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A B S T R A C T   

The influenza virus annually causes widespread damages to the health and economy of the global community. 
Vaccination is currently the most crucial strategy in reducing the number of patients. Genetic variations, the high 
diversity of pandemic viruses, and zoonoses make it challenging to select suitable strains for annual vaccine 
production. If new pandemic viruses emerge, it will take a long time to produce a vaccine according to the new 
strains. In the present study, intending to develop a universal influenza vaccine, new bicistronic DNA vaccines 
were developed that expressed NP or NPm antigen with one of modified IL-18/ IL-17A/ IL-22 cytokine adjuvants. 
NPm is a mutant form of the antigen that has the ability for cytoplasmic accumulation. In order to investigate and 
differentiate the role of each of the components of Th1, Th2, Th17, and Treg cellular immune systems in the 
performance of vaccines, Treg competent and Treg suppressed mouse groups were used. Mice were vaccinated 
with Foxp3-FC immunogen to produce Treg suppressed mouse groups. The potential of the vaccines to stimulate 
the immune system was assessed by IFN-γ/IL-17A Dual FluoroSpot. The vaccine’s ability to induce humoral 
immune response was determined by measuring IgG1, IgG2a, and IgA-specific antibodies against the antigen. 
Kinetics of Th1, Th2, and Th17 cellular immune responses after vaccination, were assessed by evaluating the 
expression changes of IL-17A, IFN-γ, IL-18, IL-22, IL-4, and IL-2 cytokines by semi-quantitative real-time RT-PCR. 
To assess the vaccines’ ability to induce heterosubtypic immunity, challenge tests with homologous and heter
ologous viruses were performed and then the virus titer was measured in the lungs of animals. Evaluation of the 
data obtained from this study showed that the DNA-vaccines coding NPm have more ability to induces a potent 
cross-cellular immune response and protective immunity than DNA-vaccines coding NP. Although the use of IL- 
18/ IL-17A/ IL-22 genetic adjuvants enhanced immune responses and protective immunity, Administration of 
NPm in combination with modified IL-18 (Igk-mIL18-IgFC) induced the most effective immunity in Treg 
competent mice group.   

1. Introduction 

According to the World Health Organization (WHO), annual influ
enza virus epidemics worldwide affect one billion people, leading to 
approximately 3–5 million severe disease cases and 290,000–650,000 
deaths [1]. Influenza pandemics can have more dangerous 

consequences. After four decades of using Amantadine in the prevention 
and treatment of influenza infections, resistance to the drug has 
increased. Neuraminidase inhibitors are currently used to treat and 
control influenza viruses, although growing reports of viruses are 
resistant to these drugs, especially Oseltamivir [2,3]. Given the growing 
resistance of influenza virus to antiviral drugs and the possibility of 
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pandemics and epidemics, vaccination seems to be the most effective 
way to control this viral disease. 

Existing influenza virus vaccines mainly induce humoral immune 
response against the virus’s surface glycoproteins, namely neuramini
dase [NA] and hemagglutinin [HA] [4]. The humoral immune response 
to these vaccines is temporary and transient, so that antibody levels may 
reduce before the end of the flu season to the point where they cannot 
induce protection [5]. Most of the antibodies induced by these vaccines 
target the head domain of HA. Since most antigenic drifts occur in this 
domain, it is necessary to change the vaccine formulation and re-inject 
every year [6,7]. These vaccines’ protective efficacy is limited to sea
sonal influenza viruses and does not cover emerging strains of pandemic 
influenza virus [8]. The performance of these vaccines may be as low as 
10% and generally not as high as 60% [9,10]. Two approaches are 
possible to deal with major pandemics of influenza virus and eliminate 
defects in existing vaccines: 1] Increase the rate of vaccine production 
against the epidemic and pandemic strains. 2] Production of a vaccine 
covers all strains and does not need to change the annual formulation 
[11]. The biggest problem with producing a permanent vaccine against 
the flu is that the viral proteins against which the body produces a strong 
immune response are highly variable; instead, the body makes a weak 
immune response against the virus’s fewer variable proteins. Hetero
subtypic immunity phenomenon is the basis for the design of “universal 
influenza vaccines” which states that targeting host immune responses 
against highly conserved epitopes of different virus strains may provide 
comprehensive protection against infection. The development of uni
versal influenza virus vaccines may be possible by directing immune 
responses against protected viral epitopes [1]. Although antibody re
sponses are highly specific and susceptible to virus escape by antigenic 
changes in drift and shift, cellular immune responses are cross-reactive. 
Studies have shown that antigen-specific T cells play a critical role in 
controlling IAV infection [12–14]. Previous presence of cross-reactive 
TCD4

+ cells can be effective in rapidly producing type-specific neutral
izing antibodies [15]. Bystander-activated CD8

+ T cells can play a pro
tective role by secreting cytokines such as interferon-gamma [16]. The 
alignment of nucleoprotein genes of various virus strains reveals that the 
nucleoprotein is relatively conserved and has a maximum amino acid 
difference of 11% [17]. Due to the presence of sequences that stimulate 
the CTL response in the nucleoprotein, which is protected between 
different subtypes of type A influenza, the idea of designing a permanent 
vaccine based on nucleoprotein was formed in the minds of researchers 
[18]. The nucleoprotein has an NLS sequence in amino acids 327–347, 
which leads to the accumulation of this protein in the nucleus [19,20]. 
Some studies have shown that changes in amino acids 6–8 and their 
conversion to Ala-Ala-Ala, even without altering the NLS sequence, 
reduce nucleoprotein transport to the nucleus and were resulted its 
cytoplasmic accumulation [21,22]. Given that proteins accumulated in 
the cytoplasm can be presented more efficiently by the molecular ma
chine responsible for antigen processing and presentation, NP mutants 
[NPm] is expected to be more capable of stimulating and inducing im
mune responses. 

