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Background Allergic asthma is a globally respiratory inflammatory

disease. Influenza virus is a respiratory pathogen that causes yearly

epidemics and results in high rates of morbidity and mortality.

Patients with allergic asthma had a more severe symptom and a

higher mortality when they were infected with influenza virus.

Hence, influenza vaccination is recommended for patients with

asthma.

Objectives We evaluated the efficacy and effects of influenza

vaccination on allergic asthma in a mouse model.

Methods Ovalbumin-immunized mice were inoculated with

inactivated influenza virus A/Puerto Rico/8/34 (PR8) as vaccines

and morbidity or mortality and allergic asthma features of these

mice were analyzed.

Results Mice inoculated with inactivated PR8 induced high levels

of anti-PR8 IgG2a and upregulation of Toll-like receptor (TLR) 7.

Vaccinated allergic mice were healthy when they were challenged

with live influenza virus while none of non-vaccinated allergic

mice survived. Furthermore, inactivated influenza virus vaccine

induced neither extra airway inflammation nor asthma features

such as IgE, airway hyper-reactivity, and eosinophilia in allergic

mice. Particularly, decreased frequency of immune cell infiltrated

airways and Th2 cytokines IL-4 and IL-6 production in the

bronchoalveolar lavage fluid were noted in vaccinated allergic

mice. These results suggested that inactivated influenza virus

vaccine is efficient to protect allergic mice from further influenza

infection, and it does not exacerbate but reduces IL-4 and IL-6 of

allergic asthma.

Conclusion Influenza vaccination is essential and efficient for

allergic subjects to protect influenza virus infection.
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Introduction

Allergic asthma is a respiratory inflammatory disease

characterized by reversible airway obstruction, airway

hyper-responsiveness, airway inflammation, and mucus

hypersecretion in atopic patients. The common hallmarks

of allergic asthma are the production of allergen-specific IgE

and the increased presence of eosinophils and T helper 2

(Th2) cells in the airway. Th2 cells play a major role in the

development of asthma by producing cytokines such as

interleukin (IL)-4, IL-5, and IL-13 to enhance IgE class

switching, mast cell production, goblet cell hyperplasia,

mucus hypersecretion and the maturation, activation, and

accumulation of eosinophils.1,2 In addition, increased activ-

ity of Th17 or Th9 as well as decreased regulatory T cells

represents additional mechanisms to contribute to asthma

which may skew the system toward an increased Th2

response.3

Due to the great improvement of detection techniques

including the development of highly sensitive and specific

molecular diagnosis, there is considerable evidence that

respiratory viral infection is linked to the initial development

as well as exacerbations of asthma.4,5 Many different viruses

are associated with these episodes, particularly respiratory

syncytial virus, influenza viruses, parainfluenza viruses, and

rhinoviruses.3,6 Despite extensive association of common

types of respiratory viruses with asthma, there is no evidence

yet to prove viral infection is a cause of asthma, but suggests

that there may be common susceptibilities to both viral

infection and asthma.3,7–10 Influenza viruses, an orthomyxo-

virus, are single-stranded negative sense RNA viruses with

three major types A, B, and C, and multiple subtypes. Upon

infection of host cells by influenza virus, viral RNAs are

sensed by pattern recognition receptors (PRRs), such as Toll-

like receptor 7 (TLR7).11,12 TLR7 is important not only for

the activation of the innate antiviral response but also for the
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induction of adaptive immunity.13 The recognition of

influenza viruses by plasmacytoid dendritic cells through

TLR7 results in their activation of costimulatory molecules

and production of IFN-a,11,12 which is a critical cytokine for

establishing an antiviral state and bridging the innate and

adaptive immune systems.14 In addition, whole inactivated

influenza virus also activates dendritic cells through the

engagement of TLR7.15,16 Of note, influenza A virus infection

represents a significant public health threat, particularly in

the case of children, the elderly, and those with underlying

diseases, all of whom are at a significantly increased risk of

disease complications and death following influenza virus

infection.17–19 In fact, atopy itself may have more severe

respiratory viral infection and associated wheezing, particu-

larly in rhinovirus infection,20,21 suggesting that virus–allergy
interaction is at work in at least some asthmatics.20,22–24

