296 JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(3)
DOI: https://doi.org/10.36233/0372-9311-669

ORIGINAL RESEARCHES

Original Study Article
https://doi.org/10.36233/0372-9311-669 W) Check for updates

Stability of vaccine strains of seasonal live attenuated influenza
vaccines when adapted to MDCK cell culture

Victoria A. Matyushenko™, Arina D. Kostromitina, Ekaterina A. Stepanova,
Larisa G. Rudenko, Irina N. Isakova-Sivak

Institute of Experimental Medicine, St. Petersburg, Russia

Abstract

Introduction. Currently, the vast majority of influenza vaccines in the world are produced using developing
chicken embryos as substrate, but there is an urgent necessity for transferring vaccine production to continuous
cell lines, which would ensure uninterrupted production during an avian influenza pandemic and also allow the
vaccine to be administered to individuals with chicken protein allergies. When vaccine strains of live attenuated
influenza vaccine (LAIV) grow in mammalian cells, adaptation mutations can occur that may affect the antigenic
and immunogenic properties of the vaccine.

The aim of the study is to investigate the biological properties of vaccine strains of LAIV subtypes A/H1N1 and
A/H3N2, produced by the classical reassortment in eggs, when adapted to Madin—Darby canine kidney (MDCK)
cell culture.

Materials and methods. In current study, LAIV strains A/17/California/2009/38 (H1N1pdm09) and A/17/
Texas/12/30 (H3N2) were used. These viruses were passaged on MDCK 5 times and the growth properties of
the isolated clones by the plaque assay were analyzed in vitro and in vivo, also immunogenicity, cross-reactivity
and protective efficacy were estimated on a mouse model, as well as using hyperimmune rat sera. Experimental
series of LAIV strains A/17/Bolivia/2013/6585 (H1N1), A/17/Switzerland/2013/1 (H3N2) and B/60/Phuket/2013/26
were produced on MDCK cells at the Vector State Research Center of Virology and Biotechnology. The surface
protein genes of monovalent vaccines were sequenced, and the mutations in HA and NA were identified and
compared between adaptation to MDCK culture in laboratory and industrial conditions.

Results. Sequencing of surface antigens of MDCK-adapted variants of the A/H1N1 virus revealed adaptation
mutations in the hemagglutinin molecule N756D (HA1 subunit) and A44V (HA2 subunit), which enhanced the
replicative properties of the H1N1 vaccine strain in MDCK cells. The study of this MDCK-adapted variant in a
mouse experiment showed no effect of the detected mutations on the immunogenic and protective properties
of the vaccine. Adaptation of the H3N2 vaccine strain to MDCK cells resulted in a significantly higher number
of substitutions in the HA molecule compared to the H1N1 virus, and it was shown that the Y85E and N154K
mutations in HA2 are critical for virus multiplication in cell culture, and the set of mutations P275T in HA1 and
W92G, D160H in HA2 gave the vaccine strain a significant advantage for growth in MDCK cells, which can be
effectively used in the production of cell-based LAIVs.

Discussion. The study of the MDCK cell-produced series of LAIVs showed the presence of adaptation mutations
in the hemagglutinin molecule of the H1N1 (K7716E in the HA2 subunit) and H3N2 (S2719Y and N246K in the HA1
subunit) strains. It is important to note that all the adaptation mutations studied did not affect the antigenicity of
the vaccine strains.

Conclusion. In general, the data obtained in the course of the study indicate the feasibility of producing a culture-
based live attenuated influenza vaccine from vaccine strains prepared by classical reassortment in eggs.

Keywords: live attenuated influenza vaccine, MDCK cell line, adaptation mutations, hemagglutinin, antigenicity,
immunogenicity
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CTabunbHOCTb BaKLMHHbIX LUTAMMOB C€30HHO »KNBOW FPUNMO3HOMN
BaKLMHbI NpN X agantauum K Kynbrype knetok MDCK

MartioweHko B.A.”, KoctpomutuHa A.[l., CrenaHosa E.A., PyaeHnko J1.I, UcakoBa-Cneak U.H.
WNHCTUTYT 3KCnepumeHTanbHoM MmeanurHbl, CaHkT-MNMeTepbypr, Poccus

AHHOMayus

BeeaeHue. MNMogasnstoLee 60MbWLUNHCTBO FPUMNO3HbLIX BAKLMH B MUPE NPOU3BOANTCS C UCMONb30BaAHMEM pasBu-
BalOLLMXCHA KypUHbIX aM6proHoB (PKJ) B kavecTBe cybcTpaTa, ogHaKo akTMBHO 06CyXaaeTcs Bonpoc O NepeBo-
e Npoun3BOACTBa BaKUMH Ha NepeBnBaeMbIe€ KIETOYHbIE NNMHUK, YTO obecneunt GecnepeboriHOCTL B YCNOBUSX
naHaemMun NTUYLEro rPUNMa, a Takke NO3BONUT NPUMEHSATL BaKUMHY Y NULL C annepryuei Ha KypuHblin 6enok. Mpu
HaKoMMeHWN BaKLMHHbIX LUTAMMOB XXMBOW FPUNMO3HOM BakuMHbl (XKIB) B kneTkax MrekonuTaLLMX MOryT BO3HM-
KaTb aganTauuoOHHble MyTauun, BMSAOLLME Ha aHTUTEHHbIE N MIMMYHOTEHHbIE CBOMCTBA BaKLMHbI.

Llenb paboTbl — 13y4ntb Guonornyeckne CBOMCTBa BakUUHHbIX WTaMmmoB XKIMB nogtnnos A/H1N1 n A/H3N2, no-
NyYeHHbIX Krnaccuyeckmm cnocobom B PKD, npu nx agantauum K KynsType KneTok noyvkm cobakv MagmHa—[dap6bu
(MDCK).

