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Introduction
Cigarette smoke (CS) consists of mainstream smoke, sidestream 

smoke, growing smoke, diffusion smoke, effusion smoke, smoldering 
smoke and blowing smoke, which are exhaled by a smoker [1,2]. CS, 
except for mainstream smoke, is called environmental tobacco smoke 
(ETS) [2]. Approximately 6,000 different chemicals are found in CS, 
and 200 of these are considered as toxic substances [3]. CS has a gas 
phase and a particle phase. Carbon monoxide and ammonia are part 
of the gas phase. The particle phase includes nicotine and benzopyrene. 
CS includes many kinds of carcinogen and cancer promoters [2,4]. 
Cigarette smoking, a major risk factor for development of cancer, has 
also been associated with an increased incidence of infections, chronic 
pulmonary obstructive disease (COPD), asthma and bronchitis [5,6]. 

The gas exchange area of the lung consists of alveoli where alveolar 
macrophages play an important role in lung immunity [7]. Functions 
of AM are mainly phagocytosis; production of cytokines, enzymes 
and reactive oxygen intermediates; and antigen presentation [8,9]. 
When CS reaches the alveoli, it is recognized and incorporated by AM 
as a foreign substance. Therefore, CS may affect AM functions and a 
number of immune responses.

Various studies concerning the effect of the immune system by 
cigarette smoking have been reported from the 1970's. There are 
reports that the number of leukocytes are increased in smokers as well 
as in humans and mice [10]. AM have reduced phagocytosis, antigen 
presentation, and production of inflammatory cytokines [4,5,9]. In 
addition, there are reports that proliferation of spleen lymphocytes 
and antibody production are reduced by cigarette smoking [11,12]. 

However, there is no consensus on the effect of CS on the immune 
function.

In previous studies, we demonstrated that the cigarette smoking 
induces functional changes in AM [13-17]. However, the mechanism 
of immune suppression associated with AM by CS is not clearly 
understood. Therefore, we investigated the effects of CS on antibody 
production, phagocytosis, surface antigen expression and mRNA 
expression associated with immune function of AM.

Materials and methods
Animals

C57BL/6 female mice were purchased from Japan SLC, Inc. 
(Shizuoka, Japan). The mice were housed in transparent plastic 
cages with stainless wire lids in the animal facility of Kyoto Sangyo 
University (Kyoto, Japan) under standard conditions, with a dark 
period from 8 pm to 8 am, and water and food were provided ad 
libitum. All mice were between 8 to 10 weeks of age. This study was 
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approved by the committee for animal use and care at Kyoto Sangyo 
University.

Cigarette smoke (CS) exposure

Mice in the CS group were exposed to main stream smoke from 
20 filter-tipped cigarettes (Reference Cigarette CORESTA APPROVED 
MONITOR No.5) per day during 10 days using a Hamburg II smoking 
machine (Leybold- Heraeus, Hamburg, Germany). CS was diluted with 
air at a ratio of 7:3, and the puff volume was 35ml/2sec/1puff. Mice in 
the non-CS group were treated under identical conditions as the CS 
group, except for the CS exposure.

Broncho-alveolar lavage (BAL)
After the last CS exposure, mice were sacrificed under anesthesia. 

AM were obtained by BAL. Briefly; the lung was washed five times with 
1 ml phosphate-buffered saline (PBS). The recovered BAL fluids (BALF) 
were pooled. BAL cells were centrifuged at 185 × g for 10 minutes. The 
cell pellet was resuspended in 0.5 ml of culture medium [RPMI 1640 
(Nacalaitesque, Kyoto, Japan) containing 10% fetal calf serum (FCS, 
Hyclone Laboratories, UT, USA), 100 U/ml penicillin (Meiji Seika, 
Tokyo, Japan) and 100μg/ml streptomycin (Meiji Seika)]. A volume of 
10μl of the cell suspension was mixed with 10μl of 0.2% trypan blue to 
determine total cell number and viability. The purity and viability of 
AM were more than 98% and 95%, respectively.

