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The World of Antiherpetic Vaccines and Drugs, 2022
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The world of antiherpetics has grown by leaps and bounds since the discovery of what
would become the first antiherpetic drug in 1964 [1]. We now have licensed vaccines to pre-
vent veterinary diseases associated with equine herpesvirus-1 [2,3], pseudorabies virus [4,5],
bovine herpesvirus-1 [6], feline herpesvirus-1 [7], infectious laryngotracheitis virus/gallid
herpesvirus-1 [8], Marek’s Disease Virus [9,10], and cyprinid herpesvirus-3 [8], all her-
pesviruses that cause significant morbidity and mortality. We also have excellent vaccines,
Varivax/Zostavax [11,12] and Shingrix [13], to prevent chicken pox and shingles in hu-
mans. There are many licensed drugs, e.g., letermovir [14] and acyclovir [15,16], to prevent
herpesvirus outbreaks. However, we are constantly discovering new ways to attack her-
pesviruses, including novel methods aiming at prophylactic and therapeutic approaches.

In this Special Issue, we begin with the mundane, the currently applicable anti-herpes
simplex drug market [17,18]; these articles cover the pharmaceutical armaments available
today to deal with recurrent HSV outbreaks. Current treatments for Kaposi’s sarcoma are
addressed, especially drugs that combat the cancer itself [19]. We also present informa-
tion on the search for novel antiherpetics [20–22] to combat infection with other human
herpesviruses. However, none of the chemotherapeutic interventions discussed deal with
preventing a herpes infection.

Novel work in herpesvirus vaccines is extending the original work of anti-VZV work.
As was seen with current anti-SARS-CoV-2 approaches, vaccines to combat HSV-2 based
on recombinant protein subunits or mRNAs are discussed [23]. This exciting research
may be a major step forward in preventing primary infection. Similarly, live, attenuated
herpesviruses can be used to elicit durable, lasting, immune responses to diminish the
number and severity of reactivations [24,25]. A fourth paper in this issue [26] addresses
limitations that may be encountered when working with live, attenuated herpesviruses.

While the established pharmacopeia typically uses synthetic molecules that have been
discovered through direct design or high-throughout screens, a number of researchers
have taken the path of exploring natural compounds. This Special Issue describes multiple
natural products used to prevent primary infection in vitro and in vivo [27]. Furthermore,
and of greater consequence, they demonstrate the incredible safety of these compounds in
animal models, an important step towards testing these compounds in Phase I safety trials.

It is with great pleasure that we provide this Special Issue, presenting both current
and forward-looking concepts in antiviral intervention, and we welcome your feedback.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Herpes simplex viruses-1 and -2 (HSV-1 and -2) are two of the three human alphaher-
pesviruses 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.

Keywords: acyclovir; ganciclovir; cidofovir; vidarabine; foscarnet; amenamevir; docosanol; nelfi-
navir; HSV-1; HSV-2

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 pop-
ulations 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, prob-
lems 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 pro-
vides an essential function, and interfering with this enzyme results in inhibition of viral

Viruses 2021, 13, 1228. https://doi.org/10.3390/v13071228 https://www.mdpi.com/journal/viruses
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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].

Figure 1. Nucleoside analogs.
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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 con-
centration 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 [22–24]. 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 poly-
merases, 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 poten-
tial [32]. Hence, despite vidarabine being the first clinically approved antiviral drug, it is
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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 medica-
tions [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 phospho-
rylation 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 ana-
log 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.

Figure 2. Nucleotide analogs.

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 incorpo-
rated into the growing viral DNA chain, which reduces the speed of elongation. Fur-
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thermore, 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 biologi-
cal 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.
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Figure 3. Foscarnet.

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.

Figure 4. Helicase–primase inhibitors.

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].
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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 [71–74]. 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 [78–80]. 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].

Figure 5. n-Docosanol.

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
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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.

 

Figure 6. Nelfinavir.

Emtricitabine (Figure 1M), a nucleoside analog typically used in pre-exposure prophy-
laxis (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 cellu-
lar 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 nucleo-
side/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. Fur-
thermore, 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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Abstract: Acyclovir, valacyclovir, and famciclovir are used for the treatment of herpes simplex
virus (HSV) and varicella-zoster virus (VZV) infections. Helicase-primase inhibitors (HPIs) inhibit
replication fork progression that separates double DNA strands into two single strands during DNA
synthesis. The HPIs amenamevir and pritelivir have novel mechanisms of anti-herpetic action, and
their once-daily administration has clinical efficacy for genital herpes. Among HPIs, amenamevir has
anti-VZV activity. The concentrations of HSV-1 and VZV required for the 50% plaque reduction of
amenamevir were 0.036 and 0.047 μM, respectively. We characterized the features of amenamevir
regarding its mechanism, resistance, and synergism with acyclovir. Its antiviral activity was not
influenced by the viral replication cycle, in contrast to acyclovir. A clinical trial of amenamevir
for herpes zoster demonstrated its non-inferiority to valacyclovir. To date, amenamevir has been
successfully used in over 1,240,000 patients with herpes zoster in Japan. Post-marketing surveillance
of amenamevir in Japan reported side effects with significant potential risk identified by the Japanese
Risk Management Plan, including thrombocytopenia, gingival bleeding, and palpitations, although
none of these were serious. The clinical efficacy and safety profiles of amenamevir were established
in patients with herpes zoster. Therefore, amenamevir as an HPI opens a new era of anti-herpes
therapy.

Keywords: amenamevir; helicase-primase inhibitor; herpes simplex virus; varicella-zoster virus;
herpes zoster; antivirals

1. Introduction

Varicella-zoster virus (VZV) infection, which causes varicella and herpes zoster, is
treated with antivirals. Elion developed acyclovir for systemic administration to treat
herpes simplex virus (HSV) and VZV infections [1–3]. Penciclovir, valacyclovir, and
famciclovir are currently used for preventing and treating HSV and VZV infections [4].

The antiherpetic drugs valacyclovir (acyclovir) and famciclovir (penciclovir) have
been developed for the treatment and prevention of apparent HSV and VZV infections.
New antiherpetic drugs with different mechanisms of action have been developed as novel
helicase-primase (HP) inhibitors (HPIs) of HSV and VZV. Double-stranded DNA is sepa-
rated into two single strands (replication fork) before DNA synthesis, and complementary
strands are synthesized from each DNA strand to produce two new double-stranded DNA
molecules during DNA replication, as shown in Figure 1. The HP complex unwinds viral
DNA at the replication fork, separating double-stranded DNA into two single strands, and
synthesizing RNA primers followed by Okazaki fragments in the lagging strand for DNA
synthesis. Then, DNA polymerase initiates complementary DNA synthesis in the two
separated DNA strands. The HP complex consists of three proteins: HSV UL5/VZVORF55
(helicase), HSV UL52/VZVORF6 (primase), and HSV UL8/VZVORF52 (cofactor).
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Figure 1. The viral helicase primase (HP) complex in viral DNA synthesis (modified from [5]). The figure shows the role of
the HP complex (UL5, UL8, and UL52 of HSV and ORF55, ORF6, and ORF52 of VZV), the DNA polymerase complex (UL42
and UL30 of HSV and ORF28 of VZV: DNA polymerase), and the ICP8 single-stranded DNA binding protein of HSV (ORF29
of VZV). HSV UL5 and VZVORF55 (helicase) relax double-stranded DNA and separate double strands into two single
strands, forming a replication fork. HSV UL52 and VZVORF55 (primase) synthesize RNA primers (followed by Okazaki
fragments) for lagging strand DNA synthesis. DNA polymerase contains intrinsic ribonuclease H (RNase H) activity that
specifically degrades RNA/DNA heteroduplexes formed from RNA primer-Okazaki fragments and the template DNA
complex. DNA polymerase and its accessory protein (UL42) bind to each single strand and synthesize complementary
DNA to each strand of the replication fork. The single-stranded DNA binding protein with helix destabilizing activity, ICP8
(UL29 of HSV and VZV), binds to a single-stranded template DNA with helix destabilizing activity. The arrows indicate the
direction of movement of the DNA replication proteins.

A 2-amino thiazole compound, T157602, was reported as an HSV-2 HPI [6] and
thereafter two HPIs, BILS 22 BS and Bay 57-1293 (pritelivir), were shown to have anti-HSV
activity in vitro and therapeutic activity in murine HSV models [7–9]. Next, three classes
of herpesvirus HPIs were developed: thiazole urea (pritelivir [9]), 2-amino-thiazolylphenyl
derivatives (BILS 179 BS [8]), and oxadiazolylphenyl type (ASP2151, amenamevir) [10].
Amenamevir has anti-HSV and anti-VZV activity, while, in contrast, pritelivir and BILS 22
BS have anti-HSV activity but lack anti-VZV activity. Clinical studies of HPIs on genital
herpes using amenamevir and pritelivir have been conducted [11–13].

We characterized the profile of the anti-HSV and anti-VZV activities of amena-
mevir [14–18]. The antiviral activity of amenamevir was not influenced by viral DNA
synthesis, although that of acyclovir was attenuated [17,18]. Amenamevir was licensed for
the treatment of herpes zoster on the basis of a clinical trial on herpes zoster treatment in
September 2017 [19]. In this review, we focus on the anti-HSV and anti-VZV activities of
amenamevir and discuss the differences in its antiviral activity compared with acyclovir.

2. Role of HP in DNA Synthesis

Double-stranded DNA needs to be separated into two single strands (replication fork)
for DNA synthesis, and these two separated complementary strands proceed to form two
new double-stranded DNA molecules during DNA replication (Figure 1). HP is an essential
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enzyme complex for DNA synthesis conserved from Escherichia coli to Homo sapiens. HSV,
VZV, and host cells produce specific HP as an essential and indispensable gene product
related to their DNA replication.

The HP complex possesses multiple enzymatic activity, including DNA-dependent
ATPase, helicase, and primase activities, all of which are required for the functions of HP in
viral DNA replication. The helicase relaxes the duplex DNA ahead of the replication fork
and separates the double strand into two single strands. The primase sets RNA primers
for DNA synthesis on the single-stranded DNA and the DNA polymerase extends the
DNA (Okazaki fragment) as a new complementary DNA following the RNA primer in the
lagging strand. Okazaki fragments are ligated and DNA synthesis in the lagging strand is
completed.

The HP enzyme complex of herpesviruses consists of three proteins—UL5 (helicase,
VZVORF55), UL52 (primase, VZVORF6), and UL8 (cofactor, VZVORF52)—which are well
conserved among the Herpesviridae. Helicase unwinds duplex DNA ahead of the fork
and separates the double strand into two single strands. Primase lays down RNA primers
that the DNA polymerase complex (UL30/UL42) extends. The HP complex possesses
multi-enzymatic activities mediated by DNA-dependent ATPase, helicase, and primase.

3. HP Inhibitors of HSV

HPIs bind to the helicase-primase complex and inhibit single-stranded, DNA- de-
pendent ATPase, helicase, and primase activities [10,14,20,21]. T157602 was first reported
as an HPI of the HSV UL5-UL8-UL52 complex with the use of a high-throughput bio-
chemical DNA helicase assay [6]. T157602 inhibited helicase activity, primase activity, and
the replication of HSV types 1 and 2 without cytotoxicity. Seven independently isolated
T157602-resistant mutant viruses (four HSV type 2 and three HSV type 1) carried a single
base pair mutation in UL5 that resulted in a single amino acid change in the UL5 protein.
When the mutated UL5 gene from T157602-resistant HSV was transferred to a sensitive
HSV, it acquired T157602 resistance.

Three HPIs, pritelivir, BILS 179 BS, and amenamevir, have anti-HSV activity, whereas
amenamevir alone has anti-VZV activity [8–10,22]. Amenamevir was more effective than
valacyclovir for treating HSV skin lesions in HSV mutant-infected mice, and HPI-resistant
HSV mutants were susceptible to acyclovir with attenuated growth in vitro and reduced
pathogenicity compared with the parent virus [14]. Mutations in the helicase or primase
of the HP complex against amenamevir impaired viral replication and pathogenicity.
Amenamevir showed better efficacy than valacyclovir at treating HSV zosteriform skin
lesions in immunocompromised mice [23].

4. Comparison of Anti-Herpes Virus Activity in Three HPIs

Figure 2 shows the structures of four HPIs. These HPIs are virus-specific with low
cytotoxicity in vitro. Pritelivir and amenamevir are orally available, effective against HSV
infection, and are well tolerated in mice and humans. The target molecules of HPIs are
different from acyclovir, penciclovir, foscarnet, and vidarabine; therefore, their mechanism
of action and antiviral and pharmacokinetic profiles are unique to HPIs. HPIs have a lower
EC50 for HSV compared with acyclovir. Furthermore, the anti-VZV activity of amenamevir
is markedly different from the other anti-herpetic HPIs. The EC50 of HPIs for HSV-1
and HSV-2 were low (0.014–0.060 μM and 0.023–0.046 μM, respectively) and amenamevir
(0.038–0.10 μM) was more potent against all VZV strains tested compared with acyclovir
(1.3–5.9 μM) [10]. Only amenamevir has anti-VZV activity with a similar IC50 value to HSV;
however, pritelivir and BILS 22 BS had 100–200 times higher IC50 values than amenamevir.
Amenamevir has a unique antiviral spectrum for HSV and VZV. Furthermore, it had
efficacy against HSV-1, HSV-2, and acyclovir-resistant/TK-deficient virus infection and
exhibited synergistic activity against HSV-1 and HSV-2 with acyclovir and valacyclovir
in vitro and in vivo, respectively [3,16,24].
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Figure 2. Structures of helicase-primase inhibitors.

Amenamevir had a better antiviral activity profile during the DNA synthesis phase
compared with acyclovir when used as an anti-HSV and anti-VZV drug, and compared
with acyclovir, the anti-VZV and anti-HSV activities of amenamevir were not affected by
viral DNA synthesis in the infected cells [17,18]. Acyclovir is effective against infected cells
after infection and before viral DNA synthesis, but it is not effective against infected cells
with abundant viral DNA synthesis. Conversely, amenamevir is equally effective against
infected cells immediately after infection or in the late phase of infection, when viral DNA
synthesis is abundant. This suggests that amenamevir would have high efficacy in treating
severe VZV and HSV infections with a high viral load.

5. Amenamevir Resistance

Amenamevir-resistant viruses have been isolated, and sequencing analyses revealed
several single-base-pair substitutions resulting in amino acid changes in the helicase and
primase of amenamevir-resistant HSV mutants [10]. Amino acid alterations in the helicase
subunit were clustered near helicase motif IV in the UL5 helicase gene of HSV-1 and HSV-2,
whereas the primase subunit substitution was found only in amenamevir-resistant HSV-1
mutants. The combined mutation of R367H and S364G in the UL52 primase gene affords
greater resistance to amenamevir than the S364G mutation alone. The accumulation of
mutations increases the resistance to amenamevir, as shown in Table 1. Amenamevir-
resistant HSV mutants had reduced growth capability in vitro and pathogenicity compared
with the parent virus in HSV-infected mice [14].

Because the HP is essential for virus growth, an HP-deficient virus cannot replicate, in
contrast to a TK-deficient virus. Any mutation in the thymidine kinase gene resulting in
TK deficiency or reduced activity becomes an acyclovir-resistant mutant. Amenamevir-
resistant viruses can replicate in the presence of amenamevir by avoiding interactions
with HP. Acyclovir-resistant mutants of HSV and VZV with TK deficiency are similarly as
susceptible as wild-type strains to amenamevir (Table 2) [16]. Thus, acyclovir-resistant HSV
and VZV are susceptible to amenamevir, and this is consistent with the fact that the targets
of acyclovir and amenamevir are thymidine kinase and helicase-primase, respectively, with
no cross resistance. Accordingly, amenamevir-resistant HSV was as susceptible to acyclovir
and penciclovir as the wild-type strain.
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Table 1. Amino acid substitutions in the helicase and primase of ASP2151-resistant HSV-1 and HSV-2
mutants, and susceptibility to ASP2151 [14].

Virus
Strains/

Mutants a
Helicase Gene

(UL5)
Primase Gene

(UL52)
EC50

(μmol/L) b
Fold

Increase

HSV-1 KOS - c - 0.037 -
K2151rm G352V, M355I S364G, R367X d 131.8 3562

K2151rm#B9 G352V, M355I S364G, R367H 105.4 2849
K2151rm#D9 G352V, M355I S364G 19.6 530
K2151rm#G11 G352V, M355I S364G 28.2 762
K2151rm#H10 G352V, M355I S364G, R367H 118.0 3189

HSV-2 Lyon - - 0.12 -
L2151rm#C1 K355N, K451R - >150 >1250

a K2151rm#B9, K2151rm#D9, K2151rm#G11, and K2151rm#H10 were derived from K2151rm and L2151rm8#C1
was derived from L2151rm by single plaque isolation. b The 50% effective concentration (EC50) was calculated
via nonlinear regression analysis using a sigmoid-Emax model from one (HSV-2) or three (HSV-1) independent
experiments performed in triplicate. c Identical to the parental sequence, or no substitutions were observed. d ‘X’
indicates Arg (R) or His (H) due to the detection of a mixed-base signal at the 367th Arg codon. The authors
obtained permission from Biochemical Pharmacology to reuse this table [14].

Table 2. EC50 values of ASP2151 and ACV against ACV-resistant or ACV-susceptible HSV-1, HSV-2,
and VZV strains (plaque reduction assay) [15].

Virus Strains

EC50 (95% Confidence Interval) (μM) a
Susceptibility
(Amenamevir/
Acyclovir) d

Amenamevir
(ASP2151)

Acyclovir

HSV-1 KOS 0.010 (0.0082–0.012) 0.400
(0.32–0.50) +/+

A4-3 0.067 (0.049–0.091) 1.15 (98.8–133) +/−
HSV-2 Genital isolate 0.012 (0.006–0.023) 1.34 (0.51–3.56) +/+

Whitlow 2 0.012 (0.006–0.022) 65.9 (31.9–136) +/−
VZV Kawaguchi b 0.064 (0.043–0.094) 1.61 (0.99–2.63) +/+

TK-deficient mutant 0.068 (0.052–0.088) 12.8 (9.5–17.3) +/−
A2 c 0.11 (0.078–0.16) 11.5 (6.5–20.3) +/−
A3 c 0.11 (0.049–0.26) 19.2 (11.1–33.1) +/−
A7 c 0.065 (0.045–0.093) 41.4 (21.6–79.2) +/−
A8 c 0.10 (0.062–0.162) 82.2 (72.7–92.9) +/−

a Means of four independent experiments. b Parental strain of TK-deficient mutants, A2, A3, A7, and A8. c DNA
polymerase mutant. d Susceptibility of virus strains to each compound: +, susceptible; -, resistant. The authors
obtained permission from Antiviral Research to reuse this table [15].

The mean frequencies of amenamevir- and acyclovir-resistant HSV variants were
1.19 × 10−6 and 1.65 × 10−3, respectively, from four or two strains of wild HSV-1 and
HSV-1 virus stocks, respectively, and the frequency of pre-existing amenamevir-resistant
HSV variants was 1389 times lower than that of acyclovir-resistant variants [14]. The
frequency of acyclovir-resistant mutants in the virus stock was approximately 1 in 1000
plaque forming units. Amenamevir-mutants should preserve the function of HP to replicate
carrying the restricted amino acid change in UL5 or UL52 and the frequency of amenamevir-
resistant virus was approximately 1 in 106 plaque-forming units [10,14]. Thus, amenamevir
resistance is lower than acyclovir resistance, which suggests that the effectiveness of
amenamevir is partly related to the lack of amenamevir-resistant strains.

Amenamevir-resistant mutants had attenuated growth and pathogenicity compared
with the wild-type strain [14]. Furthermore, amenamevir had antiviral activity against
VZV [10,14–16].

6. Nucleotides and DNA Synthesis

Figure 3 illustrates nucleotide metabolism and the viral enzymes involved in vi-
ral DNA synthesis. Purines and deoxyribonucleotide triphosphates (dXTP) are synthe-
sized from amino acids to inosine-monophosphate (IMP) and then to the ribosyl form of
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adenosine-MP (rAMP), guanosine-MP, cytosine-MP, and uridine-MP. Ribonucleotide-MP
are in the form of ribose (rNMP: RNA type), and their triphosphate forms (rNTPs) are
substrates for RNA. The ribose forms of ribonucleotide diphosphate (rNDP) are then con-
verted to the deoxyribose forms of dNDPs by ribonucleotide reductase (RR) and further
to dNTP to become the substrates for DNA. Uridine diphosphate (dUDP) is converted
to the monophosphate forms dUMP and dUMP, substrates for thymidylate synthase
(TS), which are converted into thymidine-MP (dTMP) and then successively to dTTP for
DNA synthesis.

Figure 3. Biosynthesis of nucleotides. Purines and pyrimidines are synthesized de novo from amino
acids as the ribose form of nucleotides and inosine monophosphate (IMP) that are modified by
IMP dehydrogenase to adenosine-monophosphate (rAMP) and guanosine-monophosphate (rGMP).
Next, nucleotide monophosphate (rNMP) is phosphorylated to a triphosphate form (rNTP), which
is the substrate for RNA. The ribose form of nucleotide diphosphate (rNDP) is converted to the
2’-deoxyribose form (dNDP) by cellular or viral ribonucleotide reductase (RR), as shown in the
lower box. When viral RR is induced by HSV and VZV infection, dNDPs are synthesized in the
early phase of infection and are used for viral DNA synthesis, even in cells that do not actively
synthesize cellular DNA. Thymidine is an important substrate of DNA and is supplied in two
ways—by the conversion of uridine monophosphate (UMP) to thymidine monophosphate (TMP)
via thymidylate synthase (TS) (de novo pathway) and from the systemic circulation by thymidine
kinase (TK) (salvage pathway). Acyclovir (ACV) and penciclovir (PCV) are phosphorylated by viral
TK and are further phosphorylated to the triphosphate form by cellular enzymes, as shown in the
green-shaded boxes. ACV-TP and PCV-TP are incorporated into viral DNA by viral DNA polymerase,
which results in chain termination. Foscarnet (PFA) and amenamevir (ASP2151) directly inhibit viral
DNA synthesis by inhibiting DNA polymerase and HP, respectively. Nucleotides are used for RNA
synthesis in the early phase of viral replication. ACV and PCV are efficiently phosphorylated by
viral TK and inhibit viral DNA synthesis because the supply of dGTP is limited in infected cells. This
efficient inhibition of viral replication by ACV continues for 5 h after infection. In the late phase of
viral replication, ribonucleotides are converted to deoxyribonucleotides by viral RR for viral DNA
synthesis as indicated by red arrows. Accordingly, large amounts of dGTP are supplied for DNA
synthesis (approximately 60,000 and 90,000 dGTPs per DNA molecule of VZV and HSV, respectively)
and this attenuates the inhibition of viral DNA synthesis by reducing the ratio of ACV-TP:dGTP. PFA
and ASP2151 directly inhibit viral DNA synthesis and are not influenced by the supply of dGTP,
which results in the efficient inhibition of viral growth in contrast to ACV.
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Basal cells in the skin synthesize DNA for cell proliferation and differentiation to
keratinocytes; however, most skin cells do not synthesize DNA, and instead they synthesize
RNA and proteins to maintain cellular functions. Because skin cells contain low amounts of
deoxyribonucleotides for DNA synthesis, when HSV or VZV infection induces thymidine
kinase, acyclovir or penciclovir is phosphorylated and further converted to acyclovir or
penciclovir triphosphate, which results in the efficient inhibition of viral DNA synthesis
by chain termination. When viral RR and TS are induced, rNTP, a substrate for RNA, is
converted to dNTP, which increases dGTP. dGTP is increased in HSV-infected cells at 4 h
after infection. Therefore, HSV and VZV traffic between infected cells to facilitate viral
DNA synthesis by converting RNA synthesis to viral DNA synthesis via the induction
of enzymes in the newly infected cells [18]. One molecule of the VZV and HSV genome
contains 60,000 and 90,000 guanosines, respectively, and abundant dGTP competes with
acyclovir- or penciclovir-TP for DNA polymerase, which results in the inefficient inhibition
of viral DNA synthesis, when viral DNA synthesis is abundant, as shown in Figure 4.

Figure 4. Time course of changes in susceptibility of HSV- and VZV-infected cells to acyclovir, amenamevir, foscarnet,
and sorivudine [17,18]. The susceptibility of (A) HSV- and (B) VZV-infected cells to acyclovir, amenamevir, foscarnet, and
sorivudine was assessed serially after infection to examine when and how the susceptibility of infected cells to antiviral
drugs might change during the replication cycle of HSV and VZV. EC50 values of infected cells to anti-herpetic drugs were
determined at the indicated times after infection, and the increase in EC50 values is expressed as the ratio of those at 0 h.
The authors obtained permission from Antiviral Research to reuse these figures [17,18].

7. Antiviral Activity of Amenamevir Is Not Influenced by the Replication Cycle

Cells infected with viruses are treated with antiviral drugs immediately after infection,
and the drug concentration at 50% plaque formation of the inoculated virus is expressed
as the EC50. After infection, cells will be at various stages of viral DNA synthesis (imme-
diately after infection and prior to viral DNA synthesis, viral DNA synthesis initiated,
and production of viruses during viral DNA synthesis). Therefore, it might be possible
to determine the actual concentrations of antiviral drugs required to inhibit virus growth
in vivo by examining the susceptibility of infected cells to antiviral drugs at various stages
after virus infection. We investigated the susceptibility of infected cells to acyclovir and
amenamevir after infection with HSV and VZV.

The time course of the antiviral activity of amenamevir and acyclovir after HSV
and VZV showed contrasting profiles related to the concentration required for the 50%
plaque reduction of infected cells (Figure 4). The EC50 values of acyclovir were increased
5.0–7.5 h after HSV infection and reached approximately 10 and 8 times the EC50 of 0 h at
12.5 h in contrast to ASP2151 and foscarnet [17,18]. The EC50 values of amenamevir and
foscarnet were not affected 0 to 12.5 h after HSV infection. The EC50 values of acyclovir
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and sorivudine increased 6 h after VZV infection and reached approximately 10 times the
EC50 of 0 h at 18 h [18].

Conversely the EC50 values of amenamevir and foscarnet were not affected 0 to 18 h
after VZV infection. The increase in the EC50 values of infected cells to acyclovir began at
the time of HSV and VZV DNA synthesis and the effects of viral DNA synthesis and its
related cellular events clearly influenced the antiviral activity of acyclovir. The antiviral
activity of amenamevir was not affected by the replication cycle of VZV and HSV, whereas
the late phase of infected cells was 10 times less susceptible to acyclovir than immediately
after infection [17,18].

The susceptibility of infected cells to acyclovir after viral DNA synthesis was decreased
because of the increased amount of dGTP present for viral DNA synthesis in the late phase
of viral replication (Figures 4 and 5). Acyclovir triphosphate competes with dGTP for
viral DNA polymerase in infected cells, and when the dGTP supply becomes abundant,
anti-HSV activity is attenuated by competing with acyclovir triphosphate, which results in
an increase in the EC50 values of acyclovir. Viral RR converts the ribose form of guanosine
diphosphate (rGTP) to the deoxyribose form of deoxyguanosine diphosphate (dGDP),
which is converted to dGTP, a substrate for viral DNA polymerase. Hydroxyurea is an
inhibitor of RR that inhibits the supply of dGTP. Acyclovir and hydroxyurea treatment
did not reduce the acyclovir susceptibility of HSV-infected cells 12.5 h after viral DNA
synthesis or of cells without hydroxyurea dGTP supplied by viral RR, which competes with
acyclovir triphosphate, which decreases the anti-HSV and anti-VZV activity of acyclovir in
the late phase of cells infected with HSV and VZV [17,18,25]. Conversely, HPIs target the
HP and not DNA polymerase, and the nucleoside analog is not a substrate of the HP. The
anti-HSV activity of amenamevir was not influenced by the time course of infection, the
status of infected cells, or the replication cycle of the virus, which is a major advantage of
the HPIs over the current anti-herpetic drugs, acyclovir, valacyclovir, and famciclovir.

Figure 5. Cont.
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Figure 5. Time-dependent growth of HSV and concentration of dGTP after infection [18]. HSV DNA copy number and
dGTP concentration were assessed serially in untreated HSV-infected cells or cells treated with acyclovir and amenamevir.
(A) Time-dependent increase in HSV DNA copy number after infection. An increase in the copy number was observed
later than 4 h after infection. (B) Comparison of HSV DNA copy number in cells immediately after infection at 0 h and in
cells 12 h after infection treated with 10 times the EC50 of amenamevir and acyclovir. The HSV DNA copy number was
significantly higher in cells treated with acyclovir than in cells infected at 0 h and cells infected at 12 h and treated with
amenamevir. (C) Time-dependent changes in the concentration of dGTP after infection. The concentration of dGTP was
significantly increased at 4 h after infection and decreased thereafter. (D) The concentration of dGTP in infected cells at
12 h without drug treatment was significantly lower than that in infected cells treated with amenamevir and acyclovir.
* and ** indicated p < 0.05 and p < 0.01, respectively. The authors obtained permission from Antiviral Research to reuse these
figures [18].

8. Synergism of Amenamevir with Other Antiherpetic Drugs

We analyzed the antiviral interactions of amenamevir with acyclovir and penciclovir
when used to treat HSV and VZV infection by isobologram in a plaque reduction assay
using the response surface model. The combination of amenamevir with acyclovir had
statistically significant synergistic antiviral activity against the tested strains of HSV-1,
HSV-2, and VZV (p < 0.0001, p = 0.0009, p = 0.0005, respectively) [15]. The antiviral activity
of amenamevir combined with acyclovir and penciclovir against wild-type HSV-1, HSV-2,
and VZV demonstrated statistically significant synergistic activity at all concentrations
(p < 0.05) (Figure 6). Amenamevir with vidarabine showed additive effects against wild-
type HSV-2 and synergistic effects against VZV. Low concentrations of amenamevir had
stronger synergism with acyclovir or penciclovir compared with higher concentrations of
amenamevir in the isobologram analysis for HSV-1, HSV-2, and VZV.

The increased efficacy of amenamevir at lower concentrations with acyclovir and
penciclovir for HSV and VZV indicated that amenamevir might reduce the number of
viral DNA replication forks and allow acyclovir to inhibit the reduced sites of viral DNA
synthesis. This is an important pharmacological issue for combination therapy with
amenamevir and acyclovir. A single dose of amenamevir maintains an antiviral blood level
throughout the day, which reduces the number of replication forks and DNA synthesis
sites. Thus, an effective concentration of amenamevir is effective in cells immediately
after infection and cells in which viral DNA synthesis is abundant. However, acyclovir
is effective for cells in the early stage of infection, but not for cells with abundant viral
DNA synthesis. Amenamevir and acyclovir are effective for cells in the early stages of
infection. Although acyclovir is not effective in cells with abundant viral DNA synthesis,
amenamevir inhibits viral DNA synthesis by reducing the number of forks and reducing
the number of replication forks susceptible to acyclovir, even in cells with abundant viral
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DNA synthesis. Amenamevir and acyclovir not only have synergism in cells in the early
stage of infection, as shown by the plaque reduction method, but also have efficacy on cells
with advanced infection and abundant viral DNA synthesis.

Figure 6. Synergism of amenamevir (ASP2151) with acyclovir against HSV-1, HSV-2, and VZV [15]. Synergism of
amenamevir with acyclovir was analyzed by isobologram, and the solid straight line (gray) indicates the theoretical
additive antiviral activity in combination with amenamevir and acyclovir. Each point (EC50) is the mean ± standard
error from four independent experiments. Significant synergism was observed for the combination of amenamevir and
acyclovir (p = 0.0005), and low concentrations of amenamevir showed stronger synergism with acyclovir than the higher
concentrations of amenamevir. The authors obtained permission from Antiviral Research to reuse these figures [15].

Synergism of amenamevir and valacyclovir related to antiviral activity was examined
in a mouse HSV zosteriform model, and the inhibition of progression of zosteriform lesions
by combination therapy was more potent than that of either drug as a monotherapy [15].
The efficacy of amenamevir was not affected by the host’s immune status in terms of
effective oral doses in immunocompromised mice [23]. Amenamevir was effective at
treating severe skin infections, even when the start of treatment was delayed, whereas
valacyclovir was ineffective.

These results indicate that combination therapies of amenamevir with acyclovir have
synergistic anti-herpes effects against HSV and VZV infections in vitro and in vivo. There-
fore, the combination of amenamevir with acyclovir may be a useful approach to treat
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herpes infections and might be a more effective therapeutic option than monotherapy for
the treatment of herpes encephalitis or immunosuppressed patients.

In severe VZV and HSV infections, where viral replication is abundant, the suscep-
tibility to acyclovir is low because of DNA synthesis and the effect is unlikely, as shown
in Figure 5. However, amenamevir is not affected by viral DNA synthesis, even if viral
DNA synthesis is abundant. Moreover, because replication fork formation is restricted by
the action of amenamevir, acyclovir at low concentrations inhibits DNA synthesis in the
presence of amenamevir, as shown in Figure 6. Therefore, combination therapy that takes
advantage of the characteristics of acyclovir and amenamevir is recommended for severe
VZV and HSV infections.

9. Pharmacokinetic Advantage of Amenamevir

Acyclovir and penciclovir are excreted in the urine as renal excretory drugs, and their
oral administration two or three times a day is necessary to maintain a drug concentration
in the blood that preserves their antiviral activity over a whole day. Administration of
1000 mg of valacyclovir reached 5.65 ± 2.37 μg/mL of acyclovir in the serum, with an
elimination half-life of 3.03 ± 0.13 h. The concentration decreased to 2 μg/mL or less
within 4 h (Weller et al., 1993). The EC50 of VZV-infected cells was 0.745 μg/mL at 0 h
after infection, >2 μg/mL at 6 h, and after 6 h, acyclovir did not exhibit sufficient anti-VZV
activity against VZV-infected cells (Figure 4) [18].

Approximately 75% of amenamevir is excreted in the feces and 20% in the urine.
Amenamevir is not a renal excretion type drug and therefore its blood concentration
can be maintained for a long time. A single dose of 300 mg of amenamevir preserved
a mean plasma concentration over 9 times higher than the EC50 after 24 h [26]. Plasma
amenamevir concentrations required to completely suppress HSV-1 growth were seven
times higher than the EC50 in a mouse skin infection model [27]. A once-daily dose can
maintain an antiviral concentration for 24 h, and this pharmacokinetic profile is longer
than that of renal excretion type drugs, such as acyclovir and penciclovir, especially for
recurrent genital herpes. Suppressive therapy with valacyclovir, famciclovir, or acyclovir
successfully suppresses recurrent episodes but they do not maintain an effective antiviral
concentration, which allows asymptomatic viral shedding and transmission. HPIs can
maintain an antiviral concentration for a whole day, thereby completely suppressing viral
replication, including the complete inhibition and viral shedding of genital herpes. HPIs
are expected to demonstrate their true value as an antiviral for the suppressive treatment
of recurrent genital herpes.

10. The Fate of HSV- and VZV-Infected Cells

Immune responses to VZV and HSV consist of innate immunity and adaptive immu-
nity. Furthermore, cell-mediated immunity specific to VZV and HSV causes eruptions and
vesicles in the skin. Erythema multiforme occurred at the site of apparently normal skin
recovered from HSV skin lesions 1–3 weeks after infection and HSV DNA was detected in
the cells of erythema multiforme lesions [28]. Although VZV is strongly cytolytic in cell
cultures, the process by which infected cells become apparently normal cells with viral
DNA was reproduced in cell culture by antigenic modulation with an anti-gH neutralizing
antibody [29]. The skin lesions caused by HSV and VZV reverted to apparently normal
skin over time without causing erosions/ulcers or skin defects related to extensive cell
necrosis. Infected cells that have completed viral DNA synthesis are resistant to acyclovir
(Figure 4) and continue to survive and express viral antigens. These cells become the target
of the immune response until returning to normal.

11. Innate and Adaptive Cell-Mediated Immunity Related to the Clinical Image of
Viral Infection

Typical inflammation caused by adaptive immune responses characterized by cell-
mediated immunity is termed delayed type hypersensitivity (DTH) or type IV hyper-
sensitivity—tuberculin tests, contact dermatitis, or urushiol-induced dermatitis are exam-
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ples. DTH occurs as redness and swelling at 5–6 h and peaks at 48–72 h after contact with
an antigen, and even in the absence of the initial antigen, which then resolve 1 week later.

Photodistribution revealed the role of innate immune responses to HSV and VZV
(Figure 7) [30]. Sunburn (ultraviolet light) allows virus growth before inducing a phase of
adaptive immunity by impairing innate immunity related to the function of Langerhans
cells in the skin. This results in more severe skin lesions in the sunburned skin compared
with non-sunburned skin in the adaptive immunity phase [31].

 

(a) (b) 

Figure 7. Innate and adaptive immunity and photodistribution [30]. The figure shows the relationship between virus
proliferation, innate and adaptive immunity, and rash in HSV and VZV infection. Sunburn modifies virus proliferation,
innate and adaptive immunity, and rash as shown by the red arrow in the figure on the right, and causes characteristic
photodistribution as shown in the photographs. Exacerbated and dense distribution of skin lesions of HSV and VZV
infection related to the inhibition of innate immunity by sunlight exposure (ultraviolet rays). (a) A woman in her 20s
developed vesicles that were consistently distributed throughout an anterior cervical area exposed to the sun 2 days
previously. Denser uniform vesicles and erythema are present in the sun-exposed areas compared with the unexposed
areas. The sparse distribution of skin lesions in the area unexposed to sunlight is related to the lack of inhibition of innate
immune responses by sun exposure. HSV-1 was present in blister fluid (photodistribution by HSV). (b) An 8-year-old girl
was diagnosed with varicella with fever and vesicles 3 days after bathing in the sea. Dense uniform vesicles were clustered
in the sunburned area, whereas the distribution of eruptions was sparse in the unexposed area where the shoulder straps
were located because varicella lesions were inhibited by innate immunity (photodistribution by VZV). In these two cases,
innate immunity in the skin was not impaired in areas without sunburn and VZV infection resulted in mild varicella. Thus,
innate immunity is important for alleviating dense lesions by inhibiting the growth, spread, and distribution of the virus
before inducing adaptive cell-mediated immunity. The photographs were provided by Dr. Yasumoto.

Skin lesions are generally only present in areas where viral spread is not suppressed
by innate immunity. However, ultraviolet rays impair innate immune responses, especially
those mediated by Langerhans cells, which allows the initial viral infection to spread,
which results in broader, denser, and more severe skin lesions generated by an adaptive
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cell-mediated immune response termed photodistribution. The extent of viral lesions is
determined by the size of the virus replicated area before adaptive cell-mediated immune
responses are induced. This demonstrates that innate immunity has an important role in
the distribution and density of viral skin lesions by suppressing viral spread.

This is consistent with the idea that early treatment before the appearance of lesions
alleviates skin lesions in varicella and recurrent genital herpes. Treatment with acyclovir
in the latter half of the incubation period of chickenpox resulted in subclinical or mild
varicella [32]. Furthermore, for recurrent genital herpes, treatment at the prodromal stage
before the appearance of skin lesions blocks their appearance in one-third of patients [33,34].
If antiviral agents are administered before the adaptive cell-mediated immune response is
initiated, they can prevent virus localization, distribution, and replication, which results
in mild or subclinical skin lesions and alleviated disease. This concept of prophylactic
or preemptive therapy was achieved in cytomegalovirus (CMV) pneumonia in immuno-
compromised patients by starting ganciclovir treatment before apparent CMV replication
appeared [35,36].

Anti-inflammatory steroids reduced inflammation of urushiol-induced dermatitis
caused by adaptive cell-mediated immunity (DTH), but did not shorten the duration of
inflammation. Similarly, antiviral drugs prevented the appearance of new skin lesions
and halted the progression to vesiculation, but did not shorten the time to the elimination
of inflammation, even when prednisolone was administered [19,37,38]. Inflammation
appeared 3 days after contact with a viral antigen and inflammation induced by herpes
zoster was exacerbated 3 to 5 days after the onset of inflammation by the continuous
presence of infected cells and continued for 3 weeks (Figure 7). The infected cells continued
to receive antigen stimulation and inflammation peaks 3 to 5 days after the appearance of
the rash. Antiviral drugs halted the appearance of new lesions and the enlargement of skin
lesions but did not suppress inflammation once it was induced. The inflammatory process
continued for 3 weeks before being resolved, even under the intervention of amenamevir
treatment initiated on day 2 of herpes zoster infection (Figure 7).

12. Timing of Antiviral Therapy

The effectiveness of antiviral drugs can be maximized by limiting the spread, distri-
bution, and size of viral infections before the onset of adaptive cell-mediated immunity
as observed in photodistribution. Therefore, antiviral therapy should be started in the
prodromal period when innate immunity is available or as soon as VZV and HSV infections
are diagnosed (Figure 8).

Anti-VZV drug treatment for varicella is started within 24 h after the onset of symp-
toms and continues for 7 days. However, eruptions do not always progress to vesiculation,
ending in an abortive form of infection. Varicella is highly contagious and exposure to it
causes approximately 80% of infections within a family. After exposure to varicella, family
members were prophylactically treated with acyclovir during the first and second halves
of the incubation period of about 14 days, and infection was assessed by an increase in
antibody titers [32]. In the first half group of 11 patients, varicella developed in 91% of
cases and 9% was subclinical, whereas in the second half group of 11 patients, a very mild
disease occurred in 27% of cases and subclinical disease developed in 73%. Prophylactic
administration converted overt varicella to an asymptomatic infection in the second half of
the incubation period. Acyclovir inhibited viral replication in the skin when administered
immediately before the onset of varicella (corresponding to the prodromal period), which
resulted in subclinical or mild disease. Although prophylactic acyclovir treatment was
convenient and useful, the introduction of universal varicella vaccination has superseded
it [39,40].
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Figure 8. Antiviral treatment at the prodrome and after the onset of herpes zoster. Antiviral therapy inhibits virus growth
and spread, as shown by the red arrows. Antiviral treatments started before the prodrome, which are susceptible to photodis-
tribution, include suppressive therapy for HSV, preemptive therapy, and the latter half of the incubation period of varicella.
These treatments prevent the onset of overt diseases, which prevents skin lesions. Once the overt disease has occurred, skin
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lesions continue for 1 week for HSV, 1–2 weeks for varicella, and 3 weeks for herpes zoster. Apparent deterioration of
inflammation and improvement of herpes zoster lesions related to cell-mediated immune responses after the initiation of
antiviral treatment. Photograph: A 70-year-old male patient noticed a rash on the left-hand side of his waist and treatment
with amenamevir was started the day after its appearance [19,22]. Amenamevir inhibited the enlargement of the lesions and
new lesion formation and cured the lesions up to the erythema without proceeding to vesicles (abortive infection). (A-1,A-2)
show a panoramic view and a close view of the skin lesions, respectively, on the first day of amenamevir therapy, which
was the day after the eruptions were observed. (B–E) show the 2nd, 3rd, 5th, and 7th days, respectively, of amenamevir
treatment. Inflammation in the central part of the eruption increased as assessed by redness and swelling from days 1–5,
but the redness and inflammation in the peripheral part of the erythema (red halo) gradually disappeared after day 3.
(B) shows the skin lesions on the second day after treatment where redness and swelling had increased and spread around
the lesions, which indicates that the inflammatory response was augmented by the maturation and enhancement of the cell-
mediated immune response to VZV when compared with day 1. (C,D) show the contrasting course of reduced peripheral
inflammation in the red halo areas and increased inflammation in the central part of lesions, with the peak of inflammation
at day 5. Urushiol-induced dermatitis peaked on day 3 after antigen contact, and any viral lesions present at the start of
treatment appeared as a rash on day 3. There was no new eruption in this patient on day 4, which indicates that antiviral
treatment blocked the formation of new lesions and prevented the spread of the eruption and the formation of new lesions.
Inflammation represented by redness and swelling was exacerbated despite antiviral treatment. The therapeutic effect of
the antiviral drug is not related to the reduction in inflammation, which makes it difficult to determine the therapeutic
efficacy of antiviral drugs. The inflammation became more severe between days 3 and 5, even after antiviral treatment. The
photograph was provided by Dr. Toyama.

Herpes zoster is uncommon with an annual incidence of approximately 1 in 100 people
aged > 60 years old [41,42]. Seventy to eighty percent of patients with herpes zoster
experience prodromal symptoms, such as burning, shooting, stabbing, or throbbing pain in
the dermatome(s), which represent allodynia [43,44]. Sclerotomal pain usually precedes
dermatomal pain by a few days in the prodrome [45]. Although the preemptive use of
antiherpetic drugs at the prodromal symptom stage might be the optimal timepoint to
alleviate the severity of herpes zoster, it is not easy to differentially diagnose the prodrome
of herpes zoster from other causative symptoms.

Recurrent genital herpes causes the appearance of unpleasant vesicles, erosions, and
ulcers that last for approximately 1 week. Prodromal treatment with anti-HSV drugs
prevents uncomfortable genital lesions in up to one third of patients and helps to maintain
a comfortable daily life [33,34]. The oral administration of acyclovir, valacyclovir, and
famciclovir starting within 24 h of the onset of recurrent herpes and continuing for a period
of 5 days is effective at reducing the duration of symptoms by a median of 1–2 days.

CMV pneumonia was treated with ganciclovir in transplant recipients and immuno-
compromised patients in the 1980s, and current guidelines have been established to prevent
the development of refractory CMV pneumonia by the administration of prophylactic or
preemptive treatment with ganciclovir or letermovir [35,36,46]. The optimal timing for the
treatment of herpes virus diseases is prodromal and preemptive therapies with antiherpetic
drugs block the onset of diseases such as varicella, herpes zoster, genital herpes, and CMV
pneumonia. Although it is difficult to diagnose the prodromal stage in VZV infections, it is
easier for HSV and CMV infections. The optimal timepoint for the antiviral treatment of
VZV infection is at least within 24 h for varicella and within 72 h for herpes zoster, as soon
as possible after the onset or diagnosis.

13. Clinical Trials of Herpes Zoster Treatment with Amenamevir

Current suppressive therapies for genital herpes using acyclovir, valacyclovir, and
famciclovir are effective, but these drugs do not provide efficacious antiviral concentrations
over the whole day because they are renal excretory drugs [26], and this allows viral
shedding and viral replication.

