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Group B streptococci cause a number of serious diseases in humans. The development of an effective vaccine
against group B streptococci requires special approaches. In the present study, three recombinant influenza viruses
were constructed on the backbone of H7N9 live attenuated influenza vaccine strain expressing fragments of the ScaAB
lipoprotein of Streptococcus agalactiae, fused to the surface protein of the virus, hemagglutinin, using a flexible linker.
Recombinant viruses with ScaAB inserts of 85, 141, and 200 amino acids were successfully rescued by the means of
reverse genetics. The recombinant strains were able to grow in developing chicken embryos and MDCK cells and
retained the temperature-sensitive phenotype attributable to the live attenuated influenza vaccine viruses. Studies of
immunogenicity and protective activity of the vaccine candidates in BALB/c mice revealed that the most promising
strain was a strain with an insert of 141 amino acids: this variant had optimal immunogenicity against influenza and
group B streptococci and had a protective effect against both pathogens. These data indicate that further studies of
the recombinant vectored vaccine H7-ScaAB-141 as a combined viral-bacterial vaccine capable of protection against
both influenza virus and bacterial infections caused by group B streptococci are warranted.

Keywords: influenza; live attenuated influenza vaccine; vectored vaccine; influenza vector; H7N9; streptococci;
vaccine; GBS.
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CTpenToKOKKHU TpynIiibl B BBI3BIBAIOT psi TSKENAbIX 3a0osieBaHUil y moneil. Pa3paborka addekTuBHON BaKIIMHBI
1T TIPODWIAKTUKY WHQEKINiA, BBI3BAHHBIX CTPENTOKOKKAMU TPymmbl B, mompasymeBaeT crelManbHBINA TTOAXOL.
B HacTosilueM uccienoBaHUMU ObLIM CKOHCTPYMPOBAaHbI TPU PEKOMOMHAHTHBIX LITAMMa BUpYyca TPUIINIa Ha OCHO-
Be IITaMMa XXWBOU Trpumnmo3Hoil BakuuHbl noatuna H7N9, skcnpeccupyonive dbparMeHThl JurnonporeuHa ScaAB
Streptococcus agalactiae, mpucoenMHeHHbIE TUOKUM JIMHKEPOM K TOBEPXHOCTHOMY O€JIKy BUpyca — TeMarriioTh-
HUHY. BblIM ycnemHo nojydeHbl mTaMMbl co BcTaBKamMu ScaAB pasmepom 85, 141 u 200 amuHokuciaor. Pekom-
OMHAHTHbIE IITAMMbI ObUTM CHOCOOHBI K POCTY B Pa3BUBAIOLIMXCS KYPUHBIX dMOpUOHAX U KyJbType kjetok MDCK
U COXPaHWIN TEMIIEPaTypOUyBCTBUTENBHBIN (DEHOTUII, XapaKTepHbIN ISl BAKIIMHHBIX BUPYcoB. B pe3yibprare skcre-
PUMEHTAIbHOM OLIEHKM MMMYHOT€HHOCTH U MPOTEKTUBHOI aKTMBHOCTM BAaKLIMHHBIX KAaHAMIATOB HA MbILIAX JTUHUU
BALB/c nHauGosiee TIepCIIEeKTUBHBIM OKa3aJicsl IITaMM CO BCTaBKOUM, cocTosiieil n3 141 aMWHOKUCIOTHI: HaHHBIN
BapMaHT O0JIafaJl ONMTUMAJBHBIMM TOKA3aTeJISIMA MMMYHOT€HHOCTM TPOTUB TPUIINIA U CTPENTOKOKKOB Tpymnmbel B
U OKa3bIBaJI 3allIUTHOE NECTBUE MTPOTUB OOOMX MATOr€HOB. DTO YKa3bIBaeT Ha MEPCINEKTUBHOCTb JATbHENIIIETO U3yde-
HUSI peKOMOMHAHTHON BeKTOopHOI BakuuHbl H7-ScaAB-141 B kauecTBe accOouUMMpPOBaAHHOIN BUpPYC-OaKTepUaTIbHON
BaKIMHbBI, 00ecTieunBalolIeii KOMOMHUPOBAHHYIO 3aIUTY KaK MPOTUB BUPYyca TPUIIIIA, TaK U MPOTUB OAKTEPUATTbHBIX
UH(pEKiA, BBI3bIBAEMBIX CTPENTOKOKKAMU Ipynmbl B.

