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Abstract

:

Viruses, and in particular, RNA viruses, dominate the WHO’s current list of ten global health threats. Of these, we review the widespread and most common HIV, influenza virus, and SARS-CoV-2 infections, as well as their possible prevention by vaccination and treatments by pharmacotherapeutic approaches. Beyond the vaccination, we discuss the virus-targeting and host-targeting drugs approved in the last five years, in the case of SARS-CoV-2 in the last one year, as well as new drug candidates and lead molecules that have been published in the same periods. We share our views on vaccination and pharmacotherapy, their mutually reinforcing strategic significance in combating pandemics, and the pros and cons of host and virus-targeted drug therapy. The COVID-19 pandemic has provided evidence of our limited armamentarium to fight emerging viral diseases. Novel broad-spectrum vaccines as well as drugs that could even be applied as prophylactic treatments or in early phases of the viremia, possibly through oral administration, are needed in all three areas. To meet these needs, the use of multi-data-based precision medicine in the practice and innovation of vaccination and drug therapy is inevitable.
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1. Introduction


Comprehensive studies confirm that the impact and burden of viral infections on health are enormous, including the loss of human lives, disease-relevant long-term health effects, and in monetary terms. In particular, the fight against RNA viruses needs to receive focused attention worldwide. There are at least two important reasons. On one hand, the well-known representatives of human RNA viruses, e.g., human influenza and human immunodeficiency viruses (IV; HIV), still pose an ongoing therapeutic challenge, and, on the other hand, the emergence of novel RNA-virus threats, such as severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), can develop especially dangerous pandemic diseases [1].



Prevention is an obvious, cost-effective way to eradicate a viral infection. This can be achieved at a population level through vaccination, which can mostly prevent the infection from occurring or can at least reduce the severity of the infection. Enormous worldwide efforts are being made today to develop effective and safe vaccinations against all three above-mentioned viruses. In particular, there is an urgent need to achieve ‘herd immunity’ against SARS-CoV-2 as the virus mutates fast and neither research nor the production of drugs can keep up with the raging pandemic. The virus infection can be treated with antiviral drugs. Although, limited prevention (e.g., in the event of a potential infection emergency) can in principle be achieved with drugs, however, such agents have been hardly available.



Thus, if prevention fails to provide effective broad-spectrum worldwide protection, despite all emerging virus mutations and variants, there is also a need for antiviral drugs. It follows from all these facts and considerations that as long as prevention fails to provide broad-spectrum worldwide protection that remains effective despite all emerging mutations and variants, there is a need for new, effective, and safe antiviral drugs that exert broad antiviral activity, and which are also suitable for bridging the period until the development of a vaccine effective against the new variant is completed.



Before describing the current state of antiviral vaccination and drug therapy, as well as the hot research areas, to provide some guidance on future directions, we must address two important aspects of the infection. First, the complex mechanism of the viral replication process and the consequences of its frequent mutations, and second, the variability of patients. Although, in the past, due to the lack of relevant data and knowledge, vaccination and drug therapy were considered as uniformly effective in all patients, we can rightly ask: is this traditional approach appropriate? Surprisingly, the ‘gut reaction’ of the scientific and medical world when facing new challenges is to aim for a single cure. The ‘one vaccine or medication fits all’ principle has been hard to eliminate both from the general public’s expectations as well as from the overall approach of the pharmaceutical and medical community. We immediately have to refer to the invalidity of the past approach to ‘uniformity’. There has been ample evidence in recent decades about how significantly, almost astonishingly, we are all unique individuals. Therefore, not just with the variability of the pathogens, but also our individual properties, and thus, the capabilities of our immune systems, as well as pharmacogenetics (cf. drug-metabolizing enzymes), in addition, drug–drug and drug–immune system interactions, influence the outcome of a serious infection and its therapy. Nowadays, disease characterization and treatment can be patient-centered according to the principles of precision medicine, utilizing state-of-the-art omics-based, and other disease- and drug-descriptor data. Although precision medicine has become an essential integral part of anticancer therapy, in the antiviral field, the practice of precision medicine is far from being exploited.



The difficulty in winning the war on viruses lies partly in a kind of ‘technicality’: viruses are not even living organisms. As viruses are unable to reproduce themselves, they need to hijack the biochemical machinery of living cells; both the human immune system, as well as the efficacy of antiviral drugs are challenged to fight the virus. The other part of the difficulty is that such fights often require the full and coordinated mobilization of our defense resources, which is not without serious health consequences.



In the present review, we focus on three RNA viruses that are among the most challenging viruses of our time: human influenza (IV) and human immunodeficiency (HIV) viruses, and severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). We briefly describe their epidemiological significance. In subsequent parts, the characteristic structural features of the three viruses, and the host immune system in terms of its response to the infection, are presented. Then, currently available, and newly developed antiviral vaccines and drugs with their mode of action are reported.



In those parts, we discuss the difficulties of seeing HIV, IV, SARS-CoV-2 infections in their high complexity of causing serious and often deadly diseases. We would also like to illustrate the race of medical and pharmaceutical research to identify ways and tools of effective prevention and treatment, causing no or minimal damage to human organs, and to possibly support the host immune system in its antiviral fight.



This content is presented in the following sections:




	▪

	
The toll of past and present pandemics;




	▪

	
RNA viruses: structures of IV, HIV, and SARS-CoV-2;




	▪

	
Host immune response against viruses;




	▪

	
Prevention of viral infection by vaccination;




	▪

	
Anti-influenza, anti-HIV, and anti-SARS-CoV-2 agents;




	▪

	
Summary and conclusion.










2. The Toll of Past and Present Pandemics


The first well-documented H1N1 influenza pandemic occurred approximately one hundred years ago, right at the end of the first world war [2]. A minimum of 15 million, and by some estimates 50 million people died of the ‘Spanish flu’, although the exact number is hard to determine [3,4]. It is also predicted that globally, nearly 500 million people were infected. The high death rate was assumed to correlate with the lack of antibiotics at the time, therefore many patients succumbed to the disease due to bacterial infections superimposed on the initial viral pathogen. The influenza virus, however, did not disappear there and then. Influenza pandemics in the 20th century claimed further lives. In 1957 (H2N2), 1.1 million, in 1968 (H3N2), 1 million, and in 2009 (H1N1), approximately 600 thousand deaths occurred [5,6]. According to the World Health Organization (WHO), an estimated 290–650 thousand people die of flu-related causes every year worldwide [7].



In the past two years, the SARS-CoV-2 pandemic has often been compared to pandemics caused by influenza viruses, but the sheer number of deaths caused by SARS-CoV-2 within 2 years of its appearance makes the SARS-CoV-2 coronavirus appear more devastating than any of the influenza strains so far. According to the WHO, from 2020 till the end of 2021, 282 million confirmed cases of SARS-CoV-2 were detected and deaths reached 5.5 million [7]. A more detailed retrospective analysis is going to provide the real answers, as the absolute numbers cannot take into consideration the drastically increasing global population and the differences in affected demographic groups in different parts of the world from, e.g., Japan to sub-Saharan Africa [8].



While both influenza and SARS-CoV-2 are airborne viruses, HIV is contracted via exchanged bodily fluids. Although to some, HIV is not anywhere near as serious of a health issue as the previously mentioned two other ribonucleic acid (RNA) viruses. According to WHO statistics, since the beginning of the HIV epidemic in the 1980s, approximately 79.3 million people have been infected with the HIV virus and 36.3 million people died. Globally, 37.7 million people were living with HIV at the end of 2020, and just in that year, 680 thousand people died of HIV-related illnesses. An estimated 0.7% of adults aged between 15–49 years are living with HIV worldwide [7]. The burden of the epidemic, however, considerably varies between countries and regions, and African regions remain most severely affected. Partly, this is due to the lack of effective prevention and treatment.



Viral infections, therefore, are a great medical challenge worldwide. Partly, as the variety of viral strains are numerous, and their ability to mutate quickly and often unpredictably, thus leading possibly to a more severe and effective infection, challenge both the human immune system and the pharmaceutical industry into a difficult and unequal duel.




3. RNA Viruses: Structure of IV, HIV, and SARS-CoV-2


The RNA core sits within a protective protein coat called a capsid that serves for virus classification, as it may vary from one type of a virus to another (Figure 1). The capsid is made from the proteins that are encoded by viral genes within the viral genome.



Virally coded proteins will self-assemble to form a capsid once the host cell produces all the necessary components. Some viruses also have an envelope of phospholipids and proteins that surrounds the capsid and helps to protect the virus from the host’s immune system as the envelope is assembled partly from the membranes of the host’s cells. The envelope may also have protein molecules that aid in binding to host cell receptors or cell-surface proteins to facilitate the entry process into cells (Table 1).



Although virus strains differ in their sites and methods of infection, the immune response to viruses follows a series of well-defined steps (Figure 2). Viruses enter the body through cells with barrier functions, but they can also target other cell types once they have entered the organism. They bind to various cell-surface molecules that are mostly cell-surface proteins that can be ligands (e.g., IT), receptors (e.g., CCR5), enzymes (e.g., ACE2), etc. and have physiological functions in the host organism. Often, the site of viral entry is called the ‘receptor’ regardless of the actual function of the protein, as the viral infection is described from the view of the virus instead of the host. This approach can affect therapy, as individual variabilities in the host are not likely to be taken into consideration. Cells regularly internalize cell-surface proteins, regardless of their functions, therefore viruses get into the cell by binding to characteristic membrane-bound proteins of a specific cell type. Following its entry into the cell, the virus diverts the cellular machinery of nucleic acid replication and protein synthesis towards viral replication.



Although the three studied RNA viruses structurally might look very similar, there are still major differences amongst IV, SARS-CoV-2, and HIV, and the only real similarity is that all three of them carry RNA as genetic material.



In the case of IV infection, the hemagglutinin trimer binds to the sialic acid residues of the glycoproteins and glycolipids of the host cell. Following the endocytosis of the virus via a clathrin-mediated manner and facilitated by hemagglutinin, the IV can release its negative sense RNA from the endosome as rod-shaped, double-helical ribonucleoprotein complexes (RNP) to the cytosol, and they are transported into the nucleus where RNA replication takes place (Figure 2a). Once the virions are assembled, neuraminidase cleaves sialic acid residues from freshly synthesized glycoproteins of new virions and the membrane of the host cell to help the virus leave the host cell (Figure 2a) [9]. The replication cycle of SARS-CoV-2 is more complex, as binding to cell-surface proteins (ACE2 and TMPRSS2) takes place in a more elaborated manner. The S1 subunit binds to ACE2 on the surface of the host cell, then the actual viral entry into the cell depends on the activity of proteases (e.g., furin) in the host. Furin can pre-cleave the S protein between S1-S2, which can promote the activity of TMPRSS2 that cleaves the S protein between the subunits and exposes the fusion peptide in the S2 subunit. The S2 subunit facilitates the fusion of the viral membrane with the membrane of the host cell. Following fusion with the cell membrane of the host cell, the virus is endocytosed and released into the cytoplasm. The viral positive-sense RNA is released into the cytoplasm, where the RNA-dependent RNA polymerase creates the negative RNS sense sequences, replicated in the cytosol. The host’s ribosomes produce spike (s), nucleocapsid (N), membrane (M), and envelope (E) proteins, then using the endoplasmic reticulum (ER) and the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) in the host cell, the N protein assembles with the newly synthesized viral RNA to create the nucleocapsid. With the viral structural proteins, new virions are built and released (Figure 2b) [10]. The viral genome is not inserted into the host genome in either case. In contrast to this mechanism, HIV contains additional enzyme proteins that allow this mechanism to take place. During infection, the viral envelope glycoprotein gp120 of HIV binds CD4 and CC-chemokine receptor 5 (CCR5) on the surface of target cells, triggering the fusion of the virus with the host cell membranes. Host genomic studies have implicated genetic variants in CCR5 (marked purple background in Figure 2c), listed as modifiers of infectivity. Reverse transcription of the single-stranded RNA genome into double-stranded DNA (dsDNA) occurs using proteins carried by the infecting virion. Viral dsDNA is trafficked to the nucleus, where it is integrated into the genome of the host cell. The transcription of viral dsDNA results in viral gene expression and genome replication. Viral mRNA is translated into polyproteins, which are cleaved by the viral protease. Functional proteins assemble with copies of the viral genome at the cell membrane and mature virions bud from the surface.



