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ABSTRACT
Severe influenza complications are often caused by Streptococcus pneumoniae infection, which 
presents the most common cause of community-acquired pneumonia. We evaluated in a mouse 
model an associated virus-bacterial vaccine based on seasonal live influenza vaccines (LAIV) and 
S. pneumoniae chimeric protein comprising flagellin (PSPF). Intranasal immunization of mice with 
a complex of trivalent LAIV and PSPF caused an increased release of early cytokines in the lungs of 
mice. The immunogenicity of LAIV and PSPF in the associated vaccine composition was some-
times decreased compared to each vaccine preparation alone. Nevertheless, only vaccination of 
mice with LAIV+PSPF significantly reduced lethality and the bacterial load in the lungs in a model 
of post-influenza bacterial pneumonia. The study of the interactions of influenza viruses with 
bacterial peptides is important during the development of associated virus-bacterial vaccines 
intended for the prevention of severe post-influenza bacterial complications.
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Introduction

Despite the fact that in clinical practice, influenza 
infection is almost always accompanied by bacterial 
complications, vaccines that protect against viral- 
bacterial infection have not yet been developed. 
Streptococcus pneumoniae infection is the most 
common cause of post-influenza complications [1]. 
Prevention of pneumococcal infections since 2007 
has been successfully carried out using multicom-
ponent conjugated polysaccharide vaccines. 
Nevertheless, the serotypes of pneumococci not 
contained in vaccines start to dоminate аnd cаusе 
diseаse which requires constantly increase the 
valence of pneumococcal vaccines [2]. In addition 
to bacterial polysaccharides, factors such as protec-
tive surface proteins of bacteria, enzymes, and 
adhesins are used as targets for the development 
of bacterial vaccines [3]. For the prevention of 
infections of the respiratory tract, it is desirable to 
use mucosal vaccines, the introduction of which 
ensures the formation of systemic and local immu-
nity and allows you to quickly achieve resistance to 
infection. When designing viral-bacterial intranasal 
vaccines, live influenza vaccine (LAIV) is 

a promising platform, since over many years of 
research it has been shown to be safe when admi-
nistered for various age groups of the population, 
including elderly patients with chronic diseases. 
LAIV was proved to be immunogenic and protec-
tive for children and adults [4–6].

In the present study, S. pneumoniae chimeric protein 
(PSPF) expressed in Escherichia coli [7] was used as 
bacterial vaccine component. PSPF presents 
a chimeric recоmbinant peptide consisting of three 
immunо-dominant parts of Streptococcus pneumoniae 
factors of virulence (PsaA, PspA, Shr1875) associated 
with flagellin from Salmonella typhimurium as an adju-
vant [8]. The PSPF protein was active when adminis-
tered intranasally and subcutaneously [7,9], as well as 
when being included in live mucosal vaccine based on 
a modified probiotic E. faecium [10]. Immunization of 
mice using PSPF stimulated the production of secretory 
IgA and circulating antibodies of the IgM and IgG 
classes in the blood, which prevented the development 
of bacteremia and improved the clearance of infectious 
pneumococci from the lungs [10].

Development of mucosal vaccines based on LAIV 
and surface pathogenicity factors of S. pneumoniae is 
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a novel approach of prevention bacterial complications 
of influenza infection. It was shown in mice that the 
joint intranasal implementation of vaccine influenza 
viruses of the pandemic or potentially pandemic sub-
type in combination with the recombinant peptides of 
streptococcus and pneumococcus more successfully 
prevent the development of severe post-influenza pneu-
monia in comparison with immunization with LAIV or 
bacterial polypeptides separately [11,12].

However, the variability of the influenza virus 
requires live influenza vaccines to include three or 
four influenza viruses. Seasonal influenza vaccines are 
produced in trivalent or tetravalent form to create 
protection against influenza viruses A(H1N1), A 
(H3N2), B (Victoria and/or Yamagata lineage) [13]. 
Therefore, in our study, we used an associated vaccine 
based on trivalent seasonal LAIV and a recombinant 
pneumococcal peptide. We study the possibility of 
combining a bacterial polypeptide with a seasonal tri-
valent LAIV, which includes strains of influenza viruses 
recommended by WHO for the season 2017–2018 [14].

