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Abstract

Cigarette smoke (CS) exposure is a key risk factor for both active and latent tuberculosis (TB). It is
associated with delayed diagnosis, more severe disease progression, unfavourable treatment outcomes and
relapse after treatment. Critically, CS exposure is common in heavily populated areas with a high burden
of TB, such as China, India and the Russian Federation. It is therefore prudent to evaluate interventions for
TB while taking into account the immunological impacts of CS exposure. This review is a mechanistic
examination of how CS exposure impairs innate barrier defences, as well as alveolar macrophage,
neutrophil, dendritic cell and T-cell functions, in the context of TB infection and disease.

Introduction

Tuberculosis (TB) has been a disease of pandemic proportions for over 200 years, and was declared a
global health emergency by the World Health Organization (WHO) in 1993. However, TB continues to
devastate the most populous regions of the world today. With 10 million new cases and >1.4 million
deaths each year [1], TB was the leading cause of death from a single pathogen until the COVID-19
pandemic and is estimated to cost the global economy over one trillion USD in lost productivity and
healthcare expenses between 2015 and 2030 [2]. Treatment of active TB remains notoriously complex and
lengthy, particularly in the case of multidrug-resistant TB (MDR-TB), greatly exacerbating the burden of
human hardship, loss of education and poverty.

TB is spread by aerosol droplets expelled by actively infected individuals and is primarily a pulmonary
infection. Mycobacterium tuberculosis causes disease in 5-10% of infected individuals, incubating for long
periods or replicating soon after primary infection (figure 1). The intersection of cigarette smoke (CS)
exposure and TB is a significant global health concern. Despite heavy tariffs and public health campaigns,
there remain 1.3 billion smokers worldwide according to the WHO, and they are largely clustered in
TB-endemic regions such as China, India, Bangladesh, Vietnam, the Philippines and the Russian
Federation [3]. Of the 47 countries reporting the highest incidence of TB, 34 also report an adult male
smoking prevalence of >20% (figure 2) [3]. For example, Indonesia reported a male adult smoking rate of
70.7% and TB incidence of 391 per 100 000 in 2018. Similarly, China reports one of the highest smoking
rates in men as well as the highest ratio of male to female TB cases in the world [1].

Epidemiological links between CS and TB were first suspected in the early 1900s, but systematic
investigation did not begin for several decades and was confounded by social factors such as
socioeconomic status. In 1956, Lowe [4] reported a spike in TB incidence in men, but not women, over the
age of 40 years in Birmingham, UK. He noted, “In industry men are often exposed to dust, fume, smoke
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FIGURE 1 A representative flow of immunological mechanisms for countering infection with Mycobacterium tuberculosis. Upon inhalation,
M. tuberculosis enters the lungs, reaches the alveolar space and encounters macrophages (M®). Cross-priming of dendritic cells or direct
presentation of antigen leads to the activation of antigen-specific CD4" and CD8" T-cells. CD8" T-cells exert direct cytotoxic effects on infected cells
and produce interferon-y (IFN-y) and tumour necrosis factor (TNF), which activate macrophages. CD4" T-helper (Th) cells polarise into different
subsets. Thl cells produce interleukin (IL)-2 for T-cell activation, and IFN-y or TNF for macrophage activation. Th1l7 cells activate
polymorphonuclear granulocytes (PNGs) via IL-17 production, while Th2 cells activate B-cells via IL-4. Additionally, some CD4" T-cells express
class I-restricted T-cell associated molecule (CRTAM) and have the potential to differentiate into various cytotoxic CD4" T-cell subsets based on
environmental cytokines. Solid granulomas form to contain M. tuberculosis, but if the bacterial load exceeds containment, the granuloma will
undergo caseous necrosis and fail to contain the infection. PRR: pattern recognition receptors; MHC: major histocompatibility complex; CD: cluster
of differentiation; CTL: cytotoxic T-lymphocyte; IEL: intraepithelial lymphocyte.

and mist hazards in a bewildering variety... but one of the most profound differences between the
pulmonary environment of males and females [is] the degree to which the lungs are exposed to tobacco
smoke”. His investigation of 1200 TB patients and 979 age-matched general hospital patients found that
non-smokers comprised 11.7% of the TB cohort compared to 21.0% of the control cohort, but did not
include non-Europeans or adjust for any confounders [4]. In 1969, a study of 76 589 patients in Cheshire,
UK, found that TB incidence was five times higher in current smokers compared to non-smokers, and
twice as high in current smokers compared to ex-smokers, adjusted for age and sex [5].

In recent years, evidence for the links between CS and TB has continued to mount. A study of 78 000
deaths in India identified smoking as a cause of half the TB deaths reported in adult men, while a
concurrent survey of 250000 Indian men found that smokers were three times more likely to report a
history of TB compared to non-smokers, adjusted for age, education level and tobacco chewing [6].
Another large-scale study of 42 655 elderly individuals in Hong Kong found pulmonary TB to be more
common in smokers than non-smokers, with a dose-dependent relationship between smoking habits and
disease development, adjusted for sex, age, alcohol use, marital status and education [7]. Since then,
several meta-analyses and reviews of epidemiological studies have found that smoking is an independent

https://doi.org/10.1183/16000617.0252-2021 2



EUROPEAN RESPIRATORY REVIEW

TUBERCULOSIS | D.H. QUAN ET AL.

TB
Cambodia
Sierra Leone TB/HIV
r——— - - T T - — — — — — a
|
Azerbaijan Bangladesh China Angola* Brazil Chad |
Belarus DPR Korea India DR Congo Congo Malawi |
Kazakhstan Pakistan Indonesia Ethiopia Lesotho Uganda |
Peru Philippines Kenya Nigeria Namibia Botswana |
Republic of Moldova Russian Federation Mozambique Papua New Guinea¥ UR Tanzania Cameroon |
Ukraine Vietnam Myanmar Zambia Eswatini |
Uzbekistan South Africa Central African Republic!l Ghana :
Somalia¥ Thailand Liberia Guinea-Bissau |
Tajikistan®! Zimbabwe |

FIGURE 2 Countries in the three high-burden country lists for tuberculosis (TB), TB/HIV and multidrug-resistant TB (MDR-TB) identified by the
World Health Organization (WHO) in 2016-2020, and their areas of overlap. Countries with a smoking prevalence >20% of all adult men as of 2018
are highlighted in bold. Data taken from the WHO Global TB Report 2020 [1] and the Global Health Observatory (GHO) data repository [3]. ‘. GHO

data not available.

risk factor for TB infection and disease, the development of severe TB, and mortality (table 1). In 2017, an
estimated 17.6% of cases and 15.2% of deaths from TB in high-burden countries were directly attributable
to smoking [17], while the WHO estimates that an estimated 0.9 million global TB cases were attributable to
smoking as a major risk factor in 2018 [1].

