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Abstract

Lungs are directly exposed to the air, have enormous surface area and enable gas exchange in air-
breathing animals. They are constantly “attacked” by microbes from both outside and inside and
thus possess a unique, highly regulated local immune defense system which efficiently allows for
microbial clearance while minimizing damaging inflammatory responses. As a prototypic host-
adapted airborne pathogen, Mycobacterium tuberculosis traverses the lung and has several
‘interaction points (IPs)’ which it must overcome to cause infection. These interactions are critical,
not only from a pathogenesis perspective but also in considering the effectiveness of therapies and
vaccines in the lungs. Here we discuss emerging views on immunologic interactions occurring in
the lungs for M. tuberculosis and their impact on infection and persistence.
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Transmission and Establishment of Infection

Virtually all successful M. tuberculosis (M.tb) infections occur by airborne transmission of
droplet nuclei (dried mucous droplets) containing a few viable bacteria produced by a
sputum-positive individual with active tuberculosis (TB). As opposed to its rather well-
characterized life inside host cells, we currently know very little about the characteristics of
transmissible M.tb, how long M.tb remains in the air before entering the human body, and
how M.tb interacts with and adapts to different lung environments during its pathway of
infection.

M.tb starts its path to infection through a cough from an individual with active pulmonary
TB. The average human cough bursts 1.5 liters of air out of the lungs containing about 3,000
droplets of saliva at speeds of up to 50 mph [1]. The majority of droplets containing M.tb are
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smaller than 100 microns [2]. Those greater than 5-10 microns are less effective in
transmission, generally falling to the ground with gravity or potentially being deposited in
the most upper airways with close contact. In contrast, those 0.5 to 3-5 microns remain in
still or turbulent air for 2-40 hours before settling onto a surface [1], are transmitted over a
greater distance, and are more effectively inhaled into the tracheobronchial tree and alveolar
space [3]. Laryngeal TB is thought to be particularly infectious [4], due to both the stimulus
for cough and the capacity to generate transmissible M.tb droplets.

M.tb must overcome several ‘Interactions Points (IPs)’ which typically serve as barriers to
productive infection in the lung [5]. These evolutionarily developed IPs allow for multiple,
highly effective host defense strategies, e.g., mucociliary clearance aimed at the physical
removal of inhaled microbes; secretion of a variety of enzymes and pro- and anti-
inflammatory mediators to fight infection [6]; and recognition of microbe-associated
molecular patterns by pattern recognition receptors expressed on lung epithelial and myeloid
cells. These strategies enable effective clearance of 99% of inhaled microbes in the nose and
upper airways. If M.tbis able to effectively bypass these barriers and transit to the deep gas-
exchange elements of the lung, this human-adapted pathogen has evolved multiple strategies
to manipulate the host cell immune response during and after infection [7,8]. Here we
discuss the pathway that M. b follows to establish a successful infection, persist, and develop
into TB disease from the point of view of the human respiratory track anatomy, physiology
and immunology.

M.tb Transit Through the Respiratory System

M.th can cause TB disease manifestations in all compartments of the respiratory tract (/.e.
nose, sinuses, pharynx, larynx, trachea, bronchi, bronchioles, and lungs); although it is
unclear if these disease manifestations occur as a result of primary infection or reactivation
locally or elsewhere. In order for M.tbto infect a cell in the alveolar space, it must navigate
lung anatomy, airway function and the laws of physics that govern flow dynamics, size,
shape, velocity, and number of inhaled particles [3]. For example, M.tb-containing droplets
must evade cough reflex arcs, airway geometry, humidity, mucocilary clearance, and
mucosal bactericidal compounds, etc.

