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Antigen banks have been established to supply foot-and-mouth disease virus (FMDV) vaccines at short notice to respond to incursions or upsurges in cases of FMDV infection. Multiple vaccine strains are needed to protect against specific FMDV lineages that circulate within six viral serotypes that are unevenly distributed across the world. The optimal selection of distinct antigens held in a bank must carefully balance the desire to cover these risks with the costs of purchasing and maintaining vaccine antigens. PRAGMATIST is a semi-quantitative FMD vaccine strain selection tool combining three strands of evidence: (1) estimates of the risk of incursion from specific areas (source area score); (2) estimates of the relative prevalence of FMD viral lineages in each specific area (lineage distribution score); and (3) effectiveness of each vaccine against specific FMDV lineages based on laboratory vaccine matching tests (vaccine coverage score). The output is a vaccine score, which identifies vaccine strains that best address the threats, and consequently which are the highest priority for inclusion in vaccine antigen banks. In this paper, data used to populate PRAGMATIST are described, including the results from expert elicitations regarding FMD risk and viral lineage circulation, while vaccine coverage data is provided from vaccine matching tests performed at the WRLFMD between 2011 and 2021 (n = 2,150). These data were tailored to working examples for three hypothetical vaccine antigen bank perspectives (Europe, North America, and Australia). The results highlight the variation in the vaccine antigens required for storage in these different regions, dependent on risk. While the tool outputs are largely robust to uncertainty in the input parameters, variation in vaccine coverage score had the most noticeable impact on the estimated risk covered by each vaccine, particularly for vaccines that provide substantial risk coverage across several lineages.
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Introduction

Foot-and-mouth disease virus (FMDV) exists as seven serotypes: O, A, C, Asia 1, SAT 1, SAT 2 and SAT 3, although serotype C has not been reported since 2004 (1, 2). The world is divided into FMD-free and endemic countries and regions (3), with virus widespread in Africa and Asia and restricted to Venezuela in South America. FMDV serotypes and strains are unevenly distributed in different parts of the world with seven geographic pools of FMDV identified (4). Each virus pool has more than one serotype, within which FMDV strains evolve and circulate (5, 6), giving rise to waves of infection and potential for periodic spread of strains beyond their pools of origin (7–9). Recent examples of FMDV strains that have spread widely are O/ME-SA/Ind-2001 (10) and A/ASIA/G-VII (11).

Prophylactic vaccination is widely used to control FMD where the virus is endemic or where incursions are highly likely (3). Vaccination is also an emergency option in response to incursions in FMD-free countries or upsurges of infection in FMD-endemic countries (12). The emergence and spread of antigenic variants within FMDV serotypes can require multiple vaccine strains, as immunity, whether induced by infection or vaccination, is serotype specific and may be weak or incomplete between antigenically divergent strains (13). The expected level of protection conferred by a vaccine is often measured by vaccine matching, an in vitro test which compares the seroreactivity of vaccine antisera to the vaccine strains (homologous reactivity) and the field strains (heterologous reactivity). Vaccination-challenge tests in the target species can also be undertaken to provide empirical data for vaccine performance, but wide-scale use of these in vivo approaches is often constrained by cost, time and animal welfare considerations.

Countries that are FMD-free take stringent measures to prevent incursions of FMD and ensure preparedness in the event of an outbreak, including provision of vaccine reserves for implementation of emergency vaccination. These strategic reserves mostly take the form of concentrated FMDV antigens frozen above liquid nitrogen, with a long shelf life, that can be rapidly thawed and formulated as ready-to-use vaccines (14). Europe and North America have established multinational vaccine banks of this type and there may be at least 20 national banks worldwide. Along with rapid formulation into final vaccine product, antigen banks have several technical advantages, such as consistency in production and quality assurance (14, 15). However, the antigens maintained in the bank must be carefully and timely selected to provide protection against the most important viral threats, balancing vaccine availability from manufacturers with the costs of carrying unused antigens. Working with FMD reference laboratories and vaccine producers, bank managers assess recent epidemiological events to determine current and future threats posed by circulating viral strains. The FAO World Reference Laboratory for FMD (WRLFMD) previously provided vaccine antigen bank recommendations on a quarterly basis, in which the most common vaccine strains were classified into high, medium, and low priority [see quarterly reports until December 2017 (WRLFMD)]. However, the criteria for determining into which category an antigen was placed were not clearly defined and these recommendations were based on European vaccine producers and threats to FMD-free European countries that may not have been appropriate for countries in other regions.

In this paper, we describe and apply a novel Prioritization of Antigen Management with International Surveillance Tool (PRAGMATIST) to assist vaccine bank managers in selecting which FMDV strains are most important to maintain in their vaccine bank. This tool provides a transparent, evidence-based framework to evaluate available vaccine antigens, that can be adapted according to the region at risk.



Methods


Design of PRAGMATIST

The decision-support tool provides a structured framework to assist vaccine bank managers to prioritize vaccine strains that are candidates for inclusion in an antigen bank. The tool combines three relevant parameters from the perspective of an antigen bank manager, namely (1) the relative likelihood of an FMD incursion from different regions of the world (source areas); (2) the prevalence of circulating FMD viral strains in these source areas (lineage distribution) and (3) the expected protection afforded by different FMD vaccines against these circulating FMD strains (vaccine coverage). The level of protection is based on the antigenic relationships defined by serological vaccine matching studies (1, 16) which could be complemented by direct evidence of protection in the field where these data are available. The lineage distributions are specific to the source regions, whilst the source area scores and vaccine availability will be specific to the country or region at risk. PRAGMATIST was initially developed and is still currently available in MS-Excel (https://www.eufmd.info/pragmatist). However, to improve accessibility and strengthen science-to-policy linkage (17), the tool has been ported to an easy-to-use interactive dashboard, with the application's scope and interface design crafted with structured input from multiple stakeholder groups, including beta testing of the application. The web-platform (www.openfmd.org/dashboard/PRAGMATIST) was developed in R Shiny (18, 19) by further adding extended functionalities using JavaScript and Cascading Style Sheets (CSS).