Smoking is associated with a nine-fold greater risk of death associated with TB, which drops by as much
as 65% upon smoking cessation [18]. The extent of an individual’s smoking history also directly correlates
with the risk of latent TB infection (LTBI) [19], while smoking cessation correlates with successful
treatment of LTBI [20]. Smokers are at much greater risk of delayed diagnosis of TB [21], greater
symptoms and bacterial load [22], unfavourable TB treatment outcomes [23], delayed recovery as
measured via sputum conversion [24], more severe disease progression [25] and relapse after successful
TB treatment [26]. An association between smoking and drug-resistant TB has recently been identified [27].

It is increasingly evident that there is a pressing need to evaluate interventions for TB in the context of
smoking behaviour. The clinical impacts of CS exposure and TB are dependent on several complex
factors, such as duration and severity of CS exposure, heterogeneity of TB disease, socioeconomic status
and other demographic factors. Additionally, the timeframe required for the intersection of CS- and
TB-damage can range from years to decades. These difficulties complicate attempts to elucidate the
mechanisms by which CS exacerbates TB infection and disease. Furthermore, as a complex, multipartite
mixture of >4500 components in both gaseous and particulate phases, CS acts variously as a damaging,
pro-inflammatory stimulus and as an immunosuppressor. Many studies have examined the effects of
individual components, such as nicotine, aryl hydrocarbon, acetylcholine and acrolein, but ultimately the
biological impacts of CS exposure arise from prolonged exposure to all components combined. To best
reflect clinically relevant interactions between CS and TB, this review gives primacy to investigations of
the impact of whole CS on smokers, and CS or CS extract (CSE) on ex vivo human samples. Herein we
summarise and evaluate current research to illuminate potential immune pathways underlying the
interaction between CS and TB.

Smoking and innate immune responses to TB

Transmission and infection

TB is largely spread through the respiratory route via the inhalation of M. tuberculosis in droplets. The
most common outcome is clearance of the mycobacteria, resulting in TB reactivity, which is asymptomatic
and non-contagious. However, 5-10% of infected individuals progress to active disease. In active
pulmonary TB, progressive aggregations of granulomas and tuberculous pneumonia form within the lungs.
Over time, the granulomas caseate. While M. tuberculosis can infect most organs, pulmonary TB is the
most significant form of the disease due to its high incidence, severity and infectious nature. Patients with
active TB exhale droplets containing M. tuberculosis bacilli into the air that remain infectious for several
hours, and only a few bacilli need to be inhaled for infection to develop. Larger TB droplets (>5 um in
diameter) land on the mucociliary escalator and are cleared from the airway without reaching the lungs.
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TABLE 1 Summary of systematic reviews on the effects of smoking on TB

Systematic reviews on effects of smoking on TB

Confounders

Multivariate analysis

Lin et al., 2007 [8]
Effect of smoking as a risk factor for TB infection, disease
and mortality
Confounders:
TST cut-off for LTBI
Alcohol consumption
SES

Siama et al., 2007 [9]
Effect of smoking as a risk factor for TB infection, disease
and mortality
Confounders:

Quality of study as rated by three independent reviewers
for 25 indicators of quality regarding study population,
assessment of exposure to tobacco smoke, assessment
of passive smoking, assessment of TB outcome, study
design, analysis and data presentation

Wacnew et al., 2018 [10]
Effect of smoking on prevalence of TB
Confounder:
Diagnosis of diabetes
Bates et al., 2007 [11]
Effect of smoking on TB infection, disease and mortality
Confounders:
None reported

Burusie et al., 2020 [12]
Effect of smoking on TB treatment outcomes
Confounders:
Income category of the study country’s economy (not
individuals’ SES)

SamutLs et al., 2018 [13]
Effect of smoking on treatment outcomes in MDR-TB
Confounders:
None reported
CHaves Torres et al., 2019 [14]
Effect of smoking on TB treatment outcomes
Confounders:
None reported

TST cut-off to diagnose LTBI
Induration size of 5 mm

Induration size of 10 mm
Alcohol on risk of TB disease in current smokers
SES on risk of TB disease in current smokers
Alcohol on risk of TB disease in former smokers
SES on risk of TB disease in former smokers
Alcohol on risk of TB disease in ever-smokers
SES on risk of TB disease in ever-smokers
SES for risk of mortality from TB

Quality of study on risk of being infected with TB
High-quality studies only

All studies

Quality of study on risk of TB disease
High-quality studies only

All studies

Quality of study on risk of TB mortality
High-quality studies only

All studies

Smoking on TB among diabetes patients

Effect of smoking on TB infection
(no adjustment for confounders reported)
Effect of smoking on TB disease
(no adjustment for confounders reported)
Effect of smoking on TB mortality
(no adjustment for confounders reported)
Lower-middle income economy on effect of
smoking on TB treatment outcomes
Upper-middle income economy on effect of
smoking on TB treatment outcomes
High-income economy on effect of smoking on
TB treatment outcomes
Effect of smoking on unsuccessful treatment
outcomes for MDR-TB (no adjustment for
confounders reported)

Effect of not smoking on favourable TB treatment

outcomes (no adjustment for confounders
reported)

Pooled OR 2.08
(95% Cl 1.53-2.83)
Pooled OR 1.83
(95% Cl 1.49-2.23)
Summary estimate 1.62
(95% Cl 1.15-2.29)
Summary estimate 1.95
(95% Cl 1.45-2.61)
Summary estimate 1.58
(95% CI 1.24-2.02)
Summary estimate 1.54
(95% CI 1.18-2.01)
Summary estimate 2.00
(95% ClI 1.55-2.57)
Summary estimate 3.28
(95% Cl 2.25-4.76)
Summary estimate 2.55
(95% CI 1.82-3.56)

Pooled estimate 1.757
(95% Cl 1.458-2.118)
Pooled estimate 1.762
(95% Cl 1.467-2.116)

Pooled estimate 2.641
(95% Cl 2.066-3.378)
Pooled estimate 2.284
(95% Cl 1.765-2.954)

Pooled estimate 1.347
(95% Cl 1.107-1.638)
Pooled estimate 2.236
(95% CI 1.340-3.732)
OR 7.6 (95% Cl 1.46-39.53)

Summary relative risk 1.73
(95% Cl 1.46-2.04)
Summary relative risk 2.29
(95% CI 1.93-2.71)
Summary relative risk 1.60
(95% CI 1.31-1.95)

