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Introduction
Influenza A(H7N9) viruses that cause severe disease and death 
in humans continue to circulate widely in some poultry popu-
lations. These remaining influenza viruses have pandemic 
potential because most humans likely have no immunity to 
them. According to the World Health Organization report, by 
August 17, 2016, human infections of H7N9 virus have reached 
798 laboratory-confirmed cases since early 2013 when the 
virus emerged in China.1 By January 31, 2016, the case fatality 
rate for H7N9 has been reported as 39.5% (285 from 721).2 
Due to increased binding to mammalian respiratory cells, 
H7N9 has a greater potential pandemic risk for further mam-
malian adaptation with a possible human-to-human transmis-
sion than H5N1 avian influenza viruses.3

Group B streptococcus (GBS), or Streptococcus agalactiae 
surface proteins have recently drawn attention to the promis-
ing vaccine candidates, playing an important role at various 
stages of infection and being the antigenic determinants of a 
number of other bacteria, such as Streptococcus pneumoniae 
and Streptococcus pyogenes.4

Group B streptococcus colonizing the respiratory, gastroin-
testinal, and urogenital tract is an important human pathogen 

that causes pneumonia, sepsis, and meningitis in neonates. It also 
poses a significant threat to immunocompromised adults. 
Bacterial coinfections, including H1N1 pandemic influenza, are 
common in influenza-infected patients and are more frequently 
noted in older aged patients who are associated with higher rates 
of complications.5 Recently, in the prevention of bacterial infec-
tion, much attention has been paid to the development of pep-
tide vaccines based on superficial factors of bacteria pathogenicity. 
Thus, the P6 protein, used in this study, is based on the immu-
nodominant bac protein containing IgA-binding motif.6 About 
30% of GBS possess the bac gene which can be predominantly 
found in the strains of serotypes I and II.7 The ScaAB protein is 
the major surface lipoprotein similar to the lipoprotein recep-
tor-associated antigen I (LraI) family..8,9 This protein is pre-
sented on the surface of gram-positive pathogens and closely 
related to PsaA protein of S pneumoniae which is considered a 
protein-based vaccine candidate against pathogenic pneumo-
cocci which are the most common cause of community-acquired 
pneumonia.10 The ScpB1 protein represents the portion of  
C5a peptidase, which is contained among 100% of strains of 
group A and B streptococci, thus providing a universal target for 
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vaccines against pathogenic streptococci.11 Stv protein is a por-
tion of the glycan-binding protein and adhesion SspB1 which 
can be found in about one-third of highly pathogenic GBS strains 
predominantly circulating throughout Russia. Immunization with 
this protein selectively directs the immune response against the 
highly virulent GBS strains and is able to stimulate the cross-
reacting antibody against group A streptococci surface proteins.12 
The complex of 4 streptococcal antigens included in the composi-
tion of recombinant GBS vaccine will contribute to the formation 
of protection against various determinants of bacterial patho-
genicity, regardless of their functional state.

In a previous study, we have shown that associated intranasal 
immunization of outbred mice using live attenuated influenza 
vaccine (LAIV) of H7N3 subtype and 4 GBS recombinant poly-
peptides was effective against pulmonary infection with five hun-
dred 50% mouse infectious doses (MID50) of avian A/mallard/
Netherlands/12/00(H7N3) or 100 MID50 A/PR8/34(H1N1) 
influenza followed by GBS serotype II secondary infection.13 In 
this study, we evaluated whether immunity generated against 
H7N3 LAIV and GBS polypeptides can protect against H7N9 
influenza infection followed by GBS burden. We also made an 
attempt to reveal the role of some causes of innate and adaptive 
immunity in such protection. Although avian influenza A(H7N9) 
is infrequent complicated by streptococcal secondary infection,10 
new animal models of viral-bacterial interactions can be applied 
for further study of vaccines against human infections.

Methods
Viruses and vaccine preparations

The reassortant influenza virus A/17/Mallard/Netherlands/ 
00/95(H7N3) (LAIV) was provided from the Virology 
Department, Institute of Experimental medicine (Saint Petersburg, 
Russia) collection of viruses. The A/Shanghai/2/2013(H7N9) 
CDC-RG influenza virus (H7N9) was provided by the Centers 
for Disease Control and prevention, USA. The viruses were propa-
gated in embryonated chicken eggs (CE) and stored at −70°C.

