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Abstract: It has been noted by the World Health Organisation that cases of tuberculosis in 2022
globally numbered 10.6 million, resulting in 1.3 million deaths, such that TB is one of the infectious
diseases causing the greatest morbidity and mortality worldwide. Since as early as 1918, there
has been an ongoing debate as to the relationship between cigarette smoking and TB. However,
numerous epidemiological studies, as well as meta-analyses, have indicated that both active and
passive smoking are independent risk factors for TB infection, development of reactivation TB,
progression of primary TB, increased severity of cavitary disease, and death from TB, among several
other considerations. With this considerable body of evidence confirming the association between
smoking and TB, it is not surprising that TB control programmes represent a key potential preventative
intervention. In addition to coverage of the epidemiology of TB and its compelling causative link with
smoking, the current review is also focused on evidence derived from clinical- and laboratory-based
studies of disease pathogenesis, most prominently the protective anti-mycobacterial mechanisms
of the alveolar macrophage, the primary intracellular refuge of M. tuberculosis. This section of the
review is followed by an overview of the major strategies utilised by the pathogen to subvert these
antimicrobial mechanisms in the airway, which are intensified by the suppressive effects of smoke
inhalation on alveolar macrophage function. Finally, consideration is given to a somewhat under-
explored, pro-infective activity of cigarette smoking, namely augmentation of antibiotic resistance
due to direct effects of smoke per se on the pathogen. These include biofilm formation, induction of
cellular efflux pumps, which eliminate both smoke-derived toxicants and antibiotics, as well as gene
modifications that underpin antibiotic resistance.

Keywords: alveolar macrophage; antibiotic resistance; biofilm; disease recurrence; disease severity;
glycolytic reprogramming; Mycobacterium tuberculosis; nicotine; smoking

1. Introduction

According to the WHO, in 2022, an estimated 10.6 million people fell ill with tubercu-
losis (TB) worldwide, with 1.3 million deaths [1]. Furthermore, a 2019 systematic review
and meta-analysis indicated that the global prevalence of latent tuberculosis infection was
1in 4 persons [2]. In several areas of the world, including South Africa, which has a partic-
ularly high incidence of TB, high prevalence rates of smoking and alcohol use have been
reported among patients with TB [3]. Since as early as 1918 [4], there has been an ongoing
debate as to the relationship between cigarette smoking and TB. An editorial in 2010 [5]
suggested that numerous epidemiological studies as well as meta-analyses have indicated
that both active and passive smoking are independent risk factors for TB infection (relative
risk approximately 1.5-2), development of reactivation TB (relative risk approximately
2-3), progression of primary TB, increased severity of cavitary disease, and death from
TB (relative risk approximately 1.5-3). While we acknowledge that there are negative

Pathogens 2024, 13, 151. https:/ /doi.org/10.3390/pathogens13020151

https://www.mdpi.com/journal /pathogens


https://doi.org/10.3390/pathogens13020151
https://doi.org/10.3390/pathogens13020151
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pathogens
https://www.mdpi.com
https://orcid.org/0000-0002-5925-6452
https://doi.org/10.3390/pathogens13020151
https://www.mdpi.com/journal/pathogens
https://www.mdpi.com/article/10.3390/pathogens13020151?type=check_update&version=2

Pathogens 2024, 13, 151

2of 16

studies, albeit very few, regarding smoking and at least some of the tuberculosis disease
endpoints, these are mostly explained by various confounders [6,7]. With this considerable
evidence of the association between smoking and TB, it has been recommended that TB
control programmes must begin to address tobacco control as a potential preventative
intervention [8].

This is a narrative review of publications in English accessed through PubMed and
Google up until July 2023. The second section is focused on publications related to epidemi-
ological aspects of smoking as a risk factor for development of TB. This is followed by an
overview of the mechanisms utilised by alveolar macrophages to eradicate intracellular
Mycobacterium tuberculosis organisms and the counter strategies used by the pathogen,
as well as the harmful suppressive effects of smoking on macrophage-mediated anti-
mycobacterial mechanisms. Finally, the direct effects of smoke on M. tuberculosis per se,
which enable persistence of the pathogen in the airways, are given brief consideration.

2. Epidemiology of Smoking and Tuberculosis

Several older studies have confirmed, in various settings, that there is an association
between smoking and TB [7,9-16]. In one of these studies, an increased TB risk was
present among ever-smokers (odds ratio [OR] = 1.35; 95% CI 1.19 t01.53), current smokers
(OR =1.26;95% CI 1.08 to 1.48), and past smokers (OR = 1.43; 95% CI 1.23 to 1.67) compared
with never-smokers [16]. The risk for TB depends on the dose, intensity, duration, and type
of tobacco smoked [7,16]. In several of the studies, a strong dose-response relationship
(including quantity and duration) was noted between tobacco smoking and TB [6,8],
although this was not shown in all studies [13]. In one study among the elderly in Hong
Kong, there was a statistically significant dose-response relationship observed with respect
to active TB and culture-confirmed TB [17]. Furthermore, an early qualitative systematic
review and meta-analysis, despite limitations in the available data, showed a relationship
between smoking and various clinical manifestations and treatment responses of TB disease,
leading the authors to conclude that the association between smoking and TB disease
appeared to be causal [12]. Another systematic review and meta-analysis indicated that
there was evidence that smoking was a risk for TB infection as well as TB disease, but that
it was not clear whether smoking caused additional mortality risk in persons who already
have active TB [18]. Even in young people, cigarette smoking is a risk factor for pulmonary
TB, with a dose-response relationship with the number of cigarettes consumed daily [19].
Thus, the bulk of the early literature indicated that the association between smoking and
TB was substantial (without necessarily separating out the risk of transition from being
exposed to being infected and that of being infected to development of TB disease) [20].

