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Abstract

The availability of iron controls the abundance and diversity of life. Microbial pathways
for iron acquisition account for their replication and virulence. The balance of interactions
defining a microbial community can be altered by environmental stress. Decreased iron
availability applies a selective pressure that results in increased competition for the metal.
The complexation of the host metal by cigarette smoke and other particles induces a
functional iron deficiency in the respiratory tract of the exposed individual. M. tuberculosis
is at an advantage in environments of decreased iron availability after cigarette smoking
and other particle exposures as it possesses numerous pathways for metal acquisition.
Accordingly, smoking and other particle exposures (e.g., air pollution, burning of biomass,
and silica) are associated with increased tuberculosis infections.
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1. Introduction
Cigarette smoking is the leading cause of preventable deaths globally, with more than

eight million each year from both direct use and secondhand exposure. In addition to
deaths from cardiovascular disease, cancers, and chronic obstructive pulmonary disease
(COPD), this excess mortality includes infections. Tuberculosis (TB) is one of the world’s
deadliest infectious diseases, affecting individuals of all ages globally. In 2022, cases of TB
globally numbered 10.6 million, resulting in 1.3 million deaths [1]. Not only has there been
a strong correlation between smoking and TB since 1918, but other particle exposures are
also associated with TB.

Increases in TB infection associated with smoking and other particle exposures can
be explained in part by accompanying alterations in iron homeostasis. Specifically, the
complexation of the metal at the particle surface is associated with a functional iron
deficiency in the respiratory tract. M. tuberculosis has evolved to thrive in environments
of low metal availability. Thus, particle-associated changes in iron homeostasis provide
the microbe with a competitive advantage and allow it to proliferate in the exposed lung.

2. Methods
A review of the literature was performed using PubMed/MEDLINE, Web of Science,

and TOXNET. All available years were included. There were no filters used for species,
sex, age, or language. The first search string was (“Tuberculosis”[MeSH] and “Iron”[Majr])
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and resulted in 129 articles. The second search string was (“Tuberculosis”[MeSH] and
(“Smoking”[Mesh] or “Particulate matter”[MeSH] or “Environmental exposures”[MeSH] or
“Silicon dioxide”[MeSH] or “Anthracosis”[Majr] or “Asbestos”[Majr]” or “Oxides”[MeSH]
or “Minerals”[MeSH] or “Soil”[MeSH] or “Air pollutants”[MeSH] or “Wood”[MeSH])).
This search resulted in 1421 articles.

3. Iron and Microbes
The adjustable oxidation–reduction potential and unique coordination chemistry

led to the selection of iron for innumerable, critical cell functions. Consequently, iron is
essential for almost every living system, and the availability of this metal controls the
profusion and diversity of life [2]. However, despite being the fourth most abundant ele-
ment on the Earth’s crust (~5%), iron concentrations are restricted in oxygen-containing
environments at the physiological pH (~10−18 M). Accordingly, the quantities of the
metal are below those necessary to support life in many environments (e.g., microbial
growth requires ~10−6–10−4 M), obstructing cell replication and leading to regulated
cell death [3].

In any environment, species and strains interact to obtain the required nutrients,
with iron being predominant among these. Accordingly, microbes have developed abun-
dant pathways for the acquisition of this critical metal (Table 1) [4–8]. The utilization of
these pathways for iron acquisition governs the dynamics between microbes [9]. Within
a polymicrobial community, pathways of iron acquisition applied by one microbe can
be cooperative by providing the metal to others [10]. The production of siderophores
(i.e., small, high-affinity iron chelators) is one such pathway that can lead to cooperative
interactions [9,11]. The secretion of these chelators by one member of the community
can positively influence the fitness of other species and strains through the provision
of the requisite metal (“siderophore piracy”) [11]. Such cooperative interactions lead to
dependencies and symbioses between microbes, contributing to stable communities [9].
However, these same pathways for iron acquisition can also lead to competitive interac-
tions, with one microbe withholding the metal from others [9]. Accordingly, pathways
for iron acquisition can both promote and impede microbe replication.

Table 1. Pathways for iron acquisition that are frequently utilized by microbes.

Pathway Description

Siderophores

• Small-molecular-weight chelators with Ka up to 1052 M−1.
• Between 2 and 6 O- and N- electron donor atoms included in catecholate,
hydroxamate, carboxylate, phenolate, and mixed functional groups.
• Resultant hexadentate iron complex is recognized by surface-displayed
receptors and internalized by active transport.
• Liberation of the metal by either reduction or proteolytic cleavage.

