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ABSTRACT

BACKGROUND: The development of a universal influenza vaccine remains a critical goal to enhance protection against diverse
influenza virus strains. While vaccines against influenza type A viruses have benefited from the use of chimeric hemagglutinin
designs, strategies for influenza type B vaccines still lag.

AIM: The study aimed to investigate the efficacy of chimeric vaccine strains to induce humoral immune response targeting
conserved antigenic sites of influenza type B virus.

METHODS: A chimeric hemagglutinin was engineered by combining the head domain from the B/Brishane/60/2008 virus (Vic-
toria lineage) with the stalk domain from the B/Phuket/3073/2013 virus (Yamagata lineage). The gene encoding the chimeric
hemagglutinin was incorporated into a vaccine virus based on the cold-adapted B/USSR/60/69 master donor virus to produce
live-attenuated influenza vaccine. Mice were sequentially vaccinated with the conventional live-attenuated influenza vaccine
and then with the recombinant live-attenuated influenza vaccine expressing the chimeric hemagglutinin. Immune responses
and cross-protection against both homologous and heterologous influenza type B virus strains were assessed.

RESULTS: The engineered chimeric hemagglutinin did not impair the replication or assembly of the vaccine virus. Sequential
vaccination induced a robust humoral immune response and provided protection against both homologous and heterologous
influenza type B virus strains in the mouse model.

CONCLUSION: Live-attenuated influenza type B vaccines expressing chimeric hemagglutinin show promise in broadening pro-
tection against influenza type B virus infection. These findings support the development of a universal influenza type B vaccine
using a chimeric hemagglutinin design.
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PaspaboTka >xuBoi rpunno3HoM BaKLMHbl HA OCHOBE
XUMEpPHOM MONEKynbl reMarrmiTUHUHA ANA 3aLLMTbI
npoTuB o6emx NUHMIA BUpYca rpunna B

M.0. Bon, E.A. CrenaHoBa, E.A. baxeHoBa, C.A. [lohuHa, J1.I. Pynenko, U.H. UcakoBa-CuBak

MHCTUTYT 3KcnepuMeHTanbHoi MeauumHel, CankT-etepbypr, Poccus

AHHOTALUA

O6ocHoBaHMe. Pa3paboTKa yHWUBEpCaNbHOM rPUNMO3HOI BaKLMHbI OCTAETCA Ba)KHEMLLIEH 3afadeit AN pacLUMpeHns creKTpa
3alUMTBl OT pa3fIMYHbIX LUTaMMOB BUpYca rpunna. B HacTosLlee BpeMs cTpaTeruu CO3AaHWA BaKUMH NPOTMB BUPYCa rpunna
TMNa B pa3BuUTbl HEJOCTATOYHO MO CPABHEHUIO C BaKLMHAMM NPOTMB BUpYCa rpunna tuna A.

Lene — oueHka 3 dEKTUBHOCTM UCMONBb30BaHNS XMMEPHBIX LUTAMMOB XMBOW IPUMMNO3HON BaKLMHbI AN UHOYKUMM [yMo-
pasibHOr0 UMMYHHOTO OTBETA, HarNpaBEHHOr0 Ha KOHCEPBATUBHBIE aHTUIEHHbIE Y4acTKKM BUpYca rpunna Tuna B.

MeTtogbl. Bbin CKOHCTPYMpOBaH XMMeEpPHbIM BENOK remMarrmioTUHUH, BKIIIOYAOWMA B Ce6A rMobynapHbIn JOMEH OT BUpY-
ca B/Brisbane/60/2008 (nunusa B/BukTopus) u ctebnesoii foMeH ot Bupyca B/Phuket/3073/2013 (nuHus B/AMarata). Xumep-
HbIM reH reMarrTMHUHA ObiN BCTPOEH B LUTAMM XUBOI MPUNMO3HOM BaKLUMHBI HA 0CHOBE AoHOpa atTeHyaumu B/CCCP/60/69.
Mbilwen MMMyHU3UPOBaNM NOCNEOBATENBHO KIACCUYECKOW MBOM TPUMMO3HOW BAaKUMHOW W PEKOMOMHAHTHBIM LUTAMMOM
C XMMEepHOW MOMEKYNoN reMarmiioTUHUHA. OLueHWBanM ryMopanbHblii UMMYHHBIA OTBET U MEPEKPECTHYH0 3aLLMTY OT FOMOJIO-
TMYHBIX W FeTEepPONIOrMYHbIX LUTaMMOB BUpYyca rpunna Tuna B.

PesynbTathl. XMepHBIA reMarrioTMHUH He NpensTcTBOBan penamkaumu 1 cbopke BakLMHHOrO Bupyca. locnepoBatensHas
BaKLMHALMA MHAYLMPOBa/a BbIpaXKeHHbIA NyMOpanbHbIii MMMYHHBIN OTBET U 0becrieymBana 3aliuTy OT roMOSIOrUYHBIX U reTe-
PONIOMMYHBIX LUTAMMOB BUpYca rpunna tna B y Mbliwwei.

3akuioyenue. JuBas rpunnosHas BakuMHa TMNa B, aKcnpeccupyloLasn XMMepHbIi reMarrlTMHUH, — NEepCNeKTUBHBIN KaH-
AVAAT 0018 paclUMpeHus CMEeKTpa 3aluuThl OT BUPYCOB rpunna tuna B u Moxet cnocobcToBath paspabotke bonee addek-
TMBHOM PUMMO3HON BaKLMHbI.

