosis and subsequent nationwide spread. Crucially, the introduction of WNV underscored the need for having robust surveillance and response systems in place to effectively manage emerging mosquito-vectored flaviviral diseases.

Currently, there is no active surveillance program for Japanese Encephalitis (JE) in the United States Environmental surveillance strategies exist for West Nile Virus (WNV) and include mosquito trapping and testing, live bird serology, and testing of horses and other vertebrate hosts. Specifically, the national arboviral surveillance system (ArboNET), managed by the Centers for Disease Control and Prevention [Center for Disease Control and Prevention (CDC), 2022], detects seasonal epidemics of WNV. State health departments primarily report human cases, but ArboNET also collects data on arboviral infections from mosquitoes, dead birds, and sentinel animals. Despite its utility, ArboNET has significant limitations due to passive reporting and inconsistent surveillance investment among states, resulting in incomplete data, delayed reports, and underreporting. Since JEV and WNV are transmitted by similar mosquito species and infect comparable hosts, integrating JEV surveillance into existing WNV activities could be feasible but would face the same challenges if reliant on ArboNET.



4.7 Vaccine efficacy

Vaccines exist locally and are used in swine vaccination programs in JEV-endemic countries, including Japan, Korea, Nepal, Taiwan, and China, to protect sows from reproductive disorders. Most vaccines, inactivated and live-attenuated, are derived from cell cultures and are based on GIII, raising concerns about efficacy against other genotypes, such as IV and V. Vaccinating the breeding stock before the mosquito season starts can control viral amplification and reproductive disease in swine. The high turnover of market pig populations, maternal antibody interference, short time window for administration, genotype shifts, and logistic and budgetary constraints, may explain the low vaccination uptake and the slow progress in the development of JEV veterinary vaccines (Williams et al., 2019). Furthermore, pig immunization, along with mosquito mitigation, and human immunization and treatment have been evaluated using mathematical compartmental models. While each control measure contributed toward the reduction of JEV transmission, in most models, vaccination alone (of humans or pigs) was sub-optimally effective in reducing the number of infected pigs and thereby decreasing transmission (De et al., 2016; Kharismawati et al., 2019; Goswami, 2022).

While our review offers a comprehensive summary of the available information regarding efficacy of swine vaccines, a significant gap exists regarding the accessibility and licensure status of these vaccines for swine. There are currently no approved JEV vaccines for use in swine in the United States (United States Department of Agriculture - Animal and Plant Health Inspection Service (APHIS), 2023). Therefore, it seems imperative for the United States to have a plan for the rapid approval of swine vaccines in case of a JEV incursion. In its current draft form (United States Department of Agriculture - Animal and Plant Health Inspection Service (APHIS), 2023), the disease response strategy for JE states “if JE was identified in the U.S., APHIS would investigate availability of acceptable vaccines, potentially involving emergency approval of vaccines being used in other countries.” Identifying effective vaccines that can prevent JEV infection or impede transmission among swine, adopting specific emergency approval procedures, and securing emergency supply contracts, are critical for the responsible authorities to establish a rapid response in the event of a JEV outbreak.



4.8 Basic reproduction ratio

A key epidemiological metric used to describe transmissibility of infectious diseases, the basic reproduction ratio (R0), represents the average number of secondary infections produced by a single infected individual in a completely susceptible population. Values for R0 greater than one can lead to an epidemic as on average each infected host will infect more than one other host, whereas with R0 less than one, the disease will decline and die out in the population. Most studies reported R0 estimates for vector-borne transmission greater than one but ranged between −1.00 and 2.90. When pig-to-pig transmission was considered, R0 was less than one, ranging from 0.001 to 0.83, indicating that direct transmission alone is insufficient to cause an epidemic. In Diallo et al. (2018), the direct transmission among swine populations accounted for up to 11.9% of the overall R0. While it may contribute to the epidemic’s magnitude, it is unlikely to sustain transmission among pigs as effectively as the vector-borne route (Zhao et al., 2018). Thus far, these findings support the conclusion that mosquito-mediated transmission remains the most efficient method for disease spread.

Previously overlooked in prior reviews, this parameter provides crucial information for modeling the transmission and spread of JEV in the United States. However, R0 is not a fixed value and is dependent on factors modeled, such as host availability, mosquito abundance and survival, biting rates, and the incubation period of the virus within the mosquito vector. Given the limited number of models and their geographical/management settings (i.e., Bangladesh, Cambodia, India, Indonesia, and Hong Kong), more work needs to be done in this area to expand the usability of these models to other areas.



