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Abstract

The COVID-19 pandemic accelerated research and innovation across numerous

fields of medicine. It emphasized how disease concepts must reflect dynamic

and heterogeneous interrelationships between physical characteristics, genetics,

co-morbidities, environmental exposures, and socioeconomic determinants of

health throughout life. This article explores how scientists and other stakeholders

must collaborate in novel, interdisciplinary ways at these new frontiers of

medicine, focusing on communicable diseases, precision/personalized

medicine, systems medicine, and data science. The pandemic highlighted the

critical protective role of vaccines against current and emerging threats. Radical

efficiency gains in vaccine development (through mRNA technologies, public

and private investment, and regulatory measures) must be leveraged in the future
together with continued innovation in the area of monoclonal antibodies,
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novel antimicrobials, and multisectoral, international action against communicable

diseases. Inter-individual heterogeneity in the pathophysiology of COVID-19

prompted the development of targeted therapeutics. Beyond COVID-19,

medicine will become increasingly personalized via advanced omics-based

technologies and systems biology—for example targeting the role of the gut

microbiome and specific mechanisms underlying immunoinflammatory diseases

and genetic conditions. Modeling proved critical to strengthening risk assessment

and supporting COVID-19 decision-making. Advanced computational analytics and

artificial intelligence (AI) may help integrate epidemic modeling, clinical features,

genomics, immune factors, microbiome data, and other anthropometric measures

into a “systems medicine” approach. The pandemic also accelerated digital

medicine, giving telehealth and digital therapeutics critical roles in health system

resilience and patient care. New research methods employed during COVID-19,

including decentralized trials, could benefit evidence generation and decision-

making more widely. In conclusion, the future of medicine will be shaped by

interdisciplinary multistakeholder collaborations that address complex molecular,

clinical, and social interrelationships, fostering precision medicine while improving

public health. Open science, innovative partnerships, and patient-centricity will be

key to success.
KEYWORDS

COVID-19, precision medicine, public health, digital health, clinical trial, pandemic,
infectious diseases, systems medicine
Key points
• The number of medical and health science articles
published during the COVID-19 pandemic years 2020–
2022 was 9% higher than trend-based predictions,
reflecting accelerated research and technological progress
across many areas of biomedical science.

• Innovations unleashed by the pandemic for combatting
communicable diseases—including in vaccine,
monoclonal antibody, and antimicrobial development, in
mathematical modeling, and in multisectoral,
international collaboration—must be leveraged to further
improve patient care and public health.

• The pandemic underlined the importance of advancing
personalized/precision medicine, taking individual,
environmental, and social determinants of health into
account; advanced omics-based technologies enabled by
systems biology, advanced computational analytics,
artificial intelligence (AI), and new clinical trial designs,
offer unprecedented opportunities.

• The pandemic accelerated digital medicine: telehealth and
digital therapeutics are driving improvements both in
clinical care and health systems resilience.

• Achieving this future of medicine requires new forms
interdisciplinarity that integrate knowledge and skills
across biomedical science, healthcare, public health,
02
regulation, policy, economics, social science, and more—
supported by radical reform of research funding and
policies to ensure equitable access to medical innovation
across populations and countries.
Introduction

The COVID-19 pandemic has emphasized the importance of

rethinking our concepts of disease based on dynamic and

heterogeneous interrelationships: patients suffering from SARS-

CoV-2 infection exhibit a high degree of heterogeneity in

susceptibility to infection, disease manifestations, and outcomes.

This has been determined with respect to age, sex, race, underlying

genetic variation, differential immune responses, and preexisting

co-morbidities, which are in turn subject to environmental and

socioeconomic determinants (1). These complex connections led

some to label COVID-19 a “syndemic”, prompting calls for

integrated healthcare and public health responses that tackle these

factors in concert with research into the mechanistic pathways

underlying the interrelationships (2–4).
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The pandemic triggered a substantial increase in research across

many fields of biomedical science. Overall, there was an increase of

9% in the number of articles published in the fields of medical and

health sciences in the period 2020–2022 as compared with the

volume that would have been expected, and approximately 7% of all

articles published over this period concerned or included reference

to SARS-CoV-2/COVID-19 (Figure 1). The lessons of COVID-19

extend far beyond infectious disease science. They underline the

need for a comprehensive new vision of health as a complex

equilibrium that balances numerous bodily systems and their

interactions with the totality of health-related exposures during

life. This is known as the “exposome” (5). Indeed, the pandemic

revealed new frontiers in medicine, where scientists and other

stakeholders must collaborate in novel, interdisciplinary ways to

unravel and address the complex interrelationships linking

communicable and non-communicable diseases—studying the

molecular mechanisms of disease in the context of environmental

and social determinants of health.

The authors of this article come from different disciplines and

backgrounds, but we hold in common our views on the medical and

scientific challenges and opportunities that we now face. We aim to

provide an interdisciplinary perspective on the future of medicine in

the following domains, based on insights gleaned during the

COVID-19 pandemic:
Fron
• Innovative strategies to combat communicable diseases;

• Precision/personalized medicine to better address

individual patient needs;

• Systems medicine and data science, including modeling,

artificial intelligence (AI), digital medicine, and novel

trial designs;

• Public health science, aiming to better inform health

policies and address health inequalities.
Pandemic responses and preparedness will not be addressed

directly, as these have been the subject of several reports, including

the report of the Independent Panel for Pandemic Preparedness and

Response (6). Similarly, while we touch on aspects of global health

and gaps to be filled in low- and middle-income countries, these

important questions are dealt with in a companion article and

elsewhere (6–8).
Innovative strategies to combat
communicable diseases

The Spanish flu claimed between 50 and 100 million lives at the

start of the 20th century, and it is estimated that the COVID-19

pandemic has already caused approximately 20 million deaths

worldwide (9). Vaccination led to the first major successes in the

fight against infectious threats following the pioneering experiments

of Edward Jenner at the end of the 18th century and Louis Pasteur in

the late 19th century. More than two centuries later, vaccines are still

the key to limiting the public health and societal disasters inflicted by

infectious organisms, including SARS-CoV-2. Vaccines undoubtedly
tiers in Science 03
FIGURE 1

The COVID-19 pandemic triggered an increase in medical and
health sciences publications overall but with variations between
fields. (A) Actual and expected publications across all medical and
health sciences, and proportion of all articles that were COVID-19–
related, by year between 2016 and 2023. Overall, there was an
increase of approximately 9% in the number of articles published
during the “COVID-19 years,” during the period 2020–2022, as
compared with the volume that would have been expected based
on 2009–2019 trends. Approximately 7% of all articles published in
2020–2022 concerned or included reference to SARS-CoV-2/
COVID-19. After the increase in medical and health sciences
publications between 2020 and 2022, 2023 saw a decrease in
publication volume. (B) Actual and expected publications in selected
research fields by year between 2016 and 2023. (C) Difference
between actual and expected publication numbers between 2020
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represent one of the greatest medical achievements of modern

civilization, and we can anticipate that they will remain at the core

of future strategies to combat communicable diseases.

While the development of vaccines allowed us to effectively

prevent infectious diseases, it was not until the discovery of

antibiotics at the beginning of the 20th century that infections

could be efficiently treated at scale. The spectacular success of

antibiotics in addressing bacterial infections led many people to

forget for a time that populations remain vulnerable to other types

of infections, namely those caused by viruses and parasites. The

AIDS epidemic, in the early 1980s, reawakened this consciousness

and resulted in an unprecedented mobilization of resources that

eventually led to a new generation of powerful antiretroviral drugs.

In addition to controlling HIV infection, these drugs served as a

model for new treatments for hepatitis C—another devastating viral

infection. The resurgence of tuberculosis concomitant with the

spread of AIDS, along with the heavy malaria burden in low- and

middle-income countries, helped to put the fight against neglected

diseases back on the international agenda. These efforts must still be

scaled up to address not only future pandemics but also the great

threat posed by antimicrobial resistance (AMR).

While the innovative vaccines and therapies discussed below are

essential for fighting the COVID-19 pandemic, a broader, global

approach must be developed to prevent future pandemics and

mitigate their impact. The factors contributing to the transmission

of microbes from animals to humans must be addressed, as must the

impact of travel, population growth, pollution, and global warming

(10). The concept of “One Health” underlies this holistic approach

(11). As discussed throughout this article, the unprecedented efforts

needed to keep the world’s population safe from future infectious

threats will require mobilization of competencies across many

disciplines, and collaboration with multiple stakeholders from both

the public and private sectors.
Vaccines of the future

Thanks to new technologies and innovative approaches to

vaccine development, COVID-19 vaccines were developed at an

unprecedented pace. These vaccines quickly demonstrated their

value in preventing infections, decreasing hospitalizations, and

reducing mortality—preventing up to 20 million deaths within

the first year of their use (12) and saving the global economy
Frontiers in Science 04
several trillion dollars. The field of vaccinology was transformed by

the technologies and methodologies employed to accelerate vaccine

development during the pandemic, and, as a result, we expect that

an increasing number of diseases will soon be conquered

by vaccination.

