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Abstract
Cigarette smoking (CS) suppresses the immune sys-
tem, and smoking is a well-known major risk factor for 
respiratory tract infections, including influenza infec-
tion. Both smoking cigarettes and passive smoking al-
ter a wide range of immunological functions, including 
innate and adaptive immune responses. Past reviews 
on CS and innate immunity have been focused on the 
effects of CS on structural changes of the lung, as well 
as the effects on the function of alveolar macrophages, 
leukocytes, natural killer cells and dendritic cells. The 
study of innate immunity has developed rapidly in the 
last decade with the discovery of new receptors for 
virus recognition and interferon responses. This review 
aims to give a brief summary of recent findings on the 
suppressive effects of CS on the innate response to in-
fluenza virus, especially as it pertains to suppression of 
the function of pattern recognition receptors for influ-

enza virus.
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Core tip: Cigarette smoking (CS) alters a wide range 
of immunological functions, including innate and adap-
tive immune responses to viral infection. This review 
aims to give a brief summary of recent findings on the 
suppressive effects of CS on the innate response to in-
fluenza virus, especially as it pertains to suppression of 
the function of pattern recognition receptors for influ-
enza virus. Studies on CS inhibition to innate response 
will be important in designing strategies for the devel-
opment of novel treatments to mitigate the adverse 
consequences of CS and Flu infection. 
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CIGARETTE SMOKING AND INFLUENZA 
INFECTION
Influenza virus is a major cause of  infectious morbidity 
and mortality[1]. Each year in the United States, 5% to 
20% of  the population are infected, 200000 are hospital-
ized, and 36000 die due to influenza virus infection, mak-
ing it the leading infectious cause of  death[2,3]. There have 
been four pandemics (worldwide epidemics) in the last 
century, including the Spanish flu in 1918, the Asian flu 
in 1957, the Hong Kong flu in 1968, and the Swine flu 
in 2009. These were significant outbreaks. For example, 
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the 1918 flu caused more deaths than those due to World 
War Ⅰ. Influenza pandemics will continue as a threat to 
public health. The predisposition of  cigarette smokers to 
have, and to have complications from, influenza infec-
tion is well recognized[4]. Epidemiological studies show 
that influenza infection is seven times more common 
and is much more severe in smokers than nonsmokers[5]. 
Influenza infections are more severe, with more cough, 
acute and chronic sputum production, breathlessness, 
and wheezing in smokers[6]. Both active and passive ciga-
rette smoke exposure increase the risk of  infections[7]. 
A cohort study of  female military recruits showed that 
smoking was a risk factor for severe influenza-like ill-
ness during an outbreak of  influenza A (H1N1) subtype 
infection[8]. Thailand’s National Avian Influenza Surveil-
lance system reported that current or former smoking 
was among the several risk factors associated with a 
fatal outcome from human influenza infection[9]. In the 
spring of  2013, the high mortality of  avian influenza 
H7N9 in humans caused great concern in China and the 
world. Age along with a history of  smoking are the most 
significant risk factors which predict a fatal outcome in 
human H7N9 infection[10]. The mechanism of  increased 
susceptibility to influenza infections in smokers is likely 
multifactorial, but clearly includes alteration of  immuno-
logic host defenses. Both smoking cigarettes and second-
hand exposure to tobacco smoke alter a wide range of  
immunological functions, including innate and adaptive 
immune responses[11].

CIGARETTE SMOKING SUPPRESSES 
INNATE RESPONSE RECEPTORS TO 
INFLUENZA VIRUS
Innate immunity is the first line of  host defense against 

invading microorganisms. Innate immune responses to 
viruses are triggered by recognition of  specific structures 
of  diversified pathogens called pathogen-associated mo-
lecular patterns (PAMPs). Host cells have multiple defen-
sive mechanisms including pattern recognition receptors 
(PRRs) that can eliminate viruses through recognition 
of  various viral PAMPs, such as ssRNA and dsRNA 
produced in virally infected cells. A recent triumph in 
research into immunity has been the discovery of  three 
families of  PRRs: Toll-like receptors (TLRs), Retinoic 
acid-inducible gene 1 (RIG-Ⅰ) like helicases (RLRs) and 
nucleotide-binding domain and leucine-rich-repeat-con-
taining proteins (NLRs). All three families are involved in 
influenza virus recognition and responses by the host[12] 
(Figure 1).

