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Abstract
In March 2020, COVID-19 was declared a global pandemic, spurring intense research efforts. Genomic
surveillance emerged as a crucial defense against the virus. Variants of concern arise from epidemio-
logically relevant mutations, posing challenges in disease control. Global pandemics are exacerbated
by habitat loss, urbanization, and globalization, facilitating disease spread. The SENSIBLE project, sup-
ported by the Italian Ministry of University and Research through NextGeneration EU funding, aims to
develop methods for analyzing viral genomes and implement early warning information systems based
on data-driven analysis, exploiting data from past epidemics for validation. SENSIBLE will create an
integrated framework for genomic surveillance, utilizing data-driven and knowledge-based analyses. By
leveraging knowledge from COVID-19, it seeks to enhance understanding of viral pathogens and aid
healthcare decision-making.
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1. Project overview

In March 2020, COVID-19 was declared a global pandemic. The research community mounted
an unprecedented effort to understand the disease and its etiological agent, deliver effective
diagnostics, plan vaccination programs, and inform decision-making and public health policies.

The “recent” developments in high throughput DNA sequencing technologies [1] and the
associated reduction in costs strongly favored the availability of genomic sequences, derived from
different specimens, and collected at different locales. This, in turn, enabled the development
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of “genomic surveillance” systems [2], that allow us to study the spread and evolution of
pathogens through the comparison of genomic sequences. Genomic surveillance was universally
recognized as a first line of defense to contrast the pandemic. All viruses mutate as they replicate
and spread in a population; the majority of mutations are not relevant from an epidemiological
perspective. However, epidemiologically relevant mutations might confer a selective advantage
and are rapidly fixed in the pathogen genome, leading to the emergence of “variants of interest” or
“variants of concern”. Global pandemics are an accelerating threat: loss of habitats, urbanization,
and globalization create an environment conducive to infectious disease outbreaks and spread.
In the wake of climate change, disease vectors such as Asian tiger mosquitos are now endemic
in Europe – and linked to outbreaks of diseases (e.g., Zika virus, Chikungunya virus).

At the end of 2022, we proposed SENSIBLE (Small-data Early warNing System for viral
pathogens In puBLic hEalth), in the context of the Italian PRIN PNRR 2022 funding, targeting
the ERC fields PE6 “Web and information systems, data management systems, information
retrieval and digital libraries, data fusion” along with “Bioinformatics, bio-inspired computing,
and natural computing”.

The SENSIBLE project was selected for funding, lasting two years, starting in December
2023. SENSIBLE aims to leverage the knowledge gained on COVID-19 to build novel methods
to handle and analyze pathogens’ genome sequencing data in current and future viral epidemics,
and implement an early warning system based on data-driven analysis. The project’s consor-
tium is composed of two partners with complementary competencies in data management
and tool development for life sciences-related domains (Politecnico di Milano) and genomics,
bioinformatics, and viral evolution (University of Milan).

During the project frame, SENSIBLE will develop an integrated framework for genomics
surveillance of human pathogens, based on the integration of 1) data-based analysis to sum-
marize patterns of evolution through space and time; 2) data and knowledge-based analysis
(retrieval, computation, or prediction) to formulate testable biological hypotheses and identify
epidemiologically relevant evolutionary events (positive selection, change in protein func-
tion/affinity, immune escape). The framework will be developed and validated using a selection
of use cases from COVID-19; a final assessment will be performed on independent data from
the recent Monkeypox (2022), Zika (2015-2016), and Ebola (2013-2016) epidemics.

SENSIBLE will advance the state of the art in understanding the various facets of genomic
surveillance, depending on the available data and the domain context. We will merge the
experience gathered on COVID-19 with the considerable knowledge corpus that has become
openly available for viral pathogens research. The project results will have a substantial impact
on the early characterization of novel viral pathogens and their dangerousness in terms of
prevalence, infectivity, and transmissibility. More importantly, the framework developed by
SENSIBLE will provide a highly useful tool to assist decision-makers in healthcare.