The COVID-19 pandemic radically changed the vaccine

development process. Before the pandemic, the time from the

discovery phase until proof of concept in the laboratory generally

spanned more than 10 years (Figure 2). The discovery phase was

followed by the early-development phase, which included scaling up

production; characterization of the antigens; formulation, toxicity

and immunogenicity testing in animal models; and production

under Good Manufacturing Practices conditions. Following

regulatory authorization, vaccines then entered phase I clinical

trials, followed by phase II clinical trials to achieve proof of

concept with respect to safety and efficacy in the clinic. Only at

that point would the industry invest in the expensive late-

development phase, which includes phase III clinical trials and

the construction of dedicated manufacturing facilities. Overall

investment was approximately US$1 billion per vaccine, of which

70% was spent in the late-development phase. During the

COVID-19 pandemic, new technologies—including synthetic

biology, mRNA constructs, and viral vectors—dramatically

accelerated the process, with phase I clinical trials beginning only

2 months after vaccine development began.

Two seminal discoveries over the last decade enabled the

development of mRNA vaccines (13). The first was the

demonstration that modified nucleosides enhance the stability of

mRNA and reduce its inflammatory potential (14, 15); the second

was the discovery that encapsulation of mRNA in lipid nanoparticles

could both facilitate the delivery of mRNA in vivo and serve as an

adjuvant (16, 17). In parallel, the public sector spent more than

US$15 billion to encourage companies to invest in manufacturing

facilities prior to having a vaccine in hand and to perform phase I, II,

and III clinical trials in parallel rather than sequentially. This public

investment removed the financial risk from the private sector and

allowed COVID-19 vaccines to be developed in just 10 months

without skipping any of the steps necessary to establish safety and

efficacy (Figure 2). In conclusion, the COVID-19 pandemic

accelerated the availability of novel technologies, validated the

incredible contribution of vaccines to society and the global

economy, and emphasized the critical role of the public sector in

creating the necessary conditions for rapid vaccine development. In

the process, the financial, regulatory, and scientific approaches to

vaccine development were irrevocably altered.

Major investments will continue to improve future COVID-19

vaccines, with the aim of blocking virus transmission and

preventing immune evasion (18). Furthermore, lessons learned

during the creation of COVID-19 vaccines will undoubtedly

facilitate the development of new strategies to fight not only

emerging infections but also other health challenges such as

AMR, chronic infectious diseases, and cancer (19–21).

Development of vaccines against antibiotic-resistant bacteria

such as Escherichia coli, Staphylococcus aureus, Clostridium

difficile, Klebsiella pneumoniae, Pseudomonas aeruginosa,

Neisseria gonorrhoeae, Salmonella typhi, Shigella, Acinetobacter
and 2023 in selected research fields (expressed as a percentage of
expected publications) and the proportion of all actual articles that
were COVID-19-related. The 2008 Australian and New Zealand
Standard Research Classification (ANZSRC) was applied to identify
publications in the field of “Medical and Health Sciences” within
Dimensions (data until 1 January 2024), using machine learning to
sort publications into Fields of Research. Expected publication
numbers for 2020–2022 were calculated based on an exponential
trendline fitted on the actual 2009–2019 annual publication
numbers in relevant fields. An estimated total publication volume for
2023 was used to correct for the indexation lag of publications. See
Appendix for further methodological details.

Figure 1 (Continued)
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baumannii, Enterococcus faecium, and Campylobacter is possible

and can help to mitigate the risk of AMR. In addition, the recent

success of vaccines against the varicella zoster virus (22) shows that

vaccines can now be developed against microorganisms that are

normally controlled by the immune system but which can cause

chronic infections when the immune system is weakened by

concomitant infections, immunosuppressive pharmacological

treatments, or aging. These include cytomegalovirus, herpes

simplex virus (types 1, 2, 6, and 7), Epstein-Barr virus, and

bacteria such as Mycobacterium tuberculosis. Some other diseases

entirely defeat the immune system, and these include certain

cancers and chronic infections caused by HIV, human

papillomavirus, and hepatitis B and C viruses. We still lack

scientific solutions for such diseases, but the progress achieved in
Frontiers in Science 05
vaccinology during the last few years suggests that vaccine-based

solutions could be identified soon.

In conclusion, vaccines represent a sustainable method for

improving human health and well-being because they prevent

and control new infectious diseases, limit pandemics, mitigate

AMR, and address critical public health issues in both high- and

low-income countries.

Toward a new generation of antibacterial agents
to tackle antimicrobial resistance

Bacterial infections remain a major cause of disease and death

globally. In 2019, 33 bacterial genera are estimated to have caused 7.7

million deaths across 11 infectious syndromes—this being equivalent

to 13.6% of all global deaths, making bacterial infections the second
FIGURE 2

The COVID-19 pandemic radically changed the vaccine development process. Pre-pandemic, the development process entailed sequential phases
of discovery, early-development, and phase I–III clinical trials over a period of 15 years or so. For COVID-19 vaccines, new technologies, new
correlates of immunity, and early public investment allowed all steps to establish safety and efficacy to be completed in parallel within 10 months
and with less financial risk to developers.
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leading cause of death globally (23). Globally, bacterial AMR is

estimated to have directly caused 1.27 million deaths in 2019 based

on a counterfactual of drug-susceptible infection (23). The COVID-

19 pandemic has significantly increased AMR among bacteria. In the

early stages of the pandemic, biocides and antibiotics were used

widely in clinical treatment to address concerns of secondary

bacterial or fungal infections in COVID-19 patients. Furthermore,

most critically ill patients admitted to crowded intensive care facilities

received prophylactic or therapeutic antibiotics. According to the

United States Centers for Disease Control and Prevention (CDC),

carbapenem-resistantAcinetobacter infections increased by 78% from

2019 to 2020 in United States hospitals, while carbapenem-resistant

Enterobacterales producing extended-spectrum b-lactamases (ESBL)

rose by more than 30%, and antifungal-resistant Candida auris

infections increased by 60% over the same period (24). The result

is an increased need for new antimicrobials, yet the past two decades

have witnessed a decrease in their discovery and development while

AMR has become a global health crisis threatening the medical

advances made over the past century (23).

The challenges are twofold: economic and scientific. Traditional

return on investment, based on drug cost and volume of sales, is no

longer valid for antimicrobials because they are relatively

inexpensive and their use is increasingly rationed by healthcare

providers (25). In response to this dilemma, several countries are

developing policies and economic models that incentivize

companies to bring needed antimicrobials to patients (26).

However, elimination of these economic barriers still requires

new drug candidates, and the scientific challenges are significant.

A principal roadblock is the lack of novel chemicals with suitable

properties to provide a basis for development. Historically, many

antibiotics were developed from natural products isolated from

microbes, but this source was largely abandoned in the 1980s owing

to the frequent re-isolation of known compounds. Fully synthetic

approaches, which dominate drug development in other fields, have

proven unsuitable for developing leads for new antibiotics (27).

Fortunately, these difficulties are being met with creativity and

innovation in fundamental antimicrobial research. Efforts to codify

the unique physical-chemical properties of antibiotic compounds

offer an opportunity to build tailored libraries for antibiotic

discovery (27, 28). Furthermore, the development of genome-

based efforts to “mine” for new natural products, paired with

synthetic biology tools to optimize these compounds, are opening

promising routes to new antibiotics (29, 30). Another method

involves pairing existing antibiotics with resistance inhibitors.

This approach continues to be highly successful in maintaining

the efficacy of b-lactam antibiotics such as carbapenems and

cephalosporins, and several new combination drugs have been

approved for clinical use over the last decade (31).

As antibiotic efficacy has waned, orthogonal strategies have

gained prominence. The use of phages, for example, is gaining

traction as a strategy to address particularly intransigent bacterial

infections (32). This highly personalized medical approach is

increasingly saving lives and offers promise for the most difficult-

to-treat antibiotic-resistant infections. Many of these innovations

occur in academic labs or small biotechnology companies. With

renewed efforts to incentivize antimicrobial discovery and
Frontiers in Science 06
development, there is good reason to believe that we will be able

to address the challenge of AMR.

Toward a new generation of antiviral drugs
During the pandemic, remdesivir, molnupiravir, and the

combination of nirmaltrelvir and ritonavir (Paxlovid®) rapidly

emerged as antiviral drugs active against SARS-CoV-2 (33).

