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Abstract

The COVID-19 pandemic exposed a world surprisingly unprepared to respond to the new
epidemiological scenario, even the developed countries, in spite of warnings from
scientists since the 1990s. These alerts warned on the risks of an exponential increase
in emergence of potentially pandemic zoonotic infectious diseases related to disruptive
ecological niches in different regions of the globe, such as HIN1 Influenza, SARS,
MERS, Zika, avian flu, swine flu, and Ebola, and also on the risks of a future and more
lethal Disease X. We examine this global public health failure in anticipating and
responding to the pandemic, stressing the urgent need for an innovative global pandemic
preparedness system in the current transition from linear economy to a circular economy.
Evidence provided here indicates that this novel preventive-based and resource-saving
preparedness system could contribute to reverse the detrimental impacts of the pandemic
on global economy and increase its resilience. Individual protection, contact tracing, and
lockdown have proved to be just partially effective to respond to the spillover of viral
zoonosis into the human population, and for most of these pathogens, vaccines are not yet
available. As for COVID-19 vaccines, in spite of the extraordinary investments and
unprecedented advances in innovative vaccines in few months, most of these products
are expected to be available to more vulnerable developing countries’ populations only by
mid-2022. Furthermore, even when these vaccines are available, constraints such as low
efficacy, waning immunity, new concerning COVID-19 variants, adverse events, and
vaccine hesitancy might possibly restrict their public health impact and could contribute
to aggravate the pandemic scenario. Considering these constraints and the severe global
economic and social crises resulting from the lack of adequate preparedness and delayed
effective response to COVID-19 and possibly to a future Disease X, we propose a pro-
active global eco-social pandemic preparedness system. This novel system, based on One
Health paradigm and on artificial intelligence and machine learning, is expected to
incorporate “spillover” foresight and management into global preparedness and timely
response. Designed to mitigate damage from outbreaks and minimize human morbidity
and mortality, this approach to pandemic foresight and preparedness will be key to
prevent a global disaster.

Keywords COVID-19 - Disease X - Vaccines - Pandemic preparedness - Ecology -
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Introduction

Conceptual incorporation of ecological and evolutionary approaches into public health is not
new. Scientists have long warned that the rate of emergence of new infectious diseases is
exponentially increasing [1-3] and the need for ecosystem and eco-social perspectives to deal
with these new global epidemiological scenarios. Confirming these alerts, challenging out-
breaks of high impact zoonotic infectious diseases have increased cumulatively from fewer
than 1000 in 1980 to more than 3000 by 2010, with diseases such as influenza, severe acute
respiratory syndrome (SARS), Middle East respiratory syndrome (MERS), Ebola, and Zika
emerging in a new pandemic era [4-6]. In the past decade, aside from COVID-19, the World
Health Organization (WHO) designated five other disease outbreaks as a “public health
emergency of international concern”: Ebola (twice), swine flu, poliovirus, and Zika. Some
of these alerts on emergence of coronaviruses were surprisingly accurate: in 2017, a scenario
study from the Johns Hopkins Center for Health Security [7] anticipated for year 2025 a new
coronavirus pandemic, which they had named SPARS-CoV-1. Several other publications
had since equally alerted for the increasing risks in a near future of a coronavirus
pandemic resulting from spillover from bats to humans. Moreover, there is a consensus
in the scientific community that COVID-19 may not disappear but persist as an endemic
disease with a seasonal pattern or may cause new waves of serious illness, as seen during
the Spanish fluin 1918-1920. In the past centuries, there were several pandemic diseases.
The Spanish flu infected 500 million people, about one-third of the world’s population at
the time, in four successive waves, with a death toll estimated in 50 million, in one of the
deadliest pandemics in human history [8]. We present a historical perspective of these
main zoonotic epidemics and pandemics since the beginning of the last century. Is the
world prepared to face the next COVID-19 pandemic, avoiding and mitigating its poten-
tially severe consequences? Or a future and more lethal new Disease X? The answer is
certainly no. The current COVID-19 pandemic exposed a world surprisingly unprepared,
even the developed countries, revealing the current constraints of national health systems:
inadequate information and surveillance systems to support immediate response; insuffi-
cient and unqualified medical and nursing staff faced with perplexity in dealing with
massive demand for intensive care in hospitals; and lack of basic equipment for individual
and collective protection, limitations which have certainly favored the accelerated global
dissemination of SARS-CoV-2. Furthermore, these health system constraints have been
amplified by limited knowledge and health education, even in developed countries, on
basic preventive procedures for infectious pathogens, such as hand washing. There is
therefore an urgent need for a paradigmatic change in global preparedness and response to
emerging and resurgent infectious diseases, particularly the high-risk zoonotic ones. This
new approach from governments and international organizations should be able to
intervene and act more effectively in order to minimize zoonotic spillover and to mitigate
the damage of new pandemic diseases. An eco-social framework for a new global
preparedness system is proposed, integrating foresight, surveillance, and response, sup-
ported by a new informational paradigm—artificial intelligence algorithms, machine
learning, and extensive databases (“big data”), directed to prevent and manage zoonotic
pathogen spillover from wildlife reservoirs into human and livestock populations. This
novel preparedness paradigm might contribute to drastically reduce the massive economic
and social impacts of pandemics and contribute to global economy resilience, in the
circular economy transition.
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Conceptual Issues: Pandemic Preparedness in Circular Economy
Transition