Despite the mechanism differences, the host immune system should be able to deal with each viral infection swiftly and effectively; but certain viral strains have proved to be hard to recognize and eliminate. Consequently, those infections lead to debilitating illnesses or even death. The fundamental question thus remains open: who and why is going to be more easily infected and who and how can fight off infections, while others succumb to the disease? Answering the question as accurately as possible is obviously needed to identify the risk factors and initiate a suitable therapy.



For all the viral infections discussed, the host immune system plays a prominent role.




4. Host Immune Response against Viruses


4.1. The ‘One Fits All’ Immunology


Both the native (innate) and the adaptive immune systems are actively involved in the elimination of viral infections. Despite the popular belief that cytotoxic T cells play the most important role in the fight against viral infections, the elimination of viral pathogens is a complex process detailed in (Figure 3).



Fighting against a viral infection begins immediately after the virus enters the first cell. Virus-infected cells immediately produce interferon α (IFNα) and interferon β (IFNβ). These interferons inhibit the entry of the virus into neighboring cells and increase the presentation of viral proteins bound to human leukocyte antigens (HLA) class I molecules on the infected cells. Non-self-proteins presented by HLA class I molecules can trigger the activation of cytotoxic T cells. Dendritic cells secrete IL-12 which activates natural killer (NK) cells to kill the virus-infected cells. NK cells recognize those virus-infected cells which have no or little HLA class I molecules expressed on their surfaces, and the mechanism of reduced HLA expression is triggered by the virus to reduce recognition by the immune system. As NK cells are inhibited by the presence of HLA class I molecules, the lack of HLA class I molecules on the cells activates their cytotoxic function. Viruses present in the circulatory system can activate the complement system as well, both on the alternative and the lectin pathway (e.g., HIV). Activation of the complement system can result in the lysis of pathogens or the covering (opsonization) of viruses with complement fragments (mainly C3b and C4b). Opsonization of viruses facilitates ingestion by phagocytes. As viruses can be taken up by antigen-presenting cells (through recognition of opsonized viruses or phagocytosis of the infected cell), viral proteins can be presented by HLA class II molecules, which are necessary for antibody production. Antibodies that are produced against viruses have an important role, both in preventing infection and eliminating viruses. Antibodies produced against antigens in the viral envelope neutralize some of the proteins to which the virus binds, and therefore can prevent viruses from entering the cell. Opsonizing antibodies contribute to the elimination of the virus by stimulating phagocytosis. As antibodies bind to proteins of the viral envelope, the classical pathway of the complement system gets activated. The consequence of opsonization is that virus particles bind to both Fc and complement receptors (CR3, CR4), making phagocytosis and the elimination of viruses more effective. However, the phagocytosed virus is still viable, and, thanks to opsonization, it can infect more cells through Fc and complement receptors. This occasionally results in the infection of cells that lack the virus-specific receptor. Perhaps, the best known process of antiviral immunity is the function of cytotoxic T cells. Cytotoxic T cells, which are differentiated from CD8+ T cells, recognize viral peptide antigens bound to HLA class I molecules on the surface of infected cells. If the CD8+ T cell has not yet met a given virus, meaning the host has never been infected with that particular pathogen, then the CD8+ T cells need the presence of helper T cells (Th) and the cytokines (e.g., IL-2) produced by Th cells to differentiate into effector cytotoxic T cells. Cytotoxic T cells release granzymes and perforin molecules. The virus titer reaches its maximum level 3 days after the infection and starts to fall not before 7 to 8 days after infection, even in the case of full activation of the immune system. Despite all the active steps taken by our immune system, the viral titer increases continuously. While both the innate and adaptive parts of the immune system play an active role in the elimination of the pathogen, it takes about 4 days to activate the cellular (cytotoxic T cells) and the humoral immune system (antibody production), respectively. Not surprisingly, the virus can persist in the host for 8–10 days and can cause various kinds of damage in the host organisms before being eliminated. Therefore, prevention of the disease or reducing the time frame that the immune system is capable of for the elimination of the virus is highly important, especially if the virus cannot be eliminated due to inserting itself into the host genomic DNA, such as HIV. Consequently, HIV infection has long-lasting consequences. According to the presentation of symptoms, HIV infection can be divided into three main stages: (1) Immediately after infection in some individuals, influenza-like symptoms can be detected; (2) in the latent period that varies between 10 and 15 years, the virus hides in CD4+ T cells; (3) in the absence of treatment, severe symptoms appear, with full immune-suppression and its consequences (AIDS). Intensive research into the lifecycle of the virus leads to effective pharmacological intervention which can prolong the life of HIV+ patients and prevent AIDS, but the overall life expectancy is still reduced.




4.2. Individual Response to Pathogens


Although a healthy immune system in the antiviral defense makes highly similar response steps, individual differences were detected rather early on. In the 1970s, it was noted that people with different blood groups could be differentially susceptible to IV infections and similar observations were made in cases of HIV and SARS-CoV-2 (Table 2). Still, a relentless investigation has not come up with a reliable explanation as blood groups play no active part in either IV, SARS-CoV-2, or HIV infection. Indirect correlations, however, clearly exist [11] but only further genetic linkage studies can determine the exact connections.



The individual susceptibility to infection and the strength of the immune system to mount an effective immune response is strongly linked to our genetic background. One of these molecular families is the human leucocyte antigens (HLA) that present the virus-derived peptides to the effector immune cells.



The HLA-bound ‘presented’ antigen epitopes are recognized by T and B cells expressing the appropriate T and/or B cell receptors (TCR and BCR). The TCR and BCR genes and the maturation of the immune system are coded genetically as well as shaped by the modulatory effects of the environment we live in and the pathogens we are exposed to. The HLA molecules play a crucial part in the immune response, and they are coded by many individual HLA alleles on chromosome 6. The encoded HLA alleles, with more than 400 genes, are central mediators of the innate and adaptive immune responses. Within this locus, alleles at class I (HLA-A, HLA-B, HLA-C) and class II (HLA-DR, HLA-DQ, HLA-DP) are found. Studies have identified that approximately 40% of the HLA alleles are unique to single individuals, resulting in significant individual differences in immune responses to any given pathogens.



Not surprisingly, the main trends in HLA-associated virus-triggered immune responses are under intense investigation. Individual genetic variations of HLA may help to explain different immune responses to a virus across a population and identify individuals at a higher risk from specific viruses.



An IV case study [12] presented selective classical HLA class I allele and haplotype combinations that make individuals susceptible or protected against influenza A H1N1/09. A study involving broader variants of influenza viruses (H1N1, H3N2, etc.) has come to the conclusion that resistance to influenza virus infection is associated with HLA class I serologic but not genotypic homozygosity [13].



HLA susceptibility mappings were performed rather early on into the SARS-CoV-2 pandemic [14] that identified the HLA-B*46:01 allele to be associated with more severe infection, while HLA-B*15:01 was found to be associated with asymptomatic SARS-CoV-2 infection [15]. Studies are ongoing to identify further details of what part of the population would resist infection, are infected but show no clinical symptoms, or are going to become severely ill or even non-responsive to therapy.



However, the fact that HLA structures are important in response to viral infections (Figure 4) has been known for years; studies for actual individual differences have just recently provided more detailed results in the case of HIV infections [16].



Genome-wide association studies (GWAS) were used to further investigate the background of HIV resistance, although findings were largely limited to CCR5 variations [17,18]. Further genome sequencing studies of extreme exposure phenotypes [19] have shown potential associations with the immunoglobulin superfamily member CD101, important in regulatory T cell function [20], and a gene coding the ubiquitin-conjugating enzyme UBE2V1, involved in pro-inflammatory cytokine expression [21] and the HIV restriction factor TRIM5α [22]. Further analyses of GWAS showed that additional potential molecules with residual heritability have been determined, although confirmation of the results is still necessary.





5. Prevention of Viral Infections by Vaccination


While the immune system can fight off viral infections, due to individual differences, it is not always easy and not without long-lasting health consequences, even serious and sometimes irreversible damages to the host.



Prevention of viral infections, therefore, ought to be the best of the options. Ideally, not getting anywhere near the virus is the best prevention. However, overcrowded metropolitan areas, continuously increasing, and a frequently traveling world population make it almost impossible to avoid infections. The other—and theoretically outstandingly effective—prevention method is vaccination.



5.1. Essential Immunology for Vaccine Production


There are several obstacles in the vaccination process and many of them lie within the mechanism of the immune response itself:



	
A good vaccine ensures that the immune system ‘remembers’ the pathogen. The immune system, however, can only form an immune memory against proteins, therefore a viral protein has to be selected to be used as a vaccine;



	
To trigger an immune response and consequent immune memory, the pathogenic protein has to be presented to the immune cells as short peptides with the aid of HLA class I as well as HLA class II proteins where the presented pathogenic peptides have to fit into the clefts of the presenting HLA molecules.




	∘

	
The shapes of HLA clefts are therefore highly important;




	∘

	
The shape depends on the structure of the HLA molecules, which is closely connected to their amino acid sequence, which is coded into our inherited genetic ‘database’ [23,24,25];




	∘

	
Receptors of the immune cells (T and B cell receptors) that need to recognize the presented peptides are also shaped by both genetic background and the environment, T, and B cell development and selection, as well as exposure to pathogens [26].












Consequently, the effectiveness of an individual’s ability to present and recognize a pathogenic peptide depends on the individual’s genetic background inherited from both parents and upbringing, which determines whether we have been exposed to pathogens as exposure to pathogens determines our initial immune memories, as well as shape our T and B cell receptor repertoire. The age of the infected host is also important. It may sound irrelevant, as elderly people are adults who have been fortunate enough to successfully fight off a great variety of infectious diseases, yet they still have several disadvantages [27]. These include the reduced number of stem cells [28] that would be able to rejuvenate their pool of immune cells, as well as a reduction and modification of the microenvironments where immune cells develop, and their functional receptor pools are selected [29,30]. Finally, the presence of comorbidities also affects immune responses [31].




5.2. Challenges in Vaccine Production


	
Active vaccination (pathogen proteins to trigger an immune response)




	∘

	
traditional vaccine production (attenuated and inactivated pathogens) is still amongst the actively used methods (e.g., influenza vaccines) to prevent infection or at least to reduce the seriousness of symptoms caused by infection of the wild type pathogen;




	∘

	
biotechnology revolutionized vaccine production decades ago, but the revolution was only recognized when SARS-CoV-2 started its deadly spread across the world in 2019.









	
Passive vaccination (antibodies against pathogenic proteins)




	∘

	
passive vaccination aims to provide anti-pathogen antibodies for immune-compromised individuals traditionally; antibodies are purified from sera of people who have recovered from the disease;




	∘

	
biotechnology revolutionized antibody production, hence, the production of vaccines can use phage display to store any sequences required for the desired combination of human immunoglobulins in large volumes and great purity [32,33].












Unfortunately, viruses can change, and vaccine-induced immune memory cells may no longer recognize the virus, as the protein and consequently the peptides are not the same as they initially were. Fast spreading viruses (like IV and SARS-CoV-2) or the ones that are prone to frequent recombination (HIV) have the ability to change using two main mechanisms, namely antigen-drift and antigen-shift [34,35]:




	
Antigen-drift is the result of regularly occurring point mutations. Although antigen-drift causes relatively small-scale changes, these changes may be sufficient to ensure that the virus avoids being detected by cytotoxic memory T cells and antibodies produced by memory B cells formed during a previous infection or vaccination.



	
Antigen-shift is the result of recombination events between the RNA genomes of different types of viruses infecting the same cell at the same time. Consequently, our immune system becomes vulnerable to the new pathogen, and as the results of these random recombination events are unpredictable, they further complicate vaccine development.








Due to the high mutation rate, vaccines ought to reflect the modifications of proteins in the pathogen. That would require the ability in vaccine production to follow these modifications, but the generally used technology did not make it possible to quickly change vaccine protein sequences—not until the introduction of the mRNA-based vaccine production, which allows such fast and modified vaccine production (Table 3) [36,37].



All treatments of viral infections can be approached from two well-defined viewpoints: (i) how to aid the host’s immune system to fight off infection, and (ii) how to inhibit viral replication and consequently avoid or reduce high viral load-induced tissue damage.