2. Project positioning and objectives

Over 16 million genomic sequences of the etiological agent-SARS-CoV-2- have been determined
in a span of less than 4 years. This large body of data enabled the study and monitoring of viral
evolution at an unprecedented scale and allowed scientists to better understand SARS-CoV-2
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variants and the risks that they pose [3, 4]. Considerable efforts have been dedicated to building
surveillance systems, to assist in the identification of viral variants and their potential impact
and to assist decision-making in healthcare [5].

Several tools that leverage large collections of SARS-CoV-2 genome sequences, as available
from public repositories (GISAID [6] and NCBI Virus GenBank [7]), have been introduced in
the last two years (see CoV-Spectrum [8], COVID-19 CG [9], Outbreak.info [10], ViruClust [11]
and VariantHunter [12], among others). Attempts to build completely automated early warning
systems, based on the availability of “early” sequences as they became available through public
repositories, have been proposed as well. Such methods are mainly based on unsupervised
machine learning algorithms and exploit a range of features to describe the epidemiological
trends of the epidemic. However, these tools found limited application in the context of the
COVID-19 pandemic, where strategies for genomic surveillance were, in the majority of cases,
based on the retrospective analysis and observation of genomic data.

Unfortunately, a monitoring strategy that is reliant only on big data is coarse-grained and
limited in its potential. Such a strategy presents three main limitations: first, the need for large
amounts of data to produce statistically relevant evidence; second, the need to access the data
within a short time-frame from its collection, which is not always possible; third, the lack of
integration of epidemiological data with known characteristics of the virus, which is often
disregarded.

New, emerging viral pathogens – that may arise unexpectedly – will not provide the ideal
settings for “big-data”-based genomic surveillance. SENSIBLE aims to fill this gap by eliminating
the dependence on big and timely collected data and by integrating a wide range of annotations
and features that can be gathered from public databases or computed based on similar scenarios.
We propose a systematic approach based on the presence of “small” datasets and conceptually
distinct modules, each gathering one layer of information, that – when merged – can deliver a
broad understanding of complex mechanisms of viral evolution.

Specifically, SENSIBLE aims to empower pandemic preparedness by building a general
information system for the genomic surveillance of pathogens in current and future viral human
epidemics. We will address the following three objectives:

1. Derive effective methods for data-driven identification of emerging viral pathogens;
2. Build an objective framework for genomic surveillance in current and future epidemics;
3. Implement an early warning system, to assist decision-making in healthcare.

The latter objective will lead to the main outcome of the project, acting as early as possible, to
identify emerging viral pathogens and/or novel lineages of known pathogens that might pose
an immediate risk to human health.

3. Methodologies

SENSIBLE will explore and harness data from different domains of interest, including: analyses of
available data, mapping of equivalent/matched information from similar pathogens, computation
or prediction of novel features and properties of the virus under study. The framework developed
by SENSIBLE will feature four main – conceptually distinct – tasks:
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1. Data-driven analysis for the study of pathogens’ evolution. Both project part-
ners have relevant expertise in the development of methods and tools for the genomic
surveillance of pathogens based on large scale/big data [13, 14, 15]. Techniques based on
sub-sampling and bootstrapping can be applied to extend the range of applications of
these methods, identify minimal subsets of actionable data, and evaluate their validity
and robustness.

2. Data and knowledge-based analysis. To translate viral evolutionary dynamics into
a collection of “epidemiologically-relevant” annotations of the viral genome, different
sources of information will be gathered:

• functional annotations of genomic elements;
• highly conserved or hyper-variable genomic regions;
• sites under positive/negative selection;
• data on predicted and/or validated T and B-cell epitopes (if/when available);
• alteration in protein functions (e.g., binding) based on interaction with hosts’ pro-

teins.

Annotations available from existing resources will be retrieved and integrated into an
internal knowledge base; missing data will be computed (via bioinformatics tools) or
predicted (via automatic learning procedures).

