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Abstract

Herpes simplex viruses (HSV) are extremely widespread pathogens that cause human infections of varying
severity, from mild orofacial ulcerations of the skin and mucous membranes to life-threatening encephalitis and
severe generalized forms of infection or recurrent herpetic corneal lesions leading to blindness. Standard treatment
with acyclovir, penciclovir, or the corresponding prodrugs valacyclovir and famciclovir is usually sufficient to stop
recurrent HSV infections. However, immunocompromised patients are of particular concern and often require
long-term antiviral therapy. In such conditions, the risk of developing drug resistance, often cross-resistance
increases significantly, since all basic antiherpetic drugs have a similar mechanism of action and affect the same
drug target — viral DNA polymerase (DNA-pol). With the development of drug resistance, the effectiveness of
treatment decreases, and it becomes necessary to switch to second-line drugs with severe side effects. Thus,
it is necessary to develop new alternative treatment options. The creation of drugs aimed at a biotarget different
from DNA-pol eliminates the risk of cross-resistance to acyclovir and related drugs, and their use in combination
with traditional antiherpetic drugs can prevent or slow down the development of drug resistance in the virus. When
combining drugs that affect the pathogen in different ways, it is important to maintain the therapeutic effect with
the use of lower doses due to the synergistic nature of the interaction, which reduces the likelihood of developing
unwanted side effects of drugs. The review presents current data on the state and possible prospects for the
development of combination therapy for HSV infections, obtained as a result of searching the literature related to
anti-herpetical therapy using the PubMed, Medline databases, RSCI, the international registry of clinical trials of
the US National Institutes of Health.
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KomMOMHMpoBaHHaA nekapcTBeHHas Tepanus Kak ctparterus
noBbIiWweHUs 3chPeKTUBHOCTU U 6€30NacCHOCTU JfleYeHUsA
MHEKUMN BUpyca NPoOCTOro reprneca: BO3MOXHbI€ PUCKU

M NepcneKkTmBbI

AHpgpoHosa B.J1. |, lManeros "A.

OIBY «HaumoHanbHbIM ccrneaoBaTenbCKUA LLEHTP ANMAEMUONONMU U MUKPOBMONOrMM MMEHW NMOYETHOTO akagemumka
H.®. Namanen» Munagpasa Poccun, 123098, r. Mockea, Poccus

Pestome.

Bupycbl npoctoro repneca (Bl — ype3BblYaHO LUMPOKO pacrnpoCTpPaHEHHblEe NaToreHbl, Bbi3blBaloLmne y ye-
noeeka 3aboneBaHUs pPa3HOW CTEMEHU TSXKECTU: OT Nerkux opodhaumanbHbIX U3bA3BMEHUN KOXU U CIIM3UCTbIX
060onoYeKk A0 NoTeHUManbHO OnacHbIX AN XU3HU 3HUedanuTa n TaxXenblX reHepann3oBaHHbIX POpM MHAEKLMK
U PeunamBMPYIOLLMX repneTUYeCcKnX NOPaKEHU poroBuLbl, NPUBOAALLMX Kk cnenoTe. O6bIYHO AN KynMpoBaHUS
peumnamsa nHdekumn Bl gocTatoyHO CTaHAapTHOrO feYeHNs, BKIOYatoLLEero aumKnoBmp, NEHLUKIOBUP U CO-
OTBETCTBYHLLME NPONeKapcTBa — Banaumknosup 1 amumknosup. OgHaKo NauMeHTbl CO CHMKEHHBIM UMMYHHbIM
CTaTycoM BbI3blBaloT 0cobyto 03aboveHHOCTb. M YacTo TpebyeTca npoBeaeHne ANUTENBHOW NPOTUBOBUPYCHOWN
Tepanuu. B Takux ycnoBusiX 3HaYUTENbHO YBENMUYMBAETCS PUCK Pas3BUTUS Y BUpPYCa NeKapCTBEHHOW YCTONYNBO-
CTK, 4aCTO HOCSALLEWN NepeKPeCcTHLIN XapakTep, T.K. Bce 6a3oBble NpoTUBOrepneTnyeckne npenapaTsl UMEKT CXO-
XU MeXaHU3M AENCTBUSA U NopaxatloT OfHY NeKapCTBEHHYI0 MulleHb — BUupycHyto [HK-nonumepasy (OHK-pol).
Mpn pa3BuTMN NeKapCcTBEHHOW PE3UCTEHTHOCTU CHUXaeTcA 3PEKTUBHOCTL NEeYeHNs U BO3HMKaeT Heobxoau-
MOCTb Nepexofa K npenapartam BTOPOro psifia ¢ TsenbiMu NnobovHbIMu adhdekTamu. Takum o6pasom, cyLlecTeyeT
HeobxoAMMOCTb pa3paboTkM HOBbLIX ansTepHaTUBHLIX NyTen nedyeHus. CosgaHue npenapartos, HaueneHHbIX Ha
otnuyHyto ot AHK-pol GromuLLeHb, ucKkntovaeT pUck NEPEKPECTHON PE3UCTEHTHOCTU K aLMKNOBMPY U POACTBEH-
HbIM Npenaparam, a X UCnonb3oBaHne B KOMBMHaALMK C TPaAULIMOHHBIMU NPOTMBOrepPneTUYECKUMY NpenapaTamm
MOXET NPeaoTBPaTUTL UMW 3aMeaNINTb Pa3BUTME NEKAPCTBEHHOW PE3UCTEHTHOCTM Y BUpyca. BaxHo, 4To npu kom-
BGUHMPOBaHWM NpenapaToB, BO3AENCTBYIOLLMX HA UHAEKLMOHHBIN areHT pasnuyHbIMU NYTAMWU, TepaneBTUYeckui
3PheKT MOXKET COXPaHATLCA NPY UCMONb30BaHMKN Bonee HU3KUX 03 NeKapCTBEHHbIX cpeacTB bnarogaps cuHep-
rMYeckomy xapakTepy B3aMMOAENCTBUSA, YTO CHXKaET BEPOATHOCTb Pa3BUTUSA HexXenaTernbHbIX NOBOYHbIX adhdek-
TOB nekapcTB. B 0630pe npeacTaBneHbl akTyarnbHble AaHHbIE O COCTOSHUM Y BO3MOXHbIX NEPCMNeKTUBax pasBuTms
KOMBUMHMPOBAHHOW Tepanun MHeKUMI, BbidbiBaemblx BII, nony4eHHble B pe3ynsrate NpoBegeHus noncka nure-
paTypbl, CBSI3aHHOW C aHTUreprnecBUpPyCHOM Tepanunen, ¢ ucnonb3oBaHvem 6a3 aaHHbIx PubMed, Medline, PUHLL,
MeXAyHapOAHOro peecTpa KNMHUYECKNX nccrenosaHuin HaumoHansHoro uHctutyta sgoposbs CLUA.