Depending on the droplet size, shape and speed, M.tb droplets can be deposited within the
lung in four different ways [3]. Impaction occurs for larger particles where centrifugal force
drives impaction of droplets against the walls of the upper bronchi [9]. Interception occurs
for larger, elongated particles (e.g., M.tb clumps) that are deposited as soon as they contact
the airway and are typically cleared by mucus and ciliary movement. These mucus-coated
bacilli are typically expelled out and/or delivered into the stomach; the latter becomes
another potential portal of entry. Sedimentation occurs for smaller particles that remain in
the airways longer and, driven by the force of gravity, are deposited in the lower bronchi
where air speed is slower [10]. Finally, suspension occurs for particles less than 0.5 microns
where Brownian mation prevails and deposition in the lungs is very inefficient [3]. How
M.tbdroplet intrinsic (size, charge, viscosity, surface tension, density) and extrinsic (speed,
concentration, clumping/agglomeration, humidity, temperature) properties determine
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successful transmission and infection is still uncertain. However it is believed that M.tb
infection requires close contact with an individual with active TB.

First Major IP

The nasal cavity and sinuses represent the natural entrance points to the respiratory system
for M.tbdroplets (Figure 1, Key Figure) where several local physical and immune factors
may halt a productive infection. Droplet nuclei that get past these environments encounter
the first major IP: the trachea and main stem bronchi which bifurcate to enter each lung
(Figure 1). Bronchial epithelial cells are ciliated, covered with mucous and undergo
rhythmic movement. The mucosal lining of the tracheobronchial tree is comprised of
pseudostratified ciliated columnar epithelium containing eight different cell types: basal,
Kultschitzsky, intermediate, brush, serous, Goblet (mucous), ciliated and club (previously
named Clara) cells [11]. Overall, we lack understanding of how these cells may contribute to
M.th pathogenesis. Basal cells are stem/progenitor cells of ciliated and mucosal cells, and
are central to pulmonary host defense. Cigarette smoke alters the behavior and organization
of these cells, affecting their stem cell capacity to regenerate the epithelium [12] and thereby
likely contributes to M.z infection susceptibility. Kultschitzsky, intermediate and brush cells
have unknown functions in lung diseases, including TB. Serous and Goblet cells release
watery and mucin-rich viscoelastic mucous, respectively, thus acting as lubricants and
protectors of the respiratory system lining. This mucous is moved by beating ciliated cells
contributing to mucociliary clearance, including potentially trapping M.tb droplets, allowing
for their continual removal from the airways, thus limiting M.£b droplet access to the alveoli.
Lastly, club cells have a dual functionality in the lung by acting as protectors (secreting
mucus-like surfactant rich in glycosaminoglycans) and regenerators (acting as stem cells to
restore damaged bronchial and alveolar epithelia) [13]. Airway inflammation can disrupt
lung protection and regeneration by inducing swelling of mucous membranes lining the
bronchi, increasing bronchial mucous production, and decreasing movement of the thick
mucus by ciliated cells, thereby limiting microbial clearance. Respiratory disorders such as
COPD [14], asthma [15], and silicosis [16], compounded by smoking [17] and corticosteroid
use [15], are independent risk factors for M.tb infection because they cause airway
inflammation driving airway obstruction, making airways smaller which increases air
velocity and displaces air to unobstructed areas. Thus, airway inflammation can result in
prolonging M.tb infection and deposition/movement of M.tbto healthy areas of the lung [3].

Although built for clearance, this first IP can also be exploited by M.t as a portal of entry to
the lymphoid tissue [18,19]. Indeed, bronchial Microfold (M) cells have been shown to
translocate M.tb from the mucosa, enabling dissemination to the lymphatics [19,20]. Thus M
cells, located in the nasal and bronchus-associated lymphoid tissue (NALT/BALT) [19,21],
are positioned to participate in generating an early protective immune response against M.tb
infection [19,20].

Bronchial epithelium has been described to harbor M., where, on the one hand, induction
of B-defensins may limit bacterial survival and on the other hand, residence in a non-
acidified, late endosomal vacuole within bronchial epithelial cells may facilitate M.t
persistence [22,23]. Moreover, due to their anatomical localization and innate-like
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Second and

properties, mucosal associated invariant T (MAIT) cells are capable of detecting
intracellular infection, and thus may also act as early sentinels in response to respiratory
pathogens such as M.tb [24]. In fact, there is an inverse correlation between the extent of
M.th infection and the level of IFNy secreted by MAIT cells [25].