3. Ranking and prioritization. Based on the evolutionary observations derived in (1)
and the detailed functional annotations (retrieved, computed, or predicted) from (2), a
prioritization score will be computed to assign a “level of concern” to emerging viral
pathogens and or to novel viral lineages. The score will be exploited to develop a ranking
system, which will be evaluated according to the heuristics to be developed.

4. Validation and testing. The initial development and setup of SENSIBLE will be per-
formed on a selection of use cases from the COVID-19 pandemic. Monkeypox (2022),
Zika (2015-2016), and Ebola (2013-2016) will be used to showcase the system and provide
an unbiased evaluation.

4. Expected results

SENSIBLE aims to shift current paradigms in pathogens’ genomic surveillance. We move away
from the traditional approach based purely on monitoring the prevalence of viral variants and
lineages, based on big data and, instead, we propose an integrated approach, that by leveraging a
collection of different key evolutionary and epidemiological features will allow a more complete
understanding of an epidemic, producing more informative results, and without the need for
large amounts of data.

We will tackle two key epidemiological questions and identify key metrics for raising alerts
and early warnings in both scenarios:

• Minimal actionable data. What is the minimal amount of data production/availability
required to set up an effective surveillance system? Can genomic surveillance be applied
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even in scarce/low-resource settings? Notwithstanding the recent experience with COVID-
19, these questions remain largely unanswered. We aim to provide resource-aware
recommendations/guidelines and quantifiable metrics to assist health authorities
in the set-up of “minimal” pathogen surveillance systems.

• Prioritization/ranking of emerging pathogens. If a new mutation or pattern of mutations
arises in a human pathogen, how does this impact its epidemiological features? Our first
focus in this case is changes that may provoke increased transmissibility, contagiousness,
infectivity, or immune system evasion. We plan to build a scoring system to rank and
prioritize emerging virus/viral variants with enhanced epidemiological features.

5. Relevance to CAiSE

The early warning system that SENSIBLE will produce will be the core of a future genomic
surveillance information system to be employed at the national and international levels for
monitoring any kind of evolutionary phenomenon that is based on the collection of several data
points to be integrated with domain-specific knowledge-based modules. Our project shares
several topics of the CAiSE conference such as: “Big Data, Data Science and Analytics”, a funda-
mental discipline to understand the mechanisms of evolution in life sciences domains; “Artificial
Intelligence and Machine Learning”, necessary to the development of the bioinformatics data-
driven analysis framework to identify interesting mutations, variants, evolutionary patterns;
“Ontologies and Ontology Engineering”, partially involved as our knowledge-based analysis will
rely on domain-relevant biomedical ontologies and terminologies and on the achievement of
interoperability among specialized resources that are currently lacking any connection (see
past work in this area [16, 17]; and “IS in the post-COVID world” / “IS for healthcare”, both of
which demonstrate relevant applications of Information Systems engineering in the context of
life sciences.

The results of SENSIBLE will strongly impact future-generation healthcare systems which will
gain an improved awareness of the evolutionary mechanisms of surrounding viral pathogens.

6. Project status

In the first 4 months (of the 2-year span of the project), efforts focused on sourcing datasets and
reference databases while delineating essential framework functionalities, with emphasis espe-
cially on SARS-CoV-2 recent evolution (i.e., recombinant lineages), monkeypox, and influenza
viruses. Attention was devoted to gathering datasets and annotations from public repositories.

The team initiated exploration into specific instances such as recombined SARS-CoV-2 lin-
eages (with a publication on Nature Communications [18]), the accumulation of mutation in
specific regions called epitopes [19], and expanded the techniques so far crafted to the new
domain of influenza viruses, with a focus on avian flu. Its pandemic potential would likely
escalate [20] if it were to become transmissible from mammals to humans and –eventually– from
humans to humans. Currently, we are mapping software methods to functionalities like varia-
tion, recombination, and reassortment identification, all important evolutionary mechanisms
for flu viruses.
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7. The potential impact of SENSIBLE

“Messieurs, c’est les microbes qui auront le dernier mot.”
– Louis Pasteur, 19th-century microbiologist

Viruses are among the most important causes of morbidity and mortality worldwide. Rapid
diagnosis and implementation of effective therapies/strategies to limit their spread represents
a major challenge for Public Health systems. Habitat degradation worldwide, compounded
by global connectivity including the increasing levels of contact between humans and animal
reservoirs for zoonoses, means that the readiness to tackle future infectious pathogens and
the ability to maintain public health and functional economies will represent an important
challenge for the future wellbeing of society.