Xenosiderophores
• Iron chelator used by a microbe other than that which created it.
• No energetic requirement for de novo synthesis.
• Membrane transporters are not limited to one siderophore.

Low-affinity ligands

• Ligands maintain metal solubility to increase availability.
• Prominent among these are substances with multiple functional groups with
low affinities for cationic metals (e.g., carboxylates such as sugar acids).
• Microbes produce and couple their release with cognate receptors, enhancing
metal acquisition.

Capsules • Polysaccharides incorporated into a capsule, which functions as a reservoir
for the metal (e.g., alginate).
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Table 1. Cont.

Pathway Description

Biofilms • Polysaccharides define mucilage in biofilms, which binds iron via carboxyl,
carbonyl, and sulfate functional groups.

Hemophores • Directly bind heme, the most abundant iron source in many environments.

Ferric iron reductases • Reduction of ferric ion not only to access insoluble precipitates but also to
non-specifically liberate iron from metal complexes.

Receptors for iron-binding proteins • Membrane receptors bind holotransferrin and hololactoferrin, followed by
metal complex internalization.

Toxins • Secondary metabolites that can bind iron to alter homeostasis and increase
availability (e.g., microcystins and domoic acid).

The balance of interactions included in cooperation and competition defines a
community of microbials (e.g., a microbiota). These interactions, and subsequently the
community itself, can be altered by environmental stress [12]. Decreased iron availabil-
ity in an environment applies a selective pressure, impacting microbial communities by
compelling competition between them for the metal. While all microbes have access to
the metal, each has distinct requirements for iron and capacities for its acquisition. In
response to the environmental stress of decreased iron availability, a microbe will ex-
hibit significant phenotypic plasticity, dynamically modulating the expression of those
pathways necessary for metal acquisition [13]. This adaptive approach optimizes energy
expenditure and metal acquisition to confer an advantage to certain species and strains.
Disparities in the capacity for iron acquisition will provide specific microbes with a
competitive advantage in environments where the metal is a limited resource (Figure 1).
Those that evolved efficient pathways (e.g., biosynthesis of secondary metabolites such
as siderophores) will survive and replicate in iron-limited environments, where they
can outcompete other microorganisms for metal acquisition [14]. By competing more
effectively for requisite iron, the microbe displaces other species and grows to dominate
a community. Thus, the competitive success of a microorganism can reflect the ability
of the microbe to monopolize iron availability [9].

By allowing for the replication of microbes with a greater capacity for metal acqui-
sition relative to others, limited iron availability selects specific microbes, leading to
lower diversity (i.e., the number and distribution of different types of microorganisms).
Accordingly, a microbiota can be dynamically modulated by the available iron [15].
Moreover, competition for iron can disrupt stable communities that were previously
characterized by cooperative interactions. The subsequent changes in the structure of a
microbial community impacted by limited iron concentrations can be protracted [16].
Dietary iron depletion imprints low diversity in the microbiota that is sometimes not
easily recovered [17]. Those species that are more readily lost have the greatest depen-
dence on iron for survival and the weakest ability to compete successfully, and they can
belong to common phyla in a microbiota (i.e., commensals). However, the reversal of
iron deficiency can be associated with the recovery of an indigenous microbial popu-
lation’s diversity to normal levels and decrease the development of pathogens in an
environment (Figure 2) [18].
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Figure 1. Pathways for metal acquisition commonly utilized by microbes. These can include siderophores,
xenosiderophores, capsules, hemophores, reductases, and holotransferrin/hololactoferrin receptors. Such
pathways determine competition for critical iron and, in an environment with decreased iron availability,
subsequent microbial survival and duplication. Decreased iron availability in an environment applies
a selective pressure, impacting microbial communities by compelling competition between them for
the metal. With decreased metal availability, a microbe can demonstrate a superior capacity to acquire
the metal and subsequently replicates. Diversity is lost when those microbials that can compete more
effectively for requisite iron displace other species and replicate to dominate a population.

