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Abstract

Introduction. Herpes simplex virus type 1 (HSV-1) causes various diseases in humans that can lead to disability and
death. Current treatments are effective and relatively safe. However, the high prevalence of HSV, the necessity for
long-term therapy associated with the development of drug resistance in the virus (mainly in immunocompromised
patients) and severe side effects of second-line drugs complicate treatment. Obviously, there is a necessity to
develop therapeutic agents with a new mechanism of action and new ways of influencing herpes infection to
improve the effectiveness of therapy. The combined use of drugs with different mechanisms of action is one such
approach.

The aim of the study is to evaluate the antiviral activity of combinations of LAS-131 ((3S)-4-[6-(purin-6-yl)
aminohexanoyl]-3,4-dihydro-3-methyl-7,8-difluoro-2H-[1,4]-benzoxazine) with basic antiherpetic drugs and with
two new compounds.

Materials and methods. The effect of LAS-131 combinations against HSV-1 was studied by constructing an
isobologram and calculating the fractional inhibitory concentration index.

Results. LAS-131 selectively inhibits the reproduction of acyclovir-sensitive and -resistant HSV-1 variants (IC;
is 1.95 pg/mL, selectivity index is 63). Its target protein is the large subunit of the terminase complex (pUL15).
When LAS-131 is used in combination with viral DNA polymerase inhibitors (acyclovir and related compounds)
or with the minor-groove inhibitor 15Lys-bis-netropsin, a potentiating effect is observed, which allows decreasing
the concentrations of the combined compounds by 4 times or more while maintaining antiviral activity. LAS-131
interacted additively with foscarnet, ribavirin, and a-interferon.

Conclusion. Combinations of LAS-131 with known antiviral agents have been established, providing synergistic
and additive effects of interaction against HSV-1.
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Pe3tome

BBepeHue. Bupyc npoctoro repneca 1-ro Tuna (BINM-1) aBnsetca npuunHON pasnuyHbiX MHPEKUuUA y niogewn,
KOTOpble MOryT MPMBECTU K UHBanNUAHOCTU U Aaxe K cmepTu. CoBpeMeHHble MeToAbl neveHns adMeEKTUBHBI U
oTHOCUTENBLHO 6e3onacHbl. OgHaKO YPe3BbIYaNHO BbICOKMI YPOBEHb PACNPOCTPAHEHHOCTH 3TOMO BUPYCa, a Takke
HeobxoAMMOCTb NPOoBeAEeHNs ANUTENbHON Tepanuu, CBA3aHHON C pa3BUTMEM NIeKapCTBEHHOW PEe3UCTEHTHOCTM Y
BMpyca (rnaBHbIM 06pa3oM y NaLMEHTOB CO CHXEHHBIM UMMYHUTETOM), U Tskernble NoboYHble adhdpekTbl Npena-
paToB BTOPOro psaa OCIOXHSAIT nedeHne. O4eBnaHO, YTO CyLLecTByeT HeOOXOAMMOCTb He TOMbKO B paspaboTtke
TepaneBTUYECKUX CPeACTB C HOBbIM MEXaHU3MOM OENCTBUS, HO U HOBbIX MyTEW BO3AENCTBUSI HA repneTUYECKyHo
MHpeKUMo anst NoBbiWeHUss 3pdEKTUBHOCTN NpoBoaumon Tepanuu. KoMOMHMPOBaHHOE MCMoNb3oBaHWe ne-
KapCTB C pas3nm4HbIM MEXaHU3MOM AENCTBUSA ABNAETCA OOHUM U3 TaKux NOaXOLOB.

LUenb pabotbl — oueHka npoTuBoBMpPYCHOW akTtmBHOCTU LAS-131 ((3S)-4-[6-(nypuH-6-un)ammHorekcaHo-
un]-3,4-aurnapo-3-metnn-7,8-gudtop-2H-[1,4]-6eH30KCasnH) Npyu COMETAHHOM UCMONb30BaHUM ¢ 6a30BbIMK NPO-
TMBOrepneTnYecknMM npenapartamu, a Takke ¢ AByMS OpUrMHanbHbIMU COeAUHEHUSMMU.

MaTepuanbi u MmeToabl. KOMOMHMPOBaHHBLIN NPOTUBOBMPYCHbLIN adhdekT LAS-131 nccnepgosanu Ha mogenv BI-1
MeToAamu NOCTPOEeHMs M3060MorpamMmmbl U BbIYUCIIEHUS MHAEKCa (PPaKLMOHHOW MHIMBMPYIOLLEN KOHLEHTPaLUn.
Pesynitathl. LAS-131 BbiCOKOCENeKTMBHO WHIMGUpyeT penpoaykumio supyca (MM,, coctaensetr 1,95 mkr/mn,
WHOEKC CENEKTUBHOCTU — 63) 1 COXpaHsieT aKTMBHOCTb NPOTUB BapuaHTa BII-1, pe3sncTeHTHOro K aumKnoBumpy.
BenkoM-MuLLEeHbI0 3TOro CoeanHeHns aBnseTcs bonbliasa cyobeanHua TepMmHasHoro komnnekca (pUL15). Mpu
coyeTaHHOM ucnonb3oBaHun LAS-131 ¢ uHrnbutopamu BupycHon [JHK-nonnmepasbl (aLmMKnoBMpomM 1 poacTBeH-
HbIMW COeAMHEHUsIMU) U ¢ Manobopo3ayaTeiM MHIMbuTopom 15Lys-bis-HeTponcrHom HabnogaeTcs NOTEHLMPYLO-
WM 3dhpeKT, YTO MNO3BOMSIET CHU3NTbL KOHLIEHTPaUUM KOMOUHMPYEMbIX coeanHeHui B 4 pasa n bonee npu coxpa-
HEHUW NPOTUBOBUPYCHOM akTMBHOCTU. KoHueHTpauum LAS-131, dockapHeTa, pubaBmpuHa 1 a-nHTepdepoHa npu
MCMONb30BaHNM B KOMBMHALMN MOXHO CHU3WTL B 2 pasa, YTO COOTBETCTBYET aganTUBHOMY 3ddDeEKTY.
3akntoyeHue. YctaHoBneHbl kombrHaumm LAS-131 ¢ U3BECTHBIMW aHTUBUPYCHBIMU areHTamu, obecneuynsatoLLme
CUHEpPrnyeckuin n aganMTnBHbIN adhdekTbl B3anmogencTausa npotus BIM-1.