Plaque-forming cell (PFC) assay for antibody production

To measure antibody production, CS and non-CS exposed mice 
were injected intravenously with sheep red blood cells (SRBC, 108 cells/
mouse) as antigen for 4 days after which spleens from the mice were 
pressed through a stainless mesh in a plastic dish. Spleen cells in the 
plastic dish were washed with RPMI 1640, counted and suspended 
with culture medium. The PFC was determined with the method of 
Cunningham and Szenberg [18]. Briefly, spleen cell suspensions were 
mixed with 5% SRBC and 2.5% of guinea pig serum and adjusted to 
a final volume of 500 μl with culture medium. The cell suspension, 
from each mouse was injected into a Cunningham chamber that was 
sealed with paraffin wax and incubated at 37°C for 1 hour. Plaques were 
counted under a microscope, and the data was expressed as numbers of 
PFC/106 spleen cells. To measure the number of PFC at the induction 
phase of antibody production, mice were injected with SRBC (106 cells/
mouse) and AM (105 cells/mouse) at the same time. After 4 days of 
injection, antibody production was measured by PFC assay. To measure 
the number of PFC during the expression phase of antibody production, 
AM (2 × 105 cells/ml) were mixed with spleen cell suspensions and PFC 
assay was performed.

Preparations of water-soluble cigarette extract (WSCE) or 
water soluble cigarette smoke (WSCS)

For preparation of WSCE, dried leaf collected from 10 Cigarettes 
was extracted by water at 105°C for 1 h. The water-soluble extract 
was centrifuged at 3000 rpm for 30 min and was sterilized by 0.22μm 
filtration. For preparation of WSCS, CS generated from 20 cigarettes was 
bubbled through in water. The water-soluble extract was centrifuged at 
3000 rpm for 30 min and was sterilized by 0.22μm filtration.

B cell proliferation

B cell proliferation was analyzed by 3H-thymidine (NEF Life 
Science Products, MA, USA) incorporation. 5 × 105 spleen cells from 
normal mice were cultured in a final volume of 200μl with 10μg/ml 
lipopolysaccharide (LPS, E.coli, O127:B8, Nacalaitesque, Kyoto, Japan) 

and various concentrations of WSCE or WSCS in 96-well flat-bottom 
culture plate (Becton Dickinson, MA, US). The cultures were incubated 
at 37°C under the presence of 5% CO2. After 24h cultured, they were 
pulsed with 18.5kBq of 3H-Thymidine for 24 h before harvesting. The 
cells were harvested onto filter paper, and radioactivity of incorporated 
3H-thymidine was measured using liquid scintillation counter (Global 
Medical Instrumentation, MN, USA).

Surface antigens expression

AM were resuspended in Fluorescence Activated Cell Sorter (FACS) 
buffer (PBS containing 100μg/ml CaCl2/MgCl2, 0.01% sodium azide and 
1% FCS), and stained with 0.5 μg of fluorescein isothiocyanate (FITC) 
or phycoerithrin (PE)-conjugated monoclonal antibodies (mAb) at 
4°C for 45 minutes. FITC-conjugated anti-CD80, anti-CD11b, anti-
CD16/32 and PE-conjugated anti-Class II mAb were obtained from BD. 
Bioscience. After incubation, AM were washed two times with FACS 
buffer and then resuspended in 300 μl of FACS buffer. Ten thousand 
cells were acquired and gated appropriately using forward and side 
scatter plots. Surface antigens-positive cells were analyzed using FACS 
Calibur (Becton Dickinson, CA, USA). 

Phagocytic activity

AM (105 cells/100 μl) were mixed with FITC-labeled SRBC (106 
cells/100 μl) and cultured at 37°C under the presence of 5% CO2 for 2 
hours. FITC-labeled SRBC were then hemolyzed by hypotonic lysis, and 
AM were centrifuged at 185 × g for 10 minutes and was resuspended 
in 300 μl of FACS buffer. Five thousands cells were acquired and gated 
appropriately using forward and side scatter plots. Phagocytic cells were 
analyzed using FACS Calibur. 