KnioueBble cyioBa: XMMepHbIi reMarrIloTUHUH; BUPYC rpunna B; xvBas rpunnosHas BakuMHa; 0bpaTHas reHeTUKa; pekoMmou-
HaHTHbI BUPYC FPUMNa; KPOCC-NPOTEKTUBHOCTb; MPOTUBOBUPYCHBIA UMMYHUTET.
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BACKGROUND

Influenza type B viruses (IBVs) are considered significant
human pathogens, which cause seasonal epidemics
of acute respiratory illness and are a considerable burden
on the public health system [1]. Until recently, protection
by trivalent seasonal influenza vaccines has been suboptimal
due to co-circulation of two antigenically distinct IBV
hemagglutinin (HA) lineages, B/Victoria/2/87-like (Victoria
lineage) viruses and B/Yamagata/16/88-like (Yamagata
lineage) viruses, which have little cross-reactivity [2-4].
The cross-protection between the two lines is limited
and errors in the recommendation of the influenza B strain
in the trivalent vaccine led to reduced efficacy of the vaccine.
Current quadrivalent vaccines include both IBV lineages.
However, studies have shown that the inclusion of the fourth
component in live-attenuated influenza vaccines (LAIVs)
may result in their reduced immunogenicity and efficacy
compared to trivalent vaccines containing only one IBV
strain [5]. Although lineage B/Yamagata viruses have been
actually absent from humans for the past 5 years, which
is likely a consequence of the COVID-19 pandemic [6], there
is no certainty that these viruses will not return to circulation
in a while, e.g. by persisting in a natural reservoir. It is known
that viruses of this subtype can infect certain species
of mammals, such as seals [7]. Therefore, the development
of a cross-lineage IBV vaccine able to generate cross-reactive
antibodies against both B/Yamagata and B/Victoria lineages
would be valuable to provide broad protection.

A promising approach developed in the last decade
is the targeted induction of cross-reactive antibodies
specific to the conserved stalk domain of the HA molecule
by constructing chimeric HA (cHA) molecules containing
identical stalk domains and globular variable domains from
genetically distant viruses of different subtypes. Such strategy
has already been successfully tested on a variety of vaccine
platforms [8—11] and some cHA-based vaccines against
influenza A viruses showed promising results in clinical
trials [12-15]. Most studies utilizing cHA-based approach are
focused on influenza A vaccine viruses with only few studies
targeting HA stalk domain of IBV [16, 17]. In this study, we
used a recently developed plasmid-based reverse genetics
system for cold-adapted B/USSR/60/69 influenza master
donor virus [18] to generate a cross-lineage protective vaccine
candidate expressing chimeric HA consisting of the globular
head domain from a B/Victoria-like virus and the stalk
domain from a B/Yamagata-like virus. We used a prime-
boost sequential vaccination strategy to specifically induce
cross-reactive HA stem-specific antibodies in an attempt
to extend the protective spectrum of IBV LAIV in a mouse
model of IBV infection.

The study aimed to develop and evaluate the immuno-
genicity and cross-protective potential of a live-attenuated
influenza B vaccine candidate expressing a chimeric HA
consisting of the head domain from a B/Victoria-like virus
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and the stalk domain from a B/Yamagata-like virus, using
a prime-boost sequential vaccination strategy in a mouse
model.

METHODS
Cell Lines, Proteins, and Virus Strains

Vero cells were maintained in Opti-PRO SFM medium
(Gibco, USA) with added 1% antibiotic/antimycotic solution
(Sigma-Aldrich, USA). Madin-Darby canine kidney (MDCK)
cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, USA) with added 10% fetal bovine serum
(FBS) (Gibco, USA) and 1 x antibiotic/antimycotic solution.
Cells were propagated at 37 °C in a humidified incubator
under a 5% CO, atmosphere.

A chimeric recombinant hemagglutinin protein, H8BY,
consisting of globular head domain of influenza A/H8N4
virus and the stalk domain of B/Yamagata virus was kindly
provided by Professor F. Krammer (Icahn School of Medicine
at Mount Sinai, NY, USA).

Influenza B viruses B/Brisbane/60/2008 (B/Victoria
lineage) and B/Phuket/3037/13 (Yamagata lineage) were
provided by CDC (Atlanta, USA). B/Lee/40 influenza B virus
was provided by the influenza virus repository of the Institute
of Experimental Medicine (St. Petersburg, Russia). A Victoria-
like mouse-adapted B/Malaysia/2506/2004 (Ma-wt) virus was
provided by the Smorodintsev Research Institute of Influenza
(Saint Petersburg, Russia).

Cold-adapted LAIV master donor virus B/USSR/60/69
(B60), as well as two B60-based LAIV reassortant viruses
carrying HA and NA genes of B/Brishane/60/2008 (Br-RG)
or B/Phuket/3037/13 (Ph-RG) were generated by plasmid-
based reverse genetics as previously described [18].
The viruses were propagated in 10-12 days old embryonated
chicken eggs (Sinyavinskaya Poultry Farm, Leningrad Region,
Russia) at 33-37 °C for 72 hours and stored at —70 °C
in single-use aliquots.

Plasmid Cloning

A chimeric hemagglutinin (cHA) gene was engineered
by combining the head domain from B/Brisbane/60/2008
(B/Victoria lineage) and the stalk domain from B/Phu-
ket/3073/2013 (B/Yamagata lineage). The genetic segment
encoding this chimeric HA was cloned into the dual-
promoted plasmid vector pCIPollSapIT. Through polymerase
chain reaction (PCR) with specific primers, the head domain
from B/Brisbane/60/2008 and the stem domain from B/Phu-
ket/3073/2013 were amplified so that the fragments were
flanked with BsmBlI restriction sites, followed by restriction
and coligation to create the chimeric HA genetic segment.
This segment was inserted into the pCIPollSapIT vector via
the Sapl restriction sites. The resulting plasmid DNA was
transformed into competent Escherichia coli X-gold cells,
and plasmid DNA was isolated from promising colonies using
a GeneJET Plasmid Miniprep Kit (Thermo Scientific, USA) [19].
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Table 1. List of influenza viruses used in this study
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Tabnuua 1. Cnncok BUPYCOB rpunna, UCnosb30BaHHbIX B HACTOALLEM UccnenoBaHun

des\i/;;:]uastion HA gene NA gene SDS(;;:::]T:Q Virus description

Br-wt Br-wt Br-wt Br-wt Wild-type B/Brisbane/60/2008 (B/Victoria lineage)