KnioueBble cnoBa: supyc npocmozo eepreca 1-20 muna; aHmueupycHasi akmueHOCmb; KOMBUHUPOBaHHbIU 3¢b-
ghekm, nekapcmeeHHasi pe3ucmeHmMHOCMb; in Vitro
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Introduction

Herpes simplex virus type 1 (HSV-1), an extremely
widespread pathogen in the human population, remains
in the body throughout life and periodically reactivates,
leading either to asymptomatic shedding or to overt infec-
tion. The clinical manifestations of herpes infection vary
depending on the degree of immune competence of the
host, ranging from mild localized forms (labial herpes) to
rare but severe and life-threatening infections (blindness,
herpes encephalitis, generalized infections). However,
even labial or genital herpes, which is not life-threaten-
ing, is painful and can significantly reduce the quality of
life of patients?.

Currently, treatment of infections caused by herpes
simplex virus (HSV) is based on the use of synthetic nu-
cleoside analogues. Acyclovir (ACV) was the first drug
in this class, characterized, unlike iodo-deoxyuridine, tri-
flortimidine and adenine arabinoside, by low toxicity to
the macroorganism and high selectivity of antiviral action
against HSV-1, HSV type 2, and varicella-zoster virus.
ACV is specifically phosphorylated by viral thymidine
kinase (TK) to monophosphate, so this conversion is only
possible in an infected cell. ACV monophosphate is then
converted by cellular kinases into the biologically active
form ACV triphosphate, which is incorporated into the
growing DNA chain by viral polymerase (DNA-pol), in-
hibiting elongation [1, 2].

Unfortunately, ACV and related compounds have a
similar mode of action and, therefore, common disad-
vantages, including minimal effect in acute episodes [2].
Furthermore, their widespread use may lead to the emer-
gence of strains resistant to this group of drugs, mainly
in patients with immunodeficiency conditions of various
etiologies who require long-term drug therapy [3]. Since
vaccines for the effective prevention and treatment of
HSYV infections are currently in the clinical development
stage and none of them have been released on the market,
the creation of new antiviral drugs, primarily with mech-
anisms of action not related to viral DNA polymerase, as
well as the search for new ways to treat herpes infections
that reduce not only the likelihood of adverse effects of
etiotropic drugs but also drug resistance in the virus, has
attracted considerable attention in recent decades. One
area of such research is the development of combination
therapy regimens that include both traditional anti-herpes
drugs and new compounds. Many years of practical ex-
perience with highly effective combination antiretroviral
therapy for HIV infection [4] and combination therapy
for hepatitis C virus infection [5] convincingly confirm
the rationality of this strategy.

We were the first to discover the activity of a number of
purine and benzoxazine conjugates against HSV-1, includ-
ing strains resistant to the effect of ACV [6]. LAS-131,
which highly selectively inhibits HSV-1 replication (Fig. 1,
Table 1), was selected for study to establish the biological
target and mechanism of action of this group of compounds.

OPUTUHANbHbBIE NCCNTEAOBAHUA
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Fig. 1. LAS-131 ((3S)-4-[6-(purin-6-yl)aminohexanoyl]-3,4-
dihydro-3-methyl-7,8-difluoro-2 H-[1,4]-benzoxazine).

Puc. 1. LAS-131 ((3S)-4-[6-(nypuH-6-11)aMuHOreKcaHoum]-3,4-
IUruapo-3-metui-7,8-qudrop-2H-[1,4]-6eH30KCca3uH).

According to our proposed model of the molecular
mechanism of LAS-131’s antiviral action, the most likely
target protein with which this compound binds is the large
subunit of the HSV-1 terminase complex, pUL15. The
binding of LAS-131 to pUL1S5 prevents the packaging of
viral DNA into the capsid [7].

The aim of this study is to evaluate the combined effect
of LAS-131 with known anti-herpes agents, primarily
those of practical significance, in vitro, as well as to study
the possibility of affecting the reproduction of the ACP-
resistant variant of HSV-1 with combinations of LAS-131
and compounds that do not require activation of viral TK.

Materials and methods

Drugs. LAS-131 ((3S)-4-[6-(purin-6-yl)aminohexa-
noyl]-3,4-dihydro-3-methyl-7,8-difluoro-2H-[1,4]-ben-
zoxazine, C, H, . F N.O,, Mw 416.42)) was synthesized
at the LY. Postovsﬁy Institute of Organic Synthesis, Ural
Branch of the Russian Academy of Sciences (Yekaterin-
burg) [6].

