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Abstract. Enteroviruses are non-enveloped viruses of Enterovirus genus, Picornaviridae family, causing a variety of hu-
man diseases: from acute respiratory and intestinal infections to more severe pathologies including poliomyelitis, en-
cephalitis, myocarditis, pancreatitis. Currently, no approved direct-acting antiviral drugs for treatment of enterovirus
infections exists, whereas vaccination is available only for prevention of poliomyelitis and enterovirus 71 infection.
Therefore, it is promising to conduct a search for inhibitors of enteroviruses life cycle in drug development to treat
enterovirus infections. Here, antiviral properties of stable free radicals, verdazyls, and their precursors, leucoverda-
zyls, were investigated. It has been shown that leucoverdazyls vs verdazyls increased the survival of permissive cell
culture infected with coxsackievirus. The activity range of the lead leucoverdazyl against RNA-containing and DNA-
containing human viruses (in the viral yield reduction assay) and its proposed mechanism of action (time of addition
assay) was studied. The lead compound suppressed reproduction of group B enteroviruses in vitro, with modest activity
against influenza A virus and no activity against herpes virus type 1 and adenovirus type 5. The maximum decrease
in viral titers was observed upon its addition to infected cells during early and middle stages of the virus life cycle.
Thus, we concluded that the studied compound has a pronounced inhibitory activity against group B enteroviruses not
belonging to the class of capsid binder inhibitors, without virucidal properties. Previously, we described antioxidant
properties of leucoverdazyls. It is known that many viral infections are accompanied by production of reactive oxygen
species and oxidative stress, and some compounds with antioxidant properties exhibit antiviral potential. Targeted
chemical modifications of leucoverdazyls and further studies of leucoverdazyl mechanism of action as well as in vivo
animal studies are needed. However, the results obtained may be useful for future development of new antiviral drugs
to treat enteroviral infections.
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NPOTUBOBUPYCHbIE CBOUCTBA BEPAA3UI0B U NENKOBEPAASWUJIOB U UX AKTUBHOCTb
B OTHOLLEHWUU SHTEPOBUPYCOB IrPYMMbl B

Bosooyesa A.C.!, 3apyoaes B.B.!, ®enopuenko T.I.2, Jlunynosa I'.H.2, Tyurycos B.H.3, Yynaxun O.H.2

T®BYH HUU snudemuosoeuu u muxpoouonroeuu umenu Ilacmepa, Cankm-Ilemep6ype, Poccus
2 Unemumym opeanuueckoeo cunmesa um. M.4. [Tocmosckozo YpO PAH, e. Examepunbype, Poccus
I Ypanvckuii pedepanvhoiii ynusepcumem umeru nepeozo Ilpezudenma Poccuu B.H. Eavyuna, 2. Examepunbype, Poccus

