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Lung epithelial cells interact with immune cells and
bacteria to shape the microenvironment

in tuberculosis

Amy M de Waal @' Pieter S Hiemstra
Anne M van der Does?

ABSTRACT

The lung epithelium has long been overlooked as a key
player in tuberculosis disease. In addition to acting as

a direct barrier to Mycobacterium tuberculosis (Mtb),
epithelial cells (EC) of the airways and alveoli act as first
responders during Mtb infections; they directly sense
and respond to Mtb by producing mediators such as
cytokines, chemokines and antimicrobials. Interactions
of EC with innate and adaptive immune cells further
shape the immune response against Mtb. These three
essential components, epithelium, immune cells and
Mtb, are rarely studied in conjunction, owing in part to
difficulties in coculturing them. Recent advances in cell
culture technologies offer the opportunity to model the
lung microenvironment more closely. Herein, we discuss
the interplay between lung EC, immune cells and Mtb
and argue that modelling these interactions is of key
importance to unravel early events during Mtb infection.

INTRODUCTION

While breathing, the entire surface of the lungs
is exposed to numerous foreign particles. These
include micro-organisms such as bacteria, viruses
and fungi. Despite the abundance of microbes that
enter the lung, infections are relatively rare. This is
the result of a tightly regulated host defence system,
comprised of specialised epithelial responses, innate
and adaptive immunity and the microbiota' that
synergistically provide protection against infec-
tious agents invading the lung. However, failure
or microbial evasion of these defence systems may
result in pulmonary infections.

Tuberculosis (TB), caused by Mycobacterium
tuberculosis (Mtb), has been regarded a pandemic
by the WHO for decades. Mtb has infected approx-
imately a quarter of the world population and
kills over 1.5 million people every year, making it
the leading cause of death from a single infectious
agent over the last two centuries.”® A proportion
of individuals exposed to Mtb remains uninfected,”
or possibly clears the infection at an early stage. In
those who do acquire the infection, Mtb can persist
for decades without causing disease, a condition
known as latent TB infection.

Mtb bacilli hide deep in the lungs, compli-
cating detection.” Therefore, relatively little is
known about the early stages of infection and
the key players involved. According to the field’s
current understanding, Mtb preferentially targets
macrophages, in particular those that reside in the
alveoli,’ and employs various strategies to survive
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intracellularly.”"® The primary pathology resulting
from these infected macrophages is the formation
of granulomas, organised structures consisting of
various immune cells that contain the infection.'*'¢
The initial infection and disease progression of TB
are summarised in detail in figure 1. This focus on
the granuloma disease stage, however, does not
yet take into account the role of the lung epithe-
lium, which represents a major part of the patho-
gens’ microenvironment. Moreover, lung epithelial
cells (EC) directly interact with alveolar macro-
phages (AM) and orchestrate the macrophage-
driven immune response.” Other immune players
involved in TB control may also behave differently
in the presence of EC. Therefore, local interactions
between Mtb, the lung epithelium and the immune
system are of particular interest to understand the
initiation and subsequent pathophysiology of the
disease. Finally, in vitro models used in many studies
do not recapitulate the complex microenvironment
surrounding Mtb infections. Interactions between
epithelium, immune cells and Mtb and the impor-
tance of modelling the Mtb infection niche in vitro
will be discussed in greater detail in this review.

KEY PLAYERS IN RESPIRATORY
MYCOBACTERIAL IMMUNITY

Epithelial-Mtb interactions

Current findings suggest that the epithelium is less
susceptible to infection with Mtb than AM, which
may have contributed to the relatively unexplored
role of lung epithelium in antimycobacterial immu-
nity. The cellular composition of epithelium varies
depending on the region of the lung, and it may
therefore respond differently to mycobacterial
challenge. Here, we distinguish between airway and
alveolar epithelium when discussing lung epithelial
contributions to mycobacterial immunity.