KnioueBble crnosa: supyc aeprieca rpocmozo; MpomugosupycHble npenapamsi; 83aumodelicmeue fiekapcme;
KOMBUHUPOBaHHasi mepariusi; ycmouyugocmb K MpomueosupyCHbIM fpenapamam; 0630p

Onsa umtupoBaHua: AHgpoHoBa B.J1., Maneros NA. KoMGuHMpoBaHasi nekapcTBeHHasa Tepanus Kak ctpaterns
NnoBbILEHNSA 3PdEKTUBHOCTM U 6E30NaCHOCTM NeYeHNs MHAEKLMIA BMPyca NPOCTOro reprneca: BO3MOXHblE pu-
CKM 1 nepcnekTunebl. Bonpocs! supyconoauu. 2025; 70(3): 205-216. DOI: https://doi.org/10.36233/0507-4088-301
EDN: https://elibrary.ru/mifwyf

®durHaHcupoBaHue. ABTOPbI 3asIBMSIOT 06 OTCYTCTBUM BHELLUHErO (OMHAHCUPOBaHWS NMPW NPOBEAEHUN UCCEA0BAHMS.
KoHdnuKT nHTepecoB. ABTOpPbI AeKnapupyoT OTCYTCTBME SABHbIX U MOTEHLMAnNbHbIX KOH(MUKTOB MHTEPECOB,
CBSI3aHHbIX C NyGnyKaLmeit HacTosILLei cTaTbu.

