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Acute flaccid paralysis (AFP) surveillance has been used to identify polio cases and target vaccination campaigns since the inception of the Global Poliovirus Eradication Initiative (GPEI) in 1988. To date, only Afghanistan and Pakistan have failed to interrupt wild poliovirus transmission. Circulation of vaccine-derived polioviruses (VDPV) continues to be a problem in high-risk areas of the Eastern Mediterranean, African, and Southeast Asian regions. Environmental surveillance (ES) is an important adjunct to AFP surveillance, helping to identify circulating polioviruses in problematic areas. Stools from AFP cases and contacts (>200,000 specimens/year) and ES samples (>642 sites) are referred to 146 laboratories in the Global Polio Laboratory Network (GPLN) for testing. Although most World Health Organization supported laboratories use the two-phase separation method due to its simplicity and effectiveness, alternative simple, widely available, and cost-effective methods are needed. The CAFÉ (Concentration and Filtration Elution) method was developed from existing filtration methods to handle any type of sewage or residual waters. At $10–20 US per sample for consumable materials, CAFÉ is cost effective, and all equipment and reagents are readily available from markets and suppliers globally. The report describes the results from a parallel study of CAFÉ method with the standard two-phase separation method. The study was performed with samples collected from five countries (Guatemala, Haïti, Thailand, Papua New Guinea, and the Philippines), run in three laboratories–(United States, Thailand and in the Philippines) to account for regional and sample-to-sample variability. Samples from each site were divided into two 500 ml aliquots and processed by both methods, with no other additional concentration or manipulation. The results of 338 parallel-tested samples show that the CAFÉ method is more sensitive than the two-phase separation method for detection of non-polio enteroviruses (p-value < 0.0001) and performed as well as the two-phase separation method for polioviruses detection with no significant difference (p-value > 0.05). The CAFÉ method is a robust, sensitive, and cost-effective method for isolating enteroviruses from residual waters.
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1 INTRODUCTION
Since the launch of the GPEI in 1988, the number of annual polio cases has decreased by >99% (Hovi et al., 2012; Bigouette at al., 2021). Afghanistan and Pakistan are the only two countries with reservoirs of endemic wild poliovirus (WPV) (Fomban leke et al., 2020). In 2019, the World Health Organization (WHO) developed the Polio Endgame Strategy 2019–2023 (Organization, 2019), with the goal to end transmission of wild poliovirus type 1 (WPV1), stop circulation of vaccine-derived poliovirus (cVDPV) outbreaks, strengthen immunization and health systems, certify eradication of WPV, and contain all polioviruses, as the major priorities. In 2021, GPEI developed the Polio Eradication Strategy 2022–2026 (Organization, 2021), which describes a comprehensive set of actions that will position the GPEI to deliver on the goals from 2019—2023 polio endgame strategy. Specifically, the goals are to interrupt poliovirus transmission in endemic countries, stop cVDPV transmission, and prevent outbreaks in non-endemic countries. In 2021, endemic WPV1 transmission was restricted to parts of Pakistan and Afghanistan; there were two cases in Pakistan and three in Afghanistan. WPV1 related to a Pakistan lineage was detected in Malawi AFP case with onset in November 2021 (Organization, 2022). The reported cVDPV cases in 2020 and 2021 were 1,113 and 628, respectively, from 33 countries, indicating that the cVDPV cases have exceeded the number of WPV globally (Organization, 2019). VDPV outbreaks were reported in many countries in the African Region, as well as the Philippines, Sichuan province of China and the Middle East (Greene et al., 2019; Alleman et al., 2020; Alleman et al., 2021b).
Acute flaccid paralysis (AFP) plays an important role in the GPEI by providing clinical surveillance for suspected polio cases. Poliovirus infection is confirmed by analysis of stool specimens (Asghar et al., 2014) but is dependent on having a sensitive AFP surveillance system. Environmental surveillance (ES) can identify polio circulation where AFP surveillance is absent or unreliable (Organization, 2019). ES has played a key role in documenting the elimination of WPV from Egypt, India (El Bassioni et al., 2003; Organization, 2015a) and Nigeria (Kalkowska et al., 2020). The collection and processing of samples from sewage or wastewater have been used for many years to supplement AFP surveillance in many countries (Organization, 1988).
