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ABSTRACT

Cigarette smoking is associated with numerous diseases and poses a serious 
challenge to the current healthcare system worldwide. Smoking impacts both 
innate and adaptive immunity and plays dual roles in regulating immunity by 
either exacerbation of pathogenic immune responses or attenuation of defensive 
immunity. Adaptive immune cells affected by smoking mainly include T helper cells 
(Th1/Th2/Th17), CD4+CD25+ regulatory T cells, CD8+ T cells, B cells and memory 
T/B lymphocytes while innate immune cells impacted by smoking are mostly DCs, 
macrophages and NK cells. Complex roles of cigarette smoke have resulted in numerous 
diseases, including cardiovascular, respiratory and autoimmune diseases, allergies, 
cancers and transplant rejection etc. Although previous reviews have described the 
effects of smoking on various diseases and regional immunity associated with specific 
diseases, a comprehensive and updated review is rarely seen to demonstrate impacts 
of smoking on general immunity and, especially on major components of immune cells. 
Here, we aim to systematically and objectively review the influence of smoking on 
major components of both innate and adaptive immune cells, and summarize cellular 
and molecular mechanisms underlying effects of cigarette smoking on the immune 
system. The molecular pathways impacted by cigarette smoking involve NFκB, MAP 
kinases and histone modification. Further investigations are warranted to understand 
the exact mechanisms responsible for smoking-mediated immunopathology and to 
answer lingering questions over why cigarette smoking is always harmful rather than 
beneficial even though it exerts dual effects on immune responses.

INTRODUCTION

Cigarette smoking is prevalent worldwide and it has 
been reported that approximately 1/3 of the adult population 
smokes tobacco [1]. Smoke from tobacco combustion 
contains numerous harmful chemicals, including, but not 
limited to, carbon monoxide, nicotine, nitrogen oxides 
and cadmium [2, 3]. Exposure of tobacco smoke has been 
considered as an important cause of preventable death 
worldwide [4, 5] and related to the development of brain, 
respiratory, cardiovascular diseases, infections and cancers 
[6–9] (Table 1). Meanwhile, smoking has been implicated 

in the production of many immune or inflammatory 
mediators, including both pro-inflammatory and anti-
inflammatory cytokines [10–14]. Recently, many studies 
have demonstrated that cigarette smoking has far-reaching 
effects on chronic inflammation and autoimmunity at a 
systemic level [2, 10, 15, 16], including rheumatoid arthritis 
(RA), psoriasis, chronic obstructive pulmonary disease 
(COPD) and systemic lupus erythematosus (SLE). Although 
reviews have been previously conducted to describe effects 
of cigarette smoking on various diseases and local immunity 
associated with a specific disease, a comprehensive review 
demonstrating impacts of cigarette smoking on major 
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Table 1: Major diseases caused by cigarette smoking

Disease Disease Disease

Cancers Lung cancer Autoimmune 
diseases

Rheumatoid arthritis Graft rejection Cardiovascular 
graft

Renal carcinoma Chronic obstructive 
pulmonary disease Renal graft

Bladder cancer Systemic lupus 
erythematosus

Lung 
transplantaion

Pancreatic carcinoma Inflammatory bowel 
disease

Cardiac 
transplantation

Breast cancer Crohn's disease Hepatic 
transplantation

Hepatocellular cancer Ulcerative colitis Lower extremity 
bypass

Esophageal squamous 
cell carcinoma Psoriatic arthritis Infrainguinal 

bypass

Oral cavity cancer Ankylosing 
spondylitis Skin graft

Pharynx cancer Systemic sclerosis
Hematopoietic 

stem cell 
transplantation

Nasopharynx carcinoma Diabetes mellitus
Oral and 

respiratory 
diseases

Acute eosinophilic 
pneumonia

Stomach cancer Macular degeneration Asthma

Uterine cervix cancer Graves' 
hyperthyroidism

Chronic 
obstructive 

pulmonary disease

Myeloid leukaemia Goodpasture's 
syndrome

Hypersensitivity 
pneumonitis

Pregnancy Preterm birth Thromboangiitis 
obliterans

Rhinitis

Fetal growth restriction Primary biliary 
cirrhosis Periodontitis

Placental abrubtion Neurological 
diseases Alzheimer's Disease Gingivitis

Placenta previa Stroke Recurrent 
wheezing

Low birthweight Small vessel ischemic 
disease

Cardiovascular 
diseases

Myocardial 
infarction

Sudden infant death 
syndrome Cerebral aneurysms Cardiac 

arrhythmia

Silent cerebral 
infarction Atherothrombosis

Parkinson's disease Thromboangiitis 
obliterans
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components of immune cells is lacking. We have previously 
found that smoking hinders long-term allograft survival 
induced by costimulatory blockade [17]. Here, we aim to 
systematically review dual influences of smoking on main 
components of immune cells of both innate and adaptive 
immunity, and summarize the molecular and cellular 
mechanisms underlying the effects of cigarette smoking on 
the immune cells.

EFFECTS OF CIGARETTE SMOKING 
ON ADAPTIVE IMMUNITY

T lymphocytes

T lymphocytes (T cells) are a major subset of 
immune cells mediating adaptive immunity. In general, 
activation and differentiation of naive T cells upon antigen 
recognition generate effector T cells and, at a small 
frequency, memory and regulatory T cells [18–24]. These 
cells exert their functions in response to specific antigens 
through their helper, effector, cytotoxic or regulatory 
capacities. Previous studies have shown the profound 
impacts of cigarette smoking on T cells and their release 
of proinflammatory mediators (Figure 1).

T helper cells

Epidemiological studies have suggested that either 
firsthand or secondhand tobacco smoking is an important 

contributor in the development of many diseases. It’s 
been known that cigarette smoking is a major cause of 
COPD characterized by chronic airflow obstruction [25]. 
Forsslund et al [26] analyzed T cells in bronchoalveolar 
lavage (BAL) fluid and peripheral blood from 40 non-
smokers, 40 smokers with normal pulmonary function 
and 38 COPD patients. They found that the percentage 
of CD8+ BAL cells of smoking groups was higher than 
that of non-smoking groups while the frequency of CD4+ 
T cells in both BAL and blood of smokers was lower 
than that of non-smokers. Zhang et el. [27] found that the 
homeostasis of circulating T helper cells was disrupted 
in chronic COPD patients compared with healthy non-
smokers. Second-hand smoke (SHS) also affected T 
cell components. Analyses of blood cotinine, a nicotine 
metabolite, and T-cell subpopulations from non-smokers 
demonstrated that passive smoking was positively 
correlated with the prevalence of naive CD3+ T cells [28]. 
Taken together, active smoking increases the percentage 
of CD8+ T cells but lowers CD4+ T cells in humans while 
passive smoking generally augments human CD3+ T cells.

Further studies demonstrated that the percentage 
of Th17 cells in circulating T cell subsets from COPD 
patients was higher than that of current smokers without 
COPD and healthy subjects while the percentage of Th1 
cells was also increased in COPD patients and current 
smokers without COPD [29]. Mice with COPD induced 
by chronic tobacco smoke also exhibited a rise in Th17 
subset accompanying with upregulation of Th17-series 
of cytokines (IL-6, IL-17A and IL-23) in the lung tissue 

Figure 1: Effects of cigarette smoking on the development and function of both innate and adaptive immune cells. 
Cigarette smoking alters the development, cytokine production, and effector function of both innate immune cells, including DCs, 
macrophages and NK cells, and adaptive immune cells, such as cytotoxic CD8+ T cells, CD4+ Th cells, regulatory T cells and B cells, 
leading to pro-inflammatory responses and/or dysfunction of immune cells. (“Altered” denotes contradictory results with both upregulation 
and downregulation)
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and peripheral blood [30]. A study on BAL from mice, 
which were exposed to tobacco smoke for at least six 
months, showed that the number of Th1 and Th17 cells 
was significantly elevated [31]. Mice with emphysema 
had an increased expression of Th1-type cytokine IFN-γ 
and Th17-type IL-17A [32, 33] and/or augmented 
numbers of Th17/Tc17 and Tc1 cells [33, 34]. Therefore, 
both murine experiments and human studies suggest that 
increases in Th1 and Th17 cell subsets are associated 
with pulmonary inflammation as a result of cigarette 
smoke exposure (CSE).

Crohn’s disease (CD) is a chronic inflammatory 
bowel disease that leads to obvious morbidity [35], and is 
epidemiologically correlated with cigarette smoking [36, 
37]. Many studies have revealed that immune responses 
mediated by Th1 and Th17 cells play an important role 
in CD [38–40], and that nicotine, a major component of 
tobacco smoke, can worsen the trinitrobenzene sulfonic 
acid (TNBS)-induced colitis in mice with an increased 
percentage of Th17 cells [41]. In contrast, CSE was found 
to have a different effect on Th17 cells in ulcerative colitis. 
Nicotine relieved oxazolone-induced colitis and reduced 
the number of Th17 cells in mice [41]. Montbarbon et 
al pretreated C57BL/6 mice with cigarette smoke for 14 
days and then induced their colitis by dextran sodium 
sulfate (DSS). They observed that smoke exposure 
improved colonic inflammation with an obviously reduced 
production of colonic Th1/Th17 cytokines, including 
TNFα, IFN-γ and IL-17 [42]. The contradictory effects 
of smoke/nicotine on two types of experimental colitis 
in mice resulted from different pathologic changes. It 
has been known that TNBS-induced colitis was Th1 cell-
mediated whereas oxazolone-induced colitis was Th2 
cell-oriented [43, 44]. Galitovskiy et al. [41] showed that 
Th1 cytokine IL-12 significantly decreased the protein 
expression of α7 nicotinic acetylcholine receptors (α7 
nAChR), which was expressed on murine CD4+ T cells 
and relayed anti-inflammatory signals, while Th2 cytokine 
IL-4 enhanced α7 nAChR expression. Therefore, nicotine 
exhibited dual effects on colitis of differential animal 
models due to the opposite expression profile of anti-
inflammatory α7 nAChR. CSE also influenced other 
autoimmune diseases by regulating Th17 responses. 
Torii et al. evaluated the percentage of circulating Th17 
among CD3+ cells in peripheral blood mononuclear cells 
(PBMCs) of psoriatic patients and found that smokers 
had higher levels of Th17+ T cells than non-smokers and 
that tobacco smoke extract enhanced Th17 generation in 
vitro [45]. Moreover, smoking was suggested to induce 
rheumatoid arthritis by promoting Th17 responses through 
Aryl hydrocarbon receptor on human T cells [46, 47].

Th2 cells are mainly primed by IL-4 and secrete 
effector cytokines against extracellular parasites. It 
was reported that CSE exacerbated the Th2-mediated 
airway inflammation in mice treated with OVA [48], and 
enhanced mRNA and protein expression of thymic stromal 

lymphopoietin [49], which was important for Th2-specific 
allergic inflammation. It was also observed that prenatal 
secondhand smoke significantly elevated the secretion of 
Th2 cytokines, including IL-4 and IL-13, and promoted 
activation and polarization of Th2 cells and pulmonary 
inflammation in BALB/C mice [50, 51]. Mishra et al. [52] 
revealed that nicotine treatments to Brown Norway rats, 
which were sensitized with allergens, apparently reduced 
the expression level of pulmonary Th2-related chemokines 
and cytokines, and inhibited eosinophil migration. These 
animal studies indicate that cigarette smoking mostly 
promotes Th2 immune responses as well as Th2-related 
pulmonary inflammation and asthma, although nicotine 
may attenuate allergy via reducing Th2 responses.