Pesiome. DHTepoBUPYCHI — Tpyra 6e3000104eUHbIX BUPYCOB pona Enterovirus cemeiicTBa Picornaviridae, BbI3bIBalO-
IIMX pa3HOOOpa3HbIe 3a00JIeBaHMS YSIOBEKA: OT OCTPBIX PECITMPATOPHBIX U KMIIIEUYHBIX 10 00J1€€ TSIXKEIbIX, BKII0Uast
MTOJIMOMMEITAT, SHIIe(PaaIuT, MUOKApIANT, TaHKpeaTUT. Ha ceromHsmIHNI NeHbh OTCYTCTBYIOT 3aperucTpUpOBaHHBIC
MIPOTUBOBHUPYCHBIE TTPEMapaThl MPSMOTo ISHCTBUS IS Tepallii SHTEPOBUPYCHBIX MHMEKIINIA, BAKITMHAIINAS JOCTYTI-
Ha TOJIBKO JJIST TPOMMIAKTUKY TTOTMOMUEINTAa U MH(PEKINHU, BEI3BaHHOI 3HTepoBupycoM 71. IlepcekTuBeH 10-
HCK MOJIEKYJT — WHTUONTOPOB XXKMU3HEHHOTO IIMKJIa SHTEPOBUPYCOB IIJIsI pa3pabOTKM HOBHIX JICKAPCTBEHHBIX CPEICTB
IJIS Tepalliy SHTePOBUPYCHBIX MH(MPeKIMii. B maHHOI padoTe ObLIN HCCIeI0BaHBI TPOTHBOBUPYCHBIE CBOCTBA CTa-
OMJIBHBIX CBOOOIHBIX pagnKaJioB — BEpOA3UJIOB, M MX MPEAIIECTBEHHUKOB — JieliKoBepaa3uioB. belsio mokasaHo,
YTO JICHKOBEPAA3UIIbI, B OTIIMYKE OT BEPIA3HUJIOB, CITOCOOHBI ITOBBIIIATH BEIKBAEMOCTh IIEPMUCCHBHOM KJICTOUHOM
KYJbTYpBl TIpyu MHDUUIMpPoBaHUM BUpycoM Koxcaku. Bbl1 MccienoBaH CreKTp aKTUBHOCTM COeOMHEHHUS-TUAepa
B oTHomieHuu PHK-comepxamux u JJHK-coaepxkamux BUpycoB yesoBeka (METOAOM CHUXXEHHUSI TUTPA BUPYCHOTO
ITOTOMCTBA) M €ro IMpearnojaraeMblii MeXaHU3M IEUMCTBUS (B TeCTe Ha BpeMs H0OaBIICHUS MCCIEIYEMOrO COeIMHE-
Hus). CoefnHEHUE-TUAEP MOIIHO MOIABIISIIO PEMPOAYKIIMIO SHTEPOBUPYCOB IpyInbl B in vitro, obnanano ciabdoit
AKTUBHOCTBIO B OTHOIIIEHU Y BUpPYyca TPUIITa A, TIpX 3TOM aKTUBHOCTD B OTHOIIIEHU Y BUpYyca repreca | Tuma u aneHo-
BHpYyca 5 TUIMA OTCyTcTBOBasa. Habmonanoch MakKCMMalbHOE CHUKCHUE BUPYCHBIX TUTPOB IIPH 100aBJICHUU 3TOTO
COCMMHEHNS K MHGUIIMPOBAHHBIM KJIETKAM Ha paHHUX ¥ CPEIHUX CTAAUSIX XXM3HEHHOT0 IMKJIa BUpyca. TakuM 00-
pa3oM, 3aKJIFOUMIIM, YTO MCCIIEAOBAHHOE COeANHEHNE 00agaeT BbIpakeHHON MHTUOMPYIOIIe aKTUBHOCTBIO B OT-
HOIIIGHN Y SHTEPOBUPYCOB I'PYIIIHI B, Ipy 3TOM OHO HEe OTHOCHUTCS K KJIACCy MHTMOMTOPOB CBSA3BIBAHMS KaIlCHIa
(B OTIIMUME OT BelllecTBa CpaBHEHM TIJICKOHAPHUJIA) M He TIPOSIBIISICT BUPYIULIMAHEBIX CBOMCTB. PaHee OBLIM ONMCcaHb
AHTUOKCUIAHTHBIC CBOMCTBA JIEWKOBepAa3mIoB. MI3BeCTHO, YTO MHOTHE BUPYCHBIE MH(PEKIIUH COITPOBOXKIAIOTCS 00-
pa3oBaHMEM aKTUBHBIX (DOPM KUCJIOPOIA U OKHCIUTEIBHBIM CTPECCOM, a P COSIMHEHWH ¢ aHTUOKCUIAHTHBIMU
CBOMCTBaMU 00J1alaloT MPOTUBOBUPYCHBIM MOTeHIIMaI0M. Heo0XoauMo paciimpuTh OMOIMOTEKY JIeKOBEpAA3UIOB
3a CYeT HalpaBJEHHBIX XMMUUYECKUX MOAUDUKALMH, BBIMOIHUTH AaIbHEHIIIME UCCeNOBAHM S MEXaHM3Ma IeHCTBU S
JIEIKOBEPAA3UIIOB U UCCICIOBAHUS in Vivo Ha XXMBOTHBIX MOMEJISIX SHTEPOBUPYCHBIX MHGeKIMiI. TeM He MeHee pe-
3yJIbTaTbl UCCIENOBAHUS MOTYT ObITb MOJE3HBIMU 151 Oyayleit pa3paboTKKM HOBBIX IPOTUBOBUPYCHbIX NPENAPATOB
IJISI TepaIuy SHTEPOBUPYCHON MHMEKITUH.

Karouesvte caosa: s3Hmeposupycol, SHMEPOSUPYCHAS UHPEKUUA, KOKCAKUBUPYC, 8ePOA3UAbL, NCUK08ePAA3UNbL, NPOMUBOBUPYCHAS
AKMUBHOCMb, AHMUOK CUOGHMbL.

Introduction

Enteroviruses (EV) are a diverse group of small
icosahedral non-enveloped viruses with single-
stranded non-segmented positive RNA genome be-
longing to the Picornaviridae family. Currently genus
Enterovirus encompasses 15 species: Enterovirus A-L
and Rhinovirus A-C [29]. They are able to survive
harsh environments and can cause both asymptomat-
ic infections and more severe diseases: poliomyelitis,
myocarditis, pancreatitis, encephalitis. Enteroviral
infections (EVI) are an important problem of public
health worldwide. The main manifestations of en-
teroviral infection include hand-foot-mouth disease,
acute hemorrhagic conjunctivitis, herpangina [2].

Though enteroviruses infect patients from dif-
ferent age groups, the most vulnerable categories
of the population are newborns and children, who
have a greater chance of developing complications.
According to a recent systematic review of clini-
cal characteristics of severe neonatal enterovirus
infection, in newborns hepatitis and myocardi-

tis were the most common severe complications,
while the highest lethality rate (38.6%) was observed
in neonates with myocarditis [34].