These anti-SARS-Cov-2 agents complete the armamentarium of

small molecule antiviral drugs available for the treatment and

sometimes prophylaxis of infections with herpes viruses, HIV,

hepatitis B and C viruses, and influenza viruses. Yet, there are no

antiviral drugs available for the treatment of several viral infections,

including emerging and/or neglected viruses such as flaviviruses

(e.g., dengue), paramyxoviruses (e.g., Nipah), togaviruses (e.g.,

Chikungunya), arenaviruses (e.g., Lassa), filoviruses (e.g., Ebola

and Marburg), bunyaviruses (e.g., Rift Valley fever and Crimean

Congo hemorrhagic fever), enteroviruses (e.g., EV68 and EV71),

and several others.

A key takeaway from COVID-19 is that we have the tools to

develop new efficient antiviral therapies. Relevant targets include

RNA-dependent RNA polymerase, viral proteases, and RNA

capping machinery (34). Among the innovative approaches

currently used to develop new antiviral therapeutics, the

PROteolysis TArgeting Chimeras (PROTAC) technology—aimed

at degradation of pathogenic proteins by hijacking of the ubiquitin-

proteasome-system—is a promising strategy despite some

limitations (35). As discussed below, discovery of new antivirals

will also benefit from innovative tools based on AI and machine

learning approaches.
The revival of passive immunotherapy

Passive immunization entails the administration of antibodies

to individuals to control infectious diseases. Unlike traditional

serum polyclonal antibodies, monoclonal antibodies (mAbs) are

much more specific in their targeting activity, with a high degree of

consistency among manufactured lots. The safety profile of mAbs is

also better, particularly for the new generation of fully

human mAbs.

Two mAbs against the SARS-CoV-2 virus were approved in the

United States in November 2020 after their combined use was

shown to reduce the risk of severe COVID-19 in highly vulnerable

patients (36). Later, another combination of mAbs was successfully

developed for pre-exposure prevention in immunosuppressed

individuals not protected by vaccines (37). This product ensures

several months of protection thanks to a genetically engineered Fc

region that prolongs its half-life (38). However, the therapeutic

efficiency of most anti-SARS-CoV-2 mAbs has been hampered by

the emergence of viral variants that escape their neutralizing activity

(39). Treatment with mAbs might actually favor the emergence of

escape variants in immunosuppressed individuals (40). For these

reasons, major research efforts are focusing on the development of

long-acting, broadly reactive mAbs with optimal binding and

neutralizing properties (38, 41). Such antibodies will be essential
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to protect against COVID-19 in patients who cannot benefit

from vaccines.

Insights gained during the research and development of anti-

COVID-19 mAbs will greatly aid the ongoing development of novel

mAbs against several other infectious diseases, Currently, the most

widely used mAbs in the clinic are palivizumab and nirsevimab for

the prophylaxis of respiratory syncytial virus in high-risk infants

(42, 43). mAbs were also approved against C. difficile (44) and Ebola

virus (45). New targets under development include Zika virus and

HIV infections (46), malaria (47), and antimicrobial-resistant

bacterial infections (48).
Statistical and mathematical modeling of
epidemic data

The COVID-19 pandemic highlighted the major role of

statistical and mathematical modeling to strengthen epidemic risk

assessment and support decision-making during epidemics. It also

highlighted important challenges that remain when performing

such risk assessments in situations characterized by limited data

and volatile epidemic trajectories driven by multiple factors

(including interventions, behaviors, population immunity,

variants, and vaccines).

First, these methods proved essential to estimate key

characteristics of the emerging pathogen, such as its transmissibility

and severity. Estimating these parameters can be challenging because

the epidemic process is imperfectly observed. For example, even

though chains of transmission were rarely available, the transmission

potential of the new virus was quickly derived from the analysis of

epidemic growth (49, 50). Early on during viral emergence, severity

estimation may be biased upward if asymptomatic and mild

infections go undetected. However, the joint analysis of multiple

types of data with dedicated modeling techniques (50–52) ensured

effective estimation of severity later confirmed by serosurveys (53).

Modeling also helped monitor key quantities, such as the proportion

infected, which was essential to capture population immunity and

determine the likelihood of future waves. The analysis of viral

sequences with phylodynamic techniques provided unique insights

into the dynamics of spread (54). Early estimates of severity might be

the most important quantity to anticipate the potential impact of a

starting pandemic and determine the intensity of the response. Even

though these estimates proved correct for SARS-CoV-2, estimation of

this quantity remains highly uncertain early on because it is difficult

to identify mild or asymptomatic infections in the absence of

important testing capacity and serology. It is essential to develop

study designs and modeling techniques that make the most of

available resources to improve the early estimation of severity.

Early in the pandemic, in the absence of treatments and

vaccines, the only way to mitigate pandemic impact was through

non-pharmaceutical measures. A broad range of measures,

including school and place closures, curfews, and lockdowns were

considered, and modeling played a key role in evaluating their

impact even though disentangling the effects of individual

measures proved difficult given their concomitant implementation

(51, 55, 56) The impact of these interventions depends on
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over time (for example due to pandemic fatigue) and was often

difficult to anticipate, complicating epidemic forecasting. We also

often lacked a description of contact patterns that was granular

enough to ascertain the impact of specific measures, such as bar

closures. Modeling also helped design and evaluate new approaches

to SARS-CoV-2 control, such as digital contact tracing (55, 57) or

contact bubbles (56). While some argued that non-pharmaceutical

measures should be restricted to frail individuals, the detailed

analysis of porous transmission dynamics between age groups

through mathematical modeling helped demonstrate that such

approaches would not avoid saturation of hospitals and that an

effort from all was necessary (58).

When vaccines became available, modeling was used to

determine optimal vaccine use depending on vaccine

characteristics, first with respect to the question of prioritization

in a context of limited resources (59, 60) and later to address more

specific issues such as the management of adverse events (61) and

booster doses (62). As SARS-CoV-2 immunity has progressively

become more complex, with individuals being exposed to multiple

variants and vaccines, the modeling of vaccine impact has become

harder as well.

Epidemic forecasting has been another important area of

research with the aim to support healthcare planning in a context

of major stress on healthcare systems. Such forecasting has proved

difficult as the dynamics of COVID-19 cases changed rapidly with

the implementation and relaxation of control measures, behavioral

changes, the emergence of new variants, and mass vaccination. As a

result, the forecasting horizon in a country such as France was

limited to a couple of weeks (63). Models were also used to build

scenarios over longer time periods, with the aim to show how the

pandemic might progress depending on a specific set of

assumptions (e.g., regarding the intensity of control measures,

vaccine coverage, and seasonality) (64). A communication

challenge for modeling teams was to explain the distinction

between forecasts and modeling scenarios.

Prior to the pandemic, only a few countries, such as the United

Kingdom, regularly used mathematical modeling to support

decision-making during epidemics. In many countries, the

COVID-19 pandemic has cemented modeling as an important

tool to inform decision-makers during epidemics. The way such

scientific input is provided varies by country. In the United

Kingdom for example, the Scientific Pandemic Influenza Group

on Modelling, Operational sub-group (SPI-M-O), a subcommittee

attached to the Scientific Advisory Group for Emergencies (SAGE),

comprised many modeling teams and met regularly to provide a

consensus of evidence (65), whereas the process was often more

informal in other countries. The pandemic has also strengthened

interesting collaborative projects, such as the United States and

European modeling hubs, in which multiple teams aim to address

the same question. The comparison of the results of the different

teams helps assess the robustness of findings.

The COVID-19 pandemic has helped strengthen analytical

capacity for epidemic data globally. A key goal for future epidemics

is to ensure that this capacity can be maintained as modelers move

back to their “peacetime” research. It is also important to develop
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models that can better capture and anticipate behavior changes

during epidemics. This requires strong collaboration between

modelers and scientists from the behavioral and social sciences

(66). As data that can inform epidemic dynamics become more

complex and diverse (encompassing syndromic and virological

surveillance; epidemiological studies; phylogenies reconstructed

from the analysis of viral sequences; data on human mobility,

contacts and behaviors; and experimental data), it is essential to

develop methods that can jointly integrate these data in a coherent

analytical framework. The development of an interdisciplinary

perspective on epidemic dynamics will be key to improving our

understanding of infectious disease spread and control.
Multistakeholder public-private
collaborative initiatives

From the University of Oxford’s influential pairing with

pharmaceutical company AstraZeneca to the leading collaboration

between Pfizer and BioNTech, COVID-19 research and development

partnerships revolutionized our response to COVID-19 (67, 68) and

perhaps future pandemics. The COVID-19 crisis triggered a wave of

international and intersectoral scientific collaborations between

diverse sets of partners and sectors, thanks to unparalleled digital

connectivity. Indeed, nearly one-third of SARS-CoV-2 vaccine

candidates were developed through partnerships (68).