KioueBble cj10Ba: BUPYC IPUIINA; XWBas TpUIlo3Has BakuuHa, H7N9; BekropHas BaKLMHA; CTPENTOKOKKU;
BakiuHa; CI'B.

Abbreviations
GBS — group B streptococci; LAIV — live attenuated influenza vaccine.
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Introduction

Group B streptococci (Streptococcus agalac-
tiae) (GBS) are a group of common bacterial
pathogens that cause a number of severe diseases
in newborns, pregnant women and the elderly.
The most dangerous manifestation of infection is
neonatal sepsis and meningitis, as well as septice-
mia, which develops in frail elderly patients [1].
The need to develop a safe and effective vaccine
against GBS is especially important due to the de-
velopment of antibiotic resistance in streptococ-
cal strains. The development of vaccines against
streptococcal infection requires special approaches:
traditional ways of designing a conjugated polysac-
charide vaccine do not allow obtaining an effective
broadly reactive vaccine due to the high variability
of GBS antigenic determinants [2]. With the de-
velopment of new biotechnological techniques and
approaches, it has become possible to use the key
proteins of bacterial pathogens to create cross-pro-
tective vaccines. Thus, earlier we designed recom-
binant polypeptides for immunization against GBS
based on conservative immunodominant regions of
the bacterial proteins, which ensured protection of
experimental animals against infection with virulent
GBS strains [3—5]. However, immunization with
purified proteins usually induces only humoral im-
mune responses and often requires the addition of
adjuvants to enhance immunogenicity. To ensure
the optimal level of humoral and T-cell immunity
to a given pathogen, the correct presentation of
the target antigen to the immune cells is needed,
which can be achieved using vector systems for the
delivery of foreign genetic material to the target
cells [6].

Previously, we generated the first prototype vec-
tored vaccines against GBS using a live attenuated
influenza vaccine (LAIV) strain as a vector to de-
liver various fragments of the surface lipoprotein of
group B streptococci ScaAB [7]. Since we were un-
able to rescue a viable recombinant influenza virus
carrying the full-length ScaAB protein (287 amino
acid residues), several candidates with truncated
ScaAB fragments containing important immuno-

dominant B- and T-cell epitopes were generated
[7, 8]. The study of the rescued candidates showed
that the insertion of an antigenic cassette at the
N-terminus of hemagglutinin molecule is a prom-
ising strategy to design a combined viral-bacterial
vaccine: the virus remains viable and the effect of
the foreign insert on the viral growth characteris-
tics is moderate [7]. The most important pheno-
typic characteristic of the vaccine strains associated
with their safety — sensitivity to high incubation
temperatures — was preserved in all recombinant
viruses, indicating the stability of the attenuated
phenotype of LAIV viruses after genetic manipula-
tions [7].

In the present study, we conducted a compara-
tive evaluation of growth characteristics of three
recombinant vectored vaccines LAIV-ScaAB, as
well as their immunogenicity and protective acti-
vity against both the target bacterial pathogen and
the influenza virus, using a BALB/c mouse model.

Materials and methods

Viruses. We used recombinant strains of influ-
enza A virus rescued on the backbone of a LAIV
master donor virus A/Leningrad/134/17/57 (H2N2),
with surface antigens belonging to influenza vi-
rus A/Anhui/1/2013 (H7N9), where hemaggluti-
nin (HA) molecule was modified to express anti-
genic regions of ScaAB protein. The viruses were
generated by the means of reverse genetics using
the 8-plasmid system [7]. Overall, three recombi-
nant vaccine candidates were evaluated in our study
(see Table). An H7N9 LAIV strain with identical
genome composition and intact hemagglutinin was
used as a control.

