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Abstract
The use of gamma-irradiated influenza A virus (γ-Flu), retains most of the viral structural antigens, represent a promising 
option for vaccine development. However, despite the high effectiveness of γ-Flu vaccines, the need to incorporate an adju-
vant to improve vaccine-mediated protection seems inevitable. Here, we examined the protective efficacy of an intranasal 
gamma-irradiated HIN1 vaccine co-administered with a plasmid encoding mouse interleukin-28B (mIL-28B) as a novel 
adjuvant in BALB/c mice. Animals were immunized intranasally three times at one-week intervals with γ-Flu, alone or in 
combination with the mIL-28B adjuvant, followed by viral challenge with a high lethal dose (10  LD50) of A/PR/8/34 (H1N1) 
influenza virus. Virus-specific antibody, cellular and mucosal responses, and the balance of cytokines in the spleen IFN-γ, 
IL-12, and IL-4) and in lung homogenates (IL-6 and IL-10) were measured by ELISA. The lymphoproliferative activity of 
restimulated spleen cells was also determined by MTT assay. Furthermore, virus production in the lungs of infected mice 
was estimated using the Madin-Darby canine kidney (MDCK)/hemagglutination assay (HA). Our data showed that intranasal 
immunization with adjuvanted γ-Flu vaccine efficiently promoted humoral, cellular, and mucosal immune responses and 
efficiently decreased lung virus titers, all of which are associated with protection against challenge. This combination also 
reduced IL-6 and IL-10 levels in lung homogenates. The results suggest that IL-28B can enhance the ability of the vaccine 
to elicit virus-specific immune responses and could potentially be used as an effective adjuvant.

Abbreviations
γ-Flu  Gamma-irradiated influenza A virus
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MOI  Multiplicity of infection
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WIV  Whole inactivated virus
M  Matrix protein

Introduction

Recent studies have shown that, compared with chemical and 
UV treatments, the immunogenic epitopes of gamma-irra-
diated influenza A virus (γ-Flu) remain largely unchanged 
during treatment, resulting in a more potent induction of 
antibody- and cell-mediated immune responses [1–3]. These 
findings suggest that the use of γ-rays, which preferentially 
target the viral genome and have little effect on the func-
tional properties of viral proteins, preserves the vaccine’s 
ability to prime cross-reactive effector and memory cyto-
toxic T-cells, making it a promising candidate technique for 
the development of influenza vaccine with potential protec-
tion against both seasonal and pandemic influenza infections 
[3–5].

In general, the immunogenicity of γ-irradiated viruses is 
mainly dependent on radiation conditions, particularly the 
gamma-irradiation dose and the temperature [6]. David et 
al. reported that exposure of influenza A virus [A/Puerto 
Rico/8/34 (H1N1) (A/PR8)] to high-dose gamma irradia-
tion at room temperature can adversely affect the immu-
nogenicity of the γ-Flu vaccine [6]. Therefore, a lack of 
precise optimization of radiation conditions, accompanied 
by the Bremsstrahlung process, the phenomenon in which 
secondary radiation produced during gamma irradiation can 
increase the likelihood of unwanted alterations to vaccine 
epitopes [6, 7]. Accordingly, the incorporation of effective 
adjuvants in a vaccine formulation may increase the potency 
of an inactivated influenza vaccine [8].

There is increasing evidence of the immunomodulatory 
effect of interferons (IFNs) and their ability to enhance 
immune responses to vaccines [9–12]. A novel class of IFN, 
the interferon-lambda (IFN-λ) family, or type III IFNs, with 
IFN-α/β-like antiviral activity, has been discovered recently 
[9]. IFN-λ is predominantly secreted by epithelial cells of 
the airway following infection with respiratory viruses (nota-
bly influenza virus), and helps to create antiviral conditions 
in the respiratory tract [13, 14]. Among the subtypes of 
the IFN-λ, interleukin-28B (IL-28B) has the highest bioac-
tivity, indicating its great potential for clinical applications 
[15, 16]. In addition to its potent antiviral effects in herpes 
simplex virus type 2 (HSV-2) and poxvirus infection models 
[17, 18], studies have demonstrated the in vivo immunostim-
ulatory properties of IL-28B as a novel adjuvant to improve 
the adaptive vaccine responses in models of human immuno-
deficiency virus (HIV) and HSV-2 infections. Collectively, 
the immune-modulating capacity of IL-28B makes this kind 
of cytokine a promising candidate for use in vaccines [17, 
19, 20]. In this study, we investigated the immunogenicity 

of a gamma-irradiated H1N1 vaccine and the adjuvanticity 
of a plasmid encoding mouse IL-28B- when added to the 
inactivated vaccine in a BALB/c mouse model.

Materials and methods

Cells and viruses

The mouse-adapted human influenza virus strain A/PR/8/34 
[A/Puerto Rico/8/34 (H1N1)], obtained from the Pasteur 
Institute (Tehran, Iran), was propagated in vitro by infecting 
Madin-Darby canine kidney (MDCK) cells at a multiplic-
ity of infection (MOI) of 6. After a cytopathic effect (CPE) 
was observed, the virus-containing culture supernatant was 
harvested and concentrated using the ultrafiltration system 
with a 100-kDa cutoff, and the virus was titrated in MDCK 
cell monolayers using a median tissue culture infectious 
dose  (TCID50) assay. Anesthetized mice were inoculated 
intranasally with 50 μl of infectious virus, to determine the 
median lethal dose  (LD50) of A/PR8 for viral challenge. The 
virus concentration and  LD50 titer were calculated by the 
Spearman-Karber method [21].

