
Journal of Microbiology, Immunology and Infection 58 (2025) 120–127

Available online 28 October 2024
1684-1182/© 2024 Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Cigarette smoke compromises macrophage innate sensing in response to 
pneumococcal infection

Wei-Chih Liao a,b,c,1, Chia-Huei Chou c,d,1, Mao-Wang Ho c,d, Jo-Tsen Chen e,f, Shu-Ling Chou g,1,  
Yu-Tsen Huang e, Ngoc-Niem Bui e,h, Hui-Yu Wu e, Chi-Fan Lee i, Wei-Chien Huang i,j,**,  
Chih-Ho Lai c,e,f,k,l,*

a Division of Pulmonary and Critical Care Medicine, Department of Internal Medicine, China Medical University Hospital, Taichung, Taiwan
b Center for Hyperbaric Oxygenation Therapy, China Medical University Hospital, Taichung, Taiwan
c School of Medicine, China Medical University, Taichung, Taiwan
d Departments of Infectious Disease, China Medical University Hospital, Taichung, Taiwan
e Graduate Institute of Biomedical Sciences, Department of Microbiology and Immunology, Chang Gung University, Taoyuan, Taiwan
f Department of Laboratory Medicine, Molecular Infectious Disease Research Center, Chang Gung Memorial Hospital, Linkou, Taiwan
g Department of Laboratory Medicine, Taichung Veterans General Hospital Chiayi Branch, Chiayi, Taiwan
h Faculty of Medicine, Can Tho University of Medicine and Pharmacy, Can Tho, Viet Nam
i Graduate Institute of Biomedical Sciences, Drug Development Center, China Medical University, Taichung, Taiwan
j Center for Molecular Medicine, China Medical University Hospital, Taichung, Taiwan
k Department of Nursing, Asia University, Taichung, Taiwan
l Research Center for Emerging Viral Infections, Chang Gung University, Taoyuan, Taiwan

A R T I C L E  I N F O

Keywords:
Cigarette smoke
Pneumococcus
Macrophage
Cytokine
Inflammation

A B S T R A C T

Background: Cigarette smoking remains a leading cause of mortality worldwide. Streptococcus pneumoniae, also 
known as pneumococcus, is one of the most common pathogens that colonizes the human respiratory tract, 
causing life-threatening infections. Several studies have reported that cigarette smoke (CS) exposure promotes 
pneumococcal infectivity; however, the underlying mechanisms remain to be illustrated.
Methods: In this study, we prepared cigarette smoke extract (CSE) from tobacco containing nicotine (0.8 mg/ 
cigarette) and tar (10 mg/cigarette) to investigate the effects of CSE on innate immune response using murine 
macrophage models.
Results: The results from the cytokine array showed that the production of C-C Motif Chemokine Ligand 2 (CCL2), 
CCL4, CCL3, C-X-C Motif Chemokine Ligand 2 (CXCL2), and CXCL-10, in pneumococcus-infected cells was 
reduced upon 5 % CSE treatment. Our results further demonstrated that 5 % CSE exposure, followed by pneu
mococcal challenge, significantly decreased CCL2 and type I interferon (IFN) production in macrophages by 
inhibiting nuclear factor (NF)-κB and IFN regulatory factor 3 (IRF3) signaling pathways. Moreover, CSE disrupts 
macrophage polarization and impedes innate immune signaling to suppress pneumococcal phagocytosis by 
macrophages.
Conclusion: Our results provide evidence that CS manipulates the signaling molecules to subvert macrophage 
functions, thereby hindering the innate response against pneumococcal infection.

1. Introduction

Cigarette smoke (CS) is the principal cause of respiratory tract 
hyperresponsiveness that leads to acute inflammation in the lungs.1

Bacterial pathogens have been isolated in significant concentrations 
from distal airways in over 50 % of patients with acute exacerbations 
(AEs).2 Although pulmonary diseases are mainly caused by bacterial 
pathogens, whether CS exposure affects the bacterial burden that 
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provokes inflammation or hampers the immune defense remains to be 
illustrated.

Bacterial colonization is associated with chronic respiratory tract 
inflammation, which involves an increased frequency of exacerbations 
and accelerated decrease in lung functions; these factors primarily 
contribute to pulmonary disease progression.3 Pneumococcus is a 
Gram-positive bacterium, exhibiting the form of diplococci and 
belonging to flora that colonizes the human respiratory tract. Pneumo
coccal infection causes several severe diseases, including bacteremia, 
otitis media, meningitis, and most importantly pneumonia, which is a 
lower respiratory tract disease.4,5 The nasopharyngeal flora of smokers 
comprise fewer beneficial microorganisms and more potential patho
gens, such as pneumococcus, than that of non-smokers.6 In vivo models 
have further demonstrated that pneumococcal infection and CS expo
sure synergistically aggravate lung damage.7 However, studies 
exploring the molecular mechanisms behind CS-induced pulmonary 
inflammation in response to bacterial infection needed to be 
investigated.

CS in the respiratory tract can recruit immune cells that generate 
reactive oxygen species (ROS) and reactive nitrogen species (RNS), 
leading to chronic inflammation.8 Although research has reported that 
CS exposure attenuates immune response and enhances pneumococcal 
colonization in vivo,9 the underlying mechanisms remain to be eluci
dated. This study investigated whether CS manipulates innate immune 
signaling against pneumococcal infection. We established cell-based 
models with CS-exposed murine macrophages and challenged them 
with pneumococci to assess innate responses and bacterial clearance. 
Our results reveal that CS modulates signaling molecules to orchestrate 
inflammation activation, leading to attenuation of macrophage function 
in response to pneumococcal infection.

