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ABSTRACT

Viral infections cause high morbidity and mortality, threaten public health, and

impose a socioeconomic burden. We have seen the recent emergence of SARS-

CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2), the causative agent of

COVID-19 that has already infected more than 29 million people, with more than

900 000 deaths since its identification in December 2019. Considering the signifi-

cant impact of viral infections, research and development of new antivirals and

control strategies are essential. In this paper, we summarize 96 antivirals approved

by the Food and Drug Administration between 1987 and 2019. Of these, 49

(51%) are used in treatments against human immunodeficiency virus (HIV), four

against human papillomavirus, six against cytomegalovirus, eight against hepatitis

B virus, five against influenza, six against herpes simplex virus, 17 against hepati-

tis C virus and one against respiratory syncytial virus. This review also describes

future perspectives for new antiviral therapies such as nanotechnologies, mono-

clonal antibodies and the CRISPR-Cas system. These strategies are suggested as

inhibitors of viral replication by various means, such as direct binding to the viral

particle, blocking the infection, changes in intracellular mechanisms or viral genes,

preventing replication and virion formation. We also observed that a large number

of viral agents have no therapy available and the majority of those approved in

the last 32 years are restricted to some groups, especially anti-HIV. Additionally,

the emergence of new viruses and strains resistant to available antivirals has

necessitated the formulation of new antivirals.

INTRODUCT ION

Viruses are aetiological agents of several chronic and

severe diseases and have a global presence. Some

viruses can lead to epidemics or pandemics, as

observed throughout history such as those caused by

the influenza virus [1], human immunodeficiency virus

(HIV) – the aetiological agent of acquired immunodefi-

ciency syndrome (AIDS) – and recently COVID-19, the

disease caused by the new coronavirus SARS-CoV-2. It

is estimated that 1.8 million people are infected with

HIV worldwide, with Africa and Southeast Asia being

the most affected regions [2]. There were about

12 800 deaths globally due to the H1N1 Influenza A

pandemic in 2009, and the highest mortality rate was

registered in the South American continent, with 76.9

deaths per 10 000 inhabitants [3]. Since its emergence

in December 2019, COVID-19 has infected more than
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29 million people with more than 900 000 deaths

worldwide until August 2020, characterising the lar-

gest pandemic of the current century [4]. Due to their

ease of transmission and wide dissemination, along

with the possibility of potentially lethal complications,

respiratory viral infections account for high rates of

morbidity and mortality [5]. Central nervous system

(CNS) tropism, shown by some viruses such as herpes

simplex virus types 1 and 2 (HSV-1 and HSV-2) and

varicella zoster virus (VZV), can also result in severe

acute infections, such as meningitis and encephalitis or

microcephaly, as seen in Zika virus (ZIKV) infection

[6,7]. In addition to viruses causing chronic diseases,

there exist oncogenic viruses such as hepatitis B virus

(HBV), which has infected approximately 250 million

people, and human papillomavirus (HPV), the aetiolog-

ical agent of sexually transmitted infection and cervical

cancer [8,9]. Viruses are also associated with socioeco-

nomic ratios and longevity and affect the quality of life

in a population. Some African countries have suffered

recurrent epidemics caused by the Ebola virus, linked

to low health development rates and serious public

health problems [10].

Considering the high prevalence of viral infections,

the limited number of antivirals available, the emer-

gence of new viruses, and the re-emergence of some

viruses, research on new antivirals has become extre-

mely important. Moreover, high genetic variation pre-

sented by some viruses necessitates constant

monitoring for possible pandemics in the form of

updating available vaccines that have become obsolete

due to emergence of new viral strains [11]. The search

for and development of new antiviral drugs is quite

challenging; however, new and encouraging antiviral

therapies have been proposed. In this study, we review

on the antiviral drugs approved in recent years and

new proposals for antiviral therapies.

ANT IV IRAL THERAP IES

Antiviral drugs are still quite limited in terms of num-

ber and variety. Since viruses are obligatory intracellu-

lar pathogens, they are essentially dependent on the

machinery and metabolism of a host cell. Therefore,

selective toxicity and minimization of major side effects

to the host are necessary during the development of

new antivirals [12,13]. In addition to the possibility of

resistance presented by certain viral strains, limitations

of in vitro laboratory techniques and availability of ani-

mal models that mimic human infections in vivo also

hinder the discovery of new candidate molecules for

antivirals [9].