4.9 Biosecurity

In addition to vaccination, the implementation of biosecurity measures can contribute to the prevention of viral exposure and infection. Only one report evaluating biosecurity measures, specifically the use of insecticide-treated mosquito nets in pig pens, was identified and included in this review (Dutta et al., 2011). The scarcity of information regarding the evaluation of biosecurity interventions may be attributed to the swine-specific search terms used in this review. Consequently, unless the records explicitly referenced swine, they were not considered, potentially overlooking strategies only targeting mosquito vectors. This lack of information hinders the formulation of evidence-based recommendations on key biosecurity measures, including but not limited to vector control, quarantine, the safe introduction of replacement animals, and low-risk movements of people, animals, and vehicles within swine production systems. Other conventional biosecurity strategies typically employed in commercial swine production systems, such as air filtration, cleaning and disinfection of barns, vehicles, and fomites, as well as perimeter fencing, remain to be evaluated in the context of JEV transmission.

Current biosecurity recommendations for United States swine farms prioritize the prevention of endemic, and some foreign animal diseases like African Swine Fever, Classical Swine Fever, and Foot and Mouth Disease (Secure Pork Supply, 2017). These practices address the primary transmission pathways for those diseases, which include direct contact, mechanical vectors (fomites), aerosols, and contaminated feed. While these programs encompass a range of strategies, including environmental management, the establishment of physical barriers, and the application of chemical and biological controls, to mitigate the risk of disease transmission via insect vectors and wildlife, the recommendations may not be sufficiently robust to prevent diseases where mosquito vectors are the primary route of transmission (Secure Pork Supply, 2017; Alarcón et al., 2021).



4.10 Pork products and other disease impacts

To date, no import or export restrictions have been imposed on JEV positive herds or countries. Recently, messaging from Australia has emphasized that JE is not a food safety concern (Business Queensland, 2023). This messaging is also included in the preliminary draft of the United States Disease Response Strategy for JEV (United States Department of Agriculture - Animal and Plant Health Inspection Service (APHIS), 2023). However, our search yielded no reports pertaining to the safety of processed pork and pork by-products to provide definitive support for these statements. The poor environmental stability described for JEV and other related flaviviruses, such as Zika virus, which are sensitive to UV and gamma radiation, heat, extreme pH, and various chemical disinfectants (Müller et al., 2016; Williams et al., 2019; World Organisation for Animal Health, 2019) suggests that JEV is unlikely to survive in pork products. However, publishing literature addressing the safety of pork products originating from JEV-endemic regions is pivotal for informing public health and food safety policies and recommendations.

Although not initially among our primary research questions, economic impact was identified by experts and stakeholders as a critical outcome of interest. However, given its indirect relationship to JEV transmission, our overarching theme, we deemed it to be a secondary topic of interest. While production losses associated with abortion in sows and infertility in boars, and additional costs related to control and prevention for JEV are expected, studies quantifying the economic impact of JEV introduction into swine production systems are scarce. Although, no peer-reviewed reports evaluating the economic impact of JEV within the context of swine production systems were identified in this review, a recently published economic assessment exploring the potential impacts of a JEV incursion in the United States reported that an estimated 32% of the total United States breeding herd (2,135,940 sows) would be impacted, resulting in a 1 to 2% reduction in United States pork production output, and an estimated economic loss to the United States pork industry ranging between USD 306 million and USD 612 million (Hayes et al., 2024).



4.11 Study design and limitations

Systematic reviews, which are designed to minimize bias, employ explicit methods for conducting a comprehensive literature search, assessing eligibility, and critically appraising study quality. Scoping reviews map the literature by extent, time range, and nature of existing research on a particular topic. This review combined traits from both systematic and scoping reviews to comprehensively explore overall themes pertaining to the role of swine in the transmission of JEV and its effects on swine production systems, particularly focusing on the U.S. From our synthesis, we identified knowledge gaps in the understanding of the role of swine in JEV transmission. These knowledge gaps can inform United States research initiatives needed to improve our understanding of mechanisms of JEV introduction, transmission, and disease impacts, and aid in the development of preparedness efforts for a potential JEV incursion in the United States.