The COVID-19 pandemic emerged in a global context of international debate on the negative
impacts of a linear economy and on the urgent need for a transition to a resource-saving
circular economy by 2050, dissociating economic growth and social development from
extensive resource use and environmental impact, as recently illustrated by the European
Union Circular Economy Action Plan Eurasia Group [9]. The huge impact of the pandemic on
global economy has resulted in international calls for recovery, aligned with diverse environ-
mental, social, and health challenges, as indicated in a recent report on a global COVID-19
recovery strategy, conceived to minimize these impacts [10]. In order to achieve these goals,
governments have been pressed to take critical actions in diverse areas, aiming to protect their
national economies from the pandemic, reducing their vulnerability, and laying the founda-
tions for a more resilient global economy. The circular economy transition will thus contribute
to accelerate this economic recovery, opening a window of opportunity for a novel resource-
saving eco-social pandemic preparedness system, as presented here. From this perspective, the
major challenges in the health sector are how to overcome the constraints of traditional,
ineffective, and resource-consuming public health approaches and rapidly put in place a
comprehensive and effective global eco-social preparedness system, incorporating vaccine
preparedness. In contrast with the US$ 10 trillion economic stimulus to recovery from COVID
pandemic announced by 54 governments [10, 11], very low funding and incentives have been
so far provided to support global preparedness and response. This new global preparedness
paradigm represents therefore a systemic shift that can certainly contribute to accelerate
recovery and to increase global economy resilience to pandemics, providing environmental
and societal benefits and saving lives.