DNA vaccines can stimulate both the immune system’s arms, are 
stable at ambient temperature, and can produce easily and cheaply on a 
large scale. The DNA sequence encoding the antigen clones or synthe
sizes in a short time in the expression vector, and the vaccine’s perfor
mance can be improved by modifying the gene sequence or using 
adjuvant sequences in the expression vector [23–25]. IL-22 is a member 
of the IL-10 superfamily, which mainly secretes by T helper 17 cells, 
intrinsic lymphoid cells, innate natural killer cells [INK], and epithelial 
cells [26,27]. IL-22 limits premature apoptosis in epithelial cells and 
thus plays a role in maintaining mucosal surfaces’ structural integrity 
and enables rapid regeneration of these cells [28]. The endogenous 
production of IL-22 during influenza infection reduces the risk of sec
ondary bacterial infections [29]. Studies show that IL-22 plays an 
important role in host defense against mucosal viral infections [30,31]. 
IL-17A is one of the most important mediators in mucosal immunity that 

enhances the accumulation of inflammatory cells [32]. Studies illustrate 
that the main source of IL-17A production in the lungs during influenza 
infection is γδ T cells [33,34]. IL-18 is an important regulator of innate 
and acquired immune responses, especially in viral infections [35]. This 
cytokine is involved in inducing bystander activation of T cells [16]. 
This cytokine’s prominent property in stimulating NK and CTL cells and 
subsequently increasing the lethal activity of these cells has led to the 
use of this cytokine in vaccine research and immunotherapy of tumors 
[36,37]. The critical role of regulatory T [Treg] cells in modulating 
immune responses against vaccines is clear. Several methods have been 
used for restricting Treg immune responses. Among them, stimulating 
immune responses against Treg cells expressing Foxp3 transcription 
factor is a Promising approach to decrease the frequency of Tregs. FoxP3 
is the main transcription factor for Treg differentiation and function. In 
current study, we used the FoxP3-Fc fusion construct/protein to stimu
lating the immune responses against Treg cells. In the present study, to 
develop a universal influenza vaccine, bicistronic DNA vaccines capable 
of expressing the conserved antigen NP and NPm together with one of 
the modified cytokine adjuvants IL-18/ IL- 17/ IL-22 were designed and 
manufactured, and then the potential of these vaccines in stimulating 
the immune system and creating heterosubtypic immunity was evalu
ated in the Treg-competent and Treg-suppressed mouse models. The 
results showed that although the studied DNA vaccines could stimulate 
the cellular immune system and induce protective immunity, the NPm 
antigen-coding DNA vaccine with modified IL-18 [Igk-mIL18-IgFC] had 
greater potential for research in developing a universal flu vaccine. 
Regarding numerous articles have mentioned the role and plasticity of 
Th1, Th2 and Th17 responses to influenza candidate vaccines, the pre
sent study is intended to investigate these effects. 

2. Materials and methods 

2.1. Construction of bicistronic plasmids 

In this study, pIRES2-eGFP bi-cistron vector [Clontech Laboratories 
Inc., Palo Alto, CA] used to make DNA vaccines. To enhance mouse IL-18 
[mIL-18] secretion, the Immunoglobulin kappa [IgK] secretory signal 
sequence were inserted into the 5′ end of the mIL-18 gene coding 
sequence. In addition to increasing the half-life and effectiveness of 
biological adjuvants, the constant region of the heavy immunoglobulin 
chain [FCγ2a] was fused into 3′ end of the mice’s coding sequence IL-18, 
IL-17A, IL-22 and Foxp3. The fabrication of pIRES2-eGFP-IL-18 / IL-17A 
/ IL-22 / Foxp3 gene constructs and the process of purification and 
expression of FoxP3-Fc [IgG) fusion protein from BL21 has been 
described in previous studies [38,39]. For NP gene cloning, first the 
influenza A virus [strain A / Puerto Rico / 8/34 [H1N1] ] in MDCK cell 
line was propagated and viral RNA were extracted by using QIAamp 
Viral RNA Mini Kit [QIAGEN] according to the manufacturer’s in
structions. cDNA synthesis was performed using an Applied Biosystems 
™ High-Capacity cDNA Reverse Transcription Kit [Thermo]. The NP 
gene encoding sequence was amplified using Pfu enzyme [Thermo] and 
specific primers [Table 2. Primer sequences] by PCR and then cloned 
into pJET1.2 / blunt vector using CloneJET PCR Cloning kit [Thermo]. 
The NP mutant gene encoding sequence [NPm] was amplified by PCR 
using specific primers [Table 2. Primer sequences] and cloned into 
pJET1.2 / blunt vector. Plasmid pJET1.2-NP was used as a template to 
amplify the NPm sequence. To make the NP and NPm coding DNA- 
vaccines, we excised these two sequences from the pJET1.2 vector by 
digestion with BstxI / NotI enzymes, and we replace them with the eGFP 
sequence in the pIRES2-EGFP-IL-18 / IL-17A / IL-22 vector. The accu
racy of gene structures constructed by dual enzymatic digestion and 
sequencing was evaluated. 

2.2. Immunofluorescence of modified NP protein 

To evaluate NP and NPm genes’ expression in eukaryotic cells, the 
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bicistronic DNA-vaccines that carries these two genes were transfected 
into HEK293T cell line using Lipofectamine 2000CD [Invitrogen] ac
cording to the manufacturer’s instructions. Forty-eight hours after 
transfection, the cells were washed with PBS and fixed with 4% para
formaldehyde. To increase permeability, cells treated with Triton X-100. 
The cells were then treated with an anti-NP murine monoclonal anti
body [1/30, AbCAM] and fluorescein-isothiocyanate-conjugated goat 
anti-mouse IgG [1/50, AbCAM], respectively. Finally, the expression of 
NP and NPm proteins were evaluated by a fluorescent microscope. 

2.3. Expression and biological activity assay of cytokines 

Evaluation of expression and biological activity of mice cytokines IL- 
18, IL-22, IL-17A cloned in pIRES2-eGFP vector was described in a 
previous study [39,40]. In summary, DNA constructs were transfected 
into HEK293T cell line using Lipofectamine 2000CD [Invitrogen] ac
cording to the manufacturer’s protocol, and the expression of cytokines 
by ELISA and Western blotting was investigated. To evaluate the bio
logical activity of recombinant Igk / IL-18 / IgFc, IL-17A / IgFc and IL-22 
/ IgFc cytokines, DNA vaccines encoding the sequence of these cytokines 
using Lipofectamine 2000CD [Invitrogen] were transfected into the KG- 
1 macrophage cell line, according to the company’s protocol. Then in 
the supernatant of cells transfected with Igk/ IL-18/ IgFc coding plas
mids cytokine IFN-γ [U-CyTech Bioscience; Netherlands] and in the 
supernatant of cells transfected with DNA vaccines carrying IL-17A / 
IgFc and IL-22 / IgFc sequences, cytokine IL-6 concentration was 
assessed by ELISA [U-CyTech Bioscience, Netherlands]. Plasmid pIRES2- 
Foxp3/ IgFc was prepared as a gift from another research group. This 
DNA construct contained the mouse truncated foxp3 gene [lacks nuclear 
localization signal] fused to the IgG Fc fragment. The expression and 
purification process of recombinant Foxp3 has already been described 
[38,41]. 

