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A B S T R A C T

Cigarette smoking is the most prominent significant cause of death and morbidity. It is recognised as a risk factor
for a number of immune mediated, inflammatory diseases including multiple sclerosis (MS). Here, we review the
complex immunological effects of smoking on the immune system, which include enhancement of inflammatory
responses with a parallel reduction of some immune defences, resulting in an increased susceptibility to infection
and a persistent proinflammatory environment.

We discuss the effect of smoking on the susceptibility, clinical course, disability, and mortality in MS, the
likely benefits of smoking cessation, and the specific immunological effects of smoking in MS.

In conclusion, smoking is an important environmental risk factor for MS occurrence and outcome, and it acts
in significant part through immunological mechanisms.

1. Introduction

Multiple Sclerosis (MS) is a chronic inflammatory demyelinating
disease with progressive neurodegeneration of the central nervous
system (CNS) in which autoreactive lymphocytes infiltrate across the
blood-brain barrier (BBB) and lead to myelin and axon damage
(Compston and Coles, 2008). The aetiology of MS remains unknown,
but the disease is thought to develop in genetically susceptible in-
dividuals with the influence of environmental risk factors, including
infectious agents and smoke constituents (Dendrou et al., 2015).
Genome-wide association studies (GWAS) on MS and other immune
mediated disease suggest that non-genetic risk factors have a significant
contribution, possibly more prominent than genetic risk factors, to
immunological heterogeneity in general (Brodin et al., 2015; Dendrou
et al., 2015). Exposure to cigarette smoke is a well-established en-
vironmental risk factor that has been shown to increase the risk of
developing MS and many other chronic inflammatory diseases by af-
fecting the inflammatory responses (Gonçalves et al., 2011; Hagiwara
et al., 2001; Wasén et al., 2017). However, the exact mechanism by
which cigarette smoke increases the risk of inflammatory diseases is yet
to be elucidated.

Biological studies have shown that cigarette smoke impacts both the
innate and the adaptive immune responses and has dual effects in the

regulation of immunity by either attenuating the defensive immunity or
worsening of the pathogenic immune responses. These studies have
been performed on different chronic inflammatory diseases; including
chronic obstructive pulmonary disease (COPD), asthma, rheumatoid
arthritis (RA), psoriasis and, to a lesser extent, multiple sclerosis (MS)
(Gonçalves et al., 2011; Perricone et al., 2016; Rennard, 2004; Torii
et al., 2011).

Here, we review the immunological effects of cigarette smoking on
innate and adaptive immunity that impact different chronic in-
flammatory diseases; then, we focus on its impact on MS from different
aspects, including immunology, epidemiology and epigenetics and
propose a model summarizing the potential mechanisms involved in the
cigarette smoke associated immunomodulation.

Finally, we review the evidence for the role of smoking in the risk of
developing MS, the risk of disability progression in MS and its con-
tribution to early mortality.

2. Cigarette smoke (CS) and inflammation

Cigarette smoke contains over 4000 chemicals, including carbon
dioxide, carbon monoxide, nicotine, reactive oxygen species (ROS),
reactive nitrogen species (RNS), free radicals, among many others
(Rennard, 2004; Sopori, 2002). These chemicals dissolve very quickly
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in the fluids of oral and airway epithelial linings and are spread into all
body tissues through the blood circulation (Lee et al., 2012). Studies
have shown that burning of tobacco gives two types or phases of con-
stituents, gaseous and particulate. Reactive oxygen species (ROS) that
are not trapped by cigarette filters and do not exist in raw tobacco leaf
can be found in the gaseous phase and are short lived, impacting the
upper airways; The most toxic CS components are found in the parti-
culate phase, including particulate matter (‘tar’), nicotine and others
(Huang et al., 2005; Smith and Fischer, 2001; Witschi, 2005). These
different constituents of burned tobacco start to react with the immune
system in the mucosal surfaces lining the oral cavity, sinuses and air-
ways. Inflammation, lipid peroxidation, oxidative-sensitive cellular
pathways and DNA destruction are key pathological processes triggered
by smoking (Rom et al., 2013; Yanbaeva et al., 2007).

ROS and many other stimuli can trigger immune cell activation,
expansion and secretion of inflammatory mediators which in turn lead
to chronic immune cell recruitment and inflammation. Many other
adverse consequences of chronic cigarette smoking exposure could also
be elucidated by its impact on systemic inflammation.

2.1. CS impact on innate immunity

The innate immunity serves as a primary immune defence that re-
cognises and responds to the environmental pathogens and antigens.
Innate immune cells express pattern-recognition receptors (PRRs), in-
cluding Toll-like receptors (TLRs) and others, which can recognise the
pathogen-associated molecular patterns (PAMPs), such as viral nucleic
acids and cell wall components of bacteria and fungi, and induce the
inflammatory responses (Iwasaki and Medzhitov, 2015). One of the
important routes for these pathogens to enter the body are the lungs.
Alveolar leukocytes and ciliary epithelial cells lining the alveolar and
nasal surfaces are part of the innate immune defence system (Martin
and Frevert, 2005). Chemokines and chemokine receptors (CCRs) play
an important role in the migration of specific mononuclear cells from
the circulation into the areas of inflammation and the regional lymph
nodes, leading to the development of an adaptive immune response
induction. Chemokines contribute to the pathogenesis of many in-
flammatory diseases (Charo and Ransohoff, 2006).