MaTepuansi u metoabl. B paGote 661N ncnons3oBaHbl WTaMMbl Ans atTeHympoBaHHol XKIB A/17/Kanudop-
HKa/2009/38 (H1N1pdm09) n A/17/Texac/12/30 (H3N2). Mbl npoBenu cepunitHOe NaccMpoBaHUe 3TUX BUPYCOB Ha
MDCK u npoaHanusvpoBanu poCcToBble CBONCTBA U30NMPOBAHHBLIX METOAOM OnisiLLeK KIOHOB in Vitro n in vivo, nx
UMMYHOIE€HHOCTb, NEPEKPECTHYIO PEAKTUBHOCTL M 3aLUUTHYIO 3O(EKTMBHOCTb HA MOAENWN MbILLEWN, @ TaKkKe C UC-
NosIb30BaHNEM TMNEPUMMYHHbIX KPbICUHBIX CbIBOPOTOK. QKCNEepUMeHTanbHble Cepum BakLMHHbIX wWrammos XKIMB
A/17/bonnena/2013/6585 (H1N1), A/17/Weenuapna/2013/1 (H3N2) n B/60/Txyket/2013/26 6binn HapaboTaHbl
Ha kynstype MDCK B 'HL|, BB «BekTop». Mbl npoBenu cekBeHMpoBaHMe reHoB NOBEPXHOCTHLIX 6EMNKoB KneTou-
HbIX MOHOBAKLWH 1 CPaBHUNM MyTaLmmn, obHapyXeHHble B reMarrioTMHUHE U HelpamuHugase npy agantauum K
Kynetype knetok MDCK B nabopaTopHbIX Y NPOU3BOACTBEHHbIX YCITOBUSIX.

PesynbraTtbl. CekBeHMpoOBaHMe MOBEPXHOCTHbIX aHTureHoB MDCK-aganTupoBaHHbIX BapuaHTOB BuMpyca
A/H1N1 oGHapyxuno aganTtauMoHHble MyTauMn B Mornekyne remarrnotnHuHa — N156D (cybbeamHunua HA1)
n A44V (cybbegunuua HA2), ogHOBpeMEHHOe NMPUCYTCTBME KOTOPbIX YCUMNMBANO penvKaTuBHbIE CBOWCTBA Bak-
unHHoro wramma XXIMB H1N1 B kynsType knetok MDCK. U3yveHne aaHHOro aganTMpoBaHHOrO K KyrnbType KNneTok
MDCK BapuvaHTa B 3KCNepyMeHTe Ha Mblllax He BbISBUMO BMAHUS OBHapYyXeHHbIX MyTauMi Ha UMMYHOTrEHHble
W NPOTEKTMBHbIE CBOWCTBA BaKUUWHbL. AdanTaums BakumHHoro wrtamma KB H3N2 k kynbtype knetok MDCK
npuBena K NosiBNeHnIo CyLLeCTBEHHO BonbLUero KonuyecTsa 3ameH B Mmonekyne HA, no cpaBHEHWIO C BUPYCOM
H1N1. MyTtaumm Y85E n N154K B HA2 aBnsAoTCA KPUTUHECKUMU ANS Pa3MHOXEHUS BUPYCa B KyNnbType KNeTok,
a Habop myTaumn P215T B HA1 n W92G, D160H B HA2 panv BakuMHHOMY LUTaMMY CyLLECTBEHHOE NpenmMyLle-
CTBO 4111 pa3MHOXeHus1 B KynbType knetok MDCK, 4to MoxeT 6biTb 3¢hpEeKTUBHO MCMONb30BaHO B NPOU3BOACTBE
KynetypanbHou XKIMB.

O6cyxaeHue. N3yyeHrne npov3BOACTBEHHbIX Cepuii KynbTypanbHbix XKIMB nokasano Hanuune aganTauMOHHbIX
MyTauui B MOnekyne remarrmotuHuHa wrammos H1N1 (K7176E B cyobeauHuue HA2) n H3N2 (S2719Y n N246K B
cy6beamHmue HA1). Bce nsyyeHHble aganTauMoHHbIe MyTaumm He BAVSAMN Ha aHTUNEeHHOCTb BaKLMHHbIX LLITaMMOB.
3aknwoyeHue. NonyyeHHble B XO4e MCCNefoBaHWA AaHHble yKasblBalOT Ha NEpPCneKTUBHOCTb NMPOM3BOACTBA
KynbTypansHon XKIMB n3 peaccopTaHTHbIX LUTAMMOB, NOArOTOBNEHHbIX CTaHAAPTHLIM NyTéMm B PK3.

KnroueBble cnoBa: usas epurno3Has eakyuHa, Kynbmypa kinemok MDCK, adanmayuoHHble Mymauyuu, eemaez-
2/MIOMUHUH, aHMu2eHHOCMb, UMMYHO2EHHOCMb

Amuyeckoe ymeepxdeHue. ABTOpbI NOATBEPXKAAIOT COBMNOAEHNE MHCTUTYLMOHANbHBIX U HaLMOHanbHbIX CTaHaap-
TOB MO MCMNOMb30BaHMIO NabopaTopHbIX XXUBOTHLIX B cOOTBETCTBMK ¢ «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). NpoTokon uccneaosaHnsa o406peH STMHECKUM KOMUTETOM VHCTUTYTa SKCnepuMeHTansHon me-
avumHbl (npotokon Ne 1/20 ot 27.02.2020).

BnazodapHocmsb. ABTOpbI BbipaxatoT brnarogapHocTe cotpyaHuue ®BYH MHL BB «Bektop» E.A. HeuaeBoii 3a npe-
[OCTaBneHne aKcrepuMeHTarnbHbIX cepuii MoHoBaneHTHbIX XKIMB, HapaboTaHHbix Ha MDCK B ycrnioBusix NpOMbILLIIEH-
HOro NPOV3BOACTBA.

HUcmoyHuk gpuHaHcupoeaHus. PaboTta BbINofiHeHa npu (huHaHCOBOW nopaepke MuUHMCTEPCTBA HayKkun U BbICLLErO
obpasoBaHusi Poccuiickon ®epepaumm (npoekt Ne FGWG-2025-0015).

