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Abstract

Introduction. Mosquito-borne human diseases caused by Zika virus and West Nile virus (WNV) are widespread
across multiple continents and cause major outbreaks. Their ranges overlap and the possibility of mixed infections
is obvious. The information of such mixed infections is limited.

The aim of the study is to investigate the features of mixed infection of WNV and Zika virus in vitro and in vivo in
order to assess their possible interference and/or enhancement of viral infection.

Materials and methods. The study used West Nile virus and Zika virus strains VIg27924 and MR766, respectively.
The infectious activity of viruses during mono- and co-infection was determined on Vero E6 cell culture using RT-
PCR, as well as on BALB/c mice using various administration schemes.

Results. In vitro studies of co-infection with WNV and Zika virus showed that co-infection leads to interference,
with the degree of competitive inhibition of replication being more pronounced for Zika virus, reaching 1000 times
or more when compared to mono-infection. During simultaneous infection in mice, Zika virus does not affect the
development of lethal infection caused by WNV. However, preliminary (4 and 20 days) infection with a sublethal
dose of Zika virus reliably protects animals from subsequent administration of 10 and 100 LD, WNV, respectively. In
pre-infected and co-infected animals with Zika virus, the development of WNV-specific viral neutralizing antibodies
was recorded in higher titers than in WNV monoinfected animals.

Conclusion. The presence of in vitro interference between the studied orthoflaviviruses was shown, most
pronounced in relation to the Zika virus. No significant effect was observed with simultaneous co-infection in vivo.
However, pre-infection of mice with Zika virus provides protection to animals from lethal WNV infection due to the
induction of high levels of antibodies that specifically neutralize its infectious activity.
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MoaenupoBaHue cMeLwlaHHOW UH(peKLUM BUpycamm 3mkKa
n 3anagHoro Huna (Flaviviridae: Orthoflavivirus: Orthoflavivirus

zikaense, Orthoflavivirus nilense) in vitro v in vivo
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®PBYH «locyaapcTBEHHBIV HAay4YHbIN LEHTP BMpYconornm n buotexHonorumn «Bektop» ®egepansHoi cnyx0bl no Haasopy B cdepe
3almMThl NpaB noTpebutener n Gnaronony4yms yenoseka (PocnotpebHagsop), 630559, p.n. Konbuoso, HoBocnbupckas obnactb,
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Pe3tome

BBepeHue. 3aboneBaHusi YenoBeka, BbidbiBaeMble BUpycamu 3anagHoro Huna (B3H) n 3uka n nepepatowwimecs
yepes yKyC Komapa, LUMPOKO pacnpoCTpaHeHbl Ha pasHbIX KOHTUHEHTax M 0ByCnoBNMBaOT KPYMHbIE BCMbILIKA.
Apearnbl 3TMX BUPYCOB NEPEKPLIBAIOTCH, YTO CO34AET BO3MOXHOCTb BO3HWKHOBEHUS MUKCT-UHEKUMIA. 3HaHNUA O
NoAO0OHBIX MUKCT-MHAEKLNAX OrPaHNYEHDI.

Llenb uccnegoBaHus. MNpoBecT n3yvyeHme ocobeHHOCTEN NpOoTeKaHns MUKCT-MHGekunm B3H u Bupyca 3uka in
Vitro v in vivo ¢ LUenblo OLEHKM UX BO3MOXXHOWN MHTepdEPEHLNN W/UNN YCUNEHUST MHpeKUMK.

MaTepuanbl u metogbl. B pabote ncnonb3oBanu wrammel Bnr27924 n MR766 B3H u Bupyca 3uka cooTBeT-
CTBEHHO. VIHEKLUMOHHY0 aKTUBHOCTb BUPYCOB NPW MOHO- 1 KOMH(ULIMPOBaHWM ONpeaensany Ha Kynstype KNneTok
Vero E6 ¢ nomoLlblo nonvMmepasHon LIenHon peakunm ¢ obpaTHOM TpaHCKpUMNUMEN, a Takke Ha Mblax JIMHUK
BALB/c.

