Defining a research agenda for environmental wastewater surveillance of pathogens
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Background 
The World Health Organization has published guidance for polio and SARS-CoV-2 Environmental Surveillance (ES)(1, 2), and established a network of ES sites globally through the Global Polio Eradication Initiative (REF). High-resource settings such as the US and Europe are planning a network of ES sites to enable pandemic preparedness. Whereas healthcare access and hospital-based surveillance are often inequitably distributed globally and within low-resource settings, affordable tools such as ES for surveillance are necessary so that these settings can generate disease burden estimates and are not left behind in reaping the benefits of public health interventions. Most recently, the G7 group of nations have promised support for multipathogen ES. Given the proven benefit of ES demonstrated with polio and SARS-CoV-2, and global funding for and focus on the potential of ES as a platform, the time is ripe to build and sustain an integrated, multipathogen ES infrastructure (that includes polio). From a public health surveillance standpoint, the goal is to leverage resources across countries and disease control programs to integrate information from multiple sources and inform robust public health decisions (Figure 1). These multipathogen ES platforms should address local and global surveillance needs, and as recommended by WHO, should be built in collaboration with local health departments and water sanitation groups. 
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Fig 1. Integrated Surveillance as a key component of preparedness in all settings

Beyond pathogen-specific surveillance programs
ES is independent of healthcare access—i.e. ES can be conducted effectively even where people, either by choice or though lack of access, do not avail of care at a clinic or hospital. ES hence provides an equitable view of pathogen circulation and transmission in a population. Indeed, ES can also be used to advocate for better sanitation systems in low-resource geographies. 
ES can cater to a variety of use cases (eg: surveillance for disease eradication; surveillance for early warning of increased transmission), which, in turn, influences the design of the surveillance system (Figure 2). For poliovirus, where the goal is eradication, ES is used to monitor spatial and temporal distributions of both wild type and vaccine-derived viruses (3, 4), and any detection leads immediately to vaccination campaigns to eliminate local transmission. In the SARS-COV-2 pandemic, ES has been used to monitor and aid control of ongoing outbreaks by informing use of non-pharmaceutical interventions. Genomics has allowed detection of variants of concern when they are introduced into new geographies, and the identification of novel variants (5, 6). Such genomic data could inform vaccine design and variant-specific vaccine use in the future. Geographically varied and longitudinal ES data on a variety of vaccine-preventable disease pathogens can inform vaccine deployment and allow monitoring of vaccine efficacy (7), particularly when clinical diagnosis of the disease requires infrastructure not widely available, such as for typhoid fever. In all cases, the greatest strength of ES lies in its ability to generate population-level information, whereas case-based monitoring can be costly and universal coverage may be difficult to achieve. With carefully considered sampling strategies, ES could potentially support the detection of multiple pathogens within a single surveillance network at a fraction of the cost of case-based surveillance per capita. 
 [image: ]Figure 2: Use cases may drive measurement needs and hence, ES system parameters

What pathogens should be surveilled using ES?
The Bill & Melinda Gates Foundation hosted a meeting in May 2022, bringing together academic, manufacturing, and public health decision-making partners to co-develop a vision for multipathogen ES. This section will report on the discussion and outcomes from a roundtable discussion that was held during the Environmental Surveillance for Public Health Impact meeting: 
ES should be conducted with the explicit aim of impact, employed where interventions can be informed and enacted. Local health department input should be solicited to prioritize pathogens for surveillance; this is essential for creating a well-supported, sustainable ES system. In low-resource settings, there is often a need to prioritize surveillance for diseases that can be severe or difficult to observe through clinical surveillance. During our discussions we focused on seven pathogens of interest (Table 1): poliovirus, Salmonella Typhi, Vibrio cholerae, SARS-CoV-2, Hepatitis A and E, and Measles virus. 
ES for poliovirus has clearly impacted health policies, and detections of the remaining organisms were also deemed to yield actionable data. ES has been used to monitor trends in SARS-CoV-2 infection and to detect new variants of concern. For the remaining pathogens where informing vaccine use or vaccine efficacy is the end goal, ES data gathered alongside gold standard surveillance in pilot studies can inform how policy makers should interpret ES to inform disease burden where case data are unavailable. 
Opportunities and challenges for integrated, multipathogen ES
This section reflects on the capacity and coordination needs of multipathogen ES approaches. These were discussed at a second and third roundtable discussion at the Environmental Surveillance for Public Health Impact meeting.

