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Abstract

:

Herpes simplex viruses-1 and -2 (HSV-1 and -2) are two of the three human alphaherpesviruses that cause infections worldwide. Since both viruses can be acquired in the absence of visible signs and symptoms, yet still result in lifelong infection, it is imperative that we provide interventions to keep them at bay, especially in immunocompromised patients. While numerous experimental vaccines are under consideration, current intervention consists solely of antiviral chemotherapeutic agents. This review explores all of the clinically approved drugs used to prevent the worst sequelae of recurrent outbreaks by these viruses.
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1. Introduction


The world of anti-herpes simplex (anti-HSV) agents took flight in 1962 with the FDA approval of idoxuridine [1,2]. Since then, advances in understanding the genetics of herpes simplex viruses-1 and -2 (HSV-1 and -2) and their enzymology have opened the doors to many new, approved, and active pharmaceuticals, all provided as completely synthetic entities, to treat herpes simplex infections.




2. HSV-1 and -2 Infection


The human herpesviruses HSV-1 and HSV-2 (HSVs) are major human pathogens in the simplexvirus family [3]. Both viruses infect people of all ages, with HSV-1 being more prevalent than HSV-2 [3]; the seroprevalence of the latter tends to increase in different populations as they age [4]. Once primary infection occurs, these viruses tend to retreat to local ganglia, where they remain latent for an indeterminant amount of time [3]. Nonetheless, at various times during the life of the host, the latent genomes of these viruses may reactivate and cause productive, lytic infections that may result in clinical signs and symptoms, such as skin lesions, genital sores, keratitis, whitlow, or other mucocutaneous pathologies [3]. In the most extreme cases, HSVs can cause fatal systemic infections or encephalitis, problems typically most associated with immune naïve or immunocompromised patients [3]. Therefore, providing antiviral intervention for those most severely affected by these viruses is necessary.




3. Nucleoside Analogs


The majority of anti-HSV drugs are nucleoside analogs that directly target the viral DNA polymerase when in their active form. The virally encoded DNA polymerase provides an essential function, and interfering with this enzyme results in inhibition of viral DNA replication, therefore preventing the production of infectious virions. Although this mechanism is effective, a potential issue is that these agents could also target the host DNA polymerase and lead to higher toxicity. All nucleoside analogs require tri-phosphorylation before binding to and inhibiting the viral DNA polymerase at its active site [5].



The first phosphorylation of antiviral nucleoside analogs typically occurs via a viral enzyme, thymidine kinase (TK); the subsequent di- and tri-phosphorylations are enacted through cellular kinases [6]. One benefit of this pathway is that host toxicity is limited because these drugs require the presence of said viral TK, which only appears during the early phase of an active, lytic HSV infection. Without the viral TK, these anti-HSV drugs tend not to become activated and therefore cannot inhibit any DNA polymerase. Nonetheless, the host’s own TK could potentially phosphorylate the drug first, but after cellular kinases tri-phosphorylate it, the drug will still have a higher affinity toward inhibiting the virus’ DNA synthesis over that of the host [7].



The main basis for resistance to nucleoside analogs resides in mutations in TK. Hence, some antiherpetic drugs that utilize a TK-directed pathway and may be less useful in the face of such resistance include acyclovir, valacyclovir, penciclovir, famciclovir, trifluridine, idoxuridine, vidarabine, sorivudine, brivudine, ganciclovir, and valganciclovir.




4. Acyclovir, the First in Its Class of Antiherpetic Drugs


Many of the antiherpetic nucleoside analogs primarily in clinical use are based on the core structure of deoxyguanosine (Figure 1A). Acyclovir (ACV; Figure 1B) is one of the most commonly used of these; it is activated by TK and inhibits both TK and DNA polymerase activities. ACV itself is a competitive inhibitor of the viral TK [8], whereas ACV-triphosphate (ACV-TP) acts as a competitive suicide inhibitor for the viral DNA polymerase [9]. Although ACV is known as a chain terminator, the nucleotide after ACV can be added to the growing DNA chain, but this forms a suicide inhibitor complex [10] in which the exonuclease activity of the DNA polymerase cannot excise ACV to restore activity; HSV DNA polymerase then gets caught in an ever-cycling trap of adding a few nucleotides, excising those nucleotides back towards the ACV, and repeating the cycle. Thus, the inactivation of the viral DNA polymerase prevents the complete replication of the viral genome and subsequently the formation of mature virions [11].



