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Adaptation of H2N2 influenza viruses with different receptor
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of a cell-based vaccine against pandemic H2N2 influenza
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Abstract

Introduction. H2N2 influenza viruses caused a pandemic in 1957 due to the adaptation of avian influenza
hemagglutinin from avian-type a2,3 to human-type 02,6 receptor specificity. These viruses have not circulated
among humans for more than 50 years but are still found in avian reservoirs, indicating their pandemic potential.
It is known that at the beginning of a pandemic wave, viruses with 02,3 and 02,6 receptor specificities can co-
circulate, and the selection of one or another isolate for the development of a better pandemic influenza vaccine
should be based on strong scientific evidence. Although the vast majority of influenza vaccines are produced in
chicken embryos, mammalian cell culture may be a preferred substrate for the production of pandemic influenza
vaccines.

Materials and methods. In this study, we investigated two variants of A/Singapore/1/57 (H2N2) virus which
differed by their receptor specificity defined by three residues in the HA1 molecule: E156, Q226, G228 for 02,3
avian-type (Sing-a2,3) and K156, L226, S228 for a2,6 human-type (Sing-a2,6) receptor specificity. We conducted
serial passaging of these viruses on MDCK cells and analyzed growth properties of plaque-purified clones in vitro
and in vivo, as well as their immunogenicity and cross-reactivity in a mouse model.

Results. Adaptation to MDCK cells significantly increased viral titers in MDCK cells; however, their receptor
specificity was not affected. Viruses with 02,6 receptor specificity induced higher titers of homologous antibodies
compared to the viruses with 02,3 receptor specificity, but these antibodies could react only with the 02,6 viruses.
In contrast, antibody induced by viruses with a2,3 receptor specificity had broad reactivity against all studied
viruses. Similar results were obtained for the pair of A/Leningrad/17-based H2N2 live attenuated influenza
vaccines with 02,3 and 02,6 receptor specificities in experiments on Syrian hamsters.

Conclusion. In the case of a new transmission of H2N2 avian influenza viruses to the human population and
co-circulation of viruses with both receptor specificities, the variant with a2,3 specificity should be selected for the
development of cross-reactive influenza vaccines.

Keywords: influenza virus, H2N2, receptor specificity, adaptation, MDCK cells, live attenuated influenza vaccine,
immunogenicity
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ApanTtauusa supycos rpunna H2N2 ¢ pasnnyHon peuenTopHoOm
cneunPpunUHOCTBIO K KneTkam MDCK: BO3MOXXHOCTI AnA pa3paboTKm
KynbTypanbHOWN NaHAeMNYeCKON BaKLNHbI npoTuBe rpunna H2N2

MaTioweHko B.A.”, KoctpomuTtuHa A.[l., PyaeHko J1.I., UcakoBa-CnBak U.H.
NHCTUTYT 3KCnepumeHTanbHo meauumHbl, CaHkT-MNeTepbypr, Poccun

AHHOMauus

BeepeHue. Bupychl rpynna H2N2 BbizBanu naHgemuio B 1957 . 6bnarogaps agantaumm Monekynbl remarrmo-
TUHMHA OT MTUYBLEro peLenTopa Tuna a2,3 K YernoBe4YeckoMy peLenTopy a2,6. OTn BMPYCbl HE LUPKYNUPYHOT
cpenu nogen yxe 6ornee 50 neT, HO 4O CUX NOP BCTPEYaTCA B NPUPOLHOM pe3epByape, YTO yKasblBaeT Ha nX
naHaeMuyeckuin noteHuman. M3BecTHo, 4To B Ha4ane naHaeMmnyeckon BonHbI BUPYChI ¢ a2,3- 1 a2,6-peuentop-
HOW cNeLmgUYHOCTBI0 MOTYT LIMPKYNMpoBaTb COBMECTHO M BbIGOP TOrO MNu MHOTO n3onsita Ansa pa3paboTku on-
TUManbHOW NaH4EeMUYECKON rPUMMNO3HON BaKLUMHbLI AOMKEH OblTb OCHOBAH Ha yOeauTEeNbHbIX HAY4YHbIX OAHHbIX.
XoTd nogasnsowee 6ONbLIMHCTBO BaKLMH MNPOTMB rpunna nNpou3BoanTCS C UCMONb30BaHMEM Pa3BUBaIOLLMXCS
KYPVHbIX 3MOPUOHOB, KynbTypa KIETOK MIIEKOMUTaKLLMX MOXET ObiTb NPpeanoYTUTENbHBLIM cybcTpaTom Ans npo-
M3BOACTBA BAKUWH MPOTMB NaH4EMUYECKOro rpunna.