By design, rapid systematic reviews are a modified version of traditional systematic reviews. They incorporate methods to expedite the review process without compromising its systematicity, reproducibility, and transparency. By creating a protocol a priori and thoroughly documenting our methods using the PRISMA-P 2015 (Moher et al., 2015) and PRISMA 2020 (Page et al., 2021) checklists, we ensured a reproducible and transparent methodology. However, the necessary streamlining of a rapid process due to logistical and time constraints may result in some relevant studies being excluded. For example, as we only captured articles written in English, relevant literature, considering the Asian origin and distribution of this disease, was likely excluded. This limitation may have led to a biased selection of literature included for this review. Acknowledging this risk, the benefits of a systematic review completed in a shorter timeframe are more valuable to policymakers and stakeholders needing to make evidence-based decisions.




5 Conclusion

Pigs have a central role in the transmission cycle of JEV. They not only sustain transmission and facilitate spillover to other hosts by producing sufficient viremia to infect mosquito vectors, but they also can display clinical signs of reproductive and neurological disease. This review provides insights into the disease process dynamics, detection methods, control and preventive options, and potential impacts in the swine production system.

Most of the evidence suggests that domestic pigs may be pivotal in the transmission of JEV, while the relative importance of feral swine remains unclear. Research in feral swine is imperative for informing policymaking and the development of strategic initiatives aimed at mitigating JEV spread and surveilling viral activity. The estimated 6 million feral swine present in 35 U.S. states could serve as efficient hosts of JEV, should it be introduced. Improved knowledge regarding the dynamics of feral swine populations in the United States and their potential role in the spread and establishment of JEV, would be invaluable for assessing the risk posed to commercial swine operations located in various regions across the country.

Given the importance of the swine industry to the United States economy, a JEV incursion would cause a significant impact to this sector, considering the susceptible immune status of the United States pig population. Previous exposure to other flaviviruses (e.g., WNV) may confer some level of cross-protection to United States swine herds, however, the extent of this protection and its impact on JEV’s basic reproduction ratio is not known. In the event of a JEV incursion in the United States, mathematical models will likely be used to inform policy decisions regarding its control, highlighting the importance of understanding dynamics of disease transmission and spread.

Having access to information for making evidence-based decisions is crucial for minimizing significant potential impacts on animal health and the economy within the swine sector. Once information is gathered, providing education to and encouraging communication between government officials, veterinarians, academics, and swine producers becomes critical. The consideration of existing evidence aids in the identification of research priorities by highlighting important areas where missing or inadequate information limits the ability of a researcher to reach a conclusion and make an evidence-based decision. This is particularly crucial in the event of an outbreak in the United States, where preemptive measures can help minimize the spread of the virus, safeguard both human and animal populations, and ensure the long-term sustainability of the swine production sector.
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JEV vaccine efficacy in swine
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Knowledge synthesis table (N)

Supplementary Table 54 (16)

Supplementary Table $4 (22)

Table 3 (26)

Supplementary Table $5 (21)

“Table 4 (28); Supplementary Table S6a,b (37)

Table 5 (13)

Table 6 (4)

NA (0)

‘Table 7 (16); Supplementary Table §7 (19)

‘Table 8 (7); Supplementary Table $8 (10)

NA ()

NA (0)

Knowledge gap summary

Pathological lesions associated with JEV genotype I were limited to the central
nervous system of domestic swine. No reports describing pathological lesions.
associated with JEV genotypes I, IV, or V in domestic swine were identified. There
were no reports describing pathological lesions associated with any JEV genotype in
feral swine populations.

‘There were no reports describing organotropism associated with JEV genotypes II, IV,
or V in domestic swine, or any reports describing organotropism associated with any

JEV genotype in feral swine.

No reports describing clinical signs in feral swine were identified during this review.
Small sample sies, reporting deficiencies, and inconsistency in observed dlinical
signs were the most frequent limitations for drawing conclusions for specific age
categories. There were no studies detailing clinical signs associated with JEV

genotypes I IV, or V in any swine population.

NA

NA

“There was a limited number of studies evaluating the association between sex in
domestic and feral swine, as well as age in feral swine with JEV seroprevalence (or
seroconversion). Although increased age was consistently associated with higher JEV
seroprevalence in domestic swine, there were few studies conducted in feral swine to
draw conclusions and therefore this also remains a knowledge gap.