A virulent H7N9-PRS reassortant influenza vi-
rus containing HA and neuraminidase (NA) genes
from influenza A/Anhui/1/2013 (H7N9) strain
and the remaining 6 genes from a mouse-adapted
A/PR/8/34 (HIN1) virus was used for the chal-
lenge infection.

Growth of influenza viruses in developing
chicken embryos. The viruses used in the study
were grown in the allantoic cavity of 10-11-day-

Genome composition of H7N9 LAIV and LAIV-ScaAB recombinant influenza viruses

The source of viral genes
Vaccine
HA NA PB2, PB4, PA, NP, M, NS
H7N9 LAIV Anhui Anhui Len/17
H7-ScaAB-85 H7-ScaAB-85 Anhui Len/17
H7-ScaAB-141 H7-ScaAB-141 Anhui Len/17
H7-ScaAB-200 H7-ScaAB-200 Anhui Len/17

Note. Anhui: A/Anhui/1/2013 (H7N9); Len/17: A/Leningrad/134/17/57 (H2N2).
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old embryonated chicken eggs (ECE) (LLC poul-
try farm “Naziya”, Leningrad region). Eggs were
infected in the allantoic cavity with 0.2 ml of the
virus-containing fluids and incubated at the opti-
mal (33 °C) temperature for 48 hours. The presence
of the virus was detected in the hemagglutination
assay with 1% chicken red blood cells according
to the standard protocol [9]. The 50% embryonic
infectious dose was determined by titrating the vi-
rus in ECE with tenfold dilutions, in a volume of
0.2 ml. Then the eggs were incubated for 48 hours
at 33°C/38°C or 6 days at a low temperature
(26 °C). The 50% embryonic infectious dose, ex-
pressed in lg EID;)/ml, was calculated using the
method of Reed and Muench [10].

Assessment of the growth characteristics of
influenza viruses in MDCK cells. The infectious
activity of the viruses in MDCK cells (Madin-
Darby canine kidney) was determined by their
end-point titration in 96-well plates with conflu-
ent cell monolayer. Prior to the infection, the cell
monolayer was washed twice with a sterile solution
of phosphate-buffered saline (PBS), then prepared
10-fold virus dilutions were added to the wells in
a volume of 0.025 ml, 4-6 wells per dilution. After
1-hour adsorption, the inoculum was completely
removed, followed by addition of 150 ul of DMEM
(Gibco, USA) medium supplemented with trypsin
TPCK (Sigma Aldrich, Germany) at a concentra-
tion of 1 pg/ml. The cells were incubated at an
optimum temperature of 33 °C in an atmosphere
of 5% CO, for 72-96 hours. Then, the virus was
detected in the HA assay in and the infectious
titer was calculated by the method of Reed and
Muench [10] and expressed in lg TCID;,/ml.

Cultivation of group B streptococci. Strain
H36 Streptococcus agalactiae of Ibc serotype was
obtained from the repository of the Department of
Molecular Microbiology, IEM. The bacteria were
cultured in TCB medium with 5% yeast extract for
24 hours at 37 °C under aerobic conditions, fol-
lowed by three washes with PBS using centrifuga-
tion at 3500 rpm for 20 minutes. For intranasal
infection of mice, a 10-fold concentrate of a one-
day culture was prepared using PBS.

Evaluation of the replication of viruses
and bacteria in the respiratory tract of mice.
Groups of female BALB/c mice were intranasally
inoculated with studied viruses diluted in PBS to
the dose of 6.0 lg EIDy, in a volume of 50 pl,
under light ether anesthesia. The nasal turbinates
and lungs were collected 3 days after infection
from 4 animals from each group. Tissue homog-
enates were prepared in 1 ml of PBS containing
an antibiotic-antimycotic using a TissueLyser LT
desktop homogenizer (QIAGEN, Germany). The
titers of influenza viruses in the homogenates were
determined by end-point titration in ECE incuba-

ted at 33 °C for 48 hours, according to the method

described above.