Martepuanbl u metoabl. B HacTosilem uccnegoBaHum Mbl M3yumnu ABa BapuaHTa Bupyca A/Singapore/1/57
(H2N2), koTopble oTnM4Yanuchb peLenTopHOWM crneunduyHoCTbio, onpedensiemMon 3 ocrtatkamu B MoOrekyne
HA1: E156, Q226, G228 gnsa a2,3 ntnybero tvna (Sing-a2,3) n K156, L226, S228 gna a2,6 4enoBe4eckoro
TMna (Sing-a2,6) peLenTopHON cneuuduUYHOCTH, a Takke MeTogaMmm ob6paTHOWM reHETUKM NoNyYunu napy wram-
MOB >XWBOW rpunno3sHor BakumHbl H2N2 Ha ocHoBe goHopa atteHyauuu A/llenmHrpan/17 w gnkux Bupycos A/
Singapore/1/57 (H2N2) ¢ a2,3- n a2,6-peuenTopHon cneundmnyHocTbo. Mbl MpoBenu cepunHoe naccMpoBaHne
3TUX BMUpYcoB Ha knetkax MDCK n npoaHannsmpoBanu pocToBble CBONCTBA M30NMPOBAHHLIX METOAOM brsLuek
KNOHOB in Vitro v in vivo, a Takke UX UMMYHOreHHOCTb Y MePEKPECTHYI0 PeakTUBHOCTb B MbILLUMHOW MOAENM.
PesynbraTbl. Agantauus k knetkam MDCK 3HaumTensHO yBenuymBana TMTpbl BUpycoB B knetkax MDCK, ogHako
Ha WX peLenTopHYIo CNeLnMUYHOCTb 3TO He BMANo. Bupycel ¢ a2,6-peuenTtopHon cneum@ryHOCTbIO Bbi3bliBanu
o6pasoBaHue 6onee BbICOKMX TUTPOB FOMOMOTMMYHBLIX aHTUTEN MO CPaBHEHMWIO C BUpPyCaMy CO CNeundUYHOCTbIO
K 02,3-peuentopam, HO 3T aHTUTENa MO pearnpoBaTb TOMbLKO C BUpycamu 02,6. Hanpotue, aHTutena, vH-
AyumpoBaHHbIe BUpycamu ¢ a2,3-peLenTopHon cneungnyHocTbio, 0bnagany WNpoKon peakTUBHOCTLIO NPOTUB
BCEX M3YYEHHbIX BUPYCOB. AHAMNOrM4Hble pesynsratbl Obinv NonyyYeHbl AN napbl LWTaMMOB XXMBOW IPUMMO3HON
BakuuHbl H2N2 Ha ocHoBe AoHopa aTTeHyauun A/fleHnHrpaa/17 ¢ a2,3- n a2,6-peuenTopHor cneunguyIHOCTbIO
npu UX U3Yy4EHUU Ha CUPUNCKNX XOMSAYKaX.

3akntouyeHue. B crnyyae HoBon nepegaym BupycoB ntudbero rpunna H2N2 B yenoBeyeckyto nonynsuuio U co-
BMECTHOW LIMPKYNALUN BUPYCOB C 06eMMmM peLenTopHbIMY CneumnnyYHOCTAMU ANsi CO34aHMS KPOCC-PEaKTUBHbIX
rPMNNO3HbIX BaKUWH criegyeT BblbupaTb BapyaHT ¢ 02,3-cneunduyHoCTbIo.

KnroueBble cnoBa: supyc epunna, H2N2, peuenmopHasi crieyuguyHocmb, adanmauyusi, Kyrbmypa Kiemok
MDCK, xueas epurnno3Hasi 8akyuHa, UMMYyHO2EHHOCMb

Amuyeckoe ymeepxdeHue. ABTOPbI NOATBEPXAAIOT COBMNIOAEHNE UHCTUTYLMOHANbHBLIX U HALMOHAIbHBIX CTaHaap-
TOB MO UCMONb30BaHMIO NTabopaTopHbIX XUBOTHLIX B COOTBETCTBUM ¢ «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). lNMpoTokon nccnegosaHns ogobpeH Tnyecknm KOMMTETOM MIHCTUTYTa SKCNepUMeHTanbHOW Me-
avumHbl (npoTtokon Ne 1/20 ot 27.02.2020).