The alveolar epithelium consists of large type 1
alveolar cells (AEC1) responsible for gas exchange
and cuboidal AEC2 responsible for secretory func-
tions (figure 2), including surfactant production.'®
AEC2 also have a progenitor function, as they
can self-renew and give rise to AEC1 and other
subsets.'” The airway epithelium, on the other
hand, is pseudostratified and mostly consists of
multiciliated cells and secretory goblet cells and
club cells, interspersed with neuroendocrine cells
and basal cells (figure 3). More recently, other small
cell populations have been discovered: tuft cells and
ionocytes. Basal cells act as progenitor cells and are
mainly responsible for self-renewal of the airways.*
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M. tuberculosis Pathogenesis

Upon inhaling aerosolized Mtb from
cough droplets produced by infected
individuals®! Mtb passes through the

trachea and bronchi into the distal

airways and alveoli. There, it may be
phagocytosed by tissue-resident alveolar
macrophages (AM) and dendritic cells
(DC) ") or invade human type 2 alveolar
epithelial cells.”® Infected AM may also
transport bacilli across the epithelial
barrier.1”

Inside AM, Mtb is trapped inside
phagosomes that acquire bactericidal
properties via fusion with lysosomes (A).

However, Mtb interferes with regulatory
membrane trafficking (PI3P)” and
ATPase H+ proton-pumps® to arrest
phagosomal maturation at an early stage.
Next, Mtb gains access to the cytosol by
rupturing the phagosome, a process
dependent on the ESX-1/T7S protein
secretion system and virulent
mycobacterial lipids."¥ Detection of
mycobacteria by cytosolic and cell
surface receptors initiates the innate and
adaptive immune responses that follow,
including  cytokine  secretion, and
activation of the inflammasome and

autophagic machinery (B)." Lastly, Mtb
controls host cell death, favoring necrosis, which promotes its dissemination (C)."2"d
Mtb infection may lead directly to active tuberculosis (TB) disease in some individuals, though in the
majority of cases the immune system will control Mtb infection. During this stage, AM have migrated from
the alveolus into the underlying tissue, and their presence or early death swiftly attracts monocytes,
neutrophils, and other immune cells (D). Meanwhile, Mtb-infected DC travel to lymph nodes, where they
present antigens to naive T & B cells. Activated T cells proliferate, differentiate, and migrate to the site of
infection, crowding around bacteria and other immune cells. This leads to the formation of a structure
referred to as an early granuloma (D)." At this stage, approximately 90% of infected individuals remain
asymptomatic and are not contagious.'¥ These latent infections can persist unnoticed for decades or
even the entire lifespan of infected individuals.

Finally, in some patients the infection will reactivate. Although the mechanisms behind reactivation
are complex and currently not fully elucidated, it is thought that a decline in host immunity — due to
environmental stress, co-morbidities like HIV, CMV or type 2 diabetes, or inability to maintain immune
signaling pathways, for example during aging/immuno-senescence - is the main reason for reactivation
of TB.'l During reactivation, Mtb bacilli in the granuloma and other non-granuloma-associated
tissues/cells resume replication and normal metabolism, eventually necrotizing and rupturing the
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. granuloma into the lung lumen, releasing Mtb and initiating active TB disease.
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Figure 1  Tuberculosis pathology including granuloma formation. This figure was created with BioRender.com.

Epithelial sensing of Mth

EC express a large repertoire of pattern recognition receptors
(PRRs) to sense micro-organisms. These include the membrane-
bound Toll-like receptors (TLRs) and C-type lectins, cytosolic
nucleotide-binding oligomerization domain (NOD)-like recep-
tors and nucleic acid sensors (table 1). On contact with pathogens,
PRRs are activated and EC secrete an array of pro-inflammatory
and anti-inflammatory cytokines as well as chemokines which
attract different immune cell subsets (table 1). Interestingly,
CD4" T cell-associated type 1 helper (Th1) and Th2 cytokines
were also shown to regulate expression of different TLRs in
primary airway EC (PBEC), illustrating the complex cytokine
milieu required to coordinate appropriate responses to patho-
gens.”! In addition, antimicrobial peptides (AMPs) with direct
effects on pathogens are secreted by airway and alveolar epithe-
lium (table 1). For example, B-defensins are AMPs with broad-
spectrum activity against bacteria, fungi and certain viruses and
are produced by airway and alveolar EC in response to myco-
bacterial infections. Human B-defensin-2 (hBD2) controls Mtb
growth?? and has chemotactic activity for memory lymphocytes
and immature dendritic cells (DCs).** LL-37, a cathelicidin AMP,
is also produced by PBEC, AM and the AEC2-like cell line A549
(an overview of epithelial and immune cell lines that are used
in culture models is provided in online supplemental table S1)