ES continues to play an important role in the eradication of WPV from the remaining polio-endemic countries of Pakistan and Afghanistan by identifying residual WPV transmission. In Israel, an ES system has been used since 1988 as an early warning system to detect imported WPV (El Bassioni et al., 2003; Organization, 2003; Blake et al., 2018). Similarly, ES can also assist in the detection of VDPVs; such strains arise from multiple genetic changes and sustained transmission of polioviruses derived from OPV, especially in areas with suboptimal vaccine coverage (Organization, 2015a). The ES method currently recommended by the WHO GPLN involves the processing of 500 ml sewage by polyethylene glycol (PEG)/dextran two-phase separation method (Pöyry et al., 1988; Hovi et al., 2001; Hovi et al., 2005; Esteves-Jaramillo et al., 2014; Ndiaye et al., 2014; Organization, 2015b). A main strength of this method is that it is relatively simple and does not require complex equipment. However, dextran is manufactured by only two companies. The Bag Mediated Filtration System (BMFS) was designed to enable sampling and field processing of large water volumes (Zhou et al., 2018; Coulliette-Salmond et al., 2019; Estívariz et al., 2019; Fagnant-Sperati, et al., 2020), but the BMFS method requires equipment that is not commercially available.
The objective of this study was to compare two environmental surveillance sample concentration and processing methods for poliovirus detection: the standard two-phase separation and a filtration method (e.g., Concentration and Filtration Elution method: CaFÉ) that was developed based on a previous filtration method (Iwai et al., 2006; Nakamura et al., 2015). The CaFÉ method was developed and optimized at the CDC (Atlanta, United States) using samples collected from Haïti and Guatemala (parallel testing). Subsequently, it was compared to the two-phase separation method in pilot studies in the Philippines, Thailand and using samples collected from Papua New Guinea (pilot testing).
2 MATERIALS AND METHODS
2.1 Parallel and Pilot Studies Site Selection
2.1.1 Parallel Study
Parallel testing between the two-phase separation and CaFÉ methods was conducted at CDC-Atlanta, using samples collected from Haïti between December 2017—December 2019 (n = 144), twelve sampling sites in four coastal cities in Haïti—Port au Prince, Gonaïves, Saint Marc, and Cap-Haïtien were selected (Alleman et al., 2021a) (Table 1; Figure 1A), and samples from Guatemala from November 2018—August 2019 (n = 53). Seven sampling sites were selected in two major cities in Guatemala—San Juan Sacatepéquez, a municipality located in the northwest of Guatemala City. Villa Nueva located south of Guatemala City (Table 1; Figure 1B). These two cities were selected for evaluation, according to the GPEI environmental surveillance guidelines (Organization, 2003), based on 1) population, 2) and road accessibility during the rainy and dry seasons.
TABLE 1 | Poliovirus environmental surveillance sites used during the parallel and pilot testing.
[image: Table 1][image: Figure 1]FIGURE 1 | Geographical location of sample collection cities during the parallel and pilot studies (shown in red circles) (A) Haïti 1) Cap-Haïtien. 2) Gonaïves, 3) Saint Marc, 4) Port au prince (B) Guatemala: 1) San Juan Sacatepéquez, 2) Villa Nueva (C) Thailand 1) Udonthani, 2) Tak, 3) Bangkok. (D) The Philippines: 1) Baguio, 2) Manila, 3) Quezon City. (E) Papua New Guinea: 1) Port Moresby.
Geographical coordinates for each site were measured by a Montana 600, a handheld GPS device (Garmin International, Olathe, KS, Unites States), and watershed populations were estimated using the Worldpop spatial demographic dataset (Department of Geography and Environment, University of Southampton, United Kingdom) (Novel-t, 2021).
2.1.2 Pilot Study
Six sites were selected in Thailand from previously established sites for poliovirus surveillance (Table 1; Figure 1C) with sample collection conducted between February 2019- July 2019 (n = 58) and processing at the National Institute of Health Laboratory (NIH). Two sites were selected in the country`s capital Bangkok: the Din Daeng site (in the inner zone of Bangkok) and the Nong Khaem site (in the western zone of Bangkok). Two sites were selected from the Udon Thani province: Nongsim and Huay Mak Khaeng and two sites were selected in Mae Sot district, in Tak province at the border with Myanmar. This district is known for the presence of a large hospital and is a transportation hub between the two countries.
Three collection sites were included for the pilot study at the Research Institute for Tropical Medicine Laboratory (RITM) in the Philippines, two in Metro Manila: one in Quezon City and the other one located in the city of Manila. The third collection site is in Baguio City. Samples were collected from October 2018—December 2020 (n = 54) (Table 1; Figure 1D).
Three collection sites were selected in Papua New Guinea: in Port Moresby, Gerehu Sewage Lagoon (GSL), Waigani Sewage Lagoon (WSL) and Joyce Bay Treatment Plant (JTP). The samples were shipped to RITM for processing and included in pilot testing collected from October 2018—December 2019 (n = 29) (Table 1; Figure 1E).