Introduction

Clinical experience of combined use of two or more
antiviral drugs shows that the synergistic (mutually rein-
forcing) or additive (summation) nature of their interac-
tion opens the possibility of increasing the effectiveness
of therapy when using drugs in suboptimal doses. Under
such conditions, toxicity and the risk of harmful side ef-
fects are reduced. The development of virus drug resis-
tance, which complicates treatment, can also be delayed
or even prevented by combination therapy, since the de-
velopment of resistance to several drugs at the same time
is less likely. The combined use of antiviral drugs with dif-
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ferent mechanisms of action, which provides a significant
reduction in viral load and consequently in disease sever-
ity and mortality, is the gold standard for the treatment
of severe chronic viral diseases caused by HIV-1 [1] and
hepatitis C virus [2]. Combination therapy is the optimal
strategy for effective treatment of influenza infection [3],
the possibilities of introducing new combinations of an-
ti-influenza drugs into clinical practice are being actively
investigated [Phase II, III clinical trials (ClinicalTrials.
gov Identifiers: NCT05170009, NCT04712539, enroll-
ment of participants). New approaches to combination
therapy against COVID-19 [4], as well as against Ebola
virus [5] and Zika virus are being developed [6].
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Herpes virus type 5 (human cytomegalovirus, CMV)
infections are a common complication after organ trans-
plantation, increasing the risk of graft loss and death, as
well as a cause of congenital infections leading to senso-
rineural hearing loss and neurological disorders in chil-
dren. After the introduction of two drugs for the treatment
of CMV infection, the CMV protein kinase inhibitor
pUL97 (maribavir, MBV, Livtencity, Takeda, Japan)) and
inhibitor pUL56, which is part of the CMV terminase
complex (letermovir, LMV, Prevymis, Merck, USA),
their possible combinations with traditional anti-herpet-
ic agents, viral DNA polymerase (DNA-pol) inhibitors,
began to be actively studied. Preclinical in vitro studies
have shown that the combined use of MBV with ganci-
clovir (GCV), cidofovir (CDV) and LMYV results in addi-
tive effects [7], although, according to other data, MBV
and LMV in combination provide synergistic enhance-
ment of the anti-CMV effect in vitro [8]. However, MBV
interacts antagonistically with GCV because it inhibits
pUL97, an enzyme required for phosphorylation of GCV
to form monophosphate (step 1 of HSV activation) [7].
When LMYV is combined with GCV and CDYV, additive
effects are observed, while weak synergistic effects are
observed with foscarnet (FOS) [9]. (The formulas of the
compounds mentioned above are given in Table 1 of the
Annex).

The aim of the review is to assess the status and
possible prospects for the development of combination
therapy for infections caused by HSV.

Clinical significance of herpes simplex
virus-associated infections

Herpes simplex virus (HSV) (Herpesviridae family) is
one of the most common pathogens worldwide. Accord-
ing to the information bulletin of the World Health Or-
ganization (WHO) dated December 11, 2024, about 3.8
billion people under the age of 50 years are seropositive
to HSV type 1 (HSV-1) and another 520 million people
in the age group from 15 to 49 years are carriers of HSV
type 2 (HSV-2). Thus, the prevalence of these viruses in
these age categories has reached 64 and 13% respectively
and, according to WHO experts, it is higher in the older
age group'.

After primary infection, HSV establishes a lifelong la-
tent infection in neuronal ganglia and periodically reacti-
vates. Clinical manifestations during relapse are observed
in only 5-15% of cases [10], but the extremely high level
of infection in the population results in a huge number
of people suffering from HSV-related diseases, including
orofacial lesions, herpetic stomatitis, herpetic eczema and
ocular diseases (corneal damage can subsequently lead
to irreversible decrease in visual acuity and blindness).
In 2020 alone, about 205 million people aged 15-49 years
had a manifest episode of genital herpes (5.3% of the total
number of carriers, WHO estimates). Furthermore, infec-
tion with HSV-2, with which most cases of genital herpes

! Herpes simplex virus. Fact sheet. 11 December 2024. Available
at: https://www.who.int/ru/news-room/fact-sheets/detail/herpes-
simplex-virus
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are associated, increases the risk of HIV infection and
transmission'. Neonatal herpes, visceral and disseminat-
ed infections, meningitis and herpetic encephalitis are ra-
re diseases that occur mainly in neonates or immunocom-
promised individuals, including cancer patients and trans-
plant recipients, but can result in neurological disability
or death [11]. There seems to be an association between
HSV-1 infection and Alzheimer’s disease [12]. Thus, in-
fections caused by HSV not only reduce the quality of life
of virus carriers, but may have a severe course with an
unfavorable prognosis, especially in cases of ineffective
therapeutic measures'. To date, there are no licensed pro-
phylactic and therapeutic vaccines against HSV, despite
enormous efforts to develop them.

Current etiotropic therapy of HSV infections
and the problem of virus drug resistance

Acyclovir (ACV), its prodrug valacyclovir (L-valine
ester of ACV, VACV), and famciclovir (FCV), the meta-
bolic precursor of penciclovir (PCV)! are included in the
group of first-line etiotropic drugs currently approved for
the treatment of HSV infections [13]. Oral formulations
of ACV, VACV and FCV are intended for the prevention
and treatment of mild to moderate infections, while in-
travenous ACV is the drug of choice for severe viscer-
al and disseminated forms of infection or CNS disease.
Unfortunately, these drugs have limited efficacy because
treatment should be started as early as possible, prefera-
bly in the prodromal period, and the recovery period is
usually shortened by only 1-2 days for orofacial herpes
and 3 days for genital herpes [14, 15].

