:' frontiers
in Virology

SPECIALTY GRAND CHALLENGE
published: 24 May 2021
doi: 10.3389/fviro.2021.666548

OPEN ACCESS

Edited by:
Akio Adachi,
Kansai Medical University, Japan

Reviewed by:

Zsolt Ruzsics,

University of Freiburg Medical
Center, Germany

*Correspondence:
Graciela Andrei
graciela.andrei@kuleuven.be

Specialty section:

This article was submitted to
Antivirals and Vaccines,

a section of the journal
Frontiers in Virology

Received: 10 February 2021
Accepted: 20 April 2021
Published: 24 May 2021

Citation:

Andrei G (2021) Vaccines and
Antivirals: Grand Challenges and
Great Opportunities.

Front. Virol. 1:666548.

doi: 10.3389/fviro.2021.666548

Check for
updates

Vaccines and Antivirals: Grand
Challenges and Great Opportunities

Graciela Andrei*
Laboratory of Virology and Chemotherapy, Rega Institute for Medical Research, KU Leuven, Leuven, Belgium

Keywords: vaccines, antivirals, (re)emerging infectious disease, pandemics, epidemics, drug discovery, viral
targets

INTRODUCTION

In the last decades, emerging and reemerging infectious diseases marked the third epidemiological
transition (Figure 1A), characterized by: (i) identification of new emerging diseases; (ii) increased
incidence and prevalence of preexisting infectious diseases; (iii) appearance of antimicrobial-
resistant strains (1). These trends occur within a context of globalization, international trade,
migration, and ecological changes.

Highly pathogenic viruses have been related to some of the major pandemic and epidemics
that affected the course of human history [(15); Figure 1B]. Since HIV outbreak in the 80s, we
have witnessed the discovery of other highly pathogenic viruses as well as reemerging pathogens
(Figure 1C), including SARS-CoV-2 responsible for the currently ongoing COVID-19 pandemic.

Vaccines have clearly been game-changers in the fight against viral diseases. Antivirals play an
invaluable role mainly to control the HIV pandemics, the hepatitis C, and several herpesviruses
where vaccination has so far failed. Successful control and eradication of pandemic viruses can only
be achieved by prophylactic vaccination while antivirals can decrease the morbidity and mortality
related to the viral infection. However, using effective antivirals to fight pandemics or any viral
disease which appears as epidemics could be pivotal to control the spread of (re)emerging viruses.
The armaments (hygiene, vaccines, and antivirals) we dispose to fight against viral diseases are
continuously developing to counteract not only (re)emerging viral pathogens but also endemic
viral pathogens (e.g., HBV and herpesviruses) that had been infecting and co-evolved with human
beings over very long time periods.

VIRAL VACCINES: CORNERSTONES OF GLOBAL HUMAN
HEALTH

Though several approaches have been used to control viral disease (improved sanitation,
quarantine, and vector control), successful disease prevention has occurred mostly thanks to
vaccination (16). Traditional vaccination strategies, based on inactivated viral preparations or live-
attenuated strains, have successfully controlled dreadful viral diseases (e.g., smallpox, polio, and
measles). Smallpox eradication, thanks to massive vaccination worldwide, is one of the greatest
achievements of humankind. Without vaccination, it is projected that smallpox would cause
as many as 5 million deaths per year, measles 2.7 million deaths and polio 600,000 deaths or
paralytic cases (17).

In addition to traditional inactivated or live attenuated vaccines, virus-vectored, subunit,
viral-like particle, nucleic acid-based vaccines, and rational vaccine design provide innovative
technologies to surmount existing challenges of vaccine development. These novel vaccine
strategies significantly provided insights into vaccine immunology, and proved extremely useful in
rapid vaccine development for emerging infectious diseases. Safer formulations based on purified
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recombinant proteins led to effective vaccines against HBV,
rotavirus, and HPV. Vaccines based on nucleic acids have
gained popularity as RNA and DNA vaccines can be made fast
because no culture or fermentation is required, instead synthetic
processes are used. Due to the simplicity of in vitro mRNA
transcription, RNA vaccines can be developed and changed
extremely fast and, importantly, they are safe in theory and have
shown acceptable tolerability. Though they are not cost-effective,
are expensive, not very easy to produce in high quantity, and
hard to deliver, the enormous global collaborative research efforts
and immense investments made it possible that the RNA vaccines
reached commercialization in an unprecedented time and are in
the frontline combating the COVID-19 pandemic.