“The limited number of reports and uncertainty regarding the consistency of observed
results were the main drivers of the knowledge gap associated with farm-level risk
factors. Additionally, there was limited literature evaluating the association between
environmentalrisk factors representative of those in United States swine production
systems with JEV seroprevalence or seroconversion.

No reports evaluating the effectiveness of surveillance strategies for JEV in swine

herds were identified.

NA

Reports estimating R, via vector-borne or direct transmission in domestic or feral
pigs from observational data were not captured in this revier. Similarly, reports
evaluating R, via direct transmission from experimental data in feral pgs were not
captured. Mathematical models estimating R, i the context of other eco-climates,
besides tropical to sub-tropical, were not identified.

No other biosecurity measures, besides the use of insecticide-treated mosquito nets

covering swine pens, were evaluated within reports included in this review.

No reports evaluating JEV transmission via pork products were identified.

JEV, Japanese encephalits virus; N, Number of reports addressing the corresponding research question and included in the respective summary tables; NA, Not applicable (indicated when no
reports were identified regarding the research question, or the research question was not amenable for utilization of the knowledge gap tool). *Among the 211 reports describing use of a
diagnostic test for JEV detection in swine samples, 51 unique diagnostic tests were identified.
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Vaccine information

Study design and challenge

Efficacy evidence

Referencel(s)

Live attenuated

§ strain alone* and a mixture of §' strain and
E-strain of the GP series of the hog cholera

virus'

§ strain®+

Strain TWN-21%

Attenuated S-strain®

Commercially available Iyophilized vaccine
produced in monkey kidney cell culture!

Strain M-PK/L'

Killed
Formalin inactivated JE vaccine for animal use

Formalin inactivated JE vaccine for animal use

plus Freund’s complete adjuvant*
Multiple type comparisons
Live attenuated m mutant strain*

Live attenuated ML-17 strai
JaOH 0566 strain by authors)

(adapted from

Inactivated JEV vaccine
Chimeric classical swine fever-Japanese
encephalits viral replicon from a cDNA clone
of pAIS7delE2/JEV-AE*

Other

Highly attenuated vaccinia (NYVAC) vectored
recombinants (vP908 and vP923)

JE-DNA vaccine based on pNGVL4a and a
partial dose of a commercial formalin-

inactivated vaccine for human use®
GIJEV virus-like particles

Passive immunization with monoclonal
antibodies (JEV-31 mAb or JEV-169 mAb)

strain (Genotype)

(sample size vaccinated)

Other (research); NR; Nursing (n=3)

NR; NR; Weaning (n=2)

VE&C with Sagara
Other (research); NR; Nursing (1= 1% -
NR; NR; Weaning (n=2% n=11")
V&NE NR; Female; Mature (n=12)
V&C with AS-6 Landrace; Female; Mature (n1=2)

VB&C with AS-6 Landrace; NR; Finisher (n=2)

V&NE Yorkshire/Landrace; NR; Finisher (11=5)

V&Cwith JaGAr-01 (GIIT) NR; NR; Weaning (1=NR)

NR; NR; Grower to mature (n=25 n=3‘)

VB&NE
NR; NR; Grower to mature (n=3+)

V&C with Furumoto Other (research); NR; Nursing (n=4)

V&C with JaGAr-01 NR; NR; NR (1=2)
VB&C with JaGAr-01 NR; NR; NR (n=2)
VB&C JEV $A-14 (GIII) Yorkshire; NR; Weaning (n=5)

VE&C Beijing P3 (GIIT) NR; NR; Weaning (n=3)

VB&C with JEV B-2358/84 Landrace; Male; Growing (n=5)

VB&C with Sw/Mie/40/2004 (GI-b) Other (research); Female; Mature (n=2)
VB&C with Y1.2009-4 (GI) and CH1392 Other (research); NR; Weaning to groy
(G (n=9)