BnazodapHocmsb. ABTOpbI BblpaxatoT Gnaro4apHOCTb BCEM COTPYAHMKaM otaena supyconorum um. A.A. CmopoauH-
ueBa MHCTUTYyTa SKCNEepUMEHTanbHOW MeaWLMHbI 3@ NMOMOLLb B NPOBEAEHUN IKCMEepUMEHTanbHbIX UCCneaoBaHuin,
B 0COOeHHOCTM B. H. C. EkatepuHe AnekceeBHe CTenaHoOBOW, C. H. . EkaTtepuHe AHaopeeBHe BaxeHOBOW, M. H. C.
MonuHe UropesHe MNpokoneHko, c. H. c. CeeTnaHe AnekcaHapoBHe [JOHWMHOM.
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Introduction

Avian influenza is a zoonotic infection that poses a
high risk to humans due to the high mortality rate, which
reaches 60% when infected with highly pathogenic sub-
types HSN1, H7N9, HSN6 and H10NS8 [1-4]. Asian in-
fluenza subtype H2N2 appeared in Singapore in February
1957 and rapidly caused a pandemic that claimed more
than 2.7 million lives. The H2N2 influenza pandemics in
1957 and H3N2 in 1968 are known to have been caused
by a switch in the receptor specificity of the virus from
avian sialic receptor 02,3 to human 02,6, with influenza
viruses with both types of receptor specificity circulating
simultaneously at the beginning of the pandemic wave
[5, 6]. Since birds are the main reservoir and carry al-
most all known subtypes of influenza A virus, including
H2N2, the risks of these viruses returning to circulation
among humans are estimated to be quite high [7]. Giv-
en the decline in population immunity to H2N2 viruses
due to their prolonged absence from circulation, scien-
tists around the world are calling for vaccination cam-
paigns against these viruses to be launched in advance,
without waiting for the onset of the pandemic [8].

Influenza vaccine prophylaxis is known to be the
optimal method of controlling this infection, and there
are many influenza vaccines available for seasonal ad-
ministration. However, in pandemic settings, live atten-
uated influenza vaccine (LAIV) is considered the most
effective [9, 10]. The vast majority of influenza vac-
cines in the world are produced in embryonated chick-
en eggs, but in recent decades there has been an active
discussion of transferring the production of influenza
vaccines to mammalian cell cultures, which would al-
low for the short-term production of large amounts of
viral biomass, as well as narrowing the list of contrain-
dications, in particular, allowing the vaccine to be ad-
ministered to persons allergic to chicken protein [11].
Furthermore, if an influenza pandemic is caused by a
highly pathogenic virus, there is a high probability that
the chicken population in poultry farms will be com-
pletely destroyed, so the independence of vaccine pro-
duction from the supply of eggs from poultry farms is
also extremely important. Thus, it is advisable to trans-
fer influenza vaccine production to MDCK cell culture,
since numerous studies show that it is in this cell cul-
ture that vaccine strains of LAIV are able to replicate to
titers comparable to those of eggs [12—14].

The main aim of this study was to find the most
promising variant of the vaccine strain of LAIV
A(H2N2) culture that should be used at the beginning
of the pandemic wave. For this purpose, two variants
of the pandemic virus strain A/Singapore/1/57 (H2N2)
differing in receptor specificity and LAIV strains pre-
pared on their basis were studied. Adaptation of the
viruses to MDCK cell line was performed, followed
by cloning by the plaque assay and evaluation of the
receptor specificity of the isolated virus variants. The
variants differing in the HA4 gene sequences were used

for immunization of laboratory animals to reveal the
potential effect of adaptive mutations in virus surface
proteins on immunogenicity, antigenicity and cross-re-
activity of antibodies produced after immunization.

Materials and methods

Viruses

Two variants of pandemic virus strain A/Singa-
pore/1/57 (H2N2) obtained from the collection of the
Department of Virology of Institute of Experimental
Medicine were used, which differed in sensitivity to
nonspecific serum inhibitors. Experiments with live
H2N2 viruses were conducted in the laboratory with a
biosafety level of BSL-3.

Production of LAIV strains by reverse genetics methods

Hemagglutinin and neuraminidase genes were
cloned into the pCIPolISapIT vector for reverse genet-
ics using universal primers specific for each gene in
reverse transcription polymerase chain reaction [15].
A set of 6 plasmids with bidirectional reads encoding
internal proteins of the attenuation donor A/Lenin-
grad/134/17/57 (H2N2) was prepared previously [16].
Live influenza viruses were obtained by electroporation
of Vero cells using the Neon transfection system (Invit-
rogen) and the accompanying 100 ul Neon Kit.

Hemagglutination reaction

The hemagglutination assay (HA) was performed
according to the classical scheme using chicken red
blood cells (RBC)'. To investigate the receptor speci-
ficity of influenza viruses, we used a modified HA with
the exo-o-Sialidase enzyme (Salmonella typhimurium)
(Megazyme), which cleaves exclusively 02,3-receptors
from the RBC surface. Horse RBC, which express only
a2,3-receptors on their surface; untreated chicken RBC,
which express both types of receptors; and chicken RBC
treated with exosialidase for 1 h at 37°C, i.e., carrying
only 02,6-receptors on their surface, were used for HA.