OR 1.74 (95% CI 1.31-2.30)

OR 1.52 (95% Cl 1.16-1.96)
OR 1.34 (95% Cl 1.03-1.74)
Pooled relative risk 0.94

(95% Cl 0.75-1.19)

OR 1.5 (95% Cl 1.3-1.7)
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TABLE 1 Continued

Systematic reviews on effects of smoking on TB

Confounders

Multivariate analysis

Patra et al., 2015 [15]

Effect of exposure to second-hand smoke on LTBI and

active TB
Confounders:
Age
Biomass fuel use
SES
Presence of TB patient in household

Osore et al., 2020 [16]

Effect of smoking and exposure to second-hand smoke on

contracting TB
Confounders:
None reported

Age on effect of exposure to second-hand smoke
on LTBI
Children

Adults

Age on effect of exposure to second-hand smoke
on active TB disease
Children

Adults

Biomass fuel use on effect of exposure to
second-hand smoke on LTBI

Biomass fuel use on effect of exposure to
second-hand smoke on active TB disease

Presence of a TB patient in the household on
effect of exposure to second-hand smoke
on LTBI

Presence of a TB patient in the household on
effect of exposure to second-hand smoke on
active TB disease

Combined SES and age on effect of exposure to
second-hand smoke on LTBI

Combined SES and age on effect of exposure to
second-hand smoke on active TB disease

Effect of second-hand smoke exposure on
risk of contracting TB (no adjustment for
confounders reported)

Effect of smoking on risk of contracting TB (no
adjustment for confounders reported)

Summary relative risk 1.64
(95% CI 1.00-2.83)
Summary relative risk 1.78
(95% Cl 1.19-2.68)

Summary relative risk 3.41
(95% Cl 1.81-6.45)
Summary relative risk 1.32
(95% Cl 1.04-1.68)
Summary relative risk 2.66
(95% Cl 1.31-5.39)
Summary relative risk 2.03
(95% Cl 1.13-3.63)
Summary relative risk 2.03
(95% Cl 1.25-3.28)

Summary relative risk 1.87
(95% ClI 1.30-2.69)

Summary relative risk 1.11
(95% CI 0.54-2.31)
Summary relative risk 2.13
(95% CI 1.18-3.83)
Relative risk 2.15
(95% Cl 1.419-3.242)

Relative risk 2.67
(95% Cl 2.017-3.527)

TB: tuberculosis; TST: tuberculin skin test; LTBI: latent tuberculosis infection; SES: socioeconomic status; OR: odds ratio; MDR: multidrug resistant.

Smoking, however, results in slower mucociliary clearance, as well as ciliary dysfunction in the form of
reduced cilia length, beat frequency and differentiation [28]. Subjects with primary ciliary dyskinesia
experience recurrent respiratory infections, and sampling of their airways reveals an increased bacterial
load of 10*-10° CFU-mL ™" of species from >120 genera [29].

Smaller TB droplets (<5 um) reach the alveoli, where M. tuberculosis infects airway alveolar macrophages
(AMs) and airway epithelial cells (AECs). AMs have long undergone extensive investigation for their dual
role in TB infection, being implicated in both the control and progression of TB disease, yet variable
definitions of AMs have persisted in the literature over several decades, further complicating findings. For
example, one notable study concluded that depletion of activated AMs in mice results in increased
bacterial burden, but nonspecific AM depletion improves clinical outcomes [30], suggesting that AMs can
only counteract TB infection under favourable conditions, and otherwise facilitate disease development.
However, the method utilised depleted all activated macrophages, not simply AMs. A more recent study
found that the selective depletion of AMs (Ly6G MerTK CD64'SiglecF"CD11c") in mice results in a
decrease in M. tuberculosis burden, while depletion of interstitial macrophages (Ly6G MerTK CD64 " SiglecF")
results in an increase in bacterial burden [31].

M. tuberculosis is able to modulate macrophage polarisation and subvert their antimicrobial functions [32],
which has recently been demonstrated in high resolution via single cell transcriptional analysis [33]. Thus,
it has been shown that infected AMs (defined as CD11c™$"CD11b™" cells from bronchoalveolar
lavage (BAL) in [34] and adherence-purified cells from BAL in [35]) are able to localise to the lung
interstitium and facilitate dissemination of M. tuberculosis to neutrophils, monocytes and dendritic cells
(DCs) [34, 35]. Smoking greatly increases the number of AMs (defined via morphological examination)
present in the lungs and airways [36], and this may exacerbate TB infection by providing additional niches
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for M. tuberculosis growth. Within this smoke-induced AM population, it is likely that the proportion of
cells is skewed towards newly recruited macrophages compared to tissue-resident macrophages. This has
been shown in a murine study of CS exposure, which revealed significant increases in monocyte-derived
AMs (CD64/MertK ' CD11¢"CD11b"MHCII) in both the BAL fluid (BALF) and lung tissue observable
from 2 weeks of CS exposure and persisting to 24 weeks [37]. While tissue-resident macrophages may
contain M. tuberculosis infection initially, mycobacterial phenolic glycolipids initiate monocyte
chemoattractant protein-1 (MCP-1)-mediated recruitment of immature, permissive macrophages to the site
of infection, which facilitate bacterial transmission and spread [35]. Increased MCP-1 levels are present in
the sputum [38] and BALF from smokers [39], and, when comparing markers of macrophage maturity and
differentiation in the BALF of smokers versus non-smokers, decreased CD31, CD91, CD44 and CD71
expression is evident on AMs (SSCME"ECA'®™ cells from BAL) [40]. Thus, it is likely that the population
of activated and functional AMs in the lungs of smokers is diluted by the influx of permissive AMs that
are amenable to M. tuberculosis infection. Interestingly, the mechanism by which smoking leads to such
extensive and prolonged AM accumulation has been linked to inflammation [41], oxidative stress [42] and
the action of CS-derived aldehydes and carbonyls on extracellular matrix in the lungs, leading to AM
retention and entrapment [43]. Tt is evident that smoking results in wide-ranging changes to the lung
microenvironment that impact on TB infection and disease progression.

Investigation of healthy young smokers via video bronchoscopy, mucosal biopsy and bronchial lavage has
revealed significant increases in vascular hyperplasia, submucosal oedema, inflammatory cell infiltrates
and goblet cell hyperplasia compared to non-smoking controls [44]. Within this inflamed environment,
levels of ATP, caspase 1, interleukin (IL)-1 and IL-18 are elevated [45—47] and contribute to increased
alveolar permeability. This increase in permeability associated with elevated levels of IL-1 results in the
movement of infected AMs (SiglecF'CD11") from the alveoli into the interstitial space [48]. Thus,
smoking is likely to enrich intracellular niches for M. tuberculosis infection that facilitate pulmonary spread.