Public Health Failure: Exponential Pandemic Costs

Considering the long global history of epidemics and pandemics and all alerts by the scientific
community and stakeholders, why governments and international authorities were caught by
surprise in COVID-19 pandemic and were so late in response? Failure to adequately anticipate
and manage the pandemic resulted in a dramatic global crisis, with severe social and economic
impacts, evidencing gaps and limited national health systems’ capacity to prevent, detect, and
respond to emerging diseases outbreaks, both in developed and developing countries. The lack
of'adequate investment in innovative vaccine development and preparedness, surveillance, and
response to the COVID-19 pandemic has already resulted in huge global economic impact. In
the USA alone, this economic impact is estimated to result in a total cost of US$ 16 trillion,
corresponding to 90% of the country’s GDP [12]. This enormous impact contrasts with very
low global investments in vaccines and global preparedness. This contrast is evidenced by a
recent report by the Eurasia Group commissioned by the Bill & Melinda Gates Foundation,
highlighting that the economic benefits of a global equitable vaccine solution alone for the 10
developed countries included in the analysis (Canada, France, Germany, Japan, Qatar, South
Korea, Sweden, United Arab Emirates, the UK, and the USA) would be at least US$ 153
billion in 2020-2021, rising to US$ 466 billion by 2025. This is more than 12 times the US$
38 billion estimated total cost of the Access to Covid Tools (ACT) Accelerator launched by the
World Health Organization and partners Eurasia Group [9]. In other words, besides the cost in
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lives, these insufficient investments in vaccines and pandemic preparedness also cost
money. The COVID-19 pandemic increased the global visibility of vaccine policy as a
critical component of economic policy and contributed to the recognition by international
organizations such as the International Monetary Fund (IMF) that accelerating vaccines
and other preventive measures to end the health crisis could add nearly US$ 9 trillion to
the global GDP by 2025 [13]. In spite of this recognition, it should be noted that the
current pharmaceutical business model does not provide incentives and awards for
investments in the development of vaccines and other preventive technologies. In fact,
this business model is fundamentally designed to reward treatments, not prevention.
Thus, novel funding and incentive mechanisms for prevention should be urgently con-
ceived. Vaccine investments should not be remunerated on a production cost basis: the
remuneration should be proportional to the tangible and intangible values that vaccines
provide. Several international expert panels have recommended in the last two decades
specific reforms for outbreak and pandemic preparedness, including vaccine prepared-
ness, but gaps and weaknesses remain [4, 5]. There have been plenty of global initiatives
in this direction, but their impact has been very low. International political bodies, such as
the G7, G20, G77, and several regional intergovernmental organizations have adopted
political commitments for action on various aspects of health and health emergencies,
including funding and linkages to health system strengthening and universal health
coverage. In spite of their important contributions, most of these initiatives have been
public health-oriented and limited in their scope. They often miss the ecological and
evolutionary perspectives and tools to anticipate zoonotic-related pandemics, often in-
tervening too late, long after the occurrence of spillovers from high-risk reservoirs. The
current infection disease surveillance system, which was conceived and implemented in
the 1950s, is inadequate for preparedness and response to emerging infectious disease
outbreaks and pandemics. It is expensive and has very low sensitivity and specificity. The
surveillance system needs to be conceived and implemented from a new paradigm,
including effective vaccine preparedness, and with significant capital investments to
incorporate novel technologies that can reduce costs and increase its sensitivity and
specificity. Participative surveillance methods should be incorporated into this novel
surveillance system in order to assure that the population can actively contribute to
surveillance. Furthermore, an evolutionary ecological perspective is often missed in
public health and epidemiological surveillance, and the absence of this perspective might
explain previous failures in dealing with unexpected pandemics. The complex conditions
affecting the evolution, introduction, mutations, variations, and adaptations of zoonotic
pathogens in new ecological niches should be understood from this perspective ([1],
Lewontin, 1974, [14]). A variational approach to evolution (Lewontin, 1974) is crucial
for understanding disease emergence, because it provides insights into the evolutionary
changes in vectors, pathogens, and diseases Levins et al. [1]. Additionally, it is important
to understand that evolution is not progressive; rather, it occurs in opportunistic and
unpredictable ways. The notions that usually prevail in global public health and epide-
miological surveillance approaches include equilibrium-oriented points of view, assump-
tions of linearity, and teleological perspectives. However, these notions must be
overcome to deal with disease evolution in complex ecosystems and with unpredictable
evolutionary processes in general Levins et al. [1]. In the following topics, we discuss the
advances and limitations of public health interventions in dealing with pandemics and
how global preparedness should be redesigned to meet these new challenges.
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COVID-19 Vaccines: Breakthroughs and Constraints