	(i)

	
Targeting the host’s immune response







Vaccination to prevent infection or to prepare the immune system to fight the disease more effectively is a well-known approach to reduce serious disease symptoms. Targeting the host’s immune response, however, has several additional possibilities if the mechanism of the viral infection is clarified. A recently published review summarizes both small molecular intervention and available monoclonal antibody therapy options in detail [38] in the case of SARS-CoV-2 infection. In general, monoclonal antibodies are used to target the hyperactive immune system at various points of entry on the host cell or characteristic proteins in the viral envelope which can block infection of the host. Furthermore, reduction in inflammatory cytokine response (e.g., IL-6) either by reducing cytokine levels (siltuximab) or blocking cytokine receptors (tocilizumab, sarilumab) on the cell’s surface can prevent further aggravation of inflammatory reactions. Unfortunately, interfering with the complement system by targeting C5a (eculizumab) [39] or neutralizing GM-CSF with gimsilumab, lenzilumab, namilumab, or otilimab risk secondary infections which are not likely to improve the therapeutic outcome. Although anti-TNF-α monoclonal antibodies (infliximab, adalimumab, and certolizumab pegol) have been shown to provide substantial benefit to patients through reductions in both localized and systemic inflammation, such treatments are not necessarily beneficial to all viral infections. Not surprisingly, the above treatments have not been approved for seriously ill patients in the ICU. In contrast, experimentally applied recombinant GM-CSF [40] in SARS-CoV-2 infected mice significantly improved survival. It has also been established that the autoantibodies against GM-CSF, which regulate the differentiation and activation of granulocytes, monocytes, macrophages, and dendritic cells [41], can seriously damage responses to infection. Further, various viral strain-induced infections need to be studied to clarify who can benefit and from what type of monoclonal or cytokine treatment.



	(ii)

	
Pharmacotherapy of viral infection







As the effectiveness of vaccination or modulation of the host’s immune response after infection depends on various factors, antiviral drug therapy is just as essential. The main actions of antiviral drugs from the view of pathogens include (Figure 5):




	
Binding to the host’s cellular receptors;



	
‘Unpacking’ of the viral genome;



	
Replication of the RNA/DNA of the virus;



	
Synthesis of viral proteins;



	
Release of virions.
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Figure 5. Main targets of antiviral drugs. 






Figure 5. Main targets of antiviral drugs.
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In fact, all these targets have been considered in anti-influenza, anti-HIV, and anti-SARS-CoV-2 drug therapy and research. In our discussion of the mode of action of the various therapeutic agents in the following sections, we implicitly refer to this Figure as well.





6. Anti-HIV, Anti-IV, and Anti-SARS-CoV-2 Agents


The need for vaccination is well justified in all three therapeutic areas of our subject. Vaccination and medication are, however, by no means mutually exclusive. The need for drugs to combat viral infections is also clear, as also evidenced by the current pandemic situation of COVID-19. The optimal drugs should preferably have a broad-spectrum antiviral profile, so that they are suitable for the treatment of the infection, for playing a complementary role to vaccination, and for bridging the period required to develop a new vaccine that is effective for newly emerging infective variants.



	
Virus- and host-targeting antiviral agents






In principle, antiviral drugs can target the viruses themselves or the host-dependent viral replication machinery within the host; and can also support host defense mechanisms [42]:




	(i)

	
Direct-acting or virus-based antiviral agents that act directly on viruses to inhibit their replication.




	(ii)

	
Host (indirect)-acting or host-based antiviral agents that act on host-based factors that are needed for viral replication.









The advantage of virus-directed agents is that their significant host toxicity is not expected in the absence of a corresponding host factor. Their therapeutic use is primarily limited by the frequent and rapid emergence of resistance to them. In particular, a significant decrease in the potency of highly selective molecules acting on a viral protein to inhibit replication is expected as a result of a viral mutation that directly modifies the drug binding site of that protein (but this may also occur as a result of a structural change distant from the binding site). Resistance may also develop with nucleotide-type virus-directed antiviral agents (through a viral proofreading process and/or mutations that may even develop into more infective variants); moreover, host effects may be unfavorable for this type, so they need to be carefully considered, mainly due to their potential host mutagenicity.



The chances of viral mutation-based resistance can be reduced with multi-targeting drug combinations or agents, which are also advantageous because they can also increase the therapeutic spectrum. This direction has proven successful primarily in the field of HIV treatment, which has brought breakthroughs in its drug therapy; this approach is receiving increasing interest in anti-influenza therapy. It is much less exploited in the anti-SARS-CoV-2 drug therapy, yet we expect the multi-targeting strategy to be considered in this area as well.



Although direct-acting antiviral drugs are the majority of antivirals in the current drug portfolios, host-based agents have recently received increasing attention. This shift in interest to host-based agents is also due to the lower risk of the development of resistance.



Host-based antiviral agents were first used in the 1990s. Interferons and some small-molecule agents have been used as immunomodulatory agents to support immune responses, regulate inflammation and cytokine storms upon virus infections and represent an important strategy to control viral infections. Maraviroc can be considered a host-based antiviral agent in the strict sense. Its introduction in 2007 to treat HIV-1 infection through the inhibition of chemokine receptor type 5 (CCR5), one of the main host chemokine receptors for viral entry into T-cells, is therefore of great importance and advance. It was hoped that resistance would not develop against host-based agents, because virus mutation to replace missing host cellular functions is less likely. However, experience has shown that resistance to certain host-based agents and therapeutic protocols may also develop, e.g., selection pressure through long-term treatment causes the virus to use an alternative host factor [43].



An important challenge for a host-based strategy is to identify the therapeutic target itself. As a target, it is advisable to select a host factor that is essential for virus replication but not mandatory for the host cell functions. However, in order to consider possible targets at all, in terms of their therapeutic suitability, molecular-level information about the host’s involvement in viral replication is also required. This can be ensured, in particular, that with the molecular biology technologies developed in the last decade and the evaluation of new data obtained on the complex pathomechanism (e.g., small interfering RNA, siRNA or clustered regularly interspaced short palindromic repeats, CRISPR, and omics, respectively), their limited availability in the past may explain the time lag of the host-based approach over direct antiviral strategy.



The main driving force and advantage of the host-based approach are that resistance hardly develops, and on the other hand, it can have the additional advantage that well-chosen host-targets can provide a broad antiviral spectrum. However, a long-term application can pose a particular challenge in terms of both resistance and safety, and therefore balancing drug safety and efficacy issues is, of course, more difficult than for direct antivirals.



In fact, all three therapeutic areas covered by our review are developing promising host-based agents, which we describe below.



Overall, we believe that both a direct and an indirect approach to control old and new emerging highly infective virus infections may be useful, especially in combination to enhance the beneficial therapeutic properties of the individual components and to minimize adverse effects.



It is also worth noting that it is important to exploit the synergies more efficiently between clinical and preclinical results and knowledge. By extending the principles and practices of precision medicine to antiviral therapy, it is possible to identify common elements of various viral replication mechanisms, as well as virus infections’ induced pathomechanisms in the host. Based on this, broad-spectrum antiviral agents effective against several virus types can be developed. From a drug-design perspective, this can be supported by designing new molecules based on the structural similarities of commonly relevant biological targets. These two pathways, therefore, need to work closely together to discover new types of antiviral agents. The initial traces of this endeavor can be seen in some of the recent examples we are also referring to, but there is room for more complete exploration.



In this report, we focus on the last 5 years for anti-influenza and anti-HIV agents and the past one year for anti-SARS-CoV-2 agents, because excellent comprehensive reviews are available for previous periods, see e.g., [42,44]. Well-established and emerging virus and host drug targets, promising drug candidates, and lead molecules, together with their molecular structures and mode of action, as well as antiviral drug discovery strategies, will be discussed.



6.1. Anti-HIV Agents


The human immunodeficiency virus (HIV) belongs to the retrovirus family and is a member of the Lentiviruses. There are two main types of HIV: HIV-1 (the most common) and HIV-2 (relatively uncommon and less infectious). Human infection can result in AIDS. Another retrovirus species is the simian immunodeficiency virus (SIV) which causes persistent infections in many African non-human primates, but unlike HIV, without the development of AIDS [45]. It is believed that SIVs are the source of HIV.



HIV uses human CD4+ T cells for replication and destroys them. In humans, HIV-1 infection causes a breaking down of the immune system, leading to opportunistic infections. In addition, AIDS can also develop in the late stage of infection.



Anti-HIV drug therapy has achieved a real breakthrough by being able to treat HIV infection and prevent its progression to AIDS. Drug therapy of HIV infection started with the approval of azidothymidine (AZT) in 1987 [46], and since then, a number of highly effective antiretroviral drugs have been approved for use in monotherapy and in combination therapy as well. However, the use of monotherapy and even dual therapy often lead to the development of drug resistance and inadequate suppression of viral replication. These serious limitations directed the attention to the three-agent combination therapy. Due to its superior long-term efficacy, it has become the clinical standard of care and is now widely used for the treatment of HIV infection.



HIV drugs based on their mode of action can be grouped as follows [47,48,49]:




	
Non-nucleoside reverse transcriptase inhibitors (NNRTIs);



	
Nucleoside reverse transcriptase inhibitors (NRTIs);



	
Protease inhibitors (PIs);



	
Fusion inhibitors;



	
CCR5 antagonists;



	
Integrase strand transfer inhibitors (INSTIs);



	
Post-attachment inhibitors.








These drugs are generally used in combination in the highly active antiretroviral therapy (HAART), also called combination antiretroviral therapy (cART). This therapy is able to control the replication of HIV-1, thus, it has radically transformed the previously fatal disease into a manageable chronic disease.



Nevertheless, cART is not a curative therapy. It means that missed drug treatments may lead to the reactivation of virus reservoirs [50,51] and to the development of drug resistance. Accordingly, continuous life-long drug therapy is necessary to control the disease and achieve a functional cure. This is obviously a particular challenge for cART in terms of therapeutic efficacy, safety, and adherence.



In order to ensure a sterilizing cure, the active agent should reach all infected sites (especially in the lymph nodes and brain) in effective amounts. However, it is not easy to achieve this with currently available drugs. The relatively low solubility, bioavailability, and membrane penetration ability, and conventional drug formulations as well, often provide insufficient drug levels to achieve complete elimination of latent virus reservoirs; just as genome editing-based and monoclonal antibody-based strategies have not yet brought therapeutic breakthroughs for a sterilizing cure. Thus, although a functional cure can be achieved with the current cART approach, the sterilizing cure for HIV infection remains elusive and represents an important goal for anti-HIV drug innovation, taking the health and economic impact of HIV infection and life-long duration of treatment into consideration [52].



Currently, there are available many anti-HIV drugs in the USA and the EU as well.



Of them, four single agents and the combination products approved by the FDA in the last 5 years are below (Table 4 and Table 5, respectively).



Three of the four new drugs are small molecules and belong to the direct-acting antiviral type, whereas one new agent, it is a monoclonal antibody, ibalizumab (it is the first biologic drug introduced for HIV therapy), belongs to the indirectly-acting, host-based agents.



6.1.1. Direct-Acting Anti-HIV Agents


The chemical structures of these agents are shown in Figure 6.



Cabotegravir (1) is an integrase strand transfer inhibitor (NSTI) structurally like dolutegravir. It binds to the viral integrase active site and blocks retroviral DNA integration, which is essential for the HIV replication cycle. Injectable cabotegravir for pre-exposure prophylaxis was approved in December 2021. It is the first long-acting every two-month treatment for the prevention of HIV for individuals at risk of sexually acquired HIV-1 infection, who have a negative HIV-1 test prior to initiation [53].



It is also a breakthrough in therapy regarding drug compliance, since the combination drug, containing co-packed extended-release cabotegravir (NSTI) and extended-release rilpivirine (2) (NNRTI) in two separate injectable suspensions, is the first once-a-month preparation for HIV infection therapy (the name of the combination product is Cabenuva).



Doravirine (3) is a non-nucleoside reverse transcriptase inhibitor intended for use in combination with other anti-HIV agents. In treatment-naïve adults with HIV-1 infection, doravirine, in a combination with islatravir, exhibited a long-lasting virologic suppression without resistance, similar to the performance of doravirine’s other drug combination product (doravirine (3)/lamivudine (4)/tenofovir disoproxil fumarate (5)).