2. Materials and methods

2.1. Preparation of cigarette smoke extract (CSE) medium

Tobacco cigarettes (Taiwan Tobacco & Liquor Corporation, Taipei, 
Taiwan) with nicotine (0.8 mg/cigarette) and tar (10 mg/cigarette) 
were used to prepare the culture medium as described previously.10

Briefly, burning cigarette smoke was bubbled through DMEM (Invi
trogen), which is considered cigarette smoke extract (CSE) medium. The 
CSE medium was inflated with 25 cigarettes into 250 mL of medium and 
set to 100 %. The CSE medium was then diluted to the designed con
centrations by DMEM and employed in the following studies.

2.2. Cell culture

RAW264.7 cells (a murine macrophage cell line, TIB-71) were pur
chased from the American Type Culture Collection (ATCC, Manassas, 
VA, USA). RAW264.7 cells were incubated at 37 ◦C with 5 % CO2 in 
Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen, Carlsbad, CA, 
USA) supplemented with 10 % complement-inactivated fetal bovine 
serum (FBS) (HyClone, Logan, UT, USA). MH-S cells (an alveolar 
macrophage cell line, CRL-2019, ATCC) were cultured in RPMI 1640 
medium supplemented with 10 % FBS and incubated at 37 ◦C with 5 % 
CO2.

2.3. Bacterial culture

Pneumococcal strain TIGR4 (ATCC BAA-334) was grown on blood 
agar plates (Becton Dickinson, Sparks, MD, USA) and cultured under 5 % 
CO2 at 37 ◦C. In infection experiments, pneumococci were refreshed for 
3 h in Todd Hewitt Broth (Becton Dickinson) to reach the logarithmic 
phase and prepared for the following experiments as described 
previously.11

2.4. Cell viability assay

RAW264.7 cells were treated with CSE (0, 2.5, 5, and 10 %) for 3 h 
and incubated with 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe
nyltetrazolium bromide (MTT) reagent at 37 ◦C for 2 h. Formazan 
crystals were dissolved in isopropanol, and the absorbance at 562 nm 
was determined by a spectrophotometer (Molecular Devices, San Jose, 
CA, USA).12

2.5. Bactericidal survival assay

Refreshed pneumococci were treated with CSE (0, 2.5, 5, and 10 %) 
for 3 h, the bacteria were serial diluted and plated onto blood agar 
plates. After incubation at 37 ◦C for 24 h, the viable colony-forming 
units (CFUs) on plates were counted.

2.6. Phagocytosis assay

The phagocytosis activity of macrophages was employed by using a 
Phagocytosis Assay Kit (IgG FITC) (Cayman Chemical, Ann Arbor, MI, 
USA). RAW264.7 cells were pretreated with 5 % CSE or 10 μM benzo[a] 
pyrene (B[a]P, Sigma-Aldrich) for 3 h. FITC-labeled rabbit IgG-coated 
latex beads were incubated with macrophage cells for an additional 4 
h. The cells were washed three times with PBS and fixed with 4 % 
paraformaldehyde followed by probing with Hoechst 33,342 (AAT 
Bioquest, Sunnyvale, CA, USA). The signals of phagocyted beads were 
observed using a laser scanning confocal microscope (LSM780, Carl 
Zeiss).

2.7. Bacterial internalization assay

The gentamicin protection assay was employed to determine the 
pneumococcal internalization by macrophages.13 RAW264.7 cells were 
treated with 5 % CSE for 3 h followed by infection with pneumococci at 
an MOI of 10 for 4 h. The infected cells were washed with PBS for three 
times and then incubated with 100 μg/mL gentamycin (Sigma-Aldrich) 
for 90 min. The cells were then lysed using sterile water. The cell lysate 
was serially diluted onto blood agar plates and incubated for 24 h. 
Viable bacteria were counted and indicated as CFUs.

2.8. Cytokine array assay

RAW264.7 cells were treated with 5 % CSE for 3 h and then infected 
with pneumococci (MOI = 10) for an additional 4 h. Culture supernatant 
was prepared to analyze the cytokine production using Proteome Pro
filer Array (R&D Systems, Minneapolis, MN, USA). Cytokine expression 
was measured by Azure C400 (Azure Biosystems, Dublin, CA, USA). Data 
were quantified as fold changes and calculated by Log2.

2.9. Quantitative real-time reverse transcription-PCR (qRT-PCR)

Total RNA was prepared according to the manufacturer’s in
structions (Invitrogen) and the mRNA levels of the genes were assessed 
using qRT-PCR. The oligonucleotide primers used for qRT-PCR were 
listed in Table S1. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) 
served as the reference gene for normalization. The mRNA level of each 
gene was analyzed using SYBR Green I Master Mix with the program of 
preheated at 95 ◦C for 10 min and 35 cycles of 95 ◦C for 10 s and 60 ◦C 
for 1 min. The data for each gene was calculated by the 2− ΔΔCt 

method.11

2.10. Immunofluorescence staining

RAW264.7 cells were plated in 6-well plates and cultured for 20 h. 
The cells were treated with 5 % CSE for 3 h and infected with pneu
mococci (MOI = 10) for 4 h. The cells were fixed with 4 % 
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paraformaldehyde for 60 min and blocked with 1 % FBS for 60 min. The 
cells were incubated with anti–IRF-3 antibody (Cell Signaling Technol
ogy, Beverly, MA, USA) followed by staining with fluorescein isothio
cyanate (FITC)-conjugated goat anti-mouse IgG1 antibody (Invitrogen) 
for 60 min. The nuclei were probed with Hoechst 33,342, and the signals 
of FITC and Hoechst 33,342 were visualized using a laser scanning 
confocal microscope (LSM780, Carl Zeiss, Oberkochen, Germany).