Vaccines are internationally recognized as the most cost-effective and resource-saving public
health strategy. Vaccine policy emerged in the COVID-19 pandemic as a powerful economic
policy, critical for global economic recovery. The rapid dissemination of SARS-CoV-2
coronavirus worldwide has exponentially increased international expectations to accelerate
the development of vaccines. The international collaborations have already succeeded to bring
into the market innovative and high-efficacy mRNA vaccines (Moderna, Pfizer/BioNTech),
engineered vector vaccines (Oxford/AstraZeneca — ChAdOx1), and several other vaccines
with diverse technologies. Although evidence supported by quality data is still needed, there
are indications that these vaccines have already contributed to significantly reduce COVID-19
morbidity and mortality in several countries, particularly in the more vulnerable elderly
populations (Wise, 2021). The global efforts to develop a COVID-19 vaccine have been
extraordinary and unprecedented. Never in the history of vaccine development, so many
governments, public and private research institutes, and public and private funds have been
involved in collaborative initiatives providing, in less than 9 months from the emergence of the
pandemic in Wuhan, China, huge investments for the development of a vaccine. This scenario
has led to an unparalleled accelerated international search for a vaccine, with 195 projects
worldwide, with 10 in clinical phase 3, 34 in phase 1/2, and 151 in pre-clinical stage [15]. This
accelerated speed in the development of innovative vaccines such as mRNA vaccines
(Moderna, Pfizer/BioNTech) and engineered vector vaccine (Oxford/AstraZeneca, ChAdOx1
vector) benefited from previous developments from other emerging diseases vaccines, such as
SARS and Zika vaccines. Considering that data for these vaccines will be obtained at a very
fast speed, there will be issues related to vaccine safety, which will probably require 6—12
months’ evaluation or even longer, even with “fast track” procedures. The decision to go ahead
with new COVID-19 vaccine immunization under these unassessed safety conditions has been
a very difficult and controversial decision, justified only by the severity of the pandemic. It will
be necessary to organize a highly qualified pharmacovigilance group, in order to identify the
rate of adverse events potentially expected for these vaccines, which can be detected only after
millions of doses are applied. Several other interventions have also been put in place in many
countries to mitigate the SARS-CoV-2 expansion and flatten the peak of cases, such as
lockdown, social distancing, use of mask, and disinfection. Notwithstanding the relevance of
these interventions, there is a consensus in the scientific literature that the most important
instrument to control virus spread in human populations is reaching herd immunity, via
infection or via vaccines. Vaccines are considered the most important strategy to achieve herd
immunity. Natural herd immunity via infection should never be a policy, since it is ethical
unacceptable to let people become infected by a virus on which we have very little knowledge
on its possible sequelae and long-term pathologies. Natural herd immunity just refers to an
equilibrium between virus and host, a default mechanism for achieving interruption of viral
transmission [16]. Considering that today’s global number of COVID-19 cases, even when
multiplied by 10, considering both asymptomatic and under-reported cases, accounts for
around 0.5% of the world population, in order to reach the required populational threshold
for herd immunity, it would be necessary to have many more people infected by SARS-CoV-2
or to vaccinate at least 75% of the global population. A recent publication [17] argues there is
little evidence to suggest that the spread of SARS-CoV-2 might stop naturally before at least
50% of the population has become immune, in opposition to previous mathematical modeling
studies indicating that this threshold for herd immunity from natural infection could be much
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lower, from 10 to 20% [18]. In addition, it should be also noted that besides developing
effective new COVID-19 vaccines, it is imperative to achieve a long duration of immune
protection from these vaccines. Nevertheless, concerning the duration of protection, an
important scientific controversy has emerged on waning immunity. There is a possibility that
we may never reach herd immunity from SARS-CoV-2 infections or vaccines since, differ-
ently from many other viruses, the immunity conferred by this virus would be temporary,
lasting nearly 6 months and then fading, with a possible risk of reinfection. As noted by a
recent study [19], this transient neutralizing antibody (nAb) response is a feature shared by
both a SARS-CoV-2 infection that causes low disease severity and the circulating seasonal
coronaviruses that are associated with common colds. Notwithstanding, in recent studies, other
authors are more optimistic and argue that even with the immune response from antibodies
dropping to vanishingly low levels a few months after the viral infection, it is necessary to
recognize that immunity does not rely entirely on antibodies but also on T cell response [20,
21] and that memory cells would react fast enough to contain the infection and prevent severe
disease. In addition, a major challenge are the concerning recent SARS-CoV-2 variants (UK,
B.1.1.7; South Africa, B.1.351; and Brazil P1), requiring from scientists a redesign of
approved vaccines. Finally, other issues such as limited global access to multipatented
vaccines [22], sharp decline in global vaccine coverage, related to “vaccine hesitancy,” and
vaccine refusal [23] will probably contribute as well to reduce the impact of the new SARS-
CoV-2 vaccines. In order to meet global challenges in vaccine development for emerging
diseases, a new vaccine preparedness initiative has been created in 2017 by governments and
international organizations. Germany, India, Japan, Norway, the Bill & Melinda Gates Foun-
dation, the Wellcome Trust, and the World Economic Forum founded the strategic Coalition
for Epidemic Preparedness Innovations (CEPI) to facilitate focused support for vaccine
development to combat major health epidemic/pandemic threats. CEPI introduced extraordi-
nary advances in global vaccine development for COVID-19 and other potentially pandemic
diseases and should be urgently strengthened, with its funding and incentives exponentially
increased in a sustainable way to adequately respond to future pandemic scenarios.