Additionally, the COVID-19 pandemic has highlighted the epidemic/pandemic potential of
emerging zoonotic viruses, due to naive immunity in the general population. Several new viral
infectious diseases with epidemic potential – that could threaten global health and security –
have emerged over the past years. The cost of not preparing for epidemics was estimated at
$60 billion in 2016 [21], an estimate dwarfed by the projected cost of the current coronavirus
pandemic, which is by one estimate over $16 trillion in the US alone [22].

Methods for the genomic surveillance of emerging pathogens have been of fundamental
importance to contrast the spread of COVID-19 and have provided a first line of defense against
the pandemic. However useful, currently available systems suffer from inherent limitations,
among which the most important ones are: requirement for the availability of big/large scale
data need for the usage of multiple distinct tools and lack of interoperability limited predictive
power.

One of the most important consequences is that – at the time being – novel and possibly
more dangerous variants of a known viral pathogen can only be identified in hindsight and
only from countries/regions in the world where a sufficient amount of data is available.

The vision of SENSIBLE is to overcome such limitations, by promoting a shift in paradigm in
the methods and concepts applied to the genomic surveillance of pathogens. We move away
from the traditional approach based purely on the observation of big data and their trends;
instead, we propose a more proactive approach, where –by integrating and leveraging key
evolutionary and epidemiological features– enable the prediction of key epidemiological events,
and raise early warnings, without the need for large amounts of data.

SENSIBLE will have significant technological impacts. From a data management and
integration perspective, we expect to advance the knowledge in the interoperability of virus-
related data, composing a database that will support both sequences and all the knowledge
that is connected to it. From a data science perspective – in conjunction with bioinformatics
techniques – we expect the introduction of new methods that will inform on viral transmissibility,
infectivity and prevalence. The project will also advance the state of the art in the genomic
surveillance field by 1) enabling monitoring also in “small data” scenarios; 2) promoting a more
proactive strategy based on early warnings, rather than data observation; 3) facilitating the
interoperability of data and methods for the surveillance of pathogens. Moreover, SENSIBLE will
be able to make a valuable contribution to the decision making perspective: we will provide
useful support to decision makers, fully open and adaptable to specific needs; in particular we
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expect an impact in public health management and healthcare.
The usability of the methods and services developed by SENSIBLE will be demonstrated

through a set of use cases designed to reflect the continuously evolving research questions in a
pandemic. All the methods will be tested and validated by applying our framework to different
use-cases, based on real world data. This approach will showcase potential applications of our
framework and the feasibility of our approach to stakeholders and prospective users.

We envisage that SENSIBLE might provide a highly useful tool for stakeholders in National
Health Systems and/or Regional Health authorities, including for example the Italian National
Institute of Health (ISS, Istituto Superiore di Sanità) and/or equivalent authorities in other
countries.

In conclusion, the SENSIBLE framework will provide an innovative, inter/multi-disciplinary
ecosystem for the genomic surveillance of pathogens, which will contribute to enhancing our
preparedness (encompassing decision- and policy-making, and behaviors) for infectious disease
epidemics. Beyond providing innovative tools and methods, SENSIBLE will provide researchers
and stakeholders with technical solutions and skills to address the very concrete threats posed
by emerging viral pathogens, and/or novel variants of known pathogens leading to improved
understanding of the occurrence and spread of these, including their effect on disease severity
and vaccine effectiveness. Altogether, our project will contribute to building global pandemic
preparedness so that ‘microbes do not have the last word’.
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