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Editorial on the Research Topic
 Emerging and Re-emerging Vector-borne and Zoonotic Diseases



The Colombian Nobel laureate Gabriel Garcia Marquez stated in his last will, “la muerte no llega con la vejez, sino con el olvido” (“death does not come with old age, but with oblivion”). Indeed, how many deaths due to tropical diseases can be avoided? How can investment in these neglected diseases significantly change the course of the disease? Even in a macro vision, how could the socioeconomic condition of those affected by these diseases be changed to avoid transmission, morbidity, and mortality? We must rescue tropical and emerging global diseases from oblivion, and the rescue begins with us.

Despite significant advances in diagnostic tools, sequencing technologies (1–5), new drugs, and vaccine development using precision medicine (6–9), pharmacogenomics (10–12), computational and in silico models (13–16), and artificial intelligence (17–20); the benefits of these accomplishments have not been fully realized in the field of emerging and re-emerging vector-borne and zoonotic diseases (21). Emerging vector-borne and zoonotic diseases are a growing threat to global health and have caused hundreds of billions of US dollars of economic damage in the past 20 years (22). Together, these infections are responsible for a substantial disease burden, with endemic and enzootic zoonoses, and metaxenic diseases causing about a billion cases of illness in people and millions of deaths every year (22). Moreover, old foes with us for hundreds [like Chagas disease (23–25)] or thousands [like leprosy or Hansen's disease (26–28)] of years are yet to be eliminated or controlled in many countries. This is the tragedy of neglected tropical diseases. Disinterest and disincentive are monstrous impediments to the progress that could be made by governments, major pharmaceutical companies, and other actors in the development of new drugs, research initiatives, diagnostics, and vaccines for these diseases.

The rescue from oblivion is accomplished in multiple ways, including increasing visibility; generating, disseminating, and implementing new knowledge and evidence; elaborating strategies and tools for the benefit of communities and patients, and pursuing research in a more integrated and comprehensive form, but also looking for ways to translate that research into policies. After millennia, standing in the dawn of the XXI century, we are at a crossroads. We can reinvigorate the global commitment to confront these problems; otherwise, several of these conditions will persist, taking millions of lives, causing substantial disability, and increasing poverty in already impoverished populations.

This collection of articles endeavors to identify unique and essential challenges and opportunities for improving the management of vector-borne and zoonotic diseases. As clinician-investigators, we favor a future that is characterized by improved health metrics globally and a human population that seeks to be a good steward of the planet on which it depends. Of course, it is easy to pontificate about what must be done and how grand the scale should be. However, viable solutions will accept the arduous tasks that buttress their pursuit. Our world is one of limited capital (political, human, financial). Thus, the field of vector-borne and zoonotic diseases needs to include advocates, educators, and communicators to ensure that populations have awareness and understanding of what is at stake for their future and political leaders are held accountable to serve the best interest of their people through policy and resource allocation (29–31). Here, we outline vital ideas that will shape the future of the vector-borne and zoonotic diseases field. We draw on One Health and Planetary Health models—essentially recognizing the interdependence of human health, animal health, and environmental health; ideas endorsed by major international organizations such as WHO (32)—and include lessons learned from the contributors to this collection of articles.

The diagnostics underlying surveillance are a cornerstone for the public health management of infectious diseases, providing a means to monitor and model transmission and evaluate the impact of prevention and control activities (33). However, existing systems vary considerably in the organization, investment, and linkage to action or resource mobilization. Surveillance networks often focus on a specific pathogen but may also be centered on the syndromic presentation of illnesses such as acute respiratory illness or hemorrhagic fever. While serologic approaches remain important, molecular surveillance is the nexus of pathogen discovery and monitoring. Global surveillance must be strengthened at all levels. Bolstering existing vertical systems at local and national levels has advantages. These include investment in training and deployment of skilled field epidemiologists and maintenance of information systems for collecting, analyzing, and reporting data. Complimentary efforts by international entities such as the WHO to standardize practices and definitions help coordinate response efforts. Given the high volume of (pre-2020) international travel, unique surveillance networks that precisely monitor travel-related infections offer exciting opportunities to assess the spread of infectious diseases across borders (34–36). Of course, case definitions must be in place and diagnostic tools must be rapidly developed and deployed for novel pathogens to enable accurate surveillance. Making surveillance information robust and readily accessible accelerates research to understand and respond to existing and novel pathogens while informing public health decisions.

Treatment and prevention of infections are critical. Vaccination, which is not covered further here due to space limitations, is among the most celebrated achievements in medicine, and recent efforts in the Zika and COVID-19 pandemics have set an incredibly high bar for the rapidity with which safe and effective vaccine candidates can be developed (37). There are no licensed antivirals and a dearth of promising candidates for emerging diseases such as SARS, MERS, Ebola and Zika (38). The trend has been that intense research and publications follow on the heels of news of a new epidemic of potential global concern. However, interest and investment in these activities quickly subside. A greater armamentarium of treatments could have enormous benefits for combatting future vector-borne and zoonotic diseases, which is precisely the goal of innovative initiatives such as READDI (Rapidly Emerging Antiviral Drug Discovery Initiative) (38). Completing phase 1 trials of antivirals does not require a pre-known indication. We could start at phase 2, quickly screen in vitro, and test in vivo in parallel.

This Research Topic by Frontiers in Medicine and Frontiers in Public Health brings together a diversity of articles that focus on different pathogens, representing different points on the translational research spectrum, anchored in different disciplines. The goal was to provide a succinct sample of the vector-borne and zoonotic diseases affecting populations worldwide and some of the scientific methods involved in a public health response. The collection was finalized in 2019; but, the events of 2020 cannot be ignored. The COVID-19 pandemic is nothing less than a calamity. However, the emergence of SARS-CoV-2 is neither unique nor surprising; it is part of a pattern and process, and the palpable consequence of the close correlation of human, environmental, and animal health. Details of emergence are difficult to predict, but the reality that our global ecosystem holds countless potential pathogens, particularly RNA viruses, that could “spillover” under certain conditions and propagate among humans is well-known. The possible emergence of other CoV epidemics was predicted in the prescient work by Menachery et al., several years before the current pandemic (39). The COVID-19 pandemic has been difficult and tragic, but it also reveals the need for dedicated attention to comprehensive management plans for vector-borne and zoonotic diseases that could prevent future catastrophes.

This Research Topic has exceeded expectations in scope and content. The original article on dengue is an exciting paper, combining findings and experiences from two endemic countries in Latin America (Ecuador) and Asia (Thailand) Anderson et al. The Zika virus papers show the importance of surveillance and the broad spectrum of congenital disorders associated with this arbovirus, as is the case of arthrogryposis Contreras-Capetillo et al. and Lim et al. In addition to the epidemiological and clinical aspects of arboviruses, basic immunological aspects are also crucial in understanding these conditions, as shown in the article about T cell responses to Japanese encephalitis Pushpakumara et al. After the 2014 epidemics, Ebola persisted in countries such as the Democratic Republic of Congo, representing a significant burden of morbidity and mortality, as discussed in the article by Grimes et al. Myiasis, although forgotten by many, is still causing problems in different populations, including newborns, as discussed in the article by Ruiz-Zapata et al. The role of dogs in multiple zoonotic diseases still needs to be addressed regarding multiple pathogens, including Echinococcus granulosus, as presented by Khan et al., in their article. Coinfections represent a challenge in the context of tropical diseases related to other tropical diseases, but also other infectious diseases; this interesting aspect in the context of HIV is presented in the diagnosis of visceral leishmaniasis da Silva et al. In its vision of ecoepidemiology, the article of Krystosik on the role of solid waste in breeding sites, burrows, and food for vectors and urban zoonotic reservoirs is fascinating Krystosik et al.

It seems clear that zoonotic and emerging infectious diseases must be confronted via a multifaceted approach, which includes integrating across disciplines (veterinary medicine, vector biology, immunology, epidemiology, among others) as well as across biological scales (molecules → pathogens → ecosystems). Among the best existing frameworks to improve integration in our concepts, health offers new collaborations and actions. We will undoubtedly be given additional opportunities to react to small outbreaks or new pandemic threats (32, 40–43). However, success in this field will be marked by an increasingly proactive and preemptive mode of operation—we need to know what is coming, have adequate tools and therapeutics poised for application and adaptation, and identify measures to prevent the emergence of novel pathogens (rather than the spread of emerging diseases)—particularly as a counter to myopic or destructive human activity, as these are a detrimental driver for the health of our species.

Many are hard at work, but more effort is required and the challenges are great. We want a world with equity, less disease, and more health, especially in those areas where the impact of these conditions has truncated the lives of millions. We hope readers will benefit from the insights of the experiences and findings in this Research Topic whilst also being motivated to take action in pulling these diseases, and those who suffer from them, out of oblivion.
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Background: Zika virus (ZIKV) emerged in May 2015 in Brazil, from which it spread to many other countries in Latin America. Cases of ZIKV infection were eventually also reported in Curaçao (January 2016) and Bonaire (February 2016).

Methods: In the period of 16 December 2015 until 26 April 2017, serum, EDTA-plasma or urine samples were taken at Medical Laboratory Services (MLS) from patients on Curaçao and tested in qRT-PCR at the Erasmus Medical Centre (EMC) in the Netherlands. Between 17 October 2016 until 26 April 2017 all samples of suspected ZIKV-patients collected on Curaçao, as well as on Bonaire, were tested at MLS. Paired urine and/or serum samples from patients were analyzed for ZIKV shedding kinetics, and compared in terms of sensitivity for ZIKV RNA detection. Furthermore, the age and gender of patients were used to determine ZIKV incidence rates, and their geozone location to determine the spatial distribution of ZIKV cases.

Results: In total, 781 patients of 2820 tested individuals were found qRT-PCR-positive for ZIKV on Curaçao. The first two ZIKV cases were diagnosed in December 2015. A total of 112 patients of 382 individuals tested qRT-PCR-positive for ZIKV on Bonaire. For both islands, the peak number of absolute cases occurred in November 2016, with 247 qRT-PCR confirmed cases on Curaçao and 66 qRT-PCR-positive cases on Bonaire. Overall, a higher proportion of women than men was diagnosed with ZIKV on both islands, as well as mostly individuals in the age category of 25–54 years old. Furthermore, ZIKV cases were mostly clustered in the east of the island, in Willemstad.

Conclusions: ZIKV cases confirmed by qRT-PCR indicate that the virus was circulating on Curaçao between at least December 2015 and March 2017, and on Bonaire between at least October 2016 and February 2017, with peak cases occurring in November 2016. The lack of preparedness of Curaçao for the ZIKV outbreak was compensated by shipping all samples to the EMC for diagnostic testing; however, both islands will need to put the right infrastructure in place to enable a rapid response to an outbreak of any new emergent virus in the future.
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INTRODUCTION

Zika virus (ZIKV) is an arbovirus that belongs to the Flaviviridae family, genus Flavivirus, and is transmitted through the bite of infected Aedes aegypti mosquitoes, via sexual contact (1–3), or from mother to fetus (4). ZIKV infection is often asymptomatic or otherwise presents with mild symptoms such as fever, macopapular rash, conjunctivitis, myalgia, and headache (5). In a small number of cases, ZIKV infection can result in serious complications such as Guillain-Barré syndrome (6–10), maculopathy (11–13), or microcephaly in newborns when the mother is infected with the virus during pregnancy (14–18).

Historically, since its discovery in Uganda in 1947, ZIKV was confined to Africa resulting only in sporadic cases of mild disease. In 2007, however, this pattern changed when the first major outbreak of ZIKV occurred in Yap (Federal States of Micronesia) where ~73% of the population was infected and symptomatic disease developed in ~18% of infected persons (19). Since then, ZIKV spread rapidly across the Pacific Ocean, causing outbreaks in French Polynesia (20), Cook Islands (20), Easter Island (21), New Caledonia (22), until eventually emerging in the Americas (23). Here it was first reported in Brazil in continental South America in May 2015, after which the virus spread to other Latin American countries, such as Colombia (October 2015), Surinam, El Salvador, Mexico, Guatemala, Paraguay, Venezuela (November 2015), Panama, Honduras, French Guiana, Martinique, Puerto Rico (December 2015), Maldives, Guyana, Ecuador, Barbados, Bolivia, Haiti, Saint Martin, Dominican Republic, Nicaragua, Jamaica, Curaçao, Costa Rica (January 2016), Bonaire and Aruba (February 2016) (24, 25). In Brazil alone, it has been estimated that between 440,000 and 1.3 million persons were infected with ZIKV in 2015 (26), and around 2366 cases of ZIKV-associated microcephaly/CNS malformations have been reported (as of February 2017, www.statista.com). Since then, the epidemic continued to spread, and the total number of infected persons and children with congenital ZIKV syndrome still remains to be determined.

Curaçao, a nation of almost 150,000 inhabitants, is known for its circulation of A. aegypti transmitted viruses, such as dengue virus (DENV) and chikungunya virus (CHIKV). DENV has been endemic on Curaçao for decades and outbreaks of the virus occur here every few years. The most recent outbreak of dengue occurred in 2014, where Curaçao health authorities had reported 194 suspected and 20 confirmed cases of dengue at the end of August (27). In June of the same year, the first case of CHIKV was also reported, which was the start of a major outbreak on the island that lasted until February 2015. By the end of November 2014, 1,838 suspected and 835 confirmed cases of CHIKV had been reported (28). Dengue is also endemic on Bonaire, a nation with almost 19,000 inhabitants, but not many reports are available.

Due to the high degree of serological cross-reactivity between flaviviruses, confirmation of infection poses a challenge. As IgM is thought to be more specific than IgG, detection of IgM against ZIKV by ELISA represents a possibility; however, cross-reactivity of DENV and ZIKV IgM has been demonstrated (29). This means that confirmative neutralization assays would still be required. As a result, confirmation of flavivirus infections is mostly based on detection of viral RNA in serum by using quantitative real-time PCR (qRT-PCR). However, for several arboviruses such as DENV or ZIKV, the level of viremia present in the blood during the symptomatic phase is often very low, which makes detection problematic. The use of urine as an alternative matrix for detecting ZIKV RNA was investigated by several laboratories and was found to be a good alternative to serum, EDTA-plasma and saliva, due to the higher levels of RNA found, and the longer period of time that urine was found positive after the onset of symptoms (>10–20 days) (30, 31). In contrast, another study demonstrated detection of ZIKV in whole blood for a longer period of time compared to urine and serum (32). Based on these observations, official World Health Organization (WHO) interim recommendations included using either whole blood, serum, or urine for nucleic acid testing (NAT), and serum for IgM detection (33). The routine confirmation of serological results by virus neutralization assays was not recommended as it was considered unfeasible.

To define the scope of the ZIKV outbreak on Curaçao and Bonaire, we determined the number of confirmed ZIKV cases based on qRT-PCR diagnostics, the incidence rates of infection in patients in terms of age and gender, as well as the geospatial distribution of ZIKV cases on Curaçao. In addition, paired urine samples from Curaçao were assessed for ZIKV shedding kinetics, while paired urine and serum samples from Bonaire were compared for sensitivity of ZIKV RNA detection.



METHODS

In the period of 16 December 2015 until 26 April 2017, serum, EDTA-plasma or urine samples were taken at Medical Laboratory Services (MLS) from patients on Curaçao presenting with symptoms resembling ZIKV infection, such as fever, rash, headache or conjunctivitis. Between 16 December 2015 and 15 October 2016, the collected samples were inactivated and stabilized in MagnaPure lysis buffer (Roche Diagnostics, Almere, the Netherlands) and shipped to the diagnostic laboratory of the Erasmus Medical Centre (EMC) in Rotterdam, the Netherlands, where ZIKV RNA was tested by an ISO15189:2012 validated, internally controlled lab-developed real-time semi-quantitative qRT-PCR. In short, total nucleic acids were isolated using an external lysis protocol on the MagNA Pure LC robotics system (Roche Diagnostics) and subsequently tested in two independent qRT-PCRs using TaqMan® 1-Step Fast-Virus Master Mix (Thermo Fisher Scientific, Bleiswijk, the Netherlands) and primers targeting the envelope and the NS2A, in multiplex with an internal control (PDV), in a LC480-II cycler (Roche Life Science) (Table 1). The cut-off was set at <45 CT values. Starting from 6 July 2016, only the primer pair targeting the envelope was used in the qRT-PCR for confirmation of ZIKV infection.


Table 1. Lab-developed qRT-PCR primers and probe used for diagnostics of ZIKV.
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As the etiology of the clinical manifestations of patients was still uncertain during the first 2 months of the outbreak (December 2015 and January 2016), serum samples collected from patients were also tested for DENV and CHIKV RNA using FTD Dengue/Chik multiplex (Fast Track Diagnostics, Esch-sur-Alzette, Luxembourg). Between December 2015 and October 2016 paired urine samples (plasma if urine was not available) with a target interval of ~2 weeks were submitted for testing. Starting from February 2016, either urine (matrix of choice) or EDTA-plasma samples (if urine was not available) were collected from patients.

In the period of 17 October 2016 until 26 April 2017, after the implementation of commercial ZIKV diagnostic assays at MLS, all samples of suspected ZIKV patients on Curaçao were collected and tested at MLS. In this period, samples were also collected from ZIKV-suspected patients on Bonaire by Fundashon Mariadal and sent to MLS for testing. In contrast to Curaçao, here it was chosen to collect paired serum and urine samples on the same day, from a large number of patients. The ZIKV diagnostic tests consisted of qRT-PCR and/or IgM/IgG ELISA (Euroimmun, Lübeck, Germany). For qRT-PCR, total nucleic acids were isolated using the MagNA Pure robotics system (Roche Diagnostis) and tested in a qRT-PCR using FTD Zika virus multiplex (Fast Track Diagnostics). Depending on the number of days after the onset of symptoms at which the patient was submitted for testing, the choice was made for either qRT-PCR alone (0–7 days), qRT-PCR and serology (7–14 days), or serology alone (≥14 days). However, as neither an ELISA-positive IgM or IgG result for ZIKV in a DENV-endemic area can be considered reliable due to the cross-reactivity known to exist between DENV and ZIKV antibodies (36, 37), we only considered positive results obtained in the qRT-PCR for the analyses.

In the period of 17 October 2016 up to 8 November 2016, plasma samples were tested, but from 9 November 2016 onwards, serum was chosen over EDTA-plasma due to its superior practicality and durability in the lab, and recommendations made by the World Health Organization (33). Urine was no longer the matrix of choice as serum could be used in both qRT-PCR and ELISA.

Curaçao can be divided into 65 geozones, which consist of one or more neighborhoods. The patients' geozone of residence was used as a proxy for location and plotted on a map of Curaçao using www.mapcustomizer.com. The ZIKV incidence rates were determined for different age categories and the gender of patients.

Information such as presenting symptoms, day of onset, and pregnancy was not properly documented by the general practitioners on either Curaçao or Bonaire, and as a result, this data could not be included in the analyses. Written consent was provided by each individual submitting a urine, serum or plasma sample for testing, and written consent for children under 16 years of age was provided by their parent or guardian. As samples of patients were only collected for diagnostic purposes, no additional ethical clearance was required for this study.



STATISTICAL ANALYSES

Paired samples were analyzed using a two-tailed paired t-test and P-values equal to or less than 0.5 were considered to be statistically significant.



RESULTS

Between 16 December 2015 and 26 April 2017, 3,833 samples of 2,820 individuals were collected by MLS on Curaçao. Of these, 2,044 samples belonging to 1,685 patients were tested in qRT-PCR, resulting in 815 qRT-PCR positive samples, consisting of 781 positive ZIKV patients (Table 2). Testing of serum samples of ZIKV-suspected patients on Curaçao was first initiated in December 2015, during which two patients tested positive for ZIKV using qRT-PCR. During the first 2 months of the outbreak (December 2015 and January 2016), when serum samples were also tested in DENV and CHIKV qRT-PCRs, four out of 87 ZIKV-suspected disease cases were confirmed as positive for DENV instead (CT 26.6, 14.5, 29.5, and 34.4).


Table 2. Number of samples collected and tested, and the number of patients tested in qRT-PCR during the ZIKV outbreak on Curaçao and Bonaire.
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Of the 324 patients that submitted paired urine samples between December 2015 and October 2016, 70 patients tested positive for their first sample, while only 32 people still tested qRT-PCR-positive for their second sample (Table 2), taken between 11 and 17 days after the initial sample. This indicates that for some patients in this cohort, ZIKV RNA was still detectable in urine for up to 17 days. Furthermore, there was a significant trend in the decrease in the amount of virus shed in the urine over this time period (P < 0.0001, paired t-test) (Figure 1). No significant differences were found in the amount of virus shed in the urine between men and women (data not shown).


[image: Figure 1]
FIGURE 1. Amount of ZIKV RNA detected in the first and second ZIKV-positive urine samples of the paired samples submitted for testing by 32 individuals, expressed in terms of CT threshold 45 minus the CT determined for the sample.


During the period of 17 October 2016 until 26 April 2017, a total of 744 samples were also collected from 382 individuals on Bonaire and tested at MLS Curaçao. Of these, 599 samples belonging to 358 patients were tested by qRT-PCR. A total of 129 samples consisting of 112 patients tested qRT-PCR positive for ZIKV. Of the 262 patients that had both a serum and urine sample taken on the same day, 183 had both samples concomitantly tested in qRT-PCR. Of these, 13 patients were positive for both serum and urine, while 17 patients tested positive for only serum, and 18 for only urine. One hundred 35 patients tested negative for both (Table 2).

For both islands, the peak number of absolute cases occurred in November 2016, with 247 qRT-PCR confirmed cases on Curaçao (Figure 2A) and 66 qRT-PCR-positive cases on Bonaire (Figure 2C; Table 3). In terms of prevalence, for Curaçao, the peak (79%) also occurred in November 2016 (Figure 2B), whereas for Bonaire the peak prevalence (50%) was in October 2016 (Figure 2D; Table 3). Overall, a higher proportion of women than men was diagnosed (~73%) on both Curaçao and Bonaire (Table 4), with incidence rates of 737 and 875 per 100,000, respectively. Furthermore, ZIKV was diagnosed mostly in individuals in the age category of 25–54 years old on both Curaçao (61%; incidence rate of 863 per 100,000) and Bonaire (67%; incidence rate of 815 per 100,000) (Table 4).
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FIGURE 2. Absolute number of cases and prevalence of ZIKV-positive patients confirmed by qRT-PCR on Curaçao from mid-December 2015 to late April 2017 (A,B), and on Bonaire from mid-October 2016 to late April 2017 (C,D).



Table 3. Prevalence per month of qRT-PCR-confirmed ZIKV-positive patients on Curaçao and Bonaire during the outbreak.
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Table 4. Characteristics of the 781 patients confirmed by qRT-PCR for ZIKV infection on Curaçao between 16 December 2015 till 26 April 2017, and of the 112 patients confirmed on Bonaire between 17 October 2016 till 26 April 2017, according to sex and age [with use of population demographics data from July 2017 (www.indexmundi.com)].
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To determine the distribution of ZIKV infections on Curaçao, the locations of patients that tested positive for ZIKV by qRT-PCR were plotted on a map of Curaçao. Locations of 197 patients could not be pinpointed on the map. The map shows that the majority of the ZIKV cases were clustered in the eastern part of the island, particularly in Willemstad (Figure 3). Geozones with a notable number of infections included Santa Rosa, Spaanse Water, St. Michiel, Dominguito, Brievengat, Berg Altena, Tera Cora, Stenen Koraal, and Groot Piscadera.


[image: Figure 3]
FIGURE 3. The locations of a selection of the patients on Curaçao that tested positive for ZIKV by qRT-PCR. The map was created by plotting the locations on www.mapcustomizer.com.




DISCUSSION

Despite the documented emergence of ZIKV into the Americas in Brazil in May 2015, phylogenetic analyses estimate the introduction of the virus to be earlier, either between August 2013 and July 2014 (38) or between May and December 2013 (39). On Curaçao, according to our analyses, the first cases of ZIKV were diagnosed in December 2015, a month before the first notification to the WHO on 28 January 2016 (24), which indicates that the virus, most likely introduced by travelers, emerged earlier than officially reported. Given the rapid spread of the virus throughout the Americas after its emergence in Brazil, Curaçao, and Bonaire were not prepared for an outbreak of ZIKV, and diagnostic assays had therefore not yet been implemented and validated at MLS. This problem was circumvented by shipping patient samples to the diagnostic laboratory of the EMC in the Netherlands, a WHO Collaborating Centre for arboviruses. Starting from October 2016, MLS Curaçao had implemented the necessary commercial diagnostic qRT-PCR assay and ELISAs in order to continue the diagnosis of ZIKV-suspected patients on Curaçao and start with the diagnostics for Bonaire. Of note, this study was not designed prospectively but performed in reaction to a dynamic outbreak situation.

During this period, a switch was also made from urine to serum for samples collected on Curaçao. Even though a few studies have shown that urine was more sensitive for detection of ZIKV by qRT-PCR compared to serum (30, 31), the data from the paired serum and urine samples from Bonaire suggest that in this cohort, these two matrices were required concomitantly to increase the chance of ZIKV detection. As a result, it is possible that many ZIKV cases on both Curaçao and Bonaire were missed as here, paired urine and serum samples were not consistently collected and/or tested in qRT-PCR. Even though many PCR-negative samples from Curaçao and Bonaire had also been tested in IgM/IgG ELISA, the cross-reactivity known to occur between ZIKV and DENV antibodies makes diagnosis based on serology difficult (36, 37) and could easily lead to false positives. As a result, serology data of samples from patients collected 14 days after onset of symptoms were not included in our analyses, and our results are therefore very likely an underrepresentation of the number of ZIKV cases on both islands. Another factor that may have led to an underrepresentation of the total number of cases is the fact that not all individuals that experienced symptoms went to the general practitioner to get tested. Furthermore, on Curaçao, three laboratories were involved in the diagnostic testing of ZIKV patients, namely MLS, Analytisch Diagnostisch Centrum (ADC) and Laboratorio de Medicos (LabdeMed). If all the data were to be combined, the total number of ZIKV cases would likely be much larger than presented in this article.

The peak of the ZIKV outbreak on Curaçao appeared to occur in November 2016, both in terms of the absolute number of cases and prevalence. For Bonaire, the peak in the absolute number of cases seemed to occur in November 2016 as well, while in terms of prevalence it appeared to occur in October 2016. However, as no ZIKV diagnostics was carried out for Bonaire between mid-December 2015 and mid-October 2016, the data from October is not reliable for comparison with the other months, and it can also not be excluded that a larger number of people on Bonaire may have been infected in one of the months preceding November.

Interestingly, during the reported outbreak of ZIKV on Curaçao and Bonaire, no cases of microcephaly or fatalities due to ZIKV were reported. However, assuming a similar microcephaly risk of 0.02% for pregnant women as calculated for Brazil (40), and a fertility rate of ~2.1 for Curaçao [based on data from 2011 (41)], which is equivalent to ~2,100 live births per year, this would have given 0.42 cases of microcephaly during the outbreak on Curaçao (which lasted approximately a year). It is therefore not surprising that no cases of ZIKV-related microcephaly were observed in a population of only 150,000 and 19,000 people.

During the outbreak of ZIKV on both Curaçao and Bonaire, almost three times more women than men were infected with the virus. Infections occurred mostly in the age category of 25–54 years old for both men and women. This higher proportion of female infections during a ZIKV outbreak was also reported in Surinam (42) and Rio de Janeiro in Brazil (43). This disproportionate infection rate may be explained by the increased testing of pregnant women due to the concerns about microcephaly and other risks for the unborn babies. However, such a trend was also demonstrated in Rio de Janeiro during a DENV outbreak (43), where women were 30% more likely to be diagnosed with DENV than men. One explanation suggested by this study was that women are more conscientious about their health and therefore more likely to visit a general practitioner. Nonetheless, another possibility, as also speculated upon in the Coelho study (43), is that for ZIKV, a higher amount of male-to-female sexual transmissions occur in comparison to female-to-male transmissions. Infection of females by ZIKV via semen has already been demonstrated (1–3), and even though ZIKV has also been detected in the female genital tract and vaginal secretions (44–47), the ability of the virus to productively infect males via vaginal secretions during sexual intercourse has not yet been demonstrated. Furthermore, the influence of female reproductive hormones on ZIKV replication and transmission should also be investigated, as progestins have recently been shown to promote infection of HIV within the female reproductive tract of non-human primates (48).

In order to obtain an impression of the distribution of the number of ZIKV cases on Curaçao, the locations of the patients were plotted on a map. The majority of the cases were located in the east of the island, which may be the result of a reporting bias caused by a higher population density in the east (Willemstad) (41). Nonetheless, for geozones that contained the largest amount of ZIKV cases, no particular trend in terms of population density or average gross monthly income per household was identified (data not shown). It is possible that the geospatial distribution of ZIKV cases is a reflection of the presence of ZIKV-infected mosquitoes; however, as many inhabitants of Curaçao travel to different parts of the island on a daily basis, it is not possible to determine with certainty the location of transmission. Besides mosquito transmission, sexual transmission of ZIKV may also have influenced the geospatial distribution of cases on the island.



CONCLUSIONS

As Curaçao and Bonaire are (potential) hot-spots for emerging and re-emerging arbovirus infections, it is important that the islands are prepared for future outbreaks by implementing the appropriate diagnostic tools in advance. However, in addition to effective diagnostics, it is imperative that the right infrastructure is also put in place to allow communication during an outbreak setting and to facilitate the implementation of risk-reduction activities in order to deal with any infectious disease that may emerge in the future.
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Background: Infectious disease epidemiology and planetary health literature often cite solid waste and plastic pollution as risk factors for vector-borne diseases and urban zoonoses; however, no rigorous reviews of the risks to human health have been published since 1994. This paper aims to identify research gaps and outline potential solutions to interrupt the vicious cycle of solid wastes; disease vectors and reservoirs; infection and disease; and poverty.

Methods: We searched peer-reviewed publications from PubMed, Google Scholar, and Stanford Searchworks, and references from relevant articles using the search terms (“disease” OR “epidemiology”) AND (“plastic pollution,” “garbage,” and “trash,” “rubbish,” “refuse,” OR “solid waste”). Abstracts and reports from meetings were included only when they related directly to previously published work. Only articles published in English, Spanish, or Portuguese through 2018 were included, with a focus on post-1994, after the last comprehensive review was published. Cancer, diabetes, and food chain-specific articles were outside the scope and excluded. After completing the literature review, we further limited the literature to “urban zoonotic and biological vector-borne diseases” or to “zoonotic and biological vector-borne diseases of the urban environment.”

Results: Urban biological vector-borne diseases, especially Aedes-borne diseases, are associated with solid waste accumulation but vector preferences vary over season and region. Urban zoonosis, especially rodent and canine disease reservoirs, are associated with solid waste in urban settings, especially when garbage accumulates over time, creating burrowing sites and food for reservoirs. Although evidence suggests the link between plastic pollution/solid waste and human disease, measurements are not standardized, confounders are not rigorously controlled, and the quality of evidence varies. Here we propose a framework for solutions-based research in three areas: innovation, education, and policy.