Islatravir (6) belongs to nucleoside reverse transcriptase translocation inhibitors (NRTTIs) and it is in a Phase III clinical development phase for HIV treatment. However, a clinical hold by the FDA was recently announced (December 2021), based on previous observations of decreases in total lymphocyte and CD4+ T-cell counts in some participants receiving islatravir in clinical studies.



Fostemsavir (7) is a phosphate ester prodrug of temsavir (8). Temsavir (8), the active metabolite of fostemsavir (7), is a first-in-class attachment inhibitor that binds to the viral glycoprotein gp120 (it is regarded as a conserved, resistance insensitive target), thereby inhibiting the interaction between the virus and the surface receptors on CD4 cells. Consequently, it blocks HIV entry. Importantly, no therapy-related resistance was observed [54,55,56]. Fostemsavir (7) exhibited a significant antiviral response in adults who had received multiple treatments for HIV-1 infection.



In the last few years, in addition to the introduction of the above drugs, another important therapeutic result was obtained with the integrase inhibitor dolutegravir (9), introduced nearly a decade ago; it was recently approved for the treatment of HIV-infected children [57].



The nine drug combinations approved in the last 5 years are presented in Table 5. The high number also illustrates that combination therapy has become almost predominant in current HIV therapy. It is not surprising, since the favorable multi-targeting broad-spectrum therapeutic profile due to the combination of different, often synergic mechanism components and the reduction in drug resistance potency represent important, and sometimes unique advantages over the individual components of the combination.



The simplest form of combination therapy is the co-administration of individual drugs in individual formulations (so-called cocktails). However, especially from the point of view of adherence, treatment with a fixed-dose single formulation is clearly preferred. Conventional fixed-dose combination formulations have only a limited ability to compensate for the often unfavorable physicochemical properties of each component. Advanced nanoformulations can be used to overcome this weakness, as illustrated by a series of convincing examples [58,59,60,61,62]. Increased and controlled site-specific organ penetration, and sufficient and sustained local drug concentrations can be achieved, which can also result in the eradication of virus reservoirs. Thus, enhanced and sustained drug levels in lymph nodes, HIV-host cells, and in the blood and plasma can be obtained for weeks.



However, all types of combination formulations have certain inherent disadvantages that cannot be fully compensated (chemical, pharmacokinetic and side effect incompatibilities of components of the combination). This narrows the scope and motivates the application of other multi-targeting approaches. One such strategy is based on the use of multi-targeting drugs, where a single molecule expresses multiple mechanisms of action. This approach has already been receiving much attention to developing drugs for the treatment of various complex diseases, also including, especially since the millennium, viral infections. The high therapeutic value of multi-targeting with a single agent is also demonstrated by a series of drugs, although once developed as one target-selective agent, it turned out later that their broad therapeutic profile was due to their polypharmacology. In medicinal chemistry, the incorporation of dual or multiple activities in a single molecule is called a ’designed multiple ligand’ (DML) or ’multi-target-directed ligand’ (MTDL). The chemical implementations and illustrative impressive results of this approach have been the subject of several recent comprehensive reviews, e.g., [62,63,64,65]. In short, in the case of DMLs, two or more pharmacophores responsible for the aimed pharmacological activities are combined, through ‘conjugating’ or ‘merging’ the pharmacophore moieties in various synthetic chemical ways. If available, we can select a molecule exhibiting a certain degree of the desired multi-activity as a lead compound, then, it is structurally optimized to achieve the balanced pharmacological profile. In a broader sense, the conjugation method includes the connection of two pharmacophores, which can be even drug molecules, through a direct bond or a spacer entity; well-known examples of this method can be provided by AZT-based dimers, such as AZT-P-Ribavirin (10) [66]. Another interesting dual antiviral inhibitor was developed from acyclic nucleotide phosphonate derivatives, such as adefovir (11) and tenofovir (12), for the treatment of HIV and hepatitis B virus co-infection [67]. The MTDL strategy can also be applied to combine hitherto unexplored or less explored anti-HIV activities in a single molecule by starting from a suitable lead [68]. These examples also immediately highlight one of the important advantages of DML/MTDL over combination formulations that pharmacokinetics and pharmacodynamics can be optimized, although undoubtedly, chemical lead optimization requires the synthesis of many compounds and a very thorough and detailed series of pharmacological experiments, including phenotype-based assays to evaluate the balanced profile, pharmacokinetic, and safety studies. A further disadvantage is that the development of such a multi-targeting agent, being a new molecular entity, can take a long and costly route, similar to original drug candidates. With careful consideration of the pros and cons, as well as the scope and limitations, it can be decided case-by-case whether the DML approach is a worthwhile implementation of a multi-targeting strategy.




6.1.2. Host-Based Anti-HIV Agents


Interestingly, despite the above-described possible benefits, exploration of the host-based antiviral approach lags far behind the direct-acting approach. In fact, only a few such anti-HIV drugs have been approved so far. One of the most recently approved drugs, the monoclonal antibody ibalizumab, and the discovery of some new promising small-molecule drug candidates or leads can be a sign of growing appreciation and interest in the host-based anti-HIV drug type. The structures of new host-directing small molecules are presented in Figure 7.



Dual CCR5 and CXCR4 Antagonists


To select a possible host target, the molecular mechanism, and factors of the virus replication process within the host side have to be considered. The HIV-1 entry and cycle process involves several key factors and steps. HIV-1 initiates access to the host cell by binding the viral envelope glycoprotein gp 120 to the host cell receptor cluster of differentiation 4 (CD4) glycoprotein. CD4 is highly expressed on the surface of immune cells and mediates interactions between antigen-presenting and T-cells. Further interaction with any of the two coreceptors, chemokine receptor 5 (CCR5) and CXC-chemokine receptor 4 (CXCR4), is also needed to initiate the viral cycle. Among selective and effective CCR5 antagonists, maraviroc (13) appeared as the most intriguing compound, and it is the only selective small-molecule inhibitor of CCR5 approved by the FDA so far. Its mode of action and a possible extension to a broader effect have recently also received considerable attention, in particular, to develop dual-targeting CCR5 and CXCR4 inhibitors. This approach can also be suitable for the treatment of resistant, severe dual-tropic HIV and neuro-HIV infections [69]. This line of research can be illustrated by the following interesting lead structures identified in the past few years.



The core structure of naturally occurring ingenol (14a) was modified by esterification to obtain cinnamoyl (14b), caproyl (14c), and lauryl ester (14d) derivatives. These compounds exhibited promising antiviral activity, due presumably to a dual-mode of action that is related to the protein kinase C (PKC) pathway. One of the actions of ingenols stimulates the HIV long terminal repeat (LTR), possibly via NF-κB nuclear translocation, and the other action downregulates membrane receptors CD4, CCR5, and CXCR4. Importantly, these compounds can also result in a sterilizing cure via depletion of the latent viral reservoirs, therefore, may serve, based also on their low cytotoxicity, as co-adjuvants for a ‘shock and kill’ therapy [70].



In a composite computational study, through virtual screening and a statistical approach, some polyheterocyclic derivatives were identified as active agents on both CCR5 and CXCR4. The core structures are partially saturated pyrazolopyridine (15a–c) and pyrazolopyrazine (16) scaffolds [71].



Another receptor- and ligand-based computational study led also to the identification of new dual CCR5 and CXCR4 antagonist candidates [72].



An angularly fused tricyclic coumarin, GUT-70 (17), isolated from Calophyllum brasiliense, was shown to block the replication of HIV in a dose-dependent manner. It is also a dual-acting receptor blocker anti-HIV agent, but its viral entry blocking action also involves other components. It stabilizes membrane fluidity and downregulates the expression of CD4, CCR5, and CXCR4 receptors, and it also inhibits NF-kB. These interesting features make it a valuable lead compound to obtain new effective agents against HIV infection [73,74].




Purine-Receptor Antagonists


Purine receptors can be involved in the HIV-1 fusion and infection and may be used to combat the viral infection. Some compounds were identified as P2X1 receptor antagonists in an HTS campaign. Compound NF279 (18), an antagonist of this receptor, also diminished HIV-1 fusion. It was also shown that the inhibition of HIV-1 fusion by NF279 (18) did not involve CD4 or coreceptors on the cell’s surface. It seems that P2X1 is a possible target for anti-HIV therapy [75].




Post-Attachment Inhibitors


The fourth newly approved drug is ibalizumab, a humanized immunoglobulin (Ig) G4 monoclonal antibody, which is a post-attachment inhibitor. It binds CD4 extracellular domain 2 and inhibits post-attachment steps in viral entry (but not influencing normal CD4 function) [60]. Its significant adverse effects were also documented in clinical applications; immune reconstitution inflammatory syndrome was attributed eventually to the therapy, however, was only observed in one case. Ibalizumab is used as an add-on therapy for adult patients.



Leronlimab, another humanized IgG4 monoclonal antibody, is an investigational CCR5 antagonist for the treatment of HIV infection. It is currently being investigated in Phase III clinical trials for critically ill COVID patients. It is intended to be used in combination therapy [76].




New Host-Based Targets


A more recent OMICS-based analysis illustrates the great potential of data-utilization in the discovery phase. In this study, 2910 human-HIV protein–protein interactions were identified and further classified. The network-based analysis serves to determine key elements and molecular mechanisms that are involved in the HIV infection and develop new drugs to prevent, as well as to treat and cure the disease through ‘shock and kill’ and ‘block and lock’ approaches [77].






6.2. Anti-Influenza Agents


The influenza virus belongs to the Orthomyxovirus family of viruses. Influenza A, B, C, and D viruses are distinguished based on their antigenicity, of which, influenza A viruses are the most pathogenic to humans and have a wide range of hosts. Influenza B and C are weak, whereas influenza D is not pathogenic to humans (for the phylodynamics and evolutionary analyses, see [78]). The well-known manifestation of influenza illness is the seasonal flu. The most effective way to prevent seasonal flu is to get vaccinated each year. Influenza vaccination is, however, not always available and is not uniformly effective to prevent infection. Infected patients can need treatment with anti-influenza drugs approved for the treatment of acute uncomplicated influenza (and eventually, for prophylaxis).



Here, we focus on the recent achievements of antiviral drug therapy of the clinically important influenza A virus infections, especially on the host-based approaches, but referring briefly to new direct-acting agents, too (molecular structures are shown in Figure 8.



Four FDA-approved and Centers for Disease Control and Prevention (CDC) recommended anti-influenza drugs are currently used. Of them, only one drug, baloxavir marboxil (BXM) (24) has recently been approved (in 2018). Oseltamivir (19), zanamivir (20), peramivir (21) were approved before 2016. For historical reasons, the matrix 2 ion channel protein (M2) inhibitors amantadine (22) and rimantadine (23), which block viral uncoating, are also on the list, but they are presently not in use in influenza therapy, due to the resistance of many influenza viruses against these drugs.



6.2.1. Direct-Acting Anti-Influenza Agents


The approved anti-IV drugs are direct-acting, virus-based inhibitors. With the exception of baloxavir marboxil (24), they are neuraminidase inhibitors (NAIs). Hemagglutinin (HA), neuraminidase (NA), and M2 proteins are on the surface of influenza A and B viruses and play important roles in virus cell entry. The cooperative receptor-binding protein HA and the receptor-cleaving enzyme NA jointly control the multivalent interactions between the virus and the host cell, and finally the virus entry [74]. The virus-specific NA and HA also serve as antigens for antibodies. NAIs as therapeutic anti-influenza agents, which block the release of newly formed viral particles, have attracted much attention for a long time. However, therapeutic use of NAIs, due particularly to the emerging resistance of IV to the treatment, has recently been limited. Their wide use is still suggested to prevent hospitalization in pandemics when treatment has to be initiated early in the course of infection to get the most significant response [79].



It is also noteworthy that a recent thorough analysis of the therapeutic position of NA inhibitors led to a rather critical conclusion that ’in a typical influenza infection, NAIs’ efficacy is inherently not high, and even if their efficacy is improved, the effect can be negligible in practice’ [80].



The limited efficacy and risk for resistance of available agents call for new drug targets to be considered for the treatment of influenza, see for reviews [35,81,82,83,84,85,86].