Pesynktathl. Mpu uccnegosaHum komHduumposanns B3H n Bupycom 3uka in vitro nokasaHo, YTO COBMECTHOE
WHMULMPOBaHWE NPUBOANUT K MHTEpdEPEHLUN, NPU 3TOM CTeNeHb KOHKYPEHTHOro MHIMBUpoBaHWSA pennukaumnm
6onee BbipaxeHa B oTHoLleHuM Bupyca 3uka (B 1000 pa3 n 6ornee) npu cpaBHEHUN C MOHOMHekumen. Mpu oa-
HOBPEMEHHOM MHPULMPOBaHUM MblLLen BUPYC 3nKa He BNUSET Ha pasBUTUe NneTanbHOW MHeKuun, Bbi3BaHHOM
B3H. OgHako npeaBaputensHoe (3a 4 n 20 cyT) uHdurumpoBaHve cybneTtanbHoM 00301 BUpYyca 3uka JOCTOBEPHO
3alMIWaeT XUBOTHLIX OT mocreayowero seeaeHunsa 10 u 100 NI, B3H. Y npeasaputenibHO UHPUUMPOBaHHBIX
BMPYCOM 3MKa KOMHMULMPOBAHHBIX XMBOTHbIX 3aperMcTpMpoBaHO NosiBreHne cneumguyHbix kK B3H BupycHen-
Tpanuayowmnx aHTuTen B 6onee BbICOKOM TUTPE, YEM Y MOHOMHMLMpOoBaHHbLIX B3H ocobel.

3akntoyeHue. [okasaHo Hannyne nHTepdepeHunm in vitro mexay nccnefoBaHHbIMM OpTOghriaBUBMpPYyCcamMu, Haum-
Oonee Bblpa)eHHOM B OTHOLEHMN Bupyca 3uka. lNMpu ogHOBpEMEHHOM MHULMPOBAHUN Mblwen BUpYC 3uka He
BMMSIET Ha Te4YeHne M UCxod MHEeKUMOHHOro npolecca, BbiaBaHHoro B3H. MpeasaputensHoe nHduumpoBaHue
Mbllen BUpycoMm 3uka obecneynBaeT 3almuTy XKMBOTHbLIX OT neTanbHon uHdekumn B3H, npanmunpya nHaykuuto
Gonee BbICOKOTO YPOBHS BUPYCHENTPANU3YOLLNX aHTUTEN.

KnroueBble cnoBa: supyc 3uka; supyc 3anadHoeo Huna; KouHghekyus, uHmepgepeHyus

Onsa uutnpoBaHus: CeatyeHko B.A., MNpotononosa E.B., Nleroctaes C.C., Mukptokosa T.M., AracoHoB A.T1.,
JlokteB B.B. MogenvpoBaHune cmeluaHHon MHdekumn Bupycamm 3uka n 3anagHoro Huna (Flaviviridae: Ortho-
flavivirus: Orthoflavivirus zikaense, Orthoflavivirus nilense) in vitro v in vivo. Bonpocbsi supyconoauu. 2025; 70(4):
340-348. DOI: https://doi.org/10.36233/0507-4088-324 EDN: https://elibrary.ru/gkebwv

®duHaHcuMpoBaHue. ViccnegoBaHue GbINo BbIMOMHEHO Npu nogaepXke MyUHMUCTepCTBa Hayku 1 Bbicluero obpasoBaHus
Poccuickon ®egepaumn, cornawerHne Ne 075-15-2025-526.

KoHdbnukT nHTepecoB. ABTOPbI AEKNAPUPYIOT OTCYTCTBUE SIBHBIX U NMOTEHLUMArbHbIX KOH(MUKTOB MHTEPECOB, CBA3aH-
HbIX C Nybrmkaumen HacTosILLen cTaTbm.

OTunyeckoe yTBepxaeHue. ABTOpbl NOATBEPXAAIOT COBMoAeHNE MHCTUTYLIMOHAMBHbBIX U HALMOHamNbHbIX CTaH4apToB
Mo MCMNONb30BaHMI0 NabopaTopHbIX XXMBOTHbIX B cooTBeTCTBMU ¢ Consensus Author Guidelines for Animal Use (IAVES,
23.07.2010). MpoTokon nccneposaHus ogobpeH Buoatnyecknm kommutetom ®BYH ML BB «BekTtop» (MpoTtokon Ne 2
ot 03.04.2023).