in response to mycobacterial infection.”* * LL-37 and B-defen-
sin-2 (hBD2) expression can be upregulated by vitamin D, and
physiological vitamin D levels contributed to restriction of Mtb
or Mtb/HIV replication in macrophages.? Interestingly, vitamin
D-induced interleukin-1 (IL)-1 secretion by macrophages stim-
ulated antimycobacterial capacity of primary small airway EC in
a coculture model and reduced bacterial burden.”” These effects
were dependent on epithelial production of hBD2 and IL-1
receptor type 1 signalling. On the other hand, IL-1-mediated
crosstalk between EC and Mtb-infected AM was shown to
promote dissemination of infected cells.”® Other products
secreted by EC might also have indirect effects on mycobacteria.
For example, various hydrolases secreted in the alveolar surfac-
tant were shown to modify the Mtb cell wall.”’ This resulted in
a significant decrease in Mtb association with and infection of
macrophages.

Different epithelial cell types employ various defence strate-
gies that contribute to clearing infections. Secretory goblet cells
produce mucus which is mechanically transported up the airways
by ciliary motion of multiciliated cells,*® resulting in physical
removal of the pathogen. AEC2 secrete surfactant containing
the aforementioned antimicrobial mediators and reactive oxygen
species, to keep pathogens, including Mtb,*' at bay. EC can
therefore be considered sentinels, initiators and modulators of
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Figure 2 Early Mtb infection events in the alveoli. A model of early
Mtb (Mycobacterium tuberculosis) infection events in the alveoli based
on the field’s current understanding discussed in this review. Mtb
enters the alveolus (1) and is subsequently sensed by alveolar type 2
cells, which produce cytokines, chemokines and antimicrobials (2). Mtb
also directly infects alveolar type 2 cells and alveolar macrophages
(AM). Cytokines produced by alveolar type 2 cells help activate AM,
which migrate towards Mtb bacilli. (3) Mtb is phagocytosed by AM
and transported over the alveolar barrier to underlying tissue. (4)
Infected AM die and attract more macrophages, monocytes from the
bloodstream, neutrophils and adaptive immune players such as T cells,
B cells and dendritic cells (DCs). This marks the start of granuloma
formation. This figure was created with BioRender.com.

immunity, thus contributing directly to infection-driven patho-
genesis, including the regulation of innate and adaptive immune
responses.

Epithelial infection by Mth

Besides sensing pathogens and acting as an early warning and
defence system, EC of the lung can also be directly infected by
mycobacteria. PBEC seemed relatively insensitive to infection
with Mtb*? in vitro, though Mycobacterium avium and Myco-
bacterium abscessus achieved higher infection rates when used
in supraphysiological quantities.*

In contrast to the bronchial EC described above, alveolar
EC might be more susceptible to Mtb infection. Early reports
described successful infection of the cell line A549 by Mtb and the
attenuated vaccine strain Mycobacterium bovis Bacille Calmette-
Guerin (BCG).>** Moreover, both species were able to migrate
across a bilayer model of A549 and endothelial cells, in the absence
of macrophages.®**>® During migration of Mtb, bacteria were
observed intracellularly.’” Cell death and a decreased capacity to
maintain cellular tight junctions was indicated by a drop in trans-
membrane electrical resistance (TEER) and increased passage of
dextran through the cell layer.’® *” Therefore, it appears that Mtb
kills infected cells to gain passage through the alveolar barrier.
Another study using primary rat alveolar cell layers found a marked
decrease in TEER on Mtb infection, which appeared to result from
excessive tumor necrosis factor - alpha (TNF-o) production by the
epithelium.*” Furthermore, dissemination-attenuated strains with
decreased migratory capacities demonstrated a role for Mtb viru-
lence factor ESAT-6 in the direct crossing of the alveolar barrier.®
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Figure 3 Interactions between Mtb, epithelium and immune cells

in the airways. A model of interactions between Mtb (Mycobacterium
tuberculosis), epithelial cells (EC) and immune cells in the airways
based on findings discussed in this review. (1) Mtb is sensed by

EC via pathogen recognition receptors. Cytokines, chemokines and
antimicrobials are released into the lumen of the airway. (2) Cytokines
released by infected EC attract immune cells. In this case, CXCL5 attracts
neutrophils to the site of infection. (3) Infected EC present antigens to
T cells via major histocompatibility complex class | (MHC-I) and MHC-
1. T cells become activated and produce interferon gamma (IFN-v).