Baloxavir marboxil (BXM) (24) is the first new type of drug on the anti-influenza drug list [87,88,89]. Its interesting structure contains two tricyclic ring systems and a carbonate moiety. It serves as a prodrug, from which the active form, the hydrophilic baloxavir acid (BA), is formed by hydrolysis. BA, itself does not penetrate membranes, therefore its prodrug is applied. BA strongly inhibits the cap-dependent endonuclease polymerase acidic (PA) protein of the influenza virus; thus, the virus reproduction is blocked. It is interesting that the design of BA was based on the structural similarity of IV endonuclease and HIV integrase. Therefore, an integrase inhibitor, dolutegravir (9), was taken as a model compound to design anti-IV agents; in fact, one of the tricycles of BA overlaps with the dolutegravir tricyclic system [90]. BXM (24) is now considered a valuable therapeutic agent and is used for the treatment of acute symptomatic uncomplicated influenza [90,91].



The efficacy and safety of neuraminidase inhibitors and endonuclease inhibitors for the treatment of seasonal influenza were comprehensively reviewed [92]. It was concluded that therapy with zanamivir (20) was associated with the shortest recovery time, and BXM (24) treatment was associated with a reduced rate of influenza-related complications.



There are other anti-influenza agents that have been approved or developed in certain geographic regions. Among them, favipiravir (25) is the best known.



Favipiravir (25) was approved for restricted use in Japan in 2014 for the treatment of influenza. It is a nucleoside-base analog. Favipiravir, as a prodrug, is converted in vivo into the active triphosphate nucleotide metabolite (Favipiravir-TP) (26). The active metabolite specifically inhibits the polymerase machinery of the virus. It is incorporated in the virus nucleic acid as a pseudo nucleotide, thereby inhibiting the replication. At a molecular level, it binds to the viral RNA-dependent RNA polymerase (RdRP) and induces mutagenic changes in influenza (and some other) virus RNA [93]. The mechanism of inhibition of IV by favipiravir was analyzed [35,93]. The broad antiviral spectrum of favipiravir formed the basis to also investigate its potential utility in SARS-CoV-2 infection (see in next section). Certain limitations of favipiravir’s (25) use have to also be taken into consideration. The risk of human teratogenicity and embryotoxicity is well-documented [94]. Interestingly, its antiviral mechanism is described as a potential risk factor for its therapeutic application, through its possible contribution to the emergence of novel pathogenic viral strains, being resistant to drug therapy [95].



In our opinion, the pharmacokinetics of favipiravir (25) and structurally related prodrug agents may play a significant role in the antiviral activity that is expressed by the active metabolite. The extent of metabolism can however be insufficient, due to: (i) relatively low conversion of favipiravir with the hypoxanthine-guanine phosphoribosyltransferase enzyme responsible for the formation of favipiravir-monophosphate (the first, generally rate-limiting metabolic step in the formation of favipiravir-TP (26), the active metabolite) [96]; (ii) the biochemical complexity of viral infection, especially in severe clinical conditions, can influence the rate and yield of the metabolism; (iii) individual pharmacogenetic factors may differently affect both (i) and (ii). Each of these factors can impair the effectiveness of the treatment.



The place of favipiravir in anti-influenza therapy was outlined in a recent review [35].



The viral polymerase complex can be targeted in another way. Pimodivir (27), a 3-(2-pyrimidinyl)pyrrolopyridine derivative, inhibits viral replication through binding to the PB2 subunit of viral RNA polymerase and blocking the cap-snatching activity. Pimodivir (27) was undergoing clinical development, however, the Phase III trial was halted in 2020 because of unsatisfactory efficacy results [97].



Antivirals targeting the HA protein of the influenza virus are not widely used. Umifenovir (28) belongs to this group of agents. It is currently being investigated in clinical trials in the USA (and is already marketed in China and Russia) for the treatment and prevention of influenza. Its broad-spectrum antiviral activity is based on the inhibition of virus–cell membrane fusion and membrane perturbation [83].



Another important virus-based target for anti-influenza therapy can be the viral nucleoprotein (NP) that binds to viral RNA. It is critically important for both transcription and replication processes. Interestingly, naproxen (29) [98] and curcumin (30), an anti-IV agent with multiple modes of action [99], were found to inhibit NP-RNA interactions [99,100]. Naproxen (29) also demonstrated anti-SARS-CoV-2 activity [101].



A novel NP inhibitor, FA-6005 (31), inhibited human pandemic and seasonal influenza A and B viruses in vitro. It was also active in mice against the lethal influenza A virus challenge. Its mode of action is, however, more complex. It suppresses influenza virus replication and perturbs the intracellular trafficking of viral ribonucleoproteins. Thus, it also represents a potentially valuable broad-spectrum multi-targeting anti-influenza mode of action [102].




6.2.2. Host-Based Anti-Influenza Agents


Several host factors have been identified to be involved in influenza virus replication, see, e.g., [42,103], however very few host-based anti-influenza drug candidates have entered the clinical development phase. Some interesting lead structures are also shown in Figure 9.



In a viral infection, many human kinases are hijacked by the virus to support its replication cycle. Host kinases, as targets for new anti-IV agents, have been thoroughly investigated in recent studies.



Since there are many kinase inhibitor drugs, drug repositioning and the decreasing of development time and costs is an attractive strategy to identify new antiviral and also anti-influenza drug candidates. In a high-throughput screening campaign on A549 human cells against influenza viruses, two known cyclin-dependent kinase inhibitors, flavopiridol (32) and dinaciclib (33) proved to be highly active [104].



Kinase inhibitors, as a drug repositioning source of broad-spectrum antivirals [105], and to identify new antiviral drug mechanisms, were investigated. Kinases phosphorylate are important IV proteins necessary for the replication and/or evasion/suppression of the innate immune response, and thus can be attractive targets as anti-IV agents.



Several kinases were found to be involved in the regulation of antiviral chemokines and cytokines [106].



The epidermal growth factor receptor (EGFR) and phosphoinositide 3 class II β (PIK3C2β), a newly identified factor in viral entry, are involved in the anti-influenza virus action of a triazolopyridazine derivative, M85 (34). Interestingly, its combination with oseltamivir (19) exhibited strong synergism in vitro [107].



The valosin-containing protein (VCP; p97) is also a promising target. It is a member of the AAA family of adenosine triphosphatases (AAA-ATPases) and contributes to protein homeostasis and many other important biological processes. Its inhibitors were suggested as possible therapeutic agents in cancer, in particular, multiple myeloma [108]. In addition, VCP is also involved in the replication of several viruses. Its key role in influenza virus replication was recently recognized and a small-molecule allosteric VPC inhibitor, NMS-873 (35), was shown to exhibit broad-spectrum activity against influenza viruses, including drug-resistant strains. Moreover, it inhibited influenza virus in two human lung epithelial cell lines, also confirming that VPC may be a relevant therapeutic target for anti-influenza agents [103].



In the search for new antivirals, thus anti-IV agents, data-based disease analyses to identify new targets and mechanisms, and drug repositioning to discover new clinical candidates have been increasingly applied. Another valuable result of these analyzes is that a closer and more complete description of the disease is also useful in precision therapy. In an elegant study, several new host-based anti-influenza drug candidates could be identified by utilizing transcriptomic signatures of infected patients as a signature of infection (‘clinical virogenomic profile’) and drug signatures obtained on human cells (CMAP). The subsequent detailed biological analyses led to the selection of diltiazem, a calcium channel blocker antihypertensive agent, for clinical evaluation for the treatment of influenza. A Phase II clinical study of diltiazem (36) with oseltamivir (19) in combination has recently been initiated [98,100].



Another clinical example for drug repositioning is given by nitazoxanide (37), an antiprotozoal agent that was also shown to exhibit a multi-component broad-spectrum antiviral activity. Recently, it underwent a Phase III clinical trial in non-complicated influenza patients as an anti-influenza drug candidate [109]. Surprisingly enough, a combination of nitazoxanide (37) with oseltamivir (19) was no more effective than oseltamivir alone in the treatment of hospitalized influenza patients. Nitazoxanide (37) is also being investigated as an anti-SARS-CoV-2 agent in several clinical trials.



Multi-targeting is also an attractive strategy in anti-influenza therapy. Results with drug combinations underline the importance of the careful selection of components.



Perhaps, a reduction or elimination of resistance-sensitivity can primarily be expected from the combinative treatment. Thus, a combination of oseltamivir (19) with zanamivir (20) indeed suppressed oseltamivir- and zanamivir-resistant influenza viruses, while exhibiting a comparable antiviral effect to the most effective monotherapy arm [110]. On the other hand, a triple combination of oseltamivir (19), amantadine (22), and ribavirine (38) vs. oseltamivir (19) in a Phase II trial was not convincingly superior [111].



Surprisingly, designed multi-targeting agents have been underrepresented in the anti-influenza therapeutic area. We can refer to one interesting but retrospective approach based on a thorough analysis of an anti-influenza traditional Chinese multi-component medicine. It led to the identification of several interesting multi-targeting ligands with potentially anti-influenza activities [112].



Anti-influenza strategies that are based on nanoformulations are of great interest. For anti-influenza vaccine development, some formulations have reached clinical phases. For small-molecule antivirals, most achievements have only been demonstrated in vitro. Moreso, it has been confirmed that nanoformulations can overcome unfavorable ADME-relevant physicochemical properties of the candidates. To translate it, in vivo activities and optimal target-specific delivery with acceptable safety have to be the next step. Several examples of the application of nanotechnology to anti-IV agents, demonstrating improved properties, have been reported in recent reviews [113,114].





6.3. Anti-SARS-CoV-2 Agents


In this section, the goals and results of anti-SARS-CoV-2 drug research and development are presented in light of the unprecedented features and health challenges of the pandemic. Thus, lessons for the future can be outlined with greater certainty.



The many unexpected complexes and severe health burdens and challenges of the pandemic, especially in the initial phase, in 2020, demanded unprecedented performance for medicines and, of course, vaccination. Both drug innovation and vaccine development have gone through tremendous efforts. In the first phase of the pandemic, drug therapy could only rely on existing drugs. On the one hand, available agents, according to their original application, had to be properly positioned and applied to meet the typical needs of an infectious disease. On the other hand, treatment of new specific unusual symptoms of COVID-19 required new agents; this unmet and urgent need could be satisfied by a new use of existing agents, i.e., following a drug repositioning strategy. Thus, several repositioning candidates were selected based on some simple and rapid preclinical testing (it was usually an in vitro anti-SARS-CoV-2 virus assay). The scope and the limitations of these tests in their predictive competence for therapeutic suitability (defined by a balanced combination of pharmacological, pharmacokinetics, and safety factors) were often over- and underestimated, respectively. Furthermore, this approach may be criticized because it was occasionally biased and controversial in its method and content. An excellent review also addressed various aspects of the performance of in vitro assays [115]. Then, with these ‘confirmatory/promising’ preclinical results in hand, a clinical trial was initiated immediately. It would no longer seem surprising that a large number of clinical trials had hardly led to therapeutically exploitable results (cf. 4952 clinical trials, including drugs and vaccines, had been registered for COVID-19 until March 2021 [116]). It should also be added that the clinical trials themselves may be subject to strong criticism, due to modest quality in their conception, design, accomplishment, and evaluation. More so, because of this disappointing series of failures, as well as the availability of vaccination through successful development at an astonishing rate from 2021 onwards, it may have been suggested that the pandemic could be broken down and soon eradicated by vaccination only. Thus, the demand for COVID-specific drugs has declined. This was also due to the fact that, especially in the first phase of the pandemic, objective identification of the infection was often not performed in the initial stage of the disease, i.e., when an antiviral agent would have had a chance of a favorable and significant therapeutic outcome (to prevent hospitalization). Some antiviral agents have been used, especially in severe, multi-inflammatory conditions, at most as an adjunct therapy. Not at all surprising, however, is at this stage of the disease, direct-acting antiviral agents could hardly or at all be expected to halt and reverse the disease. Subsequently, many examples have confirmed this. The view that vaccination and herd immunity alone and exclusively are the solution, has become almost monopolistic. According to some experts, the vaccination campaign, which was in full swing at the beginning, seemed to be able to reach full population vaccination. It was also concluded that there was no longer a need for drugs that were ‘harmful anyway’. All of this was voiced by epidemiological ‘experts’. Widespread vaccination of the population—we ourselves also believe—is the most important means to take infections down to sporadic levels and especially to permanently prevent the pandemic. However, the growing experience gained since the introduction of vaccination makes it evident that there is also a continuous need for pharmacotherapy. We can refer to several factors in this regard, such as barriers to herd immunity, rapidly emerging new variants [117], and variant-dependent (in)efficacy of vaccines. In addition, and especially, pharmacotherapy itself has a role to play. It is necessary to provide drugs, when a vaccine is not yet available, to bridge periods between vaccine developments challenged and forced by emerging virus variants, and to treat vaccinated patients who become infected (breakthrough infection) or those who are not eligible for vaccine protection. In particular, there is a need for drugs that are effective in the early stages of the disease, capable of preventing the development of severe health conditions, and can be used orally for anti-SARS-CoV-2 therapy. All are desirable in terms of patient interest, health burden, and cost-effectiveness. Recent drug developments and results are impressive and promising in this regard; in this review, we focus on such agents. We firmly believe that such agents are of strategic importance, not only to prevent the disease from becoming serious, but also to avoid hospitalization, which is a huge burden on healthcare. We do not address drug therapy for severe conditions of the infection, which is usually aimed at reversing or treating the effects of immune dysregulation and inflammation with steroids and/or anti-cytokine drugs and/or other agents. Additionally, we also refer to the comprehensive reviews discussing therapeutic aspects of COVID-19 in detail [38,116,118].