Ph-wt Ph-wt Ph-wt Ph-wt Wild-type B/Phuket/3037/2013 (B/Yamagata lineage)

Ma-wt Ma-wt Ma-wt Ma-wt Wild-type B/Malaysia/2506/2004 (B/Victoria lineage) mouse-adapted

Lee-wt Lee-wt Lee-wt Lee-wt Wild-type B/Lee/1940

Br-RG Br-wt Br-wt B60 LAIV based on B/Brishane/60/2008 generated by reverse genetics

Ph-RG Ph-wt Ph-wt B60 LAIV based on B/Phuket/3037/2013 generated by reverse genetics
BrH cHA (head domain from Br-wt Br-wt B60 LAIV expressing cHA gene and NA gene of B/Brishane/60/2008

and stalk domain from Ph-wt)

generated by reverse genetics

The plasmid insert was verified by Sanger sequencing;
if the gene had mutations resulting in amino acid changes,
it was corrected to match the consensus sequence using
Site-Directed Mutagenesis kit (Invitrogen, USA).

Influenza Virus Rescue

Three recombinant LAIV viruses were generated
by plasmid-based reverse genetics on the B60 cold-adapted
LAIV backbone (see Table 1). For viral rescue, eight plasmid
DNAs, 2 pg each, were combined into a 1.5 ml tube, mixed with
120 pl sodium acetate (NaOAc) buffer (prepared by mixing 4 ml
3M NaOAc (pH 4.8), 95 ml of ice cold 100% ethanol and 1 ml
sterile water) and incubated overnight at =20 °C. The next
day, plasmid DNAs were precipitated by centrifugation,
washed with ethanol and resuspended in 8 pl of TE buffer.
Vero cells were harvested and diluted to 5x10° cells/mL
for each reaction, then the cells were transfected using
the Neon™ transfection system (Thermo Scientific, USA).
After 6 h incubation at 37 °C in Opti-PRO SFM, the medium
was replaced with 2 ml Opti-PRO containing 2.5 pg/mL
trypsin (Sigma-Aldrich, USA) to each well and incubated
at 33 °C for 3-7 days. Following virus rescue (passage 0),
the tissue culture supernatant was used to inoculate
10-12-day embryonated chicken eggs (E1) to amplify
the virus. The viruses obtained in ET were used to grow virus
stocks in embryonated chicken eggs (E2). Inoculated eggs
were incubated at 33 °C for 3 days. The presence of infectious
virus was determined by hemagglutination (HA) assay with
0.5% chicken red blood cells.

Assessment of Virus Growth

Replication in eggs. To assess virus replication
in eggs (EIDs), virus stocks were diluted tenfold in phosphate
buffered saline (PBS) and inoculated into 10-12 days old
embryonated chicken eggs at a volume of 200 pl per egg.
After a 3-day incubation at 33 °C, the allantoic fluid was
tested for hemagglutination and infectious virus titers were
measured using the Reed—Muench method [20].

Temperature-sensitive and cold-adapted phenotypes were
evaluated by titrating the virus in 10-day-old eggs at various
temperatures, permissive (33 °C), low (26 °C), and high

non-permissive (37 °C and 38 °C). Eggs were infected as
described and incubated at 33 °C, 37 °C, or 38°C for 3 days,
or at 26 °C for 6 days. A virus was classified as temperature-
sensitive if the difference in titer between 33 °C and 37-38 °C
was at least 5.0 logEIDg,. It was considered cold-adapted
if the difference between titers at 33 °C and 26 °C was
3.0 logEIDg; or less.

Replication in MDCK cells. To determine the fifty-percent
tissue culture infective dose (TCID,) in MDCK cells, virus
stocks were serially diluted tenfold in infection medium
(DMEM with 1 x antibiotic-antimycotic solution and 1 pg/ml
TPCK trypsin) and added to 96-well plates with confluent cell
monolayers that had been thoroughly washed with warm
PBS. Following 1 hour adsorption at 33 °C, the inoculum
was removed, the cells were washed with PBS and 150 pl
infection medium was added to each well. The cells were then
incubated for 72 hours at 33 °C with 5% CO,. Supernatants
were tested for HA activity and virus titers were calculated
using the Reed—Muench method [20].

The growth kinetics of reassortant viruses were assessed
at 33 °C. Confluent MDCK cell monolayers on 6-well
plates were inoculated in triplicate with a multiplicity
of infection (MOI) of 0.001 for each virus. Supernatants were
collected at 0, 1, 2, 3, and 4 days post-inoculation (dpi)
and stored at —70 °C for subsequent virus titer determination.
Virus titers were measured using TCID,, assays as described
above.

Virus concentration and purification

Embryonated chicken eggs were inoculated with
influenza viruses at a dose of 4-5 logEIDy,. After 3 days
of incubation at 33 °C, the allantoic fluid from each egg was
collected and pooled. The infectious fluid was then purified
by low-speed centrifugation, followed by ultracentrifugation
at 19,000 rpm for 2.5 hours at 4 °C using an Optima L-100 XP
centrifuge (Beckman Coulter, USA). The supernatant was
removed and the pellet was re-suspended in 1 ml cold PBS.
This suspension was layered onto a discontinuous sucrose
gradient consisting of sequential 60% and 30% sucrose
solutions (5 mL each) in 14 mL centrifuge tubes. The gradient
was then centrifuged for 90 minutes at 23,000 rpm at 4 °C.
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Following ultracentrifugation, the virus band, which appeared
as a white ring between the sucrose layers, was extracted
and retained. This virus band was transferred to a new 14 mL
centrifuge tube, diluted with PBS, and subjected to further
centrifugation for 1 hour at 23,000 rpm at 4 °C. The resulting
sediments were dissolved in PBS and stored at -70 °C
in single-use aliquots.

Animal Experiments

This study includes multiple independent experiments
utilizing 6—8 week-old female C57BL/6J mice, which were
obtained from the Stolbovaya animal farm in the Moscow
Region (Russia). All experimental procedures and animal
manipulations were conducted by experienced staff with
extensive background in working with various experimental
animals. The study was approved by the Local Ethics
Committee of the Institute of Experimental Medicine (ethical
approval #1/23 dated April 20, 2023).