ACYV, PCV, as well as GCV belong to the class of gua-
nosine nucleoside analogs. The selectivity of the antivi-
ral activity of these compounds is due to their selective
phosphorylation to the monophosphate form by herpetic
thymidine kinase (TK, pUL23). After subsequent di- and
triphosphorylation by cellular kinases, the corresponding
triphosphates, acting as competitors of natural nucleo-
tides, are incorporated into the growing viral DNA strand,
which leads either to chain breakage or to a significant
slowdown of synthesis, and affect the same bio-target —
viral DNA-pol, inhibiting its function [13].

Stable maintenance of effective suppression of virus
reproduction under the pressure of ongoing drug thera-
py prevents spontaneous mutations as a natural result of
DNA-pol errors. However, if the suppressive effect of
therapy is insufficient, virus replication continues when
drugs are used in suboptimal doses (due to an error in
the choice of dose and/or regimen or omission of drug
administration, non-adherence to the treatment regimen
or for other reasons). Under such conditions, the risk of
drug resistance development increases due to the selec-
tion of pre-existing minor drug-resistant viral particles in
viral populations under the selective pressure of the drug.
In 95% of cases, the decrease in drug sensitivity of HSV
to modified nucleoside drugs is associated with mutations
in the viral TK and/or in 5% of cases in the target viral
protein pUL30, the catalytic subunit of DNA-pol [16].
The ineffectiveness of current chemotherapeutic mea-
sures is often associated with the development of virus
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drug resistance. It is important to emphasize that HSV
strains resistant to ACV are in the vast majority of cases
cross-resistant to other nucleoside analogs [17].

The prevalence of HSV infections with reduced sensi-
tivity to ACV varies depending on the immunity status of
the patient and does not exceed 1% in immunocompetent
individuals [13], except for infections of immune-privi-
leged sites, such as the cornea: in recurrent herpetic ker-
atitis, resistant HSV isolates are isolated with a frequency
of up to 6.4% of cases [18]. In contrast, the prevalence of
ACV-resistant strains of HSV in immunocompromised pa-
tients is much higher, ranging from 2.5-10.9% in HIV-pos-
itive patients, cancer patients receiving myelosuppressive
chemotherapy, and solid organ transplant recipients [13],
and even higher rates of ACV resistance have been report-
ed after allogeneic hematopoietic stem cell transplantation,
ranging from 14 to 46.5% with a tendency to increase
[19, 20]. The formation of resistant viral populations in
these groups of patients at high risk of developing active
HSV infection is facilitated by continuous prophylactic
therapy required to block viral reactivation and prolonged
drug treatment in case of disease relapse, usually with a
severe course, necessary to maintain continuous suppres-
sion of viral reproduction. In patients with ACV-resistant
herpetic lesions, ACV-resistant infection relapses after dis-
continuation of treatment within an average of 42.5 days
(ClinicalTrials.gov Identifier NCT00000985) [21].

In cases where resistance to ACV/PCV is confirmed
or suspected to correlate with the ineffectiveness of the
current chemotherapy, a switch to a second-line drug —
trisodium phosphonoformate pyrophosphate analog (fos-
carnet, FOS) is required, and in case of ineffectiveness of
FOS, a nucleotide analog CDV can be recommended for
alternative treatment [22]. It should be noted that FOS
and CDV are nephrotoxic and have a number of severe
side effects. Furthermore, these drugs are administered
intravenously. For these reasons, patients require constant
in-hospital monitoring [13].

FOS, mimicking pyrophosphate, directly binds to the
v-phosphate binding site of the incoming nucleotide in the
active center of viral DNA-pol and disrupts its functioning
by inhibiting the cleavage of pyrophosphate from nucleo-
side triphosphate (NTP) [13]. CDV contains a phosphonate
moiety that bypasses the first phosphorylation step and is
converted by cellular kinases to diphosphate, which com-
petes with deoxycytidine triphosphate for incorporation
into elongating DNA and reduces viral DNA-pol activity
[13]. ACV/PCV-resistant strains of HSV retain sensitivity
to FOS and CDV in most cases, as they do not require viral
TK activation [17]. However, the biomimetic target of these
drugs, as well as of modified nucleosides, is viral DNA-pol
[13], which can lead to the emergence of multidrug-re-
sistant HSV infections, resistant to ACV and FOS and/or
CDV, as described in a number of publications [23, 24],
but such mutants are found predominantly in immunocom-
promised patients after one drug is gradually replaced by
another, rather than when they are used in combination
[25, 26]. The emergence of such multidrug-resistant HSV
infections necessitates the need for new classes of anti-her-
petic drugs with alternative mechanisms of action and the
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combination of traditional and new drugs. (The formulas
of the compounds mentioned in this section are given in
Tables 1 and 2 of the Annex).