However, for many important known viral pathogens
(HIV, herpesviruses others than VZV, HCV, and RSV),
effective vaccines are not available. Fully protective vaccination
against influenza virus continues to be a challenge. Newer
vaccine technologies are also urgently needed to combat
(re)emerging viruses.

CHALLENGES FOR VACCINE
DEVELOPMENT AND POTENTIAL
SOLUTIONS

Challenges
Several substantial issues must be considered for viral vaccine
development, at the level of basic virology and efficacy (18).
A main barrier in vaccine development is pathogen variability
due to: (i) huge genetic diversity among viral types (e.g., >160
different rhinovirus serotypes); (ii) antigenic shift and drift
(e.g., influenza virus requiring yearly vaccine formulations);
(iii) viruses with high mutation rate (e.g., HIV and HCV);
(iv) zoonotic viruses (e.g., SARS-CoV, MERS, SARS-CoV-2,
influenza H5N1 and H7N9). Zoonotic viruses may show limited
variability in their natural hosts; however, these viruses have the
potential to infect humans (an immunological naive population).
If the pathogens establish themselves in the new host, in the
process of adaptation to humans, new variants will appear,
increasing the viral genetic variability. Although SARS-CoV-2
shows less genetic variability than HIV or HCV, variants with
higher transmissibility are being detected, raising concerns on
vaccine efficacy. A major hurdle in HIV vaccine development
is linked to HIV extensive genetic variability (19). For dengue
vaccines, imbalanced immunity against the four serotypes is a
major drawback (20).

Molecular mimicry between pathogenic viruses and human
proteins may lead to immune cross-reactivity playing a role

Abbreviations:  AIDS, acquired immunodeficiency syndrome; CMYV,
cytomegalovirus; COVID-19, coronavirus disease 2019; CRISPR/Cas9, Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-
associated (Cas); HAART, highly active antiretroviral therapy; HBV, hepatitis
B virus; HCV, hepatitis C virus; HIV, human immunodeficiency virus; HPV,
human papillomavirus; HTLV, human T-lymphotropic virus; MERS, Middle East
respiratory syndrome; MERS-CoV, Middle East respiratory syndrome coronavirus;
RSV, respiratory syncytial virus; SARS, severe acute respiratory syndrome; SARS-
CoV, severe acute respiratory syndrome coronavirus; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2; VZV, varicella-zoster virus.

in the etiologies of different inflammatory and autoimmune
diseases as the reaction of the immune system toward the
pathogenic antigens may also injure the similar human
proteins. In some SARS-CoV-2 infected patients, molecular
mimicry-induced adverse autoimmune-related manifestations
(e.g., transverse myelitis) have been reported, highlighting the
need for continuous surveillance of vaccine side-effects (21).

Antibody-dependent disease enhancement (ADE) occurs
when antibodies generated during an immune response can
recognize and bind to a pathogen, but they cannot prevent
infection; instead, these antibodies allow the virus getting into
cells or triggering harmful immunopathology. This complication
has been an impediment in development of vaccines for
dengue, RSV, and coronavirus disease in cats, and is a
potential barrier to COVID-19 vaccines (22). Anti-SARS-CoV-
2 antibodies could exacerbate COVID-19 through ADE, which
is a general concern for vaccine development because the
mechanisms that trigger antibody protection against any virus
have theoretically the potential to intensify the infection or
exacerbate immune responses.

Understanding host genetic variability is another important
challenge in vaccinology as host gene polymorphisms
influence vaccine-specific immune responses, a phenomenon
demonstrated for HBV, measles, rubella, mumps, smallpox,
cytomegalovirus, and influenza virus (18).

Ethnicity, race, age, and sex can impact vaccine-induced
immune responses, leading to variability of immune responses.
The lower immune response to vaccination in the elderly,
young children, and patients with congenital or acquired
immunodeficiency needs special consideration.

Immunodominance is a crucial principle in host response
to viral infections since the immune system recognizes and
respond only to a small set of immunodominant epitopes
despite the generation of hundreds of distinct antigenic peptides.
Pathogens exploits host immunodominance by modifying
immunodominant epitopes allowing the virus the evasion of host
immune responses (23, 24).

Due to the high complexity of the human immune system,
we have an incomplete understanding of immunity development
at the system-level. For some pathogens, e.g., CMV, we still do
not fully comprehend how protective immunity is conferred and
therefore, we are unable to reliable predict the outcome of a
natural infection or of vaccination.