Introduction

Many RNA-containing orthoflaviviruses belonging
to the Flaviviridae family (Riboviria;, Orthornavirae;
Kitrinoviricota, Flasuviricetes; Amarillovirale;
Flaviviridae; Orthoflavivirus) cause severe human
diseases [1]. Currently, orthoflaviviruses are widespread
almost everywhere, forming natural infection foci that
sometimes encompass entire regions and continents, as

well as causing global outbreaks of human diseases [2, 3].
It is customary to distinguish the so-called major flavivirus
infections, which are caused by dengue, Japanese
encephalitis, West Nile (WNV), yellow fever, and Zika
viruses, and with which tens of millions ofhuman infections
are associated [4]. The onset of the global outbreak of
West Nile fever associated with WNV genotype la is
related with outbreaks of the disease in 1999 in the USA
and Russia [5]. Over the next few years, this infection
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spread to almost every continent [6—8]. The rapid spread
of the infection has been linked to various species of wild
birds and mosquitoes of the genus Culex. In the Russian
Federation, WNV genotypes 1 and 2 constantly circulate
in the central and southern European parts of Russia, in
the south of Western Siberia and in the Far Eastern region
[6, 7]. Culex pipiens mosquitoes, as well as C. tarsalis
and C. quinquefasciatus, are considered the main vectors
of WNV in various regions of the world.

Zika virus was originally isolated in Uganda
in 1947 and was associated with Aedes mosquitoes [9].
Later, its circulation was described in countries of the
Indian Ocean basin and in 1966 the Asian genotype of
the Zika virus was isolated [10]. In fact, the widespread
spread of Zika fever began in 2007, and in 20152016 the
disease began to be registered in the countries of Central
and South America. By the end of 2023, the infection had
been reported in more than 92 countries, not counting
countries, including Russia, where imported cases of
the disease had been reported. The main vector for the
spread of Zika fever is considered to be Aedes aegypti and
Ae. albopictus mosquitoes, however, other mosquitoes of
the genus Aedes may also be involved in the spread of the
Zika virus [10].

Orthoflaviviruses, like other arboviral infection
agents, can be transmitted through mosquito bites,
which can be infected with several types of pathogens
simultaneously [11]. Thus, de. aegypti and Ae. albopictus
mosquitoes have been simultaneously infected with
Zika, dengue and chikungunya viruses [12]. There are
known cases of mixed infections with Zika/chikungunya,
Zika/dengue, dengue/chikungunya and Zika/dengue/
chikungunya in humans associated with mosquitoes
[13—17]. The clinical picture of mixed infections caused
by orthoflaviviruses may differ from mono-infections,
making their diagnosis and treatment more difficult. It is
important to note that for a number of mixed infections,
modulation of virulence is unique to them, which can
lead to an increase (or decrease) in the severity of the
disease [18, 19]. Thus, sequential infection with different
subtypes of the dengue virus can cause a sharp increase in
the severity of the disease in humans, up to and including
fatal cases [20]. This phenomenon is usually associated
with the action of pre-existing antibodies to another
subtype of the dengue virus, which causes an increase in
the severity of recurrent dengue fever in humans.

The importance of the issue of mixed infections is due
to the complexity of prevention, diagnosis, and treatment
of such cases. At the same time, there is insufficient
information about the occurrence, characteristics and
consequences of mixed infections in different regions of
the world [21].

The aim of this study is the experimental investigation
of the characteristics of mixed infection with WNV and
Zika virus in vitro and in vivo.

Materials and methods

The study experiments used WNYV (strain VI1g27924)
and Zika virus (strain MR766) obtained from the State
Collection of Pathogenic Microorganisms and Rickettsiae
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ofthe State Research Center of Virology and Biotechnology
«Vector». The viruses were cultured on monolayer
cell cultures of Vero E6 and SPEV (swine embryonic
kidney cell culture), grown to 80-90% confluency in
DMEM F12 medium (Gibco, USA) containing 10% fetal
bovine serum (Gibco, USA), penicillin 100 IU/mL, and
streptomycin 100 pg/mL (Gibco, USA), in an atmosphere
with 5% CO, at 37 °C. The infectious activity of the viral
substances was determined by microtitration on 96-well
culture plates (Greiner, Austria) with a subconfluent
monolayer of cells, as previously described [22, 23]. The
results were recorded with microscopy after 6 days based
on the development of CPE (cytopathogenic effect) and/
orusing the MTT assay. The calculation of viral infectious
titers was performed using the Spearman-Karber method
and expressed as logl0 TCID,, (50% tissue culture
infectious dose). The viral substances were stored at a
temperature of —80 °C.

