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Abstract

Bacterial pneumonia greatly contributes to the disease burden and mortality of lower respiratory tract infections among all age
groups and risk profiles. Therefore, laboratory modelling of bacterial pneumonia remains important for elucidating the complex host-
pathogen interactions and to determine drug efficacy and toxicity. In vitro cell culture enables for the creation of high-throughput,
specific disease models in a tightly controlled environment. Advanced human cell culture models specifically, can bridge the research
gap between the classical two-dimensional cell models and animal models. This review provides an overview of the current status
of the development of complex cellular in vitro models to study bacterial pneumonia infections, with a focus on air-liquid interface
models, spheroid, organoid, and lung-on-a-chip models. For the wide scale, comparative literature search, we selected six clinically
highly relevant bacteria (Pseudomonas aeruginosa, Mycoplasma pneumoniae, Haemophilus influenzae, Mycobacterium tuberculosis, Streptococ-
cus pneumoniae, and Staphylococcus aureus). We reviewed the cell lines that are commonly used, as well as trends and discrepancies in
the methodology, ranging from cell infection parameters to assay read-outs. We also highlighted the importance of model validation

and data transparency in guiding the research field towards more complex infection models.
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Introduction

As the most lethal communicable disease worldwide, lower res-
piratory tract infections such as pneumonia continue to rank as
one of the primary contributors to global morbidity and mortality
(Heron 2015, World Health Organization 2020). The most common
classification of pneumonia is dependent on the conditions under
which the infection is contracted: community-acquired pneumo-
nia (CAP) refers to an infection contracted outside of a hospital
setting, whereas hospital-acquired pneumonia is an infection fol-
lowing a hospital stay of more than 48 h. Ventilator-associated
pneumonia (VAP) can develop in patients admitted to the inten-
sive care unit who have been mechanically ventilated (Pahal et al.
2018, Lanks et al. 2019, Lim 2020). Although CAP can be caused
by a variety of microbes, the vast majority of the adult popula-
tion presenting with symptoms of pneumonia has a lung infec-
tion of bacterial origin (Torres et al. 2021). The most common
cause of bacterial CAP is Streptococcus pneumoniae, which is asso-
ciated with an especially high disease burden in young children,
as indicated by the loss of years due to illness, disability, or pre-
mature death (Brooks and Mias 2018, Torres et al. 2021). Strep-
tococcus pneumoniae is a part of the commensal mucosal flora of
the respiratory tract but it can cause invasive diseases such as
pneumonia upon further dissemination, often in immunocom-
promised individuals (Brooks and Mias 2018). Next, Haemophilus
influenzae remains the second most common pathogen related to
CAP (Shoar et al. 2021). In countries where tuberculosis is en-

demic, Mycobacterium tuberculosis remains an important cause of
CAP (Wu et al. 2007). Other common causative bacteria of CAP in-
clude the atypical pulmonary pathogens Mycoplasma pneumoniae
and Legionella pneumophila (Cunha 2006, Torres et al. 2021). Staphy-
lococcus aureus, including the methicillin-resistant S. aureus strain,
and Gram-negative bacteria such as Pseudomonas aeruginosa, Kleb-
siella pneumoniae, and Acinetobacter baumannii are more commonly
encountered as nosocomial pathogens (Torres et al. 2021). Pseu-
domonas aeruginosa, e.g. is the most common pathogen associated
with VAP infections (Tsay et al. 2016).

In vitro modelling of bacterial pneumonia remains indispens-
able when studying certain aspects of pneumonia pathogenesis
and host-pathogen interactions. Cell-based models offer a con-
trolled environment that can simulate the cellular and physiolog-
ical conditions of the human respiratory tract (Nichols et al. 2014,
Barron et al. 2021). In vitro modelling also provides a valuable plat-
form to investigate the human host immune responses, pathogen
evasion strategies, and the impact of specific virulence factors on
disease severity (Nichols et al. 2014, Barron et al. 2021). In addition,
invitromodels can be of use in assessing the efficacy and toxic side
effects of therapeutics in early drug research, without the main-
tenance of costly preclinical animal facilities (Nichols et al. 2014,
Duval et al. 2017). The development and routine implementation
of these cell-based in vitro models in laboratory research remains
an urgent point of action in the global initiative for reducing the
use of animal models (Doke and Dhawale 2015, Marshall et al.
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2022). The European Union, e.g. has issued various guidelines and
directives on alternative approaches to in vivo research as part of
the global ‘3R strategy’ (Marshall et al. 2022). The 2010/63/EU di-
rective protects and restricts the use of animals in scientific re-
search, with an end goal of replacing all animal models with val-
idated alternatives, highlighting again the importance of suitable
(bacterial) cell culture models (Directive 2010/63/EU 2010). While
mostly used complementary to animal testing today, advanced
cell culture models hold significant translational promise. These
complex models can bridge the knowledge gap between informa-
tion unveiled in rodent models, and the true in-human situation
(Bosédkova et al. 2022). Despite the steady increase of the use of ad-
vanced cell culture models within bacterial pneumonia research
the past two decades, no comprehensive overview exists to date.

This review aims to present an in-depth summary of the cur-
rent status of the development of complex cellular in vitro models
to study bacterial lower respiratory infections. We focus hereby
on air-liquid interface (ALI) models, spheroid, organoid, and lung-
on-a-chip (LOC) models. These advanced models offer better in-
sights into complex host-pathogen and host-pathogen-drug in-
teractions compared to standard submerged two-dimensional cell
monolayers. Although precision-cut lung slices have been doc-
umented in literature as an advanced cell culture model, their
application in our context is less common, and therefore this ex
vivo model is not discussed in this review. Additionally, this review
provides a thorough overview of the methodologies used by re-
searchers to establish and investigate bacterial infections in these
complex cellular models. It can serve as a valuable resource for re-
searchers looking to start their bacterial lung infection cell model.
For the literature search, a selection of six highly clinically rele-
vant bacteria (P. aeruginosa, M. pneumoniae, H. influenzae, M. tuber-
culosis, S. pneumoniae, and S. aureus) was made. This panel of bac-
teria was responsible for an estimated 3 million deaths related to
lower respiratory tract infections in 2019 (Fukunaga et al. 2021,
GBD 2019 Antimicrobial Resistance Collaborators 2022). Simul-
taneously, bacteria were chosen to represent a varied spectrum,
both pertaining to the type of pneumonia they cause as to their
cell wall type, replication location, and host cell (Table 1). A de-
tailed description of these advanced models and their character-
istics falls outside the scope of this review. A thorough examina-
tion of currently available in vitro human lung models, including
advantages and disadvantages, can be found in recent work from
Moreira et al. (2022).

Relevant articles describing the use of complex cell culture sys-
tems in bacterial pneumonia research were gathered by a com-
prehensive, systematic literature search of all PubMed-indexed
papers of the past 20 years (2003-2023). A total of 157 re-
search articles were found by using the query (‘selected bacte-
rial strain’[Title/Abstract]) AND ((lung[Title/Abstract]) OR (pneumo-
nia[Title/Abstract]) OR (airway|Title/Abstract])) AND (cells) AND ((air
liquid interface) OR (transwell) OR (spheroid) OR (lung on a chip) OR
(organoid) OR (“3-D aggregates”) OR (microfluidic-model) OR (“3-D
cell culture”) OR (“3D cell culture”) OR (“3D aggregates”) OR (three-
dimensional cell culture) OR (“organ culture”)) in the PubMed database
(July 2023). This selection was further refined by manually select-
ing only the relevant research articles, leading to a total of 84 in-
cluded papers.

Research trends

Within the selected literature, P. aeruginosa was the bac-
terium most commonly investigated in advanced cellular mod-

els (Fig. 1A). Fewer advanced cell models, however, have been
used to generate in vitro infections for the other selected lung
pathogens. The use of ALI models applying permeable inserts to
grow differentiated cell layers is still far more common in labora-
tory research than the use of the three-dimensional spheroid and
organoid models or the LOC devices. Presumably, the transition
from accessible two-dimensional submerged models to air-liquid
transwell systems is easier, and therefore more commonplace in
research groups, as less new equipment or reagents are needed
to set up these ALI models (Silva et al. 2023). Although organoid
models have been widely used and accepted for decades, the
transition in bacterial infection research has been much slower.
In cancer research, e.g. the use of three-dimensional lung cell
models is customary, and even in the study of viral infections
the use of lung organoid models is more common (Lee and Lee
2020, Bassi et al. 2021, Hofer and Lutolf 2021). One limiting fac-
tor that delayed the development of bacterial infection organoid
models is the difficulty of delivering the pathogens to the lumi-
nal side of the organoid (Blutt and Estes 2022). Recent develop-
ments such as the microinjection platform, however, have facil-
itated the use of organoids in bacterial infectious research (Sh-
pichka et al. 2022). Next, the microfluidic LOC device has also been
used in many areas of research but remains underrepresented in
the collection of research studies (Singh et al. 2022). The microflu-
idic chip models are known for their challenging upscaling and
validation and are also more time-consuming and costly, which
may have hampered their use in bacterial research (Lee and Lee
2020, Bassi et al. 2021). In addition, LOC devices also require the
use of a more complex experimental set-up and equipment, as
well as specific personnel expertise (Loewa et al. 2023). Impor-
tantly, when looking at the selected studies, there seems to be
an upward trend in the use of the spheroid, organoid, and LOC
devices in the last 4 years within research for bacterial pneu-
monia, possibly indicating the start of a changing research field
(Fig. 1B).

Complex cell culture models of the lung

The lung is a vital organ of the respiratory system and is responsi-
ble for essential physiological functions, including the exchange
of gases, as well as various immunological mechanisms (Weber
et al. 2020, Mettelman et al. 2022). Maintaining a functional ALI
barrier, which separates the atmosphere from fluid-containing tis-
sues, allows for the efficient delivery of oxygen to the blood and
the removal of carbon dioxide generated by cellular metabolism
(Sidhaye and Koval 2017). In addition, the immune defence of
the lung plays a crucial role in safeguarding delicate lung tissue
against harmful airborne agents (Mettelman et al. 2022). The tra-
chea, located in the most proximal part of the airways, divides
into the left and the right main stem bronchi. These bronchi fur-
ther branch into increasingly thinner bronchioles, eventually con-
necting to the smallest airways that lead to the most distal part
of the airways, the alveoli, i.e. tiny air sacs responsible for gas ex-
change in the lungs (Nikoli¢ et al. 2018). Airway epithelial cells
lining the respiratory tract act as a physical barrier with differ-
ent subtypes of cells, all contributing to functions such as mu-
cus clearance, pathogen entrapment, and airway integrity (Hewitt
and Lloyd 2021). Alveolar epithelial cells in the alveolar sacs fa-
cilitate gas diffusion, and immune cells like macrophages, mast
cells, T cells, B cells, and natural killer cells safeguard the respi-
ratory system against pathogens and foreign substances (Nikoli¢
et al. 2017, Sidhaye and Koval 2017, Agrawal 2019, Cong and Wei
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Table 1. Overview of bacterial pathogens selected for the review literature search. Cell wall, primary replication location, and possible

host cells are briefly summarized.

Bacterium Cell wall Primary location Host cell
M. pneumoniae No cell wall Extracellular ® Epithelial cells; intercellular survival in the cytoplasm and perinuclear
regions possible (Yavlovich et al. 2004, Hu et al. 2022).
P. aeruginosa Gram-negative ® Epithelial cells; internalization and intracellular survival possible,
subpopulations in vacuoles and cytoplasm (Kumar et al. 2022).
H. influenzae Intracellular ® Epithelial cells; intracellular replication (Duell et al. 2016).
® Macrophages; survival possible (Duell et al. 2016).
M. tuberculosis Acid-fast ® Macrophages; survival and replication, evasion of host immune system
(Mahamed et al. 2017).
S. pneumoniae Gram-positive Extracellular ® Epithelial cells; intracellular survival possible, possible niche within
macrophages (Nyazika et al. 2022).
S. aureus Facultative ® Phagocytic and nonphagocytic cells; replication and survival possible
intracellular (Hommes and Surewaard 2022).
Pluripotent
stem cells
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Figure 1. Overview of the most commonly used in vitro cellular models in pneumonia research. (A) While still broadly used, the standard
two-dimensional submerged model has a lower translational value compared to the more advanced cellular models. (B) ALI models allow for cell
differentiation by exposing cell monolayers to air resulting in a pseudostratified epithelium. (C) Spheroid models have a three-dimensional structure
but lack self-renewing capacity. (D) Organoids are more complex three-dimensional cell structures with an organ-like architecture, including tissue
lumen and self-renewal. (E) LOC devices contain multiple chambers where cells are seeded and exposed to a dynamic microenvironment, including a

continuous air and medium flow, and fluid shear stress.

2019, Aegerter et al. 2022, Banafea et al. 2022). The intricate de-
sign and organization of the lung makes it challenging to estab-
lish a model that fully replicates the complex structure and set of
physiological functions. Several advanced models, however, have
emerged that mimic the human lung more closely than the tra-
ditionally used two-dimensional cell models. Nevertheless, these
complex cell culture models face challenges such as high costs,
complex protocols, standardization issues, and complex and ex-
pensive technologies.

Air-liquid-interface models

In traditional cell culture models, respiratory cells are commonly
cultured on two-dimensional surfaces, such as tissue culture
flasks or plates, submerged in a liquid medium (Fig. 2A). This ap-
proach enables for the study of cellular behaviour, responses, and
interactions in a controlled in vitro setting (Hermanns et al. 2004,
Luyts et al. 2015). A major limitation of submerged cell cultures is
the absence of direct and constant contact with atmospheric air.
The contact with atmospheric air is crucial for proper cellular dif-
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Figure 2. Overview of the 84 selected research articles making use of a complex cellular infection model for bacterial pneumonia as of July 2023. (A)
Articles subdivided per bacterium and cell model. (B) Selected articles per publication year, subdivided per advanced cellular model. ALI = air-liquid
interface, LOC = lung-on-a-chip.
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ferentiation and functional barrier formation, which submerged
culture models fail to fully replicate (Gerovac et al. 2014, Hiem-
stra et al. 2019). As an alternative, ALl models have emerged as
valuable tools for studying lung physiology and pathology.

To establish an ALI culture, respiratory epithelial cells are
seeded onto permeable transwell inserts, and grown until a con-
fluent monolayer is achieved. Subsequently, the cells are exposed
to air to initiate differentiation. This method creates a more phys-
iologically relevant environment compared to traditional sub-
merged cell culture techniques (Fig. 2B) (Hittinger et al. 2016,
Chandrasekaran et al. 2019, Cao et al. 2021). ALI models offer sev-
eral advantages over conventional cell culture methods, including
the differentiation of respiratory epithelial cells into functional
phenotypes resembling those in the human lung and gaseous ex-
change with the environment. Culture conditions can be manip-
ulated to recapitulate specific lung cell types. ALl models provide
a platform to investigate crucial processes such as mucociliary
clearing, important for removing particles and pathogens from
the airways (Ross et al. 2007). ALl models are also useful for study-
ing infection dynamics, host defence mechanisms, and barrier
function of airway epithelium (Cao et al. 2021).