AM function

In addition to increasing AM retention and translocation to the interstitial space, smoking also impairs the
function of AMs. It is important to note first, however, that the majority of studies using human BAL use
adherence purification to identify AMs, and thus these populations can include recently migrated interstitial
macrophages and adherent monocyte-derived macrophages (MDMs). An early investigation of human
BAL cells revealed that AMs from smokers had impaired phagocytic ability, higher resting energy
requirements and were larger, containing residual bodies with fibrous inclusions [49]. Intriguingly, smoke
particles accumulate in the lysosomes of AMs, and lysosome-engorged AMs from the BALF of smokers
exhibited impaired migration to M. tuberculosis in transwell assays in vitro [50]. This raises the possibility
that despite increased AM numbers, the lungs of smokers may be more permissive to growth of M.
tuberculosis. Later studies examined BAL-derived AMs from smokers, identified by light-scattering
properties via flow cytometry, and revealed reduced expression of the adhesion molecules CD11a and
CD54 and the proliferation/maturation marker CD71, and lower metabolic activity [51]. There was also
reduced expression of CD31, CD91 and CD44 and reduced phagocytosis of apoptotic bronchial epithelial
cells [40].

Two studies point towards impaired phagocytosis of M. tuberculosis as a result of smoking. One
investigation demonstrated that circulating monocytes and macrophages from TB patients have reduced
phagocytic ability, which is further reduced in TB patients who smoke [52]. A later study revealed reduced
M. bovis bacille Calmette—Guérin (BCG) uptake in human MDMs from smoking TB patients compared to
non-smoking TB patients [53]. Additionally, investigation of human MDMs and murine macrophages
found that CSE and CS exposure impairs cytoskeletal changes of these cells and the actin rearrangement
required for phagocytosis [54]. M. tuberculosis uptake by AMs is mediated by multiple receptors including
surfactant protein (Sp)-A and Sp-D, Fc, complement and mannose receptors [55]. Studies in smokers with
and without chronic obstructive pulmonary disease (COPD) have revealed reduced Sp-A and Sp-D in the
BALF of both smoking groups [56, 57], but no significant impact of smoking on Fc receptors has been
reported to date.

Because Sp-D-mediated M. tuberculosis uptake has been shown to enhance phago-lysosomal fusion and
intracellular killing [58], this is one mechanism by which smoking could impair M. tuberculosis
phagocytosis and control. Toll-like receptor-2 (TLR-2) is increased in the airways in experimental and
human COPD [59] but is reduced in AMs isolated from smokers [60], supporting potentially reduced AM
activation as a result of smoking. Of particular note are reported increases in complement receptor 3 (CR3)
expression on the AMs of smokers [61, 62], because CR3-mediated phagocytosis of M. tuberculosis does
not result in macrophage activation or phago-lysosomal fusion [63], thus facilitating increased intracellular
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M. tuberculosis survival. One recurring theme that emerges from examining the interaction of smoking and
TB is the systematic impairment of early responses to infection, allowing M. tuberculosis to more easily
establish an initial foothold.

Once macrophage receptors bind to their ligands on the surface of M. tuberculosis, invagination and
budding of the cell membrane leads to uptake of the mycobacteria into the phagosome, where several
M. tuberculosis surface lipids and secreted protein effectors prevent phago-lysosomal fusion [64]. This
arrest allows M. tuberculosis to avoid hydrolytic degradation while retaining access to nutrients and
endosomal transport systems to replicate and persist. Circumvention of phago-lysosomal fusion also delays
normal processing and presentation of mycobacterial antigens to trigger adaptive immune responses [65].
There is little information on how smoking impacts the intracellular processing of M. tuberculosis;
however, following phagocytosis of yeast, phago-lysosomal fusion in AMs (defined as adherence-purified
cells from BAL) was halved in smoking versus non-smoking rats, although the mechanism involved was
not elucidated [66].

Smoking further debilitates AM control of M. tuberculosis. A key study by O’LEary et al. [67] in 2014
demonstrated that AMs from smokers, isolated via adherence purification, were unable to inhibit the
intracellular growth of the non-virulent H37Ra strain of M. tuberculosis in vitro. AMs from the BALF of
smokers exhibited reduced expression and excretion of tumour necrosis factor (TNF), IL-1fB, IL-6,
RANTES and IL-8 following stimulation with TLR-2 and TLR-4 agonists, but not activation of TLR-3.
Induction of IL-1R-associated kinase-1 (IRAK-1), p38 phosphorylation and NF-kB activation by TLR-2
and TLR-4 was also suppressed in smokers [68]. Therefore, both the expression of TLR-2 and TLR-4 and
signalling through these receptors are downregulated by smoking. BALF from smokers contains higher
levels of C-C motif chemokine ligand 22 (CCL22), IL-4, IL-13 and IL-10 compared to that of
non-smokers, indicating an immuno-inhibitory cytokine profile that was recapitulated by mRNA analysis
in a murine smoking model [69]. Furthermore, infected AMs from smokers produced significantly less
interferon-y (IFN-y), TNF and IL-1B compared to those from non-smokers [67]. Similarly, a study of
human AMs exposed to CSE in vitro found that the production of IFN-y, TNF and IL-10 in response to
BCG stimulation was impaired, as was the containment of BCG replication by AMs [70]. Both IFN-y and
TNF are essential for the control of M. tuberculosis infection, while IL-1 also contributes to the inhibition
of growth [71]. IFN-y induces autophagy, phagosomal maturation and the production of antimicrobial
peptides against M. tuberculosis in human macrophages, and these activities are dependent on vitamin D [72].
Both TB [73] and smoking [74] are associated with vitamin D deficiency, which has far-reaching effects
on adaptive immune responses. Interestingly, vitamin D deficiency is associated with the progression of
LTBI to active disease [75]; however, vitamin D supplementation does not prevent the development of TB
reactivity in children [76].