Antiviral drug therapy started with iododeoxyuridine

(IDU), a nucleoside analogue synthesized in 1959, ini-

tially as a potential anticancer drug [14]. In the late

1970s, the development of acyclovir (ACV) and the

subsequent addition of its prodrugs represented a major

advance in the treatment of viral infections. ACV acts

on HSV-infected cells, where its active form is effec-

tively acquired through phosphorylation by a viral

enzyme (thymidine kinase), demonstrating low toxicity

and potent selectivity of this drug [15].

By definition, antivirals are compounds that inhibit

the formation of new viruses and do so by blocking

essential stages of viral replication. Thus, understand-

ing these steps is essential for the development of new

antiviral agents [16]. A generalized summary of the

viral replication steps is presented in Figure 1 and com-

prises the adsorption of the virion onto the host cell,

penetration into the intracellular environment, uncoat-

ing and release of viral nucleic acid, replication of

genetic material, synthesis of viral components, and

virion assembly and release.

Adsorption and penetration are excellent targets for

antiviral activity. For example, the anti-HIV drug enfu-

virtide blocks the fusion of the viral envelope with the

cell membrane, specifically binding to the glycoprotein

(gp-41) of the envelope [17]. After penetration, some

viruses need to carry their genetic material to the host

cell nucleus using microtubules, suggesting a potential

target for therapeutic intervention [18]. Blocking

replicative enzymes such as viral polymerases is

another targetable viral replication step for drugs like

zidovudine, which inhibits HIV reverse transcriptase

[19].

Due to the complexity of the viral replication steps

associated with the mutagenic capacity of some

viruses, antiviral therapies occasionally involve the use

of two or more drugs in order to increase the effective-

ness of the treatment, featuring antiviral polytherapy

or combination therapy. Polytherapy seems to be a

viable alternative treatment for some viruses such as

HIV, especially against resistant viral strains [20]. In

addition to HIV, in a study by Beigel et al. [21], the

synergistic effect of oseltamivir, amantadine and rib-

avirin against H1N1 was demonstrated to be more effi-

cacious than that of monotherapy with oseltamivir.

In addition to antivirals that work by interfering in

the replication cycle, other compounds that control the

viral infection by modulating the host immune

ª 2020 Soci�et�e Franc�aise de Pharmacologie et de Th�erapeutique
Fundamental & Clinical Pharmacology 35 (2021) 305–320

306 B.C. Gonc�alves et al.



response have also been investigated. This group

includes interferons which represent a family of cytoki-

nes that activate the innate immune response against

viral infections [22]. Briefly, interferons can act on

both, infected and healthy cells, imparting resistance to

viral infection, called an antiviral state. The interferons

secreted by infected cells prevent viral replication by

binding to cell receptors, especially on adjacent cells,

activating the transcription of genes encoding antiviral

proteins, such as ribonucleases, thereby blocking viral

replication [23]. The antiviral imiquimod, which acts

as an antagonist to toll-like receptors, is an example of

such immune response modifiers [12]. Toll-like recep-

tors are crucial in the immune response against infec-

tions, since they recognize conserved regions of

pathogens and induce the production of cytokines [24].

Food and Drug Administration (FDA)-approved sub-

stances and drugs which have other therapeutic indi-

cations have also been evaluated as possible antivirals

by expanding their pharmacological action. Currently,

this strategy has been widely used in emergency

attempts to control the COVID-19 pandemic, taking

advantage of the knowledge of pharmacokinetics, phar-

macodynamics, along with awareness of side effects of

previously available drugs. However, the inhibitory

effects found in vitro can only be confirmed in vivo in

long-term studies. Currently, around 900 clinical trials

are underway worldwide, including those for antivirals,

corticosteroids and antibiotics, among others, against

COVID-19 [4]. However, only few candidate agents,

such as hydroxychloroquine (HCQ), and chloroquine

and remdesivir and lopinavir-ritonavir, have been

included in the World Health Organization (WHO)

SOLIDARITY clinical trial. By enrolling patients from

several countries, the SOLIDARITY trial aims to quickly

determine whether any of these drugs slow the pro-

gression of the disease or improve patient survival.