2.2. Effects of CS on epithelial cells

Lung epithelial cells play a main role in innate immune responses
regulation against a variety of stimuli, such as microbial pathogens and
cigarette smoke. They are a target of various respiratory infections as
they are the first cells that encounter inhaled pathogens. In smokers, the
mucociliary clearance of bacteria and viruses by bronchial epithelium is
impaired, allowing the pathogens to reach the lower airways, thus ex-
plaining the increased incidence of infections (Leopold et al., 2009;
Xavier et al., 2013). Cigarette smoking can impact the lower airway
epithelial cells, resulting in an immediate stimulation and inflammatory
mediator secretion followed by macrophage and neutrophil recruitment
that leads to further damage to the lung tissue. For instance, cigarette
smoke condensate has been reported to induce the production of so-
luble intercellular adhesion molecule 1 (sICAM-1), Granulocyte
Monocyte Colony Stimulating factor (GM-CSF), Interleukin-1 β (IL-1β)
and neutrophil chemoattractant IL-8 (Duffney et al., 2017; Hellermann
et al., 2002). It has been shown that CS exposed mice had a significant
reduction in bronchoalveolar lavage fluid (BALF) macrophages, neu-
trophils, cytokines and chemokines, such as TNF-α, macrophage in-
flammatory protein (MIP)-2 and matrix metalloproteinase (MMP)-12
after treatment with intranasal anti–GM-CSF mAb (Vlahos et al., 2010).

In addition, danger-associated molecular pattern molecules
(DAMPs) or alarmins, endogenous intracellular molecules released by
activated or necrotic cells and extracellular matrix molecules, have
been recognised to mediate sterile inflammatory responses after cell
stress or injury. These DAMPs were found to be recognised by the same

host PRRs that are used for PAMPs recognition leading to the same pro-
inflammatory cytokines and chemokines upregulation (Rider et al.,
2017). Necrotic cells are passively releasing another subset of in-
tracellular proteins that were found to mediate sterile inflammation,
including several members of IL-1 family such as IL-33 which is, in
contrast with the variety of DAMPs, recognised by the ST2 receptor (IL-
1R-Like 1) not PAMP receptors like TLRs (Moussion et al., 2008; Rider
et al., 2017). Cigarette smoke was found to increase the expression of
IL-33 in bronchial epithelial cells and this increased expression can
markedly augment macrophage responses to poly (I:C), a viral PAMP
(Kearley et al., 2015; Pace et al., 2014).

2.2.1. Effects of CS on macrophages
Macrophages play an important role in innate host defence against

pollutants and elimination of microbial agents, due to their ability to
recognise PAMPs antigen presentation, and phagocytosis. The number
of alveolar macrophages (AMs) is increased upon cigarette smoke ex-
posure, leading to their activation and production of ROS and in-
flammatory mediators (Sopori, 2002). Despite the increased activity,
the capabilities of macrophages to sense the PAMPs and phagocytose
and kill the microbes can be reduced by smoking (Chen et al., 2007;
Hodge et al., 2007; Ni et al., 2015; Phipps et al., 2010). Compared to
non-smokers, AM of smokers had a decreased surface expression of
TLR2, a PRR that recognises (as a heterodimer with TLR1 or TLR6) a
range of ligands such as diacyl-lipopeptides, triacyl-lipopeptides and
others (Droemann et al., 2005; Zähringer et al., 2008). Neutralization of
TLR4, an essential PRR protein that recognises lipopolysaccharide
(LPS), a microbial component from gram-negative bacteria, and other
endogenous proteins, but not TLR2 led to inhibition of cigarette smoke
induced IL-8 secretion by monocytes derived macrophages (Karimi
et al., 2006). Doz and colleagues suggested that cigarette smoke in-
duced airway inflammation is mediated by LPS-independent TLR4 ac-
tivation and myeloid differentiation primary-response gene 88
(MyD88)-dependent pathways, apparently after induction of heat-
shock protein 70 (HSP70), which has been suggested as putative TLR4
agonist (Doz et al., 2008). However, although activation of TLR4 by
HSP70 remains controversial, its activation by cigarette smoke maybe
by LPS in cigarette smoke directly which has been shown to present in a
bioactive form in CS (Hasday et al., 1999).

Cord blood mononuclear cells of neonates born of smoker mothers
have less TLR-mediated response compared with those of non-smokers
mothers (Noakes, 2006). In response to some TLR agonists, cigarette
smoking seems to cause a local suppression of AM activity, demon-
strated by its ability to affect the gene expression and secretion of some
pro-inflammatory cytokines which could contribute to an increased
incidence of infection (Chen et al., 2007; Karimi et al., 2006; Metcalfe
et al., 2014; Todt et al., 2013). Thus, the effect of smoking on macro-
phages is complex, with some aspects of inflammation being enhanced,
but some defence mechanisms against infection being reduced, overall
creating an immune environment that can favour chronic inflammation
and autoimmunity.

2.2.2. Effects of CS on dendritic cells
Dendritic cells (DC) are potent antigen-presenting cells (APCs) and

vitally important for the initiation of cell-mediated immune responses.
(Merad et al., 2013). DC migrate from the circulation towards the lung
epithelial surfaces where they can recognise the foreign antigens. After
antigen recognition and capture, they migrate back into the regional
draining lymph nodes where they present the processed antigens to
naïve T lymphocytes via major histocompatibility complex (MHC) class
II/T-cell receptor (TCR) ligation, resulting in the initiation, suppression
or termination of adaptive immune responses. During migration, DC
process the recognised antigens and go through maturation accom-
panied by upregulation of co-stimulatory molecules expression at the
cell surface; such as CD40, CD80 and CD86 (Idoyaga and Steinman,
2011; Liu et al., 2009). The airway epithelial cells surrounded by rich
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network of DC, normally control the immunologic homeostasis
(Steinman, 2012). Chemokines and their corresponding receptors
(CCRs) are key determinants of lymphocytes recruitment into lymphoid
follicles. The homing of immature T cells and mature DC to the lymph
node is controlled by CCR7, an important receptor that influences the
immune responses in the lymph nodes and peripheral tissues via
dedicated ligands; including, the lymphoid chemokine ligand (CCL)19
and CCL21 (Förster et al., 2008).