Conclusions: Disease epidemics are increasing in scope and scale with urban populations growing, climate change providing newly suitable vector climates, and immunologically naïve populations becoming newly exposed. Sustainable solid waste management is crucial to prevention, specifically in urban environments that favor urban vectors such as Aedes species. We propose that next steps should include more robust epidemiological measurements and propose a framework for solutions-based research.

Keywords: planetary health, infectious disease epidemiology, plastic pollution, vector-borne diseases, urban zoonoses, solid waste


INTRODUCTION


Rationale

The world is in a solid waste and plastic predicament (1–15)—single use-plastic packaging is increasing in an urbanized (11, 16–20) and globalized economy in which production of food happens farther from the consumer and packaging enables consumption far from the source; yet, plastics lack a circular economy (21–23) that would incentivize responsible management (3, 24–28), resulting in large accumulations of solid waste, specifically plastics which do not biodegrade (29).

The most common approach to eliminating accumulated trash in low- and middle- income countries is open burning. For example, in sub-Saharan Africa, more than 75% of waste is openly burned and worldwide an estimated 600 million tons are openly burned annually (30). Open burning of trash is dangerous for human health (6, 31–33) and the planet, as burning releases toxins into the air that pollute the environment and increase greenhouse gases which contribute to climate change (30).

Policies are slowly catching up to reduce single-use plastic supply, but these policies are only one part of a complete solution (34–37) to single-use plastic production, demand, and disposal (29) and these policies often face poor enforcement, especially in LMICs (29).

At the same time, the risk of zoonosis has increased with urbanization (38) and immunologically naïve populations are newly at risk for vector-borne disease transmission due to changing geographies of suitable vector climates (39–41). Vector-borne diseases such as dengue—transmitted by container breeding Aedes spp.—threaten about half a billion people in densely populated areas (42). One very important mosquito vector, Aedes aegypti, which spreads dengue, Zika, chikungunya, and yellow fever, prefers to breed in man-made containers (43, 44), such as recyclable plastic containers, tires, and trash. The 2,050 projections of over 6 billion people living in urban areas (45) suggest an impending increase in the risk of infectious disease transmission.



Objectives

Trash accumulation has been cited as a risk factor for infectious disease (46–50). Recent viewpoints discuss the subject (51–53), but analytical reviews are outdated (54–57). Other reviews exclude key references on trash and disease risk (19, 58–60), while others focus on urbanization or poverty (18, 19, 57). Some reviews take a narrow scope and are pathogen-specific [for example, we identified reviews on trash and dengue virus (61–63), protozoans (64), and leishmania (65)] or vector-specific [arthropods (51)], limited to landfills and incineration (66), microplastic-specific (67), or waste-specific (68). However, the potential risk of direct transmission of infectious diseases by any kind of solid waste depends on a multitude of inter-related factors including, but not limited to, the presence of an infectious agent, its viability in solid waste, and a susceptible host.

A holistic approach is needed to define the link between vector-borne diseases, urban zoonosis, and solid waste. Here, our objective is to identify research gaps through a review of current evidence on solid waste accumulation, in association with urban zoonosis and biological vector-borne disease risk, and to propose solutions that can interrupt the vicious cycle of solid waste accumulation and human health risks due to infectious diseases.



Research Question

We hypothesize that plastic pollution, including unused plastic bottles, containers, and tires, is a major environmental health risk and promotes vector-borne diseases (VBD) such as dengue, chikungunya, Zika, malaria, and other vectors of disease (triatomine, houseflies) and zoonotic reservoirs (rodents and canines).




METHODS


Search Strategy

We conducted a hypothesis-driven review from January to March 2019. Literature was identified by searches of PubMed, Google Scholar, and Stanford Searchworks, and references from relevant articles using the search terms (“disease” OR “epidemiology”) AND (“plastic pollution,” “garbage,” and “trash,” “rubbish,” “refuse,” OR “solid waste”). Abstracts and reports from meetings were included only when they related directly to previously published work. Only articles published in English, Spanish, or Portuguese (translated using https://www.deepl.com/translator) through 2018 were included, with a focus on post-1994 (the publication year of the last rigorous review on the topic). Cancer, diabetes, mechanical vectors, and food chain-specific articles were outside the scope of this review and excluded. The search was not constrained by geography. After completing the literature review, we further limited the literature to only biological vector-borne and zoonotic diseases (see general concepts defined in the Supplementary Material).




SYNTHESIZED FINDINGS: PUBLISHED LITERATURE ON VECTOR-BORNE DISEASES, URBAN ZOONOSIS, AND SOLID WASTE

One hundred and fifty three references were identified in the literature review, 73 of which discussed vector-borne and zoonotic diseases. We discuss vector-borne diseases and urban zoonosis in the context of solid waste and highlight major vectors, reservoirs, and diseases.

We identified 45 references related to vector-borne disease risk and solid waste. We categorized the results according to vector [Aedes species, Phlebotomus spp. (sand flies), triatominae, Anopheles species], pathogen (dengue, chikungunya, and Zika viruses, Leishmania, Trypanosoma cruzi, and Plasmodium) and type of evidence (case study, observational, intervention, policy, or review). We summarize the evidence in Table 1 and details are available in Supplementary Material 1.


Table 1. Vector-borne disease evidence.

[image: Table 1]

We identified 16 references related to urban zoonosis and solid waste. We categorized the results according to vector (rodent and canine), pathogen (Orientia tsutsugamushi, Leptospira, Yersinia pestis, Toxoplasma gondii, and rabies virus) and type of evidence (case study, observational, intervention, policy, or review). We summarize the evidence in Table 2 and details are available in Supplementary Material 2.


Table 2. Urban zoonosis evidence.
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Vector-Borne Diseases and Solid Waste

Vector-borne diseases, especially Aedes-borne diseases, are associated with solid waste accumulation in the urban environment, even small cups, and wrappers, but vector preferences vary over season and region. Other vectors are associated with trash as a burrow, source of food, and breeding site.


Aedes Species

Aedes species mosquitoes prefer to breed in man-made plastic containers (43, 44) and transmit dengue (DENV), Zika (ZIKV), and chikungunya (CHIKV) viruses. Aedes albopictus is reported to preferentially breed in solid waste (91), and tires (92), open coconut shells (92, 93) and small plastic containers (92, 93). Aedes aegypti prefers to breed in discarded tires (95, 98) and artificial water containers (95); plastic containers (96), solid waste (96, 98), buckets (97), drums (97), tires (97), pots (97), and garbage dumps (98). Both Aedes albopictus and Aedes aegypti breed in plastic teacups (100, 101), plastic containers (79–82, 102, 103, 128), tires (79, 82, 101), trash (96, 101), bottles (103), and cans (103). However, these associations change seasonally and regionally. During transmission season, Aedes prefers solid waste (96) in Delhi, India. During the rainy season in Brazil, Aedes prefers tires (92), open coconut shells and small plastic containers (92). In India, breeding preference ratio was highest for tires and container breeding during pre-monsoon (79). Human DENV transmission was strongly associated with irregular garbage collection during low transmission periods/interepidemic intervals (44).

At the household-level, the evidence shows an increase of dengue risk with the presence of cans, plastic containers, tires (70), a lack of consistent garbage collection (44, 71, 73, 74, 77), and with garbage accumulation (75).

CHIKV and ZIKV have also been associated with garbage accumulation in ecological models (88, 89). However, ecological models can be subject to biases and residual confounding (76). In a case study, Krystosik, Curtis (129) used spatial video and Google Street View in Cali, Colombia to create sub-neighborhood risk surfaces compared with routinely reported clinical cases of dengue, chikungunya, and Zika. Ministry of Health officials and Community Health Workers perceived proximity to unplanned urbanizations without solid waste management as a risk factor for dengue, chikungunya and Zika hotspots. Lack of sanitation can be systematic, for example, 80–90% of housing on Reunion Island was built by squatters resulting in the absence of adequate drainage systems for sewage and rainwater and the lack of properly organized garbage disposal and providing breeding grounds for vector-borne diseases, especially CHIKV (90).

Conversely, removing trash and stagnant water from around the residence is protective (78, 84–87, 94, 99), especially when the government acts with intention and the community is consistently mobilized (85, 86). However, results depend on the local ecology of vector breeding (83, 87).



Other Vectors

Other vectors use trash as a burrow, source of food, and breeding site. To prevent tick-borne diseases, The US Centers for Disease Control recommends removing old furniture, mattresses, or trash that may give ticks a place to hide (49); however, no other evidence of an association between trash and tick-borne disease was found. Abbasi et al. (111) identified 33 species of arthropods from a Municipal Solid Waste landfill in Urmia, Iran, including medically important species: Periplaneta americana Linnaeus (Blattodea: Blattidae) and Shelfordella lateralis Walker (Blattodea: Ectobiidae). Ahmad et al. (112) report that malaria was associated with low rates of solid waste collection system use. However, this association was based on geospatial analysis that did not control for potential confounders. Others report that Anopheles stephensi also breeds in manufactured containers (130, 131).

Community members in rural India report that visceral leishmaniasis-transmitting sand flies breed in trash (105). In two studies, the risk of visceral leishmaniasis increased in the absence of regular trash collection (104, 106).

In Yucatan Peninsula, Mexico, residents report triatomines, the vectors of Trypanosoma cruzi, burrow in accumulated trash, cardboard, and rocks (110). Strong entomological (109, 110) and clinical (107, 108) evidence supports this local perception. Dumonteil et al. (109) conducted entomological surveillance for one year in 38 randomly selected houses and created crude and adjusted models in which they observed a strong association between the practice of cleaning of trash from the peridomicile and house infestation by non-domiciliated Triatoma dimidiate (109). Fortunately, similar to Aedes interventions, environmental cleanup is associated with decreased risk of triatomine infestation (110). Clinical evidence also supports these findings. Trypanosoma cruzi infection seroprevalence in Venezuela was associated with the increase of accumulated garbage (108) and household disarray (measured as old and/or damaged artifacts accumulated, materials from construction, inadequate cleaning and free rubbish in the home) (107). Bonfante-Cabarcas et al. (107) speculate that accumulated garbage favors breeding of T. cruzi reservoirs (rats, mice, and opossum) and provides long-term refuge with immediate food sources for insects to reproduce and colonize the house for a long time, increasing the probability of intra-domiciliary vector transmission of T. cruzi.




Urban Zoonosis Associated With Solid Waste

Urban zoonoses, specifically those transmitted by rodent and canine reservoirs, are associated with solid waste, especially when garbage accumulates over time creating burrowing sites and food for reservoirs.

In a review of neglected tropical diseases and their impact on global health and development (50), Hotez states of zoonoses: “Of relevance to the NTDs, the poorest favelas do not benefit from regular garbage collection or sewage treatment, thereby creating excellent niches for rats and stray dogs.” Rodents and canines directly transmit disease of importance to urban zoonosis (123, 125, 132). Solid waste accumulation is an important factor for urban rodent and canine feeding and sheltering strategies (126) and can be used as a proxy in the absence of reliable data on rodent distribution in the city (117, 126). Presence of rubbish increased risk of scrub typhus (120); Toxoplasma infection in owners and their domiciled dogs was associated with dirty yards (126); and the bubonic plague has historically been associated with solid waste (121, 122).

For example, Kassir et al. (127) conducted an observational study to investigate the risk of rabies and the neighboring Syrian war and the local garbage crisis, finding both were concomitant with a notable increase in the number of dog bites and thus possible rabies exposure. The evidence lies in a time-series of data from the Lebanese Ministry of Public Health (LMOPH) Epidemiological Surveillance Unit public database from 2005 to 2016. A sharp increase in reported animal bites was reported post-2013 (1,004 ± 272 vs. 355 ± 145 bites per year). The authors explain:

“The accumulation of wastes in dumpsites led to the declaration of a severe problem in July 2015, and these open garbage dump sites have been previously shown to contribute to the rise in the number of stray dogs which amplifies the number of possible vectors. Garbage dumps are breeding areas of stray dogs, and if they are no longer around, dogs will migrate to other places. This is reflected by the peak in the stray to domestic dog ratio in October 2015, after heaps of garbage had been covering the Lebanese streets for several months. October, in fact, witnesses the beginning of the rain season in Lebanon, and the rainfall in the presence of open garbage dumps leads to the formation of leachate, a polluting by-product of organic matter. This poses both social and environmental problems such as nuisance, diseases and the spread of stray dogs and other harmful animals. This rise in stray dogs increases the possibility both of new vectors as well as new bites. It is noteworthy that this predominance of stray dog bites was only observed in October 2015, while it was not present in either 2013 or 2014. This further strengthens the correlation between the garbage crisis, a special circumstance of October 2015, and the increase in stray dog bites” (127).

Leptospirosis is associated with dogs (123, 125), accumulated refuse (114), garbage (113, 123) and open containers and debris in the peri-domestic area (123, 125). For example, leptospirosis emergence in Marseille, France is linked to garbage collection strikes that contribute to the expansion of the rat population (113). Among slum residents from Salvador, Brazil, residence <20 m from accumulated refuse was associated with increased odds of previous Leptospira infection (114). Residents of another urban slum in Salvador identified improving trash collection as necessary to control leptospirosis in their community and reported current payment for private trash collection service to avoid trash accumulation in their community or a willingness to pay for this service. Residents reported removing trash on a daily basis but identified that trash cans are >50 m from their homes (118). Leptospira interrogans and L. icterohaemorrhagiae are pathogens of severe diseases that may cluster in urban areas where trash accumulates (123) but are also found in rural households in peri-domestic open containers (debris found around the household areas including buckets, pails, jars, barrels, and old tires) (123). Evidence shows leptospirosis infection clusters at the household level (48). During a leptospirosis outbreak in Western Rio de Janeiro, Brazil, cases were associated with lower access to solid waste collection, measured as a percentage of households served by municipal solid waste collection (116), and waste accumulation was used as an indicator of probable rat presence (117).

Conversely, in Federal District Brazil, leptospirosis infection was negatively associated with population access to public services: sewage network, treated water network, and public garbage collection services (115); and in Salvador, Brazil, there was no association between leptospirosis infection and peri-domiciliary trash accumulation (119).



Framework for Solutions-Based Research

Here we propose a framework for solutions-based-research in three areas: innovation, education, and policy.


Lessons Learned From Previously Proposed Frameworks

Efforts to promote circular economies in plastics are gaining international attention (29, 133, 134). The United Nations Environment Programme published ‘Single-Use Plastics: A Roadmap for Sustainability, 2018 (29). However, it noted policies and regulations have recently been established and lack monitoring and accountability and suffer from poor implementation. Hawken discusses the short and long term costs and benefits to multiple solutions to Reverse Global Warming (133). However, the solutions require significant investment from business and government to change without a focus on upstream education and innovation. Precious Plastics (134) focuses on the community engagement aspects of reusing plastics but fails to integrate with upstream policy. Examples of successful recycling exist in the metals industry (135–137)—aluminum (135, 136), and steel (137) are recycled and traded as commodities globally.

Perhaps the most common framework is “re-use, reduce, and recycle.” Reusing and recycling receive ample attention given the technology involved, yet trends in the recycling industry are changing: China is no longer accepting foreign trash for recycling (138). Reusing is also challenging as few types of plastics are highly coveted and reusable. The poorer quality plastics are simply trash—unable to be reused or recycled. Therefore, while reusing/recycling/introducing plastic alternatives all have their place, reducing the consumption and sale of single-use plastics is key. Therefore, we are adapting the previously touted framework, emphasizing reduction, and encouraging a circular economy for re-use and recycle.

Building on previous frameworks (29, 133–137), we propose a framework (Figure 1) to reduce vector-borne disease risk and urban zoonoses from exposure to solid waste. Given the importance of intervening at the interface of solid-waste and disease-vectors-and-reservoirs, the framework creates a knowledge-to-action plan using policy and innovative plastic alternatives to decrease the upstream plastic supply, education and art to decrease the downstream global demand for plastic, and innovation to generate profitable uses for currently produced and consumed single-use plastics. The desired result is an action plan to create a circular economy of trash and reduce the supply and demand of single-use plastics and to cultivate empowered, educated, and healthy communities that resist trash accumulation to improve health via reduced vector-borne diseases and improved air quality. The expected impact relates to the critical need to understand how the complex system that generates and discards so much trash might be tweaked, so that less trash is produced or trash is put back into either the economic or ecological cycle. As current options are insufficient, we propose solution-oriented research to either better adapt these options or to create whole new options for plastics disposal, recycling, and reuse and discover possibilities for a future without disposable plastics through policy, education, and innovation. The evidence is summarized in Figure 1 and details are available in Supplementary Material 3.


[image: Figure 1]
FIGURE 1. Framework for solutions-based research: upstream innovation research, upstream governance and policy, and downstream education. Recognizing that the current practices and incentive structures that drive these practices are inadequate to address the volume of trash generated globally, different approaches are needed to manage the growing waste problem. Notes for the symbols in the circle. Disease vectors and reservoirs *Depends on climate suitability and duration of accumulation; Infection and Disease **Depends on vector human contact, circulation of pathogen, and susceptible individuals; Poverty is †Associated with lack of municipal waste services; Solid waste accumulation refers to †† Non-biodegradable materials which are not incentivized for recycling.




Upstream Innovation Research

Profitable upstream innovation research can decrease supply and improve the processing of solid wastes in an increasingly urbanized and market-based world. Immediate barriers are cost and scalability.

In his 2017 best-seller, Drawdown (133), Hawken discusses the possibility of converting up to 90% of current fossil-fuel based plastic production to bio-based production. However, he warns that the solution must include proper separation and processing to fulfill the goal of sustainable material. Innovation in this field is currently working to drop the price below that of current fossil-fuel-based production. According to a special report commission by the European Polysaccharide Network of Excellence and European Bioplastics, 90% of current plastics could be derived from plants (139). Zhang et al. (140) analyze sustainable materials, defined as a class of materials that are derived from renewable feedstocks and exhibit closed-loop life cycles including aliphatic polyesters and polycarbonates. They also discuss recent advancements that lower the technological barriers for developing more sustainable replacements for petroleum-based plastics including biopolymers (141–143) and agro polymers (144–146).

Two aspects of sustainable materials to consider are biodegradation (147–149) and bioremediation (150–155). Narancic and O'Connor (150–152, 156). We found bioremediation—whereby animals and bacteria can break down plastics into biodegradable products—to be particularly interesting. Narancic and O'Connor (156) review the advances and possibilities in the biotransformation and biodegradation of oil-based plastics, including bio-based and biodegradable polymers, end-of-life management of biodegradables, and a circular economy to reduce plastic waste pollution. New fungi species are biodegrading polyester polyurethane: Pestalotiopsis species (150) and Aspergillus tubingensis (151). Ideonella sakaiensis bacteria break PET (Polyethylene terephthalate) into terephthalic acid and ethylene glycol in 2 weeks (152). Mealworm larvae can digest Styrofoam in <24 h with no cost to survival over 1 month, converting 47.7% of the ingested Styrofoam into CO2 and biodegradable residue (153, 154). Wax moth Galleria mellonella caterpillars can biodegrade polyethylene bags (155). These methods are especially attractive as they require no behavior change and are sustainable and, in some cases, beneficial to the species performing the biodegradation. Yet, these pilot studies need to be studied at scale and adapted to local context to understand feasibility.

Repurposing trash for profit seems like a viable market-based solution (134, 157–161) but does carry some risk of exposure to contamination (162–164) for entrepreneurs and end-users depending on the type of materials and the processes used and this risk should be taken into consideration early in the process. One popular use case is waste-to-energy analyzes waste-to-energy strategies and concludes that for a net implementation cost of $36 billion, a net operational savings of $19.82 billion and 1.1 gigatons of CO2 reduction could be gained. For example, Sweden currently converts 50% of household wastes to energy (161). Yet, Haken warns that this is only a transitional strategy, citing emissions of heavy metals and toxic compounds, even in state-of-the-art facilities. Several reviews discuss waste-to-energy regarding technological options and challenges (165–169), integrated solid waste management in developing countries (170, 171), and the environmental impact (172, 173).

These innovations must come equipped with a knowledge-to-action plan and pilots of these small-scale or theoretical solutions and engagement of external stakeholders such as existing companies, policymakers, and community groups.



Upstream Policy

Policymakers are uniquely positioned to make political and normative changes relatively quickly but struggle with enforcement, sustainability subject to elected officials, and community buy-in.

Policymakers are uniquely positioned to prevent and solve public health crises, in collaboration with public health officials and communities (84, 174–176). For example, Chen et al. (84) reported that discarded containers account for 25.4% of Aedes vector breeding sites in endemic regions of Taiwan pre-intervention. In 1988, the Waste Disposal Act was amended to make manufacturers, importers, and distributors responsible for the proper recovery, treatment, and recycling of packaging and containers which become an environmental menace. Non-compliance resulted in business suspension. A waste recycling system was established, and a breeding site reduction campaign was promoted for waste management. The authors reported a 98% decrease in dengue incidence reported to the Department of Health from 1988 to 1993. Several countries in Africa continue to implement bans to curb single-use plastic bags which clog drains, sewage systems, or hold rainwater, create breeding grounds for vectors (34).

Experts call for more policy solutions (177–179) and there is evidence that policy agendas can be influenced by popular norms (34, 180). Others argue that informal associations such as waste-picker cooperatives (35, 36, 181, 182) should be strengthened to improve solid waste systems. However, enforcement of such policies may be difficult, especially for nations with challenging processes or non-existent systems (37), and others call for a more community-based approach to increase participation in sustainable waste management (183–185). Businesses that use disposable packaging can also be engaged through social pressure and responsibility to adopt sustainable corporate practices (186, 187) and recoup disposable packaging for recycling.



Downstream Education to Decrease Demand

Community-based education and communication have the potential to change norms and create sustainable change but require greater initial investments to tailor and iterate community-based approaches.

Eagle et al. (188) argue that social marketing principles (183, 189, 190) paired with education (75, 85–87, 182, 183, 189–191) and policy (section upstream policy) can intervene to change behavior to positively impact plastic pollution using a transdisciplinary approach to identify barriers to and enablers of sustained behavior change.

Creating awareness about the crisis and health and environmental risks surrounding plastic pollution will not immediately decrease supply, but information may increase social pressure and responsibility to adopt sustainable practices at household (75, 85, 183, 192), community (75, 86, 87, 99, 183, 191, 193–196), and corporate levels (186, 187) that may decrease demand in the future (see details in Supplementary Material 3). For example, Sommerfeld et al. (87) summarize a 5-year research and capacity-building initiative conducted in South Asia and South-East Asia. The initiative developed community-based interventions aimed at reducing dengue vector breeding and viral transmission. Where small discarded containers presented the main problem, groups experimented with solid waste management, composting and recycling schemes. Many intervention tools were locally produced, and all tools were implemented through community partnership strategies. All sites developed socially- and culturally-appropriate health education materials. The study also mobilized and empowered women, students, and community groups and at several sites organized new volunteer groups for environmental health.

Tana et al. (86) built an innovative community-centered dengue-ecosystem management intervention in Yogyakarta city, Indonesia and assessed the process and results. The intervention results included: better community knowledge, attitude, and practices in dengue prevention; increased household and community participation; improved partnership including a variety of stakeholders with prospects for sustainability; vector control efforts refocused on environmental and health issues; increased community ownership of dengue vector management including broader community development activities such as solid waste management and recycling. Tana et al. (86) note, the community-centered approach needs a lot of effort at the beginning but has better prospects for sustainability than the vertical “top-down” approach.





DISCUSSION


Summary of Main Findings

Although evidence suggests the link between plastic pollution/solid waste and human disease, measurements are not standardized, confounders are not rigorously controlled, and the quality of evidence varies.

Here we have reviewed the available evidence for solid waste accumulation impact on biological vector-borne diseases. We hypothesized that plastic pollution, including unused plastic bottles, containers, plastic bags, and tires, is a major environmental health risk and promotes vector-borne diseases (VBD) such as dengue, chikungunya, Zika, malaria, and other VBD transmission. We conclude that solid waste accumulation is a risk factor for zoonotic and vector-borne disease transmission. However, measurements are not standardized, (107, 123, 197) and confounders are not rigorously controlled (106, 112, 123, 197, 198).

In the context of vicious cycles of solid waste accumulation, poor health, and poverty, policymakers use estimates of disease transmission, burden, and risk to inform the allocation of limited public health resources; thus, it is imperative epidemiological estimates control for known confounders and employ standardized measurement constructs (Table 3). Additionally, if surveillance data are used, hybrid surveillance (199, 200) should be employed to correct for known surveillance biases. A framework for solutions-based research is also critical to guide research priorities.


Table 3. Standardized measurements to define and quantify exposure to solid waste.

[image: Table 3]

Of note, the landscape of single-use plastics innovations and policy is developing rapidly. For example, Christensen et al. described in April 2019 a next-generation plastic to incentivize recycling in closed-loop life cycles (201, 202). This new plastic can be disassembled and reassembled without loss of performance or quality, even in mixed waste streams (201). And the political trend is gaining momentum—in May 2019, 187 countries agreed to add plastics to the Basel Convention, a treaty that regulates the movement of hazardous materials from one country to another (202).



Limitations

We only included published literature and abstracts in English, Spanish, and Portuguese. We did not have access to primary data and relied on the interpretation of the publishing authors.

Multiple studies included relied on surveillance data which did not correct for selection bias. Multiple studies included did not control for variables possibly associated with both exposure (trash) and outcome (disease), for example, socio-economic status (SES), access to health care, or climate. The data needed to understand the context-specific risk factors are not yet available; particularly, the authors noted a paucity of data from sub-Saharan Africa, where policies and regulations have recently been established (29). Interestingly, although geography was not constrained in the review, most studies identified were from low- and middle-income tropical countries.

After completing our search, we constrained the scope to only urban zoonosis associated with wild mammals and domesticated animals of non-agricultural interest such as dogs and cats. This may exclude some important research related to geographical areas where cows or other domestics animals can serve as crucial reservoirs of important etiological agents.




CONCLUSIONS

Despite gaps in the research base—lack of standardized measures and residual confounding—it is clear solid wastes breed vector-borne diseases and urban zoonoses.

Future populations are at increased risk—disease epidemics are increasing in scope and scale (42) with urban populations growing (38, 45), climate change providing newly suitable vector climates (39–41), and naïve populations becoming newly at risk, sustainable solid waste management is crucial to prevention, specifically in urban environments that favor urban vectors such as Aedes species and in poor urban and rural populations which lack access to municipal solid waste services.

We propose a framework for solutions-based research which includes upstream innovation research, upstream policy, and downstream education to decrease demand for single-use plastics.
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Myasis is the infestation by fly larvae (Diptera) in live vertebrates including humans. Myasis has been reported most commonly in tropical and subtropical areas around the world with poor sanitation and presence of cattle. Neonatal umbilical myiasis is an important cause of death in bovines and produces major economic losses in the livestock industry. However, its presentation in humans is rare, with a few cases reported worldwide. Moreover, umbilical myasis can be life-treating due to the risk of larvae migration to deeper tissues of the abdomen, omphalitis, and sepsis. We describe the case of a 7-day-old infant admitted to the hospital due to umbilical cord myiasis. In total, 55 larvae were removed from the wound and identified as Cochliomyia hominivorax. The patient recovered satisfactorily after treatment with ivermectin and amoxicillin. A literature search was performed in Pubmed, Medline, Lilacs and Google Scholar, with 64 cases of myasis by C. hominivorax being reviewed. Oral cavity, wounds, scalp and natural orifices are the main affected anatomical areas. Risk factors include the extremes of age, male sex, poor hygiene, alcohol and drug use, cancer, and mental disability. Programs for human myiasis prevention and surveillance are needed in neotropical areas where living conditions make it difficult to implement control strategies.
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INTRODUCTION

Myiasis is infestation by fly larvae (Diptera) in live vertebrates, including humans. Fly larvae feed on wound tissue of their host, causing a disease whose severity may depend on the larva species and anatomical sites affected (1, 2). It is widespread in neotropical areas around the world, causing economic and public health problems in low-income populations. Human infection is facilitated by poor hygienic conditions and close contact with wild or domestic animals (2, 3). Umbilical cord myiasis is a common type of wound myiasis in animals but it has been described only rarely in humans (2). We present the first report of neonatal umbilical myiasis in Colombia and review the most relevant aspects of this disease. Recent case reports of myiasis by C. hominivorax are reviewed in the discussion.



CASE REPORT

The research procedures for this case were carried out in accordance with the recommendations of the guidelines of the Helsinki Committee. Written informed consent was obtained from the mother of the newborn for pictures and publication of this case.

A 7-day-old female neonate was taken to a primary health facility in June 2017 because something was coming out of her umbilicus. The patient was born full-term at the local hospital by vaginal delivery from a 17-year-old mother. At birth, the newborn had respiratory depression and mild perinatal asphyxia but without further complications. The umbilical cord was cut following standard care measures for in-hospital delivery. The patient lived on a farm with a cowshed next to the house in the rural area of the municipality of La Virginia (04°54′1.617″ N, 75°52′47.445″ W), in the state of Risaralda, located in the coffee region of Colombia. The mother practiced exclusive breastfeeding and used a fabric girdle, which is traditionally used in Colombia for protection of the umbilical stump during the first days of life.

The neonate was transferred to a tertiary care hospital. On admission, she was visibly irritated and jaundiced. On physical exam, weight was 3,300 g and vital signs (temperature, heart rate, respiratory rate, blood pressure, and blood oxygen levels) were normal. Umbilical stump inspection revealed numerous live larvae (Supplementary Figure 1) and foul-smelling serohaematic secretion. The rest of the examination was normal. Initial blood count showed 20,140 leukocytes/μl (52% neutrophils, 3% eosinophils, 4% lymphocytes, and 5% monocytes). Total serum bilirubin was 18.0 mg/dl (cutoff point to consider phototherapy: 20.5 mg/dl) (4). Wound and blood cultures on admission and 48 h later were negative.

Initial treatment included covering the umbilical stump with gauze soaked in ivermectin and nitrofurazone, followed by a single oral dose of ivermectin (0.15 mg/kg). To prevent late-onset sepsis, intravenous ampicillin (200 mg/kg/day) and gentamicin (4 mg/kg/day) were administered. On the second day, 39 live larvae were removed from the umbilical stump under aseptic conditions using a surgical clamp. One live and 15 dead larvae were extracted on the third day. A follow-up abdominal ultrasonography was normal and the patient was discharged 7 days after admission.

After extraction, seven larvae were preserved in a solution containing 80% alcohol. The specimens were sent to an entomologist and examined using a microscope with 10× magnification. Third instar larvae of C. hominivorax were identified by their smooth appearance with prominent spine bands and one body process in the last segments (Supplementary Figure 2). Pigmented dorsal tracheal trunks were present in two to three of the last segments. The posterior spiracular plates contained three oval-shaped slips pointing to the peritreme (5).