Three-dimensional models

Advancing towards more complexity, spheroids and organoids
have emerged as biomimetic platforms for the investigation of
intercellular communications, cell-extracellular matrix interac-
tions, and organ development and functionality (Fig. 2C and D)
(Yin et al. 2016, Sharma et al. 2020). Although ‘spheroid’ and
‘organoid’ are often used interchangeably, significant differences
can be noted. Spheroids are considered simple structures formed
through self-assembly without a scaffold or three-dimensional
matrix and are often used as tumor models because of the hi-
erarchical composition of the external layers (Barrera-Rodriguez
and Fuentes 2015, Hu et al. 2015, Meenach et al. 2016, Zhang
etal. 2018, Zanoni et al. 2020, Sato et al. 2021). However, spheroids
derived from cell lines (Barrera-Rodriguez and Fuentes 2015,
Hu et al. 2015, Meenach et al. 2016) or primary cells from pa-
tients (Chimenti et al. 2017, Zhang et al. 2018) often lack self-
renewing stem or progenitor cells limiting their ability to sus-
tain a three-dimensional, multicellular structure (Yin et al. 2016).
Organoids, in contrast, mimic ‘miniaturized organs’ with multiple
cell types, self-renewal, and differentiation potential (Lancaster
and Knoblich 2014). Lung organoids possess the capability to per-
form specific functions unique to the lung, including surfactant
secretion, particle clearance, and defence against microbial in-
fections (Tian et al. 2021). Organoids can be obtained from adult
patient stem cells (ASCs), from both healthy tissue (organoids)
and malignant tissue (tumoroids) (Heo et al. 2018, Kim et al. 2019,
Sachs et al. 2019, Li et al. 2020, Shi et al. 2020), or pluripotent stem
cells (PSCs) (Dye et al. 2015, Nikoli¢ et al. 2017, Chen et al. 2018,
Meyer-Berg et al. 2020). PSC-derived organoids replicate organo-
genesis processes (Yin et al. 2016, Takebe and Wells 2019, Schut-
gens and Clevers 2020), while ASC-derived organoids primarily
represent adult tissue repair (Schutgens and Clevers 2020). Var-
ious cell culture methods are employed to generate and main-
tain the structures of spheroids and organoids, tailored to spe-
cific research objectives and cell types. For spheroids, methods in-
clude the hanging drop method and liquid overlay method, while
organoid culture methods encompass the submerged method, ALI
method, and bioreactor culture. In this review, we refrain from
providing an exhaustive discussion of the methods employed, as
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comprehensive details regarding these techniques can be found
in the work of Gunti et al. (2021).

Lung-on-a-chip

In recent years, significant advancement has been made in cell-
based in vitro models and microfabrication technology. Combin-
ing physiologically relevant cell culture models with microfluidic
chips has led to the development of organ-on-chip (OOC) systems.
These bionic devices mimic the microstructure and functions of
living organs, offering a more precise simulation of organ phys-
iology and pathology compared to conventional in vitro cell cul-
ture models (Ingber 2016, Li et al. 2019, Ingber 2022). Numerous
organs, such as the liver (Hassan et al. 2020, Moradi et al. 2020),
gastrointestinal tract (Marrero et al. 2021, Morelli et al. 2023), and
kidney (Chen et al. 2021, Wang et al. 2022), have already been suc-
cessfully modelled using OOC technology. Despite several reports
describing LOC devices (Fig. 1E), this field is still in its early stages,
likely due to the complex geometry and diverse cell composition
of the lung microenvironment. Typically, a LOC system consists of
two channels separated by a porous membrane. The upper chan-
nel is seeded with epithelial cells and provides oxygen to form
an ALI the lower channel contains vascular endothelial cells and
is continuously perfused with cell culture medium, simulating
capillary channels and fluids shears (Huh et al. 2010, Zamprogno
et al. 2021). However, a multitude of designs exists, ranging from
commercially available options to numerous in-house designs de-
tailed in the literature, some of which may incorporate additional
features, such as cyclic stretching of the membrane to mimic res-
piration, adjusting flow rates of culture media to simulate blood
circulation, incorporating sensors to monitor key parameters, and
integrating immune cells.

Cell selection for pneumonia models

Pneumonia models mostly mimic either the epithelial structure
of the trachea and bronchi, the alveolar epithelium, or in some
cases, a combination of both. Additionally, the incorporation of
endothelial cells enhances the model, offering a more encom-
passing representation of host-pathogen interactions. However,
there is less focus on endothelium since epithelial cells perceived
a primary role in initial infection stages and cultivating cocul-
tures with endothelial cells often involves technical challenges.
The pseudostratified epithelium of the respiratory tractis charac-
terized by the tiered arrangement of diverse cell types, each con-
tributing distinct functions essential for maintaining respiratory
homeostasis and responding to environmental challenges such as
bacterial infections (Figs 3 and 4A) (Hewitt and Lloyd 2021). Basal
cells are multipotent stem cells, that participate in tissue repair
and regeneration. They can differentiate into various major sub-
populations of cells, replenishing the epithelium’s cellular pool
and ensuringits integrity after injury or inflammation (Evans et al.
2001, Hewitt and Lloyd 2021). Goblet cells secrete mucins, which
upon hydration contribute to the production of mucus. This mu-
cus acts as a protective barrier, trapping pathogens and particles,
while also facilitating their expulsion from the respiratory sys-
tem (Birchenough et al. 2015, McCauley and Guasch 2015). Cili-
ated cells dominate the pseudostratified epithelium, wielding cilia
that generate coordinated, directional movements to propel mu-
cus and trapped particles out of the respiratory tract (Chilvers
et al. 2003, Park et al. 2008). Club cells, also known as clara cells,
produce secretory proteins that protect the respiratory epithe-
lium, regulate inflammation and contribute to the maintenance
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Figure 3. Scanning electron microscopy (SEM) of human, upper respiratory epithelium. Transwell inserts with cells were bought from Epithelix
(MucilAir) and cultured at the air-liquid-interface for 2 weeks before imaging. Homogeneous monolayer of bronchial epithelial cells, at different
magnifications. (A) SEM at 600x magnification. Cilia are densely packed on the surface, (B) SEM at 2000x magnification. Cilia are densely packed on the
surface, (C) SEM at 2000x magnification. Densely packed cilia (left arrow) interspersed with goblet cells (right arrow), and (D) SEM at 5000x
magnification. Detailed close-up view of ciliated cells. Images were taken at the Advanced Centre for Advanced Microscopy facility of the University of
Antwerp in collaboration with the Laboratory for Microbiology, Parasitology and Hygiene.

of the lung's homeostasis (Rokicki et al. 2016, Zhai et al. 2019, Mar-
tinu et al. 2023). More rare epithelial cell types include ionocytes,
pulmonary neuroendocrine cells, microfold cells, and tuft cells.
Ionocytes play a vital role in regulating electrolyte and fluid bal-
ance within the respiratory lining fluid. By controlling ion trans-
port, these cells help establish the optimal conditions for effi-
cient mucociliary clearance and respiratory function (Shah et al.
2022).Ionocytes are rich in the cystic fibrosis transmembrane con-
ductance regulator (CFTR) protein, involved in cystic fibrosis (CF)
pathology (Shah et al. 2022). Pulmonary neuroendocrine cells are
dispersed throughout the pseudostratified epithelium and are in-
volved in sensory perception and chemosensory detection. They
play a role in responding to environmental cues and modulating
local immune and vascular responses (Hewitt and Lloyd 2021). Mi-
crofold cells are specialized epithelial cells found in the mucosa-
lymphoid tissue of the respiratory tract. These cells play a critical
role in the immune responses by facilitating the uptake and trans-
port of antigens from the external environment (Man et al. 2004,
Sato and Kiyono 2012). Tuft cells are chemosensory cells with im-
munoregulatory functions (Davis and Wypych 2021). Their role in
respiratory disease is less well characterized, but they are impli-
cated in the response to allergens and parasitic infections (Sato
2007, Davis and Wypych 2021). Lower in the lungs we find alveo-
lar epithelial cells, lining the alveolar sacs (Fig. 4A). This epithe-
lium consists of type I alveolar (ATI) cells responsible for gas dif-
fusion, and type II alveolar (ATII) cells secreting surfactant, aiding
alveolar stability and immune response (Sidhaye and Koval 2017,
Nikoli¢ et al. 2018).

For the in vitro cultivation of the respiratory epithelium, pri-
mary cells isolated from humans or established cell lines can be

used. In the literature review, primary lung-derived cells (ACS’s)
were most often encountered in the set-up of the advanced cell
models. As primary cells contain the subset of basal multipotent
stem cells, they can give rise to the formation of a complete, differ-
entiated pseudostratified epithelium. Immortalized cell lines, on
the other hand, exhibit lower differentiation potential and usually
only mimic the characteristics of a specific cell type or combina-
tion of cell types (e.g. ciliated cells or club cells).

Primary cells

Primary cells are most often used in complex cellular models.
They retain the characteristics and physiological properties of a
true, differentiated tissue, as they are immediately isolated from
the organism without undergoing extensive culture or manipu-
lation (Kaur and Dufour 2012). Despite these advantages, there
are also some challenges associated with primary cells, e.g. the
batch-to-batch and interdonor variability (Bovard et al. 2020). It is
noteworthy, however, that this donor variability can also be seen
as advantageous by increasing clinical relevancy. Another impor-
tant disadvantage is that primary cells possess a finite lifespan
and can only replicate for specific number of passages before they
undergo loss of their original characteristics and functions. Sev-
eral companies, such as Lonza, MatTek, Cambrex, Cell Biologics,
and Epithelix offer primary cells of different regions of the res-
piratory tract. Moreover, it is also possible to obtain primary cells
from tissues or organs in-house. Typically, this is done through en-
zymatic digestion or mechanical disruption of a specific region of
the respiratory tract (Clifford et al. 2019, Golec et al. 2022, Nin-
aber et al. 2023). For enzymatic isolation, a piece of bronchial
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Figure 4. (A) Main cells of the differentiated bronchial and alveolar epithelium. The respiratory epithelium is characterized by a multitude of cell
subsets, including ciliated cells and serous goblet cells, club cells and basal progenitor cells. More rare cell types include the ionocytes, microfold cells,
neuroendocrine cells, and tuft cells. The alveolar epithelium mainly consists of two cell types, the alveolar type I (ATI) and type II cells (ATII). (B) Cell
lines used to establish complex bacterial infection models and some key characteristics are depicted. CFTR = cystic fibrosis transmembrane

conductance regulator.

ring tissue is excised from lung tissue and exposed to enzymatic
treatment to detach and dissociate the cell layer (Ninaber et al.
2023). Mechanical disruption relies on a cytology brush, which is
inserted into the respiratory tract of a dissected lung and vigor-
ously stroked along the wall of the bronchi. Subsequently, the cells
are washed and distributed into a cell culture flask for expansion
(Golec et al. 2022). Upon sufficient expansion the isolated cells can
be cryopreserved for later usage (Clifford et al. 2019). The major-
ity of articles reporting on the use of primary cells describe self-
isolating cells from a donor. In these articles, mechanical disrup-
tion and enzymatic digestion are equally represented. Although
both methods can yield satisfactory cell communities, it has been
reported that brush biopsies can lead to a lower count of basal
cells, which is especially important when creating cell structures
with a self-renewing property (Gowers et al. 2018). Primary cells
used in pneumonia research can originate from the whole respira-
tory tract, including the nasal, sinusal, tracheal, and bronchial re-
gions. As isolating cells from structures located deep in the lungs
is challenging, alveolar primary cells are rarely used (Gonzalez
and Dobbs 2013). However, due to some recent successes in iso-
lating these cells, an increase in the use of primary alveolar cells
can be expected in the near future (Katsura et al. 2020). Respi-
ratory and alveolar cells can be isolated from both healthy and
disease-affected lungs, such as COPD or smoking-related condi-
tions. The use of primary cells from patients with respiratory dis-

ease, may have added value in the study of bacterial infections in
more specific conditions.

Continuous cell lines

Apart from primary cells, established cell lines can also be used.
These continuous cell lines offer major advantages due to their
ease of cultivation, reproducibility, and relatively unlimited sup-
ply. When properly maintained, they can retain a stable pheno-
type throughout many subcultures. However, this phenotype may
differ from the original tissue, which can compromise their abil-
ity to fully replicate the in vivo physiological state. Using contin-
uous cell lines often involves a trade-off between convenience
and suitability, as these cells typically retain features more associ-
ated with the original tumor, including uncontrolled proliferative
growth and a dedifferentiated phenotype (Geraghty et al. 2014).
Cell lines with a tracheobronchial character are commonly
used in complex bacterial pneumonia cell models (Fig. 4B). Calu-
3, e.g. is a well-characterized cell line originating from adenocar-
cinoma submucosal glands, which are sources of airway surface
liquid, mucins, and other immune-active substances in the lung.
As a result, Calu-3 cells are serous cells that have a goblet-like
phenotype, containing mucin-secreting granules and microvilli
(Dubin et al. 2004, Joo et al. 2004, da Paula et al. 2005, Ghanem
etal. 2021). The CFTR protein is also abundantly present in Calu-3
cell layers (da Paula et al. 2005, Wiese-Rischke et al. 2021). Calu-
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3 cells are mostly cultured using an ALI model to mimic the tra-
cheobronchial epithelium in (i) host-pathogen interaction studies,
(i) biofilm research, and (iii) antibacterial drug studies (Starner
et al. 2006, Hasan et al. 2018, Juntke et al. 2021, Qi et al. 2023).
Calu-3 cells can form a polarized cell layer with tight junctions
(Ghanem et al. 2021). Another cell line with bronchial character
is the 16HBE140- airway epithelial cell line, immortalized with
simian virus 40 (SV40) (Cozens et al. 1994). This cell type exhibits
multiple features of a differentiated epithelium, such as strong
cell-cell junctions, microvilli, and expression of the CFTR protein.
Hence, this cell line is mostly used in CF research and studies in-
vestigating the pulmonary barrier function (Haws et al. 1992, Coz-
ens et al. 1994, Forbes et al. 2003, Oliynyk et al. 2010). However,
mucus production by these cells is low (Sonntag et al. 2022). The
use of the 16HBE410- cell line is also reported for ALI culture mod-
els in the study of host-pathogen interaction (Sajjan et al. 2008,
John et al. 2010, Junkins et al. 2014). Importantly, Qi et al. (2023)
note that it is challenging to culture the 16HBE140- cell line at
ALI conditions for longer periods, in contrast to the Calu-3 cell
line, a factor, i.e. worth considering when aiming for long-time in-
fection models(111). Another less common bronchial cell line is
BCi-NS1.1, a basal cell immortalized-nonsmoker 1 cell line, used
by Prescott et al. (2023) to investigate S. aureus infection in ALI
cultured models (Prescott et al. 2023). These cells retain many
original characteristics of primary cells and give rise to cells with
goblet and club cell character, as well as mucus-producing and
ciliated cells (Walters et al. 2013, Prescott et al. 2023). Remark-
able is also the use of Caco-2 cells by Nair et al. (2016), as these
cells originate from human colorectal adenocarcinoma, and are
typically used as a ALI model of the intestinal barrier (Nair et
al. 2016). In coculture with the lymphoblast-like cell type RajiB,
Caco-2 cells are known to differentiate into microfold epithelial
cells (Nair et al. 2016, Selo et al. 2021). A disease-specific bronchial
cell line is CFBE41o-. This cell line is homozygous for the AF508
CFTR mutation and SV40 immortalized (Ehrhardt et al. 2006). The
CFBE41o- cell line has been used in ALI infection models for P.
aeruginosa, a pathogen common in CF patients (John et al. 2010,
Juntke et al. 2021, Kuek et al. 2022). Unfortunately, unlike certain
pulmonary cell lines such as Calu-3, the CFBE410- cell line cannot
produce and release mucus (Grainger et al. 2006, Haghi et al. 2010,
Mura et al. 2011). As mucus production is an important character-
istic of normal airway behaviour and bacterial infection, the lack
or absence of mucus production must be taken into account when
choosing commercial cell lines for airway research (Ehrhardt et al.
2006). Importantly, the addition of human tracheobronchial mu-
cus to CFBE410- cell structures can compensate for the lack of in-
trinsic mucus production (Juntke et al. 2021). Alternatively, other
CF-specific cell lines used to model a P. aeruginosa infection are
the IB3-1 and CuFi-1 airway epithelial cell lines, also derived from
CF patients (Zeitlin et al. 1991, Dechecchi et al. 2011, Sheikh et al.
2020).