Virus inactivation

A 60Co γ-ray source (GammaCell 220; MDS  Nordion, 
Ottawa, Canada) at a dose rate of 1.42 Gy/s and activity of 
6048 Ci was used for radiation exposure. During treatment, 
concentrated virus stocks were kept frozen on dry ice and 
irradiated with gamma radiation at doses of 5, 10, 15, 20, 
25, 28, and 30 kGy (two repeats for each dose). After expo-
sure, the survival of irradiated viruses was determined by 
 TCID50 assay, and a dose/survival curve was plotted using 
OriginPro 6.1 software, followed by the calculation of the 
decimal reduction dose  (D10) value and optimum dose of 
gamma rays. The residual viral infectivity was evaluated by 
inoculation of irradiated samples onto MDCK monolayers 
4 times at 48 h intervals under similar conditions. A lack of 
visible CPE, determined by visually monitoring sequential 
passages, indicated a complete loss of virus infectivity [22]. 
The evaluation of each virus suspension was repeated in 
duplicate.

Hemagglutination assay (HA)

To evaluate the structural integrity of the hemagglutinin 
after exposure to different doses of gamma irradiation, 
twofold serially diluted live and irradiated viruses in 1x 
phosphate-buffered saline (PBS) were prepared using a 
96-well U-bottomed plate in a total volume of 50 μl and 
incubated with an equal volume of 0.5% chicken erythrocyte 
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suspension for 1 hour at room temperature [1, 23]. All sam-
ples were analyzed in duplicate.

Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS‑PAGE)

The Laemmli SDS-PAGE system was used to assess the 
quality of viral proteins before and after radiation at the 
optimum dose [6]. Irradiated and non-irradiated specimens 
in sample buffer containing SDS and beta-mercaptoethanol 
were heated at 85 °C for 20 minutes and subjected to elec-
trophoresis in a 5–12.5% Tris-HCl gel. The comprehensive 
protein profiling of viruses was visualized by Coomassie 
brilliant blue staining.

Mouse IL‑28B

Lyophilized plasmid pUNO1 encoding mouse IL-28B (mIL-
28B) was purchased from InvivoGen (San Diego, USA) and 
prepared on a large scale using an EndoFree® Plasmid Puri-
fication Giga Kit (QIAGEN) in accordance with manufac-
turer’s instructions for further in vivo experiments.

To evaluate the expression of the mIL-28B gene in mam-
malian cells, a monolayer culture of human embryonic kid-
ney 293 (HEK-293) cells was transfected with the mIL-28B 
plasmid using Attractene Transfection Reagent (QIAGEN). 
Total RNA was then extracted and complementary DNA 
(cDNA) was synthesized using a High Pure RNA Isola-
tion Kit (Roche) and a PrimeScriptTM RT Reagent Kit 
(TaKaRa), respectively, employing the protocols recom-
mended by the manufacturers. Subsequently, the expression 
of the mIL-28B gene was confirmed by the amplification 
of mIL-28B cDNA using polymerase chain reaction (PCR) 
with gene-specific primers.

Immunization of mice and viral challenge

Sixty-five 6- to 8-week-old female BALB/c mice were ran-
domly divided into five groups (13 mice in each group) 
and anesthetized intraperitoneally with ketamine-xylazine 
solution at a dose of 50 mg/kg and 20 mg/kg, respectively. 
The mice were then inoculated intranasally three times at 
one-week intervals with 50 μl of γ-Flu (1.02 ×  109 HAU), 
either with or without mIL-28B adjuvant (50 µg/mouse). As 
control groups, anesthetized mice were treated with 50 µg 
of one of the following reagents: mIL-28B plasmid, empty 
plasmid, or PBS (Fig. 1).

One week after the last immunization, mice were anes-
thetized and challenged intranasally with 10  LD50 of an A/
PR/8/34 (H1N1) influenza virus stock that had been propa-
gated in MDCK cells, in 50 μl PBS. Survival and morbidity 
were monitored daily for 14 days after challenge. Mice that 
lost more than 25% of their body weight were considered 
to have reached the experimental endpoint and were eutha-
nized. In parallel experiments, lungs (three mice in each 
group) were harvested and homogenized on day 4 after chal-
lenge, followed by the determination of the virus titer using 
the Madin-Darby canine kidney (MDCK)/hemagglutination 
assay (HA). To release the virus, the homogenates were fro-
zen and thawed three times, and their supernatants, either 
undiluted or diluted from 10- to  106-fold (in tenfold steps), 
were added to triplicate wells of MDCK cells to a total vol-
ume of 30 µl. After incubation for 1 h, 170 µl of infection 
medium containing 4 µg of trypsin per ml was added to each 
well. After incubation for 48 h at 37°C in a humidified incu-
bator containing 5% CO2, the presence of virus was assessed 
by co-incubation of the culture supernatant with chicken red 
blood cells. Lung virus titers were determined by interpola-
tion of the dilution endpoint that infected the cells in 50% of 
the wells and as  log10  TCID50 [24].