Types of drug interactions in the combined
use of antiviral compounds. Possibilities
of combined etiotropic therapy

In cases where monotherapy is ineffective, especially
due to the development of virus drug resistance, regimens
containing two or more agents may be useful both to in-
crease the efficacy of the effect on viral infection and re-
duce the likelihood of undesirable side effects of the com-
bined agents, and to reduce the risk of formation or rate
of development of drug resistance. It is obvious that the
combined use of drugs affecting different bio-targets and,
therefore, not sharing common resistance patterns, sig-
nificantly increases the genetic barrier to drug resistance
(meaning the number and type of substitutions required
to confer resistance), since several mutations are required
for the virus to adapt to the inhibitory action of two an-
tiviral drugs simultaneously. However, drug interactions
should be studied beforehand, taking into account the fact
that they may be either synergistic or additive or antag-
onistic in nature. In the latter case, higher doses of drugs
are required to achieve in combination the same effect of
compounds as when used separately [7].

The rational selection of drug combinations capable
of potentiating the therapeutic efficacy of each other is
based on an understanding of the mechanism of their ac-
tion, which determines the potential for drug interactions.
It is also necessary to take into account the factors that
may affect the combined efficacy of combined drugs in
vivo — route of administration, bioavailability, metabolic
transformations, distribution in organs and tissues.

Drug combinations can be divided into three types

1. Combinations of antiviral agents acting on different
bio-targets or non-competitive inhibitors binding to dif-
ferent sites of the same target can provide the best thera-
peutic effect with fewer side effects, since in such cases
the combined compounds do not interfere with each other
in binding to the target protein and are likely to interact
synergistically, i.e. their combined antiviral effect will be
greater than the sum of their individual effects.

2. Combinations of competitive inhibitors targeting the
same site of the target protein are likely to interact addi-
tively, since their simultaneous binding to the target pro-
tein site is not possible, and the effect will be summed up
by increasing the total number of inhibitory molecules.

3. Compounds that have antiviral activity may be com-
bined with compounds that do not have such an effect on
their own, but enhance the effect of the active component,
for example, by influencing the rate of its metabolism (in-
creasing the rate of formation of the active metabolite or
slowing down the rate of inactivation of the compound),
or increasing its bioavailability, etc.

Combined etiotropic therapy of HSV infections

First type of combinations. Two pairs of non-compet-
itive DNA-pol inhibitors — ACV or PCV with FOS — are
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examples of combinations of the first type. Their high
synergistic activity against HSV-1 and HSV-2 was es-
tablished in in vitro experiments [27]. However, there is
currently only limited clinical experience with the use of
PCYV in combination with FOS, for example, for the treat-
ment of encephalitis caused by HSV-1 [28, 29], or neo-
natal infection with HSV-2 resistant to ACV [30], since
the use of such a tactic is possible only in patients in crit-
ical condition due to severe side effects of FOS, mainly
nephrotoxicity, and also due to potential nephrotoxicity
of ACV (acute kidney injury is registered in 8.7 and 8.6%
of cases when taking ACV and VACYV, respectively, and
significantly more often in patients taking ACV or VACV
simultaneously with non-steroidal anti-inflammatory
drugs — in 10.5 and 19.4% of cases, respectively) [31].
Furthermore, there are known cases of exacerbation of
herpetic infection when taking ACV together with FOS,
as well as with CDV or GCV, despite the fact that all these
drugs have anti-herpetic activity. In such cases, it is rec-
ommended to return to the use of ACV monotherapy as
usual [32].

The efficacy of the combination of FOS and GCV
against HSV-2 in in vitro experiments corresponded
to the synergistic type, but when used in the model of
herpetic infection in mice, its effect was reduced to ad-
ditive [33]. This combination is recommended by the In-
fectious Diseases Society of America for the treatment of
encephalitis caused by CMV [34], and also in reduced
doses can be administered in case of CMV resistance to
CDV [35], i.e. in especially severe cases when there is
a threat to the patient’s life. Taking into account the fact
that FOS is nephrotoxic and GCV is almost completely
excreted by the kidneys, it is necessary to carefully mon-
itor the doses of these drugs and renal function during
their simultaneous use to prevent a significant increase
in the plasma concentrations of these compounds and
to prevent the development of severe side effects [32].
The combination of GCV and FOS has not been investi-
gated for the treatment of HSV infections under clinical
conditions, apparently taking into account that the pos-
sible risk of developing severe side effects with its use
exceeds the potential benefit.

Although combination therapy with CDV and GCV has
been shown to be effective in the treatment of persistent
multidrug-resistant HSV-1 infection (resistant to ACV
and FOS) [36], the combined use of CDV, a drug with a
high risk of nephrotoxicity, with other potentially neph-
rotoxic agents (ACV/VACYV, GCV and FOS) is contra-
indicated and, according to recommendations, a patient
can be switched from one of these agents to CDV only
after 7 days of discontinuation of these agents?®.