2.2 Sample Concentration
2.2.1 Sample Collection and Frequency
Two 1-L wastewater samples were collected approximately once every 4 weeks at each sampling site in Haïti, Guatemala, Thailand, Philippines, and Papua New Guinea, using the GPLN/WHO recommended sampling method, the grab method with a swing sampler (NASCO, Fort Atkinson, WI) with 1-L Nalgene bottles (Organization, 2015c). In the grab method, the sample was collected at one point in time, also it is a more quantitative method that allows estimation of the system`s detection sensitivity (Organization, 2003). Time, date of collection, and sample temperature as well as weather conditions on collection day and previous day were recorded. All samples were stored at 2–8°C immediately after collection and transported to the laboratory or stored at ≤ −20°C until shipment. All specimens were shipped frozen on dry ice and stored at ≤ −20°C until processing.
2.2.2 Pre-analytical Processing
Upon arrival at the laboratory, sample temperature was recorded using a temperature gun (Etekcity, Anaheim, CA, United States), and duplicate 1-L environmental water samples for each collection site and collection month were thawed at room temperature (25°C) for 24 h before processing, combined, and mixed for 15 min. Water quality was analyzed using 30 ml aliquot of each sample, by measuring the pH, total dissolved solids and salinity. Two aliquots of 500 ml were measured for processing with two-phase separation and CaFÉ methods, remaining sample volume was stored at −20°C for additional testing if needed.
2.2.3 Two-phase Separation Method
The samples were concentrated using the two-phase separation method as described previously (Organization, 2015a). Briefly, the sample was centrifuged for 20 min at 6,500 x g at 4°C. The supernatant is added to a beaker and pH was adjusted to 7.0–7.5. The resulting pellet, if any, is stored at 4°C for later addition to the concentrate. Two polymers were added to the clarified sample: polyethylene glycol (6,000) (29% w/v; Sigma-Aldrich, St. Louis, MO) and dextran T40 (22% w/v; Pharmacosmos, Holbaek, Denmark), as well as 5M sodium chloride (Sigma-Aldrich), and then mixed for 1 hour at 10,000 rpm at 4°C. the obtained homogenous mixture is added to a glass separatory funnel and left to stand overnight at 4°C, to allow the polymers separation and form two distinct phases. After incubation, the lower phase and interphase were collected into a 50 ml centrifuge tube (approximately 10–15 ml). The stored pellet from the initial centrifugation was suspended in the concentrate, which is then treated with chloroform (20% v/v; Sigma-Aldrich), agitated for 20 min at 10,000 rpm at room temperature (25°C), then centrifuged for 20 min at 1,500 x g at 4°C. Antibiotics (100 IU/ml penicillin and 100 μg/ml streptomycin and 50 μg/ml gentamycin) were added to the isolated supernatant. The concentrate was inoculated into cell culture for poliovirus isolation the same day, as described below.
2.2.4 Filtration Method (CaFÉ)
The CaFÉ method is based on the very known principle of charge-based methods, where electrostatic forces are instrumental in virus-filter interactions. A volume of 500 ml was processed using the CAFÉ procedure, which utilizes a 1-L, stainless-steel coffee press (Vonshef, London, United Kingdom) using 11 µm cellulose filter papers (85 mm, grade 1, Cytiva Life Sciences, Hillerød, Iceland) that is placed in between the spiral plate and the mesh screen (Figure 2). Wastewater was added to the carafe and then pressed to separate the heavy sediment from the liquid. As shown in Figure 3, viral particles were extracted with beef extract (3% w/v, pH 7.2 ± 0.2; Criterion, Hardy Diagnostics, Santa Maria, CA, United States) and chloroform-dithizone (0.001% w/v; Sigma-Aldrich) from the sediment and the 11 µm filter that were placed in a 50 ml conical tube, then agitated at 10,000 rpm for 10 min at room temperature (25°C) using Heidolph shaker (Schwabach, Germany) and centrifuged for 10 min at 1,500 x g at 4°C. The resulting supernatant was added to the main pressed sample. Magnesium chloride hexahydrate (2.5% w/v; EMD Millipore Corp, Burlington, MA, United States) was added to a final concentration of 0.05 M, and the pH was adjusted to 3.5 to facilitate and optimize virus adsorption to filter surfaces. The pressed sample-supernatant mixture was then passed through a series of two additional negatively charged mixed cellulose filters with a diameter of 47 mm (Advantec, Toyo Roshi Kaisha, Ltd., Uchisaiwaicho, Chiyoda City, Japan), using a vacuum pump (Cole-Parmer, IL, United States). If the sample is turbid with heavy sediment, 25 ml of the sample liquid is added at a time to the filter funnel. The first stage filtration uses a 5 µm filter, which captures virus particles aggregating to large clumps of sediment. During the second stage filtration, filtrate is then passed through a 0.45 µm filter, which captures virus particles aggregating to finer sediment. Both filters were subsequently cut into four pieces and placed in a 50 ml conical tube containing beef extract (3% w/v, pH 7.2 ± 0.2), which will slightly change the virus`s natural charge (or that of the filter) to facilitate virus elution from the filter, and agitated with heidolph shaker for 20 min, at 10,000 rpm at room temperature (25°C). The resulting eluate (15–18 ml) was treated with chloroform (20% v/v), agitated for 20 min at 10,000 rpm at room temperature (25°C), and then centrifuged at 1,500 x g for 20 min at 4°C. Antibiotics (100 IU/ml penicillin, 100 µg/ml streptomycin, and 50 µg/ml gentamycin) were added to the concentrate, then inoculated into cells for poliovirus isolation the same day.