Third Major IPs

Following high velocity transit through the bronchi, M.tb droplets encounter the second
major IP (Figure 1): Divisions of bronchi into bronchioles, terminal bronchioles, transitional
bronchioles and respiratory bronchioles. Respiratory bronchioles divide into alveolar ducts,
which compartmentalize into tiny globular compartments called alveoli which represent the
majority of the lung surface area and are the third and most critical IP for M.tb (Figure 1).
The adult lung is estimated to have 1,500 miles of airways, with 540 to 810 square feet (50
to 75 square meters) of total surface area, and ~4.8x108 alveoli [26], lined by a total of
~2.0x1010 cells [11]. The alveolar sac surface area is estimated to be 206.9 square
millimeters [27] containing 8-12 alveolar macrophages (AMs), 40 alveolar epithelial cells
type | (AT-1) and 67 type Il (AT-11), with a total volume of 15 microliters of alveolar lining
fluid (ALF) per alveolar sac [27]. Considering the barriers associated with interactions
points 1 and 2, the likelihood of a single M.tb droplet reaching an alveolar sac is low.

ALF is composed of a surfactant lipid monolayer which reduces surface tension during
inspiration and an aqueous hypophase. ALF surrounds innate immune cells such as resident
ATs and AMs. Recruited cells to this space include monocytes, lymphocytes and neutrophils
that participate in host defense against M.tb. Components of the human ALF hypophase
layer [surfactant protein (SP) A and D, homeostatic hydrolases, mucosal antibody and the
complement system, among others] are critical elements of the innate immune system during
M.tb infection [8,28,29] and play important roles in M.tb-phagocyte encounters [28,29]. The
importance of human ALF as a whole in determining the outcome of M.zb droplet deposition
and subsequent M.tbinfection is still uncertain. Recent studies indicate that M.b exposed to
human ALF is controlled more effectively by host phagocytes [30-32], potentially reducing
tissue damage. This improved control is due to ALF-derived modifications of the M.tb cell
wall during ALF exposure [30,32]. Human ALF contains a variety of homeostatic
hydrolases secreted by resident alveolar host cells [6], including those producing surfactant
[33], that resemble but are distinct from lysosomal enzymes [34]. Exposure of M.tbto ALF
significantly reduces surface mannose-capped lipoarabinomannan (ManLAM) and trehalose
dimycolate (TDM) [30]. Since ManLAM and TDM are critical M.tb virulence factors for
survival in host cells [35], exposure to ALF is likely to impact how M. b interacts with
phagocytes, and ultimately affect the course of infection and persistence [30,31].

SP-A/-D also impact the establishment of M.zb infection [8,28,29]. SP-A enhances M.tb
phagocytosis and apoptotic cell clearance by macrophages, and regulates inflammation, the
oxidative burst, and expression and activity of the macrophage mannose receptor (MR,
CD206) [8,28,29]. The MR is a C-type lectin highly expressed on AMs, which among
others, is important for the successful establishment of M.b infection [36]. SP-D
agglutinates M.tb with two consequences: a decrease in M.tb phagocytosis by macrophages
[37], and a better control of those that get phagocytosed via increased phagosome-lysosome
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fusion [38]. Other innate immune components of ALF are complement proteins and their
cleavage products [39]. Complement levels and function are highly regulated in the lung to
promote opsonization of pathogens while limiting potential harmful inflammation [39].
Indeed, the role of complement C3 in opsonizing M.b within ALF and the contribution of
complement receptors in M.tb phagocytosis has been described [40,41]. Other major ALF
constituents (antibodies [42], transferrin [43], defensins [44], lysozyme [45], albumin [45],
a-1-antitrypsin [45], and secretory leucoprotease inhibitor, among others [29]), and low
molecular antioxidants (ascorbate, urate, glutathione [46]) are detectable at different levels
in human ALF among healthy individuals and patients with lung inflammatory diseases,
including TB [47,48]. Their functions in limiting or promoting the establishment of M.t
infection are uncertain.