While yearly influenza vaccination is widely recommended

for patients with asthma, the efficacy of protection of

influenza infection and the benefits of influenza vaccina-

tion in preventing asthma exacerbations are unclear. In this

study, we examined the efficacy and effects of influenza

vaccination on an ovalbumin (OVA)-immunized mouse

model of allergic asthma by using inactivated influenza virus

vaccine. To rule out the possible effects induced by

commercial vaccine formulation such as excipients, chicken

egg components, and formaldehyde, we chose UV-inacti-

vated virus as the vaccine. Our results demonstrated that

influenza vaccinated OVA-immunized mice got protection

from influenza virus infection while non-vaccinated mice did

not. Moreover, influenza vaccination did not induce extra

airway inflammation but reduced cell infiltration to airways

and Th2 cytokines IL-4 and IL-6 production in the

bronchoalveolar lavage fluid (BALF) of OVA-immunized

and challenged mice.

Materials and methods

Mice
Female BALB/c mice, 6–8 weeks old, were obtained from the

National Laboratory Animal Center and maintained in the

Animal Center of the College of Medicine, National Taiwan

University. This study was carried out in strict accordance

with the recommendations in the Guide for the Care and Use

of Laboratory Animals of the National Taiwan University.

The protocol was approved by the Institutional Animal Care

and Use Committee (IACUC) of National Taiwan University

College of Medicine and College of Public Health (Permit

Number: 20100436).

Allergic asthma model
The protocol for establishing mouse model of allergic asthma

was modified by our previous report.25 Briefly, BALB/c mice

were immunized intraperitoneally with a total volume of

200 ll containing 50 lg of ovalbumin (OVA) (Grade V;

Sigma Chemical Co., St. Louis, MO, USA) emulsified in

2 mg of aluminum hydroxide (AlumImmject; Pierce Chem-

ical, Rockford, IL, USA) on day 0. On days 7, 14, and 21,

mice were boosted with 25 lg of OVA in 2 mg of aluminum

hydroxide. On days 42 and day 43, mice were intranasally

challenged with 100 lg of OVA and then euthanized for

following immunological assay (Figure 3A).

PR8 influenza virus preparation
The laboratory-adapted A/Puerto Rico/8/1934 (H1N1)

[PR8] influenza virus was chosen in this study. Mice are

the most widely used in the preclinical research. However,

most inbred mouse strains are resistant to disease following

infection with most primary human influenza virus iso-

lates.26 For this reason, influenza virus strains that have

previously been adapted through serial passage in mice are

most often used. In particular, the majority of influenza virus

research in mice employs either BALB/c or C57BL/6 strains

in conjunction with the laboratory-adapted A/Puerto Rico/8/

1934 (H1N1) [PR8] or A/WSN/1933 (H1N1) [WSN]

influenza viruses.27,28 In addition, PR8 could induce a strong

immune response in mouse.29 Hence, we chose laboratory-

adapted PR8 influenza virus to perform the study. Influenza

virus PR8 were cultured in Madin–Darby canine kidney

(MDCK) cells and purified by sucrose gradient (4°C,
20 000 rpm for 2 hours). MDCK cells were maintained in

Dulbecco’s modified Eagle’s medium (DMEM) plus 10%

fetal bovine serum. The virus titer was determined by

standard plaque assay on MDCK cells and hemagglutination

assay. Our result showed that 1 hemagglutination unit

(HAU) was equal to 105 PFU in our virus stock. For

preparation of inactivated influenza vaccine, PR8 virus stocks

were exposed to ultraviolet light (UV) for 30 minutes. The

loss of infectivity of UV-inactivated PR8 virus was confirmed

by plaque assay (data not shown).