Fig. 1  The schedule for immunization of mice
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Influenza‑virus‑specific IgG responses

Blood samples were collected from three individual mice 
from each group by orbital sinus bleeding 7 days post-
vaccination, and serum levels of influenza-virus-specific 
total IgG, IgG1, and IgG2a were determined by enzyme-
linked immunosorbent assay (ELISA) as described pre-
viously [25]. Briefly, ELISA plates were coated with A/
PR8 vaccine at a concentration of 4 μg/ml and sequentially 
incubated with diluted serum samples and horseradish per-
oxidase (HRP)-conjugated goat anti-mouse IgG, IgG1, or 
IgG2a (Sigma-Aldrich) for 2 h at room temperature, fol-
lowed by the addition of HRP substrate to develop the 
colorimetric assay. After stopping the reaction with 2 M 
 H2SO4, the optical density (OD) in the ELISA plate wells 
was measured at 450 nm. The endpoint ELISA titer was 
defined as the highest serum dilution generating a signal 
that was at least three times stronger than that obtained 
using samples from control mice at the same dilutions.

Influenza‑virus‑specific secretory IgA response

On day 21, nasal and bronchoalveolar lavage (BAL) fluids 
were collected from sacrificed mice (three mice in each 
group) by washing the nasal cavities and flushing the lungs 
5 times with 1 ml of PBS containing Roche’s complete 
protease inhibitor cocktail. The samples were then centri-
fuged at 400 × g for 10 min at 4°C, and the supernatants 
were collected. Antibodies in the recovered nasal and BAL 
fluids were detected by ELISA using HRP goat anti-mouse 
(IgA) secondary antibody as described above.

Lymphocyte proliferation assay (LPA)

One week after the final administration of the vaccine 
preparation, the spleens of three mice per group were 
removed aseptically and processed to make single-cell sus-
pensions for in vitro analysis of cellular immune responses. 
In brief, splenocytes at a density of 2 ×  105 cells/well were 
seeded in each well of a 96 MicroWell plate (Nunc, Den-
mark) and stimulated at 37 °C in a humidified atmosphere 
containing 5% CO2 for 48 h with γ-A/PR8 (4 μg/ml) as the 
specific antigen for the vaccine groups, phytohemaggluti-
nin (PHA, 5 μg/ml) for the positive control, or without any 
stimulating antigen. All samples were run in triplicate for 
each mouse. At 48 h post-stimulation, lymphoproliferation 
was evaluated by adding 30 μl of 5 mg/ml MTT solution to 
per well. After further incubation for 4 h, 100 μl of dime-
thyl sulfoxide was added to each well to dissolve formazan 
crystals, and the color intensity was measured at 540 nm. 

The results were reported as a stimulation index using the 
following calculation:

Stimulation index = (OD of stimulated cells - OD of 
unstimulated cells)/OD of unstimulated cells [26].

Analysis of cytokine secretion

To assess cytokine profiles, one week after the third immu-
nization, spleen cells were prepared and restimulated as 
described above. At 48-72 h post-stimulation, the culture 
supernatants were collected, and the ability of restimulated 
cells to secrete T helper 1 (Th1) (IFN-γ, IL-12) and Th2 
(IL-4) cytokines was assessed using commercially available 
cytokine-specific sandwich-based ELISA kits (R&D, USA) 
as per manufacturer’s instructions.

Granzyme B analysis

To evaluate cytotoxic T lymphocyte (CTL) responses in 
immunized mice, on day 21, mononuclear cells from the 
spleens of immunized mice (2 ×  105 cells/well) were plated 
in triplicate and incubated in the presence of 4 μg of γ-A/
PR8 or 5 μg of PHA per ml or medium alone for 48 h at 
37 °C. The supernatants were then collected and assayed 
for T-cell lytic activity using a commercially available gran-
zyme B sandwich-based ELISA kit (R&D, USA) according 
to the manufacturer’s protocol.

Quantification of IL‑6 and IL‑10 in lung homogenate 
samples by ELISA

To investigate inflammatory responses, the lungs of three 
mice per group were harvested aseptically on day 21 and 
homogenized at 4 °C in 4 volumes of PBS containing com-
plete protease inhibitor cocktail (Roche) using a tissue 
homogenizer. The samples were then centrifuged at 9000 
× g for 10 min at 4 °C to harvest the lung supernatants for 
cytokine analysis. Concentrations of IL-6 and IL-10 were 
determined using commercially available sandwich-based 
ELISA kits (R&D, USA) following the manufacturer’s rec-
ommendations. All samples were assayed in triplicate for 
each mouse.

Statistical analysis

All values were expressed as the mean ± SD. The compara-
tive analysis was done by one-way ANOVA test. A Kaplan-
Meier curve was also used for the analysis of survival rates, 
and statistical significance was determined by chi-square 
test. A p-value ≤ 0.05 was considered statistically signifi-
cant. All statistical analysis was carried out using SPSS ver-
sion 16 (SPSS Inc., Chicago, IL, USA).
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Results