The objectives of the study were to estimate the 
pоssibility of preventing pоst-influenza pneumococcal 
infection by mixing seasonal trivalent LAIV and recom-
binant polypeptides of S. pnеumoniae. As a part of this 
evaluation, we estimated the components of innate and 
adaptive immunity and their correlation with resistance 
against influenza-related S. pneumoniae infection.

Materials and methods

Ethical approvement

All animal procedures were carried out according to the 
“Rules of Laboratory Practice” (Russian Ministry of 
Health). This work was approved by the Local Ethics 
Committee at the Federal State Budgetary Scientific 
Institution “IEM” (Saint-Petersburg, Russian 
Federation), protocol № 1/21, 28 January 2021.

Influenza viruses and vaccine preparations

We used vaccine viruses prepared for trivalent LAIV of 
2017–2018 influenza season [14] according to the for-
mulation presented in Table 1, for intranasal immuni-
zation of 8 to-10-week-old female CBA mice.

For challenge, we used influenza pandemic strain A/ 
South Africa/3626/13 (H1N1) pdm09. All viruses used 
in the study were grown in embryonated chicken eggs 
(CE), aliquoted and stored at −70°C before use.

The bacterial vaccine administered simultaneously 
with LAIV was PSPF [7].

Infectious pneumococci

Streptococcus pneumoniae clinical isolate serotype 3 
strain 73 was cultured for 18 h in 5% CO2 at 37°C in 
the THB medium (Todd-Hewitt broth, HiMedia, 
Mumbai, India) supplemented by 20% horse serum 
(“Difco”, Carrickmore, UK). We used “Columbia” 
agar contained 10% horse serum and 5% defibrinated 
sheep blood as a solid medium for S. pneumoniae cul-
tivation and for evaluation of bacteria count.

Immunization and samples collection

The female 8–10-week-old CBA mice were purchased 
from the breeding laboratory (Rappolovo, Leningrad 
Region). The mice (50 per group) were immunized 
intranasally under light ether anesthesia using 50 µL 
divided equally per nostril containing: 1) trivalent 
LAIV comprising 7 log10 50% egg infectious dose 
(EID50) of each vaccine strain (see Table 1); 2) PSPF 
(20 µg in PBS); 3) LAIV+PSPF mix; 4) control animals 
were administered by PBS.

At day 3 after the first immunization, the lungs were 
taken from the five mice per group to determine the 
viral load and early cytokines production.

The second vaccination was carried after 21 days. 
Three weeks after the first and second vaccinations, 
blood samples were taken from the mice from the 
submandibular vein, as well as the contents of the 
oral/nasal cavity after administration of pilocarpine 
were collected as previously described [11]. The general 
scheme of experiments is presented in Figure 1.

Vaccine viruses detection in the lungs of mice

Lungs were collected at day 3 following immunization 
and homogenized in 1 ml of PBS containing antibiotic- 
antimycotic (penicillin 10,000 U/ml, streptomycin 
10,000 mg/ml, amphotericin B 25 µg/ml, Sigma, 

Table 1. Composition of trivalent LAIV 2017–2018.
Strain used in the LIAV in this study Serotype Name of the WHO recommended vaccine strains

A/17/New York/2015/5364 A(H1N1)pdm09 Michigan/45/15-like
A/17/Hong Kong/14/8296 A(H3N2) Hong Kong/4801/14
B/60/Brisbane/08/83 B/Victoria Brisbane/60/08
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St. Louis, USA) using a Retsch MM-400 ball vibratory 
mill (Retsch, Haan, Germany) and centrifuged for 10  
min at 6000 g. Viral load in the lungs was estimated 
using one-step reverse transcriptase RT-PCR (rRT- 
PCR) as described earlier [14]. Viral RNA was isolated 
from the homogenates (200 µl total) using BioFlux viral 
DNA/RNA extraction kit (Bioer, Hangzhou, China). 
For rRT-PCR we used primers and probes obtained 
from the Centers for diseases Control and Prevention, 
Atlanta, Georgia, USA (Lot # FluRUO-01, FR-198). The 
standard curves were built for each vaccine virus based 
on viral RNA isolated from allantois virus-containing 
fluid with infectious virus titers of 7 log10 EID50/ml.