ACV toxicity in the host is generally low because of the requirement of viral TK for the first phosphorylation. Nonetheless, host TKs are able to perform the first phosphorylation of ACV at an extremely low level; typically, ACV-TP is found at a 40–100× greater concentration in infected cells than in uninfected cells [8], reflective of a measured selectivity index of 869 [12]. Furthermore, the toxicity of ACV is also abrogated because ACV-TP is a poor inhibitor of host DNA polymerase [13].



Viral resistance to ACV can be achieved through two different mechanisms: mutations to the DNA polymerase or mutations to the viral TK. Mutations to the DNA polymerase would disrupt the active site. However, the most common mutations that affect ACV-TP’s activity against viral DNA polymerase usually result in weak inhibition of DNA synthesis because they only slightly diminish the affinity for the ACV-TP in the active site [14]. More important are the more prevalent mutant TKs, which are not able to phosphorylate ACV. Strains of HSV that have ACV-resistant TKs lower drug activation and prevent the subsequent host enzyme phosphorylation of ACV [14,15]. Moreover, single and multiple mutations are more commonly found in the TK gene than in the DNA polymerase gene [14].



One other potentially problematic issue with ACV is its low oral bioavailability, which may be obviated by intravenous dosing [16,17]. This problem has been obviated with the introduction of valacyclovir (VaCV; Figure 1C), a prodrug of ACV created by the esterification of valine to ACV [18]; VaCV has a much higher absorption rate in the gut, resulting in less wasted drug with every oral dose [18]. As a prodrug, VaCV is converted through metabolism in the liver and kidney into ACV and valine by biphenyl hydrolase-like protein, which cleaves the esterified amino acid from the molecule [19,20]. Once VaCV is converted into ACV, all the properties and mechanisms of action as stated previously for ACV are the same.




5. Other Nucleoside Analogs


Another anti-HSV guanosine analog is penciclovir (PCV; Figure 1D). Although PCV and ACV are both analogs of the same nucleoside, the slight differences in structure between the drugs (Figure 1B,D) have led to minor differences in their pharmacology. PCV has about a 100× higher affinity for HSV TK compared to that of ACV [21]. This leads to much higher levels of PCV-TP than ACV-TP in vivo. Alternatively, ACV-TP shows about a 100× greater affinity for viral DNA polymerase than PCV-TP [21].



The differences between ACV’s and PCV’s molecular structures also result in PCV having oral absorption significantly lower than that of ACV; PCV’s oral bioavailability is 1.5%, and its in vivo half-life is 2–2.5 h [22,23,24]. As a potential solution to this issue, PCV has been acetylated, resulting in its prodrug famciclovir (FamCV; Figure 1E) [24], which has a much higher oral uptake (up to 73% of the dose) [25]. FamCV is rapidly converted to PCV by aldehyde oxidase in the liver, after which the PCV enters general circulation as the active drug [26]. VaCV and FamCV are some of the most widely available antivirals because of their high oral bioavailability and rapid metabolism into their active forms, although once converted into active drugs, their in vivo half-lives are not improved over those of the parent compounds.



Trifluridine (TFT; Figure 1F) and idoxuridine (IDU; Figure 1G), while still in use, are much less commonly employed antiherpetic drugs due to their toxicity. Both TFT and IDU are used optically to limit systemic toxicity [27], such as dermatitis and local burning [28] and bone marrow suppression [29]. TFT and IDU are both deoxyuridine analogs and utilize the same activation and antiviral schemes as the drugs previously described.