Smoking significantly influences macrophage phenotype switching and the ratio of M1 (CD68") and M2
(CD163"Argl™) macrophages in the lungs [69]. While M. tuberculosis infection alone predisposes
macrophage polarisation to the M2 phenotype as infection progresses [77], a comparison of AMs from
smoking and non-smoking TB patients revealed an even greater skewing towards M2 AMs (defined as
cells from BAL) in smokers [69]. M1 macrophages activate inducible nitric oxide synthase (iNOS) that
mediates bacterial killing, while M2 macrophages activate arginase pathways for cell proliferation, collagen
biosynthesis and tissue repair/remodelling [78]. In TB, M1 macrophages promote bactericidal activity and
granuloma formation and M2 macrophages suppress these effects [79]. In later stages of TB disease, M2
polarisation develops with higher levels of IL-4, IL-10, transforming growth factor-B and IL-13 that
correlate with disease severity [80, 81]. Comparisons of patients with drug-susceptible TB and MDR-TB
or extensively drug-resistant TB (XDR-TB) show that M2 polarisation is significantly higher in MDR-TB/
XDR-TB patients [82]. It is likely that smoking may accelerate and intensify the switch from M1 to M2
phenotypes and worsen TB disease progression and outcomes.

Smoking also impairs autophagy, an intracellular process that recycles protein aggregates and turns over
cytoplasmic organelles. A study of BAL AMs from smokers revealed extensive accumulation of
autophagosomes that these cells were unable to traffic to the lysosome, leading to reduced intracellular
protein clearance [83]. Autophagy is a significant defence mechanism for AM elimination of
M. tuberculosis. Enhanced stimulation of autophagy in human MDMs can overcome the mycobacteria-
induced blocking of phago-lysosomal fusion and reduce the intracellular survival of BCG [84]. Thus,
smoking may further compromise AM defences against M. tuberculosis infection. Mitochondrial
architecture and function are also disrupted as a result of this impaired recycling of cellular protein [83].
An examination of human AMs revealed that smoker AMs have reduced metabolic activity, glycolytic
reserve and reserve respiratory capacity compared to non-smoker AMs. Glycolytic response is further
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reduced upon infection with M. tuberculosis [85]. This is significant because the transition from active to
chronic TB in mice is accompanied by enhanced glucose uptake and glycolysis within granulomatous
lesions [86]. Thus, reduced glycolytic reserve due to CS exposure may abrogate energy-intensive
antimycobacterial responses to TB disease.

Exposure of macrophages to CS in vitro results in upregulation of glycolysis and increased production of
reactive oxygen species (ROS) [87]. While M. tuberculosis is resistant to the oxidative bursts, these can
cause damage to host lung tissue. AMs from smokers release more superoxide anion (O, ") than those from
non-smokers, despite increased intracellular superoxide dismutase, and this increase in O,~ is linked to
AM-induced fibroblast lysis [88]. AMs from smokers also produce higher levels of ROS associated with
reduced antioxidant activity, specifically Cu-superoxide dismutase, Zn-superoxide dismutase, glutathione
S-transferase and glutathione peroxidase. This contributes to the pathogenesis of smoking-related
respiratory tissue injury [89].

Oxidative stress not only induces lung tissue damage, but also impacts the function of AMs. Exposure of
rats to CS resulted in increased levels of AM (defined as adherence-purified cells from BAL) cell
death [90]. In the same study, further examination using mouse, rat and human BAL AMs treated with
CSE in vitro revealed increased oxidative stress, mitochondrial dysfunction and cell death, but also showed
that vitamin C and vitamin E treatment inhibited CSE-induced cell death [90]. These findings were
recapitulated in a murine study that showed that antioxidant vitamin treatment reduced TNF and NF«xB
activation in AMs (defined morphologically from BAL cells) [91]. It is notable that antioxidant levels
decrease in blood plasma during active TB disease and increase with treatment [92]. Furthermore, there is
suggestive evidence that vitamin C supplementation (along with vitamin A and B-carotene) may reduce the
risk of TB in current smokers [93]. Alveolar fluid from smokers is deficient in vitamin E compared to that
of non-smokers [94], and vitamin E deficiency is associated with increased risk of TB disease among
household contacts of TB patients [95]. These results, alongside the effects of vitamin D deficiency,
highlight the intersection between smoking and malnutrition as risk factors for TB.

To summarise, AMs are positioned where the lung is exposed to M. tuberculosis and the toxic effects of
CS. They are the first cells to harbour M. tuberculosis and represent an evolutionary battleground wherein
host defence mechanisms are matched with pathogen evasion and subversion strategies. Smoking may tip
the balance in favour of M. tuberculosis by influencing the accumulation and phenotype of AMs and
impairing AM metabolism, maturation, activation, phagocytosis, cytokine production and bactericidal
activities. Both the increase in AM number and their significant functional impairment primes for the
proliferation and dissemination of M. tuberculosis.

Neutrophils

M. tuberculosis-infected AMs facilitate the spread of mycobacteria to neutrophils, monocytes and DCs
within the alveoli and lung interstitial space. At this stage of infection, neutrophils directly inhibit or
mediate clearance of M. tuberculosis in concert with AECs and AMs. Neutrophils are activated by
M. tuberculosis and pro-inflammatory cytokines, triggering degranulation and release of ROS, proteases,
antimicrobial peptides and DNA, and neutrophil extracellular traps (NETSs). However, M. tuberculosis is
able to evade or subvert many of these bactericidal activities. Following exposure to neutrophil ROS,
M. tuberculosis induces neutrophil necrosis, triggering a permissive growth cascade. AMs and interstitial
macrophages remove necrotic neutrophils via efferocytosis to protect surrounding tissue from bioactive
neutrophil molecules, and the uptake of these infected, necrotic cells promotes intracellular M. tuberculosis
growth [96]. Smoking downregulates AM efferocytosis of neutrophils via modification of extracellular
matrix proteins with reactive carbonyls [97], and this promotes extracellular M. tuberculosis growth and
spread, as well as tissue damage from spilled neutrophil cell contents.

Smoking is a major inducer of neutrophilic inflammation, and BAL and lung biopsies of smokers reveal
significant increases in neutrophil influx [98]. One study using the human AEC line BEAS-2B and a
murine model of CS exposure found that this influx of neutrophils was due to AEC necroptosis and
damage-associated molecular pattern release, leading to pro-inflammatory CXCL8 and IL-6 production by
neighbouring AECs [99]. Another showed that necroptosis was increased in human and experimental
COPD, including in lung macrophages, in association with neutrophilic and granulocytic airway
inflammation [100]. Genetic or pharmacological inhibition of necroptosis reduced airway inflammation,
remodelling and emphysema. Smoke exposure also impairs neutrophil function and activity. In vitro
exposure of human neutrophils to CSE compromised their bactericidal activity against Staphylococcus
aureus, as well as increased degranulation and atypical cell death [101]. It also suppressed caspase-3
activity, leading to reduced neutrophil phagocytosis of heat-killed Escherichia coli. Further, in vitro
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exposure of murine neutrophils to total particulate matter from CS reduces neutrophil STAT1 activation,
leading to decreased TNF, iNOS and bactericidal activity against E. coli [102].