Groups of mice were inoculated intranasally with
6.0 logEIDs; of the studied vaccine viruses twice at a 3-week
interval. On Day 3 post-inoculation, 4 animals from each
vaccine group were humanely euthanized for tissue collection.
Nasal turbinates (NT) and lungs were collected for virus titer
quantification. On Day 43 of the study, 6-8 mice from each
group were bled via the retroorbital sinus to obtain serum
samples to measure influenza specific antibody responses.
At 46 dpi, each group was subjected to challenge infections
with different wild-type IBVs. For some experiments,
respiratory tissues were collected on Days 3 (n = 4)
and 6 (n = 4) after challenge to determine viral titers; in other
experiments, challenged animals (n = 5) were monitored
for survival and weight loss for 14 days post-challenge
and scored as dead and humanely euthanized if they lost
more than 30% of their initial body weight.

To evaluate the fifty-percent mouse lethal dose (MLD.)
of the challenge viruses, serial viral dilutions were inoculated
intranasally in 50 pl to groups of mice (n = 3-4). Animals
were monitored for survival and weight loss for 14 days post-
challenge. The MLDg, value was calculated using the Reed-
Muench method.

Immunological Methods

Serum samples collected from immunized mice were
assessed for influenza virus-specific antibodies using
ELISA, microneutralization (MN) assay or hemagglutination
inhibition (HI) assay.

ELISA. Serum samples collected after two immunizations
were tested for IgG antibodies using a standard ELISA
procedure. High-binding ELISA plates (Greiner Bio-One,
Germany) were coated with sucrose gradient-purified IBVs
at a concentration of 16 hemagglutination units per well
in 50 pl coating buffer (0.5 M sodium bicarbonate, pH 9.6).
The plates were incubated overnight at 4 °C, then washed
twice with PBST (PBS with 0.05% Tween 20). Next, the plates
were blocked with 50 pl 1% (w/v) bovine serum albumin (BSA)
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in PBS at 37 °C for 30 minutes, followed by two washes with
PBST.

Serially diluted sera (ranging from 1:20 to 1:20480) were
then added to the wells in 50 pl volumes and incubated
at 37 °C for 1 hour. After washing the plates, a 1:5000 dilution
of horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG (Bio-Rad, USA) was added to each well and the plates
were incubated for 30 minutes at 37 °C. Following a final
wash, 50 pl 3,3',5,5-tetramethylbenzidine (TMB) (Thermo
Scientific, USA) was added to the wells and incubated
for 15 minutes. The reaction was stopped by adding 25 pl 1 M
sulfuric acid (H,S0.) to each well. Absorbance was measured
at 450 nm using an xMark microplate spectrophotometer
(Bio-Rad, USA). The levels of virus-specific IgG antibodies
were assessed as the area under the 0D,5, curve (AUC)
calculated using Prism 10.2 (GraphPad) software.

Microneutralization assay. The WT IBVs were used as
antigens for microneutralization (MN) assay in this study.
Serum samples were first treated with receptor-destroying
enzyme (RDE) (Denka Seiken Co., Ltd, Japan) for 18-20 hours
at 37 °C, then heat-inactivated at 56 °C for 1 hour. After heat
inactivation, the samples were diluted to a final concentration
of 1:10 with PBS.

Two-fold serial dilutions of the treated sera (ranging
from 1:20 to 1:2560) were prepared in 96-well plates, with
each well receiving 50 pl of the diluted serum. The dilutions
were made in DMEM supplemented with 1 x antibiotic-
antimycotic solution and TPCK trypsin (1 pg/ml). A diluent
and a positive serum against WT IBVs were included as
negative and positive controls, respectively. An equal
volume of virus dilution containing 100 TCIDg, per 50 pl
was added to each well. The plates were incubated at 37 °C
for 1 hour. Following incubation, 100 pl of the virus-serum
mixtures were transferred to MDCK cells cultured in 96-well
plates. The plates were incubated at 33 °C with 5% CO,
for 18-20 hours. After incubation, the media was removed,
and the cells were washed with 200 pl PBS. The cells were
then fixed with pre-chilled (to —20 °C) 80% acetone diluted
in PBS, incubated at 20 °C for 20 minutes. Then, the fixative
was removed and the plates were air-dried.

A cell-based ELISA was performed to detect and quantify
the expression of IBV nucleoprotein (NP) in the infected cells.
The fixed cells were blocked with 5% non-fat milk in PBST
at room temperature for 30 minutes. Following blocking,
the cells were quenched with 100 pl of 3% hydrogen peroxide
in PBS and incubated for 20 minutes at room temperature.
After washing three times with 200 pl PBST, peroxidase-
conjugated anti-NP IBV monoclonal antibodies (Enterprise
for Production of Diagnostic Preparations LLC, St. Petersburg,
Russia) diluted 1:4000 in PBST with 5% non-fat dry milk were
added to each well. The plates were then incubated at room
temperature for 1 hour followed by five washes with 200 pl
PBST.

TMB peroxidase substrate was added to each well
and the reaction was stopped by adding 50 pl of 2M sulfuric
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cHA/BrH
A57 A305

B/Ph stalk | B/Br head

B/Phstalk  |TM[cTD

Fig. 1. Design of chimeric HA/B constructs. Influenza B virus HA monomer
(based on data reported under PDB accession number 4M44 [22]). The head
domain is located between alanines 57 and 305 (B/Yamagata/16/88 num-
bering, starting with methionine). TM, transmembrane domain; CTD, cyto-
plasmic tail domain.