[image: Figure 2]FIGURE 2 | Schematic assembly of a 1 L stainless-steel coffee press, used to press wastewater samples.
[image: Figure 3]FIGURE 3 | Concentration and Elution Filtration (CaFÉ) method workflow chart. 1) Sample is pressed using coffee press with 11 µm filter. 2) Viral particles are extracted from Sediment—11 µm filter with beef extract and chloroforrn-dithizone. 3) Supernatant is added to the main pressed sample. 4) MgCl2 is added to the pressed sample-supernatant mixture and pH is adjusted to 3.5. 5) Sample is filtered using 5 µm filter. 6) Filtrate is then, filtered again with 0.45 µm filter and filter pieces from the two filtration stages are combined and eluted with beef extract. 7) The resulted eluate is chloroform treated. 8) Concentrate is inoculated into RD and L20B cell lines after antibiotics treatment. 9) Inoculated samples are observed for 5 days post­ inoculation, following WHO ENVS Virus Isolation Algorithm.
2.3 Virus Isolation and Molecular Characterisation
Polio and other enteroviruses were isolated using the recommended WHO PV isolation protocol as described previously (Organization, 2009). Briefly 500 µl of the concentrate is added to 5 T25 cm2 flasks seeded with confluent monolayer of L20B cell line (recombinant murine cells that express human PV receptor) and one flask seeded with RD cell line (cells derived from human rhabdomyosarcoma), then incubated at 36°C for 5 days post inoculation. Flasks were observed daily and if characteristic enterovirus cytopathic effect (CPE) appears at any stage after inoculation (i.e., rounded, refractile cells detaching from the surface of the vessel), observation is recorded, and CPE is allowed to develop until at least 75% of the cells are affected (≥3 + CPE). At this stage, a second passage is performed by inoculating 500 µl of the supernatant CPE-positive cultures from the first passage in the opposite cell line (CPE positive L20B cultures were passaged into RD cell line and RD positive cultures were passaged into L20B cell line), This passage is aimed at separating polioviruses that may be present in mixtures with other enteroviruses and amplifying the titer of any polioviruses that may be present. CPE-positive cultures from the second passage of RD-L20B culture is passaged into a third passage into RD cell line and this passage is aimed at amplifying virus titer. To reduce bacterial contamination during virus isolation stage, antibiotics (200 IU/ml penicillin, 200 µg/ml streptomycin, and 50 µg/ml gentamycin) were added to the maintenance medium for every virus isolation passage.
Virus isolation is followed by the detection and differentiation of PV serotypes and genotypes with the GPLN intratypic differentiation (ITD) kit 5.0 (Organization, 2015a; Gerloff et al., 2018). Each ITD PCR mixture consists of 10 µl of qScript XLT one-step RT-quantitative PCR (qPCR) ToughMix (Quanta Biosciences, Beverly, MA), 1 µl of primer-probe mixture (contained in the ITD 5.0 kit; CDC, Atlanta, GA), 8 µl RNase-free water, and 1 µl of template (cell culture supernatant or extracted viral RNA). The thermocycling conditions are 30 min at 50°C for the RT step and 1 min of incubation at 95°C, followed by 40 cycles of 95°C for 15 s, 50°C for 1 min, and 72°C for 5 s (A reduced ramp rate of 25% between annealing and elongation was applied on the Applied Biosystems 7,500 real-time PCR system (Thermo Fisher Scientific).)