Thus, the combined use of drugs of modified nucleo-
sides or their prodrugs with second-line drugs is undesir-
able or even prohibited.

Second type of combinations. The purine-containing
nucleosides ACV, PCV or GCV interact in combination

2Content from elsevier’s drug information. Drug Monograph
Cidofovir — Elsevier. Available at: https://elsevier.health/en-US/
preview/cidofovir
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only additively [27], which can be explained by the simi-
larity of their mechanisms of action. The effect of binary
combinations of ACV with thymidine analogs brivudin
(BVDU) and trifluorothymidine (TFT) or BVDU and
TFT has been similarly evaluated [37]. These compounds
are also phosphorylated by viral TK — BVDU to mono-
and diphosphate, and TFT to monophosphate, then to
triphosphates by cellular kinases. The triphosphates of
BVDU and TFT compete for binding to the DNA-pol nu-
cleoside-binding site [38]. In view of the above, as well as
taking into account the cross-drug resistance of the virus
to these compounds, their combined use is inadvisable.

Combination therapy of ACV with vidarabine (Ara-A),
a purine-containing DNA-pol inhibitor, was effective in
the treatment of neonatal encephalitis caused by ACV-re-
sistant HSV-1 [39]. However, due to severe side effects,
Ara-A for intravenous administration has been withdrawn
from production, and only the ointment dosage form is
currently available. Thus, to date, the combination of
these compounds in dosage forms intended for systemic
administration is not relevant. (The formulas of the com-
pounds mentioned for the first time in this subsection are
given in Table 3 of the Annex).

Third type of combinations. 1t is possible to combine
antiviral agents with drugs that themselves have little or
no effect on viral replication, but significantly enhance the
effect of the active component. For example, ribavirin, an
inhibitor of the cellular enzyme inosine monophosphate
dehydrogenase (IMPDH), is known as a broad-spectrum
antiviral drug; however, it shows low activity against
HSV-1 in vitro [40] and in vivo in experimental herpetic
keratoconjunctivitis in rabbits, but it enhances the antivi-
ral activity of purine nucleoside analogs ACV, PCV, GCV,
etc. under the same experimental conditions [41]. The po-
tentiation of antiviral effect is explained by the fact that in
the monophosphate form ribavirin competes for binding
to the natural substrate of IMPDH — inosine monophos-
phate (IMP) — and thus causes not only an increase in the
pool of IMP (phosphate donor), as a result of which the
phosphorylation of purine nucleosides is intensified, but
also suppresses the activity of this enzyme, which leads
to the depletion of intracellular pools of deoxyguanosine
triphosphate, with which ACV, PCV and GCV in the form
of triphosphates compete for binding to DNA-pol. This
increases the efficiency of their incorporation into the
growing DNA strand during replication [42].

The immunosuppressant mycophenolate mofetil
(MPM) is a 2-morpholinoethyl ester of mycophenolic ac-
id (MPA), as well as its prodrug. MPA on its own is prac-
tically inactive against HSV, but inhibits the activity of
IMPDH, as it was shown in in vitro experiments, and has
a significant potentiating effect on the activity of ACV,
PCV and GCV [43]. MPM is used to prevent acute trans-
plant rejection in patients after allogeneic kidney, heart
and liver transplantation. At the same time, recurrences
of herpetic infection may develop, and ACV, VACV, FCV
or GCV are used to control them. However, we did not
find information about potentiation of antiviral activity of
modified nucleoside formulations when used with MPM
or direct recommendations on the use of such combina-
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tions in clinical practice in the available literature. At the
same time, the instructions for the use of MPM state that
in such cases one should take into account the increase
in plasma concentrations of ACV and MPA when using
ACV or VACV simultaneously with MPM compared to
those when using these drugs separately. This is probably
due to the fact that they are competitors for excretion by
tubule secretion’.

Hydroxyurea (HU) has an insignificant effect on HSV-1
reproduction in vitro, causing depletion of intracellular
pools of deoxyribonucleoside triphosphates (dNTPs) as
a result of inhibition of cellular ribonucleotide reductase,
which converts ribonucleotides into deoxyribonucleo-
tides. This, in turn, favors the incorporation of nucleotide
analogs competing with natural dNTPs (triphosphates of
ACV, PCV, GCV, etc. and diphosphate of CDV) into vi-
ral DNA, which explains the subsynergistic or synergistic
inhibitory effect of HU with these drugs on the replication
of HSV-1 and HSV-2, respectively [43]. As noted above,
cancer patients receiving chemotherapy have a high risk
ofreactivation of HSV infection. HU-based drugs Hydrea,
Droxia, etc. are used in different types of cancer and are
the standard treatment for sickle cell anemia. As follows
from the instructions for use of Hydrea, taking antiviral
drugs in case of HSV infection against the background
of antitumor therapy with HU is not a contraindication.
However, it is not recommended to use HU in patients
with chickenpox, herpes zoster (pathogen — varicella zos-
ter virus (VZV), or herpes type 3) and other acute infec-
tious diseases”.