It has been shown that in mice exposed to cigarette smoke and
sensitized with ovalbumin (OVA), an inducer of an allergic reaction, the
expression of CCR7, MHC class II and CD86 is upregulated and traf-
ficking of DC to the mediastinal lymph node is induced (Robays et al.,
2009). Furthermore, the frequency of pulmonary DCs is enhanced by
passive smoking, leading to their accumulation, activation and CCL20
expression (Botelho et al., 2012). A significant increase in lung DC in
the epithelium of small airways and the expression of CCL20 was re-
ported in patients with chronic obstructive pulmonary disease (COPD)
and was associated with disease severity, compared to smokers and
non-smokers without COPD (Demedts et al., 2007).

On the other hand, it has been shown that exposure to cigarette
smoke or its extract could negatively regulate the frequency and ma-
turation process of DC, and can alter or suppresses the normal DC
function and interaction with naïve lymphocytes. In mouse studies,
cigarette smoke extract (CSE) was found to reduce the frequency, ma-
turation and stimulation capacity of DC. In addition, this effect was
accompanied by diminished surface expression of MHCII, CD80, CD86,
CD40 and CD83 in DC. (Givi et al., 2015; Robbins et al., 2008). Simi-
larly, Liao and colleagues found that the frequency of migratory
(CCR7+) and mature (CD83+) DC were reduced in the lung tissue of
smokers with COPD compared with healthy non-smokers (Liao et al.,
2015). In smokers with or without COPD, the expression of CCR7+ and
function-associated surface molecules on airway myeloid DC (CD40,
CD80 and CD83) were found to be significantly decreased compared to
non-smokers but the number of immature DC (CD1a+) was sig-
nificantly increased in the COPD and healthy smoker groups as com-
pared with healthy non-smokers (Arellano-Orden et al., 2016). In
plasmacytoid dendritic cells (pDC) obtained from healthy volunteers,
CSE exposure augmented the production of IL-8 and suppressed TLR9
ligand-induced interferon (IFN)-α through attenuation of the PI3K/Akt
pathway (Mortaz et al., 2009). These studies indicate that cigarette
smoking impacts the maturation process and function of DC, resulting
in altered cell-mediated immune responses. Like with macrophages, a
dual effect of CSE has been observed, with enhancement of both chronic
inflammation and susceptibility to infections. These key components of
tissue damage in smokers are relevant to respiratory diseases such as
COPD, as well as to MS pathophysiology.

2.3. CS impact on adaptive immunity

As with innate immunity, smoking has been reported to have a di-
rect and indirect effect on both humoral and cell-mediated adaptive
immune responses, with the participation of B and T cells, including T-
helper (Th)1, Th2, Th17 and regulatory T cells (Treg).

2.3.1. Effects of CS on T cells
Cytokines produced by monocytes, macrophages, neutrophils and

DC during innate immune responses, drive differentiation of naïve
CD4+ T cells into Th1, Th2, or Th17 (also influencing certain subsets of
Treg) reflecting a preferential activation of specific transcription factors
and production of cytokines. For example, interleukin (IL)-12, an in-
flammatory cytokine produced by innate immune cells in response to
various stimuli, induces naïve T cells' differentiation into Th1 cells that
produce interferon-gamma (IFN-γ) rather than interleukin-4 (IL-4), a
Th2 specific cytokine (Kidd, 2003).

Cigarette smoking can suppress certain Th1 and Th17 responses,
while promoting Th2 inflammation. For instance, the secretion of IL-12

was reduced by CSE-exposed and LPS-activated DC, resulting in DC
function suppression and generation of Th2 inflammatory responses
(Vassallo et al., 2005). Recently, CSE was found to have an inhibitory
effect on DC capacity to activate antigen specific T-cell response, gen-
erating a defective Th1 and Th17 response to bacteria in COPD patients
(Le Rouzic et al., 2016). Normally, Th1 cells respond directly to short-
chain LPS but this process was shown to be impaired in smokers with or
without COPD (Knobloch et al., 2011). Whether Th17 inflammatory
responses are stimulated by cigarette smoke is not conclusively proved;
however, Shan and colleagues found that Th17 cells were present in the
lung parenchyma of patients with emphysema, a disease that affects
smokers, and the lung myeloid DC (mDC) were sufficient to direct the
generation of adaptive Th1 and Th17 responses to self-antigens in
people with emphysema but not normal individuals (Shan et al., 2009).
Epidemiologically, the prevalence of Th17-associated inflammatory
diseases also suggests that Th17 polarized immune responses might be
promoted by cigarette smoke. The cellular mechanisms by which ci-
garette smoke induces Th2, and potentially Th17 inflammatory re-
sponses, are not fully elucidated, although these may include altered
activation and antigen presentation by innate immune cells, induction
of Th2 polarizing cytokines and inhibition of Th1 polarizing ones, or
might be due to a direct effect on T cells (Lee et al., 2012). In animal
models, smoking-associated inflammation and autoimmune diseases
were shown to be actively associated with Th17 cells. An increase in
Th17 cells subset and associated cytokine upregulation (IL-17A, IL-23
and IL-6) were found in the lung tissue and peripheral blood of mice
with COPD induced by chronic cigarette smoke exposure (Wang et al.,
2012). In an IBD murine model, nicotine, as a major component of ci-
garette smoke, can worsen the trinitrobenzene sulfonic acid (TNBS/ IL-
12 driven)-induced colitis, by skewing Treg/Th17 balance towards pro-
inflammatory Th17 cells, or improve the oxazolone colitis by increasing
Treg cell number. It has been shown that the dichotomous action of
nicotine in both types of IBD, Ulcerative colitis (UC) and Crohn's disease
(CD) is a result of downregulation and upregulation of anti-in-
flammatory Alpha7 nicotinic acetylcholine receptor (a7 nAChR) on
colonic CD4 T cells induced by the cytokine environment characteristic
of each type of IBD leading to a worsened or improved colitis, respec-
tively (Galitovskiy et al., 2011).