Neutralizing antibodies serve as a correlate of immunity for
many viruses (e.g., rubella) but for some pathogens, antibody
presence is clearly not a correlate of immunity/protection
since infected individuals are not protected against disease
despite development of antibodies. Lack of correlates of
immunity/protection for some pathogens, e.g., HIV, CMV, is an
important barrier in vaccine development.

Another big challenge is vaccination acceptance because of
fear of some individuals that vaccines may cause diseases (e.g.,
autism or multiple sclerosis), despite lack of scientific evidence.
A growing vaccine hesitancy movement in USA and Europe in
the last years has led to decreased vaccination rates causing an
increase in global measles cases (>400,000 in 2019), reversing the
progress done over the last decades in measles eradication (25).
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FIGURE 1 | The perpetual challenge of viral infections. (A) Epidemiological transitions. Communicable diseases became known when human beings organized in
prehistoric hunter-gatherer societies. About 10,000 years ago, the Neolithic Revolution, also called the first agricultural revolution occurred, which was characterized
by a transition from a nomadic hunting and gathering lifestyle to sedentariness (1). The introduction of agriculture and of domestication and herding of animals created
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FIGURE 1 | the conditions for a rise in infectious diseases, known as the first epidemiological transition. Infectious diseases such as malaria, tuberculosis, leprosy,
influenza, and smallpox were already present several millennia ago. In the mid-nineteenth century, the second epidemiologic transition took place with the industrial
revolution, featured by a shift from infectious to chronic and degenerative diseases. In the last decades, emerging and reemerging infectious diseases marked the
beginning of the third epidemiological transition, characterized by three main trends: (i) identification of a substantial number of new diseases associated with
significant morbidity and mortality in human beings; (i) an increase in incidence and prevalence of preexisting infectious diseases thought to be under control; (iii)
appearance of antimicrobial-resistant strains that are difficult to manage (1). These trends occur within a context of globalization, international trade, migration, and
ecological changes that affect the climate and the environmental equilibrium. (B) Major viral pandemics in human history. Smallpox, one of the greatest scourges in
human history, first appeared in agricultural communities in northeastern Africa about 10,000 B.C.E, spreading throughout the Old World (2). Smallpox was endemic
to Europe, Asia, and Africa for centuries, killing millions of people. Variola virus, caused devastation on native populations because the indigenous populations lacked
natural immunity to smallpox, wiping out 90 to 95% of the indigenous people over a century. It is unknown how many people smallpox has killed throughout centuries,
but only in the twentieth century, smallpox estimated mortality is of 300 to 500 million people. Smallpox could be eradicated thanks to massive vaccination campaigns
(3, 4). The 1918 pandemic influenza (Spanish flu), caused by an antigenically distinct H1N1 influenza virus, occurred in three different waves, starting in March 1918,
and waning by the summer of 1919 (5). The virus infected about one-third of the planet’s population (~500 million people at that time) and made an estimated 50
million victims. During the 1918 influenza pandemic, the cause of the Spanish flu was unknown; there were no antivirals to treat the disease or vaccines to prevent
infection, no antibiotics for therapy of secondary bacterial infections, and no healthcare notion. The main response to the Spanish flu was based on physical and social
distancing, isolation, and quarantine. The Spanish Flu marked an inflection point in global health as the concept of socialized medicine emerged and the importance of
coordinating public health at the international level was recognized. Since the discovery of HIV/AIDS [beginning of 1980’s, more than 77 million people have been
infected with this virus, and about 35 million people have died of AIDS (6, 7). To date, around 37 million worldwide live with HIV, of whom 22 million are on treatment.
Although there is no cure for AIDS and no vaccines to prevent HIV, HAART can successfully control HIV. The HIV/AIDS pandemic have had a negative influence on the
global economy, though Africa, where the highest percentage of HIV/AIDS cases occur, was particularly affected. Developed countries engaged with the developing
world to give access to antiretroviral therapy and to establish a health care infrastructure. In December 2019, a cluster of pneumonia cases of unknown etiology was
reported in Wuhan City (Hubei province, China) (8, 9). By mid-January 2020, a novel coronavirus, named SARS-CoV-2, was identified as the etiologic agent of this
outbreak. The COVID-19 pandemic is not only a health crisis; it affects our society and the economy. The impact of the pandemic will differ from country to country,
but at a global scale, it will increase poverty and inequalities, propelling the amount of people living in conditions of extreme poverty in the next decade. COVID-19 is
changing the trajectory of development the world had before the emergence of SARS-CoV-2. (C) Examples of newly emerging and reemerging viral diseases in the

will be key factors for the recovery of this unprecedented global health crisis.