Additionally, lung homogenates were titrated in CE 
starting from a dilution of 1:10 as previously described 
[15]. Virus titers were expressed as log10 of 50% egg 
infection dose (EID50) using hemagglutination as the 
endpoint as previously described [15] and calculated by 
the Reed-Muench formula [16].

Early cytokine production estimation in mouse 
lungs and in vitro

The production of early cytokines (TNF-α, IL-6) and 
type 1 interferon IFN-α was determined in lung homo-
genates on the 3rd day after immunization using ELISA 
kits (Thermo Fisher Scientific, Waltham, USA) as indi-
cated by the manufacturer. The obtained optical density 
(OD) was measured using Multiskan SkyHigh (BioTek 
Instruments, Winooski, USA) at 450 nm.

To estimate early cytokines production in vitro we 
used human monocyte-macrophage cell line (THP-1) 
[17] which were not differentiated by phorbol-12- 
myristate-13-acetate (PMA) for these experiments. 
THP-1 cells were grown in 24-well tissue culture plates 
using seed dose of 3.0 × 106 cells per well in RPMI 
medium which was supplemented with fetal calf serum 
(10%) and antibiotics. Prior to the experiments, the cell 

culture plates were placed for 48 h to CO2 incubator at 
37°C THP-1 cells were inoculated with 106 EID50/ml of 
A/17/New York (H1N1) pdm09 LAIV virus, the PSPF 
polypeptide (20 µg/ml) or with the LAIV+PSPF mix. The 
treated cells were incubated for 6 h, then cultural super-
natants were collected for cytokine assays in ELISA using 
commercial test systems (eBioscience, San Diego, USA) 
according to the instructions for the kit.

Immunogenicity

To estimate serum IgG and local IgA, we used ELISA in 
96-well plates (Thermo Fisher Scientific, Waltham, 
USA) pre-sensitized with the protein PSPF (2 μg/ml) 
or purified vaccine viruses (see Table 1) containing 20 
HAU (hemagglutination units) per .1 ml. The plates 
were incubated overnight at 4°C and then ELISA was 
performed as described earlier [11].

Mouse model of post-influenza pneumococcal 
pneumonia

On day 43 after the start of the experiment, the mice 
were challenged with influenza virus A/South Africa/ 
3626/13 (H1N1) pdm09 at one fifty percent mouse 
lethal dose (MLD50). Pneumococcal superinfection 
was performed 24 h after viral infection using 5 × 104 

colony forming units (CFU) of S. pneumoniae. For this,  
S. pneumoniae were cultured in THB medium for 18 
h at 37C° with 5% CO2, washed three times with PBS 
by centrifugation at 3500 rpm for 20 min and resus-
pended in sterile PBS to original volume. The resulting 
suspension was diluted 200 times in sterile PBS and 
used for infection of mice in a volume of 20 µl dividing 
equally per the nostrils. To determine the bacterial load 
in the lungs, organ homogenates were obtained as 
described above using antibiotic-free PBS. Serial 10- 
fold dilutions of homogenates in PBS were plated on 

Figure 1. The scheme of experimental setup for mouse study.
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a dense bacterial medium (the “Columbia” agar supple-
mented with 10% horse serum and 5% defibrinated 
sheep blood). Plates were incubated for 16 h in 5% 
CO2 incubator at 37°C after that the number of colo-
nies was counted. The bacterial load was calculated as 
previously described [11] and expressed as log10 col-
ony-forming units (CFU) per organ.

To evaluate the virus load in the lungs, tissue homo-
genates were titrated using CE, starting from a dilution 
of 1:10. Virus titers were expressed as log10 EID50 as 
described above. Survival was observed within two 
weeks after the onset of primary viral infection.