Measurement of serum PR8-specific IgG2a and IgG1
Serum PR8-specific IgG2a and IgG1 were measured by

enzyme-linked immunosorbent assay (ELISA). Briefly, plates

were coated with purified UV-inactivated PR8 virus at 105

PFU/ml in carbonate buffer (pH 9�6) at 4°C for overnight.

Microtiter wells were blocked with 1% BSA in PBS for 1 hour,

followed by the addition of 1:500 diluted sera. Plates were

washed with PBS-Tween followed by the addition of horse-

radish peroxidase (HRP)-conjugated goat anti-mouse IgG2a

(1:2000) or IgG1 (1:1000) (BD Biosciences, San Diego, CA,

USA). The microtiter plates were incubated for another hour,

and immunoreactivity was detected by measuring the optical

density (O.D.) at 450 nm after exposure for 15 minutes to

tetramethylbenzidine (TMB) substrate (Clinical Science

Products, Mansfield, MA, USA). Known positive and negative

samples were included in each assay.

Influenza vaccination in allergic asthma mice
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Measurement of serum OVA-specific IgE
OVA-specific IgE was measured by enzyme-linked immuno-

sorbent assay (ELISA). Briefly, OVA at 10 lg/mL in carbonate

buffer (pH 9�6) was coated onto ELISA plates at 4°C for

overnight, and blocked with 1% BSA for 1 hour. Diluted sera

(1:200) were added and incubated for 2 hours at room

temperature. The microtiter plates were washed with PBS-

Tween followed by the addition of horseradish peroxidase

(HRP)-conjugated goat anti-mouse IgE (1:2000) (BD Bio-

sciences). The microtiter plates were incubated for another

hour, and immunoreactivity was detected by measuring the

optical density (O.D.) at 450 nmafter exposure for 15 minutes

to TMB substrate (Clinical Science Products). Known positive

and negative samples were included in each assay.

Quantitative RT-PCR analysis for TLR-7
Eighteen hours after intramuscular influenza virus vaccine

inoculation, total RNA was isolated from muscle tissue using

Trizol reagent (Invitrogen Life Technologies). Total RNA was

reverse transcribed to cDNA with random primers using the

Reverse Transcription System kit following manufacturer’s

instructions (Thermo Scientific Fermentas, Rockford, IL,

USA). PCR was performed in triplicate on a 7500 Fast Real-

Time PCR System (Applied Biosystems). b-actin served as

internal controls and H2O served as a negative control. SYBR

Green DNA-binding dye was used in the amplification

reactions included oligonucleotide primers for TLR-7 gene

and b-actin. Fluorescence signals were analyzed during each

of 35 cycles (denaturation 1 minute at 95°C, annealing

1 minute at 55°C, and extension 1 minute at 72°C). TLR7
mRNA expression values were normalized to internal con-

trols, b-actin. The primer sequences used for amplification of

mouse TLR7 are forward: 5′-CCA TTT TGA AAG AAA ACT

GA-3′, reverse: 5′-CTC TGG GAT ATT TAC TTT AA-3′.

Determination of the airway function
Airway function was measured by measuring the changes of

lung resistance in response to aerosolized methacholine

(Sigma-Aldrich) using the Buxco Pulmonary Mechanics

System (Buxco Electronics, Wilmington, NC, USA) as

described previously.30 Data were expressed as the lung

resistance (RL) in the ratio of RL after PBS nebulization of

three independent experiments.

Analysis of cellular composition and cytokine
production in the BALF
Bronchoalveolar lavage fluid was collected as previously

described to analyze cellular components and cytokine

production in the lung.25 Briefly, mice were sacrificed, and

tracheas were immediately lavaged three times via a 20-gauge

catheter with 1 ml of HBSS (free of ionized calcium and

magnesium). Supernatants of the first BALF were collected

for cytokine production assays. Cell numbers in the BALF

were counted using a standard hemocytometer. Differential

cell counts were performed by counting at least 400 cells in

cytocentrifuged preparations (Shandon, Pittsburgh, PA,

USA), stained with Liu’s stain and then differentiating them

by standard morphological criteria. Quantification of IFN-c,
IL-4, IL-5, IL-6, and eotaxin in the BALF was performed by

using commercially ELISA kits (Duoset; R&D, Minneapolis,

MN, USA).