Puc. 1. [nsaiiH xumepHblx KoHcTpykumii HA/B. MoHomep HA Bupyca
rpunna B (Ha ocHoBe AaHHbIX, NPefCTaBeHHbIX Noj HOMEpPOM AoCTyna
PDB 4M44 [22]). nobynsipHbIA AOMEH pacmoioXeH Mexay anaHuHammn 57
1 305 (Hymepaums B/Yamagata/16/88, HaunHas ¢ MeTUOHMHA). TM — TpaHc-
MeMbpaHHbIi gomeH; CTD — wumuTonnasMaTUyeckuin XBOCTOBOM [OMEH.

acid to all wells. The optical density at 450 nm was measured
using a microplate spectrophotometer (Bio-Rad, USA).
The neutralization antibody titer for each serum sample
was determined as the reciprocal of the highest serum
dilution with an 0D,5, value less than 50% of the cut-off,
indicating > 50% inhibition (MNg).

Hemagglutination inhibition (HI) assay. Serum samples
collected at 43 dpi were tested for hemagglutination inhibition
(HAI) antibodies described elsewhere [21]. The Br-wt and Ph-
wt viruses were used as antigens for these assays. Serum
samples were first treated with RDE for 18-20 hours
at 37 °C, then heat-inactivated at 56 °C for 1 hour. After heat
inactivation, PBS was added to achieve a final serum dilution
of 1:10.

Two-fold serial dilutions of the serum samples (ranging
from 1:10 to 1:1280) were prepared in 96-well U-bottom
microtiter plates. To each well, an equal volume of PBS
containing 4 hemagglutinating units of the virus was added
and incubated for 1 hour at room temperature. Following
this, 0.5% chicken red blood cells (RBCs) were added to each
well and the plates were incubated at room temperature
for 30 minutes. Hemagglutination patterns were then
observed. The hemagglutination inhibition (HI) titer was
defined as the reciprocal of the highest serum dilution that
completely inhibited hemagglutination. Titers less than 10
were assigned a value of 5 for calculation purposes.

Statistical analysis

Statistical analysis was performed using Prism 10.2
(GraphPad). Statistically significant differences between
study groups were determined by ANOVA with Tukey's

Table 2. Replication of studied viruses at different temperatures
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multiple comparison test. Survival rates after challenge were
analyzed by the Mantel-Cox log-rank test. Tests showing
differences with p < 0.05 are regarded as statistically
significant and indicated in the figures. *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001.

RESULTS
Design and Construction of cHA/B HA

Influenza B HAs show high structural similarity between
the two lineages and the amino acid differences among
influenza B HAs are mainly located in the major antigenic
sites, we did not expect significant differences in using
different B HAs as the backbone. Chimeric HA is a combination
of globular head domains from an HA of B/Brishane/60/2008
and stalk domains from B/Phuket/3037/2013 (see Fig. 1).
In the final design, our chimeric virus was a reassortant strain
that inherited six genes encoding internal and nonstructural
genes from B/USSR/60/69 MDV, cHA, and NA gene of B/Bris-
bane/60/2008. Sequential immunization with cHA that contain
different exotic head domain on a constant stalk domain
could focus the immune system to the conserved stalk
domain and elicit broadly cross-reactive immunity. Plasmid
constructed with the chimeric HA was designated as HA-BrH-
pCIPolISapIT. The cHA-expressing virus was successfully
rescued and designated as chimeric HA/Brisbane head (BrH)
virus.

Virus Growth In Vitro and In Vivo

The replication of the chimeric BrH and standard LAIV
RG viruses at different temperatures have been studied.
B/USSR/60/69 MDV has a temperature-sensitive (ts) and cold-
adapted (ca) phenotype and the ts/ca phenotypes are usually
inherited by the LAIV reassortant viruses with six internal
genes of B/USSR/60/69 backbone. Indeed, we demonstrated
that the reproductive capacity of the rescued LAIV viruses
at temperatures 37 °C and 38 °C was significantly reduced
compared to the optimal temperature 33 °C, confirming the ts
phenotype of the viruses (see Table 2). Similarly, all LAIV
recombinant viruses replicated to high titers in eggs at 26 °C,
suggesting their cold-adapted phenotype (see Table 2).

Furthermore, both Br-RG and Ph-RG, as well as the BrH
reassortants grew efficiently in MDCK cells. Their titers ranged
from 78 to 8.5 logTCID,,/mL (see Fig. 2) with MOI = 0.001,

Tabnuua 2. PennnKaTiBHas aKTMBHOCTb M3Y4aeMbIX BUPYCOB MpPY PasfiMuHbIX TeMMepaTypax

Viral titer in eggs at indicated temperature, logEIDg/ml + SD

Viral titer in MDCK

Virus cells, logTCID,/ Phenotype
26 °C 33°C 37°C 38 °C ml+SD
Br-RG 58+04 85+05 1709 1200 79+03 ts/ca
Ph-RG 79+04 95+ 04 41+01 24+09 85+ 04 ts/ca
BrH 6707 78+03 15+ 04 12400 7604 ts/ca

Note: ts, temperature sensitive; ca, cold-adapted.
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reaching peak titers of no less than 8.0 logTCIDg,/mL. These
data indicate the feasibility of LAIV production using cell
culture technologies.

Next, we assessed the ability of the BrH and 6+2 LAIV
reassortants to replicate in the upper and lower respiratory
tract of C57BL/6J mice after i.n. inoculation of 10° EIDg,
of each virus. As expected, all viruses replicated efficiently
in nasal turbinates, whereas their replication was less
prominent in the lungs, suggesting the attenuated phenotypes
of all studied viruses (see Fig. 3).

Immunogenicity of Sequential Vaccination
With cHA/BrH Virus in Mice

Next, we evaluated the immunogenicity of sequential
vaccination with the cHA/BrH virus in a mouse model.
Animals were primed with Ph-RG then boosted at 3-week
intervals with Br-RG, Ph-RG, and BrH, respectively. Control
groups included groups of animals that received PBS only.
Three weeks after prime-boost immunization, mice were
challenged with a lethal dose of diverse influenza B viruses
representing the ancestral (B/Lee/40), Victoria-like (B/Br-wt,
B/Ma-wt), and Yamagata-like (B/Ph-wt) lineages. In order
to assess the antibody response after boosting, all mice
were bled at 43 dpi (before challenge) and HI, MN assays,
and ELISA were then performed against diverse WT IBVs,
Br-wt, Ph-wt, Lee-wt, and Ma-wt (see Fig. 4, a—d).