Statistics

Data processing has been done using version 6.0 of the 
“Statistica” software (StatSoft, Inc. Tulsa, Oklahoma, 
USA). The diagrams were built using Prism 8 software 
(GraphPad, San Diego, USA). The mean levels and 
standard deviation (M ± σ) were determined to present 
the data obtained. The statistical significance of the 
obtained differences was judged by using such non- 
parametric criteria as Mann – Whitney or Wilcoxon 
signed-rank tests. To assess the survival distributions, 
we used the log-rank test. To compare nominal data, 
we used Fisher’s exact test. The differences were con-
sidered as significant at P < .05

Results

The reproduction of each vaccine virus in the lungs of 
mice was determined on the 3rd day following immu-
nization using quantitative rRT- PCR analysis. The 
RNA of vaccine viruses was detected only after LAIV 

immunization (Figure 2(a)). The viruses were not 
detected in the lungs after administration of LAIV +  
PSPF. The data obtained by rRT-PCR were confirmed 
by titration of lung homogenates in CE when the 
growth of all three vaccine viruses was determined 
without identification of individual subtypes. It was 
shown that viral reproduction was reduced after immu-
nization with LAIV+PSPF, although the differences 
were not statistically significant (Figure 2(b)).

The lack of replication of the A/H3N2 virus in the 
mouse respiratory tract is consistent with the available 
data reflecting that this subtype of influenza virus is not 
adapted for mice [18].

When studying cytokine levels in lung homogenates, 
an unusually high level of early cytokines such as TNF- 
α, IL-6, and type 1 interferon (IFN-α) was observed 
upon immunization with LAIV+PSPF (Figure 3(a-c)). 
Moreover, these levels were significantly higher not 
only in comparison with the mock-vaccinated mice 
but also the animals immunized with LAIV or PSPF 
administered on their own (Figure 3). At the same 
time, both LAIV alone and PSPF alone caused an 
increase in IFN-α to a level that was statistically sig-
nificantly different from that in the PBS group 
(Figure 3(c)).

To compare the response of mouse and human cells 
to a stimulus, we tried to test how the chimeric protein 
PSPF, which includes flagellin, affects human cell cul-
ture. For this, we used a continuous culture of human 
monocytes-macrophages THP-1 in 24 well culture 
plates. It has been shown that the introduction of 
PSPS or LAIV+PSPF into THP-1 cell culture leads to 
a significant increase in the level of TNF-α and IL-6 
compared to wells containing LAIV or pure culture 

Figure 2. Viral load in the lungs on day 3 after immunization estimated in ELISA test (n = 5). * - P < .05. A. Viral titers were 
determined using quantitative rRT-PCR. Standard curves were built for each vaccine virus based on viral RNA isolated from allantois 
virus-containing fluid with virus titers of 7 log10 EID50/ml. B. the results of lung homogenates titration in CE starting from a dilution 
of 1:10. А value of 1.5 indicates the sensitivity threshold of the method.
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medium (Figure 4(a,b)). Cells were inoculated with 106 

EID50/ml of A/17/New York (H1N1)pdm09 LAIV 
virus, 20 µg/ml of the PSPF polypeptide or the mixed 
A/H1N1pdm09 LAIV+PSPF. Unlike in the mouse lung, 
the PSPF protein stimulated the increased production 
of TNF-alpha and IL-6 in THP-1 cell culture, which 
probably can be explained by the data on the different 
responses of mice and human cells to flagellin [19]. In 
THP-1 cell culture, similar to the in vivo data, all 
vaccine preparations stimulated an increased amount 
of IFN-α (Figure 4(c)); the LAIV did not activate the 
production of two other cytokines (Figure 4a,b).

Thus, it was shown in mice that associated immuni-
zation using LAIV combined with the chimeric protein 
PSPF caused a significant release of TNF-alpha and IL- 
6, which was significantly higher than in other vaccine 
groups. Taking into account the previously obtained 
data on a decrease in the reproduction of vaccine 
viruses in the lungs of mice when LAIV is administered 
together with PSPF, it can be assumed that too much 

release of early cytokines could somehow interfere with 
the reproduction of vaccine viruses.

Both serum and local antibodies to vaccine influenza 
viruses increased more significantly after the second vacci-
nation (Figure 5), that is, there was a boost effect. The titers 
of serum IgG after vaccination with LAIV+PSPF were 
slightly lower than after vaccination with LAIV alone, 
except to the A/H3N2 virus, although the differences 
were not statistically significant (Figure 5(a-c)). When 
assessing the local immune response, a significant decrease 
in local IgA levels to A/H1N1 and B/Victoria viruses in 
LAIV+PSPF group was observed (Figure 5(d-f)). These 
data partly correlated with the data on the reproduction 
of vaccine viruses in the respiratory tract of mice, when, 
with the introduction of LAIV+PSPF, the detection of 
viruses in the lungs decreased to zero compared with 
LAIV alone. It is noteworthy that the A/H3N2 virus, 
which almost completely did not reproduce in the respira-
tory tract of mice, caused an immune response no lower, if 
not higher, than the A/H1N1 virus (Figure 5(b,e)).