2.1. Passive Smoking

There is also significant evidence in the literature that passive smoking is a risk
factor for TB [12,17,21,22]. For example, an early study indicated that passive exposure to
tobacco smoke in children was associated with an increased risk of developing pulmonary
TB immediately following infection [21]. Children aged 0—4 years and 5-9 years had a
significantly higher risk than those 10 years of age and older. There was a dose-response
risk of developing active TB immediately following infection according to the greater
number of cigarettes smoked daily by the household adults (p < 0.001). Two systematic
reviews and a meta-analysis also provided evidence of an association between passive
smoking and TB disease [12,22]. In the one meta-analysis, the authors found that there
was consistent evidence that cigarette smoking was positively associated with TB and,
compared with those that did not smoke, smokers had an increased frequency of a positive
tuberculin skin test, as well as having and dying from active TB, while passive smoking
increased the risk for TB disease, although these associations were less strongly supported
by the evidence [22]. Leung et al. indicated that passive smoking was associated with the
development of both active TB (hazard ratio [HR] = 1.49; 95% CI 1.01 to 2.19) and culture-
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confirmed TB (HR = 1.70; 95% CI 1.04 to 2.80) on follow-up after potentially confounding
background variables were controlled for [23].

2.2. Other Forms of Smoke Inhalation

It has also been noted that other forms of smoke inhalation, including beedi
smoking [7,24], biomass fuel exposure [22], marijuana use [25], traffic-related air pollution,
and possibly vaping [26], may be associated with risk of TB.

2.3. Clinical Aspects of Tuberculosis in Smokers
2.3.1. Smoking Is Associated with a Delay in TB Diagnosis

There is considerable evidence that cigarette smoking is associated with a delay
in the diagnosis of TB [27-34]. In a more recent study [34], smoking was significantly
associated with patient-related diagnostic delay (adjusted odds ratio [AOR] = 81.8; 95%
CI 3.67 to 19.56), although other studies, such as those mentioned above, have indicated
that smoking is associated with both patient and health system delay. While all of the
reasons for the delay in diagnosis are not fully known, symptoms such as cough due to
TB not being recognised and being interpreted as being due to smoking may at least be
partly responsible. The possible consequences of delayed diagnosis include more extensive
disease, more complications, extended period of infectivity, higher mortality, increased rate
of drug resistance in the community, increased need for referral for in-hospital care, and
increased cost for both patients and the healthcare system [28].

2.3.2. Smoking and Severity of TB Illness

There is also clear evidence that smoking increases the severity of TB [27,34-39],
while the study by Adegbite mentioned above also documented a higher number of
pulmonary TB signs and symptoms in smokers (AOR = 2.74; 95% CI 2.28 to 6.73) [34]. In
one study, smokers developed more pulmonary disease (AOR = 1.5), more cavitary lung
disease (AOR 1.9), and were more likely to need hospitalisation (AOR 1.8) that was more
protracted [35]. Thus, in that study, smoking led to faster and more severe progression
of TB. In addition, the cost of TB-related hospitalisation increases by approximately EUR
1,000,000 per year. Several other researchers have mentioned the impact of smoking on the
severity of pulmonary lesions, including causation of more extensive lung lesions and lung
cavitation [27,36-38].

2.3.3. Influence of Smoking on Occurrence and Duration of Culture Positivity

Studies have shown that smoking is associated with more extensive positive smear and
culture results at baseline [38]. One study of current smokers versus non-smokers indicated
that former patients with TB had a 1.36-fold (95% CI 1.03-2.36) higher OR for culture-
positive TB (p < 0.05) [37]. A very recent study reported a higher load of tubercle bacilli in
sputum [39]. This was confirmed in an additional study in which the sputum mycobacterial
load was significantly higher in smokers (AOR = 3.18; 95% CI 1.33 to 8.11) [34].

In addition to higher bacillary loads, several studies have indicated that cigarette
smoking in patients with active TB is frequently associated with prolongation of smear
positivity and/or culture positivity (culture non-conversion) at 60 days [36-38,40-42]. In
one study, this delay in culture conversion was dose-dependent [42], with a significant
trend of increasing AOR (p = 0.004) with greater smoking, rising to an AOR of 11.6 and 95%
CI 1.8-73.4 in those smoking more than 20 cigarettes a day.