2.11. Western blot assay

RAW264.7 cells were treated with 5 % CSE for 3 h, followed by 
pneumococcal infection (MOI = 10) for an additional 4 h. Cells were 
washed with PBS and lysed with RIPA buffer containing protease in
hibitors and phosphatase inhibitors (Roch, Indianapolis, IN, USA). The 
protein concentration was determined using a Pierce BCA Protein Assay 
Kit (Thermo Scientific, Rockford, IL, USA). The samples were resolved 
by 10 % SDS-PAGE and transferred to polyvinylidene difluoride mem
branes (Millipore, Billerica, MA, USA). The membranes were blocked by 
5 % skim milk for 1 h and incubated with primary antibodies overnight 
at 4 ◦C. Horseradish peroxidase (HRP)-conjugated secondary antibodies 
(Millipore) were incubated at room temperature and the signals of in
terest proteins were analyzed by Azure C400 with AzureSpot Analysis 
Software (Azure Biosystems, Dublin, CA, USA).

2.12. Enzyme-linked immunosorbent assay (ELISA)

RAW264.7 cells were untreated or treated with 5 % CSE for 3 h, 
followed by uninfected or infected with pneumococci at an MOI of 10 for 
4 h. Supernatants of macrophage culture were collected and subjected to 
analyze the expression levels of CCL2, IFN-α, IFN-β, soluble high 
mobility group box 1 (sHMGB1), and TNF-α by ELISA kits (R&D Sys
tems, Minneapolis, MN, USA).

2.13. Analysis of NF-κB-luciferase reporter activity

RAW264.7 cells were transfected with NF-κB-luciferase reporter 
using jetPEI (Polyplus-transfection, France). Cells were exposed to 5 % 
CSE for 3 h, followed by pneumococcal infection (MOI = 10) for 4 h. 
Cells were lysed, NF-κB-luciferase activity was determined by Dual- 
Luciferase Reporter Assay System (Promega, Madison, MA, USA), and 
then normalized for transfection efficiency by the co-transfected 
β-galactosidase expression vector (Promega).14

2.14. Statistical analysis

Results are expressed as mean ± SD. The student’s t-test was con
ducted to analyze the statistical significance of the experimental results 
between two groups, with a P-value less than 0.05 considered signifi
cant. Statistics and figures were performed with the Prism Program 
(version 9.0.0, GraphPad).

3. Results

3.1. CSE suppresses bacterial phagocytosis by macrophages

To investigate whether CSE influences pneumococcal internalization 
by macrophages, we first evaluated the effects of CSE on cell viability 
and bacterial survival. RAW264.7 cells and pneumococci were sepa
rately incubated in different concentrations of CSE (0, 2.5, 5, and 10 %) 
for 3 h to analyze cell viability and bacterial survival, respectively. Our 
results showed that neither cell viability nor bacterial survival was 
influenced by CSE treatment (Fig. S1). Therefore, 5 % CSE concentration 
was selected and subjected to the pneumococcus-infected macrophage 
model. We then investigated the effect of CSE exposure on macrophage 
phagocytic activity using FITC-coated latex beads in a phagocytosis 
assay. Compared to the mock treatment, 5 % CSE exposure suppressed 

phagocytosis of the fluorescent beads by macrophages (Fig. 1A–B). To 
validate the effect of CSE exposure on bacterial internalization by 
macrophages, we replaced fluorescent-beads with pneumococci. 
Macrophage internalization of pneumococci was significantly reduced 
upon 5 % CSE treatment (Fig. 1C). These results suggest that phagocytic 
activity and bacterial internalization by macrophages are hindered by 
CSE exposure.

3.2. CSE decreases pneumococcus-induced cytokine/chemokine 
production

To identify differential cytokine production in macrophages, 
RAW264.7 cells were exposed to CSE prior to pneumococcal infection, 
and a cytokine array was used to analyze the cytokine/chemokine ex
pressions. As shown in Fig. 2A, co-treatment of CSE and pneumococci 
elicited the production of several cytokines in macrophages, including 
G-CSF, CXCL1, CCL1, and TNF-α. Notably, the secretion of CCL2, CCL4, 
CCL3, CXCL2, and CXCL-10 in pneumococcus-infected cells was reduced 
owing to CSE treatment. Because pneumococcal infection enhances type 
I interferon (IFN-α and IFN-β) production that is important for host 
immune defense against bacterial infection,15,16 we subsequently 
assessed the mRNA levels of these cytokines using qRT-PCR. The mRNA 
levels of CCL2, CXCL-2, CXCL-10, IFN-α, and IFN-β were increased in the 
pneumococcal-infected group compared with the mock group; however, 
the mRNA levels were considerably decreased after CSE exposure 
(Fig. 2B–F). Similarly, CSE reduced the mRNA level of 
pneumococcus-induced IFN regulatory factor 3 (IRF3) (Fig. 2G). To 
further validate the effect of CSE exposure on cytokine production in 
macrophages, the levels of CCL2, IFN-α, and IFN-β were analyzed using 
ELISA. CCL2, IFN-α, and IFN-β productions were substantially increased 
in pneumococcus-infected cells compared with the mock group; how
ever, these upregulated expressions were significantly reduced after CSE 
treatment (Fig. 3). We next investigated whether CSE affects proin
flammatory cytokine production using the alveolar macrophage cell line 
MH-S. Our results showed that CSE treatment inhibited the production 
of sHMGB1 and TNF-α not only in RAW264.7 cells (Fig. S2) but also in 
MH-S cells (Fig. S3).