The virus was considered to have a2,3-receptor
specificity if its titer in HA with horse and chicken RBC
was the same and its titer in HA with treated chicken
RBC was 0. Otherwise, the virus was considered to
have a2,6-receptor specificity. If the titer was positive
in all HA, the virus was considered to have dual re-
ceptor specificity with preference for the type with the
higher titer in HA.

Growth of viruses and determination of infectious titer

To accumulate influenza viruses in 10-11-day-old
embryonated chicken eggs, that were infected with 0.2

' WHO. Manual for the laboratory diagnosis of virological
surveillance of influenza. Geneva;2011. URL: https://www.who.
int/publications/i/item/manual-for-the-laboratory-diagnosis-and-
virological-surveillance-of-influenza
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ml of viral material, after which the eggs were incubat-
ed for 4872 h at 33—37°C. Virus propagation in MDCK
cells was performed on a daily monolayer with 90-95%
confluency grown in DMEM medium supplemented
with 1x antimycotic antibiotic (Gibco) and 10% fetal bo-
vine serum (Biolot) at 37°C in a thermostat containing
5% CO,. To infect MDCK cells, the prepared monolay-
er was washed twice with a warm solution of phosphate
buffered saline(PBS), after which the viral suspension
was added in volumes of 1, 2, 3 ml into vials T-25, T-75
and T-175, respectively. After incubation for 1 h at 33°C
for vaccine strains and 37°C for wild-type influenza vi-
ruses in a thermostat containing 5% CO,, the inoculum
was removed and DMEM medium with 1xantibiotic-an-
timycotic and 1 pg/mL TPCK trypsin (Sigma-Aldrich
Co.) was added. After 72 h of incubation at 33°C or 37°C,
the cytopathic effect (CPE) of the virus was visually as-
sessed and its titer was determined by HA.

Infection titers of viruses in both culture systems
were determined by the limit dilution method. Eggs
were infected with 10-fold serial dilutions of viruses in
200 puL. PBS and incubated at 33°C and 37°C for 48 h,
after which the presence of virus was determined by
HA with chicken erythrocytes. Titer determination in
MDCK cells was performed on 96-well plates with a
daily monolayer, and serial 10-fold dilutions were pre-
pared on DMEM medium with antibiotic-antimycotic
and 1 pg/mL of TPCK trypsin. After adsorption, the in-
oculum was removed, cells were washed and incubated
in maintenance medium for 3 days. The presence of vi-
ruses in the wells was determined by HA with chicken
RBC. Virus titers in eggs and MDCK cells were calcu-
lated according to the method of Reed and Mench [17]
and expressed in 50% embryonic (log10 EID, /mL) and
tissue cytopathogenic (logl0 TCID,/mL) infectious
doses.

Adaptation of viruses to MDCK cells

Adaptation of influenza viruses to MDCK cells
was performed by sequential 5-fold passaging of
strains followed by virus cloning by the plaque assay
and isolation of viral clones from individual plaques.
For this purpose, 10-fold dilutions of viruses in 2 re-
peats were applied to 6-well plates seeded the day be-
fore with MDCK cells. After one hour of contact with
regular shaking, the inoculum was removed, and 3 ml
of agarose coating obtained by mixing equal volumes
of 2xDMEM medium (in the presence of AbAm and 2
pg/ml TPCK trypsin) and 1.6% fusible agarose (Lonza)
were added to the wells. On day 3-5 of incubation, viral
plaques were visually assessed, 20—30 well-separated
plaques were isolated on limiting dilutions, a separate
virus clone was isolated from each individual plaque,
which was grown on MDCK cells. Complete nucleo-
tide sequences of surface protein genes were obtained
by the Sanger method using the BigDye Terminator Cy-
cle Sequencing Kit v. 3.1 (Thermo).

ORIGINAL RESEARCHES

Experiments with laboratory animals

In animal experiments, mice of the CBA line and
Syrian hamsters (Stolbovaya, Russia) were used. The
study was approved by the Ethical Committee of the
Institute of Experimental Medicine (protocol No. 1/20
0f27.02.2020).

To evaluate the immunogenicity of wild influenza
viruses with different receptor specificity, female mice
of the CBA line were infected intranasally at a dose of
10° EID, /animal. After 21 days, the animals were eutha-
nized, after which blood sera and upper respiratory tract
(URT) washes were collected to determine the level of
humoral immune response to different virus variants.
To evaluate the immunogenicity of the vaccine strains
of H2N2 LAIV, Syrian hamsters were immunized in-
tranasally at a dose of 10° EID, /animal, twice 21 days
apart. On the 21st day after the 2nd immunization, an-
imals were euthanized, blood serum, URT washes and
bronchoalveolar lavage were collected.