Figure 3. Early cytokine production in the lung homogenates estimated in ELISA (n = 5). * - P < .05, ** - P < .01. CBA mice were 
intranasally inoculated using trivalent seasonal LAIV and S. pneumoniae recombinant peptide PSPF. the lungs were collected on day 
3 after immunization.

Figure 4. Early cytokine production in THP-1 cell culture, ELISA. * - P < .05, ** - P < .01. Cells were inoculated with 106 EID50/ml of A/ 
17/New York (H1n1)pdm09 LAIV virus, the PSPF polypeptide (20 µg per ml) or the mixed LAIV+PSPF. Data from three independent 
experiments made in duplicates are presented.
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When analyzing serum IgG and local IgA to PSPF, 
similar data were obtained. Immunogenicity of the 
FSPF protein was slightly lower as part of an associated 
vaccine compared to intranasal administration of PSPF 
alone (Figure 6). A boost effect to this bacterial antigen 
was also observed with respect to both serum and local 
antibodies (Figure 6(a,b)).

For the challenge, we used a sublethal dose of an 
infectious virus and also a sublethal dose of  
S. pneumoniae, which when combined, led to 100% 
mortality in intact mice (Figure 7(a)). Bacterial infec-
tion in the lungs was significantly higher after post- 
influenza S. pneumonia infection compared to infection 
with pneumococcus alone (Figure 7(b)). When infected 

Figure 5. Immune response to A/H1N1, A/H3N2 and B/Victoria influenza viruses estimated using ELISA assay three weeks after 1st 

vaccination and revaccination (n = 6). A, B, C – serum IgG. D, E, F – local IgA. * - P < .05, ** - P < .01.

Figure 6. ELISA antibodies to PSPF three weeks after 1st vaccination and revaccination (n = 6).* - P < .05, ** - P < .01. A. Serum IgG. 
B. Local IgA. * - P < .05, ** - P < .01.
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with the virus alone, 50% of the mice survived, and 
when infected with pneumococcus alone, the lethality 
was 20%.

When mice were infected only with pneumococ-
cus, the content of bacteria in the mouse lungs 
decreased 24 h following bacterial infection, while 
in the case of post-influenza bacterial infection, the 
mean bacterial load in the lungs was not decreased 
compared to 5 h and were significantly higher than 
with pneumococcal infection only (Figure 7(b)).

When mice were challenged with influenza virus and 
pneumococci 24 h later, immunization with LAIV 
+PSPF protected 60% of the animals from lethality, 
while in the PBS group all animals died by day 8 
(Figure 8(a,b)). Both LAIV alone and PSPF alone pro-
tected 40% of mice. LAIV or LAIV+PSPF immuniza-
tion caused a significant decrease in the lung virus titers 
(Figure 8(c)). The content of S. pneumoniae in the 
lungs following LAIV+PSPF immunization was signifi-
cantly lower in comparisons with mock-immunized 
animals (Figure 8(d)). Thus, despite a slight decrease 
in the immunogenicity of the associated LAIV+PSPF 
vaccine compared to LAIV and PSPF alone, this vacci-
nation scheme was most effective in preventing post- 
influenza pneumococcal infection and lethality.

Discussion

It was shown in a mouse study, that the intranasal 
administration of associated vaccine based on seasonal 
trivalent LAIV and chimeric pneumococcal peptide 
PSPF demonstrated the most pronounced protective 
effect against post-influenza pneumococcal infection 
compared to LAIV alone or PSPF alone, which also 
provide partial protection. The increased protection 
against mixed infection after LAIV+PSPF vaccination 

even with a decrease in the quantitative indicators of 
the humoral immune response to the vaccine compo-
nents compared to mono-vaccines indicates the effec-
tiveness of the simultaneous induction of antiviral and 
antibacterial immune responses. A number of clinical 
data obtained during influenza epidemics suggest the 
positive impact of vaccination against seasonal influ-
enza on morbidity and mortality rates due to post- 
influenza bacterial pneumonia [20]. The data obtained 
in the present study that the seasonal LAIV facilitated 
the course of post-influenza pneumococcal infections 
protecting 50% of immunized animals is important 
taking into account that live influenza vaccines in 
many countries are used for the general population, 
including preschool and school age children [21]. 
Administration of LAIV may be the key to reducing 
the burden of bacteria in the upper respiratory 
tract [22].