past decades. The (re)emergence of infectious diseases is mostly the consequence of the changes humans introduced in nature. Most zoonosis have occurred
because of an increase contact between human beings with animals, linked to the agricultural revolution of the last decades (10). Bush meat handling and
consumption of non-human primates is an effective route for the transmission of zoonotic pathogens into human populations. Several viruses, such as HIV/AIDS (via
SIV) and HTLV, associated with leukemia, lymphoma, and myelopathy, have been related to pathogens of non-human primates. Bush meat is also linked to the
reemergence of Ebola virus in 2015-2016. Since the 1918-1919 Spanish flu, other less severe influenza pandemics have occurred in 1957 (H2N2 Asian Flu), 1968
(N3H2 Hong Kong Flu), and 2009-2010 (H1N1 Swine Flu) (11). Besides, several epidemics caused by novel avian influenza viruses, including the Asian H7N9 virus,
and the Asian H5N1 virus, which normally do not infect humans, have occurred after exposure to infected poultry or contaminated environments. Vector-borne
diseases are highly sensitive to climate changes (10). Arthropod-borne viruses, including dengue virus, chikungunya virus Zika virus, West Nile virus, and Crimean
Congo hemorrhagic fever virus have reemerged in many tropical and subtropical areas in the two last decades. In addition to SARS-CoV-2, two other coronaviruses
crossed animal-human barriers and emerged as major human pathogens in the twenty-first century, causing deadly diseases in humans (12). SARS-CoV was
reported by China in 2002 and MERS-CoV by Saudi Arabia in 2012. Unfortunately, no actions were taken to reduce the risks of emergence of new coronaviruses
following these two alerts. The outbreaks of novel human coronaviruses are the result of the interactions between humans and animals. Preparedness to face the
appearance of other pandemics caused by another coronavirus, an influenza virus, a paramyxovirus, a flavivirus, or any other known or a new zoonotic virus is
mandatory. Lessons can be learned from previous coronavirus outbreaks and from the deadly Spanish Flu pandemic, taking into account the (dis)similar biological
features and clinical characteristics of the illnesses these viruses caused (13, 14). The COVID-19 pandemic was unpredictable and overwhelming, completely, and
radically changing our lives and lifestyle, causing traumatic events comparable to a war world for some people. It has resulted in millions of people infected around the
World and thousands of deaths. What is more stressful is that there is still a great uncertainty on how this crisis will evolve and on the possible post-crisis scenarios.
The efficacy and public uptake of the already available vaccines and of those arriving to the market soon as well as the development of a specific antiviral treatment

Efforts to Overcome the Challenges

Viral genomics is of great utility for determination of viral strains
diversity, virulence factors identification, selection of conserved
regions, construction of vectors, generation of recombinant
proteins, attenuation of vaccine strains, and design of nucleic-
acid based vaccines. Identification of genetically conserved
regions allows targeting epitopes present across multiple strains
and thus cross-protective immune responses, highly valuable
to develop universal influenza vaccines, and pan coronavirus
vaccines to be prepared for a next pandemic.

Systems biology and vaccinomics are used to understand
the complex interactions of the different immune components
in response to a natural infection or following vaccination.
Transcriptomics, epigenomics, proteomics, and metabolomics
have proven extremely valuable in understanding immune
function, host-pathogen interactions, and pathogen genetics,
providing insights into how vaccination can lead to

antibody-dependent enhancement, a complication seen in
development of vaccines for dengue, RSV and coronavirus
disease in cats, and thus a potential barrier to COVID-19
vaccines (22).

A viral genetic approach together with host genetics
analysis are needed to reveal the factors determining host
immunodominant responses against dominant epitopes and
how viruses exploits this phenomenon to evade the host
immune system.

Structural vaccinology made possible mapping viral
epitopes onto the three-dimensional structure of viral
proteins, determination of antibody-antigen complexes
(important to understand critical antibody functionality, such as
neutralization) and identification of critical conserved regions
(that can be targeted for more efficient immune responses).

Human genome-wide association studies are being used
to delineate inter-individual variability, non-responders
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populations and impact of sex, age, race, and ethnicity in
vaccine-induced immunity (26). A fundamental focus of
vaccine development for immunosuppressed persons is the
activation of innate immune response without using life-
attenuated vaccines. To increase the immunogenicity of
subunit vaccines, the use of adjuvants is necessary. Since the first
generation of adjuvants (aluminum salts and mineral oil-in-water
emulsions), much efforts have been done toward delivery of novel
safe adjuvants (27).