2.4. Virus culture 

Mouse Adapted Influenza H3N2 [A/ X/ 47] and mouse-adapted 
H1N1 [A/ PR /8 /34 or PR8] viruses were obtained along with MDCK 
cell line from Pasteur Institute of Iran. MDCK cell line was amplified in 
DMEM [Gibco] culture medium and standard eukaryotic cell culture 
conditions. The viral suspension was prepared with MOI = 0.001 from 
each of the viruses. The flask medium containing MDCK cells was 
drained, and the cells were washed with PBS. The T75 flask was inoc
ulated with 2 ml and the T25 flask with 500 μl of viral suspension. The 
flasks were incubated for one hour at 37 ◦C, then the viral suspension 
was drained from the flask and the DMEM medium containing 10% 
TPCK was added to it. On the second and third days after inoculation, 
the virus titer was measured by HA test. After observing CPE due to 
Virus propagation, the culture medium contained virus were harvested. 
Virus titer was determined by HI and TCID50 tests, and then the virus 
stock was kept at − 80 ◦C. 

2.5. Immunization schedule 

The present study has ethics approval from the research ethics 
committee of Guilan University of Medical Sciences. We performed all 
its In Vivo tests following ethics guidelines and standard protocols. In 
this study, 5-week-old female inbred BALB/c mice purchased from the 
Laboratory Animal Center of the Pasteur Institute of Tehran [Karaj, Iran] 
and transferred to the Laboratory Animal Care Center Faculty of Phar
macy of the University of Guilan medical sciences. By the seven-week- 
old, the mice were randomly divided into 18 twenty-eight groups. For 
anti-Treg vaccination, nine groups out of 18 groups, in day zero, 
received 100 µg of pIRES-FoxP3 DNA-vaccine in 100 µl of endotoxin-free 
PBS, by IM injection in quadriceps. The groups then received 100 µl of 
recombinant protein [20 mg] twice [weeks 2 and 4] and 100 µl of IFA 
[Incomplete Freund’s adjuvant] by injecting SC into the back of the 

neck. Influenza DNA vaccines were injected in different groups ac
cording to Table 1 three times with an interval of two weeks. Each 
mouse received 100 µg of endotoxin-free DNA vaccine extracted by Endo 
Free Plasmid Giga Kit [Qiagen] in 100 µl of endotoxin-free PBS using 
subcutaneously injection. Two weeks after the last injection, eight mice 
in each group were tested in virus challenging experiments, and another 
ten mice were used in immunoassays tests. 

2.6. Antibody titration 

After two weeks of the last transfusion, we took a blood sample from 
the tail vein of vaccinated mice to measure IgG1 and IgG2a concentra
tions by ELISA [Nunc GmbH, Germany]. First, the 96-well ELISA plate 
were coated with recombinant NP protein [Cat: 11675-V08B, Sino 
Biological]. For this purpose, 100 μl of borate-buffered saline containing 
10 μg/ mL of recombinant antigen was added to each well, and then the 
plate was covered with foil and incubated overnight at 4 ◦C. PBS buffer 
containing 2% BSA added to each plate well for blocking, and were 
incubated at 37 ◦C for one hour. The wells then were washed with PBS 
containing 0.05% Tween 20. Then 50 μl of serially diluted mouse serum 
[1: 100 in PBS + BSA] was added to each well. The plate was incubated 

Table 1 
Immunization protocols.  