Chloroquine or Hydroxychloroquine – indicated for

the treatment of malaria and rheumatoid arthritis –
has already been evaluated for treatment of viruses

such as hepatitis A, HIV, flavivirus [11] and coron-

avirus [25]. Its antiviral mechanisms are based on its

capacity to increase the endosomal pH. This prevents

enveloped viruses, such as those belonging to the

Coronaviridae family (e.g. SARS-CoV-2), from entering

and releasing their genetic material into the host cells

[26]. The anti-SARS-CoV-2 activity of hydroxychloro-

quine has been tested in different countries through

randomized multicenter studies. Although the studies

varied in the number of patients evaluated, period of

pharmacological intervention (outpatients or inpa-

tients), and design, that is, monotherapy or combina-

tion therapy (azithromycin/oseltamivir),

hydroxychloroquine treatment does not seem to show

significant improvement in mortality, in addition to

showing possible adverse events such as heart failure,

increased hospital stay, and risk of progression to inva-

sive mechanical ventilation or death [27–34]. Another
randomized study evaluated the use of lopinavir-riton-

avir in the treatment of COVID-19 in critically ill

patients hospitalized in Wuhan but did not identify any

benefit in relation to the control [35].

Figure 1 Steps of viral replication:

exposure to the virus (0); viral

adsorption onto the host cell

surface (1); penetration of the

virus into the intracellular

environment (2); uncoating and

disassembly (3); viral genome

replication and transcription (4);

viral mRNA translation (5);

mounting (6); and release of the

viral progeny (7).

ª 2020 Soci�et�e Franc�aise de Pharmacologie et de Th�erapeutique
Fundamental & Clinical Pharmacology 35 (2021) 305–320

Antiviral therapies 307



Remdesivir, an adenosine analogue that interferes

with viral RNA polymerase activity, has a broad antivi-

ral spectrum. Its activity against the MERS and SARS

coronaviruses has been demonstrated in vitro and

in vivo. Recently, two clinical practice guidelines rec-

ommended the administration of remdesivir [36,37],

based on the findings of the randomized clinical trial

(RCT) ACTT-1. This trial enrolled 1 063 patients from

13 countries, selecting patients with severe as well as

mild/moderate illness. It reported a considerable reduc-

tion in recovery time for COVID-19 patients treated

with remdesivir compared with that for placebo treat-

ment; however, the trial revealed no major differences

in mortality or the need for ventilation [38]. Another

randomized trial carried out on 237 patients with sev-

ere COVID-19 revealed no significant clinical improve-

ment, neither in the mortality rate (14%) nor in the

time for elimination of the virus in the group treated

with remdesivir compared with that for placebo treat-

ment. However, all patients included in this study had

pre-existing illnesses [39]. These trials both addressed

the critical outcomes for COVID-19 treatment (defined

by the panel), including mortality, mechanical ventila-

tion, time to clinical improvement, duration of hospital-

ization and adverse events related to drug

administration. Another cohort study on patients hos-

pitalized for severe COVID-19 showed 68% clinical

improvement upon remdesivir treatment; however, the

mortality rate observed in this study corroborated with

that reported by Wang et al. [39]. Moreover, 60% of

the patients experienced one or more adverse drug

events, of which 23% had serious conditions. The most

common adverse events were abnormal liver function,

diarrhoea, rash, renal impairment and hypotension

[40]. Thus far, the ongoing trials examining remdesivir

include WHO SOLIDARITY, DISCOVERY

(NCT04315948) and SIMPLE (NCT04292899).

A large number of natural compounds have also

demonstrated antiviral effects in vitro and in vivo, such

as those derived from the Digitalis lanata plant are

already being used as cardiotonic drugs due to the

presence of cardiac glycosides and have shown promis-

ing anti-HIV-1 activity by inducing splicing during the

viral replication process [41]. In addition to the com-

pounds (synthetic or natural) proposed as antivirals,

many studies have demonstrated the potential of metal-

lic nanoparticles, monoclonal antibodies and the

CRISPR system in controlling viral infections. The

antiviral activity of nanoparticles has already been

demonstrated against H1N1 influenza using iron oxide

[42] and against hepatitis C virus (HCV) using copper

nanoparticles [43]. Monoclonal antibodies have been

shown to be effective in neutralising several viruses

and can mount an immune defence by acting in a way

similar to that of natural antibodies [44]. In addition

to their therapeutic role, monoclonal antibodies can

also have a prophylactic function due to their persis-

tence in the serum [45]. The CRISPR-Cas9 technique is

based on a gene-editing system which uses CRISPR

sequences – grouped and regularly spaced short palin-

dromic repetitions – that are naturally present in

prokaryotes [46]. It has been investigated experimen-

tally for viral infections such as HIV infections wherein

it acts directly on the viral genetic material, especially

on the provirus, in patients in whom the disease is

under control [47]. These techniques are described

below.