Inactivated virus preparation

For the preparation of whole inactivated influenza virus, fro-
zen concentrated A/PR8 stocks with an initial titer of  105.75/
ml were subjected to increasing doses of gamma radiation 
(5-30 kGy) from a cobalt-60 irradiation facility, and the 
residual virus infectivity was assessed using a  TCID50 assay. 
Using 50% endpoint titers of irradiated and control samples 
(Table 1), a dose/survival curve (Fig. 2A) was generated 
using OriginPro 6.1 software and used to calculate the  D10 
value, which is the dosage of gamma radiation required to 

produce 1  log10 reduction in the infectivity of the virus popu-
lation [5]. Based on the log-linear regression equation (Y 
= 5.15 - 0.205X) provided by the dose/survival curve, the 
 D10 value was estimated to be 4.878 kGy. Based on the  D10 
value, the initial titer  (105.75/ml), and 5.75  log10 reductions 
in titer to achieve the complete loss of virus infectivity, the 
minimum dose required for the complete inactivation (the 
optimum inactivation dose) was calculated using the formula 
‘‘D10 value × 5.75” and found to be 28.0485 kGy. Complete 
inactivation of the virus was confirmed by the absence of 
viral replication and a lack of CPE formation following four 
serial passages in MDCK cells (safety test). Given that no 
virus infectivity was detected in monolayers infected with 
either 28 or 30 kGy γ-A/PR8, the irradiation dose of 28 kGy 
could be considered sufficient for complete inactivation of 
the virus. 

The effect of γ‑radiation on virus antigenicity

Since the HA assay is based on the ability of influenza 
hemagglutinin to agglutinate erythrocytes, the reduction of 
HAU titers after radiation may be correlated with structural 
damage. Although the results of the HA assay did not reveal 
any change in the antigenic characteristic of the virus prepa-
rations upon radiation at doses ranging from 0 to 25 kGy, the 
hemagglutination activity was reduced “by half” compared 
to the control when the virus preparation received a dose of 
28 or 30 kGy. Accordingly, 28 kGy of radiation was chosen 
as the optimum dose of γ-rays for complete inactivation of 
the virus with the least effect on the functionality of the HA 
protein. We also used SDS-PAGE to evaluate the quality 

Table 1  Virus titers and dose of 
gamma radiation

The limit of quantifica-
tion  (LOQ) of our median tis-
sue culture infectious dose assay 
was 1.5  TCID50/ml

Dose of gamma-
radiation (kGy)

Virus titers 
 (TCID50/
ml)

0 105.75

5 103.75

10 102.5

15 102

20 101.5

25 101.5

28 < LOQ
30 < LOQ

Fig. 2  The effect of gamma irradiation on the infectivity and struc-
ture of influenza A virus. (A) Dose/response curve. A/PR8 samples 
were exposed to increasing doses of gamma rays on dry ice, and the 
decrease in infectivity was assessed by  TCID50 assay. (B) Investiga-

tion of the quality of viral proteins by SDS-PAGE. Lane 1, protein 
marker; lane 2, control virus; lane 3, γ-ray-inactivated A/PR8 using 
a radiation dose of 28 kGy. Molecular weights are according to those 
reported by David et al. [6].
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of viral proteins in A/PR8 viruses exposed to 28 kGy of 
gamma rays. As shown in Fig. 2B, the crucial viral pro-
teins involved in viral attachment and penetration, including 
the hemagglutinin precursor protein (HA0) and its cleaved 
forms (HA1, HA2), as well as neuraminidase (NA) were 
detectable in control and irradiated samples. Consequently, 
γ-ray-inactivated A/PR8 viruses using a radiation dose of 28 
kGy were applied for vaccine preparation.

Systemic antibody responses

To evaluate the effect of γ-Flu adjuvanted with the IL-28B 
plasmid on humoral immunity, mice were immunized intra-
nasally with γ-Flu or γ-Flu and IL-28B plasmid on days 0, 
7, and 14. One week after the last immunization, sera were 
collected and tested by endpoint Ab enzyme-linked immu-
nosorbent assay. The results showed that vaccination of mice 
with either γ-Flu alone or together with IL-28B adjuvant 
elicits a high level of specific total IgG compared to the 
control groups (IL-28B plasmid, PBS, and control plasmid) 
(p < 0.001). However, the total IgG titer in mice primed with 
the adjuvanted γ-Flu vaccine was significantly higher than 
those treated with γ-Flu alone (p < 0.001) (Fig. 3A).

To assess the induced adaptive immune responses, the 
sera were also subjected to IgG isotype analysis. In the 

comparison between the vaccinated and the control groups, 
a statistically significant difference (p < 0.001) in the level 
of the IgG isotype was observed (Fig. 3B and C). A similar 
pattern was also observed for IgG isotype antibody titers 
in mice receiving adjuvanted γ-Flu vaccine in comparison 
to those given non-adjuvanted vaccine (γ-Flu alone) (p < 
0.001). As shown in Fig. 3D, the level of IgG2a (a marker 
for Th1-type immunity) was higher than that of IgG1 (a 
marker for Th2-type immunity) in response to vaccination 
with γ-Flu adjuvanted with the IL-28B plasmid, demonstrat-
ing that the co-administration of γ-Flu and IL-28B plasmid 
induced an enhanced balanced Th1/Th2 immune response 
with more bias toward the Th1 phenotype. No considerable 
differences were observed in the levels of influenza-virus-
specific IgG among the control groups.