Vaccination 
Groups 

Day 0 Week 2 Week 4 Week 6 Week 8 Week 
10 

1 NP pIRES- 
eGFP 

BSA BSA NP NP NP 

2 NPm pIRES- 
eGFP 

BSA BSA NPm NPm NPm 

3 Treg‾ 
NP 

pIRES- 
FoxP3- 
Fc 

rFoxp3- 
IFA 

rFoxp3- 
IFA 

NP NP NP 

4 Treg‾ 
NPm 

pIRES- 
FoxP3- 
Fc 

rFoxp3- 
IFA 

rFoxp3- 
IFA 

NPm NPm NPm 

5 IL-18/ 
NP 

pIRES- 
eGFP 

BSA BSA IL-18/ 
NP 

IL-18/ 
NP 

IL-18/ 
NP 

6 IL-18/ 
NPm 

pIRES- 
eGFP 

BSA BSA IL-18/ 
NPm 

IL-18/ 
NPm 

IL-18/ 
NPm 

7 Treg‾ 
IL-18/ 
NP 

pIRES- 
FoxP3- 
Fc 

rFoxp3- 
IFA 

rFoxp3- 
IFA 

IL-18/ 
NP 

IL-18/ 
NP 

IL-18/ 
NP 

8 Treg‾ 
IL-18/ 
NPm 

pIRES- 
FoxP3- 
Fc 

rFoxp3- 
IFA 

rFoxp3- 
IFA 

IL-18/ 
NPm 

IL-18/ 
NPm 

IL-18/ 
NPm 

9 IL-17/ 
NP 

pIRES- 
eGFP 

BSA BSA IL-17/ 
NP 

IL-17/ 
NP 

IL-17/ 
NP 

10 IL-17/ 
NPm 

pIRES- 
eGFP 

BSA BSA IL-17/ 
NPm 

IL-17/ 
NPm 

IL-17/ 
NPm 

11 Treg‾ 
IL-17/ 
NP 

pIRES- 
FoxP3- 
Fc 

rFoxp3- 
IFA 

rFoxp3- 
IFA 

IL-17/ 
NP 

IL-17/ 
NP 

IL-17/ 
NP 

12 Treg‾ 
IL-17/ 
NPm 

pIRES- 
FoxP3- 
Fc 

rFoxp3- 
IFA 

rFoxp3- 
IFA 

IL-17/ 
NPm 

IL-17/ 
NPm 

IL-17/ 
NPm 

13 IL-22/ 
NP 

pIRES- 
eGFP 

BSA BSA IL-22/ 
NP 

IL-22/ 
NP 

IL-22/ 
NP 

14 IL-22/ 
NPm 

pIRES- 
eGFP 

BSA BSA IL-22/ 
NPm 

IL-22/ 
NPm 

IL-22/ 
NPm 

15 Treg‾ 
IL-22/ 
NP 

pIRES- 
FoxP3- 
Fc 

rFoxp3- 
IFA 

rFoxp3- 
IFA 

IL-22/ 
NP 

IL-22/ 
NP 

IL-22/ 
NP 

16 Treg‾ 
IL-22/ 
NPm 

pIRES- 
FoxP3- 
Fc 

rFoxp3- 
IFA 

rFoxp3- 
IFA 

IL-22/ 
NPm 

IL-22/ 
NPm 

IL-22/ 
NPm 

17 Treg‾ pIRES- 
FoxP3- 
Fc 

rFoxp3- 
IFA 

rFoxp3- 
IFA 

BSA BSA BSA 

18 mock pIRES- 
eGFP 

BSA BSA pIRES- 
eGFP 

pIRES- 
eGFP 

pIRES- 
eGFP 

BSA: Bovine SerumAlbumin, pIRES-eGFP: plasmid backbone, rFoxp3-IFA: re
combinant Foxp3 + Incomplete Freund Adjuvant, Treg-: Treg suppressed. 
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for one hour at 37 ◦C. The wells were washed four times with PBS. 
Horseradish Peroxidase [HRP] -conjugated anti-mouse IgG1 and IgG2a 
antibodies [SouthernBiotech] were added to each well and the plate was 
incubated for one hour at room temperature. The wells were drained and 
washed with PBS three times. After adding the substrate, the OD was 
measured at 405 nm by ELISA reader. To determine the Anti NP IgA 
titer, a quarter of lung tissue homogenized in PBS containing Protease 
Inhibitor Cocktail [Roche, Germany] and 0.05 M ethyl
enediaminetetraacetic acid. After centrifugation, a 1: 100 dilution of the 
supernatant was prepared and added to the ELISA plate coated with the 
recombinant NP protein. Finally, anti-mouse IgA [BD Pharmingen, 
Franklin Lakes, NJ, USA] was added to the plates, and the IgA titer 
similar to IgG determined after adding the substrate. 

2.7. IL-17a/IFN-γ dual color FluoroSpot 

Two weeks after the last injection, ten mice from each group were 
randomly selected and were sacrificed under ethical principles. After 
surgery, spleen of each animal was removed, and separately the spleen 
tissue was homogenized, and the cells released by a cell homogenizer. 
RBCs were lysed using ammonium chloride buffer [0.16 M NH4Cl, 0.17 
M Tris]. The cells then were washed twice with RPMI-1640 [Gibco] 
medium and cultured on a 4-cell plate. Cells were cultured and main
tained in for 40 h in RPMI medium with 10% FBS, 10 μg/ ml synthetic 
peptide [TYQRTRALV] and 1% Pen/strep at 37 ◦C with 5% CO2, 95% 
moisture. We used these cells for FluoroSpot and Real-time PCR tests. 
Evaluation of specific cellular immune responses was performed using 
IFN-γ / IL-17A Dual FluoroSpot assay kit [Mabtech, Sweden] according 
to the manufacturer’s protocol. Briefly, 100 μl capture antibody was 
added to each well of 96-well plates, and plates were stored overnight at 
4 ◦C. After washing, 2.5 × 105 stimulated spleen cells were counted and 
added to each well and incubated overnight in RPMI-1640 medium 
containing anti-CD28 [0.2 μg / ml] and synthetic peptide [10 μg / ml]. 
After 12 h, the wells were washed with PBS then 100 μl PBS-0.1% BSA 
containing diagnostic antibodies [R4-6A2-BAM diluted 1: 200 and 1 g / 
ml of IL17-II-biotin] were added to each well. After 2 h, the wells were 
washed with PBS. Anti-BAM-490 and SA-550 were diluted 1: 200 in PBS- 
0.1% BSA then 100 μl of it was added to each well. The plate was 
incubated for one hour in the dark at room temperature. After washing 
the plate with PBS, 50 μl of Fluorescence enhancer-II was added to each 
well. After 15 min of incubation in the dark at room temperature, the 
wells were drained, and the plate was dried in the dark. Fluorescence- 
forming cells [FFCs] were counted under a FluoroSpot Reader and 
Analyzer [Mabtech, Sweden]. The FluoroSpot results were represented 
as Fluorescence-Forming Units [FFU]/1 × 106 cells and were reported 
as fold of induction [FOI] compared to the mock control. 

2.8. Homologous and heterologous lethal challenges 

Mouse Adapted Influenza A / X / 47 [H3N2] and mouse-adapted 
H1N1 [A / PR / 8/34 or PR8] viruses were used for challenge test. To 
calculate CCID50 [50% cell culture infectious dose], a serial dilution of 
log 10 was prepared from each virus and inoculated into MDCK cell line. 

5MLD50 [50% mouse lethal dose] were measured after intranasal 
inoculation with different amounts of each virus by the Reed-Muench 
method. Two weeks after the last immunization, the mice were anes
thetized with ketamine/ xylazine, and challenged with 50 μl of PBS 
buffer containing 5MLD50 influenza virus intranasally. Two days after 
the challenge test, four animals from each group were randomly sacri
ficed and their lungs were isolated using aseptic techniques. After the 
lung homogenization of vaccinated animals, the cell-free supernatant of 
each lung was used to evaluate changes in virus titer by plaque assay. In 
other animals in each group, changes in weight and death rate were 
recorded up to 14 days after the challenge. 

2.9. Cytokine assay by Real-time PCR 

We evaluated the changes in the expression level of IL-17A, IFN-γ, IL- 
18, IL-22, IL-4 and IL-2 cytokines in response to vaccination by a semi- 
quantitative real-time RT-PCR test. First 105 stimulated spleen cells were 
counted, and their RNA was extracted using RNeasy Plus Mini Kit 
[Qiagen, Germany] according to the manufacturer’s protocol. Then 
cDNA was synthesized using the QuantiTect Reverse Transcription Kit 
[Qiagen, Germany]. Real-time PCR performed using Maxima SYBR 
Green / ROX qPCR Master Mix [Thermo Fisher Scientific, USA] and 
StepOnePlus ™ Real-Time PCR System [ABI, USA]. β-actin was used as a 
housekeeping gene to normalize the data. After the normalization, 
changes in gene expression compared to the control group were calcu
lated using the formula 2− ΔΔCT. The specific primers used, listed in 
Table 2. All the experimental samples were reported as an n-fold change 
relative to the calibrator. 

2.10. Statistical analysis 

The statistics were analyzed using GraphPad InStat software. One- 
way ANOVA and the Student-Newman-Keuls test were performed 
using SigmaPlot (Systat Software, San Jose, CA, USA] to compare sta
tistically significant differences between the groups. All the data were 
reported as the mean ± SD. The comparative analyses were done by one- 
way analysis of variance (ANOVA]. The Tukey-Kramer’s correction was 
also applied when required for multiple comparisons. Survival rates 
were analyzed by Kaplan–Meier and log-rank tests. Differences were 
considered statistically significant when P value was less than 0.05. 

3. Results 

3.1. Confirmation of cloning procedures and biological activity of 
molecular adjuvants 

The expression capability of pIRES-FoxP3-Fc gene construct was 
investigated in a previous study and confirmed by SDS PAGE and 
western blot tests. In addition, the presence of FoxP3-Fc fusion protein 
(IgG] after purification was confirmed using specific antibodies [38]. 
The ability of the Prime/ boost vaccination strategy against FoxP3 to 
reduce the number of FoxP3 Treg cells was also confirmed [41]. The 
process of constructing pIRES2-eGFP-IL-18/IL-17A/ IL-22 gene 

Table 2 
Primer sequences.  