On the basis of the promising preclinical profiles related to the antiviral activity and
pharmacokinetics of HPIs, pritelivir and amenamevir were evaluated in two phase 2 clinical
studies of patients with genital herpes [11–13]. HPIs have an excellent pharmacokinetic
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profile, and when administered daily, they maintain anti-HSV activity for the whole
day, which results in the inhibition of HSV replication, reactivation, and shedding, and
lesion formation in patients with genital herpes, as well as the transmission of HSV from
asymptomatic and symptomatic cases of genital herpes. Although one of the indications
for HPI treatment is the suppressive treatment of genital herpes, sufficient clinical efficacy
has not been achieved, and they have not replaced current suppressive therapies.

The efficacy and safety of amenamevir 400 mg once daily were evaluated in a phase
3 randomized, double-blind, valacyclovir-controlled phase 3 study when compared with
valacyclovir 1000 mg three times daily in 751 Japanese patients with herpes zoster within
72 h after the onset of rash [19]. The proportion of cases with reduced new lesion formation
by day 4 (primary efficacy endpoint) was 81.1% (197/243) for amenamevir and 75.1%
(184/245) for valacyclovir and the non-inferiority of amenamevir to valacyclovir was con-
firmed using a closed testing procedure. Furthermore, 10.0% (25/249) and 12.0% (30/249)
of patients receiving amenamevir or valacyclovir, respectively, experienced drug-related
adverse events. Days to cessation of new lesion formation, complete crusting, healing, pain
resolution, and virus disappearance (secondary endpoints) were not statistically different
between the amenamevir and valacyclovir groups.

Although amenamevir has excellent pharmacokinetics and anti-VZV properties com-
pared with acyclovir, it did not show clinically superior efficacy over valacyclovir in
immunocompetent subjects with herpes zoster [19]. Sorivudine 40 mg once daily had bet-
ter efficacy against herpes zoster than acyclovir 800 mg five times daily in patients infected
with human immunodeficiency virus [47,48]. The target period of the administration of
anti-VZV agents to inhibit viral replication in the skin of immunocompetent subjects with
herpes zoster might be limited to a few days, but longer in immunocompromised patients,
which might demonstrate the beneficial action of amenamevir over acyclovir in immuno-
compromised subjects. Amenamevir (Amenalief®) has been approved as an anti-herpes
zoster drug and has been successfully used to treat approximately 1,240,000 herpes zoster
patients in Japan.

14. Post Marketing Surveillance

At the time of approval in Japan, “renal disorder,” “cardiovascular event,” and
“platelets decreased” were set as important potential risks in the Japanese risk management
plan (RMP) to be monitored during routine pharmacovigilance (PV) activities. As of June
2020, “erythema multiform” was added as an important identified risk, and “toxic epider-
mal necrolysis” and “Stevens–Johnson syndrome” were added as important potential risks
into the Japanese RMP.

As an additional PV activity to further evaluate and demonstrate the efficacy and safety
of amenamevir in herpes zoster patients in a clinical setting, data were collected by a Special
Drug Use Surveillance program (an observational study, protocol No. AME11) [49]. This
study specifically collects information on the efficacy and safety of amenamevir in routine
clinical practice in patients who use the drug for herpes zoster. In addition, pain status
was followed to examine post-herpetic neuralgia. This study plans to enroll 3000 patients;
as of 2 January 2019, 1446 patients have been enrolled. The safety analysis set includes
1346 patients, of which 11 experienced adverse drug reactions, with an incidence of 0.82%
(11/1,346 patients). Among the 11 reported cases of adverse drug reactions, two patients
had abdominal pain and two had diarrhea and fever. Regarding safety issues related to the
important potential risks identified in the Japanese RMP, one case of thrombocytopenia and
one case of gingival bleeding were reported as events associated with “platelets decreased”,
and one case of palpitation was reported as an event associated with “cardiovascular
event”. None of these were serious.

In Japan, everyone has health insurance, which covers most patients with shingles
who are treated at medical institutions. The estimated number of patients with herpes
zoster treated with Amenalief® from its launch in September 2017 to February 2021 is
approximately 1,240,000 based on sales data and the estimated dose per patient in Japan.
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From estimations using the number of prescriptions in 2020, the total number of new
herpes zoster patients in Japan is approximately 940,000 per year, of which 240,000 (25.5%)
are treated with amenamevir.

15. Cumulative Number of Adverse Drug Reactions in Post-Marketing

Table 3 shows the number of adverse drug reactions related to oral anti-herpetic
drugs (valaciclovir, acyclovir, famciclovir, and amenamevir) in the database (Japanese
Adverse Drug Event Report database) maintained by the Pharmaceuticals and Medical
Devices Agency (PMDA), the Japanese regulatory authority. Overall, 500–700 adverse
drug reactions related to oral anti-herpetic drugs are reported every year, and most events
are categorized as “nervous system disorders” and “renal and urinary disorders.” The
incidence of adverse drug reactions is not calculated, because they are spontaneous reports
from healthcare providers or consumers to a pharmaceutical company and/or regulatory
authority such as the PMDA. Because the Ministry of Health, Labor and Welfare of Japan
requires the widespread reporting of cases with suspected side effects/adverse events,
each report states that there is a causal relationship between the drug and the symptoms
and abnormal findings. Furthermore, the same case may be reported by multiple reporters.
All reported cases are listed, but the relationship with the drug has not been evaluated and
should be interpreted with caution. Accordingly, it is not possible to simply evaluate or
compare the safety of drugs based on the number of cases in the case reports or the number
of cases in the list of reported adverse drug reactions. However, the information obtained
here includes data that cannot be obtained by the post-marketing surveillance of ame-
namevir, although our interpretation should be carefully evaluated with the understanding
of the limitations of the above information. These events are a medical problem for current
nucleoside analogs such as valaciclovir, acyclovir, and famciclovir in clinical practice. The
type and the number of events related to amenamevir are shown in parenthesis (Table 3).

Table 3. Cumulative number of adverse drug reactions related to oral anti-herpetic drugs (as of 16
May 2021).

System Organ Class 2015 2016 2017 2018 2019 2020

Nervous system disorders 221 257 272 (15) 255 (21) 271 (14) 254 (5)
Renal and urinary disorders 235 212 144 (1) 195 (5) 211 (6) 134 (6)

Psychiatric disorders 31 31 29 (1) 10 (1) 22 (1) 15 (0)
Infections and infestations 11 9 21 (5) 38 (9) 40 (1) 16 (2)

Skin and subcutaneous tissue
disorders 14 6 27 (7) 25 (15) 34 (10) 22 (10)

General disorders and
administration site conditions 17 15 19 (4) 36 (19) 24 (7) 16 (3)

Metabolism and nutrition
disorders 7 12 13 (2) 33 (11) 16 (2) 23 (4)

Others 69 78 105 (11) 108 (25) 98 (11) 82 (12)
Total 605 620 630 (44) 700 (106) 716 (52) 562 (42)

Number (including amenamevir). Adverse drug reaction reports to the PMDA are reported by pharmaceu-
tical companies or medical institutions, and the PMDA has not individually evaluated their relevance to
the pharmaceutical products. In addition, because the number of reported adverse drug reactions varies
depending on the number of patients administered each product and the availability of information from
pharmaceutical companies, it is not possible to evaluate or compare the safety of pharmaceutical products
based on the number of reported adverse drug reactions. (Japanese Adverse Drug Event Report database:
https://www.info.pmda.go.jp/fsearchnew/jsp/menu_fukusayou_base.jsp, accessed on 30 July 2021).

16. Amenamevir against Herpes Zoster Caused by Acyclovir-Resistant VZV

A 64-year-old male patient with adult T-cell lymphoma with stem cell transplantation
suffered herpes zoster and was treated with acyclovir. VZV was isolated from 12 vesicles
and the susceptibility of the 12 isolated viruses from each vesicle was examined to acyclovir
and amenamevir 14 days after acyclovir treatment was investigated. Half of the 12 isolated
viruses were a mixture of acyclovir-susceptible and acyclovir-resistant viruses with reduced
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susceptibility to acyclovir compared with the wild-type strain, which indicates that the
isolated viruses were in the transition phase of susceptible VZV to resistant VZV harboring
mutations (p.Phe139Serfs*25, p.Try144Phefs*20) in the thymidine kinase gene. Amenamevir
treatment quickly terminated the appearance of new vesicles that subsequently scabbed
over 10 days later [50]. Furthermore, amenamevir showed efficacy against acyclovir-
resistant VZV infection in one case, as expected from the finding that amenamevir has
efficacy against acyclovir resistance in vitro (Table 2) [15,16].

17. Conclusions and Overall Perspectives

HPIs have been developed as new anti-herpes drugs, but currently only amenamevir
among the HPIs is used for the treatment of herpes zoster. Amenamevir has a low EC50
to HSV and VZV and its efficacy in HSV-infected animals and synergism with acyclovir
and penciclovir was indicated for the combinational treatment of severe infection with
HSV or VZV [14–18]. The target enzymes of amenamevir and acyclovir are different—
amenamevir is effective against acyclovir-resistant viruses and has been used successfully
to treat acyclovir-resistant VZV in a patient with herpes zoster caused by acyclovir-resistant
VZV [50]. Amenamevir (Amenalief®) has been approved as an anti-herpes zoster drug and
has been successfully used to treat approximately 1,240,000 herpes zoster patients in Japan.
To date, the numbers of adverse reactions in amenamevir-treated patients seem to be lower
than for other anti-herpetic drugs (Table 3).

The relationship between viral replication in HSV and VZV infections and innate
and adaptive immunity is explained by the pathophysiology of photodistribution, which
affects the distribution of skin lesions, as stated in Section 11. The optimal treatment
timepoint is at the prodrome during photodistribution, which prevents the formation
of skin lesions. This is supported by clinical observations that antiviral treatment in
the latter half of the latent period of chickenpox and prodromal treatment in recurrent
herpes can prevent the appearance of skin lesions [32–34]. However, it is difficult to start
treatment for chickenpox and herpes zoster from the prodrome; therefore, it is best to start
treatment immediately after the onset and diagnosis. Vesiculation of herpetic lesions can
be prevented by the early treatment of HSV skin lesions and chickenpox as an abortive
form. Treatment after the onset of herpes zoster can stop the appearance of new skin
lesions and prevent its spread after 4 days, but it has no effect on the exacerbation of
inflammation induced by adaptive immunity, and the inflammation is augmented even
after the start of antiviral treatment. Approximately 3 weeks of inflammation cannot
be shortened by the use of anti-inflammatory drugs. As described above, the efficacy
of antiviral drugs and inflammation caused by adaptive immune responses should be
evaluated separately because viral replication and generating adaptive immunity are
independent pathophysiologic events. Therefore, antiviral agents can stop viral spread
but cannot alleviate adaptive immunity, which exacerbates inflammation after the start
of antiviral therapy. Before starting antiviral treatment, it is recommended to explain the
following to the patient: inflammation related to lesions already present will worsen for
the next 3 days, which is unavoidable because it is an immune response, but antiviral
drugs will alleviate herpes zoster by stopping viral replication and limiting the extent of
the lesion and preventing the spread of the infection.

The long-lasting antiviral concentration of HPIs can inhibit HSV replication through-
out the whole day, which prevents the reactivation of HSV from ganglia, subsequent viral
shedding, and its sexual transmission. The excellent pharmacokinetic profile of HPIs for the
suppressive therapy of genital herpes indicates that they might provide greater benefit than
current therapy with valacyclovir and famciclovir, although this has not been reported to
date. Thus, HPIs might have favorable characteristics as antiherpetic drugs for suppressive
therapy.

The clinical efficacy and safety profiles of amenamevir have been established in
patients with herpes zoster, which indicates that amenamevir as an HPI might be an
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anti-herpes therapy. This review introduced the newly developed HPI, amenamevir, and
suggests that HPIs might be next-generation drugs for HSV and VZV infections.
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Abstract: Kaposi-sarcoma-associated herpesvirus (KSHV) or human herpesvirus 8 (HHV-8) is the
causative agent of several malignancies, including Kaposi’s sarcoma (KS), primary effusion lym-
phoma (PEL), and multicentric Castleman’s disease (MCD). Active KSHV replication has also been
associated with a pathological condition called KSHV inflammatory cytokine syndrome (KICS), and
KSHV may play a role in rare cases of post-transplant polyclonal lymphoproliferative disorders.
Several commonly used herpesviral DNA polymerase inhibitors are active against KSHV in tissue
culture. Unfortunately, they are not always efficacious against KSHV-induced diseases. To improve
the outcome for the patients, new therapeutics need to be developed, including treatment strategies
that target either viral proteins or cellular pathways involved in tumor growth and/or supporting
the viral life cycle. In this review, we summarize the most commonly established treatments against
KSHV-related diseases and review recent developments and promising new compounds that are
currently under investigation or on the way to clinical use.

Keywords: KSHV; HHV-8; Kaposi’s sarcoma; multicentric Castleman’s disease; primary effusion lym-
phoma; DNA polymerase; LANA; TK (ORF21); PK (ORF36); ORF59; vFLIP; RTA; LANA; CRISPR-Cas9

1. Introduction

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a double-stranded DNA virus,
discovered in 1994 by Patrick Moore and Yuan Chang and classified as a human gamma2-
herpesvirus [1]. KSHV is associated with three neoplastic diseases: Kaposi’s sarcoma
(KS) [1], multicentric Castleman’s disease (MCD) [2] and primary effusion lymphoma
(PEL) [3]; As reviewed elsewhere, it meets the epidemiological and basic research re-
quirements for recognition as an oncogenic agent and has thus been classified as a class I
human carcinogen by the International Agency for Research against Cancer (IARC) [4,5].
Additionally, KSHV has also been associated with a pathological condition called KSHV
inflammatory cytokine syndrome (KICS) [6] and rare cases of post-transplant polyclonal
lymphoproliferative disorders [7,8] as well as with cases of plasmablastic lymphoma
emerging from MCD [9].

The histopathological features of KS include atypical vascularization and neoangio-
genesis with extensive infiltrates of inflammatory cells and the proliferation of atypical
endothelial spindle cells [10]. Based on epidemiological criteria, KS has been classified into
four different forms that are histologically similar [11]. Moritz Kaposi described KS for the
first time in 1872 as a rare tumor endemic in the Mediterranean area that mostly affected
middle-aged and older men. This “classic” KS is characterized by indolent skin lesions and
viscera are only rarely involved [12].

In East and Central Africa, a more aggressive form of KS (the “endemic African”
KS) in HIV-negative patients involves internal organs and lymph nodes in children and
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adults [13,14]. The “iatrogenic” KS affects up to 25% (in KSHV endemic regions) of trans-
plant recipients under immunosuppressive therapy who were previously infected with
KSHV [15,16]. This form of KS often recedes after the interruption of the immunosuppres-
sive therapy [17,18].

In the 1980s, following the emergence of HIV/AIDS, the AIDS-associated or epidemic
KS became a common manifestation among HIV-infected people [19]. AIDS-KS is the most
aggressive form of KS. It can involve the lungs and the gastrointestinal tract [20]. After the
introduction of the antiretroviral combination therapy (ART) against HIV, the incidence of
this variant of KS was significantly reduced [19,21–24].

Primary effusion lymphoma (PEL) or body cavity-based lymphoma (BCBL) is a B
cell non-Hodgkin lymphoma characterized by lymphomatous effusions in the pleural,
pericardial and peritoneal body cavities [25]. PEL often arises in HIV-infected individuals
and it is estimated to account for 2–5% of HIV-associated lymphomas [26]. PEL can also
occur in transplant recipients [27]. KSHV DNA detection in the tumor cells is a diagnostic
criterion for PEL [28,29].

Multicentric Castleman’s disease is characterized by systemic inflammation, increased
levels of cytokines IL-6, IL-10 and vIL6 and by clinical symptoms like lymphadenopathy,
fever, diarrhea and weight loss. The patients with MCD are more prone to non-Hodgkin
lymphomas and organ failure [30–33].

KSHV replication in KSHV-HIV positive patients may induce a systemic inflammation
characterized by high levels of IL-6 and IL-10 and high KSHV viral load in the blood. This
non-malignant clinical manifestation is called KSHV associated inflammatory cytokine syn-
drome (KICS). As the clinical symptoms and laboratory abnormalities overlap with those
seen in MCD, the diagnosis of KICS is predicated on the absence of the lymphadenopathy
seen in MCD. KICS can also arise in KS or PEL patients and is often associated with a more
severe disease course [6,34].

Current antiviral treatments against KSHV mainly rely on herpesviral DNA poly-
merase inhibitors. Although some of them efficiently inhibit KSHV replication in tissue
culture, their efficacy against KSHV-associated disease is limited. Surgery, radiotherapy,
and chemotherapy combined with antiviral agents and immunomodulatory molecules are
used to obtain the best outcome for these patients. In trying to develop novel approaches
to an effective pharmacological treatment of KSHV-associated diseases, either the combina-
tion of antiviral drugs directed against different viral targets, or the targeting of cellular
proteins that are required for viral persistence, replication (‘dependency factors’) or the
growth of tumor cells are being explored.

2. KSHV DNA Polymerase Inhibitors

Since the discovery of KSHV, nucleoside inhibitors of the viral DNA polymerase such
as ganciclovir, cidofovir, foscarnet, brivudine, and adefovir have provided the most potent
inhibitors of KSHV replication in tissue culture [35–40]. In patients, some studies reported
ganciclovir, valganciclovir, valacyclovir, famciclovir, cidofovir or foscarnet to reduce the
shedding of KSHV in oral samples or KSHV viral load in peripheral blood, while others
failed to notice pronounced effects of these drugs in treated patients [41–43]. With few
exceptions [44], herpesviral DNA polymerase inhibitors (foscarnet, cidofovir, ganciclovir,
valganciclovir) were found to be largely ineffective when used to treat established KS
lesions [45–48]. In addition to these drugs, which are already approved for clinical use
against other herpesviruses, several new promising nucleoside inhibitors have been identi-
fied in preclinical studies but are not yet approved or available for clinical treatments (for
more details, see: [37,40,49–51].

The disappointing efficacy of herpesviral DNA polymerase inhibitors against KS is
likely related to the fact that they are nucleoside analogs that, except for foscarnet, need to
be phosphorylated to become active drugs. The first phosphorylation step is mediated by
KSHV-encoded kinases, while generation of the nucleoside di- and triphosphates is due
to the action of cellular kinases [40]. There are two KSHV kinases capable of activating
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nucleoside prodrugs by phosphorylation: a Ser/Thr kinase (vPK) encoded by open reading
frame (ORF) 36 and a thymidine kinase (TK) encoded by ORF21. Both viral kinases are
only expressed during the lytic phase of the viral cycle, and may thus only be able to exert
their function in the relatively small number of infected cells in KS tumors that undergo
lytic replication (see below).

Genes for herpesviral TKs occur in alpha- and gammaherpesviruses, but not in be-
taherpesviruses. In alpha- and gammaherpesviruses, the TK homologs are conserved:
UL23 of herpes simplex virus 1 and 2 (HSV-1/2), ORF36 of varicella-zoster virus (VZV),
BXLF1 of Epstein-Barr virus (EBV), and ORF21 of KSHV (52). Herpesviral TKs differ
in their capacity to phosphorylate nucleoside analogs. Pyrimidine nucleosides such as
brivudine and azidothymidine (zidovudine, the anti-HIV nucleoside reverse transcrip-
tase inhibitor) are efficiently phosphorylated by KSHV TK [40,52]. Instead, PK/ORF36
efficiently phosphorylates purine analogs like valganciclovir [53].

As in the case of KS, the use of these viral DNA polymerase inhibitors against PEL
and MCD has also in most cases only produced unsatisfactory clinical results [41,54–58].
The only notable exception is the combination of high dose ganciclovir and zidovudine
in patients with MCD, which has shown promising clinical response rates [59]. This drug
regimen is based on the activation of the prodrug zidovudine to a toxic moiety by KSHV
TK, in combination with the antiviral effects of ganciclovir [59].

The limited efficacy of the DNA polymerase inhibitors pushed the scientific com-
munity to identify other suitable targets with different molecular mechanisms to treat
KSHV-associated disease.

3. Antivirals Targeting Other Steps in the Viral Life Cycle

KSHV, like the other members of the Herpesviridae family, has a biphasic life cycle
characterized by distinct patterns of viral gene expression [60]. KSHV establishes a per-
manent infection that lasts for the entire life of the infected host. During the KSHV latent
phase, the viral DNA is maintained as a circular episome in the infected cells, replicated in
dividing cells together with the cellular DNA [61,62], and a few latency-associated genes
are transcribed: these encode the latency-associated nuclear antigen (LANA, encoded
by ORF73), the viral homolog of cyclin D (vCyc-D/ORF72), the viral homolog of the
fas-associated death domain-like interleukin-1-β-converting enzyme (FLICE-) inhibitory
protein (vFLIP/ORF71), Kaposin (A, B and C encoded by K12) and 25 mature microR-
NAs [63–66]. In order to produce new viral progeny, KSHV has to periodically reactivate
from latency and to switch into the productive (‘lytic’) phase of its life cycle. During the
immediate-early and early stages of productive KSHV infection, only a subset of lytic viral
genes is expressed. Following the replication of the viral DNA, viral genes encoding viral
structural proteins are switched on (‘late’ phase of the productive replication cycle) in order
to allow the production of new viral progeny [67].

In KS and PEL, the majority of KSHV infected cells adopt the latent program; therefore,
a considerable effort has been made to target latent viral proteins or cellular pathways in
which they interfere.

LANA (latency-associated nuclear antigen) is expressed in all the latently KSHV-
infected cells [35,68]. In PEL cells, decreasing LANA expression with shRNA [69], by
treatment with glycyrrhizic acid [70] or HSP90 inhibitors [71] induces cell death. The
gene-editing technique, CRISPR-Cas9, has also been used successfully in two studies to
target KSHV LANA and to target KSHV latency [72,73]. These findings suggest that LANA
may be a promising viral target to disrupt KSHV latency. Its C-terminal DNA-binding
domain (DBD) binds the latent KSHV replication origin in the terminal repeat (TRs) region
of the viral genome; this interaction ensures the viral genome replication and segregation
during cell mitosis [62,74–77]. The structure of the LANA DBD alone and in complex with
the viral latent replication origin has been solved [76,78], allowing Kirsch and colleagues
to discover and optimize new small compounds able to inhibit the binding of LANA to
viral DNA in the low micromolar range [79–81]. In addition, Mubritinib (TAK165) was
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identified as a potent inhibitor of LANA-DNA binding and strongly reduced living KSHV
PEL cells in vitro and in vivo [82].

Another potential target of the latent KSHV cycle is the viral FLICE-inhibitory protein
(vFLIP). vFLIP is a potent activator of the NF-kB pathway and counteracts Fas-induced
apoptosis [83,84]. Silencing vFLIP using siRNA [85] or using NF-kB inhibitors such as Bay
11-7082 [83,86–88] induces PEL cell apoptosis, suggesting that vFLIP may also represent
an attractive therapeutic target. In order to activate the NF-kB pathway, vFLIP directly
interacts with IKKγ/NEMO, a key player in the canonical NF-kB pathway [85,89]. The
structure of a fragment of the coiled-coil domains of IKKγ/NEMO in complex with vFLIP
has been solved [90], which provided the basis for a structure-guided development of
vFLIP inhibitors. A conformationally constrained, stapled IKKγ peptide derived from the
IKKγ–vFLIP interaction site interferes with the binding of IKKγ to vFLIP and enhances
apoptosis in PEL cell lines [91]. Also, a tertiary protein structure mimic of the vFLIP-
interaction site in the IKKγ/NEMO helix was able to induce cell death in PEL cell lines and
to delay tumor growth in a PEL xenograft mouse model [88]. These findings indicate that
it may be feasible to develop small molecule inhibitors targeting the vFLIP-IKKγ/NEMO
interaction and showing a therapeutic effect against some KSHV-associated diseases.

New approaches to target the productive (‘lytic’) phase of the KSHV life cycle have
also been developed but remain at a preclinical stage. Among the viral immediate early
proteins to be expressed early after lytic reactivation are RTA, K-bZIP, and pORF45, crucial
regulatory proteins and/or transcription factors [92,93]. RTA (encoded by ORF50) is
necessary and sufficient to trigger the KSHV lytic phase, thus it is called “the master
of KSHV lytic-switch” [94]. Long and colleagues recently described the efficiency of
Gallic acid (GA) to inhibit RTA transcriptional activity by preventing its binding to target
promoters. GA induces apoptosis in a PEL cell line in a dose-dependent manner [95].

Another novel viral target is the KSHV protein encoded by ORF59. pORF59 is a
homologue of the DNA polymerase-associated processivity factor, which occurs in pro-
as well as eukaryotes and in all herpesviruses. By acting in concert with the KSHV DNA
polymerase encoded by ORF9, it facilitates the elongation of newly synthesized viral DNA.
The compound NSC373989 was shown to target the pORF9/pORF59 complex and to
inhibit viral DNA synthesis in vitro as well as KSHV lytic reactivation in PEL cells [96].
An inhibitor of pORF59 could provide an alternative approach to inhibiting viral DNA
replication during the lytic phase of the replication and could potentially be used in
combination with established competitive DNA polymerase inhibitors.

The structural similarity between the RNAse H-like nucleotidyltransferase domain
contained in the HIV integrase and the two single-strand DNA (ssDNA) binding proteins
essential for herpesviral DNA replication allowed the identification of XZ45, an HIV
integrase inhibitor, as a compound that also inhibits the replication of KSHV and other
herpesviruses [97]. Raltegravir and Dolutegravir, two HIV integrase inhibitors approved
for clinical use against HIV, were successfully tested in vitro for their inhibition of the
KSHV large terminase subunit encoded by pORF29. The C-terminal domain of KSHV
pORF29 also shows a high degree of similarity with RNAse H-like nucleotidyltransferases
and its inhibition impairs KSHV lytic reactivation in tissue culture [98].

In the case of herpes simplex virus (HSV), Varicella-Zoster virus (VZV), and human
cytomegalovirus (HCMV), structure-based drug design has been employed to target capsid
proteins, capsid assembly, and DNA encapsidation and this approach has already shown
promising results [99–102]. One compound, letermovir, targets the HCMV terminase and
the incorporation of viral DNA into newly formed viral capsids and has been approved for
clinical use in stem cell transplant recipients [103]. However, it is not active against KSHV
or other human herpesviruses. For KSHV, inhibitors of the pORF17 scaffold/protease
polyprotein, which transiently fills the newly assembled capsid and is then released by
autoproteolytic cleavage to allow packaging of capsids with viral DNA [104], have been
developed and some have shown potency in tissue culture [105–107]. Nelfinavir, an HIV
protease inhibitor, has been shown by Gantt and colleagues to inhibit KSHV, HSV and
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HCMV replication. Whether the KSHV pORF17 scaffold/protease is the key target of
nelfinavir however still remains unclear [108,109].

Attempts were also made to target viral glycoproteins expressed on the surface of
KSHV infected cells such as K8.1 and gH, by using immunotoxins that bind to these viral
proteins. These immunotoxins could induce cell death in KSHV-infected cells in tissue
culture, and a combination with ganciclovir increased their effect [110,111].

An opposite approach to inhibiting the viral lytic replication cycle involves its activa-
tion, with the aiming of taking advantage of the cell death occurring in lytically reactivated
cells. Different treatments aimed to induce the viral lytic cycle in latently KSHV-infected
cells have been attempted. Treatment with histone deacetylase (HADAC) inhibitors like
sodium butyrate (NaB/SB), 12-O-tetradecanoylphorbol-13-acetate (TPA), and trichostatin
(TSA), with the DNA methyltransferase inhibitor 5-Azacytidine (5-AZaC) or with some
African autochthonous plant extracts can induce the lytic reactivation in vitro [112–115].
The proteasome inhibitor bortezomib induces KSHV and EBV lytic reactivation and it was
successfully used in a clinical trial in combination with ganciclovir to treat MCD [57]. Liang
and colleagues used the CRISPR-Cas9 system to inhibit the expression of KSHV miRNAs
in latently KSHV positive PEL cells. This alters the expression of the mature miRNAs and
induces upregulation of the viral lytic genes [116]. Recently, the suberoyl bis-hydroxamic
acid (SAHA) was selected for its ability to induce KSHV lytic reactivation and apoptosis in
a dose-dependent manner in PEL cells, indicating its possible therapeutic use [117].

Another possible strategy to counteract KSHV infection could be inhibition of virus
entry into the target cell. This has so far proved difficult, because KSHV entry is mediated
through diverse receptors, depending on the cell type that is to be infected. Binding of
KSHV to the cell surface is achieved by heparan sulfate-proteoglycans (HSPGs) and DC-
SIGN and entry is mediated through Ephrin receptors (EPHA2, 4, 5 and 7), integrins (α3β1,
αVβ3, αVβ5, and α5β1) and xCT (reviewed in [118]).

4. Cellular Targets to Inhibit KSHV Replication

Instead of targeting the virus replication directly by inhibiting a viral protein, there
are several ways of inhibiting the virus by targeting cellular processes that are essential for
the virus to survive. As viruses hijack the host cells and exploit the cell machinery, there
are several cellular proteins that play an important role in the viral life cycle and that can
be targeted pharmacologically. A potential drawback of this approach is that these cellular
processes are also important for cellular functions and that the inhibition of these targets
may be accompanied by side effects.

4.1. Kinase Inhibitors

In KSHV infected cells, cellular tyrosine kinases play an essential role during the
KSHV life cycle. Therefore, targeting cellular receptor tyrosine kinases such as c-kit,
PDGFR, VEGFR, and Eph2A for antiviral treatment was investigated in several clinical
studies. Treatment of KS patients with imatinib, a c-abl tyrosine kinase inhibitor in clinical
use for the treatment of chronic myelogenous leukemia, resulted in clinical and histological
regression of KS lesions in some patients [119,120]. Furthermore, sorafenib, which inhibits
the VEGF receptor and is used to treat several malignancies like hepatocellular carcinoma
or kidney carcinoma, was shown in a case report to achieve a complete remission of KS
lesions in one patient [121]. Unfortunately, sorafenib showed only moderate effects when
used to treat KS in a phase 1b clinical trial [122].

Of the more than 20 currently available inhibitors of cellular tyrosine kinases, five
compounds (dasatinib, ponatinib, bosutinib, gefitinib, and nilotinib) were shown to also
inhibit KSHV thymidine kinase (TK/pORF21), which, in contrast to its name, acts as an
efficient protein tyrosine kinase [52,123]. Dasatinib and ponatinib also strongly inhibited
KSHV early viral gene expression and the production of new viral progeny in B, endothelial
and epithelial cells, most likely as a result of the inhibition of cellular tyrosine kinases, and
dasatinib inhibited the growth of KSHV-driven endothelial tumors in a mouse xenograft
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model [52]. UNC3810A, a small molecule inhibitor of the receptor tyrosine kinase Tyro3,
a member of the Tyro3/Axl/Mer (TAM) family of tyrosine kinases that promote the
proliferation and survival of several cancers, was shown to be a potent inhibitor of PEL cell
growth in a mouse xenograft model [124].

In KSHV infected cells, mTOR, a cellular kinase that belongs to the phosphatidylinosi-
tol 3-kinase related family of protein kinases, plays a key role in the life cycle of KSHV by
promoting the activation of mTOR downstream of the viral G-protein coupled receptor
(GPCR) homologue vGPCR. Blocking mTOR activity by rapamycin (sirolimus) inhibited
cell growth in cell culture and tumor growth in a KSHV related mouse model, whereas
overstimulation of the mTOR pathway resulted in the opposite, showing that this pathway
is important for KSHV [125,126]. Several mTOR inhibitors reduce the growth of PEL
cell lines in tissue culture and/or in mouse xenograft models, in particular when com-
bined with an AKT inhibitor [127–129]. An ATP-competitive inhibitor of mTOR, MLN0128
(sapanisertib), induces apoptosis in PEL cells and reduces the growth of PEL in a xenograft
model at nanomolar IC50 concentrations and is still effective against doxorubicin- or
rapamycin-resistant PEL cell clones [129].

Similarly, the ERK/MAPK pathway was shown to be crucial in KSHV induced patho-
genesis [130]. Several experimental compounds, e.g., sangivamycin and capsaicin, as well
as trametinib, a MEK1/2 inhibitor approved for clinical use, can inhibit ERK activation
and KSHV reactivation, and/or are able to induce apoptosis in PEL cell lines, suggesting
that they could perhaps be used for the treatment of PEL [52,131,132]. BI-D1870, a RSK1/2
inhibitor, suppresses KSHV lytic gene expression and virus production. The RSK1/2
serine/threonine kinase is activated by its interaction with KSHV pORF45 and a small
peptide blocking this interaction has been shown to inhibit viral lytic gene expression and
viral progeny formation [133]. Furthermore, crizotinib, an inhibitor of ALK and c-Met,
suppresses the growth of PEL cells in a mouse xenograft model [134].

4.2. HSP90 and HSP70 Inhibitors

HSP90 is a molecular chaperone required for the correct folding of cellular proteins.
HSP90 inhibitors have found use as anti-cancer drugs to treat several malignancies, includ-
ing lung or prostate cancer. Several groups have shown that HSP90 is also involved in
essential steps in the KSHV life cycle: vFLIP, a viral latent protein, is found in a complex
containing IKKγ/NEMO and HSP90 [135]. HSP90 serves as a co-factor for MAPK activa-
tion and latent viral gene expression of KSHV, and the KSHV K1 protein was shown to
bind HSP90β [89,136,137].

Several HSP90 inhibitors have been used in cell culture studies and mouse models
of KSHV malignancies. In particular treating KSHV positive cells with different HSP90
inhibitors (PU-H71, AUY922, BIIB021, NVP-BEP800, or 17-DMAG) leads to the proteasomal
degradation of LANA and Eph2A and inhibited cell growth as well as induced apoptosis
in PEL cells [71,138]. Furthermore, PU-H71, BIIB021, and AUY922 also repressed tumor
progression in xenograft mouse models [138–140]. These are encouraging data, but HSP90
inhibitors have not yet been tested in clinical trials against KSHV malignancies.

Several HSP70 chaperone family members are involved in the formation of KSHV
nuclear replication and transcription compartments (RTCs) during the early stages of the
KSHV lytic cycle, and a small molecule HSP70 inhibitor, VER-155008, blocked KSHV RTC
formation [141]. Formation of KSHV RTCs also involves neddylation, and the neddylation
inhibitor MLN 4924 induces apoptosis in PEL cells [142].

4.3. Other Cellular Targets

Another promising drug candidate for treating patients with KSHV malignancies is
bortezomib, a proteasome inhibitor, which has been shown to promote the KSHV and EBV
lytic cycle. Bortezomib activates JNK and induces autophagy and apoptosis in PEL cell
lines [143,144] and in a xenograft mouse model [145]. Further clinical studies confirmed
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this drug as a potential treatment against AIDS-associated KS in a pilot trial study, AMC-
063 [146] and in combination with ganciclovir against MCD in a case report [55].

Recently, Chen et al. could show that pemetrexed, an anti-cancer drug already in
clinical use, is able to inhibit the lytic replication of KSHV by blocking the dTMP synthesis
in infected cells [147].

Other cellular factors that are important for the KSHV replication machinery and
which could be targeted pharmacologically include topoisomerase II: (+)-Rutamarin, a
topoisomerase II inhibitor that efficiently inhibits KSHV lytic DNA replication in BCBL-1
cells [148].

Hypoxia and hypoxia-mediated signaling are important factors that drive KSHV replica-
tion and may play a role in KSHV-associated malignancies. Thus, hypoxia-inducible factors
(HIFs), the first mediators of the cellular response to hypoxia, play a crucial role in KSHV
induced tumors and have been shown to activate KSHV lytic replication [149]. HIF1α can
directly activate RTA, LANA, as well as the ORF34-37 cluster of lytic genes [150,151]. A small
molecule inhibitor of HIF1α, PX-478, was shown to achieve a significant inhibition of PEL
cell growth in tissue culture, suggesting that HIF1α could be a suitable target for treating this
disease [152].

Other cellular metabolic targets include the metabolic sensor SIRT1 that is functionally
required for sustaining the proliferation and survival of PEL cells. Inhibition of SIRT with
the inhibitor tenovin-6 induced cell cycle arrest and apoptosis in PEL cell culture and
significantly extended the survival of mice in a murine PEL model [153].

Heme oxygenase 1 (HO-1) is highly expressed in KSHV-infected HUVECs cells. Target-
ing HO-1 by siRNA or by the chemical inhibitor SnPP induces cell death in KSHV-infected
endothelial cells and inhibits their growth as tumors in nude mice [154].

However, with the exceptions mentioned above, most of these inhibitors directed at cellular
targets have so far not been studied in clinical trials. Nevertheless, these findings show the
potential of targeting cellular mechanisms for the treatment of KSHV-associated diseases.

5. Monoclonal Antibodies and Immunomodulatory Therapies

Several monoclonal antibodies have been used to treat KSHV-related diseases. One
of the targets to have been explored in this manner is the vascular endothelial growth
factor (VEGF). Bevacizumab, a humanized monoclonal antibody against VEGF-A, showed
an overall response rate of 31% in patients with HIV-associated KS [155,156]. Further-
more, rituximab, a monoclonal antibody against CD20 that is widely used to treat several
types of B-cell lymphoma and autoimmune diseases, is effective in clinical trials against
multicentric Castleman’s disease, either alone or in combination with liposomal doxoru-
bicin [157]. However, treatment with rituximab can also cause the progression of KS in
these patients [158,159].

Tocilizumab, a monoclonal antibody directed against the inteleukin-6 receptor that is
currently used to treat rheumatoid arthritis and other autoimmune diseases, has also been
shown to be beneficial in treating MCD [160–162].

The combination of lenalidomide, an immunomodulatory drug, with arsenic trioxide
(ATO), which is normally used to treat acute promyelocytic leukemia, has been reported
to produce encouraging results when treating PEL in a xenograft mouse model. In this
study, lenalidomide/ATO treatment decreased the proliferation of PEL cells and downreg-
ulated the expression of KSHV latent viral proteins. This was associated with less NF-kB
expression and downregulation of IL-6 and IL-10 as well as the inhibition of VEGF and the
induction of apoptosis [163].

Pomalidomide, another immunomodulatory drug, has been shown to act against
KS in HIV-negative and HIV-positive people in a clinical Phase I/II trial. Pomalidomide
induced an increase in ICAM-1 and B7-2 expression in PEL cells, thereby leading to T
cell activation and NK cell-mediated killing of PEL cells, which makes pomalidomide a
promising candidate for the treatment of KSHV related malignancies [164,165].

43



Viruses 2021, 13, 1797

6. KSHV Tropism and Models to Study the Virus

KSHV shows a relatively strict species tropism for humans. In vivo, viral DNA
has been detected in human B cells [166], macrophages [167], keratinocytes, endothelial
cells [168,169] and epithelial cells [170]. In vitro, KSHV can infect a broad spectrum of
different cells including epithelial cells, endothelial cells, keratinocytes, fibroblasts, B- and
T-lymphocytes, monocytes, macrophages and dendritic cells [167,168,171,172]. Besides,
KSHV can infect non-human cell lines such as owl monkey kidney cells, baby hamster
kidney fibroblasts cells, Chinese hamster ovary cells and mouse fibroblasts [173].

The B-cell lines derived from PEL patients are used to study KSHV pathogenesis
in vitro as they are able to maintain the viral genome in a latent state. In contrast, the
endothelial spindle cells lose the virus after a few passages in cell culture [174].

KSHV-infected lymphatic endothelial cells (LECs) exploit a unique transcription
program with the expression of latent and lytic genes, which differs from the latency
program described in stably infected blood endothelial cells (HUVECs) [175,176], both
models are used to characterize KSHV molecular mechanisms of action.

Because of its restricted species tropism, studying KSHV infection in vivo is not
straightforward. There are mainly three ways of how KSHV infection can be studied in vivo
(nicely reviewed in [177]): the first is to infect non-human primates like common marmosets
with KSHV [178]. The second approach involves the use of KSHV related viruses, like
murine herpesvirus 68 (MHV-68), rhesus rhadinovirus (RRV) [179] or herpesvirus saimiri
(HVS) [180].

MHV-68 infects mice and is used as a model to mimic KSHV infection, because it has
been shown that 90% of the MHV-68 genes have homologs to KSHV [181]. MHV-68 behaves
like a natural persisting pathogen in mice but without showing the disease. Therefore,
MHV-68 is often used to study immunological topics like immunevasion and infection
control by T cells. Nevertheless, this model is not suitable to study host colonialization and
viral reactivation nor can it be used to study KSHV related malignancies [182].

The third approach, which is becoming increasingly more important, is to use hu-
manized mice. In a xenograft mouse model, human PEL derived cell lines are implanted
into immunodeficient mice to establish a PEL like phenotype [182,183]. McHugh et al.
described an animal model, showing that coinfection with EBV establishes persistent KSHV
infection in B cells, resulting in a PEL like phenotype in these mice [184].

7. Conclusions

Immunocompromised patients and people living in KSHV-endemic areas are most
likely to be affected by KSHV-induced diseases. Despite more than 25 years of research
on KSHV, we still lack effective therapies to counteract KSHV infection, reactivation and
pathogenicity (Table S1). However, progress has been made over recent years and both
new viral as well as cellular ‘druggable’ targets have emerged. Some of the insights into
KSHV pathogenesis that have been made over the last two decades have also laid the
ground for the development of active compounds that may find use in other malignancies.
As KSHV-related malignancies are not among the most common cancers and often occur
in economically disadvantaged countries, the development of effective drugs against
KSHV and KSHV-associated diseases faces the obstacle of a lack of interest on the part of
the pharmaceutical industry. Focusing on mechanisms of pathogenicity that are shared
between KSHV-related and other, more common, malignancies may open up a way forward
to overcome this obstacle.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/v13091797/s1, Table S1: Therapies in clinical trials.
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Abstract: Herpes simplex virus type 1 (HSV-1) is a prevalent human pathogen primarily transmitted
through skin-to-skin contact, especially on and around mucosal surfaces where there is contact with
contaminated saliva during periods of viral shedding. It is estimated that 90% of adults worldwide
have HSV-1 antibodies. Cutaneous HSV-1 infections are characterized by a sensation of tingling or
numbness at the initial infection site followed by an eruption of vesicles and then painful ulcers
with crusting. These symptoms can take ten days to several weeks to heal, leading to significant
morbidity. Histologically, infections cause ballooning degeneration of keratinocytes and formation
of multinucleated giant cells, ultimately resulting in a localized immune response. Commonly
prescribed treatments against HSV-1 infections are nucleoside analogs, such as acyclovir (ACV).
However, the emergence of ACV-resistant HSV (ACVR-HSV) clinical isolates has created an urgent
need for the development of compounds to control symptoms of cutaneous infections. RLS-0071,
also known as peptide inhibitor of complement C1 (PIC1), is a 15-amino-acid anti-inflammatory
peptide that inhibits classical complement pathway activation and modulates neutrophil activation.
It has been previously shown to aid in the healing of chronic diabetic wounds by inhibiting the
excessive activation of complement component C1 and infiltration of leukocytes. Here, we report
that treatment of cutaneous infections of HSV-1 and ACVR-HSV-1 in BALB/cJ mice with RLS-0071
significantly reduced the rate of mortality, decreased zosteriform spread, and enhanced the healing
of the infection-associated lesions compared to control-treated animals. Therefore, RLS-0071 may
work synergistically with other antiviral drugs to aid in wound healing of HSV-1 cutaneous infection
and may potentially aid in rapid wound healing of other pathology not limited to HSV-1.

Keywords: RLS-0071; PIC1; antiviral; herpes simplex type 1; acyclovir-resistance; zosteriform
infection; anti-inflammatory; complement; neutrophil; wound healing

1. Introduction

An estimated 3.7 billion individuals live with herpes simplex virus 1 (HSV-1) infection
worldwide [1]. HSV-1 primarily infects the mucosal epithelial cells, causing the formation
of painful, vesicular lesions [2]. Primary infection in the epithelium occurs as HSV-1
targets the basal keratinocytes, spreading into the supra-basal layers [3,4]. Cellular entry
of HSV-1 requires the interaction of envelope glycoproteins and cell surface receptors.
Glycoprotein D (gD) receptors, herpesvirus entry mediator (HVEM), nectin-1/nectin-2,
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and 3-O-sulfotransferase-generated heparan sulfate mediate viral entry in murine and
human models of infection [3,5].

Murine models have been widely used to investigate cutaneous HSV-1 infection,
as they contain HVEM and nectin-1 receptor homologs that support viral entry [3]. In
addition, cutaneous or zosteriform scarification models are utilized to infect mice efficiently.
In the latter, HSV-1 is scratched onto the skin to expose the epidermal cells to the virus, and
as the virus spreads to the innervating sensory neurons, it travels to the dorsal root ganglia.
A retrograde spread of infection is seen following viral reactivation, as HSV-1 travels from
the spinal cord back to the skin, causing the formation of zosteriform lesions along the
dermatome of the nerve [6,7]. Commonly prescribed antiviral agents against HSV are
nucleoside analogues, including acyclovir (ACV), which acts as a competitive inhibitor of
viral DNA polymerase to block viral replication [8]. ACV-resistant (ACVR)-HSV strains
have been isolated at an increasing rate from immunocompromised patients and stem-cell
transplant recipients [9]. Due to the growing population of HSV-1 infected individuals, the
emergence of resistant viral strains has generated a need to develop new antiviral agents.

Complement pathways regulate the clearance of necrotic/apoptotic cells, inflamma-
tion, and tissue regeneration in response to injury. The complement system is activated by
classical, lectin, or alternative pathways and regulates the activation/migration of immune
cells, such as neutrophils. Notably, previous research has reported that keratinocytes
contain abundant innate immune mediators, complement receptors, and regulatory pro-
teins [10,11]. However, elevated levels of complement factors (C3, C5, and membrane
attack complex (MAC)) have been reported to cause excessive inflammation, thus delaying
the process of healing and leading to the formation of chronic wounds [10,11]. Therefore,
inhibition of complement activation may improve the healing process.

Peptide inhibitor of complement C1 (RLS-0071) is a 15-amino-acid peptide with a
monodisperse 24-mer polyethylene glycol (PEG) on its C terminus (IALILEPICCQERAA-
dPEG24) that inhibits the activation of C1 and the classical complement pathway and
modulates neutrophil activation via inhibition of myeloperoxidase activity and neutrophil
extracellular trap formation [12–15]. RLS-0071 was previously reported to bind to C1q and
mannose-binding lectin (MBL), displacing the serine protease complex and preventing C1
cleavage [12]. Recently, direct topical application of RLS-0071 was shown to reduce inflam-
mation associated with diabetic wounds of db/db mice, suggesting that this compound
may play a role in reducing complement system activation and infiltration of immune cells
in the wounded skin [16].