Enteroviruses are distinguished by their abil-
ity to cause outbreaks often in organized children’s
groups. Disease activity is seasonal (typically in the
summer and early fall in temperate climate) and
the emergence of leading serotypes responsible
for seasonal infection incidence rising is unpredict-
able. According to CDC (Center for disecase control)
large outbreaks of EVI caused by EV68 in the form
of SARS associated with acute flaccid myelitis were
noted in the USA in 2014 and 2016 in children [8].
By the 1990s, Enterovirus A71 became endemic
in the Asia-Pacific region, causing major outbreaks
every 3—4 years [26]. In Russia the rise in the inci-
dence of enterovirus infections in different periods
was caused by various non-polio enteroviruses, and
the spectrum of enteroviruses isolated from patients
with enterovirus infection varies [3, 4].

The tendency to genetic recombination with
the emergence of new strains, as well as high resist-
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ance to environmental conditions provides their long-
term persistence outside host organisms. Population
mobility and labor migration are important factors
of enteroviruses spreading to new territories in the
modern world. The formation of carriage of viruses,
accompanied by prolonged release of enteroviruses
into the external environment, contributes to the per-
sistence of enteroviruses in the human population.

Treatment of EVI is mainly supportive, focusing
on the management of the most severe symptoms.
Despite some prominent success in the field, vaccine
development for the prevention of non-polio entero-
virus infections is complicated due to their high phe-
notypic diversity. Currently only a limited number
of vaccines were approved to combat EVI including
three vaccines against EV71 that have been licensed
by National Medical Products Administration
of China [22].

Much effort has been put into the development
of antiviral drugs for the treatment of enteroviral in-
fections. The following categories of direct enterovi-
rus inhibitors targeting viral proteins were reported
earlier: capsid binders (pleconaril and its deriva-
tives), viral 3C protease inhibitors (rupintrivir and
its analogs), drugs targeting viral replicative appa-
ratus (both nucleoside analogs and non-nucleoside
inhibitors) [1, 6]. Despite their activity in preclinical
studies, none of them have been registered for EVI
therapy due to lack of efficacy, poor pharmacoki-
netic profile, and/or adverse effects in clinical stud-
ies. Cellular proteins implicated in the viral life cycle
may represent promising options for drug design [7,
33]. Drug repurposing screens also contributed
to some progress in the field (for example, amiloride,
fluoxetine) [25, 32]. However, it should be taken into
account, that the potential application of repurposed
drugs (for example, fluoxetine is an antidepressant,
amiloride is a diuretic) can possibly cause unpredict-
able emergence of resistant strains if their intended
use coincides with an asymptomatic EVI in a patient.
Thus, there are no approved direct antiviral drugs
for EVI treatment. The use of antiviral drugs will not
only alleviate the disease in a particular patient, but
will also reduce the release of the virus into the exter-
nal environment. Therefore, there is a need for fur-
ther search and development of novel antiviral drugs
in view of clinical significance of enteroviral infec-
tion outbreaks.

‘We have recently reported new stable free radicals
heterocyclic verdazyls containing a benzothiazole
substituent [13, 14, 16] and their precursors — leu-
coverdazyls [15]. It should be noted that leucover-
dazyls possess antioxidant activity, which suggests
the presence of other types of activity.

In the present study, for the first time we investi-
gated the antiviral activity of a small library of verda-
zyls and leucoverdazyls against group B enteroviruses.
It was shown that leucoverdazyls (in contrast to ver-
dazyls) potently suppress the reproduction of viral

progeny in vitro. At the same time, the lead compound
demonstrated modest activity towards influenza A vi-
rus and no activity against herpes simplex virus and
adenovirus. For the lead compound studies of the
putative mechanism of action were performed. Our
study clearly demonstrated that leucoverdazyls are
a promising group of novel heterocyclic compounds
in view of EVI management. The results obtained can
be further used for the development of antiviral drugs
for the treatment of enterovirus infections.

Materials and methods

Objects of the study. The leucoverdazyls 2-(1-ar-
yl-3-phenyl-5,6-dihydro-4H-1,2,4,5-tetrazin-
1-yl)-1,3-benzothiazoles (Fig. 1) were synthesized
by alkylation of 1-aryl-5-(1,3-benzothiazol-2-yl)-
3-phenylformazans with haloalkanes in alcoholic
alkali, followed by cyclization of N-alkyl derivatives,
according to the procedure described previously [15].