Target Forward Reverse 

NP (Cloning Primers) TAGTCACCACAACCATGGCGTCCCAAGGCACCAA (BstxI) TAGTGTGCGGCCGCTTAATTGTCGTACTCCTCTG (NotI) 
NPm (Cloning Primers) TAGTCACCACAACCATGGCGTCCCAAGGCACCAA (BstxI) TAGTGTGCGGCCGCTTAATTGTCGTACTCCTCTG (Notl) 
IL-17a GTGTCTCTGATGCTGTTG AACGGTTGAGGTAGTCTG 
IL-22 CGATTGGGGAACTGGACCTG GGACGTTAGCTTCTCACTTT 
IFN- γ AGAAACATTCAGAGCTGCAG TGTATAGGGAAGCACCAGGTG 
IL-8 GTG CAG TTT TGC CAA GGA GT TTA TGA ATT CTC AGC CCT CTT CAA AAA CTT CTC 
IL-2 CCTGAGCAGGATGGAGAATTACA TCCAGAACATGCCGCAGAG 
IL-4 ACA GGA GAA GGG ACG CCA T GAA GCC CTA CAG ACG AGC TCA 
β-actin AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT  
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constructs and the biological activity of the cytokines expressed by them 
were also investigated, and confirmed by ELISA [39]. Cloning of NP and 
NPm coding sequences in pIRES2-eGFP-IL-18/ IL-17A/IL-22 gene con
structs were confirmed by enzymatic digestion and sequencing. Fig. 1. 

3.2. Immunofluorescence 

In order to evaluate the expression of NP and NPm antigens at the 
protein level, the gene constructs encoding the antigens were transfected 
into HEK-293 t cells. Transfected cells were stained by indirect immu
nofluorescence staining using specific antibodies against NP. The gene 
construct expressing the fluorescent protein eGFP [pIRES2-EGFP] was 
used as a transfection control. Fluorescent microscope images clearly 
show the expression of NP and NPm antigens in transfected HEK-293 t 
cells (Fig. 2). 

3.3. Antibody responses in immunized groups 

The results of the evaluation of IgG1 and IgG2a antibodies against NP 
(Fig. 3) show that the level of antibody in the groups receiving the 
bicistronic vaccines encoding NP and NPm compared to the mock and 
Treg groups was meaningfully higher (P < 0.001), which could indicate 
the ability of bicistronic vaccines to express antigen and thus induce a 
strong specific humoral immune response. IgG2a levels in groups 
receiving vaccines encoding IL-18 modified cytokine along with NP and 
NPm antigens were significantly higher than those in groups vaccinated 
with vaccine coding NP, and NPm antigens alone (P < 0.001). The 
highest IgG2a level was measured in the Treg group vaccinated with IL- 
18 / NPm, which could indicate the role of IL-18 in the shift of immune 
responses to Th1. The IgG2a/ IgG1 ratio was higher in Treg suppressed 
groups than in Treg competent groups with same treatment situation; 
this indicating the effectiveness of Treg cell suppression in boosting Th1 
cellular immune responses. SIgA levels in the groups receiving NP and 
NPm coding vaccines were significantly higher than the mock and Treg 
groups (P < 0.001), which could be evidence of the ability of this antigen 
in inducing systemic and mucosal humoral immune responses. Among 
these groups, the level of SIgA in the groups receiving vaccines coding 
modified IL-22 and IL-17A cytokine along with NP and NPm antigens 
was significantly higher than groups, receiving the NP and NPm antigen- 
coding vaccines alone (P < 0.001), which indicated the ability of these 
cytokines to enhance the mucosal humoral immune response. Treg‾ IL- 
17/NPm group showed the highest level of SIgA. 

Fig. 1. The schematic map of the constructed IL-18/NP plasmid.  

Fig. 2. Evaluate of expression and localization of NP and NPm antigens. HEK 
293 cell line first were transfected with the gene constructs encoding NP and 
NPm proteins. In order to control the transfection process, the pIRES2-EGFP 
construct was transfected into HEK 293 cell line, the fluorescent images 
showed high-rate transfection (A and B). Then, in order to evaluate the 
expression and localization of the NP and NPm antigens, cells transfected with 
gene constructs encoding these proteins were indirectly immunostained with 
specific antibodies against NP. The result of indirect immunofluorescent 
staining showed preferential placement of NP antigen in the nucleus (C and D) 
and NPM in the cytoplasm (E and F). 

Fig. 3. ELISA tests for NP-specific serum IgG1, IgG2a and lung SIgA levels. The 
blood and lungs were sampled two weeks after the last immunization. The sera 
(1:100 diluted) and lungs samples were tested for NP-specific antibodies. This 
figure showed that the immunization with the IL-18/NPm in Treg suppressed 
situation compared with immunization with the NPm alone in Treg competent 
situation evoked significantly elevated lung IgG2a. 
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3.4. Protection against infection 

The efficacy of vaccines in inducing protection against challenge 
with H1N1 and H3N2 viruses was examined by evaluation changes in 
pulmonary virus titer, survival rate, and weight changes. The results 
showed that the H1N1 and H3N2 virus titers in the lungs of animals 
which received vaccines encoding the NP and NPm antigen, were 
significantly lower than in the mock group (p < 0.0001), this indicates 
the ability of the immune response induced against NP antigen in 
creating protective immunity. In Treg IL-18/NPm and Treg IL-22/NPm 
groups, H3N2 and H1N1 virus titers were significantly lower than 
Treg‾ and Treg‾ NPm groups (p < 0.0001), which could be due to the 
effective action of modified IL-22 and IL-18 cytokines in enhancing 
protective immune responses. This decrease in H1N1 titer was observed 
in many Treg suppressed groups compared to the same Treg competent 
groups; however, a significant difference was observed only in the 
groups those received IL-22 / NPm and IL-22 / NP, (p = 0.001–0.01). 
The results of measuring the H3N2 virus titer have a similar pattern, so 
that, in general, the H3N2 titer in the Treg suppressed groups compared 
to same Treg competent groups was reduced. The difference is that in 
this case a significant reduce was observed in the groups receiving IL-18 
/ NPm and IL-22 / NPm (p = 0.001–0.01). This difference between Treg 
suppressed groups compared to same Treg competent groups could be a 
reason for the effectiveness of the Treg suppression method in enhancing 
the protective immune response (Fig. 4). Among the Treg competent 
groups, the IL-18/ NPm vaccinated group had the highest survival rate 
(100%) compared to the MOCK group when challenged with H1N1 
(Fig. 5A) and H3N2 (Fig. 5C) (P < 0.001). Among Treg suppressed 
groups, IL-18 / NPm and IL-22 / NPm receiving groups with 80% sur
vival rate had the best performance when challenged with a lethal dose 
of H1N1 (Fig. 5B). The IL-22 / NPm group also had the highest survival 
rate (80%) when challenged with the H3N2 virus (Fig. 5D). The results 
of recording the changes in animal weight show that among the Treg 
competent groups, the group receiving the IL-18 / NPm vaccine, and 
among the Treg suppressed group, the group receiving the IL-22 / NPm 
vaccine had the least number of changes compared to the MOCK group 
when challenged with homologous and heterologous viruses (P < 0.001) 
(Fig. 6). 