All serum samples from Ph-RG primed mice after
boosting with Ph-RG, Br-RG, and BrH had MN antibody titers
against the Ph-wt, suggesting an adequate and potentially
protective antibody response based on applicable standards
for surrogates of protection. As expected, the mouse sera
from Ph-RG boosted groups showed a higher antibody titer
against the Ph-wt (see Fig. 4, b); whereas MN antibody titers
against the Br-wt could only be detected in mouse sera from
groups boosted with Br-RG or BrH, confirming that Ph-wt
and Br-wt are antigenically distant from each other (see
Fig. 4, a). However, there were no significant HI/MN titer
in mouse sera against Lee-wt and Ma-wt in all tested groups
(see Fig. 4, c, d).

To determine if sequential cHA vaccination induces
broadly reactive antibodies, we tested sera from vaccinated
mice in ELISA. We used purified influenza B virions
and chimeric recombinant HA H8BY consisting of globular
head domains from an influenza A H8 and stalk domains
from B/Phuket/3037/2013 as the ELISA substrate (see Fig. 5).
ELISAs were performed against the ancestral strain B/Lee/40;
the Yamagata lineage strain B/60/Phuket/3037/2013 (Ph-wt),
and the Victoria lineage strains B/Brishane/60/2008 (Br-wt)
and B/Malaysia/2506/2004 (Ma-wt) strains (see Fig. 4).

The IgG titer against the Victoria virus was highest
in the group vaccinated with the chimeric vaccine and those
receiving two different vaccines (see Fig. 4, a, d). However,
IgG titers against the Yamagata virus in the Br-RG and BrH
vaccinated groups were even higher than the homologous

Val 25 (2) 2025

Medical Academic Journal

0.001 Mol

-e- Br-RG
& Ph-RG
—— BrH

Viral titer, logTCID,,/mL

Hours post infection

Fig. 2. Growth of recombinant LAIV viruses in MDCK cells. Confluent
monolayers of MDCK cells were inoculated at an MOI of 0.001 indicated vi-
ruses and incubated at 33 °C. Culture supernatants were collected at 0, 24,
48, 72 and 96 hpi and viral titers were quantified by TCID, assays. Dotted
line shows the limit of virus detection in the TCIDg, assay.

Puc. 2. PocToBble XapaKTepUCTUKM PEKOMOMHAHTHBIX LUTAMMOB JMBOI
rpUNMo3Hom BakLUMHbI B KneTkax MDCK. KoHdNHeHTHBIN MOHOCTON KNETOK
MDCK 6bin MHGMLMPOBaH COOTBETCTBYIOLLIMMM BUPYCaMU NPU MHOXKECTBEH-
HocTu 3apaxenus (MOI) 0,001 u uHKybupoBaHbl npu Temnepatype 33°C.
CynepHaTaHTbl KynbTyp cobupanv yepes 0, 24, 48, 72 n 96 4 nocne 3apa-
XeHus, TUTpbI Bupyca onpepensin MetopoM TUWAg,. MyHKTMpHasa mvHuA
o6o3HayaeT npefen obHapyeHua supyca B Tecte TLNL,.

Ph-RG vaccinated group (see Fig. 4, b). In addition, titers
against the ancestral strain B/Lee/40 in both Br-RG and BrH
boosted groups were significantly higher than the homologous
Ph-RG vaccinated group (see Fig. 4, c).

Importantly, the Ph-RG primed/Br-RG boosted and Ph-RG
primed/BrH boosted groups showed significantly higher lev-
els of antibodies binding to the recombinant chimeric HA
protein (see Fig. 5), suggesting the induction of B/Yamagata-
specific HA stalk-reactive antibodies. Interestingly, the level
of antibodies binding to the B/Lee/40 strain, which is antigen-
ically related to older viruses before the lineage separation,

T oM & ow
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N
|

Viral titer, logTCID,,/mL

[]_

I I I
Br-RG Ph-RG BrH

Fig. 3. Virus replication and tissue tropism of the 6+2 LAIV or BrH vi-
ruses in the respiratory tracts of mice. At 3 dpi, four animals from each
group were euthanized, and virus titers in the upper respiratory tracts (NT)
or lower respiratory tracts (lungs) of the mice were determined by limiting
dilutions in eggs.

Puc. 3. PennuKaTMBHaA aKTMBHOCTb M TPOMM3M K TKaHSM LUTaMMOB 6+2
JMBOW TPUNMO3HOM BaKuMHbl M BrH B AbiXaTenbHbIX NYTAX MbILEN.
Ha TpeTbu cyTkM nocne MHQUUMPOBAHMSA YeTLIPEX KMBOTHBIX U3 Kaaoh
rpynmbl 3BTaHa3MpPOBanM, U TUTPbI BUPYCa B BEPXHUX (HOCOBbIE PaKOBMHbI)
U HUXKHUX (erkue) abixaTenbHbIX NyTsX ONpeaensiiv MeToaoM NpenenbHbIX
pa3BefieHuii B Pa3BUBAIOLLMXCA KYPUHBIX IMOPUOHAX.
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Fig. 4. Immunogenicity of sequential vaccination with IBV live-attenuated influenza vaccine viruses and/or cHA/BrH virus measured by HI, MN assay,
and ELISA against diverse WT IBVs at 43 dpi. Serum responses to Br-wt (a), Ph-wt (b), Lee-wt (c), and Ma-wt (d). *p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001.