3.3. CSE impedes pneumococcus-induced cytokine production through 
nuclear factor (NF)-κB and IRF3 signaling pathways

As both Toll-like receptor 2 (TLR2) and nucleotide-binding oligo
merization domain 2 (NOD2) signaling are involved in pneumococcus- 
induced IRF3-mediated cytokine production in innate cells,17 we next 
examined the expressions of TLR2 and NOD2 using western blotting. 
TLR2 and NOD2 levels were reduced in CSE-treated macrophages 
challenged with pneumococci compared with pneumococcus-infected 
macrophages (Fig. 4A). These results suggest that CSE hampers the 
innate ability of macrophages to recognize pneumococci.

Because pneumococcus-induced cytokine production is mediated 
through NF-κB activation,18 we investigated whether the NF-κB 
signaling pathway is involved in CSE-dampened macrophage functions. 
We demonstrated that pneumococcal infection elevated NF-κB lucif
erase activity (Fig. 4B). In contrast, CSE exposure significantly sup
pressed pneumococcus-elevated NF-κB activation. Another transcription 
factor, IRF3, induces type I IFNs during bacterial infection.19 To examine 
whether CSE affects IRF3 activation, followed by the suppression of type 
I IFN production, the distributions of phospho-IRF3 were determined 
using immunofluorescence staining. Our results revealed that CSE 
exposure reduced the upregulation of phospho-IRF3 in 
pneumococcus-infected macrophages (Fig. 5A and B). To validate the 
role of IRF3 in pneumococcus-activated signaling pathway for type I IFN 
production, the levels of phosphorylated IRF3 and TBK1 were analyzed 
using western blotting. Compared with the mock treatment, CSE alone 
barely influenced p-IRF3 and p-TBK1 levels (Fig. 5C). However, CSE 
decreased pneumococcus-induced p-IRF3 and p-TBK-1 expressions. This 

W.-C. Liao et al.                                                                                                                                                                                                                                



Journal of Microbiology, Immunology and Infection 58 (2025) 120–127

123

Fig. 1. CSE decreases pneumococcal phagocytosis by macrophages. (A) RAW264.7 cells were exposed to 5 % CSE for 3 h and incubated with latex-fluorescent 
beads for 4 h to assess phagocytic activity. Nuclei were stained with Hoechst 33,342, and images were analyzed using confocal microscopy. Scale bars, 10 μm. (B) The 
fluorescent intensity of phagocyted beads was measured. (C) RAW264.7 cells were pretreated with 5 % CSE for 3 h, followed by pneumococcal infection (MOI = 10) 
for 4 h. Pneumococcal internalization was analyzed by gentamicin-protection assay. Bar represented mean ± SD from triplicate independent experiments. *, P 
< 0.05.

Fig. 2. CSE affects pneumococcus-induced cytokines and chemokines. (A) RAW264.7 cells were exposed to 5 % CSE for 3 h prior to pneumococcal challenge 
(MOI = 10) for 4 h. The culture supernatant was prepared, and the cytokine production was analyzed using the cytokine array. Cytokine expression was quantified 
using ImageJ. Log2 fold changes were calculated for the CSE + pneumococcus cotreated and pneumococcus-infected groups. The relative mRNA levels of (B) CCL2, 
(C) CXCL-2, (D) CXCL-10, (E) IFN-α, (F) IFN-β, and (G) IRF3 were analyzed using qRT-PCR and normalized to the reference gene, GAPDH. Results represented mean 
± SD from triplicate independent experiments. *, P ＜ 0.05.
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trend was also observed in the alveolar macrophage cell model (MH-S 
cells) (Fig. S4). These results suggest that CSE inhibits 
pneumococcus-stimulated type I IFN production by suppressing p-IRF3. 
Together, our results provide evidence that CS dampens 
pneumococcus-elicited NF-κB activation as well as IRF3 phosphoryla
tion, leading to the suppression of cytokine and chemokine production 
in macrophages.

3.4. CSE hinders pneumococcus-induced M1 polarization

The phenotypes and functions of macrophages can be divided into 
M1-type (proinflammatory macrophage) and M2-type (anti-inflamma
tory macrophage) during pathogen infections.20 We further assessed the 
effects of CSE on macrophage phenotypic transition. As shown in Fig. 6, 
pneumococcal infection activated M1 macrophage markers CD86 and 
inducible nitric oxide synthase (iNOS); however, this effect was atten
uated by CSE treatment. In contrast, CSE elevated the 
pneumococcus-induced M2 marker, CD163. Moreover, CSE exposure 
increased macrophage marker F4/80 in pneumococcus-challenged 
macrophages. These results indicate that CSE suppressed macrophage 

M1 polarization and influenced M2 macrophage transition in 
pneumococcus-challenged macrophages.