DISCUSSION

Umbilical myiasis is a rare type of wound myiasis in humans, but the occurrence of cases in widely distributed areas shows that this may be a latent risk in all neotropic zones were myiasis has been reported (2). A handful of case reports of umbilical myiasis have been made, mainly in India (3, 6–13). One case was reported in the United States (14) and another in Argentina (15), the latter associated with C. hominivorax. The largest case collection of umbilical myiasis was carried out in Nigeria, where active detection in a region of the Niger Delta resulted in 55 cases of omphalitis (16). Other anatomical sites of myiasis in human neonates include the nostrils (17), ear (18), skin (19), and genitals (20).

The warm and moist environment of the umbilical stump attracts the female flies to lay their eggs on it (11). In our case, the use of an umbilical girdle could have retained moisture around the stump and delayed the separation, creating ideal conditions for larvae growth and also hiding the disease. Umbilical girdles were used traditionally to secure the navel of newborns (21) and remain a common practice in Colombia that goes against current recommendations to keep the stump uncovered to help dry out the base. The girdle also facilitates omphalitis, which in turn increases the size of the wound and creates a proper environment for egg hatching (11). Traditional methods for stump care, such as application of cow dung or herb leaves on the umbilicus of neonates, have been described in previous reports as sources of cross-contamination (16, 22).

Clinical signs of umbilical myiasis are hardly recognized by the caregiver. The disease is usually detected once the larvae are visible or clinical signs of omphalitis appear (11). Imaging and biopsy are rarely necessary for diagnosis but may be useful in umbilical myiasis to determine the extent of the infestation and any organ involvement. Leukocytosis along with neutrophilia and eosinophilia are common clinical findings (2). Hyperbilirubinaemia that resolved after larvae extraction was reported in one case of cutaneous myiasis by Drosophila in a newborn (23), but not in prior cases of neonatal umbilical myiasis.

Neonatal myiasis has been consistently attributed to conditions related to low socioeconomic status, such as poor hygiene, contact with farm animals, home delivery using unsterilized instruments and the use of traditional methods to take care of the stump (8, 9, 11, 24). Nonetheless, wound myiasis can also be an indicator of neglect or self-neglect (24). Thus, social counseling should be considered in these cases and newborn care must be reinforced. Adequate wound care, keeping the umbilicus covered with clean dressings and adequate hygienic habits in general should all be included in the recommendations given to the mother or caretaker before discharge (2, 14, 15).

The New World screwworm (C. hominivorax), is the most common species causing myiasis in Central and South America. The incidence of human myiasis by this species has been declining progressively since 1958 due to the implementation of programmes using the sterile insect technique (SIT) that have led to the eradication of C. hominivorax in Curacao, North and Central America and North Africa (25). Sixty-five case reports of human disease have been published from 2000 up to 30 September 2019 according to a literature search performed in Pubmed, Medline, Google Scholar and Lilacs (Table 1). Sixty of the cases (92%) occurred in South America, mainly in Brazil (n = 31, 48%) and Argentina (n = 7, 11%). There was one case report in India, but the species could have been mistakenly identified. Common anatomical sites of infection were the oral cavity, chronic or traumatic wounds, scalp and natural orifices (ear, nose, vagina). Risk factors for infection include the extreme ages, male gender, rural residency, poor hygienic conditions, cancer, alcohol and drug use, malnutrition, mental impairment, prolonged mouth opening, and prosthetic material. Myiasis in the scalp was facilitated by pediculosis or seborrheic dermatitis.


Table 1. Cases of myiasis by Cochliomyia hominivorax published since 2000 in Pubmed, Medline, Google Scholar, and Lilacs.

[image: Table 1]

In Colombia, the geographic distribution and economic burden of C. hominivorax, as well as the epidemiology of myiasis in both animals and humans, is unknown but this species is recognized as in important cause of livestock loss (87). Human myiasis by this species has been reported in the states of Antioquia (88, 89), Atlantico (57), Cundinamarca (41), and Boyaca (90), however notification of cases is not mandatory. Research is needed on the biology, epidemiology and population dynamics of this species in order to assess the political, geographic and economic viability of the implementation of programs for insect control in the country (87). Thus, nationwide protocols and surveillance systems are urgently needed to control this ongoing threat to animal and human health.

During its larvae stage, C. hominivorax is an obligate parasite of warm-blooded animals, including humans. Once the female is gravid, it deposits an average of 200 eggs in open wounds or natural orifices (1). Egg hatching occurs in approximately 12 h and then it takes 5–7 days for larvae to reach the third instar of maturity inside bovine wounds. This means that the patient possibly was infected in the first 2 days of life. Larvae penetrate deeply into wounds, tearing tissue and making tunnels with their mouths to find a warm and moist place. Then, they hook and cause an extensive destruction of tissue known as traumatic myiasis, which provokes wound swelling that may facilitate bacterial infection (91). Umbilical myiasis is particularly dangerous because it might induce fistulation, penetration of deep layers of the abdomen wall and secondary sepsis associated with omphalitis (2, 92), although none of these were found in our patient.

As in our case, treatment of myiasis is based on the removal of all visible larvae, cleaning of the wound and debridement of remaining necrotic tissue. Irrigation is helpful if the lesions have holes and/or cavities. Local application of ivermectin paralyzes the parasite and kills the larvae, facilitating the extraction and relieving pain (31). Turpentine or ether is used to suffocate the larvae, but this practice is not recommended as it could lead to complications such as anaphylaxis and sepsis (22). Surgical treatment is required when larvae are dead, decomposing or laying in deep tissues (8). Topical anthelmintic medication, bactericides, tetanus toxoid vaccine and systemic antibiotics should also be considered to prevent secondary sepsis. In many reports, the use of systemic ivermectin showed positive results, but further studies are needed to consider this a standard therapy (2, 7, 8).

Correct identification by a trained entomologist is helpful to understand the infestation mechanism, to plan treatment and to consider preventive actions. For etiological diagnosis, the larvae should be immersed in hot water for 30 s to retain length and morphology and then preserved in a 70–90% ethanol solution or isopropyl alcohol. The regions where the patient has been, the climatic conditions and the endemic species are also important for accurate identification (2). The peak period of infestation by C. hominivorax has been reported to be between June and August, in humid and warm locations (5), such as the city where the patient lived.

Livestock is an important economic source in neotropical regions where poverty and inadequate health conditions make it difficult to implement control and eradication programs. Therefore, myiasis will continue to be a sanitary problem in many countries of America, Africa and Asia. Furthermore, global warming and internationalization are likely to influence the migration of screwworm and other myiasis-causing species into new geographic areas that were previously unaffected by this problem. Naïve livestock host are more susceptible to insect replication, increasing the likelihood of outbreaks (93). Groups of individuals at high risk of myiasis should be targeted in prevention programs for C. hominivorax infection in areas were insect eradication programs are not available.
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Background: Cystic echinococcosis (CE) is a global zoonotic parasitic disease caused by the larval stage of Echinococcus granulosus and it has been reported from both livestock and humans in Pakistan. The definitive host of E. granulosus is the dog, and the large number of stray dogs in Pakistan contributes to the spread of CE. However, there is little information between stray dogs and CE relation in the country.

Methods: During the study, total 123 butcher's shops and abattoirs were included for collection of data relating to the hydatid cyst prevalence in slaughtered animals (sheep, goat, cattle, and buffaloes). The number of animals slaughtered in each butcher's shop during sampling period was also recorded, and the association of the shop environment with dogs was inspected.

Results: Data was collected for CE from 123 butcher's shops in Rawalpindi and Islamabad, Pakistan. The slaughtering rate the in the butcher's shops was 2–10 animals/day including sheep/goat/cattle and buffaloes. The overall prevalence of CE in all examined animals was 2.77%. In buffaloes the higher prevalence was recorded as compared to other hosts. The findings showed that lung and liver were most affected organs and majority (59%) of the cysts were fertile in infected animals. The presence of a large number of stray dogs were an important factor in the spread of CE. They were rarely vaccinated, have easy access to infected offal at slaughtering site and had insufficient or inappropriate anthelmintic treatment.

Conclusions: The most pressing need is to raise public awareness of this huge problem by considering CE a major ailment and promoting the collection and mapping of epidemiological data. Efficient CE control is required, especially treating dogs with antiparasitic drugs, for which government support and affiliation with the veterinary sector is essential.

Keywords: cystic echinococcosis, Echinococcus granulosus, livestock, dog, public health, Pakistan


INTRODUCTION

Echinococcosis is one of the 20 neglected zoonotic diseases (NZD) prioritized by the World Health Organization (WHO) (1). Cystic echinococcosis (CE) is a globally NZD caused by the dog tapeworm Echinococcus granulosus. The global annual infection rate is 1.2 million, the annual death rate is about 2.2%, and an estimated 3.6 million disability-adjusted life years (DALYs) are lost because of this disease per annum (2). In addition, CE is responsible for over US$ 3 billion expenses every year (3). CE is more prevalent in areas where people survive on animal husbandry and agricultural activities (4), and the rate is higher in nomadic and semi-nomadic populations due to this lifestyle (5).

Conditions such as poor hygiene and failure to wash contaminated food facilitate the spread of CE infection in the human population (6). CE transmission from food to humans is common in areas where people usually consume raw vegetables; most are cultivated in open fields where stray dogs roam freely and contaminate the vegetables by dropping feces containing E. granulosus eggs (7). One of the major risk factors for CE infection is open slaughtering of livestock without veterinary supervision. Due to lack of supervision, infected offal is ingested by dogs, which, as the intermediate host, spread infected eggs to the environment. The study aimed to analyze CE prevalence, presence of stray dogs and their association with slaughtering habits in abattoirs /butcher shops in the study area.



MATERIALS AND METHODS

Study Area

A study was conducted in Islamabad and Rawalpindi districts of Pakistan.



Topography

Islamabad, the capital city of Pakistan, is located in Pothohar Plateau (33.43°N 73.04°E) at 540 m (1,770 ft.) above the sea level. 505 km2 of this area is urban whereas 401 km2 of is rural (8). Adjoining Islamabad is the city of Rawalpindi and both the cities are often referred to as the twin cities, 84% of the population here is Punjabi, 9% Pashto and 7% others. Rawalpindi is located at an elevation of 508 m and spans over an area of 259 km2 (9).



Study Duration

The data was collected from January to July, 2017(for 6 months). Butcher shops in different areas of Rawalpindi and Islamabad were visited twice per month to collect the data on prevalence and presence of stray dogs in the slaughterhouses.



Study Design

A cross-sectional survey was designed to get the recent data hydatid cyst incidence. The data was collected from butcher shops of the twin cities. Questionnaire was designed for butcher shops/slaughterhouses among urban and rural areas which was descriptive in nature. The information about stray dogs present along the territory of slaughterhouses/butcher shops were recorded.



Data Collection Methods

The data on presence of stray dogs, CE prevalence in animals, as well as on socio-demographic characteristics was collected using questionnaires. Moreover, data was analyzed to determine the factors associated with the risk of CE. As there is no local specific name of this disease, pictures of cysts in animal organs and of infected humans were shown to the participants to identify the disease better. The knowledge of the participants was measured as binary outcomes (10, 11).



Laboratory Investigations

In order to examine hydatid cysts properly, following parameters were carried out: Types of cysts (sterile, fertile, calcified, or under-developed), organ specificity (lungs and liver), and prevalence of hydatidosis. Presence of cysts in different organs was analyzed by routine post-mortem of the carcass. The cysts were dissected and collected into sterile containers separately on organ basis for further description.



Cyst Characterization

Sterile scalpel blades were used for cyst incision. The fluid present inside these cysts was used to check the existence of protoscoleces either in the form of brood capsule (closes to the germinal layer) or in the cyst fluid considering as a fertility indicative. Viability test was performed on fertile cysts. In viability test a drop of fluid from cyst containing the protoscoleces was observed under microscope to check amoeboid like peristaltic movements. For clear microscopic observations equal volume of 0.1% aqueous eosin solution was also mixed with equal volume of fluid containing the protoscoleces. Sterile hydatid cysts were characterized on the basis of inner lining, generally smooth with a slight turbid enclosed fluid otherwise rough calcified cyst with no or less fluid (12). Calcified cysts were coarse and nodular having an internal chamber with calcified or chalky deposits in the cyst wall. Underdeveloped cysts were small 1–2 mm in size, defined germinal layer are firm in texture with very little fluid but presence of protoscoleces was not observed (13).



Morphology of Protoscoleces

Polyvinyl-lactophenol was used for mounting protoscoleces cysts. Hooks damage was prevented by applying gentle pressure on cover slip. A calibrated eye-piece micrometer was used for all measurements under oil immersion. Morphometric analysis was done as described by Hobbs et al. (14).



Data Analysis

Data was analyzed as described previously (15).




RESULTS

Data was collected for CE from 123 butcher's shops in Rawalpindi and Islamabad, Pakistan. The slaughtering rate in the butcher's shops was 2–10 animals/day including cattle, goat, sheep, and buffaloes. Overall prevalence of CE in the slaughterhouses/butcher shops was 2.77% (300/10,800) according to this survey. Prevalence was higher in buffaloes followed by cattle, sheep, and goat, respectively. The site of infection, number of cysts and kind of cysts are shown in Table 1.


Table 1. Overall prevalence (%) of hydatidosis in various organs of slaughtered Cattle, Buffalo, Goat, and Sheep.
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Rostellar Hook Morphology

The parameters which were observed to check protoscolex rostellar hook morphology in infected animals were total hooks number, their total length (μm) of hooks and blade length (μm) as shown in Table 2.


Table 2. Rostellar hooks morphology of protoscoleces in infected animals.
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Total Number of Hooks (NH)

Protoscoleces hooks number was observed and it was found that total number was 29.21 ± 1.13 in cattle origin, 26.03 ± 1.17 in buffalo origin, 21.0 ± 1.06 in goat origin, and 27.80 ± 1.11 in sheep origin as shown in Table 1. The study results indicated that the maximum number of hooks were observed on protoscoleces of sheep origin and minimum on those of goat origin.



Large Hook Total Length (LTL) (μm)

Protoscoleces large hooks was observed for total length (micrometers, μm) and it was found that it was 24.02 ± 1.03 in cattle origin, 18.37 ± 0.96 in buffalo origin, 27.12 ± 0.91 in goat origin, and 19.78 ± 1.02 in sheep origin. In goat origin large hook length was maximum (27.12 ± 0.91) and in case of buffalo origin it was minimum (18.37 ± 0.96).



Large Hook Blade Length (LBL)(μm)

Protoscoleces blade length of large hooks on was observed as 15.21 ± 0.44 in cattle originated infections, 16.02 ± 0.54 in buffalo originated infections, 9.77 ± 0.57 in goat origin, and 10.06 ± 0.38 in sheep origin as shown in Table 1. It is clear from these values that buffalo originated infection LBL was found maximum (16.02 ± 0.54) and in goat originated it was minimum (9.77 ± 0.57).



Small Hook Total Length (STL) (μm)

Protoscoleces of small hooks total length was observed as 19.54 ± 1.03 in cattle, 17.97 ± 1.00 in buffalo, 11.22 ± 0.77 in goat, and 13.15 ± 0.72 in sheep origin as shown in Table 1. In cattle originated STL was maximum (19.54 ± 1.03) and in case of goat origin it was minimum (11.22 ± 0.77).



Small Hook Blade Length (SBL)(μm)

Protoscoleces small hooks blade length on was recorded as 8.9 ± 0.56 in cattle origin, 6.9 ± 0.30 in buffalo origin, 9.30 ± 0.38 in goat origin, and 7.2 ± 0.37 in sheep origin. In goat origin SBL was maximum (9.30 ± 0.38), while in case of buffalo origin it was minimum (6.9 ± 0.30).

In the present study the number of stray dogs were recorded in all 123 slaughterhouse/butcher shops. It ranged from 1 to 5 dogs/site. The main contributing factor to the spread of CE was the large number of stray dogs (Table 3); they were rarely vaccinated, have easy access to infected offal in rural areas (Figures 1A–C), and had insufficient or inappropriate anthelmintic treatment.


Table 3. Potential risk factors analysis of CE.
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FIGURE 1. (A-C) Showing the association and access of stray dogs to infected offal's at butcher shops.


In addition, there were few municipal slaughterhouses, limited veterinary supervision and inspection of slaughterhouses, few facilities for the disposal of infected offal, and there was home or illegal livestock slaughtering, and lack of health education. It was observed that stray dogs have a close association with the slaughtering sites and increase the chances to get infected with CE. The finding of this study has showed that stray dogs (range 1–5) were present in the territories of all the butcher shops/slaughter houses that has an open access to infected offal of the slaughtered livestock. These stray dogs are not treated with any antiparasitic drug.




DISCUSSION

Cystic echinococcosis (CE) is a chronic larval cestode infection caused by E. granulosus in humans and domestic livestock, principally transmitted by an intermediate host (16). CE is recognized as a neglected disease of public health significance worldwide, particularly in low-income countries (17). Pakistan is a country with low socioeconomic development and the hygiene conditions are poor. Poor hygiene conditions such as no proper hand washing, no water boiling, lack of proper cleanliness of shops and surrounding areas, eating of contaminated food and raw vegetables, and feeding dogs meat infected with cysts are involved in the prevalence of CE in humans. The epidemiological studies showed that CE is highly prevalent r in third world countries (18). The higher prevalence of CE in Pakistan might be due to inappropriate waste dumping, poor social-economic condition of the country, very poor sanitary system, and unorganized slaughtering. In addition to these factors personal unhygienic situation is also playing a crucial role (19).

The findings showed that overall prevalence of CE was 2.77%. The prevalence was higher in buffaloes followed by cattle, sheep, and goat, respectively. In Pakistan the first incidence of CE in intermediate hosts was explored in 1968. The prevalence of E. granulosus was 35% (52/148) in buffaloes and 27% (17/62) in cattle (10).

In current study, lung and liver was most affected organ as compared to others. The lung wise prevalence was 30.9, 22.8, and 58.8%, in cattle, buffaloes, and camels, respectively while in liver it was 21.42, 17.47, and 26.4% in cattle, buffaloes, and camels, respectively (11). The prevalence of hydatid cyst in liver, lung, spleen, heart, and kidneys was 25.31, 47.31, 1.83, 0.06, and 0.51%, respectively (15). In sheep and goat, the prevalence was 8.25 and 8.05%, respectively (20). In a comprehensive survey, the overall prevalence of hydatidosis was 6.67% in livestocks (21). Mustafa et al. (22), reported that the prevalence of hydatid cysts as 3.24, 2.44, and 2.44% in sheep, goats and cattle, respectively while Tasawar et al. (23) reported the prevalence of 7.39% in sheep and 10.69% in buffaloes of Multan, Punjab, Pakistan. Previously it was shown that hydatid cyst prevalence was between 5 and 46% in livestock species (24).

A report from Lahore showed that hydatidosis is prevalent in sheep (8.85%) and in goats (6.21%). This survey was conducted to determine the organ specificity of hydatidosis, organ wise distribution of hydatidosis showed that in goats 40.56% in liver, followed by 34.38% in lungs, 16.95% in lungs and liver together, and 0.49% in spleen. In sheep, highly infected organ was lungs whereas liver was most infected organ in goats (20). Sheep and goat liver hydatid cyst prevalences were 46.74 and 23.28% and the rates in lungs were 17.37 and 13.68%, respectively (25).

Similarly, frequency of fertile cysts was higher as compared to sterile, calcified, and underdeveloped cysts, respectively. Hydatid cysts can be categorized as non-viable, viable, and fertile (26). Only the fertile cysts carry the active form of the parasite protoscoleces (27). The cysts diameter was 2–30 cm and it is as the inner layer from where larvae grow (28).

Zoonotic helminthes (Toxocara spp. and Echinococcus spp.) can transmit to humans by dogs and cats (29). Globally, human and dog interaction cause significant social, economic and public health issue mainly the zoonotic diseases (30). Dogs play crucial role in spread of many zoonotic infectious diseases (31). Higher population of stray dogs is one of the main contributing factors in spread of CE in Pakistan. They are infrequently vaccinated and easy access to infected offal. Poor hygienic conditions, lack of veterinary supervision and inspection of slaughterhouses, home or illegal livestock slaughtering occurs, and there is a lack of health education due to poverty (6).

The dog population depends on the accessibility of resources (for example, shelter, food, and water) (32). Although the actual number of stray dogs worldwide is not known, of the 500 million dogs in the world, around 75% are thought to be stray (33). Stray dogs survive consists of edible debris and contributions from human beings (34). Dog populations is directly linked with the size of the local human population (35).

Stray dogs are one of the important reservoirs for the transmission of zoonotic helminthes that are of public health concern especially Echinococcus specie. A study from Karachi (the biggest city of Pakistan), shows that among selected dogs presence of intestinal helminthes was confirmed 99% dogs and 7% carried E. granulosus (36).

To attain effective control of CE, it is essential to raise knowledge and awareness regarding hazardous practices and defensive measures against the disease within the community. Pakistan, being a developing country, is densely populated and socioeconomically poor. Overall poor sanitary system in Pakistan is very poor and majority of the inhabitants lives in crowded area. Rural inhabitants mainly survive on small-scale agriculture and farming. Laborers working in the fields often interact with animals and, due to illiteracy, have limited knowledge of health and hygiene and therefore are often infected by Echinococcus spp. (37).

In the early years of the twenty-first century, CE contributed a major global disease burden; it is one of the 12 commonest NZDs (38). It is very difficult to regulate the control of NZDs, particularly when curing humans does not prevent transmission; moreover, treatment of livestock is perceived as a low priority because the livestock hosts are usually asymptomatic (39). Since 1960, several intervention programs have demonstrated effective control of E. granulosus transmission, leading to a significant reduction of CE and improved public health (40). Despite these intervention programs, further work is still necessary. Thus, at present, we recommend increasing the awareness of the seriousness of CE and promoting the collection and mapping of epidemiological data. Efficient CE control requires government support and affiliation with the veterinary sector.



CONCLUSION

In countries with a high number of stray dogs, such as Pakistan, and where the public education level is low, the first task for CE control should be to raise public awareness and try to prevent infected offal from being fed to dogs. Field studies should be conducted on this subject, training seminars should be given, information should be given to children in primary schools, butchers should be trained, the community should be informed by imams in mosques, and informative TV and radio programs should be broadcast.
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Background: Due to the similarity between the dengue (DENV) and the Japanese encephalitis virus (JEV) there is potential for immune cross-reaction. We sought to identify T cell epitopes that are specific to JEV and do not cross react with DENV.

Methodology: 20mer peptides were synthesized from regions which showed >90% conservation. Using IFNγ cultured ELISpot assays, we investigated JEV-specific T cell responses in DENV− and JEV− non-immune individuals (DENV−JEV− = 21), JEV seronegative and had not received the JE vaccine, but who were DENV seropositive (DENV+JEV− = 22), JEV+(seropositive for JEV and had received the JE vaccine), but seronegative for DENV (DENV−JEV+ = 23). We further assessed the responses to these peptides by undertaking ex vivo IFNγ assays and flow cytometry.

Results: None of DENV−JEV− individuals responded to any of the 20 JEV-specific peptides. High frequency of responses was seen to 6/20 peptides by individuals who were JEV+ but DENV−, where over 75% of the individuals responded to at least one peptide. P34 was the most immunogenic peptide, recognized by 20/23 (86.9%) individuals who were DENV−JEV+, followed by peptide 3 and peptide 7 recognized by 19/23 (82.6%). Peptide 34 from the NS2a region, showed <25% homology with any flaviviruses, and <20% homology with any DENV serotype. Peptide 20 and 32, which were also from the non-structural protein regions, showed <25% homology with DENV. Ex vivo responses to these peptides were less frequent, with only 40% of individuals responding to peptide 34 and 16–28% to other peptides, probably as 5/6 peptides were recognized by CD4+ T cells.

Discussion: We identified six highly conserved, T cell epitopes which are highly specific for JEV, in the Sri Lankan population. Since both JEV and DENV co-circulate in the same regions and since both JE and dengue vaccines are likely to be co-administered in the same geographical regions in future, these JEV-specific T cell epitopes would be useful to study JEV-specific T cell responses, in order to further understand how DENV and JEV-specific cellular immune responses influence each other.

Keywords: Japanese encephalitis virus, dengue virus, cross reactive T cell responses, cultured ELISpot assays, highly conserved regions


INTRODUCTION

Mosquito borne viral infections are one of the leading emerging infectious diseases and represent a major public health problem in many tropical and subtropical countries. Among the rapidly emerging flaviviruses, infections due to the dengue viruses (DENV) are the most common, with the incidence increasing from 285.3 per 100,000 individuals in 1990–1371.1 in 2013 (1). Although case fatality rates due to dengue are declining in many countries including Sri Lanka, the rates are still significantly high in countries such as India, where the case fatality rates are estimated to be 2.6% (2). Other flavivirus infections such as the Japanese Encephalitis virus (JEV) and the West Nile virus (WNV), co-circulate in the same geographical regions such as DENV (3, 4), and due to the similarity between these viruses, have a potential to modulate the immune responses to each other. Natural infection with JEV has shown to generate highly cross reactive T cell responses that has a potential to lead to either milder or more severe disease when infected with DENV (5).

The studies which describe the effect of pre-existing JEV immunity on the outcome of DENV infection have shown varied results. A large prospective study carried out in Thailand showed that individuals with neutralizing antibodies to JEV, had a significantly increased risk of developing symptomatic dengue (6). In contrast another study in Thailand showed that those who received the inactivated JEV vaccine were less likely to get severe dengue (7). In a previous study, we observed that those who were seropositive for JEV were more likely to have been hospitalized due to dengue, compared to those who were seronegative for JEV (8). However, due to the cross-reactive nature of DENV-specific antibodies with JEV, it could not be ascertained if JEV positivity was due to the presence of highly cross reactive DENV-specific antibodies, or due to actual infection with JEV. Therefore, currently it is still not clear if DENV or JEV-specific antibody and T cell responses influence the immune responses to each other virus during subsequent infection and thus influence the disease outcome.

Both CD8+ and CD4+ T cells have been shown to play an important role in protection against DENV, JEV and Zika virus (5, 9–12). Individuals who were naturally exposed to JEV were shown to have antibody and T cell responses, that showed high cross-reactivity with DENV (5, 13). In our previous studies we showed that T cell responses of 20–30% of individuals who were naturally infected with DENV were cross-reactive with JEV (14). Apart from the magnitude of the T cell response, the functionality of T cell responses, specific to either JEV or DENV, have been shown to associate with the clinical disease outcome in both infections (5, 15). Virus-specific T cells of patients who had a milder clinical disease (either JEV or DENV), had different polyfunctional T cell signatures compared to those who had more severe disease (5, 12, 15). Due to the similarity of JEV and DENV, infection or immunization with either virus has a potential to influence both the magnitude and the functionality of T cell responses to each other. Although flavivirus cross-reactive T cells are likely to be cross protective, it is difficult to speculate on such protection in the absence of data regarding either reduced or enhanced disease severity following sequential infection with flaviviruses.

The occurrence of mild/asymptomatic illness in the majority of DENV infected individuals, and severe dengue and death in some individuals, has been attributed to many risk factors such as a secondary dengue infection, the time interval between two dengue infections (16), the incidence of dengue infection in a particular year and preceding years (17) and the presence of co-morbid illnesses (18, 19). Although disease enhancement due to the presence of non-neutralizing antibodies and possibly cross-reactive T cells is thought to lead to severe disease (20), DHF and fatalities have also been reported in primary dengue infection in the absence of DENV specific antibodies or T cells (21, 22). The presence of T cell responses that cross-react with other flaviviruses such as JEV, has a potential to be protective or to be involved in disease pathogenesis leading to severe clinical disease when individuals are naturally infected with DENV and have the potential to modulate immune responses to dengue vaccines (23). As the incidence of dengue and other flaviviruses are on the rise and as several dengue vaccine candidates are currently undergoing clinical trials, it would be important to investigate how the immune response to one of these co-circulating flaviviruses, influence the disease outcome during subsequent infections with other flaviviruses.

In order to determine if JEV-specific T cell responses are indeed cross protective when infected with DENV, it would be initially important to differentiate JEV-specific T cell responses from those which are broadly cross-reactive with DENV. This would be important especially in order to understand how sequential infection with different flaviviruses or immune responses induced by vaccination against JEV, would subsequently influence the disease outcome when naturally infected or vaccinated with DENV. It was recently shown that infection with JEV was far commoner than previously thought in DENV endemic countries and interpretation of natural infection with JEV was difficult especially following secondary dengue infections, due to the presence of more cross-reactive heterotypic antibodies (13). Therefore, as an initial step it would be important to identify T cell epitopes that are specific to JEV and do not cross-react with DENV in order to identify individuals who have had natural JEV infection, and also to further investigate T cell responses to JEV, independent of DENV-specific T cell responses. In this study, we identified JEV-specific, DENV non cross-reactive T cell epitopes and we proceeded to determine the immunogenetic JEV-specific T cell responses both ex vivo and by cultured ELISpot assays in individuals who received JEV vaccine and those who were naturally infected with DENV but were non-immune to JEV.



MATERIALS AND METHODS


Identification of JEV-Specific Highly Conserved Regions Within JEV

One hundred and twelve JEV polyprotein sequences, which were isolated within a period of 50 years from the South Asian and South East Asian regions were retrieved from National Center for Biotechnology information. These sequences were aligned using ClustalW, on Mega 7 software (www.megasoftware.net/) to identify the degree of conservation. Regions which showed >90% conservation were identified and sectioned into 20mer peptides overlapping by 5 or 10 amino acids. The specificity of these JEV peptides was determined by using Clustal Omega of European Bioinformatics Institute (EBI) (www.ebi.ac.uk) to confirm that they did not significantly cross-react with DENV (Supplementary Table 1). Out of these 36 peptides, only 20 peptides were successful in the synthesis with 90% purity (GENEscript USA) and were used for further analysis.



Recruitment of Healthy Individuals to Identify JEV Peptide Specific T Cell Responses

In order to identify the immunogenic JEV peptides from the 20 JEV-specific peptides identified above, we recruited 66 individuals, through the Family Practice Center, University of Sri Jayewardenepura, which is the primary health care facility of the University. These 66 individuals comprised of 21 individuals who were seronegative for both JEV and DENV, 22 were seronegative for JEV (and had not received the JE vaccine) but were DENV seropositive, 23 individuals were seronegative for DENV and had received the JE vaccine (Table 1). These individuals were initially recruited in year 2013 as a part of a large longitudinal community cohort study (n = 1,689) (14) and were invited to provide an additional sample of blood in year 2018, to re-evaluate their serostatus to DENV and JEV. In order to re-evaluate their serostatus at the time of donating a blood sample to this study, a serum sample was also obtained for detection of JEV and DENV IgG at the time of obtaining PBMCs (see below for details regarding the assay). These cohort of individuals have been followed by us through 2013, and all cases of febrile episodes for reported to the Family Practice Center.