Aside from bronchial cell lines, complex in vitro cellular models
can also be established using alveolar-like cells, such as the A549
human lung adenocarcinoma cell line. This cell line has charac-
teristic features of ATII cells, such as lamellar bodies and surfac-
tant proteins, and has been a mainstay of respiratory research for
over four decades (Lieber et al. 1976). However, more recent stud-
les working with an early passage of A549 cells have led to conflict-
ing results regarding their ability to exhibit these features (Swain
et al. 2010, Corbiere et al. 2011). For example, they lack the ability
to form tight monolayers of polarized cells, due to their compro-
mised tight junctions (Foster et al. 1998, Elbert et al. 1999). The use
of A549 cells in ALI models is common, with applications ranging

from host-pathogen interaction studies to the investigation of ep-
ithelial barrier translocation (Bermudez et al. 2002, Hurley et al.
2006, Tamang et al. 2012, Ahmed et al. 2023). Three-dimensional
A549 aggregate models for a P. aeruginosa infection are described
by Carterson et al. (2005) and Wang et al. (2023). LOC application
was described by Zhang et al. (2013), who used A549 cells to de-
termine bacterial adhesion to single-host human lung epithelial
A549 cells (Zhang et al. 2013).

Lastly, various cell types exhibit a mixed bronchial and alveo-
lar character (Fig. 4B). The NCI-H441 cells, e.g. are derived from
the pericardial fluid of patients with papillary lung adenocarci-
noma and exhibit characteristic features of club cells, while also
producing ATII-related surfactant proteins (Vuong et al. 2002, Her-
manns et al. 2004, Salomon et al. 2014). Deinhardt-Emmer’s group
used this NCI-H441 cell line in LOC models, cocultured with en-
dothelial cells and macrophages (Deinhardt-Emmer et al. 2020,
Schicke et al. 2020). Garnett et al. (2013) describe the use of ALI
cultures with NCI-H441 cells to investigate the relationship be-
tween elevated blood glucose concentration and S. aureus growth
and the effect of treatment with the antidiabetic drug metformin
(Garnett et al. 2013). Lastly, its use in ALI cultures is also de-
scribed by Carey et al. (2022) in research on antibacterial innate
immunity (Carey et al. 2022). NCI-H292 is an epithelial cell line
derived from a pulmonary mucoepidermoid carcinoma that con-
stitutively expresses the epidermal growth factor receptor. Upon
stimulation by its ligands, these cells exhibit an increase in mu-
cus secretion. Their mucus-producing capacity makes them valu-
able for studying respiratory diseases associated with excessive
mucus production (Takeyama et al. 1999, 2000). In contrast to the
NCI-H441 cell line, NCI-H292 cells have difficulty forming a tight
epithelial barrier (Salomon et al. 2014, George et al. 2015). This cell
line has been used in ALI culture infection models for P. aeruginosa
by Yonker et al. (2017) and Pazos et al. (2015). Next, VA10 cells, a
human bronchial epithelial cell line, established through retrovi-
ral transfection of constructs containing E6/E7 oncogenes from
the human papilloma virus-16 (Halldorsson et al. 2007). VA10 ex-
hibit both basal- and stem cell phenotypes, expressing basal cell
markers such as cytokeratins 5/6 and 14, along with the basal-
associated transcription factor p63 (Halldorsson et al. 2007). The
stem cell characteristics of VA10 are manifested by its ability to
form bronchioalveolar-like structures in a three-dimensional cul-
ture (Franzdottir et al. 2010). Furthermore, VA10 demonstrates the
generation of active tight junctions in ALI culture, as evidenced by
high transepithelial electrical resistance (Halldorsson et al. 2007).
In coculture with endothelial cells, differentiation into a partial
AT 1I phenotype has also been reported (Halldorsson et al. 2007).
The murine lung epithelial cell line can also express surfactant
proteins (Wikenheiser et al. 1993, Pazos et al. 2015).

Beyond epithelial cells

Incorporating secondary cell types, whether primary cells or cell
lines, alongside epithelial cells, helps approximating the human-
like situation in complex cell culture models. Endothelial cells
can be incorporated to emulate the presence of pulmonary ar-
teries, essential for the gas exchange in the lungs (Comhair et al.
2012). Plebani et al. (2022) and Thacker et al. (2020), e.g. extend
their LOC model by incorporating primary human lung microvas-
cular endothelial cells for a P. aeruginosa and M. tuberculosis infec-
tion, respectively (Thacker et al. 2020, Plebani et al. 2022). In tran-
swell ALI models, endothelial cells can be seeded in the lower,
basal chamber to establish a cell bilayer, as seen in an infec-
tion model used by Bermudez et al. (2002) to study M. tuberculo-
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sis translocation (Bermudez et al. 2002). Apart from endothelial
cells, immune cells can be incorporated. The murine macrophage
cell line J774A.1 was used in an M. pneumoniae cell coculture ALI
model by Shi et al. (2023), whereas human THP-1 monocytes were
used in both ALI and spheroid model infected with M. tuberculo-
sis (Reuschl et al. 2017, Mukundan et al. 2021). Conversely, Kotze
etal. (2021) employ a spheroid model comprising primary alveolar
macrophages and T cells, resembling early ‘innate’ and ‘adaptive’
stages of the tuberculosis granuloma (Kotze et al. 2021). Most cell
models incorporating macrophages are M. tuberculosis models, as
macrophages are their natural host cell (Mahamed et al. 2017).
Apart from macrophages, mast cells (HMC-1 cells) have also been
used to incorporate immune functions into respiratory epithelial
models (ALI) as described by Junkins et al. (2014). LOC models with
a coculture of epithelial cells, endothelial cells, and macrophages
have been developed for S. aureus by Schicke et al. (2020) and
Deinhardt-Emmer et al. (2020).

In general, cell cocultures are only sparsely used in bacte-
rial pneumonia research, and most models still focus on mono-
cultures of epithelial cells. However, other cell types including
immunity-related cells and fibroblasts play a crucial role in bacte-
rial lung injury processes (Greeley 2017). Moreover, cross-talk with
endothelial cells is also important for epithelial cell differentia-
tion (Burkhanova et al. 2022). While omitting these cells from in
vitro models simplifies laboratory set-up and validation, some key
cell-cell or cell-bacteria interactions can be missed due to a lack
of human tissue representation.

Initiation of bacterial infection

After choosing the cells and cultivating the cell model, bacteria
are added in the mix to simulate a lung infection. When compar-
ing the protocols described in our literature search, a high vari-
ety can be observed in key parameters, including infection dose
and infection duration. Even studies using the same cell model
and bacterium (e.g. transwell models for acute P. aeruginosa infec-
tions), often use very different infection protocols. Here, we high-
light some of the main parameters to look out for when establish-
ing a bacterial infection. Table 2 gives a detailed overview of each
study and its infection set-up parameters. Two critical parameters
for the creation of an infection model are the duration of bacterial
exposure, as well as the multiplicity of infection (MOI), defined as
the ratio of the number of bacteria added to the number of cells
seeded for the in vitro model. Here, we make a distinction between
the primary bacterial exposure time, and any subsequent incuba-
tion periods following one or multiple washing steps.

Infection duration

Most research applying advanced cellular models for bacterial
pneumonia simulates acute infections, studying host-pathogen
interactions within 24 h of bacterial exposure. Short timeframes
are very suitable for studying the bacterial adhesion and internal-
ization processes, as well as the first host responses to bacterial in-
vasion, including the early immune responses such as chemokine
and cytokine production, and mucociliary clearing mechanisms.
Adhesion of P. aeruginosa and H. influenzae to airway epithelial cells,
e.g. can be quantified within 1 h after bacterial infection (Raffel
et al. 2013, Badaoui et al. 2020, Kuek et al. 2022). Similarly, attach-
ment of M. pneumoniae to ciliated epithelial cells can be visualized
microscopically as fast as 2 min after initial exposure (Krunkosky
et al. 2007). In an ALI M. tuberculosis infection model, bacterial-cell
association and internalization were reported 30 min after infec-
tion, especially with nonvillous cells (Nair et al. 2016). Although P.
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aeruginosa is typically considered to be an extracellular pathogen,
internalization can also be measured in the first hours following
infection (Carterson et al. 2005, Bucior et al. 2010, Higgins et al.
2016). Interestingly, Carterson et al. (2005) observed that adhe-
sion and invasion of airway epithelial cells occur slower in 3D-
aggregate cell structures than in 2D-cell monolayers, due to in-
creased tight junctions and more defined cell polarity (Carterson
et al. 2005). Timepoints for experimental readouts should, there-
fore be chosen carefully and validated, as they can be dependent
upon the chosen cell model. As soon as bacterial contact occurs,
the early immune cascade of respiratory cells is set in motion. In
both the ALI models and the 3D-cellular models, the release of
proinflammatory cytokines and chemokines typically produced
by epithelial cells such as IL-6, IL-18, TNF-«, and the monocyte
chemoattractant protein 1 can be quantified in the cell super-
natant the first hours following infection (Carterson et al. 2005,
Dechecchi et al. 2011, Bissonnette et al. 2020, Deinhardt-Emmer
et al. 2020, Qi et al. 2023). Short (< 24 h) bacterial exposure stud-
ies can also be used to study the initiation of mucociliary clearing
mechanisms, e.g. by quantification of the MUCS5 genes character-
istically expressed by goblet epithelial cells (Hao et al. 2014). When
investigating the integrity of the cellular layers, a decrease in tight
junctions, cilia function, and viability can also occur hours after
infection, even at low bacterial inoculum (Qi et al. 2023).
Although bacterial pneumonia typically manifests as an acute
infection, chronic or recurrent infections are also highly clini-
cally relevant. For example, S. aureus and P. aeruginosa often per-
sistently colonize the lungs of CF patients in biofilm-type infec-
tions, and H. influenzae is known to cause recurrent, pervasive in-
fections in COPD patients (Sato 2007, Kaur and Dufour 2012, Davis
and Wypych 2021). Mycobacterium tuberculosis can also be present
latently in lung tissue before causing an active, long-lasting in-
fection (Bovard et al. 2020). Unravelling the dynamics of a chronic
bacterial infection requires the use of long-term infection models.
However, establishing an actively propagating long-lasting bacte-
rial infection while also maintaining cellular structural integrity
and viability is known to complicate the development of stable
chronic infection models in vitro (Shi et al. 2019). This difficulty
is also reflected by our literature search, where chronic models
were only encountered sporadically. Models were deemed chronic
when (i) the author specifically mentioned the development of a
chronic infection model or, (ii) the model was used to study spe-
cific chronic infection lesions, such as the organoid and spheroid
granuloma models for M. tuberculosis (Gowers et al. 2018, Clifford
et al. 2019, Golec et al. 2022, Ninaber et al. 2023). For P. aerugi-
nosa, one chronic ALI model was encountered where cells were
repeatedly infected with bacteria over 16 days. To prevent high
levels of cell death and bacterial overgrowth, the cell layers were
washed daily, tobramycin was added to the cell-bacteria culture,
and infectious doses of P. aeruginosa were kept low (MOI of 0.0025)
(Endres et al. 2022). Several ALI models for long-term M. pneu-
moniae infections have been described as well (Green et al. 2009,
Thaikoottathil et al. 2009, Gross et al. 2010, Prince et al. 2018).
Prince et al. (2018), e.g. employ a model where M. pneumoniae re-
mained closely associated with epithelial cells up to 28 days af-
ter infection, despite multiple mucus-washing steps (Prince et al.
2018). MOI for chronic M. pneumoniae models were also generally
on the lower end (Cunha 2006, Wu et al. 2007, Heron 2015, Brooks
and Mias 2018, Pahal et al. 2018, Lanks et al. 2019, Lim 2020, World
Health Organization 2020, Shoar et al. 2021, Torres et al. 2021)
compared to the acute models (Evans et al. 2001, Chilvers et al.
2003, Hermanns et al. 2004, Man et al. 2004, Cunha 2006, Ross et
al. 2007, Sato 2007, Park et al. 2008, Directive 2010/63/EU 2010, Huh
et al. 2010, Kaur and Dufour 2012, Sato and Kiyono 2012, Gonza-
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lez and Dobbs 2013, Gerovac et al. 2014, Lancaster and Knoblich
2014, Nichols et al. 2014, Barrera-Rodriguez and Fuentes 2015,
Birchenough et al. 2015, Doke and Dhawale 2015, Dye et al. 2015,
Hu et al. 2015, Luyts et al. 2015, McCauley and Guasch 2015, Hit-
tinger et al. 2016, Ingber 2016, Meenach et al. 2016, Rokicki et al.
2016, Tsay et al. 2016, Yin et al. 2016, Chimenti et al. 2017, Du-
val et al. 2017, Nikoli¢ et al. 2017, 2018, Sidhaye and Koval 2017,
Chen et al. 2018, 2021, Gowers et al. 2018, Heo et al. 2018, Zhang
et al. 2018, Agrawal 2019, Chandrasekaran et al. 2019, Clifford et
al. 2019, Cong and Wei 2019, Hiemstra et al. 2019, Kim et al. 2019,
Liet al. 2019, Sachs et al. 2019, Takebe and Wells 2019, Zhai et al.
2019, Bovard et al. 2020, Hassan et al. 2020, Lee and Lee 2020, Li
et al. 2020, Meyer-Berg et al. 2020, Moradi et al. 2020, Schutgens
and Clevers 2020, Sharma et al. 2020, Shi et al. 2020, Weber et al.
2020, Zanoni et al. 2020, Barron et al. 2021, Bassi et al. 2021, Cao
et al. 2021, Davis and Wypych 2021, Fukunaga et al. 2021, Gunti
et al. 2021, Hewitt and Lloyd 2021, Hofer and Lutolf 2021, Mar-
rero et al. 2021, Sato et al. 2021, Tian et al. 2021, Zamprogno et al.
2021, Aegerter et al. 2022, Banafea et al. 2022, Blutt and Estes 2022,
Boséakova et al. 2022, GBD 2019 Antimicrobial Resistance Collab-
orators 2022, Golec et al. 2022, Ingber 2022, Marshall et al. 2022,
Mettelman et al. 2022, Moreira et al. 2022, Shah et al. 2022, Sh-
pichka et al. 2022, Singh et al. 2022, Wang et al. 2022, Loewa et al.
2023, Martinu et al. 2023, Morelli et al. 2023, Ninaber et al. 2023,
Silva et al. 2023). For H. influenzae, Ren et al. (2012) optimized a
chronic ALI infection model where bacteria survived up to 10 days
intracellularly without significant damage to the epithelial cell
layers (Ren et al. 2012).