Immunological methods

The study of animal blood sera in hemagglutina-
tion inhibition assay (HAI) was performed according
to the standard protocol® with chicken RBC and treat-
ment of sera with receptor-destroying enzyme (RDE,
Denka). The last dilution at which complete inhibition
of hemagglutination assay counted as the serum titer in
HAL

Enzyme immunoassay

An enzyme-linked immunosorbent assay (ELISA)
with animal samples was performed using influenza
viruses, purified in sucrose density gradient, as anti-
gen. Antigen was added to 96-well high sorption plates
(Corning) at 16 AU in 50 pL and incubated overnight at
4°C. The plates were washed 3 times with wash buffer
(phosphate-salt buffer + 0.05% Twin-20 (Biolot)), after
which unbound sites were blocked with 1% bovine se-
rum albumin.

Double dilutions of sera or respiratory tract wash-
es were prepared in separate round-bottom plates,
which were then transferred to the wells of the plate
washed from the blocking solution. After incubation for
1 h at 37°C, the plates were again washed 3 times with
wash buffer, dried and horseradish peroxidase-conju-
gated secondary antibodies: mouse anti-IgG (1:10 000),
mouse anti-IgA (1:2000), hamster anti-IgG (1:5000)
and hamster anti-IgA (1:300) were added. The plate
was incubated for 1 h at 37°C, after which the plate was
washed 5 times with wash buffer, dried and 50 ul/well
of TMB substrate (Thermo) was added and incubated
in the dark for up to 20 min at room temperature. The

2 WHO. Manual for the laboratory diagnosis of virological
surveillance of influenza. Geneva;2011. URL: https://www.who.
int/publications/i/item/manual-for-the-laboratory-diagnosis-and-
virological-surveillance-of-influenza
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reaction was stopped by adding 50 pl of 1M H,SO,. The
primary ELISA results were measured on a spectropho-
tometer (Bio-Rad) at a wavelength of 450 nm. The last
dilution at which the optical density exceeded twice the
average of the control wells was taken as the antibody
titer. The area under the optical density curve was cal-
culated using the GraphPad Prism 7 software package.

Statistical processing of data

For data comparison, non-parametric Mann-Whit-
ney U-test; Student's t-test and ANOVA using Graph-
Pad Prism 7 software were used. Differences were con-
sidered reliable at p < 0.05.

Results

Two variants of the pandemic strain A/Singa-
pore/1/57 (H2N2) were recovered from ampoules of
viral material lyophilized in 1975, and the exact pas-
saging history of the viruses is unknown. The viruses
was grown in eggs differed in their level of sensitivity
to nonspecific guinea pig serum inhibitors. Whole-ge-
nome sequencing showed that these viruses had amino
acid differences at positions 156 (E/K), 226 (Q/L), and
228 (G/S) in the HA1 subunit (Table). According to the

literature, substitutions at positions 226 and 228 are re-
sponsible for the receptor specificity of influenza virus
[5, 6]. It is without a doubt that the evaluation of the
affinity of these viruses for receptors on the erythro-
cyte surface in HA with different types of RBC showed
that the virus with amino acid residues E156, Q226
and G228 has a2,3-receptor specificity (designated
Sing-a2,3), while the variant with residues K156, 1.226
and S228 has affinity for a2,6-receptors (Sing-a2,6)
(Fig. 1, a). The amino acid substitution K797 was found
in the neuraminidase molecule, but since it is located in
the transmembrane domain, it has no effect on receptor
specificity (Table). Adaptation of the studied viruses to
MDCK cells and subsequent cloning by plaque allowed
the isolation of 3 additional virus variants with different
HA sequences: Sing-02,6-EP with GI/58E and L321P
mutations in the HA1 subunit, Sing-a2,3-S with P221S
mutation in the HA1 subunit, and Sing-02,3-V with
A96V mutation in the HA2 subunit (Table).
Examination of MDCK-adapted variants in HA
showed that the Sing-02.6-EP strain has affinity for
02,6 receptors, while the Sing-a2,3-S and Sing-a2,3-V
variants have affinity for a2,3 receptors (Fig. 1, a).
Thus, adaptation of wild-type H2N2 influenza viruses

a
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Fig. 1. Characterization of the studied viruses in vitro.

a — titers of viruses in HA with untreated chicken erythrocytes (1), horse erythrocytes (2) and chicken erythrocytes treated with exosialidase
(3); b — infectious activity of the studied viruses in the Egg and MDCK cells.

Amino acid substitutions in surface proteins of investigated variants of A/Singapore/1/57 (H2N2) virus

HA
NA
Virus HA1 HA2
156 158 221 226 228 321 96 19
Original strains accumulated in the Egg
Sing-a2,6 Lys Gly Pro Leu Ser Leu Ala Thr
Sing-a2,3 Glu Gly Pro Gin Gly Leu Ala Lys
MDCK-adapted strains

Sing-a2,6-EP Lys Glu Pro Leu Ser Pro Ala Thr
Sing-a2,3-S Glu Gly Ser GIn Gly Leu Ala Lys
Sing-a2,3-V Glu Gly Pro Gin Gly Leu Val Lys
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to mammalian cell culture does not significantly affect
their receptor specificity.