Although several conventional viral vaccines (attenuated or
inactivated pathogens or protein subunits) have been produced,
new vaccines are being developed, consisting of nucleic acid that
encode the desired antigen(s). These novel vaccines are designed
based on data obtained from systems biology, adjuvant discovery,
new formulations and vaccine vectors, immunization routes, host
factors studies, and results from animal models. CRISPR/Cas9
genome editing technology was used to excise virulence genes
and create viral vaccines (18).

Monitoring of vaccine safety is a necessity and genetic
approaches (immunogenomics, system biology, computational
modeling and bioinformatics, termed “adversomics”) are being
used to better understand genetic and non-genetic determinants
of aberrant vaccines responses at molecular level (18). Significant
efforts need to be conducted at the scientific level and public
advocacy level to restore confidence in vaccines. The COVID-
19 pandemic has increased fear and uncertainty because of rapid
SARS-CoV-2 vaccine development.

ANTIVIRALS: SUCCESSFUL STORIES AND
FUTURE STEPS

The foundations of antiviral therapy began in the early 1950s with
the search of new molecules capable of hindering DNA synthesis
for anticancer treatments. In the 1960s, scientists had doubts
that specific drugs could be found to fight viruses. Acyclovir
approval (in 1982) was a breakthrough, providing proof-of-
concept that highly effective and non-toxic antivirals could be
developed, pioneering a more rational approach to antiviral drug
development (28).

At present, 106 drugs have been licensed for therapy of
viral diseases. Despite the vast diversity of human viruses
(over 200 currently known), antivirals are approved only for
a handful of viruses (HIV, HCV, influenza virus, RSV, HBV,
HPYV, herpesviruses, and SARS-CoV-2 (29). Half of the approved
antiviral drugs are used for HIV therapy. The development of
effective HIV treatments was remarkable in speed and success,
boosting antiviral research. After the approval of the first
antiretroviral drug in 1987, a breakthrough in HIV therapy was
the introduction in mid-1990’s of HAART able to reduce AIDS-
related deaths by 60-80% (30). Although tremendous efforts have
been done in antiretroviral therapy, culminating in the one-pill
once-a-day regimens, there are still about one million people
dying of AIDS per year.

The antiviral drugs available to treat viral infections have saved
tens of millions of human lives over the last decades, and they
will continue to be a cornerstone for treatment of current as well

as (re)emerging viral infections. Although great achievements
have been made, there are big challenges to undertake. Antiviral
compounds displaying broad-spectrum activity against different
virus subtypes or genotypes should be developed. Several anti-
HCV drugs show activity against genotype 1 but not against other
genotypes. However, acyclovir, foscarnet, ribavirin, tenofovir,
and cidofovir are used for therapy of infections caused by
different viruses, indicating that development of broad-spectrum
antivirals is doable, which is of extreme importance as first-line
measure for (re)emergent new viruses.

We also still need antiviral drugs that are more potent
than the currently available antivirals to suppress completely
viral replication, limiting drug-resistance, a major cause of
HIV therapy failure. At present, we are unable to eradicate
herpesviruses and HIV from their latent state, hence we
need to tackle the viral genomes that persist in the host.
Effective treatments to treat co-infections with different viruses
(HBV/HIV, HCV/HIV) need to be developed. Importantly, we
need cost-effective and non-toxic antivirals.

STRATEGIES AND TRENDS IN ANTIVIRAL
RESEARCH

Although viruses are intracellular parasites that rely on the host
cells for replication sharing many stages of their replicative cycle
with cellular life cycles, most antivirals target specific steps of
virus multiplication. It is challenging to identify compounds that
specifically shut down viral replication without harming the host
cells. In addition, some viruses may rapidly acquire resistance
to a drug (31, 32).

High-throughput screening is based on evaluation of
hundreds of thousands of natural and synthetic chemicals
for antiviral activity and toxicity with the aim at identifying
candidate compounds (33). Thanks to the advances in molecular
virology enabling production of functional viral proteins for
biochemical testing, antivirals for viruses that cannot be grown
in cell culture can be discovered. Another alternative for the
discovery of new antivirals is rational drug design where
modifications are made to a chemical structure with the aim of
increasing its antiviral potency and/or reducing its cytotoxicity.