These effects of smoking on neutrophils impact on their contribution to the control of TB infection.
Neutrophils form NETs when incubated with M. tuberculosis in vitro, and both the sputum [103] and
plasma [104] of active TB patients contain NETs. M. tuberculosis-induced NET formation is dependent on
phagocytosis and ROS production, and leads to the activation of adjacent macrophages via Hsp72 [105].
Thus, NET formation is a component of neutrophil-mediated defence against TB infection. CS exposure
impairs the translocation of the NADPH oxidase protein p67phox and ROS production in human
neutrophils in vitro [106] and inhibits NET release, as well as reduces neutrophil speed, velocity and
directionality [107]. Thus, it is likely that CS-induced NET dysfunction undermines neutrophil responses
to M. tuberculosis. Moreover, during active TB, neutrophils are the most abundant and highly infected cell
population within patient sputum and BAL [108], where they express high levels of programmed cell death
1 ligand 1 (PD-L1) [109] that interacts with programmed cell death 1 (PD-1) on lymphocytes to
downregulate their function and cause programmed cell death. There has been one short report on the
correlation between smoking and increased neutrophil surface PD-L1 density in HIV patients [110], which
requires further examination, and may shed light on another means by which combined smoking and TB
worsen patient outcomes.

Thus, CS exposure impairs both neutrophil antimycobacterial activities and the efferocytosis of necrotic
M. tuberculosis-infected neutrophils, promoting extracellular M. tuberculosis growth and spread. However,
few studies have demonstrated the direct impact of CS on neutrophils during TB in vivo, and the
interaction between CS-exposed neutrophils and the adaptive immune system also requires more
investigation.

Smoking and adaptive immune responses to TB

Dendritic cells

DCs are the intermediaries between the innate and adaptive immune systems, and are responsible for
initiating T-cell-mediated responses to infection. DC quantity and quality in lymph nodes determine both
the magnitude and type of T-cell response, or T-helper (Th) cell polarisation. In the context of TB, Thl
immunity is required for the control of M. tuberculosis infection, while Th2 immunity downregulates Th1
activities, such as phagocytosis, and favours asthma- and allergy-type inflammation. It is well established
that smoking decreases DC numbers, impairs DC maturation and diminishes Ag-specific CD4" T-cell
proliferation in lung tissues [111, 112]. M. tuberculosis also manipulates the host DC response in
detrimental ways. Activation of M. tuberculosis-specific T-cells is dependent on the migration of infected
DCs from the lungs to the mediastinal lymph nodes, but this migration is delayed during TB infection [113].
This delay between infection and T-cell recruitment results in M. tuberculosis establishing a productive
infection in the lung and disseminating to other tissues. Uptake of M. tuberculosis by DCs is mediated by
DC-SIGN (CD209) and results in the downregulation of T-cell-activating IL-12 production in favour of
immunosuppressive IL-10 production [114]. Nicotine also reduces IL-12 production in DCs [115]. The lack
of IL-12 downregulates CCR7 expression in DCs and, thus, their migration to the lymph nodes [116].
Additionally, M. tuberculosis-infected DCs have reduced major histocompatibility complex class IT (MHCII)
antigen presentation [117] and inefficient CD4" T-cell activation, so that only bystander DCs can effectively
stimulate M. tuberculosis-specific T-cell responses [34].

This M. tuberculosis-mediated inhibition of DC function is exacerbated by smoking. CS-exposed mice
challenged with M. tuberculosis infection had fewer IL-12-producing and TNF-producing DCs but more
IL-10-producing DCs in their lungs compared to control mice. This was linked to reduced influx of
IFN-y-producing and TNF-producing CD4" and CD8" effector and memory T-cells. As a result,
CS-exposed mice were more permissive to M. tuberculosis, with an increased bacterial load in their lungs
and spleens compared to control mice [118]. Thus, M. tuberculosis replicates less effectively within DCs
[119], but there is impaired DC initiation of T-cell-mediated immunity. Interestingly, smoking also shifts
the ratio of CD4" to CD8" T-cell activation in mice, from 3:1 to 1.5:1 [120]. In vitro examination of
murine bone marrow-derived DCs (BMDCs) demonstrated that CSE exposure induces CCL3 and C-X-C
motif chemokine ligand 2 (CXCL2) production by DCs and significantly increases DC-induced
proliferation of CD8" T-cells [121]. The lower CD4"/CD8" ratio correlates with a higher TB incidence rate
in HIV-positive individuals [122], but the significance of this skewing in HIV-negative TB patients on the
risk of TB is uncertain.

Once DCs migrate to the draining lymph nodes, Th cell polarisation is dictated by the cytokines and
microenvironment present when naive CD4" T-cells are primed by DCs [123], and smoking also
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influences this process. In vitro exposure of human peripheral blood mononuclear cell (PBMC)-derived
DCs to nicotine results in a decrease in Th1 differentiation and expansion [124], which is detrimental for
host control of TB infection. Smoking also skews T-cell differentiation towards Th17 responses and
IL-17A production [125]. This is intriguing because IL-17A is a potent neutrophil chemokine and is
protective against M. tuberculosis infection [126] but IL-17A overproduction is also strongly associated
with lung pathology and the development of COPD [127]. CS-exposed mice exhibit significant increases
in Th17 cells, IL-17A production and IL-27 production in the lungs. Further, in vitro co-culture
experiments revealed that BMDCs from CS-exposed mice enhanced the Th17 differentiation of CD4"
T-cells, and this was dependent on CD40 expression that was upregulated in BMDCs from CS-exposed
mice [128]. Thus, long-term smoking and the resultant increase in IL-17A may result in damaging
neutrophilia, which enhances lung pathology.

In summary, CS exposure decreases Th1l and increases Th2 cytokine secretion in DCs, limiting Th1 T-cell
expansion and enhancing host susceptibility to M. tuberculosis. CS exposure of DCs also results in greater
Th17 differentiation, which may underpin increased inflammation and lung damage. Direct evidence of the
impact of CS on DCs in the context of TB is lacking, and additional investigations such as adoptive
transfer studies can help to elucidate this.

T-cells

The critical role that T-cells play in the control of M. tuberculosis infection has been clearly demonstrated
in non-human primate studies [129] and in HIV patients where the loss of CD4" T-cells correlates with
dramatically increased susceptibility to TB. Several different T-cell populations participate in the immune
response to TB. CD4" T-cells recognise MHCII-presented antigens and largely undergo Th1 polarisation,
producing IFN-y and TNF to activate other immune cells. Th1 CD4" T-cells are essential for M1
macrophage activation, while Th17 CD4" T-cells recruit neutrophils for early granuloma formation and
M. tuberculosis control. CD8" T-cells recognise MHCI-presented antigens, secreting perforins and
granulysin to directly kill M. tuberculosis-infected cells.

