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Exploring In Vitro and Ex Vivo Models
as Pharmacological Tool for Acute Lung
Injury
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Abstract

Acute lung injury (ALI) remains a formidable clinical challenge, compounded by the scarcity of effective
therapeutic options. Preclinical studies are crucial for evaluating the safety and efficacy of new drugs and
formulations before clinical trials. Conventionally, animal models have been widely used for ALI research, but
ethical concerns and differences from human physiology limit their effectiveness. This state-of-the-art review
provides a comprehensive overview of in vitro and ex vivo models over traditional animal studies in ALI studies.
While these models cannot entirely replace animal studies, they offer the potential to reduce the number of animal
trials and improve drug efficacy and safety. Bridging the gap between in vitro studies and in vivo animal models,
they address ethical concerns and provide more accurate data for human applications. Specifically, their application
in ALI research highlights their potential in developing novel therapeutic approaches. However, challenges, such
as maintaining tissue viability and replicating the complexity of human lungs still exist. Future advancements in
bioengineering and personalized medicine promise to enhance these models’ relevance, paving the way for more
effective ALI therapies.
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INTRODUCTION

ver time, preclinical studies have
Oprimarily relied on animal models.

However, an increase recognition of the
constraints and ethical issues associated with the
extensive use of animals in research redirected
attention towards in vitro cell line studies and
ex vivo models. While animal models have
long essential in preclinical research, they pose
significant challenges. Ethical concerns arise
due to procedures causing pain or distress, and
species differences often lead to inaccurate
predictions of human responses, resulting in
misleading data and failed clinical trials. In
addition, animal studies are expensive and
time-consuming, requiring extensive resources
for breeding, housing, and care.l"” Figure 1
illustrates a comparative overview of preclinical
models of acute lung injury (ALI) highlighting
the balance between traditional and emerging
approaches while addressing ethical concerns.

In vitro, models offer a promising alternative.
Using human or animal-derived cells cultured in
controlled environments, they eliminate the need
for animal subjects, address ethical concerns, and
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provides more relevant data on human physiology.?*! Human
cell lines, specifically, improve the accuracy of predicting
treatment responses, potentially increasing clinical trial
success rates. Moreover, in vitro studies are faster, less
expensive, and allow precise control over experimental
conditions, reducing variability.l*” Recent advancements
in in vitro techniques have demonstrated their utility across
various fields. In cancer research, they are used for high-
throughput screening of anticancer drugs, while in toxicology,
they evaluate the toxicity of chemicals and pharmaceuticals
without animal testing.®'% In addition, genetically modified
cell lines enable the study of specific genes in discase
development and treatment response. As preclinical research
evolves, integrating in vitro models alongside other advanced
techniques will become increasingly important, providing
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ethical, cost-effective, and human-relevant data.l'!?! This
review provides a comprehensive description of all such
models, accompanied by case studies. Table 1 compares
animal models with in vitro and ex vivo models.

ALl

ALI is a severe condition marked by the rapid onset of
widespread inflammation and increased permeability in airspace

of the lungs, leading to respiratory failure. ALI can result from
infections, trauma, or inhalation of harmful substances. Despite
the seriousness of the condition, effective treatments remain
limited, necessitating the development of innovative therapies.
One promising approach involves nanoformulations, where
nanoparticles deliver drugs directly to the affected lung tissue,
enhancing efficacy and reducing systemic side effects.*”

To assess the potential of such nanoformulations, researchers
often employ in vitro and ex vivo models before performing
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Figure 1: lllustration of different acute lung injury (ALI) preclinical models highlighting the balance between each type of models.
The green checkmark suggests that in vitro and ex vivo models provide a viable and ethically favorable approach to studying ALI