Surfactant lipids are also major determinants of alveolar function and inflammation.
Dipalmitoylphosphatidylcholine comprises almost 50% of total surfactant and is its major
surface-active component [49]. The other surfactant lipids are charged phospholipids,
cholesterol, acylglycerols and free fatty acids [50]. Surfactant lipids modulate the release of
oxidative and inflammatory mediators from inflammatory cells [51] and alterations in their
composition lead to lung surfactant dysfunction [52] including a decrease in SP-A function
[53] with consequences in M.tb infection [28,29]. Surfactant lipids are also involved in
regulating the production of the neutrophil chemoattractant CXCL8 (or IL-8) by ATs [54].
The accumulation of lipids in AMs has been used clinically as an indicator of lung
inflammation and obstruction [55]; however how these lipids modulate inflammatory
responses mediated by AMs and other alveolar resident cells during M.z6 infection is poorly
understood. A lipid-laden macrophage index score has been proposed for chronic pulmonary
diseases [56]. Pulmonary alveolar proteinosis which is associated with abnormal surfactant
recycling and metabolism fosters infection by intracellular pathogens, including
mycobacteria [57]. Surfactant uptake and metabolism also occurs during the normal
recycling process in healthy AMs which contain lipid inclusions and these lipid-containing
AMs are particularly susceptible to M.t6 infection [58].

M.th interacts with ATs and AMs in the alveolar space. AMs, the first professional
phagocytes to encounter M.tb [8], are uniquely situated within ALF [59] in the interface
between air and lung tissue, and constitute the first phagocyte defense against inhaled
bacteria [60]. They possess high phagocytic and clearance properties but with a uniquely
regulated inflammatory response [61] with reduced microbicidal capacity [62]. Efficient
microbial phagocytosis followed by slow intracellular killing may be sufficient for AMs to
control infection with many routinely encountered extracellular pathogens; however, host-
adapted intracellular pathogens like M.tb may take advantage of AM’s properties to reside
and multiply within them [63]. Recent metabolic information on immune cells has now been
integrally linked to their plasticity in inflammatory phenotypes with implications for AMs
and M.tb control [64].

M.th invasion of ATs can also play a role in the establishment of infection [65]. During

primary infection, contact of M.tbwith ATs is at low frequency. However, ATs may become
key players when larger numbers of bacteria are released from dying infected phagocytes or
from disrupted granulomas [66,67]. Interactions with ATs could also allow time for M.tbto
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alter its metabolism with subsequent implications in bacterial recognition by phagocytes.
Thus ATs may represent a more transient intracellular niche for M.tbto adapt and survive. In
support of this, M.tb has the capacity to infect and replicate within the permissive
intracellular environment of AT-11 cells [67]. ATs (along with macrophages and dendritic
cells) could also serve as a portal of entrance to the interstitium, crossing through the
epithelial basement membrane, where they encounter interstitial phagocytic cells. Clearly,
interactions between M.tband ATs are dynamic and further examination is important as
these interactions could affect the outcome of infection and progression to TB [65].

M.th encounters monocytes and neutrophils in the alveolar space as inflammation
progresses. Circulating and progenitor/fetal monocytes as well as interstitial macrophages
enter the lung to create and maintain AM and dendritic cell populations, and also appear
during lung inflammation [68,69]. Alveolar deposition of M.tb drives an influx of
monocytes along with characteristic recruitment of neutrophils [8,70]; the latter may play an
important role in controlling M.tb infection [31,70] through both oxidative and non-
oxidative processes [71,72].