Histopathology
Lungs were excised and immediately fixed with 10% buffered

formalin solution for 2 days at room temperature. Paraffin-

embedded tissue blocks were then cut into 5-lm slices for

routine hematoxylin and eosin (H&E) staining. Airway

infiltration was scored as the frequency of infiltrative airways

by counting the numbers of infiltrative airways and dividing

by the total numbers of airways in each slice.

Statistical analysis
Results are expressed as the mean �standard error of the

mean (SEM). All graphing and statistical analyses were

performed using the Prism graphing program (GraphPad

Software, San Diego, CA, USA). P-values were calculated

using a two-tailed unpaired Mann–Whitney test except

Figure 2E. The survive curve in Figure 2E was evaluated using

log-rank test. Significance levels were set at a P-value of 0�05.

Results

Intramuscular injection of inactivated PR8
influenza virus induced high levels of IgG2a and
expression of TLR7
At first, we determined whether UV-inactivated PR8 influ-

enza virus could induce immune responses in mice and the

best route of inoculation. As shown in Figure 1A, UV-

inactivated PR8 influenza virus could induce anti-PR8 IgG2a

in mice receiving intramuscular, intranasal, and subcutane-

ous inoculation. Of note, mice receiving intramuscular

inoculation of inactivated PR8 influenza virus had the

highest serum levels of anti-PR8 IgG2a. There were no

increased inflammatory cells in lung of mice receiving

intramuscular and subcutaneous inoculation of inactivated

PR8 influenza virus. However, cell numbers in BALF were

significantly increased in mice receiving intranasal injection

(Figure 1B). Previous study showed that the immunogenicity

of the whole inactivated vaccine against influenza is depen-

dent on MyD88-dependent TLR7 signaling.16 We then

detected the TLR7 expression and found that mice intra-

muscularly inoculated with inactivated PR8 virus expressed

high levels of TLR7 (Figure 1C). These results demonstrated

that UV-inactivated PR8 influenza virus was immunogenic

in mice and intramuscular inoculation of virus vaccine

induced the strongest immune response.

Jian et al.
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Inactivated influenza vaccine protected allergic
mice from influenza virus infection
To investigate the efficacy of influenza vaccination on allergic

subjects, allergic mice were inoculated with UV-inactivated

PR8 influenza virus, intranasally challenged with live influ-

enza virus and determined morbidity or mortality of mice.

Allergic mice were mice immunized with OVA/alum once a

week for 4 weeks (Figure 2A) and were confirmed by high

A

B

C

Figure 1. Intramuscular inoculation of inactivated PR8 influenza virus (10

HAU/mouse) induced the highest production of anti-PR8 IgG2a and

upregulated TLR7 expression. (A, B) Mice were inoculated with inactivated

PR8 influenza virus on days 0 and 7 by different routes. (A) Serum anti-

PR8 IgG2a was measured on days 0, 7 and 14 by ELISA. (B) BAL total cells

were counted. i.m., intramuscular; i.n., intranasal; s.c. subcutaneous.

N = 4–5 mice per group. (C) Mice were received intramuscular injection

of PBS or inactivated PR8 influenza virus. After 18 hours, the muscles near

the site of injection were isolated and expression of TLR-7 was detected by

quantitative RT-PCR. Relative mRNA was calculated by normalizing the

values of the TLR7 to that of b-actin. *P < 0�05; ***P < 0�005.