When studying chronic infections, the incorporation of biofilm
models can be desirable. Biofilm formation is often a hallmark of
chronic, difficult-to-treat lung infections. These bacterial, matrix-
encapsulated structures are more tolerant to antimicrobial ther-
apy and the host immune responses (Ascenzioni et al. 2021).
Starner et al. (2006) created an H. influenzae biofilm infection ALI
model in which the development of large biofilm and matrix
structures could be observed over 5 days without loss of epithe-
lial integrity (Starner et al. 2006). Again, the most noticeable dif-
ference with the acute models was the choice of a lower MOI. The
complex structural and chemical microenvironment of biofilms
makes them challenging to mimic in vitro. Modelling biofilm for-
mation in cell structures adds another layer of complexity to the in
vitro biofilm models (Vyas et al. 2022). Two P. aeruginosa ALl models
were encountered where cells were treated with mature bacterial
biofilm (Juntke et al. 2021, Thorn et al. 2021). Both models mainly
focus on the effect of the biofilm on host cell viability and bar-
rier integrity. Thorn et al. (2021) additionally studied tobramycin
penetration in the cell-biofilm model (Juntke et al. 2021, Thorn et
al. 2021). Although these models allow the study of biofilm-cell
interactions, they lack the ability to study the initiation process
of biofilm formation in a cellular environment. As many ques-
tions on the influence of specific airway host cells, genetic predis-
position, and the lung microenvironment on the formation and
function of biofilms remain unanswered, complex biofilm models
could help in our understanding and managing of biofilm-related
infections (Hall-Stoodley and McCoy 2022).

Infectious dose

Apart from the timepoints chosen for readouts and the duration
of the infection, the infectious dose is critical for creating a func-
tional infection model. A broad range of MOIs can be found within
the study set-up of the selected articles. The highest discrepancy
in infectious dose is seen in the P. aeruginosa models, with MOIs
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ranging from 0.0001 to 1000 for acute, single-treatment studies.
Although a certain amount of cell death can be acceptable and
even warranted depending on the desired investigation parame-
ter, care must be taken to select a suitable bacterial inoculum.
Excessive cell death can interfere with various experimental read-
outs and can lead to misinterpretation of the results. Various au-
thors report on the impairment of cellular integrity after bacte-
rial infection, specifically for P. aeruginosa. Induction of cytotox-
icity is a major virulence strategy for P. aeruginosa and signifi-
cantly complicates the validation of an optimal MOI when cre-
ating a stable infection model (Wood et al. 2023). Qi et al. (2023),
e.g. noted decreased cilia function and loss of tight junctions 6
h after P aeruginosa exposure in an ALl model, even at low bac-
terial doses (MOI 0.05) (Qi et al. 2023). At a high MOI of 50, Kas-
sim et al. (2007) recorded extensive, unwanted cell death within
24 h after P. aeruginosa infection in an ALI model (Kassim et al.
2007). In addition, Green et al. (2009) also make note of significant
cell death within hours after infection with P. aeruginosa at ALI,
while this same extensive cell death was not seen for M. pneumo-
niae (Green et al. 2009). For S. aureus, a broad MOI range for acute
infections was noted as well (0.005-200), while the MOI range for
the other selected bacteria is more narrow (10-100 for H. influen-
zae, M. pneumoniae, and S. pneumoniae, and 0.05-25 for M. tubercu-
losis) for acute studies. As stated earlier, most established chronic
models are carried out at an MOI lower than those seen for the
acute models. Important to note is that for a significant number of
studies, exact information on the bacterial inoculum is missing,
complicating the replication of the infection model by other re-
search groups. Besides the careful selection of the MOI, a washing
step could also be considered. Washing the infected cell layer or
structure removes most nonadherent or noninternalized bacteria,
which can reduce the cytotoxic effects of the initial bacterial load.
For example, Prince et al. (2017) showed that ~2% of Mycoplasma
bacteria remain cell-associated after 4 h of infection upon apical
washing of their ALI model (Prince et al. 2018).

Analysing the pneumonia model

After the addition of bacteria to the cell model, infection param-
eters can be tracked and measured. Analysis can be done via
the means of nonendpoint readouts (i.e. in real-time) or endpoint
readouts at the end of the infection process. Both parameters per-
taining to the cell or the bacterium can be investigated.

Nonendpoint readouts

Nonendpoint assays are a valuable tool for studying bacterial dis-
eases, as they enable the acquisition of experimental read-outs
during the course of an infection, while also maintaining a stable
cellular environment. These noninvasive assays can be used to
assess bacterial and cellular movement, morphology, and activity
dynamically at any given timepoint during infection (Fig. 5).
Multiple cell parameters can be examined, such as the eval-
uation of transepithelial/transendothelial electrical resistance
(TEER) serving as a commonly used technique to assess the in-
tegrity of a cellular barrier (Strengert and Knaus 2011, Srinivasan
et al. 2015). The ionic conductive strength can be measured in live
cells using a pair of electrodes. As bacteria can compromise the
tight junctions of cell barriers, TEER can be an effective assay for
measuring the severity and progression of a bacterial infection
in cell culture models (Strengert and Knaus 2011). TEER is aimed
at analysing cell monolayers, making it less suitable for spheroid
or organoid models (Srinivasan et al. 2015). It is, however, com-
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Figure 5. Concise overview of nonendpoint assays. When developing an advanced infection cell model, implementing nonendpoint read-out
experiments can help to obtain reliable, dynamic information of a singular cell infection condition throughout the duration of the infection, avoiding
the use of multiple dependent replicates. Nonendpoint readouts can focus on both cellular (left-hand side) or bacterial (right-hand side) visualization,

quantification, and activity.

monly used in the study of ALI cultures and LOC models, which
can have built-in electrodes for TEER monitoring (Henry et al.
2017). Alternatively, epithelial integrity can be measured at dif-
ferent time intervals by analysing the migration of fluorescently
labelled molecules, such as FITC-dextran, FITC-inulin, or sodium
fluorescein (Dowling and Wilson 1998, Mallants et al. 2008, Saj-
jan et al. 2008, Slater et al. 2016, Barron et al. 2021, Thorn et al.
2021). Ciliary beat frequency (CBF) is another cell parameter that
can be measured in real time, using high-speed video microscopy
(Nawroth et al. 2023). CBF is indicative for the cell’s mucociliary
clearing capacity and can be impaired by the presence of bacteria
and their toxins, such as pneumolysin from S. pneumoniae or py-
ocyanin from P. aeruginosa (Ren et al. 2012, Nawroth et al. 2023).
CBF can be applied in ALI models, as well as spheroids, organoids,
and LOC models (Srinivasan et al. 2015, Booij et al. 2019). Gen-
eral cell viability can be measured by various nonendpoint assays,
such as continuous bioluminescent monitoring using luciferase
and a reducible prosubstrate, or the lactate dehydrogenase (LDH)
assay, which can be performed on cell culture supernatant. Re-
cently, a modified LDH viability protocol was proposed by Van den
Bossche et al. (2020). Pathogens such as P. aeruginosa and S. pneumo-
niae are known to interfere with the LDH activity assay, which can
lead to an underestimation of cytotoxicity (Van den Bossche et al.
2020). Next, tracking cell activity in real-time can be performed
by analysing cell supernatant or mucus washes while maintain-
ing the cells in culture afterwards (Dowling and Wilson 1998, Mal-
lants et al. 2008, Sajjan et al. 2008, Slater et al. 2016, Barron et al.
2021, Thorn et al. 2021). Microarrays and RT-PCR are commonly
used to measure gene expression, while ELISA or blotting tech-

niques are often applied to quantify cell proteins, such as inflam-
matory mediators or mucins (Dowling and Wilson 1998, Mallants
et al. 2008, Sajjan et al. 2008, Slater et al. 2016, Barron et al. 2021,
Thorn et al. 2021). Additionally, single-cell or bulk RNA analysis
and mass spectrometry can be used to analyse the secretome.
Another nonendpoint technique is real-time cell imaging, e.g. by
fluorescence microscopy. While dynamic imaging is often prefer-
able to nonlive imaging as it can deliver valuable, real-time infor-
mation on cellular behaviour, phototoxic effects due to e.g. pho-
tobleaching over time can be a challenge for this technique (Et-
tinger and Wittmann 2014). In general, imaging of organoids and
spheroids is more complex and time-consuming, as it requires a
z stack of multiple xy images using automated microscopes (Ren
et al. 2012, Nawroth et al. 2023). Cells can be stained by a range
of dyes; a combination of membrane permeable and nonperme-
able stains can be useful to track cell death over time. Iakobachvili
et al. (2022) used TOPRO-3 iodide, a nucleic acid stain, and Cell-
Mask Green, a membrane stain, to perform time-lapse imaging of
cell death in organoids infected with Mtb (Iakobachvili et al. 2022).
Cells that constitutively express fluorescent markers can also be
useful in live cell microscopy (Ren et al. 2012, Nawroth et al. 2023).

Beyond relevant cell parameters, bacterial movement and
replication can also be tracked in real-time. Similarly to cells, bac-
teria expressing fluorescent proteins can be employed to visualize
movement, multiplication and viability in real-time. Thacker et al.
(2020) performed time-lapse microscopy for a LOC model infected
with a Mth-mCherry strain to visualize multiplication and inter-
nalization (Thacker et al. 2020). Besides imaging, fluorescently la-
belled bacteria can also be used for live bacterial quantification.

202 UOIB 90 UO Jasn seayioliqig uadiomuy Je)sioniun Aq 809+ 19//.009ENY/Z/8F/l01e/aisway/woo"dno-ojwapese//:sdiy Wwolj papeojumoq



Plebani et al. (2022), e.g. used GFP P. aeruginosa bacteria to con-
struct a real-time bacterial growth curve in ALI culture and chip
models (Plebani et al. 2022). CFU plating of supernatant can be
useful in ALI or LOC models to track bacterial migration from one
compartment to another, but should not be used to estimate a to-
tal bacterial count, as bacterial adhesion and internalization will
lead to underestimation of bacterial presence (lakobachvili et al.
2022, Tang et al. 2022, Ma et al. 2023). Most bacterial quantifica-
tion techniques, however, require an endpoint step such as cell
lysis (Kotze et al. 2021, Thorn et al. 2021, Prescott et al. 2023). Re-
lease of bacterial material, including RNA and exotoxins, could
be studied by analysing cell supernatant by similar techniques
as described above. However, most studies still focus on the in-
tracellular bacterial environment to study changes in physiology
and gene expression, which also requires an endpoint interven-
tion (Kiedrowski et al. 2016).

Endpoint readouts

Experiments with endpoint read-outs encompass all assays that
require the termination of the cell culture model, preventing any
subsequent incubation steps and read-outs at later time points.
These assays mostly involve a cell lysis step to obtain intracel-
lular material, including cell metabolites, RNA, and internalized
bacteria. In addition, microscopy experiments requiring fixation
steps are also classified as endpoint readings.

In contrast to live fluorescent microscopy, fluorescent imaging
of static, fixed cells is still regularly performed (Woodworth et al.
2008, Halldorsson et al. 2010, Juntke et al. 2021, Thorn et al. 2021).
Immunohistochemistry is a common method to fluorescently vi-
sualize various antigens in cell layers or structures (Halldorsson
et al. 2010, Junkins et al. 2014, Collin et al. 2021, Carey et al. 2022,
Lin et al. 2022, Qi et al. 2023). For example, g-tubulin which is in-
volved in the motility of ciliated cells, e-cadherin, which plays a
role in cell adhesion and tight junction formation, and mucin pro-
teins were detected using static immunofluorescent microscopy
in a P. aeruginosa infection model (Collin et al. 2021). Although
photobleaching and phototoxicity is not an issue for endpoint flu-
orescent microscopy, cell artifacts are more commonly encoun-
tered due to the required fixation steps (Yoshida et al. 2023). Apart
from light microscopy, electron microscopy can also be used to vi-
sualize cell structures. Electron microscopy requires a prior fixa-
tion of the cell layers, but can deliver highly detailed photographs.
Scanning electron microscopy (SEM) can be used to study cell
health at various timepoints after infection, e.g. by looking at
cellular detachment and cellular morphology changes such as
rounding and blebbing (Kiedrowski et al. 2016, Juntke et al. 2021).
Microvilli, cilia, and mucus can also be seen using electron mi-
croscopy (Kiedrowski et al. 2016, Juntke et al. 2021). Cell lysates
can also be used to study a wide variety of metabolite transcrip-
tion and/or production using qPCR, western blot, or ELISA assays,
similarly as described for the nonendpoint read-outs (Noutsios
et al. 2017, Collin et al. 2021, Lin et al. 2022). Surface proteins can
be detected by cell sorter analysis, which also requires detach-
ment of the cell layers in case of ALI models or dissociation into
single cells of spheroid and organoid structures (John et al. 2010,
lakobachvili et al. 2022).

Next, to study bacterial localization qualitatively or quantita-
tively, similar endpoint microscopy techniques can be used as de-
scribed above. For example, electron microscopy allows the visu-
alization of interactions of bacteria with different cell structures
(Nair etal. 2016, Deinhardt-Emmer et al. 2020). Next, Badaoui et al.
(2020) used immunostaining of P. aeruginosa to quantify bacterial
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cell attachment in an ALI model (Badaoui et al. 2020). However,
dead or physiologically compromised bacteria can interfere with
these microscopy-based read-outs. Hence, traditional enumera-
tion methods are still commonly used to quantify the cell as-
sociation of live bacteria (Kim et al. 2019). (i) The cell adhesion
assay can be applied to differentiate between external adherent
and nonadherent bacteria. To remove non cell-associated bacte-
ria, cell structures are first thoroughly washed with buffer. Subse-
quently, a mixture of washing buffer and detergent, such as Triton
X-100 or saponin, is added to remove adherent bacteria, which can
then be plated on agar for CFU determination (Balder et al. 2009,
Bucior et al. 2010, Kuek et al. 2022). (ii) The cell invasion assay
can be used to quantify the number of internalized bacteria after
a certain time point. External bacteria are first killed by the ad-
dition of an aminoglycoside antibiotic such as gentamycin, which
has poor cell permeability. Next, cell layers or structures are lysed,
homogenized, and plated to quantify the internal bacteria (Bucior
et al. 2010, Higgins et al. 2016). Recently, however, questions have
been raised about the accuracy of this gentamycin-based inva-
sion assay (Kim et al. 2019). As some degree of cell diffusion can
still be noted for aminoglycosides, this assay likely leads to an un-
derestimation of internal bacteria. Kim et al. (2019) proposed the
use of lysostaphin, a nonmembrane permeable endopeptidase, to
kill all external S. aureus bacteria (Kim et al. 2019). Lysostaphin
has also been used for this purpose in complex S. aureus cell in-
fection models (Mitchell et al. 2011, Deinhardt-Emmer et al. 2020,
Schicke et al. 2020). Alternatively, flow cytometry can be used to
study the attachment of live (fluorescent) bacteria to cells. This
technique can also identify weaker bacterial-cell interactions, in
contrast to the traditional plating method (Hytonen et al. 2006).
Several studies also reported a general viable count without dis-
tinguishing between internal or external, adherent, or nonadher-
ent bacteria (McMichael et al. 2005, Garnett et al. 2013, Prescott
et al. 2023).