Such collaborative efforts enabled research to benefit from a

broad and unprecedented pool of expertise, experience, and data,

which will inspire interdisciplinary research collaborations for years

to come. Lessons learned from the creation of these initiatives will

be critical to advance the next generation of COVID-19 vaccine

candidates and, in the longer term, to tackle challenges posed by

neglected diseases and future pandemics. These lessons include the

need for rapid data sharing, significant up-front funding,

further global diversification of research and development and

manufacturing efforts, and agreements with pharmaceutical

entities that enable equitable access to vaccines in advance of

clinical testing. A white paper published by the Coalition for

Epidemic Preparedness Innovations (CEPI), in collaboration with

the Africa Centres for Disease Control and Prevention and the

International Federation of Pharmaceutical Manufacturers and

Associations, details these lessons (67).

CEPI’s multisectoral approach is accelerating vaccine research

and development not only for COVID-19 but also for Lassa fever,

Nipah, Middle East respiratory syndrome (MERS), and other

emerging infectious diseases. The European and Developing

Countries Clinical Trials Partnership (EDCTP) is another public–

public partnership between countries in Europe and sub-Saharan

Africa, supported by the European Union. Like CEPI, it addresses

major diseases endemic in African countries by developing clinical

research capacities in those countries.

Indeed, public–private partnerships (PPPs) proved to be useful

in accelerating the development of drugs and vaccines in several

domains for which the pharmaceutical industry does not anticipate

sufficient return on investment. The experiences of the Innovative

Medicines Initiative, which gave rise to the Innovative Health
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Initiative (IHI), and of the Critical Path Institute in the United

States demonstrate that PPPs allow us to combine the strength of

the industry with the creativity present in academia for the benefit

of patients with a variety of disorders suffering from insufficient

investments, such as dementia, autism, and AMR (69). Projects

focusing on pre-competitive research allowed unprecedented

collaborations even between companies which are competing on

the market (70). The search for novel biomarkers of efficacy and

safety, and the establishment of platforms for early drug screening

are typical examples of such pre-competitive research. Although

PPPs have proven their usefulness, their modus operandi must be

further improved by reducing administrative/bureaucratic burdens,

avoiding sterile competition, and fostering more collaboration

between partners.
Toward a global and inclusive approach to
public health

The COVID-19 pandemic highlighted the key role public health

science has to play during epidemics to ascertain and monitor the

epidemiological situation, identify risk groups, and design and

evaluate control measures. This clearly requires a better

integration of public health science in health sciences. The

introduction of innovative study designs can provide key

complements to traditional surveillance systems. For example, in

a context where many infections were not detected by surveillance,

the Real-time Assessment of Community Transmission (REACT)

study in the United Kingdom (71) measured viral circulation by

randomly testing about 100,000 persons per month for 2 years. The

study proved extremely informative for SARS-CoV-2 surveillance

and research, and it is hoped that the design will be redeployed in

other settings as well. It seems essential that countries develop and

maintain solid capacity and infrastructures for public health during

inter-pandemic periods to be able to respond more robustly to

future pandemics.

Most importantly, the pandemic underlined the need for new

approaches to address health inequalities. The COVID-19

pandemic was marked by the striking over-representation of

socially disadvantaged populations in terms of disease burden.

Economic, geographic, and ethnic variables doubled—or even

tripled—death rates (72), warranting specific explanations and

responses. People without housing, people who are incarcerated,

and undocumented migrants were heavily impacted (8). Lessons

must be learned from these disparities, including longer-term

disparities in mortality due to economic disadvantage, as has been

observed following previous economic crises (73, 74).

The lack of global solidarity, particularly in the distribution of

vaccines to low-and middle-income countries was obvious,

especially with regard to the African continent. Undoubtedly, it is

of utmost importance to better integrate the specific needs of low-

and middle-income countries in the strategies developed as part of

the preparedness and response to pandemics and other health

emergencies. This key lesson from COVID-19 is addressed more

fully elsewhere (6–8).

The COVID-19 pandemic also demonstrated the critical

importance of public understanding and support in the fight
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against infectious diseases, with wider implications for the future of

medicine. Public support is dependent on the conveyance of the

proper information at the proper time to the proper audience.

Indeed, health literacy appears to be key to translating scientific

advances into efficient preventive and therapeutic strategies.

COVID-19 has revealed, irrespective of the level of economic

development, an unexpected degree of scientific and sanitary

“illiteracy” in the populations and in the media. As a result, the

equal weight given to science-based information and irrational

statements created a cognitive dissonance, opening avenues to

conspiracy theories and fake news. It is time to restore the place

of scientific and health education at all levels, starting from primary

school levels.
Precision medicine for COVID-19
and beyond

Precision medicine is commonly viewed as a response to the

phenotypic heterogeneity of diseases. It is about deciphering the

molecular mechanisms underlying the specific pathological process

within individuals to provide the “right treatment at the right time

to the right patient”. From a clinical standpoint, it is important to

consider precision medicine from the perspective of personalized

medicine, which considers the individual characteristics of the

patient. As stated by William Osler (1849–1919) more than 100

years ago, “The good physician treats the disease; the great

physician treats the patient who has the disease".

Precision medicine’s proof of principle has come from its

application in the treatment of cancer based on the identification of

driver mutations or by gene correction for inherited diseases. Does the

concept of precision medicine apply to an infectious disease affecting

hundreds of millions of people and which kills millions of them? The

new reality of COVID-19 showed us that this is the case. Indeed, as

El-Sadr et al. recently discussed, now is the time to move away from

population-wide universal recommendations toward a more tailored

approach that considers the characteristics of people and the

pathogen (75). In this section we explore some lessons learned

from COVID-19 for the future of precision/personalized medicine.
Precision medicine during the
COVID-19 pandemic

Understanding at the molecular level of mechanisms underlying

host/virus interactions has been key to addressing the pathogenesis of

COVID-19 disease, its treatment, and its prevention.

The phenotypic heterogeneity of COVID-19 was striking from

the onset of the pandemic: it was immediately apparent that the

same virus could be deadly in some individuals and yet go

unnoticed in others. Although genetic factors controlling the type

1 interferon pathways as well as autoantibodies to type I interferon

were found to explain some cases of severe disease in young and

healthy individuals (76, 77), it rapidly became clear that old age was

a major risk factor alongside obesity, type 2 diabetes, and other
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co-morbidities (78). These observations led to the development

of targeted therapies for vulnerable individuals, including

nirmatrelvir/ritonavir and anti-SARS-CoV-2 mAbs as mentioned

above, and subsequently to the investigation of additional

therapeutics (79).

Post-acute COVID-19 sequelae are drawing increasing

attention because of their high incidence and public health

impact. Although they are regrouped under the same

denomination of long COVID, post-COVID-19 damages are very

diverse and probably involve several mechanisms (80). Because of

its huge phenotypic heterogeneity, long COVID is an area for which

a precision medicine approach is much needed. In this vein, a recent

study suggests that immune profiling combined with machine

learning might be helpful by defining subgroups of patients with

long COVID (81).
Precision medicine beyond COVID-19

Toward new classifications of patients with
chronic diseases

While oncology is currently the main field where precision

medicine is applied in practice, several patients with other non-

communicable disorders will increasingly benefit from similar

approaches, especially patients with immunoinflammatory disorders.

Dysregulated immune responses are critically involved in

several chronic inflammatory disorders such as rheumatic

diseases, inflammatory bowel and skin diseases, and multiple

sclerosis. Sustained efforts have been made to develop

immunotherapeutic approaches aimed at rebalancing immune

responses and, thus, improving outcomes for patients. Notable

successes have been attained, especially through the development

of anti-cytokine therapies (82, 83). However, these successes were

partial, with patient responses ranging from 25 to 60%. The main

reason for this limited success is the heterogeneity of these

disorders, which should be better qualified as syndromes with

different possible causes involving the genome, the epigenome,

and signaling pathways. This should lead to a new taxonomy of

immune-inflammatory diseases that are presently often named

according to clinical observations made several decades ago.

Immunotherapies will fulfill their promise only if biomarker-

driven personalized immunotherapy becomes the standard of care.

The emergence of cutting-edge omics technologies (from genomics

to transcriptomics, proteomics, and metabolomics) has led to the

discovery of novel pathways and biomarkers of disease, description

of immune endotypes of various diseases, and ‘theranostics’

approaches to combine advanced diagnostics and therapies (84).

A new drive to use advanced omics-based technologies combined

with sophisticated systems biology integration to reclassify patients

in a novel manner will transform our understanding of disease

pathophysiology, as well as the way we will apply personalized

immunotherapy. As discussed in the next section, this approach will

be based on new knowledge in systems medicine and will take

advantage of AI tools.

Among other diseases which might benefit from a new

patients’ classification, one can mention type 2 diabetes and
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Alzheimer’s disease. In type 2 diabetes, patients clustered according

to different variables associated with different outcomes might

benefit from tailored management (85). In Alzheimer’s disease, it

will be important to identify the subgroups of patients for whom

beneficial or detrimental effects of novel therapies can be

anticipated. It is already apparent that patients homozygous for

the APOE4 gene should be managed with caution (86).