3.5. Dual-color FluoroSpot results 

The results of the fluorospot test showed that the number of IFN- 
γ-secreting cells in all vaccinated groups was significantly higher than 

the control groups (p < 0.0001). The number of IFN-γ-secreting cells in 
NPm group was considerably higher than NP (P = 0.0048). The number 
of IFN-γ-secreting cells was higher in Treg suppressed groups than in 
Treg competent groups. Among the Treg suppressed vaccinated groups, 
the IL-18 / NPm Treg group had the highest number of IFN-γ-secreting 
cells than the other groups (p < 0.0001) (Fig. 7. A). The Treg‾ IL-18/ 
NPm and Treg‾ IL-22/NPm groups had the highest number of dual 
IFN-γ / IL-17 secretory cells compared to the other groups (p < 0.0001). 
The number of dual IFN-γ / IL-17A secretory cells among Treg sup
pressed groups compared to the same Treg competent groups only for IL- 
18 / NPm and IL-18 / NP vaccine receiving groups was significantly 
increased. The number of dual IFN-γ / IL-17A cells was not significantly 
different between NP and NPm groups (Fig. 7. B). The number of IL-17 
secreting cells in all immunized groups was significantly higher than 
mock and Treg control groups (p < 0.0001). The IL-17 / NP and IL-22 / 
NP groups had the highest number of IL-17A secretory cells (Fig. 7. C). 

3.6. Th1 and Th2 and Th17 cytokine profile by Real-time PCR 

The expression levels of Th1, Th2, and Th17 cytokines in all vacci
nated groups show a significant increase compared to the control 
groups. The expression level of IFN-γ is higher in the Treg suppressed 
groups than in the Treg competent groups. The expression level of IFN-γ 
in the group receiving NPm coding vaccine was significantly higher than 
the group vaccinated with NP coding vaccine (p < 0.0001). The 
expression level of this cytokine was higher in the groups vaccinated 
with the modified IL-18 encoding vaccines than in the other groups. The 
highest level of IFN-γ expression observed in Treg‾ IL-18 / NPm group 
(Fig. 8. A). IL-4 (Fig. 8. B) and IL-8 (Fig. 8. C) expression levels were 
significantly higher in the groups receiving the IL-22 encoding bicis
tronic vaccines than in the other groups (p < 0.0001). IL-8 had a higher 
expression level in the Treg competent groups vaccinated with IL-22 / 
NPm and IL-22 / NP than the Treg suppressed groups immunized with 
the same vaccines (p < 0.0001) (Fig. 8. C). IL-12 expression levels were 
significantly higher in the groups receiving the IL-18 coding vaccines 
than in the other groups. The highest IL-12 expression level was 
observed in the Treg‾ group IL-18 / NPm (p < 0.0001) (Fig. 8. D). The 
Treg competent and Treg suppressed groups vaccinated with IL-17 / NP, 
and IL-17 / NPm had the highest expression levels of IL-17 (Fig. 8. E) and 
IL-22 (Fig. 8. F) in comparison to the control groups (p < 0.0001). 

Fig. 4. Virus titers in the lungs of mice after challenge against H1N1 and H3N2 influenza viruses at day 2 post-infection. Animals were challenged with 5LD50 of 
homologous and heterologous viruses and the lungs were aseptically removed. The lungs were homogenized and cell free suspensions were collected and assessed for 
the lung virus titers by plaque assay. Data are depicted as the mean pfu per mg of lung homogenate + standard errors of the mean. (p < 0.0001: ****/ p = 0.0001 to 
0.001: ***/ / p = 0.001 to 0.01: ** / p = 0.01 to 0.05: */ p ≥ 0.05: Not significant). 
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4. Discussion 

The dominant influenza virus antigens, HA and NA, are highly var
iable and are constantly changing due to the high error rate of viral 
polymerase and the selective pressure of antibodies due to the human 
herd immunity mechanism [42]. Because vaccine production must begin 
months before the onset of seasonal flu to produce sufficient doses, the 
circulating virus may differ from the vaccine strain [8]. Numerous 
vaccination strategies to address the shortcomings of common influenza 
virus vaccines are being developed to produce a broad-spectrum cross- 
reactive universal vaccine. The current approach to the development of 
a universal vaccine for influenza virus has focused on shifting immune 
responses from the globular head domains to the immune subdominant 
domains such as the HA stem region or internal proteins such as 
nucleoprotein and matrix protein 1, which are highly conserved 
[43–45]. NP is one of the most important structural proteins of the virus 
that is highly conserved in different subtypes of each virus type [46,47]. 
This antigen has potent T-cell and CTL-stimulating epitopes that can 
induce protective immunity against the influenza virus [48]. The results 
of studies have shown that T cells that target these epitopes can be 
highly protective in mouse models [48–51]. Studies have shown that 
vaccination with DNA vaccine encoding NP induces potent cellular 
immune responses that can be boost by using cytokine adjuvants 
[52,53]. The fluorospot results, humoral immunity assessment, and 
relative quantitative real-time PCR in the present study also show that in 
the groups receiving the NP antigen-encoding vaccine alone compared 
to the control groups, indications for immune stimulation have 

increased significantly. NP has an nuclear localization signal at the N- 
terminus [17,54,55]. Studies have shown that the mutations in this 
sequence leads to the accumulation of NP in the cytoplasm [21,22]. 
Previous studies have shown that NP mutants, characterized by cyto
plasmic accumulation, induce stronger immune responses, and provide 
greater protection against the influenza virus [22]. The present study 
results also show that NPm has more potential than NP for use as an 
immunogen in the vaccine composition and can induce a stronger 
cellular and humoral immune response. Since most of the organelles and 
molecular machines responsible for processing and presenting antigens 
are in the cytoplasm, proteins that have a cytoplasmic position are likely 
to be processed and presented more efficiently [22]. Therefore, the 
potential for further immunization of NPm is probably due to the 
increased supply of NPm epitopes by the antigen presentation pathways. 