(4) Microfold cells transport Mtb through the epithelial barrier to the
underlying inducible bronchus-associated lymphoid tissue (iBALT).
Presence of M cells is not yet verified completely in humans. Dendritic
cells (DCs) sense Mtb and activate T cells in the BALT. (5) Infected
macrophages and monocytes produce cytokines and may activate EC
to produce more cytokines in a positive feedback loop. This figure was
created with BioRender.com.

These studies only included A549 cells and validation in primary
alveolar EC will be important.

EC are non-professional phagocytes, although mechanisms of
mycobacterial adherence and internalisation by EC have been
described. The proteoglycan syndecan 4 (SDC4) was identified
as an attachment receptor for BCG on alveolar A549 cells, and
this interaction involved host SDC and mycobacterial heparin-
binding haemagglutinin adhesin.** Furthermore, SDC4-knockout
mice were more resistant to Mtb H37Rv colonisation.** Other
adhesins expressed by Mtb that directly bind EC are malate
synthase and ESAT-6, which may also facilitate dissemination of
mycobacteria by epithelial barrier disruption via cell lysis.*®

Inside EC, Mtb is initially processed via the phagocytic
pathway, where it is localised in late endosomal compartments
in alveolar and airway epithelium.*' ** However, fusion of Mtb-
containing compartments with lysosomes was blocked in EC, as
is the case in macrophages. In A549 cells, Mtb was found inside
vesicles labelled with the autophagy marker LC3, indicating that
Mtb is processed via the autophagy pathway.*!

Epithelial-immune cell interaction during Mtb infection

Innate immune cell activation by Mtb-exposed epithelium
Sometimes the direct response mounted by the lung epithelium
is not sufficient to eradicate invading pathogens. EC also secrete
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Table 1  Overview of pattern recognition receptors (PRRs), antimicrobial peptides (AMPs) and proteins and cytokines and chemokines produced by
lung epithelial cells and their modulation by mycobacterial exposure

Airway epithelium Alveolar epithelium
Primary Cell line Primary Cell line
PRRs TLRs TLR12! 480 TLR1%% TLR2” TLR2™
TLR2' 480 TLR2%%° TLR3” TLR3”
TLR3? 4890 TLR3%%0 TLR4' TLR4'
TLR421 48 90 TLR448 9093
TLR521 48 90 TLR548 9093
TLR621 48 90 TLR648 90
TLR7® TLR7%
TLR8® TLR9®
TLR9*® % TLR10%
TLR10%
TLR coreceptors D14*° 14"
mD2°!
NLRs NOD1%® NOD1% NOD1* NOD1%
NLRP1%® NOD2%
NLRP3%
Lectins Dectin-1%7 Dectin-1%7
MINCLE®® L-SIGN*®
MINCLE®®
Nucleic acid sensors RIG1'® RIGT™® RIG1% RIG1*2
MDAS5'"" MDA5'%
LGP2'"!
Other sDC4®

yBuAdos Aq parosiold ¥9d-TO/ a9
snaeep\ WNUaD YISIPalA JIelSIBAIUN SPIaT e 220z ‘T2 AInC uo ywod [wg xeloyy/:dny woiy papeojumoq ‘gzoz Alenuer TT UO /66/T2-T20Z-ulxeloyyy9cTT 0T Se paysiignd 1s. :xeloy |

AMPs and proteins Defensins
Cathelicidins
Other

Cytokines Pro-inflammatory

Anti-inflammatory

Chemotactic

PRRs expressed by human lung epithelial cells (blue). AMPs and cytokines expressed or produced by human lung epithelium on mycobacterial stimulation (green).
GM-CSF, Granulocyte-Macrophage Colony Stimulating Factor; IFN-y, interferon gamma; IL, interleukin; NK, Natural Killer; NLRs, NOD-like receptors; SDC4, syndecan 4; TLR, Toll-
like receptor; TNF-ct, Tumor Necrosis Factor - Alpha.
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inflammatory mediators that may affect the type and magnitude
of the immune response that follows. Culture of the monocyte
cell line U937 in presence of Mtb-infected A549 cells resulted
in reduced Mtb-triggered TLR signalling in the monocytes,
compared with infected monocytes alone.”® This suggests that
EC influence the inflammatory response of immune cells. Addi-
tionally, submerged PBEC cultures produced anti-inflammatory
cytokines TL-10 and IL-22 in response to BCG infection.** This
suggests that airway and alveolar EC act as moderators of inflam-
mation during mycobacterial infection. In line with these obser-
vations, some studies found increased levels of IL-10 in sputum
of patients with TB. This correlated with higher Mtb antigen
burden,® suggesting that IL-10 could undermine effective clear-
ance of Mtb. This effect is likely caused by the negative influence
of IL-10 on Th1 T cells and macrophages,*® which play a pivotal
role in protective immunity against Mtb.