Validation of advanced in vitro models

When working towards a routine implementation of complex cel-
lular infection models in laboratory research, the public sharing
of validated protocols is indispensable. This knowledge transfer
between research groups will facilitate and speed up the transfor-
mation of the bacterial (pneumonia) research field. However, in
many crucial details on either the construction of the cell model
itself or the establishing of a bacterial infection are missing in
publications. Moreover, there does not seem to be a consensus on
key performance indicators and cut-off values for the parameters
necessary for the validation of such complex cell models. First, be-
fore adding bacteria, the maturity of the cellular structure should
be assessed. Often, cells are grown for a set amount of time or
until a desired outer morphology has been reached. Proliferation
of cells, however, is dependent on cell-type and lineage and the
medium of choice. For cells grown at an ALI, TEER can be an ef-
fective measurement to estimate cell barrier integrity. Striving to-
wards a fixed TEER value or range before bacterial infection can
increase experiment reproducibility. Within the chosen studies,
however, a broad scale of target TEER values are mentioned, rang-
ing from > 200  x cm? to 1888 © x cm?. Woodworth et al. (2008),
e.g. reported that they obtained a more robust P. aeruginosa infec-
tion when inoculating cell layers with a TEER higher than 500 © x
cm? (Woodworth et al. 2008). As TEER measurement is challenging
for three-dimensional cell models, other parameters such as an-
alyte secretion could be followed-up using biosensors to estimate
the development of the cell model (Hofer and Lutolf 2021). How-
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ever, this is not yet commonly applied and complicates the set-up
of such cell models even more (Hofer and Lutolf 2021). As three-
dimensional cell models often rely on the incorporation of a ma-
trix such as collagen or a hydrogel, the choice of biological mate-
rial should also be taken into account during the initial validation
step (Zhao et al. 2022). In general, due to a higher inherent hetero-
geneity and complexity, the validation of three-dimensional cell
models is more challenging, and standardized protocols for grow-
ing such models are sparse (Kim et al. 2020). Additionally, work-
ing with primary cells or stem cells, especially when derived from
patients with a varying genetic background, also leads to higher
experimentational variability, complicating interlaboratory vali-
dation of cells models (Kim et al. 2020). Using cells from and de-
positing new cells to widely available biobanks can help to estab-
lish more robust infection models (Kim et al. 2020).

Finally, a bacterial infection protocol should also be carefully
optimized before carrying out the desired experiments. Factors
such as MOI, time of infection, incorporation of washing steps, and
choice of bacterial strain can all greatly influence the course of the
infection. Cell viability should be tracked throughout the infection
period, especially for pilot studies where the bacterial inoculum
is validated. Ideally, an acceptable amount of cell death should be
outlined and communicated in the study protocol. Apart from cell
viability, cellular barrier integrity can also be used as a parame-
ter to optimize bacterial load or the timepoint of infection. Crabbé
etal. (2017), e.g. mention tracking of cellular detachment in order
to choose an optimal readout timepoint. Overall, few studies re-
port on the optimization process that was followed to establish
the complex cell infection model. Obtaining a validated, robust
infection model is increasingly challenging for complex cellular
models with multiple variables, but transparency on the valida-
tion process and data sharing can help pave the way towards a
less fragmented research field. In the future, interlaboratory ring
trials can be carried out to verify any publicly shared infection
protocols.

Towards a replacement of animal models?

The development and implementation of physiologically rele-
vant in vitro models is an indispensable step when reducing the
amount of animal testing in research (Barron et al. 2021). Cur-
rently, however, the use of animal models for bacterial pneumonia
is still ubiquitous in both preclinical and clinical research. While
useful to study host-pathogens interactions, invertebrate mod-
els (e.g. Drosophila melanogaster and Caenorhabditis elegans) and ze-
brafish models bare little similarities to the human host due to
the lack of lungs or airway tissues (Waack et al. 2020). In pneumo-
nia research, mammalian models are often chosen for their phy-
logenetic relation to humans. Mice, specifically, have been used
more than any other animal species in pneumonia-related stud-
les (Mizgerd and Skerrett 2008, Williams and Roman 2016, Waack
et al. 2020). Mice are often favoured for their cost-effectiveness,
ease to handle and breed, and their suitability for genetic ma-
nipulation (Williams and Roman 2016). Nevertheless, the use of
mouse models in bacterial pneumonia research comes with sev-
eral caveats. First, many human respiratory pathogens are non-
pathogenic for mice, unless specific laboratory conditions such as
high bacterial inoculi are applied (Dietert et al. 2017, Mark and
Grant 2020). General disease pathogenesis and progression, in-
cluding tissue lesions and immune cell infiltration, can present
differently in mice than in humans (Dietert et al. 2017). More-
over, the lung anatomy of mice is significantly different from
that of humans (Gkatzis et al. 2018). Thus, although mice exper-

iments continue to provide us with valuable new information,
experimental outcomes can be difficult to translate to the hu-
man host (Gkatzis et al. 2018, Mark and Grant 2020). Complex hu-
man cell-derived cell culture models can overcome some of these
murine model limitations. From all advanced cell culture models,
organoids most closely mimic the in vivo situation due to their 3D-
architecture based on human stem cells (Kim et al. 2020). Physi-
ological responses in organoids can be similar to those seen in
human organs, giving these models high translational value (Kim
et al. 2020, Silva-Pedrosa et al. 2023).

Currently, however, advanced cell culture is mostly used com-
plementary to animal testing in infectious disease research, as
even the most complex models lack key functions such as in-
terorgan communication (Kim et al. 2020). The immune response,
specifically, is key when accurately modelling an infection. Most
advanced bacterial pneumonia models used today are not cocul-
tured with immune cells, and the complex immune cascades in-
volving other organs are always absent. In addition, advanced cell
culture models require a complex workflow and often struggle
with attaining good reproducibility (Biju et al. 2023). The cell cul-
ture medium often lacks the complexity of the human microen-
vironment (Galbraith et al. 2018). Next, for mice infection models
of pneumonia, validated protocols are readily available. As this
review has shown, however, optimizing bacterial lung infections
in complex cell models is still in its early stages, and few vali-
dated methods are published. Nevertheless, the research field is
ever changing and evolving and more complex multiorgan sys-
tems such as body-on-a-chip models are gaining increasing atten-
tion (Sung et al. 2019, Li and Tuan 2022). Such technological break
throughs and advancements will likely close the gap between in
vitro cell models and animal testing in the future even more. How-
ever, optimizing bacterial lung infections in these advanced cellu-
lar models has proven to be time consuming and complex, and the
current state-of-the-art does not yet fully support replacement of
mammal pneumonia models.

Concluding remarks

The use of advanced cell culture models is rapidly increasing.
These complex models ranging from ALI monolayers to organ-like
cell aggregates are valued for their high lab-to-human transla-
tional value. Characteristics such as cell differentiation, microflu-
idics, and three-dimensional cell networks offer a better imitation
of the true in-human condition. Within bacterial pneumonia re-
search ALI models are regularly used, while organoid, spheroid,
and LOC models are surfacing more slowly. The available liter-
ature on establishing bacterial infections in such advanced cell
models is fragmented, which can be challenging for researchers
looking to establish these models in their laboratory. In this re-
view, studies describing the use of advanced cell models for bac-
terial pulmonary infections have been compiled and reviewed,
with a focus on the methodology aspect. Many researchers opt
for the use of primary cells, enabling high degrees of cell differ-
entiation and patient-specific models. Coculture of different cell
types, however, is lacking and immune cells are often still omitted
from these infection models. Evaluation of the current infection
protocols has exposed a large variation within experimental pa-
rameters, as well as an urgent need for model optimization and
validation. Most studies focus on short term bacterial-cell inter-
actions, while chronic infections are only rarely mimicked in ad-
vanced cellular models. It has become clear that, while advanced
cell culture models are widely applied, adding bacteria into the
mix creates an added layer of complexity, leading to a still under-
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developed and underused powerful research tool within bacterial
pneumonia.

Acknowledgements

The authors would like to acknowledge Bronwen Martin for the
thorough proofreading of the manuscript. We thank Sofie Thys
and Isabel Pintelon of the Laboratory of Cell Biology and Histol-
ogy (University of Antwerp) for help provided with the scanning
electron microscopy pictures.

Conflict of interest: None declared.

Funding

This work was supported by the Research Foundation Flanders
(FWO Vlaanderen) (S008519N, G066619N, and GO55517N).

References

Aegerter H, Lambrecht BN, Jakubzick CV. Biology of lung
macrophages in health and disease. Immunity 2022;55:1564—
80.

Agrawal B. Heterologous immunity: role in natural and vaccine-
induced resistance to infections. Front Immunol 2019;10:2631.
Ahmed W, Bardin E, Davis MD et al. Volatile metabolites differenti-
ate air-liquid interface cultures after infection with Staphylococcus

aureus. Analyst 2023;148:618-27.

Ascenzioni F, Cloeckaert A, EG DD et al. Editorial: microbial biofilms
in chronic and recurrent infections. Front Microbiol 2021;12. https:
//doi.org/10.3389/fmicb.2021.803324.

Badaoui M, Zoso A, Idris T et al. Vav3 mediates Pseudomonas aerug-
inosa adhesion to the cystic fibrosis airway epithelium. Cell Rep
2020;32:107842.

Balder R, Krunkosky TM, Nguyen CQ et al. Hag mediates adherence of
Moraxella catarrhalis to ciliated human airway cells. Infect Immun
2009;77:4597-608.

Banafea GH, Bakhashab S, Alshaibi HF et al. The role of human mast
cells in allergy and asthma. Bioengineered 2022;13:7049-64.

Barrera-Rodriguez R, Fuentes JM. Multidrug resistance characteri-
zation in multicellular tumour spheroids from two human lung
cancer cell lines. Cancer Cell Int 2015;15:1-12.

Barron SL, Saez J, Owens RM. In vitro models for studying respiratory
host-pathogen interactions. Adv Biol 2021;5:2000624.

Bassi G, Grimaudo MA, Panseri S et al. Advanced multi-dimensional
cellular models as emerging reality to reproduce in vitro the hu-
man body complexity. Int ] Mol Sci 2021;22:1195.

Bermudez LE, Sangari FJ, Kolonoski P et al. The efficiency of the
translocation of Mycobacterium tuberculosis across a bilayer of ep-
ithelial and endothelial cells as a model of the alveolar wall is
a consequence of transport within mononuclear phagocytes and
invasion of alveolar epithelial cells. Infect Immun 2002;70:140-6.

Berry SB, Gower MS, Su X et al. A modular microscale granuloma
model for immune-microenvironment signaling studies in vitro.
Front Bioeng Biotechnol 2020;8:931.

Biju TS, Priya VV, Francis AP. Role of three-dimensional cell culture
in therapeutics and diagnostics: an updated review. Drug Deliv
Transl Res 2023;13:1-15.

Birchenough GM, Johansson ME, Gustafsson JK et al. New develop-
ments in goblet cell mucus secretion and function. Mucosal Im-
munol 2015;8:712-9.

Mahieuetal. | 17

Bissonnette EY, Lauzon-joset J-F, Debley JS et al. Cross-talk between
alveolar macrophages and lung epithelial cells is essential to
maintain lung homeostasis. Front Immunol 2020;11:583042.

Blutt SE, Estes MK. Organoid models for infectious disease. Annu Rev
Med 2022;73:167-82.

Booij TH, Price LS, Danen EHJ. 3D cell-based assays for drug screens:
challenges in imaging, image analysis, and high-content analysis.
SLAS Discov 2019;24:615-27.

Bosakova V, De Zuani M, Sladkova L et al. Lung organoids—the ul-
timate tool to dissect pulmonary diseases?. Front Cell Dev Biol
2022;10. https://doi.org/10.3389/fcell.2022.899368.

Bovard D, Giralt A, Trivedi K et al. Comparison of the basic morphol-
ogy and function of 3D lung epithelial cultures derived from sev-
eral donors. Curr Res Toxicol 2020;1:56-69.

Braian C, Svensson M, Brighenti Set al. A 3D human lung tissue model
for functional studies on Mycobacterium tuberculosis infection. J Vi-
sual Exp 2015;104:53084.

Brooks LRK, Mias GI. Streptococcus pneumoniae’s virulence and host
immunity: aging, diagnostics, and prevention. Front Immunol
2018;9:1366.

Brunnstrém A, Tryselius Y, Feltenmark S et al. On the biosynthe-
sis of 15-HETE and eoxin C4 by human airway epithelial cells.
Prostaglandins Other Lipid Mediat 2015;121:83-90.

Bucior [, Mostov K, Engel JN. Pseudomonas aeruginosa-mediated dam-
age requires distinct receptors at the apical and basolateral sur-
faces of the polarized epithelium. Infect Immun 2010;78:939-53.

Burkhanova U, Harris A, Leir S-H. Enhancement of airway epithe-
lial cell differentiation by pulmonary endothelial cell co-culture.
Stem Cell Res 2022;65:102967.

Cao X, Coyle JP, Xiong R et al. Invited review: human air-liquid-
interface organotypic airway tissue models derived from primary
tracheobronchial epithelial cells—overview and perspectives. In
Vitro Cell Dev Biol Anim 2021:57:104-32.

Carey RM, Hariri BM, Adappa ND et al. HSP90 modulates T2R bit-
ter taste receptor nitric oxide production and innate immune re-
sponses in human airway epithelial cells and macrophages. Cells
2022;11:1478.

Carey RM, Palmer JN, Adappa ND et al. Loss of CFTR function is
associated with reduced bitter taste receptor-stimulated nitric
oxide innate immune responses in nasal epithelial cells and
macrophages. Front Immunol 2023;14:1096242.

Carterson AJ, Honer zu Bentrup K, Ott CM et al. A549 lung epithelial
cells grown as three-dimensional aggregates: alternative tissue
culture model for Pseudomonas aeruginosa pathogenesis. Infect Im-
mun 2005;73:1129-40.

Chandrasekaran A, Kouthouridis S, Lee W et al. Magnetic microboats
for floating, stiffness tunable, air-liquid interface epithelial cul-
tures. Lab Chip 2019;19:2786-98.

Chen W-Y, Evangelista EA, Yang J et al. Kidney organoid and micro-
physiological kidney chip models to accelerate drug development
and reduce animal testing. Front Pharmacol 2021;12:695920.

Chen Y, FengJ, Zhao S et al. Long-term engraftment promotes differ-
entiation of alveolar epithelial cells from human embryonic stem
cell derived lung organoids. Stem Cells Dev 2018;27:1339-49.

Chilvers M, Rutman A, O’Callaghan C. Functional analysis of cilia
and ciliated epithelial ultrastructure in healthy children and
young adults. Thorax 2003;58:333-8.

Chimenti I, Pagano F, Angelini F et al. Human lung spheroids as in
vitro niches of lung progenitor cells with distinctive paracrine
and plasticity properties. Stem Cells Transl Med 2017;6:767-77.

Chu HW, Gally F, Thaikoottathil J et al. SPLUNC1 regulation in air-
way epithelial cells: role of Toll-like receptor 2 signaling. Respir
Res 2010;11:155.

202 UOIB 90 UO Jasn seayioliqig uadiomuy Je)sioniun Aq 809+ 19//.009ENY/Z/8F/l01e/aisway/woo"dno-ojwapese//:sdiy Wwolj papeojumoq


https://doi.org/10.3389/fmicb.2021.803324
https://doi.org/10.3389/fcell.2022.899368

18 | FEMS Microbiology Reviews, 2024, Vol. 48, No. 2

Chu HW, Thaikoottathil J, Rino JG et al. Function and regulation of
SPLUNC1 protein in mycoplasma infection and allergic inflam-
mationl. ] Immunol 2007;179:3995-4002.