6.3.1. Direct-Acting Antivirals for COVID-19


In Figure 5 of this review, we summarized the main steps of virus-host interactions, from entry to the release of the virion. The viral RNA translates 4 structural proteins, the spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins, and 25 non-structural (ns) and accessory proteins. The ns proteins formed from two polypeptides by the viral proteases play essential roles in replication and host interactions. Effective antiviral drugs can block viral entry and/or proliferation within the host cell. Accordingly, such targets [119], especially four non-structural proteins, including papain-like protease (PLpro), main protease (Mpro) or 3-chymotrypsin-like protease (3CLpro), helicase, and RNA-dependent RNA polymerase (RdRp) as key enzymes, have received considerable attention and are subjects of through studies to develop anti-COVID-19 agents (Mei). Remdesivir (39) and molnupiravir (40), inhibitors of replication of RNA by interaction with RdRp, and nirmatrelvir (41), an inhibitor of Mpro, are available as therapeutic agents for the treatment of COVID-19 patients in several countries. In particular, the lower susceptibility to resistance-causing viral mutations (in respect to spike-protein targeting agents) and a potentially wide spectrum of antiviral activity is of special value to these agents. Remdesivir (39) is the only FDA-approved product for the treatment of COVID-19.



The COVID-19 Treatment Guidelines Panel’s Statement from the NIH (19 January 2022) [120] on Therapies for High-Risk, Nonhospitalized Patients With Mild to Moderate COVID-19 guides clinicians on the use of oral ritonavir-boosted (42) nirmatrelvir (41) (Paxlovid) and molnupiravir (40) (both received the Emergency Use Authorization, EUA, in December 2022) and parenteral sotrovimab and remdesivir (39) medications for the treatment of nonhospitalized patients. In clinical studies in unvaccinated individuals, these agents were found and are expected to provide the greatest benefit for nonhospitalized patients who have risk factors for progression to severe COVID-19.



The drug portfolio currently available, although modest in number, is still a major step forward in the treatment of nonhospitalized patients since the outbreak and the previous year. The emergence of widely available oral formulations for patients is almost a breakthrough.



Due to space constraints, we could not undertake a comprehensive presentation of the extremely rich research and development work related to the management of COVID-19.



Here, we summarize the effects of the three direct-acting small-molecule antivirals, remdesivir (39) and the two oral formulations, the lessons learned, and experiences of their development, which are of course interesting in themselves. Together, with some promising research on new drugs (Figure 10) that will also be discussed briefly, they can provide some strategic guidance. Excellent publications are already available on the disease. For the purposes of this review, we refer in particular to the comprehensive reviews that discuss and analyze the experience to date with vaccination, drug therapy, clinical trials [116,121,122], immunotherapy guidelines [38], and potential drug targets and candidates [119,123,124,125,126,127,128,129,130,131].



Remdesivir (GS-5734) (JBC2020) (39), a cyano-substituted C-nucleoside adenosine analog, belongs to the RdRp inhibitor class of antiviral agents. RdRp is a key player in viral replication machinery. The catalytic subunit (nsp12) of RdRp is involved in RNA synthesis through the formation of phosphodiester bonds. The nsp7 and nsp8 viral proteins are also needed to process transmission replication. RdRp has a highly conserved structure in RNA viruses, but there is no homologous mammalian counterpart. All these make it an attractive virus-based drug target, although viral mutations may narrow the antiviral spectrum of drugs [132]. Remdesivir (39), a phosphoramidate prodrug, was previously shown to exhibit remarkable activities against HCV, multiple variants of Ebola, Marburg, arena, and coronaviruses, and was considered for the treatment and prevention of Ebola virus disease [133]. Remdesivir’s active triphosphate (REM-TP) metabolite, formed in several steps via a monophosphate ester, accumulates in infected cells, blocks viral replication. It exhibits a broad-spectrum antiviral effect. The mode of action of remdesivir (39) is also well understood at a molecular level. Due to the structural similarity of REM-TP to ATP, it behaves as a specific but false substrate of viral RdRp [134]. The efficient incorporation of REM-TP into viral RNA causes a delayed termination of viral RNA synthesis, which is translated into a robust in vitro anti-SARS-CoV-2 activity. Importantly, remdesivir (39) has no significant host cytotoxic effect. This unique, highly selective, and efficient viral chain-elongation terminating mechanism is apparently more favorable than that of favipiravir-ribofuranosyl-triphosphate (26), the active form of favipiravir (25), another RdRp inhibitor prodrug (see anti-influenza agents and below). We refer also to excellent in-depth comparative studies of the interaction of remdesivir (39), favipiravir (25) and molnupiravir (40) with the RdRp machinery, which highlighted differences in their mechanisms of action and also provided some hints about mechanism-based therapeutic consequences [82,135,136].



A confirmation of the inhibitory effect of remdesivir (39) against MERS, followed by a clinical study on severely ill COVID-19 patients resulting in time-shortening of hospitalization, formed the basis for EUA by the FDA, May 2021, for treatment of severely ill COVID-19 patients. Remdesivir (39) received FDA approval on 22 October 2020. It became the first approved drug for use against SARS-CoV-2 infection. Interestingly, some subsequent studies of remdesivir warned of some controversial data, as was the case in Solidarity [137]; it was critically commented in a ScienceInsider publication [138].



According to current NIH guidelines, intravenous remdesivir is also allowed for use in nonhospitalized settings, on the basis of a trial, and included 562 nonhospitalized patients. Hospitalization or death was reduced by 87% when remdesivir (39) was applied in the early phase of symptoms.



Molnupiravir (MOL, EIDD-2881; MK-4482; Lagevrio) (40) is the isopropyl ester prodrug of N4-hydroxycytidine, which inhibits the replication of human (and bat) coronaviruses, including SARS-CoV-2. MOL, due to the tautomerism of its oxime moiety, can not only mimic cytidine but also uridine. Accordingly, it can act as a false substrate and can be inserted in RdRp, replacing both natural nucleosides. Its very interesting and remarkable discovery against SARS-CoV-2 was due to G. Painter and his group at Emory University [139], who had studied and identified its anti-coronavirus effect well before the COVID-19 pandemic; they had been working on oral inhibitors of the replication of Venezuelan equine encephalitis and other infectious viruses. They designed ribonucleosides, believing in their potentially advantageous profile, thus, identifying EIDD-2881 as a promising anti-influenza and anti-MERS agent. The molecular mode of action of MOL is different from remdesivir’s mechanism of action. It is based on the deception of the RdRp to force it to make errors. More specifically, RdRp recognizes the active form, N4-hydroxycytidine, as uridine instead of cytidine, and accordingly, the polymerase incorporates adenosine instead of guanosine in the opposite position of RNA. The accumulation of high enough errors in the viral RNA leads to an error catastrophe and the virus cannot function anymore.



When COVID-19 began, Parker and his team immediately recognized the great potency of EIDD-2881 as an anti-SARS-CoV-2 agent. Following the confirmation of its promising antiviral activity in relevant preclinical assays, a collaboration with Ridgeback Biotherapeutics also started. It was extended from mid-2020, and molnupiravir (40) was developed jointly by Merck and Ridgeback Biotherapeutics.



Interestingly, an early study of MOL in 300 hospitalized patients was halted because of unsatisfactory efficacy results. In a subsequent large Phase III study on the treatment of nonhospitalized COVID-19 patients, however, convincing therapeutic benefits were seen. In 1,433 nonhospitalized adults with mild to moderate COVID-19, with at least one risk factor associated with poor outcomes, the drug reduced the hospitalization or death rate by 30% when administered within 5 days of symptom onset. This important achievement was the basis for granting EUA by the FDA.



In the case of MOL, a computational docking study suggested a low potency to the development of drug resistance. It is also noteworthy that it can also be effective in treating patients with resistance to remdesivir (39) [140].



The main concern about molnupiravir (40) therapy originates from its mutagenic potential. On the virus side, a long-term therapy could lead to the development of new, even infectious variants, whereas on the host side, it might be incorporated into human DNA, thereby becoming mutagenic.



According to NIH therapeutic guidelines, molnupiravir (40) is used for the treatment of adult patients with mild and moderate COVID-19, who are at high risk of progression to severe disease. A 5-day therapy has to be initiated in the early disease phase after a SARS-CoV-2 positive test result.



Molnupiravir’s (40) name originates from ’Mjölnir’ (Mjölnir is the hammer of the thunder god Thor in Norse mythology). Nomen est omen—let us hope it becomes a reality that molnupiravir can knock out the virus.



The antiviral agent favipiravir (25), used also for influenza therapy (Section 6.2.1), has been recommended for oral therapy of COVID-19 in several countries, such as Russia, India, Hungary, Saudi Arabia, and there are ongoing clinical trials in other countries [35]. Therapeutic experience and the results of ongoing clinical trials, as well as its efficacy against new SARS-CoV-2 virus variants, will position it in COVID-19 therapy. The interaction of favipiravir (25) with RdRp was studied by cryomicroscopy [135,136]. The molecular operating environment-based resistance scanning methodology was also used to evaluate the sensitivity of favipiravir’s (25) binding mode to mutated target structures. It was suggested that SARS-CoV-2 with only a few mutations in RdRp, could develop favipiravir (25) resistance [136]. Safety and pharmacokinetic issues of favipiravir (25) therapy were discussed in Section 6.2.1.



Nirmatlervir (PF-07321332) (41) is the result of a record-breaking innovation. It took just one year from the idea to the first clinical test [139,141,142]. The COVID-project, led by D Owen, started immediately with a focus on the main protease enzyme of SARS-CoV-2. At Pfizer, a relevant protease inhibitor drug candidate (PF-00835231) (43) was already in hands. It was originally developed for the treatment of SARS-CoV (2003). It inhibited the SARS virus’ main protease (Mpro) that, similarly to SARS-2′s protease, cleaves virus polypeptides to form viral proteins essential for replication. Importantly, binding sites of main proteases in SARS- and SARS-2 are almost overlapping in their sequences. Therefore, it could be expected that this SARS-active molecule could also inhibit the Mpro of SARS-CoV-2, and soon after, it was indeed confirmed. However, it all seemed very encouraging, but this molecule’s PK properties were not yet acceptable for good absorption and oral application. Pharmacokinetic properties had to first be improved to obtain an orally active candidate. A series of creative and structure-guided modifications, and careful consideration of chemistry (especially stereochemical stability) and synthesis (scaling-up) issues led to the selection of PF-07321332 (41). Its valuable antiviral profile was characterized by thorough in vitro and in vivo studies. Recognizing that it is extensively metabolized by CYP3A4, narrowing its oral bioavailability, another clever ‘trick’, was made to solve the problem. Namely, the co-use of a blocker agent of CYP3A4 did increase in vivo concentrations to effective therapy-dictated levels.



To make the story complete, which in this case also means a great drug candidate and a combination drug product, nirmatrelvir (41) was combined with ritonavir (42) to get Paxlovid. The co-administered ritonavir (also serving as a PK-enhancer for other protease drugs), otherwise without anti-SARS-CoV-2 activity, boosts nirmatrelvir’s (41) PK.