The group B streptococcus vaccine (GBSV) contained 
GBS recombinant polypeptides P6 (30 kDa), ScaAB (35 kDa), 
ScpB1 (43-kDa), and Stv (130 kDa) which were expressed in 
Escherichia coli and purified as described earlier.14

Immunization

The 8- to-10-week-old female outbred mice were provided by 
the laboratory breeding nursery of the Russian Academy of 

Sciences (Rappolovo, Leningrad Region). Groups of mice (54 
animals in a group) were lightly anesthetized with ether and 
intranasally vaccinated with 50 µL divided equally per nostril 
using the following preparations: (1) LAIV contained 1 × 107 
50% egg infectious dose (EID50) of the H7N3 vaccine virus; 
(2) GBSV contained the mix of P6, ScaAB, ScpB1, and Stv 
recombinant polypeptides (5 µg each, 20 µg total); 3) mixed 
LAIV + GBSV vaccine including 1 × 107 EID50 of H7N3 virus 
and GBSV; and (4) control animals were inoculated with phos-
phate-buffered saline (PBS). The mice were immunized twice 
at an interval of 21 days (Figure 1).

Three weeks after vaccination and after revaccination, 
sera were collected from ether-anesthetized mice via sub-
mandibular plexus. Nasal secretions were collected from 
mice after intraperitoneal administration of 0.1 mL of a 
0.5% pilocarpine solution (Sigma-Aldrich, St. Louis, MO, 
USA) into the tubes containing 0.001 M of serine protease 
inhibitor phenylmethylsulfonyl fluoride. Sera and nasal 
samples were stored at −20°C.

All invasive procedures involving animals were performed 
under ether anesthesia, according to the “Rules Laboratory 
Practice” Ministry of Health of the Russian Federation No. 
708 n.

Hemagglutination-inhibition assays

For hemagglutination-inhibition (HI) assay, sera were treated 
with receptor-destroying enzyme (Denka Seiken, Tokyo, 
Japan) and tested for HI antibodies against H7N3 vaccine 
virus and against H7N9 influenza virus as previously 
described.15

The enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) was conducted 
to determine serum IgG, IgG1, IgG2a, and nasal IgA antibod-
ies in 96-well microplates (Sarstedt AG & Co, Nümbrecht, 
Germany) as previously described.15 For absorption, we used 
20 HAU (hemagglutination units)/0.1 mL of the whole puri-
fied H7N3 virus or 20 HAU/0.1 mL of the whole purified 
H7N9 virus or 0.2 mg/0.1 mL of GBSV individual compo-
nents. The end point ELISA titers were expressed as the high-
est dilution that yielded an optical density at 450 nm (OD450) 
greater than the mean OD450 plus 3 SDs of negative controls at 
an equivalent dilution of sera.

Figure 1. Mouse study design. GBS indicates group B streptococcus.
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Group B streptococcus

The S agalactiae (serotype II) was obtained from the collection 
of the Institute of Experimental medicine (Saint Petersburg, 
Russia) and grown as previously described.13

Challenge study

On day 21 after revaccination, the mice from all vaccine 
groups were inoculated intranasally with 300 MID50 of 
H7N9. Twenty-four hours post infection (p.i.), the mice 
were intranasally infected with 1 × 107 colony-forming 
units (CFUs) of GBS (type II). Weight was monitored 
over the course of 14 days p.i. Lung samples were collected 
for virus load, bacterial clearance, and transcriptional anal-
ysis and homogenized using a Tissue Lyser LT system 
(Qiagen, Venlo, The Netherlands), as per the manufactur-
er’s protocol. Infectious virus titers were detected in the 
lung homogenates at 48 and 72 hours p.i. in developing CE 
as previously described.16 Lung virus titers were expressed 
as log EID50. Bacterial clearance from lungs was estimated 
5 and 24 hours after GBS infection. On day 7 p.i., the 
lungs from 2 mice per group were collected for histopatho-
logic analysis.