Source area score (SAS)

The first step in the tool is to assign source area scores (SAS). The source areas correspond to the geographic extent of each endemic virus pool (4), with an additional area encompassing specific countries in North Africa (Morocco, Algeria, Tunisia and Libya). Long-term maintenance of FMD has not been historically documented in North Africa and therefore this region does not constitute an FMD endemic pool. However, recent introductions of diverse FMDV lineages into this region (O/ME-SA Ind-2001d in 2014–2015 (10), A/AFRICA/G-IV in 2017 (20) and O/EA-3 in 2018 and 2021 (21), pose a distinct threat to FMD-free countries in Europe.

The SAS should be populated by the vaccine bank manager (the user) and will be tailored to address the particular risks of FMD introduction into the country or region covered by the antigen bank. The user allocates 100 points among the potential source areas, giving more points to the areas they consider a higher likelihood of being the source of an incursion. A source area can be allocated zero points if it is not considered important. The tool does not prescribe how the SAS should be defined, but expert elicitation can be used, engaging those knowledgeable about transboundary trade and other risk pathways into the target region.



Lineage distribution score (LDS)

The second step in the tool indicates the lineage distribution score (LDS) which specifies the distribution of specific FMDV lineages circulating within each source area. Viral lineages considered most important for transboundary spread are included in PRAGMATIST.

These virus strains are summarized by serotype|topotype|lineage, and for ease are hereafter referred to as lineages. In some instances, lineages are combined together to simplify the use of the tool, such as: (i) O EA-2, O EA-3, O EA-4 and O WA which are grouped as O EA or O WA; (ii) A Africa G-1 and G-IV grouped as A AFRICA; (iii) Asia 1 Sindh-08 and non-specified Asia 1 lineages grouped as Asia 1; (iv) SAT 1 I(NWZ), SAT 1 II(SEZ), SAT 1 III(WZ), and SAT 1 X grouped as SAT 1; and (v) SAT 2 I, SAT 2 II, SAT 2 III, SAT 2 IV, and SAT 2 VII grouped as SAT 2.

To define the LDS, each source area is allocated 100 points which are divided between the different FMDV lineages circulating in that area. The LDS provides an estimate of how often each lineage would be detected if 100 FMDV-infected animals were randomly selected from a source area in the previous year. The default scores set in the tool are based on data generated through FMD regional surveillance activities. These values are discussed and updated at each annual meeting of the WOAH/FAO Reference Laboratory Network (www.foot-and-mouth.org) and reviewed and reported quarterly by the WRLFMD (41). However, these scores can also be modified by the user when required.



Lineage risk score (LRS)

The lineage risk score combines the SAS and LDS, to give an overall risk score (max possible score = 10,000) for each FMDV lineage. The LRS is calculated according to the formula:
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Vaccine coverage score (VCS)

The vaccine coverage score (VCS) reflects whether a specific FMD vaccine is likely to provide protection against each of the FMDV lineages. Consequently, a VCS is given for each combination of vaccine and viral lineage included in the tool and is calculated as the proportion of field isolates from each particular lineage that antigenically match the vaccine in question.
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These data are obtained from routine vaccine matching studies that are undertaken by the WRLFMD, where a match between a vaccine and field strain is defined as a one-way relationship value (r1 value) of greater than or equal to 0.3, determined by a virus neutralization test using monovalent vaccine-specific antisera (1). The VCS can be adjusted by the user if other information exists about the likelihood that a vaccine provides protection based on efficacy or effectiveness data from in-vivo cross-protection or field studies, respectively. For example, cross-protection vaccine-challenge studies may show that a high potency formulation of a vaccine strain may elicit satisfactory protection to a field strain despite a poor match in-vitro (13). Details of known studies where results may influence vaccine coverage scores are shown in the Supplementary Data (Supplementary Data Table 1).



Vaccine score (VS)

Finally, the vaccine score (VS) is calculated according to the formula:
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The VS is a final score for each vaccine/lineage combination, and combines the risk posed by specific lineages to a particular region (lineage risk score) with the expected protection conferred by the vaccine (vaccine coverage score). Vaccines with the highest scores will therefore be those that provide protection against the most important FMDV threats in the region targeted by the antigen bank.



Application of PRAGMATIST

As working examples, PRAGMATIST was populated with parameters appropriate for vaccine bank managers from three regions: Europe, North America and Australia where the SAS were obtained using a modified Delphi expert elicitation process (22). A questionnaire was administered to experts who were asked to divide 100 points between the potential source areas, with the most points going to the area(s) that posed the highest risk to the countries serviced by each region's vaccine bank. Results from the first round were summarized and discussed, and then the questionnaire was administered again in a final round. Responses were averaged to obtain the final SAS. For the European vaccine bank perspective, experts were country representatives (one per country) attending the European National Reference Laboratories for FMD Workshop in 2017. For the North America and Australia vaccine bank perspectives, experts were participants at a workshop held at the 2018 EuFMD Open Session (23).

The LDS were assigned by regional experts at the 2020 annual meeting of the WOAH/FAO Reference Laboratory Network. Finally, the VCS were populated through analysis of routine vaccine matching test data performed by the WRLFMD between 2011 and 2021, for vaccines produced by commercial vaccine companies and where reagents (vaccine strains, vaccine antisera and field strains) are available at WRLFMD for this testing.



Sensitivity analysis

An optimisation algorithm was used to identify which sources of uncertainty in the tool's input values have the greatest impact on the prioritization of FMD vaccine antigens. There are several underlying assumptions: (i) when a vaccine is selected it reduces the risk of all matched lineages, (ii) the coverage provided by each vaccine is not additive, such that the risk posed by a lineage is only reduced by the amount equal to the highest coverage of the selected vaccines, and (iii) there is no cross-serotype reactivity.

Uncertainty was considered in all three user inputs (SAS, LDS and VCS). For SASs and LDSs, six levels of user-identified confidence were introduced: (i) “none”—chosen when the user has no confidence in the input values, (ii) “low”, (iii) “mid-low”, (iv) “mid”, (v) “mid-high”, and (vi) “high”. These categories correlate to the weighting on the variance around the input score, with the input drawn from a truncated normal distribution bound between 0 and 100, where the mean is the user stated input, a standard deviation of 1.5 and the weighting of 7.5, 6, 4.5, 3, and 1.5 or no weighting correlating to user confidence, respectively. All scores were scaled between 0 and 100 as per the tool in the non-stochastic form.