KoHpnnukm uHmepecoe. ABTOpbI AeKnapupyoT OTCYTCTBUE SIBHLIX U NOTEHLMANbHBIX KOH(PIIMKTOB MHTEPECOB, CBSI-
3aHHbIX C Ny6nunKaumen HacTosiLLen cTaTbu.
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Introduction

Annual vaccination against seasonal influenza is
the most effective way to combat this infection [1]. For
over 70 years, the allantoic fluid of the embryonated
chicken eggs has been recognized as the most optimal
substrate for receiving of high-yield virus material,
which made it possible to produce a sufficient number
of vaccine doses for seasonal flu vaccine campaign [2,
3]. However, the outbreak of highly pathogenic H5SN1
avian influenza in Hong Kong in 1997, and since 2003,
the widespread spread of this infection throughout the
world, forced the scientific community to consider
switching the production of influenza vaccines to im-
mortalized cell lines, since such production would not
depend on the promptly supply of embryonated chicken
eggs in the avian influenza presence [4]. Furthermore,
the production of vaccine viruses in cell culture allows
avoiding the occurrence of egg-adaptation mutations
in vaccine strains, which could have a negative impact
on the antigenicity and immunogenicity of the vaccine
and, as aresult, reduce its protection effectiveness [5, 6].
Generally accepted cell line for the influenza vaccines
production is the Madin-Darby canine kidney (MDCK)
cell culture, which is currently used to produce the Flu-
CellVax — cultural inactivated influenza vaccine [7].
Another important advantage of the culture influenza
vaccine is the possibility of its use in people suffering
from an egg allergy.

The preparation of vaccine strains for a Russian li-
censed live attenuated influenza vaccine (LAIV) is cur-
rently possible only by classical reassortment in embry-
onated chicken eggs, in which the 6:2 vaccine formula
is obtained according to a proven protocol and usual-
ly allows obtaining the required vaccine strain [8]. To
transfer LAIV production from chicken eggs to MDCK
cell culture, studies were previously conducted to ob-
tain vaccine strains in MDCK cells. It was shown that
during classical reassortment in this cell line of the epi-
demic virus and the attenuation donor, there was no for-
mation of a vaccine strain with the required 6:2 genome
formula [9]. Since 2019, the World Health Organiza-
tion has divided strains for cell-based and egg-based
influenza vaccines in its recommendations for current
influenza virus strains for seasonal influenza vaccines
because of the fact that many studies have shown that
strains isolated on the same substrate should be used for
vaccine production in order to avoid the appearance of
adaptive mutations [10]. The issue of obtaining LAIV
strains in MDCK cells could be resolved using reverse
genetics methods to assemble influenza viruses with a
given set of genes, however, the presence of a patent
for this technology by Medlmmune excludes the possi-
bility of its use for commercial production [11]. Thus,
one of the options for obtaining culture LAIV is the use
of vaccine strains obtained by classical reassortment in
developing chicken embryos for their growth on a cell
line. Since the substrate for the accumulation of vaccine
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viruses is exchanged, it is necessary to study the stabil-
ity of the main biological properties of LAIV strains
during their adaptation to MDCK cells.

The aim of this study was to identify possible ad-
aptation mutations in the LAIV strains A/HIN1 and A/
H3N2 obtained by the classical reassortment method
in the emryonated chicken eggs during their adaptation
to the MDCK cells, with subsequent assessment of the
effect of the detected mutations on the growth charac-
teristics of the viruses, their immunogenicity, cross-re-
activity and protective activity in the experiment. Fur-
thermore, as part of the study, an experimental series of
cultural LAIV produced by the State Research Center
of Virology and Biotechnology Vector on MDCK cell
culture using industrial bioreactors was analyzed [12].

Materials and methods

Viruses

The LAIV strains A/17/California/2009/38 (H1N-
1pdm09) (Calif17) [13] and A/17/Texas/12/30 (H3N2)
(Tex17) [14] were used, the surface genes of which cor-
responded to the epidemic strains A/California/07/2009
(HIN1pdm09) (NCBI database number: NC 026433
(HA) and NC 026434 (NA)) and A/Texas/50/2012
(H3N2) (NCBI database number: KC892248 (HA) and
KC892237 (NA)) respectively. Mouse-adapted influen-
za virus A/California/07/09 (HIN1) was obtained from
the Collection of Influenza and ARVI Viruses of the
A.A. Smorodintsev Research Institute of Influenza and
were used for the challenge experiment [15]. Experi-
mental series of LAIV strains A/17/Bolivia/2013/6585
(HIN1), A/17/Switzerland/2013/1 (H3N2) and B/60/
Phuket/2013/26 were produced on the MDCK cells at
the Vector State Research Center of Virology and Bio-
technology using bioreactors with a culture vessels vol-
ume of 2 liters (Multigen) and 10 liters (Biostat) [12].

Virus growth in eggs and MDCK cells and infectious
titer counting

To grow influenza viruses in eggs, 10—11-day-old
embryonated chicken eggs were infected with 0.2 ml
of viral liquid, after which the eggs were incubated for
48 h at 33°C. Virus propagation in MDCK cells was
carried out on a 24-hour monolayer with 90-95% cells
confluence, grown in DMEM with 1x antibiotic-an-
timycotic (AA) (Gibco) and 10% fetal bovine serum
(FBS) (Biolot) at 37°C in a incubator with 5% CO,. To
infect MDCK cell culture, the monolayer was washed
twice with a warm solution of phosphate-buffered sa-
line (PBS), after which the viral suspension was add-
ed in a volume of 1, 2, 4 ml to T-25, T-75 and T-175
flasks, respectively. After contact for 1 h at 33°C and
5% CO,, the inoculum was removed and condition me-
dium (DMEM with 1xAA and 1 pg/ml TPCK trypsin
(Sigma-Aldrich)) was added. After 72 h of incubation
at 33°C, the cytopathic effect of the virus was visually
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assessed and its titer was counted in the hemaggluti-
nation assay using the standard method with chicken
RBC. Infectious titers of viruses in both cultivation
systems were determined by the limiting dilution as-
say. The titer in MDCK cells was evaluated at 96-well
plates with a daily monolayer, while serial 10-fold di-
lutions were prepared in condition medium. After 1 h
adsorption at 33°C, the inoculum was removed, the
cells were washed and then incubated in a maintenance
medium for 3 days at 33°C and 5% CO,. The presence
of viruses in the wells was determined in a hemaggluti-
nation assay with chicken RBC. Viral titers in eggs and
MDCK cells were counted using the Reed and Mench
method [16] and put as 50% embryonated or tissue cul-
ture infectious doses (IgEID, /ml and IgTCID, /ml).