Thus, traditional first-line antiviral drugs belonging
to the group of modified nucleosides interact additively,
while the use of second-line drugs is often accompanied
by the development of severe side effects. Furthermore, if
the virus develops drug resistance, it is not rational to in-
clude in the composition of combined etiotropic chemo-
therapy drugs whose efficacy has significantly decreased
(to which resistance has developed). (Formulas of the
compounds first mentioned in this subsection are given in
Table 4 of the Annex).

Combinations including new anti-HSV drugs. New an-
tiviral agents targeting biotargets other than HSV DNA-
pol may serve as an alternative to nephrotoxic FOS and
CDV in the treatment of first-line drug-resistant infections
(ACV/VACYV, FCV), and their combined use with first-
line drugs (viral DNA-pol inhibitors) may simultaneously
target different stages of the viral life cycle. These com-
binations may represent a preferred option for long-term
suppression of viral load, including infections resistant to
basic anti-herpetic drugs, and may also be useful for pre-
venting the development of drug resistance in the virus.
Research in this field is currently being actively pursued
by research laboratories and leading pharmaceutical com-
panies [44, 45].

A new class of antiviral drugs targets the helicase-pri-
mase complex (pULS/pUL8/pULS52) of HSV, which un-
winds the duplex DNA of the virus and initiates replica-
tion by synthesizing short RNA primers [23]. Amenalief
(Maruho, Japan) based on amenamevir (AMV, ASP2151),
an inhibitor of the helicase-primase complex of HSV and
VZV, is the only drug that has been developed and in-
troduced into clinical practice in recent decades for the
treatment of shingles (VZV infection, 2017) and recur-
rent HSV (¢ 2023). Amenalief is licensed to date only in
Japan®. Its efficacy as a therapeutic agent for the treat-
ment of recurrent genital herpes is equivalent to that of
VACYV [46], even in immunocompromised patients, in-
cluding cases of developed HSV drug resistance [47].
Due to severe side effects, an ongoing US random-
ized, double-blind, multicenter safety study of AMV in
healthy volunteers (phase I, ClinicalTrials.gov identifier:
NCT00870441) was discontinued. However, none of the
described side effects (hepatotoxicity, renal impairment
at higher doses, headache, thrombocytopenia, bleeding
gums, erythema multiform, toxic epidermal necrolysis,
Stevens—Johnson syndrome, and palpitations) have been
identified as serious by the Japanese Risk Management
Plan’.

Pritelivir (PTV, BAY 57-1293, AIC316) is another
HSV helicase/primase inhibitor, chemically unrelated to
AMYV, which is highly active exclusively against HSV
without significant toxicity (AiCuris, Germany). The
great advantage of PTV is that it can be administered
once weekly due to its long half-life [48]. Unfortunately,
a clinical trial of the safety and efficacy of PTV compared
to VACV for prophylactic administration in healthy men
and women with recurrent genital herpes HSV-2 (phase
IT) was suspended by the US Food and Drug Administra-
tion (FDA) in 2014 based on the results of a concurrent
non-clinical toxicity study of PTV in monkeys. However,
by time 56 participants out of 91 had completed the med-
ication and according to preliminary results, PTV was su-
perior to VACV in terms of efficacy and viral excretion
reduction (ClinicalTrials.gov ID: NCT01658826) [49].
PTV is now in phase IlII clinical trials as a treatment for
cutaneous mucosal HSV infection resistant or sensitive
to ACV (Clinicaltrials.gov Identifier: NCT03073967) or
with dual resistance to ACV and FOS (ClinicalTrials.
gov Identifier: NCT05844436) in immunocompromised
patients. PTV is not currently available as a marketed
product.

Anti-herpetic combinations based on AMV and PTV
are in preclinical development.

AMV paired and in triple combination with ACV and
CDV acts in vitro additively to suppress HSV-1 infec-
tion [50], although an earlier publication noted a syner-
gistic effect of combinations of AMV with ACV and PCV
against ACV-sensitive strains of HSV-1, HSV-2 and VZV

3Mycophenolate mofetil. Vidal. Available at: https://www.vidal.ru/
drugs/mycophenolate-mofetil-1
‘Hydrea. Vidal. Available at:
hydrea 4396

https://www.vidal.ru/drugs/
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in vitro, and in combination with Ara-A, a synergistic
effect in the model of HSV-1 and VZV and an additive
effect against HSV-2. In mice with HSV-1 zosterformis
infection, combination therapy of AMV with VACV was
more effective than monotherapy with these drugs [51].