4. Discussion

Macrophages act as innate immune cells and play a crucial role in 
defending the body against microbial infections. Despite this powerful 
immune surveillance, pathogens can often evade host immune attack, 
particularly by inducing macrophage subversion.21 Impaired macro
phage function reduces the pulmonary immune response, which exac
erbates microbial infectivity.22 Because the breathing process 
continuously exposes the respiratory tract to the external environment, 
pathogens can easily infect the host by exploiting this situation. Ciga
rette smoking is a substantial risk factor for respiratory tract hyper
responsiveness and pathogen infections,23 particularly invasive 
pneumococcal disease.24 However, the detailed mechanism behind how 
CS affects the recognition ability and phagocytic activity of macro
phages that combat pneumococcal infection remains to be explored. In 
this study, we prepared CSE from tobacco cigarettes containing nicotine 
and tar, the ingredients and effects of which have been characterized in 

Fig. 3. CSE suppresses pneumococcus-mediated cytokine production. RAW264.7 cells were pretreated with 5 % CSE for 3 h and then infected with pneumococci 
(MOI = 10) for 4 h. Culture supernatant was prepared and the concentration of (A) CCL2, (B) IFN-α, and (C) IFN-β was assessed by ELISA. Results represented mean 
± SD from triplicate independent experiments. *, P < 0.05.

Fig. 4. CSE dampens pneumococcus-induced cytokine production by suppressing NF-κB pathway. (A) RAW264.7 cells were incubated with 5 % CSE followed 
by pneumococcal infection (MOI = 10) for 4 h. Cell lysates were prepared to analyze the expression levels of TLR2, NOD2, and β-actin using western blotting. β-actin 
was used as a loading control. (B) NF-κB activation was measured using luciferase assay. *, P < 0.05.
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our recent research.10,25 In addition, the pathogenic effects of CSE 
administration in mice are similar to those of CS inhalation.26,27 The 
present study established a reliable CSE-exposed macrophage cell model 
and comprehensively investigated the potential mechanisms of how CSE 
affects macrophage functions in response to pneumococcal infection.

Benzo[a]pyrene (B[a]P), a polycyclic aromatic hydrocarbon 

primarily present in CS, is known to be involved in increasing the sus
ceptibility to bacterial infection.28 We further examined whether B[a]P 
has similar activity to CSE in inhibiting macrophage phagocytosis and 
observed that B[a]P not only diminished the phagocytosis of 
latex-fluorescent beads by macrophages but also impeded pneumo
coccal internalization by macrophages (Fig. S5). These results suggest 

Fig. 5. CSE impedes pneumococcus-mediated type I IFN production by inhibiting IRF3 signaling. (A) RAW264.7 cells were exposed to 5 % CSE and infected 
with pneumococci (MOI = 10) for 4 h. Cells were fixed and probed with p-IRF3 (green) and stained with Hoechst 33,342 to visualize the nuclei (pseudocolor in red). 
The image was analyzed using confocal microscopy. Scale bars, 10 μm. (B) The fluorescence intensity of p-IRF3 was quantified. *, P < 0.05. (C) The cell lysates from 
CSE-treatment and/or pneumococcus-challenge were analyzed using western blotting with antibodies against p-IRF-3, p-TBK1, and β-actin, respectively. β-actin was 
used as a loading control.

Fig. 6. CSE manipulates macrophage polarization triggered by pneumococci. RAW264.7 cells were exposed to 5 % CSE for 3 h, and infected with pneumococci 
(MOI = 10) for 4 h. Total RNA was prepared to analyze the relative mRNA levels of (A) CD86, (B) iNOS, (C) CD163, (D) F4/80 using qRT-PCR, with normalization to 
the reference gene, GAPDH. *, P < 0.05. (E) The cell lysates from CSE-treatment and/or pneumococcus-challenge were analyzed using western blotting with an
tibodies against iNOS and β-actin, respectively. β-actin was used as a loading control.
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that B[a]P may be one of the most important components in CSE that 
disrupt macrophage functions. However, the molecular mechanism 
underlying this effect by B[a]P needs to be elucidated.

Cigarette smoke exposure has been reported to be harmful to human 
respiratory tract health. The adverse effects of CS include impairing 
mucociliary flow, disrupting epithelial barrier integrity, suppressing 
immune function, and increasing pathogen infectivity in the respiratory 
tract.29,30 CS-exposed patients have been clinically associated with 
invasive pneumococcal diseases, such as pneumonia, meningitis, and 
bacteremia, which have been documented for decades.24,31 The present 
study used the pneumococcal strain TIGR4 (serotype 4) as a model in
fectious bacterial pathogen, as its genome has been completely 
sequenced and it is known to exhibit high virulence, causing the most 
severe invasive pneumococcal disease.32,33