The concern with higher bacillary loads and prolongation of smear and/or culture
positivity relates not only to the greater severity of illness but also to infectivity and duration
of infectivity of the smoker with TB.

2.3.4. Treatment Failure and Outcome of TB Treatment in Smokers

Smoking (and aging) has been shown to be associated with pulmonary TB treatment
failure [43]. Even after adjustment for age, the risk of treatment failure was 2.1 times (95%
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CI 1.1 to 4.1) higher in patients who had a history of smoking. In another study, smoking
was a major barrier to treatment success (OR = 0.76; 95% CI 0.69 to 0.84; p < 0.001) [44]. A
more recent systematic review and meta-analysis confirmed a greater risk of poor treatment
outcomes in smokers, indicating that smoking increased the likelihood of poor treatment
outcomes by 51% (OR = 1.51; 95% CI 1.30 to 1.75) [45]. In one study, albeit in patients
with multi-drug resistant TB, the group with a successful treatment outcome had a mean
cigarette consumption of 14.7 £ 19.9 pack years, whereas in those with a poor outcome it
was 40.5 £ 44.4 pack years (p = 0.0001) [46]. Smoking is the cause of half of the deaths of
males with proven TB in India [47].

2.3.5. Additional Outcomes Associated with TB Treatment in Smokers

Recurrence of disease after successful anti-TB therapy is significantly associated with
smoking > 10 cigarettes a day [48]. Among patients with successful treatment completion,
there was a clear gradient found (HR = 1.00, 1.33, 1.63) of relapse risk among never-smokers,
ex-smokers, and current smokers, with a population attributable risk of 19.4% (12.2% in
current smokers and 7.2% in ex-smokers) [36]. Chan and colleagues, as previously indicated,
noted the numerous studies that indicated, among other risk factors regarding TB, that
exposure to cigarette smoke was a risk for reactivation TB and progression of primary TB,
suggesting, therefore, that cigarette smoke exposure may represent a criterion on which to
base treatment of latent TB infection with an effective short course regimen, reinforced by
programmes to reduce cigarette use [5].

Smoking is also clearly associated with treatment interruption, a negative effect on
treatment completion, treatment default, and treatment loss to follow-up (OR = 1.35, 95%
CI 1.21 to 1.50) [41], as well as treatment failure and death in smokers [38,41,44].

2.3.6. Tobacco Control Programmes as an Essential Component of TB Control

Given the vast impact of cigarette smoking on TB disease, it is not surprising that
for many years researchers have been stressing the essential need for smoking cessation
strategies to control TB as part of TB control programmes [16,23,27,34,36,39,42-44,46,48].
Unfortunately, some studies have indicated that, at least in some areas, physicians’ knowl-
edge, attitude, and practices of smoking cessation were limited [49]. Clearly in these areas,
interventions are needed that target physician knowledge and skills to enable formalising
tobacco dependence treatment within TB care. Healthcare workers also report structural
characteristics that are primary barriers to offering behavioural support for smoking ces-
sation, including high workloads and limited time spent with each patient, among other
factors such as sociocultural barriers like gender relations, stigma, or social influences,
which also need to be addressed [50]. Studies among healthcare workers have also led to
the recognition that tobacco smoking cessation strategies should take place in communities
as well as in healthcare facilities, supported by partnerships with media and families,
while also addressing healthcare challenges to support effective implementation [51]. One
follow-up study, undertaken 5 years after a smoking cessation intervention in Chinese
TB patients, noted that non-smokers, ex-smokers, and current smokers who received the
intervention maintained higher non-smoking rates than patients who did not [52]. The
authors concluded that TB programme managers need to ensure integration and provision
of smoking cessation advice and a smoke-free policy in routine TB services. A mathematical
modelling study [53] noted that if smoking trends evident at the time of the study continued
on the same trajectory, it was predicted that TB cases and related deaths would increase by
7% and 66%, respectively, while implementation of aggressive tobacco control measures
could avert millions of deaths from TB.

While this section has concentrated primarily on cigarette smoking, it is important to
remember that decreasing other forms of tobacco smoking, biomass fuel exposure, vaping,
and exposure to traffic pollution would likely further reduce the impact on development,
severity, and outcome of TB.
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Key issues described in the preceding sections of this review are summarised in
Table 1.

Table 1. The impact of cigarette smoking * on tuberculosis (TB) in smokers.

Condition

Increased risk of TB infection, active TB disease, and culture-confirmed TB.

Delay in TB diagnosis possibly leading to more extensive disease, more complications, extended
period of infectivity, higher mortality, increased drug resistance in the community, increased need
for referral for in-hospital management, and increased costs for the patient and the
healthcare system.

Increased severity of TB with increase in pulmonary signs and symptoms, more extensive
pulmonary disease, more lung cavitation, greater need for hospitalisation, and more
prolonged hospitalisation.

Increased occurrence and duration of culture positivity, higher bacillary loads, and prolonged
smear and culture positivity, possibly leading to greater severity of illness, increased infectivity,
and duration of infectivity.