Clifford RL, Patel J, MacIsaac JL et al. Airway epithelial cell isolation
techniques affect DNA methylation profiles with consequences
for analysis of asthma related perturbations to DNA methylation.
Sci Rep 2019;9:14409.

Collin AM, Lecocq M, Detry B et al. Loss of ciliated cells and al-
tered airway epithelial integrity in cystic fibrosis. ] Cyst Fibros
2021;20:e129-e39.

Combhair SA, Xu W, Mavrakis L et al. Human primary lung endothelial
cells in culture. Am J Respir Cell Mol Biol 2012;46:723-30.

Cong J, Wei H. Natural killer cells in the lungs. Front Immunol
2019;10:1416.

Corbiere V, Dirix V, Norrenberg S et al. Phenotypic characteristics of
human type II alveolar epithelial cells suitable for antigen pre-
sentation to T lymphocytes. Respir Res 2011;12:1-9.

Cozens AL, Yezzi MJ, Kunzelmann K et al. CFTR expression and chlo-
ride secretion in polarized immortal human bronchial epithelial
cells. Am J Respir Cell Mol Biol 1994;10:38-47.

Crabbé A, Liu Y, Matthijs N et al. Antimicrobial efficacy against Pseu-
domonas aeruginosa biofilm formation in a three-dimensional lung
epithelial model and the influence of fetal bovine serum. Sci Rep
2017;7:43321.

Cunha BA. The atypical pneumonias: clinical diagnosis and impor-
tance. Clin Microbiol Infect 2006;12:12-24.

D'Mello A, Lane JR, Tipper JL et al. Influenza A virus modulation of
Streptococcus pneumoniae infection using ex vivo transcriptomics
in a human primary lung epithelial cell model reveals differential
host glycoconjugate uptake and metabolism. Biorxiv 2023. https:
//doi.org/10.1101/2023.01.29.526157.

da Paula A, Ramalho A, Farinha C et al. Characterization of novel air-
way submucosal gland cell models for cystic fibrosis. Cell Physiol
Biochem 2005;15:251-62.

Davis JD, Wypych TP. Cellular and functional heterogeneity of the
airway epithelium. Mucosal Immunol 2021;14:978-90.

de Groot RCA, Zhu H, Hoogenboezem T et al. Mycoplasma pneumoniae
compared to Streptococcus pneumoniae avoids induction of proin-
flammatory epithelial cell responses despite robustly inducing
TLR2 signaling. Infect Immun 2022;90:€0012922.

Dechecchi MC, Nicolis E, Mazzi P et al. Modulators of sphingolipid
metabolism reduce lung inflammation. Am J Respir Cell Mol Biol
2011;45:825-33.

Deinhardt-Emmer S, Rennert K, Schicke E et al. Co-infection with
Staphylococcus aureus after primary influenza virus infection leads
to damage of the endothelium in a human alveolus-on-a-chip
model. Biofabrication 2020;12:025012.

Dietert K, Gutbier B, Wienhold SM et al. Spectrum of pathogen- and
model-specific histopathologies in mouse models of acute pneu-
monia. PLoS ONE 2017;12:e0188251.

Directive 2010/63/EU. Directive 2010/63/EU: on the protection of ani-
mals used for scientific purposes. Brussels: European Union, 2010.

Doke SK, Dhawale SC. Alternatives to animal testing: a review. Saudi
Pharmaceut ] 2015;23:223-9.

Dowling RB, Wilson R. Bacterial toxins which perturb ciliary func-
tion and respiratory epithelium. Symp Ser Soc Appl Microbiol
1998;27:1385-48s.

Dubin R, Robinson S, Widdicombe J. Secretion of lactoferrin and
lysozyme by cultures of human airway epithelium. Am J Physiol
Lung Cell Mol Physiol 2004;286:L750-L5.

Duell BL, Su Y-C, Riesbeck K. Host-pathogen interactions of nonty-
peable Haemophilus influenzae: from commensal to pathogen. FEBS
Lett 2016;590:3840-53.

Duval K, Grover H, Han L-H et al. Modeling physiological events in 2D
vs. 3D cell culture. Physiology 2017;32:266-77.

Dye BR, Hill DR, Ferguson MA et al. In vitro generation of hu-
man pluripotent stem cell derived lung organoids. eLife 2015;4:
e05098.

Ehrhardt C, Collnot E-M, Baldes C et al. Towards an in vitro model
of cystic fibrosis small airway epithelium: characterisation of
the human bronchial epithelial cell line CFBE41o. Cell Tissue Res
2006;323:405-15.

Elbert KJ, Schéfer UF, Schéfers H-J et al. Monolayers of human alve-
olar epithelial cells in primary culture for pulmonary absorption
and transport studies. Pharm Res 1999;16:601-8.

Endres A, Hiigel C, Boland H et al. Pseudomonas aeruginosa affects air-
way epithelial response and barrier function during rhinovirus
infection. Front Cell Infect Microbiol 2022;12:846828.

Ettinger A, Wittmann T. Fluorescence live cell imaging. Methods Cell
Biol 2014;123:77-94.

Evans MJ, Van Winkle LS, Fanucchi MV et al. Cellular and molecular
characteristics of basal cells in airway epithelium. Exp Lung Res
2001;27:401-15.

Farberman MM, Ibricevic A, Joseph TD et al. Effect of polarized
release of CXC-chemokines from wild-type and cystic fibrosis
murine airway epithelial cells. Am J Respir Cell Mol Biol 2011;45:
221-8.

Fliegauf M, Sonnen AF, Kremer B et al. Mucociliary clearance defects
in a murine in vitro model of pneumococcal airway infection. PLoS
ONE 2013;8:59925.

Forbes B, Shah A, Martin GP et al. The human bronchial epithelial cell
line 16HBE140— as a model system of the airways for studying
drug transport. Int ] Pharm 2003;257:161-7.

Foster KA, Oster CG, Mayer MM et al. Characterization of the A549
cell line as a type II pulmonary epithelial cell model for drug
metabolism. Exp Cell Res 1998;243:359-66.

Franzdottir SR, Axelsson IT, Arason AJ et al. Airway branching mor-
phogenesis in three dimensional culture. Respir Res 2010;11:
1-10.

Fukunaga R, Glaziou P, Harris JB et al. Epidemiology of tuberculo-
sis and progress toward meeting global targets—worldwide, 2019.
Morb Mort Week Rep 2021;70:427-30.

Galbraith SC, Bhatia H, Liu H et al. Media formulation optimization:
current and future opportunities. Curr Opin Chem Eng 2018;22:42—
7.

Garnett JP, Baker EH, Naik S et al. Metformin reduces airway glu-
cose permeability and hyperglycaemia-induced Staphylococcus
aureus load independently of effects on blood glucose. Thorax
2013;68:835-45.

GBD 2019 Antimicrobial Resistance Collaborators. Global mortal-
ity associated with 33 bacterial pathogens in 2019: a system-
atic analysis for the Global Burden of Disease Study 2019. Lancet
2022;400:2221-48.

George I, Vranic S, Boland S et al. Development of an in vitro model of
human bronchial epithelial barrier to study nanoparticle translo-
cation. Toxicol in Vitro 2015;29:51-8.

Geraghty R, Capes-Davis A, Davis J et al. Guidelines for the use
of cell lines in biomedical research. Br J Cancer 2014;111:
1021-46.

Gerovac BJ, Valencia M, Baumlin N et al. Submersion and hypoxia
inhibit ciliated cell differentiation in a notch-dependent manner.
Am ] Respir Cell Mol Biol 2014;51:516-25.

Ghanem R, Laurent V, Roquefort P et al. Optimizations of in vitro mu-
cus and cell culture models to better predict in vivo gene transfer
in pathological lung respiratory airways: cystic fibrosis as an ex-
ample. Pharmaceutics 2021;13:47.

202 UOIB 90 UO Jasn seayioliqig uadiomuy Je)sioniun Aq 809+ 19//.009ENY/Z/8F/l01e/aisway/woo"dno-ojwapese//:sdiy Wwolj papeojumoq


https://doi.org/10.1101/2023.01.29.526157

Gkatzis K, Taghizadeh S, Huh D et al. Use of three-dimensional
organoids and lung-on-a-chip methods to study lung de-
velopment, regeneration and disease. Eur Respir ] 2018;52:
1800876.

Golec A, Pranke I, Scudieri P et al. Isolation, cultivation, and ap-
plication of primary respiratory epithelial cells obtained by
nasal brushing, polyp samples, or lung explants. STAR Protoc
2022;3:101419.

Gonzalez RF, Dobbs LG. Isolation and culture of alveolar epithe-
lial Type I and Type II cells from rat lungs. Methods Mol Biol
2013;945:145-59.

Gowers KHC, Hynds RE, Thakrar RM et al. Optimized isolation and
expansion of human airway epithelial basal cells from endo-
bronchial biopsy samples. J Tissue Eng Regener Med 2018;12:e313-
e’.

Grainger CI, Greenwell LL, Lockley DJ et al. Culture of Calu-3 cells at
the air interface provides a representative model of the airway
epithelial barrier. Pharm Res 2006;23:1482-90.

Greeley MA. Immunopathology of the Respiratory System: Im-
munopathology in Toxicology and Drug Development. Im-
munopathol Toxicol Drug Dev 2017; 2017:419-53. https://doi.org/10
.1007/978-3-319-47385-7_8.

Green RM, Gally F, Keeney JG et al. Impact of cigarette smoke ex-
posure on innate immunity: a Caenorhabditis elegans model. PLoS
ONE 2009;4:e6860.

Gross CA, Bowler RP, Green RM et al. beta2-agonists promote host
defense against bacterial infection in primary human bronchial
epithelial cells. BMC Pulmon Med 2010;10:30.

Gunti S, Hoke AT, Vu KP et al. Organoid and spheroid tumor models:
techniques and applications. Cancers 2021;13:874.

Haghi M, Young PM, Traini D et al. Time-and passage-dependent char-
acteristics of a Calu-3 respiratory epithelial cell model. Drug Dev
Ind Pharm 2010;36:1207-14.

Hall-Stoodley L, McCoy KS. Biofilm aggregates and the host airway-
microbial interface. Front Cell Infect Microbiol 2022;12:969326.

Halldorsson S, Asgrimsson V, Axelsson I et al. Differentiation po-
tential of a basal epithelial cell line established from human
bronchial explant. In Vitro Cell Dev Biol Anim 2007;43:283-9.

Halldorsson S, Gudjonsson T, Gottfredsson M et al. Azithromycin
maintains airway epithelial integrity during Pseudomonas aerug-
inosa infection. Am J Respir Cell Mol Biol 2010;42:62-8.

Hao Y, Kuang Z,Jing] et al. Mycoplasma pneumoniae modulates STAT3-
STAT6/EGFR-FOXAZ2 signaling to induce overexpression of airway
mucins. Infect Immun 2014;82:5246-55.

Hasan S, Sebo P, Osicka R. A guide to polarized airway epithe-
lial models for studies of host-pathogen interactions. FEBS ]
2018;285:4343-58.

Hassan S, Sebastian S, Maharjan S et al. Liver-on-a-chip models of
fatty liver disease. Hepatology 2020;71:733.

Haws C, Krouse ME, Xia Y et al. CFTR channels in immortalized hu-
man airway cells. Am J Physiol Lung Cell Mol Physiol 1992;263:L692—
707.

Henry OYF, Villenave R, Cronce MJ et al. Organs-on-chips with inte-
grated electrodes for trans-epithelial electrical resistance (TEER)
measurements of human epithelial barrier function. Lab Chip
2017;17:2264-71.

Heo I, Dutta D, Schaefer DA et al. Modelling Cryptosporidium infec-
tion in human small intestinal and lung organoids. Nat Microbiol
2018;3:814-23.

Hermanns MI, Unger RE, Kehe K et al. Lung epithelial cell lines in co-
culture with human pulmonary microvascular endothelial cells:
development of an alveolo-capillary barrier in vitro. Lab Invest
2004;84:736-52.

Mahieuetal. | 19

Heron MP. Deaths: leading causes for 2011. Natl Vital Stat Rep
2015;64:1-96.

Hewitt RJ, Lloyd CM. Regulation of immune responses by the airway
epithelial cell landscape. Nat Rev Immunol 2021;21:347-62.

Hiemstra PS, Tetley TD, Janes SM. Airway and alveolar epithelial cells
in culture. Eur Respir ] 2019;54:1900742.

Higgins G, Fustero Torre C, Tyrrell J et al. Lipoxin A4 prevents tight
junction disruption and delays the colonization of cystic fibrosis
bronchial epithelial cells by Pseudomonas aeruginosa. Am J Physiol
Lung Cell Mol Physiol 2016;310:L1053-L61.

Hittinger M, Janke J, Huwer H et al. Autologous co-culture of primary
human alveolar macrophages and epithelial cells for investigat-
ing aerosol medicines. Part I: model characterisation. Altern Lab
Anim 2016;44:337-47.

Hofer M, Lutolf MP. Engineering organoids. Nat Rev Mater 2021;6:402—
20.

Hommes JW, Surewaard BGJ. Intracellular habitation of Staphylococ-
cus aureus: molecular mechanisms and prospects for antimicro-
bial therapy. Biomedicines 2022;10:1804.

Hu J, Ye Y, Chen X et al. Insight into the pathogenic mechanism of
Mycoplasma pneumoniae. Curr Microbiol 2022;80:14.

HuL, Sun S, Wang T et al. Oncolytic newcastle disease virus triggers
cell death of lung cancer spheroids and is enhanced by pharma-
cological inhibition of autophagy. Am J Cancer Res 2015;5:3612.

Huh D, Matthews BD, Mammoto A et al. Reconstituting organ-level
lung functions on a chip. Science 2010;328:1662-8.

Humlicek AL, Manzel LJ, Chin CL et al. Paracellular permeability re-
stricts airway epithelial responses to selectively allow activation
by mediators at the basolateral surface. ] Immunol 2007;178:6395-
403.

Hurley BP, Williams NL, McCormick BA. Involvement of phospholi-
pase A2 in Pseudomonas aeruginosa-mediated PMN transepithelial
migration. Am J Physiol Lung Cell Mol Physiol 2006;290:L703-L9.

Hytoénen J, Haataja S, Finne J. Use of flow cytometry for the adhe-
sion analysis of Streptococcus pyogenes mutant strains to epithe-
lial cells: investigation of the possible role of surface pullulanase
and cysteine protease, and the transcriptional regulator Rgg. BMC
Microbiol 2006;6:18.

Takobachvili N, Leon-Icaza SA, Knoops K et al. Mycobacteria-host in-
teractions in human bronchiolar airway organoids. Mol Microbiol
2022;117:682-92.

Ingber DE. Human organs-on-chips for disease modelling, drug
development and personalized medicine. Nat Rev Genet
2022;23:467-91.

Ingber DE. Reverse engineering human pathophysiology with
organs-on-chips. Cell 2016;164:1105-9.

John G, Yildirim AO, Rubin BK et al. TLR-4-mediated innate immunity
is reduced in cystic fibrosis airway cells. Am J Respir Cell Mol Biol
2010;42:424-31.

Joo NS, Lee DJ, Winges KM et al. Regulation of antiprotease and an-
timicrobial protein secretion by airway submucosal gland serous
cells. J Biol Chem 2004;279:38854-60.