To determine the level of GBS replication in
mice, lungs were collected 5 hours after GBS infec-
tion and tissue homogenates were prepared in 1 ml
of PBS on a vibration grinder Retsch MM-400
(GmbH). The concentration of bacteria in the
supernatants was determined by seeding two-fold
dilutions on a solid medium of 5% Columbia blood
agar. The number of bacteria was expressed as the
number of colony forming units per lung (CFU/
lung).

Evaluation of immunogenicity and protective
efficacy of vectored vaccines. Groups of female
BALB/c mice were immunized with two doses
of the engineered vectored vaccines as described
above, 21 days apart. Animals immunized with the
H7N9 vaccine virus, which was used as a viral vec-
tor, were used as a control group. PBS was used as
a placebo preparation. On day 21 after the second
immunization, blood was collected from 6 animals
from each group and serum samples were prepared.
The rest of the animals were challenged according
to three schemes:

(a) intranasal infection of 4 mice with a virulent
reassortant strain H7N9-PR8 at a dose of
5.0 1g EIDy,. The lungs of mice were harvested
on day 3 after infection and viral loads in tis-
sue homogenates was determined as described
above.

(b) intranasal infection of 10 mice with a viru-
lent reassortant strain H7N9-PR8 at a dose of
5.0 1g EIDs,. One day after influenza inoculation,
mice were infected with group B streptococci in-
tranasally at a dose of 108 CFU per mouse by
injecting a bacterial suspension in a volume of
20 pl into both nostrils. Lungs were taken from
6 mice from each group 5 hours after infection
with bacteria to determine the titer of GBS in
them. On the 3rd day after infection with the
virus, lungs were collected from 4 mice to deter-
mine the load of the virus in tissue homogenates.

(c) intranasal infection of 6 mice with group B
streptococci. 5 hours after infection, lungs were
harvested from 6 mice from each group to de-
termine the yield of GBS in them.

Statistical analyses. Statistical analyses and
preparation of illustrative material was carried out
using the GraphPad Prism software (version 7.0).
The distribution parameters were estimated using
the Shapiro-Wilk test. The significance of the influ-
ence of the estimated parameters on the differences
between the groups was determined using analysis
of variance or nonparametric Kruskal-Wallis analy-
sis with subsequent comparison of groups using
Dunnet’s or Dunn’s tests, respectively. Differences
were considered statistically significant at a signifi-
cance level of p <0.05.

Tom
Volume

ISSN 1608-4101 (Print)

20

Bbinyck
Issue

MeANLMHCKNN OKOAEMUYECKUI XKYPHOA
Medical Academic Journal

3 2020



OPUMMHAABHBIE NCCAEAOBAHKS / ORIGINAL RESEARCHES

H7-ScaAB-85

H7-ScaAB-141

H7-ScaAB-200

Fig. 1. Visualization of spatial structure of influenza H7 hemagglutinin with insertion of bacterial antigenic cassettes.
The ScaAB cassette is shown on one monomer for better perception. The cassette is linked to N-terminus of HA with
a flexible linker. The figure was prepared with UCSF Chimera 1.11.2 software

Results

Generation of a recombinant virus
with longer insertion into HA

Initially, to develop a viral-vectored vaccine
against GBS a lipoprotein ScaAB was chosen as
an antigen, and a fragment of 287 amino acids in
size (ScaAB without a transmembrane domain) was
selected for vector delivery. Due to the complexity
of inserting large cassettes into viral hemagglutinin,
three shortened versions of the bacterial antigen,
200, 141 and 85 amino acids long, have also been
proposed (Figure 1). The epitope composition of the
selected fragments was described earlier [8]. At the
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Fig. 2. Titers of recombinant viruses in developing chicken
embryos at different temperatures. EID;, — 50% egg infec-
tious dose. Data are shown as Mean * standard deviation.
The differences between groups were assessed by ANOVA
(significant for all three temperatures) with post-hoc Dun-
nett’s test. Significant differences (Dunnett’s test) are in-
dicated as follows: *p <0.05, **p <0.005. The dotted line
indicates detection limit