Neutrophils are attracted more strongly to PBEC infected with
Pseudomonas aeruginosa (common in cystic fibrosis patients) than
with a non-pathogenic Escherichia coli strain.*’ In this manner,
EC filter pathogenic signals, levelling subsequent immune acti-
vation by moderating PRR expression.*® A tightly regulated
balance is important as EC recruiting too many leukocytes risk
excessive inflammation and lung injury as a result. Neutrophils,
for example, are considered protective during early Mtb infec-
tions, but pathogenic at later stages where they are associated
with poor prognosis. CXCLS5 is a chemokine produced by EC
and important in the initial recruitment of neutrophils. Cxcl5 ™/~
mice exhibited enhanced survival after Mtb infection compared
with wild-type mice. This resistance to Mtb infection was due
to impaired neutrophil recruitment, which reduced pulmonary
inflammation. This suggests that excessive epithelial-derived
CXCLS is critical for leukocyte-driven destructive inflammation
in TB.*

In turn, innate immune cells influence the rate of infection in
EC. Mtb and BCG first cultured intracellularly in murine macro-
phages had a higher association with A549 cells and infected a
higher percentage of them,” suggesting enhancement of myco-
bacterial virulence after exposure to the intracellular environ-
ment of macrophages. By contrast, Mtb and M. avium growth
in the macrophage cell line Mono-Mac-6 was reduced by A549
cell-derived soluble factors including TNF-0. and granulocyte-
macrophage colony stimulating factor (GM-CSF).*® Lastly, in
a contact-independent model, PBEC were activated by Mtb-
infected monocytes to produce antimicrobials and cytokines
that were not inducible by direct infection of the bronchial cells
themselves,* highlighting the crosstalk between epithelial and
immune cells.

Antigen presentation and T cell activation by the epithelium

Antigen presentation to T cells is required for activation of
adaptive immune responses against Mtb. While this role is often
fulfilled by DC, there is evidence for antigen presentation to T
cells by EC. Several studies have identified expression of major
histocompatibility complex class II (MHC-II) molecules on
human bronchial (figure 3) and alveolar EC, which would imply
direct activation of CD4™ T cells by the epithelium.’'™> Human
nasal and bronchial EC were able to stimulate allogenic T cells,
an effect abrogated by addition of anti-MHC-II antibodies.”
Functional MHC-II has also been identified on pulmonary EC of
other species. Rats constitutively expressed MHC-II on AEC2,
and to a lower degree on bronchial epithelium, suggesting cell
type-specific regulation of expression.”* Murine AEC2 also
expressed MHC-II and were able to present antigens to primed

CD4* T cells when infected with Mtb.>® Furthermore, expres-
sion of costimulatory molecules has been demonstrated in human
epithelium and appears to be cell type specific. CD86 was found
on both PBEC and A549 cells.*>*¢ CD80, on the other hand, was
only found on alveolar EC.*®

CD8" T cells play an additional role in protection against
intracellular pathogens such as Mtb. In a study by Harriff ez al,
interferon gamma (IFN-y) production by CD8* T cells was stim-
ulated by bronchial epithelium following Mtb infection.** These
authors also showed that the bronchial epithelial basal cell line
BEAS-2B activated several Mtb-specific, classically (HLA-B45)
and non-classically (HLA-E, MR-1) restricted T cell clones to a
higher degree than DCs after infection with Mtb, as measured
by IFN-y producing T cells. This is perhaps a surprising obser-
vation, since bronchial epithelium was infected with lower effi-
ciency compared with DCs.