Puc. 4. IMMyHoreHHOCTb Nocief0BaTeNbHOM UMMYHU3ALMM LITAMMaMM KWUBOW FPUNNO3HOI BaKuMHbI TUNa B u/unn upycom cHA/BrH, oueHeHHas ¢ no-
MOLLbI0 PEaKLMM TOPMOKEHWS FeMarriloTUHALMK, MUKPOHENTPaNMU3aLMM U UMMYHODEPMEHTHOMO aHanM3a NpOTUB PasfIMYHBIX AWKWX LITAMMOB BUpYCa
rpunna Tuna B Ha 43-i aeHb mocne 3apaxeHns. YpoBHM CbIBOPOTOYHBIX aHTUTEN K BupycaM Br-wt (a), Ph-wt (b), Lee-wt (c) n Ma-wt (). *p <0,05;

**p <0,01; ***p <0,001; ****p <0,0001.
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Fig. 5. Induction of anti-stalk IgG antibodies after sequential vaccination with IBV LAIV viruses and/or cHA/BrH virus. ELISA was performed with a chi-
meric recombinant H8BY recombinant protein consisting of HA globular head domain from the influenza A/H8N4 virus and HA stalk domain from

B/Phuket/3037/2013. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Puc. 5. Unaykunsa 1gG aHTuTen Kk ctebneBoMy AOMeHY MoseKyibl reMarriioTMHMHA Nocne NocneaoBaTeNibHoi MMMYHU3ALMW LITaMMaMU XKWUBOW rpun-
No3HOW BaKLyHbl TUNa B u/unm Bupycom cHA/BrH. MMMyHodepMeHTHBI aHanu3 (ELISA) npoBopmncs ¢ Mcnonb3oBaHUeM XMMEpHOTo PEKOMOUHAHTHOrO
6enka H8BY, coctosLero u3 rmobynspHoro aoMeHa HA Bupyca rpunna tuna A/H8N4 u ctebnesoro gomeHa HA Bupyca rpunna ina B/Phuket/3073/2013.

*p <0,05; **p <0,01; ***p <0,001; ****p <0,0001.

was significantly higher in the Ph-RG primed/BrH boosted
group (see Fig. 4, c). This suggests that the cHA-based vac-
cination strategy induced more broadly reactive antibodies
compared to other vaccination regimens. Antibody titers
against the heterologous Victorian strain B/Malaysia were
higher in all groups compared to double vaccination with
the B/Yamagata strain (see Fig. 4, d).

Protective Activity of BrH Virus LAIV Candidates
Against Heterologous IBVs Challenge

Next, we tested the protective effect of the cHA/BrH LAIV
candidate against a panel of virulent diverse influenza B
viruses. Mice were immunized as described above and were
challenged 3 weeks after the last vaccination with IBVs
representing the Victoria (Br-wt, Ma-wt), Yamagata (Ph-wt)
lineages, and the ancestral (Lee-wt) strain.

The heterologous Br-RG and BrH boosting groups
showed almost no weight loss and was fully protected from
lethality from Br-wt challenge, while some mice (2 of 5)
in the homologous Ph-RG boosted group and all mice
in the mock group succumbed to the infection (see Fig. 6, a).
As all groups were Ph-RG primed, there was no weight loss
after Ph-wt challenge and all animals were fully protected
from lethality caused by this virus (see Fig. 6, b). The Br-RG
and BrH boosting groups showed almost no weight loss
and almost full protection from lethality after Lee-wt
challenge (see Fig. 6, c). This proves that the heterologous
prime-hoost vaccination approach successfully protects
against the HA lineage-matched and ancestral influenza B
viruses in mice.

For the mouse-adapted MA-wt challenge, mice were
infected i.n. with 5 logEID;, of the virus (corresponded
to 3 MLD,) and weight loss and survival rates were
monitored for 2 weeks after challenge. Strikingly, all mice
in the Ph-RG+Ph-RG, Ph-RG+Br-RG and the mock groups
succumbed to the infection; whereas mice in groups boosted

by BrH showed 40% survival rates and there were significant
differences in the dynamics of body weight loss between
the groups (see Fig. 6, d). These data suggest that cHA-based
vaccination approach can provide significant protection
against the heterologous Victoria-lineage mouse-adapted
IBVs in mice.

Additionally, we assessed the protective effect of vac-
cination using virological endpoint, e.g. by measuring vi-
ral titers in lungs and nasal turbinates of immunized mice
three days after challenge with 6 logEID;, of either
the Br-wt or Ph-wt virus. Almost no infectious titers were
found in all vaccine groups; whereas the mock group
showed relatively high lung and NT virus titers (see Fig. 7).
These data supported our findings that vaccination with
cHA-based LAIV candidates and conventional 6+2 reas-
sortants provides broad cross-protection of mice against
a heterologous IBV strain, accompanied by viral clear-
ance in the lungs and NTs. Notably, no significant de-
crease in viral pulmonary titers was seen for the Ph-RG
group challenged with the heterologous Br-wt virus,
suggesting incomplete protection (see Fig. 7). However,
there were no significant differences in the virological
or clinical outcomes of the challenge infection between
the Ph-RG+Br-RG and Ph-RG+BrH vaccine groups, suggest-
ing that the improvement of the cross-protective potential
of cHA-based LAIV vaccines could not be detected in this
experimental model. It is possible that the different pro-
tective effects of the two vaccination regimens could have
been manifested if the mice had been exposed to a higher
dose of lethal heterologous heterologous influenza virus.

DISCUSSION

Until recently, the development of an IBV vaccine has
been challenging due to the cocirculation of different viral
lineages in various regions, making it difficult to predict
which IBV lineage will be predominant during a given season.
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Fig. 6. Weight loss and survival rate of vaccinated groups challenged with Br-

***p < 0.001; ****p < 0.0001.

wt (a), Ph-wt (b), Lee-wt (c), and Ma-wt (d) in mice. *p < 0.05; **p < 0.01;

Puc. 6. MNoteps Macchl TeNa 1 BbIKMBAEMOCTb Y BaKLIMHUPOBAHHBLIX FPYN MblLLel nocsie 3apaxeHus Bupycamu Br-wt (a), Ph-wt (b), Lee-wt (c) n Ma-wt (d).

*p <0,05; **p <0,01; ***p <0,001; ****p <0,0001.