Cytokine and NF-κB mRNA expression

Aliquots of AM, obtained by BAL (105 cells/100 μl/well), were 
cultured with or without LPS or Zymosan (final concentration 10 μg/
ml) in 96-well flat bottom culture plates at 37°C under the presence 
of 5% CO2. After 24hours of culture, total RNA was isolated by the 
method of acid guanidinium thiocyanate-phenol-chloroform. Total 
RNA was transcribed to cDNA with MLV reverse transcriptase 
(Invitrogen, Carlsbad USA). Oligonucleotide primers were used from 
published cDNA sequences of IL-1β (250bp), TNF-α (253bp), NF-κB 
(283bp) and β-actin (268bp), which acted as a house-keeping gene. 
PCR was performed for 28 cycles against β-actin, 30 cycles against 
IL-1β and 32 cycles against TNF-α and NF-κB using the following 
primer pairs: β-actin sense (5’-GCATTGTTACCAACTGGGAC-3’) 
and β-actin antisense (5’-TCTCCGGAGTCCATCACAAT-3’); 
IL-1β sense (5’-AGCTACCTGTGTCTTTCCCG-3’) and IL-1β 
antisense (5’-GTCGTTGCTTGGTTCTCCTT-3’); TNF-α sense 
(5´-AGTGGTGCCAGCCGATGGGTTGT-3´) and TNF-α anti-
sense (5´-GCTGAGTTGGTCCCCCTTCTCCAG-3´); NF-κB sense 
(5´-CTCCCTACGGTGGGATTACA-3´) and NF-κB anti-sense 
(5´-AGCTGCAGAGCCTTCTCAAG-3´). The amplification profile 
consisted of denaturation at 94°C for 30 seconds, primer annealing at 
56°C for 30 seconds, and extension at 72°C for 30 seconds. PCR products 
were visualized using ethidium bromide after 8% polyacrylamide gel 
electrophoresis. Cytokine and NF-κB mRNA expression was quantified 
by Scion imaging.

Statistical analysis

All values were expressed as mean ± standard deviation (S.D.). 
Statistical significance was assessed using Student’s t test. Any p-value 
less than 0.05 was considered significant.
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Results
CS increase AM number and size in BALF

The number of AM was significantly (p<0.001) increased in CS-
exposed mice (2.58 ± 0.95×105 cells/mouse) compared with non-CS 
exposed mice (1.25 ± 0.39×105 cells/mouse) (Figure 1). Both FSC and 
SSC values were increased in CS exposed mice compared with non-CS 
exposed mice. These results show that the size of AM became big and 
the internal cell structures were caused to complex.

CS decreases PFC number at the induction phase of antibody 
production

To investigate whether CS affects antibody production, spleen 

cells from CS exposed mice and non-CS exposed mice immunized 
with SRBC were measured by PFC assay. The number of PFC was 
significantly (p<0.01) decreased in CS exposed mice (1103 ± 359/106 
spleen cells) compared with non-CS exposed mice (1660 ± 273/106 
spleen cells) (Figure 2a). Since antibody production has been reported 
to be inhibited by CS, we investigated the effect of CS exposure on AM at 
induction and expression phases of antibody production. The number 
of PFC at the induction phase was significantly (p<0.01) decreased in 
CS exposed mice (211 ± 86/106 spleen cells) compared with non-CS 
exposed mice (387 ± 75/106 spleen cells) (Figure 2b). However, the 
number of PFC at the expression phase was not different between CS 
exposed mice (1883 ± 520/106 spleen cells) and non-CS exposed mice 
(1800 ± 473/106 spleen cells) (Figure 2c).