3 QP

N NH N« NH

1R = OCHj (a); F (b) 2
Figure 1. Structures of 2-(1-aryl-3-phenyl-

5,6-dihydro-4H-1,2,4,5-tetrazin-1-yl)-1,3-
benzothiazoles used in the study

QlN 1NQ Qx f Q

32N .
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3R =H (a); 4-CH0 (b); 2-CH30 (€) 4R = CHs0 (a); F (b)
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Na N*

5 R=CH,0 (a); F (b)

Figure 2. Structures of 6-alkyl-5-aryl-1-(benzo[d]
thiazol-2-yl)-3-phenylverdazyls and 5-aryl-1-
(benzo[d]thiazol-2-yl)-3-phenyl-6-vinylverdazyls
used in the study
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Figure 3. Structures 5-(1,3-Benzothiazol-2-yl)-3-
pheny-1-[4 phenylethynyl) phenyl] verdazyls used
in the study
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Figure 4. Kuhn verdazyls used in the study

The synthesis of verdazyls (Fig. 2) were performed
according to a previously published method [14].
The starting formazans were alkylated with various
alkylating agents in EtOH for 15 min. After remov-
ing EtOH and the excess of alkylating agent, the re-
spective N-alkylformazans were cyclized in heptane.
Heptane was removed by distillation, and the ob-
tained leucoverdazyls were oxidized using a 12-
fold excess of PbO, in Me,CO. Verdazyls were iso-
lated in 35—50% yields after purification by column
chromatography.

The Ethynyl derivatives (Fig. 3) were synthesized
from 5-(benzothiazol-2-yl)-1-(4-iodophenyl)-3-phe-
nyl-6-vinyl(phenyl)verdazyls using Sonogashira
cross-coupling reactions carried out in two stages ac-
cording to a previously published method [16].

Kuhn verdazyls (Fig. 4) were synthesized by
the known procedure [21].

Reference compound pleconaril was generously
provided by Dr. V.A. Makarov (Federal Research
Center, Fundamentals of Biotechnology, Russian
Academy of Sciences, Moscow, Russia).

Viruses and cells. Influenza A virus (IAV,
strain A/Puerto Rico/8/1934 HI1N1), Coxsackie-
virus 3 (CVB3, strain Nancy), Coxsackievirus 4
(CVB4, strain Powers), Herpes simplex virus type 1
(HSV1) and Human adenovirus 5 (Ad5) were ob-
tained from the collection of viruses of the Pasteur
Institute (St. Petersburg, Russia). Clinical iso-
late of Coxsackievirus 5 (CVBS5) was kindly pro-

vided by the Regional Centre for Epidemiological
Surveillance of Poliomyelitis (St. Petersburg, Russia).
The following permissive cell lines were used in the
studies: MDCK (ATCC #CCL-34), Vero (ATCC
#CCL-81), A549 (ATCC #CCL-185). Infectious ti-
ters (in 50%-tissue culture infection dose, TCIDs)
were determined in MDCK for IAV, in Vero cells
for CVB3, CVB4, CVB5, HSVI1 and in A549 cells
for Ad5 by endpoint dilution assay using the following
procedure. Permissive cells were seeded into 96-well
plates in Eagle minimal essential medium (MEM,
Paneco, Russia) supplemented with 5% fetal bovine
serum (FBS, Gibco, USA). After 24 h, the media
was aspirated, the wells were washed with saline,
fresh MEM without FBS was added to the wells and
the cells were infected with serial tenfold dilutions
of virus stocks (100 puL per well, 4 wells for each dilu-
tion). The plates were incubated at +37°C in 5% CO,
and observed daily for cytopathic effect (CPE). After
72 h (for enteroviruses and 1AV) or 96 h (for HSV1
and AdS), the viral titer was calculated in TCIDs, us-
ing the method of Spearman—Karber.

Cytoprotection assay. Vero cells were seeded in 96-
well plates 24 h before the assay. Cells were washed
with saline and serial dilutions of tested compounds
in MEM without FBS were added to cells. No com-
pounds were added to virus control wells. The plates
were incubated for 1 h at 37°C at 5% CO,. Then
the cells were infected with CVB3 Nancy (m.o.i
range of 1—0,001) and incubated for 72 h at 37°C at
5% CO,. No virus was added to cytotoxicity control
wells. Thereafter cell viability was assessed by MTT
test using the following procedure. The cells were
washed with saline, and a solution of Thiazolyl blue
tetrazolium bromide (AppliChem, USA) (0.5 ug/mL)
in MEM was added to the wells (100 uL perwell). After
2 h of incubation at 37°C in 5% CO,, the supernatant
from wells was discarded, and the formazan residue
was dissolved in DMSO (100 pL per well). The opti-
cal density of cells was then measured on a Multiskan
multifunctional reader (ThermoScientific, Shanghai,
China) at a wavelength of 540 nm.

The cytoprotective activity of compounds was
considered as their ability to increase the values
of OD compared to control wells (with virus only).
Based on the results obtained, the values of EC;, i.e.
the concentration leading to 50% cytoprotection af-
ter infection of cells, was calculated using GraphPad
Prism 6.01 software.