VCS uncertainty is influenced by two main factors. First, from the range of r1 values obtained in the vaccine matching tests when the same vaccine is matched to different examples of a given field strain (where the uncertainty is influenced by inherent variability of the vaccine matching test and antigenic diversity within each viral lineage), and second, from the number of paired tests performed for each vaccine-field strain combination. Stochasticity was therefore introduced in two steps. Step 1: for each vaccine/lineage combination, a beta distribution was fitted to capture the breadth of r1 values. From each distribution, N r1 values were sampled, where N defines the number of vaccine/lineage matching tests in the data. From these simulated values the VCS was calculated as above (equation 2). For Step 2, this VCS was then penalized depending on the number of tests that informed this score. Another draw was made from a beta distribution, this time parameterized based on mean and precision in the form.
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Where α defines the mean value (i.e., the vaccine coverage score drawn in step 1) and τ the weighting reflecting the number of tests performed. There were seven weightings used: τ = 2 if only one test had been conducted, such that the vaccine coverage score was drawn from a uniform distribution {0,1}. τ = 4 when the number of tests were ≥1 and ≤ 10. τ = 8 when the number of tests were ≥11 and ≤ 20. τ = 16 when the number of tests were ≥21 but ≤ 40. τ = 24 when the number of tests were ≥41 and ≤ 60. τ = 32 when the number of tests were ≥61 but ≤ 80. Finally, τ = 40, when the number of tests were >80.



Data analysis

Data analysis was performed using R (version 4.1.2) (19).




Results


Source area score

The SASs obtained from the expert elicitation are shown in Table 1. From the European vaccine bank perspective, the experts considered that Pool 3 posed the highest risk as the source of an incursion of FMDV, followed by North Africa, comprising 43 and 23% of the risk, respectively. For North America, Pool 1 was allocated the highest score (30%), with marginally lower values allocated to Pool 2 (24%) and Pool 3 (20%). For Australia, Pool 1 was ascribed a SAS of 70% which was much higher than any of the other potential source areas.


TABLE 1 Source area scores obtained through expert elicitation for each region.
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Lineage distribution score and lineage risk score

The LDSs determined by experts that attended the 2020 WOAH/FAO Reference Laboratory Network meeting, are shown in Table 2. The resulting lineage risk scores are given for each vaccine bank perspective in Figure 1. For Europe, O EA or O WA had the highest LRS, for North America, O ME-SA Ind-2001 had the highest LRS, and for Australia, O SEA Mya-98 and O ME-SA Ind-2001 had the highest LRS.


TABLE 2 Lineage distribution scores for each source area.
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FIGURE 1
 Total lineage risk scores per serotype/topotype/lineage for each vaccine bank perspective.




Vaccine coverage score

A summary of the r1 values resulting from vaccine matching tests performed at the WRLFMD between 2011 and 2021 is shown in the violin plots in Figures 2–4, along with the number of tests performed and resulting VCSs. These VCSs are displayed in the editable summary in the PRAGMATIST. Further details regarding the number of samples collected per year and region are provided in Supplementary Table 2 and Supplementary Figures 1a-d. Only one sample from South America was obtained for vaccine matching.


[image: Figure 2]
FIGURE 2
 Violin plots showing results of vaccine matching tests performed at the WRLFMD between 2011 and 2021, for each vaccine/lineage combination for serotype O. Resulting vaccine coverage scores (VCS) are labeled on the right in red, and the number of tests performed are labeled on the left in black. The red dashed line shows the r1 cut-off of 0.3 indicative of an effective vaccine match. Values for lineage EURO-SA are not shown as there was only one test performed for each of the vaccines O Campos (BI), O1 Manisa (BI MSD) and O/TUR/5/09 (MSD), with all r1 values being above 0.3.



[image: Figure 3]
FIGURE 3
 Violin plots showing results of vaccine matching tests performed at the WRLFMD between 2011 and 2021, for each vaccine/lineage combination for serotype A. Resulting vaccine coverage scores are labeled on the right in blue, and the number of tests performed are labeled on the left in black. Blue dashed line shows the cut off of 0.3 r1 indicative of an effective vaccine match.



[image: Figure 4]
FIGURE 4
 Violin plots showing results of vaccine matching tests performed at the WRLFMD between 2011 and 2021, for each vaccine/lineage combination for serotypes Asia 1, and SAT 1–3. Resulting vaccine coverage scores are labeled on the right, and the number of tests performed are labeled on the left in black. Gray dashed line shows the cut off of 0.3 r1 indicative of an effective vaccine match.


The number of vaccine matching tests performed per vaccine/lineage combination ranged from a minimum of 1 and maximum of 97 for serotype O, 1 – 82 for serotype A, 63 tests for Asia 1, 26 for SAT 1, 55-56 for SAT 2, and with only 2 tests for SAT 3. Not all vaccines were tested against all lineages (Figures 2–4). These figures display the range of r1 values that have been observed for each vaccine/lineage combination.

A VCS of 1.0 was reported for 9 vaccine/lineage combinations suggesting a good antigenic match, however, confidence in these results is poor due to the small sample size (≤ 5). For serotype O, the O/ME-SA/PanAsia-2, O/ME-SA/PanAsia, O/ME-SA/Ind-2001, O EA or WA, and O EURO-SA lineages were generally well matched against the vaccines tested (Figure 2). For the O EURO-SA lineage all r1 values were above 0.3 (VCS = 1.0), however only one vaccine matching test was performed for this lineage against each of the vaccines: O Campos (BI), O1 Manisa (BI MSD) and O/TUR/5/09 (MSD), and therefore confidence in the VCS is low. Additionally, only a small number of vaccine matching tests were performed for the O-Panasia 2 (BI) vaccine strain. The O CATHAY lineage was the least well matched with any of the vaccines tested.

The performance of the serotype A vaccines against the different lineages was generally poor, however vaccine coverage scores were generally higher against the A/ASIA/SEA-97 lineage (Figure 3). Only the A G-VII (BI) vaccine demonstrated matching against the A/ASIA/G-VII lineage from South Asia, with all r1 values > = 0.3 (VCS = 1.00, sample size = 5). No samples from the A/EURO-SA lineage were obtained for vaccine matching.

The Asia1 Shamir (BI MSD) vaccine and SAT3 ZIM 83 (BI) vaccine were poorly matched to Asia 1 (VCS = 0.24) and SAT 3 (VCS = 0.0) field strains, respectively, with only two vaccine matching tests performed for SAT 3. For SAT 1 and SAT 2, variability was observed for each of the vaccines reflecting the variability in field strains, but with over 50% of isolates tested matching (VCS for SAT1 Rho 78 = 0.62, SAT2 ZIM 83 = 0.56, SAT2 Eritrea 98 = 0.82, Figure 4).