 

Figure 2. The relationship between iron availability and cell replication. With iron sufficiency (yellow
background), there can be cooperation among members of the polymicrobial community. With
decreased availability of the metal, those microbes with efficient iron acquisition pathways will be
selected to replicate. The provision of iron might benefit the microbiota by preventing competition
and the development of pathogenic and virulent microbials in the lung, depending on the extent
of limitation. However, if virulent microbes are included in the microbiota (beige background), the
provision of the metal would likely be followed by their preferential replication.
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4. Iron and Microbes in the Human
Pathways for iron acquisition also define the interactions between microbes and

human cells. These can similarly be both cooperative and competitive. Microbial virulence
in the human can be defined by an increased capacity to successfully acquire the metal
and replicate in the iron-limited environment of a host tissue [9,19]. With a microbe
competing effectively for requisite iron, virulent species and strains displace both other
microorganisms and host cells to dominate an environment. Iron availability in the human
is a major regulator impacting microbial replication [20]. Decreased iron availability in
an environment selects for specific microbes [21]. While microbes lacking the capacity
to acquire iron in a metal-deficient environment will demonstrate reduced growth, those
that can utilize efficient pathways to procure the metal have an advantage and replicate,
affecting human health [21].

Microbial siderophores act directly on host cells to not only procure the required metal
but also stimulate the production and release of cytokines (e.g., interleukin (IL)-6 and IL-8),
which initiates and coordinates the inflammatory response [22]. Similarly, microbes may use
toxins to bind and transport iron, also leading to an inflammatory response in the host (e.g.,
the toxin domoic acid, an iron chelator produced by a microbe to facilitate iron import, is
associated with both shellfish poisoning and host mortality) [23]. Subsequently, in a human
host, decreased iron availability in an environment selects for virulent species and initiates
human morbidity (e.g., inflammation) and mortality associated with microbial exposure.

For the human host, a major defense against infection is the withholding of iron
to prevent microbial replication (e.g., nutritional immunity). This is included in the
acute phase of the inflammatory response [24]. Almost all human iron is intracellular,
with most of it being complexed within the porphyrin ring of heme as a cofactor of
hemoglobin/myoglobin and sequestered within the iron storage protein ferritin. The
small quantity of extracellular iron is bound by the circulating glycoprotein transferrin,
which strongly complexes the metal (Ka ~ 1036 M−1). Humans are therefore almost de-
void of available iron, ensuring that microbes encounter a period of iron starvation upon
initial access. While microbes have developed numerous pathways for iron acquisition
from the host, human cells have evolved pathways for metal procurement and seques-
tration that are frequently indistinguishable from those of the microbes (Table 2) [25]. By
increasing their iron acquisition, the host cells compete with the microbe for survival
and limit access to the metal, creating an environment that is unfavorable for microbial
replication. This effort supports host cell survival and proliferation. Interactions be-
tween host cells and microbes in obtaining the required metal become complicated with
the development of ancillary pathways for microbial iron acquisition. Through such
pathways, pathogens are further selected by host iron limitation as the microbes attempt
to outmaneuver the host cells (e.g., the expression and release of “stealth” siderophores
not recognized by host lipocalins and the expression of competitive antagonists that
bind lipocalins in lieu of siderophores) [26].

Table 2. Pathways for iron acquisition that are frequently utilized by humans.

Pathway Description

Siderophilins • Release of apolactoferrin (e.g., from secondary granules in leukocytes)
complexes and transports the metal (e.g., to the reticuloendothelial system).

Siderocalins • Release of lipocalin-2 sequesters catecholate-type siderophores with its
complexed iron.
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Table 2. Cont.

Pathway Description

Hemophores
• Hemoglobin or heme released during the erythrocyte cycle is captured by
haptoglobin and hemopexin, respectively, and delivered with the metal
(e.g., to the reticuloendothelial system).

Ferric iron reductases
• Increased activity of oxidoreductases, which function as ferric reductases to
facilitate the transport of iron across the host cell membrane.
• Participate in macrophages, actively “pumping out” iron from a phagosome.

Receptors for iron-binding proteins • Increased siderophilin, haptoglobin, and hemopexin receptors.

Metabolic adaptation • Upregulation of glycolysis and pentose phosphate pathways.

Hepcidin

• Hepatic hormone blocks metal uptake by the enterocyte.
• Binds and degrades the iron exporter ferroportin-1, sequestering
iron in macrophages.
• Decreases iron release into plasma.

Ferritin • Greater sequestration of transferrin- and lactoferrin-bound iron by
macrophages with storage in ferritin.

Release of cytokines • Diverts transport of iron, leading to its retention (e.g., in the
reticuloendothelial system).