Several pneumococcal virulence factors are associated with disease 
progression. For example, pneumococcal cell wall components, 
including lipoproteins and lipoteichoic acid, are recognized by TLR2, 
which elicits innate immune signaling.34 Pneumococcal peptidoglycan 
activates NOD2, which then stimulates NF-κB to trigger proin
flammatory cytokine production.35 Macrophage recruitment and pneu
mococcal clearance have been shown to be impeded in mice lacking 
TLR2 and NOD2.36 Additionally, pneumolysin forms pores to release 
bacterial DNA activating type I IFN signaling, which plays a key role in 
clearing pneumococcal infection.37 Both TBK1 and IRF3 are down
stream molecules that are involved in interferon induction by pneu
mococci.16 As mentioned above, proinflammatory cytokines and 
chemokines are crucial for providing immune defense against pneu
mococcal infection.16,36 Our results showed that cytokine/chemokine 
production was diminished in CS-exposed macrophages challenged with 
pneumococci via NF-κB and IRF3 inhibition. Additionally, bacterial 
phagocytosis by macrophages was reduced upon CS exposure, impli
cating that pneumococci orchestrate a meticulous strategy to evade the 
host attack, thereby promoting bacterial survival to exacerbate patho
genesis. These lines of evidence can explain the previous report that CS 
hampers host defense against pneumococci and predisposes the host to 
invasive pneumococcal disease.9

Macrophages can be differentiated into M1 and M2 phenotypes in 
different microenvironmental stimuli.38 Activated M1 macrophages 
exhibit a proinflammatory state by increasing production of nitric oxide, 
type I IFNs, and various chemokines including CCL2, whereas M2 
macrophages provide an anti-inflammatory response mediated by 
Th2-secreted cytokines, including IL-4, IL-10, and IL-13.39 In smokers 
with chronic obstructive pulmonary disease (COPD), M2 macrophages 
are predominant40 and M1 macrophage cytokines are suppressed.41 A 
recent study revealed that extracellular vesicles produced by pneumo
cocci polarize macrophages to M2 phenotype and enhance pneumo
coccal survival in macrophages.42 Our results indicated that CS exposure 
skewed M2 macrophage polarization, which plays a crucial role in 
downregulating antimicrobial activity. This is consistent with previous 
findings mentioned above.

Although this study reveals a mechanism underlying CS-mediated 
impediment of macrophage functions after pneumococcal challenge, 
the in vitro model may not fully reflect the host pathophysiology. To 
validate our findings performed in the cell-based study, we established 
sets of CS-exposed murine models and investigated whether long-term 
cigarette smoke exposure impairs the immune response and exacer
bates bacteria-induced pulmonary inflammation in vivo (Fig. S6A). BALF 
was prepared and differentiated using the Wright-Giemsa stain, and lung 
tissues were stained with H&E to evaluate levels of infiltrated inflam
matory cells as described previously43. Our results showed that the cell 
counts of macrophages and neutrophils were markedly decreased in the 
CS + pneumococcus co-treated mice compared to those in the other 
treatment groups (Figs. S6D and S6E). These results indicate that 
long-term CS exposure in murine models, followed by bacterial infec
tion, aggravates pulmonary pathogenesis.

Although the present study combined with the cell-based and animal 

studies, the mechanism of how respiratory tract mucosal cells interact 
with macrophages and cytokine/chemokine networks in response to 
pneumococcal infection remains to be elucidated. Moreover, the airway 
microbiota composition dysregulated by cigarette smoking and pneu
mococcal infection may potentially cause respiratory disease progres
sion. Further in vivo explorations, including human studies and 
microbiota research, are necessary to fill this gap in translational 
research.

5. Conclusions

This study exploited murine macrophage models to demonstrate that 
CSE exposure hampers macrophage functions, including bacterial 
phagocytosis and cytokine production. Our results indicate that CS 
suppresses pneumococcus-induced cytokine production by inhibiting 
NF-κB and IRF3 signaling pathways (Fig. 7). Furthermore, CS alters 
macrophage polarization and innate immune sensing, leading to 
macrophage dysfunction that hinders bacterial clearance. Understand
ing the mechanism of how CS affects macrophage functions may help in 
the identification of new methods for restoring cellular function in pa
tients with pneumococcal infection.
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Velazquez-Meza ME, Solórzano-Santos F. Streptococcus pneumoniae serotypes 
identified in Mexican children with invasive disease before and after the 
introduction of PCV7 (1993–2012). Arch Med Res. 2015;46:149–153.

5. Salsabila K, Paramaiswari WT, Amalia H, et al. Nasopharyngeal carriage rate, 
serotype distribution, and antimicrobial susceptibility profile of Streptococcus 
pneumoniae isolated from children under five years old in Kotabaru, South 
Kalimantan, Indonesia. J Microbiol Immunol Infect. 2022;55:482–488.

6. Brook I, Gober AE. Recovery of potential pathogens and interfering bacteria in the 
nasopharynx of smokers and nonsmokers. Chest. 2005;127:2072–2075.

7. Hilty M, Wuthrich TM, Godel A, et al. Chronic cigarette smoke exposure and 
pneumococcal infection induce oropharyngeal microbiota dysbiosis and contribute 
to long-lasting lung damage in mice. Microb Genom. 2020;6.

8. Yamasaki K, Eeden SFV. Lung macrophage phenotypes and functional responses: 
role in the pathogenesis of COPD. Int J Mol Sci. 2018;19.

9. Shen P, Morissette MC, Vanderstocken G, et al. Cigarette smoke attenuates the nasal 
host response to Streptococcus pneumoniae and predisposes to invasive pneumococcal 
disease in mice. Infect Immun. 2016;84:1536–1547.