In summary, data from both human and animal 
studies indicate that Th17 cell is actively involved 
in worsening smoking-associated inflammation and 
autoimmune diseases, including COPD, CD, colitis, 
RA and psoriasis, although nicotine can mitigate colitis 
in mice via suppression of IL-17 expression. Moreover, 
cigarette smoking may promote autoimmune diseases by 
enhancing Th1 polarization. Smoking also promotes Th2-
mediated pulmonary inflammation and allergy in animal 
studies. Further investigations, especially in humans, are 
needed to provide mechanistic insight into the effects of 
cigarette smoke on Th1/Th2/Th17 responses and allergy 
or autoimmune diseases mediated by these T helper cells.

CD8+ T cells

CD8+ T cells are also known as cytotoxic T 
lymphocytes (CTLs), which play an important role in 
host immune defense via killing infected or damaged 
cells. It was reported that chronic CSE could not induce 
inflammation or immune responses and emphysema in 
CD8 knockout mice [53]. Further studies demonstrated 
that IP-10 from CD8+ T cells facilitated the production of 
macrophage elastase, contributing to elastin fragmentation 
and pulmonary injury [53]. These results indicated that 
CD8+ T cells serve as a key mediator of COPD. Nadigel et 
al. [54] found that human CD8+ T cells, either from lung 
tissue of COPD patients or exposed to cigarette smoke 
condensate, expressed more TLR4 and TLR9 proteins 
as compared with controls, while CSE also induced the 
activation of circulating CD8+ T cell with an increase 
in cytokine expression. Moreover, analysis of clinical 
specimens from 9 smokers with COPD and 7 healthy 
smokers for lung resection showed that CD8+ T cells 
were also increased in the peripheral airways of COPD 
patients compared with healthy smokers [55], and their 
proliferation was induced by CSE [56, 57]. Another 
study on emphysema mice demonstrated that cigarette 
smoke not only increased the percentage of IL-21+ Th17 
and IL-21R+ CD8+ T cells in peripheral blood, but also 
enhanced their expressions of IL-17 and IL-21, which 
in turn upregulated perforin and granzyme B in CD8+ T 
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cells, indicating that cytotoxic function of CD8 + T cells 
can be regulated by Th17 cells in emphysema [58]. On 
the contrary, early investigation had revealed that smokers 
with COPD (n=12) had less circulating CD8+ T cells and 
more chemokine receptor CXCR3 on CD8+ T cells than 
smokers without COPD (n=14) and nonsmokers (n=13), 
while smokers with and without COPD had more activated 
and cytotoxic (CD27-CD45RA+) CD8+ T cells in the 
peripheral blood than normal nonsmokers [59].

In conclusion, overwhelming majority of studies in 
humans have shown that smoking increases the number 
of CD8+ T cells and their activation and function. The 
contradictory data from initial studies showing a reduction 
in human CD8+ T cell numbers under the smoking 
condition could be attributed to gender and genetic 
background or racial difference. However, studies in both 
humans and animals indicate that cigarette smoke not just 
alters the total number of CD8+ T cells, but also induces 
or enhances their functional responses. Meanwhile, these 
findings suggest that the influences of cigarette smoking 
on CD8+ T cells may vary, depending on the differential 
tissue microenvironment and pathological conditions.

Regulatory T cell (Treg)

Tregs play an essential role in maintaining 
immunologic homeostasis and tolerance through 
its immunosuppressive capacity. Epidemiologic 
investigations have revealed that smoke exposure is 
associated with the imbalance of Tregs in COPD patients 
or smokers. Barceló et al. [60] reported a significant 
downregulation of CD4+ CD25+ Treg cells in BAL fluid 
of patients with COPD compared with healthy smokers. 
Subsequent analyses by other groups demonstrated a 
similar tendency in circulating CD4+ and CD8 + Tregs of 
COPD patients [61, 62]. Furthermore, smoking or passive 
cigarette smoke exposure during gestation contributed to 
reduced Treg numbers in cord blood [63], resulting in a 
higher risk of neonatal atopic dermatitis and food allergy. 
On the other hand, mounting evidence demonstrated that 
COPD patients had a prominent increase in Treg cells. 
The analysis of BLA fluid from smokers and COPD 
patients showed that the percentage of CD4+CD25+ Tregs 
was augmented compared with healthy non-smokers 
[64–66]. Moreover, the prevalence of CD4+FoxP3+ 
Treg cells was also elevated in the pulmonary tissue 
and peripheral blood of COPD patients compared with 
non-smokers [29, 67]. Although an increased frequency 
of CD4+CD25+ T cells was observed in smokers with 
normal pulmonary function, the alteration of FoxP3+ 
and CD127+ expression was not seen when compared 
to non-smokers [66]. Three subpopulations of human 
Tregs were reported. The suppressive subpopulations 
contained both resting CD25++CD45RA+ Tregs (rTregs) 
and activated CD25+++CD45RA- Tregs (aTregs) while the 
pro-inflammatory subpopulations were cytokine-secreting 

CD25++CD45RA- (FrIII) cells [68]. Hou et al [69] found 
that COPD patients had a lower percentage of suppressive 
Tregs (rTregs and aTregs) but higher percentage of 
FrIII cells compared with healthy smokers, although the 
frequencies of three subsets of Tregs were all increased 
in smokers compared to non-smokers, suggesting that 
Treg imbalance (aTreg+rTreg vs. Fr III) has an impact on 
pathogenesis of COPD.

Taken together, impacts of cigarette smoking on 
human Treg numbers remain contradictory. We propose 
that cigarette smoking impairs immunosuppressive 
function of Tregs by reducing the number of suppressive 
Tregs or increasing the prevalence of non-suppressive 
Tregs, leading to an enhanced autoimmune component in 
COPD pathogenesis, while increased Treg numbers may 
occur in some smokers under circumstances, leading to 
worsened respiratory infections. More in-depth studies 
are required to clearly define net impacts of cigarette 
smoking on Treg generation and function in smokers with 
or without a specific medical condition.

B cells

Recent investigations have focused on the 
mechanisms underlying smoking-induced changes in 
distribution and function of B cells. Epidemiologic 
studies showed that cigarette smoking resulted in higher 
prevalence of (class-switched) memory B cells in 
peripheral blood and memory IgG+ B cells in the lung 
[70, 71]. Smokers also exhibited an elevated level of 
circulating IgE, leading to the potential development of 
atopic diseases and asthma [72]. It has been reported that 
nicotinic receptors, including alpha4 and alpha7 subunits, 
are present and play important roles in B cell lines [73, 
74]. Chronic nicotine exposure increased the expression 
of alpha4 and alpha7 subunits and induced proliferation of 
hybridoma B cells [73]. A retrospective study on prostate 
inflammation showed that the risk of acute inflammation 
of current smokers was higher than that of former smokers 
(OR, 1.35; P, 0.001) and never-smokers (OR, 1.36; P, 
0.001), and the risk of chronic inflammation in the baseline 
biopsy was related with current smoking, indicating that 
cigarette smoking was correlated with acute and chronic 
prostatic inflammation [75]. Cigarette smoking also caused 
inflammation in prostate cancer and a B cell signature in 
prostate tumors in current smokers, contributing to an 
increase in the expression of immunoglobulin by B cells 
infiltrating the tumor [76]. On the other hand, smokers 
with Helicobacter pylori (H. pylori) infection had a lower 
number and impaired function of regulatory B cells than 
non-smokers with also H. pylori infection [77]. Moreover, 
analyses of immunoglobulins demonstrated a decreased 
production of IgA, IgG and IgM in smokers [78–80] 
while a study on the avidity of IgG using modified VLP 
ELISAs revealed that the higher risk of having the low 
avidity of HPV16/18 IgG in B cells was also associated 
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with cigarette smoking [81]. Recent investigations have 
focused on the mechanisms underlying smoking-induced 
distribution and development of B cells. They developed 
from bone marrow-derived hematopoietic stem cells that 
first differentiated into precursor and progenitor B cells 
and then immature B cells [82]. It was found that tobacco 
smoke exposure led to obvious downregulation of murine 
marrow B220+CD34- pre-B cells and/or B220+CD34+ 
pro-B cells without significant changes in cell apoptosis 
and cell cycle [83, 84].

In summary, studies on humans again have 
generated contradictory data showing that cigarette 
smoking increases frequency of memory B cells and 
IgE production, lowers regulatory B cell numbers, but 
decreases production of IgA, IgG and IgM in smokers 
while smoke exposure downregulates murine marrow 
pre-B cells or pro-B cells. Meanwhile, smoking raises 
the risk of inflammation in prostate cancer and B cell 
signature in the tumors.

Memory lymphocytes

Memory T cells are a subset of T lymphocytes that 
have been previously challenged by foreign pathogens 
or antigens and can respond rapidly and vigorously 
upon reencounter with the same antigen [85]. Similarly, 
memory B cells can quickly and effectively generate 
antibodies upon encounter with a previously-met antigen 
[86]. Thus, both memory lymphocytes play important 
roles in human immune defenses. Early studies showed 
that tobacco smoking apparently elevated memory T cells 
(CD3+CD45RO+, CD4+CD45RO+) and class-switched 
memory B cells in human peripheral blood [70, 87–89]. 
Active smoking in COPD patients also induced high levels 
of class-switched memory B cells in blood and IgG+ 
memory B cells in the lung [71]. However, subsequent 
findings indicated an opposite effect of tobacco smoking 
on human memory T cells. Vardavas et al [28] found a 
significant correlation of secondhand smoke with reduced 
frequencies of CD3+CD45RO+ and CD4+CD45RO+ 
memory T cells in the blood of children, accompanying 
with augmented percentages of CD3+ and CD4+CD45RA+ 
naive T cells. We speculate that the contradictory roles of 
cigarette smoke in the circulating memory T cells of adults 
and children are possibly due to immature immune system 
in children, which is different from that of adult immune 
system. Cigarette smoking seemed to attenuate rather than 
strengthening the response of children memory T cells via 
suppressing their generation.

Secondhand smoke exposure reduced effector and 
memory T cells in the lungs and spleens of mice infected 
with Mycobacterium tuberculosis [90], demonstrating 
suppressive effects of cigarette smoke on immune 
responses to infection. Further investigations showed 
that in vitro pretreatments with 4-(Methylnitrosamino)-
1-(3-pyridyl)-1-butanone (NNK), a major carcinogen 

component of tobacco, impaired the expansion of 
cytotoxic T lymphocytes (CTLs) following their transfer 
into mice but elevated the frequency of precursor memory 
CLTs, resulting in a final moderate decline in memory 
CLTs [91]. Moreover, acute nicotine exposure attenuated 
the expansion of murine CTLs in vivo after transfer as well 
as their later differentiation into memory CTLs [92].

In summary, smoking enhances T cell memory in 
adult while reducing it in children. In mice, smoking also 
reduces memory T cells, especially CTLs. These results 
indicate that cigarette smoking exerts duel influences on 
the generation of memory T cells, perhaps depending on 
an individual’s genetic background and environment.