Mucosal immune responses

The ability of IL-28B to boost the mucosal antibody 
response of the γ-inactivated influenza vaccine was evalu-
ated by testing nasal washes and bronchoalveolar lavage 
fluid (BALF) of immunized mice using the ELISA method 
one week after the last immunization. Analysis of antibod-
ies in BALF (Fig. 4) illustrated that IL-28B significantly 
enhanced the BALF IgA response to the γ-Flu vaccine (p 

Fig. 3  Levels of anti-influenza-
virus antibodies in mouse sera 
one week after the last immuni-
zation. (A) Total IgG titers. (B) 
IgG1 titers. (C) IgG2a titers. 
(D) IgG2a/IgG1 ratio. Values 
for individual sera are expressed 
at 450 nm in each group (n = 
3). Differences between mice 
immunized with γ-Flu+IL-28B 
plasmid and γ-Flu alone were 
statistically highly significant 
according to one-way ANOVA 
results (***, p < 0.001). The 
graphs also illustrate that the 
levels of influenza-virus-spe-
cific antibodies in all vaccinated 
and control groups differed 
considerably (p < 0.001).
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< 0.001). Similar results were obtained using nasal washes 
(p < 0.01), suggesting the potential of IL-28B as an adju-
vant to induce improved vaccine-specific mucosal antibody 
responses. Furthermore, the vaccine-induced nasal and BAL 
IgA responses were much higher than those observed in the 
negative control groups (p < 0.001). However, no significant 
differences in secretory IgA titer in nasal and BAL fluids 
were found among three control groups.

Lymphocyte proliferation assay

The adjuvant properties of IL-28B were further analyzed by 
LPA assay using restimulation of cultured spleen cells with 
γ-inactivated influenza virus as the specific antigen on day 
21. As shown in Fig. 5, the vaccine formulation containing 
the IL-28B plasmid as adjuvant significantly increased the 
magnitude of cell proliferation compared to the non-adju-
vanted group (p < 0.01), indicating that the adjuvanticity of 
IL-28B promotes vaccine-induced cell-mediated immunity. 
Also, the lymphoproliferative activity of splenocytes from 
vaccinated mice was considerably higher than that elicited 
in spleen cells from the control groups (p < 0.001). As 
expected, mice in the groups treated with IL-28B plasmid, 
control plasmid, or PBS showed very little lymphoprolifera-
tive response.

Cytokine profile in response to in vitro antigen 
restimulation

To further investigate the effect of IL-28B on the polariza-
tion of the immune response, cytokine secretion profiles in 
splenocyte culture supernatants of immunized mice were 
analyzed by ELISA one week after the final immuniza-
tion. Notably, Th1 cell differentiation is mainly induced 
by IFN-γ and IL-12, while Th2 bias is associated with 
cytokines such as IL-4. As shown in Fig. 6A-C, the level 
of IFN-γ secretion in mice vaccinated with adjuvanted 
γ-Flu was much higher than in mice given only γ-Flu (p 

< 0.001). A similar trend was also observed for IL-12 
and IL-4 in splenocyte culture supernatants (p < 0.001). 
Furthermore, splenocytes from mice immunized with 
γ-Flu alone or γ-Flu adjuvanted with the IL-28B plasmid 
exhibited a high-level of IFN-γ, IL-12, and IL-4 secre-
tion in comparison with the control groups (p < 0.001). 
The results also illustrated that adjuvanted γ-Flu vaccine 
induced higher levels of IFN-γ and IL-12 expression than 
of IL-4 expression, indicating that adjuvantation with IL-
28B could elicit a potent Th1 and Th2 balanced response 
with a Th1 bias to γ-inactivated influenza vaccine. There 
was no difference in the expression level of Th1 and Th2 
cytokines in the control groups, which is consistent with 
results of previous studies showing that mice in the control 

Fig. 4  Influenza-virus-specific 
sIgA concentrations in mucosal 
secretions of each treated group. 
BAL fluids and nasal washes 
were collected from three mice 
per group and analyzed by 
ELISA for the presence of sIgA. 
Differences among individual 
groups were analyzed by one-
way ANOVA and shown as *** 
for P < 0.001 and ** for P < 
0.01. A statistically significant 
difference between all experi-
mental and control groups was 
also observed (P < 0.001).

Fig. 5  Assessment of lymphoproliferative responses after in vitro res-
timulation of cultured spleen cells with γ-Flu (4 μg/ml). Three mice 
in each group were sacrificed 7 days after the third immunization, 
and splenocytes proliferation in response to antigen stimulation was 
estimated using an MTT assay. **indicates a statistically significant 
difference between mice that received γ-Flu + IL-28B plasmid and 
γ-Flu alone, as determined by one-way ANOVA (P < 0.01). Val-
ues are presented as the mean ± SD for three samples. Differences 
between all immunized and control groups were statistically highly 
significant (p < 0.001).
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groups did not exhibit any significant antigen-specific 
cytokine secretion [19, 25].

Granzyme B production

Granzyme B is a vital mediator of cytolysis that is involved 
in killing of influenza-virus-infected cells by  CD8+ T 
cell. To evaluate whether the IL-28B adjuvant was able to 
improve the lytic activity of the γ-inactivated influenza vac-
cine, the recovered supernatants of splenocytes were tested 
by ELISA to determine the granzyme B concentration. As 
shown in Fig. 6D, a significantly higher granzyme B expres-
sion level was observed in mice given γ-Flu adjuvanted 
with the IL-28B plasmid than in those receiving γ-Flu 
alone (p < 0.01), suggesting that the number of activated 
influenza-virus-specific-cytotoxic T lymphocytes was higher 
when the IL-28B plasmid was incorporated in the vaccine 

formulation. Also, the vaccine-induced CTL responses were 
much higher than those in the negative control groups (p < 
0.001). No significant difference was observed in the gran-
zyme B levels among the control groups.