Cytotoxicity assay. MTT test was used to study
the cytotoxicity of the compounds. The permissive
cells were seeded in 96-well plates in Eagle mini-
mal essential medium (MEM) supplemented with
10% FBS. After 24 h, the media was removed, and
the wells were washed with saline. Compounds were
dissolved in DMSO, and a series of two-fold dilutions
of each compound (1000—4 pg/mL) in MEM with-
out FBS were prepared and added to the cells in trip-
licates (200 pL per well). The maximal concentra-
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tion of DMSO was 0.5%, MEM with 0.5% DMSO
was added to cell control wells. Cells were incubated
for 24 h or 48 h at 37°C in 5% CQO, in the presence
of the dissolved compounds. Thereafter the MTT was
performed as described above (see “Cytoprotection
assay” item). The optical density of cells was then
measured on Multiskan multifunctional reader
(ThermoScientific, Shanghai, China) at a wave-
length of 540 nm and plotted against the concentra-
tion of the compounds to generate the dose—response
curve. The 50% cytotoxic dose (CCs,) of each com-
pound (i.e., the compound concentration that causes
the death of 50% of cells in a culture, or decreases
the optical density twice as compared to the control
wells) was calculated using four-parameter logistic
nonlinear regression model (GraphPad Prism 6.01).

Virus yield reduction assay. Antiviral activity of the
compounds was further evaluated using viral yield
reduction assay. The corresponding permissive cell
lines were seeded in MEM supplemented with 5%
FBS in 24-well plates. When the cells confluence
reached 100%, the compounds tested were dissolved
in DMSO, and a series of three-fold dilutions of each
compound in MEM without FBS was added to the
cells and incubated at 37°C in 5% CO,. After 1 h,
the medium was discarded, equal volumes of fresh
serial dilutions of each compound and viral suspen-
sion in MEM without FBS at MOI 0.01 was added
to all the wells of the plate. In cell control wells only
MEM without FBS was added. In virus control wells
no compounds were added. The plates were incubat-
ed at 4°C for 1 h. Thereafter, the unbound virus was
washed away and three-fold dilutions of each com-
pound in MEM without FBS was added to the wells
(1 mL). After 24 h (for enteroviruses and IAV) of 48 h
(for HSV1 and Ad5) of incubation at 37°Cin 5% CO,,
the infectious titer of viral progeny in cell superna-
tant (in TCIDs,) for each compound concentration,
cell control, and virus control wells were determined
in permissive cell lines by endpoint dilution assay.

The titer of virus progeny (% relative to the virus
control) was plotted against log concentration of the
compounds used to generate the dose—response
curve. The 50% virus-inhibiting concentration (I1Cs)
of each compound tested (the concentration leading
to 50% inhibition of virus reproduction after infec-
tion of cells) was calculated using four-parameter lo-
gistic nonlinear regression model (GraphPad Prism
6.01). Selectivity index (SI) was calculated as a ratio
of CC4, to ICs, values.

Virucidal assay. For virucidal assay a serial di-
Iution of the leader compound in serum-free
MEM was mixed with equal volume of 10* TCID;,
of Coxsackievirus B4 (Powers) in sterile test tubes
and incubated at room temperature for 1 h. 96%
ethanol was used as a control. In 1 h of incubation,
the infectious titer of CVB4 was evaluated by end-
point dilution assay in Vero cells as described above
(see “Viruses and cells” item).

Time-of-addition assay. Time of addition as-
say was performed according to the recommenda-
tion described in [11]. Vero cells were seeded in 24-
well plates in 24 h before the beginning of the assay
to reach a confluence of 90%. The leader compound
was sequentially added in concentration of 25 uM
in the following time points to the respective indi-
vidual wells in the plate: (=2), (—1), 0, 2, 4, 6, where
(—2) means 1 h before addition of the virus, (—1) —
addition of the virus, 0 — completion of viral sorp-
tion on the cell surface, 2, 4, 6 — 2, 4 or 6 h after
of virus sorption and washout of non-adsorbed vi-
rus. At (—1) suspension of 10° TCIDs, of CVB4 was
added to all the wells except cell control and the plate
was incubated at +4°C for 1 h in order to synchro-
nize the infection in all conditions, the unbound vi-
rus was washed thereafter and the plate was returned
to +37°C. Capsid-binder pleconaril was used as
a control. In 8 h after the completion of virus sorp-
tion the experiment was stopped and the infectious
viral titer was measured in each well using end-point
titration in Vero cells.

Statistics. All in vitro experiments were repeat-
ed three times. The results were analyzed using
GraphPad Prism 6.01. The values of CC,,, EC,, and
1C;, were represented as mean+SD.

Results

Leucoverdazyls exhibit cytoprotective and virus
inhibiting activity in Coxsackievirus B3 infection
in vitro at low micromolar concentrations

In the beginning of our study, cytoprotective
properties of first 3 leucoverdazyls and 11 verdazyls
against pleconaril-resistant strain Coxsackievirus B3
Nancy were determined using cytoprotection as-
say [28]. This assay allows to evaluate cell survival
depending on concentration of tested compounds af-
ter infection with a virus. Cell survival is assessed by
MTT assay based on the measurement of cell respira-
tion activity. Pleconaril was used as a reference drug.
The results of cytoprotection assay are presented
in the Table 1 below.