5. Iron and TB
Utilizing a plethora of pathways, M. tuberculosis is exceptionally proficient at acquiring host

iron from cells in the respiratory tract. With metal limitation in the host, M. tuberculosis adapts
to survive by triggering a coordinated transcriptional response, leading to the upregulation of
numerous iron acquisition pathways, which accordingly function as virulence factors [27,28].
M. tuberculosis can produce two siderophores: mycobactin and carboxymycobactin. Mycobactin
belongs to the hydroxamate class of siderophores and is lipophilic, while carboxymycobactin is
a mixed-type siderophore containing both hydroxamate and catecholate groups. Mycobactin
is cell wall-associated, while carboxymycobactin is a soluble, secreted compound that can
access extracellular iron. Iron is efficiently released from mycobactins through either the
degradation of the chelator or iron reduction. Highlighting the importance of these factors, a
loss of siderophore function attenuates M. tuberculosis virulence. M. tuberculosis also utilizes
xenosiderophores, internalizes holotransferrin and hololactoferrin, possesses at least two heme
uptake pathways, expresses toxins that contribute to metal acquisition (e.g., hemolysins that
can lyse erythrocyte cells, releasing hemoglobin and creating a pool of labile heme, which
is bound by hemophores), and encodes two iron storage proteins—a bacterioferritin and a
ferritin-like protein. The large number of efficient pathways for iron acquisition utilized by
M. tuberculosis supports the enormous capacity of this specific microbe for virulence (i.e., to
thrive in an iron-limited environment).

A relationship between TB and iron availability has been suggested by historical
observations. The increased risk of Native American populations for TB, beginning in
the 15th century and continuing until recently, has been accompanied by widespread iron
deficiency, due in part to a dietary reliance on maize [29]. In the 1700s, TB was called the
“white plague”, as affected individuals demonstrated a pale complexion, likely reflecting
anemia, which was considered to enhance the physical beauty of those dying with the
disease. Historically, food insecurity, malnutrition, and starvation, exemplified by the
Dutch famine of 1944–1945 (“Winter of Hunger”), have increased the risk for TB and are
recognized as being associated with iron deficiency, as well as being the most frequent
cause of immune deficiency [30–32].
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An investigation focused on better understanding the relationship between metal
availability and TB has confirmed that there is a higher incidence of TB among those
diagnosed with iron deficiency anemia, reflecting the limited quantities of available
metal in the host [27]. Studies have demonstrated that there is greater lung injury and
a worse prognosis among TB patients with anemia [28]. In one study, almost half of
all sputum-positive pulmonary TB patients were anemic, and, among these, 79.1% had
an iron deficiency [33]. In another study, 90% of patients with TB had either anemia of
chronic disease or iron deficiency anemia [34]. Women are at a greater risk of developing
TB, including active infection, during times at which iron deficiency is expected (e.g.,
pregnancy and postpartum) [35,36]. Iron deficiency with and without anemia has been
associated with a two- to three-fold increased risk of death associated with TB [37]. With
iron deficiency and iron deficiency anemia, the numerous pathways for metal acquisition
confer pathogenicity and virulence upon M. tuberculosis, which displaces both other
microbes and host cells.

The human host responds to the challenge of M. tuberculosis by sequestering its own
iron, thus limiting its availability. Following the phagocytosis of the slow-growing, acid-fast
bacterium, cytoplasmic iron is actively exported by macrophages and derived cells. The
expression of natural resistance-associated macrophage protein 1 (Nramp1 or solute carrier
family 11A1), a late endosomal membrane transporter found in macrophages and neutrophils,
is increased to transport iron out of the phagolysosome and away from the mycobacteria [38].
The host phagolysosome will subsequently have diminished concentrations of the metal
to support M. tuberculosis growth. In humans, Nramp1 expression confers host resistance
against intracellular pathogens, which survive within phagosomes, including mycobacteria.
The overexpression of ferroportin-1 by the host—the sole iron exporter—similarly decreases
cell iron availability to M. tuberculosis and impairs its survival, validating selective metal
deprivation as an anti-mycobacterial approach [39]. Cell production of the iron-sequestering
protein lipocalin-2 also increases with infection. These and other host pathways for iron
acquisition augment the capacity for the host to eradicate M. tuberculosis. A transcriptional
analysis has indicated that tuberculous granulomas express high levels of iron uptake genes
(e.g., heme-binding proteins, hemoglobin receptors, haptoglobin, hemopexin, heme oxygenase,
transferrin receptor-1, lactoferrin, lipocalin, calprotectin, and ferritin), reflecting an attempt by
the host to restrict metal availability to the microbe [40].