Further studies highlighting the importance of EC in shaping
T cell responses studied BCG vaccination in mouse and rhesus
macaque models. In these studies, mucosal vaccination-induced
superior protection against Mtb compared with intradermal
vaccination.”” Perdomo et al described the recruitment of
significantly higher frequencies and absolute numbers of effector
memory T cells (T,,,) and tissue-resident memory T cells (T ,,)
after mucosal vaccination compared with subcutaneous vaccina-
tion.’® Particularly the T, subset has been suggested to confer
protection against infections, including Mitb.”’ Ty cells are
hardly detectable in the circulation, but abundantly present in
tissues. Comparison of different administration routes showed
substantially more antigen-responsive T, cells in all lung paren-
chymal tissues after intravenous BCG immunisation.®® Further-
more, approximately 75% of all CD4" and CD8™ T cells were
T, following direct endobronchial instillation of BCG.

Other types of adaptive immune cells may participate in
anti-Mtb immunity too. Mucosal-associated invariant T (MAIT)
cells were found enriched in the airways,®’ and Mtb-infected
airway EC were capable of inducing IFN-y production from
MAIT cells.** Furthermore, BCG vaccination induced transient
expansion of the peripheral MAIT cell population in humans
and specifically activated MAIT cells in non-human primates.®*
Few studies to date looked at interactions between lung epithe-
lium, regulatory T cells and innate lymphoid cells (ILCs). In Mtb-
infected mice, IL-22-producing ILC3s prolonged survival and
prevented epithelial cell damage.®* Interestingly, EC may also
regulate IL-17-producing T helper cells (Th17) via a complex
feedback loop. The enzyme indoleamine-2,3-dioxygenase (IDO)
is expressed by lung EC. Following IFN-y release by T cells,
downstream IDO products secreted by EC were found to selec-
tively inhibit IL-17 production by Th17 cells.®®

Microfold cells (M cells) transport Mtb to bronchus-associated
lymphoid tissue (BALT)

M cells are specialised EC present in areas of the airways where
inducible BALT (iBALT) exists or can be induced.®® These
specialised M cells transport macromolecules and microbes from
the airway into the subepithelial region, a process called antigen
transcytosis. Subsequently, these antigens induce maturation of
immature DCs, which in turn activate naive T cells residing in
the iBALT. In mice, M cells enabled transport of particles and
microbes, including Mtb, across the epithelial barrier.®” Scav-
enger receptor B1 on M cells was reported to bind the major
Mitb virulence factor EsxA, facilitating Mtb adherence to and
translocation through the epithelial layer in wvitro.®® Further-
more, the TB granuloma is often surrounded by clusters of cells
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that are remarkably similar in structure to iBALT and perform
tertiary lymphoid functions.®® iBALT is not present in healthy
adults and is formed following a period of inflammation in
the airways. However, iBALT induced by a previous unrelated
infection or allergic reaction, smoking or chronic inflamma-
tion (asthma) may persist for weeks or longer.%® ® Even so, it is
unlikely that M cells and iBALT are present in healthy individ-
uals when Mtb first enters their lungs, so the importance of M
cells in initial Mtb infection biology is debatable. Although M
cells have been induced in human bronchial epithelial cell lines®®
and their presence was demonstrated in multiple animal models,
it has not been verified whether M cells or comparable cells do
exist in human lungs. Taking these considerations into account,
M cells could potentially function as gateways for Mtb (figure 3),
though their relevance to human Mtb infection biology requires
further investigation.

The findings discussed so far support the view of a tightly
regulated interplay between the epithelium, immune cells and
Mtb during different stages of infection. The next section of this
review shall focus on possibilities to integrate these three key
players in models for in vitro studies.

IMPORTANCE OF COMPLEX MICROENVIRONMENT
REPRESENTATION FOR MECHANISTIC STUDIES

Studying early phases in Mtb infection in humans in vivo is
complicated; the lung is not readily accessible and patients are
often diagnosed at later stages of infection. Though animal
models have contributed valuable scientific insights in the past,
most are not very representative of human lung physiology.
For example, epithelial cell composition varies between similar
regions of human and mouse lungs as well as the distribution
of cartilage.”’ A caveat for the zebrafish model is the fact that it
does not possess lungs. In vitro models provide an alternative to
study Mtb infections more closely. However, these models often
lack sufficient complexity to represent the microenvironment of
the lung. For example, immortalised or tumour cell lines of lung
epithelia generally consist of one cell type and are derived from
one donor; depending on culture conditions they are poorly or
not at all differentiated. In addition, most culture systems lack
crosstalk with other players. Recent developments in cell culture
technology have resulted in a larger array of in vitro models with
higher levels of complexity to mimic the desired microenviron-
ment. Though studies using such models in combination with
Mitb are currently scarce, we argue that they are of great impor-
tance in further unravelling early TB infection phases.