As can be seen from Table 1 verdazyls had no
cytoprotective effect in vitro upon CVB3 infection.
In contrast, leucoverdazyl 1a (1 out of 3 tested) was
able to increase cell viability in comparison to virus
control. Its selectivity was comparable with the refer-
ence drug pleconaril. We, therefore, focused our fur-
ther investigations on this compound, la.

To confirm virus-inhibition activity of la, we
performed a viral yield reduction test. As described
above, this test measures the titer of viral progeny
in the supernatant of the infected culture depending
on the compound concentration. Therefore, it is pos-
sible to evaluate antiviral activity of the compounds.
The results of viral yield reduction assay are summa-
rized in the Fig. 5 below.
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Table 1. Results of cytoprotection assay against CVB3 Nancy
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Notes. “CCy, is the cytotoxic concentration, the concentration resulting in death of 50% cells; CC, were evaluated after 72 h of incubation of Vero cells
with compound alone. **EC,, is the 50% cytoprotective concentration, the concentration leading to 50% cytoprotection after infection of cells with CVB3
(at m.0.i0.001); ***Sl is the selectivity index, the ratio of CCs,/ECs,. The data presented were obtained from three independent experiments and CCs, and
EC;, are shown as mean £ SD. < indicates lower than minimal tested concentration, > indicates higher than the maximum tested concentration.
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Figure 5. Virus-inhibiting properties of 1a against
Coxsackievirus B3 (Nancy) in viral yield reduction
assay

Notes. Virus-inhibiting activity of compound 1a against
Coxsackievirus B3 (Nancy) based on viral yield assay results.
The titer of viral progeny in Vero supernatants was evaluated
relative to the titer in virus control and plotted against log
compound concentration. Pleconaril was used as a reference
compound. ICg, values for 1a and for pleconaril were as
follows: 5.4+0.8 uM and 15.2+1.8 uM, respectively. IC;, is the
50% virus-inhibiting concentration, the concentration leading
to 50% inhibition of virus reproduction after infection of cells
(at m.0.i 0.01); The data presented as the mean of three
independent experiments. Values are the mean +SD of three
independent experiments.

As can be seen from Fig. 5, the results of viral
yield reduction assay supported the results of cyto-
protection assay. Leucoverdazyl la demonstrated
remarkable anti-enteroviral activity in vitro against
pleconaril resistant CVB3 strain with micromolar
IC,, value lower than that of pleconaril. Cytotoxicity
of la and pleconaril was determined using MTT as-
say after 24-hour incubation of Vero cells with se-
rial dilutions of the compounds tested. The following
CC,, values were obtained: for la CCy, > 1347 uM
and for pleconaril CCy,= 656152 uM. The selectivity
index (SI) values were calculated as the ratio of CCs,/
IC,,: > 249 for 1a and 43 for pleconaril, respectively.
la was less toxic than pleconaril and its selectivity to-
wards CV B3 was superior to pleconaril.

Table 2. In vitro activity of 1a against some
enteroviruses of group B

| CC;p, UM * | IC;0, UM** | SI***
1a
CvB4 > 1347 0.72+0.21 > 1924
CVB5 > 1347 0.85+0.15 > 1587
Pleconaril
CvB4 656+52 1.91£0.17 364
CVB5 656+52 <041 > 6560

Notes. “CCy, is the cytotoxic concentration, the concentration resulting
in death of 50% cells; CCs, were evaluated after 24 h of incubation

of Vero cells with compound alone. **ICy, is the 50% virus-inhibiting
concentration, the concentration leading to 50% inhibition of virus
reproduction after infection of cells (at m.o.i of 0.01); ***Slis the
selectivity index, the ratio of CCy,/ICs,. The data presented are the mean
of three independent experiments. The CCs, and IC,, are presented as
the mean * error of the experiment. > indicates higher than the maximum
tested concentration.

Table 3. Activity spectra of 1a towards RNA and
DNA enveloped and non-enveloped viruses

CCyp, UM* | ICqp, pM** SI**
IAV 1246180 50+6 25
HSV1 77:8 > 124 <1
Ad5 623+7 > 124 <6

Notes. *CCy is the cytotoxic concentration, the concentration resulting

in the death of 50% cells; CCy, were evaluated after 24 (MDCK cells

for IAV) or 48 h (Vero cells for HSV1 and A549 cells for Ad5) of incubation
with compound alone by using MTT test.**ICy, is the 50% virus-inhibiting
concentration, the concentration leading to 50% inhibition of virus
reproduction after infection of cells (at m.o.i 0.01); ***Slis the selectivity
index, the ratio of CCs,/ICs,. The data presented as the mean of three
independent experiments. The CCs, and IC, are presented as the mean

* error of the experiment. > indicates higher than the maximum tested
concentration. > indicates higher than the maximum tested concentration.