In this paper, we report that RLS-0071 has beneficial activity against HSV-1 skin infec-
tion in BALB/cJ mice. Although RLS-0071 did not show direct in vitro HSV-1 inhibition,
RLS-0071 formulated in 2.5% hydroxyethyl cellulose (HEC) gel resulted in a significant
reduction in mortality and infection scores compared to vehicle-control of HSV-1 and
ACVR-HSV-1 skin infection in BALB/cJ mice. Furthermore, we propose that RLS-0071 in-
hibits the activation of C1 in surface wounds of BALB/cJ mice, thus reducing inflammation
and promoting wound healing.

2. Materials and Methods

2.1. Cells and Animals

GFP-HSV-1 strain 17+ (a generous gift from Dr. Peter O’Hare [17]), was propagated in
Vero cells (CCL-81, ATCC) in Dulbecco’s Modified Eagle Medium (DMEM, Cat# sc-224478,
Ultra-Cruz, Dallas, TX, USA) supplemented with 5% heat-inactivated fetal bovine serum
(FBS, Cat# 10082-147, Gibco, Waltham, MA, USA) and 1% penicillin and streptomycin
(P/S, Cat# 15140-122, Gibco, Waltham, USA), DMEM/5%. Acyclovir-resistant GFP-HSV-1
(ACVR-HSV-1) mutant strain was generated in laboratory [18]. Female BALB/cJ mice
(5–6 weeks old; Jackson Laboratory, Bar Harbor, ME, USA) were housed in biosafety level
2 (BSL-2) animal facility. Following infections, all mice were single-housed in sterile cages
and kept on a 12:12 light-dark cycle. Eastern Virginia Medical School’s Institutional Animal
Care and Use Committee approved all in vivo procedures under protocol #18-012.
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2.2. Sequencing ACVR-HSV-1 17+

Vero cells were infected with 1MOI of ACVR-HSV-1 in medium 199 (1X) (Cat# 11150-059,
Gibco), supplemented with 1% FBS (Cat# 10082-147, Gibco) and 1% P/S (Cat# 15140-122,
Gibco), referred to as 199V, for 1 h at 37 ◦C. The infected media was removed, fresh
DMEM/5% was added to the cells, and the cells were incubated at 37 ◦C for 20 h. The in-
fected cells were then harvested and collected using low centrifugation (3000 rpm for 5 min).
Viral DNA was extracted from the cells using QIAamp DSP DNA Mini Kit (Cat# 61304,
Qiagen, MD, USA) according to the manufacturer’s instructions. The desired thymidine
kinase (TK) primers (Table 1) were generated using ApE Software (ApE- A plasmid Editor,
version 3.0.3, Multiplatform DNA editing software, Salt Lake City, UT, USA) and human
herpesvirus 1 strain 17, complete genome (NCBI Reference Sequence: NC_001806.2).

Table 1. Thymidine kinase (TK) primers used with their respective sequences and melting temperatures.

Name Melting Temperature Sequences

Forward 54.3 ◦C 5′- CTT AAC AGC GTC AAC AGC G -3′
Reverse 54.5 ◦C 5′- CAC CCG TGC GTT TTA TTC TG -3′

The forward primer was located at nucleotides 47,886-47,868 of HSV-1 strain 17+ genome
(NCBI Reference Sequence: NC_001806.2), 83 nucleotides upstream to the ORF of the TK
gene. The reverse primer was located at nucleotides 46,598-46,617 of HSV-1 strain 17+
genome (NCBI Reference Sequence: NC_001806.2), 75 nucleotides upstream to the ORF of
the TK gene. The entire TK gene (1131 bp plus the additional 83 bp and 75 bp) was amplified
using Herculase II PCR Fusion Polymerase Kit (Cat# 600675, Agilent Technologies Inc.,
Santa Clara, CA, USA) according to the manufacturer’s instructions. The cycling program
consisted of initial denaturing for 3 min at 95 ◦C, followed by 34 cycles of 30 s at 95 ◦C, 30 s
at 51 ◦C, and 1.5 min at 72 ◦C, with a final extension of 5 min at 72 ◦C. The PCR product was
purified using GeneJet PCR Purification kit (Cat# K0701, Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. The purified PCR product was
sequenced, using the primers in Table 1, in forward and reverse directions by the Molecular
Core Facility at Eastern Virginia Medical School (Norfolk, VA, USA).

2.3. Plaque Assay

The virus titer of GFP-HSV-1 (6.0 × 107 PFU/mL) was determined by standard
plaque assays, as previously described by our lab [18,19]. The antiviral and virucidal
activity of RLS-0071, following GFP-HSV-1 infection, was assessed in in vitro cell culture
before in vivo experiments. The Vero cell monolayer in a 6-well plate was pretreated with
0-to-5 mM of RLS-0071 or 0.05 M Histidine Buffer (HIS buffer) for 1 h. The cells were then
infected with 0.1 MOI of GFP-HSV-1 17+ in 199 media, supplemented with 1% FBS and
1% P/S (199V), for 1 h at 37 ◦C. After incubation, Vero cells were washed twice with DPBS
1× and replaced with 199V media containing the respective treatments for 16 h. To test the
virucidal activity of RLS-0071, 0.1 MOI cell-free GFP-HSV-1 17+ virus was incubated with
increasing concentrations of RLS-0071 or HIS buffer for 1 h. The treated virus was then
used to infect Vero cell monolayer in 6-well plates in 199V media for 1 h at 37 ◦C. After
incubation, the Vero cells were washed twice with DPBS 1×, and fresh 199V was added to
the monolayer for 16 h. The infected culture was collected, and the viral titer was measured
using plaque assays, as previously described [18,19].

2.4. Zosteriform Infection Model and Treatments

Prior to infection, the right flank skin of female BALB/cJ mice was chemically denuded
using Nair cream (Nair™, Ewing, NJ, USA) under gas anesthesia. Following 24 h with no
signs of chemical irritation, BALB/cJ mice were anesthetized with intraperitoneal injections
of ketamine/xylazine (120 mg/kg; 12 mg/kg), and the shaved skin was scratch-inoculated
with 6 × 104 PFU of GFP-HSV-1 strain 17+ or 2.0 × 105 PFU of ACVR-HSV-1 [18], using
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the pointed-side of a 27-gauge needle. The epidermal scarification-zosteriform model was
used as previously described [6].

RLS-0071 was a generous gift from ReAlta Life Sciences (Norfolk, VA, USA) and
was solubilized in 0.05M Histidine buffer (HIS buffer) (pH 6.5). To ascertain there was
no vehicle effect, a control study was conducted wherein mice (N = 5/treatment) were
initially treated with 40% HIS buffer in 2.5% hydroxyethyl cellulose (HEC) gel (Cat# 09368,
Sigma-Aldrich, St. Louis, MO, USA) and compared with animals treated with 10% DMSO
(Cat#D2650-5X10mL, Sigma-Aldrich, MO, USA) in 2.5% HEC gel.

The treatment studies, following infections with GFP-HSV-1 17+ or ACVR-HSV-1,
were designed to treat the inoculated site with 10% DMSO (acyclovir vehicle control) and
40% HIS buffer formulated in 2.5% HEC gel, 14.4 mM RLS-0071 (40 mg/mL) in 2.5% HEC
gel, or 10 mM ACV (2.25 mg/mL; Cat#2513, Tocris, MN, USA; control for the standard
of care) with 40% HIS buffer in 2.5% HEC gel. The treatment schedule started 1-h post-
infection and continued twice daily (at 12-h intervals) for 14 days. Signs of disease at
the inoculation site were scored by the appearance of vesicles and erosions, as previously
outlined [18]. Table 2 outlines the infection grading scales utilized in this study.

Table 2. Zosteriform infection grading scale.

Grade Skin Outcomes

0 no lesions
1, 2 local site lesions

3, 4, 5 distant site zosteriform lesions along the dermatome
6 progression to severely compromised health
7 mortality (succumbed to infection)

2.5. Statistical Analyses

Prism Graph Pad version 9.0.0 (GraphPad Software, San Diego, CA, USA) was used to
analyze survivability by Kaplan–Meier analysis and Log-rank (Mantel–Cox) test. Changes
in infections scores were analyzed using one-way ANOVA (with independent t-tests) or
mixed-model ANOVAs (with multiple comparisons).

3. Results

3.1. RLS-0071 Has No In Vitro Antiviral Activity

RLS-0071 has been previously reported to have antimicrobial activity against Pseu-
domonas aeruginosa, Staphylococcus aureus, Klebsiella pneumoniae, Neisseria meningi-
tidis, Neisseria gonorrhoeae, Gardnerella vaginalis, and Prevotella bivia bacteria [20]. We
began by investigating whether RLS-0071 possesses antiviral or virucidal activity against
HSV-1 in vitro. To test the antiviral activity of RLS-0071, 80–85% confluent Vero cells were
pretreated with varying concentrations of RLS-0071 or HIS buffer (control) and then in-
fected with 0.1 MOI of GFP-HSV-1 17+. The infected media was replaced with fresh 199V
media and incubated for an additional 16 h. The viral titer (PFU/mL) was determined
through plaque assay. RLS-0071 did not exhibit a reduction in viral titer when compared to
HIS Buffer-treated cells (Table S1). Following this, we examined whether RLS-0071 pos-
sesses virucidal activity against HSV-1. 0.1 MOI of GFP-HSV-1 cell-free virus, pre-incubated
with varying concentrations of RLS-0071 or HIS buffer for 1 h prior to infecting Vero cells.
Vero cells were infected with the cell-free virus for 1 h before the infected media was
replaced with fresh 199V media. The infected cells were incubated for an additional 16 h,
and the viral titer was determined by plaque assay. RLS-0071 did not exhibit a reduction in
viral titer when compared to control-treated Vero cells; thus, virucidal effect could not be
concluded in vitro (Table S2).

3.2. Histidine Buffer and DMSO Are Neutral for HSV-1 Cutaneous Infection

To demonstrate that the RLS-0071 and the ACV carriers have no effect on the infection,
0.05 M histidine buffer (HIS buffer), in which RLS-0071 is soluble, was compared with
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DMSO, in which ACV is soluble. The inoculated site of BALB/cJ mice was treated with 10%
DMSO (control) in 2.5% HEC gel or 40% HIS Buffer (formulation ratio for RLS-0071) in 2.5%
HEC gel. The infection scores of the animals were averaged each day across 14 days and
analyzed. Our results indicate that there was no significant difference between both control
treatments, as they demonstrated a 0% survivability rate within 14 days and a median
survival for 9 days (p = 0.6630). No observed significance was recorded, as both DMSO-
treated and HIS Buffer-treated animals exhibited a significant increase in the severity of
HSV-1 infection, reaching the study endpoint (score 7) by day 9 (Figure S1). We concluded
that the subsequent observed effects of the treatments would be unaffected by the addition
of their respective solvents.

3.3. RLS-0071 Formulated in HEC Gel Protects BALB/cJ Mice Against GFP-HSV-1
Zosteriform Infection

RLS-0071 has previously demonstrated chronic-wound-healing capabilities in db/db
mice [16] via inhibition of complement activation and neutrophil extracellular trap (NET)
formation in a dose-dependent manner [14]. Thus, we examined the effect of RLS-0071 in
healing of infectious wounds in BALB/cJ mice.

Five- to six-week-old female BALB/cJ mice (15 mice in each group) were used to
analyze the efficacy of RLS-0071 against zosteriform infection. Cutaneous GFP-HSV-1
infections were conducted using the epidermal scarification-zosteriform model, as pre-
viously described by Goel et al. [6]. For topical treatments, we formulated 14.4 mM
RLS-0071 (40 mg/mL) in 2.5% hydroxyethyl cellulose (HEC) gel, which does not have
active microbicidal activity and has been adopted as a placebo in many clinical trials of
microbicides [21,22]. All animals were inoculated with 6.0 × 104 PFU GFP-HSV-1 17+, as
previously established [18].

Following GFP-HSV-1 infection, the inoculation site was treated with 10% DMSO
(vehicle control) formulated in 2.5% HEC gel, 14.4 mM RLS-0071 in 2.5% HEC gel, or
10 mM acyclovir (ACV) in 2.5% HEC gel (control for the standard of care). Each treatment
was administered 1-h post-infection (p.i.) and continued b.i.d. at 12-h intervals for 14 days.
Animals were monitored daily for any signs of physical deterioration. Disease at the
inoculation site was scored by the appearance of vesicles and erosions.

Our results indicate that vehicle DMSO-treated animals exhibited a 0% survival rate
within 14 days (Figure 1A). RLS-0071-treated animals showed a 53.3% rate of survivability
p.i. compared to the vehicle-treated control animals across 14 days (p < 0.0001 indicated by
Log-rank (Mantel–Cox) test). The DMSO-treated animals exhibited significantly increased
infection severity and severely compromised health (Figure 1B,C). In addition, RLS-0071-
treated animals demonstrated a significant reduction in the vesicle formation compared to
control animals on days 9–14 p.i. (p < 0.01 and p < 0.001, multiple comparisons tests). We
also observed healing of the lesions on the skin flank of animals treated with RLS-0071 post
day nine (Figure 1B). As expected, animals treated with ACV did not exhibit severe infection
and demonstrated 100% survivability p.i. (Figure 1B,C). Analyzing the distribution of
infection scores averaged per day for each group indicated that treatment with RLS-0071
significantly reduces infection severity across 14 days (p < 0.0001) compared with the
DMSO-treated mice for which the infection scores peaked around day nine (Figure 1D).
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Figure 1. GFP-HSV-1 zosteriform infections in BALB/cJ mice, following the application of 10% DMSO, 14.4 mM RLS-0071,
or 10 mM ACV in 2.5% hydroxyethyl cellulose (HEC) gel. (A) Age- and weight-matched BALB/cJ mice were inoculated
with 6 × 104 PFU of GFP-HSV-1 and received their respective treatments. Animals were monitored for survival for 14 days.
(B) Representative images of female BALB/cJ mice in an epidermal scarification-zosteriform model receiving respective
treatments across varying time points of the study. (C) Averaged infection scores of animals were analyzed for each treatment
group across 14 days. (D) Distribution of averaged infection score of all animals per day for 14 days. RLS-0071-treated
animals demonstrated a significant reduction in the appearance of vesicles and erosions on the skin of BALB/cJ mice
compared to control animals. (C) Mixed-model ANOVA and multiple comparison tests (Interaction (Time*Treatment):
(p < 0.0001); Treatments (DMSO/RLS0071/ACV): (p < 0.0001); and Time (days): (p < 0.0001)) and (D) one-way ANOVA
(p < 0.0001) and independent t-tests (DMSO-RLS0071: p = 0.0465; DMSO-ACV: p < 0.0001; ACV-RLS0071: p < 0.0001);
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. All error bars represent SEM.

3.4. Sequencing of ACVR-HSV-1 Thymidine Kinase, UL23, Gene

Mutations leading to the acquisition of acyclovir-resistance have been found in HSV-1
thymidine kinase gene, (UL23), which accounts for 95% of clinical isolates, or in polymerase
gene (UL30), which accounts for 5% of clinical isolates [8,9,23]. Single nucleotide insertions,
deletions, or substitutions cause a frameshift mutation resulting in the synthesis of non-
functional/truncated thymidine kinase (TK). ACVR-HSV-1 strain 17+ was previously
generated and verified in our laboratory [18].

The TK gene in our ACVR-HSV-1 strain 17+ was sequenced to reveal possible muta-
tions that cause drug resistance. The isolated viral TK sequence was compared to wild-type
HSV-1 strain 17+ (NCBI Reference Sequence: NC_001806.2) using PubMed BLASTn and
BLASTx (Figure S2). Our laboratory-generated ACVR-HSV-1 demonstrated a single-base
nucleotide mutation in the viral UL23 gene from cytosine (C) to thymine (T) at nucleotide
860 within one of the highly conserved regions of TK [24,25]. This was reflected by a
substitution mutation from threonine at amino acid (aa) 287 (T287) to methionine (T287M),
resulting in a substitution mutation in the viral thymidine kinase gene (Figure 2).

Figure 2. Schematic overview of conserved/active domains of viral thymidine kinase (TK). TK has 6 major conserved
regions, an ATP-binding pocket (aa 51–63) composed of glycine-rich loop (red), a nucleoside-binding region (aa 168–177;
green), and multiple highly conserved regions (blue), including aa 284–289. The viral TK gene of our ACVR-HSV-1 had a
mutation at nt860 (cytosine to thymine), leading to a substitution mutation at aa 287 within the conserved region (threonine
to methionine).
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3.5. RLS-0071 Protects BALB/cJ Mice against Cutaneous ACVR-HSV-1 Strain 17+ Infection

Due to the ongoing battle against drug-resistant HSV, we tested the effect of RLS-0071
against acyclovir-resistant infections. Female BALB/cJ mice (N = 8/treatment) were inocu-
lated with 2.0 × 105 PFU of ACVR-HSV-1 previously established in our laboratory [18]. The
infected skin was treated with 10% DMSO, 14.4 mM RLS-0071, or 10 mM ACV formulated
in 2.5% HEC gel. Each treatment was administered 1 h p.i. and continued twice daily (at
12-h intervals) for 14 days. The signs of disease at the inoculation site were scored per the
appearance of vesicles.

Our results indicated 100% survivability of all animals regardless of treatment. This
was expected because ACV-resistant mutants have been shown to have reduced pathogenic-
ity in BALB/cJ mice, as judged by animal survival following infection [18,26]. Analyzing
the interactions between BALB/cJ mice receiving DMSO or ACV revealed similar levels
of infection, as no statistical significance was observed between the respective two treat-
ment groups (p = 0.4655). On the other hand, RLS-0071-treated animals demonstrated a
significant reduction in the formation of vesicles and erosions compared to DMSO-treated
animals on days 3, 4, and 8-to-12 (p < 0.05, p < 0.01, and p < 0.001, indicated by multiple
comparison tests). RLS-0071-treated mice also demonstrated a significant decrease in the
vesicle formation compared to ACV-treated animals from days 7-to-12 (p < 0.05, p < 0.01,
and p < 0.001, indicated by multiple comparison tests) (Figure 3). We observed that the
infected vesicles on the skin of RLS-0071-treated mice healed completely by day 12. These
results indicate that RLS-0071 exhibits efficacious effects on healing of the skin following
ACVR infection.

Figure 3. ACVR-HSV-1 infection scores of BALB/cJ mice following the application of 10% DMSO, 14.4 mM RLS-0071, or
10 mM ACV in 2.5% HEC gel (N = 8/group). Age-matched BALB/cJ mice were inoculated with 2.0 × 105 PFU of ACVR-
HSV-1 and treated. The mice were monitored for 14 days, and the averaged infection scores of animals in each treatment
group were recorded. RLS-0071-treated BALB/cJ mice demonstrated a significant reduction in the appearance of vesicles
compared to DMSO-treated animals. Mixed-model ANOVA and multiple comparison tests (Interactions (Time*Treatment):
(p = 0.0017); Treatments (DMSO/RLS0071/ACV): (p < 0.0001); and Time (days): (p < 0.0001)); * p < 0.05; ** p < 0.01;
*** p < 0.001. All error bars represent SEM.

4. Discussion

In this study, we demonstrated that RLS-0071 significantly reduces the appearance of
vesicles and erosions on the skin of GFP-HSV-1-infected BALB/cJ mice and significantly
improves survivability when compared to HSV-1-infected animals receiving the control
treatment. Infection scores in RLS-0071 animals were significantly lower compared to
control-treated mice. The infection scores of BALB/cJ mice began decreasing around day
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nine, and healing of the infected sites was observed. Whereas infection scores of the control
DMSO-treated mice continued to increase, by day 12, all control-treated animals succumbed.
In contrast, HSV-1-infected animals receiving 10 mM of ACV did not demonstrate formation
of infected vesicles, which is consistent with the effect of ACV seen in previous studies [18].
This effect of RLS-0071 is also consistent with our observations in animals infected with
ACV-resistant HSV-1 strain 17+. RLS-0071-treated BALB/cJ mice demonstrated a significant
reduction in the appearance of infected vesicles when compared to animals receiving
control or ACV treatment across 14 days. The infection score of ACVR-infected animals
treated with DMSO and ACV peaked around days seven to eight p.i., whereas the infection
score for RLS-0071 did not peak, but rather, lesions healed completely by day 11 p.i.

The first phase of acute cutaneous infection caused by HSV-1 occurs in keratinocytes
at the site of infection. As the virus enters the sensory neurons, it travels to the dorsal root
ganglia (DRG), where it replicates. Following replication, the virus travels in an antero-
grade manner from the DRG back to the skin, inducing the second phase of viral growth,
which results in zosteriform infection across the dermatome [6,27]. The role of neutrophils
has been studied during viral infection, specifically their recruitment to skin flanks at the
peak of infection [28,29]. Infected or damaged cells release pathogen-associated molecular
patterns (PAMP), which trigger the release of inflammatory chemokines (Cxcl1/2/3) by res-
ident macrophages and mast cells, leading to the recruitment of neutrophils to the infected
sites [29,30]. The innate immune system is activated when pattern-recognition receptors
detect viral PAMPs. The role of toll-like receptors (TLRs) in recognizing three classes of
HSV PAMPs, such as viral proteins, DNA, and RNA, has been extensively reviewed [30–32].
At the cell surface, TLR2 senses viral glycoproteins B (gB) and gH/L, which activate nu-
clear factor κB pathway to induce expression of chemokines (C-X-C chemokine ligands)
and pro-inflammatory cytokines (TNF-α, IL-6, IL-12). After entering the cell, endosomal
TLR3/9 are activated by HSV nucleic acids, and PRRs (NOD-like receptors, melanoma
differentiation-associated gene 5, interferon-inducible protein 16, and several helicases)
recognize viral DNA and RNA in the cytoplasm. As a result, type I and III interferon (IFN)
signaling is activated in human keratinocytes and infiltrating monocytes [31,32]. Previous
studies have shown neutrophil accumulation below the infected epidermal layer; however,
only a small number of neutrophils can migrate to the draining lymph nodes after T-cell
priming five to seven days post infection, which is consistently seen within HSV-1-infected
keratinocytes [33]. Hung et al. reported that although neutrophils in circulation undergo
apoptosis within 24–36 h, HSV-1 can still be detected in neutrophils 36 h post exposure [34].
As the neutrophils are broken into apoptotic bodies, they are engulfed by macrophages.
Live HSV-1 viruses within the engulfed apoptotic bodies can survive, evading the immune
system and facilitating the spread of infection [34]. Thus, targeting the excessive infiltration
of immune cells at the site of infection may reduce the site inflammation, thereby decreas-
ing the appearance of surface vesicles and erosions. As we report in this paper, RLS-0071
has shown significant reduction in the appearance of vesicles on the skin of infected mice.
We attributed the reduction of lesions to RLS-0071’s similar success in healing chronic
diabetic wounds [16]. Cunnion et al. reported that RLS-0071 reduced inflammation, as
observed by a reduction in activation of the complement system and leukocyte infiltration,
after applied directly onto the skin of diabetic C57BL/Ks db/db male mice or when sat-
urated in an acellular skin scaffold [16]. Hair et al. reported that within systemic lupus
erythematosus (SLE) pathogenesis, RLS-0071 not only inhibited immune complex-initiated
complement activation but also inhibited neutrophil extracellular trap (NET) formation in
a dose-dependent fashion [14]. The inhibition of NET formation was suggested to occur
following the inhibition of myeloperoxidase (MPO), which mediates NET formation by gen-
erating hypochlorous acid from hydrogen peroxide and chloride ions [14,15]. This would
suggest that RLS-0071 may decrease excessive immune complex-initiated complement
activation and accumulation of neutrophils by inhibiting NET formation on the skin of mice
with wild-type and drug-resistant HSV-1 infection, thereby aiding in the healing process.

61



Viruses 2021, 13, 1422

It was previously reported that a higher proportion of mutations causing resistance
to acyclovir normally occur within the conserved regions of the ATP-binding site and or
the nucleoside-binding site [25,35]. However, conserved amino acid regions spanning loci
of aa 83–88, aa 216–222, aa 162–164, and aa 284–289 are not as affected [32]. Interestingly,
sequencing our laboratory-generated, acyclovir-resistant HSV-1 strain 17+ revealed a
single-base substitution mutation in the conserved region of thymidine kinase (TK) gene
occurring at nucleotide 860, which resulted in a nucleotide change from cytosine of the
wild-type HSV-1 17+ to thymine in the ACVR-HSV-1 strain 17+. Studies investigating
ACV-resistance have often reported that 50% of HSV-1 drug resistance is attributable to a
frameshift mutation in TK, whereas the majority of the mutations are triggered by amino
acid substitutions following changes in a nucleotide that occurs in a non-conserved region
(64.9%) as opposed to a conserved region (5.2%) [25]. We reported that the single-base
nucleotide change in viral TK of ACVR-HSV-1 caused the substitution of threonine (T287)
to methionine (T287M) in a conserved region of TK. A substitution mutation of T287M has
also been previously reported by Sauerbrei et al. to occur in ACV-resistant clinical isolates
of HSV-1 [24].

In conclusion, we report that RLS-0071 demonstrates the ability to decrease the appear-
ance of vesicle formation on the flank of infected BALB/cJ mice. We propose that RLS-0071
may decrease excessive infiltration of leukocytes and complement activation at the site of
infection, thereby promoting healing of lesions. Given these findings, RLS-0071 may have
utility in conjunction with antiviral or virucidal compounds to aid in rapid wound healing
of HSV-1 skin infections and potentially other pathology not limited to HSV-1 infection.
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Abstract: Following our observation that clofoctol led to Epstein–Barr virus (EBV) lytic gene expres-
sion upon activation of the integrated stress response (ISR), we decided to investigate the impact of
As2O3 on viral lytic gene expression. As2O3 has also been reported to activate the ISR pathway by
its activation of the heme-regulated inhibitor (HRI). Our investigations show that As2O3 treatment
leads to eIF2α phosphorylation, upregulation of ATF4 and TRB3 expression, and an increase of EBV
Zta gene expression in lymphoid tumor cell lines as well as in naturally infected epithelial cancer cell
lines. However, late lytic gene expression and virion production were blocked after arsenic treatment.
In comparison, a small molecule HRI activator also led to increased Zta expression but did not block
late lytic gene expression, suggesting that As2O3 effects on EBV gene expression are also mediated
through other pathways.

Keywords: Epstein–Barr virus; integrated stress response; arsenic

1. Introduction

The Epstein–Barr virus (EBV), a human gammaherpesvirus, is associated with a
variety of malignancies including some lymphomas of B, T, and NK cell origin, and
carcinomas including nasopharyngeal and gastric carcinomas [1,2]. In tumors, latency
gene expression predominates and there is little or no expression of the viral proteins
associated with virion production. While some have argued that lytic gene expression
plays an important role in the transformation and maintenance of malignancy, others have
argued that pharmacologic induction of viral lytic gene expression might be a therapeutic
strategy to treat these cancers [3–5]. EBV reactivation may also be important in a variety of
chronic diseases [6].

Arsenic trioxide (As2O3) has been reported to activate EBV lytic gene expression in
epithelial cells [7,8] but not in Burkitt lymphoma cells [9]. As2O3 is used in the clinic in
the treatment of promyelocytic leukemia [10]. In that disease which is characterized by a
fusion of the PML and RARα genes, As2O3 reacts with the RING-finger domain of PML
leading to SUMOylation and degradation of the fusion protein [11].

In recent work, we reported that eIF2α phosphorylation, by the protein kinase R (PKR)-
like endoplasmic reticulum (ER) kinase (PERK), activated EBV lytic viral transcription [12].
Phosphorylation of eIF2α has been extensively studied in other contexts [13]. A variety
of cellular stresses lead to its phosphorylation at Ser51, stalling of translation initiation
complexes, and inhibition of global protein synthesis. This pathway is known as the
integrated stress response (ISR). Four kinases phosphorylate this eIF2α serine: PERK,
heme-regulated inhibitor kinase (HRI), general control nonderepressible 2 (GCN2), and
double-stranded RNA-dependent protein kinase (PKR). Homologous in their catalytic
domains, the regulatory domains of these kinases respond to different stresses. PERK is
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activated by endoplasmic reticulum stress associated with the accumulation of unfolded
proteins. HRI is expressed at the highest levels in erythroid cells where it is activated by a
deficiency in heme. It regulates globin mRNA translation as a function of the availability of
heme. PKR is induced by class 1 interferons and activated by binding to highly structured
double-stranded RNAs. GCN2 is activated by binding uncharged tRNAs that are associated
with amino acid starvation. With the observation that PERK-mediated phosphorylation
of eIF2α led to activation of EBV lytic gene expression [12], we were interested in the
possibility that the other arms of the ISR might also mediate activation of lytic gene
expression, including HRI, which is activated by As2O3 (Figure 1A) [14–16].

Figure 1. Arsenic and BTdCPU activate the p-eIF2α-ATF4 pathway in a lymphoma cell line. (A) A diagram illustrating how
arsenic and BTdCPU activate the p-eIF2α-ATF4 pathway. (B) BX1-Akata cells were treated with 10 μM As2O3 or BTdCPU
for the indicated time period, and expression of p-eIF2α, ATF4, and PML protein accumulation were determined by western
blot. The cell lysate proteins on the blot were also incubated with actin antibodies.

In the experiments reported here, we sought to better understand the impact of
arsenicals and other ISR activators on EBV lytic gene expression.

2. Materials and Methods

2.1. Cell Culture

BX1-Akata, an engineered derivative of the Akata EBV (+) Burkitt lymphoma cell
line, which carries a recombinant EBV expressing GFP, was a gift from L. Hutt-Fletcher
(Louisiana State University) [17]. Raji is an EBV (+) Burkitt lymphoma cell line. SNU719 is
a naturally derived EBV (+) gastric cancer cell line and was a gift from J.M. Lee (Yonsei
University) [18]; C666-1 is an EBV (+) nasopharyngeal carcinoma cell line and was a
gift from S. Diane Hayward [19]. LCL is an EBV-immortalized lymphoblastoid cell line
established in the lab by infecting normal B lymphocytes with EBV strain B95-8. All cell
lines were cultured in RPMI 1640, 2 mM L-glutamine, 100 μg/mL streptomycin, 100 IU/mL
penicillin, and 10% v/v fetal bovine serum (FBS). Additionally, 500 μg/mL G418 (Geneticin;
Gibco™ by Life Technologies, New York, NY, USA) was added for the BX1-Akata cell line.

2.2. Reagents

Arsenic trioxide, sodium arsenite, BTdCPU, and anti-IgG were purchased from Milli-
poreSigma (Burlington, MA, USA).

2.3. qRT-PCR

RNeasy Mini Kit (QIAGEN, Germantown, MD, USA) was used for RNA extrac-
tion, and iScript reverse synthase kit (Bio-Rad, Hercules, CA, USA) was used to reverse-
transcribe the RNA into cDNA. SsoFast Evagreen Supermix (Bio-Rad, Hercules, CA,
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USA) with 500 nM primers and cDNA corresponding to 20 ng of the RNA were used
for each reaction of qPCR. cDNA was amplified at 95 ◦C for 30 s for 1 cycle and 95 ◦C
for 5 s and 60 ◦C for 10 s, for a total of 40 cycles in a CFX96 real-time thermocycler. EBV
primers used were Zta Forward (5′-ACATCTGCTTCAACAGGAGG-3′), Zta Reverse (5′-
AGCAGACATTGGTGTTCCAC-3′), BMRF1 Forward (5′-CTAGCCGTCCTGTCCAAGTGC-
3′), BMRF1 Reverse (5′-AGCCAAACGCTCCTTGCCCA-3′), gp350 Forward (5′-
GTCAGTACACCATCCAGAGCC-3′), gp350 Reverse (5′-TTGGTAGACAGCCTTCGTATG-
3′), gp110 Forward (5′-AACCTTTGACTCGACCATCG-3′), and gp110 Reverse (5′-
ACCTGCTCTTCGATGCACTT-3′). Trib3 primers were Forward (5′- CGTGATCTCAAGCTGTGTCG-
3′) and Trib3 Reverse (5′- AGCTTCTTCCTCTCACGGTC-3′). GAPDH primers Forward (5′-
TCTTTTGCGTCGCCAGCCGA-3′) and GAPDH Reverse (5′-AGTTAAAAGCAGCCCTGGTGACCA-
3′) were used as a control. The HRI primer set was purchased from Santa Cruz Biotechnol-
ogy. The gene expression was normalized to GAPDH expression by using the comparative
Ct method and presented as the fold change relative to the untreated control.

2.4. Immunoblots

For protein extractions, 1 × 107 cells were washed in PBS, and the pellets were
resuspended in RIPA buffer containing 1× protease/phosphatase inhibitor cocktail (Santa
Cruz Biotechnology, Dallas, TX, USA). After 15 min incubation in ice and 15 min of rotation
at 4 ◦C, the proteins were isolated by centrifugation at 13,000 rpm at 4 ◦C for 5 min and
collected from the supernatant. Equal amounts of protein (30 μg) per sample were separated
by SDS-PAGE and subsequently transferred to nitrocellulose membranes. Western blotting
were performed with antibodies against EBV Zta, BMRF1, ATF4 (Santa Cruz Biotechnology,
Dallas, TX, USA), p-eIF2α (Abcam, Cambridge, UK), PML (Novus Biologicals, Littleton,
CO, USA), Actinin (Cell Signaling technology, Danvers, MA, USA), and β-actin (Sigma-
Aldrich, St. Louis, MO, USA). ECL chemiluminescent detection reagents (GE Healthcare,
Chicago, IL, USA) with autoradiography film (Thomas Scientific, Swedesboro, NJ, USA)
were used for the detection.

2.5. Immunofluorescence

Next, 1.5 × 105 cells were spun onto microscope slides using a Cytospin centrifuge and
fixed using ice-cold methanol for 15 min. After blocking with 5% Bovine serum albumin
(BSA) in PBS for 30 min, cells were stained with anti-EBV Zta or gp350 antibody (Santa Cruz,
Dallas, TX, USA) for 1 h, washed three times for ten minutes each with 5% BSA, 0.1% Tween-
20 in PBS, and incubated with Cy3 goat anti-mouse antibody (Jackson Immunoresearch,
West Grove, PA, USA) for 1 h at room temperature. After three final washes, cells were
stained with Vectashield mounting media with DAPI (Vector Laboratories, Burlingame, CA,
USA), and a ZOE Fluorescent cell imager (Bio-Rad) was used for the fluorescence detection.

2.6. shRNA Knockdown

A pool of lentiviral particles containing 3 different shRNA constructs targeting HRI,
a shRNA targeting PML, and control lentiviral particles encoding a scrambled sequence
(Santa Cruz Biotechnology, Dallas, TX, USA) were used according to the manufacturer’s
protocol, and the stable cell lines expressing the shRNA were selected with puromycin.

2.7. Raji Infection Assay

BX1-Akata cells (1.5 × 107) were treated with anti-IgG (10 μg/mL), arsenic trioxide
(10 μM), or sodium arsenite (10 μM) and incubated for 4 days. After spinning the cells, the
supernatant was passed through a Millex-HV Syringe Filter Unit (0.45 μm, Milli-poreSigma,
Burlington, MA, USA), concentrated with a centrifugal filter (Amicon Ultra-15 Centrifugal
Filter Unit, MilliporeSigma, Burlington, MA, USA), and 0.2 mL was used to infect Raji cells
(2 × 105 in 1 mL medium). TPA (20 ng/mL) and NaB (3 mM) were added 24 h after the
infection and the GFP-positive cells were counted the next day using a ZOE Fluorescent
cell imager.
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3. Results

3.1. Arsenical-Induction of the ISR

We first assessed markers of ISR induction in an EBV (+) Burkitt lymphoma cell line,
BX1-Akata, following treatment with As2O3. Phosphorylation of eIF2α and increased
ATF4 protein accumulation were observed after this treatment (Figure 1B). Parallel re-
sults were seen with N,N′-diarylurea, BTdCPU (1-(benzo[d][1,2,3]thiadiazol-6-yl)-3-(3,4-
dichlorophenyl)urea). This small molecule has been previously identified as directly
interacting with HRI and inducing eIF2α phosphorylation [15]. As2O3 treatment also led
to a time- and dose-dependent increase in Trib3 RNA (also known as NIPK and SKIP3)
(Figure S1). These results are consistent with As2O3-mediating ISR activation [20–22]. We
also observed that As2O3 treatment leads to degradation of PML, whereas BTdCPU had
no effect on PML expression as judged by immunoblot methods (Figure 1B).

3.2. EBV Immediate Early Lytic Gene Expression Is also Activated

BX1-Akata cells were treated with varying doses of As2O3 or sodium arsenite (NaAsO2),
and EBV Zta RNA levels were examined by qRT-PCR. Zta expression increased in a dose-
dependent and time-dependent manner at concentrations of As2O3 that are achieved
clinically in the treatment of promyelocytic leukemia (2–5 μM) [23] (Figure 2A). Increased
Zta expression was also confirmed by immunofluorescence (Figure 2B). We note that
the percentage of cells expressing Zta is high and exceeds activation typically seen in
comparable experiments with TPA and sodium butyrate. The BX1-Akata cell line carries a
recombinant viral genome that expresses green fluorescent protein (GFP) under control of
the cytomegalovirus promoter. In the absence of lytic induction, only rare cells are lytic and
only rare cells express GFP. With lytic induction, the numbers of cells expressing GFP also
increase (Figure 2C). To investigate the relationship of the HRI pathway to activation of Zta
expression by arsenicals, we performed a genetic knockdown experiment with a pool of
three HRI shRNA constructs. HRI shRNA inhibited HRI RNA expression and substantially
blocked arsenical induction of Trib3 and Zta (Figure 3A). Induction of lytic replication as
judged by GFP expression was also blocked (Figure 3B). These results are consistent with
the interpretation that the effects of arsenicals on Trib3 and Zta expression are mediated by
HRI activation of the ISR. When HRI expression is blocked by shRNA constructs, the lytic
response to the arsenicals is blocked.

3.3. Lytic Induction in Epithelial Cancer Cell Lines and LCLs

To better assess the generality of the findings with the Akata Burkitt line, we investi-
gated the impact of arsenicals on naturally EBV-infected gastric carcinoma (SNU719) and
nasopharyngeal carcinoma (C666-1) cell lines. Similar to the results seen in the Burkitt
cell line, Trib3 RNA and Zta RNA increased following As2O3 treatment (Figure 4A,B).
However, by immunofluorescence Zta protein was only marginally increased in SNU719
cells, and no increase could be detected in C666-1 cells). Zta RNA expression in an EBV
lymphoblastoid cell line was activated by arsenic compounds (Figure 4C), but increased
Zta protein expression was not observed following arsenical treatment). Thus, we conclude
that the effects of arsenicals on Zta RNA were not limited to lymphoma cells—but note
that protein levels varied substantially among cell lines.
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Figure 2. Arsenic induces EBV Zta expression in a lymphoma cell line. (A) BX1-Akata cells were treated with the indicated
concentrations of As2O3 or NaAsO2 for 24 h, and isolated RNA was used for qRT-PCR with Zta primers (Left). BX1-Akata
cells were treated with 10 μM As2O3 or NaAsO2 for the indicated time periods, and qRT-PCR was performed to detect Zta
RNA levels (Right). (B,C) BX1-Akata cells were treated with 10 μM As2O3 or NaAsO2 for 24 h. Fluorescence was used
to assess Zta (B) and GFP expression (C) following treatment. All scale bars on the bottom right represent 100 μm. Fold
changes in numbers of positive cells are quantitated in the side panels.
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Figure 3. shRNA knockdown of HRI reduces EBV Zta activation by arsenic. BX1-Akata cells were transduced with shRNA
lentiviral vectors designed to knockdown HRI gene expression or control shRNA lentiviral vectors. (A) HRI knockdown was
confirmed by qRT-PCR. The rise in Trib3 and Zta RNA associated with arsenical treatment was blunted by HRI knockdown.
(B) Fluorescence microscopy showed that HRI knockdown also eliminated any rise in GFP-positive cells after 24 h of arsenic
treatment (* p < 0.05; ** p < 0.01).

70



Viruses 2021, 13, 812

Figure 4. Arsenic activates EBV Zta expression in naturally infected epithelial cells and LCLs. (A) SNU719 cells were treated
with indicated doses of arsenic for 24 h, and RNA was isolated. Trib3 (left) and Zta (right) RNA levels were determined by
qRT-PCR. SNU719 cells were treated with 10 μM As2O3 or NaAsO2 for 24 h, and immunofluorescence was performed with
an anti-Zta antibody (bottom). Zta-positive cells were quantified and graphed in the right. (B,C) C666-1 cells (B) and LCLs
(C) were treated with indicated doses of arsenic for 24 h and isolated RNA was used for Trib3 (left) and Zta (right) RNA
quantification.
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3.4. Arsenicals Have Different Impacts on Expression of a Delayed Early Gene and a Late Gene

Although EBV Zta RNA and protein expression were induced by arsenic treatment,
the effects on BMRF1, a delayed early gene, were quite different. RNA levels increased
(Figure 5A) whereas protein levels decreased (Figure 5B). RNA and protein levels (as judged
by immunofluorescence) of the late lytic gene gp350 did not increase following arsenic
treatment (Figure 5C,D). To further evaluate the impact of arsenicals on lytic infection, we
assessed virion production. For this purpose, we relied on the Raji infection assay [24,25].
In this assay, virions from BX1-Akata cells that infect Raji cells lead to the induction of the
GFP expression in Raji cells. Lytic induction of BX1-Akata cells with anti-IgG yielded a
supernatant that induced GFP expression in Raji cells and served as a positive control as
can be seen in Figure 5E. In contrast, the supernatant from arsenical-treated BX1-Akata
cells yielded no GFP signal. Thus following arsenic treatment, the immediate early Zta
RNA and protein were expressed and the delayed early BMRF1 RNA was induced, but the
BMRF1 protein was not detected. The late gp350 RNA was not induced and the protein
was not detected and was consistent with a block in delayed early and late gene expression;
virion production was inhibited (relative to baseline).

3.5. Effects of Direct HRI Activator on EBV Lytic Gene Expression

With the unexpected discordance between the impact of arsenicals on immediate
early vs. delayed early and late genes, we were interested in investigating the impact of
the small-molecule HRI activator BTdCPU on viral gene expression. As already noted
(Figure 1B), BTdCPU led to eIF2α phosphorylation and ATF4 expression, but in contrast
to the arsenicals, BTdCPU did not impact PML expression. With regard to viral gene
expression, BTdCPU resulted in increased GFP expression in BX1-Akata cells (Figure 6A).
When BX1-Akata cells were treated with As2O3, BTdCPU, or the combination, both drugs
increased Trib3 RNA. The combination of As2O3 and BTdCPU markedly increased Zta
RNA. In contrast, while both drugs individually increased BMRF1 RNA, the combination
didn’t lead to further increase. For the late lytic genes, gp110 and gp350, As2O3 did not
lead to an increase in RNA, but BTdCPU did. Used in combination, As2O3 inhibited
BTdCPU-induction of late lytic gene expression (Figure 6B).

The comparison and the use of the two agents in combination made clear that the
effects of As2O3 on late lytic gene expression were not strictly limited to effects mediated
by eIF2α phosphorylation. One explanation might be that degradation of PML protein
following As2O3 might account for the difference. In order to investigate whether the
impact of As2O3 could be mimicked by BTdCPU in combination with a PML knockdown,
we used a target-specific PML shRNA construct (Figure 6C). As shown in Figure 6D,
knockdown of PML expression was not sufficient to block gp110 and gp350 RNA expression
induced by BTdCPU treatment. Thus, it would appear that As2O3 effects cannot be entirely
explained by effects on HRI or PML.
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Figure 5. Arsenic does not induce late lytic gene expression and inhibits virion production. (A) BX1-Akata cells were
treated with 10 μM As2O3 or NaAsO2 for 24 h, and BMRF1 RNA was measured by qRT-PCR. (B) BX1-Akata cells were
treated with indicated doses of As2O3 or NaAsO2 for 24 h, and immunoblot was performed to detect BMRF1 protein
expression. (C) BX1-Akata cells were treated with indicated doses of As2O3 or NaAsO2 for 24 h, and gp350 RNA was
measured by qRT-PCR. (D) BX1-Akata cells were treated with either anti-IgG, 10 μM As2O3, or NaAsO2 for 24 h, and
immunofluorescence was performed to detect gp350 protein level. (E) BX1-Akata cells were treated with either anti-IgG,
10 μM As2O3, or NaAsO2 for 4 days, and Raji cell infection assay was performed to determine infectious viral titers.
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Figure 6. BTdCPU induces EBV lytic gene expression. (A) BX1-Aakta cells were treated with 10 μM BTdCPU, and
fluorescence microscopy was used for detecting GFP positive cells after 24 h of treatment. (B) BX1-Akata cells were treated
with either As2O3, BTdCPU, or in combination (A+B) for 24 h, and qRT-PCR was performed. (C,D) BX1-Akata cells were
transduced with lentiviral particles designed to knockdown PML, and cells were selected by puromycin. Immunoblot was
performed to detect PML expression (C), and qRT-PCR was performed 24 h after As2O3 or BTdCPU treatment (D).

4. Discussion

These investigations confirm that HRI activation of the ISR is associated with upregu-
lation of immediate early, early, and late EBV RNA expression and that As2O3 activates
the ISR pathway. However, As2O3 activation of EBV genes is complex. While stimulating
Zta and BMRF1 RNA expression as well as Zta protein expression, As2O3 inhibits BMRF1
protein expression and does not lead to an increase in late gp110 or gp350 RNA expression.

We have used GFP expression by the BX1 cell line as an indicator of lytic gene expres-
sion in this and several previous investigations [12,26]. GFP expression is appreciated in
only a small percentage of cells under basal conditions. This percentage increases with
lytic activation. Thus, as in this report, we typically see Zta protein expression in a larger
percentage of cells than we see GFP expression. Similarly, others have used BX1 virus to
superinfect the Raji EBV BL cell line and only appreciate GFP signal after lytic induction
with TPA [27]. GFP expression in these cell lines is not marking the presence of the viral
genome but lytic induction.

Previous investigators have studied the impact of arsenicals on EBV gene expres-
sion [7–9,28]. Sides et al. reported activation of Zta and BMRF1 RNA expression in
epithelial cells [8]. Yin et al. studied EBV-positive lymphoma cell lines treated with As2O3
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at nanomolar concentrations for three days or longer. They reported decreased cell viability
and reduced expression of Zta and BMRF1 [9]. Our results parallel those in the previous
reports in some regards but differ in others, possibly reflecting differences in particular cell
lines studied or in the duration of drug treatment. Our investigations also differ insofar as
we report on the ISR pathway and HRI and studied BTdCPU, a direct activator of HRI.