DNA vaccines against influenza infections are improving since the 
1990s, but the initial excitement after success in mouse models declined 
due to poor performance in large animal models [25]. In many studies, 
various cytokines or their expression cassette have been used as bio
logical adjuvants to increase the effectiveness of DNA vaccines [56]. The 
use of protein cytokines is not cost-effective because their expression 
and purification are expensive and require multiple injections [57]. 
Studies show that if the antigen and adjuvant genes expressed from one 
plasmid, the immune responses are much stronger. The simultaneous 
presentation of antigen and bioadjuvant by APC cells will lead to better 
stimulation of lymphocytes [58–60]. This feature could also increase the 
repeatability of the test and the reliability of the data. Therefore, to 
achieve this goal, the design of a bicistronic vector that can 

Fig. 5. The DNA vaccines were tested for their ability to provide protection against lethal challenge with two different influenza A viruses, and mice were monitored 
for survival for 14 days. Data have been analyzed by by log-rank test. As shown in the diagrams, Administration of IL-18/ NPm to Treg competent groups resulted in 
100% protection against lethal challenge with both H1N1 (A) and H3N2 (C) viruses. In Treg suppressed groups, mice that vaccinated with IL-18/ NPm and IL-22/ 
NPm had the best survival rates after being challenged with the H1N1 virus (80%) (B) and the Treg suppressed mice that immunized with the IL-22/NPm DNA 
vaccine had a higher survival rate compared to other groups after the challenge with H3N2(D). 
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simultaneously express antigen and adjuvant was considered in the 
present study. The vector used in this study was a bicistronic plasmid 
made by Clonetech called pIRES2-EGFP. In this study, MCS locus for 
cytokine gene cloning and the post-IRES locus for NP gene cloning were 

selected. The Kozak sequence was also used to enhance the NP and NPm 
genes expression in the design of primers used for cloning. The results of 
this study showed that this vector could express two genes simulta
neously and on the other hand, the simultaneous expression of antigen 

Fig. 6. In order to evaluate the effectiveness of DNA vaccines body weight of vaccinated mice was checked up to 14 days after challenge with H1N1 virus and H3N2. 
Among Treg competent groups, mice that received the IL-18/NPm DNA vaccine had the minimum weight loss after being challenged with the both homologous (A) 
and heterogeneous (C) influenza viruses but among the Treg suppressed groups, mice that vaccinated with IL-22/NPm had minimal weight loss after the challenge 
against H1N1 (B) and H3N2 (D) viruses. 

Fig. 7. Illustration of IFN-γ/IL-17A dual-color FluoroSpot assay images. Images were captured for IFNγ (A) (FITC filter) and used to generate the computerized 
overlay of the two filters showing double positive IFNγ + IL-17A cell responses (central image) and IL-17A (right image) (Cy3 filter). IFNγ, IFNγ + IL-17A, and IL-17A 
secreting cells are depicted as green (left image), double (central image), and red (right image) spots, respectively. The Treg suppressed IL-18/NPm administration has led 
to significantly higher frequencies of single IFN-γ-secreting T-cells in comparison to other groups (A). The higher proportions of dual IFN-γ/IL-17A secreting T cells 
were observed in Treg suppression groups that received IL18/NPm and IL22/NPm as compared to other groups (B). The strongest IL-17A level was seen in the mice 
that received IL-17A/NP (C). (p < 0.0001: ****/ p = 0.0001–0.001: ***/ p = 0.001–0.01: ** / p = 0.01–0.05: */ p ≥ 0.05: Not significant). 
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and adjuvant using a bicistronic vector can significantly increase the 
DNA vaccine’s potential. One of the solutions that have been considered 
to increase the half-life and effectiveness of molecular adjuvants is the 
use of plasmids that express the desired adjuvant fused with the 
Immunoglobulin Heavy Chain Constant Region Gamma 2a [FCγ2a] 
[60,61]. Various hypotheses have been proposed to justify this increase 
in efficiency, the most plausible of which is that the presence of IgFc 
leads to bind recombinant molecules to Fc receptors at the surface of 
various cells involved in the immune response [such as B and T lym
phocytes], stimulate the production and secretion of various cytokines/ 
chemokines by these cells [61]. In this condition the molecular adju
vants which were used also perform their biological activity indepen
dently. This study showed that cytokines IL-22, IL-17A, and IL-18 fused 
with FCγ2a have a biological activity after expression. Besides, the flu
orospot and real-time PCR tests confirmed the high potential of these 
modified cytokines to exert adjuvant effects in vivo by augmentation of 
the immune responses. 

IL-18 lacks a leader sequence. Incision induced by caspase-1 play an 
important role in facilitating the secretion of the mature and active form 
of IL-18 from the cytosol and cell membrane [62]. Although the use of 
the plasmid expressing mature form of IL-18 as a genetic adjuvant 
alongside the several DNA vaccines has been reported, the results show 
that without processing of Pro-IL-18 by caspase-1, the secretion of the 
mature IL-18 is highly inefficient, and limited to programmed cell death, 
cell apoptosis, or cell rupture [63]. In order to increase the secretion of 
IL-18 an accepted strategy is to bind the mature form of IL-18 to the 
secretion signal peptide of other proteins such as parathyroid hormone 

[64] or the kappa chain of immunoglobulin [65]. In this strategy, the 
plasmid expressing the mature form of IL-18 can be used as a molecular 
adjuvant while ensuring protein secretion. The present study results 
showed that IL-18 fused with kappa immunoglobulin chain after the 
successful expression is secreted from the cell and has biological activity. 
During natural viral infections, many T cells are activated in a cytokine- 
dependent manner and independent of T cell receptors. This phenome
non is known as “bystander activation”. Recent studies have shown that 
mucosal-associated invariant T [MAIT] cells also can be activated by 
bystander effect during influenza infection and play a role in induction 
of protective immune responses in humans and mice [66,67]. Pre
liminary studies show that during IAV infections CD8+ memory T cells 
have been activated by bystander effect, attracted from the bloodstream 
to the airways of the lungs [68–70]. Despite not being specific for IAV, 
these memory CD8+ T cells express strong cytolytic capacity [69,70]. 
Bystander-activated T cells lack pathogen specificity but can neverthe
less affect the immune response to infection. Modified IL-18 cytokine by 
secreting and stimulating IFN-γ expression can have a high potential in 
inducing the immune system’s bystander activation mechanism and 
thereby enhancing immune responses. The present study results show 
that IFN-γ expression and secretion levels in the groups receiving the 
modified IL-18 coding vaccines were significantly increased compared 
to the other groups. The groups which received modified IL-18 coding 
vaccines had a higher survival rate [100%] not only when challenged 
with the lethal dose of the homologous virus, but also after challenge 
with the heterologous virus. In addition, homologous and heterologous 
virus titers in these animals’ lungs were significantly lower than the 