Table 1. Number of individuals recruited for culture and ex vivo ELISpot assays.
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Due to the limitations of the PBMC samples of the above 66 individuals, we recruited an additional cohort of 95 individuals for further assessment of the ex vivo IFNγ ELISpot responses to JEV-specific, immunodomoninant peptides. These 95 individuals too were initially recruited in 2013 as a part of the large community study (14). However, as 6 years had elapsed since 2013, we re-evaluated their serostatus for JEV and DENV IgG at the time of obtaining blood samples in 2019 for ex vivo ELISpot assays. PBMCs were extracted from these fresh blood samples and the ex vivo ELISpot assays we carried out using the fresh PBMCs. The time elapsed between JEV vaccination in these two cohorts of individuals was a mean of 17.15 years (SD ± 2.4 years).

Of the 95 individuals recruited for the ex vivo ELISpot assays, 20 were seronegative for JEV and DENV (DENV−JEV−), 25 were seropositive for DENV and were seronegative for JEV (and had not received the JE vaccine) (DENV+JEV−), 25 were seropositive for JEV (and had received the JE vaccine), but seronegative for DENV (DENV−JEV−), 25 were seropositive for both JEV and DENV (DENV+JEV+) (Table 1). Fresh PBMC samples were used for both culture and ex vivo ELISpot assays.

Ethical approval for this study was granted by Ethics Review Committee of the University of Sri Jayewardenepura.



Determining DENV and JEV Serostatus in Healthy Individuals

The seropositivity of individuals to DENV was assessed using the indirect dengue IgG capture ELISA (Panbio, Australia) (8) and for JEV by JE direct IgG ELISA (InBios International, USA). Immune status to JEV was calculated using the immune status ratio (ISR) according to the manufacturers' instructions. An ISR of >5 was considered positive; an ISR of 2–5 equivocal and an ISR of <2 was considered negative.

Of these individuals, those who had not received the JE vaccine and were also seronegative for JEV IgG antibodies by a commercial ELISA (Inbios, USA), were considered as JEV seronegative (JEV−). Those who had received the JE vaccine and who had detectable JEV IgG antibodies by a commercial ELISA were considered as JEV seropositive (JEV+). Individuals who had received the JE vaccine and were seronegative by the commercial JEV IgG ELISA or those who had not received the JE vaccine and were seropositive based on the commercial JEV IgG ELISA were not considered in the analysis. DENV seropositivity of these individuals were identified by using commercially available dengue IgG panbio ELISA kit (Australia).



Cultured ELISpot Assays

Cultured ELISpot assays were performed to identify JEV-specific peptides recognized by memory T cells of JEV immune individuals, as previously described (14, 24). Cultured ELISpot assays have been previously used to detect antigen specific memory T cells, especially present in low frequency in HIV infection, Epstein Barr virus infection, malaria, hepatitis C infection and memory T cell responses to the DENV in acute dengue and in healthy DENV seropositive individuals (14, 25–27).

The responses to these 20 JEV-specific peptides were assessed in DENV and JEV seronegative individuals (DENV−JEV−, n = 21), DENV seronegative individuals who were vaccinated for JEV (DENV− JEV+, n = 23), and DENV seropositive individuals who were not vaccinated for JEV (DENV+ JEV−, n = 22). Briefly, 5.0 × 106 PBMCs were incubated for 10 days with 20 μl of the JE vaccine (SA 14-14-2 live attenuated) in a 24 well plate. The SA 14-14-2 is a mouse brain derived, live attenuated JE vaccine has been attenuated for neurovirulence with changes in 57 nucleotides resulting in changes in 24 amino acids compared to the live virus (28). IL-2 was added on day 3 and 7 at a concentration of 100 units/ml. All cell lines were routinely maintained in RPMI 1,640 supplemented with 2 mM L-glutamine, 100 IU/ml penicillin and 100 μg/ml plus 10% human serum at 37°C, in 5% CO2. T cell lines were tested individually after 10 days culture for responses to the 20 JEV-specific 20mer peptides. Briefly, ELISpot plates (Millipore Corp., Bedford, USA) were coated with anti-human IFNγ antibody overnight (Mabtech, Sweden). For cultured ELISpot assays, 4 × 105 cultures cells were added to a final volume of 200 μl. JEV-specific peptides were added at a final concentration of 10 μM as previously described (29, 30). All peptides were tested in duplicate. PHA was always included as a positive control and media alone with the cells alone was included as a negative control. The plates were incubated overnight at 37°C and 5% CO2. The cells were removed, and the plates developed with a second biotinylated Ab to human IFNγ and washed a further six times. The plates were developed with streptavidin-alkaline phosphatase (Mabtech AB) and colorimetric substrate, and the spots enumerated using an automated ELISpot reader. Background (cells plus media) was subtracted and data expressed as number of spot-forming units (SFU) per 106 PBMC.



Ex vivo ELISpot Assays

As the cultured ELISpot responses predominantly assess central memory T cells, in order to assess the ex vivo effector memory T cell responses to these peptides, we assessed ex vivo IFNγ ELISpot responses in 95 individuals to 6/20 peptides, which were identified as being immunogenic with the cultured ELISpot assays (P2, P3, P7, P20, P32, and P34). The ex vivo IFNγ ELISpot responses were assessed in DENV and JEV seronegative individuals (DENV−JEV−, n = 20), DENV seronegative individuals who were vaccinated for JEV (DENV−JEV+, n = 25), DENV seropositive individuals who were not vaccinated for JEV (DENV+ JEV−, n = 25), and DENV seropositive individuals who were vaccinated for JEV (DENV+ JEV+, n = 25).

Ex vivo ELISpot assays were performed as previously described [see detailed description under cultured ELISpot assays (14, 31, 32)]. In ex vivo ELISpot assays PBMCs 1 × 105 were added to each well and JEV-specific, conserved peptides were added at a final concentration of 10 μM as previously described and tested in duplicate (32) The spots were enumerated using an automated ELISpot reader (AID, Germany). Background (cells with media) was subtracted and data expressed as number of spot-forming units (SFU) per 106 PBMC. All peptides that induced an IFN-γ response of more than mean ± 3 standard deviations of the negative controls were considered positive.



Flow Cytometry

To identify the subtype of T cells that were responding to JEV specific peptides, intracellular cytokine staining of PBMCs were performed. As we assessed the IFNγ production by ex vivo and cultured ELISpot assays, we assessed the degranulation capacity of JEV-specific T cells by carrying out CD107a expression in responses to these peptides ex vivo.

Briefly, the PBMCs were stimulated at 2 × 106/ml in RPMI-1640 plus 10% heat inactivated human serum with the relevant peptides (10 μM) for 16 h according to the manufacturer's instructions in the presence of Monensin (2 μM) (Biolegend, USA). The following monoclonal antibodies from Biolegend, USA, were used in this study after optimization by serial dilutions: anti CD3-APC Cy7 (clone OKT3), anti CD8-PE™ (clone SK1), anti CD4 Pacific blue (clone OKT4), CD107a FITC (clone H4A3) and LIVE/DEAD Fixable Aqua Dead Cell Stain Kit were used. Intracellular staining was carried out as previously described (27, 33). To determine CD107a expression, PBMCs were stained with anti CD107a-FITC monoclonal antibodies for 30 min at 1–2 × 106/ml in RPMI 1640 plus 10% FCS, prior to stimulation with the antigen (15). PBMCs were stained with anti CD3, anti CD4 and CD8, permeabilized and fixed with Cytofix/Cytoperm (Biolegend, USA) and acquired using a Guava-easy Cyte 12 HT Flowcytometer (Merck, Germany) and analyzed with FCS express 6 Flow Research Edition. A hierarchical gating strategy was used to gate live, single, CD3+, CD4+, and CD8+ T cells. Each antibody was titrated to determine the optimum concentration to use by comparing it with Fluorescence Minus One (FMO) controls.



Statistical Analysis

PRISM version 8.1 was used in statistical analysis, which was used to analyse the responses to individual JEV peptides. As the data were not normally distributed, differences in means were compared using the Mann–Whitney U-test (two tailed).




RESULTS


Identification and Specificity of JEV Peptides

Using bioinformatic tools, although we identified 36 JEVspecific, highly conserved regions within JEV, only 20/36 20mer JEV specific peptides representing these regions were successfully synthesized. The region within JEV where these peptides were identified and the homology of these regions with other flaviviruses and the 4 DENV serotypes is shown in Table 2. Although the structural proteins represent <20% of the whole JEV polyprotein, the 14/20 JEV-specific peptides were identified within the structural regions and 11/14 peptides within the envelope region. Only 6/20 identified JEV-specific peptides were located within the regions representing the non-structural proteins. The SA 14-14-2, live attenuated JE vaccine which was used as the antigen to stimulate PBMCs in this study, has changes in 57 nucleotides resulting in changes in 24 amino acids. These changes in the amino acids between the wild type virus and the JE vaccine virus was only seen in peptide 11. None of the other peptides, were within the regions where the changes in the amino acids were seen between the wild type viruses and the vaccine virus.


Table 2. The homology of JEV-specific peptides with four dengue serotypes, WNV, YFV, and Zika virus.
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Identification of JEV Specific Immunogenic Peptides in JEV Immune Individuals Through Cultured ELISpot Assays

Cultured ELISpot assays have widely used as a sensitive assay that measures central memory T cells that are even present at low frequency (25, 34, 35). Therefore, we used this approach to identify JEV-specific memory T cell responses, that could be even be present low frequency and therefore, be missed by using ex vivo ELISpot assays. Cultured ELISpot responses to the 20 JEV-specific 20mer peptides in the JE vaccinated, DENV seronegative individuals (DENV−JEV+, n = 23), DENV seropositive but JEV non-vaccinated individuals (DENV+ JEV−, n = 22), and both DENV and JEV seronegative individuals (DENV− JEV−, n = 21) are shown in Figure 1. Cutoff value for a positive T cell response was considered as the mean ± 3SD of all negative controls, and in this study, it was ± 1,930 SFU/106 PBMCs. Although quite a few responses were considered negative based on these criteria, we wished to have a more stringent assessment criteria to only select the T cell responses which displayed a high magnitude. This was to avoid selection of any responses that would be false positive. An example of a plate layout and responses to the JEV specific peptides, the negative and positive control is shown in Supplementary Figure 1.


[image: Figure 1]
FIGURE 1. IFNγ cultured ELISpot responses to 20 JEV-specific peptides in individuals with varied DENV and JEV seropositivity. T cell responses to twenty 20mer JEV-specific peptides were measured by following short term culture with IFNγ ELISpot in those who were JEV seropositive but seronegative for DENV (JEV+DEV−, n = 23), DENV seropositive but JEV seronegative (JEV−DENV+, n = 22) and seronegative for both (JEV−DENV−, n = 21). Error bars indicate the median and the interquartile range. The horizontal dotted line represents the cut-off value of 1,930 SFU/106, which was considered as the mean, ± 3SD of the negative controls given spot count for all three groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The background has been subtracted from the responses displayed. Black color- JEV−DENV−; Green color- JEV−DENV+; Blue color- JEV+DEV−. (A) IFNγ cultured ELISpot responses of P1 to P6. (B) IFNγ cultured ELISpot responses of P7 to P11. (C) IFNγ cultured ELISpot responses of P12 to P18. (D) IFNγ cultured ELISpot responses of P19 to P34.


None of JEV and DENV seronegative individuals (DENV−JEV−) responded to any of these peptides, while three individuals who were DENV seropositive but JEV seronegative responded to P11, P12, and P18 (Figure 1). Responses to other JEV-specific peptides were not detected in any of DENV+JEV− individuals. P34 was the most immunogenic JEV-specific peptide, recognized by 20/23 (86.9%) individuals who were DENV−JEV+ (Figure 1). P3 and P7 were recognized by 19/23 (82.6%) of DENV−JEV+ group of individuals and P2, P32, and P20 recognized by 18/23 (78.3%) individuals (Table 3). The alignment of each of these peptides with DENV, ZIKV, YFV and WNV is shown in Supplementary Figure 2. Only 14 (61%) of individuals responded to peptide 11 (aa261–280), where there is a one amino acid difference between the vaccine virus and the wild type JEV.


Table 3. IFNγ cultured ELISpot responses to JEV-specific peptides.
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Ex vivo IFNγ ELISpot Responses to JEV Specific Peptides

Based on the results of cultured ELISpot responses, 18/23 (78.3%) of DENV−JEV+ individuals responded to 6/20 peptides tested and we wished to determine their immunogenicity using ex vivo ELISpot assays as we sought to investigate if the frequency of JEV-peptide specific T cells were present at frequency that they can be detected ex vivo.

Ex vivo T cell responses to the six 20mer peptides (P2, P3, P7, P20, P32, and P34) were evaluated in a second cohort of JE vaccinated, DENV seronegative individuals (JEV+DENV−, n = 25), JEV non-vaccinated (JEV seronegative) but DENV seropositive individuals (JEV−DENV+, n = 25), JEV vaccinated, DENV seropositive individuals (JEV+DENV−, n = 25), and both DENV and JEV seronegative (JEV−DENV−, n = 20). We also pooled all these peptides together and evaluated the ex vivo IFNγ ELISpot responses to this pool of peptides in the above 4 groups. The cutoff value for a positive IFNγ T cell response was considered as the mean ± 3SD of all negative controls, and in this study, it was 220 SFU/106 PBMCs. As seen with the cultured ELISpot assays, none of the JEV−DENV− and JEV−DENV+ individuals responded to any of the six JEV-specific peptides (Figure 2). The number of individuals who responded to each of the peptides is shown in Table 4. Again, quite a few individuals responded to these peptides, which were below the cut off value stimulated by us. However, we wished to have stringent assessment criteria to only select the T cell responses which displayed a high magnitude, so that false positive responses are not selected.


[image: Figure 2]
FIGURE 2. Ex vivo T cell immune responses to six JEV-specific peptides in individuals with varied DENV and JEV seropositivity. JEV-specific T cell responses were measured by ELISpot assay to 6 JEV-specific peptides (which were given higher T cell immune responses in culture ELISpot assays) in those who were both JEV and DENV seropositive (JEV+DEV+, n = 25), JEV seropositive but seronegative for DENV (JEV+DEV−, n = 25), DENV seropositive but JEV-seronegative (JEV−DENV+, n = 25), and seronegative for both (JEV−DENV−, n = 20). Error bars indicate the median and the interquartile range. The horizontal dotted line represents the cut-off value of 220 SPU/106, which was considered as the mean, ± 3SD of the negative controls given spot count for all four groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The background has been subtracted from the responses displayed. Black color- JEV−DENV−; Green color- JEV−DENV+; Blue color- JEV+DEV−; Red color- JEV+DEV+. (A) Ex vivo T cell immune responses of P2 and P3. (B) Ex vivo T cell immune responses of P7 and P20. (C) Ex vivo T cell immune responses of P32 and P34. (D) Ex vivo T cell immune responses of pool.



Table 4. Ex vivo IFNγ ELISPot responses to six of the immunodominant JEV-specific peptides.
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Although none of DENV+JEV− or DENV−JEV− individuals responded to any of these peptides, in the ex vivo IFNγ ELISpot assays, the number of individuals of DENV-JEV+ and DENV+JEV+ groups who responded were also low. For instance, only 5 (20%)−10 (40%) individuals of each of the two groups responded any of these peptides ex vivo. Again, the most immunogenic peptide was P34, with 8–10 (32–40%) individuals responding to it.



Investigating if JEV-Peptide Specific T Cell Responses Were of the CD4 ± or the CD8 ± Subtype

Following identification of six JEV-specific, highly conserved peptides, we further proceeded to determine if the T cells recognizing these peptides were predominantly CD4+ or CD8+ T cell subtype. As we determined the IFNγ-producing capacity using ex vivo and cultured ELISpot assays, in ICS assays we instead determined the degranulating capacity by assessing CD107a/CD4/CD8 expression ex vivo when stimulated with these peptides. In order to carry out these assays we re-recruited 4 individuals who were DENV+JEV+ and were found to respond to these peptides. We found that in these individuals, peptide 2, 7, and 20 were predominantly recognized by CD4+ T cells whereas the subset responding to peptide 34 was inconclusive. The CD107a expression to these peptides in these 4 individuals varied from 1.4 to 4.21% of the proportion of the CD4+ T cells. Very low CD1017a expression was induced by peptide 3 and 32 such that it was difficult to determine if the responding cells were CD4+ or CD8+. The gating strategy and an example CD107a expression for a JEV specific peptide is shown in Supplementary Figure 3.

As mentioned above, P34 was the most immunogenic JEV-specific peptide, recognized by 86.9% individuals who were DENV−JEV+, P3 and P7 were recognized by 82.6% of DENV−JEV+ group of individuals and P2, P32, and P20 recognized by 78.3% individuals. Apart from P34, P3, and P32, which the T cell subtype could not be determined, all other peptides were recognized by CD4+ T cells, thus likely presented by MHC Class II molecules. Although, we did not HLA type the 66 donors, we used the IEDB analysis resource to predict binding of these peptides to MHC class II alleles (36). The most immunodominant peptide P34 gave very high binding scores for many DQB1 alleles suggesting that it was likely to be presented by many different alleles (Supplementary Materials). For instance, it gave extremely high binding scores to different alleles of DQB1*02, DQB1*03, DQB*05, and DQB1*06 which are present in the 17.6, 20.6, 28.15, and 29.4%, respectively (37). The other JEV-specific peptides were also shown to bind to multiple MHC class II alleles, although at a lower frequency than P34 (Supplementary Materials).




DISCUSSION

In this study, we have identified highly conserved regions, specific to JEV which are recognized by JEV-specific T cells and were not recognized by any of DENV seropositive individuals. Identification of JEV-specific T cells that do not cross react with the T cells specific to the DENV, would be important to further understand the protective or pathogenic role of JEV specific T cells in acute JE infection and to find out how sequential infection with the DENV would affect the development of JEV-specific T cell immunity on subsequent exposure.

Of the six JEV-specific peptides which gave a high frequency of responses, three of the serotype specific regions identified were within the envelope of JEV (peptide 2, 3, and 7), and the other three regions were located in capsid (peptide 32), NS4B (peptide 20) and NS2a (peptide 34). T cell responses to these peptides were assessed in individuals who had received the JE vaccine and not in those who were naturally infected with the virus, as the JE vaccine was included in the National Immunization schedule in Sri Lanka since 1988, in a stepwise manner (38). Therefore, the incidence of natural JEV infection has been very low during the past two decades in Sri Lanka and it was not possible to find individuals naturally infected with the JEV recently. The live JE vaccine has shown to induce highly cross-reactive CD4+ and CD8+ T cell responses, which cross-react with DENV, and predominantly targeted the PrM, NS1 and NS3 regions (39). These regions, which are preferentially targeted by T cells following JE immunization, show a high degree of homology with DENV and many other flaviviruses (39).

The peptides identified within the envelope region had <35% homology with the envelope proteins of all DENV serotypes and the other peptides had 25% homology with the regions of all DENV serotypes. Peptide 34, which was the most immunogenic peptide recognized by 86.9% of individuals who had received the JE vaccine (and none of DENV immune individuals) showed <20% homology with any of DENV serotypes and 25% homology with yellow fever virus and Zika virus. Infection with either Zika or yellow fever virus has not been reported in Sri Lanka so far. However, sporadic cases of West Nile virus (WNV) have been reported (3, 40) and JEV-peptide 34 gives a 40% homology with the WNV, which could induce cross-reactive T cells. Two of the peptides (peptide 2 and 3) which were identified within envelope region of JEV and which did not induce any responses in DENV seropositive individuals, showed 55% homology with WNV. Peptide 7, again within the envelope region of JEV, had a homology of 75%, which may induce WNV cross-reactive T cell responses due to the degree of homology.

Although recognition of antigens by T cells is HLA-restricted and therefore, responses to these JEV specific peptides would depend on an individual's HLA type, we wished to identify responses that are recognized by a large proportion of JEV immune individuals irrespective of their HLA type. For instance, in acute DENV infection, although recent studies show that DENV-specific T cells are likely to be protective (9, 12, 15, 41), studies have also shown that DENV-specific T cells are highly cross reactive and possibly contribute to disease pathogenesis by producing pro-inflammatory cytokines (29, 42). However, identification of JEV-specific T cell epitopes that do not cross react with DENV, would also enable us to better understand T cell immunity to the DENV, in the context of background immunity to the JEV, especially following vaccination. Furthermore, it would also be useful to investigate if the magnitude and the phenotype of JEV-specific T cell responses influence the strength and breadth of the DENV-specific T cell response following natural infection or following immunization with the DENV. Therefore, we wished to identify JEV-specific T cell epitopes that could be used for this purpose. Knowing the HLA restriction of these epitopes would be important to characterize the phenotype of these T cells. Such experiments were beyond the scope of this study. However, since the JEV-specific epitopes identified in this study were not investigated in relation to the donor HLA types, these findings are broadly relevant to the population studied.

The responding T cell subset was not clear for peptide 34, 32, and 3, while responses to peptide 2, 7, and 20 were predominantly from CD4+ T cells. The low frequency of CD107a expression from P34, P32, and P3 was probably due to them being predominantly been recognized by CD4+ T cells too, which have a poor degranulation capacity. Furthermore, although there was detectable CD107a expression for peptide 2, 7, and 20 the responses were of relatively low frequency (between 1.4 and 4.2%), suggesting that these JEV-peptide specific T cells have overall poor degranulation capacity. However, in these assays we measured the capacity of these JEV-peptide specific T cells to degranulate and it is possible that IFNγ production could be by a completely different subset of T cells. The dominance of CD4+ T cell epitopes to JEV specific peptides, could be due to several reasons. Firstly, we assessed JEV-specific T cell responses in those who received the JE vaccine and not those who were naturally exposed. It was shown that those who received the JE vaccine are more likely to have a higher frequency of a CD4+ T cell response compared to those who were naturally infected with JEV (39). Secondly, we used cultured ELISpot responses to identify JEV-specific memory T cell responses. Although cultured ELISpot responses are a valuable tool in investigating memory T cell responses, it has been shown this process results in reduced proliferation of CD8+ T cells compared to CD4+ T cells (34). Therefore, our approach would have biased the memory JEV-specific responses toward finding memory CD4+ T cell responses. The high frequency of recognition of these peptides could also be due to their presentation by MHC class II molecules. For instance, 78% responded to peptide 2 while 83% responded to peptide 7. The CD107a expression for peptide 34 was generated by both CD4+ and CD8+ T cells. Epitopes presented by MHC class II alleles are shown to be highly promiscuous. The same epitope has shown to be presented by multiple T cell alleles in breast cancer (HER2) (43), Ag85B T-cell epitope in Mycobacterium tuberculosis (44), T cell epitopes in Mycobacterium leprae (45) and in many other instances.

Although we found that >75% of individuals responded to these 6 peptides by cultured ELIspot assays, the responses detected by ex vivo IFNγ ELISpot assays were less frequent. For instance, only 40% of individuals responded to peptide 34, by ex vivo assays, whereas 86.9% of individuals responded in the cultured ELISpot assays. Again, since the frequency of virus specific CD4+ T cells are known to be lower than the frequency of virus specific CD8+ T cells, is likely to be the reason for the limited responses detected by us through ex vivo ELISpot assays. In addition, as individuals with certain HLA types are only likely to present these peptides, these epitopes might not be presented by the individuals who showed negative responses. However, due to the low frequency of responses to these peptides ex vivo, the use of these peptides to evaluate JEV-specific T cell responses in a community or as a diagnostic test would not be suitable. Although a high frequency of responses was seen in cultured ELISpot assays, such assays would not be practical to be used as a diagnostic assay as they are labor intensive and expensive. Currently, one of the major challenges is distinguishing JEV or DENV T cell responses, when individuals are immune to both viruses. Since we have identified several JEV-specific peptides, they could be used to further understand the pathogenic or protective role of JEV-specific T cell responses.

One of the limitations of our study is the use of the JE Inbios IgG ELISA to define JEV-specific seropositivity. It has been shown that this assay has poor sensitivity and detected the presence of JEV specific antibodies in only 20% of those who were found to have JEV specific IgG by neutralization assays (46). In order to recruit JEV seronegatives, we only recruited those who had never received the JEV vaccine and none of the JEV−DENV− responded to any of the peptides. Furthermore, we had a very high cutoff value in our cultured ELISpot assay, so that we only pickup responses of high magnitude so that low frequency possible non-specific responses are not taken into account.

In summary, both JEV and DENV co-circulate in the same regions and since JEV and DENV vaccines are likely to be co-administered in the same geographical regions in future. We had previously identified DENV serotype-specific T cell epitopes in conserved regions of all four DENV serotypes (24). Therefore, identification of these JEV-specific, conserved, immunogenic regions are likely to help in understanding T cell responses to both JEV and DENV independently of each other.
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Dengue viruses (DENV) pose a significant and increasing threat to human health across broad regions of the globe. Currently, prevention, control, and treatment strategies are limited. Promising interventions are on the horizon, including multiple vaccine candidates under development and a renewed and innovative focus on controlling the vector, Aedes aegypti. However, significant gaps persist in our understanding of the similarities and differences in DENV epidemiology across regions of potential implementation and evaluation. In this manuscript, we highlight and compare findings from two analogous cluster-based studies for DENV transmission and pathogenesis conducted in Thailand and Ecuador to identify key features and questions for further pursuit. Despite a remarkably similar incidence of DENV infection among enrolled neighborhood contacts at the two sites, we note a higher occurrence of secondary infection and severe illness in Thailand compared to Ecuador. A higher force of infection in Thailand, defined as the incidence of infection among susceptible individuals, is suggested by the higher number of captured Aedes mosquitoes per household, the increasing proportion of asymptomatic infections with advancing age, and the high proportion of infections identified as secondary-type infections by serology. These observations should be confirmed in long-term, parallel prospective cohort studies conducted across regions, which would advantageously permit characterization of baseline immune status (susceptibility) and contemporaneous assessment of risks and risk factors for dengue illness.
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INTRODUCTION

Infection with dengue viruses (DENV) is responsible for a significant burden of disease across tropical and subtropical regions of the globe. However, the history and epidemiology of DENV clearly differ between Asia and the Americas. Asia has been hyperendemic for all four DENV serotypes for decades and consistently demonstrates one of the highest burdens of dengue-related disease in the world (1). In contrast, in the Americas, following the abandonment of successful mosquito control programs in the 1960s, DENV serotypes were sequentially reintroduced into circulation. In Ecuador, DENV re-emerged in 1988, co-circulation of all four DENV serotypes was documented in 2000, and the first cases of severe dengue were seen in 2001 (2, 3).

The nature and extent of differences in DENV transmission intensity and clinical manifestations of disease between Asia and the Americas remain poorly understood. Observational cohort studies conducted in multiple regions of the globe have contributed significantly to our understanding of DENV transmission and pathogenesis (4–7), however, differences in study-specific aims and methodologies have largely precluded direct comparisons across regions. Limited regionally-comparative analyses of DENV seroprevalence (8) and mean ages of infection (9) suggest that the force of infection (incidence among susceptible individuals) may be higher, on average, in Asia than in the Americas. Relatedly, presumed higher levels of susceptibility to DENV serotypes in the Americas compared to Asia may indicate the potential for DENV epidemics for more explosive epidemics of greater magnitude in the Americas.

There is currently no licensed antiviral for DENV infection and the only DENV vaccine currently licensed for use in multiple countries has recently generated safety concerns due to an increased risk of hospitalized illness observed in DENV-naïve vaccine recipients (10). Currently-available vector control measures have been ineffective in stopping the transmission of Aedes-transmitted pathogens (including DENV) (11), however, pioneering methods of innovative vector control such as the field release of Wolbachia-infected Aedes mosquitoes (12) and transgenic mosquitoes (13) offer promise. The effective evaluation and implementation of novel DENV vaccines and vector control measures would benefit from an improved understanding of the similarities and differences in DENV transmission and pathogenesis across continents.

Multiple recent epidemics of DENV and other arboviruses spread by Aedes vectors across diverse regions of the globe underscore the urgent need to better understand the patterns and drivers of arboviral disease transmission in order to prepare for the epidemics to come. In this manuscript, we summarize and contrast findings from two analogous cluster investigation studies conducted in Machala, Ecuador, and Kamphaeng Phet, Thailand, to highlight possible distinguishing features in DENV epidemiology between the two regions and to identify important avenues for future research.



MATERIALS AND METHODS


Summary

Analogous case-cluster surveillance studies were conducted in Kamphaeng Phet (KPP), Thailand, from 2009 to 2012, and Machala, Ecuador, from 2014 to 2015. Both studies utilized enhanced passive surveillance to identify and recruit patients with suspected dengue illnesses presenting to local participating clinics and hospitals (Figure 1). Subsequent confirmation of a DENV infection prompted the further study of individuals residing within and around the home of the infected individual. Active surveillance was then used to identify symptomatic and asymptomatic infections occurring within enrolled neighborhood contacts. The detailed methods for both studies have been published previously (14, 15). Detailed comparisons of the surveillance and diagnostic methods are presented in the text below and Table 1.


[image: Figure 1]
FIGURE 1. Summary of study activities for the Thai and Ecuadorian studies.



Table 1. Study-specific methods in KPP, Thailand, and Machala, Ecuador.
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Study Sites

Kamphaeng Phet province is located in northern Thailand, with a moderately dense urban center (Muang) surrounded by agricultural zones. Machala is the capital of El Oro province, located in southern coastal Ecuador; the town is densely populated and surrounded by agriculture and aquaculture areas. The study sites are comparable in total population, elevation, gross domestic product (GDP), and the co-circulation of all four DENV types (Table 2). Both regions experience the co-circulation of multiple other arboviruses in addition to DENV. Chikungunya virus (CHIKV) emerged in Ecuador at the end of 2014, and the first confirmed instances of autochthonous Zika virus (ZIKV) transmission in Ecuador were reported in January 2016 (15). Neither ZIKV nor CHIKV were known to be in circulation in northern Thailand at the time of the study, however there is increasing evidence for long-standing endemicity of ZIKV in the region (19). Both regions practice routine immunization of pediatric populations for non-DENV flaviviruses: Japanese encephalitis vaccine (JEV) is part of the Expanded Program on Immunization (EPI) in Thailand, with rates of coverage estimated to be 92% or higher (20), and yellow fever vaccine (YFV) vaccine is part of the EPI in Ecuador, with rates of coverage approaching 80% in certain high-risk areas (21).


Table 2. Comparison of key features of the field sites in Muang Kamphaeng Phet (KPP), Thailand, and Machala, Ecuador.
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Definitions

Initiates are individuals who presented to participating clinical sites with suspected dengue illnesses, who were subsequently confirmed to have DENV infection. A subset of Initiates were randomly selected for participation in community-based cluster investigations. Associates are individuals residing within the Initiate's household or within a 200-m radius of the Initiate's household, who met study-specific enrollment criteria. Together, the Associate homes plus the Initiate's home made up a cluster.



Recruitment and Surveillance of Initiates

• Thailand. Initiates were recruited from among individuals admitted to the public referral hospital, Kamphaeng Phet Provincial Hospital (KPPPH) with suspected dengue infection. Inclusion criteria were: age >6 months and blood drawn and RT-PCR performed to confirm DENV infection within 24 h of hospital admission. Acute and convalescent blood specimens were collected on enrollment and 15 (±5 days) thereafter.