Messenger RNA expression analysis

Total RNA was isolated from lung homogenates using GeneJet 
RNA Purification Kit (Thermo Scientific, Waltham, MA, 
USA). For complementary DNA (cDNA) synthesis, reverse 
transcription (RT) with 100 pg of total RNA was performed 
using oligo(dt) primer and random hexamer mix and the 
SuperScript III kit (Invitrogen, Waltham, MA, USA). Real-
time polymerase chain reaction (RT-PCR) was performed in a 
CFX96 (Biorad, Hercules, CA, USA) thermocycler using 
SybrGreen as fluorogenic probe in 25 µL reactions containing 
5 µL cDNA sample, 10 supermix (Thermo Scientific, Waltham, 
MA, USA), 50 pmol of forward and reverse primer, and nucle-
ase-free water (Applied Biosystems, Waltham, MA, USA).  
Each RT-PCR experiment was run in triplicate with nontem-
plate controls. The following forward and reverse primers were 
used: glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 
NM_008084, Primer Bank ID: 126012538c3)—TGGCC 
TTCCGTGTTCCTAC, GAGTTGCTGTTGAAGTCGCA;  
interferon (IFN) 1β (NM_206975, Primer Bank ID: 
6754304a1)—CAGCTCCAAGAAAGGACGAAC, GGCA
GTGTAACTCTTCTGCAT; IFN-γ (NM_008337, Primer 
Bank ID: 145966741c2)—ACAGCAAGGCGAAAAAGG 
ATG, TGGTGGACCACTCGGATGA; tumor necrosis fac-
tor α (TNF-α; NM_013693, Primer Bank ID: 133892368c3)—
CCTGTAGCCCACGTCGTAG, GGGAGTAGACAAG 
GTACAACCC; interleukin 6 (IL-6; NM_031168, Primer 
Bank ID: 13624311a1)—TAGTCCTTCCTACCCCAATT
TCC, TTGGTCCTTAGCCACTTCCTTC.

Melting curve analysis at the end of the reaction was per-
formed to confirm the specificity of amplification of each pair 
of primers.

Data were analyzed using the comparative Ct method, nor-
malized to GAPDH, and presented as fold-changes in gene 
expression of vaccinated and infected mice, relative to control 
nontreated animals.

Statistics

Data were processed using the Statistica software, version 
6.0 (StatSoft, Inc. Tulsa, OK, USA). Mean values and stand-
ard error of the mean (SEM) were calculated to represent 
virus or bacterial titers. Serum titers of IgG, IgG1, and IgG2a 
were analyzed using log10 transformed data, and HI serum 
titers and local IgA were analyzed using transformed data 
and presented as mean ± SEM. To compare 2 independent 
groups, we used Mann-Whitney U test. To compare multiple 
independent groups, we used Kruskal-Wallis analysis of vari-
ance (ANOVA) test. To estimate the strength of the correla-
tion between paired data, we used Spearman correlation 
coefficient (rs). A value of P < .05 was considered to be statis-
tically significant.

Results
To study immunogenicity, 3 independent experiments were 
conducted. As the data were similar, the results of only one 
of them are provided in this publication. Sera and nasal 
washes from 10 to 12 mice were collected 3 weeks after the 
primary vaccination and revaccination (Figure 1). We used 
PBS-immunized sera as negative controls. As shown in 
Figure 2A, the LAIV of H7N3 subtype raised serum anti-
bodies not only against the homologous virus but also 
against H7N9, which possessed the difference of 3% in the 
amino acid sequence of hemagglutinin (HA). In the sera 
from mice double-vaccinated with LAIV-containing prepa-
rations, serum HI titers against H7N9 were 20 to 40 times 
higher than against H7N3 (P < .05). Serum IgG levels meas-
ured by ELISA were similar against both H7N3 and H7N9 
except that after immunization with LAIV only, the boost 
effect was more pronounced against the heterologous virus. 
In contrast, local IgA levels were 2.7 times higher against 
homologous H7N3 compared with H7N9 after vaccination 
with LAIV (P = .005; Figure 2A).