CD8+ T cells are a large subgroup of T cells known as cytotoxic T
lymphocytes (CTLs) and play a major role in host immune defence by
identifying and killing cells with MHC class I molecules presenting
pathogenic antigens. CD8+ T cells have been shown to increase in the
lungs of people with COPD (Saetta et al., 1998) and can induce in-
flammatory cytokines that may contribute to emphysema (Cosio et al.,
2002; Majo et al., 2001). Maeno and colleagues reported that CSE could
not induce inflammatory response and develop emphysema in CD8+ T
cell-deficient (CD8−/−) mice (Maeno et al., 2007). In healthy subjects
and COPD patients, the exposure of CD8+ T cells to CS condensate was
found to increases the protein expression of TLR4 and TLR9 in both
lung tissue and peripheral blood mononuclear cells (PBMC), resulting in
their activation and production of inflammatory cytokines including IL-
1β, IL-6, IL-10, IL-12p70, TNFα and IFN-γ but not chemokine IL-8
(Nadigel et al., 2011).

2.3.2. Effects of CS on B cells
Cigarette smoke may induce abnormal functional changes in B cell

responses which can be T cell-independent or T cell-dependent. In
healthy current smokers compared to smokers with COPD, Brandsma
and colleagues showed that cigarette smoking resulted in higher per-
centages of total memory B cells as well as class-switched memory B
cells in peripheral blood. These class switched cells were mostly IgA
expressing B cells which positively correlated with the number of class-
switched memory B cells in healthy smokers, while COPD smokers
showed more switching to IgG (Brandsma et al., 2009, 2012). In ad-
dition, cigarette smoke can induce the expression of Fas receptor
(CD95), a transmembrane protein that induces programmed cell death
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on peripheral blood cells in general and on B cells in particular (Bijl
et al., 2001). This increased sensitivity to apoptotic signals could
worsen the clearance mechanisms of apoptotic materials in people who
are at risk of autoimmune diseases (Costenbader and Karlson, 2006). Li
and colleagues recently found that H. pylori-infected smoking subjects
had lower frequency of regulatory B cells (CD24+CD38+), compared to
H. pylori-infected non-smoking subjects. These regulatory B cells
(Breg), of H. pylori-infected smoking subjects, showed loss of suppres-
sion of pro-inflammatory responses through IL-10 production, when co-
cultured with autologous T cells, which was not observed in non-
smoking patients (Li et al., 2015). Recent studies on mice have focused
on the effect of cigarette smoke on the development and distribution of
B cells. Fusby and colleagues found that mice exposed to cigarette
smoke had a significant reduction in bone marrow pre-B
(B220+CD43−) cell subsets only, not pro-B cell subsets, with a slight
effect on the percentage of splenic transitional T1 B cells (Fusby et al.,
2010). In contrast, nicotine has been shown to increase the number of
mouse pre-B cells, suggesting that other components of cigarette smoke
may counteract the inductive effect of nicotine on B cell lymphopoiesis
(Skok et al., 2006).

2.4. Molecular mechanisms underlying the effect of CS

The molecular bases behind the smoking-induced events in both
innate and adaptive immune cells are still unclear; however, a variety
of mechanisms have been proposed to explain the etiologic link be-
tween cigarette smoke and various inflammatory diseases. One of the
main pathological mechanisms is the NF-κB signalling pathway acti-
vation, that includes inhibitor of NF-IκB kinase (IKK) activation and IκB
phosphorylation and degradation, allowing the translocation of NF-κB
to the nucleus leading to an induced transcription of different genes
involved in inflammatory responses in response to cigarette smoke,
such as TNF-α, IL-8 and cyclooxygenase-2 (COX-2), the latter re-
presenting an enzyme involved in the inflammatory responses. Histone
modifications can impact gene expression by enhancing or halting the
accessibility of DNA to transcription factors and co-factors (Anto et al.,
2002; Gonçalves et al., 2011). Modulation of NF-κB by cigarette smoke
occurs in many ways. First, activation of IKK either by inflammatory
mediators (IL-1 and TNF-α) or smoking, results in IκB degradation or
stimulation of p65 subunit of NF-κB by acetylation, respectively.
Second, Toll-like receptors (TLR) associated activation of NF-κB due to
oxidative stress, results in the activation of extracellular signal-regu-
lated kinases ERK1/ERK2 mitogen-activated protein kinase (MAPK)
(ERK1/2 MAPK) signalling pathway. Third, there is prolonged NF-κB
activation due to smoking-induced reduction of histone deacetylase
(HDAC), an enzyme that block the accessibility of DNA to transcription
factors (Gonçalves et al., 2011). Histone acetylation which is performed
by histone acetylases (HACs), and deacetylation, achieved by histone
deacetylases (HDACs) are forms of histone modifications that regulate
gene expression by facilitating or blocking DNA accessibility to tran-
scription factors and co-factors, respectively (Yao et al., 2007).