Table 1: The key advantages of in vitro and ex vivo models over animal models

Parameter In vitro models Ex vivo models Animal models References
Complexity Simplified, focusing on Maintaining tissue architecture Complexity is high, involving [5,12,13]
specific cell types or and cell diversity requires whole-organism interactions
processes an intermediate level of
complexity
Physiological ~ The level is lower because The preservation of tissue This is the highest level [4,14]
relevance of the absence of tissue structure and cell interactions  because it encompasses
architecture and systemic makes this method superior to  the entire organism’s
interactions in vitro physiological context
Environmental The experimental conditions  Moderate control, maintaining  The complexity of [5,15,16]
control are highly controlled near-physiological conditions ~ whole-organism responses
results in limited control
Ethical Minimal, as no animals are The process is moderate, High, involving the use of [7,15]
concerns involved since we extract tissues or live animals and potential
organs from organisms for pain and distress
Cost The risk is minimal, utilizing Moderate, involving The costs of animal care, [16,17]
fundamental laboratory tools  specialized equipment for breeding, and housing are
and chemicals maintaining tissue viability high
Time efficiency The level is high, enabling It is moderate, requiring time The time required for [18,19]
swift experiments and data to prepare and maintain tissue animal breeding, handling,
gathering viability and longer experimental
durations is low
Applications High-throughput screening, Functional analysis, detailed There are comprehensive [20,21]
mechanistic studies, genetic  tissue response studies, and studies on drug efficacy,
manipulation closer approximation to in vivo  toxicity, pharmacokinetics,
conditions and whole-body responses
Examples Cell line models, PCLS, EVLP Animal models like mice, [18,20,21]

organ-on-a-chip etc.

rats, etc.

‘PCLS: Precision-cut lung slices, EVLP: Ex vivo lung perfusion
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animal studies. These models, obtained from human or animal
lung cells or tissues, provide a controlled environment to study
cellularresponses to treatments.?* Cell line models offer several
advantages, including ethical benefits, cost-effectiveness, and
relevance to human physiology. By allowing precise control
of cellular mechanisms, they facilitate the evaluation of how
well nanoformulations reduce inflammation and treat lung
damage. Using these models helps in the efficient screening
and optimization of treatments, accelerating the development
of effective therapies for ALL*%

PATHOPHYSIOLOGY OF ALI

ALI involves a complex and rapidly progressive inflammation
process that severely disrupts lung function. It can result from
direct injury such as infection or aspiration, or with indirect
injury like sepsis or trauma which damages the endothelial and
epithelial cells of the alveolar-capillary barrier [Figure 2]. This
damage increases permeability, allowing protein-rich fluid to
enter the alveoli. This leads to the development of pulmonary
edema and impaired gas exchange.?'*! The injury induces a

potent inflammatory response, attracting neutrophils to the
lungs which release proinflammatory cytokines, chemokines,
and reactive species exacerbate tissue damage. Furthermore,
the inflammation leads to the reduction in surfactant produced
by alveolar Typell cells, which causes alveolar collapse
(atelectasis) and decrease lung compliance. As ALI progresses,
fibroblasts proliferation and extracellular matrix deposition
can lead to lung fibrosis, increasing the risk of long-term
respiratory problems. Persistent inflammation and structural
changes in the lungs intensify the initial tissue damage,
severely impairing respiratory function and gas exchange.*”

BIOMARKER OF ALI

Biomarkers are essential for identifying ALI, monitoring its
progression, and evaluating the effectiveness of treatments.
These biomarkers include cytokines, chemokines, cell
adhesion molecules, and proteins, which reflect different
aspects of the disease process. For example, interleukin-6
(IL-6) and tumor necrosis factor-alpha are key inflammatory
cytokineselevated inthe early stages of ALI, indicating a strong
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Figure 2: lllustration of the pathophysiology of acute lung injury due to sepsis, highlighting the release of different biomarkers.
This figure is adapted from Sun et al. and is used under the Creative Commons Attribution 4.0 International License. No

permission required for use?"
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inflammatory response. IL-8 acts as a chemokine, attracting
neutrophils to the site of inflammation, further worsening the
injury. Cell adhesion molecules like intercellular adhesion
molecule-1 indicate endothelial activation and attachment of
neutrophils to endothelial cells.*®!