Junkins RD, Carrigan SO, Wu Z et al. Mast cells protect against
Pseudomonas aeruginosa—induced lung injury. Am ] Pathol
2014,;184:2310-21.

Juntke J, Murgia X, Glinday Tureli N et al. Testing of aerosolized
ciprofloxacin nanocarriers on cystic fibrosis airway cells infected
with P. aeruginosa biofilms. Drug Deliv Transl Res 2021;11:1752-65.

Karwelat D, Schmeck B, Ringel M et al. Influenza virus-mediated sup-
pression of bronchial Chitinase-3-like 1 secretion promotes sec-
ondary pneumococcal infection. FASEB ] 2020;34:16432-48.

Kassim SY, Gharib SA, Mecham BH et al. Individual matrix metallo-
proteinases control distinct transcriptional responses in airway

202 UOIB 90 UO Jasn seayioliqig uadiomuy Je)sioniun Aq 809+ 19//.009ENY/Z/8F/l01e/aisway/woo"dno-ojwapese//:sdiy Wwolj papeojumoq


https://doi.org/10.1007/978-3-319-47385-7_8

20 | FEMS Microbiology Reviews, 2024, Vol. 48, No. 2

epithelial cells infected with Pseudomonas aeruginosa. Infect Immun
2007,75:5640-50.

Katsura H, Sontake V, Tata A et al. Human lung stem cell-based
alveolospheres provide insights into SARS-CoV-2-mediated in-
terferon responses and pneumocyte dysfunction. Cell Stem Cell
2020;27:890-904.e8.

Kaur G, Dufour JM. Cell Lines: Valuable Tools or Useless Artifacts. Oxford-
shire: Taylor & Francis, 2012, 1-5.

Kiedrowski MR, Paharik AE, Ackermann LW et al. Development of
an in vitro colonization model to investigate Staphylococcus au-
reus interactions with airway epithelia. Cell Microbiol 2016;18:
720-32.

Kim J-H, Chaurasia AK, Batool N et al. Alternative enzyme protection
assay to overcome the drawbacks of the gentamicin protection
assay for measuring entry and intracellular survival of staphylo-
cocci. Infect Immun 2019;87. https://doi.org/10.1128/1ai.00119-19.

Kim J, Koo B-K, Knoblich JA. Human organoids: model systems for
human biology and medicine. Nat Rev Mol Cell Biol 2020;21:571-
84.

Kim M, Mun H, Sung CO et al. Patient-derived lung cancer organoids
as in vitro cancer models for therapeutic screening. Nat Commun
2019;10:3991.

Kotze LA, Beltran CGG, Lang D et al. Establishment of a patient-
derived, magnetic levitation-based, three-dimensional
spheroid granuloma model for human tuberculosis. mSphere
2021;6:e0055221.

Kraft M, Adler KB, Ingram JL et al. Mycoplasma pneumoniae induces
airway epithelial cell expression of MUC5AC in asthma. Eur Respir
] 2008;31:43-6.

Krunkosky TM, Jordan JL, Chambers E et al. Mycoplasma pneumoniae
host-pathogen studies in an air-liquid culture of differentiated
human airway epithelial cells. Microb Pathog 2007;42:98-103.

Kuek LE, McMahon DB, Ma RZ et al. Cilia stimulatory and antibac-
terial activities of T2R bitter taste receptor agonist diphenhy-
dramine: insights into repurposing bitter drugs for nasal infec-
tions. Pharmaceuticals 2022;15:452.

Kumar NG, Nieto V, Kroken AR et al. Pseudomonas aeruginosa can di-
versify after host cell invasion to establish multiple intracellular
niches. mBio 2022;13:e02742-22.

Lancaster MA, Knoblich JA. Organogenesis in a dish: modeling
development and disease using organoid technologies. Science
2014;345:1247125.

Lanks CW, Musani Al, Hsia DW. Community-acquired pneumonia
and hospital-acquired pneumonia. Med Clin 2019;103:487-501.
Lastrucci C, Bénard A, Balboa L et al. Tuberculosis is associated
with expansion of a motile, permissive and immunomodulatory
CD16(+) monocyte population via the IL-10/STAT3 axis. Cell Res

2015;25:1333-51.

Laucirica DR, Schofield CJ, McLean SA et al. Pseudomonas aeruginosa
modulates neutrophil granule exocytosis in an in vitro model of
airway infection. Immunol Cell Biol 2022;100:352-70.

Lee SJ, Lee HA. Trends in the development of human stem cell-
based non-animal drug testing models. Kor J Physiol Pharmacol
2020;24:441-52.

LiK, Yang X, Xue C et al. Biomimetic human lung-on-a-chip for mod-
eling disease investigation. Biomicrofluidics 2019;13:031501.

Li Z, Qlan Y, Li W et al. Human lung adenocarcinoma-derived
organoid models for drug screening. iScience 2020;23:101411.

Li ZA, Tuan RS. Towards establishing human body-on-a-chip sys-
tems. Stem Cell Res Ther 2022;13:431.

Liao S, Huang Y, Zhang J et al. Vitamin D promotes epithelial tissue
repair and host defense responses against influenza HIN1 virus
and Staphylococcus aureus infections. Respir Res 2023;24:175.

Lieber M, Todaro G, Smith B et al. A continuous tumor-cell line from
a human lung carcinoma with properties of type II alveolar ep-
ithelial cells. Int ] Cancer 1976;17:62-70.

Lim WS. Pneumonia—overview. In: Reference Module in Biomedical Sci-
ences. Amsterdam: Elsevier, 2020.

Lin X, Song F, Wu Y et al. Lycium barbarum polysaccharide attenu-
ates Pseudomonas-aeruginosa pyocyanin-induced cellular injury in
mice airway epithelial cells. Food Nutr Res 2022;66:35261577.

Loewa A, Feng JJ, Hedtrich S. Human disease models in drug devel-
opment. Nat Rev Bioeng 2023;1:545-59.

Luyts K, Napierska D, Dinsdale D et al. A coculture model of the lung—
blood barrier: the role of activated phagocytic cells. Toxicol in Vitro
2015;29:234-41.

McCauley HA, Guasch G. Three cheers for the goblet cell: main-
taining homeostasis in mucosal epithelia. Trends Mol Med
2015;21:492-503.

McMichael JW, Maxwell Al, Hayashi K et al. Antimicrobial activity
of murine lung cells against Staphylococcus aureus is increased
in vitro and in vivo after elafin gene transfer. Infect Immun
2005;73:3609-17.

Ma Y, Deng Y, Hua H et al. Distinct bacterial population dynamics
and disease dissemination after biofilm dispersal and disassem-
bly. ISME ] 2023;17:1290-302.

Mahamed D, Boulle M, Ganga Y et al. Intracellular growth of My-
cobacterium tuberculosis after macrophage cell death leads to serial
killing of host cells. eLife 2017;6:22028.

Mallants R, Jorissen M, Augustijns P. Beneficial effect of antibiotics on
ciliary beat frequency of human nasal epithelial cells exposed to
bacterial toxins. ] Pharm Pharmacol 2008;60:437-43.

Man AL, Prieto-Garcia ME, Nicoletti C. Improving M cell mediated
transport across mucosal barriers: do certain bacteria hold the
keys?. Immunology 2004;113:15-22.

Mark M, Grant W. Can animal models really teach us anything about
pneumonia? Pro. Eur Respir J 2020;55:1901525.

Marrero D, Pujol-Vila F, Vera D et al. Gut-on-a-chip: mimick-
ing and monitoring the human intestine. Biosens Bioelectron
2021;181:113156.

Marshall L], Constantino H, Seidle T. Phase-in to phase-out-targeted,
inclusive strategies are needed to enable full replacement of an-
imal use in the European Union. Animals 2022;12:863.

Martinu T, Todd JL, Gelman AE et al. Club cell secretory protein
in lung disease: emerging concepts and potential therapeutics.
Annu Rev Med 2023;74:427-41.

Meenach SA, Tsoras AN, McGarry RC et al. Development of three-
dimensional lung multicellular spheroids in air-and liquid-
interface culture for the evaluation of anticancer therapeutics.
Int ] Oncol 2016;48:1701-9.

Mettelman RC, Allen EK, Thomas PG. Mucosal immune responses
to infection and vaccination in the respiratory tract. Immunity
2022;55:749-80.

Meyer-Berg H, Zhou Yang L, Pilar de Lucas M et al. Identification of
AAV serotypes for lung gene therapy in human embryonic stem
cell-derived lung organoids. Stem Cell Res Ther 2020;11:448.

Mitchell G, Grondin G, Bilodeau G et al. Infection of polarized air-
way epithelial cells by normal and small-colony variant strains
of Staphylococcus aureus is increased in cells with abnormal cys-
tic fibrosis transmembrane conductance regulator function and
is influenced by NF-«B. Infect Immun 2011;79:3541-51.

Mizgerd JP, Skerrett SJ. Animal models of human pneumonia. Am J
Physiol Lung Cell Mol Physiol 2008;294:1.387-L98.

Moradi E, Jalili-Firoozinezhad S, Solati-Hashjin M. Microfluidic
organ-on-a-chip models of human liver tissue. Acta Biomater
2020;116:67-83.

202 UOIB 90 UO Jasn seayioliqig uadiomuy Je)sioniun Aq 809+ 19//.009ENY/Z/8F/l01e/aisway/woo"dno-ojwapese//:sdiy Wwolj papeojumoq


https://doi.org/10.1128/iai.00119-19

Moreira A, Muller M, Costa PF et al. Advanced in vitro lung models
for drug and toxicity screening: the promising role of induced
pluripotent stem cells. Adv Biol 2022;6:2101139.

Moreland JG, Bailey G. Neutrophil transendothelial migration in vitro
to Streptococcus pneumoniae is pneumolysin dependent. AmJ Phys-
iol Lung Cell Mol Physiol 2006;290:1L833-L40.

Morelli M, Kurek D, Ng CP et al. Gut-on-a-Chip models: current
and future perspectives for host-microbial interactions research.
Biomedicines 2023;11:619.

Mukundan S, Singh P, Shah A et al. In vitro miniaturized tuberculosis
spheroid model. Biomedicines 2021;9:1209.

Mura S, Hillaireau H, Nicolas ] et al. Biodegradable nanoparticles
meet the bronchial airway barrier: how surface properties af-
fect their interaction with mucus and epithelial cells. Biomacro-
molecules 2011;12:4136-43.

Nair VR, Franco LH, Zacharia VM et al. Microfold cells actively
translocate Mycobacterium tuberculosis to initiate infection. Cell Rep
2016;16:1253-8.

Nawroth JC, Roth D, van Schadewijk A et al. Breathing on chip: dy-
namic flow and stretch accelerate mucociliary maturation of air-
way epithelium in vitro. Materials Today Bio 2023;21:100713.

Nguyen DT, Louwen R, Elberse K et al. Streptococcus pneumoniae en-
hances human respiratory syncytial virus infection in vitro and
in vivo. PLoS ONE 2015;10:e0127098.

Nichols JE, Niles JA, Vega SP et al. Modeling the lung: design and devel-
opment of tissue engineered macro- and micro-physiologic lung
models for research use. Exp Biol Med 2014;239:1135-69.

Nikoli¢ MZ, Caritg O, Jeng Q et al. Human embryonic lung epithelial
tips are multipotent progenitors that can be expanded in vitro as
long-term self-renewing organoids. eLife 2017;6:€26575.

Nikoli¢ MZ, Sun D, Rawlins EL. Human lung development: recent
progress and new challenges. Development 2018;145:dev163485.

Ninaber D, van der Does A, Hiemstra P. Isolating bronchial epithe-
lial cells from resected lung tissue for biobanking and estab-
lishing well-differentiated air-liquid interface cultures. J Vis Exp
2023;195:e65102.

Noutsios GT, Willis AL, Ledford JG et al. Novel role of surfactant pro-
tein A in bacterial sinusitis. Int Forum Allergy Rhinol 2017;7:897-
903.

Nyazika TK, Sibale L, Phiri] et al. Intracellular survival of Streptococcus
pneumoniae in human alveolar macrophages is augmented with
HIV infection. Front Immunol 2022;13:992659.

Oliynyk I, Varelogianni G, Roomans GM et al. Effect of duramycin
on chloride transport and intracellular calcium concentra-
tion in cystic fibrosis and non-cystic fibrosis epithelia. APMIS
2010;118:982-90.

Pahal P, Rajasurya V, Sharma S. Typical Bacterial Pneumonia. St. Peters-
burg: StatPearls Publishing, 2018.

Park TJ, Mitchell BJ, Abitua PB et al. Dishevelled controls apical dock-
ing and planar polarization of basal bodies in ciliated epithelial
cells. Nat Genet 2008:40:871-9.

Pazos MA, Pirzai W, Yonker LM et al. Distinct cellular sources
of hepoxilin A3 and leukotriene B4 are used to coordinate
bacterial-induced neutrophil transepithelial migration. J Immunol
2015;194:1304-15.

Plebani R, Potla R, Soong M et al. Modeling pulmonary cystic fibrosis
in a human lung airway-on-a-chip. J Cyst Fibros 2022;21:606-15.

Poh WP, Kicic A, Lester SE et al. COPD-related modification to the air-
way epithelium permits intracellular residence of nontypeable
Haemophilus influenzae and may be potentiated by macrolide ar-
rest of autophagy. Int J Chronic Obstruct Pulmon Dis 2020;15:1253—
60.

Mahieuetal. | 21

Prescott RA, Pankow AP, de Vries M et al. A comparative study of in
vitro air-liquid interface culture models of the human airway ep-
ithelium evaluating cellular heterogeneity and gene expression
at single cell resolution. Respir Res 2023;24:1-17.

Prince OA, Krunkosky TM, Krause DC. In vitro spatial and temporal
analysis of Mycoplasma pneumoniae colonization of human airway
epithelium. Infect Immun 2014;82:579-86.

Prince OA, Krunkosky TM, Sheppard ES et al. Modelling persistent My-
coplasma pneumoniae infection of human airway epithelium. Cell
Microbiol 2018;20:10.

Qi Q, Xu J, Wang Y et al. Decreased sphingosine due to down-
regulation of acid ceramidase expression in airway of bronchiec-
tasis patients: a potential contributor to Pseudomonas aeruginosa
infection. Infect Drug Resist 2023;16:2573-88.

Raffel FK, Szelestey BR, Beatty WL et al. The Haemophilus influenzae
Sap transporter mediates bacterium-epithelial cell homeostasis.
Infect Immun 2013;81:43-54.

Ramirez-Moral I, Yu X, Butler JM et al. mTOR-driven glycolysis gov-
erns induction of innate immune responses by bronchial epithe-
lial cells exposed to the bacterial component flagellin. Mucosal Im-
munol 2021;14:594-604.

Ren D, Daines DA. Use of the EpiAirway model for characterizing
long-term host-pathogen interactions. ] Vis Exp 2011;e3261.

Ren D, Nelson KL, Uchakin PN et al. Characterization of extended
co-culture of non-typeable Haemophilus influenzae with primary
human respiratory tissues. Exp Biol Med 2012;237:540-7.

Reuschl A-K, Edwards MR, Parker R et al. Innate activation of human
primary epithelial cells broadens the host response to Mycobac-
terium tuberculosis in the airways. PLoS Pathog 2017;13:e1006577.