Fourth Major IP

The fourth major IP (Figure 1) is that occurring between M.tb and granuloma in the lung.
Granulomas allow for bacterial persistence during latent TB infection (LTBI) and provide a
niche where bacteria are more recalcitrant to anti-TB treatment. They consist of a mixture of
well differentiated innate host cells such as foamy macrophages and epithelioid cells, large
multinucleated giant cells and occasionally, natural killer cells, dendritic cells and
neutrophils. These cells are surrounded by T and B cells, the latter can be found in adjacent
B cell follicles [73]. Granulomas are heterogeneous, dynamic structures that change in size
during M.tb infection [74,75]. The nature, physiology and immunological complexity of
M.th granuloma are discussed in detail elsewhere [76-79]. It is a challenge to develop
appropriate models for understanding the dynamics of granulomas. Nevertheless, /n vitro
human-like granuloma models indicate that granuloma formation and response to infection
depend on the priming status of host cells and immune status of the host, and that M.t
develops a unique transcriptional profile in response to how the immune response within the
granuloma is orchestrated to control infection [74,80]. The evolution of M.#b-containing
granulomas is mainly studied using animal models. Although the mouse model is the most
commonly used, mice do not generate structural granulomas as found in humans. Recently,
new mouse models (e.g., inbred C3HeB/FeJ mouse [81] and genetically altered mice [82—
84]) have been shown to generate more mature granulomas (necrotizing/caseating) upon
M.tb infection. Zebrafish, Guinea pigs, rabbits and non-human primates also generate
necrotic granulomas [85], the latter have been particularly useful in defining granuloma
characteristics [86].

When M.tb infection progresses to active disease, granulomas grow in size and fail to
contain M.tb leading to the various TB disease manifestations. Individuals with pulmonary
TB develop large acellular necrotic granulomas resulting in cavities. The human T cell
response is thought to be involved in cavity formation [87]. Cavities are rich in neutrophils
and macrophages and contain caseous (milky, thick substance) necrotic material [77].
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Individuals with advanced cavitary pulmonary TB can discharge numerous M.zb bacilli to
the airways, facilitating efficient expectoration of M.tb-containing droplets via coughing and
thereby initiating the transmission cycle.

Concluding Remarks

Lungs are a unique organ in directly interfacing with the environment and possessing an
enormous surface area to enable its critical primary function of breathing and gas exchange.
In performing its function, it must limit the inhalation of unwanted particulates, and those
that do enter the lung must be cleared efficiently while limiting lung damage, in part by
dampening the pro-inflammatory immune response. Given its primary function, inhaled
microbes represent a particular challenge, especially host-adapted pathogens like M.tb that
have evolved to enter and survive following their entry in the lung where they can get an
upper hand early in their pathogenesis. On the other hand, lungs also have uniquely effective
clearance capabilities, including rapid recruitment of lymphocytes to the airways and the
existence of tissue-resident memory T cells within the lung [88]. Herein we describe several
IPs for M.tbas it transits the lung and point out how little we know about these interactions.

Moving forward, it is critical that we have accurate models available to study M.
tuberculosis-lung interactions. For humans, we must resort to the availability of
bronchoalveolar lavage material which contains primarily AMs and ALF or biopsy material
that provides a typically late and static view. Bronchoscopy-based research is costly and
there is difficulty with recruitment of donors on a regular basis, both facts are important
limitations of this procedure. More importantly, bronchoscopy-based research cannot
directly address the relationship between immune events of the airways and those than
cannot be assessed via bronchoscopy (/.e., antigen presentation within local lymph nodes,
trafficking of immune cells to granulomas, etc.). Hence insights could be found by using
animal models to assess how these processes may be reflected in immune findings that are
amenable to bronchoscopy-based evaluation. Animal models will also continue to be very
important to study M.#b transmission dynamics, latency and disease development. Such
models are essential since it is well-known that effective treatments and vaccine strategies
are particularly problematic in the lung. However, these models must take into account lung
anatomy, physiology and immunology which all dictate the outcome of airborne infection.
Finally, there is also the need for development of more tractable /n vitro human models and
refined /n silico models, both of which are being described [30,89,90].