Biomarkers reflecting endothelial and epithelial injury, such
as angiopoietin-2 and receptors for advanced glycation
end products, provide insights into the extent of cellular
damage. Surfactant protein D and Clara cell protein 16
are specific to lung tissue and indicate damage to alveolar
Type Il cells and Clara cells, respectively.””! In addition,
matrix metalloproteinases (MMP-8 and MMP-9) are linked
to tissue remodeling and neutrophil infiltration, representing
the ongoing tissue degradation and repair processes.***!I The
analysis of these biomarkers offers valuable information
about the underlying pathophysiology of ALI, helps monitor
disease progression, and guides evaluation of new treatments.
Table 2 provides a detailed description of these biomarkers
and their significance associated with ALI.

TYPES OF MODELS USED TO STUDY ALI

Different models are utilized to study ALI, each offering
specific insights and assisting in treatment development.
In vivo, animal models simulate ALI through methods
like lipopolysaccharide (LPS) instillation and mechanical
ventilation. However, these models have ethical limitations

and are hindered by variations between different species.
Ex vivo lung perfusion (EVLP) models use isolated lungs
for controlled studies of lung function, while in vitro cell
line models, using cultured lung cells, provide ethical and
cost-effective options for drug screening. These models
collectively enhance understanding of ALI and accelerate
therapeutic development.[*'% Figure 3 highlights the major
properties of in vitro and ex vivo ALI models.

Each in vitro model offers distinct advantages. Single-cell
line models provide simplicity and ease of manipulation,
co-culture systems replicate cell-cell interactions, ALI
models mimic respiratory tract conditions, 3D lung models
recreate tissue architecture, and organ-on-a-chip models
offer dynamic and physiologically relevant environments.
Together, these in vitro systems form a comprehensive toolkit
for advancing ALI research and accelerating the development
of effective therapies. Ex vivo models provide substantial
benefits compared to standard in vivo and in vitro methods by
maintaining the physiological characteristics of lung tissue
while allowing for controlled experimentation. These models
are invaluable for enhancing the understanding of ALI
pathophysiology and optimizing therapeutic interventions.

IN VITRO MODELS

In vitro models are essential for studying ALI since they
provide a controlled environment to investigate cellular

Table 2: Potential biomarkers for acute lung injury

Category Biomarkers Significance References
Pro-Inflammatory cytokines IL-6, TNF-o, IL-2 These are indicators of early-stage inflammation [32]
and immune response activation
Chemokines IL-8 Recruit neutrophils and other immune cells to the [33]
site of inflammation
Cell adhesion molecules ICAM-1, VCAM-1 Endothelial activation and leukocyte adherence to [34]
the endothelium are reflected
Endothelial injury markers  Angiopoietin-2, E-selectin ~ These are indicators of endothelial cell damage [35]
and dysfunction
Epithelial injury markers RAGE, SP-D, CC16 Damage to alveolar Type Il cells and Clara cells is [36]
specific to lung tissue
Matrix metalloproteinases ~ MMP-8, MMP-9 Associated with neutrophil infiltration, tissue [31]
remodeling, and extracellular matrix degradation
Oxidative stress markers 8-isoprostane, Reflect oxidative damage to cells and tissues [37]
malondialdehyde (MDA)
Coagulation markers D-dimer, prothrombin Indicate the activation of coagulation pathways, [38]
fragments often associated with inflammation and endothelial
injury
Acute phase proteins C-reactive protein, serum  General markers of inflammation, produced by the [39]
amyloid A liver in response to cytokines
Lung function markers Lactate dehydrogenase, Indicate cell damage and increased permeability [40]

protein levels

of the alveolar-capillary barrier.

IL-6: Interlukin-6, TNF-o:: Tumor necrosis factor-alpha, IL-1f: Interlukin-1 3, IL-8, Interlukin-8, RAGE: Receptor for advanced glycation end
products, SP-D: Surfactant protein D, CC16: Clara cell protein 16, MMP-8: Matrix metalloproteinases 8, MMP-9: Matrix metalloproteinases 9
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Figure 3: lllustration of different approaches of in vitro models and ex vivo models describing relevance of the models used for

acute lung injury

mechanisms and evaluate therapeutic interventions. These
models are essential for examining key aspects such as
epithelial barrier function, mucociliary clearance, and
cellular responses to pathogens and pollutants. The diverse
types of in vitro models, including single cell lines, co-culture
systems, air-liquid interface models, 3D lung models, and
organ-on-a-chip models, provide distinct perspectives on the
ALI pathophysiology and therapeutic development.[*!