Various studies have linked cigarette smoke with the activation of
NF-κB and cytokine expression. The events triggered by cigarette smoke
are unlikely to be initiated by short lived ROS alone. Cigarette smoke
constituents can contribute to excessive or dysregulated generation of
ROS. Among many potential sources of ROS; xanthine oxidase, a final
enzyme of purine metabolism, and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (NOX) have been implicated (Kayyali
et al., 2003; Kim et al., 2014; Lee et al., 2012). Ko and colleagues re-
ported that cigarette smoke extract (CSE) induces intracellular ROS, in
both human and mouse macrophages due to the activation of NADPH
oxidase, which in turn activates AMP-activated protein kinase (AMPK)/
MAPK signalling with NF-κB. This effect may be nicotinic acetylcholine
receptor (nAChR)-dependent and ROS sensitive (Ko et al., 2015). MAPK
signalling activation has three major signalling cassettes; ERK, p38 and
c-Jun N-terminal kinase (JNK), which can be activated by a variety of

stimuli. For instance, ERK1 and ERK2 are more responsive to growth
factors, while stress stimuli can preferentially activate JNK and p38
kinases (Roux and Blenis, 2004). Ex-vivo, Karimi and colleagues found
that CSE can activate NF-κB in human monocyte-derived macrophages
due to TLR4 ligation and signalling via IRAK-1 phosphorylation, and
TRAF6 and IκB-α degradation. Additionally, higher amounts of IL-8
secretion were decreased by blocking p38 MAPK, suggesting the en-
rolment of p38 as it affects the maximal amounts of IL-8 secretion after
CS exposure that can only be produced if the resulting mRNA, after NF-
κB translocation, is quickly stabilized by the p38 MAPK pathway
(Karimi et al., 2006).

It has been shown that CSE supresses TLR-induced inflammatory
cytokines, including TNF-α, IL-6 and IL-10, but not IL-8. This effect was
associated with a reduced activation of p38, ERK and p65 upon CSE
treatment followed by LPS activation of COPD alveolar macrophages.
The lack of IL-8 suppression after LPS treatment was suggested to be
due to the initial activation of p38 MAPK pathway by CSE (Metcalfe
et al., 2014). Additionally, Castro and colleagues found that CSE was
associated with inhibition of viral-induced interferon alpha (IFN-α)
secretion, but not IL-8 in human pDCs infected by respiratory syncytial
virus (RSV) by downregulating TLR7 expression and decreased activa-
tion of interferon regulatory factor(IRF)-7 (Castro et al., 2011). A
schematic representation summarizing the pathological effects of ci-
garette smoke on the inflammatory cytokines gene transcription is
shown in Fig. 1.

2.5. CS and autoimmunity

Cigarette smoking is a well-established environmental risk factor
that has been shown in many studies to be linked with the development
of autoimmune diseases, such as multiple sclerosis (MS), rheumatoid
arthritis (RA), inflammatory bowel disease (IBD), psoriatic arthritis,
systemic lupus erythematosus (SLE), primary biliary cirrhosis (PBC),
Graves' disease and others (Perricone et al., 2016). The microenviron-
ment, such as that present in the lungs, may control the antigen pre-
sentation and the destiny of T cells to either effector or regulatory
subsets. In the lung, cigarette smoke induces oxidative stress, the im-
balance between oxidants and antioxidants in favour of oxidants, and
the pro-inflammatory responses causing post-translational protein
modifications in the lungs which greatly impact their antigenicity
(Cloos and Christgau, 2004).

3. Cigarette smoking and multiple sclerosis

3.1. Epidemiology of smoking in MS

The World Health Organisation (WHO) report estimated that over
1.1 billion people smoked tobacco in 2015. Although the prevalence of
smoking is declining worldwide, it appears to be increasing in the
Eastern Mediterranean Region and the African Region. In general, sig-
nificantly more males than females smoke tobacco. Among the WHO
regions, Europe has the highest prevalence of tobacco use in adults
(28%) and adolescents. In Europe, 19% of wome n over age of 15 used
tobacco in 2013. This figure is higher than average tobacco use in fe-
males in Africa, South-East Asia, Eastern Mediterranean and Western
Pacific Regions (2–3%) (World Health Organisation, 2018) where the
prevalence of MS is significantly lower than Europe and North America.

3.1.1. Smoking and risk of developing MS
To date, very few modifiable risk factors have been found to be

associated with the risk of MS (Belbasis et al., 2015). Cigarette smoking
which is the leading cause of morbidity worldwide, has been shown to
play an important role in aetiology of MS. The research has shown that
on average first-hand cigarette smoking increases the risk of MS by
around 50% (Handel et al., 2011) while exposure to environmental
tobacco smoke increases the risk by 30% in adults (Hedström et al.,
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2011a) and by more than two times in children who were exposed to
parental smoking at home with a clear dose-response association
(Mikaeloff et al., 2007).