The study also used ACV, penciclovir (PCV), ganci-
clovir (GCV), bromovinyl deoxyuridine (BVDU, brivu-
dine), 5-iodo-2’-deoxyuridine (IDU), adenine arabinoside
(Ara-A), cidofovir (CDV), foscarnet (FOS) manufactured
by Sigma-Aldrich (USA), ribavirin (RIB) manufactured
by ICN Switzerland AG (Switzerland), and monosubsti-
tuted ammonium glycyrrhizinate (GLN) manufactured by
Khimfarm OAO, Kazakhstan). The structural formulas
and rational names of the above compounds are given in
the table in the appendix®. o-Interferon (o-IFN, Reafer-
on-EC — lyophilized a-IFN preparation for injection (Vec-
tor-Medica CJSC, Koltsovo, Novosibirsk Region). Phos-
phite ACV (F-ACV) was generously provided by Yu.S.
Skoblov (Institute of Bioorganic Chemistry named after
Academicians M.M. Shemyakin and Yu.A. Ovchinnikov,
Russian Academy of Sciences), the structure is given in
[8] and the table in the appendix®. 15-Lys-bis-netropin
(15Lys-bis-Nt) was synthesized at the V.A. Engelhardt
Institute of Molecular Biology, Russian Academy of Sci-
ences, and kindly provided by G.V. Gursky (the structure

*Herpes simplex virus. Fact sheet. December 11, 2024. Available
at: https://www.who.int/ru/news-room/fact-sheets/detail/herpes-
simplex-virus
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Table 1. Antiherpetic activity of some compounds in the HSV-1 model with different drug sensitivities in Vero E6 cell culture
(multiplicity of infection 0.1 PFU/cell)

Tabauna 1. [IpotuBorepneTnyeckas akTUBHOCTD psijia coenuHeHnid Ha Mmoaenu BII-1 ¢ pa3nmyHOl JiekapcTBEHHON YyBCTBUTEIBHOCTHIO B KyJIBTYpe
kierok Vero E6 (MHOxecTBeHHOCTh nH(uuupoanus 0,1 BOE/ki)

Compound CC,,, pg/mL IC,,, ng/mL IC,,, ng/mL SI

CoennHeHne L., MKr/m W, MKr/ma W], Mkr/ma ncC
LAS-131 122.22 £ 6.48 1.95!2 7.812 63!
ACV /AlLIB > 250 0.39' /> 400? 1.56' /> 400? >1026'/ 02
GCV/TLB > 100 0.56' /> 2502 11.25'/>250? >179'/ 02
PCV/IILB > 100 1.95'/>100% 7.8%/>100? >511/0?
BVDU /BBAY >250 0.096' / > 24.5* 0.19'/>24.52 >4167'/0?
IDU /Uy >250 3.91/62.5? 31.25'/ 1252 >64'/>42
Hp-ACV / ®-AlIB > 1000 15.6'/31.22 31.25'/62.5% > 64! /> 322
FOS / ®0C >62.5 15.6'/31.2% 62.5!2 >41/>22
Ara-A/ Apa-A 80.0 £4.12 15.6'/31.2? 62.5'2 5.12'/2.562
CDV /1B >62.5 3.912 15.6'2 > 5212
RIB / PUB > 500 250! 500! > 212
15Lys-bis-NT 173.12 +4.37 3.91/3.9? 15.6!2 44,3912
GLN /TI'JTH > 1000 500! >1000'? > 12
a-IFN / a-U®H / > 1000 250'2 >1000'? > 412

Note. CC, is the concentration of the compound in the presence of which 50% of the cells survive; «>» — effect is not achieved; IC, and IC_  are the
concentrations of the compounds in the presence of which the development of the virus-induced cytopathic effect (CPE) is inhibited at %5-100% CPE in
the virus control after 48 h of incubation. The selectivity index (SI) was calculated as the ratio of CC, to IC, . ' —antiviral activity of the compounds was
studied on the model of the reference strain of the HSV-1/L, virus; >— antiviral activity of the compounds was studied on the model of the TK-negative
variant of the HSV-1/L,/ACV® virus, deeply resistant to ACV. The results of two independent experiments are presented.

Tpumeuanue. [/, — KOHIEHTPALMs COEJMHEHNS, B IPUCYTCTBHH KOTOPO#i BBIKMBAET 50% KIETOK; «>» — sddext He nocruraercs; U u U~
KOHIICHTPaLl{ COCANHCHHH, THTHOUPYIONIHE pa3BUTHE BUpYCUHIypoBanHoro LIIID mpu 95-100% III13 B koHTpoIe BUpyca depe3 48 1 HHKyOaInH.
Bennunny unzekca cenektusHocTH (MC) Beraucisiii kak ornomenue IJ[, k MJI . ' — uccienopanue MpOTHBOBUPYCHOH aKTHBHOCTH COEIMHEHHA
TIPOBOIMITM HA MOJIENTM STAIOHHOTO ITamMMa Bupyca BITI-1/L,; >~ uccieoBanne MPOTHBOBUPYCHOH aKTHBHOCTH COEIMHEHHH MPOBOMIIH HA MOJEIH

TK-nerarusroro apuanTa Bupyca BIII-1/L,/ALIB®, tiy6oko pesuctentHoro K ALIB. IIpHBEIeHB! pe3yThTaThl IBYX HE3aBHCHMBIX OTIEITOB.

of the compound is given in [9] and in the table in the
appendix®).

Viruses and cells. HSV-1, strain L, (HSV-1/L,) was
obtained from the State Virus Collection of the N.F. Ga-
maleya Federal Research Center for Epidemiology and
Microbiology of the Russian Ministry of Health (its di-
vision D.I. Ivanovsky Institute of Virology). A deeply re-
sistant to ACV variant of HSV-1 (HSV-1/L /ACVF¥) was
obtained by serial passage in the presence of increasing
concentrations of ACV, followed by cloning, and was
previously characterized phenotypically and genotypical-
ly as TK-negative [8, 10, 11].