CS exposure has several detrimental impacts on T-cell function and proliferation, and induces T-cell
apoptosis [130]. Passive smoking correlates with increased prevalence of naive T-cells in the blood of
adolescents [131], and CD4" T-cell numbers are lower in the blood and BALF of smokers than
non-smokers [132]. Nicotine exposure alone in rats impairs antigen-mediated signalling in splenic T-cells,
as evidenced by T-cell anergy, decreased T-cell receptor-induced Ca*" elevation and decreased T-cell
proliferation [133, 134]. These results have also been recapitulated in rats and mice exposed to CS [135].
In the case of CD4" T-cells, smoking decreases IFN-y, IL-2 and TNF production in the lungs [136, 137].
This effect is linked to the CS-induced downregulation of CD28 and upregulation of cytotoxic
T-lymphocyte associated protein 4 (CTLA-4) expression in CD4" T-cells in mice [138]. The negative
effects of CS on T-cell function may affect the control of TB infection but, to date, few studies have
examined this combination in vivo. One such study demonstrated that CS exposure followed by
M. tuberculosis infection in mice decreased IFN-y production by lung T-cells ex vivo, which was
associated with an increased bacterial burden in the lungs [139].

This CS-induced dampening of Th1 responses to M. tuberculosis can be linked to IL-12, IL-4 and IL-13. In
addition to supporting Th1 differentiation of CD4" T-cells during DC stimulation, IL-12 is required for the
maintenance of Thl effector CD4" T-cells during TB infection [140]. However, the BALF of current
smokers contains significantly less IL-12 than that of controls [141]. A combined in vitro study of
CSE-treated human monocyte-derived DCs and in vivo study of lung DCs from CS-exposed mice also
observed impairment of DC IL-12 production [142]. This effect may also be systemic, because human
PBMC:s treated with CS-conditioned medium produce significantly less IL-12 upon stimulation than control
cells [143]. Conversely, the Th2-associated cytokines IL-4 and IL-13 actively suppress Thl functions, and
these are upregulated in response to CS. Plasma IL-4 is elevated following exposure to passive smoking [144],
and PBMCs from smokers produce more IL-4 upon stimulation, correlating with the number of cigarettes
smoked per day [145]. A comparison of lung tissue sections found significantly increased IL-4 and IL-13
expression in the central airways of smokers compared to non-smokers, and this is further increased in
smokers with chronic bronchitis [146]. Lung sections from CS-exposed rats revealed similar results, with
increased IL-13 expression correlating with increased smooth airway actin and collagen content [147]. In
M. tuberculosis infection, increased Th2 responses, such as IL-4 and IL-13, subvert bacterial containment
and control, and result in increased lung damage [148]. One study found increased IL-4"CD4" and reduced
IFN-y"CD4" T-cells in the lungs of CS-exposed mice infected with BCG compared to control mice, and
this was associated with increased bacterial burden in the lungs and spleens [149].
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Smoking also enhances regulatory T-cell (Treg) activation. M. tuberculosis-specific FoxP3" Tregs
proliferate and accumulate early at sites of infection [150]. These cells are unable to restrict the growth of
M. tuberculosis and in fact attenuate pulmonary immune responses to infection by suppressing T-cell
proliferation and DC maturation. There are increased FoxP3" Tregs in the large airways of smokers, which
correlates with smoking pack-years, but reduced FoxP3" Tregs in the smaller airways, which negatively
correlates with airflow obstruction [151]. In addition, M. tuberculosis-infected AMs from both smokers
and non-smokers induce increased FoxP3" expression on naive T-cells, but AMs are much more abundant
in smokers and drive this regulatory phenotype in a dose-dependent manner [67]. FoxP3" Tregs correlate
with MDR-TB and increased IL-10 production, but decline during successful TB treatment [152].
Moreover, increased Tregs in guinea pigs leads to increased M. tuberculosis burden [153], and co-culture
of Tregs with T-effector cells and M. tuberculosis-infected AMs significantly increases bacterial survival [154].
Therefore, the smoking-induced increase in Tregs could compromise host control of TB, although direct
evidence is needed to support this.

CS-induced T-cell exhaustion may also influence the control of TB infection. There are significantly more
circulating PD-1" T-cells associated with T-cell exhaustion in smoking COPD patients than in healthy
controls, and Tregs from these PBMCs express more CTLA-4 and suppress antigen-specific T-cell
proliferation to a greater degree than those from healthy controls [155]. Expression of the immune
exhaustion markers PD-1, T-cell immunoglobulin domain and mucin domain 3 (Tim3) and CTLA-4 is
significantly higher in CD4" and CD8" T-cells of smoking compared to non-smoking HIV-infected
subjects, and antigen-specific T-cell cytokine responses are significantly decreased in smoking
HIV-infected subjects [156]. Nevertheless, PD-1" T-cells are not exhausted or anergic in TB infection, and
in fact proliferate extensively to maintain a productive, effector T-cell response to M. tuberculosis [157]. In
fact, anti-PD-1-treated macaques succumb to TB quickly [158], and anti-PD-1 immunotherapy in humans
can lead to reactivation and exacerbation of TB [159]. Therefore, the specific effects of CS-induced PD-1
upregulation on M. tuberculosis infection are yet to be defined.

TABLE 2 Comparison of combined CS exposure and M. tuberculosis infection experiments in vivo