Viral protein 1 (VP1) sequencing was performed according to the WHO poliovirus testing algorithm. Sanger dideoxy-sequencing was done following previously described procedures (Kilpatrick et al., 2011; Burns et al., 2016). Briefly, RNA was extracted and reverse-transcribed before DNA amplification of the VP1 region of the capsid gene. The VP1 sequences were compared to Sabin reference strain sequences and nucleotide changes were analyzed using sequencher (5.4.6).
2.4 Statistical Analyses
Descriptive statistics were calculated using R software (R Core Team, 2016). The exact McNemar Chi square test with continuity correction was used to compare the results after isolation of enteroviruses and Sabin-like polioviruses from the two-phase separation and CaFÉ methods (McNemar, 1947; Fagerland et al., 2013) using the gmodels package (Trajman and Luiz, 2008). Data visualizations were made using ggplot2 package in R (Wickham, 2009).
3 RESULTS
3.1 Parallel and Pilot Testing
Concordance between the two methods for detecting any enterovirus occurred in 133 of 225 (59.1%) tested samples (Table 3 and Figure 4). There was no statistical difference between the two methods for the detection of Sabin-Like Polioviruses (SL PVs) (p-value > 0.05, McNemar) that were isolated from samples collected from Haiti, Guatemala, Thailand, Philippines, and Papua New Guinea in different months (Table 2). Overall, the two-phase separation method detected 21 poliovirus positive specimens that were not detected by the CaFÉ method, and the CaFÉ method, detected 36 more poliovirus positive samples than the two-phase separation method (Table 2; Figure 4). The sensitivity and the specificity of CaFÉ for the detection of poliovirus compared with the “gold standard” method (e.g., two-phase separation method) were 72.7 and 86.2%, respectively (Table 2). When comparing the detection of non-polio enteroviruses (NPEV), the two methods were significantly different (p > 0.0001, McNemar). The CaFÉ method detected NPEV in 46 samples that were reported as NPEV but were not detected by the two-phase method (Table 3; Figure 4). The sensitivity and the specificity of CaFÉ for the detection of NPEV compared with the two-phase separation method was 93 and 44% respectively (Table 3).
[image: Figure 4]FIGURE 4 | Poliovirus screening results forthe parallel and pilot studies between two-phase separation method and CaFÉ method by poliovirus genotype (n = 345), negative for poliovirus or mixture of multiple polioviruses. NPEV = non-poliovirus enterovirus, Sabin = Sabin-like type 1 or 3, PV2 = Poliovirus type 2, VDPV = Vaccine Derived poliovirustype 1, 2 or 3.
TABLE 2 | Comparison between the two-phase separation method and concentration and filtration elution (CaFÉ) method for the isolation of any Sabin-like poliovirus during the parallel and pilot tests: Haïti (December 2017—December 2019), Guatemala (November 2018—August 2019), Thailand (February 2019—July 2019), the Philippines (October 2018—December 2020) and Papua New Guinea (October 2018—December 2019).
[image: Table 2]TABLE 3 | Comparison between the two-phase separation method and concentration and filtration elution (CaFÉ) method, for the isolation of non-polio enterovirus during the parallel and pilot tests: Haïti (December 2017—December 2019), Guatemala (November 2018—August 2019), Thailand (February 2019—July 2019), the Philippines (October 2018—December 2020) and Papua New Guinea (October 2018—December 2019).
[image: Table 3]3.1.1 Haïti
From April 2018 through November 2019, eight Sabin-Like type 3 polioviruses (SL 3 PVs) were isolated from samples collected from seven sites (Bois de chêne (BDC), Bois de Neuf (BNF), Boulevard de l`Avenir (BRA), Ruelle Caporis (CRC), Rue Pétion (PET), Route Rails Diquini (RRD) and Avenue Maurepas (AMA)). Sabin-Like type 1 polioviruses (SL 1 PVs) were only isolated from RRD on April 2018 and from BNF in December 2019, using the CaFÉ method. The same samples were NPEV or not detected with the two-phase separation method. The two-phase separation method detected four SL 3 PVs from four sites (BDC, RRD, AMA and PET), that were not detected using the CaFÉ method (Alleman et al., 2021a) (Supplementary Figure S1).
3.1.2 Guatemala
In January 2019, VDPV1(Accession (ACC) no. MZ313559) was isolated from a sample collected from Aldea Cruz Blanca site (ACB) using the CaFÉ method, and VDPV3 (ACC.no. MZ313558) from a sample collected from Rio Platanitos site (PLA) in March 2019 using the two-phase separation method. Sequencing of the viral protein 1 (VP1) regions of the capsid protein showed 11 nucleotide differences compared to their respective Sabin reference for each one; therefore, both viruses met the definition of VDPV (Burns et al., 2014) (Supplementary Figure S2).