The IgG subtypes such as IgG1 and IgG2a against viral and 
bacterial vaccine components in each vaccine group were also 
evaluated by ELISA. As shown in Figure 2B, after primary 
vaccination with LAIV or LAIV + GBSV, the IgG2a antibody 
levels against H7N9 were slightly higher compared with IgG1, 
whereas on day 42 significantly higher IgG1 titers were seen 
(P = .038 and P = .02). At the same time, IgG1 and IgG2a anti-
body levels against H7N3 in both vaccine groups containing 
LAIV were detected in equal titers.
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Among bacterial polypeptides, the most prominent immune 
response was demonstrated against the P6 polypeptide. Serum 
IgG titers against P6 either as a part of peptide vaccine or in 
the combined vaccine were significantly higher compared with 
mock-vaccinated animals after primary vaccination and revac-
cination (P < .05). Remarkably, the ScaAB polypeptide stimu-
lated significant antibody rise (P = .028) in comparison with 
controls after revaccination when given only as a GBSV 

vaccine, unlike in a combination with LAIV (P = .2) (Figure 
3A). The antibody titers against ScpB1 and Stv polypeptides 
did not differ from those of the control animals. Therefore, the 
subclasses of IgG were determined only against the P6 and 
ScaAB GBSV components. IgG1 titers against GBS polypep-
tides in almost all vaccine groups were significantly higher than 
the IgG2a titers (P < .05) after intranasal boost immunization. 
The highest IgG1/IgG2a ratio (21.1-85.1) against ScaAB 

Figure 2. Antibody responses against H7N3 and H7N9 influenza viruses in mice (n = 10-12) vaccinated intranasally with LAIV or LAIV + GBSV. Shown are 

the responses on day 21 after first vaccination and 3 weeks after the boost immunization. All data are presented as mean ± standard error of the mean. (A) 

Antibodies against H7N3 and H7N9 viruses in sera and nasal secrets, and (B) serum IgG subclasses after intranasal immunization with LAIV or 

LAIV + GBSV were detected using horseradish peroxidase–conjugated goat anti-mouse IgG1 or IgG2a. GBSV indicates group B streptococcus vaccine; 

HI, hemagglutination-inhibition; LAIV, live attenuated influenza vaccine; PBS, phosphate-buffered saline.

Figure 3. Antibody responses in vaccinated mice against the GBSV components (n = 10-12). All data are presented as mean ± standard error of the mean. 

(A) Serum ELISA IgG antibodies against individual GBSV peptides. P values presented compared with mock-vaccinated animals. (B) Serum IgG isotypes 

against P6 and ScaAB after intranasal immunization with GBSV or LAIV + GBSV. ELISA indicates enzyme-linked immunosorbent assay; GBSV, group B 

streptococcus vaccine; LAIV, live attenuated influenza vaccine; PBS, phosphate-buffered saline.
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peptide was seen within the LAIV + GBSV-immunized group, 
with a lower ratio (0-3.9) against immunodominant P6 poly-
peptide observed in GBSV group (Figure 3B). This finding 
may suggest different immunogenic properties of GBS pep-
tides derived from various protein families.

Challenge studies were conducted using various influ-
enza viruses, including 2 studies with influenza A(H7H9) 
virus. In this study, data from one of the A(H7H9) experi-
ments are provided. After primary challenges with A/
Shanghai/2/2013(H7N9) CDC-RG influenza virus in an 
infectious dose of 300 MID50 followed by GBS infection, 
the maximum body weight loss (10%) was registered on days 
8 to 11 in mock-vaccinated mice (Figure 4A). Vaccination 
with LAIV or with LAIV + GBSV completely protected 
mice against weight loss (0%), whereas immunization with 
GBSV alone only partially protected (6%). These data 
matched with virus isolation from the lungs, which was 
completely prevented in vaccine groups comprising LAIV 
while all of the mice were cleared (Figure 4B).