EFFECTS OF CIGARETTE SMOKING 
ON INNATE IMMUNITY

Growing evidence has indicated the positive 
association of cigarette smoking with abnormality of 
innate immune responses [93–95] although the potential 
mechanisms are still poorly understood. Kearley et al. [96] 
found that cigarette smoke exposure (CSE) elevated the IL-
33 release from epithelial cells and altered the expression 
of IL-33 cognate receptor ST2 in different immune 
cells. They found that smoke exposure enhanced ST2 
expression by macrophages and NK cells, but diminished 
it in group 2 innate lymphoid cells (ILC2s), contributing to 
strengthened IL-33-dependent pro-inflammatory responses 
of macrophages and NK cells upon infections. These results 
indicate complicated influences of smoking on innate 
immune system. Innate immune cells, including dendritic 
cells (DCs), natural killer (NK) cells and macrophages etc., 
play important roles in the host defense against infections. 
Effects of cigarette smoking on the innate immune cells 
(Figure 1) are described below.

Smoking and toll-like receptors (TLRs)

TLRs are a class of proteins that play an essential 
role in the innate immune system. They are single and 
non-catalytic receptors generally expressed in innate 
immune cells, including macrophages and dendritic 
cells, and recognize structurally conserved molecules 
that are derived from pathogens. Botelho et al. found 
that CSE resulted in inflammatory responses mediated 
by neutrophils and monocytes, while activated CD4+ T 
cells were presented in murine lungs after the prolonged 
exposure, implying that innate immune cells are sufficient 
to trigger the acute inflammation in a response to smoke 
stimulation [97]. The acute inflammatory responses caused 
by smoking was reported to depend on toll-like receptors 
(TLRs) [98]. Furthermore, Doz and colleagues showed 
that cigarette smoking (with two cigarettes twice in a 
day for three days) caused acute airway inflammation in 
mice through TLR-4 and IL-1R1 signaling [99]. Cigarette 
smoking also promoted inflammatory responses and 
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atherosclerosis by activating the H1R-TLR2/4-COX2 
axis [100]. Study on patients with periodontitis revealed 
that smoking enhanced the mRNA expression of TLR-2 
and TLR-4 in the gingival tissue [101, 102]. Similarly, 
increased expression of TLR-2 was observed in the lungs 
of mice exposed to cigarette smoke [103]. These results 
indicate that cigarette smoking induces inflammation 
via increasing the expression and responsiveness of 
TLRs. On the other hand, it was revealed that maternal 
smoking reduced the TLRs (TLR-2, TLR-3, TLR-4 
and TLR-9) responsiveness of infants’ cord blood cells 
compared with nonsmoking groups, possibly increasing 
the risk of respiratory infections and asthma [104]. And 
CSE caused a decrease in mRNA level of TLR-7 and 
IRF-7 in human plasmacytoid DCs (pDC) infected by 
respiratory syncytial viruses, demonstrating a suppressive 
effect of cigarette smoke on pDC upon infection [105]. 
Taken together, cigarette smoking is likely to exacerbate 
inflammatory responses but attenuate immune defenses 
against infections by regulating TLR signaling.

Dendritic cells (DCs)

DCs are derived from a hematopoietic lineage 
of bone narrow and can induce immune responses to 
pathogens via processing and presenting antigens [106]. 
Cigarette smoke alters the number, distribution and 
development of DCs and Langerhans cells (LCs). It was 
reported that active smoking correlated with augmented 
numbers of DC/LC lineage and caused a dramatic increase 
in the number of LCs in human alveolar parenchyma [95]. 
And cigarette smoking upregulated the expression of 
CCR7, MHCII and CD86, and significantly promoted the 
trafficking and responses of airway DCs in mice sensitized 
with OVA, facilitating the allergic airway inflammation 
[107]. Moreover, passive smoking enhanced the frequency 
of murine pulmonary DCs and caused their accumulation 
and activation, which relied on IL-1R1/IL-1α [108]. The 
upregulation of DC numbers in individuals exposed to 
cigarette smoke likely resulted from a rise in the cell 
survival, which was supported by a previous study on 
the responsiveness of human and murine DCs to smoke 
exposure [109]. Thus, smoking possibly aggravates the 
airway inflammation through increasing both the number 
and function of DCs in humans as well as mice.

Mounting evidence has indicated that cigarette 
smoke or its extract also negatively regulates the function 
and maturation of DCs. It was demonstrated that CSE 
was significantly associated with the reduced stimulating 
capacity of DCs in mice with asthma [110], and that 
murine DCs treated in vitro with carbon monoxide (CO), 
a component of tobacco smoke, prevented accumulation 
of pancreatic autoreactive CD8+ T cells in mice with 
autoimmune diabetes [111]. Furthermore, CSE led to 
the reduced pulmonary DCs and suppression of DC 
maturation in murine lymph nodes, accompanying with 

the decreased expression of MHC II and costimulatory 
molecules (CD80 and CD86) and an attenuated capacity 
of inducing T cell proliferation [112]. The smoke exposure 
for a longer than 24 hours resulted in suppression of 
functional development of DCs with downregulation of 
MHCII, CD83, CD86 and CD40, as well as a decline 
in CD45 expression on human DC cell line L428 [113]. 
Similar effects of cigarette smoke were reported in 
human studies. The prevalence of mature DCs (CD83+) 
and migratory DCs (CCR7+) was decreased while the 
percentage of immature DCs (CD1a+) was obviously 
increased in the lung tissues of COPD patients compared 
with healthy non-smokers [114]. Moreover, smokers with 
COPD had lower mRNA expression of CD83 and CCR7 
than healthy non-smokers [114]. Plasmacytoid DCs were 
present in tissues that were in close association with the 
external environment and important for immune defenses 
against viruses [115]. Cigarette smoke extract was shown 
to reduce the expression of IFN-α and TLR-7 in pDC 
from healthy human volunteers and in pDC infected 
by respiratory syncytial virus, indicating that smoking 
attenuates the antiviral function of pDC [116, 117].

In conclusion, cigarette smoking profoundly 
impacts the development and function of DCs and, hence, 
inflammation. However, findings concerning the impacts 
of cigarette smoke on DCs are contradictory given that 
smoking can either suppress or promote DC development 
and function in both humans and mice. It has not been 
well defined likely due to the complex compositions of 
cigarette smoke, the exposure time and quantity of smoke 
and the interactions between DCs and other immune cells 
in animal models and humans. Further investigations are 
necessary to determine the exact effects of smoking on DC 
generation and function in a specific disease setting and at 
a particular location.

NK cells

NK cells are similar to cytotoxic lymphocytes 
expressing perforin, granzymes, TNF-α and IFN-γ [118], 
and are a critical component of innate immune cells. NK 
cells can rapidly and effectively respond because they also 
exhibit a memory feature [119]. Motz et al. [120] assessed 
the influences of smoking on NK (CD335+) cells in 
COPD mice and revealed that smoke exposure promoted 
the expression of IFN-γ and CD107a in NK cells upon 
stimulation, and enhanced NK cell responses. Murine NK 
cells were also primed by cigarette smoke to express more 
Th-17 cytokine IL-17A [121]. Meanwhile, CSE for over 
four days activated CD69+ NK cells in murine lung and 
induced their responses [128]. Further analysis of human 
data showed that smokers with or without COPD had an 
increase in the frequency of circulating NK (CD56+CD3-) 
cells compared with former smokers with COPD and 
healthy nonsmokers [122, 123]. On the other hand, 
previous investigations also demonstrated an obvious 
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reduction of NK (CD16+) cells in the peripheral blood of 
healthy smokers and the smokers exposed occupationally 
to organic solvents compared with nonsmokers [124, 125]. 
Cigarette smoke was reported to suppress the expression 
of IFN-γ and TNF-α in human NK (CD56+CD3-) cells 
stimulated by poly I:C while smoking-conditioned 
medium (SCM) reduced the cytotoxicity of NK cells that 
had a lower perforin production [126, 127]. Similarly, 
Mian et al. found that cigarette smoke apparently 
attenuated the activation and cytolytic capacity of human 
NK cells with decreased expression of activation marker 
CD69 [128].

Taken together, smoking still exerts dual effects on 
the frequency and function of NK cells in both mice and 
humans. The actual influences of cigarette smoking on NK 
cells may vary, depending on the differential pathological 
conditions or disease settings and subsets of NK cells with 
different surface markers. Different subsets of NK cells 
may paradoxically respond to cigarette smoke in a given 
setting at a given time.

Macrophages

Macrophages respond to exogenous pathogens 
via phagocytosis and digestion, and recruit/activate 
lymphocytes via their antigen-presenting ability 
[129]. Ko and others reported that both smoking and 
nicotine treatments could enhance the expression of 
proinflammatory chemokine IL-8 in macrophages of both 
humans and mice [130–132]. Metcalfe et al [133] found 
that cigarette smoke extract inhibited the responses of 
COPD-derived alveolar macrophages to TLR signaling 
and Haemophilus influenza stimulation. These results 
indicated that smoke-treated human macrophages 
and IL-8 produced by these macrophages facilitated 
inflammation, although studies on murine macrophages 
demonstrated that smoking remarkably suppressed the 
phagocytosis of macrophages and enhanced bacterial 
survival [134]. Another report showed a similar trend 
in phagocytic function of human macrophages THP-
1 treated with cigarette smoke extract [135], with an 
increase in M2 macrophages. M2 macrophage is regarded 
as a subset of anti-inflammatory cells that can attenuate 
inflammation, whereas M1 macrophage is referred to as 
pro-inflammatory cells [136]. Finally, it was found that 
bone marrow-derived mast cells exposed to cigarette 
smoke promoted the polarization of murine macrophages 
into M2 subset [137].

In summary, smoke treatments stimulate human 
macrophages to release IL-8, facilitating inflammation 
rather than directly enhancing their function while 
cigarette smoking suppresses the phagocytosis of 
murine macrophages. However, smoking promotes M2 
polarization of both human and murine macrophages. 
Further studies are needed to fully understand impacts of 
smoking on the function of macrophages, especially in 
humans.

MOLECULAR MECHANISMS 
UNDERLYING SMOKING-ASSOCIATED 
IMMUNOPATHOLOGY

Cigarette smoke is an important source of hazardous 
chemicals, including nicotine, reactive nitrogen species 
(RNS), reactive oxygen species (ROS), free radicals, nicotine 
and polycyclic aromatic hydrocarbons. They cause oxidative 
stress, DNA damage, inflammation and various cancers [3, 
138, 139]. The molecular mechanisms behind the smoking-
induced effects on immune cells are still poorly understood. 
Early investigation revealed that cigarette smoke initiated 
the MAPK signaling pathways, which in turn regulated the 
activation of transcription factors (TFs) and affected DNA-
binding capacity of more than 20 TFs, including nuclear 
factor-kappa B (NFκB) [140]. The functional alterations 
of TFs contributed to transcriptional changes of their target 
genes, including inflammatory cytokines and chemokines. 
Furthermore, nicotine was also reported to exert anti-
inflammatory effects on activated immune cells via nicotinic 
acetylcholine receptors (nAChRs) mediated molecular 
pathways. Nevertheless, the exact molecular mechanisms 
underlying smoking-associated immunopathology remain 
largely unknown.

