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마우스모델에서 흡연이 인플루엔자 감염증과 백신 반응에 미치는
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Effect of Smoking on Influenza Illness and Vaccineinduced Immune Response in Mice
Background: Since cigarette smoking is an important risk factor for respiratory
infections and alters the immune response, the severity of influenza illness and the
immunogenicity of influenza vaccination may differ between cigarette smokers and
non-smokers. This study investigated the effect of cigarette smoke exposure on the
severity of influenza illness and vaccine-induced antibody production in mice.
Materials and Methods: Cigarette smoke exposed (CE) and non-cigarette smoke
exposed (NCE) mice were infected with mouse-adapted influenza A/PR8/8/34
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(H1N1). Influenza virus was quantified in bronchoalveolar lavage fluid by real-time
polymerase chain reaction and the lung pathology was examined to investigate the
influence of smoke exposure on the severity of illness. To assess immunogenicity,
hemagglutination inhibition antibodies were measured in pre- and post-influenza
vaccination blood samples from CE and NCE mice.
Results: Influenza viral proliferation was higher and inflammatory changes such as
macrophage infiltration in the alveolar space and necrotizing bronchitis were more
pronounced in CE mice, compared with controls. Vaccine-induced immunogenicity
was achieved in both CE and NCE mice.
Conclusions: Cigarette smoke exposure enhanced influenza viral replication and the
inflammatory changes associated with influenza illness, but had no significant effect
on vaccine-induced immunogenicity.
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Introducion
The influenza virus causes seasonal epidemics and pandemics through
continuous antigenic changes [1]. In particular, influenza causes serious
morbidity and mortality in the elderly and those with chronic medical illnesses
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[2]. Cigarette smoking is a well-known risk factor for cancer, cardiovascular
disease, and chronic obstructive pulmonary disease, and has been linked to a
range of respiratory tract and other systemic infections [3]. Cigarette smoking
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also affects the immune response by altering structural and

day 24, or to influenza vaccination on days 14 and 28, followed by

immunologic defenses [4].

hemagglutination inhibition (HI) testing on day 42 (five CE and

For these reasons, both the severity of influenza illness

five NCE mice). Details of each treatment are given below.

and the immunogenicity of influenza vaccination in cigarette
smokers might be different from non-smokers. However, studies

3. Smoke exposure protocol

evaluating the effect of cigarette smoking on influenza have

In a plexiglas chamber designed for cigarette smoke exposure,

yielded inconsistent results [5-7]. Given that cigarette smoking

ten mice were daily exposed to the fume of smoke coming out

exacerbates influenza-related morbidity [3] influenza vaccination

of five cigarettes; five mice inoculated with influenza virus were

for smokers might be an efficient preventive strategy. This study

exposed to the smoke for 21 days and the remaining five mice

investigated the effect of cigarette smoke exposure on the severity

vaccinated against influenza were exposed for 42 days. Mice

of influenza illness and vaccine-induced antibody production in

were placed in the cabinet for 25-30 minutes per day, which was

mice.

the duration of smoke exposure, and then returned to their usual
cage.

Materials and Methods

4. Influenza virus inoculation

1. Animals

the CE group, together with five NCE controls, were anesthetized

After 21 days of cigarette smoke exposure, five of ten mice in
Female BALB/c mice aged 4-6 weeks were obtained from

with isoflurane and inoculated intranasally with 108-109 pfu/mL of

Orient Bio NHP Inc. (Sungnam, Korea). The experiments

the mouse-adapted influenza virus strain was kindly presented

described in this paper were conducted in accordance with Inha

by Chang-Seun Song, Avian Disease Laboratory, College of

University guidelines on animal use and care. Mice were housed

Veterinary Medicine, Konkuk University.

at 23℃ (±3℃) with humidity of 50% (±10%), a 12-hour light-dark
cycle, a noise level of 40-50 phon, and unlimited access to food
and water.

5. Lung histology and bronchoalveolar lavage
Three days after influenza virus inoculation (day 24), mice
were sacrificed and processed for histopathology and BAL as

2. Overview of treatment

described previously [8]. Left lung lobes were fixed with 10%

Twenty mice were assigned to cigarette smoke exposed (CE,

neutral buffered formalin and stained with hematoxylin and eosin

n=10) group or a non-cigarette smoke exposed (NCE; n=10)

(H&E) for histopathologic examination using an Olympus BX51

control group (Fig. 1). Within each group, mice were allocated to

research microscope (Olympus, Tokyo, Japan) and ProgRes C14

influenza virus challenge on day 21, followed by bronchoalveolar

camera (Jenoptik, Jena, Germany). Two left lung lobes from each

lavage (BAL) and histopathology (five CE and five NCE mice) on

group were used for microarray analysis (data not shown), thus
six lungs were available for histopathologic evaluation. Right lung
lobes were lavaged and after centrifuging, the BAL supernatant
was used for measuring the influenza virus titer.
6. Influenza virus titration
Influenza virus titers in BAL fluid were assayed using real-time
polymerase chain reaction (PCR) [9]. mRNA and cDNA were
isolated using the QIAamp Viral RNA Mini Kit (Qiagen, Hilden,
Germany) and the Omniscript RT Kit (Qiagen, Hilden, Germany),
respectively. The primers for PCR amplification were designed for
the influenza virus M protein: forward, CAT GGA ATG GAT AAA
GAC AGA CC; reverse, CCA TT TAG GGC ATT TTG GAC A.
7. Influenza vaccination

Figure 1. Treatment allocation.