TB treatment failure, recurrence of disease after successful treatment with anti-TB drugs,
increased progression of primary tuberculosis, reactivation of TB, and death.

Smoking is associated with treatment interruption, a negative effect on treatment completion,
treatment default, treatment loss to follow-up, treatment failure, and death in smokers.

* There has also been some suggestion that passive smoking, as well as beedi smoking, marijuana use, vaping,
indoor biomass fuel exposure, and traffic pollution exposure may also be associated with some of these negative
effects in patients with TB who have these exposures. Data for this table were derived from cited articles
[5,16-19,27-39,41-48].

3. How Smoking Influences the Interaction of the Alveolar Macrophage with
M. tuberculosis

As described in the preceding sections of this review, cigarette smoking represents a
well-recognised and ominous risk factor for the development of TB, which is compounded
by the antibiotic resilience of M. tuberculosis [54]. The mechanisms utilised by this pathogen
to subvert the innate and adaptive protective immune mechanisms of the human and
murine respiratory tracts, augmented by the immunosuppressive effects of inhalation
of tobacco smoke, have been the subject of several recent comprehensive, informative
reviews [55-57]. Taking this into account, the remaining sections of the current review are
focused specifically on updating the mechanisms by which the pathogen partners with
smoking to subvert the anti-mycobacterial activities of the alveolar macrophage, including
the key involvement of nicotine in enabling intracellular bacterial survival, persistence, and
proliferation, resulting in development of pulmonary TB. This approach necessitates an
overview of the anti-mycobacterial mechanisms of alveolar macrophages.

3.1. Early Colonisation of the Respiratory Tract by M. tuberculosis

With respect to the earliest stages of disease pathogenesis in humans, inhalation of
aerosolised M. tuberculosis organisms is normally countered by the expulsive actions of
the respiratory mucociliary escalator. However, in smokers, the protective activities of this
mechanism are compromised due to the ciliotoxic and cytotoxic effects induced by exposure
of ciliated respiratory epithelium to the myriad of toxicants present in tobacco smoke,
resulting in hypersecretion of dense, viscous airway mucus in the setting of decreased
numbers of cilia, which exhibit slow and poorly coordinated ciliary beat frequency [58,59].

Having overcome entrapment and expulsion by the smoke-exposed, dysfunctional
mucociliary escalator, the pathogen then progresses to the next and critical stage in dis-
ease pathogenesis, during which it takes refuge in its primary cellular host, the alveolar
macrophage. Domiciled in this environment, M. tuberculosis per se possesses various mech-
anisms to promote intracellular survival and proliferation, which, as described in earlier
studies, are augmented by exposure of airway macrophages to cigarette smoke [60,61]
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3.2. Anti-Mycobacterial Mechanisms of the Alveolar Macrophage

Mycobacterium tuberculosis possesses a diverse array of pathogen-associated molecular
patterns (PAMPs), many of which function as adhesins/invasins. These, in turn, promote
recognition and internalisation of the pathogen enclosed in phagosomes via interaction with
pattern recognition receptors (PRRs) expressed by alveolar macrophages [62,63]. These
include: (i) Toll-like receptor 2 (TLR2) in its homodimeric and heterodimeric (TLR2/1,
TLR2/6) forms as well as TLR4; (ii) the scavenger receptors CD36 (class B, member 3),
class A macrophage scavenger receptors (SRA), macrophage receptor with a collagenous
structure (MARCO), and C-type lectin receptors (DC-sign, Dectin-1, mannose receptor, and
macrophage inducible C-type lectin known as mincle); and (iii) the lipopolysaccharide-
interacting PRR, CD14. Other types of alveolar macrophage receptors include the com-
plement receptors, CR1 and CR3, which bind the complement-derived opsonin, C3b, and
CD43, which interacts with the chaperonin, Cpn 60.2, as well as receptors for pro-adhesive
mycobacterial fimbriae [63,64].

In the absence of immunosuppression, the M. tuberculosis-containing phagosome undergoes
a process of maturation associated with progressive acquisition of anti-mycobacterial activity.
Phagosome maturation necessitates the recruitment of specific membrane-trafficking Rab
GTPases and synthesis of phosphatidylinositol-3-phosphate (PI3P), which drive phago-
some/lysosome fusion to form the phagolysosome, a membrane-bound organelle that
is well equipped with an array of antimicrobial hydrolytic enzymes [65,66]. Completion
of maturation results in intra-phagolysosomal acidification, decreasing to a pH of 4-5,
which is mediated by recruitment of the vacuolar H*-ATPase. This, in turn, establishes
a hostile antimicrobial environment endowed with bactericidal reactive oxygen species
(ROS), reactive nitrogen species (RNS), and lysosomal proteolytic enzymes [65,66].