Targeting the microbiome
The COVID-19 pandemic introduced new challenges related to

the complex interactions between commensal and pathogenic

microbes, with direct and indirect ramifications on human health

(87). On the one hand, a variety of COVID-related factors may

contribute to compositional and functional alterations in the gut

microbiome (dysbiosis). These changes include the presence of

SARS-CoV-2 virus in the gastrointestinal tract, the systemic

inflammation accompanying SARS-CoV-2 infection, effects of

natural and vaccination-induced antiviral immune reactivity on

the microbiome, and the effects of antibiotics, which are frequently

administered to patients with severe COVID-19. On the other hand,

there is evidence that the severity of COVID-19 is linked to

alterations in the composition and function of the gut microbiota—

alterations that persist even after viral clearance and symptomatic

recovery (88). Indeed, a prospective study of patients with a

spectrum of COVID-19 severity revealed that the gut microbiota

composition at admission was associated with the development of

long COVID-19 syndrome, and the microbiota composition was

found to impact immune responses during COVID-19 and

following vaccination (89).

These findings are not surprising given that, from birth to death,

the gut microbial ecosystem plays major roles in host metabolic,

immune, and neuroendocrine functions. The adult gut microbiome

appears as a “signature” unique to everyone, and although it is

considered quite resilient, the gut microbiome is constantly

modulated by environmental factors, including nutrition and

xenobiotic exposure (e.g., drugs, pollutants, and food additives)

(90). Dysbiosis has been associated with several conditions,

including diabetes and obesity (91–93), and gut microbiome

characteristics can explain therapeutic responses in several settings,

including cancer. This reveals the importance of the gut microbiome

to personalized medicine (94). Several pharmacological approaches

targeting the microbiome are under development, including precision

probiotics optimized to colonize the gastrointestinal tract and

commensal bacteria engineered to secrete health-promoting

bioactive metabolites. One might therefore anticipate that the gut

microbiome will continue to elicit major interest as a therapeutic

target for an increased number of communicable and non-

communicable diseases. Recent research even suggests that the gut

microbiome represents an important pathway linking environmental

exposures—in turn related to social, political, and economic forces—

to health inequities (95).

The exposome concept
The clustering of severe COVID-19 cases in certain Italian

regions revealed the impact of air pollution on the outcome of
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COVID-19 (96). Indeed, current efforts for improved responses and

preparedness to new pandemics should include consideration of the

environmental exposures on the outcome of infectious diseases,

both in the short and long term.

Environmental insults occurring throughout the life course will

have to be integrated into precision medicine approaches for non-

infectious diseases as well. Taken together, they represent the

exposome. It includes chemical factors of natural and anthropic

origin, physical factors (such as temperature, noise, and ionizing

and non-ionizing radiation), as well as psychosocial and behavioral

factors (Figure 3) (5).

Research on the impact of the exposome on health include

many aspects: i) the description of the different factors contributing

to the exposome, their spatial and temporal variations, as well as

their variations according to socioeconomic categories; ii) the

identification of the impact of environmental factors on all

components of health; iii) the identification of synergy or

antagonism between environmental factors; iv) the understanding

of the biological mechanisms underlying these effects; and v) the

quantification of the corresponding health and societal burdens, in

terms of attributable deaths, disease cases, disability-adjusted life-

years lost, and possibly cost.
Regenerative medicine and genome-
based therapies

The COVID-19 pandemic occurred while the field of

regenerative medicine was in a renaissance after long years when

hurdles to safe and efficacious treatments appeared difficult to

overcome. A growing list of previously incurable diseases, mainly

but not exclusively of a genetic nature, can indeed be treated with

cell- and gene-therapy products that have the potential to cure

patients. Success stories in this field include therapies for congenital

immune deficiencies, lysosomal storage diseases, spinal muscular

atrophy, diseases of the retina, unilateral burns of the cornea,

epidermolysis bullosa, hemophilias, and beta thalassemia (97).

Most successful treatments are based upon either ex vivo gene

therapy using hematopoietic and epithelial stem cells and retro- and

lentivectors (98, 99) or in vivo gene therapy using adeno-associated

virus-based vectors (AAV). Despite successes, caution is still

warranted when considering these ultimate forms of precision

medicine. For example, direct in vivo delivery of adeno-associated

vectors has shown excellent results in eye diseases (100) and spinal

muscular atrophy (101), but severe adverse events have been

observed in several cases of muscular dystrophy (102).

Additional major problems remain to be addressed before

regenerative medicine can become mainstream. For in vivo gene

therapy, immunogenicity, duration of therapeutic effect—

potentially no longer a problem with genome editing (103)—and

production costs greatly limit its widespread application. For ex vivo

gene therapy, success has been limited to tissues in which ablation

of diseased cells is possible (e.g., epithelia and bone marrow),

subsequently allowing high engraftment of genetically corrected

cells—something that is impossible for the brain, heart, and other

critical organs (104). In the treatment of lysosomal storage

diseases, hematopoietic stem cells (HSC) are being genetically
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engineered to overexpress specific lysosomal enzymes to correct

deficiencies (105). In vivo genome editing based on second

generation CRISPR-Cas technology (i.e., base or prime editing)

shows interesting promise of application to the treatment of

numerous diseases. So far, ex vivo knockdown of genetic elements

in hematopoietic stem cells by CRISPR-Cas9 successfully

revigorated fetal hemoglobin expression by red blood cells in

patients with sickle cell disease—a remarkable achievement (106).

Wide access to new therapeutic solutions for regenerating

diseased tissues and organs is hampered by economic hurdles that

must still be addressed. Even when successful cell/gene therapy

products receive marketing authorization, extremely high costs

prevent access to many patients who should benefit from it.

Furthermore, these products may be abruptly withdrawn from the

market—owing either to barriers to their adoption by national

health systems or insurance companies, or to abrupt changes in

corporate strategy—depriving patients of life-saving therapies

(107). Solving these issues is crucial for the continuous progress

of regenerative medicine as a field (108, 109).

Creation of human leukocyte antigen (HLA)-depleted, immune-

privileged lines from embryonic or induced pluripotent stem cells

(110) may lead to banks of universal donor cells, moving beyond

personalized medicine and dramatically cutting costs and prices while

enhancing safety. With respect to regulation and economics, early

engagement of relevant stakeholders during product development

and transparent negotiation of prices may prevent reimbursement

problems. Furthermore, if an authorized, efficacious product is
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abandoned by the manufacturer, government-supported non-profit

facilities should step in to take over production.

So far, only patients from rich countries might have the

opportunity to get access to regenerative medicine and genome-

based therapies. To prevent further deepening of health inequalities

across populations and across countries, it is of utmost importance

to design new international programs to ensure that whoever they

are and wherever they live, patients can benefit from those

disruptive therapies derived from recent scientific advances.
Leveraging systems medicine: artificial
intelligence, digital medicine, and
novel clinical trial designs

The COVID-19 pandemic emphasized how public health

decisions depend on numbers: disease incidences, positivity rates,

hospitalization rates, and mortalities became daily fodder not only

for decision-makers and public health managers but for a broad

general audience. It also highlighted the need for sound analytical

methods to interpret a range of complex data, both to support

policymaking in a context of high uncertainty and to gain critical

scientific insights.

The pandemic also provided a unique opportunity to utilize our

increasing ability to gather “big data” from individuals and factor it

into precision medicine. Advanced computational analytics and AI
FIGURE 3

The exposome comprises five domains, namely physical, chemical, biological, psychosocial, and behavioral factors.
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can facilitate improved apprehension of personalized reactiveness

to environmental insults such as COVID-19 infection. Integrating

clinical features, genomics, immune factors, microbiome data, and a

variety of other anthropometric measures into a “systems medicine”

approach may enable existing medical interventions to be

repurposed in a personalized fashion (111). As the field of

systems medicine develops, issues related to reproducibility, data

availability, and ethical concerns will need to be resolved (112). It is

also essential that racial and ethnic differences are fully considered

in the collection and analysis of data. Challenges notwithstanding,

systems medicine may enable us to better adapt currently available

and new diagnostics and treatments to the individual while

minimizing failures and adverse effects.
Artificial intelligence during and after the
COVID-19 pandemic

AI has become a core technology of the fourth industrial

revolution, if not representing the fifth industrial revolution on its

own, with enormous uptake across science and modern life. The

World Health Organization, the Organisation for Economic Co-

operation and Development, and others quickly highlighted the

potential of AI in managing COVID-19, the first pandemic in a

hyperconnected world, and in improving future preparedness and

resilience (113).