Of particular interest is the mechanism of immunos-
timulation with the simultaneous administration of 
LAIV and the recombinant PSPF protein that we used 
to the mucosal immunization. In the current epidemic 
situation, when immunization against various respira-
tory infections may be required, the intranasal route of 
vaccine administration is considered very promising. 
Intranasal immunization is easy to administer, effective, 
and is able to provide wide coverage of vaccination. In 
this connection, it is important to study the ways of the 
development of virus-specific protective immunity with 
this mode of vaccine administration and the immuno-
modulatory properties of nasal adjuvants, including 
flagellin. Previously, it has been shown that flagellin 
after intranasal administration not only stimulated 
T-cell immune response but also improved the produc-
tion of systemic and local antibodies against a variety of 
vaccine antigens. This was mediated by stimulation of 

Figure 7. Post-Influenza pneumococcal infection of the non-immunized mice. A. Survival proportions (n = 10 per group). to infect 
mice, we used: 1) pandemic strain A/South Africa/3626/2013 (H1N1) pdm09 at 1 LD50 (blue line); 2) 5 × 104 CFU of S. pneumoniae 
(red line); 3) H1N1 influenza virus followed by S. pneumoniae infection 24 hours apart (green line). * - P < .05 compared to bacterial 
post-influenza infection. B. S. pneumonia content in the lungs 5 and 24 hours after bacterial infection performed without influenza 
infection (blue dots) and against the background of influenza infection (red dots) (n = 5). * - p < .05.
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TLR-5 associated cytokines and chemokines in the cells 
of the respiratory epithelium [23]. In the current study, 
associated LAIV+PSPF vaccine administered intrana-
sally to mice, caused an intense release of cytokines in 
the lungs, which somehow interfered with the forma-
tion of an antibody response to viral and bacterial 
antigens. At the same time, the introduction of LAIV 
alone and PSPF alone caused a significant increase in 
the level of type 1 interferon – IFN-α and did not 
increase TNF alpha and IL-6 levels.

The modulation of immunity very likely occurs at 
the site of first introduction of respiratory infectious 
agents – the respiratory epithelium [24]. Using the 
equine influenza virus, it has been shown that influ-
enza infection is able to stimulate interferon secretion 
in nasal samples 2 days post-infection. In human 
epithelial cells, it was shown that LAIV can stimulate 
many features of the interferon pathway, which 
include the expression of interferon-stimulated 
genes and upregulation of pattern recognition recep-
tors [25,26]. Vaccine viruses can provide even more 

pronounced interferons inducing than wild-type 
viruses. Thus, the delta NS vaccine candidate based 
on A/PR8/34(H1N1) has been shown to stimulate the 
production of interferon in chick embryos better 
than the wild A/PR8 virus and can create protection 
before the formation of specific adaptive immu-
nity [27].

Several studies in animals and humans have demon-
strated that key mediators of innate immunity, such as 
early cytokines TNF-α and IL-6 and type 1 interferons, 
are involved in the development of an adaptive B- and 
T-cell immune response and influence the course of the 
disease and its outcome [28,29]. During immune acti-
vation, TNF- α and IL-6 have been shown to take part 
in the recruitment and activation such immunocompe-
tent cells as macrophages as well as T- and 
B-lymphocytes [30,31]. TNF-α and IL-6, being endo-
genous pyrogens and inducers of eicosanoid produc-
tion, play an important role in the inflammatory 
response and acute pathological changes associated 
with influenza infection. It has been shown that high 