Single-cell line models involve cultured lung cells, such as
alveolar epithelial cells (e.g., A549, BEAS-2B) or endothelial
cells, to enable researchers to study specific cellular
responses to injury and treatment. Li et al. used A549 cells
as a model to simulate the inflammatory response caused by
LPS, a common inducer of ALI. The administration of anti-
inflammatory drug formulation resulted in a notable decrease
in proinflammatory cytokines, demonstrating the drug’s
potential in mitigating inflammation.! 4"

Co-culture techniques, where multiple cell types are
cultivated together, more closely resemble the complexity of
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the lung environment. These models offer valuable insights
into cell-cell interactions during ALI. For example, Di Cristo
and Sabella developed a co-culture model with alveolar
epithelial cells and macrophages to study bacterial infection-
induced inflammation. This approach helped identify critical
inflammatory pathways and potential therapeutic targets.*"!

Air-liquid interface models are particularly effective for
studying respiratory infections and inhalation therapies.
By culturing epithelial cells at an air-liquid interface, these
models closely simulate the conditions of the respiratory
tract. A physiomimetic ALI model was used to investigate
acute respiratory distress syndrome, enabling detailed
studies on epithelial barrier function, mucociliary clearance,
and treatment responses.[**" Another, three-dimensional
(3D) lung models offer a more physiologically relevant
environment by recreating lung tissue architecture. These
models use scaffolds or hydrogels to support lung cell
growth in a 3D structure, which better mimics the physical
and mechanical conditions of lung tissue. Researchers have
utilized 3D models to study the impact of mechanical stress




and inflammatory stimuli on lung tissue, providing more
profound understanding of the development of ALI and
potential therapeutic approaches.["?

Organ-on-a-chip models are advanced microfluidic devices
designed to replicate the specific conditions found in
the lungs.5** These models incorporate lung cells and
microchannels that imitate blood flow and airways, providing
dynamic circumstances for studying ALI. Dasgupta et al.
employed a lung-on-a-chip model to explore the effects
of cigarette smoke on lung tissue, enabling continuous
observation of cellular reactions.’ This technology has
considerable promise for investigating intricate lung disorders
and significant potential for studying complex lung diseases
and testing novel treatments.

EX VIVO MODELS

Ex vivo models bridge the gap between in vitro studies and in
vivo animal models, providing a more physiologically precise
environment without the ethical and practical challenges of
using live animals. Amongst different types, precision-cut
lung slices (PCLS) ex vivo model indeed a sophisticated
tool in respiratory study. They preserve lung’s complex
architecture and cellular diversity, allowing researchers
to study the effects of various treatments in a controlled
setting. To ensure the structural and functional integrity of
lung tissue, PCLS necessitates the precise sectioning of the
tissue. These slender sections are useful instruments for a
multitude of scientific pursuits, especially those concerning
respiratory disorders. PCLS enable researchers to analyze and
understand the complex interactions and reactions occurring
inside lung tissue, therefore enhancing our knowledge of
pulmonary pathophysiology.” This is achieved by creating a
controlled microenvironment. For example, Kim et al. used
PCLS model derived from mice to simulate acid-induced
lung injury. Their work demonstrated that PCLS is a useful
tool for studying lung cell biology and screening potential
therapeutic agents.**>” EVLP is a procedure where isolated
lungs are perfused with a solution that is rich in nutrients,
to sustain viability and functionality. This model allows
for detailed analysis of lung function, cause of damage,
and therapeutic interventions under settings that closely
resemble the natural state. EVLP has been proven to be
quite valuable in the examination of lung transplantation,
ischemia-reperfusion injury, and the evaluation of novel
therapeutic approaches. The technique has been effectively
used in human lungs to evaluate novel therapeutics for ALI,
demonstrating its potential for extending lung viability and
translating laboratory findings into clinical applications,
particularly in organ transplantation.l**>) Ex vivo murine lung
models allow the separation and perfusion of mouse lungs
to study lung damage and healing. These models offer a
controlled environment for examining genetic modifications,
environmental exposures, and pharmacological interventions.
An ex vivo murine lung model was used to evaluate the
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toxicity of ethyl acrylate, providing detailed insights into
acute toxicity. Porcine lung models are employed to study
ALI and other respiratory disorder in a system that closely
mimics human lung anatomy and physiology. These models
are particularly useful for assessing therapeutic approaches
and studying lung transplantation and resuscitation.[®*¢!
Bhattacharya and Ramachandran used a porcine model of
ALI induced by gastric aspiration to assess lung resuscitation
strategies, demonstrating its efficacy as a platform for testing
clinical therapeutics.