FDA-approved antivirals between 1987 and 2019

In this review, antivirals approved by the FDA between

1987 and 2019 have been analysed. These drugs are

being used for therapeutic use against RNA viruses,

including HCV, HIV, influenza virus (INFLU), respira-

tory syncytial virus (RSV) and against DNA virus,

including cytomegalovirus (CMV), HBV, HPV and her-

pes simplex virus (HSV). The year of approval, generic

and commercial name, and targeted viral component

or mechanism is mentioned in Table I [17,48].

There are 49 HIV antivirals available so far, with

the first one, zidovudine approved in 1987. Some drugs

are used in polytherapy, while some are used in combi-

nation, especially those approved in the last decade.

HIV treatment usually includes different medications

with different targets so that in case of resistance to

one, the others are still effective [49]. Overall, we have

listed 96 FDA-approved antivirals between 1987 and

2019, of which 49 are anti-HIV, with the most num-

ber of approved drugs (51%), followed by 17 anti-HCV,

five anti-influenza, one anti-RSV, six anti-CMV, eight

anti-HBV, four anti-HPV and six anti-HSV drugs. The

years with the most approvals were 1998 and 2015

with seven, followed by 2018 with six and 1996,

1997, 2014, with five approvals each (Figure 2).

NEW PERSPECT IVES FOR THE
TREATMENT OF V IRAL DISEASES

Nanotechnology applied to antivirals

Scientific interest in nanoparticles is on the rise, due to

their versatility and especially their wide applicability.
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Owing to the conversion of pure metals into nanoparti-

cles, nanotechnology has become a powerful research

technique in medical sciences and is used in the diag-

nosis of diseases, for carrying drugs, and even for their

antimicrobial and anticancer activities [42,50,51].

These infinitesimal particles, produced using varying

methods and used in different formats and composi-

tions, are capable of transporting substances into the

body, improving therapeutic efficacy and decreasing

toxicity of the substance carried [43,44,52]. Nanos-

tructured delivery systems have numerous advantages

for drug delivery, including the abilities to protect the

active molecules against degradation in physiological

medium and to release the active substance in a con-

trolled manner at the site of action. This biotechnology,

therefore, assists in conducting active principles to their

target locations with more specificity, bypassing prob-

lems associated with commercially available drugs.

Further, features such as easy synthesis, biocompatibil-

ity and optical properties make them suitable for bio-

logical applications.

Depending on the materials with which they are pre-

pared, nanoparticles are classified as polymeric (usually

prepared using biodegradable polymers to provide con-

trolled release of encapsulated therapeutic substances),

solid lipids, magnetics or metallics [53]. Regarding

their mechanism of action, although not confirmed or

outlined, it is assumed that nanoparticles act directly

on the virus or that they induce structural changes in

the virus, preventing it from penetrating the target cell.

Some studies suggest the intracellular action of

nanoparticles through protein interference. Thus, the

possible mechanisms of action of nanoparticles still

need to be elucidated. Table II shows data gathered

from some recently published studies investigating

nanoparticle antiviral activity, proving their effective-

ness and wide use [12].

Nanotechnology was recently suggested for combat-

ting SARS-CoV-2 infection. Results of successful studies

on respiratory viruses, including SARS-CoV [64], could

also be applied to this new coronavirus through poly-

meric inorganic nanoparticles, using self-assembling

and peptide-based proteins [65]. This method will

enable not only faster mucosal penetration and dissem-

ination but also formulation of stable biodegradable

products with minimal levels of pulmonary toxicity

during the treatment. The activity against SARS-CoV-2

could be explained on the basis of a study by Schmitt

et al. [66], in which virus-like nanoparticles containing

a fusion protein conferred a protective effect against

RSV in mice. This effect is suggested to be stimulated

by the induction of defence cells as natural killers,

tumour necrosis factor (TNFa) and interferon gamma

(IFN-c) (+) in the pulmonary and bronchiolar airways

during the infection stage and the absence of harmful

plasmacytoid dendritic cells (pDCs) and effector T cells.