The study of the effects of in vitro co-infection was
conducted using Vero E6 cells with simultaneous and
sequential (in different order) infection of cell cultures
with WNV and Zika virus. Infected cell cultures (three
repetitions per experimental point) in 24-well culture
plates (Greiner, Austria) were incubated at 37 °C in a
CO, incubator, and samples were taken at different time
intervals to determine viral load using reverse transcription
polymerase chain reaction (RT-PCR) as we described
earlier [24]. Mono-infected cell cultures were used as
controls. RN A was extracted from samples using the Ribo-
Prep RNA kit (Central Research Institute of Epidemiology
of Rospotrebnadzor, Moscow). To detect viral RNA,
reagent kits for identifying WNV and Zika virus RNAs
(State Research Center of Virology and Biotechnology
«Vector», Koltsovo, Novosibirsk region) were used by the
RT-PCR method with hybridization-fluorescent detection
in real-time mode, using primers specific to the 3’-UTR
and NS5 gene, respectively. Specificity control was
performed using viral suspensions containing 10° TCID, /
mL of WNYV or Zika virus. The absence of a significant
effect of one virus on the quantitative detection of another
in the mixture was confirmed by a model experiment
(Fig. S1, Supplementary Materials). The registration of
results was carried out using the CFX 96 device (Bio-Rad,
USA). Standard curves were generated by 10-fold serial
dilution of the internal positive control samples (IPCS)
supplied with the respective PCR kit (from 10° to 0.1
copies/reaction). Ct values of samples were obtained
from two fluorescence channels, for viral cDNA and for
IPCS. Viral cDNA Ct values were scaled relative to IPCS
Ct values [25].

Infection of BALB/c mice weighing 10-12 g was
carried out by intraperitoneal administration of 200 pL of
a virus-containing suspension, while control animals were
administered an equivalent volume of saline solution. In
the study of mixed infections, the following experimental
schemes were used: mono-infection of animals with Zika
virusand WNYV; simultaneous infection with Zika virus and
WNYV; sequential infection (Zika virus and subsequently
WNV after 4 days; Zika virus and subsequently WNV
after 20 days). Mono-infected animals with either WNV
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or Zika virus were used as comparison. During the
experiment, the condition of the animals was assessed
daily. The animals were housed in same-sex groups in
individually ventilated cages (Animal Care Systems)
under controlled conditions, at a temperature of 22-26 °C
and a relative humidity of 30—60%. Granulated feed and
water were provided ad libitum to the animals.

The neutralization reaction (NR) of WNV or Zika
virus was conducted using the micro-method on Vero E6
cells with double serial dilutions (starting from 1:10) of
individual mouse sera, heated at 56 °C for 30 minutes
[26]. The titers of virus-neutralizing antibodies were
taken as the inverse values of the serum dilutions that
completely neutralized the infectious activity of WNV or
Zika virus at a dose of 50 TCID.

Statistical analysis, including calculation of mean,
standard deviation, and coefficient of variation of the mean
Ct value, was performed using Excel (Microsoft Corp.,
USA). Statistical processing of data was also carried out
using the statistical program STATISTICA 12 (StatSoft
Inc., USA). Statistical assessment of differences between
groups was performed using Student’s t-test; a p value
< 0.05 was considered significant.

Experiments with infectious material were conducted
in accordance with the requirements of biosafety
regulations as stipulated in SanPiN 3.3686-21 “Sanitary
and Epidemiological Requirements for the Prevention of
Infectious Diseases” dated January 1%, 2021. Infection of
mice with WNV and Zika virus along with the rest of the
manipulations with them were carried out in the infectious
vivarium of the State Research Center of Virology and
Biotechnology «Vector» of Rospotrebnadzor under BSL-
3 conditions.

Authors confirm compliance with institutional and
national standards for the use of laboratory animals in
accordance with «Consensus Author Guidelines for
Animal Use» (IAVES, 23 July 2010). The study protocol
was approved by the Bioethics Committee of the State
Scientific Center of Virology and Biotechnology «Vector»
of Rospotrebnadzor (Protocol No. 02 of April 03, 2023).