Virus adaptation to MDCK cells

Adaptation of influenza viruses to MDCK cell cul-
ture was performed over 5 serial viral passages at an
optimal multiplicity of infection (MOI) of 0.001-0.010,
followed by virus cloning using the plaque assay. For
this purpose, 10-fold dilutions of viruses were applied
in double replicates to 6-well plates seeded with MD-
CK cells the day before. After an hour of contact with
regular plates shaking, the inoculum was removed and
3 ml of an agar coating obtained by mixing equal vol-
umes of 2xDMEM medium (in the presence of 2xAA
and 2 pg/ml TPCK trypsin) and 1.6% low-melting aga-
rose (Lonza) were added to the wells. On the 375" day
of incubation, the viral plaques were visually observed,
20-30 plaques that were easily separated from each
other were isolated at limiting dilutions, separate clones
of the virus was isolated from each plaque, which was
then grew on the MDCK cell culture. Each propagat-
ed viral clone was whole-genome sequenced by the
Sanger method using the BigDye Terminator Cycle Se-
quencing Kit v3.1 (Thermo). First of all, the presence
of unique attenuating mutations of LAIV strains was
checked, since it is their existence that determines the
attenuating of LAIV and the possibilities of its use [17],
and then a search was conducted for amino acid substi-
tutions in the genes of surface proteins: hemagglutinin
(HA) and neuraminidase (NA).

Animal experiments

In animal experiments, CBA mice (Stolbovaya,
Russia) were used. The study was approved by the Eth-
ics Committee of the Institute of Experimental Medi-
cine (protocol No. 1/20 dated 02/27/2020). To assess
the immunogenicity and protective efficacy of the
HI1N1 vaccine strains, female CBA mice were immu-
nized intranasally at a dose of 10° TCID, in a 50 ul vol-
ume , twice with a difference of 3 weeks, after which,
after another 21 days, blood serum was collected to as-
sess antibody levels in the hemagglutination inhibition
assay (HAI) and enzyme-linked immunosorbent assay
(ELISA) using a standard methods. To study the pro-

tective efficacy, an experiment was carried out on mice
immunized according to the scheme described above,
followed by infection with a lethal dose 5.0 Ig EID, of
the mouse-adapted A/California/07/09 (HIN1) strain
with daily monitoring of survival for 14 days. To assess
the cross-reactivity of antibodies produced to the H3N2
LAIV strains, hyperimmune rat sera were obtained. For
this purpose, Wistar rats (Rappolovo, Russia) were im-
munized 5 times with an interval of 5—7 days. The first,
third and fifth immunizations were administered intra-
peritoneally in a volume of 5 ml/animal, the second and
fourth immunizations were administered subcutaneous-
ly in the withers using complete Freund's adjuvant in a
volume of 1 ml/rat, the ratio of virus and adjuvant was
1 : 1. A week after the last immunization, whole blood
samples were taken from all immunized animals. After
centrifugation of the blood for 15 min at 3000g, the se-
rum was carefully collected, and aliquots were stored
at —20°C.

Immunological methods

The animal blood serum was studied in HAI ac-
cording to the standard WHO protocol with chicken
RBC and treatment of the serum with a receptor-de-
stroying enzyme (Denka). The serum titer in HAI was
counted as the last dilution at which complete inhibi-
tion of erythrocyte agglutination was observed.

ELISA with mouse serum samples was performed
using the relevant wild influenza viruses purified on a
sucrose density gradient as the antigen. The 16 agglu-
tinating units (AU) of antigen were added to 96-well
plates with high sorption (Corning) 50 pl/well and incu-
bated overnight at 4°C. The plates were washed 3 times
with washing buffer (PBS + 0.05% Tween-20 (Biolot)),
unbound sites were blocked with 1% bovine serum al-
bumin. Two-fold dilutions of sera were prepared in sep-
arate U-bottom plates, which were then transferred to
the wells of the ELISA plate washed from the blocking
solution. After incubation for 1 h at 37°C, the plates
were washed 3 times with washing buffer, dried, and
secondary antibodies conjugated with horseradish per-
oxidase, anti-mouse IgG were added in dilution ration
1 : 10,000. The plates were incubated for 1 h at 37°C,
washed 5 times with washing buffer, dried, and 50 pl/
well of TMB substrate (Thermo) were added, which
was incubated in the dark for up to 20 min at room tem-
perature. The reaction was stopped by adding 50 ul of
1 M H,SO,. The primary ELISA results were recorded
on a spectrophotometer (Bio-Rad) at a wavelength of
450 nm. The area under the curve parameter of optical
density was calculated using the GraphPad Prizm v. 7
software package.

Statistical data analysis

Statistical processing was performed using the
GraphPad Prizm v. 7 software. For pairwise compar-
ison of virus titers, the nonparametric Mann-Whitney
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U-test was used; antibody levels between groups of
immunized mice were compared in a nonparametric
one-way ANOVA with the Kruskal-Wallis correction.
Differences were considered significant at p < 0.05.

Results

Adaptation of the H1N1 vaccine strain to MDCK cells
in laboratory conditions

As a result of serial passaging of the Califl7 vac-
cine strain in MDCK cell culture with subsequent clon-
ing by the plaque method, 21 virus variants were ob-
tained. Sequencing showed the safeguarding of unique
attenuating mutations in the genes of internal and
non-structural proteins. At the same time, only 2 of the
21 studied variants did not have amino acid substitu-
tions in the HA molecule, and in the remaining isolates,
either N156D mutations in HA1, or A44V in HA2, or
both were detected simultaneously (Table 1).

The arrangement of amino acid substitutions in the
HA molecule of Calif-17 cell clones is shown in Fig. 1.

The growth capacity of three MDCK-adapted
variants (Calif17-1, Calif17-4, and Calif17-8) with
different sets of found mutations were studied in eggs
and MDCK cells in comparison with the original vi-
rus propagated in eggs (Calif17). Reproduction of the
original Califl7 vaccine strain on different substrates
also differed by almost two orders of magnitude: the
virus titer in eggs was 8.0 Ig EID, /ml, while the vi-
rus titer in MDCK cells was 6.3 Ig TCID, /ml (Fig. 2).
In the study of MDCK-adapted variants of the Califl7
strain, a reliable increase in virus titers in MDCK cell
culture by more than 10 times was found in 2 strains
(Calif17-4 — 7.3 Ig TCID,/ml and Calif17-8 — 7.6
lg TCID, /ml), both containing the 444} mutation in
HAZ2. The Calif17-8 variant also retained a high level
of reproduction in embryonated chicken eggs (8.2 Ig
EID, /ml), while the Calif17-1 strain, which has only
the N156D mutation in HA1, did not improve repro-
duction in cell culture and decreased it in eggs by more
than 30 times (6.2 Ig TCID, /ml and 6.6 log EID, /ml).
Thus, the 444V mutation in HA2 has a positive effect
on the replication of the HIN1pdm09 vaccine strain in
both culture systems.