Passive immunization & challenge with JE-91

Other (research); NR; Weaning (n=10)
@ ¢

Antibody titers; Clinical signs; Viremia

Antibody titers; Viremia

Antibody titers; Clinical signs; Vertical

transmission; Viremia

Antibody titers; Viremia
Antibody titers; Viremia; Virus isolation

Antibody titers; Transmission to

mosquitoes; Vire

Antibody titers*; Viremia®

Antibody titers; Clinical signs; Viremia

Antibody titers

Antibody titers; Mortality

Antibody titers; Clinical signs; Viremia

Viremia

Antibody tites; Fetal death

Antibody titers; Clinical signs; Tissue

tropism; Viremia

Antibody titers; Clinical signs;
tropism; Viral shedding; Viremia

Sazawa etal. (1969b); Sazawa et al. (1969)*

Lee etal. (1975)

Fujisaki et al. (1975)

Ueba et al. (1978)

Sasaki etaal. (1982)

Ogata etal. (1969)5 Ogata etal. (1970)*

Kodama etal. (1968)

Yoshida etal. (1981)

Lietal. (2008)

Yang et al. (2012)

Konishi et al. (1992)

Imoto etal. (2010)*

Fan etal. (2018)

Young et al. (2020)

NR, Not reported; V&C, Vaccinate and challenge; V&NE, Vaccinate and natural exposure; VB&C, Vaccinate, booster, and challenge; and VB&NE, Vaccinate, booster, and natural exposure. Superscripts denote study specific information within the applicable row.

“Author produced vaccine.

‘Lot L-4 from Kanonji Institute, The Research Foundation for Microbial Diseases of Osaka University, Kanonji, Kagawa.

‘Biken Laboratories, Japan.
‘Difco Lab.
JEVAX; Takeda Pharmaceutical Osaka, Japan.

'Report also includes studies comparing inoculation route of the vaccine (needle-free injection vs. normal syringe with needle) and other positive controls.
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Population Location Risk factor  Positive/ Seroprevalence, % Odds p-value Reference(s)

level Total (%) (95% ClI) ratio
(95% CI)
Breed (n=5) Summary: No evidence of an association between breed and JEV seroprevalence in domestic swine.
Domestic
Local 101152 (6.6) - REF
Exotic
Both; Finisher to 5/83(6.0) - 09(03-28) <015 but>
Nepal Improved ‘Thakur et al. (2012)
mature 005
5527-
61219(278) -
Mixed breed 1.2
Duroc NR/I5
Landrace NR/28
Female; Mature Vietnam NR NR >005* Lindahl et al. (2012)
Yorkshire NR/164
Hybrids NR/72
‘Wet: Indigenous | NR/191 80.6 (0.75-0.86) -
Wet season:
Wet: Exotic NR/68 82.4(73.1-916) )
0.89%
NR; Finisher to Wet: Crossbreed | NR/18 778 (56.5-99.1) -
Laos Conlan etal. (2012)
mature Dry: Indigenous | NR/367 706 (65.9-75.2) -
Dryseason:
Dry: Exotic NR/10 70.0 (35.4-100.0) - e
Dry: Crossbreed | NR/11 727 (41.3-1000) -
Both; Young to Local NR/SS(132) - 0.95(09-1.0)
Malaysia >0.05* Kumar et al. (2018)
mature Import NR2(1000) - REF
Crossbreed 100.0 (NR) )
Both; Grower to Total: 185/199 Henriksson et al.
Cambodia Commercial 96.8 (NR) - 038+
mature ©3.0) (2021)
Indigenous 910 (NR) B
Sex (n=5) Summary: No evidence of an association between sex and JEV seroprevalence in swine.
Domestic
Unspecified; Female 450226 (199) - REF 007 but>
Nepal Thakur et al. 2012)
to mature Male 3U28(157) - 0.6(03-1.0) | 005
NR; Weaner to Female 11/194(5.7) 5.7 (NR) -
Tibet >005% Zhang etal. (2017b)
finisher Male 12/260 (4.6) 4.6 (NR) =
Unspecified; Young Female NRI20(550) - 15(07-33)
Malaysia >005% Kumar et al. 2018)
to mature Male NRI70(@14) - 09(07-1.1)
Feral
Female Total: 30/36 769 (NR) -
Juveniles and adults  Japan >005 Ohno etal. (2009)
Male (833) 7.0 (NR) .
Female Total: 47/90 Not .
Youngand adulis Japan NR NR Sugiyama et al. (2009)
Male (522) significant*
p—— Summary: Most studies (n=7 of 11) found a risk of increased swine JEV seroprevalence associated with increasing ages only one study found a significant,
n=
negative association.
Domestic
4-6months 4165 (67.7)
NR;NR Thailand NR NR 0.04% Burke etal. (1985)
7-12months | 30/35 (85.7)
< 2months 94/198 (47.5)
2-4months 721128 (56.2)
NR;NR Cambodia NR NR <0.001 Duong etal. (2011)
4-6months 48/55 (87.3)
> 6months 118/124(95.2)
Unspecified; Both ~ Nepal NR Total: NR/454  NR NR 2015 Thakur et al. 2012)
Wet:
NR/69 69.6(55.4-807) -
4-6months
Wet: Wet season:
NR/173 850 (79.6-903) -
7-12months 0,02
Wet:
NR/23 87.0(72.1-100.0) -
> 12months
NR;NR Laos Conlan etal. (2012)
Dry: .
NR/28 786 (62.4-94.8)
4-6months
Dry: - Dryseason:
” NR/169 716 (647-785) i
7-12months 064
D
NR/193 69.9(71.4-83.0) =
> 12months
Duroc, Landrace, <15years NR/57 : REF
Yorkshire, and Vietnam 15-35years | NR/ISO - 24(12-48) | 0002 Lindahl et al. (2012)
hybrids; Female > 35years NR/41 - 6.4(22-183)
Young NR40(600) - 19(13-27) | o001 Kumar et al. (2018)
Unspecified; Both | Malaysia
Adult NR/50 (25.0) - 0.4(02-0.7)
NR; Both Vietnam 5-8weeks Total: 717 (68.7-74.7) - Significant’ | Lee etal. (2019)
9-12weeks 1,469/2,000 703 (66.8-73.6) -
(735)
Mature sow 823 (78.1-859) -
NR;NR India <3months NR/I3LOO) - 0000-00) | 076" Kumar et al. (2020a)
3to<6months | NR/I9(55) - 06(0.1-3.3)
6to<12months  NR/316(10.8) - 09(0.2-4.8)
> 12months NRI20(100) - REF
NR;NR 2-4months 9/58 (15.5) NR NR <0001 Ladreyt etal. (2020)