Rodriguez-Sevilla G, Rigauts C, Vandeplassche E et al. Influence of
three-dimensional lung epithelial cells and interspecies interac-
tions on antibiotic efficacy against Mycobacterium abscessus and
Pseudomonas aeruginosa. Pathog Dis 2018;76:29648588.

Rokicki W, Rokicki M, Wojtacha ] et al. The role and importance of
club cells (Clara cells) in the pathogenesis of some respiratory
diseases. Kardiochirurgia i Torakochirurgia Polska/Pol ] Thoracic Car-
diovasc Surg 2016;13:26-30.

Ross AJ, Dailey LA, Brighton LE et al. Transcriptional profiling of mu-
cociliary differentiation in human airway epithelial cells. Am ]
Respir Cell Mol Biol 2007;37:169-85.

Sachs N, Papaspyropoulos A, Zomer-van Ommen DD et al. Long-term
expanding human airway organoids for disease modeling. EMBO
] 2019;38:€100300.

Sajjan U, Wang Q, Zhao Y et al. Rhinovirus disrupts the barrier func-
tion of polarized airway epithelial cells. Am J Respir Crit Care Med
2008;178:1271-81.

Salomon JJ, Muchitsch VE, Gausterer JC et al. The cell line NCI-H441
is a useful in vitro model for transport studies of human distal
lung epithelial barrier. Mol Pharm 2014;11:995-1006.

Sato A. Tuft cells. Anat Sci Int 2007;82:187-99.

Sato K, Zhang W, Safarikia S et al. Organoids and spheroids as mod-
els for studying cholestatic liver injury and cholangiocarcinoma.
Hepatology 2021;74:491-502.

Sato S, Kiyono H. The mucosal immune system of the respiratory
tract. Curr Opin Virol 2012;2:225-32.

Schicke E, Cseresnyés Z, Rennert K et al. Staphylococcus aureus
lung infection results in down-regulation of surfactant protein-
a mainly caused by pro-inflammatory macrophages. Microorgan-
isms 2020;8:577.

Schrumpf JA, Amatngalim GD, Veldkamp JB et al. Proinflammatory
cytokines impair vitamin d-induced host defense in cultured air-
way epithelial cells. Am ] Respir Cell Mol Biol 2017;56:749-61.

202 UOIB 90 UO Jasn seayioliqig uadiomuy Je)sioniun Aq 809+ 19//.009ENY/Z/8F/l01e/aisway/woo"dno-ojwapese//:sdiy Wwolj papeojumoq



22 | FEMS Microbiology Reviews, 2024, Vol. 48, No. 2

Schutgens F, Clevers H. Human organoids: tools for understand-
ing biology and treating diseases. Ann Rev Pathol Mechan Dis
2020;15:211-34.

Selo MA, Sake JA, Kim K-J et al. In vitro and ex vivo models in in-
halation biopharmaceutical research—advances, challenges and
future perspectives. Adv Drug Deliv Rev 2021;177:113862.

Sempere J, Rossi SA, Chamorro-Herrero I et al. Minilungs from hu-
man embryonic stem cells to study the interaction of Strep-
tococcus pneumoniae with the respiratory tract. Microbiol Spectr
2022;10:e0045322.

Shah VS, Chivukula RR, Lin B et al. Cystic fibrosis and the cells of the
airway epithelium: what are ionocytes and what do they do?. Ann
Rev Pathol Mech Dis 2022;17:23-46.

Sharma A, Sances S, Workman MJ et al. Multi-lineage human iPSC-
derived platforms for disease modeling and drug discovery. Cell
Stem Cell 2020;26:309-29.

Sheikh Z, Bradbury P, Pozzoli M et al. An in vitro model for assess-
ing drug transport in cystic fibrosis treatment: characterisation
of the CuFi-1 cell line. Eur J Pharm Biopharm 2020;156:121-30.

Shi D, Mi G, Wang M et al. In vitro and ex vivo systems at the
forefront of infection modeling and drug discovery. Biomaterials
2019;198:228-49.

ShiJ, Ma C, Hao X et al. Reserve of Wnt/B-catenin signaling alleviates
Mycoplasma pneumoniae P1-C-induced inflammation in airway ep-
ithelial cells and lungs of mice. Mol Immunol 2023;153:60-74.

Shi R, Radulovich N, Ng C et al. Organoid cultures as preclinical mod-
els of non-small cell lung cancer. Clin Cancer Res 2020;26:1162-74.

Shoar S, Centeno FH, Musher DM. Clinical features and outcomes
of community-acquired pneumonia caused by Haemophilus in-
fluenza. Open Forum Infect Dis 2021;8:0faa622.

Shpichka A, Bikmulina P, Peshkova M et al. Organoids in modelling
infectious diseases. Drug Discov Tod 2022;27:223-33.

Sidhaye VK, Koval M. Lung Epithelial Biology in the Pathogenesis of Pul-
monary Disease. Cambridge: Academic Press, 2017.

Silva S, Bicker ], Falcao A et al. Air-liquid interface (ALI) impact on dif-
ferent respiratory cell cultures. Eur J Pharm Biopharm 2023;184:62—
82.

Silva-Pedrosa R, Salgado AJ, Ferreira PE. Revolutionizing disease
modeling: the emergence of organoids in cellular systems. Cells
2023;12:930.

Singh D, Mathur A, Arora S et al. Journey of organ on a chip technol-
ogy and its role in future healthcare scenario. Appl Surf Sci Adv
2022;9:100246.

Slater M, Torr E, Harrison T et al. The differential effects of
azithromyecin on the airway epithelium in vitro and in vivo. Physiol
Rep 2016;4:212960.

Sonntag T, Rapp M, Didier P et al. Mucus-producing epithelial models
for investigating the activity of gene delivery systems in the lung.
Int ] Pharm 2022;614:121423.

Srinivasan B, Kolli AR, Esch MB et al. TEER measurement techniques
for in vitro barrier model systems. ] Lab Autom 2015;20:107-26.

Starner TD, Zhang N, Kim G et al. Haemophilus influenzae forms
biofilms on airway epithelia: implications in cystic fibrosis. Am
J Respir Crit Care Med 2006;174:213-20.

Strengert M, Knaus UG. Analysis of epithelial barrier integrity in po-
larized lung epithelial cells. In: Turksen K (ed.), Permeability Barrier:
Methods and Protocols. Totowa: Humana Press, 2011, 195-206.

Sung JH, Wang YI, Narasimhan Sriram N et al. Recent advances in
Body-on-a-Chip systems. Anal Chem 2019;91:330-51.

Swain RJ, Kemp §J, Goldstraw P et al. Assessment of cell line models
of primary human cells by Raman spectral phenotyping. Biophys
] 2010;98:1703-11.

Takebe T, Wells JM. Organoids by design. Science 2019;364:956-9.

Takeyama K, Dabbagh K, Jeong Shim J et al. Oxidative stress causes
mucin synthesis via transactivation of epidermal growth factor
receptor: role of neutrophils. ] Immunol 2000;164:1546-52.

Takeyama K, Dabbagh K, Lee H-M et al. Epidermal growth factor sys-
tem regulates mucin production in airways. Proc Natl Acad Sci
1999;96:3081-6.

Tamang DL, Pirzai W, Priebe GP et al. Hepoxilin A(3) facilitates neu-
trophilic breach of lipoxygenase-expressing airway epithelial bar-
riers. ] Immunol 2012;189:4960-9.

Tang M, Liao S, Qu J et al. Evaluating bacterial pathogenesis using
a model of human airway organoids infected with Pseudomonas
aeruginosa. Biofilms Microbiol Spectr 2022;10:€0240822.

Thacker VV, Dhar N, Sharma K et al. A lung-on-chip model of
early Mycobacterium tuberculosis infection reveals an essential role
for alveolar epithelial cells in controlling bacterial growth. eLife
2020;9:e59961.

Thaikoottathil JV, Martin RJ, Zdunek J et al. Cigarette smoke extract
reduces VEGF in primary human airway epithelial cells. Eur Respir
] 2009;33:835-43.

Thorn CR, CdS C-W, Horstmann JC et al. Tobramycin liquid crystal
nanoparticles eradicate cystic fibrosis-related Pseudomonas aerug-
inosa. Biofilms Small 2021;17:2100531.

Tian L, Gao J, Garcia IM et al. Human pluripotent stem cell-derived
lung organoids: potential applications in development and dis-
ease modeling. Wiley Interdisc Rev Dev Biol 2021;10:e399.

Torres A, Cilloniz C, Niederman MS et al. Pneumonia. Nat Rev Dis
Primers 2021;7:25.

Tsay T-B, Jiang Y-Z, Hsu C-M et al. Pseudomonas aeruginosa coloniza-
tion enhances ventilator-associated pneumonia-induced lung in-
jury. Respir Res 2016;17:101.

Tzani-Tzanopoulou P, Rozumbetov R, Taka S et al. Development of
an in vitro homeostasis model between airway epithelial cells,
bacteria and bacteriophages: a time-lapsed observation of cell
viability and inflammatory response. J Gen Virol 2022;103. https:
//doi.org/10.1099/jgv.0.001819.

Van den Bossche S, Vandeplassche E, Ostyn L et al. Bacterial interfer-
ence with lactate dehydrogenase assay leads to an underestima-
tion of cytotoxicity. Front Cell Infect Microbiol 2020;10:494.

Vuong H, Patterson T, Adiseshaiah P et al. JNK1 and AP-1 reg-
ulate PMA-inducible squamous differentiation marker expres-
sion in Clara-like H441 cells. Am ] Physiol Lung Cell Mol Physiol
2002;282:1215-125.

Vyas HKN, Xia B, Mai-Prochnow A. Clinically relevant in vitro biofilm
models: a need to mimic and recapitulate the host environment.
Biofilm 2022;4:100069.

Waack U, Weinstein EA, Farley JJ. Assessing animal models of bac-
terial pneumonia used in investigational new drug applications
for the treatment of bacterial pneumonia. Antimicrob Agents
Chemother 2020;64. https://doi.org/10.1128/aac.02242-19.

Walker WT, Jackson CL, Allan RN et al. Primary ciliary dyskinesia cil-
iated airway cells show increased susceptibility to Haemophilus
influenzae biofilm formation. Eur Respir ] 2017;50:1700612.

Walters MS, Gomi K, Ashbridge B et al. Generation of a human airway
epithelium derived basal cell line with multipotent differentia-
tion capacity. Respir Res 2013;14:1-18.

Wang D, Gust M, Ferrell N. Kidney-on-a-chip: mechanical stimula-
tion and sensor integration. Sensors 2022;22:6889.

Wang S, Chan SY, Deng Y et al. Oxidative stress induced by Etopo-
side anti-cancer chemotherapy drives the emergence of tumor-
associated bacteria resistance to fluoroquinolones. J Adu Res
2023;55:33-44.

Weber J, Schmidt J, Straka L et al. Flow-controlled ventilation
improves gas exchange in lung-healthy patients—a random-

202 UOIB 90 UO Jasn seayioliqig uadiomuy Je)sioniun Aq 809+ 19//.009ENY/Z/8F/l01e/aisway/woo"dno-ojwapese//:sdiy Wwolj papeojumoq


https://doi.org/10.1099/jgv.0.001819
https://doi.org/10.1128/aac.02242-19

ized interventional cross-over study. Acta Anaesthesiol Scand
2020;64:481-8.

Wiese-Rischke C, Murkar RS, Walles H. Biological models of the
lower human airways-challenges and special requirements of
human 3D barrier models for biomedical research. Pharmaceutics
2021;13:2115.

Wikenheiser KA, Vorbroker DK, Rice WR et al. Production of immor-
talized distal respiratory epithelial cell lines from surfactant pro-
tein C/simian virus 40 large tumor antigen transgenic mice. Proc
Natl Acad Sci 1993;90:11029-33.

Williams K, Roman J. Studying human respiratory disease in
animals—role of induced and naturally occurring models. ] Pathol
2016;238:220-32.

Wood §J, Goldufsky JW, Seu MY et al. Pseudomonas aeruginosa cyto-
toxins: mechanisms of cytotoxicity and impact on inflammatory
responses. Cells 2023;12:195.

Woodworth BA, Tamashiro E, Bhargave G et al. An in vitro model of
Pseudomonas aeruginosa biofilms on viable airway epithelial cell
monolayers. Am ] Rhinol Allergy 2008;22:235-8.

World Health Organization. The top 10 causes of death. Geneva, 2020.

Wu Q, Martin RJ, Rino JG et al. A deficient TLR2 signaling promotes
airway mucin production in Mycoplasma pneumoniae-infected al-
lergic mice. Am J Physiol Lung Cell Mol Physiol 2007;292:11064-L72.

Yavlovich A, Tarshis M, Rottem S. Internalization and intracellular
survival of Mycoplasma pneumoniae by non-phagocytic cells. FEMS
Microbiol Lett 2004;233:241-6.

Yin X, Benjamin SH, Langer R et al. Engineering stem cell organoids.
Cell Stem Cell 2016;18:25-38.

Mahieuetal. | 23

Yonker LM, Mou H, Chu KK et al. Development of a primary hu-
man co-culture model of inflamed airway mucosa. Sci Rep 2017;7:
8182.

Yoshida SR, Maity BK, Chong S. Visualizing protein localizations in
fixed cells: caveats and the underlying mechanisms. ] Phys Chem
B 2023;127:4165-73.

Zamprogno P, Withrich S, Achenbach S et al. Second-generation
lung-on-a-chip with an array of stretchable alveoli made with a
biological membrane. Commun Biol 2021;4:168.

Zanoni M, Cortesi M, Zamagni A et al. Modeling neoplastic disease
with spheroids and organoids. ] Hematol Oncol 2020;13:1-15.

Zeitlin PL, Lu L, Rhim J et al. A cystic fibrosis bronchial epithelial cell
line: immortalization by adeno-12-SV40 infection. AmJ Respir Cell
Mol Biol 1991;4:313-9.

Zhai ], Insel M, Addison KJ et al. Club cell secretory protein defi-
ciency leads to altered lung function. Am J Respir Crit Care Med
2019;199:302-12.

ZhangR, Gong H-Q, Zeng XD. A high-throughput microfluidic biochip
to quantify bacterial adhesion to single host cells by real-time
PCR assay. Anal BioanalChem 2013;405:4277-82.

Zhang Z, Wang H, Ding Q et al. Establishment of patient-derived
tumor spheroids for non-small cell lung cancer. PLoS ONE
2018;13:e0194016.

Zhao K-Q, Goldstein N, Yang H et al. Inherent differences in nasal
and tracheal ciliary function in response to Pseudomonas aerugi-
nosa challenge. Am ] Rhinol Allergy 2011;25:209-13.

Zhao Z, Chen X, Dowbaj AM et al. Organoids. Nat Rev Methods Primers
2022;2:94.

Received 2 October 2023; revised 29 January 2024; accepted 24 February 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of FEMS. This is an Open Access article distributed under the terms of the Creative Commons
Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any
medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

202 UOIB 90 UO Jasn seayioliqig uadiomuy Je)sioniun Aq 809+ 19//.009ENY/Z/8F/l01e/aisway/woo"dno-ojwapese//:sdiy Wwolj papeojumoq


https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

	Introduction
	Research trends
	Complex cell culture models of the lung
	Cell selection for pneumonia models
	Initiation of bacterial infection
	Analysing the pneumonia model
	Validation of advanced in vitro models
	Towards a replacement of animal models?
	Concluding remarks
	Acknowledgements
	Funding
	References