Vaccine scores

Figure 5 summarizes the vaccine scores for each vaccine/lineage combination, for each of the three vaccine bank perspectives. The vaccine scores can be utilized to assist in vaccine selection for each vaccine bank. For example, for serotype O, the O/TUR/5/09 (MSD) vaccine had the highest vaccine score for all three vaccine bank perspectives (Europe, North America, and Australia), although the lineage-specific components differ according to the LRSs for each of the three antigen banks. Similar data highlighting the highest priority vaccine antigens and their coverage against the risks posed by different viral lineages are also presented in the figure for other FMD serotypes.
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FIGURE 5
 Vaccine scores for each vaccine–lineage combination.




Uncertainty

For the purpose of illustration, the impact of uncertainty in the input values was demonstrated using the European values for the SAS and “mid” levels of uncertainty in the input parameters. Results indicate that identifying which vaccines cover the most risk is largely robust to uncertainty in the input values (Figure 6). Uncertainty in the vaccine coverage score had the greatest impact on the percentage of the total risk covered. This was particularly obvious for vaccines such as O-3039 (BI) that cover a large proportion of the risk. In the simulation of the vaccine coverage score, each vaccine/lineage combination had a wide range of empirical r1 values underlying the distribution from which the score was drawn from, and then the simulated score was penalized depending on the number of tests. Consequently, uncertainty was compounded for vaccines that protect against multiple lineages. This was also true when considering uncertainty in all three input parameters at the same time [Figure 6 (all)], where the inclusion of uncertainty reduced the estimated percentage risk covered, notably for vaccines that covered a substantial portion of risk. When vaccines do not cover substantial proportions of the risk, the variation in input data for the VCS has little effect. All levels of uncertainty for all regions are shown in Supplementary Data Files 2a–b, 3a–c. In summary, vaccine choice was more tolerant to uncertainty in the SAS and LDS, rather than the VCS.


[image: Figure 6]
FIGURE 6
 The mean and standard deviation for the percentage risk coverage out of the total risk needing to be covered, for each vaccine. The sources of variance are broken down; none indicates how the tool would work as it is, in the absence of any stochasticity. SAS is uncertainty in the source area scores (set to “mid” here), with no variation introduced from other inputs. LDS is uncertainty in the lineage distribution scores (set to “mid” here), with no variation introduced from other inputs. VCS is variation in the vaccine coverage scores based on the breadth of r1 values from vaccine matching tests and the number of tests performed, with no variation introduced from other inputs. All indicates uncertainty in all parameters, using a “mid” level of uncertainty in the LDS and SAS.





Discussion

PRAGMATIST provides a transparent and accessible, evidence-based decision support tool to assist FMD vaccine bank managers to determine which vaccine antigens are highest priority for storage. This is achieved through combining the scores for three key criteria: the level of threat posed by different endemic regions (SAS), the prevalence of different FMD viral lineages in those regions (LDS), and the effectiveness of vaccines against those viral lineages, based on in vitro vaccine matching testing (VCS). Combining these scores enables vaccine bank managers to select those vaccines that should be most effective against the current threats for that region, based on the available evidence (Table 3).


TABLE 3 Using PRAGMATIST.

[image: Table 3]

PRAGMATIST is a simple-to-use tool which is provided with pre-populated values for LDS and VCS, based on expert opinion from the WOAH/FAO FMD Reference Laboratory Network and vaccine matching data from the WRLFMD, respectively. However, the user has complete control to adjust these inputs to accommodate local knowledge and up-to-date epidemiological information.

The outputs from the tool are tailored for different geographical perspectives by the user who inputs a SAS that addresses the likelihood an FMD incursion will originate from different geographical regions. These threats might vary according to the level and complexity of inter-regional connectivity (such as those epidemiological factors associated with geographic proximity, animal movements, plus legal and illegal trade of livestock and animal products, cultural and religious practices), the weight of infection in the source area (e.g. susceptible population sizes, incidence of infection) and the effectiveness of cross-border risk mitigation measures (24, 25). These parameters are difficult to quantify precisely due to their dynamic nature, the multiplicity of determinants and circumstances, the chance nature of transmission opportunities and the many gaps in required information. Therefore, for PRAGMATIST, assessment based on expert knowledge has been used to estimate the SAS, which was deemed appropriate given the expert elicitation process used, the participants involved, and that uncertainty in the SAS had a smaller effect on the outcome compared to the LDS and VCS. Several tools are available to perform more structured, qualitative or quantitative assessments of exotic animal disease incursion risk (26–29). Notably, Condoleo et al (30) used the progress of countries along the FMD Progressive Control Pathway (PCP-FMD) (31) to rank the FMD hazard that they pose. Additionally, The European Commission for the Control of Foot and Mouth Disease's (EuFMD) risk monitoring tool (32) combines the disease status, transmission pathways and inter-country connections to provide a rapid assessment of which countries pose the greatest incursion risk for FMD and similar transboundary animal (FAST) diseases. In the future, these tools could inform or link with PRAGMATIST to provide improved justification for SAS values (Table 3).

The LDS requires information on the relative prevalence of serotypes and viral lineages in each viral pool. Knowledge of this is incomplete, due to under-reporting and continuous viral evolution leading to the emergence of new strains. Like other highly contagious diseases, FMD incidence is often cyclical, associated with opportunities for virus spread and the waxing and waning of population immunity (8, 9). Additionally, it is likely that there may be inherent characteristics of particular viral lineages that facilitate their transmissibility. These factors are not considered in this tool, but an ability to transfer between geographical “virus pools” could be a warning sign that a strain poses a greater threat of incursion. For simplicity, PRAGMATIST currently combines the risks associated with certain FMD viral lineages together in the LDS for example those from East and West Africa. Although the African endemic pools provide a low contribution to the SASs in the worked examples in the paper, future development of the tool will inevitably consider the antigenic diversity that exists across the African FMDV serotypes and the suitability of vaccines to provide protection against these lineages.