>d4-5months | 12/28 (42.9)

>5-6months 14/26 (53.8)

Unspecified; Both 3to>12months | Totak: 183/197 - 17010-28) 008 Henriksson et al.
(continuous) (929) (2021)

Feral

Both Japan Juvenile Total: 30/36 80.0 (NR) - >0.05 Ohno etal. (2009)
Adult (®33) 909 (NR) -

Cl, Confidence interval; NA, Not applicable; NR, Not reported by authors; REF, Referent category.
ex and age are reported for populations where breed was evaluated as  risk factor. Breed and age are reported for populations where sex was evaluated as a isk factor. Breed and sex are
reported for populations where age was evaluated as a risk factor. The population information reported for feral pigs is age.

‘Results from an univariable mixed effects logistc regression model.

‘Results from a multivariable mixed effects logistic regression model.

“Results from a Chi-squared or Fisher’s exact test.

“Authors reported in text that no significant differences in JEV positivity between males and females was observed; no p value cut-off was stated.

"Authors reported that seroprevalence in sows was significantly higher compared to animals of other age groups. The difference was deemed statistically significant if the 95% confidence
intervals did not overlap.
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Population Location Risk Positive/ Seroprevalence, %  Odds p-value Referencel(s)

[breed; sex; factor Total (%) (95% CI)* ratio (95%

age] level Cl)

Farm location

Elevation (n=1) Summary: Risk of increased JEV seroprevalence as farm location elevation decreased.

Local, Exotic, and
Elevation

Mixed; NR; Finisher  Nepal 761454 (167) - 04(02-08) | <001 Thakur et al. (2012)
(1,000m)

to mature

Locality (s Summary: One of two studies found a risk of increased JEV seroprevalence associated with a farm located in an urban area versus a rural area.