By early November 2020, about 9 months into the pandemic, only

around 300 of >55,000 scientific articles on COVID-19 listed in

PubMed included the terms AI or machine learning. By January

2021, the number of COVID-19 articles mentioning AI had

quadrupled while total COVID-19 articles rose by only 60%

(T. Hartung, unpublished observations). As the pandemic

progressed and more data became available, AI started to make

contributions. A systematic review of studies of AI applications in

COVID-19 included 78 studies, some with impressive predictivities:

46 studies used AI to support diagnosis, 14 to evaluate prognosis, nine

to predict the epidemiology of the pandemic, eight to explore

potential drugs, and one to predict vaccine targets (114). The

delayed application of AI early in the pandemic reflected the need

for sufficient data collection to allow these techniques to be applied

(115). Moreover, “big data”means more than many data; it is defined

by volume, variety, and velocity, which represent three of the five “Vs”

(the others being veracity and value). While volume and velocity were

present early in the pandemic, the variety of interconnected data

available was limited. Most data lacked metadata—the connections

between datapoints and information describing how they were

generated. For example, early in the pandemic the generation of

many false positives and some false negatives by diagnostics of varying

quality (116) made accurate monitoring of infection rates impossible.

AI revolutionized drug and vaccine design in the fight against

COVID-19 by facilitating the rapid identification of potential drug

candidates, enabling the discovery of new drugs through

computational methods. In the future, artificial neural networks

will certainly represent important tools in the identification of novel

antivirals and other drug candidates (117). Most importantly, AI

can be instrumental for drug repurposing, which consists of the use
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of existing drugs in novel clinical indications. As the safety profile of

these drugs is already established, their development and regulatory

approval are greatly accelerated. This was the case during the

COVID-19 pandemic for baricitinib, an antirheumatic drug

identified through AI to also target the SARS-CoV-2 virus (118).

The field of drug safety itself will also be increasingly impacted by

AI, as conventional toxicology studies in animals will progressively

be replaced by in silico tools (119, 120).

AI also serves science through the mining of scientific

publications. This advance is particularly relevant to COVID-19

because the pandemic triggered broad open access to scientific

information on this topic. For example, the COVID-19 Open

Research Dataset Challenge (CORD-19) has amassed over

1 million COVID-19-related articles (400,000 full-text) for

researchers to use in AI techniques to generate new insights

(121). This database was used, for example, to identify the role of

blood glucose levels in the severity of COVID-19 (122), a feat of

analysis that could never be achieved by human beings (123). While

open access is, unfortunately, still the exception and not the rule,

this project showcases its potential. However, we are still far away

from machine-readable publishing, standardized data and metadata

sharing, and other standards that would boost the natural language

processing of articles to take full advantage of AI in handling vast

quantities of scientific information. There is no reason to stop at

scientific articles—databases and the gray literature of the internet

could similarly contribute to the minable knowledge base.

Despite its promise, AI also raises concerns about fairness,

reliability, accountability, privacy, transparency, and safety.

COVID-19 is the perfect illustration of these issues, as the

dominance of certain countries in terms of AI might have

deepened differences in pandemic responses. Flaws in the data

used for AI will translate into biases in results—to find an answer,

that answer must be in the data. A major problem related to AI is its

“black box” nature, meaning its methods are not readily open to

scrutiny. Explainable, or “white box”, AI is still in its infancy. For

decisions in which human life is at stake, the limitations of AI may

be difficult to accept, but the choice not to leverage this powerful

technology would cost lives as well. To take full advantage of AI, it is

essential to improve AI literacy among those using its results as well

as the embedded ethics and transparency among data curators

and miners.
Digital medicine

Digital medicine is a potent area of growth and innovation, with

the potential to strengthen the resilience of the healthcare system

and reduce healthcare costs, while concurrently empowering

patients to manage long-term health conditions and improve

health outcomes (124) (see https://www.dimesociety.org).

The overwhelming impact of COVID-19 during the height of

the pandemic has emphasized the importance of increasing

healthcare system resilience. To avoid a repeat scenario in the

face of future pandemics, we must reduce our absolute reliance on

face-to-face contact with patients when managing their health

trajectories (125). During the pandemic period, telemedicine has
frontiersin.org

https://www.dimesociety.org
https://doi.org/10.3389/fsci.2024.1236919
https://www.frontiersin.org/journals/science
https://www.frontiersin.org


Cauchemez et al. 10.3389/fsci.2024.1236919
been increasingly adopted across the world to compensate for the

severe reduction in face-to-face contact (126).

Although digital medicine spans a diversity of products and

services, the greatest opportunity for impact may lie with digital

therapeutics (see https://dtxalliance.org). Digital therapeutics are

digital tools, often apps but sometimes coupled with portable or

wearable sensors, that provide patients with real-time feedback on

the status of a disease (such as continuous blood glucose monitoring),

coupled with smart guidance on what to do (what dose of insulin to

take and when, for example, or possibly even automating insulin

delivery). Digital therapeutics can also detect deteriorations in various

parameters and alert patients or health professionals to these changes.

For example, home monitoring of heart failure has been shown to

improve cardiac function over conventional clinic visits, reduce

hospitalizations, and improve quality of life (127, 128). Such tools

are becoming more reliable, convenient, and inexpensive. The

adoption of digital therapeutics across multiple disease areas

increased by 38-fold in the United States during the COVID-19

pandemic (Figure 4) (129), and a substantial increase in digital

health research was evident (Figure 1). The global digital health

market is projected to grow by a compound annual growth rate of

around 28% over the coming decade (130). However, it remains

challenging for health systems to adopt digital therapeutics. Several

countries have introduced formal assessment frameworks and policies

that allow digital health tools to be “prescribed” or for patients to be

directly reimbursed for using them, such as the Digitale

Gesundheitsanwendungen (DiGA) model in Germany (131). Indeed,

a recent study comparing the digitalization of healthcare systems

revealed important inequalities among European countries (132).

This digital gap should be addressed as a priority.

More must be done to help digital therapeutics developers

generate the effectivity and economic evidence required by these

frameworks (133) and to support the health-system transformations
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needed to transition to digital therapeutics, which include

modernizing care pathways, educating patients about how to use

them and become more autonomous, and educating health

professionals about how to be care facilitators as well as care

providers. There is an understandable professional concern about

the increasing workload that could result from digital therapeutics,

and we should look to AI to help triage and filter incoming data

streams and determine the necessity for professional intervention.

Trustworthy health record data is the critical fuel for well-functioning

digital medicine, so health systems must increase their investment in

capturing and communicating high-quality and interoperable health

data (134, 135).

The use of telehealth, digital therapeutics, and other forms of

remote-care services are vital components of any strategy to

increase the resilience of health systems and society. Not only will

such methods reduce the dependence on face-to-face contacts in the

case of future pandemics, but they will also reduce healthcare

delivery costs, improve health outcomes, and enhance both the

convenience and empowerment of the patient experience.
Novel clinical trial designs

The randomized controlled trial remains the gold standard

for generating evidence to support clinical decision-making by

regulators, clinicians, and patients. Data from such trials have

advanced the understanding of the benefits and risks associated

with the use of medical products. In recent decades, however,

clinical trials have become prohibitively expensive, slow to finish,

and are often under-enrolled—presenting physicians and patients

with major gaps in knowledge about the appropriateness of

treatments. The emergence of the COVID-19 pandemic highlighted

these issues, both in terms of the pandemic’s effect on new and
FIGURE 4

Telehealth use increased rapidly during the pandemic. Figure shows the telehealth encounters in the United States from February 2020 to October
2021, at which point the level of telehealth visits remained more than 1,300% higher than before the pandemic. Exhibit from (129): “The next frontier
of care delivery in healthcare”, March 2022, McKinsey & Company, www.mckinsey.com. Copyright (c) 2024 McKinsey & Company. All rights
reserved. Reprinted by permission.
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ongoing clinical trials and on the implications of the current trial

infrastructure for the development of COVID-19 treatments.

Traditional “brick-and-mortar” clinical trials were difficult to

initiate or to continue during the early stages of the pandemic. From

February to May 2020, the monthly activation of United States-

based clinical studies made up only 57% of the expected estimate,

while the initiation of non-United States-based studies decreased by

27% (136). From June 2020 onward, numbers of phase II and III

interventional trials in the United States returned to the levels seen

in 2019, while in Europe, although the initial decrease was less

pronounced, trial numbers did not rebound to 2019 levels until

February 2021 (137). Disruptions in multiple aspects of clinical

trials—from shifts in focus and resources to COVID-19, to

decreased enrollment and adaptation of protocols to reflect social

distancing measures—slowed the progress of clinical research and

drug development, ultimately negatively impacting patient care.

Early in the pandemic, many clinical COVID-19 treatment

trials began swiftly and were widespread (138). Yet, analysis

showed that <5% of clinical trial arms would be capable of

delivering actionable results in terms of regulatory decision-

making regarding the safety and efficacy COVID-19 treatments

owing to low randomization rates and underpowered outcome data.

This tells us that, in the face of a pandemic or other public health

crises, our current trial infrastructure is insufficient.