NFκB

Activation of NFκB with oxidative stress plays a key 
role in inflammation [141]. It was reported that cigarette 
smoke induced degradation of IκB-α and activation of 
nuclear factor-kappa B (NFκB) in lymphocytes and 
other types of cells, resulting in increased expression of 
cyclooxygenase-2 and iNOS [142, 143]. An analysis using 
protein/DNA array showed that CSE strengthened the 
transcriptional activity of NFκB via promoting its nuclear 
translocation and DNA binding activity in human A549 cells 
[140]. Lerner et al [144] demonstrated that cigarette smoke 
facilitated the expression of cytokine IL-8 and attenuated 
differentiation of human monocytes via activating NFκB 
pathway. Furthermore, Reynolds and colleagues found that 
CSE enhanced the activation of Ras and NFκB, and that 
downregulation of the receptor for advanced glycation end-
product (RAGE) resulted in the reduced activation of NFκB 
in alveolar epithelial cells [145]. Thus, it was suggested that 
cigarette smoke stimulated alveolar epithelial cells to express 
more cytokine IL-1β and chemokine CCL5 via RAGE-
mediated Ras-NFκB pathway, possibly contributing to 
leukocyte recruitments. On the contrary, others demonstrated 
that CSE suppressed the activation of NFκB in human 
and murine tracheobronchial epithelial cells infected by 
Haemophilus influenza (H. influenza), and these findings 
were supported by a study using animals infected with 
H. influenza [146]. Mian et al. also observed that smoke-
conditioned media significantly suppressed the activation 
of NFκB and IRF-3 in nonsmokers’ PBMCs treated with 
poly I:C [147], while cigarette smoke extract was shown 
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to dramatically elevate the DNA binding activity of AP-1 
rather than NFκB in endothelial cells of human umbilical 
core vein [148].

Taken together, previous studies indicate smoking 
also exerts dual roles in regulating NFκB activation in 
both humans and animals. The net effects of cigarette 
smoking on NFκB activity differ widely, depending on 
cell types and extracellular environment with or without 
exogenous pathogens, which possibly contributes to a 
decline in immunity against bacterial infections but an 
increase in pulmonary inflammation.

ERK

There are three major types of MAP Kinase 
pathways, including ERK1/2, JNK/SAPK and p38 
pathways [149]. Iles et al. found that 4-hydroxynonenal 
(HNE) induced by cigarette smoke in pulmonary epithelial 
cells enhanced the phosphorylation of ERK, JNK and 
c-Jun and the binding capacity of AP-1 with upregulation 
of Heme oxygenase-1 (HO-1) [150]. Similar ERK-c-Jun 
pathway induced by CSE was reported by others. Li et al. 
[151] revealed that CSE induced ERK phosphorylation, 
which in turn phosphorylated c-Jun in smooth muscle 
cells, contributing to cyclin D1 upregulation. They also 
demonstrated the involvement of MEK/ERK1/2 MAPK 
pathway in the diminished expression of cystic fibrosis 
transmembrane conductance regulator (CFTR) induced by 
cigarette smoke in human bronchial epithelial cells [152]. 
In addition to acting on epithelial cells and smooth muscle 
cells, CSE treatments also enhanced ERK phosphorylation 
and suppressed IL-12p70 expression in mature DCs, while 
the ERK phosphorylation in turn increased nuclear TF 
c-Fos, leading to the reduction in IL-23 protein levels 
[153]. It remains to be defined whether cigarette smoke 
affects ERK phosphorylation in adaptive immune cells.

P38 MAPK

Both in vitro and animal studies have shown that 
cigarette smoke exposure (CSE) exerts its effects through 
p38 MAPK signaling pathway. It was reported that CSE 
apparently elevated the phosphorylation of p38 MAPK 
in mice with smoke-induced pulmonary inflammation 
[154, 155]. Furthermore, Moretto et al. [156] found that 
CSE enhanced both mRNA and protein expression of 
IL-8, which was important for neutrophil chemotaxis, 
accompanying with phosphorylation of p38 MAPK 
and MEK2 in human pulmonary cells. Treatments with 
inhibitors of p38 MAPK or MEK2 accelerated the 
degradation of IL-8 mRNA. Thus, they suggested that 
cigarette smoking augments IL-8 expression in pulmonary 
structural cells through p38 MAPK/MEK pathway, 
resulting in neutrophil recruitments into the lungs and 
inflammatory sites. Additionally, some investigations [157, 
158] demonstrated that both p38 MAPK and ERK1/2 
pathways were concurrently implicated in the secretion 

of IL-8 and pulmonary inflammation induced by cigarette 
smoking.

In conclusion, tobacco smoking activates MAPK 
signaling in both murine and human pulmonary resident 
cells and leukocytes, and hence induces the expression of 
proinflammatory cytokines such as IL-8.

Histone modification

In addition to effects on NFκB and MAPK 
signaling pathways, tobacco smoke also alters the cellular 
chromatin via histone modification [159]. Previous studies 
established an association of tobacco smoking with 
augmented acetylation of histone 4 and phosphorylated-
histone 3 in human and mice [154, 160]. Yang et al. 
[161] revealed that CSE attenuated the activity of histone 
deacetylase (HDAC) and reduced the production of 
HDAC1, HDAC2, and HDAC3 in human macrophages. 
Furthermore, expression of SIRT1, a type of histone/
protein deacetylases [162], was suppressed by cigarette 
smoke in inflammatory cells of murine lungs as well 
as macrophage cell lines, resulting in abrogation of the 
interaction of SIRT1 with RelA/p65 and acceleration of 
RelA/p65 acetylation [163]. Since chromatin structures 
regulated by histone acetylation and deacetylation affected 
gene transcriptions [164], smoke-induced alterations 
in histone modification could lead to aberrant gene 
transcriptions in various immune cells. Taken together, 
smoking alters the cellular chromatin of both murine and 
human macrophages via histone modification.

Impacts of nicotine on molecular signaling 
pathways

Nicotine has been shown to be an 
immunosuppressive agent that can modulate innate and 
adaptive immune responses [165, 166] through interacting 
with nAChRs on the surface of immune cells, including 
macrophages, T and B lymphocytes [167]. Recently, 
considerable work has been done to show that α7 nAChR, 
one type of nAChRs, plays a crucial role in nicotine’s 
anti-inflammatory effects. The activation of α7 nAChR 
by nicotine in murine macrophages interacted with 
Jak2 and then induced the phosphorylation of STAT3, 
which subsequently inhibited the transcription of pro-
inflammatory cytokines [168]. Furthermore, activated 
α7 nAChR suppressed the phosphorylation of IκB in 
human monocytes, resulting in inhibition of nuclear 
translocation of NFκB [166, 169]. Besides, nicotine 
may regulate additional signaling pathways beyond 
activation of nAChRs. Early studies showed that nicotine 
facilitated the release of alpha-melanocyte-stimulating 
hormone (alpha-MSH) in frog melanotrophs through 
inducing inositolphospholipid breakdown and increasing 
the intracellular Ca(2+) concentration, indicating the 
involvement of non-cholinergic nicotine receptor in 
nicotine mediated effects [170]. It was also reported 
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that nicotine treatment enhanced Ca(2+) channels and 
suppressed nitric oxide (NO) signaling pathways in 
smooth muscle cells of rats [171]. Moreover, interleukin-1 
receptor-associated kinase M (IRAK-M), a negative 
regulator of innate TLR-mediated immunity, was involved 
in the anti-inflammatory effects of nicotine through α7 
nicotinic receptor in human macrophages [172]. Although 
the major evidence has revealed that nicotine functions via 
both nAChRs and non-nAChRs in immune cells, the exact 
signaling pathways of nicotine are still largely unclear and 
more studies are required to fully explore its molecular 
mechanisms.

CONCLUSION

Ample evidence has shown that both innate 
immunity and adaptive immunity are susceptible to 
cigarette smoke, which interrupts immunological 
homeostasis, causes various diseases, and exerts 
paradoxical effects on immune and tissue cells through 
regulating NFκB and MAPK signaling as well as histone 
modification. In particular, cigarette smoke acts as a 
double-edged sword that either exacerbates pathological 
immune responses or attenuates the normal defensive 
function of the immune system, possibly owing to the 
complexities and functional diversities of cigarette 
smoke components and individuals’ medical condition. 
Nevertheless, smoking plays a harmful rather than 
beneficial role in either case. Perhaps, tobacco smoke 
manufactured from different parts of the country may 
differ in actual chemical components. It is unknown why 
smoking is always deleterious rather than beneficial, 
even though it exerts dual effects on immune responses. 
For instance, cigarette smoke generally weakens 
immunity against infections but paradoxically promotes 
autoimmunity. We speculate that the weakened immunity 
with prolonged chronic infection results in cross-reactive 
autoimmunity against both a pathogen and cross-reactive 
self-tissue. It is also possible that cigarette smoke exerts 
differential effects on immunity in the context of various 
regional immunopathology and diseases. Although 
previous studies have revealed some of the cellular and 
molecular mechanisms responsible for immunoregulation 
induced by cigarette smoke, the exact mechanisms 
underlying smoking-associated immunopathology remain 
mostly unclear, which warrants further investigations.

CONFLICTS OF INTEREST

The authors declare that there is no any conflict of 
interest in this review.

GRANT SUPPORT

This study was partially supported by a grant from 
National Natural Science Foundation of China (NSFC 
81471550).

Author contributions

FQ, CLL, and HL prepared the literature and wrote 
the manuscript; YQZ, SZH and SH prepared the literature; 
XL and ZD edited the manuscript.

REFERENCES

1. Sander L, Gilman, Xun Z. Smoke: A Global History of 
Smoking. London: Reaktion Books. 2004.

2. Rennard SI. Cigarette smoke in research. Am J Respir Cell 
Mol Biol. 2004; 31:479-480.

3. Talhout R, Schulz T, Florek E, van Benthem J, Wester P, 
Opperhuizen A. Hazardous compounds in tobacco smoke. 
Int J Environ Res Public Health. 2011; 8:613-628.

4. Doll R, Peto R, Boreham J, Sutherland I. Mortality in 
relation to smoking: 50 years' observations on male British 
doctors. BMJ. 2004; 328:1519.

5. Centers for Disease C, Prevention. Annual smoking-
attributable mortality, years of potential life lost, and 
economic costs--United States, 1995-1999. MMWR Morb 
Mortal Wkly Rep. 2002; 51:300-303.

6. Cataldo JK, Prochaska JJ, Glantz SA. Cigarette smoking is 
a risk factor for Alzheimer's Disease: an analysis controlling 
for tobacco industry affiliation. J Alzheimers Dis. 2010; 
19:465-480.

7. Mainali P, Pant S, Rodriguez AP, Deshmukh A, Mehta JL. 
Tobacco and cardiovascular health. Cardiovasc Toxicol. 
2015; 15:107-116.

8. Warren GW, Cummings KM. Tobacco and lung cancer: 
risks, trends, and outcomes in patients with cancer. Am Soc 
Clin Oncol Educ Book. 2013:359-364.

9. Warren GW, Sobus S, Gritz ER. The biological and clinical 
effects of smoking by patients with cancer and strategies 
to implement evidence-based tobacco cessation support. 
Lancet Oncol. 2014; 15:E568-E580.

10. Goncalves RB, Coletta RD, Silverio KG, Benevides L, 
Casati MZ, da Silva JS, Nociti FH, Jr. Impact of smoking on 
inflammation: overview of molecular mechanisms. Inflamm 
Res. 2011; 60:409-424.

11. Meuronen A, Majuri ML, Alenius H, Mantyla T, 
Wolff H, Piirila P, Laitinen A. Decreased cytokine and 
chemokine mRNA expression in bronchoalveolar lavage 
in asymptomatic smoking subjects. Respiration. 2008; 
75:450-458.

12. Friedrichs B, Neumann U, Schuller J, Peck MJ. Cigarette-
smoke-induced priming of neutrophils from smokers 
and non-smokers for increased oxidative burst response 
is mediated by TNF-alpha. Toxicol In Vitro. 2014; 
28:1249-1258.