Nanoparticles offer many advantages, especially in

the treatment and eradication of infectious diseases. As

antivirals, they show improved effectiveness and over-

come limitations such as low bioavailability, adverse

side effects, frequency of ingestion and treatment time.

However, this new technology still needs complemen-

tary studies that seek the characterization of nanoma-

terials and development of highly biocompatible,

biodegradable, and non-cytotoxic nanocarrier systems

as well as nano-transporters to act specifically on viral

infection without affecting healthy cells and tissues.

These nanomaterials, in addition to their role in drug

Figure 2 FDA-approved antivirals

between 1987 and 2019 by year

of approval.
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delivery, should be able to exert their expected antiviral

therapeutic characteristics. Thus, studies investigating

the interactions of nanomaterials with the immune sys-

tem, which plays the most important role in control-

ling viral infections, are required.

Monoclonal antibodies against viral infections

The production and isolation of monoclonal antibodies

(mAbs) began in the 1970s by stimulating antibody

production in animals via myeloma tumour cells using

a technique known as hybridoma. Currently, this pro-

duction can be optimized using chimeric monoclonal

antibodies from camelids, by ‘phage display’, isolation

of memory B cells, and direct cloning of the secretory

plasmacytic or the antibody itself, via genetic and

molecular coding [67]. mAbs have high specificity with

direct and rapid viral repression [68]. They neutralize

virions by identifying viral surface antigens which are

essential for recognition and binding to host cells (Fig-

ure 3). Moreover, viral dissemination can be reduced

by the effector functions of the Fc fragment) and recog-

nition of the complement system [69].

The first FDA-approved mAb was ibalizumab (Ther-

atechnologies Inc.) and was used to treat HIV in adult

patients refractory to conventional antiviral treatment

[70]. It acts by blocking the entry of HIV-1 into host

cells by non-competitive binding to TCD4+ lymphocytes

[71]. It induces a conformational change in the gp120

binding site, preventing the virus from fusing with the

cell membrane [72]. Other mAbs such as 3BNC117,

3BNC117-LS and VRC01 also function by blocking the

TCD4 binding site, which is necessary for viral envel-

ope adsorption; however, they are still in the clinical

trial phase [73,74].

mAbs are also beneficial in prophylactic treatment,

especially against emerging viruses such as ZIKV in

pregnant women, preventing the impairment of foetal

development. In this context, three antibodies have

already been formulated and are undergoing laboratory

testing: SMZAb1, SMZAb2 and SMZAb5, which pre-

vented viral replication in monkeys [74]. Sapparapu

et al. [75] demonstrated a decrease in infection in preg-

nant mice and foetal tissues with the use of mAb

ZIKV-117. The first human mAb to proceed to the clin-

ical trial stage will be Z021, which has significant neu-

tralising potential after recognising an envelope

domain (EDIII) epitope of ZIKV. INO-A002 is the most

recently announced mAb, which uses DNA decoding

Table II Update on research of nanoparticles with antiviral activity.

Year Reference Nanoparticle

Virus Effect
2019 [51] Iron oxide Influenza A Alteration of viral RNA transcripts, with an 8-fold reduction in viral RNA

2018 [44] Chitosan/siRNA Influenza A Inhibition of viral replication

2018 [42] Tannic/Silver Acid HSV-1 e

HSV-2

Inhibition of viral adsorption

2018 [54] Dentritic polyglycerol sulphate HSV-1 Inhibition of viral entry

2018 [52] Gold coated with polymers (MES & MUS) HSV-1,

HSV-2,

HPV-16,

RSV, LV-

VSV-G e

DENV-2

Virucidal effect

2018 [55] Diphyline and bafilomycin Influenza A Increased antiviral activity in vitro, but in vivo diphyline

nanoparticles reduced pulmonary viral charge in mice

2017 [56] Ritonavir carrier lipids HIV Maintained ritonavir activity and modulated drug release

2016 [57] Zinc oxide tetrapods HSV-2 Inhibition of viral entry and virustatic effect

2016 [58] Siallylactosamine-carrying glyco-nanoparticles Influenza A Inhibition of virus binding to cell

2016 [59] Galactosylated conjugated amines HCV Inhibition of virus replication through siRNA release by nanoparticles

2016 [60] Dapivirine carriers HIV Improvement in distribution, retention, and modulation of drug release by

nanoparticles in vaginal gel formulation

2015 [61] Silver using aqueous extract of Bruguiera

cylindrica

DENV-2 Significant reduction in viral RNA

2015 [62] Silver modified with curcumin RSV Effective virus inactivation before entering the host cell

2015 [63] Cuprous oxide HCV Inhibition of viral entry
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technology for the production of antibodies (dmAb).