3.3. LC3-Associated Phagocytosis

Microtubule-associated protein 1A /1B light chain 3 (LC3)-associated phagocytosis,
known as LC3-associated phagocytosis, represents an additional mechanism of macrophage-
mediated intracellular elimination of M. tuberculosis [67-69]. This process, which involves
elements of autophagy, recruits NADPH oxidase, NOX2, the activation of which enables de-
livery of LC3 to the outer membranes of single-membrane phagosomes to form laposomes.
In turn, following enzymatic- and ROS-mediated lipidation of LC3, mature laposomes
fuse with lysosomes to form phagolysosomes [68]. This event promotes bacterial killing by
NOX2-derived ROS, both directly and indirectly, via intra-phagolysosome acidification as
well as by structural stabilisation due to oxidation of membrane lipids.

3.4. Autophagy and Xenophagy

As described below, M. tuberculosis possesses an array of mechanisms to subvert
phagosome and laposome maturation/acidification and lysosomal fusion of these pathogen-
containing membrane-bound structures. As a strategy to bypass these pathogen-driven
intracellular survival mechanisms, macrophages have developed an alternative bactericidal
mechanism known as autophagy [70]. During this process, membrane permeabilisation of
the dysfunctional phagosome occurs due to the action of the dedicated secretion system,
ESAT-6 secretion system-1 (ESX-1), of M. tuberculosis and the membrane-disruptive effects
of the major secretory protein, early secreted antigenic target-6 kDa (ESAT-6) [71]. This
results in cytosolic translocation and exposure of bacterial DNA, recognised by the PRR
known as STING (stimulator of interferon genes), which precedes ubiquitination of the
pathogen. This event, in turn, marks M. tuberculosis for recognition by autophagy adaptors
such as p62/sequestosome 1 (SQSTM1), which deliver the bacteria to autophagosomes that
fuse with lysosomes to form autophagolysosomes [70-72]. Autophagosomes are derived
from phagophores. These are double-membrane structures that undergo expansion and
engulfment of cargo, followed by closure to form a sealed autophagosome.

Xenophagy is a process whereby autosomes capture ruptured immature phagosomes
containing M. tuberculosis organisms. This is followed by the binding of cytoplasmic galectins
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3, 8, and 9 to vacuolar glycans, promoting recruitment of the autophagy receptors, nuclear dot
protein 52 (NDP52), calcium binding and coiled-coil domain 2 (CALCOCO2) and tripartite
motif-containing (TRIM) proteins, which bind to LC3 and deliver contents to autophago-
somes and also contribute to lysosome fusion [73].

Intracellular eradication of M. tuberculosis by the aforementioned mechanisms is
preceded by reprogramming of macrophage energy metabolism, transitioning from pre-
dominantly oxidative phosphorylation to aerobic glycolysis. In this context, quiescent
human alveolar macrophages, mainly of the M2 phenotype, isolated from bronchoalveolar
lavage fluid have been found to undergo metabolic reprogramming to a pro-inflammatory,
glycolytic phenotype. This process, which is driven by hypoxia-inducible factor (HIF-1c),
results in the upregulation of genes encoding the glucose transporters, GLUT-1 and GLUT-
6, and glycolytic enzymes including hexokinase-1, 6-phosphofructo-2-kinase/fructose-
2,6-biphosphate, and lactate dehydrogenase [74-77]. This metabolic transition, which is
triggered via interactions between mycobacterial PAMPs and alveolar macrophages [78],
also results in glycolysis-related activation of the NLRP3 inflammasome-interleukin-13-
maturation and release pathway [79]. In addition, interactions of the glycolytic enzymes,
aldolase and phosphofructokinase, are not only linked to provision of the ATP necessary to
drive protons across the vacuolar membrane by the vacuolar H*-ATPase but also appear to
stabilise this multi-component complex [80-84].

3.5. Mechanisms Used by M. tuberculosis to Subvert Macrophage Antimicrobial Activity

Mycobacterium tuberculosis utilises an array of proteins and lipids to subvert both
macrophage phagocytosis and post-internalisation vacuolar maturation and fusion, which
negatively affect all of the pathways mentioned above with respect to vacuolar acidification
and eradication of the pathogen. Important examples of these M. tuberculosis survival
mechanisms include the following:

e Impaired phagocytosis as a result of downregulation of the genes encoding the scav-
enger receptors, MARCO and collectin subfamily member-12 (COLEC12), albeit by
mechanisms that remain to be established [85]. In addition, the mycobacterial 1ytR-
CpsA-Psr (LCP) domain-containing cell wall protein, CpsA, has been reported to
suppress LC3-associated phagocytosis and bacterial killing, the latter due to failure of
recruitment of NOX2 to laposomes [86,87].

e Interference with vacuole biogenesis, phagosome maturation, and phagolysosome forma-
tion by various mechanisms that promote activation/antagonism of phosphatidylinositol-
3-phosphate (PI3P), including PI3P secretory acid phosphatase (SapM), PI mannoside,
and mannose-capped lipoarabinomannan, as well as inactivation of small Rab GTPases
by mycobacterial nucleoside diphosphate kinase (Ndk) [55,70,88,89].

e Inhibition of the vacuolar H*-ATPase by secreted mycobacterial protein tyrosine
phosphatase A (MptpA) [90].