In addition, the infectious activity of all viruses in
eggs and MDCK cells was studied. It was found that
Sing-a2,3 virus was on average 2 orders higher in eggs
than Sing-02,6 virus, while their titers in MDCK cells
were comparable (Fig. 1, b). Importantly, the infectious
activity of MDCK-adapted variants in cell culture was
significantly higher than that of the corresponding orig-
inal viruses. Thus, the contribution of mutations G158F
and L321P, P221S in the HA1 and 496V in the HA2
subunits to the increase in the infectious titer of the vi-
rus in MDCK cells was observed (Fig. 1, b).

Immunization of CBA mice with the original
Sing-02.6 and Sing-02,3 strains and MDCK-adapt-
ed variants induced higher levels of homologous se-
rum antibodies to Sing-02.6 and Sing-02.6-EP viruses
compared with viruses with affinity for 02.3 receptors
(Fig. 2, a, b). At the same time, cell-adapted Sing-02,3-S
and Sing-02,3-V variants induced significantly lower
levels of homologous serum IgG antibodies compared
with the original Sing-02,3 variant (Fig. 2, b). Exa-
mination of the local humoral immune response showed
significant increases in secretory IgA antibodies in all

Antibody titer, log2
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5 viruses tested: Sing-02,6, Sing-02,6-EP, Sing-02,3,
Sing-a2,3-S and Sing-a2,3-V (Fig. 2, ¢). Compar-
ison of IgA antibody levels in the original Sing-a2,6
and Sing-02,3 virus groups showed no differences
(p =0.3355), which is in contrast to the data on the sys-
temic humoral response. Nevertheless, a comparative
analysis of the levels of secretory IgA antibodies be-
tween groups of animals infected with MDCK-adapted
variants of Sing-a2,6-EP, Sing-a2,3-S, and Sing-02,3-V,
as well as in the systemic response, revealed the supe-
riority of Sing-02,6-EP virus. Summarizing the data on
the induction of systemic and local immune response
by the studied viruses, we can conclude that all the vi-
ruses induce humoral response, but the MDCK-adapted
variants with a2,3 receptor specificity (Sing-02,3-S and
Sing-02,3-V) were the least immunogenic at the level
of both systemic and local humoral immunity. On the
contrary, Sing-a2,6, Sing-a2,6-EP viruses with 02,6 re-
ceptor specificity did not differ in immunogenicity in
any of the tests.

Further, the cross-reactivity of serum antibod-
ies produced by administration of 5 tested variants of
A/Singapore/1/57 (H2N2) virus was evaluated against
each variant in HAI and ELISA. Interestingly, when

Fig. 2. Assessment of humoral immune response to a single
administration of the tested viruses to CBA mice.
a — level of homologous serum antibodies detected in HAI,

b — level of homologous serum IgA antibodies in ELISA;
¢ — level of homologous secretory IgG antibodies in ELISA.

b
10+ [ —* |
I

N e koSN
o 84 LI A
o

o

[}

=

=

>

©

o

2

=

C

<

[q]

()]

o

~

[0

=

“—

>

©

o

2

“—

[

<




KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOIUI. 2025; 102(1) 37

DOI: https://doi.org/10.36233/0372-9311-624

OPUTVHANbHbBIE NCCJTIEAOBAHNA

viruses with a2-6-receptor specificity were used as an-
tigens in HAI significantly higher antibody titers were
detected in all immunized groups compared with anti-
gens with a2-3 specificity (Fig. 3, a). However, anti-
bodies in the sera of the Sing-02.6 group did not bind
any of virus variants with a2-3-receptor specificity. Al-
though antibody titers above the detection level were
detected in mice immunized with the MDCK-adapted
Sing-02,6-EP variant, no statistically significant differ-
ences compared to the control group were found. The
study of cross-reactivity of serum IgG antibodies by
ELISA showed similar results: viruses with a2-6-recep-
tor specificity as antigens revealed the highest values of
antibody titers in all groups, whereas antibody binding
to viruses with o2,3-receptor specificity was signifi-
cantly weaker in animals of all groups (Fig. 3, b).

It is important to note that viruses with a2-6-re-
ceptor specificity as antigen bound antibodies equally
well in the sera of mice from all groups studied, ex-
cept for the group of animals immunized with Sing-
02,3-V virus, in which antibody titers to Sing-02,6 and
Sing-02,6-EP viruses differed significantly from those
in the other groups (Fig. 3, a). The opposite situation
was observed in groups of animals immunized with
MDCK-adapted variants with o2-3-receptor specifici-
ty: IgG antibody titers to Sing-a2,3-S and Sing-a2,3-V
viruses were reduced in all immunized groups; while
the P221S substitution in the HA1 subunit could be
characterized as an escape mutation, since Sing-02,3-S
virus escapes antibody recognition most efficiently in
all immunogenic variants studied (Fig. 3, b).