Limitations and future perspectives

Invitro and ex vivomodels are invaluable tools for studying ALI
due to their ability to offer controlled environments to explore
cellular mechanisms and potential therapeutic treatments.
However, these models face several challenges that limit their
potential. In vitro models, such as single-cell lines, tend to
oversimplify complex biological systems, sometimes lacking
the cellular diversity and interactions found in actual lung
tissue. This can result in incomplete or misleading data when
findings are translated to in vivo systems.[*?l While co-culture
and air-liquid interface models offer more realistic culture
conditions by incorporating multiple cell types, they still
struggle to fully replicate the lung environment, particularly
in terms of immune cell interactions and systemic influences.
Ex vivo models, such as PCLS and EVLP, maintain much of
the lung’s physiology and cellular interactions, providing a
more physiologically relevant platform. However, they pose
challenges related to maintaining tissue viability and function
over extended periods. Precise control of variables like
temperature, oxygen levels, and nutrient supply is required
to keep lung tissues functional, which can be technically
demanding. In addition, variability in human donor samples
can introduce inconsistencies in experimental outcomes,
further complicating the use of ex vivo models.[63-64

Looking ahead, the future of in vitro and ex vivo models for
ALI research holds significant promise. The development
of advanced 3D cultures and organ-on-a-chip technologies
will enhance the physiological relevance of these models by
better replicating the lung’s microenvironment, including
cell-cell interactions and mechanical forces. These models,
integrated with high-throughput screening technologies,
will allow for more efficient drug testing and mechanistic
studies. Advancements in tissue preservations and bioreactor
technologies are anticipated to enhance the viability and
performance of lung tissues in ex vivo models, resulting
more reliable and precise data. In addition, the integration
of ex vivo models with improved imaging and molecular
tools would enable more detailed studies of tissue responses
at the cellular and molecular levels. Personalized medicine
presents another promising frontier for both in vitro and ex
vivo models. Using tissues and cells derived from patients
with specific genetic backgrounds or disease conditions,
researchers can explore individual variability in disease
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mechanisms and treatment responses.[¢71 This approach
could lead to more personalized and effective therapeutic
strategies for ALI. Collaboration between researchers,
clinicians, and bioengineers will be crucial in overcoming
current limitations and driving these advancements forward.
As these models continue to evolve, they will provide deeper
insights into ALI, ultimately facilitating the development of
more effective treatments and improving patient outcomes.

CONCLUSION

In preclinical trials for ALI, in vitro and ex vivo models have
become essential, in offering ethical and cost-effective aids
to animal models. These models provide critical insights
into cellular mechanisms and therapeutic responses, helping
to bridge the gap between basic research and clinical
applications. In vitro models, such as single cell line and
co-culture systems, allow for detailed examinations of
cellular processes and enable high-throughput screening
of potential treatments. Meanwhile, ex vivo models such
as PCLS and EVLP preserve lung structure and function,
providing more physiologically relevant data. Although
they possess significant worth, challenges persist. Ensuring
the survival of tissue and precisely reproducing the intricate
conditions of the lung continue to be significant hurdles.
Future advancements, particularly in 3D culture systems,
organ-on-a-chip technologies, and personalized medicine,
are expected to improve model relevance and enable more
precise and efficient drug and formulation testing. Through
the process of refining these models and integrating
emerging technologies, individual can gain more profound
understandings of ALI, hence expediting the development of
effective treatments and improving patient outcomes.
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