A

B

C

D

E

Figure 2. Inactivated influenza virus vaccine protected allergic mice from

influenza infection. (A) Experimental protocol. Mice were immunized with

OVA/Alum or PBS on days 0, 7, 14, and 21, inoculated with inactivated

PR8 influenza virus or PBS on days 28 and 35, and challenged with live

influenza virus on day 42. (B) Sera were collected on day 27 and OVA-

specific IgE were measured by ELISA. (C) Sera were collected on day 41

and PR8-specific IgG2a were measured by ELISA. (D) Sera were collected

on day 41 and PR8-specific IgG1 were measured by ELISA. (E) Survival of

mice challenged with live influenza virus was measured. Mice were

observed for 20 days after influenza infection. N = 10 mice per group.

*P < 0�05; **P < 0�01; ***P < 0�005.

Influenza vaccination in allergic asthma mice
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production of serum OVA-specific IgE (Figure 2B). Vacci-

nated mice was confirmed by producing high levels of serum

anti-PR8 IgG2a (Figure 2C). Normal and allergic mice

vaccinated with or without inactivated PR8 virus were

challenged with live PR8 virus, and the survival of these mice

was determined. As shown in Figure 2E, normal mice

without vaccination were found dead beginning on day 10

post-live PR8 virus challenge and 50% of mice were dead

20 days post-infection (PBS/PBS group). Allergic mice

without vaccination were found dead beginning on day 7

post-live PR8 virus infection and all dead after 14 days of

infection (OVA/PBS group). In contrast, vaccinated allergic

mice and vaccinated normal mice were all alive and healthy

at least 20 days after live PR8 virus challenge (OVA/vaccine

and PBS/vaccine groups). These results suggested that

allergic mice were more vulnerable to influenza virus

infection than non-allergic mice. Fortunately, vaccination

can protect allergic mice from death of influenza virus

infection. To understand whether a strong OVA/alum

immunized Th2-associated immune response would affect

the Th1/Th2 anti-influenza virus immune response after

vaccination, we measured anti-PR8 IgG2a (Th1 immune

response) and IgG1 (Th2 immune response) of vaccinated

allergic and normal mice. As shown in Figure 2C and D,

serum levels of anti-PR8 IgG2a were not different in

vaccinated allergic and normal mice. Compared to the levels

of anti-PR8 IgG2a, vaccinated mice produced far lower levels

of anti-PR8 IgG1. However, vaccinated allergic mice had a

higher level of anti-PR8 IgG1 than vaccinated normal mice

(OVA/vaccine and PBS/vaccine groups). These results sug-

gested that a strong OVA/alum immunized Th2-associated

immune response enhanced anti-influenza virus Th2-associ-

ated IgG1 production but did not change the Th1-associated

anti-influenza virus IgG2a production.

Inactivated influenza vaccination reduced allergic
IL-4 and IL-6 production in the BALF of allergic
mice
To investigate whether influenza vaccination affect allergic

immune responses, we analyzed asthma features of vacci-

nated allergic mice and compared with that of PBS-injected

allergic mice. OVA-immunized mice were inoculated with

inactivated influenza vaccine. Seven days after last vaccine

inoculation, mice were challenged with intranasal OVA and

their asthma features were measured (Figure 3A). Serum

levels of OVA-specific IgE in vaccinated mice were slightly

A

B C

D E

Figure 3. Inactivated influenza vaccination did not change serum levels of anti-OVA IgE, airway hyper-reactivity, and inflammatory cell infiltration of

allergic asthma mice. (A) Experimental protocol. Mice were immunized with OVA/Alum on days 0, 7, 14, and 21, inoculated with inactivated PR8

influenza virus or PBS on days 28 and 35, and then challenged with intranasally OVA on days 42 and 43. Mice were euthanized on day 44. (B) Serum levels

of anti-OVA IgE were measured by ELISA. (C) Airway function was measured by lung resistance (RL). (D) BAL total cell numbers and (E) the absolute

numbers of macrophages (MΦ), neutrophils (Neu), eosinophils (Eos), and lymphocytes (Lym) were obtained by counting cells on a cytocentrifuged

preparation. The absolute numbers were calculated by multiplying the respective frequencies by the absolute number of BAL cells. N = 9 mice per group.
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lower than non-vaccinated mice but not significant

(Figure 3B). There were no differences in the airway hyper-

responsiveness and airway inflammation in vaccinated aller-

gic mice and control mice (Figure 3C–E). However,

decreased frequency of airways infiltrated with immune cells

was observed in vaccinated allergic mice (Figure 4A and B).