Figure 1.  Effects of CS on the number and Dot plot of AM in BALF. After CS exposure, mice were sacrificed. AM was obtained from brocho-alveolar lavage fluid (BALF). Total number 
and viability of AM were determined by trypan blue dye exclusion test. Dot plots of AM were analyzed by FACS. NSM: Non-smoke exposed mice, SM: Smoke exposed mice. a) mean ± 
S.D. Statistical significance was assessed using Student’s t test. ***p<0.001 compared with NSM

Figure 2.  Effects of CS on antibody production. Antibody production was assayed by PFC assay.  a) PFC assay was performed on day 4 after immunization with SRBC antigen. b) Induction 
phase; mice were injected with SRBC (106 cells/mouse) and AM (105 cells/mouse) at the same time. After 4 days injection, antibody production was assayed by PFC assay. c) Expression 
phase; AM (2 × 105 cells/ml) were mixed with spleen cell suspensions and PFC assay were performed. NSM: Non-smoke exposed mice, SM: Smoke exposed mice. **p<0.01 compared 
with NSM
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WSCE or WSCS decreases B cell proliferation

Because CS did not affect mature B cells at the expression phase of 
antibody production, we investigated the effect of WSCE or WSCS on 
immature B cell proliferation stimulated with LPS. We found that B cell 
proliferation was decreased in a dose dependent manner with WSCE or 
WSCS treatment (Figure 3).

CS decreases expression of surface antigens

Since CS inhibited antibody production, we next investigated the 
effect of CS on the expression of surface antigens associated with antigen 
presentation. The percentage of Class II or B7.1 antigens positive cells 
was significantly (p<0.001) decreased in CS exposed mice (31.35 ± 3.63 
and 52.22 ± 7.42, respectively) compared with non-CS exposed mice 
(53.28 ± 4.98 and 85.63 ± 2.68, respectively) (Figure 4).

CS decreases phagocytic activity of AM

Since CS affected the induction phase of antibody production and 
decreased the expression of surface antigens associated with antigen 
presentation, we decided to investigate how CS affected the phagocytic 
activity of AM for antigen. The percentage of phagocytic activity of AM 
was significantly (p<0.001) decreased in CS exposed mice (20.86 ± 4.75) 
compared with non-CS exposed mice (40.35 ± 4.85) (Figure 5). Surface 
antigens associated with phagocytosis on AM were also studied. The 

percentage of CD11b antigen positive cells was significantly (p<0.001) 
decreased in CS exposed mice (20.53 ± 3.21) compared with non-CS 
exposed mice (57.53 ± 14.95) (Figure 5d). However, the percentage of 
CD16/32 antigen positive cells was not different between CS exposed 
mice (81.79 ± 6.87) and non-CS exposed mice (91.23 ± 7.17) (Figure 
5d).

CS decreases expression of cytokine and NF-κB mRNA

To determine whether CS affects the mRNA expression of 
cytokines associated with lymphocyte and macrophage activation, IL-
1β and TNF-α mRNA was analyzed by RT-PCR. With LPS stimulation, 
the ratio of IL-1β mRNA expression (IL-1β/β-actin) in AM was 
significantly (p<0.001) decreased in CS exposed mice (0.36 ± 0.09) 
compared with non-CS exposed mice (0.66 ± 0.12) (Figure 6a). In 
Zymosan stimulation, the ratio of TNF-α mRNA expression (TNF-α/β-
actin) in AM was also significantly (p<0.05) decreased in CS exposed 
mice (1.25 ± 0.56) compared with non-CS exposed mice (2.14 ± 0.62) 
(Figure 6b).

Since both IL-1β and TNF-α mRNA was decreased in AM following 
CS exposure, we investigated the expression of NF-κB mRNA, which 
is associated with cytokine gene activation. In Zymosan stimulation, 
the ratio of NF-κB mRNA expression (NF-κB/β-actin) in AM was 
significantly (p<0.001) decreased in CS exposed mice (0.50 ± 0.15) 
compared with non-CS exposed mice (1.07 ± 0.19) (Figure 6c).