e Induction of synthesis of microRNA-21 (miR-21) by isolated murine bone marrow-
derived macrophages and human alveolar macrophages experimentally infected with
M. tuberculosis, possibly due to interaction of the pathogen with TLR4, which, in turn,
suppresses both glycolysis and expression of IL-1f [91]. The mechanism by which
miR-21 suppresses glycolysis is linked to attenuation of expression/activity of the
glycolytic enzyme, phosphofructokinase [91].

e  With respect to inhibition of autophagy, mycobacterial sulphoglycolipids (SLS) and
phthiocerol dimycocerosates (DIMs) have been reported to play a meaningful role [92].
In the case of the former, impairment of autophagy was associated with antagonism
of TLR2-mediated activation of alveolar macrophages, while DIMs were found to
attenuate the acidification of pathogen-containing laposomes [92]. In addition, the
mycobacterium-derived terpenyl nucleoside, 1-tuberculosinyladnosine, has been re-
ported to promote arrest of lysosomal maturation and autophagy blockage, resulting
in transition of the macrophage from an M1 phenotype to an M2 foamy macrophage
phenotype, which is “a cellular hallmark of tuberculosis disease” [93].
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3.6. Impairment of Alveolar Macrophage Antimicrobial Activities by Inhalation of Cigarette Smoke

Smoking per se has been reported to interfere with the phagocytic activity of human
alveolar macrophages as well as that of a human leukemia monocytic cell line (THP-1)
following exposure to cigarette smoke extract in vitro, resulting from decreased expression
of the PAMPs, TLR2 [94] and MARCO [95], respectively. An alternative mechanism of
smoking-related impairment of macrophage phagocytosis has been described in patients
with long-term cigarette smoking-related pulmonary TB [96]. In this context, isolated blood
monocytes from long-term smoking TB patients were found to significantly increase levels
of the microRNA, miR-196b-5p, relative to cells from non-smoking TB patients, while
exposure of monocyte-derived macrophages to cigarette smoke extract was also associ-
ated with upregulation of expression of the miRNA [96]. Mechanistically, transfection of
macrophages with miR-196b-5p resulted in “targeted inhibition” of suppressor of cytokine
synthesis 3 (SOCS3) and activation of STAT3 (signal transducer and activator of transcrip-
tion 3). These events were proposed to underpin the decreased uptake of the BCG vaccine
strain of M. bovis, possibly as a consequence of attenuated synthesis of interleukin (IL)-6
and tumour necrosis factor alpha (TNFo) [96].

Notwithstanding the adverse effects on macrophage phagocytosis, smoking is also a
prominent cause of defective post-phagocytic antimicrobial activity.

In this context, Monick et al. in an earlier study reported the existence of defective
autophagy in alveolar macrophages isolated from the lungs of active smokers as well as in
a murine macrophage cell line (Raw 246.7), following exposure to cigarette smoke extract
in vitro [60]. Using a combination of transmission electron microscopy and sophisticated
image analysis, the authors detected accumulation of autophagosomes and attenuation
of autophagolysosome formation, consistent with cigarette smoke-mediated interference,
with trafficking of the autophagosome to the lysosome [60]. Mechanistically, this ap-
peared to result from failure of the recruitment of autophagy adaptors, which interact with
ubiquitinated protein aggregates and bacterial targets to promote their association with
the autophagosome membrane. This, in turn, resulted in failure of internalisation of the
ubiquitinylated target, lysosomal fusion, and pathogen eradication [60].

More recently, smoking-mediated attenuation of post-phagocytic glycolytic reprogramming
has emerged as a prominent mechanism of attenuation of macrophage antimicrobial activity
against M. tuberculosis as well as other intracellular pathogens. In the case of M. tuberculosis,
Gleeson et al. compared extracellular lactate concentrations, oxygen consumption and
extracellular acidification rates, as well as expression of genes encoding glycolytic enzymes
and the glucose transporter, GLUT-1, in human macrophages isolated from the lungs of
smokers and non-smokers following induction of experimental infection with irradiated
M. tuberculosis strain H37Rv [75]. At baseline, quiescent human alveolar macrophages
exhibited higher rates of oxygen consumption and extracellular acidification than paired
blood monocyte-derived macrophages. Alveolar macrophages investigated at baseline
also demonstrated preferential metabolic utilisation of oxidative phosphorylation in the
setting of a significant glycolytic reserve capacity. In contrast to cells from non-smokers,
alveolar macrophages isolated from the lungs of smokers exhibited decreased oxygen
consumption and extracellular acidification rates as well as a lesser glycolytic reserve at
baseline [75]. Following induction of experimental infection with M. tuberculosis, smokers’
alveolar macrophages demonstrated lower acidification rates and antimicrobial lactate
production [97], as well as attenuation of glycolytic reprogramming and expression of
IL-1B3 and prostaglandin E2 [75]. Suppression of these activities in M. tuberculosis-infected
smokers” macrophages was also associated with decreased transcription of the SCL2A1
gene, which encodes the glucose transporter, GLUT1, and genes encoding the glycolytic
enzymes hexokinase 1,6-phophofructo-2-kinase/fructose-2,6-biphosphate and lactate de-
hydrogenase A, as well as the glycolysis-associated enzyme, pyruvate dehydrogenase
kinase-3 [75]. The authors concluded that their research had identified “fundamental
defects in the alveolar macrophage glycolytic response to infection after smoke exposure”,
thereby compromising a critical innate host defence mechanism [75]. Although this inter-
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pretation of their data was justified, it is nevertheless somewhat surprising that the authors
did not include an assay of macrophage anti-mycobacterial activity in their study.