first stage, we were able to successfully rescue vac-
cine candidates with inserts of 141 and 85 amino
acids in length [7]; in the current study we also
included a virus expressing a 200 amino acid ScaAB
fragment containing 5 out of 7 experimentally estab-
lished B-cell immunogenic epitopes. In addition, it
was possible to rescue a genetically stable virus with
an insert of 141 amino acids in length, whereas at
the previous studies, a similar variant underwent
multiple mutational changes during sequential pas-
saging in eggs. Probably, as a result of some influ-
ences at the very first stage of virus rescue with an
insert of 141 amino acids, a heterogeneous popula-
tion was generated, from which a significant number
of mutant components were subsequently obtained,
displacing the original virus. After reassembly of the
virus with an insert of 141 amino acids, mutagenesis
was no longer observed during passaging.

Evaluation of biological properties
of experimental vectored vaccines in vitro

We assessed the ability of recombinant viruses
to grow in eggs at the optimal temperature, as well
as at elevated (38 °C) and low (26 °C) temperatures
to determine the phenotypic characteristics of the
viruses. Temperature sensitivity (zs phenotype) was
defined as a decrease in the infectious titer at 38 °C
by >5.0 Ig EIDy, compared to the optimal tempera-
ture of 33 °C. The presence of the ca phenotype
(cold adaptation) was detected if their infectious
titer at 26 °C was reduced as compared to 33 °C
by < 3.0 1g EIDs,.

The results of phenotypic evaluation of the res-
cued experimental vectored vaccines H7-ScaAB-85,
H7-ScaAB-141 and H7-ScaAB-200, in comparison
with the original vaccine virus H7N9 LAIV in eggs
at different temperatures are shown on Figure 2.
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The H7-ScaAB-85 strain did not differ from the
control H7N9 LAIV virus by the ability to rep-
licate in eggs at all studied temperatures. Strains
with longer inserts had reduced replication activity
at both optimal and suboptimal temperatures. The
recombinant vaccine strains H7-ScaAB-141 and
H7-ScaAB-200 were able to grow at low tempera-
ture 26 °C, but virus titers were significantly lower
than that of the control H7N9 LAIV strain (the
mean difference was 3.5-4.0 lg EIDy,, indicating
the loss of the ca phenotype). The zs phenotype
was retained in all three recombinant vaccine vi-
ruses (Figure 2).

Comparison of the infectious activity of the H7N9
LAIV vector and the chimeric viruses in MDCK cells
at optimal temperature 33 °C showed statistically
significant differences (Figure 3). Similar to viral
replication in eggs, inserts of large-sized ScaAB
protein cassettes (141 and 200 a.a.) statistically
significantly reduced the infectious activity of the
virus at the optimal temperature, whereas the
ScaAB-85 insert did not show this negative effect —
the virus actively replicated in MDCK cells at the
level of the control vaccine strain LAIV H7N09.

Studies of experimental vectored vaccines
on the BALB/c mouse model

To assess the reproductive activity of the de-
signed vectored vaccines in the upper and lower
respiratory tract of mice, the nasal turbinates and
lungs were harvested 3 days after intranasal admin-
istration of vaccines at a dose of 6.0 Ig EIDy,/50 pl.
Virus titers were determined by titration of tissue
homogenates in eggs at the optimal temperature.
Figure 4 shows that the control strain H7N9 LAIV,
used as a viral vector, actively replicated in the up-
per respiratory tract of mice, while its replication
in the lungs was significantly reduced, indicating
an attenuated viral phenotype. All the designed
vectored vaccines were also unable to grow in the
lungs of mice, which indicates the preservation of
the vaccine’s attenuated phenotype when a frag-
ment of the bacterial ScaAB protein is inserted into
the HA molecule, regardless of the length of the
insert. However, the insertion of larger fragments
had a negative effect on the level of viral replication
in the nasal turbinates: the titer of the ScaAB-141
strain decreased by 1.5 1g EIDs, although the dif-
ference with the control virus did not reach statisti-
cal significance. Insertion of the ScaAB fragment
with a size of 200 aa resulted in almost complete
inability of the virus to replicate in the mouse re-
spiratory tract (Figure 4, p =0.02, Dunn’s test).