The lineage risk score provides an overall score taking into consideration the relative prevalence of each viral lineage in each virus pool, and the risk of an incursion of that lineage. For all three vaccine bank perspectives the risk from Asia 1, SAT 1, SAT 2 and SAT 3 was less than 1/5th of the total lineage risk, with the majority coming from serotype A and O lineages. Indeed, these two serotypes are the most prevalent, with the widest known geographical distribution. Individual lineages scored differently between the vaccine bank perspectives, as expected, due to the threat of circulating viral lineages in each region. For example, O/SEA/Mya-98 and A/Asia/SEA-97 scored highly from the Australian perspective, reflecting their prominence in pool 1 which is considered the most highly connected source of risk for FMD for Australia, while the score was lower from the European perspective. From the North American perspective, O/ME-SA/Ind-2001 had the largest lineage risk score, reflecting its circulation in pools 1, 2 and 3 as well as in North Africa, all of which are considered important source areas for North America.

The default VCSs included in the tool are based on routine in vitro vaccine matching tests performed by the WRLFMD. In calculating these VCSs, previously unpublished vaccine matching data from the WRLFMD from tests performed between 2011 and 21 has been collated for the first time, comprising 2,150 individual data points for field strain/vaccine pairs (1207 for serotype O, 741 for serotype A, 63 for serotype Asia 1, 26 for serotype SAT, 111 for serotype SAT 2 and 2 for serotype SAT 3, respectively). These vaccine matching results help to select antigenically appropriate vaccine strains, and the data presented in this report highlight where individual vaccines are consistently well-matched against field isolates. These data also reveal where the available vaccines indicate the potential for poor protection, where most of the r1 values are below 0.3, such as for the O/CATHAY topotype. Indeed, these data can identify where there may be gaps in antigenic vaccine coverage, for example, poor matching data for the emerging A/ASIA/G-VII lineage led to the recent development of new specific vaccine strains to cover the spread of this lineage in the Middle East (11, 33, 34). The data reveal that vaccine matching test results can vary substantially for different isolates within the same lineage. It is uncertain the extent to which this variability is attributable to the low repeatability of vaccine matching tests (35) vs. inherent antigenic differences between the isolates themselves. Analysis for temporal trends in the variability of vaccine matching results might reveal evidence for change accumulating through evolution. In the current version of PRAGMATIST, as mentioned above, certain FMD viral topotypes/lineages are grouped together, such as the O/EA/1-4 and O/WA topotypes, and SAT 2 topotypes, with the resulting VCS based on this grouping. Indeed, grouping topotypes/lineages differently, or not at all, would result in differing VCSs, however, the number of vaccine matching tests performed for each grouping would decrease, potentially reducing confidence in these scores.

PRAGMATIST users should apply caution if only a few matching tests have been performed, which was the case for several lineage-vaccine combinations in our study. Ideally, for a given serotype, all available vaccines should be tested against all circulating lineages, using many original isolates. However, availability of field isolates and vaccine strains at the WRLFMD limits the amount of possible testing combinations. For some field strains, isolates from multiple sources are available, whilst for others, only a single isolate may have been submitted for testing, despite efforts made to facilitate submission of samples from under-represented regions.

The VCS can be fully edited by the user to accommodate additional vaccine matching data generated locally for vaccine strains not already included in the tool. It is important to realize that antigenic match is not the only consideration regarding vaccination performance. Therefore, additional measures of vaccine performance could be considered, such as data from in vivo experiments or field vaccine evaluation studies, which are influenced by other important variables such as vaccine potency, vaccination regime and/or the weight of the infectious challenge (36, 37). The Supplementary Data displays results of published experimental in vivo studies that could be used to modify the VCS. Additionally, where vaccine matching data are not available, it is possible that alternative methods of measuring antigenic differences relevant to protection could be utilized, such as antigenic cartography (38) or sequence-based approaches (39).

PRAGMATIST relies on inputs provided by the user, the WOAH/FAO FMD Reference Laboratory Network and the WRLFMD for the SAS, LDS and VCS, respectively. The impact of uncertainty in these estimations (for SAS and LDS) or test variability (VCS) was assessed using sensitivity analyses. The introduction of uncertainty in the VCS resulted in a higher likelihood of change to the final vaccine scores, and therefore the final ranking of vaccine priority, in contrast to SAS and LDS which were more tolerant to a range of plausible input values without affecting the prioritization of the vaccine antigens. These findings demonstrated the importance of accommodating variability in vaccine matching and uncertainty where gaps in data exist into PRAGMATIST and motivate further effort to increase vaccine matching testing or access to data where possible, to improve confidence in these results, and to define the true profiles (distribution shape) for the VCS.

Ultimately, the vaccine score combines the LRS with the VCS, such that the highest scoring vaccines are those with the best antigenic match to the most prevalent lineages circulating in the highest risk source regions. However, when using the tool to assist with vaccine selection, the vaccine bank manager should also consider the diversity (breadth) of protection afforded by different vaccines and the need to choose a portfolio of complementary rather than overly redundant vaccine strains. Thus, if a vaccine provides a reliable match against a particular lineage (VCS close to 1 with many vaccine matching tests performed), adding additional vaccines to the vaccine bank will not provide additional protection against the risk from that specific lineage. For example, storage of O-3039 (BI) in addition to O/TUR/5/09 (MSD) would not provide additional protection against the risk from O/ME-SA/PanAsia-2, as these vaccines both have a high VCS, and a high number of vaccine matching tests were performed for these combinations. Therefore, it is not recommended to simply select the highest-scoring vaccines as these may provide redundant protection. However, the need for multiple vaccines is more obvious for serotype A due to the greater antigenic diversity within this serotype (33, 40). It should be noted that a low score for some vaccines may reflect a lack of vaccine matching testing rather than a lack of protection. For example, the O Panasia 2 (BI) vaccine only had vaccine matching results available for 3 of the 7 serotype O lineages (and only testing a maximum of 3 isolates), and thus any possible protection that may exist against the 4 untested lineages was not included in its final score. Other considerations that are not considered in PRAGMATIST but are likely to be important for vaccine antigen choice include the potency at which the vaccine can/will be provided, contractual arrangements with specific vaccine manufacturers, existing stock and expiration dates, and financial considerations. Finally, as described, the PRAGMATIST output is intended to inform vaccine selection given the current viral and incursion risks. However, the user could also parameterise the tool considering anticipated future risks, perhaps eventually applying bioinformatics to predict novel antigenic phenotypes of emerging strains and the protection conferred by current vaccine antigens.