The combined effect of ACV and PTV reduced the
probability and rate of resistance to ACV and to both
drugs simultaneously, while passaging of HSV in the
presence of PTV in combination with FOS (15 passages)
resulted in resistance only to FOS (sensitivity to PTV did
not change). This suggests a high genetic barrier of com-
bined therapy with PTV and FOS [52].

In a model of lethal herpetic encephalitis in mice infect-
ed with HSV-2, ACV and PCV interacted synergistically
and effectively reduced animal mortality even when treat-
ment was delayed by 72 h [53].

These results indicate that combination therapy of heli-
case-primase complex inhibitors with ACV and/or prod-
rugs of ACV and PCV could potentially be used to treat,
for example, herpetic encephalitis or severe disseminated
disease caused by HSV in immunosuppressed patients.

The oral medication Tembexa (Brincidofovir, BCV,
CMX001, hexadecyloxypropyl CDV, CDV prodrug) was
approved by the FDA in 2021 for the treatment of small-
pox in adults and children, including neonates (Chimerix
Inc., USA). BCV in vitro is also significantly superior to
the efficacy of CDV and ACV against all human herpes
viruses, including HSV-1 and HSV-2, including ACV-re-
sistant strains [54]. It is significantly less nephrotoxic than
CDV due to the fact that it is not a substrate for organic
anion transporter proteins (hOAT1) and does not concen-
trate in the proximal renal tubules, its oral bioavailability
is significantly superior to CDV (< 5%) and is 13.4% in
tablet form and 16.8% in suspension form. Furthermore,
BCV was found to penetrate the blood-brain barrier in
mice®. The compound was well tolerated in phase I safety
studies, and overall the potential of BCV for the treatment
of CMV and HSV infections, including encephalitis, neo-
natal infections and ACV-resistant infections, seemed
very high [55]. However, phase III efficacy studies of
BCV for the prevention of CMV infection (ClinicalTri-
als.gov Identifiers: NCT02439957 and NCT02439970)
were prematurely discontinued (2016): the former due
to gastrointestinal toxicity [56] and the latter due to the
results of the former (although again, patients experi-
enced gastroenteritis, diarrhea, nausea and vomiting).
Accordingly, the safety and dose-finding study of BCV
for the treatment of neonatal HSV infection with central
nervous system involvement (ClinicalTrials.gov Identifi-
er: NCT01610765) was withdrawn due to the inability of
this category of patients to access the study drug (2016).
From then until now, there is no information about clini-
cal trials on the safety and efficacy of BCV for the treat-
ment of CMV and HSV infections. It is likely that for the
same reason, although the in vitro combination of BCV
and ACV synergistically suppresses replication of HSV-1

‘Tembexa. Highlights of prescribing information. Available at: https://
www.chimerix.com/wp-content/uploads/2021/06/TEMBEXA -
USPI-and-PPI-04June2021.pdf
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and HSV-2 and synergistically reduces mortality in mice
infected with HSV-1 or HSV-2 [54], no further studies of
this combination have been conducted. (Formulas of the
compounds first mentioned in this subsection are given in
Table 5 of the Annex).

Conclusion

Current etiotropic chemotherapy of infections caused
by HSV is based on formulations of modified nucleosides
and their prodrugs, which limits the possibilities of
increasing the effectiveness of action on herpes during
severe course of infection. Taking into account the
increasing prevalence of HSV isolates resistant to this
class of inhibitors in immunodeficient patients [19, 57],
it is necessary not only to introduce into practice antiviral
compounds with low toxicity, targeting viral proteins
other than HSV DNA-pol and independent of TK, but
also to develop combination therapy using drugs with
alternative mechanisms of action.

The application of combinations of drugs acting on
different targets, in case of synergistic interaction, allows
reducing their doses while maintaining the effectiveness
of treatment, which, in turn, minimizes toxic side
effects associated with high doses of drugs when used
individually, such as nephrotoxicity and neurotoxicity,
or enhances the final therapeutic effect compared to each
component separately. Intensive suppression of virus
reproduction reduces the probability of induction of
drug resistance, which is especially important in cases
of immunosuppression and in the development of HSV
infection in immunologically privileged organs, meaning
primarily the eyes, brain and embryo. The introduction of
AMV- and PTV-based drugs opens new possibilities for
the development of highly effective drug combinations
and has the potential to target HSV infections resistant to
currently available anti-herpetic drugs. However, clinical
trials are necessary to establish the real benefit of these
new combinations for the treatment of HSV infections.
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