6. Iron and Smoking
Smoking one cigarette exposes the human respiratory tract to between 15,000 and

40,000 µg of particles [41]. The deposition fraction of cigarette smoke particles (CSPs),
with a mean diameter of about 0.2–0.5 µm, in the lung is 70–90%. Soluble components
of CSPs can be transported to the blood. Mucociliary clearance transports the insoluble
components of CSPs to the gastrointestinal tract and lymph nodes; this is slowest from
the alveolar region, where a significant portion of clearance is dependent on macrophage
function. Therefore, the lungs of ever-smokers retain enormous numbers of particles.

CSPs include humic-like substances (HULIS; approximately 7–10%), which are complex,
organic, macromolecular compounds. Oxygen-containing functional groups within HULIS
(e.g., phenolates/catecholates and carboxylates) react with metal cations to form coordination
complexes, and, among these, ferric ion is kinetically the most favored [42]. Subsequently,
exposure to CSPs, with their included HULIS, results in retention and cell exposure to an
inanimate surface composed of functional groups with a capacity to complex metals and
alter iron homeostasis. The complexation of host cell iron by the particle surface can be
equivalent to the sequestration of the metal by microbial siderophores. Comparably to its
response to virulent microbes, the host cell must compete with the particle for its iron. With
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smoking, iron-laden macrophages (i.e., sideromacrophages) are observed in the respiratory
tract, reflecting the capacity of CSPs to complex and sequester host cell metal [41]. Given
the ability of CSPs to complex and sequester iron, the concentration of available iron in
the lung will be diminished. This has been investigated using exhaled breath condensate,
which revealed decreased iron concentrations in the respiratory tracts (i.e., the epithelial
lining fluid) of smokers [43]. As CSPs’ complexation of host iron leads to a functional iron
deficiency, the cell attempts to reverse the loss of requisite iron via the increased expression of
proteins involved in metal import (e.g., transferrin receptor and DMT1) [44]. Compared to
non-smokers’ lungs, both transferrin and transferrin receptor expression in cells and fluids
can be higher in those with smoking-related disease, reflecting decreased metal availability.
The import of iron frequently requires ferrireduction (e.g., superoxide generation), which is
also increased in host cells after CSP exposure, again reflecting decreased metal availability. In
the smoker, cells exposed to CSPs subsequently increase iron import due to decreased metal
availability. If either enough host iron is complexed by the particle or the cell response to
increase the metal is inadequate, function and survival will be compromised.

Reflecting metal limitation after smoking, iron deficiency is common in these popu-
lations [45]. Anemia is more frequently observed in both smokers and populations with
smoking-related disease (e.g., patients with COPD). The two primary types of anemia
seen in smoking-related disease are anemia of chronic disease and iron deficiency anemia;
both are associated with altered iron homeostasis. Smoking can impact iron deficiency
anemia [46]. During pregnancy, there are lower concentrations of ferritin in both the pla-
centa and umbilical cord blood, with smoking by the mother leading to diminished metal
availability. A regression analysis showed that tobacco use was independently associated
with maternal iron deficiency anemia in the newborn. Finally, environmental tobacco
smoke can be associated with anemia, which is often related to iron deficiency.

7. TB and Smoking
The microbiota in the lungs, which participates in the interactions between environmental

exposures and respiratory health, is altered by smoking, with the selection of virulent microor-
ganisms and decrements in the diversity of microbial assemblies comparable to the diminished
availability of iron [47,48]. Decreased iron availability in the smoker’s respiratory tract selects
M. tuberculosis to express additional pathways of iron acquisition, allowing access to the metal,
which is required for replication and virulence (Figure 3) [49]. Greater than 10% of all TB cases
in the world are attributed to smoking, which increases the risk for TB, including active and
latent infections and disease progression, relapse, and mortality [50–52]. Smokers have higher
rates of both tuberculin skin test reactivity/conversion and active TB infection [53]. Indeed,
studies have shown dose–response relationships between (1) the duration of smoking and
the number of cigarettes smoked per day and (2) the rate of TB infection observed [54]. The
death rate from TB is about four times higher in those who are ever-smokers relative to those
who have never smoked. The diagnosis of a smoking-related disease (e.g., COPD or idiopathic
pulmonary fibrosis) increases the risk for TB, attributed to exposure to CSPs and decreased
iron availability [55]. In addition to active adult smokers, those who experience secondhand
smoke, also referred to as passive smoking or environmental tobacco smoke exposure, are at an
elevated risk for latent and active TB [50,56,57]. With such exposure, M. tuberculosis infection
increases with the number of smokers in the home.
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Figure 3. Smoking alters host iron homeostasis, decreases metal availability, and selects virulent
microbials for replication. Iron homeostasis in the airways determines that some level of metal is
available for both host cell and microbiota function and replication (top left). The iron in the cells
of the airway is complexed by cigarette smoke particles, and availability to both the host cells and
microbiota is decreased; diversity is lost among the microbes (top right). With the introduction of a
virulent microbe with efficient pathways for iron acquisition (e.g., M. tuberculosis), the environment
supports its replication (bottom left). Finally, the virulent microbe dominates, and its utilization of
host cell metal initiates inflammatory pathways (e.g., siderophores interacting with macrophages and
airway epithelial cells) (bottom right).