Preventing Zoonotic Spillover: Future Disease X

An overview of the main emerging pandemic and epidemic human diseases from 1918 to 2020
and related indicators is presented in Table 1. Interestingly; all of them are of zoonotic
transmission: bats were reservoirs for four of these nine diseases (Ebola, MERS, SARS,
COVID-19), birds for two of them (Spanish flu, Asian avian influenza), chimpanzee for one
of them (HIV/AIDS), Aedes mosquitos to one of them (Zika), and pigs to one of them (Swine
influenza). Three of these diseases resulted in pandemics with major impact on global
economies and societies: Spanish flu, ended in 1920 with 500 million cases (one-third of
global population) and 50 million deaths; HIV/AIDS, ongoing, with 76 million cases and 33
million deaths; and COVID-19, ongoing, with 40.728.371 cases and 1 million deaths, as of
October 20, 2020 Johns Hopkins University [26]. An important lesson can be learned from
these pandemics: until national health systems can provide early identification and control of
high-risk pathogens at source, governments and international authorities will continue to
respond to outbreaks of emerging disease late, long after epizootics such as COVID-19 have
spilled over into human populations [30]. Two pandemics are ongoing, COVID-19 [31] and
HIV/AIDS [24, 25]; Sharp et al., 2011; Keele et al., 2006), and one pandemic preparedness is
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in place for highly pathogenic Asian avian influenza H5N1 [25, 32, 33]. Zika, transmitted by
Aedes mosquitos, resulted in an epidemic with 1.5 million cases and 3500 microcephalies in
newborns in Brazil and other countries in the American region (de Aragjo et al., 2016;
[34-36]. Swine influenza pandemic HIN1 which occurred in 2009-2010 [25, 33, 37] is also
subject to monitoring and preparedness for a highly pathogenic strain [25, 33]; Ebola [38, 39],
MERS [40, 41], and SARS [42-44] have also resulted in epidemics, raising international
concerns for their pandemic potential.

In Fig. 1 a picture of viral spillover for these nine pandemic/ epidemic diseases is provided,
indicating that they have resulted from human contact with five categories of reservoirs: bats,
birds (poultry and wild), pig, chimpanzee and Aedes mosquitos in different emergence areas.
There are many other high-risk viruses in nature that could potentially result in a future disease
X pandemic. Scientists have recently developed a risk ranking framework supported by an
interactive web tool, SpillOver, that estimates a risk score for wildlife-origin viruses, creating a
comparative risk assessment of viruses with uncharacterized zoonotic spillover potential
alongside those already known to be zoonotic [45]. Using data from testing 509,721 samples
from 74,635 animals as part of a virus discovery project and public records of virus detections
around the world, they succeeded to rank the spillover potential of 887 wildlife viruses.

There are over 250 viruses that have already jumped from animals to humans and resulted
in pandemics: SARS-CoV-2 is the latest but certainly other not the last. Scientists estimate that
there are about 1.7 million undescribed animal viruses, half of which have the potential to spill
over into humans and could result in a future Disease X pandemic. Some examples of high-
risk viruses are Ebola, Lassa virus, Seoul virus, and Nipah, a virus that has already infected
humans, with annual spillover events.

Scientists should be able to identify potential locations for spillover in environmentally
disturbed areas, supporting timely and more effective response. Finally, it is important to note
that once spillover occurs, the epidemics disseminate rapidly into insalubrious urban areas
worldwide, and disease prevention measures should be incorporated into these areas to
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Fig. 1 Reservoirs and regions of emergence of pandemics and epidemic. Source: elaborated by the authors
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mitigate disease transmission. Improving the quality of data and identifying these high-risk
pathogens and reservoirs at source and innovative artificial intelligence and machine learning
strategies will be key to allow an entirely new approach to the prediction of these emerging
zoonotic diseases.