Nevertheless, the assessment of H7N9 influ-
enza-specific humoral immune responses in mice
administered two doses of each vaccine showed
high immunogenicity of all studied recombinant
viruses (Figure 5, a, Kruskal-Wallis test p = 0.0026;
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Fig. 3. Replication of experimental vectored vaccines in
MDCK cell culture. Data are shown as Mean * standard
deviation. Mean values are indicated on graph. The diffe-
rences between groups were assessed by Kruskal-Wallis test
(p = 0.0001) with post-hoc Dunn’s test. Significant differ-
ences (Dunn’s test) are indicated as follows: *p <0.05
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Fig. 4. Replication of experimental vectored vaccines in re-
spiratory tract of BALB/c mice at 3 d.p.i. Data are shown as
Mean = standard deviation. The differences between groups
were assessed by Kruskal-Wallis test (p =0.03 for nasal
turbinates; p = 0.04 for lungs) with post-hoc Dunn’s test.
Significant differences (Dunn’s test) compared to H7N9
control LAIV are indicated as follows: * p < 0.05. The dotted
line indicates detection limit

p > 0.05 by Dunn’s test for all vectored vaccines
compared to the H7N9 LAIV control strain,
p <0.05 for all groups compared to PBS). In the
H7-ScaAB-200 group, a 2-fold decrease in virus-
specific IgG antibodies was observed in comparison
with the control group of H7N9 LAIV, however,
this difference was not significantly significant.

The levels of antibodies detected against the
ScaAB protein in all studied groups exceeded the
detection limit, which indicates the presence of the
background IgG antibodies in BALB/c mice that
could react with bacterial antigen. In addition, in
the group immunized with the H7N9 LAIV vec-
tor, the titers of detected antibodies were noticeably
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Fig. 5. Levels of influenza- or GBS-specific IgG in sera of BALB/c mice, immunized with experimental vectored vaccines.
Mice were twice immunized with vaccine viruses at a dose of 6,0 Ig EID,,/50 pl. Sera were taken at day 21 after the
2nd dose. Levels of IgG to influenza (a) or ScaAB protein (b) were assessed in ELISA. Data are shown as Median with
0,-0; range. The differences between groups were assessed by Kruskal-Wallis test (p = 0.001) with post-hoc Dunn’s test.
Significant differences (Dunn’s test) compared to PBS group are indicated as follows: *p < 0.05, **p <0.005, *** p < 0.0005.
The dotted line indicates detection limit

higher than in the control (PBS-immunized group)
(Figure 5, b). The detection of anti-ScaAB an-
tibodies in the group of mice that received the
control vaccine strain H7N9 LAIV indicates the
induction of a fraction of antibodies to the influ-
enza virus that have the ability to cross-react with
the bacterial protein. A similar effect was described
for pneumococci, where the authors noticed the
reduction of the bacterial pathogenic effect in

mice vaccinated with an inactivated influenza
a
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vaccine [11]. Nevertheless, statistically significant
differences in anti-ScaAB IgG levels from the con-
trol group (immunized with PBS) were observed
only in two groups immunized with the vectored
vaccines H7-ScaAB-141 (p =0.0002, Dunn’s
test) and H7-ScaAB-200 (p = 0.011, Dunn’s test)
(Figure 5, b).