In the clinical study, which included 1219 patients, treatment with Paxlovid reduced hospitalization or death by 89%, when administered within 3 days of symptom onset.



Both molnupiravir (Lagevrio) (40) and Paxlovid represent important advances in outpatient therapy in nonhospitalized patients. Due to the emergence of the latest variant omicron of SARS-CoV-2, it is very important that in vitro efficacy of both agents against omicron has recently been confirmed, supporting their use also for the treatment of patients infected with this variant [143,144].



Another interesting class of inhibitors of viral main protease was developed by Kansas University researchers and collaborators [145]. This COVID-relevant project was based on two pillars. The first one was provided by a coronavirus Mpro inhibitor agent, GC 376 (44) that was highly effective for the treatment of coronavirus-induced fatal feline infectious peritonitis (FIP) in cats (it caused clinical remission); as the second pillar, a series of in vitro active peptides were available. A subsequent structure-guided (co-crystallized inhibitors with proteases) optimization led to a dipeptide derivative that was effective against multiple human coronaviruses in enzyme- and cell-based assays as well as in vivo in a mouse model of MERS-CoV. These findings may also pave the way for the development of novel SARS-CoV-2 inhibitors.



The viral RNA repair mechanism, as a part of the complex replication machinery, was also considered as a therapeutically relevant antiviral drug target [146,147]. This target was also considered for anti-SARS-CoV-2 agents. The proofreading endonuclease activity is executed for coronaviruses by the nsp14-nsp10 complex with the assistance of magnesium ions. The complex’s structure, also importantly, does not overlap with mammalian exonucleases. Screening of selected nuclease inhibitors and magnesium-chelators in a FRET assay for the ability to inhibit nsp14/10 led to the identification of some active compounds, which were also used to build a mechanistic model. On this basis, a virtual screening campaign, and in vitro and in vivo experimental studies resulted in a few candidates showing inhibitory action individually or in combination with remdesivir (39) in various anti-SARS-CoV-2 effect-relevant assays. Three hit compounds, including sofalcone (45) (Drug Bank 05197; once considered as a gastroprotective agent), could serve as leads for further optimization [147].




6.3.2. Host-Based Antivirals for COVID-19


The possible benefits of host-based agents over direct-acting antivirals have been suggested for RNA-virus therapies [148]. It also prompted studies with host-based antivirals agents (Figure 11) to combat COVID-19 [149,150].



One such host-based target is the transmembrane protease serine 2 (TMPRSS2). SARS-CoV-2 utilizes the TMPRSS2 enzyme for infecting the host cell. Specifically, the spike protein is cleaved by the protease enzyme to support virus entry. A well-known TMPRSS2 inhibitor, Camostat (46), approved for the treatment of reflux esophagitis and pancreatitis in Japan, was also found to inhibit the SARS-CoV-2 cell entry, especially in an assay on a human epithelial cell-line [151]. Camostat is rapidly hydrolyzed in vivo to form the also active, equally potent metabolite 4-(4-guanidinobenzoyloxy)phenylacetic acid (GBPA (47)), which is subsequently slowly converted to 4-guanidinobenzoic acid (GBA) (48). Because of its favorable antiviral activity and safety profile, camostat has also been studied in clinics for COVID-19 therapy; so far, no clearly convincing therapeutic results have been obtained [152]. There are still several ongoing trials to (re)-evaluate its efficacy on COVID-19 patients [153], which may be decisive in its role in COVID-19 therapy.



In the early phase of pandemics, to discover repurposing host-based antiviral candidates, a very elegant and comprehensive study investigated the interactions between SARS-CoV-2 and the host; through an extensive mapping method, 332 human proteins, apparently targeted by the virus, were identified. Further narrowing the list, and screening the candidates for antiviral activity, two sets of agents, inhibitors of mRNA translation, and predicted regulators of the sigma-1 and sigma-2 receptors, seemed to be especially interesting. Thus, it was suggested that some members of these classes of agents may be optimized as antiviral therapeutic agents [154].



Fluvoxamine (49), approved as an antidepressant and generally qualified as a selective serotonin reuptake inhibitor (SSRI), has also a formal connection to the above findings. In fact, fluvoxamine is an agent with a broad activity profile, many components of which are also relevant to COVID-19 therapy [155]. In particular, it also displays a high affinity to the sigma-1 receptor and has an antiviral activity; exerts immunomodulatory and anti-inflammatory effects, is related to the sigma-1 receptor and SSRI activities, and exhibits an antiplatelet action, due to the SSRI effect. This unique and interesting pharmacological profile initiated the investigation of the possible role of fluvoxamine in the treatment of COVID-19 patients [156]. In a large multicentric placebo-controlled trial (TOGETHER) for acutely symptomatic high-risk patients with COVID-19, fluvoxamine (49) (100 mg twice daily) was administered for 10 days, to evaluate its effect on preventing hospitalization. The treatment with fluvoxamine (49) reduced the need for hospitalization, defined as retention in a COVID-19 emergency setting or transfer to a tertiary hospital (absolute risk reduction of 5% and RR reduction of 32%), and importantly, without significant adverse effects.



Ivermectin (50) is probably one of the most controversial of the many candidates investigated for COVID-19 therapy, which has almost ’emotionally polarized’ both professionals and the general public. The history of its use as an antiparasitic agent [157] and its successful therapeutic application in human medicine in a huge human patient population worldwide is also well-known [158,159]. Its complex, possibly COVID-19 therapy-relevant mode of action includes anti-SARS-CoV-2 [160] and complex anti-inflammatory and immunomodulatory mechanisms with multiple components [161]. The robust, in vitro confirmed antiviral effect is due mainly to the inhibition of signal-dependent nucleocytoplasmic shuttling of the SARS–CoV nucleoplasmid protein mediated nuclear import [160]. The efficacy and safety aspects of ivermectin therapy have been the subject of many publications (for a recent review, see [159,161,162]). Clinical trials have been initiated to evaluate its therapeutic utility [153]. However, confidence in ivermectin’s (50) effectiveness in COVID-19 patients was often dictated by enthusiasm, great anticipation for success, and at most, only partially well-founded hopes instead of the results of well-designed and perfectly performed clinical trials [159,163]. In fact, despite a huge, perhaps a record-breaking number of trials, it is not yet possible to make an objective (evidence-based) assessment of its value or unsuitability in COVID-19 therapy. It is therefore advisable to wait for the results of ongoing clinical studies. Our view is also in line with the recently issued NIH guidelines on the use of ivermectin for COVID-19 (16 December 2021): ’There is insufficient evidence for the Panel to recommend either for or against the use of ivermectin for the treatment of COVID-19. Results from adequately powered, well-designed, and well-conducted clinical trials are needed to provide more specific, evidence-based guidance on the role of ivermectin (50) in the treatment of COVID-19’.



Thapsigargin (TG) (51), is another host-based antiviral agent of interest. It is a plant-derived tricyclic sesquiterpenelactone, that inhibits the sarcoplasmic or endoplasmic reticulum Ca-ATPase family of calcium pumps [164]. Due to this mechanism, more recently, inhibition of apoptosis with TG was also shown, which was interesting enough to consider TG’s structure as a lead for new anticancer agents [165]. In other studies of TG (51), the significant action against various viruses, including influenza subtypes, MERS, and the alpha-, beta- and delta-variants of SARS-CoV-2 coronaviruses was identified and carefully analyzed [166,167]. This valuable host-based broad-spectrum antiviral mechanism targeting the endoplasmic reticulum stress-unfolded protein response to inhibit the viral replication process can be concluded as to deserve further exploration, with also a focus on structural optimization to minimize TG’s host toxicity.



Plitidepsin (52) (dehydrodidemnin B), a cyclic depsipeptide originally isolated from the marine tunicate, is approved in Australia for the treatment of multiple myeloma in combination with dexamethasone. In addition, it was recently shown that it exerts a strong anti-coronavirus effect, in which the eukaryotic elongation factor 1A (eF1A) may be involved. Furthermore, eF1A is important for viral replication through its interaction with some viral proteins. A detailed study confirmed that eF1A also plays a role in the interaction with SARS-CoV-2 viral proteins. Accordingly, inhibitors of the interaction can be utilized for anti-SARS-CoV-2 action. Following this line of thinking and knowing about previous promising clinical trials of plitidepsin (52) in COVID-19 patients (PharmaMar company), it was also tested in three different (including human) cell lines for an anti-SARS-CoV-2 effect. In each case, very strong nanomolar IC90 was obtained, whereas its cell-toxic/static effect was not far comparable. The antiviral effect is mediated by eF1A, as confirmed by an impressive mechanistic study. In a mouse model, the in vivo antiviral activity was also proved. All of which together suggest that it is worthwhile to continue the clinical studies in COVID-19 patients [168].



Regarding the clinical trials of host-based agents, it is also worth making a comment. There is a particular challenge in clinical trials in non-severe patients with early-stage disease. Namely, it is difficult to evaluate these drugs clinically when the majority of untreated patients can recover. Therefore, we emphasize that in order to achieve robust results and to position these agents effectively in therapy, these studies should be performed primarily in patients with one or more risk factors, according to precision clinical considerations and well-chosen endpoints.





6.4. Multi-Targeting Approach


The multi-targeting strategic endeavor has so far been illustrated by a number of examples; these are mainly ineffective clinical trials with combinations of repurposed drugs (we refer here to an excellent review of repurposed drugs and their combinations investigated in clinical trials [116]) or have preclinical encouraging results. Of course, the significant potential of this approach may be more comprehensively assessed once the portfolio of approved anti-SARS-CoV-2 drugs is much richer.



In our view, the therapeutic value of the designed multiple ligand (DML) approach is expected to be exploited and seen in a few years, as these types of agents, representing a new chemical entity, may enter the clinical phase later.



What can we expect from the multi-targeting approach? Similar to HIV therapy, where a therapeutic breakthrough has been achieved with combination products, clinical trials may be initiated with a combination of approved anti-SARS-CoV-2 agents. The growing knowledge of the disease and the availability of mechanistically different types of agents can support this line and can be an important step forward. Thus, for example, the combination of favipiravir (25) and molnupiravir (40) showed promising results in a preclinical study [169]. The use of a combination of molnupiravir (40) and nirmatrelvir has also been suggested [143].



We would also believe that the combinations of direct agents with indirect anti-SARS-CoV-2 agents can be particularly promising, which would be worth exploring.





7. Conclusions and Future Directions


After reviewing the anti-HIV, anti-influenza, and anti-SARS-CoV-2 vaccine and drug landscape, some concluding and forward-looking comments can be made.



1. Although vaccine and drug satisfaction in these three areas are different, all experience to date confirms that vaccine and drug therapy are not mutually exclusive medical tools: their combined availability strengthens health care. This is easy to see, as discussed above, even in situations close to full population vaccination, there is a continuous need for antiviral drugs not only for the duration of vaccine development but also beyond, due to limitations of vaccination.



2. Vaccine development (and antibody drug development) is needed in all three areas. The HIV vaccine is not yet widely available. In the other fields, for influenza and COVID-19, although there are already effective vaccines—at this point too, we need to emphasize the impressive speed and effectiveness of RNA-based vaccine development for COVID-19—but all these vaccines still have limitations. The incomplete protection against infection and possible side effects; and technical limitations, such as production capacity constraints and special delivery conditions, make it difficult to quickly meet significant global demands. The frequently emerging variants are presently the biggest challenge for protection through vaccination. Thus, conceptually new broad-spectrum vaccines could be a major step forward. Such an RNA-based anti-influenza vaccine is under development; the clinical results and experiences will also be useful in other areas.