The Vero E6 cell culture was kindly provided by Pro-
fessor A.M. Butenko (N.F. Gamaleya Research Cen-
ter for Epidemiology and Microbiology of the Russian
Ministry of Health). The Igla medium with the addition
of 5% (v/v) fetal calf serum (PanEco, Moscow) was used
as the growth medium for cell cultivation.

trypan blue exclusion method [12], as described previ-
ously [6]. The number of dead (stained) cells was counted
and the CC, value (the compound concentration at which
cell survival is 50%) was determined.

The antiviral activity of compounds and their
combinations was evaluated in vitro using the method of
inhibiting the development of virus-induced cytopathic
effect (CPE) [6, 8]. The IC,, and IC,, concentrations of
compounds or their combinations, providing 50% and
complete inhibition of viral CPE development, were
determined after 48 hours, when 100% CPE developed in
the control infected cultures.

The nature of the interaction of binary combinations of
compounds was evaluated using the S. Loewe method by
constructing isobolograms and calculating the fractional
inhibitory concentration (FIC) index according to the
formula:

D5, of compound A combination | IDso of compound B combination

. L . FIC =
The cytotoxic and antiviral properties of the com- IDs of compound A IDg of compound B
pounds were evaluated using a microassay in 96-well [8, 13].
plates (Linbro, Flow Laboratories, UK) with a formed Synergistic interaction (potentiation of effects)

cell monolayer. Serial dilutions of the preparations or
their combinations were prepared with a 2-fold dilution
and added to the support medium (to determine cytotoxic
properties) or virus-containing fluid in a dilution ensuring
a multiplicity of infection of 0.1 PFU/cell (to determine
antiviral activity) and incubated at 37 °C in a 5% CO,
atmosphere.

The cytotoxicity of the compounds and their combina-
tions was assessed after 72 hours of incubation using the

24

corresponded to an FIC < 0.5, and sub-synergistic
interaction corresponded to 0.5 <FIC < 1.0. At FIC = 1.0,
the observed nature of the interaction between compounds
was defined as additive (simple summation).

Results

This study investigated the combined effect of LAS-
131 with etiotropic antiherpes drugs against HSV-1/L,. In
addition, it was of interest to determine whether LAS-131



BOMPOCHI BUPYCOJIOTUU. 2026; 71(1)
DOI: https://doi.org/10.36233/0507-4088-336

could enhance the antiviral activity of drugs that do not
require viral TK activation against the TK-negative HSV-
1/L/ACV® strain. When studying the combined effect
of the compound, non-cytotoxic concentrations were
used. The IC, values of the tested compounds when used
individually and in combination, necessary for calculating
the FIC, as well as the FIC values of the combinations,
characterizing the interaction of the compounds when
used in combination, are given in Tables 1 and 2.

LAS-131, when used individually, exhibits pronounced
selective antiviral activity with a selectivity index (SI)
of 63 in models of the reference strain HSV-1/L, and the
ACV-resistant strain HSV-1/L /ACV® (Table 1).

When analyzing the results obtained using the FIC
calculation method on the model of the reference strain
HSV-1/L2 (data in Tables 1 and 2), it was found that the
interaction of LAS-131 with nucleoside analogues was
determined as synergy, since the effect of each of the
compounds in combination increased by more than the

OPUTUHANbHbBIE NCCNTEAOBAHUA

sum of their responses when used individually, which
allows the dose of individual agents to be reduced by
more than 2 times while maintaining the antiviral effect
corresponding to IC, . Thus, the combined use of LAS-131
with ACV and GCV causes a sub-synergistic effect (0.5 <
FIC < 1). Combinations of LAS-131 with PCV, BVDU,
IDU, Ara-A, and F-ACV showed a synergistic effect
(FIC £ 0.5), i.e., the concentrations of the compounds
when used in combination were reduced by at least
four times compared to the IC,; of each drug when used
individually.

According to the method of constructing isobolograms, if
the effects of two compounds are summed (additive interac-
tion effect), the isobologram lies on a straight line connect-
ing the IC, value of one combined compound, plotted on
the y-axis, with the IC value of the other compound in this
pair, plotted on the x-axis. The position of the isobologram
below this theoretical line (concave shape of the isobolo-
gram) indicates synergy, while the position above (convex

Table 2. Efficacy of LAS-131 in combination with known antiherpetic agents in the model of HSV-1 in Vero E6 cell culture (multiplicity of infection

0.1 PFU/cell)

Tadauna 2. DbdexruHocts LAS-131 B kOMOHHAIMK ¢ U3BECTHBIME IPOTUBOTEPIICTHUECCKUMHE areHTamu Ha monenu BII-1 B kyabType KiieTok

Vero E6 (MuoxectBenHOCTh MH(puuuposanus 0,1 BOE/ki)