When released into the body, dmAb is capable of

genetically instructing the immune system cells to pro-

duce modified antibodies. dmAbs exhibit improved and

more stable treatment kinetics, providing greater pro-

tection to experimental models and representing a

major advance over conventional approaches [76].

Zmapp is an experimental drug that has shown ther-

apeutic benefits in Ebola infections and was formulated

by combining three mAbs (13C6, 2G4 and 4G), pro-

duced in plants such as tobacco (Nicotiana benthamiana)

[77,78]. There are four reports describing the exorable

use of ZMAb and Zmapp in humans infected with

Ebola [79]. To date, no clinical study has been con-

ducted for mAb114, MB-003, ZMAb and MIL-77E and

the data obtained are based on in vitro studies and

those in non-human primates. These mAbs have differ-

ent origins: mAb114 is a human mAb, recently iso-

lated from a survivor of the 1995 Ebola outbreak in

the Democratic Republic of Congo [80]; MB-003 and

ZMAb are cocktails of mAbs isolated from mice which

were injected with replicas of the Venezuelan equine

encephalitis virus that encoded the Ebola virus glyco-

protein [81]; MIL77E is a cocktail containing two

mAbs (13C6 and 2G4 from ZMapp) and is produced in

modified Chinese hamster ovary cells [82]. However,

the problem with the use of mAbs for the Ebola virus is

that high doses are required to ensure efficacy. Addi-

tionally, it is necessary to keep developing new mAb

mixtures due to the possibility of emergence of new

epitopes in outbreaks [79].

Although it is an innovative and a very recent

advancement, mAbs have promising therapeutic poten-

tial due to their high specificity and few adverse effects.

To date, two mAbs have been approved by the FDA:

palivizumab for RSV and ibalizumab for HIV. Twelve

mAbs are in phase I, 19 in phase II and two in phase

III of clinical research, covering nine different viruses:

RSV, Epstein-Barr virus (EBV), HIV, influenza, CMV,

ZIKV, HBV, HCV and rabies virus [67].

During the SARS-CoV-2 pandemic, new mAbs have

been suggested as a therapeutic option in infection

control. Several mAbs have been proposed for coron-

aviruses responsible for severe acute respiratory syn-

drome (SARS-CoV) and Middle East respiratory

syndrome (MERS-CoV) [83]. Due to the genetic similar-

ity with these other coronaviruses, especially with

SARS-CoV, an mAb with the potential for reactivity or

cross-neutralization could also be tested for SARS-CoV-

2 [84]. Some studies have concluded that the human

mAb CR3022, specific for SARS-CoV, could bind to

SARS-CoV-2 with high affinity and recognize the recep-

tor-binding domain (RBD) binder [85]. Serum contain-

ing polyclonal antibodies from SARS-CoV convalescent

patients and animals could also have therapeutic

potential [86]. Hwang et al. [87] reported that four out

of 51 mAb hybridomas, derived from transgenic H2L2

mice immunized against SARS-CoV, showed cross-reac-

tivity observed through the ELISA test, but only mAb

47D11 showed neutralising cross-reactivity for SARS-

CoV-2 S1. The chimeric antibody 47D11 H2L2 was

recombined with a fully human immunoglobulin,

Figure 3 Without the presence of

the monoclonal antibody (mAbs),

the virion glycoproteins have the

ability to bind to the receptors of

host cells (a). In therapy, mAbs

may show affinity for viral

receptors in host cells (b) or

directly to the virus (c), preventing

viral adsorption and consequently,

infection.
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through the cloning of human variable regions and

light chains in human IgG1 isotype. Complementary

in vivo studies and preclinical and clinical trials should

be performed to ascertain its therapeutic and protective

response and future clinical applications [88].