Activity spectra of 1ain vitro

In order to assess whether la possesses strain-
specific or wider activity, we performed viral yield
reduction assay using la and two pleconaril sensitive
enteroviruses: Coxsackievirus B4 (strain Powers),
Coxsackievirus B5 (clinical isolate). The results are
presented in Table 2. Pleconaril was used as a refer-
ence drug.

The lead compound la showed prominent in-
hibitory activity against CVB4 and CVBS5 in vitro,
which is indicative of high anti-enteroviral poten-
tial, though its activity against CVB5 was lower than
of pleconaril.

Next, we investigated whether la suppresses en-
teroviruses’ life cycle only or is capable of inhibit-
ing other genetically diverse negative strand RNA or
DNA viruses, its antiviral activity towards 1AV (ss-
RNA-negative enveloped virus) and HSV1 (dsDNA
enveloped virus) and Ad5 (dsDNA non-enveloped
virus) was further evaluated in viral yield reduction
assay (for the results see Table 3).

The compound showed only modest activ-
ity against RNA virus — Influenza A — in contrast
to its inhibitory potential against Coxsackieviruses.
The activity against DNA-viruses — Ad5 and
HSV1 — was negligible. Therefore, it was suggested
that 1a is specific against EV.

SEomom oW m P

Viral titer (Ig TCIDs, /ml)

0 p—
30 10 3 1 0.3 0 (virus ethanol 96%
control)

1a concentration used (ug/ml)

Figure 6. 1a shows no virucidal activity against
Coxsackievirus B4 (Powers strain)
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Figure 7. 1ainhibits early and middle stages of Coxsackievirus life cycle in Vero cells

Note. The activity of compound 1a against the Coxsackie B4 virus (Powers strain) depending on the time of addition

to a permissive cell line upon CVB4 infection. Vero cells were infected with CVB4 (-1 h), 1a (25 uM) was added at the indicated
time points (in hours) before the virus (-2 h), concomitantly with the virus (-1 h) and after (0, 2, 4, 6 h) infection, where 0
corresponds to the moment of completed virus absorption on the cell surface. The infectious activity of the viral progeny was
evaluated by end-point titration in the Vero cells in Ig TCID5,/0.2 ml. Pleconaril (25 uM) was used as a reference compound. Values
are presented as the mean = SD of three independent experiments. Asterisk indicates significance of difference in virus titer

for 1a and pleconaril relative to the virus control, p < 0.05 by Mann-Whitney U-test.

1a inhibits early and middle stages
of enterovirus life cycle

For la the possible mechanism of activity was
studied in the following assays described below.
Firstly, we investigated whether it has any virucidal
activity. For this purpose, la was incubated with
Coxsackievirus B4 (strain Powers) for 1 h and infec-
tious titer was further determined in Vero cells using
end-point titration assay (Fig. 6).

Thereafter, we focused on what stage of the viral
cycle la displays the highest inhibiting activity. Using
these results, it would be possible to deduce the vi-
ral or cellular proteins that could be a target for the
compound. For this purpose, a time-of-addition as-
say was performed. We cultivated CVB4, adding and
removing la at different time points regarding the in-
fecting time. After one cycle of reproduction (8 hpi),
the infectious titer of viral progeny was determined
in end-point dilution assay (Fig. 7).

As can be seen from the data presented, the most
pronounced effect of 1a was reached when it was pre-
sent in the culture medium from —2 to 4 h post-in-
fection (hpi). Inhibitory effect was absent after 4 hpi
time point. Pleconaril used as a reference compound
was mostly active from —1 point till 1 hpi as expected
according to its capsid-binder characteristics. It be-
longs to the capsid binder group of antivirals which
interact with various depressions on the surface
of enteroviral capsid [5]. This interaction leads to sta-
bilization of virus particles and prevents them from
penetrating the cell.

Coxsackievirus lifecycle is relatively short (6—8 h)
and its timing has been extensively studied previously

in cell culture. According to the latest research viral
genomic RNA is visible inside the cell until 1-2 hpi,
the replication of the viral RNA starts 2—3 h after
infection and the translation — at 3—4 hpi, viral
progeny capsid proteins are detected after 4 hpi [27].
Therefore, the inhibitory effect of la spans the fol-
lowing stages of the virus life cycle: cell attachment,
penetration, genomic RNA transcription, proteolytic
processing and RNA replication.

Discussion

Enteroviral infection affects millions of people
worldwide. Despite wide distribution of enteroviruses
and economic damage from cases of temporary dis-
ability caused by enterovirus infection, vaccination
option is available only for polioviruses and EV7.
Besides, there are no approved antivirals to treat non-
polio enteroviral infections.