Compound CC,,, ng/mL IC,,, ng/mL IC,,, ng/mL FIC Effect
Coenuuenue L, MKr/mi U1, Mxr/ma W], Mxr/mn Dddexr
LAS-131 +ACV . | | Subsynergistic
LAS-131 + AL[B >15.6 +0.05 0.39 +0.15 3.9+0.05 0.59 Cy6euneprueciii
LAS-131 + GCV | | | Subsynergistic
LAS-131 + T'LIB >625+0.35 0.78+0.18 0.78 +0.35 0.72 CyGensieprueckimit
LAS-131 + PCV . L | Synergistic
LAS-131 + ITIB >39+39 0.49 +0.49 0.24 +0.98 0.50 Cumeprisecii
LAS-131 + BVDU \ , \ Synergistic
LAS-131 + BBJTY >15.6+0.018 0.49 +0.023 1.95 + 0.094 0.50 Cusieprimecxui
LAS-131 +IDU . ) . ) . ) Synergistic
LAS-131 + WJIY >39+195 049+0.49'/0.49+12.5* 0.98+1.95'/0.98 +31.25> 0.38'/0.45 Cuneprueckuii
LAS-131 + FOS 1 : b 0 Additive
LAS-1314+ ®OC >62.5+7.8 0.98 +7.8/0.97 +15.6 1.56 +12.5'%/3.12 +62.5 1.0 N —
Synergistic / subsynergistic
LAS-131+ Ara-A >39+625  049+391/075+3.9° 049+15.6'/0.75+3125  0.5/0.512 Crsepriecic /
LAS-131 + ApaA .
CyOMHEepTUYeCKUi
LAS-131 + CDV isti
>15.6+31.25 025+1.95'/049+150° 0.25+7.8/0.75+1.95  0.631/0.64 Synergistic
LAS-131+11/1B CuHeprudeckuit
LAS-131 + Hp-ACV Synergistic / subsynergistic
>7.8+62.5 0.49 +3.9'/0.49 + 15.6? 0.97+3.9'/1.95+31.25> 0.50'/0.75* Cunepruueckuii /
LAS-131 + ®-ALIB CyOMHEepPTUYCCKUit
LAS-131 + 15Lys-bis-Nt isti
YOI 15643125 0.49+0.78'/0.49+0.78  0.39+3.121/0.78+1.95 0452 Synergistic
LAS-131 + 15Lys-bis-Nt CuHeprudeckuii
LAS-131 + RIB iti
>3.9+500 0.97 + 1252 3.9+ 5002 1.0'2 Additive
LAS-131 + PUB AJTUTUBHBIN
LAS-131 + GLN isti
>3.9+ 1000 0.49 + 12512 0.97 + 2502 0.50"2 Synergistic
LAS-131 + IJIH Cuneprudeckuit
LAS-131 + o-IFN > 0 L Additive
LAS-131 + o-M®H > 7.8+ 1000 0.97 + 125 1.95 + 250 1.0 AZUTHTHBHEL

Note. See note to Table 1. ' — the study of the antiviral activity of the combinations of compounds was carried out on the model of the reference strain of
the HSV-1/L, virus; * — the study of the antiviral activity of the combinations of compounds was carried out on the model of the TK-negative variant of
the HSV-1/L/ACV® virus, highly resistant to ACV. FIC — fractional inhibitory concentration. The results of two independent experiments are presented.

IIpumeyanne. CM. npumeyanue k tabnuue 1. ' — MccaenoBaHue IPOTHBOBUPYCHOM aKTHBHOCTH KOMOWHALMH COCIMHCHUH MMPOBOJMIN HA MOJIEIH
3TaJOHHOTO mTamMma Bupyca BIIT-1/L,; 2 — uccrnenopanwe MPOTHBOBUPYCHOH aKTHBHOCTH KOMOMHAIMI coeMHeHHi Tposouii Ha Mogemn TK-we-
raTuBHOTO BapmanTta BHpyca BIII-1/L/ALIB®, rmy6okopesucrentroro k ALIB. FIC — dpaknnonnas MHTHOmMpyromas KOHIEHTpars. [IpuBeneHs!

Ppe3ynbTaThbl ABYX HE3aBUCUMBIX OIIBITOB.
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Fig. 2. Isobolograms for combinations of LAS-131 with ACV
(curve 1) and GCV (curve 2).

The X-axis shows the IC, values of LAS-131 for individual use and in com-
bination (ug/mL), the Y-axis shows the IC, values of ACV and GCV for indi-
vidual use and in combination (pg/mL).

Puc. 2. U3o6onorpammel is kombunaimii LAS-131 ¢ AIIB
(xpuBas 1) u I'UB (kpusas 2).

ITo ocu abcuuUce OTIOKEHBI BETHUHHEI I/I,Z[Sn LAS-131 npu uHAMBHAYATEHOM
HICTIONB30BAHNH M B KOMOMHAIIMK (MKI/MIT), IO OCH OpAMHAT — BemumHbl UJ1
AIIB u I'lIB nipu MHAMBH/TYaJIbHOM HCIIOJIB30BAHUH M B KOMOMHAIMH (MKI/MIT).
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Fig. 3. Isobolograms for combinations of LAS-131 with PCV
(curve 1), CDV (curve 2) and 15Lys-bis-Nt (curve 3).

The X-axis shows the IC, values of LAS-131 for individual use
and in combination (ug/mL), the Y-axis shows the IC,  values of PCV,
CDV and 15Lys-bis-Nt for individual use and in combination (pg/mL).
Puc. 3. M3o60n0rpammer a1 kom6buHanuii LAS-131 ¢ TIL[B
(xpuBas 1), B (kpuBas 2) u 15Lys-bis-Nt (kpuBas 3).

IMo ocu abenwce omoxkens! Benmaunbl M1 LAS-131 npu nnausutyansaom
UCIIONIb30BAHUM M B KOMOMHAIMHU (MKI/MJI), IO OCH OPAMHAT — BEIHMYMHBI
W, TB, IJIB u 15Lys-bis-Nt Npu HHAMBHIYaNTEHOM HCIOIb30BAHHH
U B KOMOMHAIMHU (MKI/MIT).

shape) indicates antagonism between the drugs [13].