In conclusion, vaccine bank holdings may be crucial to enable a swift and effective response to an incursion of FMD into a free country. Considering the complexity of different FMD vaccine antigens that are produced by different suppliers, PRAGMATIST was developed to support vaccine bank managers in this critical decision-making process, which is likely to have different outcomes depending on the geographical location. Due to the ever-changing dynamics of FMD virus circulation in endemic areas the tool should be updated on a regular basis to reflect the current situation and best data available. The focus of this paper was antigen bank management, and therefore the worked examples included vaccines from vaccine manufacturers that offer well-established antigen bank services. However, by making PRAGMATIST freely accessible in a dedicated, code-based, and highly customisable web-based dashboard, the tool is able to evolve and adapt to user needs, providing, for example, an option to add circulating strains as they are detected, or vaccines as they are developed, or to accommodate specific user's interests. Further, it is foreseen that a similar framework could incorporate heterologous serological data collected testing antisera to specific vaccine batches against regional virus threats. This would take account of both antigenic match and batch-specific vaccine potency in selecting FMD vaccines for preventative and emergency vaccination strategies in FMD endemic countries. Further efforts are also needed to increase the pool of useful matching data by closing surveillance gaps, sharing of material and inter-laboratory standardization of testing.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

MM, DK, AL, and MH designed the tool and/or the study. AL, MM, KP, and MH compiled the raw data. BA, JP, DH, and JC performed the data analysis for the manuscript and prepared the figures. AD, UM, and PM co-designed and developed the R Shiny interactive dashboard. BA, AL, MM, DK, AD, DP, KS, FR, JC, and JP were involved in preparation of the manuscript. All authors read, contributed, and approved the final manuscript.



Funding

Work at WRLFMD was funded by the European Union (via) a contracted project granted from the European Commission for the control of Foot-and-Mouth Disease (EuFMD) and UK Department for Environment, Food and Rural Affairs (projects SE2944 and SE2945). Work at University of Surrey was funded by the UN FAO under Phase IV of the EC funded activities carried out by the FAO European Commission for the Control of FMD (EuFMD) MTF/INT003/EEC. The views expressed herein can in no way be taken to reflect the official opinion of the European Union. The Pirbright Institute receives grant-aided support from the Biotechnology and Biological Sciences Research Council (BBSRC) of the United Kingdom (projects BBS/E/I/00007035, BBS/E/I/00007036, and BBS/E/I/00007037) and funds open access publication.



Acknowledgments

We would like to express thanks to members of the European FMD National Reference Laboratories and participants at the 2018 EuFMD Open Session Workshop for their participation in the expert elicitation process. We are also grateful for the past contributions of past and present members of the WRLFMD for performing vaccine matching tests and supporting laboratory analyses, and to Katie Hickey for help to prepare earlier versions of the tool. Thanks also to Shanna Tervoort-McLeod and Yashi Bhardwaj (Epi-Interactive) for dashboard design and coding.



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.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Author disclaimer

The views expressed in this publication are those of the author(s) and do not necessarily reflect the views or policies of the Food and Agriculture Organization of the United Nations.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2022.1029075/full#supplementary-material



References

 1. World Organisation for Animal Health. Foot and mouth disease (infection with foot and mouth disease virus). In: OIE Terrestrial Manual (Paris: World Organisation for Animal Health) (2022), 1–34.

 2. Paton DJ, Nardo A Di, Knowles NJ, Wadsworth J, Pituco EM, Cosivi O, et al. The history of foot-and-mouth disease virus serotype C: the first known extinct serotype ? Virus Evol. (2021) 7:1–12. doi: 10.1093/ve/veab009

 3. World Organisation for Animal Health. Infection with foot and mouth disease virus. In: OIE Terrestrial Animal Health Code (Paris: World Organisation for Animal Health) (2021), 1–24. 

 4. Paton DJ, Sumption KJ, Charleston B. Options for control of foot-and-mouth disease: knowledge, capability and policy. Philos Trans Royal Soc B Biol Sci. (2009) 364:2657–67. doi: 10.1098/rstb.2009.0100

 5. Knowles NJ. Samuel AR. Molecular epidemiology of foot-and-mouth disease virus. Virus Res. (2003) 91:65–80. doi: 10.1016/S0168-1702(02)00260-5

 6. Knowles NJ, Wadsworth J, Bachanek-Bankowska K, King DP. VP1 sequencing protocol for foot-and-mouth disease virus molecular epidemiology. Revue Sci Tech l'OIE. (2016) 35:741–55. doi: 10.20506/rst.35.3.2565

 7. Di Nardo a, Knowles NJ, Paton DJ. Combining livestock trade patterns with phylogenetics to help understand the spread of foot and mouth disease in sub-Saharan Africa, the Middle East and Southeast Asia. Rev Sci Tech. (2011) 30:63–85. doi: 10.20506/rst.30.1.2022

 8. Di Nardo A, Ferretti L, Wadsworth J, Mioulet V, Gelman B, Karniely S, et al. Evolutionary and ecological drivers shape the emergence and extinction of foot-and-mouth disease virus lineages. Mol Biol Evol. (2021) 38:4346–61. doi: 10.1093/molbev/msab172

 9. Casey-Bryars M, Reeve R, Bastola U, Knowles NJ, Auty H, Bachanek-Bankowska K, et al. Waves of endemic foot-and-mouth disease in eastern Africa suggest feasibility of proactive vaccination approaches. Nat Ecol Evol. (2018) 2:1449–57. doi: 10.1038/s41559-018-0636-x

 10. Bachanek-Bankowska K, Di Nardo A, Wadsworth J, Mioulet V, Pezzoni G, Grazioli S, et al. Reconstructing the evolutionary history of pandemic foot-and-mouth disease viruses: the impact of recombination within the emerging O/ME-SA/Ind-2001 lineage. Sci Rep. (2018) 8:1–11. doi: 10.1038/s41598-018-32693-8

 11. Bachanek-Bankowska K, Di Nardo A, Wadsworth J, Henry EKM, Parlak Ü, Timina A, et al. Foot-and-mouth disease in the middle east caused by an A/ASIA/G-VII virus lineage, 2015–2016. Emerg Infect Dis. (2018) 24:1073–8. doi: 10.3201/eid2406.170715

 12. Garland AJM. Vital elements for the successful control of foot-and-mouth disease by vaccination. Vaccine. (1999) 17:1760–6. doi: 10.1016/S0264-410X(98)00443-5

 13. Brehm KE, Kumar N, Thulke HH, Haas B. High potency vaccines induce protection against heterologous challenge with foot-and-mouth disease virus. Vaccine. (2008) 26:1681–7. doi: 10.1016/j.vaccine.2008.01.038

 14. Lombard M, Füssel AE. Antigen and vaccine banks: technical requirements and the role of the European antigen bank in emergency foot and mouth disease vaccination. OIE Revue Scie. Tech. (2007) 26:117–34. doi: 10.20506/rst.26.1.1733

 15. Roth JA, Spickler A. A survey of vaccines produced for OIE list A diseases in OIE member countries. Dev Biol. (2003) 114:5–2.