The isolated variants of the Califl7 virus after
plaque cloning, carrying one of the two mutations, ac-
quired both mutations during subsequent accumulation
in the MDCK cell — A44V in HA2 and N156D in HA1,
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becoming identical in amino acid composition to the
Calif17-8 variant. This phenomenon suggests that these
two mutations are strongly associated with the adap-
tation of the virus to the mammalian cell line, but the
initial five-times passaging did not completely replace
the corresponding amino acids in the heterogeneous
virus population. Additional growing of variants with
one mutation in the MDCK cells continued the process
of virus adaptation, introducing the missing mutation
in the HA gene. Thus, in the experiment on the immu-
nogenicity and protective activity of viruses in mice,
it was possible to compare only the Calif17-8 strain,
carrying both adaptation mutations, with the original
Calif17 virus propagated in eggs.

Figure 3 shows the results of ELISA of blood se-
rum from immunized mice, where the epidemic strain
A/California/09/07 (HIN1pdmO09), grew in the eggs
and purified on a sucrose density gradient, served as an
antigen substrate. Statistical processing of the experi-
mental data showed that there are no significant differ-
ences between levels of IgG antibodies induced by both
vaccine strains, which indicates the absence of a neg-
ative effect of the detected adaptation mutations A44V
in HA2 and N156D in HA1 on the immunogenicity of
LAIV HIN1pdmO09.

Fig. 1. Mapping of adaptation amino acid substitutions
in the HA molecule of the vaccine strain Calif17.
The arrangement of amino acids is shown on the HA monomer
A/California/04/2009 (H1N1) (PDBID: 3UYX). lllustrations were
obtained using the «RasMol v. 2.7.5» program.

Table 1. Mutations found in the HA molecule of MDCK-adapted variants of the Calif17 vaccine strain

Original virus

MDCK-adapted viral variants

HA subunit Amino acid position Calif17 Calif17-1 Calif17-4 Calif17-8
(9 clones) (7 clones) (3 clones)
HA1 156 Asn Asp Asn Asp
HA2 44 Ala Ala Val Val
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Fig. 2. Infectious titers of the LAIV strain A/17//California/2009/38 (H1N1pdm09) and its MDCK-adapted variants
in embryonated chicken eggs and MDCK cells.

*p < 0.05 compared with TCID, /ml Calif17; p < 0.05 compared with EID, /ml Calif17.

The cross-reactivity of antibodies induced by the
MDCK-adapted variant of Califl7-8 and the vaccine
strain Califl17 was assessed in HAI using the classical
method. Adaptation mutations did not affect the ability
of the produced antibodies to bind the original HA
variant of the A/California/07/09 (HIN1pdm09) strain
(Table 2), which is completely consistent with the
immunogenicity data presented above.

The effect of the adaptation mutations N156D
in HA1 and A44V in HA2 on the protective efficacy
was studied using the wild virus A/California/07/09
(HIN1pdm) adapted to mice. In the challenge

a
2'01 Calif17-8
15 - Calif17
LT = PBS
g 10 N ]
g AN
0.5
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Serum dilution
C
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Days after infection

experiment, mice immunized with the vaccine strains
Calif17 and Califl17-8, as well as the control group of
naive animals, were infected with the mouse-adapted
lethal virus at a dose of 10° IgEID,, after which daily
survival monitoring have been carrying out for 14 days.
The protective efficacy of both the egg-derived LAIV
strain and its MDCK-adapted variant was 100%, while
the animals of the control group died completely, and
the survival rate in it was 0% (Fig. 3, ¢, d). Thus, the
studied MDCK adaptated mutations did not affect the
protective efficacy of the LAIV strain Califl7.

b
40,000~ . p=0.0024 :
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Fig. 3. Immunogenicity and protective efficacy of the
H1N1pdm09 vaccine strain obtained in the embryonated
chicken eggs and its analogue adapted to the MDCK cell

culture in an experiment on CBA mice.

a — dependence of optical density on serum dilution in ELISA;
b — calculation of the area under the curve according to the data
of graph a; ¢ — survival rate of immunized and control mice after
experimental infection with the lethal virus A/California/09/07 MA.
Statistical analysis was performed by the method of nonparametric
one-way ANOVA with the Kruskal-Wallis correction.
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Table 2. Cross-reactivity of antibodies produced in response
to immunization of mice with different variants of LAIV
H1N1pdm09

HAI titer of antibodies in blood sera of mice
vaccinated with the H1N1 viral variants

Antigens
Calif17 Calif17-8
Calif-wt 640 320
Calif17 640 320
Calif17-8 320 320

Adaptation of the H3N2 vaccine strain to MDCK cells
in laboratory conditions

The vaccine strain A/17/Texas/12/30 (H3N2)
(Tex17) containing HA and NA from the epidemic
influenza virus A/Texas/50/2012 (H3N2) was used in
the study. After adaptation of Tex17 to the MDCK cell
culture, 20 clones of Tex17 were isolated, 10 of which
were found to have various amino acid differences in
the HA molecule during sequencing (Table 3).

No matching mutations were found in the HA
molecule of MDCK-adapted clones of the vaccine
strain Tex17, but frequently occurring amino acid sub-
stitutions were noted: V1761, P215T, P221S and D265E
in HA1. Single mutations were also identified: R30/K
in HA1, D79N, D79G, Y83H, E85D, W92G, KI124E,
NI154K, D160H and N169K in HA2 (Table 3). The lo-
calization of frequently occurring and single mutations
is different: the former are located in the globular part
of HA near the receptor-binding site, the latter are in the
HA stalk-domain.