The nature of the isobolograms constructed for com-
binations of LAS-131 with nucleoside analogues (ACV,
PCV, GCV, BVDU, IDU, Ara-A, F-ACV) indicates the
synergistic nature of the interaction between these pairs
of compounds (Figs. 2-5).

ACV, PCV, GCV and BVDU were not included in
the next stage of research because they are not active
against TK-negative strains of HSV-1, as they require
phosphorylation involving viral TK to exhibit biological
activity.

When LAS-131 was used in combination with known
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antiherpetic agents whose mechanism of action does not
depend on herpes TK activity, the following results were
obtained in the HSV-1/L /ACV® model (Tables 1 and 2).

The synergistic effect of LAS-131 and Ara-A was
reduced to a sub-synergistic effect. The combined use of
LAS-131 and CDV, a nucleotide (nucleoside phosphonate
analogue) phosphorylated only by cellular kinases to
biologically active diphosphate, also resulted in a sub-
synergistic interaction in both models.

The study included two more compounds, F-ACV
and 15Lys-bis-Nt, which effectively suppress the
reproduction of both sensitive and ACV-resistant variants
of HSV-1. Their mechanisms of action have been studied
and described in detail by us in a number of publications
[14-16]. When combined with LAS-131, a marked
increase in the antiviral activity of 15Lys-bis-Ntor F-ACV
against HSV-1/L, was observed, with FIC values of 0.45
and 0.50, respectively. However, unlike 15Lys-bis-Nt, the
potentiating effect of LAS-131 on the activity of F-ACV
against the TK-negative strain was less pronounced and
corresponded to a sub-synergistic effect.

The interaction of LAS-131 with GLN also led to po-
tentiation of the effects of these compounds in both the
HSV-1/L, model and the HSV-1/L /ACV® model. An ad-
ditive type of interaction was observed with the combined
use of LAS-131 and FOS, which is also independent of
viral TK activity (FIC = 1), in the HSV-1 model, regard-
less of the virus’s sensitivity to ACV (Tables 1 and 2).
Similar results were obtained for combinations of LAS-
131 with RIB or with o-IFN.

Discussion

It is known that the HSV-1 terminase complex consists
of six identical heterotrimeric subunits pUL15/pUL28/
pUL33 and has a torus shape with an internal channel,
the surface of which functions as a biomotor (recognition,
binding, and transport of viral double-stranded DNA
(dsDNA) into the capsid). pUL1S5 plays a key role in the
complex’s functions. It is this protein in each subunit
that forms the nuclease and ATPase catalytic centers
and the working surface of the biomotor [17]. pUL15
is also involved in the interaction of the terminase/
DNA complex with the capsid portal complex [18].
The multifunctionality of pUL15 potentially makes it a
promising target for small molecule inhibitors. However,
the analysis of the scientific literature showed that LAS-
131 is apparently the first anti-herpes agent whose target
protein is pUL15 HSV-1. Our previous data indicate that
LAS-131 binds to the site formed by pUL1S5, disrupting
the packaging of viral dsDNA into the capsid [7].

It should be noted that the drug Letermovir Previmis
(Previmis, MerckSharp & Dohme B.V., USA), intro-
duced into clinical practice in the USA in 2017 and in
Russia in 2022, is intended for the prevention of diseases
caused by cytomegalovirus (CMV) after bone marrow
transplantation in adults and is the first drug to inhibit the
function of the CMV terminase complex. However, the
spectrum of action of letermovir is limited to CMV; the
drug does not affect the reproduction of other herpesvi-
ruses and targets the pUL56 protein, which is homolo-
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Fig. 4. Isobolograms for combinations of LAS-131 with IDU
(curve 1) and BVDU (curve 2).

The X-axis shows the IC, values of LAS-131 for individual use and in com-
bination (pg/mL), the Y-axis shows the IC, values of IDU (ug/10™ mL) and
BVDU (ug/10 mL) for individual use and in combination.

Puc. 4. N3o60n0rpammer ars komOuHarmit LAS-131 ¢ UAY
(xpuBas 1) u BBIY (xpusas 2).
ITo ocu abcumce OTIHOXKEHBI BETHYHHBI un,, LAS-131 npu uHIuBHAYaIbHOM
HCIIOJIb30BAHUHM M B KOMOWHAIMU (MKI/MJI), TI0 OCH OpJHMHAT — BEJIHYHHBI
WA, UAY (mxr/107" ma) 1 BBAY (Mkr/10 MiT) mpH MHAMBHIyaTbHOM HC-
OJIb30BaHUU M B KOMOWHAIWH.
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Fig. 5. Isobolograms for combinations of LAS-131 with Ara-A
(curve 1), F-ACV (curve 2) and FOS (curve 3).

The X-axis shows the IC,; values of LAS-131 for individual use and in
combination, the Y-axis shows the IC values of Ara-A, F-ACV and FOS for
individual use and in combination (pug/mL).

Puc. 5. 3o60mnorpammel 11 komOunarwmii LAS-131 ¢ Apa-A
(xpuBas 1), @-AlIB (xpusas 2) u DOC (xpuBas 3).

IMo ocu abermce omioxkenst Bemmaunbl M, LAS-131 npu nnauenyansHoM
HCTIONIB30BaHUM U B KOMOMHAIMH, TI0 OCH OpAMHAT — Bennaunsl UJ1  Apa-A,
@-AllIB 1 ®OC npu WHANBUIYaIBHOM WCIIONB30BAHWM M B KOMOWHAIIUU
(MKr/miT).

gous to the small subunit of the HSV terminase complex
pUL2S, rather than the large pUL15 [19] (pUL15 is ho-
mologous to pULS9).