This variability has led to instances of antigenic mismatches
between seasonal vaccines and circulating IBV strains [4, 23].
To address the issue of B-lineage mismatches and improve
vaccine effectiveness, the World Health Organization (WHO)
recommended to include a second influenza B strain
in the vaccine composition in 2013. Subsequently, several
quadrivalent influenza vaccines (QlVs) were developed,
either live-attenuated or split-virion inactivated quadrivalent
influenza vaccines [24]. However, vaccine efficacy may still be
compromised by antigenic drift within either IBV lineage [25].

0Ql: https://dot.org/ 10.17

To enhance protection, developing a cross-lineage 1BV
vaccine that generates cross-reactive antibodies against
both B/Yamagata and B/Victoria lineages is essential.
Current seasonal vaccines primarily induce neutralizing
antibody responses targeting hypervariable epitopes
in the head domain of the hemagglutinin HA glycoprotein,
which limits their protective range [26]. In contrast, epitopes
in the HA stalk domain have broader cross-reactive potential,
prompting several studies to focus on improving immune
responses against the HA stalk [10, 27-29]. While IBV
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Fig. 7. Protective activity of 6+2 and BrH LAIV viruses in mice. Immunized mice were challenged with B/Brishane/60/2008 (left panel) and B/Phu-
ket/3037/2013 virus (right panel); viral titers were determined in lungs and nasal turbinates on Day 3 post challenge. *p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001.

Puc. 7. [poTeKTMBHaA aKTMBHOCTb BaKLMHHbIX LITAMMOB XUBOW rPUNMO3HON BaKUMHBI 6+2 1 BrH y MblLweit. IMMyHU3MpOBaHHbIE MbILLK OblM MHOULM-
poBaHbl BUpycamu B/Brisbane/60/2008 (nesas naHens) u B/Phuket/3037/2013 (npaBasi naHenb). TUTpbI BUpYCa B NETKMX U HOCOBbIX XOAaX OMpeLensm
Ha TpeTuii fieHb nocne 3apaxenus. *p <0,05; **p <0,01; ***p <0,001; ****p <0,0001.

infection and immunization generate antibodies against both
the HA head and stalk, only HA stalk-specific antibodies
exhibit cross-reactivity with IBV strains from both lineages
(30, 311.

In this study, we adapted a broadly protective vaccination
approach based on sequential immunization with influenza
vaccines expressing chimeric HAs, previously successful
for influenza A viruses, for IBV. We constructed a cHA
construct containing the head domain from one IBV lineage
and the stalk domain from another IBV lineage and used
this cHA LAIV in sequential vaccination experiments in mice
to shift the immune response toward the conserved HA stalk
domain. Our findings indicate that a heterologous prime-boost
vaccination with this cHA LAIV can induce cross-reactive
antibodies against a broad range of IBV strains, including
those from the ancestral, Yamagata-like, and Victoria-like
lineages. It is worth noting that we observed relatively low
protection level of cHA-based LAIV against mouse-adapted
B/Malaysia virus, which is the drift variant of B/Victoria lineage.
However, this may be more related to the highly pathogenic
nature of this mouse-adapted strain than to the low cross-
protectivity of the chimeric vaccine and the need for frequent
changes in the influenza B component of the vaccine. Indeed,
immunogenicity assessment confirmed the breadth of virus-
binding antibody responses induced by the heterologous
sequential immunization regimen. As Hl and MN;; antibody
levels were generally low, the considerable level of cross-
protection may be attributed to the functional activity of HA
stalk-specific antibodies, such as antibody-dependent cellular
cytotoxicity (ADCC). However, further research is needed
to confirm this assumption and to elucidate the specific
epitopes recognized by these antibodies.

A limitation of our study is the lack of assessment of mu-
cosal immune responses to the newly generated viruses.

DOI: https://doiorg/1

IgA antibodies, a key correlate of protection from live virus
vaccines, were not measured due to the limited number
of animals [32, 33]. However, given that the new cHA-based
vaccine has characteristics of conventional live-attenuated
influenza vaccines (LAIVs), similar levels of mucosal IgA an-
tibodies are expected to be induced by intranasal immuniza-
tion. Additionally, we did not evaluate the longevity of an-
tibody responses to the new LAIV hybrid prototypes. It has
been shown that conventional LAIVs induce B- and T-cell
responses that persist for at least a year after vaccina-
tion [34]. Thus, future studies should investigate whether
anti-HA stalk-specific antibody responses are sustained
over time following immunization with our hybrid IBV LAIVs.

It is also worth noting that LAIVs are effective inducers
of T-cell immunity, which provides another layer of protection
against heterologous influenza viruses [35]. Cross-reactive
CD8+ cytotoxic T-lymphocytes, which can be induced after
IBV infections, may offer some protection against subsequent
infections with antigenically distinct IBVs where antibodies
from previous infections may not be fully protective [36-38].
Therefore, the cHA-based LAIV candidate described here has
the potential both to induce broadly anti-HA stalk-specific
antibodies and to generate long-lived memory T cells
targeting conserved internal virus proteins.

In summary, the universal IBV vaccine candidate described
here could significantly advance the development of a cross-
lineage IBV vaccine, providing broad protection against both
B/Yamagata and B/Victoria lineages.

CONCLUSION

Despite the fact that no B/Yamagata viruses were
incirculation in last several seasons [39], there is still an urgent
need for broadly protective vaccines against influenza B virus,
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owing to the significant impact of IBV on human health and its
high mutation rate [40]. This study focuses on the development
of a new cross-lineage IBV live-attenuated influenza vaccine
encoding chimeric hemagglutinin (cHA) based on the licensed
B60 virus backbone. This modification did not have any
significant impact on vaccine virus growth and sequential
immunization with standard LAIV followed by the cHA-based
LAIV induced strong anti-stalk antibody responses, providing
protection against various IBV strains. In our further
research, cross-protective potential of the engineered cHA
LAIV will be studied in more relevant animal models, such
as ferrets and hamsters. The establishment of correlates
of immune protection provided by sequential immunization
with the next-generation IBV LAIVs, as well as determining
the duration of immune protection, can make a significant
contribution to improving the performance of annual
vaccination campaigns.
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