Results

Mixed infection in vitro. The replicative activity
of viruses in vitro during mixed infection compared to
mono-infection was assessed by determining viral load
using quantitative PCR analysis (Table 1). Simultancous
infection led to pronounced inhibition of Zika virus
replication, with no significant effect of coinfection
on the accumulation of infectious viral particles in
infected cells (Table 1 a). Sequential infection led to
competitive inhibition of the viral infectivity, with the
degree of competitive inhibition being significantly
more pronounced for the Zika virus (Table 1 b). Thus,
the viral load of the Zika virus in cells pre-infected with
WNYV and then infected with the Zika virus after 24 hours
was more than 3 orders of magnitude lower than in the
corresponding Zika virus mono-infected cells. In reverse
experiments, the differences in viral load of WNV in
cells with mixed-infection and mono-infection did not
exceed 1.5 log10.

OPUTUHAJbHbBIE NCCNEAOBAHUA

Mixed infection in vivo. Co-infection with WNV
and Zika virus was modeled through simultaneous
and sequential infection of mice with different doses
of the viruses (Zika virus and WNYV after 4 days; Zika
virus and WNV after 20 days). The results presented
in Fig. 1 show that infection with the Zika virus (10*
TCID, /mouse) did not cause the development of a lethal
infection, and no visible clinical manifestations of viral
infection were observed in the animals. On the contrary,
infection of mice with WNV at a dose of 10° TCID,  led
to the death of 90% of the mice with the development of
clinical symptoms of neuroinfection. In the case of mixed
simultaneous infection with two viruses, the Zika virus
did not significantly affect the course and outcome of the
infectious process caused by WNV. At the same time,
when animals were pre-infected with the Zika virus (4
days before being infected with WNV), 80% of the mice
infected with 10 LD, of WNV survived.

Figure 2 shows the results of infecting BALB/c
mice 20 days after prior infection with the Zika virus at a
dose of 10* TCID, /mouse. A 100% and 90% protection of
Zika virus pre—infiected animals from sequential infection
with doses of 10 and 100 LD, of WNV, respectively, was
observed. These data indicate that prior infection with
the Zika virus provides significant protection to animals
against sequential infection with lethal doses of the Zika
virus.

Induction of virus-neutralizing antibodies in
BALB/c mice. Individual sera from experimental
animals were tested for the presence of virus-neutralizing
antibodies (Table 2). Serum from mice infected with
either Zika virus or WNV neutralized only homologous
viruses. However, after being infected with WNV, the
sera of animals previously infected with the Zika virus
were able to neutralize both the Zika virus and WNV. At
the same time, the titers of virus-neutralizing antibodies
in sera that were pre-infected with the Zika virus and then
infected with 100 LD, of WNV were significantly higher
than in animals infected only with WNV. To confirm the
specificity of the neutralizing antibodies and the absence
of their cross-reactivity in the serum, an assessment of
their neutralizing activity against a heterologous virus
was conducted. Thus, the sera of surviving mice after
their infection with WNV at a dose of 10 LD, 21 days
post-infection, had a high titer of neutralizing antibodies
against WNV (750 = 107), but they were unable to
neutralize the Zika virus in the cell culture.

Discussion

The phenomenon of interference between different
viruses in a susceptible cell has been known for quite
some time and, in its classical form, suggests the
suppression of one virus’s replication by another [27].
Possible mechanisms of this phenomenon are associated
with various key points of viral replication in the cell,
induction of antiviral defense systems in the cell,
including interferon systems, competition for cellular
resources for the synthesis of viral molecules and viral
particles, different rates of viral replication, and a number
of other factors. The entry of a viral particle into a cell
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Table 1. Simultaneous and sequential infection of Vero E6 cell culture with West Nile virus (WNV) and Zika virus (MOI 0.5 TCID, )

Tadauua 1. OqHOBpEeMEHHOE U ITOCIEN0BaTeIbHOE HHPUIMPOBAHUE KYIIBTYpBI KileTok Vero E6 Bupycom 3anannoro Huna (B3H) u Bupycom 3uka
(MOM 0,5 TUA, )

Simultaneous infection (a)
OpnHoBpeMeHHOE HH(pUIpOBaHue (a)