BALF cytokines IL-4 and IL-6 production were significantly

decreased in vaccinated allergic mice compared to control

mice while no difference in IL-5 and eotaxin production

between two groups were observed (Figure 5A–D). In

addition, IFN-c production in vaccinated allergic mice was

as low as PBS-injected allergic mice (Figure 5E).

Discussion

In this study, we determined the efficacy and effects of

inactivated influenza virus vaccine on an OVA-immunized

mouse model of allergic asthma. Our results demonstrated

that mice inoculated with inactivated influenza virus vaccine

induced high levels of anti-PR8 IgG2a and upregulation of

TLR7. Vaccinated allergic mice were healthy while non-

vaccinated allergic mice were all dead after subsequent

influenza virus challenge. Inactivated influenza virus vaccine

neither induced airway inflammation nor changed asthma

features such as IgE, airway hyper-responsiveness, and

eosinophilia in allergic mice. Of note, decreased frequency

of airways infiltrated with immune cells was observed in

vaccinated allergic mice. Th2 cytokines IL-4 and IL-6

production in the BALF of allergic mice inoculated with

inactivated influenza virus was decreased. These results

suggested that UV-inactivated influenza virus vaccine is

efficient in protecting allergic mice from influenza infection,

and it does not exacerbate but reduce some features of

allergic asthma.

A growing number of epidemiologic studies have shown

that certain respiratory viral infections such as respiratory

syncytial virus, rhinovirus, and influenza virus are associated

with increased atopy to common allergens and an overall

A

B

Figure 4. Inactivated influenza vaccination reduced the frequency of infiltrative airways of allergic asthma mice. Mice were immunized with OVA/Alum,

inoculated with inactivated PR8 influenza virus or PBS, and challenged with intranasally OVA. Mice were euthanized on day 44 as shown in Figure 3A. (A)

Representative H&E stain of lung tissue. (B) The percentages of infiltrative airways in mice. N = 9 mice per group. *P < 0�05.

A

D E

B C

Figure 5. Inactivated influenza vaccination reduced IL-4 and IL-6 in the BALF of allergic asthma mice. Mice were immunized with OVA/Alum, inoculated

with inactivated PR8 influenza virus or PBS, and challenged with intranasally OVA. Mice were euthanized on day 44 as shown in Figure 3A. BALF cytokines

(A) IL-4, (B) IL-5, (C) IL-6, (D) eotaxin, and (E) IFN-cwere determined by ELISA. N = 9 mice per group. **P < 0�01; ***P < 0�005.
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increased risk of asthma.7–9,17,20,21,23 In the recent study on

H1N1 influenza virus, Kloepfer et al.4 reported that

increased susceptibility to H1N1 infection and greater

hospitalization rates for those with asthma were observed

and that H1N1 accounted for 23% of episodes of loss of

asthma control during the peak viral season. Previous studies

demonstrated that respiratory viral Th1 responses did not

down regulate Th2 immune response but can positively

regulate Th2 responses and exacerbate allergic Th2-type

diseases.7,9,17 Moreover, respiratory viral infection in atopic

patients initiates an atopy-dependent cascade that amplifies

and sustains airway inflammation and then drives cumula-

tive airway tissue damage.8,23 Here, our study showed that

allergic mice were more vulnerable to influenza infection like

allergic patients, while vaccination can protect them from

infection. A survey study in pediatric patients shows that

influenza vaccination is associated with fewer asthma exac-

erbations. After controlling for several potential confounding

variables, administration of influenza vaccine is associated

with a protective effect against indicators of asthma exacer-

bations.5 Hence, these findings reinforce the influenza

vaccination is essential and efficient for allergic subjects to

prevent further infection.