Overall, the results indicate that variants with
02-3-receptor specificity adapted to or isolated on MD-
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CK cell culture are the most suitable viruses for the pro-
duction of a cell-based H2N2 pandemic vaccine.

To confirm this hypothesis, we constructed two
LAIV strains H2N2 subtype based on the attenuation
donor A/Leningrad/134/17/57: A/17/Singapore/57/1
with H4 and NA genes from Sing-a2,3 virus (designat-
ed as 17/Sing-a02,3) and A/17/Singapore/57/2 with HA
and NA genes from Sing-02,6 virus (17/Sing-a2,6) by
reverse genetics methods. HA assay with different RBC
confirmed the receptor specificity of the resulting vac-
cine viruses, which matched that of the corresponding
wild-type virus (Fig. 4, a), further indicating the key
role of hemagglutinin in binding to host cell glycan re-
ceptors. Importantly, adaptation of the vaccine strains
to MDCK cells did not result in new mutations in the
HA molecule: more than 50 viruses isolated from the
plaques matched to the original strain of LAIV. Eval-
uation of the infectious activity of the engineered vi-
ruses showed that the vaccine strains 17/Sing-02,3 and
17/Sing-02,6 multiplied equally well in MDCK cells,
whereas in eggs, the 17/Sing-02,3 virus had an infec-
tious titer an order higher than that of the 17/Sing-02,6
virus (Fig. 4, b).

Twofold immunization of Syrian hamsters with
reverse-genetic vaccine strains 17/Sing-a2,3 and 17/
Sing-a2,6 resulted in similar levels of serum IgG an-
tibodies, binding to the Sing-a2,3 antigen, with the 17/
Sing-02,3 vaccine virus inducing significantly more
antibodies to the Sing-02,6 antigen than to its own
Sing-a2,3 antigen (Fig. 5). The results obtained are in
full compliance with the results of studying the antige-
nicity of pandemic variants of A/Singapore/1/57 in an
experiment on mice (Fig. 3).
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Fig. 3. Heat map of the immunogenicity and cross-reactivity of investigated variants of A/Singapore/1/57 (H2N2) virus
in the experiment on mice (n = 7).

a — mean values of the levels of anti-hemagglutinating antibodies in all immunized groups against different viral antigens; b — mean values
of the levels of serum IgG antibodies in all immunized groups against different viral antigens.
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Fig. 4. Characterization of the investigated vaccine strains of H2N2 LIV in vitro.

a — virus titers in HA assays with untreated chicken erythrocytes (1), horse erythrocytes (2), chicken erythrocytes treated with exosialidase
(3); b — infectious activity of the studied viruses in the Egg system and MDCK cell culture.

The cross-reactivity of local IgA antibodies in
washes from the upper and lower respiratory tracts in
ELISA with the same viral antigens was investigated.
Using the Sing-02,6 virus as an antigen revealed sig-
nificantly higher levels of secretory virus-specific anti-
bodies compared with the use of Sing-02,3 virus as an
antigen (Fig. 5).

Thus, it follows from the results presented that
H2N2 subtype influenza viruses with o2-3-receptor
specificity induce antibodies with broader cross-reac-
tivity against viruses with different receptor specificity
compared with antibodies induced by viruses with af-
finity for a2-6-receptors. This phenomenon should be
taken into account when selecting a strain for vaccine
preparation in the event of the onset of an H2N2 influ-
enza pandemic.

Discussion

Influenza A(H2N2) viruses circulated in the hu-
man population from 1957 to 1968, after which they
were replaced by A(H3N2) viruses that caused the Hong
Kong influenza pandemic [18]. Since H2N2 viruses
have not infected humans for more than 50 years, pop-
ulation immunity to these viruses is extremely low, and
people born after 1968 are the most vulnerable group if
H2N2 viruses return to circulation [19]. Given the per-
sistence of influenza viruses with hemagglutinin H2 in
the natural reservoir [20—22], the probability of a new
H2N2 influenza pandemic is estimated to be high [7].
In this regard, research aimed at the development and
detailed study of potentially pandemic vaccines against
viruses of this subtype is an urgent and important area.