In the present study for the first-time we investi-
gated antiviral properties of novel heterocyclic com-
pounds — free radicals heterocyclic verdazyls and
their precursors leucoverdazyls — against coxsacki-
eviruses including strain, resistant to well-known
drug — pleconaril — used herein as reference com-
pound. It was revealed that leucoverdazyls but not ver-
dazyls possess potent virus inhibiting activity against
group B enteroviruses without affecting life cycle
of genetically distinct DNA viruses (herpes virus and
adenovirus) while having slight activity against AV
virus (enveloped virus with negative segmented ss-
RNA). The maximum decrease in viral titers upon
addition of la was observed in the early and middle
stages of coxsackievirus life cycle: if 1a was added be-
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fore virus or up to 4 h post infection. Leucoverdazyl
la doesn’t belong to capsid binder class of inhibitors
and has no virucidal activity against coxsackievirus.

Previously we described antioxidant properties
of leucoverdazyls [15]. Oxidative stress is in general
an imbalance between the production of reactive
oxygen species (ROS) and their removal by endoge-
nous antioxidant cellular enzymes [23]. An increase
in oxidative stress is associated with changes in cell
metabolism and physiology, and has a strong effect
on viral infection. ROS can be produced through
various endogenous mechanisms: mitochondria,
NADPH (nicotinamide adenine dinucleotide phos-
phate) oxidases (NOX), cytochrome P450, endo-
plasmic reticulum, peroxisomes, lysosomes [24].
Mitochondria are regarded as the prime source
of endogenous ROS due to their main role in oxida-
tive ATP production.

Though virus-induced increased ROS levels trig-
ger innate antiviral immunity, different viruses have
elaborated various delicate strategies to manipulate
mitochondrial respiratory and apoptotic functions
to ensure a successful life cycle [17]. For example,
adenovirus dampens mitochondria-dependent in-
trinsic apoptosis via adenoviral EIB 19K protein,
which was one of earliest viral antagonists of Bcl-2
(a cellular protein that inhibits apoptosis) discov-
ered. E1B 19K protein shares functional and struc-
tural homology with Bcl-2 and inhibits p53-depend-
ent apoptosis. Influenza A virus infection causes an
imbalance in the intracellular redox state, leading
to depletion of glutathione (one of the most stud-
ied cell antioxidants) and an increase in NADPH
oxidase 4 (NOX4)-mediated ROS production.
This pro-oxidant state promotes viral replication
including the folding of surface glycoproteins and
the nucleus-cytoplasmic traffic of viral ribonucleo-
protein [12]. EV71 infection also leads to increased
ROS generation, accompanied by decreased levels
of antioxidants (taurine and hypotaurine) [9]. It was
shown, that enteroviral 2B protein interacts with
mitochondrial voltage-dependent anion channel 3
(VDAC3) — one of the pore-forming protein local-
ized to the outer membrane of mitochondria, and
this interaction is essential to mitochondrial ROS
generation and viral replication [10]. It is described
that oxidative stress elicited by viruses can pro-
mote inflammation and subsequent tissue destruc-
tion [30, 19].

References

It has been published previously that compounds
with antioxidant properties may possess antiviral ef-
fects. For example, mitochondria-targeted antioxi-
dants MitoTEMPO and Mitoquinone (MitoQ, syn-
thetic analogue of coenzyme Q10) substantially in-
hibited enteroviruses replication in vitro and in vivo |9,
20]. In murine pancreatitis model of coxsackievirus
B4 infection application of dihydroquercetin, a fla-
vonoid from larch wood, provided decrease of virus
titer in pancreatic tissue and restored impaired an-
tioxidant properties in the tissue [18]. In the murine
model of TAV, intranasal delivery of MitoTEMPO,
resulted in a reduction in airway/lung inflamma-
tion, neutrophil infiltration, viral titers as well as
morbidity and mortality of animals [30]. Replication
of influenza virus was inhibited by the following an-
tioxidants: pyrrolidine dithiocabamate, N-acetyl-
I-cysteine, glutathione, nordihydroguaiaretic acid,
resveratrol, ascorbic acid, 5,7,4-trihydroxy-8-meth-
oxyflavone, catechins, quercetin 3-rhamnoside, iso-
quercetin and oligonol [31]. Therefore, use of antioxi-
dants either in monotherapy or in combination with
various direct acting antivirals targeting different
steps in viral life cycle can be useful for the treatment
of viral infection.

Conclusion

Leucoverdazyls are potent inhibitors of group
B enteroviruses in vitro. Further studies are needed
to elucidate their precise mechanisms of action in-
cluding assessment of its direct impact on intracel-
lular ROS generation, resistant clone selection and
mapping of resistance mutations. It may be feasible
to test its activity against group A and C enterovi-
ruses and other viruses with (+) ssRNA genome and
perform in vivo studies on animal models of EVI. We
plan to expand the library of leucoverdazyls through
targeted chemical modifications in order to disclose
its pharmacophore and improve their virus-inhibit-
ing properties. Nevertheless, the results of the study
can serve as a basis for future development of novel
antivirals to use in monotherapy or in combinational
treatment of EVI.
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