Group B streptococcus serotype II isolation from the lungs 
5 hours post bacterial superinfection was an average of 400 
times lower in the LAIV + GBSV group compared with 

nonvaccinated controls (P = .02), whereas LAIV or GBSV 
alone leads to 10 or 25 times reduction in bacterial titers, 
respectively (P = .14; Figure 4C). These results demonstrate 
that associated vaccination was the most effective way to rein-
force bacterial elimination from the lungs after primary virus 
infection. The fact that GBS burden in GBSV-only immu-
nized mice was not significantly reduced may be explained by 
the strengthened severity of influenza infection in the back-
ground of primary influenza. At the same time, in GBSV-alone 
vaccinated group—despite having high viral titers—the mice 
body weight is preserved in the long run. This can be explained 
by the enhanced clearance of infectious streptococci from the 
lungs, as shown in Figure 4C.

Figure 5 shows the results of pathological studies of lung 
slices from mice obtained on day 7 after primary virus infec-
tion. Figure 5A and B presents the lungs of the normal mice. 
On day 7 after the H7N9 virus infection followed by group B 
streptococci secondary infection, in the lungs of nonvaccinated 
mice, we observed severe progressive macrofocal pneumonia 
defined by a severe serous-hemorrhagic exudative process with 
massive damage of the alveolar epithelium and severe alveolar 
edema (Figure 5I). This lesion has occurred against the 

Figure 4. Comparisons of the clinical manifestations of viral and bacterial infections in mice with the isolation of H7N9 influenza virus and group B 

streptococcus from the lungs. (A) Weight loss dynamics after A/Shanghai/2/2013(H7N9) infection followed by secondary GBS infection 24 hours apart; the 

results are expressed as the mean of 12 animals. (B) The H7N9 virus isolation from the lungs 48 and 72 hours after primary viral infection (n = 6). (C) GBS 

isolation from the lungs of mice 5 and 24 hours after secondary bacterial infections (n = 8). CFU indicates colony-forming unit; EID50, 50% egg infectious 

dose; GBS, group B streptococcus; GBSV, group B streptococcus vaccine; LAIV, live attenuated influenza vaccine; PBS, phosphate-buffered saline.
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backdrop of viral damage of the small to medium bronchi 
(Figure 5J) and the severe vasculitis. In the case of immuniza-
tion with GBS peptides only, the viral and bacterial infections 
lead to exudative acute bronchitis, lobular bronchopneumonia, 
and small focal serous pneumonia with obvious viral and bacte-
rial damage (Figure 5E and F). In the lungs of mice vaccinated 
with the LAIV, only mild inflammatory changes, such as a 
microfocal serous pneumonia, were revealed (Figure 5C and 
D). The combined vaccination was the most effective in pre-
venting the lung lesions after viral and bacterial infections 
(Figure 5G and H). Morphological signs of severe viral and 
bacterial lung injury (large or confluent pneumonia, widespread 
destruction of the bronchial epithelium, leukocyte infiltration 
of the alveoli) correlated with the levels of infectious virus iso-
lation from the lungs (rs = 0.87, P < .01, n = 9).

Using real-time reverse transcription polymerase chain 
reaction, we compared the elevation of early cytokines such as 
TNF-α, IL-6, and IFN 1 and 2 types, which were involved in 
defense against systemic viral infection by analyzing the mes-
senger RNA (mRNA) expression in mouse lungs 48 and 72 
hours post primary virus challenge. Differences between vac-
cine groups in the expression of IFN were detected 72 hours 
after viral infection. Although the standard deviations were 
quite high, the ANOVA test revealed statistically significant 
differences between groups, which were suggested by pairwise 
comparison between individual groups. In the LAIV + GBSV-
immunized mice, the IFN-1β expression levels after the viral 
and bacterial challenge were significantly lower compared with 
nonvaccinated mice (P = .017) at this point in time (Figure 6). 
We did detect 2 to 8 times higher increase in IFN-γ expression 

Figure 5. Hematoxylin-eosin stained sections from lung tissues of H7N9 and group B streptococcus–infected mice at day 7 post virus infection. (A, B) 

Normal mouse lungs. (A, C, E, G, I) Lung tissue pneumatization (magnification, ×200): E, G—focally slightly decreased, G—saved, I—pneumonic 

infiltration and alveolar edema. (B, D, F, H, J) Status of small bronchi and bronchioles (magnification, ×400): D—partial desquamation of epithelial cells 