Maintenance of LTBI in the lung requires particular balance and coordination of innate and
adaptive immune responses. Any disturbance, ¢e.g., pollutants, cigarette smoke, lung
inflammatory disorders, change in the microbiota, or co-infections (HIV, helminth) etc. can
drive different types of lung inflammation resulting in a propensity for active TB disease and
enhanced transmission potential. For example, HIV co-infection can alter how M. b interacts
with lung mucosal function [91] and AMs [92], and subsequently granuloma formation by
modulating TNF and possibly cell trafficking, leading to an impaired immune response [93].
TB patients co-infected with helminths have more severe radiological pulmonary disease,
with a higher number of involved lung zones at the end of TB treatment [94]. Since
concomitant helminth infection in newly diagnosed TB patients drives a permissive T helper
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2 response, this favors persistent M.tb infection and a more extended clinical course of the
disease [94].

Advanced knowledge of the pulmonary elements described in this review is also necessary
from the standpoint of effectively engineering inhaled immunotherapies and/or inhaled
vaccines [95]. Impacting this is the realization that lungs are constantly exposed to high
levels of cigarette and environmental smoke as well as other pollutants in many countries
where TB is endemic. This fact will require us to understand in detail the influence of these
pollutants on the lung environment, and how this impacts M.#b infection, progression to
disease and response to inhaled therapies and vaccines. Smoking and other particulate
exposures have major effects on AM function and immune responses [96].

Other external factors such as age, nutritional status and host genetics likely also impact the
four interactions points described. Several human population studies have emphasized the
importance of genetics in host susceptibility to TB (reviewed in [97] and [98]). Rare genetic
disorders such as cystic fibrosis which impacts several of the IPs described has been
associated with different mycobacterial infections [99], although the relationship to TB is
unclear [100]. Assessing the contributions and functional consequences of each IP in the
setting of M.t6 infection and subsequent progression to disease remains a major challenge.
Many questions related to the roles of lung anatomy, physiology and gas exchange in M.tb
transmission and successful establishment of the infection remain unanswered (see
Outstanding Questions).

Outstanding questions Box
. What is the metabolic status of transmitted M. tuberculosis?

. What is the metabolic status of the lung that renders it favorable to
accommodate M. tuberculosis?

. How many M. tuberculosis droplets cause an infection?

. What is the nature of the host cells that interact with M. tuberculosis during
its transit in the lung via its various interaction points?

. Does inhalation of airborne M. tuberculosis ever truly lead to an aborted
infection?

. What is the extent of cell types that harbor M. tuberculosis in the lung?

. How exactly does M. tuberculosis leave the alveolus to traffic to the lymph
nodes? Is it via trafficking of host cells (Trojan horse) through the Pores of
Kohn?

. What is the relationship between M. tuberculosis infection in the lung and

granuloma formation?

. How often are lung granulomas resolved or maintained to drive latency or
active TB?
. What triggers cavity formation in the lung?
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. What level of M. tuberculosis dissemination outside of the lung through the
lymphatics is necessary to develop a sustained adaptive immune response
manifested by a positive TB skin test or an interferon-gamma (IFN-y) release
assay?
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Alveolar epithelial cell (AT)
cellular constituent of the alveolar epithelium.

Alveolar epithelial cell type I (AT-1)
cellular constituent of the alveolar epithelium with structural function.

Alveolar epithelial cell type Il (AT-11)
cellular constituent of the alveolar epithelium that secretes alveolar lining fluid.

Alveolar lining fluid (ALF)

secreted by alveolar epithelial cells type Il into the alveolar space. It is comprised of
surfactant lipids and proteins, and an aqueous hypophase containing an array of soluble
enzymes and immunomodulators.

Alveolar macrophage (AM)
resident professional phagocyte of the alveolar space.