IL‑6 and IL‑10 secretion in lungs

The ability of IL-28B to modulate the inflammatory 
responses to the γ-inactivated influenza vaccine was assessed 
in lung homogenates of immunized mice using the ELISA 
method on day 21. Analysis of cytokine responses in lung 
homogenates revealed that intranasal immunization with 
adjuvanted γ-Flu vaccine significantly reduced the level of 
IL-6 secretion (p < 0.05) compared to immunization with 
γ-Flu alone (Fig. 7A). A similar trend was also observed for 
IL-10 in lung homogenates (p < 0.01), with less IL-10 secre-
tion observed in mice immunized with γ-Flu adjuvanted 

Fig. 6  Comparison of cytokine profiles and granzyme B production 
in splenocyte culture supernatants restimulated with γ-Flu. Results 
are representative of three independent experiments and are expressed 
as the mean ± SD. One-way ANOVA was used to analyze differences 

among groups. ***, P < 0.001; **, p < 0.01. The graphs also show a 
statistically significant difference between all vaccinated and control 
groups (P < 0.001).



553Gamma-irradiated influenza virus vaccine with IL-28B

1 3

with the IL-28B plasmid than when treated with the non-
adjuvanted vaccine (Fig. 7B). Furthermore, the vaccine-
induced inflammatory responses were much weaker than 
those observed in the negative control groups (p < 0.001). 
There was no significant difference in IL-10 levels among 
the three control groups, whereas the level of IL-6 in mice 
receiving the IL-28B differed significantly from those in the 
other control groups (p < 0.001). Our data suggest that IL-
28B could be effective as an adjuvant for modulating the 
inflammatory response to the γ-inactivated influenza vac-
cine, particularly in reducing the number of IL-6-producing 
cells in the lung.

Survival rate and effect of vaccination on lung viral 
loads

As IL-28B significantly enhanced the cellular and mucosal 
immune response to γ-inactivated influenza vaccine, we 
next investigated whether the IL-28B adjuvant affects the 
protective effect of the vaccine (morbidity and survival 
rate) in a murine model. For this purpose, mice were chal-
lenged intranasally with a high lethal dose (10  LD50) of A/
PR/8/34 (H1N1) influenza virus on day 21 after the primary 
immunization and monitored for 2 weeks for body weight 
loss and survival. As expected, all of the mice in negative 
control groups showed rapid loss of body weight and died 
between days 12 and 14 post-challenge (Fig. 8A and B). 
The survival curve (Fig. 8B) showed significant protection 
(more than 80% survival) after challenge when mice were 
given γ-Flu adjuvanted with the IL28-B plasmid. In con-
trast, immunization with the γ-Flu vaccine alone provided 

50% protection. The mice receiving γ-Flu vaccine without 
adjuvant showed only mild morbidity, characterized by loss 
of body weight, and they recovered rapidly after challenge. 
However, morbidity rates in mice co-immunized with the 
γ-Flu vaccine and the IL-28B adjuvant were significantly 
lower than in those immunized with the vaccine alone (p < 
0.001) (Fig. 8A). We also carried out further experiments in 
order to estimate the virus titers in the lungs, using MDCK 
cells followed by a standard hemagglutination assay on 
day 4 after challenge with homotypic influenza viruses. As 
shown in Fig. 8C, virus titers in the lung were lower in mice 
receiving γ-Flu alone than in the controls, but the inhibition 
was more robust when the γ-Flu vaccine and the IL-28B 
adjuvant were administered simultaneously (p < 0.01). Fur-
thermore, lung homogenates of mice immunized with either 
γ-Flu alone or adjuvanted with the IL-28B plasmid exhibited 
significantly lower lung viral loads than the control groups 
(p < 0.001). Together, our data demonstrate that a higher 
level of protective immunity in response to viral challenge 
is achieved when the γ-inactivated influenza vaccine is for-
mulated with the IL-28B plasmid as an adjuvant.

Discussion

The use of whole inactivated virus (WIV) vaccines that are 
significantly more immunogenic than current subunit or split 
virion vaccines appears to be an ideal strategy for provid-
ing effective coverage against heterologous strains [27, 28]. 
Given the importance of preserving protective epitopes for 
vaccine efficacy, the inactivation methods used to prepare 

Fig. 7  Levels of inflammatory mediators in lung homogenate sam-
ples. Supernatants from homogenized lungs were harvested and 
examined for the presence of IL-6 and IL-10 using the ELISA 
method. In comparison to other groups, significance is indicated by * 
for p < 0.05 and ** for p < 0.01, as calculated by one-way ANOVA. 

Among the three control groups (IL-28B plasmid, control plasmid, 
and PBS), a statistically significant difference (p < 0.001) in IL-6 lev-
els for the IL-28B group was detected. However, no significant differ-
ence in IL-10 levels was seen between the control groups. Data are 
expressed as the mean ± SD (n=3).
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WIV vaccines plays a critical role in the vaccine’s ability to 
induce a potent immune response [1]. Several studies have 
shown that the immunogenicity of influenza virus particles 
inactivated using gamma radiation is significantly higher 
than that of virus particles inactivated by chemical (e.g., 
formaldehyde) or physical (UV radiation) treatments [1, 
2, 8, 29]. One advantage of gamma radiation over chemi-
cal agents and UV radiation is its high penetration power 
and the ability to be used with frozen preparations, thereby 
reducing free radical damage caused by radiolysis of water 
[1, 6].