(marked with an arrow), F—degenerative polymorphonuclear leukocytes in the lumen with severe damage of the epithelium (marked with an arrow), H—

no any expressed pathological changes, J—desquamation of the epithelial cells (marked with an arrow), forming of pseudostratified epithelium, and local 

intraepithelial lymphocytic infiltration.
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in the LAIV + GBSV group compared with nontreated animals 
(P = .009). Statistically significant differences have also been 
found when comparing LAIV-immunized and PBS-vaccinated 
mice (P = .045). As for early cytokines, the difference in the 
expression of both TNF-α and IL-6 was more pronounced 
48 hours after the infection. The TNF-α expression 48 hours 
p.i. was significantly higher in LAIV or GBSV group com-
pared to PBS group (P = .013 and P = .034, respectively). The 
IL-6 expression was higher in the PBS group compared with 
those vaccinated with LAIV only or GBSV only. These data 
may indicate that in this particular case, in the development of 
lung injury during reinfection, an important role was played by 
mechanisms of adaptive immunity, rather than nonspecific 
inflammatory reactions.

Discussion
The most severe influenza diseases are often accompanied by 
bacterial complications, which are the main cause of death dur-
ing influenza infection. One of the new approaches to micro-
bial vaccines development is the use of recombinant 
polypeptides corresponding to conserved portions of surface 
proteins of bacterial human pathogens.

The effectiveness of excess serum HI titers against H7N9 
influenza virus compared with those against homologous 
H7N3 after LAIV or LAIV + GBSV in boosting immuniza-
tion has confirmed a number of previously published data 
about cross-reaction of existing H7N3 cold-adapted vaccines 

against divergent H7N9 strains possessing pandemic poten-
tial,17–19 despite the fact that the HI has been considered a 
strain-specific reaction. This may be attributed to the changes 
in viral receptor-binding characteristics.20 The study of a num-
ber of vaccines against influenza H7 subtype, both inactivated 
and live, has shown that a double vaccination is required to 
achieve an adequate antibody response.21–23 Recent studies 
have shown that after vaccination with inactivated vaccines in 
patients primed with LAIV, specific antibodies to the globular 
part of H7 increased dramatically and were characterized by 
more pronounced affinity and avidity, thereby evidencing the 
importance of LAIV development for pre-pandemic 
vaccination.24

Evaluation of serum IgG antibodies against individual 
GBSV peptides confirmed the earlier findings of the greatest 
immunogenicity of P6 after intranasal administration.13 The 
most poorly immunogenic when administered intranasally was 
Stv peptide mass 130 kDa consisting of 2 parts, the immuno-
genicity of which after subcutaneous vaccination has been 
shown previously.14 Perhaps the lack of an immune response to 
the polypeptides caused by their structure led to rapid destruc-
tion by the proteolytic enzymes, which are in abundance in 
mucous secretion.

The subclasses of serum IgG induced after immunization 
with viral or bacterial vaccines may indicate the relative contri-
bution of Th2-type versus Th1-type cytokines.25 Previously it 
was reported that after viral infections, the major antibody 

Figure 6. The mRNA expression in lung homogenates of immunized mice at 48 or 72 hours after intranasal inoculation with A/Shanghai/2/2013(H7N9) 

influenza virus and sequential group B streptococcus serotype II exposure (n = 5-6 in each group). All data presented as mean ± SEM. We used the 100 pg 

of total RNA for reverse transcription. Real-time polymerase chain reaction was performed using SybrGreen as a fluorophore. Mouse glyceraldehyde-3-

phosphate dehydrogenase gene expression was used for normalization, and lungs homogenates of untreated mice were used as a control. P values 

provided compared with PBS group. GBSV indicates group B streptococcus vaccine; IL-6, interleukin 6; LAIV, live attenuated influenza vaccine; PBS, 