Thus far, only a small number of mAbs have been

approved as antivirals, and despite their advantages

(specificity, speed and little adverse effect), some chal-

lenges need to be overcome for better use of this tech-

nology. It is essential to identify the molecular and

cellular mechanisms by which the immune complexes

formed during therapy induce protective immunity

without adverse effects such as exacerbated release of

cytokines, activation of the complement system and

autoimmune reactions. Evaluation of the important

aspects of mAb administration, such as dosage, route

and potential drug interactions, is required. In addition

to the possibility of its combination with other thera-

pies to achieve sterilizing immunity and, then, deter-

mine the best means to explore them therapeutically.

Although resistance to the therapeutic effects of mAbs

is rare, it is possible in the case of development of neu-

tralizing antibodies by the patient’s immune system.

Thus, future studies are needed to complement this

proposed new technology.

CRISPR-Cas against viral infections

The system formed by Clustered Regularly Interspaced

Short Palindromic Repeats, denominated CRISPR,

enables genome editing through DNA cleavage by an

endonuclease Cas9, guided by an RNA sequence that is

capable of pairing with the bases of a target sequence.

CRISPR was developed from the molecular mechanisms

of the bacterial immune system against bacteriophages.

This technique has been used to quickly, easily and

efficiently modify endogenous genes in a wide variety

of clinically important cell types and in organisms that

have traditionally been challenging to genetically

manipulate [89]. CRISPR was quickly adopted for effi-

cient gene knockout and insertion of genetic material

of interest at specific gene sites in the most diverse of

species [90].

In classical therapies, antiviral treatments block viral

replication and decrease the symptoms of infection;

however, they do not have the ability to destroy the

invading virus due to evasion by mutations or by

establishing a latent infection [91]. However, the

CRISPR-Cas system reaches the viral genome or host

genes that enable persistence of the virus [90]. The

principal mechanisms of action suggested for CRISPR-

Cas are reported below:

1. Modification of receptors for viral entry: Entry of the

virus into the host cell is mediated by interactions

between the viral proteins and cell membrane recep-

tors. CRISPR-Cas-induced editing of receptor genes can

prevent virus-receptor binding and restrict the virus

from entering and spreading, in addition to interfering

with viral tropism. Since these receptors also aid in the

replication and packaging of the viral genome, modu-

lating these receptors can impede viral multiplication.

Both approaches would result in a reduction in the

number of viral particles.

Figure 4 Schematic representation

of different CRISPR-Cas strategies

with antiviral action aimed at host

and viral genomes: 1. Modification

of receptors for viral entry,

preventing the entry of virions. 2.

Segmentation of host viral factors

by silencing provirus genes. 3.

Induction of the expression of host

transcriptional restriction factors -

activation of the antiviral gene. 4.

Excision and deletion of the

integrated viral genome.
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2. Segmentation of the host viral factors: The virus

essentially depends on the host proteins for its replica-

tion and propagation. Using the CRISPR-Cas technique,

some of the genes that encode proteins fundamental to

viruses can be silenced (by knock-down method),

thereby preventing viral replication and making the

virus more susceptible to the host immune response.

3. Induction of host transcriptional restriction factors:

Restriction of these factors occurs by the coupling

between inactive Cas9 (dCas9) and viral RNA, blocking

replication and/or leading to a reduction in the tran-

scription of viral RNA and the number of virions.

4. Excision and deletion of the integrated viral genome:

In cases of viruses which integrate their DNA into the

host genome, some viral genes may be excised using

CRISPR-Cas, with subsequent deletion and inactivation

of these genes and reintegration of the host genome.

All four of these strategies will lead to a reduction in

viral replication (Figure 4).

Some viruses with DNA genomes can survive in host

cells in the form of episomes, such as HSV and HBV

[92,93] or get integrated into host chromosomes, like

in the case of HPV [94]. Others, like HIV, have a sin-

gle-stranded RNA genome and a reverse transcriptase

to transcribe that RNA into double-stranded DNA to be

integrated into the host DNA [95]. Consequently,

CRISPR-Cas-directed cleavage of the viral genome inac-

tivates replication and controls subsequent infection

[96].

The antiviral activity of the CRISPR-Cas system has

already been demonstrated in vivo and was success-

fully validated in a leukaemia patient who did not have

a detectable viral load of HIV-1 after receiving bone

marrow with a homozygous mutation of delta type 5

CC chemokine receptor 32 (CCR5D32) [97], which is

essential for the infection of immune cells. Due to the

low prevalence of CCR5D32 genes, scientists used gen-

ome editing techniques to generate homozygous

induced pluripotent stem cells (IPSCs), mimicking the

naturally occurring mutation [8]. These genomic alter-

ations in IPSCs can be differentiated into monocytes

and macrophages and have been shown to be resistant

to challenge tests for infection in vitro [98].