ORIGINAL RESEARCHES

An examination of the vaccine strain reproduction
showed that the original vaccine strain Tex17 reproduc-
es 50 times better in the eggs than in the MDCK cells.
Interestingly, one of the MDCK-adapted variants, strain
Tex17-16, showed the most significant increase in in-
fectious titer in MDCK cells compared to the egg-de-
rived vaccine strain Tex17 (Fig. 4). Thus, the set of
mutations V1761, P221S, D265E in HA1 and N154K in
HAZ2 is associated with an increase in the reproductive
capacity of the vaccine strain in MDCK cell culture.

Furthermore, the variant Tex17-8 was identified,
which had a significantly lower titer in the MDCK cell
culture compared to the control strain Tex17, which
was affected by the amino acid substitutions P221S,
D265FE in HA1 and Y85E in HA2. Thus, it follows that
the N154K and Y85E mutations in HA2 have critical
for virus replication in cell culture and require further
study. The strain Tex17-17, which replicated 200 times
better in the MDCK cell culture than in the developing
chicken embryo system, also turned out to be interest-
ing. This means that the adaptation mutations P2/5T
in HA1 and W92G, DI60H in HA2 gave the vaccine
strain a significant advantage for replication in the MD-
CK cell culture, which can be effectively used in the
production of cell-based LAIV. However, the set of the
specified mutations significantly reduced the reproduc-
tion of viruses in the eggs, and if we pay attention to the
viruses Tex17-11 and Tex17-15, we can see that these
variants differ only in mutations in the HA2 subunit of
the HA molecule, and it is the amino acid differences in
the HA stalk-domain that are key in the adaptation of
H3N2 vaccine strains to the MDCK cells.

Table 3. Mutations found in the HA molecule of MDCK-adapted variants of the Tex17 vaccine strain

MDCK-adapted variants
HA Amino acid | Original

Subunits | position | VIUS | 1o, 471 | Tex17-4 | Tex17-8 | Tex17-9 | Tex17-11 | Tex17-15 | Tex17-16 | Tex17-17 | Tex17-20 | Tex17-21
176 Val Val Val lle lle Val Val lle Val Val lle
215 Pro Pro Pro Pro Pro Thr Thr Pro Thr Pro Pro

HA1 221 Pro Pro Pro Ser Ser Pro Pro Ser Pro Pro Ser
265 Asp Asp Asp AGslzl %slﬂl AGslﬁl AGSIEI AGslzl Asp Asp Asp
301 Arg Arg Arg Arg Arg Arg Arg Arg Arg Lys Arg
79 Asp Asp Asp Asp Gly Asp Asp Asp Asp Asp Asn
83 Tyr His Tyr Tyr Tyr Tyr Tyr Tyr Tyr Tyr Tyr
85 Glu Glu Glu Asp Glu Glu Glu Glu Glu Glu Glu

HA2 92 Trp Trp Trp Trp Trp Trp Trp Trp Trp/Gly Trp Trp
124 Lys Lys Glu Lys Lys Lys Lys Lys Lys Lys Lys
154 Asn Asn Asn Asn Asn Asn Asn Lys Asn Asn Asn
160 Asp Asp Asp Asp Asp Asp Asp Asp His Asp Asp
169 Asn Asn Asn Asn Asn Asn Lys Asn Asn Asn Asn

Note: MDCK-adapted amino acid substitutions in HA have been highlighted compared to the egg-derived Tex17 vaccine strain.
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. 4. Reproduction of influenza A/17/Texas/12/30 (H3N2) vaccine viruses in the different culture systems.

*p < 0.05 compared with TCID_ /ml Tex17; Tp < 0.05 compared with EID,/ml Tex17-17.

Figure 5 shows the three-dimensional structures
of the HA molecules of the vaccine strains Tex17-8 and
Tex17-16, on which the noticed adaptation mutations
are marked. It is evident that the mutations that critical-
ly affected the level of reproduction of vaccine viruses
in the MDCK cells are located in the HA stalk-domain.
It is also of interest to study the immunogenicity and
antigenicity of these viruses, but current influenza vi-
ruses of the H3N2 subtype are not able to infect mice,
therefore, within the framework, study of the immu-
nogenicity of H3N2 viruses was not carried out in a
mouse model. To assess the antigenicity of the most
interesting MDCK-adapted variants, hyperimmune rat
sera were obtained.

The cross-reactivity of antibodies induced by the
cell clones Tex17-8, Tex17-16 and Tex17-17 was as-
sessed in HAI using the classical method. It was shown
that adaptation mutations did not affect the ability of the
produced antibodies to bind the HA, of the egg-derived
A/Texas/50/2012 (H3N2) strain (Table 4).

Adaptation of trivalent LAIV vaccine strains to MDCK
cell culture under industrial production conditions

In Russia, cultured LAIV is being developed at the
State Research Center of Virology and Biotechnology
Vector, using reassortant LAIV vaccine strains prepared
by the classical reassortment method at the developing
chicken embryos as the starting material. The company
registered a system for producing LAIV in mammalian
cell culture and successfully produced an experimental
series of cellular monovalent vaccines against seasonal
influenza viruses in 2015 [12] and then conducted
phase I clinical trials [18]. However, it remained
unknown how the production process affected the
properties of the LAIV strains. Sequencing of the HA
and NA surface protein genes of cellular monovalent
vaccines showed that adaptation mutations appeared
only in the HA molecules of influenza A viruses, while

no amino acid substitutions were found in the B/60/
Phuket/2013/26 strain (Table 5). Thus, in the vaccine
strain  A/17/Bolivia/2013/6585 (H1N1pdm09), the
K116E mutation in the HA2 subunit was identified,
and in the strain A/17/Switzerland/2013/1 (H3N2), the
S$219Y and N246K mutations in the HA1 subunit were
identified.

In Fig. 6, the positions at which amino acid
substitutions were detected during adaptation of vaccine
strains to cell culture on a laboratory scale (444V in
HAZ2 of the HIN1 subtype, V1761, P215T, P221S and
D265E in HA1 of the H3N2 subtype) and during the
production of culture LAIV batches (K//6F in HA2 of
the HIN1 subtype, S2/9Y and N246K in HA1 of the
H3N2 subtype) are highlighted on the monomers of
the corresponding HA molecules. It should be noted
that, although the mutations detected are not identical
in different viruses, their common localization can be
observed in each subtype. Thus, positions 44 and 116
in HA2 of the HINI1 subtype are in close proximity
to each other, positions 176, 215, 219, 221 in HA1 of
the H3N2 subtype are localized in the region of the
receptor-binding site.