As shown in models of various viral infections, includ-
ing herpesvirus, the synergy of antiviral agents results
from the drugs acting on different biomolecules or on
different target sites of the same protein. Since the tar-
get protein of all first- and second-line antiherpes drugs
is the catalytic subunit of DNA pol, their use in combi-
nation with a compound that inhibits the activity of the

OPUTUHANbHbBIE NCCNTEAOBAHUA

herpesvirus terminase complex allowed us to suggest the
possibility of their potentiating interaction, despite the
fact that when letermovir was combined with GCV, CDV,
FOS and ACV (herpes DNA pol inhibitors) only additive
effects against CMV were observed [20].

We investigated combinations of LAS-131 primarily
with commercially available antiherpes drugs (see table
in the appendix) — nucleoside analogues: ACV (Zovirax),
GCV (Cytoven), PCV (Denavir, Vectavir), BVDU (Brivu-
dine, Zovirax, Zerpex), Ara-A (VIRA-A, ARASENA-A),
IDU (Oftan, Keretsid, Ridonex, Idoxuridine, etc.), an an-
alogue of the acyclic nucleotide dCMP CDV (Cidofovir,
Cidnavir) and an analogue of pyrophosphate FOS (Fos-
cavir ), as well as GLN (Epigen Intim), broad-spectrum
antiviral drugs RIB (Ribavirin-Vertex, Ribavirin Canon,
Ribavirin-Lipint, Ribavirin-SZ, Ribavirin-FPO, Ribami-
dil, etc.) and o-IFN (Altevir, Binnoferon alpha, Viferon,
Interferal, Lifeferon, Reaferon-EC, Reaferon-EC-Lipint,
Intron A, Realiron, etc.), as well as two original com-
pounds, F-ACV and 15-Lys-bis-Nt.

The mechanism of action of all the above drugs is not
related to pUL15 HSV. As described above, ACV, PCV, and
GCV, as well as BVDU, IDU, and Ara-A, after activation
with the formation of corresponding triphosphates and CDV
with the formation of diphosphate, compete with natural
deoxyribonucleoside triphosphates and selectively inhibit
viral DNA pol. It should be noted that the first stage of IDU
phosphorylationis catalyzed by both viral and cellular TK, and
Ara-A triphosphorylation does not require the participation
of viral enzymes at any stage [1, 21], thus preserving their
activity against TK-negative virus strains that are resistant
to TK-dependent modified nucleosides (ACV, PCV, GCV,
BVDU). CDV, as an analogue of nucleoside phosphonate,
bypasses the first stage of viral TK phosphorylation and is
phosphorylated to a diphosphorylated active metabolite by
cellular enzymes [1, 22].

Thus, all compounds discussed here, being inhibitors of
herpes DNA pol, cause the cessation of concatenated viral
DNA synthesis, which is a substrate for the terminase
complex. It is quite possible that under conditions of
combined use, the decrease in the concentration of
modified nucleosides and, as a result, the decrease in
the effectiveness of DNA synthesis inhibition is offset
by the inhibition of LAS-131 packaging of dsDNA into
the capsid and may lead to enhanced inhibition of virus
reproduction.

F-ACYV, an ACV derivative, selectively inhibits HSV-1
reproduction, including ACV-resistant strains that are
mutant in the TK gene, which can be explained by
the possibility of F-ACV conversion directly to ACV
monophosphate, bypassing the stage of conversion to
ACYV, with subsequent formation of ACV triphosphate.
Thus, F-ACYV activation is likely to occur via an alternative
pathway that does not depend on viral TK activity [1, 14].
Since the activated form of both F-ACV and ACV is ACV
triphosphate, it is logical to assume that these compounds
will interact with LAS-131 in combination in a similar
manner. Indeed, the inhibitory effect of both compounds
on the reproduction of the reference strain HSV-1/L,
was potentiated in the presence of LAS-131 and was
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characterized by similar FIC values.

As expected, IDU, Ara-A, F-ACYV, and CDV, which are
independent of HSV-1 TK activity, synergistically inhibit
the replication of both wild-type HSV-1 and the ACV-
resistant TK-negative variant HSV-1/L/ACV® when
combined with LAS-131.

The potentiating effect of LAS-131 on the antiviral
activity of modified nucleosides is confirmed by both
methods of assessing the nature of the interaction of
compounds in combination—by calculating the FIC and
by constructing isobolograms. For example, as shown
on the isobolograms, the use of ACV and PCV in com-
bination with LAS-131 significantly reduces the IC, of
these compounds to concentrations that are one and two
orders of magnitude lower than the maximum concentra-
tions (C_ ) in plasma after oral administration of vala-
cyclovir and famciclovir (pro-drugs of ACV and PCV)
at the recommended doses — 0.05-0.2 and 0.14-0.35 pg/
ml versus C__ 6.1 [23] and 33.4 pg/ml [24], respectively.
Given the neurotropism of HSV, it is important to empha-
size that C__, for example, ACV in cerebrospinal fluid
after oral administration of 1000 mg of valacyclovir af-
ter 2 and 8 hours is only 0.56 and 0.52 pg/ml [23], which
is very close to the IC,  value of ACV in vitro. It is evident
that the combined use of ACV in combination has the po-
tential to increase the effectiveness of therapy for herpes
infections of the CNS.

FOS, which belongs to another class of broad-spectrum
antiherpes drugs targeting herpes DNA polymerase, is
a pyrophosphate analogue that exists in an active form,
binds directly to the active site of DNA polymerase, and
does not require further modification to exhibit antiviral
activity. Since FOS does not require phosphorylation
by viral TK, most HSV strains resistant to ACV are
sensitive to FOS [1, 25]. It is the only second-line drug
officially recommended for the treatment of cutaneous
and mucosal herpesvirus infections that do not respond
to ACV therapy. The low selectivity of FOS can lead to
the development of severe neurological or cardiovascular
disorders, acute nephrotoxicity, etc.