Study of As2O3 and BTdCPU made clear that some effects of As2O3 are easily ex-
plained by the effect on HRI, while other effects must be mediated by other pathways.
As2O3 effects on PML protein and fusion proteins have been investigated in great detail, as
these effects underlie its therapeutic effect in the promyelocytic leukemia [11,29,30]. PML
shRNA knockdown in combination with BTdCPU did not replicate the effects of As2O3 on
late viral genes, so other pathways are likely involved. We note that As2O3 has been shown
to induce oxidative stress, DNA damage, and mitochondrial stress, and these pathways
may be important for the effects on late viral gene expression [31,32]. We should note that
several EBV lytic genes (BZLF1, BRLF1, BGLF4) disrupt PML nuclear bodies through PML
dispersal [33,34].

As has been true with other lytic activators, we found that activation of Burkitt cell
lines was stronger than naturally infected epithelial cell lines [12,35]. However, although
the extent of activation varied, activation of Zta was seen in all cell lines studied.

Differential effects of As2O3 and NaAsO2 at increasing BZLF1 transcription in a
lymphoblastoid cell line were previously reported [28]. However, our findings did not
show any differences between As2O3 and NaAsO2.

The effects of As2O3 we report are at levels achieved in leukemia patients with
As2O3 [23]. The abortive lytic infection is of interest because activation of immediate early
proteins may allow EBV-specific T cells (either a patient’s own or the result of adoptive
immunotherapy) to more readily target tumor cells. At the same time, the blockade of
delayed early and late lytic protein expression may protect against unwanted effects of
lytic activation that some have hypothesized might help drive tumorigenesis or have other
adverse effects.
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Abstract: Treatment options for human cytomegalovirus (CMV) remain limited and are associated
with significant adverse effects and the selection of resistant CMV strains in transplant recipients
and congenitally infected infants. Although most approved drugs target and inhibit the CMV DNA
polymerase, additional agents with distinct mechanisms of action are needed for the treatment and
prevention of CMV. In a large high throughput screen using our CMV-luciferase reporter Towne,
we identified several unique inhibitors of CMV replication. Here, we synthesize and test in vitro
13 analogs of the original NCGC2955 hit (1). Analogs with no activity against the CMV-luciferase at
10 μM and 30 μM (2–6, 10–14) were removed from further analysis. Three analogs (7–9) inhibited
CMV replication in infected human foreskin fibroblasts. The EC50 of (1) was 1.7 ± 0.6 μM and
1.99 ± 0.15 μM, based on luciferase and plaque assay, respectively. Compounds 7, 8, and 9 showed
similar activities: the EC50 values of 7 were 0.21 ± 0.06 μM (luciferase) and 0.55 ± 0.06 (plaque), of 8:
0.28 ± 0.06 μM and 0.42 ± 0.07, and of 9: 0.30 ± 0.05 μM (luciferase) and 0.35 ± 0.07 (plaque). The
CC50 for 7, 8, and 9 in non-infected human foreskin fibroblasts was >500 μM, yielding a selectivity
index of >1500. Compounds 1, 7, and 8 were also tested in CMV-infected primary human hepatocytes
and showed a dose–response against CMV by luciferase activity and viral protein expression. None
of the active compounds inhibited herpes simplex virus 1 or 2. Compounds 7 and 8 inhibited mouse
CMV replication in vitro. Both inhibited CMV at late stages of replication; 7 reduced virus yield at
all late time points, although not to the same degree as letermovir. Finally, the activity of analog 8

was additive with newly identified CMV inhibitors (MLS8969, NFU1827, MSL8554, and MSL8091)
and with ganciclovir. Further structural activity development should provide promising anti-CMV
agents for use in clinical studies.

Keywords: cytomegalovirus; mouse cytomegalovirus; piperidine-4-carboxamides; add-on removal

1. Introduction

Infection with human cytomegalovirus (CMV), a member of the herpesvirus fam-
ily, is common in humans. The seroprevalence rates increase with age, reaching 90% in
individuals older than 80 years [1]. CMV establishes lifelong persistent infection, and pa-
tients typically remain asymptomatic. In immunocompromised hosts, including transplant
recipients and patients with AIDS, CMV causes significant morbidity and mortality [2–5].
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CMV is the most common congenital infection worldwide [6–8]. It is the leading
infectious cause of hearing loss and central nervous system damage in children.

Most of the systemic anti-CMV drugs target the viral DNA polymerase [9–12]. Their
use is associated with considerable toxicities to the bone marrow (ganciclovir (GCV))
and kidneys (foscarnet and cidofovir), and the emergence of resistant viruses [9–12]. A
phase III clinical trial documented the prevention of hearing loss in congenitally infected
children treated with intravenous GCV, paving the way for the treatment of congenital
CMV with central nervous system involvement [13]. A follow-up phase III clinical trial of
oral valganciclovir (the valyl-ester prodrug of GCV) suggested modest neurobehavioral
benefit for six months, compared to six weeks of therapy [14]. A six-weeks course of
valganciclovir may not prevent the development of long-term hearing loss, but it needs
to be determined whether longer courses may have an effect on hearing preservation [15],
and how common GCV-resistant mutants are identified in these children.

The widespread use of a limited number of drugs often leads to the development
of drug-resistant CMV strains [16,17]. Letermovir, a terminase inhibitor, is approved for
CMV prophylaxis after hematopoietic stem cell transplantation [18,19], and resistance has
already been reported [20]. Maribavir targets the viral UL97 kinase and showed promising
results [21,22]. A phase II clinical trial of maribavir showed ~65% response across all
doses. There were no major safety issues and no bone marrow suppression, but CMV
recurrences occurred in 35% of the participants [23]. In a phase III clinical trial, maribavir
was superior to conventional antiviral therapy for resistant/refractory CMV. This led to the
FDA approval of maribavir for adults and children (12 years of age and older) with CMV
infection/disease that is refractory to treatment with ganciclovir, valganciclovir, cidofovir
or foscarnet. The overall problems of toxicity, resistance, oral-bioavailability, and high-cost
drive CMV drug discovery. We recently reported on a successful completion of the largest
high-throughput screen (HTS) of ~400,000 compounds that resulted in the identification
of five structurally unique CMV inhibitors, active at low μM concentrations [24]. One of
these compounds was NCGC2955, which was selected for further development against
CMV. Structurally related compounds to NCGC2955, which all contained the piperidine-
4-carboxamide motif (see purple rectangle for Compound 1, Table 1), were reported to
inhibit neurotropic alphaviruses (RNA viruses) [25,26]. Here, we report structure-activity
relationship (SAR) studies to further characterize the anti-CMV activities of the parental
NCGC2955 (1) and several structurally related analogs.

Table 1. Chemical structure of compounds 1–14. Provided are the EC50 values for pp28-luciferase
CMV, TB40, and the CC50 measured in non-infected HFFs. All concentrations are in μM. Comp—
compound number.

Comp Structure
EC50
pp28-

Luciferase
EC50 TB40 CC50 Comp Structure

EC50
pp28-

Luciferase
EC50 TB40 CC50

1

 

1.7 ± 0.6 1.99 ± 0.15 >200 8 0.28 ± 0.06 0.42 ± 0.07 500

2 >30 9

 

 

0.3 ± 0.05 0.35 ± 0.07 >500

3 >30 10

 

>30
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Table 1. Cont.

Comp Structure
EC50
pp28-

Luciferase
EC50 TB40 CC50 Comp Structure

EC50
pp28-

Luciferase
EC50 TB40 CC50

4 >30 11 >30

5

 

>30 12

 

>30

6

 

 

>30 13 >30

7 0.21 ± 0.06 0.55 ± 0.06 >500 14 >30

2. Materials and Methods

2.1. Compounds

Compound synthesis and characterization is detailed in the Supplementary Material.
The purities of all the synthesized compounds used in the bioassays were determined by
HPLC using either a Phenomenex Luna C18 3.0 × 75 mm column with a 7 min gradient of
4–100% ACN in H2O with 0.05% v/v TFA, or a Higgins Analytical, Inc. Targa C18 5 μm
4.6 × 150 mm column with a 30 min gradient of 0–100% ACN in H2O with 0.01% TFA,
and either the absorbance detection at 254 nm or evaporative light scattering detection. All
the compounds used in the bioassays exhibited NMR and MS data consistent with their
structures and purities of >98% as determined by RP-HPLC.

2.2. Viruses

A pp28-luciferase recombinant Towne CMV strain was used in the luciferase assays.
The virus expressed luciferase under the control of the UL99 (pp28) late promoter, and was
reported to provide a sensitive and reproducible reporter for drug screening [27]. CMV
Towne (VR-977) was used for the Western blots. The CMV UL32-EGFP-TB40 [28] (VR-1578)
was obtained from ATCC (VR-1578). Clinical isolates of Human Herpesvirus 1 and 2 (HSV1,
HSV2) were collected from the Johns Hopkins Microbiology laboratory without identifiers
that could link them to a specific patient. Mouse embryonic fibroblasts (MEFs; ATCC,
CRL-1658) were used for infection with the MCMV Smith strain (ATCC VR-1399).

2.3. Cell Culture, Virus Infection, and Anti-Viral Assays

Human foreskin fibroblasts (HFFs), passage 12 to 16 (ATCC, CRL-2088), were grown
in Dulbecco’s modified Eagle medium (DMEM), containing 10% fetal bovine serum (FBS)
(Gibco, Carlsbad, CA, USA) in a 5% CO2 incubator at 37 ◦C. Vero cells (Vervet monkey
kidney epithelial cells) were from ATCC, CCL-81. Virus infection and anti-viral assays
followed previously reported protocols for the lab [24]. Infection was carried out at a
multiplicity of 1 plaque forming unit (PFU)/cell (MOI = 1 PFU/cell), unless otherwise
noted. Following 90 min adsorption, media containing the virus was removed and replaced
by DMEM with 4% FBS (Gibco) in the presence or absence of compounds. Infected or
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infected-treated HFFs were collected at specific time points depending on the assay used.
In the luciferase assay, cell lysates were collected at 72 hpi and the luciferase activity was
measured using the Glomax-Multi + Detection System (Promega, Madison, WI, USA),
as previously described [27]. For plaque assays, HFFs were seeded into 12-well plates
(2 × 105 cells/well) and infected with CMV TB40 at approximately 150 plaques/well. After
90 min, media were aspirated, and DMEM containing 0.5% carboxymethyl-cellulose (CMC),
4% fetal bovine serum (FBS), and compounds were added into duplicate wells. Following
incubation at 37 ◦C for 7–10 days, the overlay was removed and plaques were counted after
crystal violet staining. For HSV1 and HSV2 replication in Vero cells (100 plaques/well), the
adsorption time was 60 min and plaques were counted after 48 h. For MCMV replication
in MEFs (100 plaques/well), the adsorption time was 90 min and plaques were counted
after 72 h.

Primary human hepatocytes (PHHs, PXB-cells) isolated by the collagenase perfusion
method from chimeric urokinase-type plasminogen activator/severe combined immunod-
eficiency (uPA/SCID) mice with humanized livers that were obtained from PhoenixBio
(Hiroshima, Japan). The cells were seeded on type I collagen-coated 96-well plates or in
24-well plates at a density of 6.8 × 104 and 4 × 105 cells/well. The cells were washed with
dHCGM media substituted with 10% FBS and allowed to recover in the complete media for
24 h. For the maintenance of the PHHs, the dHCGM media (10% FBS) was changed every
3–4 days. The PHHs in the 96-well plates were infected with pp28-luciferase CMV or CMV
Towne at MOI = 1 PFU/cell for 90 min in serum-free dHCGM media. After infection, the
cells were washed once and incubated with several concentrations of GCV, Compounds
1, 7, and 8 diluted in dHCGM media containing 10% FBS for 96 h. The cells were lysed
in a cell culture lysis buffer (Promega) containing protease inhibitors and the luciferase
activity was measured. Lysates from the 96-well plate were also used for the analysis of
viral protein expression by Western blot.

2.4. Toxicity Assays

A 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was
performed according to the manufacturer’s instructions (Millipore Sigma). Non-infected
cells were treated with NCGC2955, 7, 8, 9 for 72 h, and 20 μL/well of MTT ([3-(4,5-Dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide]), 5 mg/mL in phosphate-buffered saline
(PBS) was added to each well. After shaking at 150 rpm for 5 min, the plates were incubated
at 37 ◦C for 2–3 h. The conversion of the yellow solution to dark blue formazan by
mitochondrial dehydrogenases of living cells was quantified by measuring the absorbance
at 560 nm.

2.5. SDS-PAGE and Immunoblot Analysis

The cell lysates containing an equal amount of protein were mixed with an equal
volume of sample buffer (125 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, and 5% β-
mercaptoethanol) and heated for 10 min at 100 ◦C. Denatured proteins were resolved
by tris-glycine polyacrylamide gels (8–10%) and transferred to polyvinylidine difluoride
(PVDF) membranes (Bio-Rad Laboratories, Hercules, CA, USA) by electroblotting. Mem-
branes were incubated in blocking buffer (5% w/v non-fat dry milk and 0.1% Tween-20
in PBS (PBST)) for 1 h, washed with PBST, and incubated with primary antibodies at 4 ◦C
overnight. Membranes were washed with PBST and incubated with horseradish peroxidase-
conjugated secondary antibodies in PBST for 1 h at room temperature. Following washing
with PBST, protein bands were visualized by chemiluminescence using SuperSignal West
Dura and Pico reagents (Pierce Chemical, Rockford, IL, USA). The following antibodies
were used: mouse monoclonal anti-CMV IE1 and IE2 (MAB810, Millipore, Billerica, MA,
USA); mouse monoclonal anti-CMV UL83 (pp65, Vector Laboratories Inc., Burlingame, CA,
USA); mouse monoclonal anti-CMV UL84; and mouse anti-β-actin anti-mouse IgG (Santa
Cruz Biotechnology, Santa Cruz, CA, USA). Horseradish peroxidase (HRP)-conjugated
anti-mouse IgG was from GE Healthcare (Waukesha, WI, USA).
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2.6. DNA Isolation and Quantitative Real-Time (qPCR)

Total DNA was isolated from non-infected and CMV-infected HFFs using the Wizard
SV genomic DNA isolation kit (Promega, Madison, WI, USA). To determine the viral
load in the supernatant, total DNA was isolated from supernatants using automated
DNA extraction on a BioRobot M48 instrument (Qiagen, Valencia, CA, USA). A US17
real-time PCR assay that targets 151-bp from the highly conserved US17 region of the
CMV genome was used [29]. The primers and probe used for US17 were: forward 5′-
GCGTGCTTTTTAGCCTCTGCA-3′, reverse 5′-AAAAGTTTGTGCCCCAACGGTA-3′, and
US17 probe FAM-5′ TGATCGGGCGTTATCGCGTTCT-3′.

2.7. Add-On and Removal Assays

In the add-on group, compounds were added to infected HFFs at 0, 6, 24, and 48 hpi,
and the luciferase activity was measured at 72 hpi. In the removal group, compounds were
added immediately after virus infection and were subsequently removed after 0, 6, 24, and
48 h; luciferase was measured at 72 hpi.

2.8. Combination Assays

These experiments were performed as previously reported [30]. The combination
of Compound 8 and each compound was tested using the pp28-luciferase CMV. Briefly,
2 × 106 HFFs/plate were seeded in 96-well plates and infected with the pp28-luciferase
CMV strain (MOI = 1 PFU/cell). First, a dose–response curve was generated for each
compound individually to determine its EC50 value. Then, the compounds were combined
at twice their EC50 values, diluted in DMEM with 4% FBS, followed by serial dilution, and
added in combination after infection. The luciferase activity of each compound individually
and in combination was quantified at 72 hpi. The Bliss model was used to calculate the
effect of each drug combination on pp28-luciferase activity (Kapoor/Ghosh JMC). In this
model, synergistic compounds will yield a ratio > 1 of the observed fold inhibition divided
by the expected fold inhibition. Antagonistic compounds will yield a ratio < 1. Additive
compounds will yield a ratio = 1.

2.9. Statistical Analysis

Dose-response curves were generated as previously described [30]. The EC50 and
CC50 values were calculated using GraphPad Prism software using the non-linear curve
fitting and the exponential form of the median effect equation, where the percent
inhibition = 1/[1 + (CC50 or EC50/drug concentration)m], where m is a parameter that
reflects the slope of the concentration-response curve. The statistical significance between
two groups was analyzed by the two-tailed Student’s t-test, and the asterisks indicate the
statistical significance: *, p < 0.05; **, p < 0.01; and *** p < 0.001. All experiments were
performed at least twice.

3. Results

3.1. CMV Inhibition by NCGC2955 Analogs

We first investigated the importance of the isopropyl carboxamide found in NCGC2955 1,
(Table 1). Moving the isopropyl carboxamide from the 4-position of the piperidine found in
Compound 1 to the 3-position of the piperidine in Compound 2 (isopropyl carboxamide in
red) resulted in the loss of anti-CMV activity (Table 1). Since the synthesis of the thieno[3,2-
b]pyrrole heterocycle found in 1 required the synthesis of potentially explosive azido
precursors on gram scale, we opted to test the more readily available truncated pyrrole 4

or indole 3 replacements. Both modifications (Compounds 3 and 4) resulted in a loss of
anti-CMV activity even at 30 μM (Table 1).

The compounds with structural similarity to 1 were reported as inhibitors of neurotropic
alphaviruses (RNA viruses) [25,31,32], therefore the pyrrole 4-(2-aminoethyl)pyridine 7 [26]
was resynthesized (4-(2-aminoethyl)pyridine colored blue). Three analogs of Compound 1

(5–7) were initially tested. Compounds 5 and 6 did not inhibit the pp28-luciferase CMV at
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concentrations ranging from 3–30 μM (Table 1). However, compound 7 exhibited the inhi-
bition of pp28-luciferase CMV in a dose-dependent manner, with EC50 of 0.21 ± 0.06 μM
(Figure 1A). In a plaque assay using the CMV TB40 strain, 7 also displayed dose-dependent
activity, with EC50 of 0.55 ± 0.06 μM (Figure 1B). A Western blot analysis performed on
cell lysates collected at 72 h post infection (hpi) with CMV Towne, showed no reduction
in the level of pp65, UL84, or IE1/2 after treatment with analogs 5 and 6 (10 μM), while
treatment with 7 and NCGC2955 resulted in a significant inhibition of protein expression.
GCV treatment (5 μM), as expected, reduced the level of CMV proteins (Figure 1C). The
activity of NCGC2955 1 was measured in the same set of experiments and revealed an
EC50 of 1.7 ± 0.6 μM, and 1.99 ± 0.15 μM for luciferase inhibition and plaque reduction,
respectively (Figure 1D,E).

 

Figure 1. CMV inhibition with Compounds 1 and 7 in HFFs. (A) HFFs were infected with pp28-
luciferase CMV (MOI = 1 PFU/cell) and treated with the indicated concentrations of Compound 7.
Luciferase activity was measured in cell lysates at 72 hpi. The data represent mean values (±SD)
of triplicate determinations from two independent experiments. (B) HFFs were infected with CMV
TB40 (150 PFU/well) and treated with the indicated concentrations of 7. Plaques were stained and
counted at day 7 post infection. The data represent mean values (±SD) of the triplicate determinations
from two independent experiments. (C) HFFs were infected with CMV Towne and treated with
Compounds 1, 5, 6, 7, and GCV at the indicated concentrations in parentheses. An immunoblot
was performed for the detection of viral proteins at 72 hpi. The experiment was repeated three
times, and data from a single representative experiment are shown. (D) HFFs were infected with
pp28-luciferase CMV and treated with the indicated concentrations of Compound 1. Luciferase
activity was measured in cell lysates at 72 hpi. The data represent mean values (±SD) of triplicate
determinations from two independent experiments. (E) HFFs were infected with CMV TB40 (150
PFU/well) and treated with the indicated concentrations of Compound 1. Plaques were stained and
counted at day 7 post infection.

The overall anti-CMV activity of 7, which contains a 4-(2-aminoethyl) pyridine amide,
was improved compared to 1, which contains an isopropyl amide. Compound 7 differed
from 5 and 6 only in the position of nitrogen in the pyridine ring, suggesting that the
nitrogen in Compound 7 forms a specific interaction with its target. Truncated analogs
of 7 (Compounds 10–12), which differ by the removal of one methylene spacer also lost
anti-CMV activity, suggesting that an optimal distance between the 4-carboxy piperidine
and the 4-pyridine is required for CMV inhibition (Table 1). A close analog of 7, Compound
9, also showed anti-CMV activity in both luciferase and plaque assay (Figure 2, Table 1),
EC50 0.3 ± 0.05 μM and 0.35 ± 0.07 μM, respectively, suggesting that the replacement of
the pyrrole with thienopyrrole has little effect on CMV inhibition. The CC50 of Compounds
7 and 9 was >500 μM, yielding a selectivity index of >1500.
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Figure 2. Anti-CMV activity of Compound 9 in HFFs. (A) HFFs were infected with pp28-luciferase
CMV (MOI = 1 PFU/cell) and Compound 9 was added at the indicated concentrations after infection.
Luciferase activity was measured in cell lysates at 72 hpi. The data represent mean values (±SD)
of triplicate determinations from two independent experiments. (B) HFFs were infected with CMV
TB40 (150 PFU/well) and treated with the indicated concentrations of Compound 9. Plaques were
stained and counted at day 7 post infection. The data represent mean values (±SD) of the triplicate
determinations from two experiments. (C) HFFs were infected with CMV Towne and treated with
Compound 9 or GCV at the indicated concentration. The level of viral proteins was measure by
Western blot at 72 hpi. The experiment was repeated three times, and data from a single representative
experiment are shown. NI—noninfected, I—Infected, and GCV—ganciclovir.

The data represent mean values (±SD) of the triplicate determinations from two
independent experiments. NI—noninfected, I—Infected, and GCV—ganciclovir.

3.2. CMV Inhibition by Pyridine Analogs of NCGC2955

Several pyridine analogs were next tested against CMV. Compound 8 showed dose-
dependent activity against CMV, EC50

− 0.28 ± 0.06 (luciferase, Figure 3A), and 0.42 ± 0.07
(plaque, Figure 3B), while Compound 3 had no activity against CMV in pp28- luciferase
assay. Similarly, the viral proteins UL84 and pp65 were reduced following treatment
with Compound 8 and the original Compound 1 (3 μM), while Compound 3 showed no
inhibitory activity at 10 μM (Figure 3C). GCV (5 μM) inhibited IE2, UL84, and pp65 to a
higher degree than Compound 1 and analog 8, suggesting the activity of these compounds
may occur at a later stage of CMV replication.

3.3. NCGC2955 Analogs Inhibit CMV in Primary Human Hepatocytes

To expand our studies to another clinically relevant cell line, the activity of Compounds
1, 7, 8 was tested in CMV-infected primary human hepatocytes. The pp28-luciferase CMV
was used for infection, and luciferase activity was measured at 72 hpi. All three compounds
showed dose-dependent activity with a similar EC50 of ~3 μM (Figure 4A–C). Viral proteins
were also reduced with the three compounds (Figure 4D).
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Figure 3. CMV inhibition with Compound 8 in HFFs. (A) HFFs were infected with pp28-luciferase
CMV, and the indicated concentrations of Compound 8 were added after infection. Luciferase
activity was measured in cell lysates at 72 hpi. The data represent mean values (±SD) of the
triplicate determinations from two independent experiments. (B) HFFs were infected with CMV
TB40 (150 PFU/well) and treated with the indicated concentrations of Compound 8. Plaques were
stained and counted at day 7 post infection. The data represent mean values (±SD) of triplicate
determinations from two independent experiments. (C) HFFs were infected with CMV Towne
and treated with Compounds 1, 8, 3, and GCV at the indicated concentrations. The expression of
viral proteins was determined by Western blot at 72 hpi. The experiment was repeated three times,
and data from a single representative experiment are shown. NI—noninfected, I—Infected, and
GCV—ganciclovir.

3.4. NCGC2955 Analogs Inhibit Mouse CMV (MCMV) but Not Herpes Simplex Virus 1 or 2
(HSV1 or 2)

To evaluate the antiviral activity of these compounds for future in vivo studies, and to
determine whether other herpesviruses were inhibited, Compounds 7 and 8 were tested
against MCMV and HSV1/2, respectively. Both analogs inhibited MCMV in vitro at sub-
micromolar concentrations, and the EC50 values were 0.6 ± 0.34 μM and 0.73 ± 0.32 μM,
respectively (Figure 5A,B). None of the analogs tested showed any activity against HSV1 or
HSV2, similar to the NCGC2955 (Figure 5C,D) [24]. GCV (5 μM), used as a positive control,
showed complete inhibition of HSV1 and HSV2.

3.5. NCGC2955 Analogs Are Late Inhibitors of CMV Replication

The timing of activity of analogs 7 and 8 was evaluated by Western blot (Figure 6A,B)
and compound addition or removal at different times during infection (Figure 6C,D). The
effect of GCV on reducing the level of viral proteins was similar to but more significant
than 7 (Figure 6A,B). Analogs 7 and 8 were tested when added or removed at 6, 10, 24, and
48 hpi. Although the timing of maximal CMV inhibition of 7 and 8 overlapped with that of
GCV, since a difference was observed in the viral protein expression, experiments at later
time points of the infection were performed.
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Figure 4. Activity of Compounds 1, 7, 8 in CMV-infected primary human hepatocytes. (A–C) Primary
human hepatocytes (PXB-cells) were infected with pp28-luciferase CMV (MOI =1 PFU/cell) and
treated with the indicated concentrations of Compounds 1, 7, and 8. Luciferase activity was measured
in cell lysates at 72 hpi. The data represent mean values (±SD) of the triplicate determinations from
two independent experiments. (D) Primary human hepatocytes were infected with CMV Towne
and treated with Compounds 1, 7, 8, and GCV at the indicated concentrations. An immunoblot was
performed for the detection of viral proteins at 72 hpi. Data from a single experiment are shown.
NI—noninfected, I—Infected, and GCV—ganciclovir.

3.6. NCGC2955 Analogs Reduce CMV Yield

To better define the timing of CMV inhibition by the new analogs, HFFs were infected
with CMV TB40 and treated with Compounds 1, 7, or 8 (all at 3 μM), letermovir (10 nM),
and GCV (5 μM). The supernatants from the infected cells were harvested at 72, 96, and
120 h, and titered by plaque assay. The plaques were stained and counted at day 7 post
infection. The reduction in viral titer with 7 and 8 was higher than with 1 and overall
similar to GCV. Letermovir (LTV) showed the strongest reduction in viral progeny at all
time points (Figure 7A). Viral DNA replication was measured in cells and supernatants
(Figure 7B,C) by real-time PCR of CMV US17. GCV reduced DNA replication in both cells
and supernatants, while LTV reduced viral loads in supernatants. Compounds 1, 7, and 8

did not reduce the cellular viral loads, but 7 decreased the viral loads in supernatants at all
time points and 8 decreased viral loads at 120 hpi.
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Figure 5. Activity of Compounds 7 and 8 against MCMV, HSV1 and HSV2. (A,B) Mouse embryonic
fibroblasts were infected with MCMV at 100 PFU/well and treated with the indicated concentrations
of 7 and 8. Infected cells were stained, and the viral plaques were counted at 72 hpi. The dose-
response curves represent the relative fold inhibition and the data points represent mean ± SD from
two independent experiments. (C,D) Vero cells were infected with HSV1 and HSV2 (100 PFU/well)
and treated with the indicated concentrations of Compounds 7 and 8. Infected cells were stained and
the viral plaques were counted at 36 h and 24 h post infection for HSV1 and HSV2, respectively. The
data set represent mean ± SD from two independent experiments.

 

Figure 6. Effect of Compounds 7 and 8 on CMV protein expression and timing of activity. (A,B)
HFFs were infected with CMV Towne (1 PFU/cell) and treated with Compounds 1, 7, 8, and GCV
at the indicated concentrations. The expression of viral proteins was determined by Western blot at
72 hpi. The experiment was repeated three times, and data from a single representative experiment
are shown. (C,D) HFFs were infected with pp28-luciferase CMV (MOI = 0.1 PFU/cell). Compounds
7, 8 (3 μM), or GCV (5 μM) were either added or removed at different times after infection (0, 6, 24,
48, 72 h). Luciferase activity was measured in cell lysates at 72 hpi. Data shown are the average of
three independent experiments (average ± SD).
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Figure 7. Effect of Compounds 1, 7, and 8 on viral progeny, DNA replication (infected cells), and
DNA yield (supernatants). HFFs were infected with CMV TB40 (150 PFU/well) and treated with
Compounds 1, 7, 8 (all at 3 μM), LTV (10 nM), and GCV (5 μM). DNA was isolated from the infected
cells, and supernatants were harvested at the indicated time points. (A) Titration of supernatants was
performed by plaque assay. The plaques were stained and counted at day 7 post infection. The data
represent the mean values (±SD) of the triplicate determinations from two independent experiments.
(B,C) Viral DNA replication in cells (B) and viral DNA load in the supernatants (C) were determined
by real-time PCR. Data shown are average ± SD of quadruplicate values from two independent
experiments. *, p < 0.05; **, p < 0.01; and *** p < 0.001.

3.7. NCGC2955 Analogs Are Additive with Newly Identified CMV Inhibitors and GCV

Analog 8 was tested in combination with newly identified CMV inhibitors MLS8969,
NFU1827, MLS8554, and MLS8091, and GCV [24]. All combination experiments revealed
that 8 was additive with all tested compounds with a calculated Bliss coefficient ranging
from 1–1.3 (Figure 8, Table 2), suggesting an independent mode of action.

Table 2. EC50 of individual compounds and the respective Bliss coefficients.

Compound 1 EC50 (μM) Compound 2 EC50 (μM)
Bliss

Coefficient

8 0.29 ± 0.1 MLS8969 0.25 ± 0.3 1
8 0.41 ± 0.2 MLS8554 0.55 ± 0.2 1.2
8 0.35 ± 0.07 NFU1827 0.82 ± 0.1 1.2
8 0.27 ± 0.1 MLS8091 0.34 ± 0.1 1.1
8 0.38 ± 0.08 GCV 0.25 ± 0.1 1.3
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Figure 8. Combination of Compound 8 is an additive with newly identified CMV inhibitors and
GCV. (A–E) HFFs were infected with pp28-luciferase CMV (MOI = 1 PFU/cell) and first treated
with each individual compound, followed by a combination of each compound with 8 at different
concentrations. In the drug combination experiments, CMV-infected HFFs were treated with an initial
drug concentration of twice the EC50 value of the individual compound and two-fold serial dilutions.
Luciferase activity was measured in cell lysates at 72 hpi and the Bliss model was used to calculate
the anti-CMV activity of the compounds in their combination. Solid lines indicate the observed CMV
inhibition (dose–response) and dotted lines indicate the expected CMV inhibition at each dose of drug
combination. The experiments were repeated twice. Data from a single representative experiment
are shown.

4. Discussion

Hit NCGC2955 (Compound 1) was identified from a recent high-throughput screen
(>400,000 compounds) for human CMV inhibitors [24]. It showed in vitro activity against
TB40, ganciclovir resistant pp28-luciferase CMV, and mouse CMV at low μM concen-
trations, but had no activity against HSV1 or 2. The structurally related compounds of
Compound 1 were reported to inhibit RNA viruses [25,26]. Piperidine-4-carboxamide
analogs were studied in detail in cell-based assays using the Western Equine Encephalitis
Virus (WEEV), replicons and showed half-maximal inhibitory concentrations of ~1 μM
and selectivity indices of >100. CCG205432, similar to our Compound 8 (the TFA salt
of CCG205432), inhibited the infectious virus in cultured human neuronal cells. These
compounds showed broad inhibitory activity against RNA viruses in culture, including
members of the Togaviridae, Bunyaviridae, Picornaviridae, and Paramyxoviridae families. Their
mechanism of action was suggested to involve a host factor that modulates cap-dependent
translation. CCG205432 did not directly target WEEV RNA-dependent RNA polymerase
or other viral enzyme activities that would promote the development of drug-resistant
viral mutants. Despite the broad-spectrum antiviral activity, our tested compounds did not
inhibit HSV1 or HSV2, suggesting a specific mechanism of action that may involve the host
factors required for the efficient replication of several groups of viruses. The interest in host
factors that restrict virus replication, such as the electron transport system, cytochrome P450
51, mitochondrial regulatory proteins, and autophagy, led to the identification of agents
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that could be further developed or repurposed for CMV therapeutics as monotherapy or
combination therapy with direct-acting FDA approved antiviral agents [33–37].

Initially, we studied the piperidine-4-carboxamide scaffold. With the synthesis of
a handful of compounds, we were able to show that pyrrole, indole, and thienopyrrole
are all tolerated when coupled to the 4-(2-aminoethyl)pyridine. The H-bond acceptor in
the 4-position appears to be necessary, since CMV inhibition was not observed with the
placement of this moiety at the 2- or 3-position. We were also able to demonstrate that CMV
inhibition was specific to the position of the pyridine nitrogen atom and spacer between
the amide and pyridine.

In addition to testing our compounds in human foreskin fibroblasts, we extended our
studies to include primary human hepatocytes as another clinically relevant cell line for
infection with CMV. Hepatocytes have rarely been used for CMV infection [38]. These
cells were infected with the pp28-luciferase CMV. The three analogs tested revealed similar
activity against CMV with EC50 values at around 3 μM, although in HFFs their activity
was improved. We noted that the variability in antiviral activity was observed in different
cell systems. Maribavir showed varied EC50 values for CMV inhibition depending on the
fibroblasts used, which was attributed to the activity of kinases in different cells [39].

Despite the inhibition of viral progeny by plaque assays and the observed decrease in
viral protein levels, the influence of NCGC2955 analogs on viral DNA replication and viral
DNA yield was modest (Figure 7), suggesting inhibition via novel mechanisms that do not
involve the DNA replication machinery. The terminase complex, targeted by LTV, cleaves
DNA to package the viral genome into the capsid [40]. Compared to NCGC2955 analogs,
LTV showed a stronger reduction in viral progeny and viral loads in supernatants. These
data may suggest the production of CMV DNA containing non-infectious virus that lacks
some viral proteins.

Our study is the beginning of structural activity relationship (SARs), following a
large high throughput screen for CMV inhibitors. Further studies, including the resistance
selection and target identification along with structure-based design, may lead to the iden-
tification of novel CMV inhibitors for in vivo studies. Our future goals include increasing
the anti-CMV potency and further exploring the SARs, so that a tool compound can be
synthesized to aid in the identification of a viral target. This can be approached by varying
the H-bond accepting potential of the pyridine. Further SARs will be developed around the
chain length. Additionally, the piperidine will be replaced with pyrrolidine and azetidine
to fine tune the optimal length and angle of the pyridine’s interaction in the active site. The
chain length of the 4-chlorobenzyl will also be explored as well as the electronics of the ring.
The generation of metabolically stable analogs will assist exploring the in vivo efficacy in
animal models.

Conclusion: Piperidine-4-carboxamide analogs inhibit cytomegalovirus with high
selectivity and are additive with GCV. Their activity in primary human hepatocytes suggests
they may be active in vivo and should be further developed for CMV therapeutics.
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Abstract: The toxicity of mRNA-lipid nanoparticle (LNP) vaccines depends on the total mRNA-LNP
dose. We established that the maximum tolerated dose of our trivalent mRNA-LNP genital herpes
vaccine was 10 μg/immunization in mice. We then evaluated one of the mRNAs, gD2 mRNA-LNP, to
determine how much of the 10 μg total dose to assign to this immunogen. We immunized mice with
0.3, 1.0, 3.0, or 10 μg of gD2 mRNA-LNP and measured serum IgG ELISA, neutralizing antibodies,
and antibodies to six crucial gD2 epitopes involved in virus entry and spread. Antibodies to crucial
gD2 epitopes peaked at 1 μg, while ELISA and neutralizing titers continued to increase at higher
doses. The epitope results suggested no immunologic benefit above 1 μg of gD2 mRNA-LNP, while
ELISA and neutralizing titers indicated higher doses may be useful. We challenged the gD2 mRNA-
immunized mice intravaginally with HSV-2. The 1-μg dose provided total protection, confirming the
epitope studies, and supported assigning less than one-third of the trivalent vaccine maximum dose
of 10 μg to gD2 mRNA-LNP. Epitope mapping as performed in mice can also be accomplished in
phase 1 human trials to help select the optimum dose of each immunogen in a multivalent vaccine.

Keywords: herpes simplex virus type 2; nucleoside-modified mRNA; lipid nanoparticle; glyco-
protein D; genital herpes vaccine; IgG ELISA; neutralizing antibodies; epitope mapping; surface
plasmon resonance

1. Introduction

Nucleoside-modified mRNA-lipid nanoparticle (LNP) vaccines have been highly
successful in reducing hospitalizations and deaths from COVID-19 [1]. mRNA vaccines for
rabies, influenza, and cytomegalovirus are in human trials (https://clinicaltrials.gov/ct2
/show/NCT05085366, accessed on 30 January 2022) [2,3]. Other viral vaccines are likely
to follow, possibly including our candidate HSV-2 trivalent vaccine to prevent genital
herpes [4–7].

The mRNA-LNP vaccines for COVID-19 demonstrated dose-dependent toxicity in
phase 1 human studies [8,9]. An mRNA dose of 30 μg of the Pfizer/BioNTech COVID-19
vaccine was well tolerated, however higher doses had more adverse reactions [9]. The cutoff
dose for the Moderna vaccine was 100 μg [9]. These vaccines use different proprietary LNP
formulations. The LNP component tends to be the reactogenic constituent in the vaccine,
and the LNP content increases proportional to the mRNA dose [10]. The COVID-19 mRNA-
LNP vaccine contains a single mRNA encoding the Spike protein [1]. Our genital herpes
vaccine contains three mRNAs while the CMV vaccine in phase 3 human trials contains

Viruses 2022, 14, 540. https://doi.org/10.3390/v14030540 https://www.mdpi.com/journal/viruses

95



Viruses 2022, 14, 540

6 mRNAs [4,5]. Multivalent vaccines need to use lower doses of individual immunogens to
keep the total mRNA-LNP content below toxic levels.

Antigen doses for vaccines are often determined in dose escalation phase 1 human
trials based on balancing toxicity and immunogenicity. The selected dose is then evaluated
for efficacy in much larger and more costly phase 2 and 3 human trials. Here, we evaluated
whether measuring antibody responses to crucial epitopes on immunogens in dose esca-
lation (phase 1-like) studies adds value to more established methods, such as serum IgG
ELISA and neutralizing antibody assays, in selecting the optimum dose of immunogens
to include in larger efficacy studies. We used the mouse model of genital herpes and gD2
mRNA-LNP as the test immunogen to evaluate our hypothesis that epitope mapping will
help select the optimal dose of an immunogen to include in a multivalent vaccine.

We previously performed epitope mapping studies using high throughput biosensor
technology to measure antibody responses to crucial epitopes on HSV-2 glycoprotein D
(gD2) in immunized mice, guinea pigs, and humans [5,11–13]. In the guinea pig HSV-2
genital infection model, antibody responses to crucial gD2 epitopes correlated with vaccine
efficacy [11]. The greater the number of crucial gD2 epitopes recognized by the immune
serum and the higher the antibody titer, the greater the protection was against the genital
disease [11]. Here, we compare the utility of epitope mapping with serum IgG ELISA and
neutralizing antibody titers for selecting the lowest effective dose of an mRNA immunogen
to include in a multivalent vaccine.

2. Materials and Methods

2.1. Evaluating Trivalent mRNA-LNP Vaccine Toxicity

For toxicity studies, female BALB/c mice (Charles River) age 7–9 weeks were immu-
nized twice 28 days apart intramuscularly (IM) in the hind limb hip muscle with a total dose
of 1, 3, or 10 μg in 30 μL containing equal concentrations of gC2, gD2, and gE2 mRNA-LNP,
or with sterile saline as a control [5]. The DNA constructs designed to prepare the mRNA
and procedures used to generate the mRNA have been described previously [5]. The
mRNA was encapsulated in LNP prepared by Acuitas [5]. Mice were evaluated for weight
loss and hind limb mobility daily for 6–7 days after the first and second immunizations.
Mice received a daily score of 2 for a moderate reduction in hind limb mobility, 1 for a
minor reduction, and 0 for no reduction.

2.2. Immunizing with gD2 mRNA-LNP

To determine the lowest effective dose of gD2 mRNA to include in the vaccine, female
BALB/c mice were immunized twice at 28-day intervals with gD2 mRNA-LNP at doses
of 0.3, 1.0, 3.0, or 10 μg (10 mice/group) diluted in 30 μL of sterile saline. An additional
group of 10 mice received two immunizations with 10 μg of Poly(C) RNA-LNP as a control.
Serum was obtained just prior to the first immunization and four weeks after the first and
second immunizations and stored at –80 ◦C.

2.3. Serum IgG ELISA and Neutralizing Antibody Titers

Purified baculovirus-derived gD2 was added to 96-well High Binding Costar microtiter
plates at 100 ng/well in 50 mM sodium bicarbonate pH 8.5 binding buffer, incubated for 1 h
at room temperature then overnight at 4 ◦C, and blocked for 2 h with 5% (wt/vol) nonfat
milk in PBS 0.05% Tween 20 [14]. Serial 2-fold dilutions of serum starting at 1:1000 were
added to gD2-coated wells. Bound IgG was detected at an optical density of 405 nm using
horseradish peroxidase-conjugated anti-mouse IgG at a 1:2000 dilution followed by 2,2′-
azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS). Endpoint titers were determined
by regression analysis as the serum dilution resulting in an OD reading two-fold above
background.
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Neutralizing titers were measured by incubating 2-fold serial dilutions of mouse sera
with 5% human serum as the source of complement obtained from an HSV-1- and HSV-2
seronegative donor and 100 PFU of HSV-2 at 37 ◦C for 1 h. The remaining virus was
determined by plaque assay on Vero cells. The neutralizing titer was defined as the highest
serum dilution that reduced plaques by ≥50% [14].

2.4. Biosensor-Based Antibody Competition Assay

Antibody competition assays were performed using the Carterra Microfluidics con-
tinuous flow microspotter surface plasmon resonance imaging (CFM/SPRi, Salt Lake
City, UT, USA) system [5,11,15]. Monoclonal antibodies (MAb) that recognize gD were
amine-coupled to a CDM200M sensor chip (XanTec GmbH, Dusseldorf, Germany). Anti-
body competition assays were then performed in the surface plasmon resonance imager
(IBIS MX96, Salt Lake City, UT, USA) in a pre-mix assay format by saturating soluble
gD2(285t) at a concentration of 75 ng/reaction with 2% (1:50 dilution) mouse sera. Each
gD2(285t)/mouse serum mix was flowed across the sensor chip spotted with the gD MAbs.
gD2 alone was flowed across the chip for the first 2–3 cycles and every 10th cycle to establish
the background binding of gD2 compared to gD2 plus mouse serum. Data were recorded
as response units (RU). The blocking activity of mouse sera was calculated for each Mab as
a percentage using the formula: [1 − (RU gD2(285t) + mouse serum)/(RU gD(285t) alone)]
× 100. Occasionally, the (RU gD2(285t) + mouse serum) yielded a negative RU value that
was lower than the baseline value of buffer alone, resulting in percent blocking values that
exceeded 100%.

2.5. HSV-2 Vaginal Infection and Vaccine Efficacy

Mice were injected subcutaneously with 2 mg of medroxyprogesterone five days prior
to infection [16]. The vagina was cleared using a sterile swab moistened with phosphate-
buffered saline (PBS), and mice were infected intravaginally five weeks after the second
immunization with 5 × 103 PFU (275 LD50) HSV-2 strain MS. Mice were monitored for
survival, weight loss, genital disease, and vaginal virus titers on days two and four post-
infection, and HSV-2 DNA in dorsal root ganglia (DRG) at the time of humane euthanasia
or at the end of the experiment on days 28–32 post-infection. Mice received a daily score of
one each for redness/erythema, hair loss, vaginal exudate, and necrosis for a maximum
daily score of four for genital disease.

2.6. Vaginal Virus Titers

Vaginal swabs were obtained on days two and four post-infection and placed in 1 mL
of complete Dulbecco’s modified Eagle’s medium supplemented with L-glutamine, HEPES,
antibiotics, and 5% fetal bovine serum. Serial 10-fold dilutions were evaluated by plaque
assay on Vero cells [5].

2.7. qPCR for HSV-2 DNA Present in the DRG

DRG samples were analyzed in duplicate for HSV-2 genomic DNA [5]. Separate
reactions were used to amplify HSV-2 DNA and the mouse adipsin gene. Five microliters
of purified DNA (QiaCube HT, Germantown, MD, USA) were amplified via Taqman qPCR
(Roche LightCycler 96, Indianapolis, IN, USA). The primers and probe used to amplify the
HSV-2 Us9 gene were: Forward, GGCAGAAGCCTACTACTCGGAAAA; Reverse, CCAT-
GCGCACGAGGAAA; and Probe, FAM-CGAGGCCGCCAAC-MGBNFQ. The primers and
probe used to amplify the mouse adipsin gene were: Forward, GCAGTCGAAGGTGTGGT-
TACG; Reverse, GGTATAGACGCCCGGCTTTT; and Probe, FAM-CTGTGGCAATGGC-
MGBNFQ. The DRG HSV-2 DNA copy number was expressed as log10 DNA copies per
105 adipsin genes. Samples with less than one copy by 40 cycles in duplicate wells were
considered negative. If only one of the duplicate wells was positive, the sample was tested
in triplicate. The DRG sample was considered positive for HSV-2 DNA if two or more of
the triplicates were positive [4].
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2.8. Statistical Analysis

Area under the curve (AUC) p values for weight loss and leg toxicity were calculated
by the Mann–Whitney–Wilcoxon Test with Holm adjustment for multiple comparisons
using R Studio Version 1.3.1056 with R software version 4.0.2 (R Core Team, 2020, DE,
USA) and the trapezoid rule with function “AUC” from the package “DescTools” version
0.99.44. p values comparing endpoint serum IgG ELISA titers after the first and second
immunization were calculated by Wilcoxon matched pairs signed rank test. The two-tailed
Mann–Whitney test was used to compare gD2 IgG ELISA, neutralizing antibody titers,
epitope antibody titers, day two and day four vaginal virus titers, and the HSV-2 DNA
copy number in DRG. When multiple comparisons were performed, we used ordinary
one-way ANOVA with Sidak’s correction. The log-rank (Mantel–Cox) test was used to
calculate p values for survival. With the exception of AUC, p values were calculated using
GraphPad Prism version 9.2.0. Results were considered significant at p < 0.05.