3.7. Effects of Nicotine on the Anti-Mycobacterial Activity of Macrophages

Although the inhibitory effects of cigarette smoking on alveolar macrophage function
are most likely attributable to the collective actions of the numerous toxicants present in
smoke, Bai et al. identified nicotine as being a major contributor [98]. This was demon-
strated using strategies that neutralised the cellular interactions of nicotine present in
cigarette smoke extract: firstly, by treatment of isolated murine macrophages (alveolar
or bone marrow-derived) or monocyte/macrophage cell lines with the nicotine acetyl-
choline receptor (nAChR) antagonist, mecamylamine; and secondly, by genetic disruption
of various components of the nAChR [98]. As expected, exposure of M. tuberculosis (strain
H37Rv)-infected murine macrophages to cigarette smoke extract significantly increased the
number of intracellular bacilli, which was significantly attenuated by treatment of the cells
with mecamylamine or by genetic disruption of nAChR, confirming the inhibitory effects
of nicotine on macrophage anti-mycobacterial activity [98].

Mechanistically, treatment of a macrophage cell line (THP-1) or isolated murine alve-
olar macrophages with pure nicotine resulted in inhibition of autophagosome formation
and increased numbers of intracellular bacilli, which were associated with inhibition of
the transcription factor, NFkB, a positive regulator of autophagy [98]. In addition, nicotine
induced production of the immunosuppressive cytokine, IL-10, and transforming growth
factor-f3 by regulatory T cells (Tregs), which also contributed to the intracellular survival of
M. tuberculosis [98]. Similar inhibitory effects of cigarette smoke extract-exposed Tregs on
phagosome-lysosome and autophagosome formation by M. tuberculosis-infected human
macrophages have been recently reported [99].

The aforementioned mechanisms by which cigarette smoking compromises alveolar
macrophage anti-mycobacterial activity are summarised in Table 2.

Table 2. Mechanisms by which cigarette smoke and its nicotine constituent suppress alveolar
macrophage anti-mycobacterial activity.

Impaired Alveolar
Macrophage Function

Antimicrobial activity

Antimicrobial activity

Phagocytosis

Type of Study Mechanism References
Attenuation of
Alveolar macrophages
. autophagolysosome
isolated from the lungs of . .
. formation due to failure of [60]
smokers exposed to cigarette .
s recruitment autophagy
smoke extract in vitro
adaptors
Failure of glycolytic

reprogramming associated
with decreased expression of

Isolated lung macrophages genes encoding GLUT-1 as
from smokers exposed to M. well as glycolysis-mediated [75,79]
tuberculosis in vitro activation of the

NLRP3 inflammasome-IL-1f3-
maturation and release
pathway
In vitro exposure of a
macrophage cell line to
cigarette smoke extract

Decreased expression of the

PAMPs, TLR2 and MARCO [94,9]
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Table 2. Cont.

Impaired Alveolar

Macrophage Function Type of Study Mechanism References
In vitro study using blood Upregulated expression of the
monocytes isolated from regulatory miRNA,
Phagocytosis patients with long-term mi-R-196b-5p, resulting in [96]
cigarette smoking-related activation of suppressive
active tuberculosis STAT3

Antimicrobial activity

In vitro study involving
smoke-exposed murine
macrophages and macrophage
cell lines depleted of nAChR
or exposed to pure nicotine

Nicotine-mediated defective
autophagosome formation
due to inhibition of NF«B and
activation of Tregs

[98,99]

Abbreviations: nAChR—nicotinic acetylcholine receptor; GLUT1—glucose transporter 1, MARCO—macrophage
receptor with a collagenous structure; IL-1p—interleukin-1p; NFkB—nuclear factor kappa B; NLRP3
inflammasome—(nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3) in-
flammasome; miRNA—micro ribonucleic acid; PAMPs—pathogen-associated molecular patterns; STAT3—signal
transducer and activation of transcription 3; TLR2—Toll-like receptor 2; Tregs—regulatory T cells.

4. Direct Pro-Infective Effects of Cigarette Smoke on M. tuberculosis

Evidence demonstrating the contribution of cigarette smoking to TB disease severity
resulting from suppression of immune reactivity is widely available [100]. However, studies
demonstrating the direct effects of smoking on the bacterium per se are very limited. We
have previously shown that exposure of actively-replicating (AR) planktonic M. tuberculosis
bacteria to cigarette smoke extract at concentrations lower than 3.12 mg/L had no effect
on bacterial growth in vitro [101]. However, a study by Willemse et al. [102] described
a non-lethal inhibitory effect of cigarette smoke extract on the growth of this bacterial
population, achieving a higher minimum inhibitory concentration (MIC) of 125 mg/L.
Similar inhibitory effects on mycobacterial growth were achieved in the presence of pure
nicotine at the high concentration of 100 mg/L in vitro [98,103]. The findings on inhibition
of bacterial growth by cigarette smoke extract were supported by gene expression data.
These demonstrated that, at the sub-MIC level of 50 mg/L of smoke extract, the expression
levels of the Rv3727 gene, responsible for central metabolism [104], and the Rv0341 gene,
required for promotion of growth [105], were downregulated, indicating smoke-mediated
inhibition of bacterial metabolism at the gene transcription level [102].