13. Cesar-Neto JB, Duarte PM, de Oliveira MC, Casati MZ, 
Tambeli CH, Parada CA, Sallum EA, Nociti FH, Jr. 
Smoking modulates interferon-gamma expression in the 
gingival tissue of patients with chronic periodontitis. Eur J 
Oral Sci. 2006; 114:403-408.



Oncotarget278www.impactjournals.com/oncotarget

14. Hagiwara E, Takahashi KI, Okubo T, Ohno S, Ueda A, Aoki 
A, Odagiri S, Ishigatsubo Y. Cigarette smoking depletes 
cells spontaneously secreting Th(1) cytokines in the human 
airway. Cytokine. 2001; 14:121-126.

15. Lee J, Taneja V, Vassallo R. Cigarette Smoking and 
Inflammation: Cellular and Molecular Mechanisms. J Dent 
Res. 2012; 91:142-149.

16. Perricone C, Versini M, Ben-Ami D, Gertel S, Watad A, 
Segel MJ, Ceccarelli F, Conti F, Cantarini L, Bogdanos DP, 
Antonelli A, Amital H, Valesini G, Shoenfeld Y. Smoke and 
autoimmunity: The fire behind the disease. Autoimmun Rev. 
2016; 15:354-374.

17. Wan F, Dai H, Zhang S, Moore Y, Wan N, Dai Z. Cigarette 
smoke exposure hinders long-term allograft survival by 
suppressing indoleamine 2, 3-dioxygenase expression. Am 
J Transplant. 2012; 12:610-619.

18. Zhou L, Chong MM, Littman DR. Plasticity of CD4+ T cell 
lineage differentiation. Immunity. 2009; 30:646-655.

19. Raphael I, Nalawade S, Eagar TN, Forsthuber TG. T cell 
subsets and their signature cytokines in autoimmune and 
inflammatory diseases. Cytokine. 2015; 74:5-17.

20. Qin S, Cobbold SP, Pope H, Elliott J, Kioussis D, Davies 
J, Waldmann H. “Infectious” transplantation tolerance. 
Science. 1993; 259:974-977.

21. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. 
Immunologic self-tolerance maintained by activated T cells 
expressing IL-2 receptor alpha-chains (CD25): Breakdown 
of a single mechanism of self-tolerance causes various 
autoimmune diseases. J Immunol. 1995; 155:1151-1164.

22. Ahmed R, Gray D. Immunological memory and protective 
immunity: understanding their relation. Science. 1996; 
272:54-60.

23. Dutton RW, Bradley LM, Swain SL. T cell memory. Annu 
Rev Immunol. 1998; 16:201-223.

24. Parkes GC, Whelan K, Lindsay JO. Smoking in 
inflammatory bowel disease: Impact on disease course and 
insights into the aetiology of its effect. Journal Of Crohns 
& Colitis. 2014; 8:717-725.

25. Hogg JC, Timens W. The Pathology of Chronic Obstructive 
Pulmonary Disease. Annual Review Of Pathology-
Mechanisms Of Disease. 2009; 4:435-459.

26. Forsslund H, Mikko M, Karimi R, Grunewald J, Wheelock 
AM, Wahlstrom J, Skold CM. Distribution of T-cell 
subsets in BAL fluid of patients with mild to moderate 
COPD depends on current smoking status and not airway 
obstruction. Chest. 2014; 145:711-722.

27. Zhang MQ, Wan Y, Jin Y, Xin JB, Zhang JC, Xiong XZ, 
Chen L, Chen G. Cigarette smoking promotes inflammation 
in patients with COPD by affecting the polarization and 
survival of Th/Tregs through up-regulation of muscarinic 
receptor 3 and 5 expression. PLoS One. 2014; 9:e112350.

28. Vardavas CI, Plada M, Tzatzarakis M, Marcos A, Warnberg 
J, Gomez-Martinez S, Breidenassel C, Gonzalez-Gross M, 
Tsatsakis AM, Saris WH, Moreno LA, Kafatos AG, Group 

HHS. Passive smoking alters circulating naive/memory 
lymphocyte T-cell subpopulations in children. Pediatr 
Allergy Immunol. 2010; 21:1171-1178.

29. Vargas-Rojas MI, Ramirez-Venegas A, Limon-Camacho 
L, Ochoa L, Hernandez-Zenteno R, Sansores RH. Increase 
of Th17 cells in peripheral blood of patients with chronic 
obstructive pulmonary disease. Respir Med. 2011; 
105:1648-1654.

30. Wang H, Peng W, Weng Y, Ying H, Li H, Xia D, Yu W. 
Imbalance of Th17/Treg cells in mice with chronic cigarette 
smoke exposure. Int Immunopharmacol. 2012; 14:504-512.

31. Harrison OJ, Foley J, Bolognese BJ, Long E, 3rd, Podolin 
PL, Walsh PT. Airway infiltration of CD4+ CCR6+ Th17 
type cells associated with chronic cigarette smoke induced 
airspace enlargement. Immunol Lett. 2008; 121:13-21.

32. Shan M, Yuan X, Song LZ, Roberts L, Zarinkamar N, 
Seryshev A, Zhang Y, Hilsenbeck S, Chang SH, Dong 
C, Corry DB, Kheradmand F. Cigarette smoke induction 
of osteopontin (SPP1) mediates T(H)17 inflammation in 
human and experimental emphysema. Sci Transl Med. 
2012; 4:117ra119.

33. Zhou HB, Hua W, Jin Y, Zhang C, Che LQ, Xia LX, Zhou 
JS, Chen ZH, Li W, Shen HH. Tc17 cells are associated 
with cigarette smoke-induced lung inflammation and 
emphysema. Respirology. 2015; 20:426-433.

34. Duan MC, Tang HJ, Zhong XN, Huang Y. Persistence of 
Th17/Tc17 Cell Expression upon Smoking Cessation in 
Mice with Cigarette Smoke-Induced Emphysema. Clin Dev 
Immunol. 2013; 2013:350727.

35. Sartor RB. Mechanisms of disease: pathogenesis of Crohn's 
disease and ulcerative colitis. Nat Clin Pract Gastroenterol 
Hepatol. 2006; 3:390-407.

36. Eliakim R, Karmeli F, Cohen P, Heyman SN, Rachmilewitz 
D. Dual effect of chronic nicotine administration: 
augmentation of jejunitis and amelioration of colitis 
induced by iodoacetamide in rats. Int J Colorectal Dis. 
2001; 16:14-21.

37. Rubin DT, Hanauer SB. Smoking and inflammatory bowel 
disease. Eur J Gastroenterol Hepatol. 2000; 12:855-862.

38. Fujino S, Andoh A, Bamba S, Ogawa A, Hata K, Araki Y, 
Bamba T, Fujiyama Y. Increased expression of interleukin 
17 in inflammatory bowel disease. Gut. 2003; 52:65-70.

39. Yen D, Cheung J, Scheerens H, Poulet F, McClanahan 
T, Mckenzie B, Kleinschek MA, Owyang A, Mattson J, 
Blumenschein W, Murphy E, Sathe M, Cua DJ, Kastelein 
RA, Rennick D. IL-23 is essential for T cell-mediated 
colitis and promotes inflammation via IL-17 and IL-6. J 
Clin Invest. 2006; 116:1310-1316.

40. Schmidt C, Giese T, Ludwig B, Mueller-Molaian I, Marth 
T, Zeuzem S, Meuer SC, Stallmach A. Expression of 
interleukin-12-related cytokine transcripts in inflammatory 
bowel disease: Elevated interleukin-23p19 and interleukin-
27p28 in Crohn's disease but not in ulcerative colitis. 
Inflamm Bowel Dis. 2005; 11:16-23.



Oncotarget279www.impactjournals.com/oncotarget

41. Galitovskiy V, Qian J, Chernyavsky AI, Marchenko S, Gindi 
V, Edwards RA, Grando SA. Cytokine-induced alterations 
of alpha7 nicotinic receptor in colonic CD4 T cells mediate 
dichotomous response to nicotine in murine models of 
Th1/Th17- versus Th2-mediated colitis. J Immunol. 2011; 
187:2677-2687.

42. Montbarbon M, Pichavant M, Langlois A, Erdual E, 
Maggiotto F, Neut C, Mallevaey T, Dharancy S, Dubuquoy 
L, Trottein F, Cortot A, Desreumaux P, Gosset P, Bertin B. 
Colonic Inflammation in Mice Is Improved by Cigarette 
Smoke through iNKT Cells Recruitment. PLoS One. 2013; 
8:e62208.

43. Kitani A, Fuss IJ, Nakamura K, Schwartz OM, Usui T, 
Strober W. Treatment of experimental (Trinitrobenzene 
sulfonic acid) colitis by intranasal administration of 
transforming growth factor (TGF)-beta1 plasmid: TGF-
beta1-mediated suppression of T helper cell type 1 response 
occurs by interleukin (IL)-10 induction and IL-12 receptor 
beta2 chain downregulation. J Exp Med. 2000; 192:41-52.

44. Boirivant M, Fuss IJ, Chu A, Strober W. Oxazolone 
colitis: A murine model of T helper cell type 2 colitis 
treatable with antibodies to interleukin 4. J Exp Med. 1998; 
188:1929-1939.

45. Torii K, Saito C, Furuhashi T, Nishioka A, Shintani Y, 
Kawashima K, Kato H, Morita A. Tobacco smoke is related 
to Th17 generation with clinical implications for psoriasis 
patients. Exp Dermatol. 2011; 20:371-373.

46. Nguyen NT, Nakahama T, Kishimoto T. Aryl hydrocarbon 
receptor and experimental autoimmune arthritis. Semin 
Immunopathol. 2013; 35:637-644.

47. Onozaki K. Etiological and biological aspects of cigarette 
smoking in rheumatoid arthritis. Inflamm Allergy Drug 
Targets. 2009; 8:364-368.

48. Van Hove CL, Moerloose K, Maes T, Joos GF, Tournoy KG. 
Cigarette smoke enhances Th-2 driven airway inflammation 
and delays inhalational tolerance. Respir Res. 2008; 9:42.

49. Nakamura Y, Miyata M, Ohba T, Ando T, Hatsushika K, 
Suenaga F, Shimokawa N, Ohnuma Y, Katoh R, Ogawa 
H, Nakao A. Cigarette smoke extract induces thymic 
stromal lymphopoietin expression, leading to T(H)2-type 
immune responses and airway inflammation. J Allergy Clin 
Immunol. 2008; 122:1208-1214.

50. Singh SP, Gundavarapu S, Pena-Philippides JC, Rir-sima-ah 
J, Mishra NC, Wilder JA, Langley RJ, Smith KR, Sopori 
ML. Prenatal Secondhand Cigarette Smoke Promotes 
Th2 Polarization and Impairs Goblet Cell Differentiation 
and Airway Mucus Formation. J Immunol. 2011; 
187:4542-4552.

51. Singh SP, Mishra NC, Rir-sima-ah J, Campen M, Kurup 
V, Razani-Boroujerdi S, Sopori ML. Maternal Exposure to 
Secondhand Cigarette Smoke Primes the Lung for Induction 
of Phosphodiesterase-4D5 Isozyme and Exacerbated Th2 
Responses: Rolipram Attenuates the Airway Hyperreactivity 
and Muscarinic Receptor Expression but Not Lung 
Inflammation and Atopy. J Immunol. 2009; 183:2115-2121.