• Ecuador. Initiates were recruited from among inpatients and outpatients presenting to four clinics operated by the Ministry of Health and the associated public referral hospital, Teófilo Dávila Hospital. Inclusion criteria were: age ≥6 months and a clinical diagnosis of suspected dengue. Acute blood specimens were collected on enrollment. A maximum of 4 Initiates were randomly selected each week to initiate cluster investigations.



Recruitment and Surveillance of Associates

• Thailand. All individuals aged >6 months residing within the Initiate's household were invited to enroll. Further, all homes located within a 200-m radius of the Initiate's household were visited by the study team. If anyone in a given household reported fever within the previous 7 days, all residents of that household aged >6 months were invited to participate in the study, to a maximum to 25 Associates enrolled per cluster. Blood specimens were collected on the day of enrollment (“day 0”) and roughly 15 ± 5 days thereafter. If an Associate developed fever during the 15-day follow-up period, a second acute blood specimen was drawn and the period of follow-up shifted by an additional 15 days for that individual. Adult Aedes mosquitoes were collected from all homes within 200 m of the Initiate home using backpack aspirators.

• Ecuador. All individuals aged ≥6 months residing within the Initiate's household were invited to enroll. Further, all individuals aged ≥6 months and residing in households located in the cardinal directions from the Initiate household at a maximum distance of 200-m were invited to enroll. Thus, there was an imposed limit of five households per cluster (the Initiate's home, plus one home each located to the north, south, east, and west). Blood specimens were collected on the day of enrollment only (“day 0”). Adult Aedes mosquitoes were collected from the five enrolled homes (the Initiate's home and the four neighboring homes) using backpack aspirators.

• Geospatial data collection. For both sites, the locations (latitude, longitude) of all Initiate homes and all homes within 200-m of the Initiate home were recorded using handheld GPS devices.



Laboratory Diagnostics

• Thailand. DENV RT-PCR and DENV and JEV IgM/IgG ELISA were used to identify DENV infections occurring in Initiates and Associates. The nested RT-PCR method described by Lanciotti et al. was used to detect DENV RNA and to identify the infecting serotype (16). AFRIMS in-house IgM and IgG ELISAs were used to serologically diagnose DENV infections and to discern DENV and JEV as described previously (18). RT-PCR and IgM/IgG ELISA were performed on the day 0 and 15 specimens for all enrolled Associates.

• Ecuador. DENV NS1 rapid strip tests (PanBio Dengue Early Rapid Test) were used to identify confirmed DENV infections (Initiates) from among ill patients at clinical sites. Qualitative real-time RT-PCR assays for DENV1-4 were performed as per the CDC DENV1-4 Real Time RT-PCR Assay (CDC, Catalog number KK0128) (17). Commercial ELISA kits (PanBio) were used to detect DENV IgM (Dengue Capture IgM) and IgG (Dengue Capture IgG). All Initiates and Associates from Ecuador also underwent testing for ZIKV and CHIKV by RT-PCR; these results have been previously presented and are not discussed here (15).



Classification of DENV Infections

• Thailand. For the purposes of this analysis an acute or recent DENV infection in an Associate was defined as: (1) detection of DENV RNA in a specimen collected at any time point (e.g., from the day 0 and 15 visits as well as acute specimens collected in the setting of incident fever), or (2) detection of DENV IgM in any specimen, or (3) DENV IgM not detected but DENV IgG >100 and rising (acute infection) or decreasing (recent infection) in paired specimens. A primary infection was defined as an IgM/IgG ratio ≥1.8, a secondary infection as a ratio <1.8. A symptomatic DENV infection was defined as (1) an acute laboratory-confirmed DENV infection plus (2) the presence of one or more classical dengue symptom/s (e.g., fever, headache, muscle/joint pain, retro-orbital pain, abdominal pain, drowsiness/lethargy, rash). Clinical data were collected for Initiates and Associates during the day 0 and 15 visits, as well as during unscheduled visits prompted by reported fever, inquiring about any current and recent symptoms since the last study visit. An asymptomatic DENV infection was defined as (1) an acute laboratory-confirmed DENV infection plus (2) the absence of all of these symptoms during the entire period of follow-up (typically 15 ± 5 days).

• Ecuador. An acute DENV infection in an Associate was defined as the detection of DENV RNA by RT-PCR in the enrollment specimen (only a single specimen collected). A recent infection was defined as the detection of IgM in the enrollment specimen (and RT-PCR negative). A primary infection was defined as an IgM/IgG ratio ≥1.8, a secondary infection as a ratio <1.8. A symptomatic DENV infection was defined as (1) an acute laboratory-confirmed DENV infection plus (2) the presence of one or more classical dengue symptom/s (e.g., fever, headache, muscle/joint pain, retro-orbital pain, abdominal pain, drowsiness/lethargy, rash). Clinical data were collected for Associates at the time of enrollment only and reflected symptoms present at the time of enrollment or at any point during the preceding 7 days. An asymptomatic DENV infection was defined as (1) an acute laboratory-confirmed DENV infection plus (2) the absence of all of these symptoms at the time of interview and during the preceding 7 days.



Ethics Statement

For the Ecuador study, the protocol was reviewed and approval by Institutional Review Boards (IRBs) at SUNY Upstate Medical University, the Human Research Protection Office (HRPO) of the U.S. Department of Defense, the Luis Vernaza Hospital in Guayaquil, Ecuador, and the Ecuadorean Ministry of Health. For the Thai study, the protocol was approved by the IRBs of the Thai Ministry of Public Health (MOPH), Walter Reed Army Institute of Research (WRAIR, protocol number 1526), and SUNY Upstate Medical University. The IRBs of the University of California, Davis (UCD), University of Rhode Island (URI), and University at Buffalo established relying agreements with WRAIR IRB. Prior to the start of the study, all participants engaged in a written informed consent or assent process as previously described (14, 15).




RESULTS


Characteristics of Enrolled Initiates and Associates

Three hundred twenty-three Initiates were enrolled in Thailand between November 2009 and November 2012 (Table 3), with enrollment thus capturing three peak periods for DENV transmission (i.e., the rainy season), which variably reaches its maximum in July-August and wanes in October–November each year. Forty-four Initiates were enrolled in Ecuador between January 2014 and June 2015, with enrollment thus spanning two peak periods for DENV transmission, which typically reaches its maximum in March-May and wanes in June–July each year (22). All four DENV serotypes were detected in Initiates in Thailand, during the study period, while only DENV-1 and DENV-2 were detected among Initiates in Ecuador. 26.4% of Initiates in Ecuador were RT-PCR negative, with DENV infection confirmed by NS1 rapid test or NS1 ELISA. The median ages of Initiates in Ecuador and Thailand were similar (16 and 14.5 years, respectively). Only 1.9% of Initiates in Thailand had primary DENV infections by serology vs. 25.0% in Ecuador. By definition, 100% of Initiates were derived from hospitalized illnesses in Thailand, while 25.0% were hospitalized in Ecuador.


Table 3. Features of Initiates in Thailand and Ecuador.

[image: Table 3]

One thousand two hundred forty-two Associates were enrolled in Thailand and 384 in Ecuador, with a median of 3 and 8 Associates per Initiate in each country, respectively (Table 4). Overall, relatively few Associates reported a history of JEV (in Thailand) or YFV vaccination (in Ecuador); however, 96.1% of Thai children (aged <18 years) reported a history of JEV vaccination and 19.6% of Ecuadorian children reported a history of YFV vaccination. Three hundred three Associates in Thailand (24.3%) and 96 in Ecuador (25.0%) were confirmed to have acute or recent DENV infection. Eliminating the results from the convalescent blood draw from the Thailand data (e.g., forcing a mirroring of study methods for the two sites by considering only the diagnostics testing results from the enrollment specimen), the number of infected Associates detected in the Thai study decreased to 202 (data not shown). Thus, extending the surveillance period by 15 days and incorporating a convalescent blood draw increased the detection of DENV infections in Associates by 33% (from 202 to 303 infections).


Table 4. Features of enrolled Associates in Thailand and Ecuador.

[image: Table 4]

In Thailand, the DENV serotype detected in Associates matched the Initiate's serotype 94.0% of the time. In contrast, concordance was only 66.7% in Ecuador (i.e., one in three Associates were infected with a different serotype than the Initiate for that cluster). The clear majority of DENV infections in Associates in Thailand and Ecuador were symptomatic (defined as the report of any symptom within 7 days of enrollment through the 15-day follow-up for Thailand and within the past 7 days from enrollment for Ecuador). The mean number of Aedes females per home was higher in Thailand than in Ecuador (p = 0.034 by Mann Whitney U-test); for both sites, albeit non-significantly, the number of mosquitoes captured was higher in Associate homes with identified DENV infections than in those without DENV infections (p > 0.05 for both comparisons). In Thailand, the largest number of Associates was enrolled in the age group comprising children aged 0–10 years (Figure 2). In Ecuador, the largest age group enrolled comprised individuals aged 11–20 years.


[image: Figure 2]
FIGURE 2. Histogram of ages of enrolled Associates in Thailand (orange) and Ecuador (blue).




Characteristics of DENV Infections in Associates

The highest infection rates among Associates for both Thailand and Ecuador were observed in the age group 11–20 years (Figure 3). The rates were roughly similar but generally higher for Ecuador than for Thailand. Incidence rate decreased with age at both sites.


[image: Figure 3]
FIGURE 3. Proportion of Associates confirmed to have DENV infection, by age and study site. Thailand is shown in orange and Ecuador in blue. Error bars reflect the 95% confidence intervals for the proportions.


The proportion of DENV infections that were primary by serology (EIA) was much higher in Ecuador than in Thailand overall (Figure 4). In the age group 0–10 years, 80.0% of DENV infections were primary in Ecuador, vs. 17.1% in Thailand. In Ecuador, the proportion of infections that were primary generally decreased with age, while in Thailand the proportion remained relatively level between 0 and 20%.


[image: Figure 4]
FIGURE 4. Proportion of DENV-infected Associates found to have primary DENV infection (by ELISA), by age and study site. Thailand is shown in orange and Ecuador in blue. Error bars reflect the 95% confidence intervals for the proportions.


Children were more likely to experience symptomatic infection in Thailand as compared to Ecuador (Figure 5). The proportion of DENV infections that were asymptomatic increased steadily with age in Thailand, while in Ecuador the proportion asymptomatic remained relatively level between 15 and 40%.


[image: Figure 5]
FIGURE 5. Proportion of DENV-infected Associates with asymptomatic infection (i.e., denying any of the solicited symptoms) by age and study site. Thailand is shown in orange and Ecuador in blue. Error bars reflect the 95% confidence intervals for the proportions.




Symptoms of DENV Infection in Associates

In Thailand, children were more likely than adults to report fever, headache, upper respiratory symptoms (rhinorrhea, cough), and abdominal symptoms (pain, nausea/vomiting) (Table 5). Children were also more likely to be hospitalized. Individuals experiencing a secondary DENV infection were more likely to be hospitalized and to demonstrate all symptoms solicited (significant for headache, anorexia, nausea/vomiting, drowsiness, muscle/joint pain, and abdominal pain). Children experiencing secondary infection reported the highest frequency of symptoms, notably with 82.9% reporting fever and 25.6% becoming hospitalized.


Table 5. Symptoms reported by enrolled Associates by age (adult = age ≥ 18 years, child = age ≤ 18 years), among those with symptomatic infections (defined as the presence of any solicited symptom) in Thailand.

[image: Table 5]

In Ecuador, children experiencing DENV infection were more likely than adults to report rash, and adults were more likely than children to report muscle and joint pain (Table 6). Symptoms were more common in Associates experiencing secondary DENV infections. In Ecuador, most symptoms were more common in Associates experiencing secondary DENV infections although there was limited power to detect significant associations given low numbers. Rash was more common in children experiencing primary DENV infection.


Table 6. Symptoms reported by enrolled Associates by age (adult = age ≥ 18 years, child = age ≤ 18 years), among those with symptomatic infections (defined as the presence of any solicited symptom) in Ecuador.

[image: Table 6]




DISCUSSION

DENV pose a significant and increasing threat to human health across broad regions of the globe. Counter measures to prevent human exposure to infected Aedes mosquitoes and to prevent illness, once exposed, are urgently needed. With promising interventions on the horizon, including multiple vaccine candidates under development (23) and a renewed and innovative focus on the vector, Aedes aegypti (12, 13), there persist significant gaps in our understanding of the similarities and differences in DENV epidemiology across regions of potential implementation and evaluation. In this manuscript, we highlight and compare findings from two analogous cluster-based studies for DENV transmission and pathogenesis conducted in Thailand and Ecuador to identify key features and questions for further pursuit.

The incidence of DENV infection among Associates was remarkably similar across age groups in both countries. Applying the same definition to the Thai Associates as to the Ecuadorian Associates (i.e., based upon the enrollment specimen only), the incidence rate in Ecuador was at least 33% higher. This is somewhat surprising, given prior estimates suggesting a higher transmission intensity in Asia than in the Americas (8, 9). Multiple possible explanations exist for this. First, the incidence of DENV has been shown to vary significantly in time and space (24). The studies were conducted at different time points and for relatively short intervals and thus infection rates by country may be confounded by year. Further, the clinical severity and transmissibility of DENV has been demonstrated to vary by serotype (25–27). Second, the underlying susceptibility of the Associate populations is not known, by nature of the study design (i.e., cluster investigations based upon the identification of a DENV infection in a neighbor). If the Thai Associates had a higher level of pre-existing DENV immunity, a similar or even lower incidence may still reflect a high force of infection (see hypothetical illustration in Figure 6). This distinction is important, because the force of infection directly translates to the risk experienced by DENV-naïve subjects visiting or born into an area as well as the level of coverage needed by interventions to decrease transmission.


[image: Figure 6]
FIGURE 6. Hypothetical illustration of the possible relationships between underlying susceptibility to DENV, observed incidence, and force of infection.


Interestingly, intra-cluster concordance of DENV serotypes between Initiates and Associates was only 67% in Ecuador, as compared to 94% in Thailand. This focal, concurrent micro-circulation of multiple serotypes has not, to our knowledge, been documented previously. Potential explanations for this finding may include: greater population-level immunological bottle necks for serotype co-circulation in Thailand, resulting from many decades of hyperendemic transmission, differences in human movement patterns, and/or differences in the spatial scale or hot-spots for transmission between the two sites. Long-term, parallel prospective cohort studies conducted across regions would contribute significantly to our understanding of DENV epidemiology, permitting characterization of baseline immune status (susceptibility), shifts in DENV serotypes and genotypes over time, and diverse risk factors for DENV infection and dengue illness.

The incidence of symptomatic DENV infection among Associates for both studies was much higher than has been reported in previous prospective cohort studies, at 25 and 33% for Thailand and Ecuador, respectively (7, 28) This may reflect recall bias, wherein individuals enrolled in cluster studies are more likely to notice and report even minor symptoms given that a neighbor has recently been diagnosed with a DENV infection. It is also possible that the enrollment of ill Initiates at their point of entry into the healthcare system imposes a sampling bias, selecting for more severe DENV serotypes, genotypes, and/or strains with an increased ability to infect and cause disease in Associates. Finally, it should be noted that the case definition for “symptomatic infection” applied in this analysis is more sensitive than the definition applied in some other studies. For example, prior analyses from KPP have required the presence of fever to define symptomatic illness, a symptom reported by 89% of DENV-infected Thai Associates with any clinical symptoms and only 24% of symptomatic, DENV-infected Ecuadorian Associates in the current analyses. This suggests that using fever as the sole criterion for “symptomatic infection” in field studies for DENV may result in the misclassification of potentially large numbers of ill subjects as “asymptomatic.” Interestingly, the incidence of asymptomatic DENV infection increased with age in Thailand but remained relatively flat in Ecuador; this may reflect a higher force of infection for DENV in Thailand, with accumulated cross-protective immunity through multiple DENV exposures over time.

The clinical severity and manifestations of DENV infection in Associates differed between Thailand and Ecuador. 21.5% of children and 7.9% of adults enrolled as Associates in Thailand were hospitalized with dengue illnesses, as compared to 0% in Ecuador. This may reflect the greater occurrence of secondary DENV infection in Thai children, for whom rates of hospitalization were 25.6% and for whom most clinical symptoms were also more common (fever, headache, abdominal symptoms, etc.). Other possibilities for the greater clinical severity in Thailand include differences in the virulence of circulating DENV between regions and/or differences in study design, given that Thai Associate households were enrolled on the basis of reported fever and Ecuadorian households simply on the basis of their location relative to the Initiate house. Region-specific differences in patterns of care-seeking and criteria for hospitalization likely exist and may bias our comparisons; for example, individuals in Thailand may have been less likely to seek care for milder dengue illnesses as compared to individuals in Ecuador, and/or more likely to be hospitalized for a given clinical presentation. It is likely that human immunogenetic differences influence the clinical outcome to DENV infection and will differ across populations (29). Finally, undetected parasitic co-infections may play a role in modulating the immune response and thus the clinical outcome of DENV infection (30); for example, it is possible (but currently untested) that helminthic infections are more common in Ecuador than in Thailand and/or other parasitic co-infections such as Trypanosoma cruzi in the Americas may shape the clinical outcome of DENV infection.

The proportion of DENV infections identified as primary by DENV serology was much lower among similarly aged children in Thailand compared to Ecuador. This is presumably a reflection of the high rates of coverage for JEV vaccination in Thai children, manifesting as an anamnestic, secondary-type response to primary DENV infection. YFV and JEV are both well-known to cross-react with DENV in serological assays. Prior analyses from KPP suggest that prior JEV immunity may predispose toward symptomatic DENV infection (31); the potential for YFV to shape the clinical outcome of DENV infection is unknown. Potential differences in the force of infection for ZIKV between the Americas and Asia remain poorly understood, though there is increasing evidence that ZIKV has been endemic in Thailand, possibly at low levels, for decades (19). Serological cross-reactivity between DENV and ZIKV currently complicates the reliability of serologically-confirming infections due to either virus (32), however, assays promising improved specificity are in development and under validation (33, 34). Future studies should seek to further clarify the potential for exposure (natural or vaccine-derived) to a range of non-DENV flaviviruses to modulate the clinical and immunological outcomes of DENV infection; this knowledge will have particular relevance when evaluating the immunogenicity and efficacy of DENV vaccines across regions.

In addition to addressing the questions above, long-term, parallel prospective cohort studies would allow valuable characterization of larger patterns in DENV transmission across regions. The average age of DENV infection has been increasing in Thailand and other parts of Asia, indicating a decreased force of infection possibly due to a demographic transition toward an older population (35, 36). While Thailand has had all four DENV serotype in circulation for many decades, DENV is re-emerging in the Americas, and Ecuador became hyperendemic for all four serotypes as recently as 2000. It is, therefore, conceivable that Thailand may represent the future for Ecuador with regards to long-standing hyperendemic DENV transmission, and Ecuador, in turn, the future for areas that are currently DENV-naïve or low-endemicity but at risk for DENV introduction or expansion with climate change.
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While the clinical, laboratory and epidemiological investigation results of the Ebola outbreak in Likati Health Zone, Democratic Republic of the Congo (DRC) in May 2017 have been previously reported, we provide novel commentary on the contextual, social, and epidemiological characteristics of the epidemic. As first responders with the outbreak Surveillance Team, we explain the procedures that led to a successful epidemiological investigation and ultimately a rapid end to the epidemic. We discuss the role that several factors played in the trajectory of the epidemic, including traditional healers, insufficient knowledge of epidemiological case definitions, a lack of community-based surveillance systems and tools, and remote geography. We also demonstrate how a collaborative Rapid Response Team and implementation of community-based surveillance methods helped counter contextual challenges during the Likati epidemic and aid in identifying and reporting suspected cases and contacts in remote and rural settings. Understanding these factors can hinder or help in the rapid detection, notification, and response to future epidemics in the DRC.
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INTRODUCTION

In April 2017 (1, 2) the Likati Health Zone office in the northern province of Bas Uélé in the Democratic Republic of the Congo (DRC) identified a cluster of illnesses and deaths with Ebola-like symptoms. Following investigation by local health authorities on May 5, 2017 (3), the Provincial Health Office alerted the Ministry of Health (MOH) in Kinshasa of a potential Ebola Virus Disease (EVD) outbreak, which was subsequently reported to the World Health Organization (WHO) per International Health Regulation requirements (4). The MOH officially declared the EVD outbreak in the Likati Health Zone on May 11, 2017 (1) after a blood sample collected from one of five suspected cases tested positive by reverse transcription-polymerase chain reaction (RT-PCR) (5) for Ebola virus subtype Zaire at the national reference laboratory in Kinshasa (6).

The DRC is the second largest and fourth most populated country in Africa and has an environment favorable to zoonotic disease outbreaks such as yellow fever, monkeypox, EVD, and other viral hemorrhagic fevers (7, 8). Tropical forests rich in animal diversity and growing in population density, like those in the DRC, have been shown to increase the risk of emerging infectious diseases (9). These ecological factors, regional sociopolitical insecurity and instability, shared borders with nine other countries, and a mobile population, make DRC highly vulnerable to disease outbreaks (9, 10). While the DRC is experienced in outbreak response, having responded to more EVD outbreaks than any other country, the current (2018–2019) EVD outbreak in Ituri and North Kivu provinces—the longest-lasting in DRC's history—has demonstrated that when certain factors converge, outbreaks can still be a challenge to contain (11).

The Bas Uélé province—which houses the Likati Health Zone where the May-June 2017 EVD outbreak occurred—is situated in the northern part of the country on the border with the Central African Republic. Likati is a heavily forested, rural area (population of 74,648) (12) ~140 km away from the provincial capital Buta. Likati is isolated and lacks infrastructure, has limited communication networks, and no paved roads; travel routes (dirt paths and rivers) become impassable during the rainy season April through December. These factors result in reduced access to healthcare and delays in detecting, reporting and responding to potential cases of epidemic-prone diseases (13). The poverty rate is high, and the economy is based on agriculture, fishing, and hunting; many rely on the bushmeat industry as a food staple and source of income, increasing risk of zoonotic diseases exposure and transmission (14). The DRC's vulnerability to emerging and re-emerging infectious diseases along with the challenging environmental, geographic and sociopolitical factors renders timely detection and reporting of epidemic-prone diseases difficult, and underscores the importance of continued investment in a strong epidemiological surveillance system to detect and monitor disease outbreaks.

In the 2017 Likati EVD outbreak, the MOH's National Coordination Committee was responsible for managing outbreak response activities, coordinating with national and international partners to develop the outbreak response plan and assembling a multi-sectoral Rapid Response Team (Table 1), which was deployed to the outbreak epicenter on May 13, 2017. As part of the rapid response, the MOH's Directorate of Disease Control was assigned primary responsibility to coordinate the outbreak surveillance and case investigation activities. The Rapid Response Surveillance Team was comprised of field epidemiologists and surveillance experts who were responsible for conducting active case investigations, identifying and monitoring case contacts, tracking case alerts (i.e., symptomatic individuals or unexplained deaths) at health centers and within the community, managing case and contact data, and producing daily Situation Reports. Using the epidemiological, clinical, and laboratory data collected during surveillance activities, the Surveillance Team conducted an epidemiological investigation to identify the chain of transmission, determine the origin of the outbreak, and understand the dynamics of this EVD outbreak. As members of the Rapid Response Team, we describe the methods of our epidemiological investigation and expand upon previously published results (6) by describing the contextual, social and epidemiological factors that contributed to the Likati outbreak, and the potential implications these findings have on future EVD outbreaks in the DRC.


Table 1. Overview of Ebola Rapid Response Teams, Likati Health Zone, DRC, May–June 2017*.
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METHODS


Case Investigation and Contact Tracing

We visited remote villages throughout the Likati Health Zone to interview case contacts, health workers, traditional healers, community and family members who transported patients, and local authorities to determine how and when the outbreak began. We reviewed health records, investigated unexplained deaths and illnesses in humans and animals, and investigated evidence of animal-to-human transmission of EVD. A standard case investigation form was used to record demographic characteristics; determine methods of exposure; document illness onset and signs and symptoms; and identify potentially exposed contacts of suspect, confirmed and probable cases.

To improve the early detection of suspected cases, we established a community alert system and trained community health workers to rapidly report and effectively manage community alert cases. Based on the outbreak-specific case definitions (Table 2), all alerts in the community were investigated and those meeting the criteria as a suspected case were transported to a health facility for clinical assessment, confirmatory laboratory testing, and appropriate treatment per Integrated Disease Surveillance and Response guidelines (15, 16). Contact information for suspected cases was obtained, and individuals who came in contact with a suspected case in the previous 21 days were defined as case contacts (Table 2). These contacts were monitored by community health workers for 21 days and contacts that began exhibiting symptoms were classified and treated as a suspected case.


Table 2. Definitions of alert, suspected, probable, confirmed, non-cases, and case contacts used in the Likati 2018 outbreak (15).
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All information on suspected case contacts was aggregated into a contacts list register. Patient information such as identity, method of notification, history of symptoms and treatment seeking behavior, symptoms, laboratory testing, and final classification was aggregated in the case line listing register in Excel. Both registers were uploaded into the Epi InfoTM Viral Hemorrhagic Fever (VHF) application, version 0.9.60 (17).

We documented the chain of transmission by analyzing the case investigation forms, the case line listing register, the contacts list register, and transcripts of interviews with EVD cases, survivors, and relatives of deceased cases, extended family, contacts, and community members.



Classification of Cases

Standard case definitions from the 2011 Integrated Disease Surveillance and Response (IDSR) Technical Guide (16) were adapted for health workers and outbreak response teams to improve assessment and classification of probable, confirmed, or non-cases (Table 2). IDSR alert case definitions were broadened to include any unexplained death or anyone with a high fever or anyone with bloody diarrhea; previously an alert case was defined as anyone with a high fever and bloody diarrhea. Case definitions were posted on health facility walls, and community and facility-based health workers were trained on these definitions to ensure proper classifications in applying case definitions. Community health workers were trained to use the definition for an alert case and notified either the Surveillance Team or health center closest in proximity if an alert case (alive or dead) was identified. Surveillance Team members traveling in the remote health areas and health center personnel were trained to report based on the definition of a suspected case, and would then notify the Rapid Response Team to either transport the patient to receive appropriate medical care or to collect and safely despose of the human remains. Notifications of both alert and suspected cases prompted Surveillance Team investigation; based on the investigation results, alert and suspected cases received a final classification as a probable, confirmed, or non-case according to the specified definitions (Table 2).




RESULTS


Case Investigation and Contact Tracing

As previously reported, the outbreak resulted in eight cases, five of which were laboratory confirmed [two by RT-PCR and three by enzyme-linked immunosorbent assay (ELISA)] (5, 18), and three of which were classified as probable. There were four deaths (three men and one woman). Five of the eight confirmed or probable cases came from the Nambwa Health Area (in the Likati Health Zone), which was identified as the outbreak epicenter.

All contacts completed the 21-day monitoring period by June 2, 2017, with no additional cases identified. The WHO officially declared the EVD outbreak over on July 2, 2017, 42 days after the last confirmed case tested Ebola virus-negative the second time; this period, which is twice the maximum incubation period for Ebola virus, is used to confirm the end of human-to-human transmission (19).



Chain of Transmission and Outbreak Origin

Data suggest that all confirmed and probable cases originated from a single EVD case with bushmeat exposure, and all subsequent cases resulted from human-to-human transmission (6). The epidemiological investigation suggested that the origin of the outbreak began with the index case's contact with bushmeat on March 15, 2017. The index case's brother-in-law, a hunter, brought back a monkey and a wild boar, partially eaten by other wild animals. The investigation uncovered the death of 84 pigs in three villages of the Nambwa health area between March 9, 2017 and May 22, 2017, however testing of the dead pigs by RT-PCR indicated they were not the origin of the outbreak.

The epidemiological investigation found that the index case became symptomatic (with fever, arthralgia and muscle pain, nausea, vomiting) on March 27, 2017, within the incubation period after exposure to bushmeat on March 15, 2017. The index case was treated at a private health facility for ~6 days. The index case experienced hematemesis on April 2, 2017; believing it to be a sign of poisoning, the index case's family brought them to a traditional healer. Showing no signs of improvement after 2 days, the traditional healer referred the patient to a private health center, and upon arrival their temperature was 103.1 degrees Fahrenheit (39.5 degrees Celsius). Symptoms did not improve, and after 1 day of observation they were advised to transfer to the Likati General Reference Hospital. The index case died en route on April 5, 2017, 9 days after symptom onset. Transportation to the hospital was via motorcycle, with a driver and a person assisting with transport. The driver, who later died, was classified as a probable case. The person assisting with transport was classified a confirmed case (serology), and was initially believed to be the index case until the epidemiological investigation, instead, identified them as a contact.



Classification of Cases

Standardizing case definitions, establishing the community alert system, and training community health workers helped to detect, report, and effectively manage community alerts. Coordination with the Communication and Social Mobilization Team (Table 1) was crucial to ensure alerts were investigated by the Surveillance Team and classified according to standard case definitions; the Communication and Social Mobilization Team organized community awareness campaigns through local radio, churches, market, schools, and other public places to remind the population to report suspected cases or deaths in the community. This collaboration resulted in identifying suspected cases in eight of 11 health areas, with 98 classified as non-cases following laboratory testing and epidemiological investigation. All suspected cases and 583 contacts were monitored for 21 days without any lost to follow-up.

The epidemiological investigation discovered a limited understanding of EVD among community health workers and healthcare facility staff in Likati. In response to this observed gap, we trained 98 community health workers in seven health areas of Likati Health Zone on the EVD community case definition to identify community alerts, case contact identification, data collection and follow-up procedures, and collection of body temperature.




DISCUSSION

In DRC, previous experience with EVD outbreaks has contributed to improved national preparedness to swiftly coordinate and manage an outbreak response. Decades of experience has led to successful containment strategies that involve both formal health workers, traditional healers, and village social and religious leaders, and substantial efforts have been made in the DRC for capacity-building in epidemiology, laboratory analysis, and patient care, resulting in readily available local expertise that can quickly respond to outbreaks (20). These preparatory efforts contributed to the Rapid Response Team's ability to continually assess and strategically adapt to the evolving situation during the Likati 2017 EVD outbreak. The Surveillance Team succeeded in identifying how and when the outbreak began and developing a detailed description of the chain of transmission, which resulted in effectively interrupting the transmission chain to contain the Likati outbreak in 51 days. The person originally thought to be the index case was determined to be a contact instead; thus, the epidemiological investigation found that the outbreak started on March 27, 2017, a month earlier than was originally reported. Using the adjusted timeline, the MOH outbreak declaration on May 11, 2017 was 45 days after the index case first developed symptoms and was shortly thereafter seen in a private health facilty. Additionally, the epidemiological investigation confirmed that the index case had contact with monkey and wild boar bushmeat. While monkeys are known animal reservoirs for EVD, a wild boar has not been a documented likely orgin of a previous EVD outbreak in the DRC (21).