The requirement for relatively high concentrations of cigarette smoke extract to achieve
inhibition of the growth of AR bacteria was attributed in part to high-level production of
secreted anti-oxidative enzymes, including superoxide dismutase, catalase, and peroxidases
by smoke-exposed organisms [101]. During short-term exposure of bacteria to smoke
extract, 11 of the 59 upregulated genes constituted oxido-reductase enzymes, consistent
with high-level oxidative stress [102]. The ferritin-encoding gene, Rv3841 (brfB), required
for bacterial growth [106], was also upregulated, possibly also related to oxidative stress
due to the presence of iron in cigarette smoke [101].

Cigarette smoking has also been shown to increase the risk of antibiotic resistance in
AR M. tuberculosis bacteria. In addition to a two-fold increase in the rate of development of
resistance to rifampicin, several genes associated with resistance to various other antibiotics
were differentially expressed [102]. These included the Rv0678 gene, which encodes the
MarR family of transcriptional regulators that control the transcriptional regulation of the
MmpS5-MmpL5 efflux pump. Notably, several studies have shown that overexpression of
MmpS5 and MmpL5 proteins reduced susceptibility to bedaquiline and clofazimine [107].
Another smoke-upregulated gene, Rv3841 (bfrB), which, as mentioned above, encodes
ferritin, also promoted resistance to the aminoglycosides, amikacin and kanamycin [106].
On the other hand, the Rv3160c-Rv3161c operon, encoding the TetR-like transcriptional
repressor and a dioxygenase enzyme, respectively, which plays a role in lipid metabolism
and cell wall biosynthesis, was downregulated following smoke exposure [102]. In this
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context, a previous study demonstrated that deletion of the Ru3161c gene led to increased
resistance to isoniazid, implicating downregulation of this gene due to cigarette smoke
exposure as a risk factor for antibiotic resistance [108]. Additionally, downregulation of
the Rv3727 gene, required for bacterial metabolism, and the Rv0341 gene, required for
promotion of growth in stressful conditions, supported the contention that alterations in
bacterial metabolism, which promote development of dormancy, will also lead to drug
tolerance in mycobacteria [102].

We have also observed that cigarette smoke exposure affects the development of
biofilm by M. tuberculosis. However, unlike the situation with AR bacteria, the effects
of cigarette smoke extract on biofilm were achieved at very low concentrations of the
stressor (0.2-3.12 mg/L) [101]. During biofilm development, the environmental conditions
of the pathogen change, becoming nutrient-limiting, hypoxic, and acidic, allowing the
bacteria to transition from the AR phenotype to a non-replicating (NR) dormant, biofilm-
forming phenotype [109,110]. Exposure of the biofilm-forming bacteria to smoke extract
resulted in significantly increased biofilm biomass and attenuation of the decrease in the pH
level, augmenting both bacterial persistence and antibiotic resistance [101]. In this context,
acquisition of gene expression data will provide important mechanistic insights, which
may impact drug design. These albeit somewhat limited in vitro studies provide evidence
for how pathogen responses to cigarette smoke may result in changes in its behaviour that
underpin dormancy, persistence, virulence, and antibiotic resistance, contributing to the
clinical consequences described above. However, this contention needs to be confirmed in
the clinical setting.

5. Conclusions

The susceptibility of smokers to development of severe, often prolonged, recurring
and antibiotic-resistant TB is a longstanding, frustrating, and seemingly increasing global
public health concern, with the major burden of disease having shifted to emergent nations.
Often coupled with a lack of inclination to quit the smoking habit, this issue has largely
been compounded by the ever-astute marketing strategies of the “big tobacco” companies
via targeting young people in developing countries. Notwithstanding the abundance of
compelling epidemiological evidence, clinical and laboratory studies have convincingly
unravelled the mechanisms by which smoking contributes to the development, persistence,
severity, and poor outcomes of TB; these are achieved not only by targeting the alveolar
macrophage in particular but also the pathogen directly. In the case of the former, this
is achieved via attenuation of various intracellular pathways involved in macrophage-
mediated eradication of M. tuberculosis, and, in the latter, by induction of gene mutations
that promote antibiotic resistance as well as by augmenting the formation of protective
biofilm. Of additional concern, the seemingly prominent role of nicotine as a mediator of im-
paired macrophage antimicrobial activity casts doubt on the utility of nicotine replacement
products as a meaningful strategy to counter the threat posed by M. tuberculosis.
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