52. Mishra NC, Rir-Sima-Ah J, Langley RJ, Singh SP, Pena-
Philippides JC, Koga T, Razani-Boroujerdi S, Hutt J, 
Campen M, Kim KC, Tesfaigzi Y, Sopori ML. Nicotine 
primarily suppresses lung Th2 but not goblet cell and 
muscle cell responses to allergens. J Immunol. 2008; 
180:7655-7663.

53. Maeno T, Houghton AM, Quintero PA, Grumelli S, 
Owen CA, Shapiro SD. CD8(+) T cells are required for 
inflammation and destruction in cigarette smoke-induced 
emphysema in mice. J Immunol. 2007; 178:8090-8096.

54. Nadigel J, Prefontaine D, Baglole CJ, Maltais F, Bourbeau 
J, Eidelman DH, Hamid Q. Cigarette smoke increases TLR4 
and TLR9 expression and induces cytokine production from 
CD8(+) T cells in chronic obstructive pulmonary disease. 
Respir Res. 2011; 12:149.

55. Saetta M, Di Stefano A, Turato G, Facchini FM, Corbino 
L, Mapp CE, Maestrelli P, Ciaccia A, Fabbri LM. CD8+ 
T-lymphocytes in peripheral airways of smokers with 
chronic obstructive pulmonary disease. Am J Respir Crit 
Care Med. 1998; 157:822-826.

56. Yu MQ, Liu XS, Wang JM, Xu YJ. CD8(+) Tc-lymphocytes 
immunodeviation in peripheral blood and airway from 
patients of chronic obstructive pulmonary disease and 
changes after short-term smoking cessation. Chin Med J. 
2013; 126:3608-3615.

57. Chen G, Zhou M, Chen L, Meng ZJ, Xiong XZ, Liu HJ, 
Xin JB, Zhang JC. Cigarette Smoke Disturbs the Survival of 
CD8(+) Tc/Tregs Partially through Muscarinic Receptors-
Dependent Mechanisms in Chronic Obstructive Pulmonary 
Disease. PLoS One. 2016; 11:e0147232.

58. Duan MC, Huang Y, Zhong XN, Tang HJ. Th17 cell 
enhances CD8 T-cell cytotoxicity via IL-21 production in 
emphysema mice. Mediators Inflamm. 2012; 2012:898053.

59. Koch A, Gaczkowski M, Sturton G, Staib P, Schinkothe T, 
Klein E, Rubbert A, Bacon K, Wassermann K, Erdmann 
E. Modification of surface antigens in blood CD8+ 
T-lymphocytes in COPD: effects of smoking. Eur Respir 
J. 2007; 29:42-50.

60. Barcelo B, Pons J, Ferrer JM, Sauleda J, Fuster A, Agusti 
AG. Phenotypic characterisation of T-lymphocytes in 
COPD: abnormal CD4+CD25+ regulatory T-lymphocyte 
response to tobacco smoking. Eur Respir J. 2008; 
31:555-562.

61. Chiappori A, Folli C, Balbi F, Caci E, Riccio AM, De 
Ferrari L, Melioli G, Braido F, Canonica GW. CD4(+)
CD25(high)CD127(-) regulatory T-cells in COPD: smoke 
and drugs effect. World Allergy Organ J. 2016; 9:5.

62. Chen G, Zhou M, Chen L, Meng ZJ, Xiong XZ, Liu HJ, 
Xin JB, Zhang JC. Cigarette Smoke Disturbs the Survival 
of CD8+ Tc/Tregs Partially through Muscarinic Receptors-
Dependent Mechanisms in Chronic Obstructive Pulmonary 
Disease. PloS one. 2016; 11:e0147232.

63. Hinz D, Bauer M, Roder S, Olek S, Huehn J, Sack U, Borte 
M, Simon JC, Lehmann I, Herberth G, group Ls. Cord 



Oncotarget280www.impactjournals.com/oncotarget

blood Tregs with stable FOXP3 expression are influenced 
by prenatal environment and associated with atopic 
dermatitis at the age of one year. Allergy. 2012; 67:380-389.

64. Smyth LJ, Starkey C, Vestbo J, Singh D. CD4-regulatory 
cells in COPD patients. Chest. 2007; 132:156-163.

65. Roos-Engstrand E, Ekstrand-Hammarstrom B, Pourazar J, 
Behndig AF, Bucht A, Blomberg A. Influence of smoking 
cessation on airway T lymphocyte subsets in COPD. COPD. 
2009; 6:112-120.

66. Roos-Engstrand E, Pourazar J, Behndig AF, Bucht A, 
Blomberg A. Expansion of CD4(+)CD25(+) helper T cells 
without regulatory function in smoking and COPD. Respir 
Res. 2011; 12:74.

67. Plumb J, Smyth LJC, Adams HR, Vestbo J, Bentley A, 
Singh SD. Increased T-regulatory cells within lymphocyte 
follicles in moderate COPD. Eur Respir J. 2009; 34:89-94.

68. Miyara M, Yoshioka Y, Kitoh A, Shima T, Wing K, Niwa 
A, Parizot C, Taflin C, Heike T, Valeyre D, Mathian A, 
Nakahata T, Yamaguchi T, Nomura T, Ono M, Amoura Z, 
et al. Functional delineation and differentiation dynamics 
of human CD4+ T cells expressing the FoxP3 transcription 
factor. Immunity. 2009; 30:899-911.

69. Hou J, Sun YC, Hao Y, Zhuo J, Liu XF, Bai P, Han JY, 
Zheng XW, Zeng H. Imbalance between subpopulations of 
regulatory T cells in COPD. Thorax. 2013; 68:1131-1139.

70. Brandsma CA, Hylkema MN, Geerlings M, van Geffen 
WH, Postma DS, Timens W, Kerstjens HA. Increased levels 
of (class switched) memory B cells in peripheral blood of 
current smokers. Respir Res. 2009; 10:108.

71. Brandsma CA, Kerstjens HAM, van Geffen WH, Geerlings 
M, Postma DS, Hylkema MN, Timens W. Differential 
switching to IgG and IgA in active smoking COPD patients 
and healthy controls. Eur Respir J. 2012; 40:313-321.

72. Arnson Y, Shoenfeld Y, Amital H. Effects of tobacco 
smoke on immunity, inflammation and autoimmunity. J 
Autoimmun. 2010; 34:J258-265.

73. Skok MV, Kalashnik EN, Koval LN, Tsetlin VI, Utkin YN, 
Changeux JP, Grailhe R. Functional nicotinic acetylcholine 
receptors are expressed in B lymphocyte-derived cell lines. 
Mol Pharmacol. 2003; 64:885-889.

74. Skok M, Grailhe R, Changeux JP. Nicotinic receptors 
regulate B lymphocyte activation and immune response. 
Eur J Pharmacol. 2005; 517:246-251.

75. Moreira DM, Nickel JC, Gerber L, Muller RL, Andriole GL, 
Castro-Santamaria R, Freedland SJ. Smoking Is Associated 
with Acute and Chronic Prostatic Inflammation: Results 
from the REDUCE Study. Cancer Prevention Research. 
2015; 8:312-317.

76. Prueitt RL, Wallace TA, Glynn SA, Yi M, Tang W, Luo 
J, Dorsey TH, Stagliano KE, Gillespie JW, Hudson RS, 
Terunuma A, Shoe JL, Haines DC, Yfantis HG, Han 
M, Martin DN, et al. An Immune-Inflammation Gene 
Expression Signature in Prostate Tumors of Smokers. 
Cancer Res. 2016; 76:1055-1065.

77. Li G, Wulan H, Song ZC, Paik PA, Tsao ML, Goodman 
GM, MacEachern PT, Downey RS, Jankowska AJ, 
Rabinowitz YM, Learch TB, Song DZ, Yuan JJ, Zheng SH, 
Zheng ZD. Regulatory B Cell Function Is Suppressed by 
Smoking and Obesity in H-pylori-Infected Subjects and 
Is Correlated with Elevated Risk of Gastric Cancer. PLoS 
One. 2015; 10:e0134591.

78. Calapai G, Caputi AP, Mannucci C, Gregg EO, Pieratti A, 
Russo GA, Chaudhary N, Puntoni R, Lowe F, McEwan 
M, Bassi A, Morandi S, Nunziata A. A cross-sectional 
investigation of biomarkers of risk after a decade of 
smoking. Inhal Toxicol. 2009; 21:1138-1143.

79. Giuca MR, Pasini M, Tecco S, Giuca G, Marzo G. Levels 
of salivary immunoglobulins and periodontal evaluation in 
smoking patients. BMC Immunol. 2014; 15:5.

80. Hagh LG, Zakavi F, Ansarifar S, Ghasemzadeh O, Solgi G. 
Association of dental caries and salivary sIgA with tobacco 
smoking. Aust Dent J. 2013; 58:219-223.

81. Namujju PB, Pajunen E, Simen-Kapeu A, Hedman L, 
Merikukka M, Surcel HM, Kirnbauer R, Apter D, Paavonen 
J, Hedman K, Lehtinen M. Impact of smoking on the quantity 
and quality of antibodies induced by human papillomavirus 
type 16 and 18 AS04-adjuvanted virus-like-particle vaccine 
- a pilot study. BMC Res Notes. 2014; 7:445.

82. Kondo M. Lymphoid and myeloid lineage commitment in 
multipotent hematopoietic progenitors. Immunol Rev. 2010; 
238:37-46.

83. Fusby JS, Kassmeier MD, Palmer VL, Perry GA, Anderson 
DK, Hackfort BT, Alvarez GK, Cullen DM, Akhter MP, 
Swanson PC. Cigarette smoke-induced effects on bone 
marrow B-cell subsets and CD4+:CD8+ T-cell ratios are 
reversed by smoking cessation: influence of bone mass 
on immune cell response to and recovery from smoke 
exposure. Inhal Toxicol. 2010; 22:785-796.

84. Palmer VL, Kassmeier MD, Willcockson J, Akhter MP, 
Cullen DM, Swanson PC. N-acetylcysteine increases the 
frequency of bone marrow pro-B/pre-B cells, but does not 
reverse cigarette smoking-induced loss of this subset. PLoS 
One. 2011; 6:e24804.

85. Kaech SM, Wherry EJ, Ahmed R. Effector and memory 
T-cell differentiation: implications for vaccine development. 
Nat Rev Immunol. 2002; 2:251-262.

86. Good-Jacobson KL, Tarlinton DM. Multiple routes to B-cell 
memory. Int Immunol. 2012; 24:403-408.

87. Chavance M, Perrot JY, Annesi I. Smoking, CD45R0+ 
(memory), and CD45RA+ (naive) CD4+ T cells. Am Rev 
Respir Dis. 1993; 148:237-240.

88. Tanigawa T, Araki S, Nakata A, Kitamura F, Yasumoto M, 
Sakurai S, Kiuchi T. Increase in memory (CD4+CD29+ and 
CD4+CD45RO+) T and naive (CD4+CD45RA+) T-cell 
subpopulations in smokers. Arch Environ Health. 1998; 
53:378-383.

89. Nakata A, Takahashi M, Irie M, Fujioka Y, Haratani T, Araki 
S. Relationship between cumulative effects of smoking 



Oncotarget281www.impactjournals.com/oncotarget

and memory CD4+ T lymphocyte subpopulations. Addict 
Behav. 2007; 32:1526-1531.

90. Shang SB, Ordway D, Henao-Tamayo M, Bai XY, Oberley-
Deegan R, Shanley C, Orme IM, Case S, Minor M, Ackart 
D, Hascall-Dove L, Ovrutsky AR, Kandasamy P, Voelker 
DR, Lambert C, Freed BM, et al. Cigarettesmoke increases 
susceptibility to tuberculosis-evidence from in vivo and in 
vitro models. J Infect Dis. 2011; 203:1240-1248.