After 2 weeks of cigarette smoke exposure (day 14), five mice
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each from the CE and NCE groups were vaccinated with 100 µL

the second vaccine dose (day 42), and stored at -20°C. HI testing

of purified split vaccine (A/Fujian/411/2002 (H3N2)-like, A/

was performed using a standard microtiter assay as described

New Caledonia/20/99 (H1N1)-like, B/Shanghai/361/2002-like)

previously [10]. The geometric mean titer (GMT) was determined

intramuscularly into the thigh muscle. A second dose of vaccine

in pre- and post-vaccination samples. The seroconversion factor

was administered on day 28. Smoke exposure was maintained for

was defined as the ratio of the post-vaccination GMT to the pre-

2 more weeks in the CE group.

vaccination GMT.

8. Antibody response

9. Statistical analysis

Serum was collected prior to the vaccination and 2 weeks after

Statistical analyses were performed using SPSS version 11.0
(SPSS Inc., Chicago, USA). The Mann-Whitney U test was used for
between-group comparisons (CE vs. NCE) of viral titers in BAL
fluid, HI titers following vaccination, and body weight change
after influenza viral challenge. A P-value less than 0.05 was
considered statistically significant.

Results
1. Body weight change
The mean body weight at baseline was similar in mice allocated
to CE group and NCE group (18.7-19.0 g), but CE mice showed a
less weight increase over the following 3 weeks: mean increase
Figure 2. Mean body weight before and after influenza virus challenge in
cigarette smoke exposed and non-cigarette smoke exposed mice.

of 20.2% compared with 37.0% in NCE controls (Fig. 2). Prior
to influenza virus inoculation on day 21, CE mice had a lower

Table 1. Pathologic findings in Lung Tissues after Influenza Virus Infection in
Cigarette Smoke-exposed and Non-cigarette Smoke Exposed Mice

mean body weight than NCE mice (22.9 g vs. 25.7 g), probably

NCE mice
CE mice
#1 #2 #3 #1 #2 #3
Inflammatory changes ≥ 1/3 of total lung area
–
–
–
+
+
+
Pigment-laden macrophages in alveolar spaces
–
–
–
+
+
+
Necrotizing bronchitis
+
+
+
+
+
+
Disordered bronchial epithelial proliferation
–
–
–
+
+
+
Mild cytologic atypiaa
+
–
–
+
+
+
a
Mild cytologic atypia was defined as slight nuclear enlargement with hyperchromasia,
vesicular chromatin pattern and prominent nucleoli.
NCE, non-cigarette smoke exposed; CE, cigarette smoke exposed; +, present; –, absent.

growth (Fig. 2). Following successful influenza virus inoculation,

reflecting an inhibitory effect of cigarette smoke exposure on
a similar reduction in body weight was observed in both CE and
NCE mice. The mean body weight loss at 3 days after influenza
virus infection (day 24) was 3.52±0.19 g (15.4%) and 3.75±0.44 g
(14.6%) in CE and NCE mice, respectively (P=0.754).
2. Influenza virus titer in BAL fluid and lung pathology
The mean influenza virus titer in BAL fluid was significantly

Figure 3. A representative lung histology following influenza virus infection after cigarette smoke exposure.
(A) Necrotizing bronchitis has occurred after cigarette smoke exposure (H&E, ×200). (B) Neutrophils and
lymphocytes are seen in the peribronchial area and alveolar spaces (H&E, ×200).
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Discussion
Seroconversion factor

Cigarette smoking appears to increase both the risk of infection
and the severity of infectious diseases. However, the effect of
smoking on infectious diseases has received little attention from
physicians, and the precise mechanisms underlying these effects
are not fully understood [2]. The objective of this study was to
investigate the influence of cigarette smoking on the severity
of influenza illness and the immune response to influenza
vaccination in mice.
Several studies have suggested that smokers are vulnerable to
influenza. Finklea et al. reported that cough, sputum, dyspnea,
Vaccine strain