8. TB and Particle Exposures Other than Smoking
Particles other than CSPs also complex metals via surface functional groups (e.g.,

silicates used as water filters) and impact cell metal homeostasis, with a resultant functional
cell iron deficiency [58]. Decreased iron availability is associated with an increased risk of
TB infection, similarly to smoking.

Numerous carbonaceous particles (e.g., diesel exhaust and air pollution particles)
can include HULIS (approximately 5–10%) [59]. However, carbonaceous particles contain
surface components other than HULIS, which present multiple functional groups with
the ability to complex metals, including iron (e.g., phenolates/catecholates, carboxylates,
alcohols, diols, epoxides, ethers, aldehydes, ketones, and esters). Comparably to smok-
ing, the inhalation of these particles is associated with an increased risk for TB infection.
Air pollution, both ambient and household, is a significant global public health issue
associated with millions of premature deaths worldwide annually, and this includes
mortality from infections. Exposure to particulate matter (measured as PM2.5, PM10, and
black carbon) is associated with an increased incidence of TB infection [60–62]. Models
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demonstrate a significant correlation among smear-positive status, reflecting TB infec-
tion, and residential exposure to PM2.5 [63]. Wildfire-associated ambient air pollution is
associated with an increased risk of active TB diagnosis [64]. Exposure to the burning of
biomass also increases the risk for TB; this is especially true in women [51,65,66]. Simi-
larly, agricultural work is associated with significant exposure to particles and increases
mortality from TB infection [67].

Inorganic particles (e.g., silica, silicates, mineral oxides, and desert dust) also include
oxygen-containing functional groups on their surfaces (e.g., silanol groups in silica and
silicates) and introduce an electronegative interface into a cell with their exposure. Complex
formation by such polyanionic surfaces prefers iron because of its electropositivity [68].
Accordingly, exposure to inorganic particles also leads to functional metal deficiency,
which may increase the risk for TB infection. In particular, inorganic particle exposure
during mining, tunneling, and foundry work has been shown to increase the risk for TB
infection [69]. Infections associated with silica exposure remain a clinical and significant
public health problem [70,71]. In the past, TB infections have been observed to be increased
among workers exposed to asbestosis, kaolin, fluorspar, and talc [72–75]. Exposure to
inorganic particles (which can include silica and silicates) in desert dust storms similarly
increases the risk for TB [76]. Those with particle-related disease, both malignant and non-
malignant, can be at an increased risk for TB infection [77]. The increase in mycobacterial
infections following silica and silicate exposures is not restricted to TB but includes atypical
mycobacteria [78–80].

Peaking in the 1700s and the 1800s and receding slowly afterwards, the incidence
and prevalence of TB infection corresponded to changes in particle exposure associated
with industrialization (e.g., exposure to steam engines, blast furnaces, and mines) and
urbanization (e.g., exposure to coal-burning stoves used for heat), which resulted in smogs,
such as those in London during the Great Smog of London, also known as “The Big Smoke”
(December, 1952). Historical statistics on coal consumption and TB disease in Canada,
USA, and China are correlated positively [81]. While a therapeutic intervention was not
introduced until 1943 (i.e., with the discovery of streptomycin), there was a slow decline in
TB deaths starting in the 1860s–1870s. This has been attributed to general improvements in
the living standards of populations during the second half of the 19th and the first half of
the 20th century, including the control of exposure to particles generated at work sites and
during heating and food preparation.

9. Conclusions
In the lung, those microbes with efficient pathways for metal acquisition are selected by

iron limitation to dominate a microbiota. Accordingly, smoking and other particle exposures,
which complex and decrease available iron, are associated with increased TB infections. The
diminished iron concentrations following particle exposure select M. tuberculosis to outcompete
other members of the microbiota in the lung.
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