Time post-infection WNV Zika virus WNV/Zika virus
Bpems nmocie (log10 RNA copies/mL) (log10 RNA copies/mL) (log10 RNA copies/mL)
HHOUIMPOBAHUS B3H (lg xormit PHK/M) Bupyc 3uxka (lg xormit PHK/mir) B3H/Bupyc 3uka (lg xormit PHK/mi)
24h/4 <3.0 <3.0 <3.0/<3.0
48h/u 43+03 38+0.2 40+0.3/3.2+0.2
72h/ua 6.5+04 57+03 6.3+£04/3.5+£0.2
96h/ua 8.1+04 7.8+0.3 7.7£0.3/3.9+0.3

Sequential infection (b)
TocnenoBarensHoOe nHpUIPOBaHHE (6)

WNV-24 hours—Zika virus
B3H-24 u—Bupyc 3uka

PBS-24 hours—Zika virus
PBS—-24 u —Bupyc 3uxa

Time post-infection

with Zika virus

Bpems nocie nHOHUIMPOBAHUSL
BHUpYCOM 3HUKa

Zika virus (log10 RNA copies/mL)
Bupyc 3uxka (g xormit PHK/min)

WNV/ Zika virus (log10 RNA copies/mL)
B3H/Bupyc 3uxa (lg xonuit PHK/mu1)

24h/u 45+0.3/<3.0 <3.0

48h/u 62+04/32+0.3 42+0.2

72h /4 74+03/3.4+0.3 6.9+0.3

Zika virus—24 hours—-WNV PBS—24 hours—-WNV
Bupyc 3uka—24 uv—B3H PBS-24 v-B3H

Time post-infection with WNV Zika virus/ WNV WNV

Bpems nocne uaduupoBanus (log10 RNA copies/mL) (log10 RNA copies/mL)
B3H Bupyc 3uka/B3H (lg xommii/mi) B3H (lg xonuit PHK/mir)
24h/u 3.5+0.3/<3.0 <3.0

48h/u 51+04/3.3+£0.3 42+0.2
72h/ua 6.5+0.4/5.0+0.3 6.4+0.2

Note. Values represent M + SD of three independent experiments. Student's t-test was used to compare two groups.

IIpumeuanne. 3Ha4eHHs NPEACTABIAIOT c000i M + SD Tpex HE3aBUCHMBIX IKCIEPUMEHTOB. JlJIsl CpaBHEHUS BYX IPYII UCIIOIb30BAJICS ~KPUTEPUI

CrThIOEHTA.

can dramatically alter the functioning of the cellular
genome, including or inhibiting various genes [28].
These changes can involve dozens or even hundreds
of cellular genes. The complexity of conducting these
studies is predetermined by our insufficient knowledge
of the phenomenon of interference between different
viruses, and the development of research on the genetic
diversity of viromes has highlighted the urgent necessity
to facilitate research development in this area [29]. The
peculiarity of orthoflaviviruses is that in natural foci,
they are usually spread by vectors [11]. Ixodid ticks and
various species of mosquitoes are the most common
vectors of these viruses. In the case of overlapping natural
foci, mixed infections are possible in both invertebrates
and their warm-blooded hosts. The Zika virus and WNV
belong to the so-called mosquito-borne flaviviruses
and often circulate in the same regions, so cases of co-
infection are quite likely among susceptible host species,
including humans.

In the experiments of the current study, Zika virus
and WNV, which are widely distributed in the modern
world and have recently caused nearly global outbreaks
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of diseases in countries with warm climates, were used.
The results obtained using these viruses demonstrate
the presence of in vitro interference between these
two orthoflaviviruses. Simultaneous infection leads to
pronounced inhibition of Zika virus replication, with
no similarly pronounced effect on WNV replication in
mammalian cells. Sequential (in different order) infection
also leads to competitive mutual inhibition of the
replication of these viruses, with the degree of competitive
inhibition remaining more pronounced for the Zika virus.
Recently, it was shown that coinfection of Vero cells
with WNV and St. Louis encephalitis virus (SLEV) is
accompanied by inhibition of SLEV replication with
minimal effect on WNV replication activity. At the same
time, coinfection of mosquito cells CT (Cx. farsalis) did
not affect the replication of any of the viruses [30].
Mixed infections in laboratory animal models (in vivo)
partially confirmed the results obtained in the cell culture.
Thus, simultaneous infection of BALB/c mice with the
Zika virus did not significantly affect the course of the
disease and the fatal outcome of the infectious process
caused by WNV. However, when the animals were pre-
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Fig. 1. Survival of BALB/c mice infected with West Nile virus (WNV) and Zika virus under different schemes of virus administration.