Bronchus-associated lymphoid tissues (BALT)
loosely organized clusters of lymph tissue beneath the bronchus epithelium in the lungs.

Chronic obstructive pulmonary disease (COPD)
a chronic inflammatory lung disease that causes obstructed airflow from the lungs.

Complement component 3 (C3)
innate immune system protein that plays a central role in the complement system and
contributes to innate immunity.

Interleukin (IL)
an immunomodulator (cytokine) secreted by host cells in response to a stimulus.

Interleukin 8 [IL8 or chemokine (C-X-C motif) ligand 9, CXCLS8]
a chemoattractant produced by macrophages and other cell types such as epithelial cells,
airway smooth muscle cells and endothelial cells.

Interaction points (IPs)
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refers to points of contacts (or barriers) that Mycobacterium tuberculosis needs to overcome
as traverses the lung during its pathway to infection.

Latent TB infection (LTBI)

refers to an individual infected with M. tuberculosis, but without the signs and symptoms of
active tuberculosis. Active pulmonary tuberculosis is contagious while latent tuberculosis
infection is not.

Mannose-capped lipoarabinomannan (ManLAM)
an important component of the M. tuberculosis cell wall involved in macrophage recognition
and bacterial intracellular survival.

Mannose receptor (MR; CD206)
a host cell homeostatic receptor that recognizes mannosylated components on the cell wall
surface of M. tuberculosis and enables entry and survival in macrophages.

Microfold cell (M cell)
found in bronchus-associated lymphoid tissue.

Mucosal associated invariant T (MAIT) cells
evolutionarily conserved T cells restricted by the non-classical MHC-1b molecule, MR1.

Mycobacterium tuberculosis (M.tb)
a bacterium that causes tuberculosis.

Nasal-associated lymphoid tissue (NALT)
loosely organize clusters of lymph tissue beneath the nasal epithelium in the nasal cavity.

Surfactant protein-A or -D (SP-A/-D)
soluble C-type lectins in ALF with innate immune function.

T cell
white blood cell of key importance to the adaptive immune system.

Trehalose dimycolate (TDM)
cell wall component of M. tuberculosis that interacts with the host cell receptor macrophage
inducible Ca?* dependent lectin.

Tuberculosis (TB)

an infectious disease caused by a bacterium within the M. tuberculosis complex (where M.
tuberculosis infection is the leading cause of TB). Active TB generally affects the lungs;
however it can also affect other body parts. Classical clinical manifestations of active TB are
chronic cough with blood-containing sputum, fever, weight loss and night sweats.
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Trends Box

Mycobacterium tuberculosis is an airborne, human to human transmissible
bacterial pathogen that causes tuberculosis (TB).

Airborne infection requires that M. tuberculosis bacilli on dried mucous
droplets of the right size effectively enter the lung alveolar spaces following
transit through an elaborate and complex respiratory system designed to
eliminate inhaled particulates.

Within the respiratory system, there are numerous interaction points for
airborne M. tuberculosis droplets that include soluble and cellular elements
involved in innate immunity.

A more complete understanding of how lung anatomy, physiology and gas
exchange participate in M. tuberculosis transmission and successful
establishment of infection is required to advance our approaches to effective
treatments and vaccines targeted for the lung

Trends Microbiol. Author manuscript; available in PMC 2018 August 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Torrelles and Schlesinger Page 18