RIG-Ⅰ is a highly inducible cytoplasmic RNA helicase 
that activates antiviral responses to influenza virus by 
cell-signal mediated activation of  interferon (IFN) pro-
duction[13,14]. Stimulation of  RIG-Ⅰ activates specific sig-
naling pathways that lead to activation of  nuclear factor-
κB (NF-κB) which are crucial for inflammatory cytokine 
induction, and/or induction of  interferon regulatory 
factor 3/7 (IRF3/7) which is important for the IFN-
induced antiviral response. Many studies have confirmed 
that RIG-Ⅰ regulation during influenza virus infection is 
important in the antiviral response and for modulation, 
either directly or indirectly, of  proinflammatory cytokine 
responses[15,16]. We have shown that RIG-Ⅰ induction is 
inhibited by cigarette smoking (CS) in our human organ 
culture model[17]. We demonstrated that 2%-20% cigarette 
smoke extract (CSE) inhibited influenza-induced RIG-
Ⅰ mRNA and protein expression as well as expression of  
the anti-viral cytokines interferon g induced protein 10 
and IFN-β in human lung.

Of  the 13 mammalian TLRs, TLR3 and 7 are the 
most important PRRs for influenza virus recognition. 
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Figure 1  Cigarette smoking and its subsequent induced 
cellular oxidative stress suppress innate response to 
influenza virus. Influenza virus components are internal-
ized from the cell surface in endosomes, and specific 
ligands are recognized by toll-like receptors (TLR)3/7 
and cytosolic retinoic acid-inducible gene 1 (RIG-Ⅰ). The 
PRRs then activate transcription factors that lead to the 
production of antiviral interferons and pro-inflammatory 
cytokines. Cigarette smoking (CS) inhibits RIG-Ⅰ, TLR3 
and possibly TLR7 recognition of influenza virus. Reac-
tive oxygen species induced by CS are involved in the 
interference of PRR function. Reducing oxidative stress in 
cells, either by increasing Nrf2 or by Keap1 knockout, has 
potential therapeutic effect of restoring virus recognition by 
PRRs suppressed by CS. ROS: Reactive oxygen species; 
PRRs: Pattern recognition receptors.



The influenza virus ssRNA genome is recognized by 
TLR7 in plasmacytoid dendritic cells (pDC) in hu-
mans[18,19]. Others have shown that CS suppresses key 
pDC functions upon respiratory syncytial virus (RSV) 
infection by a mechanism that involves downregula-
tion of  TLR7 expression and decreased activation of  
IRF-7[20]. The effect of  CS on TLR7 in influenza virus 
infected pDC should be similar although it has not been 
evaluated.

Double-stranded RNA (dsRNA) is produced dur-
ing viral replication and is recognized by endosomal 
TLR3[21]. Surprisingly, TLR3-deficient mice appear to 
be even more resistant to influenza infections than wild 
type mice, in terms of  mortality[22]. Although high viral 
loads have been detected in the lung, viral load does not 
appear to underlie disease susceptibility in this model. In 
in vitro studies, CSE enhances rhinovirus-induced TLR3 
expression and interleukin-8 secretion in A549 cells[23]. 
In human bone marrow mononuclear cells, CSE induces 
TLR2, TLR3 and TLR4 expression[24]. In vivo, CS aug-
ments the expression and responses of  TLR3 in human 
macrophages[25] and in murine lung tissue. However, CS 
exacerbated poly(I:C)-induced neutrophilia and airway 
hyperresponsiveness[26]. Recently, Todt et al have reported 
that smoking decreased the response of  human lung 
macrophages to dsRNA by reducing TLR3 expression. 
Alveolar macrophage of  smokers show reduced C-X-C 
motif  chemokine 10 production in response to poly(I:
C) stimulation in vitro[27]. Therefore, CS alone is likely 
to slightly induce TLR3 expression. However, CS may 
suppress additional induction of  TLR3 by virus. TLR3 
is highly expressed in mouse innate immune cells, but 
shows a low level of  expression in human monocytes, 
macrophages and dendritic cells[28]. This might lead to 
some conflicting results in studies of  TLR3 expression in 
human and mouse models.