In response to the shortcomings in the clinical trial

infrastructure uncovered by the COVID-19 pandemic, newer

clinical trial designs were more widely adopted, including the use

of master protocols. Master protocols use a single trial design

infrastructure to efficiently evaluate multiple treatments

concurrently in a disease (139). While most master protocols

have been used to study cancer treatments, they have also been

used to evaluate the efficacy and safety of COVID-19 treatments

(140). The RECOVERY study was one of the first master protocols

to unequivocally demonstrate a 30% reduction in death when

dexamethasone was administered in hospitalized patients with

severe respiratory symptoms (141). Following that success,

efficacy and safety determinations were made for nine additional

medical products. Both the REMAP-CAP trial and the I-SPY

COVID trial also made helpful treatment discoveries quickly

(142, 143). In March 2022, the United States Food and Drug

Administration (FDA) published a guidance document for the

industry containing advice for the use of master protocols to

study drugs or biologics for cancer treatment (144). Wider use of

master protocols could serve to increase the overall efficiency of

clinical trials, expediting the development of treatments not only for

cancer and COVID-19 but also for emerging infectious diseases and

future public health crises.

Another modification increasingly adopted since the start of the

COVID-19 pandemic involves decentralized clinical trials, which

broaden methods of participation and decrease or eliminate the

need for patients to travel to site-based trials. During the pandemic,

a shift to incorporating digital technologies, including smartphones

and wearable health devices, has allowed critical research to

continue while giving study participants more choices and the

ability to participate while adhering to social-distancing practices.

In addition to being more patient-centric, decentralized trials may
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serve to increase the resiliency of the clinical trials system in the face

of future pandemics or other public health emergencies.

In summary, the COVID-19 pandemic has clearly demonstrated

that changes must be made to the structure and procedures of clinical

trials to improve both the efficiency of trials and their resiliency in the

face of public health crises. Advances in trial design, including master

protocols and decentralized trials, should continue to be adopted

across the clinical trials landscape. Such advances could boost the

production of evidence required for critical health-related decision

making, which will ultimately improve, prolong, or even save the lives

of untold numbers of patients.
Promoting an interdisciplinary future
for medicine

As underlined throughout this article, the COVID-19

pandemic highlighted the importance of novel approaches to

manage global health crises, integrating knowledge and skills in

various fields including virology, immunology, neurosciences,

clinical medicine, digital healthcare, and public health. Besides

science and healthcare, policy, economics, and social and

behavioral sciences are also essential in addressing the complex

challenges posed by pandemics. Integration means more than

juxtaposing expertise from different fields. It is about developing a

joint interdisciplinary approach to solve complex issues that cannot

be successfully addressed within a single discipline. Scientists

engaged in these interdisciplinarity endeavors must accept having

to work outside their comfort zones to reach a common objective.

Interdisciplinarity underlies the concept of convergence developed

in a seminal report of the Massachusetts Institute of Technology

(MIT); this defined convergence science as “an approach to

problem solving that integrates expertise from life sciences with

physical, mathematical, and computational sciences, as well as

engineering, to form comprehensive frameworks that merge areas

of knowledge from multiple fields to address specific challenges”

(145). Convergence builds on fundamental progress made within

individual disciplines and cuts across disciplinary boundaries in

these fields (146, 147). Indeed, it goes beyond collaboration: as

further explained in the MIT report, “Convergence is the

integration of historically distinct disciplines and technologies

into a unified whole that creates fundamentally new opportunities

for life science and medical practice.” Unfortunately, few initiatives

were launched to foster interdisciplinarity and Convergence

since the publication of the MIT report in 2016. The turmoil

elicited by the COVID-19 pandemic offers the impetus and

opportunity to implement the major changes that are needed to

translate these concepts into novel research and innovation

approaches that are implemented widely in practice (Figure 5).

Since the ultimate goal of health research is to translate scientific

advances into products, services, and tools for the benefit of citizens,

interdisciplinarity should extend across the different healthcare

stakeholders, including the regulatory agencies in charge of the

approval of novel pharmaceuticals. Indeed, regulatory science is

interdisciplinary by nature.
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All these actions require radical changes in the governance

and funding of health research. As of today, research is still very

much organized in silos, and projects of interdisciplinary nature

are often considered to be not focused enough to get significant

support (149). Approaches to promote interdisciplinary research

in the future should include greater interagency/inter-funder

co-ordination, interdisciplinarity participation in the processes

of research programming and decision-making, and novel inter-

sectoral collaborations—learning from those developed during

COVID-19. Likewise, scientists with interdisciplinary skills often

do not get the credit and the promotion that they deserve. There is

a clear need to engage in a profound reform of governmental
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research agencies, especially in Europe, which lags behind the

United States both in terms of global funding and allocation of

resources dedicated to health research.

Finally, and crucially, lessons must be learned from the

pandemic about how (interdisciplinary) science can best inform

policy. A recent reevaluation (66) of the evidence relating to an

earlier set of social and behavioral science insights that influenced

COVID-19 policies (150) underscored the need for approaches that

ensure better communication and collaboration between decision-

makers and professionals and all relevant academia to ensure that

insights generated by research are translated into evidence-based

practice guidance and policies.
FIGURE 5

Priorities for promoting interdisciplinarity in future health sciences research. Schematic illustrates four key priority areas for multistakeholder action
to foster greater interdisciplinarity to explore new frontiers of medicine and address future health challenges, including pandemics—namely in
governance and funding, tools and infrastructures, skills and education, and translation. This framework takes into account previous convergence
science recommendations by the Massachusetts Institute of Technology (145) and the United States National Academies (148) together with
COVID-19 learnings and other developments.
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Conclusion

The future of medicine will be shaped by the convergence of

biomedical sciences with several other disciplines. Interdisciplinary

approaches will be essential to foster both precision medicine

tailored to the individual characteristics of each patient and

public health for the benefit of large populations. This new vision

should be implemented in low- and middle-income countries as

well as in rich countries to make medical science of the future a

science for all.
Statements

Author contributions

SC: Writing – original draft, Writing – review & editing. GC:

Writing – original draft, Writing – review & editing. ND: Writing –

original draft, Writing – review & editing. EE: Writing – original draft,

Writing – review & editing. DF: Writing – original draft, Writing –

review & editing. AF: Writing – original draft, Writing – review &

editing. TH: Writing – original draft, Writing – review & editing.

DK: Writing – original draft, Writing – review & editing. MN:

Writing – original draft, Writing – review & editing. JN: Writing –

original draft, Writing – review & editing. RR: Writing – original draft,

Writing – review & editing. MP: Writing – original draft, Writing –

review & editing. MS: Writing – original draft, Writing – review &

editing. PT: Writing – original draft, Writing – review & editing. GW:

Writing – original draft, Writing – review & editing. PS: Writing –

original draft, Writing – review & editing, Conceptualization, Project

administration, Supervision, Visualization. MG: Writing – original

draft, Writing – review & editing, Conceptualization, Project

administration, Supervision, Visualization.
Data availability statement

The original contributions presented in the study are included

in the article/supplementary materials, further inquiries can be

directed to the corresponding author/s.
Frontiers in Science 16
Funding

MN received funding from the European Research Council

(ERC-Adv-833247). GW received funding from the Canadian

Institutes for Health Research. The funders were not involved in

the study design, collection, analysis, interpretation of data, the

writing of this article, or the decision to submit it for publication.
Conflict of interest

PT is employed by Medable, Inc. EE is a scientific cofounder of

DayTwo and BiomX and an advisor to Purposebio, Igen, Aposense,

and Zoe in topics unrelated to this work. JN is the co-founder of

AstriVax www.astrivax.com, a vaccine technology platform. MS

declares shares in Sanofi S.A. The companies mentioned above were

not involved in the study design, collection, analysis, interpretation

of data, the writing of this article, or the decision to submit it for

publication. The Frontiers Business Intelligence team assisted in the

creation of Figure 1 in this article by selecting, grouping, filtering

and analyzing data generated from Dimensions AI. Licensing

restrictions apply. The filter configuration used by the Frontiers

Business Intelligence team is available in the figure caption and the

Appendix section below.

The remaining 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.

The authors MG, GW, MP, RR, MN, DK, TH, ND declared that

they were an editorial board member of Frontiers at the time of

submission. This had no impact on the peer review process and the

final decision.
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.
References
1. Pereira NL, Ahmad F, Byku M, Cummins NW, Morris AA, Owens A, et al.
COVID-19: Understanding inter-individual variability and implications for precision
medicine. Mayo Clin Proc (2021) 96:446–63. doi: 10.1016/J.MAYOCP.2020.11.024

2. Bambra C, Riordan R, Ford J, Matthews F. The COVID-19 pandemic and health
inequalities. J Epidemiol Community Health (1978) (2020) 74:964–68. doi: 10.1136/
JECH-2020–214401

3. Courtin E, Vineis P. COVID-19 as a syndemic. Front Public Health (2021)
9:763830. doi: 10.3389/FPUBH.2021.763830

4. Mendenhall E, Kohrt BA, Logie CH, Tsai AC. Syndemics and clinical science. Nat
Med (2022) 28:1359–62. doi: 10.1038/S41591–022-01888-Y

5. Wild CP. Complementing the genome with an “exposome”: The outstanding
challenge of environmental exposure measurement in molecular epidemiology.
Cancer Epidemiol Biomarkers Prev (2005) 14:1847–50. doi: 10.1158/1055–
9965.EPI-05–0456

6. The independent Panel for Pandemic Preparedness and Response. COVID-19:
Make it the last pandemic (2021). Available at: https://theindependentpanel.org/covid-
19-make-it-the-last-pandemic_final/.