Chirkova et al.’s31 study shows that intranasal adminis-

tration with live attenuated influenza vaccine during the

remission phase of bronchial asthma did not enhance allergic

inflammatory changes in the lung, OVA-specific IgE, and IL-

4 production by spleen lymphocytes. In addition, after

additional OVA exposure, histological and immunological

changes in these mice were the same as in the control group.

Using intranasal instillation of inactivated influenza virus

before allergen sensitization, Minne et al.32 show that

vaccination significantly reduced the serum levels of total

and OVA-specific IgE as well as allergen induced airway

hyper-reactivity. Moreover, only slight and short-term local

inflammatory responses are shown in intranasal instillation

of inactivated influenza virus, whereas immunogenic efficacy

of vaccine is still maintained.33 These results, coupled with

our data herein, suggest that influenza vaccination is safe and

does not exacerbate but reduce when encountering sub-

sequent contact of asthma sufferers with allergen.

While Th2 cells promote airway inflammation in asthma,

it has been proposed that Th1 cells, which secrete IFN-c,
protect against allergic disease by dampening the activity of

Th2 effector cells, which secrete IL-4, IL-5 and IL-6. The

immune balance controlled by Th1 and Th2 is crucial for

immunoregulation, and its imbalance causes various

immune diseases including allergic asthma.2,34 In this study,

we found BALF Th2 cytokines IL-4 and IL-6 were signifi-

cantly decreased in vaccinated allergic mice. However, no

increased production of IFN-c was observed. In addition, we

found a strong OVA/alum immunized Th2-associated

immune response did affect following immune responses

against influenza virus to produce more IgG1. However, the

increased anti-PR8 IgG1 neither enhance allergic immune

response nor reduce the efficacy of vaccination. Hence, the

decreased IL-4 in vaccinated allergic mice was not due to the

counter balance by Th1 cytokine. IL-4, which induces

differentiation of Th2 cell and class switching of B cell, plays

an important role in allergic asthma.1 IL-6, a proinflamma-

tory cytokine, prevents Th1 differentiation by upregulating

suppressor of cytokine signaling 1 (SOCS1) expression in

activated CD4+ T cells, thereby interfering with signal

transducer and activator of transcription 1 (STAT1) phos-

phorylation induced by IFN-c35 In addition, IL-6 induces

the production of IL-4 in activated CD4+ T cells, which

promotes the differentiation of these cells into effector Th2

cells;36 these observations suggest that decrease in both IL-4

and IL-6 in vaccinated mice in this study may be due to the

decrease in IL-6 which then leads to the decrease of IL-4.

Many pathogens, including bacteria and viruses, have been

shown to be recognized by Toll-like receptors (TLRs) of

innate immune cells. Influenza virus is recognized by

TLR7.11,12 In this study, we found that high levels of TLR7

expression in mice inoculated with inactivated PR8 virus.

This is consistent with previous study that the immunoge-

nicity of the whole inactivated vaccine against influenza is

dependent on MyD88-dependent TLR7 signaling.16 In

addition, administration of TLR7 agonists reduces serum

IgE, IL-4, airway hyper-reactivity, and airway inflammation

in murine models of allergic airway disease.37–40 These

protective effects of TLR7 agonists in allergic asthma are

mediated through type I interferons,37 IL-12 and IL-10,40 or

TGF-b.39 Taken together, inactivated influenza virus vacci-

nation induces the expression of TLR7, which then reduces

IL-4 in allergic asthma.

In summary, our findings clearly indicate that vaccination

with inactivated influenza virus can protect allergic mice

from influenza infection. In contrast to exacerbation, influ-

enza vaccination seems to downregulate the allergic airway

inflammatory responses maybe through TLR7 signaling.
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