Understanding the contextual factors that contribute to notification delays may allow for targeted improvement of the surveillance system in DRC in preparation for future EVD outbreaks. In the 2017 Likati EVD outbreak, first responders identified several factors that contributed to the delays in detection and reporting: the use of traditional healers as first-line healthcare and treatment, insufficient knowledge of EVD case definitions at the health center and among community health workers, lack of community-based surveillance systems and tools, and remote rural geographic characteristics.


Use of Traditional Healers

Interviews with key informants during the epidemiological investigation found that EVD cases—including the index case—received care from traditional healers, which can result in delayed detection of a potential epidemic and the coordinated response necessary to halt viral transmission (22). Traditional healers are often the first point-of-care in rural areas where access to the formal healthcare system may be limited, or when one believes an illness is spiritual and cannot be cured with a medical intervention (23). To improve healthcare linkages for populations in rural settings, the DRC MOH put a national program of traditional medicine in place in 2001 to help regulate care provision in rural areas; however, for various reasons including mistrust between traditional and modern practitioners, traditional healers were not integrated into the national healthcare system (24). Currently, due to the informal nature in which traditional healers operate, they can be difficult to identify for EVD control measures. Despite this challenge, it is critical that future EVD communication campaigns sensitize traditional healers (and private health facilities, where the index case first received treatment) to recognize symptoms and refer sustected cases. Of note, among the eight confirmed and probable EVD cases in the Likati outbreak, only one was determined to be exposed at a healthcare facility and the remaining seven were most likely exposed to the virus in the community. This is an important finding because exposure to EVD in healthcare facilities can lead to rapid amplification of an outbreak as was demonstrated in the 1995 Kikwit outbreak where 25% of cases were among health workers exposed in a healthcare facility (25). Proper infection prevention procedures by healthcare workers at the affected healthcare facility may have also contributed to more rapid containment of the Likati outbreak.



Community and Facility Health Worker Knowledge

Despite treatment at two local healthcare facilities and a traditional healer, the index case was not properly diagnosed with EVD, leading to a substantial delay in notification of the case. This points to the importance of health workers and communities' ability to recognize the signs and symptoms of EVD. The Surveillance Team observed a limited understanding of EVD among facility-based and community-based health workers in remote health areas of Likati Health Zone; as care seeking from traditional healers or religious leaders often replaces or precedes the formal healthcare system, community health workers should be routinely trained to detect unusual health events in their communities (including suspected EVD cases) and report these events to health authorities. The Surveillance Team's knowledge of this factor led to targeted training of community health workers during the Likati epidemic, emphasizing the important role of community-surveillance systems in remote and rural settings.



Community-Based Surveillance Systems and Tools

The Likati epidemic demonstrated the important role of communities in contributing to EVD response efforts. Training and equipping community and facility-based health workers with the tools to collect, manage, and properly report community alerts and suspected cases in line with national and international surveillance rules and regulations is critical to containing epidemics. Tools such as low-literacy flip charts and posters with visual depictions of case definitions and data collection and reporting forms, should be standardized and available for use in both the informal and formal healthcare system to bridge the gap between event- and indicator-based surveillance systems (26). To be most effective, the community-based surveillance system in the DRC should incorporate notifications and reporting of Ebola-like symptoms and suspected deaths from traditional healers in the communities. The Likati community alert system developed by the Surveillance Team aimed to address this gap, especially in the more remote health areas in Likati that were far from formal healthcare structures.



Remote and Rural Geographic Characteristics

Likati's remote and rural geography presented challenges that impacted the ability to conduct outbreak investigation and response activities. Impassable roads and poor network coverage affected timely and accurate communication and reporting from remote health areas. Limited transportation infrastructure between Likati and the general reference laboratory in Kinshasa slowed the diagnosis of initial suspected cases until a mobile laboratory unit could be deployed. To address these challenges, Rapid Response Teams (Table 1) used canoes and motorbikes to traverse rivers and difficult terrain inaccessible by car, brought generators to address inconsistent power supply in the district health office, and used Very Small Aperture Terminal (VSAT) satellites and satellite telephones with solar chargers for connectivity in remote health areas. Further, the Surveillance Team placed satellite phones in communities deemed high-risk to ensure direct, real-time case reporting. Nevertheless, Likati's challenging geographic characteristics may have contributed to the confinement of the EVD outbreak and reduced the risk of transmission to more densely populated urban areas in neighboring health zones (6, 13). The low population density limits human contacts, and lack of infrastructure decreases chances of EVD rapidly spreading between large cities. This is in stark contrast to the 2014-2015 EVD epidemic in West Africa.




CONCLUSION

The context in which an EVD outbreak occurs can contribute delays in detection, notification, and rapid response. The 2017 Likati outbreak response was a success; despite delays in notification, the Rapid Response Team successfully worked together to contain the EVD outbreak. Case investigation and contact tracing efforts provided important information about how and when the outbreak began, confirmed the true index case, and developed a comprehensive chain of transmission. The investigation also highlighted epidemiological characteristics that can hinder rapid response efforts; understanding these factors that contribute to notification delays allows for targeted improvement of the DRC's surveillance system to best prepare for future EVD outbreaks. Ongoing efforts to identify gaps, and the motivation of the MOH and international community to implement sustainable solutions, may support improved response to and prevent morbidity and mortality from infectious disease epidemics in the DRC and the wider global community.
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Case Report: Congenital Arthrogryposis and Unilateral Absences of Distal Arm in Congenital Zika Syndrome
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Zika virus was recognized as a teratogen in 2015, when prenatal Zika infection was associated with neonatal microcephaly. The transmission, virulence, tropism, and consequences of Zika virus infection during pregnancy are currently studied. Decreased neural progenitor cells, arrest in neuronal migration and/or disruption of the maturation process of the fetus central nervous system have been associated. Congenital Zika Syndrome produces a fetal brain disruption sequence resulting in structural brain abnormalities, microcephaly, intracranial calcifications, fetal akinesia and arthrogryposis. Vascular abnormalities like unique umbilical artery and decreased cerebral vascular flow have been described in some patients. This article reports a Zika positive patient with sequence of fetal brain disruption, arthrogryposis and absence of distal third of the right forearm. This report expands the clinical observations of congenital Zika syndrome that may be related to disruptive vascular events.

Keywords: Zika virus, birth defects, congenital infection, arthrogryposis, microcephaly, sequence, disruption


INTRODUCTION

Since the identification of the Zika virus (ZIKV) in a rhesus monkey in 1947 and its isolation in humans in 1954, this virus has caused outbreaks in different populations from 2007 to 2013, and recently in 2015 in Brazil, with different public health impacts (1–4). ZIKV infection in humans is related to blood dyscrasias such as thrombocytopenia, Guillain Barre Syndrome and structural morphological abnormalities in fetus of infected pregnant mothers (5–8). But, up to 80% of those infected will course asymptomatic. ZIKV is transmitted by the bite of infected Aedes aegypti mosquito, sexual or vertical transmission during pregnancy, through blood transfusions, among others (3, 9–12). ZIKV is a flavivirus with two identified, Asian and African, lineages. Its RNA genome (10.8 kb) encodes for a 3,419-amino acid polyprotein which forms a capsid (C), a membrane precursor (prM), a wrap (E), and 7 non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B y NS5) (13). Revers transcription polymerase chain reaction (RT-PCR) and reverse transcription quantitative polymerase chain reaction (RT-qPCR) are reliable tests for detection of viral ZIKV RNA in serum or urine of infected patients but they are limited because of fast decline of virus presence in these tissues (1 to 2 weeks post-infection). Tests for ZIKV-specific IgM antibodies in serum are also used as a diagnostic evidence for ZIKV infection expanding the diagnostic opportunity for several months, but cross-reactivity with other flaviviruses like dengue, must be taken into account, especially in endemic areas (14, 15).

The pathogenicity of ZIKV is related to cellular events like apoptosis, vascular damage, restriction in the cell maturity, and the signal cascade activation, but its virulence and cellular pathology is not totally elucidated (16–18). ZIKV interferes with the neural development through decreased neural progenitor cells, arrest in neuronal migration and/or disruption of the maturation process of the fetus central nervous system (CNS). This is clinically translated into microcephaly, lissencephaly, and others brain abnormalities (19–22). The objective of this article is to report one patient with brain sequence disruption, arthrogryposis and absence of the distal segment of the right arm with ZIKV RNA detected in the cerebrospinal fluid.



CASE REPORT

During the 2016 ZIKV outbreak in Merida, México, a 27-year-old woman in the third trimester of pregnancy was referred to medical geneticist because multiple malformations detected in the fetus. Informed consent was obtained for sampling, clinical evaluations, and for the publication report. Exploring the medical records, she reported unquantified fever, preauricular nodes, pruritus and rash in the shoulder girdle and thorax in the first trimester when the pregnancy was unnoticed. No serological tests were performed for ZIKV at that time. Ultrasound was performed at 16.4 weeks of gestation with report of fetal growth within normal ranges; but at 23 weeks of gestation, the fetal hands were not identified. At 27.4 weeks of gestation, fetus was reported with microcephaly (DBP 58 mm); nuchal thickening, ventriculomegaly, hemisphere hypoplasia and cerebellar vermis were detected in the brain, and micrognathia, right radial aplasia, and arthrogryposis were also reported at that time.

A stillbirth with generalized subcutaneous edema was obtained via cesarean section at 35 weeks of gestation. At physical exploration showed craniofacial disproportion, microcephaly, irregular anterior and lower posterior hairline. Posterior sloping of the forehead and hypertelorism were observed. The nasal bridge, the nostrils and the filtrum were normal. Retrognathia and normal oral cavity were found. The ears were cupped with low implantation and thickened helix. The shoulders were short, with internal rotation and presented limitation to abduction. The left upper limb presented an extended elbow with limitation to the reduction, pronation arm, flexed wrist, non-reducible hand with cyanotic coloration. The upper right limb was conformed only to the proximal third of the arm. At this level, soft tissue defect was found with the presence of an irregular cutaneous line, exposure of subcutaneous tissue and the humeral condyle, no tissue bleeding was detected (Figure 1). The lower extremities presented limitation to hip abduction, knee extension and flexion of both feet. The genitalia anatomy showed 1 cm penis and a complete rough scrotum without testes inside.


[image: Figure 1]
FIGURE 1. (A) In this picture it is appreciate the patient phenotype with arthrogryposis and the absence of the distal part of the right arm The frontal view of the arm injury is inserted in the upper part of the photo. (B) Observe cyanotic coloration in the distal left arm and hand in comparison of the foot. (C) Axial-cut cranial tomography showing subcortical calcifications.


On the skull x-ray, everted sutures and partial collapse of the cranial bones with a hypoplastic occipital was observed. The radiograph of the upper extremities shows a right humerus shorter than the left, with preserved of the distal region of the humerus (Figure 2). Computational axial tomography reported subcortical calcifications, lissencephaly, ventriculomegaly, and generalized cortical degeneration. The karyotype was normal, 46, XY. The serological test for toxoplasma, rubella, cytomegalovirus and herpes virus were negative in the mother and the patient. The RT-PCR for ZIKV/Dengue/Chikungunya in the patient's cerebrospinal fluid detected the presence of Zika viral RNA (23). Autopsy was not authorized.


[image: Figure 2]
FIGURE 2. X-ray imaging. In both image it appreciate skull with everted sutures and partial collapse of the cranial bones. Asymmetry is observed in the length of the right and left humerus.




DISCUSSION

The Zika virus outbreak in Brazil in 2015 became emergent due to catastrophic consequences in infected newborns during the prenatal period (7, 8). Current research investigates the virulence and pathogenicity of the African and Asian ZIKV lineages to understand why this teratogenic effect was not observed in earlier outbreaks (24, 25). Epidemiology during the outbreak in Brazil allowed to observe that: (1) Pregnant women infected with Zika were asymptomatic or symptomatic as well as the general population; (6) (2) Not all pregnant women with ZIKV infection had perinatal complications or their products had congenital abnormalities, it was estimated that up to 5–10% of these women had children with morphological abnormalities (8), (3) Structural abnormalities found in fetus and newborns were related to brain tissue disruption sequence and growth restriction (7, 21, 22). (4) Establishing a conclusive diagnosis of Congenital Zika Syndrome (CZS) is a challenge due to the prolonged time between acute (symptomatic or asymptomatic) maternal infection and the time when fetal abnormalities are detected (8), and finally, (5) Although the presence of viral RNA has been demonstrated for prolonged periods in serum, urine, semen and other tissues of infected patients, to stablish ZIKV diagnosis is still a challenged because is related to optimal RNA recovery methods. These methods are under investigations actually (14, 15).

In CZS, a fetal brain disruption sequence (FBDS) was described, thus numerous events would produce variable findings in brain imaging tests. The sequence of disruption is a congenital, static morphological abnormality, caused by the developmental failure of a body structure that had the normal (genetic) developmental potential. The embryological or fetal moment at which the tissue is interrupted or the development determines subsequent destruction; may therefore, be heterogeneous (26). Until now, different etiologies of FBDS are described, being the infections and vascular injuries more frequent (22). ZIKV interferes with neural development through the decrease of neural progenitor cells, the arrest in neuronal migration and/or disruption of the CNS maturation process (19, 20, 27). The involvement of neuronal stem cells in human fetuses through non-structural proteins (NS4B and NS4A) has been associated with the inhibition of Akt-mTor signaling that participates in brain development (28). Depending on the damage to brain tissue, microcephaly can be observed and subsequent fetal skull collapse would result (22). Microcephaly, intracranial calcifications and brain disruption were the most frequent abnormalities shown in SCZ (21).

As a consequence of brain or peripheral nerves damage, can occur decrease in fetal movements and joint contractures (arthrogryposis) in consequence. It is known while limitation of fetal movement is earlier in gestational age and lower range of joint movement happens, the greater joint involvement and contractures will be observed at birth (29). This was one of the proposed mechanisms of the most severely affected patients with CZS (30). Arthrogryposis can occur as an isolated manifestation or as part of other genetic syndromes. Its etiology is not well-known; however, abnormalities in connective, nervous, muscular and vascular tissue have been related as possible pathological mechanisms (29).

In the patient here described, the contractures observed in the left arm were internal shoulder rotation, extended elbow and flexed wrist corresponding to amyoplasia, which is the most frequent arthrogryposis (31). However, the left arm was cyanotic from the middle part of the forearm to the acroterminal region and the wrist was hyperflexed with overlapping fingers with no reducible position. The isquemic pattern in the left hand could suggest vascular disruption. No constrictor rings were detected (32). The transverse terminal deficiency of the right limb is suspected of being lost during the last 8 weeks of pregnancy, because an obstetric ultrasound reported radial aplasia at 27 weeks gestation. In the distal stump, the skin was irregular and no bleeding was observed. Also, granulation tissue was found in the stump and fetal remains were not founded inside the uterus so that, this lost limb was not considered a traumatic event. The right arm injury presented in this patient was found different from those reported for gangrene, ischemia and necrosis, as well as in the cases described of compartmental neonatal syndrome. Various reviews of sequences of amniotic bands show constriction rings, with hypoplasia of the post-ring region; even so, post-ring lesion usually has normal skin (31, 33). Teratogens associated with disruptive events in limbs have been described for a long time. Even so, limb amputations in uterus are infrequently reported (29–34). In ZIKV infection, cell cycle arrest and apoptosis happen in neuronal cell, but abnormalities in the density and vascular diameter of the brain had been reported (21). In addition, patients with abnormalities of cerebral flow and umbilical cord with single artery also were reported, so the vascular damage in others ZIKV affected tissues should still be clarified.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/supplementary material.



ETHICS STATEMENT

Written informed consent was obtained from the minor(s)' legal guardian/next of kin for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

SC-C, NP-R, and PM-S coordinated all work and did most of the writing. JP-B was responsible for the evaluation of medical records and ultrasonographic data. HB-P was responsible for macroscopy pathology data. DP-E and NV-G were responsible for biochemical and genetics data. All authors reviewed and commented on drafts and approved the final manuscript and the decision to submit for publication.



ACKNOWLEDGMENTS

This research and publication was made possible through support provided by the Office of Infectious Disease, Bureau for Global Health, U.S. Agency for International Development, under the terms of an Interagency Agreement with CDC. The recipient of this support was the Yucatan Autonomous University and its affiliated Regional Research Center Hideyo Noguchi. We also acknowledge support from the Canadian Institutes of Health Research (CIHR) and IDRC (preventing Zika disease with novel vector control approaches, project 18412).



REFERENCES

 1. Dick GWA, Kitchen SF, Haddow AH. Zika virus (I). Isolations and serological specificity. Transac R Soc Trop Med Hyg. (1952) 46:509–20. doi: 10.1016/0035-9203(52)90042-4

 2. Duffy MR, Chen TH, Hancock WT, Powers AM, Kool JL, Lanciotti RS. Zika virus outbreak on Yap Island, Federated States of Micronesia. N Engl J Med. (2009) 360:2536–43. doi: 10.1056/NEJMoa0805715

 3. Besnard M, Lastére S, Teissier A, Cao-Lourmeau VM, Musso D. Evidence of perinatal transmission of Zika virus, French Polynesia, December 2013 and February 2014. Euro Survelll. (2014) 19:1–4. doi: 10.2807/1560-7917.ES2014.19.13.20751

 4. Musso D, Gubler DJ. Zika Virus. Clin Microbiol Rev. (2016) 28:487–524. doi: 10.1128/CMR.00072-15

 5. Parra B, Lizarzo J, Jiménez-Arango JA, Zea-Vera A, González-Manrique G, Vargas J, et al. Guillain-barré Syndrome associated with Zika virus infection in Colombia. N Engl J Med. (2016) 375:1513–23. doi: 10.1056/NEJMoa1605564

 6. Brasil P, Pereira JP, Moreira ME, Ribeiro Nogueira RM, Damasceno L, Wakimoto M. Zika virus infection in pregnant women in Rio de Janeiro. N Engl J Med. (2016) 375:2321–34. doi: 10.1056/NEJMoa1602412

 7. Mattar S, Ojeda C, Arboleda J, Arrieta G, Bosch I, Boha I, et al. Case report: microcephaly associated with ZIKV infection, Colombia. BMC Infect Dis. (2017) 17:425. doi: 10.1186/s12879-017-2522-6

 8. Reynolds MR, Jones AM, Petersen Em Lee EH, Rice ME, Bingham A, Ellingtos SR, et al. Vital signs: update on Zika virus-associated birth defects and evaluation of all U.S. infants with congenital Zika virus exposure- U.S. Zika Pregnancy. MMWR. (2017) 66:1–9. doi: 10.15585/mmwr.mm6613e1

 9. Haddow AD, Schuh AJ, Yasuda CY, Kasper MR, Heang V, Huy R, et al. Genetic characterization of Zika virus strains: geographic expansion for the Asian lineage. PLoS Negl Trop Dis. (2012) 6:e1477. doi: 10.1371/journal.pntd.0001477

 10. Musso D, Nhan T, Robin E, Roche C, Bierlaire D, Zisou K, et al. Potential for Zika virus transmission through blood transfusion demonstrated during an outbreak in French Polynesia, November 2013 to February 2014. Euro Survelll. (2014) 19:1–3. doi: 10.2807/1560-7917.ES2014.19.14.20761

 11. Musso D, Roche C, Robin E, Nhan T, Teissier A, Cao-Lormeau V-M. Potential sexual transmission of Zika virus. Emerg Infect Dis. (2015) 21:359–61. doi: 10.3201/eid2102.141363

 12. Donald CL, Brennan B, Cumberworth SL, Rezelj VV, Clark JJ, Cordeiro MT, et al. Full genome sewuence and sfRNA interferon antagonist activity of Zika virus from recife Brazil. PLoS Negl Trop Dis. (2016) 10:e0005048. doi: 10.1371/journal.pntd.0005048

 13. Fleming AM, Ding Y, Alenko A, Burrows CJ. Zika virus genomic RNA possesses conserved G-Quadruplexes characteristics of the Flaviviridae family. ACS Infect Dis. (2016) 2:674–81. doi: 10.1021/acsinfecdis.6b00109

 14. Gorchakov R, Berry RM, Patel SM, El Sahly HM, Ronca SE, Murray KO. Optimizing PCR detection of Zika virus from various body fluids. Am J Trop Med Hyg. (2019) 100:427–33. doi: 10.4269/ajtmh.18-0755

 15. Del Pilar Martinez Viedma M, Puri V, Oldfield LM, Shabman RS, Tan GS, Pickett BE. Optimization of qRT-PCR assay for Zika virus detection in human serum and urine. Virus Res. (2019) 263:173–8. doi: 10.1016/j.virusres.2019.01.013

 16. Beys-da-Silva WO, Rosa RL, Santi L, Berger M, Kyu PS, Campos AR. Zika virus infection of human mesenchymal stem cells promotes differential expression of proteins linked to several neurological diseases. Mol Neurobiol. (2018) 56:4708–17. doi: 10.1007/s12035-018-1417-x

 17. Annamalai AS, Pattnaik A, Sahoo BR, Muhukrishnan E, Kumar NS, Steffen D, et al. Zika virus encoding nonglycosylated envelope protein is attenuated and defective in neuroinvasion. Virol. (2019) 91:e01348–17. doi: 10.1128/JVI.01348-17

 18. Rinkenberger N, Schoggins JW. Comparative analysis of viral entry for Asian and African lineages of Zika virus. Virology. (2019) 533:59–67. doi: 10.1016/j.virol.2019.04.008

 19. Shao Q, Herrlinger S, Yang SL, Lai F, Moore JM, Brindley MA, et al. Zika virus infection disrupts neurovascular development and results in postnatal microcephaly with brain damage. Development. (2016) 143:4127–36. doi: 10.1242/dev.143768

 20. Acosta-Reyes J, Navarro E, Herrera MJ, Goenaga E, Ospina ML, Parra E, et al. Severe neurologic disorders in 2 fetuses with Zika virus infection, Colombia. Emerg Infect Dis. (2017) 23:982–4. doi: 10.3201/eid2306.161702

 21. Del Campo M, Feitosa IM, Ribeiro EM, Horovitz DD, Pessoa AL, França GV, et al. The phenotypic spectrum of congenital Zika syndrome. Am J Med Genet. (2017) 173:841–57. doi: 10.1002/ajmg.a.38170

 22. Moore CA, Stables JE, Dobyns WB, Pessoa A, Ventura CV, Borges da Fonseca E, et al. Characterizing the pattern of anomalies in Congenital Zika Syndrome for pediatric clinicians. JAMA Pediatr. (2017) 171:288–995. doi: 10.1001/jamapediatrics.2016.3982

 23. Trioplex Real-time RT-PCR Assay. CDC (2016). Available online at: https://www.cdc.gov/zika/pdfs/trioplex-real-time-rt-pcr-assay-instructions-for-use.pdf

 24. Yuan L, Huang X-Y, Liu Z-Y, Zhang F, Zhu X-L, Yu J-Y, et al. A single mutation in the prM protein of Zika Virus contributes to fetal microcephaly. Science. (2017) 358:933–6. doi: 10.1126/science.aam7120

 25. Xavier-Neto J, Carvalho M, Pascoalino BDS, Cardoso AC, Costa AMS, Pereira AHM, et al. Hidrocephalus and arthrogryposis in an immunocompetent Mous model of Zika teratogeny: a developmental study. PLoS Negl Trop Dis. (2017) 11:e0005363. doi: 10.1371/journal.pntd.0005363

 26. Hennekam RC, Biesecker LG, Allanson JE, Hall JG, Opitz JM, Temple IK, et al. Elements of morphology: general terms for congenital anomalies. Am J Med Genet Part A. (2013) 161A:2726–33. doi: 10.1002/ajmg.a.36249

 27. Tang H, Hammack C, Ogden SC, Wen Z, Quian X, Li Y, et al. Zika virus infects human cortical neural progenitors and attenuates their growth. Cell Stem Cell. (2016) 18:1–4. doi: 10.1016/j.stem.2016.02.016

 28. Liang Q, Luo Z, Zeng J, Chen W, Foo SS, Lee SA, et al. Zika virus NS4A and NS4B proteins deregulate Akt-mTOR signaling in human fetal neural stem cells to inhibit neurgenesis and induce autophagy. Cell Stem Cell. (2016) 195:663–71. doi: 10.1016/j.stem.2016.07.019

 29. Hall JG. Arthrogryposis (multiple congenital contractures): diagnostic approach to etiology, classification, genetics, and general principles. Eur J Med Genet. (2014) 57:464e472. doi: 10.1016/j.ejmg.2014.03.008

 30. van der Linden V, Filho EL, Lins OG, van der Linden A, de Aragão MF, Brainer-Lima AM, et al. Congenital Zika syndrome with arthrogryposis: retrospective case series study. BMJ. (2016) 354:i3899. doi: 10.1136/bmj.i3899

 31. Hall JG. Amyoplasia involving only the upper limbs or only involving the lower limbs with review of the relevant differential diagnoses. Am J Med Genet Part A. (2014) 164A:859–73. doi: 10.1002/ajmg.a.36397

 32. Naidich TP, Griffiths PD, Rosenbloom L. Central nervous system injury in utero: selected entities. Pediatr Radiol. (2015) 45:S454–62. doi: 10.1007/s00247-015-3344-6

 33. Gold NB, Westgate M-N, Holmes LB. Anatomic and etiological classification of congenital limb deficiencies. Am J Med Genet Part A. (2011) 155:1225–35. doi: 10.1002/ajmg.a.33999

 34. Nichols T. Natural history study of arthrogryposis multiplex congenita, amyoplasia type [UT GSBS dissertations and theses] (2011). Available online at: http://digitalcommons.library.tmc.edu/utgsbs_dissertations/150

Disclaimer: The opinions expressed herein are those of the author(s) and do not necessarily reflect the views of the U.S. Agency for International Development.

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Contreras-Capetillo, Palma-Baquedano, Valadéz-González, Manrique-Saide, Barrera-Pérez, Pinto-Escalante and Pavía-Ruz. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	BRIEF RESEARCH REPORT
published: 30 April 2021
doi: 10.3389/fmed.2021.553280






[image: image2]

A Flow Cytometry-Based Serological Assay to Detect Visceral Leishmaniasis in HIV-Infected Patients

Elis D. da Silva1*, Beatriz C. de Oliveira1, Allana M. de S. Pereira1, Diego L. Guedes1, Osvaldo P. de Melo Neto1, Carlos H. N. Costa2, Zulma M. de Medeiros1 and Valéria R. A. Pereira1


1Aggeu Magalhães Institute, Oswaldo Cruz Foundation, Recife, Brazil

2Laboratory of Leishmaniasis, Natan Portella Institute of Tropical Medicine, Teresina, Brazil

Edited by:
Jaime A. Cardona-Ospina, Fundacion Universitaria Autónoma de las Américas, Colombia

Reviewed by:
Jorge Enrique Gómez Marín, University of Quindío, Colombia
 Laila Woc-Colburn, Emory University, United States
 Sergio Oscar Angel, CONICET Instituto Tecnológico de Chascomús (INTECH), Argentina

*Correspondence: Elis D. da Silva, dionisio.elis@gmail.com

Specialty section: This article was submitted to Infectious Diseases - Surveillance, Prevention and Treatment, a section of the journal Frontiers in Medicine

Received: 18 April 2020
 Accepted: 08 April 2021
 Published: 30 April 2021

Citation: da Silva ED, de Oliveira BC, Pereira AMdS, Guedes DL, de Melo Neto OP, Costa CHN, de Medeiros ZM and Pereira VRA (2021) A Flow Cytometry-Based Serological Assay to Detect Visceral Leishmaniasis in HIV-Infected Patients. Front. Med. 8:553280. doi: 10.3389/fmed.2021.553280



Visceral Leishmaniasis (VL) is a severe parasitic disease that has emerged as an important opportunistic condition in HIV-infected patients and whose control is impaired by inaccurate identification. This is mainly due to the serological tests used for VL having a reduced performance in cases of VL-HIV coinfection due to a low humoral response. In this situation, however, a positive test has even greater diagnostic value when combined with the clinical status. This study aimed to evaluate the application and performance of flow cytometry to detect anti-Leishmania infantum antibodies in HIV-infected patients. Sera from VL/HIV coinfected patients, characterized using “gold standard” techniques, were compared with sera from healthy controls plus sera from HIV-infected individuals. The flow cytometry results were expressed as levels of IgG reactivity, based on the percentage of positive fluorescent parasites (PPFP). A ROC curve analysis of a serum titration indicated a PPFP of 1.26% as being the cutoff point to segregate positive and negative results. At the 1:2,048 dilution, with 89% sensitivity and 83% specificity, flow cytometry showed greater sensitivity in relation to the serological tests evaluated. Futhermore, flow cytometry was the only assay that positively identified all VL-HIV patients with quantified HIV load. Together, these findings suggest that flow cytometry may be used as an alternative serological approach for VL identification and as a tool to characterize the humoral response against Leishmania infantum in HIV-infected patients.
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INTRODUCTION

Visceral Leishmaniasis (VL) is a potentially fatal disease that has emerged as an important opportunistic condition in HIV infected patients, resulting in a substantial number of VL–HIV coinfection cases which have been reported from 35 countries. The coinfection generates an impact in the immunopathogenesis, clinical manifestation, therapeutic response and diagnosis of both diseases (1). Case definition of HIV-VL requires confirmation of HIV infection by serological tests and positive results for VL diagnosis based on parasitological (bone marrow aspirate), serological or molecular methods, in addition to clinical symptoms. The microscopic examination or isolation of the parasite, the protozoan Leishmania infantum, is considered the gold standard for laboratorial confirmation of VL. Although this technique has high specificity, its use in clinical laboratories has some limitations, mainly due to the low sensitivity levels. The procedures involved are also invasive, time-consuming and require experienced personnel (2). Furthermore, due to the immunodepressed status of HIV-infected individuals, the parasites may not be found in the bone marrow, but rather in less common sites such as the oral mucosa, skin, stomach, colon and lungs (3–5). Serological approaches which detect specific antibodies against L. infantum constitute a valuable alternative as an early, rapid, and user-friendly diagnostic test. In the VL-HIV coinfection, however, the conventional VL serological assays, which includes indirect immunofluorescence test and the rK39 rapid test, are not considered accurate due to the low antibody production in these individuals (6–8).

The development of an effective VL diagnosis for the VL-HIV coinfections represents still a relevant challenge since it needs to be precise in order to reduce the lethality and mortality of afflicted individuals. Considering the limitations of the available diagnostic techniques, alternative methodologies have been employed (9, 10). One of them is flow cytometry, a technique that has been seen to be useful for a diversity of diagnostic applications, such as immunodeficiency disorders and cancer (11, 12). In addition, it can also be applied to parasitic diseases, such as Chagas Disease and leishmaniasis (13, 14). This technique has several advantages for immunoassays, such as high throughput capacity, possibility of analyte quantification, reduced sample volume, high reproducibility and sensitivity (14, 15). More importantly, it allows the development of multiplex studies using recombinant antigens, and it can be used as a monitoring tool for cured patients, allowing a more sensitive detection of anti-Leishmania antibodies (16–18). Therefore, the aim of this study was to evaluate the performance and to verify the possible application of an alternative diagnostic method using flow cytometry to detect anti-L. infantum antibodies in HIV-infected patients.