Vidarabine (Figure 1H), a general polymerase inhibitor, was first synthesized as an anti-cancer drug [30]. The drug is an adenosine analog that retains activity against IDU- and ACV-resistant HSVs. However, because vidarabine acts indiscriminately on all polymerases, the drug can also impact host cell activities such as ribonucleoside reduction (by ribonucleoside reductase) and RNA polyadenylation [31]. Therefore, vidarabine suffers from much more limited clinical utility because of its mutagenic and oncogenic potential [32]. Hence, despite vidarabine being the first clinically approved antiviral drug, it is no longer available in the United States [33]. It should also be noted that vidarabine is less effective than other available antiherpetic drugs for treating HSV keratoconjunctivitis [34], so it suffers from poorer clinical reliability except in extreme cases.



Sorivudine (Figure 1I) and brivudine (Figure 1J) are thymidine analogs that inhibit DNA replication in the same fashion as described above. Brivudine ([(E)-5-(2-bromovinyl)-2′-deoxyuridine]) has greater potency than ACV against the varicella-zoster virus (VZV), another human alphaherpesvirus [35,36]; the drug appears to be not nearly as effective against HSV-1 because of the higher rates of HSVs that are resistant to these two medications [35,37].



Ganciclovir (GCV; Figure 1K), a guanosine analog like ACV, has an extra hydroxyl group on the ostensible 3′ carbon when compared to ACV. Ganciclovir is used primarily for cytomegalovirus (CMV) infections since most clinical CMV strains are still sensitive to it [38]. Although GCV’s anti-CMV activity can be attributed to its activation with the first phosphate being added via the UL97 kinase encoded by CMV [39], the HSV TK can also activate GCV via primary phosphorylation [40,41]. Similar to ACV, GCV exhibits poor oral bioavailability; subsequent work resulted in the creation of the VaCV analog valganciclovir (VGCV; Figure 1L) by esterifying valine to GCV [42]. As with VaCV, once inside the body, VGCV is converted into its active form, GCV [43].




6. Nucleotide Analogs: Cidofovir, Adefovir, and Brincidofovir


Resistance to the drugs previously described is primarily acquired through mutations to the TK [44]. As previously noted, all the nucleoside analogs require TK for phosphorylation to initiate their antiviral activity, and TK mutants can no longer activate those drugs. Hence, without phosphorylation, none of the nucleoside analogs are active against herpesviruses. One way to overcome this requirement for TK is to use a nucleotide analog that already has a monophosphate attached, such as ones based on deoxycytosine monophosphate (Figure 2A), like cidofovir (CDV; Figure 2B). None of these nucleotide analogs require activation by TK.



CDV is di- and tri-phosphorylated by cellular kinases, much like nucleoside analogs [45]. The resulting cidofovir–triphosphate binds to the HSV DNA polymerase and is incorporated into the growing viral DNA chain, which reduces the speed of elongation. Furthermore, if two cidofovirs are incorporated adjacently in a growing HSV DNA chain, elongation is terminated [11]. Resistance to CDV occurs through mutations in the HSV DNA polymerase, typically with substitutions of amino acids that occur in less conserved regions of the enzyme [46,47]. Likewise, these mutations may allow the virus to become resistant to other drugs that are nucleoside analogs. A major drawback to the use of CDV is higher host toxicity, primarily in the kidneys [48].



Due to the limited bioavailability of CDV, the lipidated precursor brincidofovir (Figure 2C) has been created and is currently in clinical trials [49,50]. The increased biological distribution of the latter drug leads to greater virus inhibition at a lower overall dose [51]. The difference in brincidofovir metabolism also makes it a less toxic drug overall [48].



An analog of deoxyadenosine monophosphate (Figure 2D), adefovir (Figure 2E), is a drug already licensed as an anti-hepatitis B virus agent [52]. Adefovir also inhibits HSV replication [53,54]. Because of its similarity to CDV and tenofovir (Figure 2G), adefovir does not require activation by TK. Adefovir is primarily administered orally as a prodrug, adefovir dipivoxil (Figure 2F; [55]), with diesterified pivalic acids on its primary phosphate group [56]; this chemical alteration improves bioavailability, oral absorption, and other pharmacologic characteristics [56]. The pivalic acids adducts are removed through first-pass metabolism to create the active drug [56]. Adefovir treatment of HSV infections is not a common practice, partly because its use against any virus has been shown to cause nephrotoxicity [55,57] and partly because it can even help select for multidrug-resistant strains. Therefore, this option is best reserved for a minority of cases.