phosphate-buffered saline; SEM, standard error of the mean.
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isotype in the sera of various strains of mice was presented with 
IgG2a26 stimulated during Th1-type immune responses.27 
Huber et al28 have shown that stimulation of IgG2a antibodies 
after vaccination with influenza HA-expressing vectors pro-
vided effective protection against lethal challenge with H3N2 
influenza virus based on PR8/34 in the absence of strong neu-
tralizing antibody titers. At the same time, the authors argue 
the importance of both IgG1 and IgG2a expression in vaccina-
tion against influenza. In our study, the outbred mice vacci-
nated using H7N3 LAIV displayed a significant increase in 
both IgG isotypes against H7N9 influenza with a greater 
increase in titers of IgG1, although against homologous H7N3 
equal IgG1/IgG2 immune responses were obtained. Notably, 
we had previously detected delayed clearance of the GBS after 
infection with homologous wild-type virus A/mallard/
Netherlands/12/00(H7N3) at an early period of re-infection,15 
whereas after H7N9 virus reinfection such a delay was not 
observed. These differences can be partially explained by the 
fact that IgG2a isotype is the most effective activating Fc 
receptor–mediated effector functions, which include the stim-
ulation of antibody-dependent cell-mediated cytotoxicity.29,30

After viral and bacterial challenge, the results of quantitative 
viral and bacteriological studies were consistent with the clini-
cal and morphological study. Postchallenge dynamics of the 
weight loss have shown that LAIV or LAIV + GBSV-
vaccinated mice did not lose weight which was associated with 
no infectious virus isolation from the lungs in these vaccine 
groups. This may indicate the predominant viral lesions of the 
lung, detected at a morphological examination of mice vacci-
nated using GBSV only or nonvaccinated. Indeed, in the 
absence of vaccination, viral and bacterial infections lead to the 
development of alveolar edema, severe damage to the blood 
vessel endothelium, severe exudative process with massive 
damage to the alveolar epithelium, and the evidence of viral 
damage associated with the highest isolation of the virus from 
the lungs. However, in the group of GBSV-vaccinated mice, 
the challenge virus also was isolated from the lungs in high 
titers, although the damage was limited by focal pneumonia 
wherein the GBS burden was 25 times lower compared with 
nonvaccinated animals. These data may indicate that GBS, 
though left from the lungs in 2 days after the secondary bacte-
rial infection, was still able to complicate the course of infec-
tion in nonvaccinated mice, whereas specific GBS antibodies 
due to GBSV immunization prevented this.

The enhanced lung protection after challenge in the 
LAIV + GBSV group, compared with mice from other vaccine 
groups, was associated with higher expression of IFN-γ, which 
may indicate induction T-cell immunity although IFN-γ is 
often used to monitor CD8 + cell-mediated immunity. Data on 
the increased IFN-gamma expression levels after the viral and 
bacterial challenge of the LAIV + GBSV immunized mice 
were also confirmed after A/PR8 and GBS challenge of mice 
vaccinated with LAIV + GBSV (data not shown). In addition, 

in this study, we used the infectious virus based on A/PR8/34 
background with the A/Shanghai/2/2013(H7N9) influenza 
virus surface antigens. Previously, Sun and Metzger31 reported 
that pulmonary IFN-γ produced during T-cell responses to A/
PR8/34 influenza infection in mice inhibited initial S pneumo-
niae clearance from the lung by alveolar macrophages due to 
suppression of phagocytosis and leads to enhanced susceptibil-
ity to secondary pneumococcal infection, which was prevented 
by IFN-γ neutralization after influenza infection. In our study, 
the IFN-γ expression in control mice after viral and bacterial 
challenges was 1.3 times higher compared with intact animals, 
although after the LAIV + GBSV vaccination this increase was 
generally more pronounced.