Despite a marked increase in the number of investigations assessing
the link between smoking and MS susceptibility, several aspects of the
association including timing of the exposure, its interactions with de-
mographic factors and susceptibility genes as well as the underlying
mechanism is not yet fully understood. Several recent multifactorial
studies investigated how cigarette smoking interacts with gender and
other major environmental and genetic risk factors including tow
haplotypes within the human leukocyte antigen (HLA) region (HLA-
DRB1*15 and HLA-A*02) and Epstein-Barr virus. Smoking prevalence
has markedly increased among women throughout the 20th century to
the point that in many high-income countries now women smoke at
nearly the same rate as or higher than men (Hitchman and Fong, 2011).
Given the significant correlation between the gender ratio of MS with
the gender ratio of smoking (r=0.16, P=0.002), it has been sug-
gested that the differential temporal changes in smoking behaviours of
men and women, with smoking prevalence in women increasing, may
explain in part the recent increase in the female to male ratio of MS
(Orton et al., 2006; Palacios et al., 2011; Westerlind et al., 2014). The
association between the anti-Epstein-Barr virus nuclear antigens (anti-
EBNA) antibody titers and MS risk is also found to be enhanced by two
times in smokers (Simon et al., 2010). This may indicate that some
component of cigarette smoke possibly modifies either EBV infection or
the immune response to the infection. Cigarette smoking has also been
shown to significantly interact with the major MS susceptibility genes.
In a Swedish case-control study, the interaction between smoking and
risk of MS in presence of HLA-DRB1*15 and absence of HLA-A*02 was
investigated (Hedström et al., 2011b). While the risk of MS in non-
smokers with both genetic risk factors (carriership of HLA-DRB1*15
allele but not HLA-A*02) was 4.9 times higher (95%CI: 3.6 to 6.6), risk
was substantially increased to 13.5 times higher (95%CI: 8.1 to 22.6) in
ever-smokers with both genetic risk factors compared with never-
smokers with neither of the genetic risk factors.

3.1.2. Smoking and worsening of disability in MS
In 1964, Courville first observed the adverse effects of smoking on

worsening of symptoms in MS (Courville et al., 1964). Since then, cu-
mulative evidence suggests an influence of smoking on the course of MS
and rate of disability accumulation. The research has shown that
smokers experience more severe motor symptoms (Emre and de Decker,
1992), have more T2 and gadolinium enhancing lesions on MRI and
greater brain atrophy (Healy et al., 2009; Zivadinov et al., 2009), have
increased cognitive and psychological impairment (Ozcan et al., 2014;
Tanasescu et al., 2017) and lower quality of life (Weiland et al., 2014).
Furthermore, smoking has been found to increase the risk of conversion
to clinically definite MS in patients with clinically isolated syndrome
(CIS) by about 80% (Di Pauli et al., 2008). In a population-based cohort
study of patients at Nottingham University Hospital, our group ob-
served that the risk of reaching Expanded Disability Status Scale (EDSS)
score milestones of 4.0 (significant disability but able to walk without
aid or rest for 500m) and 6.0 (requires unilateral assistance to walk
about 100m with or without resting) in current smokers was increased
by 64% and 49% compared with never smokers, respectively. The risk
was not increased in ex-smokers (Manouchehrinia et al., 2013). The risk
of converting to secondary progressive MS (SPMS) has also been found
to be increased in smokers than in non-smokers (Hernán et al., 2005).
Ramanujam et al. showed that for each additional year of smoking after
the diagnosis of MS, the risk for transition to SPMS is increased by 4.7%
per year (Ramanujam et al., 2015).

3.1.3. Smoking and mortality in MS
Cigarette smoking is the leading cause of preventable death

worldwide. WHO has estimated that tobacco use (both smoking and
smokeless) is accountable for the death of about six million people
worldwide annually with majority dying prematurely. This includes
about 600,000 deaths from effects of second-hand smoking (World
Health Organisation, 2018). In a prospectively followed cohort of
nearly 900 MS patients at Nottingham University Hospital, the risk of
all-cause mortality among ever-smokers versus lifetime non-smokers

Fig. 1. Molecular mechanisms underlying the effect of cigarette smoke (CS): A schematic model of the impact of cigarette smoke (CS) on immune cells' transcriptional
control of inflammatory genes via activation of NF-κB.
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was more than two times higher (Manouchehrinia et al., 2014), while
the standardised mortality ratio was four and two times higher in
current and ex-smokers with MS, never smokers with MS did not have
an increased mortality rate when compared to the mortality rates in the
UK general population. Similarly, in another study from the UK, Lal-
mohamed et al. found that while the overall risk of death among MS
patients was increased by 3.5 times when compared to the non-MS
referents in the UK general population, the risk further increased to 6.7
times in current smokers (Lalmohamed et al., 2012).

3.1.4. Effects of smoking cessation
Smoking cessation has been proven to be effective in alleviating

some of MS symptoms and slowing down the progression of disabilities
(Tanasescu et al., 2017) and risk of SPMS conversion (Ramanujam
et al., 2015). We found that in ex-smokers each smoke-free years from
MS onset decreases the risk of EDSS score 4.0 and 6.0 by 4% and 3%,
respectively (Tanasescu et al., 2017). The clear beneficial effect of
smoking cessation on MS clinical course suggests the need for an early
intervention in smokers with MS. However, on the other hand, smoking
cessation can cause excessive weight gain in some individuals which
have been shown to lead to a higher short-term risk of type 2 diabetes
mellitus and obesity (Akter et al., 2015; Bush et al., 2016; Yeh et al.,
2010).

4. Conclusion

Today, there is ample epidemiological evidence that first and
second-hand cigarette smoking and exposure to environmental tobacco,
but not other forms of tobacco use (such as chewing tobacco)
(Hedström et al., 2009), is a significant risk factor for the development
of MS, with substantially larger effects in genetically susceptible in-
dividuals. Cumulative epidemiological evidence also suggest that ci-
garette smoking has pronounce effect on the risk of conversion to
clinically definite MS, worsening of physical disability and cognitive
impairment and pre-mature death in MS.