stom col
E | Clllated & =
P 2
P. | Sinuses €2
aranasal P .o
| i
o o s
Frontal fphane ] +— Globsteel =
> -3
@
N: K} . 4
it £ 3 Tracheobronchial tree
[ Exporun b .o dropiets /0 rum‘cmmu, T
~ Congh carks 3000 g . 1698 1ERD I PIOGE 1 OIS OF clllate d
e ‘ Oral Gl DO L0 = andmwoosalcel)
ne ® <' Canity Sinuses - Clllated ©liky and Erush
droplets o0 Mucur A korce il call s dvoked I muces
G Pharynx i Zf::";:’:;‘,‘,‘g';’o";:"':"x"’ movemertard partck femovalby
rasalcliary movemert , 1asal > Ao on L ce)
¥bIksae Merhg, £ s MIcosa 4—Cuboek - Clubcells ©IChRECEIE, secrte
& m bbbty < " micts-lke sumCtIt b
Baalcell = b ghoosam hoghcans & fegere rate
1 . fie ephielivm acthg as sem celk)
aYist.  Smuy - Gobleteslls Gectetn ofm 1ok~
A A |.|”s'* ory 1) vkcoe BEB: 1 Kcons)
1 cell (I, 3C)
’ - Kultichitziky cells patorte
Aeuroerdoctie ystem)
Ta « Mucus Sscretory cells
/ e e medhe S Senis celk
WM/N [ (1€ Base 0T WAk Iy I 100NS)
{ —i - Mucous gnkrobe Bap corEbItNg
e " _
(] Banl @ .
membrans B .
Trachea and
Bronchi Alveolar Space
Alveoli - ALFand surtactint
= S SPs, compemenrt bydroises,
4,45 droplet (Trans mission vehicle) A
- nfrinskc properties Ste, charge,
vECeE By, U Mce LAk, deNsn) Alveclsr [RIMMNLW SIpONs
. Extrinslc propartie s Gpeed, m Ky, » Sac - AN i
©0NCE MUAD Y, BIpe A e, Cmp g/ J s, MAMP/PRR 12 cogM BN (8
agybmeratn) %730 HAILAWMR, TOWMICE),
ah ) N Phagocybik, P-LTes b,
=10 jn BIID Be go1ad; Bapped 74 Attephagy, OxMatie riporse,
hacceplaic Apopsk, Neciosk, otk e &
<Sm acessbr © Clemak ke secR i, Ag-
tackeoborch Blard akeokr Alveolar Process g & prese statin, e T,
paces
2 X Duct - W, DG, N, Teells
- Movements (Mpacts Mk ceptoe
Sedine 1tathr /SHspe as b - Mcosa £ Interstitial Space
Extapmet " ™ - Adaptive Imm une ré sponse
AR & GaNibma fomatoy
<zl =
Z A o
N A 2y
Sk & DI
S iy
3 v
NS %o AT E
Y7
b >
% X
A &
¥ %u\‘ 2
3 § T
u
-
™ i
§
. IP#4 @
Bronchioles 2
Granuloma

Figure 1. Key respiratory track interaction points for M. tuberculosis which must be overcome
for establishment of infection

M. tuberculosis infection requires transmission of an M. tuberculosis droplet. Intrinsic and
extrinsic properties of the M. tuberculosis droplet will determine its success to reach the
alveolar space. In this path to infection, M. tuberculosis droplets most transit the nose and
sinuses, which contain mechanical and secretory mechanisms that limit entry of large M.
tuberculosis droplets to the lower respiratory track. M. tuberculosis droplets of 3-5 microns
encounter the tracheobronchial tree [Interaction Point (IP) #1] where they encounter
several epithelial cell types that work together in facilitating mucociliary clearance. M.
tuberculosis droplets next encounter divisions of bronchi into a myriad of bronchiolar types
(IP#2) which terminate in alveolar ducts made up of alveolar sacs (1P#3). Here M.
tuberculosis droplets will settle onto ALF which further disperses the droplets and reshapes
M. tuberculosis bacilli as they encounter resident alveolar cells. The most abundant cells in
the alveolar space are AT-I and AT-I1 cells. However, AMs are the main resident professional
phagocyte which serves as the niche for M. tuberculosis survival within the host. The M.
tuberculosis-infected AM will further trigger a series of complex and poorly understood
innate immune events that result in generation of the adaptive cellular immune response with
formation of granulomas (IP#4) that control infection but allow for bacterial persistence and
serve as a barrier to therapy.
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