Air-liquid interface (ALI) cultures of (primary) lung EC

ALI cultures consist of an epithelial cell layer grown on a perme-
able membrane. Cells are exposed to air on their apical side,
while nutrients are supplied from the basal side, promoting
polarisation in all epithelial cultures and differentiation in
airway EC cultures. This model allows EC to be cultured in a
way that resembles their physiological environment more closely
than submerged cultures.”*

Infectious agents and immune cell subsets can be added to the
air-exposed (apical) side or to the medium (basal side) of the ALI
model. Several studies have used Mtb and BCG to infect bron-
chial ALI cultures, but encountered some issues. The epithelium
was resistant to infection in models using primary material** and
cell lines.” In one study, macrophages were integrated into the
epithelial layer before infection, and the success of infecting the
tissue seemed macrophage dependent. However, integration
of macrophages also resulted in uncontrolled mycobacterial

growth.®! Seeding Mtb-infected macrophages together with unin-
fected monocytes before addition of the bronchial epithelial cell
line 16HBE on top resulted in clustering of monocytes around
infected macrophages.”® This might indicate early-stage granu-
loma formation. Alternatively, Mtb-infected macrophages may
be introduced to the basal compartment of Transwell systems.*?
While such methods do illustrate the multifunctionality of the
ALI model, they bypass the epithelium as a first point of host—
pathogen contact. Airway ALI models have been successfully
infected with various bacteria, fungi and viruses, suggesting that
bronchial EC are less susceptible to Mtb infection in comparison
to other pathogens.

Alveolar ALI models may be more hospitable hosts to myco-
bacteria. Most studies use A549 cells to study Mtb infection rates
and migration through the alveolar barrier. It should be noted
that A549 cells can be cultured at ALI for a short period only,
due to leakage through the cell layer during longer air expo-
sure due to their limited ability to form a barrier. A549 cells are
sometimes cultured as a bilayer with endothelial cells.*® Within
3 days, approximately 1% of Mtb inoculum migrated across such
a bilayer model, while dissemination-attenuated strains such as
BCG achieved less than 0.5% migration.*® This supports the
view that macrophages or monocytes are not required to trans-
port the bacteria across the alveolar barrier.

Organoids

Organoid cultures are three-dimensional (3D) models that reca-
pitulate certain organ environments. They are self-organising
and self-renewing structures generated from adult stem/progen-
itor cells isolated directly from a target organ or from embryonic
or human induced pluripotent stem cells (hiPSC).”* Airway EC
containing basal cells or AEC2 are isolated from the airways or
alveoli, respectively, to generate organoids.” ® They are grown
in extracellular matrix gels to provide support for 3D growth.

Organoid models of the lungs are disadvantaged in the sense
that no ALI can be established as the apical side of the cells is
generally facing toward the lumen of the organoid which is filled
with liquid and mucus. Apical pathogen exposure can therefore
be challenging. To overcome this issue, pathogens can be injected
into the lumen of organoids with a microinjector.”” Although
this process is labor intensive, it creates a representative infec-
tion model by exposing cells’ apical side to pathogens. Immune
cells can be added to microinjected organoid cultures, creating
a coculture where immune cells and bacteria are separated by
the epithelial barrier. However, since organoids are cultured
in matrix gels, immune cells may have difficulty accessing the
infected organoids. Finally, organoids can be sheared into pieces
before pathogen addition, exposing both apical and basal sides
of the cells,”® or the polarity of organoids can be reversed to
have the apical side facing outwards.”

While many studies successfully used lung organoids to model
SARS-CoV-2,7°”? and other viral infections, organoids have not
been used extensively for host—pathogen studies with myco-
bacteria. Primary bronchial epithelial organoids microinjected
with Mtb and cocultured with macrophages showed that Mtb
remained viable inside the airway organoid lumen up to 21 days
after injection, with approximately 2% of bacteria associating
with EC.*® Additionally, within 3 days, monocyte-derived macro-
phages migrated towards the infected organoids, though they
did not traverse into the lumen of the organoids. Other patho-
gens and leucocyte subsets have been used in different combi-
nations cocultured with organoids of different organs including
the intestines, gallbladder and brain.?* Collectively, these studies
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show that the organoid is an emerging in vitro model for host—
pathogen interactions and merits further investigation regarding
Mtb infections.