In the NLR family, Sabban et al[29] found that nucleo-
tide-binding oligomerization domain-containing protein 
2 (NOD2) confers responsiveness to ssRNA in terms 
of  IRF3 activation and IFN-β production. Furthermore, 
wild-type cells treated with NOD2-specific small interfer-
ing RNA or bone marrow-derived macrophages from 
NOD2-deficient mice failed to produce an antiviral re-
sponse after transfection with ssRNA, as is contained in 
RSV and vesicular stomatitis virus. It has been reported 
that CSE delays NOD2 expression and affects NOD2/
receptor-interacting serine-threonine kinase 2 interactions 
in intestinal epithelial cells[30]. Thus, CS might interfere 
with the NLR-initiated innate response to influenza virus 
although further experiments are needed to examine this 
possibility.

In addition to inhibition of  PRRs, CS could also 
affect the downstream signaling and transcription fac-
tors controlling the expression of  IFN. For example, 
expression of  IRF7 is critical for amplification of  the 
type Ⅰ interferon response. The expression of  IRF7 was 
significantly decreased in influenza-infected nasal epitheli-
um from smokers[31]. Furthermore, the data indicated that 

DNA methylation of  the IRF7 gene and expression of  
the DNA (cytosine-5-)-methyltransferase1 was enhanced 
in cells from smokers. Previous studies demonstrated that 
hypermethylation of  IRF7 results in decreased ability of  
type Ⅰ IFNs to induce gene expression[32]. In the above 
report, IRF7 induction after influenza was suppressed 
both in vitro in long-term differentiated cultures of  nasal 
epithelium, and in freshly biopsied nasal epithelial cells 
obtained from smokers after inoculation with the live-at-
tenuated influenza virus vaccine. Mechanistically, another 
group found that cigarette smoke-conditioned medium 
decreased the expression of  IRF-7 transcripts and sup-
pressed the nuclear translocation of  the key transcription 
factors, NF-κB and IRF-3, after poly(I:C) stimulation[33].

CS INDUCED CELLULAR OXIDATIVE 
STRESS AND INFLUENZA INFECTION
CS may affect many physiologic conditions which further 
alter host defense and virus clearance of  lung cells. One 
of  the most important mechanisms of  CS-induced altera-
tion is by increasing cellular oxidant stress. CSE contains 
high concentrations of  reactive oxygen species (ROS), ni-
tric oxide, peroxynitrite, and free radicals of  organic com-
pounds[34-36]. In addition to these short-lived, highly reac-
tive substances, previous studies have shown that aqueous 
cigarette tar extracts also contain pro-oxidant substances 
that increase cellular production of  ROS by NADPH 
oxidases[37-39]. NADPH oxidase-mediated generation of  
ROS is part of  the innate immune defense of  phagocytic 
cells and a variety of  non-phagocytic cells against foreign 
pathogens. Endogenous antioxidant systems cope with 
the oxidative burden and limit potential toxicity of  ROS. 
However, excess ROS may overwhelm antioxidant capac-
ity and perturb the balance in this reduction-oxidation 
equilibrium, and damage cells and tissues through oxida-
tive stress. In this regard, ROS are involved in the tissue 
injury associated with a number of  inflammatory diseas-
es, including rheumatoid arthritis[40], ischemia-reperfusion 
injury[41] and the adult respiratory distress syndrome[42]. 
Most importantly, mice lacking a functional NADPH 
oxidase exhibit increased viral clearance, reduced lung 
damage and improved lung function during influenza 
virus infection[43]. Human and animal studies show that 
CS produces generalized endothelial dysfunction[44-46], 
which is usually an indicator of  increased oxidative stress 
which can be mediated by NADPH oxidases. Thus the 
increased NADPH oxidase activity induced by CS might 
play a major role in oxidative stress in human lung and 
inhibit the innate response to influenza virus (Figure 1).

CS increases the level of  oxidants in the lungs, re-
sulting in depletion of  antioxidants. In response to CS, 
pulmonary epithelial cells counteract increased levels of  
oxidants by activating Nrf2-dependent pathways to aug-
ment the expression of  detoxification and antioxidant 
enzymes. Nrf2 is a transcription factor and the Nrf2 anti-
oxidant response pathway is the primary cellular defense 
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standing of  the mechanism whereby CS suppresses the 
human immune system and also of  the process that con-
trols influenza virus infection. This will be important in 
designing strategies for the development of  novel treat-
ments to mitigate the adverse consequences of  CS and 
flu infection.
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