To maintain the integrity of viral proteins, gamma irra-
diation should be limited to the minimum dose required for 
complete inactivation of the virus [30]. In this regard, we 
showed that there is a mathematical log-linear relationship 
(Y = 5.15 - 0.205X) between increasing radiation doses and 

decreasing virus titers. This was used to calculate the  D10 
value of 4.878 kGy and the minimum inactivation dose of 
28.0485 kGy. Based on a lack of detectable CPE for four 
passages as well and maintenance of most of the viral pro-
tein integrity, confirmed by HA assay and SDS-PAGE, 28 
kGy γ-A/PR8 was used for the WIV vaccine preparation. 
Intranasal immunization of BALB/c mice with γ-inactivated 
influenza vaccine three times at one-week intervals induced 
both cell- and antibody-mediated immunity by upregulating 
Th-1 (IFN-γ, IL-12) and Th-2 (IL-4) cytokines, with a bias 
toward Th1 cytokines, along with an increase in the total IgG 
titer and IgG2a/IgG1 ratio, suggesting that the γ-Flu vac-
cine formulation promoted a balanced Th1 and Th2 immune 
response with a tendency toward Th1. γ-Flu also increased 
the proliferation of  CD4+ T cells and influenza-virus-spe-
cific cytotoxic T-cells, and decreased the viral load in the 

Fig. 8  Survival, weight loss, and lung virus titers in the experimen-
tal and control groups. Mice were immunized intranasally three times 
at one-week intervals with different vaccine preparations and chal-
lenged 7 days after the third immunization. Infected mice were fol-
lowed up 14 days for survival and morbidity. Mice with a loss of total 
body weight ≥ 25% were euthanized. (A) Weight data expressed as 
the mean ± SD (n = 7). One-way ANOVA was used for the assess-
ment of statistical significance. (B) Survival data presented as the 

percentage of animals surviving out of the total number monitored. 
Statistical significance determined by the Kaplan-Meier test. (C) On 
day 4 post-challenge, three mice in each group were sacrificed, and 
lung viral loads were determined by MDCK/ HA assay. ** Indicates 
a statistically significant difference between the γ-Flu group and the 
γ-Flu + IL-28B group (p < 0.01), as calculated by one-way ANOVA. 
The graph also shows a statistically significant difference between all 
vaccinated and control groups (P < 0.001).
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lung after infection, which were associated with protection 
against a high lethal dose challenge with A/PR/8/34 (H1N1) 
influenza virus. Our findings demonstrate the ability of γ-Flu 
vaccines to induce an antiviral immune response, which is 
consistent with previous studies that showed the potential 
applicability of gamma-inactivated influenza whole-virion 
vaccines to elicit improved humoral immunity and a high 
level of cell-mediated immunity, as well as to confer effec-
tive protection against homologous and heterologous viral 
challenge [1–3, 6].

The efficacy of γ-vaccines can nonetheless be adversely 
affected by protein damage during irradiation due to the 
Bremsstrahlung process and/or radiation conditions [6, 
7], and the usage of adjuvant strategies may be required to 
improve the immunogenicity of the vaccine. A recent study 
by Astill and colleagues showed that a γ-ray-inactivated-
H9N2 vaccine adjuvanted with CPG ODN 2007 induced 
more potent humoral responses in chickens than the candi-
date vaccine alone [8]. Furthermore, the whole inactivated 
influenza viruses that were used in early vaccination cam-
paigns induced inflammatory responses that caused signifi-
cant pain and reactivity at the injection site. For this reason, 
split vaccines were developed that were safer. A major ben-
efit of using adjuvants with WIV vaccines is that lower doses 
can be used to avoid reactogenicity [31].

IFN-λ3 (IL-28B) belongs to the recently discovered 
IFN-λ family and plays an important role in the adaptive 
immune response to viral infections. Morrow et al. dem-
onstrated that co-administration of IL-28B as a genetic 
adjuvant could enhance both cellular and humoral immune 
responses induced by an HIV DNA vaccine [20]. Similarly, 
another study conducted by Zhou et al. revealed that both 
humoral and cellular immune responses elicited against an 
HSV2 DNA vaccine increased when the IL-28B plasmid 
was used as a vaccine adjuvant in the same vaccine for-
mulation. They suggested that IL-28B has a stimulating 
effect on the adaptive immune responses, which makes it 
an appropriate candidate for further vaccine-related studies 
[19]. Regarding the expression pattern of the IFN-λ recep-
tor complex on a limited subset of cells (notably epithelial 
cells) and its probable role in creating antiviral conditions 
specifically in tissues with a high epithelial content (e.g., 
lung) [32], we investigated the immunoadjuvant potential of 
IL-28B to boost the vaccine-induced immune response when 
administrated intranasally with the γ-inactivated influenza 
vaccine. Our results demonstrate that co-immunization with 
the γ-inactivated influenza vaccine and the IL-28B plasmid 
elicits an enhanced balanced Th1/Th2 immune response 
with more bias towards Th1, as illustrated by a higher ratio 
of IgG2a/IgG1 and a bias toward Th1 cytokines, compared 
with γ-inactivated vaccine alone, which is in agreement 
with the ability of IL-28B to enhance antigen-specific adap-
tive immunity against a multiclade HIV Gag antigen in a 

Th1- and IgG2a-biased fashion [20]. The levels of granzyme 
B and  CD4+ proliferation after treatment with γ-Flu vac-
cine adjuvanted with the IL-28B plasmid were considerably 
higher than those of the γ-Flu group, and the titer of virus 
in the lung was decreased more significantly if mice were 
given the γ-Flu vaccine with the IL-28B adjuvant, which was 
correlated with better protection against a lethal influenza 
virus challenge (10  LD50).