91. Sun Z, Xiao Z. 4-(Methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK) regulates CTL activation and memory 
programming. Biochem Biophys Res Commun. 2013; 
435:472-476.

92. Sun Z, Smyth K, Garcia K, Mattson E, Li L, Xiao Z. 
Nicotine inhibits memory CTL programming. PLoS One. 
2013; 8:e68183.

93. Prescott SL, Noakes PS. Maternal smoking in pregnancy: 
do the effects on innate (toll-like receptor) function have 
implications for subsequent allergic disease? Allergy 
Asthma Clin Immunol. 2007; 3:10-18.

94. Doz E, Noulin N, Boichbt E, Guenon I, Fick L, Le Bert M, 
Lagente V, Ryffel B, Schnyder B, Quesniaux VFJ, Couillin 
I. Cigarette smoke-induced pulmonary inflammation is 
TLR4/MyD88 and IL-1R1/MyD88 signaling dependent. J 
Immunol. 2008; 180:1169-1178.

95. Soler P, Moreau A, Basset F, Hance AJ. Cigarette smoking-
induced changes in the number and differentiated state of 
pulmonary dendritic cells/Langerhans cells. Am Rev Respir 
Dis. 1989; 139:1112-1117.

96. Kearley J, Silver JS, Sanden C, Liu Z, Berlin AA, White 
N, Mori M, Pham TH, Ward CK, Criner GJ, Marchetti N, 
Mustelin T, Erjefalt JS, Kolbeck R, Humbles AA. Cigarette 
smoke silences innate lymphoid cell function and facilitates 
an exacerbated type I interleukin-33-dependent response to 
infection. Immunity. 2015; 42:566-579.

97. Botelho FM, Gaschler GJ, Kianpour S, Zavitz CC, Trimble 
NJ, Nikota JK, Bauer CM, Stampfli MR. Innate immune 
processes are sufficient for driving cigarette smoke-induced 
inflammation in mice. Am J Respir Cell Mol Biol. 2010; 
42:394-403.

98. Kawai T, Akira S. The role of pattern-recognition receptors 
in innate immunity: update on Toll-like receptors. Nat 
Immunol. 2010; 11:373-384.

99. Doz E, Noulin N, Boichot E, Guenon I, Fick L, Le Bert M, 
Lagente V, Ryffel B, Schnyder B, Quesniaux VF, Couillin 
I. Cigarette smoke-induced pulmonary inflammation is 
TLR4/MyD88 and IL-1R1/MyD88 signaling dependent. J 
Immunol. 2008; 180:1169-1178.

100. Barua RS, Sharma M, Dileepan KN. Cigarette Smoke 
Amplifies Inflammatory Response and Atherosclerosis 
Progression Through Activation of the H1R-TLR2/4-COX2 
Axis. Front Immunol. 2015; 6:572.

101. Pace E, Giarratano A, Ferraro M, Bruno A, Siena L, 
Mangione S, Johnson M, Gjomarkaj M. TLR4 upregulation 
underpins airway neutrophilia in smokers with chronic 

obstructive pulmonary disease and acute respiratory failure. 
Hum Immunol. 2011; 72:54-62.

102. Fatemi K, Radvar M, Rezaee A, Rafatpanah H, Azangoo 
khiavi H, Dadpour Y, Radvar N. Comparison of relative 
TLR-2 and TLR-4 expression level of disease and healthy 
gingival tissue of smoking and non-smoking patients and 
periodontally healthy control patients. Aust Dent J. 2013; 
58:315-320.

103. Vlahos R, Bozinovski S, Jones JE, Powell J, Gras J, Lilja 
A, Hansen MJ, Gualano RC, Irving L, Anderson GP. 
Differential protease, innate immunity, and NF-kappaB 
induction profiles during lung inflammation induced by 
subchronic cigarette smoke exposure in mice. Am J Physiol 
Lung Cell Mol Physiol. 2006; 290:L931-945.

104. Noakes PS, Hale J, Thomas R, Lane C, Devadason SG, 
Prescott SL. Maternal smoking is associated with impaired 
neonatal toll-like-receptor-mediated immune responses. Eur 
Respir J. 2006; 28:721-729.

105. Castro SM, Chakraborty K, Guerrero-Plata A. Cigarette 
smoke suppresses TLR-7 stimulation in response to virus 
infection in plasmacytoid dendritic cells. Toxicol In Vitro. 
2011; 25:1106-1113.

106. Merad M, Sathe P, Helft J, Miller J, Mortha A. The 
Dendritic Cell Lineage: Ontogeny and Function of 
Dendritic Cells and Their Subsets in the Steady State and 
the Inflamed Setting. Ann Rev Immunol. 2013; 31:563-604.

107. Robays LJ, Lanckacker EA, Moerloose KB, Maes T, Bracke 
KR, Brusselle GG, Joos GF, Vermaelen KY. Concomitant 
inhalation of cigarette smoke and aerosolized protein 
activates airway dendritic cells and induces allergic airway 
inflammation in a TLR-independent way. J Immunol. 2009; 
183:2758-2766.

108. Botelho FM, Nikota JK, Bauer CMT, Morissette MC, 
Iwakura Y, Kolbeck R, Finch D, Humbles AA, Stampfli 
MR. Cigarette smoke-induced accumulation of lung 
dendritic cells is interleukin-1 alpha-dependent in mice. 
Respir Res. 2012; 13:81.

109. Vassallo R, Walters PR, Lamont J, Kottom TJ, Yi 
ES, Limper AH. Cigarette smoke promotes dendritic 
cell accumulation in COPD; a Lung Tissue Research 
Consortium study. Respir Res. 2010; 11:45.

110. Li Y, Du YC, Xu JY, Hu XY. Expression and significance of 
myeloid differentiation factor 88 in marrow dendritic cells 
in asthmatic rats with cigarette smoke exposure. Chin Med 
J. 2012; 125:2556-2561.

111. Simon T, Pogu S, Tardif V, Rigaud K, Remy S, Piaggio E, 
Bach JM, Anegon I, Blancou P. Carbon monoxide-treated 
dendritic cells decrease beta1-integrin induction on CD8(+) 
T cells and protect from type 1 diabetes. Eur J Immunol. 
2013; 43:209-218.

112. Robbins CS, Franco F, Mouded M, Cernadas M, Shapiro 
SD. Cigarette smoke exposure impairs dendritic cell 
maturation and T cell proliferation in thoracic lymph nodes 
of mice. J Immunol. 2008; 180:6623-6628.



Oncotarget282www.impactjournals.com/oncotarget

113. Givi ME, Folkerts G, Wagenaar GTM, Redegeld FA, 
Mortaz E. Cigarette smoke differentially modulates 
dendritic cell maturation and function in time. Respir Res. 
2015; 16:131.

114. Liao SX, Ding T, Rao XM, Sun DS, Sun PP, Wang YJ, Fu 
DD, Liu XL, Ou-Yang Y. Cigarette smoke affects dendritic 
cell maturation in the small airways of patients with chronic 
obstructive pulmonary disease. Mol Med Rep. 2015; 
11:219-225.

115. Swiecki M, Colonna M. The multifaceted biology of 
plasmacytoid dendritic cells. Nat Rev Immunol. 2015; 
15:471-485.

116. Mortaz E, Lazar Z, Koenderman L, Kraneveld AD, 
Nijkamp FP, Folkerts G. Cigarette smoke attenuates the 
production of cytokines by human plasmacytoid dendritic 
cells and enhances the release of IL-8 in response to TLR-9 
stimulation. Respir Res. 2009; 10:47.

117. Castro SM, Chakraborty K, Guerrero-Plata A. Cigarette 
smoke suppresses TLR-7 stimulation in response to virus 
infection in plasmacytoid dendritic cells. Toxicol In Vitro. 
2011; 25:1106-1113.

118. Caligiuri MA. Human natural killer cells. Blood. 2008; 
112:461-469.

119. Jiang X, Chen Y, Peng H, Tian Z. Memory NK cells: why 
do they reside in the liver? Cell Mol Immunol. 2013; 
10:196-201.

120. Motz GT, Eppert BL, Wortham BW, Amos-Kroohs RM, 
Flury JL, Wesselkamper SC, Borchers MT. Chronic 
Cigarette Smoke Exposure Primes NK Cell Activation in a 
Mouse Model of Chronic Obstructive Pulmonary Disease. 
J Immunol. 2010; 184:4460-4469.

121. Bozinovski S, Seow HJ, Chan SPJ, Anthony D, McQualter 
J, Hansen M, Jenkins BJ, Anderson GP, Vlahos R. Innate 
cellular sources of interleukin-17A regulate macrophage 
accumulation in cigarette-smoke-induced lung inflammation 
in mice. Clin Sci. 2015; 129:785-796.

122. Wang J, Urbanowicz RA, Tighe PJ, Todd I, Corne JM, 
Fairclough LC. Differential Activation of Killer Cells in 
the Circulation and the Lung: A Study of Current Smoking 
Status and Chronic Obstructive Pulmonary Disease 
(COPD). PLoS One. 2013; 8:e58556.

123. Stolberg VR, Martin B, Mancuso P, Olszewski MA, 
Freeman CM, Curtis JL, Chensue SW. Role of CC 
Chemokine Receptor 4 in Natural Killer Cell Activation 
during Acute Cigarette Smoke Exposure. Am J Pathol. 
2014; 184:454-463.

124. Tollerud DJ, Clark JW, Brown LM, Neuland CY, Mann DL, 
Pankiw-Trost LK, Blattner WA, Hoover RN. Association 
of cigarette smoking with decreased numbers of circulating 
natural killer cells. Am Rev Respir Dis. 1989; 139:194-198.

125. Moszczynski P, Rutowski J, Slowinski S. The effect of 
cigarettes smoking on the blood counts of T and NK cells 
in subjects with occupational exposure to organic solvents. 
Cent Eur J Public Health. 1996; 4:164-168.

126. Mian MF, Lauzon NM, Stampfli MR, Mossman KL, Ashkar 
AA. Impairment of human NK cell cytotoxic activity and 
cytokine release by cigarette smoke. J Leukoc Biol. 2008; 
83:774-784.

127. Arimilli S, Damratoski BE, Prasad GL. Combustible and 
non-combustible tobacco product preparations differentially 
regulate human peripheral blood mononuclear cell 
functions. Toxicol In Vitro. 2013; 27:1992-2004.

128. Mian MF, Pek EA, Mossman KL, Stampfli MR, Ashkar AA. 
Exposure to cigarette smoke suppresses IL-15 generation 
and its regulatory NK cell functions in poly I:C-augmented 
human PBMCs. Mol Immunol. 2009; 46:3108-3116.

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

130. Ko HK, Lee HF, Lin AH, Liu MH, Liu CI, Lee TS, Kou 
YR. Regulation of Cigarette Smoke Induction of IL-8 in 
Macrophages by AMP-activated Protein Kinase Signaling. 
J Cell Physiol. 2015; 230:1781-1793.

131. Karimi K, Sarir H, Mortaz E, Smit JJ, Hosseini H, De 
Kimpe SJ, Nijkamp FP, Folkerts G. Toll-like receptor-4 
mediates cigarette smoke-induced cytokine production by 
human macrophages. Respir Res. 2006; 7:66.