7. Non-Nucleoside/Nucleotide Inhibition of Herpes DNA Polymerase


Foscarnet (Figure 3) is a pyrophosphate analog that reversibly binds to the viral DNA polymerase and hence does not require activation by TK. Unlike other antiherpetic drugs that bind to the viral DNA polymerase, the binding of foscarnet does not result in chain termination; the drug binds at the pyrophosphate binding site, within the active site of the herpesvirus DNA polymerase, preventing nucleotides from binding to the active site and from being incorporated into the growing DNA strand [58]. Foscarnet also differs from nucleoside-based drugs because it exists in its active form and requires no further modifications to inhibit herpesviruses. Since foscarnet does not require phosphorylation by the viral TK, it can also be used to inhibit ACV-resistant herpesviruses [46]. However, foscarnet is poorly selective. Since this drug does not get activated by viral enzymes and it binds to the active site of all polymerases, it has a higher potential to bind to and inhibit host DNA polymerases. While foscarnet shows 100× greater affinity for viral DNA polymerases than it does for human DNA polymerases [59], this level of difference may not be high enough for patients who are sensitive to the drug’s side effects, including acute nephrotoxicity [60,61], hypocalcemia [62], electrolyte disturbances, nausea, penile ulcerations, seizures, and metabolic disturbances [61,63]. On a cellular level, as the dosage of foscarnet increases, cell division slows by 50%; all phases of mitosis are impacted in some capacity as the G1, G2, and S phases are all greatly shortened [64]. Although foscarnet may inhibit host DNA replication, the greater inhibitory effects on viral DNA replication dictate that foscarnet can still be used therapeutically for ACV-resistant HSVs. Nonetheless, patients who have neurological or cardiovascular abnormalities while taking calcium-foscarnet must stop taking it [62]. Resistance to foscarnet typically appears in mutations at the pyrophosphate binding site of virus DNA polymerases.




8. Helicase/Primase Inhibitors


All the drugs discussed above typically target viral DNA replication at the elongation step, which means that individual mutations in only one gene (e.g., the TK or the DNA polymerase) could result in resistance to multiple drugs. Therefore, targeting other viral processes, at other loci, would prevent cross-resistance from appearing by such single mutations. One of these newer classes of antiherpetics is the helicase–primase inhibitors (HPIs; Figure 4), which also do not require preliminary phosphorylation by TK.



During replication of viral DNA, the helicase and primase enzymes (encoded by HSV-1 UL5 and UL52) form a complex that can separate the strands of DNA while also inserting primers [65]. Amenamevir (AMV; Figure 4A), approved for clinical use in Japan [66], and pritelivir (PTV; Figure 4B; still in clinical trials) are two of the most promising HPIs developed [67]. Both are active in their native state and require no modifications in order to inhibit the virus. Both drugs act similarly, likely by preventing the helicase–primase complex from forming by preventing the precise protein–protein interactions required between the UL5- and UL52-encoded proteins [67].



While it is not entirely understood at a molecular level exactly how the HPIs prevent the helicase–primase complex from forming, drug resistance appears through mutations to either the helicase, the primase, or both [68]. Most HPI resistance mutations already exist in the HSV population at a frequency of about 10−6 [69,70], and those mutants are not necessarily induced or selected by exposure to the inhibitors [68]. Nonetheless, these HPI-resistant mutants maintain wild-type levels of virulence in vivo [70].