10. Tu CY, Cheng FJ, Chen CM, et al. Cigarette smoke enhances oncogene addiction to c- 
MET and desensitizes EGFR-expressing non-small cell lung cancer to EGFR TKIs. Mol 
Oncol. 2018;12:705–723.

11. Chen YW, Huang MZ, Chen CL, et al. PM2.5 impairs macrophage functions to 
exacerbate pneumococcus-induced pulmonary pathogenesis. Part Fibre Toxicol. 
2020;17:37.

12. Bui NN, Li CY, Wang LY, et al. Clostridium scindens metabolites trigger prostate 
cancer progression through androgen receptor signaling. J Microbiol Immunol Infect. 
2023;56:246–256.

13. Hsu CY, Yeh JY, Chen CY, et al. Helicobacter pylori cholesterol-alpha- 
glucosyltransferase manipulates cholesterol for bacterial adherence to gastric 
epithelial cells. Virulence. 2021;12:2341–2351.

14. Yeh JY, Lin HJ, Kuo CJ, et al. Campylobacter jejuni cytolethal distending toxin C 
exploits lipid rafts to mitigate Helicobacter pylori-induced pathogenesis. Front Cell 
Dev Biol. 2021;8, 617419.

15. Nakamura S, Davis KM, Weiser JN. Synergistic stimulation of type I interferons 
during influenza virus coinfection promotes Streptococcus pneumoniae colonization 
in mice. J Clin Invest. 2011;121:3657–3665.

16. Koppe U, Hogner K, Doehn JM, et al. Streptococcus pneumoniae stimulates a STING- 
and IFN regulatory factor 3-dependent type I IFN production in macrophages, which 
regulates RANTES production in macrophages, cocultured alveolar epithelial cells, 
and mouse lungs. J Immunol. 2012;188:811–817.

17. Wang J, Ma J, Charboneau R, Barke R, Roy S. Morphine inhibits murine dendritic 
cell IL-23 production by modulating Toll-like receptor 2 and Nod2 signaling. J Biol 
Chem. 2011;286:10225–10232.

18. Wiese KM, Coates BM, Ridge KM. The role of nucleotide-binding oligomerization 
domain-like receptors in pulmonary infection. Am J Respir Cell Mol Biol. 2017;57: 
151–161.

19. Wooten AK, Shenoy AT, Arafa EI, et al. Unique roles for Streptococcus pneumoniae 
phosphodiesterase 2 in cyclic di-AMP catabolism and macrophage responses. Front 
Immunol. 2020;11:554.

20. Murray PJ, Allen JE, Biswas SK, et al. Macrophage activation and polarization: 
nomenclature and experimental guidelines. Immunity. 2014;41:14–20.

21. Leseigneur C, Le-Bury P, Pizarro-Cerda J, Dussurget O. Emerging evasion 
mechanisms of macrophage defenses by pathogenic bacteria. Front Cell Infect 
Microbiol. 2020;10, 577559.

22. Neupane AS, Willson M, Chojnacki AK, et al. Patrolling alveolar macrophages 
conceal bacteria from the immune System to maintain homeostasis. Cell. 2020;183: 
110–125 e11.

23. Strzelak A, Ratajczak A, Adamiec A, Feleszko W. Tobacco smoke induces and alters 
immune responses in the lung triggering inflammation, allergy, asthma and other 
lung diseases: a mechanistic review. Int J Environ Res Publ Health. 2018;15.

24. Nuorti JP, Butler JC, Farley MM, et al. Cigarette smoking and invasive 
pneumococcal disease. N Engl J Med. 2000;342:681–689.

25. Cheng FJ, Chen CH, Tsai WC, et al. Cigarette smoke-induced LKB1/AMPK pathway 
deficiency reduces EGFR TKI sensitivity in NSCLC. Oncogene. 2021;40:1162–1175.

26. Ueha R, Ueha S, Kondo K, et al. Damage to olfactory progenitor cells is involved in 
cigarette smoke-induced olfactory dysfunction in mice. Am J Pathol. 2016;186: 
579–586.

27. Jia M, Zhang Y, Zhang H, Qin Q, Xu CB. Cigarette smoke particles-induced airway 
hyperreactivity in vivo and in vitro. Biol Pharm Bull. 2019;42:703–711.

28. Clark RS, Pellom ST, Booker B, et al. Validation of research trajectory 1 of an 
Exposome framework: exposure to benzo(a)pyrene confers enhanced susceptibility 
to bacterial infection. Environ Res. 2016;146:173–184.

29. Moazed F, Burnham EL, Vandivier RW, et al. Cigarette smokers have exaggerated 
alveolar barrier disruption in response to lipopolysaccharide inhalation. Thorax. 
2016;71:1130–1136.

30. Lugg ST, Scott A, Parekh D, Naidu B, Thickett DR. Cigarette smoke exposure and 
alveolar macrophages: mechanisms for lung disease. Thorax. 2022;77:94–101.

31. Aydin MA, Janapatla RP, Chen CL, Li HC, Su LH, Chiu CH. Microbiological and 
clinical characteristics of Streptococcus pneumoniae serotype 3 infection and risk 
factors for severe outcome: a multicenter observational study. J Microbiol Immunol 
Infect. 2023;56:598–604.