Environmental Protection: Minimizing Human Exposure to Reservoirs

Recent ecological studies are providing evidence supporting that environmental protection
reducing human exposure to reservoirs is key to prevent zoonotic spillover and could have
significant global economic and social impact Nature Ecology and Evolution Editor [46]. In
one of these studies [47], the authors indicate that zoonotic host diversity increases in human-
dominated ecosystems, with increase in the populations of bats, rodents, and birds resulting
from habitat destruction possibly leading to the increase in viral spillover from these animals to
humans. The recent and controversial decision of the Danish government to kill 15 million
minks, the total mink population in the country farms, due to a coronavirus mutation, in a
delayed response after the spillover has occurred, evidences the complexity of these animal—
human viral passages in the transmission of SARS-CoV-2 in mink farms [48]. Environmental
protection, minimizing habitat disturbance, is thus key to reduce human exposure to zoonotic
spillover. A study has evaluated the economics of preventing zoonoses through reducing
wildlife disturbance (Dobson et al., 2020) and contrasted estimated expenditure to prevent
deforestation, reduce and regulate wildlife trade, and monitor disease emergence with the
global cost of the pandemic to national economies. In nearly all scenarios, the cost of
prevention over many years is very small when compared with the severe economic and
social damage caused by a single pandemic such as COVID-19. We advocate for a redirection
of these global efforts and investments into an innovative global pandemic preparedness
system, aiming to integrate eco-social foresight and response to emerging pathogens. This
system, designed to minimize or prevent spillover of these potentially pathogens into humans,
could provide immediate early response to these threats.

Reservoirs: Feasibility of “Self-Disseminating Vaccines”

The delayed public health response to spillover from reservoirs to humans indicates that novel
and more pro-active immunization strategies should be considered, such as vaccination
directed to high-risk reservoir species, using innovative vector platforms. According to [49],
these vaccines would aim to eliminate the threat of spillover before it occurs using “self-
disseminating vaccines” capable of autonomously spreading through wild animal reservoirs,
targeting a wide range of human pathogens. The controversy on feasibility of this strategy was
raised by considerations on the constraints of the earliest self-disseminating vaccine strategy,
due to the possibility of reversion resulting from evolutionary and immunity processes. This
earliest vaccine strategy had initially been designed to target two highly lethal rabbit-specific
emerging infectious diseases in the European rabbit population, myxoma virus (MV) and
rabbit hemorrhagic disease virus (RHDV) Murphy et al. [50]. Notwithstanding, new break-
throughs were incorporated into this strategy, and recent self-disseminating vaccine ap-
proaches have used cytomegalovirus (CMV), which is a beta-herpesvirus, as the
disseminating vaccine platform. CMV infection is normally benign in the healthy host. This
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important difference removes the need to use attenuated strains. Novel recombinant vaccines,
as noted by Nuismer [49], are thus a priori the most promising approach for a transmissible
vaccine for reservoir species. The choice between attenuated and recombinant designs may
determine how well the vaccine is able to self-disseminate. The authors argue that attenuated
transmissible vaccines are unlikely to ever be suitable tools for eliminating human pathogens
from their wildlife reservoirs. Effective transmissible vaccines developed using attenuation
must maintain considerable levels of transmission while producing minimal disease. The
authors conclude that although new methods of attenuation greatly limit evolutionary rever-
sion, an attenuated vaccine whose RO exceeds 1 will always pose an ongoing threat of
reversion if the wild-type pathogen has been extinguished, enabling the attenuated virus to
persist indefinitely. In conclusion, in spite of pending scientific and technological issues related
to immunity and safety, this new self-disseminating vaccine approach should be further
developed. If proved successful, this vaccine strategy might be in the future a valuable tool
contributing to eliminate the threat of pathogenic spillover from animals to humans.