9. Binding and Entry Inhibition


Other antiviral drugs act on the host cell to inhibit the virus [71]. The advantage to this approach is that resistance to the drug is less likely to appear, especially because these drugs are not subject to TK activation and ACV resistance mutations in that locus; while random mutations occur in both viruses and hosts, the mutation rate in viruses is much higher than it is in host cells [71,72,73,74]. On the other hand, targeting a host cell function may lead to higher toxicity, potentially limiting therapeutic use to only viral strains that are resistant to safer therapies.



n-Docosanol (Figure 5) is a long-chain, 22-carbon, primary alcohol offered over the counter. It likely inhibits a broad range of enveloped viruses that uncoat at the plasma membrane of target cells [75,76]. The drug appears to prevent binding and entry of HSVs by interfering directly with the cell surface phospholipids, which are required by the viruses for entry, and stabilizing them [76]. This activity tends to work well against ACV-resistant HSVs [75] and can even act synergistically with other anti-HSV drugs [77]. n-Docosanol is applied topically during prodrome to lessen the effect of a recurrent HSV outbreak; the drug even lessens the severity and duration of overt lesions. n-Docosanol is used only against labial, not genital, herpes outbreaks [78,79,80]. The parent compound itself is metabolized within cells primarily into phosphatidylethanolamine and phosphatidylcholine, typical cellular phospholipids, and it appears that these new derivatives of the drug exhibit the observed anti-HSV activity [76].




10. Licensed Drugs for Other Infectious Agents Can Also Inhibit Herpesviruses


Another drug that inhibits the virus by affecting the host cell is nelfinavir (NFV) (Figure 6), which also does not require activation by TK. Nelfinavir is a protease inhibitor used for HIV treatment that has curiously also been shown to inhibit HSV [5]. In the presence of NFV, the HSV capsids do not undergo secondary envelopment and therefore never reach maturity [5]. Even so, the mechanisms for this inhibitory effect are not well understood, although there is speculation that NFV interferes with intracellular membrane sorting and trafficking [48]. Since NFV has not been used clinically against HSVs, little is known about its overall safety and efficacy for such treatment schemes.



Emtricitabine (Figure 1M), a nucleoside analog typically used in pre-exposure prophylaxis (PrEP) schemes against HIV-1 in conjunction with the nucleotide analog tenofovir (Figure 2G; shown as its prodrug tenofovir disoproxil in Figure 2H) [81], has also found utility against HSV-2 [82,83]. Emtricitabine appears to be phosphorylated solely by cellular kinases [84]. Studies were originally designed to assess daily oral emtricitabine plus tenofovir (FTC/TDF) as a means to protect HIV-negative partners from acquiring that virus from HIV-positive partners [85]. As a side effect, it was shown that the same nucleoside/nucleotide analog regimen used to combat HIV-1 seroconversion could also reduce the risk of acquiring HSV-2 to 2.1 incidents per 100 person-years [86]; however, one study found that emtricitabine alone did not wholly lessen the chance of contracting HSV-2 [82]. Depending on the amount and means of drug delivery among other existing variables, FTC/TDF has been found to be effective at reducing the presence and severity of genital ulcers, a common HSV symptom [82].




11. Summary


While the arsenal of pharmacologic weapons we have to treat HSV infections is substantial, there is always room for improvement. To wit, IDU and TFT were supplanted by ACV and PCV, which have been further improved with VaCV and FamCV. The discovery of HPIs has revealed new HSV loci against which we can intervene, but it is likely that even these antiherpetics will be improved over the course of time. Moreover, time and effort in basic virology and pharmacology will inevitably lead to finding new molecular targets for intervention.



Regardless, none of these treatments are prophylactic, nor are they curative; these criteria may be overcome with an effective vaccine. Each antiviral agent mentioned above does not necessarily target or prevent primary infection. They also almost always require active replication, which means they cannot be used to rid the body of latent virus. Furthermore, as long as gene expression of latent virus is limited, the array of antiviral targets will similarly be constrained; more in-depth research must continue to be explored in the future to definitively aim at these much more complex problems.
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Figure 1. Nucleoside analogs. 
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Figure 2. Nucleotide analogs. 
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Figure 3. Foscarnet. 
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Figure 4. Helicase–primase inhibitors. 
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Figure 5. n-Docosanol. 
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Figure 6. Nelfinavir. 






Figure 6. Nelfinavir.
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