Figure 8. Protection against A/South Africa/3626/2013(H1N1) pdm09 influenza challenge followed by S. pneumoniae infection 24  
hours apart. A, B. Data from one of two independent experiments are provided. the survival rate and weight loss (n = 10 in group). 
C. Infectious virus isolation from the lungs 48 hours after primary virus challenge (n = 5). D. S. Pneumoniae load in the lungs on 24  
hours after bacterial superinfection; titers of 102 present method sensitivity threshold (n = 5).* - p < .05.
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levels of TNF-alpha production may participate in the 
pathogenesis of endothelial dysfunctions [32]. Severe 
viral infections such as COVID-19 and avian influenza 
are often accompanied by an uncontrolled release of 
cytokines, called “cytokine storm,” resulting in various 
types of damage [33,34]. On the contrary, a moderate 
increase in the production of early cytokines, including 
during vaccination, should take a positive part in the 
formation of protective immunity. In the current study, 
it was shown that with the simultaneous administration 
of LAIV and PSPF, a strong response of early cytokines 
was observed and instead of an adjuvant effect, there 
was even a slight decrease in immunogenicity.

To imitate the early cytokines expression in 
immuno-competent cells in response to the adminis-
tration of the influenza A/H1N1pdm09 vaccine virus 
and pneumococcal peptide, we used THP-1 cells 
derived from human monocytes-macrophages [17]. If 
epithelial cells are a natural barrier that protects the 
body from pathogens, then macrophages form a second 
line of defense against infections and contribute to the 
secretion of immunostimulatory cytokines, chemokines 
and interferons during influenza infection. Compared 
to epithelial cells, macrophages produce more amounts 
of IFN-α and chemokines, which play a role in the 
relocation and recruitment of leukocytes to the site of 
inflammation from the circulation [35]. In the culture 
of human macrophages, THP-1 both PSPF and LAIV 
+PSPF caused a noticeable increase in the cytokines 
production. And again, as in the lungs of mice, LAIV 
alone and PSPF alone caused a significant increase in 
IFN-α.

Previously, a correlation was shown between the pro-
duction of early cytokines on the first day after immuni-
zation with the development of an antibody response to 
the influenza A/H1N1 virus [36]. In our previous studies, 
it was shown that LAIV provided upregulation of IFN-α 
and macrophage inflammatory factors in THP-1 cell cul-
ture as early as 3-h post contact [37]. In experiments on 
mice, it was shown that LAIV provides early protection 
against homologous and heterologous infection, and this 
effect was associated with increasing expression of type 1 
interferon in mouse lungs [37].

Until now, the certain mechanisms of interaction 
observed in co-infection with influenza viruses and  
S. pneumoniae still remain not completely understood. 
In studies on mice and in THP-1 cell line, the presence 
of synergism between the influenza virus and inacti-
vated pneumococcus was shown, which was expressed 
in an increase in immunogenicity and was associated 
with an increase in the release of cytokines [38].

In humans, within 24 h after immunization with the 
seasonal trivalent influenza vaccine, a marked increase 

was obtained in gene expression involved in IL-6 upre-
gulation, interferon signaling, and antigen processing 
and presentation was detected. In this case, upregula-
tion of interferon response early after vaccination was 
associated with a higher antibody response with high 
affinity of IgG [39].

Thus, the study of innate immunity factors during 
immunization with virus-bacterial vaccines is of great 
interest, especially in the light of understanding of the 
immune mechanisms providing successful protection.

Conclusions

Primary influenza infection significantly aggravated the 
course of post-influenza pneumococcal infection in 
mice compared with pneumococcal infection alone. 
Vaccination of mice with LAIV+PSPF significantly 
reduced lethality and the bacterial load in the lungs in 
a model of influenza-related pneumococcal pneumonia. 
Intranasal immunization of mice with a complex of 
trivalent LAIV and a recombinant pneumococcal pep-
tide PSPF containing flagellin fragments caused an 
increased release of early cytokines in the lungs and 
decreased immunogenicity of some LAIV viruses and 
PSPF versus response to mono-preparation vaccina-
tion. LAIV alone caused a moderate increase in the 
secretion of IFN-α both in the lungs of immunized 
mice and in the cell culture of human monocytes- 
macrophages THP-1. The study of the interactions of 
influenza viruses with peptides of a bacterial nature is 
important during the development of associated virus- 
bacterial vaccine intended for the prophylaxis of severe 
post-influenza bacterial complications.
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