2.9. Study Approval

The mouse studies were approved by the University of Pennsylvania Institutional
Animal Care and Use Committee under protocol 805187.

3. Results

3.1. Experimental Design and Rationale

The study design can be divided into three parts. In experiment 1, we immunized
mice with our gC2, gD2, and gE2 trivalent mRNA-LNP vaccine to determine the total
mRNA-LNP dose per administration that is safe. These results established the upper
limits for the total dose of mRNA-LNPs, however did not define the optimum dose of the
individual mRNA-LNP immunogens within that total. In experiment 2, we performed
immunology assays as a guide for determining the optimum dose of an individual mRNA-
LNP immunogen to include in a multivalent vaccine. We used only one of the immunogens,
gD2 mRNA-LNP, to test our hypothesis that measuring antibody responses to crucial,
functional epitopes on an antigen adds value to more standard assays, such as serum IgG
ELISA and neutralizing antibodies, to define the optimum immunogen dose. Experiment 3
involved infecting the animals to assess vaccine efficacy. The goal was to determine which
of the immunology assays best predicted the immunogen dose that protected the animals.
Lessons learned about the predictive value of immune responses in preclinical studies will
help select immunogen doses of multivalent vaccines in human trials.

3.2. Experiment 1: Toxicity Is Dose Dependent for the Trivalent mRNA-LNP Vaccine

We evaluated vaccine toxicity in mice receiving the trivalent genital herpes vaccine that
contains nucleoside-modified gC2, gD2, and gE2 mRNA packaged into LNPs at equivalent
concentrations. The goal of experiment 1 was to determine the maximum tolerated dose
when all three immunogens were included in the vaccine. BALB/c mice were immunized
IM two times 28 days apart with 1, 3, or 10 μg of the trivalent HSV-2 mRNA-LNP vaccine or
with sterile PBS as a control. Mice were evaluated after the first and second immunizations
for weight loss and reduction in hind limb mobility. By comparing 10 μg of the trivalent
mRNA-LNP vaccine with either PBS or the 1-μg dose, it was found that mice receiving the
10-μg dose lost more weight and developed greater loss in mobility of the immunized hind
limb after both immunizations (Figure 1). Mice receiving the 3-μg dose had weight loss
and decreased hind limb mobility in-between the 1-μg and 10-μg groups. We detected no
differences for weight loss or hind limb mobility when comparing the 1-μg group with the
PBS group or comparing the first with second immunization. Our mouse studies establish
that lower doses of the trivalent mRNA vaccine are better tolerated than higher doses and
support choosing the lowest vaccine dose possible that is effective. For the purposes of
the current study, we established that the total dose of RNA-LNP immunogens within the
vaccine should not exceed 10 μg.
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Figure 1. Trivalent mRNA-lipid nanoparticle (LNP) vaccine toxicity is dose dependent. Weight
loss and hind limb mobility were assessed after (a) the first and (b) second immunization. The
trivalent mRNA-LNP and phosphate-buffered saline (PBS) vaccination groups were weighed on
days 1–6 post-infection and evaluated for mobility in the inoculated hind limb on days 1–7 post-
immunization (weight: n = 15 animals in the 1-μg and 3-μg groups, 9 animals in the 10-μg group,
and 5 animals in the PBS group; hind limb mobility: n = 15 mice in the 1-μg and 3-μg group, 13 mice
in the 10-μg group, and 5 mice in the PBS group). P values were not calculated comparing 3 μg with
PBS, 1 μg, or 10 μg. p values were determined by comparing area under the curve (AUC) using the
Mann–Whitney–Wilcoxon test with Holm adjustment for multiple comparisons.

3.3. Experiment 2: Dose Escalation Study of gD2 mRNA to Evaluate IgG ELISA Titers,
Neutralizing Antibodies, and Antibodies to Crucial gD2 Epitopes

Choosing the lowest effective vaccine dose for each immunogen in a multivalent
vaccine is challenging. We established in experiment 1 that the total dose of all three mRNA
immunogens should not exceed 10 μg. The issue is whether to include equal concentrations
of each mRNA immunogen or increase the concentration of one or more immunogens
while decreasing another will improve the outcome without changing the total mRNA-LNP
content. We evaluated gD2 mRNA as one of the three immunogens in the trivalent genital
herpes vaccine to determine whether measuring antibody responses to crucial gD2 epitopes
in a dose escalation study provides useful information beyond that gained from serum
gD2 IgG ELISA and neutralizing antibody titers to establish the dose of an immunogen to
include in a vaccine [11,15,17].

3.3.1. Serum IgG ELISA Titers

We first evaluated whether gD2 IgG ELISA is helpful when assessing the number of
vaccine doses to administer. Mice were immunized twice at one-month intervals with gD2
mRNA-LNP at doses ranging from 0.3 μg to 10.0 μg (33-fold range). Sera were obtained
prior to immunization and four weeks after the first and second immunizations. Serum gD2
IgG ELISA titers increased significantly after the second immunization at each gD2 mRNA
dose (Figure 2a). Two immunizations at the lowest dose of 0.3 μg significantly exceeded
the IgG ELISA titers after a single immunization with 10-μg gD2 (Figure 2a). These results
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indicate that a major boost in gD2 IgG ELISA titers occurs after the second immunization
and demonstrate the value of serum IgG ELISA when selecting dosing frequency.

Figure 2. gD2 mRNA-LNP generates serum IgG ELISA and neutralizing antibody responses in a dose-
dependent pattern. (a) Serum gD2 IgG ELISA titers were evaluated prior to the first immunization
and four weeks after the first and second immunization (n = 10 sera/dose) (pre and prior to the
first immunization; I and II, sera obtained after the first and second immunizations, respectively).
(b) Neutralizing antibody titers were determined in the presence of complement (n = 5 sera/dose).
p values comparing ELISA IgG titers after the first and second bleeds were calculated by the Wilcoxon
matched pairs signed rank test. p values comparing different doses in (a,b) were calculated by
the two-tailed Mann–Whitney test. p value in (a) comparing 10.0 μg with 0.3 μg was significantly
different, however p values comparing 10.0 μg with 1.0 or 3.0 μg were not statistically different.
* p < 0.05; ** p < 0.01; **** p < 0.0001. GMT, geometric mean titer, ns, not significant.

We next evaluated gD2 IgG ELISA titers after the second immunization to determine
whether IgG ELISA is useful for selecting the optimal gD2 dose per administration of
the vaccine. The serum IgG ELISA titers increased 2.4-fold when comparing 0.3 μg and
10.0 μg doses (Figure 2a). A dose-response pattern is apparent because higher gD2 doses
produced higher ELISA titers, although titers changed relatively little over the 33-fold
range. Based on the ELISA results, we would likely include gD2 mRNA-LNP at a dose of
3.33 μg in the trivalent vaccine, representing one-third of the maximum tolerated dose of
10 μg for all three immunogens. Our reasoning is that ELISA titers continued to rise with
each higher dose, providing no clear guidance whether a dose lower than 3.33 μg would be
equally efficacious.

3.3.2. Serum Neutralizing Antibody Titers

We next evaluated neutralizing antibody responses after the second immunization
using five sera per group that were selected based on the volume of serum available.
We previously reported that neutralizing antibodies in guinea pigs immunized with the
trivalent mRNA vaccine correlated with protection against genital infection [4]. Therefore,
selecting the gD2 mRNA dose that produces the highest neutralizing titers without toxicity
is important for the success of the trivalent mRNA vaccine. Neutralizing antibody titers at
the three highest doses followed a dose-response pattern and were highest in the 10-μg
group (Figure 2b). Therefore, we would likely choose a dose of 3.33 μg for gD2 mRNA in
the trivalent vaccine for similar reasons as stated for ELISA titers.
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3.3.3. Antibodies to Crucial gD2 Epitopes

We used high throughput biosensor technology to define epitope-specific antibody
responses to six crucial gD2 epitopes [5,11–13,15]. Antibodies that bind to these six gD2
epitopes perform one or more of the following functions: block gD2 binding to the her-
pesvirus entry mediator (HVEM) receptor, nectin-1 receptor, or both; block gD2 binding to
the heterodimer fusion regulator, glycoproteins H/L (gH2/gL2); inhibit cell-to-cell spread;
and alter the timing of important gD2 conformational changes [5,11,17].

We evaluated epitope-specific antibody responses to the six gD2 epitopes after the
second immunization using five sera per gD2 dose that were selected based on the volume
available. Our goal was to determine whether epitope mapping adds useful information to
ELISA and neutralizing antibody titers during a phase 1-like dose escalation study to help
select the optimum gD2 mRNA-LNP dose for phase 3 efficacy trials. Serum was mixed
with purified gD2(285t) and then flowed sequentially over a biosensor chip spotted with
multiple MAb [11,15]. Binding of gD2 to the MAb on the chip was measured for each
gD2-immune serum mixture and compared to binding when gD2 was mixed with the
buffer. A reduction in gD2 binding to a particular MAb when mixed with serum compared
to buffer indicates competition and signifies that an antibody is present in the immune
serum to an epitope recognized by the MAb on the chip.

MAbs that recognize identical or overlapping epitopes are referred to as a community
of MAbs [13]. We spotted multiple MAbs from each community on the chip, and report the
results of prototype MAbs for each community [11]. (1) Prototype MAb MC23 blocks gD2
binding to the nectin-1 receptor and to gH2/gL2 [11,15,17]. Titers of blocking antibodies
to MC23 were highest in the 10-μg group and were significantly higher than in the 0.3-μg
group that had the lowest titers (Figure 3a). (2) We next evaluated prototype MAb 77S,
which recognizes an epitope that is involved with binding to HVEM and nectin-1 [11,15].
Similar to MC23, the antibody titers at 10 μg were highest and significantly greater than at
0.3 μg (Figure 3b). (3) We then assessed prototype MAb 1D3, which blocks gD2 binding
to the HVEM receptor [11,15]. In contrast to the prior MAbs, the 10-μg group had lower
antibody titers than at 1.0 μg, although differences did not achieve statistical significance
(Figure 3c). This result suggests that at high doses, other (polyclonal) gD2 antibodies in the
immune sera may alter ID3 epitope conformation or interfere with antibodies that bind
to this epitope. We again detected the lowest antibody titers in the 0.3-μg group. (4) We
next evaluated prototype MAbs MC2, which blocks gD2 activation thereby preventing
its interaction with gH2/gL2 [17,18]. The antibody titers to the MC2 epitope followed
a similar pattern as ID3 in that the 10-μg group had lower titers than the 1-μg group,
suggesting possible changes to epitope conformation or interference by other antibodies
in the sera (Figure 3d). (5) We then assessed prototype MAb MC5, which blocks gD2
binding to gH2/gL2 [18]. The antibody titers to MC5 plateaued at doses ≥ 1 μg (Figure 3e).
(6) The final epitope was one that interacts with gH2/gL2 and mediates cell-to-cell spread
and is recognized by prototype MAb MC14 [17,19]. As noted for several other epitopes,
the 0.3-μg group had the lowest antibody titers (Figure 3f). We conclude that antibodies
were produced to most epitopes at all immunization doses; that for some epitopes a high
gD2 dose improved the antibody response, while for others, a high gD2 dose resulted in
somewhat reduced antibody titers; and the 0.3-μg group generally produced the lowest
antibody titers. No clear pattern emerged for choosing the optimal gD2 mRNA dose when
analyzing antibody responses to individual epitopes.
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Figure 3. gD2 mRNA-LNP produces antibodies to important functional epitopes. Antibody responses
were measured to six functional gD2 epitopes identified by MAb (a) MC23, (b) 77S, (c) ID3, (d) MC2,
(e) MC5, and (f) MC14. Sera from five mice were evaluated per vaccine dose. The shape of the symbol
identifies individual mice in the gD2 mRNA groups; for example, the animal indicated by a rectangle
in (a) is also denoted by a rectangle in (b–f). We calculated p values comparing the highest dose
(10 μg) with the lowest dose (0.3 μg), and the dose producing the highest antibody titer with the
lowest antibody titer. p values were performed using the two-tailed Mann–Whitney test or ordinary
one-way ANOVA with Sidak’s correction when multiple comparisons were performed. * p < 0.05;
** p < 0.01; ns, not significant.

Our prior studies indicated that high titer antibody responses to multiple epitopes are
required for protection against genital HSV-2 infection with no individual epitope emerging
as dominant [11]. Therefore, we combined the epitope-specific antibody responses into a
single graph to demonstrate the polyclonal antibody response to all six epitopes at each
gD2 dose (Figure 4). Importantly, we did not observe a dose-response pattern for antibody
titers to gD2 epitopes. Instead, we identified a plateau in antibody titers at gD2 doses ≥1 μg
with no further increase at higher doses. The plateau at 1 μg distinguishes the epitope
antibody titers from IgG ELISA and neutralizing antibody responses that failed to plateau
even at 10 μg. The epitope antibody titers suggest that the 1-μg dose is as effective as the
higher doses in producing high titers of antibodies to the six crucial epitopes, leaving up
to 9 μg available to accommodate the remaining two mRNA immunogens, if needed. In
contrast, the IgG ELISA and neutralizing antibody titers supported using 3.33 μg without
signaling that lower the gD2 mRNA dose may be equally effective.

3.4. Experiment 3: Vaccine Efficacy in gD2 mRNA Immunized Mice

To evaluate vaccine efficacy, the same mice used for immunology studies in Figures 2–4
were challenged with HSV-2 at 5 × 103 PFU (275 LD50) 35 days after the second immu-
nization (10 mice/group). Nine of ten mice in the control (Poly(C) RNA) group required
humane euthanasia, while all 40 gD2 mRNA-immunized animals survived, including those
in the lowest dose group of 0.3 μg (Figure 5a). No animal immunized with gD2 mRNA lost
weight (Figure 5b), developed genital disease (Figure 5c), or had any other sign of illness,
including ruffled fur, hunched posture, abnormal gait, or lethargy.
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Figure 4. Combined responses to all six epitopes. The antibody titers to all six crucial gD2 epitopes
at each immunization dose are displayed on a single graph. p values were calculated by ordinary
one-way ANOVA with Sidak’s correction for multiple comparisons; n = 30 data points at each gD2
dose based on antibody responses to 6 epitopes x 5 sera; ** p < 0.01; ns, not significant.

Figure 5. Vaccine efficacy in mice immunized with gD2 mRNA-LNP. (a) Survival curves: p < 0.0001
comparing the Poly(C) RNA group with all other groups. (b) Mean weight on days 1–10 post-
infection. (c) Mean genital disease scores on days 1–10 post-infection. (d) Vaginal swab virus titers on
day 2 post-infection (e) Vaginal swab virus titers on day 4 post-infection. The purple triangle symbol
in (d,e) indicate that the vaginal virus titer is from the same animal. Dotted line in (d,e) indicates the
assay limit of detection of 10 PFU/mL. (f) HSV-2 DNA copy number in dorsal root ganglia (DRG)
at the time of euthanasia for the Poly(C) RNA group or at the end of the experiment on days 28–32
for the gD2 mRNA-LNP groups. The dark blue symbol identifies this animal as different from the
positive animals in (d,e). p values in (a) were calculated by the log-rank (Mantel–Cox) test, and in
(d–f) by the two-tailed Mann–Whitney test; n = 10 mice/group; ***, p < 0.001; ****, p < 0.0001.

We next evaluated mice for evidence of subclinical infection by measuring virus titers
in vaginal swabs obtained on days two and four post-infection and by assaying for HSV-2
DNA copy number in DRG (site of latency) at the time of humane euthanasia or at the end
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of the experiment on days 28–32. All animals in the Poly(C) group had HSV-2 isolated from
vaginal swabs on days two and four post-infection (Figure 5d,e). Only two of forty (5%)
animals immunized with gD2 mRNA had positive vaginal virus cultures on day two and
one of the same animals (2.5%) had a positive vaginal culture on day four (Figure 5d,e).
Both animals with positive vaginal virus cultures were in the 0.3-μg group (Figure 5d,e).
Six of seven animals in the Poly(C) group had HSV-2 DNA detected in DRG at the time of
humane euthanasia 8–14 days post-infection (Figure 5f). Only one of forty (2.5%) animals
immunized with gD2 mRNA was positive for HSV-2 DNA in DRG obtained at the end
of the experiment (Figure 5f). This animal was different from the two that had positive
vaginal virus cultures on days two or four and was also in the 0.3-μg group. Overall, three
of ten (30%) mice in the 0.3-μg group had evidence of subclinical infection compared to
0/30 (0%) at higher doses (p = 0.0121 by two-tailed Fisher’s exact test). We conclude that
the gD2 mRNA-LNP vaccine provided outstanding protection against clinical disease at
1 μg; however, breakthrough subclinical infections occurred when the vaccine dose was
0.3 μg. Only the epitope-specific antibody responses offered a preview that 1 μg was likely
sufficient, enabling the inclusion of higher doses of the other immunogens in the vaccine,
if needed.

4. Discussion

We included equal concentrations of each mRNA in the gC2, gD2, and gE2 trivalent
vaccine in our prior mRNA vaccine publications and the current study to define the
maximum tolerated dose [4–7]. The vaccine efficacy could possibly be improved by using
lower doses of one antigen and higher doses of another rather than equal doses of each
antigen. The Merck nonavalent human papillomavirus vaccine (Gardasil® 9) is an example
of a multivalent vaccine that incorporates different doses of protein antigens in the vaccine
ranging from 20 μg to 60 μg [20].

We used the murine mouse model of genital herpes to determine if epitope mapping
provides useful information beyond IgG ELISA and neutralizing antibody titers during
the dose escalation phase of a trial to select immunogen doses for a multivalent vaccine.
We evaluated serum IgG binding assays over a 33-fold range of gD2 mRNA-LNP doses.
Two immunizations were more immunogenic than one, supporting the value of IgG ELISA
in selecting the dosing frequency. However, IgG ELISA was less valuable for deciding
the dose per administration to include in the trivalent vaccine. A plateau in ELISA titers
did not occur to guide the decision. Instead, antibody titers increased at higher doses
with a significantly higher gD2 IgG ELISA titers at 10 μg than at 0.3 μg. We detected a
similar dose-response pattern for neutralizing antibody titers. Toxicity studies suggested a
maximum tolerated dose of 10 μg for all three mRNA-LNP immunogens. The ELISA and
neutralizing antibody titers provided no clues that less than one-third of that total dose
was needed for gD2 mRNA-LNP.

We used high throughput biosensor technology to evaluate antibody responses to
crucial gD2 epitopes. We made four important observations. First, antibody responses to
crucial gD2 epitopes plateaued at doses ≥1 μg, suggesting little benefit of using higher
doses, distinguishing the epitope responses from ELISA and neutralizing antibody titers.
Second, antibody responses to some gD2 epitopes were lower at 10 μg than 1 μg, indicating
that using too high a dose may be detrimental from both an immunology and toxicity
perspective. Third, combining antibody responses to all six crucial epitopes provided a
clearer cutoff for the effective gD2 mRNA dose than analyzing individual epitopes. Fourth,
the antibody responses to all six epitopes matched the results of the HSV-2 challenge studies
in that antibody titers were lowest in the 0.3-μg group and this was the only group with
breakthrough infections, while the 1-μg dose was as protective as the 3- or 10-μg doses.

The study has certain limitations. First, the number of breakthrough infections was
small, with only 3 animals developing infection. Immunizing mice with gD2 mRNA
at doses lower than 0.3 μg may yield more breakthrough infections and improve our
confidence in the value of epitope mapping to predict vaccine efficacy. Nevertheless,
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differences in breakthrough infections were statistically significant when comparing 0.3 μg
with higher doses. Second, we evaluated sera for antibodies to gD2 epitopes at a single
dilution of 1:50. Results may vary if sera were tested at multiple dilutions. We think this
outcome is unlikely because almost all animals produced antibodies within the dynamic
range of the assay, with few animals having no antibody response or producing antibody
titers at the upper limit of detection.

Subsequent studies will evaluate the optimal dose of gC2 and gE2 mRNA-LNP to
include in the trivalent vaccine based on the same principles explored here for gD2 mRNA-
LNP. We conclude that epitope mapping adds a valuable new tool to more traditional
immunology assays for deciding the dose of each mRNA immunogen to include in a
multivalent vaccine during a phase 1 dose escalation study.
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Abstract: Diseases caused by human herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) affect
millions of people worldwide and range from fatal encephalitis in neonates and herpes keratitis
to orofacial and genital herpes, among other manifestations. The viruses can be shed efficiently
by asymptomatic carriers, causing increased rates of infection. Viral transmission occurs through
direct contact of mucosal surfaces followed by initial replication of the incoming virus in skin tissues.
Subsequently, the viruses infect sensory neurons in the trigeminal and lumbosacral dorsal root
ganglia, where they are primarily maintained in a transcriptionally repressed state termed “latency”,
which persists for the lifetime of the host. HSV DNA has also been detected in other sympathetic
ganglia. Periodically, latent viruses can reactivate, causing ulcerative and often painful lesions
primarily at the site of primary infection and proximal sites. In the United States, recurrent genital
herpes alone accounts for more than a billion dollars in direct medical costs per year, while there are
much higher costs associated with the socio-economic aspects of diseased patients, such as loss of
productivity due to mental anguish. Currently, there are no effective FDA-approved vaccines for
either prophylactic or therapeutic treatment of human herpes simplex infections, while several recent
clinical trials have failed to achieve their endpoint goals. Historically, live-attenuated vaccines have
successfully combated viral diseases, including polio, influenza, measles, and smallpox. Vaccines
aimed to protect against the devastation of smallpox led to the most significant achievement in
medical history: the eradication of human disease by vaccination. Recently, novel approaches toward
developing safe and effective live-attenuated vaccines have demonstrated high efficacy in various
preclinical models of herpetic disease. This next generation of live-attenuated vaccines has been
tailored to minimize vaccine-associated side effects and promote effective and long-lasting immune
responses. The ultimate goal is to prevent or reduce primary infections (prophylactic vaccines) or
reduce the frequency and severity of disease associated with reactivation events (therapeutic vaccines).
These vaccines’ “rational” design is based on our current understanding of the immunopathogenesis
of herpesviral infections that guide the development of vaccines that generate robust and protective
immune responses. This review covers recent advances in the development of herpes simplex
vaccines and the current state of ongoing clinical trials in pursuit of an effective vaccine against
herpes simplex virus infections and associated diseases.

Keywords: herpes simplex virus; herpesviruses; live-attenuated vaccines; vaccines

1. Introduction

Human herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2) are highly infectious
and successful human pathogens. HSV-1 is estimated to infect 3.7 billion people worldwide,
with transmission primarily occurring via the oral-to-oral route [1–3]. HSV-2 is estimated
to infect half a billion people globally, and in the United States, these numbers are predicted
to grow by >600,000 new infections per year until 2050 [1]. Infection with either HSV-1
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or HSV-2 initially leads to an acute phase of infection in the host’s mucosal epithelium.
Productive replication of HSV-1 or HSV-2 in these tissues results in immunopathogenesis,
observed as cold sores, blisters, and genital lesions. HSV-1 and HSV-2 infections are
generally identified as oral/ocular (HSV-1) and genital (HSV-2) infections. However, HSV-
1 causes an increasing proportion of new infections in genital tissues [4–6]. Changing
sexual practices and the emergence of mutations affecting viral tropism may increase the
prevalence of HSV-1 genital infections. A characteristic of all human alphaherpesviruses is
their ability to infect and reside in the long-lived sensory neurons of the host’s peripheral
nervous system in a transcriptionally repressed state termed “latency” [7]. Epidemiological
models predict that a prophylactic vaccine with a modest 50% efficacy can reduce the
number of new infections by 58%, incidence by 60%, and seroprevalence by 21%, reducing
the yearly rate of infection by 350,000 new cases per year by 2050 [8]. On a population
scale, therapeutic vaccination is predicted to reduce new infections by 12%, incidence by
13%, and seroprevalence by 4%, and the number of new infections by 76,000 per year by
2050 [8]. Therapeutic vaccination to reduce or eliminate oral and genital herpes recurrence
has long been a highly needed but elusive goal in herpes simplex vaccine development.

Recent advances in our understanding of effective anti-herpes immune responses
have led to the development of many novel vaccine approaches [9]. Several academic
laboratories and commercial entities are currently working toward developing a safe
and effective herpes simplex vaccine in preclinical animal models (Table 1) and human
trials (Table 2). In this section, we discuss recent developments in the preclinical pursuit
of a safe and effective herpes simplex vaccine and review promising subunit/peptide,
vectored/DNA/RNA, and live-attenuated vaccine technologies.

Table 1. Current herpes simplex vaccines under preclinical development.

Type of
Vaccine

Description Adjuvant
Type of
Study

Animal
Model

Route of
Challenge

Results Year Refs.

Vectored/
DNA/RNA

Polyvalent
HSV-2

glycoprotein
DNA

vaccine (gB2,
gC2, gD2,
gE2, gH2,

gL2, and gI2)

DNA
encoding

IL-12
P Mouse

(Balb/c)
Genital
HSV-2

DNA vaccines targeting
optimal combinations of

surface glycoproteins provide
better protection than gD
alone and similar survival

benefits and disease symptom
reductions compared with a

potent live-attenuated HSV-2
0ΔNLS vaccine. However,

mice vaccinated with HSV-2
0ΔNLS clear the virus much

faster.

2017 [10]

Vectored/
DNA/RNA

Nucleoside-
modified
mRNA

encoding
HSV-2 gC2,

gD2, and gE2

Lipid
nanoparticle

(LNP)
P

Mouse
(Balb/c) and
guinea pig
(Hartley)

Genital
HSV-2

The trivalent mRNA vaccine
outperformed trivalent
subunit-based vaccines,

reducing latent viral load,
shedding infectious virus,
and PCR positive vaginal

swabs.

2019 [11]

Vectored/
DNA/RNA

Modified
vaccinia

virus Ankara
(MVA)

expressing
HSV-2 gD2

NA Vector
Stability NA NA

Serial passage of recombinant
vaccinia vectors led to the

loss of transgene expression
2020 [12]

Subunit

Asymptomatic
CD8+ T cell

peptide
epitopes
(UL44

aa400–408,
UL9

aa196–204,
and UL25

aa572–580)

CpG (Prime)
followed by

AAV8
vectored
CXCL10

(Pull)

P
HLA

transgenic
rabbits

Ocular
HSV-1

Prime/pull was effective at
drawing HSV-1-specific CD8+

T cells to the cornea and
trigeminal ganglia, reducing

disease.

2018 [13]
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Table 1. Cont.

Type of
Vaccine

Description Adjuvant
Type of
Study

Animal
Model

Route of
Challenge

Results Year Refs.

Subunit

Bivalent
HSV-2

Subunit (gD2
and gB2)

Nanoemulsion
adjuvant

NE01
P/T Guinea pig

(Hartley)
Genital
HSV-2

Intranasal (IN) vaccination
significantly reduced acute

and recurrent disease scores
and latent viral load

compared to a placebo.
Therapeutically, IN

vaccination reduced recurrent
lesion sores, days with the
disease, animals shedding
virus, and virus-positive

vaginal swabs.

2019 [14]

Subunit

Trivalent
HSV-2

subunit
vaccine (gC2,

gD2, and
gE2)

CpG (5′-
TCCATGAC
GTTCCTG

ACGTT-
3′)/Alum

P
Neonatal

Mouse
(C57BL/6)

Intranasal
(HSV-

1/HSV-2)

Maternal vaccination
protected offspring against

neonatal disseminated
disease and mortality from

HSV-1 and HSV-2.

2020 [15]

Live-
Attenuated

Replication-
Competent
Controlled

HSV-1
Vectors

(HSV-GS3
and

HSV-GS7)

NA P
Mouse
(Swiss

Webster)

Rear
Footpad
HSV-1

Inactivated HSV-1 vectors
offered equivalent protection

to inactivated vaccines.
Activation of these controlled

vaccines increased vaccine
efficacy over inactivated

vaccines.

2018 [16]

Live-
Attenuated

Replication-
defective

HSV-2 dl5-29
(Lacking
UL5 and

UL29)

NA P

Mouse
(C57BL/6)

and
Neonatal

Mouse
(C57BL/6)

Adult Ocular
(Corneal

HSV-1
infection),
Neonatal

Mouse
(Intranasal

HSV-1
Infection)

Maternal vaccination led to
the transfer of HSV-specific

antibodies into neonatal
circulation that protected

against neonatal neurological
disease and death.

2019 [17]

Live-
Attenuated

HSV-1
0ΔNLS NA P Mouse

(C57BL/6)
Ocular
HSV-1

Sterile immunity to ocular
HSV-1 challenge with

reduced infection of the
nervous system. Vaccination

preserved cornea free of
pathology and complete

preservation of visual acuity.

2019 [18]

Live-
Attenuated

The non-
neuroinvasive
VC2 HSV-1

vaccine
(Deletion of
gK aa31-68
and UL20

aa4-22)

NA P Guinea pig
(Hartley)

Genital
HSV-2

The live-attenuated VC2
vaccine outperformed the
gD2 subunit vaccine in the

durability of vaccine-induced
protection 6 months

post-vaccination.

2019 [19]

Live-
Attenuated

R2 non-
neuroinvasive

HSV-1
vaccine
(HSV1-

GS6264, 5
missense

mutations in
UL37)

NA P Guinea pig
(Hartley)

Genital
HSV-2

The live-attenuated
prophylactic HSV vaccine, R2,

was effective in the guinea
pig model of genital HSV-2,

especially when administered
by the ID route.

2020 [20]

Live-
Attenuated NA P Mouse

(Balb/c)
Ocular
HSV-1

VC2 vaccination in mice
produced superior protection

and morbidity control
compared to its parental

strain HSV-1 (F).

2020 [21]

Abbreviations: P—Prophylactic, T—Therapeutic.
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Table 2. Recent/current/pending clinical trials of herpes simplex vaccines.

Sponsor Intervention Summary Status
ClinicalTrials.gov

Identifier

Sanofi Pasteur

SP0148 (also known as ACAM
529 or HSV 529), a defective

replication HSV-2 with deletions
in UL5 and UL29

Estimated enrollment of
381 HSV-2 seropositive

patients

Active, not recruiting;
Phase 1/2 NCT04222985

Genocea Biosciences

GEN-003 is a subunit vaccine
comprising HSV-2 glycoprotein

D2 (gD2ΔTMR340–363) and
infected cell polypeptide 4

(ICP4383–766) adjuvanted with
proprietary Matrix-M2

Genocea Biosciences, Inc.
announced that they

entered into a material
transfer agreement and
exclusive license option

with Shionogi & Co., Ltd.

Terminated;
Phase 2 NCT03146403

Vical

VCL-HB01 Plasmid-based
vaccine encoding two HSV-2

proteins and VCL-HM01
Plasmid-based vaccine encoding

one HSV-2 protein, both
adjuvanted with Vaxfectin

VCL-HB01 was ineffective
in reducing outbreaks in

people who were infected
with HSV-2

Completed;
Phase 2 NCT02837575

Agenus HerpV polyvalent peptide
complex adjuvanted with QS-21 Stopped after Phase 2 Completed;

Phase 2 NCT01687595

X-Vax Technology HSV-2 ΔgD-2 Preparing for a Phase 1
clinical study Preclinical NA

UPenn in collaboration
with BioNTech

HSV-2 mRNA vaccine coding
gC2, gD2, and gE2

Preparing for a Phase 1
clinical study Preclinical NA

Rational Vaccines RVx201 (derivative of HSV-2
0ΔNLS)

Preparing for a Phase 1
clinical study Preclinical NA

Rational Vaccines RVx1001 (HSV-1 VC2) Preparing for a Phase 1
clinical study Preclinical NA

1.1. Subunit/Peptide Vaccines

Subunit/peptide vaccines are desirable for vaccine development because they are
reasonably stable, safe, and potentially effective. However, subunit-based vaccines against
HSV-1 or HSV-2 have fallen short of meeting clinical endpoint criteria. Targeting the
major entry mediators of the virus (gB/gD), which are major antigenic determinants, is
a primary focus of subunit vaccine development as these immunogens stimulate highly
effective neutralizing antibodies [22,23]. Additionally, gE has been utilized in subunit
vaccines to target cell-to-cell spread and immune evasion to increase multivalent subunit
vaccine efficacy [24,25]. Recently, the field of herpes vaccinology has expanded its focus
by using subunit vaccines to include multiple herpes antigens and peptides. Khan et al.
demonstrated the efficacy of vaccinating humanized rabbits with HSV-1-derived peptides
identified in asymptomatic HSV-1+ individuals, followed by chemotactically pulling im-
mune cells into the cornea. This immunization approach protected animals from an ocular
challenge [13] (Table 1). The limited antigenic breadth of CD8+ T cell peptide epitopes
(UL44 aa400–408, UL9 aa196–204, and UL25 aa572–580) reduced vaccine efficacy [13].
However, this “prime/pull” vaccination strategy is an innovative approach to vaccine
administration and shows therapeutic efficacy in the most stringent animal models of the
HSV-2 disease [26].

Antigenic breadth is of utmost importance when considering effective strategies for
herpes vaccines. Previous estimates concluded that herpes simplex encodes 80 open
reading frames (ORFs). More recently, with advances in multiomic technologies, it was
discovered that HSV-1 encodes 284 ORFs, including 46 novel large ORFs, the functions of
which are yet to be elucidated [27]. Considerable effort has been devoted to enhancing vac-
cine efficacy by increasing the number of antigens included in formulations. For instance, a
bivalent HSV-2 subunit (gD2 and gB2) vaccine delivered by intranasal (IN) immunization
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elicited increased neutralizing antibody titers compared to a monovalent gD2 vaccine
delivered IN. However, it was less effective than gD2-alone delivered intramuscularly. The
bivalent gD2/gB2 vaccine reduced acute and recurrent disease scores and latent viral load
compared to placebo. Therapeutically, IN vaccination reduced recurrent lesion sores, days
with the disease, animals shedding virus, and virus-positive vaginal swabs [14].

Significant morbidity and mortality are associated with neonatal herpes simplex infec-
tions. Children that survive neonatal HSV infection may develop lifelong developmental
and behavioral disorders. Vaccination of pregnant mice with a trivalent herpes simplex
vaccine (gD2, gE2, and gC2) protected mice and offspring against lethal challenge with viru-
lent HSV-1 and HSV-2 strains. Importantly, neonatal mice were protected from developing
long-term behavioral morbidity [15]. These results suggest that an effective vaccination
strategy can successfully combat neonatal infections.

1.2. Vectored/DNA/RNA Vaccines

Messenger RNA (mRNA)-based vaccines are promising technologies, which have
been rapidly and successfully deployed against SARS-CoV-2, the causative agent of COVID-
19. Moderna and Pfizer (in collaboration with BioNTech) have successfully launched two
synthetic mRNA vaccines expressing the viral spike (S) glycoprotein. Both vaccines have
been extensively used to vaccinate many people and proven to be safe and efficacious
against SARS-CoV-2 infections, even conferring significant protection against variants
that increase the rate of transmission [28,29]. With the demonstrated efficacy of mRNA
vaccines under emergency use authorization, many novel mRNA-based vaccines are being
pursued for other infectious disease pathogens, including herpesviruses. Specifically,
Awashi et al. [11] demonstrated a trivalent, nucleoside-modified mRNA vaccine’s efficacy
in preventing clinical and subclinical genital HSV-2 disease in both mouse and guinea
pig models of genital HSV-2 infection. Vaccination prevented the formation of genital
lesions following guinea pigs and mice challenged with HSV-2. Additionally, two doses
at 10 μg of the trivalent mRNA vaccine outperformed the three doses at 5 μg each of the
trivalent subunit vaccine. The mRNA vaccination scheme stimulated superior systemic
and vaginal HSV-2 specific IgG, neutralizing antibodies, and gD2 specific antibodies. This
mRNA vaccine demonstrated superior immunogenicity, as evidenced by the stimulation of
long-lived CD4+ T cells, T follicular helper cells, and germinal center B cell responses. This
trivalent mRNA vaccine is a promising candidate for future clinical trials in humans [11].

DNA has been proposed to be a valuable tool in the development of an effective HSV
vaccine. It can be rapidly synthesized, purified, and is more stable than mRNA. Bagley
et al. demonstrated that a DNA vaccine expressing a pool of HSV-2 glycoproteins (gB2,
gC2, gD2, gE2, gH2, gL2, and gI2) adjuvanted with IL-12 outperformed the gD2 subunit
vaccine but was not as effective in reducing virus shedding compared with the HSV-2
0ΔNLS live-attenuated vaccine. Thus, despite including seven prominent HSV-2 antigens,
this DNA vaccine was not as effective as the live-attenuated vaccine. This work highlights
the importance of antigenic breadth in vaccine efficacy against genital HSV-2 infection,
which can only be reproduced effectively through an active infection with a live-attenuated
virus [10]. To this end, live-attenuated vaccines have repeatedly demonstrated superior
efficacy.

Vectored vaccines are becoming increasingly prevalent. Many of the vaccines deployed
to combat the SARS-CoV-2 pandemic are replication-defective adenovirus vector vaccines
expressing the SARS-CoV-2 spike (S) glycoprotein. These vaccines have demonstrated
efficacy in preventing disease. Recently, safety concerns have stemmed from rare cardiac
thrombotic and cardiomyopathy incidences of unexplained origin, which may be due to the
vehicle carrier, and potential inflammatory properties of mRNA and the adenovirus vectors
used to express the S glycoprotein. Vaccine stability is always a primary concern. Synthetic
mRNA technology utilizes modified RNA nucleotides that may produce unwanted side
effects and require very low temperatures to sustain vaccine stability. Adenovirus-based
vaccines are much more stable than mRNA vaccines and do not require ultra-low temper-
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atures for stability. Vaccinia (poxvirus)-based vaccines are extensively used due to their
demonstrated efficacy in combating the smallpox epidemic. More recently, vaccinia vectors
have been developed with improved safety profiles to be avirulent and induce high levels
of transgene expression in the modified vaccinia virus Ankara (MVA) background. The
MVA vector technology has demonstrated efficacy against HIV, influenza, parainfluenza,
measles, flavivirus, and even malaria [30]. Atukorale et al. developed a vaccinia virus
vectored HSV-2 vaccine expressing gD2 [12]. However, the transgene was lost following
the vaccine’s serial passage, pointing to potential vaccine stability issues. The authors
also demonstrated that the transgene insertion site could dictate vector stability with a
prolonged serial passage in cells, indicating that vaccinia vectors can be a viable platform
for sound engineering.

1.3. Live-Attenuated Vaccines

Live-attenuated vaccines have been the most effective vaccines to combat human and
animal viral infections in medical history. The repertoire of these successes includes the
eradication of smallpox, poliomyelitis, measles, mumps, rubella, rotavirus, and others
(reviewed in: [31]). A live-attenuated varicella-zoster virus (VZV) (human herpesvirus 3
(HHV-3) or chickenpox virus) vaccine is widely used worldwide and shown to be highly
efficacious in controlling viral reactivation. Live varicella vaccine is generally safe and
well-tolerated [32]. The success of the alphaherpesvirus VZV live-attenuated vaccines
provides a primary example suggesting that a similar approach may be efficacious in
combating herpes simplex infections which, like VZV, establish latency in neurons. In
addition, the only FDA-approved oncolytic virotherapy on the market is a live-attenuated
herpes simplex virus (TVEC or Imlygic) approved for the treatment of human melanoma.
This virus was designed as an oncolytic and immunotherapeutic virus that augments anti-
tumor immunological responses. Imlygic is a replication-competent HSV-1 mutant strain,
with the deletion of both γ34.5 and ICP47 genes. These deletions limit virus replication
in cancer cells and eliminate the inhibition of antigen presentation by the ICP47 gene.
Additionally, the virus expresses human GM-CSF, which stimulates the recruitment of
antigen presenting cells providing enhanced immunogenicity [33].

The generation of a safe and effective herpes simplex vaccine must focus on preparing
attenuated viruses that can generate robust immune responses. HSV-1 and HSV-2 share
~83% of nucleotide identity, and cross-protective immunity may be achieved due to the
extensive repertoire of cross-protective antigens [34]. To this end, novel live-attenuated vac-
cine strategies are being implemented to tame the virus in vivo. The replication-competent
HSV-1 vectors (HSV-GS3 and HSV-GS7) demonstrated prophylactic efficacy in a mouse
model of dermal HSV-1 infection. These vectors are controlled by placing one or two
essential genes under the stringent control of a gene switch coactivated by heat and an-
tiprogestin. In the absence of these activating factors, the controlled HSV-1 vectors do
not replicate. In this study, the unactivated HSV-1 vectors offer equivalent protection to
chemically inactivated vaccines. However, the activation of these controlled HSV-1 vectors
increases vaccine efficacy over inactivated vaccines [16].

Recently the use of live-attenuated HSV-1 vaccines has demonstrated robust protec-
tion against ocular HSV-1 disease. More specifically, the HSV-1 0ΔNLS lacking a nuclear
localization signal of the viral ubiquitin ligase ICP0, and the non-neurotrophic HSV-1
vaccine vector VC-2 with deletions in the amino terminus of both the gK and UL20 genes
demonstrated effective protection against ocular HSV-1 challenge. Mice vaccinated with
HSV-1 0ΔNLS showed superior protection against early viral replication, neuroinvasion,
latency, and mortality than gD-2-vaccinated or naive mice following ocular challenge with
a neurovirulent clinical isolate of HSV-1. Moreover, 0ΔNLS-vaccinated mice exhibited pro-
tection against ocular immunopathology and maintained corneal mechanosensory function.
Vaccinated mice also showed suppressed T cell activation in the draining lymph nodes
following the challenge. Vaccine efficacy correlated with serum neutralizing antibody titers.
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Humoral immunity was identified as a significant correlate of protection against corneal
neovascularization, HSV-1 shedding, and latency through passive immunization [35,36].

Interestingly, vaccination with the VC-2 vaccine protected mice from developing any
appreciable ocular pathology, while vaccination with the attenuated parental HSV-1 (F)
strain only offered partial protection. The corneas of VC-2 immunized mice demonstrated
a significantly increased infiltration of T cells and limited infiltration of Iba1+ macrophages
compared to unvaccinated or parental HSV-1 (F) strain vaccinated groups. Animals vac-
cinated with VC-2 produced higher neutralizing antibody titers than the parental HSV-1
(F) strain post-challenge. Vaccination with VC-2 significantly increased the CD4 T central
memory (TCM) subsets and CD8 T effector memory (TEM) T cell subsets in the draining
lymph nodes following the ocular HSV-1 (McKrae) challenge, than unvaccinated mice or
mice vaccinated with parental HSV-1 (F) strain, indicating that VC-2′s immunogenicity is
superior to wild-type HSV-1 vaccination [21].

Neurotropism is the main hallmark of alphaherpesviruses and a major challenge
in designing live-attenuated viruses that ideally should not establish latency in neurons.
Recent attempts to inhibit virus entry into neuronal axons have yielded several novel
live-attenuated HSV-1 vectors. The HSV-1 R2 live-attenuated vaccine has five missense
mutations in the UL37 gene. UL37 has been shown to play a conserved role in alpha-
herpesvirus neurotropism by facilitating retrograde virion transport upon infection of
neuronal axons [37]. The mutations in the R2 live-attenuated vaccine disrupt neuronal
retrograde transport rendering the virus unable to establish latent infection in the nucleus
of the neuronal cell body. In the guinea pig model of genital HSV-2 disease, intradermal
(ID) vaccination with the R2 vaccine demonstrated superior performance to intramuscular
(IM) vaccination with the gD2 monovalent subunit vaccine. Similarly, ID vaccination with
R2 induced higher neutralizing antibody titers than IM vaccination with the gD2 subunit
vaccine alone [20]. In comparison, the non-neuroinvasive HSV-1 VC2 vaccine demonstrated
superior protection to the gD2 subunit vaccine while generating long-lasting efficacy up to
6 months post-vaccination in a guinea pig model of genital HSV-2 infection [19,38].

2. Rational Design of the VC-2 Vaccine

2.1. The Structure and Function of Glycoprotein K and the Membrane Protein UL20

Glycoprotein K (gK) is a highly hydrophobic glycoprotein having four transmembrane
domains placing both amino and carboxy termini extracellularly. Glycoprotein K (gK) is
required for efficient virus envelopment and functions as a heterodimer with the membrane
protein UL20 [39,40]. The majority of mutations that cause enhanced virus-induced cell
fusion are found within gK mediated primarily by interactions between gK and the amino
terminus of gB [41–44]. Together gK and UL20 are highly conserved among neurotrophic
alphaherpesviruses indicating highly conserved functions within this virus family [45–47].
Additionally, the amino terminus of gK is required for the interaction between gB and
the cellular protein Akt. Upon binding to gB, Akt is phosphorylated and induces calcium
release from the cell [48].

2.2. Herpes Simplex Virus Mechanism of Entry—Rational Design of the VC2
Live-Attenuated Vaccine

HSV is known to enter into cells by two mechanisms: fusion (between the viral enve-
lope and the cellular plasma membrane) and endocytosis. Fusion requires the formation of
a multiprotein complex including gB, gD, gH/gL, and their cellular receptors. This complex
is known as the “core fusion machinery” and is essential for HSV entry into cells [49–52].
Membrane fusion is initiated upon gD binding to one of its cellular receptors (HVEM,
Nectin-1, Nectin-2), which induces a conformational change in gD and activates gH/gL
to act upon gB changing from its prefusion conformation to its postfusion conformation.
These conformational changes induce fusion between the viral envelope and the host cell
membrane by releasing the viral contents into the cell’s cytoplasm [53].
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In some cases, HSV will enter by endocytosis, resulting in a double-membraned virion
in the cytoplasm. Escape from endocytic vesicles is pH-dependent; however, release from
the endocytic vesicle ultimately requires fusion of the viral envelope with the membrane of
the endocytic vesicle [54]. It has been proposed that the switch between endocytosis and
direct fusion occurs upon gB binding to the cell surface receptor PILRα [55]. Specifically,
this mechanistic switch is known to occur via interactions between gB and gK. HSV-1
lacking the amino terminus of gK (AA31-68) can no longer enter into PILRα cells, indicating
gK mediates this phenotype [56]. However, entry into the axons of sensory neurons is
strictly dependent on the direct fusion between the viral envelope and axonal cellular
membranes [57]. Disruption of the ability of gK to induce gB-mediated membrane fusion
restricts HSV-1 to replication in epithelial cells allowing for the presentation of all viral
antigens. At the same time, the virus cannot establish latency in neurons. Interestingly, viral
entry through endocytosis by the HSV-1 (VC-2) vaccine strain upregulated type I interferon
responses and the induction of certain chemokines such as CXCL4 and TNF, which may
result in the observed increased immunogenicity of VC2 compared to its parental wild-type
virus HSV-1(F) (Clark and Kousoulas, unpublished).