 16. Paton DJ, Valarcher J-F, Bergmann I, Matlho OG, Zakharov VM, Palma EL, et al. Selection of foot and mouth disease vaccine strains—a review. Rev sci tech Off int Epiz. (2005) 24:981–93. doi: 10.20506/rst.24.3.1632

 17. Muellner U, Fournié G, Muellner P, Ahlstrom C, Pfeiffer DU. epidemix-An interactive multi-model application for teaching and visualizing infectious disease transmission. Epidemics. (2017) 23:49–54. doi: 10.1016/j.epidem.2017.12.003

 18. Chang W, Cheng J, Allaire J, Sievert C, Schloerke B, Xie Y, Allen J, McPherson J, Dipert A, Borges B. Shiny: Web Application Framework for R. (2022) 

 19. R Core Team. R: A Language Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria (2022). Available online at: https://www.R-project.org/ (accessed July 2021). 

 20. Pezzoni G, Bregoli A, Grazioli S, Barbieri I, Madani H, Omani A, et al. Foot-and-mouth disease outbreaks due to an exotic virus serotype A lineage (A/AFRICA/G-IV) in Algeria in 2017. Transbound Emerg Dis. (2019) 66:7–13. doi: 10.1111/tbed.13017

 21. Canini L, Blaise-Boisseau S, Nardo A Di, Shaw AE, Romey A, Relmy A, et al. Identification of diffusion routes of O/EA-3 topotype of foot-and-mouth disease virus in Africa and Western Asia between 1974 and 2019—a phylogeographic analysis. Transbound Emerg Dis. (2022) 69:1–10. doi: 10.1111/tbed.14562

 22. Speirs-Bridge A, Fidler F, McBride M, Flander L, Cumming G, Burgman M. Reducing overconfidence in the interval judgments of experts. Risk Anal. (2010) 30:512–23. doi: 10.1111/j.1539-6924.2009.01337.x

 23. EuFMD. OS 18. (2018). Available online at: https://www.eufmd.info/os18 

 24. McLaws M, Ribble C. Description of recent foot and mouth disease outbreaks in nonendemic areas: exploring the relationship between detection and epidemic size. Can Vet J. (2007) 48:1051–62. Available online at: https://www.fao.org/fileadmin/user_upload/eufmd/Open_Session_2014PPTS/Plenary30oct/Tplen1.pdf

 25. Collineau L, Mclaws M, Dubé C, Stärk K, Sumption K. Risk analysis framework to compare the importance of source regions for FMDV entry into Europe. In: Open Session of the Standing Technical and Research Committees of the EuFMD, Cavtat, Croatia. (2014). p. 2–18 

 26. de Vos CJ, Taylor RA, Simons RRL, Roberts H, Hultén C, de Koeijer AA, et al. Cross-validation of generic risk assessment tools for animal disease incursion based on a case study for african swine fever. Front Vet Sci. (2020) 7:1–14. doi: 10.3389/fvets.2020.00056

 27. Roberts H, Carbon M, Hartley M, Sabirovic M. Surveillance: assessing the risk of disease introduction in imports. Vet Record. (2011) 168:447–8. doi: 10.1136/vr.d1784

 28. Simons RRL, Horigan V, Ip S, Taylor RA, Crescio MI, Maurella C, et al. A spatial risk assessment model framework for incursion of exotic animal disease into the European Union Member States. Microb Risk Anal. (2019) 13:100075. doi: 10.1016/j.mran.2019.05.001 

 29. Kyyrö J, Sahlström L, Lyytikäinen T. Assessment of the risk of African swine fever introduction into Finland using NORA—a rapid tool for semiquantitative assessment of the risk. Transbound Emerg Dis. (2017) 64:2113–25. doi: 10.1111/tbed.12633

 30. Condoleo R, Taylor RA, Simons RRL, Gale P, Mezher Z, Roberts H, et al. semi-quantitative model for ranking the risk of incursion of exotic animal pathogens into a European Union Member State. Microb Risk Anal. (2021) 18:100175. doi: 10.1016/j.mran.2021.100175 

 31. Food Agriculture Organization (FAO). The Progressive Control Pathway for Foot and Mouth Disease control (PCP-FMD) Principles, Stage Descriptions and Standards (2018). Available online at: https://www.fao.org/3/CA1331EN/ca1331en.pdf 

 32. EuFMD. Risk Monitoring Tool for FAST diseases (RMT-FAST). (2021) https://www.fao.org/eufmd/global-situation/rmt-fast/fr/ 

 33. Singanallur NB, Lydia P, Ludi AB, Statham B, Bin-tarif A, King DP, Dekker A, Vosloo W. A vaccine based on the A/ASIA/G-VII lineage of foot-and-mouth disease virus offers low levels of protection against circulating viruses from the A/ASIA/Iran-05 lineage. Viruses. (2022) 14:1–12. doi: 10.3390/v14010097

 34. Waters R, Ludi AB, Fowler VL, Wilsden G, Browning C, Gubbins S, et al. Efficacy of a high-potency multivalent foot-and-mouth disease virus vaccine in cattle against heterologous challenge with a field virus from the emerging A/ASIA/G-VII lineage. Vaccine. (2018) 36:1901–7. doi: 10.1016/j.vaccine.2018.02.016

 35. Rweyemamu MM. Antigenic variation in foot-and-mouth disease: studies based on the virus neutralization reaction. J Biol Stand. (1984) 13:323–37. doi: 10.1016/S0092-1157(84)80013-X

 36. Pay TWF, Hingley PJ. Foot and mouth disease vaccine potency test in cattle: the interrelationship of antigen dose, serum neutralizing antibody response and protection from challenge. Vaccine. (1992) 10:699–706. doi: 10.1016/0264-410X(92)90092-X