Local, Exoti Urban 53/138 (38.4) B 40 (1.9-8.1)"

Nepal <0001t ‘Thakur et al. (2012)

Rural 23/316(73) - REF

to mature

Local and Import; Urban NR/SS (100.0) - 09(0.9-1.0)

NR; Young to Malaysia . >005* Kumar et al. (2018)
Rural NR/2(0.0) REF

mature

Proximity to rice

Summary: No significant association between a farm located within 2001 of  rice paddy and swine JEV seroprevalence, after controlling for other factors.

paddy (n=1)
Local, Exotic, and No 0523024 - REF
<0.001*but >
Mixed; NR; Finisher ~ Nepal | ‘Thakur et al. (2012)
Yes 36/131 (27.5) - 33(1.9-54) 005
to mature
Proxinity to
stagnant water Summary: No significant assaciation between stagnant water within 200m of the farm location and swine JEV seroprevalence.
(n=2)
Local, Exotic, and No 21194108) - REF
<0001 but >
Mixed; NR; Finisher ~ Nepal ‘Thakur etal. (2012)
Yes 55/260 (21.2) - 31(18-54) | 005
to mature
Local and Import; No NR/1(0.0) = REF
NR; Young to Malaysia . 098(093- | >005% Kumar et al. (2018)
Yes. NR/89 (100.0)
mature 1.03)

Farm management, resources, and infrastructure

Farm water source

P Summary: Significant association between water source and swine JEV seroprevalence.
n=
Tap 36279 (129) - REF
Well 19/29 (65.5) B 7.3 (2.7-19.5)"
Nepal <005 ‘Thakur etal. (2012)
Commontap  12/32(37.5) - 23(0.9-5.9)
to mature
River 9/114(7.9) - 09 (03-24)"

Animal source

Summary: No significant association between animal source and swine JEV seroprevalence

(n=2)
Same farm 10729 (34.5) - REF
Local, Exot Same village 55/224 (24.6) - 0.6(0.2-1.4)"
<01sbut
Nepal Same district  11/168 (6.6) - 010503 | o Thakur etal. (2012)
tomature Endemic -
0/33(0.0) NA
district
Local and Import; Same area NR/45 (46.7) - 1107-16)
NR; Young to Malaysia . >0.05% Kumar et al. (2018)
Same state NR/45 (42.2) 09(0.6-1.4)
mature
Toilet (n=1) Summary: No significant association between restroom availability and swine JEV seroprevalence, after controlling for other factors.
Local, Exotic, and Restroom 256615 - REF
<0001 but
Mixed; NR; Finisher ~ Nepal B ‘Thakur etal. (2012)
Open 34/88 (38.6) 49(28-83 | > 0.05
to mature

Housing type (n=3)  Summary: Three of four studies found no significant association between swine housing type and JEV seroprevalence.

Open NR NR
Local, Ex
Mixed NR NR
Mixed; N Nepal Total: NR/454 2015 ‘Thakur et al. (2012)
to mature Separate NR NR
enclosed
Wet:NR/257 | 817 (77.0-86.5)
Penned -
Dry:NR/206  77.2(71.4-83.0)
NR; NR; Finis Wet: NR/4 50.0(0.0-100.0) Wietsesson:
Laos Free range - 0.16% Dry Conlan et al. 2012)
mature . -
Dry:NRII67 | 60,5 (53.0-68.0) S0 00®
Wet: NR/O NA
Mixed -
Dry: NR/6 100.0 (NA)
NR; NR; Weaner to Farms Total: 35/112 260 (14.0-40.0)
N Cambodia - 03+ Ladreyt etal. (2020)
finisher Backyard (31.3) 35.0 (24.0-48.0)

Host and vector presence around farm

Presence of
Summary: One of two studies found a risk of increased swine JEV seroprevalence with the presence of mosquitoes at the sit.
‘mosquitoes (n=2)

Local, Exot Yes 7380 - 36 (L1-26)"

Mixed; N Nepal 004 Thakur etal. (2012)
No 3/106 (2.8) bl REF

to mature

Local and Import; Yes NR/88 (43.2) - 1.0(0.9-1.0)

NR; Young to Malaysia >005* Kumar et al. (2018)
No NR2(1000) - REF

mature

Presence of ardeid

. Summary: No significant association between the presence of ardeid birds on the farm and swine JEV seroprevalence.

irds (n=

Local and Import; Yes NR/SS (455) | - 10(10-11)

NR; Young to Malaysia . >005* Kumar et al. (2018)

ratiife No NR/2(0.0) REF

CI, Confidence interval; NA, Not applicable; NR, Not reported by authors; REF, Referent category.
‘Results from an univariable mixed effects logistic regression model

‘Results from a multivariable mixed effects logistic regression model.

*Obtained from a Chi-squared or Fisher’s exact test.
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