Fig. 8. Typical melting peaks obtained for each cytokine system applied to samples collected from mice #-1 at different points during the experiment. Comparison of 
the levels of cytokines as determined by SYBR-Green qRT-PCR. (A) Histograms representing the fold-changes (2− ΔΔCT) in the quantitation of cytokines in the 
vaccinated groups compared to the negative controls (samples collected before immunization). The level of IFN-γ in Treg suppressed group that received IL-18/ NPm 
were significantly higher than the other of groups. (B) IL-4 expression was higher in the groups that injected with IL-22 coding vaccines than in other groups. (C) IL-8 
level of Treg competent groups that injected with IL-22/NP and IL22/NPm was significantly higher than the other groups. (D) IL-12 expression was increased in the 
groups that received modified IL-18 coding vaccine as adjuvant compared to other groups. (E) IL-17A cytokine expression was higher in the Treg suppressed animals 
vaccinated with IL-17/NP and IL-17/ NPm constructs than the Treg completed animals. (F) Groups that injected with IL-17/NP and IL-17/NPm could induce the 
highest levels of IL-22. (p < 0.0001: ****/ p = 0.0001–0.001: ***/ p = 0.001–0.01: ** / p = 0.01–0.05: */ p ≥ 0.05: Not significant). 
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control group. Therefore, the potential of the modified IL-18 bio
adjuvant in inducing the immune system’s bystander activation mech
anism could play a vital role in the development of universal vaccines in 
future studies. IL-22 rapidly produces in lung tissue during IAV infection 
by natural killer cells [NK], non-conventional T cells [γδ T cells and 
natural killer T cells], and type 3 intrinsic lymphoid cells [type 3 innate 
lymphoid cells] [29,31,71,72]. Studies have shown that IL-22 has a 
protective effect on H3N2 and H1N1 influenza infections [31,72,73]. 
The ability of IL-22 to induce protective immune responses was also 
demonstrated in this study. Groups receiving the modified IL-22 coding 
vaccine showed high survival rates when challenged with the homolo
gous and heterologous virus. The endogenous production of IL-22 dur
ing influenza infection reduces the susceptibility to secondary bacterial 
infections [29]. Its positive role in the respiratory system’s fungal in
fections has also been reported [74,75]. IL-22 may also participate in 
airway epithelial regeneration and barrier repair [31,73]. These effects 
are exerted by inducing the expression of genes associated with 
epithelial cell proliferation and regeneration, antimicrobial peptides 
[Reg3β and Reg3γ], mucins, and chemotactic factors. Also, studies show 
that the protective role of IL-22 increases when combined with IL-18 or 
IFN-λ [30,76]. IL-17A can play both a protective and a detrimental role 
in viral infections. Some studies have shown that IL-17A attracted the 
CXCR5+ B cells into infected lungs [77]. Influenza virus infection 
naturally induces IL-17A expression and mice with IL-17A deficiency 
have lower survival rates and higher virus titers, indicating the protec
tive role of IL-17A against the virus [77–79]. In contrast, another study 
showed that mice with IL-17RA deficiency after infection with the 
Influenza virus has a higher survival rate than wild mice [79]. These 
reports suggest that IL-17A produced in viral infections can increase 
tissue damage due to inflammation. In the present study, groups 
receiving IL-17A coding vaccines had a higher SIgA antibody levels and 
higher IgG1/ IgG2a ratio than other groups, which may indicate this 
cytokine’s ability to improvement humoral response. These groups had 
the highest number of IL-17A secreting cells. Besides, the expression 
level of IL-22 and IL-17A genes in them had increased compared to other 
groups, which indicates the strengthening of Th17 immune responses. 
However, groups receiving IL-17A coding vaccines did not have the 
appropriate survival rate, virus titer, and weight change index after 
challenge with the homologous and heterologous virus. Therefore, it 
may conclude that although the induction of optimal levels of IL-17A 
may be beneficial, the high expression of this cytokine can induce tis
sue destruction during viral infection. In vaccine design strategies, 
maintaining homeostasis of the immune response to prevent the devel
opment of autoimmune and inflammatory diseases and, at the same 
time, enhance the effectiveness of the vaccine is of particular importance 
[80–82]. Although Tregs play a key role in reducing acute inflammatory 
viral infections by reducing tissue damage due to inflammation, they 
increase virus stability in chronic viral infections and suppress antiviral 
immune responses [83]. The results of a study show that immunization 
of BALB/ c mice with the PR8/ A/ 34 influenza virus vaccine leads to an 
increase in CD4+ Foxp3+ Treg cells and increases virus-specific in 
CD4+ Foxp3+ cells’ evolution. Although increasing the number of 
Foxp3+ Treg cells did not alter PR8-specific primary B cells’ response, it 
suppressed the responses of primary helper T cells and PR8-specific 
memories induced by vaccination. Conversely, T cell responses 
increased in the absence of CD4+ Foxp3+ Treg cells [84]. Another study 
showed CD4+ CD25+ FoxP3+ cells induce immunosuppression after 
influenza vaccine injection so that adoptive transfer of these cells 
reduced the protective immune function induced by formalin- 
inactivated H5N1 virus vaccination [85]. Human studies data also 
show that Tregs increase after influenza vaccine injection. Also, the level 
of TGF-β, which is one of the cytokines of the Treg index, has a negative 
correlation with the anti-influenza antibodies titer [86]. Because CD4+
helper T cells play a role in inducing protection against the flu, sup
pressing Treg cells’ function before vaccination can increase the effec
tiveness of the flu vaccine. According to this theory, the Foxp3 

vaccination strategy is used in this study to suppress Treg cells’ function. 
The effectiveness of this method was proven in a previous study [41]. 
The present study results show that the expression levels of IFN-γ and IL- 
12 cytokines and IgG2a antibody titer were higher in the suppressed 
Treg vaccinated groups than the same Treg competent vaccinated 
groups. On the other hand, the results of virus titer measurements show 
that the homologous and heterologous virus titers in Treg suppressed 
vaccinated groups’ lungs are lower than the same Treg competent 
vaccinated groups. These results could be a document to the effective
ness of the Foxp3 vaccination strategy in suppressing the Treg system 
and enhancing Th1 cellular immune responses. On the other hand, it was 
observed that IL-17A and IL-22 cytokines’ expression level is also higher 
in some Treg suppressed vaccinated groups than in Treg competent 
vaccinated groups. This phenomenon may be due to inflammatory 
responses. 
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