4.1. Immunology of smoking in MS

Many mechanisms have been proposed to illustrate the im-
munopathological role of tobacco in the increased risk of incidence and
progression of MS. As the lungs may be a critical site for T cell acti-
vation and differentiation, it has been shown in the Lewis rat model of
MS, experimental autoimmune encephalomyelitis (EAE), that auto-
reactive T cells gain the capability to enter the central nervous system
(CNS) after residing temporarily within the lung tissues, where they
flow within the lymphoid tissues and lung-draining mediastinal lymph
nodes and then to the blood stream where they move to the CNS
(Odoardi et al., 2012). Therefore, it is more likely that cigarette smoke-
induced oxidative stress and TLRs activation by PAMPs in the lung
microenvironment may promote the initiation of the pro-inflammatory
responses and alter potential autoreactive T cells into pathogenic state.
This hypothesis is supported by several recent studies, where active and
passive smoking, but not moist snuff (chewing tobacco) are associated
with higher MS risk (Arimilli et al., 2017; Hedström et al., 2013;
Manouchehrinia et al., 2013; Pasare and Medzhitov, 2004).

In the EAE model, it was shown that CNS professional antigen-
presenting CD11c+ DC attract and reactivate infiltrating pathogenic T
cells in the CNS, and provoke pro-inflammatory response leading to
subsequent monocyte recruitment into the CNS (McMahon et al., 2005;
Paterka et al., 2016). Still, different studies have shown that a specific
subset of human DC, non-adherent CD123+/CC chemokine receptor 6+

(CCR6+), are able to induce an immunosuppressive response by ex-
pressing indoleamine 2,3-dioxygenase (IDO), resulting in
CD4+CD25high regulatory T cell expansion (Hill et al., 2007; Mellor and
Munn, 2004). Among smokers with MS, Correale and colleagues found
that cigarette smoking reduces the IDO activity, leading to increased IL-

6 and IL-13 production. Furthermore, they found that smoking boosts
the activity and the degree of expression of the renin-angiotensin
system (RAS), a major endocrine system regulating blood pressure and
body fluid homeostasis, leading to increased numbers of IL-17 and IL-22
producing cells as well as chemokines CCL2, CCL3 and CXCL10. These
two pathways are involved in the reduction of CD4+CD25+FoxP3+

regulatory T cells number among smokers with MS (Correale and Farez,
2015).

The aryl hydrocarbon Receptor (AhR) is a ligand-activated tran-
scription factor that plays a key role in the innate and adaptive immune
cells and mediates responses to a multitude of microbial, dietary and
environmental toxin stimuli, including cigarette smoke constituents
(Quintana and Sherr, 2013). Macrophages, DC, B cells and T cell subsets
were found to express AhR, and number of AhR ligands have been re-
ported (Stockinger et al., 2014). It has been shown that the type of AhR
ligand can impact the development of either pro-inflammatory Th17 or
anti-inflammatory Treg-mediated immune responses, causing different
outcomes. For instance, AhR activation with 6-formylindolo[3,2-b]
carbazole (FICZ) was found to exacerbate EAE by inducing IL-17 pro-
ducing T cells and interfering with Treg cell development, while acti-
vating it with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) led to AhR-
dependent induction of Foxp3+ Treg cells, less Th17, IL-17 producing,
cells and ultimately suppression of EAE development (Quintana et al.,
2008; Veldhoen et al., 2008). Like TCDD, Acrolein, an AhR ligand
present in the gaseous phase of the cigarette smoke, was found to exert
immunomodulatory effects and led to a relative accumulation of
Foxp3+ regulatory T cells in nasal exposed BALB/c mouse allergy
model (Roth-Walter et al., 2017). The molecular mechanism by which
AhR mediates the immune responsiveness to chemical compounds was
shown to be through AhR and its nuclear translocator (AhR-ARNT),
p38-MAPK and NF-κB signalling pathways (Nguyen et al., 2013).
However, the role of whole cigarette smoke constituents and the mo-
lecular mechanisms involved in AhR modulation of T cell differentia-
tion is not completely understood.

Laquinimod is an oral drug and an AhR agonist (not in CS) currently
or recently under evaluation for the treatment of relapsing-remitting
MS, primary progressive MS and Huntington's disease. It has been
shown that laquinimod arrests EAE by AhR-dependent reduction of
immune cell migration into the CNS and that was correlated with the
clinical symptoms amelioration, which is possibly due to the laqui-
nimod-induced DC and monocytes shift towards an anti- inflammatory
phenotype (Berg et al., 2016). The effect of smoking on laquinimod
effectiveness is yet to be to be investigated.

4.2. Role of nicotine in MS

It has been proposed that nicotine alone may have a beneficial role
in MS pathogenesis. Immune cells that play a crucial role in MS, in-
cluding T cells, macrophages/microglia and DC express nicotinic acet-
ylcholine receptors (nAChR), suggesting that nicotine may drive im-
munomodulatory effects in MS incidence and progression (Jin et al.,
2012; Razani-Boroujerdi et al., 2007; Wang et al., 2002). This sugges-
tion is supported by the fact that the risk of MS is not increased by
tobacco moist snuff but only by smoked tobacco, even when the re-
sulting serum level of nicotine is equal, raising the possibility that other
components than nicotine in cigarettes drive the adverse effect of ci-
garette smoking in MS (Carlens et al., 2010; Hedström et al., 2009). In
the EAE model, Gao and colleagues found that nicotine administration
after the development of EAE symptoms ameliorates the severity of the
disease, while cigarette smoke condensate (CSC) accelerated the se-
verity of the disease in early stages of EAE, suggesting that nicotine and
CSC influence the microglial viability, activation and function resulting
in different immune responses affecting EAE development (Gao et al.,
2014). In addition, it has been shown that α7 nAChRs are expressed by
CD4+ T cells and upregulated upon their activation. Treating these
CD4+ T cells with nicotine induced a shift to Th2 lineage and reduced
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Fig. 2. A schematic model of the immunopathology of cigarette smoking in MS: In the lung microenvironment, cigarette smoke exposure induces oxidative stress,
pro-inflammatory responses causing post-translational protein modifications that may control the antigen presentation, the destiny of T and B cells and trigger and
alter potential autoreactive T cells into pathogenic state. Cigarette smoking impacts immune responses by enhancing the susceptibility to infections, increasing pro-
inflammatory cytokine secretion, shifting T cells to Th17 lineage and altering the BBB integrity.
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Th1 and Th17 reactivity, which ultimately reduced T cell infiltration
into the CNS (Nizri et al., 2009). However, nicotine has been shown to
downregulate the expression of BBB tight junction (TJ) proteins; such as
ZO-1, occludin, cadherin and adherens junctional proteins, which may
facilitate the immune cell trafficking across the BBB (Abbruscato et al.,
2002; Hutamekalin et al., 2008).