Discussion

Adaptation of the virus to a new host range
inevitably entails the emergence of adaptive
mutations, which can lead to changes in the properties
of the original virus. In this case, adaptive mutations
can be dramatic, as, for example, occurred during the
adaptation of influenza viruses from avian cells to
mammalian cells, which led to the H2N2 influenza
pandemics in 1957 and H3N2 in 1968 [19-22]. The
substrate for the production of biomass for obtaining
an influenza vaccine, both live and inactivated, can
also affect its properties. As mentioned above, the
preparation of strains for Russian LAIV is possible
only in the embryonated chicken eggs, while
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there are known cases of the emergence of egg-
adaptive mutations that affected the antigenicity
of the vaccine strain, which led to a decrease in
the effectiveness of the vaccine during its mass use
[21, 23-25]. Since A/H3N2 strains are the most
variable and more susceptible to antigenic drift than
others, this circumstance must be taken into account
when producing vaccine viruses in various culture
substrates [21]. Thus, from 2013 to 2018, a number
of mutations were discovered that critically affected
the antigenicity of circulating viruses: the F'7/59Y and
K160T substitutions in antigenic site B, together with
the N residue in site 158, contribute to the acquisition
of an additional glycosylation site, which actively
helps the virus evade the immune response [26—28].
Then, in the process of evolution, a characteristic
amino acid substitution N/71K occurred, located on
the antigenic site D of the HA molecule, as well as the
DI22N and TI135K substitutions in antigenic site A,
each of which causes the loss of N-linked glycosylation
sites [29]. The following season revealed the presence
of a §144K substitution in the HA1 molecule, which
is located in the antigenic site flanking the receptor-
binding site. Two clusters of the H3N2 influenza virus
showed that the /58V and S219Y substitutions, as well
as the 122D and S262N substitutions, which lead to
the loss of the glycosylation site, are also antigenically
important [21]. In the current study, during adaptation
to MDCK cells, mutations were found that are also
probably located in antigenic sites: V1761, P215T,
P221S and §219Y, however, it was shown that they

ORIGINAL RESEARCHES

Tex 17-8

Tex 17-16

3

Fig. 5. Mapping of adaptation amino acid substitutions in the
HA molecule of the vaccine strain Tex17.

The arrangement of amino acids is shown on the HA monomer of
A/Pennsylvania/14/2010 (H3N2) (PDBID: 6MZK). lllustrations were
obtained using the «RasMol v. 2.7.5» program

do not affect the antigenicity of the vaccine strain, but
affect its ability to grow in mammalian cells.

Studies of the infectious activity and stability of
high-yielding influenza virus strains for inactivated in-
fluenza vaccine demonstrated that cultivation of HIN1
and H3N2 influenza viruses in Vero or MDCK cell cul-
ture under acidified conditions maintains virus stability,
which was successfully used in the production of inac-

Table 4. Cross-reactivity of antibodies in hyperimmune rat sera obtained to different variants of the LAIV H3N2 vaccine strain

HAI titer of antibodies in hyperimmune sera of rats obtained to the indicated variants of the vaccine virus

Antigens
Tex17 Tex17-8 Tex17-16 Tex17-17
Tex-wt 1280 320 640 640
Tex17 1280 320 320 1280
Tex17-8 2560 320 320 1280
Tex17-16 640 640 640 640
Tex17-17 1280 320 640 640

Table 5. Amino acid substitutions in surface antigens of experimental cellular monovalent LAIV

Vaccine Gene | Protein Amino acid Original vaccine strain Vaccine strain after production
passages
A/17/Bolivial2013/6585 HA - HA2 116 Lys Glu
(H1N1pdm) NA NA Mutation not found
219 Ser Tyr

A/17/Switzerland/2013/1 A 046 Ash Lve
(H3N2) y

NA NA Mutation not found

HA HA Mutation not found
B/60/Phuket/2013/26

NA NA Mutation not found
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V1821

Fig. 6. Mapping of adaptation amino acid substitutions in the
HA molecule of the vaccine strains Calif17 and Bolivia17 (a),
Tex17 and Switzerland17 (b).

The arrangement of amino acids is shown on the HA monomer of A/

California/04/2009 (H1N1) and A/Singapore/H2011.447/2011 (H3N2)

(PDBID: 3UYX and 4WEA, respectively). lllustrations were obtained
using the «RasMol v. 2.7.5» program.

tivated influenza vaccine against HSN1 avian influen-
za. Passaging of viruses without additional conditions
contributed to the emergence of adaptive mutations
N50K (HINT1) and D160E (H3N2) in the HA2 mole-
cule, which improved viral growth in cell culture, but
negatively affected antigen stability [30]. H3N2 viruses
grown in embryonated chicken eggs trigger conforma-
tional changes in the HA molecule under less acidic con-
ditions than their antigenically similar primary isolates,
and this phenotype was associated with the presence
of amino acid substitutions 4138S, L194P in HA1 and
DI160N in HA2, reduced resistance to acidic conditions
and elevated temperatures [30]. Probably, the difference
in pH levels during propagation in chicken embryos and
cell culture caused the appearance of mutations in the
region of the fusion peptide in HA2 in MDCK-adapted
variants of the H3N2 vaccine strains Tex17-8, Tex17-
16, Tex17-17 and HIN1 Calif17-8. Interestingly, that 5
mutations in the HA molecule were found only in the
HA1 molecule, in particular, 4 of them (4138S, G218R,
P221L and V223]) are located near the receptor-binding
site [31]. The N165K mutation was localized in the HA
antigenic site [31]. The 4138S substitution can occur in
vivo in immunocompromised patients as well as in vitro
in MDCK cell culture and was found to cause a com-
plete loss of a2,3-type receptor binding [32]. A mutation
at position 218 in the HA1 molecule, which is located
near the receptor-binding site, was also associated with
decreased affinity for the human receptor and increased
pathogenicity in a mouse model [33, 34]. The L194P
amino acid substitution in HA1, which is prevalent in
egg-adapted (passaged in embryonated chicken eggs

4-5 times) variants of H3N2 viruses, reduces binding
and neutralization by broad-spectrum antibodies recog-
nizing the receptor-binding site by 3 orders of magni-
tude, and also significantly changes the antigenicity of
the HA molecule [35]. Despite the fact that some of the
adaptation mutations detected in our study are located
in significant places of the HA molecule, such as the re-
ceptor-binding site or antigenic sites, the described mu-
tations do not affect the key parameters for the LAIV
vaccine strain — the antigenicity of the MDCK-adapt-
ed strain and its immunogenicity do not change, but the
replicative activity of the vaccine virus in cell culture
increases, i.e., a useful property is acquired in the con-
text of the production of cell-based LAIV. In this case,
a decrease in infectious titers of MDCK-adapted LAIV
strains in developing chicken embryos can be observed,
which is an acceptable phenomenon when changing the
substrate for culturing viruses. For the production of
cultural LAIV, high replication activity in MDCK cell
culture is most important, but not in eggs.