HBV contains circular DNA that is converted to

covalently closed circular DNA (cccDNA) at the start of

replication in infected hepatocytes [99]. The first

instance of the use of CRISPR-Cas that limited HBV

infection in vitro and in vivo was published by Lin

et al. [100], who reported a significant reduction in

viral protein expression. Additionally, in animal models

with persistent HBV infections, the CRISPR system

could cleave the intrahepatocyte plasmid containing

the viral genome, resulting in a reduction in serum

antigen levels. Several studies have shown that DNA

editing, guided by CRISPR-Cas, was able to eliminate

HBV in cell cultures [99]. Other studies have searched

for conserved sequences in the HBV genome in data-

bases and have shown that CRISPR-Cas can cleave

these regions, suggesting a broader action against HBV

of different genotypes. Furthermore, it can also be

advantageous in multiplex systems [101] for simulta-

neous cleavage of multiple genes, increasing their effi-

ciency of inactivation and depletion of the viral

genome [99]. However, further studies are needed to

guarantee the therapeutic potential of this technique

and ensure the elimination of copies of the viral

cccDNA genes present in hepatocytes.

Human papillomavirus is a double-stranded DNA

virus that infects cells in the stratified epithelium and

is widely associated with cervical cancer. It infects the

basement membrane of the tissue, expressing oncopro-

teins such as E6 and E7 and interrupts the normal cell

cycle by activating telomerases and cell immortaliza-

tion by degrading suppression factors such as the p53

protein (via E6) and inactivating the retinoblastoma

protein (Rb) (via E7). Despite the existence of a vaccine

as a prophylactic measure for HPV infection [102],

effective therapies are still needed, and CRISPR-Cas has

been suggested to impede cancer progression [91].

Zhen et al. [103] were able to inactivate the viral

oncogenes E6 and E7 to restore p53/Rb levels and

induce apoptosis in HPV16-infected SiHa cells. Further-

more, they managed to significantly reduce the growth

of tumours by expressing anti-E6 and anti-E7 gRNA.

Thus, the CRISPR-Cas system shows promise for treat-

ments, and even cures, of many viral diseases in

humans [91]. Additionally, many in vitro and in vivo

strategies are being devised to prevent infections with

the help of the CRISPR-Cas technique [104].

The discovery of the CRISPR-Cas9 system has revo-

lutionized all fields of science, including virology. Direct

manipulation of viral genomes using CRISPR-Cas9 has

enabled systematic studies on cis- and trans-elements

encoded in the genomes. Viral genome-specific mutage-

nesis using CRISPR-Cas9 led to the development of a

new antiviral technology, especially against chronic

viral infections, in the hope of eliminating the need for

continuous medication in the near future. However, as

most published studies have been carried out on cell

culture-based systems, there is a great need to evaluate
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the therapeutic potentials in vivo. The development of

efficient multiplexed CRISPR systems that can be deliv-

ered in vivo using single-vector vehicles will be impor-

tant for allowing efficient virus targeting without the

risk of selection of escape mutants. Further studies are

required to investigate immune responses to exoge-

nously expressed CRISPR-Cas9 and devise strategies to

mask this system and thus reduce their immunogenic-

ity. High-fidelity Cas9 variants have shown their effi-

cacy in the field of genome editing by reducing off-

target effects [105]. The application of these variants in

eradicating viral genome sequences from the host gen-

ome may offer a new antiviral perspective. Despite

numerous challenges that need to be resolved, their full

healing potential should be able to motivate the devel-

opment of new antiviral therapies.

CONCLUS ION

Due to the epidemiological importance of viral diseases

and the difficulties faced in controlling them, the

search for new drugs and antiviral therapeutic options

is essential and urgent. This review presented an

update on the antiviral drugs approved in the recent

years and new treatment perspectives, such as the use

of nanoparticles, monoclonal antibodies, and the

CRISPR-Cas system. Due to the structural characteris-

tics and genetic variability of many viruses, this search

is endless, but imperative in the control of infections,

especially in cases of strains resistant to conventional

antivirals.
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