Despite fundamental differences in the mechanisms of
action of FOS and LAS-131, and the same target protein
pUL30 for FOS as for the triphosphates ACV, PCV, GCV,
BVDU, IDU, Ara-A, or the diphosphate CDV, the combined
use of FOS and LAS-131 provided only an additive effect.
Nevertheless, even when the effects of the compounds are
combined, the possibility of reducing their concentrations
without losing their antiviral effect may be crucial for re-
ducing the likelihood of side effects, as well as for inhibit-
ing the reproduction of virus variants with low-level drug
resistance to one of them. Thus, peak plasma concentrations
of FOS (C_ ) after intravenous administration at doses rec-
ommended tor clinical use average 113 pg/ml [26], which is
significantly higher than the IC, against HSV-1 (7.8-31.25
pg/mL). However, with a decrease in plasma concentrations
of compounds over time (C_. 21.88 pg/mL) [26] or with
the development of low-level resistance of the virus to FOS,
when the IC, | of the compound when used individually will
be close to or even slightly exceed the C__ value, the com-
bined use of FOS will reduce the IC, value to a level com-
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parable to the plasma levels of the drug.

The mechanism of action of 15-Lys-bis-Nt is not related
to the inhibition of DNA polymerase activity and does not
depend on TK. When 15-Lys-bis-Nt binds to extended
clusters of AT pairs in the narrow groove of DNA at ori,
the function of the viral initiator protein pUL9 is blocked,
which in turn leads to disruption of the processes of
initiation of replication/transcription of the viral genome
[15, 16]. As we reported earlier, 15-Lys-bis-Nt effectively
potentiates the activity against HSV-1 of all modified
nucleosides of practical importance (ACV, GCV, BVDU,
Ara-A, synergistic effect) and pyrophosphate analogues
(FOS, phosphonoacetic acid, sub-synergistic effect)
[9]. When 15-Lys-bis-Nt is combined with LAS-131, a
synergistic effect of inhibiting HSV/L, reproduction is
also observed.

The molecular mechanism of GLN antiviral action is
not fully understood. It has been shown that the compound
exhibits both virucidal (inactivates extracellular HSV-1)
and virustatic (irreversibly disrupts the synthesis of
viral glycoproteins in the range of active non-toxic
concentrations in vitro) activity against HSV [27, 28].
Inhibition of HSV-1 replication using a combination of
LAS-131 and GLN in in vitro assays demonstrated an
obvious synergistic effect, which indirectly confirms the
difference in the mechanisms of action of the combined
compounds in this viral model.

RIB is easily phosphorylated intracellularly by ade-
nosine kinase to mono-, di-, and triphosphate metabo-
lites. In the form of triphosphate, RIB inhibits the cellu-
lar enzymes inosine monophosphate dehydrogenase and
guanylyl transferase, which leads to a deficiency of intra-
cellular GTP and, as a result, suppression of viral nucleic
acid and protein synthesis*.

o-IFN has a complex effect on viral infections, includ-
ing antiviral, immunostimulatory, and antiproliferative
actions. o-IFN does not have a direct antiviral effect.
Suppression of viral reproduction is due to the expression
of interferon-stimulated genes (ISG) and the synthesis of
cellular proteins, including 2’-5’-oligoadenylate synthe-
tase/RNAse L, cAMP-dependent protein kinase, tetherin,
ISG15, and others that block the penetration of viral DNA
into the nucleus, ensuring the suppression of transcrip-
tion, genome replication, translation and transport of the
viral capsid, assembly and release of viral particles [29].
Since HSV suppresses the synthesis of a-IFN by immune
cells [29], it is advisable to include a-IFN or its induc-
ers in the composition of combined anti-herpes therapy.
The Ministry of Health of the Russian Federation has ap-
proved the inclusion of drugs containing IFN-a2b as an
adjunct to acyclic nucleosides in clinical guidelines for
the treatment of HSV infections [30].

When LAS-131 was combined with RIB or o-IFN, on-
ly a cumulative effect on HSV-1 reproduction was ob-
served, but it did not depend on the activity of the virus
TK. Therefore, combinations of this kind may be useful
in cases where the virus develops drug resistance to mod-

“Ribavirin-Vertex.  Available at:

ribavirin__ 9015

https://www.vidal.ru/drugs/
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ified nucleoside-based drugs.

Conclusion

Thus, it has been established that the combined effect of
LAS-131 with modified nucleoside drugs and a number of
compounds with a different antiviral mechanism provides
a significant enhancement of antagonistic activity against
HSV-1 in vitro.

Given that the development of HSV resistance to
traditional antiherpes drugs renders them clinically
useless, since the IC, | values of each of them when used
individually exceed the C  values of the drug in plasma,
it is important to explore the potential for increasing
the efficacy of these drugs by selecting suitable binary
combinations with LAS-131 that have a synergistic effect,
since the IC, of individual drugs under such conditions
can be reduced to the C__ level.

The results presenteda in this article are consistent
with our conclusion that LAS-131 has a mechanism
of action and a biological target that are different from
those of modified nucleosides. LAS-131 and modified
nucleosides, by directly interacting with various biological
targets (viral proteins pUL15 and pUL30), potentiate the
effect on the functions of vital terminase and replicative
complexes in combination, providing significantly more
effective inhibition of virus reproduction.
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