Figure 3.  Effects of WSCE and WSCS on B cell proliferation. Spleen cells were co-cultured with LPS (10 μg/ml) and WSTE or WSTS. After 24 hours of culture, cell proliferation was 
analyzed by 3H-thymidine incorporation. **p<0.01, ***p<0.001 compared with control

Figure 4.  Effects of CS on expressions of surface antigens. Expressions of surface antigens associated with antigen presentation on AM were analyzed by FACS using monoclonal 
antibodies. □: NSM (Non-smoke exposed mice), ■: SM (Smoke exposed mice). ***p<0.001 compared with NSM
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Figure 5. Effects of CS on phagocytic activity. a) Phagocytosis of FITC-labeled SRBC was observed in AM from non-CS exposed mice. b) Phagocytosis of FITC-labeled SRBC was 
observed in AM from CS exposed mice. c) Phagocytic activity was analyzed by FACS using FITC-labeled SRBC. d) Expressions of surface antigens on AM associated with phagocytosis 
on AM were analyzed by FACS using monoclonal antibodies. □: NSM (Non-smoke exposed mice), ■: SM (Smoke exposed mice). **p<0.01, ***p<0.001 compared with NSM

Figure 6.  Effects of CS on expressions of cytokines and NF-κB mRNA. Cytokine and NF-κB mRNA expressions of AM were analyzed by RT-PCR. NSM: Non-smoke exposed mice, SM: 
Smoke exposed mice. *: p<0.05, ***: p<0.001 compared with NSM
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Discussion
In the alveoli, AM play an important role in the lung’s immune 

system. The primary functions of AM are phagocytosis; productions 
of cytokines, enzymes and reactive oxygen intermediates; and antigen 
presentation [8,9]. CS includes approximately 6,000 kinds of chemical 
substances, and 200 of these chemicals are toxic substances [2,3]. 
CS has both a gas phase and a particle phase and is inhaled into the 
lung during cigarette smoking. AM recognized and incorporated the 
foreign substances of CS when the reach the gas - exchange area of the 
lung. Therefore, CS may negatively affect AM functions and immune 
response.

The number of AM was significantly increased in CS exposed mice 
compared with non-CS exposed mice and may be due to CS inducing 
translocation of immature monocytes from peripheral blood to alveoli. 
Besides the present study, there are a number of reports of CS increasing 
the number of AM in humans and animals [10,19].

Both FSC and SSC values were increased in CS exposed mice 
compared with non-CS exposed mice, which indicates that CS caused 
AM to increase in size with corresponding enlargement of internal cell 
structures. These alterations may be due to AM intake of CS particles. 
There are previous reports of cellular ultrastructural changes in AM 
from smokers [20,21].

To determine whether CS affects antibody production, spleen 
cells from CS exposed mice and non-CS exposed mice immunized 
with SRBC were measured by PFC assay. The number of PFC was 
significantly decreased in CS exposed mice compared with non-
CS exposed mice. Our findings confirm previous reports of the PFC 
response being inhibited in mice and rats by CS exposure [11,12]. These 
results agree with our present report of decreased antibody production. 
However, there is a one study that reported an increased PFC response 
in mice exposed to CS [10]. The discrepancy between that study and 
ours may be different experimental systems. Currently, there is no 
consensus on the effects of CS exposure on IgG, IgA and IgM antibody 
serum concentration [7,22,23].

Since antibody production was inhibited by CS exposure, we 
focused on the induction and expression phases of antibody production 
in AM. The number of PFC at the induction phase was significantly 
decreased in CS exposed mice compared with non-CS exposed mice. 
However, the number of PFC at the expression phase was not different 
between CS exposed mice and non-CS exposed mice. These results 
suggest that cigarette smoking impact early, but not late, stages of 
antibody production.

CS did not affect mature B cells at the expression phase of antibody 
production. Therefore, we investigated the effect of WSCE and WSCS on 
immature B cell proliferation stimulated with LPS. B cell proliferation 
was decreased in a dose dependent manner with WSCE or WSCS 
treatment. It has been reported that smokeless tobacco and tobacco 
glycoprotein (TGP) activates B cell proliferation in humans and mice 
[4], and these results differ with the inhibition of B cell proliferation 
seen in our present study. The discrepancy in results may be due to 
different methods of cigarette extraction.