Figure 4. Seroconversion factors following influenza vaccination in cigarette
smoke exposed and non-cigarette smoke exposed mice.
Table 2. Pre- and Post-influenza Vaccine Mean Antibody Titers in Cigarette
Smoke Exposed and Non-cigarette Smoke Exposed Mice
NCE mice
CE mice
Pre-vaccination Post-vaccination Pre-vaccination Post-vaccination
A/H1N1
10
88.8±1.6
10
60.6±1.5
A/H3N2
10
183.8±1.5
10
121.3±2.5
B
10
91.9±1.8
10
60.6±1.5
Values are GMT±SD.
GMT, geometric mean titer; NCE, non-cigarette smoke exposed; CE, cigarette smoke
exposed.
Vaccine
strain

higher in CE mice than in NCE mice (6.7×105 vs. 3.1×107 cfu/mL)
(P=0.009). Influenza-infected lungs from CE mice showed more
pronounced alveolar inflammation, pigment-laden macrophage
infiltration in alveolar spaces, atypical cytology, and disordered
epithelial proliferation than NCE mice (Fig. 3 and Table 1), but
there were no emphysematous structural changes of the airways
in either group.
3. Antibody response to influenza vaccination
Mean HI antibody titers were >1:60 regardless of cigarette
smoke exposure (Table 2). The mean antibody titers were lower
in CE mice than in NCE mice, but these differences were not
statistically significant (A/H1N1, P=0.445; A/H3N2, P=0.121; B,

P=0.212). The seroconversion factor for all three vaccine strains
exceeded 5.0 in both CE and NCE mice, although degree of
elevation of seroconversion factors were not significant in the NCE
group compared with that of the CE group (A/H1N1, P=0.445; A/
H3N2,P=0.121; B,P=0.212) (Fig. 4).

and other respiratory symptoms caused by influenza were more
frequent and more severe in cigarette smokers than in nonsmokers [5]. Among young men in the Israeli military, influenza
was also more common and more severe in smokers; 50.6% of
smokers lost work days, as compared with 30.1% of non-smokers
[11]. Similarly, in female military recruits, the risk of influenza
illness was greater in smokers than in non-smokers (60.0% vs.
41.6%) [12]. Thus, cigarette smoking itself should be considered a
risk factor for influenza illness.
The effects of cigarette smoking are due to a combination of
alterations in the structure of the respiratory tract and immu
nologic mechanisms [3]. These structural changes, which include
peribronchial inflammation and fibrosis, impaired mucociliary
clearance, and disruption of the respiratory epithelium are
thought to increase vulnerability to respiratory tract infections
and exacerbate inflammation [13]. Leuchtenberger et al. found
that influenza-induced inflammatory changes of the respiratory
tract, such as necrotizing bronchitis and atypical proliferation,
were worsened in mice exposed to cigarette smoke [14]. In our
study, CE mice showed more severe inflammatory changes of the
lung and greater influenza viral proliferation following influenza
infection, compared with NCE mice. No emphysematous mor
phologic changes were observed in either group. However, these
mice were exposed to the smoke from 5 cigarettes daily for a
total of 3 weeks, which is equivalent to subacute exposure and
may have been insufficient to initiate emphysematous structural
changes. Nonetheless, the greater severity of histologic findings
in smoke-exposed mice suggests that smoking may induce an
aggravated inflammatory response prior to the development of
morphologic changes of the respiratory tract. The molecular and
cellular changes that occur before the emergence of clinically
apparent symptoms remain to be elucidated [15].
Despite the association between cigarette smoking and
inflammatory changes of the respiratory tract, smokers have a
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lower incidence of certain diseases with an inflammatory com

include an HI antibody titer of ≥1:40 and a seroconversion factor

ponent, including ulcerative colitis, sarcoidosis, and Parkinson’

exceeding 2.5 [25]. In our study, immune responses above 5.0

s disease [16]. This may be due to the anti-inflammatory effects

were achieved following influenza vaccination regardless of

of nicotine, a major component of cigarette smoke. In a study

smoke exposure, although the observed trend towards lower

evaluating the effects of nicotine on the inflammatory response

antibody titers in smoke-exposed mice suggests that exposure

to influenza infection in mice, Razani-Boroujerdi et al. found that

to cigarette smoke may have reduced the immunogenicity of the

nicotine suppressed the migration of leukocytes to the region

vaccine.

of inflammation, but increased the influenza viral burden in

In this study, CE mice infected with the influenza virus showed

the lung [17]. However, cigarette smoke contains thousands of

signs of aggravated influenza illness (as demonstrated by

constituents in addition to nicotine, including strong inflammatory

increased body weight loss, inflammatory histologic changes,

inducers such as tar. Our study found that both inflammatory

and virus proliferation compared with NCE mice), but smoke

changes and the influenza virus titer in the lung were increased

exposure had no significant effect on the immune response to

in mice exposed to cigarette smoke. Similarly, Gualano et al.

influenza vaccination. Further epidemiologic and immunologic

hypothesized that short-term smoke exposure would protect

studies in human populations are needed to evaluate the

against subsequent influenza infection via activation of pro-

effectiveness of influenza vaccination for preventing influenza-

inflammatory mediators, but instead found that even short-term

associated morbidity in smokers.

exposure (4 days) exacerbated the host response to influenza
[18]. The effect of smoke exposure on the immune response to
influenza may also depend on the infectious dose. Robbins et
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