3. Rational Design of the HSV-2 0ΔNLS Vaccine

3.1. The HSV ICP0 Protein

ICP0 is a ~775 amino acid polyfunctional protein, an E3 ubiquitin ligase bearing a
RING-finger domain. The mature length of the ICP0 polypeptide may vary, depending
on the HSV isolate. ICP0 is known to play a key role in activating HSV-1 gene expres-
sion, the disruption of ND10 structures, degrade cellular proteins via polyubiquitination,
and evasion of the host cell’s antiviral defenses [58]. Initially identified as a viral factor
for viral replication in vitro, the ICP0-null virus demonstrated a significant growth defect,
especially at low multiplicities of infection [59–63]. Subsequent in vivo experiments demon-
strated the requirements of ICP0 for productive replication and reactivation from latent
infection [64–67]. ICP0 is capable of transactivating promoters involved in all three phases
of lytic transcriptional activation (α, β, and γ genes) [68–71]. Recent publications have
identified ICP0 as a critical mediator of host cell chromatin architecture via the targeted
degradation of the cellular epigenetic machinery. Specifically, ICP0 targets Schlafen 5
(SLFN5) for proteasomal degradation via ubiquitination of SLFN5. Infection with virus
lacking ICP0 (HSV-1ΔICP0) SLFN5 binds to viral DNA to repress transcription via limiting
RNA polymerase II access to immediate-early viral promoters [72]. Similarly, TRIM22 has
been identified as an intrinsic host cell factor limiting HSV replication via the viral genome’s
heterochromatinization. ICP0 has been shown to disrupt this intrinsic defense in a mecha-
nism independent of ICP0’s ubiquitin ligase activity [73]. Additionally, ICP0 interacts with
promyelocytic leukemia protein (PML) and facilitate its SUMO-independent degradation
as a viral countermeasure to circumvent PML-mediated antiviral restrictions [74].

3.2. The Role of ICP0 Protein in Immune Evasion

Host cell recognition of cytosolic viral DNA is crucial for early antiviral defenses.
Several cytosolic DNA sensors serve as pattern recognition receptors (PRRs) in the host
cell defense against HSV infection. Interferon Gamma Inducible Protein 16 (IFI16) binds
double-stranded DNA and is a member of the PYHIN family of proteins. IFI16 is primarily
localized to the nucleus but shuttles between the nucleus and cytoplasm via acetylation
by the histone acetyltransferase p300. Upon infection with HSV-1, IFI16 recognizes viral
DNA in the nucleus and is rapidly acetylated for distribution to the cytoplasm, where it
activates interferon production to restrict viral replication [75,76]. IFI16 is targeted by ICP0
for ubiquitination and degradation by the cellular proteasome [77–79]. Similarly, ICP0 has
been shown to target IRF7 to limit antiviral interferon production [80].

The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) plays
an essential role in regulating inflammation. ICP0 has been shown to suppress TNF-α
mediated NF-κB activation via interaction with the p65 and p50 NF-κB subunits. ICP0
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inhibits p65 nuclear translocation following TNF-α stimulation. ICP0 also actively targets
the p50 NF-κB subunit for proteolytic degradation due to its E3 ubiquitin ligase activity.
This ability to inhibit NF-kB activity is dependent on the RING-finger domain (RFD) of
ICP0, and the RFD alone was sufficient to inhibit NF-κB activity in reporter assays [81].

HSV ICP0 is reported to alter the adaptive immune response to HSV infection signifi-
cantly. A proposed mechanism for this property is ICP0’s ability to inhibit CD83 expression
in HSV-infected dendritic cells. This phenotype is mediated by the ICP0 RFD and is
dependent on the proteolytic degradation of CD83 [82]. Also, ICP0 inhibits important
components of the antigen presentation pathway in sentinel cells, which are responsible
for activating the adaptive arm of the immune system. Virus lacking ICP0 is more immuno-
genic, increasing the breadth of antigen recognition by antibodies from immunized animals
and generating superior protection compared with the gD2 subunit vaccine in mice and
guinea pig models of genital HSV-2 disease [83–85].

Recently, it was reported that HSV-1 DNA activates the host cell DNA damage re-
sponse (DDR) kinase pathways. Specifically, in cells infected with ICP0-null HSV-1, com-
ponents of the host cell DDR facilitated viral replication (ATM and p53) or restricted viral
replication (Mre11). However, ICP0 expression ablated these DDR effects, indicating ICP0
plays an important role in the viral evasion of host cell DDR [86]. Apparently, deletion of
ICP0 unlocked the immune response to HSV infection, leading to greater antigen presenta-
tion and altering the inflammatory response to HSV infection. The polyfunctionality of the
ICP0 protein establishes it an ideal target for vaccine and vector attenuation.

4. Clinical Trials of Herpes Simplex Vaccines

The only ongoing clinical trial evaluating the safety and efficacy of an HSV-2 vaccine
is the Sanofi-Pasteur SP0148 vaccine (Table 2). The primary endpoints of this clinical trial
include: (1) Evaluation of the safety profile of different investigational vaccine regimens
against HSV-2; (2) evaluation of the relative efficacy of investigational vaccine regimens
concerning the frequency of HSV shedding by PCR to detect viral DNA in the genital area
(shedding rate) following the two-dose vaccine schedule; (3) determining the proportion
of participants free of HSV genital recurrence at 6 months after the two-dose vaccine
schedule. The secondary objectives of this study include: (1) Evaluating the impact of
each investigational vaccine regimen in terms of the total number of days with genital
lesions up to 6 months after the second vaccination, and number of recurrences 60 days
after the second vaccination compared to the placebo group; (2) describing the efficacy of
each investigational vaccine regimen concerning the frequency of HSV DNA detection in
the genital area (shedding rate) 60 days following the first vaccination visit plus 60 days
following the second vaccination visit compared to the placebo group; (3) describing the
efficacy of the investigational vaccine regimens with respect to HSV DNA detection in the
genital area (shedding rate) 60 days after the first vaccination visit compared to the placebo
group.

Despite the historical failure to deliver an FDA-approved successful vaccine strategy
by existing vaccine approaches, much knowledge has accumulated from past and ongoing
studies regarding immunological features required for successfully confronting herpes
simplex infections. Several novel vaccine approaches are in late-stage preclinical develop-
ment, moving toward phase 1 trials in the coming years (Table 2). These approaches will
likely demonstrate varied efficacy in clinical trials; although, they have demonstrated high
efficacy in preclinical animal models. It is important to note that there were reports that an
exacerbated CD8+T cell response through repeated reactivation may increase the rate of
reactivation [87]. Therefore, an effective vaccine approach is required to protect without
exacerbating the reactivation of the latent virus, suggesting that both inflammatory and
immune-regulatory pathways and cellular milieus must be considered.
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5. Conclusions

Live-attenuated, highly safe viruses generate a robust immune response, such as
HSV-1 (VC2) and HSV-2 0ΔNLS, provide a promising approach as both prophylactic and
therapeutic vaccines against HSV-1 and HSV-2 infections. Forthcoming phase I and II
clinical trials are needed to provide necessary human data showing that these vaccines are
well-tolerated while generating effective and broadly therapeutic immune responses. Mu-
tating highly conserved genes within the herpes virus, used to circumvent the host’s innate
and adaptive immune responses, represents a novel strategy in the rational development
of live-attenuated herpes vaccines. The HSV-2 0ΔNLS and VC2 vaccines represent two
examples of this rational design approach. Importantly, these viruses can also be efficiently
used as vectors for producing vaccines against other human pathogens due to their ability
to express multiple genes as insertions into their genomes without appreciably affecting
their viral infectivity.
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Abstract: Herpes simplex virus (HSV) prevention is a global health priority but, despite decades
of research, there is no effective vaccine. Prior efforts focused on generating glycoprotein D (gD)
neutralizing antibodies, but clinical trial outcomes were disappointing. The deletion of gD yields
a single-cycle candidate vaccine (ΔgD-2) that elicits high titer polyantigenic non-gD antibodies
that exhibit little complement-independent neutralization but mediate antibody-dependent cellular
cytotoxicity (ADCC) and phagocytosis (ADCP). Active or passive immunization with ΔgD-2 com-
pletely protects mice from lethal disease and latency following challenge with clinical isolates of
either serotype. The current studies evaluated the role of complement in vaccine-elicited protection.
The immune serum from the ΔgD-2 vaccinated mice exhibited significantly greater C1q binding
compared to the serum from the gD protein vaccinated mice with infected cell lysates from either
serotype as capture antigens. The C1q-binding antibodies recognized glycoprotein B. This resulted in
significantly greater antibody-mediated complement-dependent cytolysis and neutralization. No-
tably, complete protection was preserved when the ΔgD-2 immune serum was passively transferred
into C1q knockout mice, suggesting that ADCC and ADCP are sufficient in mice. We speculate
that the polyfunctional responses elicited by ΔgD-2 may prove more effective in preventing HSV,
compared to the more restrictive responses elicited by adjuvanted gD protein vaccines.

Keywords: herpes simplex viruses; vaccines; complement; C1q; glycoprotein D; glycoprotein B;
complement-dependent cytolysis; complement-dependent neutralization

1. Introduction

Herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2) are large DNA viruses that
establish lifelong infection with periods of latency interspersed with episodes of asymp-
tomatic or clinical reactivation. HSV-1 primarily causes oral mucocutaneous lesions, ocular
disease and sporadic encephalitis, whereas both cause genital and neonatal infections.
While HSV-2 dominates globally, HSV-1 is emerging as the more common cause of genital
and neonatal disease in developed countries [1,2]. Immunocompromised hosts are at risk of
more severe and prolonged symptoms with each of these syndromes and are at greater risk
of viral dissemination. HSV-2, in particular, is a major cofactor fueling the HIV epidemic
and is associated with an increased risk of HIV transmission and acquisition [3,4]. There
are an estimated 3.7 billion people under the age of 50 years infected with HSV-1 and
491 million people between the ages of 15–49 years seropositive for HSV-2 [1,2], but despite
the enormous health burden and the years of research in the field, there is no licensed HSV
vaccine [5].

Various factors have contributed to the difficulty in designing an effective HSV vac-
cine, including the absence of defined correlates of immune protection and the ability
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of these viruses to evade innate and adaptive immune responses through diverse mech-
anisms [6]. All of the candidate vaccines that have been evaluated in clinical efficacy
trials were predicated on the presumption that the neutralizing antibodies targeting the
envelope glycoproteins D (gD) and/or B (gB) were correlates of immune protection [7–11].
However, results have been uniformly disappointing and highlight the need to consider
other mechanisms of immune protection for vaccine development.

We recently engineered a single-cycle HSV-2 candidate vaccine strain deleted in gD
(ΔgD-2), which provided complete protection against HSV-1 and HSV-2 and prevented the
establishment of latency in murine models of vaginal, skin and ocular challenge [6,12–17].
The passive transfer of immune serum completely protected naïve mice from subsequent
challenge, but surprisingly, there was little neutralization activity present. Rather, protec-
tion mapped to the ability of the Fc portion of the antibodies to engage Fc receptors and
trigger antibody-dependent cellular cytotoxicity (ADCC), and to facilitate viral clearance
by phagocytic cells [16,17]. The central role of the Fc receptor in mediating protection
was confirmed by the observation that passive protection was lost when immune serum
was transferred into FcγRIV knockout mice [18]. In contrast, adjuvanted recombinant gD
protein vaccines elicited a predominant neutralizing response in the murine model, little
ADCC and significantly less protection against disease following active or passive immu-
nization when mice were challenged with clinical isolates. Moreover, the recombinant gD
protein vaccine failed to prevent latency [15,18].

The Fc portion of antibodies may also protect through interactions with C1q. C1q bind-
ing may increase the potency of antibodies by modulating the stoichiometric requirements
for neutralization [19], opsonization and phagocytosis, or activation of the complement
cascade with the generation of membrane attack complexes on the infected cell surface,
resulting in complement-dependent cytolysis (CDC). The prior neutralization studies
were conducted after heat-inactivation of the ΔgD-2 immune serum and also did not
evaluate C1q binding or CDC. Therefore, the current studies were designed to test the
hypothesis that complement contributes to the immune protection mediated by ΔgD-2. We
compared C1q binding, CDC and complement-dependent neutralization in vitro, using
immune serum obtained from mice vaccinated with ΔgD-2 or an adjuvanted recombinant
gD protein vaccine and then conducted passive transfer studies in C1q knockout mice.

2. Methods

2.1. Cells, Virus and Vaccines

Vero (African green monkey kidney, American Type Culture Collection (ATTC), Man-
assas, VA, USA), VD60 [20] and HaCat (human keratinocyte (ATCC PCS-200-011)) cells
were grown in Dulbecco modified Eagle medium (DMEM) (Thermo-Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) (HyClone, Logan,
UT) and 1% penicillin-streptomycin (Thermo-Fisher Scientific, Waltham, MA, USA). ΔgD-2
was propagated in VD60 cells and viral titers (PFU/mL) were quantified on complement-
ing VD60 and non-complementing Vero cells [21]. HSV-1 (B3x1.1) [15], HSV-2(G) [22],
HSV-2(333)ZAG [23] (which expresses a green fluorescence protein under control of the
cytomegalovirus promoter inserted at an intergenic site) and HSV-2(4674) [24] were prop-
agated on Vero cells. HSV-2 gD protein (gD-2) was synthesized by the Einstein Protein
Core Facility and combined with 150 μg of alum (Imject-Thermo Scientific, Thermo-Fisher
Scientific, Waltham, MA, USA) and 12.5 μg of monophosphoryl lipid A (MPL) (Invivogen,
San Diego, CA, USA) (rgD-2/Alum-MPL) [15].

2.2. Murine Vaccinations

Female Balb/c, C57BL/6 and C1qa knockout mice (C1qatmld(EUCOMM)Wtsi) were pur-
chased from Jackson Laboratory (JAX, Bar Harbor, ME, USA). The use of mice for this
study was approved by the Institutional Animal Care and Use Committee at the Albert
Einstein College of Medicine, protocol 2018-0504. Balb/c or C57BL/6 mice (age 6 weeks)
were vaccinated intramuscularly (prime) and then three weeks later (boost) with ΔgD-
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2, rgD-2/Alum-MPL or a control VD60 lysate, as previously described [12]. Blood was
obtained by retro-orbital sampling one week and three weeks post-boost.

2.3. C1q Binding ELISA

Overnight at 4 ◦C, 96-well plates (96 Well Flat Bottom Immuno Plate MaxiSorp
(Thermo Fisher Scientific, Waltham, MA, USA) were coated with either 450 ng/mL of
HSV infected (HSV-1 B3x1.1 or HSV-2 G) or uninfected Vero cell lysates or with 250 ng/mL
of HSV-1 recombinant gD-1 or gB-1 (produced in HEK293 cells by the Einstein Protein
Core Facility), as described [18]. The plates were washed 4 times with PBS-0.5% Tween
(washing buffer, WB) and then blocked with 5% Non-Fat Dry Milk (Bio-Rad, Hercules, CA,
USA) in phosphate buffered-saline (PBS) with 0.1% Igepal-CA 630 (Millipore Sigma, St.
Louis, MO, USA) (blocking buffer) for 1 h at room temperature (RT). The cells or proteins
were then incubated (2 h RT) with serial two-fold dilutions of heat-inactivated immune
sera followed by mouse C1q (1 μg/mL) (Complement Technology Inc., Tyler, TX, USA)
and rat anti-mouse C1q-Biotin (0.5 μg/mL) (Cedarlane Labs, Burlington, NC, USA). Bound
C1q was quantified using horse radish peroxidase conjugated streptavidin (Thermo Fisher
Scientific, Waltham, MA, USA) (30 min, RT) followed by an addition of a substrate (OptEIA
TMB Substrate Reagent Set, cat #555214, BD Bioscience, San Jose, CA, USA). The reaction
was stopped by an addition of 2N H2S04 and plates were read at 450 nm in a SpectraMax
M5e Microplate Reader (Molecular Devices, San Jose, CA, USA). All dilutions were made
in blocking buffer and plates were washed 4× with washing buffer after each step.

2.4. Viral Neutralization in the Absence or Presence of Complement

Neutralization was assessed using a plaque reduction assay with minor modifica-
tions [18]. Serial dilutions of heat-inactivated immune sera were incubated for 1 h at
37 ◦C with HSV-1 or HSV-2 (~100 PFU/well) in the absence or presence of 10% v/v rabbit
complement (Cedarlane Labs, Burlington, NC, USA). Vero cells in 24-well cell culture
plates (Costar-Corning, Kennebunk, ME, USA) were inoculated in duplicate with the
virus–serum–complement mixture and plaques were counted after 48 h of incubation. The
neutralization titer was defined as the highest dilution that yielded a 50% reduction in
plaque numbers.

2.5. Complement Dependent Cytotoxicity

HaCat cells were infected with HSV-2(333)ZAG (0.1 PFU/cell) in 6-well cell culture
plates (Costar-Corning, Kennebunk, ME, USA) for 1 h and then overlaid with media for 9
h. Cells were washed with PBS, and then heat-inactivated immune sera (1:50 dilution in
incomplete DMEM) was added to cells. Plates were kept on ice for 30 min before adding
20% v/v rabbit complement. After a 4 h incubation at 37 ◦C in 5% CO2, cells were detached
with 500 μL/well Accutase (Thermo Fisher Scientific, Waltham, MA, USA), washed twice
with PBS and stained with Zombie-NIR (BioLegend, San Diego, CA, USA) for 20 min at RT.
Stained cells were then fixed with 2% paraformaldehyde and read with a Cytek Aurora 5
Laser System Flow cytometer (Cytek Bioscience, Freemont, CA, USA). Data were analyzed
with FlowJo Software, version 10 (FlowJo-BD, Franklin Lakes, NJ, USA).

2.6. Passive Transfer Studies

Pooled serum containing 750 μg of total IgG (quantified by IgG ELISA, Invitro-
gen, Carlsbad, CA) harvested from intramuscularly ΔgD-2 or control (VD60) vaccinated
C57Bl/6 mice was inoculated intraperitoneally into naïve WT or C1q-knockout BL/6 mice
24 h prior to skin challenge with HSV-2(4674) (5 × 10 PFU/mouse [13] ), as previously
described [18]. Mice were then monitored daily for epithelial and neurological disease
and scored as follows: (1) erythema at inoculation site; (2) spread to distant site, zos-
teriform lesions, edema; (3) ulcerations, epidermal spread, limb paresis; (4) hind limb
paralysis and (5) death. Mice were euthanized at a score of 4 and assigned a score of
5 the following day. At the time of euthanasia (when mice succumbed or day 14 post-
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challenge), sacral nerve tissue was collected and DNA isolated using the Qiagen Blood
and Tissue DNA isolation kit (Qiagen, Hilden, Germany). A total of 10 ng of DNA per
sample was loaded, and primers and probes specific for HSV polymerase were used
to quantify HSV DNA (forward primer sequence, 5′-GGCCAGGCGCTTGTTGGTGTA-
3′; reverse primer sequence, 5′-ATCACCGACCCGGAGAGGGA-3′; probe sequence, 5′-
CCGCCGAACTGAGCAGACACCCGC-3′). Mouse β actin was used as a loading control
(Applied Biosystems, Foster City, CA, USA), and qPCR was run in an Applied Biosystems
QuantStudio 7 Flex.

2.7. Statistical Analysis

Analyses were performed using GraphPad Prism version 9 software (GraphPad
Software, San Diego, CA, USA). The area under the curve (AUC) was calculated using
trapezoid rule. A p-value of 0.05 was considered statistically significant. Survival curves
were compared using the Gehan–Breslow–Wilcoxon test; other results were compared
using t-tests or an ANOVA, as indicated.

3. Results

3.1. Immune Serum from ΔgD-2, but Not rgD-2Alum-MPL Vaccinated Mice Binds C1q

C1q binds to antibodies that are bound to viral particles or virally infected cells to
promote activation of the complement cascade leading to CDC, opsonization and phagocy-
tosis and/or complement-dependent neutralization. To determine if antibodies elicited
in response to ΔgD-2 or rgD-2/Alum-MPL vaccination in mice exhibiting complement
binding activity, a C1q sandwich binding ELISA was performed with immune serum
(n = 10 mice per group). The immune serum from the ΔgD-2 prime-boost vaccinated mice
exhibited significantly more C1q binding compared to rgD-2/Alum-MPL or compared to
the VD60-control vaccinated mice when either HSV-1 (Figure 1A) or HSV-2 (Figure 1B)
infected cell lysates were used as the capture antigen (p < 0.001 for both). In contrast, there
was no significant increase in the C1q binding of the immune serum from rgD-2/Alum-
MPL compared to the control mice. Notably, there was greater C1q binding of the ΔgD-2
immune serum when HSV-2, compared to HSV-1, infected cell lysates were used as the
capture antigen (unpaired t-test comparing area under curve (AUC), 1079.0 ± 531.3 vs.
641.2 ± 134.3, p = 0.02).

Figure 1. C1q binding of immune serum in mice vaccinated with ΔgD-2, adjuvanted recombinant gD or VD60 cell lysate.
Serial 2-fold dilutions of heat-inactivated immune serum (1:50–1:6400) were assayed for ability to bind C1q using an ELISA
with (A) HSV-1 B3x1.1-infected Vero cells or (B) HSV-2(G) infected Vero cells. Results are shown as mean ± standard
deviation (SD of the optical density units (OD450 nm) at each dilution (n = 9–10 mice per group) and the area under the
curve was compared to VD60 controls using unpaired t-test with Welch’s correction (** p < 0.01). There was no significant
difference comparing C1q binding of adjuvanted rgD immune serum and VD60 controls.

The ΔgD-2 vaccine elicits a polyantigenic response including antibodies that bind gB,
whereas rgD-2/Alum-MPL elicits only gD-directed responses [17,18]. Since the envelope
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glycoproteins, which are also expressed on the surface of infected cells, are likely targets of
C1q activating antibodies, we compared the C1q binding of immune serum to gB or gD.
The immune serum from the ΔgD-2 prime-boost vaccinated mice exhibited significant C1q
binding to gB (but not gD) compared to the control or rgD-2/Alum-MPL mice (p = 0.0003
comparing AUC, n = 10 mice/group) (Figure 2A). In contrast, there was no significant C1q
binding of the rgD-2/Alum-MPL immune serum to gD (Figure 2B), which is consistent
with a lack of significant C1q capture by infected cell lysates (unpaired t-test comparing
AUC 700.4 ± 235 (rgD-2) vs. 609.8 ± 76 (VD60), p = 0.26).

Figure 2. C1q binding of immune serum to glycoproteins gB or gD. Serial 2-fold dilutions of heat-inactivated immune sera
(1:50–1:6400) were assayed for ability to bind C1q in ELISA with (A) recombinant gB or (B) recombinant gD protein. Results
are shown as mean ± SD of the optical density units at each dilution (n = 10 mice per group) and the area under the curve
was compared to VD60 controls by unpaired t-test with Welch’s correction (*** p < 0.001).

3.2. gD-2 Immune Serum Mediates Complement Dependent Cytotoxicity

One of the major effects of C1q capture by antibody-bound infected cells is the as-
sembly of the terminal components of complement to form a membrane attack complex
leading to cell lysis. To determine if C1q binding translated into complement dependent
cytolysis (CDC), HaCat cells were infected with HSV-2(333ZAG) for 9 h before adding
immune serum and rabbit complement, and then analyzed using flow cytometry. In pilot
studies, we confirmed that gB and gD are expressed on the infected cell surface by 6 h post-
infection. The percentage of infected (GFP+) cells that were killed by the ΔgD-2 immune
serum increased significantly from a mean of 11.77 to 76.09% when complement was added
(p < 0.001, paired t-test) and compared to the serum from the VD60-immunized mice, with
(11.29%) or without (8.21%) complement (p < 0.0001, two-way ANOVA) (Figure 3A,B).
The addition of complement to the rgD-2/Alum-MPL immune serum had modest but
significant effects on cytolysis (16.84 without vs. 29.57% with complement, p = 0.04, paired-
t-test) and compared to the serum from the VD60 immunized mice when complement was
added (p < 0.05, two-way ANOVA). The CDC activity of the ΔgD-2 immune serum was
significantly greater than observed with the rgD-2 or VD60 immune serum (p < 0.0001,
two-way ANOVA). Notably, there was a reduction in the GFP expression when infected
cells were incubated with the ΔgD-2 immune serum and complement, likely reflecting a
release of intracellular GFP as the cell was killed (Figure 3A, right panel).

3.3. Complement Enhances Neutralization Potency of ΔgD-2 Immune Serum

To investigate whether complement augments viral neutralization, plaque reduction
assays were performed with serial dilutions of heat-inactivated sera obtained from the
ΔgD-2, rgD-2/Alum-MPL or control VD60 immunized mice in the absence or presence
of 10% rabbit complement. The addition of complement increased the neutralization
titer (concentration of serum that inhibited 50% of viral plaques) from 26.75 ± 33.2 to
84.67 ± 40.4 for ΔgD-2 against HSV-1(B3x1.1) (p = 0.0024, paired t-test) and from 52.3 ± 29.5
to 414.7 ± 107.1 for HSV-2(G) (p = 0.0025). The complement also increased the neutral-
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ization titer of the rgD-2 Alum/MPL immune serum against HSV-1 from 54.24 ± 25.08
to 63.75 ± 25/59 (p = 0.0055) but had no significant effect on the neutralization of HSV-2
(Figure 4). Notably, the complement-dependent neutralization titer of the ΔgD-2 immune
serum was significantly higher than the complement-independent neutralization titer of
the rgD-2/Alum-MPL2 immune serum for HSV-2 (p = 0.004, unpaired t-test).

3.4. C1q Is Not Required for Passive Protection

Previous studies demonstrated that the immune serum from the ΔgD-2 vaccinated
(but not the adjuvanted rgD-2 protein vaccinated) mice passively protected the wild-type
but not FcγRIV knockout mice from viral challenge, indicating that the activation of
this FcR is critical for immune protection [15,18]. To determine if C1q binding is also
required for passive protection, serum from the ΔgD-2 vaccinated mice was pooled and
an equivalent amount of total IgG (750 μg/mouse) was administered intraperitoneally
1 day prior to challenging naïve C57Bl/6 or C1q knockout mice on the skin with an LD90
dose of HSV-2(4674). As a control, the wild-type mice received 750 μg/mouse of immune
serum from the mice that had been immunized with VD60 cell lysate. Although the mice
developed mild epithelial signs within the first few days following challenge, both the
wild-type and C1q knockout mice that received the ΔgD-2 immune serum had significantly
lower disease scores (p < 0.0001) and completely recovered, whereas all of the controls
succumbed (p < 0.01) (Figure 5A,B). Moreover, the passive transfer of the ΔgD-2 immune
serum reduced the amount of HSV-2 DNA detected in sacral ganglia tissue using a PCR
at the time of euthanasia to below the limit of detection (p < 0.0001 compared to VD60
controls) (Figure 5C).

Figure 3. ΔgD-2 immune serum activates complement-dependent cytolysis. HaCAT cells were infected with HSV-
2(333)ZAG, which expresses GFP, and then incubated for 4 h with heat-inactivated serum (1:50 dilution) obtained from mice
prime-boost vaccinated with ΔgD-2, adjuvanted recombinant gD-2 (rgD-2), or VD60 control cell lysate with or without
the addition of rabbit complement (+C). Cells were stained with Zombie NIR live-dead marker, fixed and then analyzed
using flow cytometry to quantify the percentage of infected (GFP+) dead cells. (A) Representative histogram showing GFP
staining (right) and Zombie NIR live/dead staining (left) when infected cells were incubated with ΔgD-2 immune serum
obtained from a single mouse with or without complement. The y-axis is normalized to mode (e.g., the highest peak is
set at 100% for each sample). (B) Bar graph showing percent of the GFP+ dead cells (mean ± SD) from a representative
experiment (n =3 mice per group) (**** p < 0.0001, ** p < 0.01 and * p <0.05, paired t-test comparing cytolysis with or without
complement and two-way ANOVA with Tukey’s corrections for multiple comparisons). Results are representative of
3 independent experiments.
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Figure 4. Complement enhances neutralization by ΔgD-2 immune serum. Neutralization of (A) HSV-1(B3x1.1) or (B) HSV-2
(G) infection was determined using a plaque assay with serial dilutions of heat-inactivated immune serum from ΔgD-2,
adjuvanted recombinant gD protein (gD-2) or VD60 lysate-vaccinated mice in the absence or presence of 10% rabbit
complement (C) compared to plaques formed in the absence of serum. The serum dilution that inhibits 50% of plaque
formation is shown as mean ± sd (n = 5 mice). **** p < 0.0001, ** p < 0.01 and * p <0.05, paired t-test comparing neutralization
titer with or without complement and two-way ANOVA with Tukey’s corrections for multiple comparisons.

Figure 5. Passive transfer of immune serum from wild-type mice vaccinated with ΔgD-2 protects wild-type and C1q-/-
mice. Pooled immune serum obtained from 5 ΔgD-2 vaccinated mice were assayed for IgG content and then administered
intraperitoneally (750 μg total IgG/mouse) to wild-type or C1q-/- mice 1 day prior to challenging the mice by skin
scarification with 5 × 104 PFU/mice of HSV-2 (4674). Survival curves (A) and disease scores (B) are shown, and the survival
was compared using the Gehan-Breslow-Wilcoxon test (n = 5 mice per group ** p < 0.01). (C) Viral spread to sacral ganglia
was determined using a quantitative PCR at time of euthanasia, **** p < 0.0001, ANOVA.
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4. Discussion

The current studies extend our prior observations, highlighting differences in the
immune response to the ΔgD-2 and rgD-2/Alum-MPL vaccinations. In addition to the pre-
viously documented more potent ADCC activity [12,15,18], the antibodies elicited by ΔgD-2
exhibit greater C1q binding compared to those elicited by the adjuvanted recombinant gD
protein vaccine and these antibodies are associated with enhanced complement-dependent
cytolysis and neutralization against both serotypes. C1q plays a pivotal role in initiating the
lysis of virally infected cells by activating the classical complement cascade, which results
in the assembly of the membrane attack complex on the cell surface and the formation of
pores that disrupt the cell membrane. The mechanisms by which complement enhances
antibody-dependent neutralization are not fully understood but may be mediated by C1q
binding to the Fc component, thereby reducing the number of IgG molecules needed to
neutralize viral particles, as was demonstrated for the West Nile virus [19]. Others have
suggested that, in addition to C1q, the recruitment of other complement components (C4,
C2 and C3) to the viral surface sterically blocks interactions between the virus and its
receptors to prevent viral entry, as originally observed in studies with the Epstein–Barr
virus [25].

Our prior findings, that antibodies elicited by the ΔgD-2 vaccine were only weakly
neutralizing, were conducted with heat-inactivated serum (complement-independent)
but were somewhat surprising, as the vaccine elicits polyantigenic responses that target
glycoproteins B, C and E as well as other non-envelope viral proteins [17]. While gD is
the dominant target of neutralizing responses, gB is also a major target [26]. However,
preclinical rabbit studies of cytomegalovirus (CMV) gB vaccines found little neutraliz-
ing activity in the absence of complement. The addition of complement increased the
neutralization titer, and a similar result was observed when complement was added to
the human immune serum obtained from the participants in the CMV gB/MF59 clinical
vaccine trials [27]. Monoclonal antibody (mAb) studies suggested that the epitope targeted,
rather than the antibody avidity, determined the ability of the CMV gB mAbs to mediate
complement-dependent neutralization. Our findings here suggest a similar phenomenon
for ΔgD-2. Presumably, the stoichiometry of gB antibodies elicited by the ΔgD-2 vaccine
and the epitopes targeted limit neutralization in the absence of complement.

The addition of complement to the neutralization assays had a greater effect for
the ΔgD-2 immune serum, particularly against HSV-2, compared to the rgD-2 immune
serum. The limited effect of complement on the rgD-2/Alum-MPL immune serum likely
reflects the immune evasion properties of gE and gC. Specifically, gE binds to the Fc
component of immunoglobulins to inhibit C1q binding, whereas gC binds C3b to inhibit
complement-mediated neutralization and cytolysis. The deletion of gC from HSV-1 or HSV-
2 results in an increased neutralization activity in the presence of human serum [28] and the
neutralization titer of HSV gB mAbs was increased 2–16-fold when assayed against a gC
null virus [28]. The importance of the antibodies that block the gE and gC immune evasion
strategies is further supported by preclinical studies with a trivalent subunit protein or
mRNA vaccine comprised of gD, gC and gE, which showed increased neutralizing titers
and greater protection in small animal models compared to gD alone [29,30]. Presumably,
ΔgD-2 overcomes these immune evasion strategies because it generates antibodies to gC
and gE. This likely contributes to the observation that the neutralization titer of the ΔgD-2
immune serum in the presence of complement was at least as great as the neutralization
titer of the rgD-2/Alum-MPL immune serum in the absence or presence of complement.

Although our in vitro studies demonstrated a role for complement in enhancing the
neutralization and cytolytic activity of the ΔgD-2 immune serum, complete protection was
preserved in passive transfer studies into C1q knockout mice, suggesting that the ADCC
activity is sufficient to mediate protection in the murine model. This does not preclude the
possibility that complement binding will contribute to protection in humans as the weaker
activity of intrinsic mouse complement compared to humans may underestimate its role in
mediating immune protection [31].

128



Viruses 2021, 13, 1284

In summary, the current studies expand the characterization of the functionality of
antibodies elicited in response to ΔgD-2 immunization, which includes not only the previ-
ously identified ADCC and antibody-dependent cellular phagocytosis (ADCP), but also
antibody-mediated complement-dependent neutralization and cytolysis. This contrasts
with recombinant gD protein vaccines, which elicit an almost exclusive complement-
independent neutralization response. This more restrictive functional antibody response
failed to protect in clinical trials [8]. Polyfunctional antibody responses are likely to be
important for the prevention and control of other viral infections, including, for example,
HIV, Ebolavirus and SARS-CoV-2 [32–35]. We speculate that prophylactic and therapeutic
vaccines that elicit polyfunctional responses will prove more effective in preventing HSV
and other viral infections.
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Abstract: Congenital cytomegalovirus (CMV) is a leading cause of disease in newborns and a vaccine
is a high priority. The guinea pig is the only small animal model for congenital CMV but requires
guinea pig cytomegalovirus (GPCMV). Previously, a disabled infectious single cycle (DISC) vaccine
strategy demonstrated complete protection against congenital GPCMV (22122 strain) and required
neutralizing antibodies to various viral glycoprotein complexes. This included gB, essential for all cell
types, and the pentamer complex (PC) for infection of non-fibroblast cells. All GPCMV research has
utilized prototype strain 22122 limiting the translational impact, as numerous human CMV strains
exist allowing re-infection and congenital CMV despite convalescent immunity. A novel GPCMV
strain isolate (designated TAMYC) enabled vaccine cross strain protection studies. A GPCMV DISC
(PC+) vaccine (22122 strain) induced a comprehensive immune response in animals, but vaccinated
animals challenged with the TAMYC strain virus resulted in sustained viremia and the virus spread
to target organs (liver, lung and spleen) with a significant viral load in the salivary glands. Protection
was better than natural convalescent immunity, but the results fell short of previous DISC vaccine
sterilizing immunity against the homologous 22122 virus challenge, despite a similarity in viral
glycoprotein sequences between strains. The outcome suggests a limitation of the current DISC
vaccine design against heterologous infection.

Keywords: guinea pig; cytomegalovirus; glycoproteins; neutralizing antibody; congenital CMV;
pentamer complex; gB; epithelial cells; virus tropism; disabled infectious single cycle (DISC)

1. Introduction

Human cytomegalovirus (HCMV), a betaherpesvirus, is a leading cause of congenital
infection resulting in serious symptomatic diseases including cognitive and vision impair-
ment as well as hearing loss in newborns [1,2]. Sensorineural hearing loss (SNHL) is the
most common disease associated with congenital CMV and can continue to develop after
birth [3]. Globally, congenital CMV occurs in approximately 1–5% of live births and this
includes areas with high CMV seropositivity [4]. Primary CMV infection during pregnancy
carries the greatest risk [4,5], but congenital CMV can also occur in women convalescent
for the virus, and in these cases congenital infection may result from infection by a new
strain [4]. Consequently, congenital infection can occur in mothers both seropositive and
seronegative prior to pregnancy [6]. Ideally, a vaccine against congenital CMV should
provide protection at the level higher than convalescent immunity to enable protection
against infection by new strains of the virus.

Although the correlates of protection against congenital HCMV are poorly defined, it
is generally thought that neutralizing antibodies to viral glycoprotein complexes signifi-
cantly contributes to protection, but immune protection can also be enhanced by response
to T cell target antigens (e.g., pp65) in convalescent immunity [7]. The evaluation of in-
tervention strategies against CMV in a preclinical animal model is complicated by the
species-specific nature of HCMV, making direct study of infection in animal models un-
tenable. Species-specific animal CMV crosses the placenta in both the rhesus macaque
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(rhesus cytomegalovirus virus, RhCMV) and guinea pig (guinea pig cytomegalovirus,
GPCMV) [8,9]. The guinea pig is the only small animal model for congenital CMV and the
focus of this paper. Importantly, congenitally infected newborn pups have similar disease
symptoms as humans, e.g., SNHL [10]. Various vaccine and intervention strategies have
been evaluated against CMV in this model but studies have focused on the original proto-
type GPCMV strain 22122 (ATCC VR682) isolated in the 1950s [11]. Although this virus
causes congenital infection, it is the only strain used in vaccine protection studies and was
passed on fibroblast cells (>100) during the initial isolation which potentially attenuated
the virus in contrast to clinical strains present in animal colonies. We recently isolated a
new strain of GPCMV (designated TAMYC) from the salivary gland of an infected animal.
This novel strain enabled the realistic evaluation of cross strain protection provided by
promising CMV vaccine candidates against the 22122 strain in this translational animal
model [12].

HCMV encodes multiple glycoprotein complexes (gB, gH/gL/gO, gM/gN and the
pentamer complex (PC) gH/gL/UL128/UL130/UL131) important for cellular infection.
The virus has two pathways of cell entry: direct entry which is independent of the pen-
tamer complex (PC); and endocytic entry which requires PC in addition to other viral
glycoproteins. The viral gB glycoprotein is essential for HCMV entry into all cell types, an
immunodominant neutralizing antibody target, and remains a significant focus in various
vaccine approaches, either as a standalone antigen, or in conjunction with other target viral
antigens [13]. Although the gB protein generates neutralizing antibodies, these are less
effective against virus neutralization on non-fibroblast cells including epithelial, endothelial
and placental trophoblast cells where the viral pentamer complex (PC) is necessary for
virus cell entry and the PC is an effective neutralizing antibody target [14,15]. In clinical
trials, a subunit gB vaccine attains at best about 50% efficacy despite vaccine enhancement
from non-neutralizing antibodies [16,17]. Consequently, the PC is also currently being
evaluated in various CMV vaccine strategies as an important antigen target.

GPCMV encodes functional viral glycoprotein complexes to HCMV (gB, gH/gL/gO,
gM/gN), which are important for virus cell entry [18–20]. Unlike murine cytomegalovirus,
GPCMV also encodes a gH-based PC (gH/gLGP129/GP131/GP133) which is essential
for GPCMV infection of all non-fibroblast cell types including epithelial and endothelial
cells via an endocytic entry pathway similar to clinical strains of HCMV [19–21]. The
PC is necessary for GPCMV dissemination and infection of placental trophoblasts and
amniotic sac cells as well as congenital CMV [19,22,23]. As with HCMV, the GPCMV viral
glycoprotein complexes are important neutralizing antibody targets [18,24–27]. GPCMV
gB [25,28] is essential for virus infection of all cell types [18,19] and has been the most
extensively studied vaccine antigen against congenital CMV in guinea pigs. However,
in congenital protection studies, the various gB vaccine studies attained approximately
50% efficacy in the guinea pig model [28–31]. In HCMV, the endocytic pathway for cell
entry is only partially defined and various candidate receptors have been identified [32–36].
Fibroblast cells that express the viral cell receptor platelet derived growth factor receptor
alpha (PDGFRA) enable HCMV and GPCMV cell entry by direct cell fusion independent of
the PC, but require gH/gL/gO triplex and gB [37–39]. Despite the essential nature of gB for
infection of all cell types for HCMV and GPCMV, neutralizing antibodies directed to the PC
might constitute a better vaccine target [40,41]. This is especially the case since antibodies
directed to the PC are more effective at virus neutralization on placental trophoblasts and
amniotic sac cell lines [14,23,27,38,42].

In addition to neutralizing antibodies, convalescent HCMV patients produce T cell
responses to additional viral antigens including pp65 tegument protein and IE1 non-
structural protein which are also thought to contribute to convalescent immunity [7,43].
Studies in animal models suggest that homologs of these antigens can also contribute to
CMV vaccine-based protection. Consequently, the most effective CMV vaccine strategy
might be one that evokes an immune response to various antibody and T cell target antigens.
This potentially requires a complicated series of antigens to be present in candidate CMV

134



Viruses 2022, 14, 760

vaccines to ensure a high level of efficacy. GPCMV encodes homolog T cell target antigens to
HCMV such as pp65 (GP83), and a cell-mediated response to GP83 has been demonstrated
to provide partial protection against congenital CMV [24,44,45], but has a limited impact
as a standalone vaccine candidate [45,46]. Although various vaccine strategies have been
evaluated in the guinea pig against congenital CMV, the most effective approach to date
has been the use of a replication incompetent live viral strain or disabled infectious single
cycle (DISC) vaccine [24]. The GPCMV DISC vaccine incorporates various antibody and
T cell target antigens mimicking natural infection, but does not produce progeny virus in
the host because of a lethal capsid gene mutation, and requires a complementing cell line
for growth [24,38]. Protection against wild type virus (22122) challenge both horizontally
and vertically was significantly increased with high efficacy and sterilizing immunity when
this DISC vaccine strategy incorporated the unique PC components (GP129, GP131 and
GP133) [38] compared to a GPCMV DISC (PC−) vaccine that expressed only gH and gL but
lacked the unique PC components [24]. A PC+ DISC vaccine for HCMV based on a targeted
viral protein destabilizing strategy is currently being evaluated in clinical trials [47].

In this current study, we hypothesized that a newly isolated strain of GPCMV (TAMYC
strain) [12] may better resemble clinical strains present in guinea pig colonies. Consequently,
this novel strain might provide a more significant test for CMV vaccine efficacy by eval-
uating heterologous cross strain vaccine protection in this model compared to previous
homologous studies with the 22122 strain. Importantly, the TAMYC strain virus was
highly cell associated similar to HCMV clinical strains and exhibited preferential tropism
to various non-fibroblast cell types compared to the 22122 strain GPCMV [12]. An earlier
cross strain protection study with a recombinant AdgB (22122 strain) vaccine failed to
provide high level protection against the TAMYC virus challenge despite 99% identity
in the gB sequence between strains [27,48]. This indicated a potential requirement for
an immune response to multiple viral antigens for cross strain protection to be effective.
Consequently, we evaluated the ability of the PC+ 22122 strain based GPCMV DISC vac-
cine (designated DISCII) to cross protect against a challenge by the novel GPCMV strain
(TAMYC) in vaccinated animals as this strategy had exhibited sterilizing immunity against
the 22122 strain and induced a comprehensive immune response. Additionally, the ability
of convalescent and hyperimmune animals (22122 strain) to protect against infection by
the TAMYC strain GPCMV challenge was explored. Subsequently, antibody neutralization
of both TAMYC and 22122 strains were separately evaluated with hyperimmune sera
(TAMYC or 22122 strain infected animals) to ascertain differences between homologous
and heterologous virus neutralization on fibroblast and epithelial cells. Overall, the results
suggest a minimum threshold expectation for an effective vaccine strategy that exhibits
cross strain protection against CMV in this model.

2. Materials and Methods

2.1. Virus, Cells, Synthetic Genes and Oligonucleotides

Wild type GPCMV (strain 22122, ATCC VR682 or new strain isolate, designated
TAMYC) were propagated on guinea pig fibroblast lung cells (GPL; ATCC CCL 158) and
renal epithelial (REPI) cell lines as previously described [19,22]. Both 22122 and TAMYC
strain viruses were PC positive. Virus stocks for antibody neutralization assays were
generated on renal epithelial cells. Virus titers were determined by GPCMV titration
on renal epithelial and fibroblast cells [19]. Recombinant defective adenovirus (Ad5)
vectors encoding GPCMV glycoproteins (gB, gH, gL, GP129, GP131 and GP133) were
previously described [18,19,27]. Oligonucleotides were synthesized by Sigma-Genosys
(The Woodlands, TX, USA).

2.2. Animal Studies

Guinea pig (Hartley) animal studies were performed under IACUC (Texas A&M
University, College Station, TX, USA) permit 2017-0227. All study procedures were carried
out in strict accordance with the recommendations in the “Guide for the Care and Use
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of Laboratory Animals of the National Institutes of Health”. Animals were observed
daily by trained animal care staff, and animals that required care were referred to the
attending veterinarian for immediate care or euthanasia. Terminal euthanasia was carried
out by lethal CO2 overdose followed by cervical dislocation in accordance with IACUC
protocol and NIH guidelines. Animals purchased from Charles River Laboratories were
verified as seronegative for GPCMV by anti-GPCMV ELISA of sera collected by toenail
clip bleed as previously described [18]. Animal studies were performed to evaluate:
(a) immune response to GPCMV infection; (b) virus dissemination in seropositive and
seronegative animals; (c) vaccine protection against GPCMV infection. Animals were made
immune to GPCMV by single injection (SQ, 1 × 105 pfu) or hyperimmune by 3 sequential
injections of the same strain of GPCMV with each injection separated by 3–4-week intervals.
Infected animals were bled by toenail clip and serum from individual animals evaluated
for anti-GPCMV titer by ELISA to verify seroconversion. Anti-glycoprotein complex ELISA
titers (gB, gH/gL, gM/gN, PC) were also evaluated at approximately 2 months post final
virus injection/vaccination. Sera of animals within each group with similar anti-GPCMV
ELISA titers were pooled for further study. Hyperimmune pooled anti-GPCMV sera
was previously described [24]. The antibody immune response to specific glycoprotein
complexes (gB, gH/gL, gM/gN and PC) was evaluated by ELISAs for pooled sera for each
group following the previously described assays [38]. Neutralization assays were evaluated
on fibroblast and renal epithelial cells as previously described [38] for pooled sera from
each group or seronegative control sera. Animals were vaccinated with DISCII (strain
22122) GPCMV (SQ 1 × 103 pfu) followed by two sequential DISCII vaccine booster shots
as described for hyperimmune animals. DISCI (PC negative) vaccine sera was historical
pooled sera as previously described [38].