Since antibody production was inhibited by CS exposure, we also 
investigated the effect of CS on expression of surface antigens associated 
with antigen presentation. Class II antigen is expressed by antigen 
presenting cells, which in turn, present foreign antigens to T cells. B7.1 
is a co-stimulatory molecule for antigen presentation and binds CD28 

on T cells. The percentage of Class II and B7.1 antigen positive cells 
were significantly decreased in CS exposed mice compared with non-CS 
exposed mice. These results suggest that reduced expression of surface 
antigens associated with antigen presentation induces the suppression 
of antigen presentation to T cells and T cell activation. Decreased Class 
II and B7.1 antigen positive cells have been found in humans and mice 
exposed to CS [17,24,25].

Since CS affected an early phase of antibody production and 
expression of surface antigens associated with antigen presentation, we 
investigated the effect of CS on phagocytic activity of AM for antigen. The 
percentage of phagocytic activity of AM was significantly decreased in 
CS exposed mice compared with non-CS exposed mice. The inhibition 
of phagocytosis in AM may be due to CS particles saturating the normal 
phagocytic ability of AM. There are reports that AM from CS exposed 
mice had inhibited phagocytosis to C.albicans and latex beads [26,27]. 
These results agree with the phagocytic activity seen in our present 
report. Surface antigens associated with phagocytosis on AM were also 
investigated. CD11b is a receptor for C3b complement, and CD16/32 is 
a receptor for Fc of IgG. These surface receptors assist phagocytosis by 
AM by acting as an opsonin. The percentage of CD11b antigen positive 
cells was significantly decreased in CS exposed mice compared with 
non-CS exposed mice. However, the percentage of CD16/32 antigen 
positive cells was not different between CS exposed mice and non-CS 
exposed mice. These results suggest that the inhibition of phagocytic 
activity by CS was caused by the inhibition of CD11b surface antigen 
and corresponding decreased C3b complement receptor activity. 
Decreased CD11b antigen positive cells from CS exposed mice have 
previously been reported [19].

To investigate whether CS affects mRNA expression of cytokines 
associated with lymphocyte and macrophage activation, IL-1β and 
TNF-α mRNA expression were analyzed by RT-PCR. IL-1β and 
TNF-α are associated with activation of AM functions and lymphocyte 
proliferation. With LPS stimulation, the ratio of IL-1β mRNA 
expression (IL-1β/β-actin) in AM was significantly decreased in CS-
exposed mice compared with non-CS exposed mice. In Zymosan 
stimulation, the ratio of TNF-α mRNA expression (TNF-α/β-actin) 
in AM was also significantly decreased in CS exposed mice compared 
with non-CS exposed mice. Similar results (decreased production of 
IL-1β and TNF-α) have been reported for AM from smokers [28-30].

Since mRNA expression of IL-1β and TNF-α was decreased by 
CS exposure, we focused on NF-κB mRNA expression. NF-κB is the 
major transcription factor that regulates the expression of various 
cytokine genes [31]. In Zymosan stimulation, the ratio of NF-κB 
mRNA expression (NF-κB/β-actin) in AM was significantly decreased 
in CS exposed mice compared with non-CS exposed mice. It has 
been reported that NF-κB activity and mRNA expression of the same 
cytokines studied in our study were suppressed in monkey lung tissues 
following environmental tobacco smoke (ETS) exposure [32]. However, 
there are reports that ETS and nicotine exposure lead to increased NF-
κB mRNA expression in human oral keratinocytes [33,34], and these 
results differ from the NF-κB mRNA expression seen in our study. IL-
1β and TNF-α mRNA expression may be inhibited by CS suppressing 
NF-κB.

In conclusion, the results from this study suggest inhibition of 
antibody production by cigarette smoking is caused in the following 
manner in AM: 1) inhibition of phagocytosis and 2) expression of 
surface antigen associated with antigen presentation. A possible 
consequence of these changes is an increased risk for bacterial and virus 
infections. 
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Conclusion
These results suggest that the inhibition of antibody production 

by cigarette smoke is caused by the inhibition of phagocytosis and 
expression of surface antigens associated with antigen presentation. 
Such inhibition of AM functions may increase the risk of bacterial and 
virus infections such as COVID-19.
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