We have previously developed and researched
in preclinical and clinical studies an LAIV against
the H2N2 virus circulating at the end of the pandemic
wave, A/California/1/66 (H2N2) [23, 24], and this vac-
cine can be used to immunize the most vulnerable pop-
ulations in case antigenically similar H2N2 viruses re-
turn to circulation. However, results of avian influenza

virus monitoring show that most H2N2 subtype isolates
remain antigenically similar to the pandemic A/Singa-
pore/1/57 virus and retain a preference for avian-type
sialic 2,3 receptors [7]. Detailed studies on the effect
of receptor specificity of viruses on their transmissibil-
ity in ferret experiments have shown that switching the
receptor from 02,3- to a2,6-type significantly increases
the ability of the virus transmission by airborne drop-
lets, which may play a crucial role in the pandemic
spread of H2N2 viruses [25]. However, there is no clear
data on virus strain is best used for vaccine preparation
at the onset of a pandemic caused by avian influenza
viruses with affinity for both types of cellular receptors.

In the present study, we performed a model exper-
iment with pandemic variants of the A/Singapore/1/57
virus that circulated in 1957 and differed in the receptor
specificity of the HA molecule, which was determined
by 3 amino acid differences in the HA1 subunit: E156,
Q226, G228 for the Sing-a2,3 variant and K156, 1226,
S228 for the Sing-02,6 variant. Since it is advisable to
produce pandemic vaccines on mammalian cell lines to
improve the quality of the product and the possibility
of accelerated scaling of production [11, 26], we per-
formed serial passaging of both the original pandemic
viruses Sing-a2,3 and Sing-02,6 and reassortant vac-
cine strains of LAIV prepared on their basis in MDCK
cells, followed by identification of new substitutions in
the HA molecule. Interestingly, adaptation mutations
occurred in passages in cells of only pandemic viruses,
but not vaccine strains of LAIV. This may be due to
the fact, that the pandemic variants represented a het-
erogeneous virus population with an unknown passage
history, whereas the reverse-genetic vaccine viruses un-
derwent only two passages in eggs after assembly from
plasmids and represented a more homogeneous popula-
tion. It is important to note that the mutations we found
did not affect the receptor specificity of the viruses, but
did affect their antigenicity. In particular, the P22 1S mu-
tation in the HA 1 subunit had the character of an escape
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mutation, as it avoided recognition by antibodies in the
sera of animals immunized with all A/Singapore/1/57
variants studied. Interestingly, a similar mutation has
been described for avian influenza viruses of the HON2
subtype, whereby it reduced the affinity of the virus for
the avian a2,3-receptor analog, but in combination with
the L226Q mutation, the affinity for this receptor was
restored [27], which is in complete compliance with our
results. Furthermore, the P221S mutation was detected
in the A/Wyoming/3/2003 (H3N2) virus during its seri-
al passaging in MDCK cells [28], which also confirms
the adaptive nature of this substitution.

Conclusion

The most important result of the study is the
demonstration of broader cross-reactivity of antibodies
produced by intranasal immunization of animals with
H2N2 viruses with a2,3-receptor specificity. This was
shown both for pandemic A/Singapore/1/57 viruses
and for vaccine reassortant strains of H2N2 obtained
by reverse genetics. It is important to note here that the
vaccine strain 17/Sing-a2,3 is suitable for cell culture
production because it achieves a high infectious titer in
MDCK cells, and the homogeneous nature of the strain
due to its preparation by genetic engineering methods
will ensure the genetic stability of the vaccine during
serial passages on MDCK cells, which evidences in fa-
vor of mass production of the vaccine in the first wave
of the pandemic. Furthermore, this choice of strain for
the production of pandemic cell-derived LAIV will
maximize the reproduction of the vaccine strain in MD-
CK cells, as well as ensure high vaccine efficacy due to
full antigenic coverage of circulating influenza viruses
in the case of a pandemic.

Although our hypothesis has been experimen-
tally confirmed in various animal models, the assess-
ment of immunogenicity and cross-reactivity of the 17/
Sing-02,3 LAIV strain in clinical trials is required for
its potential widespread use in humans. One of the ob-
stacles to the use of the 17/Sing-02,3 strain of LAIV in
clinical practice may be the potentially reduced replica-
tive activity of the virus in the human respiratory tract,
since in humans a2,3 receptors are poorly represented
in the respiratory tract and are predominantly expressed
in the lower respiratory tract [29], where the vaccine
virus does not replicate due to its temperature-sensitive
phenotype, and this may result in low immunogenici-
ty of LAIV. However, experience with human immu-
nization with LAIV against avian influenza H5N1, the
infectious agent of which also has a2,3-receptor speci-
ficity, has shown that even in the absence of replication
in the URT and at low levels of serum antibodies to the
virus after intranasal immunization, LAIV produces a
long-term immune response that can be de-masked by
administration of inactivated influenza vaccine several
months or even years later [30, 31]. Accordingly, the
strategy of heterologous prime-boost immunization at

ORIGINAL RESEARCHES

the beginning of the H2N2 influenza pandemic can al-
so be considered as the most promising for the forma-
tion of a powerful long-term humoral immunity with a
broad spectrum of protection.
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