METHODS


Serum Samples and Study Population

The study population was defined by the convenience of the sample size from two states from Northeastern Brazil (Pernambuco and Piaui). The sera used were from 18 VL-HIV coinfected (diagnosed by Leishmania positive bone marrow aspirate and rapid HIV test) and 18 VL negative-HIV positive patients as well as 18 healthy control individuals, with VL negative sera confirmed using conventional serological tests (rK39 rapid test and DAT). For the VL-HIV coinfected group, eight patients (five from Pernambuco and three from Piaui) had been more thoroughly investigated prior to this study during their clinical evaluation, with more detailed immunological records available (CD4 T cell count and viral load). All serum samples were collected in vacutainer tubes (BD Biosciences), processed by centrifugation (1,000 g, 10 min, room temperature), inactivated by heating (30 min at 56°C) and centrifuged at 4°C, 1,000 g for 5 min. After centrifugation, the supernatants were aliquoted and kept at −20°C until further use.

This study was approved by the Ethics Committees from the Federal University of Piauí (0116/2005) and from the Aggeu Magalhães Institute, Oswaldo Cruz Foundation (CAEE 51603115.7.0000.5190).



Conventional Tests for VL Diagnosis

Bone marrow (1 mL) aspirates were obtained for Leishmania detection and used to prepare smears by slide apposition. The slides were stained with a panoptic staining kit (Ranylab, Barbacena, Brazil) and were evaluated under a light microscope (100 × objective). At least three bone marrow smears were evaluated for each patient and the process was performed according to Da Silva et al. (19). Rapid tests based on rK39 (IT LEISH) were purchased from Bio Rad Laboratories (Marnes-la-Coquette, France) and performed according to the manufacturer's instructions. The DAT was carried out according to the manufacturer's instructions (Royal Tropical Institute, Amsterdam, NL), with sera having dilution titers of 1:6,400 considered positive, as defined by El Harith et al. (20).



In-house Immunofluorescence Antibody Test

The IFAT test was performed with an in-house protocol, where 20 μl of a L. infantum promastigote antigenic suspension were applied to the delimited region of IFAT slides (PERFECTLAB, São Paulo, Brazil) and kept for 2 h at 37°C. The slides were then coated with 10 μl of the patients' serum, in titers ranging from 1:20 to 1:320, diluted in PBS, pH 7.2. Two control sera (positive and negative) were incubated in a humid chamber for 30 min at 37°C. After incubation, the slides were washed three times through immersion in PBS, in intervals of 10 min. Anti-human IgG conjugated to fluorescein isothiocyanate-FITC (Sigma Chemical Corp., St. Louis, MO) prepared in Evans blue (40 mg) in PBS (previously diluted at 1:10 ratio in the same buffer) was added to the slides in a 1:50 dilution, and incubated under the same conditions as mentioned before. The slides were then washed three times for 10 min in PBS and left at room temperature. The assembly was made with buffered glycerin pH 8.5 and the slides then observed under a fluorescence microscope, with a 100 × objective. Sera were considered positive from the dilution 1:40.



ELISA

The ELISA test was performed as described by Oliveira et al. (21), using 600 ng per well of crude L. infantum antigen assayed with the various sera diluted 1:900, followed by incubation with the peroxidase-conjugated anti-IgG (Calbiochem, EMD Millipore, Billerica, MA) diluted 1:2,000. After enzymatic detection with o-phenylenediamine (OPD) and H2O2, the reaction was quenched by adding 2M H2SO4 (50 μl/well) and the plates read at 490 nm (Spectra Max 190, Molecular Devices, Sunnyvale, USA or MRX II, Dynex Technologies, Chantilly, USA). Positive and negative controls were added to each 96-well plate to standardize the readings and variations. The cutoff point between non-reagent and reagent samples was calculated as the mean of the negative controls plus two standard deviations.



Flow Cytometry

The flow cytometry assay was performed as originally described by Rocha et al. (22). Cultured L. infantum promastigotes (strain MHOM/BR/70/BH46) were harvested and washed three times in ice-cold PBS supplemented with 10% fetal bovine serum (FBS), prior to resuspension in 1% paraformaldehyde and incubation overnight. Following by a new wash and resuspension in PBS+ 10% FBS, the parasite suspension was incubated in 96-well, U-bottom plates (2.5 × 105/well) at 37°C for 30 min in the presence of different serum dilutions (1:64–1:8,192), followed by two washes with PBS-10% FBS. The parasites were then incubated at 37°C for 30 min protected from the light and in the presence of anti-human IgG conjugated to fluorescein isothiocyanate-FITC (Sigma Chemical Corp., St. Louis, MO) diluted 1:200 in PBS– 10% FBS. After yet another wash, FITC labeled parasites were fixed with 200 μL of 1% paraformaldehyde and kept away from direct light for 30 min at 4°C until data acquisition on the flow cytometer (FACScalibur, Becton Dickinson), using the software “Cell Quest Pro,” with 20.000 events per sample. Promastigotes were identified based on their specific frontal (FSC) and side (SSC) light scattering properties. After FSC and SSC gain adjustments, the parasites assumed a characteristic distribution with these parameters. The relative FITC fluorescence intensity of each event was analyzed with a single histogram representation. A delimitation was set on the FITC-conjugated internal control histogram and it was applied to all data analyses reported here in order to determine the percentage of positive fluorescent parasites (PPFP) for each sample (Supplementary Figure 1). The optimal serum dilution and PPFP cutoff point were then selected to gather the IgG reactivity data with the best performance indexes. The values obtained were plotted as the mean of the PPFP related to the inverse dilution of the evaluated sera. For each assay, in addition to the FITC-conjugated internal control, unlabeled controls in quadruplicates and negative (a pool of negative sera) and positive (a pool of positive sera) controls were included to validate the assay.



Statistics

For each test, the sensitivity was determined as the fraction of the confirmed VL-HIV coinfected sera that were reagent, and the specificity was calculated as the fraction of non-reagent sera (Healthy controls and HIV mono–infected groups) that were identified to be truly test negative. Statistical analyses were performed using a two-by-two contingency table with exact binomial 95% CIs using the OpenEpi Software (Version 2.3.1, Centers for Disease Control, Atlanta, GA, USA). The degree of agreement was determined by the kappa index, using the Landis and Koch interpretation criteria. A kappa-value of 0.60–0.80 represents a substantial agreement beyond chance and a kappa-value of >0.80 represents almost perfect agreement beyond chance (23). The graphs were generated by the GraphPad Prism version 7.0 (GraphPad Prism Inc., San Diego, CA).




RESULTS


Defining the Flow Cytometry Parameters for the Diagnosis of VL-HIV Coinfected Cases

To evaluate the use of flow cytometry serology to clearly differentiate between positive and negative VL samples from HIV co-infected individuals, a serum dilution curve was used to assess the IgG reactivity data from sera from VL-HIV coinfected patients in comparison with a VL-negative control group. The VL-HIV coinfected samples all consisted of true positive cases identified by a positive parasitological test for VL and positive HIV serology. The control group consisted of sera from healthy individuals, with no obvious signs and symptoms of any disease and living in the non-endemic regions for VL, as well as HIV mono-infected individuals, with positive serology for HIV and negative serology for VL. This negative VL serology was confirmed through three independent assays: an in-house Immunofluorescence Antibody Test (IFAT), a commercial Direct Agglutination Test (DAT) and ELISA using a crude L. infantum antigen preparation. Figure 1 shows the mean values of the percentage of positive fluorescent parasites (PPFP) from VL-HIV coinfection and control groups vs. a sera dilution curve ranging from 1:64 to 1:8,192. The difference between the reactivity of positive and negative samples (Δ) showed that the best performance in segregating these groups was at the dilution of 1:2,048. Thus, we used this dilution to better define the optimal PPFP value for VL diagnosis.


[image: Figure 1]
FIGURE 1. IgG antibody titration curve of anti-fixed Leishmania infantum promastigotes defected by flow cytometry with sera from the two stratified groups assayed here. (|) VL-HIV group, n = 18, and (▴) control group, n = 36. The gray rectangle corresponds to the titration of 1:2,048 which was the region of greatest separation between groups. PPFP, Percentage of Positive Fluorescent Parasites. Δ = difference seen for the reacitivity between groups.




Defining a Cutoff Point for the Diagnosis of VL-HIV Coinfected Cases

Next, we sought to define an ideal cutoff point for the flow-cytometry, which would be able to differentiate the IgG reactivity data with the best performance indexes. This was evaluated through a Receiver Operating Characteristic (ROC) curve, generated by plotting sensitivity on the y-axis and the complement of specificity (100—specificity) on the x-axis and thus able to discriminate negative from low positive and high positive PPFP results. The data analysis of the ROC curve demonstrated that the PPFP value of 1.26 was the most appropriated cutoff to distinguish negative (PPFP ≤ 1.26%) from positive (PPFP > 1.26%) results (Figure 2). The tests' global accuracy determined by the area under the ROC curve (AUC), which was calculated at 0.93 [95%, with a confidence interval (CI) between 0.85 and 1.0]. Using this approach, flow cytometry displayed 89% of sensitivity (CI 95% = 65–99%) and 83% of specificity (CI 95% = 67–94%). The mean PPFP values was 36% (CI 95% = 22–50%) for the VL-HIV coinfection group, 1.4% (CI 95% = 0.9–1.8%) for the healthy controls and 0.2% (CI 95% = 0.1–0.35%) for the mono-infected HIV group.


[image: Figure 2]
FIGURE 2. ROC curve analysis of the performance indexes, sensitivity, and specificity of flow cytometry. The ROC curve was applied to confirm the best cutoff point which was able to discriminate PPFP values from positive and negetive samples and to indicate the area under the curve (AUC = global accuracy). ROC curve of the samples at dilution 1:2,048 indicating a cutoff point of 1.26.




Comparative Analysis of Flow Cytometry and Conventional Serological Tests for VL-HIV Diagnosis

Aiming to evaluate the global performance of flow cytometry, we used the same serum panel with serological tests conventionally used for the diagnosis of VL (DAT, rK39 rapid test, ELISA, and IFAT). Flow cytometry had the best values in terms of sensitivity and negative predictive value (89 and 94%, respectively), however, the other tests were more specific (100%) when compared to flow cytometry, which had a specificity of 83% (Table 1). When the different tests were individually compared to flow cytometry, we could identify a substantial agreement between DAT and ELISA tests (κ > 0.6; agreement > 80%) and a moderate agreement between rK39 rapid test and IFAT (κ <0.6; agreement <80).


Table 1. Values of sensitivity, specificity, positive and negative predictive values, and accuracy of the serological tests used for the diagnosis of VL-HIV coinfection (N = 54)*.
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Performance of Flow Cytometry and Standard Serological Tests in Relation to the Immunological Status of Patients Co-Infected With VL-HIV

Eight of the VL-HIV coinfected sera were derived from patients whose immune statuses had been evaluated and the HIV viral load quantified (Table 2). We observed that flow cytometry was able to positively identify all of these sera, including those with a more severe immunossupression, with CD4+ T cell counts below 200 cells/mm3, and even taking into account the very large variations in HIV viral load. Although the various conventional tests evaluated also gave positive results even in the patients with the most severe immunosuppressions, all the other tests had at least one negative result for the series of cases analyzed, with IFAT having the worst performance (three false negative results). However, no clear correlation between immunosuppression, viral load and positivity in the assays was observed for the any of these tests.


Table 2. Laboratorial findings of eight cases of the VL-HIV/AIDS coinfected group.
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DISCUSSION

To our knowledge, this is the first study using the detection of antibodies anti-L. infantum by flow cytometry for VL diagnosis in HIV-infected individuals. Previous reports started by using this technique to evaluate IgG binding to live promastigotes to assay individuals with VL (24, 25) and with American tegumentary leishmaniasis (26). The used of fixed cells as an alternative was also investigated with both Chagas disease and tegumentary leishmaniasis (27, 28). In a previous study, we also directly investigated the use of fixed promastigotes to assess IgG binding by flow cytometry for the diagnosis of individuals with VL, reaching a sensitivity of 92–96% in these individuals (15). In the present study, we found a good, but not ideal, sensitivity, although in relation to the conventional tests used for comparison, the sensitivity of flow cytometry was greater. As described here, the technique is even more relevant for the diagnosis of VL in cases of VL-HIV co-infections.

The rk39 rapid test and IFAT are the serological tests most used for the diagnosis of VL, but they show the lowest sensitivity (<60%) in VL-HIV coinfected individuals (6). Therefore, particularly for this group of patients, the VL diagnosis is a great challenge. Our results showed higher sensitivity levels for these tests than previously reported, but with a performance still inferior to flow cytometry and DAT.

Indeed, among the serological tests conventionally used for the VL diagnosis in coinfected individuals, DAT stands out as having the highest sensitivities in multiple studies: 89% (29), 81% (6), 82.3–89.7% (30), 91.3% (31), 89.5% (32), and 90% (33). This performance was also corroborated by our study. Both DAT and flow cytometry use serial dilutions that allow the identification of antibodies in low serum concentrations, even in immunosuppressive conditions (CD4+ T cells <200 cells/mm3). Nevertheless, flow cytometer uses photomultiplier detectors and its quantitative assessment excludes the operator subjectivity which exists in DAT. In this context, flow cytometry shows the potential to be an alternative serological method for VL detection in HIV-infected patients, since a positive test, even at low titers, has diagnostic value when combined with the clinical case definition.

All serological tests, except for flow cytometry, had 100% specificity. This may have been overestimated in our study, since we used the rK39 rapid test and DAT for the original screening for the group of VL negative-HIV positive samples. In previous studies, specificities varying from 83.3 to 90% for DAT and 97.4 to 100% for rapid tests have been observed in VL-HIV coinfections (6, 31, 32). Ideally, it would be best to evaluate different control groups, such as individuals from endemic regions and with other confirmed pathologies, to have a more reliable specificity value. Despite the good sensitivity of our flow cytometry data, further investigations are needed in order to reduce the high incidence of false positive results seen here among healthy controls from non-endemic regions (Supplementary Figure 2). It is particularly important to investigate VL-related diseases that are co-endemic, since cross-reactivity with other trypanosomatid infections still represents an important issue regarding the applicability of flow cytometry (24, 34).

So far, it has been a challenge to find a more practical and safer antigen preparation which would allow greater sensitivity and specificity levels with low cross-reactivity. Improvements which include the use of fixed parasites and solutions that are able to preserve their morphology, such as formaldehyde, were strategies developed to facilitate the use of these parasites and to enable the development of diagnostic kits (35, 36). It is also noteworthy that the development of algorithms which allow the elimination of cross-reactivity are important for the differential diagnosis of trypanosomatids (14), but the use of molecularly defined antigens seems to be the best option capable of addressing this limitation (16).

With the emergence of monoclonal antibodies and flow cytometry, it was possible to clarify the role of CD4+ T cells in HIV-AIDS. Indeed, CD4 quantitation is currently one of the most widespread tests performed in diagnostic centers for the prognosis and evaluation of anti-retroviral treatments in HIV-infected individuals (37). In our study, the immunological data were collected retrospectively from medical records, limiting the complete evaluation of all patients. Nevertheless, for those with the data available, flow cytometry was able to detect anti-L. infantum antibodies even in cases with low CD4+ T cell counts. It can thus be an additional tool to improve the evaluation of individuals in endemic regions for VL with lower CD4+ T counts. In this context, it would be interesting to take advantage of the operational and technical settings that flow cytometers use to quantify CD4 and apply them also for the detection of anti-Leishmania antibodies in countries which are endemic for VL, such as Brazil. This would imply adding an algorithm for the VL diagnosis in people with HIV from endemic areas, enabling a more sensitive diagnosis in cases with a prior negative VL result based on techniques such as DAT and rapid tests. As observed in a study carried out in Ethiopia, the need for a different algorithm for this population is evident due to the substantial reduction in the sensitivity of conventional techniques in HIV-infected individuals (38).

In conclusion, although it is a preliminary assessment, our results emphasize that flow cytometry can contribute to the correct identification of cases, especially in cases of immunosuppression, being a useful tool to characterize the humoral response to Leishmania in HIV-infected patients. Therefore, we encourage the evaluation of this technique in a larger number of samples and in other regions, such as those affected by Leishmania donovani.
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4 Dengue ilnesses™*
Asymptomatic
Hospitalized
Fever
Headache
Rhinorrhea
Cough
Nausea/vomiting
Drowsiness
Musclerjoint pain
Abdomninal pain
Rash

Diarthea
Retroorbital pain
Bleeding

Ecuador

Child

74
34.2%
0%
229%
33.3%
N/A
NA
13.2%
16.7%
11.1%
13.9%
22.2%
28%
13.9%
0.0%

Total—by age
Adult

67
32.9%
0%
14.1%
27.8%
N/A
NA
7.6%
21.5%
34.2%
22.8%
7.6%
11.4%
26.6%
13%

p-value

NA
0.889
NA
0.282
0.660
N/A
NA
0.333
0.623
0.012
0.323
0.034
0.168
0.156
1.000

1

42
42.9%

9.8%
19.5%
N/A
NA
4.8%
14.6%
31.7%
17.1%
14.6%
4.9%
17.1%
2.4%

Total—by serology"
>

45
22.2%

20.0%
37.8%
N/A
NA
8.9%
26.7%
33.3%
26.7%
13.3%
15.6%
35.6%
0.0%

p-value

NA
0.040

0.235
0.005
N/A
NA
0.677
0.195
1.000
0.311
1.000
o.161
0.087
0.477

Child

13
53.8%
0%
8.3%
16.7%
N/A
NA
0.0%
8.3%
25.0%
8.3%
33.3%

16.7%
0.0%

Primary
Adult

37.9%
0%
10.3%
20.7%
N/A
NA
6.9%
17.2%
34.6%
20.7%
6.9%
6.9%
17.2%
3.4%

p-value

0501
NA
1.000
1.000
N/A
NA
1.000
0651
0719
0651
0.050
1.000
1.000
1.000

Child

8
25.0%
0%
25.0%
25.0%
NA
NA
0.0%
12.5%
12.6%
26.0%
25.0%

25.0%
0.0%

Secondary
Adult

37
21.6%

18.9%
40.5%
NA
NA
10.8%
29.7%
37.8%
27.0%
10.8%
18.9%
37.8%
0.0%

p-value

1.000
NA
0.651
0.690
N/A
NA
1.000
0.419
0.236
1.000
0.286
0.321
0.691
NA

" Of those with valid serological results (i.e., either primary or secondary DENV infection).

"Among all those with confirmed DENV infection (., whether symptomatic or asymptomatic).

P-values < 0.05 indicate statistically significant comparisons, applying Mantel-Haenszel chi-squared testing.

NA indicates not applicable.
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Response pillar

Surveillance team

Medical management
team

Water and hygiene
team

Laboratory and
research team

Psychosocial support
team

Logistics team

Communication and
social mobilization
team

Description

Organized and implemented active case investigation, contact tracing, and
monitoring activities in health center and community. Conducted
epidemiological surveillance in the community to trace chain of transmission
Established Ebola Treatment Centers (ETCs) at Likati general reference
hospital and Nambwa Health Center, provided palliative care to suspected
cases, educated caregivers and family members on infection prevention
Distributed protective equipment, provided community sensitization on safe
burial, implemented infection control activities, installed WASH kits at health
structures, public places, and several households

Conducted confirmatory testing in Kinshasa, established mobile
laboratories i Likati and Buta, developed testing algorithm, implemented
standardized procedures to collect samples from suspected cases at
admission, collected second sample as control for negative results,
responsible for animal testing

Provided support to suspected cases at ETCs, survivors after they were
released, and family members of deceased cases

Ensured efiicient resource management and coordination of staff and
materials arriving and departing from Likati and Buta

Organized awareness-raising activities in vilages, schools, markets, and
churches. These activities were carried out by CHWSs, who used a variety of
strategies based on target population (e.g., door-to-door, fims, raio,
megaphones)

Lead partner

MOH-DLM

MSF

IFRC

INRB

MSF

MONUSCO and WFP

UNICEF

Other key partners

WHO, RTI

MOH, WHO, ALIMA

UNICEF, WHO

JICA, WHO

ALIMA

UNICEF, WHO, DFID,
USAID

MSF

*ALIMA, Alliance for International Medical Action; DFID, Department for International Development; DLM, Directorate of Disease Control and Prevention; ETC, Ebola Treatment Center;
IFRC, International Federation of the Red Cross; INRB, Institut National de Recherche Biomédicale; JICA, Japanese International Cooperation Agency; KSPH, Kinshasa School of Public
Health; MoH, Ministry of Health; MONUSCO, United Nations Organization Stabilization Mission in the Democratic Republic of the Congo; MSF, Médecins sans Frontiéres; RTI, RT!
International; SitRep, Situational Report; UMIR/FARDC, Unité Médicale d'Intervention Rapide/Forces Armées de la République Démocratique du Congo; UNIKIN, University of Kinshasa;
WFP, World Food Program; WHO, World Health Organization.
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Classification

Alert case

Definition

Anyone with a sudden onset of high fever
OR: bloody urine/diarthea
OR: sudden death

Suspected case

Anyone, alive or dead, presenting or having had a high fever with a sudden onset, and who has been in contact with a suspected, probable
or confirmed case of Ebola AND/OR a dead or sick animal

OR: Anyone with a high fever with a sudden onset and at least three of the following symptoms:
- Headache

- Vomiting

- Anorexia/loss of appetite

- Diarrhea

- Intense tireness

- Abdominal pain

- Muscle or joint pain

- Difficulty swallowing

- Difficulty breathing

- Hiccups

- Skin rash

OR: Anyone with unexplained bieeding

OR: Anyone dying suddenly and whose death is unexplained

OR: Spontaneous abortion

Probable case

Suspected case evaluated by a cinician
OR: Deceased case with epidemiological link with a confirmed case

OR: Any suspect case that is unable to be confirmed with laboratory testing, but the surveillance team classifies as probable after a case
classiflcation mesting there is evidence of an epidemiological link to a confimmed case

Confirmed case

Any suspected case with a positive lab result for viral RNA or antibodies for Ebola (RT-PCR or ELISA)

Non-case

Any suspect case with a negative laboratory result. Non-cases do not have antibodies, RNA, or detectable antigens

Case contact

Anyone who has had contact with a confirmed case or a sick/deceased animal.
Contact with a human case is classified as any person who has been in contact with a confirmed case in one or more of the following ways:
- Stayed in the same household as the confirmed case in the month preceding symptom onset

- Had direct physical contact with the confirmed case (iving or dead) during his/her ilness

- Shared the same means of transport (e.g.. plane, boat, vehicie, bike, motorcycle, canoe)

- Touched bodil fluids of confimmed case during his/her lness

- Handled confirmed case's clothes or linen

- Was breastfed by the confimmed case

Contact with dead or sick animal is classified as anyone who has been in contact with an animal found dead or sick in at least one of the
following ways:

- Touched

- Handled

- Prepared

- Touched the blood of an animal

- Ate bushmeat
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KPP Machala

Number 1,246 384
Median number of Associates per Initiate 3(1-17) 8(4-17)
Median age in years (range) 30(0-96)  34(0-87)
9% female 57.4% 65.9%
History of flavivirus vaccine® 18.5% 11.7%
Total % with acute or recent infection 24.3% 25.0%
Within Initiate’s house 22.0% 29.1%
Neighboring house™* 26.8% 23.9%
RT-PCR posttive () 44.2% 432%
Among RT-PCR positive Associates, infecting DENV serotype
DENV-1 24.6% 15.8%.
DENV-2 50.0% 57.9%
DENV-3 20.9% 26.3%
DENV-4 4.5% 0%
9% concordant with Initate serotype 94.0% 66.7%
9% primary 11.8% 39.6%
% asymptomatic 25.1% 33.3%
Mean # adlult Aedes females/house 167 (341)  095(1.62)
Homes with infections 190(383)  1.00(1.76)
Homes without infections 099(1.75)  0.80(1.16)

*Reported history of JEV vaccine (Thailand) or YFV vaccine (Ecuador).

**Note that for Thailand, Associate houses were enrolled out to a radius of 200 m if anyone.
inthe home reported a history of recent fever; for Ecuador, Associate houses were enrolled
in the four cardinal directions and 94% were within 100m of the Initiate house (15).
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Thailand

Total—by age Total—by serology" Primary Secondary

Child Adult p-value 1 2 p-value Child Adult p-value Child Adult p-value
# Dengue ilnesses™ 163 140 NA 32 238 NA 17 15 NA 129 109 NA
Asymptomatic 18.5% 386% <0001 37.5% 21.4% 0044 17.6% 60.0% 0027 10.9% 33.9% <0.001
Hospitalized 21.5% 7.9% <0001 34% 18.5% 0.024 59% 0.0% 1.000 25.6% 10.1% 0.002
Fever 80.4% 51.4% <0.001 59.4% 69.3% 0312 76.5% 40.0% 0.070 82.9% 53.2% <0.001
Headache 56.4% 42.4% 0016 16.6% 56.7% <0001 11.8% 20.0% 0645 65.9% 45.9% 0.002
Rhinorrhea 30.1% 6.4% <0.001 15.6% 20.6% 0641 235% 6.7% 0338 318% 7.3% <0.001
Cough 35.6% 15.0% <0001 15.6% 28.6% 0.141 11.8% 20.0% 0645 39.5% 15.6% <0001
Anorexia 46.6% 26.4% <0001 18.8% 39.9% 0,020 235% 13.3% 0659 51.2% 26.6% <0001
Nauseaivomiting 42.3% 19.3% <0001 63% 33.6% 0,001 11.8% 0.0% 0.486 45.0% 20.2% <0001
Drowsiness 30.7% 21.4% 0,089 63% 29.4% 0,005 53.1% 46.9% 0212 34.9% 22.9% 0,047
Muscle/joint pain 38.7% 45.7% 0.243 15.6% 47.5% 0,001 59% 26.7% 0.161 47.3% 47.7% 1.000
Abdominal pain 27.0% 11.4% 0,001 63% 23.1% 0,035 00% 13.3% 0212 32.6% 11.9% <0001
Rash 12.8% 7.9% 0255 9.4% 11.8% 1.000 17.6% 0.0% 0229 13.2% 9.2% 0413
Diarrhea 19.6% 11.4% 0,059 9.4% 16.4% 0.437 11.8% 6.6% 1.000 20.2% 11.9% 0.113
Retroorbital pain 17.8% 24.3% 0201 9.4% 21.8% 0.158 59% 13.3% 0589 20.9% 22.9% 0.754
Bleeding 6.7% 2.9% 0.183 00% 5.9% 0.386 00% 0.0% NA 8.5% 2.8% 0.094

“Of those with serologically-confirmed DENV infection (ie., either primary or secondary DENV infection).
"Among all those with confied DENV infection (., whether symptomatic or asymptomatic).

P-values < 0.05 indicate statistically significant comparisons, applying Mantel-Haenszel chi-squared testing.

NA indicates not applicable.
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Country

Chile
Brazil

Brazil

Brazil
Argentina
French Guiana

Brazil
Brazil
Argentina
Surinam

Brazil
Venezuela
French Guiana
Brazil

Brazil
Colombia
Brazil
Cuba
Brazil
Argentina
Brazil
Argentina
Incia
Colombia
Brazil
Brazil
Brazil
Brazil
Venezuela
Brazil
Colombia
Brazil
Brazil
Colombia
Argentina
Peru
Brazil

Cuba

Argentina
North India
Heiti

Brazil
Brazil

Brazil
Brazil
Colombia

Brazil

Brazil
Brazil
Brazil
Argentina
Brazil
Colombia
Dominican
Republic
Ecuador
Peru

Peru
Brazil

Brazil
Chile
Brazil
Brazil
Peru

Colombia

Age and sex

3™
17F
&M
66F
36M
70M; NA; 40M;
72M; NA
77F
1M
10M
51M
80M
40F
84M
87F

55M
79M
27F
60M
63M
58M
7F
11-day old
46M
12F
22M; 70M
30M
5F
89F
32M
9NA
80F
80M
72M; 35F
7F
32M
62M
49M

83F; 87M

11M; 9F
80M

16F; 10M
M

22 cases between
2007 and 2008

49M

54M
50M; 29M; 20 M;
35M; 6M; 58M

10 cases between
2005 and 2011

9% M
59M
38M
54M
36M
26M
26F

24F

67M

oF
22M; 50F; 45F;
33M; 26M; 57
21F; 24M; 65M

4F

26.F

4F

27M

TIM 7T1F; 67F;
85M; 73F

7™

NA. not available: F female: M, male.