Although the mouse influenza pneumonia model is often 
considered unsuitable for extrapolating the effects of IFNs in 
humans due to physiological differences in IFN responsiveness 
between species,32 the level of interferon in the lungs is associated 
with the reproduction of infectious influenza virus in both 
humans and mice. Moreover, in both humans and mice, the same 
receptor complex is used for both IFN-1α and IFN-1β.33 Despite 
previously reporting no major contribution for IFN-1α/IFN-1β 
pathways in recovery from influenza virus infection in mice, the 
type 1 IFNs can play roles in determining the rate of virus repli-
cation in the initial stages of infection and in shaping the initial 
inflammatory immune response.32 Mok et al34 have shown that 
day 3 p.i., in mice infected with A/Shanghai/2/2013(H7N9) 
virus, lung viral titers were positively correlated with elevated lev-
els of proinflammatory cytokines TNF-α, IFN-1α, IFN-γ–
induced protein 10 (IP-10), although there was no significant 
correlation between virus replication and cytokine levels at day 5 
p.i. Yoo et  al35 demonstrated that IFN-1β treatment elicited 
enhanced Th1 effector and cytolytic T-cell responses in the lungs 
of mice infected with A/WSN/33(H1N1) influenza virus. 
Associated with the polarization toward a type 1 immune 
response, IFN-1β treatment of mice resulted in accelerated viral 
clearance and diminished pulmonary eosinophilia in infected 
lung tissues. Chan et  al36 reported a significant reduction in 
IFN-1 responses and an associated lymphocyte activation follow-
ing a homotypic virus challenge due to vaccine-induced antibody 
responses. Although interferon signaling may be beneficial in 
response to a virus, it is still not clear how it affects the develop-
ment of secondary bacterial pneumonia. Shahangian et al37 con-
sidered that elevated type 1 interferon after primary influenza 
infection may play a role in increasing the lung’s susceptibility to 
secondary pneumococcal pneumonia. In this regard, we tried to 
follow the lung IFN-1β mRNA expression during the onset of 
double viral and bacterial infections influenced by LAIV and 
GBSV or merged vaccination. In this study, at 72 hours post pri-
mary virus infection, we detected 1.5 to 3.4 increase of IFN-1β 
expression in all groups of mice compared with the control intact 
animals with the noticeably lower elevation after LAIV + GBSV 
vaccination compared with nonvaccinated mice and the LAIV- 
or GBSV-vaccinated mice.
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Smith et al38 found that a range of proinflammatory cytokines 
was elevated in mice sequentially infected with influenza and S 
pneumoniae. The production of IL-6 and TNF-α has been shown 
to enhance vascular permeability and may enable the extrapulmo-
nary spread of bacteria.39 In our work, we have revealed notable 
differences in IL-6 expression after viral and GBS challenge 
between nonvaccinated animals and any of the vaccine groups 
48 hours p.i. with the least significant decrease being in the 
LAIV + GBSV group (P = .25). The TNF-α mRNA expression 
was heightened after vaccination with LAIV only or GBSV only.

Taken together, these data suggest that intranasal immuni-
zation using LAIV and GBSV may modulate innate immunity 
pathways, thus reducing the primary viral and secondary bacte-
rial infection.

It is not uncommon to believe that even influenza viruses 
producing minimal epithelial cell damage still enhance subse-
quent bacterial infection in mice.40,41 Influenza neuraminidase 
and upregulation of platelet-activating factor receptor expres-
sion during murine viral infection may increase bacterial adher-
ence.42 In our study, the use of H7N3 LAIV had a positive 
effect on the course of influenza and GBS infections. All 
methods of vaccination improved the course of the disease 
after viral challenge and bacterial invasion. Vaccination using 
LAIV decreased primary viral outcomes, and this effect can aid 
in the prevention of secondary bacterial infections

In conclusion, the combined vaccination with LAIV and 
GBS polypeptides provided advantageous protection against 
infections with A/Shanghai/2/2013(H7N9) CDC-RG influ-
enza virus followed by serotype II GBS infection and improved 
bacterial clearance from the lungs of mice compared with 
LAIV or GBSV, whereas mock-vaccinated animals displayed 
severe morbidity, including significant weight loss and patho-
morphological manifestations of severe viral and bacterial lung 
injury. Use of mucosal routes for vaccine administration ensured 
the formation of systemic and local immunity is one of the pos-
sible strategies to improve the vaccine’s immunogenicity.43 In 
this regard, the bacterial peptides could be optimized for 
mucosal delivery by insertion into virus vector constructions to 
better mimic the natural route of virus infection and potentially 
elicit mucosal immune responses.
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