2.3. GPCMV Glycoprotein ELISAs

Specific glycoprotein complex ELISAs were carried out as previously described using
positive coating antigen derived from renal epithelial cell monolayers transduced with
recombinant replication defective adenovirus (Ad) vectors expressing specific glycoprotein
complexes, or control recombinant Ad vectors expressing GFP for negative coating anti-
gen [18,19,24,27]. This was except for the case of gM/gN ELISA which utilized transient
expression plasmid with synthetic codon optimized expression plasmids for transfection
onto guinea pig cells [18]. Harvested cells were washed with PBS and cell pellets fixed prior
to processing as coating antigen. Protein concentration was normalized by a Bradford assay.
MaxiSorp ELISA plates (NUNC) were coated with 0.5 μg of either Ag+ or Ag- preparations
diluted in carbonate coating buffer overnight at 4 ◦C, washed in 1X PBST then blocked
with 2% nonfat dry milk. Test sera were diluted in blocking buffer from 1:80 to 1:20,480
in doubling dilutions, incubated for 2 h at 37 ◦C and then reacted with anti-Guinea Pig
IgG peroxidase antibody (Sigma-Aldrich, St. Louis, MO, USA) diluted (1:2000) in blocking
buffer for an additional 1 h at 37 ◦C before reacting with TMB membrane peroxidase sub-
strate (KPL). Net OD (absorbance 450 nm) was attained by subtracting the OD of Ag- from
the OD of Ag+. All ELISAs described in this report were carried out with the same batch
of coating antigen. The described approach is based on similar strategies for glycoprotein
complex expression for HCMV and RhCMV and ELISAs [49,50]. All ELISAs were run a
minimum of three times in duplicates. ELISA reactivity was considered positive if the net
OD was greater than, or equal to, 0.2, as determined by GPCMV negative serum.

2.4. GPCMV Neutralization Assays

GPCMV neutralization assays (NA50) were performed on GPL fibroblasts and renal
epithelial (REPI) cells with PC+ GPCMV (22122 strain or TAMYC strain) virus stocks
generated on renal epithelial cells [18,19] using pooled sera from a specific group of GPCMV
convalescent or DISC vaccinated animals as previously described [24]. Serially diluted
sera were incubated with approximately 1 × 105 pfu PC+ GPCMV in media containing 1%
rabbit complement (Equitech Bio, Kerrville, TX, USA) for 90 min at 37 ◦C before infecting
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REPI cells for 1 h. For neutralization on GPL cells, 1 × 103 pfu PC+ GPCMV was used.
Infected cells and supernatant were collected on day 4 then titrated on GPLs. The final
neutralizing antibody titer was the inverse of the highest dilution, producing 50% or greater
reduction in plaques compared to the virus only control. NA50 were performed from each
sample three times concurrently with the same virus stocks between groups.

2.5. Real Time PCR

Blood and tissues (lung, liver, spleen, salivary gland) were collected from euthanized
guinea pigs to determine the viral load as previously described [18,24]. Briefly, for tissue
DNA extraction, FastPrep 24 (MP Biomedicals, Solon, OH, USA) was used to homogenize
tissues as a 10% weight/volume homogenate in Lysing Matrix D (MP Biomedicals). To ob-
tain DNA from whole blood, blood was collected into tubes containing ACD anticoagulant
and 200 μL of blood was subsequently used per extraction. DNA was extracted using the
QIAcube (Qiagen Inc., Germantown, MD, USA) according to the manufacturer’s liquid
(blood) or tissue protocol instructions. Viral load was determined by real time PCR on
LightCycler 480 (Roche Life Science, Indianapolis, IN, USA) using primers and a hydrolysis
probe to amplify a product from the GPCMV GP44 gene. The PCR master mix contained
LightCycler ProbesMaster (Roche Life Science, Indianapolis, IN, USA), 0.4 μM primers and
0.1 μM probe, and 0.4U uracil N-glycosylase (UNG) in 25 μL of the total reaction volume
including 10 μL of DNA per reaction. Standard controls and no template controls (NTC)
were run with each assay for quantification. LightCycler 480 amplification parameters were:
UNG step for 10 min at 40 ◦C followed by activation at 95 ◦C for 10 min, then 45 cycles
of denaturation at 95 ◦C for 15 s, annealing at 56 ◦C for 15 s, and elongation at 72 ◦C for
10 s. Data were collected by ‘single’ acquisition during the extension step. The standard
curve was generated using the GPCMV GP44 plasmid [51] for quantification and assay
sensitivity. The sensitivity of the assay was determined to be 5 copies/reaction. The viral
load was expressed as genome copies/mL of blood or genome copies/mg tissue. Results
calculated were a mean value of triplicate PCR runs per sample.

2.6. Statistical Analysis

All statistical analyses were conducted with GraphPad Prism (version 7) software.
Replicate means were analyzed using Student’s t test (unpaired), with significance taken as
a p value of <0.05 or as specified in the figure legends.

3. Results

3.1. Comparative Ability of GPCMV DISC Vaccine (PC+ or PC−) to Neutralize TAMYC Strain

Previously, we demonstrated that inclusion of the PC in a GPCMV DISC vaccine
strategy improved virus neutralization as well as vaccine efficacy against prototype strain
22122, providing sterilizing immunity against dissemination and congenital infection [38].
The ability of a DISC vaccine strategy to provide cross strain GPCMV protection was
unknown and a limitation of the current model. A new strain of GPCMV (TAMYC) was
isolated from the salivary gland of an infected commercial colony animal. A comparison of
encoded GPCMV glycoprotein indicated that apart from the gO glycoprotein there was
relatively high similarity between the respective strain glycoproteins at the predicted amino
acid level and percentage homology [12]: gB (99%); gN (92%); gO (75%); gH (84%); gM
(99%); gL (98%); GP129 (88%); GP131 (89%); GP133 (91%). Consequently, cross strain
protection against the TAMYC strain was potentially possible with the current PC+ GPCMV
DISC (22122) vaccine strategy, DISCII [38].

A group of GPCMV seronegative female animals (n = 12) were vaccinated with a
sequential three-dose vaccine regime of the DISCII vaccine (1 × 103 pfu/shot, SQ). The
first vaccine was given at day 0, followed by a booster at days 26 and 49-post original
shot. Animals were bled at 24 and 48 days after original day 0 to determine anti-GPCMV
antibody titer. On day 70, a final bleed was used to evaluate immune response to specific
glycoprotein complexes (gB, gH/gL, gM/gN and PC) [18,24]. Historical pooled sera from
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22122 strain DISCI (PC−) vaccinated animals [38] generated under the same vaccine regime
to DISCII were compared with DISCII vaccine sera for immune responses to GPCMV
glycoprotein complexes, and additionally evaluated for virus neutralization (TAMYC
strain). Sera antibody immune response comparisons between the DISCI and DISCII
vaccine strategies are shown in Figure 1: anti-GPCMV ELISA (Figure 1A); anti-glycoprotein
complex ELISAs (Figure 1B,C).

Figure 1. Comparative immune responses to DISC vaccine (DISCI vs. DISCII) and GPCMV (TAMYC
strain) neutralization on fibroblast and epithelial cells. (A–C) Immune response of DISCII animal sera
was compared to that of previous historical DISCI pooled sera from animals vaccinated with identical
protocol [38]. (A) Anti-GPCMV ELISA titer; (B) anti-gB glycoprotein ELISA titer; (C) anti-glycoprotein
complex ELISA titers (gH/gL, gM/gN, PC) from sera of DISCI (black) or DISCII (gray) vaccinated
animals. Neutralizing antibody titers (NA50) against TAMYC strain virus on GPL (fibroblast) or REPI
(epithelial) cells of pooled sera from either DISCI animals (D) or DISCII-vaccinated animals (E). Mean
ELISA and neutralization values are a result of assay triplicates with each sample run a minimum of
three independent times. Statistical analysis was determined by unpaired Student’s t test; ** p < 0.005;
ns = non-significant.

DISCII vaccine results were similar to that previously observed in DISCII vaccinated
animals [38] and included a specific response to PC. DISCII induced a higher anti-GPCMV
ELISA titer compared to historical DISCI sera (5947 vs. 6950) but was not significant
(Figure 1A). DISCI vaccine sera induced slightly higher anti-gB antibody titers compared
to DISCII (5120 vs. 3750) but was not statistically significant (Figure 1B). However, DISCI
vaccine sera induced approximately five-fold higher anti-gM/gN titer compared to DISCII,
but anti-gH/gL titers were more similar between DISC vaccines (Figure 1C). Next, DISC
vaccine sera were evaluated for their ability to neutralize the TAMYC strain GPCMV on both
fibroblast (GPL) and epithelial (REPI) cells. Both DISCI and DISCII sera were more effective
at neutralizing the virus on GPL cells (Figure 1D,E), with DISCII having a higher NA50
than DISCI (2133 vs. 640). This was despite the essential nature of gB, higher anti-gB titer in
DISCI sera and 99% identity in gB sequence between TAMYC and 22122 strains. Both DISCI
and DISCII sera had reduced neutralizing titers on epithelial cells with approximately four
and nine-fold reductions, respectively, compared to on GPL cells (Figure 1D,E). Previous
studies with 22122 neutralization and DISC vaccine sera indicated that inclusion of the PC
improved virus neutralization on both fibroblast and non-fibroblast cells, and this would
appear to be a similar outcome against the TAMYC virus (Figure 1D,E) [38]. Previously,
depletion of antibodies to specific viral glycoprotein complexes from DISCII sera and
22122 hyperimmune GPCMV (PC+/PC−) sera [38] demonstrated that improved virus
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neutralization on non-fibroblast cells was attributed to anti-PC antibodies. The presence of
anti-PC improved the DISCII virus NA50 titer against the TAMYC virus, but this was only
two-fold greater than that of DISCI sera (Figure 1D,E) and suggests a more limited impact
of anti-PC against the TAMYC strain. This might relate to similar levels of anti-gH/gL
antibodies generated in both DISC vaccine strategies. Possibly gH/gL might be present
on the virion surface of TAMYC in a greater level than PC compared to the 22122 strain,
despite both virus stocks being generated on epithelial virus. The levels of specific viral
glycoprotein complexes related to gH/gL have been reported to differ between HCMV
strain types related to gO strain type, and this might impact on specific neutralizing
antibodies titer directed to PC [52–54].

3.2. DISC Vaccine Cross Protection against GPCMV (TAMYC Strain) Virus Challenge

DISCII vaccinated animals from the previous section were subsequently challenged
with wild type (strain TAMYC) GPCMV (1 × 105 pfu, SQ), and a matching control group
of unvaccinated animals (pre-screened GPCMV negative) were similarly challenged with
TAMYC strain GPCMV. At subsequent time points (4, 8, 12 and 27 days post-infection, dpi),
three animals per group were randomly selected for the evaluation of viral load (liver, lung,
spleen and blood). The outcome (Figure 2) demonstrated that the DISCII vaccine did not
provide sterilizing immunity to the TAMYC strain challenge.

Figure 2. DISCII vaccine fails to prevent dissemination of heterologous GPCMV (TAMYC strain) to
target organs in vaccinated animals. Seronegative animals (n = 12) were vaccinated with 3 sequential
shots of DISCII vaccine. Animals were evaluated for immune response (Figure 1) and at 3 weeks
post-last vaccination animals were challenged with GPCMV (TAMYC strain, 1 × 105 pfu, SQ). A
control group (n = 12) of seronegative (unvaccinated, green) animals were similarly challenged with
virus. At 4, 8, 12 and 27 dpi, 3 animals per group were evaluated for viral load in target organs. Target
organs: lung (A); liver (B); spleen (C) plotted as genome copies/mg tissue over 4, 8, 12 and 27 dpi.
Salivary gland (D) was only evaluated at 27 dpi and plotted as genome copies/mg tissue. (E) Viremia
at 4, 8, 12 and 27 dpi was plotted as genome copies/mL blood. Statistical analysis determined by
unpaired Student’s t test; * p < 0.05; ** p < 0.005; ns = non-significant; # = DISCII vaccinated group
value below the level of detection.

Consequently, the DISCII vaccine had a more limited impact on virus dissemination
in the vaccinated group. GPCMV (TAMYC strain) disseminated to all target organs in the
vaccine group, but the viral load was reduced compared to the unvaccinated groups at all
time points (Figure 2). The reduction in virus load was most effective in the spleen with
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the virus detected only at 12 dpi in the vaccine group, but present at all time points in the
control group. The virus was detected in the blood at a constant level (approximately 103

genome copies/mL blood) at 4, 8 and 12 dpi in the vaccine group, but peaked at earlier time
points in the unvaccinated group at 4 and 8 dpi and was slightly above the vaccine group
load at 12 dpi (Figure 2E). The virus continued to be detected in the salivary gland tissue at
27 dpi in vaccinated animals with a reduction of 2 logs compared to the unvaccinated group
(Figure 2D). Results indicated a limitation of the current DISC vaccine strategy against
cross strain heterologous virus protection compared to previous homologous protection
studies against the 22122 strain challenge [38].

It was concluded that the DISCII vaccine strategy provided a limited ability to cross
protect against the new strain virus challenge, and potentially would fail to completely
prevent congenital infection, especially since there was a sustained viral load in the blood
which would potentially enable significant placental infection in pregnant animals.

3.3. Limitation of Cross Strain Protection in Animals Convalescent for 22122 Strain

Next, we investigated if the DISCII vaccine provided higher level of protection com-
pared to natural convalescent immunity against the 22122 strain, or animals hyperimmune
to the 22122 strain. Animals that have been naturally infected with GPCMV or received a
single dose of GPCMV to mimic natural infection induced a lower antibody response to vi-
ral glycoprotein complexes compared to animals given multiple injections of PC+ wild type
virus to render them hyperimmune [12,38]. GPCMV seronegative animals (n = 12/group)
were initially infected with either a single dose, to mimic natural infection, or animals
received three sequential doses of the 22122 strain (1 × 105 pfu, SQ) to render animals
hyperimmune to GPCMV. Animals were evaluated for immune response at 2 months
post-viral infection, and antibody titers are compared in Figure 3 between groups (22122-X1
and 22122-HI): Anti-GPCMV ELISA (Figure 3A); Anti-glycoprotein complexes (gB, gH/gL,
gM/gN and PC) ELISAs (Figure 3B). Although anti-GPCMV titers were similar between
groups (Figure 3A), the hyperimmune group had significantly higher antibody ELISA titers
to all viral glycoprotein complexes (Figure 3B).

Subsequently, cross strain protection was evaluated in convalescent groups of animals
(22122-X1 or 22122-HI) by challenging animals with TAMYC strain virus (1 × 105 pfu, SQ).
At subsequent time points post-infection (4, 8, 12 and 27 days post infection, dpi), three
animals per group were randomly selected for evaluation of viral load (liver, lung, spleen
and blood). The results demonstrated that the 22122-X1 group of animals (Figure 3C,D)
had reduced the viral load in target organs compared to a control group of seronegative
animals (Figure 3G,H). In the 22122-X1 group of animals, no virus was present in the
blood by 12 dpi, and the virus was only detectable in the spleen and salivary gland by
27 dpi. However, the viral load in the salivary gland was still relatively high compared to
control seronegative animals but with a 2 log reduction (Figure 3C,G). In hyperimmune
animals (22122-HI), the viral load was substantially more reduced or non-detectable at
different time points in target tissues (Figure 3E) and was below detection limits in the
blood (Figure 3F). However, the virus continued to be shed in all tissues at 27 dpi with
the viral load in salivary gland very similar to the viral load observed in the 22122-X1
convalescent group of animals. Overall, results indicated that the 22122 hyperimmune
animals were better protected against the heterologous TAMYC virus challenge compared
to the 22122-X1 convalescent animals or the DISCII vaccinated animals (Figure 2). However,
the results indicate a limitation of cross strain protection by convalescent immunity from
22122 against re-infection by strain TAMYC, with the ability to prevent detectable viremia,
but not virus dissemination to target organs.
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Figure 3. Comparative heterologous GPCMV (TAMYC strain) dissemination in convalescent (22122
strain) or control seronegative animals. Animals were infected with GPCMV (22122 strain) by
single injection to establish convalescent natural immunity (22122-X1) or 3 sequential injections
to establish hyperimmune status (22122-HI) prior to challenge (1 × 105 pfu, SQ) with GPCMV
(TAMYC strain). Convalescent animals were evaluated for anti-GPCMV ELISA titer and specific
anti-glycoprotein ELISA titers. (A) Mean anti-GPCMV ELISA titer comparison of sera from animals in
22122-X1 group (purple) or 22122-HI group (blue). (B) Comparative mean anti-glycoprotein complex
ELISA titers (gB, gH/gL, gM/gN, PC) from sera of animals in 22122-X1 (purple) or 22122-HI group
(blue). Statistical analysis determined by unpaired Student’s t test; ** p < 0.005; ns = non-significant.
(C–H) Comparative GPCMV (TAMYC strain) dissemination in convalescent animals: (C,D) group 1
(22122-X1); (E,F) group 2 hyperimmune (22122-HI); or (G,H) group 3 control seronegative animals.
Animals (n = 12/group) were injected with 1 × 105 pfu, SQ of GPCMV (TAMYC strain). On days 4,
8, 12 and 27 post infection (dpi), 3 animals from each group were evaluated for viral load in target
organs (lung, liver and spleen), by real-time PCR of DNA extracted from tissue. Viral load plotted
as viral genome copies/mg tissue. Salivary gland (sal gland) tissue was only evaluated at 27 dpi
(C,E,G). Viremia detected at 4, 8, 12 and 27 dpi was plotted as genome copies/mL blood (D,F,H).

3.4. Comparative Antibody Neutralization of 22122 and TAMYC GPCMV Strains by
Hyperimmune Convalescent Sera from Animals (22122 or TAMYC Strain)

Since the 22122 strain-based immune response had a more limited impact against the
heterologous TAMYC strain, we compared the antibody ELISA and neutralizing titers from
the 22122 hyperimmune animals with the TAMYC hyperimmune animals. Specifically, we
evaluated the ability of sera from hyperimmune animals (22122 or TAMYC) to neutralize
homologous and heterologous virus infection on fibroblast and epithelial cells in an effort
to determine if there was the potential for improvement of cross strain protection by a
DISC vaccine strategy based on neutralizing antibodies. Pooled hyperimmune sera were
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derived from this current study (TAMYC strain hyperimmune sera) or from historical
pooled sera (22122 strain hyperimmune sera) [38]. Figure 4 compares the pooled sera
antibody ELISA titers from convalescent hyperimmune (22122 or TAMYC strain) animals:
anti-GPCMV (Figure 4A), and specific glycoprotein complexes gB, gH/gL, gM/gM, and
PC (Figure 4B,C).

Figure 4. GPCMV hyperimmune convalescent sera antibody responses and virus neutralization on
fibroblast and epithelial cells. (A–C) Comparative ELISAs of 22122-HI (blue) or TAMYC-HI (orange)
sera. (A) Mean anti-GPCMV ELISA titers; (B) mean anti-gB glycoprotein ELISA titers; (C) mean
anti-glycoprotein complex ELISA titers (gH/gL, gM/gN, PC) of sera from animals infected with
GPCMV 22122 strain (22122-HI, blue) or TAMYC strain (TAMYC-HI, orange). (D–G) Comparative
GPCMV neutralization (NA50) on GPL (fibroblast) or REPI (epithelial) cells by hyperimmune sera.
(D) 22122-HI sera (blue) neutralization (NA50) of 22122 strain virus. (E) TAMYC-HI sera (orange)
NA50 of TAMYC strain virus. (F) 22122-HI sera (blue) neutralization (NA50) of TAMYC strain virus.
(G) TAMYC-HI sera (orange) NA50 of 22122 strain virus. Mean ELISA and neutralization values are
a result of assay triplicates with each sample run a minimum of three independent times. Statistical
analysis determined by unpaired Student’s t test; * p < 0.05; ** p < 0.005; ns = non-significant.

ELISAs were based on the 22122 strain GPCMV coating antigen and specific glycopro-
tein complexes. Results demonstrate that regardless of the strain, the anti-GPCMV ELISA
titer was similar between groups (5120), as were anti-gB (approximately 5000). However,
there was more of a contrast with the anti-gH/gL titer, which was higher for the TAMYC
strain (1707 vs. 960). The anti-PC was two-fold higher for 22122 compared to TAMYC (1920
vs. 853). The response to gM/gN was relatively low for both TAMYC and 22122 sera.

The ability of antibodies in convalescent hyperimmune (22122 or TAMYC strain) sera
to neutralize (NA50) GPCMV (either 22122 or TAMYC strain) on fibroblast and epithelial
cells were evaluated. Homologous neutralization of 22122 pooled sera against 22122 strain
virus was most effective on GPL fibroblasts (titer = 4267) but had >two-fold lower NA50
titers on REPI epithelial cells (titer = 1920) (Figure 4D). The TAMYC sera of homologous
TAMYC strain virus neutralization (Figure 1E) were also more effective on GPL fibroblasts
(titer = 2560) compared to on epithelial cells (titer = 1280), with two-fold lower NA50
on REPI than on GPL cells. However, compared to 22122 sera homologous 22122 strain
virus neutralization, titers on both fibroblast and epithelial cells were lower. In cross
protective neutralization assays, the effectiveness of 22122 sera neutralization against
heterologous TAMYC strain virus was evaluated (Figure 4F). Cross neutralization on both
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fibroblast (titer = 1920) and epithelial cells (titer = 160) was lower (Figure 4F) compared
to homologous neutralization assays (Figure 4D). On GPL cells, the NA50 titer was >two-
fold lower, while the titer on REPI cells decreased by 12-fold. The reverse comparative
evaluation of TAMYC sera of the heterologous 22122 strain was evaluated (Figure 4G).
TAMYC sera were more effective against the 22122 strain on GPL (titer = 3840) compared to
REPI cells (titer = 640), Figure 4G. TAMYC sera had three-fold lower NA50 titers against the
22122 strain on epithelial cells, compared to the 22122 sera of the 22122 strain (Figure 4D,G).
Overall, it was concluded that convalescent hyperimmune sera had the ability to neutralize
virus infection but worked best on fibroblast cells compared to epithelial cells. Additionally,
virus neutralizations of the 22122 strain by homologous sera (22122) and TAMYC sera
(heterologous) were highly effective especially on fibroblast cells where NA50 titers were
similar. In contrast, homologous and heterologous sera were less effective against the
TAMYC virus, with 22122 sera particularly limited in NA50 titers against TAMYC epithelial
infection (Figure 4F), compared to homologous NA50 titers (Figure 4G) against TAMYC
on REPI cells. This potentially indicated that a DISC vaccine strategy based on strain
22122 is likely to be less effective against the GPCMV TAMYC strain virus challenge or
similar clinical strain which is supported by vaccine protection outcome findings (Figure 2).
Overall, a DISC vaccine based on a clinical strain (TAMYC) might have better efficacy
against GPCMV homologous and heterologous infections. Potentially, this indicates a
limitation of the current HCMV DISC vaccine strategy, which is based on a lab-adapted
AD169 HCMV strain [47].

4. Discussion

An important requirement of an effective CMV vaccine is an ability to provide protec-
tion greater than that of convalescent natural immunity because the risk of congenital CMV
is not only by primary infection during pregnancy but also from re-infection by new strains
of the virus. Indeed, it is the ability to attain significant cross strain protection that likely in-
creases the challenge for a successful vaccine against congenital CMV. Although preclinical
animal models are available for the evaluation of CMV vaccine efficacy, they potentially
suffer from various factors that reduce the translational impact. Firstly, HCMV cannot
be directly studied in an animal model because of species specificity, which precludes
direct evaluation of HCMV that might be available for other viral pathogens in animals
models (e.g., influenza virus) [55]. Consequently, animal species-specific CMV studies are
necessary. Although mouse models of murine cytomegalovirus have the advantage of pow-
erful immunological tools, and gene knockout animals, there is a lack of strain variation in
MCMV at the amino acid protein coding sequence level which limits the ability to evaluate
the impact of viral strain infection on vaccine protection. The most commonly studied
strains (K181 and Smith) are identical at the protein level [56]. Furthermore, MCMV does
not cause congenital CMV, nor does it encode a PC. MCMV encodes a second gH-based
trimer more similar to Epstein-Barr virus [57], which affects the translational impact of
MCMV vaccine studies.

Although a NHP congenital CMV model with RhCMV has recently been developed for
congenital CMV [58], no vaccine protection studies against vertical transmission have been
evaluated. Importantly, RhCMV encodes a homolog PC that is required for virus tropism to
non-fibroblast cells and pathogenicity in the NHP model [59]. Interestingly, a hyperimmune
globulin (HIG) therapy strategy in the NHP applied to pregnant CD4+ T cell-depleted
animals resulted in protection against congenital RhCMV, which implied that neutralizing
antibodies were sufficient to protect against congenital CMV, but protection required
inclusion of potent antibodies to PC [60]. In contrast, HIG therapy against congenital
CMV in a human clinical trial did not reach statistical significance [61,62]. Potentially,
protection against congenital RhCMV may have requirements different from those for
protection against congenital HCMV. However, in the congenital RhCMV studies, the virus
was introduced by intravenous route, rendering it cell free and potentially easier to rapidly
neutralize, which likely weakens the study. The major focus of RhCMV vaccine research
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with the NHP model has been on horizontal transmission with varying levels of success,
but no specific approach has attained sterilizing immunity [63]. Although a DISC vaccine
strategy has been developed for RhCMV, it is based on the knockout of the gL glycoprotein
gene which forms the basis of two important gH-based glycoprotein complexes (gH/gL/gO
and PC) that impact the immune response to these entry complexes [64]. The availability
of various RhCMV strains enables the potential for evaluation of cross strain protection
to a level more similar to that of the HCMV infection of humans. However, a significant
limitation to this NHP model is the small number of available CMV negative animals, as
well as the prohibitive cost involved that precludes high throughput vaccine studies against
congenital CMV.

Consequently, the guinea pig remains an important model for the development of
intervention strategies against congenital CMV. This animal model suffers from limitations
associated with available reagents which impact various human disease models based
on this animal. However, the recent in-depth sequencing of the guinea pig genome has
enabled the application of the CRISPR/Cas9 gene knockout strategy, as well as the ability
to generate synthetic genes for cellular innate immune studies [38,39,46,65]. Furthermore,
our laboratory and other investigators have established novel non-fibroblast guinea pig
cell lines for virus tropism studies. However, an additional limitation of this model has
been the use of a single strain of GPCMV (22122), which was isolated more than 50 years
ago and passaged multiple times on fibroblasts, increasing the likelihood of adaptation
that potentially limits the pathogenicity of this virus, despite the ability to cause congenital
infection. The lack of additional GPCMV strains available prevented an ability to evaluate
cross strain protection by candidate CMV vaccine strategies. We consider the latter an
important benchmark for advancement of any CMV candidate vaccine, and this was
compounded by the recent milestone achievement of complete protection against congenital
GPCMV (22122 strain) by the use of two different candidate vaccine approaches: DISC
vaccine [38]; and interferon sensitive attenuated live vaccine strain [66]. The recent isolation
of a new strain of GPCMV (TAMYC) [12] without passage on fibroblast cells has enabled the
bar to be raised for vaccine efficacy studies in this model by the evaluation of cross strain
protection by utilizing the TAMYC strain virus. As with clinical HCMV strains, the greatest
range of sequence variation between 22122 and TAMYC strains is the gO protein with 25%
difference at the predicted amino acid level [12]. Other viral glycoproteins additionally
differ between strains but the difference is not as profound and similar to that seen between
HCMV strains [12]. Importantly, the TAMYC strain virus encodes a PC similar to the 22122
strain virus [12].

The correlates of protection against congenital CMV are poorly understood, but it
is thought that antibody response is a significant driver for protection. The gB protein is
essential for both HCMV and GPCMV infection of all cell types and an immunodominant
antibody target. Consequently, gB has been a central focus or corner stone of many vaccine
strategies against CMV both in preclinical and clinical studies. However, a standalone
gB vaccine fails to achieve better than 50% efficacy in the guinea pig or in clinical trials.
A limitation of gB vaccine efficacy in the guinea pig model was, until recently, the use
of various truncated gB constructs. These strategies lacked the ability to form a trimeric
complex found on the virion, and therefore limited the vaccine neutralizing titer because
of the absence of higher order antigens. We recently evaluated recombinant Ad vector
vaccines encoding either GPCMV gB lacking a transmembrane domain or a full length gB.
Although both vaccines produced similar high antibody titers, the full length gB vaccine
(AdgBWT), capable of forming a trimeric complex, produced higher neutralizing titers
on both fibroblast and non-fibroblast cell types [27]. The current DISC vaccine is capable
of both monomeric and trimeric gB complex formation; the antibody titer is lower than
that of the AdgB vaccine, but is considered to have similar anti-gB neutralizing titers to
that of hyperimmune convalescent animals based on anti-gB sera absorption studies [38].
In HCMV, non-neutralizing gB antibodies also contribute to gB vaccine efficacy, and it is
likely that the DISC vaccine also produces non-neutralizing antibodies not only to gB but
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to other viral antigens. The impact of non-neutralizing gB antibodies for GPCMV would
appear to have a minimal impact on vaccine protection [27], but remains to be more fully
evaluated in future studies. However, it is clear that the gB immune response is limited
in efficacy as a vaccine candidate failing to fully protect against GPCMV (22122 strain),
despite improvements in neutralizing titers. Additionally, the limitation of a gB-only based
vaccine strategy is further compounded when evaluated for cross strain protection against
the TAMYC strain virus, despite 99% similarity in amino acid sequence [48]. Importantly,
the TAMYC strain virus is more similar to clinical HCMV strains, highly cell associated and
preferentially is tropic for non-fibroblast cells, in contrast to 22122 strain GPCMV [12]. The
failure of the gB vaccine to cross protect between strains has also been demonstrated in the
RhCMV NHP horizontal transmission model [67], which further indicates the limitation of
gB as a standalone CMV vaccine candidate.

In HCMV, the PC is a potent neutralizing target antigen in convalescent-phase patients
and in vaccine studies [40,41,68]. In GPCMV, the PC is necessary for virus tropism to
non-fibroblast cells (including epithelial, endothelial and trophoblasts) and congenital infec-
tion. Furthermore, inclusion of the PC in a GPCMV DISC vaccine strategy improved virus
neutralization on non-fibroblast cells by generation of PC-specific neutralizing antibod-
ies [38]. This resulted in complete protection against congenital CMV (22122 strain) in this
animal model, as well as sterilizing immunity compared to a previous DISC vaccine lacking
PC [24,38]. Additionally, the inclusion of the PC in a live attenuated GPCMV vaccine
strategy also resulted in complete protection against congenital CMV [66]. These recent
vaccine studies demonstrated the importance of the PC to improve vaccine efficacy in this
animal model. Both approaches induce an immune response to all glycoprotein complexes,
but the inclusion of the PC in the vaccine design dramatically improved the protective
immune response [24,38,66,69]. However, the DISCII vaccine sera did not reach the level of
virus neutralization on both fibroblast and epithelial cells against the 22122 strain observed
for hyperimmune sera from animals convalescent for GPCMV (22122 strain). This suggests
room for improvement of the vaccine neutralizing titer, more especially since the DISCII
vaccine was less effective at neutralizing the heterologous TAMYC strain virus on both
fibroblast and epithelial cells compared to the 22122 strain NA50 titers. Likely, there is a
limitation of virus neutralization evoked by cross strain protection from the 22122 strain
background, since the 22122 strain hyperimmune sera are less effective against the TAMYC
virus. In contrast, TAMYC hyperimmune sera are more effective against the TAMYC virus,
especially on epithelial cells with higher neutralizing titers, than against the 22122 strain.
Potentially, this indicates that a DISC vaccine built in the backdrop of the clinical TAMYC
strain may have better efficacy and cross strain protection, but awaits future study since
no recombinant virus has been generated based on the TAMYC strain. This might also
indicate a potential failing of an HCMV DISC vaccine strategy based on the backdrop of
the AD169 strain; a fibroblast adapted HCMV strain with restored ability to express the
PC [70]. Strain-specific neutralizing target antigens have been identified in HCMV, and
most recently in gH [71], which are likely to impact vaccine efficacy.

As with an RhCMV gB-based vaccine strategy, an RhCMV PC-based vaccine failed
to provide complete protection against horizontal viral transmission [72]. Potentially,
this indicates a general failing of a gB or a PC-based standalone vaccine strategy which
does re-enforce the advantage of a DISC vaccine approach. Recently, a potent therapeutic
antibody was identified that targets both gB and PC in HCMV, which indicates the likely
interdependent importance of both of these antigens as neutralizing targets and the value
of including both antigens in CMV vaccine design [73]. Potentially, CMV DISC vaccine
efficacy could be enhanced by the inclusion of gB or gH, and unique PC ORFs from various
important divergent viral strains to improve cross strain protection. This is a possible
avenue for study in future HCMV or animal CMV DISC vaccine design. It is important
to note that the TAMYC strain mainly infects by cell-cell spread with limited levels of cell
release virus, similar to HCMV clinical strains. Potentially, cell-cell spread limits the effect

145



Viruses 2022, 14, 760

of neutralizing antibodies and may serve as an effective escape mechanism from the host
antibody response.

In convalescent CMV immunity, the T cell response is considered to be important
and likely contributes to protection against congenital CMV. Indeed, the evasion of CD8
T cell response is critical for CMV superinfection [74]. In addition to antibody response,
the GPCMV DISC vaccine strategy has previously been shown to evoke a cell-mediated
response against pp65 tegument protein (GP83) in both PC+ and PC− DISC vaccines [24,38].
In HCMV, pp65 is thought to be the immunodominant T cell target, but this may not
equate with the most effective target antigen for a protective T cell response. The non-
structural IE1 protein in HCMV induces a T cell response and has been demonstrated to be
partially protective in RhCMV studies [75]. Potentially, other viral antigens also induce a
cell-mediated immune response in GPCMV such as GPCMV IE1 [65], and this is currently
under evaluation. In both HCMV and GPCMV, the pp65 tegument protein is an innate
immune evasion factor targeting cGAS and IFI16 [46,76]. The GP83 cell-mediated response
has been demonstrated to be partially protective in various vaccine strategies against
GPCMV [30,45,46]. However, the protective effect of the GP83 antigen T cell response is
further limited in the context of cross strain GPCMV protection. In a recent Ad vector
vaccine study encoding GPCMV GP83 (AdGP83), we demonstrated AdGP83 induced a
cell-mediated immune response similar to GPCMV convalescent and DISC vaccinated
animals; however, cross strain protection against the TAMYC challenge virus in AdGP83
vaccinated animals was relatively poor compared to protection in the 22122 challenged
animals [46]. This was despite a 100% identity in the predicted GP83 amino acid sequence
between the GPCMV 22122 and TAMYC strains. Thus, although the DISC vaccine has
been demonstrated to generate a cell mediated response to GP83, it is unlikely to be an
effective cross protective antigen based on the AdGP83 based vaccine studies [46]. An
ability to comprehensively evaluate the T cell response against GPCMV in the guinea pig
is currently lacking, and is a limitation of studies in this model, and should be a focus for
future development.

5. Conclusions

In conclusion, the current GPCMV DISC vaccine strategy, although highly successful
against the homologous strain (22122 strain) virus challenge dissemination and congenital
infection in the animal, fails to provide high level protection against the heterologous virus
(TAMYC strain) challenge. Consequently, the current version of the DISC vaccine would be
unlikely to provide a high level of protection against congenital infection, more especially
given the sustained viral load in the blood in the TAMYC virus challenged vaccinated
animals. The ability for a CMV vaccine to cross protect against infection by a new strain
of virus is an important additional stage of evaluation for any pre-clinical CMV vaccine.
Studies in GPCMV hyperimmune immune convalescent animals suggest that the efficacy
of the current DISC vaccine can be improved, but this is likely to require modifications to
the DISC vaccine to enhance both the antibody and cell-mediated immune response. Since
the DISC vaccine virus is cloned as an infectious BAC plasmid, additional modifications
are easily attained via modifications of the viral genome in bacteria. Overall, the current
results suggest that an HCMV DISC vaccine strategy will also likely require additional
modifications to maximize cross strain protection, which becomes a significant factor in
areas or groups endemic for HCMV and the potential exposure to multiple strains of
the virus.
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Abstract: Herpes simplex viruses (HSV) are ubiquitously distributed with a seroprevalence ranging
up to 95% in the adult population. Refractory viral infections with herpes simplex virus type
1 (HSV-1) and type 2 (HSV-2) represent a major global health issue. In particular, the increasing
occurrence of resistance to conventional antiviral drugs make the therapy of such infections even more
challenging. For instance, the frequent and long-term use of acyclovir and other nucleoside analogues
targeting the viral DNA-polymerase enhance the development of resistant viruses. Particularly, the
incidental increase of those strains in immunocompromised patients is alarming and represent a major
health concern. Alternative treatment concepts are clearly needed. Natural products such as herbal
medicines showed antiherpetic activity in vitro and in vivo and proved to be an excellent source for
the discovery and isolation of novel antivirals. By this means, numerous plant-derived compounds
with antiviral or antimicrobial activity could be isolated. Natural medicines and their ingredients
are well-tolerated and could be a good alternative for treating herpes simplex virus infections. This
review provides an overview of the recent status of natural sources such as plants, bacteria, fungi, and
their ingredients with antiviral activity against herpes simplex viruses. Furthermore, we highlight
the most potent herbal medicines and ingredients as promising candidates for clinical investigation
and give an overview about the most important drug classes along with their potential antiviral
mechanisms. The content of this review is based on articles that were published between 1996
and 2021.

Keywords: herpes simplex viruses; natural products; antiherpetic drugs; resistance

1. Introduction

Herpes simplex virus infections are considered a major public health issue worldwide.
These human pathogen DNA viruses belong to the family of Alphaherpesvirinae. Upon pri-
mary infection, the herpes simplex viruses type 1 and 2 (HSV-1 and HSV-2) persist lifelong
in the autonomic and sensory ganglia of its host. Especially HSV-1 infections are ubiqui-
tously distributed with a seroprevalence ranging up to 95% in the adult population [1].
After reactivation, HSV may cause symptoms ranging from painful, but self-limited in-
fections of the oral or genital mucosa to severe infections of the eye or life-threatening
infections in immunocompromised hosts or newborns [2,3]. Active HSV-1 infections are
usually associated with oral or facial herpes, while HSV-2 predominately causes genital
infections. Reactivated HSV-2 infections often exhibit painful genital lesions providing a
higher risk for other sexually transmitted diseases and invasive cervical carcinoma [4].
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Although numerous vaccine candidates have been investigated in clinical trials, there
is no licensed vaccine available for the prevention of HSV infections. Over the last decades,
many different antiviral drugs targeting the viral DNA-polymerase were approved for the
treatment of acute HSV infections. The most widely used antiviral agents against HSV are
acyclovir (ACV), valacyclovir, famciclovir, cidofovir, and foscarnet. ACV and the related
nucleoside analogues can successfully inhibit viral replication and thereby mediate cure
from HSV-related symptoms, but the emergence of drug resistance to ACV has created a
barrier for the treatment of HSV infections [5]. Moreover, it has been demonstrated that
ACV therapy in HIV/HSV-co-infected patients reduces HIV serum levels and may protract
the necessity of an antiretroviral therapy [6–8]. However, ACV may interact directly with
the HIV reverse transcriptase in HIV-infected cells, which may increase the occurrence of
the reverse transcriptase mutants that are associated with a reduced sensitivity of the virus
to antiretroviral therapy [9,10]. Furthermore, corneal morbidity and blindness are common
issues of ACV-refractory HSV infections of the cornea in industrial nations [11]. ACV-
resistant infections are frequently observed in immunocompromised patients. Due to a
long-term prophylactic or pre-emptive antiviral treatment in these patients, the occurrence
of ACV resistance is particularly high in this group [12]. In the average adult population,
the frequency of ACV-resistant HSV was determined with 0.27% (n = 368) [12]. In contrast,
the frequency of ACV-resistant HSV was assessed with 7.03% in immunocompromised
patients [12]. The highest rates of ACV resistance were reported in patients undergoing
hematopoietic stem cell transplantation (14.3%), followed by HIV-infected patients (3.92%)
or patients suffering from various tumor diseases (3.85%) [12]. Cross-resistance to other
nucleoside analogs targeting the viral HSV thymidine kinase (TK) are frequent, since a
reduced sensitivity of HSV to ACV is mostly caused by mutations in the TK gene [5,13].
However, resistance not only emerges against drugs such as famciclovir or penciclovir
that target HSV-TK but also against the viral DNA-polymerase inhibitors foscarnet and
cidofovir [14], the latter severely in patients undergoing stem cell transplantation [12].
DNA-polymerase inhibitors can be used for the treatment of ACV-resistant HSV infections.
However, their use is limited due to possible serious side effects, especially in patients with
comorbidities [5].

Clearly, there is an urgent need to explore new effective and well-tolerated approaches
for the treatment of HSV infections and reactivations. Traditional herbal medicines are an
abundant source of antimicrobial or antiviral active substances. Plant extracts and other
natural products have been used for hundreds of years for the treatment of infectious
diseases. We screened the PubMed database to find relevant articles by using the keywords
natural products, medicinal plants, medicinal herbs, herbal medicine, plant oils, herpes
simplex virus, herpes labialis, and herpes genitalis. Articles included in our analysis were
published from 1996 to 2021. We searched for studies that described compounds that were
isolated from natural sources such as plants, fungi, and other sources. We focused on well-
characterized compounds with already uncovered mechanisms of how these compounds
interfere with the viral replication. This strategy allows for conclusions about the potential
antiviral activity of these compounds against ACV-resistant viruses. The review gives an
overview of the distinct compounds isolated from plants and other natural sources and
summarizes the results from in vitro and in vivo studies conducted thus far.

2. Antiviral Active Ingredients from Natural Sources

Herbal medicines have been used for centuries to treat infectious diseases. Within
the last decades, numerous compounds with antiviral activity against HSV and other
viruses could be isolated from distinct natural sources such as plants or fungi. The antiviral
active ingredients include alkaloids, terpenes, polysaccharides, flavonoids, phenolic acids,
and steroids (Figure 1). The compounds inhibit the viral replication by using different
mechanisms, which are summarized in Figure 2 and Table 1 and described below in
more detail.
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Figure 1. Classification of antiherpetic agents derived from natural sources. Natural sources such as
plants or fungi are rich in different groups of bioactive compounds. Several of these groups (e.g.,
alkaloids, terpenes, polysaccharides, flavonoids, phenolic acids, and steroids) were identified as
antiviral active agents against HSV-1 and HSV-2.

153



V
ir

us
es

2
0

2
1

,1
3,

13
86

T
a

b
le

1
.

C
he

m
ic

al
co

m
po

un
ds

an
d

th
ei

ra
nt

i-H
SV

ac
tiv

ity
.C

C
50

=
50

%
cy

to
to

xi
c

co
nc

en
tr

at
io

n,
EC

50
=

50
%

ef
fe

ct
iv

e
co

nc
en

tr
at

io
n,

IC
50

=
50

%
in

hi
bi

to
ry

co
nc

en
tr

at
io

n,
SI

=
se

le
ct

iv
ity

in
de

x,
H

SV
=

he
rp

es
si

m
pl

ex
vi

ru
s,

C
PE

=
cy

to
pa

th
og

en
ic

ef
fe

ct
,X

TT
=

2,
3-

bi
s[

2-
m

et
ho

xy
-4

-n
itr

o-
5-

su
lp

ho
ph

en
yl

]-
5-

[(
ph

en
yl

am
in

o)
ca

rb
on

yl
-2

H
-t

et
ra

zo
liu

m
hy

dr
ox

id
e]

, E
LI

SA
=

en
zy

m
e-

lin
ke

d
im

m
un

os
or

be
nt

as
sa

y,
M

A
PK

=
m

it
og

en
-a

ct
iv

at
ed

pr
ot

ei
n

ki
na

se
,C

C
EC

s
=

ce
re

br
al

ca
pi

lla
ry

ve
ss

el
en

do
th

el
ia

lc
el

ls
,P

M
N

s
=

po
ly

m
or

ph
on

uc
le

ar
le

uk
oc

yt
es

,T
K

=
th

ym
id

in
e

ki
na

se
.

N
o

.
G

ro
u

p
C

o
m

p
o

u
n

d
P

la
n

t/
O

th
e

r
A

ss
a

y
E

m
p

lo
y

e
d

;
C

e
ll

L
in

e
C

C
5
0

H
S

V
-1

E
C

5
0
/I

C
5
0
;

S
I

H
S

V
-2

E
C

5
0
/I

C
5
0
;

S
I

V
ir

u
s

M
e

ch
a

n
is

m
o

f
A

ct
io

n
/T

a
rg

e
t

S
tr

u
ct

u
re

R
e

fs
.

1
A

lk
al

oi
d

H
ar

m
in

e
Pe

ga
nu

m
ha

rm
al

a
C

PE
;H

ec
-1

-A
ce

lls
>3

00
μ

M
4.

56
μ

M
1.

47
μ

M
H

SV
-1

F;
H

SV
-2

G

Ty
ro

si
ne

ph
os

ph
or

yl
at

io
n-

re
gu

la
te

d
ki

na
se

in
hi

bi
to

r;
do

w
nr

eg
ul

at
io

n
of

ce
llu

la
r

N
F-
κ

B
an

d
M

A
PK

pa
th

w
ay

s.

[1
5,

16
]

2
A

nt
hr

aq
ui

no
ne

Em
od

in
R

he
um

ta
ng

ut
ic

um
C

PE
;H

Ep
-2

ce
lls

>1
00

0
μ

g/
m

L
(>

3.
7

m
M

)
n/

A
n/

A
H

SV
-1

F;
H

SV
-2

(3
33

)
In

hi
bi

ti
on

of
vi

ra
lr

ep
lic

at
io

n.
[1

7]

3

C
at

ec
hi

n

Ep
ig

al
lo

ca
te

ch
in

(E
G

C
)

Th
ea

si
ne

ns
is

L.
C

PE
;V

er
o

ce
lls

50
0
μ

M
4
μ

M
;1

25
63

μ
M

;7
.9

H
SV

-1
K

O
S;

H
SV

-2
G

G
ly

co
pr

ot
ei

ns
B

an
d

D
.