Two-phase separation method detected seven samples with a mixture of Sabin-Like type1 polioviruses (SL1 PVs) and SL3 PVs from ACB, Bodega Municipal (CMB) and Cuidad Quetzal (CQU) sites between November 2018—April 2019. Six of these parallel tested samples from the same collection sites were SL3 PVs with the CaFÉ method and one was NPEV (ACB site). Three samples with a mixture of SL1 PVs and SL3 PVs were isolated with the CaFÉ method from CMB and CQU sites. Two-phase separation method detected four SL3 PVs (CBM, CQU and PLA), that were NPEV with the CaFÉ method.
From November 2018—August 2019, the CaFÉ method detected four SL3 PVs that were NPEV with the two-phase separation method (ACB, Colinas de Villa Nueva (CVP) and PLA) (Supplementary Figure S2).
3.1.3 Thailand
For the six sites that were chosen by NIH laboratory as part of their in-country poliovirus environmental surveillance, the CaFÉ method detected more SL PVs and NPEVs (Table 2 and 3) than the two-phase separation method. SL 1 PV was detected in five samples using the CaFÉ method from four collection sites (Din Deang, Nong Kheam, Mae Sot Hospital and Huay Mak Kaeng), whereas the two-phase separation method identified either NPEV or not detected for those same samples.
SL 3 PVs isolated from Nong Kheam and Nongsim sites and the mixture of both SL 1 PVs and SL 3 PVs in Nong Kheam were detected by the CaFÉ method but not by two-phase separation method (Supplementary Figure S3).
3.1.4 The Philippines and Papua New Guinea
SL 2 PVs were isolated from samples collected in April and May 2020 at the Manila site (Tondo Sewage Pumping Plant (TSP)) and at Quezon City sampling site (East Avenue Sewage Treatment Plant (ESP)), by both concentration methods. In Manila (TSP site), cVDPV1 were isolated from samples collected in July and September 2019 with both methods. A single cVDPV2 positive sample was detected from the same collection site with the CaFÉ method in January 2020. In Papua New Guinea, mixtures of cVDPV1, SL 1 PVs and SL 3 PVs were detected with both methods in all three collection sites in Port Moresby (Gerehu Sewage Lagoon (GSL), Waigani Sewage Lagoon (WSL), Joyce Bay Treatment Plant (JTP)) in October 2018. cVDPV1 was isolated from GSL site in November 2018 using the CaFÉ method, whereas the result for the same sample was NPEV with the two-phase separation method. Also, SL 1 PVs and SL 3 PVs were detected in all collection sites in the Philippines and Papua New Guinea with a similar rate between CaFÉ and the two-phase separation method (Supplementary Figure S4).
4 DISCUSSION
The CaFÉ method was developed and evaluated as part of an effort to increase the effectiveness and robustness of environmental surveillance for polioviruses, and it was tested in three different laboratories in the Philippines, Thailand, and United States. Based upon the results presented here, there was no significant difference in poliovirus detection based on the 338 sample pairs that were available for comparison by the two-phase separation and the CaFÉ methods during the parallel and pilot tests in global laboratories (Table 2). As the GPEI expands and environmental surveillance is established in new countries at risk for poliovirus circulation, there is an increasing need to establish an additional concentration method that will reduce costs as well as turnaround time. This study is not the first attempt to increase the sensitivity of enteroviruses detection in wastewater. VIRADEL, a method that was developed for water samples with low turbidity and involves the adsorption of viral particles to the filter membrane through ionic interaction followed by elution with pH adjustment. However, it is time consuming, labor intensive and needs large sample volume (1–400 L) and requires a secondary concentration procedure to reduce the volume of eluate to enhance the sensitivity of detection (Falman, et al., 2019). Because the GPLN includes laboratories in low-and middle-income countries, procedures must be robust, and any method use internationally accessible supplies and reagents. The CaFÉ method uses less expensive reagents, bringing the average cost per sample to $10 US. The two-phase separation method costs $50 US/sample, with 2 days to process samples (Table 4), whereas the BMFS costs $100/sample and 2 days processing time (Fagnant et al., 2014; Fagnant et al., 2018; Zhou et al., 2018; Coulliette-Salmond et al., 2019). Processing time for CaFÉ is only 1 day, and all reagents and equipment are commonly available from global suppliers. even in low and middle-income countries.
TABLE 4 | Comparison of features between the two-phase separation method and concentration and filtration elution (CaFÉ) method.