/\ — experimental results obtained by intraperitoneal Zika virus infection with a dose of 10* TCID

5,» ® —experimental results obtained by intraperitoneal infection

of WNV with a dose of 10° TCID, (10 LD, ); 0 — experimental results obtained by simultaneous intraperitoneal infection with Zika virus (10* TCID, ) and WNV
(10 LD,); m — experimental results obtained by intraperitoneal infection with Zika virus (10* TCID, ) and after 4 days intraperitoneal infection with 10 LD, of
WNV (n=10; p <0.05).
Puc. 1. BenkuBaemocts Mbitieit BALB/c, nnuuupoBansbix Bupycamu 3anaasoro Humna (B3H) u 3uka, npu pa3Hbeix cxemax BBEICHHUS
BHUPYCHBIX IIPENapaToB.

/\ — pe3synsTaThl, HOMyYeHHbIE PH BHYTPUOPIOIIMHHOM HHPUIMPOBAHMM BUPYcoM 3uka 1030t 10* LI/,

50> ® — [IPH BHYTpHOproIMHHOM MEpuIuposannn B3H

mo3oit 10° TIL,, (10 JI/I,); O — npu OXHOBPEMEHHOM BHYTPUOpIOIHHEOM HHUIKpPoBanuH BupycoM 3uka (10* TLUL, ) u B3H (10 JI/,,); m — npu BHYTpUGpIO-
IMHHOM MHUIMpoBaHuK Bupycom 3uka (10 THJL ) u yepes 4 cyT BHyTpubprommazom naduuuposanun B3H (10 JI11, ) (n = 10; p < 0,05).

infected with the Zika virus (4 days before being infected
with WNV), a significant decrease in WNV infectious
activity was observed in the laboratory animals. These
results indicate the possibility of in vivo interference
between these two flaviviruses. We were unable to
assess the reverse effect due to the fact that the chosen
animal infection model did not ensure the development
of clinically apparent and/or lethal infection after the
administration of the Zika virus. When modeling co-
infection by infecting animals with WNV 20 days after
Zika virus infection, it was found that prior infection with
Zika virus almost completely protects the animals from
subsequent infection with 10 and 100 LD, of WNV.

In the current study, it was demonstrated that, unlike
previously published data on mixed infections with Zika
and dengue viruses [30, 31], WNV infection in mice
pre-infected with Zika virus was not accompanied by an
exacerbation of infection symptoms. Moreover, upon prior
infection with the Zika virus, the development of significant
protection in animals against subsequent infection
with WNV was observed. The key role of neutralizing
antibodies in protection against flavivirus infections has
been previously demonstrated [32—34]. The assessment of

the ability of serum samples to neutralize Zika virus and
WNV was tested in a viral neutralization assay on Vero
E6 cell culture. The induction of neutralizing antibodies
was observed only against the homologous virus (Table 2),
and cross-reactivity of neutralizing antibodies was absent.
It is important to emphasize that prior infection with the
Zika virus led to a more rapid response to WNV infection,
enhancing the subsequent production of neutralizing
antibodies against WNV. Moreover, the level of antibodies
was sufficient to protect the animals from lethal infection.
The ambiguity of potential outcomes of mixed infection
with WNV and Zika virus is illustrated in [35], which
showed that serum samples from WNV-seropositive
individuals effectively neutralize WNV but enhance the
infectious activity of Zika virus.

The biological significance of a prior non-lethal Zika
virus infection, which provides protection against WNV,
may limit the circulation of these orthoflaviviruses in
the natural foci of these infections. These results may
be useful for further studying mixed infections caused
by Zika and WNYV, as well as for the future development
of broad-spectrum immunoprophylactic agents against
flavivirus infections.
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Fig. 2. Survival of Zika virus pre-infected BALB/c mice upon subsequent infection with lethal doses of West Nile virus (WNV).