Artificial Intelligence: Prediction and Response to Zoonotic Outbreaks
and Pandemics

Research breakthroughs in bioinformatics and “big data” analytics architecture and tools have
contributed to extraordinary advances in diverse fields of human activity [51]. Canadian start-
up artificial intelligence (AI) company, BlueDot, benefiting from these advances, succeeded to
anticipate COVID-19 outbreak in China before it had been identified by international organi-
zations and governments, alerting by December 2019 its private sector and government clients
that a cluster of “unusual pneumonia” cases were happening around a market in Wuhan, China
[52]. Other similar Al initiatives are ongoing with another company BioSymetrics, in collab-
oration with Janssen and Sema4, developing strategies for the prediction of COVID-19 [53].
Another company, Biovista, has also made important advances in COVID-19 research,
directed to the identification of bioactive compounds and future healthcare scenarios for the
pandemic [54]. Notwithstanding their breakthroughs, these anticipatory Al strategies have not
so far been capable to support policy makers to design and conceive an immediate and focused
response to disease emergence. In addition, these Al strategies are still limited in their scope,
and some authors suggest that due to limitations in current data gathering and quality necessary
to Al foresight, it remains unclear to what extent it will be possible to anticipate novel
pathogens likely to emerge in the near future. Naudé [55] stresses that in spite of extraordinary
recent developments, Al has not yet been impactful against COVID-19, since its use has been
hampered on one hand by lack of data and on the other by too much data. Overcoming these
constraints for pandemic preparedness will require the recognition of these limitations and a
new approach to viral spillover detection, outbreak anticipation, and immediate response.
There is plenty of information from publications and data on well-known viruses, such as
coronaviruses and other respiratory viruses with an established history of spillover and
emergence into the human population that should be more adequately incorporated into novel
Al strategies. The contributions of international initiatives aiming to improve the quality of
data on emerging pathogens, high-risk reservoirs, and disturbed environments should be
urgently incorporated into “big data” supporting Al foresight and response strategies. A good
example is the PREDICT Project, based at the One Health Institute, University of California,
Davis. This project is the world’s largest effort to track down emerging zoonotic diseases and
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is spread over more than 30 countries. PREDICT seeks to identify the viruses or other
microorganisms found in wild animals with the goal of predicting where the next zoonotic
outbreak could occur. The project has analyzed samples from over 56,000 wild animals,
including non-human primates, bats, rodents, and other wild species used in the bush meat
trade. So far, over 800 novel viruses that have the potential to infect humans have been
identified, half of which were found in bats, 234 in non-human primates, and 143 in rodents
and shrews [56].

Pandemic Preparedness in Circular Economy Transition: Al-Based
Surveillance

Adequate and timely response to emerging infectious pathogens and zoonotic diseases peri-
odically spilling over into humans will require an entirely new approach to epidemiological
surveillance in the transition from a linear economy to a resource-saving circular economy: an
integrated eco-social surveillance system capable to anticipate, monitor, and rapidly intervene,
integrating all currently fragmented and disperse public health and ecological strategies for
foresight and intervention, as indicated in Fig. 2. Conceived from a One Health perspective,
this framework for eco-social preparedness system for a future “Disease X would be
permeated by artificial intelligence, machine learning, and “big data” at all levels of operation.

A new global governance paradigm, integrating public and private in innovative funding
mechanisms and incentives for researchers and field workers, will be key for the success of this
approach to response to potentially pandemic zoonotic pathogens. The new eco-social pan-
demic preparedness system should be based on creating and/or strengthening the following 6
main components, assuring their coordination and operational feasibility, as indicated in Fig. 3:

1. Epizootic surveillance: identification of high-risk reservoirs and potentially vulnerable
“spillover” areas, preventing or minimizing human exposure.

2. “Big data” and artificial intelligence supported by PREDICT Project and similar viral
sampling initiatives in wild animals.

Linear Economy — Circular Economy
/- \ Eco-social Perspective \
Traditional surveillance Al-based Surveillance

Responsive ici
Frag‘:‘n ented TRANSITION A:”:'C'pattog‘l’
ntegrate
POST-COVI
Sectoral LARELILIE Multi-sectoral
Non-participatory Participatory
Public Health

One Health

\ Resource-consuming j Sustainability k Resource-saving /

Fig. 2 Pandemic preparedness: new paradigm for surveillance in circular bioeconomy. Source: elaborated by the
authors
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3. Syndromic surveillance: identification of syndromes characteristics of potential pandemics
for the early detection and reporting of unusual diseases and events.

4. Genomic surveillance: routine genomic sequencing for SARS-CoV-2 and other potential-
ly pandemic viruses. Important in a scenario of emergence of concerning viral variants in
order to increase global availability of genetic sequence. This strategy is critical to support
the development of diagnostic protocols and novel vaccines and to better understand the
evolution and molecular epidemiology of these viruses.