[image: Table 4]The CaFÉ method verified the trend observed during the period of surveillance in Haïti (Coulliette-Salmond et al., 2019; Alleman et al., 2021a), where poliovirus detection occurred mostly after vaccine campaigns. Poliovirus detection was low, possibly indicating a low rate of poliovirus vaccination in Haiti during the study period. Some collection sites that were negative for any enteroviruses for consecutive months with the two-phase separation method (RRD, AMA, PET), had NPEV results with the CaFÉ method and were considered sufficiently sensitive sites, since detection of NPEV, is used as a proxy for PVs and ES site sensitivity (Kroiss et al., 2018). For an ES site to be considered sufficiently sensitive, the NPEV lower positive rate limit should be ≥50% for over 6-month period (Coulliette-Salmond et al., 2019) (Supplementary Figure S1).
The sites selected for Guatemala were adequate since both methods detected mixtures of SL1 PVs and SL 3 PVs in all sites from December 2018—August 2019. Relative to routine immunization, polio vaccination campaigns target high numbers of children in a wide age range (0–59 months of age) in a very concentrated period (2–3 days). Increases of Sabin viruses in wastewater are typically observed and expected during and just after supplementary immunization activities (SIAs) (Kroiss et al., 2018); however, environmental surveillance can also detect Sabin viruses administered through routine immunization when vaccine coverage rates are high enough. VDPV1 and VDPV3 were also detected in Guatemala. These VDPV isolates were not classified as circulating VDPV because there were no genetically linked viruses (Burns et al., 2014). The results of the six sites selected in Thailand showed that the CaFÉ method detected more positive results of SL1 PVs, SL3 PVs and mixtures of both compared to the two-phase separation method.
In the Philippines, VDPV1 and VDPV2 outbreaks were declared in September 2019, by January 2020, cVDPV2 was detected in an environmental sample in Manila, using the CaFÉ method and was later confirmed with an AFP case (Maklin et al., 2019). Both methods detected cVDPV1 outbreak in October 2018 in Papua New Guinea.
GPLN ES Guidelines recommend the concentration of at least 500 ml of wastewater and fecal-impacted environmental water samples when using the two-phase separation method. As the GPEI expands and environmental surveillance is established in new countries at risk for poliovirus circulation, there is an increasing need to establish an additional concentration method that will reduce costs as well as turnaround time.
Limitations for this study are samples consisting of thick sediment and large particulates, which resulted in clogged filters during the two filtration stages for the CaFÉ procedure. This was resolved by allowing the sediment to settle, followed by transferring 25 ml of the sample liquid to the filter funnel multiple times, which accelerated the filtration process for turbid samples. In addition, another limitation was the inherent variability of environmental samples and virus isolation in cell culture. The low frequency of PV detection in Haïti samples was another limitation, which reduced the statistical power for PV detection for both methods.
The CaFÉ method performed as well as the two-phase separation method and was able to detect Sabin-Like PVs and NPEVs in Guatemala, Haïti and Thailand and emerging VDPVs in the Philippines and Papua New Guinea. CaFÉ is a sensitive, cost-effective, and simple method to meet the needs for expanded environmental surveillance during the final stages of poliovirus eradication.
Future work should focus on exploring new settings for the CaFÉ method use, such as integrative approaches of environmental surveillance for multiple pathogens, since various methods—the skimmed milk flocculation and polyethylene glycol precipitation (PEG) as well as filtration methods (BMFS and ultrafiltration via Millipore filtration concentration) were used for SARS-CoV-2 surveillance in wastewater (Philo et al., 2021). This could also be an important next step for the CaFÉ method use to strengthen polio transition planning and sustain detection capabilities for long-term.