Whole body exposure
SIU-48, Promech Lab AB,
Vintrie, Sweden

12x 2RAF cigarettes

50 min exposure twice per day

5 days per week for 6 weeks

intranasally

No CS exposure
post-infection

Harvest 28 and 42 days
post-infection

OR

0.5x10° CFU BCG
intratracheally

CS exposure post-infection

Harvest 28 days
post-infection

1 number of CD4"IFN-y* T-cells in lungs

1 frequency of CD4'IL-4" T-cells in lungs

| RANTES concentration in BALF

| TNF, IL-12, IFN-y and NO production by lung mononuclear cells
1 Mtb burden in lungs and spleens

| Mtb granuloma size, number and cellular infiltration

CS exposure TB infection Key findings Reference
Female C57BL/6 10-25 CFU Mtb Erdman CS exposure results in: [139]
Whole body exposure via aerosol | frequency of IFN-y" T-cells in lungs and spleens
Teague Enterprises, Davis, CA,  No CS exposure | c-Jun, ATF2 and CREB expression in lungs
USA post-infection 1 Mtb burden in lungs
1x 1RA4F cigarette Harvest 28 days | Mtb antigen-specific T-cell responses post-vaccination
2 h exposure twice per day post-infection
5 days per week for 6 weeks
Female C57BL/6 mice 10-25 CFU Mtb Erdman CS exposure results in: [118]
Whole body exposure via aerosol | number of lung macrophages and DCs producing TNF and IL-12
Teague Enterprises, Davis, CA,  No CS exposure 1 number of lung macrophages and DCs producing IL-10
USA post-infection | number of CD4" T-cells producing IFN-y and TNF in lungs
170-180x 3R4F cigarettes Harvest 1, 7, 14 and 30 days and spleens
5 h exposure twice per day post-infection 1 Mtb burden in lungs and spleen from day 14 post-infection
5 days per week for 14 weeks 1 Mtb lung lesion area in lungs
Female C57BL/6 mice 10* CFU Mtb H37Rv CS exposure results in: [149]

CS: cigarette smoke; TB: tuberculosis; CFU: colony-forming units; IFN: interferon; ATF2: activating transcription factor 2; CREB: cAMP response
element-binding protein; Mtb: Mycobacterium tuberculosis; DC: dendritic cells; TNF: tumour necrosis factor; IL interleukin; CD: cluster of
differentiation; BCG: bacille Calmette-Guérin; BALF: bronchoalveolar lavage fluid; NO: nitric oxide.
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With these multifaceted impacts on adaptive immunity during TB infection, the question of how smoking
impacts vaccination against TB is a pressing one. Only one study has attempted to address this gap in
knowledge. CS-exposed mice were administered a DNA vaccine expressing culture filtrate
protein 10 (CFP10) and lysosomal integral membrane protein II, and this resulted in significantly fewer
CFP10-responsive IFN-y" lung cells than in control mice [139], but the impact of smoking on
vaccine-induced protection was not reported. There is an urgent need to update or augment the current
BCG vaccine to induce longer-term protection against TB, which wanes during adolescence after infant
immunisation. Considering the intersection of global TB burden and smoking incidence, it will be
important to investigate the impacts of CS on vaccine-induced immunity against TB.

In summary, CS results in impairment of T-cell proliferation and signalling, and specific dampening of
Th1 in favour of Th2 and Th17 responses, with implications for the effect of concurrent smoking on TB.
Nevertheless, few studies have examined this interaction in vivo, and more studies are required to
determine the connections between TB and CS-induced T-cell polarisation, exhaustion and regulation.

Future directions

Although TB models are well established and characterised, models of CS exposure in vivo are labour
intensive and time-consuming, and lack standardisation regarding type of cigarette, dose of total suspended
particles or total particulate matter, period of exposure and delivery system [160]. Perhaps as a result, in
vivo studies directly examining combined CS exposure and TB are limited, with only three mouse studies
published to date (table 2).

Adaptive immunity

T-cells
4 IFN*, TNF*, CD4*, CD8*

i} CD4*/CD8" ratio
i { Thl polarisation
i 1 Th17 polarisation

t apoptosis

+ proliferation

{ Ag-mediated signalling
t Treg activation

Lymph nplde ----------------------

. I Dendritic cells Impaired Mtb control, increased bacterial burden
P 4 IL-12, TNF, IL-2, IL-6 and lung tissue injury
t IL-10, IL-4

| antigen uptake
| antigen presentation
| MHCII, CD80, CD86 —»|impaired initiation of T-cell response to Mtb|

Alveolar macrophages
+ phagocytosis influx
4 migration
} CD11a,CD54, CD71,CD31, CD91, CD44
4 IFNy, TNF, IL-1B, IL-10, IL-6, IL-8, RANTES, CCL2, CXCL9, CXCL10
t M2 phenotype switching
{ autophagy

Impaired production of inflammatory cytokines, type 1 IFNs,*
antimicrobial peptides and NO for early control of Mtb

+ mitochondrial respiration
+ oxidative stress

Pulmonary surfactant
+ mucus
| surfactant phospholipids
4 Sp-A, Sp-D

t death
v

[ Mtb survival and spread, lung tissue injury |

Neutrophils
t influx

[ Mtb retention and erosion of AM control |

{ bacterial activity

t degradation
{ phagocytosis
| iNOS, TNF,NET —» | Mtb survival and spread, lung tissue injury |

FIGURE 3 The effects of cigarette smoke (CS) exposure on innate and adaptive immunity that may influence the control of Mycobacterium
tuberculosis (Mtb) infection. IFN: interferon; NO: nitric oxide; Sp: surfactant protein; AM: alveolar macrophage; TNF: tumour necrosis factor;
CD: cluster of differentiation; Th: T-helper cell; Ag: antigen; Treg: regulatory T-cell; IL: interleukin; MHC: major histocompatibility complex; CCL: C-C
motif chemokine ligand; CXCL: C-X-C motif chemokine ligand; iNOS: inducible nitric oxide synthase; NET: neutrophil extracellular traps.
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The major limitation of these studies is the lack of specialised smoking equipment housed within BSL3
facilities, and thus the inability to continue CS exposure post-TB infection. Additionally, no in vivo study
has examined the impact of CS on TB treatment, the reactivation of LTBI or the protective efficacy of
vaccination against TB. It is evident that further in vivo research is required, particularly multi-omics
studies, to better and more holistically resolve the molecular mechanisms underpinning CS-induced
susceptibility to TB disease, and the poorer outcomes experienced by smoking TB patients.
Transcriptomic, proteomic and metabolomic analysis of CS-exposed, TB-infected animals will provide a
much broader understanding of the widespread biological changes in response to both.

Beyond CS, many other sources of environmental damage, such as air pollutants and biomass smoke from
burning fuel, have comparable impacts on TB [9]. The emergence of e-cigarettes and vaping is another
facet of the interaction between smoking and TB [161] that requires further monitoring and investigation.

Concluding remarks

The significance of smoking cannot be overlooked when aiming to reduce the incidence and spread of TB.
CS exposure is common in areas of high prevalence of TB. CS has complex and manifold impacts on
every component of the pulmonary immune response to TB infection, but direct investigation of this
interaction is severely limited regarding the adaptive immune response (figure 3). Although the reason that
smoking so greatly exacerbates an individual’s susceptibility to TB infection, disease, disease severity and
treatment failure is outlined in broad strokes, further research is needed to elucidate the many gaps in
knowledge regarding specific immunological mechanisms, which would lead to improved treatments.
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