3. The low efficiency of preclinical-clinical translation is often cited as one of the major limiting factors for the productivity of drug innovation. We also drew attention to this, and criticized, among other things, preclinical methods that oversimplify and ambiguously reduce the amount of information relevant to their predictive capabilities for human use [170]. This methodological problem has occasionally occurred in the research of antiviral agents. As noted in Section 6.3, it appears that the importance and predictive values of in vitro cell-based antiviral activity are often overestimated. The drug is quickly but superficially qualified solely based on the degree of inhibition of the virus replication, while the suitability of the model is not or is hardly being considered. Namely, to conclusively evaluate such results, many model features must also be considered, thus, the cellular toxicity of the drug, the relevance of the model to the target mechanism, and the biochemical characteristics of the model (e.g., in a system expressing efflux-transporters, the antiviral efficacy of transporter substrates can be reduced). Reference is also made here to excellent publications that critically discuss such issues of in vitro antiviral assays [115,171]. Then, ’precise’ comparisons of such in vitro antiviral activities with animal/human plasma concentrations to quantitatively qualify the candidates’ in vivo antiviral abilities (and therapeutic utility) can also be misleading, as plasma concentrations do not necessarily predict target tissue or organ concentrations.



4. The role of clinical-preclinical translation, which is less frequently discussed, is emphasized by us in the context of defining drug target(s). Feedback and analysis of clinical observations and other data with data-science tools could result in an even better understanding of the molecular pathomechanism of the disease, the mode of drug action and it can lead to the identification of new targets in antiviral drug research, especially for host-based antiviral agents. By complementing these studies with phenotyping of the various stages of the disease, precision medicine principles and practices can be followed, and therapeutic treatments can be more efficiently performed. Furthermore, associative analysis of clinical diagnostic and disease-descriptive data, drug efficacy, and mechanism-related data, together with all health-relevant patient data, can be utilized for both precision medicine practice and drug innovation. We believe that it is expedient to create a common data platform to display the mutually interesting and supportive aspects of the two areas so that the data analyses for various purposes can be performed efficiently. Its implementation can result in a very huge and comprehensive ‘virus, disease, drug, treatment data platform’ supporting healthcare and innovation.



5. Precision medicine should be implemented in virus infectious therapy. Accordingly, both host and viral variabilities have to be considered in the choice of therapy. The omics-based and data association analyses, from the host- and virus-side, respectively, are thus important. As an illustration, an excellent pioneering study of severely ill COVID-19 patients is mentioned here. The involvement of genomic structural variants in the disease was investigated with a new method, optical genome mapping [172]. Such a study, together with genomic sequencing, can lead to the discovery of new associations between genomic information and disease susceptibility and pathogenesis. The early identification and characterization of viral variants require reliable, quick, and cheap, easy-to-use diagnostic tests (cf. increasing the risk of developing severe conditions without early therapy, especially in HIV and SARS-CoV-2; differential diagnosis for overlapping flu and COVID-19 symptoms).



The high importance of using precision medicine in antiviral therapy and clinical trial design is also the subject of some publications worth reading [173,174,175].



6. From the point of view of drugs and drug candidates, small molecules dominate the field of both direct-acting and host-based antiviral agents, and we believe this trend will be continued.



Interestingly, antiviral privileged scaffolds have not been recognized and reported so far. Thus, generally, lead molecule discovery is case-by-case; in certain cases, based on the structural similarity of virus protein targets of different virus types, key structural ligand elements of inhibitors identified for one target could be successfully applied to the similar target of another virus. The latter example also supports our idea regarding the importance of a comprehensive data platform. Structure-based and structure-guided molecular structure optimization is now routinely used in the development of new drug leads and candidates, see [176,177,178]. We emphasize that, in this process, the experimentally determined target-ligand structures should be preferred and used, if not exclusively, but at least in addition to the computationally obtained structures, given the not negligible limitations of traditional computational docking methods. A real new epoch-making development in this field is AlphaFold, ‘the first computational method that can predict protein structures with atomic accuracy even in cases in which no similar structure is known’ [179].



Not all antiviral agents available today have an optimal structure for ADME, especially for oral bioavailability and tissue/organ-specificity. To meet this need, the range of solutions is wide, from PK optimization of structures, using prodrugs, to innovative formulations. Furthermore, we especially consider here, as interesting alternatives, prodrugs (considering that their metabolism has to be complete and disease-independent) and nanoformulations.



However, it is important to note that precision drug therapy, besides taking drug properties into consideration, must also be relied upon for the patient’s pharmacogenetics and health condition.



In the candidate’s discovery strategy, drug repositioning also represents a great potential to offer a clinical candidate used alone or in combination with another agent; or a lead structure selected for optimization.



COVID-19 also encourages us to use all its lessons to prepare for the challenges of a possible new epidemic through broad international cooperation. One interesting and encouraging example of this is that last year, life science and venture capital firms launched projects on new broad-spectrum antiviral agents against coronaviruses and influenza viruses [180].



In the future, in the complex process of identification of new drug candidates by any strategy, the application and routine use of data-driven multi-omics- and multi-feature-based analyses will be inevitably needed. Besides single-purpose (e.g., drugs used for one single virus) studies, this approach will also allow the recognition of the close structural and functional relationships between therapeutically relevant targets of various virus types, families, and variants, as well as interoperable inhibitor structures capable of acting on them, and thus will provide valuable broad-spectrum structural starting points and drug candidates. To this end, it is worth considering that data-driven approaches supported with AI methods can be integrated into virtually all areas of antiviral drug and vaccine innovation and precision medicine to improve their effectiveness.
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Figure 1. Structure of the three RNA viruses. (a) IV is an RNA virus 90–100 nm in diameter. The virions are covered with a double-layered lipid membrane derived from the host cell taken up when the virus left the cell. This envelope contains two glycoproteins: hemagglutinin and neuraminidase. The influenza virus has 3 subtypes: A, B, and C variants. The A variant can be further classified according to the combinations of different types of its hemagglutinin and neuraminidase (H1N1, H3N2, etc.) which makes a serological determination of the virus possible. (b) SARS-CoV-2 contains one single-stranded positive-sense RNA. In its membrane, the spike protein is essential for target binding; (c) HIV contains two single-stranded RNAs and two reverse transcriptase enzymes. In its membrane, there is a gp41 glycoprotein and a gp120 protein, as well as host cell-derived major histocompatibility (MHC) molecules. 
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Figure 2. Main steps of the viral life cycles in IV (a), SARS-CoV-2 (b) and HIV (c). Generally: Step 1: The virus enters the cell through binding to molecules physiologically present on the cell’s surface. Step 2: Inside the cell, the genetic material of the virus undergoes the process called ‘unpacking’ the RNA from its protective proteins. Step 3: Following unpacking of the viral genome, synthesis of viral proteins, then copying of the viral genome (RNA) take place. Step 4: Components of the virus synthesized by the host cell then organize themselves into virions and are ready to leave the cell. 
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Figure 3. Kinetics of innate and adaptive immune processes during viral infection. 
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Figure 4. HIV and the HLA-mediated host response. While functional proteins assemble with copies of the viral genome at the cell membrane and mature virions bud from the surface, in parallel with this process, viral proteins are digested by the host proteasome and processed through tapasin I and II (orange rectangles) into the Golgi, where the epitopes are loaded in the HLA class I molecules. The peptide-loaded HLA protein is transported to the cell’s surface and presented to cytotoxic T lymphocytes (CTLs). Variability in epitope presentation by HLA-B alleles, such as the protective allele B*57:01, and in expression levels of HLA-C and HLA-A modify the response to infection and the set-point viral load (red background). (TCR, T cell receptor). 
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Figure 6. Direct-acting anti-HIV agents. 
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Figure 7. Host-based anti-HIV agents. 
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Figure 8. Direct-acting anti-influenza agents. 
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Figure 9. Host-based anti-influenza agents. 
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Figure 10. Direct-acting anti-SARS-CoV-2 agents. 
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Figure 11. Host-based anti-SARS-CoV-2 agents. 
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Table 1. Entry points into cells by the three RNA viruses discussed in the present review.






Table 1. Entry points into cells by the three RNA viruses discussed in the present review.





	Virus
	Cell Surface

Entry Point
	Viral Genome
	Revers

Transcriptase
	Primary Target Cell Type





	Influenza
	terminal α-sialic acid
	one single-stranded, negative-sense segmented RNA
	No
	Epithelial cells (primarily

bronchial)



	SARS-CoV-2
	Angiotensin-Converting Enzyme 2 (ACE2), transmembrane

Serin protease 2 (TMPRSS2)
	one single-stranded positive-sense RNA
	No
	Epithelial cell (primarily

bronchial, alveolar and intestinal)



	HIV
	CD4, CCR5
	two single-stranded, non-

segmented RNA
	Yes
	T helper cell
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Table 2. Susceptibility to viral infection based on blood groups.






Table 2. Susceptibility to viral infection based on blood groups.





	Virus
	Blood Group

Susceptibility Highest to Infection
	Blood Group

Susceptibility Lowest to Infection





	Influenza
	A
	0



	SARS-CoV-2
	A
	0



	HIV
	0
	B
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Table 3. Vaccine types.






Table 3. Vaccine types.





	
Production Method

	

	

	
Influenza

	
SARS-CoV-2

	
HIV






	
Traditional for active vaccination

	

	
intact, inactivated virus

	
Yes

	
Yes

	
Yes, but any of the current vaccine trials produced no effective immune response




	
Biotechnology based for active vaccination

	
1.

	
mRNA

	
Research is ongoing, clinical trials recruiting soon

	
Yes

	
Research is ongoing, clinical trial starts recruiting




	
2.

	
recombinant viral subunit protein

	

	
Yes

	




	
3.

	
recombinant adenoviral delivery vector containing viral protein sequence

	

	
Yes

	




	
Traditional for passive vaccination

	

	
polyclonal antibody, purified from human sera recovered from the disease

	

	
Yes

	




	
Biotechnology based for passive vaccination

	

	
monoclonal antibodies, effective sequences selected by phage display

	

	
Yes
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Table 4. FDA approved HIV medicines (2016–2021).






Table 4. FDA approved HIV medicines (2016–2021).





	Drug Class
	Generic Name

(Other Names and Acronyms)
	Brand Name
	FDA Approval Date





	NNRTI
	doravirine
	Pifeltro
	30 August 2018



	INSTI
	cabotegravir
	Vocabria
	22 January 2021



	AI
	fostemsavir
	Rukobia
	2 July 2020



	PAI
	ibalizumab-uiyk
	Trogarzo
	6 March 2018







NNRTI: non-nucleoside reverse transcriptase inhibitor; INSTI: integrase strand transfer inhibitor; AI: attachment inhibitor; PAI: post-attachment inhibitor.
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Table 5. FDA approved combination HIV medicines 2016–2021. Containing two or more HIV medicines from one or more drug classes.






Table 5. FDA approved combination HIV medicines 2016–2021. Containing two or more HIV medicines from one or more drug classes.





	Generic Name
	Brand Name
	FDA Approval Date





	bictegravir, emtricitabine, and tenofovir alafenamide

(bictegravir sodium/emtricitabine/tenofovir alafenamide fumarate, BIC/FTC/TAF)
	Biktarvy
	7 February 2018



	cabotegravir and rilpivirine

(CAB and RPV, CAB plus RPV, Cabenuva kit, cabotegravir extended-release injectable suspension, and rilpivirine extended-release injectable suspension)
	Cabenuva
	22 January 2021



	darunavir and cobicistat

(darunavir ethanolate/cobicistat, DRV/COBI)
	Prezcobix
	29 January 2015



	darunavir, cobicistat, emtricitabine, and tenofovir alafenamide

(darunavir ethanolate/cobicistat/emtricitabine/tenofovir AF, darunavir ethanolate/cobicistat/emtricitabine/tenofovir alafenamide, darunavir/cobicistat/emtricitabine/tenofovir AF, darunavir/cobicistat/emtricitabine/tenofovir alafenamide fumarate, DRV/COBI/FTC/TAF)
	Symtuza
	17 July 2018



	dolutegravir and lamivudine

(dolutegravir sodium/lamivudine, DTG/3TC)
	Dovato
	8 April 2019



	dolutegravir and rilpivirine

(dolutegravir sodium/rilpivirine hydrochloride, DTG/RPV)
	Juluca
	21 November 2017



	doravirine, lamivudine, and tenofovir disoproxil fumarate

(doravirine/lamivudine/TDF, doravirine/lamivudine /tenofovir DF, DOR/3TC/TDF)
	Delstrigo
	30 August 2018



	efavirenz, lamivudine, and tenofovir disoproxil fumarate

(EFV/3TC/TDF)
	Symfi Lo
	5 February 2018



	lamivudine and tenofovir disoproxil fumarate

(Temixys, 3TC/TDF)
	Cimduo
	28 February 2018
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