Significant protective activity against influenza
virus (H7N9-PR8) was demonstrated for all stu-
died vaccines, except H7-ScaAB-200. In mice im-
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Fig. 6. Protective efficacy of experimental vectored vaccines in experiment with challenge with influenza (a) or GBS (b)
strain. Mice were twice immunized with vaccine viruses at a dose of 6,0 Ig EID,,/50 pl. 3 weeks after the 2" dose ani-
mals were challenged with GBS or influenza (H7N9-PR8 strain). Part of H7N9-challenged animals were inoculated with
GBS strain 24h later (group Virus+GBS). Replication of virus in lungs was assessed at 3 dpi, titers of GBS were assessed
5 hours after challenge. Data are shown as Median with Q,-Q; range. The differences between groups were assessed by
Kruskal-Wallis test (p <0.05) with post-hoc Dunn’s test. Significant differences (Dunn’s test) compared to PBS group
are indicated as follows: *p <0.05. **p <0.005 and are shown as lines for discrete pairs
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munized with H7-ScaAB-200 challenge virus was
detected in the lungs of all animals, and the titers
were significantly higher than that in the con-
trol group H7N9 LAIV (Figure 6, a, p=0.015,
Dunn’s test). It should be noted that the titer of
the challenge virus in the H7-ScaAB-200 group was
3.5-4.0 1g EID;, lower than in the placebo group
mice, which indicates the protective antiviral effect
of this viral-bacterial construct. Mice immunized
with the H7-ScaAB-85 and H7-ScaAB-141 vec-
tored vaccines were almost completely protected
from infection with the virulent influenza virus,
indicating the absence of negative effects of the
corresponding ScaAB inserts on the development
of anti-influenza immunity (Figure 6, a).

Assessment of protective efficacy of the vaccines
against the strain H36 S. agalactiae revealed the
advantage of the vaccine candidate H7-ScaAB-141:
in this group, the pulmonary load of GBS 5 hours
after infection was significantly reduced com-
pared to the control placebo group (p =0.002,
Dunn’s test), while in groups H7-ScaAB-85 and
H7-ScaAB-200 this protective effect was not obser-
ved (Figure 6, b). As shown in Figure 6, b, the
protective effect of the vaccine H7-ScaAB-141 was
observed when vaccinated animals were infected
with the bacterial pathogen only, whereas the pro-
tective effect was less pronounced with prior infec-
tion of mice with the H7N9-PR8 influenza virus
(Virus+GBS scheme). These data indicate that
the recombinant vectored vaccine H7-ScaAB-141
is a promising candidate with a potential to pro-
vide combined protection against both influenza
virus and bacterial infections caused by group B
streptococci, and further pre-clinical studies of this
recombinant vaccine are warranted.

Discussion

The development of viral-vectored vaccines is
a promising strategy that allows combining in one
preparation the advantages of a live antiviral vac-
cine with the advantages of genetically engineered
vaccines: correct antigen presentation, its efficient
delivery, the ability to select immunodominant an-
tigen fragments that generate the effective protec-
tive barrier [6]. Influenza viruses as a vector plat-
form are especially interesting due to their high
natural antigenic variability, which makes it pos-
sible to avoid boosting the immune responses to
the vector itself [12, 13]. Cold-adapted influenza
viruses, in particular, strains based on the Russian
LAIV master donor strain A/Leningrad/134/17/57
is a promising vector delivery system. First, the
A/Leningrad/134/17/57 virus and corresponding
LAIV strains have undergone numerous clinical
and epidemiological trials, which demonstrated its
safety, immunogenicity, and protective efficacy for

/‘\

%)
humans [14—16]. The stability of the LAIV attenu-
ated phenotype is ensured by a complex of attenu-
ating mutations in different viral genes, making it
impossible to revert to the virulent phenotype [17].
A reverse genetics system has been developed for
the Len/17 virus, which allows targeted manipula-
tions with the virus genome, including the insertion
of foreign genetic fragments encoding antigenic
regions of other pathogens [17]. On the basis of
this vector system, we have already developed ex-
perimental vectored vaccines against a number of
other viral pathogens, which have shown protective
efficacy in animal models [18—20].

In this work, the ScaAB lipoprotein of Strepro-
coccus agalactiae was used as an antigen for vec-
tored vaccine development. Preliminary studies of
this lipoprotein as a recombinant polypeptide an-
tigen revealed its immunogenicity and protective
activity in experimental animals [3, 4]. The study of
the epitope composition of ScaAB revealed a num-
ber of regions with immunogenic properties, which
made it possible to rationally design the antigenic
fragments to be included in the vectored vaccine
[8, 21].