4.3. Impact of cigarette smoke on BBB in MS

Cigarette smoke is known for its capability to induce oxidative stress
and vascular inflammation that induce pathophysiological changes in
the BBB (Naik and Cucullo, 2015). It has been demonstrated that to-
bacco smoke leads to the degradation of tight junction (TJ) proteins
such as ZO-1 and occludin. Furthermore, it induces the production of
IL-6 and matrix metalloproteinase-2 (MMP-2) by BBB endothelial cells
(ECs), as well as promoting the expression of vascular adhesion mole-
cule-1 (VCAM-1), intracellular adhesion molecule-1 (ICAM-1) and
platelet endothelial cell adhesion molecule (PECAM-1), suggesting the
ability of cigarette smoking to compromise the function and the in-
tegrity of the BBB (Hossain et al., 2011; Larochelle et al., 2011; Naik
et al., 2014; Pooja Naik, 2015).

Additionally, the oxidative capacity of cigarette smoke was found to
be positively correlated with the extent of BBB damage. It has been
demonstrated that high levels of nitric oxide (NO) contributes to the
alteration of the BBB integrity, controlling vascular tone and leukocyte-
endothelial adhesion (Yamauchi et al., 2007). NO is a component of
cigarette smoke. Larochelle and colleagues shown that ROS, in addition
to their role in the BBB integrity, modulate BBB function and are in-
volved in the immuno-pathogenesis of MS as they can trigger an in-
flammatory response by activating a redox signalling pathway such as
JAK/STAT pathway leading to TNF-α production in myeloid cells and
expression of adhesion molecules (Larochelle et al., 2011). Nuclear
factor like 2/antioxidant response element (Nrf2/ARE) pathway is a
main player in countering oxidative stress and has been demonstrated
to play a cytoprotective role against cigarette smoke exposure at the
BBB (Naik et al., 2015).

4.4. Epigenetics of smoking in MS

Epigenetic modifications, such as histone modification and post-
translational methylation, depend on the environmental and other in-
fluences, including smoking, can result in phenotype plasticity. One
mechanism of the epigenetic modification is DNA methylation where
methylated cytosines are found mainly at CpG dinucleotides (Huynh
and Casaccia, 2013; Sokratous et al., 2016). Recently, tobacco smoking
was found to induce CpG methylation changes in peripheral blood
mononuclear cells (PBMCs) of healthy cigarette smokers, healthy snuff
users and cigarette smokers with or without MS. Aryl-hydrocarbon re-
ceptor repressor (AHRR), G Protein-Coupled Receptor 15 (GPR15) and
leucine-rich repeat neuronal protein 3 (LRRN3) were found to be hy-
pomethylated leading to their increased expression, which influences
the innate and adaptive immune responses (Ammitzboell et al., 2014;
Arimilli et al., 2017; Bauer et al., 2016; Zeilinger et al., 2013). Cigarette
smoke was reported to facilitate the hypomethylation of GPR15, a
chemoattractant receptor involved in effector T cell migration, in CD3+

T cells causing an increased expression of GPR15 by 40% compared to
10% in non-smokers (Bauer et al., 2016). In PBMCs from MS patients,
Ammitzboell and colleagues found that GPR15 and LRRN3 are differ-
entially expressed in MS smokers, and by analysing these expressed
genes and other 17 genes upregulated upon cigarette smoke exposure,
they revealed a network dominated by pro-inflammatory molecules
linked to T cell activation and innate immunity (Ammitzboell et al.,
2014).

5. Summary and model

Cigarette smoke has severe effects on people's health around the
world. CS alters the immune responses either by directly affecting the
cells of both the innate and adaptive immune system, or by attenuating
the immune recognition and response to pathogenic antigens, in-
creasing the susceptibility to infection that induces the inflammatory
changes linked with a wide range of diseases. The mechanism by which
CS exposure compromises the immune responses is not completely
understood. We have reviewed some of the experimental evidence on
CS and its ability to modulate the immune response on key innate and
adaptive immune cells that impact different chronic inflammatory
diseases; including macrophages, DC, B cells and T cells, and then we
focused on its impact on the pathogenesis of multiple sclerosis (MS).

Smoking is one of the best described environmental risk factor for
the incidence and disability progression of MS; however, due to the
complexity of CS constituents, the mechanism by which it impacts MS is
yet to be elucidated. From a clinical point of view, smoking cessation is
linked with an evident benefit in people with MS and should be an early
intervention.

Recently published studies advanced our understanding about the
impact of CS on MS aetiopathogenesis, where its constituents interact
with MS risk alleles, host immune system, lung microenvironment,
vascular inflammation of BBB, epigenetic modifications as well as the
response to pharmaceutical immunomodulatory treatments. The po-
tential effects of CS in MS are summarized in the schematic model
shown in Fig. 2. Further investigation of these interactions will grant a
better understanding of MS pathogenesis and may unveil novel ther-
apeutic pathways.
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