Location

Ear
Vulva
Oral cavity
Oral cavity
Scalp

Oral cavity; wound in toe; thigh ulcer; low

limb ulcer; scalp
Vulva

Wound in dorsal antebrachium
Eye protesis

Ankles

Eye

Thigh ulcer

Nose wound

Vagina

Rhino-orbital area

Skin carcinoma in the eye orbit
Eye

Nasal tumor

Pharynx and esophagus

Scalp and brain cavity
Periorbital

Umbilical stump

Facial wound

Scalp

Wound from dental extraction; Palate

Scalp
Oral cavity

Uterine prolapse

Pin-site

Oral cavity

Nose

Orbital region

Oral cavity; periodontal area
Scalp

Wound in scalp

Oral cavity

Tracheostomy site

Facial skin carcinoma; facial skin
carcinoma

Ear
Wound in eyelid skin
Wound in eye; facial wound
Oral cavity

Mostly open wounds

Thoracic cavity
Oral cavity
Oral cavity

Oral or maxillofacial

Oral cavity
Wound in shouder
Mouth

Diabetic food ulcer
Oral cavity

Pin-site

Ear

Oral cavity
Tracheostomy site
Scalp

Head and neck

Breast
Scalp
Finger
Scalp
Foot; nose; nose; breast

Pin-site

Risk factors nlarvae
Travel 22
Pregnancy, condilomatosis 67
Leukoderma, oral breathing 19
Alcohol abuse 40
Poor higiene conditions, pediculosis >40
NA; Alcoholism; Ulceration; Ulceration; Pediculosis NA
Mental disabilty, lack of social support 50
Wound, adventure sports 1
Hydroxyapatite implant 20
Ulcer >100
Alcohol and tabaco abuse, lack of social support NA
Bedridden, epilepsy 20
Hospitalized 9
Obese, diabetic, hypertensive, low socio-economic NA
status

Ethmoidal sinus carcinoma NA
Skin carcinoma in the eye orbit NA
NA 1
Nasal tumor >200
Mouth-breather 100
Tuberculosis NA
Cerebral palsy NA
Newborn 23
Poor higiene conditions, low IQ NA
Psoriasis 142
Wound from dental extraction, mental disabilty; Senile  24; NA
Homeless, smoker, drug user 518
Poor oral hygiene 2
Dementia, poverty NA
Alcohol and drug abuse, external metalic bone fixator 105
Poor oral hygiene, malnutrition NA
Malnutition, nasal septum perforation NA
Rural area, living alone NA
Hospitalized; Alcohol consumption NA
Poor higiene conditions, pediculosis NA
Drug user 7
Parkinson 75

Alcohol and tabaco abuse, larynx cancer, poor hygiene 20
conditions

Alzheimer's, rural residency, skin carcinoma; Skin NA; NA
carcinoma

NA; Malnutrition, intestinal parasitosis NA
Squamous cell carcinoma NA
Earthauake victims 37
Multiple diseases, Bedridden 110
Age group 41-50 years old, black race, low level of NA

education, low hygiene condilions and poor urban
infrastructure

Hospitalized, tracheostomy 32
Aphasia NA
Craniofascial trauma, altered conciousness ;
39; 126;
10581

Diabetes, mental disease, AIDS, mental impairment, NA
depression

Hospitalized 108
Wound 287
Trauma 55
Diabetic food uicer NA
Leukoderma, rural residency 75
External metalic bone fixator 80
Alcohol consumption, travel NA
Brain damage, prolonged mouth opening NA
Tracheostomy, gastrostomy, esophageal cancer NA
Pediculosis a2
Poor oral hygiene, trauma NA
Breast cancer NA
Seborrheic dermatitis 29
Necrosis and amputation 132
Mental disabiity 27
Skin eruption; Celuiite; Necrosis; Ulcera NA
Prosthetic material, chronic wound 100
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Study type

Aedes: DENV
Serosurveys

Focus groups

Sample size

106 households (501
residents)

278 people
600 people

59 people

Surveillance system studies

Case-control study

Observational study

34 cases and 34
controls

219 (139 with and 80
without infection)

Surveillance system modeling studies

Population-based
case-control study

Longitudinal models

Case-control study

Entomological surveys
Larval

Larval

Intervention studies

Modeled a hypothetical
sanitation program

Waste disposal act

Household level waste
management
intervention for vector
control and community
mobilzation

Community-centered
dengue-ecosystem
management

Aedes: ZIKV/CHIKV

4,165 households
4,248 cases

538 clinical cases and
727 controls

165 cases; 492
controls
165 cases; 492

controls

70 clusters; 1,750
houses
789 breeding habitats

205 households

347 DF/DHF cases in
120 study sites

200 houses

Surveillance system modeling studies

Aedes: CHIKV

Policy brief

Aedes albopictus
Entomological surveys
Larval

Immatures
Larvae

Intervention studies
Area-wide
management

Aedes aegypti

Entomological surveys
Larval

Immature

Temporal dynamics
and spatial patterns.

Intervention studies
Community-based

larval source reduction
campaign

Aedes spp.
Entomological surveys
Vestor survey

Immatures

Larval

Larval

Sandflies: leishmaniasis
case-control

KAP

Retrospective study

3720 premises and
820 local inhabitants

four city areas

100 homes

six 1000 parcel sites; 3
urban; 3 suburban
areas

750 containers; 1,873
larvae

18 localities

20 sentinel houses in
ach of 4 study sites

17,815 fixed sites.

175 discardable plastic
teacups

26 types of wastes

262 containers

Two large outbreaks of
at least 1,000 newly
reported cases

3,968 heads of
households.

Five time periods;
3,262 cases

Triatomine: trypanosoma cruzi

Seroprevalence

Entomological surveys:
mixed modeling
approach

KAP

Entomological surveys:

Anopheles spp.: Malaria
Geospatial analysis

26 rural communities;
905 households, 2,156
humans, and 333 dogs

16 municipalties; 96
vilages; 576 dwelings

Three vilages; 308
houses

Three villages; 570,
702, and 416 houses

1,913 arthropod
samples

450 water samples

Year

2000

2008
2004

2003

2001

2017

2014
2018

2011

2018

2014

2014

2008-2009

September

2017

July
2002-August
2003

1999

1988-1993
2012

2012

2006 and
2011

2014-2016

2018

June 2012

2010
2007

2008-2009

2013

May-June to
September-
October
2014

June 2013 to
May 2014

June 2014 to
May 2016

2016

2003

2003

2012

2015

2009

2005

2006

1990-2014

January
2005-
December
2008

2017

2013

2014

2019

20156

Study site

El Salvador

Texas-Mexico border

Brownsville, Texas, and
Matamoros,
Tamauiipas, México

San Juan, Puerto Rico

Fortaleza (north-east
Brazi)
Machala, Ecuador

Thailand
Guayaquil, Ecuador

Campinas, S&o Paulo,
Brazi

Fortaleza, Brazil

Guangzhou, China

Thirvananthapuram,
Kerala, India

Malaysia

Five streets in urban
Chidambaram,
Cuddalore district,
Tamil Nadu state, India

Kandy District, Sri
Lanka

Montrose urbanization
in Caroni County and
Port Cumana in the St.
Andrews/St. David
district, Trinidad

Taiwan

Gampaha district of Sri
Lanka

Yogyakarta city,
Indonesia

India, Sri Lanka,
Indonesia, Myanmar,
Phiippines, Thailand

Brazil

Brazil

Reunion Island

Sant Cugat, Spain

Fortaleza, Ceard, Brazil

Calicut, Kerala, India

New Jersey,
United States

Dire Dawa, East
Ethiopia

Delhi, India

rural and urban sites in
western and coastal
Kenya

Tartagal, Salta
Province, Argentina

Lautoka, Viti Leu, Fiji
Islands

Coastal district,
Ernakulam, in Kerala
State, India

Delhi and Haryana,
India

Kolkata, India

University of Malaya,
Kuala Lumpur

Teresina, Brazil

Bihar state, India

Rio Grande do Norte,
Brazil

Parroquia San Miguel,
Municipio Urdaneta,
Estado Lara, Venezuela

Sucre State, Venezuela

Yucatan, Mexico

Yucatan Peninsula,
Mexico

Urmi, Iran

Rawalpindi, Pakistan

WHO Region
(69)

Americas

Americas
Americas

Americas

Americas

Americas

S-E Asia
Americas

Americas

Americas

Western Pacific

S-E Asia

Western Pacific

S-E Asia

S-E Asia

Americas

Western Pacific
S-E Asia

S-E Asia

SE
Asia/Western
Pacific

Americas

Americas

Africa

Europe

Americas

S-E Asia

Americas

Africa

S-E Asia

Africa

Americas

Western Pacific

S-E Asia

S-E Asia

S-E Asia

Western Pacific

Americas

S-E Asia

Americas

Americas

Americas

Americas

Americas

Eastern

Mediterranean

Eastern
Mediterranean

KAP, Knowledge, attitude, and practice. One study found no effect (103) and one other found a negative association (93).

Trash type/risk measured

Discarded cans, plastic
containers, tire casings

Waste tires and buckets

Water-holding containers,
garbage collection

Insufficient garbage removal

No waste collection

Daily garbage collection

Outdoor solid waste disposal
Negative association:
municipal garbage collection at
the census block level
Frequency of garbage
collection

Iegular garbage collection,
scrapyards and sites
associated with tires
Removing trash and stagnant
water from around the
residence

Tires and containers

Plastic containers as breeding
habitats

Discarded plastic containers

Tires, discarded plastic

No effect: tires and small
miscellaneous discarded trash

Discarded containers
Waste management at
household level, the promotion
of composting biodegradable
household waste, raising
awareness on the importance
of solid waste management in
dengue control and improving
garbage collection bowls, tins,
bottles

Solid waste management and
recycling

Solid waste management,
composting and recycling
schemes small discarded
containers

Man-made larval habitats and
environmental
management—water
supply/storage and solid waste
management as measured by
the Garbage accumulation
index (number of houses with
accumulated and uncollected
garbage)

Reported garbage destination,
type of sanitary installation

Garbage disposal

Premises with solid waste

Tires, opened coconuts and
small plastic containers
Coconut shells and plastic
waste

Tires and trash (plastic bags,
soda cans, etc.)

Discarded tires and artificial
water containers in houses and
peridomestic areas

Solid waste and plastic
containers

Buckets, drums, tires, and pots

Municipal garbage dump, tire
repair shops, and small
garbage accumulation sites

Tires and drums

Plastic teacups discarded at
tea carts

Discarded trash, tires and
plastic cups at roadside near
tea stalls

Household wastes: earthen,
porcelain, plastic, and coconut
shells

Plastic containers, bottles, and
cans

Regular trash collection

Garbage collection

Lack of garbage collection

Household disarray (measured
as old and/or damaged
artifacts accumulated,
materials from construction,
inadequate cleaning and free
rubbish in the home)
Accumulated garbage as
measured by method of
garbage disposal

Cleaning of trash from the
peridomicile

Trash, cardboard, yard
cleaning (collecting trash,
cutting down plants and grass,
and burning trash)

Municipal solid waste landfill

Low rates of solid waste
collection system use

References
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(©5)
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©1

©2)
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(98)

©8)

©n
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(100)
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(103)

(104)
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(106)

(107)

(108)

(109)

(110)

(111)

(112)
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Study type Sample size

Observational studies

Surveilance
3,171 slum residents
Surveilance 79 autochthonous
humen cases
Outbreak 87 leptospirosis cases
Outbreak 87 leptospirosis cases
Cross-sectional KAP 257 residents
Outbreak & 89 confirmed cases. 22
hospital-based households with index
surveillance cases and 52 control

households located in
the same
slum communities

66 lab-confirmed cases
and 125 age and
sex-matched healthy
neighborhood controls

Population based
case-control study

Rodent: scrub typhus (Orientia tsutsugamushi)

Observational 2,002 adults

Rodent: bubonic plague

Observational: case

study

Observational:

outbreak study

Water studies 22 water samples.

Water studies

Observational 888 patients reported
clinically
236 households

Canine: toxoplasmosis
564 households, which
included 597 owners
and 729 dogs

Observational
serosurvey of
humans and dogs

Canine: rabies
Observational

One study found no association (119).

Year

1984-2011

April 2003 and
May 2004
2011-2015

1996

1996
May and June

2007
2001

October 2000
and March
2001

1900

1995-1998

1975

2005-2016

Study site

Marseille, France

Slum in Salvador, Brazil
Federal District, Brazil

Western Region of Rio
de Janeiro

Western Region of Rio
de Janeiro

Urban slum community
in Salvador, Brazil

Slum communities in
Salvador, Brazil

Salvador, Brazil

Vientiane City, Laos

Central Sydney,
Australia
Mahajanga,
Madagascar
Southern Chile

Peruvian Amazon
region of Iquitos
Salvador

Southern Chile

Urban areas of a major
cities, Londrina,
southern Brazil

Lebanon

WHO Region
©9)

Europe

Americas

Americas

Americas

Americas

Americas

Americas

Americas

S-E Asia

Western
Pacific
Africa

Americas

Americas

Americas

Americas

Americas

Eastern
Mediterranean

Trash type/risk measured

Garbage collection strikes in
which garbage is left on the
street

Residence <20 meters from
accumulated refuse

Public garbage collection service

Lower access to solid waste
collection —% households served
by municipal solid waste
collection (accumulation of
organic wastes, promoting the
proliferation of rodents)

Waste accumulation

Improving trash collection

Trash collections

no association: Peri-domiciliary
trash accumulation (Visual
inspection of accumulated trash
& continuous presence of
household trash within five
meters of a residence—proximity
to accumuiated trash) and
municipal waste collection

Poor sanitary condifions
(presence of rubbish, animal
excrement, etc.)

Informal solid waste storage
sites, solid waste management
rubbish

Debris found around the
household areas: buckets, pails,
Jars, barrels, and old tires
Clearing away garbage in urban
areas

Sewage, rats, water, dogs, mud
and garbage,

Open containers and debris
presence of dogs and rodents

Yard cleaning frequency, and
having a dirty yard

Local garbage crisis: standing
accumulated waste

References

(113)

(114)

(115)

(116)

(117)

(118)

(48)

(119)

(120)

(121)

(122)

(123)

(124)

(125)

(123)

(126)

(127)
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Construct

Exposure

Access to municipal
trash collection

Access to municipal
sewage system

MOH, Ministry of Health.

Measurement

Distance to
accumulated trash

Size of accumulated
trash site

Persistence of
accumulated trash

Vector breeding in
trash

Disease Reservoir
associated with trash

Pathogen in trash
Method of trash

disposal
Population coverage

Frequency of
collection

Distance to trash
collection point
Cost of service

Population coverage

Distance to sewage
system access

Unit
Meters
Meters
Days

Vector counts

Reservoir counts

Species and
concentration

Categorical

Percent by
region

Days

Meters

Local monetary
unit

Percent by
region
Meters

Covariates

Frequency of trash collection,
size, and type of dump
Frequency of trash collection,
size, and type of dump

Types of trash

Species, seasonality, infection
rates, rainfall, temperature,
trash type, trash persistence
Species, seasonality, infection
rates, flooding, food sources,
trash type, trash persistence
Location, season, container
type

Frequency of trash collection,
size and type of dump
Distance to trash collection
point, cost of service, types of
trash accepted

Distance to trash collection
point, cost of service, types of
trash accepted

Security of accessing trash
collection point

Frequency of collection

Sewage system type (open,
closed), distance, cost

Rainfall, slope/terrain,
manholes, sewage system type
(open, closed)

Data source
Local mapping
MOH/Local mapping
Local mapping

Entomological surveys

Animal Surveys

Environmental stucies
MOH/Local mapping

MOH/Local mapping

MOH/Local mapping

MOH/Local mapping
MOH/Local mapping
MOH/Local mapping

MOH/Local mapping

References
(98, 114,117,
119, 129, 182)
(117, 129, 182)
(119)

(79-82, 91~
93,95-98, 100~
103, 109, 111)

(113, 114,128,
126, 127)
(128, 124)

(108)

(116, 117,119)

@n

(129)

(118)

(116)

(114, 129)
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Patient Flow cytometry

® N OO s N

(%PPFP)

Positive (1.87)
Positive (23.47)
Positive (1.96)

Positive (37.91)
Positive (21.56)
Positive (59.76)
Positive (4.89)

Positive (88.32)

DAT (Titer)

Positive (1:51,200)
Positive (1:24,600)
Negative

Positive (1:102,400)
Positive (1:51,200)
Positive (1:61,200)
Positive (1:6,400)
Positive (1:51,200)

+K39 rapid test

Positive
Positive
Negative
Positive
Positive
Positive
Negative
Positive

ELISA (Absorbance-490nm) IFAT (Titer)

Positive (0.64)
Positive (0.85)
Negative (0.02)
Positive (3.5)
Positive (0.85)
Positive (0.65)
Negative (0.04)
Positive (3.1)

Negative
Positive (1:160)
Negative
Positive (1:160)
Positive (1:160)
Positive (1:40)
Negative

Positive (1:320)

399
56
392

<50
167
345

T CD4+ (cells/mm?) Viral load

(copies/mL)

3,722
50,000
<50
<50
54
45,796
39,529
1,027
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Characteristics

Curagao

Total population
ZIKV positive
Sex

Female

Male

Age group
0-14

15-24

2554

55-64

65+

Bonaire

Total population
ZIKV positive
Sex

Female

Male

Age group
0-14

15-24

2554

55-64

65+

N %
149,648
781
574 735
207 265
70 8.0
67 86
476 60.9
108 13.6
62 79
19,179
112
81 723
31 27.7
6 5.4
15 184
75 67.0
11 9.8
5 45

Population

w

77,920
71,728

29,935
21,450
56,181
20,482
22,600

9261
9918

3,359
2,105
9,198
2,562
2,194

Incidence
per
100,000
population

737
289

234
312
863
518
274

875
313

179
713
815
431
228
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Flow cytometry

Sensitivity (95%CI* 89% (67-97%)
Specificity (95%Cl) 83% (68-92%)
PPV® (95%Cl) 73% (52-87%)
NPV (95%Cl) 94% (80-98%)
Accuracy (95%C)) 85% (73-92%)

DAT

83% (61-94%)

100% (90-100%)

100% (80-100%)
92% (80-97%)
94% (85-98%)

¥K39 rapid test

72% (49-87.5%)

1009% (90-100%)

100% (80-100%)
88% (74-95%)
91% (80-96%)

ELISA

72% (49-87.5%)

100% (90-100%)

100% (80-1009%)
88% (74-95%)
91% (80-96%)

*The samples included 18 VL-HIV coinfected patients, 18 VL. negative-HIV positive patients and 18 healthy individuals (negative contro)).
aC}, Confidence Interval.
bPPV, Positive Predictive Value.

IFAT

61% (39-80%)

100% (90-100%)

100% (74-100%)
84% (70-92%)
87% (76-94%)
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Peptide ID

Peptide sequence

2GLPRVFPLVGVKRVVMSLLDG®
155YSAQVGASQAAKFTVTPNAP4
149SENHGNYSAQUGASQAAKFTE
331SDGPCKIPIVSVASLNDMTP350
1SVASLNDMTPVGRLVTVNPFE
3TVGRLVTVNPFVATSSANSKVSTY
SLAEVRSYCYHASVTDISTVA™

T TGEAHNKKRADSSYVCKQG®
194 SGLNTEAFYVMTVGSKSFLV?'S
261 GLHOALAGAIWEYSSSVKL?®
“7IMGVNARDRSIALAFLATGGV*®
461 ALAFLATGGVLVFLATNVHAS®®
121LQIGVHGILNAAAIAWMIVR4
OSNESSIMWLASLAIVTACAG %6
3SSQAGSLFVLPRGVPFTDLD?

11 ADLKSMFAGKTQASGLTGLP®
2ITQASGLTGLPSMALDLRPAT*
T00KQNKRGGNEGSIMWLACLAY' 1
TS QITLTTFLTAMVLATLHYGY 2

111 AAFFQLASADLQIGVHGILN'®

Protein

Capsid
Envelope
Envelope
Envelope
Envelope
Envelope
Envelope
Envelope
Envelope
Envelope
Envelope
Envelope
NS2A
Capsid
NS4B
NS48
NS4B
Capsid
NS4B
NS2A

Number of individuals
who responded (n = 23)

1 (4%)
18 (78%)
19 (83%)
2(9%)
4(17%)
19 (83%)
10 (43%)
3(13%)
2(9%)
14(61%)
12 (52%)
5(22%)
13 (57%)
9(39%)
9(39%)
9(39%)
18 (78%)
18 (78%)
(67%)
20 (87%)

Median (IQR) SFU/10° cells

1,100 (810-1,390)
3,120 (2,370-3,580)
3,350 (2,690-3,650)
1,380 (1,140-1,780)
1,640 (1,050-1,870)
3,380 (2,720-3,880)
1,840 (1,300-3,370)
1,340 (1,020-1,660)

1,440 (930-1,750)
3,060 (1,810-3,360)

2,910 (14,300-3,580)
1,680 (1,060-1,810)
2,820 (1,310-3,720)

1,640 (990-3,360)
1,830 (1,210 2,950)
1,880 (1,560-3,270)
3,170 (2,160-3,710)
3,130 (2,210-3,550)
2,510 (1,610-3,410)
3,430 (3,220-3,660)
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Peptide ID Peptide sequence Protein  Number of individuals who Median (IQR) SFU/10° CD107a expression (%)

responded

DENV-JEV* DENV+JEV* DENV-JEV* DENV*+JEV+ cD4 cps

(n=25 (n=25)

P2 155YSAQUGASQAAKFTVIPNAP'™  Envelope 5 (20%) 4(16%) 175 (95-210) 135 (70-189) 421 2.6
P3 199SENHGNYSAQUGASQAAKFT!®  Envelope 6 (24%) 7(28%) 180 (122.5-357.5) 180 (137.6-632.5) - -
P7 351VGRLVTVNPFVATSSANSKVS7® Envelope 8 (32%) 9 (36%) 170 (115-850) 200 (115-477.5) 361 2.08
P20 21TOASGLTGLPSMALDLRPAT® NS48 6 (24%) 5(20%) 180 (145-385) 155 (105-195) 255 1.44
P32 10KQNKRGGNEGSIMWLACLAV!™® Capsid 5 (20%) 7(28%) 190 (170-210) 160 (120-253.8)

P34 111 AAFFQLASADLQIGVHGILN'3 NS2A 8(32%) 10 (40%) 190 (142.6-957.5) 175 (127.6-560) - -
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Group Number of individuals

RECRUITED INDIVIDUALS FOR CULTURED ELISpot ASSAYS

DENV-JEV- 21
DENV+JEV- 22
DENV-JEV* (JE vaccinated) 23
Total 66
RECRUITED INDIVIDUALS FOR EX VIVO ELISpot ASSAYS
DENV-JEV~ 20
DENV*+JEV- 25
DENV-JEV* (JE vaccinated) 25
DENV*+JEV* (JE vaccinated) 25
Total 95

Total number of recruits 161
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No. Peptide sequence Protein Peptide ID  DENV1% DENV2% DENV3% DENV4% WNV%  YFV%  Zika%

1 2GLPRVFPLVGVKRVWMSLLDG®  Capsid P1 30 25 30 30 55 50 40
2 155YSAQUGASQAAKFTVTPNAP4 Envelope P2 30 15 35 15 55 20 25
3 T49SENHGNYSAQVGASQAAKFT'®  Envelope P8 25 25 25 25 55 35 25
4 31SDGPCKIPIVSVASLNDMTP35 Envelope  P5 35 30 30 25 75 35 35
5 S41SVASLNDMTPVGRLVIVNPF®  Envelope P8 35 35 25 25 90 35 40
6 351VGRLYTVNPFVATSSANSKVS™ Envelope 7 30 35 35 30 75 30 40
7 SO AEVRSYCYHASVTDISTVA™? Envelope P8 20 30 25 35 70 30 5
8 77 TGEAHNKKRADSSYVCKQG® Envelope P9 30 26 35 25 60 30 40
9 19SGLNTEAFYVMTVGSKSFLV2™S  Envelope P10 25 20 25 25 65 30 35
10 2IGLHQALAGAIVVEYSSSVKL2® Envelope P11 30 35 25 30 75 35 30
11 YIMGVNARDRSIALAFLATGGV*®  Envelope P12 30 25 20 35 80 15 45
12 % ALAFLATGGVLVFLATNVHAS® Envelope P13 2 2 25 35 70 20 50
18 2ILQIGVHGILNAAAIAWMIVR'40 NS2A P14 15 15 15 20 40 25 25
14 19SNESSIMWLASLAIVTACAG ' Capsid P16 15 15 15 20 20 30 25
16 TSSQAGSLFVLPRGVPFTDLD® NS4B P18 30 30 35 30 50 25 40
16 ' ADLKSMFAGKTQASGLTGLP* NS48 P19 20 20 20 20 40 25 30
17 2'TOASGLTGLPSMALDLRPAT NS4B P20 20 26 20 20 50 30 35
18 1OKONKRGGNEGSIMWLACLAV'™®  Gapsid P32 10 15 10 25 40 25 25
19 TOSQITLTTFLTAMVLATLHYGY 12 NS48 P33 25 25 25 30 60 25 35
20 "AAFFQLASADLQIGVHGILN'® NS2A P34 20 10 10 20 40 2 2

Protein sequence in the table showed as ‘N’ terminal to ‘C’ terminal, and superscript number showed the peplide position in the relevant protein.
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No. of samples collected

No. of patients

No. of samples tested in GRT-PCR

No. of patients tested in qRT-PCR

No. of qRT-PCR positive samples

No. of qRT-PCR positive patients

No. of patients submitting paired samples
for qRT-PCR

No. of patients testing GRT-PCR positive for
first sample

No. of patients testing GRT-PCR positive for
second sample

No. of patients subrmitting paired urine and
serum samples

No. of patients submitting paired urine and
serum samples for GRT-PCR

No. of patients testing GRT-PCR positive for
urine only

No. of patients testing GRT-PCR positive for
serum only

No. of patients testing GRT-PCR positive for
both urine and serum

No. of patients testing qRT-PCR negative for
both urine and serum

Curagao

3,833
2,820
2,044
1,685
815
781
324

70

32

Bonaire

744
382
599
358
129
112

262

183
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Host

Cattle
Buffalo
Goat
Sheep
Total

N

3845
1,108
4,307
1,645
10,800

Overall prevalence

Infected

132
58
7%
34

300

Frequency (%)

3.43
5.25
1.76
220
2.77

Site of infection

Lung

ANENENEN

Liver

ANENENEN

Others

v
v

No. of cysts (%)

Single

103 (78)
4781
68 (89)
34 (100)

252 (84)

Multiple

29(22)
1(19)
08(11)

48 (16)

Fertile

73 (85.3)
48(82)
37 (48.68)
19 (65.88)
177 (59)

Kind of cysts (%)
Sterile Calcified
31(2348)  19(14.39)
5(8.62) 4(6.89)
21(27.63)  15(19.78)
3(8.82) 7(20.58)
60 (20) 45(18)

Undeveloped

9(681)
1(1.72)
3(3.94)
5(14.7)
18(6)
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Month No. of No. of Prevalence No.of No. of Prevalence
patients positive (%)  patients positive (%)

tested  patients tested patients
Curagao Bonaire

16-Dec-15 15 2 13

Jan-16 66 3 5

Feb-16 176 19 11

Mar-16 104 20 19

Apr-16 68 13 19

May-16 66 24 36

June-16 69 21 30

July-16 56 13 23

Aug-16 151 72 48

Sept-16 172 78 45

Oct-16 254 171 67 24 12 50

Nov-16 311 247 79 141 66 a7

Dec-16 136 75 55 79 24 30

Jan-17 21 15 71 45 8 18

Feb-17 12 6 50 26 2 8

Mar-17 7 2 29 31 0 0

26-Apr-17 1 o 0 12 0 0

*For Bonaire samples were collected starting from 17-Oct-16.





OPS/images/fpubh-07-00412/fpubh-07-00412-t002.jpg
Parameters

Total No. of Hooks
(NH)

Large Hook
Length (LTL) (um)
Large Hook blade
Length (LBL) (um)
Small Hook
Length (STL) (m)
Small Hook Blade
Length (SBL) (um)

Cattle

2021 £1.13

24.02 +1.08

15621 £ 0.44

19.54 £ 1.08

89+ 056

Mean + S.E

Buffalo Goat

26.03 £ 1.17 21.00 + 1.06

18.37 £ 096 27.12 £0.91

16.02 £ 054 9.77 £ 0.57

17.97 £ 1.00 11.22 £0.77

69+030 930038

Sheep

27.80 + 1.11

19.78 £ 1.02

10.06 + 0.38

1816 £ 0.72

724037
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S.No Risk Factors Responses

Yes  No
1 Ever heard about Zoonoses 04 119
2 Presence of stray dogs inside the slaughter 107 16
house/butcher shop
3 Proper facilties to dispose animals offals in slaughter 04 119
house/butcher shop
4 Discard of infected organs (Lungs/Liver) at the site of 121 02
staughtering
5 Access of stray dogs to the infected organs 121 02
6 Stray dogs were fed with useless meat (infected) 112 1
7 Stray dogs are ever vaccinated 2 122
8 Oystic Echinococcosis is spreaded from dogs? o 28
9 Veterinary supervision of slaughtered animals 04 119
10 Health education to butchers 0 128
11 Anthelminthic treatment of stray dogs 0 128
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Name Sequence (5-3)

ZIKV_1086 CCGCTGCCCAACACAAG

ZIKV_1107 FAM-AGCCTACCTTGACAAGCAGTCAGACACTCAA-BHQ1
ZIKV_1162¢c CCACTAACGTTCTTTTGCAGACAT

Zika2_fwd CTTGGAGTGCTTGTGATT

Zika2_ probe FAM-AGAAGAGAATGACCACAAAGATCA-BHQ1

Zika2_rev CTCCTCCAGTGTTCATTT

PDV fwd CGGGTGCCTTTTACAAGAAC

PDV probe Cy5-ATGCAAGGGCCAATT-MGB

PDV rev TTCTTTCCTCAACCTCGTCC

PDV, phocine distemper virus (internal control); BHQ, black hole quencher.

Conc.
(M)

600
100
600
600
100
600
600
200
150

Target

Envelope

NS2A

Heamagglutinine

PCR product References
(bp)

7 (29)
187 (34)

78 (35)
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Number of initiates

Median age in years (range)

9% female

DENV serotype
DENV-1
DENV-2
DENV-3
DENV-4

Not detected”

9% primary

9 hospitalized

KPP

323
16 (2-72)
48.6%

23.2%
60.4%
11.5%
5.0%
0%
1.9%
100.0%

Machala

44
14.5 (1-67)
38.6%

25.0%
40.9%
0%
0%
26.4%
25.0%"
25.0%

“NST rapid tests were used to identify Initiate cases in Ecuador; thus, not all were RT-PCR

positive.

*Among those with valid serology (68.1% or 30/44).
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Identification of initiates
Locations/s of recruitment

Inclusion criteria

Identification of associates

Eligible homes

Inclusion criteria

Follow-up
Laboratory diagnostic methods
Molecular

Serological

KPP, Thailand

Kamphaeng Phet Provincial Hospital (inpatients)

« Age >6 months
« DENV infection confirmed by RT-PCR

All homes located within 200m of Initiate’s home, with reported
fever in preceding 7 days

« Age >6 months
« Residing in a house with a history of reported fever in the
prior week

Specimens and data collected on days 0 and 15

 DENVRT-PCR (16)

« DENV and JEV IgM and IgG ELISA (paired specimens) (18)

Machala, Ecuador

Inpatients and outpatients presenting to MOH ciinics and
hospitals

 Age >6 months

+ Clinical diagnosis of suspected dengue

5 homes: the Initiate’s home and one each located in the four

cardinal directions (N, S, E, W)

 Age >6 months

* Residing in the Initiate’s home or in the four houses located
N,S,E,W

Specimens and data collected on day O only

« DENV NS rapid test (PanBio)
* Qualitative DENV tRT-PCR (17)
* CHIKV and ZIKV RT-PCR

* DENV IgM and IgG ELISA (Panio)
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Variables

Population
Location (at, long)
Elevation

Land use

Climate

Annual per capita GDP (2017 USD)
Dengue transmission
Arbovirus context

Dengue vectors

KPP, Thailand Machala, Ecuador

213228 280,000
Southeast Asia (16°28' N, 99°31" ) Pacific coast of South America (3°15' S, 79°57' W)
8om 9m

Moderately dense urban area surrounded by Dense urban area surrounded by coastal mangroves, farming
agricultural areas (rice) (bananas) and aquacuiture (shrimp)
Tropical climate with marked rainy season: May to Tropical climate with marked rainy season: Feb to May
Oct (dengue season); avg max temp 33.5°C; avg (dengue season); avg max temp 29.1°C; avg min temp

min temp: 22.9°C 22.4°C

$6,594 6,199

Endemic seasonal transmission, interannual outbreaks

DENV is atop public health concern; ZIKV likely with DENV is a top public health concern; CHIKV/ZIKV are new;
long standing endemicity; JEV YFV vaccination widespread

vaccination widespread
A aegypti and A. albopictus A aegypti
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