In case of viral pathogens, stimulation of T-cell
immune response to an intracellular antigen plays
a critical role, whereas in case of a bacterial
pathogen, antibody induction is an essential com-
ponent of protective action. Therefore, it is opti-
mal to insert the bacterial antigenic fragment into
the N-terminus of the viral hemagglutinin: in this
case, the protein antigen is expressed in the viral
particle and will be processed as a structural an-
tigen stimulating the humoral immune responses.
We generated recombinant H7N9 influenza viruses
with modified hemagglutinin: at the N-terminus
of each HA1 subunit an immunogenic ScaAB re-
gion (85, 141, or 200 amino acids long) is attached
through a flexible linker. In general, the larger size
of the insert should lead to an increase in the spec-
trum of the immune responses to GBS due to the
presence of a maximum number of immunogenic
epitopes. In addition, the large size should con-
tribute to a more optimal folding of the protein
structure due to the interaction of its parts with
each other. On the other hand, the presence of
an “extra” domain can interfere with the func-
tional activity of the influenza HA protein; there-
fore, a detailed experimental study of the rescued
recombinant vaccines and the assessment of their
properties in in vivo experiments are necessary.

In the in vitro experiments, the growth char-
acteristics of the influenza virus decreased with an
increase in the size of the bacterial insert: the strain
with an insert of 85 amino acids did not differ from
the control vaccine strain, whereas the most signifi-
cant differences were observed for the strain with
an insert of 200 amino acids. The two recombi-
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nant viruses with inserts of 141 and 200 residues
had a reduced ability to grow at low temperatures,
but retained the temperature-sensitive phenotype,
which is the most important characteristic reflect-
ing the inability of the virus to replicate in the low-
er respiratory tract, indicating the safety of its use.

The smallest of the studied inserts of bacterial
protein (H7-ScaAB-85) had no negative effect on
the levels of virus replication in the mouse nasal
turbinates, leading to the development of high le-
vels of protective virus-specific antibodies, compa-
rable to those of the control H7N9 LAIV group.
However, this bacterial fragment was not suffi-
cient to induce a GBS-specific humoral immune
response, and, as a consequence, mice immunized
with this vaccine were not protected against bac-
terial infection. Despite the reduced replicative
activity in the in vitro system, the vectored vac-
cine H7-ScaAB-141 actively replicated in the up-
per respiratory tract of mice, which also led to the
induction of high levels of virus-specific antibodies.
In addition, this insert provided the development
of GBS-specific antibodies that were able to sup-
press the growth of GBS in the lungs of immunized
mice, thereby indicating the ability of combined
vectored vaccines to afford dual protection against
viral and bacterial infections. Insertion of a lon-
ger ScaAB fragment (strain H7-ScaAB-200) led to
a significant decrease in the replicative activity of
the virus both in vitro and in vivo. As a result,
vaccinated mice were not completely protected
against infection with a virulent influenza virus,
and, despite the presence of a high number of B-
and T-cell epitopes of the ScaAB protein, a weak
immune response to this protein was developed in
animals.

The data obtained in this study indicate that
the proposed strategy for engineering combined
viral-bacterial vectored vaccines is very promis-
ing, however, in order to design the most effec-
tive constructs it is necessary to be aware that the
foreign insert should not negatively affect the rep-
licative properties of the recombinant virus, but at
the same time the bacterial insert should contain
a sufficiently large number of experimental B-cell
epitopes.

Overall, as a result of this study, the world’s
first recombinant vectored vaccines for combined
protection against influenza viruses and bacte-
rial infections were designed using a cold-adapted
live attenuated influenza vaccine strain as a viral
vector. Experiments on laboratory animals al-
lowed recommending the most promising variant,
H7-ScaAB-141, for its further evaluation in preclin-
ical studies: immunization schedule optimization,
toxicological studies, different challenge experi-
ments including lethal models; further assessment
of safety, immunogenicity and protective efficacy

in a ferret model. In case of successful completion
of preclinical studies, this candidate can be fur-
ther recommended for clinical trials on volunteers.
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