7. Adeyi O, Yadav P, Kazatchkine M. Frontiers of medicine unveiled: equitable
access is an imperative. Front Sci (2024) 2:1422583. doi: 10.3389/fsci.2024.1422583

8. Sachs JD, Karim SSA, Aknin L, Allen J, Brosbøl K, Colombo F, et al. The Lancet
Commission on lessons for the future from the COVID-19 pandemic. Lancet (2022)
400:1224–80. doi: 10.1016/S0140–6736(22)01585–9

9. Wang H, Paulson KR, Pease SA, Watson S, Comfort H, Zheng P, et al. Estimating
excess mortality due to the COVID-19 pandemic: A systematic analysis of COVID-19-
frontiersin.org

www.astrivax.com
https://doi.org/10.1016/J.MAYOCP.2020.11.024
https://doi.org/10.1136/JECH-2020&ndash;214401
https://doi.org/10.1136/JECH-2020&ndash;214401
https://doi.org/10.3389/FPUBH.2021.763830
https://doi.org/10.1038/S41591&ndash;022-01888-Y
https://doi.org/10.1158/1055&ndash;9965.EPI-05&ndash;0456
https://doi.org/10.1158/1055&ndash;9965.EPI-05&ndash;0456
https://theindependentpanel.org/covid-19-make-it-the-last-pandemic_final/
https://theindependentpanel.org/covid-19-make-it-the-last-pandemic_final/
https://doi.org/10.3389/fsci.2024.1422583
https://doi.org/10.1016/S0140&ndash;6736(22)01585&ndash;9
https://doi.org/10.3389/fsci.2024.1236919
https://www.frontiersin.org/journals/science
https://www.frontiersin.org


Cauchemez et al. 10.3389/fsci.2024.1236919
related mortality, 2020–21. Lancet (2022) 399:1513–36. doi: 10.1016/S0140–6736(21)
02796–3

10. Baker RE, Mahmud AS, Miller IF, Rajeev M, Rasambainarivo F, Rice BL, et al.
Infectious disease in an era of global change. Nat Rev Microbiol (2022) 20:193–205.
doi: 10.1038/S41579–021-00639-Z

11. Sinclair JR. Importance of a One Health approach in advancing global health
security and the sustainable development goals. Rev Sci Tech (2019) 38:145–54.
doi: 10.20506/RST.38.1.2949

12. Watson OJ, Barnsley G, Toor J, Hogan AB, Winskill P, Ghani AC. Global impact
of the first year of COVID-19 vaccination: A mathematical modelling study. Lancet
Infect Dis (2022) 22:1293–302. doi: 10.1016/S1473–3099(22)00320–6

13. Casadevall A. The mRNA vaccine revolution is the dividend from decades of
basic science research. J Clin Invest (2021) 131(19):e153721. doi: 10.1172/JCI153721
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ensemble model based on early predictors to forecast COVID-19 health care demand in
France. Proc Natl Acad Sci USA (2022) 119:e2103302119. doi: 10.1073/
PNAS.2103302119/-/DCSUPPLEMENTAL

64. Sonabend R, Whittles LK, Imai N, Perez-Guzman PN, Knock ES, Rawson T,
et al. Non-pharmaceutical interventions, vaccination, and the SARS-CoV-2 delta
variant in England: A mathematical modelling study. Lancet (2021) 398:1825–35.
doi: 10.1016/S0140–6736(21)02276–5

65. Medley GF. A consensus of evidence: The role of SPI-M-O in the UK COVID-19
response. Adv Biol Regul (2022) 86:100918. doi: 10.1016/j.jbior.2022.100918

66. Ruggeri K, Stock F, Haslam SA, Capraro V, Boggio P, Ellemers N, et al. A
synthesis of evidence for policy from behavioural science during COVID-19. Nature
(2024) 625:134–47. doi: 10.1038/s41586–023-06840–9

67. COVAX: key learnings for future pandemic preparedness and response (2022).
Available at: https://cepi.net/wp-content/uploads/2022/09/COVAX_Key-Learnings-
for-Future-PPR_Sept-2022_FINAL_Updated-artwork.pdf.

68. Druedahl LC, Minssen T, Price WN. Collaboration in times of crisis: A study on
COVID-19 vaccine R&D partnerships. Vaccine (2021) 39:6291–5. doi: 10.1016/
J.VACCINE.2021.08.101

69. Goldman M. The Innovative Medicines Initiative: A European response to the
innovation challenge. Clin Pharmacol Ther (2012) 91:418–25. doi: 10.1038/
clpt.2011.321

70. Goldman M. Reflections on the innovative medicines initiative. Nat Rev Drug
Discov (2011) 10:321–2. doi: 10.1038/nrd3434

71. Riley S, Ainslie KEC, Eales O, Walters CE, Wang H, Atchison C, et al.
Resurgence of SARS-CoV-2: Detection by community viral surveillance. Science
(2021) 372:990–5. doi: 10.1126/SCIENCE.ABF0874

72. Acosta AM, Garg S, Pham H,Whitaker M, Anglin O, O’halloran A, et al. Racial and
ethnic disparities in rates of COVID-19–associated hospitalization, Intensive Care Unit
admission, and in-hospital death in the United States from March 2020 to February 2021.
JAMA Netw Open (2021) 4:e2130479. doi: 10.1001/JAMANETWORKOPEN.2021.30479

73. Aldridge RW, Story A, Hwang SW, Nordentoft M, Luchenski SA, Hartwell G,
et al. Morbidity and mortality in homeless individuals, prisoners, sex workers, and
individuals with substance use disorders in high-income countries: A systematic review
and meta-analysis. Lancet (2017) 6736:1–10. doi: 10.1016/S0140–6736(17)31869-X
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Appendix

Additional methodological details for Figure 1 are as follows.

The 2008 Australian and New Zealand Standard Research

Classification (ANZSRC) system was applied to identify all actual

publications in relevant years in the field of “Medical and Health

Sciences” within Dimensions, using machine learning to sort

publications into Fields of Research. Expected publication

numbers for 2020–2022 were calculated based on an exponential

trendline fitted on the actual 2009–2019 annual publication

numbers in relevant fields. All fields included in the analysis

showed a reliable trend 2009–2019 (R-squared > 0.8). In the line

charts, an estimated total publication volume for 2023 was used to

correct for the indexation lag of publications. For each field, we

looked at the difference in publication numbers between incomplete

and complete data of the previous year and applied this difference as

a correction factor to the 2023 publication volumes retrieved in the

January 2024 data.

For the fields “Clinical sciences”, “Public health and health

services,” “Oncology and carcinogenesis”, “Cardiorespiratory

medicine and hematology” , and “Immunology” , field

segmentation was based on subcategories of the ANZSRC 2008

Medical and Health Sciences Fields of Research. Publications were
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assigned to fields based on fractional counting. The segmentation of

other fields was approximated by the identification of relevant terms

in the abstracts of articles within the Medical and Health Sciences

Field of Research. Terms used were as follows: for “Antimicrobials”,

a combination of “antibiotic” or “antimicrobial” or “antiviral” or

“antibacterial” or “antifungal” or “antiparasitic” and “treatment” or

“therapy” or “use” or “drug”; “Vaccines and vaccination”, “vaccine”

or “vaccination”; and “Digital medicine and telemedicine”, “digital

medicine” or “digital health” or “telemedicine” or “telehealth”.

The proportion of articles that were COVID-related was

calculated based on the appearance of SARS-CoV-2/COVID-19

terms within abstracts. Terms used were as follows: “coronavirus

disease 2019” or “COVID” or “COVID-19” or “COVID-19 disease”

or “SARS-COV-2” or “SARS-COV2” or “SARS-CoV-2/COVID” or

“COVID-19 pandemic” or “COVID19” or “COVID-19 virus” or

“coronavirus SARS-CoV2” or “coronavirus SARS-CoV-2”. Only

articles without missing data on the terms present in their abstracts

were used in the calculation determining the share of COVID-

related articles. An average of 1% of articles per field had no terms

data and were discounted from the calculation.

Analyses were performed by Frontiers using Dimensions data

(until 1 January 2024).
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