5. Laboratory surveillance: analysis of samples for detection of unusual increases of
pathogens.

6. Participatory surveillance: community participation of surveillance through direct access
to self-diagnostic tools based on symptoms and self-administered diagnostic tests that are
linked via cloud to a central Al data analyzes center.

Conclusion

Our results indicate that the main challenge for pandemic preparedness in the circular economy
transition resides in the global ability of international agencies and governments to coordinate
and immediately put in place effective foresight and preventive tools and interventions,
supported by sustainable funding and intersectoral approaches. A critical issue, besides the
urgent need to accelerate vaccine preparedness and universal access to immunization, is the
necessity to strengthen the global governance capacity to anticipate and respond to high-risk
zoonotic pathogens in different regions of the globe. These interventions should be able to
assess these pathogens, to identify ecological niches for reservoirs and intermediate zoonotic
hosts and immediately put in place spillover prevention, before a pathogen reaches the human

[ ONE HEALTH ]

[ HIGH-RISK RESERVOIRS ]_ -[ EPIDEMICS-PANDEMICS ]

1 [ GENOMIC SURVEILLANCE ] l

SPILLOVER
PREVENTION

( ) 1 SYNDROMIC
SURVEILLANCE
FORESIGHT > [ LABORATORY SURVEILLANCE ] > EPIDEMIOLOGICAL
EPIZOOTIC
AT $ SURVEILLANCE
1 [ PARTICIPATORY SURVEILLANCE ] l
{ N\
ZOONOTIC VACCINES r HUMAN
L VACCINES
7

ARTIFICIAL INTELLIGENCE
MACHINE LEARNING - BIG DATA

Fig. 3 Towards a new global eco-social pandemic preparedness system. Source: elaborated by the authors
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population and disseminates into epidemics or pandemics. If spillover has already occurred,
foresight, epidemiological and zoonotic surveillance, and immediate preventive interventions
should be implemented to minimize social and economic impacts of outbreaks. We provided
evidence here indicating that public health failure in implementing a global preparedness
system has already resulted in unprecedented economic crisis, with an exponential increase in
COVID-19 pandemic costs estimated in 16 trillion US dollars, besides 10 trillion US dollars in
economic stimulus for recovery by governments. Although pandemics like COVID-19, HIV/
AIDS, and the Spanish flu have been historically scarce, this scenario is rapidly changing as a
result of environmental degradation and eco-social change. New outbreaks from zoonotic
infectious diseases with pandemic potential have exponentially increased cumulatively from
fewer than 1000 in 1980 to more than 3000 by 2010. These outbreaks are becoming more
frequent with huge potential impacts on the global economy. Urbanization and deforestation
are bringing humans and animals into closer contact worldwide, favoring intensification of
spillover of emerging pathogens from animals into humans, with critical economic and social
implications. This scenario is illustrated by the recent aggravation of COVID-19 pandemic by
enhanced transmission of SARS-CoV-2 concerning variants in the UK (B.1.1.7), South Africa
(B.1.351), and Brazil (P1). A paradigmatic change in public health is thus urgently needed to
incorporate, from One Health perspective, the contributions of ecology and evolutionary
theory not only conceptually but adequately translated into operational preparedness strategies
and timely response. Vaccine preparedness, accelerating development, production, and uni-
versal access to immunization, supported by sustainable funding, is crucial to assure a sharp
reduction in morbidity and mortality from COVID-19 and other potentially pandemic viruses.
However, notwithstanding their utmost relevance and extraordinary health impacts, vaccines
are not sufficient, since they are just a component of a necessary comprehensive global
preparedness system. This novel One Health approach, supported by combined strategies,
based on foresight, eco-social surveillance, artificial intelligence, machine learning, and “big
data” analytical architecture will hence be key to improve global preparedness for zoonotic
outbreaks and pandemics. From this perspective, the implementation of a pro-active and
integrated global eco-social pandemic preparedness system will be critical to minimize the
huge economic and social impacts of COVID-19 and of a possible future Disease X pandemic,
laying the foundations for a more resilient and resource-saving global economy.
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