132. Sarir H, Mortaz E, Karimi K, Kraneveld AD, Rahman I, 
Caldenhoven E, Nijkamp FP, Folkerts G. Cigarette smoke 
regulates the expression of TLR4 and IL-8 production by 
human macrophages. J Inflamm. 2009; 6:12.

133. Metcalfe HJ, Lea S, Hughes D, Khalaf R, Abbott-Banner 
K, Singh D. Effects of cigarette smoke on Toll-like receptor 
(TLR) activation of chronic obstructive pulmonary 
disease (COPD) macrophages. Clin Exp Immunol. 2014; 
176:461-472.

134. Ni I, Ji C, Vij N. Second-hand cigarette smoke impairs 
bacterial phagocytosis in macrophages by modulating 
CFTR dependent lipid-rafts. PLoS One. 2015; 10:e0121200.

135. Fu X, Shi H, Qi Y, Zhang W, Dong P. M2 polarized 
macrophages induced by CSE promote proliferation, 
migration, and invasion of alveolar basal epithelial cells. 
Int Immunopharmacol. 2015; 28:666-674.

136. Mills CD. M1 and M2 Macrophages: Oracles of Health and 
Disease. Crit Rev Immunol. 2012; 32:463-488.

137. Li H, Yang T, Ning Q, Li F, Chen T, Yao Y, Sun Z. 
Cigarette smoke extract-treated mast cells promote alveolar 
macrophage infiltration and polarization in experimental 
chronic obstructive pulmonary disease. Inhal Toxicol. 2015; 
27:822-831.

138. Sasaki J. Compounds in tobacco smoke and pathogenesis of 
the diseases. Nihon Rinsho. 2013; 71:383-389.

139. Wilson KM, Markt SC, Fang F, Nordenvall C, Rider JR, 
Ye W, Adami HO, Stattin P, Nyren O, Mucci LA. Snus use, 
smoking and survival among prostate cancer patients. Int J 
Cancer. 2016; 139:2753-2759.

140. Zhao J, Harper R, Barchowsky A, Di YP. Identification of 
multiple MAPK-mediated transcription factors regulated 



Oncotarget283www.impactjournals.com/oncotarget

by tobacco smoke in airway epithelial cells. Am J Physiol 
Lung Cell Mol Physiol. 2007; 293:L480-490.

141. Ahn KS, Aggarwal BB. Transcription factor NF-kappaB: 
a sensor for smoke and stress signals. Ann N Y Acad Sci. 
2005; 1056:218-233.

142. Anto RJ, Mukhopadhyay A, Shishodia S, Gairola CG, 
Aggarwal BB. Cigarette smoke condensate activates nuclear 
transcription factor-kappaB through phosphorylation and 
degradation of IkappaB(alpha): correlation with induction 
of cyclooxygenase-2. Carcinogenesis. 2002; 23:1511-1518.

143. Hasnis E, Bar-Shai M, Burbea Z, Reznick AZ. Mechanisms 
underlying cigarette smoke-induced NF-kappaB activation 
in human lymphocytes: the role of reactive nitrogen species. 
J Physiol Pharmacol. 2007; 58 Suppl 5:275-287.

144. Lerner L, Weiner D, Katz R, Reznick AZ, Pollack S. 
Increased pro-inflammatory activity and impairment 
of human monocyte differentiation induced by in vitro 
exposure to cigarette smoke. J Physiol Pharmacol. 2009; 
60 Suppl 5:81-86.

145. Reynolds PR, Kasteler SD, Schmitt RE, Hoidal JR. Receptor 
for advanced glycation end-products signals through Ras 
during tobacco smoke-induced pulmonary inflammation. 
Am J Respir Cell Mol Biol. 2011; 45:411-418.

146. Manzel LJ, Shi L, O'Shaughnessy PT, Thorne PS, Look DC. 
Inhibition by cigarette smoke of nuclear factor-kappaB-
dependent response to bacteria in the airway. Am J Respir 
Cell Mol Biol. 2011; 44:155-165.

147. Mian MF, Stampfli MR, Mossman KL, Ashkar AA. 
Cigarette smoke attenuation of poly I:C-induced innate 
antiviral responses in human PBMC is mainly due to 
inhibition of IFN-beta production. Mol Immunol. 2009; 
46:821-829.

148. Chen HW, Lii CK, Ku HJ, Wang TS. Cigarette smoke 
extract induces expression of cell adhesion molecules in 
HUVEC via actin filament reorganization. Environ Mol 
Mutagen. 2009; 50:96-104.

149. Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar 
M, Berman K, Cobb MH. Mitogen-activated protein (MAP) 
kinase pathways: regulation and physiological functions. 
Endocr Rev. 2001; 22:153-183.

150. Iles KE, Dickinson DA, Wigley AF, Welty NE, Blank V, 
Forman HJ. HNE increases HO-1 through activation of the 
ERK pathway in pulmonary epithelial cells. Free Radic Biol 
Med. 2005; 39:355-364.

151. Li TJ, Song T, Ni L, Yang GH, Song XT, Wu LF, Liu B, 
Liu CW. The p-ERK-p-c-Jun-cyclinD1 pathway is involved 
in proliferation of smooth muscle cells after exposure to 
cigarette smoke extract. Biochem Biophys Res Commun. 
2014; 453:316-320.

152. Xu X, Balsiger R, Tyrrell J, Boyaka PN, Tarran R, 
Cormet-Boyaka E. Cigarette smoke exposure reveals 
a novel role for the MEK/ERK1/2 MAPK pathway 
in regulation of CFTR. Biochim Biophys Acta. 2015; 
1850:1224-1232.

153. Kroening PR, Barnes TW, Pease L, Limper A, Kita H, 
Vassall R. Cigarette smoke-induced oxidative stress 
suppresses generation of dendritic cell IL-12 and IL-23 
through ERK-dependent pathways. J Immunol. 2008; 
181:1536-1547.

154. Marwick JA, Kirkham PA, Stevenson CS, Danahay H, 
Giddings J, Butler K, Donaldson K, MacNee W, Rahman I. 
Cigarette smoke alters chromatin remodeling and induces 
proinflammatory genes in rat lungs. Am J Respir Cell Mol 
Biol. 2004; 31:633-642.

155. Marumo S, Hoshino Y, Kiyokawa H, Tanabe N, Sato A, 
Ogawa E, Muro S, Hirai T, Mishima M. p38 mitogen-
activated protein kinase determines the susceptibility to 
cigarette smoke-induced emphysema in mice. BMC Pulm 
Med. 2014; 14:79.

156. Moretto N, Bertolini S, Iadicicco C, Marchini G, Kaur M, 
Volpi G, Patacchini R, Singh D, Facchinetti F. Cigarette 
smoke and its component acrolein augment IL-8/CXCL8 
mRNA stability via p38 MAPK/MK2 signaling in human 
pulmonary cells. Am J Physiol Lung Cell Mol Physiol. 
2012; 303:L929-L938.

157. Lau WKW, Chan SCH, Law ACK, Ip MSM, Mak JCW. 
The Role of MAPK, Nrf2 Pathways in Ketanserin-Elicited 
Attenuation of Cigarette Smoke-Induced IL-8 Production 
in Human Bronchial Epithelial Cells. Toxicol Sci. 2012; 
125:569-577.

158. D'Anna C, Cigna D, Costanzo G, Ferraro M, Siena L, Vitulo 
P, Gjomarkaj M, Pace E. Cigarette smoke alters cell cycle 
and induces inflammation in lung fibroblasts. Life Sci. 
2015; 126:10-18.

159. Talikka M, Sierro N, Ivanov NV, Chaudhary N, Peck MJ, 
Hoeng J, Coggins CRE, Peitsch MC. Genomic impact of 
cigarette smoke, with application to three smoking-related 
diseases. Crit Rev Toxicol. 2012; 42:877-889.

160. Szulakowski P, Crowther AJL, Jimenez LA, Donaldson 
K, Mayer R, Leonard TB, MacNee W, Drost EM. The 
effect of smoking on the transcriptional regulation of 
lung inflammation in patients with chronic obstructive 
pulmonary disease. Am J Respir Crit Care Med. 2006; 
174:41-50.

161. Yang SR, Chida AS, Bauter MR, Shafiq N, Seweryniak 
K, Maggirwar SB, Kilty I, Rahman I. Cigarette smoke 
induces proinflammatory cytokine release by activation of 
NF-kappa B and posttranslational modifications of histone 
deacetylase in macrophages. Am J Physiol Lung Cell Mol 
Physiol. 2006; 291:L46-L57.

162. Rajendran R, Garva R, Krstic-Demonacos M, Demonacos 
C. Sirtuins: Molecular Traffic Lights in the Crossroad 
of Oxidative Stress, Chromatin Remodeling, and 
Transcription. J Biomed Biotechnol. 2011; 2011:368276.

163. Yang SR, Wright J, Bauter M, Seweryniak K, Kode A, 
Rahman I. Sirtuin regulates cigarette smoke-induced 
proinflammatory mediator release via RelA/p65 
NF-kappaB in macrophages in vitro and in rat lungs in 



Oncotarget284www.impactjournals.com/oncotarget

vivo: implications for chronic inflammation and aging. Am 
J Physiol Lung Cell Mol Physiol. 2007; 292:L567-576.

164. Jenuwein T, Allis CD. Translating the histone code. Science. 
2001; 293:1074-1080.

165. Sopori M. Effects of cigarette smoke on the immune 
system. Nat Rev Immunol. 2002; 2:372-377.

166. Cui WY, Li MD. Nicotinic modulation of innate immune 
pathways via alpha7 nicotinic acetylcholine receptor. J 
Neuroimmune Pharmacol. 2010; 5:479-488.

167. Cloez-Tayarani I, Changeux JP. Nicotine and serotonin 
in immune regulation and inflammatory processes: a 
perspective. J Leukoc Biol. 2007; 81:599-606.

168. de Jonge WJ, van der Zanden EP, The FO, Bijlsma MF, 
van Westerloo DJ, Bennink RJ, Berthoud HR, Uematsu 
S, Akira S, van den Wijngaard RM, Boeckxstaens GE. 
Stimulation of the vagus nerve attenuates macrophage 
activation by activating the Jak2-STAT3 signaling pathway. 
Nat Immunol. 2005; 6:844-851.

169. Yoshikawa H, Kurokawa M, Ozaki N, Nara K, Atou 
K, Takada E, Kamochi H, Suzuki N. Nicotine inhibits 

the production of proinflammatory mediators in human 
monocytes by suppression of I-kappaB phosphorylation 
and nuclear factor-kappaB transcriptional activity through 
nicotinic acetylcholine receptor alpha7. Clin Exp Immunol. 
2006; 146:116-123.

170. Garnier M, Lamacz M, Tonon MC, Vaudry H. Functional 
characterization of a nonclassical nicotine receptor 
associated with inositolphospholipid breakdown and 
mobilization of intracellular calcium pools. Proc Natl Acad 
Sci U S A. 1994; 91:11743-11747.

171. Gerzanich V, Zhang FY, West GA, Simard JM. Chronic 
nicotine alters NO signaling of Ca2+ channels in cerebral 
arterioles. Circ Res. 2001; 88:359-365.

172. Maldifassi MC, Atienza G, Arnalich F, Lopez-Collazo E, 
Cedillo JL, Martin-Sanchez C, Bordas A, Renart J, Montiel 
C. A new IRAK-M-mediated mechanism implicated in the 
anti-inflammatory effect of nicotine via alpha7 nicotinic 
receptors in human macrophages. PLoS One. 2014; 
9:e108397.