[1
8,

19
]

4
Pa

lm
it

oy
l-

EG
C

G
(p

-E
G

C
G

)
Pl

aq
ue

as
sa

y;
Ve

ro
ce

lls
>7

5
μ

M
<5

0
μ

M
n/

A
H

SV
-1

U
L4

6
G

ly
co

pr
ot

ei
n

D
ex

pr
es

si
on

is
re

du
ce

d.
[2

0]

5
Sa

m
ar

an
ge

ni
n

B
(S

am
B)

Li
m

on
iu

m
si

ne
ns

e
L.

>1
00

μ
M

11
.4
μ

M
n/

A
H

SV
-1

K
O

S

Su
pp

re
ss

es
ex

pr
es

si
on

of
IC

P0
an

d
IC

P4
ge

ne
s

an
d

vi
ra

lD
N

A
-p

ol
ym

er
as

e
(ß

tr
an

sc
ri

pt
s)

.

[2
1,

22
]

6
El

la
gi

ta
nn

in
C

as
ua

ri
ni

n
Te

rm
in

al
ia

ar
ju

na
Li

nn
Pl

aq
ue

as
sa

y;
Ve

ro
ce

lls
89

±
1
μ

M
n/

A
1.

5
μ

M
;5

9
H

SV
-2

(1
96

)
In

hi
bi

ti
on

of
vi

ra
l

at
ta

ch
m

en
ta

nd
pe

ne
tr

at
io

n.
[2

3]

7

Fl
av

on
oi

d

Ba
ic

al
ei

n
Sc

ut
el

la
ri

a
ba

ic
al

en
si

s

Pl
aq

ue
as

sa
y;

Ve
ro

ce
lls

>2
00

μ
M

n/
A

12
.4

μ
M

;>
16

.1
H

SV
-1

F

In
ac

tiv
at

io
n

of
fr

ee
vi

ra
l

pa
rt

ic
le

s
an

d
do

w
nr

eg
ul

at
in

g
ce

llu
la

r
N

F-
κ

B.
[2

4]

H
aC

at
ce

lls
>2

00
μ

M
n/

A
20

.1
μ

M
;>

9.
95

8

(−
)-

ep
ig

al
lo

ca
te

ch
in

3-
O

-g
al

la
te

(E
G

C
G

)

C
am

el
lia

si
ne

ns
is

Ti
te

r
re

du
ct

io
n;

Ve
ro

ce
lls

n/
A

10
2.

0 /1
04.

4
re

du
ct

io
n

at
10

0
μ

M
10

4.
0–

5.
0/

10
4.

0
re

du
ct

io
n

at
10

0
μ

M
H

SV
-1

F;
H

SV
-2

(3
33

)
G

ly
co

pr
ot

ei
ns

B
an

d
D

.
[2

5]

9
G

al
an

gi
n

H
el

ic
hr

ys
um

au
re

on
ite

ns
C

PE
;V

er
o

ce
lls

10
00

μ
M

2.
5
μ

M
;4

00
n/

A
H

SV
-1

K
O

S
In

hi
bi

ti
on

of
of

vi
ra

la
ds

or
pt

io
n.

[1
8]

10
H

ou
tt

uy
no

id
A

H
ou

tt
uy

ni
a

co
rd

at
a

Pl
aq

ue
as

sa
y;

Ve
ro

ce
lls

16
6.

36
±

9.
27

μ
M

23
.5

0
±

1.
82

μ
M

H
SV

-1
F

Bl
oc

ki
ng

vi
ra

la
tt

ac
hm

en
t.

[2
6]

11
Is

oq
ue

rc
it

ri
n

H
ou

tt
uy

ni
a

co
rd

at
a

>1
00

μ
g/

m
L

(2
15

.3
4
μ

M
)

0.
42

μ
g/

m
L

(0
.9

μ
M

);
>5

12
.8

D
ow

nr
eg

ul
at

io
n

of
ce

llu
la

r
N

F-
κ

B.
[2

7]

12
Q

ue
rc

et
in

C
ae

sa
lp

in
ia

pu
lc

he
rr

im
a

X
TT

;B
C

C
-1

/K
M

C
ce

lls
49

6.
9
μ

g/
m

L
(1

6.
44

m
M

)
22

.6
±

4.
2
μ

g/
m

L
(7

4.
78

±
13

.8
9
μ

M
);

22
.0

86
.7
±

7.
4
μ

g/
m

L
(2

86
.8

6
±

24
.4

8)
;5

.7
H

SV
-1

K
O

S;
H

SV
-2

(1
96

)

D
ow

nr
eg

ul
at

io
n

of
ce

llu
la

r
N

F-
κ

B
an

d
bl

oc
ks

vi
ra

le
nt

ry
(g

D
ce

llu
la

r
bi

nd
in

g
si

te
).

[2
7,

28
]

13
G

ly
co

si
de

s
Pt

er
oc

ar
ni

n
A

Pt
er

oc
ar

ya
st

en
op

te
ra

X
TT

;V
er

o
ce

lls
31

.7
±

1.
6
μ

M
n/

A
5.

4
±

0.
3
μ

M
;5

.9
H

SV
-2

(1
96

)
In

hi
bi

ti
on

of
of

vi
ra

l
at

ta
ch

m
en

t.
[2

9]

154



V
ir

us
es

2
0

2
1

,1
3,

13
86

T
a

b
le

1
.

C
on

t.

N
o

.
G

ro
u

p
C

o
m

p
o

u
n

d
P

la
n

t/
O

th
e

r
A

ss
a

y
E

m
p

lo
y

e
d

;
C

e
ll

L
in

e
C

C
5
0

H
S

V
-1

E
C

5
0
/I

C
5
0
;

S
I

H
S

V
-2

E
C

5
0
/I

C
5
0
;

S
I

V
ir

u
s

M
e

ch
a

n
is

m
o

f
A

ct
io

n
/T

a
rg

e
t

S
tr

u
ct

u
re

R
e

fs
.

14
H

ar
m

al
in

e

7-
m

et
ho

xy
-1

-
m

et
hy

l-
4,

9-
di

hy
dr

o-
3H

-
py

ri
do

[3
,4

-
b]

in
do

le
(H

M
)

O
ph

io
rr

hi
za

ni
co

ba
ri

ca
Ba

lk
r

Pl
ag

ue
as

sa
y;

Ve
ro

ce
lls

30
μ

g/
m

L
(1

20
.1

4
μ

M
)

1.
1
±

0.
1
μ

g/
m

L
(4

.4
1
±

0.
4
μ

M
);

27
.2

7
1.

5
±

0.
1
μ

g/
m

L
(6

.0
1
±

0.
4
μ

M
);

20
H

SV
-1

F;
H

SV
-2

G

Su
pp

re
ss

io
n

of
vi

ra
l

im
m

ed
ia

te
ea

rl
y

ge
ne

ex
pr

es
si

on
.

[3
0,

31
]

15
M

on
ot

er
pe

no
id

G
er

an
io

l
Th

ym
us

bo
ve

i
Ti

te
r

re
du

ct
io

n;
Ve

ro
ce

lls
>2

10
μ

g/
m

L
(1

36
1.

42
μ

M
)

n/
A

1.
92

±
0.

84
μ

g/
m

L
(1

2.
45

±
5.

45
μ

M
);

>1
09

.3
8

H
SV

-2
In

si
lic

o:
In

te
ra

ct
s

w
it

h
H

SV
-2

pr
ot

ea
se

.
[3

2]

16

O
le

an
an

e
tr

it
er

pe
no

id

G
ly

cy
rr

he
ti

ni
c

ac
id

m
et

hy
le

st
er

G
ly

cy
rr

hi
za

gl
ab

ra

Pl
aq

ue
as

sa
y;

Ve
ro

ce
lls

>2
07

μ
M

8.
1
±

0.
2
μ

M
/m

L;
>2

6

n/
A

H
SV

-1
K

O
S

In
hi

bi
ti

on
of

H
SV

-1
re

pl
ic

at
io

n.
[3

3]

17
G

ly
cy

rr
he

ti
ni

c
ac

id
84

.0
±

2.
8
μ

M
21

.7
±

0.
6
μ

M
;3

.9
In

du
ce

s
th

e
au

to
ph

ag
y

ac
ti

va
to

r
Be

cl
in

1
→

bl
oc

ks
H

SV
re

pl
ic

at
io

n.
[3

3]

18
G

ly
cy

rr
hi

zi
n

>6
08

μ
M

22
5
±

24
.1

μ
M

/m
L;

>2
.7

R
ed

uc
es

ad
he

si
on

fo
rc

e
be

tw
ee

n
C

C
EC

s
an

d
PM

N
s.

[3
3,

34
]

19
Ph

en
ol

ic
ac

id
C

he
bu

lin
ic

ac
id

Te
rm

in
al

ia
ch

eb
ul

a
Pl

aq
ue

as
sa

y;
Ve

ro
ce

lls
>2

00
μ

g/
m

L
17

.0
2
±

2.
82

μ
M

;1
8.

62
0.

06
±

0.
00

2
μ

g/
m

L
H

SV
-1

K
O

S;
H

SV
-2

G

Pr
ev

en
ti

on
of

H
SV

-1
gl

yc
op

ro
te

in
-m

ed
ia

te
d

ce
ll

fu
si

on
ev

en
ts

an
d

at
ta

ch
m

en
to

fH
SV

-2
.

[3
5,

36
]

20
G

al
lic

ac
id

G
al

la
Pl

aq
ue

as
sa

y;
Ve

ro
ce

lls
an

d
G

M
K

A
H

1
66

8.
7
±

54
.5

μ
M

57
.1
±

2.
3
μ

M
;1

1.
72

33
.5

6;
64

.3
5
μ

M
(d

ur
in

g;
af

te
r

in
fe

ct
io

n)
H

SV
-1

K
O

S;
H

SV
-2

(3
33

)

In
hi

bi
ti

on
of

IC
P2

,g
C

,g
D

,
an

d
V

P5
ex

pr
es

si
on

(e
ff

ec
ts

on
vi

ra
la

tt
ac

hm
en

t)
.

[3
7,

38
]

21
Ph

en
ol

ic
C

ur
cu

m
in

Th
e

cu
rr

y
sp

ic
e

tu
rm

er
ic

C
PE

;V
er

o
ce

lls
49

.8
±

0.
4
μ

g/
m

L
(1

35
.1

8
±

1.
09

μ
M

)
n/

A
n/

A
H

SV
-1

(1
7)

P3
00

/C
BP

hi
st

on
e

ac
et

yl
tr

an
sf

er
as

e.
[3

9,
40

]

22
Ph

en
yl

pr
op

an
oi

d
Ve

rb
as

co
sid

e
Le

pe
ch

in
ia

sp
ec

io
sa

Pl
aq

ue
as

sa
y;

Ve
ro

ce
lls

>2
00

μ
g/

m
L

(3
20

.2
1

μ
M

)
58

μ
g/

m
L

(9
2.

86
μ

M
);

>3
.4

8.
9
μ

g/
m

L
(1

4.
25

μ
M

);
>2

2.
4

H
SV

-1
;H

SV
-2

(c
lin

ic
al

is
ol

at
es

)

H
SV

-1
:p

re
ve

nt
io

n
of

vi
ra

l
ad

so
rp

ti
on

,i
nt

ra
ce

llu
la

r
vi

ra
li

nh
ib

it
io

n;
H

SV
-2

:
in

hi
bi

ti
on

of
at

ta
ch

m
en

t
an

d
pe

ne
tr

at
io

n.

[4
1]

23
Po

ly
sa

cc
ha

ri
de

M
I-

S
A

ga
ri

cu
s

br
as

ili
en

si
s

Pl
aq

ue
as

sa
y;

Ve
ro

ce
lls

24
15

.2
9
±

38
9.

21
μ

g/
m

L
(1

34
.1

8
±

21
.6

1
μ

M
)

1.
24

±
0.

05
μ

g/
m

L
(0

.0
7
μ

M
),

19
48

;5
.5

0
±

0.
58

μ
g/

m
L

(0
.3

1
±

0.
03

μ
M

),
43

9
(d

ur
in

g;
af

te
r

in
fe

ct
io

n)

0.
39

±
0.

17
μ

g/
m

L
(0

.0
2
±

0.
01

μ
M

),
61

93
;

4.
30

±
0.

36
μ

g/
m

L
(0

.2
4
±

0.
02

μ
M

),
56

2
(d

ur
in

g;
af

te
r

in
fe

ct
io

n)

H
SV

-1
K

O
S;

H
SV

-2
33

3

In
hi

bi
ti

on
of

at
ta

ch
m

en
t,

pe
ne

tr
at

io
n

an
d

ce
ll-

to
-c

el
l

sp
re

ad
.

[4
2]

155



V
ir

us
es

2
0

2
1

,1
3,

13
86

T
a

b
le

1
.

C
on

t.

N
o

.
G

ro
u

p
C

o
m

p
o

u
n

d
P

la
n

t/
O

th
e

r
A

ss
a

y
E

m
p

lo
y

e
d

;
C

e
ll

L
in

e
C

C
5
0

H
S

V
-1

E
C

5
0
/I

C
5
0
;

S
I

H
S

V
-2

E
C

5
0
/I

C
5
0
;

S
I

V
ir

u
s

M
e

ch
a

n
is

m
o

f
A

ct
io

n
/T

a
rg

e
t

S
tr

u
ct

u
re

R
e

fs
.

24
Sc

le
ro

gl
uc

an
Sc

ie
ro

tiu
m

gl
uc

an
ic

um
C

PE
;V

er
o

ce
lls

40
0
μ

g/
m

L
(5

59
.8

3
μ

M
)

5
μ

g/
m

L
(7

μ
M

);
80

n/
A

H
SV

-1
F

G
ly

co
pr

ot
ei

ns
of

H
SV

-1
(i

nh
ib

it
s

ad
so

rp
ti

on
st

ep
).

[4
3]

25
Sp

ir
ok

et
al

-e
no

l
et

he
r

de
ri

va
ti

ve

(E
)-

2-
(2

,4
-h

ex
a-

di
yn

yl
id

en
)-

1,
6d

io
xa

sp
ir

o[
4.

5]
de

c-
3-

en
e

Ta
na

ce
tu

m
vu

lg
ar

e
Ti

m
e-

of
-a

dd
it

io
n

as
sa

y;
Ve

ro
ce

lls
>3

0
μ

g/
m

L
(>

14
9.

83
μ

M
)

0.
14

6
±

0.
01

3
μ

g/
m

L
(0

.7
3
±

0.
06

μ
M

);
>2

05
0.

12
7
±

0.
00

9
μ

g/
m

L
(0

.6
3
±

0.
04

μ
M

);
>2

36

H
SV

-1
(A

Y
24

08
15

.1
);

H
SV

-2
(H

M
01

14
30

.1
)

Su
pp

re
ss

io
n

of
vi

ra
lR

N
A

sy
nt

he
si

s.
[4

4]

26
St

er
oi

d
H

al
is

ta
no

ls
ul

fa
te

Pe
tr

om
ic

a
ci

tr
in

a
Pl

aq
ue

as
sa

y;
Ve

ro
ce

lls
13

.8
3
±

3.
75

μ
g/

m
L

(2
0.

08
±

5.
44

μ
M

)
5.

63
±

1.
3
μ

g/
m

L
(8

.1
7
±

1.
89

μ
M

);
2.

46
n/

A
H

SV
-1

K
O

S
In

hi
bi

ti
on

of
at

ta
ch

m
en

ta
nd

pe
ne

tr
at

io
n.

Im
pa

ir
s

H
SV

-1
gD

an
d

IC
P2

7
le

ve
ls

.
[4

5]

27
St

ilb
en

oi
d

an
d

2-
ar

yl
be

nz
of

ur
an

K
uw

an
on

X
M

or
u

sa
lb

a
L.

Pl
aq

ue
as

sa
y;

Ve
ro

ce
lls

80
.3
±

3.
2
μ

g/
m

L
(1

28
.1

5
±

5.
12

μ
M

)
2.

2
±

0.
1
μ

g/
m

L
(3

.5
±

0.
16

μ
M

);
37

2.
5
±

0.
3
μ

g/
m

L
(3

.9
9
±

0.
48

μ
M

);
32

H
SV

-1
(1

55
77

);
H

SV
-2

(3
33

)

D
ow

nr
eg

ul
at

io
n

of
ce

llu
la

r
N

F-
κ

B
an

d
vi

ra
lR

N
A

/D
N

A
sy

nt
he

si
s.

[4
6]

28
O

xy
re

sv
er

at
ro

l
A

rt
oc

ar
pu

s
la

ko
oc

ha
>1

00
μ

M
63

.5
μ

M
55

.3
μ

M
H

SV
-1

;H
SV

-2
In

hi
bi

ti
on

of
ea

rl
y

an
d

la
te

re
pl

ic
at

io
n.

[4
7,

48
]

29
Ta

xo
ld

er
iv

at
iv

e
n-

be
nz

oy
l-

(2
’R

,3
’S

)-
3’

ph
en

yl
is

os
er

in
e

La
ct

ar
iu

s
C

PE
;V

er
o

ce
lls

>5
00

μ
g/

m
L

21
.7
μ

g/
m

L
(7

6.
06

μ
M

);
>2

3
n/

A
H

SV
-1

(M
cI

nt
yr

e)

In
hi

bi
ti

on
of

H
SV

-1
re

pl
ic

at
io

n
(p

os
si

bl
y

re
la

te
d

to
m

it
ot

ic
di

vi
si

on
).

[4
9]

30

Te
rp

en
e

28
-D

ea
ce

ty
ls

en
da

ni
n

(2
8-

D
A

S)
M

el
ia

az
ed

ar
ac

h
EL

IS
A

;V
er

o
ce

lls
>4

00
μ

g/
m

L
(6

96
.1

1
μ

M
)

1.
46

μ
g/

m
L

(2
.5

4
μ

M
)

n/
A

H
SV

-1
(M

cI
nt

yr
e)

R
ed

uc
es

ac
ti

vi
ty

of
TK

.
[5

0]

31
Is

ob
or

ne
ol

Sa
lv

ia
fr

ut
ic

os
a

Pl
aq

ue
as

sa
y;

Ve
ro

ce
lls

n/
A

n/
A

H
SV

-1
F

A
ff

ec
te

d
TK

-i
nd

ep
en

de
nt

gl
yc

os
yl

at
io

n
pr

oc
es

s
of

vi
ra

l
gl

yc
op

ro
te

in
s

B
an

d
D

.
[5

1]

32
1-

ci
nn

am
oy

l-
3,

11
-

di
hy

dr
ox

ym
el

ia
ca

rp
in

(C
D

M
)

M
el

ia
az

ed
ar

ac
h

Pl
aq

ue
as

sa
y;

H
C

LE
ce

lls
>1

00
μ

M
0.

78
μ

M
H

SV
-1

K
O

S

In
hi

bi
ti

on
of

gl
yc

op
ro

te
in

s
B,

gC
,g

D
in

tr
ac

el
lu

la
r

tr
af

fic
ki

ng
an

d
do

w
nr

eg
ul

at
es

ce
llu

la
r

N
F-
κ

B.

[5
2–

54
]

33
Tr

ip
to

fo
rd

in
C

-2
Tr

ip
te

ry
gi

um
w

ilf
or

di
i

Pl
aq

ue
as

sa
y;

H
eL

a
ce

lls
89

±
9.

5
μ

g/
m

L
(1

45
.7

6
±

15
.5

6
μ

M
)

3.
7
±

0.
90

μ
g/

m
L

(6
.0

6
±

1.
47

μ
M

);
24

±
3.

2
H

SV
-1

H
F

Su
pp

re
ss

io
n

of
vi

ra
l

im
m

ed
ia

te
ea

rl
y

ge
ne

ex
pr

es
si

on
.

[5
5]

156



V
ir

us
es

2
0

2
1

,1
3,

13
86

T
a

b
le

1
.

C
on

t.

N
o

.
G

ro
u

p
C

o
m

p
o

u
n

d
P

la
n

t/
O

th
e

r
A

ss
a

y
E

m
p

lo
y

e
d

;
C

e
ll

L
in

e
C

C
5
0

H
S

V
-1

E
C

5
0
/I

C
5
0
;

S
I

H
S

V
-2

E
C

5
0
/I

C
5
0
;

S
I

V
ir

u
s

M
e

ch
a

n
is

m
o

f
A

ct
io

n
/T

a
rg

e
t

S
tr

u
ct

u
re

R
e

fs
.

34
β

-o
rc

in
ol

de
ps

id
on

e
Ps

or
om

ic
ac

id
U

sn
ea

Pl
aq

ue
as

sa
y;

Ve
ro

ce
lls

>3
10

μ
M

1.
9
±

0.
42

μ
M

;>
16

3.
2

2.
7
±

0.
43

μ
M

;1
14

.8
H

SV
-1

K
O

S;
H

SV
-2

(A
23

4)

In
hi

bi
ti

on
of

H
SV

re
pl

ic
at

io
n:

H
SV

-1
D

N
A

-p
ol

ym
er

as
e

in
vi

tr
o;

H
SV

-2
D

N
A

-p
ol

ym
er

as
e

in
si

lic
o.

[5
6]

35

Pe
pt

id
e

G
ri

ffi
th

si
n

G
ri

ffi
th

si
a

Pl
aq

ue
as

sa
y;

C
aS

ki
no

cy
to

to
xi

c
ef

fe
ct

n/
A

2.
3
μ

g/
m

L
(0

.1
8
μ

M
)

H
SV

-2
(3

33
)

In
hi

bi
ti

on
of

vi
ra

la
tt

ac
hm

en
t

(c
el

l-
to

-c
el

ls
pr

ea
d)

.
[5

7]

36
Su

bt
ilo

si
n

Ba
ci

llu
s

am
yl

ol
iq

ue
fa

ci
en

s
Pl

aq
ue

as
sa

y;
Ve

ro
ce

lls
31

4
μ

g/
m

L
(9

2.
3

μ
M

)
9.

6
μ

g/
m

L
(2

.8
2
μ

M
);

33
18

.2
μ

g/
m

L
(5

.3
5
μ

M
);

17
.4

H
SV

-1
F;

H
SV

-2
G

La
te

st
ag

es
of

th
e

vi
ra

l
re

pl
ic

at
iv

e
cy

cl
e

an
d

in
tr

ac
el

lu
la

r
gl

yc
op

ro
te

in
tr

an
sp

or
t.

[5
8,

59
]

37
Tr

ic
ho

sa
nt

hi
n

(T
C

S)
Tr

ic
ho

sa
nt

he
s

ki
ri

lo
w

ii
EL

IS
A

;V
er

o
ce

lls
41

6.
5
±

34
.5

μ
g/

m
L

(1
5.

42
±

1.
28

μ
M

)
38

.4
±

17
.5
μ

g/
m

L
(1

.4
2
±

0.
65

μ
M

);
10

.8
n/

A
H

SV
-1

F

Su
pp

re
ss

io
n

of
p3

8
M

A
PK

pr
ot

ei
n

an
d

Bc
l-

2
ge

ne
ac

ti
vi

ty
,r

ep
lic

at
io

n
(E

an
d

L)
,

D
N

A
ex

pr
es

si
on

an
d

vi
ra

l
re

le
as

e.

[6
0–

62
]

157



Viruses 2021, 13, 1386

 

 

Figure 2. Chemical structures of distinct compounds with antiviral activity against herpes simplex viruses, which were
isolated from natural sources. Enumeration is consistent with Table 1, where the characteristics of the compounds are
summarized in greater detail.
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2.1. Inhibition of Viral Replication

The major targets of substances inhibiting HSV replication are the viral enzymes
DNA-polymerase and TK (Figure 3). Numerous compounds affecting HSV-TK or the viral
DNA-polymerase could be isolated from plants and other natural sources. These include
28-deacetylsendanin (28-DAS), psoromic acid (PA), and samarangenin B (Sam B).

Figure 3. Replication cycle of herpes simplex viruses, including the targets of different natural antiviral compounds. During
viral attachment, the viral glycoproteins B, D, and heterodimers of gH/gL bind to the host cell receptors. The transcription
phase is divided into immediate-early, early, and late transcription where HSV genes are transcribed as α-, ß-, and γ-genes,
respectively. These mRNAs are translated into immediate-early, early, and late proteins. Following DNA replication and the
synthesis of the viral capsid, the primary envelopment of the capsid takes place. Subsequently, the capsids are released from
the nucleus. Then, virions are released after secondary envelopment. Antiviral compounds may directly interfere with the
distinct steps of the viral replication cycle or influence the cellular factors that are important for viral replication. Substances
disturbing the viral replication cycle are 28-DAS, PA, emodin, sam B, geraniol, glycyrrhetinic acid, TCS, oxyresveratrol,
and psoromic acid. Compounds such as harmine, isoquercitrin, quercetin, meliacine, kuwanon X, and CDM exhibit
antiviral effects by addressing the primary essential cellular processes. The transcription factor NF-κB is activated by
HSV-1 and HSV-2, which favors the infection. GRFT = griffithsin, EGC = epigallocatechin, p-EGCG = palmitoyl-EGCG,
28-DAS = 28-deacetylsendanin, PA = psoromic acid, TCS = trichosanthin, CDM = 1-cinnamoyl-3,11-dihydroxymeliacarpin.

28-DAS is a terpene that was isolated from Melia azedarach, the Persian lilac tree.
Extracts from leaves have been used as antiviral agents in traditional medicine. 28-DAS
showed good antiviral activity toward HSV-1 cell culture experiments. The 50% inhibitory
concentration (IC50) of 28-DAS was determined with 1.46 μg/mL. Subsequent analysis
showed that there was a transient suppression of a 44 kDa marked viral protein, which is
important for viral replication. 28-DAS affects TK (p44) levels, suggesting that 28-DAS has
primary, secondary, or both effects on TK [50].

PA is a β-orcinol depsidone that was isolated from Usnea fruticose lichens. It was
uncovered to inactivate HSV-1 DNA-polymerase, which catalyzes the synthesis of DNA
during HSV replication. Moreover, it was demonstrated that PA inhibited the DNA-
polymerase (IC50 = 0.7 μM; Ki = 0.3 μM) directly without any other prior activation or
modification. In comparison, ACV (IC50 = 0.9 μM; Ki = 0.5 μM) is initially phosphory-
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lated by the viral TK and modified by cellular enzymes before it can be processed by the
HSV-DNA-polymerase. Based on an in silico study, PA was suggested to be a competitive
inhibitor of HSV-2 DNA-polymerase. The antiviral activity was evaluated at an IC50 value
of 1.9 ± 0.42 μM (SI: >163.2) against HSV-1 and 2.7 ± 0.43 μM (SI: >114.8) against HSV-2
using a plaque reduction assay. Combination treatment of ACV and PA remarkably im-
proved the anti-HSV efficacy at EC50 (50% effective concentration) values of 1.1 ± 0.41 μM
for HSV-1 and 1.8 ± 0.44 μM for HSV-2. Cytotoxicity was determined with a CC50 (50%
cytotoxic concentration) of >310 μM [56].

Sam B is a catechin purified from Limonium sinense. Sam B (IC50 HSV-1: 11.4 ± 0.9 μM)
showed higher antiviral activity than ACV (IC50 HSV-1: 55.4 ± 5.3 μM) in vitro, whereby
cytotoxic effects could be excluded (CC50: >100 μM) [22]. In addition, the neutralization
efficacy of Sam B did not differ between pre- and co-treatment conditions, indicating that
Sam B does not interfere with the viral adsorption or penetration process. This finding
supports the perception that Sam B expresses its activity at the level of viral replication.
Furthermore, a decreased ICP0 and ICP4 gene expression was reported. These genes play
important roles regulating β and γ gene expression, which is needed for HSV-1 replication
(Figure 3). Sam B disturbs DNA-polymerase transcripts, synthesis, and consequently blocks
the production of gB, gC, gD, gG, and ICP5. Moreover, Sam B reduced the level of gB
mRNA significantly. Kuo et al. concluded that Sam B might be more potent in the treatment
of reactivations than nucleoside analogues due to the high impact on immediate-early
transcripts [21].

2.2. Compounds Targeting Viral Glycoproteins

The process by which HSV attaches to the cell surface and enters the cell is mediated by
different glycoproteins on the surface of the virus. The attachment of the virion is initiated
by an interaction between glycoprotein C and heparan sulfate carbohydrates on the cell
surfaces [63]. Glycoprotein D binds to cellular receptors such as Nectin-1 or HVEM (herpes
virus entry mediator) and triggers the membrane fusion together with gB, gH, and gL.
Drugs targeting highly conserved epitopes on viral glycoproteins could be more resistant
to mutations because particular sequences seem to be crucial for viral infectivity and
fitness [64]. Hereafter, the compounds griffithsin (GRFT), (−)-epigallocatechin 3-O-gallate
(EGCG), and isoborneol with their different possibilities of targeting viral glycoproteins
are described.

GRFT is a peptide produced by the red alge Griffithsia. The results of the in vitro
studies indicated an effect on the viral glycoproteins B, D, and heterodimers of gH/gL.
Those are indispensable for virus entry and the HSV spread directly between adjacent
cells (cell-to-cell spread). However, understanding the exact mechanisms of how GRFT
interferes with the viral entry and transmission is not yet completely resolved [57]. GRFT
was shown to protect target cells from HSV infection when the cells were pre-treated with
the compound, indicating an inhibitory effect of GRFT on viral entry. Furthermore, GRFT
was effective in inhibiting viral transmission in already infected cells (post-entry conditions)
at an EC50 of 2.3 μg/mL [57]. Moreover, GRFT showed antiviral effectivity in vivo and
protected mice from genital herpes disease after an application of 20 μL 0.1% GRFT gel
pre-infection [57]. GRFT neutralized the viral infection when the cells were pre-treated
with concentrations of above 500 μg/mL [57]. The authors concluded that GRFT might
affect the cell-to-cell transmission of the virus, thereby blocking viral infection [57].

Polyphenols isolated from tea plants such as Camellia sinensis from the family of
Camelliaceae were shown to exceed antimicrobial and antiviral properties. One isolated
component with anti-HSV-activity is EGCG. Isaacs et al. discussed that EGCG has the
ability to interfere with the fusion process between the viral and cellular membranes
by aggregating HSV glycoproteins B and D on the viral surface [25]. This finding was
supported by the result that most virions pre-treated with EGCG were not infectious but
appeared visually with an intact morphology [25].
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Isoborneol from the Salvia fruticosa plant was shown to act dually as an antiviral agent
against HSV-1. Firstly, the monoterpenoid alcohol inhibited HSV-1 protein glycosylation,
resulting in an impairment of viral glycoprotein processing. Secondly, isoborneol directly
inactivated HSV-1 at high concentrations, which was most probably by the interaction of
its alcoholic moiety with lipids present on the viral envelope [51]. Infected Vero cells were
treated with 0.06% isoborneol, and the viral loads decreased below the limit of analytical
detection within 24 h [51].

2.3. Compounds Suppressing NF-κB Activity

NF-κB is a dimeric transcription factor, sequestered in the cytoplasm and, after its
translocation into the nucleus, it mediates apoptotic, immune, or inflammatory responses. It
was shown that NF-κB activation increases the efficiency of progeny HSV replication. In the
early stages of HSV infection, gD–receptor interaction results in NF-κB nuclear translocation
(early phase of infection) [65]. Furthermore, RNA-activated protein kinase also activates
this process by the degradation of IκB in a later phase of infection [65]. Activated nuclear
NF-κB participates in the synthesis of anti-apoptotic factors, which prevent a premature
infection-induced cell death [66]. Based on these findings, compounds inhibiting NF-κB
activation or translocation may disturb viral replication through programmed cell death
(Figure 3).

Kuwanon X is a stilbene derivative from the mulberry tree (Morus alba L.). In addition
to inhibitory effects against viral penetration and IE gene expression, kuwanon X therapy
leads to NF-κB inactivation. Kuwanon X showed to be more efficient in simultaneous
(IC50 HSV-1: 2.2 μg/mL) than in post-penetration treatment (IC50 HSV-1: 3.0 μg/mL).
This difference might be caused by the blocking of viral adsorption and penetration by
kuwanon X. Additionally, kuwanon X was shown to inhibit IE gene expression, which
led to a reduced ICP4 and ICP27 protein synthesis. Those proteins are crucial for NF-κB
nuclear translocation. The missing translocation results in an earlier programmed cell
death [46].

Melia azedarach, more commonly known as Persian lilac tree or Chinaberry, contains
the tetranortriterpenoid 1-cinnamoyl-3,11-dihydroxymeliacarpin (CDM) targeting the NF-
κB nuclear translocation. CDM showed inhibitory effects against HSV-1 with an EC50 value
of 0.78 μM. Cytotoxicity could not be determined up to a concentration of 100 μM on HCLE
cells. The strong antiviral activity of CDM can be explained by multiple mechanisms. HSV
glycoproteins B, C, and D are arrested into the Golgi complex by CDM causing an antiviral
effect that is resilient against viral mutations. In addition, CDM blocks NF-κB translocation
in conjunctival cells infected with HSV-1. Although it was not possible to identify the
specific target in this pathway, an accumulation of p65 in the cytoplasm could be observed
after CDM therapy. It was assumed that p65 is related to the downregulation of either
ubiquitination processes or IK kinase complex, which are both possible causes of a NF-κB
retention [52–54].

Quercetin and isoquercitrin are two major compounds of Houttuynia cordata, which
were shown to suppress HSV replication by various mechanisms. Quercetin showed neu-
tralizing activity at an EC50 value of 22.6 ± 4.2 μg/mL against HSV-1 and 86.7 ± 7.4 μg/mL
HSV-2 and isoquercitrin at among 0.42 μg/mL against HSV-1. Both compounds are char-
acterized by a similar chemical structure. They effectively locked HSV-induced NF-κB
activation and NF-κB regulated IE genes transcription during the early phase of infection.
Especially the ICP0 promoter was hindered by the downregulated NF-κB activation. ICP0
is meaningful for E and L gene expression. Quercetin and isoquercitrin blocked HSV-
related NF-κB activation in the anti-apoptotic pathway in the late phase of infection [27].
However, only quercetin blocked the viral cell-attachment and inhibited plaque formation
in pre-treated cell culture [27,67].
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2.4. Compounds Affecting Viral Replication by Other Mechanisms

Another promising substance with antiviral activity against HSV is glycyrrhizin
(Figure 3). Mainly found in the root of the licorice plant Glycyrrhiza glabra, it targets
multiple viruses such as HSV, hepatitis B and C, HIV, and coronaviruses. The anti-HSV-
1 activity was determined at an IC50 value of 225 ± 24.1 μM. The anti-inflammatory
and immunoregulative properties of glycyrrhizin have been previously reported [34].
Glycyrrhizin inhibits HSV-1 entry into the cells via targeting adhesion molecules on the
surface of the target cells [33,34].

Trichosanthin (TCS) is a protein derived from the roots of Trichosanthes kirilowii and
known for its antiviral activity against HSV-1 and other viruses such as HIV-1. TCS
neutralized HSV-1 at an EC50 of 38.4 μg/mL (subtoxic concentration). The drug synergy of
combinatory treatment with TCS and ACV was observed, as the combination of TCS and
small amounts of ACV showed a hundredfold higher neutralizing efficacy in vitro than
TCS treatment alone [60–62]. The authors concluded that TCS uses a different mechanism
of interfering with viral replication than ACV. Time-dependent cell culture experiments
revealed an inhibitory effect of TCS against HSV-1 release, which leads to the conclusion
that the virion maturation (protein synthesis and/or DNA replication) was inhibited by
TCS [60–62]. Furthermore, an increased number of apoptotic cells in TCS treated and
infected cultures was observed. HSV infections generally activate p38 Mitogen-Activated
Protein Kinase (MAPK) and pro-survival protein Bcl-2. The latter blocks the mitochondrial
release of cytochrome c, allowing the virus to replicate more efficiently. TCS was shown
to decrease MAPK and Bcl-2 activity, most probably by inhibiting a step during viral
replication [60–62]. However, uncovering the exact mechanism of how TCS interferes with
the replication of HSV needs further investigation.

2.5. Efficacy of Natural Compounds In Vivo

Numerous natural compounds were shown to exhibit antiviral activity against HSV-1
and HSV-2 in vitro. To investigate whether these results can be extrapolated to living
organisms, in vivo studies are necessary. However, only a few natural compounds that
showed antiviral activity in cell culture experiments (Table 1) were further evaluated in
animal studies. These compounds are discussed in the following section and summarized
in Table 2.

The natural compound emodin contained in the plant Rheum tanguticum belongs to
the anthraquinone family. Emodin reduced the replication of HSV-1 and HSV-2 on human
laryngeal carcinoma (HEp-2) cells in vitro [17]. The antiviral efficacy of emodin was further
investigated in mice. BALB/c mice were intracerebrally infected with a lethal dose of HSV-1
or HSV-2. Subsequently, the infected mice were orally treated with different amounts of
emodin for seven days in 8 h intervals. The mice were observed for 40 days. Emodin
protected the mice from a lethal outcome of infection in a dose-dependent manner. The
survival was significantly higher in mice treated with emodin at 6.7 g/kg/day comparted
to untreated control, in which all the mice died [17]. Notably, the treatment with emodin
was even more effective than 0.1 mg/kg/day ACV orally in terms of increasing the survival
rate and mean time to death of the infected mice [17].

Another compound that showed antiviral activity against HSV-1 in vitro and in vivo
is the flavonoid baicalein, which is isolated from the roots of Scutellaria baicalensis [24].
Oral administration of baicalein at a dose of 200 mg/kg/day for seven days significantly
increased the survival rate of mice that were intranasally infected with a lethal dose of
HSV-1 [24]. However, the survival rate was higher in the ACV group (50 mg/kg/day)
than in the baicalein group (200 mg/kg/day). The natural compound oxyresveratrol
isolated from Artocarpus lakoocha exhibited an antiviral effect against HSV-1 and HSV-2
in vitro by inhibiting the early and late viral genes [47,48]. However, the administration of
the compound only slightly increased the survival rate of mice with a cutaneous HSV-1
infection, and there was no significant difference compared to an untreated control [47].
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Table 2. In vivo studies of anti-HSV chemical substances. P.O. = Per Os.

Group Compound Plant/Other Animal Virus
Way of

Infection
Treatment; Dose

Survival under
Treatment

Compared to
Control/ACV

Refs.

Anthraquinone Emodin Rheum
tanguticum

BALB/c
mice

HSV-1F;
HSV-2 (333) Intracerebral P.O.;

6.7 g/kg/day
HSV-1: 61.5%
HSV-2: ≈70%

HSV-1: Untreated
control: 0%/ACV:
≈20% (p < 0.01)

HSV-2: Untreated
control: 0%/ACV:
≈30% (p < 0.01)

[17]

Flavinoid Baicalein Scutellaria
baicalensis

BALB/c
mice HSV-1 F Intranasal P.O.;

200 mg/kg/day 75%

Untreated control:
33.3%

(p < 0.05)/ACV:
≈90%

[24]

Harmaline

7-methoxy-1-
methyl-4,9-

dihydro-3H-
pyrido[3,4-

b]indole

Ophiorrhiza
nicobarica

Balkr

BALB/c
mice

(female and
male)

HSV-2 G Genital
P.O.; 0.25 and
0.5 mg/kg 6 h
after infection

0.25 mg/kg:
45%

0.5 mg/kg:
70%

Untreated control:
5% (p < 0.05)/ACV:

80%
[30]

Peptide Griffithsin
(GRFT) Griffithsia

BALB/c
mice

(female)
HSV-2 Intravaginal

Intravaginal
topically; 20 μL
0.1% GRFT gel
pre-infection

≈80% Untreated control:
≈20% (p < 0.05) [57]

Phenolics Curcumin The curry
spice turmeric

BALB/c
mice

(female)
HSV-2 (333) Intravaginal

Intravaginal
topically; 100 μg
6 h pre-infection

0% 0% [68]

Polysaccharids MI-S Agaricus
brasiliensis

BALB/c
mice

(female)
HSV-2 (333) Intravaginal

Intravaginal
topically;

20 mg/mL 20 min
pre-infection

60% Untreated control:
0% (p < 0.0001) [69]

Stilbenoids
and

2-arylbenzofurans
Oxyresveratrol Artocarpus

lakoocha

BALB/c
mice

(female)

HSV-1
(7401H) Cutaneous

P.O.; 500 mg/kg
8 h pre-infection
and 3x daily for

7 days after
infection

25%
Untreated control:

0% (n.s.)/ACV:
100%

[47]

Terpene Meliacine
(CDM)

Melia
azedarach L.

BALB/c
mice

(female)

HSV-2 MS
and G Intravaginal

Intravaginal
topically; 1 mg 2x
daily for 5 days

HSV-2 MS: 20%
HSV-2 G: 86%

Untreated control:
HSV-2 MS: 0%;
HSV-2 G: 42%

[70]

BALB/c
mice

(female and
male)

HSV-1 (KOS) Corneal

Corneal topically;
3x daily 1 day

pre-infection and
for 3 days after

infection

Development
of keratitis: 5%

Untreated control:
90% (p < 0.001) [71]

Some compounds were also tested for their antiviral effectivity in treating genital
HSV-2 infections, including curcumin, GRFT, meliacine, 7-methoxy-1-methyl-4,9-dihydro-
3H-pyrido [3,4-b]indole (HM), and MI-S [30,57,68–71]. Intravaginal administration with
100 μg curcumin six hours before vaginal infection with HSV-2 significantly increased
the survival time of mice compared to the untreated control [68]. However, prophylactic
treatment with curcumin could only delay the lethal outcome of infection, and all mice
died after 20 days post infection. Further in vivo studies with other natural compounds
including the peptide GRFT isolated from the alga Griffithsia, the harmaline HM from the
herb Ophiorrhiza nicobarica Balkr, as well as the polysaccharide MI-S isolated from the fungus
Agaricus brasiliensis showed that these compounds significantly increased the survival rate
of mice intravaginally infected with HSV-2 [30,57,69]. In the experiments, MI-S and GRFT
were vaginally administered before infection, and HM was orally administered after
infection with HSV-2. However, depending on the dose of HM administered, the survival
rate of mice treated with ACV was at least 10% higher compared to HM treatment [30].
Furthermore, the terpene meliacine, from which CDM can be obtained, was shown to
protect mice from developing severe genital HSV-2 infection. In this study, 50 mg of
meliacine was vaginally administered as cream twice a day for five consecutive days [70].
In a further study, topical administration of meliciacie was also effective in preventing mice
with a corneal HSV-1 infection from developing severe keratitis. Only 5% of treated mice
showed signs of keratitis. The untreated group reached levels from 85 to 90% [71].
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3. Summary and Additional Comments

The current standard therapy for HSV primary infection and reactivation includes
ACV and valacyclovir. However, the emergence of drug resistances limits the available
treatment options [5]. Therefore, there is a clear need for the development of new effective
antiviral drugs. Plants traditionally used for medical purposes are a promising source of
new antiviral compounds.

In the present review, we summarized compounds isolated from plants, bacteria,
and fungi with different mechanisms inhibiting HSV, including the inhibition of viral
attachment, penetration, and replication. The compounds belong to different groups such
as catechins, flavonoids, phenolic acids, polysaccharides, terpenes, and peptides. With six
compounds, flavonoids represent the largest group.

Some of the tested compounds showed a similar or even better antiviral activity
against HSV-1 than ACV in vitro, including the anthraquinone emodin, the catechin epi-
gallocatechin (EGC), the harmaline HM, and the β-orcinol depsidone PA as well as other
promising compounds (Table 1 and Figure 1) [17,18,31,35,44,56]. Interestingly, when these
compounds were supplemented with geraniol, they had a similar or better antiviral activity
against HSV-2 [17,18,30,32,36,56]. These candidates might be good for further evaluation
in the search for alternative treatments of ACV-resistant viruses. Additional studies are
needed to investigate whether these compounds maintain their antiviral activity against
HSV-1 and HSV-2 clinical isolates that are resistant to ACV. To date, only a few studies
have included ACV-resistant strains in their experiments [4,47,69]. In the study of Luo
et al. (2020), the antiviral effect of baicalein against an ACV-resistant HSV-1 strain (HSV-1
Blue) was comparable in its effect against the HSV-1 F strain without resistance [24]. As
anticipated, ACV exhibited only a weak antiviral activity against the ACV-resistant virus.
However, ACV showed a stronger inhibition against the HSV-1 F strain than baicalein. In
a further in vitro study, the antiviral effect of MI-S was observed against HSV-1 KOS, an
ACV-resistant HSV-1 strain (HSV-1 29R), and HSV-2 333 [69]. MI-S was similarly effective
against HSV-1 KOS and HSV-1 29R when the compound was administered during or
after infection. ACV showed no inhibitory activity against HSV-1 KOS when applied
simultaneously with the virus, but it was more effective than MI-S under post-infection
treatment conditions.

Only a few of those compounds were evaluated for their efficacy against HSV in-
fections in in vivo studies. Of these compounds, emodin exhibited promising results, as
it strongly increased the survival rate of mice infected with HSV-1 and HSV-2 [17]. The
compound was even more effective than ACV in increasing the survival rate and mean
time to death. Furthermore, HM significantly increased the survival rate of mice infected
with HSV-2 [30]. Although standard therapy with ACV was more effective, the increase of
survival through the compound was still striking. The results of these studies indicate that
emodin and HM are promising candidates for future clinical trials. Clearly, there is a need
for more elaborate in vivo studies as well as clinical trials that compare the compounds to
the standard therapy of HSV.

4. Conclusions

To date, numerous herbal medicines and their main ingredients were investigated for
their antiviral efficacy against HSV-1 and HSV-2 in cell culture and animal models. For
instance, the anthraquinone emodin derived from the plant Rheum tanguticum as well as
the harmaline HM isolated from the herb Ophiorrhiza nicobarica Balkr exhibited a strong
antiviral effect against HSV in vitro and in vivo, which were comparable to or even better
than ACV. Clinical studies are needed to determine the efficacy of these compounds in
humans. Furthermore, natural compounds might be an effective substitute for drugs
such as ACV in the treatment of ACV-resistant HSV infections. Taken together, herbal
medicines represent a promising source to isolate novel compounds with antiviral activity
against HSV-1 and HSV-2. Numerous compounds could be isolated and pre-clinically
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characterized thus far. Further clinical evaluation of the agents that are most promising in
animal trials may lead to the development of novel therapy options in humans.
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