/\ — experimental results obtained by intraperitoneal infection with Zika virus (10* TCID,) and after 20 days intraperitoneal infection with WNV (10 LD, );
e — experimental results obtained by intraperitoneal infection with WNV (100 LD, ); 0 — experimental results obtained with intraperitoneal infection of WNV
(10 LD, ); m — experimental results obtained by intraperitoneal infection with Zika virus (10* TCID,) and after 20 days intraperitoneal infection with WNV
(100 LD, ) (n =10; p <0.05).
Puc. 2. BepkuBaeMoCTh IpeABapUTENI-HO NHOUINPOBAHHBIX BHpycoM 3uka Meimreit BALB/c mpu mocnexyromem HHOUINPOBAHUH JTETalb-
HBIMH 7i03aMH Bupyca 3anagaoro Humna (B3H).

/\ — pe3ynBTaThl, OTyYeHHBIE TIPH BHYTPHOPIOMIMHHOM HHPUIMPOBaHUH BUpycoM 3uka (10* TLU,,) u yepes 20 cyT npu BHY TPUGPIOIIMHHOM HHOUIMPOBAHUN
B3H (10J1/1,,); ® — npu BHyTpuGpromuHEHoM mEdumposarni B3H (100 JI/L ); 0 — npu BHyTpuOprommaaom uaduuuposannn B3H (10 JI/, ); m — npu BHY-
TpUOpIOMMHHOM MH(bHUEpoBaHuy BUpycoM 3uka (10* TIYL, ) u yepes 20 cyT npu BHyTpubpromuHHoM uHbuuuposanuu B3H (100 JIZ ) (n = 10; p < 0,05).

Table 2. Induction of virus-neutralizing antibodies in BALB/c mice pre-infected with Zika virus and after 20 days infected with West Nile virus
(WNV) (8 days after WNV infection)

Tabauua 2. Maaykuus BUpyCHEHTpaIU3yIOIUX aHTUTeN y Mbleit BALB/c, unduypoBaHHbIX BUpycoM 3uka 1 yepe3 20 CyT 3apakeHHbIX
Bupycom 3amnagnoro Humna (B3H) (8 cyT nocne 3apaxenus B3H)

Virus neutralizing antibody titers (M + SEM)

i +
Mouse serum Tutpsl BUpycHelTpanu3yomux aururen (M + SEM)

CBbIBOPOTKH MBIILIEH

Zika virus WNV

Bupyc 3uka B3H
Mono infection
Monoungpexuus
Zika virus (20 days)
Bupyc 3uka (20 cyT) 82.3x154 <10
WNV (8 days)*
B3H (8 cyr)* <10 112.6 £27.2
Co-infection
Koundexus
Zika virus/20 days/WNV (8 days)
Bupyc 3uka/20 cyt/B3H (8 cyT) 745£17.7 525.7+73.5
Control <10 10
Kontponn

Note. * — death of 100% of animals to tenth day after infection with 100 LD, of WNV. The corresponding dilution of an individual animal serum
neutralizing 50 TCID,, of Zika virus or WNV in the neutralization test was taken as a titer. Geometric mean titers of virus neutralizing antibodies are
presented (n=5; p < g 05).

IIpumeuanue. * — rudens 100% xuBoTHbIX K 10-M cyTkam nocie naduuuposanus 100 JIJ  B3H. 3a Tutp npuHuMamu COOTBETCTBYIOIIEE Pa3BeICHUE
WHAUBHUIYaJIbHOM CHIBOPOTKH XXUBOTHOTO HelTpanusytomei 50 TLI/L, Bupyca 3uka uinu B3H s peakuuu HeUTpaau3auuu. [IpencraBneHs! cpeanereo-
METPHUYECKHE TUTPHI BUPYCHEHTpanu3yromux anturen (n = 5; p <0 (fg)
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Conclusion

Thus, the study of mixed infection of two orthofla-
viviruses in an in vitro model showed the presence of
pronounced viral interference in the Vero E6 cell cul-
ture. Thus, WNV, when simultaneously and sequentially
infected, inhibited Zika virus replication in cell culture
by more than 1000 times, while the reverse effect did
not exceed 30 (1.5 log10). Modeling mixed infection in
vivo showed a more complex picture of the infectious
process development in BALB/c mice. In simultaneous
mixed infection of mice, the Zika virus did not signifi-
cantly affect the development of lethal infection caused
by WNV. At the same time, prior infection of mice with
non-lethal doses of the Zika virus 4 and 20 days before
the administration of WNV provided effective protec-
tion for the animals against lethal WNV infection and
the emergence of a high level of virus-neutralizing anti-
bodies against this virus.
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