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Country City site Geographic Estimated Additional Site
Code* Coordinates Watershed Details
Population
Haiti Port au prince BNF  18.5815, ~72.3201 347,237 Coulliette-Salmond et al. (2019); Alleman et al. (20212)
BDC 185383, -72.3539 330,624 Coulette-Salmond et al. (2019)
RRD 18.5345, -72.3842 67,320 Alleman et al. (2021a)
Gonaiives BRA  19.4383, -72.6895 20,241 Alleman et al. (2021a)
KHF 19.4534, -72.6900 25,703 Coulliette-Salmond et al. (2019)
Saint Marc AMA  19.1059, 72.6983 50,744 Alleman et al. (20212)
PET 19.1101, -72.6983 49,372 Alleman et al. (2021a)
Cap Haitian HUC  19.1224, -72.6078 5,655 Alleman et al. (2021a)
GRC 19.7367, -72.2155 5,455 Alleman et al. (2021a)
CRC  19.7335, -72.2178 113,023 Alleman et al. (2021a)
RPA 19.7383, -72.1843 22,468 Alleman et al. (2021a)
Guatemala San Juan CQU  14.7166, -90.5626 2,643 Open canal
Sacatepéquez CBM  14.7236-90.6520 1,697 Open canal
ACB  14.7283, -90.5829 8726 Open canal
Villa Nueva PLA 14.5104, 14.5104 164,963 Open canal
CVP 145733, -90.5893 81,264 Open canal
PPE 14.5063, -90.5893 6,992 Wastewater treatment plant
Thailand Bangkok NKM  13.7207-100.3564 55,000 Water environment control plant (closed system)
DN 13.7721-1005583 1,080,000 Water environment control plant (closed system)
Udonthani UD-A  17.4203-102.8026 800,000 Wastewater pumping station (opened system)
UDB  17.4365-102.8026 800,000 Wastewater pumping station (opened system)
Tak MS-A  16.7109-98.5722 101,000 Hospital wastewater treatment plant (closed system)
MS-B  16.7144-98.5515 103,000 Wastewater treatment plant (opened syster)
Philippines Quezon City ESP  14.6458-121.0449 74,000 Wastewater treatment plant. It treats 16 millon liters/day of domestic
wastewater
Mania TSP 14.6028-120.9668 631,363 Wastewater treatment plant. It has a capacity of 432,000 cubic meter/
day, covering 70% of Mania
Benguet BAG  16.4206-1205975 345,366 Wastewater treatment plant. It treats only sewage from the Balii
catchment area
Papua New Port Moresby GSL  -0.3736-147.1641 391,000 Open sewage Lagoon, covering the catchment areas of Vanapa and
Guinea Brown rivers
- WSL  -9.3897-147.1983 391,000 Pond, where Boroko creek drains into it
- JP 0.4991-147.1922 391,000 Wastewater treatment plant. Treats 18.4 millon liters per day,

comprises 26 km and 1.2 k ocean outfall

“Port au Prince: BNF, Bois de Neuf; BDC, Bois de Chéne; RRD, Route Rails Diquini. Gonaives: BRA, Boulevard de I Avenir, KHF, Key Soleil Health Facilty. Saint Marc: AMA, Avenue
Maurepas; PET, Rue Pétion; HUC, Impass Hucar. Cap-Heitien: GRC, Grand rue Champin; CRC, Ruelle Caporis; RPA, Ruelle Patience. San Juan Sacatepéquez: CQU, Cuidad Quetzal;
CBM , Bodega Municipal: ACB, Aldea Cruz Blanca. Villa Nueva: PLA, Rio Platanitos; CVP, Colinas de Villa Nueva; PPT, Peronia Planta de Tratamiento de Auga. Bangkok: NKM,

Nongkheam; DIN, Dindeang. Udonthani: UD-A, Nongsim; UD-B, Huay Mak Khaeng. Tak: MS-A, Mea Sot Hospital; MS-B, Municipality Nakom Mae Sot. Quezon Gity: ESP, East Avenue
Sewage Treatment Plant. Manie: TSP, Tondo Sewage Pumping Plant. Benguet: BAG, Baguio Sewage Treatment Plant. Port Moresby: GSL, Gerehu Sewage Lagoon; WSL, Waigani
Sewage Lagoon: JTP. Joyce Bay Treatment Plant.
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Positive Two-phase Negative Two-phase Total

Separation Separation
Positive CaFE 56 36 92
Negative CaFE 21 225 246
Total 77 261 338

CaFE, concentration and fitration elution. p-value > 0.05. Sensitivity ((Cl) = 72.7%) and specificity ((C1) = 86.2%), werenot statistically significant as determined by the exact McNemar's test
O-value > 0.05).
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Positive Two-phase Negative Two-phase Total

Separation Separation
Positive CaFE 133 46 179
Negative CaFE 10 36 46
Total 143 82 225

CaFE, concentration and fitration elution. p-value < 0.0001. Sensitivity ((Cl) = 93%) and specificity ((C1) = 44%), were statistically significant as determined by the exact McNemar's test (p-
value < 0.0007).
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CaFE Two-phase Separation

Processing time 1 day 2 days
Consumable cost $10US $50 US
Sample volume 500 mi 500 mi
Reagents used and their shelf-ife Beef extract Solution: 3 months Dextran T40: 2 weeks
Magnesium chioride hexahydrate: N/A® Polyethylene glycol 6,000: 2 weeks
Chioroform-dithizone: 1 month Sodium chioride: N/A
Centrifuge Yes Yes: with rotor capacity to hold 250 mi bottles

Not applicable, these reagents have no shelf-life expiration date.
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