Modeling programs are used to computationally screen
chemicals for predicting interactions with viruses, reducing lab
work. There are currently being reported in silico docking studies
or other computer-based predictions of antiviral activity without
support of biological assays (34). Although this is an interesting
approach for accelerating and reducing drug discovery and
development process costs, theoretical findings should be
sustained by biological data to provide promising new insights
and speed up the drug discovery workflow. Computational drug
discovery methods (e.g., molecular docking, molecular similarity
calculation, pharmacophore modeling and mapping, sequence-
based virtual screening, and de novo design) can be applied
at different stages in drug discovery and development, being
particularly important for target identification in conjunction
with biological validation.
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Preclinical evaluation in an animal model before clinical trials
is a critical step (33). Unfortunately, many initially promising
drugs fail to show efficacy in vivo, or prove toxic to animals,
and an important number of candidates fail in clinical trials.
The use of in vitro systems that are not representative of
the in vivo situation can explain, at least in part, this failure.
Many antiviral tests use a cell type that is different from the
one the virus infects in the host. Numerous assays utilize
established cell lines, which are immortalized cells or even worse
transformed cells with alterations in several cellular pathways.
Drug metabolism and viral replication can be different in these
cells than in normal primary cells. Cell culture adapted viral
strains that have acquire genetic changes or loose part of their
genome are often used. Most in vitro systems are based on
cells grown in monolayers that do not always behave as in the
natural host. Human-specific viruses, for which no animal model
exist, pose a major problem for drug-preclinical testing and
data obtained in animals cannot directly be extrapolated to the
human situation. Therefore, we need to develop and validate
novel in vitro tests that can mimic the in vivo situation, such
as three-dimensional cultures, and to develop animal models
for which data can be extrapolated more faithfully to the
human situation.

The process required to develop a new antiviral drug is
complex, highly expensive (an estimated 2.8 billons for a single
drug) and long (on average 12 years). In emergency situations

(COVID-19 pandemic), the search for an effective treatment
can be accelerated through drug repurposing (35); a strategy
that takes a drug already licensed for therapy of another disease
and repurpose it to be used to treat an infection caused by a
novel virus. Because safety and pharmacokinetic profile of the
potential drug-candidates are already known, a limited number
of in vitro studies to evaluate their antiviral activity and specificity
is mandatory.

Most approved antiviral drugs are small molecules that inhibit
the replication of the viral genomes. During the last years, efforts
are being made to target different steps of the viral replicative
cycle (29). Besides, new treatment perspectives including
nanoparticles, monoclonal antibodies, and the CRISPR/Cas-
9 system are being explored (36). Nanoparticles are used in
different formats and composition as delivery system of antiviral
molecules to improve their therapeutic efficacy and reduce
their toxicity (37). Both polyclonal and monoclonal neutralizing
antibodies can be potentially used as antivirals because of their
capacity to target specific epitopes. Despite some limitations of
neutralizing antiviral antibodies as therapeutic agents, they have
potential for prevention and treatment of several viral infections
(Ebola, HIV, chikungunya virus, MERS-CoV, SARS-CoV, and
SARS-CoV-2) (38). The CRISPR/Cas-9 technology is being used
in different antiviral strategies, including: (i) modification of
viral entry receptors, (ii) knock-down of host viral factors, (iii)
induction of host restrictions factors, (iv) excision and removal of
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viral genomes that are integrated in the host genome or persisting
as episomes (39, 40).

To date, only a few approved antivirals target the host
systems (28). Even though much efforts have been directed
toward the development of host cell-directed therapeutics with
the advantage that they can potentially have a broad spectrum
antiviral activity and a high genetic barrier to resistance, results
have been disappointing, mostly due to toxicity issues. However,
targeting host factors remains an active research area. Proteomics
and genome-wide CRISPR screens can be used to reveal host
factors critical for viral Infection (41, 42).

ANTIVIRALS AND VACCINES:
CHALLENGING FUTURE

We have experienced the global progress in infectious diseases
control in the last years thanks to improved sanitation,
effective vaccination and use of effective antiviral therapy.
However, infectious diseases remain a leading cause of mortality
worldwide, new viral diseases are emerging and known diseases
are reemerging. Though new and improved vaccines and
antivirals are being made, several endemic and (re)emerging viral
diseases remain a threat for humankind. It is almost certain that
we will face an increased number of viral diseases. Pathogenic
viruses can move fast and unexpectedly spill over into new
populations. The major epidemics and pandemics seen in the last
decades and the social and environmental changes promoted by
humans contributing to the emergence of these viruses forecast
the appearance of a next pandemic. At present, politicians and
key decision-makers pay full attention to COVID-19 but we need
to learn from this cruel experience to rethink our approaches to
future national and international preparedness (Figure 2).
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