The influenza strain A/California/7/2009 (HIN-
Ipdm) is genetically very similar to the A/Califor-
nia/4/2009 (H1N1pdm), but was isolated in the eggs
and acquired the Q226R adaptation mutation during
passaging, and after adaptation to mice, the N159D and
K212M mutations were added. In this case, the virus
with the 0226R mutation in HA1 lost affinity for hu-
man-type receptors and acquired affinity for avian re-
ceptors [36]. In both viruses, mutations located directly
in the receptor-binding site expectedly affected the re-
ceptor specificity of the virus, disrupting the HA-NA
balance, which led to a decrease in the reproductive
activity of the virus in the MDCK-SIAT-1 cell culture.
The mutations in the HA molecule that appeared after
several more passages in mice became compensatory
for the surface charge of the molecule and at the same
time made a significant contribution to the increased
pathogenicity of the studied viruses. Interestingly, data
on the contribution of the D225E and Q226R mutations
in HA to the virulence of the pandemic HIN1 influenza
virus in mice were also obtained by Korean scientists
[37]. In other studies, the N159D mutation is associated
with escape mutations that allow the virus to evade the
immune response [38].

During the preparation of the X-181 HIN1pdm09
vaccine strain in chicken embryos, the N133D, K212T
and 0226R mutations were found in the HA1 molecule,
which led to a strong change in the cross-reactivity of
the vaccine strain, as a result of which the antibodies
induced by the vaccine strain bound to the wild type
of the virus, but did not neutralize it [39]. Evolutionary
studies of the H1 molecule have shown the importance
of amino acids at positions 156, 190 and 225 for adap-
tation to human receptors and antigenic drift of circu-
lating HINT1 viruses [40].

Comparison of the HIN1pdm strains A/Califor-
nia/9/2007 and A/Brisbane/10/2010 revealed the pres-
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ence of the £47K mutation in the HA2 molecule, which
affected the stability of the HA trimer and decreased
the threshold pH of membrane fusion from 5.4 to 5.0.
It was also established that this occurs due to the pres-
ence of an intermonomer salt bridge between the amino
acids K47 in HA2 and E27 in HA1 [41]. Furthermore,
the £47K substitution increased the thermal stability of
the virus and its virulence in ferrets, which indicates an
advantage of the virus with K47 in HA2 in adapting to
evolutionary changes in humans [42]. The V66H mu-
tation in HA2 at the site of contact between two sub-
units of the HA molecule of the influenza A/WSN/33
(HIN1) virus affects the shift of the maximum pH of
membrane fusion towards lower values (from 5.6 to
5.1). In this case, the ability of the virus to replicate
in MDCK was reduced, which was accompanied by a
longer clearance of the virus in mice [43]. It can be not-
ed that the adaptation mutations 444V in Calif17-8 and
KI1I6E in Bolivial 7-M, detected in the present study,
have a similar localization with the already described
mutations K47 in HA2 and E27 in HA1. Probably, they
can affect the threshold pH value during membrane fu-
sion, which is the expected result of virus adaptation to
anew substrate. Based on the data obtained, the adapta-
tion of the influenza A(H3N2) vaccine virus to the MD-
CK cell culture led to the emergence of multiple amino
acid substitutions in HA. It was shown that the N154K
and Y85F mutations, detected in the HA2 subunit of the
HA molecule of the vaccine strain, are critical for virus
replication in culture. Furthermore, the W92G, D160H
adaptation mutations in HA2 provide a significant ad-
vantage for the replication of the vaccine virus in the
MDCK cells over its replication in the embryonated
chicken eggs.

Comparison of the steric arrangement of adapta-
tion mutations between strains adapted to MDCK cells

ORIGINAL RESEARCHES

in laboratory and industrial conditions revealed the
similarity of these positions. Thus, in the HINT1 strain,
amino acid substitutions 444V (Calif17-4) and K1/6F
(Bolivial7) are in close proximity to each other in the
HAZ2 subunit of the HA stalk-domain, and most of the
adaptation substitutions found in H3N2 strains are in
the globular domain of the HA1 molecule (Fig. 6).
Thus, adaptation of LAIV vaccine strains to MDCK
cells in laboratory and industrial conditions leads to the
appearance of similar adaptation substitutions in strains
of the same subtype, with influenza B viruses being
maximally stable, and A/HIN1 viruses acquiring adap-
tation substitutions necessary for enhanced virus rep-
lication in this substrate. Strains A/H3N2 are the least
stable, and adaptation mutations can also affect recep-
tor-binding regions, which indicates the need for care-
ful monitoring of the antigenic properties of strains of
this subtype during their production on a cell substrate.

Conclusion

As a result of adaptation of the A/17/Califor-
nia/2009/38 (H1N1pdm09) vaccine strain to the MD-
CK cells, mutations N156D in HA1 and A44V in HA2
were found. A study of their effect on replicative ac-
tivity in vitro showed that the presence of both mu-
tations increases the titer of the vaccine strain in the
MDCK cell culture by an order of magnitude, which
gives advantages to this variant when it is produced on
an industrial scale. The detected mutations retained the
immunogenicity, cross-reactivity and protective effica-
cy of the MDCK-adapted strain Califl7-8 at the lev-
el of the egg-derived vaccine strain Calif17. Thus, the
conducted studies show that the vaccine strain of LAIV
subtype HIN1pdm09, obtained by the method of clas-
sical reassortment in developing chicken embryos, can
be used for the production of LAIV on the MDCK cells.
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