 37. Paton DJ, Reeve R, Capozzo AV, Ludi A. Estimating the protection afforded by foot-and-mouth disease vaccines in the laboratory. Vaccine. (2019) 37:5515–24. doi: 10.1016/j.vaccine.2019.07.102

 38. Ludi AB, Horton DL Li Y, Mahapatra M, King DP, Knowles NJ, Russell CA, et al. Antigenic variation of foot-and-mouth disease virus serotype A. J Gener Virol. (2014) 95:384–92. doi: 10.1099/vir.0.057521-0

 39. Mahapatra M, Parida S. Foot and mouth disease vaccine strain selection: current approaches and future perspectives. Expert Rev Vaccines. (2018) 17:577–91. doi: 10.1080/14760584.2018.1492378

 40. Xu W, Yang M. Genetic variation and evolution of foot–and–mouth disease virus serotype A in relation to vaccine matching. Vaccine. (2021) 39:1420–7. doi: 10.1016/j.vaccine.2021.01.042

 41. WRLFMD. Reference Laboratory Reports. https://www.wrlfmd.org/ref-lab-reports [Accessed June 24, 2022] 



OPS/images/math_4.gif
Simulated vaccine coverage score = f ((a*t), (%1 — a)) (4)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		PRAGMATIST: A tool to prioritize foot-and-mouth disease virus antigens held in vaccine banks



		Introduction



		Methods



		Design of PRAGMATIST



		Source area score (SAS)



		Lineage distribution score (LDS)



		Lineage risk score (LRS)



		Vaccine coverage score (VCS)



		Vaccine score (VS)



		Application of PRAGMATIST



		Sensitivity analysis



		Data analysis







		Results



		Source area score



		Lineage distribution score and lineage risk score



		Vaccine coverage score



		Vaccine scores



		Uncertainty







		Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Author disclaimer



		Supplementary material



		References

















OPS/images/math_3.gif
3)





OPS/images/math_2.gif
ves — ((Xumber of isolates thal malch vaceine srain )
= ( Number of isolates tested )





OPS/images/math_1.gif
) sowrce area ' (LDS#SAS )

(1)









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Veterinary Science





OPS/images/fvets-09-1029075-g005.gif





OPS/images/fvets-09-1029075-g006.gif
5 3

=11

~E
T :
] Ty ;
[ i
S| e 3| 1 mamteaiii| RS
|~ X
HHH
et
| R iEEEEi -+ ax=E|
§38% 33882 §38% j38L? p38gr  jyEy





OPS/images/fvets-09-1029075-g003.gif





OPS/images/fvets-09-1029075-g004.gif





OPS/images/fvets-09-1029075-t003.jpg
PRAGMATIST How to complete each parameter

parameter

Source area

score (SAS)

Lineage
distribution

score (LDS)

Vaccine
coverage score

(ves)

Vaccine score

of PRAGMATIST

The user allocates 100 points among the
different FMD endemic source areas
according to the risk of FMD introduction
into the target country/region. This can be

informed by expert elicitation.

Each source area is allocated 100 points which
are divided between the different FMDV
lineages circulating in that area (i.e., relative
frequency of these lineages if 100 FMD
infected animals were to be

randomly sampled). Default scores are based
on data generated through FMD regional
surveillance activities, updated at each annual
'WOAH/FAO Reference Laboratory Network

meeting (www.foot-and-mouth.org).

The vaccine coverage score is calculated as the
proportion of field isolates from each lineage
that antigenically match the vaccine in
question (r; value of >0.3). Default scores are
based on routine vaccine matching studies

undertaken by the WRLEMD.

‘The vaccine score combines the lineage risk
score with the vaccine coverage score.
Vaccines with the highest scores will be those
that provide protection against the most

important FMDV threats.

Considerations/limitations

Expert opinion may differ depending on their
knowledge of relevant factors, such as
transboundary trade, risk pathways and farm
management practices.

This parameter is difficult to quantify accurately,
due to the number of determinants, the
ever-changing situation and gaps in the
information required.

Up to date knowledge of circulating viral lineages
in each source area is required.

Continued viral evolution and emergence of new
strains with novel antigenic phenotypes.

A lack of disease reporting in some areas may

mean that some viral lineages are under-reported.

Detailed molecular epidemiological data may not
be made widely available/communicated.

The grouping of viral lineages as presented (e.g.,
grouping O EA & O WA) may not represent the
diversity of FMDV lineages present in an
important source area (for example, sparse
surveillance of some of the African endemic
pools currently constrains the level granularity
that can be achieved).

The r, values may lack precision due to
incomplete repeatability and reproducibility of
neutralization tests.

Vaccine matching data does not provide a
guarantee that protection will be afforded against
a particular lineage, as various factors may affect

vaccine efficacy.

Not all vaccines are tested against all lineages, and

the number of vaccine matching tests performed
for some vaccine/lincage combinations may be
low.

Uncertainty in the vaccine coverage score has the
greatest impact on the percentage of the total risk
covered and is more obvious for vaccines that
cover more risk.

Vaccine matching results can vary for different
isolates within the same lineage.

The grouping of viral lineages as presented may
not be appropriate (for example, grouping O EA
and O WA together).

Choosing only vaccines with the highest scores
may provide redundant protection.

A low score may indicate a lack of vaccine

matching data, rather than a lack of protection.

Potential modifications that
can be made by the user

Source areas could be tailored to
accommodate a different spectrum
of countries. Specific scores could be
informed by local knowledge or
qualitative/ quantitative

risk-assessment tools.

Expert elicitation by other methods.
Grouping of viral lineages can be
separated/changed when new data

becomes available.

Include vaccine matching data from
alternative laboratories. The score may be

adjusted based on additional information:

Inclusion of vaccine matching data for
additional vaccine strains (if local data

are available),

Vaccine efficacy data from in-vivo
cross-protection vaccine-challenge
experiments,

Data from field vaccine evaluation

studies,

Alternative indicators of protection

from e.g., sequence-based approaches,

Vaccine batch-specific data,

Data derived from studies of the

performance of polyvalent vaccines.
Sub-divide vaccine matching data by
lineage geographically

or chronologically.

Sharing arrangements between different
vaccine banks may allow for synergistic
vaccine selection based on

complementary choices.
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