Sampling sites and frequency, and sampling and concentration methods
Optimal sampling sites, methods, and collection frequency can vary depending on the goal and pathogen of interest. Whilst well-mapped sewage networks with enumerated populations can inform optimal sampling sites in some regions, sampling site selection in low-resource settings with open drains or riverine networks that receive human waste directly from households is more challenging. Site selection approaches can be informed by hydrological mapping and overlaying different available data sets for elevation, bluelines, and population (e.g. from WorldPop (8)) (7), potentially aided by partners such as Novel-T (9). In these areas, site selection approaches are often iterative, due to uncertainties in the data available and connectivity of the networks. These data must be accurate enough to allow estimation of catchment size and population; whether these data can be gleaned from environmental samples themselves or will always depend on demographic and geographic information is an open question. 
Sampling frequency can vary depending on the required data; modelling has shown monthly collections to be sufficient for poliovirus detection (10).  Early warning systems, however, as desired for SARS-CoV-2 and Vibrio cholerae, could require weekly or potentially even more frequent sampling to inform public health action in a timely manner (11, 12). Sampling frequency and the number of sampling sites may need to be decided in part, based on the cost of sampling, travel to and from sites, cold-chain costs, and the capacity of the laboratory to test samples. 
Choice of sampling method can be driven by the need for sensitivity vs. quantitative measurement. Passive or trap sampling (e.g. Moore swabs) can allow greater volumes to be surveyed but can be difficult to translate to quantitative measurements; grab samples provide an absolute sampling volume but survey only at one timepoint. Additionally, lowering the cost of automated samplers for applicability in low-resource settings should be undertaken. Concentration methods such as hydrogel “nanotrap” particles (REF: Ceres) should be tested and optimized for the set of pathogens of interest in a given context. Multipathogen ES would be more cost effective if a single method for sampling and extracting material can be employed for all pathogens. Thorough testing and standardization will be essential to ensure that the method chosen is suitable for pathogens of interest. 
Pathogen detection and genomic sequencing
As target pathogens will vary geographically, interchangeable detection platforms would be optimal for multipathogen detection. Customizable TaqMan array cards have been used for detection by qPCR of multiple pathogens in ES samples (13). qPCR-based approaches can offer a sensitive method for detection and quantification. However, if genomic data are required, a metagenomic or targeted sequencing approach is necessary. Direct detection, sequencing, and bioinformatics tools for ES need to be developed. Methods employed should be rapid, adaptable to newly emerging pathogens, cost-effective, and easily deployable.
Data analysis, sharing and communication
These factors represent some of the largest hurdles for the sustained implementation of ES. Analysis of flow rates, catchment sizes, and population are required for quantitative results, and linkage to clinical or hospital-based case data helps prove the validity of ES findings. Continued engagement with local health departments is required to ensure the data are analyzed and presented in ways that are maximally informative to decision makers. A key concern is the determination of a trigger for action, such as a threshold for quantification, or detection of a specific pathogen serotype. Data and analyses should be accessible to those who may not have a broad scientific background. Dashboards have been demonstrated during the SARS-CoV-2 pandemic to be a useful way to rapidly and visually present data (14).
Funding
Sustainable ES systems require reliable funding. These systems must demonstrate value when integrated into current surveillance methods, ideally providing information about priority metrics (e.g. estimated severe cases, hospitalizations, or deaths). Identifying funding for multipathogen ES could be challenging in low-resource settings if the world focuses on sentinel systems for global health security to the detriment of locally informative surveillance; whilst funding for multipathogen surveillance could also be a challenge where research and public health funds are pathogen-specific, we are encouraged by the promise of support for multipathogen ES from the G7 group of nations (http://www.g7.utoronto.ca/healthmins/2022-0520-communique.html). We are also hopeful that networks across low- and high-resource settings where ES is being undertaken could lead to shared tools, approaches, capacity, and ultimately, lower costs to undertake integrated, multipathogen surveillance in low-resource settings.
Conclusion and call to action
Tools need to be optimized across the range of methods for multiple pathogens: sampling frequency determination; sampling site selection; sampling and concentration processes; nucleic acid extraction; pathogen detection; genomic sequencing and bioinformatics; modeling and analytics; communication. In addition, multiple pieces of evidence are required in order to build the case for an ES system for integrated surveillance of multiple pathogens. 
1. ES for each pathogen must be validated in the field alongside hospital- or clinic-based surveillance using gold standard diagnostics. 
2. The cost of population-based ES must be examined, and used to build the case for sustained funding for ES. 
3. Best practices for analytics and communication about ES results to policy makers should be developed.
Funders and the WHO will need to coordinate to support the development of standardized approaches and guidelines to ES, acknowledging the varied contexts of sanitation systems between high- and low-resource settings.
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Goal is for LMICs to have robust integrated surveillance systems, with regional and global coordination, for decision-making

« The time is right for investment in surveillance systems that are cost -effective, and adaptable to emerging pathogens

Environmental surveillance represents the entire population, being independent of health care seeking and healthcare access
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