Given the key role of sIgA in mucosal immunity and neu-
tralization of influenza particles in the upper respiratory tract 
by blocking the attachment of the virus to mucosal surfaces 
[33, 34], and also the need for the presence of antigen-spe-
cific neutralizing antibodies in the lower respiratory tract 
to provide complete protection against pathogens that were 
not inhibited in the upper respiratory tract [35], the ability 
of γ-inactivated influenza vaccine to induce sIgA responses 
in the upper (nasal washes) and the lower (BAL fluids) res-
piratory tract was investigated. The results revealed that the 
administration of γ-Flu vaccine could significantly increase 
influenza-virus-specific sIgA titers in both nasal and BAL 
fluids compared to the control groups, indicating the poten-
tial of the vaccine candidate for inducing mucosal immunity 
as the first line of defense and for controlling the spread of 
influenza virus infection. Furthermore, an increased sIgA 
response in the respiratory tract after adjuvanted vaccine 
treatment in comparison with the γ-Flu group provides fur-
ther support for the application of IL-28B as an adjuvant. Of 
note, higher levels of vaccine-induced IgA responses were 
observed in BAL fluid than in nasal washes, which is con-
sistent with results obtained by intranasal immunization of 
BALB/c mice with influenza virus-like particles containing 
matrix (M2) proteins, suggesting a significant correlation of 
antigen-specific IgA levels in bronchoalveolar lavage fluid 
and protection against influenza infections [36].

The cytokine IL-6 is a major mediator of inflammation 
that is involved in the modulation of cell-mediated immunity 
and the inflammatory reaction in response to influenza virus 
infection [37]. Several studies have demonstrated that over-
production of IL-6 is closely related to the acute influenza 
inflammatory state, which results in progression to severe 
disease [38–41]. Reeth et al. showed that lower-respiratory-
tract disease in influenza-virus-infected-pigs is strongly 
associated with a reduction in the level of pro-inflamma-
tory cytokines such as IL-6 in the lung [42]. Another study 
conducted by Quan et al. confirmed that immunization of 
mice with virus-like particles containing influenza virus A/
PR8/34 (H1N1) hemagglutinin and matrix (M1) proteins 
significantly reduced the number of IL-6-secreting cells 
compared to the unimmunized (naïve) mice upon virus 
infection, indicating that excessively high levels of IL-6 in 
naïve mice might play an important role in increased inflam-
matory damage of the lung [43]. In the current study, we 
detected significantly reduced IL-6 expression in mice that 
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were given either γ-Flu alone or γ-Flu adjuvanted with the 
IL-28B plasmid, and a decreased IL-6 response was also 
seen in the IL-28B group, indicating that IL-28B has strong 
potential to modulate inflammatory responses in the lung.

IL-10 is one of the major anti-inflammatory cytokines 
involved in negative regulation of both innate and adaptive 
immunity, which limits tissue damage by suppressing the 
immune response. However, the precise role of IL-10 in 
response to viral infections remains unclear. In this regard, 
seemingly contradictory results (both exacerbating and 
protective effects) have been reported regarding the effects 
of IL-10 on influenza virus infections [44, 45]. Sun et al. 
showed that the survival rate in IL-10 knockout mice after 
influenza infection was significantly higher than in wild-
type mice, indicating an adverse effect of IL-10 on protec-
tive immunity against influenza infections. They found that 
IL-10 can interfere with the initial  CD4+ T cell function 
that is needed for an effective humoral immune response 
[44]. McKinstry et al. also demonstrated that enhanced sur-
vival rates and viral clearance in IL-10−/− mice following 
a lethal challenge with a high dose of influenza virus was 
associated with increased Th-17 polarized naïve  CD4+ T 
cells, indicating that IL-10 had a suppressive effect on the 
development of IL-17 responses upon influenza virus infec-
tion and was responsible for an increased mortality rate in 
challenged wild-type mice [46]. In agreement with these 
observations, we confirmed that the γ-Flu-vaccine-induced 
IL-10 responses were much weaker than those induced in 
the negative control groups. As expected, IL-28B also sig-
nificantly reduced the IL-10 response to the γ-Flu vaccine in 
lung homogenates, implying that IL-28B is a potent adjuvant 
that improves the protective efficacy of the vaccine.

Conclusions

The results of this study show that intranasal vaccination 
with γ-Flu can efficiently promote both mucosal and sys-
temic humoral and cellular immune responses and confer 
protection against intranasal challenge with 10  LD50 of 
H1N1 influenza virus. Intranasal immunization has also 
been shown to reduce the levels of IL-6 and IL-10 in lung 
homogenates. Furthermore, IL-28B has strong potential as 
an adjuvant, as indicated by significantly enhanced specific 
adaptive immune responses and decreased levels of inflam-
matory cytokines, as well as improved protective responses 
at a high viral challenge dose.
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