32. Sandgren A, Albiger B, Orihuela CJ, Tuomanen E, Normark S, Henriques-Normark B. 
Virulence in mice of pneumococcal clonal types with known invasive disease 
potential in humans. J Infect Dis. 2005;192:791–800.

33. Chiavolini D, Pozzi G, Ricci S. Animal models of Streptococcus pneumoniae disease. 
Clin Microbiol Rev. 2008;21:666–685.

34. Schroder NW, Morath S, Alexander C, et al. Lipoteichoic acid (LTA) of Streptococcus 
pneumoniae and Staphylococcus aureus activates immune cells via Toll-like receptor 
(TLR)-2, lipopolysaccharide-binding protein (LBP), and CD14, whereas TLR-4 and 
MD-2 are not involved. J Biol Chem. 2003;278:15587–15594.

35. Opitz B, Puschel A, Schmeck B, et al. Nucleotide-binding oligomerization domain 
proteins are innate immune receptors for internalized Streptococcus pneumoniae. 
J Biol Chem. 2004;279:36426–36432.

36. Davis KM, Nakamura S, Weiser JN. Nod2 sensing of lysozyme-digested 
peptidoglycan promotes macrophage recruitment and clearance of S. pneumoniae 
colonization in mice. J Clin Invest. 2011;121:3666–3676.

37. Parker D, Martin FJ, Soong G, et al. Streptococcus pneumoniae DNA initiates type I 
interferon signaling in the respiratory tract. mBio. 2011;2.

38. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nat 
Rev Immunol. 2008;8:958–969.

39. Gordon S. Alternative activation of macrophages. Nat Rev Immunol. 2003;3:23–35.
40. Dewhurst JA, Lea S, Hardaker E, Dungwa JV, Ravi AK, Singh D. Characterisation of 

lung macrophage subpopulations in COPD patients and controls. Sci Rep. 2017;7: 
7143.

41. Shaykhiev R, Krause A, Salit J, et al. Smoking-dependent reprogramming of alveolar 
macrophage polarization: implication for pathogenesis of chronic obstructive 
pulmonary disease. J Immunol. 2009;183:2867–2883.

42. Yerneni SS, Werner S, Azambuja JH, et al. Pneumococcal extracellular vesicles 
modulate host immunity. mBio. 2021;12, e0165721.

43. Chen YW, Li SW, Lin CD, et al. Fine particulate matter exposure alters pulmonary 
microbiota composition and aggravates pneumococcus-induced lung pathogenesis. 
Front Cell Dev Biol. 2020;8, 570484.

W.-C. Liao et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.jmii.2024.10.001
https://doi.org/10.1016/j.jmii.2024.10.001
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref1
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref1
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref1
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref2
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref2
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref3
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref3
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref3
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref4
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref4
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref4
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref4
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref5
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref5
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref5
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref5
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref6
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref6
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref7
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref7
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref7
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref8
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref8
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref9
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref9
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref9
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref10
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref10
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref10
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref11
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref11
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref11
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref12
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref12
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref12
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref13
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref13
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref13
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref14
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref14
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref14
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref15
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref15
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref15
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref16
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref16
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref16
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref16
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref17
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref17
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref17
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref18
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref18
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref18
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref19
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref19
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref19
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref20
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref20
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref21
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref21
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref21
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref22
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref22
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref22
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref23
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref23
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref23
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref24
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref24
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref25
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref25
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref26
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref26
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref26
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref27
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref27
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref28
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref28
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref28
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref29
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref29
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref29
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref30
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref30
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref31
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref31
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref31
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref31
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref32
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref32
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref32
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref33
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref33
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref34
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref34
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref34
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref34
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref35
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref35
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref35
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref36
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref36
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref36
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref37
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref37
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref38
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref38
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref39
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref40
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref40
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref40
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref41
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref41
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref41
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref42
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref42
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref43
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref43
http://refhub.elsevier.com/S1684-1182(24)00186-5/sref43

	Cigarette smoke compromises macrophage innate sensing in response to pneumococcal infection
	1 Introduction
	2 Materials and methods
	2.1 Preparation of cigarette smoke extract (CSE) medium
	2.2 Cell culture
	2.3 Bacterial culture
	2.4 Cell viability assay
	2.5 Bactericidal survival assay
	2.6 Phagocytosis assay
	2.7 Bacterial internalization assay
	2.8 Cytokine array assay
	2.9 Quantitative real-time reverse transcription-PCR (qRT-PCR)
	2.10 Immunofluorescence staining
	2.11 Western blot assay
	2.12 Enzyme-linked immunosorbent assay (ELISA)
	2.13 Analysis of NF-κB-luciferase reporter activity
	2.14 Statistical analysis

	3 Results
	3.1 CSE suppresses bacterial phagocytosis by macrophages
	3.2 CSE decreases pneumococcus-induced cytokine/chemokine production
	3.3 CSE impedes pneumococcus-induced cytokine production through nuclear factor (NF)-κB and IRF3 signaling pathways
	3.4 CSE hinders pneumococcus-induced M1 polarization

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Data availability statement
	Funding
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