Organs-on-chips

Organs-on-chips aim to recreate in vivo-like tissue microenvi-
ronments having multiple compartments, including dynami-
cally controlled flow of nutrients in the vascular compartment
or stretching to mimic breathing-like motions of the lung.®* In
addition, organs-on-chips require a smaller culture volume and
fewer cells, while allowing precise control of microenviron-
mental parameters. A variety of lung-on-chip models have been
developed over the past years in which EC are used in combi-
nation with vascular cells, immune cells derived from primary
sources and/or hiPSC cell lines. Despite the rather novel and
developing technology, cocultures with Mtb and other pathogens
have already been reported. A recent study using a lung-on-chip
model of murine alveoli demonstrated that alveolar surfactant
played an essential role in controlling mycobacterial growth.*!
A different study used a novel variant of the chip technology
to model the immune compartment of granulomas, in combi-
nation with endothelial cells to model granuloma-associated
angiogenesis.*> EC were not incorporated in this model, though
further development could include the addition of EC and fibro-
blasts. Another in vitro granuloma model which was used to
study anti-TB drug efficacy was comprised of primary human
monocytes and T cells. These cells formed granulomas in a 3D
matrix,** 3 but no EC were included in the model.

Tissue explants

Human lung tissue explants can be used to study Mtb infection,
as they retain a high degree of tissue relevance. Tissue explants
contain all relevant cell types, including myeloid cells and
lymphocytes, as well as fibroblasts, endothelial cells and others.
Precision cut lung slices (PCLS) are prepared by cutting thin
sections of agarose-perfused resected tissue. They maintain the
3D architecture of the lung, and when embedded in specialised
hydrogels can be kept in culture for at least 21 days.*® In PCLS
cultures, Mtb and BCG localised near alveolar septa and were
in proximity to AEC2.}” No evidence was found of infection of
AEC2, though intracellular mycobacteria were observed in AM
in this model.

Larger tissue explants have also been used for mycobacte-
rial infection studies. In human tissue explants, alveolar EC are
readily infected by Mtb. Cytokine expression was analysed in
the alveolar epithelium and an array of leucocyte subsets present
in the tissue, including AM, natural killer (NK) cells, 7/8 T cells,
MAIT cells and ILCs.*® Another study confirmed the localisation
of Mtb in alveolar EC and found approximately 3.5% of the
infected cells were AEC2, while over 74% of infected cells were
macrophages.®’

While tissue explants are arguably the most representative
model of the lung and the insights gleaned from tissue explants
are valuable, the model does not lend itself to long-term
culturing and longer infection times that might be necessary to
study certain aspects of mycobacterial infections.

FUTURE PERSPECTIVES

Historically, Mtb is humankind’s deadliest pathogen and is likely
to remain a serious threat until a vaccine with high efficacy is
developed; currently, the BCG vaccine provides around 50%
protection on average. Difficulties in TB vaccine development
might stem from a lack of knowledge about early interactions of

the pathogen with the mucosal epithelia and immune players in
the lung. Herein, we have attempted to provide a comprehensive
overview of current research into the roles of airway and alve-
olar epithelium during TB infections. Far from a simple physical
barrier, the epithelium in the lung appears central to directing
host responses: from pathogen detection and direct killing via
AMPs to the recruitment of various immune cells and antigen
presentation to lymphocytes. This close interaction with the
immune system might shape disease outcome in TB infections
and warrants further investigation.

The covert nature of (latent) Mtb infections presents a chal-
lenge to researchers modelling early disease stages in vitro.
Increasingly advanced cell culture systems provide promising
platforms for host-Mtb research and also offer the possibility
of adding other cell types or pathogens of interest in numerous
combinations. The models discussed here are useful for studying
early infection events and interactions between Mtb and the
human host. In the future, they could be expanded to model
later stages of TB disease as well. It will be of particular interest
to see if granulomas can be modelled accurately, with the inclu-
sion of EC.

In conclusion, more in-depth research regarding the role of
lung epithelia during initial stages of Mtb infections is required
to elucidate the complex mechanisms behind TB disease
outcome. We anticipate that future studies integrating the inter-
play between the epithelium, immune cells and Mtb will become
a new research priority in TB research.
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